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ABSTRAKT

VW

odpadni teplo. Uvodni &ast zahrnuje tepelny vypodet, jakoZ i navrh usporadani teplosménnych
ploch a provedeni a rozlozeni kotle. Jednotlivé kapitoly prace pak dle svého ¢lenéni nastifuji
navrh uspotfddani vyhfevnych ploch, a to dle zadanych parametrti spalin a pary. Prace
obsahuje zobrazeni skutecného pilového diagramu a vénuje se i vypoctu zavodnovacich a
prevadecich potrubi a bubnil. Zavérecna ¢ast pak popisuje vypocet tahové ztraty kotle. Hlavni
tematickou myslenku prace dokresluje technicka dokumentace vykresu kotle.

KLICOVA SLOVA

Kotel na odpadni teplo, dvoutlaky, navrh spalinového kanalu, navrh vyhfevnych ploch,
tlakova ztrata, tahova ztrata kotle, navrh bubnu.

ABSTRACT

The focus of this thesis is a proposal of a horizontal dual-pressure heat recovery steam
generator. The introductory part includes thermal calculation, as well as a design of the layout
and a design of the heat transfer surfaces and the layout of the boiler. Individual chapters are
broken down according to the outline of the proposal for the arrangement of the heating
surfaces, according to the parameters of the flue gas and steam. The master thesis contains a
scheme of a real heat transfer temperature diagram and it also includes the calculation of
connecting and downcomer pipes and drums. The final part describes the calculation of the
boiler draft loss. The main idea of the thesis is accompanied by the technical documentation
of the drawing of the boiler.

KEY WORDS

Heat recovery steam generator, dual pressure levels, design of flue-gas duct, design of heating
surfaces, pressure loss, boiler draft loss, drums design.
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INTRODUCTION

The goal of this thesis is to propose a horizontal dual-pressure level Heat Recovery Steam
Generator (HRSG). HRGS can be found in virtually every chemical processing plants or
metallurgical plants. It produces steam which can be used in operation such as combined-
cycle mode or the cogeneration mode shown in the Figure 1. In each mode,the steam is used
in different way. Steam in a combined-cycle mode is used to generate electricity via a steam
turbine with efficiency of up to 60%. The cogeneration mode uses the steam for process
applications.[4]

Fuel Cogeneration Mode
H’:) Steam for Process Pump
T Gas Turbine
Air T
2 HRSG Stack

Combined-Cycle Mode
Fuel

i Condenser Pump
ﬁO—_' Steam
Turbine
Gas Turbine
At T
Fuel HRSG s

Figure 1 HRSG - combined-cycle mode and cogeneration mod[4]

HRSG are divided into several types — vertical, horizontal and once through. In the vertical
HRSG flue gases flow vertically through horizontal arrangement of the heat exchanger
surfaces. The advantage of the vertical arrangement is a smaller footprint but the disadvantage
is the higher own energy consumption because of the use of a circulation pump. Horizontal
design works on the opposite principle. The last type of HRSG is the once-through steam
generator which does not use boiler drums. The arrangement of heat transfer surfaces and the
direction of the flue gas stream can be horizontal or vertical. The main advantage is that phase
change from water to steam can move without restriction throughout the bundle.[5]

Horizontal design

Once Through design

Vertical design |1

~— HP drum
- Feedwater
|| storage tank

—

« Feed
water

| [ Superheater ~ Evaporator Preheater

Figure 2 Horizontal, vertical and Once Through design of HRSG[5]
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1. BASIC DESCRIPTION OF HORIZONTAL HRSG

Horizontal HRSG to which this work relates can be connected into a combined cycle mode
with a gas turbine. HGSR is designed as a dual-pressure natural-circulation boiler. The boiler
Is due to better transportability divided along its length into several parts with inspection
holes. As is evident from Figurel.1, the boiler is composed of nine heating surfaces which
form the low and high pressure circuit.

HIGH PRESSURE LOW PRESSURE LOW PRESSURE HIGH PRESSURE

OUTPUT OF STEAM OUTPUT OF STEAM INPUT OF WATER  INPUT OF WATER
Hlﬁi PRESSURE LOW PRESSURE H @
)| DRUN DRUM
FLUE GAS INPUT FLUE GAS OUTPUT
bsm ‘ HEVA ‘ HECOB L HECOZ LEVA LECO ‘ HEC01 |2
Mo DA =>
|| WATER Y ‘
N

Figure 1. 1 Scheme of heat transfer surfaces in HRSG

Feed water of a temperature 62 ° C flows into the economizer, and then further into the drum
subsequent by the downcomer and into an evaporator and then by cross-pipe loop into the
drum, where is separated from the saturated steam and saturated liquid. At the highest part of
the drum there is a valve for saturated steam offtake which continues into the superheater,
where it produce superheated steam.

High pressure circuit includes economizer which is divided into 3 levels and superheater
which is divided into 2 levels. For better regulation of the output temperature of the
superheated steam from the high pressure circuit uses the feedwater injection valve before the
second superheater.

