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PREFACE

This is my second book. It follows a similar style and with similar objec-
tives and outlook to Cooling Water Treatment: Principles and Practice,
which was published in early 2000. In the preface to that book, I stated
that “the vital key to successfully providing water treatment programs
today is something it has always been—excellent customer service!” In
this particular aspect, some things just do not change, and for the vast
majority of industrial, institutional, and commercial boiler plant owners
around the world, this message is hopefully welcome. I say this because
in order to attain and maintain optimum day-to-day boiler waterside
operating conditions, owners and operators will continue to need the
very best technical advice and other services possible to manage proac-
tively the water treatment programs they employ.

There are some differences, however, between cooling water cus-
tomers and boiler water customers in their overall requirements for water
treatment program management (in Sandler® Sales Institute sales train-
ing “speak,” the level of customers’ “pain”). And it is these differences
that, in part, gave rise to my decision to write this particular book.

It is a certainty (at least in my mind) that there is no cooling system
anywhere in the world, from the smallest to the very largest, whose
owner or operator cannot benefit from working with an appropriately
qualified water treatment service company to some degree or other. The
complexities of interrelated waterside problems, the variability of
today’s water supplies, and the sheer range of modern chemical treat-
ments (now globally available), equipment options, and application
techniques are simply overwhelming. This means that owners and oper-
ators of cooling water systems cannot remain conversant with all the
causes and effects of waterside problems or keep abreast of market-
place technologies and developments in support services.

However, it is not always the case with certain types of modern boil-
er plant that the respective owners, operators, and technical committees
can significantly benefit from working with a water treatment company.

vii
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For example, in some very specialized areas of boiler water treat-
ment (such as nuclear power units and especially utility power genera-
tion), there is probably little or nothing of any practical value that
service companies can teach the current practitioners.

For a second group, however, comprising the owners and operators
of just about every other type of commonly available boiler plant, this
is not always the case. The engineers responsible for the great majori-
ty of “ordinary” boiler plants found in commercial buildings, hospitals,
hotels, and general industry around the world typically do not have the
same level of resources as the power generation industry.
Consequently, they need to be in a position to reliably obtain specialty
waterside treatment programs and technical support services.

It is these differences in in-house boiler plant facility resources and
the perceived need to obtain technical support from an external source
that led me to consider grouping boiler plant systems in a slightly dif-
ferent way than is typically perceived, which in turn provided a focus
for this book. Thus, although commercial, industrial, and utility steam
generators can be classified in several different ways (such as by pres-
sure, output, fundamental design type, etc.), their owners and operators
can be classified as members of one or other of only two groups.

The first group consists almost exclusively of these large utility
organizations that operate electrical power generators and employ high-
pressure, fossil fuel or nuclear power fired boiler plant for steam gen-
eration. This international power generation group understands their
own particular waterside problems very well and the chemicals, mech-
anisms, and protocols needed for proper control. Their field of water
treatment is fairly narrow, but they possess an incredibly deep knowl-
edge of high-pressure boiler waterside technology and consequently
need no assistance from me. (Nevertheless, for the sake of complete-
ness, and hopefully for the interest of many operators, some informa-
tion on higher pressure boiler water treatment practice has been
included in this book).

The second group consists of every other type of boiler plant owner
or operator. This group includes not only all the engineers operating
steam generators in countless small factories, commercial premises, and
institutional buildings, but also the various larger process industries and
some facilities that may, in fact, generate electricity (albeit at only mod-
erately high pressures) such as the cogeneration/combined cycle plants.

Within this second group, the various types and designs of boiler
operated are very broad and the classifications and applications of boil-
er water treatments are equally wide.
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At first glance, and despite there having been little in the way of
ground-breaking advances in treatment chemicals, equipment, or pro-
gram applications for many a year, the fundamentals of the science and
business of boiler water management appear to be, on the whole, still
imperfectly understood by this group.

It also appears that most commonly available technical books and
other sources of literature tend to concentrate on the higher pressure
“glamour” end of the boiler plant range, and there is little that is suffi-
ciently practical or comprehensive concerning the lower pressure mar-
ket. And, of course, it is this lower pressure market (when measured by
physical number) that globally constitutes the vast majority of boilers
and where the user skills and experience in applied water treatment are
most often limited.

In mitigation, a deep knowledge of such a specialist area generally
is not required for most lower pressure boiler owners and operators, as
they need to focus their attention on primary profit-making activities
and other core business competencies.

It is, thus, to the second group that this book on boiler water treat-
ment is primarily addressed. My key objective was to provide the read-
er with useful and practical boiler plant information that will help
improve waterside cleanliness and add value to their facilities’ opera-
tional efficiencies.

Additionally, a personal objective was to provide the information
contained within this book in such a way that it could be used regular-
ly in the field rather than be relegated to a bookshelf with other works
of occasional reference. As such, although this book is essentially con-
cerned with applied chemistry, I found it necessary to devote several of
the initial chapters to a discussion on some basic but practical engi-
neering aspects. Subjects covered include fluid dynamics, thermody-
namics, the various types and designs of boilers to be found, and the
function of all the critical system auxiliaries and components. The sub-
ject of boiler water chemistry is so inextricably bound up with the
mechanical operation of boiler plants and all their various systems and
subsystems that it is impossible to discuss one topic without the other.

As with my first book, which covered cooling water treatment, this
book also started life after rereading the (still largely relevant) books
written by the late James W. McCoy, who was a supervisor of refinery
services at Standard Oil Company of California. This time my primary
source of inspiration was The Chemical Treatment of Boiler Water,
which was first published by Chemical Publishing Company of New
York in 1981.
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In this preface I also wish to highlight the contributions to the sub-
ject from some other publications, such as the more modern book
Procedures of Industrial Water Treatment by J.N. Tanis and the NALCO
Guide to Boiler Water Systems Failure, as well as the massive, but
superb tome, Steam, Its Generation and Uses from Babcock & Wilcox,
which is now in its 40th edition. These are all excellent works.

Other notaries are the Consensus on Operating Practices for
the Control of Feedwater and Boiler Water Chemistry in Modern
Industrial Boilers (1994 edition), published by the American Society of
Mechanical Engineers, and BS 2486:1997 Recommendations for
Treatment of Water for Steam Boilers and Water Heaters from the
British Standards Institution. The 1994 Consensus (with its engineering
background) and the 1997 version of BS 2486 (with its strength in
operational chemistry) complement each other well. I consider that the
tables and propositions contained in these two booklets jointly repre-
sent a true standard for boiler water treatment operational control.
Consequently, I am pleased to be able to reproduce in this book all the
tables from both publications, having received permission from the
respective organizations to do so.

An acknowledgment of the more than 160 technical references that
supported my efforts is provided in the bibliography at the back of this
book.

As before, I give due recognition to my wife, Carol, for her unstint-
ing loyalty and support in this project. Her support was especially
important, as during the course of writing this book we relocated from
Georgia to New York City and most of the problems associated with
moving and then remodeling an old Tudor style house were left to her.
During much of this period I was busy working in an office during the
day, writing at night, and generally insulated from much of the every-
day drama.

I also thank Dr. Bennett P. Boffadi for taking time away from his
consulting work to pore through this book and correct my technical
mistakes.

Finally, I thank Silvia Soto-Galicia and her staff at Chemical
Publishing Co. for their perseverance and confidence in publishing my
work for a second time.

Colin Frayne
New York City, 2002
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INTRODUCTION: THE
FUNCTION OF BOILER
WATER TREATMENT AND
ITS MARKETING

Boilers are heat-transfer devices, wherein water, in the form of either
liguid water or gaseous steam, is commonly employed as a medium for
the transport of heat to some distant point of use. Although other heat-
transfer mediums are sometimes utilized, water is particularly suitable
because of its relative abundance, low cost, and high heat capacity. It is
generally the medium of choice in most boiler applications, whether for
domestic, commercial, institutional, or industrial purposes.

However, a boiler can only carry out its primary functions of trans-
ferring heat to water and (in steam generators) separating steam under
pressure from water most efficiently if the quality of the various types
of water used (such as makeup water, feedwater, and boiler water) are
effectively and continuously controlled. The difficulty in this quality
control process is that water is a “universal solvent,” and as a result, all
sources of water contain various natural concentrations of dissolved
minerals and gases in addition to suspended solids and biological mat-
ter. The relative amounts of each of these impurities tend to vary con-
siderably with geographic location and season. This phenomenon
results in countless permutations of water type and quality around the
world, each potentially available as a source of makeup supply to boil-
er plant systems, evaporators, and other forms of water heating and
steam generating devices. In many industrial applications, the negative
impact of these natural impurities may be further compounded by the
presence of small concentrations of process contaminants.

The effect of these various impurities or contaminants is to hinder the
heat-transfer and steam generation processes, to adversely affect the

xvii
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quality and purity of steam, and to act as primary instigators in the cor-
rosion and wastage of boiler plant system materials of construction. A
wide variety of chemical reactions and physical mechanisms can and will
take place, including the deposition of various crystalline and noncrys-
talline scales on the waterside of heat-transfer surfaces, the formation of
sludges, metal corrosion, and carryover of contaminants into the steam.

The function of boiler water treatment, therefore, is to control the
waterside chemistry of boiler plant systems within certain agreed and
relevant parameters and specifications. As these adverse processes are
by no means limited to the boiler itself, in practice, boiler water treat-
ment also includes pre-boiler and post-boiler functions and further
requires that all the various types of water utilized are controlled through
a comprehensive treatment and proactive management program.

Clearly, the lack of or the use of an inappropriate boiler water treat-
ment program creates significant operational difficulties and impacts
the economics of the entire process, from start to finish.

With regard to the marketing of boiler water treatment programs and
services, in the preface to this book I suggested that, although boiler plant
can be classified in several different ways, there are from my perspective,
only two groups of boiler plant owner/operator to be addressed.

1. The first group consists almost exclusively of the large utility organ-
izations that operate electrical power generation facilities.

2. The second group consists of all the other types of boiler facilities
and is clearly a very large and extremely diverse group, utilizing
boiler plant ranging from very small steam producers to very large
ones and including many that also produce some electricity togeth-
er with process steam.

From a water treatment technical and marketing viewpoint, there is,
in fact, a fundamental distinction between these two groups, as dis-
cussed below.

Utility power generation group: This group of boiler operators
typically possess boiler plant installations of complex water-tube con-
figuration, often producing steam in excess of 1,500 to 2,000 psig and
increasingly, up to double this pressure. They tolerate only very high-
purity makeup (MU) water, use very little chemical treatments, and
what they do use is generally of a commodity nature.

Internationally, this group has within its ranks an army of experi-
enced chemists and engineers plus a seemingly almost unlimited source
of research and development information. Much of this information is
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tightly held within the international utility power generation communi-
ty and if available in book or other hard-copy form is generally prohib-
itively expensive for outsiders to purchase.

The fundamental reason for the commitment of this group to attaining
the highest purity of feedwater (FW) and the most exactingly controlled
internal boiler waterside conditions is the nature of the primary product
made available for sale. This group generates electricity, on which all
developed and developing nations critically depend for their economic
and social well-being. The production of steam is merely an intermedi-
ate, but the quality and quantities of steam produced has a direct bearing
on total electricity output, generation efficiency, operational and mainte-
nance costs, and ultimately the price paid by the consumer.

Heating, process steam, and cogeneration group: As a contrast to
the utility power generation group, operators of all the other types of
boiler plant typically have installations producing steam (or hot water)
at very much lower pressures. In fact, most facilities operate boilers
somewhere within the range of only 5 to 125 psig, although larger
process plants and cogenerators may reach pressures of up to 1,500 psig.

Because of the diversity of this group, there is no global standardi-
zation with regard to makeup (MU) water, FW quality, or boiler water
(BW) chemistry control, irrespective of boiler design, pressure rating,
or ultimate steam purpose. True, there are various national standards
and boiler manufacturer association recommendations, and while these
guides are extremely useful, they seldom universally agree on any
given parameter or protocol. In mitigation, they cannot hope to provide
answers to the myriad of problems and specific circumstances that
develop. Rather, they should be viewed as a starting point for control
purposes.

What is clear is that it is seldom that MU water or FW quality (i.e.,
the lack of contaminants) used by this second group ever reaches the
incredible standards demanded and produced by the first group. Indeed,
it is not at all uncommon to find lower-pressure boiler installations with
MU water and FW both inadequately treated and simply inappropriate
to the facilities needs.

Low standards of water treatment and waterside chemistry are gen-
erally caused by a combination of bad advice and lack of operator moti-
vation or resources, and provide an initiator for the onset of
downstream waterside operational problems. However, despite these
apparent water treatment imperfections, most operators somehow still
manage to function and produce steam of an acceptable quality and
quantity, year after year!
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This second group also, in fact, contains many electricity producers,
the so-called cogenerators or combined-cycle plant operators. While
there is no apparent clear-cut distinction between these facilities and the
large utilities, in practice, the cogenerators tend not to operate at such
high pressures (although the generation of power economically usually
requires at least 650 psig). Also, although the demands for good quality
FW treatment and steam purity in this group is high, it tends not to reach
such extremes of sophistication as demanded by the utility group.

It can be seen that the first group demands the highest possible qual-
ity of steam purity and steam generation operating control and water-
side chemistry is “knife-edge” technology. Consequently, from a water
treatment products and services marketing viewpoint, this group offers
the minimum of opportunities as a potential source of revenue. Even
where an opportunity exists, perhaps for the supply of a special poly-
meric dispersant or an esoteric oxygen scavenger, the service company
may often discover that because of the bureaucratic and accreditation
systems to be worked through, the gain may not be worth the effort.

Looking further at the second group, although many of the larger,
non-utility operators around the world retain a resident water services
chemist or trained technician, there is a marked tendency for all own-
ers or operators, whether large or small, to work in conjunction with a
water treatment service company. There is also a common purpose to
use branded BW treatment chemical products rather than commodities.

Thus, a good source of potential revenue for products and services
exists in the multitude of smaller boiler-houses to be found operating
around the globe. It is here that practical advice is most often needed
concerning the suitability and correct application of chemical treat-
ments, the regular interpretation of analytical results obtained, and the
strategies to be employed to maximize efficiency and reduce costs.

Marketing to this second group is typically based on selling some
form of services-based annual contract, using the customers boiler
plant operating capacity or potential for steam production as a guide for
determining base requirements and for pricing purposes.

Hot water heating and LP steam systems are relatively easy to treat,
given:

» Customer acceptance of the need for treatment (which is not always
forthcoming).

* An appropriate water treatment program (which is not always pro-
vided, often due to cost issues).
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* Some customer/vendor cooperation (which, thankfully, is usually
the case).

In contrast, the treatment of industrial steam generation plants is
usually more difficult. There is a need to conform to a good working
standard and to produce quality waterside conditions for a long period
of time without serious upsets, as the systems are always very dynam-
ic and operating conditions can continually vary. This is especially the
case with those facilities whose manufacturing operations may employ
some form of on-off cycle or up-down batching process, rather than a
steady-state, continuous production stream.

With the smallest heating boilers or low volume/low pressure steam
producers, water treatment service companies tend to promote easy-to-
understand programs, typically based on only one or two multiple-
component, blended chemical products (multiblends or one-drum
treatments), or increasingly, the novel crystalline solid concentrates
(solid water treatment). These customers often have only very limited,
water-related, in-house technical skills, and multiblend product pro-
grams will seem attractive because they are relatively easy to apply.
However, the blending process makes it notoriously difficult to control
individual component reserves in the boiler and generally adds consid-
erably to the overall program costs.

Thus, programs based on multiblends are relatively expensive to use
compared with programs based on the use of separate products that are
matched to the potential for particular problems identified in a boiler
plant. Nevertheless, they remain commonplace for the smallest boiler
houses, but as the organizational size of the customer and its volume of
daily steam production increases, so the trend for individual chemical
treatments on the site tends to predominate. Often, more sophisticated
chemical feed and control arrangements are also employed.

Traditionally, customers employ water treatment service companies
simply as external contractors to assist in the maintenance of clean and
efficient waterside surfaces in their various heating, steam generating,
cooling, and certain industrial process systems. The customers benefit
from genuine improvements in operating efficiency, reductions in main-
tenance time, and replacement component costs. In addition, where
industrial processes are involved they often profit from an “added-value,”
due to an improved product quality or reduction in manufacturing cost.

In this external contractor role, water treatment companies providing
technical application and problem solving services are required to pos-
sess some general design component and process operating knowledge
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of all the very many different types of industrial water systems to be
found. In addition, they must possess specific and relevant water treat-
ment technical knowledge, together with the practical experience of
anticipating and solving water-related problems. Thus, the service
companies that can best utilize their “storehouses” of knowledge and
provide the necessary customer technical support and practical field
skills also tend to gain a good reputation. Ultimately, they generate
profit from their solid asset-base of people and knowledge.

It is a fact of life that the cost of providing water treatment services
increases with the size and complexity of boiler plant. This cost may be
recovered with larger boiler plants by the higher volumes of chemical
treatments sold, as often the chemical selling prices will include an
allowance for all the anticipated (and expensive) technical service time
requirements.

For smaller chemical volume consumers, especially those with little
in the way of in-house BW treatment technical skills, the overall pro-
gram costs can be relatively high. This typically is due to the dispropor-
tionately high requirement for on-site technical service time (including
the travel time to and from a customer’s site) compared to the volumes
of chemical treatment sold. Travel and on-site time is expensive.
Typically, the cost of labor and technical service is two to three times the
cost of the chemical raw materials used to provide treatments.

As a result of the high costs of technical services, most water treat-
ment vendors employ a variety of methods that allows them to charge
an economic rate for the programs they sell. They will negotiate a
price with the customer based on providing the most suitable balance
of on-site service time and chemical/equipment requirements, that
anticipates and resolves problems, meets the customers needs, and
relieves his or her “pain.”

Traditionally, a common solution to the problem of matching rela-
tively higher levels of technical support with lower chemical volumes
for these smaller customers has been via a one- to three-year, fully inclu-
sive product and services contract. Such a contract will specify the fre-
quency of service visits to be made to the customer’s site and the type
of work to be carried out. It will also, perhaps, limit the maximum vol-
umes of chemical treatments to be supplied during the contract lifetime,
or perhaps designate the amount of chemicals required based on treat-
ing a certain annual volume of boiler FW. Contracts may include for the
provision of chemical feed and control equipment and for the supply of
labor for boiler cleaning, chemical addition, and drum removal services
(drumless delivery). Product and services contract prices may some-
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times be specified as a cost-per-unit of steam produced (i.e., so many
cents per 1,000 Ib. of steam) or a cost-per-unit of production.

Under these conditions, the customer will receive a demonstrable
benefit and, provided the on-site time and the volume of chemicals
shipped are adequately controlled, the Service Company will derive a
satisfactory profit.

Nevertheless, and irrespective of the particular mechanisms of pay-
ment for program services rendered, profit and a win-win situation will
only arise for both parties if the work performed is managed compe-
tently and in a spirit of mutual cooperation.

Thus, if a field representative believes that the task is completed
when the testing of water samples is performed and a service report is
issued, or if the representative’s interpretation of results is poor, prob-
lems will undoubtedly develop. Also, if he or she fails to adequately
review the “bigger picture” rather than merely individual results, the
problems will magnify and the contract will ultimately be lost.

Similarly, if the customer refuses to be involved, at least to some
degree, in the ongoing water treatment program or fails to take the
advice and undertake necessary actions designed to control the pro-
gram and the boiler system efficiency, the program will again ultimate-
ly fail and the contract will be lost.

Today, the traditional view of boiler water treatment (and water
treatment in general) is changing. The marketplace is indicating that
water treatment is merely part of a more comprehensive technical sup-
port and management services industry for various water, wastewater,
and manufacturing process systems. Increasingly, water treatment is
widening in scope to support global market demands. It is becoming an
outsourcing services business for managing all forms of water, energy,
utility, and environmental needs.

Even without the current outsourcing trends, it has always been dif-
ficult for service companies to find sufficient numbers of well-trained,
experienced, and motivated field representatives. This is because the
range of water treatment problems and potential solutions are very
wide and the business involves the marketing of many different types
of chemicals and equipment, coupled with consulting work and inno-
vative trouble shooting.

In the water treatment industry, the first line of service providers has
always been the vendor’s technical sales representatives, who, for the
most part, are chemists, engineers, microbiologists, or similarly trained
people. The field representatives typically rely on a combination of their
primary disciplines and a depth of water treatment problem-solving
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experience to overcome technical and operational problems and also add
value to their customers operations. But in today’s global economy, the
sheer permutation of available niche services, the growing demands for
both outsourcing of non-core utility functions, and economic fine-tun-
ing, requires that water treaters now commonly have to additionally act
as managers and administrators of their customers entire water system
facilities.

Today, water treatment companies sell environmental reassurance
and technology-based utility support services, not chemicals or equip-
ment.

Boiler water treatment is now an energy management function. And
while the business and practice of this industry may be well over 100
years old, it remains a vitally important function and is a cornerstone of
the global industrial services market.
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SYMBOLS AND
ABBREVIATIONS

o

A
AA/AMPS

AA/COPS

AA/NI-AS-LS

AA/SA
AA/SA/NI
AA/SA/SSS

ABMA
ACH
AGR
AMP
AMP

AO

AP
AP/AO
ASB
ASME
ASTM
1-AP
ATMP
AVAT
AVP

angstrom unit

acrylic acid/2-acrylamido-2-methyl propane
sulfonic acid copolymer

acrylic acid/sodium 3-allyloxy-2-hydroxy-
propane sulfonate (polymer)

acrylic acid/nonionic aromatic and linear
sulfonate (polymer)

acrylic acid/sulfonic acid

acrylic acid/sulfonic acid/ nonionic (polymer)

acrylic acid/sulfonic acid/sodium styrene

sulfonate acrylic acid/sulfonic acid/substituted

acrylamide (polymer)

American Boiler Manufacturers Association
aluminum chlorhydrate

advanced gas-cooled reactor
aminotri-(methylenephosphonic acid)
2-amino-2-methyl-1-propanol, AKA
isobutanolamine

All-Organic

5-aminopentanol

All-Polymer/All-Organic

Shell Boiler Makers Association (UK)
American Society of Mechanical Engineers
American Society for Testing and Materials
1-aminopyrrolidine
aminotri-(methylenephosphonic acid)
All-Volatile alkaline treatment

All-Volatile programs

XXV
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AVT
Barg
BD
BDHR
BF
BOF
BOOM
BOP
BS&W
BSI
BTA
Btu/lb
BW
BWR
BX
CA
CANDUR
CDI
CFH
CFR
CHA
CHF
CHZ
CI

CIP
CMC
CMC
CMC
COC
cogen
CR
CTTD
Ccw
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All-Volatile treatment

bar (pressure), gravity
blowdown

blowdown and heat recovery system
blast furnace

basic oxygen furnace boiler
build, own, operate, maintain
balance of plant

basic sediment and water

British Standards Institution
benzotriazole

British thermal unit(s) per pound
boiler water

boiling water reactor
base-exchange water softener
cellulose acetate

Canadian deuterium reactor
continuous deionization

critical heat flux

Code of Federal Regulations
cyclohexylamine

critical heat-flux

carbohydrazide

cast iron boiler

clean-in-place
carboxymethylcellulose
(sodium) carboxy-methylcellulose
critical miscelle concentration
cycle of concentration
cogeneration boiler

condensate return

condenser temperature terminal difference

cooling water
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d distance

DA deaerator

DA dealkalization

DADMAC polydiallyl-dimethylammonium chloride

DAE 1,2-diaminoethane

DBNPA 2,2,-dibromo-3-nitriloproprionamide

DC direct current

DCA deposit control agent

DCHA dicyclohexylamine

DEA diethanolamine

DEAE diethylaminoethanol, AKA diethylethanolamine

Dealk dealkalization

DEEA diethylethanolamine, AKA diethylaminoethanol

DEG diethanolglycine

DEHA diethylhydroxylamine

DEHA N,N-diethylhydroxylamine

DEHA diethylhydroxylamine

DETPMP diethylenetriaminepenta (methylene phosphonic
acid)

DT differential temperature

DHA dihydroxyacetone

DI deionization

DMAE 2-dimethylaminoethanol, AKA N-N-
dimethylethanolamine

DMAEP dimethylaminoethylpropanol

DMAP dimethylamino-2-propanol

DMEA N,N-dimethylethanolamine, AKA 2-dimethy-
laminoethanol

DMIPA dimethylisopropanolamine

DNB departure from nucleate boiling

DO dissolved oxygen

DOT Department of Transportation

DR distribution ratio

DSP (anhydrous) disodium hydrogen phosphate
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DTPA
DVB
DVGW

EC
ED
EDG
EDI
EDR
EDR
EDTA
EMF
EMS
EPIDMA
ESA
ETA
f

FB
FBC
FBR
FCC
FD
FFCPP
FGD
FSHR
FT
FTA

GAC
GCV

gph
GRAS
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diethylenetriaminepentacetic acid
divinylbenzene

Deutsche Vereinigung des Gas-und
Wasserfaches e.V

erosion-corrosion
electrodialysis

ethanoldiglycine
electrodeionization

equivalent square feet of steam radiation surface
electrodialysis reversal
ethylenediaminetetraacetic acid
electromagnetic filtration
electromagnetic separation
epichlorohydrin-dimethylamine
ethoxylated soya amine
ethanolamine

force

firebox boiler

fluidized bed combustion boiler
fast breeder reactor

fluid catalytic cracking

forced draft

full-flow condensate polishing plant
flue gas discharge

flash steam and heat recovery
fire tube boiler

Federal Technology Alert
feedwater

granular activated carbon
proportionality constant

gross calorific value

gallon per hour

generally regarded as safe
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GRP glass reinforced plastic

GTM gas transfer membrane

HAD hexadecylamine

HAN heavy aromatic naphtha, AKA solvent naphtha

HE hydrogen embrittlement

HEDP 1-hydroxyethylidene-1,1-diphosphonic acid

HEDTA N-hydroxyethylenediaminetriacetic acid

HEIDA hydroxyethyliminodiacetic acid

HLB hydrophile-lipophile balance

HMDTMP hexamethylenediaminetetra (methylene
phosphonic acid)

hp horsepower (boiler)

HP high pressure

hph horsepower per hour

HQ hydroquinone

HQC 3-hydroquinuclidine

HR heat recovery

HRT horizontal return tubular boiler

HV high voltage

HVAC heating, ventilation, air conditioning

HW hot water

HWR heavy water reactor

Hyfor hydroxyacetic acid (glycollic acid)/formic acid

[&1 industrial and institutional

IBA isobutanolamine, AKA 2-Amino-2-methyl,
1-propanol

ID induced draft

IDA iminodiacetic acid

1P intermediate pressure

IPA isopropyl alcohol

IX ion exchange

K, acidity dissociation constant

K, basicity dissociation constant

kcal/min kilocalorie per minute
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kg kilogram

kPa kiloPascal

kW kiloWatt

kW/hr kiloWatt per hour

b pound

LP low pressure

LPHW low pressure hot water

LSI Langelier saturation index

LTHW low temperature hot water

LV low voltage

LWR light water reactor

m mass

m meter

M mega

3-MPA 3-methoxy-N-propylamine

MAWP maximum allowable working pressure
MB mixed bed ion exchange

MBT (sodium) mercaptobenzothiazole
MCR maximum continuous rating

MEA monoethanolamine

MEKO methylethylketoxime

MIC microbiologically induced corrosion
pS/cm microSeimen per centimeter

mm millimeter

MM multimedia filtration

MN mega Newton

MOPA 3-methoxy,n-propylamine

MPHW medium pressure hot water

MSP anhydrous sodium dihydrogen phosphate
MT mixed treatment

MTHW medium temperature hot water

MU makeup water

NaMBT sodium mercaptobenzothiazole
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NC neutralizing capacity

ND not detectable

NDT nondestructive testing

NF nanofiltration

ng nanogram

NOWL normal operating water level

NO, nitrogen oxides

NPSH net positive static head

NRV non-return valve

NTA nitrilotriacetic acid

NTU nephelometric turbidity unit

NVAT Non-Volatile alkaline treatment

°C degrees Celcius

ODA octadecylamine

°F degrees Fahrenheit

OH hydroxyl radical

°K degrees Kelvin

OS&Y outside steam and yoke (valve)

OSHA Occupational Safety and Health Administration

OoT oxygenation treatment

ovGw Osterreich Vereinigung des Gas-und
Wasserfaches e.V

P pressure of gas

PAA (sodium) polyacrylate

PAA/PAM acrylate/acrylamide copolymer

PAA/VS acrylic acid/vinyl sulfonate copolymer

PAC polyaluminum chloride

PAG polyalkyleneglycol, AKA polyetherglycol

PAGMBE polyalkyleneglycol-monobutylether

PAM polyacrylamides

PBTC 2-phosphonobutane-1-2-4-tricarboxylic acid

PCA phosphinocarboxylic acid

PCA type 16

phosphinopolycarboxylic acid
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PCC
PEG
PEL
PF
PHWR
PLC
PLWR
PMA
PMAA
POC
POE
POP
PS

psi atm
psia
psig
PV
PVA
R
RDF
RNC
RO
RW
SAC
SBA
SCC
SCR
SG
SHMP
SHR
SM
SNCR
SS
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precommission cleaning
polyethylene glycol
permissible exposure limit
pulverized fuel

pressurized heavy water reactor
programmable logic controller
pressurized light water reactor
polymaleic acid
polymethacrylic acid
preoperational cleaning
polyoxyethylene
polyoxypropylene

precipitation softening

pounds per square inch, atmospheric
pounds per square inch, absolute
pounds per square inch, gravity
pressure vessel

polyvinyl alcohol

universal gas constant

refuse derived fuel

relative neutralizing capacity
reverse osmosis

raw water

strong acid cation

strong base anion

stress corrosion cracking
selective catalytic reduction
steam generator

sodium hexametaphosphate
sodium heated reactor

Scotch marine boiler

selective noncatalytic reduction processes
stainless steel
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SS/MA sulfonated styrene maleic anhydride
SSU Saybolt seconds universal
STMP sodium trimetaphosphate.
STPP (anhydrous) sodium tripolyphosphate
SV safety valve
T temperature
t time
TDS total dissolved solids
TFC thin film composite
TH total hardness
THM trihalomethane
TOC total organic carbon
TQM total quality management
TSP (anhydrous) trisodium phosphate
TSPP (anhydrous) tetrasodiumpyrophosphate
TTA tolyltriazole
UF ultrafiltration
USDA United States Department of Agriculture
UT ultrasonic testing
volume of gas
v volt
VB vinylbenzene
VCI volatile corrosion inhibitor
vVOC volatile organic compound
VOS volatile oxygen scavenger
VPI vapor phase inhibitors
w work
WAC weak acid cation
WBA weak base anion
WH/HR waste heat/heat recovery boiler
WT watertube boiler

ZST

zero solids treatment
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1

STEAM GENERATION

A boiler is a device for heating water or other liquids and is most com-
monly constructed as a closed pressure vessel, containing a furnace
area, purpose-designed heat transfer surface areas, and other function-
al components.

Boilers are commonly used for space heating and domestic hot-
water heating purposes, in residential, commercial, and institutional
markets. Here they are often categorized based on temperature or pres-
sure ratings, and thus may be designated as low temperature/low pres-
sure hot water (LTHW/LPHW), medium temperature/medium
pressure hot water (MTHW/ MPHW), or high temperature/high
pressure hot water (HTHW/ HPHW) types. Sometimes thermal fluids
other than water are used.

However, for all power generation and most industrial process pur-
poses, boilers are employed to generate steam, which is achieved by
transforming liquid feedwater (FW) into gaseous steam; hence the term
boiler is commonly interchangeable with the term steam generator.
(Steam boilers are also employed in the residential, commercial, and
institutional markets for space heating and domestic hot-water heating
applications, but typically at a steam pressure below 15-30 psig).

The objective of generating steam from boiling water is to provide a
convenient and (relatively) efficient means of transporting heat energy
for subsequent consumption in a particular process, or for conversion
to useful work. As a result, the boiler vessel is in fact merely one part
of a more comprehensive steam generating, separating, and distribution
system containing auxiliary equipment such as fuel burners, FW
pumps, fans, FW tanks, and so forth. This system is variously known as
a steam-raising plant or a boiler plant, or by a similar name, and is
usually contained within a beiler house (although in suitable climates
many field-erected power boiler plants are framed in steel but are nev-
ertheless open to the elements).
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NOTE: Water (H,0) is dipolar, wherein the two hydrogen atoms are posi-
tively charged and the oxygen atom is negatively charged. The dipolar
nature of water causes molecules to mutually attract each other by virtue
of the linking of opposite charges (hydrogen bonding). Thus, water only
changes to a vapor state with an exceptionally high input of heat energy,
sufficient to break the hydrogen bond and permit the release of water mol-
ecules (as occurs in a boiler). It is this high thermal capacity (specific
heat), as well as wide availability and high critical temperature that makes
water an ideal medium for most industrial process and power generation
heat delivery purposes.

Steam generators were first demonstrated over 2,000 years ago,
although continuously focused improvements in design only began to
be developed from the late eighteenth and early nineteenth century to
meet practical applications such as factory steam engines, locomotives,
and the like. As a result of the Industrial Revolution, the growth in pro-
duction of boiler plants was phenomenal, and by the mid-nineteenth
century many hundreds of thousands of small boilers of fire tube (FT)
and early water tube (WT) design were in daily operation, especially
in Europe and the United States. Marine boilers were also widely in use
by this same time. Although continuous steam generator development
took place, their early safety record was abysmal and their operational
life often was short. These problems led, among other things, to the
implementation of statutory regulations, insurance codes, and the
beginnings of a boiler water treatment industry.

Safety is, of course, paramount with modern boilers, and, as with
other types of pressure vessels, they are subject to construction codes
and operational regulations in almost all countries of the world. These
requirements have been developed over many years and are designed to
ensure the continuously safe operation of the overall boiler system.

Today boiler plants are manufactured in an almost infinite number of
permutations with regard to their materials of construction, operational
design, fuel requirements, and steam-raising capacity. For example,
small factory-assembled, gas-fired fire tube boilers may be designed
for perhaps only 500 to 1,000 Ib/hr (approximately 14.5-29 hp) at 10
to 100 psig, while the largest, pulverized-fuel, water tube or nuclear
power boilers may produce several million Ib/hr at pressures exceeding
2,900 psig.

NOTE: The commonly assumed zero enthalpy (internal energy) for air is
approximately 14.7 pounds per square inch pressure absolute (psia), equiv-
alent to 1.01 bar at 80 °F (27 °C). However, boiler pressure is commonly
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measured in gauge pressure (psig), or bar gauge (barg), where 0.0 psig =
14.7 psia.

Today boiler vessels are usually fabricated from special boiler plate
and firebox steels of varying thickness, while their auxiliaries (supple-
mentary equipment) and appurtenances (boiler accessories and
instruments, especially those employed for safety reasons) may be pro-
duced from any of several different constructional metals, alloys, and
other materials, including cast iron, copper alloys, stainless steels, and
so forth. Tubes and tube plates may be variously constructed of carbon
steel, low-alloy steels, or special alloy steels, with each design provid-
ing for particular required levels of thermal and mechanical stress and
corrosion resistance. The overall boiler plant system may have a life
expectancy in excess of 50 to 60 years, although individual components
may need to be replaced periodically during this period.

Boilers perform two primary functions:

1. They generate steam by heat transfer.
2. They separate this steam from circulating boiler water.

They can only carry out these functions consistently and efficiently
if the feedwater (FW) and boiler water (BW) chemistry and the overall
boiler operation are properly controlled. Thus, over the years, in addi-
tion to improvements in engineering design and practice, many differ-
ent forms of external water treatment processes and internal water
treatment programs have been developed.

Today a wide range of modern water treatment processes and programs
are available that have been developed and perfected to suit the many dif-
ferent types and applications of boilers now operating. These include the
many high-pressure (HP) units around the world, which tend to be oper-
ated within extremely strict (often “knife edge™) control parameters.

Although many of the FW pretreatment processes and individual
chemical inhibitors have changed little over the last 20 to 30 years,
many significant improvements in the areas of program design, appli-
cation, results evaluation, corrective strategies, and customer education
have been made. These program improvements have led to further
gains in boiler operational efficiency and reduced maintenance bills.
However, the successful application of these programs continues to
require very careful feed, monitoring, and control arrangements.

Furthermore, to obtain the maximum benefit, BW treatment pro-
grams demand an innovative and proactive mindset from owners, oper-
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ators, and field service representatives. Benefits include optimum oper-
ational efficiency, control over maintenance time and costs, and free-
dom from worry.

1.1 BASICS OF STEAM GENERATION

Boilers are designed to boil water by heat transfer. Although the con-
tained water may sometimes be electrically heated, most boiler designs
provide for the heat transfer process to take place primarily across
banks of tubes located within the boiler. The water may either be con-
tained within the tubes (WT design) or on the outside of the tubes (FT
design) according to boiler type. Only a percentage of the available heat
energy can be converted to useful operational energy via the heat trans-
fer process; the remainder of the available energy is lost to the com-
bined boiler house and atmospheric heat sink.

The boiling of water results in the continuous absorption of heat
energy until a point is reached, for any particular pressure, at which the
liquid (water) changes into a gas (steam). This boiling point or (heat)
saturation temperature occurs when the water vapor pressure is equal
to the local pressure.

The boiling point of water is 100 °C (212 °F) at atmospheric pres-
sure, and at this same point the enthalpy of evaporation (latent heat
of vaporization) is 970 Btu/lb.

NOTE: The boiling point of water decreases with increase in height above
sea level.

In other words, at its boiling point water requires the further addition
of 970 Btu of energy to convert one pound of water to steam, which is
5.39 times as much energy as required to raise the water temperature
from 0 °C (32 °F) to 100 °C. The temperature of the hot water remains
constant until it has been entirely vaporized, at which point the steam
is fully saturated with heat and the enthalpy of the steam (heat content
as calculated from a starting point of 0 °C) is 1,150 Btu/Ib.

If additional heat is applied within the confines of a pressure vessel,
the pressure of the steam increases and the boiling point is raised,
requiring yet more heat energy to reach the new saturation point.

The application of heat beyond the saturation point results in super-
heated steam and a further increase in steam temperature. Superheated
steam is particularly useful in power generation boilers because the heat-
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ing process removes water droplets that can seriously erode and pit tur-
bine blades and also improves general turbine efficiency by maintaining
the steam above its saturation temperature (at which point condensation
begins, heat losses occur, and water hammer may take place).

NOTE: In most large HP boiler-turbine designs it is necessary to reheat the
steam part way during its passage through the turbine to maintain the
steam above its saturation temperature. This is achieved by sending the HP
turbine exhaust steam back to the boiler, where it enters the reheat section.
From there the steam returns to the intermediate pressure (IP) stage of the
turbine.

Higher pressure steam has a correspondingly higher temperature, has
a reduced volume, and contains more energy than lower pressure steam,
thus providing the potential for greater efficiency in energy utilization.

In a boiler, with the continued application of heat, steam under pres-
sure is produced via a combination of steam bubble formation (nucleate
boiling) and direct evaporation at the steam—water interface (convec-
tive boiling), as shown in the sketch of different generated steam flow
forms in Figure 1.1.

®)

nucleate
boiling

flow flow

(a) (b)

Figure 1.1 Steam generation from a heated surface, showing nucleate
boiling, leading to bubbly, intermediate, annular and mist flow forms of
convective boiling. Steam bubbles in water (a) leading to water droplets
in steam (b).
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Heat transfer rates in modern boilers are relatively high, and when
the first stage of boiling (incipient boiling point) is quickly reached,
small bubbles of steam begin to form on the heated, waterside metal
surface (steam bubble nucleation) but initially collapse when cooled
by contact with the bulk water.

With continued heating, the local saturation temperature is reached
and the steam bubbles move into the larger, bulk-water nucleate boil-
ing region. Because the resulting steam bubble—water mixture close
to the heated metal surface has a lower density than cooler water far-
ther away from the heated surface, the steam bubble—water mixture
rises.

Gravity, acting on higher density, unheated water, provides a driving
force, and the natural circulation (free convection) of water begins
within the boiler. The heat is carried elsewhere within the boiler. Good
boiler design is obviously critical to ensure adequate convection, espe-
cially with larger and more complex boilers.

NOTE: Due to reduced water/steam density differences, some very high
pressure boiler designs employ forced convection (by use of pumps) as well
as, or in place of, free convection.

In high heat flux (heat transfer rate per unit area) boilers, such as
power water tube (WT) boilers, the continued and more rapid convec-
tion of a steam bubble—water mixture away from the source of heat
(bubbly flow), results in a gradual thinning of the water film at the
heat-transfer surface. A point is eventually reached at which most of the
flow is principally steam (but still contains entrained water droplets)
and surface evaporation occurs. Flow patterns include intermediate
flow (churn flow), annular flow, and mist flow (droplet flow). These
various steam flow patterns are forms of convective boiling.

Some nucleate boiling still takes place in high heat-flux designs. It
is critical that this process continues in order to remove heat, thus cool-
ing the heated metal and consequently reducing the risk of tube failure
through overheating.

Typically, FT boilers tend to have lower rates of overall heat-flux
and lower steam/water quality, and nucleate boiling predominates.
Water tube (WT) boilers tend to have higher heat fluxes and higher
steam/water quality; under these conditions, annular flow convective
boiling tends to dominate.

In a dirty boiler the presence of unwanted deposits on the waterside
heated-metal surface may lead to uneven heat transfer; the development
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of large, irregularly shaped steam bubbles (rather then nucleate bub-
bles); and inadequate metal surface cooling. The drag caused by this
deposit can reduce the convective forces in the boiler and lead to lower
flow rates, the deposition of more BW contaminants, and possible pre-
mature steam separation. Cause and effect leads to the surging of these
bubbles through the BW (surge boiling) and higher localized metal
temperatures—with the inevitable result of a reduction in boiler design
safety margins and, most probably, eventual tube failure.

Most steam generating plants operate below the critical pressure of
water, and the boiling process therefore involves two-phase, nucleate
boiling within the boiler water. At its critical pressure of 3,208.2
pounds per square inch absolute (psia), however, the boiling point of
water is 374.15 C (705.47 °F), the latent heat of vaporization declines
to zero, and steam bubble formation stops (despite the continued appli-
cation of heat), to be replaced by a smooth transition of water directly
to single-phase gaseous steam.

1.1.1 Steam Tables

For any given pressure up to the critical pressure (the pressure at
which water and steam have the same specific weight and there is no
separation in phase), there is a corresponding boiling point, and these
correlations are given in commonly available steam tables.

A simple saturated steam table is given in Table 1.1, while a more
comprehensive table is provided in the appendix.

Steam tables indicate an arbitrary zero internal energy and entropy
for water in its liquid state, at the triple point of water.

NOTE: The triple point is the point at which water coexists as a solid (ice),
liquid, and vapor (steam). This point corresponds to 32.02 °F (0.01 °C) at
a vapor pressure of 0.089 psia (0.611 kPa).

Steam is the working fluid in most boiler operations and usually can
be treated as an ideal gas; that is, a gas that obeys the ideal gas law.
This law states that the pressure (P) of a volume of gas (v) is equal to
the product of the universal gas constant (R) and temperature (7).

Pv=RT

1.1.2 The Separation of Steam and Water

Fire tube boiler designs employ the upper internal portion of the boiler
vessel as a compartment to hold the generated steam, while WT boilers
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Table 1.1 Saturated steam temperatures at various boiler pressures

Saturated steam Absolute Approximate | Approximate
pressure pressure Bar temperature | temperature
psig psia absolute °F °C
0 14.7 1.10 212 100
50 64.7 4.46 298 148
100 114.7 7.91 338 170
150 164.7 11.36 366 186
200 2147 14.80 388 198
300 314.7 21.70 422 217
600 614.7 42.38 489 254
900 914.7 63.07 534 279
1200 1214.7 83.75 569 298
1500 1514.7 104.4 598 314

incorporate one or more separate pressure vessels, primarily the steam
drum (fop drum), to provide the same function.

In modern boilers, both FT steam spaces and WT steam drums incor-
porate various devices to promote the effective separation of steam
from water and the production of “dry steam.” These devices include
horizontal separators and baffle plates in the steam/water space, and
chevron driers, cyclone separators, and secondary steam scrubbers in
the steam space. Older or simpler boiler designs with steam release
velocities of below 3 ft/s (0.9 m/s) may rely solely on the natural sep-
aration of steam from water.

The effective separation of steam from water is vital for several rea-
sons, including:

1. To prevent the carryover of water droplets, which can mar many
industrial process activities or cause damage to superheaters and
turbine blades.

2. To remove dissolved solids contained within the water droplets,
which contaminate the steam.

3. To discourage the generated steam from remaining in the boiler
(carryunder) because this limits output and steam pressure.

There are various factors that affect the quality of steam/ water sep-
aration, such as:



Steam Generation 9

* Opverall boiler design, including steam and water space dimen-
sions, boiler rating, pressure, and separation equipment arrange-
ments.

* Boiler operating factors, including boiler and steam load, pres-
sure, water level, boiler water contaminants (as determined by
analysis), and chemical treatments.

* Steam containing water droplets is termed “wet steam’ and has a
reduced enthalpy.

* Steam produced from a packaged boiler (fire tube or water tube)
should always contain less than 5% entrained water.

* Steam containing between 1 to 5% water may be considered “moist
steam.”

* Good design and operation may bring the level of moisture down to
between 0.1 and 0.5% (dry steam).

Steam from a field-erected boiler almost always contains signifi-
cantly less entrained water than the preceding figures because of the
greater sophistication of steam separation devices. However, some cau-
tion is required because even dry steam from an efficient HP boiler may
contain volatilized salts (such as chlorides and silica) through the
process of steam stripping.

NOTE: The moisture content of steam can be measured by means of a throt-
tling calorimeter or by analysis of the sodium content in a sample of con-
densed steam, using perhaps a specific ion electrode or flame photometer.

The dimensions of the steam space in horizontal FT boilers varies
according to design and the boiler steam-generation rating. As a gener-
al rule, high-capacity FT boilers have a larger pressure vessel/steam
storage space than smaller boilers, but this steam space is not necessar-
ily of greater vertical height. Thus, FT boilers with relatively small
steam space volumes tend to raise steam at the desired pressure more
quickly than those with larger steam space volumes. But they also are
more prone to problems of carryover of boiler water droplets (which
contain potentially troublesome dissolved solids and especially sodium
salts). Good boiler design and good operational control, aided by an
appropriate water treatment program, typically including an antifoam
chemical, is therefore vital under these circumstances.

In WT boiler steam drums, the normal water level is at or slightly below
the horizontal centerline to maximize the steam-to-water surface area.
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Although the primary purpose of the steam drum is to facilitate
effective steam and water separation, most designs incorporate several
other design functions. These design functions include:

* Provide an access point for FW and facilitate thorough mixing of
this water with BW.

* Provide an access point for the injection and intimate mixing of
water treatment chemicals into the BW,

* Provide a water storage buffer to accommodate changes in load.

1.2 ENERGY, WORK, AND POWER

Energy and work are interchangeable, and various terms and conver-
sion factors are in common usage throughout the world today. These
conversion factors are equivalencies unrelated to operational efficien-
cies because practical energy and work conversions are never 100%
efficient.

Energy is the capacity for doing work and overcoming inertia, either
by heat, light, radiation or mechanical and chemical forces.

Potential energy is the energy that is due to the position of one body
relative to another, whereas kinetic energy is manifested by bodies in
motion.

Work (W) is the transference of energy from one body to another and
is expressed as the product of the force (f) and the displacement or dis-
tance (d); it can be expressed as:

W=fxd

Force is anything that changes or can change the state of rest or
motion of a body; it is expressed as the product of mass (m) and accel-
eration, divided by a proportionality constant (gc):

f = m X acceleration/gc

* In the English system, when one pound force (1 1bf) is exerted on a
one pound mass (1 Ibm) the mass accelerates at the rate of 32.17
ft/s2. Thus, in this system, gc is equal to 32.17 lbm ft/Ibf s,

* In the SI (metric) system, when one kilogram (1 kg) of mass accel-
erates at 1 m/s?, one Newton (1N) of force is exerted. Thus, gc is
equal to 1 kg m/N s2,
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Power is the time rate at which energy is converted to work. It is
expressed:

Power = W X ¢

A boiler does no work; it is merely a machine or an agent that pro-
vides the facility for work to be achieved. A boiler is said to develop
one horsepower when it provides the potential for 33,000 ft 1b per
minute (equivalent to 2,545 Btu/hr) of work.

NOTE: Btu/lb always means Btu/lb mass and ft Ib/lb always means ft lb
force/lb mass.

Designers, manufacturers, and operators of boilers continue to use
many of these terms, without undue deference to unit standardization,
to define, measure, and report on plant steam-raising capacities (power
output) and operating parameters. (In continuance of this common
practice therefore, many of these various terms are freely used in dis-
cussions throughout this book.) However, to familiarize the reader and
minimize confusion, some energy terms and notes are provided here. A
more complete list of units and conversion factors is provided in the
appendix.

¢ 1 Btu (British thermal unit) is the energy required to raise the tem-
perature of 1 1b of water by 1 °F.

* 180 Btu are required to heat 1 Ib of water from 32 °F (freezing
point) to 212 °F (boiling point).

* 1 calorie is the energy required to raise the temperature of 1 g of
water by 1 °C.

* 1 joule (J) is the energy expended in 1 second by 1 ampere flowing
through a resistance of 1 ohm.

1.2.1 Boiler Energy and Power Units

Boilers can be classified, rated, sized, and compared by means of sev-
eral energy and power terms. All boilers have a nameplate indicating
net and gross output, which may be variously indicated in Btu/hr,
horsepower (hp), pounds of steam per hour (Ib/hr), or square feet of
heating surface for any given pressure and temperature listing.

¢ 1 British thermal unit (Btu) = 778.16 ft b
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* 1 kiloWatt per hour (kW/h) =
* 1 horsepower per hour (hph)

* 1 calorie

* 1 horsepower (hp)

« 1kW

* 1 kilo calorie per minute (kcal/min)

¢ | therm
* 1 kiloJoule (kJ) =

3,413 Btu
2,545 Btu
4.18 Joules ()
550 ft Ib/s
1.34 hp

4,186 J/min
100,000 Btu
0.948 Btu

In addition, manufacturers’ boiler operational manuals provide hard-
copy data ratings for heat transfer coefficients, local heat flux, fuel
utilization, furnace heat release rates, maximum continuous rating

(MCR), and other parameters.

Boiler horsepower is an old method of rating boiler output and is
still commonly used in the United States despite its validity being
extremely questionable under present-day conditions.

Another old term that is still common is equivalent square feet of

steam radiation surface (EDR).

* 1 boiler hp is the energy required to evaporate 34.5 Ib of water per
hour into dry saturated steam from and at 212 °F (100 °C).

* EDR is the surface area required to emit 240 Btu/hr with a steam
temperature of 215 °F at a room temperature of 70 °F.

NOTE: With HW heating, the EDR value of 150 Btu/hr; with a 20 °F drop
between inlet and outlet water, is commonly used to determine space heat-

ing requirements.

* 1 boiler hp = 33,472 Btu/hr
* lboilerhp = 139.5sqft EDR
* 1lboilerhp = 10 sq ft boiler heating surface (fireside)

[old value—see below]

¢ 11bsteam = 970 Btuw/hr (from and at 212 °F)

From the above it can be seen that 10 sq ft of boiler heating surface was
commonly considered to provide 34.5 1b of saturated steam, from and at
212 °F. Whereas, because of the much higher heat transfer rates today,
modern boilers often generate anywhere from 100 to 500 Ib/hr of steam
from the same heated surface area (3.5-0.7 sq ft per boiler hp).
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Typically, a modern three-pass, dry-back, FT boiler requires only 5 sq ft
of heating surface per boiler hp, which is 200% of the old style rating. Thus,
the MCR of generated steam (Ib/hr or kg/hr) is a more sensible term to use.

An example of energy consumption and power output ratings, typi-
cal of the kind of information provided by boiler manufacturers for an
older (but still widely used) design, four-pass FT boiler, is shown in
Table 1.2.

1.2.2 Heat Release Coefficients

Boiler designers must be in a position to accurately predict the various
heat release rates from furnace and burner designs and to match them
to limitation standards for both heat input and boiler constructional
steels. Some considerations are:

* Furnace heat release coefficients: For packaged FT boilers,
designs vary from 60,000 to 125,000 Btu/hr/ft?/°F (340.7-709.8
kW/m?/°K) across the radiant surfaces (essentially the furnace
tube).

¢ Heat transfer coefficients: In modern, natural circulation, fossil
fuel WT boilers, overall heat transfer coefficients vary between
5,000 and 20,000 Btu/hr/ft%°F (28.4—113.6 kW/m?/°K).

» Highly rated boilers: Various authorities [e.g., the British
Standards Institute (BSI) and the American Society of Mechanical
Engineers (ASME)] have differing views on what level of hear flux
constitutes a “highly rated” boiler. However, from an operational

Table 1.2 Typical energy consumption and output ratings for a fire tube boiler

Energy/power parameter Rating
Boiler horsepower: 500
Pounds of steam from and at 212°F: 17,250
Output: 1,000 Btu/hr 16,735
EDR steam, sq. ft.: (gross rating) 69,500
EDR steam, sq. ft.: (hp and ACC net) 57,250
Approximate oil consumption rate: 150
gph @ 80% efficiency

Approximate gas consumption rate: 210
therms per hour @ 80% efficiency
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viewpoint, boilers with a high, local maximum heat-flux (primarily
power generation boilers) unfortunately have an in-built design
potential for attracting debris and forming concentrations of caustic
and other materials at the site. Localized increased boiling-point
temperatures (wick boiling) and dryout at the site may also devel-
op and cause permanent damage to the heat transfer surface. Thus,
highly rated boilers need exceptionally fine control if these types of
problems are to be avoided.

Authoritative guidelines on operating practices indicate that boil-
ers having a maximum local heat-flux of between 44,000 and
82,780 Btu/hr/ft?/°F (79,250-149,000 Btw/hr/ft?/°K, 250-470
kW/m?/°K) should be considered highly rated.

* Volumetric heat release rates: The rates of volumetric heat release
from shell boiler furnaces fired by oil and gas are typically 175,000
to 235,000 Btu/ft3/hr. (Heat releases from the various tube passes
are significantly lower than from the furnace, thus reducing the
overall heat-flux rating.)

* Steam release velocities: Older or simpler boiler designs with
steam release velocities below 3 ft/s (0.9 m/s) may rely solely on the
natural separation of steam from water by gravity. Many modern
boilers with higher generation rates may be designed for steam
release velocities of double this value and consequently require
complex separation devices if steam quality is to be maintained.

* Boiler water (and two-phase mixtures) circulation rates: Natural
circulation rates vary according to design but are typically 1 to 2
m/sec (3.3-6.6 ft/sec).

1.3. BOILER PLANT EFFICIENCY

Comparing energy in to energy out, modern boilers are typically 78 to
85% efficient in producing steam, dependent on design. Earlier designs
were often less than 50 to 60% efficient, although the use of econo-
mizers and similar heat-recovery equipment could boost efficiencies to
65 to 70% or greater.

Very large, modern WT boilers with sophisticated heat-recovery
auxiliaries may attain efficiencies approaching 88 to 90%. However,
the overall efficiency of a fossil fuel utility power generation plant
system falls to only 32 to 38% when the efficiency of electricity gen-
eration and condenser cooling is included. Nevertheless, it only
requires 10% more in fuel costs to operate a boiler at 1,250 psig than
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at 450 psig, and there are significant gains in turbine efficiencies to
be obtained at higher pressures.

Also, by use of combined cycle (cogeneration) systems, industrial
power generation efficiencies can be raised to almost 50%. In design-
ing modern, high heat-flux fossil fuel boilers and nuclear reactor fuel
bundles, high heat-input rates are matched by high heat-transfer rates,
which improves operating efficiency and provides the means to ade-
quately cool all exposed heating surfaces.

High heat-transfer rates and sufficient cooling via internal, two-
phase flow and circulation are consequently necessary to ensure that
modern boilers operate below their particular critical heat-flux (CHF)
conditions. This minimizes poor thermal efficiency performance, risks
of thermal metal fatigue, and probable tube failures from excessive
temperatures.

At constant heat flux, CHF occurs at lower steam qualities as pres-
sure rises, thus reinforcing the need to provide the very highest quality
of waterside conditions in HP industrial and power boilers.

There are various ways in which both designers and experienced
operators can influence and maximize boiler system efficiencies. Of
course, the continuous provision of an effective treatment program for
all water/ steamside surfaces is perhaps the single most important area
in maintaining efficiency and keeping costs down (without it, the boil-
er may simply fail in service—a condition to avoid at all costs).
However, correct combustion, the judicious use of heat recovery equip-
ment, good housekeeping, effective maintenance, and various individ-
ualized “fine-tuning” techniques are also necessary. Some areas
relating to operational efficiency are discussed in the next sections.

1.3.1 Combustion Efficiency

The realization of the potential heating values of various fuels is a func-
tion of boiler design and combustion efficiency. Boiler efficiency
decreases if some of the heating value of the fuel is lost either as sen-
sible heat or by incomplete combustion. The largest loss is always the
loss of sensible heat in dry stack gases. However, an oversupply of
excess air, beyond that required for optimum combustion of the fuel,
also may result in a significant loss of energy and also serves to cool
the boiler, further decreasing efficiency.

A drop in steam pressure necessitates an increase in the fuel supplied
to the burner and vice versa. However, any change in the quantity of
fuel supplied requires a corresponding change in the volume of air sup-
plied to the boiler, and if the fuel-to-air ratio is not balanced within the
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full range of low to high fire rates, the overall boiler efficiency
decreases.

The percentage of excess air required for complete combustion
varies according to fuel types and burner design.

* Coal firing may require 20 to 50% excess air.
* Gas or oil firing typically requires 5 to 20% excess air.

» Excess air above the theoretical minimum is necessary to ensure ade-
quate mixing and rapid combustion within the furnace area. However,
the air must be heated, so the volume must be controlled to limit the
amount of heat it transports out of the boiler with the exit-stack gases.

* Gas fuel contains more hydrogen than coal, thus giving rise to more
water vapor in the boiler-stack gases and a relative reduction in ther-
mal efficiency (enthalpy loss), due to the cooling effect of the water.

» Each 10% of excess air typically results in a 1% loss of boiler effi-
ciency.

* Annual fuel costs may be four to six times as high as the initial boil-
er plant capital cost. Thus, a small efficiency improvement of only,
say, 1% can produce significant savings in fuel costs.

» Power plant boilers with full heat recovery and utilizing high-grade
coal in the form of pulverized fuel (PF) tend to provide the highest
full load efficiencies, at 85 to 90%.

* Modern burner design typically provides for high turndown ratios
(8-10:1) to reduce purge cycle losses under low and variable load
conditions.

*»  Modern FT boiler combustion designs can provide very low nitrogen
oxide (NO,) emission levels (generally < 20-60 ppm NO,), typical-
ly by using combustion air to draw fourth-pass flue gas along with
clean air. Modern standard package WT boiler designs typically con-
trol NO, emissions to below 50 to 200 ppm (approx. 0.1 1b/MBtu).

Fuels, especially coals, are ranked according to limits on fixed car-
bon, volatile matter, and calorific value. Typical gross heating values
of some common fuels (based on approximately 80% fuel to steam effi-
ciency) are listed here:

* Petroleum coke = 11,500 to 15,000 Btu/Ib (6,400-8,350 kcal/kg,
26,750-34,900 kl/kg)

* Anthracite coal = =14,000 Btu/Ib (7,800 kcal/kg)
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+ Bituminous coal = 11,500 to 14,000 Btu/lb

* Subbituminous coal (black lignite) = 8,500 to 11,500 Btu/lb
« Lignite = 7,000 to 9,000 Btu/lb

+  Peat = 5,000 to 7,000 Btu/lb

* Bagasse = 3,500 to 4,500 Btu/lb

* Wood = 2,500 to 3,000 Btu/lb when wet, rising to 8,000 to 9,000
Btu/lb when dry

¢ No. 1 fuel oil (distillate or kerosene) = =19,850 Btu/lb (137,000~
138,000 Btw/US gal)

* No. 2 fuel oil == 19,500 Btw/lb (141,000-142,000 Btu/US gal, or
0.295 US gal per boiler hp/hr)

* No. 5 fuel oil (light residual) = 18,500 to 19,000 Btu/lb (148,000-
149,000 Btu/US gal, or 0.280 US gal per boiler hp/hr)

* No. 6 fuel oil (residual oil) = 18,000 to 19,000 Btu/lb (10,000-
10,500 kcal/kg), or about 150,000 to 152,000 Btu/US gal (10 X 10°
kcal/kg), or approximately 0.275 US gal per boiler hp/hr

* Natural gas = 1,024 to 1,032 Bt/ cu ft, or 40.9 cu ft per boiler hp/hr
* 500 Btu/cu ft gas = 84 cu ft gas consumed per boiler hp/hr

1.3.2 Steam Pressure Efficiency

For optimum efficiency of usage, steam should be employed at its high-
est energy level, consistent with each particular application need. And,
as noted above, additional fuel costs to supply steam at higher rather
than lower pressures are small compared with the delivered energy ben-
efits. Ultimately, therefore, higher pressures produce overall financial
savings and maximize efficiencies.

All larger boiler installations have a deaerating heater (deaerator),
and this can provide a steam pressure efficiency example. Thus, sup-
plying sufficient energy to a deaerating heater in order to permit the
steam to condense at, say, 10 psig, rather than the more usual 2.5 or 3
psig, produces a higher operating temperature (240 °F compared to 220
°F). This action improves the efficiency and rate of O, removal and ulti-
mately provides for savings of approximately 2% in the fuel consumed.

1.3.3 Feedwater and Air Temperature Efficiency

It is standard practice in many boiler plant designs to incorporate an
economizer (to heat FW) and an air heater (to heat combustion air) in
the flue-gas exit system.
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Looking at the overall heat transfer surfaces available in a large boil-
er plant, the economizer and air heater may typically provide 50% of the
total heating surfaces yet extract only 15% of the available heat energy.

The law of diminishing returns ensures that heat exchangers near the
end of the heat path require increasingly larger heating surfaces to
extract heat from the lower temperature gases than those at the begin-
ning of the heat path.

Some notes on FW and air temperature efficiency are given in the
following list. A very simple guideline to the relationship between rel-

ative heat transfer surfaces compared with heat absorbed is shown in
Table 1.3).

* With the incorporation of an economizer into a boiler system, typi-
cally a 1% gain in boiler efficiency can be achieved for every 40 to
50 °F reduction in stack temperature.

* Air heaters should not extract so much heat that the flue-gas tem-
perature is reduced below its dewpoint because moisture will con-
dense out of the flue gas and corrosion may occur.

» Feedwater tank water temperatures on package boiler systems not
fitted with deaerator heaters should be as high as practically possi-
ble, while consistent with the avoidance of FW pump cavitation.

Typically, a FW tank temperature of 180 to 190 °F (82-88 °C) is
preferred and can be achieved by the direct application of “live
steam” (from a LP steam supply or from a flash steam recovery sys-
tem) through a perforated sparge pipe or by indirect heating via
steam, gases of combustion, or electrical-resistance heaters. Each
temperature rise of 10 °F (5.6 °C) results in at least a 0.3 to 0.4% fuel
saving. Tanks should, of course, be properly designed and lagged.

Table 1.3 Relationship between heat transfer surfaces in a boiler and the relative heat
absorbed

Boiler plant % total % of total heat
heat-exchange units heat-transfer surfaces absorbed in boiler
Furnance water walls 10 50

Boiler bank 30 20
Superheater 10 15
Economizer 10 7

Air heater 40
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*  Where excess turbine exhaust steam or gases of combustion are
used for FW heating, each 10 °F (5.6 °C) rise typically results in a
1% fuel saving.

1.3.4 Boiler Loading Efficiency

Boilers are designed to operate within a range of firing levels; the
greater this range (torndown ratio), the more flexible they are in oper-
ation. However, boiler efficiency changes with variation in steam out-
put, and most boilers produce their maximum efficiency at about 80 to
85% of MCR.

Where multiple boiler facilities exist, operators can meet the neces-
sary steam demand and maximize overall boiler-house efficiency by
providing a prudent loading to each boiler.

1.3.5 Steam Trap Efficiency

Steam traps are installed in condensate, mechanical return systems
and are a frequently overlooked item for reducing operating costs.
Large industrial process plants typically have many hundreds of steam
traps installed to recover low-energy condensate and remove (poten-
tially corrosive) air and carbon dioxide.

Defunct or poorly operating traps allow heat-containing condensate,
insulating air, and corrosive gases to accumulate within the condensate
return system, thus reducing efficiency and greatly increasing the risks
of system deterioration.

* Traps that stick open may allow considerable volumes of steam to
blow through, thus resulting in a reduction in overall boiler system
efficiency.

* Traps that stick shut lead to waterlogged lines and water hammer.

* Traps that are corroded and leak steam and water waste heat ener-
gy. This wastage can add up to a significant extra requirement for
primary fuel.

* Traps should be fitted to steam heated tracing lines, rather than
allowing them to blow to the atmosphere (as is common), to avoid
a direct steam loss.

1.3.6 Blowdown Efficiency

All steam-generating boilers operating at over 15 psig require at least
daily blow down (blow off) to deconcentrate total dissolved solids
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(TDS) in the boiler water, to remove sludges, and for safety reasons.

Nevertheless, prudently decreasing the total amount of blowdown
per unit time (e.g., by consistently running boiler TDS levels closer to
the maximum suitable for the boiler design and operation) saves money
from reduced waste heat and generates a subsequent lower demand for
chemical treatments and makeup (MU) water.

Further savings can be made by the use of a suitable blowdown (BD)
water flash steam and heat recovery (FSHR) system. Such systems
are standard equipment on large power boilers but are less common on
smaller plant. However, the FS component (and often the HR compo-
nent as well) can usually be justified for smaller systems because the
capital cost payback of such equipment generally is less than 12
months and such systems continue to save fuel and high-quality water
year after year.

In most larger systems, the recovered flash steam is used in a deaer-
ator, while the HR heat exchangers serve as FW preheaters for both
HP and LP boiler plants.

In smaller boiler plants with HR systems, steam from the SR flash
vessel is fed to the FW tank, while the HR heat exchanger transfers use-
ful residual heat to the cold MU water.

+ Typically, a 1% saving in blowdown results in an approximate 0.2%
savings in fuel.

* An FSHR system typically recovers about 80% of the waste heat in
the BD. Slightly more than half the savings accrue from the FS flash
vessel, with the balance derived from the HR heat exchanger.

1.3.7 Turbine and Condenser Operation Efficiency

Electricity is produced by the conversion of heat energy (produced in
a boiler and transmitted as steam) into mechanical work by use of a
turbine, which is connected to an electrical generator (furbine gener-
ator).

The conversion of energy is a difficult and inefficient transformation
because 100% efficiency is only possible if the exhaust gas is received
at absolute zero (approximately —273 °C or —459 °F).

As a practical reality, world ambient temperatures are typically on
the order of =15 °C (+59 °F), and as a result most turbines are less
than 80% efficient. Therefore, to maximize turbine generator efficien-
cy, it is necessary to provide as great a temperature differential as pos-
sible between the incoming steam and the exiting steam. Thus, power
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system designers continue to seek ways to refine and provide the most
cost-effective systems for the delivery of HP (high temperature) steam
to the turbine hall.

NOTE: The electrical generation process is somewhat more efficient than
the steam turbine section (up to perhaps 97% efficient).

Efficiency is related to turbine loading and the response to changes
in operation. Key factors in part-load turbine performance are the oper-
ational methods employed to control steam flow to the turbine and the
actions taken to reduce boiler cycling, low-load conditions, and boil-
er water carryover.

The efficiency of power generation is significantly reduced by any
deposits formed on the turbine blades by BW carryover and severe tur-
bine damage may also result. Turbine efficiency also is reduced by
demands for output that exceed the rated maximum and by extended
operation beyond the maintenance period or design life. Additionally,
errors in steam flow meters, thermometers, and pressure gauges, and so
forth cause the control system to regulate the generation of electricity
at some further reduced level.

Utility plants primarily employ reheat condensing turbines, where-
as cogeneration plants and larger process industries that produce their
own electrical power tend to employ extraction turbines. Both types
of turbine rely on a surface condenser to receive exhaust steam from
the LP turbine stage and condense it to liquid for reuse.

« Utility plants operate at the highest level of condensing possible.

*  Where extraction turbines are employed, it is most efficient to oper-
ate at the lowest level of condensing possible (the highest level of
extraction). This occurs when steam from the turbine is extracted
and directed by various takeoffs, either to air or water heaters or to
industrial processes requiring steam. This practice occurs because
no heat is lost from the steam flowing from the throttle to the extrac-
tion takeoff (whence it can be delivered for beneficial use by the
industrial process), whereas over two-thirds of the heat flowing
from the throttle to the surface condenser is ultimately rejected, so
efficiency suffers.

Noncondensing turbines (back-pressure turbines) are widely used
by industry to fulfill any number of process requirements. As a general
rule, turbine generator design efficiency is reduced by the absence of a
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condenser. The primary function of a surface condenser is to minimize
turbine back-pressure by condensing steam and creating an adequate
vacuum. The vacuum produced by the reduction in steam-to-water vol-
ume is typically on the order of 26 to 29 inches of mercury and is main-
tained by air ejectors or mechanical pumps.

NOTE: A loss of 1 inch of mercury (25.4 mm Hg) in condenser vacuum typ-
ically results in a 1% loss of efficiency in electricity generation.

The efficiency of the condenser is reduced by poor removal of air and
other noncondensable gases because these gases will blanket the tubes,
reducing heat transfer and perhaps eventually destroying the vacuum,

Efficiency also is reduced significantly by operating a dirty or
plugged unit, such as can be caused by fouling on the cooling-water
side of the condenser. Mussels and other forms of marine life, leaves,
scale, corrosion, algae, biofilms, and other microbiological growths all
contribute to condenser fouling. (An effective cooling water program is
therefore required.)

The effects of condenser efficiency reduction is limited by providing
up to 15% overcapacity at the design stage, by preventative measures
{(both physical and chemical), and by periodic cleaning during operation.
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BOILER TYPES
AND APPLICATIONS

There are four fundamental types of boiler available today—electric
boilers, fire tube (shell or FT) boilers, water tube (WT) boilers, and
nuclear reactor boilers. Electric boilers apart, all other types are
essentially developments from shell and tube heat-exchanger designs.

Each boiler type may be further classified according to design, out-
put, pressure rating, and application, although not every type is avail-
able in all permutations.

* Boilers may be either hot water generators or steam generators,
designed for land, locomotive, or marine duty, either portable (trail-
er mounted) or stationary.

» They may be supplied as package (preengineered) boilers, job-built
boilers (fully factory constructed and then cut into pieces for diffi-
cult access sites), or field-erected boilers. All very large WT boilers
are field-erected but often arrive on-site in modular form.

* Boilers can operate at subcritical, critical, or supercritical pres-
sures, either in once-through or recirculating designs.

* Boilers may be direct fired or indirect fired. Energy supply designs
account for various combustion methods using fossil fuels, munici-
pal waste, process residues, waste heat, and by-products. Special
boiler combustion systems to reduce pollution or improve efficien-
cy include fluidized-bed and combined cycle.

* Boilers may be used for domestic hot water heating, space heating,
waste heat, or chemical recovery. They also may be used for
mechanical work, electrical power generation, cogeneration, and
innumerable industrial process applications using direct (live) steam
or indirect steam (e.g., coil heated) processes. Both FT' and WT
designs are commonly employed for hear-recovery applications.

23
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* The first three boiler types may be variously used for commercial,
institutional, or industrial applications. Fire tube boilers also may
be used for steam turbine generator duty at lower electrical outputs,
whereas only WT and nuclear reactor boilers are employed for util-
ity power generation.

For most larger industrial applications around the world, either FT or
WT boilers are generally employed. Design permutations are consider-
able, and many factories have both types installed, feeding into separate
steam distribution systems (typically at different pressures) or a com-
mon steam header. A discussion on the various types of boilers follows:

2.1 ELECTRIC BOILERS

Electric storage hot water heaters and instantaneous water heaters are
used for simple domestic applications and are not considered in this
text. For many smaller HW and lower pressure steam generation appli-
cations (including bakery ovens and proofers, jacketed kettles, fish pots
and other cooking equipment, wineries, breweries, textiles, laundries,
phosphatizing processes, humidification, steam baths, clean rooms, and
pharmaceuticals), electric boilers offer significant advantages over fos-
sil-fuel boilers and are often the product of choice.

Typically, electric boiler designs are limited to under 600 kWh
(2,000 Ib/hr) output. However, in some countries where electricity is of
particularly low cost (say, where where supplied by hydroelectric gen-
eration) electric boiler designs of up to 12,000 to 24,000 kWh
(40,000-80,000 1b/hr) or more are commonly used in large-process
industry. The maximum continuous rated (MCR) output is about
175,000 Ib/hr.

Electric boilers are generally inherently simpler to own and operate
because there is no combustion system required (fuel tanks, pumps,
burners, regulators, flame safeguards, etc.). Also space requirements
are smaller and capital and maintenance costs often are lower. In addi-
tion, electric boilers typically do not require full-time operators.

The efficiency of electric boilers is high, often 95 to 98%, with per-
haps a 5 t010% efficiency decrease from high fire to low fire (compared
with an oil-fired boiler, which may only ever reach 82% efficiency and
may have a 10 to 15% spread).

There are two principal types of electric boiler, the electrical resist-
ance boiler and the electrode boiler.
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2.1.1 Electrical Resistance Boilers

Electrical resistance boilers use banks of fixed, immersion-type, resist-
ance heating elements (typically sheathed in seamless copper, Incoloy
800, or 316SS) to provide an energy source that is contained within a car-
bon-steel pressure vessel. The vessel is provided with a sight glass and all
normal boiler controls, valves, and regulators necessary for automatic
operation. The vessel is generally well insulated and housed within an
enameled metal cabinet. Various electrical supply options are available.

Very small boilers only provide LP steam at 15 or 30 psig. However,
larger units may operate at 125 to 150 psig or higher. Equipment
options also may include a system for accepting condensate return to
the boiler.

Electrical resistance boilers for industrial applications are typically
available in sizes up to 3,500 kWh (350 developed boiler hp, 12,000
Ib/hr from and at 212 °F, or 11.6M gross Btu/hr output) with startup
amperages of up to perhaps 4,600 amps (440 v/3 phase) or 9,740 amps
(220 v/3 phase).

Some manufacturers of this type of boiler claim that water treatment
of any kind is not necessary and that no chemicals are required, espe-
cially with smaller units below, say, 240 kWh (800 Ib/hr). Instead they
rely on the on—off expansion—contraction cycles within the vessel to
drop scale from the heating elements, or on a daily manual flush of the
boiler vessel together with frequent replacement of elements and peri-
odic acid cleaning. (Some improved design models thankfully have an
automatic flush system that is actuated upon boiler shutdown.)

Most of these claims are spurious. In the presence of hard water and
the absence of adequate condensate return, no matter how small the
boiler, the elements quickly scale up, reducing efficiency and life-span.
These boilers may fail in service well before a scheduled acid clean or
element replacement service occurs. In addition, regular acid cleaning
on small boilers can be risky and is not recommended.

NOTE: Almost all types of commercial or industrial boilers, of whatever
type, size, and application, must be provided with fully softened FW as an
absolute minimum form of external water treatment. This requirement
includes electrical resistance boilers. Probable exceptions to this rule are
HW heating boilers and steam boilers operating at below 15 psig and
receiving in excess of 95% returned condensate.

Although electrical resistance boilers are more tolerant of variations
in water quality than electrode boilers they still require some measure
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of control to limit the TDS and to minimize the risk of priming and
carryover. In addition, the fact is that, apart from softening and TDS
control, some form of oxygen scavenging and sludge control is gener-
ally needed and provides additional benefit to even the smallest electri-
cal resistance boiler.

Operators who balk at the cost of providing water treatment for
resistance boilers are perhaps the very same people who fail to provide
adequate maintenance from the beginning of their employment and end
up complaining because of unplanned production shutdowns and con-
siderable (and unnecessary) high-cost repairs. Water treatment does not
have to be sophisticated or expensive for such relatively small and sim-
ple items of boiler equipment, but some form of treatment and control
is required.

Take, for example, a very small 75 kWh steam boiler, operating for,
say, 12 hours per day with no returning condensate. This boiler has a
gross output of only 250 Ib/hr, requiring 360 gallons per day of FW to
be supplied. If a day tank is supplied to hold this volume of FW (filled
each night via a water softener), the simple, daily, manual addition of
perhaps half a pint of a suitable multiblend, nonprecipitating, chemical
treatment inhibitor before boiler start-up will prove to be a much bet-
ter course of action than doing nothing until the boiler fails.

Of course, improvements could be made to this simple program. The
day tank could be heated to drive out most of the oxygen, or the chem-
ical treatment could be added proportionally to the FW via a
dosing/feed pump. As a result of the extremely low consumption, this
last action most probably would require the “added burden” of using
suitable quantities of dilution water to provide an acceptable degree of
pump discharge accuracy.

To size an electrical resistance hot water boiler use the following
Jormula:

kW = gph X T °F /410

Where: kW = boiler output rating
gph = hot water flow rate
T = temperature rise of the water

To size an electrical resistance steam boiler:

10 kW = 34.51b/hr steam = 1 boiler hp



Boiler Types and Applications 27

NOTE: Sizing allowances must be made for cold FW and radiant losses
from the boiler and steam distribution system.

2.1.2 Electrode Boilers

As a general principle, in electrical resistance boilers, the higher the
output, the larger and more complex they become, with an increasing
number of circuits, fuses, contactors, and other electrical equipment,
until a point is reached at which electrode boilers become more practi-
cal and cost-effective. (Although in the marketplace there are low volt-
age electrode boilers available that are designed to directly compete
with small, low-cost electrical resistance boilers.)

Electrode boilers produce hot water or steam (generally saturated
steam) by conducting current through the BW. The water provides
resistance, which causes heat to be generated when electrical current
flows from one electrode to another. As a consequence, the electrical
conductivity of the water is a primary factor in the satisfactory opera-
tion of these boilers. Other aspects of water treatment control (such as
alkalinity levels, oxygen content, and foam control) and maintenance
also must be considered if optimum efficiency is to be obtained.

There are several designs of electrode boiler for hot water and steam
generation, each with specifically designed mechanisms for producing
and controlling the output of HW or steam, and each with its own spe-
cific requirements for water treatment. A failure to meet these require-
ments quickly results in boiler shutdown and perhaps blown fuses.
However, under these circumstances, neither the boiler nor the elec-
trodes typically suffer permanent damage and the condition usually can
be quickly rectified.

The various designs may conveniently be classified as either sub-
merged electrode boilers or sprayed electrode boilers (water-jet
electrode boilers).

Electrode boilers are manufactured as factory-ready and are therefore
examples of “packaged” boilers. Smaller units are normally housed in
square, sheet metal cabinets, but larger units are normally round pres-
sure vessels with the insulation following the shape of the vessel.

The largest electrode boilers can have a diameter of 8§ to 10 ft
(2.4-3.0 m) and may be supplied with electricity at 16,000 v.

2.1.2.1 Submerged Electrode Boilers

Submerged electrode boilers operate with three-phase (four-wire) alter-
nating current, flowing from phase to phase within an aqueous electrolyte.
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Steam or HW is generated according to design as current flows from each
of the three electrodes to the neutral walls of the shields or cylindrical bal-
ance compartments that contain and control the electrodes.

Submerged electrode hot water boilers operate in a totally flooded
condition, and electrode insulating shields are mechanically adjusted
by an automatic control system to provide the required HW tempera-
ture. As the insulating shields are adjusted between the electrodes and
the neutral walls, so the current path is lengthened and heat generation
(and thus output) is decreased.

2.1.2.1.1 Fixed Water Level, Submerged Electrode Boilers These
boilers operate on a similar principle to the HW boilers, except that the
vessel is not flooded but held to a fixed water level. Steam is produced
in the space between the electrodes and neutral and escapes at the
waterline.

2.1.2.1.2 Variable Water Level, Submerged Electrode Boilers These
boilers include both low- and high-voltage types and regulate steam by
varying the amount of water in contact with the electrodes. As the water
quantity increases, more current flows and more heat (and steam) is
generated. When the water level drops below the bottom of the elec-
trodes, no current flows and no steam is produced.

The electrical conductivity of the water is critical to the correct oper-
ation of this type of boiler, and the precise level varies with design and
power requirements. However, the conductivity is always relatively low
(often specifications require a level of below 15-50 pwS/cm), so dem-
ineralized or reverse-osmosis (RO) quality FW 1is usually specified.

2.1.2.2 Sprayed Electrode Boilers (Water-Jet Electrode Boilers)

The sprayed electrode boiler boiler is provided with a pump that draws
BW from close to the bottom of the pressure vessel and circulates it
back to the top of the vessel into an injection cylinder. From there the
water is sprayed through multiple jets directly onto the electrodes, a
current path is established, and steam is produced. However, the water
flow is considerably greater than the steam evaporation rate, and the
excess water is recirculated once more around the boiler

Different designs are available that limit the volume of water reach-
ing the electrodes, which has the effect of changing the rate of steam
produced while still maintaining pressure. This is achieved by either
raising or lowering a control sleeve to deflect the jets of water, or by
directly controlling the volume of water flowing through the jets.
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Electrical conductivity must be strictly controlled, as with the sub-
merged electrode boiler, but the limits are higher (normally around
=3,500 p.S/cm maximum).

Various chemical inhibitor treatments are also required, especially
for corrosion control.

2.2 FIRE TUBE (SHELL) BOILERS

Fire tube boilers (shell boilers or shell and tube boilers) convert heat
from buming fuel within a furnace (combustion chamber, firebox, or
furnace tube) to generate either HW or steam. Fire tube boilers are
designed to direct the combustion gases through fubes (held within tube
sheets) that are surrounded by BW, thus providing for a greater heat-
transfer surface area and improved efficiency.

The fire tubes in a shell boiler are held in place by rolling and flar-
ing the ends of the tubes against the flat, circular tube sheets at the front
and rear of the steam—BW compartment. This process effectively seals
the tubes against leakage from the BW that surrounds the tubes and
provides structural reinforcement (along with stay bars) against the
pressures generated within the boiler.

Stay bolts are also used in many FT boiler designs. Typically, these
bolts are provided with a drilled weep hole that leaks if deterioration of
the stay bolt occurs due to waterside corrosion, thus providing an early
warning to the operator.

Because of the stresses involved in operating large-diameter pressure
vessels incorporating flat tube sheets at each end, a number of design
limitations and controls are necessary. These involve restrictions on
shell size, pressure, firing rate, and other paramaters. Typically, the var-
ious national codes and regulations restrict FT designs to approximate-
ly 12 to14 ft (3.7—4.3 m) maximum shell diameter and 300 to 350 psig
(20.7-24.2 Barg, 2.07-2.42 Mpa) maximum pressure. (Some codes
restrict HP FT boilers to only 250 psig.)

These pressure rating restrictions relegate FT boilers to water heating
and less complex commercial and industrial steam generation processes,
but because this category includes perhaps 70 to 80% of all commercial
and industrial applications, it is not a particular hardship! In fact, FT boil-
ers are globally very popular because of their relatively low capital cost,
compact size, and flexibility. Also, because of the relatively high volume
of water within FT boilers (and thus the limited risk of overheating), they
are suitable for use when minimum operator attendance is required.



30 Boiler Water Treatment: Principles and Practice

Apart from general industrial applications, FT boilers also are some-
times used for special process purposes such as waste heat recovery.

2.2.1 The Development of FT Boiler Designs
2.2.1.1 Horizontal Return Tubular Boilers

Early twentieth century designs of FT boilers were often horizontal
return tubular (HRT) designs. These boilers were classified as exter-
nally fired FT boilers and had an external, refractory brick furnace
located under a near-horizontal shell and tube heat exchanger. The
exchanger was supported on brick piers and tilted 1 to 2 inches down
toward the blowdown pipe at the rear of the boiler to reduce the risk of
burning the bottom shell plates because of sludge buildup.

The hot combustion gases were directed through the heat exchanger
tubes, and to this day FT boiler combustion gas tubes continue to be var-
iously called fire tubes, smoke tubes, flue gas tubes (or simply tubes).

Later HRT versions employed a fusion-welded shell rather than a
riveted shell, plus baffle plates or dry pipes to improve steam dryness.
They were manufactured and shipped from the factory as complete
preengineered units (packaged boilers).

Further boiler design developments produced various other types of
compact, self-supporting, externally fired FT boilers, with the shell
mounted over a steel-encased furnace. These designs were loosely
called economic boilers and were typically coal- or oil-fired, three-
pass boilers with an arched top (the crown sheet) and stayed side-sheets
and other flat steel surfaces.

NOTE: The top part of a boiler shell (or drum) is still called a crown sheet,
even though there is no physical, individual steel sheet involved.

This type of boiler remained in regular use in many countries until the
late 1970s. Occasionally, HRT boilers designed for HW heating duty
and dating from the mid-1920s, still may be found in daily operation
(especially in some metropolitan New York City apartment buildings).

2.2.1.2 Internally Fired FT Boilers

Other boiler designs in regular use since before or around the turn of
the twentieth century included vertical boilers, locomotive boilers,
firebox boilers, and Scotch marine boilers (Scotch boilers). All these
designs were classified as internally fired FT boilers.
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Early vertical boilers were constructed in several different designs,
including FT and tubeless, dry-top, and wet-top versions. Typically,
however, they were single-pass FT units containing an inner, combined
BW and steam shell—through which a number of small fire tubes
passed—and an outer combustion chamber.

The early vertical boilers of dry-top design (steam on one side and
hot combustion gases on the other side) were subject to the risk of over-
heating in any fire tubes located above the waterline, but these boilers
could provide relatively dry steam with some degree of superheat.

Modern versions of vertical boilers (both FT and tubeless) are wide-
ly available and similar to older designs; they continue to have fairly
limited steam outputs (< 5-10,000 Ib/hr), but they are compact and
require very little floor space. These boilers were (and still are) gas-
fired, employing either rop-down or bottom-up firing.

Locomotive boilers are one-pass, horizontal, internally fired boil-
ers (although the rectangular firebox is not contained within the shell)
and were once very widely employed for both stationary and steam
engine railway duty around the world. However, a primary reason for
the general demise of steam locomotives on the railways was the
absence of a condenser in their design, so efficiency was relatively
low and water consumption was high. (Nevertheless, even in the year
2000 some coal-fired steam locomotives continue to be used in Africa
and elsewhere for both hauling coal and goods yard duties.)

Other internally fired, horizontal FT boiler designs that incorpo-
rated the furnace as a pressure part within the shell included
Lancashire and Cornish designs. The Lancashire was a twin fur-
nace tube design (often corrugated) but without any fire tubes (sin-
gle-pass), while the Cornish was a similar but smaller boiler with
only one furnace tube. These boilers were generally fired by hand-
stoked coal or waste wood and contained a large volume of water rel-
ative to their heating surface areas. Steam output was modest, and
they were quite inefficient, being at best only 60 to 65% efficient
based on gross calorific value (GCV). This position was made worse
by the fact that most operators used hard-water MU and poor chem-
ical treatment programs, thus resulting in thick deposits of scale that
required periodic acid cleaning. (Treatment programs were typically
hand-dosed, powdered blends, based on combinations of phosphate,
soda ash or caustic soda, wattle tannin, or lignin, and sometimes
starch.)

Many Lancashire boilers were still in use in the 1970s, but the indus-
try saw their demise at this time as a result of increasing fuel prices
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worldwide. A few boilers that had been fitted with economizers (which
improved their efficiency to perhaps 70-75% GCV at best) remained in
use for some time longer, but most had long been replaced with eco-
nomic boilers, Scotch boilers, or other packaged FT boiler designs.

At the end of their useful life, Lancashire and Cornish boilers were
sometimes converted for further duty as accumulators (steam storage
vessels providing a buffer against variable demands).

2.2.1.3 Scotch Marine Boilers

Scotch marine boilers (SM boilers) derive their name from the
Scottish shipyards that built marine vessels for the British Navy. They
were the first design of FT boiler to incorporate both furnace tubes and
fire tubes inside the shell and replaced the brick-set boilers that used to
burn through the bottoms of ships. The SM boiler was a particularly
versatile design and quickly became the boiler of choice for many sta-
tionary (land) applications as well as for marine duty. Land-based SM
boilers (now commonly called Scotch boilers) were not simply marine
boilers adapted for stationary duty but incorporated specific design
modifications to meet the requirements of land-based industry.

Early SM boilers were manufactured with between two and four cor-
rugated furnace tubes in wet-back and dry-back versions and general-
ly incorporated heat recovery equipment such as economizers and air
heaters. Some designs also provided for superheaters and for coal, oil,
or gas fuel firing. Many of the best features are incorporated in the SM
boilers commonly available today.

Modern SM boilers are widely used for hydronic heating, LP steam
applications, and some HP processes. They are available in forced-draft
gas, oil, and combination fuel modes, typically producing up to 1,200
hp (41,400 1b/hr). U.S. manufacturers today build to a 5 sq ft of heat-
ing surface per hp standard (6,700 Btu/hr/sq ft).

NOTE: Corrugation of self-supporting furnaces (as found in some SM boil-
er designs) is one method of resisting the compressive forces in FT boilers.
Rings, flanges, and stays are also used.

In wet-back boiler designs the rear wall of the furnace and the point at
which the first-pass exit gases reverse direction is surrounded by water;
thus, no combustion chamber refractory is required and maintenance costs
are reduced.

In dry-back boiler designs the tubes pass through the rear tube sheet
before returning to the steam and BW compartment, which provides for a
relatively larger horizontal heating surface and thus quicker steaming.
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Also, there is an unrestricted access to the rear of the tubes for cleaning.
However, valuable heat is lost to the refractory rather than the water.

2.2.1.4 Firebox Boilers

Firebox boilers (FB boilers), like SM boilers, have a long history, and
many old, riveted, and unlagged shell boilers dating from the 1920s can
still be found in large apartment complexes and commercial buildings,
where concern over optimum operating efficiency is not critical.
Typically, they have been employed for seasonal HW heating (hydron-
ic heating) and LP steam heating applications. However, they remain
very popular today for a wide range of applications, including various
manufacturing processes.

The modern FB boiler is a compact economical design (typically
more compact than SM boilers) and provides minimum combustion
efficiencies of 80% for gas-fired and 83% for oil-fired models. They
usually are small units, seldom exceeding 150 hp, and operate on a
variety of fuels at typically 4 to 5 sq ft of surface area per hp.

FB boilers are similar to SM boiler designs except that, instead of a
fully immersed furnace tube, they have a bottom furnace (with a
crowned combustion chamber) that sits on a refractory floor. Two-pass
fire tubes (smoke tubes) connect the combustion chambers to the gas
exit vent (smoke stack).

Because of the furnace design, which incorporates a relatively large
and unrestricted combustion zone, FB boilers are entirely suitable for
coal and other solid fuel firing.

2.2.1.5 Cast Iron Sectional Boilers

Cast iron (CI) boilers are manufactured in sections and assembled at
the job site, which makes them suitable for applications where access
is limited. Like SM and FB boilers, CI boilers are also widely used in
hydronic heating systems.

Low-pressure steam-generating CI models are particularly sensitive
to changes in water chemistry, and their rough waterside surfaces
makes them susceptible to deposition, and thus to the risk of overheat-
ing and subsequent cracking. Typically, they are quite small boilers,
most being less than 200 hp.

Despite the need for good water treatment, CI boilers generally have a
long life expectancy. However, they can be extremely prone to priming
or surging and carryover problems. Any deviation in water chemistry
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from tight control limits induces priming and carryover. This is not to say
that CI boilers, as a class, are more prone to carryover than other classes;
they are not. Rather, it is that the designers of these smallest residential
and commercial boiler plant systems tend to employ CI boilers because
of their flexibility in sizing and rating at the lower end, and these small-
er systems are especially susceptible to carryover because of the limited
water volumes and steam space available, and the relatively poor
steam—water separation devices generally incorporated.

2.2.2 Modern, Packaged Horizontal
and Vertical Boilers

All modern, packaged horizontal FT boilers are basically descended
from the SM internally fired, FT boiler design. They became immense-
ly popular during the early 1960s because of their versatility, cost-
effectiveness, and relative efficiency (this last factor became very
important following the fuel price crises of the early to mid-1970s).

A schematic, cross-sectional drawing of a four-pass, packaged hori-
zontal FT boiler (looking from the front) is shown in Figure 2.1.

Modern, packaged vertical boiler designs are also very popular and
are widely used for smaller or specialist applications. Today’s vertical
boilers are the product of over 50 years of continuous development.

Both horizontal and vertical packaged boilers are very compact,
prewired, preengineered units. All are supplied and shipped ready for

4th pass tubes,
gases from rear

3rd pass tubes,
gases to rear

furnance
2nd pass tubes, 1st pass

gases from rear

Figure 2.1 Cross section of a “packaged” four-pass FT boiler.
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use with the FW pump, controls, and all necessary auxiliaries and
appurtenances contained within the overall boiler unit volume.

Most manufacturers supply packaged boilers as skid-mounted units
to aid shipping and site positioning. Many designs incorporate a facto-
ry-installed, insulated steel jacket, while others are housed in an insu-
lated sheet metal cabinet (only on older FT designs was the shell not
insulated).

Options typically include a wide range of pressure ranges and steam
outputs, fully automatic operation, full modulation (variable FW or
steam supply, rather than on—off operation), low NO, burners, and high
turndown-ratio burners to reduce cycling and improve fuel utilization.

2.2.2.1 Packaged, Horizontal FT Boilers

A schematic drawing of a modern, packaged, four-pass horizontal FT
boiler, indicating the paths of hot combustible gases is shown in Figure
2.2. In common with the SM boiler, the packaged, horizontal FT boiler
furnace is a steel heat-transfer tube surrounded by BW and contained
within an outer steel shell. As usual, the hot combustion gases flow out
from the rear of the furnace tube and are then directed through (typically)
either three-pass or four-pass fire tubes, also contained within the shell.

boiler-water

——= hot gases in furnace tube ~— — -

Figure 2.2 Schematic of a modern four-pass, packaged horizontal FT
boiler, with low NO, emission, showing path of hot combustion gas flow,
and air/combustion gases recirculation system.
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NOTE: Three-pass design boilers have a greater primary heating surface
and require less tubes, whereas four-pass boilers have a lower primary heat-
ing surface and thus require the extra tubes to achieve the maximum output.

Packaged FT boilers are usually fired by oil or gas using integrated,
forced-draft burners and are available as wet- or dry-back types.

Tubes may be arranged in either a horizontal and vertical alignment
pattern (which provides for easier cleaning and inspection) or in a
staggered layout (which provides for improved heat transfer) because
of the more circuitous flow of water around the tubes).

In modem, packaged horizontal FT boilers, the furnace is the most
important heat-transfer component, typically providing 50 to 60% of
the total heat transfer from only 30% or so of the total available heat-
ing surfaces. This level of heat transfer, coupled with the additional
heat extraction obtained by the various multiple-pass designs (four
passes is a practical maximum) provide efficiencies of 80 to 83% GCV.
As a result, there generally is little additional benefit to be obtained
from the use of economizers or air heaters, especially when using oil-
fired boilers, which can operate at up to a 3% or so higher efficiency
level compared to gas-fired units.

NOTE: Economizers are, in fact, fitted to some gas-fired, packaged FT boil-
ers. The economizer is designed to recover some of the enthalpy lost as a
result of the increased water vapor content in the exit gases from burning
natural gas.

Although WT boilers are sometimes employed for HW and LP
steam duty for space heating, domestic water heating, and similar
applications, these functions are normally the province of FT boilers. In
particular, horizontal FT boilers of SM or firebox design are specified
extremely often.

Some definitions of the different categories of FT boiler by approx-
imate temperature and pressure follow:

* LPHW systems: Operate below 250 °F (121.1 °C), equivalent to
29.8 psia (15.1 psig)

* MPHW systems: Operate above 250 °F and below 350 °F (176.7
°C), equivalent to 135.5 psia (120.8 psig)

+ HTHW systems: Operate above 350 °F. Typically the maximum
temperature is 450 °F (232.2 °C), equivalent to 424.2 psia (409.5

psig)
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» LP steam systems: Operate below a maximum allowable working
pressure (MAWP) of 15 psig (29.7 psia), equivalent to 249.8 °F
(121 °C)

» HP steam systems: Operate above a MAWP of 15 psig and 6 boil-
er horsepower (207 Ib/hr). Fire tube boilers for commercial space
heating applications seldom operate at above 30 psig (44.7 psia),
equivalent to 276 °F (135.5 °C). Fire tube boilers for industrial
application may operate at, say, 100 psig (114.7 psia), equivalent to
338 °F (169.9 °C) up to, say, 250 psig (264.7 psia), equivalent to
406 °F (207.8 °C), or even 300 psig (314.7 psia), equivalent to 421
°F (216.1 °C) and with an output exceeding 750 boiler horsepower
(25, 875 Ib/hr).

As a result of continuous improvements in packaged, horizontal FT
boiler design and the use of new alloys, higher furnace heat-transfer
rates have become possible. However, the risks of exceeding furnace or
tube critical heat flux (CFH) at some localized point, due to sludge or
scale deposition have also increased. This risk of deposition also
increases the risk of differential aeration and oxygen pitting corrosion,
so that mechanical deaeration is generally an advantageous proposition
in HP packaged boilers.

Furthermore, modern boiler shell waterside internals tend to be more
inaccessible, and the compact designs make inspections, cleaning, and
maintenance more difficult tasks than with earlier designs.

From the preceding notes it can be surmised that, although output
and efficiency levels are high, modern packaged horizontal FT boiler
designs generally require significantly tighter operational control than
earlier models. They are also more demanding in their water treatment
programs. High standards of operation and vigilance are required not
only to maintain the output efficiencies, but also to avoid problems
such as waterside fouling, overheating, leaking or corroding tubes,
bulging furnaces, low water, carryover, and so forth.

It is pertinent to note that with older design FT boilers the problem
of silicate scaling was almost unheard of (although perhaps the prob-
lem may have gone unreported or was simply ignored). However, as the
risks of glassy silicate scale formation increase with higher boiler heat
flux, it is today unfortunately fairly common to find significant silicate-
containing scales deposited in the high heat flux, waterside areas of
modern packaged boilers. (It also is likely that a general deterioration
in the MU sources commonly employed around the world for boiler
FW has further contributed to the problem of silica scaling.)
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2.2.2.2 Packaged Vertical Boilers

Although the great majority of modern, packaged boilers are of hori-
zontal FT design, packaged vertical boilers also are available, and a
schematic, cross-sectional drawing of a modern vertical boiler is shown
in Figure 2.3.

Vertical boilers are particularly suited for smaller heating and process
applications, such as hotels, laundries, food processing, adhesives, plas-
tics, andpharmaceuticals manufacturing, or in standby operations,
because steam output is relatively low (usually only up to 100 boiler hp
or 3,450 Ib/hr) but the time taken to reach full pressure is short.

When boiler aesthetics play some part in the selection process, mod-
ern vertical boilers also win, as apart from being highly efficient and
compact units, some designs look particularly smart and provide a
quality image because of their polished stainless-steel outer jackets.

Typically, modern, vertical boilers are of “tubeless” design. They
contain a suspended, dry-back, two- or four-pass, circular water jacket,
of pressure vessel construction, about 5/16th inch (7.94 mm) in thick-
ness. The inner tube of the water jacket is in reality the furnace tube,
whereas the outer tube is the boiler shell.

steam out +

flue gas
out -

water jacket
(shell and

furnace tube) feedwater in

fins, for heat
conduction

outer wall
insulation

Figure 2.3 Two-pass, vertical, “tubeless” packaged boiler.
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A forced-draft, gas-fired burner is seated at the top of the inner tube
and produces a spinning cyclonic flame that reaches down to the bot-
tom of the furnace tube. The hot combustible gases return over the boil-
er shell, which is provided with heat convection fins to extract more
heat before the upward flowing gases exit the boiler. The furnace tube
is fitted with a top and bottom, cast-steel flame retainer. These design
features act to increase flue gas residency time and provide improved
structural integrity to the pressure vessel.

Because of their compact size, packaged vertical boilers can be cus-
tom-designed as a complete boiler plant system and simply shipped to
the customer on a steel skid or platform. This type of system may com-
prise a dual boiler arrangement, with a pretreatment unit (water-soften-
ing and chemical-feed system), boiler blowdown and condensate return
facilities, and also possibly a dual stack containing an economizer. This
type of packaged system may reach 85% GCV efficiency.

Low NO, emission burners also are available, typically maintaining
NO, to below 20 to 60 ppm CO (corrected to 3% O,), equivalent to
under 20 nanogram (ng) NO,,/J output.

NOTE: Apart from the “standard” packaged, horizontal and vertical boil-
ers discussed previously, other designs of packaged, direct-fired, LP steam
generators are commonly available but designed for special industrial
applications, such as curing concrete.

Typical designs may provide for a vertical, water-cooled combustion
chamber and top-mounted, water-cooled burner. These steam generators
may produce up to 105 boiler hp (3,620 Ib/hr) or so, available as fixed lev-
els of steam output. This is achieved by employing combinations of air
blowers that can provide up to seven steam output stages.

These steam generators are often used for once-through steam process-
es; as such, they are not usually provided with any form of water treatment
program and are not considered further in this text.

2.3 WATER TUBE BOILERS

Water tube boilers convert heat from burning fuel within a central,
boxlike open furnace chamber to generate either hot water or steam
(often at very high pressure, temperature, and output capacities).
However, contrary to FT boilers, the BW is held within one or more
tubes, and heat from hot gases flows across the tube walls from the out-
side. As a consequence, a significant benefit of WT boilers is the fact,
that for any given tube diameter, WT boiler tubes have a greater heating
surface than FT boiler tubes. This is because the heating surface of WT
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boiler tubes is the larger outer wall, whereas in FT boilers the heating
surface is the smaller inner wall.

Almost all designs of WT boilers have multiple banks of special-
purpose tubes (water walls, boiler bank, tube bundles, etc.), although a
particular type of WT boiler, the coil boiler, typically has only one
coiled tube.

Water tube boiler design and construction provide for much greater
capacity, pressure, and versatility than FT boilers because of the sub-
division of pressure parts and the ability to rearrange boiler compo-
nents into a wide variety of configurations. As a result, steam output
may be from under 1,500 Ib/hr to several million 1b/hr. Designers have,
over the years, developed WT boilers for many diverse industrial
process applications.

As a general rule, WT boilers are safer from explosion than FT boil-
ers because the drum is not exposed to the radiant heat of combustion.
If tubes rupture, there is only a relatively small volume of water that
can instantly flash to steam.

From a good housekeeping aspect, the ability to gain access for
inspection, cleaning, and maintenance is probably comparable for mod-
ern WT and FT boilers, but WT boilers tend to require more total hours
of operator involvement per year, simply because they are generally
physically bigger. Another general rule is that WT boiler systems require
more highly trained operators because of their greater complexity.

Water tube boilers are installed in all manner of commercial and
institutional buildings, smaller industries, large industrial processors,
and power generators. (In fact, the utility power industry is the single
largest user of WT boiler capacity in the world.)

Smaller WT boilers are available as shop-assembled packaged units,
whereas large boilers are constructed in sections and shipped to site for
field erection. The largest field-erected boilers can provide steam,
superheated to 1,100 °F (593 °C) and at pressures in excess of 2,900
psig. Some boilers operate at supercritical pressures (N.B.: critical
pressure is 3,208.2 psia).

The versatility of WT boiler design provides for several broad cate-
gories of application:

* Coil boilers: Used for small industry, hotel, laundry, food process-
ing, and similar duties, where rapid but intermittent steam demand
is required.

* Industrial beilers: Typically operating below 900 psig and used for
various water and steam heating activities and for process applications.
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Cogeneration (combined-cycle) boilers: Typically operating from
450 psig to 1500 psig, providing both electricity and process steam.
Smaller cogeneration plants may employ gas turbines or diesel
engines for electricity generation and generate only LP steam via
waste heat boilers (which recover the heat contained in the plant’s
exit gases).

Utility power boilers: Most modern plants usually operate at over
1,500 to 2,000 psig and feature some of the most complex engi-
neering available in the world. Older plants may operate at only,
say, 450 to 950 psig.

Marine boilers: In the most modern ships, marine boilers have
become relegated only to auxiliary and heat-recovery use because
diesel engines have now become the primary form of equipment
employed for marine propulsion.

Waste-heat and other special-purpose boilers: Special designs
provide boilers for waste heat and chemical recovery, waste-to-
energy, and combined-cycle installations, pulverized-bed, and even
biomass applications.

The serious development of WT boilers began in the mid-1850s, and

by the late nineteenth century WT boilers were considered safe and
reliable steam generators, able to be used for all manner of applica-
tions, both in the industrial world and for marine duty.

Some major steps forward in the development of WT boilers were

the invention of bent tube designs, the use of pulverized fuel, the devel-
opment of integral furnace boilers, and other design innovations.

1. The invention of bent tube designs from 1880 (and first used in

Stirling® boilers) permitted a wide but low head arrangement and
the direct coupling of generating tubes between a top-mounted
steam drum (top drum) and a mud drum (bottom drum).
Modern boiler designs still make some use of bent tubes because
they are more flexible than straight tube designs. Bent tubes permit
free expansion and contraction and allow more heating surface
exposure to radiant heat than straight tubes.

The use of coal in a pulverized fuel (PF) form during the 1920s sig-
nificantly increased the volumetric combustion rate possible and
provided for the much greater boiler capacity required in the devel-
oping electric utility industry. The majority of high-capacity, cogen-
eration, and utility power boilers now use coal PF because almost
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all coal sources around the world are potentially suitable for pul-
verizing. Following proper preparation (which includes moisture
removal), PF is conveyed to the boiler house and blown directly into
the boiler.

. The development of integral furnace boilers during the 1930s
allowed walls constructed of banks of vertical tubes welded togeth-
er to form a continuous membrane (membrane walls or water
walls), which provided for simultaneous heat transfer from the fur-
nace and a furnace water cooling surface. (Earlier WT boilers had
completely separate cooling systems.)

In addition, the use of water-wall design lowered gas exit tem-
peratures, which increased boiler efficiency and reduced the poten-
tial for rapid degradation of refractory surfaces caused by the
buildup of slag (molten ash). All larger WT boilers today employ
water-wall membrane designs in their construction.

NOTE: Modern power boilers are designed for complete water-wall cool-
ing (no boiler bank). They have very large superheaters, employ balanced
draft systems, and typically do not have a mud drum.

. Shop-assembled, packaged boilers, developed during the 1940s
were designed to meet the significant wartime era demand for high
output, mainstream industrial use at lower cost than field-erected
units.

. The development of critical pressure boilers during the 1950s
came in the post—-World War 1l years amid a growing demand for
domestic electricity consumption, especially within fully industrial-
ized countries. The invention stimulated further designs for low-
cost electricity generation.

. The widespread application of nuclear boilers by the 1960s went
hand-in-hand with the developing nuclear technology of several
industrialized countries in both the West and the East. There was an
increased use of nuclear power for electric and motive power, on
land and at sea.

. Continuous improvements during the 1970s and 1980s in radiant
boiler furnace design made significant steps forward in the efforts
to further improve operational efficiency and reduce the frequency
of offline cleaning cycles for fossil fuel-fired boilers. Additionally,
this same period saw the development and growth of modern cogen-
eration plants.
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8. During the 1980s and 1990s, various quality management sys-
tems (such as total quality management, or TQM) together with
environmental protection programs emerged. With the rise of
politically and socially sensitive issues such as global warming
and acid rain, WT boiler system development continues to center
around maximizing overall operating efficiency through the reuse
of resources, while minimizing the pollution impact of large WT
boilers. As an example of responsible environmental efforts, the
use of fluidized-bed combustion systems, stringent emissions
control, and combined-cycle systems is rapidly becoming the
norm in many industries.

2.3.1 Water Tube Boiler Plant Sections

As noted earlier, WT boiler design provides for significant versatility
because of the subdivision of pressure parts and the ability to rearrange
boiler components into a wide variety of configurations. Boiler design-
ers tend to divide the boiler into a number of sections and place each of
the primary boiler components into one or other of these sections,
although there is no universal agreement concerning the specific divi-
sion of these components. The sections are often described as:

* Furnace section
» Convection-pass section
« Exit gas section

The first two sections also contain part of the steam—water circula-
tion system (which includes all boiler surfaces, such as drums, tubes,
and shells). Figure 2.4 shows the first two sections and some of the
major WT boiler components.

2.3.1.1 Water Tube Furnace Section

Within the furnace section is the furnace structural system (which
includes all necessary supporting steelwork, the refractory, and insulation)
and the combustion system (which includes fuel and air delivery systems,
burners, and ash handling components). The combustion system largely
determines the basic boiler configuration.

When a boiler design employs a radiant superheater, it is located
within the furnace section. Also within the furnace section are the water-
cooled, membrane walls (water-wall tubes), risers, headers, and
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Figure 2.4 Schematic of WT boiler.

Legend: 1 = steam header, 2 = steam drum, 3 = attemperator, 4 = super-
heater, 5 = top header, 6 = riser and downcomer (note: downcomer is out-
side the boiler), 7 = bottom header, § = water wall tube membrane (with
radiant area inside membrane), 9 = burners, 10 = mud drum, 11 = boiler
bank, 12 = economizer, 13 = dust collector, 14 = forced draft fan, 15 = air-
heater, 16 = induced draft fan, 17 = stack

where fitted, the boiler bank or steam-generation bank components of
the steam—water circulation system.

