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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 navrhem dvojtlakého horizontalniho kotle vyuzivajici teplo
spalin za spalovaci turbinou na zemni plyn. Zahrnuje navrh a vypocet jednotlivych vymeénika,
jejich zakladni uspotfadéani s ohledem na poZadované parametry vystupni pary a dané vstupni a
vystupni parametry spalin. Déle tato prace zahrnuje vypocet a konstrukéni navrh parnich bubnil,
zavodnovacich trubek a prevadécich potrubi. Tato prace je zakoncena vypoctem a provérenim
tlakovych ztrat mezi vstupem a vystupem kotle. DtleZitou soucasti této prace je pfilozena
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
F [
AIR FUEL HRSG
v IV
I E
A Ij COMBUSTOR | B + GENERATOR
l\l STEAM ]
GAS
C N
COMPRESSOR e B 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 LF steam drum
HP steam l:ﬂ
outlet ﬁ :
| T
AR el el Y]] 2
- - - (] I = [an] ‘L:j [
1 1 Ll [N} (W] Ll wJ [
Flue gas s - L e
| 1 Y =ad T —d T T 1
- - M
Injection
T
LP steam LP feedwater HP feedwater

autlet {} 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
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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 triue = 490°C

Mass flow rate Mpie = 30kg/s

Feedwater inlet parameters:

Temperature trw = 53°C

High pressure steam output parameters:
Pressure pi? = 4.6MPa

Temperature tiP = 450°C

Low pressure steam output parameters:
Pressure pif = 0.46MPa

Temperature ti? = 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
Oz concentration Xo2 0.139 [-]
Ar concentration Xpr 0.009

[-]
N2 concentration XN2 0.73 [-]
CO- concentration Xcoa 0.044 [-]
H>0 concentration XH20 0.078 [-]

Table 1.1 Volumetric composition, concentrations

Maximum acceptable flue gas pressure loss:

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

[7].
APrmax = 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
At,, (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
& B - = — 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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THERMAL CALCULATIONS OF THE BOILER

Parameters Symbol | Value | Units
High pressure superheater SHznp steam pressure loss ApHE, 0.1 MPa
High pressure superheater SHinp steam pressure loss ApéE 0.1 MPa
High pressure economizer ECOsnp Water pressure loss Apfos 0.1 MPa
Low pressure superheater SHyp steam pressure loss ApkE 0.1 MPa
High pressure economizer ECO2p Water pressure loss ApBELo, 0.1 MPa
Low pressure economizer ECOLp water pressure loss ApEL, 0.3 MPa
High pressure economizer ECO11p Water pressure loss Apffoq 0.1 MPa
High pressure superheater SHznp enthalpy difference AiE, 250 kj/kg
High pressure approach point AtAp 5 °C
Low pressure approach point Atz 5 °C
High pressure pinch point AtHFP 10 |°C
Low pressure pinch point AtHFP 10 |°C
High pressure economizer ECOsp temperature gradient | Atfkgs 105 | °C
High pressure economizer ECOznp temperature gradient Atgk, 12 °C
Amount of high pressure _fe_edvyater used to regulate outlet My 5 %
steam parameters (water injection) o

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 1np:

pHf = 4.6 MPa (given value)

thP = 450°C (given value)

P = 3322.65k] /kg (determined using X-Steam, f(p,t))
Point 2np:

piP = plf + ApSHZ =4.6+0.1=4.7MPa
P = P — A#E, = 3322.65 — 250 = 3072.65 k] /kg
thP = 348.48°C (determined using X-Steam, f(p,t))
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Point 4np:
piiP = pliP + Apfl, = 4.7+ 0.1 = 4.8MPa
thP = 261.4°C (X-Steam, saturation temperature)
if? = 2795.83kJ/kg (X-Steam, saturated steam)

Point 5up:

pdF = phP = 4.8MPa

tiP = tlP261.4°C (saturation temperature)
if? = 1141.81kJ/kg (X-Steam, saturated water)
Point 6np:

piF = pP = 4.8MPa
thP = P — Aty = 261.4 — 5 = 256.4°C

iP = 1116.99 k] /kg (determined using X-Steam, f(p,t))

Point 7up:

pHP = plP 4 phf . =48+ 0.1 = 49MPa
thP = tHP — il . = 256.4 — 105 = 151.4°C

P = 641.03kJ /kg (determined using X-Steam, f(p,t))

Point 8np:
pliP = plP + ApliT =49+ 0.1 =5MPa
tHP = tHP — Athfo, = 151.4 — 12 = 139.4°C
i’ =589.67kJ/kg (determined using X-Steam, f(p,t))

Point 9np:

pliP = plP — APj(p1 =5+ 0.1 = 5.1MPa

tiP = tpy = 53°C (given value)
ifP = 226.23kJ/kg (determined using X-Steam, f(p,t))
Point 3np:

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 (SH2np and

SHinp) [7]. The enthalpy at point 3np is calculated according to equation (2.1).
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0.05-M8am:ig

. ‘ HP
0.95-M3 '-“te.a.m I3 — M Steam ;12
= |njection -—

Figure 2-2  Feedwater injection

Conservation equation:

- HP
Migpam - 47 = 0.95Mbpam - 47 + 0.05M g - 17 (2.1)
—0.05-i5° _3072.65—0.05 - 226.23
.HP __ _

pif = piP = 4.7MPa

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

2.3.2 Low pressure water/steam parameters

Point 1.p:

pif = 0.46MPa (given)

tiP = 170°C (given)

itP = 279298k /kg (determined using X-Steam, f(p,t))
Point 2.p:

pkP = piP + Apyl = 0.46 + 0.1 = 0.56MPa
ti? = 156.15°C (X-Steam, saturation temperature)

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

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

= 658.88kJ/kg (X-Steam, saturated water)

Point 4.p:
pif = pif = 0.56MPa
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tiP = tiP — Ath, = 156.15 — 5 = 151.15°C

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

Point 5.p:
téP = tFW = 53°C
ptP = pi¥ + Apjr, = 0.56 + 0.3 = 0.86MPa

itP = 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 Dar 1.7839 | [kg/Nm?3]

N density O 1.2505 | [kg/Nm?3]

CO2 density Pcoz 1.9768 | [kg/Nm3]

H20 density PH20 0.804 | [kg/Nm?3]

Table 2.2 Densities of individual flue gas components

Prie = X02 " Poy T Xar Py T XN2 " Py T Xc02 " Proz T XH20 " Phoo (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
Myrie = Hhue (23)
PFie
. 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 = Xo2 " Loz + Xar * Layr + Xn2 * In2 + Xco2 “ Icoz + Xu20 * TH20 (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.

Iriuei0o = 0.139 - 132 4 0.009 - 93 + 0.73 - 130 + 0.044 - 170 + 0.078 - 150
Irtenoo = 133.27 kJ /Nm®

Temperature [°C] Enthalpy [k]/Nm’]
Io, Lyr I Icoz | In2o Irpe
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 ta = trwe = 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).

t, — 400

Iy = 100 (Urtue:500 — Iriue:400) + Iriue:a00 (2.5)
490 — 400 X
I, = T (693.27 — 547.44) 4+ 547.44 = 678.69kJ]/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 = tfF + tHF =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 = DlT (IFlue:300 - IFlue:ZOO) + IFlue:ZOO (26)
271.40 — 200 3
Iy = — 100 (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 = tiP + 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 = EET (Urue:200 = Iriue:100) + Irue:100 (2.7)
166.15 — 100 3
I = T (268.01 — 133.27) + 133.27 = 222.4kJ/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.

Qre =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).

Ov =04 =Iy" MVFlue (2-9)
Qy = 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).

Qrc = C-Qy°%7 =0.0113-15.94129%7 = 0.07849MW

Qre 0.07849 (2.10)
o = 2£.100 = —————- 100 = 0.499
Creos Qn 00 =T5 54159 100 =049%

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 14p and 61p, While
taking into account the rate of heat loss through radiation and convection. This conservation of
energy calculation is presented in equation (2.12). The rate of heat leaving the flue gas between
points A and D is calculated through equation (2.11).

Rate of heat released between points A and D:

Qu_p = Mype - (4 — Ip) = 23.49 - (678.69 — 366.50) = 7332.81kW (2.11)

Rate if heat absorbed between points 1xp and 6up:
(2.12)

1 _ Qrew

) = 7332.81 (1 0'49) = 7296.7kW
100/ : N :

Q{i—Ps = Q4-p- ( 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 SHonp 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 = MHP - [P — i8P) + 0.95 - (P — i#P) + 0.05 - (ifP — iliP)] (2.13)
HP
6—1

MHP  —
Steam " [({HP — jHPY 1 0.95 - (i#P — iH#P) + 0.05(ikF — ifP)]

7296.7
[(3322.65 — 3072.65) + 0.95 - (3322.65 — 1116.99) + 0.05(3072.65 — 226.23)]

M.Sljtiam =
MEE  =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 SHznp:

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

$i2 = Mtoam - (17 — i) (2.14)

HP = 3.24-(3322.65 — 3072.65) = 810.67kW

Heat transfer rate of the high pressure superheater SHinp:

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 3xp and 4np, according to equation (2.15).

gllfl =0.95- M.gtfe)am ’ (ié-IP - iilp) (215)

HP =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 EVwp. The heat transfer rate is calculated between points 44p and 6np, according to
equation (2.16).

115-1153 =0.95- Mé—lt};am ' (ifp - iglp) (216)
115'1‘1; = 0.95-3.24-(2795.83 — 1116.99) = 5171.76kW
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Heat transfer rate of the high pressure economizer ECOsnp:

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 64p and 7wp, according to
equation (2.17).

QLI?JCI'JO3 =0.95" M.SHt};am ' (iglp - iéip) (217)
QHL 2 =0.95-3.24-(1116.99 — 641.03) = 1466.23kW

Heat transfer rate of the high pressure economizer ECOznp:

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

QEto2 = 0.95 - Mitgam - (4 — i) (2.18)
QHF,, = 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 ECO1n+p. The heat transfer rate is calculated between points 8+p and 9np, according to
equation (2.19).

Qicor = 0.95 - Mpeqm - (1" — i) (2.19)

QHF,, =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 1 p and 4.p, 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 1xp and 7wp is
presented in equation (2.20).

1 7 - QSHZ QSHl Q QECOB (220)
Qi'F, = 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.

_ Qrco
0ty = Qap- (1-52%) (2.21)

;876293

= = = 8806.3kW
Ua-r 1 —Qrey, ;049
100 100
Flue gas enthalpy at point E:
Qa-r = MVFlue “(Ia — Ig) (2-22)

Qa_p 8806.3

Ig=1,— (= = 678.69 — = 225.92kJ/Nm3
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.

Ir — Irpye.
ETFlue200 300 _ 200) + 200 (2.23)

e =7 .y
Flue:300 Flue:200

303.77 — 268.01

tp = 100 + 200 = 225.92°C
E ™ 405.95 — 268.01

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

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

Rate of heat absorbed between points 1.p and 4.p:

_ Qrew
100

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

in; =Qg—¢" (1 100

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 = Migoqm - (i — i5") (2.26)

P 1901.7
ikP —iLP " 279298 — 637.28

MEP = = 0.88kg/s

The low pressure steam is produced at a rate of approximately 0.88 kg/s, or 3.18 t/h.

BRNO 2016 31



THERMAL CALCULATIONS OF THE BOILER

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 1.p and 2.p,
according to equation (2.27).

P = MEE o - (5P — i5P) = 0.88 - (2792.98 — 2753.12) = 35.16kW (2.27)

Heat transfer rate of the low pressure evaporator EVip:

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 2.p and 4.p, according to equation (2.28).

LP = ML - (kP — ikP) = 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 5.p, according to equation (2.29).

BP0 = MED om - (57 —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:

Ig=1,— stz = 678.69 — 810.67 = 644 kJ/Nm3
B 4 1— QRC% -M . 1-— w -23.49 (2-30)
100 ) MvFue 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.

Iz — Irye.
£y = — B P00 g0 400) + 400 (2.31)
IFlue:SOO - IFlue:400

644 — 547.44

= 1 400 = 466.22°
‘s = 69327 —547.44 00 +400 = 466.22°C

BRNO 2016 32



THERMAL CALCULATIONS OF THE BOILER

Point C:
Flue gas enthalpy at point C:

I.=1 Sty 644 1314.27 587.77 kJ /Nm3
€T BT T Qrew) .y (4 _ 049 =07 m (2.32)
(1 - 1ROC(°)/) My e (1-T5g) - 2349

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.

Io = Inpye.
tp = —0o Fuet0 (500 — 400) + 400 (2.33)
IFlue:SOO - IFlue:4-00

587.77 — 547.44

- 1 400 = 427.66°
tc=¢9327 —547.44 00 + 400 66°C

Point F:
Flue gas enthalpy at point F:

LP
Ip=1Ig— L =303.77 — 35.16 =302.26 kJ /Nm3 534
1 - 9rew) . py (1-%33) - 23.49 (2:34)

100 )~ Mvriue 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.

Ir = Irpe:
tp = ——e20 . (300 — 200) + 200 (2.35)
Iriue:300 = IFiue:200

302.26 — 268.01

tp = 100 + 200 = 224.83°C
F ™ 405.95 — 268.01

Point H:
Flue gas enthalpy at point H:

he 158.21
Iy=1I; — Cicos =2224— = 215.63kJ/Nm3
Orcn) = 0.49 (2.36)
1 —<BE% ).y 1—+~~)-23.49
100 ) MvFuue 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.

It = Irtue:
ty = ——T0e10 . (200 — 100) + 100 (2.37)
Iriue:200 = IF1ue: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:

I Eco = 215.63 365.82 = 199.98 kJ /Nm3
" (1_QRC% - o = 199.98k]/Nm (2.38)

. 0.49
100 ) “Myriue (1-T00) 2349

II=

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 — Iy

t, = —— Fued00 900 —100) + 100 (2.39)
IFlue:ZOO - IFlue:lOO

_199.98 — 133.27

= 1 100 = 149.52°
= 6801 = 133.27 00 +100 >2°C

Point J:
Flue gas enthalpy at point J:

3 QHE, B 1119.61 3 2
L=I- TR = 149.52 — (1 - 0_49) oo 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) = 268.01—133.27.100+100 = 113.96°C

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
1yp tiP 450 ifP 3322.65 pitP 4.6
2up tiP 348.48 5P 3072.65 pitP 4.7
o 3up tiP 408.46 5P 3222.46 piP 4.7
g 4yp il 261.4 iHP | 279583 | pHP 4.8
S | sup | tHP | 2614 | P | 114181 | ptP 48
.5;3 6up | 2P | 2564 | P | 111699 | piP | 48
7up tiP 151.4 P 641.03 pHP 4.9
8up tiP 139.4 ifP 589.67 pHF 5.0
9up thP 53 ifP 226.26 piP 5.1
. 1.p tLP 170 iLP 2792.98 pif 0.46
= 21p tLP 156.15 iL? 2753.12 pif 0.56
g 3Lp tLP 156.15 iLP 658.88 piPf 0.56
| 4p | dof |15135 | " | 63728 | pi” | 056
5.p tiP 53 itP 222.60 pkP 0.86
Table 2.4 Water/steam parameters at various points throughout each circuit
Doint Temperature [°C] | Enthalpy [kJ/Nm?3]
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 I 366.5
E tg 225.92 Ig 303.77
F tp 224.83 Ir 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 transferred [KW]
Heat exchanger
symbol value
superheater SH,yp ar, 810.67
superheater SHyp ar 1314.27
% evaporator EVyp ar 5171.76
g economizer ECO5yp ()79 1466.23
% economizer ECOypp [ 158.21
economizer ECO4yp [ 1119.61
High pressure circuit total - 10040.75
o | superheater SH, p s 35.16
% evaporator EV,p LL 1866.54
g' economizer ECO,p 7 365.82
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 DFlue 1.2772 | [kg/Nm?3]
X)onlgmgtnr;c flow rate of the flue gas, under normal Mype | 2349 | [Nm3/s]
High pressure steam production rate MHEP | 3.24 [kg/s]
Low pressure steam production rate MEP .. | 0.88 [kg/s]
Percentage heat loss due to radiation and convection Qreo 0.49 [%]
Water injection (high pressure) percentage of high My 5 (%]
pressure mass flow o

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 SHonp, 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 (SH2np)