1.1 Specified boiler parameters

High — pressure circuit parameters:

Output temperature typ =490 °C

Output pressure Pup = 6 MPa
Low — pressure circuit parameters:

Output temperature t;p = 180°C

Output pressure pp = 0,46 MPa

Feed watter temperature tpw = 62 °C
Flue gas parameters:

Flue gas mass flow m=>50kg/s
Inlet flue gas temperature  tz; = 520 °C

15



VUT BRNO, FSI DIPLOMOVA PRACE Bc. KAREL SLiVA
ENERGETICKY USTAV 2016

Volumetric flue gas composition:

Oz volume X0, = 13.9%

Ar volume Xar = 0.9 %

N2 volume Xy, =73 %

COz volume Xco, = 44 %

H20 volume Xp,0 = 7.8%
0,9%

m 02 volume fraction

H Ar volume fraction

= N2 volume fraction

B CO2 volume fraction

® H20 volume fraction

Figure 1. 2 Chart of the volumetric flue gas composition

Density of flue gas components:

Oz density Py, = 14289 kg/m3
Ar density P, = 1.7839 kg/m?
N2 density py, = 1.2505 kg/m3
CO2 density Peo, = 1.9768 kg/m3
H20 density P, = 0.804 kg/m3
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2. THERMAL CALCULATION OF BOILER

2.1 Temperature heat transfer diagram

In the first part of the thermal calculation of boiler, it is necessary to create a temperature heat
transfer diagram and the layout of the heating surfaces. It is necessary to choose the value of
the pinch point (Atyp) and the temperature difference between the evaporator and the
economizer (Atn). Heating surfaces are selected in order to obtain maximum thermal energy
that is contained in the flue gases therefore the superheater in the high pressure circuit is
divided into two parts (QHPshl, QHPsh2) and an economizer is devided into three parts
(QHPecol, QHPeco2, QHPeco3). The preliminary proposal of the heating surfaces is

displayed in temperature heat transfer diagram in the Figure 2.1.

tlecl /PA g HIGH PRESSURE
\]\C\ e LOW PRESSURE
i~ ——D5 FLUE GASES
e G PP B o S
i | | ! g | gr'u E
Ap ; ; i : E
AP Ap I Ap 1 Bp sp Ap Ap |
| | | 15 9
HSH2 | HSH1 |HEVA [HECO3! LSH |HECO2/LEVA | LECO {HECO1,

Figure 2. 1Temperature heat transfer diagram

Q [kW]

Not all values are given and therefore it is necessary to calculate them by software XSTEAM
or choose them after consulting with the supervisor. The given, selected and calculated values

are displayed in Table 2.-1 below.

Table 2. 1 The chosen amount for thermal calculation

The chosen amount for thermal calculations Indication Amount
The pressure loss in the high pressure superheaters (HPsh1, Apsh 0.1 MPa
HPsh2)

The pressure loss in the high pressure economizers (HPecol, Apeco 0.1 MPa
HPeco2, HPeco3)

Enthalpy drop in high pressure superheater HPshl Ai 250 k] /kg
The temperature difference between the flue gases and the Aty 10°C
evaporator — pinchpoint

The temperature difference between the economizer and the Aty 5°C
evaporator — approache point

The temperature at point 7 of the heat transfer temperaturediagram t; 220 °C
The temperature at point 8 of the heat transfer temperaturediagram tg 145 °C
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2.2 Parameters of water and steam in the temperature heat transfer diagram

For the calculation of these magnitudes the softwares as Microsoft EXCEL and XSTEAM
was used.

2.2.1 Parameters of water and steam in the high pressure circle

Parameters in point 1:

t; = typ = 490 °C (specified value)

p1 = pyp = 6 MPa (specified value)

h, = 3399.12 kJ /kg (XSTEAM)

Parameters in point 2:

t, = 389.53 °C (XSTEAM)

p, =p;1 +Apsh=6+0,1=6,1 MPa

h, = hy — Ah = 3399.12 — 250 = 3149.12 k] /kg
Parameters in point 3:

Between the high pressure superheaters is the steam temperature controlled by injection of
feed water. The value of injection was chosen to be 5% of the total amount in the high
pressure circuit. In calculating the enthalpy is utilized Figure 2-2.

Mass balance:
MPV " hz = 095 . MPV " h3 + 005 " MPV " h9

hy — 0.05 - o
fia = 0.95 i . 095 M.
3149.12 — 0.05 - 264.93 — ’

37 0.95

hs; = 3300.92 kJ /kg
t; = 449.8°C (XSTEAM)

p3 = p, = 6.1 MPa

hs = 3300.92 kJ /kg

Parameters in point 4:

t, = 277.73 °C (XSTEAM)
Pa=p3+4p =61+0.1=6.2MPa
i, = 2782.33 k] /kg (XSTEAM)
Parameters in point 5:

ts =t, =277.73°C

Ps = p4 = 6.2 MPa

hs = 1224.86 kj /kg (XSTEAM)

Figure 2. 2 Mass balance
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Parameters in point 6:

te = ts — Aty = 277.73 — 5 = 272.73°C
P = Ps = 6.2 MPa

he = 1198.85 kJ /kg (XSTEAM)
Parameters in point 7:

t; = 220 °C (specified value)

P =ps+Ap =62+ 0.1 =63 MPa

h, = 944.76 kJ kg (XSTEAM)
Parameters in point 8:

tg = 145 °C (specified value)

pg =p; +A4Ap =63+ 0.1 = 6.4 MPa
hg = 614.50 k] /kg (XSTEAM)
Parameters in point 9:

ty = tyy = 62 °C (specified value)
Do =pg+4p =64+ 0.1 = 6.5 MPa
he = 264.93 kJ /kg (XSTEAM)