NOTE: Some WT boiler designers place or simply designate the boiler bank
within the convection-pass section.

2.3.1.2 Water Tube Convection-Pass Section

The convection-pass section contains heat exchangers such as the con-
vection superheater, reheater, and economizer, which are within the
boiler proper. Also within the general area of this section are the attem-
perators (desuperheaters).

NOTE: Although superheater, reheater, and economizer heat exchangers all
contain either steam or water in their respective tube bundles, they generally are
not considered by boiler engineers and designers to be part of the steam—water
circulation system’s “boiler surfaces.” This distinction typically is reserved for
the various tubes, connecting headers (manifolds), and drums that collectively
provide the primary heat transfer and steam-generating facility.
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2.3.1.3 Water Tube Exit Gas Section

The exit gas section contains the air heater tube bundles, flue gas
dampers, and the various emission control systems such as dust col-
lectors, electrostatic precipitators, and gas scrubbers.

2.3.2 Steam-Water Circulation System

In common with a FT boiler plant, a WT boiler plant contains several
steam—water condensate systems and subsystems, although those of
industrial and waste-heat WT boiler systems are generally larger and
more complex, and power WT boiler systems are even more so.

External to the boiler itself are various pre-boiler and post-boiler
water subsystems. These include the MU water pretreatment system,
FW supply system, and steam-condensate recovery system, again of
varying complexity depending on the design and size of the boiler.

Within the boiler, subsystems include a steam—water circulation
system and a steam delivery system.

2.3.2.1 Boiler Steam—Water Circulation System

A diagram of a WT boiler steam—water circulation system is shown in
Figure 2.5.

The boiler steam—water circulation system is designed to promote
the delivery of steam from the various generating tubes to the boiler
steam drum (top drum). From here the steam is separated from the
BW and transferred to the steam delivery system for possible super-
heating and subsequent use in a turbine generator or other downstream
process application.

At the same time, the natural circulation that results from the com-
bustion process provides effective cooling of all tubes, headers, drums,
and other boiler surfaces.

The water flow route starts with preheated FW, which is supplied via
an economizer outlet header to the top drum, where it enters and mixes
with BW in the drum. This FW-BW mixture then leaves the top drum
and flows through the external downcomers (downcomer tubes) to vari-
ous bottom water-wall headers located at the lowest part of the furnace.

NOTE: The downcomers, although part of the boiler steam—water circula-
tion system, are located outside the boiler so that the FW—-BW mixture flow-
ing within the downcomers remains cool relative to the steam—BW. Thus,
density differences remain and natural circulation continues.
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Figure 2.5 Steam-water circulation system.

Legend: 1 = boiler bank circulation system
2 = primary steam-water circulation system

From here the water mixture rises through the water-wall tubes (gen-
erator tubes) that constitute the furnace membrane where steam is gen-
erated (primarily by radiant energy transfer). The steam—BW mixture is
collected in fop water-wall headers and conducted through risers (riser
tubes) back to the top drum, where the saturated steam separates from
the water at the steam—water interface.

The wet steam passes through steam—water separators within the
top drum. Separated water is returned to the inlet of the external down-
comer, while the moist-to-dry steam may pass through a secondary
steam—water separator to remove any residual moisture before passing
into the steam header part of the steam delivery system.

In addition to a top drum, most industrial WT boilers employ a bot-
tom drum (mud drum) to assist in the steam—water circulation and to
provide for the separation of mud and sludges.

A boiler bank is also included. The boiler-bank tube bundle pro-
vides sufficient heat transfer surface area to provide the rated capacity
for saturated steam. Boiler-bank tube spacing and dimensions are
arranged so that a steam—water circulation subsystem connects the top
and bottom drums with subcooled water passing down the tubes far-
thest from the furnace and returning as a steam—water mixture.,
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2.3.2.2 Steam Superheating and Delivery System

Most larger WT boiler designs incorporate some form of roof cooling
by incorporating roof tubes supplied with dry steam from a roof head-
er. Horizontal and vertical section convection-pass cooling is also pro-
vided via membranes supplied with dry steam from headers.

Exiting steam from the roof and convection-pass cooling sections
is collected in headers and typically passes through a primary super-
heater tube bundle, where a controlled amount of superheat is pro-
vided. In the superheater the steam discharges through an outlet
header and across a spray attemperator (which provides the steam
temperature control) and is then delivered to the control valves for
distribution and subsequent use in a turbine or other items of process
equipment,

Power boilers usually incorporate a reheater and secondary super-
heater. Superheaters and reheaters may be pendant or horizontal, and
some boiler designs may use their roof cooling tubes to provide a sup-
port for these various tube bundles.

2.3.3 Types of WT Boiler

Four types of various WT boiler are shown schematically in Figure 2.6
a—d. Water tube boilers are widely used in all manner of industries
around the world, but they are mostly associated with larger energy
applications such as utilities, independent power producers, chemical
and petrochemical industries, pulp and paper, and marine duty.
However, they are also widely used by governments, institutions, and
municipalities in airports, universities, and other large buildings for
both HW and steam generation. Smaller general industries also widely
use WT boilers, often in conjunction with FT boilers.

This wide range of applications has resulted in an almost innumer-
able number of design permutations. These designs are normally based
on multitube configurations but also include single-tube coil boilers.

Conventional designs for smaller WT boilers typically place a con-
siderable emphasis on energy transfer by convection to meet rated
capacities. This requires much of the total heating surfaces to be at right
angles to the combustion gas currents (or as close to this as possible) so
that the gases flow around the tubes. However, the larger the boiler, the
less of an emphasis on convection because energy transfer by radiation
to water-wall membranes becomes more important.

Nevertheless, many modern boiler designers defy convention and
provide quite small industrial, packaged WT boilers that employ
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Figure 2.6 (a) Small WT boiler, for HW/steam; (b) large D-type, steam
raising, industrial WT boiler; (c) radiant WT boiler for utility power; and
(d) pulp mill recovery boiler, burning black liquor.

radiant-heat water-wall membranes. Also, some new WT designs
include even smaller boilers, of 1.5 to 9.0 MBtu (36215 boiler hp)
capacity, which incorporate removable, preinsulated side panels for
easy tube replacement and annual maintenance. Various WT designs
and applications are described in the following sections.
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2.3.3.1 Coil Boilers

Coil boilers are available as fully automatic package units, typically
ranging in size from 15 to 300 boiler hp (500 1b/hr—10,000 1b/hr). Most
designs employ forced circulation and a single, continuous spiral, hel-
ical-wound coiled tube that hangs inside the furnace. The coil is sub-
jected to intense heat release from a gas or oil burner.

Coil boilers can come on line quickly, providing full steam pressure
within 5 to 10 minutes. This makes them particularly suitable for small-
er batch operations and applications that require a rapid but intermittent
steam demand. In addition, they can provide a backup in emergency
situations.

The primary disadvantage of coil boilers is that any slight fouling or
blockage within the coil or accumulation of soot on the furnace side
may easily cause rapid overheating and the resultant failure of the coil.
As a consequence, high-quality FW and a good internal treatment pro-
gram are required.

The pre-boiler, FW supply should normally be of demineralized qual-
ity, such as may be provided by ion exchange, reverse osmosis (RO), or
similar process. Extremely efficient mechanical deaeration also is
required because the path length from the FW tank to the boiler is usu-
ally quite short, and thus the contact time is generally inadequate for the
sole use of chemical oxygen scavengers (even catalyzed scavengers).

With regard to operational considerations, the recirculation pump
pressure gauges (which measure pressure differentials and consequent-
ly indicate possible blockage in the coiled tube) require frequent cali-
bration. Regular cleaning and good housekeeping are also required,
especially within the furnace area.

2.3.3.2 Industrial WT Boilers

Industrial WT boilers may provide HW or steam generation,
Manufacturers normally design for left- or right-hand component
arrangements.

2.3.3.2.1 Hot Water Generators Hot water generators can range in
size up to 60 MBtu/hr and provide water temperatures as high as 430 °F.
They can be installed as single or multiple boiler units to meet HTHW
capacity needs. Most HW generators of WT design provide for forced
internal BW circulation. (The internal pump is necessary in addition to
the water-heating system circulation pumps and the low-water/high-
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water level pumps that control the nitrogen-blanketed, HW system
expansion tank).

Hot water generator designs normally control the circulating water
flow through the generating tubes by means of small orifices.
Unfortunately, these orifices sometimes become blocked with rust
particles, dirt, or scale. However, some designs now eliminate the ori-
fices (and thus the risk of blockages) and instead employ a jet-
induced circulation system that mixes return HTHW with HW
generator water in a separate plenum unit. This jet-induced design
also minimizes the risk of waterside attack from corrosive gases (pri-
marily H, and O,) generated in cause-and-effect fashion as a result of
the corrosion that may occur at low flow, resulting in turn from par-
tially blocked orifices.

Some WT designs provide an automatic safety shutdown cycle that
is actuated in the event of an operational problem. This system can be
used to good advantage during boiler commissioning at the preopera-
tional cleaning stage. Thus, if a preoperational, waterside cleaner is
added to the new boiler and the boiler is fired up with the inlet and out-
let valves closed, internal boiler cleaning begins to take place as the
pressure of the water—steam mixture builds up. After a time the boiler
automatically shuts down well before any possible damage occurs but
after the internal surfaces have been washed. This procedure generally
provides a perfectly safe method of providing internal cleaning before
the initial operational startup.

2.3.3.2.2 Water Tube Steam Generators Steam generators for indus-
trial applications may have internal boiler components such as drums,
boiler bank, and membrane wall designed in one of several different
arrangements. These arrangements are based on the position of the
boiler drum and include the following;:

*  D-type WT boiler design: A top and bottom, two-drum arrange-
ment, with an offset furnace surrounded by a D-shaped membrane

* A-type design: A three-drum arrangement with a central furnace
*  O-type: A two-drum, centrally positioned arrangement

Typically, industrial WT boilers operate at pressures within the 100
to 650 psig range (sometimes up to 900-950 psig) and are rated for
steam capacities within the range 40,000 to 200,000 Ib/hr (5-21 kg/s)
and steam temperatures of up to, say, 900 °F (482 °C). Industrial boil-
er designs tend to rely on natural, internal steam—water circulation.
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They tend to be bottom-supported and can be supplied either as pack-
aged or modular (field-erected) units. Industrial boilers may be
designed to burn crushed coal (PF), oil, gas, or a combination of oil and
gas with a solid fuel.

They also may utilize by-product fuels, for example:

+ Blast furnace gas and coke oven gas (steel industry)

* Carbon monoxide, refinery gas, petroleum coke (petroleum
industry)

» Bagasse (sugar mills)
*  Wood and bark (pulp and paper industry)
* Municipal solid waste (local authorities)

More modern industrial boiler designs also provide facilities for easy
fuel changeover with simultaneous firing, low NO, burners, high turn-
down ratios, and low excess air capabilities (down to only 10% excess
air).

Designs often include boilers with economizers and pendant super-
heaters because many of the largest manufacturing operations require
additional mechanical or electrical power to process steam and use
combination heating and power services (cogeneration).

These large industrial manufacturers (paper mills, steel works, oil
refineries, petrochemical facilities, etc.) tend to employ either high
capacity (200,000-800,000 Ib/hr) packaged D-type boilers, or field-
erected, two-drum, single gas-pass industrial power boilers, which
produce steam at up to 1,800 psig.

All industrial WT boilers require good quality FW, and to ensure a
full boiler life span (which may be 60 years or more) the water treat-
ment program and its implementation must be first class.

Typically, for any given pressure, industrial packaged boilers oper-
ate at higher heat-flux rates than field-erected boilers, This requires that
the package boiler FW quality should be substantially better (i.e., lower
overall TDS and lower levels of silica and sodium). Appropriate MU
water pretreatment may, for example, necessitate the use of rwin bed
and mixed bed demineralization ion exchange, or RO and mixed bed (in
addition to mechanical deaeration and other processes).

A rule for all industrial WT boilers is that they should receive as
good a quality of MU water to the FW system as local conditions dic-
tate and the business can economically support. However it is not
unusual in some parts of the world to find large field-erected industrial
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boilers that do not use as high a quality of MU water as desirable, but
instead rely on some lower standard.

The sugar mill or sugar refinery industries of developing industrial
countries are common examples of this tendency. Here, operators of
large 450 to 650 psig WT boiler plants typically pretreat MU water by
softening followed by (but not always) mechanical deaeration. A heavy
reliance is placed on simple internal treatments such as phosphate pre-
cipitation programs, sometimes without adequate BW sludge control.
Under these conditions, without very tight technical control over the
water chemistry, the result can be a fouled boiler, perhaps before the
end of a sugar campaign.

Where low-cost labor is available, operators can provide intensive
manual cleaning during the annual plant shutdown period. However,
this is not a model for operational efficiency, and “low-cost” labor is
seldom that low when quality and productivity is factored in. In the
long run, it usually is far better to aim for a higher operational standard
from the beginning.

2.3.3.3 Cogeneration Boilers

Cogeneration WT boilers typically operate from 650 psig to 1,500 psig,
providing steam for both electricity generation and industrial process.
The basic economic benefit in producing steam for industrial applica-
tions and generating electrical power in the same power plant stems
from the ability to usefully employ a much larger percentage of the heat
supplied by the fuel than when generating electricity alone.

Many cogeneration plants use PF coal, oil, or gas as a fuel, but if
blast furnace (BF) gas, sawdust, bagasse, or other low-grade by-prod-
uct fuels are available, these normally can be used to reduce overall fuel
costs. Often a combination of fossil fuel and by-product fuel is
employed.

With larger cogeneration plants, the dry HP steam produced from the
“cogen” boiler is first fed to a high-speed turbine to generate electrical
power. Depending on design, the exhaust steam may be sent back to a
reheat system in the boiler convection-pass section for reentry to the
turbine at an intermediate pressure (IP) stage. Finally, the exhaust
steam is conditioned (adjusted to meet temperature and pressure
requirements) and then distributed to the various downstream process
users. In this traditional approach to cogeneration, if steam demand
exceeds that needed for power generation, an auxiliary boiler is usual-
ly is supplied to provide the balance.
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If low-cost natural gas is available, a gas turbine can be used to gen-
erate power. In this case, the waste heat in the exhaust gas is used to
produce steam in a heat recovery beiler (HR boiler). This approach
also is used with some gas turbine plants (as in some high-speed navy
vessels). Where an HR boiler is employed, if steam demand exceeds
power demand, the boiler is fitted with auxiliary burners.

NOTE: Cogeneration for smaller facilities may be provided in a similar
fashion to that described above, with electricity being generated via a
diesel engine. The water used for cooling the machine passes through the
engine jacket and typically rises to a temperature of 190 to 203 °F (88-95
°C) before providing the feed to a FT HR boiler. Steam generated usually
is about 85% of the FW input supply.

The process of using almost once-through cooling water as a FW source
for HR is termed ebullient cooling.

Unless adequate BD is provided, these boilers may very rapidly develop
severe scale buildup on the external side of the heat-transfer tubes, origi-
nating from the total evaporation of the ebullient cooling water.

2.3.3.4 Utility Power Boilers

Utility operators may choose from several technologies to generate
electricity, although the most common approach is via the use of high-
temperature, fossil fuel boiler plants. In this case, the boiler (steam gen-
erator) itself may be of several different design types.

Designs include the once-through boiler, which can operate at sub-
critical, critical, or supercritical pressures and at all commercial tem-
peratures, and the radiant boiler, where heat absorption is largely by
radiant energy transfer.

*  Once-through boilers are single-phase beilers. They have no con-
ventional drum and employ forced steam—water circulation. Water is
initially pumped through the pressure-part heating surfaces as a sub-
cooled liquid. The water absorbs heat, leaving the boiler as steam at
the required temperature and pressure. The net effect is akin to oper-
ating with a single continuous tube. There is no recirculation of water
within the boiler, and heat-flux rates are very high. The boiler furnace
section nevertheless employs many conventional boiler surfaces such
as a water-wall membrane, lower and upper furnace wall headers,
roof headers, and tubes. Once-through boilers also employ super-
heaters and reheater tube bundles. They have completely fluid-cooled
furnaces (via the water-wall membrane) and usually are designed for
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balanced draft operation. The boiler is regulated in part by matching
the water flow to the steam demand. These boilers do not have a water
level, do not blow down, and require very high purity FW. Internal
treatment is extremely limited.

* Radiant power boilers are two-phase boilers. Designs typically
employ only one drum for the largest installations, whereas smaller
power boiler designs generally incorporate two drums. Fossil
fuel-fed, radiant power boilers are probably the most common type
of equipment employed for large-scale utility power generation.

Power boilers typically produce one kWh of electricity for every
8,500 to 9,500 Btu (8,968-10,023 kJ) gross fuel input, providing a net
thermal efficiency of = 34 to 40%. (As a rule, utility power plants are
seldom more than 34 to 36% efficient, although some modern designs
may go as high as 40%.)

The turbine design may require the utility boiler to provide super-
heated temperatures within the range 950 to 1,000 °F (510-538 °C) and
pressures of 1,800 to 3,500 psig (124-241 bar).

Environmental considerations may require boiler designers to pro-
vide units with low NO_ burners. Specific designs may also necessitate
an enlarged furnace and overfire air or NO, ports.

Where low-grade coal is burned, electrostatic precipitators or fabric
filters may be required for flue-gas particulate collection and a wet desul-
furization system (gas scrubbers) to remove sulfur from the flue gas.

Water treatment for utility power boilers must be “first class” and gen-
erally necessitates extremely sophisticated pre- and post-boiler treatment
processes. Internal water chemistry usually rellies on the use of caustic-
free, phosphate treatment or all-volatile treatment (AVT) programs.

Water treatment monitoring and control is often a “knife-edge”
operation and must be tailored to the overall operation of the boiler
because waterside and gas-side problems usually are interlinked.
Consequently (and as with other types of WT boiler), not only should
the utility boiler FW be essentially free of dissolved oxygen to prevent
waterside pitting corrosion of the economizer and other boiler compo-
nents, but also the temperature must be high enough to prevent dew-
point condensation and subsequent acid attack on the gas side of the
economizer tubes.

Dewpoints and the potential rate of corrosion vary with various fuel
sources, their sulfur content, and the type of bumers employed.
Different fuel sources create differences in fireside (gas-side) corrosion
and fouling behavior, and particular fuels may lead to very specific
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types of fireside problems. These problems can reduce heat transfer
effectiveness and, on the waterside of the tube, promote the localized
precipitation and buildup of extremely high concentrations of low lev-
els of dissolved boiler water salts. This buildup in turn creates further
cause-and-effect problems. The mechanisms by which this sequence of
affairs may occur are various and often interdependent, but the water-
side deposition and localized corrosion problems that may result are
serious and may shut down a boiler.

Designing and constructing a large utility boiler plant is one of the
most complex engineering tasks undertaken in the world today, and
designers must consider many factors. In the boiler itself, for example,
they must ensure that adequate steam—water circulation takes place
throughout the boiler and that areas of low velocity (<1 m/s) and
uneven flow distribution do not occur. This factor is especially impor-
tant where the boiler design involves a tube bifurcation (fork in the
tube) because the result may be waterside regions of localized dryout
or metal wastage.

2.3.3.5 Marine Boilers

Marine boilers are not merely land boilers adapted for use at sea. They
must be specially designed because apart from low head, light weight,
room for inspection and maintenance in a confined area, and a wide load
range, they are also required to operate in very adverse sea conditions and
even during military operations. This means that marine boilers must be
extremely rugged and able to absorb vibration and various shock forces.

Top drums are generous in size to accommodate possible heavy list-
ing and high-trip operating conditions. In addition, drums must be
located in the fore and aft positions rather than longitudinally to mini-
mize the risk of uncovering tubes as the ship rolls.

Marine boilers currently in operation tend to be oil-fired, packaged, D-
type units. However, in many of the latest merchant marine and naval
ships constructed, marine boilers have become relegated only to auxil-
iary and heat-recovery use because diesel engines and gas turbines have
become the primary form of equipment employed for marine propulsion.

Where propulsion is provided by diesel or gas turbine, it is common
to use an auxiliary boiler in conjunction with a waste heat/heat recov-
ery boiler (WH/HR boiler). The steam—HW mixture, produced by pass-
ing the exhaust engine gases over the HR boiler tubes, is piped to the
auxiliary boiler steam drum and then mixes with auxiliary BW. All
steam utilized by the ship is taken from the auxiliary boiler.
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Makeup water may be supplied from a seawater evaporator, although
the use of RO (perhaps followed by ion exchange demineralization) is
now probably the norm. Where an evaporator is used, there is always a
small risk of seawater contamination, resulting in high hardness and
chlorides. This problem, together with oxygen infiltration to the boiler
FW supply, also may occur from possible leaks in the main condenser.
Careful and regular monitoring is therefore essential because these prob-
lems can lead very quickly to serious scaling and corrosion in the boiler.

However, where an evaporator is operating efficiently and there is no
problem with the condenser, the resultant water is of suitably high quali-
ty. Typically, a two-stage flash evaporator produces MU water containing
only 0.25 to 1.0 ppm TDS, with perhaps 0.05 to 0.07 ppm silica (as SiO,).

Evaporators require the continuous low level (1-3 ppm) application
of a suitable antiscalant chemical treatment. Traditionally, polyphos-
phate has been used (sometimes in conjunction with an antifoam and/or
a dispersant agent), but it generally performs poorly because of a lack
of thermal stability. Treatments based on polymaleic acid (PMA) and
other modern organic polymers tend to perform much better.

2.3.3.6 Waste Heat and Other Special Purpose Boilers

Waste heat (WH) boilers are essentially indirect (nonfired) steam
generators that recover the heat energy present in hot gases of com-
bustion (e.g., from a gas turbine) or from hot process stream gases.

The term waste heat boiler is also widely used to cover heat recov-
ery boilers (HR boilers), which tend to be direct-fired steam genera-
tors, albeit employing low-grade by-product fuels such as bagasse,
wood bark, corn cobs, peanut shells, blast furnace gas, black liquor, and
the like.

NOTE: Solid waste for use as fuel sources in HR boilers generally has a
reasonable potential heat content, but typically below 3,000 to 4,000 Btu/lb
(as received), whereas the heat content of by-product gases is very low
(generally only on the order of 100-1,000 Btu/Ib).

Where relatively clean by-product gas is available, WH boilers of
both horizontal and vertical FT design are often used. For larger appli-
cations WT boilers are preferred, and in fact most WH boilers are of the
WT type. However, if the gas is dirty, special boiler designs are
required to prevent fireside fouling of the furnace tubes, superheaters,
and burners.
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There are very many industrial processes for which WH/HR boilers
may be required, and during some by-product fuel combustion process-
es, downstreamm HR boilers can also recover chemicals for reuse
upstream. Some WH and special-purpose boiler applications are briefly
discussed in the following sections.

2.3.3.6.1 Steelworks Waste Heat Boilers Steelworks waste heat boil-
ers burn the various by-product gases from coke ovens and by-product
works in an integrated steel-making facility. The gases burned are:

* Coke oven gas, which has a heat content of only 500 to 600 Btu/cu
ft; and

+ Blast furnace gas, which is a very low-grade gas. It contains 25%
carbon monoxide (CO) by volume and free hydrogen and may have
a heating value of less than 100 Btu/cu ft. It is heavily dust-laden,
and to minimize fouling, the gas is usually cleaned by washing, fol-
lowed by electrostatic precipitation. Boilers may employ a straight
tube design to reduce the potential for fireside fouling.

2.3.3.6.2 Basic Oxygen Furnace Boilers (BOF Boilers) Basic oxy-
gen furnace boilers are commonly employed in the BOF steel-making
process. A WH boiler is fitted into the flue gas hood. The WH boiler
may be either a steam generator of water-wall membrane construction
or a steam-pressurized HTHW boiler. Where a steam generator is
employed, the steam is fed to the plant for general use.

2.3.3.6.3 Carbon Monoxide Boilers Carbon monoxide boilers are
used to recover waste heat generated from oil refining fluid catalytic
cracking (FCC) processes. The FCC process produces copious volumes
of by-product gas containing 5 to 8% carbon monoxide (CO), which
has a heat content of about 150 Btu/lb. A 10,000 barrel (bbl) per day
FCC unit produces 60,000 to 150,000 1b/hr of CO.

WH boilers are usually packaged WT types of dual-fire design
because a supplementary fuel is also required. The thermal energy is
recovered and used to produce medium pressure (600-900 psig)
process steam.

2.3.3.6.4 Black Liquor Recovery Boilers Many special boiler
designs have been developed around the world for the pulp and paper
industry, including black liquor recovery boilers.

Black liquor is 13 to 17% strength, rinsed extract from washed and
cooked woodchip pulp, produced in the Kraft pulping process. This
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black liquor is concentrated by passing it through multiple-effect evap-
orators before being introduced into the boiler.

Air is added at different elevations within the boiler to provide vari-
ous fuel-to-air ratios, depending on combustion requirements.
Superheated HP steam is produced and passed to a turbine generator.
The resultant LP steam is used for woodchip cooking, furnace air heat-
ing, pulp drying, and related processes.

This combustion process results in the reduction of inorganics, lead-
ing to a molten smelt of sodium carbonate (Na,CO,) and sodium sul-
fide (Na,S) on the furnace floor, which is discharged to a tank and
dissolved to form green liquor.

Various permutations of the black liquor recovery boiler design are
used to combust soda liguors in the soda pulping process and alkaline
earth liqguors and ammonium liguor (red liquor) in the sulfite pulping
process.

2.3.3.6.5 Enhanced Oil Recovery Boilers Enhanced oil recovery
boilers provide HP wet steam for enhanced oil recovery. The steam is
injected into oil-bearing strata, to heat the oil and reduce its viscosity,
thereby increasing the potential for flow.

2.3.3.6.6 Fluidized Bed Combustion Boilers (FBC boilers)
Fluidized bed combustion boilers are often conventional boilers but
with unconventional, specially designed furnace beds. Fluidized bed
combustion boilers are used to burn solid fuels, such as low-grade,
high-sulfur crushed coal. The benefit of this process is its ability to pro-
vide 95 to 100% combustion (depending on the reactivity of the fuel)
combined with reduced emissions of sulfur dioxide (SO,) and nitrogen
oxides (NO,).

The process essentially involves passing air through a bottom fur-
nace distributor plate and a fixed bed of sand. As air flow rates
increase, the fixed bed becomes more unstable and bubbles of air
appear (minimum fluidized condition). Above this minimum level,
higher air flow rates produce—depending on design—either bubbling
fluidized beds or circulating fluidized beds, and the fuel is intro-
duced onto these beds.

If a limestone or dolomite sorbant is added to the hot sand bed, the
calcium oxide (CaO) produced reacts and combines with SO,, thus
reducing the emission of the pollutant.

The use of FBC boilers results in lower NO, emissions compared
with conventional boiler designs at the same furnace temperature.
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2.3.3.6.7 Sugar Refinery Boilers To burn bagasse (sugarcane
waste), sugar refinery boilers often have a specially designed furnace
area (Dutch oven furnace) with a curved radiant arch. Bagasse has a
typical heat content of only 3,500 to 4,500 Btu/Ib, but because it con-
tains 40 to 50% moisture, the heat content (as measured by weight)
may be raised by first producing a drier solid fuel.

2.3.3.6.8 Waste-to-Energy Boilers Waste-to-energy boilers are of
various designs and are employed to burn municipal garbage, using
either mass-burning fuel (unprepared fuel) or refuse-derived fuel
(RDF). The design of the boiler typically depends on the degree of
recycling that takes place and the amount of plastics in the garbage.
Newly industrializing countries tend to have garbage with less plastics,
more moisture, and a lower heat value. Typically, RDF has a heating
value of 3,000 to 6,000 Btu/Ib.

2.3.3.6.9 Combined Cycle Boiler Systems These boiler types are
used to harness the waste heat from one power source to provide the
heat source for a second power source, usually an electricity generator
via a steam turbine. They are a form of cogeneration boiler plant.

Combined-cycle systems are used in both land and marine applica-
tions employing diesel engines or gas turbines (which usually provide
the first power source) and by large process industries that produce sig-
nificant heat-containing, by-product waste streams.

Where, for example, diesel engines or gas turbines are employed to
generate electrical power, the cooling water recirculating through the
engine jackets is usually at a temperature of > 95 °C. This water pass-
es to a flash tank, where it generates steam in a combined-cycle
process. The steam usually is used for industrial processes and com-
monly produces little condensate return. Consequently, unless the MU
water is properly treated, both externally and internally, rapid scaling
and deposition problems occur. The flash tank fills with scale and
sludge, and steam production falls off dramatically.

2.3.3.6.10 Vyncke Special Purpose Boilers The Vyncke horizontal
FT boiler is another example of the diversity of design of special-
process boilers. It is an industrial process boiler with elements of WT
design, but it has a vertical (3—4 meters high) fuel feed box positioned
on the front, which necessitates the FT section to be raised significantly
off the ground on a strong steel frame. It is employed in wood products
processing facilities (plywood, fiberboard, chipboard manufacturing,
etc.) and uses waste woodchip as a fuel.
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2.3.4 High-Purity Steam Generation

Where small quantities of high-purity steam is required for electronic
chip, pharmaceutical, sterilization, food preparation, and similar
process applications, a small risk of steam contamination may exist.
This may be caused directly by the use of amine treatments or indi-
rectly through process contaminants or the transport of iron oxides.
Consequently, alternative arrangements for steam generation are
made.

Commonly, a multiple-unit LP boiler plant may be supplemented by
a small HP steam generator to meet higher purity demands; this is often
a vertical FT boiler of perhaps 1,000 to 2,500 Ib/hr capacity. However,
when special steam requirements are extremely low, very small, stand-
alone steam generators may be provided. Some examples are described
in the following sections.

2.3.4.1 Kitchen Steam Generators

Kitchen steam generators to provide live steam for steam tables are
widely available. They tend to be very small, perhaps only of 150 to
250 Ib/hour generating capacity. However, because they typically
receive 100% cold, city supply as a FW source, and where the boiler
vessels are constructed of carbon steel, oxygen pitting and subsequent
boiler failure can occur rapidly.

Pressure vessels and appurtenances should be constructed of stain-
less steel or other corrosion-resistant materials. Ideally, these steam
generators should receive hot demineralized FW to minimize chemical
treatment requirements. Alternatively, where a main boiler plant is
installed, 100% steam condensate provides a good source of FW. In
practice, it is very difficult to accurately control the correct amount of
chemical feed. Chemicals are typically restricted to potable grade,
deposit control agents such as polyacrylates, and other materials listed
under the Code of Federal Regulations, CFR 21 §173.310, or
National Sanitary Foundation (NSF International) approval system.
These boilers may be electrically heated or gas-fired.

2.3.4.2 Clean-Steam Generators

Where steam is used for sterilization, hospital duty, food and drug
manufacturing processes, or steam humidification purposes, there gen-
erally is a reluctance (or mandated prohibition) to employ amines as a
treatment for steam—condensate line corrosion protection. Clean-steam
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generators overcome this problem because they are, in essence, non-
contact, nonfired, steam-to-steam heat exchangers.

Larger clean-steam generator designs typically employ a pressure
vessel (shell) containing a U-shaped tube bundle. The heat source is
primary steam supplied to the shell side (which may be amine treated),
and secondary “clean” steam is generated within the tubes.

Condensate return is often less than 15% and perhaps nothing is
returned. Demineralized FW should be supplied on the clean side.
Where FW quality is less than this standard, extremely rapid deposi-
tion and fouling take place. Pitting corrosion also is common, even
with stainless steel. Where throughputs are high, RO provides an alter-
native to demineralization, although pretreatment to the RO plant usu-
ally is necessary (e.g., carbon filter or softeners). Also, because some
TDS remains in the MU and FW, the application of a suitable deposit
control agent (DCA) is generally required, as is an oxygen scavenger
such as sodium ethorbate.

Vapor compression, thermocompression and multiple-effect
stills, and evaporators are additional alternatives for the production of
high-purity steam and water.

2.4 NUCLEAR REACTOR BOILERS

Nuclear reactor development began during the 1940s, following the
demonstration of nuclear fission by Fermi in 1942. Since the 1950s,
nuclear boilers have been used increasingly for the generation of elec-
trical power.

Many dozens of industrialized countries now employ nuclear reactors
for power generation, and some countries produce more electrical power
by nuclear reaction than by fossil fuel combustion (France is an exam-
ple). The United States, however, has the largest installed capacity of
nuclear-powered boiler plants (in the year 2000 there are more than 120
nuclear reactor power plants in the United States). Nuclear power is also
widely used for marine duty in both commercial and naval vessels.

The heart of the nuclear reactor boiler plant system is the reactor
core, in which the nuclear fission process takes place. Nuclear fission
is the splitting of a nucleus into two or more separate nuclei. Fission is
usually by neutron particle bombardment and is accompanied by the
release of a very large amount of energy, plus additional neutrons, other
particles, and radioactive material. The generation of new neutrons dur-
ing fission makes possible a chain reaction process and the subsequent
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harnessing of the nuclear reaction for the provision of electrical power
generation.

The nuclear fuel required in the reactor varies depending on the tech-
nology employed, but includes both naturally occurring nuclides such
as Uranium?32, Uranium?38, and Thorium?32; and artificial nuclides,
such as Thorium?3? and Uranium?33,

The three types of radiation commonly resulting from the decay of
specific nuclides are:

* Alpha particles (o particles), which are equivalent to the nucleus
of a helium atom (two neutrons and two protons)

» Beta particles (3 particles), which have the same mass and charge
as an electron. They are formed from the conversion of a neutron
into a proton and B particle

* Gamma rays (y rays), which are high-energy, short wavelength,
electromagnetic radiation particles that originate from within the
nucleus

2.4.1 Nuclear Power Reactors

There are various types of nuclear power reactors, including boiling
water reactors (BWR) and pressurized water reactors (PLWR or
LWR), which are both light-water reactor (LWR) designs and are
cooled and moderated by water. There also are pressurized heavy-
water reactor (PHWR or HWR) designs.

Most earlier units around the world were BWR types, but modern
units tend to be PWR types. The designs of reactors have been contin-
uously improved upon since they were first installed in the early 1950s.

» In BWR reactors, steam is generated in the reactor and conveyed
directly to the turbine. The benefit of relatively low operating pres-
sures must be weighed against the possibility of radioactive carry-
over into the turbine.

*» In PWR reactors, the heat generated by fission is transported
through a closed-loop reactor primary circuit to the steam gener-
ator and transferred to the reactor secondary circuit, which is the
working fluid from which steam is generated. Here, the risk of
radioactive carryover is prevented but at the expense of operating
the primary water at a much higher pressure to avoid boiling. The
exhaust from the steam turbines returns to the boiler via a condens-
er and FW heater in the conventional way.
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Other newer designs include the advanced, gas-cooled reactor
(AGR), Canadian deuterium reactor (CANDUR), sodium-cooled reac-
tor (SCR), sodium-heated reactor (SHR), and fast breeder reactor
(FBR). These reactors employ either natural or enriched uranium
fuels that may be modified in some way (e.g., graphite-moderated
fuels).

Nuclear installations are provided with a pressure explosion sup-
pression and containment shell as an accommodation system against
any sudden energy release resulting from an uncontrolled nuclear fis-
sion reaction. The internal air pressure is maintained at a level lower
than the external atmosphere.

The nuclear reactor also must be shielded against the emission of
radioactive material to the external environment. Suitable radiation
controls include both thermal and biological shielding systems.
Radiation from alpha particles (a rays) and beta particles ( rays) has
little penetrating power, but gamma rays have deep penetration proper-
ties. Neutron radiation is, however, the primary area of risk. Typically,
extremely thick concrete walls are used as a neutron absorber, but lead-
lined concrete and special concretes are also used.

2.4.2 Nuclear Steam Supply System

Nuclear reactor boiler plants consist essentially of a central reactor core
providing controlled energy that is transferred via a pressurized cooling
system to one or more steam generators. These in turn provide super-
heated steam for delivery to a turbine.

A schematic drawing of the nuclear steam supply system is provid-
ed in Figure 2.7, and a drawing of a nuclear boiler is shown in Figure
2.8, with the various steam generation zones indicated.

The key components of a PWR nuclear steam supply system are:

1. Reactor vessel: Reactors produce intense heat, and those employed
in large nuclear power boiler installations (typically 800-1,000
MWh) may have 50,000 to 60,000 sq ft of heat transfer surface area
with a heat flux of from 150,000 to 500,000 Btu/ft?/hr.

2. Reactor coolant primary circulation system: Depending on
design, this closed-loop cooling system may recirculate high-purity
treated water or other fluid at 300,000 to 450,000 US gpm
(1,136-1,704 m3/m), and at velocities of 15 to 16 ft/s 4.5 to 4.9 m/s.

PWHR primary circuit pressures are typically 1,280 to 1,455 psig
(8.8-10.0 MN/m?), at temperatures of 550 to 600 °F (288-316 °C).
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PLWR primary circuit pressures are typically 1,425 psig for older
systems to 2,500 psig or more for newer systems (9.8-17.1
MN/m?), at temperatures of 480 to 500 °F (251-260 °C) up to 550
to 600 °F (288-316 °C).

3. Pressurizer: The pressurizer maintains and controls both the tem-
perature and the pressure in the primary coolant system. It contains
a “cold” water spray and electric heater bank as a means of provid-
ing the necessary control.

4. Steam generator(s): These act as heat sinks, and the secondary
circuits may produce in excess of 5 Mlb/hr (630 kg/s) of steam at
900 psig (62 bar, 6.2MN/m?) and 600 °F (316 °C).

5. Containment system: This provides for suitable containment
against explosion, radioactive leakage, and other hazards.

6. Integrated control system: This includes various safety, monitor-
ing, and control systems, including a reactor protection system.

2.4.3 Principles of Nuclear Reactor
Boiler Plant Operation

The energy produced in a nuclear reactor vessel is the result of a nuclear
fission (atom splitting) process that occurs when sufficient nuclear mate-
rial is brought together (critical mass). Under these circumstances, a
chain reaction occurs and an external supply of neutrons is not required.
A nuclear fuel control rod system raises or lowers the nuclear fuel
(which is contained within fuel rods) inside the reactor vessel.

To slow down and control the rate of reaction, a moderator is also
required. Typically, the moderator is boric acid, graphite, or heavy
water (D,0) and is present in the high-purity water, which also serves
as a primary coolant for the fuel and the reactor vessel. The tremendous
heat generated by nuclear fission is transferred to this closed-loop
coolant, which is contained within a reactor primary-coolant circu-
lation system. The high-purity water coolant also contains a suitable
pH buffer such as lithium hydroxide, which has the additional effect
of limiting the corrosion of fuel-cladding and other components.

A pressurizer operating within the range of approximately 2,450 to
2,750 psig maintains pressure within the closed-loop circuit. The pres-
surizer contains the “cold” spray water system, which is typically sup-
plied at around 550 °F (288 °C), and the electric heater-bank system.
These systems maintain and control primary-coolant water pressure
and temperature. The high-temperature water produced in the primary
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cooling system is then circulated to either one or two steam genera-
tors, where it acts as a heat source for steam generation.

There are different designs of steam generator (see next sections),
but the generator is in essence a counterflow, vertical shell and tube
heat exchanger. The high-temperature water is distributed through the
steam generator/heat exchanger via two or more very large, primary-
coolant pumps.

2.4.3.1 Straight Tube NP Steam Generator

In this design, the (high-temperature) reactor primary circuit cooling
water flows down from the top of the generator, inside the tubes of a
straight-tube bundle. The once-through, secondary circuit FW enters
from below the middle of the steam generator, where it is heated to sat-
uration temperature by aspirated steam. It then flows down an entry
downcomer to the bottom of the unit. From here it flows inward,
through an orifice plate and baffle and then up the generator, on the
shell side of the tube bundle and within an annulus. On its passage up
the steam generator, the FW is converted into superheated steam. The
steam then flows outward and down an exit downcomer. Finally, the
superheated steam leaves the steam generator and is distributed direct-
ly to the turbine.

2.4.3.2 Vertical Recirculating, Inverted
U-Tube NP Steam Generator

In this design, the secondary circuit FW is again on the shell side, but
recirculation takes place within the steam generator, resulting in the
formation of a steam—water mixture that covers the top of the inverted
U-tube bundle. Saturated (but not superheated) steam passes through
high-efficiency moisture separators and from here is again distributed
to the turbine.
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BOILER PLANT
SUBSYSTEMS,
APPURTENANCES,
AND AUXILIARIES

Modern HW-generating and steam-raising facilities comprise a number
of often complex, interdependent beiler plant subsystems, appurte-
nances, and auxiliaries, with large process, utility, and cogeneration
boiler plants being especially complex. This chapter provides notes on
many of the various boiler plant subsystems and types of equipment
employed as an introduction to considering the waterside problems that
may be encountered therein.

Hot water generators are the simplest systems overall, although
many larger institutional and commercial hydronic heating plants
contain fairly complex distribution systems that may include high and
low flow rate subsystems and primary and secondary piping schemes in
either series or parallel configurations.

Compared to HW generators, steam-raising plants contain addi-
tional safety devices and become increasingly more complex as they
become larger. Irrespective of size, all steam-raising plant facilities
contain interdependent subsystems that are essentially the same in
nature and purpose.

Larger steam-raising boiler plants may be physically divorced from
factory areas, and the very largest tend to contain systems and equip-
ment housed in a number of separate facility areas or buildings. As a
limited example, these facilities may include:

*  Water pretreatment plant
* Waste water treatment plant

67
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* Fuel yard

* Fuel preparation area

* Boiler house

* Turbine hall

* Control room

* Condenser cooling system

* Flue-gas scrubber plant

* Bag house

* Chemicals and spare parts storehouse
* Substation

Although the complexity of operating an average industrial boiler
plant (with perhaps only two or three FT boilers) cannot be compared to
that of a large utility power generating station, the potential for water-
side problems, while different, may be just as difficult to control. As an
example, consider some differences between a utility and a factory.

Power generators have large diameter but relatively short-run sys-
tems, they generate steam at fairly constant rates, and they distribute
the same at a limited range of pressures with the primary focus being
on efficient power generation. The bulk of the steam is used to power
turbines, with the balance being employed in preheaters and the like.
The steam is condensed, it returns to the beginning of the system, and
the cycle continues.

Most factory boiler plants, on the other hand, while having much
smaller diameter systems (because steam volume output is generally
much less) usually must provide steam at several different (and some-
times fluctuating) pressure ranges, matching steam output with varying
demands and unrelenting production schedules. They typically need to
account for many diverse types of manufacturing processes within the
same industrial facility and usually cannot have a narrow focus for
steam-raising operations. This diversity of applications, pressure rat-
ings, and production demands creates a wider range of steam usage
control problems when compared with the power generator.

Larger manufacturing plants may need to distribute steam and col-
lect condensate through an extremely long and complicated network of
pipes, manifolds, and valves, often many miles in length and involving
remote building distribution and collection requirements. And when
factories add new manufacturing areas or processes, the steam distri-
bution and condensate recovery systems must increase accordingly.
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Within these tortuous systems there exists considerable opportunity
for process contamination, corrosion, and equipment malfunction to
occur, with cause-and-effect problems creating further impact down-
stream and placing additional demands on monitoring and control
efforts.

Another difference between utilities and factories is that most indus-
trial facilities tend to operate boiler plants with a lower quality (and
often variable) FW compared to power generators. Although boiler
heat flux is usually lower, this practice nevertheless adds an additional
water chemistry control burden, especially because most factories do
not employ chemists with specific water chemistry duties.

Additionally, because most factories do not operate steady-state
processes, the efforts to match steam output to variable production
department steam demands may further tax the boiler plant’s genera-
tion capacity and manpower resources.

NOTE: As a consequence of the different kinds of operational and manage-
ment problems associated with raising steam in industrial boiler plants, it
often requires a different mindset than that needed for a base-load utility
power house, where personnel strive to maintain steady-state (but knife-
edge) operating conditions. The differences between industrial plants and
power generators is also reflected in the waterside chemistries and moni-
toring and control objectives of their respective boiler plant systems.

3.1 BOILER PLANT SUBSYSTEMS

3.1.1 Water Pretreatment Plant System

Hot water generators and LP steam-raising plants of below 15 psig are
designed to operate with minimal blowdown and to suffer negligible
circulatory losses. As a result, clean, sediment-free water of almost any
characteristic nature (e.g., soft and corrosive or hard and scale-form-
ing) is likely to be suitable as a source of boiler water makeup.

NOTE: Although the MU water demands of HW-generating plants are typ-
ically quite limited, this does not mean that they are totally free from water-
side problems and therefore do not require internal chemical treatment
programs—they most certainly do face waterside challenges. Dispersion of
sludge is important, as is oxygen pitting corrosion control (especially if air
enters from leaking pipes or faulty seals, which is common, or if boiler
operation is in a daily on—off mode).
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However, the source of MU water for higher pressure steam-raising
plants is important because it is generally the case that no matter the
origin of the water, it will not be entirely suitable for the purpose and
some form of water conditioning will be required. This conditioning
requirement necessitates the provision of a (pre-boiler section) water
pretreatment plant system (external treatment/ external conditioning)
to render the water fit for purpose.

Most usually the pretreatment plant is a capital item fixed asset facil-
ity, but the trend is increasingly noticeable around the world today for
the supply of properly conditioned MU water to be outsourced from a
contractor, who either leases a mobile plant to the facility or generates
a profit from the direct sale of water to the boiler plant.

The requirements for pretreatment vary considerably from plant to
plant, and there is always more than one way to provide the appropri-
ate quality needed. Pretreatment may combine several process steps
including;:

* Sand, carbon, or other media filtration

* Lime or ion exchange softening

* Dealkalization or demineralization

* Membrane treatments

* Evaporation/distillation

» Magnetic or other nonchemical treatments and devices

3.1.2 Feedwater Supply System

When considering HW generators (as the system water is merely recir-
culated), the term feedwater (FW) is synonymous with makeup (MU)
water. For steam-raising plants, FW is a variable mixture of conden-
sate return (CR) and MU water.

The FW supply system is part of the pre-boiler section, as is the
pretreatment plant. It includes all necessary distribution pipes and
valves, the boiler FW regulator, FW pumps, FW tanks, and various
forms of FW heaters.

In considering smaller steam-generating plants, a low-level (return-
ing) condensate receiver also may double as a FW tank by providing
the entry point for MU water.

Similarly, some boiler plant designs may provide only a high-level
FW tank (i.e., positioned higher than the boiler) and have returning
condensate discharge directly into this tank.
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Many steam-generating plants have more than one type of direct or
indirect FW heater to increase the FW temperature, which reduces the
potential for boiler thermal shock and increases boiler operational effi-
ciency.

Direct FW heaters include:

Electrical resistance heaters

Steam sparge pipe heaters

Open FW heaters (including deaerating heaters or deaerators)
Indirect FW heaters include:

* Economizers, which are tube bundles located in the exit-gas system

¢ Closed FW heaters, which are specialist shell and tube heat
exchangers for utility power application

* Low pressure (LP) heaters, typically employed for boiler plant
operating at under 900 psig

3.1.3 Boiler Steam Generation System

The boiler steam generation system primarily covers the boiler itself,
the boiler surfaces (the primary heat-transfer and steam-generating
surfaces within the boiler proper), and all necessary appurtenances.

3.1.4 Steam Delivery System

The steam delivery system forms a major part of the post-boiler sec-
tion and includes auxiliaries such as superheaters, attemperators
(desuperheaters), and reheaters, plus components such as the various
steam headers, steam valves, distribution pipework, pressure reducing
stations, and the like.

3.1.5 Balance of Plant Equipment Systems

The various balance of plant equipment systems (BOP) consist of a
wide range of post-boiler section equipment and associated pipework,
including turbines, condensers, condenser cooling systems, and related
components.

Feedwater heaters also may be considered as BOP equipment (with
the exception of economizers), especially in utility power plants.
Blowdown receivers and flash steam and heat recovery (FSHR) also
may be considered BOP equipment.
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3.1.6 Condensate Return System

The condensate return system is a post-boiler section system that
includes all steam traps, condensate lines, associated manifolds and
valves, condensate receiving tanks, save-all tanks, condensate pumps,
and other auxiliaries for condensate recovery.

In very large boiler plants, the CR system may include a condernsate pol-
ishing plant (the physical location of this plant may be pre- or post-boiler).

3.1.7 Fuel Management System

The fuel management system includes the various types of fuel prepa-
ration and fuel delivery equipment, burners, ignitors, stokers, soot
blowers, and ash handling equipment.

3.1.8 Air and Flue Gas Management System

The air and flue gas management system includes the various baffles,
dampers, fans, dust collectors, scrubbers, and other FGD and emission
control equipment, and the boiler flues and stack (chimney).

3.1.9 Waste Water Treatment System

For most smaller operators, the waste water discharge from pretreat-
ment equipment, blowdown receivers, and FSHR equipment typically
discharges into a city sewer. Most larger factories, process plants, and
power stations, on the other hand, incorporate some form of waste
water treatment facility to balance the pH level, remove oils and pre-
cipitable solids, or otherwise reduce the contamination load before the
discharge of water from the site.

3.2 BOILER APPURTENANCES

In almost all countries today, safety codes and regulations exist for the
construction, operation, and inspection of all boilers and associated
pressure vessels and boiler systems. Both HW and steam-raising plants
are provided with several vital boiler appurtenances (appliances or fit-
tings) and various subsystems containing auxiliaries (accessories) that
must be maintained, monitored, and controlled. However, for small
HW and LP steam boiler plants the inspection process may be rather
cursory with regard to the pressure vessel internals and tends to con-
centrate primarily on ensuring the proper operation of the various
appurtenances that provide for boiler safety.
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Appurtenances are primarily the fittings that enable boilers to oper-
ate safely. They control the FW supply, boiler pressure, BW level, and
steam supply. Appurtenances include:

* Pressure gauges, together with any associated test connections
* Fusible plugs (where fitted)

* Safety relief valve

+« Bottom (main) blowdown valve

*  Water column gauge glass and gauge cocks (try cocks)

* Feedline stop valve and check valve

* Feedwater regulator

¢ Boiler vents (air cocks)

* Steam line stop valve

* Soot blowers

NOTE: Soot blowers are typically employed only on WT boilers and may be
regarded as appurtenances because boiler safety and reliability is directly
related to the cleanliness of the heat transfer surfaces. Boiler performance
and efficiency also depend on the same heat-transfer cleanliness factors.

The pressure gauge and associated shut-off valve, the boiler vent
cock valve, main steam stop valve, and safety valve can be observed ris-
ing above the crown sheet of a FT boiler (the highest point of the boil-
er), normally in a line running the length of the boiler.

Water tube boilers have a pressure gauge, vent cock, and drum safe-
ty valve on the top of the steam drum. Where superheaters are fitted, the
steam takeoff line leads to the superheater, which is followed by a
superheater safety valve, automatic nonreturn valve, and stop valve
with a pressure-equalizing line and valve.

3.2.1 Blowdown (Blow Off) Valves

The process of heating water usually produces sludge and sediments
(primarily noncrystalline precipitated salts) in the boiler’s waterside
drums and tubes. (Sludge production may be deliberately encouraged
in certain forms of internal water treatment programs.)

The sludging, sedimentation, and scaling processes may greatly
accelerate where steam generation takes place because the continuous
supply of MU water (as a replacement for steam and water losses) to



74 Boiler Water Treatment: Principles and Practice

the FW system gradually increases the concentration of BW TDS to the
point where solubility limits are exceeded (saturation point).

Thus, to control the buildup of sludge and scale (which may include
the prevention of these foulants and deposits in the first place), it peri-
odically becomes necessary to deconcentrate the BW by physically
removing some of it from the boiler (blowing down or blowing off).
This is achieved via a blowdown valve (BD valve) usually located at
the bottom rear of the boiler vessel or WT mud drum. The BD water
lost from the boiler is replaced by less concentrated FW.

Apart from bottom blowdown valves (main BD valve), other types
of valves are often employed. Blowdown valves also can be used to
control high water levels, drain the boiler for cleaning or inspection
purposes, and maintain chemical concentrations and water chemistry
below maximum permitted levels.

On a FT boiler, the main blowdown valve is always located at the bot-
tom of the shell towards the rear of the boiler. On a WT boiler, blowdown
valves may be located in the side of the top (steam) drum, the bottom
(mud) drum, and the lower water-wall headers (sides, front, and rear).

Top drum blowdown is usually via a surface (skimmer) blowdown
arrangement.

NOTE: Water tube boiler water-wall headers should not be blown down
while the boiler is under load because it disturbs the natural circulation
and may result in an overheated and bulging or ruptured tube. Usually
header blowdown valves are locked closed and are only blown down when
the boiler goes offline.

Marine boilers are usually given a high volume BD only once every
3 to 7 days, such as when arriving at or leaving port. Periodic BD may
be routed to the bilges or overboard, and this supplements a small con-
tinuous BD to either the bilges or the evaporator shell.

Coil boilers often use automatic, TDS-controlled solenoid valves to
control BD. They are installed following the steam separator and steam
trap.

Vertical FT boilers may employ an automatic TDS-controlled BD
system, utilizing an extended length electrode (to reach the BW) insert-
ed through the top of the boiler.

Whatever the design of boiler, good control over a narrow range of
BW TDS is required, The use of some form of continuous blowdown
arrangement as the primary form of blowing down BW is preferred in
almost all steam generation facilities.
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There are various types of BD valves and valve arrangements, as
well as different BD procedures, depending on the boiler design and
operational preference. Gauge glasses are regularly blown down,
which, although providing part of the total BD from a boiler (but only
a marginal contribution), cannot be considered a substitute for period-
ic boiler bottom blowdown. It is also possible to recover some of the
flash steam and heat available in the BD water (see heat recovery sys-
tems), although even where FSHR is used, some blowdown water is
physically lost. The BD water is passed to a BD pit or a receiver before
discharge to a waste water handling facility.

NOTE: Blowdown water from utility or cogeneration boilers is sometimes
discharged to the condenser cooling system and forms part of the total MU.
This is not a practice to be recommended because, although the BD water
TDS level is low (typically below 250 ppm), the temperature is significant-
ly higher than that of the cooling water and it usually contains phosphate,
which may precipitate, act as a nutrient, or otherwise interfere with the
cooling water treatment program.

The most common blowdown arrangements are described in the next
four sections.

3.2.1.1 Main (Primary or Bottom) BD Arrangement

The minimum requirement is for boilers to be fitted with one, slow-
opening bottom BD valve. However, most boilers have either two slow-
opening angle valves (valves having a sliding cylinder with ports) or a
side-action lever, rapid-opening valve (which is connected closest to
the boiler shell) followed by a slow-opening angle valve.

Where a rapid-opening valve is fitted, it is opened first and closed
last, with the rate of bottom BD water controlled by the slow-opening
valve.

NOTE: The minimum regulatory BD requirement for steam-raising land
boilers (stationary or trailer-mounted) is usually for a once-per-day open-
ing of the bottom valve. Hot water heating boilers and LP steam boilers
employed for hydronic system duty are almost never blown down daily, but
should be blown down regularly, albeit usually for the minimum period
necessary to ensure the continued safe operation of the bottom BD valve.

Bottom BD valves are designed for manual removal of sludge only. They
are not designed to be automated and are of large diameter to ensure the
Jorced removal of accumulated sludge.
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Blowdown is generally provided only for a few seconds, or sufficient to
drop the water level in the gauge glass by perhaps 172 inch (1.25 cm).
Where 10 seconds of BD is required, it is much preferable to stagger this
over a period of time rather than all at once.

3.2.1.2 Surface (Skimmer) BD Arrangement

Using a skimmer, the BD water is taken from close to the top surface
of the BW, either from the side of the FT boiler shell or WT boiler top
drum or from a top-mounted sparge pipe extending down 3 to 6 inches
below the waterline (but above the top set of tubes in a FT boiler).
Blowdown is provided on either a continuous blowdown or an inter-
mittent blowdown basis.

» Continuous, surface blowdown arrangements employ a multistage
nozzle valve that permits the BW to expand and flash gradually and
safely across each successive orifice and chamber with almost no
noise. This effect reduces the flow velocity and virtually eliminates
the risk of wire drawing. The BD valve is provided with a regulat-
ing lever and calibrated dial (or an electric actuator) for either man-
ual or automatic BD rate adjustment. Continuous blowdown
arrangements are entirely suitable for incorporation into FSHR sys-
tems. They are commonly employed for WT boilers.

» Intermittent, surface BD arrangements are controlled automatically
and are not very suitable for smaller boilers with high percentages
of returning condensate (i.e., those boilers with only a very low
blowdown volume requirement).

The use of intermittent BD arrangements employing timers and elec-
trical conductivity electrodes has been standard technology for at least
25 years. Nevertheless, problems still occur that may be attributable to
the use of electrodes unsuitable for the temperatures involved or inad-
equate electrode cleaning and maintenance.

There are several options for the control of the intermittent BD
valve:

1. Timer-controlled intermittent BD. This is simple, and the
arrangement works satisfactorily provided that the boiler is on a
fairly constant load.

2. Timer-controlled with BW electrical conductivity measurement
override. The BD valve only opens when the electrical conductivi-
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ty is above a set point. The electrode may be placed in the boiler
(not particularly recommended) or in a bypass line. This method is
suitable for smaller boilers (below 5,000-10,000 Ib/hr).

3. Continuous conductivity measurement controlled with the elec-
trode placed in the boiler. This method is not recommended
because of potential safety and liability issues. In addition, there are
difficulties with cleaning and maintaining the electrode, and the
intense heat to which the electrode is constantly subjected may
cause failure. FT boiler installations generally provide for the elec-
trode to be placed above the first set of tubes but 4 to 6 inches below
the waterline.

4. Continuous conductivity measurement controlled with the elec-
trode placed in a bypass sampling line. This arrangement requires
the permanent discharge of approximately 0.5 U.S. gpm of sample
water to a drain (which is, in effect, continuous BD). This system
may be wasteful on small boilers but is suitable for larger boilers
(15,000-20,000 1b/hr) and for boilers with high FW TDS, which
consequently require a relatively high BD rate (i.e., >15%). This
arrangement is improved if the water sample passes through a cool-
ing coil because the electrode is subjected to less thermal stress.

5. Intermittent conductivity measurement controlled, with the
electrode placed in the BD line before the BD valve. In this
arrangement the controller program opens the BD valve for a timed
period (=1 minute), sufficient for “fresh” BW to flow past the elec-
trode and an accurate electrical conductivity measurement to be
taken. The BD valve remains open until the conductivity falls below
a set point, Again, this arrangement is improved with the use of a
cooling coil. It is the most widely employed intermittent BD
arrangement for FT boilers.

NOTE: All intermittent BD arrangements require a properly adjusted throt-
tling gate valve on the BD line (and sample coolers) for good results. It may
be appropriate to lock the valve or remove the wheel to ensure that the
valve position is not inadvertently further opened or closed.

3.2.1.3 Rapid Action Intermittent BD Arrangement

Lever-operated, rapid action, intermittent BD valves are commonly
used to provide periodic, full-valve opening, BW BD. The valve is
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installed on the bottom BD line. Valves are supplied in various arrange-
ments, including horizontally or vertically installed, spring-loaded and
push-down lever operated, rapid-open/ rapid-close, and cone-and-seat
valve types.

The lever-operated valve may be opened intermittently, either man-
ually or automatically, for 2 seconds via a timer-controlled diaphragm
actuator.

Automatic programmable systems may be designed to incorporate
rapid action valves to provide flash steam to condensate tanks and/or
HR for various industrial applications.

3.2.1.4 Calculating Blowdown

The required boiler BD rate may be expressed in several ways:

1. The percentage of BW evaporated that is required to be blown
down:

% BW BD = FW TDS X 100/ (BW TDS — FW TDS)
2. The percentage of FW supplied that will be lost as BD:
% FW BD = FW TDS X 100/ BW TDS

3. That part of the steam generated lost as BD, to maintain BW
TDS:

BD = Steam generation Ib/hr (or kg/hr)/(COC — 1)

Where:

TDS is expressed in ppm or mg/l

COC = cycles of concentration of BW TDS relative to FW TDS

Example:

Boiler steam generation rate is 10,000 1b/hr
FW TDS is 200 ppm

BW TDS is maintained at 3000 ppm

COC = 3000/200 = 15x

Using expression 1. % BW blowdown = 200 X 100/2800 = 7.14%
Using expression 2. % FW blowdown = 200 X 100/3000 = 6.67%
Using expression 3. BD = 10,000/(15 — 1) = 714 Ib/hr
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NOTE:

o [If the rate of blowdown is too high, heat (fuel) and treated water are
wasted and the boiler water chemistry may be less than desirable for
optimum waterside control.

o [f the rate is too low, permitted or agreed water chemistry limits will be
exceeded and waterside problems are likely to develop, leading to poor
heat transfer and a higher fuel consumption level.

3.2.2 Boiler Safety and Stop Valves

Apart from the BD valves and drain valves, a boiler is fitted with a safe-
ty valve (at least one), stop valves, and (usually) automatic nonreturn
valves. As a minimum, these valves must be dismantled, inspected, and
overhauled annually.

3.2.2.1 Safety Valves (SV)

Safety valves are spring-loaded valves of various designs, typically
with a steam huddling chamber feature that increases the total force
of the steam, thereby causing the valve to pop up (pop-type SV) rather
than rise slowly in response to increased pressure. Boilers operating at
higher pressures (say, 600-3,000 psig) tend to have super-jet SVs.

Safety valves are matched to a boiler’s particular maximum allow-
able working pressure (MAWP), and a boiler failure may result if this
pressure is greatly exceeded. Typically, boilers having more than 500
ft of surface area or exceeding more than 500 kW input are required to
have two safety valves.

Safety valves are normally manually tested at periods between 1 and
6 months and pressure-tested every 12 months. Boiler operating pres-
sures are typically 5 to 10% less than safety valve set pressures to avoid
valve weeping.

3.2.2.2 Stop Valves

Stop valves are fitted to each main or auxiliary discharge steam outlet,
close to the boiler (but not in front of a safety valve or superheater con-
nection). They are employed to place a boiler in or out of service. Gate-
type stop valves of outside stem and yoke valve (OS&Y) design often
are employed because they indicate whether they are open or shut by
the (out/in) spindle position.
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3.2.2.3 Automatic Nonreturn Valves (NRVs)

Automatic NRVs act like check valves and cut out the boiler if its pres-
sure falls below the main steam-header pressure. The installation of an
automatic NRV may require the provision of a bypass pressure equal-
izing line and a pressure equalizing valve.

3.2.3 Boiler Vents

Boiler vents are valves located at the top of a boiler. They are opened
to permit air to be bled from a boiler when filling it with water and
when initially raising steam. They are also opened during a boiler
drain-down to prevent formation of an internal vacuum, which could
cause the shell to collapse or other damage to occur. During typical HP
boiler warm-up, the boiler vents are kept open until 25 psig steam pres-
sure is registered.

3.2.4 Feedwater Regulators

Feedwater regulators are fitted to boilers as a means of controlling the
rate of addition of FW. This is necessary to maintain a consistent water
level that, in turn, reduces the risks of thermal shock to the boiler,
reduces the potential for BW carryover with the steam, and improves
boiler efficiency.

By definition, the FW regulator provides BW level control through
the use of various sensing elements at the normal operating water
level NOWL). Three types of FW regulator are described in the next
sections.

3.2.4.1 Thermo-Expansion FW Regulator

A thermo-expansion FW regulator is employed on larger WT boilers
when FW pumps run continuously. The thermo-expansion regulator
uses a thermostat located at the steam—water interface NOWL. The
device expands when the water level drops because it is surrounded by
(higher temperature) steam. This expansion moves a mechanical link-
age, which opens the valve.

3.2.4.2 Thermohydraulic FW Regulator

A thermohydraulic FW regulator has a double-tube control element
located at the steam—water interface NOWL. The outer tube contains
condensate and connects to a bellows. When the water level drops, the
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inner tube develops a large steam space and the heat from the steam is
transferred to the condensate. This causes the bellows to expand, thus
opening the FW regulator valve.

This type of regulator also is widely used on WT boilers. It requires
periodically blowdown to keep the tubes free of sediment.

3.2.4.3 Float FW Regulator

A float-type FM regulator type is primarily employed on packaged FT
boilers. It has a float chamber located at the NOWL and is connected
to the steam—water areas of the boiler. When the water level falls, the
float drops and mechanically moves a mercury switch (or electronic
switch), which in turn actuates the FW regulator valve.

This type of regulator requires blowdown at the completion of every
shift to maintain clean float operating conditions. It usually incorpo-
rates a low-water-level fuel cutoff device.

3.2.5 Pressure Gauges

Pressure gauges contain a partly coiled, hollow tube (Bourdon tube)
that further coils or uncoils in response to the pressure of the steam or
water contained within the tube. Pressure gauges reading below the
steam and water line must be corrected by 0.433 psig per vertical foot
to take account of hydrostatic pressure:

* Absolute pressure (psia) = boiler gauge pressure (psig) + atmos-
pheric pressure (psiatm)

¢ Atmospheric pressure = 14.696 Ibf/in? (1.0 std atmosphere, 0.99
bar) at sea level and 62 °F (16.7 °C).

3.2.6 Soot Blowers

The furnace areas of WT boilers require the periodic deployment of
retractable soot blowers to remove the buildup of soot and combustion
products from water-wall tubes to maintain heat transfer and furnace cool-
ing efficiency, as well as to minimize the interference of flue gas pathways.

Soot blowers also are used to clean particular boiler tube bundles,
such as superheaters and economizers. Steam or compressed air nor-
mally is used, and operating practice may require the use of manual
boiler control and increased furnace draft or boiler loading during soot-
blowing periods to avoid the risks of loss of furnace flame (flameout)
or small furnace explosions (furnace puff).
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High-pressure steam from steam soot blowers can easily cut through
tubes, so correct alignment of soot blowing equipment is critical.

3.2.7 Water Columns

Water columns serve as fittings to house the water level gauge glass,
gauge cocks, gauge glass blowdown lines, and high/low water
alarms. However, a primary purpose also is to counter BW turbulence,
which may occur in the gauge glass, so that a more accurate BW level
may be determined.

The gauge cocks provide a backup means to determine water levels.
In general, three gauge cocks (globe valve type) are vertically installed
at spaced intervals, close to the visible gauge glass.

The middle gauge cock is located at the boiler NOWL. Boilers oper-
ating at more than 250 psig have either two gauges or one gauge and an
electric or electronic level indicator. Low water alarms are either float
types or weight types.

3.3 BOILER AUXILIARIES

Auxiliaries are additional boiler fittings that provide controls for ease
of operation. They may include additional valves (such as check valves
on feed lines, nonreturn valves on steam distribution lines, and the var-
ious boiler system drain valves), gauges, connections, and devices to
regulate FW, air, and fuel and to provide for the efficient production,
pressure, temperature, quality, and flow of HTHW or steam.

3.3.1 Burners

The combustion of oil, gas, PF, wood dust, and many other types of
fuels in a furnace requires specially designed burners together with an
ignitor. Burners use solid state, automatic management systems to pro-
portion and mix fuel, primary air, and secondary air; prepare the
mixture for combustion; and monitor the firing sequence.

NOTE: Primary air is the air provided with the fuel to provide intimate mix-
ing and thus support combustion.

Secondary air is introduced around the burner area and supplies the
oxygen required to provide complete combustion.

Boilers using a cyclone furnace design may employ oil, coal, or gas
burners. They typically use high heat-release burners that burn crushed
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coal and are operated in a similar manner to PF coal furnaces. It is nec-
essary to maintain a layer of slag on the inside of the cyclone furnace
to trap all larger coal particles (flypaper effect) and ensure complete
combustion, as well as to reduce problems of furnace area erosion and
corrosion.

3.3.1.1 Vaporizing Oil Burners

Vaporizing oil burners prepare the air and fuel mixture by vaporizing
the fuel by heating within the burner (gasification).

3.3.1.2 Atomizing Oil Burners

Atomizing oil burners prepare the air and fuel mixture by atomizing
the fuel so that it vaporizes in the combustion area. Atomization can
take place by:

1. Using pressurized steam or air (air—steam atomizing burner)

2. Pressurizing the oil and forcing it through a nozzle (mechanical
atomizing burner)

3. Tearing the drop into droplets by centrifugal force (rotary cup burner)

Heavy fuel oils must be heated to provide a suitably low viscosity for
delivery to the burner and for atomization. The viscosity of oils at the
burner typically should be between 100 and 150 Saybolt Seconds
Universal (SSU).

3.3.1.3 Pulverized Fuel Coal Burners

Pulverized fuel coal burners (typically turbulent air burners, vertical
burners, or nozzle burners) receive hot primary air containing the PF
and introduce the mixture to secondary air in such a way that it pro-
vides a stable flame. The flow rates of both primary and secondary air
are controlled by dampers. An ignitor is required to initiate combus-
tion, and the flame front is maintained close to the burner, with the heat
of combustion used to ignite incoming PF. A flame safety device elec-
tronically scans the flame and initiates corrective action if required.
The method used to deliver the PF to the primary air system is
dependent on the rank (grade) of coal used, but usually bowl mill pul-
verizers or impact mill pulverizers are employed to produce PF coal.
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3.3.1.4 Gas Burners

Gas burners are of various low- to high-pressure (2-25 psi) designs,
including gas-ring burners, center-diffusion tube gas burners, and tur-
bulent gas burners.

Gas pressure must be properly regulated, all lines purged before use,
and ignitors proven to work before initial startup. Also, all gas burning
equipment must be regularly inspected for leaks to avoid risks of an
explosion,

Gas-ring burners spray gas from orifices drilled in an annular man-
ifold into a controlled-volume air stream. Combustion is initiated by an
ignitor.

Other types require a governor (inspirational governor) to propor-
tion and mix the air and gas, which is then delivered to several burners,
where ignition and combustion take place.

3.3.2 Stokers

Solid fuels that have not been pulverized require a stoker to introduce
the fuel into the boiler furnace at a controlled rate. There are two broad
classes of stoker (overfeed and underfeed) and often several types
within each class.

3.3.2.1 Overfeed Stokers

In overfeed stokers the fuel is delivered into the furnace above the stok-
er. Designs include the spreader stoker, where fuel is uniformly thrown
across the grate area within the furnace and the fine coal or other fuel
burns in suspension, and the vibrating grate stoker and the moving
grate (chain and traveling grate) stoker, both of which are types of
mass feed stoker.

3.3.2.2 Underfeed Stokers

Underfeed stokers operate by pushing the fuel into the furnace using a
ram feed, screw feed, or similar mechanical means. Designs include the
horizontal feed or side ash discharge stoker and the gravity feed or rear
ash discharge stoker. Primary air is usually unheated and arrives from
tuyeres (nozzles or openings in the stoker). To protect stoker grates
from radiant heat, an ash layer of 3 to 6 inches is typically maintained
on the grate.
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3.3.3 Baffles

Furnace areas require baffles to deflect the gases back and forth
between the tubes. Correct baffle arrangements are necessary to main-
tain combustion gas velocity, ensure correct temperature differentials,
prevent short circuiting of the gas path, and minimize dead spots, which
encourage the deposition of flyash.

3.3.4 Dampers

Furnace temperatures (and in part, heat transfer rates) are controlled by
the opening and closing of air and flue gas dampers and burner reg-
isters.

There are various types of damper:

» Isolation dampers, which shut off flow to or from certain areas

* Balancing dampers, which are employed to balance the flow in two
or more ducts

*  Control dampers, which provide a variable flow restriction

Apart from design type, dampers are also available in different
shapes such as louver, round, and guillotine.

3.3.5 Fans

Fans direct air movement within the furnace or combustion area. The
two primary fan designs are forced draft and induced draft. Draft is the
difference between atmospheric pressure and the static-pressure of
combustion gases.

3.3.5.1 Forced Draft Fans

Forced draft fans (FD fans) provide a positive air and combustion gas
static pressure above that of atmospheric pressure. Almost all boilers
have FD fans that force air from boiler inlets through the furnace and
convection-pass sections.

3.3.5.2 Induced Draft Fans

Induced draft fans (ID fans) are located near the end of the flue-gas
path and provide a negative static pressure below that of atmospheric
pressure (creating a partial vacuum). This induces outside air to infil-
trate any openings in the boiler.
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Fire tube boilers usually do not have ID fans because they normally
can obtain sufficient ID from the stack’s natural draft. However, they do
employ FD fans, which provide a positive furnace pressure.

Large WT boilers generally have a balanced draft system (i.e., a
combination of both FD and ID fans) and usually operate at negative
furnace pressure (0.1 to —0.5 inch of water) to provide for better con-
trol of both the furnace flue-gas pressure and the fuel-air combustion
process.

Draft is usually measured in inches or centimeters of water using a U-
tube manometer, with one side connected to the sample point (such as
the furnace section, convective-pass section or the boiler stack) and the
other side open to the atmosphere. The difference in the manometer col-
umn height indicates boiler draft pressure, which may be either high-
er (overpressure) or lower (underpressure) than atmospheric pressure.

NOTE: One inch of height difference in a U-tube manometer represents
0.0361 psia. A typical draft in a large balanced-draft WT boiler is on the
order of 2 to 4 inches.

3.3.6 Economizers and Air Heaters

Economizers are one of several types of FW heaters, all of which are
designed to provide thermodynamic gains in the steam cycle. They
typically are located in the exit gas system, where their use improves
overall boiler efficiency, which tends to increase by 1% for every 40 to
50 °F (22-28 °C) reduction in flue gas temperature

Economizers form part of the boiler (heat transfer) surfaces,
whereas closed LP/HP heaters and open (deaerating) heaters,
although forming part of the overall FW supply system, are often
regarded as balance of plant equipment.

Economizers are heat transfer tube bundles that preheat MU water or
FW flowing within the tubes by extracting waste heat from the flue gas
during its exit path to the stack. They typically account for approxi-
mately 10% of the total boiler heat transfer surfaces, while absorbing
only 7% of the total heat generated in the boiler system.

There are various WT and FT boiler economizer designs, classified
as either steaming economizer and nonsteaming economizer types
according to thermal performance. These economizers are constructed
in either bare tube or finned tube (extended surface) patterns. They may
be positioned horizontally or vertically within the boiler system, in
either cross-flow or counterflow arrangements.
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Because economizer tube bundles produce very hot FW within the
tubes, they may be subject to serious waterside corrosion and deposi-
tion problems, in addition to gas-side dust erosion problems and cold-
end acid attack from sulfuric acid (derived from sulfur-containing
fuels).

A specific waterside problem that affects many economizers is nor-
mally one of oxygen corrosion. This affects the internal, carbon steel
tube header, first-pass tubes, and primary tube bend areas because
these areas first receive cold FW. This form of corrosion commonly
results in red oxides, economizer pitting and tuberculation, and
potentially premature tube failure.

NOTE: Where FW/MU water deoxygenation by chemical oxygen scavenger
(such as catalyzed sodium sulfite) is employed prior to the water entering
an economizer, it is definitely not recommended to add chelants at or close
to this economizer upstream injection point. Chelant injection here deacti-
vates the cobalt catalyst often used, permitting the FW dissolved oxygen to
remain unscavenged and thereby significantly enhancing the risk of oxygen
corrosion—induced, economizer damage. In fact, chelants should be added
only as far downstream of any chemical oxygen-scavenging injection point
as possible.

The periodic development and use of new steel alloys can improve
ferrous corrosion resistance; however, where economizer units are con-
structed of copper alloys, under certain conditions serious copper cor-
rosion problems may result. This occurs when FW having a pH over
8.3 also contains small amounts of ammonia and dissolved oxygen
(DO). The ammonia may be present, for example, as a result of the
overuse or inappropriate application of certain amines. Further damage
may occur from the plating-out of the copper-ammonia ion then creat-
ed as a cathode on boiler tubes. This promotes anodic corrosion of the
immediate surrounding anodic areas.

Economizer corrosion rates are enhanced by higher heat-transfer
rates; excessive heat flux may create localized nucleate boiling zones
where gouging, as a result of chemical concentration effects, can occur.
Air heaters are also located in the exit gas system. They do a job sim-
ilar to that of economizers except that they preheat combustion air.

Air heater designs include:

* Convection air heaters, of tubular or plate design
* Regenerative types, used in large boiler plant installations
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3.3.7 Feedwater Pumps

No matter the duty (utilities excepted), most boiler plant systems
employ electric motor—driven, single-stage or multistage centrifugal
pumps to supply FW. These may be of conventional design or deriva-
tions such as a turbine pump. However, steam-driven reciprocating
FW pumps (steam pumps) are still employed in some countries and for
certain smaller applications.

NOTE:

Feedwater delivery from a pump varies with the rotational speed of the
impeller, so by doubling the speed, the quantity of water delivered also dou-
bles.

Head pressure increases with the square of the speed, thus doubling the
speed provides four times the head.

Pump power requirements increase with the cube of the speed, so dou-
bling the speed requires eight times the power.

However, all pump discharges are subject to friction and other losses,
and it is therefore necessary to refer to various pump curves and design
data in order to establish the correct pump design and to provide a precise
match in terms of pump capacity, FW temperature, head demands, and
mode of pump operation.

The FW storage tank (feed tank) or deaerator storage reservoir must be
at the correct height to ensure the proper net positive suction head (NPSH)
for the pump.

Some commonly employed FW pumps are described in the follow-
ing sections.

3.3.7.1 Centrifugal Pumps

Centrifugal pumps utilize one or more impellers rotating at high speed
within a casing to provide centrifugal force to the FW and to convert
this force into pressure.

In a multistage centrifugal pump, the discharge from the first
impeller enters the suction of the next impeller and so on, with the pres-
sure increasing at each stage. The shape of the casing is used to direct
the FW discharge. This type of pump can be started with the discharge
valve closed.

Centrifugal pumps obviously must be provided with adequate sup-
plies of FW but may nevertheless fail to deliver it to the boiler if the
temperature is too high and there is a consequential risk of steam form-
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ing in the FW supply. If LP zones or abrupt pressure differences occur
in the FW supply (as can happen with too high a FW temperature), cav-
itation erosion of the pump casing and impeller may occur. This form
of metal wastage also may happen with highly turbulent FW flow.
When the impeller or casing is made of cast iron (common in many
designs of FW pumps and other pre-boiler items of equipment), under
certain operating circumstances graphitic corrosion can occur.

3.3.7.2 Turbine Pumps

Turbine pumps resemble centrifugal pumps but use a combination of a
diffusing ring and a casing design to direct the FW discharge. The axial
clearance between the impeller and casing is less for a turbine pump
than for a centrifugal pump.

Turbine pumps are positive-displacement pumps: They cannot be
started with a closed discharge valve and require the fitting of a pres-
sure relief valve to provide overpressure protection,

3.3.7.3 Reciprocating FW Pumps

Reciprocating FW pumps may have either one or two steam cylinders.
They are positive-displacement pumps and usually operate at only slow
speed. They are efficient but can rapidly lose efficiency when either the
steam or water valves are worn.

The exhaust steam can be used for FW heating but must first be
passed through a separator to remove oil contamination.

3.3.7.4 Steam Turbine-Driven FW Pumps
(FW Pump Turbines)

Instead of using multistage centrifugal FW pumps, larger boiler plants
such as utilities or cogeneration plants producing over, say, 300 to 400
MWh, often employ steam turbine—driven FW pumps. These are high-
speed rotary devices that are reliable and efficient in operation and can
be used with high-speed pumps without the need for any intervening
gears.

Feedwater pump turbines typically receive steam from the main tur-
bine (at the IP to LP crossover stage) at 100 to 200 psia (6.9-13.8 bar),
and condense the steam to 2 to 3 inches of mercury absolute (0.07-0.10
bar) exhaust pressure, either to the main turbine condenser or to sepa-
rate condensers.
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3.3.8 Superheaters and Reheaters

Superheaters and reheaters are tube bundles located in either the boiler
furnace section or the convection-pass section. They are designed to
increase the temperature of generated steam prior to its being passed to
a turbine. Many larger power boiler designs incorporate a steam
reheater in addition to one or two banks of superheaters.

Turbines for electricity generation are limited in their efficiency, in
part by moisture present in the steam but also by the partial condensa-
tion that occurs during the loss of energy when work is done by steam
passing over the turbine blades. Thus, an increase in steam temperature
over and above that required for saturation (through the use of a super-
heater) reduces the potential for condensation to occur and raises the
efficiency of the combustion-to-electrical generation process, perhaps
by 4 to 5%.

NOTE: Typically, = 7,200 Btu are required to provide 1 kWh. At 80% effi-
ciency this requires 9,000 Btu of fuel energy to be supplied. However if the
efficiency can be raised by 5% by the use of superheat and reheat, only
8,470 Btu is needed.

The two basic types of superheaters are the convection superheater
and the radiant superheater.

Superheater tube bundles are designed for different arrangements
within the boiler:

*  Pendant arrangement: A suspended series of coils usually shielded
against radiant heat

» Interdeck arrangement: The tube bundle is located between banks
of primary boiler tubes

* Platen arrangement: Similar to the pendant arrangement, but the
tube bundles are all in one plane

* Horizontal arrangement: The tube bundle is supported by lugs,
stringer tubes, or convection-pass wall cooling tubes

The formation of superheater deposits in and around the super-
heater tube outlets and receiving header is a relatively common but
serious superheater problem that may occur. These deposits are
caused by contamination from BW carryover and also by gross con-
tamination of attemperation water used to control the degree of
superheat.
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Long-term overheating may cause thermal oxidation on both the
external and the internal superheater surfaces, resulting in a gradual
buildup of coarse black magnetite. Corrosion fatigne may also occur.

If dry lay-up procedures are not carried out entirely satisfactorily
(e.g., if a nitrogen blanket is not permanently provided to the super-
heaters during the lay-up period), atmospheric moisture may condense
and oxygen corrosion will ultimately occur.

Finally, if a tube steam leak occurs in a boiler, then depending on the
internal arrangements steam may cut into or cause a damaging groove
in part of the superheater tube bundle.

3.3.9 Spray Attemperators (Desuperheaters)

The control of superheated steam temperature is achieved by attem-
peration, using either surface (heat exchange) or spray (direct con-
tact) attemperators. The spray type, which requires the steam to be
sprayed with water, is the most widely used, and a schematic is shown
in Figure 3.1.

The attemperator may be located between banks of superheaters or
at the superheater outlet.

High-quality water is required (TDS < 2.5 ppm), and it must not
add more than 40 ppb TDS to the steam.

3.3.10 Steam Traps

Steam traps are automatic mechanisms that remove low heat—content
air and condensate from the steam delivery system. The lack of steam
traps or use of traps that fail to function properly leads to a gradual
decline in heat-transfer efficiency, waterlogged heat exchangers, and
water hammer (which may in turn result in ruptured pipes). When
adequate maintenance of steam traps is neglected, this ultimately leads
to a serious overall loss of operating efficiency. There are various types
of steam traps, each designed for a specific function. Some common
variations are discussed in the following sections.

attemperator
* water flow | thermal sleeve

—
gzl oo steam out

steam in
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Figure 3.1 Spray attemperator.
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3.3.10.1 Thermostatic Steam Traps

Thermostatic steam traps contain a bellows-type element that expands
in contact with steam, causing the valve to close, but opens at lower
temperatures to allow condensate or air to escape. Typically, thermo-
static steam traps are used at up to 150 to 250 psig.

3.3.10.2 Float Thermostatic Steam Traps

Float thermostatic steam traps employ a float valve that rises in the
presence of condensate and then opens to permit the discharge of the
condensate.

The thermostatic element component only opens if the surrounding
temperature is lowered by the presence of air or other noncondensable
gases. These gases can then escape, but entering steam again closes the
thermostatic valve. Float thermostatic steam traps are typically used at
up to 125 psig.

3.3.10.3 Inverted-Bucket Steam Traps

Inverted-bucket steam traps contain a small bucket that becomes buoy-
ant if steam is present and shuts off a discharge valve. The presence of
condensate causes the bucket to sink and the discharge valve to open.
Any entrained air is removed through a small hole in the bucket.

3.3.10.4 Impulse Steam Traps

Impulse steam traps rely on steam to maintain pressure on a piston and
valve arrangement. When air and condensate enter the trap, the pres-
sure is reduced above the piston and the valve opens.

3.3.10.5 Thermodynamic Steam Traps (Disc Steam Traps)

Thermodynamic steam traps also rely on pressure differentials for their
operation. They employ a control disc to open or close a discharge ori-
fice. Both impulse and disc-type steam traps are used in medium-pres-
sure (15-250 psig) steam delivery systems.
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3.3.11 Sampling Coils
(Sampling Pots/Sample Coolers)

Many boilers are fitted with a heat exchanger—type water sampling coil
that permits the collection of a representative and cooled BW sample.
The design generally provides for a coil of copper or stainless steel (SS)
fitted inside a small SS shell. The unit is fitted with gate valves to con-
trol the flow of cooling water and BW.

In general, larger steam-raising boiler installations more commonly
tend to employ sampling coils, and the boiler plant design may provide
for one or more sampling points per boiler. The sampling coils often
function continuously, although the permanent trickle of BW is col-
lected and routed to a ‘“‘save all”” tank or other receiver.

Operators of smaller boiler plants, on the other hand, usually open
the boiler sampling coil only when it is necessary to take a water sam-
ple. In this case, the BW should be allowed to run for several minutes
before the sample is taken.

The flow of both the BW and the cooling water should be adjusted
so that the temperature of the BW sample ideally does not exceed 30 to
35°C.

The primary reason for installing a cooling coil is for operator safe-
ty when sampling, As the boiler pressure rating increases, it becomes
increasingly important to use a cooling coil.

It should also be noted, however, that if a BW sample is taken direct-
ly off the boiler (or if there is inadequate cooling when using a sam-
pling coil), some of the BW will flash off as steam. This can, in effect,
concentrate the BW sample by as much as 25 to 30%, resulting in ana-
Iytical results that reflect an apparent serious overconcentration of
TDS, alkalinity, or other analytical parameter.

The usual response to the apparently high and out-of-specification
result is to “correct” the problem by increasing boiler blowdown. The
net result is an unnecessary waste of BD water and the heat associated
with it. Consequentially, there is an unnecessary increase in fuel con-
sumption.

Given the importance of ensuring proper boiler plant safety and opti-
mum BW quality and treatment, it is surprising how many smaller boil-
ers are not fitted with sampling coils. They are often viewed as an
unnecessary expense, but because a boiler typically costs several hun-
dred times as much as a sample cooler, this viewpoint is clearly non-
sense. The fact is that sampling coils are a vital fitting on any boiler.
The cost usually can be recovered within a few days or weeks as a
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result of more accurately identifying the true condition of the BW and
managing the blowdown program accordingly.

3.3.12 Blowdown Water and Flash
Steam and Heat Recovery Systems

Various designs of blowdown water heat recovery systems, including
flash steam and heat recovery systems (FSHR), are available and
usually are designed automatically into utility and other large steam-
generating boilers plants. This is seldom the case with smaller, indus-
trial steam-raising boiler plants (although the position continues to
improve globally as the cost of fuel and waste water treatment increas-
es and environmental awareness programs take effect).

Flash steam and heat recovery systems are almost never fitted into
hydronic heating and LP steam boilers because of the very limited dis-
charge of boiler water as blowdown. A schematic drawing of an FSHR
system is shown in Figure 3.2.

Flash steam and heat recovery systems provide a useful and simple
means of recovering both heat energy and steam condensate that would
otherwise be lost by BD. The capital cost for an average sized industri-
al boiler house is relatively low, and capital payback periods are usual-
ly within 12 to 24 months.

For any particular FSHR design, capital payback periods are clearly
reduced by half if the equipment is installed in a boiler system that

flash steam line P

deaerator

blowdown valve
flash vessel |

steam traj
P o | heat exchanger I
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Figure 3.2 Flash steam/heat recovery (FSHR) system.
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operates 24 hours per day rather than only 12 hours per day. As with
any boiler, the maximum continuous rating (MCR) size of FSHR sys-
tem equipment is exactly the same.

Flash steam and heat recovery systems perform more efficiently if a
continuous source of blowdown is provided. Depending on boiler pres-
sure, the potential BW blowdown recovery is up to 25% of the blow-
down volume recovered as flash steam and up to 75% of the heat
content recovered. The flash steam can be passed to a LP steam line or
sent back to a deaerator or feed tank, where it provides both FW heat-
ing and a replacement for MU water.

The percentage of BW blowdown steam flashing off is a function of
the boiler pressure, as shown in Table 3.1. An example of FSHR calcu-
lation is provided at the end of this section.

In many ordinary industrial plants, the arrangement of the various
boiler plant systems is not conducive to the optimum use of any flash
steam generated. Recommendations to consider include:

* Avoid using unlagged condensate lines because much of the heat
available will simply be wasted to the air rather than returned to the
boiler FW system.

* Avoid using unlagged and open-top FW tanks. Ensure a good feed
tank design (as shown in section 3.3.15), with the condensate return
line going fully to the bottom of the feed tank and terminating in a

sparge pipe.

Table 3.1 Flash steam recovery from a FSHR system

Boiler pressure psig Percentage (%) flash steam

75 9.9
100 11.8
125 13.5
150 15.0
175 16.2
200 17.3
225 18.5
250 19.5
300 21.2
400 24.3
500 26.9
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* Avoid overheating FW tanks and the generation of steam in the
tank. If the FW temperature is too high and there is inadequate net
positive static head (NPSH) on the FW pump suction, the pump will
not operate and cavitation problems may occur.

Flash steam often may be usefully recovered by fitting a flash vessel
either in a common condensate return system or after the steam traps,
where large volumes of HP steam are used. Flash steam recovered in
this way can be discharged to an LP steam delivery system.

The flash vessel should be fitted with a floar or inverted-bucket type
steam trap to the condensate discharge line, and also a pressure relief
valve to prevent excess pressure buildup, as may happen if the demand
for LP steam drops below the flash steam production rate.

An alternative way to use flash steam is to provide several, small
self-contained FSHR systems, keeping the system pipework to a mini-
mum and lagging the pipes to avoid unnecessary heat losses. Flash
steam forms at the point where the pressure drops, which is at the BD
valve or the valve seat of the steam trap. From this point the flash steam
and condensate travel together until the flash vessel is reached. The
vessel then acts as a steam—water separator.

The minimum flash vessel height is typically 3 to 4 ft (1-1.3 m). The
maximum steam velocity through the vessel should typically be 10 ft/s
(3m/s), and the maximum flash steam exit velocity should not exceed
50 ft/s (15 m/s).

Example of Heat Recovery Calculation

* A facility is an industrial manufacturer, operating 24 hours per day
for 355 days per year.

» The boiler plant is operating at 150 psig and producing 40,000 Ib/hr
(18,140 kg/hr) steam for 8,500 hours per year.

* The BD requirement is 5% of steam generation, which is 2,000 Ib/hr
(907 kg/hr).

¢ Recovered steam sent to a MU water tank at 60 °F (15.5 °C).

NOTE:

1 kJ = 0.948 Btu

1 Btu/lb. = 2.33 kJ/kg approx.
1 therm = 100,000 Btu
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1.

10.

11.

12.

The BD pressure translates to a temperature of 365 °F (185 °C).
At this pressure 15% will flash off into steam in the BD valve.
The flash steam separates from the BD water in the flash vessel
at a pressure of 3 psig (0.2 barg).

Flash steam equaling 300 Ib/h (136 kg/hr) (15% of 2,000 Ib/hr)
at 3 psig and 220 °F (104.4 °C) is recovered, with a latent heat of
964 Btu/lb (2,243 kl/kg), It is passed to the deaerator, where it
condenses, thus replacing some MU water and giving up both its
latent heat and sensible heat.

Residual BD water totaling 1.700 Ib/hr (771 kg/hr) at 220 °F
(104.4 °C) passes to the heat exchanger. Heat is transferred to the
“cold” 60 °F (15.5 °C) incoming MU water.

The residual BD water (still amounting to 1,700 lb/hr) flows to a
drain at a much lower temperature of 104 °F (40 °C).

Latent heat recovered from flash steam equals 964 Btu/lb (from
steam tables).

Sensible heat recovered by cooling condensed flash steam from
220 °F down to 60 °F equals 160 Btu/lb.

Total heat recovered in flash steam is 964 Btu/lb + 160 Btu/Ib.
This equates to 1,124 Btu/Ib (2,615 kl/kg).

The annual latent heat recovered in this way equates to:
300 Ib/hr x 8,500 hours x 1,124/100,000 = 28,662 therms or
3,023 gigaJoules (GJ)

The sensible heat recovered in the heat exchanger (assuming
100% efficiency in heat transfer and based on the residual BD
water dropping from 220 °F down to 104 °F) is 116 Btu/Ib.

The annual sensible heat recovered in this way is:
1,700 Ib/hr X 8,500 X 116/100,000 = 16,762 therms (1768 GJ)

The total annual realizable heat recovery is 28,662 + 16,762
therms. This equals 45,424 therms (4542.4 MBtu, 4,792 GJ).
This can be further equated to a savings in primary fuel input
requirements.

The total annual condensate recovered is:

(2,000 Ib/hr X 15%) x 8,500/ 8.34 = 305,755 US gal (1,390 m3).

This saving in condensate can be equated to a savings in the
requirement for treated makeup water.
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3.3.13 Condensate Pumps and Tanks

The condensate return (returned condensate or simply condensate)
tank is positioned at the lowest point in a condensate return (CR) sys-
tem and collects condensate from the various steam heating and
process applications. If traps or condensate pumps are installed to aid
the return of the condensate (as is usually the case), this is called a
mechanical CR system. Nevertheless, some parts of the system may
return condensate by gravity either to a condensate tank or directly to a
FW tank.

Some boiler plant designs employ a vacuum pump CR system
because this type of system requires less steam pressure to flow up a
riser. Thus, greater steam circulation can be obtained, giving rise to an
increased heat transfer rate.

Condensate tanks are typically sized 25% larger than the boiler MCR
(the tank is normally designed to be only 75% full). Condensate tanks
should incorporate an atmospheric vent line to prevent pressure buildup,
although this still may occur in systems with leaking steam traps.

Condensate pumps generally deliver CR either to a deaerator or to a
FW tank (ideally in an uncontaminated condition). The condensate
pumps are controlled by a regulator similar to a FW regulator and may
be adjusted by reference to the condensate level as seen through a con-
densate tank sight glass.

3.3.14 Feedwater Heaters And Deaerators

Feedwater heaters of various types, sizes, and shapes have been
employed since the earliest days of boiler plant design. Their primary
purpose is to increase the thermodynamic gains of the steam cycle and
reduce problems of thermal shock in the boiler. Typically, they may be
classified as HP or LP, open or closed FW heaters. Some types of open
FW heaters additionally provide FW mechanical dearation.

An economizer is a type of FW heater wherein the “cold” FW or
MU water gains heat from the exit gas system rather than from steam,
which is used in most other types of FW heater.

The number and types of FW heaters employed in any particular sys-
tem is effectively dependent on the size of the boiler plant. The largest
utility boiler plants use up to 20 to 30% of turbine throttle steam to pro-
vide regenerative FW heating and may have up to six or seven stages
of steam heating (each stage rising by 40-50 °F).

The average industrial process plant, on the other hand, has perhaps
only one or two stages of steam heating, whereas the smallest steam-
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raising plants may not have any form of FW heater or deaerator at all
(apart from the FW tank itself).

3.3.14.1 Closed Feedwater Heaters

Closed FW heaters are used widely in large WT boiler plant systems; a
schematic drawing is shown in Figure 3.3. It is a horizontal, three-zone,
HP, closed FW heater, of a design that is often employed in utility plants.

Closed FW heaters are shell and tube heat exchangers typically
designed to contain U-tube bundles expanded or welded into a single,
stationary tube sheet (although some designs replace the tube sheet
with inlet and outlet box headers).

Saturated or superheated steam flows on the shell side and FW on
the tube side. Closed FW heaters are so called because the steam and
water do not come into contact with each other. Most are of a hori-
zontal design although vertical FW heaters are manufactured.

Maximum design flow rates for closed FW heaters vary with the
materials of construction but are typically:

* Carbon steel: up to 8 ft/s
* Copper/brass: up to 8.5 ft/s
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Figure 3.3 Closed FW heater.
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* Copper nickel: up to 9 ft/s
*  SS/Monel™/Inconel™: up to 10ft/s

3.3.14.2 Low-Pressure FW Heaters

Low-pressure FW heaters are shell and tube heat exchangers located
upstream of the FW pump and designed for pressures typically below
900 psig (62.1 barg).

3.3.14.3 High-Pressure FW Heaters

High-pressure FW heaters are shell and tube heat exchangers located
downstream of the FW pump and designed for pressures typically up to
1,500 psig (103.4 barg).

3.3.14.4 Open Feedwater Heaters

Open FW heaters permit the intimate contact of MU and FW with
steam. In doing so, these heaters not only heat the incoming water but
also provide for effective mechanical deaeration. They are often called
deaerating, pressure FW heaters or simply deaerators (DAs).There
are several different types of DA, including:

* Tray (baffle) deaerators

* Exchange packing deaerators
* Spray deaerators

* Atomizing deaerators

Various deaerators are shown in Figure 3.4 a—d.

Almost all larger boiler plants employ pressure deaerators in the
pre-boiler FW system. They are available in horizontal or vertical con-
figurations and usually are supplied as packaged units complete with
all valves, gauges, sight glasses, and other accessories. Essentially, they
comprise a deaerating device mounted onto a storage compartment that
holds the hot deaerated FW, which is protected from recontamination
by a steam blanket. (Vacuum deaerators may sometimes be used but
they are not FW heaters.)

Small boiler plants often do not incorporate a DA because of the rel-
atively high capital cost of the equipment, although custom and prac-
tice in some countries (notably the United States, Germany, and some
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Figure 3.4 (a) Tray type deaerator; (b) exchange packing type deaera-
tor; (c) spray type deaerator; and (d) atomizing type deaerator.

other industrialized nations) often dictates that a DA is installed. This
is a practice to be encouraged for all but the very smallest plants
because the long-term gains usually far outweigh the initial capital
investment. Benefits include:

* Improved steam cycle efficiency
* Savings in fuel
* Reduced risks of thermal shock
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*» Reductions in chemical deaerator (oxygen scavenger) require-
ments, leading to lower FW TDS and some slight reduction in BD
requirements

The basic mechanism for deaeration is the same for each type of DA
design available; that is, it is the removal of dissolved gases from FW
by reducing the partial pressure of the gases in the atmosphere sur-
rounding the FW. This condition is achieved either by applying a vac-
uum to the system (vacuum deaerators) or by venting the unwanted
gases using steam as a purge gas (pressure deaerators).

NOTE: The operational efficiency of a deaerator is governed by its poten-
tial to reduce the partial pressure of oxygen in the FW to a minimum. The
equilibrium concentration of any gas (such as O,) dissolved in a liquid (i.e.,
the gas’s solubility) is proportional to the partial pressure of that gas in
contact with the liquid. This relationship is expressed by Henry’s Law:

Ctoral =P Xk
where:
C, . = total concentration of the gas in solution

P = pressure of the gas above the solution
k = a proportionality constant (Henry’s Law Constant)

Thus, because oxygen comprises approximately 20.9% of the atmos-
phere, the partial pressure of oxygen in air is approximately 0.2 atmos-
pheres (atm). If the solubility of oxygen in “warm” FW is 4 ppm and, by
use of a mechanical DA, the partial pressure is reduced to 0.002 atm, the
solubility of oxygen in the FW accordingly is reduced to 0.04 ppm.

The corrosive gases removed by deaeration include:

* Oxygen, which is particularly damaging to boiler steel components
through a variety of mechanisms.

» Carbon dioxide, which damages condensate return systems via the
formation of carbonic acid.

* Ammonia, which damages copper-bearing alloy components.

The mechanical deaeration oxygen removal process is not 100%
efficient, however, and all boiler FW must be further deoxygenated by
some form of chemical oxygen scavenger.

In addition, although free carbon dioxide can be removed by deaer-
ation, in practice the process is limited. Most of the available carbon
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dioxide is combined with water and is released with steam into the
steam delivery and condensate return systems. The usual solution to
this is to add ammonia or some form or blend of amine treatment.
This process can be quite effective, but if it is not properly controlled,
it may give rise to the presence of ammonia, which has the potential to
attack copper alloys.

Typical pre-boiler FW system arrangements provide for boiler FW
(which is a combination of CR and MU water) to be pumped from
either the surge tank or the FW rank and delivered to the DA, where it
is sprayed through a spring-loaded nozzle into a steam atmosphere. The
FW is heated to within a few degrees of the steam saturation temper-
ature and more than 95% of the FW oxygen is released into the steam.

NOTE: The proportionality constant k is reduced with increase in temper-
ature. Under these hot DA conditions, the solubility of oxygen is very low
(as per Henry’s Law).

The oxygen thus released concentrates in the upper zone of the
deaerator with other noncondensable gases, passes through a small
vent condenser, and then exits the DA through an atmospheric vent
together with a limited amount of steam.

The balance of the DO is not readily released to the steam and is
removed by a second stage in the DA. This stage is a gas scrubbing
stage, and the specific mechanics vary with each of the different types
of pressure DA,

3.3.14.4.1 Tray (Baffle) Deaerators Tray deaerators spray FW water
into a steam-filled first stage section (which provides primary heating
and partial deaeration of the water in the usual way). Very hot FW then
cascades down through a tray stack, breaking into fine droplets from
tray to tray and mixing with incoming steam, which heats the water to
full saturation temperature This process removes almost all the remain-
ing oxygen and other noncondensable gases.

3.3.14.4.2 Exchange Packing Deaerators Exchange packing deaer-
ators are very similar to tray deaerators but use a vertical fill pack
(exchange packing) to provide a high surface area for thin-film
water—steam mixing and the easier elimination of dissolved gases.

3.3.14.4.3 Spray Deaerators Spray deaerators pass hot and almost
fully deaerated water from the first stage to a separate, lower, second-
stage section, where the pressure is dropped. This causes the water to
boil and remove the final gases.
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3.3.14.4.4 Atomizing Deaerators Atomizing deaerators collect the
water from the first stage of deaeration in a conical water collector
located within a common deaeration chamber—storage area and then
pass it through an atomizing valve. High-velocity steam meets the FW
at the atomizing valve, breaks it down into a fine mist, and heats it to
full saturation temperature.

The mist mixture strikes a baffle plate that separates water, steam, and
other gases. Hot, gas-free water then falls to a lower storage compartment
while the steam and noncondensable gases rise and are vented.

3.3.14.4.5 Pressure Deaerator Troubleshooting 1If pressure DA
equipment is properly maintained and carefully set up, operators
should be able to produce FW containing dissolved oxygen (DO) lev-
els of less than 0.005 to 0.01 cubic centimeters per liter (cc/l) O,,.

NOTE: 0.005-0.01 cc/l O, = 0.0072 to 0.0143 part per million (ppm);
0.0072 to 0.0143 milligram per liter [mg/l]; or 7.2 to 14.3 parts per billion
(ppb).

To convert DO in cc/l to mg/l, multiply by 1.433, for 0 °C and 760 mm
pressure.

Solubility corrections are needed for different temperatures, pressures,
and salt concentrations, but they can be ignored for the low levels of DO
considered here.

Nevertheless, manufacturers typically claim that their various pres-
sure DA designs produce FW containing DO at levels of less than
0.005 cc/l, (7.2 ppb) oxygen and 0.0 cc/l carbon dioxide. This level of
deaeration is normally reported at a temperature of 227 °F (5 psig
nominal). This ultra-low level of DO is, in fact, normally achieved in
large, HP utility power generating stations, where operational stan-
dards typically require a maximum DO level of 0.005 to 0.007 mg/l
(57 ppb) oxygen at the economizer inlet, before the addition of chem-
ical oxygen scavenger.

In these kind of facilities, the DO level is measured very frequently
to ensure compliance and may often be measured periodically in real
time, with the results automatically forwarded to a system management
monitor located in a central control room.

It is rare, however, that other types of organizations (such as the
average industrial facility) can afford this level of DO monitoring vig-
ilance. It is also rare (utility stations apart) that deaerators receive the
kind of preventative maintenance and general attention necessary to
ensure that they operate constantly at peak performance. The inevitable
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reality for most boiler plant systems is that practical DA efficiency is
less than potentially achievable.

NOTE: A more usual FW DO performance standard achieved is 0.008 to
0.030 cc/1 (0.011-0.043 mg/l, 1143 ppb) O,.

If a pressure DA under surveillance does not provide a satisfactory
level of deaeration, there are several things to check. These include:

1. Check the DO analysis. Repeat the tests and check the reagents,
the validity of the sampling point, the validity of the DO method,
and the detection limits. Water to be sampled must always be prop-
erly cooled (typically below 80 °F/27 °C, although some methods
specify 60—65 °F/16-18 °C). Samples should be taken either before
any addition of oxygen scavenger or from a suitable scavenger
bypass point. Sampling procedures should follow an appropriate
method, such as American Society for Testing and Materials
(ASTM) D510, D860, D1066, or equivalent. The sampling point
must run for a considerable time before the sample is taken (which
may range from a minimum of 5 minutes to perhaps an hour or
more). The Winkler method (with or without modifications)
remains a primary “wet” chemistry method (ASTM D888) and
requires duplicate samples to be taken from sample water flowing
into 500-ml glass sample tubes and with a minimum of 10 changes
of water before the stopcocks are closed.

NOTE: Where samples for DO analysis are taken from a deaerator storage
compartment, it should be remembered that a chemical oxygen scavenger
is typically added to this compartment (usually via an injector quill locat-
ed below the water line). It may take several hours for this chemical to be
diluted out of the tank.

2. Employ appropriate test equipment and methods. The DO
measurement methods employed may need have detection limits
down to 1 to 2 ppb. Although the Winkler method may be
employed, suitable ultra-low-range field DO meters are available,
Chemical field test methods include the Rhodazine D method using
CHEMets® DO ampoules and a color comparator (ultra-low-range
method) from Chemetrics Inc.

The CHEMets method utilizes a small sampling reservoir conve-
niently affixed to a smooth surface and filled via a rubber tube from
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a controlled, upward-flowing stream of sample water. The sample
point must be absolutely leak-free because the smallest air bubble
sticking to the inside of the sampling reservoir will cause erroneous
results. The tip of a test ampoule is broken off under the water and
the sample is drawn in. This results in a color change that can be
compared to permanent color standards.

In practice, the sample reservoir is quite small, and the task is
made easier with a larger glass filter funnel firmly mounted to a lab-
oratory stand. The height of the upward flow of water is controlled
using a tube grip on the bottom discharge hose.

3. Check the original DA specification and compare it against current
performance. Deaerator performance should be checked at least
quarterly and perhaps monthly. (This task is almost never undertak-
en on anything like a regular basis in most industrial facilities.)
Check the temperatures and pressures of the steam—water mixture
in the deaerator top section and the stored water compartment
because problems here are quickly reflected in poor DA perform-
ance. The steam/water mixture in the top section should be within
4.0 to 4.5 °F (2.2-2.5 °C) of the saturated steam temperature for the
particular DA operating pressure, whereas the difference between
the storage section temperature and the DA top section temperature
should not be greater than 4.5 to 5.0 °F (2.5-2.8 °C).

Most DAs are set to operate at 5 psig with an exiting boiler FW
temperature of 227 °F (108.3 °C). In practice, however, the stored
water discharged from the base of the deaerator drops by several
degrees during its journey to the boiler as the result of some heat
loss to the surroundings.

In practice, many DAs operate at only 2.3 to 3.0 psig, although
they may be able to operate comfortably at 10 psig (the pressure
vessels are rated to 50 psig), which provides both a higher DA oper-
ating temperature anda higher FW temperature. The result of rais-
ing the DA operating temperature and pressure is to improve the
overall efficiency and rate of DO removal, which can lead to fuel
savings of up to 2%.

To check deaerator performance, appropriate steam tables are
provided in Table 3.2 and some performance notes are given at the
end of this section.

4. Check the DA original design drawing. Check the position of all
inlets, outlets, and baffles. Check to see if any unauthorized modifi-
cations have taken place, such as additional vent openings. The vent



Boiler Plant Subsystem, Appurtenances, and Auxiliaries 107

Table 3.2 Steam tables suitable for pressure deaerators

Absolute Steam Enthalpy (Btu/lb.)
Temp Temp | pressure Bar pressure Water  Evap  Steam
°F °C psia bara psig Hf H A H A
212 100.0 14.7 1.01 0 180.2 9703  1150.5
216 102.2 15.9 1.10 1.2 1842 967.8 1152.0
220 104.4 17.2 1.18 2.5 1882 9652 11534
224 106.7 18.6 1.28 39 1923 9623 11548
228 108.9 20.0 1.38 5.3 196.3  960.0 11563
230 110.0 20.8 1.43 6.1 1984 9587 1151.1
232 111.1 21.6 1.49 6.9 2004 9574 11578
236 113.3 232 1.60 8.5 2044 9548 1159.2
240 15.6 25.0 1.72 10.3 208.5 9521 1160.6
244 117.8 26.8 1.85 12.1 2125 9495 11620
248 120.0 28.8 1.96 14.1 2166 9468 11634
252 122.2 30.9 2.13 16.2 2206 9441 11647

NOTE: H, = enthalpy of saturated water, H e = enthalpy of vaporization, H o =
enthalpy of saturated steam.

should be vertical and free of unnecessary pipework or obstructions.
The vent plume should be constant and almost undetectable at the
point of exit from the vent pipe. (Typically, the vent discharge vol-
ume is only = (.1-0.2 % of the total steam volume supplied to the
deaerator.) If the vent spits irregularly, it is a sign of condensation
occurring in the pipe, and this limits the steady discharge of steam.
Check for any damage to trays, spray nozzles, and the like. Check for
spray patterns, internal cleanliness, corrosion, and deposits.