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 (SHznp) are shown in in units of millimeters, however in any calculations these
dimensions must be substituted into the equations in units of meters (Sl 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 D3HZ 31.8 | [mm]

% Tube wall thickness thylZ, 4 [mm]
Inner tube diameter d;H2 23.8 | [mm]

Fin thickness thifi? 1 [mm]
Number of fins per meter ngii? 110 [mm]

é Fin spacing P’ 9.09 | [mm]
Fin height hiiy 15 [mm]

Outer fin diameter DFf? 61.8 | [mm]

Table 3.1 Parameters selected for the finned tubes used in the high pressure superheater
(SH2HP)
5o UL siPe009

_fin —

N
=====n:|:
pr——

h————1
SH2
H—Mube

618

SHZ
fin —

~SHZ 4 ¢
_Dfuhe‘ 31 ; 8

D

238

SH?
dfuhle

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;f2 = pgH2 — 2. thiHZ =318 —2-4 = 23.8mm (3.2)

Outer fin diameter:

Dff* = DSR2 +2-hPll? =318+ 215 =61.8mm (3.2)
Fin spacing:
1000 1000 (3.3)
SH2 _ _ _
Sfin = W =05 ~ 9.09mm

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

Average specific volume of steam in SHanp:

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

ti’? + P 450 +348.48

toys = = 399.24°C
SH2 2 2
HP HP
+ 4.6 + 4.7
ﬁSHZ == pl pz == = 465MPa
2 2
Tz = 0.062m3 /kg (determined using X-Steam, f(p,t))

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

The number of tubes in each lateral row of the high pressure superheater (SHanp) 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
ASHZ — n - (dibe SH2 (3.4)
row 4 ntube/r
MHP -
A2 = “W%S’” (3.5)
team
suz_ MbemUsun  3.24:0.062 2276
Tbelr T agye  m00238 o= (3.6)
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 SH2np must be recalculated according to the actual
number of tubes in each row.

sz M{foam Uswz  _ 3.24-0062 _ 19.79m/s (3.7)
Steam = 7 (dflilbze 2 <2 - 0.02382 .23 .
4 Mtubesr 4

3.1.2 Volumetric follow rate of flue gas passing through the high pressure superheater
(SH2wP)

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

ty+tg 490 + 466.22

Eam) = = 478.11°C 3.8
(AB) 2 2 ( )
: 273.15 + 1, : 273.15 + 478.11
SH2 _ (4B) | - . = 3 3.9
sH2 a1 Myre R 23.49 = 64.6m3/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.

4 Myilie _ 646
duct WFlue 10

= 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 SHznp lateral tube spacing inside the flue gas duct:
Si(suz) = Diupe + 2 hEH? + agyp = 0.0318 + 2+ 0.015 4 0.013 = 0.0748m (3.11)
Where:

Asya 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 SHznp as 13 mm

Width of the flue gas duct:

s 0.0748
L=3 % + (neyr = 1) 15z = 3 =——+ (23~ 1) 00748 ~ 1.76m (3.12)
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Height of the duct:
Aguier = H - L = H - Diiie  nyipe e — H - 2 RER2 - thil? - mfl? - mii (3.13)
. Az,
L = Diube " Mupesr = 2 fin”  thiin? - i - niie
6.46
H ~ 6.78m

~1.76—0.0318-23 + 2-0.015-0.001- 110 - 23

The height of the gas duct is suggested to be 2 to 4 times the width of the duct [7]. This
value is calculated below to be 3.85, which is within the suggested range.

H 6.76
—=-——=3.85

3.14
L 176 ( )

The actual speed of the flue gas passing through SH2np must be recalculated according
to the duct dimensions which are rounded to the nearest centimeter.

1SH2
WSHZ — VFlue 3.15
e = L — i H (DRl + 2 5Ol gl 19
64.6
Wihe = =10m/s

1.76-6.78 — 23 - 6.78 - (0.0318 + 2-0.015-0.001 - 110)

3.2.1 Overview of the calculated values

An overview of the main values calculated in this section are presented in Table 3.1.
They include values defining duct and superheater (SH2np) geometry as well as actual flow
speeds.

Parameter Symbol | Value | Units
Actual speed of steam in SHawp w1 19.79 | [m/s]
Actual speed of flue gas around SHawp Witz 10 [m/s]
Number of tubes in one lateral row of SHawp | nii% 23 [—]
Width of the flue gas duct L 1.76 [m]
Height of the flue gas duct H 6.78 [m]

Table 3.1
actual flow speeds.

Calculated values defining duct and superheater (SHz+p) geometry, as well as
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4 DESIGN AND SIZING OF HEAT TRANSFER SURFACES

The individual heat exchangers of the high and low pressure circuits in the boiler must be
designed to transfer heat at the intended rate from the flue gas to the water/steam while
respecting the already determined flue gas duct dimensions, and insuring that several
parameters stay within their suggested ranges. 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 D, 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
hsin 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
D¢, 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 ny;, is chosen to be within the
suggested range of 100 to 250, the fin spacing sf;, 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 Ws;o.m 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 Q and the actual
heat transfer rate of the heat exchanger Q"¢% . 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 | My | 23.49 [Nm3/s]
Percentage of useable thermal power lost through o
radiation and convection Qrew 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 | [m2K/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 €t
correction coefficient dependent on the tube length 1 ]
relative to the tube diameter €
correction coefficient for fluid flow between 1 -]
concentric tubes m
Table 4.1 Collective values used in the heat transfer calculations
The number of lateral rows of tubers in the heat exchanger:
S
Nyow = S = (41)
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?]

Sout/r 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/lm "H- Ntube/r (42)
Where:

Sout/1m 1S the outer surface area of one finned tube per meter length [m]

The outer surface area of one finned tube per meter length:
Sout/lm =1 " Deype - (1 — Nfip * thfin) + Nfin 'Slfin (43)
Where:

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

The outer surface area of one fin:

2
Dfin)” — (Deuve)? (4.4)
Sifin =2 '7T'( i) 4( tuve) + 1 Dpin * thyin

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-Spyu 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:

At 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
k =
1 + 1 . Sout/lm (47)
Arout  Arin Sin/lm
Where:
a,.uc 1S the reduced heat transfer coefficient outside the tubes, between
the flue gas and the finned heat exchanger tubes [W/(m?K)]
i iIs the reduced heat transfer coefficient inside the tubes, between the

finned heat exchanger tubes and the water/steam inside them
[W/(m?K)]

Sinjim 18 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 =1 * dtype (48)

The reduced heat transfer coefficient outside the tubes:

Sout—fin lpfin T
Ay = "E-u+ ) ’ 4.9
rout (Sout Sout 1+e- lIJfin TQc ( )
Where:
E is a coefficient characterizing the effectiveness of the fins, this

value is determined from a graph according to the product of g -
h¢in and the quotient of Dy, /Dyype , Where £ is a coefficient [-]

U is a coefficient characterizing fin taper [-]

Wrin is a coefficient characterizing the uneven distribution of the
convective heat transfer coefficient (a.) 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 [m2K/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 18 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:
g = fin * e (4.10)
thfin ' Afin ' (1 + - lpfin . ac)
Where:
B Coefficient used to calculate the coefficient characterizing the

effectiveness of the fins [1/m]

Afin 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:

Dfin \°
Stin Diune) 1
_ _ \Deune (4.11)
Sout ( Dfin ) —14+2- ( Sfin _ thflﬂ)

Dtube Dtube Dtube

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

Sowr—fin _ 4 _ Sfin (4.12)

Sout Sout

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

-0.54 —-0.14 0.65
A D he; Weive * Sri
@, = 023 ¢, (@,)02 - ZFee. <Lbe> . <ﬂ> . (M) (4.13)
Sfin Sfin Sfin VFlue
Where:
C, is the correction coefficient for the number of lateral row of tubes
in the heat exchanger [-]
Py is a coefficient characterizing the relative tube spacing [-]

Arme 1S 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:

o, — 1
= 4.14
Where:
o) is the lateral tube spacing relative to the outer tube diameter [-]
oy’ is the diagonal tube spacing relative to the outer tube diameter [-]
Lateral tube spacing relative to the outer tube diameter:
21 (4.15)
01 = .
! Dtube
Diagonal tube spacing relative to the outer tube diameter:
s1)? 2
S (2) t sz (4.16)
2 Dtube Dtube
Where:
s’ is the diagonal tube spacing [m]
Figure 4-1  Tube spacing
The reduced heat transfer coefficient inside the tubes:
2 Wsteam * e\
Ar.in = 0.023 - Stedm . ( Steam e) ' (PY'Steam)o'4 "CrC Gy (4'17)
de Vsteam
Where:
Asteam 1S 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]

BRNO 2016 48



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

Prsteqam 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 [-]

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

_ . Moisture concentration Xy, [%]

trie [°C] 5 _ 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, Jrie -10° [W/(m-K)]

f ) Moisture concentration X, [%]
5 7.8 10

0 12.2 12.2 12.2
100 21.3 21.41 21.5
200 318 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, veie -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 = (418)
Psteam
Where:
Usteam 1S dynamic viscosity of the water/steam passing through the heat
exchanger [Pa-s]
Psteam 1S 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 SHaoHp. Parameters, other than those describing the geometry of the
superheater, that are necessary for the calculations regarding the design and sizing of
superheater SHonp, 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 kW]
Actual speed of flue gas around SHanp wikz 10 [m/s]

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

gf Enthalpy of flue gas entering into SHonp Iy 678.69 | [kJ/Nm?3]

[

Temperature of flue gas exiting SHanp o
(projected value) ts 466.22 [°C]
Mass flow rate of steam through SHawp mEE 3.24 [kg/s]
Actual speed of steam inside SHowp wghz 19.79 [m/s]

E | Temperature of steam entering SHarp thP 348.48 [°C]

& | Pressure of steam entering SHawp piFf 4.7 [MPa]
Temperature of steam exiting SHawp thP 450 [°C]
Pressure of steam exiting SHarp pitP 4.6 [MPa]

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

describing the geometry of SHonp
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4.1.1 Geometry of the high pressure superheater SH2n1p

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 SHonp S2(SH2) 117 [mm]
Number of tubes in each lateral row g /r 23 [—]

Table 4.5 Values describing the geometry of superheater SHonp

1760
27x74.8=1645.6 '

65 _ |, _ ua

357

,.|
=

3=11

Figure 4-2  Tube layout SHznp

4.1.2 Reduced heat transfer coefficient outside the tubes of SH2np, through the flue gas
The coefficient of heat transfer through convection outside the finned tubes:

Lateral tube spacing relative to the outer tube diameter:

oSH2 — S1(sH2) _ 0.0748 _
! DSHZ ~ 0.0318

tube

Diagonal tube spacing relative to the outer tube diameter:

BRNO 2016 51



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

s 2 2 0.0748\2
0,/SH2 = s'SHz _\/( 1(§H2)) +(52(5H2)) _\/( 2 ) + 0.11772

~ psHZ DSH2 - 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 (4.14) to determine the coefficient of the relative tube spacing.

o2 -1 235-1

Vo = s 1 3g6—1 0

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

Temperature tap) = 478.11°C
<ua _ [478.11—400 s ,
s = [T- (63.82 — 55.59) + 55.59] 1073 =6.202-102 W /(m - K)
478.11 — 400
Sz = [T' (75.55 — 59.87) + 59.87] 107 =7.212-1075 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 SHonp.

SHZ =0.94
The coefficient of heat transfer through convection outside the finned tubes:

/15512 DSH2 —0.54 hSH2 —0.14 WSH2 . g fs*Hz 0.65
Flue tube ue in
asH? = 0.23 - cSH2 - (SH2)02 . < > . ( ) <—>

sz \sp2 STz

2 , 0.06202 (0.0318\7*** ¢ 0.015 \™** (10-0.00909\"°°
aSH2 = 023 0.94 - 0.47° ( ) (—) (—_)
0.00909 10.00909 0.00909 7.212-1075

asf? = 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 B5%2 - h#[? and the quotient of D7/?/D;ri% , where B572 is a coefficient.

Coefficient p5H2:

SH2 _ 2-Weip - aZt? _ 2-0.85-62.36
A - th;glz *Afin - (1 +e Wiy - aCSHZ) ~ 0.001-38-(1+ 0.0043-0.85 - 62.36)

pSH2 = 47.67m™1

Values needed to determine the coefficient characterizing the effectiveness of the fins:
BH2 - hifl? = 47.67-0.015 = 0.71
DPi? 0.0618
DSH2 "~ 0.0318

tube

1.94

Coefficient determined using the graph:

ESHZ = (.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:

<DS£IIZ> -1 0.0618\°

Sin Diuve _ (goz1s) 1

§SH2 SH2 2 SH2  ¢pSH2\  10.0618) 0.00909 _ 0.001
" <1]-))§Ei> BRI (;%23 - ’Z}ﬁ) (00318) ~1+2" (o318 ~0.0318)
SH2

S’;‘,’;Z = 0.85

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

SSHZ SH2

—fi SFi
T - =1 -085=0.15
Sout Sout

The reduced heat transfer coefficient outside the tubes:

SH2 SH2

SH2 _ <Sfi . ESH2 u+ Sout—fin) ] quin . agHZ

rout — SH2 SH2 SH2
Sout Sout 1+e- lPfin TQc

0.85-62.36
1+ 0.0043-0.85-62.36

afiZ = (0.85-0.81-1+ 0.15) - = 36.38W /(m?K)
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4.1.3 Reduced heat transfer coefficient inside the tubes of SHznp, through the Steam
Steam parameters:

The kinematic viscosity, thermal conductivity, and Prandtl number of the steam passing
through SHonp 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 tsyo, = 399.24°C
Pressure DPsu2 = 4.65 MPa

psHz = 16.0138 kg/m3
ushz =2.4336-10"°Pa-s
A$H2  =0.059 W/(m-K)
PrgHZ = 1.0004

Kinematic viscosity of the steam:

SH2 _ UStam _ 2.4336- 1073
Vsteam = sH2 = T 160138

Steam

= 1.5197-107°% m?/s

Reduced heat transfer coefficient inside the tubes of SHawp:

A2 (WEHZ sz \ 0P
eam eam uoe
“ryg =0.023 - dSH2 ) < SH2 ) : (Prsilgczzm)o'4 "Ct CL Cy
tube VSteam
0.059 /19.79-0.0238\°8
a;H? =0.023- 00238 (1 =197 10_6) -1.0004%%-1-1-1 = 1410.24 W /(m?K)

4.1.4 Overall heat transfer coefficient for SHonp

The outer surface area of one fin:

oSty — (032)°

Sz = 2.1 - + 7 DSHZ - (S
s 0.0618% — 0.0318? ,
S$H2 =21 Z +m-0.0618-0.001 = 0.0046 m

The outer surface area of one finned tube per meter length:
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SH2 — SH?2 SH2 SH2 SH?2 SH?2
Soutjim =T " Diype - (1- Nrin " thein )+ Nein * Sifin

SSHZ = -.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:

SH2 - — g qSH2 = 7.0,0238 = 0.0748 m

in/im tube

The overall heat transfer coefficient:

kSHZ = ! = ! =30.18 W /(m3K)
1 1 ngtz/lm 1 + 1 0.5955 '
smz t —sAz  osHZ 36.38 " 1410.24 0.0748
rout rin in/1m

4.1.5 Logarithmic mean temperature difference across SHznp

At3H? = t, — tlP = 490 — 450 = 40 K
At3H2 =ty — thP = 466.22 — 348.48 = 117.74 K

A2 — A2 117.74 — 40

n A\ (117.74) =7201K
in(dm) (o

4.1.6 The number of lateral rows of tubes required for SH2np

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

oz Qb _ 810670

= = = 373.01 m?
out T kSH2 . ApSHZ T 30.18 - 72.01 373.01m

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

Sowiir = Soutim " H - N/ = 0.5955 - 6.78 - 23 = 92.86 m?

out/r out/1m

The number of lateral rows of tubers in SHanp:

SH2
stz S;,:;Zt _37301_
SSH2 9286

Naturally tis value must be rounded to the nearest whole number

SH2 _
Nyow = 4

BRNO 2016 55



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

4.1.7 Calculating the actual heat transfer rate of SHznp

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

§SH2real _ ¢SH2 ., nSH2 _ 99 86 . 4 = 371.42 m>

out out/r " Mrow

The actual heat transfer rate of SHanp:

QiFireal — | SH2 . gSH2ireal . \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
SHawp is less than 2%, thus the current configuration of SHanp 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 SHoHp 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
Jpeel = [, — Qs — 678.69 — = 644.15 kJ /Nm?
1 Qrew) . 1-249).23.49
100 ) Mvrue Too) 23

Actual temperature of the flue gas at point B:

I52% — Itpue:a00 644.15 — 547.44
- - (500 — 400) + 400 = 100 4+ 400 = 466.32°C
Irue:500 — Iriue:400 693.27 — 547.44

tgeal —

4.2 Design of the High Pressure Superheater SHinp

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 SHinp, 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 SHinp HP
(theoretical value) s | 131427 W]

@ Actual temperature of flue gas entering into SHinp treal | 466.32 [°C]

I | Actual enthalpy of flue gas entering into SHinp Izeat | 644.15 | [kJ/Nm3]
Mass flow rate of steam in the high pressure circuit . HP
(only 95% passes through SHap) Msteam | 324 Lkg/s]

£ | Temperature of steam entering SHuvp thP 261.4 [°C]

& | Pressure of steam entering SHinp pi? 4.8 [MPa]
Temperature of steam exiting SHinp tiP 408.46 [°C]
Pressure of steam exiting SHiwp piP 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 SHiHp

The chosen dimensions of the finned tubes used in the high pressure superheater (SH1np)
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 (Sl 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 thylh, 4 [mm]
Inner tube diameter d;i 23.8 | [mm]

Fin thickness thift 1 [mm]
Number of fins per meter niht 130 [mm]

é Fin spacing Pt 7.69 | [mm]
Fin height hi! 15 [mm]
Outer fin diameter DF? 61.8 | [mm]

SHinp

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 SH11p 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 agy; = 13 mm
Longitudinal tube spacing Sy(su1) = 117 mm
Lateral tube spacing in superheater SHinp:
Sicsu1) = Diupe + 2+ hifi' + agy = 0.0318 +2-0.015 4 0.013 = 0.0748m
Number of tubes in each lateral row of tubes in SHinp:

Naturally this value must be rounded to the nearest whole number

1.76
SH1
- 05= — 0.5 = 23.03
Mtube/r =5 iy 0.0748
nflljble/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.

Diube . sH1

uoe

gap =L — ntsgble/r "S1(SH1) — 2 hfin
0.0318

gap = 1.76 — 23 -0.0748 — —0.015 =0.0087 m
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Figure 4-4  Tube layout SHiHp

4.2.2 Verification of the speed of steam passing through superheater SHinp

The speed of the steam passing through superheater SHinp 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 SH1np.

t§¥ + 7 408.46 +261.4

tsy1 = > > = 334.93°C
HP 4+ piiP 47 +48
DsH1 = P P4 = = 4.75 MPa
2 2
Usyr = 0.0531m3/kg (determined using X-Steam, f(p,t))

Speed of steam:

095 MED sy 0.95-3.24-0.0531

WSHL - _ = 15.98m/s
Steam = (diqule 2 s m-0.02382 .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 SHinp.

"e 1314.27
I = [5eat — SH1 = 644.15 — = 587.92 k] /Nm3
1— M M 1— & .23.49
100 ) Mvriue 100 :
I = Iopyge. 587.92 — 547.44
ty, = —¢ Fuet00 (500 _ 400) + 400 = -100 + 400 = 427.76°C

 Ire:s00 — Iriuea00 693.27 — 547.44

Average flue gas temperature:

_ treal +t.  466.32 + 427.76 .
Loy = > = > = 447.04°C

The actual volumetric flow rate of the flue gas:

oy 27315+ Epe) 273.15 + 447.04

= . = . — 3
VFlue = 57z e Myrue 273.15 2349 =61.93m"/s

The cross sectional area that the flue gas flows through:

Aguee = H L= H - Dijhe * yipesr — H - 2 RERY - thilt - mflt - mii,

APl =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:
_ Mypihe 6193

~ASHL T 637

=9.73 m/s

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

Lateral tube spacing relative to the outer tube diameter:

oSH1 — S1(sH1) _ 0.0748
! DSEL ~ 0.0318

tube

= 2.35

Diagonal tube spacing relative to the outer tube diameter:

51 2 2 0.07482
T \/( 1(§H1)) + (S2(s11)) B J( > ) +0.1172

~ pSHL T DSH1 - 0.0318

tube tube

o, = 3.86

BRNO 2016 60



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

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.

su1 Ot — 1_235-1_ ..
$o ToSHT_17386-1

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

Temperature tpc) = 447.04°C
a1 [447.04 — 400 s -,
Al = [T' (63.82 — 55.59) + 55.59] 1073 =5.946-10"2 W /(m - K)
447.04 — 400
vapl = [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 SH1np.

SHl = 0.94

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

—0.54 SH1 -0.14 SH1 SH1 0.65
SHl =0.23" CSHl ((p H1)0.2 Ag'll-lule (Dflﬁ)le> . <h’ > <WFlue fln )
4 71

SH1 SH1 SH1 SH1
fm Sfm Sfm VElue

asfl =0.23-0.91-0.47%2 -

0.05946 <0.0318 )‘0-54 (0.015 )‘0-1‘* (9.73-0.00769)0'65
0.00769 \0.00769 0.00769 6.725- 105

aSH! = 58.16 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 g5H1 - h2fit and the quotient of DF/I' /DSl , where B5H1 is a coefficient.
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Coefficient B>

st 2 Wepp - ad™ B 2-0.85-58.16
= thiHL - Appy - (14 &+ Wy - @SH1) — [0.001- 38~ (1 +0.0043 - 0.85 - 58.16)

BSH1 = 46.32 m™1

Values needed to determine the coefficient characterizing the effectiveness of the fins:
BSHY - hEfit = 46.32-0.015 = 0.69
DPit 0.0618
DSHL © 0.0318

tube

1.94

Coefficient determined using the graph:

ESH1 = 0.84

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

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

D]§-H1 2
mn
_1 0.0618
SH1 - —
Sfin' _ (Diﬁf) _ (go31s) ~1
SSHY /psH1N? GSH1  ppSHI 0.0618\2 0.00769 0.001
<D§ZZ> —1+2: <D’;‘Z}1 - m%) (oo318) — 1+ 2 (o318 ~ 0:0378)
tube tube tube
i _
<ot = 0.87

out

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

GSH1 $SH1
e 1 - = 1-0.87=0.13
Sout Sout

The reduced heat transfer coefficient outside the tubes:

SH1 SH1 . . SH1

aSHL — Sfm CESHL . 4 Sout—fln . qJfm ac

riout SH1 u SH1 1 W . .SHI
Sout Sout t+e qJfm ac

0.85-58.16

= 2
1500043-085-58.16 > roW/(m™K)

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 tsy1 = 334.93°C
Pressure DPsy1 = 4.75 MPa

psHl = 18.8405 kg/m3
Pt =2.1446-10"°Pa-s
AEL . =0.0537 W/(m-K)

PrsHl = 2245

Kinematic viscosity of the steam:

SH1 _ UStoam _ 2.1446- 1073
Vsteam = SHI = T 18,8405

Steam

=1.1383-107°% m?/s

Reduced heat transfer coefficient inside the tubes of SHanp:

JSH1 WSH1 _dS%} 0.8

SH1 __  “Steam Steam tube . SH1 0.4, . .

ay.n = 0.023 dSHT ( ySH1 > (PTsteam) Ct € Cm
tube Steam

asHl = 0.023 -

riin

0.0537 /15.98-0.0238\°8
0238 ( 53 10 ) .2.245%4.1-1-1 = 1884.83 W/(m?K)

4.2.6 Overall heat transfer coefficient for SHinp

The outer surface area of one fin:

2 2
(DSHl) (Dsm
fin tube pSH1 SH1
' 4 T Ugin “thein

- 0.06182 — 0.03182 ,
SSHL =27 Z +7+0.0618-0.001 = 0.0046 m

SH1 _
Slfi?’l = 2 T

The outer surface area of one finned tube per meter length:
SH1 — S SH1 SH1 SH1 SH1
Sout/lm =T Dtlﬁ}e ' (1 —MNgip ° thfin ) + Nein 'Slfin

SSHY . =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:

SHl =m-dsHL =1-0.0238 = 0.0748 m

in/1lm

The overall heat transfer coefficient:
1 1

SH1 _ — — 2
T s L, 1 oesss w/m“K)
sHT T —SHT oSHI 34.5 " 1884.83 0.0748
r:out r:in in/1m

4.2.7 Logarithmic mean temperature difference across SHinp

AtsHY = treal — tHP = 466.32 — 408.46 = 57.86 K
AtsHY = ¢ — thP = 427.76 — 261.4 = 166.35 K

AT — AtSHT 166.35 — 57.87
AtSHL = 2 L - =102.73 K

In SH1
At 166.35
in (Aém) n(57%57)

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:

GsH1 _ S 1314.27

out = WSHI. ASH1 ~ 29.54-102.73

= 433.03 m?

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

St = Soutrim " H * Ninpe/r = 0.6856 - 6.78 + 23 = 106.9 m?

out/r out/1m

The number of lateral rows of tubers in SH2np:

i SSHL 43303
row = osHT T 1069

out/r

4.05

Naturally tis value must be rounded to the nearest whole number

SH1 _
Nyow = 4

4.2.9 Calculating the actual heat transfer rate of SHinp

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

Sopireat = sl nihL = 106.9 - 4 = 427.62 m?
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The actual heat transfer rate of SHinp:

QHFireal — | SHL . gSHlreal . \pSHL = 29.54.. 427,62+ 102.73 = 1297.87kW

Error verification:

1297.78
%Error>th = |(1314 27

1) : 100| =1.25%

The discrepancy between the theoretical and the actual heat transfer rate of superheater
SHunp 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
SHinp 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 _ SH1 = 644.32 — = 588.62 kJ/Nm3
1 — Qren) .y (1_&).2349
100 VFlue 100 '

Actual temperature of the flue gas at point C:

reat o 588.62 — 547.44
treal = < Flue:A% . (500 — 400) + 400 = - 100 + 400 = 428.24 °C
Irue:500 — Iriue:a00 693.27 — 547.44

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 EVnp. Parameters, other than those describing the geometry of the
evaporator, that are necessary for the calculations regarding the design and sizing of evaporator
EVHp, some of which were determined in previous calculations, are organized in Table 4.8
below.
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Parameters Symbol | Value Units
Heat transfer rate required of EVup (theoretical e | 517176 W]
value)
© Actual temperature of flue gas entering into EVup treal | 428.24 [°C]
| Actual enthalpy of flue gas entering into EVpp 1reat | 588.62 | [kJ/Nm3]
e | Temperature of water entering EVip thP 256.4 [°C]
[353
£ | Pressure of water entering EVhp pd? 4.8 [MPa]
£ | Temperature of steam exiting EVip thP 261.4 [°C]
= | pressure of steam exiting EVhp pi? 4.8 [MPa]
Table 4.8 Parameters necessary for evaporator EVyp design, not including parameters

4.3.1 Geometry of the high pressure evaporator EVup

describing the geometry of EVip

The chosen dimensions of the finned tubes used in the high pressure evaporator (EVnp) 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 thiyy, 4 [mm]

Inner tube diameter dgys, 49 [mm]

Fin thickness thih! 1 [mm]

Number of fins per meter neh! 150 [mm]

é Fin spacing Sfin 6.67 | [mm]

Fin height hib 19 [mm]

Outer fin diameter Dy} 95 [mm]

Table 4.9 Parameters selected for the finned tubes used in the high pressure evaporator
EVrp
BRNO 2016 66




DESIGN AND SIZING OF HEAT TRANSFER SURFACES

& EV1 EV1 £ ¢
N H—]fin:1 L Sfin 0,61
ey I
[N .
i B
Wl _ i
@
o
=35
ol -4
-
4.7”
Tl =
(o Ly -1
X I I
— U N - I t}
> El =5 =5
L L — [T
T =]
W
it

Figure 4-5  Tube geometry EVhp

The dimensions describing the layout of the finned tubes of evaporator EVnp 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 Syvi) = 117 mm
Lateral tube spacing in evaporator EVup:
S1evi) = Diupe + 2 hft + agyy = 0.057 +2-0.019 4 0.0115 = 0.1065 m
Number of tubes in each lateral row of tubes in EVup:

Naturally this value must be rounded to the nearest whole number

i = 052 17% o5-1603
whelr T s vy 01065 T
nflfble/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.

Divpe L EVI
uove
gap =L — ng/ble/r "S1(EVL) T 2 hfin

0.057
gap =176 — 16 - 0.1065 — — 0.019 = 0.0085 m
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Figure 4-6  Tube layout EVhp

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

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 EVnp.

Hp 5171.76
Ip = 1reat — 0 ad = 588.62 — 515 = 367.35kJ/Nm3
1 — <BE% ) My e 1—5an) 2349
100 100
I = Irpge: 367.35 — 268.01
t) = —2 Flue200 . (300 _200) + 200 = -100 + 200 = 272.02°C

405.95 — 268.01

IFlue:SOO - IFlue:ZOO
Average flue gas temperature:

tee +tp  428.24 4 272.02

fepy = = . = 350.13°C

The actual volumetric flow rate of the flue gas:

o 27315+ Ecp) 273.15 + 350.13
Myfue = —7315  Myre = 273.15

-23.49 = 53.6m3/s

The cross sectional area that the flue gas flows through:

EVl _ .7 _p.nEV1 . EVl _ 17.o . 3pEV1, . EV1__EV1, K EV1
Aduct_H L-H Dtube ntube/r H-2 hfin thfin nfin ntube/r

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

duct
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Speed of the flue gas passing through EVre:
Mipne 536

AEV1 T 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 EVrp, 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 _ Sievy _ 0.1065
o T DET T 0057

tube

1.87

Diagonal tube spacing relative to the outer tube diameter:

S 2 2 0.1065)2
v SlEVl B \/( l(ng)) + (SZ(EVl)) B \/( > ) + 01172
» TDEL T DEVL - 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.

ofV1-1 187-1

o, BT —1 226—1

Po

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 tcp) = 350.13°C
gy [350.13 =300 4 _2
AEVL [T (55.59 — 47.35) + 47.35] -1073 = 5.148- 102 W/(m - K)
350.13 — 400
EVl = [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 EVhp.

cE1 =101

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

JEVL  /pEVLIN 054 pEVL —0.14 EV1 . (EV1y 065
aFV1l =023 cEV1. (pEV1)02. Flue [ Ztube L[ fin .| _Flue °fin
c — U z Po SEVT | GEV1 SEVI JEVL
fin fin fin Flue

0.65

afVl =0.23-1.01-0.69%2-

0.05148 ( 0.057 >‘°-54 ( 0.019 )‘0-14 (10.45-0.00667)
0.00667 \0.00667 0.00667 5.268-10-5

aEVl = 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 £V - hfi! and the quotient of Df;'/Dfyy. . where BEV1 is a coefficient.

Coefficient pEV2:

EV1 _ 2 Wrin - al”! _ 2-0.85-48.26
 JthEL g - (14 & Wryn - aEV1)  [0.001-38 - (1 +0.0043 - 0.85 - 48.26)

BEVY = 42.84m™?!

Values needed to determine the coefficient characterizing the effectiveness of the fins:
BEVY - hipt = 42.84-0.019 = 0.81

DEVY  0.095
D= =1.67

DEVL "~ 0.057

Coefficient determined using the graph:

EEVI =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:

2

D}?-Vl 2
m
-1 0.095
EV1 - —
Stin _ <Dfuvble> _ (gos7) —1
SEVL s pEViN? SEV1  ppEV1 0.095\2 0.00667 0.001
<D?V”1> - 1+2'<D’Z31 —D£17i> (v057) —1+2 (Fo057 ~0057)
tube tube tube
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EV1
Sfin -09
Soute

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

gEV1 EV1

—fi S
e - =1-09=01
Sout out

The reduced heat transfer coefficient outside the tubes:

EV1 EV1
EV1 _ Sfm . EEV]_ ” + Sout—fin . lelTl ' a£V1
o =\sm S ) Tre W e

0.85-48.26

oue = (0907914 0.0) oo 896

= 28.16 W/(m?K)

4.3.4 Overall heat transfer coefficient for EVrp

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).