2.2.2 Parameters of water and steam in the low pressure circle

Parameters in point 11:

ti11 = tp = 180 °C (specified value)

P11 = pLp = 0.46 MPa (specified value)
hi, = 2814.95 kJ /kg (XSTEAM)
Parameters in point 12:

ti, = 156.15°C (XSTEAM)

P12 = P11 +4p = 0.46 + 0.1 = 0.56 MPa
hi, = 2753.12 kJ /kg (XSTEAM)
Parameters in point 13:

t;3 = t;, = 156.15°C

P13 = P12 = 0.56 MPa

his = 658.88 kJ /kg (XSTEAM)
Parameters in point 14:

t1, = t;3 — Aty = 156.15 — 5 = 151.15 °C
P14 = P13 = 0.56 MPa

hi, = 637.26 k] /kg (XSTEAM)
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Parameters in point 15:

t1s = tpyw = 62 °C (specified value)
Pis = P14 + 4p = 0.56 + 0.1 = 0.66 MPa
his = 260.06 k] /kg (XSTEAM)

2.3 Flue gas parameters

2.3.1 Flue gas volume flow

Using the values from the Table 2. 2 and volumetric flue gases composition is possible to
calculate density of the flue gases pg¢g[ kg/m3].
Table 2. 2 Specific density of flue gas for 1 m3 at 0 ° C and 0.101 MPa[1]

[kg/Nm®] | CO; H>O N2 02 Ar
p 1.9768 | 0.804 | 1.2505 | 1.4289 | 1.7839

Prc = Xco, * Pco, T XH,0 * PH,0 T X0, " Po, + XN, " PN, T Xar * Par
Prc = 0.044.1.9768 + 0.078 - 0.804 + 0.139-1.4289 + 0.73 - 1.2505 + 0.009 - 1.7839
prc = 1.2772 kg /m3

From the calculated density of of flue gases pp;[ kg/m3] and specified mass flow
m [kg/s] itis possible to determine the flue gases volume flow Mz, [ m3/s ].
m

M —_— —
F& ™ pre ~ 1.2772

=39.15m3/s

2.3.2 Flue gas enthalpy

At first it is necessary to determine the flue gas enthalpy for each temperature. Example of
calculation of enthalpy for the 100 © C are shown bellow. Table 2. 3 shows the calculated
enthalpy values for the other temperatures.

The general formula for calculating the flue gas enthalpy:

Hf¢ = Xco, 'Héoz + Xn,0 'Hzgzo + Xo, 'H(tyz + Xy, 'Hzflz + Xar * Hiy [K] /m3]

Calculation of enthalpy for 100 °C:

Hi¢" = xco, * Heo, + Xuy0 * Hityo + Xo, * Ho," + xw, - Hyy + Xar - Hap"
HE2® =0.044-170 + 0.078 - 150 + 0.139 - 132 4+ 0.73 - 130 + 0.009 - 93
HE2% = 133.265 kJ /Nm?
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Table 2. 3 Specific enthalpy of the flue gas for 1 m3 at 0 ° C and 0.101 MPa[1]

t CO; H.0 02 N2 Ar Hrc
[°C] [KI/NM?] | [KINmM?] | [KI/INmM®] | [KI/NmM®] | [KI/Nm?] | [kI/INm®]
100 170 150 132 130 93 133.27
200 357 304 267 260 186 268.01
300 559 463 407 392 278 405.95
400 772 626 551 527 372 547.44
500 994 795 699 666 465 693.27
600 1225 969 850 804 557 839.57

2.3.2.1 Flue gas enthalpy in point A

The temperature at point A is equal to the inlet flue gas temperature tz; = 520 °C. The
enthalpy at point A is determined by interpolation from Table 2. 3.

600 _ j200 (839.57 — 693.27)
H, = H3% + (T, — 500) - (6‘”(;"0 — 538) = 693,27 + 30 - T

H, = 722.53 kJ /m3
2.3.2.2 Flue gas enthalpy in point D

The temperature at the point D is determined by pinchpoint At,,, [°C] and the evaporation
temperature in the evaporator Ats [°C].

Tp = ts + Atpp = 277.73 + 10 = 287.73 °C
The enthalpy at point D is determined by interpolation from Table 2. 3.

300 _ £7200 405.95 — 268.01
Hp = H22° + (T — 200) - (3F50 — 288) — 268.01+87.73 - 00 )

Hp = 389.02 kJ /m3
2.3.2.3 Flue gas enthalpy in point E

Enthalpy at point E depends on the heat transferred by flue gases betwen points D and E.
Qupecos = Q6—7 = Qp_g - (1 — Lg)

Heat transferred by flue gases betwen points D and E

Qp—g = Mgg - (Hp — Hg)

From these two equations we can express the enthalpy in point E:

Qupecos = Mpg " (Hp —Hg) - (1 —Lg) =

QHPecoS

Hy = Hp —
g P Mpg - (1 — Lg)

(2-3)

1397.62
39.15(1 — 0.004146)

Hy = 353.17 kJ /m3

Hy = 389.02 —
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The temperature at point E is determined by interpolation from Table 2. 3.

(Hp — HE8®) _ 200 + 100 35317 — 268.01)

Tp = 200 + (300 =200 350 — 200 (405.95 — 268.01)

Ty = 261.74°C
2.3.2.4 Flue gas enthalpy in point H

The temperature at the point H is determined by pinchpoint 4t,, [°C] and the temperature
t13 [°C].