Deaerators taken out of service should be completely drained, dried,
and provided with a nitrogen blanket during the lay-up period. When
placed back on line, the DA should be on manual steam control. Heating
should be gradual, and care is needed at the point of initial atmospheric
boiling because steam flashing may occur in the FW discharge line.

Notes: To calculate DA performance:

DANC = Deaerator nominal capacity (gpm)
DAAC = Deaerator actual minutes of storage capacity available (to
overflow)
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AVMT = Average mix temperature
CR = Condensate return
MU = Makeup water

NOTE: Deaerator storage capacity is normally sized at 10 to 11 minutes

FW demand at boiler full steaming rate (FSR) or maximum continuous rat-
ing (MCR).

DANC = DA capacity (Ib/hr) gpm
500

DAAC = vessel capacity (to overflow) gall
DANC

For a DA with two sources of condensate return:

AVMT = (% MU X MU °F) + (%CR1 X CRI1 °F) + (%CR2 X
CR2 °F)

NOTE: Total percentage should be 100.

DA steam required (Ib/hr) = DANC gpm X [0.5 X (227 — AVMT °F)]

3.3.14.5 Vacuum Deaerators

Vacuum DAs remove oxygen and other gases from water at tempera-
tures below the atmospheric boiling point. They bring the water to its
saturation temperature by applying a vacuum rather than by heating (as
with pressure DAs).

Incoming water is sprayed through a packed column, which provides
for an enlarged surface area, and aids the release of gases from the thin
film of water produced in the packing. Depending on the DA size and
design, the applied vacuum is maintained either by vacaum pumps or
by stream-jet eductors.

Vacuum DAs are seldom used in boiler plant systems but are wide-
ly used in water distribution systems. They typically reduce the DO
content of water to 0.25 to 0.50 cc/1 (0.36-0.72 ppm) oxygen.

3.3.15 Feedwater Tanks for Fire Tube Boilers

Thousands of smaller boiler plants around the world (mainly FT boiler
plants) have no form of separate FW heater or DA except for the FW
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tank itself. For many of these plants this FW tank is primarily a con-
densate return tank (CR tank) or hot water return tank (HW tank).
As a consequence, the operators rely on the FW tank to fulfill many
functions. The tank may act as a:

+ Hot condensate receiver

* Cold water MU point in the steam cycle system
*  FW heating vessel

« DA

+ Hot FW storage reservoir

* Receiver for various chemical treatments

Clearly, therefore, the design and correct utilization of the FW tank
and associated FW equipment is of paramount importance in ensuring
the continuous, efficient, and smooth operation of the boiler plant sys-
tem. As an aid to design, a schematic drawing of a FW tank indicating
some of the important elements is shown in Figure 3.5.

Although not particularly common, it also is not entirely unknown
for some boiler plant systems to have steam generation difficulties as a

condensate return ‘1’ vent

manway T

close fitting
tank lid

Y

overflow

sample point

level control
cold MU -

sample point

supplementary
steam/electric

chemical heater with
treatment . thermostat
injection drain
lagging to all FW discharge with sample point
tank surfaces raised off-take pipe ,1,

Figure 3.5 FW tank design for smaller boiler plant.
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result of badly designed FW tanks, and for poor operational practices
to add to the problems. Where this occurs, the kind of problems
encountered may include:

* The FW tank may receive only minimal CR and is cold.

» With low CR the demand for MU water is high and this is general-
ly cold also.

» There is no supplementary form of FW heating provided to the tank
itself (such as electric heaters or live steam).

» The oxygen scavenger cannot cope with the high volume of inade-
quately heated FW and chemical deaeration is poor. This condition
is further aggravated if the FW tank is sized too small because the
oxygen scavenger contact time is reduced.

* No lagging of the tank and associated pipework is present, or
poor lagging that gets wet and permits corrosion to develop from
the outside.

*  Where inhibitor chemical treatments are employed, they may be
added daily by hand (shot-dosed, shock dosed) without any regard
to product compatibility, FW needs, or fluctuations in boiler load-
ing during the working day. The effectiveness of the program is
therefore compromised under these conditions.

It is therefore not surprising to find that where boiler systems operate
under these constraints, they suffer rapid and extensive oxygen-initiated
corrosion to the internal surfaces of the FW system, the feed lines, the
boiler shell, and all internal heating surfaces. With poor oxygen scav-
enging, heavy pitting corrosion and tuberculation is found, especially
on the tubes and at the waterline of the FW tank and boiler shell.

A fundamental problem that occurs even in fully industrialized
countries and large international companies, is that whereas many
smaller boiler plant managers purchase well-designed and efficient
boilers, pumps, and auxiliaries from recognized quality manufacturers
and distributors, the design and construction of FW tanks and even the
overall boiler house system may be placed in the hands of persons with
inadequate training and experience.

It cannot be stressed too highly, therefore, how important it is to
operate with a FW tank of good design and construction. This is espe-
cially true for owners or managers of smaller boiler plants where
resources are often limited and the extra costs and liabilities incurred
can be ill-afforded.
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Some considerations for FW tank design are:

1. The tank should be large enough to hold a 1 to 2 hour’s supply of
FW at boiler MCR.

2. The tank should also be large enough to accommodate peak returns
and surges of condensate, and shortfalls in MU water supply caused
by softener regeneration.

3. The tank should be positioned sufficiently high off the boiler house
floor to ensure that the FW pumps are provided with a satisfactory
net positive suction head (NPSH).

4. Returned condensate should be discharged through a sparge point to
the lowest practical point in the FW tank. The cold MU water sup-
ply line also should incorporate a sparge pipe but should be posi-
tioned at the highest practical point. This arrangement avoids the
problem of poor water mixing because of stratification.

5. Adequate venting is required. Typically, the vent pipe diameter
should increase by 1 inch for every 120 to 150 U.S. gal (25 mm per
= (.5 m?), and two vents are required for tanks larger than 650 to
700 U.S. gal. (= 3 m%).

6. Feedwater tank temperatures should be within the range of 180 to
190 °F (82-88 °C).

7. Sample points should be provided for the final FW and all sources
of water, steam, and condensate that supply the FW tank. All FW
tank sample points should incorporate a sample cooler.

Ideally, a sampling station should be provided where all necessary
samples can be obtained from a single location. This arrangement is
very common in large power stations but rare in smaller boiler houses.
In fact, in many smaller boiler houses it often is virtually impossible to
easily and safely obtain representative samples of condensate from the
various collection lines in the CR system.

NOTE: Consider the following logic:

1. It is generally acknowledged that no matter the size of boiler plant sys-
tem or quality of FW provided, some form of chemical treatment is
always necessary to counter deposition or corrosion problems associat-
ed with contaminants present in the incoming FW.

2. Thus, to correctly assess initial treatment program needs and to regu-
larly monitor subsequently progress, it is necessary to be able to sample
all sources of water that contribute to the boiler FW.
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3. In most boiler plants, the CR contributes more than 60 to 70% of the
total FW supplied. It is clearly unacceptable therefore, not to be in a
position to easily and safely obtain samples of returned condensate.

3.4 BALANCE OF PLANT (BOP) EQUIPMENT

There are potentially many items of equipment that can be described as
BOP, and the classification distinctions are not always clear. However,
electricity generators (especially turbine generators) and condensers are
commonly referred to as BOP, and some notes on these items of equip-
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Figure 3.6 Balance of plant equipment.
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ment are included in the following sections. A schematic drawing of BOP
equipment incorporating a turbine and condenser is shown in Figure 3.6.

The modern global utility power industry typically employs very large
turbine generator sets, with each set having an output of perhaps 100 to
500 MW (although generators are available at up to 1,500 MW or so).
Utility plant designs carefully balance boiler output potential with fixed
turbine set capacity. This normally is not the case with cogeneration
plants, and during operation either steam or electricity capacity output
tend to become a dominant factor and thus dictate the system design.

For many of the larger cogenerators, such as those in industrial manu-
facturing or process operations using by-products or waste material as a
fuel, a primary goal may be to ensure the generation of sufficient steam to
satisfy all industrial demands, or perhaps the capacity to burn all available
waste products as a low-grade fuel for the boilers. Typically, under these cir-
cumstances, high pressure WT boilers at 900 to 1,500 psig are employed,
These in turn pass steam to turbine sets of perhaps 5 to 50 MWh capacity.

Smaller industrial cogenerators may produce electricity only as a
secondary function by coupling back-pressure turbines (0.2-5MW
sets) to their various process operations.

Also, many operators commonly generate electrical power as a pri-
mary function via gas turbine or diesel engines, and then as a second-
ary function use heat extracted from the cooling jackets and flue gases
to generate steam in a WH boiler or a HR boiler.

3.4.1 Electricity Generators
3.4.1.1 Large Steam Turbine Generators

Large steam turbine generators, as operated by the utility power industry,
are usually of a condensing turbine or reheat condensing turbine design
(the latter design incorporating a reheat stage part way through the steam’s
passage across the turbine). They receive steam at 1,250 to 2,500 psig.

Steam entering the turbine is expanded and does work in several
stages. As the steam expands through the stages, its volume increases
and the length of the rotor disc blade and stage must both increase
accordingly to accommodate this greater volume.

The turbine stages may be designed as impulse stages, reaction
stages, or an arrangement that incorporates features of both designs.
With large turbines, the control stages tend to be impulse-type designs,
whereas LP stages are of reaction-type designs.

Large generator designs incorporate two or three separate casings.
The turbine is broken down into three areas: high-pressure (HP)
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section, intermediate-pressure (IP) section, and low-pressure (LP)
section. Exhaust steam from the HP stage is normally returned to a
boiler reheat stage before passing to the IP stage.

Most large generator designs also incorporate a regenerative FW
heating facility where from 20 to 30% of the throttle steam may be
withdrawn from the turbine at various points to provide the necessary
heating. In addition, the primary steam requirement for the FW pump tur-
bines is extracted from the main turbine at the IP to LP crossover point.

These turbine units finally exhaust the steam at considerably less than
atmospheric pressure to a condenser (in most circumstances a surface
condenser is employed). The condenser is designed to raise turbine
operating efficiency by reducing the turbine back-pressure to an
absolute minimum. This is achieved by condensing the exhaust steam
into a smaller volume of condensate, thus creating a substantial vacuum.

3.4.1.2 Impulse Stage Turbines

Impulse turbine design employs a stationary, circular diaphragm onto
which a large number of fixed-position, tear-shaped nozzle blades
(vanes) are mounted. High-velocity steam moves across the vanes and
produces steam jets that are directed into waterwheel-type buckets,
mounted onto discs around the turbine rotor. The pressure of the steam
in the buckets forces the shaft to rotate. The kinetic energy of the jets
is translated into mechanical work as the shaft turns.

Turbine efficiency must be maintained over a wide range of Mach
numbers and pitching, and efficiency depends in part upon a balance of
rugged nozzle construction and the aerodynamic properties of the
bucket blade profiles.

3.4.1.3 Reaction Stage Turbines

Reaction turbine design also makes use of steam jets (which are pro-
duced by steam flowing across static vanes), although the turbine has
rotor discs that incorporate movable blades rather than buckets. The
design utilizes the reactive force produced by steam accelerating
through a nozzle (created by the combination of a stationary vane and
a moving blade) to rotate the shaft.

3.4.1.4 Smaller Steam Turbine Generators

Smaller turbine generators are used by the process and cogeneration
industries. They typically produce electric energy at rates of 2,500 to
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30,000 kWh and usually are extraction or induction turbine types.
These smaller units may be noncondensing or condensing turbine
generators.

Manufacturing industries often utilize condensing extraction tur-
bines and employ the extracted steam for staged FW heating and indus-
trial process applications.

In addition to condensing turbines, manufacturing industries widely
use noncondensing (back-pressure) turbines. These back-pressure
units are of various designs and are employed for electricity generation,
typically within the range 600 to 30,000 KWh at 115 to 1,250 psig, and
for a variety of process applications.

In the United States (and increasingly in Europe and elsewhere), with
the rise in outsourcing, it is now possible for manufacturing industries
to obtain electricity via transportable, trailer-mounted, packaged turbine
generators. Here the steam is supplied from outsourced mobile boilers,
which in turn receive FW from mobile water treatment plants.

3.4.2 Steam and Water Problems Affecting Turbines

The salt deposition and corrosion problems that may occur in turbines
are similar in nature to those affecting superheaters and are essentially
a result of BW foaming, surging (priming), and carryover.

In typical cause-and-effect fashion, these particular problems stem
from less than satisfactory boiler waterside conditions and have their
origins in any of several, often interrelated, mechanical, operational, or
water—steam chemistry irregularities.

Carryover may cause serious problems where turbines are installed.
Factors that can lead to BW carryover include:

» Excessively high, or rapidly changing firing rates and steam release
velocities

* Maintained levels of BW TDS, alkalinity, or chloride above that
which can be tolerated by a particular boiler design or set of oper-
ating circumstances

» Boiler operated with dirty steam separators or incorrect water levels

*  Periodic boiler restarts or frequent load changes that lead to boiler
cycling; this inevitably produces carryover problems

Excessive boiler cycling may result in the exfoliation of high tem-
perature oxide scales from superheater and reheater tubes, and from
steam outlet piping. The particles and flakes of exfoliated scale may
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become entrained in the HP steam flow to the turbine, thus causing solid
particle erosion to the blades and nozzles in the turbine HP and IP
stages. Water droplets entrained in the steam also lead to turbine blade
and nozzle erosion, especially when you consider that the velocity of a
steam jet may reach 2,000 ft/s (610 m/s). Boiler cycling and regular low-
load conditions also promote corrosion in the turbine LP stage.

If silica (in the form of volatile silicic acid) is present in steam at
concentrations greater than 0.02 ppm SiO,, turbine deposit problems
result. In some cases, volatile silica appears not to significantly affect
superheaters but certainly will always form deposits in turbines. Silica
appears in different forms, depending on the steam pressure, and affects
all turbine surfaces, It is most noticeable on the blades, which eventu-
ally results in rotor unbalancing.

Additional problems are sodium salt carryover and copper oxide
steam distillation at very high pressures. Tarbine blade fatigue crack-
ing may occur, although this develops gradually over a long period.

3.4.3 Condensers

Most boiler plants with electrical power generating facilities employ
surface condensers. These are shell-and-tube heat exchangers in either
one-, two-, or four-pass configurations. Surface condensers typically
receive cooling water on the tube-side and steam on the shell-side of
the heat exchanger. The LP turbine steam generally is received at the
top of the condenser and proceeds through the condenser in a down-
ward flow, while the FW turbine exhaust steam enters at the side.
The functions of a surface condenser are:

1. To maximize turbine efficiency (by minimizing turbine back-pres-
sure). This is achieved by condensing steam and creating an ade-
quate vacuum. The level of vacuum created by the reduction in
steam-to-water volume is typically on the order of 26 to 29 inches
of mercury and is in large part a function of the cooling water inlet
temperature. A contribution to the maintenance of the vacuum is
obtained through the mechanical pumps and air ejectors, which
form part of the condenser system.

NOTE: The standard atmospheric pressure of mercury (Hg) is 760 mm Hg
(29.92 in) at 0 °C. Thus, ignoring barometric or temperature differences, it
can be seen that the condenser back-pressure is usually in the range of 29
to 29.92 inches down to 26 inches, which equals 1 to 4 in mercury absolute
(3.4-13.6 kPa,).
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2. To remove oxygen, carbon dioxide, and other noncondensable
gases from the condensate to maintain the necessary vacuum and
to minimize the potential corrosion problems that these gases can
cause in the condensate return system.

3. To serve as a collection point for all condensate drains in a bot-
tom het well, thus recovering high-quality condensate for reuse as
the primary boiler FW component in the steam cycle.

Apart from surface condensers, other condensers are occasionally
employed. These include:

» Direct contact condensers, which spray cooling water directly into
the steam flow and are only used in certain limited applications

* Air-cooled steam condensers, which are used primarily where
adequate supplies of cooling water are not readily available, as in
desert and scrubland areas, and where water resources must be
shared with sizable local populations.

3.4.4 Surface Condenser Operational Problems

Condenser design usually calls for thin-walled tubing with high thermal
conductivity characteristics plus a high degree of resistance to biofouling
and the many forms of corrosion that may occur. (These forms include
crevice and pitting corrosion, biocorrosion, and erosion-corrosion).

Today many designers favor the use of particular grades of stainless
steel and titanium alloys, but older condensers are often constructed of
copper alloys, which may provide a source for copper corrosion, the
products of which can be transported back to the boiler.

The efficiency of the condenser is reduced by poor air removal (and
the presence of other noncondensable gases), so surface condensers
usually are equipped with vacuum pumps but also may incorporate
older style, single or multistage multielement, steam-jet air ejectors.
Under most normal operations, the residual oxygen level is below 20 to
40 ppb O,.

As noted previously, the degree of vacuum created is in large part a
function of the cooling water (CW) inlet temperature, and high con-
denser inlet temperatures or poor heat transfer (as a result of plugging,
scaling, or general fouling on the cooling-water side of the condenser)
lead to reduced efficiency.

Similarly, blocked intake screens caused by aquatic weeds, mussels,
or floating debris reduce the heat transfer potential of the condenser.



118 Boiler Water Treatment: Principles and Practice

With a clean CW system the condenser back-pressuore is a function
of the condenser inlet temperature, so that:

* An incoming temperature of 55 °F (13 °C) should provide a low
back-pressure of approximately = 1.5 in Hg (5.1 kPa)

* An incoming temperature of 75 °F (24 °C) increases the back-pres-
sure to = 2.5 in Hg (8.5 kPa)

* An incoming temperature of 95 °F (35 °C) provides = 3.5 in Hg
(11.9 kPa)

Back-pressure also increases as generator load increases. Where
scale deposition takes place on the condenser cooling-water side, a sim-
ilar increase in back-pressure can be observed. The level of increase is
based on a combination of deposit thickness and the particular mineral
present.

As an example of the effects of a scale deposit, assume a copper-
alloy tubed condenser operating at 70 °F inlet temperature, 2 in Hg
back-pressure and in a clean condition:

* The deposition of 0.010 in of calcium carbonate scale results in an
increase in back-pressure of 6 inches

» The back-pressure increase is to 7.5 inches for a similar thickness
of calcium sulfate deposit

* This back-pressure further increases to 8.5 inches for magnesium
phosphate

Other causes of loss of efficiency include:

Leaking tubes resulting from seal failures

Fatigue or stress-induced cracking corrosion

Poor condenser performance is ultimately reflected in the need for
higher boiler firing rates, and thus higher fuel costs. Where condenser
performance falls below the design specification, there are several
checks that can be made, including:

1. Check the condenser temperature terminal difference (CTTD)
and compare with design specifications. This is the difference
between the LP exhaust steam temperature and the CW outlet tem-
perature. Changes here will reflect one or more of the problems dis-
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cussed earlier. A slight rise or fall in the CW inlet temperature typ-
ically does not affect the CTTD in a clean condenser.

2. Check the temperature drop across the cooling tower (AT). The
cooling tower itself may not be operating efficiently. However, a
higher than normal cooling tower basin or pan temperature (equiv-
alent to the condenser inlet water temperature) may simply indicate
higher-than-design condenser outlet temperatures that cannot be
compensated for because of limitations on tower cooling capacity.

3. Check the recirculating CW flow rate. A decrease in flow rate
results in a temperature rise.

4. Check the recirculating CW pressure. An increase in pressure
drop indicates fouled or plugged tubes, or a fouled tube sheet.

5. Check the condenser absolute pressure. An increase in the con-
denser back-pressure, relative to design, is a sign of fouled tubes, air
leakage, or poor overall cooling tower system performance.

3.5 BOILER PLANT OPERATIONAL
AND WATER TREATMENT BASICS

Boiler operational management processes vary considerably in their degree
of complexity. At larger facilities these processes are controlled by man-
agers who are always qualified engineers (usually mechanical or electrical)
and their operators are typically also appropriately qualified and licensed.

For smaller facilities this is not always the case, and many boiler
houses will not necessarily require the presence of permanent opera-
tors, which can sometimes make the smooth implementation and seam-
less operation of a water treatment program quite difficult to achieve.

Boiler operational management processes provide for various daily
procedures, maintenance routines and checks, including attending to
BD, ash removal (where solid fuels are used), and the monitoring and
control of fuel and MU water consumption, steam production, operat-
ing pressures, air and flue-gas temperatures, and FW and CR flows.

In larger facilities much of this monitoring work is carried out in real
time, with the data transmitted to a remote control station. Increasingly,
the corrective actions necessary may take place automatically through
a computer modem.

For smaller boiler plants all relevant information is recorded in log-
books that provide a permanent operating and control record. The full
and correct completion of logbook entries is mandatory.
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Apart from daily routines, periodic boiler housekeeping, equipment
lubrication, inspection, testing, maintenance, and cleaning, overhaul
and repair work becomes necessary.

No matter the size of facility, some form of water treatment program
is required and although it may form a relatively small part of the over-
all boiler plant operation, it is important. Effective boiler water treat-
ment always requires some degree of capital investment for external
treatment and the provision of an internal program appropriate to the
boiler design and circumstances. Implementation of the program
requires regular monitoring and trend analysis, experienced interpreta-
tion of all cause-and-effect aberrations, and a proactive, results-orient-
ed approach.

3.5.1 Boiler Plant Mechanical
Operational Functions

Boiler plant operational duties occasionally necessitate starting up boil-
ers from cold (cold plant startups or dead plant startups), bringing a
boiler online to support other operational boilers (live plant startups),
and taking boilers offline.

Online boilers may be idle or may run on low- or high-fire and may
operate under a variety of conditions, such as steady-state, peak-load,
or lead and lag arrangements.

A boiler lay-up is provided when the plant is out of service for some
period. The lay-up may be a wet lay-up, wherein water remains in the
boiler and is intended only for short periods; or a dry lay-up, which is
for extended periods.

Routine work typically includes monitoring and reporting load
changes, unusual occurrences, machinery failure, steam leaks, and the
like. In addition, boiler plant personnel carry out a number of other
specific functions, including those tasks described in the following
sections.

3.5.1.1 Water-Steam Appurtenance Checks

Water—steam checks include monitoring boiler NOWL and operating
steam pressure, and the periodic testing of low-water cutoft controls,
pressure gauges, and the FW regulator valve.

Operating without sufficient water remains the most common way to
destroy a boiler. If there is any doubt about the ability to provide suftfi-
cient water, the boiler must be shut down.
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3.5.1.2 Feedwater Supply System Checks

Feedwater supply duties include checking and recording the demand
for FW makeup and maintaining correct FW temperatures to prevent
risks of pump cavitation and boiler thermal shock. Periodically check-
ing deaerator performance and inspecting the FW pumps and lines for
any signs of fouling or corrosion is also required.

3.5.1.3 Fuel Management System Checks

Operators are required to maintain correct fuel pressures and ensure
that the combustion equipment (burners, stokers, soot blowers, ash han-
dling, etc., as appropriate) is in good working condition.

Operators also need to test flame failure controls, check the fuel
delivery equipment (pumps, fuel lines, regulators, etc.), and keep ade-
quate fuel consumption records.

3.5.1.4 Air and Flue Gas Management System Checks

Checks to the air and flue gas system include visually inspecting the
furnace and periodically monitoring all fans, levels of draft, furnace
pressure, excess air demands, and combustion efficiency.

3.5.1.5 Condensate Return System Checks

Condensate system requirements are to check the condensate pumps,
steam traps, and overall condensate return system. A loss of condensate
return necessitates an increase in MU water to compensate for the
shortfall in the FW system.

3.5.1.6 Interlock Systems Function Checks

Inspecting and maintaining the interlock system is a vital function. It is
required to ensure general safety and to avoid risks of boiler explosion.
Interlocks provide for the safe sequence of boiler startup and shutdown
procedures.

3.5.1.7 Instruments and Control Systems Checks

Annual checks of all instruments, recorders, and controls are required.
Recalibration of some instruments may be required at more frequent
intervals.
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* Boiler control systems include combustion controls, superheat
steam temperature controls and FW controls. Control systems are
used to maintain steam pressure, boiler load, drum water levels, and
fuel-air ratios.

» Instruments include pressure gauges to measure steam drum pres-
sure, superheater outlet pressure, FW pressure, inlet and outlet draft
pressure, and fuel supply and burner pressure.

¢ Recorders measure steam flow, air flow, FW flow, drum water
level, steam temperatures, flue gas temperatures, flue gas analysis
and smoke opacity.

3.5.1.8 Periodic Chemical Cleaning

Utility boilers generally require waterside chemical cleaning of all
boiler surfaces every 300 to 500 days of operation, and this work may
be carried out by specialist contractors. It is regarded as a “routine”
function, irrespective of water chemistry, laboratory involvement, or
the quality of FW treatment and water management provided.
Chemical cleaning of utility boilers is designed to permit the boilers to
operate at peak performance and within knife-edge control parameters.

Industrial WT and FT boilers, on the other hand, usually tolerate
some limited degree of waterside deposition (but not corrosion), and
with proficient operation, proper attention paid to chemical treatments,
and good technical support services, may (almost) never require inter-
nal cleaning.

However, a problem common to some smaller facilities is the failure
of operators to provide a boiler wash-down of the warm/hot internal
waterside surfaces when draining a boiler (for, say, an annual internal
inspection). When the boiler is not washed down, suspended sludge
present in the BW quickly settles on the outside-top of FT tubes or on
the inside-bottom of horizontal WT tubes and bakes on, thus creating a
“dirty” boiler. This situation leads to a reduction in heat transfer and
increased fouling, which may in turn interfere with natural circulation,
and it also provides a rough surface for the collection of further sludge
during the next boiler operating cycle. The sludge never becomes as
hard as crystalline scale deposits, but after baking becomes far more
difficult to remove.

Hot water and LP steam heating boilers generally accumulate
some bottom sludge as a result of infrequent BD schedules. The
sludge results either as reaction products of chemical treatments



Boiler Plant Subsystem, Appurtenances, and Auxiliaries 123

added to the boiler, or from the precipitation of supersaturated MU
water salts. In those boilers in which significant steam losses or HW
leaks occur, the volume of sludge generated is significantly higher
because the level of MU also is high. This scenario is very common,
despite protests to the contrary—the difficulty is trying to confident-
ly calculate the amount of MU used because in most cases there is no
water meter on the MU water line. Often some iron corrosion debris
is also present in the sludge as a result of unintended air infiltration
or on—off heating cycles.

Because, for whatever reason, these boilers almost always have
some level of sludge present after a winter heating season, they bene-
fit from an annual “boil-out.” This is a program in which the boiler is
provided with a strongly alkaline, short-cycle cleaning program before
being drained, washed down, and thoroughly flushed out. The boiler
normally is subjected to a dry lay-up in preparation for the next heat-
ing season.

3.5.1.9 New Boiler Work

Following the completion of a new boiler installation, it must be
inspected and any remaining debris must be removed, It is then sub-
jected to hydrostatic testing and chemical cleaning prior to startup.

Preoperational cleaning (POC) of new boilers is always required
but is often a last-minute item and not given the necessary attention it
deserves, which may lead to operational problems down the line. A
POC work program is needed to provide for:

* De-oiling, typically using a blend of chemical materials such as
caustic and alkaline phosphates together with nonfoaming sur-
factants; the phosphates employed are generally either trisodium
phosphate (TSP) or tetrapotassium pyrophosphate (TKPP)

* Derusting, typically using gluconates or other chelants
« Passivation, typically using phosphates, hydrazine, etc.

Immediately following the cleaning and passivation program, the
boiler should be refilled and an initial-fill dose of suitable chemical
treatment inhibitor(s) provided. The amount of treatment added is a
function of the volume of water required to fill the boiler, whereas dur-
ing boiler operation the feed-rate of chemical is proportional to the
demand for MU water.
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3.5.1.10 Off-Line, Safety and Other Appurtenance Valve Checks

Vital periodic testing and maintenance of safety valves, pressure relief
valves, stop valves, and other items is usually carried out on a 12-month
cycle. Boiler plant equipment fitted with such appurtenances (and thus
requiring regular checks), include boilers, heaters, deaerators, evapo-
rators, and economizers.

3.5.1.11 Boiler Inspection Work

Inspection of boiler pressure vessels is generally required every 12
months, but this period may be extended to 15 to 18 months under cer-
tain specific circumstances.

Preparing a boiler for inspection requires the operator to first follow a
sequence of specific boiler shutdown procedures, including cooling the
boiler slowly to prevent undue stress to the metal and refractory. The pri-
mary purpose of the inspection process is to ensure continued boiler safe-
ty, and therefore a thorough inspection of all appurtenances is mandatory.

Larger boilers are also regularly subjected to an internal physical
inspection. This is not generally the case with HW and small LP steam
boilers simply because they may be too small to enter. Consequently
inspections of small boiler internals may be cursory or perhaps not car-
ried out at all. Typically the process is relegated to a simple affair of
removing lower mudcovers and peering in for a few seconds with the
aid of a flashlight. This kind of inspection is of limited value because
the observations are generally very subjective and generally fail to
include the taking of photographs or some form of semiquantitative
comparison with previous inspections.

Formal inspection programs present a good opportunity for the water
treatment service company representative to undertake an informal
internal inspection to observe the various boiler surfaces first hand,
perhaps undertake some limited nondestructive testing (NDT) work,
and record the results of the previous 12 months’ water treatment man-
agement program.

Where such internal inspection work is carried, out a safety checklist
and processes for confined space entry permit system and tag-out/lock-
out MUST be undertaken before any person enters the boiler. The
inspection of waterside surfaces should be carried out by a suitable
qualified person and will benefit from employing either an instant cam-
era or a video camera (Boroscope™ or similar fiberoptic-based device)
to record any parts of the boiler where corrective action is needed.
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3.5.2 Water Treatment Program Management

As part of the overall boiler plant operational management process, var-
ious items of water treatment equipment must be periodically checked,
tested, back-washed, regenerated, or otherwise maintained. Such
equipment may include filters, ion-exchange softeners and demineral-
izers, the RO plant, chemical feed tanks, and condensate polishers.

In addition, attention must be paid to the BW internal treatment pro-
gram. Such programs involve the dosing of small amounts of “polish-
ing” chemical treatments to specified points in the water—steam cycle
system, often continuously and proportional to water flow or steam
demand, to provide a desired inhibitory or protective effect.

Also, the particular boiler plant water—steam chemistries must be
reviewed and interpreted at regular intervals. The specifics and com-
plexity of this work depend on the type of boiler plant involved and the
respective chemical treatment programs employed. The frequency of
testing may range from hourly to perhaps monthly, again depending on
the type of boiler operation.

For larger plants some water analysis, results interpretation, and rec-
ommendations for operational changes may be carried out by a boiler
operator, water treatment plant technician or a laboratory analyst (or
even by an outsourced subcontractor); these recommendations comple-
ment similar work undertaken by the water treatment service company
representative.

3.5.2.1 Chemical Treatment Additions

Traditionally, boiler house operational duties include the monitoring of
day tank chemical treatment levels and the top-up of additional chemi-
cals as required. Also required is the checking of consumable invento-
ry stock levels and the inspection of chemical feed pumps, injection
points, automatic controllers, and other items of dosing and control
equipment,

3.5.2.2 Chemical Treatment Testing and Interpretation

Some of the chemical treatment testing work may fall to a boiler plant
operator or laboratory analyst, and such involvement generally is a
good idea because it stimulates interest in the boiler-related treatment
processes and the chemical programs provided to a site. However, irre-
spective of the level of technical qualifications held by site personnel,
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training in the interpretation of analytical test results is a must because
it is a special skill. Mastery of this function is key to attaining good
long-term waterside results.

NOTE: In practice, the skills required to correctly and comprehensively
interpret the various water analyses and provide suitable recommendations
for action are not widely available outside the ranks of the service compa-
nies. When selecting a water treatment service provider therefore, this ele-
ment should factor significantly in the vendor evaluation process.

If full and correct interpretations are not provided, any subsequent
advice, instruction, or actions are unlikely to be fully beneficial, and
boiler waterside problems may occur and magnify very quickly. The
cause of the problems that develop undoubtedly will have a long-last-
ing and eventually deleterious or seriously expensive effect,

Unfortunately, in the field it is not particularly uncommon to find that
incorrect conclusions may be drawn or perhaps inadequate attention be
given to particularly vital analytical results. Alternatively, there may be a
slavish adherence to written control limits without due regard to the prac-
tical operation of the boiler plant and economic implications. It is there-
fore worth reinforcing that, irrespective of the size of the boiler plant
under consideration, proper water treatment training and relevant experi-
ence (especially with regard to results interpretation, assessment of trends,
periodic review meetings, and preemptive management) is essential to the
success of a water treatment program and the benefits it provides.

3.5.2.3 Water Treatment Management Reviews

A periodic review of ongoing water treatment programs with regard to
suitability, economic benefit, training needs, and technical objectives
also is required.

Water treatment technical service representatives must develop rela-
tionships with boiler plant operators and managers and formally meet
on a periodic basis so that all involved understand what must be
achieved and work in concert toward reaching common, agreed-upon
objectives. The frequency of meetings depends on the size of the boil-
er plant, but essentially, informal communications should take place
(up and down the line) very regularly, with a formal program review
taking place perhaps every three to four months.

Senior facilities managers should never abrogate responsibility for
final review of water treatment programs. Such programs may be com-
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monplace, but they typically protect hundreds of thousands or millions
of dollars of investment and remain a critical component in the suc-
cessful operation of any boiler plant. If the boiler or an auxiliary shuts
down as a result of inattention to the waterside conditions, then no heat-
ing is available, no steam is produced, no electricity generated, and
industrial production comes to a halt,

3.5.2.4 Full-Service and Qutsourcing Programs

In the world today there is there is a clear trend in almost every market
sector for companies and organizations to focus their activities on
enhancing core-competencies and build national or global market
brands to advance their respective market leadership positions. As a
result, many noncore activities are often subcontracted to a service com-
pany rather than being undertaken by the organization’s own employees.

This development has for some time involved many aspects of the
boiler water treatment market but has recently extended further into the
overall utilities sector. There are perhaps three levels of extended serv-
ices now available: the water treatment full-service program, the provi-
sion of contract labor to run a company’s boiler plant, and the
outsourcing of utility components or the entire facilities.

* Full-service programs: The demand for a wider variety of added-
value (value added) services at a customer’s facility has led to the
provision of full-service programs by many water treatment service
companies. Full service is replacing the more traditional technical
supervisory service provided by the company’s technical represen-
tative. Full-service work may include the delivery of chemical prod-
ucts, refilling of storage tanks, and the removal of empty containers
(drumless delivery service). Also, the regular inspection of chem-
ical dosing facilities including chemical product mixing and addi-
tion to tank operations, and the review of chemical storage and spill
containment facilities. Such work may additionally include all tech-
nical aspects of the job, equipment inspections, malfunction correc-
tions, and some specific cleaning and maintenance work.

This type of service is clearly beyond the scope of a single techni-
cal representative, and typically the job has grown in complexity so
that the representative now has become a service manager for his or
her customer. As such, the representative is responsible for ensuring
the smooth and seamless provision of a wide variety of specialist
technical services, not merely the chemical water treatment aspect.
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Full-service programs require that the water treatment account
representative be part of a larger sales and services and technical
support team. When such a team subscribes to quality work stan-
dards and environmentally responsible practices, they present a for-
midable taskforce and a valuable partner to their customers.

» Utilities plant contract labor: Today these chemical water treat-
ment-based full-service programs may be further enhanced by the
supply of various boiler plant mechanical and electrical mainte-
nance and repair work, plus energy management services, all from
a single supplier source. In fact, many customers are now replacing
their entire utilities staff with contract labor under a utilities service
contract. The utilities plant contractor usually subcontracts the
water treatment full-service component to a specialist water treat-
ment and environmental services company.

» Utilities outsourcing: The complete outsourcing of utilities, such
as the provision of steam and water, is the next level. In fact, many
organizations around the world have purchased steam from a neigh-
boring manufacturing facility or from a utilities supplier for many
years, but today there are many permutations on this theme. For
some time it has been common to hire a boiler or even a turbine gen-
erator on a temporary basis. Now it is easy to hire the water treat-
ment plant, or simply to buy the MU water needed to run the plant.
Under these schemes, contractors may provide trailer-mounted
water treatment equipment, which is simply driven in and hooked
up directly to the customers deaerator or FW tank.

The latest outsourcing development is for giant services com-
panies to bundle their services together to provide a “‘one-stop
shop.” A services contractor may provide some form of permanent-
ly installed utilities plant under a build, own, operate, maintain
program (BOOM), so that the customer merely pays a contract fee
to receive water, steam, electricity, and other services. Thus, the
entire responsibility for the provision of utilities can be passed to a
contractor, and not merely at one facility, but globally!

However, for most smaller industrial and commercial or institution-
al facilities around the world today, the concept of outsourcing just
about every aspect of the requirement for utilities is not on the agenda,
but it undoubtedly will come when the time is right. In fact, the added
cost of full services is often prohibitive in those countries where in-
house labor rates are low; thus, much of the boiler plant preventative



Boiler Plant Subsystem, Appurtenances, and Auxiliaries 129

maintenance and good housekeeping work remains in the hands of the
facility’s own operators or laboratory personnel. Nevertheless, the
demand for full-service water treatment programs will continue to
grow, and new types of control and technical support services are like-
ly to be offered periodically to the marketplace. These service programs
will doubtless be aided (if not fueled) by the continuous developments
in global communications and the rapid accessibility of real-time mon-
itoring and online information.



4

WATERSIDE AND
STEAMSIDE PROBLEMS:
THE BASICS

All boiler plants require the application of some type of water treatment
program and water—steamside chemistry control to meet the owners’ and
users’ specific strategic, operational, and economic objectives. In
many cases, the objectives may be limited and the treatment simple, but
some form of program and control over water chemistry is required.
Even with the smallest hot water (HW) boiler in which a magnetic
device may have been installed to “condition” the makeup (MU) water,
control over the ingress of oxygen is required to limit internal pitting
corrosion. Similarly, an indirectly fired waste heat (WH) boiler recover-
ing heat energy present in hot gases of combustion will require suitably
treated FW if it is to function effectively with minimal maintenance year
after year.

At the strategic level, boiler water treatment practice is essentially
the planned, actioned, and documented management of the waterside of
pre-boiler, boiler, and post-boiler plant equipment and systems. A key
objective is to identify, obtain, and maintain operational and economic
benefits for the plant owners, including maintaining the cleanliness and
structural integrity of the boiler, its various water—steam cycle auxil-
iaries, and other components for a specified (long-term) period and to
some quantifiable standard.

To achieve this objective at the operational level, consistently good
water treatment practice is required on site. However, achieving this
objective cannot and should not be the sole prerogative or responsibil-
ity of any one person. Rather, if success is to be attained and main-
tained, it requires a proactive approach with joint participation, support,
and communication by the water treatment service company and the
owners and/or operators of the boiler plant.

131
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In each and every boiler plant around the world, almost without
exception, the absence of a decent water treatment program most cer-
tainly will ensure that these operational and economic benefits are not
attained. Cooperation is required between all parties, and in practice the
necessary water treatment functions are inextricably interwoven within
the daily mechanical operation of the overall boiler plant.

The design and provision of an appropriately innovative and cost-
effective water treatment program generally falls squarely upon the
service company, while some of the basic operational functions of the
program such as producing day-tank batches of treatments, testing var-
ious water samples, or adjusting treatment dose rates often are carried
out in part by boiler house, maintenance or laboratory personnel.
(However, the rise in the supply of outsourced utility services, drum-
less delivery systems, real-time remote monitoring, and the like, as
discussed in Chapter 3, is evidence of a significant change in thinking
in this traditional approach to applied water treatment.)

In addition to supplying the various water—steamside conditioning
equipment, chemical treatments, and periodic cleaning or other spe-
cialist services, service companies are expected to provide advice,
practical expertise, and general support for their program in a proactive
manner, to prevent waterside and operational problems from occurring.

When problems do arise, detection and identification of the causes,
together with suitable remedies that will prevent reoccurrence, are
required.

4.1 HOT WATER AND STEAM SYSTEM CYCLES

4.1.1 The Hot Water Heating System Cycle

At its simplest, a HW heating cycle is the circulation of HW from a
boiler (or heat pump or similar device) through a supply and distribu-
tion piping system to various appliances and then back to the boiler.
Hot water systems are hydronic systems and, when of any size, are
designed to operate via various primary and secondary circuits. These
circuits are provided with their own circulating pumps of different
capacities to provide proper layout flow, usually to perimeter-wall fin-
tube convectors, fan coil units, or other space heating equipment.
Apart from meeting space heating demands, many HW (and LP)
steam boilers provide a heat source for domestic HW systems by the
incorporation of a bank of finned copper coils located within the top
section of the boiler. From these coils indirectly heated water is deliv-



Waterside and Steamside Problems: The Basics 133

ered to calorifiers or other domestic HW storage systems, or continu-
ously circulated in a loop back to the coils, with take-offs providing
supply points to individual users. The indirect loop typically contains a
mixing valve for cold water (CW) top-up and temperature control.

In heating, ventilation, and air-conditioning (HVAC) system
designs, the hydronic heating systems also may incorporate cooling or
chilled water circuits, laid out as two-pipe or four-pipe systems. These
terms typically refer to:

* Two-pipe system: This system uses a HW heating supply (pipe 1)
and return (pipe 2). Two-pipe systems also may refer to dual-tem-
perature (dual-temp) systems, whereby the same distribution pip-
ing is also employed for chilled-water cooling. Typically, there is a
changeover from heating to cooling in the spring and back again in
the autumn. However a drawback of basic dual-temp designs is that
they tend to fail to cope with cool mornings and warm afternoons.
Today, digital electronics are employed to solve the practical work-
ability issues of the two-pipe systems, with flow transmitters pro-
viding information on system total flow and tons of heating/cooling
demand, and microprocessors controlling boilers, chillers, and
pumps to meet that demand. In some countries, “two-pipe” may
simply mean two one-pipe systems (HW flow and CW flow).

* Four-pipe system: This layout uses HW supply and return pipes for
space heating (pipes 1 and 2) and chilled-water pipes for space cool-
ing (pipes 3 and 4). Effective building climate control by conven-
tional means is easier with a four-pipe system, but the piping costs
obviously are much higher.

In an ideal HW heating cycle, there is no loss of recirculating water
and therefore no regular requirement for MU water. In practice, no HW
systems operate as fully sealed closed loops, and there are always some
unplanned water losses from leaking pump glands and other factors,
despite protests to the contrary from some operators. (In some cases,
this water loss is very significant and is a prime cause of the waterside
scale and corrosion problems that subsequently develop.) There is also
some minimal requirement for the periodic blowdown (BD) of sludge
generated within the HW system, primarily in the boiler. These water
losses introduce fresh water containing oxygen and other contaminants
into the system, providing the potential for problems such as corrosion
to occur. A water treatment program.is necessary for these applications.
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4.1.2 The Steam System Cycle

The steam system cycle is a regenerative water heating, steam genera-
tion and delivery, and condensed steam recovery cycle. It involves the
operation and management of a boiler(s) and some or all of the auxil-
iaries and balance of plant equipment discussed in Chapters 2 and 3.

The complexity of the steam system cycle varies enormously; in its
simplest form, where the steam is used to provide space heating (via
radiators) or process heating (via a steam coil), it is essentially equiva-
lent to a HW heating system cycle.

When steam in the cycle is lost or used in a process, the reduced vol-
ume of returning condensate is compensated for by introducing some
level of MU water. The loss of water or steam from a steam system
cycle may vary from 1 to 100%. The supply of MU (and to a lesser
degree the addition of chemical treatments) provides a source of dis-
solved solid contaminants that can concentrate in the boiler until some
predefined limit is reached. At this point, BD is required, the loss of
which is also compensated for by the addition of further MU water.

Primarily it is the demand for MU and its quality (by which we mean
the level of natural and introduced contaminants present in the water),
coupled with the boiler and support equipment design and materials of
construction under consideration, that collectively provide for a unique
set of potential waterside problems in any individual steam system
cycle.

As a precursor to discussing the fundamental waterside problems,
two schematic drawings of steam cycles are provided. These examples
(Figures 4.1 and 4.2) display the water—steam path and the key items of
equipment in a FT boiler plant steam system cycle and a WT cogen-
eration steam system cycle.

4.2 THE SCOPE OF BW TREATMENT AND
CONTROL OF STEAM/WATERSIDE CHEMISTRY

Proper BW treatment is largely concerned with the management of
boiler plant and steam system internals through the practical imple-
mentation of appropriate treatment programs. These programs are
designed to counter the omnipresent risk of waterside problems devel-
oping, to support and add value to production processes, and to help
control the demands and costs of maintenance within agreed limits.

As a minimum, such boiler water treatment programs typically
require:
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1. The selective utilization of external water conditioning equipment

2. The addition and monitoring of small amounts of internal specialty
“polishing” treatment chemical formulations

3. The control of steam—water and internal surfaces chemistry within
closely defined parameters

4. The interpretation and communication of the results obtained,
together with practical advice on corrective actions and waterside
management

The initial cause of many waterside problems is the various dis-
solved solids, gases, and other impurities introduced into the boiler
from the MU water, the atmosphere, and associated industrial or other
processes. These impurities may produce scale and also lead to corro-
sion and other operational problems.

Crystalline scales and other minerals may form deposits that reduce
the effectiveness of the boiler as a heat transfer device or cause fouling
that can impede the flow of water and cause overheating by reducing
the level of furnace cooling below design specifications. The presence
of process contaminants also leads to fouling.

Corrosion anywhere within the steam-water circuits results in metal
wastage and possible equipment failure. And if the boiler plant is not
operated correctly or if the water chemistry is not maintained within
certain control parameters, the generated steam may contain contami-
nants in a cause-and-effect process that ultimately affects the utiliza-
tion of the steam, reducing quality in a number of areas, and increasing
fuel, manufacturing, or maintenance costs.

Where problems develop, there is almost always a chain of cause
and effect rather than any single cause, so that problems originating, for
example, in the pre-boiler FW system may produce additional problems
in the boiler itself, or perhaps the post-boiler condensate system, or in
any balance of plant equipment such as a turbine.

There are several fundamental waterside problems that may occur,
each involving a combination of physicochemical reactions. Some of
these problems are specific for particular boiler system types and
designs, while others are more general in nature and have the potential
to cause trouble to all manner of HW and steam-raising plants.

In addition, some waterside problems occur partly as a natural result
of operating very complex steam generating and mechanical processes
and as such can never be totally eliminated. Nevertheless, a failure to
adopt best operating practices or to strictly control the steam—water
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chemistry throughout the entire steam cycle will rapidly increase the
rates of reaction and the development of problems. This in turn raises
operating costs and hastens the onset of costly maintenance and repairs.

Most waterside problems develop insidiously. Over time, scale and
other types of deposit are gradually formed on internal heat transfer
surfaces, which gradually raises the cost of providing heat energy.
Some types of deposition can be very difficult and costly to remove.
Corrosion wastes away the fabric of the plant (sometimes very quick-
ly) and may produce an unexpected and untimely boiler plant shut-
down, with a consequential loss of space heating, electricity, or process
manufacturing capability. Likewise, fouling reduces the size of water-
ways and increases boiler operational problems.

Thus, the entire thrust of a water treatment program requires a
proactive approach to potential problem identification and resolution.
The scope of the program should therefore be wide enough to include
not only all relevant conditioning equipment and chemical treatments
but also a variety of technical and operational support services.

Service company representatives and other personnel involved in
implementing a BW treatment program must regularly attend to a num-
ber of basic operational functions, including:

* Analyzing water samples (from all parts of the plant not just the
boiler)

* Cross-checking and interpreting the various results obtained against
predetermined specifications and norms

* Monitoring logbook events, gauges, recorders, day tanks, and
chemical stock levels

+ Inspecting all associated pretreatment equipment, pumps, tanks,
and valves; also, all internal water surfaces whenever a boiler, con-
denser, FW heater, or other item of equipment is opened

* Reviewing with the customer’s operators and management the cur-
rent waterside status and new problems identified, current treatment
program progress, and future objectives

The scope of any program for BW treatment and steam—water chem-
istry control necessarily includes surveying, monitoring, and possibly
treating or otherwise conditioning various types of water.

Typically, there are several different types of water or steam com-
monly employed in most HW heating and steam-generating plants. In
a large, complex steam system there may be a dozen or more different
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streams that may eventually pass through the boiler proper, including
those listed below.

¢ Raw water

» Externally conditioned, preheated, or intermediately treated MU
water

* Finally conditioned or treated MU water

» Chemical treatment batch dilution water

* Feedwater

* Boiler water

* Boiler water blowdown

» Steam-water recovered from a flash steam and heat recovery
(FSHR) system

* Steam-water recovered from a process reaction

* Circulated HW

* Generated steam

* Superheated and reheated steam

* Condensed steam

» Save-all system water

» Filtered or polished condensate or return HW

* Attemperator water

In addition to external conditioning processes and the need to provide
internal chemical treatments to some or all steam—water circuits within
the steam cycle, the scope of boiler water treatment includes, as men-
tioned earlier, the provision of suitable technical resources sufficient to
control the steam—water chemistry within defined limits appropriate for
the boiler plant under consideration. Because these steam—water con-
trol limits tend to narrow considerably with increase in boiler pressures
(and heat-flux densities), suitable monitoring and control procedures
may require implementing actions with knife-edge precision.

As part of the overall boiler plant design or water treatment program,
some form of pre-boiler conditioning is almost always provided, such
as through the use of filters, ion exchange equipment, evaporators, or
reverse osmosis (RO) plants. Sometimes post-boiler conditioning is
also provided via condensate polishers or magnetic particle separators
for the removal of ferromagnetic iron.
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For the most part, these various forms of external treatment involve
the use of “capital expense” equipment, whereas the term BW treat-
ment is ordinarily employed to indicate the addition of various types of
“maintenance expense” internal treatment specialty chemicals.

NOTE: Simple HW heating and LP steam boiler treatment apart, the term
BW treatment is unfortunately often something of a misnomer. The practice
is, in fact, generally recognized to be primarily concerned with adjustments
to the boiler FW chemistry and the addition of “polishing” chemicals to
compensate for deficiencies or potential problems associated with the FW
rather than with the recirculating BW.

Thus, it is the combination of both external conditioning and inter-
nal treatments, together with some level of associated technical and
support services, that most properly comprises a comprehensive BW
treatment program.

Large utility boiler plants may be considered an “industry,” with one
of their primary manufactured products being steam (electricity is the
other). As a consequence, most utilities possess considerable internal
technical resources and have additional access to specialists to support
their primary industrial focus, and many utilities can therefore manage
their water treatment needs in-house.

However, most other types of organizations (such as the millions of
commercial, institutional, and industrial buildings and facilities global-
ly) do not produce water or steam as a primary product. Rather, they
focus on their own market arenas, with the result that, by and large,
they lack adequate skilled water treatment expertise and resources
internally. These industries therefore employ water treatment service
companies as specialist contractors.

Service company contractors generally can provide a wide range of
BW treatment programs, with each program having a certain degree of
flexibility in design and utilization. As part of the program, dozens of
blended chemical formulations are potentially available for utilization.
For any particular customer’s facility, selections are based partly on
economic considerations but also on ensuring compatibility with each
pre-boiler conditioning process installed and to counter anticipated
problems that may arise under the particular operational circumstances.

Thus, in practice, most treatment programs are specifically tailored
for the boiler plant in question. The program must then be properly and
quickly integrated into normal day-to-day operating practices in order
for the boiler plant owner to gain long-term economic and operational
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benefit and for the service company provider to begin to generate a sus-
tainable profit.

Apart from the provision of various permutations of (chemical-
based) boiler water programs, it is common to find water treatment
companies supplying value adding chemicals and services in other
boiler plant-related areas where their expertise in applied chemical
technology can deliver additional economic benefit. Such areas typi-
cally include cleaning services for boiler waterside and fireside and the
provision of fuel treatments and combustion additives, dust suppres-
sants (for coal and ash handling), acids, and cleaner products.

4.3 FUNDAMENTAL STEAM-WATERSIDE
PROBLEMS AND WATER TREATMENT OBJECTIVES

In any boiler system, there are several fundamentally different prob-
lems that may develop. Some problems may specifically affect only the
waterside boiler surfaces, economizers, or condensate system, but all
will ultimately adversely affect the overall HW or steam-system cycle
and raise the cost of doing business.

These various problems may arise under several different circum-
stances. For example, difficulties may result from consistently poor oper-
ational control of the boiler plant or from enforced operating conditions
that fall outside generally accepted procedures. Alternatively, problems
may stem from malfunctioning equipment, from equipment design flaws,
from inadequate water treatment programs, or even as a result of poor
interpretation of monitored results and bad water treatment advice.

Not all the problems that arise are clear-cut; in fact, one problem
may often mask another problem— or several minor problems may
prove to be interdependent—providing a chain of cause and effect. As
a result, different authorities may not always agree on the fundamental
cause of a particular problem or even the precise chemistry involved.
Terminology and problem definitions also may vary from country to
country.

This book proposes that in two-phase steam—water systems, there
are four fundamental waterside problem areas:

» Deposition, which limits heat transfer

* Corrosion, which damages and eventually destroys metal
* Fouling, which impedes steam—water flow

» Contamination, which adversely affects steam purity
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The distinction between a foulant and a deposit is not always clear.
For example, although a settling sludge may have a fouling action, it
also may settle onto a horizontal heat transfer surface and bake hard—
for all intents and purposes acting as a deposit and insulating the heat
transfer surface. Similarly, scaling deposits often have a rough outer
surface that can cause a fouling action by increasing drag and reducing
the natural BW circulation flow.

In practice, both fouling and deposition actions are likely to occur
simultaneously to some degree or other in a boiler system.
Furthermore, corrosion processes and the entry of contaminants into
the steam-water system usually results in some form of deposition
occurring elsewhere in the system.

As a further example, process contaminant materials such as oil
can commonly enter the steam—water circuit. Unfortunately, oil has a
strong binding action and can attach to corrosion debris suspended in
the water to form adherent deposits that may initiate ‘“hot spot” scal-
ing. In addition, where hardness salts enter the boiler, contaminating oil
can produce a secondary fouling action by binding with freshly sus-
pended calcium or magnesium sludge.

Thus, each of these fundamental problems may manifest itself as
either a stand-alone problem or a compound problem. They can also
support or promote the development of other problems. Each funda-
mental problem can in turn be subcategorized and may arise in the boil-
er plant by any number of different mechanisms, ultimately affecting a
wide variety of equipment.

These scenarios are borne out in practice, and where boiler waterside
problems are identified, there almost always is more than one contrib-
utory factor. Investigation usually reveals a chain of cause and effect.
Typically, any specific causative agent identified (such as oxygen)
affects more than one part or component of the overall system.

Also, in any particular area of a boiler plant system under investiga-
tion, it is common to be able to identify two, three, or more discrete, but
interdependent, problems developing at the same time. This is especially
noticeable in systems where evidence of both deposition and corrosion
exists. The deposit may contain corrosion products, and the corrosion can
often be traced to other problems originating further back in the
steam—water cycle. For example, corrosion of low-alloy steel boiler
tubes may occur as a result of the presence of copper plating out in the
boiler. The copper typically originates from a corroded heat exchanger.
The resultant corrosion product is swept into the boiler with returning
condensate, providing the causative agent for a secondary problem.
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Finally, although the basic development and nature of boiler water
plant problems may be similar to those arising in other types of water
systems (such as cooling water systems), the extremely high
steam—water temperatures and heat-flux densities generally encountered
impart a much higher level of intensity. This in turn creates the need for
more highly focused and effective solutions to boiler plant problems.

4.3.1 Treatment Objectives

The practical objectives of BW treatment are:

1. To maintain all boiler surfaces and other waterside surfaces in the HW
and steam-system cycles in a structurally sound and clean condition,
properly protected against the operational and economic problems
associated with deposition, corrosion, fouling, and contamination

2. To promote waterside conditions that permit the efficient delivery of
HW or good quality, uncontaminated steam

3. To provide technical and other support services to add value to boil-
er operations and production processes

4. To create an awareness of the program objectives and their impor-
tance, and to establish customer confidence in the program’s opera-
tional strategies through training, mutual cooperation, communication,
and management review

For any boiler plant under consideration, the selection of appropriate
programs and the application and control methods employed should be
consistent with these objectives.

4.3.2 Basic Interrelationship of Waterside
Problems with Boiler Design and Operation

Most HW and LP steam boilers (i.e., those that operate below 15 psig)
and many smaller high-pressure (HP) steam-raising boilers employ, at
best, relatively simple methods of FW pretreatment and a basic internal
chemical treatment program. Many times no pretreatment is provided.

This limited sophistication in the provision of water treatment typi-
cally is a reflection of:

* The relatively low heat flux of such boilers

» The lack of importance sometimes attributed to the detrimental
effects of many waterside problems
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» The perceived need to keep external and internal treatment costs in
line with either the output of the boiler or its original capital cost; in
other words, “if it is a small boiler it does not require much in the
way of water treatment,” which is seldom true!

It also is true that certain design limitations imposed by the small
physical size of such boilers may mean that more sophisticated treat-
ments will, in practice, provide no additional benefit to the operator.
Nevertheless, there are exceptions, and some designs of low output but
high heat-flux boilers (such as most of the makes of HP vertical FT
boilers available) in fact require quite sophisticated programs and must
be controlled within very tight parameters to maintain optimum output
and operational efficiency.

As a general rule, however, the following is true:

Where MU requirements are high, irrespective of absolute
boiler output, more sophisticated water conditioning is usual-
ly warranted than would otherwise be provided. Also, as boil-
er output and operating pressures increase and heat and mass
transfer issues become more critical, so the demand for more
exacting water treatment programs, monitoring, and control
activities increases in importance.

Under higher waterside pressure conditions, consideration of bulk
water turbulent flow, the thickness of the steam—water laminar flow
sublayer film at the heat transfer surface, and the general waterside
physicochemical operating conditions that exist are important issues
in reviewing the potential risks of deposition, corrosion, and other
problems that may occur within an operating boiler.

The sublayer film thickness and its chemistry are functions of boil-
er design, FW pretreatment, and boiler operating conditions. This film
essentially provides the primary source of resistance to heat transfer
from the metal wall to the bulk water that circulates within the boiler.
Under boiler operating conditions, the water solution undergoes a con-
centration effect as a result of the temperature gradient, with the
degree of concentration decreasing from the metal wall out to the edge
of the film.

For most HP boilers, the sublayer film temperature gradient is more
important than the bulk boiler water chemistry in determining the risk
of deposition of salts. If a local overconcentration of salts occurs,
waterside scaling and deposition are the inevitable results.
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In typical cause-and-effect mode, where chlorides penetrate the
deposit or where a localized overconcentration of hydroxyl ions
occurs, the magnetite film is disrupted and particular forms of very
damaging corrosion occurs. In addition, where localized heat flux
exceeds design limits within a boiler and may be accompanied by
departure from nucleate boiling (DNB) conditions, overheating and
metal failure may also occur.

Thus, the proper control of deposition, corrosion, and fouling and
boiler structural integrity are interdependent functions, and all these
phenomena are directly related to boiler design and real-time operating
conditions.

Some of these areas of control are individually discussed in the fol-
lowing sections but should be considered in the context of the interre-
lationship that exists.

4.4 DEPOSITION

Deposition involves the formation and precipitation of both crystalline
and amorphous (noncrystalline) scales and the ultimate adherence of
these mineral salt scales onto a heat transfer surface. Problems of dep-
osition have the deleterious effect of reducing the rate of heat transfer,
thus increasing the heat input requirements and raising the costs of
operation. In addition, deposition reduces the efficiency of cooling the
fabric of the boiler (especially the heat transfer metals), which leads to
long-term problems of fatigue failure.

Corrosion may also occur under deposits, and the removal of a
deposit from a heat transfer surface typically may expose a pit or other
form of metal wastage.

Scales may originate at some distant point within the steam—water
circuit and only deposit at a point of high heat transfer. Or they may
simply originate and concentrate locally on boiler surfaces, especially
if the boiler is highly rated.

Deposits found in boilers and other steam—water circuits tend to
originate from several possible sources, including the following:

1. The most common source is the supersaturation and subsequent
scaling of minerals originating in the MU water. Insoluble calcium
carbonate in the form of calcite (CaCO,) resulting from the ther-
mal decomposition of soluble calcium bicarbonate [Ca(HCO,),] is
a classic example. Calcium carbonate quickly forms a white, friable
deposit. In addition, the hydrolysis of excess bicarbonate increases
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the concentration of hydroxyl ions, resulting in the precipitation of
magnesium hydroxide [Mg(OH),].

The precipitation of anhydrite (anhydrous calcium sulfate,
CaSO,) may also occur. Under ambient temperatures, anhydrite is
much more soluble than calcium carbonate, but because calcium sul-
fate, in common with other calcium salts such as calcium phosphate
(also known as tricalcium phosphate [Ca,(PO,),]), has an inverse-
temperature solubility, it deposits more rapidly on the hottest heat
transfer surfaces.

In addition, naturally occurring silicates may form hard,
insoluble deposits such as quartz (SiO,) and analcite
(Na,0O-Fe,0,°4S10,).

2. A further source of boiler deposits is the potential for the localized
overconcentration and deposition of water treatment chemicals
added to the system, and the scaling and sludging that may subse-
quently occur in the BW as a result of reactions initiated by the
presence of the water treatment chemicals. An example is the depo-
sition that may result from the use of standard, phosphate-based
precipitating treatments that are employed to remove residual calci-
um hardness. If phosphate is added to FW lines or tanks and the FW
pH level is relatively low (say, below approximately 8.3), a phos-
phate precipitation reaction typically occurs and results in the for-
mation of calcium phosphate, a hard, dense scale. However, under
higher pH level conditions (such as in the boiler water itself) the
reaction produces hydroxyapatite [Ca, (OH),(PO,).], which is
more desirable, being a relatively soft flocculant sludge, that in the
presence of a suitable dispersant can be easily blown down from the
boiler. Thus, to avoid the risk of FW system deposits, phosphates
are generally added directly to the BW, especially with HP boilers.

Nevertheless, even if phosphate is added directly to the boiler, if this
sludge is not removed by BD it eventually settles and acts as a foulant
to impede flow in the boiler waterways. Furthermore, without ade-
quate dispersants during boiler operation, or if the boiler is not flushed
out when drained down, the sludge may bake onto a heat exchange
surface and generate an adherent, heat transfer—resisting deposit.

3. Another source of deposits is materials in the steam—water circuits.
Acting separately or collectively as foulants and contaminants,
these can pass to the boiler and combine to form deposits that stifle
heat transfer. Corrosion debris from corrosion processes occurring
at other points in the steam-cycle system can certainly form
deposits, and the corrosion product ferric oxide (in the form of



146 Boiler Water Treatment: Principles and Practice

hematite, Fe,O,) has a natural binding action similar to oil and
other contaminants found in the steam—water circuits.

Foulants and contaminants may originate virtually anywhere in the
overall steam—water circuit. Some may be derived from pre-boiler
systems (such as an economizer or deaerator) or post-boiler systems
(such as a steam trap or a condensate line), but they inevitably find
their way into the boiler and cause significant damage and expense.

The tendency to form boiler waterside deposits is partly dependent on
factors such as the solubility of the particular mineral species and the
strength of physical adherence involved. As a general rule, the rate of
deposition tends to increase with higher levels of BW dissolved solids.
Also, the rate of deposition increases with increase in heat-flux density
and with the inadequate dosage, inappropriate feeding, or otherwise
usage of antiscalants and other deposit control agents (DCAs).

Deposits also are commonly formed as a result of corrosion process-
es. For example, at lower FW temperatures and higher oxygen concen-
trations (conditions often found in food processors, laundries, or dye
houses, where small low-load FT boilers generate steam for batch oper-
ations), the corrosion product hematite is often formed.

Magnetite (Fe,O,) may also be found in deposits, although under
the reducing conditions strived for in BW treatment, magnetite natural-
ly occurs and is desirable in that it forms a tough, protective film on the
metal surface.

Smaller amounts of various other metals and their oxides are also
commonly found in deposits including copper, zinc, nickel, and alu-
minum.

4.4.1 Mechanisms of Deposition

High heat-transfer rates at boiler surfaces promote rapid nucleate boil-
ing and other forms of convective boiling, which in turn may cause
steam blanketing.

Under these conditions, localized mineral supersaturation will lead
to the precipitation of various scales and their ultimate deposition on
the heat transfer surface without the possibility of scale resolubliza-
tion. This is because surface washing by bulk BW (with or without the
presence of water treatment chemicals) cannot take place due to the
presence of the insulating steam blanket.

As a consequence, highly rated boilers require higher quality, pre-
boiler water treatment and very careful attention to the internal chemi-
cal treatments used and the overall internal water chemistry.
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NOTE: In practice, “higher quality, pre-boiler water treatment” generally
means the use of FW with significantly lower levels of dissolved solids than
typically employed in lower rated boilers. Additionally, it implies the reduc-
tion of certain specific minerals, ions, and noncondensable gases to meet
very low, or extremely low, concentration specifications.

Low heat-transfer rates at boiler surfaces generate only low steam
outputs. Under these conditions, the mechanism of deposition is differ-
ent from that of highly rated boilers.

With an inadequate BW treatment program, the resultant water
chemistry may permit the very gradual (but persistent) formation of
scaling deposits, the development of which may go unnoticed for some
considerable time.

In WT boilers, if the resultant gradual decline in operating efficien-
cy is not recognized, operators may find boiler tubes partially or total-
ly blocked. This can prove expensive because the boiler will have to
undergo extensive cleaning and probably some retubing work.

Under the same conditions of low heat-flux density, poor water
chemistry, and gradual scaling circumstances, FT boilers may easily
lay down from 1/16 to 1/4 inch of scale (6—12 mm) or more during a
12-month period. Tubes may become bridged by scales and sludges.
Again, cleaning is required and the extra costs incurred for wasted fuel
can never be recovered.

The mechanics of deposition in a boiler are often a cycle of cause
and effect, wherein an initial low level of scale deposited on boiler sur-
faces causes a rapid localized rise in wall temperature. The temperature
increase leads to localized steam blanketing, which in turn prevents the
deposit from resolubilizing. Consequentially, conditions then exist for
the further buildup of deposit on the heat transfer surface.

Deposit morphology is very important in determining the origins of
mineral deposition. The analysis of the deposit may reflect a chain of
cause-and-effect problems, and these problems may stem from any of
several points within the steam-cycle system.

Analyses of deposits from lower pressure boilers may vary widely
and may comprise several major constituents from a wide spectrum of
minerals, although typically there are one or two dominant materials
present such as calcium and magnesium hardness salts and iron oxides.

The potential for hardness salts to represent a dominant part of any
deposit usually is reduced with an increase in boiler pressure. This is
because higher pressure boilers generally have additional and progres-
sively more sophisticated pre-boiler treatment processes installed,
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which, apart from other functions, eliminate calcium and magnesium
salts from the boiler MU water.

Thus, the principal components of deposits from higher pressure
boilers (say, over 350—650 psig) are more likely to consist primarily of
iron oxides, plus some copper, nickel, and small amounts of silica,
rather than calcium carbonate.

Additionally, at higher pressures, the coefficients of thermal con-
ductivity of these deposits gives increasing cause for concern because
scales such as serpentine (3MgO-2Si0,-2H,0) may be present and
often have particularly poor heat transfer rates.

Nevertheless, in general, it is of little practical benefit to dwell too
much on the thermal conductivity of individual minerals because most
deposits obviously contain a mixture of several different materials.
What is more important is to consider the significant reduction in heat
transfer properties that can develop when a clean steel (or copper) sur-
face becomes dirty and to concentrate efforts on implementing proto-
cols that minimize the risk of deposition from the very beginning of a
steam generation campaign. All deposits are potentially damaging and
all increase operating costs.

As a comparison, Table 4.1 lists the coefficients of thermal conduc-
tivity (at room temperature) for some metals employed in heat
exchangers, together with some minerals commonly found in boiler
deposits.

Table 4.1 Coefficients of thermal conductivity for some heat-exchanger metals and
boiler deposits

Material Btu ft/h f °F Wim? °C
Alloy steel 21 36
Carbon steel 32 55
Copper 240 420
Analcite 0.76 1.31
Calcium carbonate 0.56 0.97
Calcium phosphate 2.20 3.81
Ferric oxide 0.35 0.61
Magnetite 1.80 3.11
Serpentine 0.63 1.09
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4.5 CORROSION

Corrosion is essentially an electrochemical process, wherein the oxi-
dation of metals or alloys to their (lower energy state) oxides or cations
takes place.

The corrosion of steel or other metals in a boiler plant system takes
place when an electrochemical cell is established. This occurs when
two different metals (anode and cathode) are coupled together in
water, which acts as the electrolyte in any steam—water circuit.

NOTE: Electrolytes differ from metallic conductors in that the current is
carried by ions, not by electrons (ion: from the Greek word meaning “to
g0”), so the passage of an electric current through an electrolyte is always
accompanied by the transfer of matter.

Corrosion also occurs where only one metal is involved. Here varia-
tions in oxidation potential caused by surface chemistry differences
(such as irregularities in the metal’s crystalline structure or stresses
caused during the finishing stages of manufacture) create microanodes
and microcathodes.

4.5.1 Mechanisms of Corrosion

It is at the anode that oxidation takes place, with the anodic metal suf-
fering a loss of negatively charged electrons. The resulting positively
charged metal ions dissolve in the water electrolyte and metal wastage
occurs. In the corrosion cell, the metal or metal area having the lowest
electrical potential becomes the anode.

At the cathode, a variety of reduction reactions take place, includ-
ing the reduction of hydrogen ions (the gaining of electrons) to produce
hydrogen gas.

The relevant important corrosion reactions are shown below:

Anodic half reactions: Cathodic half reactions:
1. Fe > Fe’+ + 2¢- 1.1/2 0, + H,0+ 2¢~ — 20H"
2. Fe’+ + 20H" — Fe(OH), 2.2H* + 2¢” —> H,*

3.4Fe(OH), + O, + 2H,0 = 4F¢(OH); 3.Cu* +e¢ — Cu
(copper deposits on boiler steel)

Corrosion mechanisms in boiler plant systems take many forms.
They always result in metal wastage and usually result in a loss of
mechanical or structural strength as well.
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Each metal or metal area will develop an electrode with a measura-
ble electrical potential. This potential can be referenced to that of a
standard hydrogen electrode, which by convention is set at zero.
Thus, all metals have either a higher or lower potential compared to
hydrogen, and a comparative list of metals can be produced indicating
their relative nobility. This list is the galvanic or electrochemical
series and measured as an electromotive force (EMF).

In general, the baser the metal, the lower (more negative) the elec-
trical potential at the anode and the higher the potential rate of corro-
sion. Carbon steel and low-alloy steels (which are widely used in boiler
plants) have a relatively low potential with respect to the standard
hydrogen electrode and can therefore be expected to corrode readily
unless active prevention measures are taken. Copper and brasses have
a relatively higher potential.

NOTE: The EMF of boiler steels with respect to the standard hydrogen
electrode is typically —550 to —400 mV, whereas the EMF for copper and
brasses is —50 to +50 mV (compared to hydrogen at 0 mV).

The real electrical potential of various metals and their alloys may,
under practical boiler operating conditions, be considerably different
from their standard potential under ideal conditions. Thus, a reversal
of potential may take place in the boiler plant system, with unexpect-
ed forms of galvanic corrosion occurring.

The cathodic reactions normally are slower than the anodic reactions
and are therefore the corrosion rate—determining steps.

As boiler metal corrosion products build up at the anodic sites and a
film of monoatomic adsorbed hydrogen develops at the cathodic sites,
so the difference in potential lessens. This voltage change is called
polarization.

Thus, a useful method of corrosion control is to slow down the driv-
ing force of the corrosion cell by reducing the difference in potential at
the cathode (cathodic polarization). In practice, this can be achieved
by maintaining reducing conditions at the boiler surface (typically by
dosing an oxygen scavenger), which increases the rate of cathodic
polarization and drives down the corrosion rate.

In a boiler, the rates of corrosion reactions may increase very signif-
icantly with changes in operating conditions. Corrosion rates tend to
increase with:

1. A rise in boiler plant operating temperature
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2. An increase in BW electrolyte conductivity

3. An increase in circulatory flow rate (which can sweep away the
hydrogen film and depolarize the cathode)

4. A high concentration of boiler water sludge, sodium, chloride, or
sulfate ions, or dissolved gases

Chlorides, in particular, can present a problem because they are
cathodic depolarizing agents (depolarizers) and thus negate the effec-
tiveness of cathodic polarization techniques.

Anodic polarization also may occur. Typically, this begins with the
formation of a thin, impervious oxide film, chemisorbed at the anode
(as on the surface of stainless steels). However, for most metals used in
boiler plant systems this chemisorption process must be aided by
anodic corrosion inhibitors to reduce corrosion rates to tolerable levels.
An example is the application of nitrite-based inhibitors, widely used
in HW heating systems.

NOTE: Nitrite-containing inhibitors are also widely used in LP steam-rais-
ing plants where MU requirements are small. Care is required because
shock doses of inhibitor or too high a concentration in the BW may easily
cause carryover problems.

Corrosion rates depend not only on the differences in EMF (and the
resultant current flow) but also on current density. For the same cur-
rent flow, current density is greater on a small electrode.

* Small cathodes promote a high current density, which tends to
retard cathodic depolarization mechanisms.

* Large cathodes (relative to anode size) concentrate the corrosion
current flow onto the anode area and deep pitting occurs.

4.5.1.1 Influence of Dissolved Gases in Corrosion Mechanisms

The potential for corrosion as a result of the reactions of noncondens-
able gases present in steam—water circuits is a major area of risk. The
dissolved oxygen (DO) content of MU water is recognized as a primary
source of gas entering a boiler system, and effective deaeration of MU
and FW is therefore critical.

Oxygen (O,) may corrode the steel in pre-boiler equipment, particu-
larly economizers and FW lines. Also, where oxygen reaches the boiler,
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it may corrode steam—water separators and boiler surface components
such as drums and tubes.

Even where effective external mechanical deaeration and/or internal
oxygen scavenging is provided, oxygen still may present a serious risk as
a consequence of air ingress into leaking pipes, steam traps, and air vents.

* Under general corrosion and some galvanic corrosion condi-
tions, oxygen acts as a cathodic depolarizer. During this process,
hydrogen gas forms and eventually blankets and polarizes the cath-
ode, slowing down the corrosion reaction. Where oxygen is present,
it reacts with the hydrogen and produces water; thus, the removal of
this hydrogen blanket permits corrosion rates to rise.

* Under localized corrosion conditions, high localized concentra-
tions of cathodic oxygen can exist. Thus, any points of lower oxy-
gen concentration in the surrounding boiler metal area may become
anodic, relative to the point of high oxygen concentration. This dif-
ference in oxygen concentration is measured as a current flow, and
the current reflects the rate of corrosion taking place.

Oxygen is not the only noncondensable gas found in boiler circuits,
Problems occur due to the presence of carbon dioxide (CO,). Carbon
dioxide is steam-volatile and reacts with condensing steam to produce
carbonic acid, which attacks steel condensate return lines.

Ammonia (NH,) also may be present in some boiler systems, either
by design or by the breakdown of amines, hydrazine, and other organ-
ic compounds. It attacks components and equipment constructed of
copper and brass.

4.5.1.2 Influence of Fouling and
Deposition in Corrosion Mechanisms

Corrosion may be associated with fouling. For example, oxygen corro-
sion of a steam—water separator typically results in corrosion debris
that builds up and fouls the separator device, thus preventing the effec-
tive separation of steam from BW,

Corrosion often results in deposition. Thus, under certain condi-
tions, sodium hydroxide can concentrate in parts of the boiler and even-
tually precipitate to form localized deposits with an extremely high
caustic content. The effect of this caustic deposit is to subsequently
stimulate the generation of caustic gouging corrosion at the boiler
tube surface.
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Also, corrosion may result in contamination at some downstream
point in the steam—water cycle. For example, iron and copper ions often
may be present as corrosion products in steam and condensate and con-
sequently will reduce the purity of the steam. This may render the
steam unsuitable for certain industrial processes or applications where
“live” steam injection is required.

Economizers are not usually designed to generate steam, and any
deposits found in them therefore are not likely to be a result of carbon-
ic acid corrosion or contamination from steam. Rather, the transport and
buildup of corrosion debris within an economizer tends to originate
from corrosion processes occurring either in the economizer itself or in
some upstream part of the pre-boiler system. Economizer deposits typi-
cally develop in the presence of oxygen and possess a high iron content.

Uniform rates of corrosion such as general etch corrosion seldom
occur in steam—water circuits. Rather, pitting, tuberculation, and other
complex types of corrosion tend to predominate. These forms of corro-
sion often result directly or indirectly from reactions occurring in par-
ticular areas of the system where fouling and deposition may be present.

Where corrosion takes place, the origins of the metal oxides and
salts formed from corroded boiler system metals should be traced in a
systematic fashion to establish cause and effect and avoid misclassify-
ing the fundamental waterside problem. Occasionally however, it is dif-
ficult to positively confirm the starting point of a corrosion problem
because it is common for corrosion products to be transported from
their point of origin and deposited elsewhere in the steam—water circuit,
or alternatively to act as binders and contribute to fouling and contam-
ination of the overall boiler plant system.

The presence of corrosion products is not always a negative event;
some small degree of surface corrosion of all steel heat exchanger sur-
faces is generally beneficial. Under the reducing conditions normally
found on the surfaces of pre-boiler FW heaters, FW lines, and boiler
surfaces, black magnetite naturally forms by the direct thermal reac-
tion of water with steel. The development of this self-limited magnetite
film is most desirable, and optimum formation is achieved at pH levels
of 10.5to 11.5.

4.6 FOULING

Fouling produces dirty and inefficient steam—water systems, impeding
the natural or forced circulation within a boiler, limiting the flow in
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other steam—water circuits, and exhibiting other detrimental effects
such as reducing the rate of heat transfer.

Fouling, like deposition and corrosion, also takes many forms but
generally involves the physical adherence to waterside surfaces of
materials such as oils, process contaminants, corrosion products, and
settled boiler sludges.

Contaminants such as oil, magnesium phosphate, and hematite
have a natural binding action that exacerbates the fouling problem and
may result in the rapid agglomeration of tube deposits in W'T boilers
and fire-tube bridging in FT boilers.

Innocuous sludges such as those resulting from using phosphate pre-
cipitation programs may cause severe fouling problems, especially when
oil, saponifiable fats, or other deposit binders are present in the boiler.

Oils or fats generally are introduced into the boiler from steam that
has been contaminated by an industrial process. Although a high per-
centage of condensate return usually is a desirable objective, where
contamination takes place, the returning condensate transports these
contaminants throughout the steam—water system, clearly making a
seamless boiler operation much more difficult.

4.7 CONTAMINATION

Contamination in this context refers specifically to the debasing of the
purity of steam and condensate. Contamination may occur in the
presence of unwanted steam volatile materials (such as silica volatiles),
minerals carried over with BW, oil and process materials infiltrating the
steam—water circuit, or by the results of corrosion processes.

Operational problems, such as BW foaming and surging (priming)
all ultimately lead to BW carryover and the resultant contamination of
steam and condensate lines.

4.7.1 Foaming

Foaming occurs when steam bubbles arrive at a steam—water interface
at a rate faster than that at which they can collapse into steam vapor. It
is essentially a BW surface chemistry problem and develops from many
different causes including:

* High boiler water alkalinity
» The presence of colloidal materials
* Saponified oils or fats
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4.7.2 Surging (Priming)

Surging or priming is the phenomena of wildly fluctuating and spout-
ing BW levels as a result of poor operational or water chemistry condi-
tions. Adverse conditions include:

* Too high a water level

* Uneven heat distribution

¢ Variable load swings and steam demands
* Too high a steaming rate

* Too low a steam pressure

* Excessive steam velocities

* Excessive suspended or dissolved solids, alkalines, chlorides, etc.

The maintenance of any reasonable degree of boiler steam generat-
ing stability under surging conditions is impossible and typically leads
to the discharge of “slugs” of BW into the steam. Surging is also close-
ly associated with problems of foaming and misting as part of a chain
of cause and effect, all of which may lead to the carryover of BW into
the steam, especially in FT boilers.

In WT boilers operating at very high firing rates, the risk exists of
steam bubbles developing in downcomers. Where this occurs, it causes
a temporary halt in the natural steam—water circulation and instantly
leads to surging or priming followed by carryover.

4.7.3 Carryover

Carryover refers to the entrainment of BW (and the contaminating
solids contained in the water) into the steam. Contamination of steam
from entrained water may lead to deposits in superheaters, on turbine
valves, and in steam traps, valves, and flash vessels.

NOTE: Oil and process contaminants may lead to steam—condensate sys-
tem deposit problems in a fashion similar to entrainment.

Contamination from entrained BW and solids may render steam
unsuitable for process operations, including food preparation, steriliza-
tion of surgical equipment, textile dyeing, hydrolysis reactions, vulcan-
izing, and the like.
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4.8 LIMITING THE POTENTIAL FOR
WATERSIDE PROBLEMS

4.8.1 Effective Water Treatment Practice

Effective BW treatment practice is not a stand-alone function. To
achieve good waterside results, at least as much emphasis must be
placed on the mechanical operation, cleaning, maintenance, good
housekeeping, and overall management of the boiler plant system as on
modifying and controlling water chemistry, training, and results inter-
pretation.

4.8.1.1 Training and Experience

Training is important in understanding basic water chemistry and for
creating an awareness of the chain of cause-and-effect waterside prob-
lems. Appropriate experience, background skills, and a positive attitude
are also key requirements. Boiler plant operators do not need a degree
in chemistry or chemical engineering, but they do require some train-
ing and regular involvement in water treatment. Boiler plant waterside
problems are most likely to develop in those situations in which insuf-
ficient training in basic water technology has been provided.

Similarly, although the benefit of good industrial experience cannot
be underestimated, service company representatives who lack appro-
priate technical qualification will always be limited in their ability to
fully interpret analytical results and trends and provide authoritative
recommendations.

By and large, the provision of adequate training and potential prob-
lem awareness is less of a problem in large WT utility, process, and
cogeneration boiler plants. Here the supply of high-purity steam is a
primary “product”—staff are trained accordingly and possess a better
awareness of the process technologies involved.

By far the greatest number of boiler plants around the world, how-
ever, are found in general manufacturing industries and large residen-
tial, institutional, and commercial buildings; for these organizations,
the generation of HW or steam is a secondary concern. As a result, ade-
quate technology and problem awareness training is not always provid-
ed or reinforced. In these smaller operations, additional or
reinforcement training in basic water treatment is a particularly useful
mechanism for limiting the potential for costly waterside problems.
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4.8.1.2 Understanding Cause and Effect

In fossil fuel-fired WT boiler plants, boiler tube failure is perhaps the
leading cause of forced outages, so identifying the chain of cause and
effect is particularly important.

For example, if tube failure occurs due to cauvstic gouging corrosion,
the root causes are most likely related to the effects resulting from the
availability of free sodium hydroxide in the BW, coupled with the devel-
opment of localized caustic concentration. Control generally requires a
twofold approach to remove the causes of this particular problem:

1. The limitation of free caustic in the boiler by modifying the water
treatment program and maintaining the FW and BW chemistry
within new, close-range parameters

2. An operational change because caustic concentration typically
results when high-firing cycle operations permit departure from
nucleate boiling (DNB) to occur

A further example is the effect of tube failure resulting from long-
term overheating. Here it is likely that the principle contributing caus-
es are a combination of deposit formation and stresses resulting from
mechanical operation of the boiler in excess of design limits. To mini-
mize or eliminate the risks of deposits and the subsequent effects they
produce within the boiler, control again requires a twofold approach:

1. Modifying FW and BW chemistry and maintaining the improved
conditions through effective analysis and results interpretation

2. Developing a fundamental change in boiler operating practices to
prevent high stress conditions

4.8.1.3 Control of Water Chemistry

Most ““standard” operating problems associated with higher pressure
WT boilers (as in the preceding examples) are well recognized and suit-
able precautions are routinely taken. Where tube failure occurs, the root
cause may be caustic gouging or long-term overheating or the result of
very specific and obscure combinations of water chemistry and
mechanical operating factors. If the latter is the case, because of the
individual nature of higher pressure WT boiler plant system designs,
the solution to the problem and the prevention of any reoccurrence
might require a particularly esoteric mix of actions.
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Notwithstanding the preceding notes, the fact is that whether large
boilers or small boilers are involved, the starting point for the proactive
reduction in operational risk is effective control of water chemistry.

Although close attention to all aspects of the chemistry of the vari-
ous water and steam—water circuits and the impurities they contain is
clearly vital, control is more than simple analysis. And apart from the
smallest HW boilers (and LP steam boilers with low MU require-
ments), control of water chemistry typically requires that some form of
external conditioning is required, not merely internal treatment.

To limit the potential for waterside problems throughout the
steam—water system cycle a balance of water treatment processes is
required with external items of capital equipment providing primary
duty for FW pretreatment and infernal specialty chemicals providing a
supporting, “polishing” function.

Interestingly, it is also found that, because of the complex water
chemistry and mechanical operation interrelationships that exist in
many larger steam boiler plants, any individual action taken to limit the
potential for a particular problem may have an additional and cumula-
tive beneficial effect. For example, actions taken to limit the potential
for sludge deposition through a more effective BD regimen usually pro-
vide for cleaner boiler tubes and thus produce additional benefits by
both reducing the risks of pitting corrosion and improving heat transfer
efficiencies.

4.8.2 Need for Water Treatment Capital Equipment

Almost all larger FT and HP boiler plants employ some form of exter-
nal capital equipment for MU water and FW treatment. The rationale
for installing capital equipment is to eliminate (or at least minimize) the
level of mineral impurities, process contaminants, and noncondensable
gases entering the boiler via the FW system to reduce the potential for
the development of waterside deposition, corrosion, steam contamina-
tion, and other waterside problems.

External treatment is by no means the only method of limiting
incoming contaminants. Where the percentage of steam condensate
returning to a boiler can be increased (perhaps by FSHR or by the use
of indirect-heating coils rather than “live” steam injection), the con-
sumption of MU water is lessened, which consequently reduces the
total input contaminant load.

Nevertheless, when designing a new boiler plant system, upgrading
an existing facility, or simply reviewing a particular steam cycle
process, it is vitally important to fully consider the requirements for and
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the benefits of external capital equipment such as filters, softeners,
demineralizers, and other components.

In general, equipment selection should be based on obtaining the
highest quality boiler FW possible, consistent with boiler duty and with
due regard to the cost-benefit circumstances at hand.

NOTE: Although it is desirable to consider the overall water treatment pro-
gram at the design stage and match both external and internal treatments
at the same time, this seldom happens in practice. In most circumstances,
because of the many permutations of internal chemical treatments general-
ly available, a suitable program can be developed at some later stage that
will enhance and synergise the pretreatment equipment system.

In many cases, the specification for FW quality is higher for medi-
um pressure industrial boiler plant design projects (of, say, over
250-350 psig) than it was 10 or 15 years ago. This is due to a number
of factors, including the higher heat-flux ratings of modemn boilers and
the lower costs of pretreatment resulting from the use of RO and other
developing technologies. This trend probably is a particularly good
move given that there also is a developing trend to utilize alternative
raw water sources, which often are of lower quality.

The more extensive use of pretreatment equipment generally is a
commendable approach, although it is difficult to externally “overtreat”
boiler MU and FW, it also is pointless to spend limited capital resources
installing sophisticated equipment to provide high-purity water and then
to subsequently add dissolved solids back into the FW or BW with an
inappropriate, internal chemical program. Both external and internal
water treatment programs must be compatible and mutually beneficial !

In practice, higher specification MU water usually diminishes some-
what the volume requirements and scope for internal chemical treatments.

When considering the need for capital pretreatment equipment, suf-
ficient care should be taken not to propose any particularly sophisticat-
ed external or internal water treatment regimen that of itself creates
restrictive operational BW control limitations—where boiler design,
steam usage, and common sense dictate no necessity for such limita-
tions to be imposed. The overall water treatment program should not be
overdesigned but should properly match the needs of the project.

Unfortunately, at many smaller industrial and commercial facilities,
the viewpoint that specifying and installing more than the absolute
minimum external capital equipment provides a good return via
reduced preventative maintenance and boiler operational benefits is not
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widely endorsed. As a result, many owners and operators simply do not
achieve the best waterside conditions possible and end up spending
considerably more than strictly necessary each year in additional fuel
and maintenance costs. For example, it is not uncommon to see the fol-
lowing kinds of problems:

* Vertical boilers operating at 75 to 125 psig without benefit of a
water softener

*  Water tube boiler plants lacking a deaerator

* Boiler plants using considerable quantities of highly alkaline MU
water without some form of dealkalizer, but also providing consid-
erable BD to keep BW TDS under control and with no FSHR equip-
ment to mitigate this loss

In many cases, boiler owners have run for years without appropriate
pretreatment plants and therefore have unduly low expectations for
boiler cleanliness, steam quality, and fuel consumption. But the fact is
that recent changes in technology have brought down the costs of pre-
treatment equipment and increased quality and output so that even a
relatively modest expenditure almost always results in significantly
improved operational control and boiler plant efficiency.

It also is likely that when considering the steam—water cycle, expen-
diture on water conditioning equipment at the “front end” will result in
savings in chemical treatments, fuel, and loss of good-quality hot water
at the “back end”!

4.8.2.1 Need for Water Softening

Given that the primary source of waterside deposition is almost always
hardness salts, good operational practice dictates that (HW heating
boilers aside) all boiler plants, wherever located and no matter how lim-
ited their output or pressure rating, require softened MU water as a min-
imum form of pretreatment.

The position is slightly different for LP steam-heating boilers, and a
softener normally is not required if requirements for MU water do not
exceed a minimum level of 5% or if heat-flux densities are low.

Where LP steam boiler MU requirements are in excess of 5% or
heat-flux densities are high but the source of MU water is a naturally
low-hardness lean water (as in New York City, where total hardness is
often below 20 ppm as CaCOy), it is still advisable to install a water
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softener. However, many LP boiler owners do not install a softener, and
the reason often given is that by relying on a MU water source with
only perhaps 15 to 20 ppm (mg/l) of total hardness, there is no need to
incur the additional cost of installing and operating a softener. In these
“good quality water” areas, it also is common to find complacent atti-
tudes that result in poor BD practice (generally too little, too infre-
quently) and a failure to apply and control internal water treatment with
the care and attention needed. Such concepts are folly, especially when
returned condensate is limited and the MU water demand is high.

A failure to install a necessary softener is ultimately reflected in
higher bills for maintenance, repairs, and water treatment chemical
products and services. Scaling can still occur with soft, lean waters, and
the cost of additional fuel over a year probably would pay for several
water softeners. In addition, the control of internal water chemistry
becomes more difficult than it might otherwise be, which places an
additional operational burden upon the facility.

Hot water heating boilers almost never require softeners (oxygen
corrosion and sludge buildup are the most common problems) because
MU generally is minimal.

Around the world, the most common form of softening is by means
of a cation resin, sodium-cycle ion-exchanger (base-exchange soften-
er, or BX). In large, integrated industrial facilities, lime-soda softening
is sometimes provided and acts as a hardness roughing treatment,
which is followed by BX softening.

4.8.2.2 Need for Deaerators and Other Equipment

In almost all industrial circumstances, a deaerator is a cost-effective
oxygen-removing proposition that complements primary pretreatment
equipment such as water softeners.

Deaerators not only effectively remove dissolved oxygen and other
noncondensable gases but also provide the benefit of FW heating. Also,
deaerators do not add dissolved solids to the FW, as happens with sul-
fite-based oxygen scavengers.

The use of deaerating FW heaters is recommended for all types of
boiler plants and is preferable to relying solely upon oxygen scaveng-
ing chemicals.

A pre-boiler treatment process such as dealkalization (DA) to
reduce the alkalinity content of a naturally high alkaline water source
may also be suitable. There are various methods of dealkalizing MU
water: A common process is by weak acid, hydrogen-cycle cation
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exchange, and this usually is followed by degassing, (limited) caustic
addition, and BX softening, in the form of an integrated pretreatment
plant.

NOTE: Where chloride-cycle DA is employed, it is typical for the BX to pre-
cede the DA unit.

The use of reverse osmosis (RO), electrodialysis reversal (EDR)
and other membrane techniques, and evaporation or demineralization
may be applicable when a reduction in the TDS content of the MU
water source is required.

In some circumstances (say, where copper and iron pickup occurs),
it may be appropriate to use post-boiler treatment equipment such as
condensate polishers.

There are many types of external water treatment equipment tech-
nologies available, and a boiler plant may employ several different
processes, either on a stand-alone basis or in combination. For any par-
ticular boiler plant system, however, a point is clearly reached at which
further external treatment ceases to be cost-effective. At this point, the
necessary supplementary or “polishing” treatment is provided by the
use of internal specialty chemicals.

4.8.2.3 Need for Silica Removal

Typically, high-pressure WT boiler plants (say, over 650-900 psig)
require some degree of MU water silica removal. Most commercial and
general industrial facilities however, operate boiler plants at pressures
below 300 psig, and irrespective of whether FT or WT boilers are
employed, a silicate removal process usually is not provided or deemed
necessary.

It usually is considered that at pressures below 300 psig (or there-
abouts) the additional capital and maintenance expenditure required for
silica removal is unwarranted. This argument is generally true because,
although almost all sources of MU water contain some level of dis-
solved or colloidal silica (perhaps 5-10 ppm as SiO,), the risk of min-
eral deposition normally may be minimized within the boiler by
controlling the BW chemistry. Typically, a maximum silica content and
number of cycles of concentration is specified (and then maintained by
providing more or less BD), and appropriate alkalinity—silica ratios are
employed. Specific silica dispersants (silica deposit control agents)
may also be used.
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Where MU water sources contain relatively high natural silica levels
(i.e., above 30-40 ppm SiO,) or a high ratio of silica to TDS (say,
> 25-30% of TDS present as Si0,), this reasoning is often invalid. And
in those boiler plants that use high-silica waters but operate without
benefit of external silica removal equipment, extremely careful control
of BW chemistry with very tight control parameters is vital to avoid
risks of serious silicate deposition.

If BW silica levels increase above 180 to 200 ppm, it may not, in
fact, be possible to totally control silica deposition by water chemistry
means alone. Also, as boiler pressures, temperatures, and heat-flux den-
sities increases, so does the need for external silica removal equipment.

All boiler plants providing steam for electricity generation must be
provided with silica removal pretreatment equipment. Pretreatment
technologies for silica reduction and removal include:

* Demineralization

¢ Reverse osmosis (RO)

* Evaporation

* Coagulation (with ferric sulfate or magnesium hydroxide)

4.8.3 Limiting Deposition

Around the world today there are still countless numbers of operating
boilers that are more than 70 or 80 years old, and there probably are
many operating HRT, locomotive, or firebox boilers that were built a
century ago. These and other similar low heat flux—density designs
were built by the thousands (primarily in Europe and the United States)
to generate steam for hospitals, hotels, textile mills, food processors,
tanneries, motive power, and the like. At that time the available water
treatment technology was limited, and boiler plants were routinely sup-
plied with relatively poor quality FW and equally poor water treatment
programs, thus requiring extensive annual maintenance work and high
annual fuel costs. The situation has changed somewhat over the years,
and although many old boiler plants still operate, archaic chemical
treatment programs no longer exist, and the relative improvement in
chemical treatment program efficiency is sufficient to stave off the need
to expend capital in boiler replacements.

Nevertheless, it was perhaps only 25 to 30 years ago that significant
improvements in limiting deposits through improved water treatment
were made available to general industry. Until then many operators in
hard-water areas had to contend with no pretreatment softening of MU
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water and low-quality (and often difficult-to-dissolve powdered) inter-
nal chemical treatments such as carbonate control programs.

Arrangements for chemical feed and control also were limited. In
these boilers, 1/2 inch to perhaps 1 inch (12.5-25 mm) of multilayered
scale could easily deposit during the period between waterside inspec-
tions. It was often assumed that these operating conditions were the
norm, that regular acid cleaning was a way of life, and that nothing bet-
ter could be expected.

This level of deposition cannot be tolerated in any modern boiler
design, irrespective of where in the world a boiler operates or the type
of duty required. Even limiting the maximum acceptable thickness of
boiler waterside deposition to an eggshell thickness “standard,” as
once proposed by many people in the industry, is not satisfactory today.
Indeed, under modern higher heat-flux density conditions, operators of
industrial WT boilers working to this standard would have to contend
with frequent disruptions because of ruptured tubes or worse, while FT
boilers might eventually suffer from a collapsed furnace and need to be
written off.

Nevertheless, current boiler designers do provide some tolerance for
the gradual accumulation of waterside deposits, although these usually
are not formally presented. There are many variable factors to consid-
erm including:

* Operational boiler pressure and rates of water circulation
» The use of widely differing types of fuel with various heating values
* Boiler metals used and heat-flux density requirements

* The nature and respective thermal conductivities of the many possi-
ble waterside deposits

Typically for any boiler design or type, any tolerance for deposition
can be expected to decrease with increase in operating pressure. A prac-
tical tolerance limitation for the thickness of boiler deposits on heat
transfer surfaces is given in Table 4.2.

NOTE: For any boiler, the maximum recommended tolerance for deposit
thickness can be related to a weight of deposit per unit area; clearly, the
weight will vary dependent on the density of the deposit. Typically, deposit
densities vary between 2.3 and 5.7 g/cm’. The densities of calcite and mag-
netite (which are two common mineral components of deposits) are 2.71
and 5.17 g/cm?, respectively. Table 4.2 assumes an average deposit density
of 3.5 glen’.
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Table 4.2 Boiler heat transfer surface cleanliness

Pressure rating Clean condition Dirty condition
Below 300 psig 3.0 t0 5.0 mil 10 to 15 mil
300-1,500 psig 1.5 to 3.0 mil 5 to 10 mil
1,500-3,000 psig 1.0 to 1.5 mil 2.5t0 5 mil
Above 3,000 psig <1.0 mil >2.0 mil

NOTE: 1 mil = one thousandth of an inch, 10 mil = 0.25mm. Very approx-
imately: Eggshell thickness = 1/32 in, or 31 mil. 10 mil = 100 mg/cm?
deposit, or 93g/f, or 3.3 or/f.

Deposition can be minimized by a combination of good operating
practice and overall program management, together with the use of
appropriate external conditioning equipment, internal chemical treat-
ments, and proper chemical feed and control methods.

Some areas of operating practice that aid in minimizing waterside
deposition include:

* Avoiding operating a boiler plant at its maximum continuous rat-
ing MCR)

* Good firing practice by matching fire rates to steam demand
* Correct burner positioning and the elimination of hot spots

* Maintaining correct and steady water levels

* Providing the right amount of BD at the correct intervals

In all cases, and irrespective of the types of pretreatment equipment
employed and the degree of boiler operational control provided, addi-
tional and complementary support through the use of suitable internal
chemical water treatment programs is always needed to limit water-
side deposition.

Today, almost all chemical treatments are liquid, which (profit motives
apart) simply enables the chemicals to be fed and controlled more easily
and with greater precision than with the use of powdered products.

Chemical treatment programs are often individually designed for
particular boiler plant systems but usually contain oxygen scavengers,
pH boosters, and corrosion inhibitors. In addition, the formulations
employ materials specifically designed to limit the degree of deposition
and control the mechanisms of deposition.
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Traditional deposit control agents (DCAs) such as phosphates,
chelants, polyacrylates, lignins, and tannins continue to be used to
some degree in FW chemical treatment product formulations from
every water treatment vendor, but modern technology is focused on the
development and application of novel, problem-specific deposit con-
trol polymers (for cooling systems, process applications, etc., as well
as for boilers). There are many dozens of polymers available in the
marketplace for limiting the risk of waterside deposition; some are for
general application, but most are employed for fairly specific duties
such as controlling iron or phosphate deposition.

For the most part, DCA chemistries are researched by large interna-
tional chemical corporations, but the various in-field uses and applica-
tions generally are developed by service companies, often in
cooperation with “friendly” end-user customers.

The different polymers employed as DCAs for BW treatment func-
tion in a variety of ways and usually are blended in a formulation,
where they may act in concert for better effect.

Deposit control agents may function as:

* Dispersants
* Crystal modifiers
* Precipitants
* Threshold agents

NOTE: The same polymer chemistries employed in the BW deposit control
treatment market sector are also made available to other markets such as
waste water, cooling water, potable water production from brackish or
saline supplies, metal finishing, paint and coatings, electronics, pulp and
paper, and more.

The trick is to find the precise way to use and apply the polymer in a par-
ticular market sector to add value to a process or to produce cost-effective
benefits. Thus, any particular polymer chemistry may be made available to
the market in several different derivative forms, in several strengths, and at
various prices to suit the particular market conditions.

In the BW market, many of the modern polymers have demonstrat-
ed their ability in controlling specific waterside deposition problems.
Use of the materials has led not only to cleaner boilers but also to high-
er customer expectations and the all-round confidence to operate boil-
ers at higher heat-flux densities than in the past (especially in the
medium pressure ranges of, say, 250 to 900 psig).
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4.8.4 Controlling Corrosion

The corrosion of steel and other metals in a boiler system takes place
when an electrochemical cell is established, although the rates of cor-
rosion and the types of corrosion mechanisms involved are highly
dependent on the particular circumstances that develop during the oper-
ation of individual boiler plants. A failure to adequately control corro-
sion ultimately leads to the failure of boiler surface components or
other components and items of equipment in the system.

Both the rates and the mechanisms of corrosion processes can be lim-
ited by the judicious selection of materials of construction. Considerable
effort goes into this particular function during the boiler plant system
design phase. Nevertheless, appropriate materials selection as a stand-
alone, primary corrosion control protocol will not prevent corrosion
problems from occurring during boiler operation; therefore, various sec-
ondary measures are always taken. These measures include installing
equipment such as deaerators, feeding chemical corrosion inhibitors,
and employing best-practice operating procedures.

4.8.4.1 Corrosion Control Through Cathodic Protection

In addition to the careful selection of structural metals, the cathodic
protection of water-wetted parts may also be specified. For most boil-
er plant systems, however, because of the tortuous and extended water-
side surfaces involved, the use of cathodic protection is only a partial
solution to controlling corrosion and should never be the sole second-
ary protocol. Rather, cathodic protection functions well when
employed as part of a more comprehensive program that includes
appropriate internal chemical treatments.

Cathodic protection apparatuses are well proven, widely used
devices and are not to be confused with magnetic devices (“gadgets”)
or other similar but generally less than satisfactory items of capital
equipment. Cathodic protection devices reverse the tendency of a metal
to go into solution at the anode (corrosion) by the application of a
counter-potential. This counter-potential or electromotive force
(EMF) is provided either from a permanent external source such as a
battery or rectifier or from the installation of a sacrificial anode.

Where sacrificial anode technology is employed, typically zinc or
magnesium anodes are provided, although zinc anodes cannot be
employed at over 140°F because of a reversal of potential above that
temperature. In the boiler waterside circuits, they preferentially corrode,
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liberating electrons during the electrochemical cell reactions. The
degree of corrosion protection offered to the metals of construction is
proportional to the applied current density up to that level required for
complete protection.

4.8.4.2 Control of Oxygen

Oxygen is almost always a contributing factor to corrosion mecha-
nisms; therefore, the effective removal of dissolved oxygen (DO) is of
paramount importance in controlling the rate of boiler system corro-
sion, irrespective of the size, design, or pressure of the plant.

All large boiler plants and many smaller units employ mechanical
deaerators to remove oxygen. In addition, various oxygen-scavenging
chemicals are employed as consumable treatments such as sodium sul-
fite-bisulfite, hydrazine, various novel chemistry organics (hydrazine
replacements), and certain tannins.

Normally, a small reserve of oxygen scavenger is maintained in the
BW to preserve satisfactory reducing conditions within the steam-
water circuits.

NOTE: In large HP WT boilers, corrosion actually can be controlled down
to a minimum level by adding oxygen to the FW rather than by removing it.
The process is called oxygenation treatment (OT) and is designed to
ensure that sufficient oxygen is always present in the FW (typically = 5 ppb
0,) to ensure no disruption to the passivated magnetite films on the water-
side of economizers and feed lines.

Oxygenation treatment also reduces the risk of erosion—corrosion prob-
lems and limits iron transport to other parts of the boiler system where
fouling could take place.

Where feed lines have short pipe runs, where hot wells or FW tanks
are of small volume, or when FW is too cold, there often is insufficient
time for full DO scavenging to take place, even when using catalyzed
scavengers. The inevitable result of this lack of contact time is the for-
mation of oxygen-induced corrosion products, which by various sec-
ondary mechanisms may settle out to form permanent deposits within
the boiler system. These deposits may develop in several forms (e.g.,
where DO removal is particularly poor, they often appear as reddish
tubercles of hematite covering sites where pitting corrosion is active).
Active pitting corrosion combined with the presence of waterside
deposits ultimately may lead to tube failure in a boiler or other item of
system equipment and result in a system shutdown.
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Equally, boiler surface failure may result solely from poor opera-
tional practices or other indirect problems, although more usually it is
due to a combination of waterside and operational problems such as cor-
rosion fatigue and other stress corrosion cracking (SCC) mechanisms.

Thus, the effective control of corrosion requires not only limiting the
presence of oxygen but also minimizing the risks of waterside deposits.
These measures in turn require good management of waterside chem-
istry and competent mechanical operational practice.

4.8.4.3 Control Over Salinity and Adverse Chemical Reactions

Some measure of control over corrosion also is obtained by limiting the
salinity in the boiler (primarily the ions of sodium, chloride, and sul-
fate). These ions all increase the conductivity of boiler water elec-
trolyte and thus enhance corrosion reaction rates. Also, chloride and
sulfate ions affect the passivation process.

Strict limitations on the salinity content of BW become increasingly
important as boiler pressure or heat-flux density increases. This is pri-
marily effected by:

1. Reducing the FW TDS to a practical minimum

2. Controlling the maximum concentration of BW TDS within narrow
ranges appropriate to certain boiler design types

In practice, control over BW TDS more usually is provided by plac-
ing limits on electrical conductivity.

¢ Sodium: The FW sodium (Na) content is clearly a factor in the for-
mation of sodium hydroxide in BW and an excess may promote var-
ious forms of caustic-induced corrosion. Also, high sodium levels
may lead to the depassivation of steel surfaces caused by high pH
generation, which reduces the corrosion resistance of boiler steel.

* Chloride: Chloride ions are strongly adsorbed by steel, making it
difficult to passivate. High chlorides in steam—water circuits
increases the risk of stress corrosion cracking of austenitic steels
(type 300 stainless steels) and increase the rate of pitting corrosion
under sludges and deposits.

» Sulfate: Sulfate ions have reactions similar to chloride. They are
also depassivation agents (especially if allowed to concentrate suf-
ficiently) and can greatly accelerate the risk of stress corrosion
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mechanisms. Sulfates act as corrosion causitive agents for the vari-
ous types of concentration cell corrosion (similar to oxygen and
hydrogen) that result in pits, crevice attack, or tuberculation.

The presence of high BW salinity can increase the risk of corrosion,
and good control is therefore vital. Where salinity is high and some cor-
rosion occurs, the corrosion debris may act as a binder, fouling boiler
surfaces and forming sludges and deposits. The presence of these
sludges and deposits can, in turn, induce pitting corrosion, and a cycli-
cal chain of cause and effect may take place. Therefore, good opera-
tional practice provides for effective BD to limit excess salinity and
assist in controlling corrosion and boiler waterside deposits.

Certain internal chemical treatments employed also need strict con-
trol to avoid risks of adverse chemical reaction and resultant corrosion.
In particular, nitrogen-containing chemicals such as hydrazine and
amines require effective monitoring to limit the concentration of
ammonia release into steam because the presence of ammonia may,
under certain conditions, cause stress corrosion cracking of copper
and brasses.

4.8.4.4 Passivation

Passivation is a necessary and natural initial corrosion process that
occurs on all hot waterside surfaces. It is the conversion of a reactive
metal surface into a lower energy state that does not readily further
react or corrode, and it involves the development of a passive oxide
film on a clean surface.

Under the hot deaerated (reducing) conditions normally found on
the surfaces of pre-boiler FW heaters, FW lines, and boiler surfaces, a
dense, passive, black, iron oxide film of magnetite (Fe,O,) naturally
forms.

This oxidation reaction of steel is self-limited and takes place by the
direct reaction of FW (or BW) with steel, which in effect is accom-
plished by the reduction of hydrogen ions supplied by the water. The
reaction is shown here:

3Fe + HO >  Fe0, + 4H, 1
iron water magnetite hydrogen

If oxygen-scavenging capability and boiler loading conditions fluc-
tuate (as may occur during periods when boilers are idle), the magnetite
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formed is often coarse and porous, permitting some level of corrosion
to continue unabated. This process also may be associated with the
presence of some red hematite, as shown in the reaction:

2F¢  + HO + 0O, - Fe0, + H
iron water oxygen hematite hydrogen

All boiler system waterside surfaces need the protection given by the
smooth, hard, tenaciously adherent magnetite layer. The magnetite film
sometimes may sparkle because of the precipitation of fine magnetite
crystals onto the metal-oxide surface. Magnetite film formation is best
achieved under stable, low-oxygen content operating conditions at a pH
level of 10.5 to 11.5 (possibly up to 12.0).

