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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.

KEYWORDS

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

ABSTRAKT

Tato diplomova prace se zabyva ndvrhem dvojtlakého horizontalniho kotle vyuzivajici teplo
spalin za spalovaci turbinou na zemni plyn. Zahrnuje navrh a vypocet jednotlivych vyménikd,
jejich zakladni usporadani s ohledem na pozadované parametry vystupni pary a dané vstupni a
vystupni parametry spalin. Déle tato prace zahrnuje vypocet a konstruk¢ni navrh parnich bubnd,
zavodnovacich trubek a prevadécich potrubi. Tato prace je zakoncena vypoctem a proveérenim
tlakovych ztrat mezi vstupem a vystupem kotle. Dulezitou soucasti této prace je priloZena
vykresova dokumentace.
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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.

FLUE GAS
]
AIR FUEL HRSG
Y " ,‘\.," I“.’t \
COMBUSTOR e GENERATOR
A B . C D B
N STEAM :I
GAS
c N
COMPRESSOR TURBINE TURBINE
CONDENSER

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.

HF steam drum LP steam drum

Stack

HP steam
outlet

|
i ,.\

’_
~_
’_

a a o | | o a o
z | £ & SHERER RS
— o —
T = o — = -
_.j,:j oA L - w L ] ﬂ e
Flue gas - L Lt L
— M
Injection
T
LP steam LP feedwater HP feedwater

outlet {} inlet G Ginlef

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 true = 490°C

Mass flow rate Mg = 30kg/s

Feedwater inlet parameters:

Temperature try = 53°C

High pressure steam output parameters:
Pressure piP = 4.6MPa

Temperature tiP = 450°C

Low pressure steam output parameters:
Pressure ptP = 0.46MPa

Temperature tt? = 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

O> concentration X02 0.139 [-]

Ar concentration Xar 0.009 [-]

N> concentration XN2 0.73 [-]

CO; concentration Xco2 0.044 [-]

H>O concentration X120 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].
ApPrmax = 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 Atp; (the pick point) is chosen to be 10 °C. The value of
Aty (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.

A — Flue gas
| — High pressure circuit
E B . EF'L — Low pressure circuit
-

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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Parameters Symbol | Value | Units
High pressure superheater SHoup steam pressure loss ApHF, 0.1 MPa
High pressure superheater SHinp steam pressure loss ApER) 0.1 MPa
High pressure economizer ECO3up water pressure loss ApHEos 0.1 MPa
Low pressure superheater SHLp steam pressure loss AptE 0.1 MPa
High pressure economizer ECOnp water pressure loss ApELo, 0.1 MPa
Low pressure economizer ECOLp water pressure loss ApEr, 0.3 MPa
High pressure economizer ECO1np water pressure loss ApHEo, 0.1 MPa
High pressure superheater SHonp enthalpy difference AR, 250 kj/kg
High pressure approach point AtAp 5 °C
Low pressure approach point Atg 5 °C
High pressure pinch point AtHP 10 |°C
Low pressure pinch point AtHP 10 |°C
High pressure economizer ECO3np temperature gradient | AtHf,; 105 | °C
High pressure economizer ECO2np temperature gradient Atffo 12 °C
Amount of high pressure‘fe‘ed\yater used to regulate outlet Moy 5 %
steam parameters (water injection)

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

Point 1up:
plP = 4.6 MPa (given value)
thP = 450°C (given value)
= 3322.65k]J/kg (determined using X-Steam, f(p,t))
Point 2nup:

pg”’ = pf HP ApSH2 =46+0.1=47MPa

ifP = 1P _ A, = 3322.65 — 250 = 3072.65 k] /kg
thP = 348.48°C (determined using X-Steam, f(p,t))
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Point 4up:

piiP = pliP + Apl = 4.7+ 0.1 = 48MPa

SH1
thP = 261.4°C
iff? = 2795.83 kJ /kg

Point Sup:
pF = plP = 4.8MPa
thP = tllP261.4°C

i? = 1141.81kJ/kg

Point 6up:

piP = plif = 48MPa

(X-Steam, saturation temperature)

(X-Steam, saturated steam)

(saturation temperature)

(X-Steam, saturated water)

thHP = P — Aty = 261.4 — 5 = 256.4°C

ifP = 1116.99 kJ /kg

Point 7up:

HP _ HP 4 . HP
P7;° =DP¢ T Prcos

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

=48+ 0.1=49MPa

thP = tfP — tff)3 = 256.4 — 105 = 151.4°C

ifP = 641.03 kJ/kg

Point 8up:

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

plP = plP + Apl? =49+ 0.1=5MPa

thP = thP — Athfo, = 151.4 — 12 = 139.4°C

il = 589.67kJ/kg

Point 9up:

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

plP = pHP — APty =5+ 0.1 =5.1MPa

tglp = tFW = 53°C

ilP = 226.23kJ/kg

Point 3up:

(given value)

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

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 (SHonp and
SHinp) [7]. The enthalpy at point 3yp is calculated according to equation (2.1).
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0.05-M Sfam - i5

DgSM'—"team--S , # M..ateam;.z
= |njection —

Figure 2-2  Feedwater injection

Conservation equation:

. HP
Mipoam - 47 = 0.95Mbpam - 17 + 0.05M b - i1 (2.1)
ap BT —005-i§"  3072.65—0.05- 22623 _ 299246 kI /K
= 0.95 = 0.95 = A6 k] /kg

pif = piif = 4.7MPa

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

2.3.2 Low pressure water/steam parameters

Point 1Lp:

pif = 0.46MPa (given)
tiP = 170°C (given)
itP = 2792.98k] /kg (determined using X-Steam, f(p,t))

Point 2Lp:
pkP = ptP + Aplf = 0.46 + 0.1 = 0.56MPa
ti? = 156.15°C (X-Steam, saturation temperature)

= 2753.12kJ/kg (X-Steam, saturated steam)

Point 3Lp:
pi’ = pif = 0.56MPa
ti? = 156.15°C (X-Steam, saturation temperature)

itP = 658.88k]/kg (X-Steam, saturated water)

Point 4Lp:

piP = piP = 0.56MPa
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th = ¢5P — Athh = 156.15 - 5 = 151.15°C

itf = 637.28k]/kg (determined using X-Steam, f(p,t))

Point Svp:
tép = tFW = 53°C
ptP = ptP + Apll = 0.56 + 0.3 = 0.86MPa

it =222.6k//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 0.101MPa.

Parameter Symbol | Value Units

O; density Po2 1.4289 | [kg/Nm3]

Ar density Par 1.7839 | [kg/Nm3]

N> density PN2 1.2505 | [kg/Nm3]

CO: density Pcoz 1.9768 | [kg/Nm3]

H>O density P20 0.804 | [kg/Nm?3]

Table 2.2 Densities of individual flue gas components

Priue = X02 " Poy T Xar " Py T XN2 " Pry T Xc02 " Proz  XH20 " Po (2.2)
Prpe = 0.139-1.4289 + 0.009 - 1.7839 + 0.73 - 1.2505 + 0.044 - 1.9768 + 0.07 - 0.804
Prie = 1.2772kg/Nm?

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).

. M
M VFlue — Flue (23)
PFlue
. 30 5
MVFlue = m =23.49Nm /S
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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.

Iptue = %02 " oz + Xar Ly + Xn2 * Ing + Xco2 * Icoz + Xn20 * Inzo (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.

Irtuecion = 0.139 - 132 + 0.009 - 93 + 0.73 - 130 + 0.044 - 170 + 0.078 - 150
Ipe00 = 133.27 kJ /Nm®

Enthalpy [k]/Nm3]
Temperature [°C]
log | Iar | In2 | Icoz | Inzo | Iriue
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 of 0°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 tg = tre = 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).

ty, — 400

Iy = < 100 Urtue:500 — Iriue:400) + Irtue:a00 (2.5)
490 — 400 ;

Iy = T (693.27 — 547.44) + 547.44 = 678.69 k] /Nm
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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 tp = tfP + ¢HP = 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).

tp — 200

ID = W (IFlue:300 - IFlue:ZOO) + IFlue:ZOO (26)
271.40 — 200 3
Iy = — o0 (405.95 — 268.01) + 268.01 = 366.5k]/Nm
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 te = t5F + tff = 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).

te — 100

I = oo Urtue:200 — Iriue:100) + Iriue:100 2.7)
166.15 — 100 3
lg = — o (268.01 — 133.27) + 133.27 = 222.4 k] /Nm

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 CSN EN 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 - Qn°’ (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).

Qv =0a=1I4" MVFlue (2-9)
Qny = Q4 = 678.69-23.49 = 15941.29kW

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).

Qre = C - Qy®7 = 0.0113 - 15.94129%7 = 0.07849MW

Qrc 0.07849 (2.10)
% = —=+100 = —————- 100 = 0.499 :
Creo 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 1up and 6xp, while
taking into account the rate of heat loss through radiation and convection. This conservation of
energy calculation is presented in equation (2./2). The rate of heat leaving the flue gas between
points A and D is calculated through equation (2.117).

Rate of heat released between points A and D:

Quep = Mypige - (s — Ip) = 23.49 - (678.69 — 366.50) = 7332.81kW (2.11)

Rate if heat absorbed between points 1up and 6np:

Qrev 2.12)

100

0.49
) = 7332.81" (1 ——) = 7296.7kW

foe =Qu-p- (1 - 100

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 SHoup and SHinp. 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.

P = MEP o - [P — i5PY 4+ 0.95 - P — i) + 0.05 - (5P — ifP)] (2.13)

HP
_ 6-1

MHP =
steam [P — iIP) + 0.95 - (1P — i#P) + 0.05 (5P — ifP)]

7296.7
M =
Steam ~ 13322 65 — 3072.65) + 0.95 - (3322.65 — 1116.99) + 0.05(3072.65 — 226.23)]

MSioam = 3.24kg/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 SH2up:

The total high pressure outlet steam mass flow rate of 3.24kg/s (as calculated above)
flows through SHoup. This includes the 5% of mass flow rate added through water injection.
The heat transfer rate is calculated between points 1yp and 2yp, according to equation (2.14).

& = M - GFF — i) (2.14)
SH2 = 3.24-(3322.65 — 3072.65) = 810.67kW

Heat transfer rate of the high pressure superheater SHiup:

From the total high pressure outlet steam mass flow rate of 3.24kg/s, only 95% flows
through SHinp. 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 3up and 4up, according to equation (2.15).

QSHl =0.95- Steam (l . ) (215)
QHP, =0.95-3.24-(3222.46 — 2795.83) = 1314.27kW

Heat transfer rate of the high pressure evaporator EVup:

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

QEV =0.95- Steam (l . ) (216)
QEV = 0.95-3.24-(2795.83 —1116.99) = 5171.76kW
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Heat transfer rate of the high pressure economizer ECO3np:

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

QFtos = 0.95 - Mo - (i —i5") 2.17)
QECO3 = 0.95-3.24-(1116.99 — 641.03) = 1466.23kW

Heat transfer rate of the high pressure economizer ECO2np:

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

QEcoz =095 Steam (l iff ) (2.18)
QECOZ = 0.95-3.24-(641.03 —589.67) = 158.21kW

Heat transfer rate of the high pressure economizer ECO1np:

From the total high pressure outlet steam mass flow rate of 3.24kg/s, only 95% flows
through ECO1np. The heat transfer rate is calculated between points 8xp and 9up, according to
equation (2.19).

QECOl =0.95- Steam (l . ) (219)
QHE,, =0.95-3.24-(589.67 — 226.23) = 1119.61kW

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 1pp and 4p, 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 1up and 7np is
presented in equation (2.20).

1 7 - QSHZ QSHl Q QECO3 (220)
= 810.67 + 1314.27 + 5171.76 + 1466.23 = 8762.93kW
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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.

_ _ Qrcw
QL = Qu-g (1 - W) (2.21)

;876293

_E= = = 8806.3kW
At = Gy |0
100 100
Flue gas enthalpy at point E:
Qa-g = MVFlue Iy —1Ig) (2.22)

Qup 8806.3 s

Ig=1,—|= = 678.69 — = 22592k]/Nm
MVFlue 23.49

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.

Iz — Irjye
E — IFiue:200 (300 — 200) + 200 (2.23)

e =7 I
Flue:300 — 1Flue:200

o 303.77 — 268.01
E ™ 405.95 — 268.01

-100 + 200 = 225.92°C

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

Qp—¢ = Mype - (Ig — 1) = 23.49 - (225.92 — 222.4) = 1911.11kW (2.24)

Rate of heat absorbed between points 1Lp and 4Lp:

_ Qrew
100

0.49
) =1911.11- (1 —m> = 1901.7kW (2.25)

Q{“it =Qg-¢" (1
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.

124 = Mtoam - (17 — i5") (2.26)
LP
1901.7
ME o = s = = 0.88k
Steam =GP _GIP = 2792.98 — 637.28 9/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 1rp and 2pp,
according to equation (2.27).

L =ME - (8P — i5P) = 0.88-(2792.98 — 2753.12) = 35.16kW (2.27)

Heat transfer rate of the low pressure evaporator EVLp:

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 2rp and 4Lp, according to equation (2.28).

L =ML o - (5P — i4P) = 0.88- (2753.12 — 637.28) = 1866.54kW (2.28)

Heat transferred through the low pressure economizer ECOLp:

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 4.p and Sip, according to equation (2.29).

Qo = Mo - (157 —itP) = 0.88- (637.28 — 222.60) = 365.82kW (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:

HP 810.67
SH2 = 678.69 — = 644 k] /Nm? (2.30)

(1 = QRC%) - (1- 0. 49) 23.49

IB=IA_

100 100

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.

Is — Irie:
ty = —2—Ted00 . (500 — 400) + 400 (2.31)

IFlue:SOO - IFlue:400

th = 644 — 54744 100 + 400 = 466.22°C
B~ 693.27 —547.44 e
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Point C:

Flue gas enthalpy at point C:

Io=1Ig— St = 644 — 1314.27 = 587.77 kJ /Nm3 230
(1 _ Qrew (2.32)

ROy ) My Fre (1 0'49) - 23.49

~ 100

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.

IC - IFlue:400

te - (500 — 400) + 400 (2.33)

IFlue:SOO - IFlue:400

o 587.77 — 547.44
€7 693.27 — 547.44

-100 + 400 = 427.66°C

Point F:
Flue gas enthalpy at point F:

LP 35.16
SH
Ip = I — = 303.77 — =302.26 k] /Nm?3
T Qrew .y (1-%29) 2349 // (2.34)
100 VFlue 100 )

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.

I = Irpge:
tp = —— Fue200 . (300 —200) + 200 (2.35)
IFlue:300 - IFlue:ZOO

o 302.26 — 268.01
F ™ 405.95 — 268.01

-100 + 200 = 224.83°C

Point H:
Flue gas enthalpy at point H:

QHE), 158.21 3 5
Iy=1I;- Oron\ =2224— 049 = 215.63 k//Nm (2.36)
1— <R . pp 1—3==)-23.49
100 ) "'VFlue 100 :

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.

Ly = Irpue.
ty, = —Fluel0 500 -100) + 100 (2.37)
i iy
Flue:200 Flue:100
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215.63 — 133.27

ty = 100 + 100 = 161.13°C
H ™ 268.01 —133.27

Point I:

Flue gas enthalpy at point I:

LP 365.82
= — Eco = — = 3
I =1 T 215.63 X 199.98 kJ /Nm (2.38)
1—SRC%). (1——)-2349
100 ) Mvriue 100 :

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.

I = Inpe.
t, = —1 Fwel0 900 —-100) + 100 (2.39)
IFlue:ZOO - IFlue:lOO

_199.98 —133.27

t = 100 + 100 = 149.52°C
'™ 268.01 — 133.27

Point J:
Flue gas enthalpy at point J:

()79 3 1119.61 3 5
L=1- AR =149.52 — (1 - 0_49) oy 152.08 kJ/Nm (2.40)
~ 100 VFlue 100 '

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.

I] - IFlue:lOO
t

= - (200 — 100) + 100 (2.41)
IFlue:ZOO - IFlue:lOO
_ 152.08 — 133.27

t, = 100 + 100 = 113.96°C
J 7~ 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]
symbol | value | symbol value symbol | value
1up titP 450 P 3322.65 pitP 4.6
2up titP 348.48 (4P 3072.65 pitP 4.7
3up tiP 408.46 iiP 3222.46 pitP 4.7
% 4yp thP 261.4 iP 2795.83 pitP 4.8
2 Sup thP 261.4 (P 1141.81 pHP 4.8
Eﬁ 6up | P | 2564 | P | 111699 | pHP | 48
Tup thP 151.4 ip 641.03 piP 4.9
8up thP 139.4 fP 589.67 piP 5.0
9yp thP 53 iiP 226.26 piP 5.1
1.p thP 170 iLP 2792.98 pkP 0.46
% 21p tLP 156.15 iLP 2753.12 piP 0.56
g 3P tLP 156.15 iLP 658.88 piP 0.56
E; 4, | P | 15115 | P | 63728 | piP | 056
5.p tLP 53 iLP 222.60 pkP 0.86
Table 2.4 Water/steam parameters at various points throughout each circuit
Point Temperature [°C] | Enthalpy [kJ/Nm?]
symbol | value | symbol | value
A ty 490 1, 678.69
B tg 466.22 Ig 644
C te 427.66 Ic 587.77
D tp 271.4 Ip 366.5
E tg 22592 Ig 303.77
F tr 224.83 Ip 302.26
G te 166.15 I 222.4
H ty 161.13 Iy 215.63
I t; 149.52 I 199.98
J t; 113.96 I 152.08
Table 2.5 Flue gas parameters at various points throughout the boiler
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Heat exchanger Heat transferred [kW]
symbol value
superheater SH,pp e 810.67
superheater SH, yp e 1314.27
% evaporator EVyp ar 5171.76
g economizer ECOzpp ()78 1466.23
E‘) economizer ECO,pp ()79 158.21
economizer ECOypp ae 1119.61
High pressure circuit total - 10040.75
o | superheater SH;p LE 35.16
% evaporator EV;p Lr 1866.54
g economizer ECO;p L2 365.82
3 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]
Z;(;llgﬁzt;;c flow rate of the flue gas, under normal My e 2349 | [Nm3/s]
High pressure steam production rate MHEP | 3.24 [kg/s]
Low pressure steam production rate MEF . | 0.88 [kg/s]
Percentage heat loss due to radiation and convection Qrew 0.49 [%]
Water injection (high pressure) percentage of high .
pressure mass flow My, > [%]

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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3 FLUE GAS DUCT DESIGN

The flue gas duct size refers to the the dimensions of the inner casing liners of the HRSG, in
which the flue gas is contained. The flue gas duct dimensions are determined according to the
size of superheater SHopp, 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 (SHzup)

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 (SHoup) 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 DiH2 31.8 | [mm]

% Tube wall thickness thilz 4 [mm]
Inner tube diameter d;hz 238 | [mm]

Fin thickness thifiz 1 [mm]
Number of fins per meter nff,’f 110 [mm]

é Fin spacing nggf 9.09 [mm]
Fin height h2hz 15 [mm]
Outer fin diameter DFliz 61.8 [mm]

Table 3.1 Parameters selected for the finned tubes used in the high pressure superheater
(SH2HP)
24| e S$7-909
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Figure 3-1  Tube geometry SHanp
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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;lz = pSHZ — 2. thiH2 =318 —2-4 = 23.8mm (3.1)
Outer fin diameter:

D3z = pPH2 + 2 - p3H2 =318+ 215 = 61.8mm (3.2)

Fin spacing:

1000 1000 (3.3)
SH2 _ — — )
Sfin = W = W = 9.09mm

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

Average specific volume of steam in SHznp:

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

"+ t'" 450 + 34848

t = = 399.24°C
SH2 > >
HP | . HP
+ 4.6 4+ 4.7
Dsh2 = S = 4.65MPa
2 2
Ty, = 0.062m3 /kg (determined using X-Steam, f(p,t))

Determining the number of tubes per lateral row required for SH2up:

The number of tubes in each lateral row of the high pressure superheater (SHaup) 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 \2
gz =T (dupe . SH2 (3.4)
row — 4 tube/r
MHP .5
Afg‘}/ = %&‘HZ (35)
team
SH2 Mtoam " Usia 3.24-0.062
Meube/r = (@S2 )2 =7 002382 . 2276 3.6)
—_ tuves . W R ———— 20
4 Steam 4
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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.