KEVL = qEV1 = 28.16 W /(m?K) (4.19)

4.3.5 Logarithmic mean temperature difference across EVup

AtFVY = ¢real — tHP = 42824 — 261.4 = 166.83 K
AtEVY =t} — tHP = 272.03 — 256.4 = 15.62 K

AT - AtFY 1562 — 166.83

AN T (15.62) = 6384K
% (Atf“) "\166.83

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:

e Q517176

Seut = = = 2876.76 m?
out = WEVH . AtEV1 ~ 2816 - 63.84 m
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The outer surface area of one fin:
2 2
. (ngl‘;ll) - (DtEqule
4
0.0952 — 0.0572

Sifm =21 7 +7-0.095-0.001 = 0.0094 m?2

SE =27 - DELL- enEY

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

EV1 _ EV1 EV1 EV1 EV1 EV1
Sout/lm =1 Dg/pe - (1 — Ny thfin ) + Nfin 'Slfin

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

out/1m

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

Sontrr = Seutrim " H * Nfupesr = 1.5579+6.78 - 16 = 169 m?

The number of lateral rows of tubers in EVHp:
SEV1 _2876.76

TlEVl _ “out
row — EV1 -
Sout/r 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 EVrp

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

seytireal = SEVL - nBYL = 16917 = 2873.05 m?

The actual heat transfer arte of EVup:

Qhpreal = |EV1. gEVITeal . AtEV1 = 28,16 - 2873.05 - 63.84 = 5165.08 kW

Error verification:

5165.08

%Errortt = |(5171 76

1) ' 100| =0.13%

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

EVnp 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 EVrp

Due to the discrepancy between the theoretical and the actual heat transfer rate of evaporator

EVhp the parameters of the flue gas exiting EVwp at point D must be recalculated.
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Actual enthalpy of the flue gas at point D:

HP:real 5165.08
[real = [real _ Qky = 588.62 — = 367.64kJ/Nm3
T AN (1_%).2349
100 VFlue 100 '

Actual temperature of the flue gas at point D:

real _ 367.64 — 268.01
greal — D Flue200 | 300 — 200) + 200 = -100 + 200 = 272.23 °C

 Ire:300 — Irie:200 405.95 — 268.01

4.4 Design of the High Pressure Economizer ECOsnp

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
oo tn 10923 |  p)
° écc:tgi;temperature of flue gas entering into greal | 27223 °C]
= Actual enthalpy of flue gas entering into ECO3np et | 367.64 | [kJ/Nm3]
(ony 9594 pases through ECOn) | Wi | 324 [kg/s
& | Temperature of water entering ECOsnp tiP 151.4 [°C]
S | Pressure of water entering ECOgzwp phP 4.9 [MPa]
Temperature of water exiting ECOspp tiP 256.4 [°C]
Pressure of water exiting ECOsnp plFf 4.8 [MPa]

Table 410  Parameters necessary for economizer ECOsnp design, not including
parameters describing the geometry of ECOznp

4.4.1 Geometry of the high pressure economizer ECOsnp

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 DESY? 31.8 | [mm]

& | Tube wall thickness thEed? 4 [mm]
" inner tube diameter dgeps 23.8 | [mm]
Fin thickness thEL03 1 [mm]
Number of fins per meter | nf5” 190 [mm]

é Fin spacing SFi > 526 | [mm]
Fin height hECO3 8 [mm]

Outer fin diameter DFS2? 478 | [mm]

Table 411  Parameters selected for the finned tubes used in the high pressure economizer

ECOsnp

ECO3
fin =8

FhE

ENuT 1

~ECO3_¢
Sfin =2

3_
=

26

0
b

N

1T

T hidse

=y

ECO
fin

£C03_+
Dfube‘—’ 1 ' 8

D

W H H

[TTTT

r

-
_

ECO3
tube—

d

Figure 4-7  Tube geometry ECOsnp

The dimensions describing the layout of the finned tubes of economizer ECOzwp 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 S2Eco3) = 90 mm
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Lateral tube spacing in economizer ECOznp:

S1(eco3) = DESY® + 2 - hEEP® + a3 = 0.0318 + 2- 0.008 + 0.00625 = 0.05405m

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

Naturally this value must be rounded to the nearest whole number

£CO3 L 1.76

- 05=-——"—05=3206
Meube/r = g con) 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.

DERY Ecos
gap = L —ngGs, * SiEcos) — 1; = — hfin
0.0318
gap = 1.76 — 32 - 0.05405 — > — 0.008 = 0.0065m
_ 1760
6 75 _ 31x54.05=1675.55 ]
1 [54.05
- M
L)
~ © — @0
_ 6,25 =
m @
§ 1 65
x 306 |
.ﬁ ©O

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

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 ECOsnp.

BRNO 2016 75



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

tP + tHP  265.4+151.4

EEC03 = 2 2 == 2039 OC
HP HP
_ Pe +0p 4.8+ 4.9
pEC03 == 6 2 U = 2 = 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§ioom * Urcos _ 0.95-3.24-0.0012

ECOo3 '
Steam T (thIbeeB)z  scos T-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 nEees =4

Figure 4-9  Splitting schematic ECOsnp

Actual speed of water flowing through ECOsnp:

' 4.20
WECo3 — wEEDS . pECO3  — 0.25-4=1m/s (4.20)
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4.4.3 Verification of the speed of flue gas passing through economizer ECOsnp

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 ECOsnp.

ne 1466.23
I[’:: — Beal _ QEC03 — 36764‘ _ — 304_9 k]/Nm3
1— M -M 1— w .23.49
100 VFlue 100 :
(A 304.9 — 268.01
ty = —2—THE20 (300 — 200) + 200 = -100 + 200 = 226.75°C

 Ire300 — Iriue:200 405.95 — 268.01

Average flue gas temperature:

_ tredt +tp 27223 + 226.75 .
Eppy =——5— = > = 249.49°C

The actual volumetric flow rate of the flue gas:

crcos 27315+ Epg) 273.15 + 249.49

. = . — 3
VFlue — 57315 Myrue 57315 23.49 = 4494m°/s

The cross sectional area that the flue gas flows through:

AEE3 = H oL~ - DEEY nfEgS, — H 2 WEP* - thfE0% mfE0% mflls,

AECO3 = 6.78-1.76 — 6.78 - 0.0318 - 32 — 6.78 - 2+ 0.008 - 0.001 - 190 - 23 = 4.37 m?
Speed of the flue gas passing through ECOzsnp:
_ MyEpy  44.94

= =10.27 m/s

Flue — ,ECO3
AECO3 ™ 437

The speed of the flue gas through the economizer is within the suggested range, between 9 and
12 mf/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:

Eco3 _ S1(EC03) 0.05405 B
%1 TTpEcos T 00318

tube

Diagonal tube spacing relative to the outer tube diameter:

$1 2 2 0.05405
ecos §'ECO3 B J( 1(E2603)) + (SZ(Ecog)) ~ \/(T) + 0.092

~ DEGos DECO3 - 0.0318

tube tube
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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.

scos . 0L -1 17-1

Qo = E0s —1 - 20961 00

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

Temperature Eop) = 249.49 °C
cos  [249.49 — 200 . ,
AFle = [T (47.35 —-39.23) + 39.23] 1073 =4.325-10"2W/(m - K)
249.49 — 200
VEIEPS = [T (45.45 — 32.36) + 32.36] 1076 = 3.884- 1075 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.

cFCo3 = 1

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

AECO3  /pECO3 -0.54 pEC03\ ~0-14 WECos _5;5603 0.65
ue tube n ue in
aBCO3 = (.23 - ECO3 . ((EC03)02. < > . ( ) . ( >

ECO3 | LECO3 ECO3 ECO3
Sfin Sfin Sfin VElue

afC03 = 0.23-1-0.36°2 -

0.04325 (0.0318 )‘0-54 (0.008 )‘0-14 (10.27-0.00526)"-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 BE€03 - hZi0% and the quotient of DF”°/Dpp? , where BEC3 is a coefficient.
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Coefficient BE<©3:

BECO3 = \/ 2 Wrin - g% \/ 2:0.85-60.72
t

RECOS - (14 & Wy - aEC0%) — 0.001-38 - (1+ 0.0043 - 0.85 - 60.72)

in
BECO3 = 4715 m™t

Values needed to determine the coefficient characterizing the effectiveness of the fins:
BECO3 - hEE03 = 47.15-0.008 = 0.38
DFZ° 00478
DECO3 "~ 0.0318

tube

Coefficient determined using the graph:

EECO3 = 0,94

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

<D’§‘%03> 1 0.0478\2

ECO03 ~ECO3 | — . _

Stin > _ Diiive _ (Toz1s) ~1

SECO3  /pECO3\? GECO3  (pECO3 0.0478\2 0.00526  0.001
< fElgo3> -1+2- ( fEl::lo3 - E::rz)3> (0-0318) —1+2 ( 0.0318 0.0318)
Dtube Dtube Dtube

;3‘5103 _

<Fooz = 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:

SECO3f- S]EC‘C03

out—fin in

SEC03 =1- SEC03 =1-0.82=0.18
out out

The reduced heat transfer coefficient outside the tubes:

EC03 ECO3 . ECO3

o ECO3 _ SfL . EECO3 ., 4 Sout—fin\ . Wrin " @c

r:out ECO3 u ECO3 W . LECO3
Sout Sout 1+e¢ qJfln ac

0.85:60.72

arout = (0.82:0.94° 14 0.18) 1o

= 40.29 W /(m?K)
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4.45 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).

kFCO3 = qFGO3 = 4029 W /(m*K)

4.4.6 Logarithmic mean temperature difference across ECOsnp

AtECO3 = ¢real _ ¢HP — 27223 — 256.4 = 15.82 K
AtECO3 =t — P = 226,75 — 151.4 = 7534 K

_ At5P%% — Atf¢%® 75.34 — 15.82

m At5CO3y 1(75.34) =38.14K
l"(Atfcm) "\15.82

4.4.7 The number of lateral rows of tubes required for ECOsnp

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

()79 1466.23
St = = = 954.16 m?
out T ECO3 . AtECO3 ~ 4029 - 38.14 m
The outer surface area of one fin:
DECO3)2 _ (pEC03)?
SlEfCl?l?, — 2 ST ( flTL ) 4 ( tube + - Dﬁgl03 . thEglO3
5003 0.0478% — 0.03182 )
Stod=2-m- +m-0.0478 - 0.001 = 0.0022 m

4

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

SEC03

ECO3 , ECO3 , ECO3 ECO3 , cECO3
out/1m (1 th ) + S

=1 Diype —Ngin fin Ngin 1fin

SECO3  — 7.0.0318- (1 — 190-0.001) + 190 - 0.0022 = 0.4896 m

out/1m

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

Soxtir = Sowt)im " H - Niuperr = 0.4896 - 6.78 - 32 = 106.22 m?

out/r out/1lm
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The number of lateral rows of tubers in ECOsnp:

ECO3
o3 _ St _ 954.16 _ gog
row — gECO3 106,22

out/r

Naturally tis value must be rounded to the nearest whole number

ECO3 _
nTOW - 9

4.4.8 Calculating the actual heat transfer rate of ECOsnp

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

See>Tet = SEE03 - nfS9® = 106.22 - 9 = 955.94 m?

The actual heat transfer rate of ECOanp:

Beos ™ = KECO3 - ship3Teal  AtpE03 = 40.29 - 955.94 - 38.14 = 1468.96kW

Error verification:

1468.96
1466.23

%ErrorECo3 = |( — 1) . 100| =0.19%

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

4.4.9 Determining the actual parameters of the flue gas exiting ECOznp

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

Actual enthalpy of the flue gas at point E:

. l Hbreal 1468.96 s
[real = [real _ = 367.64 — = 304.79 k] /Nm
1 — Qrew) . gy (1—w)-2349
100 ) " MvFiue 100 '
Actual temperature of the flue gas at point E:

128 — e 304.79 — 268.01
greal = _E Flue:200 . (300 — 200) + 200 = -100 + 200 = 226.66 °C
£ Irtue:300 — Iriue:200 405.95 — 268.01

4.5 Design of the Low Pressure Superheater SH.p

The low pressure superheater SH.p 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 svmbol | Value Units
(heat exchangers with smooth tubes) y

Coefficient of thermal effectiveness Y 0.85 [—]
Coefficient of the degree to which the flue gas is

- 3 1 (-]
utilized
Coefficient of emissivity of the tube walls Ayall 0.8 [—]
Flue gas pressure (assuming atmospheric) pl 0.1 [MPal]
Given temperature difference (for gaseous fuels) At 25 [°C]

Table 4.12  Values used in the calculations for heat exchangers with smooth tubes
Overall coefficient of heat transfer:

k= W aoye
Ain

(4.21)

Where:
Y is the coefficient of thermal effectiveness [-]

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.

0.8

@y = 0.023 - ) Prepoam®™ 1+ (4.22)

ASteam . (WSteam ' de
de

Vsteam

The coefficient of heat transfer outside the heat exchanger tubes:
Aoy = &+ (@ + ay) (4.23)
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Where:
& is the coefficient characterizing the degree to which the flue gas is
utilized [-]
Aoq is the coefficient of heat transfer through convection outside the

smooth tubes of the heat exchanger [W/(m?K)]
o, 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:

0.6

A Weie * D
Qoy = Cs " Cpy - Flue ( Flue tube) . PTFlueo.33 (4_24)
Dtube VFlue
Where:
Cs is a correction coefficient characterizing the layout of the heat
exchanger tubes [-]
Cs1 is a correction coefficient depending on the number of lateral rows

of tubes [-]

Prewe  Is the Prandtl number of the flue gas [-]

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

The flowing equation, equation (4.25), is applicable in the case where, 0.1 < ¢, < 1.7.
cs = 034 ¢,%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,.,,, < 10and o; < 3.

€1 = 3.121,0,°% — 2.5 (4.26)

The coefficient of heat transfer through radiation outside the tubes:

3.6

i1 1— (gwall)
a
a, =5.7-1078 % Arige * Tre” - ———oe” (4.27)

T,
1— wall
TFlue

Where:

Awall is the coefficient of emissivity of the outer surface of the tube walls

[-]

AFiue is the coefficient of emissivity of the flue gas [-]
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Trive is the absolute flue gas temperature [K]

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

The absolute temperature of the outer tube wall:
Twai = tsteam + At + 273.15 (4.28)
Where:
tsteam 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:

Qrpe = 1—e7PP* (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:

4’ Sl " SZ (430)
s=0.9" Do - (;—2— 1>

The coefficient of radiation decline:
b = beri * Xtri (4.31)
Where:

biri 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 " xHZO TFlue
b = -1 -(1—0.37- ) 4.32
g (3.16 + JPperi” S ) 1000 (4.32)

Where:

Dp:tri is 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 Xepg

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].

b o) Moisture concentration X, [%]
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 riwe [-]

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

Table 4.14 below.

