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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 term utilized. The theory area clarifies how to calculate sizing and determination 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].

10000
1000
=
S
=
o
:
-] 100
10

Fire Tube Water Tube

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].

Fig. 1.2: Fire tube boiler, HKB Boiler Solution.

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].
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Fig. 1.3: Water tube boiler, HKB Boiler Solution.

1.4 Boiler designing sequence

Sequences for designing a water tube boiler in this book will be as follows:

1
2)
3)
4)

5)

Calculating heat duty of a boiler is based on subtracting outlet steam enthalpy
from inlet steam enthalpy and multiplying outlet steam flow rate.

Calculate the required fuel and combustion air for burning mixture of air and
fuel.

Calculate the heat input rate by generating burners and then selecting burner
quantity and size from burner manufacturer catalog.

Calculate the width and height of a furnace, which is approximate of flame di-
ameter and height.

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.



7)
8)

9)

10)
11)
12)

13)

14)

15)

16)
17)

18)

1.4 Boiler designing sequence =—— 5

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.

Calculate the boiler design pressure.

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.

Calculate the outlet steam and flue gas temperature from superheater package.
Calculate the steam and mud drum diameter and thickness.

Calculate the height between drums center, and then bank tubes average length.
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.
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.
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.

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.

At this point, stack and safety valves will be sized.

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.

All reports can be seen at the end of this book.



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 =132,277.21b/h
Required steam pressure: 42.83 kg/cm? 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, 85.9284
CoHe 6.2249
CsHg 1.5041
i-C4H10 0.2087
n-C4Hq1o 0.2676
i-CsH1s 0.0963
n-CsHq, 0.0642
CeHygt 0.0642
Co, 1.3007
H>S (ppm) 4
N, 4.3409
Total 100
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2 Input data

Tab. 2.1 (continued)

%mol
LHV (kcal/kg) 10,971
HHV (kcal/kg) 12,144

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.



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 — hinlet water

houtlet steam = 777.85 kcal/kg
hintetwater = 110 kcal/kg

Qto steam = 667.85 kcal/kg

Quuty = Qto steam X m,boiler at100% MCR
Quuty = 667.85 kcal /kg x 60 t/hr = 40, 071.4 Mkcal /hr
Qquty =40,071.4 MKkcal/h =159 MM Btu/hr =46.603 MW
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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.

Tab. 4.1: Natural gas specification.

%mol Molecular weight factor Molecular weight
CH, 85.9284 16.041 13.784
C,He 6.2249 30.067 1.872
C5Hg 1.5041 44,092 0.663
i-C4H10 0.2087 58.118 0.121
n-C4Ho 0.2676 58.118 0.156
i-CsH1, 0.0963 72.144 0.069
n-CsHj, 0.0642 72.144 0.046
CeHag+ 0.0642 86.169 0.055
Co, 1.3007 44.01 0.572
H,S (ppm) 4 0.000
N, 4.3409 28.016 1.216
Total 100 18.555
LHV (kcal/kg) 10,971
HHV (kcal/kg) 12,144

LHV, lower heat value; HHV, higher heat value.

m,fuel = (Qduty X 105) /LHV
M’te1 = (40,0714 x 1,000 x 1.05) /10,971

Mo = 3,835.1kg/h
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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/cm? (14.7 1bf/in?) 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 20 °C
Minimum temperature -20 °C
Relative humidity 60 %
Altitude 4 m
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5.3 Moisture in air = 11

P 101,325 x (1-2.25577 x 1075 x H)5A25588

6,894.76

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

101,325 x (1-225577 x 107° x 13.12)**%

P 6,894.76

P = 14.69 psia

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]:

(773450 +0.0057 x T - :23%)

(T82) x 6,894.76

e

Pws:

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

(773450 +0.0057 x (20 +273.15) — %)

e
Pws:

(20 +273.15)%?
Py =0.3381(psia)

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]:

RH% x SVP

M=0.622x
(Pparometric — RH% x SVP)
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where M is moisture in air, RH is relative humidity and SVP is the saturated vapor

pressure (psia)

0.6 x 0.4861

M=0.622 x

(14.69-0.6 x 0.3381)

M=0.0091b/1bdry 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 [5]

LB air required for combustion

CH, 13.784 17.265 14.835
C,Hg 1.872 16.119 1.003
CsHg 0.663 15.703 0.236
i-C4H1o 0.121 15.487 0.0323
n-C4Hio 0.156 15.487 0.041
i-CsHqo 0.069 15.353 0.014
n-CsHq, 0.046 15.353 0.009
CgH1st 0.055 15.266 0.009
Cco, 0.572 0 0
H,S (ppm) 0.000 0
N, 1.216 0 0
18.555 16.183

Net required air (Lb/lb dry air) 16.183

Moisture in dry air (lb/lb dry air) 0.009

Total required air (Ib/lb dry air) 16.192




5.5 Excessair = 13

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:

0,

E ir%=11x —————
Xcess air% X 2080,

TYPICAL OXYGEN CURVE

THERITICAL OXYGEN
w

0 20 40 60 80 100 120
LOAD

Fig. 5.1: Typical oxygen curve by Fives Pillard.
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Tab. 5.3: Excess air calculation.

Boiler MCR % 100% 75% 50% 25%
Oxygen rate 1.8 2 2.6 4
Calculated excess air % 10.42 11.70 15.71 26.19
Selected excess air % 17 21 28 44

Note: It should be considered that all calculation at first step will be estimation and need to be
recalculated after detailed design.

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/h) = Total air required (1b/1b dry air)
x M'yer (kg/h) x (1+ excess air)
W,total combustionair = 16.192 x 3,835.1 x 1.17
W

total combustion air

= 72,655 (kg/h)

5.7 Air density

The density of any gas can be estimated from

)2
359 x (460 + T) x 14.7

pg =492 x MW x

where p, is the gas density (Ib/cu.ft), Pis gas pressure (psia), T is gas temperature (F)
and MW is molecular weight of gas

14.69

L =492%2
Pair = 49229 % 359 x (460 + (1.8 x 20 + 32)) x 14.7




5.9 Actual combustion air flow =— 15

Pair = 0.07521b/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]:

— WIS
- pair x 60

S

_ 72,655(kg/h) x 220462
- 0.0752 x 60

Vs =35,492.67(SCFM)

Vs

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 _Ps Ta
Vs Pa T
where V, is actual combustion air volume S CFM, V; is standard combustion air vol-
ume SCFM, P is standard air pressure at sea level p sia, P, is air pressure at actual
level p sia, T; is standard ambient air temperature (R) and T, is actual ambient air
temperature (R)

147 y (1.8 20 +491.67)
T 14.69 520

V. =36,048.20 (SCFM)

Va x 35,492.67
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5.10 Forced draft fan discharge mass flow

W2=60 x py,xVa
W', =60 x 0.0752 x 36, 048.20

W'a=162,683.59(1b/h) =73,792.12(kg/h)



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', =162,683.59(1b/h)

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
Pharometric = 14.69 psia

Assumed boiler draft pressure loss = 1.2 psi

Pdischarge =15.89 psia

15.89
359 x (460 + 68) x 14.7

Pair = 492 x29.24 x

Paiy=0.082 (Ib/ft)

Volumetric flow rate of air is given by

, 162,683.59
%4 air = T A Ags
0.082

V' air =1,983,452.7(cu.ft/h)

Air duct minimum area is given by

1,983,452.7 x 60

Amin = 3,600
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18 —— 6 FD: Fan outlet duct design

Amin = 9.18ft

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
18 x 1
bhe 9.18 x 144
24
b =5510 in

The rectangular duct equivalent diameter will be defined by

(a % b)0.625

di=13x ———
4 (a+b)0425

(24 x55.1)%6%
x 025
(24 +55.1)

d;=38.93 in



7 FD.Fan outlet duct pressure loss

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

M =0.0459 Tb/fth

Tab. 7.1: Air viscosity [5].

Temp. (°F) Viscosity (Lb/ft h)

100 0.0459
200 0.0520
400 0.062

600 0.0772
800 0.0806
1,000 0.0884
1,200 0.0957
1,400 0.1027
1,600 0.1100
1,800 0.1512

The Reynolds number of air is given by

’

Re=15.2
e=152x d;
1 .
Re=15.2x 762’683 >9
0.0459 x 38.93

Re =1384,006.64

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

f 0.316
~ Re05

- 0.316
" 1,384,006.64°%

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
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20 —— 7 FD.Fan outlet duct pressure loss

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:

2 L
APy =9.3x10 6 x Fx W x —2
pxdi
61.863

AP =93x107°x0.009 x 162,683.59° x —————
0.082x38.93

APy, = 0.1914 in H,0 = 4.86 mm H,0

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.



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,bumer =LHV x m,fuel x 110%

3.96832(Btu/h /kcal/h)
10°

Q' burner = 10,971 (kcal /kg) x 3,835.1 (kg /h) x x 110%

Q' burners = 184 (MM Btu /h) = 53.83 MW

Q'burner =184 x 0.75=138 (MM Btu/h)

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 NO, 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).
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22 —— 8 Furnace width and length

Tab. 8.1: Flame dimension [39].

Input at 10% XSA Flame Flame
(million Btu/h) length (ft) diameter (ft)
4211-21 12.5 2.8
4211-25 13 3
4211-27 13.5 3
4211-33 14.5 3.3
4211-38 15 3.5
4211-44 15.5 3.8
4211-48 16.5 4
4211-54 17 4.3
4211-62 18 4.5
4211-74 20 4.8
4211-86 21.5 5
4211-98 22.5 5.5
4211-111 23.5 5.8
4211-116 24 6
4211-124 24.5 6
4211-140 25 6.3
4211-163 27 6.5
4211-182 29 7
4211-219 31 7.5
4211-256 33 7.8
4211-292 35 8

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.



8.3 Furnace width and length =— 23

Fig. 8.1: Rampco boiler, 14th Iranian Oil Exhibition, Tehran, Iran.

Minimum furnace length before lance =25 x 12 + 60 = 360 in
Minimum furnace width =6.3 x 12+ 20 =96 in

Minimum furnace overall length = 360 + 40 = 400 in
Distance between burners = 6.3 x 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.



24 =—— 8 Furnace width and length

Fig. 8.2: Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.



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 fluegas LB fluegas LB flue
Flue gas Flue gas Flue gas product CO, product H,0  gas
product product product ;roduct
o, H,0 N, 2

CH, 85.9284 2.744 2.246 13.275 2.358 1.930 11.407

CyHe 6.2249 2.927 1.798 12.394 0.182 0.112 0.772

C3Hg 1.5041 2.994 1.634 12.074 0.045 0.025 0.182

i-C4H10 0.2087 3.029 1.55 11.908 0.006 0.003 0.025

n-C4Hio 0.2676 3.029 1.55 11.908 0.008 0.004 0.032

i-CsH1s 0.0963 3.05 1.498 11.805 0.003 0.001 0.011

n-CsHi» 0.0642 3.05 1.498 11.805 0.002 0.001 0.008

CgH14+ 0.0642 3.064 1.464 11.738 0.002 0.001 0.008

COo, 1.3007 0 0 0 0.000 0.000 0.000

H2S (ppm) 4 0.000 0.000  0.000

N, 4.3409 0 0 0 0.000 0.000 0.000

100 2.61 2.08 12.44
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Tab. 9.1 (continued)

Items %mol From combustible tables LB fluegas LBfluegas LB flue
duct CO duct H,0
Flue gas Flue gas Flue gas produc 2 producti,D gas
product
product product product N
COZ Hzo NZ :
Total flue gas product (lb) 17.13 Ib flue
gas/lb
fuel
Moisture in dry air 0.009 b/lb dry
air
Total flue gas product (lb) 17.27 lb flue
gas/lb
fuel

W nye gas(Ib/h) = Total fuel required (Ib/Ibgye gas) X M el (Ib/h) x (1 + excess air)

W fiue gas = 17.27 x 3,835.1 x 2.20462 x 1.17

W fiue gas = 170, 818.92(Ib /h)

9.2 Flue gas molecular weight

MWﬂue gas = 1\/[Wc02 X 1bco2 + MWHZO X leZO + N[WN2 X le2

MWiiye gas = 44.01 % 2.61 + 18 x 2.08 + 28.016 x 12.44

MWiye 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].



9.4 Flue gas temperature inside furnace =— 27

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

106
(1-%ash/100 + A x a x HHV/109) x Cpg

LHV + A x a x HHV x Cpa X (fa-*‘o)
te=

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

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

Blast furnace gas 575
Bagasse 650
Carbon monoxide gas 670
Refinery and oil gas 720
Natural gas 730
Furnace oil and lignite 745-750
Bituminous coals 760
Anthracite 780
Coke 800

_19,747.8+730 x 1.17 x 21, 860.81 x 0.24 x (68 — 80) /10°
€ (1-9%/100+730 x 1.19 x 21, 860.81/10%) x 0.36

t.=2,780.98 °F
Actual flame temperature = adiabatic flame temperature x 0.95

tca=2,64193 °F

9.4 Flue gas temperature inside furnace

Flue gas temperature (t,) 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]

t; =t +300 to 400 °F
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ty =2,641.93 +300
ty = 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

P, furnace = P fan outlet — P lossairduct — P, loss burner
Prymace =15.89 - 0.1942 x 0.0361273 -250 x 0.00142233

Psyrnace =15.53 psia

9.6 Flue gas inlet density

Pfumace
= 492 x MW
Py = 492 MW X 355 1460+ T) x 147
15.
Pg=492x29 x >3

359 x (460 +2,941.93) x 14.7
pg = 0.0123 1b/cu ft

9.7 Flue gas volumetric flow rate

’ m,ﬂ
% flue gas = —
flue gas
, 170, 818.92
Viess =0 0123

V flue gas = 13,843,237 ft’ /h
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9.8 Furnace height

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

Fig. 9.1: Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.

Selected velocity inside furnace = 3,000 fpm

VI
flue gas %11

A in =
e Vﬂuegas
13, 843,237
Apin = ——2""" %11
min = 37000 % 60
Apin = 84.59 ft?
A .
Hmin: Ir/nvm
84.59 x 144
Hnin=""300

Hyin =134 in
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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 x flame diameter — 20 + 13 x burner quantity
— burners with 75% MCR capacity will be estimated by
— Burner quantity x flame diameter — 20 + 13 in

Hpynace = flame width x burner QTY - 20 + 13

Hiymace = 6.3x12x2-20 + 13

Hfumace =144in

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



10 Furnace volume

V=LxWxH

440 % 100 x 144
T

V =3, 67175t
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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 450,000 kcal/m’ h.

Heat input to furnace

Volumetric heat release =
Vfurnace

184 MM Btu/h

Volumetric heat release =
3,671.75 ft?

Volumetric heat release = 45,473.25 Btu/ft h = 404,402.51kcal/m> h

11.2 Furnace heat surface area

A _ 22X W x H +2x W X Lyefore lance +2 X H X Lpefore lance + (L — Lyefore 1ance) X H
furnace = 144

2x100 x 144 +2x 100 x 400 + 2 x 144 x 400 + (440 — 400) x 144
Afurmace = 144

Afurnace = 1,597 ft?

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].

https://doi.org/10.1515/9783110757088-011
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11.5 Flue gas carbon dioxide vapor pressure =—— 33

The average furnace heat absorption rate based on the projected water-
cooled surface shall not exceed 200,000 kcal/m? h and the maximum peak ab-
sorption rate in the burner zone shall not exceed 300,000 kcal/m> h

Heat input to furnace

Surface heat release =
Furnace heat surface area

LHV x m;
Surface heat release = =Y X Miuel

Afumace

3.96832(Btu/h)/(kcal /h)

10,971(kcal /kg) x 3,835.1(kg/h) x 106

1,597(ft?)

Surface heat release =

Surface heat release =104,550.31 Btu/ft h = 283,589 kcal/m”* 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 34xLWH
"~ 2x (LW +LH + WH)
. 17
T YL+YW+1H
L=87.47in

11.5 Flue gas carbon dioxide vapor pressure

lbco
P =2
v€02 1bﬂue gas
2.61
V02 7 97 27

Pyco, = 0.15
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11.6 Flue gas water vapor pressure

lby,0 + moistureqi,

P, =
V20 1bflue gas
2.08 + 0.009
Prno ="
Pyy,0=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]:
— &g is given by

Eg =&+ Ney — A€
&g can be estimated using Figs. 11.1-11.4, which give &, 1, &, and Ag, respectively. It

can be estimated by assuming radiation effects of SO, as similar to CO,. Consequently,
partial pressures of CO, and SO, can be added, and Fig. 11.1is used to get &:

0.15 x 87.47
PVC02 ><Lbeam = T =11
0.12x 87.47
PVH20 X Lpeam = 712 =0.88
Puo+P  (012+1)
= =0.56
2 2
P, 0.12
YHO =0.44

Pszo + PVC02 (012 + 015)

(Pyr,0 + Pyco,) X Lbeam = (0.12+0.15) x 87.47 =1.98
From lower figure
£;=0.098+0.11x1-0.048
& =0.16
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Fig. 11.1: Emissivity of carbon dioxide [5].

11.8 Gas emissivity by Hottel’s method
£g=0.9x (1 Klbeam)

(0.8+1.6 X Pyy0) x 1 - 0.38T,/1,000)
\/(PVHZO +PVC02) X Lpeam

X (Pyp,0 + Pyco, )
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_ (0.8+1.6x0.15) x (1-0.38  (1,616.63 +273.5) /1,000)

K 0.15+0.12
/(0.15+0.12) x 87.47 x 0.0254 x(015+0.12)
K=0.097
gg =09x (1 —e” (0.097><87.25)
£,=0.175
0.7
0.6 I
0.5 :*“-———-..‘___ —
S — L
0.4 — Wi
il F—
H‘:Hﬁ\:\_“ 5 —
- \‘“‘“Rﬂh‘“‘x‘ 3 _ — *\h‘-—‘.‘-
0.15'-‘%:"‘\‘\\\ %:’ s = 2 ‘--...__\"\\;
012 h\%\h‘\\\\\‘h. 1.2 \ \%.
0 10I"$\"““ N e A -~
0.09 N R e :_03 ""--.._‘\...__‘
0.08 NSNS OSSO e e e e
2 0.07 NGO 09 T ool
W 0.06 \\\:u\\\'\.\‘:\\ . . NS N \:
0.05 \ \‘\.\. \X\‘\ o.a N Q\

Bl SN N N A U R T B
0.04 . N e A ~ \l\ . \_'-
AN AN 0, I 00N
0.03 N \\“C‘Q\:\\ L T IS NS
RTINS
0.02 \ \\\'\\\ P) o.o o'O b 0‘?? — \\r
. \\ N NN\ Vo > e J \ .

0.015\ o520 28> % \\"\
0.012 NN N IBNED 9% NN
0.010 0% > o @Xﬁ Ry AN N
0.009 “Op 2> _ %0} . SRS
0.008 N N A N O .
0.007 «aN N N NN n\ N ~N
500 4000 1500 2000 2500 3000 3500 4000 4500 5000

Fig. 11.2: Emissivity of water vapor [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]:

FURNACE EXIT

so08
Soosas

BEoBaam0sE

.
i
888008000

Fig. 11.5: Furnace exit.

