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ABSTRACT. KEYWORDS 

ABSTRACT 
This master's thesis deals with the design of a dual pressure horizontal heat recovery steam 
generator (HRSG), utilizing the residual thermal energy of flue gases exhausted by a natural 
gas turbine. Included is: the design and sizing of individual heat exchangers and their general 
configuration according to the required outlet steam parameters, and the given inlet flue gas 
parameters. Furthermore, this thesis includes the design and associated sizing calculations of 
steam drums, downcomer tubes, and riser tubes. This thesis concludes by calculating and 
verifying pressure losses between the inlet and outlet of the HRSG. A significant part of this 
thesis is comprised of a technical drawing attached in the appendix. 

K E Y W O R D S 

Heat recovery steam generator, flue gas duct, downcomer tubers, riser tubes, heat exchanger 

ABSTRAKT 
Tato diplomová práce se zabývá návrhem dvojtlakého horizontálního kotle využívající teplo 
spalin za spalovací turbínou na zemní plyn. Zahrnuje návrh a výpočet jednotlivých výměníků, 
jejich základní uspořádání s ohledem na požadované parametry výstupní páry a dané vstupní a 
výstupní parametry spalin. Dále tato práce zahrnuj e výpočet a konstrukční návrh parních bubnů, 
zavodňovacích trubek a převáděcích potrubí. Tato práce je zakončena výpočtem a prověřením 
tlakových ztrát mezi vstupem a výstupem kotle. Důležitou součástí této práce je přiložena 
výkresová dokumentace. 
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kotel na odpadní teplo, spalinový kanál, zavodňovací potrubí, převáděcí potrubí, tepelní 
výměník 
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INTRODUCTION 

INTRODUCTION 
A heat recovery steam generator (HRSG) is a boiler which takes advantage of waste or residual 
heat and uses it to produce steam. These boilers can be used in either a cogeneration power 
plant or a combined cycle power plant. In a cogeneration power plant, the heat form combustion 
is partly used to produce electricity and the rest of the heat is transferred into steam, through 
the HRSG, and used in other industrial applications. In combined cycle power plants (seen in 
figure 0-1) a combustion turbine is used to produce electricity and the exhaust gases (flue gas) 
then flows through a HRSG where steam is produced and then used to power a steam turbine 
to produce additional electricity, thus increasing the efficiency of the cycle. 

F L U E G A S 
A 

AIR F U E L HRSG 

1 
C O M B U S T O R 

C O M P R E S S O R 
G A S 

T U R B I N E 

G E N E R A T O R 

S T E A M 
T U R B I N E 

C O N D E N S E R 

Figure 0-1 Combined cycle power plants [ 10] 

In operation hot flue gas is contained within the inner liners of the HRSG casing (flue gas duct) 
and come in contact with heat transfer surfaces, as the pass through the HRSG, which transfer 
heat from the flue gas to the water/steam. Typically, the flue gas enters directly into a stack 
after passing through the HRSG. The heat transfer surfaces are arraigned inside the flue gas 
duct) and include; economizers, evaporators, and superheaters. An economizer is a gas to water 
heat exchanger which serves to preheat the water entering the evaporator. An evaporator is a 
water/wet steam heat exchanger where the phase change form liquid to gas takes place. A 
superheater is a gas to dry steam heat exchanger which serves to produce superheated steam. 

HRSGs can be categorized into two main groups, depending on the direction of flue gas flow, 
they can be of either the vertical or horizontal configuration. Each of these configurations can 
be further categorized into three main types, according to their operating principle, these types 
include; natural circulation HRSGs, forced circulation HRSGs, and once through HRSGs. 
Natural circulation HRSGs are most commonly in a horizontal configuration, while forced 
circulation and once through HRSGs are typically in the vertical configuration. Another general 
way to categorize HRSGs is according to number of different outlet steam pressures they 
produce. In this manner a HRSG can be a single, dual, or even triple pressure HRSG. The use 
of multiple pressure circuits can enable the HRSG to recover more heat form the flue gas and 
thus increase it efficiency. 

Some HRSGs are equipped with duct burners which are used to increase the steam production 
rate when the parameters of the flue gas form the combustion turbine are insufficient. HRSGs 
can also be equipped with built in systems for reducing emissions, such as selective catalytic 
reduction systems which reduce nitrogen oxides in the exhaust gasses. 
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GENERAL DESCRIPTION 

1 GENERAL DESCRIPTION 
The HRSG designed in this thesis is a dual pressure horizontal HRSG with natural circulation. 
It consists of 9 individual heat exchangers arranged inside the flue gas duct (the inner liners of 
the HRSG casing). The high pressure circuit includes the economizer, which has been split into 
3 heat exchangers, the evaporator, and the superheater, which has been split into 2 heat 
exchangers. The feed water enters the first heat exchanger of the economizer and flows 
consecutively through all three exchangers where the water is preheated to a temperature 
slightly lower than the saturation temperature. This temperature difference is called the 
approach point. The water then enters the high pressure steam drum from which it flows through 
the downcomer tubes into the evaporator where the water becomes a water/steam mixture. This 
water/steam mixture is collected in headers and then flows through the riser tubes back into 
steam drum where the saturated steam is separated from the water (phase separation). The 
saturated steam travels from the top of the steam drum through the first superheater heat 
exchanger, where the steam becomes superheated. The steam then enters a header where feed 
water, at a temperature of 53 °C, is injected into the superheated steam in order to regulate the 
final outlet steam parameters. Afterwards the steam passes through the last superheater heat 
exchanger where the final outlet steam parameters are achieved. The low pressure circuit 
consists of an economizer, evaporator, and superheater. Each is made up of single heat 
exchangers. This circuit functions in the same manner as the high pressure circuit, with the 
omission of the regulation through water injection. In both the high and low pressure circuits 
the water and heat loss through boiler blowdown is negligible. 

HP s t e a m d rum L F s t e a m drum 

Figure 1-1 HRSG schematic 

The design process begins with an outline of the HRSG temperature profile graph which is 
constructed according to the selected number of heat exchangers and the order in which they 
are arranged, seen in figure 1-1. According to the preliminary temperature profile graph the 
steam and flue gas parameters are calculated as they enter and exit each heat exchanger. The 
steam production rate and required heat transfer rate of each heat exchanger is determined. The 
geometry of the first heat exchanger to come in contact with the flue gas is selected and the 
inner dimensions of the HRSG casing (the flue gas duct dimensions) are defined accordingly. 
The rest of the heat exchangers are sized according to their heat transfer requirements and the 
BRNO 2016 19 



GENERAL DESCRIPTION 

set dimensions of the flue gas duct. Then the steam drums, downcomer tubes and riser tubes 
are sized. The final step of the design is to verify that the pressure losses in the flue gas through 
the HRSG are not excessive. 

1.1.1 Given Boiler Parameters 

Flue gas inlet parameters: 

Temperature tFiue = 490°C 

Mass flow rate MFtue = 30 kg/s 

Feed water inlet parameters: 

Temperature tFW = 53°C 

High pressure steam output parameters: 

Pressure p f p = 4.6MPa 

Temperature t f p = 450°C 

Low pressure steam output parameters: 

Pressure p[p = 0A6MPa 

Temperature t[p = 170°C 

Flue gas volumetric composition: 

The volumetric concentration of the individual components which makeup the flue gas 
are presented in Table 1.1. 

Parameter Symbol Value Units 

O2 concentration X02 0.139 [-] 

Ar concentration xAr 0.009 [-] 

N2 concentration XN2 0.73 [-] 

CO2 concentration XC02 0.044 [-] 

H2O concentration XH20 0.078 [-] 

Table 1.1 Volumetric composition, concentrations 

Maximum acceptable flue gas pressure loss: 

A maximum pressure loss value must be determined to insure proper flue gas exhaust 
from the boiler. This maximum acceptable pressure loss is dependent on the exhaust parameters 
of the gas turbine being used. The maximum acceptable pressure loss is assumed to be 1500Pa 
[7]. 

Apimax = 1500Pa 
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THERMAL CALCULATIONS OF THE BOILER 

2 THERMAL CALCULATIONS OF THE BOILER 

2.1 Preliminary Temperature Profile Graph of the Boiler 
The preliminary temperature profile graph of the boiler (seen in figure 2-1) is constructed 
according to the configuration and the number of heat exchangers the boiler is made up of. In 
both the high and low pressure circuit AtPi (the pick point) is chosen to be 10 ° C . The value of 
AtAp (the approach point) is chosen to be 5 ° C . The approach points insure that the water in 
high and low pressure the economizers does not begin to boil. The pinch points insure that there 
is an adequate temperature difference between the water entering the evaporators and the flue 
gas. This minimum temperature difference is what limits the heat transfer rate of the high 
pressure circuit. The purpose of splitting the high pressure economizer into three heat 
exchangers is to further cool the flue gas, and thus recover more heat. 

X 
if) 

X 
if) 

— Flue gas 

— High pressure circuit 

— Low pressure circuit 

LU 

Q_ 
T. 

O 
u 
LU 

X 
(f) LU 

H- i 
T 
CM 

_l 
T 

O o o : 
o ; o o : 
L U i L U L U i 

Q [kW] 

Figure 2-1 HRSG preliminary temperature profile graph 

2.2 Selected Parameters Values 
Parameters which have been selected are presented in the Table 2.1. These parameters 

include values which are necessary for the construction of the actual temperature profile graph 
of the boiler 
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THERMAL CALCULATIONS OF THE BOILER 

Parameters Symbol Value Units 

High pressure superheater SH2HP steam pressure loss 0.1 MPa 

High pressure superheater SHIHP steam pressure loss 0.1 MPa 

High pressure economizer E C O 3 H P water pressure loss AP£C03 0.1 MPa 

Low pressure superheater SHLP steam pressure loss ApsH 0.1 MPa 

High pressure economizer E C O 2 H P water pressure loss AP£C02 0.1 MPa 

Low pressure economizer ECOLP water pressure loss A p | ? 0 
0.3 MPa 

High pressure economizer ECOIHP water pressure loss APECOI 0.1 MPa 

High pressure superheater SH2HP enthalpy difference AiHP 250 kj/kg 

High pressure approach point AtHP 5 °C 

Low pressure approach point AtLP 5 °C 

High pressure pinch point AtHP 10 °C 

Low pressure pinch point AtHP 10 °C 

High pressure economizer E C O 3 H P temperature gradient AtHP 

ALEC03 
105 °C 

High pressure economizer E C O 2 H P temperature gradient AtHP  
ALEC02 12 °C 

Amount of high pressure feedwater used to regulate outlet 
steam parameters (water injection) MWo/o 5 

Table 2.1 Selected parameters values 

2.3 Water/Steam Parameters 
In this section the water/steam parameters are determined, for both the high and low pressure 
circuits, at each point in the preliminary temperature profile graph. The temperature, pressure, 
and enthalpy at each point is either calculated or determined using X-Steam. The first point of 
both the high and low pressure circuits are given as the required outlet steam parameters. 

2.3.1 High pressure water/steam parameters 

4.6 MPa (given value) 

450°C (given value) 

3322.65 kj/kg (determined using X-Steam, f(p,t)) 

p f + Ap"^2 = 4.6 + 0.1 = MMPa 

i"p - MSHI = 3322.65 - 250 = 3072.65kj/kg 

348.48°C (determined using X-Steam, f(p,t)) 

Point IHP: 

P f 

if-

Point 2HP: 

P f 

i?P-

t»P : 
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THERMAL CALCULATIONS OF THE BOILER 

Point 4HP: 

p f pHP + A p " ^ = 4.7 + 0.1 = 4.8MPa 

t1p = 261.4°C 

i f = 2795.83 kj/kg 

(X-Steam, saturation temperature) 

(X-Steam, saturated steam) 

Point 5HP: 

P f = 

•HP 

pHP = 4.8MPa 

261.4°C 

1141.81 kj/kg 

(saturation temperature) 

(X-Steam, saturated water) 

Point 6HP: 

THP 

PHP = PHP = 4_QMpa 

THP At"p = 261.4 - 5 = 256.4°C 

i f p = 1116.99 kj/kg (determined using X-Steam, f(p,t)) 

Point 7HP: 

?HP = PHP + PHP^ = 4 8 + o.l = 4.9MPa 

t"P ~ tlcos = 256.4 - 105 = 151.4°C 

641.03 kj/kg (determined using X-Steam, f(p,t)) 

THP 

•HP 
l7 

Point 8HP 

,HP 
Ps = 
THP _ 

•HP 
l8 

pHP + &pH

Eco2 = 4.9 + 0.1 = 5MPa 

tHP - AtEco2 = 151-4 - 12 = 139.4°C 

589.67 kj/kg (determined using X-Steam, f(p,t)) 

Point 9HP: 

P f 

tHP--

p"p - APECOI = 5 + 0.1 = 5.1MPa -.HP 

tpw — 53°C 

226.23 k]/kg 

(given value) 

(determined using X-Steam, f(p,t)) 

Point 3HP: 

Water injection is used as a means of regulating the parameters of the high pressure 
steam outlet. Approximately 5% of the total high pressure feedwater is injected into the high 
pressure circuit between the two heat exchangers of the high pressure superheaters (SH2HP and 
SHIHP) [7]. The enthalpy at point 3HP is calculated according to equation (2.1). 
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THERMAL CALCULATIONS OF THE BOILER 

1 
Injection 

M h p - i 
M Steam , 1 2 

Figure 2-2 Feedwater injection 

Conservation equation: 

Msteam " if = 0.95Af?Lm • i f + O.OSMsLm • i f (2.1) 

.//P _ t f - 0.05 • i f 3072.65 - 0.05 • 226.23 
h — - 0.95 

p" P = p" P = 4.7MP a 

0.95 
= 3222.46 kj/kg 

tHP = 408.46°C (determined using X-Steam, f(p,t)) 

2.3.2 Low pressure water/steam parameters 

Point ILP: 
PLP 

TLP 

h 

-- 0A6MPa 

170°C 

2792.98 k]/kg 

(given) 

(given) 

(determined using X-Steam, f(p,t)) 

Point 2LP: 

PL2P = 

thP = 

l2 

pLP + ApL

E

P

C0 = 0.46 + 0.1 = 0.56MPa 

156.15°C 

2753.12 k]/kg 

(X-Steam, saturation temperature) 

(X-Steam, saturated steam) 

Point 3LP: 

L3 -

iLP 

-- phP = 0.56MPa 

156.15°C 

658.88 kj/kg 

(X-Steam, saturation temperature) 

(X-Steam, saturated water) 

Point 4LP: 

PLP = PLP = o.56MPa 
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t f - AtL

Ap = 156.15 - 5 = 151.15°C 

637.28kj/kg (determined using X-Steam, f(p,t)) 

tpw = 53°C 

pf + Apfco = 0.56 + 0.3 = 0.86MPa 

222.6 kj/kg (determined using X-Steam, f(p,t)) 

2.4 Flue Gas Parameters 
2.4.1 Flue gas density 

The flue gas density is calculated with the help of the volumetric concentration of the 
individual flue gas components (seen in Table 1.1) and their respective densities (seen in Table 
2.2). This value is calculated according to equation (2.2). The calculated density as well as the 
density of the individual components are under normal conditions, a temperature of 0°C and 
pressure of O.lOlMPa. 

Parameter Symbol Value Units 

O2 density P02 1.4289 [kg/Nm3] 

Ar density Pňr 1.7839 [kg/Nm3] 

N2 density PN2 1.2505 [kg/Nm3] 

CO2 density PC02 1.9768 [kg/Nm3] 

H2O density P H 20 0.804 [kg/Nm3] 

Table 2.2 Densities of individual flue gas components 

PFlue
 = X

02 ' P02
 + X

Ar ' PAr
 + X

N2 ' PN2 + X

C02 " P C 0 2 + X

H20 " PH2o (2-2) 

pFlue = 0.139 • 1.4289 + 0.009 • 1.7839 + 0.73 • 1.2505 + 0.044 • 1.9768 + 0.07 • 0.804 

pFlue = 1.2772 kg/Nm3 

I4 

I4 

Point 5LP: 

TLP 

PLP 

iLP -l5 -

2.4.2 Flue gas volumetric flow rate, under normal conditions 

The flue gas volumetric flow rate, under normal conditions, is required to determine the 
flue gas enthalpy and speed throughout the boiler. This value is calculated according to equation 
(2.3). 

A W = ^ (2.3) 
PFlue 

MVFlue = = 23.49 i V m
3

/ 5 
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2.4.3 Flue gas enthalpy calculations at various points 

The flue gas enthalpy is determined as a function of the flue gas temperature. However, 
this correlation must be determined for the specific flue gas composition. Flue gas enthalpy at 
a given temperature is calculated with the help of the known enthalpy of each individual 
component of the flue at the given temperature, and its volumetric concentration (Table 1.1). 
This calculation is presented in equation (2.4). The flue gas enthalpy at several temperatures is 
presented in Table 2.3. 

hlue = x02 " I()2 + xAr ' Ur + XN2 ' ^N2 + XC02 ' ^C02 + XH20 ' ^H20 (2.4) 

For example, the flue gas enthalpy is calculated for a temperature 100°C below. This calculation 
is repeated for all temperatures in Table 2.3. 

W : i o o = 0-139 • 132 + 0.009 • 93 + 0.73 • 130 + 0.044 • 170 + 0.078 • 150 

W i o o = 133.27 kJ/Nm3 

Temperature [°C] 
Enthalpy [kJ/Nm3] 

Temperature [°C] 
lo2 1N2 lc02 iH20 hlue 

100 132 93 130 170 150 133.27 

200 267 186 260 357 304 268.01 

300 407 278 392 559 463 405.95 

400 551 372 527 772 626 547.44 

500 699 465 666 994 795 693.27 

600 850 557 804 1225 969 839.57 

Table 2.3 Enthalpy of the flue gas (calculated) and flue gas components at normal 
conditions, a temperature ofO°C and pressure of 0.101 MPa. 

Point A : 

The enthalpy of the flue gas at point A will be calculated according to the temperature 
at this point, which is also one of the given inlet parameters. 

Temperature tA = tFtue = 490°C 

The temperature at point A lies between 400°C and 500°C. Linear interpolation is used 
to calculate enthalpy of the flue gas at 490 °C, as seen below in equation (2.5). 

tA ~ 400 
U = T̂ Tq" (hlueSOO ~ hlueAOo) + hlueAOO (2.5) 

4 9 0 - 4 0 0 „ „ , 
lA = — (693.27 - 547.44) + 547.44 = 678.69 kJ/Nm3 
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Point D: 

The enthalpy of the flue gas at point D will be calculated according to the temperature 
at this point. This temperature is calculated as the sum of the saturation temperature of the high 
pressure circuit and the high pressure pinch point, as seen below. 

Temperature tD = t%p + t^f = 261.4 + 10 = 271.4°C 

The temperature at point D lies between 200°C and 300°C. Linear interpolation is used 
to calculate enthalpy of the flue gas at 271.4°C, as seen below in equation (2.6). 

tD ~ 200 
ID = (̂ Fiue:300 ~~ hlue:20o) + hlue:200 (2.6) 

271 .40-200 „ „ , 
lA = — • (405.95 - 268.01) + 268.01 = 366.5 kJ/Nm3 

Point G: 

The enthalpy of the flue gas at point G will be calculated according to the temperature 
at this point. This temperature is calculated as the sum of the saturation temperature of the low 
pressure circuit and the low pressure pinch point, as seen below. 

Temperature tG = t^p + t£f = 156.15 + 10 = 166.15°C 

The temperature at point G lies between 100°C and 200°C. Linear interpolation is used 
to calculate enthalpy of the flue gas at 166.15°C, as seen below in equation (2.7). 

IG = 0Flue:200 ~ hlue.lOo) + hlue:100 (2.7) 

166.15- 100 , 
IQ = — • (268.01 - 133.27) + 133.27 = 222AkJ/Nm3 

2.5 Rate Heat Loss from the Boiler Due to Radiation, Calculation 
The rate of heat loss from the boiler through radiation and convection is determined as a 
function of the boilers maximum usable thermal power and is also dependent on the type 
of fuel used, as seen in equation (2.8) according to standard C S N E N 12952-15 [11]. This 
heat loss rate takes into account the heat escaping from the boiler through the boiler walls 
and into the surroundings. Losses can be reduced by increasing the quality or quantity of 
insulation in the boiler walls. 

QRC = C • Q N

0 7 (2.8) 

Where: 

QRC is the rat of heat loss through radiation and convection [MW] 

QN is the maximum usable thermal power (the rate of heat entering the 
boiler) [MW] 
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C is a constant (C = 0.0113, for boilers that use liquid fuels or 
natural gas) 

Maximum usable thermal power: 

The maximum usable thermal power is the rate of heat entering the boiler in the flue gas 
at the inlet, or point A . This value is calculated as the product of the flue gas enthalpy and 
volumetric flow rate at point A , as seen below in equation (2.9). 

QN = QA = IA- MVFLUE (2.9) 

QN = QA = 678.69 • 23.49 = 15941.29/eVK 

Heat loss through radiation and convection: 

The rate of heat loss through radiation and convection is calculated according to 
equation (2.8), described above. The percentage of usable thermal power that is lost though the 
boiler walls by means of radiation and convection is calculated in equation (2.10). 

QRC = C- QN07 = 0.0113 • 15.941290 7 = 0.07849MVK 

QRC 0.07849 C2 10) 
QRC% = • 100 = —————— • 100 = 0.49% K J 

V R C / O QN 15.94129 

2.6 Steam Production Rates and Heat Transfer rates of Each Individual 
Heat Exchanger 

The steam production rate is calculated for both the high pressure and the low pressure 
circuit. Based on these production rates, the rate of heat transferred through each individual 
heat exchanger is calculated of the high and low pressure circuits respectively. 

2.6.1 High pressure steam production rate 

The heat released from the flue gas will be transferred mainly to the steam and water 
respectively, and a small portion of the heat will escape the boiler by means of radiation and 
convection. There for the rate heat leaving the flue gas between points A and D must be equal 
to the rate heat transferred to the high pressure water/steam between points IHP and 6HP, while 
taking into account the rate of heat loss through radiation and convection. This conservation of 
energy calculation is presented in equation (2.12). The rate of heat leaving the flue gas between 
points A and D is calculated through equation (2.11). 

Rate of heat released between points A and D: 

QA_D = MVFLUE • QA - ID) = 23.49 • (678.69 - 366.50) = 7332.81/eVK (2.11) 

Rate if heat absorbed between points IHP and 6HP: 

<?n = QA-D • ( I - w ) = 7 3 3 2 m { 1 - ° - ^ ) = 7 2 9 6 J k w ( 2 ' 1 2 ) 

The conservation of energy enables equation (2.13) to be used to determine the high 
pressure steam production rate, according to the water and steam parameters calculated earlier. 
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Each heat exchanger will not have the same water/steam mass flow rate, because 5% of the 
total high pressure outlet mass flow rate is introduced into the high pressure circuit through 
water injection between superheaters SH2HP and SHIHP. This water is used to regulate the steam 
outlet parameters. The fact that water is injected into the high pressure must be taken into 
account. 

an = Mip

eam • [ o r - in+0.95 • o r - in+0.05 • o f - v-w 
NHP 

Steam [ ( . „ P _ . „ P ) + Q _ g 5 . ( . „ P _ . „ P ) + QQ^HP _ j H P ) ] 

jijHP =  

steam [( 3 3 2 2.65 - 3072.65) + 0.95 • (3322.65 - 1116.99) + 0.05(3072.65 - 226.23)] 

Msteam = 3.24fc#/s 
The high pressure steam is produced at a rate of approximately 3.24 kg/s, or 11.66 t/h. 

2.6.2 Heat transfer rates of each individual heat exchanger in the high pressure circuit 
of the boiler 

Heat transfer rate of the high pressure superheater SH2HP: 

The total high pressure outlet steam mass flow rate of 3.24kg/s (as calculated above) 
flows through SH2HP. This includes the 5% of mass flow rate added through water injection. 
The heat transfer rate is calculated between points IHP and 2HP, according to equation (2.14). 

Q^2=M^eam-(ir-iH2P) (2.14) 

QH/12 = 3.24 • (3322.65 - 3072.65) = 810.67/eVK 

Heat transfer rate of the high pressure superheater SHIHP: 

From the total high pressure outlet steam mass flow rate of 3.24kg/s, only 95% flows 
through SHIHP. This is because 5% of the total outlet mass flow rate is introduced into the high 
pressure circuit through water injection later on. The heat transfer rate is calculated between 
points 3HP and 4HP, according to equation (2.15). 

QSHI = 0.95 • M»P

AM • (i»p - ^) (2.15) 

QSHI = 0- 9 5 • 3 - 2 4 • (3222.46 - 2795.83) = 1314.27/cW 

Heat transfer rate of the high pressure evaporator EVHP: 

From the total high pressure outlet steam mass flow rate of 3.24kg/s, only 95% flows 
through EVHP. The heat transfer rate is calculated between points 4HP and 6HP, according to 
equation (2.16). 

Qjj$ = 0.95 • Mgp

eam • (iHP - i^p) (2.16) 

Qjj$ = 0.95 • 3.24 • (2795.83 - 1116.99) = 5171.76/eVK 
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Heat transfer rate of the high pressure economizer ECO3HP: 

From the total high pressure outlet steam mass flow rate of 3.24kg/s, only 95% flows 
through ECO3HP. The heat transfer rate is calculated between points 6HP and 7HP, according to 
equation (2.17). 

Q%03 = 0.95 • MZam • iiHeP ~ iV) (2.17) 

QECO3 = ° - 9 5 • 3 - 2 4 • (1H6.99 - 641.03) = 1466.23/cW 

Heat transfer rate of the high pressure economizer ECO2HP: 

From the total high pressure outlet steam mass flow rate of 3.24kg/s, only 95% flows 
through ECO2HP. The heat transfer rate is calculated between points 7HP and 8HP, according to 
equation (2.18). 

Q»p

02 = 0-95 • M»p

earn • O r - i n (2.18) 

QECOI = °-95 • 3.24 • (641.03 - 589.67) = 158.21/eVK 

Heat transfer rate of the high pressure economizer ECOIHP: 

From the total high pressure outlet steam mass flow rate of 3.24kg/s, only 95% flows 
through ECOIHP. The heat transfer rate is calculated between points 8HP and 9HP, according to 
equation (2.19). 

Q^01 = 0.95 • M»p

am • 0 8" p - i»p) (2.19) 

QECOI = °-95 • 3.24 • (589.67 - 226.23) = 1119.61/eVK 

2.6.3 Low pressure steam production rate 

The rate heat leaving the flue gas between points E and G must be equal to the rate of 
heat transferred to the low pressure water/steam between points ILP and 4LP, while taking into 
account the rate heat loss through radiation and convection. This conservation of energy 
calculation is presented in equation (2.25). The rate of heat leaving the flue gas between points 
E and G is calculated through equation (2.24), however this calculation requires that the 
enthalpy of the flue gas at point E be determined. 

Flue gas parameter at point E : 

The calculated heat transfer rates of the individual high pressure heat exchangers are 
used in conjunction with volumetric flow rate of the flue gas, and the heat loss percentage, 
calculated earlier, to determine the flue gas enthalpy at point E . 

The rate of heat absorbed by the high pressure circuit between points IHP and 7HP is 
presented in equation (2.20). 

= Q^2 + Q^HPI + Q% + QFcoi (2.20) 

Q?f7 = 810.67 + 1314.27 + 5171.76 + 1466.23 = 8762.93/eVK 
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The conservation of energy calculation, equation (2.21), is used to determine in the rate 
of heat leaving the flue gas between points A and E. 

Q??7 = QA-B{l-9jg) (2-21) 

Q?f7 8762.93 
QA-E = N = p n = 8806.3/cW 

1 100 100 

Flue gas enthalpy at point E: 

QA-E = M V F l u e - ( I A - I E ) (2.22) 

/ QA_B \ 8806.3 
= 'A ~ {^Z) = 6 ? 8 ' 6 9 " 1519 = 2 2 5 '" 2 k , / N m 

Flue gas temperature at point E: 

The flue gas temperature at point E is determined through liner interpolation between 
known values from Table 2.3. 

/ I T - W o o ( 3 o o - 200)+ 200 ( 2 ' 2 3 ) 

'Fiue:300 ~~ 'Flue:200 

303.77- 268.01 
ts = TT^rz — — • 100 + 200 = 225.92°C 

b 405.95 - 268.01 

Rate of heat leaving the flue gas between points E and G: 

QE-G = MvFlue • OE ~ 1G) = 23.49 • (225.92 - 222.4) = 1911.11 kW (2.24) 

Rate of heat absorbed between points ILP and 4LP: 

<?ILP4 = QE-G • (l - ^ ) = 1911.11 • (l - Yô ) = 1901.7W (2.25) 

The conservation of energy enables equation (2.26) to be used to determine the low 
pressure steam production rate, according to the water and steam parameters calculated earlier. 
Each heat exchanger will have the same water/steam mass flow rate, because water injection is 
not used to regulate the steam outlet parameters in the low pressure circuit. 

QLiP-4 = ML

s?eam • (i? - if) (2.26) 

• Lp _ Qi-4 _ 1901.7 _ 
Msteam - T p — p - 2 7 92.98 - 637.28 " ° - 8 8 k 3 / s 

The low pressure steam is produced at a rate of approximately 0.88 kg/s, or 3.18 t/h. 
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2.6.4 Heat transfer rates of each individual heat exchanger in the low pressure circuit of 
the boiler 

Heat transfer rate of the low pressure superheater SHLP: 

The total low pressure outlet steam mass flow rate of 0.88kg/s (as calculated above) flows 
through this superheater. The heat transfer rate is calculated between points ILP and 2LP, 
according to equation (2.27). 

QLP = M^eam • (i[p - i^p) = 0.88 • (2792.98 - 2753.12) = 35.16/eVK (2.27) 

Heat transfer rate of the low pressure evaporator E V L P : 

The total low pressure outlet steam mass flow rate of 0.88kg/s flows through this evaporator. 
The heat transfer rate is calculated between points 2LP and 4LP, according to equation (2.28). 

QEV = Msteam m O f - i f ) = 0-88 • (2753.12 - 637.28) = 1866.54/cW (2.28) 

Heat transferred through the low pressure economizer E C O L P : 

The total low pressure outlet steam mass flow rate of 0.88kg/s flows through this economizer. 
The heat transfer rate is calculated between points 4LP and 5LP, according to equation (2.29). 