Ty = t13 + Atpp = 156.15 + 10 = 166.15 °C

The enthalpy at point H is determined by interpolation from Table 2. 3.

HZ2® — HE2O 268.01 — 133.27
Fe —Hre) _ 13397 4 665 )

Hy = Hp® + (Ty = 100) - (200 — 100) 100

Hy = 222.4 kj/m3
2.3.2.5 Flue gas enthalpy in point B

The enthalpy at point B is determined by formula (2-3)

Qnpspz 1447.5
— MBS _ 72253 — = 685.4 3,
Mpc(1—Lg) >3 39.15(1 — 0.004146) 685.4 IJ/m

The temperature at point B is determined by interpolation from Table 2. 3
(Hg — H2O (685.54 — 547.44)

=400 + 100
(HR2° — HR2° (693.27 — 547.44)

HB=HA_

Ty =400 + (500 — 400) - = 494.6 °C.

2.3.2.6 Flue gas enthalpy in point C

The enthalpy at point C is determined by formula (2-3)

Qupsn1 2852.5
H- = Hy ———— = 685.54 — =612.29k 3,
¢ B Mpe(1 — Lg) 39.15(1 — 0.004146) J/m

The temperature at point C is determined by interpolation from Table 2. 3
(Ho — HF20 (612.29 — 547.44)

= 400 + 100 - = 444,47 °C.
(HR0 — H200 * (693.27 — 547.44)

T =400 + (500 —400) -

2.3.2.7 Flue gas enthalpy in point D

The enthalpy at point D is determined by formula (2-3)

QHPeva 8709.93
H, = HREAL _ _“""77 —612.878 — = 389.48 k] /m3.
P Mpc(1 — Lg) 39.15(1 — 0.004146) J/m

The temperature at point D is determined by interpolation from Table 2. 3
(Hp — H22° (389.48 — 268.01)

=200 + 100 - = 288.06 °C.
(H3%° — HZQ0 * (405.95 — 268.01)

Tp =200 + (300 — 200) -
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2.3.2.8 Flue gas enthalpy in point F

The enthalpy at point F is determined by formula ( 2-3)

Qrpsh 93.36 kJ
Hp = HRFAL — ——— = .802 — = 351.41—
BT Mpc(1—Lg) 353.80 39.15(1 — 0.004146) 3514105
The temperature at point F is determined by interpolation from Table 2. 3
T, = 200 + (300 — 200) -~ F = e _ 00 1100 83380226800 _ ) 0 heec
e (H30° — H20%) ~ (405.95 — 268.01) ~ ~
2.3.2.9 Flue gas enthalpy in point G
The enthalpy at point G is determined by formula ( 2-3)
Qupecoz 1816.6
Hg = HRFAL — "% = 351,423 — = 304.82 3
¢ F Mpc(1—Lg) 351423 39.15(1 — 0.004146) 304.829 kj /m
The temperature at point G is determined by interpolation from Table 2. 3
(H; — HE2° (304.829 — 268.01)
Tz = 200 + (300 — 200) =200 + 100 -
(H390 — H20 (405.95 — 268.01)
T; = 226.695 °C
2.3.2.10 Flue gas enthalpy in point I
The enthalpy at point | is determined by formula ( 2-3)
Qrpeco 569.57
H =HFEAL - — ———  _=22217 — = 207.56 k 3
PEOH T Mo (= Ly) 39.15(1 — 0.004146) J/m
The temperature at point I is determined by interpolation from Table 2. 3
T, = 100 + (200 — 100) (H, = Hpe) _ 100 + 100 - 29756 Z188:27) _ o1y er
- (HZ® — H100) — (268.01 — 133.27)
2.3.2.11 Flue gas enthalpy in point J
The enthalpy at point J is determined by formula ( 2-3)
Qupeco1 1922.81
H, = HREAL - — =~ = 2(07.48 — = 158.1 3
S Mpc(1— Lg) 07.48 39.15(1 — 0.004146) S8.17 kJ /m
The temperature at point J is determined by interpolation from Table 2. 3
T, = 100 + (200 — 100) (H) = Hz®) _ 100 + 100 (158.17 — 133.27) _ 118.48 °C
7 (HZ0° — H100) (268.01 — 133.27)

2.4 Heat radiation loss

Radiation loss represents heat lost to the surroundings due to the warm surfaces of a boiler.
This loss depends on the size of the boiler its insulation properties and maximal output (small
boiler has a proportionately larger percentage loss than large boiler). [3] [6]
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Maximal heat output:
Q4 =H,-Mpe = 722.53-39.15 = 28 287 kW = 28.29 MW
Radiation loss:

Qrs = Q4”7+ Cgas = 28.29%7 - 0.0113 = 0.117272 MW = 117.27 kW,

Cgas = 0.0113 ( constant used for boilers for natural gas and liquid fuels))

Relative radiation loss:
Qrs _ 0.117272
Qs  39.15

Lp = = 0.004146 = 0.4146 %

2.5 High pressure performance of the boiler and heat transferred in the
heating surfaces

2.5.1 High pressure performance of the boiler

For the calculation will use the calculated enthalpy and temperature at point D and A in
chapters 2.3.2.1, 2.3.2.2