Qr = Apeg0(Tg" — Tp*) = WiLHV — Whe

Qr is furnace heat absorbtion (Btu/h),

Ap is furnace heat surface (ft*),

o is the Stefan Boltzmann constant = 0.173x 108,

Texit is furnace exit gas temperature (R),

&g is emissivity of gas at T,

T, is absolute temperature of tube surface (R),

Wr is fuel gas flow rate (Ib/h),

Wy is flue gas flow rate (Ib/h) and

haverage is enthalpy at flue gas average temperature (Btu/1b).
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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), T, will
be found which should be equal to what we assumed before.

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

T _ (Tg + Texit)
average =~

(2,941.93 + (1.8 X 1,296.1 + 32))
Taverage = >

Taverage =2,666.2 °F =1,4635°C

Enthalpy is shown in Tab. 11.1:

Haverage = 450.3 keal /kg = 810.54 Btu /b

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:

AngG(Texit4 - To4) =W;LHV - Wghaverage

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

Temp (°C) Naturalgas Fuel oil
1,900 606.9 583.9
1,800 570.4 549.2
1,700 534.3 514.8
1,600 498.4 480.6
1,400 428.0  413.1
1,200 359.3 347.0
1,000 292.7 282.8
800 228.2 220.5
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1,597 x 0.16 x 0.173 x 10 ™% x (Texit* — 646") =3,835.1x 2.20462 x 19,747.8
-170,818.92 x 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.



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]:

% =0(ggTg" —agTo")

where Q is heat transfer in furnace (Btu/h),

A is furnace heat surface (ft?),

0 is the Stefan Boltzmann constant=0.173 x 108,

&g is emissivity of gas at Ty,

T, is the absolute temperature of gas, R

ag is absorptivity at T,

T, 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
ag at temperature T,. We can use the following simplified equation by considering
the reality that T,* will be very smaller than T,*:

% =0(ggTg" —agTo") =hn(Tg - To)

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

_ oeg (Tg" — To")

e P

~ 0.173x107%x0.16 x (2,390.5" - 646")
N (2,390.5 - 646)

hy=1125Btu/ft’ hF
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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:

(2,941.93 +2,390.5)
Taverage = P

Taverage = 2,666.2°F = 1,463.5°C

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

Temp (°F) (o) M K

2,600 0.35105 0.136 0.0622
2,500 0.347975 0.1329 0.06035
2,400 0.3449 0.1298 0.0585
2,300 0.341825 0.1267 0.05665
2,200 0.33875 0.1236 0.0548

i =0.136 Ib/fth
C, = 0.35105 Btu/ftF
K = 0.0622 Btu/fthF

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:

https://doi.org/10.1515/9783110757088-013
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13.5 Flue gas product Nusselt number =—— 43

G- m;lue gas
Afumace
170, 818.92
G = it = 1 . l f 2 h
1597 06.96 1b/ft

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
12u
106.96 x 2
e=——
12x0.136
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]

_HG
K

Pro 0.136 x 0.35105
B 0.0622

Pr=0.767

Pr

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 x Re%® x Pr%33

NU =0.33 x 131.08%¢ x 0.767%3
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, AT),
and the heat transfer coefficient is the complementary of thermal insulance and is
given as follows [14]:
12K x NU
he=——
dTube

12x0.0622 x 5.638

h .= >

h. =210 Btu/f’ hF



14 Combustion outside heat transfer coefficient
ho=hc+hy

h,=210+11.25

h, =13.36 Btu/ft* hF

https://doi.org/10.1515/9783110757088-014
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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:

’ 7 0
M drum water = M output steam X (1+ Yoplow down rate)

m'output steam = 60 x 1,000 x 2.20462=132,277.2 Ib/h

%blow down rate = 3%

m,clrum water = 132,277.2x (1 + 0.03)

M’ grumwater = 136,245.516 1b/h

https://doi.org/10.1515/9783110757088-015
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15.3 Inside gas film resistance = 47

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:

Nyoiter tube = Niotal bank tubes + Nfurnace tube + 2 X 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:

Npoiler tube = 976 + 413 + 2 x 14

Npoiler 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 qrum circulation water = M drumwater X CR

mldrum circulation water = 136,245.516 x40

m,drum circulation water = 3, 499, 820.64 1b/h

’
M drum circulation water

4
M each tube circulation water = N
boiler tube

5,499, 820.64
1,417

’
M each tube circulation water =

mleach tube circulation water =3, 846.03 1b / h

15.3 Inside gas film resistance

1

RInside gas film = h—
tube inside coefficient
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, 0.8
244 xm each tube circulation water X C

(dtube - l‘tube)l'8

htube inside coefficient =

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:

Pyt =P super heater outlet AP assumption
Pgat =42+ 2.22 =44 .22 barg
P, = 643.69 psia
Tsar. =493.8°F

C=036

Tab. 15.1: Factor C for steam [5].
Temperature (°F) Drum saturation pressure (psia)

100 200 500 1,000 2,000
400 0.2716 0.3059
500 0.2737 0.2909 0.3595
600 0.2813 0.2896 0.3228 0.413
700 0.2917 0.2965 0.3161 0.3586 0.5206
800 0.3050 0.3090 0.3206 0.3453 0.4214
900 0.3161 0.3197 0.3277 0.3477 0.3946

1,000 0.3276 0.3302 0.3392 0.3531 0.386
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2.44 % 3,846.03%8 x 0.36
(2-0.105)"®

htube inside coefficient =

hgype inside coefficient = 205.11 Btu / f?hF

1

RInside gas film = h—
tube inside coefficient

1
Rinside gas film = ———
Inside gas film 205.11

Rinside gas film = 0.0048 ft* hF/Btu

15.4 Metal resistance

_ dtube % dtube

Rp= n
" 24Km (dtube - ttube)

Tintet flue gas — 2,941.93°F

15.4.1 Thermal conductivity of metals

K =21Btu/fthF

2 2
In

R.. =
™ 24x21 " (2-0.105)

Ry = 0.0002 ft> h F/Btu
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15.5 Outside gas film resistance

Ro=1336

R, =0.074ft> hF/Btu

15.6 Heat flux

Qﬂ _ (Tg - Tsat.)
ux (Rlnside gas film + Rm + Ro)
(2,941.93 - 493.8)
Qftux =

(0.0048 +0.0002 + 0.074)

Qpux =30, 611.36 Btu/ft* h F

15.7 Temperature drop across the gas film

ATacross the gas film = Qﬂux X RInside gas film

ATE\CI’OSS the gas film = 30,611.36 x 0.0048

ATacross the gas film = 2,292.2 °F

15.8 Temperature drop across the tube metal

ATacross the tube metal = Qftux X Rm

ATacross the tube metal = 30, 611.36 x 0.0002

AT across the tube metal = 6.55 °F

15.9 Temperature drop across the steam film

ATacross the steam film = Qﬂux X Ro

ATacross the steam film = 30,611.36 x 0.074
AT:;\cross the steam film = 149.23 °F
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15.10 Average tube metal temperature

T _ (Tg - ATacross the gas film) + (Tsat. + ATacross the steam film)
average tube metal = b

(2,899.63—2,292.2) + (493.8 + 149.23)

Taverage tube metal = >

Taverage tube metal = 64638 °F



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

https://doi.org/10.1515/9783110757088-016
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16.4 Head loss due to dimension change in furnace exit =—— 53

16.1 Flue gas density

Pfurnace
=492 x MW
Pe =17 X 359 % (460 & Toverage) x 147

Py = 492X I 300 460+ 2,666.23) x 147

Py =0.01341b/cu ft

16.2 Furnace volumetric flow rate

170,818.92

Viair = =5 0134

Vair =12,721,318 (cu.ft/h)

16.3 Furnace flue gas velocity

N __ Var/60
flue gas inside furnace (H < W)/144

§ N 12,721,318/60
flue gas inside furnace = (100 < 144)/144

Vlue gasinside 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.

SR3-1 Elbow, 90 Degree, Variable Inlet/Outlet
Areas, Supply Air Systems

C, Values /Y—
Wi, H
HIW, 06 08 10 12 14 L6 20
025 063 092 124 164 214 271 424 ,-g
100 061 087 115 147 18 230 336 1
400 053 070 090 117 149 184 264 Q
100. 054 067 079 099 123 154 220
H
wﬂ

AN N

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 and W0/
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:

2
(Vﬂue gas inside furnace / 60)
2g

Hioss furnace exit = (freturn + feontraction) X

(21117.2/60)?

H it = (0. .
Loss furnace exit (0 53+0 53) X 2%322

Hy oss 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]:

e 2WH
" W+H

S 2x100 x 144
' 100 + 144

d;=1181in

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 = qurnace + HLoss furnace exit

440
Le=——+20.
e=7 +20.496
L. =57 ft

16.7 Reynolds number in furnace

Re=15.2x ixd




16.9 Furnace draft pressure drop

170, 818.92
0.136 x 118

Re =161,655.71

Re=152x

16.8 Friction factor in furnace
0316
~ Re0

.__ 0316
" 161,655.71°%

fr=0.016

16.9 Furnace draft pressure drop

; L
APfurnace:93X10_6>(erW2X es
pd;

B 57
APiumace =93x107° x 0,016 x 170, 81892 x =~

APfymace = 0.0079 in WG =0.201 MM WG

55



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 42.82 kg/cm?
Pressure drops in main stem stop value + nonreturn valve 0.92 kg/cm?
Pressure drops in main header 0.009 kg/cm?
Spray attemperator loss 0.34 kg/cm?
Pressure drops in superheater bank 0.12 kg/cm?
Pressure drops in boiler bank 0.001 kg/cm3
Steam drum operating pressure 44,22 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

Pps\/1 = Pdrum x1.05%1.03

Pesv, = 44.22x 1.05x 1.03
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Ppsv, =47.82kg/cm’

17.3 Steam drum second safety valve setting pressure

PPSVZ = PPSV1 +0.34
Ppsv2 =47.82+0.34

Ppsy, =48.16 kg /cm’

17.4 Boiler design pressure

Ppesign = Ppsv,

Ppesign = 48.16 kg/cm’



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].

Steam inlet Steam inlet
— —
Gas ——» Gas ——»
—_— —_—
Least area Least area
Highest metal temperature Lowest metal temperature
(a) Counterflow (b) Parallel flow
Steam inlet
—_—
Gas ——»
—_—
Intermediate area

Moderate metal temperature
(c) Combined flow

Fig. 18.1: Superheater circuit pattern.
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https://doi.org/10.1515/9783110757088-018

18 Superheater package =— 59

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.



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 493.8 °F
Superheater inlet pressure 629.01 psig
Superheater inlet enthalpy 1,202.95 Btu/lb
Superheater steam outlet temperature (controlled) 788 °F
Superheater outlet pressure 609.15 psig
Superheater outlet enthalpy 1,400.14 Btu/lb
Steam mass flow 132,277.2 lb/h

Qduty = (Moutlet steam — Rinlet steam ) X €Vaporation @ 100% MCR
Qauty = (1,400.14 — 1,202.95) Btu/1b x 132,277.2 Ib/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]:

PD
tmin = 28—4—P +0.005D +e
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19.4 Superheater tube rows and deep number =—— 61

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

_ 4817x14.2233x15
T 2x6,850 +48.17 x 14.2233

tmin =0.119 in

+0.005%x1.5+0.04

min

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

tselectea = 0.12 in

19.3 Superheater tube area

A _n “ D-t\?
superheater tube = 144 >

m (15-012\°
Asuperheater tube = m X #

Asuperheater tube = 0.0103 ftz

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 ft/1b
Superheater steam volumetric flow rate = 93,790.3 ft3 /h
Selected tube row deep no. =4

V, heater steam
Tuberow no. = round superheate
" v (Vselected x 60 x (tube rowno.)
93,790.3
Tube row no. = round,,, [ ——" 2"~
" P (2,000 X 60 x 4)

Tube row no. =19



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

quperheater
x (1-heatloss/100)

Tg =Tg. , -
outlet inlet ’

m flue gas X Cpaveragegas temperature
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]:

26.08 x 10°

T,
170, 818.92 x 0.3449 x (1-2/100)

Soutlet

=2,390.5-

Tg e = 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]:

https://doi.org/10.1515/9783110757088-020


https://doi.org/10.1515/9783110757088-020
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(Tgoutlet - outletsteam) - (Tginlet N TInletsteam)

ATlog - LN Tg outlet — Toutlet steam
Tg inlet ~ Tinlet steam
(1,938.76 — 788) — (2,390.5 - 493.8)
ATlog =

1,938.76 - 788
LN 2,390.5-493.8

ATyog =1.49°F

20.3 Superheater average flue gas temperature prediction

T _ Tg intet T Tg - Predicted oytlet
average = 2

1,938.76 +2,390.5
Taverage = P

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:

U = 0.12981b/fth
C,=0.3449 Btu/IbF
K=0.0585 Btu/fthF

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.



64 —— 20 Superheater convective heat transfer coefficient prediction

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

20.6 Superheater package long

Luperheater = Round|ref. no. S x (Niype row — €1)]
Lsuperneater = Round(ref. no. 4.03125 x (19 - 1)]

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 =7 X Dtube/ 12x N tube row X N, tube row deep X Lsuperheater tube

Asupetheater = 7T X 1.5/12x 4 x19 x 40

Asuperheater =1,193.2 ftz
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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
erowdeepXL'[ube)< (ST_d)
170, 818.92
G=12 70,818.9

X—
4x40% (4—15)

G=5,12457 Ib/ft’h

20.9 Superheater convective heat transfer coefficient

GO.6 1(0.67 X CP0.33

he =0.9 x 04 % §077

tube

5,124.57%6 y 0.0585%%7 % 0.3349%-3
1.504 0.1298°%7

hc =23.47 Btu/ft hF

hCZO.9><




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 = €Crmin (Tgas inlet— steam inlet)

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

~ 1-exp[-NTUx (1-C)]
€= 1-Cxexp[—-NTUx (1-C)]

where

https://doi.org/10.1515/9783110757088-021
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UA

min

NTU =

g
Crnin = (chp)min
Cmax = (WCp)
At our design case,

Average steam heat capacity @ constant volume = 0.4373 Btu/lbF
Inlet flue gas heat capacity @ constant volume = 0.3449 Btu/lbF
W steam =132,277.2 1b/h

W fiue gas = 170, 818.92 1b/h

Cmax = 0.4373 x 132, 277.2 =57, 844.81
Cumin = 0.3449 x 170,818.92 x (1-2/100) = 57,737.13

_57,737.13

= 5784481 0008

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

| 23.47x1,193.2

NTU = =0.
v 57,737.13 048
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1-exp[-0.48 x (1-0.998)]

_ -0.326
€7 1-0.998 x exp[— 0.48 x (1— 0.998)]

quperheater =0.326 x57,737.13 x (2390.5 - 494.8)
quperheater =35.77 MM BtU/h

21.2 Superheater flue gas outlet temperature

Q

= T —_
as gas;
outlet inlet ¢, x W gas x (1 - heat 10ss%)

T

35.77 x 106

03449 x170,818.92  (1- 125

T,

8aS gutlet

=2,390.5 -

Tgas 3y e = 1. 750.96 °F

21.3 Superheater flue gas average temperature

T _ Toutlet fluegas T Tﬂue gasinlet
average flue gas = >

1,750.96 + 2,390.5
Taverage flue gas = >

Taverage fluegas=2,070.74 °F

21.4 Superheater outlet steam temperature

Tsteam =T + 70
outlet steam jnjet ’
Cp X W' steam

35.77 x 106
team o fjet — 4948+ m

=1,11231°F

Ts

T

team 1ot

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, ... .



21.6 inside gas film resistance =—— 69

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:
mloutput steam

7
M each tube =
N boiler tube

, 132,277.2
M each tube = “4x19

m,each tube =1, 740.49 1b/h

21.6 inside gas film resistance

1

RInside gas film = h—
tube inside coefficient

’ 0.8
244 X M eqchtube . X C

(dtube - t’(ube)L8

htube inside coefficient =

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:

P, superheater outlet P, superheater inlet
£ P +14.7

P average superheater = 2
609.15 + 629.01
P average superheater = f +14.7

P average superheater = 633.78 pSia
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Tsuperheater outlet = 1,11231 °F

C=0.347

Tab. 21.1: Factor C for steam [5].
Temperature (°F) Drum saturation pressure (psia)

100 200 500 1,000 2,000
400 0.2716 0.3059
500 0.2737 0.2909 0.3595
600 0.2813 0.2896 0.3228 0.413
700 0.2917 0.2965 0.3161 0.3586 0.5206
800 0.3050 0.3090 0.3206 0.3453 0.4214
900 0.3161 0.3197 0.3277 0.3477 0.3946
1,000 0.3276 0.3302 0.3392 0.3531 0.386

2.44 x1,740.49°8 x 0.347
Ptube inside coefficient = (1'5 B 0.12)1.8

Rgube inside coefficient = 185.55 Btu/ ft?hF

R 1
Inside gas film =
htube inside coefficient

R 1
Inside gas film = 185.55

Rinside gas film = 0.005 fhF /Btu



21.7 Metal resistance

_ drube 1 drube

R, = n
o 24Km (dtube - ttube)

Taverage fluegas = 2,070.74 °F

21.7.1 Thermal conductivity of metals

Km =15 Btu/fthF

2 2
Ry = x In
24 x 15 (2-0.105)

Ry, =0.0003 ft> h F/Btu

21.8 Outside gas film resistance
RO = h_o

1
T 2347

R, =0.042ft> hF/Btu

0

21.9 Heat flux

(Taverage fluegas — 1 steam outlet)
Qﬂux =
(Rlnside gasfilm + Rm + Ro)

(2,070.74 —1,11231)
(0.005 +0.0003 + 0.042)

Qﬂux =

21.9 Heat flux =— 71
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Qfnux =19,822.42Btu/ft’ h F

21.10 Temperature drop across the gas film

ATacross the gas film = Qflux X Rinside gas film

ATxcross the gas film = 19, 822.42 % 0.005

ATacross the gas film = 8447 °F

21.11 Temperature drop across the tube metal

ATacross the tube metal = Qﬂux X Rm

ATacross the tube metal = 19,822.42 x0.0003

A Tacross the tube metal = 6.88 °F

21.12 Temperature Drop across the steam film

tA Tacross the steam film = Qﬂux X Ro
ATacross the steam film = 19, 822.42 x 0.042
ATacross the steam film = 106.827 °F

21.13 Superheater uncontrolled outlet steam temperature
prediction

Toutlet steam = Tsteam A Tacross the gas film — A Tacross the tube metal — A Tacross the steam film

outlet

Toutietsteam = 1,112.31 - 844.7 — 6.88 —106.827
Touttet steam = 792.54 °F=42252 C



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

15.53
= 492%29.2
Piegas = 492X 29,24 X Soq 0 +2,072.26 X 14.7)

Pfiue gas = 0-0167 1b/cu. ft

22.2 Superheater flue gas draft Reynolds number

Re= GdTube
12 u

Re— 5,124.57 x 1.5
T 12x0.12

Re=5385.21

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 015 (0'044+ 0.08 x S /dype >

(ST/dtube _ 1)0.43 +1.13xdiype/SL

fr = 538521015 x (0_0 4y, 008x403125/15 )

(4/1.5 — 1)043 +113x15/4.03125

fr=0.051
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74 —— 22 Superheater flue gas draft pressure drop

22.4 Superheater flue gas draft pressure drop

APg=93x10""x G* x frx Niabe row

19
0.0167

APg=9.3x1071° x5,385.21% x 0.051 x

AP; =140 in WG =35.60 mm WG



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 m> /kg

Superheater steam volumetric flow rate = 0.737 m’ /s

Area required = 0.737/61=0.012 m?