QECO = Mtteam " ( i f ~ i f ) = ^.88 • (637.28 - 222.60) = 365.82/eW (2.29) 

2.7 Calculating Flue Gas Parameters at Points B, C, F, H, I, and J 
Point B: 

Flue gas enthalpy at point B: 

QŠH2 „ N R N 810.67_ 

23.49 
I B = U ~ ( QRC»\ • = 6 7 8 - 6 9 " ( _0 .49N — = 6 4 4 K " N M (2.30) 

V 1 TÖÜ"J ' MVFlue [} 100 J 

Flue gas temperature at point B: 

The flue gas temperature at point B is determined through liner interpolation between 
known values from Table 2.3. 

tB=- / g - / F I " e : 4 0 ° • (500 - 400) + 400 (2.31) 
hlue-.SOO 'FlueAOO 

644 - 547.44 
h = TT^z—^-TT • 100 + 400 = 466.22°C 

B 693.27-547.44 
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Point C : 

Flue gas enthalpy at point C: 

QHP 1314 27 
k = h--, TT^f = 6 4 4 - - = 587.77 kJ/Nm3

 ( 2 J 2 ) 

Flue gas temperature at point C: 

The flue gas temperature at point C is determined through liner interpolation between 
known values from Table 2.3. 

tc= I c ~ I f 1 u * a o ° • (500 - 400) + 400 (2.33) 
'Fiue:500 ~~ 'FlueAOO 

587.77- 547.44 
tc = 77^7^—z—-3—r— • 100 + 400 = 427.66°C 

c 693.27- 547.44 

Point F: 

Flue gas enthalpy at point F: 

QSH 35.16 
h = h~ 7 TT^T = 303.77 - TyroT = 302.26 kJ/Nm3

 ( 2 3 4 ) 

Flue gas temperature at point F: 

The flue gas temperature at point F is determined through liner interpolation between 
known values from Table 2.3. 

'Flue:300 'Flue:200 

302.26- 268.01 
h = TT^rz — — • 100 + 200 = 224.83°C 

F 405.95 - 268.01 

Point H: 

Flue gas enthalpy at point H: 

QFCO-2 158.21 X C L U Z

 = 222 4 

( l -%?)-*W e ' ( l - i f ) "23.49 
IH = IG- 7 = 222.4 - „ = 215.63 kJ/Nm3 

Flue gas temperature at point H: 

The flue gas temperature at point H is determined through liner interpolation between 
known values from Table 2.3. 

tH= I h ~ lFlue:10° • (200 - 100) + 100 (2.37) 
'Flue:200 ~ 'Flue.100 
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215.63 - 133.27 
tH = —— ———— • 100 + 100 = 161.13°C 

H 268.01 - 133.27 

Point I: 

Flue gas enthalpy at point I: 

QECO 365.82 
h = h- 7 T T ^ V =

 2 1 5

-
6 3 - 049^

 = 1 9 9

-
9 8 k J / N m (2.38) 

( l - í í ř ) - ^ ' ( l - i f ) 23.49 

Flue gas temperature at point I: 

The flue gas temperature at point I is determined through liner interpolation between 
known values from Table 2.3. 

t7 =
 / /

~
/ F

' "
e : 1 0

° (200 - 100) + 100 (2.39) 
'Flue:200 'FlueAOO 

199.98- 133.27 
h = TTTTTTT; TTTTrr • 100 + 100 = 149.52°C 
' 268.01 - 133.27 

Point J: 

Flue gas enthalpy at point J: 

QECOI 1119.61 
, } = I }

- ( QRC»A •
 = 1 4 9

-
5 2 _ ( 0.49X =

 1 5 2

-
0 8 K

"
N M (2.40) 

Flue gas temperature at point J: 

The flue gas temperature at point J is determined through liner interpolation between 
known values from Table 2.3. 

tj=
 I j

~
 / F

' "
e : 1 0

° (200 - 100) + 100 (2.41) 
'Flue:200 'FlueAOO 

152.08 - 133.27 
F

/ = TTTTTTT; T T T T ^ • 100 + 100 = 113.96°C 
1 268.01 - 133.27 

2.8 An Overview of the Calculated Values and the HRSG temperature 
profile 

The main values calculated in this section are depicted in various tables below. The water/steam 
parameters are organized in Table 2.4, the flue gas parameters are shown in Table 2.5, and the 
heat transfer rates of each individual heat exchanger in both the high and low pressure circuits 
are presented in Table 2.6. Some of these values are used to construct the temperature profile 
of the HRSG. Additional values are organized in Table 2.7. 
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Point 
Temperature [°C] Enthalpy [kJ/kg] Pressure [MPa] 

Point 
symbol value symbol value symbol value 

1/fp tHP 450 •HP 
li 3322.65 P?P 4.6 

2/ip fHP 348.48 :HP 
L2 3072.65 v¥ 4.7 

>s
ur

e 3/ip fHP 
L3 408.46 j HP 3222.46 p ¥ 4.7 

>s
ur

e 

4//P fHP 261.4 jHP 2795.83 pT 4.8 
u 
OH 5/ip tHP 261.4 :HP 

LS 1141.81 p h p 4.8 
-tí 
M 6 H P fHP 256.4 :HP 

L6 1116.99 pT 4.8 

7HP tHP 151.4 :HP 
L7 641.03 pT 4.9 

8 / iP fHP 139.4 jHP 589.67 pIP 5.0 

9#p tHP 53 jHP 226.26 p h p 5.1 

is
ur

e ILP tLP 170 •LP 
ll 2792.98 v\p 0.46 

is
ur

e 

2 LP tLP 156.15 •LP 
L2 2753.12 pL2P 0.56 

OH 3 LP tLP 156.15 •LP 
L3 658.88 pL3P 0.56 

& 
O 4LP tLP 151.15 •LP t 4 637.28 Pkp 0.56 

5LP tLP 53 •LP 
L5 222.60 vkp 0.86 

Table 2.4 Water/steam parameters at various points throughout each circuit 

Point 
Temperature [°C] Enthalpy [kJ/Nm3] 

Point 
symbol value symbol value 

A tA 
490 h 678.69 

B tu 466.22 h 644 

C tc 427.66 k 587.77 

D tD 
271.4 h 366.5 

E tE 
225.92 h 303.77 

F tF 224.83 h 302.26 

G tG 
166.15 222.4 

H tH 
161.13 IH 215.63 

I h 149.52 II 199.98 

J h 113.96 h 152.08 

Table 2.5 Flue gas parameters at various points throughout the boiler 
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Heat exchanger 
Heat transferred [kW] 

Heat exchanger 
symbol value 

superheater SH2HP 

0HP 
VSH2 810.67 

ss
ur

e 
superheater SH1HP 

qHP 
VSH1 1314.27 

ss
ur

e 

evaporator EVHP 

qHP 
VEV 5171.76 

8 
OH 

economizer EC03HP 

qHP 
VEC03 1466.23 

-tí 
M economizer EC02HP qHP 

VEC02 158.21 

economizer EC01HP 

qHP 
VECOl 1119.61 

High pressure circuit total - 10040.75 

(U superheater SHLP 

0 L P 
VSH 35.16 

CA !/3 1) evaporator EVLP 

qLP 
VEV 1866.54 

OH 

& 
economizer ECOLP 

qLP 
VECO 365.82 

O 

Low pressure circuit total - 2267.52 

Overall total - 12308.27 

Table 2.6 Heat transfer rates of individual heat exchangers in the high and low pressure 
circuits 

Parameter Symbol Value Units 

Flue gas density PFlue 1.2772 [kg/Nm3] 

Volumetric flow rate of the flue gas, under normal 
conditions MvFlue 23.49 [Nm3/s] 

High pressure steam production rate mSteam 3.24 [kg/s] 

Low pressure steam production rate mSteam 0.88 [kg/s] 

Percentage heat loss due to radiation and convection QRC% 0.49 [%] 

Water injection (high pressure) percentage of high 
pressure mass flow MWo/o 

5 [%] 

Table 2.7 Other important values 

HRSG Temperature profile: 

The temperature profile of the boiler is depicted below in figure 2-3. This temperature profile 
graph was constructed according to the calculated parameters in the tables above, Table 2.4, 
Table 2.5, and Table 2.6. 
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FLUE GAS PRESSURE CONTAINMENT DUCT DESIGN 

3 FLUE GAS DUCT DESIGN 
The flue gas duct size refers to the the dimensions of the inner casing liners of the H R S G , in 
which the flue gas is contained. The flue gas duct dimensions are determined according to the 
size of superheater SH2HP, and suggested flow speeds. The calculations in this section are 
carried out according to source [2]. 

3.1 Finned Tube Geometry of the High Pressure Superheater (SH2hp) 
The finned tubes of all the heat exchangers in the boiler are arranged in a staggered 

configuration, inside the flue gas duct, in order to optimize the heat transfer between the flue 
gas and the water/steam. The chosen dimensions of the finned tubes used in the high pressure 
superheater (SH2HP) are shown in in units of millimeters, however in any calculations these 
dimensions must be substituted into the equations in units of meters (SI units). The parameters 
in are selected and later on adjusted in order to supply the superheater with an acceptable steam 
flow speed through its tubes, and these parameters are also adjusted so that the required heat 
transfer rate of this heat exchanger is approximately met with a whole number of lateral rows 
of tubes making up the heat exchanger (in the direction of flue gas flow). 

Parameter Symbol Value Units 

Outer tube diameter NSH2 
utube 31.8 [mm] 

tu
be

 

Tube wall thickness THSH2 
lntube 4 [mm] 

Inner tube diameter HSH2 
"-tube 23.8 [mm] 

Fin thickness THSH2 
lafin 1 [mm] 

Number of fins per meter SH2 
nfin 110 [mm] 

fin
s 

Fin spacing ~SH2 
sfin 9.09 [mm] 

Fin height HSH2 
nfin 15 [mm] 

Outer fin diameter NSH2 
ufin 61.8 [mm] 

Table 3.1 Parameters selected for the finned tubes used in the high pressure superheater 
(SH2HP) 

11 
th? 5H2 S f^ 2 = 9,09 

IZZZZZZZ] 

Z Z Z Z Z Z Z 2 " 
m CM I 

Figure 3-1 Tube geometry SH2HP 
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The inner tube diameter and the outer fin diameter are calculated intuitively according to 
equations (3.1) and (3.2). The approximate fin spacing is calculated through equation (3.3). 

Inner tube diameter: 

d'tube = Mube ~ 2 • th™2e = 318 - 2 • 4 = 23.8mm (3.1) 

Outer fin diameter: 

Z)Stf2 = Ds//2 + 2 . hSH2 = 3 1 8 + 2 • 15 = 61.8mm (3.2) 

Fin spacing: 
c „ , 1000 1000 rt 3) 

n / i n 1 U D 

3.1.1 Determining the number of tubes in each lateral row of the high pressure 
superheater (SH2HP) 

Average specific volume of steam in SH2HP: 

The average specific volume of the steam in SHmp is required later in the continuity 
equation (3.5), this value is determined according to the average pressure and temperature of 
the steam inside SHMP. 

t f p + t P 450 + 348.48 
tSH2 = n = ~ = 399.24°C 

PiP + ViP 4.6 + 4.7 
PSH2 = 2

 = 2 = 4 - 6 5 M P a 

vSH2 = 0.062 m3/kg (determined using X-Steam, f(p,t)) 

Determining the number of tubes per lateral row required for SH2HP: 

The number of tubes in each lateral row of the high pressure superheater (SH2HP) is 
calculated through equation (3.6), which is a combination of two equations. These equations 
include intuitive cross sectional area equation (3.4) for all the tubes in one lateral row of the 
heat exchanger, according to the selected tube geometry. The second equation used is the 
continuity equation (3.5). The speed of steam traveling through heat exchangers is suggested to 
be between 15 and 25 m/s, in the continuity equation (3.5) a preliminary value of 20 m/s is used 
[7]. The actual speed of the steam will be calculated later on. 

.SH2 _ 7 1 ' (dtube) _ SH2 (3.4) 
^row — ^ ntube/r 

ASH2 = Msteam ' ^SH2 ^ ^ 

Steam 

SH2 _ ^StPeam \ V_SH2 _ 3.24 • 0.062 _ 
H t U b e / r ~ g-Cdffg,) 2 w " ^ ° - 0 2 3 8 2 • 20 " ( 3 ' 6 ) 

T VVSteam A 
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Evidently the number of tubes per lateral row must be a whole number, there for the 
value 22.76 is rounded to 23, the nearest whole number. 

„5H2 _ no 
ntube/r — Z J 

The actual speed of the steam in SHmp must be recalculated according to the actual 
number of tubes in each row. 

«« M$t

p

eam-vSH2 3.24-0.062 (3.7) 
Wsfelm = n . j H 2 y = ~ . Q 023Q2 = ^.79m/s 

7 1 yatube) „SH2 /l_UAA££0_ 
4 ntube/r 4 

3.1.2 Volumetric follow rate of flue gas passing through the high pressure superheater 
(SHihp) 

The actual volumetric flow rate around superheater SEhHP is calculated in equation 
(3.9), according to the average flue gas temperature between points A and B, as seen in equation 
(3.8). 

tA + tB 490 + 466.22 
HAB) = = 2 = 4 7 a i l ° C ( 3 - 8 ) 

. _„_ 273.15 + irAff\ . 273.15 + 478.11 , 
MWiue = 2 y 3 1 5

C 3 • MVFlue = 23.49 = 64.6 m3/s (3.9) 

The speed of the flue gas flowing around the tubes of the heat exchangers is suggested 
to be between 9 and 12 m/s, a preliminary value of 10 m/s will be used to determine the cross 
sectional area that the flue gas flows through [7], between the tubes of the heat exchanger and 
the duct walls. 

lduct 
M g j L = 64.6 
WFlue 10 

= 6.46m2 (3.10) 

This value is used later on to determine the dimensions of the flue gas duct. 

3.2 Flue Gas Duct Dimensions 

Superheater SH2HP lateral tube spacing inside the flue gas duct: 

Si(SH2) = Dtube + 2 • hfin + aSH2 = 0.0318 + 2 • 0.015 + 0.013 = 0.0748m (3.11) 

Where: 

asH2 Is the lateral gap between the finned tube of the heat exchanger (in 
the direction perpendicular to the flue gas flow), this value is 
selected for SH2HP as 13 mm 

Width of the flue gas duct: 

L = 3 • + (nf%e/r - 1) • s 1 ( S H 2 ) = 3 • + (23 - 1) • 0.0748 * 1.76m ( 3 ' 1 2 ) 
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Height of the duct: 

ASH2 _ IT . j _ IT . nSH2 . r,SH2 _ 77 . 9 . hSH2 . ,-1,5^2 . „SH2 . „5H2 /o 11\ 
Aduct — n L n utube ntube/r n z n / i n t n / i n nfin ntube/r 

ASH2 
_ Mdust 

I _ nSH2 . ^SH2 - ? . hSH2 • t-hSH2 • n S H 2 • •y,SH2 

L utube ntube/r L nfin Lnfin nfin ntube/r 

6.46 
H = ~ 6.78m 

1.76 - 0.0318 • 23 + 2 • 0.015 • 0.001 • 110 • 23 
The height of the gas duct is suggested to be 2 to 4 times the width of the duct [7]. This 

value is calculated below to be 3.85, which is within the suggested range. 

H 6.76 
T = l 7 6 = 3 ' 8 5 < 3 ' 1 4 ) 

The actual speed of the flue gas passing through SH2HP must be recalculated according 
to the duct dimensions which are rounded to the nearest centimeter. 

WSH2 =

 mVFlue  
F l u e I . u r,SH2 . 77 . (r)SH2 , 9 . hSH2 . ,-1,5^2 . „SH2\ 

L H - ntube/r H \Utube + 1 hfin thfin nfin ) 

c „ , 64.6 
F l u e 1.76-6.78- 23-6.78-(0.0318 + 2-0.015-0.001-110) ' 

3.2.1 Overview of the calculated values 

An overview of the main values calculated in this section are presented in Table 3.1. 
They include values defining duct and superheater (SH2HP) geometry as well as actual flow 
speeds. 

Parameter Symbol Value Units 

Actual speed of steam in SH2HP WSH2 
vvSteam 19.79 [m/s] 

Actual speed of flue gas around SH2HP WSH2 
wFlue 10 [m/s] 

Number of tubes in one lateral row of SH2HP 
SH2 

"•tube/r 23 [-] 

Width of the flue gas duct L 1.76 [m] 

Height of the flue gas duct H 6.78 [m] 

Table 3.1 Calculated values defining duct and superheater (SH2HP) geometry, as well as 
actual flow speeds. 
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4 DESIGN AND SIZING OF HEAT TRANSFER SURFACES 
The individual heat exchangers of the high and low pressure circuits in the boiler must be 
designed to transfer heat at the intended rate from the flue gas to the water/steam while 
respecting the already determined flue gas duct dimensions, and insuring that several 
parameters stay within their suggested ranges. A l l of the heat exchangers in the boiler will be 
tube type exchanger, made up of lateral row of tubes, in a staggered configuration to optimize 
heat transfer. The calculation procedure is very similar for most of the heat exchangers, there 
are slight differences depending on the purpose of the heat exchanger (superheater, evaporator, 
and economizer). There is a significant difference in the calculations used for a heat exchanger 
with smooth tubes rather than finned tubes. Differences in the calculation procedure or 
calculations themselves are described, where applicable, throughout the design process. 

The first step is defining the geometry of the finned tubes used in the heat exchanger. The outer 
tube diameter Dtube and the wall thickness thtube are chosen from the standard manufactured 
sizes, the inner tube diameter dtube is then calculated intuitively. The height of the tube fins 
hjin is chosen according to a suggested ranges, depending on the purpose of the particular heat 
exchanger. For superheaters and economizers the fin height is suggested to be within the range 
of 8-15mm, for evaporators the suggested range is 10-19mm. The outer diameter of the fins 
Dfin can then be intuitively calculated. The fin thickness thjin is chosen to be 1mm for all of 
the heat exchangers in the boiler. The number of fins per meter n^in is chosen to be within the 
suggested range of 100 to 250, the fin spacing Sfin is then calculated as the inverse of the 
number of fins per meter. 

After the geometry of the finned tubes is defined, their general layout in the heat exchanger 
must be determined. The lateral gap between the tubes a is chosen, subsequently the lateral 
tube spacing sx can be calculated. From the duct width and the lateral tube spacing the number 
of tubes in one lateral row of the heat exchanger can be determined. According to the number 
of tubes in one lateral row, the speed of the water/steam Wsteam flowing through the tubes is 
calculated and verified to be within an acceptable range. After calculating the area between the 
heat exchanger tubes and the duct walls Aduct , which is the cross-sectional area the flue gas 
must flow through, it is possible to verify that the speed of the flue gas wFlue flowing around 
the tubes of the heat exchanger is within an acceptable range. The longitudinal tube spacing 
(the spacing in the direction of the flue gas flow), or the spacing between lateral rows of tubes 
making up the heat exchanger s2 , is chosen according to the purpose of the heat exchanger. 
For superheaters and evaporators the longitudinal tube spacing chosen to be 117mm, and for 
evaporators a value of 90mm is chosen. 

To completely define the heat exchanger geometry it is necessary to determine the number of 
lateral rows of tubes n r o w in the heat exchanger. This is determined as a quotient, when the 
total outer surface area needed for to meet the required heat transfer rate, or theoretical heat 
transfer rate of the heat exchanger Sout is divided by the outer surface area of one lateral row 
of tubes in the heat exchanger Soutjr . Naturally this value must be rounded to the nearest whole 
number, and thus there is a discrepancy between required heat transfer rate Q and the actual 
heat transfer rate of the heat exchanger Qreal . This discrepancy, or percent error between the 
theoretical and actual values, must be less than 2% for the heat exchanger configuration to be 
acceptable. In order to achieve this requirement changes may be made to the geometry of the 
finned tubes, or the number of tubes in each lateral row or the lateral tube spacing respectively. 
The actual heat transfer rate of each heat exchanger is calculated according to the heat transfer 
equation. The amount heat transfer rate is dependent on several values, including: the heat 
transfer coefficient, the outer surface area of the finned tubes of the heat exchanger Sout, and 
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the logarithmic mean temperature difference Atln . These values are dependent on the geometry 
of the heat exchanger, as well as the parameters of the water/steam and flue gas. 

The calculations described in the paragraphs above must be completed for each heat exchanger 
consecutively, in the order in which they are arranged in the boiler, from the first heat exchanger 
to come in contact with the flue gas to the last. After the actual heat transfer rate of the heat 
exchanger is determined, the parameters of the flue gas leaving the heat exchanger 
(temperature, and enthalpy) must be recalculated and used as the inlet flue gas parameters for 
the subsequent heat exchanger. 

Equations used in the design and sizing of heat exchangers: 

The equations below are presented in an order that is clear and straight forward. This, 
however is not the chronological order in which the equations are calculated. Several values 
used in the heat transfer calculations are the same for all finned tube heat exchangers in the 
boiler, these values are presented in Table 4.1. 

Collective values Symbol Value Units 

Width of the flue gas duct L 1.76 [m] 

Height of the flue gas duct H 6.78 [m] 

Flue gas volumetric flow rate under normal conditions MvFlue 23.49 [Nm3/s] 
Percentage of useable thermal power lost through 
radiation and convection QRC% 0.49 [%] 

Coefficient characterizing fin taper Li 1 [-] 
Coefficient characterizing the uneven distribution of 
the convective heat transfer coefficient (ac) along the 
surface of the fins 

0.85 [-] 

Correction coefficient for fin fouling e 0.0043 [m2K/W] 

Thermal conductivity of the fins 38 [W/(m • K)] 

correction coefficient dependent on the temperature of 
the water/steam and tube wall temperature Ct 1 [-] 

correction coefficient dependent on the tube length 
relative to the tube diameter Cl 1 [-] 

correction coefficient for fluid flow between 
concentric tubes 1 [-] 

Table 4.1 Collective values used in the heat transfer calculations 

The number of lateral rows of tubers in the heat exchanger: 

out/r 
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Where: 

'out 

^out/r 

is the total outer surface area of all the tubes in the heat exchanger, 
or the total surface area of the heat exchanger that transfers heat 
from and is in contact with the flue gas [m2] 

is the outer surface area of all the tubes in one lateral row of the heat 
exchanger [m2] 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 

Sout/r = Sout/lm ' H ' ntube/r (4.2) 

Where: 

Sout/im is the outer surface area of one finned tube per meter length [m] 

The outer surface area of one finned tube per meter length: 

Sout/lm = 7 1 ' Dtube ' ( l ~~ nfin ' ^ / i n ) + nfin ' ^lfi 

Where: 

S\fin is m e outer surface area of one fin [m2] 

(4.3) 

The outer surface area of one fin: 

Slfin — 2 • 7T • 
{Dfin)2 - (Dtubey (4.4) 

The total outer surface area of all the tubes in the heat exchanger: 

The heat transfer equation (4.5) is rearranged to solve for the total outer surface area of 
all the tubes in the heat exchanger instead of the total amount of heat transferred by the heat 
exchanger. 

Where: 

Q 

k 

Q = k S o u t - A tj n (4.5) 

is the heat transfer rate of the heat exchanger [W] 

is the overall heat transfer coefficient [W/(m2K)] 

A t j n is the logarithmic mean temperature difference [K] 

The logarithmic mean temperature difference: 

At 2 - At x 

(4.6) 
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Where: 

At x temperature difference between the flue gas entering and the 
water/steam exiting the heat exchanger [K] 

At2 temperature difference between the flue gas exiting and the 
water/steam entering the heat exchanger [K] 

The overall heat transfer coefficient: 

k =-
_ J _ . SoUt/1m (4.7) 

Where: 

ar:out ar:in ^in/lm 

ar-.out is m e reduced heat transfer coefficient outside the tubes, between 
the flue gas and the finned heat exchanger tubes [W/(m2K)] 

ar.in is the reduced heat transfer coefficient inside the tubes, between the 
finned heat exchanger tubes and the water/steam inside them 
[W/(m2K)] 

Sin/im is m e inner surface area of one finned tube per meter length, or the 
area that is transferring heat to and in contact with the water/steam 
flowing through the tube per meter length [m] 

The inner surface area of one finned tube per meter length: 

Sin/lm = n ' dtube (4.8) 

The reduced heat transfer coefficient outside the tubes: 

^ = { ^ - E - , +

 S-^yi+l%a\a (4.9) 

Where: 

E is a coefficient characterizing the effectiveness of the fins, this 
value is determined from a graph according to the product of /? • 
hjin and the quotient of Dfin/Dtube , where (3 is a coefficient [-] 

\x is a coefficient characterizing fin taper [-] 

Wfin is a coefficient characterizing the uneven distribution of the 
convective heat transfer coefficient (ac) along surface of the fins 
[-] 

ac The coefficient of heat transfer through convection outside of the 
heat exchanger tubes [W/(m2K)] 
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>f in 

'out 

^out-fin 

'out 

is a correction coefficient for fin fouling [m 2K/W] 

is the fraction of the total outer surface area of the finned tubes 
that is made up of the fins themselves [-] 

is the fraction of the total outer surface area of the finned tubes 
that is made up of the exposed outer tube walls [-] 

Coefficient p: 

Where: 

ß = 
2 ' ̂ 'fin ' ac 

(l + E • Wftn • ac) 
(4.10) 

/? Coefficient used to calculate the coefficient characterizing the 
effectiveness of the fins [1/m] 

Xfin is the thermal conductivity of the fins [W/(m- K)] 

The fraction of the total outer surface area of the finned tubes that is made up of the fins 
themselves: 

-»/in 

'out 

( Dm y 
\Dtube) 

( Dfin y 
tube J 

1 + 2 
sfin thfin 

D tube ^tube 

(4.11) 

The fraction of the total outer surface area of the finned tubes that is made up of the 
exposed outer tube walls: 

'out-fin = 1 
out s, 

(4.12) 
out 

The coefficient of heat transfer through convection outside the finned tubes: 

ac = 0.23 • c z • {<Pa) 

Where: 

Ä-Flue 

vFlue 

0.2 . ^Flue  
sfin 

-0.54 -0.14 
tube 

Yin 
'Yin  
sfiny 

(Wplue '
 Sfinf6S

 (4.13) 
V ^Flue I 

is the correction coefficient for the number of lateral row of tubes 
in the heat exchanger [-] 

is a coefficient characterizing the relative tube spacing [-] 

is the thermal conductivity of the flue gas [W/(m-K)] 

is the kinematic viscosity of the flue gas [m2/s] 
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Coefficient of the relative tube spacing: 

(Ti — 1 
<e° = —i < 4 - 1 4 ) 

Where: 

ox is the lateral tube spacing relative to the outer tube diameter [-] 

<T2' is the diagonal tube spacing relative to the outer tube diameter [-] 

Lateral tube spacing relative to the outer tube diameter: 

S-, 
(4.15) 

D tube 

Diagonal tube spacing relative to the outer tube diameter 

Dtube ^tube 

Where: 

s' is the diagonal tube spacing [m] 

s' + S 2 (4.16) 
02 = 

Figure 4-1 Tube spacing 

The reduced heat transfer coefficient inside the tubes: 

n m o ^-Steam f^Steam ' de\ „. . 
a r d n = 0.023 • — — • — • (Prsteam)0A • ct- q • cm (4.17) 

ae ^ vSteam ' 

Where: 

Xsteam is the thermal conductivity of the water/steam [W/(m- K)] 

de is the equivalent diameter, this value is equal to the inner tube 
diameter [m] 

Vsteam i s m e kinematic viscosity of the water/steam [m2/s] 
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is the Prandtl number of the water/steam [-] 

is the correction coefficient dependent on the temperature of the 
water/steam and tube wall temperature [-] 

is the correction coefficient dependent on the tube length relative to 
the tube diameter [-] 

is the correction coefficient for fluid flow between concentric tubes 
[-] 

The flue gas parameters needed to complete the calculation of equation (4.13) are determined 
according to the moisture concentration contained in the flue gas (7.8%), and the average 
temperature of the flue gas passing through each individual heat exchanger. The thermal 
conductivity and the kinematic viscosity of the flue gas are determined from Table 4.2 and 
Table 4.3 respectively. Linear interpolation is used to interpolate between values obtained from 
source [2]. 

^Flue [ C] 
Moisture concentration XH20 [%] 

^Flue [ C] 
5 7.8 10 

0 22.5 22.61 22.7 

100 30.5 30.89 31.2 

200 38.5 39.23 39.8 

300 46.4 47.35 48.1 

400 54.3 55.59 56.6 

500 62.6 63.82 65.1 

Table 4.2 Flue gas coefficient of thermal conductivity, XFiue -10s [W/(m-K)J 

PrSteam 

Flue gas parameters: 

^Flue [ C] 
Moisture concentration XH20 [%] 

^Flue [ C] 
5 7.8 10 

0 12.2 12.2 12.2 

100 21.3 21.41 21.5 

200 31.8 32.36 32.8 

300 45 45.45 45.8 

400 59.2 59.87 60.4 

500 74.6 75.55 76.3 

Table 4.3 Flue gas coefficient of kinematic viscosity, VFiue -106 [m2/s] 
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Water/steam parameters: 

The water/steam parameters needed to complete the calculation of equation (4.17) are 
determined according to the average temperature and pressure of the water/steam passing 
through each individual heat exchanger. The thermal conductivity and the Prandtl number of 
the water/steam are determined using X-Steam. The dynamic viscosity is also determined in 
this manner and is then used to calculate the kinematic viscosity of the water/steam. 

Kinematic viscosity of the steam: 

Vste 
Uste 

Pste 
(4.18) 

Where: 

Usteam is dynamic viscosity of the water/steam passing through the heat 
exchanger [Pa- s] 

Psteam is m e density of the water/steam passing through the heat exchanger 
[kg/m3], determined using X-Steam according to average pressure 
and temperature 

4.1 Design of the High Pressure Superheater SH2HP 

Several parameters are required in the calculations associated with the design of the 
high pressure superheater SH2HP. Parameters, other than those describing the geometry of the 
superheater, that are necessary for the calculations regarding the design and sizing of 
superheater SEhHP, some of which were determined in previous calculations, are organized in 
Table 4.4 below. 