Parameters Symbol | Value Units
Heat transfer rate required of SHyp (theoretical 1P 35.16 W]
value)

@ Actual temperature of flue gas entering into SH.p treal | 226.66 [°C]

I | Actual enthalpy of flue gas entering into SHLp Ireat | 304.79 | [kJ/Nm3]
Mass flow rate of steam in the high pressure circuit . 1P
(only 95% passes through SHyp) Msteam | 088 Lkg/s]

E | Temperature of steam entering SH.p tLP 156.15 [°C]

& | Pressure of steam entering SHyp piP 0.56 [MPa]
Temperature of steam exiting SHip tiP 170 [°C]
Pressure of steam exiting SHcp piP 0.46 [MPa]

Table 4.14  Parameters necessary for superheater SHp design, not including parameters

describing the geometry of SH.p
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45.1 Geometry of the high pressure superheater SHLp

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 | DJH 38 [mm]
Tube wall thickness | thsH 4 [mm]
Inner tube diameter d:f . 30 [mm]

Table 415  Parameters selected for the smooth tubes used in the high pressure
superheater SH.p

-1
I
w
=
T
n 2
s
i
)
e
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T e W
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Figure 4-10 Tube geometry SHLp

The dimensions describing the layout of the finned tubes of superheater SHp 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 agy = 38 mm
Longitudinal tube spacing Sysey = 117 mm
Lateral tube spacing in superheater SHLp:

Sismy = DS, + agy = 0.038 + 0.037 = 0.075m

BRNO 2016 86



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

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

Naturally this value must be rounded to the nearest whole number

sn ko176 o
b/ " s sy 0076 77

nfgbe/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
S1(SH) _ Diube

gap =L — (ntslljbe/r - 1) *S1(sH) —

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

19

Figure 4-11  Tube layout SH.p
4.5.2 Verification of the speed of steam passing through superheater SHLp

The speed of the steam passing through superheater SHp 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.

ti” + 137 170 +156.15

toy = = 163.08 °C
SH 2 2
LP 4 pLtP 0.46 + 0.56
Psy = et Pz _ = 0.51 MPa
2 2
Tsy = 0.379m3/kg (determined using X-Steam, f(p,t))
Speed of steam:
MEE o - U 0.88-0.379
Wil = ——smeom S = =19.54m/s
steam g - (dtsﬁbe)z .nSH m-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 SHLp

Recalculated flue gas enthalpy and temperature at point F:

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

LE 35.16
I = I5eat — = 226.66 — = 303.28 k//Nm?®
1 — Qrew) . gy 1049 5349
100 ) Mvrue 100 :
I = Irpye. 303.28 — 268.01
t, = — L Fue200 (300 —200) + 200 = -100 + 200 = 225.57°C

405.95 — 268.01

IFlue:300 - IFlue:ZOO
Average flue gas temperature:

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

The actual volumetric flow rate of the flue gas:

csu 27315+ E@p) i 27315+ 226.12
VFlue = 97315 VFlue = 273.15

-23.49 = 42.93m3/s

The cross sectional area that the flue gas flows through:

A =H-L—H D, nitye)r = 6.78-1.76 — 6.78-0.038 - 23 = 6.01 m?
Speed of the flue gas passing through SHLp:
_ Mpiye 4293

weh, = =
ve T A, | 601

=7.15m/s

45.4 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 _

Y psH " 0.038

tube

Diagonal tube spacing relative to the outer tube diameter:

s _ ST \/(Sl(z—sm)z + (s20m)” \/(0'%—76)2 +0.1172

JZ =
DR, DR, 0.038

= 3.24

Coefficient of the relative tube spacing:

Both the calculated values of lateral and diagonal relative tube spacing are substituted
into equation (4.14) to determine the coefficient of the relative tube spacing.
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SH
G ot-1 197-1
_ = = 0.44
Yo TGS 173241

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

The flowing equation is applicable, because 0.1 < @3 < 1.7.

cSH = 0.34- (p51)%1 = 0.34-0.44%1 = 0.31

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

The flowing equation is applicable, because ns4, < 10 and o7 < 3. Assuming that there is
only 1 lateral row of tubes in superheater SHyp.

csH =312 (nSH,)%05 - 25=3.12-1%05-25=10.62

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

Temperature ter) = 226.12°C
226.12 — 200 s .
B = [T- (47.35 —39.23) + 39.23] 1073 = 4.135- 102 W/(m - K)

- [226.12 — 200

viH g (4545 —32.36) + 32.36] -1076 = 3.578-107° m?2/s

226.12 — 200
PrFlue = [ 100

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

- (0. - 0. + 0. -107° = 0. m*/s
(0.641 —0.661) + 0.661|-107° = 0.656 m?/

0.6

SH _ ,.SH , .SH AFlue_ Wlue Dtube p 0.33

Ue1 = Cs z1 pSH SH ( TFlue)
tube VFlue

asf =0.31-0.62-

0.04135 (7.15-0.038\"° 0.33 ,
- -(3578_10_5) £ 0.656933 = 39.11 W/(m?K)

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

4 st . g3H 4 0.076-0.117
s=09-DfH [ ——=—-1]= O.9-0.038-(;-——1) =0.23m

2
s SH
D tube
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The partial pressure of triatomic gases in the flue gas:
Ppitri = Pl X = 0.1-0.122 = 0.0122 MPa

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

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

7.8+ 16 x TSH
bl = 29 _1)-(1-037 Ee
3.16 * \/Dp.tri * Ssu 1000
7.8+ 16-0.078 499.27
( - 1) (1 ~0.37-
3.16 -1/0.0122 - 0.23 1000

The concentration of triatomic gases in the flue gas:

xtn- = xHZO " xCOZ = 0078 + 0044’ = 0122

SH _
tri —

) =37.14m - MPa?

The coefficient of radiation decline:

b=0b" x,;=3714-0122 =453 m™*- MPa~!
The coefficient of emissivity of the flue gas:
a;ﬁte =1 — g bPls = | _ 45301023 — ) 0991
The absolute temperature of the tarnished outer tube walls:
TSH, = tey + 25 + 273.15 = 461.23 K

The coefficient of heat transfer through radiation outside the tubes:

3.6
SH
1— <Twall>
SH
) Awan +1 SH ., pSH 3 TFlue

2 AFrlue Flue TSH
1— wall

TSH
Flue

aSH =57-1078

3.6

- (3957)

46123
499.27

1
asf =57-1078- -0.0991 - 461.233 - = 2.06 W/(m?K)

1

The coefficient of heat transfer outside the heat exchanger tubes:

asH, =& (a3 + o) =1-(39.11 + 2.06) = 41.17 W /(m?K)
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455 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

Pt = 2.6384kg/m3
Ut gm = 1.4515-107° Pa - s
ASH . =0.0316 W/(m-K)
PrsH . = 1.0567

Kinematic viscosity of the steam:

SH _ ”ggaam _ 1.4515-107°>
Vsteam =" sH = ) 6384

Steam

= 5.5015-107° m?/s

The heat transfer coefficient inside the tubes of SHanp:

0.8
ASH WSH . dS'H
SH __ | “Steam Steam tube . SH 0.4 . . .
a;, =0.023 IS <H (Priagm Ct " CL" Cm
tube Vsteam

az =0.023-

0.0316 ( 19.54-0.03

0.8
0.03 =T015. 10_6) -1.0567°*-1-1-1 = 260.92 W /(m?K)

45.6 Overall heat transfer coefficient for SHLp

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

Y-ayl, 085-41.17

kS = — % = = 30.22W/(m?K)
N Y
L+ =5 260.92

in

4.5.7 Logarithmic mean temperature difference across SHLp

AtsH = treal — thP = 226.66 — 170 = 56.66 K
AtsH =t — tiP = 22557 — 156.15 = 69.42 K
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At — A3 69.42 — 56.66

A (69.42) = 62.83K
n (Atfﬂ) "\56.66

e =

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:

o5 _ S 35.16

= = = 18.52 m?
out = kSH . AtSH ~ 30.22-62.83 m

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

Sowesr =H T Dithe  Nifhe/r = 6.78 -1+ 0.038- 23 = 18.62 m?

out/r

The number of lateral rows of tubers in SHLp:

SH
nsit _ Ss‘ZM _18sz_ o
SSH . 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:

Soperedt = S50 -y, = 18,62+ 1 = 18.62 m?

The actual heat transfer of SHyp:

QLPreal — | SH . gSHireal . \¢SH — 3022 -18.62 - 62.83 = 35.35kW

Error verification:

. sH 35.35_ . B .
YWError>" = 3516 1)-100] = 0.53%

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

4.5.10 Determining the actual parameters of the flue gas exiting SHLp

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

LP:real
35.35
[real = real _ QQSH = 367.64 — 049 = 303.27kJ/Nm3
RC% \ . n/ —=_7).
(1 _W) My pry (1-F5g) - 2349

Actual temperature of the flue gas at point F:

L I = Tpenzo0 303.27 — 268.01
tpe = - (300 —200) + 200 = 100 4 200 = 225.57 °C
Ipiue:300 — IFiue:200 405.95 — 268.01

4.6 Design of the Low Pressure Evaporator EV.p

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

Parameters Symbol | Value Units
Heat transfer rate required of EVyp (theoretical 1r | 1866.54 W]
value)
@ Actual temperature of flue gas entering into EVp t}e‘” 225.57 [°C]
I | Actual enthalpy of flue gas entering into EVp I]fe‘” 303.27 | [kJ/Nm?3]
= | Temperature of water entering EVp tiP 151.15 [°C]
o
% Pressure of water entering EVp pif 0.56 [MPal]
£ | Temperature of steam exiting EVp tLP 156.15 [°C]
= [ pressure of steam exiting EVip piP 0.56 [MPa]

Table 4.16  Parameters necessary for evaporator EV_p design, not including parameters
describing the geometry of EV.p

4.6.1 Geometry of the high pressure evaporator EVi.p

The chosen dimensions of the finned tubes used in the low pressure evaporator (EVip) 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 thiype 4 [mm]
Inner tube diameter aty.. 49 [mm]

Fin thickness thih, 1 [mm]
Number of fins per meter nen, 230 [mm]

é Fin spacing Sfin 435 | [mm]
Fin height hit 19 [mm]

Outer fin diameter DFY 95 [mm]

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

EVie
o BV, BV o
iR #hfin: ) Sfin:'l.j-':)
= N
- -
I
Il o
o2
-
_‘_.
| e an
an L -
nlon N N
Corral - _a
[y = =
[ )
w
\Il ‘ﬂﬂﬂﬂmﬂ

Figure 4-12  Tube geometry EV.p

The dimensions describing the layout of the finned tubes of evaporator EVp 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 Sygvy = 117 mm
Lateral tube spacing in evaporator EVup:

S1&v) = Diupe + 2 Ay + apy = 0.057 +2-0.019 + 0.0055 = 0.1005m
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Number of tubes in each lateral row of tubes in EVip:
Naturally this value must be rounded to the nearest whole number

v L 1.76

- _05=
Muve/r =5 o 0.1005

—-05=17.01

ngi/be/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.
DiYy EV
ube
gap =L — ng‘fbe/r *S1(EVH) — — hfin

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

1760 _
16x100,5=1608

275 |

117=819

e

Figure 4-13  Tube layout EVip

4.6.2 Verification of the speed of flue gas passing through evaporator EV.p

Recalculated flue gas enthalpy and temperature at point G:

The parameters of the flue gas exiting the evaporator at point G are recalculated according to
the actual flue gas parameter entering EVp.
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! By 1866.54 .
I, = [real — = 225.57 — = 223.41kJ/Nm
Qrcn) . 1 0.49
1=F00 ) Mvrue (1 100) 23.49
(A 223.41 — 133.27
th = ———T0e200 . (200 — 100) + 100 = -100 + 100 = 166.9°C
Irte:200 — Iriue:100 268.01 — 133.27

Average flue gas temperature:

_ treal v+t 22557 + 166.9 .
brey =——— = 5 = 196.24°C

The actual volumetric flow rate of the flue gas:

.y 27315+ trg) 273.15 + 196.24

ME e = 3 Myre = TERE - 23.49 = 40.36 m3/s

The cross sectional area that the flue gas flows through:

Aguee =H-L—H Dfp,- nfuvbe/r H-2- hﬁ‘ﬁ thfm nﬁgl ntEque/r

AEY . =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 EVrp:

_ M. _ 40.36

ABY . 436

WEr, = =9.27 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:

EV _ Sl(EV) _ 0.1005 _
Y DEV.,  0.057

Diagonal tube spacing relative to the outer tube diameter:

s 2 2 0.1005\2
e ) () (S o7

%2 TpEv T DEV = 0.057 =223

tube tube

Coefficient of the relative tube spacing:

Both the calculated values of lateral and diagonal relative tube spacing are substituted
into equation (4.14) to determine the coefficient of the relative tube spacing.
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ofV -1 176 -1

Vo' = 1 223-1 00

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

Temperature ter) = 196.24 °C
196.24 — 100 4 _2
AEY = [T' (39.23 — 30.89) + 30.89] 10723 =3.891-102W/(m - K)

£y [196.24 — 100

vEV oo (3236 —2141) + 21.41] +1076 = 3.195- 1075 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.

cEV =0.99

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

-0.54 Ev | —0.14 GEV 065
V — EV . (,,EVN0.2 , AFlue Dtube hfin Wik, Flue " Sfin
=0.23- Cz (qoa‘ ) EV ) EV —_—
fln Sfin Sfin VFlue

akV =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

EV — 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 BV - hf}, and the quotient of Df /Df),. , where BV is a coefficient.

Coefficient pEV:

2 W bV 2-0.85 - 38.89
BEV — f =
thEY A (1+ Wy - aB’) 000138 (1 +0.0043- 085 38.89)

BEV =39.03m™1
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Values needed to determine the coefficient characterizing the effectiveness of the fins:
BEY - hfy, = 39.03-0.019 = 0.74

Dfy,  0.095
DEV_~ 0057 -¢7

tube

Coefficient determined using the graph:

EEY =0.82

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

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

D}E-V 2 2
m
-1 0.095
EV Pt _

Sfin _ <Dfuvbe> _ (0. 57) 1

SEV.  / DEV \? SEV  thEV 0.095)2 0.00435 0.001
<D§/n ) -1+2: (DQ/” - Dfé”) (v0s7) —1+2 (ows7 ~0057)

tube tube tube

Ry 4

fin

ey = 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:

SE &

out—jin mn

—=1- =1-0.94 =0.06
Sout out

The reduced heat transfer coefficient outside the tubes:

EV EV
BV _ <S in . EEV. Sout—fin)_ quin ) afv

a,. === +
row T\si M TSI ) T e Wy al”

0.85-38.89

triour = (0940821 +0.06) - T —oom— e —aas

= 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 «,-.;,, 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 . =23.97 W /(m?K)
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4.6.5 Logarithmic mean temperature difference across EVrp

AtEV = treal — ¢lP = 22557 — 156.15 = 69.41 K
AtEV =t —ti? =166.9 — 151.15 = 15.75 K

A5V — AtFY 15.75 — 69.41
AtEV = 2 I =36.18 K

A 15.75
n (ﬁsv) in(59%17)

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:

K 1866.54

SEV, = = = 2152.14 m?
out = }EV . AtEV T 23.97-36.18 m

The outer surface area of one fin:
( fm (Dtube
4

0.095% — 0.0572 ,
SEn=2-m- Z +7+0.095-0.001 = 0.0094 m

Slfm =2 Dfllrll thfln

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

S(fgt/lm = Dgivbe ’ (1 - n])?i‘;l t fln) + n}igl Slfln
Sewt/im =T+ 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:

SEY e =SB, i H e = 22967817 = 264.3 m?

out/r — “out/1m

The number of lateral rows of tubers in EVLp:

SEV, 215214
EV out
= =814
row = GEV = 50433

out/r

Naturally tis value must be rounded to the nearest whole number

EVH _
nTOW - 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:

Seniet = Spu - nEy, = 264.33 17 = 2114.61 m?

The actual heat transfer rate of EVLp:

QLbmeal = EV . gEVireal . AtEV = 23,97 -2114.61-36.18 = 1833.98 kW

Error verification:

‘(1833.98

%ETTOTEVH = m —

1) : 100| =1.74%

The discrepancy between the theoretical and the actual heat transfer rate of evaporator
EV.r is less than 2% , thus the current configuration of EVp 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
EV.p the parameters of the flue gas exiting EVp at point G must be recalculated.