Required header diameter = 4.88 in

Selected header diameter = 6 in

V= &2 =40.46 m/s

6x25.4
/4 % (1,000)

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/cm? = 43.36 barg
Superheater inlet header design pressure: 43.36 x 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]:

PD

bumin, = A
i 2><(68.947><S><E+P><Y)+

where t is the minimum 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

47.7X6%x25.4
2% (68.947 x15% 0.85 + 47.7 X 0.4

tminl = ) +3

tmin, =7.04 mm = 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

SL - dtube hole
Su

4.03125 - (1.5+ 0.03125)
4.03125

PG52.4 Diagonal efficiency =

PG52.4 Diagonal efficiency =



23.7 Superheater inlet header Reynolds number =— 77

PG52.4 Diagonal efficiency = 0.620

(o PxD N
27 2% (S x Effgiagonal + Y X P)

CA.

b 47.7x14.5038 x 6
279 % (15 1,000 x 0.620 + 0.4 x 47.7 x 14.5038)

+3/25.4

tmin, =0.335in

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 tnin,>tmin,> 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

’

Xdi

Re=15.2x

132,277.2

Re =152
€= X 0.0429 % (6 - 2% 0.344)

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

_ 0316
r= Re0-25

0.316
8,806.520%

fr=0.006

fr=

23.9 Superheater inlet header steam pressure drop

W/Z

APg =3.36 x 10~ x ft X Ligjet header ¥ m

S1. X Ntube row +

Linletheader = T 2

1 .0312 27722
APg =336 %10 x 0.006 x (M +2) L 1322772

12 0.709 x (6 — 0.344)°
APg = 0.35 psig =2.41kpag

23.10 Superheater outlet header Reynolds number

4
Xdi

132,277.2
0.061x (8-2x%0.5)

Re=15.2x

Re=152x

Re=4,704.23



23.13 Superheater tube bundle Reynolds number =—— 79

23.11 Superheater outlet header friction factor

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

~ 0316
= Re0-25

0316
 4,704.230%

fr=0.007

23.12 Superheater outlet header steam pressure drop
72

w

APg:3.36><10’6><fr><Le>< —
px(D-t)

Loutlet header = Linlet header 3

19 x 4.0312 132,277.2
APy =336 %106 % 0.007 x (w +2+3) VL
12 112x(8-0.5)

APg = 0.216 psig =1.48 kpag

23.13 Superheater tube bundle Reynolds number
Xdi

132,277.2/19 x 4
0.0429 x (15-2%0.12)

Re=15.2x

Re=152x

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
0316
r= Re0-25

___ 0316
 488.5159%

fr=0.012

23.15 Superheater tube bundle steam pressure drop

W/Z

APg=3.36><10’6><fr><Le>< —
px(D-t)

Le = Liype + N X Lepow
D-2t
12

15-2x0.12
12

L.=66.88ft

Lethow =16 x

Le=40+16x16 x

(132,277.2/19 x 4)°

APg =336 x10"°x0.012x 66.88 x -
1.249 x (1.5-0.12)

APg =1.21psig = 834 kpag

23.16 Superheater package total steam pressure drop

AP, superheater = AP inlet header T AP, outlet header + AP, tube bundle
APgyperheater = 0.35+0.216 +1.21

APgyperheater = 1.78 psig =12.24 kpag



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
(421n) [26].

For our boiler capacity (132,277.2 1b/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

PD

bimin, = CA.
M X (68947 x SxE+ PxY)

where tis the minimum required drum thickness, inch; Pis 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;

Yis the temperature coefficient;

C.A. is corrosion allowance, mm



24.5 Actual longitude efficiency as per ASME SEC.1PG-52.4 =— 83

48.16 x 0.980665 x 48 x 25.4

tmin, =
i D (68.947 x 18.8 x 0.85 + 48.16 x 0.980665 x 0.4) >

tmin, =28.69 mm =1.129 in

24.3 Steam drum diagonal pitch

PG-52.3 diagonal pitch

n(D+ t)}2

2
Sdiagonal = \/ S+ [ebetween holes X 3670

i =1/4.03125°
Sdlagonal \/4 03125° + [8)( 360

Sdiagonal =533 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:

PxR p

ELongrequired = Sxt + (l - Y) X §

48.16x 0.980665 x 14.5038 x 48 /2
Erongiequirea = 18.8x1,000%2

ELongrequired = 0459%

+(1-0.4)x43.13x14.5038/(18.8 X 1000)

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

E, _ SL- dtube hole
Longacryal — SL

4.03125 - 2.3125
4.03125

ELongacmal =0.496%

ELongactual =

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.

E _ ELong required
circumferential - 5

required 2

0.459

E'circumferential required = —2
Ecircumferential required = 0229%

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

ST - d’(ube hole

Ecircumferential actual — Sp

| 4.239-23125
actual 4.239

E, circumferential

Ecircumferential actual 0521%

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

0.496

ELong actual / 2= 2 = 0.248 < Ecircumferential =0.521

actual

Then, the longitudinal efficiency is weakest. So:

Ejong = 0.496%

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

E Sdiagonal
diagonal = &
SLongitudinal



24.10 Maximum permissible ligament as per ASME SEC.1PG-52.3 — 85

533
Ediagonal = m

Ediagonal =1323%

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.

ﬂf Y d’»ln :,n

/) /{ m //

L
8
PY| S
8
3

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

PD

tmin2: ZX[SXE—(I—Y)XP} +C.A.

P 48.16 x 0.980665 x 14.5038 x 48 L3
27 2% [18.8 1,000 x 0.496 — (1 0.4) x 48.16 x 0.980665 x 14.5038] ~ 25.4

tmin, = 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, tmin,>tmin,; 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].



24.13 Steam drum ellipsoidal head =— 87

Here drums head will be designed as per ASME VIII Div. 1, which is provided below:
Do =D;+2t
where Dy is external head diameter, D; isinternal head diameter and tiswall thickness
Do=48+2x2
Do =45 in

CR=0.9D;
CRis crown radius

CR=09x48
CR=432in

KR =0.17D;
KR is knuckle radius
KR = 0.17x48
KR=8.16 in

DH =0.25D;
DH is depth of dishing

DH=0.25%x48
DH=12 in
TH; =SF + DH

SF is straight flange height and TH; is total internal head height
TH; =1.9865+12
TH; =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=325in CR=27 in
KR=51in DH=75in
TH; =9.4865 in



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

pro
Fi
I'/ ".
| |
|
-~ |
I"- o~ so> 8 -’
'\ e N w420
- b /'
21.0 B?k\‘/
[ a)bu /'I.\/ -
105 “w\/ //
el P o

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:

0, . ial X N
total drilling circumferential rows deep bank tube

Ootal drilling = 8° X 15=112°

https://doi.org/10.1515/9783110757088-025
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90 —— 25 Banktube average length

Hup to drilling steam grum

D radian(180° - 6, i
steam drum % sin( ( 5 total dnllmg))

48 . (radian(180° -112°)
Hup to drilling gteam grum = < xsin 5

Hup to drilling steam drum = 1342 in = 34088 mm

25.2 Height to drilling tube inside mud drum

Hup todrilling 1.4 drum

Dmud drum < sin (radian ( 18002— etotal drilling ) )

30 . (radian(180°-112°)
Hup to drilling ;4 drum — 5 X s 3

Hyp to drilling steam grum = 8-37 i = 213.05 mm

25.3 Height between drum’s center

H -H Dsteam drum H Dinud drum H
drums CC = Hfurnace + f ~ Huptodrilling steam drum + f ~ Hupto drilling 11,4 drum

48 30
Hyrumscc =144 + 5~ 13.42 + 5 8.38

Hgrumscc =164 in



25.4 Bank tube average length =—— 91

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

25.4 Bank tube average length

Dsteam drum + Dinud drum + Huyp to arilling steam drum T Hup o drilling mud drum
2 2

13.42+ 8.
=163.17—48+30 3.42+8.38

AVeT- tyhes 2 2

Laver. tubes Hdrum cC—

L

Laverage banktubes — 135.07 in



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 345.2 F
Bank tube inlet enthalpy 317.73 Btu/lb
Bank tube steam outlet temperature 493.8 F
Bank tube outlet enthalpy 499,93 Btu/lb
Boiler output flow rate 132,277.2 lb/h
Blowdown percentage 3 %
Feed water to drum mass flow 136,245.52 lb/h

https://doi.org/10.1515/9783110757088-026
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26 Bank tube heat duty prediction =—— 93

Qduty = (hsaturated steam — Pinlet water) X mlDrum water @100% MCR
Qauty = (499.93 - 317.73)Btu /1b x 136, 245.521b /hr
Quuty = 24.82MMBtu /hr



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.

Fig. 27.1: Water tube boiler (35 T/h, 42 barg, 420 °C), Morvarid Petrochemical, Assalouyeh, Iran.

Flue gas velocity range, 3,000—6,000 fpm [41]
Selected flue gas velocity = 5,100 fpm

Flue gas flow =170,818.921b/h

Flue gas density = 0.019 1b/ft>

https://doi.org/10.1515/9783110757088-027
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27.2 Banktube transverse pitch =—— 95

170, 818.92

=8,971,221 ft3 /h
0.019 8,97 €/

’
Vﬂue gas —

Arequired = 8,971,221/5,100 = 29.32 ft?

Arequired _ 29.32x12

=26f
163.17 oft

Wﬂue gas side = L
average hank tubes

Whank tube = Wiue gas side + (Nrows deep bank tubes 1) x dype =2.6 x 12+ (14 - 1) x 2

Whank 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:

S Wbank tube
p= —ponktube
Nrows deep pank tubes
57.26
Sr=—""—
T g

LONGITUDINAL
PITCH

TRANSVERSE

PITCH AIR FLOW DIRECTION

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

PD
tmjn = m + OOOSD +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

48.16 x14.2233 x 2

= IX12400+ 4816 x 142233 T 00> x2+0.04

min

tmin =0.103 in

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

Lselectea = 0.105 in

27.4 Bank tube area

b1 drgpe — 2% £) ]2
Atube = Z X [7( tubelz )}

7 [(2-2x0.105)]?
Atupe = 4 X [(172)}

Agube = 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.



27.5 Bank tube row number —— 97

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.

Fig. 27.3: Water tube boiler (35 T/h, 42 barg, 420 °C), Morvarid Petrochemical, Assalouyeh, Iran.

Water velocity ranges inside boiler tubes, 70-700 fpm [41]
Selected water velocity = 200 fpm

Feed water to drum flow rate = 136,245.521b/h

Saturated water density = 23.98 1b/ft>

Bank tube diameter =2 in

Bank tube thickness = 0.105 in

’
Vl _ Mgy todrum X CR
boiler circulation water =
saturated water

boiler circulation water = 26.63

V;Joiler circulation water = 204,613.12 fl3 / h

’
Vboiler circulation water )

Niotal bank tubes = Round up <
selected water X Atube X 60
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204,613.12
Niotalpanapes = Round up (m)
Neotal g tubes = 276 NO.

N,

TOWS hank tubes

Niotal
=Round up (M

rows deep pank tubes
976
Niows bank tubes Round up (H

Nrows bank tubes 70 number

27.6 Bank tube heat surface prediction

Dtube

Apank tube =T X x tube row no. x (tube row deep no.—1) X Lyype

2 135.07
Apank tube = 1T X D x70x% (14-1) x 5

Apank tube = 5,360.46ft> = 498 m?



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:

T, =1,750.96 ‘F

885 outlet
J=0.109651b/fth
Cp =0.32491 Btu/lb F

K=0.04648 Btu/fthF

Tab. 28.1: Flue gas product properties.

Temperature (°F) Co p K

2,000 0,3326 0,1174 0,0511
1,900 0,329,525 0,1143 0,04925
1,800 0,32,645 0,1112 0,0474
1,700 0,323,375 0,1081 0,04555
1,600 0,3203 0,105 0,0437

https://doi.org/10.1515/9783110757088-028
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100 —— 28 Steam drum outlet steam temperature

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 deerLtubeX(ST_d)
170,818.92
G=12x 70,818.9

14 % 3207 % (4.09 - 2)

G=6,224791b/ft’h

28.3 Bank tube flue gas heat transfer coefficient

GO6 K067y 033
he=09%x — o7 x ——— 7
Duype ™ U 2

6,224.79%°  0.04648%%7 x 0.32491°3
04 X 027
2 0.10965

hC:0.9X

hc =20.67 Btu/ft’ hF

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 =& Cmin (Tgas inlet Tsteam inlet)

where € 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.
¢ for these are given by

. _ 1-exp[-NTUx (1-C)]
flue gas = 1-Cxexp[-NTUx (1-C)]

Esat water = 1 — €xp{ Cx NTU*? x [exp( - Cx NTU*®) 1] }

where

UA

Cmin

NTU =



28.4 Bank tube package performance prediction =—— 101

C= Cmin

- Cinax
Cmin = (W,CP) min

Crmax = (W'Cp) o

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

W;eed water to drum = 136,245.52 b / h

Wilye gas = 170,818.921b/h

Cmax = 0.604 x 136,245.52 = 82,315.20

2
Cmin = 0.3249 x 170,818.92 x (1 - m) =54,391.18

5439118

=————=0.
82,315.20 66

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

NTU = 20.67 x5,360.46 —2037

54,391.18

1-exp[—-2.037% (1-0.66)]

= =0.
£ 1-066x exp[—2.037 x (1-0.66)] 4

Q=0.745x 54,391.18 x (1,750.96 — 345.2)
Q=57.036 MMBtu/h
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28.5 Bank tube bundle flue gas outlet temperature

T =T, - <
8% outlet T T8 inlet 0 Weas x (1-heat loss%)
7.036 x10°
Tgns .. = 1750.96 - o736 ;
outlet 0.3249 % 170,818.92 (1 - (%))
Tgas e = 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

662.63 +1,750.96

average = )

Taverage =1,206.79 °F

28.7 Steam drum primary outlet steam temperature

Q

Tprimary steam gytjet — Tsteam intet T W
p X Wsteam

57.036 x 10°
0.604 x 136,245.52

Tprimary steam g e — 3452+

Tprimary steam gy p1et — 1,038.1 0F

28.8 Drum each tube circulation water

’
M drum circulation water

Nbank tubes
5,499,820.64

’
M each tube circulation water = 976

’
M each tube circulation water =

mleach tube circulation water = 5,583.83 1b / h



28.9 Inside gas film resistance =— 103

28.9 Inside gas film resistance

1

RInside gas film = hi
tube inside coeff.

’ 0.8
2.44 Meach tube circulation water xC
1.8
(dtube - ttube)

htube inside coeff. =

Pgye = 643.69 psia

Tear =2493.8 °F

C=0.36

Tab. 28.2: Factor C for steam [5].
Temperature (°F) Drum saturation pressure (psia)

100 200 500 1,000 2,000
400 0.2716 0.3059 - - -
500 0.2737 0.2909 0.3595 - -
600 0.2813 0.2896 0.3228 0.413 -
700 0.2917 0.2965 0.3161 0.3586 0.5206
800 0.3050 0.3090 0.3206 0.3453 0.4214
900 0.3161 0.3197 0.3277 0.3477 0.3946
1,000 0.3276 0.3302 0.3392 0.3531 0.386

2.44 % 5,583.83%% % 0.36
(2-0.105)"8

htube inside coeff. =
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Rtube inside coefficient = 276.40 Btu/ f’ hF

1
htube inside coeff.

1
RInside gas film = m

RInside gas film =

Rinside gas fiim = 0.0036 ft hF /Btu

28.10 Metal resistance

dtube dtube
R. = x In
m 24Km (dtube - ttube)

Taverage flue gas = 1,206.79 OF

Thermal conductivity of metals

K =27 Btu/fthF

2 2

Rm = 1
™= 24x27 M (2-0.105)

Ry, =0.00016 ft> h F/Btu

28.11 Outside gas film resistance

Ry= ——
°720.67

R, =0.0483 ft* hF/Btu



28.16 Steam drum outlet steam temperature =—— 105

28.12 Heat flux

(Taverage flue gas — Tprimarysteam outlet.)
(Rlnside gas film + Rm + Ro)

Qﬂux =

(1,206.79 -1,038.1)
(0.0036 +0.00016 + 0.0495)

Qflux =

Qnux = 3.234.55 Btu/f* hF

28.13 Temperature drop across the gas film

ATxcross the gas film = Qfiux X Rinside gas film

ATacross the gas film = 3,234.55x 0.0036

ATqcross the gas film = 156.45 oF

28.14 Temperature drop across the tube metal

ATacross the tube metal = Qﬂux X Rm

ATxacross the tube metal = 3,234.55 % 0.00016

ATacross the tube metal = 0.53 F

28.15 Temperature drop across the steam film

ATacross the steam film = Qfiux X Ro

ATacross the steam film = 3,234.55 x 0.0495

ATacross the steam film = 11.7 0F

28.16 Steam drum outlet steam temperature

Toutlet steam = 4 outlet flue gas — ATacross the gas film — ATacross the tube metal — ATacross the steam film

Toutlet steam = 662.63 —156.45 — 0.53 — 11.7
Toutlet steam = 493.94°F



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

15.53 - 1.88 x 0.0361273
359 x (460 +1,206.8 x 14.7)

Pliue gas = 492 % 29.24 x

Pfige gas = 0-02531b/cuft

29.2 Bank tube bundle flue gas average temperature viscosity

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

1=0.0926 1b/ft h

29.3 Bank tube bundle flue gas Reynolds number

Re = Gd1ube
12u

e 6,224.79 x 2
" 12x0.0926

Re =11,206.75

https://doi.org/10.1515/9783110757088-029
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29.5 Bank tube bundle flue gas draft pressure drop

29.4 Bank tube bundle flue gas friction factor

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

0.08x ;L
fr=Re *® x | 0.044 + ube__
s 043+1.13x-gbe
)
diube

0.08 x 403125

2
(4.5)9 _ 1) 0.43+1.13x 7055

fr=11,206.75"% x | 0.044 +

fr=0.049

29.5 Bank tube bundle flue gas draft pressure drop

— 107

Flue gas draft pressure drop in bank tube bundle can be obtained by the following

formulae [5]:

Niube row d
Apbank tube bundle = 9.3x 10_10 X GZ x fr x e

14
0.0253

APpank tube bundle = 9-3 X 10 710 x 6,224.79% x 0.049 x

APpank tube bundle = 0.98 in WG =24.83 mm WG



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

170, 818.92

W,bank tube flue gas = 0.0253

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

30.2 Bank tube flue gas velocity

G

Vbank tube flue gas = @

6,224.79

Vbank tube flue gas = m

Vbank tube flue gas = 4, 104.24 fpm

30.3 Bank tube bundle exit flue gas density

15.46 - 0.98 x 0.0361273

Piegas = 492 29,24 X Seg 0 + 662.63 X 14.7)

Pfiye gas = 0.0374 1b/cu.ft

https://doi.org/10.1515/9783110757088-030
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30.6 Head loss due to change in bank tube duct contraction =— 109

30.4 Bank tube bundle exit flue gas volumetric flow rate

W ~170,818.92
exit flue gas = 0.0374

W exit flue gas = %> 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.