SH2 —
ntube/r =23

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

MEP - 3.24-0.062 (3.7)
SH2 _ Steam YSH2 — —
Wsteam = - (diupe)? | swa m-0.02382 23 19.79m/s
4 ) ntube/r 4

3.1.2 Volumetric follow rate of flue gas passing through the high pressure superheater
(SH2nr)

The actual volumetric flow rate around superheater SHoup 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+ty 490 + 466.22

Ea) = > = 478.11°C (3.8)
: 27315 + Eap) 273.15 + 478.11
WHhe = —o31e— Mvre = =57 2349 = 64.6m*/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.

Mitie 646

A = = = 6.46m? 3.10

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

3.2 Flue Gas Duct Dimensions

Superheater SHznup lateral tube spacing inside the flue gas duct:
Sisnz) = Diupe + 2 RE2 + agyz = 0.0318 4 2 0.015 + 0.013 = 0.0748m 3.11)
Where:

asyo 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 SHopp as 13 mm

Width of the flue gas duct:

s 0.0748
L=3 % + (n$H2, . — 1) syomz = 3 +(23-1)-0.0748 ~ 1.76m (3.12)
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Height of the duct:
Agggt =H-L-H- Dfsﬂaze 'nftljbze/r —H-2- hfgf ) thsil;llz nfgf ) ntstljbze/r (3.13)
. Ak,
L = Difpe * Nigpesr — 2 - G2 - thf2 - nlliZ - il
6.46
H =~ 6.78m

T 1.76—10.0318-23+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
—=-—=2385

3.14
L 176 ( )

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

qSH2
wWSH2 — VFlue 315
Lt i H (D8 + 2 B O gt) o)
64.6
Wike = =10m/s

1.76-6.78 — 23 - 6.78-(0.0318+4+ 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 (SHzoup) geometry as well as actual flow
speeds.

Table 3.1

Parameter Symbol | Value | Units
Actual speed of steam in SHowp w2 | 1979 | [m/s]
Actual speed of flue gas around SHonp w2 10 [m/s]
Number of tubes in one lateral row of SHoup | 1712, Jr 23 [—]
Width of the flue gas duct L 1.76 [m]
Height of the flue gas duct H 6.78 [m]

Calculated values defining duct and superheater (SH2np) geometry, as well as
actual flow speeds.

BRNO 2016 42




DESIGN AND SIZING OF HEAT TRANSFER SURFACES

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. All 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 Dy, and the wall thickness th,. are chosen from the standard manufactured
sizes, the inner tube diameter d;,;. is then calculated intuitively. The height of the tube fins
hyin 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
Dyin can then be intuitively calculated. The fin thickness thy;, is chosen to be 1mm for all of
the heat exchangers in the boiler. The number of fins per meter 1y, is chosen to be within the
suggested range of 100 to 250, the fin spacing Sr;, 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 s; 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 Wg;eq,, 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 A4, , which is the cross-sectional area the flue gas
must flow through, it is possible to verify that the speed of the flue gas wg;,, 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 s, , 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,,,, 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 S,,,; is divided by the outer surface area of one lateral row
of tubes in the heat exchanger S,/ . Naturally this value must be rounded to the nearest whole
number, and thus there is a discrepancy between required heat transfer rate  and the actual
heat transfer rate of the heat exchanger Q7®# . 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 S,,; , and
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the logarithmic mean temperature difference At;, . 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 | Mypp,. | 23.49 [Nm3/s]
Percentage of useable thermal power lost through [%]
radiation and convection Qrey 0.49
Coefficient characterizing fin taper U 1 [—]
Coefficient characterizing the uneven distribution of
the convective heat transfer coefficient (a.) along the Wrin 0.85 [—]
surface of the fins
Correction coefficient for fin fouling £ 0.0043 | [m?K/W]
Thermal conductivity of the fins Afin 38 [W/(m-K)]
correction coefficient dependent on the temperature of 1 -]
the water/steam and tube wall temperature €
correction coefficient dependent on the tube length 1 -]
relative to the tube diameter €
correction coefficient for fluid flow between
: Cm 1 [—]
concentric tubes
Table 4.1 Collective values used in the heat transfer calculations
The number of lateral rows of tubers in the heat exchanger:
S,
Nyrow = S o 4.1)
out/r
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Where:

Sout 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 [m?]

Soutyr  1s the outer surface area of all the tubes in one lateral row of the heat
exchanger [m?]

The outer surface area of all the tubes in one lateral row of the heat exchanger:
Sout/r = Sout/1m ’ H- Ntube/r 4.2)
Where:

Sout/ym 18 the outer surface area of one finned tube per meter length [m]

The outer surface area of one finned tube per meter length:
Sout/im =T * Deype * (1 = Mpin " them) + Npn * Syfin 4.3)
Where:

Sifin is the outer surface area of one fin [m?]

The outer surface area of one fin:

2
Drin)” — (Drupe)? (4.4)
( fm) . tube +7T'Dfin ) thfin

Sifm=2"T

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.

Q =k- Sy - Aty 4.5)
Where:
Q is the heat transfer rate of the heat exchanger [W]
k is the overall heat transfer coefficient [W/(m?K)]
Aty is the logarithmic mean temperature difference [K]

The logarithmic mean temperature difference:

Atz - Atl

@ (4.6)

Atln =

BRNO 2016 45



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

Where:

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

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

The overall heat transfer coefficient:

1
1 + 1 _Sout/lm (47)

Arout  Ariin Sin/lm

k =

Where:

Ar-oue 18 the reduced heat transfer coefficient outside the tubes, between
the flue gas and the finned heat exchanger tubes [W/(m?K)]

Apein is the reduced heat transfer coefficient inside the tubes, between the
finned heat exchanger tubes and the water/steam inside them
[W/(m?K)]

Sin/im 1 the 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 =T dype (4.8)

The reduced heat transfer coefficient outside the tubes:

Sri Sout—fi Yein-a
fin out—fin fin c
a,. =|—F-u+ ) .
riout (Sout . Sout 1+e- LIJfin TQc (49)
Where:
E is a coefficient characterizing the effectiveness of the fins, this

value is determined from a graph according to the product of f§ -
hyin and the quotient of Dy /Dyype » Where B is a coefficient [-]

U is a coefficient characterizing fin taper [-]

Wrin is a coefficient characterizing the uneven distribution of the
convective heat transfer coefficient () along surface of the fins

[-]

ac The coefficient of heat transfer through convection outside of the
heat exchanger tubes [W/(m?K)]
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€ is a correction coefficient for fin fouling [m?K/W]
Stin is the fraction of the total outer surface area of the finned tubes
Sout that is made up of the fins themselves [-]

Sout—fin  is the fraction of the total outer surface area of the finned tubes

Sout that is made up of the exposed outer tube walls [-]
Coefficient p:
2 %o
p= o (4.10)
thfin ) Afin ) (1 +é&- Lpfin ) ac)
Where:
B Coefficient used to calculate the coefficient characterizing the

effectiveness of the fins [1/m]

Arin 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:

Drin \
Stin Diwve) 1
= e 4.11)

Sout h —142- Sfi_thﬂ>
Dtube Dtube

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

Sout—fin —1— Sfin (4‘12)

Sout Sout

The coefficient of heat transfer through convection outside the finned tubes:
-0.54 -0.14 0.65
A D hei Weiwe * Sri
€ =023 ¢, ()02 TFue. <Lb> . (ﬂ) . (M) @.13)
Sfin Sfin Sfin VFlue
Where:

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

Po is a coefficient characterizing the relative tube spacing [-]
Arue is the thermal conductivity of the flue gas [W/(m-K)]

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

_n-l 4.14
(pO' - 0_2[ _ 1 ( . )
Where:
0, is the lateral tube spacing relative to the outer tube diameter [-]
a,’ is the diagonal tube spacing relative to the outer tube diameter [-]
Lateral tube spacing relative to the outer tube diameter:
o1 4.15
o, = .
! D tube ( )
Diagonal tube spacing relative to the outer tube diameter:
51\2 .
,_ S (7) + 52 (4.16)
0, = =
Dtube D tube
Where:
s’ is the diagonal tube spacing [m]
Figure 4-1 Tube spacing
The reduced heat transfer coefficient inside the tubes:
A Wsteam * A\
Cin = 0,023 - 22000 (S 20N (pry 0%y (07)
de Vsteam
Where:
Asteam 18 the thermal conductivity of the water/steam [W/(m-K)]
d, is the equivalent diameter, this value is equal to the inner tube

diameter [m]

Vsream 1S the kinematic viscosity of the water/steam [m?/s]
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Prsteqm 1S the Prandtl number of the water/steam |[-]

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

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

is the correction coefficient for fluid flow between concentric tubes

[-]

Cm

Flue gas parameters:

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 7Table 4.2 and
Table 4.3 respectively. Linear interpolation is used to interpolate between values obtained from
source [2].

f [oC] Moisture concentration Xy, [%]

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, Apue -10° [W/(m-K)]

f ] Moisture concentration Xy, [%]
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, Ve -10° [m*/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:

_ Hsteam
Vsteam =

4.18)

Psteam
Where:

Usteam 18 dynamic viscosity of the water/steam passing through the heat
exchanger [Pa-s]

Psteam 1 the density of the water/steam passing through the heat exchanger
[kg/m?], determined using X-Steam according to average pressure
and temperature

4.1 Design of the High Pressure Superheater SHznp

Several parameters are required in the calculations associated with the design of the
high pressure superheater SHonp. Parameters, other than those describing the geometry of the
superheater, that are necessary for the calculations regarding the design and sizing of

superheater SHoup, some of which were determined in previous calculations, are organized in
Table 4.4 below.

Parameters Symbol Value Units

Heat transfer rate required of SHonp HP
(theoretical value) SH2 810.67 Lg
Actual speed of flue gas around SHonp w2 10 [m/s]

| Temperature of flue gas entering into SHanp ta 490 [°C]

o0

v | Enthalpy of flue gas entering into SHoup Iy 678.69 | [k]/Nm3]

= ..
Temperature of flue gas exiting SHonp ty 466.22 [°C]
(projected value)
Mass flow rate of steam through SHowp maP 3.24 [kg/s]
Actual speed of steam inside SHonp wehz 19.79 [m/s]

£ | Temperature of steam entering SHanp thP 348.48 [°C]

Q

& | Pressure of steam entering SHonp pitP 4.7 [MPa]
Temperature of steam exiting SHoup thP 450 [°C]
Pressure of steam exiting SHonp pitP 4.6 [MPa]

Table 4.4 Parameters necessary for superheater SHzup design, not including parameters

describing the geometry of SHoup
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4.1.1 Geometry of the high pressure superheater SH2up

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 SHonp
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 SHonp S1(SH2) 74.8 [mm]
Longitudinal tube spacing of SHoup S2(sH2) 117 [mm]
Number of tubes in each lateral row nh2 /r 23 [—]

Table 4.5 Values describing the geometry of superheater SH>up

1760
27x74,.8=1645.6 '

65 _ | _ ha

357

,.|
=

3«11

Figure 4-2  Tube layout SHoup

4.1.2 Reduced heat transfer coefficient outside the tubes of SH2up, through the flue gas
The coefficient of heat transfer through convection outside the finned tubes:

Lateral tube spacing relative to the outer tube diameter:

O.SHZ _ Sl(SHZ) _ 00748 _
1 DSHZ 70,0318

tube

2.35

Diagonal tube spacing relative to the outer tube diameter:
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, S1(sH2)) 2 \/ 0.0748\°
azrst_sst _\/( 2 ) +(52(5H2)) _ ( > ) +0.1172

~ psHz D3SH2 0.0318

tube tube

= 3.86

Coefficient of the relative tube spacing:

Both the calculated values of lateral and diagonal relative tube spacing are substituted
into equation (4. /4) to determine the coefficient of the relative tube spacing.

s 02 —1 235-1

P ToHZ_17386-1

0.47

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 SHopp has been
determined in previous calculations regarding the flue gas duct design.

Temperature tap) = 478.11°C
478.11 — 400
SHZ = [T (63.82 — 55.59) + 55.59] 1073 = 6.202- 102 W/(m - K)
478.11 — 400
vpl2 = [T- (75.55 — 59.87) + 59.87] 107 =7.212-10"5 m?/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 SHopp.

csH?2 = 0.94

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

SH2 SH2 \ —0.54 SH2y —0.14 SH2 . .SH2y 0:65
().’SHZ =0.23- CSHZ . ( 51.12)0_2 _AFlue . Dtube . h in . WFlue Sfin

c =U z Po SHZ SHZ SHZ SHZ
Sfin Sfin Sfin VFlue

0.06202 (0.0318 )‘0-54 (0.015 >‘°-14 (10-0.00909>°-65

SHZ_ . . 0.2. - -
ag? = 023:0.94-047°% - = (o 0.00909 7212105

af? = 62.36 W /(m?K)

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 852 - hZfI? and the quotient of DFi? /Dyl . where 52 is a coefficient.

Coefficient pSH2:

. . g SH2 . ]
SH2 = 2 Wrip - ag _ 2-0.85-62.36
thli? - Ain - (1+¢& Wiy - ad?) 0.001-38- (1 + 0.0043-0.85- 62.36)

n

pSH2 = 47.67m™1

Values needed to determine the coefficient characterizing the effectiveness of the fins:
BSHZ - 3?2 = 47.67 - 0.015 = 0.71

D}lz ~0.0618

= =1.94
D3HZ —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:

2

<%> -1 0.0618\2

St _ Diihe _ (ooz18) —!

S5tz spsH2N\? GSH2  ¢pSH2 0.06182 0.00909 0.001
(%) —-1+2- (%—%) (0.0318) —1+2 ( 0.0318 0.0318)
Dtube Dtube Dtube

GSH2

fin

<57z = 085

out

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

gSH2 $SH2
t_
e - = 1-085=0.15
Sout Sout

The reduced heat transfer coefficient outside the tubes:

SH2 SH2 . . ySH2

aSH2 — Sfm CESH2 . 4 Sout—fm . LIJfm ac

rout GSH2 u GSH2 1+e-Y,, -qgSH2
out out fin c

0.85-62.36

@oue = (085081 -1+ 0.15) - g e =g

=36.38W /(m?K)
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4.1.3 Reduced heat transfer coefficient inside the tubes of SH2np, through the Steam
Steam parameters:

The kinematic viscosity, thermal conductivity, and Prandtl number of the steam passing
through SHopp 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 tsy, = 399.24 °C
Pressure Psy2 = 4.65 MPa
psH2  =16.0138 kg/m3
usHz = 24336-1075Pa-s
ASHZ = 0.059 W/(m-K)
Prsiz = 1.0004

Kinematic viscosity of the steam:

sz Msteam  2:4336-107°
Vsteam = sH2 = "6 0138

Steam

=1.5197-107% m?/s

Reduced heat transfer coefficient inside the tubes of SH2np:

Kl (Wil a5\
eam eam uone
af?f% = 0.023- dSH2 ) < SHZ ) ) (Pr.S“S‘tI;s'Iczlm)0'4 "CtrCLr Gy
tube Steam
SH2 _ 0,023 0.059 (19'79 ' 0'0238)0'8 1.0004%*-1-1-1 = 1410.24 W /(m?K)
Urin = V043570538 '\ 1.5197 - 10-6 ' = ' m

4.1.4 Overall heat transfer coefficient for SHaonp

The outer surface area of one fin:
2 2
(D7) = (Diibe)
4

0.0618% — 0.03182
4

SH? SH2 . 1} SH?
Sifin =2"T + - DE? - thefy

SH2 _ o .
Sifin=2-T

+m+0.0618-0.001 = 0.0046 m?

The outer surface area of one finned tube per meter length:
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SH2  _ . nSH2 . (1 _ SH2 . 1}, SH2 SH2 . SH2
Sout/im = T * Diupe (1 Nein thfin)+nin Sifin

S§SH2 = 7-0.0318-(1—110-0.001) + 110-0.0046 = 0.5955 m

out/1m

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

SHZ = m-dH2 =m-0.0238 =0.0748m

in/im

The overall heat transfer coefficient:

kSH2 = ! = ! =30.18 W/(m2K)
1 1 Soutam 1 1 05955 '
smz- t —saz GSH2 36.38 " 1410.24 0.0748
rout rin in/1lm

4.1.5 Logarithmic mean temperature difference across SHzup

AtsH2 = t, — tHP = 490 — 450 = 40 K
AtsH2 = tp — tHP = 466.22 — 348.48 = 117.74K

A" — A" 117.74 - 40

In SHZ~
At 117.74
In (At*zfm) In ( 40 )

=72.01K

4.1.6 The number of lateral rows of tubes required for SH2up

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

o2 _ & 810670

= = = 373.01 m?
out = | SHZ . A¢SHZ ~ 3018 72.01 m

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

Sowtir = Sowtiam " H - nitpe/r = 0.5955 - 6.78 - 23 = 92.86 m?

out/r out/1m

The number of lateral rows of tubers in SHanp:

SH2
Stz S;gzt _37301_,
S3Hz.~ 92.86

Naturally tis value must be rounded to the nearest whole number

SH2 _
Nyow = 4
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4.1.7 Calculating the actual heat transfer rate of SHzup

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

Sopfredt = 57, - nikE = 92.86 - 4 = 371.42 m?