At lower pH values, hydrogen ions are discharged, whereas at high-
er pH values, the magnetite layer thickens coarsely, becomes porous,
and may peptize. Hydrogen blistering also may occur.

The magnetite film may, under some circumstances, be layered. For
example, in power boilers, under conditions of high steaming rate and
low steam—water velocity, a secondary film of precipitated particulate
iron oxide may form over the original magnetite film.

If the passivated surface is damaged (perhaps following an offline
cleaning procedure, welding, system expansion, or general repairs), it
becomes necessary to restore the damaged area to a passive state. This
generally is undertaken before the boiler goes online, and for larger
boilers under these circumstances, nitric acid is commonly specified.
Nitric acid provides restorative preoperational passivation because it
generates the required oxidizing atmosphere.

When the boiler is placed back online, certain types of anodic
inhibitors (which are generally employed to act as “polishing treat-
ments” in the maintenance program) also may prove beneficial in fur-
ther strengthening the passive film.

In boilers in which tannin blends are employed both as oxygen
scavengers and as sludge dispersants, the magnetite film may also
incorporate iron tannates.

Quebracho and certain other tannins may be very useful where
reducing conditions are not always consistently maintained because they
help to sustain the magnetite film intact during periods of BW instabil-
ity (as may occur under low FW temperature and high oxygen content
conditions). Despite the fact that tannins are often regarded as old tech-
nology, they work well and can be successfully used in boilers operat-
ing at up to 650 to 800 psig, not merely in HW and LP steam plants.
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When boiler cleaning takes place, it often is followed by the circu-
lation of a hot alkaline phosphate solution to provide adequate passi-
vation of metal surfaces. (A typical formulation may also include
sodium gluconate, antifoam, and dispersants.)

Temperatures reached during phosphate-based cleaning programs
are only modest, and under these lower temperature conditions the pas-
sivated film consists of gamma iron oxide (yFe,O,) together with pri-
mary ferrous phosphate [Fe,H,(PO,),] and tertiary ferrous
phosphate [Fe (PO,),].



S

WATERSIDE AND
STEAMSIDE PROBLEMS:
HOT WATER HEATING
AND LOW-PRESSURE
STEAM BOILER
SPECIFICS

It is not possible to describe and provide fine-tuned controls for every
potential waterside or steamside problem that may arise, in view of the
countless permutations of boiler plants and specific operating condi-
tions that exist around the world. But many problems are inevitably
more common than others, and some of these are described in the var-
ious sections of the next four chapters, together with some practical
notes on their control. Although many of the issues described have been
neatly compartmentalized for the sake of simplicity, this generally is
not the case in practice and waterside or steamside problems should
always be investigated in the context of the overall boiler plant.

As a preamble to looking at some of these specific problems, it is
worth reiterating effective control strategies are achieved through the
planned avoidance of problems and understanding canse-and-effect
relationships.

The planned avoidance of boiler waterside or steamside dilemmas is
more likely to be achieved under the following circumstances:

*  When the overall boiler system layout and key equipment functions
and interdependence are clearly understood (systems surveys are
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essential; schematic drawings of equipment layout and flow dia-
grams make it easier to understand how the system functions)

* When the most common waterside or steamside interactions and
resulting cause-and-effect problems that may develop have been antic-
ipated and suitable water treatment “‘risk aversion” protocols proposed

*  When the individual water treatment equipment, products, and serv-
ice components that are required to minimize risk have been inte-
grated into a cohesive program

With regard to cause-and-effect relationships, in practice, a problem
originating from a single-source cause may have a lead-on effect that
gives rise to multiple localized problems or becomes evident in several
different areas of the boiler plant. Conversely, what appears to be a sin-
gle localized problem may in fact be the combined effect of a number
of smaller separate causes.

Consider the frequent issue of oxygen corrosion that may affect a
(pre-boiler section) economizer and also various downstream (boiler
section) boiler surfaces. In most cases, the basic cause, common to
both resulting problems, is inadequate or inefficient FW deaeration.

To further complicate the matter, some waterside chemistry dys-
functions or mechanical-operational problems may give rise to the
same noticeable effect; thus, systematic causal investigations must be
conducted to avoid being drawn to wrong conclusions. In addition,
there often is a tangible link between certain operational and water
chemistry—water treatment problems. For example, the development of
a simple mechanical problem such as a maladjusted burner may result
in flame impingement on a heat transfer surface. The resulting high
localized temperatures may induce a change in the waterside chemistry
through localized mineral supersaturation and the subsequent pre-
cipitation of dissolved salts that, in turn, leads to both waterside dep-
osition and corrosion. (Further effects may then take place, and tube
failure is ultimately likely.)

The opposite scenario also may occur, whereby a localized pre-boil-
er water chemistry problem can affect the downstream, mechanical
operation of a boiler. As an example, difficulties in the control of pre-
treatment equipment may lead to treated MU water instability, caus-
ing downstream after-precipitation, leading to FW line blockages,
and finally resulting in boiler cutout as a result of low water.

Sometimes the chain of cause and effect completes a circle and a
“catch 22 situation develops.
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Waterside problems also may be the result of other problems that are
not directly obvious. Thus, for example, issues of high-temperature
waterside corrosion are sometimes associated with weld defect prob-
lems, which include:

* Burnthrough

* Inclusions

* Porosity

* Cracking

* Incomplete fusion.

Finally, it should be remembered that effectively controlling specif-
ic boiler plant system waterside problems requires diligent monitoring
of waterside chemistry. This in turn requires the collection of truly rep-
resentative steam and water samples and the use of appropriate meth-
ods of analysis and sensitivities.

5.1 PROBLEMS WITH HEATING COILS

Low-temperature hot water (LTHW) and low-pressure hot water
(LPHW) systems operate below 250 °F/121.1 °C (equivalent to 29.8
psia/15.1 psig). This is approximately the same as LP steam systems,
which operate below an MAWP of 15 psig/29.7 psia, equivalent to
249.8 °F/ 121 °C.

Many LTHW and LP steam systems run only on a seasonal basis,
providing HW or steam for space heating in winter.

Both types of boiler systems may incorporate finned copper heating
coils, which are located above the furnace and gas-pass tubes (smoke
tubes or fire tubes) and provide for indirect heating of domestic HW,
Where coils are fitted and the boilers are only fired during winter months,
domestic HW heating usually is provided via gas heaters for the summer.

These coils are subject to a variety of aggravating problems that may
develop over time and ultimately lead to coil replacement. The frequen-
cy of replacement may be as often as every 2 to 3 years in some cases but
perhaps only every 7 to 10 years in others. The timespan depends prima-
rily on the particular source of water used for boiler MU and domestic
supply and any pretreatment provided. Usually the first time that devel-
oping problems may be seriously investigated is when users complain of
an inadequate HW flow, reduced pressure, or low temperatures.
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Problems associated with domestic coil systems include:

1. Domestic heating coil internal corrosion. Where naturally soft or
lean city water is supplied and the Langelier Saturation Index (L.ST)
is below —1.0, acid corrosion takes place as a result of the acidic
nature of the water. This water often has a high dissolved gas con-
tent, which additionally leads to pinhole corrosion. Where water
velocities are too high (say, over 6 ft/s 1.8 m/s) the protective oxide
layer is stripped off and erosion corrosion takes place.

Typically the internals of the coil show pits and pinholes and may
even perforate. Corrosion debris is evident, usually containing
green hydrated copper carbonate (CuCO,nH,O) and red
cuprous oxide (Cu,0).

2. Domestic heating coil internal deposition. Where hard water MU
is supplied, the rapid deposition of white, gray, or brown calcium
carbonate scale (CaCQO,) takes place. Where soft or lean water is
supplied, it may contain phosphate as a threshold agent (employed
to stabilize the water supply, thus preventing aftertreatment depo-
sition in the mains and minimizing the corrosion of mains piping).
The result of the presence of phosphate typically is blue-green to
black copper phosphate trihydrate (Cu,[PO,],-3H,0) depositing
out in the coil.

A further problem is that heating coils generally are located at the
lowest point of the domestic HW heating system and act as dirt
pockets for the accumulation of general dirt and debris, as well as
corrosion products resulting from the various points of galvanic
corrosion that inevitably takes place.

3. Miscellaneous heating coil problems. These vary from system to
system. They are relatively common in HW boilers, where little or
no blowdown (BD) is ever provided for BW sludge to accumulate
on the external fins of the copper coils, thus preventing effective
heat transfer. When coil gaskets at the installation points on the top
front of the boiler weep, and where the water treatment product con-
tains a dye, color stains surround the gasket area.

In the long term (2040 years), the overall domestic HW system is
subject to pinhole leaks stemming from the galvanic corrosion of steel
riser pipes (usually located in inaccessible areas), with resultant flood-
ing within the building. Galvanic corrosion develops because these
systems typically contain a wide range of mixed metals such as black
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iron, carbon steel, galvanized steel, copper, and copper alloys, all
generally installed without benefit of dielectric insulators.

5.2 PROBLEMS ASSOCIATED WITH
THE USE OF GLYCOLS

The operational duties of these smaller boiler systems vary widely, and
for HW closed-loop heating systems, where the boiler is periodically
offline, or in indirect heating systems where pipework, valves, or final
heating units are exposed to chilly winds or icy conditions, some boil-
er winterization may be necessary. This is usually provided by replac-
ing some of the water with glycols or other heat transfer fluids.

Typically, the level of glycol required in a HW heating system is
only 15 to 25% v/v or so (less than the 35-45% usually employed in
cold and chilled-water closed-loop systems). Where glycols are added,
the system must be cleaned and flushed first. The system can be partly
drained to accommodate the volume of 100% glycol required or alter-
natively filled with a prediluted mix. If a 20% v/v strength is required,
25% v/v should be specified to allow for inaccuracies in mixing.

Correct glycol selection and regular monitoring of the in-use con-
centration and stability is necessary to ensure adequate long-term
freeze protection and also freedom from the effects of glycol-derived
corrosion resulting from glycol degradation.

Typically, ethylene glycol is employed as a freeze-point depressant,
but other (normally higher cost) alternatives exist. However, glycols
tend to oxidize over time in the presence of air or oxygen, particularly
when heated, and give rise to aldehydes, acids, and other oxidation
products. Where inadequate levels of water treatment buffers and cor-
rosion inhibitors are employed (phosphate-based inhibitors are often
employed), the resulting water—glycol mixture pH may reduce to below
7.0 (often reaching = 5.5) and acid corrosion results.

NOTE: Glycol selection should also take into account the risk of leaks to
the environment and the ultimate safe disposal of the material. Propylene
glycol is a safer alternative to ethylene glycol because of its very low mam-
malian toxicity.

Where pH levels have dropped below 7.0 due to glycol degradation,
there is usually little alternative but to drain, flush, repassivate, and
refill with a new inhibited glycol solution.
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5.3 PROBLEMS OF CORROSION IN HOT WATER AND
LOW-PR5ESSURE STEAM HEATING SYSTEMS

In all space heating boiler systems there is a tendency to keep water
treatment programs as simple as possible. Ideally, chemical inhibitors
should be added in proportion to MU demands, metered water con-
sumption, oxygen content, or other preemptive measurement. More typ-
ically, the “standard” process is to periodically (weekly to monthly)
analyze the BW for a few basic control parameters, including measur-
ing the multimetal corrosion inhibitor reserve, and then to merely
top-up the inhibitor when the reserve is below the minimum specifica-
tion. Chemical treatment often is added directly to the BW by hand-
pump via a hose cock (bib cock) connection.

This simple approach means that HW heating and LP steam heating
systems generally are treated in like manner, and often no specific oxy-
gen scavenger is employed. Thus, the potential for significant oxygen
corrosion commonly exists.

Also, no specific amine-based inhibitor is generally provided to
protect LP steam condensate pipework against the ravages of carbonic
acid (H,CO,)-induced condensate line corrosion.

The rationale for these simple approaches to water treatment is the
argument that these kinds of systems have minimal requirements for MU
water and are therefore subject to a reduced level of risk. In practice, the
validity of this argument is suspect but is difficult to prove because total-
izing water meters are seldom installed on the MU water line.

5.3.1 Oxygen Corrosion

In all probability the most common operational problem associated
with most LTHW heating and LP steam systems is that of maintaining
control over oxygen corrosion of the boiler, especially in the tubes, tube
sheets, and at the waterline.

Oxygen corrosion usually takes the form of deep pitting and involves
both tuberculation and differential aeration corrosion mechanisms.
The BW commonly is brown and murky, and chemical treatment
reserves usually are very low or absent. The source of the oxygen is
either MU water dissolved oxygen (DO) or air in-leakage.

Sludge in the boiler is typically red to brown (hematite) but
becomes black with age (coarse magnetite).

A wide range of cause-and-effect relationship alternatives may arise,
depending on the particular circumstances, especially in smaller residen-
tial and commercial properties. But combinations of poor system design,
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very variable waterside chemistry, and less than ideal operating proce-

dures (including lack of internal washouts and too much or too little BD)

result in corrosion. This situation is far more prevalent than many boiler

users and operators and water treatment professionals wish to believe.
Basic causes of oxygen corrosion of boiler vessels include:

1. When LP steam boilers are operated in a daily/periodic on—off
mode, the repeated cycles of steam condensation result in partial
vacuum conditions that provide the impetus for regular ingress of
air into the system.

2. When systems are poorly designed, with unlagged condensate
receiver and FW tanks open to the atmosphere, thus permitting loss
of heat (colder water holds more oxygen) and permanent contact
with air, (This vent point is commonly employed for the addition of
chemical treatment.)

3. When systems are old and have had limited maintenance over the
years. They leak water out and air in.

4. When operators believe that their HW systems do not lose water
through pump mechanical seals or other places. They also com-
monly state that their LP steam heating systems return 100% con-
densate, so that no additional corrosion protection precautions need
be taken above or beyond the initial fill of chemical treatment and
an occasional top-up dose.

(This scenario is sometimes aided and abetted by water treatment
professionals who also operate in a “there are no losses” mode. As
discussed earlier, typically no water meters are installed to meas-
ure MU usage, and it is difficult to either confirm or deny water
losses. Tracer dyes are sometimes used, but they are not always
effective. There is no substitute for a water meter on the MU line.)

5. When chemical treatment for both HW heating and LP steam heating
systems is generally some combination of a nitrite/borate/silicate/
molybdate formulation, usually with TTA/polymer or phosphate but
having no specific oxygen-scavenging capability.

Where the systems are tight and almost no losses occur, treatment pro-
grams based on these inhibitors can work very effectively (as long as the
systems have been properly cleaned and passivated beforehand). For HW
heating systems where significant water losses occur, however, (as when
MU requirements exceeds, say, 5—10% of the system volume per month),
the loss of treatment permits significant oxygen corrosion to occur.
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Similar problems develop with LP steam heating systems, where
returned condensate is only, say, 95% of steam output because the
compensating MU brings more DO with it to stimulate the continu-
ing corrosion processes.

5.3.2 Galvanic, Acid, and Under-Deposit Corrosion

Apart from oxygen corrosion, HW space heating boiler systems suffer
from medium- to long-term galvanic corrosion. In common with HW
domestic coil heating systems, these closed-loop systems contain a
variety of mixed metals such as black iron, carbon steel, galvanized
steel, copper, and copper alloys that may interact. Again, these are gen-
erally coupled together without benefit of dielectric insulators.

In LP boilers with little returning condensate the requirement for
MU is correspondingly high and may be relatively “cool” and partially
oxygenated. Here it is not uncommon to observe the transport of fer-
rous bicarbonate [Fe(HCO,),] into the boiler (especially where no
neutralizing amine is supplied) and the subsequent development of iron
sludge, which settles on the top of combustion tubes and to the bottom
of the boiler.

Under the sludge considerable orange-red tuberculation corrosion
deposits may develop. In cause-and-effect fashion, the tubercles grow
cause fouling, permit under-deposit corrosion to persist, and general-
ly act as a binding agent for carbonates, silicates, and other precipitates.

Acid corrosion developing through the breakdown of glycols is also
very common, as discussed in section 5.2.

5.4 OTHER WATERSIDE PROBLEMS IN HOT WATER
HEATING AND LOW-PRESSURE STEAM SYSTEMS

In practice, the process of periodically topping up the inhibitor formu-
lation through a hose cock or via a timer-controlled pump works well
when water losses are minimal and the boiler is clean. But as discussed
previously, when excess water is lost from the system through various
means and MU demands become significant, the practice becomes one
of “chasing your own tail,” and the various common forms of waterside
corrosion, sludging, and deposition rapidly develop and flourish.

5.4.1 Excessive Water Loss

The second most common problem in HW heating systems after oxy-
gen ingress probably is that of uncontrolled or excessive water loss.
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This specific problem often goes hand-in-hand with the associated
issues of:

* Failure to recognize or measure these water losses

» Failure to take proactive measures to prevent boiler system damage
and loss of efficiency as a result of problems stemming from exces-
sive water loss

In many systems where oxygen pitting corrosion has taken place, it
often is difficult to decide whether the ingress of causative oxygen
stemmed primarily from DO in the MU water required to compensate
for excessive water losses or simply overall system air-ingress, espe-
cially because these conditions tend to go hand-in-hand.

In LP steam boiler systems, this problem of uncontrolled or excessive
water or condensate return loss also occurs. It may be uncontrolled per-
haps because of leaking steam traps or excessive as a result of too fre-
quent or prolonged BD. Irrespective of the basic cause, it is necessary to
obtain an accurate assessment of materials balance as a first step in
understanding the magnitude of the problem and providing resolution.

NOTE: All boiler plant operators are urged to meter the MU water con-
sumption as an aid to calculating a material balance. Steam generation
rates can be reasonably accurately determined from the fuel consumption
because records of fuel costs are always maintained. Daily and weekly BD
rates usually can be estimated from the use of a measuring bucket or pipe
velocity table. The difference between steam production and MU represents
a combination of BD and loss of CR.

Apart from the oxygen corrosion that results in HW and LP steam
heating systems where water losses occur as a result of leaking pump
mechanical seals, excess BD, faulty steam traps, and other sources, a
subsequent effect is the development of fouling. This effect stems from
the production of corrosion debris and (high iron content) sludge that
eventually settle out in the boiler. This corrosion debris, sludge, and
other foulants must be periodically removed from the boiler by BD,
which merely adds to the water loss, and the cycle perpetuates.

Under conditions of water loss and poor waterside control, it is fair-
ly common for iron sludges and foulants formed elsewhere to settle in
the boiler. Trying to identify the source of this problem is complicated
when the transport of soluble iron salts such as ferrous bicarbonate
Fe(HCO,), into the boiler takes place. A further complication occurs
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when appreciable BW silica is present because, rather than this iron
forming a sludge or even magnetite, insoluble deposits of ferrous
metasilicate (FeSiO,) preferentially form. This mineral is extremely
hard and adherent, it causes a severe loss in heat transfer, and it is very
difficult to remove.

Yet a further problem concerning excessive water loss is the increased
risk of carbonate scale deposition. It is the usual case to propose that,
because heating systems are closed loops with minimal losses, many
operators believe that they do not require sophisticated chemical treat-
ment programs, injection—feed methods, or monitoring and control
processes. To further this view comes the added philosophy that, irre-
spective of hardness content, the MU water supply to these systems does
not require any pretreatment such as ion-exchange softening.

Of course, this argument is perfectly true where it can be positively
demonstrated that MU water requirements really are very low. Once
again however, if this is not the case, then—most treatment programs
are designed primarily for corrosion control and do not compensate for
undue hardness entering the boiler—calcium carbonate scale can and
does develop over time. This process takes place even where the MU
water is relatively soft, and results in the formation of insulating beil-
er tube deposits or boiler vessel sludge.

5.4.2 Problems of Maintaining Inhibitor Levels and
Controlling Blowdown and Surging

Where uncontrolled water loss is demonstrated to be minimal in heat-
ing boilers, logic dictates that potential problems also are likely
reduced. Treatment programs can therefore be simple, boiler sludges
will be low, and (boiler insurance or legal requirements apart) little or
no BD is required during the operation of heating boilers.

As can be seen, the requirement for BD (in common with other con-
trol parameters) is fundamentally dependent on the level of MU required,
reinforcing the need to establish some reasonably accurate assessment of
water consumption. In practice, even with quite “tight” systems, some
sludge does develop and a BD of 2 to 3 seconds’ duration is periodically
required. It is preferable to blow the boiler down more frequently than to
open up the BD valve for a longer time of, say, 8 to 10 seconds.

NOTE: Practical BD schedules range from daily to weekly for LP steam
boilers and from weekly to monthly for HW heating boilers. In HW systems
where daily BD is required to control the development BW sludge this indi-
cates significant water loss. Where the system is “tight,” a daily BD of even
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1 or 2 seconds is likely to be excessive and will lead to loss of inhibitor,
probably to a point below the minimum protective reserve requirement.

In LP steam systems, where frequent BD is required to prevent a rapid
escalation of TDS/chloride conductivity, this is an indication of solid-water
loss rather than a steam loss.

Combinations of air ingress problems, water losses, or erratic boiler
BD practices can easily lead to the development of out-of-balance BW
chemistry and a loss of corrosion inhibitor.

Also, in severe cases in which lean or acid MU water is employed, or
where glycol degradation occurs, the loss of inhibitor and associated pH
buffer permits the BW pH to drop below 7.0 and acid corrosion occurs.

Under these conditions, the tendency is to try to compensate as
quickly as possible for the loss of inhibitor and either add treatment
directly to the condensate receiver, FW tank, or FW pump. This usual-
ly is not a good idea because in many cases the physically compact FT
boiler design is insufficiently forgiving and problems of surging
(priming) and foaming occur. This typically leads to carryover of BW
and also the development of water hammer,

There are several causative problems here, and they tend to impact
each other:

1. The primary types of corrosion inhibitor treatments employed are
generally based on inorganic chemicals such as sodiom nitrite
(together with combinations of borate, silicate, molybdate, and
phosphate) and the addition of even 2 to 3 pints (0.95-1.4 liters) to
a boiler can immediately raise the TDS in the BW to a level at
which priming can occur. Secondary problems include an associat-
ed rise in the level of BW suspended solids and sludge.

2. Where there has been no BD for a prolonged period but water losses
occur, the BW cycles of concentration (COC) can build up to exces-
sive levels, perhaps 50 to 100 times, and alkalinity also may rise sig-
nificantly; both situations create high surface tension and the base
conditions for steam bubble surface-film stability. Here, the sudden
addition of almost any type of corrosion inhibitor contributes more
TDS to the BW than operational circumstances can tolerate. Surging
and priming take place, caused by the increase in surface tension
imparted by high TDS water, which prevents the rapid and instant
bursting of small steam bubbles at the steam—water interface. Bubbles
tend to be fewer but larger, leading to the surging of the BW when the
steam is finally released.
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3. Cast-iron sectional boilers often suffer from initial surging or prim-
ing, spouting, foaming, and carryover under startup conditions or
when changing from idle to online operation. The problem is aggra-
vated where a “top-up” dose of inhibitor is added. These problems are
especially prevalent with LP steam models, and it may thus appear
that as a class of boiler, cast-iron plants generally are intolerant of
even slight deviations in waterside chemistry or operational control.
In reality, however, this in not the case. The fact is that the smallest
LP steam boiler systems tend to be of cast-iron construction because
of their relatively low cost and wide flexibility of sizing options. As a
consequence of the very small volume of water typically involved,
these boiler simply lack the tolerance for swings in TDS, BD,
inhibitor levels, and other parameters that larger boilers possess.

Where the MU water supply to cast-iron boilers does not pre-
cisely keep up with steam generation demands, the water level can
quickly decrease and the problems become even more acute.
Conversely, where MU does precisely keep up with steaming rates
and is supplied to a common condensate receiver—FW tank via auto-
matic level control, the tank can easily overfill when condensate
finally drains back under on—off operating conditions. This gives
rise to a loss of valuable hot, treated water from the system and the
start of another chain of cause and effect problems.

Where smaller boilers are involved, careful control over water
throughput and COC, as well as general waterside chemistry and
mechanical operating practice is necessary (including BD schedules),
to prevent surging, the loss of inhibitor, and the onset of cause and
effect problems.

Here, the use of inhibitor formulations having a less dramatic effect
on TDS (such as certain tannins) may be extremely beneficial.
Formulations are available that are based on tannin chemistry and con-
tain blends that act as oxygen scavengers and metal passivators, with
additional sludge dispersant and antifoam properties.

5.4.3 Lead and Lag Boiler Operation

Another operational problem that may develop concerns multiple LP
steam-heating system installations in which an imbalance in waterside
chemistry results in low TDS/chemical inhibitor in one boiler and high
TDS/chemical inhibitor in a second unit.

This situation typically is caused by a poor boiler system design
(including inadequate valving of steam—condensate distribution and
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collection lines, and deficient boiler balancing arrangements) often
coupled with lead and lag operation.

As the lead boiler generates steam, the condensate falls back into an
idle or offline boiler because of inadequate valving. Excessive MU is
supplied to the lead boiler and the TDS quickly rises to exceed control
parameters, while the lag boiler steam space (and possibly some of the
steam header) fills up with condensate, diluting any chemical inhibitor
present below the minimum protective inhibitor reserve level.

Because the lead boiler requires frequent BD (losing chemical
inhibitor in the process) and the lag boiler inhibitor becomes exces-
sively diluted because of condensate ingress, the result is that both boil-
ers do not have appropriate waterside chemistry conditions and
corrosion develops.

Clearly, this kind of problem requires more than a “quick-fix” solu-
tion if operational stability is to be attained.

5.5 WATERSIDE PROBLEMS IN
MEDIUM-TEMPERATURE HOT WATER AND
HIGH-TEMPERATURE HOT WATER SYSTEMS

Medium-temperature hot water and medium-pressure hot water
(MTHW/MPHW) systems typically operate above 250 °F and below
350 °F/176.7 °C, whereas high-temperature hot water and high-
presssure hot water (HTHW/HPHW) systems operate above 350 °F
and below, say, 450 °F/232.2 °C.

In practice, it is sometimes hard to precisely define whether a par-
ticular system is MTHW or HTHW because the operating conditions
may vary among designs, but both tend to be large-volume systems,
with the boilers centrally located within a large hospital, college, hous-
ing complex, or similar facility. The central plant supplies HW to satel-
lite buildings, where it is converted to LTHW or LP steam via heat
exchangers or converters.

Problems associated with MTHW and HTHW systems resemble
those of LTHW systems, although these are much less forgiving than
LTHW systems when waterside conditions go awry, and they tend to
receive more attention both at the design stage and in their daily
operation,

Generally, chemical feed arrangements and TDS controls are more
sophisticated than in LTHW systems and some form of pretreatment
is almost always provided.
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NOTE: The term pretreatment is generally assumed to refer to some form
of permanently installed equipment employed to treat MU water or FW.
Such equipment provides physical or physicochemical water conditioning
processes (such as ion-exchange softening) and is employed prior to the
application of any internal FW or BW chemical treatments.

Similarly, posttreatment refers to similar process equipment after the
boiler section (such as condensate polishing).

The primary problems to be addressed are:

1. Provision of pretreatment: The initial fill volume and MU supply
is almost always pretreated in some manner. Because of the large
volume of water in these systems, even low-hardness waters can
produce sufficient quantities of calcium carbonate scale to severely
impede heat transfer; thus, for MTHW pretreatment, the use of ion-
exchange softeners is the norm. For HTHW, some form of dem-
ineralization such as reverse osmosis (RO) or deionization by
cation—anion exchange is typically preferred.

2. Prevention of water loss and air ingress: These problems general-
ly are interrelated. Any water loss results in a physical loss of treat-
ment and subsequently the requirement for some further consumption
of treatment reserve, proportional to the MU entering the system.

Where air-ingress takes place, the inhibitor reserve may be lost
very quickly. Thus, a higher product reserve is preferred, and these
chemical blends should incorporate a specific oxygen scavenger.
(Although there is a slightly higher cost associated with this addi-
tional protection capability, it is infinitely preferable to pay the extra
money than to deal with unplanned repairs at some later stage.)

Where water softening is provided and there is no reduction in
system water TDS, treatments are primarily based on inorganic cor-
rosion inhibitor blends (nitrite, molybdate, etc.). Under these cir-
cumstances, there is no benefit in using an expensive organic
oxygen scavenger to keep the TDS level low, and a common chem-
ical such as catalyzed sodium sulfite may be used.

Demineralized water is often employed for HTHW systems, and
here it is preferable to employ an organic oxygen scavenger.
Hydrazine, although a health hazard, is often used, although
diethylhydroxylamine (DEHA) is preferred from an overall safety
position or where there are high levels of nonferrous metals present.
The pH typically is maintained at 8 to 10, depending on specific cir-
cumstances.
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3. Control of foulants and corrosion debris: Because of the very
large volume in these HW systems, there is an obvious reluctance to
unnecessarily drain them down because of the development of
waterside problems. Therefore, it is important to ensure that before
regular operation they are provided with a proper precommission
cleaning procedure. This process removes silt, mill-scale, grease,
and other foulants, thus enabling passivation and subsequent main-
tenance inhibition to take place.

Because of the duty requirements of these systems, pipework lay-
outs are often tortuous and may contain stagnant areas where local-
ized corrosion may develop or sludge may accumulate. The
breakdown of glycols may also contribute to the development of
foulants and corrosion debris. It is therefore good practice to incor-
porate both general dispersants (say, a 4,000-5,000 MW poly-
acrylate) and iron dispersants (say, a rerpolymer) in the inhibitor
formulations.

Periodic testing for turbidity, iron, and sludge from several points
in the system is also important.

Finally, the use of side-stream filters is recommended. Bag filters
generally are satisfactory, although for the removal of the finest iron
particles, an in-series twin-bag system may be required; use 5 to
10 bags followed by 1 to 2. Where only one bag filter is
employed, use either conventional 5. filters or high-quality depth
filters.

A summary of waterside and steamside problems affecting LPHW
heating and LP steam boiler plants is provided in Table 5.1, and prob-
lems affecting MPHW/HPHW are presented in Table 5.2.
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Table 5.1 Summary of waterside/steamside problems affecting LPHW and LP steam
heating boiler plants

Type of problem Notes

1. Problems with heating coils Acid corrosion from soft water.
Internal coil corrosion Pinhole corrosion from O, and CO,.
Note: corrosion debris is: Erosion corrosion over 6 ft/s flow.

green hydrated copper

carbonate Cul'!!CO,-nH,0

red cuprous oxide Cu,O

Internal coil deposition Hard water scale from hard water.
White calcium carbonate CaCO,
Phosphate scale from threshold
agents. Blue/green/black copper
phosphate trihydrate Cu,(PO,),*3H,0
Dirt pockets due to low level of coil.

External coil problems BW sludge: settles on external fins.
Gasket weeping from inhibitor.
Color stains from inhibitor dyes.

2. Problems with glycols Reduced freeze protection from

Loss of glycol strength water leaks and glycol oxidation.

Glycol degradation Acid corrosion (system pH < 7)
from extreme degradation of glycols.

3. Problems of corrosion Tuberculation and pitting due to

Oxygen corrosion DO, air in-leakage, loss of nitrite and

Note: corrosion debris is: lack of specific oxygen scavengers.

red/brown hematite sludge
black coarse magnetite
Galvanic and under-deposit Mixed metal corrosion Cu/Fe/Zn
corrosion (UDC) Iron transport —iron sludges, esp.
ferrous bicarbonate Fe(HCO,),
UDC from fouling and binders.

4, Other system problems Pump, valve, steam trap losses and
Uncontrolled and excessive no water meter leads to O, pitting, Fe
water losses fouling and deposits of carbonate
scale and ferrous metasilicate FeSiO,
Lack of BD control Water losses, low inhibitor levels
High treatment/small boiler Surging/carryover from high TDS.
Poor design, lead and lag Excessive TDS in lead boiler.

boiler operation Lack of treatment in lag boiler.
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Table 5.2 Specific waterside/steamside problems affecting MPHW/MPHW and
HPHW/HPHW boiler plants

Type of problem Notes

Lack of adequate pretreatment Higher temperatures/pressures
demands better pretreatment, feed
and control.

— Use softeners and/or

dealkalization for MPHW.
— Use demin/RO for HTHW.
Prevention of water loss and Good control over water losses
air ingress and DO ingress is needed to

prevent loss of inhibitor and

reduced waterside protection.

— Use catalyzed sulfite with MPHW.
— Use DEHA for HTHW.

Control of foulants and Thorough pre-cleaning needed to
corrosion debris prevent initial fouling in large
tortuous systems. Prevent
stagnation and glycol degradation.
— Use both general and iron
dispersants.

— Test for sludge/iron pH.
— Side-stream filters very useful.




6

WATERSIDE AND
STEAMSIDE PROBLEMS:
PRE-BOILER

SECTION SPECIFICS

This chapter and the two chapters that follow consider the waterside
and steamside problems associated with high-pressure (HP) boilers and
divide the issues into pre-boiler, boiler, and post-boiler sections. This
division has been undertaken primarily to maintain each chapter at a
reasonable length; it should be remembered that waterside chemistry
knows no such division. Of course, many of the basic problems that
affect hot water (HW) heating and low-pressure (LP) steam boilers,
which were discussed in Chapter 5, also affect HP boilers. In HP plants,
however, these problems, their various interactions, causes, and effects
can be more far-reaching and severely disrupt industrial manufacturing
processes or the generation of electricity. High-pressure boiler plants
also tend to be larger and encompass more associated equipment and
subsystems so that there is always more to go wrong!

A HP boiler is typically defined as operating at a maximum allow-
able working pressure (MAWP) of 15 psig or higher and possessing
over 6 boiler horsepower (207 Ib/hr), although the vast majority of HP
boilers operate at significantly higher pressures than this and are rated
in the thousands of pounds per hour of steam-generating capacity.

There are a variety of waterside operational problems that may
potentially develop in HP plants. Some of these occur in the pre-boil-
er section and mostly concern the boiler feedwater (FW) system. For
any particular boiler plant, the steam output, operating pressure, types
of pretreatment, and daily operating procedures are all considerations
that factor into the scope and severity of these problems.

19
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Pretreatment (and internal treatment) is often limited for smaller HP
FT boiler steam systems but gradually becomes more extensive with
larger and higher output FT and WT plants.

Although all HP FT boilers operate above a MAWP of 15 psig, for
commercial space heating applications they are seldom designed to
provide steam above 30 psig/44.7 psia.

Pretreatment for FT boilers designed for industrial duty becomes
slightly more exacting because these typically operate at about 85 to
100 psig/114.7 psia (338 °F/169.9 °C) perhaps up to, say, 250 to 300
psig (264.7-314.7 psia).

Water tube (WT) boilers tend to be used in larger facilities and,
although they also may typically operate at only 100 psig, they cover a
much wider pressure (and output) range, with some designs rising to
over 2,000 or 3,000 psig, thus necessitating extensive pretreatment.

6.1 OVERVIEW OF PRE-BOILER
SECTION WATERSIDE PROBLEMS

Problems that originate in the pre-boiler section of HP boiler plants are
often the cause of operational problems further downstream in the sys-
tem; these problems must be controlled with appropriate internal treat-
ments. Although programs can be devised to deal with almost all types
and qualities of FW, it is a fundamental requirement that the water qual-
ity be as consistent as practically possible.

Trying to routinely compensate for variable FW quality is a futile
exercise; wide swings in water chemistry inevitably occur, and severe
boiler waterside problems will likely result under these operating con-
ditions.

There are three primary factors whereby FW system problems may
either originate or manifest themselves:

* FW contamination from makeup (MU) water
* FW contamination from returning condensate
* Problems associated with the final blended FW

Each of these problem sources requires effective operational control
and is discussed in the following sections.
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6.2 FEEDWATER CONTAMINATION
FROM MAKEUP WATER

Many different types of external treatment processes are available to
deal with typical MU water contaminants such as undesirable dissolved
solids, colloidal particles, or noncondensable gases.

If, in any boiler plant, the installed treatment processes are unsuit-
able or inadequate for the needs or if operational problems persist,
downstream operational problems certainly will develop in a short
time. The extent of these problems and their associated costs are likely
to be serious if the external treatment problem is not rectified at the
source. In almost all cases, internal chemical treatment cannot totally
and economically compensate for lack of pretreatment.

Where downstream boiler plant problems do result, these may often
be traced back to inappropriate FW quality. This does not mean that the
FW is necessarily contaminated in some way, but rather that the most
suitable or necessary type or capacity of pretreatment equipment (such
as a water softener, dealkalization plant, or deaerator) has most prob-
ably not been installed.

There may be several reasons for this, including perhaps a policy of
limiting the available capital expenditure, or reluctance to embrace the
appropriate technology, or insufficient knowledge to recognize the gen-
uine need and the benefits that would accrue. In those facilities where
the installation of additional external treatment has not kept pace with
the growth in steam generation capability, downstream operational
waterside problems can be expected.

6.2.1 Lack of Softening or Dealkalization Capability

A lack of much-needed MU water softening, dealkalization, or similar
external treatment capability is quite common in many small to mid-
sized industrial facilities. It seldom produces a complete boiler failure
or anything quite so dramatic, but it is nonetheless very costly in terms
of additional fuel costs and maintenance. Personnel may learn to live
with the resultant poor quality of FW for many years, accepting the
position as “normal” until the facts are pointed out and alternative pro-
posals are considered.

The use of FW that has been inadequately pretreated makes the
mechanical operation of a boiler and the control of boiler water conditions
innecessarily difficult. Additional quantities of internal treatment chemi-
cals and higher rates of blowdown (BD) are usually required, which
reduces boiler plant efficiency and raises the cost of generating steam.
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Higher rates of sludging also take place in the boiler vessel. In turn,
this potential fouling problem requires additional maintenance time
because more frequent internal surface cleaning, wash-down, and boil-
er vessel sludge removal usually is required. Carryover of contami-
nants into the steam also is more likely.

Two examples of the results of using a FW of inappropriate quality
follow. External pretreatment is needed.

1. Example of a softening need. Where a lean water of very low toral
hardness is used as a source of MU water, some facility engineers
may argue that there is no benefit in providing an ion-exchange sof-
tener. Although the water is lean, a higher feed rate of internal
chemical treatment nevertheless is necessary (to control the small
additional calcium and magnesium hardness loading) than would
otherwise be required if a softener had been installed.

Cycles of concentration (COCs) usually will be high because of
the lean nature of the MU water (perhaps 30-50 X COC). Where a
phosphate precipitant program is employed, which is quite typical,
the higher concentration of hardness salts results in a higher than
tolerable level of flocculated sludge in the boiler. The potential for
waterside fouling and baked-on sludge to occur is very real. The
fact is that boilers are not designed to act as precipitation and floc-
culation vessels, and any actions that can be taken to limit the
sludge produced therefore should be implemented.

A sodium ion-exchange water softener is required for all boiler
plants operating at an MAWP of over 15 psig.

2. Example of a dealkalizer need. Many sources of MU water con-
tain naturally high levels of alkalinity (say, greater than 200-250
ppm total alkalinity as CaCO,) yet must be used because no other
suitable supply source exists. Typically, the hardness is also high,
and under these circumstances, a water softener is always provid-
ed. It is much less common, however, to find that a dealkalization
plant (DA) has been installed, with the consequence that although
the treated water contains practically no calcium or magnesium,
the levels of alkalinity and total dissolved solids (TDS) remain
high.

These factors severely enhance the risks of condensate system
corrosion by carbonic acid (resulting from a breakdown of the
alkalinity in the boiler water and carbon dioxide [CO,] carryover
into the steam) and BW carryover. In addition, boiler operation is
more difficult because the possible COC is severely limited, there-
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by increasing the requirement for BD and consequently raising the
cost of steam generation.

Where water containing high alkalinity is used as boiler FW, the
costs and problems associated with efficiently operating the boiler
and controlling waterside conditions are needlessly high. A dealka-
lization plant is required—ideally a strong acid cation DA type.

Where in practice a DA plant is required, by careful selection,
equipment can be provided that will not only remove the excess
alkalinity but also reduce the TDS to the extent of the alkalinity
removed, thereby raising the potential for high COC and lowering
BD and fuel costs. The savings in fuel and treated HW provides the
necessary impetus for capital expenditure. The payback period typ-
ically is under two years, and often much shorter.

Depending on the proportions of hardness alkalinity and nonhard-
ness alkalinity present in the MU water source, there are several options
for dealkalization by ion-exchange:

* Strong acid cation (hydrogen form), followed by deaeration/
degassing and neutralization

* Weak acid cation (hydrogen form), followed by deaeration, neu-
tralization, and water softening

* Split-stream strong acid cation, employing resins in both hydro-
gen and sodium form, followed by blending and deaeration

* Anion exchange (chloride form)

This last design (chloride anion exchange) is very often specified
when some form of dealkalization plant is under consideration.
Selection usually is made on the grounds of operator safety and
reduced risk of boiler corrosion. Although it may have the attraction of
not creating any potential for acid handling or acid introduction into the
FW line or not requiring a deaerator, these are mere diversions.

The fact is that, although safety is an important issue, it can be over-
stated—a responsible boilerhouse facility will already have appropriate
safety training programs and safe-handling rules in place.

A chloride-based DA will not reduce the TDS of the water, and
therefore the tangible benefit of continuous cost savings through lower
boiler BD rates is never realized. Also, the introduction of additional
chlorides into a boiler may provide the potential for pitting corrosion
to take place.
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Dealkalization by some form of cation exchange is relatively simple,
can be completely automated, and, in view of the significant returns in
fuel and treated HW savings, is almost always preferred.

6.2.2 Hardness Breakthrough

A common FW contaminant is calcium and magnesium hardness
resulting from periodic hardness breakthrough when operating a
sodium cycle, cation exchange softener. When hardness breakthrough
occurs, treated MU water hardness levels rise quickly from a typical
total hardness leakage of 1 to 2 ppm (as CaCO,) to perhaps 30 to 40
ppm or more. This problem usually does not affect larger boiler plants,
where duty and standby softening capacity is available and often some
form of continuous hardness monitoring is installed, but it is a relative-
ly common problem at some smaller boiler plants.

Hardness breakthrough can be particularly troublesome at those
small, hard-working facilities that employ just one automatic softener.
The problem may develop gradually and go unnoticed for some time.
This may be because the softened water is not tested daily or, more usu-
ally, because the soft water is tested soon after resin regeneration rather
than immediately before the point of exhaustion (which may be many
hours later, but perhaps still 2 or 3 hours before the end of a working
shift or plant shutdown).

Where smaller plants use manually operated softening plants, the
incidence of hardness breakthrough occurs less frequently. Typically,
the operator performs a hardness check just before resin exhaustion is
anticipated to confirm the validity of regeneration.

Poor control of the softened MU water leads to excessive boiler
sludging and scale deposition on heat transfer surfaces.

Hardness breakthrough problems generally manifest as a periodic
but sudden drop in alkalinity and a loss of phosphate reserve in the
boiler. Reasons for hardness breakthrough include:

* Increased demand for softened MU, perhaps caused by an increase
in plant capacity without increasing softener capacity installed, or the
use of additional steam for processing so that the return of condensate
is diminished. Here a larger plant is required. If the existing plant is
not too old, a second identical unit usually is installed and the equip-
ment is operated as duty/standby, with water-meter countdown
crossover and immediate regeneration of the out-of-service unit.

* Reduced operating capacity due to iron fouling of the resin,
which occurs because soluble iron (in the form of ferrous bicarbon-
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ate [Fe(HCO,),]) is often present in groundwater up to perhaps 0.5
to 1.0 ppm Fe. Manganese fouling also may occur. The resin will
require either cleaning or replacement to restore exchange capacity.

NOTE: Periodic cleaning of softener resin with an iron stripping formulation
based on phosphonate or a terpolymer is useful. The cleaner is introduced
into the resin bed, perhaps via the brine draw during resin regeneration, at a
level of, say, 1 to 2 U.S. pints/cu ft (16-32 ml/l) of resin. The regeneration
process is temporarily halted for several hours and the resin is allowed to
soak; the process is then restarted and the stripped iron goes to drain.

Reduced operating capacity due to physical resin breakdown.
Most types of ion-exchange resin suffer some breakdown and vol-
ume loss over time because of attrition, excessive heat, or other fac-
tors. Water softeners should be inspected annually, and a double
backwash procedure should be provided. This generally lifts the bro-
ken resin (“fines”) to the top of the bed, where it can be removed and
replaced to restore capacity. Allow for 5 to 10% resin operating
capacity loss per year because of physical breakdown. At many sites
the resin is unfortunately not inspected regularly but merely replaced
when a serious decline in operating capacity is noticed. Here a resin
life expectancy of, say, 6 to 8 years probably is the norm.

Loss of resin from the softener due to poor regeneration proce-
dures or excessive water pressure. The resin may either be lost down
the drain or it may enter the FW system, whereupon it melts or dis-
integrates and causes fouling of waterside surfaces.

Inadequate brine regenerant as a result of insufficient regenera-
tion cycle time allocated for the brine-draw stage or a reduced
strength of available brine. Softener brine strength typically varies
between 10 and 25% sodium chloride (NaCl) on a weight—volume
basis, depending on the brine tank design, the regeneration resin
capacity/salting rate required, and the time allocated for dissolving
salt. The minimum recommended time required to provide for an
adequate strength of brine solution is 8 hours.

6.2.3 Chloride Leakage

A common problem associated with the operation of ion-exchange
water softeners is due to chloride leakage contamination into the FW
following regeneration. This is an operational problem caused by inad-
equate rinsing and usually is detected in the boiler by a periodic and
sudden rapid rise in the boiler water’s electrical conductivity and a call
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for increased BD. High chlorides cause depassivation and depolar-
ization problems.

6.2.4 Acid Breakthrough of lon-Exchange Plant

Feedwater contamination problems may also occur where ion-
exchange plants are employed for dealkalization or demineralization/
deionization (DI) processes. Where such equipment is used, however,
it is common for some form of continuous monitoring to be provided,
perhaps in association with an audible alarm to provide a warning of
out-of-specification FW.

Where dealkalization by acid cation exchange resin is employed, a
small risk exists of contamination from acid breakthrough. A failure
in the neutralization process may lead to acidic treated water entering
the FW system, which reduces the FW pH and results in localized acid
corrosion.

Where dealkalization by hydrogen cycle, weak acid cation exchange
resin is employed, it is common to regenerate at 120% of theory (i.e., 1.2
equivalents of acid per equivalent of cations exchanged). Under these
conditions, some mineral acidity can be expected during the early portion
of the run and neutralization is therefore required. By reducing the regen-
eration to only 100% of theory, the leakage of mineral acidity can be
eliminated with only a slight loss in operating capacity and some mar-
ginal increase in alkalinity leakage.

Where-high purity MU is provided for higher pressure WT boiler plant
FW, some form of continuous analyzers for measuring treated water pH
and conductivity are almost always installed, as are sodium (Na) ion-
selective electrodes for detection of sodium leakage. Automatic online
silica analyzers also may be installed, but they measure only reactive
(ionizable) silica (Si0,), not colloidal or total silica, so caution is required
where unforeseen silica leakage may present a problem.

6.2.5 Sodium and Silica Leakage

Where MU is intended for power boiler FW, particularly strict limits
are imposed on sodium leakage (breakthrough) and silica leakage to
prevent FW contamination and subsequent downstream caustic goug-
ing corrosion, caustic cracking corrosion, or silica deposition.

Control also is required to prevent contamination from chleride and
sulfate leakage.

Because of their lower charge densities, monovalent ions are
exchanged less efficiently, so chloride and sodium ions in particular
tend to slip through the resin beds. Where twin-bed DI is employed,
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under normal conditions the pH of the cation exchanger effluent is 2.0
to 3.0, while that of the anion exchanger is close to 8.0. The effluent
from the cation bed will always contain some low level of sodium,
which creates sodium hydroxide in the strongly basic anion bed. Should
the anion pH rise to 9.0 or higher, however, excessive sodium ion leak-
age from the cation exchanger is indicated.

As the DI plant becomes exhausted, silica leakage occurs in the
treated MU water and the pH falls abruptly. Furthermore, where sodi-
um ion leakage occurs from the cation bed, it produces a regenerative
effect on the anion bed, which may also lead to silica leakage. To dif-
ferentiate between the two phenomena, sodium ion leakage from the
cation bed should be assessed directly using selective sodium-ion elec-
trodes, flame photometric analysis, or other appropriate test methods.

Ionic silica is not totally removable by DI. Colloidal silica is diffi-
cult to remove by both DI and reverse osmosis (RO); it may cause
some resin fouling as well as leaking into the treated water. Where the
cation effluent is maintained at a pH of 2.0 to 3.0, however, silica tends
to both depolymerize and ionize thus enabling its effective removal in
strongly basic, anion resin beds.

Reverse osmosis plants also are not immune from silica fouling, and
where the raw water source naturally contains relatively high levels of
silica, good pretreatment of the RO FW is a prerequisite. To reduce
fouling of RO membranes by silica, pretreatment by acid adjustment,
alum coagulation, and filtration usually is provided.

Twin-bed DI plants in good operating condition typically produce a
slightly alkaline treated water with a sodium leakage level of perhaps 1
to 3 ppm, a silica leakage of 0.05 to 1.0 ppm, and a resistivity of typi-
cally 0.1 to 0.5 megaohm per cm (MQ/cm).

Ion leakage can be reduced by several methods, including:

* Reducing water throughput velocity rates to extend the reaction time

* Increasing the bed depth; usually a minimum bed depth of 24 in (61
cm) is required

* Increasing the number of ion-exchange sites by the use of counter-
current (counterflow) regeneration

* Following the twin-bed with a third cation exchange bed or a mixed-bed
(MB) polisher. Processes such as RO followed by twin-bed DI, plus
twin MB polishers may yield treated water with silica leakage down to
0.5 ppb SiO,. An alternative arrangement for the minimization of sili-
ca is the use of a double-pass RO followed by MB polishers.
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6.2.6 Organic Fouling

A further problem that may cause contamination of the treated MU
water is anion leakage as a result of organic fouling. This significant-
ly affects anion resins, preventing ion removal by ion exchange and
thus reducing bed capacity.

Organic fouling also affects cation resins, albeit to a lesser degree.
The fouling primarily stems from the attachment to the anion exchange
site of a variety of low-level organic matter of variable molecular
weight that is present in the raw water source.

These organics include trihalomethanes, tannic, humic acids, and
Jfulvic acids (as well as organic process contaminants and microbiolog-
ical breakdown products). Their presence in FW may lead to problems
of BW foaming and carryover. Where this problem occurs, special
resin cleaning procedures can be implemented; however, the best
course of action is to change standard gel-type ion exchange resins to
isoporous or macroporous resins, or to install an organic trap or acti-
vated carbon filter.

*  Gel-type resins have a high capacity but a nonuniform cross-linking
structure, whereas isoporous resins possess a uniform cross-linking
structure, and macroporous resins have a spongelike, open-pore
structure. Both isoporous resins and macroporous resins exhibit good
reversibility toward organic anions, permitting regeneration without
loss of capacity, although the overall exchange capacity is reduced.

* Organic traps contain isoporous, macroporous, or other specifical-
ly designed resins (such as reticulated, cross-linked polystyrene
resins devoid of ionic function) and take up organics by a combina-
tion of ion exchange, adsorption, and other mechanisms. They typ-
ically are installed to precede the DI plant.

* Activated carborn filters remove a wide range of organic matter by
adsorption onto the carbon bed. The bed may be derived from a
number of different carbon sources, and the correct selection of bed
type, capacity, and porosity is a specialized function. Activated car-
bon may be usefully employed in organic traps, complementing the
resin bed, but its capacity and organic removal rate characteristics
are flow-dependent. Excessive flows may compromise the rate of
adsorption of organic matter.



Pre-Boiler Section Specifics 201

6.2.7 External Treatment Carryover
and After-Precipitation

Additional problems that may cause serious contamination of the treated
MU water are those related to carryover and after-precipitation from
external treatment processes. Both of these processes may result in the
presence of insoluble solids in the various lines, tanks, and valve areas of
the pre-boiler section. Some solids may even pass through to the boiler.

The effect of carryover and after-precipitation is that solids settle out
and cause pre-boiler system fouling and result in reduced flow and
equipment waterway blockages. Check valves are especially prone to
blockage.

Hard crystalline scale and deposition also may result from the
interaction of silica, residual hardness, and inorganic coagulants car-
ried over into the treated water. Also, pre-boiler system damage by ero-
sion may occur.

+ External treatment carryover often consists of sand, grit, or
destabilized colloidal particles together with aluminum and iron
salts (typically present as finely suspended precipitate). Carryover
results from inadequate flocculation following coagulation process-
es or from employing filters that may be overloaded or subject to
poor backwashing procedures. This form of contamination must be
eliminated either by accelerating the precipitation—settling process
or by improving the filtration—separation process. Methods for
reducing risk of carryover include using a hot lime process (faster
precipitation than using cold lime), clarifier sludge recirculation,
and upward-flow sludge blanket techniques, and the use of cation-
ic, organic polyelectrolytes.

» External treatment after-precipitation occurs when treated MU
water becomes unstable and supersaturated with calcium carbonate
or magnesium hydroxide, following a precipitation softening
process. The time required for complete precipitation varies consid-
erably, depending on the source of the water, plant design, operat-
ing conditions, and the presence of substances that can interfere
with the process, such as ammonium or polyphosphate salts (origi-
nating from fertilizers, farm run-off, etc.).

If inadequate precipitation time is available or if interference occurs,
unstable treated water results and salt deposition continues to occur
in the pre-boiler section.
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Traditionally, stabilization of unstable treated water generally is
provided by simply lowering the treated water pH slightly or by using
a threshold phosphate technique. Neither of these techniques is par-
ticularly suitable for boiler FW makeup because an alkaline FW is
required and rapid reversion of the polyphosphate will take place under
hot FW conditions, thus leading to phosphate deposits in the pre-boil-

Table 6.1 Summary of FW contamination from MU water

Type of problem

Likely results or increased risks

Lack of ion-exchange softener with
low hardness MU water source

Extra chemical treatment need
Waterside fouling

Baked on sludge

Increased BD and higher costs

Lack of dealkalization with high
alkalinity MU water

NOTE: Anion dealkalizers do not use
acid, but also do not reduce MU
water TDS and introduce additional
chlorides (risk of pitting).

Excessive CR line corrosion
BW carryover

Low cycles of concentration
higher operating costs

Hardness breakthrough with
ion-exchange (base exchange, BX)
softening

NOTE: Caused by Fe/Mn fouling,
resin breakdown/loss, or inadequate
regeneration.

Increased risk of carbonate scale or
phosphate sludge

Loss of alkalinity and hence an increased
silica deposition risk

Chloride leakage with BX softening
NOTE: Caused by inadequate rinsing.

BW carryover
Increased BD
Temporary loss of control
Depassivation

Acid breakthrough (split-stream
softening, dealk/DI).

Failure to neutralize results in acid
corrosion of feed system

Na leakage (DI).
NOTE: Deposits may develop containing
high concentration of NaOH, resulting in:

Caustic gouging
Caustic induced SCC (where stressed)

Silica leakage (DI).

Silica volatilization
Deposition on boiler surfaces,
superheaters, and turbine blades

Cl- and SO,2* leakage (D).

Anodic depolarization, leading to
depassivation and corrosion

Organic fouling of DI resins.

Loss of treated water capacity
Anion leakage

External treatment carryover, and
after-precipitation

Fouling and blocked check valves
Erosion/corrosion
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er section. Additional treatment processes such as filtration and ion-
exchange softening are also likely to be required.

6.3 FW CONTAMINATION FROM
RETURNING CONDENSATE

In most boiler plants, a high percentage of the generated steam is con-
densed after use and returned to the pre-boiler section, where it is sup-
plemented with sufficient MU to meet the current total FW demand at
any particular time. Because this returned condensate or condensate
return (CR) generally comprises the greater part of the FW supplied to
the boiler, any contamination of the condensate may result in contami-
nation of the FW system that is ultimately transported into the boiler
section itself.

Condensate contamination originates from several sources, including
BW carryover into the generated steam, corrosion debris pickup
within the steam and condensate distribution systems, and process
leaks. It is very important, therefore, to regularly monitor steam and
condensate quality. This can be achieved by means of periodic sampling
using sample coolers and (typically) stainless steel water sampling con-
tainers, and appropriate analytical testing programs perhaps supported
by an automatic, real-time conductivity measuring and alarm facilities.

6.3.1 Transport of Boiler Water Solids

Although much of the solids resulting from BW carryover are deposited
somewhere within the condensate system, the balance is transported back
to the FW system to begin another cycle. Boiler water is always alkaline
(often strongly caustic), and the carryover of BW solids produces a high-
ly alkaline condensate that has a detrimental effect where high steam
purity is required. Strongly alkaline condensate can have a scouring
effect on condensate lines, sweeping up old corrosion debris, which is
then carried through with the alkaline condensate to the FW system.
Sufficient slugs of dirty, alkaline condensate can cause pre-boiler metal
damage and throw any FW pH control system out of balance.

In addition, the solids may cause fouling problems such as reduced
deaerator venting, sticking check valves, and blocked feed pump.

6.3.2 Oxygen Loading

The contamination of returned condensate may develop in several ways.
Where the steam—condensate system is subject to air infiltration, the result-
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ing oxygen loading of the condensate leads to a high deaeration demand
being imposed on FW deaerating heaters and DO chemical scavengers.

Where problems develop, there is always a cause-and-effect process.
In this case, as oxygen infiltrates the CR system, enhanced condensate
line corrosion results (i.e., corrosion over and above the level that may
be caused by the carbonic acid formed during steam condensation).
This enhanced corrosion, in turn, creates the potential for further down-
stream corrosion debris pickup by the returning condensate and trans-
porting this material back to the FW system.

6.3.3 Corrosion Debris Pickup, Transport,
and Redeposition

The problem of corrosion debris and deposit pickup may happen any-
where in the steam distribution or CR systems (such as from a super-
heater, steam trap, surface condenser, FW preheater, or condensate line).

Corrosion debris that may be picked up and transported by returning
condensate includes oxides of iron, copper, nickel, zinc, and chromium.
Redeposition may then occur in the FW line, causing feedline block-
ages. The transport of corrosion debris also brings with it further prob-
lems of impingement or erosion-corrosion, which can occur
anywhere in the pre-boiler system. In old and corroded plants, the use
of filters, strainers, condensate polishers, or (for smaller plants) high
temperature—resistant bag filters is highly recommended to prevent the
corrosion debris from entering the FW system.

6.3.4 OQil and Process Contamination

A wide range of process contaminants may be inadvertently transported
back with returning condensate following the purposeful injection of live
steam into a manufacturing process and its subsequent contamination by
the process. Contaminants also may infiltrate the CR system through a
leaking heating coil, an open surge tank, or similar access point.

Process contamination may, unfortunately, occur regularly in certain
industries, and these process materials inevitably find their way into the
FW system, and from there to the boiler, unless adequate precautions
are taken. The result is severe fouling of the boiler, contamination of
the steam generation process, and the potential for damage and boiler
failure caused by overheating.

Boilers may need to be taken offline immediately and boiled out, or
at the least blown down very heavily for some period to remove the
contaminants.
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Condensate contaminated by process leaks is unsuitable for reuse as

boiler FW and must be dumped or otherwise disposed of.

Process leaks from phenols, glycols, and various other organics
badly contaminate the FW system and lay down sticky films in
lower pressure boilers and varnish in higher pressure systems.

Process leaks of sugars, fats, colloidal materials, pectins, emul-
sions, and proteins cause stable foams in the boiler, leading to
carryover and a further contamination cycle.

Where contamination from edible oils, fats, solvents, and the like
occurs, the development of stable foams or colleids, saponification
of fatty materials into crude soaps, and a very serious risk to heat
transfer surfaces may result.

Dyes can produce FW discoloration.

Acid leaks cause problems of fluctuating feedwater pH levels and

acid corrosion.

Table 6.2 Summary of FW contamination from returned condensate

Type of problem

Likely results or increased risks

Carrythrough of BW solids with the
condensate.

Highly alkaline condensate
Pre-boiler metal damage

pH control out of balance

Fouling to DA vent, check valves and
FW pump

High O, loading of returning
condensate.

High deaeration demand that may
exceed DA capacity.

Steam/CR system corrosion debris
pickup, tranport, and re-deposition.

Wide ranging FW line blockages and
impingement/erosion
Enhances risk of pre-boiler corrosion

Process contamination.

Sticky films (LP boilers)

Varnish (HP boilers)

Steam discoloration

FW pH fluctuations

Acid corrosion

Stable foams leading to carryover

Oil and hydrocarbon leaks.

FW system fouling and deposit binding
Non-wettable boiler surfaces.

Condenser leaks.

Fouling, deposition
Chloride depassivation and pitting
corrosion of FW lines and boiler
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* QOil and hydrocarbon leaks that return with the condensate coat
heat-exchange surfaces and cause FW system fouling and deposit
binding. These materials must be removed or they will reenter the
boiler to produce nonwettable boiler surfaces, and create serious
problems. Oil in condensate should be removed by the use of an
inline pre-coat filter. The pre-coating should be either aluminum
hydroxide or ferric hydroxide becaue both these hydrous oxide gels
have an affinity for oil.

* Condenser leaks permit dissolved solids, oxygen, organics, and sus-
pended solids to enter the CR system and from there to enter the FW
system. This is a very serious problem and leads to feed system
fouling and deposition and the depassivation of metal surfaces,
which in turn induces pitting corrosion to occur.

6.4 PROBLEMS ASSOCIATED WITH THE
FINAL FEEDWATER BLEND

Boiler FW is comprised of variable ratios of returned condensate and a
MU water source. The MU requirement is proportional to the sum of
nonrecoverable steam and BW blowdown that is lost from the plant.

Apart from the waterside problems discussed earlier, which are due
to impurities introduced with either the MU or the returned condensate,
additional problems may develop both in the pre-boiler system and fur-
ther downstream. These problems are associated with the final blended
FW and are primarily related to oxygen corrosion of various items of
pre-boiler equipment or the deposition of scales and metal oxides on
waterside surfaces.

Some additional very specific types of corrosion may also occur in
the economizer, feed pumps, and other items of pre-boiler equipment,
the mechanisms of which must be firmly understood if they are to be
properly controlled. Some of the waterside problems affecting these
items of equipment are discussed in the following sections.

6.4.1 Problems of Inadequate Feedwater Deaeration

Inadequate FW deaeration is a common cause of serious corrosion
problems that affect many hundreds (if not thousands) of boiler plants
of all sizes around the world. Despite the abundance of available liter-
ature advising the need to eliminate oxygen from boiler FW, inadequate
deaeration continues to cause permanent waterside damage.

The dissolved oxygen (DO) passes through the pre-boiler section
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and enters the boiler section, where it is particularly damaging to pas-
sivated metal surfaces. Dissolved oxygen causes serious pre-boiler
oxygen corrosion and boiler section pitting corrosion.

Additionally, when internal chemical treatment programs containing
chelants are employed and DO is present, the risk of boiler metal dam-
age is significantly increased because of oxygen-induced chelant cor-
rosion attack.

NOTE: The use of chelants is sometimes unnecessarily barred because of
fears of chelant corrosion. Chelant programs do not sequester iron oxides
(such as an adherent magnetite film), however, and, when correctly used
under constant reducing conditions, are very useful. They can sweep out old
alkaline earth deposits and provide particularly clean boilers.

Where inadequate FW deaeration takes place and oxygen corrosion
occurs, the descriptive terminology employed often relates to the par-
ticular components involved:

* Deaerator corrosion

¢ Economizer corrosion

¢ Feed tank corrosion

¢ Feedline corrosion

* Tube pitting corrosion (FT boilers)
¢ Shell boiler corrosion (FT boilers)

*  Top drum corrosion (WT boilers)

Apart from the usual classifications of boiler plants (FT, WT, pres-
sure rating, steam output, etc.), they also may be grouped according to
whether a deaerating FW heater (deaerator) is provided, and this is a
useful consideration in view of a common need to provide adequate
deaeration.

All large industrial WT and power boiler plants utilize deaerators
and supplement the DO removal process by means of a suitable chem-
ical oxygen scavenger. Many midsize factories operating FT boilers or
FT-WT boiler combinations also employ mechanical deaeration. This
is especially common in the United States, Germany, and several other
industrialized countries where boiler design custom and practice virtu-
ally dictate that a deaerator be included in almost every midsize and
larger boiler plant facility.
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For these medium to large operations, apart from taking measures to
ensure the continuous efficiency of deaeration and oxygen scavenging,
little more can be said because all that can be done practically to remove
DO is being done. The problems of inadequate FW deaeration, the result-
ant corrosion risks entailed, and the consequent need for constant vigi-
lance primarily affects those owners and operators of small to midsize
steam-raising boiler plants where mechanical deaeration is not available.

These deaerator-less plants include countless HVAC systems around
the world located in hotels, apartment complexes, office blocks, sky-
scraper towers, prisons, medical and educational establishments and
other such institutions, as well as smaller laundries, dye-houses, food
and beverage plants, factories, and other general manufacturing facili-
ties. It is no coincidence that the most common water treatment concern
at many of these locations is avoiding boiler pitting corrosion through
the effective removal of DO and the maintenance of adequate BW
chemical oxygen scavenger or inhibitor reserves.

Although the need to properly soften the FW; control BW variables
such as alkalinity, TDS, and sludge; and limit carbonic acid corrosion
remains vital, these other problems generally are secondary to effective
control over DO. If severe boiler plant damage and system failure are
to be avoided, it is necessary to continuously maintain waterside reduc-
ing conditions and properly passivated boiler surfaces.

Actions to achieve this objective include:

1. Add chemical oxygen scavengers as far back in the FW system as
possible.

2. Where sulfite or bisulfite oxygen scavengers are employed, a cata-
lyst (such as a cobalt salt or an etherbate) is vital to speed up the
rate of deaeration.

3. Raise the FW temperature to as high a level as practically possible
using returned condensate, live steam injection, or FW heaters.

4. Keep injection points for catalyzed sulfite and chelant-containing
programs as far apart from each other as possible to avoid inactiva-
tion of the cobalt salt catalyst through chelation.

5. Where risks of inadequate FW deaeration remain high because of
fluctuating FW conditions or other reasons, consider supplementing
or replacing catalyzed sulfite with blended natural tannin formula-
tions. Although gallotannins are also effective oxygen scavengers,
the main benefit is derived from the fact that certain tannin blends
produce a very stable, passive iron tannate—-magentite film, which
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provides temporary protection against pitting corrosion during peri-
ods when reducing conditions are not properly maintained in the
boiler. (Tannins are suitable for boilers operating up to, say, 650-750
psig). For very small boilers where chemical costs are relatively
minor and there is little MU water demand, nitrite provides a further
alternative to the use of sulfite for the removal of oxygen. Nitrite is
also an anodic inhibitor and stimulates the passivation process.

NOTE: Never use nitrite and sulfite in the same boiler. They are incompatible.

Although deaerators provide the primary means of mechanical
deaeration, they are not of themselves immune from corrosive attack.
Acid condensate (or MU water that has been subjected to split-stream
softening or dealkalization and remains acid due to a lack of pH adjust-
ment) can damage the deaerator.

Deaerator acid attack can occur at several points in a deaerator,
including:

» The supply line to the deaerator, especially after the point at which
hot condensate enters

* The gas scrubbing section
* Vent condenser, especially the condenser tubing
» Storage section, especially above the waterline

Economizers are always subject to a risk of very severe pitting corro-
sion as a result of the release of DO with rapid increase of water temper-
ature. Therefore, they should be inspected at every available opportunity.

In smaller boiler systems, the FW tank often acts as a common con-
densate receiver, MU water heater, and deaerating vessel. As such, the
tank is subject to the same corrosion problem risks that befall deaera-
tors, economizers, and FW lines. Smaller systems often are inade-
quately designed and constructed, with the result that they may suffer
serious oxygen corrosion in a particularly short time. (It is not unknown
for tank wall perforation to occur within 3 to 6 months of the installa-
tion of a new FW tank as a result of pitting corrosion.)

6.4.2 Selective Corrosion Problems
Affecting Pre-Boiler Section Equipment

Several items of pre-boiler equipment (and post-boiler equipment) may
suffer from selective forms of galvanic corrosion. One fairly common
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form of galvanic corrosion is dealloying (selective leaching). This is a
general term that covers the preferential leaching of alloying compo-
nents from a wide range of copper alloys. Dealloying also includes the
selective corrosion of iron in cast irons (graphitic corrosion).

These galvanic corrosion processes take place when one or more ele-
mental constituents of an alloy is leached, often leaving a weak, porous
structure, although the component dimensions often are unchanged.
Dealloying particularly affects equipment constructed of cupronickels,
bronzes, brasses, and gunmetal, such as FW heaters, strainers, valves,
and pump impellers.

The corrosion of copper alloys is accelerated by:

Soft waters

Deposition on component surfaces
Idle or stagnant FW

High chloride water

M N

Excessive velocities (erosion—corrosion)
Examples of the dealloying of cuprous alloys include:

* Dezincification: As cither plug dezincification (localized corro-
sion) or layer dezincification (general corrosion) and refers to zinc
(Zn) being selectively leached out of brass. It can be prevented
either by reducing the Zn content to below 15% or by the addition
of trace amounts of inhibiting elements such as arsenic (As)

* Denickelification: Nickel (Ni) leached from cupronickels
* Destannification: Tin (Sn) leached from gunmetal

¢ Dealuminification: Aluminum (Al) leached from aluminum-
bronzes

Certain pre-boiler cupronickels, such as 70:30 alloy tubes, subjected
to high temperature, stress, and stop—start operation may suffer oxygen
corrosion-induced dealloying followed by exfoliation corrosion, in
which oxidized sheets peel away from the solid metal.

As noted previously, dealloying also affects pre-boiler components
manufactured of cast iron, such as FW pumps and valves. These com-
ponents may, under certain (long-term) circumstances, suffer a selec-
tive form of preferential leaching galvanic corrosion. Specifically,
graphitic corrosion may take place when the (anodic) iron matrix con-
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verts to iron oxide while the (cathodic) graphite in the cast iron remains
intact. The casting retains its shape but eventually loses all strength and
can be cut with a knife. This problem primarily affects gray cast iron,
but it less commonly affects nodular cast iron. The rate of graphitic
corrosion increases with low pH in water, with high sulfate content, and
under idle operational conditions.

A further pre-boiler corrosion problem is the erosion—corrosion of
FW pump impellers, housings fittings, and pipes or tubes. It may be
caused by impingement by high-velocity steam, metal oxide particles,
or high-speed turbulent FW striking the surface of the component.
Erosion—corrosion causes metal wastage through mechanical abrasion,
and the resulting flow-oriented thinning of components may quickly
cause impeller failure or tube rupture.

NOTE: Problems of erosion—corrosion by particulate matter or water
droplets in steam also affect post-boiler components such as turbine blades.

Where air bubbles and other gases are entrained in turbulent FW and
an abrupt reduction in pressure takes place, cavitation may occur. The
result of the extremely rapid formation and collapse of steam bubbles
on the suction side of feed pumps or the discharge side of valves pro-
duces erosive microjets that over time may promote severe cavitation-
al metal wastage.

6.4.3 The Deposition of Scale and Corrosion
Debris in Pre-Boiler Sections

As discussed previously, serious fouling, deposition, and corrosion
problems may occur in the FW line as a result of the entry of carryover,
after-precipitation, corrosion debris pickup, or oxygen and other con-
taminants, from either the MU or returning condensate.

Where deposits occur in the final FW system, analyses often show
that these deposits are composed of both new localized scale and cor-
rosion products, plus old redeposited debris transported from other
parts of the boiler plant system.

Additionally, as a result of the turbulent nature of the flow of FW as
it passes through the system, both new and old debris also may contin-
ue to pass through and eventually lodge in the boiler. As a consequence,
the transport of corrosion products and debris from various parts of
the overall boiler plant system through the pre-boiler section (where
additional debris may originate) and on to the boiler continues to be a
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major cause of tube failure in HP WT boilers. This transport mecha-
nism has been a significant cause of boiler failure since records began.

The transport of pre-boiler corrosion debris to the boiler section
includes the oxides of iron, copper, nickel, zinc, and chromium and
results from the corrosion of pre-heaters and condensers, and the like.
Specifically, equipment components variously fabricated from admi-
ralty brass, aluminum brass, cupronickels, and stainless steels are most
affected.

In higher pressure boilers, along with metal oxides, transported
debris also commonly includes various minerals:

* Malachite [CuCO,-Cu(OH),]
* Ammonium carbamate [NH,COONH,]

* Hydrated basic ferric ammonium carbonate [(NH,),Fe,(OH),
(CO,),*H,0]

NOTE: Apart from debris transport, a further major cause of HP boiler
tube failure is the gradual and inevitable buildup of metal oxides and
deposits resulting from physicochemical reactions occurring solely within
the boiler itself, which is why scheduled, periodic cleanings are pro-
grammed into all power boiler operational schedules around the world.
Nevertheless, power boiler operators and associated research organiza-
tions continually strive to develop new designs and procedures to reduce
the frequency of such cleanings and their turnaround times.

Apart from the redeposition of foreign sources of debris, localized
FW line deposition of insoluble salts also may occur. This simply may
be due to precipitation reactions resulting from the addition of treat-
ment chemicals.

In particular, where polyphosphate is added either to the MU water-
line (say, as a stabilizer against the risks of after-precipitation) or to the
FW line or FW tank (as a precipitating treatment for residual hardness),
there is some risk of FW line phosphate deposits developing. Such
deposits are likely to be primarily composed of hard, intractable calci-
um phosphate [tricalcium phosphate Ca,(PO,),] scale, but they may
include magnesium phosphate [Mg,(PO,),] and other insoluble phos-
phates and hydroxides. The risk of precipitation and subsequent depo-
sition is increased where the pH is below 8.3, if the FW line is
particularly long, or when the FW temperature is high.
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NOTE: Precipitation and deposition risks associated with high FW temper-
atures are unavoidable because FW temperatures should be as high as prac-
tically possible for any particular boiler system design. The obvious solution
is to remove the source of deposition, not to reduce the FW temperature.

In considering these risk factors, there generally is little that can be

done to shorten a FW line, and a long line may in fact be desirable where
an oxygen scavenger is fed directly to the line because it will increase
the DO contact time. To improve operating efficiency, however:

1.

The FW temperature should be as high as possible. Depending on
the particular circumstances, FW pH typically should be 8.5 to 8.7
or slightly higher.

To minimize the risk of phosphate deposits, all efforts should be
made to keep residual FW hardness levels to an absolute minimum
(good softening!).

Phosphate precipitant treatments should almost always be added
directly to the boiler shell or drum, or to the FW line as close as pos-
sible to the boiler. (The phosphate dosing pump should be inter-
locked with the FW pump when dosing to the FW line.)

A further problem is FW line iron deposits, which may be produced

where soluble iron is present. The iron precipitates as a result of heat
and the presence of trace amounts of oxygen. The reactions under these
circumstances include the following:

4Fe(HCO,), + O, + 2H,0 — 4Fe(OH),| + 8C02T
ferrous oxygen water ferric carbon
carbonate hydroxide dioxide

Fe(HCO,), — Fe(OH),| + 2CO,t

ferrous heat ferrous carbon

carbonate hydroxide dioxide

4Fe(OH), + O, + 2H,0 — 4Fe(OH),{
ferrous oxygen water ferric
hydroxide hydroxide

2Fe(OH), — Fe,0,1 + 3H0
ferric ferric water
hydroxide oxide
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The reaction products cause fouling and deposition in FW lines, the
FW tanks of small boilers, and the economizers of large systems.

Precipitated iron also acts as a binder and forms deposits with other
materials. The source of iron originates either from contaminated con-
densate or from MU water, where it is present in the form of ferrous
bicarbonate [Fe(HCO,),].

Where soluble iron is present in condensate, it often is associated
with copper. When the problem is considered serious, it usually is
removed by a condensate polisher. Soluble iron in MU often is associ-
ated with manganese and usually (but not totally) is removed either by
ion-exchange resins (often inadvertently) or in an aeration tower,
where the process employs a combination of air or chlorine oxidation,
followed by precipitation and filtration.

No specific action usually is taken to remove silica (SiO,) from MU
water sources where the boiler plant operates at below 250 to 300 psig.
Nevertheless, particularly undesirable FW line silica deposits may
occur, and when this happens, often there is no simple, low-cost, prac-
tical way to remove them.

It thus becomes necessary to preempt the problem by tightly con-
trolling the FW pH, temperature, and residual hardness levels where
MU water source contains a high silica level (say, over 20-30 ppm
Si0,). The location of FW line chemical injection points and the type
of chemicals dosed also may influence the risk of silicate sludges and
scales developing, and these factors may also need to be considered.

Consider that as pH and temperature increase (normally desirable FW
conditions), silica increasingly forms a soluble silicate anion that can
react with any residual hardness (especially magnesium hardness) in the
FW line to produce various forms of magnesium silicate. The glassy sil-
icate scales become increasingly insoluble at higher pH and deposit in
high heat flux areas, severely restricting heat transfer.

The most common deposits are:

* Serpentine [(3MgO-SiO,:2H,0)]
* Hydrated magnesium orthoedisilicate [(Mg,S1,0.-2H,0)]

When soluble iron is present in FW that also contains silica, the iron
may be transported through to the boiler, where insoluble ferrous
metasilicate (FeSiO,) preferentially forms instead of magnetite.
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Table 6.3 Summary of problems associated with the final FW blend

Type of problem

Likely results or increased risks

Inadequate FW deaeration.

Oxygen pitting corrosion to deaerator,
economizer, FW tank, FW line
Pitting in tubes and shell (FT)

Pitting to top drum (WT)

Dealloying, selective leaching and
graphitic corrosion forms of

galvanic corrosion

NOTE: Corrosion is especially common
in soft waters with high chlorides and
under idle conditions.

Selective corrosion of cuprous alloys,
such as FW heaters and bronze pump
impellers, producing:

Dezincification

Denickelification

Destannification

Dealuminumification

Graphitic corrosion of cast iron FW

pumps and valves

High temperature/stress and stop/start
operation effects on 70:30 cupronickel
tubes (as found in some FW heaters).

A chain of cause and effect including:
Oxygen corrosion
Dealloying
Exfoliation corrosion

Impingement by high speed, turbulent
water, and particles.

Erosion-corrosion of pumps, impellers,
and fittings

Air bubble entrainment in FW.

FW pump cavitation

Localized pre-boiler scale and corrosion
debris deposits.

Combination of:
New phosphate, iron, copper, and
silica deposition
Old re-deposited debris
Transport of Fe, Cu, Ni, Zn, Cr
oxides to HP boiler section, leading
to deposition, fouling, and possible
tube failures
Transport of minerals and debris
including malachite, ammonium
carbamate, basic ferric ammonium
carbonate
Precipitation in FW line of
phosphates, iron, and silicates
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WATERSIDE AND
STEAMSIDE PROBLEMS:
BOILER SECTION
SPECIFICS

In any boiler plant system, the boiler itself typically is the single most
expensive item of equipment and the source of generated steam. Thus,
it tends to receive the highest percentage of whatever time, money, and
human resources are available. This is understandable because any loss
of heat transfer efficiency through deposition or other physicochemical
waterside problems has the greatest impact here.

Almost all boiler section scale, fouling, deposit, or corrosion prob-
lems, however, tend to be associated with additional (and often very
similar) problems both upstream and downstream of the boiler itself.
Therefore, the presence of, for example, boiler deposits or localized
corrosion issues should never be viewed in isolation. Rather, they
should be investigated in the light of a likely chain of cause and effect,
and the basic causes of the problems should be eliminated wherever
possible, rather than simply the noticeable effects.

Thus, merely cleaning boiler internals of carbonate deposits, say, by
the use of an acid wash will not prevent a recurrence. Does the boiler
require the installation of a water softener, an improved chemical treat-
ment program, or better testing and monitoring?

7.1 BOILER SCALING, FOULING, AND DEPOSITION

We typically use scaling, fouling, deposition, and several other terms in
the same context and fairly indiscriminately because there is no uni-
versal definition. In general, these physicochemical processes may take
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place at the same time in the same region of the boiler. Each term has
a specific definition, however:

* Scale is a layer or layers of minerals deposited onto a heat transfer
surface, which reduces the heat transfer coefficient (U value, stat-
ed in Btu/hr/sq ft/°F). In everyday parlance, scale also refers to thick
layers of corrosion product built up onto a metal surface (often
present in association with deposits) that may occur at high temper-
ature as a result of a variety of boiler surface corrosion mechanisms,

Mineral scales typically result from the effects of localized con-
centration of salts within the watersides of a boiler and the inverse
solubility of many such salts at elevated temperatures. Scales often
are hard, dense, and difficult to remove. They can be either crys-
talline or amorphous (lacking any characteristic crystalline shape).

» Fouling is caused by the flocculation or deposition of insoluble
matter such as sludge, amorphous scales, process contaminant,
or corrosion debris, and it relates to any impediment to the flow of
water in a boiler system. Sludge often is one result of localized min-
eral supersaturation but is not always deposited at the point of ori-
gin. It may be transported from elsewhere before settling and
causing fouling and may additionally bake onto heat transfer sur-
faces (baked-on sludge), giving the impression of being a mineral
scale.

* Deposition commonly reflects a combination of physicochemical
processes and localized effects. It may occur through fouling as a
result of contamination by process materials, perhaps plus scaling
from the supersaturation of dissolved salts, and coupled with some
active under-deposit corrosion. As a consequence, deposits forming
within a boiler are almost never single mineral scales but typically
consist of a variable mix of scale and corrosion debris, chemical
treatment residuals, process contaminants, and the like.

Silica and many of the metals commonly found in scales and
deposits can form various permutations of oxides and salts, depending
on the specific boiler area location and operating circumstances. Each
mineral possesses distinct characteristics and may exert different
effects.

Thus, although the analysis of scales and deposits typically is carried
out by a combination of wet chemistry techniques and atomic absorp-
tion spectroscopy, an identification of the specific nature of the crys-
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talline minerals requires additional and expensive resources.
Equipment employed for this work includes x-ray diffraction and fluo-
rescence and polarizing microscopy.

Although the risk of scale deposition and fouling in the boiler sec-
tion is related to several factors such as the FW volume demands,
boiler pressure, and heat flux density at various boiler surfaces, it is
equally a function of the level of FW contaminants such as residual
hardness, sulfates, silica, and iron. Thus, as a generality, the higher the
quality of FW (reduced levels of contaminants), the lower the risk of
deposition on boiler surfaces.

Also, basic factors such as the transport of materials, residual hard-
ness, ion leakage, soluble iron, colloidal silica and clays, and other con-
taminants, which can produce scales and deposits in the FW lines and
other parts of the pre-boiler section, may also produce similar detrimen-
tal effects in the boiler section. In the boiler itself, however, the buildup
rate may be quicker and the results may be more devastating.

Commonly, phosphate or carbonate may be purposefully present in
many boilers as a result of the application of certain internal precipitat-
ing treatment programs. Rather than providing a benefit, they can add
further to the risk of deposition if the correct operational conditions are
not maintained because adherent scales are produced rather than free-
flowing sludges that are amenable to boiler blowdown (BD).

Also, gross organic chemical treatment overdosing or thermal
breakdown further adds to deposition risks. For example, many com-
mon polymeric dispersants act as flocculants if significantly overdosed.

NOTE: Many common polymeric dispersants typically produce a flocculat-
ing effect in a boiler when they are present at levels exceeding 100 to 120
ppm or so of “active” polymer. BW actives should not exceed 40 to 50 ppm.

Where fouling and scale deposition occurs in a boiler, it sometimes is
perceived as the result of the development of a specific boiler waterside
problem and, as such, one that can be rectified by a slight change in
either the chemical treatment program or the operating control parame-
ters. Under these circumstances, such a treatment may thus be viewed or
even promoted as a simple “cure-all” solution to the problem. This is
seldom the case in practice. Rather, deposition is an early warning sign
of inadequate control over general boiler waterside conditions. This
warning may reflect a root cause problem, either with the day-to-day
operation of the boiler or with the interrelationship of FW quality, exter-
nal pretreatment processes, or internal treatment programs.
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NOTE: The view that deposition is an indicator of more widespread prob-
lems is also common to cooling water systems. As a result of the complex
nature of deposits, their removal by acid or mechanical cleaning of boiler
or cooling systems is not always as simple a process as may be portrayed.

Different sequences of solvent addition or cleaning techniques may be
required for each of the two or three most abundant minerals present.
Passivation is always an essential element and mechanical repairs also
may be required.

Most commonly employed sources of water contain readily measur-
able quantities of most or all of the minerals shown in Table 7.1. Under
appropriate conditions, such as the application of heat or increase in
concentration, most of these minerals produce scales, foulants, and
deposits on the waterside of boiler surfaces.

7.1.1 Deposition by Alkaline Earth Metal Salts

The development of today’s global boiler water (BW) treatment prod-
ucts and services market has stemmed from the requirement to manage
two fundamental waterside problems:

Table 7.1 Commonly occurring minerals in natural MU water sources

Calcium bicarbonate Ca(HCO,),
Calcium chloride CaCl,
Calcium sulfate CaS0,
Ferrous bicarbonate Fe(HCO,),
Magnesium bicarbonate Mg(HCO,),
Magnesium chloride MgCl,
Magnesium sulfate MgSO,
Manganous bicarbonate Mn(HCO,),
Silica Si0,

Silicic acid H,Si0;
Sodium silicate Na,Si0,
Sodium bicarbonate NaHCO,
Sodium chloride NaCl
Sodium sulfate Na,SO,




Boiler Section Specifics 221

* The need to limit and control boiler metal corrosion (resulting pri-
marily from the action of dissolved oxygen)

* The need to prevent deposition on boiler surfaces (resulting princi-
pally from hardness salt scaling by calcium carbonate and other
alkaline earth metals)

Although any given source of water typically has a wide range of
dissolved minerals present, and each of these has a potential for caus-
ing difficulties to a greater or lesser extent, it is the alkaline earth salts
(hardness salts) that are always present to some degree and generally
are the most troublesome in a boiler. This section discusses these salts,
their presence in natural makeup (MU) water sources, and their contri-
bution to hardness scales and deposition in boiler plants.

Hardness is due primarily to the presence of calcium (Ca) salts but
also to those of magnesium (Mg) and to a much lesser extent to those
of strontium (Sr) and barium (Ba).

Trace amounts of other metals such as iron (Fe), aluminum (Al),
and manganese (Mn) further contribute to the fotal hardness, although
these are not alkaline earth metals. These metals may be present in nat-
ural water supplies as:

* Bicarbonates

+ Carbonates

* Sulfates

* Chlorides

* Nitrates (normally quite low)
* Phosphates (sometimes)

Additionally, various nonhardness minerals such as silica are always
present in MU water sources, normally at low levels (say, 3—15 ppm
SiO,, although this may rise to 50-70 ppm in certain well water or arid
area supplies). Silica may cause serious problems of deposition and
loss of heat transfer.

The amount of hardness present in natural surface and groundwaters
depends to a large extent on the action of dissolved carbon dioxide in
rainwater on the watershed’s geological formations (such as limestone,
dolomite, gypsum, or magnesite). The dissolved hardness levels remain
relatively low because of the sparingly soluble nature of the salts
formed. Typically, MU water sources initially contain anywhere from 5
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to 500 ppm (mg/l) of total hardness (TH) reported as calcium carbon-
ate (CaCO,). Some well water supplies and arid area sources may be
much higher than 500 ppm TH as CaCO,.

An “instant” hardness guide to describe waters is:

* Soft water: TH = below, say, 40 to 50 ppm as CaCO,
* Medium hardness water: TH = say, 50 to 150 ppm CaCO,
* Hard water: TH = above, say, 150 to 200 ppm CaCO,

NOTE: The reporting of calcium hardness, total hardness, and alkalinity as
CaC0, is simply a convenience because the molecular weight for this com-
pound is an easy-to-use 100!

(Ca = 40) + (C = 12) + (0, = 16 + 16 + 16) = 100.

Although the presence of hardness is reported as calcium carbonate,
in reality, for most water supplies the most common major contributors
to total dissolved solids are calcium and magnesium bicarbonates.
These dissolved solids most readily produce crystalline scales and thus
predominantly contribute to boiler system deposits unless removed by
some form of pre-boiler, external treatment process.

It should be noted that calcium bicarbonate does not exist in the solid
state; rather, it exists as an unstable salt in water, provided that an
excess of free carbon dioxide is available to maintain equilibrium.

The reaction is shown below.

CaCO; + CO, + H,O — CaHCOy),
calcium carbon water calcium
carbonate dioxide bicarbonate

The solubility of calcium carbonate in cold water is approximately
15 to 20 ppm, dependent on temperature and other factors, and is rarely
present in MU water supplies. Where it is present, there is a phenolph-
thalein or P alkalinity.

* Carbonate = 2 X P alkalinity
* Bicarbonate

M alkalinity — Carbonate

Some natural water sources are slightly acid, having a pH perhaps as
low as 5.6 to 6.0, although most supplies are slightly alkaline. The pri-
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mary source of alkalinity, as noted previously, is calcium bicarbonate
alkalinity, and (lime-treated MU waters apart), these waters tend to
have a pH below 8.2 and contain some measurable quantity of free car-
bon dioxide (CO,).

When the pH rises to above 8.2 to 8.4, the free CO, disappears and
the bicarbonate converts to carbonate with both ions coexisting up to a
pH level of 9.6 (see the equation below). No bicarbonate alkalinity
exists above this pH level.

HCO,> - CO,> + H*
bicarbonate pH carbonate hydrogen
ion change  ion ion

Bicarbonates and carbonates provide the total alkalinity in most MU
waters. Normally, there is no free hydroxide alkalinity.

* Total hardness is equal to the sum of the calcium hardness and the
magnesium hardness.

* Temporary hardness or carbonate hardness is removed by heating
water to precipitate the carbonate salt (e.g., bicarbonate hardness
salts) and is equal to or less than the total alkalinity.

* Permanent hardness or noncarbonate hardness is that portion of
the total hardness that cannot be removed by heating water (e.g.,
chloride or sulfate hardness) and is the difference between total
hardness and total alkalinity.

7.1.1.1 Deposition of Calcium Salts

Most salts absorb heat when they go into solution, and their solubility
increases with a rise in temperature; however, calcium carbonate
(CaCO,), in common with several other anhydrous salts such as calcium
sulfate (CaSO,) and calcium phosphate [Ca,(PO,),], has an inverse tem-
perature solubility and thus readily precipitates to form deposits in hot
water areas (FW tanks, FW lines, and boiler heat exchange surfaces).

Consequently, a loss of free carbon dioxide in the water, because of
either a rise in temperature (as occurs in a FW heater or boiler) or an
increase in pH (all boilers operate at an alkaline pH) leads to a change
of equilibrium and the resultant rapid and troublesome precipitation of
insoluble calcium carbonate scale on heat transfer surfaces. The reac-
tion is as shown here:
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Ca(HCO,), - CaCoO, y + H,0 + COZT

calcium heat  calcium water carbon

bicarbonate or rise carbonate dioxide
in pH scale

The precipitation of calcium carbonate in the boiler involves a num-
ber of discrete processes, including nucleation, followed by the for-
mation of microcrystals which compete to grow into larger crystals
(accretion) that eventually form layers of dense, crystalline scale on
the heat exchange surface.

In areas of the system where the heat gradient is less severe, calcium
carbonate precipitates in both crystalline and amorphous forms. It may
precipitate as a calcite or aragonite sludge, but more usually an arago-
nite scale is produced. Aragonite is hard and adherent, depositing in FW
lines and various boiler surface components such as boiler tubes.

Where precipitating phosphate programs are used, residual calci-
um forms a sludge of the basic salt hydroxyapatite [Ca, (PO,).(OH),].

7.1.1.2 Deposition of Magnesium Salts

Magnesium salts exhibit properties similar to those of calcium, except
that they generally are slightly more soluble and normally are present
in MU water sources at a lower level of concentration, so that the over-
all scaling and deposition effect of magnesium salts is lessened.

Under alkaline BW conditions, if magnesium bicarbonate is not
removed by softening or other pretreatment processes, it forms brucite,
an insoluble flocculant sludge of magnesium hydroxide [Mg(OH),].

Where phosphate is added to the boiler, magnesium forms very
insoluble basic salts similar to those of calcium. In the presence of sil-
ica (and despite the fact that silica becomes more soluble at higher pH
levels), insoluble magnesium silicate is produced, commonly in the
form of serpentine (3MgO-+2Si0,-H,0) but also as magnesium ortho-
disilicate (Mg,S1,0,:2H,0). Serpentine usually is found as a floccu-
lant sludge or as a binding component of deposits.

7.1.1.3 Control over the Deposition of
Calcium and Magnesium Salts

As a consequence of the rapid scaling potential of calcium and magne-
sium bicarbonates and related salts, it is not only cost-effective with
regard to BD and internal chemical treatment savings but also opera-
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tionally easier if these troublesome minerals are simply removed from
the MU water at its source.

Therefore, to minimize the certainty of waterside carbonate deposi-
tion, essentially all types of steam generating boilers should be provid-
ed with a water softener or some other equally effective form of
pretreatment equipment.

In practice, however, it is often the case that for small LP steam heat-
ing boiler systems with a very high percentage of CR, and in those
regions of countries where “soft” water is supplied, no water softener
is provided or deemed necessary. Instead there is merely a reliance on
internal chemical treatments (or sometimes magnetic devices or other
types of “gadget”). A good rule of thumb is:

*  Where low-output LP steam boilers (i.e., those under 15 psig) gen-
uinely receive back at least 95 to 97% of the steam generated as
condensate and the MU water source is lean, a water softener is in
all probability not required.

*  Where no softener is installed merely because a boiler plant owner
or operator assumes it to be an irrelevance in view of a “good qual-
ity” soft or lean water, the potential for scaling exists. Clearly, even
when the MU water is quite soft (say, 15-20 ppm total hardness as
CaCQO,), if the boiler has a low percentage of returned condensate
and a correspondingly high MU water requirement, a scaling risk
exists.

The demand for alkali, phosphate, and/or polymer internal chemi-
cal treatments becomes significant, and unless extremely good control
over BW chemistry and boiler plant operations is provided, the result
most likely will be a scaled boiler, higher fuel costs, and reduced effi-
ciency. A softener is required under these circumstances.

NOTE: Under these low hardness but high MU demand circumstances, other
risk factors also exist, especially in smaller boilers. Typically, the high MU
water demand reduces the FW temperature, which permits the oxygen level
to rise and thus requires additional sulfite scavenger to counter the increased
risk of corrosion. Also, the requirement for BD is increased as TDS and SS
levels also rise, so fuel and other operating costs increase accordingly.

Water softeners are relatively low-cost items and, irrespective of
background rationale, a reluctance to provide such pretreatment equip-
ment where deemed necessary generally is a false economy.
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Where a softener has not been provided, a higher volume of sludge
can be expected in the BW. Typically, the calcium precipitates either as
insoluble carbonate scale or as phosphate sludge except where a
chelant-based chemical treatment program is employed (which is
unlikely in smaller boiler plants) or when an all-polymer program is
employed.

Even where these organic polymer materials are employed, their
ability to disperse sludge and transport hardness salts may be con-
strained by limited BD and other factors. Some sludge still develops.
The fact remains that boilers simply are not designed to be settling and
clarifying vessels.

NOTE: All-polymer programs employ various types of organic deposit con-
trol agents (DCA) such as phosphinocarboxylic acid (PCA) products,
which tend to be high temperature—stable sludge dispersants, crystal mod-
ifiers, and hardness transporters.

Where hardness removal is required, the simplest pretreatment
method for smaller, lower pressure boiler plants (below 200-300 psig)
is to use a cation-exchange softener. This removes the calcium and
magnesium at source and converts the bulk of temporary hardness salts
into sodium bicarbonate (NaHCO,), which decomposes to form sodi-
um carbonate (soda ash) but does not scale under normal boiler oper-
ating conditions.

Rather, the sodium carbonate hydrolyzes in hot BW, producing free
caustic alkalinity and a pH of approximately 11.0to 11.7.

2NaHCO, - H,O + COZT + Na,CO,
sodium heat  water carbon sodium
bicarbonate dioxide carbonate

Na,CO, + 2HO —> Co,% + NaOH
sodium water heat  carbon sodium
carbonate dioxide hydroxide

The provision of free caustic alkalinity is beneficial in lower pres-
sure FT and WT boilers for several reasons:

1. It prevents acid corrosion.
2. It increases the solubility of silica.
3. It aids passivation of the steel surfaces.
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The formation of a passive film of iron oxide (magnetite, Fe,0,),
under sulfite or hydrazine reducing conditions, is optimized at pH of 11
to 12. The downside is that the decomposition of carbonates and bicar-
bonates produces carbon dioxide, the primary cause of condensate
system corrosion.

NOTE: Condensate system corrosion was an inevitable result of old-style,
carbonate cycle internal softening programs, commonly employed in HRT,
economic, locomotive, Lancashire, and similar boilers.

Today, in an era of water reuse and higher costs for premium-quality
water, condensate line corrosion may be an inevitable and serious draw-
back when using naturally high-alkalinity water as a MU supply source.
Some form of dealkalization pretreatment process generally is provided to
high MU demand boiler plants but unfortunately not so often to smaller
Jacilities.

The provision of free caustic alkalinity in higher pressure boilers
(say, 300-950 psig) generally is severely limited or even curtailed to
ensure a high quality of steam purity and to control the risks of foam-
ing and other problems developing.

For boiler plants over 900 psig (6.21 mpa, 63.07 bar absolute), the
water chemistry is particularly carefully controlled, with no free caus-
tic alkalinity permitted. This is partly to reduce the risks of localized
caustic deposits forming, which may cause caustic gouging or caus-
tic-induced, stress corrosion cracking to develop.

7.1.2 Deposition by Silicates and
Other Common Minerals

Apart from calcium and magnesium bicarbonates, most natural sources
of MU water commonly contain some small amounts of silica and
other dissolved minerals, salts, and contaminants. Under a wide variety
of operational circumstances, every one of these common materials
may contribute to complex boiler scales and deposits, especially the sil-
icates. Thus, it is necessary to ensure that water chemistries are prop-
erly balanced and controlled.

7.1.2.1 Silica and Silicate Deposition

Silica is normally present in most sources of MU water, although not
to any significant level as soluble SiO, but rather as both colloidal
amorphous silica and silicate salts. In any particular water, such
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soluble silica as is present (together with silicates) exists in equilibrium
with colloidal silica of 10 to 2,000 angstroms particle size and so-called
“giant” silica, which is essentially colloidal or suspended silica of
1,000 to 2,000,000 angstroms particle size.

Typically, the total silica concentration in most surface waters is 5 to
15 ppm SiO,, but this may be much higher (notably in arid areas), ris-
ing to 50 to 70 ppm SiO, or higher.

The limit of solubility typically is around 150 to 175 ppm SiO, in
cold water but increases with alkalinity, pH, and temperature to perhaps
= 250 ppm.

At pH levels above 9.0, there is an increased tendency for the solu-
ble silica to form silicate anions and react with magnesium (and to a
lesser extent with calcium) to form insoluble forms of magnesium sil-
icate that precipitate to form crystalline scales and sludge.

The nature of silicate scaling is complex and may involve a series of
steps including:

1. The initial nucleation of calcium carbonate (CaCO,) crystals.

2. These CaCOj crystal nuclei then provide seeding points for silicate
precipitation.

3. The development of magnesium hydroxide [Mg(OH),] at the heat
transfer surfaces, especially at cathodic sites where localized pH
may exceed 10. The Mg(OH), then reacts with colloidal silica from
the bulk water to form silicate scale.

Where carbonate, phosphate, or sulfate scale—based deposits have
been found in boiler systems, analyses show that they almost always
contain some silica or silicate as well. Typically, this is less than 8 to
10% wunless there is a specific underlying silica-related problem
(under such circumstances, the deposit may contain more than
20-30% Si0,).

Silicate scales are among the most heat transfer—resisting of all
scales. They are particularly adherent, requiring special and expensive
techniques for their removal. In addition, silica forms particularly elab-
orate glassy scales in combination with a wide range of other minerals.

Some of these scales are described here:

* Acmite (Na,O- Fe,0,-4Si0,) is formed at high temperature and
invariably is found beneath sludges of hydroxyapatite or serpentine
or under porous deposits of iron oxides.
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Alpha quartz (aSiO,) is found throughout the boiler and post-boiler
sections. It is a very hard, adherent scale, found in the mud drum, on
boiler tubes, and on turbine blades as a hexagonal crystal structure.
Analcite (Na,0-Al,0,°4S10,:2H,0), a cubic crystal structure, is
formed at high temperatures. It is similar to acmite and also invari-
ably is found beneath sludges of hydroxyapatite or serpentine or
under porous deposits of iron oxides.

Natrolite (Na,0-Al,0,:3S10,:2H,0) is an orthorhombic crystal of
medium hardness.

Nepheline, variously reported as [Na/K,Al(SiO,),],
(Na,0-Al,0,:2510,°H,0), or (Na,KAl,Si,O,.), is a hexagonal
crystal of medium hardness.

Noselite (5Na,0-3A1,0,°6S510,-2H,0) is a hard, adherent scale
found on boiler tubes and other areas of high heat-flux density.
Serpentine (3MgO-2Si0,-2H,0) is a common silica-containing
constituent of boiler waterside deposits. It typically appears as a
flocculated sludge; it has a monoclinic crystal structure.

Sodalite (3Na,0-3A1,0,°6S10,°2NaCl) occurs as a hard, adherent
scale on tube surfaces; it has a cubic crystal structure.

Xonotlite (5Ca0-5Si0,-H,0) is also a hard, adherent scale that is
found on boiler tubes and other areas of high heat-flux density.

The formation of complex silicate scales takes place at high tem-

perature (usually they are only found in boilers operating at over 300
psig) and high heat-flux density points in the boiler section. The pres-
ence of complex silicates such as analcite and acmite may indicate
steam blanketing problems.

NOTE: Steam blanketing is the static steam—water condition that occurs
when boiler water circulation is impeded by foulant or when initial deposi-
tion prevents adequate heat transfer and the dispersion of lower density
steam or water.

Steam blanketing results in a departure from nucleate boiling (DNB)
and typically dryout (localized total evaporation) conditions. It also may
result in the formation of secondary (silicate-based) deposits that cannot be
rinsed or resolublized, overheating problems, and eventual boiler tube or
Jfurnace shell rupture.

Analcite frequently forms as a result of external treatment carry-

over from alum-dosed clarifiers.
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Extremely thin, glassy silicate scales of less than “eggshell” thick-
ness may sufficiently insulate the tubes of WT boilers and the furnace
tube of FT boilers for tube failure to occur through deformation and
rupture.

Apart from the risk of silica problems within the boiler section, at
pressures above 400 to 500 psig silica volatilization and distillation
occurs, resulting in silica deposition in superheaters and on turbine
blades. Under these conditions the maximum concentration of silica
permitted in steam is 0.02 ppm SiO,,.

Silica can also etch gauge glass, thus making it difficult to observe
the water level. As a result, special flat gauge glass is used for boilers
operating at over 250 psig.

Because of the problems relating to silica and silicates, silica levels
in the FW and BW must be strictly controlled. This normally is not a
problem in higher pressure boilers because various methods of pre-
treatment are typically employed to reduce the concentration of silica
in the FW as much as possible. Automatic monitoring and alarm sys-
tems are also provided.

Various national guidelines exist for the maximum permissible con-
centration of silica in boilers. These are typically based on defining
pressure operating ranges, with progressively lower silica levels per-
mitted at increasingly higher boiler pressure. Where the boilers are
highly rated (high heat-flux densities), however, the maximum permit-
ted limits for BW silica levels should be lowered still further.

NOTE: Guidelines on operating practices taken from various authorities
indicate that boilers having a maximum local heat flux of between 44,000 and
82,780 Btu/hr/f?/° F (79,250-14,9000 Btu/hr/f/°K, 250470 kW/m?/°K) are
considered highly rated.

Magnetite is unstable relative to ferrous metasilicate (FeSiO,) and
so, under certain high-silica BW conditions, ferrous metasilicate may
form in preference to magnetite. Iron silicate scales are exceedingly
insoluble and adherent.

It should be noted that, in practice, where lower pressure industrial
process boiler plants are operated, the problem of overcoming risks of
silica deposition is seldom tackled by the installation of external silica
removal pretreatment equipment. Instead, control centers primarily
around ensuring an adequate ratio of caustic alkalinity to silica in the
BW and limiting the TDS.
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NOTE: For lower pressure boilers, the maximum permitted level of boiler
water silica (as ppm Si0,), typically is 0.4 x caustic alkalinity (as ppm
CaCQ0,). This method of control is satisfactory as far as it goes, but it does
not solve the problem of the risk of silica deposits in the pre-boiler section.

Where MU water silica is high (say, more than 20-30 ppm SiO,),
action probably is needed to reduce the silica level at source. This may
be achieved in several ways, for example, by the use of anion exchange
or flocculation—adsorption processes using ferric sulfate or magnesium
hydroxide.

7.1.2.2 Iron Oxide and Other Corrosion Debris Deposition

Iron salts (and to a lesser extent manganese salts) are found in many
surface water supplies and “industrial water.” Both ferrous (Fe?*) and
ferric (Fe3*) iron may be present in the water, depending on the pH.

At a pH of 8.5 or more, all the iron is in the ferric form, usually as a
colloidal precipitate. If the iron level is very low, it tends to be ignored
for most general purposes, but if the concentration rises to perhaps 0.3
ppm Fe or more, it causes discoloration upon precipitation and fouling
and must be removed.

Iron levels of 1 to 10 ppm Fe often are found in subsurface waters.
This may rise to perhaps 25 ppm Fe in seriously anaerobic water; sul-
fides usually are also present.

Where present in boiler MU water, both iron and manganese may
present fouling and deposition problems in the pre-boiler section.
These problems may extend to the boiler section, and therefore these
metals must be removed at source. Typically, this is achieved by oxida-
tion followed by filtering off the flocculated iron. (Process examples
are aeration towers, contact with chlorine, pressure filters with BIRM®
media, manganese greensand filters, etc.)

Where particulate matter (in the form of corrosion products of iron
oxide) is present in returning condensate, it often contains copper,
nickel, and zinc oxides as well. This debris can initiate foaming
(through steam bubble nucleation mechanisms) leading to carryover. It
certainly contributes to boiler surface deposits, and the Cu usually also
leads to copper-induced corrosion of steel.

The presence of these deposits causes overheating at heat transfer
surfaces and permits caustic and other salt concentration to develop.
This may lead to ductile gouging corrosion.
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For the most part, iron, copper, nickel, and zinc deposits found in the
boiler section are the result of corrosion processes taking place some-
where else within the overall system. Similarly, mill scale from new
boilers may be released and redeposited elsewhere, plugging BD lines
and boiler tubes.

The direct reaction of ferric oxide particles with steel heat transfer
surfaces (corrosion) also is possible, producing a thick, coarse, and
porous deposit of magnetite.

Where caustic deposits occur, the resultant corrosion of steel by
caustic gouging or stress corrosion cracking (SCC) mechanisms pro-
duces particulate iron oxides of hematite and magnetite. It is common
to see white rings of deposited sodium hydroxide around the area of
iron oxide formation.

It also is common to observe reddish stains of elemental copper in
the same area (as a result of the reduction of copper oxides by hydro-
gen generated during the steel corrosion process).

In many smaller manufacturing or factory processes in which live
steam is directly employed (such as in a bakery, laundry, etc.), there
often is little returning condensate (perhaps only 15-20%). Here, the
MU requirement is correspondingly high and the FW may be relative-
ly “cool” (and therefore partially oxygenated). Under these circum-
stances, it is not uncommon to observe the transport of ferrous
bicarbonate [Fe(HCO,),]) into the boiler and the subsequent develop-
ment of iron fouling,.

Additionally, considerable orange-red tuberculation corrosion
deposits may develop. The tubercles grow, cause more fouling, permit
under-deposit corrosion to persist, and generally act as a binding agent
for carbonates, silicates, and other precipitates.

We have already noted that the transport of pre-boiler corrosion
debris to the boiler section includes the oxides of iron, copper, nick-
el, and zinc (sometimes also chromium) and in higher-pressure boilers
transport minerals may further include:

* Malachite [CuCO,-Cu(OH),]
* Ammonium carbamate [NH,COONH,]

+ Hydrated basic ferric ammonium carbonate
[(NH,)2Fe,(OH),,(CO,),*H,0]

These alloy corrosion products usually originate in the pre-boiler section
but deposit in the boiler at points of low flow, such as just beyond bends
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in tubes that change direction, rough spots, and areas of high heat trans-
fer. The deposits that form are sintered, porous, and insulating in nature.
They also act as receivers for the concentration of chloride and hydrox-
ide salts causing pitting and caustic gouging corrosion.

Some additional corrosion products that may be found as deposits in
the boiler section include:

* Bunsenite (NiO), a nickel oxide, is often found in deposits (albeit
only in low concentrations) with zinc and copper oxides as a result
of the corrosion of brasses and cupronickels.

*  Copper (Cu) is deposited in boilers either by direct exchange with
iron or by the hydrogen reduction of copper oxide during the corro-
sion of steel.

*  Cuprite (CuO) is formed as a black, nonmagnetic mineral under
boiler conditions. The copper originates from brasses and cupron-
ickels used in condensers and FW heaters.