7

14 exit flue gas
W= g

4
V exit flue gas X Laverage bank tubes

4,561, 885.51

W=
1507 % 4,104.25 x 60
W=1.65ft

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 13507

— =l

Wi~ 5706 3¢
WO 1.65x12
=22,
Wi~ 5726 0%

SR3-1 Elbow, 90 Degree, Variable Inlet/Outlet
Areas, Supply Air Systems

C, Values
W,
HIW, 06 08 1.0 12 14 16 20

0.25 0.63 0.92 1.24 1.64 2.14 2n 4.24
.00 0.61 0.87 1.15 1.47 1.86 2.30 336
4.00 053 0.70 0.90 117 149 1.84 2.64
100, 0.54 0.67 0.79 0.99 1.23 1.54 2.20

VLA

FROM

H
FAN N N =

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

Fig. 30.2: Duct correction factor [16].

feontraction = 0.57

2

4
1 V exit flue
B gas
Pioss contraction = 5 X feontraction X Pgiye gas X 60

1 4,104.25\°
hloss contraction = 2><—32 x 0.57 x 0.0374 x (T)

hloss contraction = 1.55 ft



30.8 Bank tube duct flue gas draft pressure drop —— 111

30.7 Head loss due to bank tube duct sudden contraction

f sudden contraction = 0.57

2

4
h 1 % f xp x V exit flue gas
loss sudden contraction = sudden contraction 7~
2x32 flue gas 60

1 4,104.25\*
hloss sudden contraction = 2732 x 0.57 x0.0374 x (T)

hloss sudden contraction = 155 ft

30.8 Bank tube duct flue gas draft pressure drop

AP bank tube duct = hloss contraction t hloss sudden contraction

(155 +1.55) x 12
62.4

APbank tube duct = 0596in WG =15.15mm WG

AP bank tube duct =



31 Bank tube total flue gas draft pressure drop

AP bank tube = AP bank tube duct t AP bank tube bundle
APbanktube =0.596+ 0.98
APpank tube = 1.57 in WG =39.98 mm WG

https://doi.org/10.1515/9783110757088-031
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32 Bank tube area length

Lbank tubearea = SL X (Ntube row T 2)
Lbank tube area = 4.03125 x (70 + 2)

Lyank tubearea =290.3 in

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

https://doi.org/10.1515/9783110757088-032
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33 Furnace area length

qurnace = Lbank tube area T Lsuperheater + Lturning lane

Lsuperheater = INsuperheater tube row X SL
Lsuperheater = 19 x 4.03125

Lsuperheater =73in

qurnace =2903+73+40

Lturace = 402.8 in

https://doi.org/10.1515/9783110757088-033
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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

15.46 — 1.57 x 0.0361273
= 492%29.2
Piegas = 492X 228X 305 060 + 662.63x 14.7)

Piiue gas = 0-0374 1b/cu ft

34.3 Boiler exit duct equivalent diameter

(W x H)0.625

Deq =13 %
€q. (W+H)0425

(1.65 x 12 x 135.07)%6%

Deg. =13 %
“ (1.65x 12+ 135.07)°%

Deg =51.03in

https://doi.org/10.1515/9783110757088-034
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34.4 Boiler exit duct equivalent length

Leq. = Lduct + Lelbow equal

10+ 25

~
@
2

Il

Leq = 35ft

34.5 Boiler exit duct flue gas Reynolds number

"

Re=15.2x

HX Deq.

170, 818.92
0.0706 x 51.03

Re =720, 458.29

Re=15.2x

34.6 Boiler exit duct flue gas friction factor

0.316
~ Re035

0316
720, 4582905

fr=0.011

fr

34.7 Boiler exit duct flue gas draft pressure drop

oL
APai=9.3x10 > x fx W™ x —
pxdi
s ) 35
APy =9.3x107°x 0.011x 170,818.922 x ——
0.0374x51.03

APy =0.0796 inWG = 2.02mm WG



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.

Steam
Boiler or
steam drum
Feedwater
Heat
Riser Downcomer

Lower or mud drum

Fig. 35.1: Steam and water stream at boiler.

https://doi.org/10.1515/9783110757088-035
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118 —— 35 Bank tube bundle water pressure drop

35.2 Bank tube bundle water flow Reynolds number

4

w

Re =152 x Nrowsdeep
’ uxd;
136, 245.516 X 40

70x14
0.249552 x (2-2x0.105)

Re=15.2x

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

0316
~ Re0-25

.__ 0316
"~ 189.228%%

fr=0.015

35.4 Bank tube bundle water pressure drop

2

w )
N tube row

APg=3.36><10’6><fr><Le>< ( :
px(D-t)

136, 245.516 x 40 >
70x14

o _ 5
503 < (2-012)

APg =336 x10"°x 0.015 x 11.26 x (

APg = 0.014 psig = 0.101 kpag



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 andrear wall = Yfront and real wallflow rate X V boiler circulation water X 10%0

2x N furnace width tangent tube

/’ /
V frontand rearwall = N, X V'boiler circulation water X 10%0
furnace tube
N; furnace width tangent tube = 51
Nfurnace tube = 413
2x51
’
14 front and rear wall = m x 204, 613.12 x 10%

V,front and rear wall = 5,053.40 ft3 / h

7
A _ V' frontand rear wall
required = — 7
V inside header
5,053.40
Arequired = 50—0

Arequired = 0.168 ft’

https://doi.org/10.1515/9783110757088-036
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4 x Arequired
n

4x0.168 x 122
Drequiredheader = f

Diequiredyyyqe, = 5-55 i

D

requiredpaader —

Dselectedheader =6in

’
60 X V front and rear wall

D. ) 2
required header
T/4 % (712 )

’
%4 front and rear wall =

60 x 5,053.40
/4 x (5)°

V,front and rearwall = 429.16 ft / m

/’
V frontand rear wall =

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

PD

= A
Im = (68947 xSxE+PxY) ©

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.

48.17 x 6 x 25.4
tm= +3
2% (68.947 x15x 0.85 + 48.17 x 0.4)

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.



36.2 Front and rear wall headers thickness = 121

Fig. 36.1: Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.



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 m?/kg
Superheater steam volumetric flow rate = 0.737 m’ /s
Area required = 0.737/61 = 0.012 m?

Required header diameter = 4.88 in

Fig. 37.1: Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.

https://doi.org/10.1515/9783110757088-037
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37.3 Steam drum to superheater pipe length —— 123

Selected header diameter = 6 in
0.737

.
/o (“4)

Nominal steam velocity =

Then, diameter selection is fine.

37.2 Steam drum to superheater pipe thickness by pressure

PD

- A
miny = 5 (68947 xSxE+Px¥) T

where tis the minimum required header thickness, inch; Pis the header design pres-
sure, 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

48.17 x4 x25.4
2% (68.947 x15% 0.85 + 48.17 X 0.4

tminl = ) +3

tmin, =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 T N, elbow X Lelbow equivalent

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

Pipe inner Gate valve, Swing check valve, Globe valve, 90° elbow
diameter (in) fully open fully open fully open

1 0.7 8.7 30 2.6
2 1.4 17.2 60 5.2
3 2 25.5 87 7.7
4 2.7 33.5 114 10

6 4 50.5 172 15.2

8 5.3 33 225 20
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Lconnecting drum to superheater = 32+3x15.2

Lconnecting drum to superheater = 77.6ft

37.4 Steam drum to superheater pipe steam flow Reynolds number

’

Re=152x

uxdi

132,277.2

Re=15.2
&= X 249552 % (6— 2% 0.28)

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:

0.316
r= Re02

L 0.316
" 1,481,046.3%%

fr=0.009

37.6 Steam drum to superheater pipe steam flow pressure drop

_ w
APg = 3.36 x10© x frx Lconnecting drum to superheater X ——— — &
px(D-t)
132,277.2
APg=336x10"¢x0.009x77.6 x ——————
—0'302 x (6-0.28)

AP; = 0.14psig = 0.94kpag



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].

Fig. 38.1: Economizer by HKB Boiler Solution.

Economizer water inlet temperature 230 °F
Economizer inlet enthalpy 199.8 Btu/lb
Economizer water outlet temperature 345.2 °F
Economizer outlet enthalpy 317.73 Btu/lb
Blow down rate 3% %
Economizer mass flow 136,245.516 lb/h

Qduty = (houtlet water — Rinlet water) X Evaporation@ 100%MCR
Quuty = (317.73 -199.8) Btu/1b x 136, 245.516 % (1+3%) Ib/h
Qquty =16.06 MM Btu/h

https://doi.org/10.1515/9783110757088-038
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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
2

By putting isolating valve before economizer
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.

Safety valve higher Setting 48.17 kg/cm?
Chevron pressure drop (Maximum) 0.51 kg/cm?
Piping pressure drop 2.10 kg/cm?
Economizer pressure drop 0.01 kg/cm?

P pump outlet = P PSV, + AP, chevron T AP piping T AP economizer

Ppump outlet =48.17+0.51+2.1+0.01

Ppump outlet =50.78 kg/cm? =722.30 psig

https://doi.org/10.1515/9783110757088-039
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39.4 Economizer tube area = 127

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 = FD +0.005D +e

mnTosyp
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

794,53 % 2

- 0052
fmin = 5312, 400 1 794,53 T 000> 2+0
tin =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

n  (D-t\’
Aeconomizer tube = m X T

o _ . (2-0085)’
economizer tube = 144 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 ft*/1b

Water volumetric flow rate = 2,182.44 ft /h

Selected tube row deep no. =12

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



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].

I
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v P ANPAN
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A
/
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A
N

Side Spacing
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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].

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

Fig. 41.1: Economizer tubes solid or serrated type.

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

https://doi.org/10.1515/9783110757088-041
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41 Economizer tube solid or serrated fins = 131

Tab. 41.1: Fin chart.

Tube OD Fin height Fin thickness Fins perin
1/2 1/4 0.015 4,5,6,7,8,9,10
3/8 0.015 4,5,6,7,8,9,10
5/8 1/4 0.015 4,5,6,7,8,9,10
3/8 0.015 4,5,6,7,8,9,10
3/4 1/4 0.015 4,5,6,7,8,9,10
3/8 0.015 4,5,6,7,8,9,10
1/2 0.03 4,5,6,7,8
1 1/4 0.015 4,5,6,7,8,9,10
3/8 0.015 4,5,6,7,8,9,10
1/2 0.03 4,5,6,7,8
5/8 0.03 2,3,4,5,6
11/4 3/8 0.015 4,5,6,7,8,9,10
1/2 0.03 4,5,6,7,8
5/8 0.03 2,3,4,5,6
11/2 1/2 0.03 2,3,4,5,6,8
5/8 0.03 2,3,4,5,6
3/4 0.04 2,3,4,5,6
13/4 5/8 0.04 2,3,4,5,6
3/4 0.04 2,3,4,5,6
2 3/4 0.04 2,3,4,5,6

1 0.04 2,3,4,5,6
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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 6 Fin/in
Fin height 0.75 in

Fin thickness 0.04 in
Transverse pitch 4.5 in
Longitudinal pitch 4.5 in

Tube length 10 ft




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

A _ E + nfianﬁn
obs 12 6
2  6x0.04x0.75
Aobs = -z

[P 6

Agps = 0.1967 £t /ft

42.2 Economizer gas mass velocity

G= Wﬂue gas

S
( 1_5 _Aobs> X Nrow deep X Liin tube

- 170,818.92
(% -0.1967) x12x 10

G=7,982191b/ft’h

42.3 Economizer inlet flue gas properties

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

T

8aSip]et

=662.63 °F

https://doi.org/10.1515/9783110757088-042
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Tab. 42.1: Flue gas product properties.

Temp (°F) Cr p K

800,00 0.29070 0.07500 0.02870
700,00 0.28695 0.07063 0.02680
600,00 0.28320 0.06625 0.02490
500,00 0.27945 0.06188 0.02300

1=0.0706 Ib/fth
C,=0.2870 Btu/Ib F
K=0.0268 Btu/fthF

42.4 Economizer flue gas Reynolds number

Re= GdTube
12u

7,982.19x2
~ 12x0.0706

Re=18,837.03

Re

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]:

0.25
d + Zh 0.5 tﬂue gas + 460 I< 0.67
he = C3C,C average GCyx
¢ ks X ( d ) * ( twateraverage +460 * v (HCP)

1

S=——— - bﬁn thickness
Nfin density

C;=0.25xRe 0%

C,=0.07 + 8Re %%



42.5 Economizer convection heat transfer coefficient =—— 135

42.5.1 Solid inline arrangement

C3=0.2+0.65¢ 0% 1/s
C,=0.08 x (0.15 ST/d) ~11x(h/s)015

Cs=11- (0.75 —1.5e~%7Neube row depp“’) x e~ 2% (S/51)

Co=16- (0.75 —1.5¢~O7Niube row depp Xd) xe~2x(su/s1)”

42.5.2 Solid staggered arrangement

C3=0.35+0.65e 05 /s
C,=0.11x (0.15 ST/d) -0.7x(h/s)02

Cs=0.7+ (0.7 —0.8¢~ *15Niube row depp Xdz) x e~ 1% (5L/51)
Co=11+ (1.8 — 21~ %15Ntube row depp * dz)

e~ 2%(s1/57)7~ <0.7 _ 0.8~ 1 Nrow deep xdz) e~ 06% (SL/57)

42.5.3 Serrated inline arrangement

C3=0.35+0.5¢ 03"/s)
C4 =0.08 x (015 ST/d)fl.lx (h/5>0.2

Cs=11- (0.75 —1.5¢~ %"Niube row depp*d) x e~ 2% (SL/51)

Co=16- (0.75 —1.5¢~ °7Ntube row depp “’) xe2x(su/sr)’
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42.5.4 Serrated staggered arrangement

C3=0.55+0.45¢~ 031/s)
0.3
C4y=0.11x (0.05Sy/d) ~*7* /%)
C5 =07+ (0.7 —0.8¢e 0.15Ntybe row depp * dz) X 671 x(S1./S1)
Ce=11+ (18 _ 2.1370'15Ntube row depp X dz)
x e~ 2x(SL/ST)? _ (0.7 —0.8e %15Ntow deep d2> x @~ 06 (SL/ST)

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

G 0.0080 S 0.1266
G 0.1654

Solid inline arrangement Serrated inline arrangement

G 0.3479 G 0.4129
Cs 0.3808 Cs 0.4402
Cs 0.9985 Cs 0.9985
Ce 1.4985 Ce 1.4985
Solid staggered arrangement Serrated staggered arrangement

G 0.4979 G 0.6066
Cy 0.3256 Cy 1.0997
Cs 0.9573 Cs 0.9573
Cs 0.9596 Cs 0.9596

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

42.5.5 Solid inline arrangement

Csolid inline d

twater average +460 ],le

05 [t + 46007 0.67
— C0,Cs x <d+2h> y < flue gas average ) X GC, x (L)



42.5 Economizer convection heat transfer coefficient = 137

Csolid inline

0.25
2+2x0.75\* (662634320 1 460
=0.3479 x 0.0080 x 0.9985 x ( . ) x (345.2; 760

0.0268 0.67
198219 %022 _ 0008
X7,982.19x 0.2870 (0.0706 X 0.2870)

=10.75 Btu/ft’Fh

Csolid inline
42.5.6 Solid staggered arrangement

0.25
d+2n\"° tiine gasaverage T 460 K \¢7
hcsond staggered GO ( d > - ( twateraverage +460 xGCpx ([l_cp)

242x075\05 (66263530 | 460 0.25
2 HBZEBO0 1460

=0.4979 x 0.0080 x 0.9573 x (

Csolid staggered

0.0268 )0-67

% 7,982.19 x 0.2870 x (m

=14.75Btu/ft’ Fh

Csolid staggered

42.5.7 Serrated inline arrangement

05 0.5 0.67
- (412)" (e 160) ()
d twater average +460 HCP

Cserrated inline

Cserrated inline

0.25
2+2x o.75> ” <76624632+320 + 460)

=0.4129 X 0.0080 x 0.9985 x ( . 5250, 260

0.0268 0.67
0.0706 x 0.2870

x7,982.19 x 0.2870 x (

=12.76 Btu/ft’Fh

Cserrated inline

42.5.8 Serrated staggered arrangement

0.25
d + Zh 0.5 tﬂue s avera + 460 K 0.67
=(C5C,C verage GC, —
s X ( d ) * ( tWﬁteraverage +460 * P (HCP)

Cserrated staggered
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hc serrated staggered

0.25
2+2x0.75\ % (662631320 4 460
=0.6066 x 0.0080 x 0.9573 x (#) x (m

0.0268 067
,982.19x 0.2 9008
X 7,982.190.2870 x (0.0706 x 0.2870)

— 2
hcserrated staggered 17.97 BtU/ ft“ Fh
As the design here is based on the solid inline arrangement, convective heat transfer

coefficient will be 10.75 Btu/ft> F h



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]

y 4dh + 4h* +2bd + 4bh
2%
d(1-nb)
12

Agf=mn

A=A+
1
0.5
{1 +0.002292m7h2 x | 2] }

- 24h,\ ©°
“\ Kb

E=

43.1.2 Serrated fins [5]

Ar=ndnx 2h(ws+b) + bws
12ws
d(1-nb
AtzAf+n7( o )
Ee tanh(mh)
mh
_ [24ho(b+ws)]%°
B Kbws

As, here, the design is based on the solid inline arrangement, so:
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140 — 43 Economizer overall heat transfer coefficient

4x2x0.75+4%0.75 +2x0.04 x2+ 4 x0.04 x0.75
24

A= 6.69f¢ /ft

Ap=mx6x

d(1-nb)
12

2(1-3x0.105)
12

A;=7.09 ft*/ft

At:Af+T[

A¢=3.526 + T x

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

. 24, 0.5
"\ Kb
o (24%(1075+0) 03
- 26 x 0.04

m=15.77 1/ft?