Parameters Symbol Value Units 

Heat transfer rate required of SH2HP 
(theoretical value) VSH2 810.67 [kW] 

Actual speed of flue gas around SHMP WSH2 
wFlue 10 [m/s] 

a Temperature of flue gas entering into SH2HP 490 [°C] 

i) 
3 

Enthalpy of flue gas entering into SH2HP h 678.69 [kJ/Nm3] 

Temperature of flue gas exiting SH2HP 
(projected value) 466.22 [°C] 

Mass flow rate of steam through SH2HP mSteam 3.24 [kg/s] 

Actual speed of steam inside SH2HP WSH2 
vvSteam 19.79 [m/s] 

s 
B 

Temperature of steam entering SH2HP 348.48 [°C] 

c/5 Pressure of steam entering SH2HP p¥ 4.7 [MPa] 

Temperature of steam exiting SH2HP THP 450 [°C] 

Pressure of steam exiting SH2HP HP Pi 4.6 [MPa] 

Table 4.4 Parameters necessary for superheater SH2HP design, not including parameters 
describing the geometry O/SH2HP 
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4.1.1 Geometry of the high pressure superheater SH2HP 

The geometry of the finned tubes, and the majority of the superheater layout itself have 
been determined earlier, as these values were required in previous calculations regarding the 
flue gas duct dimensions. Specific dimensions of the finned tubes used in superheater SHMP 
are shown in , and the values describing the heat exchanger layout are presented below in Table 
4.5. Both and Table 4.5 contain values in units of millimeters, however in any calculations 
these dimensions must be substituted into the equations in units of meters (SI units). 

Dimension/parameter Symbol Value Units 

Lateral tube spacing of SH2HP S1(5H2) 74.8 [mm] 

Longitudinal tube spacing of SH2HP 52(5H2) 117 [mm] 

Number of tubes in each lateral row „SH2 
"•tube/r 23 [-] 

Table 4.5 Values describing the geometry of superheater SH2HP 

1760 

Figure 4-2 Tube layout SH2HP 

4.1.2 Reduced heat transfer coefficient outside the tubes of SH2HP, through the flue gas 

The coefficient of heat transfer through convection outside the finned tubes: 

Lateral tube spacing relative to the outer tube diameter: 

S H 2 _ s1(5H2) _ 0-0748 _ 
"1 _

 nSH2 _ 

D tube 0.0318 

Diagonal tube spacing relative to the outer tube diameter: 
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S,SH2 

a2'SH2 = — C L J T " = N V * ' = N V ' 0 = 3.86 n5H2 r)SH2 0 0318 utube utube v.vo±o 

Coefficient of the relative tube spacing: 

Both the calculated values of lateral and diagonal relative tube spacing are substituted 
into equation (4.14) to determine the coefficient of the relative tube spacing. 

o l m - 1 2.35 - 1 
SH2 —£ = 0 47 

<P° a 2 ' S H 2 - l 3 . 8 6 - 1 

Flue gas Parameters: 

The thermal conductivity, together with the kinematic viscosity of the flue gas are 
demined using Table 4.2 and Table 4.3 respectively, according to the average flue gas 
temperature. The average temperature of the flue gas passing through SEbHP has been 
determined in previous calculations regarding the flue gas duct design. 

Temperature t^AB^ = 478.11°C 

iSH2 _ 
AFlue — 

„SH2 _ 
vFlue — 

478.11 - 4 0 0 
(63.82 - 55.59) + 55.59 

100 v J 

478.11 -400 
100 

(75.55 - 59.87) + 59.87 

• 10" 3 = 6.202 • 10" 2 W/(m • K) 

• 10" 6 = 7.212 • 10" 5 m2/s 

The correction coefficient for the number of lateral row of tubes in the heat exchanger: 

This correction coefficient is determined according to a graph from source [2] on page 
116. The correction coefficient is determined assuming that there are 4 lateral rows of tubes in 
superheater SEhHP. 

cs

z

m = 0.94 

The coefficient of heat transfer through convection outside the finned tubes: 

T.SH2 /nSH2\-°-54 /uSH2\-°-14 /WSH2 . „5H2x ° - 6 5  

n . S H 2 _ n m SH2 f..SH2\a.2 AFlue lL>tube\ nfin \ vvFlue sfin 
uc - u . ia c z yipa ) S H 2 i S H 2 i i S H 2 i i S H 2 

bfin \bfin I \bfin / \ vFlue 

a. 
s

r

H2 = 0.23 • 0.94- 0.47 0 2 • 

fin \Jfin / \Jfin 

0.06202 / 0.0318 \ " 0 - 5 4 / 0.015 \ " 0 1 4 /10 • 0.00909\ 0 6 5 / 0.01b \ 
VO.OO9O9J 0.00909 V0.00909/ V0.00909/ V7.212 • 10" 5 , 

as

c

H2 = 62.36 W/(m2K) 

Coefficient characterizing the effectiveness of the fins: 
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This coefficient is determined through a graph from page 114 of source [2] according 
to the product of p S H 2 • hff2 and the quotient of D^2/D^b

2

e , where p S H 2 is a coefficient. 

Coefficient p S H 2 : 

£>SH2 _ S H 2 _ I 2 • Wfin • as

c

H2 I 2-0.85-62.36 
thff2 • Afin • (1 + s • Wfin • as

c

H2) ^ 0.001 • 38 • (1 + 0.0043 • 0.85 • 62.36) 

pSH2 = 47.67 m - i 

Values needed to determine the coefficient characterizing the effectiveness of the fins: 

PSH2 • hfin = 4 7 - 6 7 • ° - 0 1 5 = ° - 7 1 

^ 0 0 6 1 8 
« 0-0318 ^ 

Coefficient determined using the graph: 

ESH2 = 0 81 

Proportions of the tubes surface area made up of the fins, and tube wall: 

The fraction of the total outer surface area of the finned tubes that is made up of the fins 
themselves: 

/nSH2\2 

Sfin _ \DtubeJ _ 10.0318; 1 

rSH2 
Jout 

rßr) - 1 + 2- yöMW) ~ 1 + 2 ' 1-00318- - ÖÖ318 J 
utube) \utube utube) 

$SH2 
—jrpr = 0.85 qSH2 
JOUt 

The fraction of the total outer surface area of the finned tubes that is made up of the exposed 
outer tube walls: 

nSH2 SH2 

^ = 1 - - ^ = 1-0.85 = 0.15 
'-'out '-'out 

The reduced heat transfer coefficient outside the tubes: 
/CSH2 rSH2 \ uj . „SH2 

nSU2 _ (ZIEL pSH2 .. | ̂ out-finX ^fin <*c 
ur:out I C5H2 c **• cSU2 ) -i , c . m . „SH2 

X^out D out / V i n ac 

0.85-62.36 
a?out = (0-85 • 0.81 • 1 + 0.15) •- — — „ „ r —— = 36.38 W/(m2K) 

r - o u t v J 1 + 0.0043-0.85-62.36 I K 1 
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4.1.3 Reduced heat transfer coefficient inside the tubes of SH2HP, through the Steam 

Steam parameters: 

The kinematic viscosity, thermal conductivity, and Prandtl number of the steam passing 
through SH2HP are determined through X-Steam according to the average temperature and 
pressure of the steam. The kinematic viscosity is calculated from the dynamic viscosity and the 
steam density. The average temperature and pressure of the steam have been calculated earlier 
in the flue gas duct design process. 

Temperature tSH2 = 399.24 °C 

Pressure pSH2 = 4.65 MPa 

Pstelm = 16.0138 kg/m3  

Ä m = 2.4336 -10" 5 Pa -s 

4team = 0.059 W/(m • K) 

Prsfelm = 1-0004 

Kinematic viscosity of the steam: 

VSH2 = ̂ HL = ^ f ^ 1 0 " 5

 = L 5 1 9 7 . 1 Q - 6 m2/s 

Steam pSH2_ 16.0138 ' 
team 

Reduced heat transfer coefficient inside the tubes of SH2HP: 

•\SE2 / W s m riSH2 \°'8 

„SH2 _ n n 9 o . ASteam _ / vvSteam utube \ _ f p SH2 \0A . _ . _ . _ 
ar:in — ^SH2 \ SH2 j ^ Steam.) Lt Ll Lr, 

atube \ vSteam / 

0.059 /19.79 • 0 .0238\ 0 8 

asJll = 0.023 • — — • - —— — - • 1.0004° 4 • 1 • 1 • 1 = 1410.24 W/(m2K) 
0.0238 V 1.5197 • 10" 6 / 1 v J 

4.1.4 Overall heat transfer coefficient for SH2HP 

The outer surface area of one fin: 

fnSH2V - fnSH2 ~\2 

cSH2 _ o . _ . V fin I VUtube) S H 2 S H 2 

^l / in — z 7 1 ^ ufin lnfin 

0.06182 - 0.03182 

S^l = 2-71 + n • 0.0618 • 0.001 = 0.0046 m2 

The outer surface area of one finned tube per meter length: 
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cSH2 _ _ . nSH2 . (A _ „SH2 . fuSH2\ , . rSh 
^out/lm — n utube \ L nfin Lnfin ) ~*~ nfin D l / 

H2 
it/ 

SH2 
in 

Sout/im = n • 0.0318 • (1 - 110 • 0.001) + 110 • 0.0046 = 0.5955 m 

The inner surface area of one finned tube per meter length: 
7/2 
l / l 

sin/im = n " dtube = n ' 0.0238 = 0.0748 m 

The overall heat transfer coefficient: 

k S H 2 = — \ sSH2 = 1 l 05955 = 3 0 - 1 8 W/(m2V 
~ZSHT~ ~ZSH2 ' ~qlL72~~ 36.38 + 1410.24 ' 0.0748 
ur:out ur:in ^in/lm 

4.1.5 Logarithmic mean temperature difference across SH2HP 

MfH2 = tA- t?p = 490 - 450 = 40 K 

Atf H 2 = tB- t$p = 466.22 - 348.48 = 117.74 K 

S H 2 _ Ats

2

H2 - A t f 2 _ 117.74 - 40 _ 
A t l n ~ /At*H2\ ~ 77T17J4V ~ 7 2 m K 

4.1.6 The number of lateral rows of tubes required for SH2HP 

The total theoretical outer surface area of the heat exchanger tubes needed for the 
required heat transfer rate: 

c H 7 QSH2 810670 
o u t kSH2-At?Z>2 30.18-72.01 5 / 5 A ) i m 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 

Sout/r = - C y i m • H • <be/r = 0-5955 • 6.78 • 23 = 92.86 m2 

The number of lateral rows of tubers in SH2HP: 

CLJ--> ^mjt 373.01 
nSH2 _ 0 1 " _ =4 02 
nrow „SH2 9 2 8 6 ^ U Z 

^out/r 

Naturally tis value must be rounded to the nearest whole number 

VSH2 _ 4 
"•row ^ 
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4.1.7 Calculating the actual heat transfer rate of SH2HP 

The actual total outer surface area of the heat exchanger tubes: 

sSH2,eal = ^ . nSH2 = g 2 Q 6 . 4 = 3 7 1 A 2 m2 

The actual heat transfer rate of SH2HP: 

Q ^ e a l = kSH2 • S™t

2:real • At?£2 = 30.18 • 371.42 • 72.01 = 807.23 kW 

Error verification: 

^807.23 
%ErrorSH2 = 

810.67 
1-100 = 0.43% 

The discrepancy between the theoretical and the actual heat transfer rate of superheater 
SH2HP is less than 2%, thus the current configuration of SHmp is acceptable. 

4.1.8 Determining the actual parameters of the flue gas exiting SH2HP 

Due to the discrepancy between the theoretical and the actual heat transfer rate of 
superheater SH2HP the parameters of the flue gas exiting SH2HP at point B must be recalculated. 

Actual enthalpy of the flue gas at point B: 
gHP-.real 

^ \ = 678.69-

( i - % ^ ) - * w ( i - w ) - 2 3 - 4 9 

QsH2eal 807.23 jreal = ^ _ V S H 2 = gyg 6 g = 544 X 5 k]/Nw? 

Actual temperature of the flue gas at point B: 

, lr

B

eal - W . 4 0 0 644.15 - 547.44 
tr

B

eal = — • (500 - 400) + 400 = 100 + 400 = 466.32°C 
W e : 500 ~ W e : 400 6 9 3.27 - 5 47.44 

4.2 Design of the High Pressure Superheater S H I H P 

Several parameters are required in the calculations associated with the design of the 
high pressure superheater SHIHP. Parameters, other than those describing the geometry of the 
superheater, that are necessary for the calculations regarding the design and sizing of 
superheater SHIHP, some of which were determined in previous calculations, are organized in 
Table 4.6 below. 
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Parameters Symbol Value Units 

Heat transfer rate required of SHIHP 
(theoretical value) 

QHP 1314.27 [kW] 

CD 
3 

Actual temperature of flue gas entering into SHIHP i-real 
LB 466.32 [°C] 

Actual enthalpy of flue gas entering into SHIHP jreal 
LB 644.15 [kJ/Nm3] 

Mass flow rate of steam in the high pressure circuit 
(only 95% passes through SHIHP) 

mSteam 3.24 [kg/s] 

s 
S3 

Temperature of steam entering SHIHP 261.4 [°C] 
1) Pressure of steam entering SHIHP vT 4.8 [MPa] 

Temperature of steam exiting SHIHP THP 408.46 [°C] 

Pressure of steam exiting SHIHP NHP 4.7 [MPa] 

Table 4.6 Parameters necessary for superheater SHIHP design, not including parameters 
describing the geometry of SHIHP 

4.2.1 Geometry of the high pressure superheater SHIHP 

The chosen dimensions of the finned tubes used in the high pressure superheater (SHIHP) 
are shown in Table 4.7 in units of millimeters, however in any calculations these dimensions 
must be substituted into the equations in units of meters (SI units). The parameters in Table 4.7 
are selected and later on adjusted in order to supply the superheater with an acceptable steam 
flow rate through its tubes. These dimensions are also adjusted so that the required heat transfer 
rate of this heat exchanger is approximately met with a whole number of lateral rows of tubes 
making up the heat exchanger. 

Parameter Symbol Value Units 

Outer tube diameter DSHI 
utube 31.8 [mm] 

tu
be

 

Tube wall thickness thSHl 
Ultube 4 [mm] 

Inner tube diameter dSH1 

"•tube 23.8 [mm] 

Fin thickness thSHl 
Lnfin 1 [mm] 

Number of fins per meter SHI 
nfin 130 [mm] 

fin
s 

Fin spacing sfin 7.69 [mm] 

Fin height hSHl 
nfin 15 [mm] 

Outer fin diameter nSHl 
ufin 61.8 [mm] 

Table 4.7 Parameters selected for the finned tubes used in the high pressure superheater 
SHIHP 
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Figure 4-3 Tube geometry SHIHP 

The dimensions describing the layout of the finned tubes of superheater SHIHP are chosen and 
then used together with the flue gas duct dimensions to determine the number of finned tubes 
in each lateral row of tubes in the superheater. 

Chosen layout dimensions: 

Lateral gap between tubes aSH1 = 13 mm 

Longitudinal tube spacing S2(sm) = 117 mm 

Lateral tube spacing in superheater SHIHP: 

SI(SHI) = DlSbe + 2 - hfin + aSHi = 0.0318 + 2 • 0.015 + 0.013 = 0.0748m 

Number of tubes in each lateral row of tubes in SHIHP: 

Naturally this value must be rounded to the nearest whole number 

cm £ 1-76 
ntube/r = 0-5 = n n ^ . n - 0.5 = 23.03 

t u b e / r sirsni) 0.0748 
ntube/r ~ 

Gap verification: 

There needs to be a gap between the wall of the flue gas duct and outer tubes of the heat 
exchanger, however it must not be excessive. This value should be no greater than 10 mm. The 
calculated gap is within the acceptable range. 

SHI „ Utube ,SH1 i SHI Luoe T O . 
gap = L — n t u b e / r • s1{SH1) hf 

0.0318 
gap = 1.76 - 23 • 0.0748 0.015 = 0.0087 m 
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1760 

Figure 4-4 Tube layout SHIHP 

4.2.2 Verification of the speed of steam passing through superheater SHIHP 

The speed of the steam passing through superheater SHIHP is calculated according to average 
specific volume of the steam. The specific volume of the steam is determined through X-Steam 
according to the average pressure and temperature of the steam passing through SHIHP. 

tsHi — 

VSHI 

t f P + t%P _ 408.46 + 261.4 
2 ~ 2 

p"P + P4P 4.7 + 4.8 

= 334.93 °C 

= 4.75 MPa 

(determined using X-Steam, f(p,t)) 

2 2 

VSHI = 0.0531 m3/kg 

Speed of steam: 

0.95 • Mgp

eam • vSH1 0.95 • 3.24 • 0.0531 u/SHl _ 
vvSteam ~ 

n ' (^tufce)2 . „SH1 
4 ntube/r 

7T-0.02382 = 15.98m/s 
23 

The speed of steam traveling through the superheater is within the suggested range, between 15 
and 25 m/s. 
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4.2.3 Verification of the speed of flue gas passing through superheater SHIHP 

Recalculated flue gas enthalpy and temperature at point C : 

The parameters of the flue gas exiting the superheater at point C are recalculated according to 
the actual flue gas parameter entering SHIHP. 

™ „ I QSHI 1314.27 I'c = Ir

B

eal - T 7 T ^ = 644.15 - -jc- = 587.92 kJ/Nm3 

I'c ~ W -400 587.92 - 547.44 
t , = 1 taie.wu (500 - 400) + 400 = 100 + 400 = 427.76°C 

We:500 ~ W :400 693.27 - 5 47.44 
Average flue gas temperature: 

tleal + tr 466.32 + 427.76 
HBC) = 2 = 2 = 4 4 7 - 0 4 ° C 

The actual volumetric flow rate of the flue gas: 

. W 1 273.15 + i,BC) . 273.15 + 447.04 
= 273.15 • M — = ~^73TS 2 3 ' 4 9 = ̂  ™ / S 

The cross sectional area that the flue gas flows through: 
ASHI _ IT . j 77 . nSHl . „SH1 77 . 9 . hSHl . fhSHl . „SH1 . „ S H 1 

Aduct — n L n utube ntube/r n z nfin in.fin nfin ntube/r 

Adult = 6 - 7 8 • ! - 7 6 - 6 - 7 8 • 0.0318 • 23 - 6.78 • 2 • 0.015 • 0.001 • 130 • 23 = 6.37 m 2 

Speed of the flue gas passing through SHIHP: 
VHI tivpbu 61.93 

WFlue = " T U T = = 9 - 7 3 m / S 

duct 

The speed of the flue gas through the superheater is within the suggested range, between 9 and 
12m/s. 

4.2.4 Reduced heat transfer coefficient outside the tubes of SHIHP, through the flue gas 

The coefficient of heat transfer through convection outside the finned tubes: 

Lateral tube spacing relative to the outer tube diameter: 

S H 1 s1(SH1) 0.0748 
DLZ 0.0318 Z ^ 

Diagonal tube spacing relative to the outer tube diameter: 

° 2 DSH1 DSH1 0 0318 
utube utube v.vo±o 
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Coefficient of the relative tube spacing: 

Both the calculated values of lateral and diagonal relative tube spacing are substituted 
into equation (4.14) to determine the coefficient of the relative tube spacing. 

SHi _ _± _ = 0 47 
<P° o2's»i-l 3.86-1 

Flue gas Parameters: 

The thermal conductivity, together with the kinematic viscosity of the flue gas are 
demined using Table 4.2 and Table 4.3 respectively, according to the average flue gas 
temperature. The average temperature of the flue gas passing through SHIHP has been 
determined in previous calculations regarding the flue gas speed verification. 

Temperature f ( B C ) = 447.04 °C 

iSHl _ 
AFlue — 

VSH1 _ 
vFlue — 

447.04-400 
(63.82 - 55.59) + 55.59 

100 v J 

447.04-400 
100 

(75.55 - 59.87) + 59.87 

• 10" 3 = 5.946 • 10" 2 W/(m • K) 

• 10" 6 = 6.725 • 10" 5 m2/s 

The correction coefficient for the number of lateral row of tubes in the heat exchanger: 

This correction coefficient is determined according to a graph from source [2] on page 
116. The correction coefficient is determined assuming that there are 4 lateral rows of tubes in 
superheater SHIHP. 

dH1 = 0.94 

The coefficient of heat transfer through convection outside the finned tubes: 

n . S t f l _ n o o rSHl fmSH1^0.2 AFlue Utube\ nfin \ vvFlue sfin \ 
Uc - C z J SHI \ CSH1 ) \ CSH1 ) \ ,,SH1 ) 

bfin \bfin I \bfin / \ vFlue / 

n n 0.05946 / 0.0318 \ " 0 5 4 / 0.015 \ " 0 1 4 /9.73 • 0.00769\ 0 6 5 

as

c

H1 = 0.23 • 0.91 • 0.47 0 2 • • =-] 
c 0.00769 V0.00769/ V0.00769/ V 6.725 • 10" 5 ) 

as

c

H1 = 58.16 W/(m2K) 

Coefficient characterizing the effectiveness of the fins: 

This coefficient is determined through a graph from page 114 of source [2] according 
to the product of fiSH1 • hf^ and the quotient of Dfj^/Df^e , where fiSH1 is a coefficient. 
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Coefficient p S H 1 : 

I 2 • Wfin • as

c

H1 2-0.85-58.16 
IthflX-Afin • ( ! + £• Wfin • as

c

H1) J0.001 • 38 • (1 + 0.0043 • 0.85 • 58.16) 

ySHl it').:; 2 m" 

Values needed to determine the coefficient characterizing the effectiveness of the fins: 

P S H 1 ' hfin = 4 6 - 3 2 ' 0 - 0 1 5 = 0- 6 9 

^ = O 0 6 1 8 
D ™ \ 0.0318 i y 4 

Coefficient determined using the graph: 

ESH1 = 0.84 

Proportions of the tubes surface area made up of the fins, and tube wall: 

The fraction of the total outer surface area of the finned tubes that is made up of the fins 
themselves: 

/nSHl\2 

Sfin \DtubeJ = l0.0318; 1  

s!ut f n ? H 1 \ 2 /s?!*1 th?H1\ /0.0618\2 . . „ /0.00769 0.001 

cSHl 

rSHl 
^out 

\utube) \utube utube) 

= 0.87 

The fraction of the total outer surface area of the finned tubes that is made up of the exposed 
outer tube walls: 

oSHl SHI 
- ^ = 1 - - ^ = 1-0.87 = 0.13 

out '-'out 

The reduced heat transfer coefficient outside the tubes: 
/cSHl rSHl \ u, . SHI 

„SH1 _ / . FSH1 . .. , * out-fin \ Vfin ac 
ur:out I -SHI n <" rSHl I 1 , . m . . ^Stfl 

0.85-58.16 
«roit = (0-87 • 0.84 • 1 + 0.13) • — — n n r . —— = 34.5 W/(m2K) 

' • o u L 1 + 0.0043 • 0.85 • 58.16 ' 
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4.2.5 Reduced heat transfer coefficient inside the tubes of SHIHP, through the Steam 

Steam parameters: 

The kinematic viscosity, thermal conductivity, and Prandtl number of the steam passing 
through SHIHP are determined through X-Steam according to the average temperature and 
pressure of the steam. The kinematic viscosity is calculated from the dynamic viscosity and the 
steam density. The average temperature and pressure of the steam have been determined in 
earlier calculations regarding steam speed verification. 

Temperature tSH1 = 334.93 °C 

Pressure VSHI = 4.75 MPa 

Pstelm = 18.8405 kg/m3  

Ä m = 2.1446-10"5 Pa-s 

*steam = 0-0537 W/(m • K) 

PrSteam = 2.245 

Kinematic viscosity of the steam: 

^ e a m = 2-1446-10 
Pl^am 18.8405 

em P-Steam 2.1446 • 10" 5 , , 

Reduced heat transfer coefficient inside the tubes of SH2HP: 

iSHl / W S H 1 .rJSH1\°'S 

_ n n 9 o . ^Steam / Steam utube \ fPrSHl \0.4 . r . r . r 
ur:in ~ u.uz.o *SH1 \ SHI j ^ Steam) L t W L m 

atube \ vSteam / 

0.0537 /15.98- 0 .0238\ 0 8 

a?H

in- = 0.023 T-) • 2 .245° 4 • 1 • 1 • 1 = 1884.83 W/(m2K) 
r i n 0.0238 V 1.1383 • 1 0 - 6 / 

4.2.6 Overall heat transfer coefficient for SHIHP 

The outer surface area of one fin: 

(nSHl\2 _ (nSHl\2 

cSHl _ 2 . . ) Vutube) S H 1 S H 1 

^l/ in — z n 4 + n ufin Lnfin 

0.06182 - 0.03182 

S(fin = 2 • n + n • 0.0618 • 0.001 = 0.0046 m2 

The outer surface area of one finned tube per meter length: 

rSHl _ _ . nSHl . (-( _ „SH1 . fUSH1} -4- r,SH1 • 
^out/lm — 11 utube nfin Lrlfin ) "•" nfin °l/in 

Sout/im = n • 0.0318 • (1 - 130 • 0.001) + 130 • 0.0046 = 0.6856 m 
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The inner surface area of one finned tube per meter length: 
~SH1 sin/im = n " dtube = n ' 0.0238 = 0.0748 m 

The overall heat transfer coefficient: 

K S H 1 = — \ SSHI = 1 1 Q.6856 = 2 9 - 5 4 W / ( m 2 K ) 

-ZsH^ + ^sm-^JT^ 34.5 + 1884.83 ' 0.0748 
ur:out ur:in J i n / l m 

4.2.7 Logarithmic mean temperature difference across SHIHP 

At(H1 = tr

B

eal - t f p = 466.32 - 408.46 = 57.86 K 

Atf H 1 = t'c- t$p = 427.76 - 261.4 = 166.35 K 

S H 1 _ Ats

2

H1 - At(H1 _ 166.35 - 57.87 _ 
At/j, — jrji — H r r o i - — — 102.73 K 

(A&H1\ i /166.35\ 

4.2.8 The number of lateral rows of tubes required for SHIHP 

The total theoretical outer surface area of the heat exchanger tubes needed for the 
required heat transfer rate: 

QSHI 1314.27 
cSHl _ t a r n _ _ r\o „ - 2 

o u t k^-At?"1 29.54-102.73 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 
Sout/r = S / i m • H • nfube/r = «-6856 • 6.78 • 23 = 106.9 m2 

The number of lateral rows of tubers in SH2HP: 

cSHl AQQ Cl'i 
SHI _ ^OUt _ ^ 3 3 ' U 3 _ . 0 r 

nrow ~ SSHI ~ 1 0 6 9 -
^out/r i U M 

Naturally tis value must be rounded to the nearest whole number 

nSHl _ 4 "•row ~ ^ 

4.2.9 Calculating the actual heat transfer rate of SHIHP 

The actual total outer surface area of the heat exchanger tubes: 

SSo»t-real = SsJt)r • n™J = 106.9 • 4 = 427.62 m2 
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The actual heat transfer rate of SHIHP: 

QsHieal = kSH1 • S™t

1:real • Atf^1 = 29.54 • 427.62 • 102.73 = 1297.87/eVK 

Error verification: 

/1297.78 
%ErrorSH1 = 1 •100 

U314.27 J 
= 1.25% 

The discrepancy between the theoretical and the actual heat transfer rate of superheater 
SHIHP is less than 2% , thus the current configuration of SHIHP is acceptable. 

4.2.10 Determining the actual parameters of the flue gas exiting SHIHP 

Due to the discrepancy between the theoretical and the actual heat transfer rate of superheater 
SHIHP the parameters of the flue gas exiting SHIHP at point C must be recalculated. 

Actual enthalpy of the flue gas at point C: 
/-\HP:real 
^SHl 644 3 

( l - % ? ) - A W ~ " ( l - T w ) ' 2 3 ^ 

QHP-.real 1297 87 
jreal = jreal _ = 6 4 4 _ 3 2 ^ _ = 5 8 8 ] 6 2 kJ/Nm3 

Actual temperature of the flue gas at point C: 

Ireal ~ W -400 5 8 8.62 - 5 47.44 
tr

c

eal = — • (500 - 400) + 400 = 100 + 400 = 428.24 °C 
Weisoo ~ hiueAOO 693.27 - 547.44 

4.3 Design of the High Pressure Evaporator E V H P 

Several parameters are required in the calculations associated with the design of the high 
pressure evaporator EVHP. Parameters, other than those describing the geometry of the 
evaporator, that are necessary for the calculations regarding the design and sizing of evaporator 
EVHP, some of which were determined in previous calculations, are organized in Table 4.8 
below. 
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Parameters Symbol Value Units 
Heat transfer rate required of EVHP (theoretical 
value) 

QHP 
VEV 5171.76 [kW] 

1) 
3 

Actual temperature of flue gas entering into EVHP i-real 
LC 428.24 [°C] 

Actual enthalpy of flue gas entering into EVHP jreal 
LC 588.62 [kJ/Nm3] 

s Temperature of water entering EVHP tHeP 256.4 [°C] 

03 
1) 
Vi 

Pressure of water entering EVHP VHeP 4.8 [MPa] 
i) 
03 

Temperature of steam exiting EVHP 261.4 [°C] 

Pressure of steam exiting EVHP vT 4.8 [MPa] 

Table 4.8 Parameters necessary for evaporator EVHP design, not including parameters 
describing the geometry of EVHP 

4.3.1 Geometry of the high pressure evaporator E V H P 

The chosen dimensions of the finned tubes used in the high pressure evaporator (EVHP) are 
shown in Table 4.9 in units of millimeters, however in any calculations these dimensions must 
be substituted into the equations in units of meters (SI units). The parameters in Table 4.9 are 
selected and later on adjusted so that the required heat transfer rate of this heat exchanger is 
approximately met with a whole number of lateral rows of tubes making up the heat exchanger. 

Parameter Symbol Value Units 

Outer tube diameter nEVl 
utube 57 [mm] 

tu
be

 

Tube wall thickness thEVl 
lntube 4 [mm] 

Inner tube diameter HEV1 
"-tube 49 [mm] 

Fin thickness lafin 1 [mm] 

Number of fins per meter „EVI 
nfin 150 [mm] 

fin
s 

Fin spacing ~EV1 
sfin 6.67 [mm] 

Fin height hEVl 
afin 19 [mm] 

Outer fin diameter nEVl 
ufin 95 [mm] 

Table 4.9 Parameters selected for the finned tubes used in the high pressure evaporator 
EVHP 
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I I 
> £ 
LU V— 
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cr-
I 

Ln I 
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t h f i n 
rEV1 
-if in = ,67 

Z Z Z 

z1 / ; / / 7 7-7 

Figure 4-5 Tube geometry EVHP 

The dimensions describing the layout of the finned tubes of evaporator EVHP are chosen and 
then used together with the flue gas duct dimensions to determine the number of finned tubes 
in each lateral row of tubes in the evaporator. 

