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1 Introduction

This guideline gives direction as to how to design a water tube D-type boiler. This
design guideline can help engineers understand the basic design of a boiler with
an appropriate dimension, materials and heat of combustion. Good execution of a
boiler is affected by the greatest heat absorbed and least heat misfortune. The de-
sign of the boiler may be impacted by variables, counting process requirements,
financial issues and safety. All vital parameters and equations used within this
guideline are clarified, which help the readers understand the meaning of parameters
or the termutilized. The theory area clarifies how to calculate sizing anddetermination of
a boiler. This guideline makes a difference by the readers to get almost the heat balance
concept. The application of the boiler’s theory with the illustrations will make the engi-
neers understand boiler’s basics and perform the actual design of boilers [5].

1.1 Boiler basics

A boiler is a closed vessel in which liquid (for the most part, water) is heated. The fluid
does not necessarily boil. The heated or vaporized fluid exits the boiler for use in differ-
ent processes or heating applications [1]. Water tube boiler is a shape of the boiler in
which steam is produced by circulating water through tubes exposed to the source of
heat.

Boilers utilize a heat source, ordinarily combustion of a fossil fuel, to heat water
to generate hot water or steam. Boilers nowadays burn fuel gas and oil as well as
solid fuels and proceed to play a bigger role in industries.

Boilers are separated by their arrangement, dimension and the quality of the
steam or hot water delivered. Boiler’s dimension is most regularly measured by the
fuel input in million Btu per hour (MMBtu/h). Size may be measured in pounds of
steam per hour (pph). Output may be measured in horsepower. One boiler horse-
power = 33,475 Btu/h evaporation capacity or about 34.5 pph. Since huge boilers are
regularly used to create power, it may moreover be valuable to relate boiler size to
power output in electric producing applications. Utilizing ordinary boiler and produc-
ing efficiencies, 100 MMBtu/h heat input is increased to almost 10 MW electric output.
Hot water boilers, for the most part, heat water to 250 °F or less at pressures of 250
pounds per square inch (psig) or less. Huge numbers of small low-pressure steam boil-
ers (<10 MMBtu/h) have been utilized at small factories or operate in support of larger
manufacturing processes. Low-pressure steam boilers for the most part deliver satu-
rated steam at temperatures of 350–400 °F at pressures between 125 and 250 psig. The
bigger steam usage is for industry, power generation and area heating. The main
steam consuming industries are refineries, petrochemical, power plants, paper, food
industries and metal factories. Large boilers generate high-pressure steam and may be

https://doi.org/10.1515/9783110757088-001
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rated at 250–10,000 MMBtu/h. High-pressure boilers can generate steam temperatures
above 700 °F and pressures till 3,000 psig [2].

1.2 Boiler types

Boilers can be characterized by the arrangement of heat transfer surfaces – either fire
tube or water tube – and by the combustion system. The appropriate arrangement is
determined by suitable fuel, steam conditions and capacity. Figure 1.1 shows the ca-
pacity ranges between fire tube and water tube boilers on a heat input basis [3].

Fig. 1.1:Water tube versus fire tube boiler [3].
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1.3 Boiler arrangement

There are two types of boilers. In a fire tube boiler, the water is in the main part of
the boiler, and the combustion gases pass through metal tubes. Heat is transferred
to the water by conduction from the fire tube(s) to the surrounding water. Increas-
ing the number of “passes” that combustion gases make through the boiler up-
grades heat extraction. The simplicity and low cost of fire tube boilers are their
point of interest, nearly all fire tube boilers burn oil, natural gas or both. The mixing
of water in a huge chamber makes a fire tube boiler well suited to generate hot water
or low-pressure steam. For high-pressure (>200 psig) or high-capacity (>10 MMBtu)
applications, fire tube boilers (Fig. 1.2) are not desirable because of pressure vessel
failure, which in a water tube boiler is just can be failure of a single tube [3].

In water tube boilers (Fig. 1.3), the fuel burns in a furnace and the exhaust gases
flow surround metal tubes. Heat transfer to the water tubes is achieved by radiation,
conduction and convection. The water tubes are welded together to form the shape
of the combustion chamber in a “waterwall.” Water tube boilers can generate steam
at high temperatures and pressures, and these boilers are more complex and expen-
sive than fire tube boilers [3].

Fig. 1.2: Fire tube boiler, HKB Boiler Solution.
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1.4 Boiler designing sequence

Sequences for designing a water tube boiler in this book will be as follows:
1) Calculating heat duty of a boiler is based on subtracting outlet steam enthalpy

from inlet steam enthalpy and multiplying outlet steam flow rate.
2) Calculate the required fuel and combustion air for burning mixture of air and

fuel.
3) Calculate the heat input rate by generating burners and then selecting burner

quantity and size from burner manufacturer catalog.
4) Calculate the width and height of a furnace, which is approximate of flame di-

ameter and height.
5) Calculate the flame temperature, density and flue gas volumetric flow rate to

find the required volume of furnace. For this matter, velocity of flue gas will be
taken from boiler manufacturer handbook. Finally, we can calculate the height
of furnace. Please note that this height, width and length are preliminary and
need to recalculate the end of our calculations.

Fig. 1.3:Water tube boiler, HKB Boiler Solution.
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6) At this point, some items such as furnace flue gas draft pressure drop, furnace
flue gas exit temperature, heat flux and tube metal temperature need to be
controlled.

7) Calculate the boiler design pressure.
8) Designing of a superheater package includes the design of superheater tube

size, thickness, length, tube rows number and tube rows deep number. Please
note that the mentioned item will be calculating preliminary and by calculating
heat duty and optimization, corrected amount will be obtained.

9) Calculate the outlet steam and flue gas temperature from superheater package.
10) Calculate the steam and mud drum diameter and thickness.
11) Calculate the height between drums center, and then bank tubes average length.
12) Designing of a bank tube package by predicting its heat duty, and then predict-

ing tube rows number, tube rows deep number, heat flux, steam drum outlet
steam temperature and bank tube flue gas draft pressure drops. By iteration and
checking limits, our prediction comes to reality, and final data will be obtained.

13) Designing of an economizer package by predicting heat duty to obtain final size
and specification, which is same as that of superheater and boiler bank packages.

14) In all mentioned sequence draft, pressure drops, steam pressure drops, veloci-
ties and dimension of each package should be checked and even total package
dimensioned should be controlled.

15) Till now we assumed the circulation ratio which is related to the dimension and
pressure of boiler and we continued our calculation. But at this moment we
should calculate and control the circulation ratio.

16) At this point, stack and safety valves will be sized.
17) We are calculating our boiler’s efficiency at the next step. This item can show

us our design was good or need to be revised. If it will be okay, then we can go
through drum hold-up time and number of tubes and each part and package’s
weight.

18) All reports can be seen at the end of this book.
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2 Input data

In this book, we try to design a water tube boiler with the following descriptions:
– Boiler type: D-type, natural circulation, outdoor installation
– Required high pressure steam: 60 T/h = 132,277.2 lb/h
– Required steam pressure: 42.83 kg/cm2 g = 609.15 psig
– Required steam temperature: 420 °C = 788 °F
– Feed water temperature: 110 °C = 230 °F
– MCR (maximum continuous rating) condition: 25%, 50%, 75%, 100%
– Blowdown rate: 3%
– Burner quantity: 2 (each burner covers 75% of boiler MCR)
– Stack: 20 m height, installed separated on the ground
– Total dissolved solids in water: 1 ppm
– Site elevation: 4 m above sea level
– Wind velocity: 33 m/s
– Assumed stack flue gas inlet temperature: 160 °C = 320 °F
– Fuel: see natural gas specification shown in Tab. 2.1.

Tab. 2.1: Natural gas specification.

%mol

CH .

CH .

CH .

i-CH .

n-CH .

i-CH .

n-CH .

CH+ .

CO .

HS (ppm) 

N .

Total 

https://doi.org/10.1515/9783110757088-002
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Tab. 2.1 (continued)

%mol

LHV (kcal/kg) ,

HHV (kcal/kg) ,

Note: It should be considered that all calculation at first step will
be estimation and need to recalculate after detailed design.
LHV, lower heating value; HHV, higher heating value.
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3 Boiler heat duty

The heat duty can be explained as the amount of heat that is transferred from a hot
side to the cold side in a unit of time. First, we should calculate the boiler heat duty
as follows:

Qto steam = houtlet steam − hinletwater

houtlet steam = 777.85 kcal=kg

hinletwater = 110 kcal=kg

Qto steam =667.85kcal=kg

Qduty =Qto steam ×m′boiler at 100%MCR

Qduty = 667.85 kcal=kg× 60 t=hr= 40,071.4Mkcal=hr

Qduty =40,071.4Mkcal=h= 159 MMBtu=hr=46.603MW
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4 Required fuel

Therefore, after calculating our boiler heat duty, we should find basic boiler data
such as required fuel and combustion air. For this part, we should have data from
our fuel type, and for this book, the data which we are considering natural gas as
our fuel (Tab. 4.1) is common in all petrochemical, refinery or power plants.

m′fuel = Qduty × 1.05
� �

=LHV

m′fuel = 40,071.4× 1,000× 1.05ð Þ=10,971
m′fuel = 3,835.1 kg=h

Tab. 4.1: Natural gas specification.

%mol Molecular weight factor Molecular weight

CH . . .

CH . . .

CH . . .

i-CH . . .

n-CH . . .

i-CH . . .

n-CH . . .

CH+ . . .

CO . . .

HS (ppm)  .

N . . .

Total  .

LHV (kcal/kg) ,

HHV (kcal/kg) ,

LHV, lower heat value; HHV, higher heat value.
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5 Forced draft fan discharge mass flow

Forced draft fan discharge mass flow will calculate by multiplying air density and
actual combustion air flow rate. Sequence will be given as follows:
– Barometric pressure
– Saturation pressure at actual temperature
– Moisture in air
– Total required air
– Excess air
– Total required combustion air
– Air density
– Standard combustion air flow
– Actual combustion air flow
– Forced draft fan discharge mass flow

5.1 Barometric pressure

Barometric pressure is the weight of the air over us. The Earth’s atmosphere con-
tains air and it is moderately light and its weight as gravity pulls the air atoms.

The nominal barometric pressure on the Earth is concurred to be 101.325 kPa ab-
solute (1,013.25 mbar absolute or 14.696 psi absolute), which suggests that there is
around 1.03 kgf/cm2 (14.7 lbf/in2) regularly on the Earth’s surface caused by the
weight of the air. In practice, the barometric pressure exceptionally once in a while
is precisely that nominal value, because it is changing all the time and shifts at dif-
ferent areas.

The barometric pressure also changes based on altitude. When you go higher,
you will find the smaller barometric pressure, which makes sense that if one of you
moves to a higher elevation, there is less air on top of you.

The air at higher heights moreover includes fewer particles, making it lighter than
it would be at a lower height. The gravity moreover decreases at these heights. Due to
these reasons, the barometric pressure is smaller at higher elevations (Tab. 5.1) [4].

Tab. 5.1: Ambient conditions.

Temperature  °C

Minimum temperature − °C

Relative humidity  %

Altitude  m

https://doi.org/10.1515/9783110757088-005

https://doi.org/10.1515/9783110757088-005


P = 101, 325 × ð1− 2.25577 × 10− 5 × HÞ5.25588
6, 894.76

where P is barometric pressure of air (psia) and H is the altitude above sea level (ft)

P = 101, 325 × ð1− 2.25577 × 10− 5 × 13.12Þ5.25588
6, 894.76

P = 14.69psia

5.2 Saturation pressure at actual temperature

At moist air, the saturation pressure of water vapor is different with the temperature
of mixture air vapor and can be expressed as follows [5]:

Pws =
e 77.3450+0.0057×T − 7, 235

Tð Þ
ðT8.2Þ × 6, 894.76

where Pws is water vapour saturation pressure (pisa), e is the constant 2.718 and T is
dry bulb temperature of moist air (K)

Pws =
e

77.3450+0.0057× ð20+ 273.15Þ− 7, 235
ð20+ 273.15Þ

� �
ð20+ 273.15Þ8.2

Pws =0.3381 psiað Þ

5.3 Moisture in air

For calculating nonluminous heat transfer, we ought to know the full amount of
water vapor in flue gases, a portion of which comes from combustion air.

Moreover, if atmospheric air compresses, the saturated vapor pressure of water
will be higher, and if the air is cooled underneath the comparing water dew point
temperature, water can condense.

It is critical to know the sum of water vapor in air or flue gas because the sum of
moisture in air or gas flxes the water dew point temperature [5]:

M =0.622× RH%× SVP
Pbarometric −RH% × SVPð Þ
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where M is moisture in air, RH is relative humidity and SVP is the saturated vapor
pressure (psia)

M =0.622 × 0.6 × 0.4861
ð14.69−0.6 × 0.3381Þ

M =0.009 lb=lb dry air

5.4 Total required air

Every fuel such as natural gas, coal or oil requires a certain percentage of stoichio-
metric air per MMBtu fired (on higher heating value basis) [5]. Total air required for
each fuel will be used in Tab. 5.2.

Tab. 5.2: Calculation from combustion constant table.

Molecular weight Air required for combustion [] LB air required for combustion

CH . . .

CH . . .

CH . . .

i-CH . . .

n-CH . . .

i-CH . . .

n-CH . . .

CH+ . . .

CO .  

HS (ppm) . 

N .  

. .

Net required air (lb/lb dry air) .

Moisture in dry air (lb/lb dry air) .

Total required air (lb/lb dry air) .
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5.5 Excess air

Theoretically, each amount of fresh air can be blended by a fixed amount of fuel
and that will be burnt as ideal combustion. In this regard, each fuel will have been
properly burnt and consumed all oxygen in the air. Efficiency of combustion will be
high when no excess air exists.

Actually, ideal combustion is not possible. Theoretically in complete combus-
tion, a few portions of fresh air would give insufficient oxygen, and the amount of
carbon tends to be converted into carbon monoxide rather than carbon dioxide. Air
shortage will lead to dangerous levels of carbon monoxide being formed and will
then produce smoke.

Hence, it is normal to adjust the combustion with a level of excess air as safety
margin [6].

One practical guide to find excess air is to use from burner manufacturer cata-
log such as Pillard company. Table 5.3 shows us the oxygen rate and then we can
find the excess air in different boiler loads:

Excess air%= 1.1× O2

20.8−O2

Fig. 5.1: Typical oxygen curve by Fives Pillard.
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5.6 Total required combustion air

For calculating the performance of blower, major problems occur in specifying ac-
tual cubic feet per minute (ACFM) from standard cubic feet per minute (SCFM), and
in accurately converting from one to other one. Some engineers use SCFM and some
ACFM.

SCFM is regularly designed by flow in terms of pressure, temperature and hu-
midity [7].

These corrections should be made to assure that complete amount of oxygen
will be provided to function properly:

W′total combustion air kg=hð Þ=Total air required lb=lb dry airð Þ
×m′fuel kg=hð Þ× 1+ excess airð Þ

W′total combustion air = 16.192 × 3, 835.1 × 1.17

W
′
total combustion air = 72,655 kg=hð Þ

5.7 Air density

The density of any gas can be estimated from

ρg = 492×MW× P
359 × ð460 + TÞ × 14.7

where ρg is the gas density lb=cu.ftð Þ,P is gas pressure psiað Þ,T is gas temperature °F
� �

and MW ismolecularweight of gas

ρair = 492× 29× 14.69
359× ð460+ ð1.8× 20+ 32ÞÞ× 14.7

Tab. 5.3: Excess air calculation.

Boiler MCR % % % % %

Oxygen rate .  . 

Calculated excess air % . . . .

Selected excess air %    

Note: It should be considered that all calculation at first step will be estimation and need to be
recalculated after detailed design.
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ρair = 0.0752 lb=cu.ft

5.8 Standard combustion air flow

In the same mass flow rate, variety in standard temperature will lead to a significant
volumetric variety [5]:

Vs =
W′s

ρair × 60

Vs =
72, 655ðkg=hÞ × 2.20462

0.0752 × 60

Vs = 35,492.67 SCFMð Þ

5.9 Actual combustion air flow

The volume of flowing gas will be defined as ACFM, which considers its temperature
and pressure. In the event that the system was moving a gas at precisely the “stan-
dard” condition, then ACFM would equal SCFM. Tragically, the most important
change between these two definitions is the pressure.

The positive pressure or a vacuum must be produced to flow a gas. It is com-
pressed when positive pressure is connected to a standard cubic foot of gas. It expands
when a vacuum is connected to a standard cubic foot of gas. After pressurizing or rare-
fying, volume of gas will be the “actual” volume [8]

Va

Vs
= Ps

Pa
× Ta

Ts

where Va is actual combustion air volume S CFM, Vs is standard combustion air vol-
ume SCFM, Ps is standard air pressure at sea level p sia, Pa is air pressure at actual
level p sia, Ts is standard ambient air temperature (R) and Ta is actual ambient air
temperature (R)

Va =
14.7
14.69 × ð1.8× 20+ 491.67Þ

520
× 35, 492.67

Va = 36,048.20 SCFMð Þ
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5.10 Forced draft fan discharge mass flow

W′a = 60 × ρair ×Va

W′a = 60×0.0752× 36,048.20

W′a = 162, 683.59 lb=hð Þ= 73, 792.12ðkg=hÞ
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6 FD: Fan outlet duct design

For designing width, height and length of an outlet duct, it must be first consuming
fan discharge pressure, location from boiler and duct roots, width and height first
and after calculating pressure loss, need to recalculate it to find optimum duct size
and reach the minimum air pressure loss.

With air flow rate and permissible velocity in duct, we can find the duct’s mini-
mum area and then by assuming the width or height, we can estimate another, and
the total duct size must be going through minimum pressure loss:

W′a = 162,683.59ðlb=hÞ

Force draft air velocity range inside the boiler = 1,500–3,600 fpm [41]
Selected velocity = 3,600 fpm
MW= 29.24
T = 68 °F
Pbarometric = 14.69 psia

Assumed boiler draft pressure loss = 1.2 psi

Pdischarge = 15.89 psia

ρair = 492× 29.24× 15.89
359× ð460+ 68Þ× 14.7

ρair =0.082 lb=ft3
� �

Volumetric flow rate of air is given by

V′air =
162,683.59

0.082

V′air = 1,983,452.7ðcu.ft=hÞ

Air duct minimum area is given by

Amin =
1,983,452.7× 60

3,600
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Amin = 9.18ft2

From fan manufacturer catalog for these ranges, preliminary width and height can be
found and here we assumed width (a) as 23 in and then we calculate height (b) and
will finally check the pressure loss:

b= Amin

a

b= 9.18× 144
24

b = 55.10 in

The rectangular duct equivalent diameter will be defined by

di = 1.3× a×bð Þ0.625
a+ bð Þ0.25

di = 1.3× ð24× 55.1Þ0.625
ð24+ 55.1Þ0.25

di = 38.93 in
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7 FD.Fan outlet duct pressure loss

The viscosity of air can be deducted from Tab. 7.1:

μair =0.0459 lb=fth

The Reynolds number of air is given by

Re= 15.2× W′

μ×di

Re= 15.2× 162,683.59
0.0459× 38.93

Re= 1,384,006.64

The friction factor of turbulent flow of air in ducts is given by

f = 0.316
Re0.25

f = 0.316
1,384,006.640.25

f =0.009

For calculating duct pressure loss, we should know about the duct arrangement
and equivalent length. Here we consider one sudden enlargement and contraction

Tab. 7.1: Air viscosity [5].

Temp. (°F) Viscosity (lb/ft h)

 .

 .

 .

 .

 .

, .

, .

, .

, .

, .
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as 31.863 ft and then we find our equivalent length as 61.863 ft, and the duct pres-
sure loss is calculated as follows:

ΔPair = 9.3× 10− 6 × f ×W′2 × Le
ρ×di

5

ΔPair = 9.3× 10− 6 ×0.009× 162, 683.592 × 61.863
0.082× 38.935

ΔPair = 0.1914 in H2O = 4.86 mm H2O

This pressure loss is reasonable and common in boilers, so this design of duct is ac-
ceptable as the boiler pressure loss is calculated in detail in earlier chapters which
need to coming back recalculate again.
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8 Furnace width and length

Furnace width and length will be calculated by selecting the burner capacity and
size, and flame length and diameter. Sequence will be as follows:
– Heat input to furnace
– Burner capacity selection
– Furnace width and length

8.1 Heat input to furnace

For designing furnace and calculating the size of furnace, we must calculate the re-
quired heat input to furnace to have mentioned heat duty and use from burner manu-
facturer catalog for capacity and flame dimension and then we can find preliminary
furnace dimensions. In our design, we consider that each burner should work till 75%
of boiler’s maximum continuous rating:

Q′burner = LHV×m′fuel × 110%

Q′burner = 10, 971 kcal=kgð Þ× 3,835.1 kg=hð Þ×
3.96832

�
Btu=h

.
kcal=h

�
106 × 110%

Q′burners = 184 ðMMBtu=hÞ= 53.83MW

Q′burner = 184×0.75= 138 MMBtu=hð Þ

8.2 Burner capacity selection

Burner capacity is the range between the minimum and maximum BTUs that can be
generated by a burner with a stable flame and acceptable combustion. In other
words, burner capacity will specify the ranges of minimum and maximum firing.
When selecting a burner, make sure that any models you consider have proper ca-
pacity for the defined process. Small capacity will lead to a smaller load and that
will prevent from reaching the required temperature.

From one burner manufacturer such as Pillard company for ultra-low NOx burners
catalog (Bulletin 4211) for 138 MMBtu/h capacity, we can use from model no. 4211-48 in
which its flame length and diameter are 25 and 6.3 feet, respectively (Tab. 8.1).

https://doi.org/10.1515/9783110757088-008

https://doi.org/10.1515/9783110757088-008


8.3 Furnace width and length

Furnace minimum length can be estimated as 40 inch more than the length before
lance from experience, and also furnace width can be estimated as 20 inch more
than the flame width for safety conditions. Distance between burners will be 10 inch
less than the flame width. Please note that according to burner designer’s point,
flame overlap will increase the total flame length by 18 inch.

Tab. 8.1: Flame dimension [39].

Input at % XSA
(million Btu/h)

Flame
length (ft)

Flame
diameter (ft)

- . .

-  

- . 

- . .

-  .

- . .

- . 

-  .

-  .

-  .

- . 

- . .

- . .

-  

- . 

-  .

-  .

-  

-  .

-  .

-  
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Minimum furnace length before lance = 25 × 12 + 60 = 360 in
Minimum furnace width = 6.3 × 12 + 20 = 96 in
Minimum furnace overall length = 360 + 40 = 400 in
Distance between burners = 6.3 × 12 – 10 = 65.6 in

Please note all the abovementioned minimum length and width are first guess, and
after designing boiler and circulation ratio calculation, they should be optimum
and the following are the optimum length after few circles of calculations:

Furnace length before lance = 400 in
Furnace width = 100 in
Furnace overall length = 440 in
Furnace turning lane = 440–400 = 40 in

For calculating the furnace volume, first we should find furnace height and for that
subject, first, we should calculate it from the flow and density of flue gas. So, we
need to find the flue gas temperature and then the average flue gas temperature as
shown in Fig. 8.2.

Fig. 8.1: Rampco boiler, 14th Iranian Oil Exhibition, Tehran, Iran.
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Fig. 8.2:Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.
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9 Furnace height

Furnace height will be calculated by the following sequence:
– Flue gas flow rate
– Flue gas molecular weight
– Actual flame temperature
– Flue gas temperature inside furnace
– Furnace pressure
– Flue gas inlet density
– Flue gas volumetric flow rate
– Furnace height

9.1 Flue gas flow rate

Flue gas flow rate calculation is given in Tab. 9.1.

Tab. 9.1: Flue gas flow rate calculation.

Items %mol From combustible tables LB flue gas
product CO

LB flue gas
product HO

LB flue
gas
product
N

Flue gas
product
CO

Flue gas
product
HO

Flue gas
product
N

CH . . . . . . .

CH . . . . . . .

CH . . . . . . .

i-CH . . . . . . .

n-CH . . . . . . .

i-CH . . . . . . .

n-CH . . . . . . .

CH+ . . . . . . .

CO .    . . .

HS (ppm)  . . .

N .    . . .

 . . .
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W′flue gas lb=hð Þ= Total fuel required lb=lbflue gasÞ×m′fuel lb=hð Þ× ð1+ excess airÞ�
W′flue gas = 17.27× 3, 835.1× 2.20462× 1.17

W′flue gas = 170,818.92ðlb=hÞ

9.2 Flue gas molecular weight

MWflue gas =MWCO2 × lbCO2 +MWH2O × lbH2O +MWN2 × lbN2

MWflue gas = 44.01× 2.61+ 18× 2.08+ 28.016× 12.44

MWflue gas = 29.23

9.3 Actual flame temperature

Maximum temperature of fuel and air combustion is adiabatic combustion temper-
ature. In any case, due to separation and radiation losses, this maximum is never
achieved.