1

E=
0.5
{1 +0.002292m7h2 x || }

1
E=

0.5
{1 +0.002292x 15,772 x 075 x |(2+25073)] }

E=70.2%



43.3 Economizer overall heat transfer coefficient = 141

43.2 Economizer fin effectiveness

Ag
Ay
6.69

n=1-(1-E)

n=71.9%

43.3 Economizer overall heat transfer coefficient

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

Ay Aq d d 1
+ff1Xi +ff0A—W X K. X lnEi nhe

1_ A
U~ hiA;

where
A, is surface area of finned tube, ft?/ft;
A; is tube inner surface areazndi/ 12, ft? /ft;
A,, is average wall surface area=n1(d +d;)/12, ft*/ft;
Ky is thermal conductivity of the tube wall, Btu/ft.h.F;
d;.d is tube inner and outer diameter, inch;
ff; and ff, are fouling factor inside and outside of the tube, ft* hF/Btu;
hi.h, is tube side and gas side coefficient, Btu/ ft? hF;and
n is fin effectiveness.
Equation can be simplified t:

1_A
U  h4;
U=nh,

U=0.718 x10.75

U=773 Btu/ft’ hF



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

(Tginlet - Toutlet water) - (Tgoutlet - TInlet water)

ATlog - Tginlet ~ Toutlet water
LNz —T
Soutlet Inlet water
(662.63 —345.2) — (320 — 230)
ATyog =
662.63 —345.2
320 -230

ATjog =180.43 °F

44.2 Economizer heat surface prediction

A ~_ Heat duty
economizer hc x ATlog

A _ 16067x10°
economizer — 1075 % 18043

Aeconomizer = 8,282.79 ft

44.3 Economizer tubes row number

Aeconomizer
Ntube row = Round up (A L N,
t X Lfin tube X INtube row deep

8,282.79
Ntube row = Round up ( )

7.09x10x12
Ntube row =10
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44.4 Economizer final heat surface = 143

44.4 Economizer final heat surface

Aeconomizer = Ntube row deep X At X Lin tube X Niube row

v

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

v

Aeconomizer =12x7.09x10x10

Aeconomizer = 8,512.54 ft?



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 = gcmin (Tgas inlet Tsteam inlet)

where € 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. ¢ for this
is given by

_ 1-exp[-NTUx (1-C)]
& I - Cxexp[-NTUx (1-C)]

where
UA
NTU=
Cmin
Cmin
C= min
Cmax
Cmin = (chp) min

Crmax = (W'Cyp)

max

At our design case,
Inlet water heat capacity @ constant volume = 0.886 Btu/1bF
Inlet flue gas heat capacity = 0.2870 Btu/IbF

W'gpw =136, 245.521b/h
W flue gas = 170,818.21b/h

Cmax =136,245.52 x 0.886 =120, 729.69
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45.2 Economizer outlet water temperature = 145

2
Crmin =0.2870 % 170, 818.2 x (1 - ﬁ) =48,036.16

48,036.16

= 120,729.60 04

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

7.74x 8,512.54
NTU= ———— =1
v 48,036.16 77

. 1-exp[-137x(1-0.4)]

= =0.68
1-0.4xexp[-137x(1-0.4)]

Q=0.68 x 48,036.16 x (662.63 - 230)
Q=14.14 MM Btu/h

45.2 Economizer outlet water temperature

Q

Twater L —
inlet 4
Cp X W water

Twater outlet —

1414 x 106
+
136, 245.52 x 0.886

Ty 230

ater gyutlet —

Tw =347.14°F

ater gyilet



146 —— 45 Economizer package performance

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

Q

T. =T. -
8aS gutlet 835 jplet ’
Cpx Waas

14.14 x 108
T =662.63 -
8as outlet 3 0.2870 x 170, 818.2

Tgas e = 36823 °F



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 m?/kg

Water volumetric flow rate = 0.017 m?/s

Area required = 0.017/2.5 = 0.0068 m?

Required header diameter = 3.68 in

Selected header diameter =3 in

. . 0.017
Nominal water velocity = o0 © 3.76
s 5
x50

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 x 1.1 =54.78 barg
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148 —— 46 Economizer headers water pressure drop

46.3 Economizer header thickness

PD

toi = A
M S X (68947 x SxE+PxY)

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

P 54,78 x3x25.4 +3
T2 % (68.947 x 17.1x 0.85 + 54.78 x 0.4)

tmin =5.038 mm = 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=15.2x

Xdi

136,245.52

Re=152x —— 227
=152 5391 x (3% 0.216)

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

0.316
= Re02

. 0316
"~ 2,057,803%%

fr=0.008



46.6 Economizer headers water pressure drops

46.6 Economizer headers water pressure drops

,2

APg=336x10"¢xfrxLex ———
px(D-t)

12x 4. 136,245.52?
APg=3.36><10’6><0.008><< X45+1.5)>< 36,2455

12 56.75 x(3 - 0.216)°

AP; =0.33 psig = 2.26 kpag

— 149



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 X Ltube + (Ntube row — 1) X Lelbow equivalent

Leivow equivalent = 5.20 ft

16 x (2-2%0.085)

LecoA package tubes = 10x10 + (10 - 1) X 12

Leco. package tubes = 121.96 ft

47.2 Economizer tube bundle flow Reynolds number

7

Re=152x

uxd;

136, 245.52/12

Re=15.2x
0.391x (2—2x0.085)

Re =240, 639

47.3 Economizer tube bundle flow friction factor

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

0316
~ Re0

__ 0316
40,6399

fr=0.014
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47.4 Economizer tube bundle water pressure drops —— 151

47.4 Economizer tube bundle water pressure drops

,2

APbe bundle = 3.36 X 1070 x fr x Le x m

2
(136) 345452)

AP =336 x10 "% x 0.014 x 121.6 x
(ube bundle 56.75 x (2— 0.085)°

APtybe bundle = 0.52 psig =3.55 kpag



48 Economizer package water pressure drop

AP economizer = 2x AP header T AP tube bundle
APeconomizer =2 % 0.33 +0.52

APeconomizer = 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

368.23 + 662.63
Taverage = f

Taverage = 515.43 °F

49.2 Economizer package flue gas density

— 492 % 29.24 x 15.47 - 0.98 x 0.0361273

Phive gas 350 x (460 + 515.43 x 14.7)
Piiye gas = 0-04311b/cu ft

49.3 Economizer gas side area

At + Af
12

6.69 +7.09
Agas side = T

Agas side =

Agas sige =114 ft?

49.4 Economizer package flue gas draft pressure drops

By Grimson [5]:

2
G Nrow deep

AP, =(f+a)——owdeer
fue gas = (f )p><1.083><109
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154 —— 49 Economizer package flue gas draft pressure drops

where

Staggered arrangement [5]

0.5
F=CyCiCex (d+2h)
d
Inline arrangement [5]
2
f= C2C4C6 X (d; h)

1+B2 to, —t
a= -+ « 82781
4Nyow deep 460 + b

_ (Agas side) z
Aobs

2
B (1.14 0.1967)

1.14
B=0.68
1+B? te, — tg,

a

= X
4Nrow deep 460 + tgave.

_1+068” 374.63-68354
© 4x12 7 460+529.08

a=-0.009

d

= CyCuCex <d+2h)



49.4 Economizer package flue gas draft pressure drops —— 155

2+2x0.
£ =0.1654 x 0.3808 x 1.4985 x <L75>

2
f=0.165

7,982.19% x 12
0.0431x1.083x10°

APpye gas =2.55 psig=64.85mm WG

APfye gas = (0.165 - 0.009)



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

15.42 - 2.5 x 0.0361273
—492%29.2
Piive gas = 492X 2924 X 5oq e 4 368 23 % 14.7)

Piue gas = 0-05051b/cuft

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

(W % H)0.625

Deg =13 %
eq. W+ H)o.zs

(1975 135.07)%6%

Deq =13
o (19.75 +135.07)%%

Deg =51.03 in
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50.6 Economizer outlet duct flue gas draft pressure drops

50.4 Economizer outlet duct flue gas Reynolds number

4

Re=15.2x

eq.

p=0.05751b/fth

170,818.92
0.0575x51.03

Re =884,910.73

Re=15.2x%x

50.5 Economizer outlet duct flue gas friction factor

The friction factor of turbulent flow is given by

_ 0316
r= Re0-25

__ 0316
© 884,910.73%%

fr=0.01

50.6 Economizer outlet duct flue gas draft pressure drops

2 L
APy =93x10 75 x fx W™ x —=2uet
pxdeg
10
APy =93x1075x 0.01x 170,818.92> x ————
0.0501x 51.03

AP, =0.016in WG =0.41 mm WG

— 157



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

— CRtest
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51.3 Downcomer mass flow =—— 159

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=—
X

flow through the evaporator = CR x the steam generated

CRassumed =40

1
; = —=0.025
QLeavmg steam from drum 40

51.1 Furnace heat absorption

qurnace absorption = WfLHV - Wghaverage
Qfurnace absorption = 3, 835.1 x 220462 x 19,747.8 —170,818.92 x 810.54

Qfurnace absorption = 28,511,278 Btu / h

51.2 Drum leaving steam enthalpy

1
hdrum leaving steam = ﬁ X hsaturated vapor T 1- ﬁ X hsaturated liquid

h _ 1 y 2,798.08 N 1 1,210.91
drum leaving steam = 40 2326 40 2326

Rdrum 1eaving steam = 499.93 Btu /1b

51.3 Downcomer mass flow

’ 7
M downcomer = CR X M gpw

’ 4
M downcomer = CR X M'steam X (1 + Y0plowdown )
mldowncomer =40 x 136, 245.52

M’ downcomer =5, 449,820.64 1b/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:

hteed water + CR X Ngrym leaving steam = hsaturated vapor + CR x haowncomer mixture

739.04 2,798.08
2326 +40 x 499.93 = 3326 +40 X hgowncomer mixture

hdowncomer mixture = 477.8 Btu/Ib

51.5 Downcomer specific volume
1

1
Y downcomer = CR X Vsaturated vapor + | 1- CR X Vsaturated liquid

1 1
Ydowncomer = 20 x 0.0443 x 16.0185 + (l— 4—0) x 0.0013 x 16.0185

79downcomer =0.037 Cuft/lb

51.6 Height from top of water wall to bottom

H -H Dmud drum H
top of water wall to bottom = {Zfurnace + 2 — Hupto drilling mud drum

144+ 3% -837
12

Htop of water wall to bottom =

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 ~ f1min allowable operating at steam drum



51.10 Gravity loss in boiling height = 161

From later calculation

Hmin allowable operating at steam drum = 14.22in

1631742 x 16><(21—20.105) + 0.78><(2;22><0.105) + 1><(2—§;<0.105) +30448-821

Hsteam drum to bottom = 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]:

Hsteam drum to bottom
f‘gdowncommer x 144

19.83
0.037 x 144

APyyailable head =

AP available head =

APyyaitable head =3.67 pSig
51.9 Boiling height

4
CR xm generated steam X Hwater wall from bottom X (hsat.liquid - hdowncommer mixture)

Hioiling =
qurnace absorption
1,210.91
o 40X 132,2772 X 1257 x (b5 —477.8)
boiling =

28,449,783.18
Hypiting = 9.57 ft
51.10 Gravity loss in boiling height

T,
_3 4
APgravity 1oss in boiling height = 6.95 X 1077 X Hpgiling X V_f
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Fig. 51.1: Thom’s two-phase multiplication factor for gravity loss [5].

r,=07

_ 0.77
APGravity loss in boiling height = 6.95 x 10 ’ x 9.57 x W

AP avity loss in boiling height = 1.24 PSig

51.11 Downcomer boiling height friction loss (single phase)

2
12 x f X Lwater wall tube at boiling height X Vboiling height
2 X 8 X Vhoiling phase X (D -2x t)

AP, Downcomer tube boiling height =



51.11 Downcomer boiling height friction loss (single phase) =—— 163

Lwater wall tube at boiling height = Hboiling + L45° elbow T L135°elb0w + Lone enttrance
16 x (D-2t) . 16 x (D -2t) . K x (D-2t)
12 12 12

16 x (2-2x 01.05) 078 x (2-2 x 01.05)
12 12

Lwater wall tube at boiling height = Hboiling +

Lwater wall tube at boiling height = 9.57+2 x

Lyater wall tube at boiling height = 14.46 ft

Ny,

OWS hank tube

_ Round up (M)
Nrows deep pank tube

Ndowncomer tubes = Round up (Nrows bank tube < 0-6) X (Nrows deep bank tube 1)

Naowncomer tubes = Round up(70 x 0.6) x (14-1)

Ndowncomer tubes =546 no.

’
CRxm generated steam X Vhoiling phase

3.14x3,600xNgowncommer tubes xD2
4x144

40 x 132,277.2 x 0.037

3.14 %3, 600 %546 22
4144

Vhboiling height = 4.63 ft/s

Vboiling height =

Vboiling height =

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

Size 1/211 3/1'/1 1”7 1 1/4// 1 1/21/ 27 2 1/2/1, 4" 6” 87-10” 127-16"
37

Friction 0.027 0.025 0.023 0.022 0.021 0.019 0.018 0.017 0.015 0.014 0.013
factor
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f=0.019

12 x 0.019 x 14.46 x 12 x (483)?

APDowncomer tube boiling height = 2 % 32185 x 0.037 x (2_ 2% 0 105)

AP, Downcomer tube boiling height = 136 PSig
51.12 Water wall except boiling height friction loss (two phase)

fx Hioiling

-10 2
APyater wall tube (two phase) = 4 %10 X Vg X Gwater wall” X 13 X D-2xt

7
CR xm bfw flow rate X (1 + %blowdown)
)2

Gwater wall =

314xNgowncommer tubes X (D =2xt
4x 144

40 x 136,245.52 x (1+0.03)
3.14 x 546 x (2-2 x 0.105)*
4 x 144

GWater wall = 571448 lb/ft2 h

GWater wall =




51.13 Water wall tube acceleration loss (two phase) =— 165
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Fig. 51.2: Thom’s two-phase friction factor for unheated tubes [5].

r3= 0.85

0.019% (12.57-9.57)
2-2x0.105

APyyaterwalltube(twophase) =4 X 1070 3 0.0013x 16.0185 x 571.448% x 0.85 x

APyyater wall tube (two phase) = 0.07 psig

51.13 Water wall tube acceleration loss (two phase)

-1 2
AP Water wall tube acceleration (two phase) = 1.664 x 10 X Vi X GWater wall X 12
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Fig. 51.3: Thom’s two-phase multiplication factor for friction loss [5].

r=14
APyater wall tube acceleration (two phase) = 1.664 x 101! x 0.0013 x 16.0185 x 571.448” x 1.4

APyater wall tube acceleration (two phase) = 0.154 pSig

51.14 Riser tube gravity loss (two phase)

T
-3 4
AP, Riser tube gravity (two phase) = 6.944 x 10 X Hboiling X V_f
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1
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FOR UNHEATED TUBES

Fig. 51.4: Thom’s two-phase multiplication factor for acceleration loss [5].

0.7

APRiser tube gravity (two phase) = 6.944 x 1072 x (12.57 - 9.57) x 00053 x 160188

AP, Riser tube gravity (two phase) = 0.716 pSig

51.15 Total two-phase pressure loss

AP Total two phase = AP Water wall tube(two phase) +AP Water wall tube acceleration (two phase)

+AP Riser tube gravity (two phase)

AProtal two phase = 0.07+0.154 +0.716

AProtal two phase = 0.94 pSig

51.16 Riser circuit heated tube friction loss

12 X Lgiser circuit heated tube % Gun? % Vi X Tt
(D-2xt) T 2g x 144

APgiser circuit heated tube =f X
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7
M steam

Griser =
314xNmembrane tube X (D= 2x t)?
4x 144

From later calculation

Niembrane tube = 110

132,277.2

3.14x110x (2 - 2x0.105)2
G 14k

Griser =

Griser = 68,846.05 Ib/ft’h

Lyater wall tube at boiling height = Limembrane tube + Lone enttrance + Loneexit

Kx (D-2t) Kx (D-2t)
Lyater wall tube at boiling height = Lmembrane tube + 0 + 2

From later calculation

Lmembrane tube = 33.60 ft

0.78 x (2-2x 0.105) 1 x (2-2 x 0.105)

Lyater wall tube at boiling height = 33.60 + B + 2

Lwater wall tube at boiling height = 33.88 ft

12 x 33.88 0.0013 x 16.0185 x 3.5
APgiser circuit heated tube = 0.019 X m x 68, 846-052 X 2 % 32185 x 144

AP Riser circuit heated tube = 0.01 pSig
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51.17 Total losses

AP total = AP, Gravity loss in boiling height + AP Downcommer tube boiling height + AP Total two phase
+ AP, Riser circuit heated tube
APiota1 =124 +1.36 + 0.94 + 0.01

APyota =3.55 pSig

51.18 Circulation ratio test

AP, available head = AP total

3.66=3.55



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.

SELF-SUPPORTING
CHIMNEY

GUYED CHIMNEY

Fig. 52.1: Chimney installation type [32].

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

https://doi.org/10.1515/9783110757088-052
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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 = 170,818.921b/h

Flue gas density = 0.0505 1b/ft>

Flue gas volumetric flow rate = 3,385,829.51 ft> /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

D
mudzdrum + Liank tube average 11— Whoiler exit duct

12 2x12

Hactive = Mstack —

30 1 135.07 135.07
- _ 2 _ .
Hactive = 65.617 5 +1 %D

Hctive = 57.74ft
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STACK ACTIVE

STACK HEIGHT HEIGHT

'y |

Fig. 52.2: Water tube boiler (132 T/h, 42 barg, 390 °C), Basra Petrochemical, Basra, Iraq.