The actual heat transfer rate of SHanp:

Qbbireal — [ SH2 . gSHzreal . \pSHZ — 30.18-371.42 - 72.01 = 807.23 kW

Error verification:

807.23
810.67

%ErrorSi? = |( - 1) . 100| = 0.43%

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

4.1.8 Determining the actual parameters of the flue gas exiting SHznp

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

Actual enthalpy of the flue gas at point B:

HP:real
807.23
[real =, — QQSHZ = 678.69 — 549 = 644.15kJ/Nm?
(1 — 1ROCOA’> *Myrie (1 - 1.00) $23.49

Actual temperature of the flue gas at point B:

158 — Iriue-a00 644.15 — 547.44
greal — B ue: - (500 — 400) + 400 = -100 + 400 = 466.32°C
B ( )+ 693.27 — 547.44 *

IFlue:SOO - IFlue:400

4.2 Design of the High Pressure Superheater SHnp

Several parameters are required in the calculations associated with the design of the
high pressure superheater SHinp. Parameters, other than those describing the geometry of the
superheater, that are necessary for the calculations regarding the design and sizing of
superheater SHiup, 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 SHiup HP
(theoretical value) sm | 1314.27 kW]
2 Actual temperature of flue gas entering into SHnp treat | 466.32 [°C]
= | Actual enthalpy of flue gas entering into SHinp Ineat | 644.15 | [k]J/Nm3]
Mass flow rate of steam in the high pressure circuit - HP
(only 95% passes through SHpp) Msteam | 324 kg /s]
£ | Temperature of steam entering SHup thP 261.4 [°C]
Q
& | Pressure of steam entering SHinp pitP 4.8 [MPa]
Temperature of steam exiting SHiup tiP | 408.46 [°C]
Pressure of steam exiting SHinp pitP 4.7 [MPa]
Table 4.6 Parameters necessary for superheater SHinp design, not including parameters

4.2.1 Geometry of the high pressure superheater SHinp

Table 4.7

describing the geometry of SHiup

The chosen dimensions of the finned tubes used in the high pressure superheater (SHiup)
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 DEL 31.8 | [mm]

% Tube wall thickness thlL 4 [mm]
Inner tube diameter d;hL 238 | [mm]

Fin thickness thifil 1 [mm]
Number of fins per meter nff,’} 130 [mm]

é Fin spacing Sf#ll 7.69 [mm]
Fin height h2H1 15 [mm]
Outer fin diameter DFlit 61.8 [mm]

SHiup

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

The dimensions describing the layout of the finned tubes of superheater SHinp 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 asy1 = 13 mm
Longitudinal tube spacing Sp(sg1) = 117 mm
Lateral tube spacing in superheater SHiup:
Sies1) = Diupe + 2 - RE[ + agyq = 0.0318 + 2-0.015 + 0.013 = 0.0748m
Number of tubes in each lateral row of tubes in SHiup:

Naturally this value must be rounded to the nearest whole number

Wit = 05= 7% g5=2303
wbelr s sy 00748 T 7T
ntstljble/r =23

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.

DSHl
tube hSHl
2 - Nfin

gap = L —nilpe )y - Sisun) —

0.0318
gap =176 — 23-0.0748 — — - 0.015 = 0.0087 m
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1760
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65 | ”wa

7=351

3x11

Figure 4-4  Tube layout SHup

4.2.2 Verification of the speed of steam passing through superheater SHiup

The speed of the steam passing through superheater SHipnp 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 SHgp.

t" +tP 40846 +261.4

toy = = 33493 °C
SH1 2 2
HP HP
+ 4.7+ 4.8
Fogy =5 P& = 4.75 MPa
2 2
Dy = 0.0531m3/kg (determined using X-Steam, f(p,t))

Speed of steam:

0.95-MHP ¥y, 0.95-3.24-0.0531

WSHL = =1598m/s
Steam = 7 (dSHL )2 s m-0.0238% 23
- 4 tube/r 4

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 SHinp

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 SHnp.

, real 5 3 1314.27 3 5
Il = I5eat — 3 = 644.15 — 519 =587.92kJ/Nm
__ XRC% ). n 7).
(1 100 ) Myrie (1-T0p) - 2349
I = Irpge: 587.92 — 547.44
tl ¢ Flued® . (500 — 400) + 400 = -100 4 400 = 427.76°C

 Irie:s00 — Iriweia00 693.27 — 547.44

Average flue gas temperature:

_ thed + ¢, 466.32 +427.76 .
fpey =——— = > = 447.04°C

The actual volumetric flow rate of the flue gas:

cenn 27315+ Egey i 27315 + 447.04
VFlue = 97315 VFlue = 273.15

-23.49 = 61.93m3/s

The cross sectional area that the flue gas flows through:

Aer = H L —H - Diibe - iihesr — H -2+ R - RPN - nit - miil,

ASHlL = 6.78-1.76 — 6.78-0.0318 - 23 — 6.78 - 2- 0.015 - 0.001 - 130 - 23 = 6.37 m?
Speed of the flue gas passing through SHinp:
_ Mijfpe 6193

= =973 m/s

CASHT T 637

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

4.2.4 Reduced heat transfer coefficient outside the tubes of SHiup, through the flue gas
The coefficient of heat transfer through convection outside the finned tubes:

Lateral tube spacing relative to the outer tube diameter:

O.SHl _ Sl(SHl) _ 00748 _
1 DSH1 70,0318

tube

2.35

Diagonal tube spacing relative to the outer tube diameter:

51 2 2 0.0748)2
st _ S0 \/( 5+ (samm) \/( 5—) +0.1172

2 T psHL T DSH1 - 0.0318

tube tube

= 3.86
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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.

ol —1  235-1

SH1 — - = 0.47
$o T oSHT 17 386-1

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 SHiup has been
determined in previous calculations regarding the flue gas speed verification.

Temperature tgcy = 447.04°C
447.04 — 400
AL = [T- (63.82 — 55.59) + 55.59] 1073 =5.946-10"2W/(m-K)
447.04 — 400
vl = [T- (75.55 — 59.87) + 59.87] -107% = 6.725-107° m? /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 SHinp.

SHl = 0.94

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

ASHL  /psH1N ~0-54 hSH1 —0.14 WSHL . sSH1 0.65
aSHL = 0.23 - ¢SHL. ( SH1)0.2 Flue [ Ztube . Flue " Sfin
c ' z Po SH1 \ "SHT SH1 SH1
Sfm Sfm Sfm VFiue

asil =0.23-0.91-0.47%2-

0.05946 (0.0318 )‘0-54 (0.015 >‘°-14 (9.73-0.00769)0'65
0.00769 \0.00769 0.00769 6.725-10-5

H1 = 5816 W /(m?K)

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 B5H* - h2H1 and the quotient of D3 /DAL where 51 is a coefficient.
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Coeftficient pSH!:

. . wSH . .
psH1 _ 2 Wrip -ag" _ 2-0.85-58.16
thHt H1) 0.001-38-(1+ 0.0043-0.85-58.16)

o A (L+e Wi ad
BSHL = 46,32 m~1

Values needed to determine the coefficient characterizing the effectiveness of the fins:
BHL - h2T = 4632 0.015 = 0.69
D3l _0.0618
DZHL — 0.0318

1.94

Coefficient determined using the graph:

ESH1 = (.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:

2

SH1

SH1 <_Dsi1?1> -1 (—0'0618)2 -1
Sfin. Diube _ 0.0318

SH1 — SH1 2 SH1 SH1\ 2

SH DS S ths! 0.0618\* (0.00769  0.001

(5;%) —1+42- (%—%) (0.0318) 1+2 ( 0.0318 0.0318)
tube tube tube
s
=0.87

Sout

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

SSHl fi S;Eljll
out—fin in
Sout Sout

The reduced heat transfer coefficient outside the tubes:

SH1 _ (stiljll CESHL. ngljtl—fin> - Yrin- a3t

Ariout = | TSHT T a1 SH1
Sout Sout 1+e- LIJfin TQc

0.85 -58.16 345 W /0
1400043 0855816 S+°W/(m

asHl = (0.87-0.84-1+0.13)-
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4.2.5 Reduced heat transfer coefficient inside the tubes of SHinp, through the Steam
Steam parameters:

The kinematic viscosity, thermal conductivity, and Prandtl number of the steam passing
through SHinp 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 tsy, = 334.93°C

Pressure Psy1 = 4.75 MPa

psHL = 18.8405 kg/m3
weHl  =2.1446-10"°Pa-s
AHL  =0.0537 W/(m-K)

PreHl = 2.245

Kinematic viscosity of the steam:

SH1 -5
st 2144610 )
Viteam = pgﬁm =~ eegoe— = 11383107 m?/s
eam "

Reduced heat transfer coefficient inside the tubes of SH2up:

ASH1 WSHL . gSH1 0.8
@it = 0023 Steam . (Ztean Sube ) (prt 304 -y
. dtube V.S‘team
SHL — 0,023 0.0537 (15'98'0'0238)0'8 2.245%4.1-1-1 = 1884.83 W /(m?K)
rim = 0.0238 \ 1.1383-107° ' a ' m

4.2.6 Overall heat transfer coefficient for SHinr

The outer surface area of one fin:
2 2
(DFRY)” = (Diube)
4

0.0618% — 0.03182
4

Sf;fi}1 =27 +- ngl - th3H1

Syfm=2-T +m-0.0618-0.001 = 0.0046 m?

The outer surface area of one finned tube per meter length:
S5t = 7 D+ (1 = nfl - ehfY) + il - S5

SSHY o =m-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:

SHY =m-dSHL = 1-0.0238=0.0748m

in/im

The overall heat transfer coefficient:
1 1

SH1 _ _ ~ ,
ST L ST L, 1 oeese oW/
7+ —spr AT 345 ' 188483 0.0748
r:out rin in/im

4.2.7 Logarithmic mean temperature difference across SHinp

AP = ¢real — ¢HP — 466,32 — 408.46 = 57.86 K
AtSHY = t[ — tiP = 427.76 — 261.4 = 166.35 K

A" — Ay 166.35 — 57.87

In SH1 -
AL 166.35
i (sz;*”) in(5757)

=102.73 K

4.2.8 The number of lateral rows of tubes required for SHinp

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

sH1 _ 57 1314.27

out = SHL. ArSHL ~ 29.54-102.73

= 433.03 m?

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

Sowtir = Sowtrim " H " Ninpe/r = 0.6856 - 6.78 - 23 = 106.9 m?

out/r out/1im

The number of lateral rows of tubers in SHanp:

su1_ Sous  433.03
Mrow = g5H1 "= 106.9

out/r

= 4.05

Naturally tis value must be rounded to the nearest whole number

SH1 _
Nrow = 4

4.2.9 Calculating the actual heat transfer rate of SHiup

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

Soplreat = ol - niky = 106.9 - 4 = 427.62 m?
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The actual heat transfer rate of SHinpr:

QHpireal — [ SHL. gSHLreal . \pSH1 — 29 54.- 427.62-102.73 = 1297.87kW

Error verification:

|(1297.78
1314.27

SH1 _

%Error = 1) . 100| =1.25%

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

4.2.10 Determining the actual parameters of the flue gas exiting SHinp

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

Actual enthalpy of the flue gas at point C:

HP:real
1297.87
[real = real _ QQSHl = 644.32 — 549 = 588.62kJ/Nm3
RC% )\ . v, _ 27N,
(1_ 100) My rre (1-Fg5) - 2349

Actual temperature of the flue gas at point C:

reat . 588.62 — 547.44
eal - € Fled® . (500 — 400) + 400 = -100 + 400 = 428.24 °C
IF1ue:500 — IFtue:400 693.27 — 547.44

te

4.3 Design of the High Pressure Evaporator EVup

Several parameters are required in the calculations associated with the design of the high
pressure evaporator EVup. Parameters, other than those describing the geometry of the
evaporator, that are necessary for the calculations regarding the design and sizing of evaporator
EVup, 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 EVyp (theoretical e 1517176 kW]
value)
2 Actual temperature of flue gas entering into EVup treal | 428.24 [°C]
= | Actual enthalpy of flue gas entering into EVyp 1reat | 588.62 | [kJ/Nm3]
= | Temperature of water entering EVrp thp 256.4 [°C]
g Pressure of water entering EVyp piFf 4.8 [MPa]
;\% Temperature of steam exiting EVyp thP 261.4 [°C]
= Pressure of steam exiting EVpp pif 4.8 [MPa]
Table 4.8 Parameters necessary for evaporator EVyp design, not including parameters

describing the geometry of EVup

4.3.1 Geometry of the high pressure evaporator EVup

The chosen dimensions of the finned tubes used in the high pressure evaporator (EVyup) 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 DEVL 57 [mm]

% Tube wall thickness theyme 4 [mm]
Inner tube diameter datvy 49 [mm]

Fin thickness thEt 1 [mm]
Number of fins per meter n}“:gll 150 [mm]

é Fin spacing Sﬁ-‘,/ll 6.67 [mm]
Fin height hE'! 19 [mm]
Outer fin diameter DEY 95 [mm]

Table 4.9

Parameters selected for the finned tubes used in the high pressure evaporator
EVup
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Figure 4-5 Tube geometry EVup

The dimensions describing the layout of the finned tubes of evaporator EVyp 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 agy; = 11.5 mm
Longitudinal tube spacing SzEv1) = 117 mm
Lateral tube spacing in evaporator EVup:
S1ev1) = Depe + 2 RER + agyy = 0.057 +2-0.019 +0.0115 = 0.1065 m
Number of tubes in each lateral row of tubes in EVnup:

Naturally this value must be rounded to the nearest whole number

nivn = Y 05= 7% 05-1603
wbelr s @vyy 01065 T T
ntEt‘L/ble/r =16

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.

Ditve L EVI
ube
gap =L — ntEthle/r SiEvy T, T hfin

0.057
gap = 1.76 — 16 - 0.1065 — — 0.019 = 0.0085m
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= 8,5
+

Figure 4-6 ~ Tube layout EVyp

4.3.2 Verification of the speed of flue gas passing through evaporator EVup

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 EVyp.

, . ap 5171.76 5
I, = [real — = 588.62 — = 367.35 kJ/Nm
v 1 - 9ren). py (1-%33) 23.49
~700 ) Mvriue 100/ “
I — e, 367.35 — 268.01
/ D Flue200 . (300 — 200) + 200 = -100 4 200 = 272.02°C

 Iriue300 — Iriue:200 405.95 — 268.01

Average flue gas temperature:

_ treal + ¢, 428.24 + 272.02 .

The actual volumetric flow rate of the flue gas:

cgy1 27315+ L) 273.15 + 350.13

= . = -23.49 = 53.6m?3
VFiue 27315 Mvrue 27315 23 m*/s

The cross sectional area that the flue gas flows through:
Agggt =H-L—H- thﬂale 'ntEthle/r —H-2- h}fgll ) thEi‘:ll ”Fgll ) ntEthle/r

AEVl =6.78-1.76 — 6.78-0.057 - 16 — 6.78 - 2- 0.019 - 0.001 - 150 - 16 = 5.13 m?

duc
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Speed of the flue gas passing through EVup:
IViie _ 53.6

AEVL 513

WEVL = =10.45 m/s

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 EVup, through the flue gas
The coefficient of heat transfer through convection outside the finned tubes:

Lateral tube spacing relative to the outer tube diameter:

evi _ Sievi) _ 0.1065
U T pEA T 0057

tube

Diagonal tube spacing relative to the outer tube diameter:

51 2 2 0.1065)2
vy ST \/( 1(?/1)) + (s26vn) B \/( > ) +0.1172
> TDEE DEVE - 0.057

tube tube

= 2.26

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.

e 0PV -1 187-1

bo T BT 1T 226-1

0.69

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 EVup has been
determined in previous calculations regarding the flue gas speed verification.

Temperature Ecpy = 350.13 °C
350.13 — 300
EVi = [T (55.59 — 47.35) + 47.35] 1073 =5.148-10"2 W /(m - K)
350.13 — 400
LVl = [T (59.87 — 45.45) + 45.45] 107 =5.268-107° m?/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. The correction coefficient is determined assuming that there are 17 lateral rows of tubes
in evaporator EVyp.

EV1 =1.01

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

JEVL  /pEViy ~05% hEV1 —0.14 WEVL . sEV1 0.65
aBV1 = 0.23 - cFV1. (@EV1)02. Flue [ Ztube . Flue " Sfin
c ' z Po SEVT \ SEVI SEV1 VEL
fm fin fin Flue

af¥t =0.23-1.01-0.69%2-

0.05148 ( 0.057 >‘°- 4 ( 0.019 )‘0-14 (10.45-0.00667)0'65
0.00667 \0.00667 0.00667 5.268-10-5

afVl = 48.26 W /(m?K)

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 BEV* - hEF! and the quotient of DFj /Dy, . where BEV? is a coefficient.

Coeftficient pEV!:

2-Y - afVt 2-0.85-48.26
IBEVl f
thiyt A (1 + & Wiy - aEVl) 0.001-38- (1 +0.0043 - 0.85 - 48.26)
BEVY = 4284m™1

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

BEVE - hilt = 42.84-0.019 = 0.81

Dft _0095
DEVL T 0.057

Coefficient determined using the graph:

EEV1 = 0.79

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:

DEV1 2 ,
-1 0.095
EV1 - _
Spin. _ (D%) B (0.057) 1
SEEE DEV1N? GEVI  ppEV1 0.095\2 0.00667 0.001
(Dﬁ}ﬁ) —1+2- (D’Z31 - D£é’i> (o057) —1+2 (o7~ 0057)
tube tube tube

BRNO 2016 70



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

EV1
S in

EV1l —
Sout

0.9

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

gEV1 i Sllgm

out—fin mn
1 —1-09=01

Sout Sout

The reduced heat transfer coefficient outside the tubes:

EV1 EV1 .. EV1
O.’EVlt _ (Sfm 'EEVl " + Sout—fm) . LIJfm ac

riout — EV1 EV1 . . vEV1
Sout Sout 1+e LIJfin ac

0.85-48.26

@roue = (0.9:079 1+ 0.1) e a 6

= 28.16 W/(m?K)

4.3.4 Overall heat transfer coefficient for EVuap

For the design of evaporators and economizers the effect that the reduced coefficient of heat
transfer inside the tubes «;,..;, 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).

kEVY = qEV1. = 2816 W /(m?K) 4.19)

4.3.5 Logarithmic mean temperature difference across EVup

AtEV1 = ¢real — tHP — 42824 — 261.4 = 166.83 K
AtEVY =t — tHP = 272,03 — 256.4 = 15.62 K

Aty — AtFVT 15.62 — 166.83

EV1l _
A == g = 1562
i (At'f”) n(166.53)

= 63.84 K

4.3.6 The number of lateral rows of tubes required for EVup

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

GEVI _ i 517176

out = KEVH . AtEV1 ™ 2816 - 63.84

= 2876.76 m?
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The outer surface area of one fin:
2 2
(DFint)” = (Dhibe)
4

BV 0.095% — 0.0572 "
Sifin=2"m" 2 +m-0.095-0.001 = 0.0094 m

Sifm=2"m

+ - DEVL. thEVL

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

EVi  _ EV1 EV1. . EV1 EV1 . cEV1
Soutyim = T Deype - (1- N~ thipy )+ Nem * Sifin

SEVY  =m-0.057-(1—150-0.001) + 150 0.0094 = 1.5579 m

out/1im

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

Sontrr = Soutrim " H* Nupesr = 15579+ 6.78 - 16 = 169 m?

out/r out/1im

The number of lateral rows of tubers in EVup:

ev1_ Sout  2876.76

o S 169

=17.02

Naturally tis value must be rounded to the nearest whole number

EV1 _
Nyow = 17

4.3.7 Calculating the actual heat transfer rate of EVup

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

Sepiredt = SETY, - nf¥y =169 - 17 = 2873.05 m?