For specifying the final temperature, several equations must be solved. Practi-
cally, the actual combustion temperature is 3–5% lower than the adiabatic combus-
tion temperature [5].

Tab. 9.1 (continued)

Items %mol From combustible tables LB flue gas
product CO

LB flue gas
product HO

LB flue
gas
product
N

Flue gas
product
CO

Flue gas
product
HO

Flue gas
product
N

Total flue gas product (lb) . lb flue
gas/lb

fuel

Moisture in dry air . lb/lb dry
air

Total flue gas product (lb) . lb flue
gas/lb

fuel
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By an energy balance, it can be shown as follows:

tc =
LHV+A× α×HHV×Cpa × ta − 80

106

� �
ð1−%ash=100+A× α×HHV=106Þ×Cpg

LHV, HHV are lower and higher calorific values of fuel, Btu/lb; A is the theoretical
air required per million Btu fired, lb; α = excess air factor = 1 + (E%/100); ta, tc are
temaeratues of aier and combustion, °F; Cpa, Cpg are specific heats of air and prod-
ucts of combustion, Btu/lb.F.

tc =
19, 747.8+ 730× 1.17× 21, 860.81×0.24× ð68− 80Þ=106

ð1−%=100+ 730× 1.19× 21, 860.81=106Þ×0.36

tc = 2, 780.98 �F

Actual flame temperature = adiabatic flame temperature × 0.95

tca = 2,641.93 �F

9.4 Flue gas temperature inside furnace

Flue gas temperature (tg) is specified in numerous ways; some authors define it as
the exit gas temperature. Some others show it as the mean of the theoretical flame
temperature. In any case, experiences appear that better agreement between mea-
sured and calculated values wins when [5]

tg = tc + 300 to 400 �F

Tab. 9.2: Combustion constant (A) for fuels [5].

Blast furnace gas 

Bagasse 

Carbon monoxide gas 

Refinery and oil gas 

Natural gas 

Furnace oil and lignite –
Bituminous coals 

Anthracite 

Coke 
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tg = 2, 641.93+ 300

tg = 2,941.93 �F = 1,616.63�C = 3,401.93 �R

9.5 Furnace pressure

Furnace heat transfer may be a complicated circumstantial, and a single equation
or correlation cannot be endorsed for sizing of furnaces. In general, it will be de-
fined as an energy balance between fluid–gas and steam–water mixtures [5].

From burner manufacturer catalog, we could find flame length and width and
also estimate furnace length and width

Pfurnace =Pfan outlet −Ploss air duct −Ploss burner

Pfurnace = 15.89−0.1942 × 0.0361273− 250 × 0.00142233

Pfurnace = 15.53 psia

9.6 Flue gas inlet density

ρg = 492×MW× Pfurnace

359× ð460+TÞ× 14.7

ρg = 492× 29× 15.53
359× ð460+ 2, 941.93Þ× 14.7

ρg = 0.0123 lb=cu.ft

9.7 Flue gas volumetric flow rate

V′flue gas =
m′flue gas
ρflue gas

V′flue gas =
170, 818.92
0.0123

V ′flue gas = 13,843, 237 ft3=h
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9.8 Furnace height

Furnace height can be found out as follows (Fig. 9.1):

Selected velocity inside furnace = 3,000 fpm

Amin =
V′flue gas
Vflue gas

× 1.1

Amin =
13, 843, 237
3,000× 60

× 1.1

Amin = 84.59 ft2

Hmin =
Amin

W

Hmin =
84.59× 144

100

Hmin = 134 in

Fig. 9.1:Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.
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By considering the distance between burners, furnace height can be calculated by
the following equilibrium:
– burners with 50% MCR capacity will be estimated by

– Burner quantity × flame diameter – 20 + 13 × burner quantity
– burners with 75% MCR capacity will be estimated by

– Burner quantity × flame diameter – 20 + 13 in

Hfurnace = flamewidth× burner QTY− 20 + 13

Hfurnace = 6.3× 12× 2− 20 + 13

Hfurnace = 144 in

From the above calculation, furnace height is bigger than the calculation by velocity
method and furnace height can be considered as 144 inch.

30 9 Furnace height



10 Furnace volume

V = L×W ×H

V = 440× 100× 144
123

V = 3,671.75ft3
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11 Furnace exit temperature

Furnace exit temperature will be calculated by the following sequence:
– Furnace volumetric heat release
– Furnace heat surface area
– Furnace surface heat release
– Beam length
– Flue gas carbon dioxide vapor pressure
– Flue gas water vapor pressure
– Gas emissivity by carbon and water method
– Gas emissivity by Hottel’s method
– Furnace exit temperature

11.1 Furnace volumetric heat release

Furnace volumetric heat release should be lower than 450,000kcal=m3 h.

Volumetric heat release= Heat input to furnace
Vfurnace

Volumetric heat release= 184MM Btu=h
3,671.75 ft3

Volumetric heat release=45,473.25Btu=ft3 h = 404,402.51 kcal=m3 h

11.2 Furnace heat surface area

Afurnace =
2×W ×H + 2×W × Lbefore lance + 2×H × Lbefore lance + L− Lbefore lanceð Þ×H

144

Afurnace =
2× 100× 144+ 2× 100× 400+ 2× 144× 400+ 440− 400ð Þ× 144

144

Afurnace = 1,597 ft2

11.3 Furnace surface heat release

Primary function of a furnace is to supply adequate space for fuel particles to
burn completely and to cool down the flue gas to a temperature through which
the convective heating will operate and this depends on the type of utilized firing
method [9].
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The average furnace heat absorption rate based on the projected water-
cooled surface shall not exceed 200,000 kcal/m2 h and the maximum peak ab-
sorption rate in the burner zone shall not exceed 300,000 kcal/m2 h

Surface heat release= Heat input to furnace
Furnace heat surface area

Surface heat release= LHV×m′fuel
Afurnace

Surface heat release=
10,971 kcal=kgð Þ× 3,835.1ðkg=hÞ× 3.96832 Btu=hð Þ= kcal=hð Þ

106

1,597ðft2Þ
Surface heat release= 104,550.31 Btu=ft h= 283,589kcal=m2 h

11.4 Beam length

L may be a characteristic measurement which depends on the shape of the wall in
an area. L is estimated around 3.4–3.6 times the volume of the space divided by the
surface zone of the heat-receiving surface. For a depth of dimensions, L, W and H
are given by [5]

L= 3.4× LWH
2× LW + LH +WHð Þ

L= 1.7
1 L+ 1W + 1H===

L=87.47 in

11.5 Flue gas carbon dioxide vapor pressure

PvCO2 =
lbCO2

lbflue gas

PvCO2 =
2.61
17.27

PvCO2 = 0.15
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11.6 Flue gas water vapor pressure

PvH2O =
lbH2O +moistureair

lbflue gas

PvH2O =
2.08 + 0.009

17.27
PvH2O =0.12

11.7 Gas emissivity by carbon and water method

Hottel calculated the emissivity pattern of gases, and gas emissivity can be predicted
by gas temperature, partial pressure of gases and beam length [5]:
– εg is given by

εg = εc + ηεw −Δε

εg can be estimated using Figs. 11.1–11.4, which give εc, η, εw and Δε, respectively. It
can be estimated by assuming radiation effects of SO2 as similar to CO2. Consequently,
partial pressures of CO2 and SO2 can be added, and Fig. 11.1 is used to get εc:

PvCO2 × Lbeam = 0.15× 87.47
12

= 1.1

PvH2O × Lbeam = 0.12× 87.47
12

=0.88

PvH2O +P

2
= ð0.12+ 1Þ

2
=0.56

PvH2O

PvH2O + PvCO2

= 0.12
ð0.12+0.15Þ =0.44

ðPvH2O +PvCO2Þ× Lbeam = 0.12+0.15ð Þ× 87.47= 1.98

From lower figure

εg =0.098+0.11× 1−0.048

εg =0.16
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11.8 Gas emissivity by Hottel’s method

εg =0.9× ð1− e−KLbeamÞ

K =
ð0.8+ 1.6×PvH2OÞ× 1−0.38Tg=1,000ÞpðPvH2O + PvCO2Þ× Lbeam

× ðPvH2O + PvCO2Þ

Fig. 11.1: Emissivity of carbon dioxide [5].
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K = ð0.8+ 1.6×0.15Þ× 1−0.38× ð1,616.63+ 273.5Þ=1,000ð Þpð0.15+0.12Þ× 87.47×0.0254 × ð0.15+0.12Þ

K =0.097

εg =0.9× ð1− e− ð0.097× 87.25Þ
εg =0.175

Fig. 11.2: Emissivity of water vapor [5].
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Fig. 11.3: Correction factor for emissivity of water vapor [5].
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Fig. 11.4: Correction term due to presence of water and carbon dioxide [5].
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11.9 Furnace exit temperature

Heat transfer in a boiler furnace is a transcendent radiation which is incomplete due
to the luminous part of the flame and nonluminous gases. A common inexact expres-
sion can be composed for furnace absorption using a vitality approach (Fig. 11.5) [5]:

QF =APεgσ Tg
4 −To

4� �
=WfLHV−Wghe

QF is furnace heat absorbtion Btu=hð Þ,
AP is furnace heat surface ft2

� �
,

σ is the Stefan Boltzmann constant=0.173× 10− 8,
Texit is furnace exit gas temperature Rð Þ,
εg is emissivity of gas atTg,
To is absolute temperature of tube surface Rð Þ,
Wf is fuel gas flow rate ðlb=hÞ,
Wg is flue gas flow rate lb=hð Þ and
haverage is enthalpy at flue gas average temperature Btu=lbð Þ.

Fig. 11.5: Furnace exit.
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In the above equation, we assumed furnace exit temperature and will use from aver-
age temperature to find enthalpy. Then by solving both sides (left and right), Tg will
be found which should be equal to what we assumed before.

First, we assumed that Texit is equal to 1,296.1 °C:

Taverage =
Tg +Texit
� �

2

Taverage =
ð2,941.93+ ð1.8× 1,296.1+ 32ÞÞ

2

Taverage = 2,666.2 °F = 1,463.5 °C

Enthalpy is shown in Tab. 11.1:

haverage = 450.3 kcal=kg= 810.54 Btu=lb

The tube’s outer temperature is calculated by deducting the temperature drop across
the gas film and metal conductivity and adding temperature drop across the steam
film tube’s inside temperature.

For the following calculation, the tube’s outer temperature will be assumed to be
646 °F which is done by iterations and it should be noted that 100 °F difference in
tube’s outer temperature has maximum 10 °F effluent on furnace exit temperature:

APεgσ Texit
4 −To

4� �
=WfLHV−Wghaverage

Tab. 11.1: Enthalpy of combustion
product (kcal/kg) [5].

Temp (°C) Natural gas Fuel oil

, . .

, . .

, . .

, . .

, . .

, . .

, . .

 . .
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1, 597×0.16×0.173× 10− 8 × Texit
4 − 6464

� �
= 3,835.1× 2.20462× 19,747.8
− 170,818.92× 810.54

Texit = 2,390.5 °F= 1,310.28 °C

So, it is found that our assumed temperature is near to the calculated temperature.
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12 Combustion nonluminous heat transfer coefficient

In heat transfer equipment, gases transfer energy at high temperatures to fluid which
is inside the tubes, such as boilers, fired heaters and superheaters, and nonluminous
heat transfer is very important. The produced water vapor, carbon dioxide and sulfur
dioxide during combustion of fossil fuels or triatomic gases contribute to radiation.

Radiation compatibility between gases and surroundings (e.g., a wall or tube bun-
dle or a cavity) can be composed as follows [5]:

Q
A
=σ εgTg

4 − αgTo
4� �

where Q is heat transfer in furnace ðBtu=hÞ,
A is furnace heat surface ðft2Þ,
σ is the Stefan Boltzmann constant=0.173× 10− 8,
εg is emissivity of gas at Tg,
Tg is the absolute temperature of gas, R
αg is absorptivity at To,
To is the absolute temperature of tube surface, R.

In spite of the fact that it is alluring to calculate heat flux, it is repetitive to estimate
αg at temperature To. We can use the following simplified equation by considering
the reality that To

4 will be very smaller than Tg
4:

Q
A
=σ εgTg

4 − αgTo
4� �

= hN Tg −To
� �

The nonluminous heat transfer coefficient hN can be composed as follows:

hN =
σεg Tg

4 −To
4� �

Tg − To
� �

hN =
0.173× 10− 8 ×0.16× 2,390.54 − 6464

� �
ð2,390.5− 646Þ

hN = 11.25Btu=ft2 h F
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13 Combustion convection heat transfer coefficient

Combustion’s convection heat transfer coefficient will be calculated by the following
sequence:
– Flue gas product properties
– Flue gas product gas mass velocity
– Flue gas product Reynolds number
– Flue gas product Prandtl number
– Flue gas product Nusselt number
– Combustion convection heat transfer coefficient

13.1 Flue gas product properties

Flue gas properties at average temperature can be found from Tab. 13.1:

Taverage =
ð2, 941.93+ 2, 390.5Þ

2

Taverage = 2, 666.2 �F = 1, 463.5 �C

μ = 0.136 lb=ft h

Cp = 0.35105 Btu=ft F

K = 0.0622 Btu=ft h F

13.2 Flue gas product gas mass velocity

Gas mass velocity is mass flow rate over a unit range opposite to the direction of
the velocity vector and can be found as follows:

Tab. 13.1: Flue gas product properties [5].

Temp (°F) Cp Μ K

, . . .

, . . .

, . . .

, . . .

, . . .
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G= m′flue gas

Afurnace

G = 170,818.92
1, 597 = 106.96 lb=ft2 h

13.3 Flue gas product Reynolds number

The Reynolds number has wide applications, extending from fluid stream in a pipe to
the entry of air over an airplane wing. It is utilized to foresee the movement from lami-
nar to turbulent stream and is utilized within the scaling of comparative but different-
sized stream circumstances, such as between an aircraft demonstrate in a wind tun-
nel and the full-size form. The forecast of the onset of turbulence and the capacity to
calculate scaling impacts can be utilized to assist foresee fluid behavior on a bigger
scale, such as in nearby or worldwide air or water movement and subsequently the
related meteorological and climatological impacts and can be found as follows [11]:

Re= GdTube
12μ

Re= 106.96× 2
12×0.136

Re= 131.08

13.4 Flue gas product Prandtl number

The Prandtl number (Pr) is a dimensionless number, named after the German physi-
cist Ludwig Prandtl, characterized as the proportion of momentum diffusivity to thermal
diffusivity and can be found as follows: [12]

Pr= μCp

K

Pr= 0.136×0.35105
0.0622

Pr=0.767

13.5 Flue gas product Nusselt number

The Nusselt number (Nu) could be explained at a boundary in a fluid as the proportion
of convective to conductive heat transfer and is a dimensionless number. Convection
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incorporated fluid motion and conduction. The conduction for a theoretically motion-
less fluid is measured beneath the same conditions as the convection.

A Nusselt number represents heat transfer by pure conduction. A value between
1 and 10 is characteristic of slug stream or laminar stream. Bigger Nusselt number in-
side turbulent flow ordinarily in the 100–1,000 range corresponds to more dynamic
convection. The Nusselt number is named after Wilhelm Nusselt and can be found as
follows [13]:

NU=0.33×Re0.6 ×Pr0.33

NU=0.33× 131.080.6 ×0.7670.33

NU= 5.638

13.6 Combustion convection heat transfer coefficient

In thermodynamics and mechanics, heat transfer coefficient or film coefficient or film
effectiveness is the proportionality that is steady between the heat flux and the ther-
modynamic driving force for the stream of heat (i.e., the temperature difference, ΔT),
and the heat transfer coefficient is the complementary of thermal insulance and is
given as follows [14]:

hc =
12K ×NU
dTube

hc =
12×0.0622× 5.638

2

hc = 2.10 Btu=ft2 h F
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14 Combustion outside heat transfer coefficient

ho = hc + hN

ho = 2.10+ 11.25

ho = 13.36Btu=ft2 h F
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15 Average tube metal temperature

Tube’s outer temperature will be calculated by deducting temperature drop across
the gas film and metal conductivity and adding temperature drop across the steam
film tube’s inside temperature [5].

Sequence for finding the average tube metal temperature is given as follows:
– Drum circulation water mass flow rate
– Drum each tube circulation water
– Inside gas film’s resistance
– Metal resistance
– Outside gas film’s resistance
– Heat flux
– Temperature drop across the gas film
– Temperature drop across the tube metal
– Temperature drop across the steam film
– Average tube metal temperature

15.1 Drum circulation water mass flow rate

First, we should find each tube’s water mass flow which is equal to the boiler water
mass flow (output steam mass flow rate + blowdown rate) divided by the boiler’s total
tube numbers:

m′drum water =m′output steam × 1+%blow down rateð Þ

m′output steam = 60× 1,000× 2.20462= 132, 277.2 lb=h

%blow down rate = 3%

m′drumwater = 132, 277.2× 1+0.03ð Þ
m′drumwater = 136, 245.516 lb=h
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15.2 Drum each tube circulation water

Boiler’s total tube number is equal to the boiler bank tube’s total tube number plus
furnace tube number:

Nboiler tube =Ntotal bank tubes +Nfurnace tube + 2×Nrows deep bank tube

Later, there are all formula to calculate boiler tube number, but here we use from
them and continue our sequence to find each tube’s mass flow. Please note that by
one iteration all the tube quantity will be optimized:

Nboiler tube = 976+ 413+ 2× 14

Nboiler tube = 1,417No.

Total circulated water inside the drum is related to boiler circulation ratio which is
described later but now we consider our circulation ratio as 40, and boiler’s total cir-
culated water is equal to the drum input water multiplied by circulation ratio:

m′drum circulation water =m′drumwater ×CR

m′drum circulation water = 136, 245.516 × 40

m′drum circulation water = 5,499,820.64 lb=h

m′each tube circulation water =
m′drum circulation water

Nboiler tube

m′each tube circulation water =
5, 499, 820.64

1, 417

m′each tube circulation water = 3,846.03 lb=h

15.3 Inside gas film resistance

RInside gas film = 1
htube inside coefficient
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htube inside coefficient =
2.44×m′each tube circulation water

0.8 ×C

dtube − ttubeð Þ1.8

C factor is given in Tab. 15.1 by drum saturated pressure and temperature, in which
the drum saturated pressure is superheater output pressure plus superheater and
boiler bank and another pressure loss. Here, total pressure loss can be considered
as 1–6 barg and after final designing it can be optimized by iteration:

Psat. = Psuper heater outlet +ΔPassumption

Psat. = 42+ 2.22= 44.22 barg

Psat =643.69psia

Tsat. =493.8 �F

C =0.36

Tab. 15.1: Factor C for steam [5].

Temperature (°F) Drum saturation pressure (psia)

   , ,

 . .

 . . .

 . . . .

 . . . . .

 . . . . .

 . . . . .

, . . . . .
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htube inside coefficient =
2.44× 3, 846.030.8 ×0.36

2−0.105ð Þ1.8

htube inside coefficient = 205.11 Btu=ft2 h F

RInside gas film = 1
htube inside coefficient

RInside gas film = 1
205.11

RInside gas film =0.0048 ft2 h F=Btu

15.4 Metal resistance

Rm = dtube
24Km

× ln
dtube

dtube − ttubeð Þ

Tinlet flue gas = 2, 941.93 �F

15.4.1 Thermal conductivity of metals

Km = 21 Btu=ft h F

Rm = 2
24× 21

× ln
2

2−0.105ð Þ
Rm = 0.0002 ft2 h F=Btu
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15.5 Outside gas film resistance

Ro =
1
ho

Ro =
1

13.36

Ro =0.074 ft2 h F=Btu

15.6 Heat flux

Qflux =
Tg −Tsat.
� �

RInside gas film +Rm +Ro
� �

Qflux =
2, 941.93− 493.8ð Þ

0.0048+0.0002+0.074ð Þ
Qflux = 30,611.36Btu=ft2 h F

15.7 Temperature drop across the gas film

ΔTacross the gas film =Qflux ×RInside gas film

ΔTacross the gas film = 30, 611.36×0.0048

ΔTacross the gas film = 2, 292.2 �F

15.8 Temperature drop across the tube metal

ΔTacross the tube metal =Qflux ×Rm

ΔTacross the tube metal = 30, 611.36×0.0002

ΔTacross the tube metal =6.55 �F

15.9 Temperature drop across the steam film

ΔTacross the steam film =Qflux ×Ro

ΔTacross the steam film = 30, 611.36×0.074

ΔTacross the steam film = 149.23 �F
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15.10 Average tube metal temperature

Taverage tube metal =
ðTg −ΔTacross the gas filmÞ+ Tsat. +ΔTacross the steam filmð Þ

2

Taverage tube metal =
ð2, 899.63− 2, 292.2Þ+ 493.8+ 149.23ð Þ

2

Taverage tube metal =646.38 �F
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16 Furnace draft pressure drop

Draft is named as a difference in pressure between atmospheric pressure and the
existing pressure in the furnace or boiler’s flue gas passage. Draft can moreover be re-
ferred to as pressure difference in chamber area which comes about within the move-
ment of the flue gases and the air stream.

Drafts are created by the rising combustion gases in the stack. For illustration, a
blower can be put into four categories: natural, induced, balanced and forced.
– Natural draft: The difference in density of the hot flue gases and cooler sur-

rounding gases creates a pressure differential that moves the hotter flue gases
into the cooler surroundings.

– Forced draft: When air or flue gases are kept up over the atmospheric pressure,
ordinarily, it is done with the assistance of a forced draft fan.

– Induced draft: When air or flue gases pressure beneath the impact of a continu-
ously decreasing underneath the atmospheric pressure, the system works under
induced draft. The stacks give adequate natural draft to meet the low draft loss
needs. In an arrangement to meet higher pressure differentials, the stacks must,
at the same time, work with draft fans.

– Balanced draft: When atmospheric pressure and static pressure is equal, draft is
zero in this system.

Flue gas combustion’s rate and the boiler heat transfer amount are both dependent
on the movement of flue gases. The rate of combustion increases by strong current of
air (draft) through the fuel bed. The heat transfer rate from the flue gases to the boiler
increases by stronger movement (which improves efficiency and circulation) [15].

Furnace draft pressure drop is calculated by the following sequence:
– Flue gas density
– Furnace volumetric flow rate
– Furnace flue gas velocity
– Head loss due to dimension change in furnace exit
– Furnace equivalent diameter
– Furnace equivalent length
– Reynolds number in furnace
– Friction factor in furnace
– Furnace draft pressure drop
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16.1 Flue gas density

ρg = 492×MW× Pfurnace

359× ð460+TaverageÞ× 14.7
ρg = 492× 29× 15.53

359× ð460+ 2,666.23Þ× 14.7

ρg =0.0134 lb=cu.ft

16.2 Furnace volumetric flow rate

V′air =
170,818.92
0.0134

V′air = 12, 721,318 ðcu.ft=hÞ

16.3 Furnace flue gas velocity

vflue gas inside furnace =
V′air=60

ðH ×WÞ=144

vflue gas inside furnace =
12,721,318=60

ð100× 144Þ=144
vflue gas inside furnace = 2,117.2 fpm

16.4 Head loss due to dimension change in furnace exit

To exit from furnace to lance area according to Fig. 16.1, H/W1 and W0/W1 will be
1.442 and 0.4, respectively; then the return correction factor will be 0.53.

Fig. 16.1: Duct correction factor [16].
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To enter from lance area to superheater area according to Fig. 16.1, H/W1 andW0/
W1 will be 1.442 and 0.7, respectively; then contraction correction factor will be 0.53.