* Hematite (Fe,0,) is formed at lower temperatures and higher oxy-
gen concentrations than magnetite. It is a deposit binder. Typically,
it is the face-centered cube, ferromagnetic form of ferric oxide
(YFe,O,) that dominates rather than the more stable body-centered
cube, rhombohedral, paramagnetic form, sometimes called
Goethite (aFe,0,).

¢ Magnetite (Fe,0,) is formed at high temperatures under fully
reducing conditions. It is ferromagnetic and has the composition
Fe?*(Fe**[0%],),.

*  Woaustite (FeO) is a ferrous oxide that may be formed in lower pres-
sure boilers where poor removal of DO takes place. It is often found
as a core component of tubercle deposits. The formation of octahedral
crystalline FeO is not stochiometric, being slightly deficient in iron.

* Zincite (ZnO) originates from brasses used in condensers and FW
heaters.

7.1.2.3 Deposits Originating from Inorganic Salts and Organics

When sulfates, carbonates, and other dissolved BW salts exceed their
individual maximum solubility limits, they form sludges, scales, and
deposits. This situation may arise either from a general overconcentration
of the BW TDS (high COC) or from the deliberate precipitation of salts
of selective ions, as occurs when using phosphate precipitation programs.
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Salt deposits in the boiler also may give rise to corrosion by acting
as cathodic areas, relative to anodic steel surfaces.

As a general rule, boiler section deposits initially are often soft and
porous but are prone to become harder and more adherent as they age.
Thus, the presence of hard, dense scales and deposits in a boiler indi-
cates that deposition has been occurring for a considerable time. The
deposition of scales often produces a layered effect similar to the rings
of a tree, indicating periodic changes in the water chemistry and per-
haps providing some clues as to the history of the deposits.

Several common salts have an inverse temperature solubility and
readily precipitate to form deposits on hot boiler surfaces and other
heat exchange areas. These include:

 Calcium carbonate (CaCO,)
 Calcium sulfate (CaSO,)
¢ Calcium phosphate (Ca,(PO,),)

Sulfate, chlorides, and phosphates are common contaminants and
contribute to boiler scales and deposits.

» Sulfates in surface MU water sources usually are present at lower
concentrations (typically 20—60 ppm) but this level may rise to sev-
eral hundred ppm in subsurface waters. The maximum solubility of
calcium sulfate is dependent on temperature but is in the range of
1,800 to 2,000 ppm in cold water. This rate is significantly less in
hot BW; where boiler deposits occur, the sulfate scale normally is
present as anhydrite (CaSO,). Sulfate scales are hard and very dif-
ficult to remove, so treatment programs employed must be careful-
ly controlled to avoid risks of scaling.

* Chloride salts are present in surface waters at levels similar to those
of sulfate and present similar problems in FW and BW. They also
are highly mobile and aggressive depassivating and depolarizing
ions and have similar reactions. Their salts are much more soluble,
however, and thus do not readily precipitate to form boiler deposits.
Nevertheless, chlorides may be present in complex scales such as
sodalite (3Na,0-3Al,0,-6Si10,:2NaCl), which occurs as a hard,
adherent deposit on tube surfaces.

Deposits become less resistant to rinsing and resolublizing with
age, and the interstices fill with salts to become bulkier and more
dense. Thus, where hydrolyzable saline salts such as magnesium
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chloride enter the boiler section (perhaps from a leaking surface
condenser, where the pressure differential encourages cooling water
to leak into the system rather than condensate to leak out), chlorides
concentrate in the deposit interstices and hydrolyze to form
hydrochloric acid. Localized acid pitting corrosion then occurs.

* Phosphate is sometimes present in MU water sources (say, 1-2
ppm or more) usually as a result of field and factory run-off or from
the deliberate addition as a city water threshold agent to prevent
corrosion and deposition in the mains. The steady growth in the
reuse of secondary water sources such as municipal and industrial
waste waters means that phosphate is increasingly likely to be pres-
ent in MU. If the phosphate remains undetected, it likely will scale
and foul FW lines by forming amorphous calcium orthophosphate
[tricalcium phosphate Ca,(PO,),] sludge before it reaches the
boiler section.

Where phosphate is used for internal treatment programs, a vari-
ety of insoluble phosphate and hydroxide salts are produced to form
sludges. If these sludges are not properly held in a suspension by the
use of appropriate polymeric dispersants (and then blown down
from the boiler within a certain period), they will deposit on heat
exchange surfaces as hard, adherent scales.

Phosphate salts formed in the boiler section include:

- Hydroxyapatite [Ca, ,(OH),(PO,),]
— Ferric phosphate [FePO,]
— Basic magnesium phosphate [3Mg,(PO,),-Mg(OH),]

NOTE: In lower pressure FT and WT boilers, internal treatment programs
using phosphate are common and a small phosphate reserve is permanent-
ly maintained.

Where high residual calcium leakage occurs in the FW, the phosphate
reserve is lost and the boiler water alkalinity is reduced. This is not the
same problem as hideout, which is the apparent loss of BW phosphate and
other salts in higher pressure WT power boilers operating under high load
conditions.

In hideout, the salts reappear and can be determined when the load is
reduced.

Problems of deposition often are interrelated with corrosion
processes in cause-and-effect mode.
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Cause and effect in lower pressure boilers. Operators of lower
pressure boiler plants (say, below 250-300 psig) using fully soft-
ened MU water normally maintain a relatively high BW total alka-
linity (say, 15-20% of TDS, where the TDS can reach 3,000-3,500
ppm). Where the MU water has a naturally high alkalinity, howev-
er, the contribution to BW TDS may rise significantly to 30 to 40%
(say, 1,200-1,500 ppm total alkalinity as CaCQO,). Under these con-
ditions, the very high alkalinity causes the passivated film to deteri-
orate, with the effect that corrosion may take place and corrosion
deposits may form. [Such deposits often contain a variety of iron
salts including siderite (FeCO,).]

Cause and effect in higher pressure boilers. Conversely, opera-
tors of higher pressure boilers may seek to severely limit free caus-
tic alkalinity (which also limits the total alkalinity). They often use
coordinated, conjunctional, or equilibrium phosphate programs to
eliminate risks to stressed boiler fabric metal caused by stress cor-
rosion cracking (SCC) or embrittlement corrosion, through the
absence of hydroxyl alkalinity. In a manner similar to that of saline
concentration in porous deposits, however, when the water chem-
istry is not perfectly balanced and controlled, the buildup of sodium
hydroxide (NaOH) may occur. The resulting effect may be both
caustic-induced SCC and caustic (ductile) gouging, depending on
the presence or absence of localized stresses.

NOTE: Caustic gouging corrosion also may occur in LP boilers because
the deliberate provision of a caustic reserve is normally a basic waterside
chemistry requirement.

Fouling and deposition in boiler sections may occur unintentionally

through the application or misapplication of chemical water treatment
programs. Internal treatment-related boiler section problems may
occur in a variety of ways; some examples follow:

1. “Gunking”: This may occur when beginning the use of filming

amines in condensate systems or polymeric sludge dispersants in
FW systems. Here the new program may dislodge old corrosion
debris or salt deposits and cause them to redeposit elsewhere (usu-
ally ultimately in the boiler section).

General sludging: Where dispersants of an inappropriate quality or
application rate are employed, the result is the poor dispersion and
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suspension of general sludges, such as those of sulfate, carbonate,
silicate, or phosphate, and their subsequent deposition. The sludge
may settle and bake on tubes. Baked-on sludge often is the simple
result of a failure to wash down an offline boiler when draining
down.

3. Flocculation: Where dispersants are present at too high an active
level in a boiler (say, when the “actives” exceed 80—100 ppm or pos-
sibly up to 120 ppm), the dispersant may exhibit flocculating prop-
erties; normally dispersed sludges then settle out on boiler surfaces.

4. Boiler scales and corrosion product deposits also may form from
the thermal breakdown of treatment chemicals. Breakdown
products of chemicals such as sulfite, amines, hydrazine, and
chelants often are steam-volatile, and subsequent reactions may
produce corrosion debris that forms deposits and causes blockages.
This problem typically occurs when chemical treatments selected
for use are applied under unsuitable operating conditions (as when
the boilers are highly rated or raise steam at particularly high oper-
ating pressure or temperature).

Internal treatment-related problems may take the form of organic
material present in deposits of iron oxide corrosion debris and salt
scales. The material typically is present as carbonized organic com-
ponents and may originate from water treatment chemicals such as
quebracho, wattle, pyrogallol, or other tannin derivatives. Also, acry-
lates, starches, sulfonated lignins, and other sludge dispersants may
be present.

In addition, organics also may be found in boiler section iron oxide
deposits taken from large process industry boiler plants. Here, the
organics are more likely to be hydrocarbons, such as oil, tar, or petro-
leum coke, rather than inhibitor treatments. The various mixtures that
form all become very insoluble with age and quite dense.

7.2 PASSIVATION AND COMMON
CORROSION PROBLEMS

It is a general rule that as boiler design pressure and heat flux increas-
es, so the requirement for a progressively “higher quality” (higher puri-
ty) MU water also increases.

As a result of these more exacting operational demands and the
reduction in MU water dissolved impurities, basic waterside problems
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such as simple carbonate or phosphate scaling tend to be replaced by
increasingly more complicated problems involving various types of
corrosion mechanisms and metal oxide deposition. Where these
deposits are porous, caused perhaps by the diffusion of ions from
underlying metal (as can happen at high pH), hydroxyl and chloride
ions concentrate and initiate more specialized forms of corrosion.

Problems of short-term and long-term overheating, which leads to
fatigue and metal failure, also are associated with deposition on boiler
surfaces and restricted BW flow—the particular mechanisms depend
on the nature and quantity of the waterside deposits formed.

As a consequence, when a boiler is taken offline (because of pitting
corrosion, tube leaks, or some other problem), it is vitally important to
understand the chain of cause and effect and to ensure that the correct
remedy or work protocol is in place before putting the boiler back in
service.

In practice, the potential causes of boiler section corrosion are many
and often commonplace. Initiators include oxygen, carbon dioxide,
acid, caustic, copper plating, chelant, and even the water itself. In addi-
tion, mechanical problems may be an initiator of corrosion, which in
turn may lead to boiler mechanical failure.

It is generally agreed that the causes and effects of poor water chem-
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control over the various corrosion processes that may occur in a boiler
and its auxiliary equipment is fundamental to the realization of the full
life expectancy and safe operation of the plant. Corroded and wasted
metal cannot be replaced easily, and the failure of a boiler in service is
both potentially dangerous and expensive.
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corrosion, sludging, and deposition mechanisms are interdependent
and develop in a discernible chain of cause and effect. The results of
corrosion often represent a failure to adhere to the most basic require-
ments for good waterside operating conditions.

Where serious problems develop, typically the waterside chemistry
is poor and iron corrosion debris, sludges, and general deposition are
evident. Perhaps there is no softener or the water treatment program is
unsuitable for actual operating conditions. Possibly the protocol for BD
is inappropriate (either too much or too little, or it is unrelated to steam
demands) or flushing, cleaning, and boil-out programs have not been
properly instituted.

Thus, a failure to properly balance and control various external and
internal water chemistry parameters may lead to one or more corrosion
mechanisms occurring, including several forms involving oxygen.
Many types of corrosion are of themselves unfortunately relatively
common phenomena, and the mechanisms also are common to all sizes
and designs of boiler.

The precise protocols necessary to achieve effective corrosion control
will vary dependent on individual boiler design and operation. For exam-
ple, control of alkalinity is fundamental in controlling corrosion mecha-
nisms. In small to midsize, general-purpose and industrial boilers, it is
common practice to obtain adequate BW alkalinity as part of any water
treatment program that operates under a free-caustic regimen. This
approach generally is perfectly acceptable, and such programs normally
can be relied on to ensure a clean, scale- and corrosion-free boiler.

Despite global use of free caustic programs, however, it is worth not-
ing that good control over the caustic reserve and other factors is still
very necessary to prevent the development of localized and highly con-
centrated deposits of caustic that may cause specific and very damaging
caustic gouging corrosion. Such problems are usually associated with
power WT boilers but, in fact, also may occur readily in FT boilers.

NOTE: Where free-caustic reserve programs are employed to reduce the
risk of caustic gouging, it is vital to maintain boiler surfaces clean and free
of sludge. This is especially so in high heat-flux boilers, irrespective of
whether they are of FT design or WT design.

With regard to higher pressure industrial and power boilers, the more
exacting waterside and operating conditions demanded generally dic-
tate that an alternative approach to corrosion control be employed,
which usually precludes the presence of free-caustic.
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In these boilers, various interrelated, complex surface chemistry
reactions may occur at the metal-water interface, which (apart from the
development of a desirable protective magnetite film) can lead to the
formation of unwanted deposits. These surface reactions are influenced
by the specific heat flux, operating temperatures, and the areas and
degree of local metal stress resulting within a particular boiler.

In addition, the development of porous deposits on boiler surfaces
often is enhanced by the presence of small amounts of iron or copper
oxides (usually originating from contaminated condensate). This
increased rate of deposition may then lead to even more serious prob-
lems of overheating.

Where a deposit contains an adequate concentration of sodium
hydroxide and the affected area is stressed to a sufficiently high level,
stress-corrosion cracking or caustic embrittlement (SCC) may
occur. This type of caustic corrosion is different from caustic gouging,
which does not require the presence of stress.

NOTE: For SCC to develop, apart from the obvious requirement for
stressed components, the presence of some silicate also is necessary.

As aresult of the need to prevent SCC, the standard water treatment
program (as practiced by almost all HP boiler operators for many years
around the world) has been to severely restrict or totally eliminate the
presence of free hydroxyl ion in the boiler water.

The primary chemical water treatment program employed to balance
and control alkalinity and yet prevent the deposition of free sodium
hydroxide includes a coordinated phosphate program and some der-
ivations of this approach (such as congruent phosphate and equilibri-
um phosphate programs).

It will be noted from the preceding discussion that impurities may
induce more than one form of corrosion. The particular types of corro-
sion and the influence of these impurities work in a developing chain
of cause and effect, depending in large part on the specific operating
circumstances in question. Such factors include the boiler system basic
configurational design, the localized areas of stress, and the tempera-
ture of various metal surfaces.

Whatever the various interdependent but background causes of
waterside problems, a common overall effect is an inability for a uni-
form, passivated surface to be completely formed or properly main-
tained on all waterside surfaces, and for corrosion to thus continue
unabated.
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7.2.1 Boiler Surfaces Passivation

Given that the effective and continuous control of boiler section corro-
sion is a vitally important function, the establishment and maintenance
of the passivity of the boiler surface’s metal at the metal-water inter-
face is critical.

Passivation under a wide range of operating conditions and in all
boiler designs is a goal of all BW treatment programs. It is achieved
through the formation of a stable, continuous, uniform, self-limited,
and nonporous magnetite film. (This objective also applies to the
maintenance of cuprous oxide, the copper equivalent of a film of pas-
sive iron.)

The objective of passivation is traditionally achieved by permanent-
ly maintaining reducing conditions (an absence of oxygen) and suffi-
cient alkalinity in the BW. There are various mechanisms that may
occur to induce passivated film development:

* In HW heating and smaller, simpler design LP boilers, the anodic
corrosion reaction is often stifled by the use of an anodic inhibitor
program such as an alkaline nitrite or silicate-based, chemical
formulation. The passivated film developed is typically hydrated
iron oxide (Fe,0,-H,0) in the hematite (yFe,O,) form. This film is
not completely protective, and, if possible, it is preferable to pro-
duce magnetic iron oxide (magnetite, Fe,O,) because this is virtu-
ally resistant to further oxidation.

* In steam-raising FT and WT boilers designed for general industrial
applications and operating at pressures of 50 to 300 psig, the corre-
spondingly higher BW temperatures coupled with the presence of
hydroxyl ions (e.g., caustic alkalinity) and the removal of dissolved
oxygen from the FW ensure that a dense, adherent magnetite film is
always formed. The hydroxyl ions necessary for the reaction are
typically supplied by providing a free caustic (caustic reserve) pro-
gram. The equations involved are:

Fe2* + 20H — Fe(OH),
ferrous hydroxyl ferrous
ions ions hydroxide

3Fe(OH), —> Fe,0, + HT + 2H,0
ferrous magnetite hydrogen water
hydroxide
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* At the even higher temperatures found in HP industrial process or
power generating boilers, the oxidation of iron is accomplished by
the reduction of hydrogen ions supplied by the HW. The magnetite
film is thus formed directly.

3Fe  + 4HO0 — Fe,0, + 4H!
steel water magnetite hydrogen

7.2.2 Oxygen-Influenced Boiler Corrosion Problems

For all types of boilers, from the most simple HW heaters to immense
power generating plants, one of the most fundamental objectives of any
water treatment program is (as stressed several times) to minimize boil-
er section waterside corrosion, especially those common types of cor-
rosion involving oxygen. The actions taken to achieve this objective are
generally the same, irrespective of boiler size or design. These actions
include:

* Permanently maintaining reducing conditions (the exclusion or
minimization of oxygen) in the FW/BW

* Providing an appropriate level of alkalinity in the FW/BW
* Ensuring clean metal waterside surfaces

* Imposing maximum limitations on TDS and certain specific ions or
salts (such as hydroxyl ions or chlorides)

* Limiting (especially for HW or LP steam boilers used for heating
duty) the requirement for MU water to within design specifications
to minimize the ingress of oxygen and the risks its very presence
extend

Where waterside chemistry and operational control is not what it
should be, the opportunity exists for corrosion to develop. Some of the
more common forms of oxygen-influenced boiler section corrosion are
discussed in the following sections.

7.2.2.1 Coarse Magnetite Corrosion

The formation of a magnetite film, although highly desirable, is itself
a form of corrosion. The effective protection of boiler surfaces
requires the proper development of an adherent, nonporous, self-lim-
ited, and stable film. Under adverse conditions, however, such as when
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the BW pH is either too high or (especially) too low for the particular
operating circumstances, or when finely divided iron oxide contami-
nants are present, the magnetite film formed is less than ideal and
tends not to be self-limited. This coarse magnetite may form in the
bulk water as well as on steel surfaces. It tends to be thick and porous
in nature.

In particular, corrosion of boiler surfaces may result from the direct
reaction with ferric oxide particles entering the boiler. The usual
source of ferric oxide is from corroded circulation loops in HW heat-
ing boilers and condensate systems, or in pre-boiler sections in steam-
raising plants.

The eventual result is the production of a thick, porous film of coarse
magnetite (ferroso-ferric oxide or ferrous-ferrite), as shown below.
This corrosion product is of no operational benefit and further hinders
efficient heat transfer.

4Fe, 0, + Fe - 3Fe,0,
ferric steel coarse
oxide magnetite

7.2.2.2 Boiler Section Oxygen Corrosion

Oxygen in a large operating boiler may corrode steam—water separators
and boiler surface components such as the top drum (especially at the
waterline) and tubes. Oxygen corrosion also may occur in superheater
and reheater tubes, especially in places where moisture can collect,
such as in bends and sagging tubes.

It should be noted, however, that oxygen corrosion of operational
boilers supplied with mechanically deaerated FW, supplemented by the
use of an appropriate oxygen scavenger chemical, and under a constant
load is relatively rare. This position is not necessarily the same in idle
boilers, low-load boeilers, or chemically cleaned boilers, and despite
all best efforts oxygen corrosion may take place.

Boiler section oxygen corrosion occurs if high oxygen residuals are
permitted for any length of time (a failure to permanently maintain
reducing conditions). This condition may be due to:

* Air in-leakage
* Repeated use of cold water during boiler start-ups
* Malfunctioning deaerator
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» Insufficient oxygen scavenger to meet the DO demand

Oxygen corrosion also may occur if and when the following condi-
tions below:

» Passivated layer is absent because of acid leakage or a poor clean-
ing program.

+ Passivated layer is imperfect because of surface attack from
aggressive ions.

* Stress- and thermal-related cracks develop caused by rapid load
swings.
*  BW chemistry is unbalanced.

» Metal oxide and other deposits are laid down, as may occur in
peak-loading power boilers.

Apart from oxygen corrosion, under these circumstances, several
other forms of corrosion also may take place, leading to further water-
side problems in a “catch 22” chain of cause and effect. Nevertheless,
despite the rarity of oxygen corrosion in constant load, large opera-
tional boilers supplied with mechanically deaerated FW, the greatest
physical number of boilers in daily operation around the world are not
large units but rather much smaller plants used for HW heating, LP
steam, and general industrial purposes. The vast majority of these are
neither supplied with deaerators, nor do they operate 24 hours per day.

Consequently, there exists a very significant potential for oxygen
corrosion to occur in many of these smaller boilers. In fact, oxygen cor-
rosion is, unfortunately, all too common in boiler houses around the
world.

Oxygen corrosion may occur periodically and generally throughout
the entire boiler or (more likely) in a number of localized areas at the
same time. The risk of oxygen corrosion in smaller operational boilers
is enhanced when:

* Boiler surfaces are dirty.

* FW s cold.

* MU water rates are high.

* Loads are erratic.

* Daily start—stop type operations are used.

* Preventative maintenance practices are poorly implemented.
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*  Water losses and other problems result in periods of undertreatment
of both oxygen scavengers and corrosion inhibitors and remain
unexplained and uninvestigated.

7.2.2.3 General Etch Oxygen Corrosion (Uniform Rate
Corrosion/General Wastage Corrosion)

General etch oxygen corrosion seldom occurs in boiler section
steam—water circuits, although where steel is inadequately protected by
magnetite (or hematite) and is exposed to water containing oxygen,
then general etch corrosion forms, as shown in the following equation:

2F¢ + HO + 0, —> Fe0, + HT
steel water oxygen iron oxide hydrogen

This view of the corrosion process is, however, more often than not
too simplified an explanation. First, even when “general” corrosion
take place (as in an idle or wet lay-up boiler), the reaction mechanisms
tend to occur at many localized points on the boiler metal surface, typ-
ically where cracks and other imperfections in the magnetite film exist.
Second, such processes almost always lead to derived forms of “local-
ized” corrosion, which often result in severe metal wastage through the
formation of deep pits.

7.2.2.4 Localized Corrosion

Under localized corrosion conditions, where highly focused concentra-
tions of oxygen may exist, the oxygen is cathodic in nature. Thus, points
of lower oxygen concentration as well as the surrounding boiler metal
may become anodic, relative to the point of high oxygen concentration.
The difference in oxygen concentration can be measured as a current
flow, and this current reflects the rate of corrosion taking place.

As corrosion products develop, so the rate of O, diffusion reduces
and the rate of general etch corrosion slows down. But in practice, the
presence of surface deposits tends to promote various forms of local-
ized corrosion such as tuberculation, pitting corrosion, and stress
corrosion, and consequently the rate of corrosion continues unabated.

Although these localized corrosion mechanisms all involve oxygen
to a greater or lesser extent (and thus may be considered forms of oxy-
gen corrosion), they also often involve other corrosive species. Also,
the corrosion processes tend to become more indirect in nature, at



246 Boiler Water Treatment: Principles and Practice

which point they may be regarded not as forms of oxygen corrosion but
rather as types of concentration cell corrosion.

There are various different forms and mechanisms of localized con-
centration cell corrosion. Unfortunately, because one or more types
may be manifest at any one time, the results can be quite devastating.

7.2.2.5 Concentration-Cell Corrosion

Tuberculation, crevice corrosion, and under-deposit corrosion are
all forms of concentration cell corrosion, and they all involve the pres-
ence of some oxygen. There are several common factors and mecha-
nisms involved in these various forms of concentration cell corrosion:

» The primary difference between these types of metal wastage and
oxygen corrosion is that these are all indirect forms of attack,
induced by surface shielding (areas of metal surface under deposits
or foulants, or cracks and gaps in the metal that are close to a shield-
ing surface).

* Reactions continue even with very low levels of oxygen present
(i.e., as the diffusion rate decreases).

* Metals with protective oxide layers are not immune from attack,
especially stainless steels and copper alloys, which may suffer
aggressively from crevice corrosion.

» Additional forms of corrosion, such as galvanic corrosion, may also
be involved.

* Poor housekeeping with uncontrolled metal oxide deposition usual-
ly increases the rate of corrosion.

Although each form of concentration cell may be considered a dis-
crete form of corrosion, in practice, more than one type may occur
simultaneously. These forms of corrosion are all characterized by local-
ized differences in concentration of Aydrogen, oxygen, chloride, sulfate,
and other minerals, but especially oxygen (producing the so-called dif-
ferential oxygen concentration cell, or differential-aeration cell).
The basic mechanisms surrounding each of these specific forms of con-
centration cell corrosion are discussed next.

7.2.2.5.1 Tuberculation Tuberculation concentration-cell corrosion
may be found in all types of boilers, especially HW heating boilers and
LP/HP steam-heating boilers.
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In these simpler types of boiler plants, corrosion protection general-
ly is provided solely by the use of chemical treatments containing
anodic passivators and alkali. Under conditions in which the (oxygen-
containing) MU water requirement is expected to be very low, no spe-
cific oxygen scavenger is typically employed. This is often not the case
in practice, however, for various reasons such as inadequate preventa-
tive maintenance, poor BD practice, the infiltration of air or oxygen, or
other such reason.

The resulting pattern of events is usually that some initial general
etch oxygen corrosion develops, leading to the formation of rust
deposits and the subsequent development of a differential oxygen con-
centration cell under the deposit, resulting in further metal wastage. If
this mechanism remains undetected for any length of time (which may
be anywhere from 3 months to 1 or 2 years), the result is deep pitting
corrosion. Where the pit exceeds 50% of the tube wall thickness, the
tube must be replaced.

As part of the pitting process, tuberculation tends to develop espe-
cially when flow rates are low (as they often are in HW heating boil-
ers). The pitting corrosion initiator may be shielding rust or deposits
and foulants swept along to the area of lower flow.

The final result of this type of corrosion is the development of nod-
ules or tubercles, consisting of successive layers of various (normally
hydrated) iron oxides in both partially and fully oxidized states, which
may run the length of the tubes.

The rate of all these corrosion mechanisms increases when the water
contains a high alkaline, chloride, or sulfate content.

7.2.2.5.2 Crevice Corrosion Crevice corrosion is less common than
tuberculation but may be found in larger boilers (typically WT boilers).
Crevices form, for example, when an alignment backing ring is used
during the butt welding of boiler tube sections; because strain may be
present in the area of the crevice, stress-corrosion cracking corrosion
may result.

The mechanism typically involves some general oxygen corrosion
around the area of a crevice. As oxygen corrosion proceeds, the oxygen
inside the crevice becomes depleted and corrosion debris may further
impede the diffusion of O, into the crevice. Thus, a change in O, con-
centration gradient occurs and a differential-oxygen concentration cell
is established with the oxygen-rich area outside the crevice becoming
cathodic and the internal crevice area becoming anodic, thus inducing
the development of localized crevice corrosion.
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In the case of carbon steel, the accumulation of FeZ* in the crevice
attracts chloride ions (C17) and aggressive pitting corrosion may occur.

7.2.2.5.3 Under-Deposit Corrosion In the same way that oxygen
becomes depleted in a crevice, and a differential-oxygen concentration
cell is established, leading to localized corrosion of the oxygen-starved
anodic area, so the same phenomenon readily occurs in dirty boilers
under deposits, sludge, and other foulants.

The rate of metal wastage of this indirect form of corrosion may be
increased by the presence of other direct corrosion influences in the
deposit or foulant. Also (and similar to crevice corrosion), there may be
general oxygen corrosion occurring at the same time or perhaps acting
as an initiator to the under-deposit corrosion process.

This type of corrosion is liable to occur in any part of a boiler where
silt, muds, scales, precipitants, or foulants exist and is by no means lim-
ited to ferrous metals. Stainless steels, brasses, and cupronickels are
all subject to under-deposit corrosion and deep pitting.

7.2.2.5.4 Pitting Corrosion Pitting corrosion is a general term for a
visible sign of concentration cell corrosion, where further induced-
corrosion processes develop, as when chloride attack occurs (although
pits also may occur with simple acid corrosion processes).

In boilers subjected to dry lay-up, pitting of bent tubes and water-
trapping boiler components may result from exposure to condensed
moisture and atmospheric moisture.

In boilers containing pits as a result of oxygen corrosion, the pits
may act as a site for additional stress-corrosion and corrosion fatigue
mechanisms to occur.

7.2.3 Additional Forms of Concentration
Cell Corrosion

All the various forms of concentration cell corrosion described are
types of indirect attack induced by the effects of surface shielding,
although not all concentration cell corrosion mechanisms involve the
presence of oxygen.

Additional forms of concentration cell corrosion include those
involving sodium hydroxide (caustic), chlorides, and sulfates; thus,
some control over corrosion may be obtained by limiting salinity in the
boiler.

These ionic salts all increase the conductivity of BW electrolyte and
thus enhance corrosion reaction rates, so that strict limitations on the
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salinity content of BW become increasingly important as boiler pres-
sure or heat-flux density increases.

At least as important, however, is the need to ensure clean metal
surfaces because, as stated earlier, concentration cell corrosion mech-
anisms commonly occur under boiler section sludges and deposits.

7.2.3.1 Caustic Gouging (Ductile Gouging and Caustic Attack)

Corrosion of steel may take place because of its amphoteric nature (it
is attacked under either strongly acidic or strongly alkaline conditions).
Caustic gouging is a specific form of corrosive attack on boiler steel,
effected by a very high concentration of sodium hydroxide (typically
>100,000 ppm/10%), as shown here:

Fe,O, + 4NaOH — 2NaFeO, + NaFeO, + H,0
magnetite  caustic sodium sodium water
ferrite hypoferrite

Caustic gouging usually occurs only in areas of high heat flux but
may also result when heat transfer rates are low, as in horizontal or
inclined WT boiler tubes under circumstances in which the
steam—water velocity is particularly low. Here, the relatively small vol-
ume of BW surrounding the steam bubbles concentrates very quickly,
the alkalinity soars, and caustic corrosion develops.

The resultant sodium ferrite and sodium hypoferrite are washed
away by fresh BW and the process repeats itself, eventually resulting in
extensive thinning of the steel through the development of longitudinal
gouging or grooving.

The ferrite corrosion product hydrolyses to magnetite and may move
around the boiler. When magnetite is removed and bare steel is exposed,
the caustic may react directly with the metal, as shown here:

Fe + NaOH — NaFeO, + H,T
steel caustic sodium hydrogen
hypoferrite

For caustic gouging to take place, it is necessary to have the avail-
ability of free caustic (or an alkaline-producing salt) in the BW and for
some form of concentrating mechanism to be present. Concentration
may result, for example, by virtue of the presence of existing (porous)
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deposits, under or within which the caustic may be found, and it may
take place in both FT and WT boilers.

Concentration may also result from waterline evaporation. In high-
er pressure WT power boilers, it may develop as a result of high-firing
cycle operations, which may lead to departure from nucleate boiling
(DNB).

NOTE: Caustic gouging does not require the presence of localized stresses
or strains to develop.

At pressures of over 900 to 1,200 psig caustic gouging can be a very
serious hazard, and coordinated phosphate programs (or similar
types of program) have been used almost exclusively for very many
years as a proven means of control. Under this type of program, the pH
level generally is maintained sufficiently high to precipitate any calci-
um or magnesium contamination but not so high as to permit the pres-
ence of excess hydroxyl ion, which may initiate caustic gouging.

Apart from other control activities, such as the determination of
phosphate, it is always necessary to closely monitor the FW sodium
(Na) content.

7.2.3.2 Saline Corrosion

The presence of high concentrations of salines such as the sodium salts
of chlorides and sulfates may increase the rates of localized corrosion
and produce deep pits (especially in the presence of boiler sludge).

Chlorides in particular present a problem because of their tendency
to attack and weaken passive oxide layers and accelerate metal wastage
by pitting corrosion and other forms of concentration cell processes.

Chloride is both a cathodic depolarizing agent (depolarizer) and a
depassivating agent, and the presence of high chlorides in
steam—water circuits significantly increases the risk of stress corrosion
cracking of austenitic steels (type 300 stainless).

Sulfate ions have reactions similar to those of chloride. They are
corrosion-causative agents (similar to oxygen and hydrogen) of the
various types of concentration cell corrosion. In addition, they also
are depassivation agents and may greatly accelerate the risk of stress
corrosion mechanisms. Saline corrosion pits resulting from high con-
centrations of chloride and sulfate salts also may be associated with low
pH corrosion because hydrochloric acid and sulfuric acid can form
within the pit, under deposits.
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7.2.4 Low pH Corrosion

The minimum rate of boiler steel corrosion (i.e., the maximum devel-
opment of dense, adherent, and protective magnetite) occurs at pH of
11 to 12. However, at significantly lower pH values (acid conditions)
hydrogen ions are discharged (depolarization), the magnetite layer
becomes porous, and corrosion rates increase.

Although relatively uncommon, low BW pH may occur for a variety
of reasons under online operating conditions, resulting in either general
or localized low pH corrosion. Under offline conditions, low pH corro-
sion usually is simply a result of improper acid cleaning procedures.

7.2.4.1 Low pH General Corrosion

Bulk BW having a low pH may can cause general corrosion and may
originate from several sources:

* Naturally acidic MU water
* Reverse osmosis permeate water
* Demineralized water

» Seawater evaporator distillate

Low pH MU water sources are likely to adversely affect first pre-
boiler equipment, such as economizers and other front-end compo-
nents; a severely low pH incursion (say, below pH of 5.0-5.5) also
results in general corrosion of boiler section components, including the
boiler itself. Under these conditions, iton corrosion debris may form
composed of particulate magnetite needles.

NOTE: The development of magnetite needles in the BW should not be con-
Sfused with the transport by FW of particulate iron, which has its origins in
other areas of the boiler system.

Clearly, none of these sources of water should be deliberately used
for initially filling the boiler or as a FW component without the addi-
tion of an appropriate alkaline chemical treatment. Nevertheless, it may
happen that untreated acidic waters are used, perhaps because a boiler
plant operator assumes that the local (lean, acid) city water is perfectly
satisfactory. This example indicates a need to provide not only site
training in corrosion fundamentals but also in the purpose and benefits
of using chemical treatments.
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Where acid process contaminant or acidic water ingress occurs, the
bulk BW pH may quickly drop as low as 5.0. This may occur, for
example, where there is only limited alkaline buffering of BW
because of low cycles of concentration and/or high-purity FW. Where
acidic incursions occur, a general thinning of the boiler tubes, drums,
and shell rapidly takes place, giving rise to a clearly visible irregular
surface.

7.2.4.2 Low pH Localized Corrosion

Localized corrosion is a more common result of low pH water conditions
than general corrosion. These conditions may be only temporary, but they
may take place on a regular basis; if the cause is not thoroughly investi-
gated, it can lead to extensive pitting and gouging of boiler surfaces.

For low pH localized corrosion to take place, two conditions are
required.

1. There must be a source of acid (or acid-producing salt).
2. A localized acidic concentration effect must develop.

Examples of the first condition include:

* Acid regenerant infiltration (e.g., H,SO,, HCI) from the regener-
ation of ion-exchange demineralization plant.

* Salt contamination (NaCl) from the regeneration of cation
exchange softening plant.

¢ Seawater contamination (e.g., MgCl,, CaCl,) from seawater or
estuarine condenser leaks.

In a condenser leak in which magnesium hardness exceeds the bicar-
bonate alkalinity, the pH may be lowered sufficiently to induce signif-
icant acid attack, especially if an internal all-volatile treatment
program (AVT) is employed:

Mg>* + 2HCO,S — Mg©OH), + Co,1
magnesium bicarbonate magnesium carbon

ion ion hydroxide dioxide

Examples of the second condition include:
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* Departure from nucleate boiling (DNB), perhaps as a result of
flame impingement or other overheating effect

* Waterline evaporation in the top drum or shell

* Acidic process contaminant in-leakage combining with conden-
sate (or alternatively the decomposition of process organics, result-
ing in the production of acids)

* Shielding deposits that retain corrosive residues originating from
escaping steam

Substantial deposit-filled corrosion pits may result from the rapid
concentration of only a few ppm of initial acid contaminant in the bulk
water. The visual result can be similar to high pH pitting corrosion;
thus, more sophisticated examination techniques may be required to
ensure that the true cause is properly identified.

Very specific forms of low pH localized corrosion may develop in large
high heat—flux WT boilers. Where subsequent analysis work is undertak-
en, the results usually provide the basis for a traceable chain of cause and
effect. An example of such a chain of cause and effect is detailed in an
interesting corrosion case history provided by Maringer, Saavedra, Selby,
and Haberman, and published by Tall Oaks Publishing, Inc. A synopsis is
provided below (with kind permission of Tall Oaks Publishing).

Extract of Case History Concerning the Reported Failure of Boiler
Tubes in a Chilean Methanol Plant, 1,500 psig Waste Heat Boiler
The tube failures resulted from the development of corrosion pits that
eventually perforated. The pits contained phosphate-based deposits and
were a consequence of this high localized concentration of phosphate
(plus the presence of some iron, which acted as a reactant) causing acid
attack. The corrosive attack was, in turn, traced back to a combination
of causative problems, including:

* Higher than desirable phosphate reserves when using a coordinated
phosphate program (20-50 ppm phosphate rather than 5-10 ppm)

* Gas temperatures in the attack zone of over 1600 °F

* A particularly low sodium-to-phosphate ratio (below 2.1:1, rather
than a control of 2.5-2.6:1)

This low Na-PO, ratio was a result of using an incorrectly blended
solid phosphate mixture. The constituent proportions had been calculat-
ed based on utilizing trisodium phosphate monohydrate (Na,PO,-H,0),
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whereas, in fact, trisodium phosphate dodecahydrate (Na,PO,-12H,0)
was employed.

7.2.4.3 Acid Cleaning Corrosion

Acid cleaning is not a precise process and many variable factors are
involved, which, if not fully controlled, may result in acid corrosion of
boiler steel. Under some circumstances, even with the use of acid
cleaning inhibitors, acid corrosion (i.e., oxidation via hydrogen ions
originating from the acid) may take place:

Fe + 2H* —> HT + Fe*
steel hydrogen ion  hydrogen ferrous ion

The typical results of poor control over an acid cleaning process are
irregular pitting and a very rough and jagged appearance on the vari-
ous boiler surfaces that may resemble “Swiss cheese.”

Most acid cleaning processes do not totally dissolve the available
scales, oxides, and other debris, and where localized crevice shielding
and redeposition takes place, it may be difficult to subsequently effect
the complete neutralization of pockets of acid. These areas are then
subject to vigorous attack once the boiler is bought back online.

7.3 STRESS AND HIGH TEMPERATURE-RELATED
CORROSION

In addition to the many different forms of boiler section ferrous corro-
sion already described, several other less common types occasionally
develop. In particular, corrosion processes may evolve that are interre-
lated with stress, deposition, and/or high temperatures (thermal effect
corrosion), and together these may lead to metal fatigue (metal fatigue
corrosion), metal failure, and even more serious problems such as the
risk of a boiler explosion.

*  Where stress plays a part, the resultant metal failure may be present
as either a transgranular (transcrystalline) or an intergranular
(intercrystalline) mechanism.

*  Where overheating effects develop, they may be of either a long- or

short-term nature and may result in thermally induced corrosion
or metal failure.
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*  Where waterside deposits are evident, they provide a heat insulat-
ing effect and also permit under-deposit contaminant concentration.
Under conditions of high pressure, heat flux, or stress, this combi-
nation of factors may lead to the development of embrittlement
corrosion or stress corrosion cracking (SCC).

*  Where stress factors are present in combination with high tempera-
tures, these may result in both thermal fatigue cracking and cor-
rosion fatigue. There are various potential stress factors, including:

1. Residual stress: generally from the effects of metal rolling,
bending, or welding operations

2. Applied stress: as a result of flame impingement or uneven
heating

3. Cyclic stress: developing from on—off and peak-load boiler
operations

7.3.1 Stress Corrosion Cracking

Stress corrosion cracking (SCC) or embrittlement corrosion describes
any of a number of corrosion processes where in a corrosive environ-
ment, localized stress accelerates the rate of corrosion that may occur
under or within a deposit.

Stress corrosion cracking develops through the localized concentra-
tion of a corrosive agent. It typically occurs only in WT boilers operating
at over 300 psig, although a particular form known as hydrogen embrit-
tlement usually occurs only in boilers operating at over 1,000 psig.

This type of stress-related corrosion process may result in boiler fail-
ure through a sudden and violent rupturing of the boiler tube metal.
Austenitic stainless steels also are corroded by SCC mechanisms in the
presence of concentrated chlorides (chloride-induced SCC).

7.3.1.1 Caustic Cracking/Caustic Stress Corrosion Cracking/
Caustic Embrittlement

This form of SCC affects both carbon steels and austenitic stainless
steels (300 series) that are under stress. It is particularly associated with
the inducement of boiler waterside metal-surface fractures (cracking)
under localized deposits containing high concentrations of sodium
hydroxide (caustic soda).

Caustic embrittlement corrosion is intergranular, and cracks appear
along the grain boundaries. The process is accelerated by:
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* High internal stresses
* Moderately high temperatures (200-250 °C/392—482 °F)
* Impurities in grain boundaries

In addition to stress, the development of caustic embrittlement
requires a caustic corrosive in a concentration of at least 7.5 to 10%
NaOH. It also requires some silica to be present (typically = 0.2%).
Thus, the prevention of this form of corrosion primarily requires the
elimination of either stress or the concentration of corrosive.

In the days of riveted boilers, concentration of caustic took place
through the seepage or leakage of BW into rivet holes or seams.
Sodium nitrate was the classic SCC inhibitor and was applied at 20 to
40% of the caustic alkalinity (2P-M). It is still used today in certain
older facilities, although alternative organic-based inhibitors are now
available.

Today, boilers are welded and stress-relieved, thus ostensibly elimi-
nating a primary component of the SCC process; however, modern
boilers operate at higher heat fluxes, which imposes a strict require-
ment for cleaner metal surfaces. The presence of deposits on any water-
side surface may provide an opportunity for the concentration of free
alkali under the deposit, and so caustic embrittlement sti// occurs today,
depending on inherent stress levels and the particular water chemistry
involved.

In practice, higher pressure boilers typically operate under AVT or
coordinated phosphate (or similar) programs, which do not provide
for the presence of free caustic.

7.3.1.2 Hydrogen Embrittlement and Hydrogen Damage

Hydrogen embrittlement (HE) is the result of a secondary or tertiary
corrosion process in steel whereby loss of ductility and cracking
occurs, caused by the pressure generated from the reaction of atomic
hydrogen (originating from water or acid) within the steel, forming
molecular hydrogen (H® — H,) and from the reaction with carbon
(from steel) producing hydrocarbons.

Hydrogen embrittlement is commonly associated with problems of
excessive waterside deposition in boilers operating at over 1000 psig.
Where HE takes place, the primary form of corrosion generally is either:

1. A low pH reaction (such as low pH localized corrosion)
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2. A high pH reaction (such as caustic gouging corrosion) that pro-
duces both atomic hydrogen and deposition

The primary corrosion process exposes the steel surface. This
enables secondary forms of corrosion to proceed within a chain of
cause-and-effect mechanisms.

The liberated hydrogen diffuses under deposits and into the steel,
where it combines to form molecular hydrogen at grain boundaries or
inclusions, or reacts with carbon or iron carbides (decarburization
corrosion) to form methane. These gases build up in pressure because
the molecules are too big to further diffuse through the steel, causing
intergranular separation (cracking) and finally tube or wall section
bursting. A typical chain of cause and effect is shown in Table 7.2.

Because of the very real risks associated with HE and other cata-
strophic forms of corrosion, many of the larger power plants provide
for a variety of real-time automatic analyzers to monitor pH and
hydrogen (in addition to, e.g., oxygen, sodium, and silica).

NOTE: Background hydrogen levels in HP steam typically are 1 to 3 ppb
H,

Given that atomic or molecular weights are approximately: Fe = 56,
H,0 =18, Fe304 = 232, H = &, it can be seen from the following corrosion

Table 7.2 Hydrogen embrittlement chain of cause and effect

Step 1. A primary corrosion reaction occurs, exposing steel.

Fe, O, + 4NaOH -~ 2NaFeO, + NaFeO, + H,O
magnetite caustic sodium sodium water
ferrite hypoferrite

Step 2. One or more secondary corrosion reaction occur, producing atomic
hydrogen, as in the example below:

3Fe + 4H,0 — FeO, + 8HT
steel water ferric oxide atomic
(coarse magnetite) hydrogen

Step 3. Methane gas evolves during decarburization corrosion and builds up
pressure, causing hydrogen embrittlement metal fatigue and eventual tube
rupturing.

FeC + 4H —» CH, + 3Fe
ferric atomic methane iron
carbide hydrogen
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reaction that 1 Ib of hydrogen gas corresponds to the corrosion of 21 Ib of
steel:

3Fe +  4H,0 —  Fe,0, + sut
iron water coarse magnetite hydrogen
168 Ib. + 72, — 232D + 8 Ib.

7.3.2 Thermal Fatigue Cracking
and Corrosion Fatigue

Fatigue is the failure of metals under prolonged or repeated cycles of
stress. It is characterized by local metal structure deformation. The
addition of heat or corrosion processes tends to shorten the number of
cycles required before failure resulting from stress fatigue occurs, and
consequently metal fatigue is often described as thermal fatigue or
corrosion fatigue. The different forms of fatigue are described in the
following sections:

7.3.2.1 Thermal Fatigue

Thermal fatigue is a form of metal failure whereby fracturing occurs
under repeated cycles of thermally induced stress. These cycles make
take place, for example, because of stop—start, lead—lag, or peak-load
boiler firing arrangements.

In thermal fatigue, a ductile fracture usually occurs, characterized by
considerable plastic deformation, the tearing of metal, and an appreciable
expenditure of energy—as occurs when a strip of metal is repeatedly bent.

Because problems of stress, high temperature, and deposition gener-
ally coexist (and may be considered interdependent risk factors), ther-
mal fatigue is often associated with long-term overheating.

7.3.2.2 Corrosion Fatigue

Corrosion fatigue is a form of metal failure caused by a combination of
thermal cycling stress (which leads to thermal fatigue) and an appro-
priate corrosion process, such as caustic SCC. Corrosion fatigue
processes typically include brittle fracturing, which is the separation
or cleavage of a metal with little or no resulting plastic deformation.
The corrosion fatigue process does not necessarily take place on the
waterside of boiled metal; it may be fireside initiated.
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7.3.3 Overheating Effects and High
Temperature Corrosion

Overheating increases the rate of boiler section corrosion and fatigue,
thus leading to premature metal failure. Results of this form of corro-
sion may include:

*  Bulges

* Magnetite blisters

* Fractures

* Fissures

* Creep—ductile metal deformation

+ Graphitization

* Ruptures

* Spalling—hairline metal surface cracks, flakes or splinters

+ Exfoliation—a form of corrosion exhibited by the throwing off of
thin slivers or chips from the surface of the metal

Overheating may be sudden and dramatic, related perhaps to very
unusual operating conditions and leading to catastrophic failure (short-
term overheating), or a much more gradual process occurring over a
period of several years (long-term overheating).

Persistently high operating temperatures lead to irreversible changes
in the structure of the steel and eventual failure.

7.3.3.1 Long-Term Overheating

Long-term overheating is a further example of a chain of cause and
effect. It almost always has its origins in the waterside chemistry and
can affect both WT and FT boilers.

Typically, either pre-boiler contaminants introduced into the boiler
or less than ideal BW chemistry conditions lead to the formation of
deposits, which in turn impede circulation, insulate the heat transfer
surface, and cause some higher-than-design degree of overheating.

Stratification and steam blanketing may add further to the insulating
effects and also promote both thermal stress in excess of design limits
and waterside corrosion. Over the longer term, considerable metal
oxide is formed and cracking and creep develop.

Further stresses may be caused by the continued mechanical opera-
tion of the boiler under adverse conditions, leading to intergranular
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creep cracking. Eventually metal failure occurs, usually through a
creep rupture (stress rupture).

The rupture initially may affect only a single boiler tube (although
many tubes will be weakened), and this tube typically shows limited
bulging, but the formation of considerable oxide and scale.

Control of long-term overheating requires modifying water chem-
istry and a close analytical monitoring protocol to minimize or elimi-
nate the risks of deposits. In many cases, some significant change in
boiler operating practices is also required.

7.3.3.2 Short-Term Overheating

Short-term overheating essentially is operationally induced, and there
may be many reasons for it. These factors include:

* Major load swings
» Startup or shutdown firing difficulties
* Excessive blowdown

* A lack of water coolant for a brief period

In the WT boiler, a chain of cause and effect that includes short-term
overheating may follow this scenario:

Tube blockages cause inadequate steam—water velocities;
Insufficient water leads to locally elevated metal skin temperatures;
This is followed by a rapid failure in metal wall strength;

Lol i

A violent tube rupture results.

The typical rupture pattern has a thick-walled, wide-mouthed
appearance (fish mouth rupture).

Short-term overheating may take place when the metal temperature
exceeds 850 to 900 °F (454482 °C). Where dry firing occurs, the skin
temperature may quickly rise to 1,200 to 1,500 °F (684-815 °C) or
higher.

The problem is confined to the hottest parts of high heat-flux WT
boilers (primarily very large industrial and power boilers). Low heat-
flux areas such as economizers are not affected.

Where short-term overheating takes place, there seldom is any evi-
dence of a buildup of oxides or significant deposits. However upon
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investigation it is not unusual to discover evidence of long-term over-
heating damage with a subsequent brief period of short-term overheat-
ing that finally produced boiler failure.

7.3.3.3 High Temperature Corrosion

Various specific forms of high temperature boiler corrosion (such as
hydrogen embrittlement) may result as a consequence of overheating
(caused by steam blanketing or flame impingement) coupled with other
operational problems (such as deposition). There may be a chain of
cause and effect, resulting in some boiler surfaces operating at higher-
than-design temperatures, which in turn leads to corrosive attack and an
increased risk of boiler failure.

Where boiler design specifically requires persistently high operating
temperatures, however, (and even though these circumstances may not
necessarily constitute an overheating situation), the potential exists for
certain other forms of high temperature corrosion to occur. Some exam-
ples of persistently high temperature corrosion are discussed in the
following sections:

7.3.3.4 Thermal Oxidation/Metal Burning and Metal Scaling

Depending on the particular component alloy employed (such as a super-
heater tube alloy), metal burning may take place at temperatures of 1,000
to 2,000 °F (538-1,093 °C), resulting in a hole developing in the tube.

Unalloyed steel can be directly oxidized by steam at temperatures
over 750 °F (399 °C). Extensive cracks may occur, the steel surface
may resemble tree bark, and magnetic oxide deposits are generated at
the failure site. Intergranular oxidation may take place. In the ther-
mal oxidation reaction, hydrogen is directly released as shown:

3Ff¢ + 4HO —> F,0, + g8HT
steel steam magnetic hydrogen
iron oxide

7.3.3.5 Spheroidization

At temperatures in the range of 850 to 950 °F (454-510 °C), permanent
structural changes, such as spheroidization, take place in the boiler
steel. In this process, the pearlite phase component disappears as the
laminar cementite gradually changes into spherical grains.
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NOTE: Steel consists of ferrite and pearlite phases. Ferrite is a solid
solution of carbon in iron, whereas pearlite is a mixture of ferrite and
laminar cementite. Cementite is a carbide, such as ferric carbide (Fe 3C ),
although part of the iron content may be replaced by other metals includ-
ing molybdenum.

7.3.3.6 Decarburization

Additional high temperature changes cause decarburization, wherein car-
bon in the ferrite phase of carbon steel can be oxidized to carbon dioxide.

7.3.3.7 Graphitization

In this form of corrosion, the iron carbide (ferric carbide) component
of steel is decomposed to graphite and pure iron. The external physical
structure of the steel is rarely changed, but the internal structure is sig-
nificantly weakened.

NOTE: Do not confuse graphitization with graphitic corrosion, which is
different. Graphitic corrosion causes the iron in cast iron to selectively
leach out, leaving behind a porous graphite structure.

7.4 OTHER FORMS OF CORROSION

There are many other types of corrosion that may occur (some quite
esoteric). Two forms of corrosion not yet discussed include chelant cor-
rosion and nonferrous metal corrosion.

7.4.1 Chelant Corrosion (Chelant Attack)

Organic chelant compounds, such as the sodium salts of ethylenedi-
aminetetraacetic acid (EDTA) and nitrilotriacetic acid (NTA) are
commonly used in BW deposit control treatments, often in combina-
tion with phosphates.

NOTE: EDTA, NTA, and other chelants are also employed in various online
and offline boiler plant cleaning formulations.

Chelants have the ability to take waterborne metal ions such as Ca
and Mg (but also Fe and Cu) and produce soluble coordinate bond
complexes. Therefore, they can be employed for the control of FW
hardness salts and other related problems.
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Chelants are particularly useful in maintaining very clean, deposit-
free waterside conditions and can be employed in both FT and WT boil-
ers. In practice, however, they are relatively indiscriminant in their
reactions and under unsuitable conditions may seriously corrode carbon
steel, copper, and copper alloy boiler components. Chelants also may
react with any available oxygen under BW conditions and temperatures.

Nevertheless, during the last 25 to 30 years the genuine benefits of
using chelant-based programs have become more widely appreciated,
and a considerable amount of technical information has also unfortu-
nately been disseminated concerning the potential risks for severe
chelant corrosion. The position of this author is that much of this risk
awareness information has been exaggerated and furthermore that
some of the advice is suspect.

What is clear is that chelant corrosion takes place only when a num-
ber of unfavorable boiler operating factors are collectively present and
that the starting point for corrosion is an overfeed of chelant product.

Where a stable, passivated magnetite film exists, there is little risk of
corrosion when using these products, and under normal alkaline boiler
conditions (above a pH of 10.0), the chelation of ferric iron [Fe(OH),,
Fe,0,, Fe,0,] does not take place (so the protective magnetite film is
not disrupted).

High levels of either chelant or oxygen, however, affect the redox
tendencies of iron—oxygen reactions. Consequently, overdosing chelant
in the presence of some oxygen, or tolerating high DO levels in the
presence of chelant, permits the liberation of Fe?* ions (corrosion) from
a metal surface and their subsequent chelation, thus preventing the for-
mation of blanketing ferric oxides or hydroxides.

Under modern, highly demanding operating conditions, where very
clean boiler internal surfaces and high heat transfer rates are the norm,
the thin magnetite film is essentially the primary barrier against corro-
sion. Consequently, the presence of DO must be strictly controlled to
avoid waterside surface corrosion problems. This clearly is even more
important when chelants are employed. Also, all of the many possible
operating conditions that may lead to overheating, DNB, and disruption
of the passive magnetite film must likewise be strictly controlled.

It is only when an overfeed of sodium salt chelant takes place over a
period of time, coupled with the presence of oxygen and the disruption
of the magnetite film, that a serious chelant corrosion risk exists. Under
these conditions, however, other equally serious boiler failure risks also
exist that demand appropriate and swift corrective action.
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NOTE: Although FT boilers usually do not operate under knife-edge con-
trol conditions (as do some large power WT boilers), it is evident that
chelant programs generally are not suitable for any FT plant operating
without benefit of a deaerator.

Where chelant corrosion does occur, attack may take place either at
the chelant entry point or at several possible boiler surface locations.
At the chelant entry point, rapid thinning of the metal takes place in the
immediate vicinity. If the injection point has not been stress-relieved,
the attack may be exaggerated and metal gouging may also occur. At
the injection point, the available chelant is highly concentrated; injec-
tion of product should be continuous through a type 304 injection quill
(injection nozzle), with the chelant being rapidly dispersed into the
body of steam—water.

NOTE: The injection point of chelant should be into the boiler FW as far
downsteam as possible from the deaerator and chemical oxygen scaveng-
ing point to permit sufficient time for effective oxygen removal to take place.

The injection location also is important, especially where catalyzed
sodium sulfite is employed, because of the potential for chelation of the
usual cobalt salt catalyst to occur.

Injection also should be well downsteam of any copper-based pump
impellers.

Where chelant attack of boiler surfaces does take place, the corrosion
results in a thinning wastage of the metal rather than pitting. The metal
surface most commonly is uniformly dark, smooth, and featureless, and
the corrosion often is not immediately discernable to the naked eye.

As flow velocities increase, chelant attack becomes substantially
worse, with the flow pattern being reflected in the form of U-shaped
depressions and long tails (comet tails). Thinning continues until boil-
er failure occurs through a rupture of the thinned metal surface. In areas
of high stress and/or high turbulence, attack is greatly enhanced and
may be very localized.

The points of attack are primarily the waterline (where oxygen pit-
ting may also occur), in areas where steam—water velocities are high-
est, and at points where stresses are inherent. These include:

* The boiler FW pump
* Boiler tube surfaces (especially at the entry points)
* Rolled tube ends



Boiler Section Specifics 265

» Baffle edges
* Threaded components

Where chelant corrosion metal failure occurs, an investigation may
determine that contributing factors also include localized overheating,
steam blanketing, or DNB.

7.4.2 Copper Corrosion

The most serious pre-boiler contaminant is often copper, resulting from
the ammoniacal corrosion of steam-condensate system components
and its subsequent transport through the boiler plant.

If copper is present in the boiler FW (normally as the cupric ammo-
nia complex ion), boiler surfaces are directly attacked by electrolytic
reduction. In strongly alkaline conditions the ferrous ion is present as
ferrous hydroxide [Fe(OH),]:

CuNH),* + Fe — Cu + Fe* + 4NH,
cupric ammonia steel copper ferrous ammonia
complex ion ion

The resultant plated copper then acts as a cathode to the surrounding
anodic boiler steel and extensive corrosion takes place, thus resulting in
thinning and weakening of the boiler steel.

Inadequate acid cleaning procedures also may introduce traces of
copper into the boiler (typically originally present as copper-containing
deposits), which can plate out onto clean metal surfaces and cause
localized, anodic area pitting corrosion.

Where very high temperatures are involved, the presence of copper
deposits may cause liquid metal embrittlement.

7.5 CORROSION IN NUCLEAR POWERED
STEAM GENERATORS

PWR steam generators (SGs) are essentially complex shell and tube
heat exchangers composed of a variety of corrosion-resisting alloys.
The closed loop primary circuit is on the tube side and the steam gen-
erating, working fluid or secondary circuit is on the shell side.
Resistance to corrosion and a long operating life is a requirement of
all materials employed in nuclear powered SG heat exchangers.
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Corrosion and tube failures can produce severe consequences, including:

* Possible shutdown of the station
» Loss of expensive light- or heavy-water primary coolant
* The spread of primary circuit radionuclides to the secondary circuit

» The development of high radiation fields surrounding areas of active
corrosion

Over the years, with the advent of larger generators of increased
pressure and operating output, the challenge of ensuring maximum out-
put without sacrificing long-term structural integrity related to corro-
sion has increased. The criteria for SG tube material selection is
critical, and the selection process is designed to provide resistance to
corrosion and erosion on both sides of the tube under precisely con-
trolled water chemistry and mechanical operating conditions.

7.5.1 Nuclear Plant SG Materials Selection

Early SGs employed austenitic SS as tube material, but in several parts
of the world problems were experienced because of stress corrosion
cracking (SCC) from the secondary side. This was caused by an accu-
mulation of chlorides originating from poor precommission cleaning
(PCC) following fabrication and site errection, or from the ingress of
chlorides into the secondary circuit from inadequate control over high-
purity MU water quality or condenser in-leakage. Monel 400 (70% Ni,
30% Cu) was also used in early SGs for heat-exchanger tube sheets, but
corrosion rates of this alloy tend to increase dramatically where oxygen
is present (as when low levels of boiling is permitted in the coolant
channels of advanced PHWR designs).

Certain Inconel alloys have been used with varying degrees of suc-
cess. Inconel 600 (70% Ni, 15% Cr, 15% Fe) has been employed
because of its improved resistance to chloride-induced, SCC, but it has
failed on occasions because of intergranular attack and general etch
corrosion.

Various newer and more corrosion-resistant alloys are now available
for use, including low nickel alloys, such as Inconel 800 (35% Ni, 20%
Cr, 45% Fe). Low nickel alloys, in particular those with with less than
0.03% cobalt, are required to limit the development of a cobalt-
induced, outer-core radiation field within the SG.
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NOTE: Nickel alloys contain Cobalt>® (a naturally occurring isotope) as
an impurity. Corrosion of high nickel-containing alloys on the primary
circuit side of the tubes leads to the release of cobalt corrosion products,
which form radioactive Cobalt® (having a half-life of 5 years) when irra-
diated by neutrons originating in the reactor. The chain of cause and
effect leads to the emission of high-energy gamma rays and the develop-
ment of an outer-core radiation field, which increases with nuclear reac-

tor operating time.

Table 7.3 Deposition of boiler section waterside surfaces by alkaline earth metal
salts, other inorganic salts, and organics. (Note: Deposition can also take place in the

pre-boiler section.)

Deposit material Mineral/formula Problem or risk

Calcium carbonate Aragonite Low temperature scale.
CaCO;,
Calcite Higher temperature scale.
CaCO;,

Calcium phosphate Hydroxyapatite Flocculated boiler sludge, as a
Ca,,(OH),(PO ), result of residual hardness.

Tri-calcium phosphate
Ca,(PO,),

Calcium phosphate can form
as a hard, adherent sclae in FW
line, especially if pH is below
8.2-8.3.

Calcium sulfate

Anhydrite
CaSO,

Hard, difficult scale.

(Basic) Magnesium
chloride

Magnesium chloride
hydrate

Saline concentrates in porous
deposits, resulting in acid

MgCl,-5Mg(OH),'8H,0 corrosion pits.

Magnesium hydroxide | Brucite Common flocculated boiler
Mg(OH), sludge.

(Basic) Magnesium Magnesium hydroxy- Forms with hematite in

phosphate phosphate passivated films at lower
3Mg,(PO,),-Mg(OH),  temperatures.

Sodium hydroxide Caustic soda Caustic concentrates in porous
NaOH deposits, resulting in caustic

gouging and SCC.

Various sludges

Phosphates, etc.

Baked on sludge.

Treatment chemicals

Sulfites, hydrazine,
amines, chelants

Incorrect application results in
thermal breakdown, sludges
and corrosion deposits.

Tannins, dispersants,
hydrocarbons

Carbonization produces
deposits and binders.
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Even where low nickel alloys are specified, corrosion, however lim-
ited, may lead to the release of other alloying components and the
release of more radionuclides such as chromium?!, cobalt®, iron™,
and manganese®*. Thus, materials selection remains a critical issue in
nuclear plant SG design.

Table 7.4 Summary notes: silica and silicate crystalline scales and deposits affecting
boiler section waterside surfaces.

Mineral/formula Problem or risk

Acmite High temperature scale. Found under sludges of

Na,0-Fe,0,-45i0, hydroxyapatite, serpentine or porous iron oxides.
Can result from alum carryover.

Alpha quartz Hard scale found in drum, tubes, and turbine

aSio, blades.

Analcite Similar to acmite. Presence can indicate steam

Na,0-A1,0,-45i0,2H,0 blanketing problems.

Magnesium orthodisilicate Sludge forms from magnesium hydroxide and

Mg,Si,0,2H,0 silicate in boiler

Natrolite Moderate hardness scale.

Na,0A1,0,:35i0,2H,0

Nepheline various structures
eg: [Na,K,Al(Si0,),]

Moderate hardness scale.

Noselite
5Na,0-3A1,0,°68i0,-2H,0

Hard, adherent scale found on tubes and high
heat-flux density areas.

Serpentine Common sludge, forms from Mg salts and
3Mg0-25i0,-H,0 silicate at lower pressures.
Sodalite Hard adherent scale on tube surfaces.

3Na,0-3A1,0,'68i0,2NaCl

Wollastonite
CaSiO,

Moderate hardness scale.

Xonotlite
5Ca0-58i0,"H,0

Hard, adherent scale found on tubes and high
heat-flux density areas.
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Table 7.5 Summary notes: iron oxide and other boiler section corrosion debris
deposits.

Mineral/formula Problem or risk

Ammonium carbamate
NH,Fe,(OH),(CO,),-H,0

The transport of pre-boiler corrosion debris to the
boiler section will includes these minerals.

Hydrated basic ferric
ammonium carbonate

(NH,)2Fe,(OH) (CO,),-H,0

Also the oxides of Fe, Cu, Ni, Zn, and Cr as
as noted below.

Malachite

CuCO,-Cu(OH),

Bunsenite Nickel oxides. A result of corrosion of brasses and

NiO cupronickels.

Copper Deposited by direct exchange with iron, or by

Cu reduction of copper oxide, during the corrosion
of steel.

Cuprite Black non-magnetic mineral. Originates from

CuO condensers and FW heaters.

Eskolaite Chromic oxide. A result of corrosion of

Cr,0, stainless steels.

Ferric phosphate
FePO,

Found in low temperature passivation film with
hematite.

Ferrous bicarbonate

Transport into FW line and boiler. Common in

[Fe(HCO;),] smaller boilers with a high percentage of cold
water MU water.

Haematite Formed at lower temperatures and higher oxygen

Fe,0, concentrations.

Magnetite Formed at high temperatures, under fully

Fe,O, reducing conditions.

Siderite Formed in LP boilers with high alkalinity BW.

FeCo,

Waustite Ferrous oxide formed in LP boilers with poor DO

FeO removal. Develops as the core of tuberculation
deposits.

Zincite Originated from brasses used for condensers and

ZnO

FW heaters.
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Table 7.6 Summary notes: boiler section corrosion problems involving oxygen, con-
centration cells, and low pH.

Type of problem Notes

Coarse magnetic corrosion Thick, porous, bulk water or boiler

Fe,0, surfaces deposit. Formed under both high

NOTE: Passivation is a form of and low pH and other adverse BW

corrosion, albeit the resulting conditions. Of no practical passivation

magnetite is desirable. benefit.

Oxygen corrosion, occurring as: Rare in correctly treated boilers but can

General etch corrosion/uniform affect drum waterline and tubes. More
rate corrosion (less common form)  common in idle and low-load boilers,

Localized corrosion (takes several where water chemistry is unbalanced,
forms and common where waterside under high MU conditions and after poor
conditions are less than ideal) chemical cleaning. Also in peak-load

boilers, especially where deposition can
occur. Localized corrosion can be very
serious, causing metal failure.

Localized, concentration-cell All forms of localized, concentration-cell

corrosion (differential aeration corrosion are “indirect attack” type

corrosion), occurring as: corrosion mechanisms. They result in
Tuberculation corrosion severe metal wastage and can also induce
Crevice corrosion other corrosion mechanisms, e.g.
Under-deposit corrosion Stress corrosion
Pitting corrosion Corrosion fatigue

Other forms of concentration-cell Combination of free caustic and

corrosion include: concentrating effect causes severe metal
Caustic gouging wastage. High chlorides and sulfates,
Saline corrosion result in corrosion from depolarization

and depassivation effects

Low pH corrosion includes:

Low pH general corrosion Results from acid breakthrough into
boiler water with only limited buffering
capacity

Low pH localized corrosion Requires an acid source and a
concentration effect

Acid cleaning corrosion Results from both poor cleaning and poor

neutralization processes
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Table 7.7 Summary notes: stress and high temperature related corrosion.

Type of problem Notes
Embrittlement corrosion occurring as: Also known as stress corrosion
cracking (SCC)

Caustic cracking (caustic
embrittlement)

Hydrogen embrittlement
(hydrogen damage)

Intergranular corrosion affects both carbon
steels and austenitic steels and accelerated
by high stress, higher temperatures, and
impurities in grain boundaries.

Only in boilers over 1000 psig, leading

to violent tube rupture.

Fatigue corrosion occurring as:
Thermal fatigue cracking (thermal
effect corrosion
Corrosion fatigue

Cycles of thermally induced stress leads
to metal failure.

Results from a combination of thermal
cycling stress and SCC or other
corrosion process.

High temperature corrosion

occurring as:
Long-term overheating
Short-term overheating
High temperature corrosion
Thermal oxidation (metal

burning/metal scaling)

Spheroidization
Decarburization
Graphitization

Effects of overheating lead to premature
metal failure through:

Bulges

Magnetite blisters

Fractures

Creep/ductile metal deformation

Graphitization decomposition

Fish mouth ruptures

Spalling of flakes/splinters

Exfoliation of surface chips

Chelant corrosion (chelant attack)

Complexing of soluble Fe, Cu, and CU
alloy ions. (Excess chelant and oxygen
leads to change in redox potential and
corrosion develops.)

Copper corrosion occurring as:
Transported corrosion debris

Cupric ammonia complex ion
corrosion

Anodic area pitting corrosion

Liquid metal embrittlement

Resulting from ammoniacal corrosion

of steam/CR lines.

Resulting plated copper acts as cathode to
surrounding anodic boiler steel, inducing
corrosion.

Results from poor acid cleaning where
copper traces are present.

Results from copper deposits and high
temperature conditions.
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WATERSIDE AND
STEAMSIDE PROBLEMS:
POST-BOILER

SECTION SPECIFICS

The generation of clean, uncontaminated steam is a fundamental objective
for all facilities. Most users also require the steam to be as dry as possible,
although certain applications can tolerate or even require wet steam.

Within any particular facility, steam is expected to be delivered to
various points of use safely and at controlled temperatures and pres-
sures through relatively long-lasting distribution networks. Where the
steam is not excessively contaminated or directly consumed in a
process as live steam, it should be condensed, collected, and returned
to the boiler for reuse. Thus, the post-boiler section of a boiler plant
essentially relates to the systems concerned with steam distribution and
condensate return (CR).

Steam is widely employed in all manner of buildings and factories,
including:

* Commercial premises and institutions

* Food and beverage industries

*  Wood pulp and paper manufacturing

* Chemical and pharmaceutical industries
* Oil, gas, and petrochemical refineries

+ Textiles, dye-houses, and laundries

* Metal refining and fabrication plants

* General manufacturing industries

« Utilities

273
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Within these industries, steam may be directly employed in a myri-
ad of processes or indirectly used for innumerable purposes, including:

* Space heating equipment
* Process air heaters

» Evaporators

* Turbines

* Retort cookers

* Jacketed kettles

» Heat exchangers

* Submerged coils

* Dryers

*  Strippers

» Hydrostatic sterilizers
* Trace heating lines

* Absorption chillers

For all of these various items of equipment and process applications,
the supply and distribution steam systems must be able to meet several
basic requirements, including:

1. Vary the steam delivery volumes, flows, and pressures to match
steam demand

2. Provide and maintain appropriate high heat-content steam

3. Ensure the preservation of steam quality (minimum moisture con-
tent)

4. Ensure the preservation of appropriate steam purity (minimum of
other contaminants)

To this end, steam distribution and CR systems serve to enable the
efficient delivery of steam to take place and, once the heat content has
been transferred, the subsequent recycling of the condensate.

Consequently, any and all waterside or steamside problems that may
hinder or sometimes completely prevent the achievement of these
objectives must be addressed. In practice, there are a myriad of poten-
tial problems that may develop in the steam and condensate systems,
and (as in other areas of the boiler plant) many of these problems are
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interrelated, exhibit a pattern of cause and effect, and may have serious
safety and financial implications.

Problems that affect the delivery of steam or may compromise its
heat content, quality, or purity may occur in several areas, for example:

* Boiler

* Boiler header

* Steam mains

* Distribution and collection pipework
*  Valves

* Steam traps

+ Flash tanks

« Condensate receivers

Some of the many relatively common waterside and steamside prob-
lems that may occur are listed below. Apart from contributing to
reduced steam purity and quality, these problems may result in equip-
ment failures and pose serious safety issues:

e Carryover

» Corrosion

* Erosion

*  Water hammer

* Leaking steam traps

+ Sticking valves

* Reduced heat-transfer capacity in terminal equipment
* Boiler surging and water level instability
* Process leaks

* Contamination by cooling water

* Air infiltration

* Volatile silica

8.1 STEAM PURITY AND STEAM QUALITY

Ensuring that clean, dry, uncontaminated steam is consistently deliv-
ered to the required points of use is not an easy task, and the smallest



276 Boiler Water Treatment: Principles and Practice

amounts of contaminants often have a significant and detrimental
effect.

Steam purity indicates the degree of inadvertent BW carryover,
typically reflected by an increase in electrical conductivity from
sodium and other ions present in the BW TDS. Iron and silica may
also carry over, and the silica may be in a volatile form. Steam puri-
ty also is affected by the use of neutralizing amines (as an inten-
tional measure).

In many process industries, food factories, meat packing plants,
textiles plants, commercial laundries and other facilities, wide load
swings are the norm rather than the exception, so that maintaining
adequate steam purity is often very difficult.

Boiler manufacturers typically guarantee steam purity only down
to 1.0 ppm; however, 0.1 ppm or better is required for HP boilers
and in fact is usually achieved when everything is working as it
should. Some particularly good boiler designs carry over only to the
extent of 5 to 10 ppb.

Steam quality relates to the amount of entrained water transported
into dry steam on a weight/weight basis. Because the water may
contain TDS, steam quality is generally very closely allied with
steam purity.

The production of dry steam is important because wet steam may
damage equipment and machinery, breaking valves and fittings and
causing deposits in superheaters and turbines.

Where condensate forms from the wet steam and drips back
through the system, water hammer may develop and cause severe
damage.

NOTE: Water hammer is caused by sudden interruptions in flow, as when
steam meets draining condensate. The steam produces instantaneous
surges of pressurized water that hits valves, elbows, and tees at high veloc-
ity. This produces a hammering sound and leads to metal stress and possi-
ble failure.

8.1.1 Necessity for Steam Sampling

As can be seen from the various bullet points listed at the beginning of
this chapter, the permutations of potential problems by industry,
process, equipment type, and specific area are extremely wide.
Consequently, to preempt such problems developing, or at least to con-
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trol to some degree both the causes and effects, it is important to regu-
larly monitor steam and condensate purity and quality.

The frequency and types of tests employed should, of course, bear
some relation to the type of facility being considered. If steam and con-
densate are not tested, carryover, corrosion, contamination, and other
potential problems may be missed, which undoubtedly will have a dele-
terious impact in other parts of the overall boiler plant.

8.1.1.1 Steam Sampling Problems

The larger power generation, process, and cogeneration plants usually
have continuous sampling and monitoring programs in place; however,
in many smaller industrial or large commercial FT/WT boiler plants,
facilities for adequate steam and condensate sampling points are oftten
unavailable. Under these circumstances, appropriate sampling proto-
cols obviously are not followed, and the value of steam sampling and
the benefits to be gained from the information may not always be fully
appreciated.

1. Lack of appropriate steam sampling points. Before undertaking
an analysis program at a facility, many times the first problem is
simply obtaining satisfactory and representative steam and conden-
sate samples. More often than not, the original plant designer failed
to make adequate provision for steam sampling, and a common
vented condensate receiver/ or FT may be the only point from which
any samples can be taken with reasonable ease and safety. However,
the validity of these samples is often suspect, especially if the
receiver is also the point in the system for the addition of MU water.
With regard to the smallest industrial and commercial LP steam
boilers, it may be almost next to impossible to obtain samples with-
out some serious difficulty or safety issues. Consequently, this situ-
ation should be corrected when possible (say, when a shutdown
period arises), and two or three permanent points should be installed
that are reasonably representative of the steam distribution system
and application points of use.

2. Steam Sampling Awareness. The very common problem of lack of
any reliable sample points in the steam condensate system presum-
ably exists on the premise that somehow the smaller the boiler, the
less the risk of condensate-related problems or the lower the poten-
tial impact of contamination. Unfortunately, this premise is simply
not true as some operators can testify when the repair bills arrive or
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when the boiler trips out at the most inopportune time. Steam and
condensate system problems develop in every size and type of boil-
er plant at some time or other. The problem is only compounded by
not recognizing this fact or attempting to measure the potential
impact on the facility before anything serious develops.

3. Steam sampling protocols. Sampling for steam purity and quality
may be dangerous if suitable protocols are not followed.
Additionally, where appropriate sampling techniques are not fol-
lowed, the samples may be worthless. Special sampling procedures
are generally needed, and in many countries these are often available
through national standards organizations, for example, ASTM D
1066-66T (for steam purity testing). Special equipment may also be
required, such as a Larson-Lane analyzer for steam quality testing.

8.1.2 Steam-Water Separation Effectiveness

Under boiler operating conditions, when steam does not properly and
completely separate from BW, both the steam purity and steam qual-
ity are compromised. Consequently, to ensure the production of high
purity, good quality steam, the risk of carryover must be reduced to a
minimum,

Any action or operating condition that reduces effective steam—water
separation leads to some level of BW carryover and a consequential
reduction in steam purity and increase in the water content.

The purity of steam can be measured by an increase in electrical con-
ductivity. Testing for sodium ions (Na®) is particularly useful because
almost without exception, all BW contains sodium ions.

The quality of steam can be measured by a permanently installed
throttling calorimeter.

NOTE: A throttling calorimeter receives steam from a sampling nozzle
through a throttling plug at the rate of approximately 100 Ib/hr and into an
insulated temperature-measuring chamber. The steam is allowed to escape
at a controlled rate to provide a constant temperature of 212 °F/100 °C
(adjusted for local atmospheric pressure). The escaping steam passes
through an expansion orifice, and in dry steam some measurable superheat
is produced. Any moisture present reduces the degree of superheat, and this
difference can be calculated as a percentage of water present in the steam.

In general, the most demanding requirements for high purity dry
steam (as for power generation and sophisticated manufacturing
process application) are met by boiler plants operating at over 1,250
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psig. As pressure ratings drop, so boiler design becomes simpler and
tolerances widen. Equally, mechanical separation devices become less
refined, surface water chemistry allowances become more liberal, and
the degree of steam saturation increases.

Cause-and-effect analysis reveals that steam purity and quality are
both reduced by the degree of carryover taking place in a boiler, and
carryover is itself a function of the effectiveness of steam—water sepa-
ration. In turn, the mechanics of separation are a function of three areas,
each with its own variables:

* Design/mechanical variables
* Operational practice
* Steam-water chemistry

8.1.2.1 Steam—Water Separation Devices

Some boiler designs permit very effective steam—water separation, while
others have inherently weak designs that inevitably lead to low steam
purity. Generally, this may not present a serious problem where the
requirement for steam purity is not a primary concern (e.g., as in space
heating duty). For this kind of job, many smaller LP steam boiler designs
may have little or no built-in mechanical separation devices and simply
rely on gravity differences. However, when operating pressures are lower
than mandated, where the boiler has relatively little steam space, or
where steam header and steam main designs are weak, considerable surg-
ing and carryover may occur and the boiler may not be able to operate.

Where separation devices have not been fitted, there is little that can
be done to enhance purity and quality beyond ensuring that basic BW
chemistry, BD requirements, and general operating conditions are
tightly controlled and maintained within narrower limits.

Steam purity and quality are affected by design variables such as:

* Type of mechanical separation devices and their internal arrange-
ments

* Boiler drum dimensions, including the available separation sur-
face area and the steam space:water space ratio; optimum separa-
tion occurs where the maximum steam—water surface area is
available

* Design pressure, steam generation rates, and water circulation
rates. Boilers should always be operated close to their maximum
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design pressure to maximize steam quality. Boilers should also be
sized to match demand because too low or too high a capacity
encourages surging and carryover

*  FW supply and on-off/modulation mechanisms. The on-off sup-
ply of FW tends to create cold-zone stratification within the boiler,
leading to reduced steam production rates and misting (fogging) in
the steam space. Boiler plant designs that provide for the continu-
ous provision of FW through a modulated FW supply prevent
these problems.

Where very effective steam—water separation is required, primary
functional control lies in the efficiency and operating condition of the
mechanical devices employed. As pressure increases, the density dif-
ferences between water and steam decrease, so in order to ensure
good separation, large HP boilers may employ several types and
designs of both primary and secondary mechanical separation
devices.

These separation devices must be maintained in good working order.
Types include:

* Primary steam separators: These devices are located horizontal-
ly, immediately above the top drum waterline and use baffles or
chevrons and dry pipe collectors, or cyclone or centrifugal action to
radically change the steam flow, resulting in the heavier water and
contaminants separating out from the steam.

» Steam washers: These spray FW or condensate into the steam to
dilute, rinse, and remove entrained contaminants. Additional steam
drying capacity is required to deal with the spray water.

» Steam scrubbers: These use flow reversal in conjunction with a
large contact surface area to remove BW mist from steam.

* Steam dryers: These provide closely spaced corrugated plates
through which steam must pass. Chevron dryers and other dryer
types reduce the velocity at which the steam passes, causing the
impurities to drop out.

8.1.2.2 The Effect of Boiler Operating Variables
on Steam—Water Separation

Certain operating variables may seriously affect steam—water separa-
tion either independently or more often in combination with adverse
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water chemistry conditions. Operating factors that may lead to steam
contamination include:

* Steam load swings. Optimum steam—water separation comes at
constant steaming rates rather than wide swings in demand and load.

+ High- and low-water levels. Where boiler design provides for a
rapid steam-raising potential by limiting the steam space volume,
high water levels increase the risk of carryover. Similarly, low water
levels reduce the steam—water surface area, and the high turbulence
that results can cut out a boiler and initiate excessive misting. In
heavy seas, maintaining a steady water level in marine boilers is dif-
ficult, and BW can be thrown into the steam space (gulping).

* Sudden reductions in steam pressure. Soot blowing or sudden,
very high process steam demands can cause carryover.

* Steam flow restrictions. Operating a boiler that has a restricted
steam flow due to blockages or deposits in the chevrons, baffles,
collecting pipes, splash plates, or pans (perhaps resulting from long-
term adverse water chemistry conditions) may cause localized high
steam velocities that lead to carryover.

In some quarters it is common practice to operate boilers at a
reduced pressure when steam demand is low, Although this saves ener-
gy costs, it encourages entrainment because lower pressure operation
requires a higher volume of steam to hold the heat energy required and
this must travel at a higher velocity, literally sucking BW from the
steam—water interface. Also, the size of steam bubbles is directly relat-
ed to steam pressure, and lower pressure steam allows only a reduced
number of larger bubbles to form per unit time. The bursting of larger
bubbles causes more surface turbulence and results in lower quality
steam. It can be seen that the gain is often not worth the cost!

When steam demand is suddenly high, the rapid take-off lowers the
pressure in the steam header and mains, and entrainment occurs once
again,

Where process industries operate very variable steam demand oper-
ations, the use of a steam accumulator may provide adequate buffer-
ing capacity and minimize steam quality problems. Good operational
practices include:

* Boilers should be operated to ensure that steam demand is matched
to boiler capacity and that rapid changes in demand do not cause
entrainment problems in the steam
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Use a modulating FW system and modulating valves at steam-use
points where possible

Maintain boiler working pressure close to design levels, and use
continuous or intermittent BD based on TDS rather than on time

8.1.2.3 Surging and Carryover and Steam—Water
Interface Physicochemical Factors

Carryover is the term for BW (containing some level of contaminant)
that is entrained in the steam and passes into the steam header and main
distribution lines. Carryover is always detrimental to the steam cycle
process and produces problems of:

Wet steam, which leads to interrelated steam quality issues, as dis-
cussed earlier

Reduced heat capacity to the extent of the partial pressure of the
steam—water mixture

Erosion due to the presence of the entrained water. This problem
may be further aggravated by the suspended solids or TDS also
present in the BW

Low-grade condensate that may not be suitable for many process
applications, due to the contamination from BW solids

Variable pH of returned condensate, which affects FW quality:
BW is always alkaline (often strongly caustic) and highly alkaline
condensate may cause amphoteric corrosion to metal components
in the condensate system

NOTE: Although zinc is commonly used as an example of an amphoteric
metal, it should be considered that iron and steel are also amphoteric,
albeit wider swings in pH are required for corrosion to occur.

Deposits and blockages. When carryover occurs, some of the TDS
can be transported through the steam-condensate system, causing
sticking valves and blockages in system components; where
deposits form in governor valves, for example, turbine overspeed
may result—a highly dangerous situation

Carryover is itself a secondary result of various phenomena tak-
ing place at the steam—water interface. These effects are generally
interrelated with the overall BW chemistry, the operating condi-
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tions, and perhaps certain mechanical design features. Often, one or
more steam—water surface effects may occur simultaneously. These
effects are described in the following sections.

8.1.2.3.1 Foaming Foaming is the formation of small, stable, nonco-
alescing bubbles of steam at BW heating surfaces, which then rise to the
steam—water interface but fail to escape when either excessive suspend-
ed solids or TDS are present. The water film around each bubble is
toughened and stabilized by the impurities (an increase in surface ten-
sion). Smaller bubbles develop, and the final eruption of steam (steam
surging) encourages priming (surging) and eventually carryover.

Where excessive foaming occurs, the apparent volume of water pres-
ent in the boiler drum increases (light water). The persistence of foam
increases with increases in:

* SS

« TDS

* (Colloidal proteins

* Hydrophilic magnesium hydroxide
* (Clays

* Silica miscelles

¢ Organic sols

* Process contaminants such as black liquor or saponified organic
oils (soaps).

NOTE: Colloidal clays also can form deposits, and suspended solids have
a significantly higher effect on foaming than TDS.

Process particulate pickop may significantly increase the risk of
boiler foaming. This kind of problem happens in the crossover of hot to
cold water during manufacturing processes, as in rubber tire factories,
food can cookers and retorts, plastic injection molding, and the like).

Foods such as sugars, colloidal pectins, and mayonnaise emulsions
are also prime sources of foaming.

In general, organic contaminants induce foaming and inorganics
increase surface tension, although clearly there are exceptions. For exam-
ple, sugar increases surface tension, while rannins, lignosulfonates, car-
boxymethyl cellulose (CMC), phosphinocarboxylic acids (PCAs), and
other dispersants reduce surface tension and help destabilize foams.
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Polyalkylene polyamides and other nonsilicone synthetic antifoams
are particularly useful in controlling foaming problems. These chemi-
cals also provide defoaming and demulsification benefits.

8.1.2.3.2 Gulping Gulping is an intermittent form of BW carryover
caused by variable water levels. Some WT boiler designs are prone to
gulping, and the carryover passes into superheaters.

8.1.2.3.3 Misting (Fogging) Misting is the development of an
aerosol of microdroplets of BW into steam at the water—steam inter-
face. This is caused by the sudden release of pressure under bubbles as
the steam they contain is released. Misting occurs where operating
pressure is lower than design. Typically, if misting persists in a boiler
and raising the pressure does not resolve the problem, then improved
steam separation equipment is needed.

8.1.2.3.4 Surging (Priming) The phenomenon of wildly fluctuating
and spouting BW levels known as surging is a result of poor opera-
tional and water chemistry conditions. Adverse conditions include too
high a water level, uneven heat distribution, variable load swings, too
high a steaming rate, too low a steam pressure, and excessive sus-
pended or dissolved solids, alkalines, or chlorides. The maintenance
of any boiler steam generating stability under surging conditions is
impossible. Surging is closely associated to problems of foaming and
misting, all of which may lead to the carryover of BW and entrain-
ment in the steam.

Clearly, control of steam—water surface chemistry is vitally impor-
tant if good-quality steam of high purity is to be produced and distrib-
uted. Good control ideally requires:

Absence of process contaminants
Low levels of suspended solids
All contributors to TDS remaining within prescribed limits

Lol i

Smooth, constant steaming conditions

8.2 CORROSIVE GASES IN STEAM AND
CONDENSATE SYSTEMS

Oxygen, nitrogen, carbon dioxide, ammonia, hydrogen sulfide, sul-
fur dioxide, and other contaminant gases are generally present to some
degree in all steam and condensate systems.
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* Oxygen and nitrogen (air) infiltrate the systems through threaded
joints, faulty steam traps, and other breaks, especially when the
steam generating operation is of a stop-start nature and periodic sys-
tem heating and cooling cycles take place. Oxygen also may be
present in the boiler and post-boiler sections due to incomplete pre-
boiler deaeration and oxygen scavenging.

* Carbon dioxide is present in steam as a result of the thermal decom-
position of bicarbonates in the boiler.

*  Ammonia, hydrogen sulfide, and sulfur dioxide may result from the
decomposition of chemical treatments (although in large boiler
plants, ammonia is often deliberately added to raise the boiler,
steam, or condensate system pH).

8.2.1 Oxygen Infiltration

The contamination of CR as a result of oxygen infiltration leads to a
high DO removal demand being imposed on deaerating equipment
and oxygen scavengers. Unless regular testing takes place, this demand
may easily eliminate the BW oxygen scavenger reserve, and if the
problem goes unnoticed for some time, oxygen pitting and tubercula-
tion can and will result.

Depending on the degree of oxygen infiltration, the temperature of
the condensate and the presence of other gases such as carbon dioxide,
various corrosion reactions may take place in the steam distribution and
CR systems. The most basic reaction associated with oxygen infiltra-
tion results in oxygen corrosion, which can produce deep pitting in the
pipework and is described later in this chapter.

Oxygen infiltration coupled with (steam volatile) carbon dioxide
produces enhanced condensate line corrosion. The corrosion rate of
steel in the system is particularly high when both gases are present.

Copper and brasses in the systems are more resistant to corrosion
because of a stable oxide film; however, if ammonia is present togeth-
er with oxygen, corrosion of copper and copper oxide rapidly occurs.
The corrosion is an oxidation process and results in the formation of the
ammonia-copper complex [Cu(NH,) 42+]. Corrosion of nickel and
zinc components also may occur in like fashion.

Thus, oxygen infiltration gives rise to a range of localized steam and
condensate system corrosion reactions and products. These reactions
may, in turn, lead to further downstream problems of corrosion debris
transport when the condensate returns to the FW system.
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To consider these reactions and the problems caused, it may be use-
ful to refer back to the basic corrosion mechanisms of iron and water
as shown in section 4.5.1. It can be seen from the second anodic half
reaction that ferrous hydroxide is formed from ferrous ions and
hydroxide ion where water (condensate) is present.

Anodic half reactions: Cathodic half reactions:
1. Fe = Fe?* + 2¢e~ 1.12 0, + H,0+ 2¢” = 20H"
2. Fe?* + 20H- — Fe(OH), 2.2H* + 2¢~ HZT
Or more simply:
Fe + 2H,0 — Fe©OH), + HT

iron water ferrous hydrogen
hydroxide

In the absence of oxygen and at higher temperatures (as in a boiler),
the corrosion is often self-limited as magnetite is formed:

3Fe(OH), =->» FelO, + 2HO0 + HT
ferrous magnetite water hydrogen
hydroxide (black)

However, in a steam-CR system where oxygen infiltrates, the corro-
sion reaction continues unabated and ferric hydroxide is formed.

4Fe + 6H,0 + 30, - 4Fe(OH),
iron water oxygen ferric
hydroxide

N.B. Compare this to the third anodic reaction, which also leads to
the formation of ferric hydroxide:

3.4Fe(OH), + O, + 2H,0 —> 4Fe(OH),

Over time and at the relatively high temperatures involved in the
steam-CR system, some ferric oxide is also formed:
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2Fe(OH), - Fe,O, + 3H,0
ferric time and  ferric water
hydroxide high temp. oxide

(red)

Oxygen corrosion, whether in boiler tubes or in condensate
pipelines, is recognizable because large pits typically result. Where the
condensate pH is low (say, due to the presence of carbonic acid), the
pits may be particularly large, but as the pH rises (say, due to the use of
neutralizing amines), the layer of iron oxide corrosion product becomes
more protective and the resulting pits tend to be smaller. The presence
of red ferric oxide usually indicates an inactive pit but black iron
oxide infers active pitting. Condensate receivers are common points for
oxygen infiltration (especially in smaller boiler plants).

8.2.1.1 Oxygen Infiltration Resulting from Operating Practices

Gross oxygen infiltration can and will occur under certain kinds of
boiler operating practices, including:

Where considerable boiler pressure fluctuations occur
Where boilers are idled
Where boilers are frequently warmed up from cold

Ll

Where boilers are operated on a lead-lag system

All efforts should be made to eliminate these kinds of operating
practices. Thus, where condensate receivers are fully open to atmos-
pheric pressure (vented), efforts should be made to limit the absorption
of oxygen at the water surface by raising the water level (where hori-
zontal cylindrical tanks are used) or by covering the water surface
(thermally resistant plastic balls are sometimes employed).

Heating coils also may be installed or any other device fitted to elim-
inate oxygen from the system, especially if the receiver is cool as a
result of considerable MU water being required.

Condensate from boiler warmup steam should be wasted or sent for
secondary applications to avoid corrosion of the line feeding the
deaerator.
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8.2.2 Carbon Dioxide Carryover

Where FW contains bicarbonate or carbonate alkalinity (as calcium,
magnesium, or sodium salts), these salts undergo thermal decomposi-
tion in the boiler, and the steam-volatile contaminant gas carbon diox-
ide is introduced into the steam distribution system, as shown:

2HCO, — H0 + Cox + cot

bicarbonate heat  water carbonate carbon
ion ion dioxide
CO2> + HO — 20H + cot
carbonate water heat  hydroxyl carbon
ion ion dioxide

In areas where the water has a high natural alkaline hardness, the
potential for contamination of the steam and condensate system by CO,
may be very significant. And in those plants requiring a high percent-
age of MU water, the risk of serious condensate system corrosion to
the steel pipework, valves, traps, threaded joints, and points where non-
condensable gases can collect is very real.

Where the bicarbonate is calcium or magnesium, the reaction to pro-
duce a sludge or scale proceeds to virtually 100%, and consequently
some form of external water-softening process is generally provided.
Although the alkaline earth metals are removed or exchanged and the
risk of scaling deposits is thereby halted, the resulting sodium bicar-
bonate (along with any naturally occurring sodium bicarbonate or car-
bonate) will decompose in the boiler to produce carbon dioxide gas,
which then carries over into the steam.

In larger HP boiler plants, excess alkalinity in the MU water is gen-
erally removed by means of (ion-exchange) dealkalization, demineral-
ization, or other pretreatment processes, so that the bicarbonate and
CO, potential is lost at source.

However, most smaller boiler plants do not do this; rather, control
usually takes place by curing the effect of corrosion by the use of vari-
ous neutralizing and/or filming amines rather than by curing the cause.

In larger steam-CR systems or more difficult situations amines
themselves are not always totally effective. They can be expensive to
employ and are not without their own “side effect” problems.

NOTE: Neutralizing amines are often the first choice to neutralize carbon-
ic acid in the condensate. In very small boiler plant applications they are



Post-Boiler Section Specifics 289

commonly found as a constituent of multicomponent FW treatment formu-
lations that include polymer, sulfite, alkali, and the like. When used, they
should not be mixed with sulfites catalyzed with cobalt salts because of the
likelihood of precipitating cobalt hydroxide Co(OH),

Carbon dioxide carryover also occurs following the deliberate addi-
tion of soda ash (sodium carbonate) directly to the boiler. Where boil-
er designs provide for a significant internal drum or shell, the use of
soda ash and caustic soda to prevent calcium and magnesium scales by
precipitation reactions (internal softening) may be employed.

This use of soda ash as a reactant for FW contaminants is much rarer
today than, say, 25 or 30 years ago simply because the steam-water
space design and high heat-flux operation of modern boilers cannot tol-
erate the volumes of carbonate and hydroxide sludges produced.

Carbon dioxide (CO,) results from the added sodium carbonate, as
shown below:

Na,CO, + H0 — 2NaOH + Co,0
soda water  hear sodium carbon
ash hydroxide dioxide

The carbon dioxide carryover dissolves in condensed steam, where
it is partially hydrated to form carbenic acid (H,CO,), as shown below.
The increase in hydrogen ion concentration causes the pH to be
depressed and generally results in a condensate with a pH of approxi-
mately 5.0 to 5.5.

co, + HO — HCO,

carbon condensate carbonic
dioxide acid
carryover

Carbonic acid promotes a generalized metal-loss corrosion reaction
with iron (carbonic acid corresion). Typically, attack takes the form of
gouging or grooving in wetted areas of the system. Deep thinning and
grooving along the bottom centerline of a horizontal condensate return
pipe is very common, as is thinning or “necking down” of vertical tubes
and thinning and pitting of horizontal baffles and sheets at areas where
the metal is in permanent contact with condensate.

The initial reaction with the steel condensate pipework is:
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2H,CO, + Fe —  Fe(HCO), + H}
carbonic iron/ ferrous hydrogen
acid steel bicarbonate

The resulting ferrous bicarbonate is not particularly stable in con-
densate, being affected by heat, pH, and the partial pressure of CO, in
the steam-CO, condensate mix. Various secondary reactions subse-
quently take place, resulting in the formation of ferrous or ferric oxides,
hydroxides, and carbonates throughout the condensate system.

Where pressure drops and oxygen infiltration can occur, the pres-
ence of both gases leads to a reaction that produces enhanced conden-
sate line corrosion, which generates more carbon dioxide and becomes
self-perpetuating:

4Fe(HCO,), + O, — 2Fe0, + 8CO,T + 4H0
ferrous oxygen ferric carbon water
bicarbonate AP oxide dioxide

In many condensate systems it is not unusual, in practice, to find
condensate return systems where the pH is apparently high (> 7.5) and
yet very significant corrosion is taking place. There are several reason
for this:

1. Neither neutralizing amines nor filming amines provide complete
CR line coverage, especially in large systems. The degree of cover-
age depends on the blend of neutralizing amines selected, their
respective distribution ratios and suitability for the steam pressures
involved, and the location of application points and feed rates.
Condensate samples may simply show a high localized pH due to
the presence of neutralizing amine, which may or may not have any
meaningful relationship to the degree of corrosion actually taking
place.

2. Ferrous bicarbonate may be transported to a point where little or no
amine is available, which then provides the source for various sec-
ondary corrosion reactions. Corrosion mechanisms and deposition
formation often take place at points in the system well downstream of
the original points of steam condensation and initiation of corrosion.

3. Ferrous bicarbonate is a mild base and, as corrosion proceeds, the
ratio of bicarbonate to carbonic acid increases to produce a corre-
sponding increase in pH. The high pH is therefore not necessarily
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an indication that all is well but rather that it may be too late and
corrosion has already taken place (and continues to take place).

These corrosion scenarios show that simply sampling from one or
two points in a large, convoluting steam-condensate system is unlikely
to detect the real extent of any corrosion problems. Effective control
starts with effective sampling, monitoring, and confidence in the valid-
ity of the test results.

8.2.3 Other Corrosive Gases and Related Impurities

Although oxygen and carbon dioxide are the most important corrosive
gases found in steam-condensate systems, small amounts of other con-
taminant gases are usually present. These may originate in various
ways, for example:

* The breakdown of organic contaminants present in the MU water
to produce ammonia (from nitrogenous contaminants), phenols
and carboxylic acids (from humic and fulvic acids), and tri-
halomethanes (from the by-products of chlorination)

¢ The breakdown of internal treatments such as sodium sulfite/sodi-
um bisulfite, hydrazine, and amines

* The deliberate addition of ammonia as a pH enhancer for BW and
condensate

* Corrosion processes in the boiler section generate hydrogen—this
hydrogen release is regularly measured in very high pressure boil-
ers as it can be indicative of the rate of corrosion taking place

NOTE: Typically, the upper limit for hydrogen carryover in steam is 10 ppb
H

o

Sulfites are typically suitable for use in 900 psig boilers. If carryover
of BW (containing sulfite) into a superheater occurs, however, then at
very high temperatures the sulfite may break down to form acidic sul-
fur dioxide, which in turn forms sulfurous acid and reduces the pH of
the condensate.

Hydrogen sulfide also is formed, and this instantly reacts with iron
and steel to form thin deposits of black ferrous sulfide in the super-
heater tubes:
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Na,SO, + H,0 - 2NaOH + SO,

sodium water >1000 °F  sodium sulfur

sulfite (538 °C)  hydroxide dioxide
4Na,SO, + 2H,0 — 2NaOH + 3Na,SO, + H,S
sodium water >1000 °F sodium sodium hydrogen
sulfite (538 °C) hydroxide sulfate sulfide

Ammonia [as ammonium hydroxide (NH,OH)] is often employed
in higher pressure WT boiler systems as a low-cost means of increas-
ing condensate pH. It can be added to the FW after deaeration, where
it provides an additional benefit of raising the FW/BW pH without
increasing measurable dissolved solids.

Ammonia also may be present as the result of the partial breakdown
of amines used for condensate system protection, from hydrazine, or
potentially even from nitrate.

Nitrate is still sometimes used in high pressure boilers (say,
900-1,500 psig) to protect steel against SCC. Under conditions of high
alkalinity and high temperature, nitrate is reduced by magnetite to
nitrite. Some thermal decomposition also occurs, producing nitrite and
oxygen. Further degradation reactions occur, which eventually results
in ammonia being formed.

NOTE: Some recirculation of ammonia and amine takes place within the
overall boiler plant system, although at higher pH much of the ammonia
is lost at the deaerator vent. In practice, this recirculation coupled with
lower-than-theoretical CO, liberation (as a result of the incomplete break-
down of sodium bicarbonate when present in the boiler) typically results
in a reduced amine-demand for any particular boiler pressure. This
reduced demand, compared with the apparent demand, results in real cost
savings.

Where ammonia is employed to raise the condensate pH, several
reactions take place, but none of the reaction products are particularly
stable. Essentially, white ammonium carbamate is formed from the
reaction of ammonia and carbon dioxide, and these “damp” feathery
crystals may cause blockages in cold areas of the condensate system.
The salt is unstable and, if heated, the ammonium carbamate forms
urea [CO(NH,),], which then hydrolyzes back to ammonia and carbon
dioxide:
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2NH, + Co, - NH,COONH,
ammonia carbon ammonium
dioxide carbamate

Although this reaction may cause slight problems, the primary issue
concerning ammonia is ammoniacal corrosion of CR system metals
where oxygen is present and the pH is over 8.3. Under these circum-
stances, copper and its alloys and other nonferrous metals are attacked,
and severe damage results due to the formation of a stable cupric
ammonium complex ion.

Cu + 4NH, + 120, — Cu(NHy),2>* + 20H"
copper ammonia oxygen cupric ammonia hydroxyl
complex ion ion

The soluble copper ammonia ion passes through the condensate sys-
tem and plates out as a cathode on steel surfaces in the deaerator, heaters,
economizet, and the boiler itself. A secondary galvanic corrosion process
is initiated that damages the surrounding steel by forming ferrous
hydroxide and releasing copper and ammonia. The ammonia carries
over into the steam, and the entire corrosion process repeats itself.

Ammoniacal corrosion of nickel and zinc also occurs with similar
complexes forming [Zn(NH,),?* and Ni(NH,)2*]. The source of these
metals is typically FW preheaters.

Yet another problem associated with ammonia is stress corrosion
cracking (SCC or caustic embrittlement) of brasses (such as brass
valves and other stressed components). Stress corrosion cracking of
brass may develop in systems where ammonia steadily becomes avail-
able from a suitable source (such as the breakdown of sodium nitrate
when it is added to inhibit SCC of steel) because it can concentrate in
the steam.

8.3 VAPOROUS SILICA AND OTHER
STEAM VOLATILES

As a result of the volatility of silica and its ensuing risks, such as the
deposition of hard, amorphous, or glassy silicates in superheaters and
on turbine blades, various actions are commonly taken in higher pres-
sure boiler plants to limit silica vapor in steam. The maximum permis-
sible silica concentration in steam is generally accepted as 0.02 ppm
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(20 ppb) SiO,. Where silica concentrations exceed 0.03 ppm, deposi-
tion most likely takes place.

Boiler water silicas may steam distill and may be present in various
forms including silicic acid (H,SiO,) and silicate ion (Si032‘). They
become more volatile at higher boiler pressure, although volatility is
decreased slightly with an increase in pH.

Volatile silica is seldom a problem at under 400 psig, where only 0.1
to 0.2% of total BW silica may be present as volatiles. It becomes sig-
nificant at 900 to 950 psig and above, however, when silica volatiles
rise sharply to 1.0 to 2.0% or more of total BW silica.

Actions taken to minimize the risk of silica distilling over into the
steam include:

1. Placing limits on permissible incoming FW silica, typically by pro-
viding some form of pretreatment. Treatment methods may include
the addition of ferric sulfate to the cold lime process (to form a
flocculant of hydrous ferric oxide, which absorbs the silica) or the
use of magnesium hydroxide in hot lime processes. These
chemistries are quite effective, although there are several more
modern technologies now in common use, including demineraliza-
tion processes such as anion exchange and electroionization, and
various membrane technigues such as reverse osmosis (RO), ultra-
filtration (UF), and electrodialysis reversal (EDR).

2. Controlling certain aspects of BW chemistry such as alkalinity and
cycles of concentration, or modifying internal conditions by the
addition of treatment chemicals such as silica precipitants (prima-
rily magnesium salts or trisodium phosphate) or silica specific dis-
persants (high temperature stable organic polymers). Alkalinity in
particular has a significant effect on reducing volatile silica carry-
over because it counters the production of vaporous silicic acid
(only significantly vaporous above 400 psig), formed as shown:

Si0,% + 2H,0 - H,Si0, + 20H-
silicate water silicic hydroxyl
ion acid ion

NOTE: Where coordinated phosphate programs are employed, the entire
rationale is designed to inhibit the presence of free caustic. As a conse-
quence, the alkalinity buffering capacity is severely reduced and the toler-
ance for silica is likewise diminished.
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1. Modifying the mode of boiler operation to reduce boiler startups
and wide load swings. Boilers are far less prone to silica vapors
when operating at continuous load (provided, of course, that the
basic pretreatment and water chemistry controls are in place).

2. The use of steam washing equipment. Apart from the removal of
entrained solids and water, steam washers are quite effective at
removing vaporous silica carryover (typically 60-70% removal).

The mechanisms of silica carryover and subsequent deposition
depend on the initial distillation at #igh pressures or temperatures, the
final low pressures or temperatures, and the rate of decrease.

Essentially, the higher the pressure or temperature, the greater the
potential for vaporous silica carryover and steam dissolution. When
pressure or temperature falls, the steam becomes supersaturated and
various forms of crystalline silica deposition begin to occur. As tem-
peratures continue to fall, the deposits become increasingly amorphous
in nature and also more insoluble.

* Silica deposition in the temperature range of 500 to 700 °F
(260-371 °C) is primarily sodium disilicate [Na(Si,O,),; alterna-
tively given the formula 3-Na,Si,O]

* Deposition in the 300 to 500 °F (149-260 °C) range is alpha-
quartz (a-SiO,), chalcedony (SiO,), and crystabalite (a- and -
Si0,)

* In the range of 100 to 300 °F (38-149 °C) insoluble amorphous sil-
ica is deposited

NOTE: No prefix indicates a hexagonal crystalline structure.
a- indicates a tetragonal crystalline structure.
B- indicates a cubic crystalline structure.

At extremely high pressures (above, say, 3,000 psig) both sodium
salts and copper oxides may steam distill, passing unchanged through
the superheater and depositing out when the pressure falls significant-
ly (to, say, 2,400 psig).

Vaporous copper may be particularly damaging because it forms
cuprous and cupric oxide deposits on turbine blades.
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8.4 SCALE AND CORROSION DEBRIS TRANSPORT

The pickup, transport, and redeposition of corrosion debris and
deposits can happen anywhere in steam distribution and condensate
return systems and are not confined to any particular boiler plant size
or pressure rating. For example, deposit pickup may occur in a super-
heater with redeposition taking place perhaps in a pressure reducing
station, steam trap, or condensate line. The starting point for transport
mechanisms is often a combination of BW carryover and condensate
line corrosion.

Where carryover occurs, much of the solids content is deposited in
the first parts of the steam and condensate system, such as super-
heaters, but the balance can be transported all the way back to the pre-
boiler system and from there to the boiler itself. Thus, a chain of cause
and effect may once again develop in a manner similar to the progres-
sion of problems in other areas of the boiler system.

Where TDS and alkalinity are permitted to rise beyond BW control
parameters, priming (surging) can develop and lead to carryover.
Some of the deposits resulting from carryover eventually return to the
boiler, initiating steam bubble frothing and further priming, and so the
cycle begins again.

Corrosion of condensate lines is a serious problem. It is compound-
ed where both oxygen and carbon dioxide are present because it caus-
es considerable quantities of hematite (Fe,O,) to develop. Corrosion of
other boiler plant components, such as FW heaters, adds more metals
to the mix, and corrosion debris typically includes iron, copper, nick-
el, zinc, and chromium oxides.

Corrosion and mineral debris can form in condensate lines from a
variety of means, and it is not uncommon for the resultant debris accu-
mulated over many years to slough off and return to the boiler when
operating conditions change. The result is often a thick boeiler-bottom
sludge that settles out in the water space or baked-on sludge, which
mars efficient combustion and water tube heat transfer.

An example of this kind of problem occurs under circumstances
where no condensate line treatment program has been employed at a
facility until failures occur. Only at that time is a decision made to start
feeding a neutralizing or filming amine. This rearguard action is gen-
erally far too late because the amine loosens old debris and returns it to
the boiler, thus causing severe blockages along the way.

Filming amines generally produce a much worse fouling condition
than neutralizing amines so where filmers are required, the typical prac-
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tice is to start very gently with neutralizers, gradually add a blend of the
two types, and eventually (say, after 4-6 months) revert solely to the
use of the filmer. In many cases, a reduced level of neutralizing amine
is always maintained.

Where new boilers are married to old steam and condensate systems,
similar effects occur because of the transport of debris and the result-
ant blockages of valves and steam traps. Where the replacement boilers
are of a higher rating than the existing boilers, the problems are further
exacerbated (often due to surging, faster steaming times, or increased
steam velocities).