Qup = Mpg - (Hy — Hp) = 39.15 - (722.53 — 389.02) = 13 056.92 kW
Heat transferred between the points 1 and 6 in the temperature heat transfer diagram:
Q16 = Qa_p (1 —Lg) =13 056.92 - (1 — 0.004146) = 13 002.79 kW
High pressure performance of the boiler:
Q1-¢ = Myp[(hy — hy) +0.95+ (hy — hg) + 0.05 - (hy — ho)]
Q-6 _

(hy —hy) +0.95- (hy, — hg) + 0.05 - (hy, — hg)

13 002.79
~(3399.12 — 3149.12) + 0.95 - (3149.12 — 1198.85) + 0.05 - (3149.12 — 264.93)

MHP = 579 kg/S

Myp =

MHP

2.5.2 Heat transferred in the high pressure heating surfaces

Thermal output in high-pressure superheater HPsh2.

Qupshz = Myp - (hy — hy) = 5.79 - (3399.12 — 3149.12) = 1447.5 kW

Thermal output in high-pressure superheater HPsh1.:

Qupsny = 0.95 Myp - (hs — hy) = 0.95-5.79 - (3300.92 — 2782.33) = 2 852.5 kW
Thermal output in high-pressure evaporater HPeva:

Qupepa = 0,95 - Myp * (hy — hg) = 0.95 - 5.79 - (2782.33 — 1198.85) = 8 709.93 kW
Thermal output in high-pressure econoizer HPeco3:

Qupecos = 0.95 - Myp - (hg — h;) = 0.95-5.79 - (1198.85 — 944.76) = 1 397.62 kW
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Thermal output in high-pressure econoizer HPeco?2:

QHPBCOZ = 0.95 * MVP * (h7 - hs) = 0.95 * 5.79 " (94‘4‘.76 - 614‘.5) = 1 816.6 kW
Thermal output in high-pressure econoizer HPecol:

Qupecor = 0.95 - Myp - (hg — ho) = 0.95-5.79 - (614.5 — 264.93) = 1 922.81 kW

2.5.3 Checking of the boiler thermal balance in high pressure circle

The tolerance for heat transferred is 0.5%.

Heat difference trasfered to steam:

AQup = Q1-6 — (Qusnz + Qusn1 + Qeva) = 13002.79 — (1447.5 + 28525 + 8709.93) =
AQup = 7.14 kW

Checking of the heat transferred:

AQyp 7.14
Q:i-¢ 13002.79
As shown the tolerance condition was met and the calculation is correct.

=0.0549% < 0,5%

2.6 Low pressure performance of the boiler and heat transferred in the
heating surfaces

2.6.1 Low pressure performance of the boiler

The heat supplied by the flue gas between the points E and H in the temperature heat transfer

diagram:
Qp_pyy = Mg - (Hy — Hy) = 39.15 - (353.17 — 222.4) = 5119.65 kW
Heat transferred between the points 11 and 14 in the temperature heat transfer diagram:

In the calculation we have to take into account the location of high pressure economizer
(HPeco?2) in the low-pressure circuit. It is therefore necessary to subtract the amount of heat in
the high pressure economizer.

Q11-14 = 0p_p - (1 = Lp) — Qupecoz = 5119.65 - (1 — 0.004146) — 1816.6 =
3281.82 kW

Low pressure performance of the boiler:
Q11-14 = Myp - (hy; —hyy) =

_ Qu-1a 3281.82

~ (hy; — hyy)  (2814.95 — 637.26)

MLP = 151 kg/S

Myp
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2.6.2 Heat transferred in the low pressure heating surfaces

Thermal output in low-pressure superheater LPsh:

QLPSh == MLP " (hll - hlZ) ES 1.51 - (2814.82 - 2753.12) == 93.36 kW

Thermal output in low-pressure evaporater LPeva:

QLP@‘UG. = MLP " (hlz - h14) = 151 - (275312 - 63726) = 3 19495 kW
Thermal output in low-pressure economizer LPeco:

Qupeco = Myp - (hys — hys) = 1.51-(637.26 — 260.06) = 569.57 kW

2.6.3 Checking of the boiler thermal balance in low presssure circle

The tolerance for heat transferred is 0.5%.
Heat difference trasfered to steam:

AQLP = Q11_14 - (QLSh + QLeva) = 328182 - (9336 + 319495)

AQLP = 6-4‘9 kW
Checking of the heat transferred:

A D0 649
L™ 0,144 3281.82

=0.197% <

As shown the tolerance condition was met and the calculation is correct.

2.7 List of calculated values

0.5%

In this chapter the tables of importatant calculated values, for example values of heat
transferred in heat transfer surfaces, are shown.

Table 2. 4 The values o heat transferred in heat transfer surfaces

Heat transfer surface Indication Amount Unit
Heat transferred in HPsh2 Qupshz 1447.5 [kw]
Heat transferred in HPshl Qupshi 2852.5 [kW]
Heat transferred in HPeva Qureva 8709.93 [kW]
Heat transferred in HPeco3 | Qpupecos 1397.62 [kW]
Heat transferred in HPeco2 | Qppecos 1816.6 [kW]
Heat transferred in HPecol | Qupecor 1922.81 [kwW]
Heat transferred in LPsh QLpsh 93.36 [kW]
Heat transferred in LPeva Qrpeva 3194.95 [kW]
Heat transferred in LPeco Q1peco 569.57 [kw]
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Table 2. 5 Important calculated values

Lg 0.004146 [-]
Myp 5.79 [kg/s]
M;p 1.51 [kg/s]
Prc 1.2772 [kg/m3]
Mpg 39.15 [m3/s]
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3. DESIGN OF FLUE GAS DUCT

The design of flue gas duct is necessary choose the dimensions one of heat transfer surface.
Choosen heat transfer surface is first high pressure superheater - HPsh2.