So, head loss due to change duct size will be calculated as follows:

HLoss furnace exit = freturn + fcontractionð Þ× vflue gas inside furnace=60
� �2

2g

HLoss furnace exit = ð0.53+0.53Þ× 2,1117.2=60ð Þ2
2× 32.2

HLoss furnace exit = 20.496 ft

16.5 Furnace equivalent diameter

When engineers want to find the proper duct size, they should first find the equiva-
lent diameter which is the diameter of a circular duct with the same pressure loss as
an equivalent rectangular duct [5]:

di =
2WH
W +H

di =
2× 100× 144
100+ 144

di = 118 in

16.6 Furnace equivalent length

Who is looking to ensure proper airflow distribution with the “equal friction method”
of duct sizing such as duct system designer try to find equivalent lengths. The equiva-
lent lengths of all fittings and measured distances of straight duct should be calcu-
lated [17]:

Le = Lfurnace + HLoss furnace exit

Le =
440
12

+ 20.496

Le = 57 ft

16.7 Reynolds number in furnace

Re= 15.2× W′

μ×di
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Re= 15.2× 170, 818.92
0.136× 118

Re= 161,655.71

16.8 Friction factor in furnace

fr= 0.316
Re0.25

fr= 0.316
161,655.710.25

fr=0.016

16.9 Furnace draft pressure drop

ΔPfurnace = 93× 10− 6 × fr×W′2 × Le
ρdi5

ΔPfurnace = 93× 10− 6 ×0.016× 170, 818.922 × 57
0.0134× 1185

ΔPfurnace =0.0079 in WG=0.201 MM WG
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17 Boiler design pressure

Design pressure is related to matching temperature and pressure that is expected in
a normal condition. Maximum allowable working pressure is a top pressure in nor-
mal operating conditions that are allowed in equipment or a vessel [18].

Boiler design pressure will be calculated by the following sequence:
– Steam drum saturated pressure and temperature
– Steam drum first safety valve setting pressure
– Steam drum second safety valve setting pressure
– Boiler design pressure

17.1 Steam drum saturated pressure and temperature

Boiler operating pressure is known as the working pressure and refers to steam
drum operating pressure for water tube boilers and shell operating pressure for fire
tube boilers.

Steam drum pressure can be calculated by the following assumption:

Superheater outlet pressure . kg/cm

Pressure drops in main stem stop value + nonreturn valve . kg/cm

Pressure drops in main header . kg/cm

Spray attemperator loss . kg/cm

Pressure drops in superheater bank . kg/cm

Pressure drops in boiler bank . kg/cm

Steam drum operating pressure . kg/cm

Please note that all the above mentioned pressure drop is calculated and can be
used but for first iteration, we can estimate and calculate the drum pressure and
finally by calculating exact data going to find drum pressure. Steam drum pressure
is saturated, so drum and bank tube water temperature is equal to 493.8 °F.

17.2 Steam drum first safety valve setting pressure

PPSV1 = Pdrum × 1.05× 1.03

PPSV1 = 44.22× 1.05× 1.03
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PPSV1 =47.82kg=cm2

17.3 Steam drum second safety valve setting pressure

PPSV2 =PPSV1 +0.34

PPSV2 = 47.82+0.34

PPSV2 =48.16 kg=cm2

17.4 Boiler design pressure

PDesign =PPSV2

PDesign =48.16 kg=cm2
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18 Superheater package

Superheaters increase the temperature of saturated steam to supply the required
process condition. Superheaters are single-phase heat exchangers in which steam
flows inside the tubes and flue gas flows outside the tube.

In the steam drum area at boiling point, the saturated steam is separated from
water and goes through the superheater tubes. Superheaters’ surface temperatures
are higher than the boiler tubes. The material of tubes depends on the desired
steam temperature. Carbon steel tube will be applicable till 400 °C and chrome-
moly steel till 660 °C. Designing is based on the type of heat transfer, convection,
radiation or a combination of the two and the superheating circulation. Counterflow,
parallel flow and combined parallel and counterflow can be used. Figure 18.1 shows
superheater circuits with different flow patterns [19].

Fig. 18.1: Superheater circuit pattern.
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A radiant superheater will be used in radiant area of the furnace to absorb heat by
radiation. A convection superheater is placed in convection area of combustion
chamber which is ordinarily higher than the economizer (Fig. 18.2).

Fig. 18.2: Superheater by HKB Boiler Solution.
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19 Superheater tube rows and deep number

To determine the superheater package’s tube row and deep number, you will use
the following formula. This formula needs selected steam velocity which can be ob-
tained from the velocity table. Superheater tube rows and deep number will be calcu-
lated by the following sequence:
– Superheater heat duty prediction
– Superheater tube thickness
– Superheater tube area
– Superheater tube rows and deep number

19.1 Superheater heat duty prediction

A portion of heat has to be transferred from the hot side to the cold side over a unit
of time expressed as heat. First, we should calculate the superheater package heat
duty as per the following formulas:

Superheater steam inlet temperature . °F
Superheater inlet pressure . psig
Superheater inlet enthalpy ,. Btu/lb
Superheater steam outlet temperature (controlled)  °F
Superheater outlet pressure . psig
Superheater outlet enthalpy ,. Btu/lb
Steam mass flow ,. lb/h

Qduty = ðhoutlet steam − hinlet steamÞ× evaporation@100%MCR

Qduty = ð1,400.14− 1,202.95ÞBtu=lb× 132,277.2 lb=h

Qduty = 26.08 MMBtu=h

19.2 Superheater tube thickness

To determine the minimum required thickness of tubing, you will use the following
formula [20]:

tmin =
PD

2S+P
+0.005D+ e
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where t is the minimum required tube thickness, in; P is the boiler design pressure,
psig; D is the tube diameter, in; S is themaximum allowable stress for A213-T11, psi;
e is the thickness factor for expanded tube ends as per ASME 1, PG-27.4

tmin =
48.17× 14.2233× 1.5

2× 6,850+ 48.17× 14.2233 +0.005× 1.5+0.04

tmin =0.119 in

As per tube manufacturer catalog for 1.5 in diameter, they produce tube with thick-
ness of 0.12 in. So:

tselected =0.12 in

19.3 Superheater tube area

Asuperheater tube =
π
144

× D− t
2

� �2

Asuperheater tube =
π
144

× 1.5−0.12
2

� �2

Asuperheater tube =0.0103 ft2

19.4 Superheater tube rows and deep number

Steam velocity range, 2,000–5,000 fpm [41]
Selected steam velocity = 2,000 fpm
Saturated steam specific volume = 0.709 ft3=lb
Superheater steam volumetric flow rate = 93,790.3 ft3=h
Selected tube row deep no. = 4

Tube rowno. = roundup
V′superheater steam

Vselected × 60× ðtube rowno.Þ
� �

Tube row no. = roundup
93, 790.3

2,000× 60× 4

� �

Tube row no. = 19
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20 Superheater convective heat transfer
coefficient prediction

A proportionality constant between the heat flux and the thermodynamic driving
force for the flow of heat is called as heat transfer coefficient [21].

Superheater convective heat transfer coefficient will be calculated by the fol-
lowing sequence:
– Superheater flue gas outlet temperature prediction
– Log mean temperature difference (LMTD) prediction
– Superheater average flue gas temperature prediction
– Superheater average flue gas properties
– Superheater tube longitudinal and transverse pitch
– Superheater package long
– Superheater primary heat surface area
– Superheater gas mass velocity
– Superheater convective heat transfer coefficient

20.1 Superheater flue gas outlet temperature prediction

Tg outlet =Tg inlet −
Qsuperheater

m′flue gas ×Cpaverage gas temperature
× 1−heat loss 100= Þð

At this step, we need to find the primary flue gas outlet temperature and specific
heat at average temperature, and then by repeating this sequence, flue gas outlet
temperature can be found [5]:

Tg outlet = 2, 390.5− 26.08× 106

170, 818.92×0.3449× ð1− 2 100Þ=

Tgoutlet = 1,938.76�F

20.2 Log mean temperature difference prediction

In heat transfer area such as heat exchangers, temperature driving force can be
determined as LMTD (also known as log mean temperature difference). For a fixed
size and heat transfer coefficient, heat exchangers transferred more heat by larger
LMTD [22]:
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ΔTlog =
Tgoutlet −Toutlet steam
� �

− Tg inlet −TInlet steam

� �
LN

Tg outlet −Toutlet steam
Tg inlet −TInlet steam

ΔTlog =
1, 938.76− 788ð Þ− ð2, 390.5− 493.8Þ

LN 1, 938.76− 788
2, 390.5− 493.8

ΔTlog = 1.49�F

20.3 Superheater average flue gas temperature prediction

Taverage =
Tg inlet + Tg−Predicted outlet

2

Taverage =
1, 938.76+ 2, 390.5

2

Taverage = 2, 164.64�F

20.4 Superheater average flue gas properties

Superheater average flue gas properties can be found from gas tables at average
temperature:

μ = 0.1298 lb=ft h

Cp =0.3449 Btu=lb F

K =0.0585 Btu=ft h F

20.5 Superheater tube longitudinal and transverse pitch

In a convection surface except heat absorption and resistance to gas flow, other fac-
tors such as optimum tube spacing and arrangement must be considered.

For designing superheater package, first, transverse and longitudinal space will
be selected, and by checking performance result and draft pressure loss will find
optimum space that required.

At this step, we consider transverse and longitudinal pitches as 4 and 4.03125,
respectively.
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20.6 Superheater package long

Lsuperheater =Round ref.no. SL × Ntube row − c1ð Þ½ �
Lsuperheater = Round ref.no. 4.03125× 19− 1ð Þ½ �
Lsuper heater = 73 in

20.7 Superheater primary heat surface area

Tube length related to superheater duty and outlet temperature need to be optimum
by checking primary length selection. By assuming each tube length as 40 ft, heat
surface is given by

Asuperheater =π ×Dtube=12×Ntube row ×Ntube rowdeep × Lsuperheater tube

Asuperheater =π × 1:5=12× 4× 19× 40

Asuperheater = 1, 193.2 ft2

Fig. 20.1: Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.
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20.8 Superheater gas mass velocity

Gas mass velocity is mass flow rate across a unit area vertical to the direction of
the velocity vector and can be find as follows [5]:

G= 12
W′

Nrowdeep × Ltube × ST −dð Þ

G= 12× 170, 818.92
4× 40× ð4− 1.5Þ

G= 5, 124.57 lb=ft2 h

20.9 Superheater convective heat transfer coefficient

hC =0.9× G0.6

Dtube
0.4 × K0.67 ×CP

0.33

μ0.27

hC =0.9× 5, 124.570.6
1.50.4 × 0.05850.67 ×0.33490.33

0.12980.27

hC = 23.47 Btu=ft2 h F
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21 Superheater uncontrolled outlet steam
temperature prediction

All generated steam at boilers must go through the superheater. As a result, all D-
type boilers are called as uncontrolled superheat boilers. The design characteristics
guarantee that the temperature will reach to the set point. The degree of superheat
will be defined as differences between steam drum temperature and the actual read-
ing on the superheater outlet temperature gage [23].

Superheater uncontrolled outlet steam temperature will be calculated by the
following sequence:
– Superheater package performance prediction
– Superheater flue gas outlet temperature
– Superheater flue gas average temperature
– Superheater outlet steam temperature
– Each tube steam flow rate
– Inside gas film resistance
– Metal resistance
– Outside gas film resistance
– Heat flux
– Temperature drop across the gas film
– Temperature drop across the tube metal
– Temperature drop across the steam film
– Superheater uncontrolled outlet steam temperature prediction

21.1 Superheater package performance prediction

Prediction of the exit temperatures and duty can be done by number of transfer
units (NTU) method. Basically, the duty Q is given by [5]

Qsuperheater = εCmin Tgas inlet−Tsteam inlet

� �

where ɛ depends on the type of flow, whether counter flow, parallel flow or cross-
flow. In superheater, usually a counter-flow arrangement is selected. ɛ for this is
given by

ε= 1− exp −NTU × 1−Cð Þ½ �
1−C× exp −NTU × 1−Cð Þ½ �

where
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NTU = UA
Cmin

C = Cmin

Cmax

Cmin = W′Cp
� �

min

Cmax = W′Cp
� �

max

At our design case,

Average steamheat capacity@constant volume = 0.4373 Btu=lb F

Inlet flue gas heat capacity@constant volume = 0.3449 Btu=lb F

W′steam = 132, 277.2 lb=h

W′flue gas = 170, 818.92 lb=h

Cmax =0.4373× 132, 277.2= 57, 844.81

Cmin =0.3449× 170, 818.92 × 1− 2=100Þ= 57, 737.13ð

C= 57, 737.13
57, 844.81 =0.998

Because gas temperature is low, then non-luminous heat transfer is low and can be
neglected.

NTU= 23.47× 1, 193.2
57, 737.13 =0.48
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ε= 1− exp½−0.48× 1−0.998ð Þ�
1−0.998× exp½−0.48× 1−0.998ð Þ� =0.326

Qsuperheater =0.326× 57, 737.13× ð2390.5− 494.8Þ
Qsuperheater = 35.77MMBtu=h

21.2 Superheater flue gas outlet temperature

Tgas outlet =Tgas inlet −
Q

Cp ×W′gas × 1−heat loss%ð Þ

Tgas outlet = 2, 390.5− 35.77× 106

0.3449× 170, 818.92× 1− 2
100Þ

�
Tgas outlet = 1, 750.96 �F

21.3 Superheater flue gas average temperature

Taverage flue gas =
Toutlet flue gas +Tflue gas inlet

2

Taverage flue gas =
1, 750.96+ 2, 390.5

2

Taverage flue gas= 2,070.74 �F

21.4 Superheater outlet steam temperature

Tsteamoutlet
=Tsteam inlet

+ Q

Cp ×W′steam

Tsteamoutlet
= 494.8+ 35.77× 106

0.4376× 132, 277.2
Tsteamoutlet = 1, 112.31 �F

So, outlet temperature is bigger and near to what we expect from our superheater de-
sign which is acceptable. If not, it should change the tube diameter or tube length,… .
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21.5 Each tube steam flow rate

First, we should find each tube steam mass flow which is equal to the output steam
mass flow rate divided by the superheater total tube numbers:

m′each tube =
m′output steam
Nboiler tube

m′each tube =
132, 277.2
4× 19

m′each tube = 1, 740.49 lb=h

21.6 inside gas film resistance

RInside gas film = 1
htube inside coefficient

htube inside coefficient =
2.44×m′each tube

0.8 ×C

dtube − ttubeð Þ1.8

C factor will be obtained from Tab. 21.1 by drum saturated pressure and temperature, in
which drum saturated pressure is superheater output pressure plus superheater and
boiler bank and another pressure losses. Here, total pressure loss can be considered as
1–6 barg and after final designing it can be optimized by iteration:

Paverage superheater =
Psuperheater outlet +Psuperheater inlet

2
+ 14.7

Paverage superheater =
609.15+ 629.01

2
+ 14.7

Paverage superheater =633.78 psia
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Tsuperheater outlet = 1, 112.31 �F

C =0.347

htube inside coefficient =
2.44× 1, 740.490.8 ×0.347

1.5−0.12ð Þ1.8

htube inside coefficient = 185.55 Btu=ft2 h F

RInside gas film = 1
htube inside coefficient

RInside gas film = 1
185.55

RInside gas film =0.005 ft2 h F=Btu

Tab. 21.1: Factor C for steam [5].

Temperature (°F) Drum saturation pressure (psia)

   , ,

 . .

 . . .

 . . . .

 . . . . .

 . . . . .

 . . . . .

, . . . . .
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21.7 Metal resistance

Rm = dtube
24Km

× ln
dtube

dtube − ttubeð Þ

Taverage flue gas = 2,070.74 �F

21.7.1 Thermal conductivity of metals

Km = 15 Btu=ft h F

Rm = 2
24× 15

× ln
2

2−0.105ð Þ
Rm =0.0003 ft2 h F=Btu

21.8 Outside gas film resistance

Ro =
1
ho

Ro =
1

23.47

Ro =0.042 ft2 h F=Btu

21.9 Heat flux

Qflux =
Taverage flue gas −Tsteamoutlet
� �

RInside gas film +Rm +Ro
� �

Qflux =
2,070.74 − 1, 112.31ð Þ

0.005+0.0003+0.042ð Þ
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Qflux = 19,822.42Btu=ft2 h F

21.10 Temperature drop across the gas film

ΔTacross the gas film =Qflux ×RInside gas film

ΔTacross the gas film = 19, 822.42×0.005

ΔTacross the gas film =844.7 �F

21.11 Temperature drop across the tube metal

ΔTacross the tubemetal =Qflux ×Rm

ΔTacross the tubemetal = 19, 822.42×0.0003

ΔTacross the tubemetal =6.88 �F

21.12 Temperature Drop across the steam film

tΔTacross the steam film =Qflux ×Ro

ΔTacross the steam film = 19, 822.42×0.042

ΔTacross the steam film = 106.827 �F

21.13 Superheater uncontrolled outlet steam temperature
prediction

Toutlet steam =Tsteamoutlet
−ΔTacross the gas film −ΔTacross the tubemetal −ΔTacross the steam film

Toutlet steam = 1, 112.31− 844.7− 6.88 − 106.827

Toutlet steam = 792.54 �F=422.52 C

72 21 Superheater uncontrolled outlet steam temperature prediction



22 Superheater flue gas draft pressure drop

Superheater flue gas draft pressure drop will be calculated by the following sequence:
– Superheater flue gas density
– Superheater flue gas draft Reynolds number
– Superheater flue gas draft friction factor for inline arrangement
– Superheater flue gas draft pressure drop

22.1 Superheater flue gas density

ρflue gas = 492× 29.24× 15.53
359× ð460+ 2,072.26× 14.7Þ

ρflue gas =0.0167 lb=cu.ft

22.2 Superheater flue gas draft Reynolds number

Re= GdTube
12 μ

Re= 5,124.57× 1.5
12×0.12

Re= 5,385.21

23.3 Superheater flue gas draft friction factor
for inline arrangement

For calculating the flue gas friction loss, use a dimensionless value known as the
friction factor and can be found by the following formula [5]:.

fr=Re−0.15 × 0.044+ 0.08× SL=dtube

ST=dtube − 1ð Þ0.43+ 1.13×dtube=SL

! 

fr= 5,385.21−0.15 × 0.044+ 0.08× 4.03125=1.5
4=1.5− 1ð Þ0.43+ 1.13× 1:5=4:03125

 !

fr=0.051
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22.4 Superheater flue gas draft pressure drop

ΔPg = 9.3× 10− 10 ×G2 × fr× Ntube row

ρ

ΔPg = 9.3× 10− 10 × 5,385.212 ×0.051× 19
0.0167

ΔPg = 1.40 in WG= 35.60 mm WG
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23 Superheater package total steam pressure drop

Superheater package total steam pressure drop will be calculated by the following
sequence:
– Superheater inlet header diameter
– Superheater inlet header design pressure
– Superheater inlet header thickness by pressure
– Superheater inlet header thickness by tube holes
– Superheater inlet header selected thickness
– Superheater outlet header diameter and thickness
– Superheater inlet header Reynolds number
– Superheater inlet header friction factor
– Superheater inlet header steam pressure drop
– Superheater outlet header Reynolds number
– Superheater outlet header friction factor
– Superheater outlet header steam pressure drop
– Superheater tube bundle Reynolds number
– Superheater tube bundle friction factor
– Superheater tube bundle steam pressure drop
– Superheater package total steam pressure drop

23.1 Superheater inlet header diameter

The superheater header’s diameter can be determined by assuming steam velocity
and then controlling the steam velocity.

High-pressure steam velocity range inside boiler, 40.6–61 m/s [41]
Selected steam velocity = 61 m/s
Saturated steam flow = 60/3.6 = 16.66 kg/s
Saturated steam-specific volume = 0.044 m3=kg
Superheater steam volumetric flow rate = 0.737 m3=s
Area required = 0.737/61 = 0.012 m2

Required header diameter = 4.88 in
Selected header diameter = 6 in

V = 0.737

π=4× 6× 25.4
1,000

� �2 = 40.46 m=s

Then the diameter selection is okay.
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23.2 Superheater inlet header design pressure

The design pressure will be defined according to the following criteria except in
cases approved by the company [24]:
– For maximum normal operating pressure less than 1.5 barg, use 3.5 bar gage.
– For maximum normal operating pressures between 1.5 and 20 barg, use the max-

imum normal operating gage pressure +2 bar.
– For maximum normal operating pressures between 20 and 80 barg, use 110% of

the maximum normal operating gage pressure.

Drum operating pressure = 44.22 kg/cm2 = 43.36 barg
Superheater inlet header design pressure: 43.36 × 1.1 = 47.7 barg

23.3 Superheater inlet header thickness by pressure

Minimum required thickness of header can be determined by tow method, and by
pressure value, it can be used by the following formula [20]:

tmin1 =
PD

2× 68.947× S×E + P×Yð Þ +A

where t is theminimum required header thickness, in; P is the header design pressure,
barg; D is the header diameter, mm; S is the maximum allowable stress for A106-Gr.B,
Ksi; E is joint efficiency; Y is temperature coefficient; A is corrosion allowance, mm

tmin1 =
47.7× 6× 25.4

2× ð68.947× 15×0.85+ 47.7×0.4Þ + 3

tmin1 = 7.04mm=0.277 in

23.4 Superheater inlet header thickness by tube holes

Minimum required thickness of header can be determined by another method which
is ligament method and it can be used by the following formula [25]:
– ASME SEC.1 – PG-52.4 Diagonal efficiency

PG52.4Diagonal efficiency= SL −dtube hole
SL

PG52.4Diagonal efficiency= 4.03125− ð1.5+0.03125Þ
4.03125
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PG52.4Diagonal efficiency=0.620

tmin2 =
P ×D

2× ðS× Effdiagonal +Y ×PÞ +C.A.

tmin2 =
47.7× 14.5038× 6

2× ð15× 1,000×0.620+0.4× 47.7× 14.5038Þ + 3 25.4=

tmin2 =0.335 in

23.5 Superheater inlet header selected thickness

Between two required thicknesses calculated from pressure and ligament method,
minimum required thickness will be the bigger one. So tmin2>tmin1 , then minimum re-
quired thickness will be 0.337 in, which we can select 0.344 in thickness or schedule
40 for 6 in diameter header from pipe manufacturer catalog.

23.6 Superheater outlet header diameter & thickness

Similar to the above mentioned calculation, outlet header which is drive by super-
heated steam should be A335-P11 material be 13.6 maximum allowable stress

Superheater outlet header diameter = 8 in
Superheater outlet header thickness = 0.5
Superheater outlet header schedule = 80

23.7 Superheater inlet header Reynolds number

Re= 15.2× W′

μ×di

Re= 15.2× 132, 277.2
0.0429× ð6− 2×0.344Þ

Re=8,806.52
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23.8 Superheater inlet header friction factor

The friction factor of turbulent flow of steam inside header is given by

fr= 0.316
Re0.25

f r= 0.316
8, 806.520.25

fr=0.006

23.9 Superheater inlet header steam pressure drop

ΔPg = 3.36× 10− 6 × fr× Linlet header ×
W′2

ρ× D− tð Þ5

Linlet header =
SL ×Ntube row

12
+ 2

ΔPg = 3.36× 10− 6 ×0.006× 19× 4.03125
12

+ 2
� �

× 132, 277.22

0.709× 6−0.344ð Þ5

ΔPg =0.35psig = 2.41kpag

23.10 Superheater outlet header Reynolds number

Re= 15.2× W′

μ×di

Re= 15.2× 132, 277.2
0.061× ð8− 2×0.5Þ

Re=4, 704.23
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23.11 Superheater outlet header friction factor

The friction factor of turbulent flow of steam inside the header is given by

fr= 0.316
Re0.25

fr= 0.316
4, 704.230.25

fr=0.007

23.12 Superheater outlet header steam pressure drop

ΔPg = 3.36× 10− 6 × fr × Le ×
W′2

ρ× D− tð Þ5

Loutlet header = Linlet header + 3

ΔPg = 3.36× 10− 6 ×0.007× 19× 4.03125
12

+ 2+ 3
� �

× 132, 277.22

1.12× 8−0.5ð Þ5

ΔPg =0.216 psig= 1.48kpag

23.13 Superheater tube bundle Reynolds number

Re= 15.2× W′

μ×di

Re= 15.2× 132, 277.2=19× 4
0.0429× ð1.5− 2×0.12Þ

Re=488.515
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23.14 Superheater tube bundle friction factor

The friction factor of turbulent flow of steam inside the tube is given by

fr= 0.316
Re0.25

fr= 0.316
488.5150.25

fr=0.012

23.15 Superheater tube bundle steam pressure drop

ΔPg = 3.36× 10− 6 × fr× Le ×
W′2

ρ× D− tð Þ5

Le = Ltube + n× Lelbow

Lelbow = 16× D− 2t
12

Le = 40+ 16× 16× 1.5− 2×0.12
12

Le =66.88 ft

ΔPg = 3.36× 10− 6 ×0.012× 66.88× 132, 277.2=19× 4ð Þ2
1.249× 1.5−0.12ð Þ5

ΔPg = 1.21 psig =8.34kpag

23.16 Superheater package total steam pressure drop

ΔPsuperheater =ΔPinlet header +ΔPoutlet header +ΔPtube bundle

ΔPsuperheater =0.35+0.216+ 1.21

ΔPsuperheater = 1.78psig = 12.24kpag
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24 Steam and mud drum sizing

For sizing of the steam drum, the following requirements should be considered:
1. Providing adequate space for dismantling and re-installation for internals.
2. When steam request at superheater outlet pressure (SOP) increases, supply suf-

ficient water to prevent from sudden surges. This makes saturated water to rap-
idly evaporate.