Where minerals, metals, and metal oxides are picked up, they are,
for the most part, undissolved and exist in colloidal or particulate form.
When this matter is transported through the steam-condensate system,
the result may be any of a range of pre-boiler section problems such as:

*  FW line and feed pump blockages

* Impingement or erosion-corrosion. Where exfoliated magnetite
from high heat-flux areas, such as superheaters and reheaters,
occurs, apart from the damage caused in turbine areas or process
components, the particles may be swept into the condensate system,
ultimately causing further erosion throughout the entire system

* Reduced deaerator venting, sticking check valves, and other
fouling problems

Notwithstanding the seriousness of these pre-boiler problems, how-
ever, it is material (especially iron oxide corrosion debris) originating
in the condensate system, then transported back to the boiler itself,
which carries the greatest risks of long-term operational problems.

The balance of material transported beyond the pre-boiler section tends
to ultimately deposit on heat exchange surfaces and other internals. In the
smallest boilers, this redeposition may be viewed as certainly more than an
inconvenience but probably not a critical risk. As boiler size and pressure
rating increase, however, so the risk of boiler failure through overheating
and other problems dramatically increases, resulting in unforeseen down-
time and very expensive repairs. This reality is well understood in large
power plants, and consequently the rates, amounts, and locations of iren
oxide transport and redeposition are carefully monitored and typically
form the basis for scheduling off-line cleaning programs.

In smaller plants, the iron transported through to the boiler is essen-
tially hematite, but in larger plants, this oxide is subject to thermal
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aging and reduction (by hydrazine, etc.) as it passes through the pre-
boiler section. As a result, crystalline magnetite predominates in the
boiler itself. This transformation process is reduced where silica is
present because iron silicates preferentially form.

In small boiler systems, the use of CR system strainers and high-
temperature-resistant bag filters are highly recommended to prevent
this corrosion debris from entering the FW system. In larger plants,
condensate polishers or electromagnetic separators may be employed.
Condensate dumping may even take place, although this is a wasteful
and expensive process because both water and heat are lost.

Where iron transport takes place, accurate monitoring over a period
and under different load conditions is required before filters, polishers,
and other components can be properly sized.

8.5 OIL AND PROCESS CONTAMINATION

8.5.1 Contamination from Oils, Fats,
and Greases

Contamination from oils, fats, and organic solvents may occur during
food and beverage processing or similar operations. These materials
inevitably find their way into the FW system, and from there to the
boiler, unless adequate precautions are taken.

Qil, fat, grease, and hydrocarbon leaks are particularly objection-
able. These contaminants may originate from cylinder oil in steam-
driven machinery, preheaters for heavy fuel oil, hydrocarbon refining,
chemical and petrochemical manufacturing, edible oils processing, fat
rendering, printing, and a host of other activities. Leaks of these kinds
may lead to many adverse problems in the boiler, including:

Oily surfaces induce film boiling and the stabilization of steam bub-
ble on the film surface, and overheating results. Oily surfaces also
cause other problems, including:

* Film boiling at heat transfer areas due to nonwettable metal sur-
faces

» Coke deposition in areas of high heat flux as a result of the oil char-
ring

+ Contaminant binding, especially where the boiler contains sludge
and other suspended matter.

* Sludging and the formation of oil balls or gunk balls
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* Saponification (the hydrolysis of a fat to a soap under strongly
alkaline BW conditions)

+ Hampered chemical treatments and interference with several
types of organic sludge conditioners, such as tannins, lignins, car-
boxymethyl cellulose, and others

* Fouling of conductivity electrodes and other measurement devices

Whatever the source of this type of contamination, it must be quick-
ly and effectively removed from the boiler to prevent the problem from
recurring. The standard procedure is to blow down the boiler to the
maximum extent possible until the oil is removed. In more serious
cases, it may be necessary to drop the boiler and provide a boil-out pro-
gram. A boiler boil-out uses a simple formulation (usually based on
caustic or strongly alkaline phosphates) and is employed to re-expose
and repassivate the metal surfaces.

Where oil in condensate cannot be eliminated at source, it should be
removed by the use of an inline precoat filter. The precoating should be
either aluminum hydroxide or ferric hydroxide because both these
hydrous oxide gels have an affinity for oil.

8.5.2 Contamination from Industrial Processes

There are many process contaminants that may be inadvertently carried
back with the condensate following either the purposeful injection of
live steam into, say, an industrial manufacturing process or that can
infiltrate the system due to a leaking heating coil, an open surge tank,
or similar access point.

Where condenser leaks occur, the result is condensate contamina-
tion from TDS and chlorides.

In certain processes (such as rubber tire manufacture and plastic
injection molding operations), it is common for a valve sequencing sys-
tem to first provide hot steam followed by cold cooling water and thus
for cross-contamination to occur. The result may be the stripping of
passivated cooling system surfaces by steam and for the condensate to
be infiltrated by cooling water.

NOTE: Where cross-contamination takes place, rapid pitting corrosion of
depassivated surfaces may develop. This in turn requires a cleaning and
repassivation program to be initiated.

Process leaks into the steam and condensate system may take the
form of phenols, glycols, and various other organics that produce an
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objectionable odor, lay down sticky films in lower pressure boilers,
and varnish in high-pressure systems. In this case, there is little that
can be done to salvage the condensate and it should be dumped or oth-
erwise rejected.

Process leaks from food and beverage production or wood leachates
often produce sugars, colloidal materials, pectins, emulsions, and pro-
teins that cause stable foams in the boiler. These lead to carryover and
further steam-condensate line contamination. The temporary use of a
demulsifier or defoamer as part of the water treatment program may be
of particular benefit, but again the condensate is unsuitable for return to
the boiler. Other process leaks include:

* Dyes from textile manufacturing that produce steam discoloration
and may also present some chemical incompatibility (with amine
treatments for example)

* Small particles or gases which can lead to problems of impinge-
ment/erosion-corrosion

* Acid leaks that cause problems of fluctuating pH and acid corro-
sion.

A summary of many of the specific post-boiler section
waterside/steamside problems are given in the following table.
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Table 8.1 Steam purity, quality, and other operation problems

Type of problem

Results and notes

Poor steam purity

Contaminated steam leads to corrosion,
erosion, sticky valves, and boiler operation
problems.

Poor steam quality

Inadequate steam/water separation results
in “wet steam” with reduced heat content.

Poor steam sampling
(common in smaller boiler plant)

Lack of sampling facilities and/or poor
protocols results in limited awareness of
steam related problems and risky conditions.

Poor matching of steam volumes,
pressures, temperatures, and
heat-content with demand.

A failure to match steam output with
demand impacts on both process and
waterside conditions.

Corrosive gases including:
Oxygen
Carbon dioxide

Ammonia
H,S/80,

Results in:

Oxygen corrosion.

Carbonic acid corrosion. Greatly enchanced
with O, present.

Ammoniacal corrosion.

Sulfurous acid corrosion.

Vaporous silica, present as
silicic acid and silicate ion

Crystalline silica deposits
Amorphous silica deposits

Scale and corrosion debris
transport results in:

FW line/feed pump blockages
Impingement and erosion
Poor deaerator venting
Sticking check valves

Fe, Cu, Ni, Zn, Cr oxides
Crystalline magnetite

Oil, fat, grease, and hydrocarbon
contamination results in:

Film boiling

Coke deposition
Contaminant binding
Sludging and gunk balls

Industrial process contamination
results in:

Cross-contamination
Malodors and discoloration
Sticky films and varnishes
Stable foams

Chemical incompatability
Impingement corrosion
Fluctuating pH/acid corrosion
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PRE-BOILER AND
POST-BOILER
TREATMENT PROCESSES

As has been discussed earlier in this book, boiler plants can only con-
tinuously and economically transfer heat to water and effectively pro-
duce steam of satisfactory purity if the feed water (FW) and boiler
water (BW) quality is properly controlled and appropriate for the par-
ticular boiler design and mode of operation. This, in turn, requires that
makeup (MU) water and condensate return (CR) qualities are also con-
trolled.

For simple HW and LP steam heating applications, employing per-
haps a Scotch marine or firebox FT boiler, the water quality require-
ments are unlikely to be onerous, but as pressure ratings and heat-flux
densities increase (and other factors such as special boiler designs and
steam usage applications are taken into consideration) water quality
becomes increasingly important. Thus, in general:

* FW and BW qualities are related to boiler pressure and heat-flux
density, such that increasingly higher pressure or highly rated boil-
ers tend to require increasingly higher quality and higher purity FW.

* Higher pressure and highly rated boilers often are larger and more
complex; consequently, larger boilers usually demand FW of higher
quality and tighter water chemistry control ranges than smaller boilers.

*  Where boilers are particularly compact or of special design, for any
given pressure or heat-flux rating, they are apt to require a higher
quality FW than would otherwise be generally provided.

* Where process applications demand particularly high quality or
high purity steam, FW and BW quality must conform to a higher
standard and water chemistry must be tightly controlled.

303
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* Owners and operators should always provide the highest possible
quality of MU water that makes economic sense for their particular
boilers, because improving the quality of MU water (and CR) leads
to higher quality FW and BW. This in turn provides a payback of
reduced heat and treated water losses caused by blowdown (BD),
lower “polishing” treatment requirements, cleaner steam, and, for
most plants, reduced risks of internal fouling, deposition, and cor-
rosion. Thus, the provision of good to high quality MU water is an
essential starting point to the achievement of effective heat transfer
and pure steam generation. In practice, it is not uncommon for sys-
tem designers or owners of some smaller and lower pressure boiler
plants to ignore the need for basic pretreatment, believing perhaps
that the available water quality is adequate for MU and that any
deficiencies can always be compensated for simply by the use of
additional chemicals. This assessment is not always true, and
although internal chemical treatments are always required, they
should generally be regarded as water chemistry “polishers” and
added only in small concentrations.

* A further consideration is that boiler plants operate most effective-
ly when the FW and BW chemistry is constant and predictable.
Thus, irrespective of a facility’s size (or lack of size), a key objec-
tive should be to produce FW of a consistent composition.
Pretreatment equipment processes can often be particularly useful
in ironing out variations in the quality of both MU and CR.

Most raw water sources considered for use as boiler MU have been
treated or conditioned either by a water utility (providing city water) or
in-house (providing industrial water). They are supplied to the boiler
plant clean and relatively free of suspended solids, colloidal material,
organics, and iron. In hard water areas there also may be some reduc-
tion in hardness and alkalinity provided. Where boiler plant raw water
(RW) quality is still unacceptable for the particular boiler plant needs,
additional pretreatment (pre-boiler conditioning or external treat-
ment) may be required.

If a higher quality MU water is required, it passes through one or
more purification processes as part of the pretreatment.

The term higher quality generally means FW with significantly
lower levels of TDS than typically employed in lower rated boilers.
Additionally, it implies the reduction of certain specific minerals or
ions (such as silica, sodium, or alkalinity) and noncondensable gases
to meet very low or extremely low concentration specifications.
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When the term higher quality is applied to CR, it refers to a reduc-
tion in iron and copper. For large industrial or utility WT boilers, this
may also include nickel and chromium. A polishing process may be
required to achieve this quality.

External treatment does not end with the provision of filtration, soft-
ening, demineralization, or polishing, because for all but the most basic
of HW heating systems (where MU requirements are minimal), the
effective removal of oxygen from FW is also critical. For this process,
depending on the overall economics and ultimate use of the HW or
steam, a combination of FW heating and chemical oxygen scavenging
is generally employed.

Small boiler plants often supplement the heat derived from CR by
employing steam coils, steam sparge pipes, or electric heaters,
whereas larger facilities use economizers, closed FW heaters, and
deaerators (as discussed in Chapter 3).

Although heaters, deaerators, and chemicals are traditionally used
for O, removal, new membrane and carbon catalyst technologies
have evolved and are discussed in this chapter.

Chemical oxygen removers such as sulfite, hydrazine, or diethylhy-
droxylamine (DEHA) are added, as appropriate, to the FW line, deaera-
tor storage tank, FW tank, or other receiver. Although oxygen scavengers
are typically fed to external treatment equipment, they are generally con-
sidered to be part of the infernal treatment program, together with the
balance of the chemical treatments (chemical polishers).

Most external treatment processes involve the use of large items of
capital equipment (although some consumable chemicals also may be
used to aid or improve the process, such as coagulants, flocculants, fil-
ter-aids, dispersants, and the like).

The available range of pretreatment options has widened considerably
in recent years, and different methodologies have come to be viewed not
as competing technologies but rather as complementary to each other.
Consequently, it is now the norm to design pretreatment and purification
system trains by blending various primary technology equipment units
(or their subsets) together in any of a wide number of permutations to
achieve the most cost-effective solution for any specific problem.

Traditionally, the mix of pretreatment equipment required to meet a
specific FW volume and quality specification is provided as a perma-
nent installation under a capital project, although today there is a grow-
ing global market in outsourced water services. Typically, vendors
such as Ecolochem, Inc., a world leader in this type of service, provide
trailer-mounted, mobile water-processing equipment that can be
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hooked up directly to the boiler plant. Standard equipment trains may
be provided on long-term lease, processes custom-designed and deliv-
ered to fit existing facilities, or, quite simply, treated water purchased
to supply all boiler plant needs. See Figure 9.4d for a schematic layout
of a mobile plant.

9.1 OVERVIEW OF COMMON EXTERNAL
TREATMENT PROCESS TECHNOLOGIES

The term external treatment is used to describe all of the different types
of essential nonchemical processes employed to condition or remove
some or all impurities in water before it reaches the FW pumps. There
is often considerable overlap in the scope of common water treatment
process technologies, and each of the primary processes can be divid-
ed into several subsets, giving rise to a wide range of impurity removal
efficiencies for each process.

Where higher quality water is required, there is no single technolo-
gy that can provide all the answers to impurity removal requirements.
Consequently, it is common practice to employ two, three, or even
more processes in sequence. In view of the different water sources,
final quality requirements, and permutations of technologies and sub-
sets, there is no universally agreed upon order in which the technolo-
gies are sequenced. Nevertheless, there are some purification processes
that, because of specific technical or economic advantage, enjoy popu-
lar appeal and are commonly specified.

Leaving aside FW deaeration (which is usually provided as the
final type of external treatment in the pre-boiler section), the primary
forms of treatment processes commonly employed can be convenient-
ly categorized into three areas:

1. MU water pretreatment provides for a basic good quality water.
The scope for potential treatment of impurities is consequently
extremely wide because it is concerned with an entire spectrum of
raw water sources. Commonly, however, we are concerned with
removing suspended solids and colloidal material, organics, iron,
and manganese. Pretreatment also covers the partial or total reduc-
tion of hardness. Processes employed include aeration or oxidation,
hardness conditioning or removal by nonchemical treatments, pre-
cipitation softening and ion-exchange, natural zeolite treatments,
and clarification by sedimentation and media filtration.
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2. MU water purification: is concerned with providing higher quali-
ty waters. There are many interpretations as to what constitutes
“high quality” water, and consequently there are also a seemingly
endless number of related specifications. Purification processes
include ion-exchange, membrane technologies, and electrodialy-
sis, together with the many subsets available for each technology.

3. Post-boiler external treatment is essentially concerned with
restoring condensate to a previous high purity condition by remov-
ing contaminants resulting from corrosion and steam utilization
processes. Processes include CR purification (polishing) by
media filtration and ion-exchange, plus strainer technologies and
electromagnetic filtration/separation (EME/EMS).

9.2 BASIC PRETREATMENT PROCESSES

Control of waterside chemistry starts in the pre-boiler section because
the lack of, or inappropriate methods for, water treatment creates sig-
nificant operational difficulties and impacts the economics of the entire
process from start to finish.

All boiler plants, irrespective of design, size, pressure, or location,
need as a minimum to be supplied with RW of a basic good quality that
is consistently clean and clear throughout the seasons. Further treat-
ment may be necessary.

Raw water essentially should be free of suspended matter, natu-
ral organics, iron, manganese, and sulfur gases. Ideally, it should
also be low in hardness, alkalinity, silica, and bacteria and have a
pH level of approximately 7 to 8.

*  Where RW of basic good quality is supplied as MU for HW heat-
ing boilers, no other form of pretreatment is usually necessary.
However, an internal, corrosion inhibitor treatment-based program
should be provided, and periodic boil-outs may still be necessary.

*  Where RW of basic good quality is supplied for LP steam boilers
(that is, firebox, Scotch marine, cast-iron sectional boilers, etc. at
operating pressures below 15 psig) and where the MU water volume
demand exceeds 5% of the FW, pretreatment by ion-exchange soft-
ening should be additionally provided. This rule also applies to
electrical resistance boilers, electrode boilers, vertical boilers,
and coil boilers.
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* For all LP steam operations in which the total hardness of RW
exceeds, say, 10 to 20 ppm CaCO,, the use of a softener is prefer-
able to control solely via internal precipitation treatment. Oxygen
scavenging and other internal treatment programs should also be
provided. Some MPHW/HPHW and lower pressure steam boiler
designs may require additional purification beyond simple water
softening.

¢ Where RW of basic good quality is supplied as MU for boilers oper-
ating at over 15 psig, irrespective of the CR contribution to FW,
additional pretreatment and/or purification treatment is required. At
the very least, full softening of MU water is needed.

¢ Where RW quality is below a basic good quality standard, pretreat-
ment must be provided before the water can even be considered as
potential boiler MU water.

Pretreatment processes should not be regarded as impurity-specific,
stand-alone methodologies because, typically, each form of water
impurity may be removed by more than one type of process and indi-
vidual technologies can be modified to deal with particular RW
chemistries.

In practice, for any specific boiler application, the various pretreat-
ment and purification techniques employed are incorporated in a
sequential train to provide the most cost-effective or operationally
effective treatment solution.

Examples of pretreatment process trains are:

1. Treatment of a tropical surface water to provide MU for a 75
psig vertical boiler (rice grower, South America). The water is nat-
urally very soft (only 5 ppm hardness) but colored brown because
of organics. A two-stage pretreatment process is carried out in pres-
sure vessels (PV) and involves iron removal using a BIRM® cata-
lyst, followed by zeolite treatment for organics removal. No separate
deep-bed sand filtration stage for suspended solids removal is
employed because both PV processes effectively provide filtration
capacity in addition to their primary functions.

2. Provision of MU water for 100 to 150 psig FT boiler from a
deep-well supply (large hotel complex, Caribbean). The water
often contains iron and sulfur and is seasonally contaminated with
salt water. Total dissolved solids (TDS) vary between 1,200 and
2,500 ppm. The process used is a. aeration for iron oxidation and
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sulfur gas removal; b. iron removal via polymer-assisted floccula-
tion; c¢. clarification by sedimentation and subsequent deep-bed
sand filtration; d. ion-exchange softening; and e. purification by
reverse osmosis (RO) membrane process to achieve a 90% TDS
reduction.

3. Supply of MU water for a medium-pressure (450 psig) WT boil-
er, from a surface water source with very variable suspended
solids and hardness (sugar refinery, South Africa). The process
used is a. carbonate removal using hot-lime precipitation softening
coupled with silica adsorption by magnesia addition; b. clarification
in anthracite filters; and c. cation ion-exchange for the balance of
hardness removal.

Notes on some common pretreatment processes are provided in the
following sections.

9.2.1 Aeration and Oxidation

Aerators are often used for iron and manganese removal from deep well
waters. Dissolved sulfur gases and some carbon dioxide are also
removed, resulting in a slight elevation in pH levels. There are various
designs but pressure aerators, aeration towers, and spray ponds, are
common.

9.2.1.1 Pressure Aerators

Pressure aerators employ a vertical, volcanic lava media—filled PV and
receive water at pump pressure. The water is mixed with blown air and
fed to the bottom of the bed. Excess air is discharged through an air valve
to atmosphere, and the aerated water is collected at the top of the column
and then fed to a sand filter for removal of insoluble ferric hydroxide.

Improved results may be obtained by substituting the volcanic lava
for BIRM® at a bed depth of 30 to 36 inches (76-91 cm) and a flow rate
of 4 to 5 gpm/sq ft of media bed surface area. BIRM® acts as a catalyst
and normally requires only a periodic backwash to remove surface
debris (backwash rate in pressure filter tank is 10 gpm/sq ft).

Optimum catalytic conversion of iron to insoluble ferric hydroxide
is achieved when the following conditions are met:

1. Raw water total alkalinity > 2 X (sulfate + chloride)
2. pH level > 6.8
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3. Dissolved oxygen (DO) is required; the minimum DO ppm = 15%
total iron ppm

4. No oil or hydrogen sulfide (H,S) present

5. If iron and manganese are both present, ensure that pH level is
below 8.5

6. If only manganese is present, ensure that pH level is between 8.0
and 9.0

The principal reactions for the aeration/oxidation of dissolved iron
and manganese are:

4Fe(HCO,), + O, + 2H,0 — 4Fe(OH), + 8CO,*
ferrous oxygen water ferric carbon
hydroxide hydroxide dioxide
2Mn(HCO,), + O, — 2MnO, + 4CO, + 2H,0
manganese oxygen manganese carbon water
bicarbonate dioxide dioxide

9.2.1.2 Aeration Towers

Aeration towers are often simply constructed wooden towers with or
without the benefit of a forced-air draft, over which the well water is
distributed. Typically, the tower holds 8 to 10 trays, each with a 3- to 4-
inch (7.6-10.2 cm) bed depth of volcanic lava or coke media to pro-
vide the total 30 to 36" (7691 cm) depth required. The lava or coke
acts as a catalyst for the further precipitation of iron and manganese
salts. These salts can be readily oxidized provided there is sufficient
alkalinity present. If in doubt, ensure a minimum of 120 to 150 ppm
total alkalinity (T Alk or M Alk) as CaCO,.

In practice, aeration towers using coke or volcanic lava tend not to
be as efficient as spray ponds in facilitating the precipitation of ferrous
hydroxide; consequently, there is usually a requirement for a cationic
flocculant to aid the precipitation of the insoluble materials into a larg-
er floc or denser sludge that can be removed by clarification or sand
filtration.

9.2.2 Precipitation Softening (PS)

The principal temporary hardness salt in raw water is calcium bicar-
bonate, formed by dissolution of limestone (calcium carbonate) by
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water containing dissolved carbon dioxide. The reaction of dissolving
the limestone by the acidic gas is:

CaCO, + co, -+ H,0 - Ca(HCO,),

calcium carbon water calcium

carbonate dioxide bicarbonate

Under hot BW conditions this reaction is reversible, leading to a
serious risk of carbonate scale depositing on heat transfer surfaces.
Consequently, many large water utilities and industries around the
world continue to use the old established, but effective lime (calcium
hydroxide) and soda ash (sodium carbonate) processes to soften water
by precipitating out insoluble hardness salts.

The lime-soda softening process reduces the temporary hardness
(carbonate hardness) content of the RW, and often some of the per-
manent hardness (noncarbonate hardness) and some silica is also
removed.

Both hot and cold processes are employed, although the hot process,
which takes place at or above 212 °F (100 °C), is usually preferred for
boiler FW applications, because it produces water of lower hardness
levels and usually a lower silica content as well. Also, less lime is need-
ed because the carbon dioxide with which it would normally react is
driven off at the higher temperatures. Sometimes caustic soda (sodium
hydroxide) is used in place of soda, depending on the alkalinity of the
water and the chemical costs; however, irrespective of the process or
chemicals used, the major precipitants are always calcium carbonate
and magnesium hydroxide.

The two basic hot-process designs are upflow precipitation soften-
ing (sludge blanket PS) and downflow precipitation softening
(uptake funnel PS). In both designs RW enters from the top and is
diluted by about 15% by condensate from steam heating. Lime and
soda enter from the top of the plant and mix with the water, resulting in
a precipitated sludge that settles to the bottom of the hopper-shaper
plant (4 to 8% is recirculated as “seed”). The upflow design generally
results in maximum contaminant removal, while the downflow type is
less susceptible to changes in flow rates.

The steps involved in converting soluble hardness salts in the RW to
insoluble precipitants that can be subsequently removed by filtration or
clarification, are:

1. Raw water analysis and calculation of lime and soda needed.
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2. Addition of chemicals, rapid mixing, then flocculation.
3. Sludge settlement and solids-liquid separation.

There are four basic reactions that take place.

1. Removal of any free carbon dioxide by lime:

co, + Ca(OH), — Ca(HCO,),
carbon hydrated calcium
dioxide lime bicarbonate

2. Partial addition of lime converts the temporary hardness salt (cal-
cium bicarbonate) to carbonate. Fifteen to 20 ppm of the calcium
carbonate remains in solution, while the remainder precipitates as
an insoluble salt. Further amounts of lime convert other temporary
hardness bicarbonate salts (Mg, Na, etc.) to soluble carbonates:

Ca(HCO,), + Ca(lOH), —» CaCO, + 2H,0
calcium lime calcium water
bicarbonate carbonate

MgHCO,), + Ca(OH), - MgCO, + CaCO, + 2H,O
magnesium lime magnesium calcium water
bicarbonate carbonate  carbonate

3. Further addition of lime converts soluble magnesium or sodium
carbonate into the insoluble hydroxide and further insoluble calci-
um carbonate. In theory it is possible to limit the lime addition to
maintain the magnesium salt as soluble carbonate, but in practice
some magnesium hydroxide is always formed (say, 10%), so it nec-
essary to compensate for this by the addition of more lime:

MgCO, + Ca(OH), —» Mg(OH), + CaCO,
magnesium lime magnesium calcium
carbonate hydroxide carbonate

4. Conversion of the permanent, noncarbonate hardness salts such as
calcium sulfate or chloride produces more insoluble calcium car-
bonate using soda ash. The total noncarbonate hardness is the sum of
the calcium sulfate or chloride present in the original RW plus that
formed from magnesium sulfate or chloride in the previous reaction.
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CaSO, + Na,CO, —> CaCoO, + Na,SO,
calcium soda calcium sodium
sulfate ash carbonate sulfate

The total hardness of the treated water may be as low as 35 ppm or
so (as CaCO,). The pH level normally should be approximately 9.4 to
9.6 to obtain minimum calcium solubility. If it is much above this level,
it indicates an excess of lime; the treated water will not be stable, and
some secondary precipitation can be expected.

Higher than expected hardness levels are usually attributed to inad-
equate chemical addition or poor sludge recirculation. High turbidity is
often attributable to fluctuating hydraulic loading on the process plant.

Some older plants still carry this softening process further by the
addition of moneo- or di-sodium phosphate and, although it lowers the
hardness to only a few ppm, it ultimately results in additional carbon-
ate alkalinity, which is undesirable. Additionally, the phosphate is too
expensive and it is better to simply pass the filtered, lime-treated water
through a BX softener.

9.2.3 Clarification

Flocculation or clarification processes are solids-liquid separation
techniques used to remove suspended solids and colloidal particles
such as clays and organic debris from water, leaving it clear and bright.
Certain chemicals used (such as alums) also exhibit partial dealkaliz-
ing properties, which can be important given that the principal alkaline
impurity removed is calcium bicarbonate—the major contributory
cause of boiler and heat exchanger scales (present in scales as carbon-
ate), although closely followed by phosphate.

Most suspended solids in water have a surface electrical charge that
provides stability to the particles. This ionic charge is usually a nega-
tive (—) charge and requires the addition of metal salts or cationic (+)
polymer coagulants to destabilize the particles and permit them to
agglomerate or come together.

» Coagulation takes place over several minutes in a rapid mix tank
and encompasses several mechanisms such as reducing diffuse layer
thickness and charge neutralization.

* Flocculation involves large polymer chain molecules adsorbing
onto more than one particle, causing bridging. Typically, this
process is carried out over a period of 20 to 30 minutes with gentle
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stirring. Agglomeration of these particles by bridging and other
mechanisms creates a sludge mass or floc that is heavy enough to
sink.

* Sedimentation is the sinking process itself, usually carried out in a
round or conical-shaped settling tank.

» Clarification is the process of separating the clear liquid from the
flocculated and settled sludge.

These processes may take place in a series of tanks or a single mul-
tizoned, tank.

9.2.3.1 Inorganic Coagulants

Aluminum sulfate, Al,(SO,),°H,O, is the commonest alum used.
Hydration is typically 14 to 16 H,O. It hydrolyzes and polymerizes in
water and typically is used within a narrow “window” of pH levels of
5.5 to 6.5 to minimize the solubility of aluminum in the treated water.
If alkalinity is present (say, due to calcium bicarbonate), the follow-
ing reaction occurs, producing insoluble aluminum hydroxide
[AI(OH),].

Al,(SO,), + 3Ca(HCO,), — 3CaSO, + 2AI(OH), + 6CO,t
aluminum  calcium calcium aluminum  carbon
sulfate bicarbonate sulfate hydroxide  dioxide

Aluminum sulfate is characterized by its low cost and effectiveness in
low turbidity and colored waters. However, it is not very effective at high
pH levels (over pH 8.0), and acid must be added to reduce the pH level.

Aluminum sulfate generally produces a large sludge volume and is
slow to react and often difficult to de-water. It is usually supplied in dry
blocks or a = 50% strength liquid. The required dose rate varies con-
siderably, but it is approximately 20 to 100 ppm, as supplied.

NOTE: When using aluminum sulfate, there is a reduction in alkalinity (and
pH level), and a supplemental alkali, such as soda ash or caustic, may be
fed to the treated water.

* Ferric chloride, FeCl,»6H,0: This coagulant tends to be a very
low-cost product. Typically, it is supplied as a = 40% by-product
solution with a dose rate of 10 to 150 ppm, as received. It performs
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best within the range of pH levels of 5.0 to 6.0; it is very corrosive,
lowers the pH level of the water, is slow to react in cold water, and
is sensitive to process variations. Ferric chloride needs close control
for good results.

* Ferric sulfate, Fe,(SO,),*3H,0: A solution of this coagulant is cor-
rosive and requires acid-proof equipment. It is not very soluble in
cold water, so heating is sometimes provided. The use of 2 to 4 parts
of water per 1 part of salt avoids the formation of the hard, insolu-
ble monohydrate.

* Ferrous sulfate (copperas), (FeSO,)-7H,0: This is similar to fer-
ric sulfate. The optimum coagulation pH level for these last two iron
salts is typically 8.0 to 9.0 but may need to be lowered.

As with alum, it is necessary to conduct jar tests to identify the most
suitable product and optimum application rates, pH level, and so forth.
Testing with ferrous sulfate typically requires a starting point applica-
tion level of around 50 ppm (as 100% active product), while ferric sul-
fate requires around 25 ppm (as 100% active product).

As with aluminum sulfate, there is a reduction in bicarbonate alka-
linity and a lowering of pH levels when using ferric sulfate, producing
insoluble ferric hydroxide Fe(OH),, as shown here:

Fe,(SO,), + 3Ca(HCO,), - 3CaSO, + Fe(OH), + 6CO,
ferric calcium calcium ferric carbon
sulfate bicarbonate sulfate hydroxide dioxide

* Polyaluminum Chloride (PAC), Al (OH), Cl, ., where m and n
are variable. PAC is a primary coagulant and is usually very effec-
tive without requiring any change in pH levels. It will not reduce the
alkalinity of the water but also does not materially change the pH
level of the water, even if overdosed. Typically, it is supplied as a 30
to 50% strength solution and requires perhaps 5 to 50 ppm of prod-
uct to be applied to the water.

When used in conjunction with an organic polymer, PAC can be
very useful in treating poor quality wastewaters that contain high
levels of suspended solids and fats, which often permits their reuse.
It is rapidly becoming the product of choice where the lowest price
is not paramount. In any given application, the requirements for PAC
are typically less than for other primary coagulants, and it is easily
handled. There is a range of PAC compounds, depending on the
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degree of basicity required (range 16-70%). It is available only as a
solution and acts similarly to a combined alum/polymer product.

PAC is faster-acting than alum, even in cold water. It produces a
compact, fast-settling floc and is effective over a wide range of pH
levels (typically 4-9.5). It provides good color removal.

* Aluminum Chlorhydrate (ACH), Al,(OH),Cl: ACH reacts very
similarly to PAC and is available only as a solution. It is a very high-
ly basic product (80%). Upon dilution, PAC and ACH solutions tend
to act as highly cationic polymers. After dilution and with time, they
also begin to degrade and act like alum. This period may be on the
order of 1 to 10 minutes, depending on pH level and temperature,
The dose rate is similar to that of PAC. Good turbidity and color
removal are achieved with ACH.

9.2.3.2 Organic Polymeric Coagulants and Flocculants

Organic polymeric coagulants and flocculants (or polyelectrolytes) are
polymers of repeating monomer units held together by covalent bonds,
These are available in many hundreds of permutations and a wide vari-
ety of molecular weights, ionic charges, physical forms, and so on.
Combinations of various organic polymers and inorganic coagulants
are also now widely used. Polymers are classified as anionic, cationic,
or nmonionic and subclassified by molecular weight, magnitude of
charge, functional group, and so forth.

Most polymers are available as dry powders, solution polymers (in
which 10 to 50% active strength polymer is dissolved in water), and
emulsion polymers.

The demand in the marketplace for emulsion polymers has grown
rapidly in recent years, and they are now available in almost every per-
mutation possible. They consist of micron-sized water and polymer
droplets dispersed in a continuous hydrocarbon oil phase with polymer
activity levels of 20 to 50% or greater. Generally, the lower molecular
weight (MW) polymers (say, those with MW below 1 x 10°) tend to act
primarily as coagulants and may replace or partially replace metal salts,
thus resulting in less bulky waste and minimal pH level changes. These
polymers are often based on polyamines and their derivatives and usu-
ally have strong cationic charges. Higher MW polymers are based on
acrylic acid and derivatives and tend to act as flocculants through par-
ticle bridging and other mechanisms. Examples of some organic poly-
mers for coagulation and flocculation are given in Figure 9.1.
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Figure 9.1 (a) Polyacrylamide; (b) polyDADMAC.

There is a very wide range of coagulant and flocculant polymers.

Typical organic polymer product groups to choose from include:

Acrylamide/acrylate copolymers: Anionic flocculants, usually
100% active powders or 30% active emulsions. The MW range is
high, usually 12 to 22 M, and products are available both in a selec-
tion of MW ranges and in gradually increasing ionic charges (say,
from 5-100%). Potable water grades (PWG) are available.
Application rate is typically 1 to 5 ppm (as 100% active material).

Acrylamide/amine copolymer (and amine derivatives):
Flocculants supplied as emulsions in graduated MW ranges of 10 to
18 M and ionic charges of 5 to 100%. Useful in sludge dewatering
processes, typically at 4 to 15 Ib per ton of dry sludge. Choose per-
haps 50 to 80% charge for initial testing.

Mannich polymers: Cationic, solution polymer flocculants with a
MW of 5 to 8 M. Very high viscosity at only 4 to 8% active strength
solution liquid. A hydrolyed polyacrylamide, it is very useful for
general municipal waste water treatment. The dose rate normally is
200 to 300 ppm or more.

Polyamine/DADMAC (polydiallyldimethylammonium chlo-
ride): Cationic coagulant. Also generally supplied as solution lig-
uids in ranges from 40 to 70% active strength. Low MW, from 0.25
to 0.75M. Useful for reclaiming oily waste waters; typically use at
150 to 300 ppm.

Polyamine/EPIDMA (epichlorohydrindimethylamine): Cationic
coagulant, usually supplied as solution liquids of 50% activity or
emulsions of 40%. They have 100% charge and MW in the range of
100,000 to 300,000. They are used to partially replace alum when
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clarifying raw water at 20 to 100 ppm alum and 5 to 20 ppm poly-
mer, and they can be used for general color removal.

* Polyacrylamide: Nonionic flocculant, usually supplied as 100%
active powders but also available as 30% or so emulsions. MW
ranges typically from 2.5 M to 20 M. Test for suitability using jar-
tester apparatus at, say, 1 to 5 ppm. It can be used as a coagulant aid
for alum, and PWG are available.

*  Alum plus DADMAC or EPIDMA, and PAC plus DADMAC or
EPIDMA: Various combinations are now available with polymer
strengths of from 2.5 to 25%, providing convenience, and often
approved by the U.S. Environmental Protection Agency (EPA) for
use at up to 60 to 75 ppm product.

There are a number of major, international manufacturers of coagulant
and flocculant polymers whose primary markets are high-volume users
(i.e., cities, states, and national governments). There are also many small-
er regional manufacturers who tend to specialize in niche markets and
produce various polymer blends (organic polymers blended with vari-
ous ratios of inorganic coagulants such as ACH, PAC, and alum). These
polymer blends are particularly useful in industrial facilities where
process contamination and difficult clarification problems may exist.

As there are literally thousands of polymers on the market, a useful
search starting point is NSF International (www.nsf.org), an EPA-
sponsored, public health and safety company.

Examples of international polymer suppliers are:

* C(iba Chemical Specialties, S.A., which now includes Allied
Colloids and CPS, with brands such as Percol™, Magnafloc™,
Zetag™, and Agefloc™

* Cytec Industries, Inc. (previously Cyanamid) supplying
Cyanamer™ and Superfloc™ brands

* SNF S.A., better known as Floerger, whose U.S. subsidiaries
include Pearl River, Chemtall, and Polypure. Brands include
Clarifloc™, Secodyne™, and Floerger™

* Stockhausen, Inc. supplying the Praestol™ brand

*  Vulcan Chemical Technologies, Inc. using the Calloway™ sub-
sidiary and brand name

Some points to remember when using these polymer products in the
field are:
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» Benefits of organic polymers may include improved sludge dewa-
tering, wider pH operating range, lower dosage rates, reduced
sludge volumes, and stronger flocs when compared with metal salts,
but all at a higher cost.

* Metal salt performance is poor outside its pH range “window”
because of metal salt solubility and failure to produce precipitates.

* Alums and many solution polymers, or polymers dissolved in water,
are corrosive; therefore, use corrosion-resistant tanks.

* Color in water (apart from textile dyes, etc.) often is caused by the
degradation of natural organic matter, resulting in colloidal humic
and fulvic acids. These are best removed by precipitation with
metal salts, but performance may be improved with high-charge
cationic polymers.

* Dry polymers can be stored for up to 2 years, but are hygroscopic
and absorb moisture from the air. Keep them in sealed bags in a
cool, dry storeroom. Batches of polymer solutions made from dry
polymers should be used within 24 hours.

» The shelf life of liquid or emulsion products is much shorter than
that of dry products, often only 6 months. Emulsion polymers may
stratify on storage. Mix gently before using.

* Do not dilute polymers with chlorinated water because the chlorine
can break the polymer chain and react with amine groups.

» Liquid polymers can support biological growths. Maintain good
housekeeping practice to reduce the risk of contamination.

* Polymers need activating by rapid agitation before use. They are
more readily activated in soft, warm water (35-40 "C maximum).
Maximum viscosity is reached after an aging time of 2 to 4 hours.

» Use well-designed, specialized polymer dissolution systems wherever
possible (such as those from the U.S. Filter, Inc. subsidiary,
Strandco®), especially for emulsion polymers, rather than simple dis-
solving tanks and mixers with propeller-type impellers. This prevents
undissolved lumps of polymer (fish-eyes) and the breakdown of poly-
mer chains, Always install a strainer to prevent possible pump clogging.

* The maximum solution strength for dry anionic polymers is 0.5 to
1.0% by weight.

* All volume additions of polymers of whatever type should be
accompanied by 10 X dilution water at the point of application to
ensure rapid dispersion.
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* Do not use centrifugal pumps, and keep agitator speeds below 300
to 400 rpm.

* Solution polymers should be fed undiluted into application point
areas of high turbulence; otherwise dilute to 5 to 10% strength.

* Emulsion polymers cannot be fed neat. Always add emulsions to
water (never water to emulsions) to avoid gel formation. Dilute
emulsions to 1 to 2% in-use strength for batch processes.

* Use jar tests to determine the most suitable types of polymers and
potential application rates. Tests must be conducted on-site with
fresh, representative water samples and fresh reagents.

* A guide for jar testing polymer samples is first, a rapid mix of 1 to
3 minutes at 80 to 200 rpm to evenly distribute the polymer and pro-
vide energy for coagulation. Second, a slow mix of 2 to 5 minutes at
25 to 40 rpm to allow the floc to build up. Third, a settling period
of 2 to 5 minutes with little or no mixing to permit floc settlement.

» Evaluate jar tests on a 0 to 10 rating (10 = optimum result) for clar-
ity, floc size, and settling rate, with the control given a rating of 5
for each area.

* For each type of polymer, the rate of flocculation and settlement
tends to improve with increase in MW; however, very rapid settling
may lead to “fines” being left in suspension.

9.2.4 Pre-Boiler Filtration

Filtration is the separation of solids from a fluid. While various filtra-
tion processes do, in fact, include separation in the ionic and molecular
ranges, here we are primarily concerned with particulate filtration.
Traditionally, a filter medium is employed to remove particles in the
range of 1 to 1,000 micron ().

NOTE: 1. = 1 X 107 meters = 4 X 107 in. (0.00004 in.) = 1 X 10#
Angstrom units

Traditional types of gravity and pressure media bed filters (such as
sand and anthracite filters) are widely used to remove suspended solids
and improve the clarity of raw water. They are also used following aer-
ation or oxidation and chemical precipitation softening.

Coagulant aids may be used to improve the filtration of flocs, but
these are generally only of value if sufficient residence time is available
for coagulation to occur before the water enters the filter.
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For filtration to be effective and efficient, the suspended solids must
be able to penetrate the filter bed to a sufficient depth without clogging
the filter so that the choice of filter media, effective grain size, and
bed depth is important.

During filtration the suspended solids are trapped between the grains of
filter media. Because there must always be space remaining for the water
to percolate, there is a limit to the total volume of solid sludge that can be
tolerated before backwashing is required. Designers typically set this limit
at 25% of the total void volume and, irrespective of the media grain size,
the void volume is approximately 45% of the total media volume.

Rough-shaped media beds down more irregularly than does smooth
media, leaving larger voids and permitting higher flow rates; howev-
er,the bed depth must be increased to achieve maximum water clarity.
Generally speaking, the finer the sand, the shallower the bed depth
required, although head loss increases.

Pressure filters are available in either horizontal or vertical tank
(vessel) arrangements, with manual or automatic backwashing facilities
and with tanks constructed of steel or noncorrosive construction mate-
rials. Flow through the filters is normally from the top and then down
through the bed.

Backwashing can be by water alone or by an air scour and water.
Usually where high volumes of water are encountered a horizontal type
is used because the tank length can be increased proportional to the
volume. However, horizontal tanks are restricted to lower levels of sus-
pended solids because of limitations in media bed depth. They are also
prone to the risk of the underbed shifting, with a consequential
decrease in filtering efficiency.

Vertical pressure filters using only water for backwash are generally
loaded with a single layer of sand or anthracite, but sometimes multi-
ple layers of filter media are used.

9.2.4.1 Sand Filters

Pressure sand filters typically have a bed depth of 24 to 36 inches
(600900 mm), with a subfill gravel layer from 15 to 21 inches
(380-530 mm), although deep-bed filter designs are also common. The
grain sizes employed vary typically from 0.35 mm to 1.0 mm or slight-
ly larger, with 0.5 to 0.6 mm being an average. Depending on the fine-
ness of the filter layer and the filtration rate, the maximum head loss
may be anywhere from 0.2 to 2.0 bar (2.8-28.4 psig) and a bed expan-
sion of 15 to 25% occurs during backwash.
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Sand filters usually provide efficient SS removal for suspended mat-
ter above 30 particle size, but they may need to be periodically sani-
tized using chlorine, formaldehyde, or similar substances (especially
filters with very fine grain media). It is not uncommon for filters to con-
tain microbial slimes and therefore act as a source of microbiological
reinfection.

Another common problem with sand filters is clogging on the sur-
face of the sand media, resulting in short runs and high head loss. This
often is due to the finest grains of sand rising to the top of the media
bed. If the problem persists, the easiest solution may be to replace the
top few inches of sand with a slightly coarser grain so that some depth
filtration occurs.

Filtration rates vary widely, depending on application. Typically,
they are employed at 4 to 6 gpm/sq ft of media surface area, with back-
wash rates of 10 to 12 gpm/sq ft for a period of 5 to 8§ minutes.
Filtration rates may be as high as 10 to 15 gpm/sq ft, and backwash
rates from 15 to 20 gpm/sq. ft.

NOTE: 1 gpm/sq ft = 41 lpm/m?

9.2.4.2 Multimedia (MM) Filters

Dual or triple media filters are used to provide a coarse to fine fil-
tration facility. Where an anthracite-sand media bed is employed, the
anthracite, which is half the density of sand, acts as a roughing filter
prior to the finer sand bed. The larger and irregular voids within the
anthracite bed are particularly suitable for the removal of flocs, and
filtration occurs deep within the bed. Where fine crystalline precipi-
tates of calcium carbonate or calcium phosphate occur, smaller grain
sizes may be employed without risk of high head loss or low filter
rates.

Triple media (MM) filters use anthracite, sand, and garnet, with
the garnet providing the final and finest filtering quality, so that water
with a turbidity less than 5 nephelometric turbidity units (NTU) and
20u maximum particle size can be expected. Media SG, grain size, and
bed depths are given in Table 9.1.

Additional notes on MM filters are:

* Bed depth is typically 18 to 24 in of anthracite (0.6-0.7 mm grain
size) and 6 to 12 inches of sand.
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Table 9.1 Media for MM filters

Media S.G. Grain Size Bed Depth
Anthracite 14t01.6 0.8 to 1.6 mm 18" to 24"
Sand 2.65 0.35 t0 0.8 mm 9" to 12"
Garnet 4.2 0.2 to 0.4 mm 3" to 4"

» Flow rates are similar to that for sand filters, but higher quality fil-
tered water is generally obtained.

* Backwash rates must be lower where anthracite is used to avoid the
risk of washing the media out of the filter. Bed expansion is there-
fore higher, at 50 to100%, depending on grain size and flow rate.

Air scouring is often used with larger filters to improve the clean-
ing efficiency. The wash cycle is normally a reduced flow backwash in
conjunction with air scouring, at the rate of 2 cu ft air/sq ft bed surface
area/min, followed by a full-flow rinse with filtered water to resettle the
bed.

MM filters tend to be specified where very high clarity cooling water
is required, perhaps for certain critical processes or high flux heat
exchangers where no degree of fouling can be tolerated. As with sand
filters, it may be necessary to periodically sanitize MM filters to pre-
vent biological growth and the harboring of potential foulants.

9.2.4.3 Activated Carbon Filters

Activated carbon filters are employed primarily as RW contaminant
removal systems for chlorine (by chemisorption) and various organics
such as trihalomethanes (THMs), petroleum products, and pesti-
cides (by adsorption). In addition, they act as physical filters and there-
fore incorporate sufficient freeboard in their designs to permit periodic
backwashing.

Carbon filters find particular application as prefilters for RO and ion-
exchange processes in the production of high purity FW. They are also
used in clean-steam boilers and other types of steam generators where
the steam is ultimately destined for application in food or beverage pro-
duction, pharmaceuticals, electronics, surgical instrument sterilization,
and similar processes.

There are various grades of activated carbon, depending on the car-
bon source and the ultimate application; types include coconut shells,
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bituminous coal, petroleum coal, and wood charcoal. Grades are deter-
mined by abrasion number, iodine number, apparent density, particle
size, and ash. All grades are highly porous, with an extremely high
absorption surface area. Activation (thermal carbonization) takes place
in a hearth furnace.

The carbon is available as a powder or as granular activated car-
bon (GAC) and is used up in the absorption process. It is either peri-
odically replaced (say, every 12-24 months) or reactivated in a hearth
furnace.

Activated carbon is not always very efficient at removing organic
contaminants, especially the higher MW chemicals or where higher
contaminant concentrations are present (say, 100 ppb rising to perhaps
1 or 2 ppm). For organics removal, filter designs may need a much
deeper bed (at least 4 to 5 feet, 1,200 to 1,500 mm), longer contact
times (perhaps 60 minutes or longer), a larger carbon bed volume, a
lower pH level, and perhaps a carbon grade that is relatively organic-
specific.

Organic traps (ion-exchangers) may be more suitable where the
organic loading is high. Ultrafiltration and RO may also prove suit-
able alternatives.

Dechlorination requires a much shorter contact time than organics
removal (perhaps only 60 seconds at pH levels below 7.0 but 3 minutes
at pH over 8.5). The process involves reaction with carbon as well as
absorption, such that 1 Ib of carbon typically reacts (and is used up)
with between 3 and 6 Ib of chlorine.

* Liquid face velocity rates (flow rates) for organic removal are usu-
ally less than 1 gpm/cu ft, but for chlorine are typically 2 to 3
gpm/cu ft.

* The absorption potential of carbon is given by its iodine number
(IN). The IN is a measure of how many milligrams of iodine, pres-
ent in a 0.02 N iodine solution, can be adsorbed by 1 gram of car-
bon. Usually the IN is between 850 and 1,200.

» For water applications, activated carbon is usually of 8 to 40 mesh
(a mean particle diameter of 0.55-1.7 mm).

* Use hard, abrasion-resistant grades of carbon such as bituminous
coal and coconut shell for raw water pretreatment to avoid the pro-
duction of fines resulting from erosion.

* Microbiological fouling may develop from time to time, and peri-
odic sterilizing treatment with steam or hot water may be required.
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» To backwash carbon requires a minimum of 30 to 35% bed expan-
sion, with a flow rate of 8 to 10 gpm/sq ft for 15 minutes. Because
of the presence of fines in new carbon, the initial backwash should
be double this time period.

9.2.4.4 Bag Filters and Related Technologies

For smaller boiler plants, various sieves, screens, cyclones, and strain-
ers may sometimes be used for filtering MU and FW. Also, bag, ceram-
ic membrane, cartridge, and candle filters, either with a filter aid
(precoat filters) or without (naked filters), all of which are typically
available in single- and multiple-filter component vessel configurations.

A major benefit of these filters over conventional sand and MM fil-
ters is their much smaller footprint and lower capital cost. However,
these features are sometimes provided at the expense of either robust-
ness or limited filtering capacity and quality (despite claims to the
contrary).

Bag filters are perhaps the most widely used of these types of pre-
treatment equipment, and they are also commonly employed (and high-
ly recommended) for sidestream application in HW boiler circuits.
They are reliable and robust and tend to be available in an almost infi-
nite number of permutations. When sizing, specification items to be
considered include flow rates, vessel materials, housing and support-
basket sizes, pipe sizes, connection threads and flanges, outlet posi-
tions, code and pressure ratings, gasket materials, bag shapes, bag
materials, and micron ratings.

Although generally associated with manual cleaning, it is possible
to obtain fully automatic bag filter systems. These have a hydraulic
backwashing and bag-cleaning device solidly attached to the steel bag
housing.

Bag filters can be particularly useful in situations in which city water
may be subject to periodic bouts of dirt or iron particle contamination
arising from mains repair and flushing programs. Care must be taken
when selecting filters for HW application to ensure that bags and gas-
kets are appropriate for the conditions. For example, polypropylene
bags and buna rubber gaskets are normally only suitable for up to 200
°F (93 °C). Teflon or other high-temperature materials may need to be
specified.

Bags are normally reusable after cleaning and may last for several
cycles before changing becomes necessary. Bags should be cleaned or
changed when differential pressure reaches 20 to 25 psid.
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Where particularly dirty water is encountered, special filter bags are
available that contain variable micron rating media to provide true
depth filtration, low initial pressure drop, and longer life.

The dirt-holding capacity of bag filters is obviously dependent on a
wide number of factors, but a unit of, say, 8-inch diameter and 30-inch
depth should be capable of holding up to 1.5 to 2 1b. of dirt before the
differential pressure becomes extreme.

9.2.5 Basic Pretreatment/Using Natural Zeolite,
Greensand, and Synthetic Resins

» Zeolites are naturally occurring hydrous aluminum-sodium sili-
cates in porous granule form. They are capable of exchanging their
sodium base for calcium or magnesium and of expelling these alka-
line earth metals for sodium by treatment with salt. Thus, they are a
type of ion-exchange media. (Some zeolites act as molecular sieves
by adsorption of water and polar compounds.)

* Greensands (glauconite greensands) are also zeolites and are
suitable for the removal of iron, manganese, and hydrogen sulfide
from RW. They can operate at a wider pH range than an aeration
tower, and the strong oxidizing power of potassium permanganate
is used to periodically regenerate the manganese greensand, pro-
ducing higher manganese oxides on the surface of the glauconite
greensand.

* Modern ion-exchange resins are hard, attrition-resistant, insoluble,
spherical beads made of synthetic organic materials. Ion-exchange
is the process by which positive or negative ions (charged species),
fixed to the resin groups, can exchange in (aqueous) solution under
certain conditions with other ions of the same sign that are in con-
tact with them, without any apparent change, deterioration, or solu-
bilization of the resin. Cation resins exchange positive ions from
water (e.g., calcium, magnesium, or iron) while anion resins
exchange negative ions from water (e.g., bicarbonate, chloride, or
sulfate).

Synthetic resins are extremely widely used, both pre-boiler and post-
boiler. Pre-boiler, they are employed for basic MU water treatment
(e.g., softening) and various higher quality purification processes (e.g.
dealkalization and demineralization). Post-boiler applications are for
condensate polishing.
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The organic resin material is often a styrene divinylbenzene (DVB)
copolymer in a network or matrix, to which are attached functional
groups such as a sulfonic acid, carboxylic acid, and quaternary ammo-
nium. The nature of these groups determines whether the resin is clas-
sified as a strong/weak acid (cation resin) or strong/weak base (anion
resin) ion-exchanger.

Resins containing these functional groups are generally available in
one or more forms; for example, strong acid cation resin is typically
a sulfonated polystyrene type, available either in the hydrogen form
(H* ) or in the sodium form (Na*). The sodium form of this resin is
used for water softening.

Cold process ion-exchange softeners usually contain gel-type resins
with a lower level of cross-linking (4-10% DVB) but a higher soften-
ing capacity than softeners following hot-lime/softening processes.
Here, a macroporous (macroreticular) resin is used, with a higher level
of cross-linking (16-20% DVB) to provide physical strength against
osmotic and thermal shock, but at the expense of a lower capacity.

9.2.5.1 Iron and Manganese Removal Using Greensands

In this method, the greensand is contained in a conventional pressure
filter tank and regular backwashing removes the oxidized precipitates.
It has a long life expectancy, with an attrition rate of typically only 2 to
3% per year. Before using manganese greensand for the first time, it
should be double backwashed and regenerated with 2 to 4 oz potassi-
um permanganate (KMnO,) per cu ft of media.

Greensand filter sizing and operation are based on the following data:

» Capacity for Fe is 10,000 gallons per regeneration at 1 ppm Fe/cu ft
of media; for Fe/Mn, it is 7,000 gallons per regeneration; and for
H,S, it is 3,000 gallons per regeneration at 1 ppm H,S.

* Maximum practical limits are 15 ppm of Fe or Mn and 5 ppm of
H,S. Raw water pH level is 6.2 to 8.5, and ideal temperature is less
than 80 °F (26.7 °C).

* Size the filter for 30-inch bed depth and gravel underbed, with a
service flow rate of 2 to 5 gpm/sq ft. Backwash typically every 24
hours for 10 min at 12 to 14 gpm/ sq ft to achieve 35 to 40% bed
expansion.

* Limit pressure drop to 8 to 10 psi maximum. to prevent Fe leakage.
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* Continuous regeneration is recommended, adding KMnO, to
achieve a slight pink color at filter inlet. Also, prefeed CI, 10 to 20
seconds upstream of KMnO, to achieve residual in filter effluent.

9.2.5.2 Softening by Ion-Exchange

Sodium cycle softening (base-exchange softening) is used primarily to
remove the risk of calcium- and magnesium-based crystalline scale for-
mation and deposition. The general reaction is as shown in Figure 9.2.

The reaction is reversible but proceeds to the right during the soft-
ening process. In a static situation, the reaction stops when chemical
equilibrium is reached; therefore, during softening it is necessary to
continuously percolate the water through the ion-exchange media bed
to permit successive stages of equilibria to be reached. The reaction is
not perfect, and some leakage of unsoftened water occurs, typically 1
to 2 ppm total hardness.

The capacity of the resin to remove hardness is dependent on sever-
al design factors, including the flow rate of water through the resin and
the amount of regenerant used (salting rate).

Softening continues until the bed is saturated with calcium and
magnesium ions (exhausted) and hardness breakthrough occurs. In
practice, softening is permitted until a point just before exhaustion
occurs (operating exchange capacity), when the regeneration
process is initiated. During regeneration, the ion-exchange reaction
proceeds to the left if a strong sodium chloride solution (brine) is
used. In industrial applications, the practical regeneration of strong
acid cation (softening) resins is often limited to perhaps 70 to 80% of
theoretical.

The condition of an exhausted resin bed is an ionically banded bed,
with the most strongly held ions on the top of the bed. Iron is more
strongly held than calcium, which may lead to iron fouling problems.

Some practical considerations for a RW softener are:

Nat

/

R + Ca* <& R—Ca¥ + O2Na*
\

Nat

Figure 9.2 Cation ion-exchange reaction.
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» Resin is a strong acid cation in sodium form, fully hydrated; typi-
cally 53 1b/ cu ft at 45% moisture content (0.85 kg/ 1).

» For continuous softening service, it is advisable to install two or
more softeners in parallel, on a duty/standby basis.

* The minimum water pressure required is typically 20 psig.

» Total resin volume design requirement is sufficient resin for 8 hours
minimum continuous operation; 12 to 16 hours per tank is fine.

» Typical resin exchange capacity is 20,000 grains as CaCO,/cu ft
resin (45.9 grams hardness/l resin) at 6 1b NaCl/cu ft of resin (0.1
kg/1) to 30,000 grains at 15 Ib NaCl/cu ft. Resin capacity decreases
and calcium leakage increases with high sodium to calcium ratios.

» Typical salt brine regenerant concentration is 10 to 25% NaCl; max-
imum is 36%. Caution is needed when using some types of rock salt
because it may contain considerable calcium and magnesium salts.
Good quality rock salt is 98 to 98.5% NaCl. Evaporated, recrystal-
lized salt is 99.5 to 99.8% NaCl. See Table 9.2 for concentrations of
salt regenerant.

* Resin bed depth is 24 inches minimum, 72 inches maximum
(0.61-1.83m).

* Bed expansion (freeboard) is 50% minimum (thus, the resin tank
must be at least double the volume of the resin requirement). Resin
bed expansion is a function of backwash rates and temperature.

» Service flow rate is 15 to 30 bed volumes (BV)/hour, or 2 to 4
gpm/cu ft resin (0.27 to 0.40 Ipm/1 resin). Linear flow is 4 to 10
gpm/cu ft.

* Regeneration: Backwash rate is 5 to 6 gpm/cu ft for 10 minutes
(0.69 to 0.80 1pm/1 resin) at 70 °F ( 21 °C) and 10 gpm/cu ft (1.38
Ipm/1 resin) at 190 °F ( 88 °C).

* Regeneration: Typically, brine injection rate is 0.5 to 1 gpm NaCl
soln/cu ft resin (0.13 1pm/1 resin). Typically, this takes 25 to 30 min-
utes. Check NaCl strength. It may take 4 to16 hours to achieve suit-
able strength.

* Regeneration: Slow Rinse is 1 gpm water/cu ft resin for 15 minutes
(0.13 1Ipm/1 resin).

* Regeneration: Fast Rinse is 1.5 gpm water/cu ft resin for 5 minutes
(0.2 1Ipm/1 resin.).
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Table 9.2 Salt Concentration Indicators

Sodium

Chloride Sodium
% WIW Specific Salometer Chloride
NaCl Gravity °Beaume Degrees Ib/gallon

2 1.014 2.0 8 8.462

4 1.028 4.0 16 8.579

6 1.043 6.0 23 8.704

8 1.059 8.0 30 8.837

10 1.074 10.0 38 8.963

12 1.090 11.9 46 9.096

14 1.107 13.7 53 9.238

16 1.124 15.5 61 9.380

18 1.142 17.3 68 9.530

20 1.160 19.1 76 9.680

22 1.179 20.8 84 9.839

24 1.197 22.5 81 9.989

26 1.204 24.4 99 10.047

9.2.5.3 Organic Traps (Organic Scavengers)

The presence of organic contaminants in raw water will foul certain
MU water pretreatment and purification processes. Organics will espe-
cially foul the strong base anion resins present in ion-exchange dem-
ineralization plants, causing a reduction in resin capacity and MU water
purity. The loss of purity is typically reflected by a decrease in resis-
tivity (increase in conductivity). Rejuvenation of an organically fouled
resin bed may require soaking with a special cleaner followed by a 20
bed-volume rinse (compared to a normal regeneration rinse of, say, 10
bed-volumes).

Where the risk of organic fouling is present, it is prudent to incor-
porate an organic trap unit in the pretreatment system. Isoporous and
macroporous (macroreticular) types of ion-exchange resin have
(apart from a high level of cross-linking, which provides physical
strength against osmotic and thermal shock) an improved porosity and
a relatively high available surface area, making them suitable for use in
organic traps.

Organic removal using these resins is through a combination of
absorption and ion-exchange, typically using strong base anion resin,
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regenerated in the chloride form with sodium chloride. Sodium chlo-
ride is preferred to sodium hydroxide because the affinity for chlorides
is stronger and the organic foulants are more easily displaced.

In general, organic traps employing ion-exchange resins are more
reliable than activated carbon filters for the removal of higher MW con-
taminants, for those organics possessing a weak ionic charge (polar
materials), and where flow rates are high. If the organic contaminant
has no polar character, it passes through the resin, but where it is
extremely polar, it may be irreversibly adsorbed onto the resin, so that
care and selectivity are required.

Where an organic trap is part of a demineralization plant system, it
is placed in the train upstream of the strong base anion (SBA) resin
unit. When the organic trap resin is placed within the same pressure
vessel, physically on top of the anion resin (stratified bed), in which
case, as it forms part of the overall anion capacity, a weak base anion
resin operating in the free base form is employed.

Organic trap designs are available that employ a combination of acti-
vated carbon and cross-lined resin beads without ionic functionality.

9.2.5.4 Multifunctional Water Conditioners

Various types of water conditioning equipment are available to provide
multiple pretreatment functions in the same tank or pressure vessel. For
the most part, the technologies employed by the manufacturers are not
revolutionary, despite considerable rhetoric and deliberately confusing
“technical” explanations, as these units simply contain two or three dif-
ferent types of media of differing densities.

In general, these multifunctional water conditioners are available
from smaller regional distributors who are seldom sufficiently technical-
ly proficient and may use gobbledygook and misleading information to
add their own “spin” to the manufacturer’s promotional literature. This
approach is pitiful because the underlying technology is fundamentally
sound and the equipment generally is well made and long-lasting.

The market is such that, typically, some manufacturers originally
developed small multifunctional water conditioners solely for the res-
idential market, where contaminant removal requirements are general-
ly low and the small equipment footprint provides a space-saving
benefit. With the passage of time, they have gradually expanded their
range to include larger units suitable for commercial and smaller
industrial boilers. However, for larger boiler houses, where water con-
sumption requirements are higher and removal efficiencies are more
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demanding, it is doubtful that these multifunctional units are particu-
larly cost-effective when compared to standard, problem-specific sof-
teners and filters.

For 24-hour, continuous conditioning operation, twin-tank multi-
functional units are available with top-mounted Fleck™ or Autotrol™
controllers. These controllers provide water meter—initiated, media
backwashing, regeneration, and reclassification functions in precisely
the same manner as conventional ion-exchange water softeners.

NOTE: Where RW quality is poor, a booster unit is generally required on the
[front of the multifunctional tank, so that the concept of a single tank is lost.
Additionally, where iron- and sulfate-reducing bacteria may be present,
periodic sterilization of the bed using chlorine injection becomes necessary.

Multifunctional water conditioner pretreatment functions usually
include combinations of the following processes:

* Removal or control of hydrogen sulfide, iron, manganese and sul-
fur bacteria. This is carried out on a (non-manganese greensand)
catalytic/filter media bed with or without the addition of chlorine-
based oxidizing agents (rather than potassium permanganate),
depending on the model size and MU water characteristics.

» Cation exchange of hardness salts, using potassium chloride (KCI)
as a regenerant, rather than sodium chloride. KCl is considerably
more expensive than ordinary salt (NaCl), but it is promoted as
being medically and environmentally superior.

* Cation and anion contaminant “reduction.” This technology uses a
mixed-bed of acrylic and ceramic beads, with potassium chloride
as a regenerant.

* Removal of hydrocarbons, volatile organic compounds (VOCs),
and odors using activated carbon.

» Filtration of suspended particles in the incoming RW and any oxi-
dized Fe/Mn sludge. Here the technology simply uses the natural
filtration properties inherent in all types of media.

Where multiple functions are required, units contain double or triple
media beds employing, for example, acrylic beads, ceramic beads, and
catalysts. Water Wizard, Inc. offers a multifunctional unit triple bed
under the name TRION-3™ |
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9.2.6 Nonchemical Treatments (Magnetic,
Electrostatic and Similar Devices)

Physical devices (catalytic devices) for the nonchemical treatment of
water and, more specifically, devices for scale prevention that employ
magnetic fields have been part of the water treatment marketplace around
the world since its earliest days. These devices include electronic,
catalytic, electrostatic, and magnetic water treatments. There are also
various other types of more recent “alternative” technologies (to chemi-
cal treatments) now available in the marketplace. These are being pro-
moted for use in treating all types of MU water, FW, and BW.

For more than 50 years, magnetic devices and other devices have
been regularly tested and compared with other water treatment meth-
ods, notably chemicals. Although irrefutable, documented evidence of
their beneficial effect in industrial water systems still seems sadly lack-
ing, they have enjoyed a profitable share of the water treatment market.

The U.S. Energy Federal Technology Alert (FTA) on Non-
Chemical Technologies for Scale and Hardness Control, of 3/16/99
(http://www.pnl.gov.fta/11_non.htm) reports:

“Today advances in magnetic and electrostatic scale control technologies
have led to their becoming reliable energy savers in certain applications.
For example, magnetic or electrostatic scale control technologies can be
used as a replacement for most water softening equipment. Specifically,
chemical softening (lime or lime-soda softening), ion exchange, and reverse
osmosis, when used for the control of hardness, could potentially be
replaced by non-chemical water conditioning technology. This would
include applications both to cooling water treatment and boiler water treat-
ment in once-through and recirculating systems.”

There seems little doubt that catalytic, magnetic, and related non-
chemical water treatment devices will continue to claim a small but sig-
nificant market share. For many buyers of water treatment chemicals
and services, or for the operators of building and similar HVAC type
water systems, there is the appealing allure of obtaining benefits such
as maintaining good operating efficiency, minimal participation in the
water management process, and no involvement with chemical treat-
ments, all with lower maintenance costs than generally possible with
chemical-based programs. Such appeal may significantly outweigh the
(often very high) capital purchase or leasing costs of the equipment.

Some of these technologies are summarized below:
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* Magnetic devices: A magnet(s) is fixed onto, or plumbed into a
system, along the parallel axis of water flowing in a pipe. It is
claimed that, with careful sizing and fitting, these devices inhibit the
formation of scale.

» Electrolytic devices: These devices, consisting essentially of a zinc
anode and a copper cathode, are plumbed into a system and in con-
tact with the water (electrolyte); they are claimed to prevent scale by
acting in a similar way to a battery.

» Electrostatic devices: These devices provide a “static field within
the water” via the production of a very high localized voltage (but
low current). It is claimed that this field physically affects the dis-
solved mineral ions and inhibits the precipitation of scale.

* Electronic devices: There are various designs, including square-
wave generators, sonar effect, and frequency modulation (FM)
devices. The signal generated is typically applied to a closed coil,
formed by wrapping a signal cable around the outside of a water
pipe. These devices are claimed to transfer energy to the ions of dis-
solved bicarbonate minerals, creating nanocrystals and preventing
scaling of metal surfaces and holding the minerals in suspension
until they can be bled from the system.

» Catalytic devices: These nonmagnetic devices use a perforated non-
ferrous tube to encourage small calcite seed crystals to form and
reduce the risk of bulk water scaling. They are promoted for use in
hard waters under conditions where supersaturation can easily occur.

9.2.6.1 Review of Nonchemical Treatment Technology

The arguments for and against the use of magnetic devices and similar
technologies are periodically aired. These center around:

*  Whether benefits are really tangible or merely wishful thinking
* An acceptable rationale of how they work

¢ The continuing apparent lack of any readily acceptable scientific
basis on which to predict performance

Whether magnetic devices and related technologies really do work
under any or some limited circumstances is still debatable. It is clear,
however, that, in general, the chemical-based water treatment compa-
nies remain extremely skeptical, although the market has perhaps
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moved a little in the last few years from a position of “They probably
never work” to “They probably sometimes work.”

The magnetic devices industry continues to do itself no favors by
providing explanations that are often pseudoscientific gobbledygook!
Even within the industry, manufacturers of magnetic devices cannot
agree on what constitutes an effective design, and some suppliers seek
to gain marketing advantage by deriding competitive products.

Comments from the catalytic devices industry have at least proposed
that FW or MW water quality, recirculating water, and surface temper-
atures are key factors in determining whether such devices will perform.

Despite the rhetoric surrounding the subject of magnetic water treat-
ment, some “useful” information can be gleaned from technical papers
and supplier’s literature (extracts of which are reported below), which
may help the reader form an informed opinion on the benefits or other-
wise of this form of pretreatment.

* The FTA laboratory perspective notes: “The history of the tech-
nologies, as illustrated through primarily qualitative—but some
quantitative—assessment in many case studies, has shown that
when properly installed, a decrease in or elimination of scale for-
mation will be found. The key here is “properly installed.” By this it
is meant that a manufacturer or their qualified representative is
responsible for equipment integration.”

» The FTA on what-to-avoid notes: “This technology is littered with
disreputable manufacturers or vendors, the actions of whom have
given the technology an undesirable history in the eyes of many.
Work with a reputable manufacturer through their engineering
department or their designated installer. These people have much
more experience with the technology than the typical water treat-
ment engineering firm. Be aware of process water requirements
since these requirements may dictate the need to install solids sep-
aration equipment or iron removal equipment in order to maximize
the performance of the technology. Installation near high voltage
electrical equipment or strong magnetic fields is to be avoided since
these fields will interfere with the performance of this technology.”

» It is known and accepted that magnetic and other applied fields can
interact with certain charged species in water and other fluids in
such a way that the subsequent behavior of these species is altered.

» There appears to be evidence from certain university laboratories
that, although applied magnetic fields do not interact directly with
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charged species in fluids, they can result in changes in the crystal-
lization process such as changes in solubility, the rate of precipita-
tion, particle size, or crystal morphology.

» It is reported that various university laboratory—controlled experi-
ments and university-monitored field trials involving magnetic
treatment of fluids have shown reductions in calcium carbonate, sul-
fate, and phosphate scaling in a variety of industries, thus lengthen-
ing the operating cycles of industrial equipment before cleaning was
required (due to scale formation) and reducing the propensity of
calcium carbonate scale to occur over and above that achieved by
increased water turbulence. (It is difficult to find, however, actual
experimental reports in legitimate publications, or any specific ref-
erences, either to these reports or to trials that demonstrate the merit
of such devices in real-life industrial or commercial applications,
despite claims of their existence. It is also noted that some of the
university-inspired reports are critical and dismissive of negative
comments, yet are equally devoid of substantiated data.)

¢ Other university experiments have found that under certain scaling
conditions, with the right combination of magnetism, temperature,
acidity, and water flow rate, the rate of scaling can be halved and
that the scale so formed is not in the form of adherent crystalline
deposits, but rather a sludge or powder that is fairly easily removed.

* Various theories have been postulated to explain the phenomenom
that magnetic fields can change the way in which calcium carbon-
ate precipitates and crystallizes, the most probable one being that
the applied field distorts the electrical charge carried by small par-
ticles of calcium carbonate that have already formed in the water,
thus affecting the way in which they adhere to form large particles.

* Designs of proprietary magnetic devices have changed and evolved
throughout the years, perhaps partly to improve operating efficien-
cy or widen the scope of application, but also partly to overcome
voiced criticism of the supposed mode of action. Products contain
either permanent magnets, electromagnets, or both and may require
the installation of single or multiple devices for adequate water
magnetization. Devices may or may not successfully treat water in
a single pass and may or may not require frequent attention to
remove internal scale.

All designs claim to treat the water for control of crystalline
scales. Some designs claim to also control corrosion. There does
not appear to be any claims to nonchemically treat water so as to
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control any of the other problems sometimes or often associated
with water, such as incoming raw water contaminants (hydrogen
sulfide, iron, etc.), microbiological fouling (general aerobic bacte-
ria, sulfate reducing bacteria, algae, etc.), process contaminants
(ammonia, citrates, oil, plastic beads, wood pulp, etc.), or atmos-
pheric-borne contaminants (dust and dirt, beach sand, steel swarf,
etc.). Suppliers usually require operators to provide bleed or BD
facilities to control sludge buildup or precipitation problems due to
overconcentration or reactions such as calcium phosphate sludge
formation.

» The FTA reports that, “The operating principles for electrostatic
units are much different (than magnetic devices). Instead of causing
the dissolved ions to come together and form nonadherent scale, a
surface charge is imposed on the ions so that they repel instead of
attract each other. Thus. the two ions (positive and negative, or cations
and anions, respectively) of a kind needed to form scale are never able
to come close enough together to initiate the scale-forming reaction.
The end result for a user is the same with either technology; scale for-
mation on heat exchange surfaces is greatly reduced.”

Whether electrostatic technology is superior to magnetic device
technology is debatable. What is of interest is that, in a 1998 marketing
and technical support documentation pack from a major electrostatic
unit manufacturer, most of the information supplied related primarily to
cooling water applications rather than boilers. The boiler data, such as
there was, concerned only smaller, simple systems (e.g., HW boilers
and steam ovens).

Also in the pack was a publication, of 1975 vintage, entitled “How
Electrostatic Water Treatment Works” (National Engineer, the Journal
of the National Association of Power Engineers) indicating that perhaps
not much has changed in 33 years.

Quite separately, the results of a “properly controlled” trial were
published in a 1974 paper entitled “Electrostatic Descaler Testing: an
Evaluation” (Meckler, M., Heating/Piping/Air Conditioning, Reinhold
Publishing Co.). This paper concluded that “the test descaler was not
effective in preventing scale deposition, and we were unable to detect
any measurable reduction in corrosion potentials.”

NOTE: The author has, on behalf of engineering personnel, occasionally
conducted properly controlled, parallel trials of magnetic devices in hard-
working industrial cooling systems. All trials were less than successful.



338 Boiler Water Treatment: Principles and Practice

Additionally, while the author has sometimes observed such devices on

large-diameter pipe cooling systems (status unknown), no similar observa-
tion has ever been made at any “substantially sized” boiler house.

9.2.6.2 Examples of Nonchemical Technologies for
Scale and Hardness Control

Some examples of nonchemical technologies are:

Hydromag® provides electromagnetic water conditioners (connection
to an electrical supply required). These are disc-shaped and use “circu-
lar electrical coils embedded in body castings of a high-grade ferrite
material (copper-, nickel-, or chrome-plated), with controlled voltages
to produce powerful electromagnets of 2,500 gauss flux density.”

The design is claimed to work with different flows and pressures
in pipework and ensures that “rot only are lines of force concen-
trated in the correct direction but also water flow crosses these lines
at the correct angle (15 times in all), ensuring magnetic condition-
ing of the water is initiated.”

The design is further claimed to “fully treat full flows of water in
a single pass when installed direct to mains supplies, and water
treated magnetically maintains its state for up to five days.
Treatment results in hardness ions being attracted to other ions
(rather than to pipework), resulting in a larger neutral body that
has no ability to adhere to pipe walls or other contact surfaces, so
that no incrustations or hard scales form.”

Finally, the control unit, apart from controlling voltage, has a
magnetic polarity reversal switch operated by a variable timer, usu-
ally set to actuate every minute that “cleverly ensures no scale can
build up inside the unit, making the entire system maintenance free.”

Superior® water conditioners. These are tubular-shaped devices
that employ permanent magnets (no electrical connection). The
devices are designed with a cobalt-content alloy core, arranged so
that water flows around the magnetic core and perpendicular to the
magnetic fields.

The various sizes and types utilize single-bar, multifield, multi-
pole magnets singly or in factory assembled bar-bundles. They are
further designed for “easy disassembly and cleaning in systems with
existing corrosion build-up or iron content in the water.”

The devices are claimed to “ensure that magnetically treated
water keeps minerals in a soft amorphous powder form instead of
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the usual hard crystalline structure. This amorphous powder
deposits a thin film of aragonite talc on the inside of pipes and the
waterside of condensers, which prevents free oxygen in the water
Jfrom attacking the metal surfaces.”

* Aqua Magnetics® provide heavy industrial permanent magnetic
power units that have been developed from a patented diamagnetic
theory. The units are clustered around the raw water pipe.

The principle behind the technology is: “I. Molecules suspended
in fluids tend to cluster. 2. A fluid traveling through a pipe or line car-
ries these molecules and clusters. 3. Larger clusters tend to slow in
speed and move toward the side of the pipe or line, forming unwant-
ed deposits that restrict the flow of fluid. 4. Immediately, as the flow
of the fluid brings clusters of molecules in contact with the powerful
magnetic circuitry, clusters are broken apart with a single, instana-
neous jolt. 5. Free of large clusters of molecules, the fluid proceeds
through the pipe or line with chemical characteristics of fluid intact.
6. No system is too old. When preexisting scale is in the flow of the
treated fluid, it can become resuspended and gradually removed.”

+ Ener-Tec® have patented their Linear Kinetic Cell (LKC), which
is a screwed or flanged tubular-shaped electromagnetic device.
Claims include: “LKC will treat any volume passing through the
unit and the treatment is effective for 4,000 feet downstream.
Recirculating fluid systems (including boilers) will retain their net-
negative charge for up to 36 hours after the LKC is switched off.

“The LKC influences the water by modifying the charges of scale-
Jorming particles as they pass through the LKC. By inducing an
extremely powerful flux force field into the water in the direction of
flow and at the speed of light, the LKC’s effect is to stretch or rotate
the axis of each molecule, so that molecules form a tightly knit
molecular chain that carries its own electromagnetic force field.

“The LKC eliminates many problems that are presented by the
utilization of permanent magnetic or electrostatic water treatment
devices of which you may have heard.”

» ElectroStatic Technologies, Inc. provide FluidTron electronic
fluid treatment systems in various sizes. These items of equipment
generate an electrostatic field of between 20,000 and 30,000 volts
DC, at very low amperage.

It is claimed that, “The electrostatic chamber forms a local
capacitor within the piping system or vessel wall. Tiny particles that
would be part of scale, sludge, or bacterial deposits are charged to
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the same electrical polarity as the field within the electrostatic
chamber.

“The field will control the development of these deposits by
reducing the size of the particle collections and interfering with
their ability to bond together and form deposits.

“In addition, the surface tension of the water molecules passing
through the chamber is reduced, which allows the water to absorb
greater quantities of these scale- and deposit-forming minerals and
carry them away in suspension. As a result, scale that has been
formed within a system will gradually return to solution and be car-
ried away with the water flow.”

* Fre-Flo Water Systems, Inc. provide equipment utilizing nonmag-
netic, nonelectrostatic, Fre-Flo™ technology. Rather than try to
inhibit the development of scale (as with most types of nonchemi-
cal devices), this technology is designed to control bulk water scal-
ing and deposition by deliberately encouraging the formation of a
small amount of carbonate seed crystals.

The core of this catalytic water conditioner device consists of a
special perforated heavy-metal bar with a nonuniform, surface-spot
latticework structure (the bar is a mixture of metals that includes
Cu, Ni, and Zn). It is claimed that when water flows through the
bar, the pressure drops drastically, causing dissolved carbon diox-
ide to escape, raising the pH level slightly and resulting in the
water being supersaturated with calcite (crystalline calcium car-
bonate). The surface spots act as nucleation points for millions of
tiny calcite seed crystals to grow to subcolloidal size in a process
called epitaxial nucleation. The crystal seeds are eventually dis-
lodged into the bulk water by the shearing force of the water flow
and remain suspended as discrete particles, rather than agglomer-
ating as scale.

Some reduction in surface tension is also claimed (due to the for-
mation of calcite and a consequential reduction in the ionic concen-
tration of the water), although this is unlikely to provide any
practical benefit.

Additionally, for previously scaled systems, it is claimed that as
new calcite seed crystals flow away from scaled sites, a shift in
CaCO; equilibrium occurs, resulting in a continuous descaling action.

* BWT-Europe, A.G. have launched a free-standing electronic
device that, similar to the Fre-Flo™ technology, does not try to
inhibit the development of scale but is designed to control bulk



Pre-Boiler and Post-Boiler Treatment Processes 341

water scaling and deposition by deliberately shifting the hard-
ness—carbon dioxide equilibrium and encouraging the formation of
a small amount of carbonate seed crystals (nanocrystals).

The equipment is branded as the AQA™ total and uses a special
three-dimensional electrode to produce specific current-voltage
impulses to the electrically conductive particles, resulting in a local
displacement of the hardness—carbon dioxide equilibrium.

The so-called nanocrystals are formed in the active part of the
“1Q” electrode. Because of the small size of the nanocrystals, they
carry an electrical load that prevents coalescence. The nanocrystals
in their entirety are able to trap the hardness in the water, which
prevents limescale buildup in pipes and heaters.

The difference between this European technology and almost all
other nonchemical devices is that it has apparently been tested in
accordance with DVGW and OVGW guidelines, which represent
the highest European standards. Also, this product has been
endorsed by Alamo Water Refiners, Inc. a major and very rep-
utable U.S. equipment manufacturer and distributor.

Nevertheless, it should be made clear that the limescale has not
been removed, but merely trapped in nanocrystals and total evapo-
ration will still result in limescale deposits.

As an example, the AQA total™ model 14000 provides 62 U.S.
gpm (162 I/m) of limescale-free water from a unit 53 X 32 X 20
inches (H/W/D) and consumes 240 W.

9.3 PRE-BOILER PURIFICATION TECHNOLOGIES

Pre-boiler pretreatment is concerned with providing higher quality
MU and FW—that is, water with most, if not almost all, natural impu-
rities removed. There are perhaps as many interpretations of what con-
stitutes “high-quality” water as there are boiler designs requiring it,
and consequently there are also many specifications available, each
with minor variations on a similar theme. Trying to decide precisely
what is required, above and beyond a basic good quality, as provided
by the use of pretreatment equipment such as filters, softeners, and so
forth is difficult.

A summary of some earlier notes indicates that boilers requiring
higher quality MU and FW are:

» Higher pressure units, above, say, 580 to 600 psig (40 to 41 bar)
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» Highly rated boilers, say about 95,000 Btu/hr/sq ft/°K (300
kW/m?/°K)

* Larger and more complex plants, e.g., power boilers

+ Particularly compact or special design boilers, e.g., miniature,
packaged multitubed WT boilers and coil boilers

* High-quality or high-purity steam applications, e.g., ‘“clean”
steam generators for use in hospitals

NOTE:

1. This summary all but excludes FT boilers of any description from the
requirement to have high-quality (i.e., low TDS) MU water.
Exceptions are those FT boilers that have very low rates of CR and/or
a high alkalinity MU water supply, and some special purpose boilers.

2. Boilers of lower pressure rating that have significantly reduced
rates of CR should operate with higher quality water (i.e., lower
TDS) to avoid fouling and high BD rates.

3. Boilers of any substantial pressure rating that receive MU water
with naturally high alkalinity should incorporate a dealkalization
plant as part of the pretreatment and purification plant.

4. Mechanical deaeration is essential for all boilers operating at pres-
sures of over 290 psig (20 bar). Ideally, mechanical deaeration
should be provided for all larger boilers operating over 15 psig
(1.03 bar) but this is unfortunately often ruled out on grounds of
high capital cost.

There are essentially three primary technologies that are commonly
employed today for purification of boiler plant MU and FW:

¢ Demineralization/deionization (DI)
* Reverse osmosis (RO)
* Electrodialysis (ED)

In addition, it is worth mentioning ultrafiltration (UF) because it is
often employed as a “roughing filter” for each of these technologies.
There is still a need to provide a basic good quality water through the
use of media filters and other devices as a precursor to purification.

NOTE: Apart from demineralization, other ion-exchange processes that
may be considered as “purification” techniques include cation exchange
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dealkalization (anion exchange dealkalization essentially does not reduce
TDS), desilicizing, and condensate polishing.

Each type of technology has spawned a very wide range of subset
processes, and many of these processes may be considered to compete
with each other, both within and across disciplines, as mechanisms for
producing higher quality waters. In practice, however, although the ele-
ment of competition may have been true just a few years ago, today
each technology is recognized as having particular benefits (and limi-
tations) that tend to make for complementary rather than competing
processes. Consequently, although it is likely that, for any given RW
source, process designers can provide a range of treated waters at vari-
ous purity levels employing any of the individual technologies, they
prefer to mix and match processes to suit particular operational and
economic design requirements.

Thus, for many high-quality FW applications, various water condi-
tioning configurations employing two or more different technologies
are commonplace, several of which appear to have emerged as world-
wide “standard” industry processes. Some examples of high-quality
water purification processes are:

» Twin-bed DI + mixed-bed deionization (MB) polisher
* UF + twin-bed DI + two-pass RO

* RO + electrodeionization (EDI)

* RO + MB polisher

* ED + MB polisher

* UF + electrodialysis reversal (EDR) + RO

The question of which particular MU water pretreatment purification
technology or system of technologies to employ for a higher-pressure
boiler plant, special boiler design, or steam process can only be
answered by looking at the specifics of each case.

Because of the need to provide a case-by-case process design, there
is little to be gleaned in this specific area by referring to recognized
industry guidelines that cover WT and special design boilers, such as
“Recommendations for Treatment of Water for Land Boilers” (BSI
2486: 1997, British Standards Institution, U.K.) or “Consensus on
Operating Practices for the Control of Feedwater and Boiler Water
Chemistry in Modern Industrial Boilers” (1994, American Society
of Mechanical Engineers, U.S.A.).
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Although there are marginal differences, both references take the
stance of recommending a gradual improvement in FW quality, relative
to increased boiler pressure. There is no sudden cutoff beyond which it
is necessary to seek a higher grade of treated water.

Unfortunately, the same authorities also do not provide any recom-
mendations for FW silica content, sodium content, or electrical resis-
tivity/conductivity, all of which are important constituents of
high-quality water and are used as indicators of purity. (Silica and con-
ductivity recommendations are, however, provided for BW quality.)

Nevertheless, it is necessary to provide some rough rule of thumb as
a starting point for debate. It may therefore be convenient to consider
high-quality MU water at three levels, as shown in Table 9.2 and the
subsequent notes.

* Basic pure water: This grade can typically be obtained by any stan-
dard RO, twin-bed DI, or ED technologies.

Reverse osmosis requires good pretreatment to prevent membrane
fouling and loss of performance. Because it is seldom better than 60
to 70% efficient, there is a relatively high cost for pumping and dis-
charging the additional supply water consumed. Nevertheless, it is
good as a bulk water “roughing” process for purification.

Twin-bed DI often ceases to be economical when TDS levels
begin to climb, and it can be subject to bacterial infection and resin
fouling. Also, there are cost and safety issues associated with chem-
ical regenerant storage, consumption, and discharge. As a technolo-
gy, however, DI provides the widest possible versatility.

Electrodialysis is a well-established technology but suffers from
poor recovery rates and is very susceptible to scaling problems. (A
derivative, EDI, however, is able to overcome these problems, albeit
at a higher capital cost.)

Ion-exchange resins, RO membranes, and ED membranes all
have a typical working life of between 4 and 8 years before replace-
ments become necessary.

* Very pure water: To achieve this grade requires a further purification
process, over and above that necessary to provide basic pure water.
Second-stage processes include double-pass RO, MB polisher, or EDI.
Typically, the equipment would be configured in a dual or triple train.

» Ultrapure water: To achieve this MU water grade requires the use
of several special process features and quality control mechanisms
chosen from a wide array of technology “tools.” Routes chosen may
include the provision of UF both pre- and postpurification, carbon
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individual cations (e.g., Ca/Mg/Fe/Na/K) and anions (e.g.,
Cl/SO,/HCO4/NO,), ideally reported in milliequivalents per liter
(meq/l). Temperature, pH levels, organics, and silica content are also
necessary.

NOTE: Silica is generally not dissociated in water and thus does not affect
the ionic balance; nevertheless, because of the potential impact of silica in
boiler MU water, it should be reported separately.

Where IX designs are being considered, a one-off sample is simply
not appropriate. Real analyses over a period of time are required, and
seasonal variations should be properly understood in order to provide a
realistic design.

9.3.1.1 Some Basics of IX Resins

See Table 9.4 for general properties of IX resins and Table 9.5 for IX
equivalents.

* Resin bead polymer composition: Either acrylic resins or, more
generally, styrene (vinylbenzene, VB) are cross-linked with typically
4 to 20% divinylbenzene (DVB) in a copolymer network or matrix.

* Cross-linking function: This adds strength to the resin, so that the
higher the CL, the stronger the resin. Capacity drops proportionally
as the IX sites are on the VB and are reduced with increased cross-
linking.

* Resin bead structures: Either gel or macroporous resin types.
Gel resins have a lower level of cross-linking, which increases
kinetics, capacity, and operating efficiencies, but reduces strength
and resistance to fouling. Macroporous resins have a sponge-like
structure that provides greater stress tolerance and resistance to
fouling and physical breakdown, but at a cost of reduced capacity.

* Generic categories: There are four types, each with a charged func-
tional group added to the VB/DVB structure: strong acid(ic) cation
(SAC) with a sulfonyl group, weak acid(ic) cation (WAC) with a
carboxyl group, strong base(ic) anion (SBA) with a quaternary
amine group, and a weak base(ic) anion (WBA) with a tertiary
amine group.

» Cation resins exchange positive ions (e.g., calcium, magnesium or
iron) from water, while anion resins exchange negative ions (e.g.,
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Table 9.4 General Properties of IX resins

Total Wet Max.

CATION/ Exchange Oper. Swelling
ANION Resin Capacity Temp e.g.
type Notes meq/ml °F Na—>H
SAC(Na) 8% CL, Gel 1.9t0 2.0 280 S5to 7%
SAC (H) 8% CL, Gel 1.8t0 1.9 265 S5to 7%
SAC(NH)) 8% CL, Gel 1.9 to 2.0 260 —
SAC(Na) 10% CL, Gel 21t02.2 280 5t0 7%
SAC(H) 10% CL, Gel 1910 2.0 265 S5to 7%
SAC(Na) Macroporous 1.7t0 1.9 300 4 to 7%
SAC(H) Macroporous 1.8t01.9 285 4t0 7%
WAC(H) Acrylic 34042 250 15 to 20%
SBA(C1) Type 1, Gel 1.4 170 15 to 20%
SBA(OH) Type 1, Gel 1.1 140 15 to 20%
SBA(C1) Type 1, Porous 1.3 170 20 to 25%
SBA(OH) Type 1, Porous 1.0 140 20 to 25%
SBA(C1) Type 2 1.4t0 1.45 170 10 to 15%
SBA(OH) Type 2 1.4t0 1.45 95 10 to 15%
WBA(Free Base) Macroporous 1.3t0 1.4 210 15 to 20%

NOTES:

1. This is not an exhaustive list of resin types or grades

2. Capacity variations reflect differences between manufacturers

3. 1 meq/l = 21.85 Kgrains/cu ft

4. Cation resins are typically 50 to 54 b/cu ft

5. Anion resins are typically 41 to 44 Ib/cu ft

bicarbonate, chloride or sulfate). In twin-bed demineralization
processes, the cation bed (H* form) leads, followed by the anion
bed (OH form).

Strong acidic cation (SAC): Can exchange all cations and is very
useful for all types of water. Has good physical and oxidation sta-
bility and provides a variable capacity dependent on regeneration
levels. A limitation is the operating efficiency of SAC resins. A rel-
atively low cost resin.

Weak acidic cation (WAC): Provides only a partial exchange

capacity (only those cations associated with alkalinity). WACs have
a much higher (but fixed) capacity than SACs. High operating effi-
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ciency but limitations include a relatively high cost, poor kinetics,
and poor physical stability.

* Strong basic anion (SBA): Can exchange all anions and neutral
salts, including silica and carbon dioxide. Good kinetics and short
rinses, but there is a tradeoff between exchange efficiency and
resulting quality. SBA resins have a limited life, are thermodynam-
ically unstable, are prone to organic fouling, and cost considerably
more than the cation equivalent.

*  Weak basic anion (WBA): Removes only strong acids (hydrochlo-
ric, sulfuric, nitric). Does not remove SiO, or CO,. A high operat-
ing capacity and regeneration efficiency with good resistance to
organic fouling and thermal stability. WBA resins need longer rinse
times, have poor kinetics, and cost even more than SBAs.

* Type 1 and 2 resins: Refers to SBA resins. Type 1 resins are either
“standard” (particularly good temperature and oxidation stability)
or “porous” (higher capacity and resistance against organic foul-
ing). The structure of type 2 resins is similar to type 1 but provides
for maximum capacity and resistance to fouling.

NOTE: Before use for the first time, IX resins must be conditioned by soak-
ing in water for approximately 1 hour. Resins should then be backwashed
to reclassify the bed, so that the fine particles are on the top and the coarse
particles are on the bottom. After backwashing, the bed should be allowed
to settle and the water drained to 1 inch above the top of the bed.
Regeneration should then take place.

NOTE: Cation resin cleaning for removal of Fe, Mn, and Cu foulants is
achieved by soaking in a phosphonate-citric cleaner (5% + 5%) for sev-
eral hours or sodium hydrosulfite cleaner (4% Na,S,0 ) for 4 to 10 hours.
If the cations have accumulated within the resin bed, perhaps soaking in an
inhibited hydrochloric acid cleaner (10% HCI) is the only alternative.
Fouling from aluminum hydroxide floc requires an acid-sequestrant pro-
gram, such as a phosphoric-citric + sodium gluconate cleaner. For all
these procedures, use an air lance (very slow airflow) and provide ample
backwashing and rinsing.

Anion resin cleaning employs a caustic cleaning program and consists
of a partial caustic regeneration and displacement, followed by a warm
brine soak at up to 150 °F (65 °C). Following backwashing, the resin is
regenerated with warm 2 to 5% caustic, but the amount is limited to only
one-third normal dose (1 to 2 Ib/cu ft) with a flow rate of approximately 0.2
gpm/cu ft. Following regeneration, the resin is rinsed at the same flow rate
for 10 minutes and then injected with warm 10 to 15% caustic at 6.5 Ib/cu
Jt (same flow rate). A final 10-minute slow rinse is given.
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Table 9.5 Standard IX Resins: Approximate Equivalents

Amber
Resin Lite® Diaion®  |Dowex® | Duo-lite® | Imac®
SAC(Na) 8% CL IR-120 SK-18 HCR-W2 | C-225 C-12
SAC(H) 8% CL IR-120H HCRS-H
SAC(NH,) 8% CL
SAC(Na) 10% CL | IR-122 SK-110 HGR-W2 | C-255 C-14
SAC(H) 10% CL IR-252
SAC(Na) Macro IR-252 PK-220 88 C-26
SAC(H) Macro
WAC(H) Acrylic IRC-84 [WK-11 CCR-2 C-433 Z-5
SBA(CI) Type 1 IRA-400 [SA-10A SBR A-109
SBA(OH) Type 1
SBA (C1) Porous | IRA-402 |SA-12A SBR-P A-113 S55-40
SBA(OH) Porous
SBA(C1) Type 2 IRA-410 [SA-20A SAR A-116 S$5-42
SBA(OH) Type 2
WBA(FB) Macro | IRA-93/94 WA-30 MWA-1 A-378 A-20

Tonac/ Resin
Resin Relite® | Kastel® Lewalit® | Purolite® | tech®
SAC(Na) 8% CL C-249 C-300 S-100 C-100 CG8
SAC(H) 8% CL C-267 C-100H CG8H
SAC(NH,) 8% CL C-100 NH,
SAC(Na) 10% CL | C-250 C-300 AGR| S-115 C-100.10 | CG10Na
SAC(H) 10% CL C-100.10H | SACMP
SAC(Na) Macro CFZ SP-112 C-150 SACMP
SAC(H) Macro C-150H
WAC(H) Acrylic CC C-101 CNP-80 C-105 WACG
SBA(C1) Type 1 ASB-1 A-500 M-500 A-600 SBG1
SBA(OH) Type 1 A-6000H
SBA(C1) Porous 3-A M-504 A-400 SGBI1P
SBA(OH) Porous A-4000H
SBA(C1) Type 2 2-A A-300 M-600 A-300 SBG2
SBA(OH) Type 2 SBG2-OH
WBA(FB) Macro | A-329 A-101 MP-64 A-100 WBMP
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Table 9.5 Standard IX Resins: Approximate Equivalents (continued)

Amberlite® is a trademark of the Rohm & Haas Company

Diaion® is a trademark of Mitsubishi Corporation [previously Diamond
Shamrock Corporation (USA)]

Dowex® is a trademark of Dow Chemical Company

Duo-lite® is a trademark of Rohm & Haas [previously Dia-Prosin (France)]

Imac® is a trademark of Rohm & Haas [previously Imacti (Holland)]

Ionac/Relite® is a trademark of the Sybron Corporation

Kastel® is a trademark of Dow Chemical Company [previously Montedison

Sp (Italy)]
Lewatit® is a trademark of Bayer Corporation
Purolite® is a trademark of Purolite International
Resintech® Is a trademark of Resintech, Inc.

9.3.1.2 Some Basics of IX System Designs

For many years the standard method of restoring IX resins within a ves-
sel was co-current regeneration, whereby the regenerant flows in the
same direction as the service water flow—downward from the top of the
vessel. This method is inefficient and time-consuming. It also results in
incomplete regeneration of the resin at the bottom of the vessel (the pol-
ishing zone). As a result, co-current regeneration in new plants is all but
nonexistent in most parts of the world. In its place came counter-cur-
rent (reverse-flow) regeneration, which emerged as the dominant
technology more than 30 years ago and is still used today in a wide vari-
ety of designs. Here the regenerant flow is from the bottom up, which
provides the most concentrated regenerant exposure to the polishing
zone and cuts down on vessel outage time. Traditionally, regeneration
took place within the IX vessel, and a freeboard was necessary to pro-
vide space for backwashing the resin. BX softening and other relatively
simple IX processes still employ either full or partial freeboards. For
many DI processes, however, this vessel space is considered wasteful
and unnecessary and new operating designs have since emerged.

Since the 1970s more sophisticated IX designs available in the mar-
ketplace have utilized vessels completely full of resin (packed-bed
designs) with counter-current regeneration and single or multiple resin
configurations in the same vessel, or have provided external regenera-
tion in both batch and continuous regeneration processes. The original
packed-bed designs were pioneered by Bayer AG during the 1950s.
Current design technologies include:

» Hold-down beds: This design uses the traditional 30 to 50% freeboard
space for internal backwashing, but retains or holdsdown the resin in a
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compressed state during counterflow regeneration by means of water
injection. This ensures that proper restoration takes place. In hydraulic
systems, the eluted water and spent regenerant emerges from the mid-
dle of the vessel. Supply water enters from the top down, with the treat-
ed water emerging from the bottom of the vessel. Because of hydraulic
instability problems with some types of equipment, other designs have
emerged, including the use of inert resins, membranes, or inflatable
compression systems, to achieve the same hold-down objective.

Packed-beds: Here the vessel is full of resin, which results in con-
siderable efficiencies such as a smaller vessel size, a 20 to 30%
reduction in regenerant consumption (both acid and caustic), and a
10 to 15% increase in cation capacity between regeneration cycles.
There are many different packed-bed designs, primarily developed
by the various major manufacturers of IX resin. Packed-bed designs
include Schwebebett™ and Compound™ bed designs by Bayer
AG; UPCORE™ from Dow Chemical Co.; Amberpack™ from
Rohm and Haas, Inc.; Fluidlite™ from Purolite; and the down-
flow service/up-flow regeneration types from Degrémont.

In a fully packed bed, conventional backwashing cannot take
place inside the vessel, so packed-bed designs compensate for this
either by having some degree of partial freeboard or by providing
external backwashing. The supply water typically is from the bot-
tom up to the top, but this design may vary.

Both hold-down bed and packed bed systems may be designed to

hold single or multiple resins in the same vessel. Single resin beds are
often called monobeds. Multiple resin bed designs provide for either
single compartment or double compartment variations. Bed designs are
also termed mixed, stratified, layered, or sandwiched. Notes on some
bed designs follow.

Stratified beds: In some bed designs, and by use of carefully grad-
ed resins with specifically different densities, it is possible to com-
bine both weak and strong resins in a single compartment vessel, in
a stratified manner. There is a 100% freeboard. Supply water is from
the top down, with the weak resin on top and the strong resin below.
The treated water emerges from the bottom of the vessel.

Stratified packed-beds: A double compartment design that holds
stratified weak and strong beds but without any freeboard. Designs
vary, but typically the flow is opposite to that of the hold-down
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design, so the supply water is from the bottom up, and, thus, the
weak resin is at the bottom with the strong resin on top.

* Mixed beds (MB): A 100% freeboard is provided. Cation/anion
resins are intimately mixed in the bed for highest exchange quality,
but they are split during backwashing (due to density differences)
for double compartment regeneration. Supply water is from the top
down. During regeneration the SBA is on top and the SAC is under-
neath. Acid is in from the bottom and out at the top level of the SAC
(SAC-SBA interface). Caustic is in from the top of the SBA resin
and out at the interface.

* Trio-beds (triple beds): This is an MB double compartment design
with an intermediate-density inert resin added to physically split the
cation/anion resins during regeneration to minimize leakage.

*  MB packed beds (sandwich polisherers): An SBA-SAC MB pol-
isher unit but within a packed bed.

Compact bed IX designs, such as the Schwebebert, use packed-bed
and fluidized-bed functions to eliminate channeling.

Other IX designs employed to reduce resin volume include, for
example, the Permutit (now Vivendi/U.S. Filter Corp.) Scion® short
cycle deionizer design and the Scion-Hipol® (which has a cation pol-
ishing unit on the two-stage deionizer).

A further novel reduced-resin design is the ISEP® from Advanced
Separation Technologies, Inc. This employs a carousel holding 30
fixed bed columns of resin that continuously rotate to match 20 fixed
top and bottom ports. This design also provides for high purity water
and reduced regenerant demand and wash volumes, but at a significant
capital cost.

Clearly, it is necessary to be fully aware of FW purification objec-
tives because IX process selection can otherwise be totally bewildering.

9.3.1.3 Some Practical Functions of IX Systems

We are primarily concerned with IX purification processes that focus
on general industry and larger commercial and institutional boiler
houses and mechanical rooms. In this context, various potentially
appropriate dealkalization, desilicization, and demineralization
processes are discussed below.

9.3.1.3.1 Dealkalization Processes As noted elsewhere, for steam
plants operating at over 15 psig and for many special purpose boilers,
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a typical basic good quality FW specification provides for full soften-
ing as a minimum requirement. Where the water has high natural alka-
linity, this is often reduced via an IX dealkalization process in
conjunction with BX softening.

There are different types of IX dealkalization, depending on the
nature of the supply water, the final water quality needs, and the oper-
ating preferences.

Most processes will provide for degassing (decarbonation) by
means of a degasser, which provides an up-current of air through a
tower filled with polypropylene packing counterflow to meet a cascade
of water saturated with carbon dioxide. The degassed water collects in
a sump at the base of the tower. After degassing, the CO, content is
normally less than 5 ppm.

Where the alkalinity is reduced to only 1 ppm (as CaCO,), the pH
level is approximately 5.6; for 10 ppm alkalinity, the pH is approxi-
mately 6.6. Because of the acidic nature of the degassed water, it is cus-
tomary to raise the pH level to perhaps 7.0 to 7.5 using raw water or
caustic soda, as appropriate, before proceeding to any further condi-
tioning stages.

Some examples of dealkalization processes are provided below:

* Dealkalization by SAC(H)/Degassing: The hydrogen form cation
resin exchanges all cations, converting bicarbonates to carbonic
acid, which is removed by degasser. The effluent is both softened
and dealkalized but acidic, thus requiring neutralization.
Additionally, the TDS of the treated water is reduced by an amount
equivalent to the alkalinity originally present.

Where the supply water is of low hardness but high alkalinity
(the major contributor to alkalinity is sodium rather than calcium),
neutralization by a small addition of RW before the degasser adds
back a small amount of calcium but no further alkalinity. Where the
supply water is of high hardness and alkalinity but has lower levels
of chlorides and sulfates, neutralization affer the degasser, using
caustic soda, is the preferred practice.

NOTE: If caustic is added before the degasser, sodium carbonate alkalini-
ty is produced.

* Dealkalization by WAC(H)/Degassing: This process is excellent for
waters high in alkaline hardness and reduces the treated water TDS
by an amount equivalent to the alkaline hardness originally present.
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Where the supply water is high not only in alkalinity but also in
nonalkaline hardness (CaCl,, CaSO,, etc.), then, in practice, the
process includes a subsequent softening stage (i.e., WAC(H)/
Degassing/BX). The weakly acidic cation removes only the weak-
ly ionized salts such as calcium bicarbonate [Ca(HCO,),], so the
BX process is employed to remove all remaining nonalkaline hard-
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ness salts, providing fully softened water. To ensure that regenera-
tion is based on dealkalizer exhaustion, the BX is sized to provide 5
to 10% additional capacity.

Correction of pH level via caustic soda (after the degasser and
before the BX) is standard practice. Because both acid regeneration
and caustic pH correction are practiced, it is usual to isolate the
plant from the mains by providing a break tank. The full plant
therefore tends to be break tank, RW booster pump, acid measur-
ing tank, WAC, degasser, degassed water booster pump, pH cor-
rection, and BX. A schematic layout of this type of plant is shown
in Figure 9.3a.

NOTE: Hydrochloric acid is usually employed as a regenerant to avoid
risks of calcium sulfate formation when using sulfuric acid. (If H,SO, is
used, it must not exceed 0.8% w/w strength.) HCI can be used at 120% of
theoretical to obtain the maximum capacity and quality, but at the expense
of some mineral acidity during the early part of the run. Therefore it is pru-
dent to operate at only 100% of theory, which provides minimal alkalinity
leakage and loss of capacity.

The benefit of WAC over SAC is the extremely high exchange
capacity and lower (almost theoretical) regeneration efficiency. There
is some additional cost in capital equipment and higher resin prices,
but this is more than compensated for by lower operating costs. Weak
acid cation resin capacity is flow-sensitive, so flows must match
design criteria. The overall dealk/degasser/BX is the most popular IX
process of its kind in the world today, followed by BX/SBA(CI).

* Dealkalization/softening by single vessel stratified bed
WAC(H)/BX/Degassing: In this top-down process the WAC (H)
resin is stratified on the SAC (Na) bed, which produces fully soft-
ened and dealkalized water with no mineral leakage. There are two
stages of regeneration: acid followed by salt (with an intermediate
rinse). The salt has no effect on the WAC but replaces the SCA (H)
with Na. This process has the benefit of a small footprint due to the
use of a single vessel, but operating costs are higher.

* Dealkalization/softening by SAC(H)/BX/blend/Degassing: This
process is very suitable for water sources of variable hardness and
alkalinity levels and ratios. It passes a portion of the RW through the
SAC (H) and the balance through a BX (the process is called split-
stream dealkalization and softening). The first vessel removes all
cations, producing mineral acidity, while the BX replaces all
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cations, producing sodium salts, such as sodium bicarbonate.
Upon blending, mineral acidity reacts with sodium bicarbonate to
produce a neutral salt and further carbonic acid.

Both IX units remove hardness salts, and by splitting the RW
stream based on incoming water analysis and treated water needs,
any level of alkalinity can be produced. As in other dealkalization
processes, the treated water TDS is reduced proportional to the
alkalinity removed.

Dealkalization by SBA(CIl): The use of chloride anion exchange
for the dealkalization of naturally very highly alkaline waters for
boiler MU is very popular because it involves no acid regenerant or
acid-resistant equipment. Consequently, it is a safe process from a
handling perspective, capital costs are significantly reduced, and the
salt regenerant is inexpensive. The drawback is that there is no
reduction in TDS and consequently, in process boiler applications
where there is limited CR, the costs of BD are high and quickly out-
weigh the savings in capital costs.

In practice, as softening is also required, the process train is
BX/SBA(CI), and salt brine provides the regenerant for both units.
Also, the quantity of SBA (Cl) regenerant is increased by 5 to 10%
through the addition of NaOH solution to improve regeneration effi-
ciencies.

9.3.1.3.2 Desilicization Processes It becomes increasingly necessary to
remove or control silica as boiler operating pressures rise. Where IX
processes are considered, at lower pressures softening or dealkalization are
often provided, and at higher pressures demineralization, in some form,
becomes the norm. However, at medium pressures (say, 300-650 psig), it
is not generally necessary to go to the expense of demineralization, and yet
some control over silica is often necessary. Consequently, softening fol-
lowed by silica removal may be considered as a suitable process.

Softening and desilicization by BX/SBA(OH): This process tends
to be suitable when RW sources are relatively low in TDS and
where BW cycles of concentration may reach 30 to 50 times or
more. Under these circumstances, the BW silica content may
exceed normal operating limits (approximately 90 ppm SiO, at 300
psig, reducing to approximately 30 ppm SiO, at 650 psig). The
desilicization process is low in capital expenditure because an acid-
resistant plant is not required. The regenerant for both units is caus-
tic soda (Na for the SAC in the BX and OH for the SBA desilicizer).
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The BX converts all cations to sodium and the desilicizer
exchanges all anions, including silica, for hydroxyl ions, thus effec-
tively changing the treated water into a dilute caustic solution. This
is normally a suitable proposition for boiler MU because the FW pH
level typically required at these presssures is 8.5 to 9.5. A schemat-
ic layout of this type of plant is shown in Figure 9.3b.