In first step of flue gas duct design velocity of superheated stean and dimensions of fin tubes
is detrmined. Next step contains calculation of tube pitch, amount of fin tubes in one
longitudial line and control calculation of superheated stean velocity inside the fin tubes.
From tube pinch and amount of fin tube is possible to calculate a width of flue gas duct. Next
value which is necessary to determine is the height of flue gas duct. For calculation of flue gas
duct height it is necessary to calculate real flue gas volume flow for mean temperature value
and the flow velocity of flue gas.

]
Stack m

0 L.P. Steam Drum w/ Integral Deaerator &

{Q L.P. Vent Silencer

) H.P.Vent Silencer
@ H.P.Steam Drum

[11

© P Evaporator 1 -

) H.P. Superheater

S TES

T
|\_J

Duct Burner

===

Distribution Grid

s T[T

1
) § 1 /2 2 1 2 u A X ) VAES || AL / A ) &
2 C.O0. Catalyst H.P. Evaporator D nerheater O

Observation Port o Injection Grid ') H.P.Economizer DA. Pre-Heater

) SCR L.P. Superheater L.P. Evaporator Q

Figure 3. 1 Conception of flue gas duct[7]
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3.1 Fin tube design of high pressure superheater HPsh2

The fin tube dimensions are shown in Table 3. 1 and the drawing of fin tube is shown in
Figure 3. 2.

Table 3. 1 Fin tube dimensions of HPsh2

Tube dimensions Indications | Amount Unit
Outer diameter D 31.8 [mm]
Wall thickness t 4.5 [mm]
Inner diameter d 22.8 [mm]
Fins height hg 15 [mm]
Fins thickness tr 1 [mm]
Fins per meter ns 215 [1/m]
Fins pitch Dy 4.65 [mm]
Outer fin diameter D¢ 61.8 [mm]
fr =] e g s |:Jr’:5| "F

i
[

Figure 3. 2 Fin tube dimensions of HPsh2

3.2 Amount of fin tubes in one line of HPsh?2

Firstly the velocity of steam in the tube was selected. The speed should be in the range 15-
25m/s. Choosen value is: vy = 20 m/s.

In the next step is important to determine the mean specific volume of steam which is given
by average temperature and pressure in HPsh2. The mean specific volume of steam is then
calculated by the softwar XSTEAM.

_ti+t, 490 +389.53

ti_p = = 439.765 °C
+ 6+ 6.1
Di_p = P > P2 _ > = 6.05 MPa
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vi_p = f(t1-2,p1-2) = 0.050766 m> /kg
The total cross section of the tubes is determined by the formula:
M; - v
vy =——" [m/s] (3-1)
S
M [kg/s] — steam mass flow in the heating surface
v,  [m?/kg] — mean specific volume of steam in the heating surface
Ss [m?] — total cross section of tubes
Myp " v4_ 5.79-0.050766
S, =—HF 172 _ = 0.0147 m2.
U 15
Amount of fin tubes in one longitudial line is determined by the formula:
- d?
Ss == "Mru [m?], (3-2)
d [m] — inner diameter
nry -] —amount of tubes in one longitudinal line
4-S 4-0.0147
= > = = 35.99 [—]

MU ST a2 T w-0.02282
The real tubes amount in a single longitudinal line: nyy = 35.99 => 36.
The real flow velocity of steam — formulas (3-1;3-2)

Mg vs Mpp-vi, 4 -Myp v, 4-579-0,050766

Ss _n-dZ_n  m-d?-ngyy  m-0.02282-36
T TU

YREAL —

=20m/s

3.3 Volumetric flow of flue gases in HPsh2

Selected flue gas velocity vy; = 10 m/s.

For the calculation we will use already calculated enthalpy and temperature of the flue gases

at point B.
The average temperature of the flue gas stream:
Ty+Tp 520 +494.6

Ti_p = = 507.3°C.
A real volumetric flow takes into account the flue gas temperature:
T,_r+273.15 507.3 + 273.15

MREAL — pp . A7B =39.15 - = 111.86 m3/s.

FG FG 27.15 27315 m*/s
The flow area of the flue gas duct is determined by the formula:

Mg
Spucr = [mz]
Vrg

MREAL [m3 /5] — real flue gases volumetric flow
Vpe [m/s] — flue gas velocity

(3-3)
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Mig" 11186

= 11.186 m?
Vre 10 m

Spucr =

3.4 Dimensions of flue gas duct

For Calculation width of flue gas duct is important to calculate a lateral pitch. Latera pitch
consist of outer rib diameter and the distance betwen the tube a = 10mm.

p1=Df+a=618+10=71.8mm.
Width of flue gas duct is determined by the formula:

W=%+("TU_1)'p1+%+%=(nTU+%)'p1[m] (34)
D1 [m] — lateral pitch
w = (nTU + %) ‘P = (36 + %) +71.8 = 2.62 mm.
w=27m
The height of the flue gas duct is determined by the formula:
Spyer =W h—h- D npy —2-hs - te-h-ng-npy [m?] (3-5)
h [m] — height of the flue gas duct
[m] — outer diameter
hs [m] — fins height
tr [m] — fins thickness
ns [1/m] — fins per meter
. Spucr 11.186

“W—ng-(D+2-hs-t;-n;) 2736 (0,0318+2-0.015-0.001 - 215)
h =8.45m.

h=85m

A real cross section of the the flue gas duct :

SEEMk = H-(w—ngy - (D+2-hs-t;-nyp))
SREAL = 8..5-(2.7—36-(0.0318 + 2-0.015-0.001 - 215)) = 11.246 m?
Real flue gas velocity:

REAL
rear _ MEE™ 11186
FG 7 SREAL T 11.246

=995m/s
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3.5 List of calculated values

Table 3. 2 Calculated values and main dimensions of flue-gas duct

Nry 36 [-]
pREAL 20 [m/s]
MREAL 111.86 [m3/s]

W 2.7 [m]
h 8.5 [m]
vREAL 9.95 [m/s]
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4. DESIGN OF HEAT TRANSFER SURFACES

Design of heat transfer surfaces must comply with the dimensions of flue gas duct which was
designed in the previous chapter. The calculation procedure for all heat transfer surfaces are
nearly identical and differ only in some parts. The exception is a low-pressure superheater,
which is composed of smooth tubes

Specific tube dimensions are chosen according to a table of produced dimensions (standard
CSN EN 10216-2). | was the outer diameter D, wall tube thickness t and the inner diameter d
will be calculated as d = D — 2 - t. Fin height h¢ is for evaporators between 10-19 mm and
for economizers and superheater between 10-15 mm. Outlet fin diameter Dy will be calculated
as Dy = D + 2 - hy. Amount of fins per meter n; between 150-250 was used. Fin pitch py is
the inverse of amount of fins per meter n;.

According to the dimension of the finned or smooth tube and the distance between the tubes a
is determined the lateral pitch p; and the number of tubes n;; in a one longitudinal line.
Subsequently the steam velocity v, in the tubes was controled. Further is necessary to
determine the flue gas velocity vg for heat transfer serface and the size of the flow area S.

In the next step the number of longitudinal line n;; will be determined. The number of
longitudinal line is determined by calculating of the heat transfer coefficient on the flue gas
side o, and the heat transfer coefficient on the steam side «,,. Further the logarithmic
temperature drop At; and overal coefficien of heat transfer k will be defined.

For the chosen amount of longitudinal line the real flue gas heat transfer surface SEEAL and

the real heat transferred in the heat transfer surface QREAL is determined. The value of the real
heat transferred and the value of heat input should be as close as possible. And therefore
determines the condition that the heat difference will not be more than 5%. For more accurate
values is possible to change the dimensions of the tubes, the number of tubes or the lateral
spacing.

The calculation is based on information from the literature [1].
Table 4. 1The values for the calculation of heat transfer surfaces

Quantity Indications Amount Unit
Height of flue gas duct h 8.5 [m]
Width of flue gas guct w 2.7 [m]
Flow gas volume flow Mg 39.15 [m3/s]
Relative radiation lost Lg 0.4146 [%]
Coefficient of fin expansion U 1 [-]
Coefficient of fin thermal conductivity As 40 [W/m- K]
Correction annulus coefficient Cm [-]
Correction length coefficient o) [-]
Correcting coefficient dependent on current and Cy [-]
wall temperature
The coefficient of unevenness distribution Yy 0.85 [-]
a across the surface of the fin
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Used formulas
Heat transfer coefficient on the flue gas side Qr:

Sn),__Wrrac
S 1+€l/)fac

aar = [LEu+ (W /m?/K] (4-1)

U [—] — coefficient of fin expansion

[—] — coefficient of fins efficiency
S?f [—] — ratio of fin heat transfer surfaces and the total area of the flue gas side
%’1 [—] — ratio of not finned tube surface and the total area
Yy [—] — coefficient of unevenness distribution a;, across the surface of the fin
ac [W/m?/K] - convection heat transfer coefficient
€ [—] — coefficient of fins fouling € = 0.0045

S
Ratio of fin heat transfer surfaces and the total area of the flue gas side ?f:

o ()
L - > -] (42)
2
el
D D D
D¢ [m] — outer fin diameter
Dy [m] — fin pitch
S
Ratio of not finned tube surface and the total area ?h:
Sh Sf
—=1-=[- 4-3
T =1-7 [—] (4-3)
Coefficient 3:
2:Yr a
p= ] (4-4)

As [W/m/K]  — coefficient of fin thermal conductivity
ac [W/m?/K] - coefficient of heat transfer convection
Coefficient of heat transfer convection %.c:

-0,54 -0,14
1 D ’ h , v . 0,65
de = 0,23 ¢y + 9, %2 - FG ( ) : <_f) : (Lpf) [W/m?/K] (4-5)

E E br VFG
Cy [—] —coefficient of the number of longitudinal line
vs  [-] — coefficient of relative pitch

Are  [W/m/K] - cofficinet of flue gas thermal conductivity
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Vi  [m?/s] — coefficionet of flue gas kinematic viscosity
Vee  [m/s] — flue gas velocity
Coefficient of relative pitch @o:

o, —1 %—1 p1—D -]
Ps = — = = -
o -1 P1)° P1)° 2 (4-6)
JB) +p2 (B) +p -0
D

The relative lateral spacing 01:

o =7 [-] (4-7)