When drum pressure increases for the same function, drum diameters reduce since
specific volume of steam at higher pressure dynamically reduces. Normally, in conven-
tional boilers, each steam drums are identified by inside diameter which ranges from
~1,000 to 2,200 mm (~40 to 87 in). In package boilers, usually steam drum sizes are
starting at 914 mm (36 in.). Well-known sizes are 1,067 mm (42 in), 1,220 mm (48 in),
1,370 mm (54 in), 1,524 mm (60 in) and, every so often, 1,676 mm (66 in).

Lower drums identify as mud drums because of large volume of sludge. The lower
drum is always smaller than the steam drum because there are no vital internals.

In shop-assembled boilers, package boilers, lower drums are usually made of
seamless pipes from size 610 mm (24 in). The lowest diameter is 760 mm (30 in).
The other well-known diameter is 914 mm (36 in) and, once in a while, 1,067 mm
(42 in) [26].

For our boiler capacity (132,277.2 lb/h), it usually considers 48″ and 30″ for
steam and mud drum, respectively.

Fig. 24.1: Elliptical bottom [40].
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Steam and mud drum sizing will be calculated by the following sequence:
– Steam drum tube holes longitudinal and transverse pitch
– Steam drum thickness by pressure method
– Steam drum diagonal pitch
– Required longitudinal efficiency as per ASME SEC.1 PG-27.2.2
– Actual longitude efficiency as per ASME SEC.1 PG-52.4
– Required circumferential efficiency as per ASME SEC.1 PG-52.3
– Actual circumferential efficiency as per ASME SEC.1 PG-52.3
– Verification of the weakest ligament as per ASME SEC.1 PG-52.3
– Diagonal efficiency as per ASME SEC.1 PG-52.3
– Maximum permissible ligament as per ASME SEC.1 PG-52.3
– Steam drum thickness by ligament
– Steam drum selected thickness
– Steam drum ellipsoidal head
– Mud drum selected thickness
– Mud drum ellipsoidal head

24.1 Steam drum tube holes longitudinal and transverse pitch

In a convection surface, except heat absorption and resistance to gas flow, other
factors such as optimum tube spacing and arrangement must be considered [5].

For designing a boiler bank, first transverse and longitudinal space will be se-
lected, and by checking the performance result and draft pressure loss, optimum space
that is required will be found.

At this step, we consider transverse and longitudinal pitches as 4.239 and 4.092,
respectively.

24.2 Steam drum thickness by pressure method

tmin1 =
PD

2× 68.947× S×E +P ×Yð Þ +C.A.

where t is theminimum required drum thickness, inch; P is the boiler design pres-
sure, barg; D is the drum diameter, mm; S is the maximum allowable stress for A516-
Gr.70, Ksi;

E is the joint efficiency;
Y is the temperature coefficient;
C.A. is corrosion allowance, mm
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tmin1 =
48.16×0.980665× 48× 25.4

2× ð68.947× 18.8×0.85+ 48.16×0.980665×0.4Þ + 3

tmin1 = 28.69 mm= 1.129 in

24.3 Steam drum diagonal pitch

PG-52.3 diagonal pitch

Sdiagonal =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SL2 + θbetween holes ×

π D+ tð Þ
360

	 
2s

Sdiagonal =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4.031252 + 8× π 48+ 2ð Þ

360

	 
2s

Sdiagonal = 5.33 in

24.4 Required longitudinal efficiency as per ASME SEC.1
PG-27.2.2

At this step, it should assume thickness as 1.625 in and by following sequence check
the given value, and if verification is okay, then assumed thickness is also fine:

ELongrequired =
P ×R
S× t

+ 1−Yð Þ× P
S

ELongrequired =
48.16×0.980665×14.5038×48=2

18.8×1,000×2 +ð1−0.4Þ×43.13×14.5038=ð18.8×1000Þ

ELongrequired =0.459%

24.5 Actual longitude efficiency as per ASME SEC.1 PG-52.4

ELongactual =
SL − dtube hole

SL

ELongactual =
4.03125− 2.3125

4.03125
ELongactual =0.496%

Actual longitude efficiency = 0.496 > required longitudinal efficiency = 0.459
Then, longitudinal efficiency meets the design requirement.
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24.6 Required circumferential efficiency as per ASME SEC.1
PG-52.3

The required circumferential ligament between tube holes should be minimum one-
half the required longitudinal ligament between the tube.

Ecircumferential required =
ELong required

2

Ecircumferential required =
0.459
2

Ecircumferential required =0.229%

24.7 Actual circumferential efficiency as per ASME
SEC.1 PG-52.3

Ecircumferential actual =
ST −dtube hole

ST

Ecircumferential actual =
4.239− 2.3125

4.239
Ecircumferential actual =0.521%

Actual circumferential efficiency = 0.521 > required circumferential efficiency = 0.229
Then, longitudinal efficiency meets the design requirement.

24.8 Verification of the weakest ligament as per ASME SEC.1
PG-52.3

ELong actual=2=
0.496
2

=0.248<Ecircumferential actual =0.521

Then, the longitudinal efficiency is weakest. So:

Elong =0.496%

24.9 Diagonal efficiency as per ASME SEC.1 PG-52.3

Ediagonal =
Sdiagonal

SLongitudinal
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Ediagonal =
5.33

4.03125
Ediagonal = 1.323%

24.10 Maximum permissible ligament as per ASME SEC.1
PG-52.3

Figure 24.2 is applicable for openings of definite pattern in pressure parts.

Fig. 24.2: 132 T/h, 42 barg, 390 °C water tube boiler, Basra Petrochemical, Basra, Iraq.
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As per curve Fig. 52.1 is equivalent to long efficiency diagonal ligament (%) = 0.8
Then, the maximum permissible ligament will be minimum of longitudinal and di-

agonal and equivalent diagonal which is 0.496.

24.11 Steam drum thickness by ligament

tmin2 =
PD

2× S×E − 1−Yð Þ×P½ � +C.A.

tmin2 =
48.16×0.980665× 14.5038× 48

2× ½18.8× 1,000×0.496− ð1−0.4Þ× 48.16×0.980665× 14.5038� +
3

25.4

tmin2 = 1.962 in

24.12 Steam drum selected thickness

Between the two required thicknesses calculated from pressure and ligament method,
minimum required thickness will be the bigger one. So, tmin2>tmin1 ; then, the mini-
mum required thickness will be 1.962 in, for which from pipe manufacturer catalog
we can select 2 in thickness for 48 in diameter steam drum.

24.13 Steam drum ellipsoidal head

Boiler manufacturers develop elliptical bottoms in two conceivable variations:
a) elliptical bottoms 1.9:1 per NFE 81–103
b) elliptical bottoms 2:1 per ASME VIII Div. 1.

Fig. 24.3: Determining the efficiency of longitudinal and diagonal ligaments [25].
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Here drums head will be designed as per ASME VIII Div. 1, which is provided below:

DO =Di + 2t

where DO is external head diameter, Di is internalheaddiameter and t iswallthickness

DO = 48+ 2× 2

DO =45 in

CR=0.9Di

CR is crown radius

CR=0.9× 48
CR=43.2 in

KR=0.17Di

KR is knuckle radius

KR = 0.17× 48

KR=8.16 in

DH=0.25Di

DH is depth of dishing

DH=0.25× 48

DH= 12 in

THi = SF+DH

SF is straight flange height and THi is total internal head height

THi = 1.9865+ 12

THi = 13.9865 in
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24.14 Mud drum selected thickness

As previously mentioned in steam drum thickness calculation, mud drum thickness
calculation is given by
– Mud drum diameter = 30 in
– Mud drum thickness = 1.25 in

24.15 Mud drum ellipsoidal head

According to the mentioned formula for ellipsoidal head at steam drum head sec-
tion, below data will be obtained:

DO = 32.5 in CR= 27 in

KR= 5.1 in DH= 7.5 in

THi = 9.4865 in
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25 Bank tube average length

Bank tube average length will be calculated by the following sequence:
– Height to drilling tube inside steam drum
– Height to drilling tube inside mud drum
– Height between drum’s center
– Bank tube average length

25.1 Height to drilling tube inside steam drum

At this step, we assumed bank tube diameter and rows deep number as 2 and 14 in,
respectively; then, after bank tube primary calculation then by finalizing the height
between drums, tube rows deep number can be concluded:

θtotal drilling = θcircumferential ×Nrows deep
bank tube

θtotal drilling = 8� × 15= 112�
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Hup to drilling steam drum
= Dsteamdrum

2
× sin

radianð180� − θtotal drillingÞ
2

� �

Hup to drilling steam drum
= 48

2
× sin

radianð180� − 112�Þ
2

� �

Hup to drilling steam drum
= 13.42 in= 340.88mm

25.2 Height to drilling tube inside mud drum

Hup to drillingmud drum
= Dmuddrum

2
× sin

radianð180� − θtotal drillingÞ
2

� �

Hup to drillingmud drum
= 30

2
× sin

radianð180� − 112�Þ
2

� �

Hup to drilling steam drum
=8.37 in= 213.05mm

25.3 Height between drum’s center

HdrumsCC =Hfurnace +
Dsteamdrum

2
−Hup to drilling steam drum

+ Dmuddrum

2
−Hup to drillingmud drum

HdrumsCC = 144+ 48
2

− 13.42+ 30
2

− 8.38

HdrumsCC = 164 in
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25.4 Bank tube average length

Laver.tubes =HdrumCC −
Dsteamdrum +Dmuddrum

2
+
Hup to drilling steam drum

+Hup to drillingmud drum

2

Laver.tubes = 163.17− 48+ 30
2

+ 13.42+ 8.38
2

Laverage banktubes = 135.07 in

Fig. 25.1: 35 T/h, 42 barg, 420 °C water tube boiler, Morvarid Petrochemical, Assalouyeh, Iran.
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26 Bank tube heat duty prediction

The heat required to transfer from a hot side to the cold side over a unit of time is
named as heat duty. First, we should calculate bank tube heat duty as per the given
formulae:

Fig. 26.1:Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.

Bank tube water inlet temperature . F

Bank tube inlet enthalpy . Btu/lb

Bank tube steam outlet temperature . F

Bank tube outlet enthalpy , Btu/lb

Boiler output flow rate ,. lb/h

Blowdown percentage  %

Feed water to drum mass flow ,. lb/h
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Qduty = ðhsaturated steam − hinlet waterÞ×m′Drum water@ 100% MCR

Qduty = ð499.93− 317.73ÞBtu=lb× 136, 245.52 lb=hr

Qduty = 24.82MMBtu=hr
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27 Bank tube heat surface prediction

Bank tube heat surface prediction will be calculated by the following sequence:
– Bank tube area width
– Bank tube transverse pitch
– Bank tube thickness
– Bank tube area
– Bank tube row number
– Bank tube heat surface prediction

27.1 Bank tube area width

The bank tube area can by assuming flue gas velocity and controlling gas velocity be
determined.

Flue gas velocity range, 3,000–6,000 fpm [41]
Selected flue gas velocity = 5,100 fpm
Flue gas flow = 170,818.92 lb=h
Flue gas density = 0.019 lb=ft3

Fig. 27.1:Water tube boiler (35 T/h, 42 barg, 420 °C), Morvarid Petrochemical, Assalouyeh, Iran.
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V′flue gas =
170, 818.92

0.019 = 8,971,221 ft3=h

Arequired = 8,971,221=5,100= 29.32 ft2

Wflue gas side =
Arequired

Laverage bank tubes

= 29.32× 12
163.17 = 2.6 ft

Wbank tube =Wflue gas side + ðNrows deep bank tubes
− 1Þ× dtube = 2.6× 12+ ð14− 1Þ× 2

Wbank tube = 57.26 in

27.2 Bank tube transverse pitch

Transverse pitch is the distance between the rows of tube, and can be obtained by
the following formulae:

ST =
Wbank tube

Nrows deep bank tubes

ST =
57.26
14

Fig. 27.2: Transverse and longitudinal pattern.
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ST =4.09 in

As you can see, the assumption for transvers pitch is corrected, but needs to be checked
by bank tube performance and draft loss later.

27.3 Bank tube thickness

tmin =
PD

2S+P
+0.005D+ e

where t is minimum required tube thickness, inch; P is boiler design pressure, psig; D
is tube diameter, inch; S is the maximum allowable stress for A213-T11, psi; and e is the
thickness factor for expanded tube ends as per ASME 1, PG-27.4

tmin =
48.16× 14.2233× 2

2× 12,400+ 48.16× 14.2233 +0.005× 2+0.04

tmin =0.103 in

As per tube manufacture catalog for 2-in diameter, they produce tube with a thickness
of 0.105 in. So,

tselected =0.105 in

27.4 Bank tube area

Atube =
π
4
× dtube − 2× tð Þ

12

	 
2

Atube =
π
4
× 2− 2×0.105ð Þ

12

	 
2

Atube =0.0174 ft2

27.5 Bank tube row number

Circulation ratio comes from portion of the passes flows in the system and the
amount of generated steam from steam drum, which typically for D-type water tube
boiler is 40.
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Here, by calculation at following steps, we can find circulation ratio as 40 which,
at this step, we should find simulation of bank tube arrangement and after that we can
calculate the circulation ratio and then come back to recalculate bank tube arrange-
ment.

Water velocity ranges inside boiler tubes, 70–700 fpm [41]
Selected water velocity = 200 fpm
Feed water to drum flow rate = 136,245.52 lb=h
Saturated water density = 23.98 lb=ft3

Bank tube diameter = 2 in
Bank tube thickness = 0.105 in

V′boiler circulation water =
m′fw to drum ×CR
ρsaturated water

V′boiler circulation water =
136,245.52× 40

26.63

V′boiler circulation water = 204,613.12 ft3=h

Ntotal bank tubes =Roundup
V′boiler circulation water

Vselected water ×Atube × 60

� �

Fig. 27.3:Water tube boiler (35 T/h, 42 barg, 420 °C), Morvarid Petrochemical, Assalouyeh, Iran.
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Ntotal bank tubes =Roundup
204,613.12

200×0.0174× 60

� �

Ntotal bank tubes
=976 No.

Nrows bank tubes =Round up
Ntotal bank tubes

Nrows deepbank tubes

 !

Nrowsbank tubes =Roundup
976
14

� �

Nrowsbank tubes = 70 number

27.6 Bank tube heat surface prediction

Abank tube =π × Dtube

12
× tube row no. × tube row deep no.− 1ð Þ× Ltube

Abank tube =π × 2
12

× 70× 14− 1ð Þ× 135.07
12

Abank tube = 5,360.46ft2 =498 m2
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28 Steam drum outlet steam temperature

Steam drum outlet steam temperature will be calculated by the following sequence:
– Bank tube inlet flue gas properties
– Bank tube flue gas gas mass velocity
– Bank tube flue gas heat transfer coefficient
– Bank tube package performance prediction
– Bank tube bundle flue gas outlet temperature
– Bank tube bundle flue gas average temperature
– Steam drum primary outlet steam temperature
– Drum each tube circulation water
– Inside gas film resistance
– Metal resistance
– Outside gas film resistance
– Heat flux
– Temperature drop across the gas film
– Temperature drop across the tube metal
– Temperature drop across the steam film
– Steam drum outlet steam temperature

28.1 Bank tube inlet flue gas properties

Flue gas properties at inlet temperature can be found from Tab. 28.1:

Tgas outlet
= 1,750.96 °F

μ=0.10965 lb=ft h

Cp =0.32491 Btu=lb F

K =0.04648Btu=ft h F

Tab. 28.1: Flue gas product properties.

Temperature (°F) CP μ K

, , , ,

, ,, , ,

, ,, , ,

, ,, , ,

, , , ,
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28.2 Bank tube flue gas gas mass velocity

Gas mass velocity is mass flow rate across a unit area vertical to the direction of
the velocity vector and can be found as follows [5]:

G= 12
W′

Nrow deep × Ltube × ST −dð Þ

G= 12× 170,818.92
14× 135.07

12 × ð4.09− 2Þ

G=6,224.79 lb=ft2 h

28.3 Bank tube flue gas heat transfer coefficient

hC =0.9× G0.6

Dtube
0.4 × K0.67 ×CP

0.33

μ0.27

hC =0.9× 6, 224.790.6
20.4

× 0.046480.67 ×0.324910.33
0.109650.27

hC = 20.67Btu=ft2 h F

28.4 Bank tube package performance prediction

Duty and exit temperatures can be predicted by number of transfer units (NTU)
method. Fundamentally, the duty Q is given by [5]

Q= εCmin Tgas inlet
−Tsteam inlet

Þ
�

where ɛ depends on the type of flow, which can be counter flow or parallel flow or
crossflow. In bank tube, usually when both streams are unmixed, a counter flow
arrangement for flue gas and cross flow arrangement for saturated water is adopted.
ɛ for these are given by

εflue gas =
1− exp −NTU× 1−Cð Þ½ �

1−C× exp −NTU× 1−Cð Þ½ �
εsat water = 1− exp C×NTU0.22 × exp −C×NTU0.78� �

− 1
� �
 �

where

NTU= UA
Cmin
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C = Cmin

Cmax

Cmin = W′Cp
� �

min

Cmax = W′Cp
� �

max

At our design case,
Saturated vaporspecific heat@ constant volume= 0.604 Btu=lb F
Inlet flue gas heat capacity@constant pressure=0.3249 Btu=lb F

W′feed water to drum = 136,245.52 lb=h

W′flue gas = 170,818.92 lb=h

Cmax =0.604× 136,245.52= 82,315.20

Cmin =0.3249× 170,818.92× 1−
2

100

� �
= 54,391.18

C= 54,391.18
82,315.20 =0.66

Since gas temperature is low, nonluminous heat transfer is low and can be neglected.

NTU= 20.67× 5,360.46
54,391.18 = 2.037

ε= 1− exp − 2.037× 1−0.66ð Þ½ �
1−0.66× exp − 2.037× 1−0.66ð Þ½ � =0.745

Q=0.745× 54,391.18× ð1,750.96− 345.2Þ
Q= 57.036MMBtu=h
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28.5 Bank tube bundle flue gas outlet temperature

Tgas outlet
=Tgas inlet

−
Q

Cp ×W′gas × 1−heat loss%ð Þ

Tgas outlet
= 1,750.96− 57.036× 106

0.3249× 170,818.92× 1− 2
100

� �� �
Tgas outlet =662.63 °F

Note: Drum steam outlet depends on heat surface and technical velocity on bank
tube so tube quantity needs to be checked by drum outlet temperature
Note: Tube row deep need to be checked by permissible velocity on furnace (bank
tube draft loss calculation)

28.6 Bank tube bundle flue gas average temperature

Taverage =
662.63+ 1,750.96

2

Taverage = 1,206.79 °F

28.7 Steam drum primary outlet steam temperature

Tprimary steam outlet
= Tsteam inlet

+ Q

Cp ×W′steam

Tprimary steamoutlet
= 345.2+ 57.036× 106

0.604× 136,245.52

Tprimary steamoutlet
= 1,038.1 °F

28.8 Drum each tube circulation water

m′each tube circulation water =
m′drum circulation water

Nbank tubes

m′each tube circulation water =
5,499,820.64

976

m′each tube circulation water = 5,583.83 lb=h
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28.9 Inside gas film resistance

RInside gas film = 1
htube inside coeff.

htube inside coeff. =
2.44×m′

each tube circulation water
0.8 ×C

dtube − ttubeð Þ1.8

Psat. = 643.69 psia

Tsat. = 493.8 °F

C =0.36

htube inside coeff. =
2.44× 5, 583.830.8 ×0.36

2−0.105ð Þ1.8

Tab. 28.2: Factor C for steam [5].

Temperature (°F) Drum saturation pressure (psia)

   , ,

 . . – – –

 . . . – –

 . . . . –

 . . . . .

 . . . . .

 . . . . .

, . . . . .
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htube inside coefficient = 276.40Btu=ft2 h F

RInside gas film = 1
htube inside coeff.

RInside gas film = 1
276.40

RInside gas film =0.0036 ft2 h F=Btu

28.10 Metal resistance

Rm = dtube
24Km

× ln
dtube

dtube − ttubeð Þ

Taverage flue gas = 1, 206.79 °F

Thermal conductivity of metals

Km = 27 Btu=ft h F

Rm = 2
24× 27

× ln
2

2−0.105ð Þ
Rm =0.00016 ft2 h F=Btu

28.11 Outside gas film resistance

Ro =
1
ho

Ro =
1

20.67

Ro =0.0483 ft2 h F=Btu
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28.12 Heat flux

Qflux =
Taverage flue gas −Tprimary steam outlet.
� �

RInside gas film +Rm +Ro
� �

Qflux =
1,206.79− 1,038.1ð Þ

0.0036+0.00016+0.0495ð Þ
Qflux = 3,234.55 Btu=ft2 h F

28.13 Temperature drop across the gas film

ΔTacross the gas film =Qflux ×RInside gas film

ΔTacross the gas film = 3,234.55×0.0036

ΔTacross the gas film = 156.45 °F

28.14 Temperature drop across the tube metal

ΔTacross the tube metal =Qflux ×Rm

ΔTacross the tube metal = 3,234.55×0.00016

ΔTacross the tube metal =0.53 °F

28.15 Temperature drop across the steam film

ΔTacross the steam film =Qflux ×Ro

ΔTacross the steam film = 3,234.55×0.0495

ΔTacross the steam film = 11.7 °F

28.16 Steam drum outlet steam temperature

Toutlet steam =Toutlet flue gas −ΔTacross the gas film −ΔTacross the tube metal −ΔTacross the steam film

Toutlet steam = 662.63− 156.45−0.53− 11.7

Toutlet steam =493.94 �F
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29 Bank tube bundle flue gas draft pressure drop

Bank tube bundle flue gas draft pressure drop will be calculated by the below
sequence:
– Bank tube bundle flue gas density
– Bank tube bundle flue gas average temperature viscosity
– Bank tube bundle flue gas Reynolds number
– Bank tube bundle flue gas friction factor
– Bank tube bundle flue gas draft pressure drop

29.1 Bank tube bundle flue gas density

ρflue gas = 492× 29.24× 15.53− 1.88×0.0361273
359× ð460+ 1,206.8× 14.7Þ

ρflue gas =0.0253 lb=cu.ft

29.2 Bank tube bundle flue gas average temperature viscosity

Flue gas properties at average temperature can be found from the below equation:

μ=0.0926 lb=ft h

29.3 Bank tube bundle flue gas Reynolds number

Re= GdTube
12μ

Re= 6,224.79× 2
12×0.0926

Re= 11,206.75

https://doi.org/10.1515/9783110757088-029
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29.4 Bank tube bundle flue gas friction factor

The friction factor of turbulent flow is given by [5]

fr=Re−0.15 × 0.044+
0.08× SL

dtube

ST
dtube

− 1
� �0.43+ 1.13× dtube

SL

0
BB@

1
CCA

fr= 11, 206.75−0.15 × 0.044+ 0.08× 4.03125
2

4.09
2 − 1

� �0.43+ 1.13× 2
4.03125

0
@

1
A

fr=0.049

29.5 Bank tube bundle flue gas draft pressure drop

Flue gas draft pressure drop in bank tube bundle can be obtained by the following
formulae [5]:

ΔPbank tube bundle = 9.3× 10− 10 ×G2 × fr× Ntube row deep

ρ

ΔPbank tube bundle = 9.3× 10− 10 × 6,224.792 ×0.049× 14
0.0253

ΔPbank tube bundle =0.98 in WG= 24.83 mm WG
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30 Bank tube duct flue gas draft pressure drop

Bank tube duct flue gas draft pressure drop will be calculated by the following
sequence:
– Bank tube flue gas volumetric flow rate
– Bank tube flue gas velocity
– Bank tube bundle exit flue gas density
– Bank tube bundle exit flue gas volumetric flow rate
– Bank tube bundle exit width
– Head loss due to change in bank tube duct contraction
– Head loss due to bank tube duct sudden contraction
– Bank tube duct flue gas draft pressure drop

30.1 Bank tube flue gas volumetric flow rate

W′bank tube flue gas =
170, 818.92
0.0253

W′bank tube flue gas =6, 757,653 cu.ft=h

30.2 Bank tube flue gas velocity

Vbank tube flue gas =
G
60ρ

Vbank tube flue gas =
6, 224.79

60×0.0253
Vbank tube flue gas =4, 104.24 fpm

30.3 Bank tube bundle exit flue gas density

ρflue gas = 492× 29.24× 15.46−0.98×0.0361273
359× ð460+ 662.63× 14.7Þ

ρflue gas =0.0374 lb=cu.ft
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30.4 Bank tube bundle exit flue gas volumetric flow rate

W′exit flue gas =
170, 818.92
0.0374

W′exit flue gas = 4, 561, 885.51 cu.ft=h

30.5 Bank tube bundle exit width

Flue gas velocity inside boiler passes should be according to velocity range table. It
should be in the range of 3,000 to 6,000 fpm and selected velocity will be 3,971.7 fpm.