Chosen layout dimensions: 

Lateral gap between tubes aEV1 = 11.5 mm 

Longitudinal tube spacing ^2{EVI) = 117 mm 

Lateral tube spacing in evaporator EVHP: 

SI{EVI) = Dtube + 2 - hfin + aEVi = ° - 0 5 7 + 2 • 0.019 + 0.0115 = 0.1065 m 

Number of tubes in each lateral row of tubes in EVHP: 

Naturally this value must be rounded to the nearest whole number 

B ^ - i ^ - M - o i 5 b - 0 - s - 1 M 3 

n E V 1 - 1 fi ntube/r — J-O 

Gap verification: 

There needs to be a gap between the wall of the flue gas duct and outer tubes of the heat 
exchanger, however it must not be excessive. This value should be no greater than 10 mm. The 
calculated gap is within the acceptable range. 

_ j EVl utube hEV\ 

gap — L — n t u b e / r • st(EV1^ - n.fin 

0.057 
gap = 1.76 - 16 • 0.1065 0.019 = 0.0085 m 
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Figure 4-6 Tube layout EVHP 

4.3.2 Verification of the speed of flue gas passing through evaporator E V H P 

Recalculated flue gas enthalpy and temperature at point D: 

The parameters of the flue gas exiting the evaporator at point C are recalculated according to 
the actual flue gas parameter entering EVHP. 

™ „ I QEV 5171.76 
/' = lr

c

eal - 7 r - ^ = 588.62 ^ = 367.35 kJ/Nm3 

' QRC%\ ,V (1 0.49\ 
(-i _ QRC%\ 
\ L 100 ) MvFlue 23.49 

ID-IPiue-200 3 67.35 - 2 68.01 
t'D = -— (300 - 200) + 200 = ———— ————• • 100 + 200 = 272.02°C 

hlue:300 ~ 'Flue:200 405.95 — 268.01 
Average flue gas temperature: 

rteal + t'D 428.24 + 272.02 
t ( C D ) = — - = = 350.13°C 

2 2 

The actual volumetric flow rate of the flue gas: 

273.15 + i(CD) • 273.15 + 350.13 
M%L = 2 ? 3 J • MVFlue = 23.49 = 53.6 m3/s 

The cross sectional area that the flue gas flows through: 

AEVl — H . I _ H . r)EV1 • r,EV1 _ W . ? . h E V 1 • thEV1 • r,EV1 • r,EV1 

Aduct — n L n utube n t u b e i r ti z n.fin ifijin n^in n t u b e j r 
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Speed of the flue gas passing through EVHP: 

« = ^ = ^ = 1 0 . 4 5 m/s 
Aduct 3 - i l 3 

The speed of the flue gas through the evaporator is within the suggested range, between 9 and 
12 m/s. 

4.3.3 Reduced heat transfer coefficient outside the tubes of EVHP, through the flue gas 

The coefficient of heat transfer through convection outside the finned tubes: 

Lateral tube spacing relative to the outer tube diameter: 

E V 1 _ ficgyi) _ 0-1065 _ 
° i - DEVI ~ 0 0 5 7 -

utube U.UD/ 

Diagonal tube spacing relative to the outer tube diameter: 

s - J(^)2+ 0.117* 
_ lEVl _ _ M V t ' _ M V ^ / _ n nr 

2 DEV1 DEV1 0 057 
utube utube U.UD/ 

Coefficient of the relative tube spacing: 

Both the calculated values of lateral and diagonal relative tube spacing are substituted 
into equation (4.14) to determine the coefficient of the relative tube spacing. 

F,n aEV1 - 1 1.87 - 1 

Flue gas Parameters: 

The thermal conductivity, together with the kinematic viscosity of the flue gas are 
demined using Table 4.2 and Table 4.3 respectively, according to the average flue gas 
temperature. The average temperature of the flue gas passing through EVHP has been 
determined in previous calculations regarding the flue gas speed verification. 

Temperature t(Co) = 350.13 °C 

TEVI _ 
AFlue — 

VEV1 _ 
vFlue — 

350.13 - 300 
(55.59 - 47.35)+ 47.35 

100 v J 

350.13 - 400 
100 

(59.87-45.45)+ 45.45 

• 10" 3 = 5.148 • 10" 2 W/(m • K) 

• 10" 6 = 5.268- 10" 5 m2/s 

The correction coefficient for the number of lateral row of tubes in the heat exchanger: 
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This correction coefficient is determined according to a graph from source [2] on page 

116. T h e correction coefficient is determined assuming that there are 17 lateral rows of tubes 

in evaporator EVHP. 

cEV1 = 1.01 

T h e coefficient o f heat transfer through convection outside the finned tubes: 

] E H /nEVl \ -°-54 / h E V 1 \ /WEV1 . ~EV1^0-65 

„EVI - n i i -EVI (.„EVl^O.2 AFlue Utube\ nfin \ 1™ Flue sfin 
uc — c z \rr(T ) ^EVl \ „EVI ) \ „EVI ) \ ..EVI 

fin \ ^fin / V / i n / \ vFlue 

n n 0.05148 / 0.057 \ " 0 5 4 / 0.019 \ " 0 1 4 /10.45 • 0 .00667N 0 ( 5 5 

aEV1 = 0.23 • 1.01 • 0 . 6 9 0 2 ' ' ' ' ' • • ( -
vo. 

0.00667 V0.00667/ V0.00667/ V 5.268 • 10" 5 

aEV1 = 48.26 W/(m2K) 

Coefficient characterizing the effectiveness of the fins: 

This coefficient is determined through a graph from page 114 of source [2] according 

to the product o f pEV1 • hf^ and the quotient o f Df£/D%£e , where pEV1 is a coefficient. 

2 • Vtfin • « c V 1 I 2 -0 .85-48 .26 

thj£-\fin • ( ! + £ • Wfin • aEV1) J 0 . 0 0 1 • 38 • (1 + 0.0043 • 0.85 • 48.26) 

?EV1 _ 42.84 m~ 

Values needed to determine the coefficient characterizing the effectiveness o f the fins: 

PEV1 • hffi = 42.84 • 0.019 = 0.81 

DfSt 0-095 

« e 0.057 

Coefficient determined using the graph: 

EEVI = o 79 

Proportions of the tubes surface area made up of the fins, and tube wall: 

T h e fraction of the total outer surface area of the finned tubes that is made up of the fins 

themselves: 

nEVl\2 

mA - 1 /O095N2 

bfin \DtubeJ l 0 .057; 

\utube) \utube utube) 
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cEVl 

cEVl 
Jout 

= 0.9 

The fraction of the total outer surface area of the finned tubes that is made up of the exposed 
outer tube walls: 

<,EV1 EVl 
^ = 1 - ^ = 1 - 0 . 9 = 0.1 

The reduced heat transfer coefficient outside the tubes: 
/cEVl rEVl \ uj . „EV1 

„EV1 _ rm T7EV1 .. , *out-fin\ Vfin ac 
ur:out \ cEVl c A* qEVl I -i , c . m . „EVI 

0.85 • 48.26 
a-rout = (0-9 • 0.79 • 1 + 0.1) • — — „ „ r i n ^ r = 28.16 W/(m2 K) 

r - o u t y J 1 + 0.0043-0.85-48.26 / y 1 

4.3.4 Overall heat transfer coefficient for E V H P 

For the design of evaporators and economizers the effect that the reduced coefficient of heat 
transfer inside the tubes ar.in has on the overall heat transfer coefficient k is negligible. Thus 
the overall heat transfer coefficient of evaporators and economizers are calculated in the same 
manner, as seen in equation (4.19). 

kEV1 = aZit = 28.16 W/(m2 K) (4.19) 

4.3.5 Logarithmic mean temperature difference across E V H P 

A t f 1 = tr

c

eal - t%p = 428.24 - 261.4 = 166.83 K 

MEV1 = t'D- tgp = 272.03 - 256.4 = 15.62 K 

AtEVl _ At EVl - A t ? EVl 15.62 - 166.83 
/Atf F 1 \ , ( 15.62 \ 

K I 6 6 I 3 3 ) 

= 63.84 ft: 

4.3.6 The number of lateral rows of tubes required for E V H P 

The total theoretical outer surface area of the heat exchanger tubes needed for the 
required heat transfer rate: 

Evi _ Q"v _ 5171.76 _ 
Sout - kEvn . MEVI ~ 28.16-63.84 " 2 8 7 6 7 6 ™ 
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The outer surface area of one fin: 

(nEVl\2 _ fnEVl\2 

cEVl _ 2 . . ) Vutube) E V 1 E V 1 ^l/in — z n

 A

 + n ufin Lnfin 

0 0952 - 0 0572 

Sf/> = 2 • 7T • — + 7T • 0.095 • 0.001 = 0.0094 m2 

The outer surface area of one finned tube per meter length: 
cEVl _ . nEVl . f -i _ EV1 . thEVl\ , EV1 . rEVl ^out/lm — 11 utube \ L nfin Lrlfin ) ^ nfin °l/in 

Sout/im = n ' ° - 0 5 7 ' (1 - 1 5 0 ' 0.001) + 150 • 0.0094 = 1.5579 m 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 

Sout/r = SE

0lt,im • H • nEZletr = 1-5579 • 6.78 • 16 = 169 m2 

The number of lateral rows of tubers in EVHP: 

m 2876.76 
nEVl _ = = 1 7 02 
"•row cEVl 1 f.a 

^out/r 
Naturally tis value must be rounded to the nearest whole number 

EVl = 1 J 

"•row ' 

4.3.7 Calculating the actual heat transfer rate of E V H P 

The actual total outer surface area of the heat exchanger tubes: 

SZreal = SZl,r • nfow = 169 • 17 = 2873.05 m2 

The actual heat transfer arte of EVHP: 

QHP:real = fcEVl . SEVlrreal . MEV1 = 2 g _ l f i . 2 873.05 • 63.84 = 5165.08 kW 

Error verification: 

'5165.08 
%ErrorEV1 = 

5171.76 1-100 = 0.13% 

The discrepancy between the theoretical and the actual heat transfer rate of evaporator 
EVHP is less than 2% , thus the current configuration of the evaporator is acceptable. 

4.3.8 Determining the actual parameters of the flue gas exiting E V H P 

Due to the discrepancy between the theoretical and the actual heat transfer rate of evaporator 
EVHP the parameters of the flue gas exiting EVHP at point D must be recalculated. 
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Actual enthalpy of the flue gas at point D: 

Q » P : r e a l 5165.08 
jreal = jreal _ = 5 8 8 . 6 2 = 367.64kJ/Nm3 

( l - % ? ) - * W ( l - x f ) "23.49 

Actual temperature of the flue gas at point D: 

Ineal ~ hiue-iaa 367.64 - 268.01 
tr

D

eal = —^ • (3 0 0 - 2 0 0) + 2 0 0 = 77T3-— — — • 100 + 200 = 272.23 °C 
hlue:300 ~ hlue:200 405.95 - 268.01 

4.4 Design of the High Pressure Economizer ECO3HP 

Several parameters are required in the calculations associated with the design of the high 
pressure economizer ECO3HP. Parameters, other than those describing the geometry of the 
economizer, that are necessary for the calculations regarding the design and sizing of 
economizer ECO3HP, some of which were determined in previous calculations, are organized in 
Table 4.10 below. 

Parameters Symbol Value Units 
Heat transfer rate required of E C O 3 H P 
(theoretical value) VEC03 1466.23 [kW] 

1) 
3 

Actual temperature of flue gas entering into 
ECOSHP 

i-real 
LD 272.23 [°C] 1) 

3 

Actual enthalpy of flue gas entering into E C O 3 H P jreal 
LD 367.64 [kJ/Nm3] 

Mass flow rate of water in the high pressure circuit 
(only 95% passes through ECO3HP) 

mSteam 3.24 [kg/s] 

1) Temperature of water entering E C O 3 H P THP 151.4 [°C] 

Pressure of water entering E C O 3 H P HP Pi 4.9 [MPa] 

Temperature of water exiting E C O 3 H P tHeP 256.4 [°C] 

Pressure of water exiting E C O 3 H P PHSP 4.8 [MPa] 

Table 4.10 Parameters necessary for economizer ECOmp design, not including 
parameters describing the geometry ofECOmp 

4.4.1 Geometry of the high pressure economizer ECO3HP 

The chosen dimensions of the finned tubes used in the high pressure economizer (ECO3HP) are 
shown in Table 4.11 in units of millimeters, however in any calculations these dimensions must 
be substituted into the equations in units of meters (SI units). The parameters in Table 4.11 are 
selected and later on adjusted in order to supply the economizer with an acceptable water flow 
speed through its tubes. These dimensions are also adjusted so that the required heat transfer 
rate of this heat exchanger is approximately met with a whole number of lateral rows of tubes 
making up the heat exchanger. 
BRNO 2016 73 



DESIGN AND SIZING OF HEAT TRANSFER SURFACES 

Parameter Symbol Value Units 

Outer tube diameter NEC03 
utube 31.8 [mm] 

tu
be

 

Tube wall thickness ty.EC03 
LUtube 4 [mm] 

Inner tube diameter j EC03 
"-tube 23.8 [mm] 

Fin thickness THEC03 
111 fin 1 [mm] 

Number of fins per meter -EC03 
nfin 190 [mm] 

fin
s Fin spacing CEC03 

sfin 5.26 [mm] 

Fin height HEC03 
afin 8 [mm] 

Outer fin diameter NEC03 
ufin 47.8 [mm] 

Table 4.11 Parameters selected for the finned tubes used in the high pressure economizer 
ECOSHP 

QO 
I I 

, ,EC03 
T Pi fin = 

:x:> 

11 
m 

I 

O , 

11UJUJ 
z z z : . z z z 

r r r r r t f m 
11 

O _a 

Figure 4-7 Tube geometry ECOmp 

The dimensions describing the layout of the finned tubes of economizer E C O 3 H P are chosen and 
then used together with the flue gas duct dimensions to determine the number of finned tubes 
in each lateral row of tubes in the economizer. 

Chosen layout dimensions: 

Lateral gap between tubes 0-EC03 = 6.25 mm 

Longitudinal tube spacing S2(ECO3) = 90 mm 
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Lateral tube spacing in economizer ECO3HP: 

Si(EC03) = Dtube3 + 2 • hffn°3 + aEC02 = 0.0318 + 2 • 0.008 + 0.00625 = 0.05405m 

Number of tubes in each lateral row of tubes in ECO3HP: 

Naturally this value must be rounded to the nearest whole number 

L 1.76 
n 

EC03 
tube Ir 

S1(EC03) 
-0 .5 = 0.05404 - 0.5 = 32.06 

EC03 _ o ?  
ntube/r — J Z 

Gap verification: 

There needs to be a gap between the wall of the flue gas duct and outer tubes of the heat 
exchanger, however it must not be excessive. This value should be no greater than 10 mm. The 
calculated gap is within the acceptable range. 

EC03 
gap = L — n t u b e / r • slt^EC03) — • 

D EC03 
tube -h EC03 

•fin 

0.0318 
gap = 1.76 - 32 • 0.05405 0.008 = 0.0065 m 

1760 

Figure 4-8 Tube layout ECOmp 

4.4.2 Verification of the speed of water passing through economizer ECO3HP 

The speed of the water passing through economizer E C O 3 H P is calculated according to average 
specific volume of the water. The specific volume of the water is determined through X-Steam 
according to the average pressure and temperature of the water passing through ECO3HP. 
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lEC03 — 

PEC03 — 

t%p + tHP _ 265.4 + 151.4 
2 ~ 2 

PHP + ?HP 4 8 + 4 9 

= 203.9 °C 

= 4.85 MPa 
2 2 

vEC03 = 0.0012 m3/kg (determined using X-Steam, f(p,t)) 

Speed of water, before splitting economizer into sections: 

w E C 0 3 , _ 0.95 • MWeam \ vEco3 _ 0.95 • 3.24 • 0.0012 
'Steam 

1 1 yutube J . „EC03 Ji • 0.02382 = 0.25m/s 

n tube I r 
32 

The speed of water flowing through the economizer must be within the suggested range of 0.8 
to 1.3 m/s. This is accomplished by splitting each lateral row of tubes, of the economizer, into 
sections to increase the speed of water. However, it is recommended that the rows are not split 
into more than four sections. The actual speed of water flowing through the economizer is then 
calculated intuitively as seen in equation (4.20). 

Number of sections EC03 _ 4 
"•section ^ 

Inlet Outlet t 

J 
h 1 

5»- 1 

1111^ 

J X L L 

fl II I 

II 11 
I w 

II 111 Ill full 

l i i i iiU 
I M i I I I I I 

.8x031.8. 

Figure 4-9 Splitting schematic ECOmp 

Actual speed of water flowing through ECO3HP: 

Keam = C " C n = 0-25 • 4 = 1 17l/S 
(4.20) 
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4.4.3 Verification of the speed of flue gas passing through economizer ECO3HP 

Recalculated flue gas enthalpy and temperature at point E: 

The parameters of the flue gas exiting the economizer at point E are recalculated according to 
the actual flue gas parameter entering ECO3HP. 

Oven?. 1466.23 
I'E = ID*1 ~ 7 TT^T = 3 6 7 - 6 4 - 7 nJos = 3 0 4 - 9 kJ/Nm3 

, . 304.9 - 268.01 
t'E = -— 7 (300 - 200) + 200 = ———— ———— • 100 + 200 = 226.75°C 

>Flue:300 ~ 'Flue:200 405.95 — 268.01 

Average flue gas temperature: 

ttfal + t'E 272.23 + 226.75 
HDE) = 2 = 2 = 2 4 9 - 4 9 ° C 

The actual volumetric flow rate of the flue gas: 

. 273.15 + t(DE) . 273.15 + 249.49 
= 273.15 • M — = ~^73TS 2 3 A 9 = "™m*'S 

The cross sectional area that the flue gas flows through: 
AEC03 _ IT . i IT . nEC03 . „£C03 U .n . uEC03 . i-hEC03 . ̂ 003 . „£C03 

Aduct — n L n utube ntube/r n z nfin in^in n^in ntube/r  

Adu°t = 6 - 7 8 • ! - 7 6 - 6 - 7 8 • 0.0318 • 32 - 6.78 • 2 • 0.008 • 0.001 • 190 • 23 = 4.37 m 2 

Speed of the flue gas passing through ECO3HP: MEC.P3 44 Q4 
« á = ̂ Í T = W = 1 0 - 2 7 m / S  

Aduct ^•:>/ 

The speed of the flue gas through the economizer is within the suggested range, between 9 and 
12 m/s. 

4.4.4 Reduced heat transfer coefficient outside the tubes of ECO3HP, through the flue gas 

The coefficient of heat transfer through convection outside the finned tubes: 

Lateral tube spacing relative to the outer tube diameter: 

E C 0 3 _ S1(ECO3) _ 0-05405 _ 
° 1 r.FYľ<93 n m - 1 0

 1 - 1 

D « £ 3 0.0318 

Diagonal tube spacing relative to the outer tube diameter: 

S'EC03 yj{ 2 ) + (
S

2 ( £ C 0 3 ) ) ^ 2 j + 0 - 0 9 

'EC03 _ _ M V ± / _ M V £ / n qr 
2 DEC0S DEC0S 0 0318 

u

tube
 u

tube v.vo±o 
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Coefficient of the relative tube spacing: 

Both the calculated values of lateral and diagonal relative tube spacing are substituted 
into equation (4.14) to determine the coefficient of the relative tube spacing. 

F r m o f C 0 3 - 1 1 .7 -1 
^ C ° 3 = ^ 3 1 = ̂ 3 1 = 0-36 

Flue gas Parameters: 

The thermal conductivity, together with the kinematic viscosity of the flue gas are 
demined using Table 4.2 and Table 4.3 respectively, according to the average flue gas 
temperature. The average temperature of the flue gas passing through E C O 3 H P has been 
determined in previous calculations regarding the flue gas speed verification. 

Temperature t{DE) = 249.49 °C 

,EC03 _ 
AFlue — 

,EC03 
JFlue 

249.49 - 200 
100 

249.49 - 200 
100 

• (47.35 - 39.23) + 39.23 

(45.45 - 32.36) + 32.36 

10" 3 = 4.325 • 10" 2 W/(m • K) 

10" 6 = 3.884- 10" 5 m2/s 

The correction coefficient for the number of lateral row of tubes in the heat exchanger: 

This correction coefficient is determined according to a graph from source [2] on page 
116. The correction coefficient is determined assuming that there are 9 lateral rows of tubes in 
economizer ECO3HP. 

CEC03 = 1 

The coefficient of heat transfer through convection outside the finned tubes: 

0.54 / , F.Cr>7K\ -0.14 , . , , ^ . 5 _ Frnix °-65 

•\EC03 /nEC03\ /iJhLUi\ /WhLUi HLUi\ 
„EC03 = n ? ? - rEC03 - (m

EC03^°-2 . AFlue _ utube \ . f JT™_\ - | F l u e f i n \ 
uc

 c z Wa ) „EC03 \ CEC03 I \ CEC03 ) \ „EC03 I 
bfin \bfin I \bfin I \ vFlue / 

n n 0.04325 ( 0.0318 \ " a 5 4 ( 0.008 \ " 0 1 4 /10.27 • 0.00526^ 0 6 5 

aEC03 = Q 2 3 . 1 . 0 ] 3 6 0 .2 0.00526 V0.00526/ V0.00526/ V 3.884 • 10" 5 

aFC03 = 60.72 W/(m2K) 

Coefficient characterizing the effectiveness of the fins: 

This coefficient is determined through a graph from page 114 of source [2] according 
to the product of /3EC03 • hff°3 and the quotient of D^3/D^3, where /3EC03 is a coefficient. 
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Coefficient p E C 0 3 : 

_ I 2 • Wfin • aEC03 2-0.85-60.72 
I thEf°3 • Xfin • (1 + s • Wfin • aE

c

C03) \ 0.001 • 38 • (1 + 0.0043 • 0.85 • 60.72) 

0BCO3 = 4 7 . i 5 m - i 

Values needed to determine the coefficient characterizing the effectiveness of the fins: 

pEC03 . hEC03 = 4 y 1 5 . 0.008 = 0.38 

DEg03 0.0478 
1 - = 1.5 

C 3 ° - 0 3 1 8 

Coefficient determined using the graph: 

Proportions of the tubes surface area made up of the fins, and tube wall: 

The fraction of the total outer surface area of the finned tubes that is made up of the fins 
themselves: 

/nEC03\ 2 

Sfin \Dtube J = l0.0318; 1  

So™3 (DE™3\2 (sE™3 thE?S3\ f0.0478^2 , , 0 _ ^0.00526 0.001 'fin 
T)EC03 

utube 
- 1 + 

/sft„ mt„Uä\ r U U 4 7 B V - 1 + ? ^0-00526 _ 0.001 \ 
2" l0.0318j i + Z ' U . 0 3 1 8 0.0318J 

\utube utube J 
cEC03 ^fin 
rEC03 ^out 

= 0.82 

The fraction of the total outer surface area of the finned tubes that is made up of the exposed 
outer tube walls: 

^EC03 SEC03 

Zc03m = 1 _
 TET03 = 1 _ ° " 8 2 = ° " 1 8 

^out ^out 

The reduced heat transfer coefficient outside the tubes: 

:EC03 C £ C 0 3 \ IU . „EC03 

aEC03 
/cEC03 cEC03 \ Ul „I 

„EC03 _ / fin . FEC03 . .. , ^out-fin \ ^fin [ ac 
ur:out I cEC03 C r C £ C 0 3 I -i , _ m 

Vout ° o u t / 1 fc V i n 
0.85 • 60.72 

a-rout = (0-82 • 0.94 • 1 + 0.18) • — — „ „ r —— = 40.29 W/(m2K) 
r - o u t y J 1 + 0.0043 • 0.85 • 60.72 1 K ' 
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4.4.5 Overall heat transfer coefficient for ECO3HP 

For the design of evaporators and economizers the effect that the reduced coefficient of heat 
transfer inside the tubes ar.in has on the overall heat transfer coefficient k is negligible. Thus 
the overall heat transfer coefficient of evaporators and economizers are calculated in the same 
manner, as seen in equation (4.19). 

kEC03 = aEC03 = 40.29 W/(m2K) 

4.4.6 Logarithmic mean temperature difference across ECO3HP 

AtfC03 = tr

D

eal - tgp = 272.23 - 256.4 = 15.82 K 

MECO3 = T ' E - THP = 226.75 - 151.4 = 75.34 K 

E C 0 3 _ A t f 0 3 - A t f 7 0 3 _ 75.34 - 15.82 _ 
At/j, — FFnö — „ ,- „ . — 38.14 K 

/A t? C 0 3 \ , /75.34\ 
KATH Zn (15132) 

4.4.7 The number of lateral rows of tubes required for ECO3HP 

The total theoretical outer surface area of the heat exchanger tubes needed for the 
required heat transfer rate: 

rECQ3_ QEPCO3 _ 1466.23 2  
bout kEC03.AtEC03 4 0 .29 • 38.14 y ^ - i b m 

The outer surface area of one fin: 

(nEC03\2 _ (r)EC03\2 

rEC03 _ 9 . _ . V fin J VUtube J nEC03 . thEC03 
^l / in — z n ^ ufin Lnfin 

F r n , 0.04782 - 0.03182  

sif°n =2-n + n • 0.0478 • 0.001 = 0.0022 m2 

The outer surface area of one finned tube per meter length: 

C £ C 0 3 _ _ nEC03 (A _ „EC03 thEC03\ , „£C03 rEC03 ^out/lm — 11 utube nfin Lrlfin ) "•" nfin J l / i n 

Sout/im = 7T- 0.0318- (1 - 190 • 0.001) + 190 • 0.0022 = 0.4896 m 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 

Sou?/l = flim • H • nE

tX3/r = 0-4896 • 6.78 • 32 = 106.22 m2 
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The number of lateral rows of tubers in ECO3HP: 
QEC03 OCA r 

EC03 _ out _ ^ J _ p no 
U r ° W ~ " 106.22 - b - y b 

Naturally tis value must be rounded to the nearest whole number 
EC03 _ q 

4.4.8 Calculating the actual heat transfer rate of ECO3HP 

The actual total outer surface area of the heat exchanger tubes: 

SEC03:real = SEC03 . nEC03 = 1 Q 6 2 2 . g = 955 94 m 2 

The actual heat transfer rate of ECO3HP: 

Q^r

3

eal = kEC03 • SE^3:real • Atf n

C 0 3 = 40.29 • 955.94 • 38.14 = 1468.96/eVK 

Error verification: 

/1468.96 
%Error = 1466.23 100 = 0.19% 

The discrepancy between the theoretical and the actual heat transfer rate of economizer 
E C O 3 H P is less than 2% , thus the current configuration of E C O 3 H P is acceptable. 

4.4.9 Determining the actual parameters of the flue gas exiting ECO3HP 

Due to the discrepancy between the theoretical and the actual heat transfer rate of economizer 
E C O 3 H P the parameters of the flue gas exiting E C O 3 H P at point E must be recalculated. 

Actual enthalpy of the flue gas at point E: 
nHP:real 
V £ C 0 3 nrn r 

7 n ^ = • J O / . O V „ . N 

( l - % ? ) - * W ( l - i f ) " 23.49 

QECÖT1 1468.96 jreal = jreal _ ^ £ £ 0 3 = 3 6 J M = 3 ( ) 4 J g kJ/Nm3 

Actual temperature of the flue gas at point E: 

, Ir

E

eal - lFiUe-200 304.79 - 268.01 
tE

eal = • (300 - 200) + 200 = T7T3-— — — • 100 + 200 = 226.66 °C 
'Flue:300 ~ 'Flue:200 405.95 — 268.01 

4.5 Design of the Low Pressure Superheater S H L P 

The low pressure superheater SHLP will be designed with smooth tubes, because of the low rate 
of heat transfer required of this heat exchanger. 
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Equations used in the design and sizing of heat exchangers with smooth tubes: 

Some of the equations parameters used in the design and sizing of heat exchangers with 
smooth tubes are the same as the those used for heat exchangers with finned tubes. However 
the equations regarding the coefficient of heat transfer for heat exchangers with smooth tube 
are different. These equations are presented below in an order that is clear and straight forward. 
This, however is not the chronological order in which the equations are calculated. Several 
values used in these calculations are presented in Table 4.12. 