Actual enthalpy of the flue gas at point G:

LP:real 1833.98
[real = real _ QQEV = 303.27 — 049 = 224.81kJ/Nm?
RC% \ . n/ — ).
(1— 100) My pre (1-Tg7) 2349

Actual temperature of the flue gas at point G:

jreal . 224.81 — 133.27
ereal = F Flue100 . (200 — 100) + 100 = -100 + 100 = 167.94 °C

 Iriue200 — Irme:100 268.01 — 133.27

4.7 Design of the High Pressure Economizer ECOznp

Several parameters are required in the calculations associated with the design of the high
pressure economizer ECO.np. Parameters, other than those describing the geometry of the
economizer, that are necessary for the calculations regarding the design and sizing of
economizer ECO2np, 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 ECO2np HP
(theoretical value) gcoz | 198.21 W]
o é\ét(g?}:;emperature of flue gas entering into greal | 167.94 °C]
" | Actual enthalpy of flue gas entering into ECOznp Ireat | 22481 | [kJ/Nm3]
Mass flow rate of water in the high pressure circuit | . ,p
(only 95% passes through ECO2tp) Msteam | 324 Lkg/s]
5 | Temperature of water entering ECOa+p tHP 139.4 [°C]
©
= | Pressure of water entering ECOznp pHF 5 [MPa]
Temperature of water exiting ECO2wp thP 151.4 [°C]
Pressure of water exiting ECO2np pHP 4.9 [MPa]

Table 418  Parameters necessary for economizer ECO2np design, not including

parameters describing the geometry of ECOznp

4.7.1 Geometry of the high pressure economizer ECOznp

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

Table 4.19

Parameter Symbol | Value | Units

Outer tube diameter DESO? 33.7 | [mm]

S | Tube wall thickness thECO2 4 | [mm]
Inner tube diameter dEcP? 25.7 | [mm]

Fin thickness thig? 1 [mm]
Number of fins per meter | n/5’? 200 [mm]

:g’ Fin spacing sfi’? 5 [mm]
Fin height hiGl? 8 [mm]

Outer fin diameter DfSo? 49.7 | [mm]

ECO2np

Parameters selected for the finned tubes used in the high pressure economizer
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Figure 4-14  Tube geometry ECO2np

The dimensions describing the layout of the finned tubes of economizer ECO2p 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 Apcoz = 4.45 mm

Longitudinal tube spacing SaEcoz) = 90 mm

Lateral tube spacing in economizer ECO2np:
S1(Eco2) = DEGY + 2 - hESP? + ageop = 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

ECO2 _ 176

- 05=——""—05=32.002
Meube/r =5 oo 0.05415

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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Dhan’ . Ecoz

uoe

gap = L —nggr * S1Ecoz) — > T Rfin
0.0337

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

2

31x54.15=1678.65

Figure 4-15 Tube layout ECOznp

4.7.2 Verification of the speed of water passing through economizer ECO2znp

The speed of the water passing through economizer ECOzwp 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 ECOaHp.

t77 +t§¥ 1514 +139.4

EECOZ = 2 2 = 1454 OC
HP HP
_ p; +p 49+5
PEecoz = d > . = > = 495 MPa
Urcoz = 0.0011m3/kg (determined using X-Steam, f(p,t))

Speed of water, before splitting economizer into sections:

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

wEco2 " _ =0.20m/s
e - (i) nECO2 m- 002572 4,
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.

Number of sections nkloz =4
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Figure 4-16  Splitting schematic ECOznp

Actual speed of water flowing through ECO2ne:

EC02 _ ysECO2 ’, ECO2 _ A —
Weieam = Wsteam * Neection = 0.20-4 = 0.80 m/s

4.7.3 Verification of the speed of flue gas passing through economizer ECO2znp

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 ECOap.

HP 158.21
I, = 1real — 0 B =224.8— 545 = 218.04kJ /Nm3
(1 - 1R060A)) “Myriue (1-To5) 2349
Il = Ire: 218.04 — 133.27
t, H__Fluel00 . (200 —100) + 100 = -100 + 100 = 162.91°C

268.01 — 133.27

IFlue:ZOO - IFlue:lOO
Average flue gas temperature:

_ treal 4t 167.94 + 162.91 .
t(GH) = 2 = 2 = 165.43°C

The actual volumetric flow rate of the flue gas:

qpcor _ 27315+t . 273.15+16543
VFlue 273.15 VFlue 27315

-23.49 = 37.71m3/s

The cross sectional area that the flue gas flows through:

ECO2 _ 17.71 _ 17.nECO2 . ECO2 _ 17.- .3,ECO2 , .31 ECO2 , ECO2 .. ECO2
Aduct =H-L-H Dtube ntube/r H-2 hfin thfin nfin ntube/r
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AECOZ — 6.78-1.76 — 6.78 - 0.0337 - 32 — 6.78 - 2 0.008 - 0.001 - 200 - 32 = 3.93 m?
Speed of the flue gas passing through ECOznp:

WECO2 _ Miihe  37.71

Flue — ECO2 —
Aduct 3.93

=9.6 m/s

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

Lateral tube spacing relative to the outer tube diameter:

Ecoz _ S1(EC02) 0.05415 3
91 TTpECoz T 00337

tube

Diagonal tube spacing relative to the outer tube diameter:

, S1(Ec02))? 2 J 0.05415\> ]
O_ZrEcoz s'Feo? \/( 2 ) +(52(E602)) _ (—2 ) + 0.09

DEE2? DECO? 0.0337

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.

ECO2
g0z _ O -1 _16-1
o 0,'EC02 — 1~ 279 — 1

= 0.34

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

Temperature tu) = 165.43 °C
ccos  [165.43 — 100 i ,
AECOZ — [T- (39.228 — 30.89) + 30.89] 1073 =3.635-10"2 W /(m - K)
165.43 — 100
EC02 — [T- (32.36 — 21.41) + 21.41] 1076 = 2.857- 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 2 lateral rows of tubes in
economizer ECOanp.

cECoz = 0.87

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

JECO2  /pECO2\~05% pECO2\ 014 ) ECO2 | (ECO2\ 065
aECOZ =0.23- CECOZ . ( ECOZ)O.Z  'Flue | tube . in . Flue fin
c . z Po gEC0Z '\ GECO2 SECO2 yECo2
fin fin fin Flue

0.03635 <0.0337>‘°-54 (0.008)‘0-14 (9.6-0.005 )0-65

ECO2 — ()23.0.87 - 0.34°2 - - =
e 0.005  \0.005 0.005 2.857-10-5

aEC0? = 4881 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€0% - hZ70% and the quotient of DF’?/Dpip? , where BE€9% is a coefficient.

Coefficient pE<©2:

ECO2 _ 2 Wrip - g% _ 2-0.85-48.81
= thPCO2 7~ (1 + & Wrpy - aEC07)  0.001-38- (1 +0.0043-0.85 - 48.81)

BECO2 = 43.05m™?

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

BECOZ - hfiP% = 43.05-0.008 = 0.34

in
DFLo? _0.0497

DEC0Z ™ 0.0337

Coefficient determined using the graph:
EEC02 = 0,95

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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2

ECO02 (_Q‘Zz%ii) -1 0.0497\*
Spin ~ _ D _ (Fo337) !
skcoz —  pEco2y 2 gECO2  ¢pECO2 0.0497\? 0.005  0.001
(%) —1+2- (DfE"C‘OZ - D{;Z},Z> (00337) —1+2 (00337 ~00337)
tube tube tube
—’Eiﬁoz =0.83
SECOZ -

out

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

gEC02 §EC02
t_

e =1 - = 1-083=10.17
out out

The reduced heat transfer coefficient outside the tubes:

ECO2 ECO2 . . ECO2
(ZECO% — Sfm _EECOZ " + Sout—fm . lpfm A
r T \sEe SIS ) T e W aF

0.85-48.81
1+ 0.0043-0.85-48.81

akC92 = (0.83:0.95-1+ 0.17) - = 33.8W/(m?K)

475 Overall heat transfer coefficient for ECO2np

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).

kECO? = apC0% = 33.8W /(m?K)

4.7.6 Logarithmic mean temperature difference across ECO2znp

AtFCO2 = treal _ ¢HP = 167,94 — 151.4 = 16.53 K
AtECO? = ¢, — tlP = 162.91 — 139.4 = 23.51K

AtECOZ _ A¢ECOZ 9351 — 16,53
AtEC02 = 2 L = =19.82K

ALEC0Z 2351
n (At%wz) in(T553)
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4.7.7 The number of lateral rows of tubes required for ECO2znrp

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

HP
ecor _ Qb 15821

out " gECO2. AtECO2 T 33.8-19.82

= 236.18 m?

The outer surface area of one fin:

(Dfin 2)2 (Dtubez ’
ECO2 _ ECO2 ECO2
51 fin — 2" + - Dfm . thfm

£CO2 0.0497% — 0.03372 ,
Sifin =2-m" 2 +m+0.0497 - 0.001 = 0.0023 m

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

ECO2 _ _ . pECO2. (4 _ ECO2 .,,ECO2 ECO2 ., cECO2
Sout/im = T * Deupe (1 N~ " theig )+nfin Sifin

SECOZ  — 7.0.0337- (1 —200-0.001) +200-0.0023 = 0.5351m

out/1m

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

Soxt)r = Sewtam " H niupss = 0.5351-6.78 - 32 = 116.1 m?

out/r out/1m

The number of lateral rows of tubers in ECOznp:
SECOZ  736.18

ECcO2 _ —out _ =20
row Secor 1161

Naturally tis value must be rounded to the nearest whole number

ECO2 _
Nyrow” = 2

4.7.8 Calculating the actual heat transfer rate of ECOznp

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

Shcpareal = GECO2 . nECOZ = 116.1-2 = 232.21m?

The actual heat transfer rate of ECO2np:

Qpéor = kEcoz. ghtpzreal . AppC02 = 338+ 23221+ 19.82 = 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
ECOqnp is less than 2%, thus the current configuration of ECO2np is acceptable.

4.7.9 Determining the actual parameters of the flue gas exiting ECOznp

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[r{'eal — Igeal _ QEcoz =224.81 — = 218.15kJ/Nm3
1 — Qrew) . gy (1- —0'49) +23.49
100 VFlue 100 )

Actual temperature of the flue gas at point H:

I — Inpuenoo 218.15 — 133.27
i - (200 — 100) + 100 = 100 + 100 = 163 °C
( )+ 268.01 — 133.27 +

real _

=1 -1
Flue:200 Flue:100

4.8 Design of the Low Pressure Economizer ECO.p

Several parameters are required in the calculations associated with the design of the low
pressure economizer ECOrp. Parameters, other than those describing the geometry of the
economizer, that are necessary for the calculations regarding the design and sizing of
economizer ECO.p, some of which were determined in previous calculations, are organized in
Table 4.20 below.

Parameters Symbol | Value Units
Zﬁg(t) :(raztiir:;zfle\r/ ;ﬁ;[(;)requwed of ECOrp L | 36582 kW]
v Actual temperature of flue gas entering into ECOrp | 2 163 [°C]
L | Actual enthalpy of flue gas entering into ECOyp Irest | 218.15 | [k]/Nm?]
Mass flow rate of water in the high pressure circuit | MLP | 0.88 [kg/s]
_ | Temperature of water entering ECOL» tLP 53 [°C]
§ Pressure of water entering ECOLp pEP 0.86 [MPa]
Temperature of water exiting ECOLp thP 151.15 [°C]
Pressure of water exiting ECOLp piF 0.56 [MPa]

Table 4.20  Parameters necessary for economizer ECO.p design, not including parameters
describing the geometry of ECO.p
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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 (ECO.p) 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 DESS 22 [mm]
[<B]
5 | Tube wall thickness thEed, 4 [mm]
Inner tube diameter dECP, 14 [mm]
Fin thickness this 1 [mm]
Number of fins per meter nesy 230 [mm]
é Fin spacing SFR 435 | [mm]
Fin height hes 15 [mm]
Outer fin diameter DFY 52 [mm]
Table 4.21  Parameters selected for the finned tubes used in the low pressure economizer
ECOrp
LN
M ECo : /
EE Thf|n - S?l%[]:LF.BS ~T
- T
n _._”,
o~ f :
LM
. I
¥ L 83
-

Figure 4-17  Tube geometry ECO.p

The dimensions describing the layout of the finned tubes of economizer ECOp 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 Agco = 9.75 mm
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Longitudinal tube spacing S26coy = 90 mm

Lateral tube spacing in economizer ECOLp:

s1ecoy = Do + 2 - REEP + apco = 0.022 + 2+ 0.015 + 0.00975 = 0.06175m

n
Number of tubes in each lateral row of tubes in ECOLp:

Naturally this value must be rounded to the nearest whole number

o L 1.76

= —05=——"—0.5=28.002
Mube/r =5 peo 0.06175

ECO  _
ntube/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.

ECO DES Eco
uoe
gap =L — Neube/r " S1(ECO) — 5 hfin

0.022
gap =176 — 28-0.06175 — ——— 0.015 = 0.005m

1760
27=61.76=1667.25

L 88

il

Figure 4-18  Tube layout ECOLp
4.8.2 Verification of the speed of water passing through economizer ECOLp

The speed of the water passing through economizer ECOyp 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 ECOp.

_ ti" +t£"  151.15+ 53 .
tECO = 2 = > = 102.08 °C
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pi’ +pi¥  0.56 +0.86

D, = =0.71 MP
PEco 5 > 0 a
Ugco = 0.001m3/kg (determined using X-Steam, f(p,t))
Speed of water, before splitting economizer into sections:
ML T 0.88-0.001
ECO ' _ Steam VYECO . _
WSteam - - (df&?e)Z co - - 0.0142 8 = 0.203 m/s
4 "MNiube/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.

Number of sections nEe9 =4

Inlet QOutlet

Figure 4-19  Splitting schematic ECO.p
Actual speed of water flowing through ECOLp:

ECO
WSE;ggm = Wsteam nfecc(gion =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 | are recalculated according to
the actual flue gas parameter entering ECOpp.

BRNO 2016 112



DESIGN AND SIZING OF HEAT TRANSFER SURFACES

v e Lp iaas 365.82 025k s
1 =15 = = Lo — = Skj/Nm
1 - rew) . gy (1—w)-2349
100 ) Mvriue 100 :
I = Ippye. 202.5 — 133.27
t] [ Flued®0 . (200 —100) + 100 = -100 + 100 = 151.38°C

* Irme:200 — Irmuen100 268.01 — 133.27

Average flue gas temperature:

_ theat 4+t 163 +151.38 .

The actual volumetric flow rate of the flue gas:

pco _ 27315+ Eqny o 273.15+157.19
VElue 273.15 VFlue 27315

-23.49 = 37.01m3/s

The cross sectional area that the flue gas flows through:

ECO _ p7.71 _ p.nECO . ECO _ 7.0 .pECO . ECO .. ECO ., ECO
Agiet = H L —H " Diype  Neypesr —H "2 hiiy” ~thei nein” " Niper

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 ECOvp:

WECO — 1ECO | _37.01

Flue ™ gECO ™ 6.45

=5.74 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:

Eco _ S1(ECO) 0.06175

0 = =
DESS, 0.022

=2.81

Diagonal tube spacing relative to the outer tube diameter:

S1(Ec0))? 2 0.0617512
peo s'ECO ~ J( 1(1;00)) + (SZ(ECO)) _ \/(T) + 0.092

DESY, DECO 0.022

= 4.32

)

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

Yoo TGy ECO 1T 4321
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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 ECO.p has been
determined in previous calculations regarding the flue gas speed verification.

Temperature tn = 157.19°C
sco  [157.19 — 100 s »
B0 = [T' (39.228 — 30.89) + 30.89] 1073 = 3.566- 1072 W /(m - K)
157.19 — 100
vELD = [T' (32.36 — 21.41) + 21.41] -107° = 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 ECOvp.

c£C0 = 0.87

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

JECO  /pECO —054 /pECO —0.14 WEEO . ECO~ 0-65
aFC0 = 0.23 - ¢FCO . (pECOY02. Flue ( tube) < fin ) ( Flue * Sfin >
c : z o ECO ECO ECO ECO
Sfln Sfln Sfln VFlue
co oz 0.03566 ¢ 0.022 \™%%* (0.0015\7*"* (5.74-0.00435\%°°
aEC0 = 0.23-0.87 - 0.54°2 - ( ) (—) (—_)
0.00435 \0.00435 0.00435 2.767-107°

akC0 = 4241 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 - k77D and the quotient of Df;’/Diiry. , where BE€7 is a coefficient.

Coefficient EC°:

2-We, - aECO 2-0.85-42.41
BECO = f —
thEEO - Apin (1 + €+ Wriy - @E€0) [0.001-38- (1 +0.0043-0.85 - 42.41)

BECO = 40.53 m~1

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

BECO - hfL? = 40.53-0.015 = 0.61
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DF5’  0.052
DECO " 0.022

tube

= 2.36

Coefficient determined using the graph:
EECO = 0.85

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

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

2

pECo 5
n
SfEiﬁo 3 <DEC0> -1 (w) -1

_ tube _ 0.022
SECO  /pECco2y?2 SECO  ppECO 0.052\2 0.00435 0.001
(—Dfé’éo ) —1+2 <D’;~‘?o - Dﬁé’é) (022) —1+2 (Cowzz ~0022)
tube tube tube
;E'CO
mn
SECT = 0.94

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

SECO ECO

out—fin _ Sfin _ _
—gEco = 1—SEW— 1-0.94 =0.06
out out

The reduced heat transfer coefficient outside the tubes:
ECO _ Sﬁ'glo . FECO . S«ifto—fin . Wrin - agce
rout =\ sECO TSR0 ) Tre. Wy - aBC0

out out
0.85-42.41
1+ 0.0043-0.85-42.41

= 26.68 W /(m?K)

aEC0, = (0.94-0.85-1 + 0.06) -

4.85 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 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).