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=15.2x

U X Deg,

170, 818.92
0.0575 % 6.56

Re=573,476.24

Re=15.2x

53.2 Stack flue gas friction factor

The friction factor of turbulent flow is given by

0316
= Re0%

___ 0316
 573,476.24%%

fr=0.0115

53.3 Stack flue gas draft pressure drop

’ L
APstack=9.3><1075><f><[/VZXLk5
px dstack
65.61
APgack = 9.3x 10 7% x 0.0115 x 170, 818.92% x 5.617 5
0.0505 x (6.56 x 12)

APgtack = 0.0134in WG = 034 mm WG

https://doi.org/10.1515/9783110757088-053
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53.4 Stack flue gas available draft

12
APgtack draft = (pambient air ~ Pflue gas) X Hactive X a

12
APgtack draft = (0.0752 - 0.0505) x 57.74 x o

APstack draft = 0.275in

53.5 Stack flue gas net available draft

AP net draft = AP stack draft — AP stack
APpet araft = 0.275 — 0.0134
APyet daratt = 0.2616 in WG = 6.64 mm WG



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

40.8

w" 0.4
he = 2.44 x 5 X (9> x k0©
stack U

170,818.92°% /0.2
he =2.44 % / o ( 757

0.4
x x0.0211°°
(6.56 x 12)™8 0.0575)

h.=2.72Btu/f* hF

54.2 Stack heat surface loss

4 4
Gstackloss = 0.174E casing X [(Tcasing assumed +46O) _ (M) }

100 100
1.25 Viind + 69 05
+0.296 x (Tcasing assumed — Tambient air) X (%)

1352+460\" /68 +460\"
Gstack loss = 0.174 x 0.9 x [( 100 ) _( 100 > } +0.296

0.5
x (135.2-68)"% x <w>

Gstack loss = 630.18 BtU/ftz h

https://doi.org/10.1515/9783110757088-054
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54.3 Stack wall temperature drop across gas film

q
ATgas film 1oss = w
c
630.18
ATgas film loss = ﬁ

ATgas film loss = 231.46F

54.4 Stack wall temperature drop across stack wall

Dstack

—2Xlgtack assumed)

In
(D stack

ATwall 10ss = Gstack loss X
24 x hmetal thermal

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

8.
In [ 572 5]

24 x27.5
ATwall loss =152 F

ATwall loss = 630.18 x

54.5 Stack inner wall temperature

Tstack innerwall = Tgasimet - ATgas 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 ~ ATwall loss
Tstack outer wall =368.23 — 231.46 - 1.52
Tstack outer wan = 135.26 °F
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As shown, the calculated outer wall temperature is equal to the assumed tempera-
ture. So, our guess was correct:

Tstack outer wall = Tassumed stack outer wall

135.26 =~ 135.2

54.7 Stack outer wall heat transfer

3.4x% Dstack X Hstack active
12

3.4 x78.74 x57.74
12

Qstack outer wan = 749, 687.46 Btll/h

Qstack outer wall = {stack loss X

Qstack outer wall = 630.18 x

54.8 Stack flue gas temperature drop

Qstack outer wall

ATﬂue gas drop = Co x W’ﬂ
D ue gas

749, 687.46
0.2757 x 170, 818.92

ATgye gas drop = 15.92 °F

ATﬂue gas drop =

54.9 Barometric pressure

101,325 x (1-2.25577 x 10 75 x Hyst )> 2%
6,894.76

P baromteric =

101,325 % (1-2.25577 x 10 ~° x 4)>*°88
6,894.76

P baromteric =

Phparomteric =14.69 psia
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54.10 Water dew point partial pressure

MFlue gas product H20 X Pharomteric

P water dew point =
Mrotal dry flue gas

2.08 x 14.69
P, water dew point = T

Pyater dew point = 1.78 psia

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 ATﬂue gas drop

Tstack outlet flue gas = 368.23-15.92

T'stack outlet flue gas = 352.32°F



55 Stack outlet flue gas velocity

4 %273 % 3,600 x m,ﬂue gas

Vﬂue gas = . -
220462 x 71 (Dgack % 0.3048)% x (16.0185 X Pislet flue gas) x (273 + %)

4% 273 % 3,600 x 170, 818.92
220462 x 1% (6.56 x 0.3048)" x (16.0185 x 0.0505) x (273 + ¥232-32)

Vﬂue gas =

Vﬂuegas = llﬂn/s =2, 75652fpm

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.

https://doi.org/10.1515/9783110757088-055
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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]:

(Tgas inlet Tstack outer wall)
12X Gstack 10ss

(368.23-135.26)
Linsutation pyediction 1= 0-07 X —— 5~ 3578

Linsulation hinsulation thermal conductivity X

prediction — 1 =

L =029ft=3.54in

insulation prediction -1

Dstack +2x Linsulation assumption

Linsulation prediction -2

Dstack +2* Linsulation assumption
2x12x In( n )

stack
Linsulation rediction-2 = 7% 1728>;7?n-z72552<zz23i;m)
78.74
Linsuiation =0.29ft

prediction -2

Linsulation Linsulation prediction -2

prediction—1

Linsulation = 0.29 ft =3.35in = 85.09 mm

https://doi.org/10.1515/9783110757088-056
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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 0.00 in WG
Silencer 0.00 in WG
Fd. fan discharge duct draft loss 0.19 in WG
Damper 0.00 in WG
Air measurement 0.00 in WG
Air heater 0.00 in WG
Air preheater 0.00 in WG
Burner, windbox draft loss 9.84 in WG
Furnace draft pressure drop 0.01 in WG
Superheater draft loss 1.40 in WG
Bank tube draft loss 1.57 in WG
Boiler bank exit duct draft loss 0.08 in WG
Economizer draft loss 2.55 in WG
Economizer exit duct draft loss 0.02 in WG
Stack 0.01 in WG
Miscellaneous 0.50 in WG
Total 16.18 in WG

https://doi.org/10.1515/9783110757088-057
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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 14% over the design air flow
30% over the design fan head
b) PEAK 10% over the designed air flow

21% over the designed fan head
25 °F add to ambient temperature

Net condition

W'y =162,683.59 (Ib/h)=73,792.12 (kg/h)
Va=36,048.2 (SCFM)
Pstatic = 1618 in WG
Tambient =68 °F
Pair = 0.0752 1b/cuLft

Test block condition

W', =162,683.59(1b/h) =73,792.12(kg/h)
Va =39, 653.02(SCFM)
Pstatic =19.58 in WG
Tambient =93 °F
Pair =0.07511b/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]:



57.5 Forced draft fan electric driver selection

Va X Pstatic

BHP= ————————
6,356 x 100 X g,

39,653.02x19.58
6,356 x 100 x 0.75

BHP =174.48 hp

BHP =

57.4 Forced draft fan required horse power

BHP
HPgjec. = L
Telectro motor

174.48

HPaee =555~

HPejec =205.27 hp =153.44 KW

57.5 Forced draft fan electric driver selection

— 183

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 ft? 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 = 0.2x0.18xm boiler output
4
M required super heater PSV = 0.2x1.18 x 60,000

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

Psuper heater set = 1.03x1.05x Pboiler output
Pauper heater set = 1.03 % 1.05 x 42.82 x 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].

https://doi.org/10.1515/9783110757088-058
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Tab. 58.1: Safety valve sizing chart [36].

Ku 1kle € afety and Rellef Products

Mo¢ els 300 and 600

ASME Section | Steam - Capacities (U.S., | vhr) - Flow Coefficlent = 0.878

Pi Orifice Area, in?
(psig) E G H J K L M N P, Q
(0.503) (0.785) J(1.287)§ (1.839) (2.853) (3.597) (4.340) (6.380) (11.045)
15 440 720 124 1843 2633 4085 5151 6215 9136 15816
20 500 a4 1200 2134 3049 4730 5063 795 10577 man
25 578 b2 1479 2424 3404 5374 6776 8175 12018 20806
30 648 1061 1656 ms 3880 019 7588 2156 13450 23300
a5 "z nrs 1833 3006 4205 6663 8401 10136 14900 25795
40 786 1288 2011 3206 470 7307 2213 1116 16341 28290
45 856 1402 2188 58T 5126 Tos2 10025 12006 e 0T84
50 925 1516 2365 a8 5541 8590 10838 13077 19223 3320
55 e 1629 2543 4168 5950 24 11650 14057 20684 A5TT4
L] 1064 1743 2120 4459 672 0885 12463 15037 2105 38268
65 133 1856 2807 4750 orar 10529 13275 %7 23548 40763
0 1204 1972 3078 5046 mn 1187 404 morT 25018 43308
™ 1275 2089 3261 5346 7630 11850 14041 18027 20500 45877
L] 1347 2200 3443 5645 800G 12514 15778 19037 27985 48447
85 1418 2323 626 5945 404 13178 16614 20046 20469 51016
90 1480 2440 3808 6244 o2 13842 17451 21056 0053 53586
o5 1561 2557 3N 6543 2350 14506 18288 22066 2437 56155
100 1632 2074 4174 6843 °7Te 15169 mas 23075 3022 58725
125 1989 250 5087 a0 oz 18458 23309 20124 41343 11572
150 2346 3845 6000 9837 14056 21806 27493 72 48764 84420
s 2704 4430 6013 1134 16105 25125 nerr 38220 56185 07268
200 3061 5015 TE2G 12831 18334 28444 asee 43269 63607 110115
226 38 5600 are 14328 20473 nre2 ADOLS 487 Ti028 122063
250 s 6185 0652 15825 2613 35081 44229 53365 78449 135811
275 4132 6770 10566 17322 24752 38399 48413 58413 85870 148658
300 4489 T355 11479 18819 26801 41718 52507 63462 3292 161506
25 4846 To40 12292 20016 20000 45037 seTa 68510 100713 174353
350 5203 8525 13305 21813 e 48355 60965 73558 108134 187201
s 5560 2110 14218 23310 33308 51674 65140 T8EOT 115556 200040
400 5918 D606 15 24807 35447 549903 69333 BI055 122977 212896
425 8275 o281 16044 20304 arsar saan Tase 8arod 130398 225744
450 6632 10866 16957 27801 7% 61630 TTo2 23752 137819 238502
475 L] 11451 17871 29209 41885 4048 81886 08800 145241 251439
500 T348 12006 18784 076 44004 68267 8sOT0 103848 152662 204287
525 TT03 12621 10697 32290 46143 Ti580 0254 108897 160083 2
550 B0G0 13206 20610 390 48202 T4004 4438 113045 167504 200082
575 a7 13 21523 asae7 S0421 Ta223 98622 118003 174920 302830
600 arr4 14376 22436 36Te4 52560 81542 102806 124042 182347 315877
625 9131 140861 23340 38281 S4T00 B850 106000 120000 180768 —
Rk =
700 10203 18717 206080 42772 7 24816 119542 144235 212002 -
725 10560 17302 27002 44269 6256 28135 123720 149283 219453 :
750 w07 17887 275 45766 65395 101453 127910 154332 220874 -
s 11274 18472 28828 47263 67534 104772 122004 - - -
800 1160 19057 2741 48760 60674 108091 136278 - - -
as 11988 19642 30654 s0257 71813 111400 140262 —
850 12345 20227 3567 51754 73052 114728 144646 - - —
ars 12703 20812 A2480 53251 TeoM 118047 148831 - - -
900 13060 21397 33394 54748 78230 121365 153015 - - -
925 1347 21982 34307 56245 80369 124684 157199 - -
950 13774 22568 35220 57742 82508 126002 161383 - - -
L] 1413 23153 3133 59239 B4 131321 165567
1000 14488 23738 ATO46 eoT3T BaTaT 134640 169751 - - -
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M’ super heater PSV = 39,7781b / h

As per Kunkle table, orifice number J is obtained, and from Tah. 58.2 safety valve
size will be 132 2V J-orifice and weight will be 75 Ib.

Tab. 58.2: Safety valve sizing chart [36].

Specifications

Model Orifice’ Connections Orifice ——— Valve Dimensions —— Approximate
Number ANSI Standard Area in Weight
inlet?  Outler’ _inz A 8 ¢ (1b)
300LFF | B0ONFF F 1) 1"e 0.307 P e 162 ar
300LGF [ BOONGF G e 1 0.503 aTn an 162 39
4G H 11 210" n?ﬁ Siia St m"l &0
300LJG / B0ONJG _J 17 2 1287 5 512 20%h 75 |
e . o o -
S00LKH | 600NKH K -4 I 1.839 [T [ 21p 95
300LLJ /60ONLS L 2y & 2853 [ &n 26 133
J00LMK [ GOOMNMK. M ¥ &4 3597 [+ & 2"'n 159
300LNM [ BOONNM N I & 4.340 ] T 3N 230
300LPM | 60ONPM P e & 6.380 8 T 33% 226
300LOP | B0ONCP  Q & ] 11.045 1 M P 400

Dimensions are for reference only.

58.2 Boiler safety valve sizing
Minimum required flow for boiler safety valves can be obtained from the following
formula:
M’ yequired boiler SV = 0.4 X M poiler output
M’ tequired boiler psv = 0.4 X 60,000

M’ yequired boiler psv = 24, 000 kg/h=52,910.881b/h

Prgiter no. #1set = 1.03 X 1.05 X Pgrym operating
Prgiler no. #1set = 1.03 X 1.05 x 43.36 x 0.980665

Pboiler no. #1set = 46.9 barg =680.2 psig
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Phoiterno. w2set = 1.03 X 1.05 x Parum operating
Proiter no. #2set = (1.03 x 1.05 x 43.36 + 0.34) x 0.980665

Pyoiler no #2set = 47.23 barg = 685.1psig

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].

Kunkle Saiety a1 d Rellef Products

Models 300 ar d 600

ASME Section | Steam - Capacities (U.S., Ib/hr) - Fic w Coe ficlent = 0.878

F G H J P Q
(0.307)  (0.503) (0.785) (1.287) J(1.839] (2.853) (3.597) (4.340) (6.380) (11.045)
15 440 T20 124 1843 2633 4085 5151 215 2136 15816
2 500 a4 1201 2134 049 4730 5963 T195 10577 wean
25 578 48 1479 2424 3 5374 6776 TS 12078 20806
30 648 1061 1656 2ns 3880 6019 7588 2158 13459 23300
as nr nrs 1833 3006 4295 6663 8401 10136 14900 25795
40 TG 1288 20m 3206 4710 7307 2213 1me 16341 28290
45 856 1402 2188 58T 5126 T952 10025 12006 7re2 0T84
50 25 1518 2365 3878 5541 8506 10838 13077 19223 327
55 fr) e 2543 4168 5056 241 11650 14057 20604 ASTTA
L] 1064 1743 2120 4459 6Tz 9885 12463 15037 22105 38268
65 133 1856 2807 4750 erar 10529 13275 16017 23546 40763
0 1204 Tz 078 5046 22n 1187 14104 w7 25016 43308
75 1276 2089 326 5346 7639 11850 14041 18027 206500 45877
80 1347 208 3443 5645 BOG6 12514 15778 19037 27985 48447
85 1418 2323 626 5945 B0 13178 16614 20046 204060 51016
°0 1480 2440 3808 6244 22 13842 17451 21056 30953 53586
25 1561 2557 N 6543 9350 14505 m2es 22066 32437 56155
100 1632 20674 4174 6843 orTe 15169 1m2s 23075 33922 58725
125 1989 3259 5087 B340 17 18488 23300 28124 41343 11572
150 2346 345 6000 0837 14056 21806 27493 2 48764 84420
175 2704 4430 6013 1134 16195 25125 nerr 38220 56185 7268
200 3061 5015 7826 12831 18334 28444 5861 43260 63607 1018
225 s 5600 87 14328 20473 nre2 40045 487 T1028 122063
250 s 6185 D652 15825 22613 35081 44220 53365 78449 135811
275 4132 6770 10566 172 24752 38399 48413 58413 85870 148658
300 4480 7355 11479 18819 26801 41718 52507 63462 ax2 161506
25 A6 To40 12392 20016 20030 45037 s6T8 68510 100713 174353
350 5203 8525 13305 21813 31169 ABISS BO065 73558 108134 |70
ars 5560 2110 14218 23310 33308 51674 65149 T8607 115556 200049
400 5018 D5 15131 24807 35447 54900 69333 B3I655 122077 212806
425 a7s 10281 16044 26304 arsar 58311 73518 88703 130398 225744
450 6632 10866 16957 27801 0TH 61630 TITO2 23752 137819 238592
475 6089 11451 1raT 20209 41885 4948 81888 D800 145241 251439
500 7348 12036 18784 0T0E 44004 68267 BEOTO 103848 152062 264287
525 703 12621 19697 32293 46143 71586 20254 108807 160083 217134
550 8060 13206 20610 33790 48282 T4904 4438 113945 167504 280082
575 sa17 13 21523 as2er 50421 TA223 08622 118003 174006 302830
600 arT4 14376 22438 eTe4 52560 81542 102806 124042 182347 NseTT
625 a1 14961 23349 Jaze S4T00 84860 106900 120000 189768
e s
675 D845 16132 28175 41275 58978 21408 115358 13987 204611
™ TR ——1eTT =
725 10560 17302 27002 44260 6250 98135 123726 149263 219453
50 w7 17887 2ms A5TEE 65395 101453 127910 154332 226874 -_
s 11274 18472 28828 AT263 67534 04772 132094 - - -
800 1163 19057 2740 48760 60674 108091 136278 - - -
L] 11988 19642 0654 50257 71813 111409 140462
12345 20227 Ns67 51754 73052 114728 144646 - - -
ars 12703 20812 2480 53251 Te09 118047 148831
900 13060 21397 3334 54748 78230 121365 153015 - - -
37 21982 007 50245 80069 124684 157199
950 13774 22568 5220 57742 82508 128002 161383 - - -
ars Hin 23153 6133 50230 BLg28 13 165567
1000 14488 23738 AT046 60737 BaTar 134640 160751 - - =
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M’ poiler no.#1psv = 58,978 1b / h
M’ poiler no.#2psv =58,9781b / 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 1 Drum 2 Unit
Flow (selected) 39,778 58,978 58,978 lb/h
Set pressure 685.8 685.1 psig
Kunkle PSV model 114 x 21/ J-orifice 2 x 3 K-orifice 2 x 3 K-orifice

Weight 75 b

Model Orifice’ Connections Orifice ——— Valve Dimensions —— Approximate
Number ANSI Standard Area in Weight
Inlet? Outlet? in? A B c (Ib)
J00LFF | GOONFF  F e " 0.307 ' oy 16'0 ar
300LGF [ GOONGF G 1" 1 0503 a'n a'n 16" k]
300LHG [ B0ONHG  H " 2 0.785 5 5 18'4 60
J 1yr 21 1287 53 S ol 75
I 300LKH | G0ONKH K r ¥ 1.839 5% 6 21" 95 ||
T e T v 20 T by ™
J00LMEK [ GOOMME M - o &£ 597 (.21 &h 2'n 159
300LNM [ G0ONNM N 'y & 4340 [ N N 230
300LPM [ 60ONPM P & & 6380 [ T 3 226
300LOP | GOONOP O L s 11,045 P M IP 400

Dsmensions are fof fefetence only




59 Desuperheater water

Required desuperheater water can be obtained by an energy balance:
M poileroutlet X Moutletsteam + M’ desup water X Rwater = M outlet steam X Moutlet steam
60,000 x 3,309.09 + M’ gesup water X 464.74 = (1+ M qesupwater) X 3,256.73

M’ gesupwater =1,125.2kg/h

M outlet steam = M’ desup water T 1 "boiler outlet

M’ outlet steam = 1,125.2 + 60, 000
M’ gutletsteam = 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

-1 QFree toatmosphere
rlinput —output — - Q
Produce by burner

QFree to atmosphere = QProduce by burner — 1.02x (QAbsorption by furnace + QAbsorption by super heater

+ QAbsorption by bank tube t QAbsorption by economizer T QLoss from stack)

Qproduce by burner = 183.66 x 10° Btu/h

QAbsorption by furnace = anput heat — QFree heat = M'fyel X LHV-W Flue gas X haverage
QAbsorption by furnace = 3,835.1x2.20462x19,747.8 - 170, 818.92 x 810.54

QAbsorption by furnace = 28,511,278 Btu/ h

v

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

A 4

QAbsorption by bank tube = Qﬂue gas — 57, 036> 325 Btu/h

https://doi.org/10.1515/9783110757088-060
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60.2 Boiler efficiency based on heat loss method =— 193

v

QAbsorption by economizer = Qduty =14,141,758 Btu/h

v

QLoss from stack = Qstack outer wall = 749, 687 Btu / h

QFree toatmosphere = 183.66 x 10° —1.02x (28, 511,278 + 35,773, 872 + 57,036, 325
+14,141,758 + 749, 687)

Qkreeto atmosphere = 44,726,479 Btu / h

. 44,726,479
Ninput - output = 1- 18366—X106

Minput - 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

Nuny X HHV =13y x LHV

Nyguv = 100 — (Ll +L2 +L3 +L4 +L5)



194 —— 60 Boiler efficiency

1) Dry gas losses

B ty —ta

Ll = 24de HHV
where
Wyg is dry flue gas product, 1b/Ib fuel;
t; is exit flue gas temperature, °F;
t, is ambient temperature, °F and
HHV is HHV offuel, Btu/lb

352.32-68

Li=24x1713%x —222 0%
1= 2T X 5 90X 18

L1 = 5350/0

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

100
HHV

9 x H, + W = Water vapor formed due to combustion of fuel

Ly=(9xHy+ W) x (1,080 + 0.46tg — t,) X

100

L,=2.08x (1,080 +0. 232708 X D 11490 x 18
, 8 x (1,080 + 0.46 x 352.3 68)X12,114.90><1~8

L2 = 1116°/o

3) Loss due to moisture in air

te—t
Ly =46Mwg, 2—2

HH
where
M is moisture in air,1b/1b dry air and
Wyg is dry air flow rate,1b/Ib fuel
352.32-68

L= 46 x16.18 X 0.009 x —2=22 %
3=46x1618x0.009x 5750 18

L;=0.08%
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4) Radiation loss

L4 — 100,62— 0.42 log Q
where Q is boiler heat duty, MM Btu/h;

3,96832
0.62-0.42log (40, 071.4 x W)

L,=10
Ly=0.5%

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

Ls =Unburned (fuel gas + fuel oil)losses + formation of CO + manufacture margin

Ls=0.0% + 0.0% + 1%

Ny = 100% — (5.35% + 11.16% + 0.08% + 0.5% + 1%)
Nuny = 81.92%

Nupy X HAV =1y gy x LHV

| 81.92%x12,114.90 1.8
Munv = 10,971x 1.8

Nuuy = 90.68%



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].