W = V′exit flue gas
v′exit flue gas × Laverage bank tubes

W = 4, 561, 885.51
135.07
12 × 4, 104.25× 60

W = 1.65 ft

30.6 Head loss due to change in bank tube duct contraction

Head loss can be obtaining by using the below two factors to find contraction cor-
rection factor [16].

H
W1

= 135.07
57.26 = 2.36

W0
W1

= 1.65× 12
57.26 =0.34

Fig. 30.1: 132 T/h, 42 barg, 390 °C water tube boiler, Basra Petrochemical, Basra, Iraq.
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fcontraction =0.57

hloss contraction =
1
2
× fcontraction × ρflue gas ×

v′exit flue gas
60

� �2

hloss contraction =
1

2× 32
×0.57×0.0374× 4, 104.25

60

� �2

hloss contraction = 1.55 ft

Fig. 30.2: Duct correction factor [16].
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30.7 Head loss due to bank tube duct sudden contraction

fsudden contraction =0.57

hloss sudden contraction =
1

2× 32
× fsudden contraction × ρflue gas ×

v′exit flue gas
60

� �2

hloss sudden contraction =
1

2× 32
× 0.57×0.0374× 4, 104.25

60

� �2

hloss sudden contraction = 1.55 ft

30.8 Bank tube duct flue gas draft pressure drop

ΔPbank tube duct = hloss contraction + hloss sudden contraction

ΔPbank tube duct =
1.55+ 1.55ð Þ× 12

62.4
ΔPbank tubeduct =0.596 inWG= 15.15mmWG
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31 Bank tube total flue gas draft pressure drop

ΔPbank tube =ΔPbank tube duct + ΔPbank tube bundle

ΔPbank tube =0.596+ 0.98

ΔPbank tube = 1.57 inWG= 39.98mmWG
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32 Bank tube area length

Lbank tube area = SL × Ntube row + 2ð Þ
Lbank tube area = 4.03125× 70+ 2ð Þ
Lbank tube area = 290.3 in

Fig. 32.1:Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.
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33 Furnace area length

Lfurnace = Lbank tube area + Lsuperheater + Lturning lane

Lsuperheater =Nsuperheater tube row × SL

Lsuperheater = 19× 4.03125

Lsuperheater = 73 in

Lfurnace = 290.3+ 73+ 40

Lfurnace =402.8 in
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34 Boiler exit duct flue gas draft pressure drop

Boiler exit duct flue gas draft pressure drop will be calculated by the following
sequence:
– Boiler exit duct dimension
– Boiler exit duct flue gas density
– Boiler exit duct equivalent diameter
– Boiler exit duct equivalent length
– Boiler exit duct flue gas Reynolds number
– Boiler exit duct flue gas friction factor
– Boiler exit duct flue gas draft pressure drop

34.1 Boiler exit duct dimension

Height and width of duct in this design will be same as boiler exit dimension and
will be 135.07 in and 1.65 ft, respectively.

34.2 Boiler exit duct flue gas density

ρflue gas = 492× 29.24× 15.46− 1.57×0.0361273
359× ð460+ 662.63× 14.7Þ

ρflue gas =0.0374 lb=cu.ft

34.3 Boiler exit duct equivalent diameter

Deq. = 1.3× W ×Hð Þ0.625
W +Hð Þ0.25

Deq. = 1.3× 1.65× 12× 135.07ð Þ0.625
1.65× 12+ 135.07ð Þ0.25

Deq. = 51.03 in
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34.4 Boiler exit duct equivalent length

Leq. = Lduct + Lelbow equal

Leq. = 10+ 25

Leq. = 35 ft

34.5 Boiler exit duct flue gas Reynolds number

Re= 15.2× W′

μ×Deq.

Re= 15.2× 170, 818.92
0.0706× 51.03

Re= 720,458.29

34.6 Boiler exit duct flue gas friction factor

fr= 0.316
Re0.25

fr= 0.316
720, 458.290.25

fr=0.011

34.7 Boiler exit duct flue gas draft pressure drop

ΔPair = 9.3× 10− 5 × f ×W′2 × Le
ρ×di

5

ΔPair = 9.3× 10− 5 ×0.011× 170, 818.922 × 35
0.0374× 51.035

ΔPair =0.0796 inWG= 2.02mmWG
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35 Bank tube bundle water pressure drop

Bank tube bundle water pressure drop will be calculated by the following sequence:
– Bank tube bundle water flow
– Bank tube bundle water flow Reynolds number
– Bank tube bundle water flow friction factor
– Bank tube bundle water pressure drop

35.1 Bank tube bundle water flow

Water circulating inside bank tubes is equal to inlet water multiplied with circula-
tion ratio and blowdown rate which here we consider as 40% and 3%, and at next
steps, we will calculate the circulation ratio.

Boiler or
steam drum

Steam

Heat
Riser Downcomer

Feedwater

Lower or mud drum

Fig. 35.1: Steam and water stream at boiler.
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35.2 Bank tube bundle water flow Reynolds number

Re= 15.2×

W′

Nrows deep

μ× di

Re= 15.2×
136, 245.516× 40

70× 14
0.249552× ð2− 2×0.105Þ

Re= 189.228

35.3 Bank tube bundle water flow friction factor

The friction factor of turbulent flow of water inside the tube is given by

fr= 0.316
Re0.25

fr= 0.316
189.2280.25

fr=0.015

35.4 Bank tube bundle water pressure drop

ΔPg = 3.36× 10− 6 × fr× Le ×

W′

Ntube row

� �2

ρ× D− tð Þ5

ΔPg = 3.36× 10− 6 ×0.015× 11.26×

136, 245.516× 40
70× 14

� �2

1
0.02 × 2−0.12ð Þ5

ΔPg =0.014psig=0.101 kpag
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36 Front and rear wall headers sizing

Front and rear wall headers sizing will be calculated by the following sequence:
– Front and rear wall headers diameter
– Front and rear wall headers thickness

36.1 Front and rear wall headers diameter

V′front andrearwall =%front and real wallflow rate ×V′boiler circulationwater × 10%

V′front and rearwall =
2×Nfurnacewidth tangent tube

Nfurnace tube
×V′boiler circulationwater × 10%

Nfurnace width tangent tube = 51

Nfurnace tube = 413

V′front and rearwall =
2× 51
413

× 204, 613.12× 10%

V′front and rearwall = 5,053.40 ft3=h

Arequired =
V′front and rearwall
v′inside header

Arequired =
5,053.40

500

Arequired =0.168 ft2
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Drequiredheader =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4×Arequired

π

r

Drequiredheader =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4×0.168× 122

π

s

Drequiredheader = 5.55 in

Dselectedheader = 6 in

V′front and rearwall =
60×V′front and rearwall

π=4× Drequired header
12

� �2

V′front and rearwall =
60× 5,053.40
π=4× 6

12

� �2
V′front and rearwall =429.16 ft=m

If boiler circulation water range inside boiler is 7–700 ft/m, then the selected diame-
ter is OK.

36.2 Front and rear wall headers thickness

tm = PD
2× 68.947× S×E +P ×Yð Þ +A

where t is the minimum required header thickness, inch; P is header design pressure,
barg; D is header diameter, mm; S is the maximum allowable stress for A106-Gr.B,
Ksi; E is joint efficiency; Y is temperature coefficient; A is corrosion allowance, mm.

tm = 48.17× 6× 25.4
2× ð68.947× 15×0.85+ 48.17×0.4Þ + 3

tm = 7.08mm=0.27 in

Minimum required thickness for calculation will be 0.27 in, for which, from pipe
manufacturer catalog, we can select 0.28 in thickness or schedule 40 for 6 in diame-
ter header.
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Fig. 36.1:Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.
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37 Steam drum to superheater connection header
sizing

Steam drum to superheater connection header sizing will be calculated by the fol-
lowing sequence:
– Steam drum to superheater pipe diameter
– Steam drum to superheater pipe thickness by pressure
– Steam drum to superheater pipe length
– Steam drum to superheater pipe steam flow Reynolds number
– Steam drum to superheater pipe steam flow friction factor
– Steam drum to superheater pipe steam flow pressure drop

37.1 Steam drum to superheater pipe diameter

Steam velocity range, 61–76.2 m/s [41]
Selected steam velocity = 61 m/s
Saturated Steam flow = 60/3.6 = 16.66 kg/s
Saturated steam specific volume = 0.044 m3=kg
Superheater steam volumetric flow rate = 0.737 m3=s
Area required = 0.737/61 = 0.012 m2

Required header diameter = 4.88 in

Fig. 37.1:Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.
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Selected header diameter = 6 in

Nominal steam velocity =
0.737

π 4× 6× 1, 000
25.4

� �2. = 40.46m=s

Then, diameter selection is fine.

37.2 Steam drum to superheater pipe thickness by pressure

tmin1 =
PD

2× 68.947× S×E +P ×Yð Þ +A

where t is theminimum required header thickness, inch; P is the header design pres-
sure, barg; D is header diameter, mm; S is themaximum allowable stress for A106-Gr.
B, Ksi; E is joint efficiency; Y is temperature coefficient; A is corrosion allowance, mm

tmin1 =
48.17× 4× 25.4

2× ð68.947× 15×0.85+ 48.17×0.4Þ + 3

tmin1 = 7.08mm=0.278in

Minimum required thickness for calculation will be 0.278 in which we can obtain
from the pipe manufacturer catalog. We can select 0.28 in thickness or schedule 40
for 6 in diameter header.

37.3 Steam drum to superheater pipe length

Lconnecting drum to superheater = Lstraight pipe +Nelbow × Lelbow equivalent

Tab. 37.1: Equivalent length for valves and fitting [5].

Pipe inner
diameter (in)

Gate valve,
fully open

Swing check valve,
fully open

Globe valve,
fully open

° elbow

 . .  .

 . .  .

  .  .

 . .  

  .  .

 .   
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Lconnecting drum to superheater = 32+ 3× 15.2

Lconnecting drum to superheater = 77.6ft

37.4 Steam drum to superheater pipe steam flow Reynolds number

Re= 15.2× W′

μ×di

Re= 15.2× 132, 277.2
0.249552× ð6− 2×0.28Þ

Re= 1,481,046.3

37.5 Steam drum to superheater pipe steam flow friction factor

The friction factor of turbulent flow of steam inside the tube is given by:

fr= 0.316
Re0.25

fr= 0.316
1, 481,046.30.25

fr=0.009

37.6 Steam drum to superheater pipe steam flow pressure drop

ΔPg = 3.36× 10− 6 × fr× Lconnecting drum to superheater ×
W′2

ρ× D− tð Þ5

ΔPg = 3.36× 10− 6 ×0.009× 77.6× 132, 277.22
1

0.002 × 6−0.28ð Þ5

ΔPg = 0.14psig =0.94kpag
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38 Economizer heat duty prediction

Economizers are heat exchangers that increase temperature of fluids, normally water.
Since economizers are recovering more enthalpy from waste gas, they are improving
the boiler’s efficiency. They save energy from exhaust gases to preheat the cold water
which will be used as the feed water [27].

Qduty = ðhoutlet water − hinlet waterÞ×Evaporation@ 100%MCR

Qduty = ð317.73− 199.8ÞBtu=lb× 136, 245.516× ð1+ 3%Þ lb=h
Qduty = 16.06 MM Btu=h

Fig. 38.1: Economizer by HKB Boiler Solution.

Economizer water inlet temperature  °F
Economizer inlet enthalpy . Btu/lb
Economizer water outlet temperature . °F
Economizer outlet enthalpy . Btu/lb
Blow down rate % %
Economizer mass flow ,. lb/h
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39 Economizer tube rows deep no.

Economizer tube rows deep number will be calculating by below sequence:
– Required feed water pump outlet pressure
– Economizer design pressure
– Economizer tube thickness
– Economizer tube area
– Economizer tubes row deep number

39.1 Required feed water pump outlet pressure

Basically, there are two options for connecting economizer to boiler.
1 By putting isolating valve before economizer
2 By putting isolating valve between boiler and economizer

In option #1, economizer is connected to boiler and economizer operating pressure
equal to boiler and economizer should be located at higher elevation than the boiler
to not permit water coming back from steam drum. In this option, if economizer re-
quires maintenance, boiler need to be shut down. But in option #2, economizer is
separated from boiler and can be located in lower elevation from steam drum which
lead to lower cost for economizer structure and foundation.

BFW (boiler feed water) pump outlet pressure can be obtaining from boiler design
pressure plus chevron and economizer and interconnection piping pressure drop.

At this step, it is better to assume economizer pressure drop which after econo-
mizer calculation can be used from calculated pressure drop again.

Ppump outlet =PPSV2 +ΔPchevron +ΔPpiping +ΔPeconomizer

Ppump outlet = 48.17+0.51+ 2.1+0.01

Ppump outlet = 50.78kg cm2 = 722.30psig
�

Safety valve higher Setting . kg/cm

Chevron pressure drop (Maximum) . kg/cm

Piping pressure drop . kg/cm

Economizer pressure drop . kg/cm
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39.2 Economizer design pressure

The design pressure will be defined according to the below criteria except in cases
approved by the company [24].
– For maximum normal operating pressure less than 1.5 barg, use 3.5 bar gage.
– For maximum normal operating pressures between 1.5 and 20 barg, use the max-

imum normal operating gage pressure + 2 bar.
– For maximum normal operating pressures between 20 and 80 barg, use 110% of

the maximum normal operating gage pressure.

Economizer design pressure: 722.3*1.1 = 794.53 psig

39.3 Economizer tube thickness

tmin =
PD

2S+P
+0.005D+ e

where t is minimum required tube thickness, inch; P is economizer design pressure,
psig; D is tube diameter, inch (assume 2 in); S is maximum allowable stress for
A178-Gr.A, psi; e is thickness factor for expanded tube ends as per ASME 1, PG-27.4

tmin =
794.53× 2

2× 12, 400+ 794.53 +0.005× 2+0

tmin =0.072 in

As per tube manufacture catalog for 2-in diameter, they produce tube with thickness
0.085 in. So,

tselected =0.085 in.

39.4 Economizer tube area

Aeconomizer tube =
π
144

× D− t
2

� �2

Aeconomizer tube =
π
144

× 2−0.085
2

� �2

Aeconomizer tube =0.0199ft2
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39.5 Economizer tubes row deep number

Water velocity range inside economizer tubes, 150–300 fpm [41]
Selected water velocity = 150 fpm
Water specific volume = 0.016 ft3=lb
Water volumetric flow rate = 2,182.44 ft3=h
Selected tube row deep no. = 12

Fig. 39.1: 75 T/h, 40 barg, 410 °C water tube boiler, Kermanshah Petrochemical, Kermanshah, Iran.
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40 Economizer tube arrangement

Economizers are mostly designed in the form of bare tube, inline and crossflow arrange-
ments. When we use coal as fuel, fly ash produces high fouling and erosive atmosphere.
By using bare tube and inline arrangement, we can minimize erosion and trapping of
ash. This arrangement is easiest geometry that can be kept clean by soot blowers.
Please note that this arrangement has higher weight, volume and cost [28].

Fig. 40.1: Economizer tube arrangement [28].
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41 Economizer tube solid or serrated fins

In boilers and heater fins, heat transfer surfaces are used in two types: solid and ser-
rated. The finned tubes make heat exchangers compact. They have lower flue gas
pressure drop and lower operating costs. Thermal design of an economizer should be
selected according to the fin density (fins/in), height and thickness, understanding
the effect on tube wall or fin temperatures and heat flux.

Fins are made of two types:
– Serrated fins, which supply higher heat transfer surface at same size, and they

are cheaper. Please note that they are adequate just for using clean fuels which
leave no deposits between serrations which decrease heat transfer.

– Solid fins have better cooling and can be used at final SH (superheater) and
RH (reheater) sections [29, 30].

Fin manufactures can produce carbon steel fins from characteristics provided
in Tab. 41.1.

Tube with serrated or segmented fins. Tube with solid fins.

Fig. 41.1: Economizer tubes solid or serrated type.
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Tab. 41.1: Fin chart.

Tube OD Fin height Fin thickness Fins per in

/ / . , , , , , , 

/ . , , , , , , 

/ / . , , , , , , 

/ . , , , , , , 

/ / . , , , , , , 

/ . , , , , , , 

/ . , , , , 

 / . , , , , , , 

/ . , , , , , , 

/ . , , , , 

/ . , , , , 

 / / . , , , , , , 

/ . , , , , 

/ . , , , , 

 / / . , , , , , 

/ . , , , , 

/ . , , , , 

 / / . , , , , 

/ . , , , , 

 / . , , , , 

 . , , , , 
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In designing process of economizer, some assumptions should be considered
and performance of economizer needs to be checked. Our assumptions can be found
follows:

Arrangement type (inline or staggered) Inline

Fin type (solid or serrated) Solid

Fin density  Fin/in

Fin height . in

Fin thickness . in

Transverse pitch . in

Longitudinal pitch . in

Tube length  ft
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42 Economizer convection heat transfer coefficient

Economizer convection heat transfer coefficient will be calculated by the following
sequence [5]:
– Economizer obstruction surface area
– Economizer gas mass velocity
– Economizer inlet flue gas properties
– Economizer flue gas Reynolds number
– Economizer convection heat transfer coefficient

42.1 Economizer obstruction surface area

Aobs =
d
12

+ nfinbHfin

6

Aobs =
2
12

+ 6×0.04×0.75
6

Aobs =0.1967 ft2=ft

42.2 Economizer gas mass velocity

G= Wflue gas

ST
12 −Aobs

� �
×Nrow deep × Lfin tube

G= 170, 818.92
4.5
12 −0.1967
� �

× 12× 10

G= 7,982.19 lb=ft2 h

42.3 Economizer inlet flue gas properties

Flue gas properties at inlet temperature can be found from Tab. 42.1:

Tgasinlet = 662.63 �F
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μ=0.0706 lb=ft h

Cp =0.2870Btu=lb F

K =0.0268 Btu=ft h F

42.4 Economizer flue gas Reynolds number

Re= GdTube
12μ

Re= 7, 982.19× 2
12×0.0706

Re= 18,837.03

42.5 Economizer convection heat transfer coefficient

ESCOA Corporation uses from ESCOA correlations to evaluate heat transfer and
pressure drop at arrangement of inline and staggered with solid and serrated finned
tubes [5]:

hc =C3C1C5 ×
d+ 2h
d

� �0.5
×

tflue gasaverage + 460

twater average + 460

 !0.25

×GCp ×
K
μCp

� �0.67

s= 1
nfin density

− bfin thickness

C1 =0.25×Re−0.35

C2 =0.07+ 8Re−0.45

Tab. 42.1: Flue gas product properties.

Temp (°F) CP μ K

, . . .

, . . .

, . . .

, . . .
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42.5.1 Solid inline arrangement

C3 =0.2+0.65e−0.25 h=s

C4 =0.08× ð0.15 ST=dÞ− 1.1× h=sð Þ0.15

C5 = 1.1− 0.75− 1.5e−0.7Ntube row depp × d
� �

× e− 2× SL=STð Þ

C6 = 1.6− 0.75− 1.5e−0.7Ntube row depp × d
� �

× e− 2× SL=STð Þ2

42.5.2 Solid staggered arrangement

C3 =0.35+0.65e−0.25 h=s

C4 =0.11× 0.15 ST=dð Þ−0.7× h=sð Þ0.2

C5 =0.7+ 0.7−0.8e−0.15Ntube row depp ×d2
� �

× e− 1× SL=STð Þ

C6 = 1.1+ 1.8− 2.1e−0.15Ntube row depp ×d2
� �

× e− 2× SL=STð Þ2� 0.7−0.8e−0.15Nrow deep ×d2
� �

× e−0.6× SL=STð Þ

42.5.3 Serrated inline arrangement

C3 =0.35+0.5e−0.35ðh=sÞ

C4 =0.08× ð0:15 ST=dÞ�1:1× ðh=sÞ0:2

C5 = 1.1− 0.75− 1.5e−0.7Ntube row depp × d
� �

× e− 2× SL=STð Þ

C6 = 1.6− 0.75− 1.5e−0.7Ntube row depp × d
� �

× e− 2× SL=STð Þ2
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42.5.4 Serrated staggered arrangement

C3 =0.55+0.45e−0.35ðh=sÞ

C4 =0.11× ð0:05 ST=dÞ−0.7× ðh=sÞ0.23

C5 =0.7+ 0.7−0.8e−0.15Ntube row depp × d2
� �

× e− 1× ðSL=STÞ

C6 = 1.1+ 1.8− 2.1e−0.15Ntube row depp × d2
� �

× e− 2× ðSL=STÞ2 − 0.7−0.8e−0.15Nrow deep × d2
� �

× e−0.6× ðSL=STÞ

With the above calculations, the following result can be obtained:

C . s .

C .

Solid inline arrangement Serrated inline arrangement

C . C .

C . C .

C . C .

C . C .

Solid staggered arrangement Serrated staggered arrangement

C . C .

C . C .

C . C .

C . C .

From the above results, convective heat transfer coefficient can be obtained further.

42.5.5 Solid inline arrangement

hcsolid inline =C3C1C5 ×
d+ 2h
d

� �0.5
×

tflue gas average + 460

twater average + 460

 !0.25
×GCp ×

K
μCp

� �0.67
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hcsolid inline =0.3479×0.0080×0.9985× 2+ 2×0.75
2

� �0.5
×

662.63+ 320
2 + 460

345.2+ 230
2 + 460

 !0.25

× 7, 982.19×0.2870× 0.0268
0.0706×0.2870

� �0.67

hcsolid inline
= 10.75 Btu=ft2 Fh

42.5.6 Solid staggered arrangement

hcsolid staggered
=C3C1C5 ×

d+ 2h
d

� �0.5
×

tflue gasaverage + 460

twateraverage+ 460

 !0.25
×GCp ×

K
μCp

� �0.67

hcsolid staggered
=0.4979×0.0080×0.9573× 2+ 2×0.75

2

� �0.5
×

662.63+ 320
2 + 460

345.2+ 230
2 + 460

 !0.25

× 7, 982.19×0.2870× 0.0268
0.0706×0.2870

� �0.67

hcsolid staggered
= 14.75Btu=ft2 Fh

42.5.7 Serrated inline arrangement

hcserrated inline
=C3C1C5 ×

d+ 2h
d

� �0.5
×

tflue gas average + 460

twater average+ 460

 !0.25

×GCp ×
K
μCp

� �0.67

hcserrated inline
=0.4129×0.0080×0.9985× 2+ 2×0.75

2

� �0.5
×

662.63+ 320
2 + 460

345.2+ 230
2 + 460

 !0.25

× 7, 982.19×0.2870× 0.0268
0.0706×0.2870

� �0.67

hcserrated inline
= 12.76 Btu=ft2 Fh

42.5.8 Serrated staggered arrangement

hcserrated staggered
=C3C1C5 ×

d+ 2h
d

� �0.5
×

tflue gas average + 460

twateraverage + 460

 !0.25

×GCp ×
K
μCp

� �0.67
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hcserrated staggered
=0.6066×0.0080×0.9573× 2+ 2×0.75

2

� �0.5
×

662.63+ 320
2 + 460

345.2+ 230
2 + 460

 !0.25

× 7, 982.19×0.2870× 0.0268
0.0706×0.2870

� �0.67

hcserrated staggered
= 17.97Btu=ft2 F h

As the design here is based on the solid inline arrangement, convective heat transfer
coefficient will be 10.75 Btu=ft2 F h
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43 Economizer overall heat transfer coefficient

Economizer overall heat transfer coefficient will be calculated by the following
sequence:
– Economizer fin efficiency
– Economizer fin effectiveness
– Economizer overall heat transfer coefficient

43.1 Economizer fin efficiency

43.1.1 Solid fins [5]

Af =πn× 4dh+ 4h2 + 2bd+ 4bh
24

At =Af +π
d 1− nbð Þ

12

E = 1

1+0.002292m2h2 × d+ 2hð Þ
d

h i0.5� �

m= 24ho
Kb

� �0.5

43.1.2 Serrated fins [5]

Af = πdn× 2h ws+ bð Þ+ bws
12ws

At =Af +π
d 1− nbð Þ

12

E = tanh mhð Þ
mh

m= 24ho b+wsð Þ
Kbws

	 
0.5

As, here, the design is based on the solid inline arrangement, so:
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Af = π × 6× 4× 2×0.75+ 4×0.752 + 2×0.04× 2+ 4×0.04×0.75
24

Af =6.69ft2=ft

At =Af +π
d 1− nbð Þ

12

At = 3.526+π × 2 1− 3×0.105ð Þ
12

At = 7.09 ft2=ft

Flue gas temperature is 662.63 °F and thermal conductivity will be 26 Btu/ft F h.

m= 24ho
Kb

� �0.5

m= 24× 10.75+0ð Þ
26×0.04

� �0.5

m= 15.77 1 ft2
�

E = 1

1+0.002292m2h2 × d+ 2hð Þ
d

h i0.5� �

E = 1

1+0.002292× 15.772 ×0.752 × 2+ 2×0.75ð Þ
2

h i0.5� �

E = 70.2%
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43.2 Economizer fin effectiveness

η= 1− 1−Eð ÞAf

At

η= 1− 1−0.702ð Þ 6.69
7.09

η= 71.9%

43.3 Economizer overall heat transfer coefficient

Overall heat transfer coefficient, U, for extended surfaces can be obtained from [5]

1
U

= At

hiAi
+ ffi

At

Ai
+ ffo

At

Aw
× d
24Km

× ln
d
di

+ 1
ηho

where
At is surface area of finned tube, ft2=ft;
Ai is tube inner surface area= πdi 12, ft2=ft;

�
Aw is average wall surface area=π d+ dið Þ 12, ft2=ft;

�
Km is thermal conductivity of the tube wall, Btu=ft.h.F;
di.d is tube inner and outer diameter, inch;
f fi and ffo are fouling factor inside and outside of the tube, ft2 h F=B tu;
hi.ho is tube side and gas side coefficient, Btu=ft2 h F; and
η is fin effectiveness.