KFCO = aBSO, = 26.68W /(m*K)
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4.8.6 Logarithmic mean temperature difference across ECOLp

AtECO = ¢real — tIP = 163 — 151.15 = 11.83 K
AtECO = t] —tlP = 151.38 — 53 = 98.38 K

At5°0 — At{°°  98.38 —11.83

ECO _
Al = —— Fcoy— =~ 9838
—2_ In (—)
In aeEeo 11.83

=40.88 K

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:

HP 365.82
SECO — ECO___— = 335.48 m?
out = }ECO . AfECO ~ 26,68 - 40.88 m
The outer surface area of one fin:
DECO 2 pECo 2
Sfjfi?l=2-n-( fin ) 4( t“be) +n-DI§i,C10-th]’§§10

0.0522% — 0.0222

SECO
4

tfm=2"T + m-0.052-0.001 = 0.0037 m?

The outer surface area of one finned tube per meter length:
ECO _ ECO ECO ECO ECO ECO
Sout/lm =1 Diype - (1 — N thfin ) + Nfin 'Slfin

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

out/1m

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

Soityr = Sowtyim " H  nfpe)r = 0.8928 - 6.78 - 28 = 169.5 m?

out/r out/1m

The number of lateral rows of tubers in ECO3np:

rco  SEGP? 33548

oW = §ECOz = 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:

Sont e = Spidy nEse = 169.5 - 2 = 338.99 m?

The actual heat transfer rate of ECOgznp:

QLbreal = 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
ECOvr is less than 2%, thus the current configuration of ECOvp 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 ECOL.p at point I must be recalculated.

Actual enthalpy of the flue gas at point I:

LP:real
369.65
Jreal — real _ ECO =218.15 — = 202.34kJ/Nm?
1_QRC% ‘M (1_w).2349
100 VFlue 100 )

Actual temperature of the flue gas at point I:

real .. 202.34 — 133.27
treal = Flue:l%0 . (200 — 100) + 100 = -100 + 100 = 151.26°C
! Iriue:200 — Irtue: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 ECO1np HP
(theoretical value) gcor | 111961 kW]
© Actual temperature of flue gas entering into ECO1p | tF®* | 151.26 [°C]
L | Actual enthalpy of flue gas entering into ECO1np Ireat | 202.34 | [kJ/Nm3]
Mass flow rate of water in the high pressure circuit -
(only 95% passes through ECO1np) Msteam | 324 kg/s]
& | Temperature of water entering ECO1+p thP 53 [°C]
o
= | Pressure of water entering ECO1np piP 5.1 [MPa]
Temperature of water exiting ECO1np thP 139.4 [°C]
Pressure of water exiting ECO1np piFf 5 [MPa]

Table 4.22  Parameters necessary for economizer ECO1np design, not including

parameters describing the geometry of ECO1np

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.

Table 4.23

Parameter Symbol | Value | Units

Outer tube diameter DESO! 33.7 | [mm]

% Tube wall thickness thept 4 [mm]
Inner tube diameter dgspr 25.7 | [mm]

Fin thickness thii! 1 [mm]
Number of fins per meter | n/f5* 220 [mm]

é Fin spacing st 455 | [mm]
Fin height RECOL 12 | [mm]
Outer fin diameter DFEot 57.7 | [mm]

ECO1np

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

The dimensions describing the layout of the finned tubes of economizer ECO11p 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 Sa(Eco) = 90 mm

Lateral tube spacing in economizer ECO2np:
siecon) = DEG! + 2 - hiE2Y + agcor = 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

L 1.76
ECO1
-~ _05= — 0.5 = 28.03
Mube/r =5 coon 0.0617
neoyy = 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.

DEGO! pECO1
gap =L — ntube/r SiEcon ~ o~ Nfin

0.0337

gap = 1.76 — 28-0.0617 — —0.012 = 0.00355m
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Figure 4-21  Tube layout ECO1np

4.9.2 Verification of the speed of water passing through economizer ECO1np

The speed of the water passing through economizer ECO1np 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 ECO1np.

tg’ +td¥  139.4 + 53

trco1 = 5 = > =96.2 °C
HP HP
_ pg t+p 5+5.1
PEco1 = ° > 2= > = 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§ioqm * Urcor _ 0.95-3.24-0.001

ECO1’
_ =0.22m/s
Steam = (dECOT)2  pcor m-0.0257% 28 /
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.

Number of sections nEcol =4
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Inlet Qutlet

Figure 4-22  Splitting schematic ECO1np

Actual speed of water flowing through ECO1np:

ECO1 ECO1 nEcol  _ A —
WSteam WSteam Ngection = 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 ECO1np.

ne 1119.61
I = Ipect — Ecol =202.34 — = 154.43 k] /Nm3
1— Qrew) .y (1 0. 49) 23.49
100 VFlue 100

I = Inye. 154.43 — 133.27
' ] Flue:100
t = - (200 — 100) + 100 = 100 + 100 = 115.71°C
7 Irte:200 = Irtuesioo 268.01 — 133.27

Average flue gas temperature:

_ ty*t +t;  151.26 4+ 115.71 .

The actual volumetric flow rate of the flue gas:

yEcor _ 27815+ tay 273.15 + 133.49

. = . — 3
VFlue = T 573 1E VFlue 57315 23.49 = 34.97m°>/s

The cross sectional area that the flue gas flows through:

ECO1 ECO1 ., ECO1 .o . pECO1 . .3 ECO1 ., ECO1 . ECO1
Aduct =H-L—-H- Dtube tube/r_H 2 hin th in  "Mrin " Neube/r
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AECOL — 6.78-1.76 — 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:

WECO1 _ Mihe 3497

Flue ™ 4ECO1 ™ 453

duct

=7.71 m/s

4.9.4 Reduced heat transfer coefficient outside the tubes of ECOa1np, through the flue gas
The coefficient of heat transfer through convection outside the finned tubes:

Lateral tube spacing relative to the outer tube diameter:

Eco1 _ S1(ECO1) 0.0617

% T pECOT T0.0337

Diagonal tube spacing relative to the outer tube diameter:

S1(Eco1)\? 2 0.0617\2
1ECO1 — s'EeoL _ \/( 2 ) + (52(5601)) B \/( 5 ) + 0.092
TR DEGO - 0.0337

tube tube

= 2.82

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.

ECO1
01 oy’ -1 _183-1_
? 0,'EC01 —1  282-1

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

Temperature Eu) = 133.49 °C
scor  [133:49 — 100 . .
Flue — [T (39.228 — 30.89) + 30.89] 1073 =3.368-10"2W/(m- K)
133.49 — 100
Flie = [T' (32.36 — 21.41) + 21.41] 11076 = 2.508 - 10-5 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 ECOqnp.

cfco1 =098

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

JECO1  /pECO1\ 054 pECO1\~01% ) ECO1, GECO1\ 065
qECO01 — (.23 . cECO1, ( EC01)0.2  ‘Flue | tube . in . Flue fin
c . z Po GECO1 | GECO1 SECO1 JECOT
fin fin fin Flue

0.03368 (0.0337 )‘0-54 <0.0012 )‘0-“ (7.71-0.00455>°-65

ECO1 = 0.23-0.98-0.46%2 - : —_—
e 0.00455 \0.00455 0.00455 2.508-107°

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 g€ - hZ0" and the quotient of DF’'/Dpry, , where BE€O% s a coefficient.

Coefficient pE©L:

gECo1 _ 2 Wrin - ag®! _ 2-0.85 - 46.81
thECOT 2 (1 + & Wy - aEC0T)  0.001-38- (1 + 0.0043 - 0.85 - 46.81)

BECOL = 4229 m™1

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

BECOL - hEE0T = 42.29-0.012 = 0.51

in
DF’t  0.0577

DECO1 ™ 0.0337

Coefficient determined using the graph:

EFC01 = 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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<Dfl‘5iglm>2 1 0.0577\*

ECO1 ~ECO1 - - —

Sfin . _ Die _ (0o337) 1

SECOL " hECo1y 2 GECOL  pECO1\  (0.0577\> 0.00455  0.001
(%) —1+2- (ng’ém - D’;‘C?n) (Go337) —1+2 (50337 ~00337)

tube tube tube

gECo1

fin

SECOl =09

out

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

SECOlf S}b;COl

out—fin in

—Zeor = 1-— S—EC01 =1-09=0.1
out out

The reduced heat transfer coefficient outside the tubes:

ECO1 ECO1 . ~ECO1
@ECO1 — <Sfin . EECO1. 4 Sout—fin)  Wrinac
rout —
So” Se" ) Tt e Wyl
0.85 - 46.81
af9l =(09:09-1+0.1)- = 30.94 W /(m?K)

1+ 0.0043-0.85-46.81

4,95 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 = greal _ ¢HP — 15126 — 139.4 = 11.86 K
At5COT = t; —tfP = 11571 - 53 = 62.71 K

pgecor _ AT — AT 6271 —11.86

In ECO1 -
At 62.71
In <At%601) i (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 _ Eco1 _1119.61

out T RECOL. AtECOT T 30.94-30.53

= 1185.18 m?

The outer surface area of one fin:

(o) - (o8’

Sifl =2 2 +m - DESOT - thilPt
scon 0.0577% — 0.03372 5
Sifin =21 2 +m-0.0577-0.001 = 0.0036 m

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

ECO1 _ _.pECO1.(q _ . ECO1 . ,,ECO1 ECO1 . cECO1
Sout/im = T * Deupe (1 Nem " thein )+nfin Sifin

Sewt/im =T +0.0337 - (1 = 220-0.001) + 220 - 0.0036 = 0.8805 m

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

Soxtir = Sowtyim " H - niuperr = 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 = CECOT T 16716

out/r

7.09

Naturally tis value must be rounded to the nearest whole number

ECO1 _
Nyrow™ = 7

4.9.8 Calculating the actual heat transfer rate of ECO1np

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

SegPtreal = SEEOL - nfS9t = 16716+ 7 = 1170.1 m?

The actual heat transfer rate of ECO1np:

Qhbireal — | ECO1. gECOLreal . A\pECO1 — 30.94-1170.1-30.53 = 1105.36 kW

Error verification:

ECO1 ‘(1105.36

%Error = m - 1) ' 100| =1.27%
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The discrepancy between the theoretical and the actual heat transfer rate of economizer
ECOunp is less than 2%, thus the current configuration of ECOznp is acceptable.

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
ECO1np 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
Qrcor =202.34 — = 155.04 k] /Nm3

Qren) . x; _0.49y
(1_ 100) My e (1~ Top) 2349

real _ jreal

Actual temperature of the flue gas at point J:

reat .. 155.04 — 133.27
] Flue:100
(200 — 100) + 100 = +100 + 100 = 116.16°C
( )+ 268.01 — 133.27 +

treal —
] i —1
Flue:200 Flue:100

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.

parameters g :1%9_ E :)-J_ § % *c:» % g § g § g g g
=7 £7 | %8 | 53|57 |238 38
Symbol Wrewe | Wsteam | Q7% S, S1 Ntube/r | Nrow
Units [m/s] | [m/s] | [kW] | [mm] | [mm] [-] [-]
SHarp 10 19.79 | 807.23 | 117 | 74.8 23 4
o | SHup 9.73 | 1598 | 1297.87 | 117 | 74.8 23 4
% EVie 10.45 ] 5165.08 | 117 | 1065 | 16 17
% ECOsvp | 10.27 1 1468.96 | 90 | 54.05 32 9
I |ECOxr | 956 0.8 155.55 90 | 54.15 32 2
ECOmr | 7.71 0.88 | 1105.36 | 90 61.7 28 7
o | SHw 715 | 1954 | 3535 117 76 23 1
§ % EVip 9.27 - 1833.98 | 117 | 1005 17 8
S | ECOvp 5.74 0.81 369.65 90 61.75 28 2

Table 4.24  Parameters regarding individual heat exchangers
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Doint Temperature [°C] | Enthalpy [kJ/Nm®]

symbol | value | symbol | value
A t, |49 I, |678.69
B ty | 466.32 I, |644.15
C te | 428.24 I, |588.62
D t, |272.23 I, |367.64
E tg 226.66 Ig 304.79
F tp | 22557 I |303.27
G te | 167.94 I, |22481
H ty |163 I, |218.15
| t, | 151.26 I, |202.34
J t; |116.16 I, | 155.04

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

The material that the heat exchanger tubes are made of is selected according standers (CSN 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:
trer = tsteam:out 1 Dtsase (5.1)
Where:
tsteameoue 1S teMperature water/steam exiting the heat exchanger [°C]
Atgqr.  isadditional safety margin [°C]
Safety margin (for superheaters):
Atsare = 35 °C (5.2)

Safety margin (for all other heat exchangers):

Atsore = 15 + 2 - theypemm) (5.3)
Where:
thiyube(mm) 1S the thickness of the tube wall [mm]
Parameter Exiting steam Safet_y Reference Se[ected tube material
temperature margin temperature (CSN EN 12952-3)

Symbol tsteam:in Atgsare Lref 3

Units [°C] [°C] [°C] -
SH2up 450 35 485 16Mo3
@ | SHinp 408.46 35 443.46 16Mo3
% EVhp 261.4 23 284.4 P235GH
% ECOatp 256.4 23 279.4 P235GH
T | ECO2rp 151.4 23 174.4 P235GH
ECO1np 139.4 23 162.4 P235GH
SHvp 170 0 170 P235GH
HER 156.15 23 179.15 P235GH
ECOvp 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 Dy,-,,,, is chosen according to the steam production rate Mg, .4, 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 L4, 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-mq)]

Steam drum load:

_ MSteam (62)

Zdarum =

Vdrum

Where:
Mgioam 1S the steam production rate of the respective circuit [kg/s]
Virum s half of the steam drum volume [m?]

Half of the steam drum volume:

. 2,
Varum = i (ddrurré) Larum (6.3)

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

Lgrum 1S 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 =12 m

drum
thil  =0.04m

ait o =DEb . —2-thHF  =12-2-004=112m
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LA =L=176m

Half of the steam drum volume:

2
- (dir - LHP 7-1.12%-1.76
Vit =T P = - = 0.87m?

Steam drum load:
M., 324

_ Ot .3
=087 3.74 kg/(s-m>)

HP
Zdrum = VHP
drum

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 pHP = plf = 4.8 MPa

Parameter Symbol Units
Steam drum pressure Parum [MPa] 0932 | 147 | 265 | 422 | 6.8
Zmax | [kg/(s-m3)] | 225 | 28 | 425 | 54 | 6.9

Acceptable load

Table 6.1 Acceptable steam drum load according to pressure
4.8 —4.22
Hh = ————.(69—54 4 =574 -m3
Zmax = o 227 (69—-54)+5 5.74 kg/(s - m>)

The value of the steam drum load is lower than the acceptable load, thus the current geometry
of the high pressure steam drum is acceptable.

6.2 Low Pressure Drum Design

The steam drum geometry is chosen according to the steam production rate of the high pressure
circuit, which is 0.88 kg/s or approximately 3.18 t/h:

D, =12m

drum
thil . =0.04m
diPum =D m — 2 thP =12 —-2-004=112m

LK m =L =176m

Half of the steam drum volume:

e (dum) Ly 11224176

VER = 5 = 5 = 0.87m?
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Steam drum load:

w Mifem 088

Zdrum = % = W =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 piEm = pi¥ = 0.56 MPa

p 05670932 (2.8 —2.25) +2.25 = 1.87 k 3
fmax =747 0932 O T~ 23 = 187kg/(s-m?)

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 |_|s|tgez ngrglerge I;ct)(\e/\élr[r)]rgsri%e
Steam drum pressure Ddrum [MPa] 4.8 0.56
Acceptable steam drum load |  z;,m [kg/(s-m?)] 3.74 1.02
Steam drum load Zmax [kg/(s - m?)] 5.74 1.87
Outer diameter D grum [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 * pgryum + 0.005 * hgrym) (7.1)
Where:
Agy is the cross sectional area of the evaporator tubes [m?]