Values used in calculations 
(heat exchangers with smooth tubes) Symbol Value Units 

Coefficient of thermal effectiveness 0.85 [-] 
Coefficient of the degree to which the flue gas is 
utilized 1 [-] 

Coefficient of emissivity of the tube walls 0.8 [-] 

Flue gas pressure (assuming atmospheric) pi 0.1 [MPa] 

Given temperature difference (for gaseous fuels) At 25 [°C] 

Table 4.12 Values used in the calculations for heat exchangers with smooth tubes 

Overall coefficient of heat transfer: 

, _ ^ ' aout 
~ i i "out (4.21) 

Where: 

*P is the coefficient of thermal effectiveness [-] 

a o u t is the coefficient of heat transfer outside the tubes, between the flue 
gas and the heat exchanger tubes [W/(m2K)] 

ain is the coefficient of heat transfer inside the tubes, between the heat 
exchanger tubes and the water/steam inside them [W/(m2K)] 

The coefficient of heat transfer inside the tubes: 

The coefficient of heat transfer inside the tubes is calculated in the same manner as the reduced 
heat transfer coefficient inside the tubes for heat exchangers with finned tubes. 

n m o ^-Steam f^Steam ' de\ 0 4 . 0 0 

a i n = 0.023 • • ( — -Prsteam • c t - c l - c m (4.22) 
ae ^ vSteam ' 

The coefficient of heat transfer outside the heat exchanger tubes: 

a0ut = <f • O c i + a r ) (4.23) 
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Where: 

<f is the coefficient characterizing the degree to which the flue gas is 
utilized [-] 

acl is the coefficient of heat transfer through convection outside the 
smooth tubes of the heat exchanger [W/(m2K)] 

ar is the coefficient of heat transfer through radiation outside the tubes 
of the heat exchanger [W/(m2K)] 

The coefficient of heat transfer through convection outside the smooth tubes: 

jffaff . (Wplue ' Dtube\°'6 _ p r 0.33 (4 24) GC Q ̂  — C £ C 2 ^ 

'hübe ^ vFlv 

Where: 

cs is a correction coefficient characterizing the layout of the heat 
exchanger tubes [-] 

c z l is a correction coefficient depending on the number of lateral rows 
of tubes [-] 

PrFLue is the Prandtl number of the flue gas [-] 

The correction coefficient characterizing the layout of the heat exchanger tubes: 

The flowing equation, equation (4.25), is applicable in the case where, 0.1 < <pa < 1.7. 

cs = 0.34 • <pa

01 (4.25) 

The correction coefficient depending on the number of lateral rows of tubes: 

The flowing equation, equation (4.26), is applicable in the case where, n r o w < 10 and ox < 3. 

c z l = 3.12 • n r o w

0 0 5 - 2.5 (4.26) 

The coefficient of heat transfer through radiation outside the tubes: 

1 — (lwallY 
„ — r n 1 n - 8 awall ~j~ \ T 3 ^TFtueJ 7 

_ I wall 
^Flue 

3.6 

Where: 

awaii is m e coefficient of emissivity of the outer surface of the tube walls 
[-] 

aFiue is m e coefficient of emissivity of the flue gas [-] 
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Tpiue is the absolute flue gas temperature [K] 

Twaii i s m e absolute temperature of the tarnished outer tube walls [K] 

The absolute temperature of the outer tube wall: 

= tsteam + At + 273.15 (4.28) 

Where: 

tsteam is m e average temperature of the steam inside the tubes [°C] 

At is a given temperature difference [°C] 

The coefficient of emissivity of the flue gas: 

a F l u e = l - e - b - P - s (4.29) 

Where: 

b is the coefficient of radiation decline [l/(m-MPa)] 

s is the effective radiation layer thickness [m] 

p i is the flue gas pressure, which is assumed to be atmospheric [MPa] 

The effective radiation layer thickness: 

/4 S l -s 2 \ (4.30) 
s = 0 . 9 - Z W - . - J - 4 - 1 

V 1 utube J 

The coefficient of radiation decline: 

b = b t r i - x t r i (4.31) 

Where: 

btri is the coefficient of radiation decline due to the presence of 
triatomic gases [l/(m-MPa)] 

x t r i is the concentration of triatomic gases in the flue gas [-] 

The coefficient of radiation decline due to the presence of triatomic gases: 

/ 7.8 + 16 • x H 2 0 \ I TFlue\ 

Where: 

Pp-.tri i s the partial pressure of triatomic gases in the flue gas [MPa] 

The concentration of triatomic gases in the flue gas: 
xtri

 =
 XH20 ' XC02 (4.33) 
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The partial pressure of triatomic gases in the flue gas: 

Pp-.tri = P i • *tri (4.34) 

Flue gas parameters: 

The flue gas parameters needed to complete the calculation of equation (4.24) are determined 
according to the moisture concentration contained in the flue gas (7.8%), and the average 
temperature of the flue gas passing through the heat exchanger. The thermal conductivity and 
the kinematic viscosity of the flue gas are determined from Table 4.2 and Table 4.3 respectively. 
The Prandtl number of the flue gas is determined from Table 4.13, seen below. Linear 
interpolation is used to interpolate between values obtained from source [2]. 

^Flue [ C] 
Moisture concentration XH20 [%] 

^Flue [ C] 
5 7.8 10 

0 0.69 0.707 0.72 

100 0.67 0.681 0.69 

200 0.65 0.661 0.67 

300 0.63 0.641 0.65 

400 0.62 0.631 0.64 

500 0.61 0.621 0.63 

Table 4.13 Prandtl number of the flue gas, Pr Flue [-] 

Several parameters are required in the calculations associated with the design of the high 
pressure superheater SHLP. Parameters, other than those describing the geometry of the 
superheater, that are necessary for the calculations regarding the design and sizing of 
superheater SHLP, some of which were determined in previous calculations, are organized in 
Table 4.14 below. 

Parameters Symbol Value Units 
Heat transfer rate required of SHLP (theoretical 
value) VSH 35.16 [kW] 

1) 
3 

Actual temperature of flue gas entering into SHLP i-real 
lE 226.66 [°C] 

Actual enthalpy of flue gas entering into SHLP jreal 
lE 304.79 [kJ/Nm3] 

Mass flow rate of steam in the high pressure circuit 
(only 95% passes through SHLP) 

mSteam 0.88 [kg/s] 

s 
B 

Temperature of steam entering SHLP t ? 156.15 [°C] 

m Pressure of steam entering SHLP PL2P 0.56 [MPa] 

Temperature of steam exiting SHLP t » 170 [°C] 

Pressure of steam exiting SHLP P\P 0.46 [MPa] 

Table 4.14 Parameters necessary for superheater SHLP design, not including parameters 
describing the geometry of SHLP 
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4.5.1 Geometry of the high pressure superheater SHLP 

The chosen dimensions of the smooth tubes used in the high pressure superheater (SHLP) are 
shown in Table 4.15 in units of millimeters, however in any calculations these dimensions must 
be substituted into the equations in units of meters (SI units). The parameters in Table 4.7 are 
selected and later on adjusted in order to supply the superheater with an acceptable steam flow 
speed through its tubes. These dimensions are also adjusted so that the required heat transfer 
rate of this heat exchanger is approximately met with a whole number of lateral rows of tubes 
making up the heat exchanger. 

Parameter Symbol Value Units 

Outer tube diameter NSH 
utube 38 [mm] 

Tube wall thickness THSH 
Ultube 4 [mm] 

Inner tube diameter dSH 

"•tube 30 [mm] 

Table 4.15 Parameters selected for the smooth tubes used in the high pressure 
superheater SHLP 

A //////// A 
\\ 

cz> 
m 
11 
QJ 

(/> -4-
~o 

V 

A 

///////y 

Figure 4-10 Tube geometry SHLP 

The dimensions describing the layout of the finned tubes of superheater SHLP are chosen and 
then used together with the flue gas duct dimensions to determine the number of finned tubes 
in each lateral row of tubes in the superheater. 

Chosen layout dimensions: 

Lateral gap between tubes aSH = 38 mm 

Longitudinal tube spacing S2(SH) = 117 mm 

Lateral tube spacing in superheater SHLP: 

Si(SH) = Dtube + aSH = 0-038 + 0.037 = 0.075m 
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Number of tubes in each lateral row of tubes in SHLP: 

Naturally this value must be rounded to the nearest whole number 

n SH = 23.15 
1 1 7 6  

t U b e , r = ^ = O076 

ntube/r ~ 

Gap verification: 

There needs to be a gap between the wall of the flue gas duct and outer tubes of the heat 
exchanger, however it must not be excessive. This value should be no greater than aSH. The 
calculated gap is within the acceptable range. 

gap = L - ( n SH 
tube I r 

P>tube 
(SH) 

0.076 0.038 
gap = 1.76 - (23 - 1) • 0.076 — = 0.031 m 

Figure 4-11 Tube layout SHLP 

4.5.2 Verification of the speed of steam passing through superheater SHLP 

The speed of the steam passing through superheater SHLP is calculated according to average 
specific volume of the steam. The specific volume of the steam is determined through X-Steam 
according to the average pressure and temperature of the steam passing through SHLP. 

tsH — 
170 + 156.15 

2 2 

V\p + v\P 0.46 + 0.56 
VSH 2 2 

vSH = 0.379 m3/kg 

Speed of steam: 

^Steam ' VSH 

= 163.08 °C 

= 0.51 MPa 

(determined using X-Steam, f(p,t)) 

W< SH 
Steam 

mp 0.88-0.379 
n ' ^tube)2 . „SH n- 0.032 = 19.54m/s 

n tube/r 23 

The speed of steam traveling through the superheater is within the suggested range, between 15 
and 25 m/s. 
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4.5.3 Verification of the speed of flue gas passing through superheater SHLP 

Recalculated flue gas enthalpy and temperature at point F: 

The parameters of the flue gas exiting the superheater at point F are recalculated according to 
the actual flue gas parameter entering SHLP. 

Qc£ 35.16 
/; = Ir

E

eal - ^ = 226.66 ? r Z Q = 303.28 kJ/Nm3 

' ( l " T O ) - 2 3 . 4 9 

, . 303.28 - 268.01 
t'P = -— (300 - 200) + 200 = ———— • 100 + 200 = 225.57°C 

hlue:300 ~ 'Flue:200 405.95 — 268.01 

Average flue gas temperature: 

tF

eal + t'F 226.66 + 225.57 
HEF) = 2 = 2 = 2 2 6 - 1 2 ° C 

The actual volumetric flow rate of the flue gas: 

273.15 + i(m . 273.15 + 226.12 

= 273.15 • M — = ~^73TS ^ = ̂  ™ / S 

The cross sectional area that the flue gas flows through: 
Aduct = H • L — H • D^be • n^be/r = 6.78 • 1.76 - 6.78 • 0.038 • 23 = 6.01 m 2 

Speed of the flue gas passing through SHLP: 

Ml/Flue 4 2 - 9 3 

WAue = -TST*- = TTTT" = 7.15 m/s duct 

4.5.4 Coefficient of heat transfer outside the tubes of SHLP 

The coefficient of heat transfer through convection outside the smooth tubes: 

Lateral tube spacing relative to the outer tube diameter: 

S H _ f i ^ f ) _ 0^076 _ 
1 D*". 0.038 

Diagonal tube spacing relative to the outer tube diameter: 

a , S H ^ 0.117» 3 2 4 

2 DSH DSH 0 038 
utube utube u .uoo 

Coefficient of the relative tube spacing: 

Both the calculated values of lateral and diagonal relative tube spacing are substituted 
into equation (4.14) to determine the coefficient of the relative tube spacing. 

BRNO 2016 88 



DESIGN AND SIZING OF HEAT TRANSFER SURFACES 

_„ aiH - 1 1.97 - 1 
(oSH = — = = 0 44 
V<T a2's»-l 3 . 2 4 - 1 

The correction coefficient characterizing the layout of the heat exchanger tubes: 

The flowing equation is applicable, because 0.1 < (p%H < 1.7. 

c§H = 0.34 • ((p§H)01 = 0.34 • 0.44 0 1 = 0.31 

The correction coefficient depending on the number of lateral rows of tubes: 

The flowing equation is applicable, because n ^ w < 10 and <rfH < 3. Assuming that there is 
only 1 lateral row of tubes in superheater SHLP. 

c#f = 3.12 • ( n ™ , ) 0 0 5 - 2.5 = 3.12 • l 0 0 5 - 2.5 = 0.62 

Flue gas Parameters: 

The thermal conductivity, together with the kinematic viscosity of the flue gas are 
demined using Table 4.2 and Table 4.3 respectively, according to the average flue gas 
temperature. The Prandtl number of the flue gas is determined from Table 4.13. The average 
temperature of the flue gas passing through SHLP has been determined in previous calculations 
regarding flue gas speed verification. 

Temperature ^(EF) = 226.12°C 

iSH _ 
AFlue — 

SH 
vFlue 

226.12 - 2 0 0 
- • (47.35 - 39.23) + 39.23 100 

226.12 - 2 0 0 

prSH _ 
r'Flue — 

100 

226.12 - 200 

(45.45 - 32.36) + 32.36 

• (0.641 - 0.661) + 0.661 

10~ 3 = 4.135 • 10~ 2 W/(m • K) 

1 0 - 6 = 3.578- 1 0 - 5 m2/s 

• 10~ 6 = 0.656 m2/s 
100 

The coefficient of heat transfer through convection outside the smooth tubes: 

T,SH /wSH • nSH \ 0 , 6 

™5H _ NSH . NSH . "Flue _ / ""Flue utube \ _ r p „ S t f N0.33 
acl - cs czl nSH \ „SH I y^rFlue) 

utube \ vFlue / 

0.04135 / 7 . 1 5 - 0 . 0 3 8 \ 0 6 

asJ = 0.31 • 0.62 — - J • 0 .656 0 3 3 = 39.11 W/(m2K) 
0 1 0.038 V3.578-10- 5 / / K J 

The coefficient of heat transfer through radiation outside the tubes of the heat exchanger: 

The effective radiation layer thickness: 
c „ A sF-sF \ /4 0.076-0.117 \ 

s = 0.9 • D?"be • V - - 1 = 0.9 • 0.038 • — — ; 1 = 0.23m 
\w DSH / \n 0.0382 / 
\ utube / 
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The partial pressure of triatomic gases in the flue gas: 

Pp-.tri = P i • *tri = 0.1 • 0.122 = 0.0122 MPa 

The absolute flue gas temperature: 

TFiue = T{EF) + 273.15 = 226.12 + 273.15 = 499.27 K 

The coefficient of radiation decline due to the presence of triatomic gases: 

/ 7.8 + 1 6 _ x g g ^ _ \ f 
t r i v 3 . i 6 - v P p : t r r s 5 H j \ IOOO; 

„„ / / . ö + i b - u . u / ö w 4 y y . z / \ 
bB = : - 1 1 -0 .37 = 37.14 m _ 1 • MPa'1 

t r i \3.16 • VO.0122-0.23 / V 1000 J 
7.8 + 16-0.078 \ / _ __ 499.27 

v3.16-V0.0122 • 0.23 

The concentration of triatomic gases in the flue gas: 

*tn = *H20 • xC02 = 0.078 + 0.044 = 0.122 

The coefficient of radiation decline: 

b = • xtri = 37.14 • 0.122 = 4.53 m _ 1 • MPa'1 

The coefficient of emissivity of the flue gas: 

aflue = 1 - e'^15 = 1 - e - 4 . 5 3 - o . i - o . 2 3 = o 0 9 9 1 

The absolute temperature of the tarnished outer tube walls: 

Twaii = isH + 25 + 273.15 = 461.23 K 

The coefficient of heat transfer through radiation outside the tubes: 

[wall | 

,y-.. - ^ , . ,,, „ - - . , TFlueJ 
T 9 '-'•Flue 1 Flue yS/f 

1 -

« 0.8 + 1 
a?" = 5.7 • I Q " 8 • — - — 

wall  
lFlue 

1 _ /461.23\3-6 

0.0991 • 461.233 U l l i = 2 - 0 6 w K m 2 K ) 
1 - 499.27 

The coefficient of heat transfer outside the heat exchanger tubes: 

Vout = $ • (.all + a™) = 1 • (39.11 + 2.06) = 41.17 W/(m2K) 
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4.5.5 Coefficient of heat transfer inside the tubes of SHLP 

Steam parameters: 

The kinematic viscosity, thermal conductivity, and Prandtl number of the steam passing 
through SHLP are determined through X-Steam according to the average temperature and 
pressure of the steam. The kinematic viscosity is calculated from the dynamic viscosity and the 
steam density. The average temperature and pressure of the steam have been determined in 
earlier calculations regarding steam speed verification. 

Temperature tSH = 163.08 °C 

Pressure pSH = 0.51 MPa 

Psteam = 2.6384 kg/m3 

Plteam = 1-4515 • 10" 5 Pa-S 

A f £ a m = 0.0316 W/(m-K) 

Prsfeam = 1-0567 

Kinematic viscosity of the steam: 

SH _ P-lteam _ 1-4515 -10 5  

vSteam ~ SH ~ 9 ZOOA ~ I U M ' S 

The heat transfer coefficient inside the tubes of SH2HP: 

ISH /]A/SH • HSH \°'8 

_ n n o o . ^Steam / vvSteam utube \ . rPrSH \ 0 . 4 . r . _ . _ 
ain — u - u ^ 3 , c H I c H I yrIsteam) ct cl cr, in ".wi.^. ^ S H ^ ,,SH j y± 'Steams ~-t W ~-m 

0.8 

"-tube \ vSteam / 

0.0316 / 19.54-0.03 U.U^lb / i y . b 4 • U.U3 \ 
a?" = 0.023 • — — • (————77—r J • 1.0567 0 4 • 1 • 1 • 1 = 260.92 W/(m2K) 

i n 0.03 V5.5015 • 1 0 - 6 / / y } 

4.5.6 Overall heat transfer coefficient for SHLP 

The overall heat transfer coefficient is calculated according to equation (4.21). 

cu y-aout 0.85-41.17 , _ . 
= —Zsf = 41 17- = 3 0 - 2 2 W K m 2 K ) 

l + %f 1 + 26092 

4.5.7 Logarithmic mean temperature difference across SHLP 

At(H = tr

E

eal - t[p = 226.66 - 170 = 56.66 K 

At? H = t'P- tLP = 225.57 - 156.15 = 69.42 K 
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S H _ A t f - Atf" _ 69.42 - 56.66 _ 
Atm ~ /AtSH\ ~ /69.42 ~ 6 2 , 8 3 K 

"•(If) H S « ) 

4.5.8 The number of lateral rows of tubes required for SHLP 

The total theoretical outer surface area of the heat exchanger tubes needed for the 
required heat transfer rate: 

w Qgg 35.16 
cSH _ _ - i o n ^ 2 

o u t kSH-At?» 30.22-62.83 i a ^ m 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 

Sout/r =Hn- D™be • n™be/r = 6.78 • n • 0.038 • 23 = 18.62 m 2 

The number of lateral rows of tubers in SHLP: 

<?LJ Sm.f 18.52 
nrow „SH l o g o ^out/r 1D-0^ 

Naturally tis value must be rounded to the nearest whole number 

"row ± 

4.5.9 Calculating the actual heat transfer rate of SHLP 

The actual total outer surface area of the heat exchanger tubes: 

Souireal = Sout/r ' nrow = 18.62 • 1 = 18.62 m2 

The actual heat transfer of SHLP: 

QLP-real = kSH . S ^ r e a l • At™ = 30.22 • 18.62 • 62.83 = 35.35/eVK 

Error verification: 

'35.35 
%ErrorSH = /3b.3b \ 

V 3 5 . 1 6 - 1 / 
100 = 0.53% 

The discrepancy between the theoretical and the actual heat transfer rate of superheater 
SHLP is less than 2% , thus the current configuration of SHLP is acceptable. 

4.5.10 Determining the actual parameters of the flue gas exiting SHLP 

Due to the discrepancy between the theoretical and the actual heat transfer rate of superheater 
SHLP the parameters of the flue gas exiting SHLP at point F must be recalculated. 
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Actual enthalpy of the flue gas at point F: 

QLsP

H

real 35.35 
jreal = jreal _ £SH = ^ ^ _ = 3 0 3 2 7 k J / N m 3 

( i - % ? ) - * w ( i - i f ) - 2 3 - 4 9 

Actual temperature of the flue gas at point F: 

Ipeal - Ipiue-200 303.27 - 268.01 
tr

F

eal = • (3 0 0 - 2 0 0) + 2 0 0 = 77T3-— — — • 100 + 200 = 225.57 °C 
*Flue:300 ~ hlue:200 405.95 - 268.01 

4.6 Design of the Low Pressure Evaporator E V L P 

Several parameters are required in the calculations associated with the design of the low 
pressure evaporator EVLP . Parameters, other than those describing the geometry of the 
evaporator, that are necessary for the calculations regarding the design and sizing of evaporator 
EVLP , some of which were determined in previous calculations, are organized in Table 4.16 
below. 

Parameters Symbol Value Units 
Heat transfer rate required of EVLP (theoretical 
value) 

QLP 
VEV 1866.54 [kW] 

1) 
3 

Actual temperature of flue gas entering into EVLP i-real 
lf 225.57 [°C] 

Actual enthalpy of flue gas entering into EVLP jreal 
f 303.27 [kJ/Nm3] 

s Temperature of water entering EVLP 151.15 [°C] 
a 
tzi Pressure of water entering EVLP vkp 0.56 [MPa] 
1) Temperature of steam exiting EVLP tL2P 156.15 [°C] 

Pressure of steam exiting EVLP PL2P 0.56 [MPa] 

Table 4.16 Parameters necessary for evaporator EVLP design, not including parameters 
describing the geometry of EVLP 

4.6.1 Geometry of the high pressure evaporator E V L P 

The chosen dimensions of the finned tubes used in the low pressure evaporator (EVLP) are 
shown in Table 4.17 in units of millimeters, however in any calculations these dimensions must 
be substituted into the equations in units of meters (SI units). The parameters in Table 4.17 are 
selected and later on adjusted so that the required heat transfer rate of this heat exchanger is 
approximately met with a whole number of lateral rows of tubes making up the heat exchanger. 
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Parameter Symbol Value Units 

Outer tube diameter NEV utube 57 [mm] 

tu
be

 
Tube wall thickness thEV  

lntube 4 [mm] 

Inner tube diameter dEV 

"•tube 49 [mm] 

Fin thickness thEV  
lafin 1 [mm] 

Number of fins per meter nEV  
nfin 230 [mm] 

fin
s 

Fin spacing ~EV 
sfin 4.35 [mm] 

Fin height HEV 
afin 19 [mm] 

Outer fin diameter NEV 
ufin 95 [mm] 

Table 4.17 Parameters selected for the finned tubes used in the high pressure evaporator 
EVLP 

11 I 

/ / / / / 

- -ll 

Figure 4-12 Tube geometry EVLP 

The dimensions describing the layout of the finned tubes of evaporator EVLP are chosen and 
then used together with the flue gas duct dimensions to determine the number of finned tubes 
in each lateral row of tubes in the evaporator. 

Chosen layout dimensions: 

Lateral gap between tubes aEV = 5.5 mm 

Longitudinal tube spacing SI(EV) = 117 mm 

Lateral tube spacing in evaporator EVHP: 

s1(ßV) = Dllbe + 2 • hfyn + aEV = 0.057 + 2 • 0.019 + 0.0055 = 0.1005 ,EV m 
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Number of tubes in each lateral row of tubes in E V L P : 

Naturally this value must be rounded to the nearest whole number 

n EV 
tube Ir S\{EV) 

1.76 
0.1005 

nEV - 1 7 
ntube/r 

Gap verification: 

There needs to be a gap between the wall of the flue gas duct and outer tubes of the heat 
exchanger, however it must not be excessive. This value should be no greater than 10 mm. The 
calculated gap is within the acceptable range. 

nEV 
_ , EV utube iEV 

gap — L — ntube/r • - nfin 

0.057 
gap = 1.76 - 17 • 0.1005 0.019 = 0.004 m 

Figure 4-13 Tube layout EVLP 

4.6.2 Verification of the speed of flue gas passing through evaporator E V L P 

Recalculated flue gas enthalpy and temperature at point G: 

The parameters of the flue gas exiting the evaporator at point G are recalculated according to 
the actual flue gas parameter entering EVLP. 
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QFV 1866.54 
I'G = IR

F

EAL ~ 7 T T ^ T = 2 2 5 - 5 7 - 7 n~4Q\ = 2 2 3 - 4 1 WNm 

( l - ^ ) - M V F l u e ( l - w ) - 2 3 . 4 9 

I'F-hiueioo , N 223.41 - 133.27 t'G = -— (200 - 100) + 100 = ———- • 100 + 100 = 166.9°C 
'Flue:200 ~ 'Flue.100 268.01 — 133.27 

Average flue gas temperature: 

tr

F

eal + t'G 225.57 + 166.9 
t ( F G ) = 2 = ~2 = 196.24°C 

The actual volumetric flow rate of the flue gas: 

273.15 + t(FG) . 273.15 + 196.24 
= 273.15 • M — = ~^73AS 2 3 ' 4 9 = 4 0 ' 3 6 ^/s 

The cross sectional area that the flue gas flows through: 
AEV _ IT . j 77 . r i F F . „EV r j . 9 . HEV . . L F F . F F . EV 

Aduct — n L n utube ntube/r n z n^in in^in n^in ntube/r 

Adlct = 6 - 7 8 • ! - 7 6 - 6 - 7 8 • ° - 0 5 7 • 1 7 - 6 - 7 8 • 2 • ° - 0 1 9 • ° - 0 0 1 • 2 3 0 • 1 7 = 4.36m2 

Speed of the flue gas passing through EVHP: 

MvFlue 40.36 
^ / i « e = ~~AE~V = = 9 - 2 7 M / S 

Aduct ^••5° 

The speed of the flue gas through the evaporator is within the suggested range, between 9 and 
12 m/s. 

4.6.3 Reduced heat transfer coefficient outside the tubes of E V L P , through the flue gas 

The coefficient of heat transfer through convection outside the finned tubes: 

Lateral tube spacing relative to the outer tube diameter: 

PV _ s1{Ev) _ 0-1005 _ 
utube U , U 3 / 

Diagonal tube spacing relative to the outer tube diameter: 

,„ ^ j m 2 + ( w j m ^ j j 2 2 3 
a 2 nFV r,FV 0 0 5 7 

Coefficient of the relative tube spacing: 

Both the calculated values of lateral and diagonal relative tube spacing are substituted 
into equation (4.14) to determine the coefficient of the relative tube spacing. 
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m/ aEV - 1 1.76 - 1 
= 2 2 i = i = 0 - 6 2 

Flue gas Parameters: 

The thermal conductivity, together with the kinematic viscosity of the flue gas are 
demined using Table 4.2 and Table 4.3 respectively, according to the average flue gas 
temperature. The average temperature of the flue gas passing through EVLP has been 
determined in previous calculations regarding the flue gas speed verification. 

Temperature t( £ F) = 196.24 °C 

TEV _ 
AFlue — 

VEV _ 
vFlue — 

196.24- 100 
(39.23 - 30.89) + 30.89 

100 v J 

196.24- 100 
100 

(32.36- 21.41)+ 21.41 

• 10" 3 = 3.891 • 10" 2 W/(m • K) 

• 10" 6 = 3.195 • 10" 5 m2/s 

The correction coefficient for the number of lateral row of tubes in the heat exchanger: 

This correction coefficient is determined according to a graph from source [2] on page 
116. The correction coefficient is determined assuming that there are 8 lateral rows of tubes in 
evaporator EVLP. 

cEV = 0.99 

The coefficient of heat transfer through convection outside the finned tubes: 

%EV /NEV x-0.54 . E V , . -0.14 E v E v , 0.65 
„EV _ N 9 0 . rEV . (mEV\0.2 .^Flue. f^tube \ . rjlll] I Flue sfin uc — c z yya ) E V 1 E V 1 1 E V 1 1 E V 

bfin \ bfin I \bfin/ \ vFlue 

n n 0.03891 / 0.057 \ " 0 5 4 / 0.019 \ " 0 1 4 /9.27 • 0.00435\ 0 6 5 

aEV = 0.23 • 0.99 • 0.62 0 2 • • =-] 
c 0.00435 V0.00435/ V0.00435/ V 3.195 • 10" 5 J 

af = 38.89 W/(m2K) 

Coefficient characterizing the effectiveness of the fins: 

This coefficient is determined through a graph from page 114 of source [2] according 
to the product of /3EV • hE\n and the quotient of DEin/Df^be , where (3EV is a coefficient. 

2 • Wfin -aEV 2 • 0.85 • 38.89 
\thfin-Xfin • (1 + e • *¥fin • aEV) ^ 0.001 • 38 • (1 + 0.0043 • 0.85 • 38.89) 

1*v = 39.03 m " 1 
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Values needed to determine the coefficient characterizing the effectiveness of the fins: 
. ^ = 3 9 0 3 . 0 o i g = 0.74 

Dfin. 0.095 f - = 1.67 T)EV o 057 utube u-u;:>/ 

Coefficient determined using the graph: 

EEV = 0.82 

Proportions of the tubes surface area made up of the fins, and tube wall: 

The fraction of the total outer surface area of the finned tubes that is made up of the fins 
themselves: 

nEV \ 2 

W-\ - 1 f0 .095V 
bfin \Dtube) 10.057; 1 

SSut (Dfyn\ ( sfl th%\ /0.095\ z / 0 .00435 0.001N 
\ l £ r ) - 1 + 2 - 7 5 ^ - 7 ^ IÖÖSTJ ~ 1 + 2 r 0 5 7 - - Ö Ö 5 7 , 
\utube) \utube utubeJ 

cEV 

cEV ^out 

The fraction of the total outer surface area of the finned tubes that is made up of the exposed 
outer tube walls: 

oEV EV 

^ = 1 - - £ = 1 - 0 . 9 4 = 0.06 

The reduced heat transfer coefficient outside the tubes: 
/ cEV nEV \ XI} . ryEV 

,EV _ I fm . T?EV . .. , * out-fin \ ^fin ac 
ur:out \ CEV n P "R cEV I -1 , _ . m . „EV 

^J/mt J m i f / J- T fc TT fin W, 
out J o u t / J- "r t f 

0.85 • 38.89 
1 + 0.0043 • 0.85 • 38.89 a^out = (0-94 • 0.82 • 1 + 0.06) • - , n n ' n A „ n 'nr. „ „ „ „ = 23.97 W/(m2K) 

4.6.4 Overall heat transfer coefficient for E V L P 

For the design of evaporators and economizers the effect that the reduced coefficient of heat 
transfer inside the tubes ar.in has on the overall heat transfer coefficient k is negligible. Thus 
the overall heat transfer coefficient of evaporators and economizers are calculated in the same 
manner, as seen in equation (4.19). 

kEV = aEY0Ut = 23.97 W/(m2K) 
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4.6.5 Logarithmic mean temperature difference across E V L P 

A t f = tF

eal - tLP = 225.57 - 156.15 = 69.41 K 

MEV = t'G- tLP = 166.9 - 151.15 = 15.75 K 

m A t f - AtEV 15.75 - 69.41 
ME = — ^ — = T ^ = = — = 36.18 K 

l n (LtEV\ , ns.7S\ 

4.6.6 The number of lateral rows of tubes required for E V L P 

The total theoretical outer surface area of the heat exchanger tubes needed for the 
required heat transfer rate: 

QEV 1866.54 2 

o u t kEV-At™ 23.97-36.18 Z i b Z - ^ m 

The outer surface area of one fin: 
\ 2 /• „ p i / \ 2 fnEVY - (nEV V 

cEV _ 2 . . l^tufeej . D F 7 . ^ £ 7 
^l / in — z 7 1 ^ + 7 1 ^ / in lafin 

0 0952 - 0 0572 

SEJin = 2 • n • — + n • 0.095 • 0.001 = 0.0094 m2 

The outer surface area of one finned tube per meter length: 
cEV _7T.r)EV . _ EV . thEV\ , EV . rEV ^out/lm — 11 utube nfin Lnfin) ^ nfin J l / i n 

Sout/im = n • ° - 0 5 7 • (1 - 2 3 0 • ° - 0 0 1 ) + 2 3 0 • 0.0094 = 2.29 m 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 

Sout/r = C / i m • H • n^be/r = 2.29 • 6.78 • 17 = 264.3 m2 

The number of lateral rows of tubers in E V L P : 

Sj%t 2152.14 fi = ° u t = = 8 14 "•row q E V 264 33 ^out/r *o*.33 

Naturally tis value must be rounded to the nearest whole number 
^EVH _ p "•row ~ ° 
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4.6.7 Calculating the actual heat transfer rate of E V L P 

The actual total outer surface area of the heat exchanger tubes: 

SZteal = SE

0lt,r • "row = 264.33 • 17 = 2114.61 m2 

The actual heat transfer rate of E V L P : 

QLP-real = KEV . sE^eai . MEV = 2 3 gy . 2 H4.61 • 36.18 = 1833.98 kW 

Error verification: 

„..„ /1833.98 
%Error = 

1866.54 
- 1 - 1 0 0 = 1.74% 

The discrepancy between the theoretical and the actual heat transfer rate of evaporator 
EVLP is less than 2% , thus the current configuration of EVLP is acceptable. 