Equation can be simplified t:

1
U

= At

hiAi

U = ηho

U =0.718× 10.75

U = 7.73 Btu=ft2 h F
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44 Economizer tubes row number

Economizer tubes row number will be calculated by the following sequence:
– Economizer log mean temperature difference prediction
– Economizer heat surface
– Economizer tubes row number
– Economizer final heat surface

44.1 Economizer log mean temperature difference prediction

ΔTlog =
Tginlet −Toutlet water

� �
− Tgoutlet − TInlet water

� �
LN

Tginlet −Toutlet water
Tgoutlet −TInlet water

ΔTlog =
662.63− 345.2ð Þ− ð320− 230Þ

LN
662.63− 345.2
320− 230

ΔTlog = 180.43 �F

44.2 Economizer heat surface prediction

Aeconomizer =
Heat duty
hc ×ΔTlog

Aeconomizer =
16.067× 106

10.75× 180.43

Aeconomizer =8, 282.79 ft2

44.3 Economizer tubes row number

Ntube row =Round up
Aeconomizer

At × Lfin tube ×Ntube row deep

� �

Ntube row =Round up
8, 282.79

7.09× 10× 12

� �

Ntube row = 10
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44.4 Economizer final heat surface

Aeconomizer =Ntube row deep ×At × Lfin tube ×Ntube row

Tube row number should be finalized by the economizer outlet water temperature.

Aeconomizer = 12× 7.09× 10× 10

Aeconomizer =8, 512.54 ft2
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45 Economizer package performance

Economizer package performance prediction will be calculated by the following
sequence:
– Economizer package performance prediction
– Economizer outlet water temperature
– Economizer outlet flue gas temperature

45.1 Economizer package performance prediction

Duty and exit temperatures can be predicted by number of transfer units (NTU)
method. Fundamentally, the duty Q is given by [5]

Q= εCmin Tgas inlet
−Tsteam inlet

� �

where ɛ depends on the type of flow, which can be counter flow or parallel flow or
crossflow. In economizer, usually a counter flow arrangement is adopted. ɛ for this
is given by

ε= 1− exp −NTU× 1−Cð Þ½ �
1−C× exp −NTU× 1−Cð Þ½ �

where

NTU= UA
Cmin

C= Cmin

Cmax

Cmin = W′Cp
� �

min

Cmax = W′Cp
� �

max

At our design case,
Inlet water heat capacity @ constant volume = 0.886 Btu/lbF
Inlet flue gas heat capacity = 0.2870 Btu/lbF

W′BFW = 136, 245.52 lb=h

W′flue gas = 170, 818.2 lb=h

Cmax = 136, 245.52×0.886= 120, 729.69
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Cmin =0.2870× 170, 818.2× 1−
2

100

� �
= 48,036.16

C= 48,036.16
120, 729.69 =0.4

Since gas temperature is low, nonluminous heat transfer is also low and can be
neglected.

NTU= 7.74× 8, 512.54
48,036.16 = 1.37

ε= 1− exp½− 1.37× 1−0.4ð Þ�
1−0.4× exp½− 1.37× 1−0.4ð Þ� =0.68

Q=0.68× 48,036.16× ð662.63− 230Þ
Q= 14.14 MM Btu=h

45.2 Economizer outlet water temperature

Twater outlet = Twater inlet +
Q

Cp ×W′water

Twater outlet = 230+ 14.14× 106

136, 245.52×0.886

Twater outlet = 347.14 °F
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So, outlet temperature is bigger and nearer to what we expect from our economizer
design, which is acceptable. If not, it should change tube diameter or tube length.

45.3 Economizer outlet flue gas temperature

Tgas outlet
=Tgas inlet

−
Q

Cp ×W′gas

Tgas outlet
= 662.63− 14.14× 106

0.2870× 170, 818.2

Tgas outlet = 368.23 °F
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46 Economizer headers water pressure drop

Economizer headers water pressure drops will be calculated by the following sequence:
– Economizer header diameter
– Economizer header design pressure
– Economizer header thickness
– Economizer header water flow Reynolds number
– Economizer header water flow friction factor
– Economizer headers water pressure drops

46.1 Economizer header diameter

Water line velocity range inside pipes, 2.5–3.8 m/s [41]
Selected water velocity = 2.5 m/s
Water flow = 136,245.52/3.6 = 17.16 kg/s
Water specific volume = 0.001 m3 kg

�
Water volumetric flow rate = 0.017 m3 s

�
Area required = 0.017/2.5 = 0.0068 m2

Required header diameter = 3.68 in
Selected header diameter = 3 in

Nominal water velocity =
0.017

π
4 × 3× 1,000

25.4
� �2 = 3.76

Then, diameter selection is okay.

46.2 Economizer header design pressure

The design pressure will be defined according to the following criteria, except in
cases approved by the company [24].
– For maximum normal operating pressure less than 1.5 barg, use 3.5 bar gage.
– For maximum normal operating pressures between 1.5 and 20 barg, use the max-

imum normal operating gage pressure +2 bar.
– For maximum normal operating pressures between 20 and 80 barg, use 110% of

the maximum normal operating gage pressure.

Economizer operating pressure = 722.3 psig = 49.8 barg
Economizer header design pressure: 49.8 × 1.1 = 54.78 barg
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46.3 Economizer header thickness

tmin =
PD

2× 68.947× S×E +P ×Yð Þ +A

where t is the minimum required header thickness, inch; P is header design pressure,
barg; D is header diameter, mm; S is the maximum allowable stress for A106-Gr.B,
Ksi; E is joint efficiency; Y is temperature coefficient; A is corrosion allowance, mm

tmin =
54.78× 3× 25.4

2× ð68.947× 17.1×0.85+ 54.78×0.4Þ + 3

tmin = 5.038mm=0.198 in

Minimum required thickness for calculation will be 0.198 in which can be obtained
from pipe manufacturer catalog, where we can select 0.216 inch thickness or sched-
ule 40 for 3 in diameter header.

46.4 Economizer header water flow Reynolds number

Re= 15.2× W′

μ×di

Re= 15.2× 136,245.52
0.391× ð3×0.216Þ

Re= 2,057,803

46.5 Economizer header water flow friction factor

The friction factor of turbulent flow of water inside header is given by

fr= 0.316
Re0.25

fr= 0.316
2,057, 8030.25

fr=0.008
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46.6 Economizer headers water pressure drops

ΔPg = 3.36× 10− 6 × fr× Le ×
W′2

ρ× D− tð Þ5

ΔPg = 3.36× 10− 6 ×0.008× 12× 4.5
12

+ 1.5
� �

× 136,245.522

56.75× 3−0.216ð Þ5

ΔPg =0.33 psig= 2.26 kpag
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47 Economizer tube bundle water pressure drops

Economizer tube bundle water pressure drops will be calculated by the following
sequence:
– Economizer each row deep tubes length
– Economizer tube bundle flow Reynolds number
– Economizer tube bundle flow friction factor
– Economizer tube bundle water pressure drops

47.1 Economizer each row deep tubes length

Leco. package tubes =Ntube row × Ltube + Ntube row − 1ð Þ× Lelbow equivalent

Lelbow equivalent = 5.20 ft

Leco. package tubes = 10× 10+ 10− 1ð Þ× 16× 2− 2×0.085ð Þ
12

Leco. package tubes = 121.96 ft

47.2 Economizer tube bundle flow Reynolds number

Re= 15.2× W′

μ× di

Re= 15.2× 136, 245.52=12
0.391× ð2− 2×0.085Þ

Re= 240,639

47.3 Economizer tube bundle flow friction factor

The friction factor of turbulent flow of water inside tube is given by

fr= 0.316
Re0.25

fr= 0.316
240, 6390.25

fr=0.014
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47.4 Economizer tube bundle water pressure drops

ΔPtube bundle = 3.36× 10− 6 × fr× Le ×
W′2

ρ× D− tð Þ5

ΔPtube bundle = 3.36× 10− 6 ×0.014× 121.6×
136, 245.52

12

� �2
56.75× 2−0.085ð Þ5

ΔPtube bundle =0.52 psig= 3.55 kpag
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48 Economizer package water pressure drop

ΔPeconomizer = 2×ΔPheader +ΔPtube bundle

ΔPeconomizer = 2×0.33+0.52

ΔPeconomizer = 1.17 psig=8.09 kpag
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49 Economizer package flue gas draft pressure
drops

Economizer package flue gas draft pressure drops will be calculated by the follow-
ing sequence:
– Economizer package flue gas average temperature
– Economizer package flue gas density
– Economizer gas side area
– Economizer package flue gas draft pressure drops

49.1 Economizer package flue gas average temperature

Taverage =
368.23+ 662.63

2

Taverage = 515.43 �F

49.2 Economizer package flue gas density

ρflue gas = 492× 29.24× 15.47−0.98×0.0361273
359× ð460+ 515.43× 14.7Þ

ρflue gas =0.0431 lb=cu.ft

49.3 Economizer gas side area

Agas side =
At +Af

12

Agas side =
6.69+ 7.09

12

Agas side = 1.14 ft2

49.4 Economizer package flue gas draft pressure drops

By Grimson [5]:

ΔPflue gas = f + að Þ G2Nrow deep

ρ× 1.083× 109
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where

Staggered arrangement [5]

f =C2C4C6 ×
d+ 2h
d

� �0.5

Inline arrangement [5]

f =C2C4C6 ×
d+ 2h
d

� �

a= 1+B2

4Nrow deep
× tg2 − tg1
460+ tg

B= Agas side

Aobs

� �2

B= 1.14−0.1967
1.14

� �2

B=0.68

a= 1+B2

4Nrow deep
× tg2 − tg1
460+ tgave.

a= 1+0.682
4× 12

× 374.63− 683.54
460+ 529.08

a=−0.009

f =C2C4C6 ×
d+ 2h
d

� �
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f =0:1654×0.3808× 1.4985× 2+ 2×0.75
2

� �

f =0.165

ΔPflue gas = ð0.165−0.009Þ 7, 982.192 × 12
0.0431× 1.083× 109

ΔPflue gas = 2.55 psig =64.85mm WG
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50 Economizer outlet duct flue gas draft pressure
drops

Economizer outlet duct flue gas draft pressure drops will be calculated by the fol-
lowing sequence:
– Economizer outlet duct flue gas density
– Economizer outlet duct dimension
– Economizer outlet duct equivalent diameter
– Economizer outlet duct flue gas Reynolds number
– Economizer outlet duct flue gas friction factor
– Economizer outlet duct flue gas draft pressure drops

50.1 Economizer outlet duct flue gas density

ρflue gas = 492× 29.24× 15.42− 2.55×0.0361273
359× ð460+ 368.23× 14.7Þ

ρflue gas =0.0505 lb=cu.ft

50.2 Economizer outlet duct dimension

Height and width of duct in this design will be the same as boiler exit duct dimen-
sion and will be 135.07 and 19.75 in, respectively.

50.3 Economizer outlet duct equivalent diameter

Deq. = 1.3× W ×Hð Þ0.625
W +Hð Þ0.25

Deq. = 1.3× 19.75× 135.07ð Þ0.625
19.75+ 135.07ð Þ0.25

Deq. = 51.03 in
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50.4 Economizer outlet duct flue gas Reynolds number

Re= 15.2× W′

μ×Deq.

μ=0.0575 lb=ft h

Re= 15.2× 170,818.92
0.0575× 51.03

Re=884,910.73

50.5 Economizer outlet duct flue gas friction factor

The friction factor of turbulent flow is given by

fr= 0.316
Re0.25

fr= 0.316
884,910.730.25

fr=0.01

50.6 Economizer outlet duct flue gas draft pressure drops

ΔPair = 9.3× 10− 5 × f ×W′2 × Lduct
ρ×deq.

5

ΔPair = 9.3× 10− 5 ×0.01× 170,818.922 × 10
0.0501× 51.035

ΔPair =0.016 in WG=0.41 mm WG
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51 Circulation ratio

Density difference between cooler water within the downcomer circuits and the
steam–water mixture in the riser tubes develops thermal head and drives mixture
through boiler tubes. This head covers losses in the boiler circuits such as
– Friction loss in downcomer tubes
– Friction and flow acceleration loss in riser tubes and connecting pipes to the drum
– Gravity loss in the evaporator and riser tubes
– Losses in the drum internals

As a rule of thumb, in the drum with higher operating pressure, lower densities
exist, and then boiler has smaller circulation ratio (CR).

CR is a ratio between the mass of the steam–water mixture and generated steam.
CR in natural circulation boiler calculates by trial and error or iterative calculation
method, which we should first assume a CR and then calculate all the losses, and
then available thermal head must be balanced with the losses. This iteration must be
repeated till head and losses are balanced.

First, energy absorption, pressure and temperature of generated steam and down-
comer, evaporator tube and riser tubes arrangement should be clarified.

The mixture is water with temperature under boiling point. If available head
and all the losses match, our assumption is correct; otherwise, another iteration
must be done [5].

CR will be calculated by the following sequence:
– Furnace heat absorption
– Drum leaving steam enthalpy
– Downcomer mass flow
– Downcomer mixture enthalpy
– Downcomer specific volume
– Height from top of water wall to bottom
– Height of water from steam drum to bottom
– Boiler water available head
– Boiling height
– Gravity loss in boiling height
– Downcomer boiling height friction loss (single phase)
– Water wall except boiling height friction loss (two phase)
– Water wall tube acceleration loss (two phase)
– Riser tube gravity loss (two phase)
– Total two-phase pressure loss
– Riser circuit heated tube friction loss
– Total losses
– CR test
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CR usually at low-pressure boilers (<1,000 psia) will be in the range from 20 to 50,
and high-pressure boilers (1,000–2,700 psia) will be in the range from 9 to 5. Calcu-
lation will be as follows:

CR= 1
x

flow through the evaporator=CR� the steam generated

CRassumed = 40

QLeaving steam from drum = 1
40

=0.025

51.1 Furnace heat absorption

Qfurnace absorption =WfLHV−Wghaverage

Qfurnace absorption = 3, 835.1� 2.20462� 19, 747.8− 170, 818.92� 810.54

Qfurnace absorption = 28, 511, 278Btu=h

51.2 Drum leaving steam enthalpy

hdrum leaving steam = 1
CR

� hsaturated vapor + 1−
1
CR

� �
� hsaturated liquid

hdrum leaving steam = 1
40

� 2, 798.08
2.326 + 1−

1
40

� �
� 1, 210.91

2.326

hdrum leaving steam =499.93 Btu=lb

51.3 Downcomer mass flow

m′downcomer =CR�m′BFW

m′downcomer =CR�m′steam � 1+%blowdownð Þ
m′downcomer = 40� 136, 245.52

m′downcomer = 5,449,820.64 lb=h
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51.4 Downcomer mixture enthalpy

Enthalpy of entering mixture to the downcomer tubes will be calculated through an
energy balance at the drum as follows:

hfeed water +CR� hdrum leaving steam = hsaturated vapor +CR� hdowncomer mixture

739.04
2.326 + 40� 499.93= 2, 798.08

2.326 + 40� hdowncomer mixture

hdowncomer mixture = 477.8Btu=lb

51.5 Downcomer specific volume

#downcomer =
1
CR

� #saturated vapor + 1−
1
CR

� �
� #saturated liquid

#downcomer =
1
40

� 0.0443� 16.0185+ 1−
1
40

� �
� 0.0013� 16.0185

#downcomer =0.037 cu.ft=lb

51.6 Height from top of water wall to bottom

Htop of water wall to bottom =Hfurnace +
Dmud drum

2
−Hupto drillingmud drum

Htop of water wall to bottom = 144+ 30
2 − 8.37
12

Htop of water wall to bottom = 12.57 ft

51.7 Height of water from steam drum to bottom

Hsteam drum to bottom =Hdrums CC + Lelbow 45 + Lelbow 135 + Lpipe entrance + Lexit +Dmud drum

+Dsteam drum −Hmin allowable operating at steam drum
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From later calculation

Hmin allowable operating at steam drum = 14.22 in

Hsteam drum to bottom= 163.17+2� 16� 2−0.105ð Þ
12 + 0.78� 2−2�0.105ð Þ

12 + 1� 2−2�0.105ð Þ
12 +30+48−8.21

12

Hsteam drum to bottom = 19.83 ft

51.8 Boiler water available head

Boiler water available head can be obtained by the following formula [5]:

ΔPavailable head =
Hsteam drum to bottom

#downcommer � 144

ΔPavailable head =
19.83

0.037� 144

ΔPavailable head = 3.67psig

51.9 Boiling height

Hboiling =
CR�m′generated steam � Hwater wall from bottom � hsat.liquid − hdowncommer mixture

� �
Qfurnace absorption

Hboiling =
40� 132, 277.2� 12.57� 1, 210.91

2.326 − 477.8
� �

28, 449, 783.18
Hboiling = 9.57 ft

51.10 Gravity loss in boiling height

ΔPGravity loss in boiling height = 6.95� 10− 3 � Hboiling � r4
vf
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r4 = 0.7

ΔPGravity loss in boiling height = 6.95� 10− 3 � 9.57 � 0.77
0.037

ΔPGravity loss in boiling height = 1.24psig

51.11 Downcomer boiling height friction loss (single phase)

ΔPDowncomer tube boiling height =
12� f � Lwater wall tube at boiling height � Vboiling height

2

2� g � vboiling phase � D− 2� tð Þ

Fig. 51.1: Thom’s two-phase multiplication factor for gravity loss [5].
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Lwater wall tube at boiling height =Hboiling + L45�elbow + L135�elbow + Lone enttrance

Lwater wall tube at boiling height =Hboiling +
16� D− 2tð Þ

12
+ 16� D− 2tð Þ

12
+ K � D− 2tð Þ

12

Lwater wall tube at boiling height = 9.57+ 2� 16� 2− 2� 01.05ð Þ
12

+ 0.78� 2− 2� 01.05ð Þ
12

Lwater wall tube at boiling height = 14.46 ft

Nrows bank tube
=Round up

Ntotal bank tubes

Nrows deep bank tube

� �

Ndowncomer tubes =Round up Nrows bank tube
� 0.6

� �
� Nrows deep bank tube − 1
� �

Ndowncomer tubes =Round up 70� 0.6ð Þ � 14− 1ð Þ
Ndowncomer tubes = 546no.

Vboiling height =
CR�m′generated steam � vboiling phase

3.14�3, 600�Ndowncommer tubes�D2

4�144

Vboiling height =
40� 132, 277.2� 0.037

3.14�3, 600�546�22
4�144

Vboiling height = 4.63 ft=s

Tab. 51.1: Pipe friction data with flow in turbulent zone [31].

Size ½″ ¾″ ″ ¼″ ½″ ″ ½″,
″

″ ″ ″–″ ″–″

Friction
factor

. . . . . . . . . . .
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f =0.019

ΔPDowncomer tube boiling height =
12� 0.019� 14.46� 12� 4.63

12

� �2
2� 32.185� 0.037� 2− 2� 0.105ð Þ

ΔPDowncomer tube boiling height = 1.36 psig

51.12 Water wall except boiling height friction loss (two phase)

ΔPWater wall tube two phaseð Þ = 4� 10− 10 � vf � GWater wall
2 � r3 � f � Hboiling

D− 2� t

GWater wall =
CR�m′bfw flow rate � 1+%blowdownð Þ

3.14�Ndowncommer tubes� D− 2�tð Þ2
4�144

GWater wall =
40� 136, 245.52� 1+0.03ð Þ
3.14� 546� 2− 2� 0.105ð Þ2

4� 144

GWater wall = 571.448 lb=ft2 h
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r3 =0.85

ΔPWaterwalltube twophaseð Þ=4�10−10�0.0013�16.0185�571.4482�0.85�0.019� 12.57−9.57ð Þ
2−2�0.105

ΔPWater wall tube two phaseð Þ =0.07 psig

51.13 Water wall tube acceleration loss (two phase)

ΔPWater wall tube acceleration two phaseð Þ = 1.664� 10− 11 � vf � GWater wall
2 � r2

Fig. 51.2: Thom’s two-phase friction factor for unheated tubes [5].
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r2 = 1.4

ΔPWater wall tube acceleration two phaseð Þ = 1.664� 10− 11 � 0.0013� 16.0185� 571.4482 � 1.4

ΔPWater wall tube acceleration two phaseð Þ =0.154psig

51.14 Riser tube gravity loss (two phase)

ΔPRiser tube gravity two phaseð Þ = 6.944� 10− 3 � Hboiling � r4
vf

Fig. 51.3: Thom’s two-phase multiplication factor for friction loss [5].
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ΔPRiser tube gravity two phaseð Þ = 6.944� 10− 3 � 12.57− 9.57ð Þ � 0.7
0.0013� 16.0185

ΔPRiser tube gravity two phaseð Þ =0.716 psig

51.15 Total two-phase pressure loss

ΔPTotal two phase =ΔPWater wall tube two phaseð Þ +ΔPWater wall tube acceleration two phaseð Þ

+ΔPRiser tube gravity two phaseð Þ

ΔPTotal two phase =0.07+0.154 +0.716

ΔPTotal two phase =0.94psig

51.16 Riser circuit heated tube friction loss

ΔPRiser circuit heated tube = f � 12� LRiser circuit heated tube

D− 2� tð Þ � Griser
2 � vf � rf

2g � 144

Fig. 51.4: Thom’s two-phase multiplication factor for acceleration loss [5].
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Griser =
m′steam

3.14�Nmembrane tube� D− 2�tð Þ2
4�144

From later calculation

Nmembrane tube = 110

Griser =
132, 277.2

3.14�110� 2− 2�0.105ð Þ2
4�144

Griser = 68,846.05 lb=ft2 h

Lwater wall tube at boiling height = Lmembrane tube + Lone enttrance + Loneexit

Lwater wall tube at boiling height = Lmembrane tube +
K � D− 2tð Þ

12
+ K � D− 2tð Þ

12

From later calculation

Lmembrane tube = 33.60 ft

Lwater wall tube at boiling height = 33.60+ 0.78� 2− 2� 0.105ð Þ
12

+ 1� 2− 2� 0.105ð Þ
12

Lwater wall tube at boiling height = 33.88 ft

rf = 3.5

ΔPRiser circuit heated tube =0.019� 12� 33.88
2− 2� 0.105ð Þ � 68, 846.052 � 0.0013� 16.0185� 3.5

2� 32.185� 144

ΔPRiser circuit heated tube =0.01 psig
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51.17 Total losses

ΔPtotal =ΔPGravity loss in boiling height +ΔPDowncommer tube boiling height +ΔPTotal two phase

+ΔPRiser circuit heated tube

ΔPtotal = 1.24+ 1.36+0.94+0.01

ΔPtotal = 3.55psig

51.18 Circulation ratio test

ΔPavailable head ffi ΔPtotal

3.66ffi3.55
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52 Flue gas stack sizing

Steel stacks are cylindrical in shape and are supported on foundation. To supply
greater stability and flue gases easily, entrance must be widened in the lower por-
tion of steel stack. The widened section decreases stresses on the steel in the base.
Manufacturers design higher stack to decrease emission of flue gases. Stack height
depends on the required draft.