Close pitched tubes

Refractory

Insulation
Casing
Insulation
Outer casing

Tangent tube arrangement

Fig. 61.1: Tangent tube arrangement [37].

qumace total tangent tubes = N furnace length tangent tube X Laverage bank tubes

qumace tangent wall(before lance)) +1

N; furnace length tangent tube = round ( D
tube

https://doi.org/10.1515/9783110757088-061
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61.3 Furnace total membrane tubes length —— 197

400
Nfurnace length tangent tube = T +1

N furnace length tangent tube = 201

qumace total tangent tubes = 201x135.07

qurnace total tangent tubes = 27,149.37 in

61.2 Bank tube package length

Liank tube = St X (Nrows deep pank tube + 2)

Liank tube = 4.03125 x (70 + 2)

Lpank 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.

Tube

Steel strip

Insulation

Cleading
Monowall arrangement

Fig. 61.2: Membrane tube arrangement [37].



198 —— 61 Boiler package water weight

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]:

N, _ Lurmace _ Lpank tube + Lsuper heater + Lreturn lance
furnace membrane tube = S = S
L L

Lsuper heater = Ntube row X SL

Lsuper heater = 19 X 4.03125

Lsuper heater =73 in

Ly, 440
Nturnace membrane tube = RoOund (%) =Round < 4. 03125>

N furnace membrane tube = 110

edrilling tube = N, rows deep hank tube X etube circumferential

edrilling tube = 14 x 8° =112°

_ Dsteam drum . (180 - edrilling tube
Lmax expand to steam drum = 2 X sin 3
42 180 -112
Lax expand to steam drum = ? X Sln T

Lmax expand to steam drum = 13.42in
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Druda . {180 — Bdrilting tub
Linax expand to mud drum = —uecum 2 W % sin (%gme
30 . [(180-112
Linax expand to mud drum = 7 X Sln f

Linax expand to mud drum = 8.38in

Lequall elbow D - type = 16 X (D-2xt)

(2-2x0.105)

Lequal elbow D - type = 16 x 0

Lequal elbowD - type = 2.38ft

qurnace membrane tubes =

H, between drums + 2x qurnace width Lmax expand to steam drum Lmax expand tomud drum

12

+2x Lequall elbow D - type

124.16 +2x 100 + 13.42 + 8.38

Lturnace membrane tubes = 2 +2x238

Lfurnace membrane tubes = 33.60 ft=403.26in

qurnace total membrane tubes = N, furnace membrane tube X qurnace each membrane tube
qurnace total membrane tubes = 110 x 403.26

qumace total membrane tubes = 44,358.13 in
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61.4 Bank tube front and rear wall tubes length

L _ Whanktube I
bank tube width = ——¢ —— X Laverage pani tubes
T

L idth = —— % 135.0
bank tube width 4.09 x135.07

Lpank tube width =1, 891in

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

61.5 Furnace front and rear wall tubes length

qumace width tangent tube = N furnace width tangent tube X Hfurnace



61.6 Banktube total tubes length =— 201

Ls idth
urnace wi + l

Niurnace width tangent tube = found ( D
tube

100
Nfurnace width tangent tube = round (T) +1=51

Lurnace width tangent tube = 51 X 144

Lurnace width tangent tube = 7> 354.2in

FURNACE REAR WALL

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

61.6 Bank tube total tubes length

Lyank tube total = Nrows deep pank tube < Laverage bank tubes < Nrows bank tube

Lbank tube total = 14 x 135.07 x 70

Lyank tube tota1 = 132,370.09 in
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61.7 Boiler tubes water weight

Myoiler tube water = (Lbank tube total + 1.15 X (qumace total tangent tube * Ltumace total membrane tubes

+2x qumace Width tangent tube T 2x Lbank tube width))
x ﬂ/4(Dtube — thank tube)z X Psaturated water
Mboiler tube water = (132,370.09 + 1.15 x (27,149.37 + 44,358.13 +2x7,3542 +2x 1,891 ))

788.04

X 11/4(2-0.105) x 57 6799

Mygiler tube water = 18, 929.55 1b



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 = Lretum lance 2X Ldrum head internal height + Lsuper heater T Lbank tube T 16
Lrum =40 +2x13.9865 + 73+290.3 + 16
Lgyum = 446.78 in

62.2 Mud drum water weight

2
Mumud drum water = 71/ %4 X Dinud drum” X Lrum X Psaturated water

788.04

Mimud drum water = 7T/ 4 X 307 x 446.78 x m

Myud drum water = 8, 986.59 1b

62.3 Steam drum water weight

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

2
Msteam drum water = 1/2 X 7'[/4 X Dsteam drum~ X Ldrum X Psaturated water

788.04

Mteam drum water = 1/2 X 7T/4 x 42% X 446.04 x 57 €799

Msteam drum water = 11,502.84 1b
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62.4 Boiler package water weight

Mpoiler package water = Msteam drum water T Mmud drum water T Mboiler tube water

Mpoiler package water = 11,502.84 + 8,986.59 + 18, 929.55

Mypoiler package water = 38,418.98 1b =17,880.17 kg



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

Haximum fluctuation =

,
’ 3,600 x Mpiler water * (Msat.liquid ~ feed water) "max opening ~™ min opening
1,000 X M yin blowdown + ( ’ X

™M min opening * (hsat vapor ~ hfeedwater) 3,600 [suddenly opening

Psat. liquid X Adrum sectional

Hyaximum fluctuation =

600 x 17, 880.17 x 0.238846 x (1, 210.91 — 739.0
1,000><(3%><10%><60,000+(3 17 7% 0238846 x (1,210.91 - 739 4)>

10% x 60, 000 x 0.238846 x (2,798.08 — 739.04)
60,000 —10% x 60,000 > o 1

3,600 x 60 188,04 4 48 \?
Db/l x (0.0254)

Hyaximum fluctuation = 736.68 mm/s = 29 in/s

63.2 Minimum required water up to drilling tubes inside steam
drum

H _ Dinternal steam drum : (180 - edrilling tube)
min required up to drilling tube = 5 X sim >
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206 —— 63 Boiler holdup time (retention time)
(180 -112)°
Hpin required up to drilling tube = 48 x sin ——

Hpin required up to drilling tube = 13.42 in=340.88 mm

MINIMUM REQUIRED
WATER UPTO DRILLING
TUBE

STEAM DRUM

EXPANDED TUBES

ry

Fig. 63.1: Minimum required water up to drilling tubes.

63.3 Steam drum minimum diameter

Dmin = Hmin required upto drilling tube + Hmaximum fluctuation

Diin =13.42+29
Din =42.42 in

63.4 Maximum allowable level fluctuation in steam drum

Hmaximum allowable fluctuation =

’
’

1,000 x 3,600 X Mpoiler water (hsat- liquid ~ Mfeed water) M hax opening ~ ™ min opening
el 7

M min opening * (hsat. vapor ~ hfeed water) 3,600 tsuddenly opening

psat‘liquid X Adrum sectional



63.5 Maximum operating level fluctuation in steam drum =—— 207

Hmaximum allowable fluctuation =

1. 000 x 3,600 x 17, 880.17 x 0.238846 x (1,210.91 - 739.04) 60, 000 - 10% x 60,000
> 10% x 60,000 x 0.238846 x (2,798.08 —739.04) 3,600 x 60

798.70 x 71/4 x (528)?

H maximum allowable fluctuation = 540.93 mm/s = 21.29 in/s

MAXIMUM ALLOWABLE

LEVEL FLACTUATION STEAM DRUM

EXPANDED TUBES

Fig. 63.2: Maximum allowable level fluctuation.

63.5 Maximum operating level fluctuation in steam drum

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

254

2 X Dsteam drum

25.4
Hipax allowable operating = 340.88 +540.93 — 5 x 48

H yax allowable operating = 272.21 mm = 10.71in upper than steam drum’s center
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63.6 Minimum level fluctuation in steam drum

1,000 x 3, 600,>< Mpoiler water X (hsat. liquid ~ Mfeed water)

’ ,
XM max opening ~ ™ min openin;

™M min opening X (hsat. vapor ~ hfeed water) P ¢ P ¢

3,600 x ¢,

suddenly opening

H, minimum fluctuation = A
Psat. liquid X “1drum sectional
1,000 x 3,600x17,880.17x 0.238846 % (1,210.91-739.04) x 20% x 60,000 —10% x 60,000
7 10% x 60,000 x 0.238846 x (2,798.08 —739.04) 3,600 x60
H minimum fluctuation =

788.04x71/4x (548)

H minimum fluctuation = 60.1 mm/ s =236 il‘l/ S

63.7 Minimum required operating water level in steam drum

H _ Dsteam drum H H
min allowable operating = —2 ~ I1min required upto drilling tube ~ {Iminimum flactuation

Hmin allowable operating = 25-4/2 x 48 —340.88 - 60.1

Hipin allowable operating =208.61mm = 8.21in below than steam drum’s center

63.8 Boiler holdup time (retention time)

_ AVdrumfromhightolow
thold up — 7
M normal operation
4
’ _ Jsat. liquid X M evaporation
M normal operation = 60
788.04 60,000 x 2.20462
’ _ 27,679.9
M normal operation — 60

’ 3 .
M normal operation = 62.76 ft / min

Hmax allowable operating) +90°

BOup tohigh point = degree <arc. tan D)2
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10.71
eup to high point = degree (arC- tan 48—/2> +90°

Bup to high point = 114.06°

H, min allowable operating)

Bup tolow point = degree(arc. tan D)2

8.21
BOup tolow point = degree | arc tan 487/2

0up tolow point = 18.89°

Hbetween bottom and high levels = H min required up to drilling tube 1 H, maximum allowable fluctuation

340.88 +540.93
H between bottom and high levels = 25—4

Hpetween bottom and highlevels = 34.72 in

2
Vdrum head up tohigh level = 0.261xH between bottom andhighlevels

D
x (3 X E — Hpetween bottom and high levels

48
Vdrum head up tohighlevel = 0.261 X 34.72% (3 X 5" 34.72)

23
Virum head uptohighlevel = 11, 728.38in

Hbetween bottom andlow levels = H, min required up to drilling tube

H between bottom and low levels = 13.42in



210 —— 63 Boiler holdup time (retention time)

2
Vdrum headup to low level = 0.261xH between bottom and low levels

D
X (3 X 5 _Hbetweenbottomandlowlevels

48
Vetrum head up tolow level = 0.261 x 13.42% x (3 x> - 13.42)

sa3
Vdrum headup to low level = 2,753.79in

D2
Vclrum straight up to high level = Ldrum X Z

Oup to high poi .
(% — 8in Byp t0 high point X €OS Oup tohigh point
48%  (114.06
Vdrum straight up to high level = 446.78 X e X (57—3 — sin 114.06 x cos 114.06)

Vdrum straight up to highlevel = 391, 894.48 cu.in

up tolow point

0 .
Vdrum straightup to low level = Ldrum X Z X — Sin eup tolow point X Cos 6up tolow point

57.3
48> (1889 .
Vdrum straightup tolow level = 446.78 X W X (ﬁ — sin 18.89 x cos 18.89)

Virum straight up to low level = 74.049.9 cu.in

A Vdrum from high tolow = Vdrum head up to high level Vdrum straight up to high level

- Vdrum head up tolow level — Vdrum straight up to low level

AVdrum from high tolow = 11, 728.38 + 391, 894.48 —2,753.79 —74.049.9
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AVgrum from high tolow = 335,793.77 cu.in =194.33 cu.ft

_ AVirum from high tolow
tholdup = 7
M normal operation

194.33
tholdup = 6276

tholdup =3.10 min



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

Mgteam drum heads = 2 X 0.223 X tmin X (1.22x D; + SF + t)?

Mgteam drum heads = 2 X 0.223 X 2% (1.22 x 48 +1.9865 + 2)

Msteamdrum heads = 3, 489.561b

64.2 Steam drum weight

Msteam drum length = T X Di Xt X Lsteam drum X Psteam drum X (1 + mMiscellaneous%)
Msteam drum length = 7T X 48 X 2 X 446.78 x 0.283599 x 1.03

msteam drum length = 39, 445-361}3 = 17, 892.1kg

Msteam drum = Msteam drum length + Msteam drum heads

Msteam drum = 39> 445.36 + 3, 489.56
Mgteam drum = 42, 934.921b =19, 474.94 kg

64.3 Mud drum elliptical heads weight

Mumud drum heads = 2 X 0.223 X tin X (1.22x D; + SF + t)2
Mumud drum heads = 2 X 0.223 X 1.375 % (1.22 x 30 + 1.9865 + 1.375)2

Minud drum heads = 979.31 Ib
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64.4 Mud drum weight

Mmud drumlength = 7T X D; x t X Liyyd drum X Prnud drum X (1 + mMisceuaneous%)
Mmud drum length = 7T X 30 x 1.375 x 446.78 x 0.283599 x 1.03

Minud drumlength = 16, 933.571b =7, 680.93 kg

Mmud drum = Mmud drumlength + Mmud drum heads
Mmud drum = 16, 933.57 + 979.31
Muyud dram = 17, 912.891b = 8,125.14 kg



65 Furnace total tube number

Ntumace tube = Ny tangent tube + Nrurnace membrane tube + 2 X Nfurnace width tangent tube
Nfurnacetube =201+110+2x51

N, furnace tube = 413 NO.
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66 Boiler total tube number

Nboiler tube = N, total bank tubes t N; furnace tube + 2 X N, rows deep bank tube
Nhoiler tube =976 + 413 +2x 14

Npoiler tube =1, 417 no.
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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

Miangentwall = N tangent tube X Ltangent tube X Mtyube per feet

Lmax expand to steam drum Lmax expand to mud drum + Hbetween drums

Ltangent tube = 12

Tab. 67.1: Carbon steel tube average weight per foot [38].

Tube outside diameter (in) 0.065 0.085 0.095 0.105 0.120 0.135 0.150 0.165
16GA 14GA 13GA 12GA 11GA 10GA 9GA 8GA
0.75 0.51339 0.6504 0.7150 0.7765 0.8650 0.9474 - -
1 0.7031 0.8978 0.9914 1.082 1.214 1.340 1.461 1.575
1.25 - 1.145 1.268 1.388 1.563 1.733 1.897 2.055
1.5 - 1.393 1.544 1.694 1.913 2.126 2.333 2.536
2 - 1.887 2.097 2.305 2.611 2912 3.210 3.496
2.25 - 2.135 2.374 2.610 2.960 3.305 3.643 3.976
2.5 - 2.382 2.650 2.916 3.310 3.698 4.080 4.456
3 - - 3.203 3.527 4.010 4.483 4.953 5.417
3.25 - - - 3.833 5.357 4.876 5.390 5.897
3.5 - - - 4,138 4.706 5.269 5.826 6.380

https://doi.org/10.1515/9783110757088-067


https://doi.org/10.1515/9783110757088-067

67.4 Furnace total tubes weight =— 217

124.16 +13.42 + 8.38
Ltangent tube = D =12.16ft

Miangentwall = 201 x 12.16 x 2.305

Mytangent wall = 5,636 1b

67.2 Furnace membrane wall tubes weight

Mmembrane wall = Nfurnace membrane tube X Lfurnace membrane tubes X Mtube per feet
Mmembrane wall = 110 X 33.6 x 2.305

Mmembranewall = 8, 5201b

67.3 Furnace front and rear wall tubes weight

Mfyrnace front&rear wall = 2x Nfurnace Width tangent tube X Hfumace X Mtuybe per feet

144 % (1+10% margin)
12

Mturnace front&rear wall = 2x51x % 2.305

Mfurnace front &rear wall = 3,108 Ib

67.4 Furnace total tubes weight

Mfyrnace total tube = Mtangentwall T Mmembrane wall T Mfurnace front& rear wall

Mfurnace total tube = 5, 636 + 8,520 + 3,108
Mfyurnace total tube = 17,264 1b =7, 831kg



68 Front and rear wall header weight

2
2X 71T % (DZ - (D -2X t) ) X Lyrnace width X Pheader
Miront and rear wall header = 144 % 12

w1+ %Miscellaneous
100

2% 7% (62 —(6-2x 0.28)2) %100 x 490.059
Mront and rear wall header = 144 %12 X (1 + 0.25)

Mront and rear wall header = 356.55 b =161.73 kg

https://doi.org/10.1515/9783110757088-068
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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

Msyperheater tubes = Mtube per feet X N tube row X N, tube row deep X Lsuperheater tube

Tab. 69.1: Carbon steel tube average weight per foot [38].