The actual heat transfer arte of EVup:

QHpreal — |EV1. gEVLTeal . AtEV1 — 2816 -2873.05 - 63.84 = 5165.08 kW

Error verification:

Vi |(5165.08

%Error = m— 1) . 100| =0.13%

The discrepancy between the theoretical and the actual heat transfer rate of evaporator
EVup 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 EVup

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

HP:real 5165.08
[heal = real _ Qv =588.62 — =367.64kJ/Nm?
1_QRC% -M (1_@).2349
100 VFlue 100 '

Actual temperature of the flue gas at point D:

jrea .. 367.64 — 268.01
greal — _'D Flue:200 340 _ 200) + 200 = 100 + 200 = 272.23 °C
D ( )+ 405.95 — 268.01 +

IFlue:300 - IFlue:ZOO

4.4 Design of the High Pressure Economizer ECOzup

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

Parameters Symbol | Value Units
Heat transfer rate required of ECOsnp HP
(theoretical value) Qkcos | 1466.23 [kw]
Actual temperature of flue gas entering into real o
2 | ECOw ¢ 27223 [°C]
" | Actual enthalpy of flue gas entering into ECO3up et | 367.64 | [kJ]/Nm3]
Mass flow rate of water in the high pressure circuit | . .,
(only 95% passes through ECOsgp) Mseam | 3.24 kg /s]
5 | Temperature of water entering ECOsnp thP 151.4 [°C]
<
= | Pressure of water entering ECO3np piP 4.9 [MPa]
Temperature of water exiting ECOsnp tiP 256.4 [°C]
Pressure of water exiting ECOsnp pdFf 4.8 [MPa]

Table 4.10  Parameters necessary for economizer ECOszup design, not including
parameters describing the geometry of ECO3np

4.4.1 Geometry of the high pressure economizer ECO3np

The chosen dimensions of the finned tubes used in the high pressure economizer (ECOsnp) 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.
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Parameter Symbol | Value Units

Outer tube diameter DES%? 31.8 | [mm]

2 | Tube wall thickness thEsos 4 [mm]
" [Toner tbe diameter ageps 238 | [mm]
Fin thickness thEL03 1 [mm]
Number of fins per meter nfﬁl% 190 [mm]

é Fin spacing Sﬁfl% 5.26 [mm]
Fin height hELD3 8 [mm]
Outer fin diameter DEE03 47.8 [mm]

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

ECOsnp
oo
I =
al ECO3 ~ECO3_ I
EE Hﬁﬁn =1 Sfin =2,26 52
et a5
- I “E
LR iggd )
o oo |
T M
0l
I @
celgs
e e
0O | O, ] T
PEegte =
¥ rr

ECO3
dfube: 2

Figure 4-7  Tube geometry ECO3np

The dimensions describing the layout of the finned tubes of economizer ECO3np 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 Agcoz = 6.25 mm

Longitudinal tube spacing S2(Eco3) = 90 mm
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Lateral tube spacing in economizer ECO3np:
S1(eco3y = Doy + 2+ hfE%3 + ageos = 0.0318 + 2+ 0.008 + 0.00625 = 0.05405m

Number of tubes in each lateral row of tubes in ECO3up:

Naturally this value must be rounded to the nearest whole number

£Co3 L 1.76

- 05=—"""—05=23206
L p— 0.05404

ECO3 _
ntube/r =32

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.

DECO3

gap = L —niio, - S1Ecos) — t;be - h?ic;zog'
0.0318
gap = 1.76 — 32 - 0.05405 — >~ 0.008 = 0.0065m
1760
6 75 _ 31x54.05=1675.55 _
54,03
: A
L'
~ © — — OO
6,25 =
: - - ®
il 6.5
X 306 [T
ﬁ O©®

Figure 4-8  Tube layout ECO3np
4.4.2 Verification of the speed of water passing through economizer ECO3np

The speed of the water passing through economizer ECOspp 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 ECO3np.
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td? + )" 2654+ 1514

tECO?) = 2 2 = 2039 OC
HP | o HP
_ Pe + D7 48+49
PEco3 = 5 = > = 4.85 MPa
Trcos = 0.0012m3 /kg (determined using X-Steam, f(p,t))

Speed of water, before splitting economizer into sections:

0.95 - M§ibum * Urcos _ 0.95-3.24-0.0012

ECO3 '
_ = 0.25m/s
Steam = T (thlfge3)2  kcos - 0.02382 .32 /
- 4 ntube/r 4

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 nkeos =4

Inlet Outlet

N | |
T T T TR TTIT
IIIlll}HHH||l|||||||i|||||||l
CEEMEEE TR L Y L
LLllJJJ_l_LLLLLle,-"_‘—‘—'-LuH -
‘ N Nisssanaainianiill
T T LTI
IRRLARRRRRRIIng Vo
LI LN |

Figure 4-9  Splitting schematic ECO3np

Actual speed of water flowing through ECOsnp:

' 4.20
WECS = WEDS - nECO3 =025-4=1m/s (4.20)
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4.4.3 Verification of the speed of flue gas passing through economizer ECO3np

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 ECOspp.

me 1466.23
I = et — QQECO3 =367.64 — 519 =304.9 kJ/Nm3
(1 - 1R000A’> “MyFuue (1-To9) 2349
1% — Injue. 304.9 — 268.01
th E_Flue200 . (300 —200) + 200 = -100 + 200 = 226.75°C

 Triue300 — Irtue:200 405.95 — 268.01

Average flue gas temperature:

_ thett + 1ty 272.23 + 226.75 .
fopy =——5— = > = 249.49°C

The actual volumetric flow rate of the flue gas:

qpcos _ 27315+ Epgy o 273.15 +249.49
VFlue = 27315 VFlue = 57315

23.49 = 4494m3 /s

The cross sectional area that the flue gas flows through:

ECO3 _ .7 _ y.pnEkcCo3 . ECO3 _ yy.o.3ECO3 43 ECO3, 6 ECO3 _ ,LECO3
Aduct =H-L-H Dtube ntube/r H-2 hin thfin nfin ntube/r

AECO3 = 678 -1.76 — 6.78-0.0318-32 — 6.78 - 2- 0.008 - 0.001 - 190 - 23 = 4.37 m?
Speed of the flue gas passing through ECO3np:

MECO3 4494
= Ve _ =10.27 m/s

AECO3 437

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 ECOsnp, through the flue gas
The coefficient of heat transfer through convection outside the finned tubes:

Lateral tube spacing relative to the outer tube diameter:

£cos _ Si@Ecos)  0.05405
o1 TTpECcos T 00318

tube

Diagonal tube spacing relative to the outer tube diameter:

S1(EC0O3) 2 2 0.05405\2
pcos _ SO0 \/( 2 ) + (52ec03)) B \/(T) + 0.092
% TDEE DEGO3 - 0.0318

tube tube

= 2.96
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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. /4) to determine the coefficient of the relative tube spacing.

pcos . 01 —1  17-1

_ - - 036
o 0,FC03 1~ 296 —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 ECOsup has been
determined in previous calculations regarding the flue gas speed verification.

Temperature tipr) = 249.49 °C
249.49 — 200
AECO3 — [T' (47.35 — 39.23) + 39.23] 1073 = 4325-10"2W/(m - K)
249.49 — 200
vELO3 = [T- (45.45 — 32.36) + 32.36] 1076 =3.884-107° m?/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 ECOspp.

cECO3 = 1

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

JECO3  /pECO3\~054 /pECO3 —0.14 ECO3 , (ECO3y 065
a’ECO3 =0.23- CEco3 . ( 5003)0_2  ‘Flue | tube . in . Flue fin
c : z Po gECO3 \ (ECO3 gEco3 yECO3
fin fin fin Flue

af¢? =0.23-1-036%2-

0.04325 (0.0318 )“’-54 (0.008 )“’-14 (10.27-0.00526)0'65
0.00526 \0.00526 0.00526 3.884-10-5

aEC03 = 60.72 W/(m?K)

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 B3 - hED® and the quotient of Df5” /Dfip? . where BECO% is a coefficient.
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Coefficient pECO3:

. . gECOo3 . ]
[ECO3 — 2 Wrip g _ 2-0.85-60.72
thECO3  Apiy - (14 € Wpyy - af€03) [0.001-38- (1 +0.0043 - 0.85 - 60.72)

fin c
BECO3 = 4715 m™1

Values needed to determine the coefficient characterizing the effectiveness of the fins:
BECO3 - hEP® = 47.15-0.008 = 0.38

D 0.0478

DES23 ~ 0.0318

Coefficient determined using the graph:

EECO3 = 094

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:

(D%$‘03>2 1 0.0478\2

ECO3 ~ECO3 - . _

St > _ Dy _ (Fo318) !

SECO3  /pECO3, 2 GECO3  4pECO3 0.0478)2 0.00526 0.001
(%) —1+2- (ng'c‘og, - D,’;‘C"og,) (0.0318) -1+2 (Jo318 - 0.0318)

tube tube tube
SFR3
<reoz = 0.82

out

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

SECO3 ECO3

out—fin _ Sﬁn _ _
GECO3 — 1- FC03 — 1-0.82=0.18
out out

The reduced heat transfer coefficient outside the tubes:

EC03 EC03 . ,ECO3
ECO3 _ Srin L EECO3. 4 Sout—pin\_ Wrin - ac
r:out 14¢- Lpfin . ().’CECO3

SECO3 SECO3

out out

0.85-60.72
1+ 0.0043-0.85-60.72

afC93 = (0.82-0.94-1+0.18) - = 40.29W /(m?K)
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4.4.5 Overall heat transfer coefficient for ECO3znp

For the design of evaporators and economizers the effect that the reduced coefficient of heat
transfer inside the tubes a,.;, 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).

kECO3 = oECO3 — 40.29 W /(m?K)
4.4.6 Logarithmic mean temperature difference across ECO3znp

AtECO3 = ¢real _ ¢HP = 272 23 — 256.4 = 15.82 K
AtECO3 =t — tHP = 226.75 — 151.4 = 7534 K

_ At5C0% — Atf©%® 75.34 —15.82

In ECO3 -
AL 7534
i (At’iﬂ"m) in(1552)

= 38.14K

4.4.7 The number of lateral rows of tubes required for ECO3np

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

QHL 3 1466.23
Seef? = = = 954.16 m?
out = }EC03 . AfECO3S ~ 4029 - 38.14 m

The outer surface area of one fin:

(o) - (oEs)°

Sifn’ =2 2 +m - DESO? - thefD?
£CO3 0.0478% — 0.03182 "
Sifim. =2-m" 2 +m-0.0478-0.001 = 0.0022 m

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

SECO3

ECO3 , ECO3 , ECO3 ECO3 ., cECO3
out/im (1 thfl ) tn S

=1 Dpype — Nfin in in 1fin

SECO3  —m-0.0318 (1 —190-0.001) + 190 0.0022 = 0.4896 m

out/1im

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

Sowtir = Sowtsm " H* iupoyr = 0.4896 - 6.78 32 = 106.22 m?

out/r out/1im
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The number of lateral rows of tubers in ECO3np:

scos _ Sout. 95416

Mrow” = SECO3 ~ 10622 000

out/r

Naturally tis value must be rounded to the nearest whole number

ECO3 _
nrow -

4.4.8 Calculating the actual heat transfer rate of ECOs3np

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

Shepdreal = sPC03 - nESO3 = 106.22 -9 = 955.94 m?

The actual heat transfer rate of ECO3znp:

PEoFat = kECO3 . ghCoseal . AtFCO3 = 40.29 - 955.94 - 38.14 = 1468.96kW

Error verification:

1468.96

%ErrortCo? = |(1466 23

1) : 100| = 0.19%

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

4.4.9 Determining the actual parameters of the flue gas exiting ECO3np

Due to the discrepancy between the theoretical and the actual heat transfer rate of economizer
ECOsnp the parameters of the flue gas exiting ECOspnp at point E must be recalculated.

Actual enthalpy of the flue gas at point E:

HP:real
1468.96
[peal = [real _ Qkcos =367.64 — =304.79kJ/Nm3
1_QRC% -M (1_w).2349
100 VFlue 100 '

Actual temperature of the flue gas at point E:

jred . 304.79 — 268.01
gpeat = £ TWe200 (300 —200) + 200 = 2100 + 200 = 226.66 °C
Ir1ue:300 — IFtue:200 405.95 — 268.01

4.5 Design of the Low Pressure Superheater SHyp

The low pressure superheater SHrp 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 vy 0.85 [—]
Coefficient of the degree to which the flue gas is
utilized ¢ ! =]
Coefficient of emissivity of the tube walls Awall 0.8 [—]
Flue gas pressure (assuming atmospheric) pl 0.1 [MPal]
Given temperature difference (for gaseous fuels) At 25 [°C]

Table 4.12

Overall coefficient of heat transfer:

Where:

y is the coefficient of thermal effectiveness [-]

Y.
k=G
1+-out
Ain

Values used in the calculations for heat exchangers with smooth tubes

4.21)

is the coefficient of heat transfer outside the tubes, between the flue
gas and the heat exchanger tubes [W/(m?K)]

QAin is the coefficient of heat transfer inside the tubes, between the heat
exchanger tubes and the water/steam inside them [W/(m?K)]

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.

The coefficient of heat transfer outside the heat exchanger tubes:

@, = 0.023 -

0.8
Asteam (Wsteam * de 0.4
) “Plsteam "€t €1 Cm

de

Vsteam

Aoyt = 5 (acl + ar)

(4.22)

(4.23)
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Where:

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

A is the coefficient of heat transfer through convection outside the
smooth tubes of the heat exchanger [W/(m?K)]

a is the coefficient of heat transfer through radiation outside the tubes
of the heat exchanger [W/(m?K)]

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

A Wre * Deupe\"°
Qg = Cg Cyy * Flue . ( Flue tube) 'PrFlueO'gg (4.24)
Dtube VFlue
Where:
Cs is a correction coefficient characterizing the layout of the heat
exchanger tubes [-]
Cn is a correction coefficient depending on the number of lateral rows

of tubes [-]

Prppe  1s 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 < ¢, < 1.7.

cs = 0.34- ¢, %1 (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,.,,, < 10 and og; < 3.

€1 =3.121n,,,%%° =25 (4.26)

The coefficient of heat transfer through radiation outside the tubes:

41 1— (Twall)3'6
a T,
a, =5.7-1078- % ppue  Tre® - ———— (4.27)
1— wall
TFlue
Where:
Ayall is the coefficient of emissivity of the outer surface of the tube walls

[-]

are 1S the coefficient of emissivity of the flue gas [-]

BRNO 2016 83



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

Triye is the absolute flue gas temperature [K]

Twau is the absolute temperature of the tarnished outer tube walls [K]

The absolute temperature of the outer tube wall:
Twau = tsteam + At + 273.15 (4.28)
Where:
tsream 1S the average temperature of the steam inside the tubes [°C]

At is a given temperature difference [°C]

The coefficient of emissivity of the flue gas:

Apre =1 — €707 (4.29)
Where:
b is the coefficient of radiation decline [1/(m-MPa)]
S is the effective radiation layer thickness [m]
pl is the flue gas pressure, which is assumed to be atmospheric [MPa]

The effective radiation layer thickness:

5= 0.9 Do (é' o 1) o
T Diype
The coefficient of radiation decline:
b = by Xeri (4.31)
Where:
beri is the coefficient of radiation decline due to the presence of

triatomic gases [1/(m-MPa)]

Xeri is the concentration of triatomic gases in the flue gas [-]

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

78 + 16 b xH20 TFlue
b = ~1)-(1-037- o) 4.32
tri <3.16 N ) 1000 4.32)
Where:
Dp:eri 18 the partial pressure of triatomic gases in the flue gas [MPa]

The concentration of triatomic gases in the flue gas:

Xtri = XH20 " Xco2 (4.33)
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The partial pressure of triatomic gases in the flue gas:

Pp:tri = pl - xe

Flue gas parameters:

(4.34)

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].

f [oC] Moisture concentration Xy, [%]
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 Fiue [-]

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

Table 4.14 below.

Parameters Symbol | Value Units
Heat transfer rate required of SHyrp (theoretical L 3516 kW]
value)
2 Actual temperature of flue gas entering into SHip treat | 226.66 [°C]
= | Actual enthalpy of flue gas entering into SHip Ireat | 304.79 | [k]J/Nm3]
Mass flow rate of steam in the high pressure circuit LP
(only 95% passes through SHp) Msteam | 0-88 kg /s]
£ | Temperature of steam entering SHip tLP 156.15 [°C]
Q
& | Pressure of steam entering SHrp psf 0.56 [MPa]
Temperature of steam exiting SHip thP 170 [°C]
Pressure of steam exiting SHyp piP 0.46 [MPa]
Table 4.14  Parameters necessary for superheater SHrp design, not including parameters

describing the geometry of SHrp
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4.5.1 Geometry of the high pressure superheater SHrLp

The chosen dimensions of the smooth tubes used in the high pressure superheater (SHrp) 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 | DSE 38 [mm]
Tube wall thickness | thiL 4 [mm]
Inner tube diameter ak, 30 [mm]

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

S
tube =

____T N;

L
| |
I

=38

SH
tube —
SH
tube

D

Figure 4-10  Tube geometry SHrp

The dimensions describing the layout of the finned tubes of superheater SHip 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 asy = 38 mm
Longitudinal tube spacing So(spy = 117 mm
Lateral tube spacing in superheater SHrp:

S1sHy = Dinpe + asy = 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

g L 176
Mube/r =g G 0076 <

nftljbe/r =23

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 agy. The
calculated gap is within the acceptable range.

SH
Si(sH) _ Dtube

gap =L — (ntstljbe/r - 1) "S1(SH) —

2 2
0.076 0.038
gap =1.76 = (23 = 1) 0.076 - —— - ——=0.031m
] 1760
22x16=1672

19

Figure 4-11  Tube layout SHrp

4.5.2 Verification of the speed of steam passing through superheater SHrLp

The speed of the steam passing through superheater SHyp 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 SHyp.

tt” + 5% 170 +156.15

toy = = 163.08°C
LP LP
+ 0.46 + 0.56
Psu = PL TP _ = 0.51 MPa
2 2
gy = 0.379m3 /kg (determined using X-Steam, f(p,t))
Speed of steam:
MY 0.88-0.379
WSH = Steam SH =19.54m/s
Steam n: (dgzljbe)z .nSH T-U.Us 0.032 .23
4 tube/r 4

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 SHrp

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 SHpp.

! §h 35.16 .
IF_Irea = 226.66 — =303.28kJ]/Nm
(1 - QRC%) M (1- 0. 49) 23.49
100 VFlue 100
It — Ire:200 303.28 — 268.01
tr = . - (300 — 200) + 200 = 100 + 200 = 225.57°C
B Irue:300 — Triue:200 405.95 — 268.01

Average flue gas temperature:

_ tpe® +tp  226.66 + 225.57 .
fery =——— = > = 226.12°C

The actual volumetric flow rate of the flue gas:

o 273.15 + Egry 273.15 + 226.12 5
Mybe = ——7z 10 Myrwe = 5731E -23.49 = 42.93m3/s

The cross sectional area that the flue gas flows through:

A =H-L—H D}, nithe)r = 6.78-1.76 — 6.78-0.038 - 23 = 6.01 m?