4.6.8 Determining the actual parameters of the flue gas exiting E V L P 

Due to the discrepancy between the theoretical and the actual heat transfer rate of evaporator 
EVLP the parameters of the flue gas exiting EVLP at point G must be recalculated. 

Actual enthalpy of the flue gas at point G: 

QWreal 1833.98 jreal = jreal _ *EV = 3 ^ 2 7 = 224.81 kJ/Nm3 

Actual temperature of the flue gas at point G: 

, Ir

F

eal - Ipiue-too 224.81 - 133.27 
to = ~j— • (200 - 100) + 100 = ——— • 100 + 100 = 167.94 °C 

'Flue:200 ~ 'FlueilOO 268.01 — 133.27 

4.7 Design of the High Pressure Economizer ECO2HP 

Several parameters are required in the calculations associated with the design of the high 
pressure economizer ECO2HP. Parameters, other than those describing the geometry of the 
economizer, that are necessary for the calculations regarding the design and sizing of 
economizer ECO2HP, some of which were determined in previous calculations, are organized in 
Table 4.18 below. 
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Parameters Symbol Value Units 
Heat transfer rate required of E C O M P 

(theoretical value) 
0HP 
VEC02 158.21 [kW] 

1) 
3 

Actual temperature of flue gas entering into 
ECOIHP 

i-real 
LG 167.94 [°C] 1) 

3 

Actual enthalpy of flue gas entering into ECOmp ireal 
lG 224.81 [kJ/Nm3] 

Mass flow rate of water in the high pressure circuit 
(only 95% passes through ECO2HP) 

mSteam 3.24 [kg/s] 

S-H 
1) 

Temperature of water entering E C O M P 139.4 [°C] 
03 

Pressure of water entering E C O M P vHP 5 [MPa] 

Temperature of water exiting E C O M P THP 151.4 [°C] 

Pressure of water exiting E C O M P HP Pi 4.9 [MPa] 

Table 4.18 Parameters necessary for economizer ECOIHP design, not including 
parameters describing the geometry ofECOmp 

4.7.1 Geometry of the high pressure economizer ECO2HP 

The chosen dimensions of the finned tubes used in the high pressure economizer (ECO2HP) are 
shown in Table 4.19'in units of millimeters, however in any calculations these dimensions must 
be substituted into the equations in units of meters (SI units). The parameters in Table 4.19 are 
selected and later on adjusted in order to supply the economizer with an acceptable water flow 
speed through its tubes. These dimensions are also adjusted so that the required heat transfer 
rate of this heat exchanger is approximately met with a whole number of lateral rows of tubes 
making up the heat exchanger. 

Parameter Symbol Value Units 

Outer tube diameter nEC02 
utube 33.7 [mm] 

tu
be

 

Tube wall thickness thEC02 
lntube 4 [mm] 

Inner tube diameter JEC02 
utube 25.7 [mm] 

Fin thickness thEC02 
lafin 1 [mm] 

Number of fins per meter -EC02 
nfin 200 [mm] 

fin
s 

Fin spacing CEC02 
sfin 5 [mm] 

Fin height hEC02 
nfin 8 [mm] 

Outer fin diameter nEC02 
ufin 49.7 [mm] 

Table 4.19 Parameters selected for the finned tubes used in the high pressure economizer 
ECOIHP 
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Figure 4-14 Tube geometry ECOIHP 

The dimensions describing the layout of the finned tubes of economizer E C O 2 H P are chosen and 
then used together with the flue gas duct dimensions to determine the number of finned tubes 
in each lateral row of tubes in the economizer. 

Chosen layout dimensions: 

Lateral gap between tubes 0-EC02
 = 4.45 mm 

Longitudinal tube spacing ^KECOI)
 = 90 mm 

Lateral tube spacing in economizer ECO2HP: 

S\{EC02) = Dtube2 + 2 • hfin°2 + aEC02 = 0.0337 + 2 • 0.008 + 0.00445 = 0.05415m 

Number of tubes in each lateral row of tubes in ECO2HP: 

Naturally this value must be rounded to the nearest whole number 

C / r = ° - 5 = n r - °- 5 = 32.002 
1 SI(ECO2) 0.05415 

EC02 _on ntube/r ~ °^ 

Gap verification: 

There needs to be a gap between the wall of the flue gas duct and outer tubes of the heat 
exchanger, however it must not be excessive. This value should be no greater than 10 mm. The 
calculated gap is within the acceptable range. 
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D EC02 
tube I.EC02 

in gap — L — n t u b e / r • s 1 ( £ C 0 2 ) - tif 

0.0337 
gap = 1.76- 32-0.05415 - • -0 .008 = 0.00235 m 

31xS4.1S=1678.65 

Figure 4-15 Tube layout ECOmp 

4.7.2 Verification of the speed of water passing through economizer ECO2HP 

The speed of the water passing through economizer E C O 2 H P is calculated according to average 
specific volume of the water. The specific volume of the water is determined through X-Steam 
according to the average pressure and temperature of the water passing through ECO2HP. 

'-EC02 — 

PECO2 

tHP + tgp _ 151.4 + 139.4 
2 _ 2 

PiP + PsP 4.9 + 5 

= 145.4 °C 

= 4.95 MPa 
2 2 

vEC02 = 0.0011 m 3 /kg (determined using X-Steam, f(p,t)) 

Speed of water, before splitting economizer into sections: 

wEcoi' _ ° " 9 5 • Msteam [ vEC02 _ 0.95 • 3.24 • 0.0011 
VVc 'Steam - . rAEC02\2 11 yutube J . „EC02 it • 0.02572 = 0.20 m/s 

n tube/r 
32 

The speed of water flowing through the economizer must be within the suggested range of 0.8 
to 1.3 m/s. This is accomplished by splitting each lateral row of tubes, of the economizer, into 
sections to increase the speed of water. However it is recommended that the rows are not split 
into more than four sections. The actual speed of water flowing through the economizer is then 
calculated intuitively. 

Number of sections EC02 _ 4 "•section ^ 
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Inlet Outlet I 

^ 1 I 

mm 
mm 

LiiUJJJXLLL 

I I I I 

A 

I I I I i i i if I U 

x8=3? 

Figure 4-16 Splitting schematic ECOmp 

Actual speed of water flowing through ECO2HP: 

WSn = W'Steam' " fi„ = 0.20 • 4 = 0.80 m/S 

4.7.3 Verification of the speed of flue gas passing through economizer ECO2HP 

Recalculated flue gas enthalpy and temperature at point H: 

The parameters of the flue gas exiting the economizer at point H are recalculated according to 
the actual flue gas parameter entering ECO2HP. 

158 21 
VH = rG

eal-- V £ C 0 2 = 224.8 ? r Z Q = 218.04 kJ/Nm3 

1'H-hiueioo 218.04- 133.27 
t'H =-—- (200 - 100) + 100 = : .„„ „„ • 100 + 100 = 162.91°C 

'Flue:200 ~ 'Flue.lOO 268.01 — 133.27 

Average flue gas temperature: 

tr

G

eal + t'H 167.94+ 162.91 
HGH) = 2 = ~2 = 165.43°C 

The actual volumetric flow rate of the flue gas: 

. 273.15 + i(GH) . 273.15 + 165.43 
M S = 2 7 3 , 1 5

( • MVFlue = 23.49 = 37.71 m3/s 

The cross sectional area that the flue gas flows through: 
AEC02 _ IT . i _ IT . r\EC02 . „EC02 _ IT . 9 . hEC02 . thEC02 . „£C02 . „£C02 Aduct — n L tl U t u b e ntubeir tl Z n.fin trifin f l / i n

 ntube/r 
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Aduct = 6 - 7 8 • ! - 7 6 - 6 - 7 8 • 0.0337 • 32 - 6.78 • 2 • 0.008 • 0.001 • 200 • 32 = 3.93 m2 

Speed of the flue gas passing through ECO2HP: 

iArEC02 MVFlue n , , 
^Fhli = —WT^T = = 9.6 m/s 

tiue AECOZ O QQ ' 
Aduct 

The speed of the flue gas through the economizer is within the suggested range, between 9 and 
12 m/s. 

4.7.4 Reduced heat transfer coefficient outside the tubes of ECO2HP, through the flue gas 

The coefficient of heat transfer through convection outside the finned tubes: 

Lateral tube spacing relative to the outer tube diameter: 

E C 0 2 _ S1(ECO2) _ 0-05415 _ 
f)EC02 0 0337 utube v.voo/ 

Diagonal tube spacing relative to the outer tube diameter: 

S'EC02 
\(SI{ECO2)\2 ~ 2̂ l /0.05415\ 2 , ~ _ n 2 

yj{ 2 ) +KS2{EC02)) J( 2 j + 0 - 0 9 

_. 1ECO2 _ 1 v - ' _ i v ± ' = ? 7Q 
2 D E C 0 2 D E C 0 2 0 0337 utube utube v.voo/ 

Coefficient of the relative tube spacing: 

Both the calculated values of lateral and diagonal relative tube spacing are substituted 
into equation (4.14) to determine the coefficient of the relative tube spacing. 

Frn? a l C ° 2 - 1 1-6-1 EC02 —£ = 0 34 
<P° (j2'EC02_1 2.79 1 

Flue gas Parameters: 

The thermal conductivity, together with the kinematic viscosity of the flue gas are 
demined using Table 4.2 and Table 4.3 respectively, according to the average flue gas 
temperature. The average temperature of the flue gas passing through E C O 2 H P has been 
determined in previous calculations regarding the flue gas speed verification. 

Temperature HGH) = 165.43 °C 

yEC02 
AFlue 

..EC02 _ 
vFlue — 

165.43 - 100 
(39.228- 30.89)+ 30.89 

100 v J 

165.43 - 100 
100 

•(32.36- 21.41)+ 21.41 

• 10" 3 = 3.635 • 10" 2 W/(m • K) 

10" 6 = 2.857-10"5 m2/s 
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The correction coefficient for the number of lateral row of tubes in the heat exchanger: 

This correction coefficient is determined according to a graph from source [2] on page 
116. The correction coefficient is determined assuming that there are 2 lateral rows of tubes in 
economizer E C O M P . 

cEC02 = 0.87 

The coefficient of heat transfer through convection outside the finned tubes: 

yEC02 /nEC02\-°-54

 /hEC02^~°-14 /WEC02 . „£C02 N ° - 6 5 

„£C02 _ n ?? - rEC02 - (mEC02^.2 . AFlue utube \ . / "fin \ { vvFlue *fin 
Uc c z \M>o ) EC02 \ CEC02 j \ CEC02 j 

bfin \bfin I \bfin I 
..EC02 

•fin \*fin / \"fin / V vFlue 

n n 0.03635 /0.0337N" 0 5 4 /0 .008\" 0 1 4 ( 9.6 • 0.005 \ ° ' 6 5 

a*C02 = 0.23-0.87-0.340-2 

0.005 V 0.005 7 V0.005/ V2.857-10"5  

aEC02 = 4 8 8 1 w/(rn2K) 

Coefficient characterizing the effectiveness of the fins: 

This coefficient is determined through a graph from page 114 of source [2] according 
to the product of /3EC02 • hf^2 and the quotient of Df£°2/D^92 , where pEC02 is a coefficient. 

Coefficient p E C 0 2 : 

P 
E C 0 2 _ I 2 • Vftn • aEC°2 \ 2-0.85-48.81 

thff°2 • Xfin • ( ! + £• Wfin • aEC02) J 0.001 • 38 • (1 + 0.0043 • 0.85 • 48.81) 

?£C02 _ 43.05 m" 

Values needed to determine the coefficient characterizing the effectiveness of the fins: 

pEC02 . hEC02 = 4 3 0 5 . 0.0O8 = 0.34 

Dffn

02 0.0497 
r - = 1.47 

C 2 ° - 0 3 3 7 

Coefficient determined using the graph: 

EECO2 = 0 ] 9 5 

Proportions of the tubes surface area made up of the fins, and tube wall: 

The fraction of the total outer surface area of the finned tubes that is made up of the fins 
themselves: 
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QEC02 

rEC02 
^out nEC02 

ufin 
T)EC02 

utube 

nEC02\2 

Dfin_\ _ 1 

r)EC02 
utube J 

- 1 + 2 
,£C02 
"fin 

rt.0497y 
OJ.0337,/ - 1 

D ECO 2 
tube 

4-uEC02 
lafin 
T)EC02 

utube 

'0.0497\z _ / 0.005 
,0.0337; 1 + Z ' l0 .0337 

0.001 > 
0.0337, 

nEC02 

rEC02 
Jout 

= 0.83 

The fraction of the total outer surface area of the finned tubes that is made up of the exposed 
outer tube walls: 

cEC02 EC02 

- p g ? = l - # 5 = 1-0.83 = 0.17 
out '-'out 

The reduced heat transfer coefficient outside the tubes: 
/cEC02 rEC02 \ yu . EC02 

nEC02 _ I fin FEC02 . , . , Jout-fin \ ^fin uc  
ur:out I QEC02 C rEC02 I -i • c . m . „EC02 

X^out ^out / V in ac 

0.85 • 48.81 
a-rout = (0-83 • 0.95 • 1 + 0.17) • — — „ „ r —— = 33.8 W/(m2K) 

r - o u t K J 1 + 0.0043 • 0.85 • 48.81 1 K ' 

4.7.5 Overall heat transfer coefficient for ECO2HP 

For the design of evaporators and economizers the effect that the reduced coefficient of heat 
transfer inside the tubes ar.in has on the overall heat transfer coefficient k is negligible. Thus 
the overall heat transfer coefficient of evaporators and economizers are calculated in the same 
manner, as seen in equation (4.19). 

kEC02 = aEC02 = 33.8W7(m 2iO 

4.7.6 Logarithmic mean temperature difference across ECO2HP 

MEC02 = tr

G

eal - t!fp = 167.94 - 151.4 = 16.53 K 

MECO2 = t ' H - tjjP = 162.91 - 139.4 = 23.51 K 

E C 0 2 _ AtEC02 - AtEC02 _ 23.51 - 16.53 _ 
Atln ~ / / U £ C 0 2 N - / 2 3 51\ ~ 1 9 " 8 2 K 
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4.7.7 The number of lateral rows of tubes required for ECO2HP 

The total theoretical outer surface area of the heat exchanger tubes needed for the 
required heat transfer rate: 

QECO2_ 158.21 
,-ECl Lln >out kEC02.AtEC02 3 3 . 8 . 1 9 . 8 2

 Z J 0 - i ö m 

The outer surface area of one fin: 

(riEC02\2 _ (riEC02\2 

rEC02 _ 9 . _ . v fin I VUtube J nEC02 . thEC02 
^l / in — z n 4 ufin Lnfin 

p r n o 0.04972 - 0.03372  

sif°n = 2 • 7T + n • 0.0497 • 0.001 = 0.0023 m 2 

The outer surface area of one finned tube per meter length: 
cEC02 _ „ . nEC02 . (-1 _ „£C02 . fhEC02\ , „£C02 . cEC02 ^out/lm — 11 utube \ L nfin Lrlfin ) "•" nfin ° l / i n 

Sout/im = n ' 0.0337 • (1 - 200 • 0.001) + 200 • 0.0023 = 0.5351 m 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 

Sou?/2r = So™/\m • H • nfZ2/r = 0.5351 • 6.78 • 32 = 116.1 m 2 

The number of lateral rows of tubers in ECO2HP: 

Eco2 _ Sout2 _ 236.18 _ 
"row - C£C02 ~~ 1 1 A 1 ~~ ^out/r J-J-O-J-

Naturally tis value must be rounded to the nearest whole number 
„£C02 _ 9 
"•row — 

4.7.8 Calculating the actual heat transfer rate of ECO2HP 

The actual total outer surface area of the heat exchanger tubes: 

SEC02:real = 5 * 0 * . ̂ 002 = n f i j . 2 = ^ 2 1 m2 

The actual heat transfer rate of ECO2HP: 

Qijgjg*11 = kEC02 • SEZP2:real • Atf n

C 0 2 = 33.8 • 232.21 • 19.82 = 155.55 kW 

Error verification: 

'155.55 
%ErrorEC02 = 1-100 

158.21 
= 1.68% 
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The discrepancy between the theoretical and the actual heat transfer rate of economizer 
E C O M P is less than 2%, thus the current configuration of E C O M P is acceptable. 

4.7.9 Determining the actual parameters of the flue gas exiting ECO2HP 

Due to the discrepancy between the theoretical and the actual heat transfer rate of economizer 
E C O 2 H P the parameters of the flue gas exiting E C O 2 H P at point H must be recalculated. 

Actual enthalpy of the flue gas at point H: 
gHP-.real 

0 2 = 224 81 jreal = jreal _ QEC02 = 2 2 A m = 2 1 8 . 1 5 kJ/Nm3 

Actual temperature of the flue gas at point H: 

~„„j jreal — Ipiijp.-inn 218.15 — 133.27 
tr

H = 7 -^ • (200 - 100) + 100 = — — TTTTTTZ • 100 + 100 = 163 °C 
iF/i/o-9nn — /p/iio-mn 268.01 — 133.27 

4.8 Design of the Low Pressure Economizer E C O L P 

Several parameters are required in the calculations associated with the design of the low 
pressure economizer ECOLP . Parameters, other than those describing the geometry of the 
economizer, that are necessary for the calculations regarding the design and sizing of 
economizer ECOLP , some of which were determined in previous calculations, are organized in 
Table 4.20 below. 

Parameters Symbol Value Units 
Heat transfer rate required of ECOLP 
(theoretical value) 

0LP 
VECO 365.82 [kW] 

3 
Actual temperature of flue gas entering into ECOLP i-real 

LH 163 [°C] 

Actual enthalpy of flue gas entering into ECOLP jreal 
LH 218.15 [kJ/Nm3] 

Mass flow rate of water in the high pressure circuit m Steam 0.88 [kg/s] 

Temperature of water entering ECOLP tLsP 53 [°C] 

w
at

e:
 

Pressure of water entering ECOLP PLSP 0.86 [MPa] 

w
at

e:
 

Temperature of water exiting ECOLP tkp 151.15 [°C] 

Pressure of water exiting ECOLP v\p 0.56 [MPa] 

Table 4.20 Parameters necessary for economizer ECOLP design, not including parameters 
describing the geometry of ECOLP 
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4.8.1 Geometry of the low pressure economizer E C O L P 

The chosen dimensions of the finned tubes used in the low pressure economizer (ECOLP) are 
shown in Table 4.21 in units of millimeters, however in any calculations these dimensions must 
be substituted into the equations in units of meters (SI units). The parameters in Table 4.21 are 
selected and later on adjusted in order to supply the economizer with an acceptable water flow 
speed through its tubes. These dimensions are also adjusted so that the required heat transfer 
rate of this heat exchanger is approximately met with a whole number of lateral rows of tubes 
making up the heat exchanger. 

Parameter Symbol Value Units 

Outer tube diameter nECO 
utube 22 [mm] 

tu
be

 

Tube wall thickness tuECO 
lntube 4 [mm] 

Inner tube diameter utube 14 [mm] 

Fin thickness thECO 
lafin 1 [mm] 

Number of fins per meter „ECO 
nfin 230 [mm] 

fin
s 

Fin spacing -ECO 
sfin 4.35 [mm] 

Fin height hECO 
afin 15 [mm] 

Outer fin diameter nECO 
ufin 52 [mm] 

Table 4.21 Parameters selected for the finned tubes used in the low pressure economizer 
ECOLP 

Figure 4-17 Tube geometry ECOLP 

The dimensions describing the layout of the finned tubes of economizer ECOLP are chosen and 
then used together with the flue gas duct dimensions to determine the number of finned tubes 
in each lateral row of tubes in the economizer. 

Chosen layout dimensions: 

Lateral gap between tubes aEC0 =9.75 mm 
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Longitudinal tube spacing S2(ECO) = 90 mm 

Lateral tube spacing in economizer E C O L P : 

*I(ECO) = Dtub°e + 2 • hfi° + aECO = 0-022 + 2 • 0.015 + 0.00975 = 0.06175m 

Number of tubes in each lateral row of tubes in E C O L P : 

Naturally this value must be rounded to the nearest whole number 

n 
ECO 
tube Jr 

sl(ECO) 
0.5 = 

1.76 
0.06175 

0.5 = 28.002 

„ECO _ 9 p 
ntube/r — 

Gap verification: 

There needs to be a gap between the wall of the flue gas duct and outer tubes of the heat 
exchanger, however it must not be excessive. This value should be no greater than 10 mm. The 
calculated gap is within the acceptable range. 

i ECO ~~ tuoe i c 
gap = L - ntube/r • s 1 ( £ C 0 ) hf 

r,EC0 
utube IECO 

0.022 
gap = 1.76 - 28 • 0.06175 0.015 = 0.005 m 

Figure 4-18 Tube layout ECOLP 

4.8.2 Verification of the speed of water passing through economizer E C O L P 

The speed of the water passing through economizer ECOLP is calculated according to average 
specific volume of the water. The specific volume of the water is determined through X-Steam 
according to the average pressure and temperature of the water passing through ECOLP. 

t\p + tkp 151.15 + 53 
tEco = ~ = ^ = 102.08 °C 
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PECO 
p\p + pLP 0.56 + 0.86 

= 0.71 MPa 
2 2 

vEC0 = 0.001 m3/kg (determined using X-Steam, f(p,t)) 

Speed of water, before splitting economizer into sections: 

0.88-0.001 
WECO ' 
"Steam 

Msteam ' VECO 

n ECO 
tube I r 

u • 0.0142 = 0.203 m/s 
28 

The speed of water flowing through the economizer must be within the suggested range of 0.8 
to 1.3 m/s. This is accomplished by splitting each lateral row of tubes, of the economizer, into 
sections to increase the speed of water. However, it is recommended that the rows are not split 
into more than four sections. The actual speed of water flowing through the economizer is then 
calculated intuitively. 

Number of sections n E C 0 - = 4 
11section ^ 

Inlet 

I I I I I I 

Outlet I 

i 

_L 

7x022 
f.*7=2B 

Figure 4-19 Splitting schematic ECOLP 

Actual speed of water flowing through E C O L P : 

Witfam = Wfteam' " nEJc°tion = 0.203 • 4 = 0.81 m/S 

4.8.3 Verification of the speed of flue gas passing through economizer E C O L P 

Recalculated flue gas enthalpy and temperature at point I: 

The parameters of the flue gas exiting the economizer at point I are recalculated according to 
the actual flue gas parameter entering ECOLP. 
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Qprn 365.82 // = i™al - V £ C 0 = 218.15 = 202.5 kJ/Nm3 

( i a w ' ( i - i w ) ' 2 3 - 4 9 

Ij — /p/iip-inn 202.5 — 133.27 
t[ = -— (200 - 100) + 100 = T o V ^ ' 1 0 0 + 1 0 0 = 1 5 1 - 3 8 ° c 

'Flue:200 ~ 'Flue.100 268.01 — 133.27 

Average flue gas temperature: 

tr

H

eal + t\ 163 + 151.38 

Hhi) = 2 = 2 = 1 5 7 - 1 9 ° C 

The actual volumetric flow rate of the flue gas: 

. _ „ 273.15 + t(HI) . 273.15 + 157.19 

ME

vZe = 273.15 • M — = -^73AS ^ = 3 ' ^ m*'S 

The cross sectional area that the flue gas flows through: 
AECO IT . j IT . nECO . „£CO _ IT . 9 . j,£CO . tuECO . „£CO . „£CO 

^duct " " " utube ntube/r n z n / i n Lnfin nfin ntube/r 

Adu°ct = 6 - 7 8 • 1-76 - 6.78 • 0.022 • 28 - 6.78 • 2 • 0.015 • 0.001 • 230 • 28 = 6.45 m 2 

Speed of the flue gas passing through E C O L P : 
• • ^ WCF?ue 37.01 
WFlue ~ .ECO ~ - 5 . / 4 m / S 

4.8.4 Reduced heat transfer coefficient outside the tubes of E C O L P , through the flue gas 

The coefficient of heat transfer through convection outside the finned tubes: 

Lateral tube spacing relative to the outer tube diameter: 

a r = ^ = ^ = 2 m 

DEC0 0 022 

Diagonal tube spacing relative to the outer tube diameter: 
S,ECO 

\(SI(ECO)\2 ,~r Ä 2 / f O . 0 6 1 7 5 ^ , " n n ? 

^ { - 2 J +Ks2(ECO)) J( 2 j + 0 - 0 9 

a2'EC0 = = - ' r n = f - = 4.32 
nEC0 nEC0 o 022 
utube utube u . u z z 

Coefficient o f the relative tube spacing: 

Both the calculated values o f lateral and diagonal relative tube spacing are substituted 

into equation (4.14) to determine the coefficient o f the relative tube spacing. 

rrn O E C 0 - l 2 . 8 1 - 1 
ECO _ _ = 0 54 

<P° a 2 ' E C 0 - l 4 . 3 2 - 1 
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Flue gas Parameters: 

The thermal conductivity, together with the kinematic viscosity of the flue gas are 
demined using Table 4.2 and Table 4.3 respectively, according to the average flue gas 
temperature. The average temperature of the flue gas passing through ECOLP has been 
determined in previous calculations regarding the flue gas speed verification. 

Temperature = 157.19 °C 

j ECO 
AFlue 

,ECO 
vFlue — 

157.19-100 
(39.228- 30.89)+ 30.89 

100 v J 

157.19 - 100 
100 

(32.36- 21.41)+ 21.41 

• 10" 3 = 3.566 • 10" 2 W/(m • K) 

10" 6 = 2.767- 10" 5 m2/s 

The correction coefficient for the number of lateral row of tubes in the heat exchanger: 

This correction coefficient is determined according to a graph from source [2] on page 
116. The correction coefficient is determined assuming that there are 2 lateral rows of tubes in 
economizer ECOLP. 

cEC0 = 0.87 

The coefficient of heat transfer through convection outside the finned tubes: 

,ECO /nECO\-°-54 /uEC0\-°-14 n AT ECO . cECO- °-65 yECO /nECO\ / h t L U \ /WtLU • <?tLU\ 
ECO r> T O . rECO . (mECO\0.2 . _Flue^ I ~tube\ nfm \ vvFlue sfin \ 
c v.to c z \}r<7 ) E C 0 I E C 0 I I E C 0 I I E C 0 I 

bfin \bfin I V / i n / \ vFlue / 

n n 0.03566 / 0.022 \ " 0 5 4 / 0.0015 \ " 0 1 4 /5.74 • 0.00435\ 
E C 0 = 0.23 • 0.87 • 0.54 0 2 • • =-) 
c 0.00435 V0.00435/ V0.00435/ V 2.767 • 10" 5 ) 

aEC0 = 42.41 W/(m2K) 

Coefficient characterizing the effectiveness of the fins: 

This coefficient is determined through a graph from page 114 of source [2] according 
to the product of pEC0 • hE-° and the quotient of Df™/DE^e , where f3EC0 is a coefficient. 

Coefficient p E C O : 

_ I 2 • Wfin • aEC0 I 2-0.85-42.41 
\thEf° • Afin • (1 + s • Wfin • aEC0) J0.001 • 38 • (1 + 0.0043 • 0.85 • 42.41) 

ßECO = 4 0 5 3 m - i 

Values needed to determine the coefficient characterizing the effectiveness of the fins: 
uECO 
T-fin ßEC° • hfin = 40.53 • 0.015 = 0.61 
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DEg° 0.052 
J t-lt- *~\ q r 

DECO ~ o 022 ~ 
utube u - u ^ 

Coefficient determined using the graph: 

EEC0 = 0.85 

Proportions of the tubes surface area made up of the fins, and tube wall: 

The fraction of the total outer surface area of the finned tubes that is made up of the fins 
themselves: 

cECO I JECO - 1 f0.052\2 

VO.022J 
SEC? /r\EC02^ 2 

*out I Dfin 

nECO utube 
- 1 + 

fsfPP thE?°\ /0.052\ z

 1 , _ ^0.00435 0.001\ 
2- 7 & - - 7 Ä - yÖMl) - 1 + 2 - l - Ö Ö 2 2 - - Ö Ö 2 2 j 

\utube utube) 
cECO 
^ - = 0 . 9 4 
cECO ^out 

The fraction of the total outer surface area of the finned tubes that is made up of the exposed 
outer tube walls: 

rECO ECO 

^ = 1 - ^ = 1 - 0 . 9 4 = 0.06 
^out ^out 

The reduced heat transfer coefficient outside the tubes: 
/CECO rECO \ m . ECO 

„ECO _ (ZIEL pECO .. 1 * out-fin \ *fin <*c 
ur:out I ^ECO c **• cECO } -1 , c . m . „ECO 

\^out ^out / V i n a c 

0 85 • 42 41 
Kr-out = (0-94 • 0.85 • 1 + 0.06) • — — „ ' r - - = 26.68 W/(m2K) 

r - o u t y J 1 + 0.0043 • 0.85 • 42.41 1 K ' 

4.8.5 Overall heat transfer coefficient for E C O L P 

For the design of evaporators and economizers the effect that the reduced coefficient of heat 
transfer inside the tubes ar.in has on the overall heat transfer coefficient k is negligible. Thus 
the overall heat transfer coefficient of evaporators and economizers are calculated in the same 
manner, as seen in equation (4.19). 

kEC0 = aE™t = 26.68 W/(m2 K) 
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4.8.6 Logarithmic mean temperature difference across E C O L P 

A t f c o = tH

eal ~ tLP = 163 - 151.15 = 11.83 K 

A t f c o = t\ - tLP = 151.38 - 53 = 98.38 K 

E C 0 _ Atf° - A t f ° _ 98.38 - 11.83 _ 
At/j, — Wr7\ — rvr-> i n — 40.88 K 

(ätEC0\ , f98.38\ 

4.8.7 The number of lateral rows of tubes required for E C O L P 

The total theoretical outer surface area of the heat exchanger tubes needed for the 
required heat transfer rate: 

ECO _ QECO _
 3 6 5 ' 8 2 _ „ r , R 2 

>out kECO.AtECO 26.68-40.88 " S / H , m 

The outer surface area of one fin: 
(nECO\2 _ (r)ECO\2 

cECO _ o . _ . V fin J VutubeJ ECO . thECO 
^l / in — z n

 A

 ufin Lnfin 
0 0522 — 0 0222 

S?f? = 2 • n • — + n • 0.052 • 0.001 = 0.0037 m 2 

The outer surface area of one finned tube per meter length: 
cECO _ _ . nECO . (-( _ „£CO . thECO\ , „£CO . cECO 
^out/lm — 11 utube \ L nfin Lnfin ) "•" nfin ° l / i n 

Sout/im = n • ° - 0 2 2 • (1 - 2 3 0 • 0.001) + 230 • 0.0037 = 0.8928 m 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 

Sout/r = S%j?/lm • H • nfZ/r = 0-8928 • 6.78 • 28 = 169.5 m2 

The number of lateral rows of tubers in ECO3HP: 

cm SEf,?2 335.48 y-ECO _ U U L _ _ -( no 
"row - C £ C 0 2 ~~ 1 f f l c ~~ l v o 

^out/r i w - 3 

Naturally tis value must be rounded to the nearest whole number 

nEC0 = 2 
"row 
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4.8.8 Calculating the actual heat transfer rate of E C O L P 

The actual total outer surface area of the heat exchanger tubes: 

sECO:real = ^ . ^CO = l f i g 5 . 2 = 33899 m 2 

The actual heat transfer rate of ECO2HP: 

Q^eal = kEC0 • SE£?:real • Atf n

c o = 26.68 • 338.99 • 40.88 = 369.65 kW 

Error verification: 

'369.65 
%ErrorECO = 

365.82 
- 1 - 1 0 0 = 1.05% 

The discrepancy between the theoretical and the actual heat transfer rate of economizer 
ECOLP is less than 2%, thus the current configuration of ECOLP is acceptable. 