9.3.1.3.3 Demineralization Processes As in dealkalization, there are
various IX demineralization process configurations possible depending
on the nature of the supply water, the final water quality needs, and the
operating preferences. Demineralization may take place in anywhere
from one to four vessels per train, depending on the specific purifica-
tion process.

Where silica and carbon dioxide removal is necessary, the anion unit
should contain SBA (OH) resin, and the degasser should precede the
anion.

* Demineralization by SAC(H/WBA(OH): Removes virtually all
TDS except silica and carbon dioxide. The weakly basic anion cuts
operating costs through a significantly enhanced capacity and
reduced regeneration demands. However any sodium slip from the
cation unit passes through the anion and increases the conductivity
of the treated water.

* Demineralization by SAC(H)/Degassing/WBA(OH): Removes
virtually all ionic TDS and carbon dioxide, but not silica. It is a cost-
effective process.

* Demineralization by SAC(H)/WBA(OH)/Degassing: Removes
virtually all ionic TDS and carbon dioxide, but not silica. It is a cost-
effective process.

* Demineralization by SAC(H)/SBA(OH): Removes virtually all
TDS, including carbon dioxide and silica. The TDS in treated water
is normally below 2 to 4 ppm. Conductivity is below 10 to 15
uS/cm, but this depends on the degree of sodium slip from the
cation. Any slip is converted to sodium hydroxide in the anion unit
(salt splitting), causing a sharp increase in conductivity and
increased silica solubility. The lack of a degasser drains the anion
unit capacity and requires increased caustic for regeneration.

* Demineralization by SAC(H)/Degassing/SBA(OH): Removes
virtually all TDS, including carbon dioxide and silica. The degasser
reduces the loading on the anion exchanger. Silica is reduced to 0.02
to 0.15 ppm SiO,.
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Demineralization by SAC(H)/WBA(OH)/Degassing/MB: Removes
virtually all TDS, including carbon dioxide and silica. When the RW
is high in chlorides and sulfates, the use of a weakly basic anion
reduces both the operating costs and the size of the MB.
Demineralization by SAC(H)/WBA(OH)/Degassing/SBA(OH):
Removes all TDS, including carbon dioxide and silica. This is per-
haps the most cost-effective method overall of producing higher
quality water when the anion loading is high. The bulk of the anions
are removed in the weakly basic unit, leaving the final strongly
basic resin to remove silica, any residual carbon dioxide, and
remaining anions.

Demineralization by SAC(H)/Degassing/SBA(OH)/MB: Removes
all TDS, including carbon dioxide and silica. This is a standard process
where the RW is high in alkalinity and silica. The MB acts as a pol-
isher with infrequent regeneration. Silica and sodium are both reduced
to below 0.02 ppm as CaCO,. Conductivity is below 0.1 pS/ecm. A
schematic layout of this type of plant is shown in Figure 9.3c.

9.3.2 Membrane Purification Technologies

There are a number of membrane technologies commonly available
and, although a brief description of the primary types is provided
below, we are primarily interested in reverse osmosis (RO).

Microfiltration is widely used in food and beverage industries for
clarification, concentration, recovery, and sterilization applications,
and for pharmaceutical and biological use. Microfiltration pore
sizes range from 0.1 to 10 . Some microfilter designs employ
ceramic membranes (also used in ultrafiltration, although the pore
sizes are much smaller), which are constructed from multiple layers
of sintered alumina to form an asymmetric monolithic element.
Ceramic membranes have the benefits of operating at any pH level,
up to 300 °C and 150 psig.

Ultrafiltration (UF) is used for the separation and concentration of
macromolecules and colloidal particles. Ultrafiltration membranes
usually have larger pore sizes than RO membranes, typically 1 to
100 nanometer (nm). Operating pressures are generally low
(30-100 psig). Applications include electropaints, gray water, emul-
sions, oily wastes, and milk, cheese, and protein processing.
Ultrafiltration is particularly useful as a pretreatment “roughing”
filter for the type of ion-exchange resin beds and EDR technologies
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used for processing boiler MU water. In UF systems, small mole-
cules such as water, simple sugars and alcohols, and all ionic
species, pass through the membrane (usually constructed of poly-
sulfone, polyethersulfone, polyvinylidene fluoride, or polyamide),
but resin foulants such as colloidal and polymerized silica, oils,
fats, and bacteria, as well as larger molecules are retained.

+ Nanofiltration (NF) is employed for applications such as water
softening, the removal of color, dyestuffs, and trihalomethanes,
and treating contaminated ground water. The NF pore size is
approximately 1 nm. This process does not reject dissolved sub-
stances as well as RO. Nanofiltration systems are sometimes called
membrane softeners because they reject double-charged hardness
ions (Ca/Mg) but are not so effective with single-charged ions
(Na/K). They are widely employed in the drinking water industry.

* Hyperfiltration (Reverse Osmosis) is a form of membrane distil-
lation or desalination (desalting) operating with membrane pore
sizes of perhaps 1 to 10 Angstrom units. The various individual RO
component technologies have improved tremendously over the last
20 to 25 years, and resistance to fouling and permeate output rates
have benefited. Nevertheless, all RO plants remain susceptible to
the risk of fouling, and adequate pretreatment and operation is
essential to minimize this problem.

Globally, the RO process is extremely widely used for bulk
drinking water, boiler FW, and ultrapure water for electronic and
pharmaceutical applications. Membranes are available in a number
of sizes, although for any good-sized application an 8-inch diame-
ter by 40-inch length membrane is the norm. Reverse osmosis mem-
branes are now available that offer higher salt rejection rates at
lower applied operating pressures, thus lowering the energy require-
ments of the process. For example, 8-inch membranes, having, say,
440 square feet of surface area, can typically produce 11,500 gal-
lons per day at a 99% salt rejection rate. The difference between low
pressure, standard, and premium membranes may be a 40% drop in
operating energy costs.

9.3.2.1 Reverse Osmosis

Reverse osmosis is at its best when employed to significantly reduce
TDS in water. It is effective at all levels of TDS, although not to the
same degree of efficiency. As such, it is often entirely suitable as a
purification technology for boiler MU water. It is efficient at removing
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colloids, bacteria, and higher molecular weight organics (unlike IX).
However, RO will not remove carbon dioxide unless the water is made
alkaline. Also, it is seldom as effective as IX for removing silica. This
deficiency can sometimes be improved by the use of selective silica
deposit control agents (polymers).

Where replacement of pretreatment and purification equipment is
required, RO is often the technology of choice to supplant softeners,
dealkalizers, and demineralization units, whether the boiler is a 100
psig unit for HVAC, an aging 1,000 MW fossil-fuel power plant, or a
2,000+ MW supercritical supplying power and district heat.

The basic reason for this migration trend is that RO systems are now
available from a host of OEM manufacturers in a wide variety of rela-
tively low-cost, skid-mounted, modular forms, and are excellent at
bulkwater TDS removal.

Some OEMs produce many of the individual components required
for their systems totally in-house, although there are also a large num-
ber of specialist equipment manufacturers for pressure vessel (PV)
housings, high pressure pumps, and the like. World-class membrane
manufacturers include Trisep, Koch, Fluid Systems, Hydranautics,
Du Pont, Osmonics, and Dow.

See Figure 9.4a for a schematic layout of a carbon filter, softener,
and RO train, and Figure 9.4b for a schematic layout of an ultrafiltra-
tion, RO, and mixed-bed polisher train.

9.3.2.1.1 Primary Components of RO Most larger RO plants for
boiler FW application are comprised of four key component areas:

» High-pressure pumping system
e Pressure vessels (PVs) and membranes
* Frame, distribution piping, and controls

* Pretreatment (e.g., filters, softeners, or antiscalents) and posttreat-
ment (permeate flush and clean-in-place systems)

A good estimate is that each of these areas comprise 25% of the cap-
ital cost. Membrane replacement and a pump rebuild may be required
after 5 to 6 years, so some provision for these costs should clearly be
made because they are not insubstantial.

Softening and raising the pH level of the RW tends to increase the
rejection rate of silica, boron, and total organic carbon (TOC). It also
tends to increase silica solubility, thus reducing the risk of silica depo-
sition on the membrane.
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Figure 9.4 (a) Basic pure MU water scheme: CF/BX/RO; (b) very pure
MU water scheme: UF/RO/MB; (c) very pure, membrane only, MU water
scheme: UF/RO/EDI; (d) mobile condensate polishing scheme: bag filter
SAC(H)/MB.
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Typically, RO plants require a RW supply with a salt density index
(SDI) of below 3.0 (ideally below 1.0) to prevent excessive membrane
fouling.

The heart of an RO plant is the semipermeable membrane, which
rejects salts dissolved in the pressurized raw water (RW) and permits
“pure” water to pass. Where a salt solution and a pure water source are
separated by a membrane, natural esmetic pressure forces the transfer
of pure water across the membrane to dilute the salt solution until equi-
librium is reached. In an RO plant, the applied pressure is much greater
than the natural osmotic pressure, and a percentage of the RW passes
through the membrane, producing high-quality permeate with typical-
ly 92 to 99% of the original TDS removed, while the balance of the RW
(the brine reject or concentrate water), containing a much higher
level of TDS, is rejected to waste. Membranes for water treatment
applications are constructed in two basic design configurations (hollow
fiber permeator and spiral wound cartridge) and of several different
materials, such as:

* Cellulose acetate (CA), which is of poor chemical stability, tends
to hydrolyze over time, is subject to biological attack, and can oper-
ate at only a limited pH range of 3.0 to 6.5 at 0 to 30 "C. It is wide-
ly available at low cost and is tolerant of continuous low-level
chlorine exposure, such as is found in many city waters.

* Aromatic polyamide (aramid) is of excellent chemical stability
and can operate over a pH range of 4.0 to 11.0 at 0 to 35 °C. It is not
susceptible to biological attack, but cannot tolerate chlorine.

* Thin film composite (TFC) is an ultrathin barrier membrane on
polysulfone support layer, of good chemical stability. It has a wide
operating pH range of 2.0 to 12.0 at 0 to 40 °C, but cannot tolerate
chlorine. TFC membranes are better at rejecting silica than CA
membranes.

There are two primary membrane designs:

» Hollow fiber modules, or permeators, are precisely machined units
containing bundles of fine hollow fibers, positioned parallel to and
around a perforated center FW tube, with only one or two bundles
per pressure vessel. They are widely used for brackish and seawater
supply applications. Hollow fiber modules exhibit a low flux rate
(permeate flow per unit membrane per unit time) and foul easily, but
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they tend to have high conversion factors (the percentage of feed
flow converted to permeate), typically 50 to 55%. This makes them
suitable for both small and large RO systems. They are easy to trou-
bleshoot, and the bundles are easy to change in the field.

* Spiral-wound elements are the first choice for many industrial boil-
er FW applications because of lower element cost, robustness, good
response to cleaning, and a high flux rate. (They are also widely used
for brackish and seawater applications.) Spiral-wound elements are
made from two or more permeate leaves wrapped around a plastic,
permeate discharge tube. Each leaf consists of two flat-film mem-
branes, supported and separated by a polyester fabric or plastic net
material. Single spiral-wound elements rarely exceed a 10 to 15%
conversion factor, however, so designers provide a variety of parallel
and series system configurations to overcome this problem and pro-
duce efficient RO systems. This low conversion factor makes spiral-
wound RO systems less suitable for very small systems and may
make troubleshooting of individual elements difficult in multiele-
ment PVs.

9.3.2.1.2 Design Considerations for RO Reverse osmosis plants are
typically assembled onto carbon steel or stainless steel frames using
permutations of components from the hundreds of individual “stan-
dard” stock items commonly available, including a wide range of
membranes, each with their own range of design features and applica-
tions.

This interchangeability of components gives rise to very many RO
configuration permutations and provides for a wide flexibility in sys-
tem design, but may make the direct comparison of competing RO
plants difficult at times.

Most RO systems, however, can be categorized according to the
three broad classes of water they are designed to treat, as noted below:

NOTE: Generally speaking, the higher the TDS of the RW source to the RO,
the higher the applied pressure required to produce a constant permeate
water TDS. Also, for practical reasons, the rate of permeate recovery tends
to decrease with increase in source water TDS.

+ Tap water. As city water, mains supply, and the like, tap water is
typically under 1,000 to 2,000 ppm TDS. It requires an RO plant
operating with an applied pressure of 150 to 300 psig and permeate
recovery rates of 80% down to perhaps 50% of the RW supplied
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(although very small, simple design RO units may produce only 15
to 30% recovery rates).

* Brackish water. Usually associated with salty water, brackish
water TDS levels range from 2,000 to 20,000 ppm or more. Most
industrial sources of RW supply may be well water, surface waters,
or the like, but do not specifically have to contain high levels of
sodium chloride. The RO applied pressure required is from 250 to
600 psig, and the permeate recovery rates are typically 60% down
to perhaps 40%. There is a tremendous variety in so-called brackish
water sources, and correct membrane selection and other design cri-
teria are critical to manufacturing an efficient RO plant.

* Seawater is increasingly being used as a RW source for industrial
water, drinking water, and boiler FW because of both a lack of suit-
able alternatives in some areas of the world and constantly improv-
ing RO water production—cost ratios. Seawater TDS levels vary
around the world, from approximately 36,000 to more than 45,000
ppm. As TDS levels increase, the RO applied pressure requirement
typically may increase from 800 to 1000 psig or more to maintain
recovery rates (usually 25-35%).

Most larger RO plants for commercial or industrial boiler plant appli-
cations work with city or brackish water sources of some description
and tend to use perhaps spiral-wound, thin film composite polyamide
(TEC) cartridges of 40-inch length and 4- to or 8-inch diameter, fitted
into GRP or stainless steel PVs holding from two to seven cartridges.
The required permeate volume for any given RW analysis is achieved by
linking one or more PVs together, thus collectively containing sufficient
numbers of the most suitable membrane cartridge.

When assessing the potential for RO as an RW treatment option and
reviewing “standard plant” specifications, it is important to compare
the rated membrane capacity against the available water source to be
treated. Reported RO membrane capacity may be based on a tempera-
ture of 77 °F (25 °C) and perhaps only a 1,000 ppm TDS RW. This level
of TDS may be much lower than the potential source of RW and the
temperature also may vary, making corrections necessary. At lower
water temperatures, the viscosity increases and the RO flux decreases
(output decreases). This increases the number of membranes required
to provide the desired flow.

It is almost always necessary to obtain one or more computer pro-
jection printouts from RO plant manufacturers to ensure correct RO
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design, with the best balance of variables (e.g., RW feed flow rate,
brine reject water flow rate, recovery rates, flux rates, and maximum
applied pressures). If, for example, flux rates on first-stage membranes
are higher than the manufacturer’s recommendations, membrane foul-
ing is likely to occur.

Various RO design techniques can be employed to maximize perme-
ate quality or recovery percentages. Double-pass RO plants permit the
permeate to flow through a second set of membranes to further reduce
the final permeate TDS, thus providing very high quality water, suitable
for high pressure boiler plants, and providing a competing technology
to deionization or ED.

Concentrate recycle RO plants allow some of the brine reject water
to recycle back through the plant, which improves the permeate recov-
ery rate. (The reduced flow of brine reject water does of course have a
proportionally higher TDS level.) Various types of high pressure, cor-
rosion-resistant pumps are used, including multistage, centrifugal and
plunger pumps, each with their own benefits and area of application.

Energy recovery turbine systems are available for very high pres-
sure RO (seawater) plants, whereby brine reject water under high pres-
sure can be used to spin an energy recovery turbine, reducing the RW
hp requirements (and hence electricity costs) by 30 to 32%.

Standard features of larger RO plants often include:

* Automatic periodic membrane flush to remove recent surface
deposits, thus reducing the risk of membrane fouling

* Permeate flush tank, from which an initial fill of permeate water
is used to flush out the system on shutdown

* High permeate TDS water reject system to maintain permeate
quality

* Programmable logic control (PLC) systems, which automatically
control the RO process to sustain output and quality specifications

* Clean-in-place (CIP) units for periodic membrane washing and
removal of organic deposits, inorganic scales, and biofouling

Reverse osmosis plant are always subject to an insidious and grad-
ual loss of permeate volume output or quality deterioration due to
membrane fouling. The rate of decline is strongly influenced by the
input RW quality. Therefore, any and all features, such as those above,
that can be employed to delay the onset and degree of fouling and
extend membrane life are to be recommended.
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9.3.2.1.3 Pretreatment Requirements for RO In addition to CIP and
other fouling control systems constructed within the main body of the
RO frame, it is vital that all due consideration be given to providing the
correct kinds of RO RW pretreatment, in order to further reduce risks
of membrane fouling. Options for pretreatment include:

Aeration: may be required to remove any hydrogen sulfide in the
RO RW, such as may be found in deep well waters.

Chlorine addition may be a prerequisite to sanitize the RO RW
supply line and oxidize any organics (followed by dechlorination
using sodium bisulfite after the MM filtration stage). Where chlo-
rine is required, it is usual to provide a 20- to 25-minute contact
period by means of a temporary storage tank. This is followed by a
repressurization pump system.

Ion-exchange softening is sometimes specified to remove all calci-
um and magnesium ions or to at least reduce the hardness salts
down to a tolerable level. Reverse osmosis system design engineers
may limit the percentage of permeate recovery by controlling the
brine reject water quality LSI to a level of perhaps +1.6 to +1.8. The
use of softeners may be beneficial in allowing higher permeate
recovery rates. Similarly, those chemical additives using more
sophisticated technologies also tend to permit higher design recov-
ery rates by extending the LSI of the brine reject to, say, +2.0.

Acid addition is commonly used to convert bicarbonates into the
more soluble sulfate salts to reduce the alkalinity of the RO RW,
which in turn modifies the brine reject water LSI. Sometimes it is
required to maintain the pH level within membrane limits.
Additionally, it may be used in conjunction with a reduced dosage
of antiscalent chemical to reduce the overall chemical treatment
Ccosts.

Acid is normally added into the low pressure RO RW supply line
and requires a static mixer to ensure rapid and even distribution of
the acid. Problems may occur at this point if the mixing is not com-
plete before the resultant lower pH level water reaches the high-low
pH controller because the controller will shut off the RW feed sup-
ply to the RO (to avoid damage to the membrane), only to open the
valve again moments later, resulting in pulsating feed supply. The
problem may be due to use of an electronic pump set for high pump-
stroke length and low stroke frequency, rather than the other way
around (low pump-stroke length, high frequency), which permits
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“slugs” of acid to enter the RW feed line. Or it may be due to a poor-
ly sized static mixer or insufficient pipe run before the pH con-
troller. Extreme care is needed when using sulfuric acid, as not
only does it present a serious personal danger from mishandling
but also it can damage membranes beyond repair.

* MM pressure filtration has tended to become standard practice in
many parts of the world as RO pretreatment and is designed to reduce
the maximum RW turbidity below 1 NTU and the SDI below 5.

Some designers push the RW flow rate through MM filters to as
high as 15 gal/sq ft/min. This generally is too high and may lead to
poor filtration. Also, the resultant cost savings due to a reduced filter
size is seldom warranted because the filter is a relatively minor cost
as a proportion of the entire RO scheme. A better maximum is per-
haps 9 to 10 gal/sq ft/min, with 5 to 6 gal/sq ft/min being preferred.

Where an RO is designed for continuous operation, dual or triple
MM filters are required (similar to ion-exchange softening) and,
because an RO plant can operate only at a fairly constant RW sup-
ply rate (it is basically either on or off), additional water must be
available for filter backwashing.

¢ Cartridge filtration is standard practice incorporating a 5y car-
tridge filter unit in the RW supply line, immediately before the RO
high-pressure pump, as a final preventative measure. (This is usual-
ly more to protect the pump against damage, rather than the mem-
branes.) Typically, these filters need replacing every 1 or 2 months,
which may present an unforeseen maintenance cost. An alternative
to these cartridge filters are bag filters with multilayer, progressive
depth, and bypass-transport systems. These bags hold the dirt inside
the bag, rather than on the outside as with cartridge filters, and have
10 to 20 times the holding capacity of conventional cartridges. They
also may be reusable.

* Chemical dosing is also generally required and most often employs
a polymeric organic antiscalent on a continuous basis and propor-
tional to the supply of RW fed to the RO. Chemical dosing may
often be used in conjunction with softening or acid dosing. The
selection of a chemical product is determined in part on the brine
scaling indices permitted for any particular RO design.

9.3.2.1.4 Chemical Treatments for RO Antiscaling and Antifouling
Duty Typically, organic antiscalents supplied for RO applications are
35% wiv “active” materials and dosed at between 2.5 and 6 ppm chemi-
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cal product, (depending on the composition of the source water analysis).
Some chemical products are available at up to 50% w/v “activity,” but
they require a proportionally lower dose rate. Higher strength chemicals
are often extremely viscous, which may present pumping problems.

NOTE: The calcium carbonate limit that RO system designers typically
require is +1.6 to 1.8 LSI in the concentrate or reject water, and the cal-
cium sulfate design limit typically calls for a maximum reject water satu-
ration ratio of 1.6 to 1.8 times solubility product.

Some chemical product manufacturers claim a need for higher dose
rates (say, up to 10 ppm) to minimize scaling and fouling tendencies,
but this is usually prohibitively expensive and may well prove to be an
overdose.

Powdered inorganic chemicals are also available as low-cost alter-
natives. There is consequently a wide range of chemical treatment for-
mulations used, including those based on the following products:

* Polyphosphate, often with sodium chloride. This is a very “low-
tech” approach, relying primarily on the threshold mechanism of
polyphosphate to prevent calcium carbonate deposition at the mem-
brane—water interface. Products based on this simple technology are
subject to many limitations and probably are inappropriate to most
industrial RO situations.

An example of a multiphosphate approach to formulations is:

Multiphosphate antifouling RO formulation

SHMP 28.0%
STPP 6.0%
MSP 12.5%
Water 53.5%

100.0%

» Acrylic acid and sodium polyacrylates. Products based on acrylic
acid or sodium polyacrylates are commonly used and generally per-
form satisfactorily on source waters with a TDS below 2,000 to
3,000 ppm and without specific additional risk factors such as a
high silica content (say, above 20 to 25 ppm as SiO,). Typically,
available polyacrylate products tend to be those of approximately
2,000 to 4,500 MW, with the lower MW materials generally being
the most efficient scale inhibitors. Some polyacrylate products are
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marketed as being suitable for “almost all RO applications,” which
undoubtedly is an ambitious claim.

A premium antiscalent product in this group is Flocon® 100 from
Great Lakes Chemical Corporation (originally the brand was
owned by Pfizer, then Ciba-Geigy, then FMC). Flocon 100 is a 35%
w/w, 2,000 MW acrylic acid polymer. An alternate and much more
concentrated product is Good-Rite® K-752, a 62.5% w/w, 2,100
MW acrylic acid polymer from Noveon, Imc. (formerly BF
Goodrich Company).

* Polyphosphinocarboxylic acid. Products based on this chemical
tend to be suitable for brackish waters up to say 10,000 to 15,000
ppm TDS and where high sulfates are present (200 to 300 ppm as
SO,). A feature of this type of chemical is not only its ability to deal
effectively with carbonate and sulfate scaling in higher TDS waters
but also the fact that it has dispersant properties of benefit in phys-
ically moving potential foulants away from the membrane surface.

A premium antiscalent product in this group is Belros® 435 from
Great Lakes Chemical Corporation (originally the brand was
owned by Ciba-Geigy, then FMC). Belros 435 is a 35% w/w, phos-
phinoacrylic acid—based product, similar in chemistry to the
Belclene® 161 (also from Great Lakes) used as a high-stability dis-
persant in BW internal treatment formulations.

* Polymaleic acid (PMA). The use of chemicals based on PMA and
some derivatives has become standard practice for very brackish
waters and seawater distillation processes around the world, where
the TDS may reach 50,000 ppm TDS, or where total hardness lev-
els exceed 500 to 1,000 ppm CaCO,. Its use in RO systems is grow-
ing. However, PMA has limited dispersing properties and may need
to be formulated with a dispersant chemical to provide satisfactory
performance with some RO designs. It is claimed that PMA is also
a successful silica deposit control agent and therefore may be incor-
porated into formulations where this is a problem.

A premium antiscalent product in this group is Belros® 285 from
Great Lakes Chemical Corporation (originally the brand was
owned by Ciba-Geigy, then FMC). Belros 285 is a 35% w/w, neu-
tralized PMA-based product.

In addition to these products, many other specialist chemical formu-
lations are available. For example, products may incorporate a propri-
etary polymer for very high silica control or blend in a carboxylate/
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sulfonate/nonionic functional terpolymer for high iron control
(Flocon® 260 is an example of an iron control polymer.)

Formulations for these problems tend to require higher dose rates,
which may prove expensive for some applications. An example is a 2
ppm dose rate of specific silica polymer product for every 10 to 12
ppm SiO,, ora 10 to 20 ppm dose rate to RW for blended products that
incorporate an iron control terpolymer.

Additional controls for high silica waters are:

* Limit total silica to below 240 ppm as SiO,
* Limit Fe and Al to 0.05 ppm total metal in the supply water source

* Limit magnesium times silica to 220,000 for pH levels under 7.5
and 110,000 where the pH level is over 7.5 (where magnesium is
reported as CaCOj, and silica as SiO,)

9.3.2.1.5 Chemical Treatments for RO Cleaning Duty There is a very
wide range of chemical treatments and services available for on-site
cleaning and membrane regeneration. The G.E. Betz company, Argo
Scientific, for example, is a major supplier of this kind of technology.
Also Avista, Kinglee, Professional Water Technologies, and others.

The type of membrane cleaning required depends on both the type
and degree of fouling experienced, but typically it is either organic
(bacterial slimes, natural organics, or process foulants and nutri-
ents) or inorganic (silica, carbonate, sulfate, or phosphate deposits).

Organic contamination often becomes much worse when nutrients
are absorbed onto carbon filters and the bed acts as a support for bio-
logical growth, thus necessitating the need for periodic disinfection
programs. Formaldehyde and sodium bisulfite are commonly
employed for this purpose, although 2,2-dibromo-3-nitrilopropi-
onamide (DBNPA) is generally more succesful. DBNPA is produced
by Dow Chemical Company as Dow® Antimicrobial 7287 (20% solu-
tion) and Antimicrobial 8536 (5% solution).

Formaldehyde is used at 0.1 to 1.0% concentration for system disin-
fection and long-term storage. Sodium bisulfite may be used at 500 ppm
for 30 to 60 minutes per day to control biological growth. It also may
be used at a 1% strength for long-term membrane preservation. A
hydrogen peroxide and peracetic acid combination is also sometimes
used (0.2% maximum concentration of hydrogen peroxide).

Disinfection of heavily fouled systems generally requires a lower-
ing of the pH level to between 6 and 7 and addition of DBNPA at 25
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to 50 ppm of 5% for several hours in a soaking and recirculating action
program. Isothiazolinones are also employed.

NOTE: The above applies to composite polyamide and polyvinyl derivative
membranes. Do NOT use chlorine, which is suitable only for cellulose
acetate membranes.

Removal of general organic fouling is best achieved by alkaline
cleaning based on caustic, EDTA, and a surfactant such as sodium
dodecyl sulfate or sodium lauryl sulfate.

Removal of iron and inorganic scales is achieved by the use of formu-
lations containing 5 to 10% of acids such as phospheric or citric acid.

Membrane cleaning generally requires a 3 to 5% strength cleaning
solution to be circulated through the PVs for 1 hour at a flow rate of
perhaps 35 to 40 gpm (130 to 150 1/m) for 8-inch membranes and 9 to
10 gpm (35 to 40 1/m) for 4-inch membranes. After cleaning, drain and
flush the cleaning tank, refill with chlorine-free rinse water, and rinse
to drain for several minutes, or as long as is needed to remove all traces
of foam and cleaning residues.

An example of a combination formulation is:

Low pH RO membrane cleaner

NaOH commercial 46% solution 2.0%
Citric acid 10.0%
EDTA commercial 38% 5.0%
Sodium lauryl sulfate 2.0%
Sodium polyacrylate 2.0%
Water 79.0%

100.0%

Where membrane storage is required after cleaning, a 5% glycerol
solution containing 0.5 to 1.0% weight formaldehyde often is employed.
The membranes should be totally immersed, with all inlet and outlet
valves closed. This solution should be changed every 30 days.

9.3.3 Purification by Electrodemineralization

Electrodemineralization includes a number of subset technologies,
including electrodialysis (ED), electrodialysis reversal (EDR), and
electrodeionization (EDI). Electrodeionization is sometimes termed
continuous electrodeionization (CEDI) or continuous deionization
(CDI).
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9.3.3.1 Electrodialysis

The ED process is a reliable, membrane-based, electrically driven dem-
ineralization technology that is more than 50 years old. It is suitable for
the production of basic pure water from lower TDS supply sources.
Commercial ED units consist of hundreds of individual cells in a mod-
ular membrane sandwich arrangement, bounded by electrodes and
linked to a direct current (DC) rectifier-controller. The total treated
water flow is a function of the number of cells in the ED unit.

Each cell contains three water-filled compartments, with the central com-
partment having both a cation- and an anion-permeable membrane.
When current is applied, a cathode (—) in the first compartment attracts
cations (+) from the central compartment through the cation-permeable
membrane. The negatively charged membrane (a polysulfonated cross-
linked polystyrene) prevents the migration of negative anions.
Simultaneously, the anode (+) in the third compartment attracts anions (—)
from the central compartment through the anion-permeable membrane. The
positively charged membrane (cross-linked polystyrene holding a quart-
ernized amine) prevents the migration of positive cations. Consequently,
water flowing in the central compartment becomes progressively deionized.

Electrodialysis is a particularly economic process for low-salinity
waters when compared to RO because, although the initial capital cost may
be 10 to 15% higher, it generally requires no pretreatment, it produces a
higher recovery rate (around 80-85%), it has a lower operating and main-
tenance cost, and the membranes last twice as long (up to 10 years).

Electrodialysis is, however, not so efficient when dealing with water
having a high calcium loading bacause there is a tendency for scaling
to occur. Mechanisms to overcome this include devices to periodically
reverse current polarity, or sodium cation ion-exchange softening
may be employed. Where higher TDS waters are encountered, hydro-
gen cation ion-exchange softening can be utilized. High-silica waters
can be treated by the prior addition of alkali which ionizes the silica for
removal at the anion membrane. Electrodialysis is a viable “roughing”
process for mixed-bed demineralization, thus high-purity water may be
produced by means of a BX/ED/MB train.

9.3.3.2 Electrodialysis Reversal

Electrodialysis reversal is a development of ED and is also employed
either in its own right for the production of basic pure water or as a
component in a larger system for very pure or ultrapure water.
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This technology is programmed to provide frequent short periods of
electrical polarity reversal (say, 1 minute every 30 minutes or so),
which reduces the scaling potential inherent in the ED process when
treating higher TDS waters. Although the pure water flow rate is dis-
continuous, recovery rates are higher (typically 90%), silica removal is
also high (typically over 90%), and the need for additional capital to
provide basic pretreatment (e.g., softeners) or pH level adjustment is
avoided. Also, the membranes can tolerate low levels of chlorine (say,
0.3-0.5 ppm Cl, as typically present in city waters), unlike the TFC
membranes commonly found in “packaged” RO plants.

As with ED, RO, and other membrane techniques, the primary oper-
ational cost of EDR is that of pumping water through the system, and
pumping costs are proportional to the TDS of the incoming water. Cost
for the actual electrodialysis is low.

Electrodialysis reversal can produce water of below 5 pS/cm con-
ductivity (sometimes lower) the membranes are essentially impervious
to fouling, and the polarity reversal provides an excellent membrane
and cell compartment cleaning mechanism. This technology lends
itself to an all-membrane approach (triple-membrane process) for the
production of high-purity water employing UF/EDR/RO.

9.3.3.3 Electrodeionization

A further derivative of ED is EDI, whereby cell pairs are arranged in
plate-and-frame format with each cell-pair being provided with a
cation- and an anion-permeable membrane and spacers to permit water
flow. The cell-pair consists of a dilute stream compartment (produc-
ing a high-purity product water) and a concentrate-reject stream
compartment (producing a high TDS stream flowing to waste). Cell-
pairs are again bounded by a set of DC current electrodes, as in the ED
process, and are grouped together as an EDI stack with a parallel-flow
arrangement to provide the desired flow rate.

The novel design of EDI is that the dilute stream compartment con-
tains mixed IX resin (similar to an MB polisher), which provides two
important benefits:

1. When incoming TDS is initially high, the resins (in salt form) pro-
vide additional electrical conductivity, which aids ion movement
across the membranes.

2. When the dilute stream becomes progressively depleted in ions, the
increase in mass transfer resistance at the water-resin boundary
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layer provides for the development of high-voltage gradients. This
causes the lysing of water molecules into hydrogen (H*) and
hydroxyl (OH") ions, which in turn serves to continuously regener-
ate the resin without the need for acid or caustic.

Although EDI may be used as a process for the production of basic
pure water, in practice it suffers from the organic fouling potential of
resins and the scale fouling potential of ED when higher TDS water
sources are utilized. Appropriate pretreatment is therefore required. As
a consequence, EDI is best suited for the production of very pure and
ultrapure water by acting as a polisher to follow bulk water deioniza-
tion by RO. Under these circumstances, it competes with both double-
pass RO and MB units.

Where low to moderate flow rates are encountered, it is likely that
EDI is less expensive when both capital and maintenance costs are con-
sidered. For high flow rate systems, there is little to choose between the
three technologies, although the EDI does have the advantage of not
producing acid or caustic waste streams.

Reverse osmosis/electrodeionization (RO/EDI) plants are available
in modular form to suit any desired input-output water quality and flow
rate. A RO/EDI system should be capable of producing high-purity
water of perhaps 5 to 20 wS/cm conductivity (0.2-0.05 M{/cm resist-
ance). By providing a second EDI stack in series, it is possible to
achieve even higher quality of up to 0.055 wS/cm conductivity (18.2
M{)/cm resistance).

Both RO/EDI and RO/MB have overtaken twin-bed DI/MB as pre-
ferred technologies, and it is likely that RO/EDI will eventually emerge
as the ultimate winner because of its lack of any chemical requirements
for regeneration. However, there are several excellent EDI designs cur-
rently available in the marketplace from world-class manufacturers. As
these designs are different, they do not all provide identical perform-
ance under specific operating conditions. Examples of EDI
designs/manufacturers are:

* Ionics, Inc.

* The E-Cell™ (from General Electric) as used by Osmeonics, Inc.,
Chemitreat PTE (Singapore), and others

» U.S. Filter with its CDI™ system

* The XL™ from Electropure, Inc., which finds its way into systems
produced by several original equipment manufacturers (OEMs).
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Optimum performance is generally provided by a totally integrated but
modular system with a high performance/low flux EDI design to provide
for maximum rejection of silica and other troublesome elements such as
boron. See Figure 9.4c for a schematic layout of a UF/RO/EDI train.

9.4 POST-BOILER CONDENSATE CONDITIONING

The various mechanisms for external (i.e., nonchemical) treatment of
steam condensate are essentially concerned with restoring the conden-
sate to a previous high-purity condition by removing contaminants
resulting from corrosion and steam utilization. Technologies employed
range from the use of simple bag filters and strainers, through self-
cleaning pressure leaf filters and electromagnetic separators, to con-
densate polishing (which, in practice, may be quite complex and
simultaneously encompass both filtration and ion-exchange processes).

Where condensate is severely contaminated due to excessive iron
content, high pH levels, or alkalinity, carryover, or process intermedi-
aries, it is common practice to consider dumping the condensate. This
obviously is not a particularly sensitive course of action in an era of
high-profile environmental issues and is additionally expensive because
of disposal costs and the loss of valuable heat content.

Today, there is almost always a relatively low-cost, “low-tech” solu-
tion available as a viable alternative to dumping condensate. Most CR
recovery or polishing solutions employ a fixed installation, but mobile
retrofits increasingly are being provided by outsourced service
providers. See Figure 9.4d for a schematic layout of a mobile boiler
condensate conditioning plant.

9.4.1 Condensate Strainer—Filter Units

As with the basic pretreatment of MU water for smaller boiler plants
applications, various sieves, screens, cyclones, and strainers may
sometimes be used for filtering condensate, essentially to remove iron
oxide particles. Also bag, cartridge, and candle filters (with or with-
out a filter aid) are employed (see section 9.2.4.4).

Because of the HW temperatures involved, metal basket strainers
tend to be popular, but in-line bag filters using high temperature—resist-
ant bags are also widely used. The benefit of strainers and bags over
cartridges and candle filters is that where iron oxide transport is the pri-
mary problem, the iron particles are trapped inside and cannot fall off
or otherwise recontaminate the CR system.
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9.4.2 Electromagnetic Filtration and Electromagnetic
Separation (EMF and EMS)

Electromagnetic separators sometimes are used as “filters” for the
removal of ferromagnetic iron oxide from condensate and thus pre-
vent it from being transported back to the boiler.

NOTE: EMS systems are legitimate technologies and should not be con-
Sfused with magnetic devices proposed for pretreatment of MU water:

EMS equipment generally consists of an electrical control unit and
one or two tall cylindrical pressure vessels of small diameter, perma-
nently installed in the condensate line. Each vessel is filled with iron
balls, needles, or plates, and strong magnetic fields develop in the inter-
stices between the balls when an electric current is applied. Iron oxide
particles are attracted to the magnetic poles (where the magnetic inten-
sity is greatest) and are retained; in addition, the applied magnetism
reduces the physical spacing and filtration of particles takes place.

Periodically, the current is switched off, which demagnetizes the
equipment, and the filter is backwashed to remove trapped iron oxide.

The efficiency of EMS systems is adversely affected by the presence
of oils and greases in condensate, and this should be removed by other
means.

Clearly, the efficiency of the EMS is dependent on the magnetic char-
acter of the transported iron oxide and other particles, and if they are not
magnetic, then no filtration occurs. Unfortunately, it is not unknown for
installed EMS units to be ignored or their true function to be in doubt.
Consequently, they may have to operate for long periods without any
effective backwash or maintenance program being provided.

9.4.3 Condensate Polishing

For almost all larger boiler plants, the relatively high cost of producing
MU water and the heat energy inherent in condensate deems it neces-
sary, wherever possible, to recover for reuse condensate to the greatest
extent.

Recycled condensate often is of higher quality than FW, although in
facilities with extremely long runs of steam and condensate lines, or
where amine treatments are not used (e.g., some food processors, hos-
pitals, drug manufacturers, etc.) and in high heat-flux power boiler
plants, there is a tendency for the condensate to be contaminated by
iron and smaller levels of copper.
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NOTE: Where iron and copper corrosion products develop in CR systems,
typically the copper is approximately 10% of iron level.

Under these conditions, it often makes sound economic sense to
install a condensate polisher as a means of restoring condensate
quality and recycling it. Although the concept of condensate polish-
ing encompasses equipment such as strainers and electromagnetic
separators, in common parlance it has come to mean the restoration
of condensate to a previous high-purity condition by means of ion-
exchange resin technology.

There is a very wide range of condensate polishers available, and it is
important to properly understand the background to the problem to make
the correct selection and ensure the economic viability of the project.

Essentially, condensate polishers are pressure vessels containing
ion-exchange resins in some form and configuration. There are prima-
rily two different types of duty performed:

+ Filtration of suspended solids, primarily particulate iron oxides.
Here the preferred media/process is powdered-resin precoat filters.

+ Exchange of ionizable materials, primarily dissolved iron. Here
the preferred media/process is resin bead deep-bed polishers.
Resins may be operated in different cycle modes and where, for
example ammonia, morpholine, or AVT programs are employed,
specific operating conditions are necessary to avoid adverse effects
of the ammonia anion cycle.

In perhaps more than 70% of cases, the major problem is the physi-
cal removal of particulate matter, but also in more than 70% of cases,
the polishers selected utilize resin bead deep-bed polishers, which are
not necessarily the optimum solution.

* Powdered resin filtration is approximately 90 to 95% efficient,
whereas deep-bed polishers are perhaps 60 to 70% efficient.

* The ion-exchange capacity of a powdered resin precoat filter is per-
haps only 6% that of a deep-bed polisher.

* Polishers may be installed either full flow (in-stream) or partial flow
(side-stream). Flow rates vary enormously, anywhere from 1 to 100
gpm/sq ft of surface area, although 25 to 50 gpm/sq ft is typical.

Although condensate polishers mitigate corrosion problems in the
condensate, FW, and boiler, it should be remembered that they do noth-
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ing to protect the steam piping. As in most areas of water treatment, there
is a chain of cause and effect. Where condensate corrosion problems
develop, it may be advantageous to go to the root cause and eliminate it
rather than embark on an expensive condensate polishing project.

9.4.3.1 Powdered-Resin Precoat Filters

Powdered resins systems (80-600 mesh) typically operate at lower
pressure drops, generate less waste water, take up less space, and
cost much less when compared to deep-bed polishers. However, they
operate at only 3 to 4 gpm sq ft (although the filter element area is
large) and are designed to be disposable, so that the powdered resin
must be replaced whenever the bed is reconditioned. Sometimes
inert resins or cellulose-based fibers are used either in place of pow-
dered resins or as a premix, where they function as both filter aids
and absorbents.

In large power plants, precoat filters are traditionally used only when
freshwater condenser cooling is employed because brine or seawater
condenser leaks would quickly overwhelm the limited ion-exchange
capacity available. They also are commonly used for continuous filter-
ing of suspended corrosion products under variable power load condi-
tions and when frequent boiler startups are necessary.

NOTE: Condensate from the startup of large boilers often contains up to
perhaps 40 to 50 ppb Fe, 150 to 200 ppb Cu, and 4 to 5 ppb Ni.

It has been observed that, in some older power plants designed
with precoat filters installed ahead of deep-bed polishers, the deep-
bed units were not needed because of effective filtration by the pre-
coats. Where precoat filters are installed, it is sometimes the
practice to make use of hydrazine (or hydrazine substitute) to con-
vert amorphous iron oxides to crystalline iron oxides, which
enhances filtration.

9.4.3.2 Bead Resin Deep-Bed Polishers

A wide variety of polishing bed designs are employed. These may be
either externally or internally regenerated and supplied with various
grades of tough gel or macroporous resins. The selection of a deep-bed
(i.e., 3648 inches, 900-1,200 mm deep) polisher depends on the spe-
cific operating circumstances. Types of polishers include:
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» Cation polishers: Where there is a need to keep costs as low as
possible, some process industries (such as the pulp and paper indus-
try) use SAC gel resins in the sodium (Na*) form to remove iron.

» Cation/anion polishers: Co-generators and other lower heat-flux
power generators often employ cation/anion polishers. The ratio
tends to be 60% cation to 40% anion.

NOTE: Ratios of resins used for CP must also consider the cost element
because anion resins are considerably more expensive than cation resins.

* Cation/MB polishers: This is a common combination in general
process industry. The lead cation unit is generally in the hydrogen
ion (H") form, which protects the MB against iron fouling and pro-
vides for very effective Fe and Cu removal. This arrangement is also
very useful in the power industry, where there is a risk of condenser
in-leakage, as the lead cation unit, which tends to take most of the Fe
and Cu removal load, provides additional protection to the MB units.

* Naked MB polishers: This is an industry term covering both stand-
alone and noncoated MB polishers. They are widely employed and
are generally designed for larger installations, operating typically in
banks with a 36-inch (900 mm) bed depth, 40% SAC resin and 60%
SBA, 60 to 130 BV/hr, and external regeneration. The 40/60 resin
volume ratio provides close to a 1:1 equivalent mix.

+ Cation/anion/MB: This is a traditional design but is often too
expensive and basically unnecessary when the primary demand is
for particulate filtration.

» Triple polisher: This design is sometimes found in high heat-flux,
nuclear, and near-critical power units. Typically, the lead cation is in
the hydrogen form with an 11- to 12-inch (280-300 mm) bed depth.
The intermediate polisher is an anion bed in the hydroxyl form with
a 15- to 16-inch (380—400 mm) bed. The trailing unit is a second H*
cation polisher with an 11- to 12-inch bed. MB beaded resin pol-
ishers may typically be operated in either hydrogen-hydroxide
cycle or ammonia-hydroxide cycle. Each operating systems has its
benefits and disadvantages:

* Hydrogen-hydroxide cycle: Provides the most favorable operat-
ing cycle and results in near neutral water of very high quality.
The (hydrogen form) cation resin converts silica to silicic acid
(H,Si0,), which is then retained by the (hydroxide form) anion
resin but breaks through first due to its very weak nature. Poor
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regeneration, aging anion resin, and high water temperature all
lead to early silica breakthrough, so the (expensive) anion resin
must be kept in good condition. In hydrogen-hydroxide cycles, the
carbon dioxide is unaffected and is ejected with any air. Where
ammonia is present from AVT, amines, hydrazine, or just plain
ammonia addition, the cation resin is rapidly exhausted by
exchange with the ammonium ion (NH,"), so additional cation
capacity is required.

* Ammonia-hydroxide cycle: Running costs are less than in hydro-
gen-hydroxide cycle, with cations operating in the ammonia form,
but quality is compromised. Where ammonia is present and the
hydrogen form cation resin becomes fully converted to the ammo-
nia form, ammonia eventually breaks through into the effluent
(ammonia break). The higher operating pH level causes complex
silica compounds to be formed that that become more difficult to
remove. Where carbon dioxide is present, ammonium carbonate
is formed, and the carbonate can quickly exhaust the anion resin.
Anion resins also may operate in an amine cycle form (from mor-
pholine) with similar benefits of low operational cost but result-
ing in potential problems caused by the high operating pH level of
the CP.

So far, the discussion has primarily centered around the contamina-
tion of condensate due to iron and copper. However, large process
industries often produce condensate containing oil, grease, and other
contaminants, and these must also be removed because they are not
only damaging to the boiler plant waterside, but may can adversely
affect condensate polisher components.

The type of oil-removing equipment used may be alum or caustic
precoat coke filters, diatomaceous earth filters, or coalescing filters,
sometimes employing oleophilic resins as oil strippers. Phenolic
formaldehyde demulsifiers are also sometimes used.

Deep-bed condensate polishers are commonly used for nuclear reac-
tor power plants. Due to the extreme operating conditions, the resin is
sometimes taken out of service as frequently as every 3 weeks for ultra-
sonic cleaning. This process removes the iron oxides and other partic-
ulates filtered out by the resin media.

Deep-bed condensate polishers also are used to provide protection
against condenser in-leakage in fossil-fueled sub- and supercritical
boilers. Where condenser in-leakage occurs, it results in contamination
of the condensate by Na, Cl, Ca, and Mg.
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NOTE: Condenser in-leakage may develop during winter heating loads when
velocities are high. The increase in velocity adds to condenser stress, occa-
sionally resulting in circumferential fatigue cracking of condenser tubes and
weeping of condenser water. In fossil fuel-powered boilers, this may result in
calcium deposits, overheating, and tube failure. Where it is not possible to
shut down the boiler, a modification to the internal water treatment program
to include chelant chemistry (possibly at a reduced boiler loading) may pro-
vide a “temporary fix” until a proper repair can be scheduled.

Where condenser in-leakage develops in nuclear reactor boilers, cal-
cium hideout may occur in the reactor water, implying that some leak-
age of Ca and Mg may have occurred from the condensate polishers.
There also may be some sodium or chloride leakage from the polish-
ers (under good conditions, the polisher effluent usually contains below
0.1 ppb Na).

Clearly, this problem is serious because the minimum polisher efflu-
ent quality is determined by the maximum impurity concentration in
reactor water, and current industry guidelines limit chloride and sulfate
to below 5 ppb in reactor water.

The sulfate level in the reactor water is a good indicator of sodium
contamination, and it may be observed by an increase in the pick-up
rate of sulfate, from perhaps 0.2 to 0.4 ppb to 3 to 4 ppb.

9.5 NOVEL PRETREATMENT OXYGEN
REMOVAL TECHNOLOGIES

All boiler operations utilize some form of basic chemical oxygen scav-
enging, and most larger facilities also employ mechanical deaeration
prior to chemical polishing. Alternatives to these essentially independ-
ent techniques exist and have been steadily gaining in popularity for
application in larger boiler plants and in other types of ultrapure water
applications.

Since the early 1980s a chemical-equipment combination technique
has been available utilizing hydrazine and a catalytic carbon filter bed,
and since the early 1990s gas transfer membranes have entered the
market and proved to be particularly effective.

9.5.1 Oxygen Removal Using Catalyzed
Carbon Bed Technology

Despite the potential carcinogenic nature of hydrazine, it is still wide-
ly employed as an oxygen scavenger and is effective at higher temper-
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atures where the reaction rate is rapid. At lower water temperatures, the
reaction slows down and traditional catalysts do not provide any sig-
nificant improvement.

Ecolochem, Inc. has taken the standard process and utilized a car-
bon bed as a true catalyst, thus enabling the oxygen scavenging reac-
tion to take place rapidly and to full completion at variable water
temperatures. The patented DEOX® process further utilizes down-
stream ion-exchange to remove any carbon leachables. Deoxygenated
water is then stored using a bladder, nitrogen blanket, or other standard
engineering technique to ensure that reoxygenation does not occur.

The oxygen removal reaction using a carbon bed catalyst is as
shown below:

N,H, + o, - N, * + 2H,0
hydrazine oxygen carbon nitrogen water
bed

The treated water typically contains less than 10 ppb oxygen and
may be below 3 to 4 ppb.

9.5.2 Oxygen Removal Using Gas Transfer Membrane
(GTM)Technology

Celgard LLC markets Hoechst Celanese modular membrane technol-
ogy (Liqui-Cel®) to remove both oxygen and carbon dioxide from
boiler MU water and FW.

These gas transfer membranes or membrane contactors employ
microporous polypropylene hollow fiber membranes arranged in a
modular design. Oxygenated water flows on the shell side of the hol-
low fibers, and a strip gas (such as nitrogen) or a vacuum is applied to
the inside (lumenside), with the hollow fibers acting as a support medi-
um for intimate contact between the water and gas phases.

The aqueous stream is at higher pressure than the strip gas (or vacu-
um) and fast diffusive transport of dissolved gases takes place. Gas
transfer membrane technology is suitable for deaeration of boiler feed,
building water, and other applications, and produces water with DO
levels down to 1 ppb O,

Interestingly, both GTM and DEOX processes can be combined with
other technologies, such as RO/GTM/EDI and RO/GTM/DEOX/DI/MB.
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INTERNAL TREATMENT
PROGRAMS

As discussed in the introduction, boiler water (BW) treatment pro-
grams enable the waterside chemistry of boilers and their associated
systems to be controlled within certain agreed upon and relevant
parameters and specifications. They provide a countermeasure against
a wide range of adverse conditions that may strive to develop and hin-
der efficient boiler operation or cause serious damage.

Various internal treatment chemicals are employed as components of
these programs. In all but the simplest or lowest efficiency boiler plants,
they complement external conditioning processes (pre- and post-boiler)
and BD control by providing a “fine-tuning” or “polishing” function.

There is an extremely wide range of potentially useful chemical
treatments available, and for any boiler system, proper selection, uti-
lization, and control are vital considerations that may largely determine
the ultimate success of the overall program. These chemicals usually
are organized by type of compound, function, mode of action, or simi-
lar classification, but, because many chemicals are multifunctional in
character, may be used in either a primary or supplementary (adjunct
or conjunctional treatment) role, and additionally may be branded
(especially many modern polymers) or otherwise disguised, such clas-
sifications may be quite arbitrary.

This chapter discusses the various types of programs available, the
chemicals employed, their properties, and the ways and means by
which they can be incorporated into BW formulations, with relevant
examples. In addition, recommendations and guidelines for control are
provided.

Chapter 11 completes the discussion on internal treatment programs
with information on program primary support chemicals, including
oxygen scavengers and condensate treatments (vapor phase inhibitors)
and adjuncts.

385
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Sludge conditioners were originally regarded as program support
chemicals (especially older chemistries such as starches and lignins),
but with the advent of modern deposit control agents, such as phos-
phinocarboxylic acids, these materials are now incorporated in all-
polymer and all-organic programs and various blended multifunctional
programs and are discussed later in this chapter.

The various formulatory raw materials necessary to produce these
programs are available as either commodity, semispecialty, or special-
ty chemicals worldwide. Although today all water treatment compa-
nies, no matter their size or location, have virtually the same
opportunities for materials sourcing, some depth of experience is
required to provide blended (and branded) products that have genuine-
ly beneficial properties and the potential for competitive differentiation.

In addition, it should be stressed that all these functional products
and their various chemistries are merely tools to be employed in the
operational management and maintenance of boilers and BW surfaces.
To maximize the potential benefits available, these BW treatment pro-
grams must be utilized in the most suitable way, which in turn requires:

* The optimum application methods and points of feed
* Appropriate monitoring protocols

* Correct interpretation of analytical results

* Constructive advice on waterside chemistry control

There is no substitute for proper training and experience in the appli-
cation of BW programs. Both operators and service company field per-
sonnel must be able to demonstrate competence so that the potential for
added value is realized.

10.1 OUTLINE OF INTERNAL TREATMENT
CONTROL AND PROGRAMS

Functional areas within the boiler plant system where internal chemi-
cal treatments are employed include:

* Corrosion control. This area includes control over various general
and specific forms of pre-boiler and boiler section corrosion.
Broadly speaking, functional corrosion control encompasses a com-
bined approach that includes:
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— Oxygen scavenging
— Maintenance of passivated films
— pH level and alkalinity control

For any specific boiler plant, good control also may necessitate
the use of certain other conjunctional treatments to support the pri-
mary chemical treatments such as sodium nitrate for protection
against embrittlement.

* Scale and deposit control. This is primarily control over the depo-
sition of hardness salts and other scale-forming minerals.

* Sludge control. This includes control over a variety of foulants.

» Carryover control. This necessitates control of foam, priming
(surging), misting, and process contaminants.

» Specific contaminant control. This includes control over a wide
range of specific problems associated with the presence of relative-
ly high levels of silica, iron, copper, sodium, chloride, caustic, and
the like. (Quantifying “high level” is case-specific because it varies
with each ion or compound and operational circumstances, although
starting-point recommendations are provided by the American
Society of Mechanical Engineers, British Standards Institution, and
other authorities.)

» Steam/condensate line corrosion control. Control over steam and
condensate line corrosion requires the control of oxygen, carbon
dioxide (carbonic acid), and ammonia.

NOTE: Control over some problems, such as the supersaturation of dis-
solved solids, short-term and long-term overheating, and boiler priming
(surging), relies as much on good operation as on the use of appropriate
chemical treatments.

10.1.1 Types of Internal Treatment Program

Internal treatments for BW are chemical formulations having poten-
tially beneficial single-function, dual-function, or multifunctional
effects. Globally, many thousands of BW formulations are available,
and for the most part, each may be loosely classified into one or anoth-
er type of commonly recognized chemical program, as described
below.
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* Anodic inhibitor programs: These programs are based on ingredi-
ents such as nitrite, silicate, and molybdate chemistries and usually
are formulated as light-duty multifunctional programs in HW heat-
ing and LP steam boiler systems.

+ Tannin programs: These programs are based on blends of certain
natural or synthetic tannins and provide oxygen scavenging, passi-
vating, and sludge-conditioning functions. They can be formulat-
ed into complete multifunctional programs or simple blends that are
supported by other functional chemicals or programs. Tannin pro-
grams are employed in a wide range of commercial and industrial
boiler types and pressures.

¢ Coagulation and precipitation programs: These programs are
extremely widely used and employ various types of phosphates as a
precipitant to provide control over the unwelcome deposition of
hardness scales. Carbonate and polysilicates were once commonly
used, although less so today.

* Chelant programs: These programs are commonly prescribed for
both FT and WT boilers and are employed either as replacements
for or used in combination with phosphate precipitation programs.

* All-polymer programs: There are many types of all-polymer pro-
grams, Today, with the wide availability of many specialty poly-
mers, they are proposed for application in almost every type of
boiler from the smallest to the largest. They typically are multi-
functional products, replacing precipitation programs and sludge
conditioners and providing control over specific problems such as
iron transport, which can affect many boiler plant facilities. In
practice, many all-polymer programs are more properly called all-
organic programs because they may contain organics, such as
phosphonates, that are not necessarily polymers.

¢ Chelant-, phosphate-, or polymer-based, dual- or multifunction-
al programs: Every water treatment service company offers several
types of dual- or multifunctional programs based on either chelant or
phosphate, together with polymers and related organics. The various
combinations of chemistry, ratios of primary ingredients employed,
and activity levels offered have given rise to an enormous number of
permutations. Some early program examples included carbonate/
polymer, phosphate/carbonate, chelant/phosphate, and chelant/
phosphonate. The development of more modern polymers led to
chelant/polymer and phosphate/polymer, and multifunctionals such
as chelant/polymer/phosphate and alkali/polymer/phosphate.
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* Coordinated phosphate programs: These programs are formulat-
ed to avoid the formation of hydroxyl alkalinity (free caustic). They
tend to be employed in higher pressure WT boilers and require very
careful control. Variants include congruent control and equilibri-
um phosphate treatment.

* All-volatile programs (AVPs): These programs are employed in
higher pressure boilers (generally power boilers) and utilize only
volatile chemicals, such as ammonia, amines (such as diethylhy-
droxylamine or DEHA), and other vapor phase inhibitors (VPIs).

In addition to full- or part-treatment formulations (boiler com-
pounds), the art and science of BW treatment usually requires the
application of certain primary functional chemicals and secondary
Sfunctional chemicals (adjuncts) to provide a comprehensive program,
as outlined below:

* Program primary support chemicals encompass oxygen scav-
engers and condensate treatments.

— Oxygen scavengers include inorganics such as sodium sulfite
and organics such as hydrazine.

— Condensate treatments include neutralizing amines such as mor-
pholine and filming amines such as octadecylamine (ODA).

* Adjuncts include antifoams and defoamers, some problem-spe-
cific polymers, and alkalinity boosters.

— Antifoams control foam after it has developed and defoamers
are preventative products. Natural products such as castor oil
and linseed oil were long ago replaced by synthetics including
polysilicones and polyethoxylates.

— Problem-specific polymers include terpolymers, used for iron
dispersion, iron transport, and silica control.

— Alkalinity boosters are typically based on potassium hydroxide
or sodium hydroxide.

10.1.2 Historical Perspective of
External and Internal Treatments

From the earliest days of steam production, it was recognized that a
complementary combination of external and internal water treatment
was a vital requirement of boiler operating practice. The justification
for investment in external conditioning was (and continues to be) based
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on specific boiler operating conditions and economic factors.
Regardless of the degree of FW purification achieved, however, pro-
tective treatments were almost universally used as insurance against
corrosion, scale, and other potential sources of problems.

With lower heat-flux ratings and higher ratios of internal water vol-
ume to heating surface than is the norm today, complex external treat-
ment was not always necessary; where deemed necessary, it was often
limited to basic sedimentaion or filtration techniques employing inor-
ganic coagulants and flocculants, typically followed by the use of
natural zeolites (see sections 9.2.3.1 and 9.2.5 for additional informa-
tion).

Filter alum (aluminum sulfate) AL,(SO,), « 18H,0 was widely used
as an external coagulant (at pH values of 5.8-6.8) and continues to be
available today. It was generally supplied as alum bricks, but usually is
supplied today in granular or concentrated liquid form.

NOTE: Filter alum does not always contain 18 molecules of water of crys-
tallization; some grades are only 14 to 16 H,0.

Filter alum reacts with carbonates, bicarbonates, and hydroxides to
produce a variety of reactions, as shown below:

Al(SO,), + 3Ca(HCO,), — 3CaSO, + 2AI(OH), + 6CO,
aluminum calcium calcium  aluminum  carbon
sulfate bicarbonate sulfate hydroxide  dioxide

AlL(SO,), + 3Na,CO, + 3H,0 ~ 3Na,SO, + 2AI(OH), + 3CO,
aluminum  sodium water  sodium aluminum carbon
sulfate carbonate sulfate hydroxide dioxide

AlL(SO), + 6NaOH — 3Na,SO, + 2AI(OH),
aluminum sodium sodium aluminum
sulfate hydroxide sulfate hydroxide

Copperas [green vitriol or ferrous sulfate (FeSO, « TH,0)] was also
employed as an external coagulant (at pH values of approximately 7.7).
It forms a turbid precipitate, and when oxygen is present (as is usual),
a slimy precipitate of ferrous hydroxide also may form in addition to
ferric hydroxide:
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FeSO, + 4Ca(HCO,), + O, + 2H,0 — 4Fe(OH), + 4CaSO, + 8CO,
ferrous  calcium oxygen water ferric calcium carbon
sulfate  bicarbonate hydroxide  sulfate dioxide

In the 1940s, copperas began to be replaced by sodium aluminate
(NaAlO,), which is formed by dissolving the precipitate aluminum
hydroxide [AI(OH),] in a strong solution of NaOH. It does not lower
the pH level and is still used today in the form of prills and beads. It is
used in conjunction with sodium carbonate or sodium hydroxide and
breaks down again in solution forming Al(OH),, which precipitates
together with any Ca, Mg, Na, and Si, resulting in flocculated sludges
such as calcium aluminum silicate, a natural zeolite. In addition, mag-
nesium in solution forms the flocculant magnesium aluminate
(MgALO,).

NOTE: Sodium aluminate is sometimes given the formula Na,Al,O,,.

External treatment also meant the removal of calcium and magne-
sium hardness by zeolite softening using either a variety of silcate-
based, natural zeolites [such as analcite, (Na,AlSi, O, ,*2H,0)], or
manufactured carbon zeolites.

Silicate zeolites could be regenerated by salt (similar to modern BX
softening), although the exchange capacity was low, generally from
2,000 to 12,000 grains per cubic foot, depending on their porosity and
resistance to clogging, fatigue, and physical breakdown.

Zeolite softeners were limited in application because of their poten-
tial for rapid fouling by ferric hydroxide or calcium carbonate, and a
narrow operating pH range of 5.8 to 8.3 was therefore preferred to min-
imize this problem.

NOTE: Sodium aluminosilcate zeolites are still widely used as anticaking
agents, as desiccants, and for removing hardness from wash waters.

Carbon zeolites could be regenerated by acid and were forerunners
to modern SAC(H) resins. They proved useful at removing iron, as well
as calcium and magnesium, and did not contribute any silica to the
water.

Internal treatment was often based on recommendations dating
from the 1920s. The deliberate addition of soda ash (sodium carbon-
ate) to the BW to form carbonate sludges (rather than, say, sulfate
scales) that could be removed by BD was a common program. If unde-
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sirable sulfate scale was to be avoided, the quantity of carbonate
required was calculated based on the level of sulfates present in the BW
and the boiler gauge pressure.

It was expected that an eggshell thickness of scale would form, but
that it would be relatively soft and easily removed (despite normally
containing some silicate and sulfate). However, a disadvantage of this
method of internal control was that the carbonate degraded to form car-
bon dioxide, and at higher pressures the rate of breakdown was so great
that the necessary carbonate reserve required to prevent sulfate scale
often could not be maintained. (Never mind the danger to the steam and
condensate lines from the production of carbon dioxide and ultimately
carbonic acid.)

Phosphates were proposed as alternatives to carbonate because they
did not break down. Various types were employed, including mono-
(NaH,-), di- (Na,H-), and trisodium phosphate (Na,PO,), with or
without water of crystallization.

Also introduced was sodium metaphosphate [Hagan® phosphate
or Calgon®, represented at the time by the formula (NaPO,),, although
it tends to have a different formula today].

Phosphate selection was based on the relative cost of anhydrous or
crystalline grades and the amount of natural alkalinity present in the BW.
The quantity of phosphate required could be determined by calculating
the hardness present using a standard soap solution test (a test in wide-
spread use in the 1970s and still employed today in some countries).

NOTE: Depending on operating conditions, alkalinity, pH level, point of
feed, and so forth, when phosphate is present in the BW, calcium salts pre-
cipitate primarily as either insoluble tricalcium phosphate [Ca(PO,),] or
hydroxyapatite [Ca, (OH),(PO ,),].

It was well understood that in high-magnesium waters, the magne-
sium could be removed as the hydroxide [Mg(OH),] provided adequate
caustic was present in the BW, and that silicate could be removed by
the presence of additional magnesium.

Colloidal silicates, zeolites, and sodium aluminate were also
employed as internal treatments. However, sludges and scales were
often voluminous and not easily removed, and the need for sludge
conditioners became necessary. Navy engineers had used natural tan-
nin extracts from chestnut, South American quebracho, and cutch
(Indian mangrove) since the 1890s for this purpose, as well as lignins.
These organic materials began to be used for land boilers also. Other
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organic sludge conditioners employed were extracts from boiled dead
animals, potato peelings (colloidal starches), cornstarch, flaxseed oil,
agar-agar (from seaweed), and sodium humate. Later developments
included sodium polyacrylate and sodium polacrylamide-acrylate,
which was perhaps the first copolymer used and was really a flocculant
rather than a dispersant-type sludge conditioner.

Oxygen removal to reduce corrosion was equally important, and
external treatment employing new designs of open FW heaters and
deaerators were supplemented by internal oxygen scavengers—first
tannic acid, then glucose derivatives and sodium sulfite. Interestingly,
claims at that time for the level of oxygen reduction were often below
the available test methods’ limits of detection.

Additional means of reducing corrosion were the use of prepared
steel laths, which were introduced into the FW system and would pref-
erentially rust, leaving boiler tubes unscathed. Sacrificial zinc sheet
anodes also were employed, but neither method ensured complete pro-
tection of the overall boiler system, and uniform general corrosion was
often replaced by insidious localized corrosion.

Antifoams to reduce the risk of carryover employed emulsions of
castor oil and similar substances. Caustic embrittlement was avoided
by the use of quebracho tannins, chile niter (sodium nitrate), and salt
cake (sodium sulfate), which was later discredited as an inhibitor.

Typically, chemical formulations were supplied as balls or briquets
and dispensed through bypass feeders or hanging baskets. Alternatively,
pulverized or powdered treatments were dissolved in water and pumped
to FW tanks or added via drip-feed arrangements.

Two examples of powdered products used in riveted boilers are:

Navy Boiler Compound Formulation Ingredient by weight
Secondary sodium phosphate 47%
Soda ash 44%
Cornstarch 9%

100%

Lancashire Boiler Compound Formulation Ingredient by weight

Quebracho tannin 20%
Hagan phosphate 23%
Soda ash 47%
Chile niter 2%
Sodium lignosulfonate 8%

100%
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10.2 ANODIC INHIBITOR CHEMISTRIES

The potential for electrochemical corrosion in a boiler results from an
inherent thermodynamic instability, with the most common corrosion
processes occurring at the boiler metal surface and the metal-BW inter-
face (Helmholtz double layer). These processes may be controlled rel-
atively easily in smaller and simpler design boilers (such as
dual-temperature, LPHW heating, and LP steam boiler systems) by the
use of various anodic inhibitors.

Anodic inhibitor programs are generally single-drum, multifunc-
tional products and commonly include nitrite and molybdate in addi-
tion to other inhibitors and ingredients. The inhibitors provide a
corrosion stifling effect resulting from a buildup of corrosion products
and by-products on the metal surface.

NOTE: Dual-temperature systems provide both HW and chilled water
functions and employ common piping for much of the system. Water tem-
peratures range from 34 °F/1.1 °C up to perhaps 250 °F/121.1 °C.

Low-temperature and low-pressure hot water (LTHW/LPHW)
systems operate below 250 °F/121.1 °C (equivalent to 29.8 psia/l15.1
psig). This is approximately the same as LP steam systems, which oper-
ate below a MAWP of 15 psig/29.7 psia (equivalent to 249.8 °F/121
°C).

Anodic programs without a separate oxygen scavenging function are
entirely suitable for all these system types, provided makeup (MU)
requirements remain consistently low. Where MU water volumes are
too high, the risk of oxygen corrosion processes is also high.
Classically, this is evidenced by rapid pitting corrosion in boiler tubes.

NOTE: Where MU requirements exceed 5 to 10% of LTHW system volume
per month, or 5% of the steam output of LP steam boilers, a separate oxy-
gen scavenger is required. This usually is tannin, diethylhydroxylamine
(DEHA), or erythorbic acid (isoascorbic acid).

As MTHW and HTHW system temperatures and pressures rise, so
the need to provide softened or deionized FW becomes increasingly
necessary, although there is not always a clear cut-off point. Where
these systems are supplied with higher quality water, traditional, inor-
ganic anodic inhibitor chemistries tend to be replaced by all-polymer,
all-organic, or all-volatile chemistries to keep measurable TDS to a
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minimum and reduce the risk of unfavorable waterside surface
deposits.

Effective metal waterside surface passivation (using hydrazine,
DEHA, tannin, or similar products) remains an essential requirement
of higher temperature or pressure system programs.

Anodic inhibitor programs are not employed for steam boilers oper-
ating at over 15 psig. Above this pressure, more comprehensive and
problem-specific programs are employed.

NOTE: Medium-temperature and medium-pressure hot water (MTHW/
MPHW) systems typically operate above 250 °F and below 350 °F/176.7 °C,
whereas HTHW/HPHW systems may be described as operating above
350 °F and below, say, 450 °F/232.2 °C.

Apart from nitrite and molybdate, silicate is commonly employed in
anodic inhibitor programs, although seldom as the primary inhibitor.
Both silicates and molybdates provide benefits of synergistic inhibition
and also help to reduce corrosion risks through softer waters and mul-
timetal systems.

Benzoate can be used as an anodic inhibitor and is effective at pre-
venting waterline attack. Phosphate is also sometimes included.
Sodium borate (borax) is usually added to the formulation to provide
an alkalinity reserve buffer. Typically, a copper inhibitor such as benzo-
triazole (BTA) or tolyltriazole (TTA) also forms part of a formulation
and is used to provide yellow metal (copper and brasses) protection.

10.2.1 Nitrites

Nitrite-based formulations are available either as 100% powdered or
granular products, or as liquids varying from 20 to 40% available sodi-
um nitrite. Sodium nitrite (NaNO,) is most commonly used and acts
as an anodic inhibitor and passivator.

Nitrite formulations are employed for both hot and cold water closed
loops (and also occasionally for open cooling systems). Unfortunately,
nitrite is easily oxidized to nitrate and is very susceptible to microbio-
logical attack (by Nitrobacter agilis and other microorganisms).
Nevertheless, it is a good low-cost passivating inhibitor.

Nitrite-based programs require a relatively high application rate to
ensure that all anodic areas within the system are fully protected from
the risk of pitting corrosion. Undertreatment exposes anodic areas,
which are subject to localized pitting as a result of the concentrating
power from surrounding cathodic sites.
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As an anodic passivating agent, nitrite enhances the formation of
magnetite film and produces reducing conditions. It is simple to detect
and test, but the high feed level and reserve requirement limit this prod-
uct to small LPHW and LP steam boiler heating systems.

The specific nitrite reserve required depends on the system design,
cleanliness, metallurgy, leaks, water chemistry, and LPHW temperature.
The application rate must be increased when high chlerides or sulfates
are present and further increased with a rise in HW temperature.

¢ Dual-temperature and simple LPHW heating systems typically
require 1,000 to 1,300 ppm as NO, (1,500-2,000 ppm as NaNO,)
when a standard nitrite/borate/TTA formulation is employed.
(This is about twice the level required for cold and chilled water
closed loop systems.)

¢ LP steam and higher temperature HW heating systems typically
require 1,300 to 1,600 ppm as NO, (2,000- 2,500 ppm as NaNO,).

*  Where nitrite/molybdate programs are employed, the nitrite reserve
falls to 250 to 350 ppm as NO, in simpler systems and 350 to 650
ppm as NO, for higher temperature systems.

*  Where chlorides and/or sulfates are present, the nitrite reserve (as
NO,) should be six to eight times the chloride (Cl) level and four
times the sulfate (SO,) level.

To obtain optimum results with nitrite in HW heating systems, it is
necessary to take precautions, including:

* Good precleaning of the system to expose anodes and provide the
opportunity for good initial passivation.

» Inspection of the system to ensure that no regular ingress of oxygen
takes place. Use an oxygen scavenger if necessary.

NOTE: Do NOT use oxygen scavengers based on sodium bisulfite or
other acid producers with programs containing nitrite because they are
incompatible and may present a danger.

* Calculation of system volume to ensure adequate nitrite reserve
and, for lower temperature systems, the use of a microbiocide.

NOTE: When feeding to a closed loop HW system, it is always preferable
to add product at the highest rate possible to ensure complete passivation,
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to make allowances for larger than anticipated system volumes, and to
reduce the frequency of further product addition. Some limited overdosing
is not detrimental to the system, but underdosing may be disastrous. With
very small LP steam systems (which often employ cast iron boilers because
of the flexibility in boiler sizing and construction), there is a very real risk
that the high reserve of nitrite required will rapidly produce priming and
result in BW carryover:

10.2.2 Molybdates

Typically, molybdate-based formulations are liquids having approxi-
mately 10% sodium molybdate (Na,MoO,-2H,0) combined with
either a lower percentage of silicate or a higher percentage of nitrite.
Sodium molybdate is commercially available as a 41% solution or
100% crystalline powder. Potassium molybdate (K,MoO,) is also
available.

Molybdate acts as an anodic inhibitor and forms a passivating film
composed of a ferrous-ferric-Mooxides complex, in the presence of
some oxygen. Its use in formulations rapidly increased in the 1970s and
1980s, as that of chromate began to decrease, and it is now widely used
in both open and closed cooling circuits as well as in HW and LP steam
heating systems. However, molybdenum is expensive, and despite the
fact that it is a very low toxicity metal (unlike many other transition
metals), some negative publicity concerning U.S. environmental
acceptability in recent years (mostly ill-founded) has done little to
improve its image or reduce its price.

Molybdate is not a particularly strong passivator, but it is involved in
the active-to-passive state ferrous transition process by adsorbing on
the oxide layer (which is typically about 0.1 mm in thickness) and pre-
venting the passage of other anions such as chlorides and sulfates.
Thus, in high chloride waters, molybdate-containing programs often
provide superior results compared to nitrite or borate programs.

Molybdate is always used in conjunction with other anion inhibitors,
not only to reduce the cost of the inhibitor program, but also because,
through synergism, much-improved barrier films are produced when
coupled with nitrite or silicate.

Molybdate also functions as an effective inhibitor by slowing down
pitting corrosion through a mechanism of adsorption onto the pit wall.

»  Where molybdate/nitrite programs are employed in dual-tempera-
ture and simple HW heating systems, they typically require 150 to
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250 ppm as MoO, and the same level of NO,. Alternative formula-
tions reduce the molybdate level to perhaps 100 to 150 ppm and
increase the nitrite level to 250 to 350 ppm. (This is about twice the
level required for cold and chilled water closed loop systems.)
Where molybdate/silicate programs are used, the silicate level is
generally about one-third of the molybdate level.

*  Where molybdate/nitrite programs are employed in LP steam and
higher temperature HW heating systems, they typically require 250
to 350 ppm as MoO, and the same level of NO,,. Alternatives reduce
the molybdate level to perhaps 150 to 250 ppm and increase the
nitrite level to 500 to 600 ppm. Where molybdate/silicate programs
are used, the silica level is again, about one-third of the molybdate
level.

10.2.3 Silicates

Orthosilicates are not suitable for corrosion inhibitor purposes, and
metasilicates are not generally used because they tend to increase the
caustic alkalinity too much, leading to the potential for caustic-induced
problems. However, glassy polysilicates are widely used. They have
inhibition properties similar to those of polyphosphates and also have
an indefinite crystalline structure.

Polysilicates are effective in potable HW systems and provide
threshold effect protection against hardness destabilization and “red
water.” They also function by laying down a protective calcium silicate
film. Polysilicates used for this type of application typically require a
dose rate of 8 to 15 ppm SiO, above that of the natural orthosilicate
found in the MU water. Where polysilicates are employed for dual-
temperature and LPHW systems, however, the silicate reserve required
is higher and ranges from 50 to 150 ppm.

Commercially, the selection of a suitable polysilicate treatment
depends to some extent on the pH level of the water but also on the
temperatures involved. (The polysilicate Na,O:SiO, ratio required
tends to be around 1:2 at pH 7.0, rising to 1:4 at a pH level of 9.0.)

For larger, more complex LPHW systems and for LP steam heating
systems, silicates are seldom used alone but are formulated with nitrite
or molybdate inhibitors to provide synergistic corrosion protection.

Both sodium and potassium polysilicates are used in formulations
of these types, and it is critical that products containing two (or slight-
ly more) molecules of silica to every one molecule of sodium oxide are
obtained to ensure adequate long-term inhibitor effectiveness.
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Typically, either liquid sodium salts of 60 °Bé are employed (18%
Na,O, 36% Si0,) or alternatively, potassium salts of 40.75 °B€ (12.6%
K,0, 26.8% SiO,).

10.2.4 Borates

Borate is usually added to nitrite-based formulations to provide an
alkalinity reserve buffer, ensuring that the system water pH level is
maintained within the range of 7.5 to 9.5 (or greater).

Steel-based closed loop HW systems are usually maintained toward
the higher pH level (9.0-9.5), but the pH level is reduced a little where
copper and copper alloys are included (8.5-9.2). The pH level tends
toward the lower level where aluminum is present (7.5-8.0).

Commercially, sodium tetraborate decahydrate or borax
(Na,B,0,*10H,0) is usually employed, although sodium metaborate
hydrate (NaBO,*xH,0) may be used.

10.2.5 Anodic and Cathodic Phosphate Inhibitors

There is a wide variety of phosphates available and they are common-
ly produced in glassy, crystalline, amorphous powder and liquid forms.
Figure 10.1 shows two common phosphate types.

They are used only sparingly in anodic inhibitor formulations, but
the chemistry remains important. However, phosphates are extensively
employed in other boiler chemical products for such purposes as hard-
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Figure 10.1 Types of phosphate structures. (a) Where x = 12 to 14, the
structure represents sodium polyphosphate, a phosphate typically used
in HW heating and industrial steam boiler formulations. The structure is
ill defined and described as “glassy” rather than crystalline. Where x = 2,
it represents sodium tripolyphosphate. (b) This is the structure where
effectively, x = 0, and represents trisodium phosphate (sodium
orthophosphate), which is commonly supplied in either crystalline or
anhydrous powder form and used as an alkalinity booster, boiler boil-out
cleaner, and metal surfaces passivator.
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ness precipitation, cleaning, and passivation programs. These other
applications are described elsewhere in this book.

With regard to the use of phosphates as anodic (and cathodic)
inhibitors, polyphosphates are cathodic polarizers and form a
durable, corrosion-inhibiting film that includes adsorbed calcium. In
addition, they are anodic inhibitors, depositing iron metaphosphate,
and forming gamma ferric ocxide (y-Fe,0O,), thus stifling the anodic
reaction. As such, polyphosphates have been used as corrosion
inhibitors for a very long time and are sometimes incorporated into
anodic inhibitor formulations. Unfortunately, they suffer from a lack of
thermal stability and reversion (hydrolysis) to orthophosphate occurs,
which limits their potential for heavy duty application.

Although orthophosphates are themselves passivating, anodic
inhibitors (and also cathodic inhibitors, forming a calcium phosphate
barrier film), the film strength is weak, even in simple HW systems and
they are not used for this purpose. Nevertheless, despite the thermal
instability of sodium hexametaphosphate and other polyphosphates,
phosphates in general have several important properties that make them
useful in boiler plant operations. These properties include:

* Hardness precipitation and deposit control, functioning at a sto-
ichiometric level. Phosphate precipitation programs utilize this
function.

* Hardness stabilization, functioning at substoichiometric levels by
crystal growth retardation, (threshold effect). This attribute is use-
ful in low heat-flux HW applications.

* Calcium carbonate crystal distortion.

* Corrosion inhibition, by mechanical deposition of crystalline or
amorphous films on a metal surface.

+ Passivation, by anodic polarization.

* Metal surface cleaning, by virtue of (limited) sequestration, dis-
persing, surface-acting, and detergent properties.

10.2.6 Azoles

Azoles provide effective corrosion inhibition primarily by chemisorp-
tion of the molecule on the metal substrate. Several different types of
azoles are available for incorporation into formulations used for the
corrosion inhibition of closed loop LPHW heating and low MU
requirement, LP steam heating systems.
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Azoles include the sodium and potassium salts of mercaptoben-
zothiazole (MBT), benzotriazole (BZT, BTZ, BTA), and tolyltriazole
(TTA). The latter two azoles are most commonly found in formulations
today and are shown in Figure 10.2.

Azoles are not very soluble at acidic pH levels (less than 0.5 % solu-
bility) but are increasingly so under alkaline pH conditions. These prod-
ucts usually are supplied as the sodium salt. For example, TTA is
available as a 50% sodium salt solution under the trade name Cobratec®
TT-100/T-50-S from PMC Specialties, Inc. It is also available as a pow-
der and 80% strength product under the names Belclene®511 and 512
from BioLabs/Great Lakes Chemical Corp. (The brand originally was
held by Ciba-Geigy, then FMC, and now BioLabs/GLC.)

NOTE: Strongly alkaline, closed loop LPHW system formulations, such as
nitrite/borates, typically include an azole product at about 4 to 5% (50%
solution). Lower alkalinity products (often the molybdates) have signifi-
cantly less, perhaps only 0.5%. For comparison, open cooling water and
chilled water system formulations typically contain about 2 to 3 % (50%
solution) azole.

Although azoles are commonly thought of as only yellow metal
inhibitors, they are, in fact, used for corrosion inhibition in a wider
range of metals such as steel and aluminum. They also are often incor-
porated in molybdate-based programs to both provide some synergism
and reduce the level of molybdate required. Azoles also are employed
in many types of organic-based formulations, where they improve the
overall protection of steel and reduce the risk of corrosion of yellow
metals due to the corrosive action of some common phosphonates.

» Mercaptobenzothiazole (MBT) is often employed in formulations
for nonaerated, multimetal systems (Cu, brass, Fe, Al, Sn, Pb, etc.),

H,C

T Z

Figure 10.2 (a) benzotriazole and (b) tolyltriazole.
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such as diesel engine generator cooling systems, and in systems in
which ethylene glycol antifreezes are required. MBT is less effec-
tive then BTA and TTA at higher pH levels.

NOTE: An alternative to MBT-based inhibitors for glycol are phosphate-
based formulations. An example is based on 30% dipotassium phosphate
and 5% TTA, used at 2,000 ppm product.

Where low-toxicity, propylene glycol is employed (rather than the more
common ethylene glycol), the inhibitor is more usually simply 30% dipotas-
sium phosphate (K,HPO ), so as to maintain the low-toxicity feature, and
is then used at 3,000 ppm product. This same inhibitor is employed in the
food industry in “sweet water” systems.

* Benzotriazole (BTA) is very effective as a corrosion inhibitor for
steel and gray cast iron within the pH range of 7.5 to 9.5 and for
copper and copper-steel couples at lower pH ranges.

» Tolyltriazole (TTA) is most useful for partnering with molybdates
and phosphonates in both aerated and nonaerated systems.

10.2.7 Anodic Inhibitor Programs

There is a wide range of metals commonly employed in the construc-
tion of HW closed loop circuits and LP steam heating systems, and
every individual system design has particular characteristics that
require specific corrosion controls.

As a consequence, it is not possible to devise a single class of anod-
ic inhibitor formulation that satisfies all water treatment requirements.
Rather, there several types of formulations, and some formulators may
offer each of these products in different strengths, with or without oxy-
gen scavengers and indicator dyes in their blends. As examples, a
nitrite/silicate formulation and a molybdate/nitrite formulation are
provided here:

Basic Formulation Materials Nitrite/Silicate Formulation
NaOH, commercial solution 15.0%
Borax 6.0%
Sodium silicate 41 °Bé 8.0%
Sodium nitrite 30.0%
Polyacrylate (PAA) 3.0%
TTA commercial solution 2.0%
Water 36.0%

100.0%
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Basic Formulation Materials Molybdate/Nitrite Formulation
NaOH, commercial solution 1.0%
Sodium molybdate dihydrate (41%) 10.0%
Sodium nitrite 13.0%
TTA commercial solution 0.5%
PAA 4.0%
Water 71.5%
100.0%

Both of these formulations are suitable for closed loop, steel HW
heating circuits and low MU, LP steam heating systems.

Where glycols are added to both hot and cold water systems, it is
common for the glycol to be supplied “neat,” preinhibited and buffered
(although the glycol also may be supplied in a diluted and ready-to-use
form). This formulation is an example of a type produced as an glycol
inhibitor-pack concentrate:

Basic Formulation Materials Glycol Inhibitor Formulation
NaOH commercial solution 3.0%
Sodium nitrite 3.0%
Sodium molybdate dihydrate 6.0%
Sodium tetraborate pentahydrate 10.0%
Sodium silicate 41 °Bé 4.0%
H,PO, commercial solution 4.0%
MBT 11.0%
TTA 6.0%
Stabilizer/block copolymer/dye 3.0%
Water 50.0%
100.0%

The inhibitor-pack is added to the neat glycol for use in multimetal
systems. The glycol-inhibitor product is then supplied as 95% glycol
and 5% inhibitor. Assuming that the glycol is present at, say, 20%
strength in the HW system, the inhibitor concentration in the system is
accordingly 1.0% (0.5% “actives”), equivalent to 10,000 ppm (5,000
ppm “actives”).

10.3 TANNIN PROGRAMS

Tannins are water-soluble vegetable products, usually blends of natural
extracts from certain trees (similar to lignins and their derivatives
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lignisulfonates, which are also used in BW formulations), although
other plants may be used and synthetic tannins are also available. (For
BW purposes, synthetic tannins generally are not suitable. Only natu-
ral tannins should be used.) Very many different organic compounds
are found in tannin blends; some are extremely complex, but all are pri-
marily based on phenolic and sugar molecules.

They typically are supplied as single-tannin raw materials, either as
spray-dried powders or 30 to 50% liquids. Fifty percent liquid products
are extremely viscous and may need to be innoculated with a small dose
of microbiocide (1-1.5%) to protect against microbial infection that leads
to gas production, the swelling of plastic drums, and eventual product
spoilage. Organisms attacking tannins include Aspergillus niger and
Pencillium glaucum. Typical microbiocides employed (depending on
local pesticide regulations) include isothiazolines (Kathon® from Rohm
and Haas Company) and Nipacide® chlorophenols (dichlorophen)
from Nipa Laboratories (U.K.).

Tannins make excellent BW inhibitors. They are multifunctional,
possessing several characteristics that make them entirely suitable for
the treatment of HW heating and LP steam boilers. They also are gen-
erally suitable for use in industrial and process WT boilers at pressures
of up to 650 or even 950 psig.

Specifically, tannins as a class of chemical treatments are:

* Oxygen scavengers
* Metal passivators
¢ Sludge conditioners

Tannins have been available for over 100 years (since about 1880),
although even today their chemistry is still imperfectly understood.
Moreover, they have been seriously undervalued within the global BW
treatment marketplace, except by a few noteworthy water treatment
chemical and service companies.

NOTE: The British Standards Institution provided only a cursory mention
of tannins in BS 2486:1978 (Treatment of Water for Land Boilers), but the
1997 revision (Treatment of Water for Steam Boilers and Water Heaters)
refers quite extensively to tannins and their usefulness.

Although tannins are almost always formulated as a blend of raw
materials, some knowledge of tannin chemistry is required because cer-
tain tannin constituents are useless in BW formulations and others lack
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any meaningful oxygen-scavenging capability. Tannins for the leather
industry, for example, are not suitable for BW treatment.
Formulated products usually are of two basic types:

1. Tannin blend concentrates primarily intended for oxygen-scav-
enging duty in steam boilers. They generally are offered as dark-
brown to black, blended products of 25 to 50% active strength.
Here, tannins provide an additional benefit of sludge conditioning at
no extra cost.

2. Multiblended inhibitors based on tannins, for use in either closed
loop HW systems or steam raising boiler plants. Tannin-based
multiblends are often offered as an alternative to sulfite-based
multiblends.

Tannins typically are available from service companies in several
formulated options, containing, say, 10 to 15% of a tannin blend and
with various ratios of phosphate and/or alkalinity provider, depending
on the particular FW water quality to be treated.

10.3.1 Tannin Chemistries

Tannins comprise various polyhydroxyphenols and polysaccharides
(polysaccharoses), which are complex carbohydrates (polyhydroxy
aldehydes or ketones) and include starches and cellulose, and their
derivatives.

Tannin vegetable extracts are obtained from plant galls [producing
gallotannin (C,, H; O, )]; the fruits of Terminalla chebula (myrobal-
ans, which produce ellagitannins); the bark of trees such as chestnut
and oak (querqus sp.); and the heartwood of wattle (acacia) and que-
bracho (schinopsis). Quebracho is the single most important source of
beneficial tannins in BW programs.

Tannin chemistry is extremely complex, but the individual compo-
nents may be classified in two primary groups:

* Hydrolyzable tannins. This group is readily oxidizable under boil-
er heat conditions, particularly in the presence of alkali. These tan-
nins primarily produce the sodium salts of tannic acid, ellagic acid,
gallic acid (3,4,5 trihydroxybenzoic acid), and quinic acid [/,3,4,5
tetrahydroxycyclohexane-carboxylic acid, (HO),C;H,COOH], as
well as sugars (especially D-glucose) and sugar-phenols. In turn,
gallic acid, for example, produces pyrogallol (pyrogallic acid or
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1,2,3 trihydroxybenzene), which has been used as an oxygen scav-
enger in Orsat gas analysis work for many years. Quinic acid pro-
duces hydroquinone [C.H,-1,4-(OH),], which is a well-known
photographic reducing agent and a “modern” oxygen-scavenging
alternative to hydrazine. Catechol [pyrocatechol CH,-1,2-(OH),],
another oxygen absorber, is also produced. Further oxidation pro-
duces cyclic diketones and eventually simple carboxylic acids and
their salts.

The sodium carboxylates resulting from the hydrolyable tannins
are similar to the gluconates and sarcosinates, which are common-
ly employed as iron chelants. The result is that they combine at
higher pH values with the waterside surface iron oxides to produce
an adherent, passive iron tannate complex containing principally
gamma ferric oxide (y-Fe,0,), and tannin derivatives, especially
ellagotannin. At higher pressures (over 450 psig, 31 bar) the
gamma iron oxide—tannin complex is gradually replaced by mag-
netite, which is particularly stable and equally protective. Tannins
also aid the stability of copper and copper alloy passive films.

Nonhydrolyzable tannins (condensed tannins, flavotannins) are
complex molecules (including polymerized flavon-3-ols and flavon-
3,4-diols) with significant bond strength due to hydrogen bonding.
Under conditions of boiler heat, they produce otho-, meta-, and para-
isomers of dihydroxy flavonoids (colored compounds consisting of
two six-carbon rings joined by a three-carbon link and found in plants,
where they produce the pigmentation of flowers and leaves).

These condensed tannins and their derivatives, all of high molec-
ular weight, function as anionic polyelectrolyte sludge conditioners,
tending to sequester hardness salts and hinder their precipitation as
crystalline scales. In addition, when precipitation does occur, the
condensed tannins coagulate the particles, resulting in a mobile
sludge that can be easily blown down.

The tannins influence calcium salt crystal structures to produce
the easily dispersible calcite (cubic structure) rather than the scale-
forming aragonite (rhombic structure).

10.3.2 Tannin Application Notes

In theory, tannins are added based on the oxygen demand, with 10
ppm of 100% tannin blend being required per 1 ppm of oxygen
(O,). In practice, unless the MU water is particularly cold (i.e., high
in dissolved oxygen), the tannin requirement is simply calculated on
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the basis of a tannin reserve, irrespective of the oxygen content. The
reserve typically maintained is in the range of 100 to 160 ppm (tan-
nin index value of 10-16) for general commercial and industrial
boilers of up to 435 psig (30 bar). Small boilers may maintain a tan-
nin reserve of 200 ppm, or slightly more.

Above 435 psig, tannins may still be used because, although the con-
densed tannin polymers begin to thermally breakdown, they are essen-
tially nonvolatile until pressures of 1,000 psig (69 bar) are reached,
when free carbon dioxide begins to be detected. Depending on the par-
ticular tannin source and other treatment or contaminant constituents,
small levels of ammonia may begin to be detected (1-2 ppm NH,) at
this pressure. There is no precise tannin suitability cutoff point, how-
ever, because it depends on the blend of tannins used and the consis-
tency of the blend. Between approximately 450 and 1,000 psig the
composition of the iron tannate film gradually changes, as the tannin
provides a greater role as a reducing agent and a lesser role as a film
former. The gamma iron oxide ('y Fe,0,) is eventually totally reduced
to a dark brown-black film of passive magnetite (Fe,O,).

Tannins do begin to lose effectiveness at elevated temperatures and
pressures because of oxidation of nonhydrolyzable polymer func-
tional groups, which results in a reduced charge. However, even
where some breakdown begins, this does not affect the oxygen-
scavenging or metal-passivating properties of tannins. The addition
of a high-temperature stable, phosphinocarboxylic acid (PCA)
sludge dispersant supplement, such as phosphino- or acrylic acid,
overcomes this problem.

NOTE: Tannin chemistry has been used very successfully for many years in
Africa and in Central and South America, in sugar refinery boilers operat-
ing at 650 psig and higher, without any measurable breakdown in perform-
ance or detectable contamination of steam from volatiles.

The resistance of BW tannins (sodium tannates) to thermal break-
down is aided by the presence of sufficient alkali, and optimum sta-
bility is conferred at an alkalinity:tannin ratio of 2:1.

As boiler pressures increase, FW quality also tends to improve and
is more than likely to be almost fully deaerated at higher pressure.
Consequently, tannin reserves and residuals may be reduced accord-
ingly. Also, because there is likely to be lower alkalinity reserves at
higher boiler pressures, the tannin reserve must be lowered if insol-
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uble tannin deposits are to be avoided. Unless the boiler is highly
rated, there is no need to differentiate between FT and WT boilers.
A suitable guide to tannin residuals in BW is provided in Table 10.1.

» The hydrolysis products of the hydrolyzable tannins are not dissim-
ilar to some of the novel oxygen scavengers developed to replace
hydrazine. Oxygen reaction rates and application rates are also sim-
ilar. The oxygen reaction time for tannin blends varies with pH lev-
els and temperature but at 45 °C (113 °F) is on the order of 75%
complete within 5 seconds and 90% complete within 10 seconds.

+ Tannins outperform sulfites where oxygen scavenging demands are
high (where, for example, boiler MU water requirements are also
high, or where the MU water is cold) because of the benefit of metal
passivation, which provides short-term protection against oxygen
pitting, even if the tannin reserve is temporarily lost.

¢ The 50%-strength liquid tannin products are particularly viscous,
and some sediment is to be expected because of limited solubility of
certain constituents at high strength (ellagic acid?). Tannins stored in
drums should be mixed before use or before transfer into a day tank.

* Tannin-based multiblends cannot incorporate amines directly into their
formulations (unlike sulfite-based multiblends). The neutralizing amine
component must be added separately when using tannin multiblends.

» Tannins are often viewed as being “old-fashioned” and possibly unsuit-
able in certain boilers because they impart a tea-brown color to the BW.

NOTE: Tea is brown because of the tannin present in the shoots of the tea
bush (Camellia sinensis).

The charge of being old-fashioned is correct, but this is no dif-
ferent from phosphate, which has been continuously used in boiler
plants for perhaps just as long. The fact is that there is no other BW

Table 10.1 A Guide to Tannin Residuals in BW

Boiler Pressure Tannin Reserve Tannin Index/
psig bar ppm Value
Oto 15 Oto1 150 to 200 151020
15t0 217 1to 15 100 to 150 10to 15
217 to 435 15to0 30 50 to 100 5to 10
435 to 650 30to 45 20 to 50 2t05
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formulation ingredient that can beat tannin chemistry in a cost-ben-
efit analysis exercise.

The problem of color due to tannin can be annoying, although
not insurmountable. For small, simple boiler plants, the presence of
color is, in fact, a benefit, as the depth of color is more or less relat-
ed to the inhibitor concentration and the BW conductivity and TDS
levels. Where multiblended formulations are employed, if the color
is within range, then other parameters are also likely to be accept-
able. Also, electrical conductivity is unaffected by color, and tan-
nins do not appreciably add to the measurable TDS of the BW.

For larger and more complex boiler plants, where spectrophoto-
metric tests are the norm, the presence of a brown color may cause
interference, but these normally are dealt with quite easily.

The real problem lies in the middle-sized industrial boilers,
where testing still may rely on the use of wet chemistry titrations,
and the detection of color change is critical. Under these circum-
stances, trying to accurately measure chloride, hardness, or alkalin-
ity levels is genuinely difficult.

Again, there are remedies, as the color interference may be
removed before conducting the test. If this is unsuccessful, the
method of testing must be changed.

When testing for a tannin reserve or tannin index, the presence of
natural color aids detection. Testing for tannin is simple and rela-
tively accurate using either a permanganate reduction test (devel-
opment of permanent purple color) or lignin/tannic acid polymer
test (tungstate blue color).

* Under poor operational conditions, tannin chemistry is a particular-
ly “forgiving” form of internal treatment because it tolerates FW
with significant variations in quality. It is capable of delivering
clean, corrosion-free waterside surfaces in many types of boilers,
despite low FW temperatures, high oxygen levels, and hardness
ingress. It is especially suitable for use in smaller facilities that do
not have the benefit of full-time, trained operators, and under on-
off, batch process, or permanent low-fire circumstances.

10.3.3 Tannin Program Formulations

The starting point for tannin-based formulations is generally the provi-
sion of a tannin concentrate blend that eiether may be employed as a
stand-alone oxygen scavenger, passivsator, and sludge conditioner, or
may serve as a component of a multiblend program. The blend may
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vary a little, as may the active tannin strength, depending on the source
of the raw materials. Today, quebracho and some other important BW
tannin raw materials originate mostly in South America.

Tannin Concentrate Formulation Materials
Quebracho tannin 40% liquid 33%
Mimosa tannin 40% liquid 33%
Chestnut tannin 40% liquid 33%
Biocide 1%
100%

If the tannin blend is made from spray-dried powders, the dilution
water must be heated to 160 to 180 °F and the biocide only added when
the temperature has cooled below 140 °F.

The tannin-based, multiblend formula shown here is designed for
steam-raising boiler plants operating at up to 200 to 220 psig (say, 15 bar).

Multiblend Closed-Loop
Tannin-Based Formulation Formulation
Programs (for moderate (for black-iron
Materials alkalinity MU) system)
Tannin blend 40% 14.0% 30.0%
NaOH commercial solution 8.0% 5.0%
PAA 6.0% 10.0%
SHMP commercial solution 13.0% —
SSMA 3.0% —
Synthetic antifoam 0.1% 0.1%
TTA commercial solution — 0.5%
Water 5.9% 54.4%

100.0.% 100.0%

NOTE: PAA = Polyacrylic acid or sodium salt; SHMP = Sodium hexametaphosphate; SSMA =
Sulfonated styrene maleic anhydride

Tannin reserve to be maintained at 100 to 150 ppm, other parameters
as per standard recommendations. The tannin-based closed-loop for-
mula, also shown, is designed for use at 1,500 to 2,000 ppm product in
the system, which provides approximately 180 to 240 ppm tannin
reserve. Various modifications to these formulations exist; for example,
0.5 to 1.0% diethylhydroxylamine (DEHA) may be added to improve
passivation when used in simple HW heating systems.
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10.4 COAGULATION AND PRECIPITATION
PROGRAM CHEMISTRIES

Coagulation and precipitation programs, designed to provide con-
trol over the deposition of scales resulting from the ingress of small
amounts of FW hardness, are very widely used in all manner of indus-
trial boilers operating within the range of, say, 50 to 950 psig.
Alternative technologies tend to be all-polymer programs (especially
at lower pressure ratings) and chelant programs (especially at upper
pressure ratings).

Today, almost all internal programs of this type employ a combina-
tion of some type of phosphate plus caustic soda, although sodium car-
bonate (plus caustic) is still occasionally employed for smaller process
boilers receiving poorer quality, hard water MU.

Soda ash (sodium carbonate) is less expensive than phosphate and so
tends to be used as a BW treatment in some developing countries for
basic industrial processes such as mashing of farm products for animal
foods, palm oil extraction, rendering plants, tanneries, and textile wash-
ing and dyeing. Often there is little or no condensate return.

Before the advent of sophisticated polymer technology, sodium alu-
minate and sodium silicates (plus caustic) were sometimes used in both
external and internal coagulation processes.

10.4.1 Alkaline Aluminate and Silicate-Based
Boiler Compounds

Boiler compound formulations containing aluminate, silicate, and car-
bonate ingredients have commonly utilized various ratios of some or all
of these constituents, together with caustic soda (for alkalinity control),
sodium nitrate or sulfate (to prevent caustic embrittlement), sodium lig-
nosulfonate (sludge conditioner), and other compounds.

The coagulant sodium aluminate (NaAlO,) is strongly caustic (con-
tributing hydroxide alkalinity to the BW) and reacts with calcium and
magnesium salts and any silica present to form a zeolite sludge of cal-
cium-magnesium-aluminum silcate.

Several different possible zeolite structures may result, and if the
sodium content is too high, calcium and magnesium are excluded and
a hard zeolite scale of sodium-aluminum silicate preferentially forms.
If only calcium is present, calcium-aluminum silicate zeolite forms,
also as a hard scale. If only magnesium is present in solution, it forms
the flocculant magnesium aluminate, MgAlLO,.
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If both silica and magnesium are present, they mutually precipitate;
thus, salts of either mineral may be added to the BW to provide a bal-
ance and ensure coprecipitation as serpentine:

28i0, + 3MgCl, + 6NaOH — 3MgO-2Si0,-2H,0 + 6NaCl + H,O
silica magnesium caustic  serpentine sodium water
chloride  soda chloride

Where only silica is present, it can be removed by absorption into
added ferric or magnesium hydroxide. The resulting sludge is
removed by BD.

When using programs based on these types of formulatory ingredi-
ents, obviously considerable care must be taken to fully understand the
nature and amounts of FW mineral constituents and to properly bal-
ance the requirements for hydroxide alkalinity, aluminate, and silicates
with the alkaline earth metal content of the FW to avoid the develop-
ment of hard BW scales. Similarly, the sourcing of appropriate raw
materials is equally important. As with polysilicates for HW and LP
steam heating systems, commercial sodium and potassium polysili-
cates are used in these types of boiler compounds, and it is again crit-
ical that products contain approximately two molecules of silica to
every one molecule of sodium oxide. Where the Na,O:SiO, ratio
approaches 1:3, the formation of calcium silicate scale preferentially
tends to develop. Under these circumstances, phosphate is required to
remove the calcium.

NOTE: Because silica and magnesium are mutual precipitants, in low heat-
flux FT boilers operating below 250 psig without a softener or other effec-
tive FW hardness salt removal treatment, it is useful to try to balance the
levels of each radical in the boiler. Thus, if magnesium levels are high and
phosphate programs are employed, it is preferable to reduce the phosphate
level and add sodium or potassium polysilicate to produce magnesium sil-
icate sludge, rather than permit sticky magnesium phosphate to develop.
Sodium silicates decrease in solubility with increase in temperature (and
therefore steam pressure), and at pressures over 250 psig it is preferable to
use potassium salt because it does not possess this reverse solubility func-
tion. For low heat-flux boilers silicates may be successfully employed at up
to perhaps 650 psig.

This form of internal softening is not recommended in higher heat-flux
boilers, however, because the risk of complex silicate scales is inevitable.
The risk of such scales is further increased by the presence of either iron or
aluminum, and analcite, acmite, or similar minerals may result. Under
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these conditions, it is preferable to employ external conditioning to remove
both hardness salts and silica (in addition to Fe and Al).

Where silicate levels are high (say, close to or above 150 ppm as Si0,),
the caustic alkalinity level must be at least 2.5 times the silica. At this level
of alkalinity, any magnesium present will precipitate as a magnesium
hydroxide sludge. Maintaining a high pH level also raises the solubility
threshold level of silica.

10.4.2 Carbonate-Cycle Boiler Programs

The most popular form of internal treatment for many years dates from
the nineteenth century and is based on a combination of soda ash and
caustic. This traditional program, the so-called carbonate-cycle or
carbonate treatment, utilizes the addition of sodium carbonate to the
BW to deliberately form carbonate sludges that can be removed by BD,
rather than permit sulfate scales to develop. If sulfate scales do form in
the boiler, the removal process is difficult and very time-consuming,
and obviously, boiler operating efficiency will continue to decrease as
the sulfate scale increases in thickness.

In addition to the formation of calcium carbonate sludge, some of
the carbonate decomposes giving sodium hydroxide, which precipi-
tates magnesium bicarbonate, and chloride, etc. as the hydroxide and
is then incorporated into the carbonate sludge. Silicates are also often
removed in the process as serpentine. Additional caustic may also
need to be added, depending on the natural alkalinity present in the
MU water.

Sludge conditioners are required. Originally these were based on
starches and lignins, but modern carbonate cycle treatments use car-
bonate-polymer programs, where the polymer (such as a phos-
phinocarboxylic acid) provides a combination of threshold effect,
crystal distortion, and sludge dispersion to minimize scaling and pre-
vent sludge deposition.

With high-hardness waters, the carbonate-cycle form of precipita-
tion treatment is often preferred to the phosphate-cycle because it
forms a less bulky and less dense sludge. The disadvantages of hard-
water carbonate-cycle precipitation treatments include:

1. The limitations of modern boilers to accept the volumes of sludge
produced because of the limited internal water space available.

2 An unacceptably high level of scaling and sludge deposition risk,
especially in highly rated boilers.
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3. The inability of the program to manage the diversity of other scale-
forming ions that may be present.

4. The corrosion risks to the steam-condensate system resulting from
the decomposition of carbonates and the subsequent formation of
carbonic acid.

The principal carbon-cycle reaction chemistries are shown in the fol-
lowing equations, together with reactant molecular weights.

Ca(HCO,),
calcium
bicarbonate
162

- CaCoO, + Co, + HO
boiler calcium carbon water
heat  carbonate dioxide

100 44 18

NOTE: Sludge becomes adherent limescale if not properly conditioned.

Na,CO, +
soda

ash

106

H,0
water

18

2NaOH
sodium

hydroxide
80

+ Co,
carbon
dioxide
44

Ca(HCO,), + 2NaOH — CaCO, + NaCO, + 2H0

calcium

bicarbonate
162

CaSO, +
calcium
sulfate

136

caustic
soda
80

Na,CO,
soda
ash

106

Mg(HCO,), + 4NaOH -

magnesium
bicarbonate
146

28i0, +
silica

92

caustic
soda
160

3Mg(HCO,),
magnesium
bicarbonate
146

80

calcium sodium water
carbonate  carbonate
100 106 36
- CaCO, + Na,SO,
calcium sodium
carbonate sulfate
100 142
Mg(OH), + 2Na,CO, + 2H,0
magnesium sodium water
hydroxide carbonate
58 212 36
+ 4NaOH -
caustic
soda
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3MgO+28i0,2H,0  + 2NaCO, + 2H,0

serpentine sodium water
carbonate
248 212 36

If undesirable sulfate scale is to be avoided, a relatively high concen-
tration of carbonate must be maintained as a BW reserve. The quantity
of BW carbonate reserve required depends on the level of sulfates pres-
ent in the BW and the boiler gauge pressure, as indicated in Table 10.2.

NOTE: The table is based on a paper by R.E. Hall, Carl Fisher, and George
W. Smith. “The Prevention of Scale Formation by Boiler-Water
Conditioning,” Iron and Steel Engineer, June 1924.

This table provides a useful starting point for establishing a carbon-
ate BW reserve, but fails to properly address the problem of rapid car-
bonate breakdown at increasingly higher pressures, such that the
desired carbonate residual may never be reached.

Feedwater alkalinity requirements using 100% soda ash can be cal-
culated using the formula on the next page.

Table 10.2 Carbonate-Cycle Program. BW Carbonate Reserve Requirements by
Pressure and Sulfate Concentration

Pressure 100 psig 200 psig 300 psig 400 psig
Sulfate Carbonate Carbonate Carbonate Carbonate
(S0 )~ (CO Y- (CO Y- (CO Y- (CO Y-
Concentration Reserve Reserve Reserve Reserve
100 ppm 5 15 30 45

200 ppm 10 30 55 90

300 ppm 15 45 80 135

400 ppm 20 60 110 185

500 ppm 25 75 140 235
1000 ppm 45 145 280

1500 ppm 65 210

2000 ppm 90 285

2500 ppm 115 350

3000 ppm 140

3500 ppm 160

4000 ppm 180
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[0.75 X FWTH + (RBWMA — FWMA)]
coc

= Ib of product required, per 1 X 10 Ib of boiler FW

Where:

FWTH = FW total hardness, in mg/l (ppm) CaCO,

FWMA = FW methyl orange/total alkalinity, in mg/l CaCO,
RBWMA = Required BW methyl orange alkalinity, in mg/l CaCO,
COC = Cycles of FW concentration present or desired in the BW

In summary, the carbonate-cycle program provides preferred precip-
itation and coagulation reactions to prevent hard scale from forming.
Key functions are:

¢ Calcium hardness precipitates as calcium carbonate sludge
* Magnesium salts precipitate as hydroxide or silicate

* Calcium sulfate deposition is inhibited by the addition of sufficient
soda ash.