Speed of the flue gas passing through SHrp:

M, 4293

AH., 601

weh, = =7.15m/s

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:

SH _ Sl(SH) _ 0.076 _
1 =
~ DS T 0038

Diagonal tube spacing relative to the outer tube diameter:

ISH _ st _ J(@)Z + (SZ(SH))2 B \/(%)2 + 0.1172

- psH DSH - 0.038

tube tube

= 3.24

%)

Coefficient of the relative tube spacing:

Both the calculated values of lateral and diagonal relative tube spacing are substituted
into equation (4. /4) to determine the coefficient of the relative tube spacing.
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w of—1 197-1

_ - — 0.44
$o T SH 173241

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

The flowing equation is applicable, because 0.1 < @37 < 1.7.
cSH =034 (5101 = 0.34-0.44% = 0.31

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

The flowing equation is applicable, because n34, < 10 and o7 < 3. Assuming that there is
only 1 lateral row of tubes in superheater SHyp.

cSH =312 (nSH,)005 — 25 =3.12-1005 - 25 = 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 SHip has been determined in previous calculations
regarding flue gas speed verification.

Temperature ter) = 226.12°C
226.12 — 200
A, = [T' (47.35 —39.23) + 39.23] 1073 = 4.135- 102 W /(m - K)

226.12 — 200
Vithe = [T' (45.45 — 32.36) + 32.36] 107 =3.578-107° m?/s

- (0.641 — 0.661) + 0.661] 1076 = 0.656 m?/s

226.12 — 200
Priie = [ 100

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

SH _ .SH , .SH ,
ey = Cs z1 DSH
tube

0.6
SH SH , nSH
/1Flue WFlue Dtube SH
. . ( Pr )0.33
SH Flue
VFlue

0.04135 (7.15 . 0.038\%¢

SH — 031-0.62 - ) - 0.656%33 = 39.11 W /(m2K
%e1 0038 \3.578-10-5 /(m7K)

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

The effective radiation layer thickness:

(4 sitst 4 0.076-0.117
§=09 Dipe | = —=5-—1]=09-0.038" (—-——1) = 0.23m
T T .
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The partial pressure of triatomic gases in the flue gas:
Pp:tri = P1 " Xty = 0.1+ 0.122 = 0.0122 MPa

The absolute flue gas temperature:
Tihe = Lery +273.15 = 226.12 + 273.15 = 499.27 K

The coefficient of radiation decline due to the presence of triatomic gases:
784+ 16 x TR
bt = H20 __1)-(1-037 &
3.16 * \/Dp:tri * Ssu 1000

( 78+ 16-0.078 1) (1 0.37 499.27
3.16-v0.0122 - 0.23 ' 1000

The concentration of triatomic gases in the flue gas:

xtn- = xHZO b xCOZ = 0078 + 004‘4‘ = 0122

SH _
tri —

) =37.14m - MPa™!

The coefficient of radiation decline:

b=bH x,; =3714-0122 =453 m™ - MPa™!

tri

The coefficient of emissivity of the flue gas:
ash =1 — e~bPLs = | — g=45301023 = 0991

The absolute temperature of the tarnished outer tube walls:
ToH, = tsy + 25 + 273.15 = 461.23 K

The coefficient of heat transfer through radiation outside the tubes:

3.6
SH
Twall)

1 - <
SH
] Awau + 1 . _SH .mSH 3. TFlue

Flue Flue SH

2 1— Twall
TSH

Flue

asf =57-1078

3.6

1~ (1557)

46123
499.27

0.8+1
a;! =57-1078 s 0.0991-461.233 -

1

The coefficient of heat transfer outside the heat exchanger tubes:

ast, =& (a2f +a%) = 1:(39.11 + 2.06) = 41.17 W /(m?K)

= 2.06 W /(m?K)
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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 SHip 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 tsy = 163.08°C

Pressure Psy = 0.51 MPa

psH o =26384kg/m3
wl o =1.4515-10"%Pa-s
ASE . =0.0316 W/(m-K)
Pref . = 1.0567

Kinematic viscosity of the steam:

SH -5
. wel . 1.4515-10 I
= = =5.5015-10
Vsteam = pggam 2.6384 m /S

The heat transfer coefficient inside the tubes of SH2up:

0.8

SH

SH __ 0.023 - /1.S‘team W.S‘team dtube P 04, . .

Ui = U. d ( rSteam Ct " C " Cm
tube V.S‘team

0.0316 ( 19.54-0.03

0.8
0.03 TT015. 10_6> -1.0567%%-1-1-1 = 260.92W /(m?K)

a;l =0.023 -

4.5.6 Overall heat transfer coefficient for SHrLp

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

Y-asy,  0.85-41.17
SH _ out _ _ 2
kS = —r = a1 = 30.22W/(m?K)

1+ a‘”‘t 1+ 750907
m

4.5.7 Logarithmic mean temperature difference across SHrp

AtsH = tTedt — P = 226.66 — 170 = 56.66 K
AtsH =t —thP = 22557 — 156.15 = 69.42 K
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AT — A3 69.42 — 56.66

AN (6942
In (—AéH) (3555

At = =62.83K

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:
ur 35.16

SSH _ SH

= = = 18.52 m?
out = }SH.AGH ~ 30.22- 62.83 m

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

Soweyr = H - Dithe - Mithe/r = 6.78-1-0.038 - 23 = 18.62 m?

out/r

The number of lateral rows of tubers in SHrp:

SH
nsH = SS‘};” _1852_ 599
S . 18.62

Naturally tis value must be rounded to the nearest whole number

SH _
Nyow = 1

4.5.9 Calculating the actual heat transfer rate of SHLp

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

Sodireat = 538 -nyll, = 18.62-1 = 18.62 m?

The actual heat transfer of SHrp:

QLhreal = | SH . gSHireal . A\pSH — 3022 -18.62 - 62.83 = 35.35kW

Error verification:
%Errorst = |(ﬁ— 1) . 100| = 0.53%
0 ~ \35.16 TR

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

4.5.10 Determining the actual parameters of the flue gas exiting SHrp

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

LP:real
35.35
I;eal _ Igeal _ Qs = 367.64 — =303.27kJ/Nm3

(1 - —QRC%) My pie (1-%33) - 23.49

100 ~ 100

Actual temperature of the flue gas at point F:

Jreal _ g _ 303.27 — 268.01
F Flue:200 - (300 — 200) + 200 = -100 + 200 = 225.57 °C

treal _
F 405.95 — 268.01

IFlue:300 - IFlue:ZOO

4.6 Design of the Low Pressure Evaporator EVip

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

Parameters Symbol | Value Units
Heat transfer rate required of EVp (theoretical L 1866.54 kW]
value)
o | Actual temperature of flue gas entering into EVip t]feal 225.57 [°C]
= | Actual enthalpy of flue gas entering into EVp Iy eal 1 303.27 | [kJ/Nm3]
= | Temperature of water entering EVLp thP 151.15 [°C]
<
£ | Pressure of water entering EVip piP 0.56 [MPa]
;\% Temperature of steam exiting EVip tLP 156.15 [°C]
% | Pressure of steam exiting EVp psf 0.56 [MPa]

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

4.6.1 Geometry of the high pressure evaporator EVLp

The chosen dimensions of the finned tubes used in the low pressure evaporator (EVrp) 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 DEV., 57 [mm]

% Tube wall thickness thipe 4 [mm]
Inner tube diameter at’,. 49 [mm]

Fin thickness thE" 1 [mm]
Number of fins per meter nfl‘; 230 [mm]

é Fin spacing Sﬁ‘fl 4.35 [mm]
Fin height hEY, 19 [mm]
Outer fin diameter DE’ 95 [mm]

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

EVip
T EY . Eu" -
i H‘Ifm: L Sfin=4, 32
oE HIRD
- -~
1
| 2
=5
Ll +—
_C
.
[ [on
(o LM -
1 I I
oe| o2 _ &
[ = o2
[ )
in
i m E m H ‘ ﬂ

Figure 4-12  Tube geometry EVip

The dimensions describing the layout of the finned tubes of evaporator EVrp 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 agy = 5.5 mm
Longitudinal tube spacing Sy@vy = 117 mm
Lateral tube spacing in evaporator EVup:

S1ev) = Dfitpe + 2 hfly + agy = 0.057 +2-0.019 + 0.0055 = 0.1005m

BRNO 2016 94



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

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

Naturally this value must be rounded to the nearest whole number

o o5 o 176
Sl(EV) ' 0.1005

ntube/r = - 05 = 1701

ntEthe/r =17
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.

Dy EV
uoe
gap = L = Nfype)r * S1(avin — > hfin

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

1760 _
16100.5=1608

275 |

819

T=117=

Figure 4-13  Tube layout EVp

4.6.2 Verification of the speed of flue gas passing through evaporator EVLp

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 EVpp.
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. Le 1866.54 5
1L = reat — 3 = 225.57 — IS =223.41kJ/Nm
__ XRC%\ . n
(1 100) MyFuue (1-To0) 2349
I = Irpye: 223.41 — 133.27
tl, =+ Fuel® 500 -100) + 100 = -100 + 100 = 166.9°C
Irtue:200 = IFiue:100 268.01 —133.27

Average flue gas temperature:

_ treal + ¢t 22557 +166.9 .
fry =——— = > = 196.24°C

The actual volumetric flow rate of the flue gas:

e 27315+ gy . 27315+ 196.24
VFlue =™ 973 15 VFlue = 273.15

-23.49 = 40.36m3/s

The cross sectional area that the flue gas flows through:

Aguee =H L —H Dfp, ntEtIL/be/r H-2-hfl, - thif, njgz‘; ntEthe/r

Aduct =6.78-1.76 —6.78-0.057 - 17 — 6.78-2-0.019- 0.001 - 230 - 17 = 4.36m?
Speed of the flue gas passing through EVup:

WEV :MVFlue_40.36
Flue ™ 4BV =7 4.36

=927 m/s

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 EVLp, through the flue gas
The coefficient of heat transfer through convection outside the finned tubes:

Lateral tube spacing relative to the outer tube diameter:

O-EV Sl(EV) _ 0.1005 _
1 DEV 0.057

tube

Diagonal tube spacing relative to the outer tube diameter:

S16n))? 2 0.10051°
IEV _ s'?V _\/( 1(2EV)) +(52(EV)) _\/( > ) +0.1172

- DEV., DEV . - 0.057

= 2.23

%)

Coefficient of the relative tube spacing:

Both the calculated values of lateral and diagonal relative tube spacing are substituted
into equation (4. /4) to determine the coefficient of the relative tube spacing.
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w_ o -1 _176-1
$o TV 1" 223-1

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 EVip has been
determined in previous calculations regarding the flue gas speed verification.

Temperature ter) = 196.24°C
196.24 — 100 3 _
Aplue = [T (39.23 — 30.89) + 30.89] *107° =3.891-10"“W/(m - K)

v [196.24 — 100

Ve 100 -(32.36 —21.41) + 21.41] 107 =3.195-107° m?/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 EVp.

V' =0.99

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

—-0.54 EV -0.14 EV

— EV . (,,EVY0.2 , ’1Flue Dtube h WFlue Sfin

=0.23-¢;" - (ps") S = EV —
Sfin Sfin Sfin VFlue

0.65

V' =0.23-0.99-0.62%2 -

0.03891 ( 0.057 >‘ 54 ( 0.019 )‘0-14 (9.27-0.00435>°-65
0.00435 \0.00435 0.00435 3.195 - 10-5

V' =38.89 W/(m?K)

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 BEV - hfj, and the quotient of Dfy,/Dfy,e » where BEV is a coefficient.

Coefficient PEV:

_ 2 Wy - al¥ B 2-0.85-38.89
P = thiy  Arin - (1 + & Wpin - af”) ~ /0.001-38- (1 + 0.0043 - 0.85 - 38.89)

BEV =39.03m™?
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Values needed to determine the coefficient characterizing the effectiveness of the fins:
BEV - hEY =39.03-0.019 = 0.74

DEY _0.095

—— = = 1.67
DEV, 0.057

Coefficient determined using the graph:

EEV = (.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:

(DEi‘r/l ) _1 0.095>

EV —_ —

St _ Diiibe _ (7os7) 1

Sewt [ DEV \* SEV  tpEV 0.09512 0.00435 0.001
(D,Q‘," ) ~1+2- (D,’;;" - DE’}‘") (v057) —1+2 (Foo57 —o057)

tube tube tube

St

fin

oy = 0.94

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

sV SEV
Zoutfin _ g MM _ 1 0.94=0.06

SEV EV

out out

The reduced heat transfer coefficient outside the tubes:

Sfim pEV . +S£1I{t—fin - Yrin- at’
SEV HTTSl ) T4e Wy - af”

out out

EV  _
Ar.out =

0.85-38.89

Arour = (0.94-0.82- 1+ 0.06) - T oma—rae—ass

= 23.97 W /(m?K)

4.6.4 Overall heat transfer coefficient for EVLp

For the design of evaporators and economizers the effect that the reduced coefficient of heat
transfer inside the tubes a,.;, 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 = afV . =23.97W/(m?K)
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4.6.5 Logarithmic mean temperature difference across EVLp

AtEV = treal — ¢bP = 22557 — 156.15 = 69.41 K
AtV =t —tt? =166.9 —151.15 = 15.75 K

AtEY — AtEY 1575 — 69.41
AtEV = 2 L= =36.18 K

A 15.75
In (résv) in(551)

4.6.6 The number of lateral rows of tubes required for EVLp

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

B 186654

Seu = = = 2152.14m?
out = }EV.AtEV ~ 23.97-36.18 m

The outer surface area of one fin:

—(D
SV =2-m (of)’ ( “‘"e) 7+ DFY, - thEY,

£V 0.095% — 0.0572 "
Sifin =21 2 +m-0.095-0.001 = 0.0094 m

The outer surface area of one finned tube per meter length:
Sgt‘{t/lm =mn: Dgtvlvve ) (1 nfm hjgl‘:l) + n Slfm

SEY )im =1+ 0.057 - (1 — 230 0.001) + 230 - 0.0094 = 2.29 m

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

Sout/r = Sowtjim " H * Nupesr = 2.29- 678+ 17 = 2643 m?

The number of lateral rows of tubers in EVLp:

o SE. 215214
row = SEV "= 56233

out/r

Naturally tis value must be rounded to the nearest whole number

EVH _
Nrow = 8
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4.6.7 Calculating the actual heat transfer rate of EVLp

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

SEVireal — GEV . pEV  — 264.33-17 = 2114.61 m?

out/r

The actual heat transfer rate of EVLp:

QLbireal — kEV . gEVireal . A¢tEV — 23.97-2114.61-36.18 = 1833.98 kW

Error verification:

(1833.98
| 1866.54

EVH _

%Error = 1) . 100| =1.74%

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

4.6.8 Determining the actual parameters of the flue gas exiting EVLp

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:

LP:real
1833.98
Igeal _ I;eal _ QQEV =303.27 — 049 = 224.81kJ/Nm3
_ Crewn) .y _ 7).
(1 100) My pie (1-T55) 2349

Actual temperature of the flue gas at point G:

real _ 224.81 — 133.27
preal _ _IF Flue100 500 _ 100) 4 100 = -100 4 100 = 167.94°C
G ( )+ 268.01 — 133.27 *

IFlue:ZOO - IFlue:lOO

4.7 Design of the High Pressure Economizer ECO:zup

Several parameters are required in the calculations associated with the design of the high
pressure economizer ECOzpp. Parameters, other than those describing the geometry of the
economizer, that are necessary for the calculations regarding the design and sizing of
economizer ECOznp, 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 ECOznp HP
(theoretical value) gcoz | 15821 [kw]
Actual temperature of flue gas entering into real o
2 | ECOmp te 167.94 [°C]
" | Actual enthalpy of flue gas entering into ECOznp [reat | 22481 | [kJ/Nm?3]
Mass flow rate of water in the high pressure circuit | . yp
(only 95% passes through ECOznp) Msieam | 324 lkg/s]
5 | Temperature of water entering ECO2np tiP 139.4 [°C]
<
z | Pressure of water entering ECOonp pif 5 [MPa]
Temperature of water exiting ECOapp tiP 151.4 [°C]
Pressure of water exiting ECOup pHP 4.9 [MPa]

Table 4.18  Parameters necessary for economizer ECOzup design, not including
parameters describing the geometry of ECOznp

4.7.1 Geometry of the high pressure economizer ECO2np

The chosen dimensions of the finned tubes used in the high pressure economizer (ECOnp) 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.

Fin height hESO? 8

Outer fin diameter DEE0? 49.7

Parameter Symbol | Value | Units

Outer tube diameter DECO? 337 | [mm]

% Tube wall thickness thECo2 4 [mm]
Inner tube diameter dgep? 257 | [mm]

Fin thickness thEC02 1 [mm]
Number of fins per meter n}ggloz 200 [mm]

é Fin spacing S]gi(;*loz 5 [mm]
[mm]

[mm]

Table 4.19  Parameters selected for the finned tubes used in the high pressure economizer
ECOznp
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Figure 4-14  Tube geometry ECOznp

The dimensions describing the layout of the finned tubes of economizer ECOznp 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 Agcor = 445 mm

Longitudinal tube spacing S2(Eco2) = 90 mm

Lateral tube spacing in economizer ECO:znp:
siEcoz) = DEGO? + 2 - hEEO? + apcpy = 0.0337 + 2+ 0.008 + 0.00445 = 0.05415m
Number of tubes in each lateral row of tubes in ECO2np:

Naturally this value must be rounded to the nearest whole number

L 1.76
ECO2
=——05=——-0.5=32.002
ntube/r 51(5002) 005415
ECO2
ntube/r =32

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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ECO2 DEGY  kcoa
uoe
9ap =L = Nyypepr * S18c02) ~ 5~ Nrin
0.0337

gap = 1.76 — 32-0.05415 — —0.008 = 0.00235m

31x54.15=1678.65

Figure 4-15  Tube layout ECOznp

4.7.2 Verification of the speed of water passing through economizer ECO2np

The speed of the water passing through economizer ECOznp 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 ECOznp.

t7F +¢f¥ 1514+ 139.4

EECOZ = 2 = 2 = 14‘54‘ OC
HP HP
_ p7  + pg 49+5
PEco2 = 5 = > = 495 MPa
Tgcoz = 0.0011m3/kg (determined using X-Steam, f(p,t))

Speed of water, before splitting economizer into sections:

0.95 M§ibam * Urcor _ 0.95-3.24-0.0011

ECO2 '
_ =0.20m/s
Steam = (dflfgez)z  scon - 0.02572 .37 /
— 4 ntube/r 4

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.

- ECO2  _
Number of sections Ngection = 4
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Figure 4-16  Splitting schematic ECO2np

Actual speed of water flowing through ECO:znp:

ECO2 _ ysECO2 ’, ECO2 _ A —
WSteam - WSteam nsection — 0.20 4‘ — 0.80 m/S

4.7.3 Verification of the speed of flue gas passing through economizer ECO2up

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 ECOzpp.