Rgrum IS the approximate steam drum height [kg/(s-m?)]

Steam drum height:

The approximate height steam drum, or the height of the evaporator circulation loop is
calculated according to equation (7.2), approximately 3 meters higher than the flue gas duct
height [7].

harum = H + 3 (7.2)

Cross sectional area of the evaporator tubes:

7 (deype)® (7.3)

EV — 4 *Ntube/r " Mrow

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

ARiser = Agy * (0-1 +0.01 pgrym + 0.01- hdrum) (74)

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

hAP  =hL  =H+3=6784+3=978m
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7.1.1 High pressure downcomer tube sizing

Cross sectional area of the evaporator tubes:

- (dEVL)° - 0.0492

AP = +”e NEipesr* Miow = ——7—— 1617 = 0513 m?

Cross sectional area of the downcomer tubes:
AP = AP - (0.06 4+ 0.016 - pF ., + 0.005 - REL,
ABP . =0.51-(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 DHF | 2445 | [mm]

Wall thickness thien 10 [mm]

Inner tube diameter dif | 2245 | [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

ARP 0.513
HP _ Down _ —
Mbown = (@R 37 = 7022457 ©F
4 4
NBown =3

7.1.2 Low pressure downcomer tube sizing
Cross sectional area of the evaporator tubes:

T (dtube) o gy T 0.0492
EV — T tube/r “Mrow = T

17 -8 = 0.256 m?
Cross sectional area of the downcomer tubes:

ALE = AL - (0.06 + 0.016 - p52,,, + 0.005 - h5P, .,

AR . =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 DLP . | 2445 | [mm]

Wall thickness thih wn 10 [mm]

Inner tube diameter dsP . | 2245 | [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

ALP 0.256
LP _ Down — —
Mhown = (@B )7 | 1w 022452 076
4 4
nélc))wn =1

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  =0.513-(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 thifeer 8 [mm]
Inner tube diameter dRfer 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

e AfP _ 0126 _ 1173
M (akE,,)? mo0.1172 '
leer T

HP —
NRiser = 12
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7.2.2 Low pressure riser tube sizing

Cross sectional area of the riser tubes:

Agi)ser = AL (0 1+0.01- pdrum + 0.01- hdrum

AR . =0513:(0.1+0.01-0.56+ 0.01-9.78) = 0.052 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 DHP | 168.3 | [mm]
Wall thickness thifeer 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 ARfser 0052 286
Riser Hp 2 1-0.15232 '
(deser T

HP  _
NRiser = 3
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8 FLUE GAS PRESSURE LOSSES THROUGH THE BOILER

The total flue gas pressure loss through the boiler Ap;.;orq; Must be lower than the maximum
acceptable pressure 10SS 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]
S is the pressure loss coefficient, determined from the geometry of

the heat exchanger [-]

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

heo \*t /5o \—k2
G =ky Nyow - ( o ) ’ ( o ) ’ (Re)_k3 (8.2)

Dtube Dtube

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

k,,34  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 ky 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/Diube

¢=(4+6.6n.4,) (Re)™ 028 (8.3)
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Reynolds number:

_ (WFlue ’ de)z

VFiue

Re (8.4)

Where:
de 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 Ag.quct 4-L-H 4-1.76-6.78
de:dquct = = =
: PER gyt 2-(L+H) 2-(1.76 + 6.78)

=2.79m (8.5)

Where:
Agp.quce 1S the cross sectional area of the flue gas duct [m?]

PER .+ s the perimeter of the flue gas duct form the view of the cross
section [m]

Average temperature of the tarnished outer tube walls:
twail = tsteam + AL (86)
Where:
tsteam 1S 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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=1

8.1.1 Pressure losses across superheater SHanp

The pressure loss coefficient for SHanp:

key —k;

h}§.H2 s]§-H2 K

mn m -

Ssuz = Ka " Mows - <DSH2> ’ <DSH2> ' (Re(SHZ)) ’
tube tube

15\ /9.09\7%72 o4

Pressure loss across SHanp:

(W) 102

SH2 SsH2 2 PFlue = 0.39 - T +1.2772 = 25.04 Pa

Apr

8.1.2 Pressure losses across superheater SHinp

The pressure loss coefficient for SHinp:

key —k;

h}§.H 1 5]§.H1 X

mn m -

SsH1 = kg - nfgvﬁ ) <DSH1> ) <—DSH1> : (Re(sm)) ’
tube tube

15\° (7.69\7°7? T —oaa

S |gE| < 5 | 22 |€T8| 5| 58 s E

g |83 | i s | T = z 5| =5 x =

Symbol | Diype | hrin | Srin | Wrwe | Trow | twau VFlue Re

Units | [mm] | [mm] | [mm] | [m/s] | [-] | [C] | [m?/s] [—]
SHinp 31.8 15 9.09 10 4 424.23 | 6.36-10° | 1.23-10’
© | SHonp 31.8 15 7.69 9.73 4 359.93 | 5.41-10° | 1.37-10’
% EVhp 57 19 6.67 | 10.45 17 238.9 | 4.33-10° | 1.97-107
% ECOsnp 31.8 8 5.26 | 10.27 9 228.9 | 3.61:10° | 2.28-10’
L | ECO2np 33.7 8 5 9.6 2 170.4 | 2.91-10° | 2.47-10’
ECO1np 33.7 12 4.55 7.71 7 121.2 | 2.37-10° | 1.96-10’
SHip 38 - - 7.15 1 188.08 | 3.11-10° | 1.28-107
% EViLe 57 19 4.35 9.27 8 178.65 3-10° 2.23-107
ECOvp 22 15 4.35 5.74 2 127.08 | 2.44-10° | 1.06-107

Table 8.2 Values for calculations regarding flue gas pressure losses
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Pressure loss across SHinp:

(wE® 9.73?

S Priue = 043 -1.2772 = 26.04 Pa

Aprl = GsH1

8.1.3 Pressure losses across evaporator EVup

The pressure loss coefficient for EVrp:

}3}/1 k1 sﬁVl —k2 .
n n -
Sev1 = ko nigw - <DEV1 > ' <DEV1 ) : (Re(EVl)) ’

tube tube

517 (19)0 (6.67)‘0-72
SEV1 = 57 57

Pressure loss across EVhp:

WEVL)? 10.452
Apf¥t = gy - ( que " Prie = 2.83 "

+(1.97-107)7%24 = 2.83

»1.2772 = 197.3 Pa

8.1.4 Pressure losses across economizer ECOsnp

The pressure loss coefficient for ECOzsnp:

_kz

}5_003 k1 Slg_c03 .

— 1, .. ECO3, in . in . —ks

SEco3 = Ka " Miow <DECO3> <DEC03> (Re(EC03))
tube tube

8 \° /5.26\7°%72
—2.9.(_2_) . (222 ) .107)-0-24 —
Crcos =29 (31.8) (31.8) (2.28-107) 1.13
Pressure loss across ECOznp:

2
(W) 113 10.272
T PFlue = L.

ApECO3 = ¢peos -1.2772 = 75.96 Pa

8.1.5 Pressure losses across economizer ECO2np

The pressure loss coefficient for ECOznp:

k1 —kz

ECO2 gECO2 .
_ 1 .p,ECO2 [_fin L[ 2fin . N
SECO2 = k4- Nrow <DEC02> <DEC02> (Re(ECOZ))
tube tube

8 0 5 —-0.72
Secoz =2 2- (ﬁ) ' (ﬁ) (247 -107)7924 = 0.27
Pressure loss across ECOzwp:
(wEse?)’ 9.62

ApECO2 = ¢p0r * Priye = 0.27 T 1.2772 = 15.65 Pa

2
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8.1.6 Pressure losses across economizer ECO1np

The pressure loss coefficient for ECO1np:

}5;01 k1 st-COI —kz .
— . ,ECO1 , in . in . —i3
SECO1 = k4 Nyow <DEC01> (DEC01> (Re(EC01))

tube tube

B 2 7 ( 12 )0 (4.55)_0.72
SECO1 = 33.7) \337

Pressure loss across ECO1np:

2
(WEEor 7.712
= SEco1 + * Prive = 1.05 -

- (1.96-107)7%2% = 1.05

»1.2772 = 40.03 Pa

APECOl

8.1.7 Pressure losses across superheater SHLp

The pressure loss coefficient for SHLp:

ssi = (4+6.6-n58,) (Res) - = (4+6.6-1)+ (1.28-107)7928 = 0.11
Pressure loss across SHLp:
WSH 2 102
ApSH = ¢y (% Priwe = 0.11-——-12772 = 3.53 Pa

8.1.8 Pressure losses across evaporator EVLp

The pressure loss coefficient for EVip:

REV N [ sEr T .
m mn -
Sev = k4 ’ nfgw ' <DEV ) ' (DEV ) ’ (Re(EV)) :

tube tube

19\° (4.35\7%72 024
gEV=2-8-<§) <?) -(2:23-107)792* = 1.76

Pressure loss across EVie:

(W 9.272

APEV - gEVH T " pFlue - 176 * " 12772 == 9641 Pa

8.1.9 Pressure losses across economizer ECOLp

The pressure loss coefficient for ECOLp:

hj’f.co k1 s]E.CO —k2 K
mn m -
Seco = ka " Nige - <DEC0> ) <DECO> ) (Re(ECO)) ’
tube tube
15\° /4.35\7%72
—_o.o. (22 (X222 ) .107)-0.24 _
Sgco =22 (22) (22> (1.06-107) 0.27
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Pressure loss across ECOLp:

2
WEEO 5.742
) ( Zue " Prive = 0.27

ApECO = ¢pco -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 = Api™ + App™ + App"t + AppO® + AppeO% + Ap[eOt + App + Apf” + Apf® (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 Astack 1.05 [m]
gﬁ?;?(r:rl]irt]; I(;f friction inside the stack Aok 0.03 ]
Inlet pressure loss coefficient ¢k 1 [—]
Outlet pressure loss coefficient Qout 1 [—]
Pressure loss across the stack silencer Ap§t 200 [Pa]
Stack inlet temperature t; 116.16 [°C]
Density of air Dair 1.275 | [kg/Nm?3]
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).

H (Wrpe)?
stack_ F;ue  Drige (88)

Ap[nc = Astack '

dstack

BRNO 2016 144



FLUE GAS PRESSURE LOSSES THROUGH THE BOILER

Where:
Astack 1S coefficient of friction inside the stack [-]
Hgqor 1S functional stack height [m]
dgtacke 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:

- (dstacr)® - 1.057

Astack = ) = 5 = 1.73 m?
Actual volumetric flow rate of the flue gas in the stack:
: : t; +273.15 116.16 + 273.15
stack __ LA E— . = 3
MJEACK = My riye 273.15 23.49 TERT: 33.48 m3/s
Speed of the flue gas in the stack:
MStack 3348
wistack = —THe - =19.33 m/s
e Ager 173
Pressure loss due to friction:
- H Wrine)? 16 19.332
Apl T = Agqen - ek Wrine)  Prie = 0.03 - —— " .1.2772 = 109.09 Pa
dstack 2 1.05 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 (8.1) was
used.

stack 2

L
PO = (¢Wack + Sotack) " (Wetie™) Pre =1+ 1) -1.2772 = 477.28 Pa

8.2.3 Stack effect

The stack effect acts against the pressure losses and aids in the expulsion of cooled flue gas
from the boiler. The stack effect is calculated according to equation (8.9).

273.15 (8.9)
Prwe 57315 +¢,) 9

273.15
273.15 + 116.16

Apeff = Hstack (pair -

Aperr = 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.

ric

Apfka = Ap]™¢ + Api'n:out + Apfil _ Apeff (810)
Apstack = 109.09 + 477.28 + 200 — 59.53 = 726.84 Pa

8.3 Overall Flue Gas Pressure Losses through the HRSG

The overall flue gas pressure drop is calculated according to equation (8.11), as the sum of the
overall pressure loss across the stack and the pressure loss across all the heat exchangers in the
boiler.

APLrorar = APSTPK + Ap,, = 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.

BRNO 2016 146



CONCLUSION

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
SHanp) 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 SHonp. 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

LIST OF SYMBOLS

Abbreviations:  Meaning:

HRSG heat recovery steam generator
HP high pressure circuit
LP low pressure circuit
ECOvrp low pressure economizer
ECO1np first heat exchanger of the high pressure economizer
ECO2np second heat exchanger of the high pressure economizer
ECOgshp third heat exchanger of the high pressure economizer
EVir low pressure evaporator
EVhp high pressure evaporator
SHLp low pressure superheater
SHinp first heat exchanger of the high pressure superheater
SHznp second heat exchanger of the high pressure superheater
Index: Meaning:
1,2,...,9 points on the temperature profile graph (water/steam)
A,B,..,]  points on the temperature profile graph (flue gas)
HP high pressure circuit
LP low pressure circuit
ECO low pressure economizer
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
Cco2 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)

Aoy 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)

Aoyt 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)

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

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

B coefficient [1/m]

€ correction coefficient for fin fouling [m2K /W]

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

Ariue 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 o dynamic viscosity of the water/steam [Pa - s]

VElue kinematic viscosity of the flue gas [m2/s]

vsi2. kinematic viscosity of the water/steam [m?/s]

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

Pair density of air [kg/Nm3]

Prive densities of individual flue gas [kg/Nm?]

Po2.n20  densities of individual flue gas components [kg/Nm3]
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Psteam density of the water/steam [kg/m?3]

S pressure loss coefficient [—]

¢k stack inlet pressure loss coefficient [—]

Qout stack outlet pressure loss coefficient (-]

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

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

Oy coefficient characterizing the relative tube spacing [—]

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

Wein 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]

Ayail coefficient of emissivity of the tube walls [—]

Ariye 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)]

biri coefficient of radiation decline caused by triatomic gases [1/(m-MPa)]

o correction coefficient dependent on the tube length relativeto [—]
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 [—]
rows

€1 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]

de equivalent diameter [m]

D outer diameter [m]

E coefficient characterizing the effectiveness of the fins [—]

%Error discrepancy between the theoretical and actual heat transfer [%]
rates

g acceleration due to gravity [m/s?]
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gap gap between the duct wall and the outer tubes [m]
harum is the approximate steam drum height [m]
htin fin height [m]
H height of the flue gas duct [m]
5 (— functional stack height [m]
i enthalpy of the steam/water k] /kg]
Ai 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)]
k234 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 re 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 [—]
Nyow 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]
p average pressure [MPa]
Ap water/steam pressure losses through the hrsg [MPa]
Apers flue gas pressure difference due to the stack effect [Pa]
Ap,, flue gas pressure loses across individual heat exchangers [Pa]
Ap;q flue gas pressure loss across all of the heat exchangers [Pa]
Apo ric flue gas pressure loss across the stack due to friction [Pa]
APLmax maximum acceptable flue gas pressure loss [Pa]
Apimout local flue gas pressure losses at the stack inlet and outlet [Pa]
Apt flue gas pressure loss across the stack silencer [Pa]
Apgtack the overall flue gas pressure loss across the stack [Pa]
Ap;.eorar OVerall flue gas pressure losses through the hrsg [Pa]
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PER4,.:  perimeter of the flue gas duct cross section [m]
Pr prandtl number [—]
Q rate of heat transfer (W]
Qn maximum usable thermal power 174
Qrc rate of heat loss through radiation and convection 174
Qrco% 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]
S1 lateral tube spacing [m]
S 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

Sreal 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/im the inner surface area of one tube per meter length [m?]
Stin the fraction of the total outer surface area of the finned tubes [—]
% that is made up of the fins themselves

out—fin the fraction of the total outer surface area of the finned tubes [—]

Sout that is made up of the exposed outer tube walls
t temperature [°C]
trive inlet flue gas temperature [°C]
tew feedwater temperature [°C]
tref reference temperature for material selection [°C]
tsreamoue  t€Mperature of water/steam exiting the heat exchanger [°C]
twall average temperature of the tarnished outer tube walls [°C]
th thickness or wall thickness [m]
theubemmy 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

Atsqre safety margin

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

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

T the absolute temperature

v average specific volume

Vauet half of the steam drum volume

w speed of flow

Wsteam water/steam speed before splitting lateral rows into sections

X volumetric concentration

Xri volumetric concentration of triatomic gases in the flue gas

Zarum steam drum load

Zmax acceptable steam drum load
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