Sludge and other precipitated salts must be fluidized or mobilized
(conditioned), so that they remains free-flowing and nonadherent, so
sludge conditioners are essential.

Measurement and control of the BW “P” alkalinity is an essential
indicator in applying this program.

NOTE: P alkalinity = OH alkalinity + Y, CO; alkalinizy.

* P alkalinity must be maintained between 150 to 500 ppm as CaCO,,.
If this falls below 150 ppm, the reactions will not proceed to com-
pletion.

* Specific alkalinity ranges should be selected for individual boiler
applications and maintained within an 80 ppm range (such as
240-300 ppm).

* P alkalinity must be maintained higher in high sulfate waters.
However, if the P alkalinity reading is much over 500 ppm, coagu-
lation will deteriorate.

* If correctly conditioned, the BW should filter easily, producing a
very clear water (some color is permitted).

¢ For hard FW, limit the TDS, suspended solids, and silica (SiO,) to
a maximum of 2,000 ppm, 300 ppm, and 100 ppm, respectively (up
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to 150 psig, 10.3 bar); 1,750/250/60 ppm (up to 250 psig, 17.2 bar).
For higher pressures, or if the FW silica is too high, use a phos-
phate-cycle program.

For more details on carbonate-cycle control limits, see Table 10.3.
These control limits are for non-highly rated boilers and assume that
modern polymeric sludge conditioners are employed (i.e., not starches,
agar, etc., which tend to form colloidal suspensions and may be diffi-
cult to remove by BD).

Despite its limitations, the carbonate-cycle program is nevertheless
an important program type as it was the first stochiometric type of BW
program. Results have always been marginal, although the more mod-
ern carbonate-polymer programs are better; where used today, this
low-cost program ideally should be limited to low heat-flux rated boil-
ers, operating at below 250 psig.

An example of a modern carbonate-cycle formulation is shown
below. This formulation is designed for FT boilers operating within the
pressure range of 50 to 125 psig, using untreated FW. The maximum
BW silica permitted is 250 ppm SiO,. This BW compound requires the
separate addition of a sulfite oxygen scavenger and a neutralizing
amine for control of carbonic acid production.

Table 10.3 Carbonate-Cycle Coagulation and Precipitation Program. Recommended
BW Control Limits for Non-Highly-Rated FT Boilers Employing Hard or Partially
Softened FW

FW hardness, ppm CaCO, 40 to 50 Sto 10
Pressure, psig/bar max.

(approximate) 150/10 250/17 150/10 250/17
BW chemistry control limits

TDS, ppm max. 2000 1750 2500 2000
Silica, ppm SiO, max. 100 100 100 100
Suspended solids, ppm max. 300 250 200 150

P Alk., ppm CaCO, 30 to 150 in all cases

NOTE: This chart assumes oxygen scavenger, polymer, and other necessary water
chemistry controls are in place. If the FW is fully softened, there is no benefit in using
this program. Employ a phosphate-cycle or alternative program.
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Carbonate-Cycle Formulation Materials
Soda ash (sodium carbonate) 10%
Caustic soda (sodium hydroxide) 50% 10%
Sodium lignosulfonate (sludge conditioner) 20%
Phosphino polycarboxylic acid (PCA:16) 35% 10%
Soft water 50%
100%

Phosphate-cycle programs, which first became available at the
turn of the twentieth century and were researched and formalized in
the 1920s, have gradually replaced the carbonate-cycle programs.
Formulation developments include combined phosphate-carbon-
ate cycle programs, which incorporate the best of both basic pro-
grams while minimizing the problems associated with carbonate
breakdown.

An example of a fairly complex, combined phosphate-carbonate
cycle, liquid, multiblend formulation dating from the 1970s is provid-
ed below.

Combined Phosphate—Carbonate

Cycle, Multiblend Formulation Materials
Potash (potassium carbonate) 4.0%
Soda ash (sodium carbonate) 10.0%
DSP (Disodium phosphate) 3.0%
STTP (Sodium tripolyphosphate) 5.0%
Caustic soda (sodium hydroxide) 5.0%
Sodium sulfite (oxygen scavenger) 5.0%
DEAE (diethylaminoethanol, oxygen scavenger and
Steam-condensate line corrosion inhibitor) 4.8%

Sodium lignosulfonate (sludge conditioner) 10.0%
PAGMBE (polyalkyleneglycol monobutylether,

antifoam) 0.2%
Water 53.0%

100%

This formulation is designed as a single-drum treatment for boilers
operating at up to 300 psig and with a total hardness (TH) in the FW of
up to 30 ppm CaCO;. Initial feed is 15 ppm product per 1 ppm TH (as
CaCO,) in the FW. Control is based on maintaining 200 to 300 ppm
hydroxide (OH) alkalinity and a maximum of 3,000 ppm total dis-
solved solids (TDS) in the BW.
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10.4.3 Phosphate-Cycle Boiler Programs

Phosphates are perhaps the most versatile class of chemicals used in
the treatment of boilers. They are widely employed in boil-out, clean-
ing, lay-up, and passivation products because of their functional prop-
erties, which include hardness stabilization, crystal distortion,
sequestration, buffering, deflocculation, and synergism (with deter-
gents, wetting agents, emulsifers, and dispersants). They also act as
corrosion inhibitors (as described in Section 10.2.5). This section
deals with phosphates functioning as precipitation agents in phos-
phate-cycle programs. On a global basis, phosphate-cycle programs
probably continue to be the most commonly encountered form of inter-
nal BW treatment, although (similar to the cooling water treatment
market), all-polymer and all-organic programs are slowly overhaul-
ing most other chemistries.

Related programs, such as phosphate-chelant and phosphate-poly-
mer, are simply modifications of the basic phosphate-cycle, and they
still rely on the precipitation of calcium (or other metal ions) as dis-
persible phosphate sludge.

10.4.3.1 Phosphate Product Selection
Several different types of phosphates may be employed:

* Orthophosphate (PO,*)
* Metaphosphate (PO,")
* Pyrophosphate (P2074')

Some phosphates are simple orthophosphates, whereas others are
condensed phosphates. Polymeric forms are also available; these are
complex condensed polyphosphates, all of which may be present in
hydrogen, sodium, potassium, or even ammonium form.

» Orthophosphates are derived from the tribasic orthophosphoric
acid (H,PO,).

» Condensed phosphates are indirectly manufactured derivatives of
phosphorous acids, having less water than orthophosphoric acid
(two molecules of phosphoric can be written P,0,°3H,0, which
indicates the source of the condensation reaction). Condensed
phosphates are typically available in either crystalline or glassy
forms.
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The choice of phosphate is inextricably linked to the FW alkalinity
in order to control the precipitation process. A minimum BW hydrox-
ide alkalinity (hydroxyl, OH, O, or P, alkalinity) must be maintained.
A maximum total alkalinity (M or T alkalinity), as well as a control
range for phosphate (usually given as ppm or mg/l PO,) also must be
maintained. These various control parameters change not only with the
level of FW hardness, but also with boiler pressure.

Consequently, all water treatment service companies provide sever-
al phosphate-based formulations in their product range, from which a
particular phosphate-alkalinity combination can be selected. These for-
mulations typically employ one of the following phosphate types:

* Acid phosphates (e.g., orthophosphates) such as phosphoric acid
or sodium dihydrogen phosphate)

* Neutral phosphates such as sodium hexametaphosphate (SHMP)

* Alkaline phosphates such as trisodium phosphate, or phosphate-
alkali mixtures containing various percentages of caustic soda

NOTE: Acid phosphates and SHMP may attack chemical tanks and associ-
ated equipment, so acid-resistant equipment should be specified.
Alternatively, the addition of caustic up to a pH level of 8.2 to 8.3 (the pro-
duction of a pink color when tested with phenolphthalein) provides ade-
quate protection. A further alternative is to add neutralizing amine to the
tank.

Dozens of phosphates are commercially available, supplied as anhy-
drous materials or with varying levels of water of crystallization,
although only a limited number are employed for BW precipitating
treatment programs.

Commodity products tend to be supplied in either powdered or crys-
talline form, whereas specialty products and blends were originally
supplied pulverized, or as balls, but now are available as easier-to-han-
dle liquids.

Some of the more common phosphates (with typical analyses)
employed are:

* Phosphoric acid (orthophosphoric acid, H,PO,). Supplied com-
mercially as > 98% crystals, or more usually as a 75% or 85%
strength (by weight) liquid. MW = 98. As 100% material, P,O; =
72.4%, PO, = 96.9%.
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(Anhydrous) sodium dihydrogen phosphate (MSP, acid or
monobasic sodium orthophosphate, NaH,PO,). MW = 120.0, P,O,
= 58.9%, PO, = 79.1%, approximate solubility = 90% w/w at 75
°F/24 °C, 170% wiw at 150 °F/65 °C, approximate pH level of 1%
solution = 4.6 to 4.8.

(Crystalline) sodium dihydrogen phosphate (Crystalline or
monohydrate MSP, NaH,PO,H,0). MW = 138, P,0; = 51.4%,
PO, = 68.8%, approximate solubility = 108% w/w at 75 °F/24 °C,
215% wiw at 150 °F/65 °C, approximate pH level of 1% solution =
4.6 to 4.8.

(Anhydrous) disodium hydrogen phosphate (DSP, secondary or
dibasic sodium orthophosphate, phosphate of soda, Na,HPO,). MW
= 142, P,O, = 49.7%, PO, = 66.9%, approximate solubility =
10% wiw at 75 °F/24 °C, 21% w/w at 150 °F/65 °C, approximate
pH level of 1% solution = 8.8 to 8.9.

(Crystalline) disodium hydrogen phosphate (Crystalline DSP,
DSP dodecahydrate, Na,HPO,"12H,0). MW = 358, P,O, =
19.8%, PO, = 26.5%, approximate solubility = 20% w/w at 75
°F/24 °C, 110% w/w at 150 °F/65 °C, approximate pH level of 1%
solution = 8.8 to 8.9.

(Anhydrous) trisodium phosphate (TSP, tribasic sodium
orthophosphate, Na,PO,). MW = 164, P,0, = 43.0%, PO, =
57.9%, approximate solubility = 16% w/w at 75 °F/24 °C, 54%
w/w at 150 °F/65 °C, approximate pH level of 1% solution = 11.8.

{Monohydrate) trisodium phosphate (Mono TSP, tribasic sodium
orthophosphate monohydrate, Na,PO,H,0). MW =182, P,O, =
39.0%, PO, = 52.1%, approximate solubility = 19% w/w at 75
°F/24 °C, 65% w/w at 150 °F/65 °C, approximate pH level of 1%
solution = 12.0.

(Crystalline) trisodium phosphate (Crystalline TSP, tribasic sodi-
um orthophosphate dodecahydrate, Na,PO,12H,0). MW = 380,
P,0, = 18.6%, PO, = 25.0%, approximate solubility = 33% w/w
at 75 °F24 °C, 375% wiw at 150 °F/65 °C, approximate pH level
of 1% solution = 12.0. Some manufacturers provide crystalline
TSP that incorporates 3 NaOH, which increases the MW to 390.
Sodium trimetaphosphate [STMP, Na,P.O, or (NaPO,), where n
= 3]. MW = 2219, P,O, = 63.8%, PO, = 42.8%, approximate
solubility = 16% w/w at 75 °F/24 °C, 30% w/w at 150 °F/65 °C,
approximate pH level of 1% solution = 6.8 to 7.2.



422 Boiler Water Treatment: Principles and Practice

* Sodium hexametaphosphate [SHMP, glassy sodium polyphos-
phate, Calgon®, Hexaphos®, Polyphos®, Sodaphos®, etc., of vari-
able composition by individual manufacturers representing their
products by formulae such as Na +2P O, , and (NaPO,), , where
n = 6 to 21, although n typical = 13]. MW = 1387 to 1897, P,O;
= 61 to 69%, PO, = 65 to 89%, approximate solubility = >150%
w/w at 75 °F/24 °C, >200% w/w at 150 °F/65 °C, approximate pH
level of 1% solution = 6.7 to 7.0.

* (Anhydrous) sodium tripolyphosphate (STPP, Na,P,O, ). MW =
367.9, P,Oy, = 57.9%, PO, = 77.4%, approximate solubility =
15% at 75 °F/24 °C, 21% at 150 °F/65 °C, approximate pH level of
1% solution = 9.7 to 10.1.

(Crystalline) sodium tripolyphosphate (Crystalline STPP,
Na,P,0,,6H,0). MW = 475.9, P,O5 = 44.7%, PO, = 59.9%,
approximate solubility = 22% at 75 °F/24 °C, 29% at 150 °F/65 °C,
approximate pH level of 1% solution = 9.7 to 10.1.

* (Anhydrous) tetrasodiumpyrophosphate (TSPP, normal sodium
pyrophosphate Na,P,0,). MW = 265.9, P,O; = 53.4%, PO, =
71.4%, approximate solubility = 6% at 75 °F/24 °C, 30% at 150
°F/65 °C, approximate pH level of 1% solution = 10.3.

10.4.3.2 Phosphate-Cycle Reactions

The calcium phosphate solubility constant [KCa,(PO,),] is extreme-
ly small and phosphate quickly reacts with calcium when present in
warm to hot, alkaline BW in the ortho- form. This reaction is complete
and superior to the soda ash precipitation reaction. In addition, calcium
phosphate is stable and does not decompose.

Some phosphate-cycle reactions are shown below, and, although for
the sake of simplicity only calcium phosphate is shown as a precipitant,
depending on the operational circumstances, the reaction produces
either tricalcium phosphate, hydroxyapatite, or a combination of both
salts.

The formula for tricalcium phosphate is Ca,(PO,), and that of
hydroxyapatite (which is a complex, composed of a mixed phosphate
and hydroxide) is variously written as:

* Ca,(OH),(PO,),
* 3Cay(PO,),Ca(OH),
* 10Ca03P,0,-H,0



Internal Treatment Programs 423

2NaH,PO, + 3CaCO, + 4NaOH — Ca,(PO,), + 3Na,CO, + 4H,0
MSP calcium caustic calcium sodium water
carbonate soda phosphate  carbonate

2NaH,PO, + 3CaSO, + 4NaOH — Ca,(PO,), + 3Na,SO, + 4H,0
MSP calcium  caustic calcium sodium water
sulfate soda phosphate  sulfate

2Na,HPO, + 3CaCO, + 2NaOH — Ca,(PO,), + 3Na,CO, + 2H,0
DSP calcium caustic  calcium sodium water
carbonate soda phosphate  carbonate

2Na,HPO, + 3CaSO, + 2NaOH — Ca,(PO,), + 3Na,SO, + 2H,0
DSP calcium  caustic calcium sodium water
sulfate soda phosphate  sulfate

2Na,PO, + 3CaCO, > Ca,(PO,), + 3Na,CO,
TSP calcium  calcium sodium
carbonate phosphate carbonate

2Na,PO, + 3CaSO, — Ca,(PO,), + 3Na,SO,
TSP calcium  calcium sodium
sulfate phosphate  sulfate

It can be seen from these reactions that the requirement for caustic
(or carbonate, which breaks down to form caustic) is high for MSP, less
for DSP, and not required for TSP,

NOTE: Sufficient caustic is still required to maintain a suitable OH alka-
linity reserve. Tests to confirm the presence of adequate alkalinity and a
permanent phosphate reserve should be conducted frequently, normally at
least once per day.

Hydroxyapatite produces a soft sludge that is not as sticky as trical-
cium phosphate and can be more easily managed (dispersed) by a
(polymeric) sludge conditioner.

The BW pH level should be above 10.2 to ensure that hydroxyapatite
preferentially precipitates. Also, where magnesium is present, the pH
level should be above 10.5 so that magnesium hydroxide [brucite,
Mg(OH),] precipitates, rather than the stickier and more adherent mag-
nesium phosphate [Mg.(PO,),]. In any event, where possible, it is
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preferable to work with a BW pH of close to 11.0 because this is an
optimum passivation pH level for steel.

NOTE: As the reaction between calcium and orthophosphate is rapid, it is
not generally advisable to add phosphate to the feedline at any great dis-
tance from the boiler because the precipitation of phosphate sludge may
foul the line quickly and eventually cause a complete blockage.

Phosphate should ideally be added continuously, direct to the boiler
shell or steam drum, and in proportion to FW consumption. Where this is
not possible and the phosphate is added to the feedline, several program
options exist to minimize the potential for feedline blockage. The use of an
alternate strategy is particularly important where an economizer is present.
Options include:

1. The use of a polyphosphate, first required to revert (thermally degrade)
to the orthophosphate before the precipitation process begins.

2. Alternatively, sodium metaphosphate (an orthophosphate that has
been “molecularly dehydrated” by the removal of a molecule of water)
may be employed because this must regain the lost water molecule
before reacting with calcium as the orthophosphate. This delay may
provide the time necessary to ensure that the precipitation reaction
takes place solely within the confines of the bulk BW.

3. Where direct addition to the boiler is possible, use a combined phos-
phate-chelant program because solubilization of hardness salts will
occur; this limits the potential for adherence to metal surfaces.

4. A phosphate-sludge conditioner blend may be employed because the
deposit control agent or sludge conditioner limits and controls crystal
Jormation (threshold and crystal distortion effects) and ensures particle
Sfluidization (dispersion effect).

The phosphate requirement is primarily based on the FW hardness,
so the lower the hardness, the lower the phosphate demand. Where
hardness levels are continuously low, the phosphate reserve should be
maintained closer to the minimum of the specified range (typically
30-60 ppm PO, for FT boilers operating up to 30 bar, 435 psig).
Conversely, the phosphate reserve should be higher with variable or
higher FW hardness levels. If higher phosphate reserves are required,
the hydroxide alkalinity should be increased accordingly.

NOTE: Higher incoming hardness ultimately results in a reduction in
BW alkalinity because the various hardness and phosphate reactions
consume alkalinity in the production of tricalcium phosphate and
hydroxyapatite.
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Normally, the minimum BW hydroxide alkalinity required is approxi-
mately 200 to 300 ppm (as CaCQ;) for boilers under 300 to 400 psig. If this
level is allowed to drop significantly, hard, dense, and adherent phosphate
scale will likely form in the boiler.

Phosphate and caustic may be mixed together (most formulations pro-
vide for this) in the same day tank.

The chemical feed pump should be wired into the boiler FW pump, so
that when the boiler calls for water, both phosphate and alkali are added in
proportion to the FW volume and the hardness it contains.

To ensure adequate fluidity of the phosphate sludge, polymer also may
be added to the same day tank, although it is often added to the FW tank or
feed line.

10.4.3.3 Phosphate-Cycle Requirement Calculations

For precipitating phosphate programs it is necessary to ensure ade-
quate BW alkalinity in addition to the phosphate reserve. Sodium
hydroxide should be used. The alkalinity feed-rate is based on FW
consumption and calculated as follows:

[0.67 X FWCaH + (FWMgH — FWMA + RBWPA)] X 100
coc % NaOH in
product

= Ib of product required, per 1x 10° Ib of boiler FW

Where:

FWCaH = FW calcium hardness, in mg/l (ppm) CaCO,

FWMgH = FW magnesium hardness, in mg/l CaCO,

FWMA = FW methyl orange/total alkalinity, in mg/l CaCO,
RBWPA = Required BW phenolphthalein alkalinity, in mg/l CaCO,
COC = Cycles of FW concentration required in the BW

Factor 0.67 above originates from the phosphate to calcium ratio,
ie., 2(PO,*>) + 3(Ca’") > Ca,(PO,)?*, % = 0.67.

Example:

Boiler steam production = 250,000 Ib/day

Condensate return (CR) = 75% (assume clean CR—no contami-
nants)

MU water Ca hardness = 8 mg/l CaCO,
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MU water Mg hardness = 4 mg/l CaCO,

MU water M alkalinity = 60 mg/l CaCO,
RBWPA = 500 mg/1 CaCO,

COC = 25x

Alkalinity-furnishing product contains 15% NaOH

Therefore:
FWCaH = 2 (8 x 25%)
FWMgH =1 (4 x 25%)
FWMA = 15 (60 x 25%)

RPBWA = 500

CcoC =25

% NaOH = 15
Substituting:

[0.67 X2 + (1 — 15 + 500)] X 100
25 30

= 24.4 b of product required, per 1X 10° Ib. of boiler FW

This approximates to, say, 24 Ib. per 1 X 106 Ib, or 6 Ib of alkalini-
ty-furnishing product per day.

NOTE: If the value within brackets is negative, adequate free alkalinity
exists in the FW and the addition of supplementary alkalinity is not
required.

Additionally, the phosphate feed-rate requirement for FW must be
calculated. The following formula will suffice:

[0.67 X FWCaH + (RBWPO )] X 100
coc % PO, in product

= 1b of product required, per 1 X 10 Ib of boiler FW

Where:

FWCaH = FW calcium hardness, in mg/l (ppm) CaCO,
RBWPO,, = Required BW phosphate reserve in mg/l PO,

COC = Cycles of FW concentration present or desired in the BW

Typically, for FT boilers operating phosphate-cycles programs at
pressures below 435 psig (30 bar):
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*  Maintain BW total (M) alkalinity at 350 to 700 ppm CaCO3.
* M alkalinity should generally not exceed 20% of the TDS.

* Maintain OH alkalinity at a minimum reserve level of 350 ppm
CaCaO,;.

* Maintain phosphate reserve at 30 to 60 ppm PO, (50 to 100 ppm
Na,PO,).
» If maintaining phosphate reserves toward the upper end of the

range, ensure caustic alkalinity is also high. Try to ensure an
OH:PO, ratio of 10 or 12 to 1.

NOTE: All these recommended values relate to moderately rated FT boilers.
Where highly rated FT boilers are concerned, values should be maintained
at perhaps 10 to 20 % of the above. This may require higher quality FW.

Where phosphate-cycle chemistry is employed in WT boilers, a dif-
ferent set of rules apply. However, for non—highly rated boilers, phos-
phate-cycle programs normally may be employed up to 1,200 psig (82
bar), and phosphate itself is generally satisfactory in industrial applica-
tions up to at least 1,885 psig (130 bar), or for any specific boiler appli-
cation up to the phosphate hideout point.

NOTE: Phosphate is employed in utility boilers at pressures up to 2,750
psig (190 bar, 360 °C/680 °F).

In practice today, coagulation and precipitation chemistries using
phosphate-cycle programs employing a free-caustic reserve are widely
employed in boilers operating at up to 950 psig (65.5 bar). This is, how-
ever, only for conventional, non-highly rated, nonriveted, stress-
relieved,welded industrial boilers. For higher pressure, nonconventional,
or highly rated industrial or power boilers, coordinated phosphate or
other, more appropriate, programs tend to be employed.

Tables 10.4 and 10.5 set out phosphate-cycle control limits. These
control limits are for non-highly rated, FT and WT boilers and assume
that modern polymeric sludge conditioners are employed (i.e., not
starches, lignosulphonates, etc.).

10.4.3.4 Phosphate-Cycle Benefits and Formulations

Phosphate-cycle programs are a relatively low-cost, well-established
technology that provides good, well-proven results in variable and



428 Boiler Water Treatment: Principles and Practice

Table 10.4 Phosphate-Cycle Coagulation and Precipitation Program. Recommended
BW Control Limits for Non-Highly-Rated FT Boilers Employing Hard, Partially
Softened, or Fully Softened FW.

FW hardness, ppm

CaCO, 40 to 50 5t 10 1to2
Pressure, psig/bar max.

(approximate 150/10 250/17 | 150/10 250/17 350/25
BW chemistry control limits

BW TDS, ppm max. 2000 1750 2500 2000 3500
Silica, ppm SiO, max. 140 140 140 140 175
S/Solids, ppm max. 300 250 200 150 50

T Alk., ppm CaCO, max. | 700 600 900 700 1200
OH Alk., ppm CaCO, In all cases this should be 350 min.

Phosphate, ppm PO, In all cases this should be 30 to 60

NOTE: This chart assumes oxygen scavenger, polymer, and other necessary water
chemistry controls are in place.

higher hardness FW. They are safe, are noncorrosive, and have a high
tolerance for excursions in FW quality, provided that an adequate OH
alkalinity and phosphate reserve is available.

The drawback is that the precipitation chemistry results in suspend-
ed solids that must be fluidized and removed from the boiler by BD, so
a polymeric sludge conditioner (dispersant, deposit control agent)
product and additional BD is required. The higher the FW hardness, the
more BD is required because of the buildup of suspended solids, so
there is a trade-off in terms of operating with lower quality FW and the
resulting reduced efficiency.

Two examples of typical phosphate-cycle formulations are shown
here.

Phosphate-Cycle Formulation for Simple

Systems with Adequate FW Alkalinity Materials
Caustic soda 4.0%
SHMP 25.0%
PAA 10.0%
PAGMBE 0.2%
Water 60.8%

100.0%
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Table 10.5 Phosphate-Cycle Coagulation and Precipitation Program. Recommended
BW Control Limits for Non-Highly-Rated WT Boilers Employing Hard, Partially
Softened, or Fully Softened FW.

Pressure, psig/bar max. (approx.) 350/25 650/45 950/65

FW hardness, ppm, CaCO, 40 to 50 10 to 20 5to 10

BW chemistry control limits

TDS, ppm max. 2000 2000 1500

Silica, ppm SiO, max. 0.4x OH 0.4x OH 0.4x OH
alkalinity alkalinity alkalinity

Suspended solids, ppm max. 300 200 100

T Alk., ppm CaCO, max. 700 600 500

OH Alk., ppm CaCO, min. 350 300 250

Phosphate, ppm PO, 30 to 60 30to 50 20to 40

Pressure, psig/bar max. (approx.) 350/25 650/45 950/65

FW hardness, ppm, CaCO, 1to2 <1.0 <0.5

BW chemistry control limits

TDS, ppm max. 2500 1500 1000

Silica, ppm SiO, max. 0.4x OH 0.4x OH 0.4x OH

alkalinity alkalinity alkalinity

Suspended solids, ppm max. 50 20 5

T Alk., ppm CaCO, max. 600 500 300

OH Alk., ppm CaCO, min. 300 150 60

Phosphate, ppm PO, 30 to 60 20 to 40 15 to 30

NOTE: This chart assumes oxygen scavenger, polymer, and other necessary water
chemistry controls are in place. If determining TDS via a conductivity meter, use an
un-neutralized sample.

Phosphate-Cycle Formulation for Systems
with Moderate Alkalinity, Higher Hardness FW Materials

Caustic soda 13.0%
STPP 13.0%
PAA 6.0%
Sodium lignosulfonate 9.0%
PAGMBE 0.2%
Water 58.8%

100.0%
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NOTE: The first formulation operates under a control limit of 20x COC.
The second formulation offers the benefit of additional on-line chelating
and cleaning power through use of STPP. A limit of 10 to 12x COC would

typically apply.

Because all phosphate-cycle programs employ polymers, the dis-
tinction between simple phosphate programs and phosphate-
polymer programs is blurred. A subtle distinction is that simple phos-
phate programs were essentially designed to provide alternatives to the
carbonate-cycle as a means of internally treating FW with up to per-
haps 40 to 50 ppm total hardness, whereas more modern phosphate-
polymer programs strive for low hardness FW, with the phosphate
acting as a “reserve” and providing an easy means of testing.

10.5 CHELANT PROGRAM CHEMISTRIES

Chelant programs are solubilizing programs and are commonly pre-
scribed for both FT and WT boilers either as replacements for, or used
in combination with, phosphate precipitation programs.

Chelants are relatively high molecular weight compounds and react
stoichiometrically with cations. In higher hardness waters the con-
sumption of chelant-based programs may be both excessive and expen-
sive; consequently, they are not normally employed with high hardness
FW sources.

Chelants tend to be used in the following types of situations:

1. In low-hardness FW hardness boilers, where very clean water-
side surfaces are needed to maximize heat transfer. Here the formu-
lation may be essentially a “straight” chelant with minimal
additional ingredients, or it may be a balanced chelant-polymer pro-
gram.

2. As a continuous support to an existing program that is struggling
to maintain overall effectiveness. Here a straight chelant formula-
tion may be used.

3. Under variable FW conditions, where waterside fouling has
occurred and on-line cleaning is needed. In this situation, the initial
cleaning phase may use a high-chelant formulation (e.g., chelant-
phosphonate program), following which a low-chelant formulation
may be employed (e.g., a phosphate-chelant program).
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NOTE: All chelant formulations should be manufactured using high-quali-
ty water because any residual hardness will be complexed and reduce the
active strength of the chelant.

10.5.1 Chelant Basics

(Chelant: from Chela, the claw of a crab, lobster, or scorpion, and, in
this context, meaning to hold apart).

Chelants, or chelating agents, typically are organic chemicals
(although inorganic chelants exist) that react with polyvalent metal ions
to form stable ring structures that incorporate the metal ion within the
molecule. Chelants tie up metals and deactivate them.

The mechanism of chelation involves the donation of a pair of elec-
trons to a substrate species (such as iron, copper, calcium, or magne-
sium) and a reconfiguration of the shape of the new molecule to provide
a minimum of bond strain. The chelant or ligand “bites” the substrate
at several points, forming a stable, but not necessarily particularly
strong, coordinate bond.

Ligands “bite” at one or more points. Chelants bite at two or more
points, so all ligands are not necessarily chelants. Chelants forming
water-soluble complexes with metal ions are called sequestrants (but
not all sequestrants are chelants). The most commonly employed BW
chelant, ethylenediaminetetraacetic acid (EDTA) produces coordina-
tion complexes with four points of attachment and is termed a tetraden-
tate ligand.

The size of the EDTA ring structure complex (not too big or too
small), plus the multiple points of attachment, provides a very stable
complex (high stability constant) that overcomes reaction tendencies to
reach equilibrium via the lowest possible energy state or maximum
state of disorder (entropy).

The affinity of chelants for particular substrates differs, but copper,
chromium, and iron are more attracted than calcium or magnesium.
Chelation is also affected by pH levels and other conditions, so it is
necessary when formulating BW compounds to ensure that the correct
chelant is selected for the particular purpose.

Apart from the primary purposes of tying up alkaline earth metals to
reduce waterside fouling and solubilizing old, formed deposits, formu-
lators have also long used chelants because of their buffering, product
stability, and oxidation-reduction control effects.

The most common chelants employed for boiler deposit control, sol-
ubilization, and cleaning duty include:
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EDTA and especially its tetrasodium, dihydrate salt,
NaO,CCH,N(CH,CO,Na)CH,*CH,N(CH,CO,Na)CH,CO,Na-2H,0.
EDTA is an aminopolycarboxylic acid. Others include N-hydrox-
yethylenediaminetriacetic acid (HEDTA) and diethylenetri-
aminepentaacetic acid (DTPA). The primary manufacturers of
EDTA and related chemistries are the Hampshire Chemical
Division of W.R. Grace, Inc. (Hampene®) and DOW Chemical
Company, Inc. (Versene®). Anhydrous EDTA has a MW of 380. It
is generally supplied for incorporation into formulations as 38%
EDTA (41.6% EDTA Na,-2H,0), (Hampene 100/Versene 100)
specifically because its chelating activity at a pH level of 11 is 100
mg CaCO, per gram of chelant. That is, 10 ppm of chelant will
sequester 1 ppm of calcium hardness.

Nitrilotriacetic acid (NTA) and especially its trisodium, monohy-
drate salt, N(CHCOONa),*H,0. NTA is primarily manufactured by
Monsanto Chemical Company, Inc. and Hampshire Chemical.
Anhydrous NTA has a MW of 257. It is generally supplied for
incorporation into formulations as 40% NTA (42.8% NTA
Na,°H,0), (Hampene 150). Its chelating activity at a pH level of 11
is 156 mg CaCO, per gram of chelant. That is, 10 ppm of chelant
will sequester 1.56 ppm of calcium hardness.

Diethanolglycine (DEG), ethanoldiglycine (EDG), and their salts,
which are used for the control of iron in alkaline solutions (DEG at
a pH level of 9.5 to 12.5 and EDG at 6.5 to 9.5).

Citric acid and other hydroxycarboxylic acids, such as gluconic
acid. Also, derivatives such as sodium gluconate (D-gluconic acid,
sodium salt), HOCH,[CH(OH)], COONa.

Sodium glucoheptonate (sodium heptonate), which has the formula,
HOCH,[CH(OH)],COONa. Glucoheptonate shows a greater stabili-
ty than sodium gluconate and retains the ability to chelate ions effec-
tively in high pH water, which citrates and EDTA do not do so well.
Because of the ability of glucoheptonates to chelate calcium and iron,
and to dissolve rust films without attacking the bare metal (in the pH
range of 5 to 9), it is very useful in boiler cleaning operations.

Phosphonates, especially aminotri(methylenephosphonic acid)
(ATMP) and 1-hydroxyethylidene-1,1-diphosphonic acid (HEDP).
Organophosphonates have the ability to control both scaling and cor-
rosion by a combination of chelation and crystal nuclei growth
supression (threshold) mechanisms; they also provide scale control
by crystal distortion.
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* Polyphosphates, including SHMP, TKPP, and STPP.

» Lignin sulfonates (lignosulfonates), which are also sludge condi-
tioners.

10.5.2 Practical Application of Chelants

EDTA and NTA are essentially the only two chelants formulated into
BW deposit control programs. The rationale for selection of one prod-
uct over another is often a point of contention. Looking first at the rel-
ative chelation stability constants (chelate log values, Ks):

o For Fe3*, this is 25.1 for EDTA and 15.9 for NTA
*  For Cu?*, this is 18.8 for EDTA and 12.7 for NTA
o For Fe?*, this is 14.3 for EDTA and 8.8 for NTA
» For Ca?*, this is 10.6 for EDTA and 6.4 for NTA
» For Mg?*, this is 8.7 for EDTA and 5.4 for NTA

This clearly shows that EDTA forms a stronger complex than NTA
for all common BW contaminants.

NOTE: It is also apparent that the ferric ion (Fe>*) should chelate most
readily. In practice, however, under strongly alkaline conditions, the pre-
ferred reaction is to instantaneously form ferrous hydroxide and then to
slowly revert to ferric hydroxide (competing anion effect).

The order of chelation under most boiler conditions is: calcium >
magnesium > iron > cOpper.

NOTE: If the BW contains phosphate, the preferred reaction is for calcium
to precipitate as hydroxyapatite, rather than to chelate with EDTA or NTA
(a further competing anion effect). Consequently, there would seem to be no
valid reason to produce combined phosphate-chelant programs, with the
chelant acting as a “reserve” against unforeseen hardness incursions
caused by a softener leakage, or other source. In practice, the chelant acts
to solubilize existing deposits, producing a very clean boiler.

Looking next at the thermal and hydrolytic stability:

* NTA is stable up to 900 psig (530 °F, 62 bar, 222 °C) and then rap-
idly hydrolyzes. It is fully broken down at 1,000 psig.
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* EDTA begins to decompose at only 400 psig (441 °F, 27.5 bar, 227
°C). However, the initial decomposition products are weaker
chelants, hydroxyethyliminodiacetic acid (HEIDA) and iminodi-
acetic acid (IDA), so chelation still takes place. (Hydrolysis of
HEIDA then continues at a much slower rate to produce more IDA
and ethylene glycol.) Despite this reversion problem, EDTA is
effective and, in practice, is employed at up to 1,200 psig (82.7 bar)
and up to 1,500 psig (103.4 bar) when employed as an overlay
product.

Finally, when comparing the relative cost and consumption of NTA
and EDTA. It is a fact, that NTA is considerably less expensive than
EDTA (about 60% of the cost of EDTA, depending on specific market
conditions). However, this gain may easily be lost, depending on the rel-
ative cost impact of other formulatory ingredients. Also, the selling price
of most boiler compounds is normally several times the raw materials
and blending or drumming cost (to pay for technical support and other
customer services), so that any cost benefit gains are further diluted.

Where NTA does provide a benefit over EDTA is in the area of
chelant demand. NTA has a smaller molecule and does not require as
much product to form the chelonate (see Table 10.6).

In larger boiler plants, the 99 to 100% versions of NTA are some-
times employed, also EDTA disodium salt (see Table 10.6), and more
recently, HEDTA.

Table 10.6 Chelant demand (ppm product) per 1 ppm substrate

38% Hampene 40%
Substrate EDTA Na, NTA
Chelant molecular weight 380 372 257
Hardness, ppm CaCO, 10.0 3.7 6.5
Calcium, ppm Ca 25.0 9.3 17.3
Magnesium, ppm Mg 41.0 15.5 28.3
Iron, ppm Fe 17.9 6.6 12.3
Copper, as ppm Cu 15.7 5.8 10.8
Aluminum, as ppm Al 37.1 13.7 25.5

NOTE: 38% EDTA = 41.6% EDTA Na,;2H,0, Hampene or Versene 100 (100 mg
CaCOyg). Typically supplied as a 40% w/w product. Hampene Na, = 99%
EDTA Na,2H,0, (267 mg CaCO/g). 40% NTA = 42.8% NTA Na;H,0,
Hampene 150 (156 mg CaCO /g). Typically supplied as a 43% w/w product.
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HEDTA has been widely used as a boiler cleaning compound, but
has proved useful for iron control at elevated temperatures. HEDTA is
supplied as 98% Na,*2H,0 (MW 380) and has a chelating activity of
258 mg CaCO,/g at a pH level of 11.

NOTE: Although control over transported iron is critical in larger power
boilers, as discussed earlier, control by the chelation of ferric iron is not
possible (because of the competing anion effect). Consequently, Fe,0, and
Fe 0, are essentially unaffected by chelants. However, it is well known that
where an iron chelate (chelonate) is formed, it is stable and will not be
destroyed by hydrolysis at high temperature.

Chelant demand can be calculated by referring to Table 10.6 and the
formula below.

FW chelant demand (ppm) = (A + B + C) + BW chelant residual
COoC
Where:
(A + B + C) = sum of individual FW contaminant substrates X
respective chelant demand for specific chelant employed
BW chelant residual = typically 3 to 5 ppm
COC = Cycles of FW concentration present or desired in the BW

NOTE: If the chelant forms only part of the formulated product, the ppm of
product required in the FW is determined by dividing the total chelant
demand by the percentage chelant in the product.

The most reliable way to control the chelant program is to base it on
FW chelant demand, rather than to aim at maintaining a chelant resid-
ual in the boiler. The fact is that most chelant residual tests in the field
are widely inaccurate, and EDTA begins to break down at pressures over
400 psig. Nevertheless, it is useful to conduct these tests on a purely qual-
itative basis, simply to gain some confidence that a small residual exists.
Consequently, recommended chelant residuals are provided in the appro-
priate tables. Needless to say, it is imperative that the chelant demand is
made on a truly representative FW sample or series of samples.

Chelant programs offer a number of benefits over phosphate pro-
grams, primarily:

1. Hardness is controlled as a soluble complex rather than being pre-
cipitated.
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Boiler surfaces tend to be cleaner with little or no suspended solids
or sludge present, resulting in improved heat transfer.

The lack of sludge reduces the need for BD, which further improves
efficiency.

An issue with chelants, and especially EDTA as the most widely

used chelant, is the risk of corrosion to the feed equipment, feed injec-
tion points, and ultraclean boiler surfaces. This issue is generally asso-
ciated with a lack of oxygen control in some way or other.

High temperature hydrolysis of EDTA is accelerated by the presence

of oxygen, and chelant corrosion may take place in the presence of
oxygen and a chelant overfeed. (See Section 7.4.1 for more details).
Key points are:

1.

Chelant corrosion only takes place when a number of unfavorable
boiler operating factors are collectively present, including an over-
feed of chelant and the presence of DO.

High levels of chelant or oxygen affect the redox tendencies of iron-
oxygen reactions and permit the liberation of Fe* ions (corrosion)
from a metal surface and their subsequent chelation, thus prevent-
ing the formation or repair of blanketing ferric oxides, hydroxides,
or a passivated magnetite film.,

Under normal conditions, the magnetite film is not disrupted by the
presence of chelant.

Where chelant corrosion does occur, attack may take place either at
the chelant entry point (resulting in rapid thinning of the metal in
the immediate vicinity) or at several possible boiler surface loca-
tions (resulting in thinning wastage and ‘“comet tails”).

Extremely good control over oxygen levels is critical when using
chelants. The injection point of chelant should be into the boiler FW
as far downsteam as possible from the deaerator and chemical oxy-
gen scavenging point to permit sufficient time for effective oxygen
removal to take place. Typically, the injection point is the high-pres-
sure side of the FW pump. This serves to dilute the chelant before
it enters the boiler drum and provides for low-temperature com-
plexing so that hydrolytic breakdown is minimized.

Where good control over oxygen and overfeed is exercised, boilers
are always clean and the rate of internal corrosion is limited (cer-
tainly no worse than for other types of programs).
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Further chelant program control notes are:

Only low total hardness levels can be tolerated (the ceiling is
0.5-3.0 ppm CaCO,) or the program becomes too expensive.
Chelant programs work particularly well with good quality FW.

Boiler water chelant reserves are minimal, so that any change in FW
substrate contaminants demands additional chelant, unlike phos-
phate-cycle programs, which carry a much higher reserve and can
manage occasional incursions without any change in product feed.

Optimum chelation pH level is 11.0 to 11.2. This corresponds to a
P alkalinity in the boiler of approximately 300 to 500 ppm CaCO,.
The lowest practical caustic alkalinity is 100 ppm.

If the alkalinity is too low, iron corrosion may take place. If the
alkalinity is too high, there is a further competing anion effect, with
magnesium precipitated as Mg(OH),, rather than chelated.

Silica control requirements are the same as for phosphate-cycle
programs.

Where oil is present in the FW, special precautions must be taken
when using chelant programs. Under coagulation and precipitation
programs, any oil is partially absorbed on the precipitate and the
problem is minimized. However, because no sludge is present in
chelant programs, the oil problem is magnified. Use antifoams and
increase BD.

Chelants should not be used downstream of hot process or hot lime
soda softening MU water treatment.

Chelants should not be used in the presence of of high iron and cop-
per content or in boiler systems with either very high or very low
velocities because corrosion rates may be enhanced.

Chelants should not be used where the design is particularly sensi-
tive to corrosive conditions (e.g., certain economizer systems).

The simplest type of chelant formulation is standard industrial-
strength liquid EDTA (38% w/w Hampene 100 or competitive
equivalent).

10.6 ALL-POLYMER/ALL-ORGANIC PROGRAMS

NOTE: This section discusses organic BW treatment inhibitors and condi-
tioners but is not concerned with those classes of organics used for oxygen
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scavenging or steam-condensate line corrosion control. Rather; it is prima-
rily intended to examine modern sludge conditioners and deposit control
agents (DCAs) as both overlays and complete replacements for conven-
tional programs.

As in cooling water (CW) inhibitor formulation chemistries today, a
significant proportion of any BW chemical program is now invariably
organic based and often polymeric. Sludge conditioners have always
been of organic origin (generally natural organics). Many of these func-
tional chemicals have been employed for more than 50 years and
remain in useful service to this day. They include carboxy-methylcel-
lulose (CMC), tannins, hydrolyzed starches, and lignins (as ligno-
sulfonates). However, these materials usually are consigned to the
smaller and relatively lower pressure end of the BW treatment market.

e CMC (sodium salt) is useful for internal precipitation programs with
high sludge volumes because it acts as a protective colloid (a col-
loid that prevents the precipitation or coagulation of another colloid).

» Tannins, as DCAs, are particularly effective in conditioning carbon-
ate-cycle sludges.

* Starches continue to be useful in cases of continuous oil contami-
nation and with high-silica FWs where silicate sludges are pro-
duced.

* Lignins, as DCAs, are excellent for phosphate-cycle sludges in FT
boilers where FW hardness may vary and also where iron oxides are
present.

In the pursuit of enhanced water treatment performance (and higher
profitability), various novel organic chemistries have periodically been
introduced into the marketplace over the years, including polyacry-
lates, polymethacrylates, polyacrylamides, phosphonates, and
maleates. The trend in recent years, however, has been for major inter-
national chemical companies to significantly increase the rate of devel-
opment and marketing of new chemistries or modifications of existing
chemistries. The resulting products tend to be branded and heavily pro-
moted; they are extremely effective as replacements for traditional
sludge-conditioning additives But in addition, they also support,
enhance, or even totally replace several of the existing mainstream BW
scale and corrosion control technologies, including anodic inhibitors,
tannins, carbonates, phosphates, and EDTA/NTA chelants.
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Some of these newer chemistries (those possessing the highest ther-
mal stability) are suitable for application in industrial WT steam gen-
erators and power boilers operating at pressures of 1,500 psig and
possibly higher.

These novel organic polymers were not developed solely for the CW
or BW treatment market but are for much wider application. These
same value-adding process additives are regularly incorporated into
products for industrial and domestic cleaning, concrete, pulp and
paper, metal finishing, paints and surface coatings, wastewater, seawa-
ter distillation, drilling muds, secondary oil-recovery, plastics extru-
sion, fibers, rubbers, and a host of other areas.

Many of these newer chemistries compete with each other in specif-
ic application areas, and for any particular chemistry to succeed, it is
necessary for the technologist to know under what operational condi-
tions it may add value to the process and how best to apply and control
the product.

This is precisely the position in the BW treatment marketplace
because, although there are several different basic organic chemistries
readily available and literally hundreds of branded, organic raw materials
around the globe for the formulator to choose from, the necessary infor-
mation regarding in-field applications and practical operating expertise is
more difficult to obtain.

This position is made even more difficult because most available
technical information concerning these novel chemistries is for the pure
polymer; almost without exception, formulators will employ at least
two or three classes of organic materials (all of different chemistries) in
each BW sludge conditioning and deposit control program. This prac-
tice is designed to obtain synergistic program benefits while keeping
raw material ingredient costs down to a minimum (polymers are expen-
sive). Thus, to obtain optimum in-field results, it is also necessary to
understand the compatabilities, synergies, and limitations of each class
of polymer or organic.

There are many types of all-polymer/all-organic programs on the
market today, and with the ready availability of both broad-spectrum
and highly specialized polymeric ingredients, these programs are com-
monly proposed for application in almost every shape, size, and pres-
sure of boiler plant, from the smallest to the largest.

NOTE: Although this class of program is usually called “all-polymer,” this
is incorrect because other types of organic DCAs are usually present. The
term “all-organic” is preferred.
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Also, these programs seldom contain only organic ingredients, as sodi-
um or potassium hydroxide usually is present, and some multifunctional
programs contain sulfite as an oxygen scavenger.

All-polymer/all-organic programs are relatively thermally stable and
multifunctional. Typically, they replace coagulation and precipitation
programs, flocculation improvers, deflocculators, and sludge con-
ditioners and also provide control over very specific and troublesome
BW problems, such as silica scaling and iron transport.

* Because of their high degree of hydrolytic stability and the extend-
ed abilities and effectiveness of these novel chemistries, wherever
phosphate-cycle or chelant programs are employed, the circum-
stances generally permit all-polymer/all-organic programs to be
used as technically and economically viable alternatives.

* The essential quality of all-polymer/all-organic programs is their
high-efficiency operating performance and ability to produce ultra-
clean waterside surfaces. As a consequence, to obtain maximum
beneficial effect from these programs, FW quality should be very
good. Either use fully softened MU water or, if boiler pressure
demands it, MU water of demineralized or equivalent quality.

All-polymer/all-organic programs enjoy significant growth in an
otherwise mature and largely static marketplace. They possess a degree
of novelty and a “high-tech” status, but are more expensive than tradi-
tional programs. Despite their popularity, they are not without some
inherent problems:

1. There is wide variation in the activity, specificity, compatibility, and
mode of action of the many individual raw material organics used in
product formulations. The quality of some raw materials, and ulti-
mately supplier formulations, may be suspect. Not all competitive
polymers or formulated products provide equal performance for an
equivalent price.

2. For any specific BW treatment application, determining the types
and concentrations of polymers that are likely to prove the most
successful remains a difficult task. There are few design rules, the
in-field application and control processes are still more art than
dependable science, and the various reaction mechanisms are not



Internal Treatment Programs 411

stoichiometric. Too much or too little polymer in the BW, and the
results are likely to be both unpredictable and unsuccessful.

NOTE: Despite these applications technology “negatives,” all-polymer/all-
organic programs are essentially safe materials and generally work incred-
ibly well, providing very clean, corrosion-free boilers. Their ability to
perform under widely variable and difficult operating circumstances, and
limited polymer-control conditions, is often outstanding.

1. The provision of simple, low-cost but accurate means of the in-field
testing of polymers or other organic ingredients is a notorious
dilemma. Consequently, the downstream chain of confirming BW
product reserves and identifying optimum courses of action to fore-
stall potential future waterside deposit problems, also may be a
problem.

NOTE: Although polymer tagging methods such as TRASAR® from
ONDEO Nalco (now part of Suez-Lyonnaise) has been available for quite
some time, it is not necessarily simple, low-cost, or commonly available.
Also, the use of lower-key, specialty polymer tagging and accompanying
immunoassay field-testing methods, such as Optidose® from Rohm and
Haas Company and Bel-Trak™ from Bio-Labs/Great Lakes Chemical
Company (previously Ciba-Geigy then FMC Corporation) have not yet
been fully accepted by mainstream water treaters. The range of tagged
polymers available for incorporation into formulations may gradually
expand in time, and presumably, increased competition will help reduce the
costs of these polymers. However, if users are determined in their search to
find ways to easily and accurately measure polymer reserves, it is likely
that they also will demand some form of on-line, real-time measurement,
rather than an after-the-fact monitoring system.

A further complication is that even if acceptable, simple, low-cost, but
accurate methods of polymer detection existed, the level of product reserve
in the bulk water often has little relevance to the reactions taking place at
the metal-water interface and boundary layers.

NOTE: Compare this with similar problems in CW systems—those of easi-
ly and accurately (and at low-cost) determining levels of microbiological
contamination. In most CW systems, apart from a general maintenance
quality indicator, the levels of bulk water planktonic organisms tend to have
little relevance to sessile organism-biofilm reactions occurring at the
metal-water interface.
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10.6.1 Functional Attributes of All-Polymer/
All-Organic Chemistries

Each of the many different types of polymers and related organic ingre-
dients employed in BW products today tend to have several functional
attributes that warrant their potential selection in particular formulations.
When two or more materials are blended together, each may provide
some degree of overlapping functionality and, ideally (if formulated cor-
rectly), these will provide a degree of synergism that confers additional
technical and value-adding benefit to the finished product.

Polymer technology has progressed very rapidly in recent years, and
it is now common research and development practice to design poly-
mers with specific, marketable functions by varying chain lengths,
structural composition, and functional positioning.

When the same monomer is used to build up a polymer, it is termed
a homopolymer. Copolymers have two different monomers or func-
tional groups, and terpolymers have three groups. There are even
tetrapolymers available. These polymers may be further classified, for
example, as random, graft, or block copolymers. Block copolymers,
which have alternating sections of specific molecular chains, are used
in BW formulations (but are more commonly found in CW programs).

As a generality, most foulants tend to have a slightly negative sur-
face charge, Consequently, those polymers with dispersing and scale-
inhibiting functions tend to have weakly anionic sulfonate groups,
which adds to the foulants’ total negative surface-charge and thus
increases the repelling (dispersing) action.

The stronger carboxylate groups (such as polyacrylates and
maleates) provide a coordinate bond that aids solubilizing and descal-
ing actions and prevents sludge particles sticking onto waterside sur-
faces (sludge conditioning function).

Nonionic functional groups provide steric repulsion and improved
particulate adsorption. BEach of the various polymers, phosphonates,
and other organics employed have combinations of functions. The
overall molecules may act as:

* Deposit control agents (DCAs) or antiscalents to inhibit the dep-
osition of CaCO, and other alkaline earth salts.

* Chelants or sequestrants to provide a metal complexing and solu-
bilizing action.

» Dispersants, antifoulants, or sludge fluidizers to control the phys-
ical adherence of insoluble salts, corrosion products, oils, fats, and
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process contaminants onto heat-transfer and other water-wetted
boiler surfaces.

* Stabilizers, transport agents, or problem-specific polymers to
either inhibit, transport, or otherwise control the specific deposition
of sulfates, phosphates, carbonates, silicates, barium, iron, alu-
minum, and other “difficult” metals and their salts in the BW. In
reality, these specialist polymers are DCAs that act as solubilizers,
threshold agents, or dispersants and deflocculators for precipitat-
ed salts and particulate and colloidal metals.

* Antifoulants or metal surface cleaners to reduce the risk of pitting
corrosion and other forms of concentration cell corrosion initiated
at the metal surface by shielding effects from inorganic deposits.
These could also be called deposit control agents.

Essentially, most novel BW polymers, phosphonates, and related
organics are employed as DCAs. Apart from dispersion, the common-
est mechanisms employed include:

» Hardness stabilization, whereby the molecule functions at substoi-
chiometric levels by crystal growth retardation (threshold effect).

* Calcium carbonate crystal distortion or crystal modification,
which prevents the agglomeration of crystals to form heat trans-
fer—resisting scales.

In addition, the molecules may also exhibit additional beneficial
effects, these include:

* Corrosion inhibition, by mechanical deposition of crystalline or
amorphous films on a metal surface.

* Anodic polarization.

10.6.2 Types of BW All-Polymer/All-Organic
Chemistries and Products

Common chemistries include tannins and lignins but also more mod-
ern polyacrylates and derivatives, which often act as carriers for spe-
cific functional groups and provide novel chemistry molecules. The
polyacrylates may also be copolymerized, perhaps with maleates
[maleic anhydride, cis-butenedioic anhydride (OCOCH:CHCO) is the
usual starting point material], styrene (vinylbenzene, phenylethylene,
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C¢H,CH:CH,), or the unsaturated monovalent vinyl radical (CH,:CH-)
and then sulfonated.

Other common chemistries includes phosphonates, polymaleates,
and phosphono- and phosphinopolycarboxylates.

Many sludge conditioner and DCA chemistries are acceptable by
various national governments for use as safe BW additives where steam
may contact food (although under certain strict conditions and concen-
tration levels). In the United States, for example, these conditions are
contained in the Code of Federal Regulations (CFR) 21 §173.310
Boiler water additives.

Acceptable chemistries include:

¢ Sodium carboxy-methylcellulose
* Sodium lignosulfonate

* Tannins including quebracho

*  Sodium humate

* Sodium alginates

* Polyacrylates

* Polymethacrylates

* Acrylate/acrylamide copolymer

* Acrylic acid/2-acrylamido-2-methyl propane sulfonic acid
copolymer (AA/AMPS)

* Phosphinopolycarboxylic acid (PCA type 16)
* Polymaleic acid (PMA)
* Polyethylene glycol (PEG).

10.6.2.1 Tannins and Lignin-Based Sludge Dispersants

Although tannins and lignins have been available for well over 50 years
(and perhaps twice as long), they remain very useful as low-cost, gen-
eral-purpose particulate-matter dispersants. Both tannins and lignins
are coproducts of the wood pulping process

Tannin chemistry is complex and tannin blends (composed of single-
tree species tannins mixed together) offer a number of useful water
treatment functions. Apart from oxygen-scavenging abilities, they act
as passivating agents, film-formers, sequestrants, and polymeric sludge
dispersants (for more details, see Section 10.3).

The sodium carboxylates resulting from hydrelyzable tannins are
similar to the gluconates and sarcosinates commonly employed as
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iron chelants. They also produce an adherent, passive iron tannate
complex and aid the stability of copper and copper alloy passive
films.

The nonhydrolyzable (condensed) tannins and their derivatives
have significant bond strength due to hydrogen bonding. They are all of
high MW and function as anionic polyelectrolyte sludge conditioners,
tending to sequester hardness salts and hinder their precipitation as
crystalline scales. In addition, when precipitation does occur, the con-
densed tannins coagulate the particles, resulting in a mobile sludge that
is easily blown down.

In the United States, spray-dried tannins are available from chemi-
cal distributors such as American Industrial Chemical Corporation,
Inc. or as liquid single-tannins (40% w/w) from Tannin Corporation
(Peabody, MA).

Lignins are most usually employed as various types of sodium lig-
nosulfonate and are products of sulfite pulping. (Kraft lignins from
the Kraft pulping process are also available.) They are used as disper-
sants, binders, sequestrants, and emulsifiers. Sodium lignosulfonate
product variables include color, MW, and the degree of carboxylation
and sulfonation on the lignin backbone.

Similar to tannins, the polycarboxylic acid group provides a
chelating function that ties up metal ions. The anionic sulfonate group
functionality confers both solubility and dispersing capability for
multivalent cations (calcium, iron, etc.).

Kelig® 100 is a sodium lignosulfonate with a high degree of sul-
fonation and excellent sequestering properties, and it is compatible
with almost all types of formulations.

Maracel® XE is a general-purpose BW lignosulfonate that imparts
a darker color to the finished product than, say, the Marasperse® prod-
ucts (which are often used in CW formulations).

Neither tannins nor lignins steam distill.

10.6.2.2 Polyacrylates and Related Carboxylates

A wide range of polyacrylic acids (PAAs), polymethacrylic acids
(PMAAs), polyacrylamides (PAMs), their salts and homo-, co-, and
terpolymer derivatives are available from a great many manufacturers
around the world today. Polyacrylates especially are a backbone of BW
chemical formulations and are manufactured with an almost infinite
variety of average molecular weights (MWs), MW distributions, activ-
ity strengths, and other characteristics.
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The base materials include acrylic acid (ethylenecarboxylic acid,

propenoic acid, vinylformic acid, CH,:CHCOOH) and its sodium salt,
methacrylic acid [2-methylpropenoic acid, CH,*C(CH,)COOH],
acrylamide (acrylic amide, propenamide, CH,:CH-CONH,), and
methacrylamide.

Polyacrylates are anionic in character, and those with a MW of
approximately 1,500 to 2,000 are useful as calcium carbonate anti-
scalents under severe operating conditions. An example is
Polacryl® A30-43.

PAAs with a MW of approximately 2,000 to 3,000 are useful as
general-purpose antiscalents. Examples include Polacryl® A40-43,
Good-Rite® K-752, Acumer® 1000, Aquatreat® AR-900, and
Sokalan®PA20.

PAAs with a MW of approximately 4,000 to 6,000 are useful as
general-purpose dispersants. Examples include Polacryl® A50-43,
Good-Rite® K732, Acumer® 1100, Aquatreat® AR-602,
Sokalan®PA25, and BSI® 89.

PAAs are also recognized as useful DCAs for calcium sulfate. A
typical MW is approximately 2,000 to 3,000.

Sodium polymethacrylates are also anionic and are useful as iron
oxide dispersants and iron stabilizers. Typical MWs range from
6,000 to 20,000. Examples include Polacryl® F70-40S, Tamol®
850, Tamol® 960, and Aquatreat® AR-232.

Polyacrylamides are nonionic polymers, usually with much higher
molecular weights (MW from 100,000 up to 12 or 15 M). They often
are copolymerized with polyacrylates. Depending on the MW ratios
employed, they may act as colloidal dispersants, sludge conditioners,
or flocculants. Nonionics such as polyacrylamides (and isobutylenes)
are particularly useful at dispersing uncharged particles.

All of these various homopolymeric carboxylates may form soluble
complexes with hardness salts in BW, similar to EDTA and NTA.
However, using polyacrylates in dirty boilers with a considerable
excess of iron or calcium may cause metal acrylate deposition.

PAA, PMAA, and PAM are all useful, low-cost DCAs. They show
good thermal stability well in excess of 250 °C/482 °F (600 psig/42
bar) and, despite gradual thermal breakdown at higher pressures,
have been reported to still function properly at 330 °C/625 °F
(1,800 psig/124 bar). Nevertheless, they exhibit only perhaps 30 to
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40% of the iron oxide—dispersing capability of acrylic acid—based
co- and terpolymers (such as acrylic acid/vinylsulfonate copoly-
mer), which effectively confines them to simple dispersion duties in
limited stress, lower pressure systems. Alternatively, they may be
blended with higher efficiency polymers to gain a balance between
performance and cost.

10.6.2.3 Polyacrylate Backbone, Co- and Terpolymers

For the most part, it is the provision of specific functional groups into cer-
tain positions on a backbone molecule, and its subsequent polymerization
to form chains of particular molecular weight ranges, that gives the novel
chemistry co- and terpolymers their beneficial and sometimes unique prop-
erties. Polyacrylates are commonly employed as backbone molecules.

» Some acrylic acid copolymers are promoted as having a very wide
range of functions that permit them to act as calcium phosphate
DCAs, barium sulfate antiprecipitants, particulate iron oxides dis-
persants, and colloidal iron stabilizers. One such popular copoly-
mer is acrylic acid/sulfonic acid (or acrylic acid/
2-acrylamido-methylpropane sulfonic acid, AA/SA, AA/AMPS).
Examples of this chemistry include Acumer® 2000 (4,500 MW)
2100 (11,000 MW) Belclene® 400, Acrysol® QR-1086, TRC®-
233, and Polycol®43.

» Other chemistries include acrylic acid/sodium 3-allyloxy-2-
hydroxypropane sulfonate (AA/COPS), such as Aquatreat® AR-
540; and its newer derivative, having a higher degree of sulfonation,
acrylic acid/non-ionic aromatic and linear sulfonate (AA/NI-
AS-LS), Aquatreat® AR-550.

* Acrylic acid terpolymers have appeared on the market in recent
years. With their broad spectrum of functions, they offer the potential
for excellent waterside conditions. In particular, the terpolymers have
proved to be very effective particulate iron oxides dispersants and
colloidal iron stabilizers. Examples include acrylic acid/sulfonic
acid/sodium styrene sulfonate (AA/SA/SSS), such as Good-Rite®
K781, K797, K798. A further example is acrylic acid/ sulfonic
acid/substituted acrylamide (AA/SA/NI), such as Acumer® 3100.

» Although the terpolymers have the widest possible range of func-

tions, providing not only basic calcium carbonate control, but also
high-stress capability and dispersion of colloids, plus iron, phos-
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phate, and silica control, they are also the most expensive of the
“designer” polymers. It is probable that for many types of commer-
cial or industrial FT boiler operating below 350 psig, this cost is
simply not justified. However, where difficult and intractable iron
transport or silica control problems exist, the terpolymers come
into their own. Even when thermal breakdown begins to occur, the
degradation products generally continue to exhibit significant scale
inhibition and other functional properties.

* Another excellent but expensive acrylic acid terpolymer is
Acumer® 5000, a silica and magnesium silicate dispersant.
Although this polymer remains effective well above 600 psig (42
bar), it is recommended that at or above this pressure, FW silica
should be removed at source, using DI or some other appropriate
external treatment process.

10.6.2.4 Phosphonates

Phosphonates are organic phosphates characterized by a C—P-O
bond, which is much more resistant to hydrolysis than the polyphos-
phate bond (O-P-O) or the phosphate ester bond (C-O-P), making
them suitable for many types of BW treatment formulation.
Phosphonates were originally developed for the industrial and institu-
tional (I&I) cleaning market in the 1960s, but are commonly employed
in a myriad of applications.

Phosphonates exhibit all the properties of polyphosphates, such as
threshold effect, crystal distortion, and sequestration, but are superior
in their effectiveness. They provide good chelates for calcium, magne-
sium, iron, and copper and are commonly used where iron fouling is a
problem. Their sequestering properties are generally superior to other
common chelants, such as EDTA and NTA.

They also provide useful corrosion inhibition by the adsorption of
calcium phosphonate onto iron oxide corrosion products, thus reducing
the ferrous metal corrosion rate. Phosphonates can be described as
cathanodic corrosion inhibitors.

However, some of the most widely used phosphonates tend to be
poor calcium sulfate inhibitors, and they may adversely affect the cor-
rosion of copper in the boiler, so care in formulation design and prod-
uct application is very important.

There are several phosphonates commonly employed in BW com-
pounds, as shown below. These are usually supplied as either the acid
or sodium salt.
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Aminotri(methylenephosphonic acid) [ATMP or AMP] is the
least expensive phosphonate. It is a good, general-purpose, cost-
effective scale inhibitor; an effective chelant; and the most thermal-
ly stable of all the common phosphonates. It is satisfactory up to at
least 700 psia. However, if fed as a concentrate ATMP may easily
form insoluble calcium phosphonate and it may also affect copper.
ATMP has a sequestration value of 870 mg CaCO,/g product at a
pH level of 11 and for iron, a sequestration value of 150 mg Fe/g
product at a pH level of 10. The pentasodium salt has a MW of 409.
Examples include Dequest® 2000/2006, Mayoquest® 1230, Phos®
-2, Briquest® 301-50A, Unihib® 305, and Codex®8503.

1-Hydroxyethylidene-1,1-diphosphonic acid (HEDP) is an excel-
lent calcium carbonate scale inhibitor and is less likely to form cal-
cium phosphonate sludge than ATMP. It is the only phosphonate
approved under the U.S. CFR 21,§173.310. However, it is the least
thermally stable of all the common phosphonates (90% scale inhibi-
tion loss at 450 °F/232 °C) and is not suitable for use above 400 psia.

In addition, the sodium salts are metastable at best, producing
white precipitates unpredictably and thus making formulatory work
difficult. (It is also more expensive than ATMP.) HEDP has a
sequestration value of 843 mg CaCO,/g product at a pH level of 11.
The tetrasodium salt has a MW of 294. Examples include Dequest®
2010/2016, Mayoquest1500, Phos®-6, Briquest® ADPA 60A,
Unihib® 106, and Sequacel® HD.

2-Phosphonobutane-1,2,4-tricarboxylic acid (PBTC) is the most
expensive of the commonly used phosphonates. However it is excel-
lent at providing calcium carbonate control under highly stressed
operating conditions. It is most resistant to the problem of calcium
phosphonate precipitation and, from an environmental position, has
the lowest phosphorus content of the common phosphonates. The
acid material has a MW of 270. PBTC has a sequestration value of
280 mg CaCO,/g product at a pH level of 11. It is very stable and
can operate under very high pH conditions. However, it may also
attack copper. Examples include Bayhibit ®AM, Mayoquest®
2100, Phos®-9, and Codex® 551.

Hexamethylenediaminetetra (methylene phosphonic acid)
[HMDTMP] is an excellent DCA for calcium sulfate, but a rela-
tively poor sequestrant compared to other phosphonates (although
still satisfactory compared to EDTA and NTA, which have similar



450 Boiler Water Treatment: Principles and Practice

sequestration values). HMDTMP has a sequestration value of 300
mg CaCO,/g product at a pH level of 11. The hexapotassium salt
has a MW of 721. Examples include Dequest® 2054 and
Mayoquest® 1635.

Diethylenetriaminepenta (methylene phosphonic acid) [DETPMP]
is the most effective sequestrant for barium sulfate. DETPMP has a
sequestration value of 820 mg CaCO,/g product at pH 11. The hexa-
sodium salt has MW of 705. Examples include Dequest® 2066 and
Mayoquest® 1860.

10.6.2.5 Polymaleates

Maleate chemistry has proved to be an enduring mainstay of many
water treatment formulations, primarily as non—phosphate-containing
calcium carbonate scale inhibitors. For most water treatment applica-
tions, polymaleic acid and its derivatives offer a good alternative to
phosphonate chemistries, when required.

The homopolymer polymaleic acid (PMA) is made from the poly-
merization of maleic anhydride, which is subsequently
hydrolyzed. PMA is a straight chain polymer and has the general
formula (C,H,0,),, where x is between 4 and 8, giving a MW of
500 to 1,000. PMA is also available as a neutralized salt and is mar-
keted in several grades (often neutralized and with precise molecu-
lar weight distributions) for very specific water treatment and
process applications. PMA is a particularly effective DCA for cal-
cium carbonate scale under extreme stress conditions. It can pro-
vide excellent control over calcium carbonate scaling under high
temperature, alkalinity, and pH conditions, and it exhibits perhaps
the best crystal-distorting properties of all the commonly available
scale inhibitors.

PMA is useful as a calcium sulfate inhibitor and more recently
has been promoted as an antiscalent for control of high-silica
waters, countering newer silica control terpolymers (such as
Acumer 5000).

PMA may require support from a copper corrosion inhibitor
under some circumstances because it can adversely affect the cor-
rosion of copper.

PMA does not exhibit particularly good dispersion properties and
under difficult conditions should be blended with a contaminant-
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specific dispersant. However, it is particularly thermally stable and
can be used at pressures up to 572 °F/300 °C (1,300 psig/ 90 bar).

Examples of PMA include Belclene® 200, Mayoquest® 3000,
Acumer® 4210, and Polycol® 100.

* The maleic copolymer, sulfonated styrene maleic anhydride
(SS/MA) is a popular inhibitor for calcium phosphate control in
phosphate-cycle and coordinated phosphate programs. As such, it
competes with other calcium phosphate control technologies, such
as AA/AMPS (AA/SA). SS/MA is an excellent calcium phosphate
inhibitor when soluble iron is absent and can perform better than
AA/AMPS. In practice, however, the ranking may change when sol-
uble iron is present. It is nevertheless a very good iron oxide dis-
persant. In general, SS/MA and the other calcium phosphate
inhibitors are not as good at inhibiting calcium carbonate scale as,
say, PMA or HEDP. SS/MA is not as good at inhibiting calcium sul-
fate scale as PMA and 2,000 MW PAA.

SS/MA may be structured in different ratios of sulfonated
styrene to maleic anhydride. Typically, it is 3:1 (20,000 MW) or
1:1 (15,000 MW). The application rates of all calcium phosphate
scale/sludge inhibitors or “stabilizers” vary, based on the amount
of calcium present in the cooling system, with increased calcium
hardness leading to higher levels of polymer required.

SS/MA is very useful in cleaning boilers on-line that have been
fouled as a result of out-of-control phosphate programs. It is a first-
class polymer for operating phosphate programs with high FW
hardness and voluminous amounts of sludge in the bulk BW.

SS/MA examples include Versa® TL-3, TL-4, TL-7.

10.6.2.6 Phosphino Polycarboxylic Acids

Various phospono- and phosphinopolycarboxylic acids (PCAs) are
available in the market. These polymers are similar to phosphonates
and some actually are phosphonates. They tend to exhibit varying
degrees of both deposit control and corrosion control properties. For
BW applications, the acrylic acid/organic phosphate polymer (PCA
type 16) is the only important phosphinopolycarboxylic and has a
C-P—C bond (phosphonates have a C—P-O bond).

The PCAs tend to exhibit good performance as iron dispersants,
phosphate stabilizers, and corrosion inhibitors, with additional good
thermal and hydrolytic stability.
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PCA:16 is available as Belclene® 161/164 (50/35% w/w solids),
Acumer® 4161 (50%), and Polysperse® (50%). These are low-
phosphorus content materials that have found application in boiler
FW formulations because of excellent sludge conditioning and par-
ticulate dispersion properties. The number 16 represents a 16:1 w/w
ratio of acrylic acid and sodium hypophosphite, giving PCA:16 a
MW range of 3,300 to 3,900. PCA:16 is particularly effective for
the control of calcium carbonate and sulfate deposition. It is usual-
ly incorporated with other polymers in formulations and is approved
for use under U.S. CFR 21, §173.310.

A general application guideline is that 1.75 to 3.5 ppm PCA:16
(50% w/w product) is required in the BW for every 10 ppm phosphate
sludge generated. For 50% w/w material, typical the BW reserves are
25 to 30 ppm PCA for 0 to 200 psig boilers, 20 to 25 ppm for 200 to
400 psig boilers, and 12 to 15 ppm for 400 to 600 psig boilers. PCA
begins to thermally degrade above 200 °C/392 °F, but does not lose
effectiveness at this temperature. It is suitable up to 1,000 psig.

Some structures of polymers and phosponates are shown in Figure

10.3.
Popular PCAs include:
Acumer® is a trademark of the Rohm & Haas Company
Aquatreat® is a trademark of ICI PLC (National Starch/ALCO
Chemical Div.)
Bayhibit® is a trademark of the Bayer Corporation
Belclene® is a trademark of Great Lakes Chemical Corp.

(previously FMC and Ciba-Geigy)

Briquest® is a trademark of Rhodia (Albright & Wilson Div.)

BSI® 1s a trademark of Buckman Laboratories, Inc.

Cobratec® is a trademark of PMC Specialties Group, Inc.

Codex® is a trademark of Excel Industries Ltd., India

Dequest® is a trademark of the Monsanto Chemical Company

Good-Rite® is a trademark of Noveon, Inc. (formerly BF Goodrich
Company)

Kelig® is a trademark of Orkla AS (Norway), (Borregaard
LignoTech Group Div.)

Maracel® is a trademark of Orkla AS (Norway), (Borregaard
LignoTech Group Div.)

Marasperse®  is a trademark of Orkla AS (Norway), (Borregaard

LignoTech Group Div.)
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Mayoquest®  is a trademark of Vulcan Chemicals (Calloway
Chemical Div.)

Phos® is a trademark of Buckman Laboratories, Inc.

Polycol® is a trademark of Pacific Standard Specialities, Inc.

Polycryl® is a trademark of Polycryl Corporation

Polysperse®  is a trademark of Pacific Standard Specialities, Inc.

Sequacel® is a trademark of Excel Industries Ltd., India

Sokalan® is a trademark of BASF AG

Tamol® is a trademark of the Rohm & Haas Company

TRC® is a trademark of the Calgon Corporation

Unihib® is a trademark of Lonza Corporation

Versa® is a trademark of ICI PLC (National Starch/ALCO

Chemical Div.)

10.6.3 Designing and Operating All-Polymer/
All-Organic Programs

Apart from the materials described earlier, formulations usually include
other organics, including coupling agents, antifoams, and surfactants.
A commonly employed raw material is polyethylene glycol (PEG) in
the form of perhaps PEG-8 oleate or PEG-6 distearate. This surfac-
tant material is used as a metal surface cleaner. It prepares the metal
surface to receive inhibitors and improve DCA surface mechanisms.

The evaluation of competing chemistries and subsequent product
selection may be difficult, and feed rates for the wide array of available
phosphonates and novel homo-, co-, and terpolymers available vary
considerably. Polymers do not control all types of contaminants at an
equal performance level, and product selection depends on the type,
level, and ratios of contaminants present.

For any specific BW application, the boiler design, pressure-temper-
ature, operation, and heat-flux rate are all contributing factors; these
chemistries generally function at substoichiometric levels (the coordi-
nating and complexing polycarboxylic component of polymers aside),
so that the use of reliable, directly measurable relationships is not
always possible. Nevertheless, some rules and recommendations do
exist, a few of which are discussed later.

Combinations of polymers are widely used as overlays in phosphate
or chelant programs, or as the primary ingredients in all-polymer and
mixed-organic/inorganic multifunctional program product ranges.
These combinations may offer new or additional technical benefits and
are marketed as such.
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A well-known example of such all-polymer programs in the indus-
try is the well-marketed Transport-Plus™ programs from the
ONDEO Nalco division of Degrémont/Suez-Lyonnaise. The poly-
mers used include PMA, as well as various combinations, such as
acrylate/acrylamide copolymer (PAA/PAM) with acrylic acid/vinyl
sulfonate copolymer (PAA/VS), and acrylate/acrylamide copolymer
with polyacrylate. All larger water treatment companies (and most
smaller regional businesses, no matter their global location) have a full
complement of all-polymer products in their ranges, for similar types
of applications. Drew Industrial (division of Ashland Chemical
Corporation), for example, offers its innovative Advantage™ deposit
inhibitor programs.

A further issue to consider is the effect of thermal and hydrolytic
stability at high temperature and pressure. All polymers and other
organics begin to fragment as temperatures increase, but this does not
automatically mean an immediate loss of functionality. The recent
acrylic acid/nonionic aromatic and linear sulfonate (AA/NI-AS-
LS) product Aquatreat AR-550® from ALCO Chemical Company
(Division of National Starch/ICI PLC) is a case in point. This product
is designed as a high-temperature DCA for iron and, although frag-
mentation eventually begins to occur from the middle of the molecule,
a very high degree of (aromatic and linear) sulfonation maintains func-
tionality. This is not always the position with other copolymers.

10.6.3.1 Meeting Boiler Plant Operating
Objectives with All-Polymer/All-Organics

Some basic BW treatment objectives include keeping boiler surfaces
clean and corrosion-free to minimize fuel bills and managing variable
quality FW smoothly and efficiently to limit upsets and other down-
stream problems. But the nature of potential boiler deposition problems
changes with increases in pressure and, simply put, is primarily con-
cerned with a reduction in simple, hardness-related deposits and an
increase in complex, iron oxide deposits. The effect of dirty boilers on
fuel costs can be seen in Figure 10.4,

The significance, therefore, of using all-polymer/all-organic pro-
grams as a mechanism for keeping boilers cleaner than may be other-
wise generally possible with conventional phosphate, chelant and other
programs should not be underestimated.

If novel chemistry polymer overlays or all-polymer programs are
used to improve boiler cleanliness, technical support services should
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Deposit
thickness
1/8" 3.2 mm
7/64" 2.8 mm A
3/32" 2.4 mm B
4" 2.
5/6 0 mm C
1/16" 1.6 mm
3/64" 1.2 mm
D
1/32" 0.8 mm
1/64" 0.4 mm
0" 0.0 mm
0% 1% 2% 3% 4% 5% 6% 1% 8% 9% 10%
Percentage of heat energy lost
Key: A = Typical CaCO; based boiler sludge
B = Typical deposit including 4 to 5% iron oxides
C = Typical deposit including 8 to 10% iron oxides
D = Typical deposit including 8 to 10% iron and silica

Figure 10.4 Heat energy losses in WT boiler due to deposition.

provide energy balance summaries linked to FW contaminant mass
balance summaries.

Where the transport of contaminants (such as hardness salts and
iron) through the boiler is 100% effective, no deposition is indicated
and energy consumption per-unit-steam should remain constant (all
other parameters being equal). However, if boiler surfaces are being
cleaned on-line, existing deposits are gradually removed and contami-
nant transport through the boiler is effectively greater than 100%. Heat-
transfer efficiency is consequently raised, and this improvement should
be reflected in a more favorable energy balance summary report.

Eventual inspections of internal boiler components should reveal
lower dirt loading levels in tubes and on all other boiler surfaces, in
addition to well-passivated internals.

NOTE: For more information on dirt loading, refer to Section 4.8.3,
“Limiting Deposition,” and Table 4.2, “Boiler Heat Transfer Surface
Cleanliness.”
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From the table it can be seen, for example, that a boiler operating with-
in the pressure range of 300 to 1,500 psig is considered clean if the deposit
thickness is within 1.5 to 3.0 mil. Given an average deposit density of 3.5
g/em?, this level of deposit thickness equates to a dirt loading of 14 to 28

gt

Improvements in corrosion control should be reflected by reduced
iron in the BD, lower ppb values for hydrogen in steam, and possibly
decreased corrosion rates at FW heaters, and other components.

Additionally, if a selected polymeric DCA is properly matched to a
particular boiler operating temperature and pressure, there should be no
increase in the total organic carbon (TOC) level of the steam.

Consequently, when selecting and blending the various raw materi-
als used in all-polymer/all-organic formulations, the questions of ther-
mal and hydrolytic stability and ability to transport or otherwise control
colloidal iron oxides (in addition to possible adverse effects such as
copper corrosion) become increasingly important at higher boiler tem-
peratures and pressures.

Some relevant points include:

* Tannin sludge conditioners are adversely affected by higher tem-
peratures and, without the support of a supplemental PAA polymer,
are limited to 350 psig. This probably is also true of lignosulfonates.

¢ PAA (for CaCO,), PMA (for Fe), and PAM (for general sludge) are
all excellent as low-cost, general-purpose DCAs. They also all have
good thermal stability, but are relatively poor performers compared
to co- and terpolymers under circumstances where more complex
deposit control problems are involved. Limit these materials to boil-
ers operating at up to 650 psig. (Possibly up to 950 psig if deposit
control requirements appear straightforward).

» For iron transport and control problems at pressures of up to 1,500
or possibly as high as 1,800 psig, copolymers such as AA/VS or
AA/NI-AS-LS, or terpolymers such as AA/SA/SSS should be used.

* For calcium carbonate or calcium sulfate control under high-stress
conditions, use PMA. It is suitable for use at up to 1,300 psig.

*  Where variable FW quality requires the benefit of additional chela-
tion and EDTA and NTA are not appropriate, add ATMP to the for-
mulation. It is suitable for up to 700 psig. However, where steam
comes into contact with food only HEDP can be employed. The
pressure limitation for HEDP is 400 psig.
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NOTE: As a comparison, NTA is suitable for up to 900 psig, EDTA is suit-
able for up to 1,200 psig, or 1,500 psig if employed as an overlay to a poly-
mer progran.

* For phosphate overlay programs, PAA is generally satisfactory,
but where good phosphate control is required or for on-line clean-
ing of fouled boilers using phosphate-cycle, SS/MA or AA/AMPS
should be used. These products also perform in the presence of iron.

NOTE: Phosphate-cycle programs may be employed at up to 1,200 psig.

* For chelant overlay programs PAA/PMA (for Fe) blends are gen-
erally satisfactory, but where improved dispersion is required
PCA:16 is recommended. PCA:16 is suitable for up to 1,000 psig.

* For optimum dispersion functionality in any type of all-polymer/all-
organic program, use PCA:16 or AA/NI-AS-LS.

* For complex, wide-spectrum deposit problems, consider Acumer
3100 (high iron) at up to 900 psig, or 5,000 (high silica); if over 650
psig, remove silica at source. All-polymer/all-organic product
feed rates vary, depending on these factors.

* Tannins are typically used in BW at 150 to 200 ppm active tannin
product, but perhaps only a third of this is related to its polymeric
sludge conditioning functionality.

* Programs containing lignins as the primary polymeric dispersant
are generally formulated to provide 30 to 50 ppm of “active” lignin
product in the BW.

* Where relatively expensive products such as terpolymers are
employed in conventional programs, feed rates are not as high as,
say, PAA, because of improved terpolymer performance. As an
example, where a product such as Acumer 3100 is employed in
phosphate-cycle programs, typical BW polymer requirement is 10
to 15 X COC “active” product, with a phosphate reserve of 30 to 60
ppm and perhaps 10 to 15 X COC.

* Polymer feed rates can be calculated based on a 1:1 stoichiometric
ratio with FW hardness or total metals (Ca/Mg/Fe/Cu/Al/Ni). If, for
example, a boiler operates at 950 psig, runs at 50 X COC, and is
supplied with FW containing 0.05 ppm total metals, this may
require 0.05 X 50 = 2.5 ppm polymer “actives” in the BW.
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Further feed-rate starting point guidelines are:

» 0 to 350 psig: 15 to 25 ppm polymer “actives” in the BW

459

* 350 to 650 psig: 10 to 15 ppm polymer “actives” in the BW

* 650 to 950 psig: 5 to 10 ppm polymer “actives” in the BW

* 950 to 1,250 psig: 2 to 5 ppm polymer “actives” in the BW

* 1250 to 1,550 psig: 2 to 3 ppm polymer “actives” in the BW

Table 10.7 EDTA Chelant or All-Polymer/All-Organic Program. Recommended BW
Control Limits for Fired WT Boilers Employing Demineralized or Similar Quality FW

Pressure, psig/bar max. (approx.) 350/25 650/45 950/65

FW chemistry control limits

Hardness, ppm CaCO, (max.) 2 1 0.2

Total Fe/Cu/Ni, ppm (max.) 0.05 0.05 0.03

BW chemistry control limits

Conductivity, uS/cm/25°C max. 3000 2000 1000

Silica, ppm SiO, max. 0.4x OH 0.4x OH 0.4x OH
alkalinity alkalinity alkalinity

OH Alk., ppm CaCO, 50 to 250 50 to 100 20 to 50

Polymer, ppm “actives” 15t0 25 10to 15 5to 10

OR Chelant reserve, ppm CaCO, 4108 3to6 2to3

Pressure, psig/bar max. (approx.) 1250/85 1550/105 1850/130

FW chemistry control limits

Hardness, ppm CaCO, (max.) <0.05 ND ND

Total Fe/Cu/Ni, ppm (max.) 0.02 0.02 0.02

BW chemistry control limits

Conductivity, uS/cm/25°C max. 250 60 to 80 30 to 40

Silica, ppm SiO, max. 8 2.0 1.0

OH Alk., ppm CaCO, 51020 ND ND

Polymer, ppm “actives” 2to5 2to3 1to2

OR Chelant reserve, ppm CaCO, 1to2 unsuitable unsuitable

NOTE: This chart assumes oxygen scavenger, FW pH, and other necessary water

chemistry controls are in place.

FW total metals sampled from economizer outlet.
Conductivity test is on un-neutralized samples.

ND = not detected.
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* 1550 to 1,800 psig: 1 to 2 ppm polymer “actives” in the BW

NOTE: All-polymer programs seldom contain more than 15 to 20% w/w
organics, so that whole product reserves in the boiler may need to be five
or six times the level indicated above.

Table 10.7 is an all-polymer/all-organic program control chart
designed for WT boilers. This chart is also suitable for EDTA chelants
(and NTA, but only up to 900 psig).

Where chelants or all-polymer/all-organics are employed in FT boil-
ers the control limits shown for boilers up to 350 psig/25 bar are appli-
cable as a starting point, although slightly higher conductivity levels
and OH alkalinity reserves may be possible.

Where chelant or chelant/polymer programs are used, typically,
instructions are given to maintain a specific chelant reserve. In practice,
this is not always achievable because of test method limitations and
internal water chemistry constraints.

Where dual-chelant programs are employed, they generally are
designed with low NTA/EDTA content and have no measurable chelant
reserve. There are several versions of these dual-chelants, including
phosphonate-NTA (some early types were called SCA programs) and
gluconate-EDTA. Polymers employed in these programs typically
include combinations of polyacrylate, polymethacrylate, polyacry-
lamide, vinylsulfonate, or polyphosphonocarboxylic acid.

10.6.4 All-Polymer/All-Organic (AP/AO)
Program Formulations

Some examples of all-polymer/all-organic (AP/AQO) formulations are
provided below.

1. Basic AP/AO formulation for use in plants requiring BW treat-
ments with USDA/FDA approval (CFR 21 §173.310)

Materials

Caustic soda, commercial solution 12.0%
PAA, 2,000 MW (50%) 16.5%
HEDP (60%) 8.5%
PAGMBE 0.8%
Water 62.2%

100.0%
* Maintain 150 to 400 ppm product in the boiler
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2. AP/AO alternative to phosphate-cycle program for commercial,
HVAC and light industrial markets (15 to 150 psig)

Materials

Caustic soda, commercial solution 10.0%
PMA (50%) 3.0%
PCA:16 (50%) 3.0%
PAA Na, 2,600 MW (43%) 3.0%
Sodium lignosulfonate 12.0%
PAGMBE 0.2%
Water 68.8%

100.0%
* Maintain 200 to 600 ppm product in the boiler

3. Wide-spectrum AP/AO product for heavy industry, 650 psig WT
boiler using softened FW (good iron transport required)

Materials

Caustic soda, commercial solution 3.5%
PMAA (25%) 4.0%
PCA:16 (50%) 3.0%
SS/MA (50%) 12.0%
ATMP (50%) 4.0%
PAGMBE 0.4%
Water 73.1%

100.0%
* Maintain 100 to 200 ppm product in the boiler

10.7 CHELANT-, PHOSPHATE-, OR
POLYMER-BASED COMBINATION PROGRAMS

Every water treatment service company has several dual-function or
multifunction programs in their BW product range based on chelant,
phosphate, or polymer. Which of these particular chemistries takes the
lead position depends on the type of waterside problems likely to be
encountered (in some ways this is related to the particular market sec-
tor) and the positioning of the company within the overall BW treat-
ment marketplace.

The various chemistry combinations, ratios employed, and activity-
levels offered give rise to an enormous number of possible permuta-
tions. Some common formulation examples include:
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Chelant/phosphate
Phosphate/polymer

Chelant/polymer
Alkali/phosphate
Polymer/phosphate
Chelant/polymer/phosphate

Alkali/polymer/phosphate

Chelant/phosphonate

Some examples of these combination programs follow.

1. Chelant/polymer formulation for heavy-duty application or clean-

up and iron transport duty in large industrial boilers.

Materials

Caustic soda, commercial solution 4.0%
EDTA (38%) 30.0%

PAA, 2,000 MW (50%) 6.0%
PMAA (25%) 11.0%
ATMP (50%) 3.0%
PAGMBE 0.2%
Water 45.8%

100.0%
* Maintain adequate chelant reserve. Use sulfite or alternative oxy-
gen scavenger, plus amine for program support.

2. Polymer/phosphate/chelant formulation. General purpose appli-
cation, but good iron and phosphate dispersion.

Materials

PAA (4,500 MW) 50% 16.0%
SS/MA (50%) 16.0%
SHMP (33%) 35.0%
EDTA (38%) 5.0%
PAGMBE 0.3%
Water 27.7%

100.0%
* Control program on phosphate reserve
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3. Alkali/polymer based multifunctional formulation for hard water
MU (up to 50 ppm CaCO,) in LP steam or light-industrial FT
boilers. Includes a metal passivator.

Materials
Caustic soda, commercial solution 10.0%
Soda ash 5.0%
Sodium lignosulfonate 6.0%
PMA (50%) 1.5%
PCA:16 (50%) 1.5%
Sodium sulfite 9.0%
Sodium erythorbate 0.1%
PAGMBE 0.3%
Water 66.6%
100.0%
* Maintain adequate sulfite reserve and use as product reserve indi-
cator.

4. Phosphate/polymer based multifunctional formulation, with low
alkalinity to phosphate ratio for use in high alkalinity water con-
taining some hardness. Program has USDA/FDA approval (CFR
21 §173.310).

Materials

Caustic soda, commercial solution 5.0%
PCA:16 (50%) 2.0%
HEDP (60%) 1.0%
PAA (4,500 MW) 50% 4.0%
SHMP (33%) 17.0%
Sodium sulfite 6.0%
Morpholine (30%) 5.0%
PAGMBE 0.2%
Water 59.8%

100.0%
* Control program on phosphate reserve (30-60 ppm PO,), but also
sulfite reserve (30-50 ppm SO,) and P alkalinity (400-800 ppm
as CaCQO,).
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10.8 COORDINATED PHOSPHATE AND
PROGRAM DERIVATIONS

Coordinated phosphate and phosphate-based derivations are designed
for use with high-quality (demineralized or equivalent) FW in higher
pressure WT boilers, for industrial, power, and cogeneration applica-
tion.

The coordinated phosphate program (captive alkalinity program)
was the first of a limited number of pH buffering or controlled-pH pro-
grams introduced since the early 1940s. This program was especially
formulated and required careful control to ensure a sufficiently high pH
level in the BW to prevent general waterside corrosion and yet avoid
the formation of free hydroxyl alkalinity (free caustic) and the subse-
quent risks of severe, caustic-based corrosion problems linked to
porous waterside deposits. The original intention of coordinated phos-
phate programs was to control the chemistry under deposits.

Over the years and around the world, the various incremental
improvements in boiler design and changes in heat-flux ratings and
operating pressures (and the introduction of nuclear-powered generat-
ing stations) have created new waterside chemistry challenges for
chemists and engineers to overcome. These challenges have led to
modifications in coordinated phosphate chemistry and the introduc-
tion of alternate programs, including congruent, precision control,
equilibrium, nonacid phosphate programs, and non-phosphate, all-
volatile programs (AVP, vapor phase programs, zero solids pro-
grams).

Today, because of the wide spectrum of higher pressure boiler
designs and operating conditions, there is no single program type that
outperforms all others, and, indeed, the original rationale of prevent-
ing free caustic in the BW appears to be no longer valid in certain
cases.

For some boiler plant applications, the approach to internal treat-
ment has turned full-circle and consequently, best-practice water con-
ditioning may really only be established on a case-by-case basis.

However, the various national standards organizations, power boil-
er manufacturers associations and research institutes (such as the
Electric Power Research Institute in the United States) do offer
guidelines and recommendations for good waterside control and the
avoidance (or at least the minimization) of the more exotic forms of
waterside damage.
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10.8.1 A Synopsis of Higher Pressure Boiler
Waterside Problems and Controlled-pH
Program Considerations

The high levels of alkalinity normally associated with phosphate-cycle
programs do not present a problem until pressures of 850 to 900 psig are
reached, at which point caustic gouging corrosion, saline corrosion, and
other similar problems may start to develop. Consequently, boiler oper-
ations personnel typically consider the use of lower alkalinity, controlled
PH coordinated, or congruent phosphate programs for steam generators
having pressure ratings upward of 650 psig (although some opinions
regard 950 psig or even 1,250 psig as a minimum pressure requirement).

Essentially, except for once-through boilers, steam generation pri-
marily involves two-phase nucleate boiling and convective boiling
mechanisms (see Section 1.1). Any deposition at the heat transfer sur-
faces may disturb the thermal gradient resulting from the initial con-
duction of heat from the metal surface to the adjacent layer of slower
and more laminar flow, inner-wall water and on to the higher velocity
and more turbulent flow bulk water.

As boiler design pressures (and therefore temperatures) rise, the for-
mation of metal oxides, silica, or other mineral deposits (and there is
always some level of deposition) significantly increases the risk of
waterside problems in a chain of cause and effect, thus resulting in a
departure from nucleate boiling (DNB) and severe boiler damage.
Boiler tube failures are the commonest form of boiler damage in sub-
critical plants and result from a discontinuous but repetitive breakdown
in the magnetite film and the development of transgranular cracks,
generally in areas of tube attachment where stresses are high.

These problems are more acute in the power industry, where inter-
mittently operated, peaking steam generators produce and collect sig-
nificantly more iron oxides than base load boilers. Frequent startups of
power boilers are very detrimental to their lifespan.

Boiler section problems include the following (see Chapter 7 and
Tables 7.3 to 7.7 for more details):

1. Caustic gouging corrosion caused by localized high concentra-
tions of caustic developing within and under porous surface
deposits dissolving the protective magnetite film forming ferrite
and hypoferrite ions.

2. Saline corrosion, which develops in a similar manner.
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3. Various other forms of concentration-cell corrosion.
4. Low pH localized corrosion resulting from acid phosphates.

5. Caustic embrittlement corrosion (caustic induced, stress corro-
sion cracking), which occurs as an intergranular form of corrosion
where localized stresses and strains are present (and some silicate,
which acts as a general corrosion inhibitor that protects grains at the
expense of the grain boundaries).

6. Various forms of high temperature corrosion including long-term
overheating, decarburization, and hydrogen embrittlement
(hydrogen damage).

The simple orthophosphates primarily employed as internal treat-
ments are produced industrially by the selective reactions of phos-
phoric acid with caustic soda. Under BW hydrolyzing conditions,
where MSP is employed, these specific reactions reverse, liberating
hydrogen phosphate ions and some level of sodium ions, plus hydro-
gen ions (producing a tendency to lower the pH as in equation 1).
Where DSP is employed, no hAydrogen ions are liberated (producing a
tendency to lower the pH as in eqution 2). Where TSP is employed,
hydroxyl ions result (producing a tendency to raise the pH as in equa-
tion 3).

1. NaH,PO, + H,0 - HPO2~ + H* + Na* + HO

MSP water hydrogen  hydrogen sodium water
phosphate  ion ion
ion

2. Na,HPO, + H,0 — HPO,>~ + 2Na* + H,0

DSP water hydrogen sodium water
phosphate ion
ion

3. Na,pO, + H,0 — HPO/> + 3Na* + OH

TSP water hydrogen sodium hydroxyl
phosphate  ion ion
ion

From these and other related equations, it can be seen that, by using
internal programs based on phosphate blends with specific sodium-to-
phosphate (Na:PO,) mole ratios, BW alkalinity may be controlled
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while still providing the required pH buffering and hardness polishing
function.

By maintaining a Na:PO, mole ratio at some suitable level below
3.0:1.0 (the ratio for TSP), the production of free caustic alkalinity is
avoided.

Also, where free caustic alkalinity exists, the use of DSP “mops up”
the caustic (as shown in equation 4) and thus reduces the risk of caus-
tic gouging corrosion.

4. Na,HPO, + NaOH - Na,PO, + H,0
DSP caustic TSP water
alkalinity

Consequently, it is possible to select an operating pH level high
enough to ensure magnetite film stability, yet low enough to prevent the
formation of free caustic, together with a Na:PO, ratio that provides the
selected pH range and an adequate phosphate reserve.

The chosen coordinates defining minimum/maximum pH levels and
minimum/maximum phosphate (as ppm PO,) led to the production of
various coordinated phosphate program control charts for different
pressure ratings (maximum phosphate solubility is a function of pres-
sure). The area within the coordinates providies a simple control box
for BW testing purposes.

In practice, coordinated phosphate programs are held at a Na:PO,
ratio below 3.0:1.0 (normally around 2.8 or 2.85:1.0) because, at the
higher ratio any high-temperature crystallization of TSP leads also to
some DSP and NaOH.

At later dates and as a result of specific water chemistry or new boiler
design problems, various derivations of coordinated phosphate programs
appeared. The basic philosophy relating to waterside control through the
use of coordinated treatment programs still holds true today (albeit with
modifications), and controlled-pH phosphate programs remain the
principal choice for internal treatment of higher pressure boilers.

Nevertheless, the early programs were too simplistic and failed to
take into account several important factors. Over time, and influenced
by new boiler designs and polymer technologies, plus higher pressures,
heat-flux ratings, and fuel costs, these factors have spurred the devel-
opment of new and increasingly complex program derivations and
methods of control.

Basic flaws in coordinated phosphate program control logic and
other relevant issues include:
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* The presence of free caustic does not automatically lead to caustic
gouging corrosion, caustic embrittlement, or other related problems.

¢ Because thermal gradients vary considerably within boilers, a typi-
cal BW sample, which is essentially representative of average inter-
nal bulk water conditions, is unlikely to provide sufficient valid
information necessary for the critical assessment of conditions at
boiler surfaces. This makes fine-tune control of coordinated phos-
phate programs within the areas they are most needed very difficult,
if not impossible, especially because caustic and saline concentra-
tions may be much higher under deposits than in the bulk water as
a result of localized effects.

* Coordinated phosphate control charts assume either that all contri-
bution to pH level is derived from phosphate or that the buffering
action of phosphate is sufficient to overcome the presence of other
alkaline species, such as amines. Neither assumption is true. This
may lead operators to conclude perhaps that a higher than antici-
pated bulk water pH level (caused by the presence of amine) should
be rectified by the addition of MSP. This action may lower localized
Na:PO, ratios below 2.2:1.0, producing acid phosphate corrosion
(phosphate wastage) and resulting in tube thinning and ultimately
tube failure.

Corrosion may be especially rapid under existing deposits where
amine is absent and the pH level is lower than that of the bulk water,
as incongruent phosphate effects and concentrating effects further
contribute to the problem.

* Perhaps the most important waterside problems relate to the likeli-
hood of boiler surface deposits and their control. High concentra-
tions of caustic or salines only occur if porous deposits are present.
It is much better to remove the cause of deposition problems than to
try to manage their effects, and modern iron and silica transport
polymers, together with improved cleaning protocols, have done
much to limit deposition in large boilers.

NOTE: The original rationale for using coordinated phosphate programs
was to control under-deposit chemistry, not to minimize the presence of the
deposits themselves.

* The introduction of modern, very high pressure or temperature boil-
ers has led to water chemistry control problems and cause-and-
effect corrosion problems due to phosphate hideout. Under
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high-load conditions, BW phosphate reserves may ‘“disappear,” in
effect temporarily depositing out because of localized supersatura-
tion, thus permitting caustic and salines to concentrate and effect
corrosion. Upon a reduction in load, the resolubilization and
reemergence of phosphate takes place and, where MSP and DSP are
used, the resulting acid phosphate may cause further under-deposit
problems (together with hydrogen evolution as an indicator). Later
versions of controlled pH programs have emphatically concentrated
on avoiding hideout and the false conclusions and inappropriate
actions that may stem from this problem.

» Additionally, the combination of high temperatures (over 600 to
610 °F/320 °C, 1,550 psia/107 bar) and acid phosphates has given
rise to more pronounced acid phosphate attack of both magnetite
and base metal, which in modern tube steel alloy compositions may
produce esoteric corrosion products such as maricite (NaFePO,).
Secondary corrosion by caustic gouging (as similarly evidenced by
hydrogen evolution) also occurs.

10.8.2 Types of Controlled-pH
Phosphate Programs

All programs presuppose the provision of high-quality, fully deaerated
FW, with a pH level of 8.5 to 9.5 and appropriately low levels of sodi-
um, silica, copper, iron, nickel, and other contaminants. (Refer to
Figure 10.5 for additional details. Also refer to Table 9.3 for MU water
purity grades.)

10.8.2.1 Coordinated Phosphate Program
(Captive Alkalinity Program)

This program was originally devised for non-highly rated boilers. It
requires that the bulk BW Na:PO, ratio be permanently controlled
below 3:1 and typically at a ratio of 2.85:1. The original recommenda-
tions for phosphate reserves have tended to move around a little in
recent years.

Typically, for boilers using coordinated phosphate programs, operat-
ing in the range of 600 to 1,200 psig.

FW requirements are:

* Condensate pH level of 8.6 to 9.0
* No detectable suspended solids in the condensate
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» Hydrazine after the last FW heater present at a positive residual of
0.01 to 0.05 ppm N,H,

¢ Iron at 0.2 ppm Fe maximum
¢ Copper at 0.02 ppm Cu maximum
* Oxygen at the deaerator outlet at 10 ppb O, maximum

¢  Ammonia at 0.5 ppm maximum

BW requirements are:

* Cycles of concentration may reach 130 to 150 times

* PO, reserves are maintained at 15 to 25 ppm

* pH level is maintained at 9.8 to 10.2

* P alkalinity is maintained at 12 to 22 ppm CaCO,

¢ M alkalinity at 25 to 45 ppm

¢ Chlorides are maintained at 30 ppm Cl maximum

* Silica is 4 ppm SiO, maximum

* Unneutralized conductivity is maintained at 300 pS/cm
* Hydrazine is maintained at 0.01 to 0.1 ppm N, H,

For boilers in excess of 1,200 psig, the PO, reserves may be as low
as 5 to 10 psig to avoid carryover.

10.8.2.2 Congruent Phosphate Program

Congruent phosphate programs are modifications of coordinated phos-
phate programs that operate at a Na:PO, ratio lower than the normal 2.8
or 2.85:1. Experience has demonstrated that (contrary to theory)
diminished phosphate salt solubility (phosphate hideout) takes place
under high-load conditions. This is in addition to the recognized prob-
lems of high-temperature crystallization of TSP at the higher ratio of
3:1 (with the formation of some DSP and free caustic).

Congruent phosphate programs are based on agreed upon congruent
points favoring a maximum Na:PO, ratio of 2.6:1 and are probably the
most usual type of controlled-pH program utilized by industrial and
cogeneration boilers operating within the pressure range of approxi-
mately 950 to 1,500 psig.

* Boilers operating at 650 to 950 psig typically operate with a PO,
reserve of 20 to 45 ppm and a pH range of 9.5 to 10.5.
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Figure 10.5 Coordinated, congruent, precision control, equilibrium and
non-acid phosphate programs for higher-pressure WT boilers
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* Boilers operating at 950 to 1,250 psig typically operate with a PO,
reserve of 10 to 20 ppm and a pH range of 9.2 to 10.1.

* Boilers operating at 1,250 to 1,750 psig typically operate with a PO,
reserve of 5 to 10 ppm and a pH range of 9.0 to 9.7. Tighter controls
may require 4 to 6 ppm and a pH of 8.5 to 9.3 in boilers at the top
end of the pressure range.

* Boilers operating at 1,750 to well over 2,000 or 2,500 psig typical-
ly operate with a PO, reserve of 3 to 5 ppm and a pH range of 8.7
to 9.5. Tighter controls may require 2 to 4 ppm PO, and a pH of 8.5
to 9.3 in boilers close to 3,000 psig.

NOTE: For pressure comparison purposes, critical pressure is 3,208.2 psia
or 221.1 bar (374.15 °C/705.47 °F).

10.8.2.3 Precision Control Phosphate Program

This variation was designed for lower grade FW where the risk of hard-
ness leakage may occur (e.g., in marine boilers). Under circumstances
of minimal reserve alkalinity and a hardness leak, magnesium hydrox-
ide does not develop; rather, the stickier magnesium phosphate
[Mg,(PO,),] will precipitate in the boiler and has an unfortunate pre-
ponderance to adhere to hot boiler tubes.

To minimize this effect, the Na:PO, ratio is maintained at 2.8 to
2.6:1, phosphate is kept very low (at only 2—4 ppm PO,), and M alka-
linity is maintained at 15 to 50 ppm. The pH range is 9.2 to 9.5.

10.8.2.4 Equilibrium Phosphate Program

All preceding programs accept the conventional wisdom of operating
within a control box of pH level and phosphate coordinates, despite the
vagaries associated with BW sampling, amine contribution to pH and
the omnipresent risk of hideout in utility boilers operating at high pres-
sures.

Equilibrium phosphate concentration theory refutes the concept of
blanket control determined by boiler pressure and operates each boiler
system on a case-by-case basis. It seeks to strenuously avoid hideout-
related problems and the subsequent risks of misdiagnosis. Operators
are encouraged to explore the maximum operating tolerances before
phosphate destabilization takes effect and hideout results, and to ensure
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thereafter that water chemistry equilibrium is strictly maintained at a
level below the hideout threshold.

The equilibrium phosphate program is confined to those utility boil-
ers operating under knife-edge control, where any changes in heat and
mass transfer patterns at boiler surfaces and other high-heat flux areas
may exert significant ripple effects throughout the boiler plant.

For any specific boiler application, the general area of phosphate
equilibrium concentration may produce phosphate reserves of below
1.0 ppm PO, and an operating pH level of around 9.0

Clearly, at this functional level of operation, there is little margin for
error and this type of program probably will not tolerate the degree of
dirt loading and other problems associated with frequent boiler startups.

10.8.2.5 Non-Acid Phosphate Programs

A non-acid phosphate program is more than just a further modification
of coordinated phosphate program. Like equilibrium phosphate con-
centration programs, it is a further practical attempt to overcome the
imposed constraints of operating a 60-year-old program in modern
boilers, where new engineering design and chemistry technology have
changed the rules.

Non-acid phosphate programs turn controlled-pH programs full cir-
cle by essentially using TSP as the only phosphate source and advocat-
ing that some free caustic (up to 1 ppm addition) is acceptable.

The background to this development is the knowledge that corro-
sion fatigue cracking is a primary source of boiler failure. This form
of corrosion is more strongly influenced by the strain of startups and
shutdowns and unstable water chemistry (including hideout problems)
than by the presence of trace amounts of oxygen. It is also known that
one of the most significant influences on water chemistry is the prob-
lem of low pH level conditions caused by the reemergence of acid
phosphates following a period of hideout.

New guidelines therefore advocate the use of non-acid phosphates
plus some caustic to avoid low pH level depressions. Nevertheless, this
type of program is likely to achieve a good success rate in the long term
under constant load conditions and careful attention to iron oxide
transport and control.

10.8.3 Controlled-pH Formulations

Maintaining the correct BW Na:PO, ratio using a congruent phosphate
program may be achieved by mixing individual ingredients into a day
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tank or by using premixed blends. Important considerations are the
potential variations in the percentage of available phosphate depending
on the quality grade obtained, the absence or presence of water of crys-
tallization, the limited solubility of some phosphate salts, and the need
to use high-quality dilution water in the formulation mix.

Examples of controlled-pH formulations suitable for a 1250 psig
industrial WT boiler are shown here:

Controlled-pH Formula Formula Formula
Formulations A B C
Na:PO, ratio 2.4:1 2.6:1 2.8:1
TSP 40% 60% 80%
DSP 60% 40% 20%
Materials
TSP-12H,0 7.58% 11.37% 15.16%
DSP anhydrous 4.91% 3.27% 1.64%
EDTA 38% 0.10% 0.10% 0.10%
AA/COPS 1.00% 1.00% 1.00%
PAGMBE 0.02% 0.02% 0.02%
Water 86.39% 84.24% 82.08%
100% 100% 100%

10.9 ALL-VOLATILE TREATMENT
PROGRAM CHEMISTRIES

All-volatile treatment (AVT) programs (zero solids programs, vapor
phase programs) do not add any TDS to the FW cycle or the BW sys-
tem. AVT programs provide an alternative technology to controlled-pH
programs. They are suitable for use in industrial boilers operating at
pressures of over 1,000 psig, but are generally only used in once-
through boilers, nuclear-powered steam generators, and the highest
pressure fossil-fuel utility boilers (i.e., boilers operating at over 2,500
psig, including supercritical boilers operating at up to 3,500 psig.).
Needless to say, there is little point contemplating this form of treat-
ment unless the FW quality is of a consistently high purity and excel-
lent control systems are in place. Also, there is no purpose in
attempting to combine AVT with any other type of program; AVT com-
bination programs do not work and the entire concept of AVT is lost.
All-volatile treatment essentially consists of adding a volatile oxy-
gen scavenger, such as hydrazine, diethylhydroxylamine (DEHA), car-
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bohydrazide, or methylethylketoxime (MEKO), plus a volatile neutral-
izing amine, such as morpholine, cyclohexylamine, and diethy-
laminoethanol DEAE).

Ammonia is sometimes used to boost the pH but may be unsuitable
where copper alloys are present. Hydrazine and the neutralizing
amines produce ammonia as part of their breakdown process, so
additional care is required here to minimize copper corrosion.

Effective oxygen scavenging, down to less than 5 ppb is generally
required, plus good pH control because the BW is unbuffered.
Typically, the pH of the BD is slightly lower than that of the FW
because some of the (alkaline) amine in the BW leaves with the
steam.

Measurement of the (limited) dissolved solids present in the BW is
normally best achieved by means of electrical conductivity. Clearly,
any rise in conductivity in