HP
158.21
I, = Ireat — QQECOZ =224.8 — 515 = 218.04 kJ /Nm?3
(1 - 1R000A’> *Myruue (1-To5) 2349
Iy = Irpge: 218.04 — 133.27
t), = —Fueld0 500 —100) + 100 = -100 4+ 100 = 162.91°C
Irtue:200 = IFiue:100 268.01 —133.27

Average flue gas temperature:

_ treal + ¢, 167.94 + 162.91 .

The actual volumetric flow rate of the flue gas:

qpcor _ 27315+ Eemy 27315+ 165.43
VFlue = 273.15 VFlue = 97315

- 23.49 =37.71m3/s

The cross sectional area that the flue gas flows through:

ECO2 _ .J] _y.pnEcoz2 . ,,ECO2 _ y5.9.KpECO2 pECO2 6 ,,ECO2 _ , ECO2
Aduct =H-L—H Dtube ntube/r H-2 hfin th in nfin ntube/r
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AECO2 — 678 1.76 — 6.78-0.0337 - 32 — 6.78 - 2- 0.008 - 0.001 - 200 - 32 = 3.93 m?
Speed of the flue gas passing through ECO2znp:

MEEP2 3771
Flue — gggtze = 303 =9.6 m/s
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 ECO2np, through the flue gas
The coefficient of heat transfer through convection outside the finned tubes:

Lateral tube spacing relative to the outer tube diameter:

ECO2 _ Sl(ECOZ) _ 005415 _ 1 6
91" T pEcoz T 00337

tube

Diagonal tube spacing relative to the outer tube diameter:

S1(EC02) 2 2 0.05415\2
pcoz _ S 0% \/( 2 ) + (52(c02)) B \/(T) + 0.092
% TDEET DEGO? - 0.0337

tube tube

= 2.79

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.

ccop . 01 %2—1  16-1

_ - ~0.34
o 0,02 _ 1~ 2791

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 ECOzup has been
determined in previous calculations regarding the flue gas speed verification.

Temperature gy = 165.43 °C
165.43 — 100
2EC02 = [T- (39.228 — 30.89) + 30.89] 1073 =3.635-10"2 W /(m - K)
165.43 — 100
vELOZ = [T- (32.36 — 21.41) + 21.41] -107% = 2.857- 1075 m?/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 ECOzpp.

cEcoz = 0,87

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

-0.54 ECOZ —0.14 ECO2 . (ECO2 0.65
(h' ) (W lue fm )

ac SECO2 ECO2

s ECO2 ECO2
fm fin

JEco2  /pECO2

ECO2 — ()23 . Cézcoz ] ((pgcoz)o.z Flue ( tube )
Sfm VFlue

0.03635

afO0% = 0.230.87 - 0.34°2 - —— = (

0.0337>‘°-54 (0.008>‘°-14 (9.6-0.005 )0-65
0.005 0.005 2.857-10-5

aEC0? = 48.81 W/(m?K)

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 S92 - hfEP? and the quotient of Df”* /Dfps . where BECO% s a coefficient.

Coeftficient pEO%:
BECO2 = 2-Weyp - afco? 2-0.85-48.81
this?? A (1 + & Wppp - aECOZ) 0.001-38-(1+ 0.0043-0.85 - 48.81)

BECO2 = 43,05 m~1

Values needed to determine the coefficient characterizing the effectiveness of the fins:
BECOZ - hELP? = 43.05 - 0.008 = 0.34

DECO?  0.0497

DECOZ ~ 0.0337

=1.47

Coefficient determined using the graph:

EECOZ — (.95

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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<_DE§102>2 1 0.0497\2
ECO2 - v.uas/ _
S in Diigucboe2 ( ) !
SECOZ -

ECOZ ~ D ECo2 2 SECOZ  (pECO2\  (0.0497\2 /0005 _ 0.001
(fL> —1+2-<Df§'502— D,’;‘C"m) G ) 1+2 (50337 0.0337)

ECO2
Dtube tube

tube

});.'_COZ

in

seoz = 083
ou

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

SECOZf- S?COZ

out—fin in

W: 1—W: 1—083 :017
out out

The reduced heat transfer coefficient outside the tubes:

ECO2 ECO2_ . L ECO2

a,ECOZ _ Sfm _EECOZ . +Sout—fm . LIJfm ac

rout = | GECO2 HT—gEcoz | ' T1¢. Wi - aECO2
out out n C

0.85-48.81
1+ 0.0043-0.85-48.81

aft%? = (0.83:0.95-1+0.17) -

= 33.8W/(m?K)

4.7.5 Overall heat transfer coefficient for ECOznp

For the design of evaporators and economizers the effect that the reduced coefficient of heat
transfer inside the tubes «;,..;, 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).

kECO2 = qECO2 = 33 8 W /(m?K)
4.7.6 Logarithmic mean temperature difference across ECOznr

AtFCO2 = treal _ ¢HP — 16794 —151.4 = 16.53 K
AtECO2 = ¢, — tlP = 16291 —139.4 = 23.51K

AP — At7°? 23.51—16.53

AOOn - 7351
i (At'iﬂ"Cf’Z) in(75%3)

=19.82K
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4.7.7 The number of lateral rows of tubes required for ECO2np

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

HP
GECO2 _ QEcoz _ 15821
out = }EC02 . A{ECOZ ~ 33.8.19.82

= 236.18 m?

The outer surface area of one fin:

(D}E_COZ)Z _ (chboz 2
in ube ECO2 . 13 ECO2

502 0.04972 — 0.03372 "
Sifim. =2-m" 2 +m-0.0497-0.001 = 0.0023 m

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

S6etfm = DERSZ - (1= nfG07 - thEEOT) + (0% - SEEC?
SECO2  — r.0.0337- (1 —200-0.001) + 200-0.0023 = 0.5351m
out/1im

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

Sowt)e = Sowtfim - H * nisperr = 05351+ 6.78 - 32 = 116.1 m?

out/r out/1im

The number of lateral rows of tubers in ECOznp:

scoa _ Sowt’ 236.18

trow” T gECoz T 1161

Naturally tis value must be rounded to the nearest whole number

ECO2 _
nTOW - 2

4.7.8 Calculating the actual heat transfer rate of ECO2up

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

Segprreal = gUC0% - nESo? = 116.1- 2 = 232.21 m?

The actual heat transfer rate of ECO2znp:

HEoFt = KECO2 . ghCp2meal . AtFLO2 — 33,8 232.2119.82 = 155.55 kW

Error verification:

155.55
158.21

%ErrorECo2 = |( - 1) . 100| = 1.68%
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The discrepancy between the theoretical and the actual heat transfer rate of economizer
ECOonp is less than 2%, thus the current configuration of ECOzpp is acceptable.
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4.7.9 Determining the actual parameters of the flue gas exiting ECO2np

Due to the discrepancy between the theoretical and the actual heat transfer rate of economizer
ECO2np the parameters of the flue gas exiting ECOznp at point H must be recalculated.

Actual enthalpy of the flue gas at point H:

HP:real
155.55
I}_}eal _ geal _ QEco2 = 22481 — = 218.15kJ/Nm3
1 — Qren) . (1 — —0'49) - 23.49
100 VFlue 100 '

Actual temperature of the flue gas at point H:

JTea
greal — H
H

IFlue:ZOO - IFlue:lOO

218.15 —133.27
268.01 —133.27

l
I . —
Flue:100 -100 + 100 = 163 °C

- (200 — 100) + 100 =

4.8 Design of the Low Pressure Economizer ECOvrp

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 ECOrp LP
(theoretical value) gco | 36582 kW]
2 Actual temperature of flue gas entering into ECOp | t}2% 163 [°C]
= | Actual enthalpy of flue gas entering into ECOrp reet | 218.15 | [kJ/Nm3]
Mass flow rate of water in the high pressure circuit | MEP | 0.88 [kg/s]
Temperature of water entering ECOLp tiP 53 [°C]
St
§ Pressure of water entering ECOrp p&f 0.86 [MPa]
Temperature of water exiting ECOLp thP 151.15 [°C]
Pressure of water exiting ECOLp piP 0.56 [MPa]
Table 4.20  Parameters necessary for economizer ECOrp design, not including parameters
describing the geometry of ECOLp
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4.8.1 Geometry of the low pressure economizer ECOLp

The chosen dimensions of the finned tubes used in the low pressure economizer (ECOyp) 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 DESL, 22 [mm]

% Tube wall thickness thEsl, 4 [mm]
Inner tube diameter dEeo 14 [mm]

Fin thickness thELO 1 [mm]
Number of fins per meter njz’gf 230 [mm]

é Fin spacing sﬁ-flo 4.35 [mm]
Fin height hELO 15 [mm]
Outer fin diameter DEEC 52 [mm]

Table 4.21

ECO
fin —

h

ECOrp

ECO -,
fin =07

B

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

ECO ECO

Thfil‘l = L S]E|I|:—1:"ifl35 -~
== I
iy %
|
-
i _._
W |
€ I

[N
L S5

-

aECO = 975 mm

Figure 4-17 Tube geometry ECOLp

Parameters selected for the finned tubes used in the low pressure economizer
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Longitudinal tube spacing S2(Ecoy = 90 mm

Lateral tube spacing in economizer ECOLp:
siEcoy = DEGS + 2 - hESC + agco = 0.022 + 2-0.015 + 0.00975 = 0.06175m
Number of tubes in each lateral row of tubes in ECOLp:

Naturally this value must be rounded to the nearest whole number

L 1.76

ECO
= 05=-—"""—05 = 28002
Mube/r =5 oo 0.06175
Nuve/r = 28

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.

DECO
tube hECO
2 - Nfin

ECO
gap =L — Ntube/r " S1(ECO) —

0.022
gap = 1.76 — 28-0.06175 — — 0.015 =0.005m

160

L 88

i

Figure 4-18  Tube layout ECO_rp

4.8.2 Verification of the speed of water passing through economizer ECOLp

The speed of the water passing through economizer ECOLrp 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.

_ ti? +¢t? 151.15+ 53
tEco = > = > = 102.08 °C
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pi® +ps”  0.56 +0.86

Peco = 5 > = 0.71 MPa
Trco = 0.001m3/kg (determined using X-Steam, f(p,t))
Speed of water, before splitting economizer into sections:
WECO ' — Mi%gm ‘Ugco 088 0.2001 — 0.203m/s
- (diype)” nECo m-0.014% 28
4 tube/r 4

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.

ECO =4

Number of sections Ngection =

Inlet Qutlet

Figure 4-19  Splitting schematic ECOrp

Actual speed of water flowing through ECOLp:

ECO
Wsﬁggm = Wsteam 'nfg:%'on =0.203-4=0.81 m/s

4.8.3 Verification of the speed of flue gas passing through economizer ECOLp

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 ECO¢p.
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LP
365.82
I = et — Eco =218.15 — =202.5kJ/Nm3
1 - rew) .y (1- —0'49) - 23.49
100 ) MvFue 100/ <>
I = I e 202.5 — 133.27
t; L e . (200 - 100) + 100 = -100 + 100 = 151.38°C

 Trie200 — Irmue00 268.01 — 133.27

Average flue gas temperature:

_ treet + ¢t 163 +151.38 .

The actual volumetric flow rate of the flue gas:

zco 27315+ T | i 27315+ 157.19
VFlue = 973 15 VFlue = 273.15

-23.49 = 37.01m3/s

The cross sectional area that the flue gas flows through:

Aguee = H - L — H - Dy, nigpesr — H - 2 hERD - thi2? - nfel - niiy,

AECO = 6.78-1.76 — 6.78 - 0.022 - 28 — 6.78 - 2- 0.015 - 0.001 - 230 - 28 = 6.45 m?
Speed of the flue gas passing through ECOLp:
Irpe 3701

AECO - 6.45

WECO = =574 m/s

4.8.4 Reduced heat transfer coefficient outside the tubes of ECOLp, through the flue gas

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

Lateral tube spacing relative to the outer tube diameter:

_ Sl(ECO) _ 0.06175 _
o =R = go2z - 201

tube

Diagonal tube spacing relative to the outer tube diameter:

51 2 2 0.061751\2
Eco s'ECO ~ \/( 1(;6'0)) + (SZ(ECO)) B \/(T) + 0.092
- Dig DESO - 0.022

tube tube

=432

%)

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.

sco . 010 —1 281-1

O = Eo—1 a32-1 0
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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 ECOrp has been
determined in previous calculations regarding the flue gas speed verification.

Temperature Eyn = 157.19°C

o [157.19 — 100

e = 100 -(39.228 —30.89) + 30.89] 1073 =3.566-10"2 W /(m - K)

o [157.19 — 100

Vie = 00 -(32.36 — 21.41) + 21.41] 1076 =2.767-107° m?/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.

ECO =0.87

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

JECO  /pECO —0.54 hECO —0.14 WECO . ¢ECO 0.65

ue uobe ue n

aEC0 = 023 . CECO ( ECO)OZ Fl tub Fl Sfi
c Po S}gco S}gco S}gco VECO
in in in Flue

0.03566
ECO = 0.23-0.87 - 0.54%2 . . (
e 0.00435

0.022 )‘0-54 (0.0015 )‘0-14 (5.74-0.00435>°-65
0.00435 0.00435 2.767 -10-5

afC0 = 42.41 W/(m?K)

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£0 - hff? and the quotient of Df5?/Dfip, , where BECC is a coefficient.

Coeftficient pEO:

ECO _ 2 -Wrin - akf 2-0.85-42.41
= thig? Apim - (1+ & Wrip - aECO) 0.001-38- (14 0.0043-0.85 - 42.41)

BECO = 4053 m™!

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

BECO - hELY = 40.53-0.015 = 0.61
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DECO 0052 536
DESY "~ 0.022 7

Coefficient determined using the graph:

EECO = (.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:

2

(DEifto> 1 0.052)2

ECO ~ECO - . _

St _ D _ (gozz) 1

SECO /pECcO2\? SECO  tpECO 0.052\° 0.00435 0.001
(—fé'éo> —1+2-<%—%> (0.022) -1+2- (S0 _0.022)

Dtube Dtube Dtube
Sfs?
D = 0.94

out

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

gEco sEco
wofin -2 = 1-094=0.06

ECO ECO

Sout out

The reduced heat transfer coefficient outside the tubes:

ECO ECO . . yECO

a'ECOt _ (Sfm . pEco o+ Sout—fm) . LIJfm ac

r:ou ECO ECO . . yECO
Sout Sout 1+e LIJfin ac

0.85-42.41
1+0.0043-0.85-42.41

afC9, = (0.94-0.85-1 + 0.06) - = 26.68W /(m?K)

4.8.5 Overall heat transfer coefficient for ECOLp

For the design of evaporators and economizers the effect that the reduced coefficient of heat
transfer inside the tubes «;,..;, 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).

kECO = oECO = 26.68W /(m?K)
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4.8.6 Logarithmic mean temperature difference across ECOLp

AtECO = ¢real _ kP = 163 — 151.15 = 11.83 K
AtECO =t/ —tlP = 151.38 — 53 = 98.38K

At30 — At{°° 9838 —11.83

BN (2830 = 40.88 K
ln(At’fCO) m\1183

AtESO =

4.8.7 The number of lateral rows of tubes required for ECOLp

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

GECo _ Heo 365.82

= = = 335.48 m?
out = }ECO . AtECO ~ 26.68 - 40.88 m

The outer surface area of one fin:

(DfE°)” ~ (0ESR)’

Sifm =2" 2 + - DESY - thEf?
Bco 0.052% — 0.0222 "
Sifin =21 2 +m-0.052-0.001 = 0.0037 m

The outer surface area of one finned tube per meter length:
ECO ECO ECO ECO ECO
Sout/im =T " DER - (1 —nfs? - thein )+ Nein * Sifin

Sewtyam =T+ 0.022 - (1 —230-0.001) + 230-0.0037 = 0.8928 m

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

Sowtir = Seowtyim " H* igpe/r = 0.89286.78 - 28 = 169.5 m?

out/r out/1im

The number of lateral rows of tubers in ECO3np:

cco _ Sowt’  335.48

row = SECoz = 1695

= 1.98

Naturally tis value must be rounded to the nearest whole number

ECO _
Nyow = 2
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4.8.8 Calculating the actual heat transfer rate of ECOLp

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

SEcoreal = ECO - nECO = 169.5- 2 = 338.99 m?

The actual heat transfer rate of ECO2np:

QLPreal = | ECO . gECO:real . AtECO — 26 68 - 338.99 - 40.88 = 369.65 kW

Error verification:

|(369.65
365.82

%ErrorECo =

- 1) : 100| =1.05%

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

4.8.9 Determining the actual parameters of the flue gas exiting ECOLp

Due to the discrepancy between the theoretical and the actual heat transfer rate of economizer
ECOvp the parameters of the flue gas exiting ECOrp at point I must be recalculated.

Actual enthalpy of the flue gas at point I:

LP:real
369.65
[real = [real _ QEco =218.15 — =202.34kJ/Nm3
AN (1 — —0'49) - 23.49
100 VFlue 100 '

Actual temperature of the flue gas at point I:

1% — Inpieno0 202.34 — 133.27
treal = — ue190 . (200 — 100) + 100 = -100 + 100 = 151.26°C
! IF1ue:200 — IFtue:100 268.01 — 133.27

4.9 Design of the High Pressure Economizer ECO1np

Several parameters are required in the calculations associated with the design of the high
pressure economizer ECO1np. Parameters, other than those describing the geometry of the
economizer, that are necessary for the calculations regarding the design and sizing of
economizer ECO1np, 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 ECO1pnp HP
(theoretical value) Qrcor | 1119.61 kW]
2 Actual temperature of flue gas entering into ECOnp treat 151.26 [°C]
& | Actual enthalpy of flue gas entering into ECO1np Ired 202.34 | [kJ/Nm?3]
Mass flow rate of water in the high pressure circuit “ HP
(only 95% passes through ECO1np) Msteam | 3.24 kg /s]
i | Temperature of water entering ECO\up thP 53 [°C]
<
2 | Pressure of water entering ECO1np p&F 5.1 [MPa]
Temperature of water exiting ECO1up thP 139.4 [°C]
Pressure of water exiting ECO1np piP 5 [MPa]

Table 4.22  Parameters necessary for economizer ECO;up design, not including
parameters describing the geometry of ECO xp

4.9.1 Geometry of the high pressure economizer ECO1np

The chosen dimensions of the finned tubes used in the high pressure economizer (ECO1np) 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 DECO! 337 | [mm]

% Tube wall thickness thECor 4 [mm]
Inner tube diameter atepr 257 | [mm]

Fin thickness thEE01 1 [mm]
Number of fins per meter nj:‘"gf’l 220 [mm]

é Fin spacing Sﬁ-ffl 4.55 [mm]
Fin height hELO1 12 [mm]
Outer fin diameter DEEo? 57.7 [mm]

Table 4.23  Parameters selected for the finned tubes used in the high pressure economizer
ECOjnp
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Figure 4-20  Tube geometry ECO1np

The dimensions describing the layout of the finned tubes of economizer ECO1np 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 Agcor = 4 mm

Longitudinal tube spacing S2(6co1) = 90 mm

Lateral tube spacing in economizer ECO:znp:
siecory = DESOY + 2 - hESPY + agpcor = 0.0337 + 2+ 0.012 + 0.004 = 0.0617m
Number of tubes in each lateral row of tubes in ECO1np:

Naturally this value must be rounded to the nearest whole number

1.76

ECOo1
- —05 = — 0.5 = 28.03
Mube/r = ¢ 0.0617
(ECO1)
Neberr = 28

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.