Tube outside diameter (in) 0.065 0.085 0.095 0.105 0.120 0.135 0.150 0.165
16 GA 14GA 13GA 12GA 11GA 10GA 9GA 8GA
0.75 0.51339 0.6504 0.7150 0.7765 0.8650 0.9474 - -
1 0.7031 0.8978 0.9914 1.082 1.214 1.340 1.461 1.575
1.25 - 1.145 1.268 1.388 1.563 1.733 1.897 2.055
1.5 - 1.393 1.544 1.694 1.913 2.126 2.333 2.536
2 - 1.887 2.097 2.305 2.611 2.912 3.210 3.496
2.25 - 2.135 2.374 2.610 2.960 3.305 3.643 3.976
2.5 - 2.382 2.650 2916 3.310 3.698 4.080 4.456
3 - - 3.203 3.527 4.010 4.483 4.953 5.417
3.25 - - - 3.833 5.357 4.876 5.390 5.897
3.5 - - - 4,138 4.706 5.269 5.826 6.380
7,600

Msuperheater tubes = 1.913 X 19 X 4 x 40 x 77850

Mgyperheater tubes = 3> 630.31 1b

https://doi.org/10.1515/9783110757088-069


https://doi.org/10.1515/9783110757088-069

220 —— 69 Superheater package weight

69.2 Superheater inlet header weight

2 2
X (D -(D-2xt) ) X Linlet header X Pheader
msuperheater inlet header = 144 x 12

% (62 —(6-2x 0.344)2) x (% + 2) % 490.059
Msuperheater inlet header = 14412

msuperheater inlet header = 174.291b

69.3 Superheater outlet header weight

2 2
T X (D - (D-2xt) ) X Loutlet header X Pheader
msuperheater outlet header = 144 % 12

% (82 —(8-2x 0.5)2) x (% +2+3) X 474.453
Msuperheater outlet header = 144 x 12

msuperheater outlet header = 441.611b

69.4 Superheater package weight

Msuyperheater package = Msuperheater tubes + (msuperheater inlet header T Msuperheater outlet header)
%margin
X 1 + 7?,‘
100

10
Mguperheater package = 5 630.31 + (174.29 + 441.61) x (1 + ﬁ)

msuperheater package = 6, 342.66 lb = 2, 876.98 kg



70 Steam drum to superheater connection header
weight

2 2
X (D -(D-2x t) ) X Lconnecting drum to superheater X Ppipe

144 x12

Mconnecting drum to superheater =

% (62 —(6-2x 0.28)2) X 77.6 x 490.059
Mconnecting drum to superheater = 144 12

mconnecting drum to superheater = 1,328.1 b =602.42 kg

https://doi.org/10.1515/9783110757088-070
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71 Bank tube package weight

Mbpank tube packge = N, total bank tubes X Mtube per feet X Laverage bank tube

Tab. 71.1: Carbon steel tube average weight per foot [38].

Tube outside diameter (in) 0.065 0.085 0.095 0.105 0.120 0.135 0.150 0.165
16 GA 14GA 13GA 12GA 11GA 10GA 9GA 8GA

0.75 0.51339 0.6504 0.7150 0.7765 0.8650 0.9474 - -

1 0.7031 0.8978 0.9914 1.082 1.214 1.340 1.461 1.575
1.25 - 1.145 1.268 1.388 1.563 1.733 1.897 2.055
1.5 - 1.393 1.544 1.694 1913 2.126 2.333 2.536
2 - 1.887 2.097 2305 2.611 2.912 3.210 3.496
2.25 - 2,135 2374 2,610 2.960 3.305 3.643 3.976
2.5 - 2.382 2.650 2916 3.310 3.698 4.080 4.456
3 - - 3.203 3.527 4.010 4.483 4.953 5.417
3.25 - - - 3.833 5.357 4.876 5.390 5.897
3.5 - - - 4.138 4.706 5.269 5.826 6.380
4 - - - 4.750 5.405 6.055 6.700 7.338

135.07

Mipank tube packge = 976 X 2.305 x B

Mpank tube packge = 25,3223lb=11,486 kg

https://doi.org/10.1515/9783110757088-071
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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. X Nrow deepno. X Neach tube’s fin plates X Pfin % thin
X ((D +Hpn)? - DZ)
4

X

N each tube’s fin plates — in X Lin tube

Neach tube’s fin plates — 6x10x12
Neach tube’s fin plates = 720 no.
2_y2
7,750 x 0.062428 nx ((2+075)-22)
Mfin plates = 10 X 12 x 720 x 17—28 % 0.04 X .

Min plates =2,706.051b

72.2 Economizer fin tubes weight

Meconomizer tubes = N, row no. X N, rowdeepno. X Mtube per feet X (Ltube + Ltube head& bottom connection extra)

https://doi.org/10.1515/9783110757088-072
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Tab. 72.1: Carbon steel tube average weight per foot [38].

Tube outside diameter (in.) 0.065 0.085 0.095 0.105 0.120 0.135 0.150 0.165
16 GA 14GA 13GA 12GA 11GA 10GA 9GA 8GA
0.75 0.51339 0.6504 0.7150 0.7765 0.8650 0.9474 - -
1 0.7031 0.8978 0.9914 1.082 1.214 1.340 1.461 1.575
1.25 - 1.145 1.268 1.388 1.563 1.733 1.897 2.055
1.5 - 1.393 1.544 1.694 1.913 2.126 2.333 2.536
2 - 1.887 2.097 2.305 2.611 2.912 3.210 3.496
2.25 - 2.135 2.374 2.610 2.960 3.305 3.643 3.976
2.5 - 2.382 2.650 2916 3.310 3.698 4.080 4.456
3 - - 3.203 3.527 4.010 4.483 4.953 5.417
3.25 - - - 3.833 5.357 4.876 5.390 5.897
3.5 - - - 4.138 4.706 5.269 5.826 6.380
4 - - - 4.750 5.405 6.055 6.700 7.338
3+3

72.3 Economizer return elbows weight

Meconomizer tubes = 10 X 12 x 1, 887 x (

Meconomizer tubes = 2,377.62 1b

10+ ——

12

)

Myeturn elbows = (Nrow no. — 1) X Nrow deepno. X Meach elbow

Myeturn elbows = (10 — 1) X 12x 1.3 X 2.20462

Myeturn elbows =309.51b

72.4 Economizer headers weight

Meconomizer header =

14

2 X 1T X (D2 - (D-2xt )2> X Leconomizer header X Pheader

b x4



72 Economizer package weight =—— 225

(Nrow no. — 1) X SL + Lheader connection extra

Leconomizer header = 12
(10-1) x4.5+20
Leconomizer header = #

Leconomizer header = 5.041ft

2% 7% (32 ~(3-2x 0.216)2) % 5.041 % 490.059
Meconomizer header = 144 x 4

Meconomizer header = 64.79 1b

72.5 Economizer pressure parts weight

Meconomizer pressure part = Mfin plates + Meconomizer tubes T Mreturn elbows + Meconomizer header

Meconomizer pressure part = 2, 706.05 +2,377.62 +309.5 +64.79

meconomizer pressure part = 5’ 457~99 lb

72.6 Economizer package weight

Meconomizer package = Meconomizer pressure part T Meconomizer casing

Meconomizer casing = 1, 500 lb(approximately)

Meconomizer package = 5,457.99 + 1,500

Meconomizer package = 6, 957.99 Ib=3,156.10 kg



73 Stack weight

2
T (Dz - (D-2xt) ) X Hactive X Pstack %miscellaneous
Mstack = x(1+

144 x4 100

mx (7874 - (7874 -2 0.7)") x 57.74 % 490.059 10
Mstack = X ( )

144 x4
Mggack = 74,152.021b = 33,634 .83 kg

https://doi.org/10.1515/9783110757088-073
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BOILER PERFORMANCE SHEET

MODEL FUEL GAS
CAPACITY kg/hr LHV Ki'kg 45,933
Elevation MASL 4 Blowdown Rate % 3.00
Ambient air temp g & 20 Stack Height Meter 20.00
Steaming conditions 100% 75% 50% 25%
Steam Generation (MCR) kg/hr 60.000 45.000 30.000 15.000
Superheater outlet pressure (SOP) barg 42,00 42.00 42.00 42.00
Superheater pressure drop barg 0.12 0.08 0.04 0.01
NRYV valve pressure drop barg 1.25 0.70 0.31 0.08
Steam Drum oper. pressure barg 43.38 44.54 43.28 44.59
Feed water temperature  (FWT) °C 110 110 110 110
F.W. leaving Economizer e 175 170 163 157
Saturation Temperature °C 257 258 256 258
S.H. Controlled Temp.  (SOT) o & 420 420 420 420
S.H. Uncontrolled Temp. c 423 423 426 424
Furnace Exit Gas Temp. o 1,310 1,215 1,102 908
Flue Gas Temp. Enter. S.H. ! 1,310 1,215 1,102 908
Flue Gas Temp. Enter. Bank. %0 955 875 780 636
Flue Gas Temp. Enter. Econ. e ¢ 350 318 281 239
Flue Gas Temp Leav. Econ. °C 187 172 157 140
Flue Gas Temp Exit Of Stack & 178 163 148 131
Excess Air % 17 21 28 44
Combustion Air Flow kg/hr 72,655 56,354 39,743 22,355
Fuel Flow kg/hr 3,835 2876 1,918 959
Fuel Input (LHV) KW 48,933 36,700 24,467 12,233
Flue Gas Recirc. Rate % 0 0 0 1]
Flue Gas Flow kg/hr 77,482 60,098 42,383 23,841
Volumetric Heat Release  (LHV) Keal/m3.hr 404,403 303,302 202,201 101,101
Surface Heat Release (LHV) Keal/m2.hr 283,589 212,691 141,794 70,897
Losses: Dry Gas % 535 485 433 3.74
H2 & H20 in fuel % 11.16 11.04 10.92 10.78
H20 in air % 0.08 0.08 0.07 0.06
Radiation % 0.50 0.56 0.66 0.89
Carbon Loss % 0.00 0.00 0.00 0.00
Unbumed Fuel Loss % 0.00 0.00 0.00 0.00
Mfi's Margin % 1.00 1.00 1.00 1.00
TOTAL % 18.08 17.53 16.99 16.47
EFFICIENCY (HHV) % 81.92 8247 83.01 83.53
EFFICIENCY (LHV) % 90.68 91.29 91.90 92.47
Draft Loss :
Air Ducting mm H20 486 312 1.69 0.62
Inlet Damper mm H20 NA NA NA NA
Bumner Windbox mm H20 250.00 125.00 62.50 15.63
Furnace mm H20 0.201 0.078 0.040 0.013
Superheater mm H20 35.60 24.04 9.78 2.85
Boiler Bank mm H20 3998 22,67 10.60 3.05
Economizer mm H20 64.85 39.30 20.10 7.05

Fig. 74.4: Boiler performance sheet.
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STACK CALCULATIONS (DRAFT AND LOSSES)

Stack height 65,62 fi Above Ground

Active length 57.74 fi Above Flue Gas Entrance
Outlet dia. 6,56 fl

Flue gas flow 170.818.92  Ibhr

fue gas outlet temp 352,32 F

Rewnold No. 573.476.24

Frict. MOODY fact. 0.011

Elevation 13.12 fi ASL

O, air temp. 68.00 F

Inside gas velocitY 1.669.61 ft'min Typical: 2000 To 5000 Fpm
Outlet gas velocity 2.756.52 ft/min Typical : Above 3000 Fpm
Théorical drafi 0.275 in. WG (Typical Gas; V=24.5 i@ 1000 R & 30 "Hg
Pressure losses 0.013 n. WG (Théorical)

Net Draft (Losses) 0.262 in. WG (Théorical)

Stack Height/LD. 10,00 18 To Avoid Excessive Vibration Or Use Spoilers
Thermal Conductivity Of Insulation 0.07 Buu/ft.hr.F
Minimum Thickness of Insulation 3.35 Inch

Fig. 74.5: Stack calculation.



FAN CALCULATION

Elevation
> atm

13
29,91

SYSTEM PRESSURE LOSS

Inlet Screen
Silencer

Air Inlet Duct
Damper

Air Measurement
Air Heater

Air Preheater
Burner.Windbox
Boiler
Superheater

Flue Gas Duct
Economizer
Damper

Air Heater

Stack

Misc.

T'C

Fresh Air

Mass Flow
Volume Flow
Volume Flow
Temperature
Density
Minimum Temp.

Flue Gas Recir
Fgr Mass Flow
Fgr Volume Flow
Temperature
Density

Inlet Mixed

Mixed Mass Flow
Mixed Volume Flow
Temperature

Density

Static Pressure
Temperature

MMass Flow
Volume Flow

Static Pressure
Temperature
Density

Metric

Mass Flow
Volume Flow
Static Pressure
Temperature
Density

Fan Efficiency
Assumed Fan Efficiency
BHP

EBHP Cold Start-Up
BHP Required

Motor BHP

Motor BHP (from table)

O, 0000
O, 0000
01914
O, 0000
00,0000
O, 0000
O, OO0
9. 8425
0.0079
1.4016
1.5742
0.0796
2.5530
0,0160
0.0134
O, 5000
16,1797

CONDITION

162.683,59
35.492.67
36.048.20

GR,.00
0,08
=<4, (M)

0,00
0,00
368,23
0,05

162.683,59
36.048.20
68,00
0,08

BLOCK CONDITION
10

(SR

1
5

162.683,59
39.653.02
19,58
93,00
0,08

73.792,12
67.370,88
497,27
33.89
1,20

FAN'S DRIVER BHP

70

85
174
183
205
153
200

Fig. 74.6: Forced draft fan calculation.

FASL
in. Hg

in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG
in. WG

Ib/hr
SCFM
ACFM
o
Ib/cu. ft
o

Ib/hr
ACFM
o
Ib/cu. it

Ib/hr
ACFM
oy
Ib/cu. ft

Ib/hr
ACFM
in. WG
oF
Ib/cu fi

kg/hr
m3/hr
mm H20
o
kg/m3

o
o
BHP
BHP
BHP
KW
KW
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SAFETY VALVE SIZING

Total Steam Generation 134400  PPH

Superheater Operating Pressure 609,1569147 psig

SH. Outlet Temperature 1112,316567 F UNCONTROLLED

Degree Superheat 6184455669 F

Superheater Pressure Drop 1.811351574 psi typical; 25 to 50
S.H. Enthalpy 1400,143132 Btu/lb

S.H. Specific Volume 1,12930425  cuftIb

Design Pressure  (Mawp) 698.6181025 psig

NRV Delta P 13343496 psig

STEAM DRUM OUTLET

Steam Flow 134400  PPH
Drum Operating Pressure 629,1516379 psig
Operating Temperature 4949042 F
Enthalpy 1202,958948 Btulb
Specific Volume 0,709043587 cu.fvlb

SAFETY VALVES SELECTION

Superheater

Relieve Capacity 39.778 PPH SHOULD RELIEVE BETWEEN 15 & 20%
Corrected Sat. Flow #REF! PPH Ksh #REF! %

Set Pressure 659 psig

Drum

Relieve Capacity 107.520  PPH MIN.75% OF TOTAL CAP(PG-68.2)
PSV-1 Setting 680 psig

PSV-2 Setting 685 psig

Superheater

Kunkle 600NHG 600# 1 1/2x2 172 J-orifice set @ 658,81 39778 PPH
Boiler

Kunkle 600NJG GOOH 2x3 K-onfice set (@ 680,27 58.978 FPH
Kunkle 600NHG 600# 2x3 K-crifice set (@ 685,11 58.978 PPH

87,76% >75%0K
Total Capacity Drum Valves 117.956,00 PPH
Total Safety Valve Capacity 157.734,00 PPH
117,3616071 %

Superheater PSV Weight 75 b
Steam Drum #1 PSV Weight 95 Ib
Steam Drum #2 PSV Weight 95 b
Boiler Total PSV Weight 265 Ib

Fig. 74.7: Pressure safety valve calculation.
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BOILER FEED WATER CALCULATION

Design Pressure 699 PSIG
Operating Pressure 641 PSIG
Steam Flow: 134.400 PPH
Sat. Steam Temp. 495 F
S.H. Steam Temp. 788 F
Feedwater Temperature 230 F
Blowdown Rate 5.00 %

Feedwater Data MIN. NORM. MAX.
Feedwater Flow USGPM 57 299 356
Safety Valve Higher Setting 699 PSIG

Min, Feedwater Inlet Pressure To Drum 719 PSIG

Total Pressure Drop 30 PSIG

ReqD Feedwater Pump Outlet Pressure 749 PSIG

Fig. 74.8: Boiler feed water calculation.
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DESUPERHEATER CALCULATION

Boiler Load %MCR 100% 75% 50% 25%
Steam Flow At Inlet: 134400  PPH 100800  67.200  33.600
Steam Flow At Outlet: 136920  PPH 102453 68279  33.702
Water Flow Needed 2.520 PPH 1.653 1.079 102
Pressure Of Steam At Inlet: 609 PSIG 609 609 609
Pressure Of Steam At Outlet: 606 PSIG 606 606 606
Temperature Of Steam At Inlet: 793 °F 793 798 796
Temperature Of Steam At Outlet: 788 °F 788 788 788
Temperature Of Water 230 °F 230 230 230
Enthalpiy, Steam In 1.423 BTU/LB 1.420 1.419 1.404
Enthalpiy, Steam Out 1.400 BTU/LB 1.400 1.400 1.400
Enthalpiy, Water 200 BTU/LB 200 200 200
Degree Superheat, Steam In 298 °F 300 307 305
Degree Superheat, Steam Out 293 F 295 296 297
Steam Flow At Outlet 136.920 PPH 102453 68279  33.702

Fig. 74.9: Desuperheater calculation.
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Steam Drum Water Operating Limit

Maximum Allowable Water Level

b

n mm

Hold Up Time (min)

3,10

209 mm

k
Minimum Required Water Level

Fig. 74.10: Steam drum water operating levels.
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BOILER WEIGHT

Steam Drum 19.47¢ kg
Mud Drum o Gt kg
Furanace Tubes 7.831 kg
Total Front & Rear Wall Headers 11 kg
Bank Tubes 11.48¢ kg
Superheater : kg
Connecting Steam Drum To Superheater { kg
Economizer 3.15¢ kg
Misclenouse @ 10% : kg
Duct (Estimate) i ) kg
Stack 33 H38 kg
e
Boiler Pressure Part Weight 3.714 kg
Boiler Shipping Weight )4 . 88¢ kg
Boiler Water Weight 1758 kg
Boiler Operating Weight 112.766 kg

Fig. 74.11: Weight calculation.
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FLUE GAS VELOCITY INSIDE BOILER

Fd.Fan Discharge Duct 3.600 fpm
Furnace 2.117 fpm
Superheater 5.297 fpm
Bank Tube 4.104 fpm
Bank Tube End 4.104 fpm
Gas Oulet Duct 4110 fpm
after Economizer 3.046 fpm
Stack 1.670 fpm

FLUE GAS VELOCITY INSIDE BOILER

6.000
5.000
1.000
3.000
2.000
1.000

0

@”@é & fé Il @“ﬁ WAl

4 ® Q&- o o

d&"
&

<

Fig. 74.12: Flue gas velocity inside boiler.
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