4.8.9 Determining the actual parameters of the flue gas exiting E C O L P 

Due to the discrepancy between the theoretical and the actual heat transfer rate of economizer 
ECOLP the parameters of the flue gas exiting ECOLP at point I must be recalculated. 

Actual enthalpy of the flue gas at point I: 
QLP-.real QECoeal 369.65 jreal = Ireal_ J£££0 =218.15 ^ = 202.34 kJ/Nm3 

Actual temperature of the flue gas at point I: 

, I[eal - hiue-wo 202.34 - 133.27 
t/ = ~j— • (200 - 100) + 100 = ——— • 100 + 100 = 151.26°C 

'Flue:200 ~ 'Flue.lOO 268.01 — 133.27 

4.9 Design of the High Pressure Economizer E C O I H P 

Several parameters are required in the calculations associated with the design of the high 
pressure economizer ECOIHP. Parameters, other than those describing the geometry of the 
economizer, that are necessary for the calculations regarding the design and sizing of 
economizer ECOIHP, some of which were determined in previous calculations, are organized in 
Table 4.22 below. 
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Parameters Symbol Value Units 

Heat transfer rate required of ECOIHP 

(theoretical value) 
QHP 
VECOl 1119.61 [kW] 

CD 
3 

Actual temperature of flue gas entering into ECOIHP i-real 
LI 151.26 [°C] 

Actual enthalpy of flue gas entering into ECOIHP jreal 
ll 202.34 [kJ/Nm3] 

Mass flow rate of water in the high pressure circuit 
(only 95% passes through ECOIHP) 

mSteam 3.24 [kg/s] 

1) Temperature of water entering ECOIHP 53 [°C] 
ea 

& Pressure of water entering ECOIHP vT 5.1 [MPa] 

Temperature of water exiting ECOIHP 139.4 [°C] 

Pressure of water exiting ECOIHP 5 [MPa] 

Table 4.22 Parameters necessary for economizer ECOIHP design, not including 
parameters describing the geometry of ECOIHP 

4.9.1 Geometry of the high pressure economizer E C O I H P 

The chosen dimensions of the finned tubes used in the high pressure economizer (ECOIHP) are 
shown in Table 4.23 in units of millimeters, however in any calculations these dimensions must 
be substituted into the equations in units of meters (SI units). The parameters in Table 4.23 are 
selected and later on adjusted in order to supply the economizer with an acceptable water flow 
speed through its tubes. These dimensions are also adjusted so that the required heat transfer 
rate of this heat exchanger is approximately met with a whole number of lateral rows of tubes 
making up the heat exchanger. 

Parameter Symbol Value Units 

Outer tube diameter r\EC01 
utube 33.7 [mm] 

tu
be

 

Tube wall thickness ty.ECO\ 
Ultube 4 [mm] 

Inner tube diameter JECOI 
utube 25.7 [mm] 

Fin thickness fuECOl 
Lnfin 1 [mm] 

Number of fins per meter -ECOl 
nfin 220 [mm] 

fin
s 

Fin spacing „EC01 
sfin 4.55 [mm] 

Fin height hEC01 
nfin 12 [mm] 

Outer fin diameter nEC01 
ufin 57.7 [mm] 

Table 4.23 Parameters selected for the finned tubes used in the high pressure economizer 
ECOIHP 

BRNO 2016 118 



DESIGN AND SIZING OF HEAT TRANSFER SURFACES 

Figure 4-20 Tube geometry ECOIHP 

The dimensions describing the layout of the finned tubes of economizer ECOIHP are chosen and 
then used together with the flue gas duct dimensions to determine the number of finned tubes 
in each lateral row of tubes in the economizer. 

Chosen layout dimensions: 

Lateral gap between tubes O-ECOI = 4 mm 

Longitudinal tube spacing ^2{ECOI) = 90 mm 

Lateral tube spacing in economizer ECO2HP: 

SKECOI) = Dtub°e + 2 • hfin01 + aECOi = 0.0337 + 2 • 0.012 + 0.004 = 0.0617m 

Number of tubes in each lateral row of tubes in ECOIHP: 

Naturally this value must be rounded to the nearest whole number 

ntube/r = 0-5 = T^TTTT; - 0.5 = 28.03 
t U b e , r s l i E C 0 1 ) 0.0617 

„EC01 _ 9 p 
ntube/r — 

Gap verification: 

There needs to be a gap between the wall of the flue gas duct and outer tubes of the heat 
exchanger, however it must not be excessive. This value should be no greater than 10 mm. The 
calculated gap is within the acceptable range. 

nEC01 
,EC01 „ Utube iECO\ gap — L — n t u b e / r • SI(ECOI) ^ nfin 

0.0337 
gap = 1.76 - 28 • 0.0617 0.012 = 0.00355 m 
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1160 

Figure 4-21 Tube layout ECOIHP 

4.9.2 Verification of the speed of water passing through economizer E C O I H P 

The speed of the water passing through economizer ECOIHP is calculated according to average 
specific volume of the water. The specific volume of the water is determined through X-Steam 
according to the average pressure and temperature of the water passing through ECOIHP. 

139.4 + 53 
lEC01 — 

PECOI 

2 2 

V%P+V9P 5 + 5.1 

= 96.2 °C 

= 5.05 MPa 
2 2 

VECOI = 0.001 m3/kg (determined using X-Steam, f(p,t)) 

Speed of water, before splitting economizer into sections: 

n > _ 0-95 • Mgp

eam • vEC01 _ 0.95-3.24-0.001 
WEC01 
"Steam _ . (JEC01\2 

1 1 yutube J . „EC01 TT - 0.02572 = 0.22 m/s 
n tube I r 

28 

The speed of water flowing through the economizer must be within the suggested range of 0.8 
to 1.3 m/s. This is accomplished by splitting each lateral row of tubes, of the economizer, into 
sections to increase the speed of water. However, it is recommended that the rows are not split 
into more than four sections. The actual speed of water flowing through the economizer is then 
calculated intuitively. 

Number of sections ECOl A 
section ^ 
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;7x033.7 ; 

4x7-28 

Figure 4-22 Splitting schematic ECOIHP 

Actual speed of water flowing through ECOIHP: 

WsfeZ = Wlte°am " » C = 0-22 " 4 = 0.88 m/s 

4.9.3 Verification of the speed of the gas passing through economizer E C O I H P 

Recalculated flue gas enthalpy and temperature at point H: 

The parameters of the flue gas exiting the economizer at point H are recalculated according to 
the actual flue gas parameter entering ECOIHP. 

QFCOI 1119.61 
/; = Ifeal - - 0 f = 202.34 fi~4Q = 1 5 4 - 4 3 kJ/Nm3 

( i - ^ H n ) - * ™ - ' ( i - i w ) ' 2 3 - * 9 

I'l - Iptue-wo 154.43 - 133.27 t'j = -— (200 - 100) + 100 = ———- • 100 + 100 = 115.71°C 
lFlue:200 ~ 'FlueilOO 268.01 — 133.27 

Average flue gas temperature: 

treal + t', 151.26 + 115.71 
km = 2 = 2 = 1 3 3 - 4 9 ° c 

The actual volumetric flow rate of the flue gas: 

. 273.15 + ian . 273.15 + 133.49 
M # 2 i = 273.15 • M — = —273A5 2 3 A 9 = 3 M 7 m ^ S 

The cross sectional area that the flue gas flows through: 
AECOI — JJ . I u . r>EC01 . -ECOl IT . 9 . hEC01 . fuEC01 . „£C01 . „£C01 Aduct — n L n U t u b e n t u b e / r n Z Rjin i<lfin Ujin "tube/r 
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Adu°ct = 6 - 7 8 • ! - 7 6 - 6 - 7 8 • 0.0337 • 28 - 6.78 • 2 • 0.012 • 0.001 • 220 • 28 = 4.53 m2 

Speed of the flue gas passing through ECOTHP: 

Frm ^VFlue 34.97 
Wfiu? = -MteT = T s T = 7.71 m/s 

Aduct 

4.9.4 Reduced heat transfer coefficient outside the tubes of ECOTHP, through the flue gas 

The coefficient of heat transfer through convection outside the finned tubes: 

Lateral tube spacing relative to the outer tube diameter: 

E C 0 1 _ s1{Ecoi) _ 0-0617 _ 
DfZ1 0.0337 L M i 

Diagonal tube spacing relative to the outer tube diameter: 

S'EC01 

n lECOl _ _ M v ± ' _ £ / n nn 
2 DEC01 DEC01 0 0337 

^tube utube v.voo/ 

Coefficient of the relative tube spacing: 

Both the calculated values of lateral and diagonal relative tube spacing are substituted 
into equation (4.14) to determine the coefficient of the relative tube spacing. 

rrm ^ C 0 1 ~ 1 1.83 - 1 
Ecoi —J = 0 46 

a 2 ' E C ° i - l 2.82 1 

Flue gas Parameters: 

The thermal conductivity, together with the kinematic viscosity of the flue gas are 
demined using Table 4.2 and Table 4.3 respectively, according to the average flue gas 
temperature. The average temperature of the flue gas passing through ECOIHP has been 
determined in previous calculations regarding the flue gas speed verification. 

Temperature = 133.49 °C 

T.EC01 _ 
AFlue — 

,EC01 
JFlue 

133.49 - 100 
(39.228- 30.89)+ 30.89 

100 v J 

133.49- 100 
-•(32.36-21.41)+ 21.41 100 

• 10" 3 = 3.368 • 10" 2 W/(m • K) 

10" 6 = 2.508- 10" 5 m2/s 
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The correction coefficient for the number of lateral row of tubes in the heat exchanger: 

This correction coefficient is determined according to a graph from source [2] on page 
116. The correction coefficient is determined assuming that there are 7 lateral rows of tubes in 
economizer ECOIHP. 

cEC01 = 0.98 

The coefficient of heat transfer through convection outside the finned tubes: 

,EC01 /nEC01\-°-54

 /hEC01x-°-14 /JA/ECOI . C£C01N °- 6 5 

•\EC01 /r\EC01\ /uhLUl\ /M/ • c \ 
n . E C 0 1 _ n o o rEC01 r„gCtm0.2 Flue IUtube \ nfin \ / ™ Flue sfin \ 
Uc c z \Vo J ECOl \ CEC01 I \ CEC01 j \ ..ECOl } 

bfin V^/in / X^/in / \ vFlue / 

n n 0.03368 / 0.0337 \ " 0 5 4 / 0.0012 \ " 0 1 4 /7.71 • 0.00455\ 
0.23 • 0.98 • 0.46 0 2 • • H 

0.00455 V0.00455/ V0.00455/ V 2.508-10- 5 y 
aEC01 = 

aEC01 = 4 6 g l ^ / ( W i O 

Coefficient characterizing the effectiveness of the fins: 

This coefficient is determined through a graph from page 114 of source [2] according 
to the product of B-EC01 • /i/fn

01 and the quotient of Df^/D^l , where B-EC01 is a coefficient. 

Coefficient p E C 0 1 : 

7 E C 0 1 _ I 2 • Vftn • aEC°i \ 2-0.85-46.81 
I thf™1 • Xfin • ( ! + £• Wfin • aEC01) J 0.001 • 38 • (1 + 0.0043 • 0.85 • 46.81) 

lECOl _ 42.29 m" 

Values needed to determine the coefficient characterizing the effectiveness of the fins: 

PEC01 • hfin01 = 42.29 • 0.012 = 0.51 

Dfin01 0.0577 
f - = 1.71 

C 1 0-0337 

Coefficient determined using the graph: 

EEC01 = 

Proportions of the tubes surface area made up of the fins, and tube wall: 

The fraction of the total outer surface area of the finned tubes that is made up of the fins 
themselves: 
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rECOl 

cECOl °out nECOi 
ufin 
T)EC01 

utube 

nEC01\2 

ünn \ _ 1 

nEC01I 1  

utube ) 

- 1 + 2 
,FC01 

D EC01 
tube 

4-uECOl 
lafin 
T)EC01 

utube 

0.0577y 
"0337J (-

10. 

<0.0577y 
.0.0337J - 1 

1 + 2 
'0.00455 
v 0.0337 

0.001 \ 
0.0337J 

cECOl 

rECOl 
Jout 

= 0.9 

The fraction of the total outer surface area of the finned tubes that is made up of the exposed 
outer tube walls: 

rECOl qEC01 
^ out-fin _ 1

 sfin _ _ _ 
rECOl x rECOl x U l ± 

^ out '-'out 

The reduced heat transfer coefficient outside the tubes: 
/rECOl rECOl \ yu . ECOl 

aEC01 _ I fin FEC01 . ,. , Jout-fin \ ^ fin uc  
ur:out I rEC01 C rECOl I 1 1 c . m . „EC01 

X^out ^out / Vin ac 
0.85 • 46.81 

a K = (0-9 • 0.9 • 1 + 0.1) •- —— - n r — n i = 30.94 W/(m2K) 
1 + 0.0043 • 0.85 • 46.81 

4.9.5 Overall heat transfer coefficient for E C O I H P 

For the design of evaporators and economizers the effect that the reduced coefficient of heat 
transfer inside the tubes ar.in has on the overall heat transfer coefficient k is negligible. Thus 
the overall heat transfer coefficient of evaporators and economizers are calculated in the same 
manner, as seen in equation (4.19). 

kEC01 = = 30.94 W7(m 2 tf) 

4.9.6 Logarithmic mean temperature difference across E C O I H P 

A t f C 0 1 = tfeal - tgp = 151.26 - 139.4 = 11.86 K 

A t f C 0 1 = t'j - t%p = 115.71 - 53 = 62.71 K 

E C 0 1 _ A t f 0 1 - At f C 0 1 _ 62.71 - 11.86 _ 
A t l n ~ (LtEC01\ ~ , (G2.J1\ ~ 3 0 - 5 3 K 
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4.9.7 The number of lateral rows of tubes required for E C O I H P 

The total theoretical outer surface area of the heat exchanger tubes needed for the 
required heat transfer rate: 

QECOI 1119.61 
cECOl ^ c i u i I i or -i p ™2 

>out kEC0i.AtEC0i 30.94-30.53 

The outer surface area of one fin: 
(nEC01\2 _ (nEC01\2 

rECOl _ o . _ . V fin I VUtube J EC01 ,EC01 
^l / in — z n ^ " / i n Lnfin 

0.05772 - 0.03372  

5 f / S = 2 • 7T + n • 0.0577 • 0.001 = 0.0036 m2 

The outer surface area of one finned tube per meter length: 
rECOl _ _ . nEC01 . (-i _ „£C01 . i i , £ C O n , „£C01 . C £ C 0 1 
^out/lm — 11 utube \ L nfin Lrlfin ) "•" "/in ^ l / in 

s £ 2 / l m = 7T • 0.0337 • (1 - 220 • 0.001) + 220 • 0.0036 = 0.8805 m 

The outer surface area of all the tubes in one lateral row of the heat exchanger: 

Sout/r = S^/lm • H • nIX/r = «-8805 • 6.78 • 28 = 167.16 m2 

The number of lateral rows of tubers in ECOIHP: 

ECOl _ 5out 0 1 _ 1185.18 _ ? n q 

nrow - sEcoi ~ 1 6 7 1 6

 _ 

Naturally tis value must be rounded to the nearest whole number 
„£C01 _ 7 
"•row ~ ' 

4.9.8 Calculating the actual heat transfer rate of E C O I H P 

The actual total outer surface area of the heat exchanger tubes: 

SEoCpi:real = ^ C O l . ̂ COl = 1 6 y . 1 6 . 7 = 1 1 7 0 . 1 m 2 

The actual heat transfer rate of ECOIHP: 

QECOT1 = kEC01 • S^P1:real • Atf n

C 0 1 = 30.94 • 1170.1 • 30.53 = 1105.36 kW 

Error verification: 

'1105.36 
%ErrorEC01 = 

/110b.3b \ 
1 •100 

V1119.61 / 
= 1.27% 
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The discrepancy between the theoretical and the actual heat transfer rate of economizer 
ECOIHP is less than 2%, thus the current configuration of ECOIHP is acceptable. 

4.9.9 Determining the actual parameters of the flue gas exiting E C O I H P 

Due to the discrepancy between the theoretical and the actual heat transfer rate of economizer 
ECOIHP the parameters of the flue gas exiting ECOIHP at point J must be recalculated. 

Actual enthalpy of the flue gas at point J: 

QECOial 1105.36 jreal = jreal ^ £ £ 0 1 = 2 0 2 . 3 4 — = 155.04 kJ/Nm3 

Actual temperature of the flue gas at point J: 

Ifeal - Ipiue-ioo 155.04 - 133.27 
t; = -r1 • (200 - 100) + 100 = — — T^T^Z • 100 + 100 = 116.16°C 

'Flue:200 ~ 'Flue.100 268.01 — 133.27 

4.10 Overview of the Calculated Values 
An overview of the main values calculated in this section are presented in Table 4.24 and Table 
4.25. They include values regarding individual heat exchanger as well as actual flue gas 
parameters. 
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Symbol wFlue Wsteam Qreal s2 Si W-tube/r W-row 
Units [m/s] [m/s] [kW] [mm] [mm] [-] [-] 

H
ig

h 
pr

es
su

re
 

SH2HP 10 19.79 807.23 117 74.8 23 4 

H
ig

h 
pr

es
su

re
 SHIHP 9.73 15.98 1297.87 117 74.8 23 4 

H
ig

h 
pr

es
su

re
 

EVHP 10.45 - 5165.08 117 106.5 16 17 

H
ig

h 
pr

es
su

re
 

EC03HP 10.27 1 1468.96 90 54.05 32 9 

H
ig

h 
pr

es
su

re
 

EC02HP 9.6 0.8 155.55 90 54.15 32 2 H
ig

h 
pr

es
su

re
 

ECOIHP 7.71 0.88 1105.36 90 61.7 28 7 

Lo
w

 
pr

es
su

re
 SHLP 7.15 19.54 35.35 117 76 23 1 

Lo
w

 
pr

es
su

re
 

EVLP 9.27 - 1833.98 117 100.5 17 8 Lo
w

 
pr

es
su

re
 

ECOLP 5.74 0.81 369.65 90 61.75 28 2 

Table 4.24 Parameters regarding individual heat exchangers 
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Point 
Temperature [°C] Enthalpy [kJ/Nm3] 

Point 
symbol value symbol value 

A tA 
490 h 678.69 

B tB 
466.32 h 644.15 

C tc 428.24 Ic 588.62 

D tD 
272.23 ID 367.64 

E tE 
226.66 h 304.79 

F tF 225.57 h 303.27 

G tG 
167.94 lG 

224.81 

H tH 
163 IH 218.15 

I h 151.26 II 202.34 

J h 116.16 Ij 155.04 

Table 4.25 Actual flue gas parameters at various points throughout the boiler 
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5 MATERIAL SELECTION 
The material that the heat exchanger tubes are made of is selected according standers (CSN E N 
12952-3) which outline the maximum temperature that each material can be used for. For finned 
tubes the reference temperature, used to determine which materials can be used, is the 
temperature of the water/steam exiting the heat exchanger with and additional safety margin. 
For smooth tube the reference temperature is simply the temperature of the water/steam exiting 
the heat exchanger. The Material chosen for the fins on all the heat exchanger tubes is CS, as 
the flue gas temperature does not exceed 500 °C [7]. The materials chosen for the tubes of each 
heat exchanger are shown in Table 5.1. 

Calculations used to determine the reference temperature (finned tubes): 

Reference temperature: 

tref = tsteam:out + ̂ safe (5.1) 

Where: 

tsteam-.out is temperature water/steam exiting the heat exchanger [°C] 

Atsafe is additional safety margin [°C] 

Safety margin (for superheaters): 

Msafe = 35 °C (5.2) 

Safety margin (for all other heat exchangers): 

htsafe — 15 + 2 • t/ltufce(m"9 (5-3) 

Where: 

thtube(mm) * s m e thickness of the tube wall [mm] 

Parameter Exiting steam 
temperature 

Safety 
margin 

Reference 
temperature 

Selected tube material 
(CSN E N 12952-3) 

Symbol fSteam: in ^safe -

Units [°C] [°C] [°C] -

H
ig

h 
pr

es
su

re
 

SH2Hp 450 35 485 16Mo3 

H
ig

h 
pr

es
su

re
 

SHIHP 408.46 35 443.46 16Mo3 

H
ig

h 
pr

es
su

re
 

EVHP 261.4 23 284.4 P235GH 

H
ig

h 
pr

es
su

re
 

ECOSHP 256.4 23 279.4 P235GH 

H
ig

h 
pr

es
su

re
 

ECOIHP 151.4 23 174.4 P235GH H
ig

h 
pr

es
su

re
 

ECOIHP 139.4 23 162.4 P235GH 

Lo
w

 SHLP 170 0 170 P235GH 

Lo
w

 

EVLP 156.15 23 179.15 P235GH Lo
w

 

ECOLP 151.15 23 174.15 P235GH 

Table 5.1 Materials selected for heat exchanger tubes 
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6 STEAM DRUM DESIGN 
Both the high and low pressure steam drums serve the same purpose. They physically separate 
the saturated steam from the water, with the help of various separators housed inside. This phase 
separation insured that only steam enters into the superheaters. The design of a steam drum 
entails defining the geometry, and then verifying that the drum load is acceptable. The outer 
diameter of the drum Ddrum is chosen according to the steam production rate Msteam of the 
respective circuit, for steam production rates of less than 15 t/h the outer drum diameter is 
suggested to be 1.2 m. The length if the drum Ldrum is chosen to be the same as the width of 
the flue gas duct L. The wall thickness of the steam drum t h d r u m is selected from a suggested 
range of between 40 and 120 mm [7]. 

Equations used in the design of steam drums 

Load verification: 

Where: 

Zdrum 

^max 
Steam drum load: 

zdrum ^ zmax 

is the steam drum load [kg/(s-m3)] 

is the acceptable steam drum load [kg/(s-m3)] 

(6.1) 

M, 
zdr Steam 

^drum 

Where: 

Msteam ^s m e s t e a m production rate of the respective circuit [kg/s] 

Vdrum is half of the steam drum volume [m3] 

Half of the steam drum volume: 

(6.2) 

V, It ' (Adrum) ' Ldrum 
drum (6.3) 

Where: 

ldrum 
Jdrum 

is the inner steam drum diameter [m] 

is steam drum length [m] 

6.1 High Pressure Drum Design 
The steam drum geometry is chosen according to the steam production rate of the high pressure 
circuit, which is 3.24 kg/s or approximately 11.67 t/h: 

D™um = 1.2 m 
HP 

thdrum = 0.04 m 
dZim = Ddrum ~ 2 • th»?um = 1.2 - 2 • 0.04 = 1.12 m 
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Ldrum = L = 1.76 m 

Half of the steam drum volume: 

U D • (dririim^) ' irfnrai 1.122 " 1.76 _ 
C m = ^ g — = g = 0.87m2 

Steam drum load: 

Zdrum = MJHpam = 7^ = 3 7 4 k9/(s • m3) 
Vdrum 0.87 

Load verification: 

The acceptable steam drum load is determined from Table 6.1, through linear interpolation, 
according to the pressure in the steam drum. This pressure has been determined in previous 
calculations. 

HP _ „HP Pressure Parum = PA = 4-8 MP a 

Parameter Symbol Units 
Steam drum pressure Pdrum [MPa] 0.932 1.47 2.65 4.22 6.8 
Acceptable load ^max [kg/{s • m 3 )] 2.25 2.8 4.25 5.4 6.9 

Table 6.1 Acceptable steam drum load according to pressure 

• (6.9 - 5.4) + 5.4 = 5.74 kg/is • m 3) 

The value of the steam drum load is lower than the acceptable load, thus the current geometry 
of the high pressure steam drum is acceptable. 

6.2 Low Pressure Drum Design 
The steam drum geometry is chosen according to the steam production rate of the high pressure 

circuit, which is 0.88 kg/s or approximately 3.18 t/h: 

D£um = 1.2m 
LP 

thdrum = 0.04 m 

ddrum = Ddrum ~ 2 ' ̂ drum = 1-2 — 2 • 0.04 = 1.12 m 

LLdrum = L = 1.76 m 

Half of the steam drum volume: 

I D f^rfrj/ml ' l^drum ' 1.122 " 1.76 _ 
Vdrum = ^ o — = o = ° - 8 7 ™ 2 
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Steam drum load: 

IP ^Steam 0.88 „ 
Zdrum = -TTLP = 777^ = l m k 9 K s ' m ) 

Vdrum ° - y 7 

Load verification: 

The acceptable steam drum load is determined from Table 6.1, through linear interpolation, 
according to the pressure in the steam drum. This pressure has been determined in previous 
calculations. 

LP _ „LP _ Pressure Varum = P4 = 0-56 MP a 

Zm°ax = 1 4 7 _ Q 9 3 2 • (2-8 - 2.25) + 2.25 = 1.87 kg/is • m 3) 

The value of the steam drum load is lower than the acceptable load, thus the current geometry 
of the high pressure steam drum is acceptable. 

6.3 Overview of the Calculated Values 
An overview of the main values calculated in this section are presented in Table 4.24. They 
include values regarding individual heat exchanger as well as actual flue gas parameters. 

Parameter Symbol Units High pressure 
steam drum 

Low pressure 
steam drum 

Steam drum pressure Vdrum [MPa] 4.8 0.56 
Acceptable steam drum load ^drurn [kg/{s • m 2 )] 3.74 1.02 
Steam drum load ^max [kg/is • m 2 )] 5.74 1.87 
Outer diameter Ddrum [m] 1.2 1.2 
Wall thickness fh 

L"drum [m] 0.04 0.04 
Length Ldrum [m] 1.76 1.76 

Table 6.2 Overview of calculated values 
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7 DESIGN AND SIZING OF THE DOWNCOMER AND RISER TUBES 
Both the high and low pressure circuits in this boiler depend on natural circulation for the 
production of saturated steam. The driving force of this circulation is the deference in density 
between the water in the downcomer tubes and the water/steam mixture rising through the 
evaporator tubes. Downcomer tubes supply water to the evaporator tubes, and riser tubes carry 
the water/steam mixture from the evaporator tubes back into the steam drum. The downcomer 
and riser tubes are sized according to their cross sectional area in relation to the cross sectional 
area of the respective evaporator tubes. These sizes are also dependent on the approximate 
height of the steam drum, or the height of the evaporator circulation loop. The calculations 
regarding sizing of the downcomer and riser tubes are carried out according to source [5]. 

Equations used in the sizing of downcomer and riser tubes: 

Cross sectional area of the downcomer tubes [m2]: 

AD0Wn = AEV • (0.06 + 0.016 • V d r u m + 0.005 • hdrum) (7.1) 

Where: 

AEV is the cross sectional area of the evaporator tubes [m2] 

hdrum is the approximate steam drum height [kg/(s-m3)] 

Steam drum height: 

The approximate height steam drum, or the height of the evaporator circulation loop is 
calculated according to equation (7.2), approximately 3 meters higher than the flue gas duct 
height [7]. 

hdrum = H + 3 (7.2) 

Cross sectional area of the evaporator tubes: 

. _ ' (Atube) in o\ 
AEV — ^ ntube/r ' nrow ' , 3 ) 

Cross sectional area of the riser tubes [m2]: 

Amser = AEV • (0.1 + 0.01 • pdrum + 0.01 • hdrum) (7.4) 

7.1 Downcomer Tube Sizing 
Approximate high and low pressure Steam drum height: 

hdrum = hLZltn =H + 3 = 6.78 + 3 = 9.78 m 
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7.1.1 High pressure downcomer tube sizing 

Cross sectional area of the evaporator tubes: 

_ . fHEVl y 
.HP _ n \utube) EVI EV _ n • 0.0492 _ 

tube/r ' "-row ~ ^ 16 • 17 — 0.513 m 

Cross sectional area of the downcomer tubes: 

AH

D

P

0Wn = ^EV • (0-06 + 0.016 • plp

um + 0.005 • hHP

um) 

A"own = 0-51 • (0.06 + 0.016 • 4.8 + 0.005 • 9.78) = 0.095 m 2 

The geometry of the downcomer tubes is chosen and then used to determine the number of 
downcomer tubes required. 