DESSY  kcon
— ECO1 tube
9ap = L = Nypeyr " S1Econ —— hfin

0.0337

gap =1.76 —28-0.0617 — —0.012 = 0.00355m
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Figure 4-21  Tube layout ECO np

4.9.2 Verification of the speed of water passing through economizer ECO1np

The speed of the water passing through economizer ECO pp 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 ECOyp.

_ tg” +td”  139.4 + 53

tecor = > = > =96.2°C
HP | . HP
_ pg +p 5+5.1
Pecor = > > = > = 5.05 MPa
Tgcor = 0.001m3/kg (determined using X-Steam, f(p,t))

Speed of water, before splitting economizer into sections:

0.95 - M§ibum * Urcor _ 0.95-3.24-0.001

wEcoL" — =0.22m/s
“nm (dipe)? . nECOo1 m-0.02572 28
4 tube/r 4

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.

ECO1 _ 4

Number of sections Ngection =
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Inlet Qutlet

Figure 4-22  Splitting schematic ECOinp
Actual speed of water flowing through ECO1np:

Ecor _ yECOL | Ecol _ A —
Wsteam = Wsteam ™ Nsection = 0.22-4=0.88 m/s

4.9.3 Verification of the speed of the gas passing through economizer ECO1np

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 ECO1pp.

he 1119.61
I = Iyeet — Ecol =202.34— = 154.43 kJ /Nm?3
1 — 9rew). gy 1-249). 2349
100 ) MvFiue 100 '
I = Irpe: 154.43 — 133.27
) = — 20 . (200 - 100) + 100 = £100 + 100 = 115.71°C

 Irme:200 — Irme:100 268.01 — 133.27

Average flue gas temperature:

_ tyett +t;  151.26 4+ 115.71 .
iy =—5—= > = 133.49°C

The actual volumetric flow rate of the flue gas:

cecor _ 27315+t 273.15 + 133.49

— ) — 3
VFlue = 57315 VFlue = 57315 23.49 =3497m>/s

The cross sectional area that the flue gas flows through:

ECO1 _ .7 _ py.pnEkcCo1_  _ECO1 _ ¢y.9o.3ECO1, 43pECO1,6  ECO1 _ ,ECO1
Aduct =H-L-H Dtube ntube/r H-2 hfin th in nfin ntube/r
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AECOl — 678-1.76 — 6.78-0.0337 - 28 — 6.78 - 2- 0.012 - 0.001 - 220 - 28 = 4.53 m?

Speed of the flue gas passing through ECO1np:

MEEPL 3497
WECOL = = =771 m/s
“e  AECOl 453

4.9.4 Reduced heat transfer coefficient outside the tubes of ECO1np, through the flue gas
The coefficient of heat transfer through convection outside the finned tubes:

Lateral tube spacing relative to the outer tube diameter:

rco1 _ Si@Econy  0.0617
%1 TTpEcot T 00337

tube

Diagonal tube spacing relative to the outer tube diameter:

5 ? 2 0.06172
ECO1 SlECOl ~ \/( 1(E26'01)) + (SZ(EC01)) _ \/( > ) + 0092

- DECOl - DECOl 0.0337

tube tube

o, = 2.82

Coefficient of the relative tube spacing:

Both the calculated values of lateral and diagonal relative tube spacing are substituted
into equation (4. /4) to determine the coefficient of the relative tube spacing.

ECOo1
por _ 1M -1 _183-1
0,/EC0T _ 1~ 282 —1

oE 0.46

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 ECOup has been
determined in previous calculations regarding the flue gas speed verification.

Temperature Eay = 133.49°C
133.49 — 100
ECOl = [T' (39.228 — 30.89) + 30.89] 1073 =3.368- 1072 W/(m - K)
133.49 — 100
ECOL — [T' (32.36 — 21.41) + 21.41] 1076 = 2.508-107° m?/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 ECOjpp.

cEc01 = 0,98

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

JECO1  spECO1\ ~05%  ,pECo1\ ~0-14 ECO1 . GECO1 0-65
a’ECOl =0.23- CECOl . ( 5001)0_2 . “Flue tube . in . Flue fin
c . z Po gECO1 '\ GECO1 SECOT JECO1
fin fin fin Flue

aE0l = 0.23-0.98-0.46%2 -

0.03368 (0.0337 )‘0-54 (0.0012 )‘0-14 (7.71-0.00455>°-65
0.00455 \0.00455 0.00455 2.508-10-5

aECOl = 46.81 W/(m?K)

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 BE°1 - hEEP! and the quotient of Dfi5' /Dy, . where BEC€OL is a coefficient.

Coefficient pECO!:

ECO1 _ 2 Wrin - ag %! _ 2-0.85-46.81
LhEEOY - Apiy - (1 + & Wryy - @E€0Y) [0.001-38- (1 +0.0043 - 0.85 - 46.81)

n

BECOL = 42.29 m~1

Values needed to determine the coefficient characterizing the effectiveness of the fins:
BECOL - hfPt = 42.29-0.012 = 0.51

DEEo1 _0.0577

DESOL  0.0337

=171

Coefficient determined using the graph:

EECOL = 0.9

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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DECOl 2
Sin_ (5ir) - (L0577
gECO1 ™ ECO1\ 2 ECO1 ECO1 0.0577 0.00455  0.001
" @fi%l) _1+2'<ZEZC;0; f%};) (0-03 ) - 1+2 (59337 ~ 0:0337)
sEco1
GECOT — =09

out

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

SECOl SECOl

out—fin fm _ _

~ror = 1= gprpr = 1- 09 = 0.1
out out

The reduced heat transfer coefficient outside the tubes:

ECO1 ECO1 ECO1

oECO1 _ Stin . EECO1. 4 Sout—fin Yrin - ac

riout = | GECO1 u SECOT | 11 ¢- e - qECO1
out out mn

0.85-46.81
1+ 0.0043-0.85-46.81

aroot =(09-09-1+0.1)- =30.94 W /(m?K)

4.9.5 Overall heat transfer coefficient for ECO1np

For the design of evaporators and economizers the effect that the reduced coefficient of heat
transfer inside the tubes a,.;, 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).

kECOL = qECOL = 30.94 W /(m?K)

4.9.6 Logarithmic mean temperature difference across ECO1np

AtECOT — ¢real _ ¢HP — 15126 —139.4 = 11.86 K
At5COT =t —t§P = 11571 =53 = 62.71 K

AtECOl AtECOl 6271 — 11.86

In ECO1 =
Ath 62.71
In (AtECUl) In (11.86)

= 30.53K
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4.9.7 The number of lateral rows of tubes required for ECO1np

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

HP
GECO1 _ Qkco1 _ 111961
out = }ECOL. A{FCOT ~ 30.94-30.53

= 1185.18 m?

The outer surface area of one fin:

- (D]};::i$1,01)2 _ (Dgcb%1 2

Sifmt=2" 2 + - DESOT - thefot
ECo1 0.0577% — 0.03372 "
Sifim =2-m" 2 +m-0.0577-0.001 = 0.0036 m

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

ECO1 _ _.pECO1. (4 _  ECO1 .. ECO1 ECO1 . cECO1
Sout/im = T * Deupe (1 N thiim )+nfin Sifin

SECOL  — 7-0.0337- (1 —220-0.001) + 220-0.0036 = 0.8805 m

out/1m

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

Soity = Sewtyim " H * fwpsyr = 0.8805 - 6.78 - 28 = 167.16 m?

out/r out/1m

The number of lateral rows of tubers in ECO1np:

sco1 _ Sowt 1185.18

Mrow' = SECOL ~ 1716 00

out/r

Naturally tis value must be rounded to the nearest whole number

ECO1 _
Nrow™ =

4.9.8 Calculating the actual heat transfer rate of ECO1np

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

sheorreal = sECOL - nESOt = 167.16 -7 = 1170.1 m?

The actual heat transfer rate of ECO1np:
Hpbireal — | ECOL. gECOLTeal . \¢ECO1 — 30.94-1170.1-30.53 = 1105.36 kW
Error verification:

1105.36
%ErrorECol = |(m - 1) . 100| =1.27%
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The discrepancy between the theoretical and the actual heat transfer rate of economizer
ECO np is less than 2%, thus the current configuration of ECO1np is acceptable.
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4.9.9 Determining the actual parameters of the flue gas exiting ECO1np

Due to the discrepancy between the theoretical and the actual heat transfer rate of economizer
ECO np the parameters of the flue gas exiting ECO1np at point J must be recalculated.

Actual enthalpy of the flue gas at point J:

HP:real
1105.36
I]real = [real _ Qkcor =202.34 — = 155.04 kJ/Nm3
1 — Qren). gy (1 ——0'49) - 23.49
100 VFlue 100 '

Actual temperature of the flue gas at point J:

155.04 —133.27
268.01 — 133.27

real
real _ I] - IFlue:lOO

t; -100+ 100 = 116.16°C

= - (200 — 100) + 100 =
IFlue:ZOO - IFlue:lOO

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.

=) = 9 == ) — = @

parameters §D§ S\g ?é {j: ; g 'Fé c:% %D —% %T% —% 7%

c5| 2% | 52 | 22| 25 |E£8| 55

= <E | S8 | 3 Z2-=21 2=

Symbol Wrie | Wsteam Qredt S2 S1 Nube/r | Nrow
Units [m/s] | [m/s] | [kW] | [mm] | [mm] [-] [-]
SHonp 10 19.79 807.23 117 74.8 23 4

o | SHiwp 9.73 15.98 1297.87 117 74.8 23 4
% EVie | 1045 - | s16508 | 17 | 1065 | 16 17
% ECOsnp 10.27 1 1468.96 90 54.05 32 9
T |ECOwr | 96 0.8 155.55 | 90 | 54.15 32 2
ECO1np 7.71 0.88 1105.36 90 61.7 28 7
o SHrp 7.15 19.54 35.35 117 76 23 1
E % EVip 9.27 - 1833.98 | 117 | 100.5 17 8
& | ECOrp 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/Nm?]

symbol | value symbol | value
A ta | 490 I, |678.69
B ty | 466.32 I | 644.15
C te | 42824 I |588.62
D t, |272.23 I, |367.64
E tg 226.66 Ig 304.79
F te 225.57 Ir 303.27
G te 167.94 I; 224.81
H ty | 163 I, |218.15
I t; 151.26 I 20234
J t 116.16 I 155.04

Table 4.25  Actual flue gas parameters at various points throughout the boiler
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S MATERIAL SELECTION

The material that the heat exchanger tubes are made of is selected according standers (CSN EN
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:

Where:

tSteam:out
Atsafe

Safety margin (for superheaters):

tref = tsteam:out T Atsafe

is additional safety margin [°C]

Atgqre =35 °C

Safety margin (for all other heat exchangers):

Where:

thiupe(mm) 1s the thickness of the tube wall [mm]

Atsafe =15+2- thtube(mm)

5.1

is temperature water/steam exiting the heat exchanger [°C]

(5.2)

(5.3)

Parameter Exiting steam Safet‘y Reference Selected tube material
temperature margin temperature (CSN EN 12952-3)
Symbol Lsteam:in Atsare tref -
Units [°C] [°C] [°C] -
SH2up 450 35 485 16Mo3
© | SHinp 408.46 35 443.46 16Mo3
g EVup 261.4 23 284.4 P235GH
% ECOsnp 256.4 23 279.4 P235GH
T | ECO2np 151.4 23 174.4 P235GH
ECO1np 1394 23 162.4 P235GH
SHirp 170 0 170 P235GH
g |Evie 156.15 23 179.15 P235GH
ECOrp 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 D,y is chosen according to the steam production rate Mg;pqm, 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 L, is chosen to be the same as the width of
the flue gas duct L. The wall thickness of the steam drum th ., is selected from a suggested
range of between 40 and 120 mm [7].

Equations used in the design of steam drums

Load verification:

Zarum < Zmax (6.1)
Where:
Zgrum 1S the steam drum load [kg/(s-m®)]
Zmax is the acceptable steam drum load [kg/(s-m?)]

Steam drum load:

_ MSteam (62)

Zdrum =

Vdrum
Where:

Msioqm 18 the steam production rate of the respective circuit [kg/s]

Virum  is half of the steam drum volume [m?]

Half of the steam drum volume:

_ - (ddrum)z ’ Ldrum (63)

drum )

Where:
dgrum 1S the inner steam drum diameter [m]

Lgrum 18 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:

DHP =12m

drum
thif  =0.04m

ait =DpHP —2-thHP =12-2-004=112m

drum drum
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L =L=176m

Half of the steam drum volume:

- (diP - LHP m-1.12%-1.76
Vdrum - ( drurré drum = 3 = 0.87m2

Steam drum load:

up | MHEEL. 3.24
Zdrum = yHP — T g7

drum

=3.74kg/(s-m3)

Load verification:

The acceptable steam drum load is determined from 7able 6.1, through linear interpolation,
according to the pressure in the steam drum. This pressure has been determined in previous
calculations.

Pressure pib = plf = 4.8 MPa

Parameter Symbol Units
Pdarum [MPa] 0932 | 147 | 2.65 | 422 | 6.8

Steam drum pressure

Acceptable load Zmax | Lkg/(s-m®)] | 225 | 28 | 425 | 54 | 69
Table 6.1 Acceptable steam drum load according to pressure
4.8 —4.22
HP = ————:(69—54)+ 54 =574kg/(s-m?)

fmax = g8 452

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:

DL =12m
tht,  =0.04m

diPm = DEP L — 2 thE, =1.2—-2-0.04=112m
I n=L=176m

Half of the steam drum volume:

- (ddrum) LEP _n-1.122 -1.76

ViR = 3 = 0.87m?
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Steam drum load:

MEP 0.88
LP _ Steam __ _ .
zEP o = VI =087 1.02 kg/(s - m3)
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.

Pressure pit.m = pi¥ = 0.56 MPa
1p 05670932 (2.8—2.25) +2.25=187k 3
fmax =147 0932 O~ 2 = 167 kg/(s-m7)

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 Low pressure

steam drum steam drum
Steam drum pressure Parum [MPal] 4.8 0.56
Acceptable steam drum load |  Zzg,m [kg/(s - m?)] 3.74 1.02
Steam drum load Zmax | [kg/(s - m?)] 5.74 1.87
Outer diameter Dgrum [m] 1.2 1.2
Wall thickness tharum [m] 0.04 0.04
Length Larum [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 [m?]:

Apown = Agy  (0.06 + 0.016 - Pgrym + 0.005 - Agrym)

Where:
Agy is the cross sectional area of the evaporator tubes [m?]
Rgrym  iS the approximate steam drum height [kg/(s-m?)]
Steam drum height:

(7.1)

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

Cross sectional area of the evaporator tubes:

Agy = 4 *Ntube/r * Nrow

Cross sectional area of the riser tubes [m?]:

Apiser = Agy * (0.1 4 0.01 - pgrym + 0.01 - hgrym)

7.1 Downcomer Tube Sizing
Approximate high and low pressure Steam drum height:

hAE . =hi . =H+3=6784+3=978m

(7.2)

(7.3)

(7.4)
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7.1.1 High pressure downcomer tube sizing

Cross sectional area of the evaporator tubes:

- dEVl - 0.0492
( iube nth‘{ble/r nfg.}, - T 16-17 = 0.513 m?

AEV -
Cross sectional area of the downcomer tubes:

AP = AP - (0.06 4 0.016 - piF ., +0.005 - REE

ARP =051 (0.06 + 0.016 - 4.8 + 0.005 - 9.78) = 0.095 m?

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 DHP | 2445 | [mm]

Wall thickness thi? n 10 [mm]
Inner tube diameter dif | 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

AHP 0.513
HP _ Down _ —
Mown = T (@HP N7 = 7022452 -t
4 4
nggwn =3

7.1.2 Low pressure downcomer tube sizing

Cross sectional area of the evaporator tubes:

m-(d 7 - 0.0492
ALp = m(dflhe)” N e r - Nty = ————+17 - 8 = 0.256 m?

4 4

Cross sectional area of the downcomer tubes:
ARR v = AES - (0.06 + 0.016 - pP,,,, +0.005 - h4E
AL . =0.51-(0.06+ 0.016-0.56 + 0.005 - 9.78) = 0.03 m?

The geometry of the downcomer tubes is chosen and then used to determine the number of
downcomer tubes required.
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Parameter Symbol | Value | Units

Outer tube diameter DL | 2445 | [mm]

Wall thickness thsb n 10 [mm]
Inner tube diameter diP . | 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

Ak 0.256

LP = = =

MBown = (P 37 = 7w 022457 /0
4 4

nf)ﬁwnzl

7.2 Riser Tube Sizing

7.2.1 Height pressure riser tube sizing

Cross sectional area of the riser tubes:
ARLser (0 1+0.01- pdrum +0.01- hdrum

AHP = 0513 (0.1+ 0.01 4.8+ 0.01-9.78) = 0.126 m?

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 DEE.. 133 [mm]
Wall thickness thi®.. 8 [mm]
Inner tube diameter agf.. 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

AlP 0.126
HP  _ Riser — —
MRiser r-(dliF, )} T 01172 11.73
Riser - 4
4
"gger=12
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7.2.2 Low pressure riser tube sizing

Cross sectional area of the riser tubes:

Aﬁliaser = Agy - (0-1 +0.01 - piym +0.01 hfum

ALP  =0.513-(0.1+ 0.01-0.56 + 0.01-9.78) = 0.052 m?

Riser

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 | 168.3 | [mm]
Wall thickness thif.. 8 [mm]
Inner tube diameter aif.. | 1523 | [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

Hp AHP _ 0052 _ 286
e ()P mo0.15237 7%
Riser T
4
ngiI;erZB
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8 FLUE GAS PRESSURE LOSSES THROUGH THE BOILER

The total flue gas pressure loss through the boiler Ap;.;orq; Mmust be lower than the maximum
acceptable pressure 108s Ap;max = 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):

Ap,=g- (WFQJ " PFlue (8.1)
Where:
Ap; is flue gas pressure loss across individual heat exchangers [Pa]
< is the pressure loss coefficient, determined from the geometry of

the heat exchanger [-]

The pressure loss coefficient (for heat exchangers with finned tubes):

hsin fa Sfin \ k2
G=1ky Nyow" ( L ) . (—f ) : (Re)_k3 (8.2)

D tube D tube

Where:
Re is the Reynolds number of the flue gas [-]

ki34  areconstants, 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 k4 k, ks ky
Value [-] 0 | 072|024 | 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;/Diype < S2/Diupe

¢=(4+6.6-n,,,) (Re)~ %28 (8.3)
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Reynolds number:

Weige - do)?
Re = ( Flue e) (84)
VFlue
Where:
d, is equivalent diameter [m]

VElue is the kinematic viscosity of the flue gas, according to the average
temperature of the tarnished outer tube walls [m?%/s]
Equivalent diameter of the flue gas duct:
4-Ap.quee 4 L-H 4-1.76-6.78
de:quct = =5 =7 =
PERyue:e 2-(L+H) 2-(1.76+ 6.78)

2.79 m (8.5)

Where:
Ap.guce i the cross sectional area of the flue gas duct [m?]