When gases are heated, they expand and volume of gases increases. Pressure of
gases will be lower ambient air pressure, then this difference results in the flow of
the flue gases up the stack [32].

The steel chimneys are of two types:
– Self-supporting steel chimneys
– Guyed steel chimneys

In this book, calculations are based on self-supporting stack.

Flue gas stack sizing will be calculated by the following sequence:
– Flue gas stack diameter
– Flue gas stack height and active height

Fig. 52.1: Chimney installation type [32].
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52.1 Flue gas stack diameter

Flue gas velocity ranges inside stack, 2,000–5,000 fpm [41]
Selected flue gas velocity = 2,000 fpm
Flue gas flow rate = 170,818.92 lb=h
Flue gas density = 0.0505 lb=ft3

Flue gas volumetric flow rate = 3,385,829.51 ft3=h
Required stack diameter = 5.995 ft = 1.827 m
Selected stack diameter = 2 m = 6.56 ft
Note: H/ID ≤ 18 to avoid excessive vibration.
Stack requested height = 20 m = 65.617 ft
H/ID = 65.617/6.56 = 10 < 18, then height and diameter is okay.

52.2 Flue gas stack height and active height

Hactive =Hstack −
Dmud drum

2 + Lbank tube average

12
+ 1−

Wboiler exit duct

2× 12

Hactive = 65.617−
30
2 + 135.07

12
+ 1−

135.07
2× 12

Hactive = 57.74ft
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Fig. 52.2:Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.
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53 Flue gas stack net available draft

Flue gas stack net available draft will be calculated by the following sequence:
– Stack flue gas Reynolds number
– Stack flue gas friction factor
– Stack flue gas draft pressure drop
– Stack flue gas available draft
– Stack flue gas net available draft

53.1 Stack flue gas Reynolds number

Re= 15.2× W′

μ×Deq.

Re= 15.2× 170, 818.92
0.0575× 6.56

Re= 573,476.24

53.2 Stack flue gas friction factor

The friction factor of turbulent flow is given by

fr= 0.316
Re0.25

fr= 0.316
573, 476.240.25

fr=0.0115

53.3 Stack flue gas draft pressure drop

ΔPstack = 9.3× 10− 5 × f ×W′2 × Lstack
ρ×dstack

5

ΔPstack = 9.3× 10− 5 ×0.0115× 170, 818.922 × 65.617
0.0505× ð6.56× 12Þ5

ΔPstack =0.0134 inWG=0.34mmWG
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53.4 Stack flue gas available draft

ΔPstack draft = ρambient air − ρflue gas

� �
×Hactive ×

12
64

ΔPstack draft = 0.0752−0.0505ð Þ× 57.74× 12
64

ΔPstack draft =0.275in

53.5 Stack flue gas net available draft

ΔPnet draft =ΔPstack draft −ΔPstack

ΔPnet draft =0.275−0.0134

ΔPnet draft =0.2616 in WG= 6.64 mm WG
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54 Stack outlet flue gas temperature

Stack outlet flue gas temperature will be calculated by the following sequence [5]:
– Stack flue gas convective heat transfer coefficient
– Stack heat surface loss
– Stack wall temperature drop across gas film
– Stack wall temperature drop across stack wall
– Stack inner wall temperature
– Stack outer wall temperature
– Stack outer wall heat transfer
– Stack flue gas temperature drop
– Barometric pressure
– Water dew point partial pressure
– Water dew point temperature
– Stack outlet flue gas temperature

54.1 Stack flue gas convective heat transfer coefficient

hc = 2.44× W′0.8

Dstack
1.8 × CP

μ

� �0.4
× k0.6

hc = 2.44× 170, 818.920.8

ð6.56× 12Þ1.8 × 0.2757
0.0575

� �0.4
×0.02110.6

hc = 2.72Btu=ft2 h F

54.2 Stack heat surface loss

qstack loss =0.174εcasing ×
Tcasing assumed + 460

100

� �4

−
Tambient air + 460

100

� �4
" #

+0.296× Tcasing assumed −Tambient air
� �1.25 × Vwind + 69

69

� �0.5

qstack loss =0.174×0.9× 135.2+ 460
100

� �4

−
68+ 460

100

� �4
" #

+0.296

× 135.2− 68ð Þ1.25 × 33× 196.85+ 69
69

� �0.5

qstack loss = 630.18Btu=ft2 h
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54.3 Stack wall temperature drop across gas film

ΔTgas film loss =
qstack loss

hc

ΔTgas film loss =
630.18
2.72

ΔTgas film loss = 231.46F

54.4 Stack wall temperature drop across stack wall

ΔTwall loss = qstack loss ×
ln Dstack

Dstack − 2× tstack assumedð Þ
	 


24× hmetal thermal

For inlet temperature 368.23 °F, thermal conductivity will be 27.5 Btu/ft F h.

ΔTwall loss = 630.18×
ln 78.74

78.74− 2×0.79ð Þ
h i
24× 27.5

ΔTwall loss = 1.52 °F

54.5 Stack inner wall temperature

Tstack innerwall = Tgas inlet −ΔTgas film loss

Tstack inner wall = 368.23− 231.46

Tstack inner wall = 136.78 °F

54.6 Stack outer wall temperature

Tstack outer wall =Tgas inlet − Tstack inner wall −ΔTwall loss

Tstack outer wall = 368.23− 231.46− 1.52

Tstack outer wall = 135.26 °F

176 54 Stack outlet flue gas temperature



As shown, the calculated outer wall temperature is equal to the assumed tempera-
ture. So, our guess was correct:

Tstack outer wall ffi Tassumed stack outer wall

135.26 ffi 135.2

54.7 Stack outer wall heat transfer

Qstack outer wall = qstack loss ×
3.4×Dstack ×Hstack active

12

Qstack outer wall = 630.18× 3.4× 78.74× 57.74
12

Qstack outer wall = 749,687.46Btu=h

54.8 Stack flue gas temperature drop

ΔTflue gas drop =
Qstack outer wall

Cp ×W′flue gas

ΔTflue gas drop =
749, 687.46

0.2757× 170, 818.92
ΔTflue gas drop = 15.92 °F

54.9 Barometric pressure

Pbaromteric =
101, 325× ð1− 2.25577× 10− 5 ×HMASLÞ5.25588

6, 894.76

Pbaromteric =
101, 325× ð1− 2.25577× 10− 5 × 4Þ5.25588

6, 894.76
Pbaromteric = 14.69psia
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54.10 Water dew point partial pressure

Pwater dew point =
mFlue gas product H2O ×Pbaromteric

mTotal dry flue gas

Pwater dew point =
2.08× 14.69

17.13
Pwater dew point = 1.78psia

54.11 Water dew point temperature

Water dew point temperature by looking at 1.78 psia at steam table can be found as
116.56 °F.

54.12 Stack outlet flue gas temperature

Calculated temperature for outlet flue gas must be higher than atmospheric dew
point temperature.

Tstack outlet flue gas =Tgas inlet
−ΔTflue gas drop

Tstack outlet flue gas = 368.23− 15.92

Tstack outlet flue gas = 352.32 °F
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55 Stack outlet flue gas velocity

Vflue gas =
4× 273× 3, 600×m′flue gas

2.20462×π × Dstack ×0.3048ð Þ2 × 16.0185× ρInlet flue gas

� �
× 273+ Toutlet flue gas − 32

1.8

� �

Vflue gas =
4× 273× 3, 600× 170, 818.92

2.20462×π × ð6.56×0.3048Þ2 × ð16.0185×0.0505Þ× 273+ 352.32− 32
1.8

� �
Vfluegas = 14ms= 2, 756.52fpm=

Note: Stack flue gas velocity, according to the velocity range table, should be in the
range of 2,000–5,000 fpm or 10.2–25.4 m/s [41]. So, assumption and calculation are
fine.
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56 Stack insulation thickness

Insulation thermal conductivity can be found from insulation manufacturer’s cat-
alog and data sheet. Here, we used from local manufacturer and assumed it as
0.07 W=m °C [5]:

Linsulation prediction− 1
= hinsulation thermal conductivity ×

Tgas inlet
− Tstack outer wall

� �
12× qstack loss

Linsulation prediction− 1
=0.07× 368.23− 135.26ð Þ

12× 630.18
Linsulation prediction− 1

=0.29 ft= 3.54 in

Linsulation prediction− 2
= Dstack + 2× Linsulation assumption

2× 12× ln
Dstack + 2× Linsulation assumption

Dstack
Þ

�

Linsulation prediction− 2
= 78.74+ 2× 3.35
2× 12× ln 78.74+ 2× 3.35

78.74
� �

Linsulation prediction− 2
=0.29 ft

Linsulation prediction− 1
= Linsulation prediction− 2

Linsulation =0.29 ft= 3.35 in=85.09mm
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57 Force draft fan electric driver

Forced draft fan electric driver selection will be calculated by the following sequence:
– System gas pressure loss calculation
– Forced draft fan test block condition
– Forced draft fan brake horse power
– Forced draft fan required horse power
– Forced draft fan electric driver selection

57.1 System gas pressure loss calculation

By collecting all draft pressure drops at all sections, total draft pressure loss is given
in Tab. 57.1.

Tab. 57.1: System pressure loss.

Inlet screen . in WG

Silencer . in WG

Fd. fan discharge duct draft loss . in WG

Damper . in WG

Air measurement . in WG

Air heater . in WG

Air preheater . in WG

Burner, windbox draft loss . in WG

Furnace draft pressure drop . in WG

Superheater draft loss . in WG

Bank tube draft loss . in WG

Boiler bank exit duct draft loss . in WG

Economizer draft loss . in WG

Economizer exit duct draft loss . in WG

Stack . in WG

Miscellaneous . in WG

Total . in WG
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57.2 Forced draft fan test block condition

The fan should be capable of supplying the following extra capacity:
a) MCR % over the design air flow

% over the design fan head
b) PEAK % over the designed air flow

% over the designed fan head
 °F add to ambient temperature

Net condition

W′a = 162, 683.59 lb=hð Þ= 73, 792.12 kg=hð Þ
Va = 36,048.2 SCFMð Þ
Pstatic = 16.18 inWG

Tambient = 68 �F

ρair =0.0752 lb=cu.ft

Test block condition

W′a = 162, 683.59 lb=hð Þ= 73, 792.12 kg=hð Þ
Va = 39, 653.02 SCFMð Þ
Pstatic = 19.58 in WG

Tambient = 93 �F

ρair =0.0751 lb=cu.ft

57.3 Forced draft fan brake horse power

The required power to drive motor of the fan name as brake horsepower and it is a
function of fan efficiency and mechanical horsepower [33]:
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BHP= Va ×Pstatic

6, 356× 100× ηfan

BHP= 39, 653.02× 19.58
6, 356× 100×0.75

BHP= 174.48hp

57.4 Forced draft fan required horse power

HPelec. =
BHPfan

ηelectro motor

HPelec. =
174.48
0.85

HPelec. = 205.27 hp= 153.44kW

57.5 Forced draft fan electric driver selection

Fan electrodrive can be selected as higher power after required electromotor power
at manufacturer chart as given in Tab. 57.2 [34].
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58 Pressure safety valve sizing

The ASME code for boilers and pressure vessels (Sections 1 and 8) explain rules for
sizing of safety or relief valves. Boilers with 500 ft2 or more heating surface must be
provided two or more safety valves. Superheaters must have minimum one safety
valve and it must relieve at least 20% boiler capacity. Each steam drum’s safety
valve should relieve at least 75% of boiler capacity.

When two valves on steam drum installed capacity of the smaller one must be
minimum 50% of the larger one, lowest valve setting pressure is at least 5% above
the drum pressure. Please note that set pressure must not be more than boiler de-
sign pressure. The difference between the lowest and highest setting of boiler safety
valve should not be more than 10% of the set pressure of highest setting. When
each valve blows steam, that valve will be close to 97% of its setting. The highest
setting cannot be set more than 3% over design pressure [35].

Pressure safety valve sizing will be calculating as per below sequence:
– Superheater safety valve sizing
– Boiler safety valve sizing

58.1 Superheater safety valve sizing

Minimum required flow for superheater safety valve can be obtaining from the below
formula which is based on experiences

m′required super heater PSV =0.2×0.18×m′boiler output

m′required super heater PSV =0.2× 1.18× 60,000

m′required super heater PSV = 14, 160kg=h= 31, 217.42 lb=h

Psuper heater set = 1.03× 1.05×Pboiler output

Psuper heater set = 1.03× 1.05× 42.82×0.980665

Psuper heater set =45.42 barg=658.8 psig

At this step, it has to use from one PSV manufacturer, which we used from Kunkle
company. PSV catalog is given in Tab. 58.1 [36].
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Tab. 58.1: Safety valve sizing chart [36].
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m ·
super heater PSV = 39, 778 lb=h

As per Kunkle table, orifice number J is obtained, and from Tab. 58.2 safety valve
size will be 1½ 2½ J-orifice and weight will be 75 lb.

58.2 Boiler safety valve sizing

Minimum required flow for boiler safety valves can be obtained from the following
formula:

m ·
required boiler PSV =0.4×m ·

boiler output

m ·
required boiler PSV =0.4× 60,000

m ·
required boiler PSV = 24,000kg=h= 52,910.88 lb=h

Pboiler no. #1set = 1.03× 1.05×Pdrum operating

Pboiler no. #1set = 1.03× 1.05× 43.36×0.980665

Pboiler no. #1set =46.9 barg=680.2 psig

Tab. 58.2: Safety valve sizing chart [36].
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Pboilerno. #2set = 1.03× 1.05× Pdrum operating

Pboiler no. #2set = 1.03× 1.05× 43.36+0.34ð Þ×0.980665

Pboiler no.#2set =47.23 barg=685.1 psig

At this step, it has to use from one PSV manufacturer which we used from Kunkle
company. PSV catalog is given in Tab. 58.3.
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Tab. 58.3: Safety valve sizing chart [36].

58.2 Boiler safety valve sizing 189



m ·
boiler no.#1PSV = 58,978 lb=h

m ·
boiler no.#2PSV = 58,978 lb=h

As per Kunkle table, orifice number K is obtained, and safety valve size is given in
Tab. 58.4.

Tab. 58.4: Safety valve sizing chart [36].

Parameter Superheater Drum  Drum  Unit

Flow (selected) , , , lb/h
Set pressure . . . psig
Kunkle PSV model ½ × ½ J-orifice  ×  K-orifice  ×  K-orifice
Weight    lb
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59 Desuperheater water

Required desuperheater water can be obtained by an energy balance:

m ·
boiler outlet × houtlet steam +m ·

desupwater × hwater =m ·
outlet steam × houtlet steam

60,000× 3, 309.09+m ·
desupwater × 464.74= 1+m ·

desupwater
� �

× 3, 256.73

m ·
desupwater = 1, 125.2 kg=h

m ·
outlet steam =m ·

desupwater +m ·
boiler outlet

m ·
outlet steam = 1, 125.2+ 60,000

m ·
outlet steam =61, 125 .2 kg=h
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60 Boiler efficiency

Efficiency of the boiler will be calculated by computation of several losses such as
leaving flue gases losses, unburned fuel, radiation losses, molten ash’s heat loss and
so on. Reader can look for more information on ASME power test code. Efficiency of
boilers can be computed by two methods [5].
Boiler efficiency will be calculated using the following sequence:
– Boiler efficiency based on input–output method
– Boiler efficiency based on heat loss method

60.1 Boiler efficiency based on input–output method

ηinput− output = 1−
QFree to atmosphere

QProduce by burner

QFree to atmosphere =QProduce by burner − 1.02× ðQAbsorption by furnace +QAbsorption by super heater

+QAbsorption bybank tube +QAbsorption by economizer +QLoss from stackÞ

QProducebyburner = 183.66× 106 Btu=h

QAbsorption by furnace =QInput heat −QFree heat =m.
fuel × LHV−W .

Flue gas × haverage

QAbsorption by furnace = 3, 835.1× 2.20462× 19, 747.8− 170, 818.92× 810.54

QAbsorptionby furnace = 28, 511, 278Btu=h

QAbsorption by super heater =Qheat duty = 35, 773, 872 Btu=h

QAbsorption by bank tube =Qflue gas = 57,036, 325 Btu=h
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QAbsorption by economizer =Qduty = 14, 141, 758 Btu=h

QLoss from stack =Qstack outerwall = 749, 687 Btu=h

QFree to atmosphere = 183.66× 106 − 1.02× 28, 511, 278+ 35, 773, 872+ 57,036, 325ð
+ 14, 141, 758+ 749, 687Þ
QFree to atmosphere =44, 726,479Btu=h

ηinput− output = 1−
44, 726, 479
183.66× 106

ηinput - output = 75.64%

60.2 Boiler efficiency based on heat loss method

Here, calculation is based on heat losses. On heat losses method, there are two ways
of efficiency stating:
a) HHV
b) LHV

Hence, efficiency becomes

ηHHV ×HHV= ηLHV × LHV

ηHHV = 100− L1 + L2 + L3 + L4 + L5ð Þ
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1) Dry gas losses

L1 = 24wdg
tg − ta
HHV

where
wdg is dry flue gas product, lb=lb fuel;
tg is exit flue gas temperature, °F;
ta is ambient temperature, °F and
HHV is HHVoffuel, Btu=lb

L1 = 24× 17.13× 352.32− 68
12, 144.90× 1.8

L1 = 5.35%

2) Loss due to combustion of hydrogen and moisture in fuel

L2 = 9×H2 +Wð Þ× 1,080+0.46tg − ta
� �

× 100
HHV

9×H2 +W =Water vapor formeddue to combustion of fuel

L2 = 2.08× 1,080+0.46× 352.32− 68ð Þ× 100
12, 114.90× 1.8

L2 = 11.16%

3) Loss due to moisture in air

L3 = 46Mwda
tg − ta
HHV

where
M is moisture in air, lb=lb dry air and
wdg is dry air flow rate, lb=lb fuel

L3 = 46× 16.18×0.009× 352.32− 68
12, 114.90× 1.8

L3 =0.08%
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4) Radiation loss

L4 = 100.62−0.42 logQ

where Q is boiler heat duty, MM Btu=h;

L4 = 10
0.62−0.42 log 40,071.4× 3, 96832

1,000

� �

L4 =0.5%

5) Unburned fuel losses and formation of CO (margin)

L5 =Unburned fuel gas+ fuel oilð Þlosses+ formation of CO+manufacturemargin

L5 =0.0%+0.0%+ 1%

ηHHV = 100%− 5.35%+ 11.16%+0.08%+0.5%+ 1%ð Þ
ηHHV =81.92%

ηHHV ×HHV= ηLHV × LHV

ηLHV =
81.92%× 12, 114.90× 1.8

10, 971× 1.8
ηLHV =90.68%
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61 Boiler package water weight

Boiler weight will be calculated by the following sequence:
– Furnace total tangent tubes length (before lance)
– Bank tube package length
– Furnace total membrane tubes length
– Bank tube front and rear wall tubes length
– Furnace front and rear wall tubes length
– Bank tube total tubes length
– Boiler tubes water weight

61.1 Furnace total tangent tubes length (before lance)

In tangent tube arrangements, small diameter tubes are located close to make an
arrangement by three layers: refractory, insulation and boiler casing. This arrange-
ment has one problem that when one tube fails, repair work will be hard. When re-
pairing is not sufficient, then broken tube must be plugged [37].

Lfurnace total tangent tubes =Nfurnace length tangent tube × Laverage bank tubes

Nfurnace length tangent tube = round
Lfurnace tangentwall before lanceð Þ

Dtube

� �
+ 1

Close pitched tubes

Refractory

Insulation

Tangent tube arrangement

Casing
Insulation
Outer casing

Fig. 61.1: Tangent tube arrangement [37].
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Nfurnace length tangent tube =
400
2

+ 1

Nfurnace length tangent tube = 201

Lfurnace total tangent tubes = 201× 135.07

Lfurnace total tangent tubes = 27, 149.37 in

61.2 Bank tube package length

Lbank tube = SL × Nrows deep bank tube
+ 2

� �
Lbank tube = 4.03125× 70+ 2ð Þ
Lbank tube = 290.3 in.

61.3 Furnace total membrane tubes length

In tangent tube arrangements, small diameter tubes are located close to make an ar-
rangement by three layers: refractory, insulation and boiler casing. This arrangement
has one problem; when one tube fails, repair work will be hard. When repairing is not
sufficient, then broken tube must be plugged.

Monowall arrangement

Tube

Steel strip

Insulation

Cleading

Fig. 61.2:Membrane tube arrangement [37].
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In membrane wall, tubes are located together and by a steel strips weld together.
This arrangement forms a gas tight structure and, on the outside, requires an insula-
tion. With this arrangement, problems by refractory and expanded joints will be elim-
inated. When one tube fails, the broken tube must be plugged [37]:

Nfurnacemembrane tube =
Lfurnace
SL

= Lbank tube + Lsuper heater + Lreturn lance

SL

Lsuper heater =Ntube row × SL

Lsuper heater = 19× 4.03125

Lsuper heater = 73 in

Nfurnacemembrane tube =Round
Lfurnace
SL

� �
=Round

440
4.03125

� �

Nfurnacemembrane tube = 110

θdrilling tube =Nrows deep bank tube
× θtube circumferential

θdrilling tube = 14 × 8°= 112°

Lmax expand to steamdrum = Dsteamdrum

2
× sin

180− θdrilling tube
2

� �

Lmax expand to steamdrum = 42
2

× sin
180− 112

2

� �

Lmaxexpand to steamdrum = 13.42 in
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Lmax expand tomuddrum = Dmuddrum

2
× sin

180− θdrilling tube
2

� �

Lmax expand tomuddrum = 30
2

× sin
180− 112

2

� �

Lmaxexpand tomuddrum =8.38 in

Lequall elbowD− type = 16× D− 2× tð Þ

Lequal elbowD− type = 16× 2− 2×0.105ð Þ
12

Lequal elbowD− type = 2.38 ft

Lfurnacemembrane tubes =
Hbetweendrums + 2× Lfurnacewidth + Lmax expand to steamdrum + Lmax expand tomuddrum

12

+ 2× Lequall elbowD− type

Lfurnacemembrane tubes =
124.16+ 2× 100+ 13.42+ 8.38

12
+ 2× 2.38

Lfurnacemembrane tubes = 33.60 ft=403.26 in

Lfurnace totalmembrane tubes =Nfurnacemembrane tube × Lfurnace eachmembrane tube

Lfurnace totalmembrane tubes = 110× 403.26

Lfurnace totalmembrane tubes =44, 358.13 in
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61.4 Bank tube front and rear wall tubes length

Lbank tubewidth =
Wbank tube

ST
× Laverage bank tubes

Lbank tubewidth =
57.26
4.09 × 135.07

Lbank tubewidth = 1,891 in

61.5 Furnace front and rear wall tubes length

Lfurnacewidth tangent tube =Nfurnacewidth tangent tube ×Hfurnace

Fig. 61.3:Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.
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Nfurnacewidth tangent tube = round
Lfurnacewidth

Dtube

� �
+ 1

Nfurnacewidth tangent tube = round
100
2

� �
+ 1= 51

Lfurnacewidth tangent tube = 51× 144

Lfurnacewidth tangent tube = 7, 354.2 in

61.6 Bank tube total tubes length

Lbank tube total =Nrows deep bank tube
× Laverage bank tubes

×Nrows bank tube

Lbank tube total = 14× 135.07× 70

Lbank tube total = 132, 370.09 in

Fig. 61.4: 132 T/h, 42 barg, 390 °C water tube boiler, Basra Petrochemical, Basra, Iraq.
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61.7 Boiler tubes water weight

mboiler tubewater = Lbank tube total + 1.15× Lfurnace total tangent tube + Lfurnace totalmembrane tubes
��

+ 2× LfurnaceWidth tangent tube + 2× Lbank tubewidthÞÞ
×π=4 Dtube − tbank tubeð Þ2 × ρsaturatedwater

mboiler tubewater = 132, 370.09+ 1.15× 27, 149.37+ 44, 358.13 + 2× 7, 354.2 + 2× 1, 891ð Þð Þ

×π=4 2−0.105ð Þ2 × 788.04
27, 679.9

mboiler tubewater = 18, 929.55 lb
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62 Boiler package water weight

Boiler package water weight will be calculated by the following sequence:
– Steam and mud drum length
– Mud drum water weight
– Steam drum water weight
– Boiler package water weight

62.1 Steam and mud drum length

Ldrum = Lreturn lance + 2× Ldrumhead internal height + Lsuper heater + Lbank tube + 16