Parameter Symbol Value Units 

Outer tube diameter ^Down 244.5 [mm] 

Wall thickness fhHP 
''"•Down 10 [mm] 

Inner tube diameter dHP 

"•Down 224.5 [mm] 

Table 7.1 High pressure downcomer tube dimensions 

Number of downcomer tubes required: 

The number of downcomer tubes is rounded up to a whole number 

0.513 „HP _ 
"•Down ~ 

AW "Down 

n • (d HP \2 
Downs TC " 0.22452 = 2.4 

"•Down J 

7.1.2 Low pressure downcomer tube sizing 

Cross sectional area of the evaporator tubes: 

.LP ^ ( 4 L ) 2
 EV EV 7 1 - Q - 0 4 9 2

 1 7 o n 9 r , 2 
ALEV = ^ nube/r • nrow = ^ 17 • 8 = 0.256 mz 

Cross sectional area of the downcomer tubes: 

AZwn = Afv • (0.06 + 0.016 • pL

d

P

rum + 0.005 • hL

d

P

um) 

ALDown = 0-51 • (0.06 + 0.016 • 0.56 + 0.005 • 9.78) = 0.03 m 2 

The geometry of the downcomer tubes is chosen and then used to determine the number of 
downcomer tubes required. 

BRNO 2016 136 



DESIGN AND SIZING OF THE DOWNCOMER AND RISER TUBES 

Parameter Symbol Value Units 

Outer tube diameter nLP 
'-'Down 244.5 [mm] 

Wall thickness thLP 

'•"•Down 10 [mm] 

Inner tube diameter dLP 

"-Down 224.5 [mm] 

Table 7.2 Low pressure downcomer tube dimensions 

Number of downcomer tubes required: 

The number of downcomer tubes is rounded up to a whole number 

0.256 
nLP -
"•Down 

Akp 

"Down 
7 1 ' (4oww)2 n- 0.22452 = 0.76 

nLP - 1 "Down -1-

7.2 Riser Tube Sizing 
7.2.1 Height pressure riser tube sizing 

Cross sectional area of the riser tubes: 

<ser = AEV " (O.l + 0.01 • p£? u r n + 0.01 • hH

d

P

um) 

Amser = ° - 5 1 3 • (0-1 + 0.01 • 4.8 + 0.01 • 9.78) = 0.126 m 2 

The geometry of the riser tubes is chosen and then used to determine the number of riser tubes 
required. 

Parameter Symbol Value Units 

Outer tube diameter DHP 

^Riser 
133 [mm] 

Wall thickness thHP 

'"-Riser 8 [mm] 

Inner tube diameter dHP 

"-Riser 
117 [mm] 

Table 7.3 High pressure riser tube dimensions 

Number of riser tubes required: 

The number of riser tubes is rounded up to a whole number 

0.126 ,HP 
nRiser 

AHP 
n Riser 

HP \ 2 7T-0.1172 

n ' iý-Riser)  
4 

= 11.73 

vHP - 1 2 "Riser — L L 
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7.2.2 Low pressure riser tube sizing 

Cross sectional area of the riser tubes: 

AL

R

Piser = A% • (0.1 + 0.01 • pL

d

P

rum + 0.01 • hLlum) 

Amser = ° - 5 1 3 • (0-1 + 0.01 • 0.56 + 0.01 • 9.78) = 0.052 m 2 

The geometry of the riser tubes is chosen and then used to determine the number of riser tubes 
required. 

Parameter Symbol Value Units 

Outer tube diameter ^Riser 168.3 [mm] 

Wall thickness rhHP 

L "Riser 
8 [mm] 

Inner tube diameter "•Riser 152.3 [mm] 

Table 7.4 Low pressure riser tube dimensions 

Number of riser tubes required: 

The number of riser tubes is rounded up to a whole number 

0.052 
"•Riser 

AHP 
n Riser 

11 \ u Riser) 
4 

n- 0.15232 = 2.86 

nHP = 3 "Riser J 
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8 FLUE GAS PRESSURE LOSSES THROUGH THE BOILER 
The total flue gas pressure loss through the boiler A p L : t o t a ; must be lower than the maximum 
acceptable pressure loss A p L m a x = 1500Pa. The total flue gas pressure loss is calculated as the 
sum of the pressure losses across each heat exchanger and the pressure loss across the stack. 

8.1 Flue Gas Pressure Losses across Individual Heat Exchangers 
Calculation regarding pressure losses across the individual heat exchangers are carried out 
according to source [3], calculation regarding heat exchangers with smooth walls are calculated 
according to source [5]. 

Equations used to determine flue gas pressure losses: 

Pressure loss across a heat exchanger (with finned or smooth tubes): 

• • PFU (8.1) 

Where: 

is flue gas pressure loss across individual heat exchangers [Pa] 

c; is the pressure loss coefficient, determined from the geometry of 
the heat exchanger [-] 

The pressure loss coefficient (for heat exchangers with finned tubes): 

$ = k4 • nr 

hfi -fin 

D tube 

fei 
bfin 

D tube 
(8.2) 

Where: 

Re 

^1,2,3,4 

is the Reynolds number of the flue gas [-] 

are constants, which depend on the configuration of the tubes in the 
heat exchangers [-] 

For heat exchangers with a staggered tube configuration the values of the constants used are 
presented in Table 8.1. 

Constant k2 ^3 

Value [-] 0 0.72 0.24 2 

Table 8.1 Pressure loss coefficient constants 

The pressure loss coefficient (for heat exchangers with smooth tubes): 

This equation is applicable for cases where s-^/D^g < s2/Dtube 

(J = (4 + 6.6 • nrow) • (Rey°-2S (8.3) 
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Reynolds number: 

Re = { W n u e ' d e ) 2 (8.4) 
vFlue 

Where: 

de is equivalent diameter [m] 

vFiue is the kinematic viscosity of the flue gas, according to the average 
temperature of the tarnished outer tube walls [m2/s] 

Equivalent diameter of the flue gas duct: 

_ 4 • AE:duct _ 4 • L • H _ 4 • 1.76 • 6.78 
d e : d U C t = PERduct

 = 2-a + H) = 2-(1.76+ 6.78) = 2 7 9 m ( 8 ' 5 ) 

Where: 

^E-.duct is m e cross sectional area of the flue gas duct [m2] 

PERduct Is the perimeter of the flue gas duct form the view of the cross 
section [m] 

Average temperature of the tarnished outer tube walls: 

twall = tsteam + &t (8.6) 

Where: 

tsteam *s m e average temperature of the water/steam inside the tubes [Pa] 

At is a given temperature difference, for gashouse fuels (At = 25°C) 
[°C] 

Values that will be used to calculate the flue gas pressure drop across the individual heat 
exchangers are organized in Table 8.2 below. This table also includes the Reynolds number and 
outer tube wall surface temperature, which have been calculated according to the equations 
above. 

BRNO 2016 140 



FLUE GAS PRESSURE LOSSES THROUGH THE BOILER 

Pa
ra

m
et

er
s 

O
ut

er
 tu

be
 

di
am

et
er

 

Fi
n 

he
ig

ht
 

Fi
n 

sp
ac

in
g 

Fl
ue

 g
as

 
sp

ee
d 

N
um

be
r o

f 
la

te
ra

l 
ro

w
s 

A
ve

ra
ge

 w
al

l 
te

m
pe

ra
tu

re
 

ki
ne

m
at

ic
 

vi
sc

os
ity

 

R
ey

no
ld

s 
nu

m
be

r 

Symbol Dtube h f in sfin wFlue "row {•wall vFlue Re 

Units [mm] [mm] [mm] [m/s] [-] [°C] [m2/s] [-] 

SHIHP 31.8 15 9.09 10 4 424.23 6.36-10"5 1.23-107 

re
ss

ur
e SH2HP 31.8 15 7.69 9.73 4 359.93 5.41-10"5 1.37-107 

re
ss

ur
e 

EVHP 57 19 6.67 10.45 17 238.9 4.33-10"5 1.97-107 

H
ig

h 
p.

 

ECOSHP 31.8 8 5.26 10.27 9 228.9 3.6110"5 2.28-107 

H
ig

h 
p.

 

ECOIHP 33.7 8 5 9.6 2 170.4 2.91-10"5 2.47-107 

ECOIHP 33.7 12 4.55 7.71 7 121.2 2.37-10"5 1.96-107 

SHLP 38 - - 7.15 1 188.08 3.11-10"5 1.28-107 

o EVLP 57 19 4.35 9.27 8 178.65 3-10"5 2.23-107 

ECOLP 22 15 4.35 5.74 2 127.08 2.44-10"5 1.06-107 

Table 8.2 Values for calculations regarding flue gas pressure losses 

8.1.1 Pressure losses across superheater SH2HP 

The pressure loss coefficient for SH2HP: 

/foSH2\ki /sSH2\~k2 

$SH2 = k4 • "row • I 775772" I - I -fTsHT ) ' (R ( ?(Stf2)) 
\utube/ \utube/ 

( 15 \° /9 0 9 \ ~ 0 7 2  

^ = 2 i { l ü i ) -(ail) 'a 2 3 '10')—= 0.39 

Pressure loss across SH2HP: 

Ap£ = C,SH2 • K 2 • PFlue = 0.39 • — • 1.2772 = 25.04 Pa 

8.1.2 Pressure losses across superheater SHIHP 

The pressure loss coefficient for SHIHP: 

SSHI = k4 - "row - I 77577T) • I 775777" I " (f le(s// i)) 
\utubeJ \utube) 

( 15 \° /7.69\" 0- 7 2 , n , A ^ " ' • • • f e J ' 3i5 (1.37 10')-°-= 0.43 
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Pressure loss across SHIHP: 

(Wßiul)2 9.732 

= <;SH1 • Y Eiuej . = 0 _ 4 3 . . L 2 7 7 2 = 2 6 m p a 

8.1.3 Pressure losses across evaporator E V H P 

The pressure loss coefficient for EVHP: 

/ foEVl \ fei / SEV1 \~k2 

SEVI = k4 • nEH • I —gjTj- ] • I —gjTj- ] • (Re(EV1)) 
\utubeJ \utube) 

/19\° /6 .67\" 0 7 2 , 
^ = 2 - 1 7 - y j • (1 .97-10 7 ) -° - 2 4 = 2.83 

Pressure loss across EVHP: 

Apf F 1 = fen • V ' • Pfiue = 2.83 1.2772 = 197.3 Pa 

8.1.4 Pressure losses across economizer ECO3HP 

The pressure loss coefficient for ECO3HP: 

/hEC03\ki /QEC03\~k2 
_; EC03 _lE_\ I Tin \ fn 

SEC03 ~ K-A • "row • I E C Q 3 I • I E C Q 3 I • ^«e(EC03)J 
\utube / \utube / 

^ = 2 - 9 - ( 3 l 8 ) • 3 i 5 ' (2 .28-10 ' )—=1.13 

Pressure loss across ECO3HP: 

{^Fiuff 10-272 

8.1.5 Pressure losses across economizer ECO2HP 

The pressure loss coefficient for ECO2HP: 

/hEC02\ki /QEC02\~k2 
_; EC02 _lE_\ I Tin \ fn 

SEC02 ~ « 4 • "row • I nEc02 J ' 1 nEC02 J ' VKe(EC02)) 
\utube I \utube / 

« ™ = 2 ' 2 • ( s l y ) 0 ' ( 3 I 7 ) ' ( 2 ' 4 7 ' 1 0 7 r ° - 2 < " ° ' 2 7 

Pressure loss across ECÜ2HP: 

,2 
• rt., = 0.27 • : W i u e 2 ) 9.62 

A p f C 0 2 = (^02 • V ' 7 • pFlue = 0.27 • — • 1.2772 = 15.65 Pa 
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8.1.6 Pressure losses across economizer E C O I H P 

The pressure loss coefficient for ECOIHP: 

SECOI = K • n?™1 • I E C 0 1 j • I E C 0 1 j • (ße( £coi)) 
\utube I \utube / 

( 12 \ ° /4.55\"°- 7 2 , n , A 

* ™ = ^ f e ) -(337) a 9 6 1 0 ' = 1 0 S 

Pressure loss across ECOIHP: 

Wine1)2 7.712 

8.1.7 Pressure losses across superheater SHLP 

The pressure loss coefficient for SHLP: 

n op 

SSH = (4 + 6.6 • n™,) • ( Ä C ( 5 H ) ) ' = (4 + 6.6 • 1) • (1.28 • l O 7 ) " 0 2 8 = 0.11 
Pressure loss across SHLP: 

(Wnuef 10 2 

8.1.8 Pressure losses across evaporator E V L P 

The pressure loss coefficient for E V L P : 

/ hEV x fei / EV \~k2 
- 7, EV I fin \ I fin \ fu \~k 

SEV ~ K4 " nrow " I TTfy— I " I TTfy— I " \.Ke(EV)) 
\utubeJ \utube) 

/ 1 9 \ ° /4 .35 \" 0 7 2 , 
C = 2 - 8 - y • ( — ) • (2.23 • l O 7 ) " 0 2 4 = 1. 

Pressure loss across E V L P : 

76 

(WrfL) 9.2 7 2 

A p r = fcra • V ' • PFiue = 1-76 • — - • 1.2772 = 96.41 Pa 

8.1.9 Pressure losses across economizer E C O L P 

The pressure loss coefficient for E C O L P : 

/foECO\ki 1 SECO \~k2 

$ECO = k4 • nE^w • I — j • I — j • (i?<?(£-co)) 
\utube/ \utube/ 

/15\° /4.35\" 0- 7 2 , 
^ o = 2 - 2 - ( - ) • ( — ) • (1.06 • 1 0 7 ) - 0 - 2 4 = 0.27 
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Pressure loss across E C O L P : 

*PLC° = SECO • K \ , • PFlue = 0.27 • — • 1.2772 = 5.58 Pa 

8.1.10 Flue gas pressure losses across all the heat exchangers in the boiler 

The pressure losses across all the heat exchangers in the boiler are calculated intuitively as the 
sum of the pressure losses across the individual heat exchangers, as seen in equation (8.7) 

ApL1 = Ap[H2 + Ap[H1 + ApEV1 + ApEC03 + ApEC02 + ApEC01 + Ap[H + ApEV + ApEC0 (8.7) 

ApL1 = 25.04 + 26.04 + 197.3 + 75.96 + 15.65 + 40.03 + 3.53 + 96.41 + 5.58 = 485.53 Pa 

8.2 Flue Gas Pressure Losses across the Stack 
The total pressure e loss across the stack is the sum of the local pressure losses at the stack inlet, 
outlet, across the stack silencer, and the pressure loss due to the friction of the inner surface of 
the stack. It is also important to take into account the stack effect (draft effect) which is 
counteracting the pressure losses. Chosen values that are used in the calculations regarding 
pressure losses are organized in Table 8.3. 

Parameter Symbol Value Units 

Functional stack height Hstack 16 [m] 

Inner stack diameter d-stack 1.05 [m] 

Coefficient of friction inside the stack 
(sheet metal) ^•stack 0.03 [-] 

Inlet pressure loss coefficient Sstack 1 [-] 
Outlet pressure loss coefficient rout 

Sstack 1 [-] 
Pressure loss across the stack silencer Apf 200 [Pa] 

Stack inlet temperature h 116.16 [°C] 

Density of air Pair 1.275 [kg/Nm3] 

Acceleration due to gravity g 9.81 [m/s2] 

Table 8.3 Values for stack pressure loss calculations 

8.2.1 Pressure loss across the stack due to friction 

The pressure loss across the stack due to friction is calculated according to equation (8.8). 

. fric i Hstack 
A P l = Astack • 7. PFlue i 8 - 8 ) 

"-stack ^ 
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Where: 

Astack is coefficient of friction inside the stack [-] 

Hstack is functional stack height [m] 

dstack is m e inner stack diameter [m] 

The speed of the flue gas in the stack is calculated intuitively according to the cross sectional 
area of the stack and the actual volumetric flow rate of the flue gas. 

Cross sectional area of the stack: 

* • (dstack)2 * • 1-052 

Astack = 2 = 2 = 

Actual volumetric flow rate of the flue gas in the stack: 

•«*ar* • t/ + 273.15 116.16 + 273.15 
= MVFlue • = 23.49 = 33.48 m*/s 

Speed of the flue gas in the stack: 

«nn, ^vfiue 33.48 
W^e

ck = = — = 19.33 m/s 
Astack L / 3 

Pressure loss due to friction: 

fric astack (WFlue)2 16 19.332 

Ap£" = astack • - 7 = • PFlue = 0.03 • — 1.2772 = 109.09 Pa 
astack z i - u ; 3 z 

8.2.2 Local pressure losses at the inlet and outlet of the stake 

The pressure losses at the inlet and outlet of the stack are calculated in the same manner as the 
calculation of pressure losses across the individual heat exchangers, where equation (8.1) was 
used. 

ryystack\2 19 33 2 

Apin:out = (jn^ + & J . I Flue ) . ^ = ( 1 + 1 } . _ _ _ . L 2 7 7 2 = 4 7 y . 2 8 pa 

8.2.3 Stack effect 

The stack effect acts against the pressure losses and aids in the expulsion of cooled flue gas 
from the boiler. The stack effect is calculated according to equation (8.9). 

I 273.15 \ (8.9) 
APe// — Hstack ' yPair ~ PFlue ' 273 15 + t J ^ 

/ 273.15 \ 
Apeff = 16 • 1.275 - 1.2772 • — — ——— • 9.81 = 59.53 Pa 

F e / / V 273.15 + 116.16/ 
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8.2.4 Overall pressure loss across the stack 

The overall stack pressure loss is calculated, as seen in equation (8.10), as the sum of the losses 
at the inlet and outlet, the loss across the stack silencer, the losses due to friction, and the stack 
effect opposing these losses. 

Apstack = Apfric + Apin:out + Apsil _ A p ^ (8.10) 

Apstack = 1 0 9 0 9 + 477.28 + 200 - 59.53 = 726.84 Pa 

8.3 Overall Flue Gas Pressure Losses through the HRSG 
The overall flue gas pressure drop is calculated according to equation (8.11), as the sum of the 
overall pressure loss across the stack and the pressure loss across all the heat exchangers in the 
boiler. 

hPL-.totai = A p f a c f e + ApL1 = 726.84 + 485.53 = 1212.38 Pa (8.11) 

The total pressure loss is lower than the maximum acceptable flue gas pressure loss of 1500Pa. 
Thus the stack dimensions and the configuration of the heat exchangers in the boiler are 
acceptable. 
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CONCLUSION 
The aim of this thesis was to design a dual pressure horizontal heat recovery steam generator 
(HRSG), utilizing flue gas from a natural gas burning turbine, including the sizing of the heat 
exchangers. The initial step in the design of this boiler was choosing the general configuration 
of the heat exchangers in the boiler, the number of heat exchangers and the order in which they 
are arraigned. The steam production rates of both the high and low pressure circuits, along with 
the theoretical heat transfer rates required of each heat exchanger where calculated according 
to the given flue gas parameters and the required steam outlet parameters. 

The geometry of the first heat exchanger to come in contact with the flue gas (superheater 
SH2HP) was selected according to the required heat transfer rate and the suggested steam and 
flue gas flow speeds. The inner dimensions of the H R S G casing (flue gas duct dimensions) 
where then determined according to the geometry of superheater SH2HP. The geometry of the 
remaining heat heat exchangers, along with the specific geometry of the tubes and tube layout, 
were determined according to the dimensions of the flue gas duct and the heat transfer of 
requirements of each individual heat exchanger. The discrepancy between the required heat 
transfer rates and the actual heat transfer rates, resulting from the geometry of each heat 
exchanger, was kept below 2%. The parameters of the flue gas exiting each heat exchanger 
where accurately recalculated according to the actual heat transfer rate of the heat exchanger. 
Materials for the heat exchanger tubes where then selected according to the temperature of the 
water/steam exiting each heat exchanger. 

Both the high and low pressure steam drums where sized according to the respective high and 
low pressure steam production rates. The steam drum loads where then calculated and verified 
to be lower than the limiting load value for the given steam drum pressure. The downcomer and 
riser tubes where also sized for both circuits to insure natural circulation of the water from the 
steam drum into the evaporator, through the evaporator tubes, where it becomes a water/steam 
mixture and back into the steam drum. The final step in the design of this dual pressure H R S G 
was to calculate the flue gas pressure losses across the heat exchangers and the stack, and to 
verify that the total pressure loss does not exceed the maximum allowable pressure loss of 1500 
Pa. 

The assembly drawing of the dual pressure H R S G (seen in appendix O-DP-HRSG /01) shows 
the main dimensions of the H R S G and its components, including the general layout of the 
individual heat exchangers inside the H R S G casing, which has been split into six modules for 
transportation purposes. 
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LIST OF SYMBOLS 

LIST OF SYMBOLS 

Abbreviations: Meaning: 

H R S G heat recovery steam generator 
H P high pressure circuit 
L P low pressure circuit 

ECOLP low pressure economizer 
ECOIHP first heat exchanger of the high pressure economizer 
E C O 2 H P second heat exchanger of the high pressure economizer 
E C O 3 H P third heat exchanger of the high pressure economizer 
EVLP low pressure evaporator 
EVHP high pressure evaporator 
SHLP low pressure superheater 
SHIHP first heat exchanger of the high pressure superheater 
SH2HP second heat exchanger of the high pressure superheater 

Index: Meaning: 

1,2,... ,9 points on the temperature profile graph (water/steam) 
A,B,...,] points on the temperature profile graph (flue gas) 

HP high pressure circuit 
LP low pressure circuit 
ECO low pressure economizer 
EC01 first heat exchanger of the high pressure economizer 
EC02 second heat exchanger of the high pressure economizer 
EC03 third heat exchanger of the high pressure economizer 
EV low pressure evaporator 
EVI high pressure evaporator 
SH low pressure superheater 
SHI first heat exchanger of the high pressure superheater 
SH2 second heat exchanger of the high pressure superheater 

Ar argon 
CO 2 carbon dioxide 
H20 water 
N2 nitrogen 
02 oxygen 
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drum steam drum 
duct flue gas duct 
Down downcomer tubes 
fin tube fins 
Flue flue gas 
real actual value 
Riser riser tubes 
stack HRSG stack 
Steam water/steam 
tube heat exchanger tubes 

Symbol: Meaning: Units: 

ac convective heat transfer coefficient outside the heat [W/(m2K)] 
exchanger tubes (find tubes) 

a c l convective heat transfer coefficient outside the heat [W/(m2K)] 
exchanger tubes (smooth tubes) 
heat transfer coefficient inside the heat exchanger tubes [W/(m2K)] 
(smooth tubes) 

&out heat transfer coefficient outside the heat exchanger tubes [W/(m2K)] 
(smooth tubes) 

ar coefficient of heat transfer through radiation outside the tubes [W/(m2K)] 
of the heat exchanger (smooth tubes) 

&r:ln reduced heat transfer coefficient inside heat exchanger tubes [W/(m2K)] 
(find tubes) 

^r-.out reduced heat transfer coefficient outside heat exchanger tubes [W/(m2K)] 
(find tubes) 

P coefficient [1/m] 

£ correction coefficient for fin fouling [m2K/W] 

thermal conductivity of the fins [W/(m • K)] 

^•Flue thermal conductivity of the flue gas [W/(m • K)] 

^stack coefficient of friction inside the stack [-] 
^•Steam thermal conductivity of the water/steam [W/(m • K)] 

U coefficient characterizing fin taper [-] 
P-Steam dynamic viscosity of the water/steam [Pa • s] 

vFlue kinematic viscosity of the flue gas [m2/s] 

vSteam kinematic viscosity of the water/steam [m2/s] 

coefficient of the degree to which the flue gas is utilized [-] 

Pair density of air [kg/Nm3] 

PFlue densities of individual flue gas [kg/Nm3] 

P02,...H20 densities of individual flue gas components [kg/Nm3] 
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P Steam density of the water/steam [kg/m* 

pressure loss coefficient [-] 
-in 
Sstack 

stack inlet pressure loss coefficient [-] 
rout 
Sstack stack outlet pressure loss coefficient [-] 

01 lateral tube spacing relative to the outer tube diameter [-] 

°2' diagonal tube spacing relative to the outer tube diameter [-] 

<Pa coefficient characterizing the relative tube spacing [-] 
*F coefficient of thermal effectiveness (smooth tubes) [-] 

coefficient characterizing the uneven distribution of the [-] 
convective heat transfer coefficient (ac) along the surface of 
the fins 

a lateral gap between tubes, or fined tubes where applicable [m] 

Q-wall coefficient of emissivity of the tube walls [-] 
aFlue coefficient of emissivity of the flue gas [-] 
A cross sectional area [m2] 

A-duct cross sectional area between the heat exchanger tubes and the 
walls of the flue gas duct 

[m2] 

A-E-.duct cross sectional area of the empty flue gas duct [m2] 

AEV cross sectional area of the evaporator tubes [m2] 

b coefficient of radiation decline [ l / ( m • MPa)] 

°tri coefficient of radiation decline caused by triatomic gases [ l / ( m • MPd)] 

Cl correction coefficient dependent on the tube length relative to 
the tube diameter 

H 

Cm correction coefficient for fluid flow between concentric tubes 

cs 
correction coefficient characterizing the layout of the heat 
exchanger tubes (smooth tubes) 

H 

correction coefficient dependent on the temperature of the 
water/steam and tube wall temperature 

H 

cz 
correction coefficient for depending on the number of lateral 
rows 

H 

czl correction coefficient depending on the number of lateral 
rows (smooth tubes) 

H 

c constant for calculating the rate of heat loss through radiation 
and convection 

H 

d inner diameter [m] 

de equivalent diameter [m] 

D outer diameter [m] 

E coefficient characterizing the effectiveness of the fins [-] 
%Error discrepancy between the theoretical and actual heat transfer 

rates 
[%] 

9 acceleration due to gravity [m/s2] 
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gap gap between the duct wall and the outer tubes [m] 

h-drum i s m e approximate steam drum height [m] 

hfin fin height [m] 

H height of the flue gas duct [m] 

Hstack functional stack height [m] 

i enthalpy of the steam/water [kj /kg] 

At enthalpy difference [kj/kg] 

I enthalpy of the flue gas [kJ/Nm3] 

I' recalculated enthalpy of the flue gas [kJ/Nm3] 

k is the overall heat transfer coefficient [W/(m2K)] 

^1,2,3,4 constants depending on tube configuration [—] 

L width of the flue gas duct [m] 

Ldrum i s steam drum length [m] 

^Fiue mass flow rate of flue gas [kg/s] 

Msteam mass flow rate of steam (steam production rate) [kg/s] 

MvFiue volumetric flow rate of flue gas [Nm3/s] 

MWo/o percentage of high pressure feedwater used to regulate outlet [%] 
steam parameters (water injection) 

n number tubes [—] 

rijin number of fins per meter tube length [—] 

n r o w number of lateral row of tubes [—] 
ntube/r number of lateral tubes per lateral row [—] 

p pressure [MPa] 

pi flue gas pressure (assuming atmospheric) [MPa] 

Pp-.tri partial pressure of triatomic gases in the flue gas [MPa] 

p average pressure [MPa] 

Ap water/steam pressure losses through the hrsg [MPa] 

kPeff flue gas pressure difference due to the stack effect [Pa] 

Ap L flue gas pressure loses across individual heat exchangers [Pa] 

A p L 1 flue gas pressure loss across all of the heat exchangers [Pa] 

Ap[ric flue gas pressure loss across the stack due to friction [Pa] 

bpimax maximum acceptable flue gas pressure loss [Pa] 

frpin-.out i o c a i flue g a s p r e s s u r e losses at the stack inlet and outlet [Pa] 

Apf l l flue gas pressure loss across the stack silencer [Pa] 

frpstack m e 0 V era l l flue gas pressure loss across the stack [Pa] 

ApL.total overall flue gas pressure losses through the hrsg [Pa] 
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PERduct perimeter of the flue gas duct cross section [m] 

Pr prandtl number [-] 
Q rate of heat transfer [W] 

QN maximum usable thermal power [W] 

QRC rate of heat loss through radiation and convection [W] 

QRC% 

Re 

percentage of usable thermal power that is lost through 
radiation and convection 
reynolds number 

[W] 

[-] 
s effective radiation layer thickness [m] 

Sfin fin spacing [m] 

Si lateral tube spacing [m] 

s2 
longitudinal tube spacing [m] 

s' diagonal tube spacing [m] 

Slfin outer surface area of one fin [m2] 
c 
^out 

creal 
Jout 

theoretical outer surface area of all the heat exchanger tubes 
needed to meet the heat transfer requirements 
actual outer surface area of all the heat exchanger tubes 

[m2] 

[m2] 

Sout/lm the outer surface area of one tube per meter length [m2] 

Sout/r the outer surface area of all the tubes in one lateral row [m2] 

Sin/lm the inner surface area of one tube per meter length [m2] 

Sfin 
c 
'-'out 

the fraction of the total outer surface area of the finned tubes 
that is made up of the fins themselves 

[-] 

^out-fin 
c 
^out 

the fraction of the total outer surface area of the finned tubes 
that is made up of the exposed outer tube walls 

[-] 

t temperature [°C] 

^Flue inlet flue gas temperature [°C] 

tpw feedwater temperature [°C] 

tref reference temperature for material selection [°C] 

^Steam-.out temperature of water/steam exiting the heat exchanger [°C] 

twall average temperature of the tarnished outer tube walls [°C] 

th thickness or wall thickness [m] 

^^tube(mni) tube wall thickness [mm] 

t' recalculated temperature [°C] 

t average temperature [°C] 

At temperature difference [°C] 

approach point [°C] 

logarithmic mean temperature difference [K] 
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AtPi pinch point [°C] 

Atsa/e safety margin [°C] 

At x temperature difference between the flue gas entering and the [K] 
water/steam exiting the heat exchanger 

At 2 temperature difference between the flue gas exiting and the [K] 
water/steam entering the heat exchanger 

T the absolute temperature [K] 

V average specific volume 

Vduct half of the steam drum volume [m3] 

w speed of flow [m/s] 

Wsteam water/steam speed before splitting lateral rows into sections [m/s] 

X volumetric concentration [-] 

%tri volumetric concentration of triatomic gases in the flue gas [-] 

Zdrum steam drum load [kg/(s 

Zmax acceptable steam drum load [kg/(s 
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