PER 4, Is the perimeter of the flue gas duct form the view of the cross
section [m]

Average temperature of the tarnished outer tube walls:
twau = tsteam + At (8.6)
Where:
tsteam 1 the 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.
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g |8 | 2| £ |F |ZE| 28| =7 %
Symbol | Diype | Ppin | Srin | Wre | Trow | twau VFlue Re
Units | [mm] | [mm] | [mm] | [m/s] | [-] [°C] [m?/s] [-]
SHimp 31.8 | 15 | 9.09 | 10 4 | 42423 | 6.36-10° | 1.23-10’

© | SHowp 31.8 | 15 | 7.69 | 973 | 4 ]359.93 | 5.41.105 | 1.37-107
% EVip 57 19 | 6.67 | 1045 | 17 | 238.9 | 4.33-10° | 1.97-10’
%: ECOsp | 318 | 8 | 526 | 1027 | 9 | 2289 | 3.61-10° |2.28-107
= | ECOmp | 337 8 5 9.6 2 | 1704 | 2.91-10° | 2.47-107
ECOwpr | 337 | 12 | 455 | 7.71 7 | 1212 | 2.37-10° | 1.96-107
SHip 38 - - 7.15 1 188.08 | 3.11-10° | 1.28-10’
E: EVip 57 19 | 435 | 927 8 | 178.65| 3-10° |223-10
ECOrp 22 15 | 435 | 574 | 2 |127.08 | 2.44-10° | 1.06-107

Table 8.2

8.1.1 Pressure losses across superheater SH2up

The pressure loss coefficient for SH2np:

key —k»

RN (s k

in in -

SsH2 = ka4 - nio (Dsm) ) (Dsm) ) (Re(SHZ)) ’
tube tube

54 (15 )0 (9.09)‘0'72
SsHz2 = 31.8 31.8

Pressure loss across SHznp:

(Wihz)? 102
: 2"9 Priue = 0.39 - ——1.2772 = 25.04 Pa

+(1.23-107)7%2% = 0,39

APE H2 = CsH2

8.1.2 Pressure losses across superheater SHinp

The pressure loss coefficient for SHinp:
ks —k,

Rt ssh .

in in -

o1 = kg nibs - <D5H1> ) <D5T> ) (Re(SHl)) ’
tube tube

151\° (7.69\ %72 024

Values for calculations regarding flue gas pressure losses
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Pressure loss across SHinp:

st _ (Wsht)? _ 9.732

PL " = SsH1 s Priye = 0.43 - -1.2772 = 26.04 Pa

8.1.3 Pressure losses across evaporator EVup

The pressure loss coefficient for EVup:

}g_v1 kq S}g_V1 —kz .
mn n -
CEvi = k4 : nfgmll : (DEV1> : (DEV1> : (Re(EVl)) :
tube tube
19\° /6.67\7%72
Sgvi=2-17"- (ﬁ) : (?) +(1.97-107)7024 = 283

Pressure loss across EVup:

2
wWErL 10.452

Apr¥ " = Ggpyq +1.2772 = 197.3 Pa

8.1.4 Pressure losses across economizer ECOznp

The pressure loss coefficient for ECOznp:

key —k

}L:.'_C03 S;.'_CO3 K
mn mn -
SEcos = ka " nELD (DECO3> ) (DECO3> ) (Re(ECO3)) ’
tube tube
38 0 5.26 -0.72
=2-9-[—]) - —) +(2.28-107)7924 = 1,13

SEco3 (31.8) (31.8 ( )

Pressure loss across ECOsnp:
WEC03)? 10.272
ApEC?3 = ¢pcps -%-pme =1.13- -1.2772 = 75.96 Pa

8.1.5 Pressure losses across economizer ECOz2upr

The pressure loss coefficient for ECOznp:

key —k

S}zigloz .

—R3

' (DEcboz> ' (Re(ECOZ))
tube

}g_coz
mn
Cecor = ka -nES9? - (DECOZ>
tube
38 0 5 —0.72
secon =22 (537) “(z77) @47 10070 =027

Pressure loss across ECOznp:

WEC02 2 9.62
ApFCO? = cpeon .%-pme = 0.27-7- 1.2772 = 15.65 Pa
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8.1.6 Pressure losses across economizer ECO1up

The pressure loss coefficient for ECO1np:

}5_001 k1 S}s_co1 —k; .
n n -
SEco1 = k4— : nfgmoll : (DE(;01> : (DE(;01> ' (Re(E(,'Ol)) :
tube tube
12 \% /4.55\7 %7
secor =27 (537) (337) 196100707 = 105

Pressure loss across ECO1np:

2
(WESS 7.712

= Cgco1 T " Priye = 1.05 - -1.2772 = 40.03 Pa

APECO:L

8.1.7 Pressure losses across superheater SHLp

The pressure loss coefficient for SHLp:

Con = (4+ 6.6 181 (Regsiy) - = (4+6.6-1) - (1.28-107)"028 = 0,11
Pressure loss across SHLp:
(wst,)? 102

Apit = ¢gy Priwe = 011 —=-1.2772 = 3.53 Pa

2

8.1.8 Pressure losses across evaporator EVLp

The pressure loss coefficient for EVLp:

hi
gy = ky gy - (DEV )
tube

fey —k

5}51‘1/1 k
—R3
' (DEV ) ' (Re(EV))
tube

19\° /4.35\7%7?
Sgy =2-8- (ﬁ) . (?) -(2.23-107)7%2* =176

Pressure loss across EVip:

2
(Wige 9.272

5 Prive = 176 -1.2772 = 96.41 Pa

APE V= SEVH

8.1.9 Pressure losses across economizer ECOLp

The pressure loss coefficient for ECOLp:

RECONK / gECO\ ke ;
n n -
SEco = Ka- nigy <D500> ) <D500> ) (Re(ECO)) ’
tube tube
15\% /4.35\7%72
=2:2'=] ‘|— - (1.06 - 107)7024 = .27
Seco = 22 (22) (22) ( )
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Pressure loss across ECOLp:

pECO (WES9)® 5.742

PL"" = SEco s Priye = 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)

Appy = App"? + Api™ + App¥t + AppeO% + ApfO% + Ap“Ct + Ap" + ApY + Ap[® (8.7)
Apyy = 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 Hgtack 16 [m]
Inner stack diameter dstack 1.05 [m]
gﬁzfeftlflllzrz:ﬂ())f friction inside the stack Asacr 0.03 (-]
Inlet pressure loss coefficient S 1 [—]
Outlet pressure loss coefficient QoKL 1 [—]
Pressure loss across the stack silencer Apst 200 [Pa]
Stack inlet temperature t; 116.16 [°C]
Density of air Pair 1.275 | [kg/Nm3]
Acceleration due to gravity g 9.81 [m/s?]

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).

Hstack . (VVFlue)2
dstack 2

" PFlue (88)

ric
APL = Astack
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Where:
Astack 1S coefficient of friction inside the stack [-]
Hgiqer 18 functional stack height [m]
dstack 1S the 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:

- (d 2 m-1.052
Astack — ( sztack) _ . —1.73 m2

Actual volumetric flow rate of the flue gas in the stack:

t;+273.15 116.16 + 273.15

gstack 3
=M L = 2349- = 33.48
MyFiue = Mvre " =735 27315 m*/s
Speed of the flue gas in the stack:
MStack 33 48
wstack — _VFlue _ =19.33 m/s
Agace 173
Pressure loss due to friction:
, H w, 2 16 19.332
Apl T = Agpqen - 2K (Wrive) - prige = 0.03 - —— - ——".1.2772 = 109.09 Pa

dstack 2

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 (8.7) was
used.

(Whe)” Fﬁfg") 19.332

e = (1 + 1) -1.2772 = 477.28 Pa

inout _ (-in out
ApL (gstack + gstack

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).

273.15 (8.9)
Prwe 27315 +1,) 7

273.15
273.15+ 116.16

Apeff = Hgtacr * <pair -

Apesr = 16+ (1.275 —1.2772 - ) +9.81 = 59.53 Pa
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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.
ApftaCk — Ap[ric + Apin:out + Apfil _ Apeff (8.10)
Ap,ft‘“k = 109.09 + 477.28 4+ 200 — 59.53 = 726.84 Pa

8.3 Opverall Flue Gas Pressure Losses through the HRSG

The overall flue gas pressure drop is calculated according to equation (8.71), as the sum of the
overall pressure loss across the stack and the pressure loss across all the heat exchangers in the
boiler.

ApLcorar = ApSTeK + Apy, = 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
SHoup) was selected according to the required heat transfer rate and the suggested steam and
flue gas flow speeds. The inner dimensions of the HRSG casing (flue gas duct dimensions)
where then determined according to the geometry of superheater SHoup. 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 HRSG
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 HRSG (seen in appendix O-DP-HRSG/01) shows
the main dimensions of the HRSG and its components, including the general layout of the
individual heat exchangers inside the HRSG casing, which has been split into six modules for
transportation purposes.
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LIST OF SYMBOLS

Abbreviations: Meaning:

HRSG heat recovery steam generator
HP high pressure circuit
LP low pressure circuit
ECOrp low pressure economizer
ECO1np first heat exchanger of the high pressure economizer
ECOznp second heat exchanger of the high pressure economizer
ECOsnp third heat exchanger of the high pressure economizer
EVLp low pressure evaporator
EVup high pressure evaporator
SHip low pressure superheater
SHinp first heat exchanger of the high pressure superheater
SHonp second heat exchanger of the high pressure superheater
Index: Meaning:
12,..,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
ECO1 first heat exchanger of the high pressure economizer
ECO2 second heat exchanger of the high pressure economizer
ECO3 third heat exchanger of the high pressure economizer
EV low pressure evaporator
EV1 high pressure evaporator
SH low pressure superheater
SH1 first heat exchanger of the high pressure superheater
SH2 second heat exchanger of the high pressure superheater
Ar argon
co2 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:

a. convective heat transfer coefficient outside the heat [W/(m?K)]
exchanger tubes (find tubes)

A convective heat transfer coefficient outside the heat [W/(m?K)]
exchanger tubes (smooth tubes)

Ain heat transfer coefficient inside the heat exchanger tubes [W/(m?K)]
(smooth tubes)

Xout heat transfer coefficient outside the heat exchanger tubes [W/(m?K)]
(smooth tubes)

a, coefficient of heat transfer through radiation outside the tubes [W /(m?K)]
of the heat exchanger (smooth tubes)

Qrin reduced heat transfer coefficient inside heat exchanger tubes [W/(m?K)]
(find tubes)

Ar-out reduced heat transfer coefficient outside heat exchanger tubes  [W /(m?2K)]
(find tubes)

B coefficient [1/m]

£ correction coefficient for fin fouling [m?K /W]

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

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

Astack coefficient of friction inside the stack [—]

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

U coefficient characterizing fin taper [—]

Ut am dynamic viscosity of the water/steam [Pa - s]

VElue kinematic viscosity of the flue gas [m?2/s]

vz kinematic viscosity of the water/steam [m?/s]

& coefficient of the degree to which the flue gas is utilized [—]

Pair density of air [kg/Nm?3]

P e densities of individual flue gas [kg/Nm?3]

Po2,.m20  densities of individual flue gas components [kg/Nm?3]

BRNO 2016 152



LIST OF SYMBOLS

Psteam density of the water/steam [kg/m3]

< pressure loss coefficient [—]

¢k stack inlet pressure loss coefficient [—]

GOt stack outlet pressure loss coefficient [—]

01 lateral tube spacing relative to the outer tube diameter [—]

a,’ diagonal tube spacing relative to the outer tube diameter [—]

Po coefficient characterizing the relative tube spacing [—]

vy coefficient of thermal effectiveness (smooth tubes) [—]

Wrin coefficient characterizing the uneven distribution of the [—]
convective heat transfer coefficient (a.) along the surface of
the fins

a lateral gap between tubes, or fined tubes where applicable [m]

Awall coefficient of emissivity of the tube walls [—]

Arlue coefficient of emissivity of the flue gas [—]

A cross sectional area [m?]

Aguct cross sectional area between the heat exchanger tubes and the  [m?]
walls of the flue gas duct

Ag.quct cross sectional area of the empty flue gas duct [m?]

Agy cross sectional area of the evaporator tubes [m?]

b coefficient of radiation decline [1/(m- MPa)]

beri coefficient of radiation decline caused by triatomic gases [1/(m- MPa)]

o) correction coefficient dependent on the tube length relative to  [—]
the tube diameter

Cm correction coefficient for fluid flow between concentric tubes [—]

Cs correction coefficient characterizing the layout of the heat [—]
exchanger tubes (smooth tubes)

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

c, correction coefficient for depending on the number of lateral [—]
TOWS

Cn correction coefficient depending on the number of lateral [—]
rows (smooth tubes)

C constant for calculating the rate of heat loss through radiation [—]
and convection

d inner diameter [m]

d, equivalent diameter [m]

D outer diameter [m]

E coefficient characterizing the effectiveness of the fins [—]

Y%Error discrepancy between the theoretical and actual heat transfer [%]
rates

g acceleration due to gravity [m/s?]
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gap gap between the duct wall and the outer tubes [m]
Rgrum is the approximate steam drum height [m]
htin fin height [m]
H height of the flue gas duct [m]
Hgiack functional stack height [m]
i enthalpy of the steam/water k] /kg]
Al enthalpy difference k] /kg]
I enthalpy of the flue gas [k]/Nm3]
I recalculated enthalpy of the flue gas [k]/Nm3]
k is the overall heat transfer coefficient [W/(m?K)]
ki34 constants depending on tube configuration [—]
L width of the flue gas duct [m]
Larum is steam drum length [m]
Mepe mass flow rate of flue gas [kg/s]
Mstoam mass flow rate of steam (steam production rate) [kg/s]
My riue volumetric flow rate of flue gas [Nm3/s]
My, percentage of high pressure feedwater used to regulate outlet [%]
steam parameters (water injection)
n number tubes [—]
Nfin number of fins per meter tube length [—]
Nrow number of lateral row of tubes [—]
Ntube /r number of lateral tubes per lateral row [—]
p pressure [MPa]
pl flue gas pressure (assuming atmospheric) [MPa]
Dp:tri partial pressure of triatomic gases in the flue gas [MPa]
D average pressure [MPa]
Ap water/steam pressure losses through the hrsg [MPa]
Apess flue gas pressure difference due to the stack effect [Pa]
Ap; flue gas pressure loses across individual heat exchangers [Pa]
Ap;4 flue gas pressure loss across all of the heat exchangers [Pa]
Ap] ric flue gas pressure loss across the stack due to friction [Pa]
AP max maximum acceptable flue gas pressure loss [Pa]
Apfrout local flue gas pressure losses at the stack inlet and outlet [Pa]
Apst flue gas pressure loss across the stack silencer [Pa]
Apgtack the overall flue gas pressure loss across the stack [Pa]
Ap;.total overall flue gas pressure losses through the hrsg [Pa]
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PER,,..  perimeter of the flue gas duct cross section [m]
Pr prandtl number [—]
Q rate of heat transfer W]
Oy maximum usable thermal power (W]
Qrc rate of heat loss through radiation and convection W]
Qrcy, percentage of usable thermal power that is lost through [W]

radiation and convection
Re reynolds number [—]
s effective radiation layer thickness [m]
Sfin fin spacing [m]
Sy lateral tube spacing [m]
S5 longitudinal tube spacing [m]
s’ diagonal tube spacing [m]
Sifin outer surface area of one fin [m?]
Sout theoretical outer surface area of all the heat exchanger tubes [m?]
needed to meet the heat transfer requirements

Sgl‘i‘t” actual outer surface area of all the heat exchanger tubes [m?]
Sout/1m the outer surface area of one tube per meter length [m?]
Sout/r the outer surface area of all the tubes in one lateral row [m?]
Sin/1m the inner surface area of one tube per meter length [m?]
ﬁ the fraction of the total outer surface area of the finned tubes [—]
Sout that is made up of the fins themselves
Sout—fin the fraction of the total outer surface area of the finned tubes [—]
S,y thatis made up of the exposed outer tube walls
t temperature [°C]
triue inlet flue gas temperature [°C]
tew feedwater temperature [°C]
tref reference temperature for material selection [°C]
tsteam: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]
thiupe(mm) tube wall thickness [mm]
t' recalculated temperature [°C]
t average temperature [°C]
At temperature difference [°C]
Aty approach point [°C]
Aty logarithmic mean temperature difference K]
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Atp; pinch point [°C]
Atgare safety margin [°C]
Aty temperature difference between the flue gas entering and the [K]
water/steam exiting the heat exchanger
At, 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
Vauet half of the steam drum volume [m3]
W speed of flow [m/s]
Weteam. water/steam speed before splitting lateral rows into sections  [m/s]
x volumetric concentration [—]
Xeri volumetric concentration of triatomic gases in the flue gas [—]
Zagrum steam drum load [kg/(s-m®)]
Zmax acceptable steam drum load [kg/(s - m3)]
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Figure 0-1 Combined cycle power plants [10]
Figure 1-1 HRSG schematic
Figure 2-1 HRSG preliminary temperature profile graph
Figure 2-2 Feedwater injection
Figure 2-3 HRSG Temperature profile
Figure 3-1 Tube geometry SHoup
Figure 4-1 Tube spacing
Figure 4-2 Tube layout SHonp
Figure 4-3 Tube geometry SHinp
Figure 4-4 Tube layout SHnp
Figure 4-5 Tube geometry EVyp
Figure 4-6 Tube layout EVyp
Figure 4-7 Tube geometry ECO3np
Figure 4-8 Tube layout ECO3np
Figure 4-9 Splitting schematic ECO3np
Figure 4-10  Tube geometry SHrp
Figure 4-11  Tube layout SHrp
Figure 4-12  Tube geometry EVLp
Figure 4-13  Tube layout EVLp
Figure 4-14  Tube geometry ECOznp
Figure 4-15  Tube layout ECO2np
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Figure 4-17  Tube geometry ECOLp
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Figure 4-21  Tube layout ECO1np
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Table 1.1 Volumetric composition, concentrations

Table 2.2 Selected parameters values

Table 0.3 Densities of individual flue gas components

Table 2.4 Enthalpy of the flue gas (calculated) and flue gas components at normal
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Table 2.5 Water/steam parameters at various points throughout each circuit
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Table 4.10 Collective values used in the heat transfer calculations

Table 4.11  Flue gas coefficient of thermal conductivity, Are - 10° [W/(m-K)]

Table 4.12  Flue gas coefficient of kinematic viscosity, Vrie - 10° [m%/s]

Table 4.13 Parameters necessary for superheater SHoup design, not including parameters
describing the geometry of SHonp

Table 4.14  Values describing the geometry of superheater SHonp

Table 4.15  Parameters necessary for superheater SHiup design, not including parameters
describing the geometry of SHinp

Table 4.16 Parameters selected for the finned tubes used in the high pressure superheater
SHiup

Table 4.17  Parameters necessary for evaporator EVyp design, not including parameters
describing the geometry of EVyp

Table 4.18 Parameters selected for the finned tubes used in the high pressure evaporator
EVup
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