Ldrum = 40+ 2× 13.9865+ 73+ 290.3+ 16

Ldrum =446.78 in

62.2 Mud drum water weight

mmuddrumwater = π=4×Dmuddrum
2 × Ldrum × ρsaturatedwater

mmuddrumwater = π=4× 302 × 446.78× 788.04
27, 679.9

mmuddrumwater =8,986.59 lb

62.3 Steam drum water weight

Water weight in steam drum is assumed to be 50% at the operating condition:

msteamdrumwater = 1=2×π=4×Dsteamdrum
2 × Ldrum × ρsaturatedwater

msteamdrumwater = 1=2×π=4× 422 × 446.04× 788.04
27, 679.9

msteamdrumwater = 11, 502.84 lb
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62.4 Boiler package water weight

mboiler packagewater =msteamdrumwater +mmuddrumwater +mboiler tubewater

mboiler packagewater = 11, 502.84+ 8, 986.59+ 18, 929.55

mboiler packagewater = 38,418.98 lb= 17,880.17 kg
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63 Boiler holdup time (retention time)

Boiler holdup time (retention time) will be calculated by the following sequence [5]:
– Maximum level fluctuation in steam drum according to demand
– Minimum required water up to drilling tubes inside steam drum
– Steam drum minimum diameter
– Maximum allowable level fluctuation in steam drum
– Maximum operating level fluctuation in steam drum
– Minimum level fluctuation in steam drum
– Minimum required operating water level in steam drum
– Boiler holdup time (retention time)

63.1 Maximum level fluctuation in steam drum according
to demand

Hmaximumfluctuation =

1,000×m′minblowdown +
3,600×mboilerwater × hsat. liquid −hfeedwaterð Þ

m′
min opening × hsat. vapor −hfeedwaterð Þ

� �
×

m
′
max opening −m

′
min opening

3,600× tsuddenlyopening

ρsat. liquid ×Adrumsectional

Hmaximum fluctuation =

1,000× 3%× 10%× 60,000+ 3600× 17, 880.17×0.238846× 1, 210.91− 739.04ð Þ
10%× 60,000×0.238846× 2, 798.08− 739.04ð Þ

� ��

× 60,000− 10%× 60,000
3, 600× 60

�
× 1

788.04× π=4× 48
0.0254

� �2

Hmaximumfluctuation = 736.68 mm=s = 29 in=s

63.2 Minimum required water up to drilling tubes inside steam
drum

Hmin required up to drilling tube =
Dinternal steamdrum

2
× sin

180− θdrilling tube
� �

2
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Hmin required up to drilling tube = 48× sin
180− 112ð Þ°

2

Hmin requiredup to drilling tube = 13.42 in= 340.88mm

63.3 Steam drum minimum diameter

Dmin =Hmin required upto drilling tube +Hmaximum fluctuation

Dmin = 13.42+ 29

Dmin =42.42 in

63.4 Maximum allowable level fluctuation in steam drum

Hmaximum allowable fluctuation =

1,000× 3, 600×mboiler water × hsat. liquid − hfeed waterð Þ
m′

min opening × hsat. vapor − hfeed waterð Þ ×
m
′
max opening −m′

min opening
3, 600× tsuddenly opening

ρsat.liquid ×Adrum sectional

Fig. 63.1:Minimum required water up to drilling tubes.
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Hmaximumallowable fluctuation =

1,000× 3, 600× 17, 880.17×0.238846× 1, 210.91− 739.04ð Þ
10%× 60,000×0.238846× 2, 798.08− 739.04ð Þ

� �
× 60, 000− 10%× 60,000

3, 600× 60

� �
798.70×π=4× 48

0.0254
� �2

Hmaximumallowable fluctuation = 540.93mm=s = 21.29 in=s

63.5 Maximum operating level fluctuation in steam drum

Hmax allowable operating =Hmin required upto drilling tube +Hmaximumallowable flactuation

−
25.4
2

×Dsteamdrum

Hmax allowable operating = 340.88+ 540.93− 25.4
2

× 48

Hmaxallowable operating = 272.21mm= 10.71 inupper than steamdrum′s center

Fig. 63.2:Maximum allowable level fluctuation.
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63.6 Minimum level fluctuation in steam drum

Hminimum fluctuation =

1,000×
3, 600×mboilerwater × hsat. liquid − hfeedwaterð Þ

m′
min opening × hsat. vapor − hfeedwaterð Þ ×m′

max opening −m′
min opening

3, 600× tsuddenly opening

ρsat. liquid ×Adrum sectional

Hminimumfluctuation=
1,000× 3,600×17,880.17×0.238846× 1,210.91−739.04ð Þ

10%×60,000×0.238846× 2,798.08−739.04ð Þ × 20%×60,000−10%×60,000
3,600×60

788.04×π=4× 48
0.0254
� �2

Hminimum fluctuation =60.1mm=s = 2.36 in=s

63.7 Minimum required operating water level in steam drum

Hmin allowable operating =
Dsteamdrum

2
−Hmin required upto drilling tube −Hminimum flactuation

Hmin allowable operating = 25:4=2× 48− 340.88− 60.1

Hminallowable operating = 208.61mm = 8.21 in below than steam drum′s center

63.8 Boiler holdup time (retention time)

thold up =
ΔVdrum fromhigh tolow

m′normal operation

m′normal operation =
ϑsat. liquid ×m′evaporation

60

m′normal operation =
788.04
27, 679.9 × 60,000× 2.20462

60

m′normal operation =62.76 ft3=min

θup to high point = degree arc. tanHmax allowable operating

D=2

� �
+ 90°
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θup to high point =degree arc. tan 10.71
48=2

� �
+ 90°

θup tohighpoint = 114.06°

θup to lowpoint =degreeðarc. tanHmin allowable operating

D=2
Þ

θup to lowpoint =degree arc tan
8.21
48=2

� �

θup to lowpoint = 18.89°

Hbetweenbottom andhigh levels =Hmin required up to drilling tube +Hmaximumallowable fluctuation

Hbetweenbottomandhigh levels =
340.88+ 540.93

25.4
Hbetweenbottomandhigh levels = 34.72 in

Vdrumheadup tohigh level =0.261×H2
betweenbottomandhighlevels

× 3× D
2
−Hbetweenbottomandhigh levels

� �

Vdrumhead up to high level =0.261× 34.722 × 3× 48
2

− 34.72
� �

Vdrumheadup tohigh level = 11, 728.38 in3

Hbetweenbottomandlow levels =Hmin requiredup to drilling tube

Hbetween bottomand low levels = 13.42 in
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Vdrum headup to low level =0.261×H2
betweenbottomand low levels

× 3× D
2
−Hbetween bottomand low levels

� �

Vdrumheadup to low level =0.261× 13.422 × 3× 48
2

− 13.42
� �

Vdrum headup to low level = 2, 753.79 in3

Vdrumstraight up to high level = Ldrum × D2

4

× θup to high point

57.3 − sin θup to high point × cos θup to high point

� �

Vdrum straight up to high level = 446.78 × 482

4
× 114.06

57.3 − sin 114.06× cos 114.06
� �

Vdrumstraight up to high level = 391,894.48 cu.in

Vdrumstraightup to low level =Ldrum × D2

4
× θupto low point

57.3 − sinθupto low point × cosθupto lowpoint

� �

Vdrumstraightup to low level = 446.78 × 482

4
× 18.89

57.3 − sin 18.89× cos 18.89
� �

Vdrumstraightup to low level = 74.049.9 cu.in

ΔVdrum fromhigh to low =Vdrumheadup to high level +Vdrum straight up to high level

−Vdrumhead up to low level −Vdrumstraight up to low level

ΔVdrum fromhigh to low = 11, 728.38+ 391, 894.48 − 2, 753.79− 74.049.9
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ΔVdrum fromhigh to low = 335, 793.77 cu.in= 194.33 cu.ft

tholdup =
ΔVdrum fromhigh to low

m′normal operation

tholdup =
194.33
62.76

tholdup = 3.10min
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64 Steam and mud drum weight

Steam and mud drum weight will be calculated by the following sequence:
– Steam drum elliptical heads weight
– Steam drum weight
– Mud drum elliptical heads weight
– Mud drum weight

64.1 Steam drum elliptical heads weight

msteamdrumheads = 2×0.223× tmin × 1.22×Di + SF+ tð Þ2

msteamdrumheads = 2×0.223× 2× 1.22× 48+ 1.9865+ 2ð Þ2

msteamdrumheads = 3,489.56 lb

64.2 Steam drum weight

msteamdrum length =π ×Di × t × Lsteamdrum × ρsteamdrum × 1+mMiscellaneous%ð Þ
msteamdrum length =π × 48× 2× 446.78×0.283599× 1.03

msteamdrum length = 39,445.36lb= 17,892.1kg

msteamdrum =msteamdrum length +msteamdrumheads

msteamdrum = 39, 445.36+ 3, 489.56

msteamdrum =42,934.92lb= 19,474.94kg

64.3 Mud drum elliptical heads weight

mmuddrumheads = 2×0.223× tmin × 1.22×Di + SF+ tð Þ2

mmuddrumheads = 2×0.223× 1.375× 1.22× 30+ 1.9865+ 1.375ð Þ2

mmuddrumheads =979.31 lb

https://doi.org/10.1515/9783110757088-064
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64.4 Mud drum weight

mmud drum length =π ×Di × t × Lmuddrum × ρmuddrum × 1+mMiscellaneous%ð Þ
mmuddrum length =π × 30× 1.375× 446.78×0.283599× 1.03

mmuddrum length = 16,933.57lb= 7, 680.93 kg

mmuddrum =mmud drum length +mmuddrumheads

mmuddrum = 16, 933.57+ 979.31

mmuddrum = 17, 912.89lb=8, 125.14 kg
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65 Furnace total tube number

Nfurnace tube =Ntangent tube +Nfurnacemembrane tube + 2×Nfurnacewidth tangent tube

Nfurnace tube = 201+ 110+ 2× 51

Nfurnace tube =413no.

https://doi.org/10.1515/9783110757088-065
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66 Boiler total tube number

Nboiler tube =Ntotal bank tubes +Nfurnace tube + 2×Nrows deep bank tube

Nboiler tube = 976+ 413+ 2× 14

Nboiler tube = 1,417no.

https://doi.org/10.1515/9783110757088-066
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67 Furnace total tubes weight

Furnace total tubes weight will be calculated by the following sequence:
– Furnace total tangent wall tubes weight
– Furnace membrane wall tubes weight
– Furnace front and rear wall tubes weight
– Furnace total tubes weight

67.1 Furnace total tangent wall tubes weight

mtangentwall =Ntangent tube × Ltangent tube ×mtube per feet

Ltangent tube =
Lmax expand to steamdrum + Lmax expand tomuddrum +Hbetweendrums

12

Tab. 67.1: Carbon steel tube average weight per foot [38].

Tube outside diameter (in) .
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

. . . . . . . – –

 . . . . . . . .

. – . . . . . . .

. – . . . . . . .

 – . . . . . . .

. – . . . . . . .

. – . . . . . . .

 – – . . . . . .

. – – – . . . . .

. – – – . . . . .
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Ltangent tube =
124.16+ 13.42+ 8.38

12
= 12.16 ft

mtangentwall = 201× 12.16× 2.305

mtangentwall = 5,636 lb

67.2 Furnace membrane wall tubes weight

mmembranewall =Nfurnacemembrane tube × Lfurnacemembrane tubes ×mtube per feet

mmembranewall = 110× 33.6× 2.305

mmembranewall =8, 520 lb

67.3 Furnace front and rear wall tubes weight

mfurnace front&rearwall = 2×NfurnaceWidth tangent tube ×Hfurnace ×mtube per feet

mfurnace front&rearwall = 2× 51× 144× 1+ 10%marginð Þ
12

× 2.305

mfurnace front&rearwall = 3, 108 lb

67.4 Furnace total tubes weight

mfurnace total tube =mtangentwall +mmembranewall +mfurnace front& rearwall

mfurnace total tube = 5, 636+ 8, 520 + 3, 108

mfurnace total tube = 17, 264 lb= 7,831 kg
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68 Front and rear wall header weight

mfront and rearwall header =
2× π × D2 − D− 2× tð Þ2

� �
× Lfurnacewidth × ρheader

144× 12

× 1+ %Miscellaneous
100

� �

mfront and rearwall header =
2×π × 62 − 6− 2×0.28ð Þ2

� �
× 100× 490.059

144× 12
× 1+0.25ð Þ

mfront and rearwall header = 356.55 lb= 161.73 kg
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69 Superheater package weight

Superheater package weight will be calculated by the following sequence:
– Superheater tubes weight
– Superheater inlet header weight
– Superheater outlet header weight
– Superheater package weight

69.1 Superheater tubes weight

msuperheater tubes =mtube per feet ×Ntube row ×Ntube rowdeep × Lsuperheater tube

msuperheater tubes = 1.913× 19× 4× 40× 7, 600
7, 850

msuperheater tubes = 5,630.31 lb

Tab. 69.1: Carbon steel tube average weight per foot [38].

Tube outside diameter (in) .
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

. . . . . . . – –

 . . . . . . . .

. – . . . . . . .

. – . . . . . . .

 – . . . . . . .

. – . . . . . . .

. – . . . . . . .

 – – . . . . . .

. – – – . . . . .

. – – – . . . . .

https://doi.org/10.1515/9783110757088-069

https://doi.org/10.1515/9783110757088-069


69.2 Superheater inlet header weight

msuperheater inlet header =
π × D2 − D− 2× tð Þ2
� �

× Linlet header × ρheader
144× 12

msuperheater inlet header =
π × 62 − 6− 2×0.344ð Þ2
� �

×
�
19× 4.03125

12 + 2
�
× 490.059

144× 12

msuperheater inlet header = 174.29 lb

69.3 Superheater outlet header weight

msuperheater outlet header =
π × D2 − D− 2× tð Þ2
� �

× Loutlet header × ρheader
144× 12

msuperheater outlet header =
π × 82 − 8− 2×0.5ð Þ2
� �

×
�
19× 4.03125

12 + 2+ 3
�
× 474.453

144× 12

msuperheater outlet header =441.61 lb

69.4 Superheater package weight

msuperheater package =msuperheater tubes + msuperheater inlet header +msuperheater outlet header
� �

× 1+ %margin
100

� �

msuperheater package = 5, 630.31 + 174.29+ 441.61ð Þ× 1+ 10
100

� �

msuperheater package =6, 342.66 lb= 2,876.98kg
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70 Steam drum to superheater connection header
weight

mconnecting drum to superheater =
π × D2 − D− 2× tð Þ2
� �

× Lconnecting drum to superheater × ρpipe
144× 12

mconnecting drum to superheater =
π × 62 − 6− 2×0.28ð Þ2
� �

× 77.6× 490.059
144× 12

mconnecting drum to superheater = 1, 328.1 lb=602.42 kg

https://doi.org/10.1515/9783110757088-070
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71 Bank tube package weight

mbank tube packge =Ntotal bank tubes ×mtube per feet × Laverage bank tube

mbank tube packge = 976× 2.305× 135.07
12

mbank tube packge = 25, 322.3lb = 11,486kg

Tab. 71.1: Carbon steel tube average weight per foot [38].

Tube outside diameter (in) .
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

. . . . . . . – –

 . . . . . . . .

. – . . . . . . .

. – . . . . . . .

 – . . . . . . .

. – . . . . . . .

. – . . . . . . .

 – – . . . . . .

. – – – . . . . .

. – – – . . . . .

 – – – . . . . .
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72 Economizer package weight

Economizer package weight will be calculated by the following sequence:
– Economizer fin plates weight
– Economizer fin tubes weight
– Economizer return elbows weight
– Economizer headers weight
– Economizer pressure parts weight
– Economizer package weight

72.1 Economizer fin plates weight

mfin plates =Nrow no. ×Nrowdeepno. ×Neach tube′s fin plates × ρfin × tfin

×
π × D+Hfinð Þ2 −D2
� �

4

Neach tube′s fin plates = nfin × Lfin tube

Neach tube′s fin plates = 6× 10× 12

Neach tube′s fin plates = 720no.

mfin plates = 10× 12× 720× 7, 750×0.062428
1, 728 ×0.04×

π × 2+0.75ð Þ2 − 22
� �

4

mfin plates = 2, 706.05 lb

72.2 Economizer fin tubes weight

meconomizer tubes =Nrow no. ×Nrowdeepno. ×mtubeper feet × Ltube +Ltubehead&bottomconnectionextrað Þ
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meconomizer tubes = 10× 12× 1, 887× 10+ 3+ 3
12

� �

meconomizer tubes = 2, 377.62 lb

72.3 Economizer return elbows weight

mreturn elbows = Nrowno. − 1ð Þ×Nrowdeepno. ×meach elbow

mreturn elbows = 10− 1ð Þ× 12× 1.3× 2.20462 14

mreturnelbows = 309.5 lb

72.4 Economizer headers weight

meconomizer header =
2×π × D2 − D− 2× tð Þ2

� �
× Leconomizer header × ρheader

144× 4

Tab. 72.1: Carbon steel tube average weight per foot [38].

Tube outside diameter (in.) .
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

.
 GA

. . . . . . . – –

 . . . . . . . .

. – . . . . . . .

. – . . . . . . .

 – . . . . . . .

. – . . . . . . .

. – . . . . . . .

 – – . . . . . .

. – – – . . . . .

. – – – . . . . .

 – – – . . . . .
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Leconomizer header =
Nrowno. − 1ð Þ× SL + Lheader connection extra

12

Leconomizer header =
10− 1ð Þ× 4.5+ 20

12

Leconomizer header = 5.041 ft

meconomizer header =
2×π × 32 − 3− 2×0.216ð Þ2

� �
× 5.041× 490.059

144× 4

meconomizer header =64.79 lb

72.5 Economizer pressure parts weight

meconomizer pressure part =mfin plates +meconomizer tubes +mreturn elbows +meconomizer header

meconomizer pressure part = 2, 706.05 + 2, 377.62 + 309.5 + 64.79

meconomizer pressurepart = 5,457.99 lb

72.6 Economizer package weight

meconomizer package =meconomizer pressure part +meconomizer casing

meconomizer casing = 1, 500 lb approximatelyð Þ

meconomizer package = 5, 457.99+ 1, 500

meconomizer package =6,957.99 lb= 3, 156.10kg
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73 Stack weight

mstack =
π × D2 − D− 2× tð Þ2
� �

×Hactive × ρstack
144× 4

× 1+ %miscellaneous
100

� �

mstack =
π × 78.742 − 78.74− 2×0.7ð Þ2
� �

× 57.74× 490.059
144× 4

× 1+ 10
100

� �

mstack = 74, 152.02 lb = 33,634 .83kg
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74 Reports

– Water tube boiler layout
– Superheater package layout
– Economizer package layout
– Boiler performance sheet
– Stack calculation
– Forced draft fan calculation
– Pressure safety valve calculation
– Boiler feed water calculation
– Desuperheater calculation
– Steam drum water operating levels
– Weight calculation
– Flue gas velocity inside boiler
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Fig. 74.1:Water tube boiler layout.
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Fig. 74.2: Superheater package layout.
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Fig. 74.3: Economizer package layout.
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Fig. 74.4: Boiler performance sheet.
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Fig. 74.5: Stack calculation.
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Fig. 74.6: Forced draft fan calculation.
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Fig. 74.7: Pressure safety valve calculation.
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Fig. 74.8: Boiler feed water calculation.
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Fig. 74.9: Desuperheater calculation.
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Fig. 74.10: Steam drum water operating levels.
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Fig. 74.11:Weight calculation.
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Fig. 74.12: Flue gas velocity inside boiler.
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Index

absorption 33, 38, 63, 82, 158–159
acceleration loss 158
ACFM 14–15
actual combustion air 10, 15
adiabatic 26–27
altitude above sea level 11
ASME 61, 76, 82–85, 86, 87, 96, 127,

185, 192

bank tube 5, 47, 56, 89, 92, 94, 96, 97, 100,
102

barometric pressure 10, 175, 177
beam length 32–33
blowdown 6, 46, 92, 117
boiling height 158, 161–162, 164
burner 4, 6, 13, 21–22, 28, 33

carbon dioxide 13, 32–33, 37, 41
chamber 3, 52, 59
chevron 126
circumferential efficiency 82, 84
circumstantial 28
coefficient 41
cold side 8, 60, 92
combustion air 4, 9–11
conduction 3, 44
contraction 19, 54, 108–109, 111
convection 3, 42, 44, 58–59, 63, 82, 133
corrosion allowance 76, 82, 120, 123, 148
counterflow 58

damper 181
density 4, 10, 14, 23, 52, 94, 97, 130, 171
design pressure 5, 56, 61, 76, 82, 96, 120, 123,

126–127, 147–148, 185
dew point 11, 178
diagonal efficiency 76
downcomer 158, 160
draft 5, 10, 16–17, 52, 63, 73, 82, 96, 102,

106–108, 115, 153, 156, 170, 173, 181
drilling tube 89–90
dry bulb temperature 11

economizer 5, 59, 126–127, 130, 132, 144, 146
elliptical bottoms 86
emissivity 32, 34–35

enlargement 19
enthalpy 4, 39, 60, 92, 125
equivalent diameter 18, 52, 54, 115, 156
equivalent length 52, 54, 115–116, 123
ESCOA 134
excess air 10, 13–14, 26

failure 3
fin effectiveness 139, 141
fin efficiency 139
finned tubes 130
fire tube 2–3
flame 4, 21–22, 27–28, 30
forced 10, 16, 52, 181–183, 227
forced draft fan 10, 16, 181
friction factor 19, 73, 78–80, 107, 118, 124, 148,

150, 157, 173
friction loss 158
furnace 3–4, 5, 21–23, 27–28, 30, 32–33,

38–39, 47, 52–53, 59, 102

gas mass velocity 42, 62, 65, 99–100, 133
gravity loss 158

heat duty 4–5, 8–9, 21, 60, 92
heat flux 5, 44, 62, 130
heat release 32
heat transfer 2, 11, 28, 41–44, 52, 58, 62, 67,

101, 130, 133–134, 136, 138–139, 141,
145

HHV 7, 9, 12, 193
hold-up time 5
holdup time 205
horsepower 1, 182
hot side 8, 60, 92
Hottel’s method 32, 35

induced 52
inside gas film resistance 47, 66, 69, 99, 103
inside gas film’s resistance 46
insulation 180
internals 81, 158

joint efficiency 76, 82, 120, 123, 148

Kunkle 185, 187–188, 190
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lance 196
LHV 7, 9, 39
ligament method 76–77, 86
log mean temperature difference 62, 142
longitudinal 62–63, 82–84, 86, 132
Ludwig 43

maximum allowable stress 61, 76–77, 82, 96,
120, 123, 127, 148

MCR 6, 14, 21, 30, 182
membrane tubes 196–197
metal resistance 46, 49, 66, 71, 99, 104
metal temperature 5, 46
moist air 11
moisture 10–12, 26
monoxide 13, 27

natural 6, 27, 39, 52
nonluminous 11, 38, 41, 101, 145
non-luminous 67
NTU 66, 100, 144
Nusselt 42–44

outside gas film resistance 50, 66, 71, 99, 104
outside gas film’s resistance 46
overall heat transfer coefficient 139, 141

parallel flow 58
petrochemical 1, 9
Pillard 13, 21
plugged 196–198
power plants 1, 9
Prandtl 42–43
preheater 181
pressure drop 5, 52, 56, 73, 75, 106–108, 115,

117, 126, 130, 134
PSV 185, 188, 190

radiation 3, 26, 34, 38, 41, 58–59, 192
rectangular 18, 54
refinery 9
relative humidity 10, 12

Reynolds 19, 42–43, 52, 54, 73, 75, 77–79, 106,
115–118, 122, 124, 133–134, 147–148, 150,
156–157, 173

RH 12, 130
rows deep number 5, 89, 126
rows number 5

safety valve 56, 126, 185, 187, 227
saturation 10–11, 48, 70, 103
SCFM 14–15
self-supporting 170
serrated 130, 134
serrated fins 130
SH 130
silencer 181
solid fins 130
SOP 81
specific volume 61, 128, 158, 160
stack 6, 170–171, 173–179, 181, 227
staggered 134
standard combustion air 10, 15
Stefan Boltzmann 38
stoichiometric 12
sulfur dioxide 41
superheater 5, 48, 54, 56, 58–59, 63–64, 66,

68–69, 81, 122, 185

tangent 196–197
TDS 6
temperature drop 46, 50, 66, 72, 99, 105,

175–177
test block condition 181–182
transverse 62–63, 94–95, 132
trial and error 158
tube bundle 75, 79–80, 99, 102, 106–109,

117–118, 150–151
turbulent 19, 43–44, 78–80, 107, 118, 124, 148,

150, 157, 173

water tube 1–4, 6, 56, 96
waterwall 3
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