The relative diagonal pitch o3:

(&) +p22 (4-8)
AIZBRNE

o, =

Heat transfer coefficient on the steam side or:

0,8

ay = 0,023 2—2 (U:Sde) Pro*eco ¢t o [W/m? /K] (4-9)
Ag [W/m/K] — coefficient of steam thermal conductivity
d, [m] — equivalent diameter, d, = d
Vg [m?/s] — coefficionet of steam kinematic viscosity
Pr [—] — Prandtl number
Ct [—] — correcting coefficient dependent on current and wall temperature
o [—] — correction length coefficient
Cm [—] — correction annulus coefficient
Vs [m/s] — steam velocity

The surface of one fin Sif:

2-m-(D:% — D?

The total outer surface of the one meter long tube with fins Sim:

The inner surface of the one meter long tube Som:
Som = m-d[m?] (4-12)
The overall coefficient of heat transfer k:

k =

1 2
T 1 5, W/m /K] (4-13)

a1 r Aoy SZm
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Logarithmic temperature drop Atpn:

At; — At,
Aty =77 K] (4-14)
In (A_t;)
At;  [°C] — temperature difference between flue gas inlet and outlet of steam/
water
At,  [°C] — temperature difference between flue gas outlet and intlet of steam/
water
External heat transfer surface Sgx:
Qurs = k" Spx " Atyy =>
Sox = frar— ] (4-15)
Qurs [W] — heat transferred in heat transfer surface
The number of longitudinal lines Ny;:
SEx SEx
ny = S_LI = 1-S Sim M7y (-] (4-16)
Su [m?] — heat transfer surface in one longitudinal lines
The real external heat transfer surface SXEAL:
SEx" =ny npy - b Sy [M?] (4-17)
The real heat transferred in heat transfer surface:
REAL — o Sy - Aty [KW] (4-18)

4.1 Proposal of second high pressure superheater HPsh2

Proposal of dimension and arrangement of finned tubes in flue-gas duct in chapter 3 was
executed. The dimensions of fin tube are shown in Table 3.1 and calculated values and main
dimensions of flue-gas duct in Table 3.2.

4.1.1 Heat transfer coefficient of high pressure superheater HPsh2

Coefficient of relative pitch @5

p, —D 71.8 — 31.8
0, = = = 0.44158 [—]

(%)2 +p,2—D J(712—8)2 +1172 — 318

The cofficinet of flue gas thermal conductivity Az, and coefficient of flue gas kinematic
viscosity vp; is defined by interpolation from [1]. Temperature for interpolation T,_5 =
507.3 °C and for volume fraction of H20 xy,, = 7.8 % were defined:

Veg = 7.68-107°>m?/s

36



PROPOSAL OF HORIZONTAL DUAL-PRESSURE HEAT RECOVERY STEAM GENERATOR

Coefficient of heat transfer convection Oc:

Coefficient of the number of longitudinal line c, = 0.95 after consultation with supervissor
was determined.

A D\ %% R \TOY 065
06C=0.23-cz-(p00'2-LG.<_) <_f> .<FG pf)
Pr \Pr br VrG

0.06442 ( 0.038 )‘0754 ( 0.015 )‘0'“ (9.95-0.00465)0'65
0.00465 \0.00465 0.00465 7.68-10°5

ac = 0.23-0.95-0.44158%2 -
ac = 49.524 W/m?/K
Coefficient 3 :

2 a 2-0.85-49.524
B=j Y ac =j = 42.066

0.001-40- (1 + 0.0045-0.85-49.524)

Product of B * A,

B-hs=42.066-0.015 = 0.631
D

Ratio -
D
& = @ =194
D 318
Now is possible to determine E from nomogram in literature [1]
E =0.87.

S
Ratio of fin heat transfer surfaces and the total area of the flue gas side ?f:

2
s @ (G5 -

1
(@) e (Bp) G -G

S
Ratio of not finned tube surface and the total area ?h:

= 0.92362

Sh Sf
? =1-— ? =1-0.92362 =0.07638

Heat transfer coefficient on the flue gas side Q1y:

S S Yr-
f h f Y
o —_.E.“_+_.—
r S S1 1+e-yr-ac

0.85-49.524

o =[0.92362-0,87 -1+ 0.07638] - 1+ 00045 - 0.85 - 49.524

= 31.142 W/m?/K
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Heat transfer coefficient on the steam side Oor:

Using the software XSTEAM is for mean temperature and pressure determined coefficient of
steam thermal conductivity A, Prandtl number Pr and coefficient of dynamic steam viscosity

Us-

t;_, = 439.765 °C

P1—» = 6.05 MPa

As = f(ty_p p1-p) = 0.06479 W /m/K

s = f(t1_2,p1-2) = 2.61-107° Pa-s

Pr = f(t;_,p1-2) = 0.99162

Coefficient of steam viscosity Vs :

Ve = Us " Vy_p = 2.61-107°-0.050766 = 1.33-10° m?/s
Heat transfer coefficient on the steam side Gor:

0,8

As (vs-d
oy = 0.023 d—s (%) -Pro%%*.c, ¢ cpp

e

0.06479 (9.95-0.0228\"° o ,
dyr = 0.023 0 ( T 10 ) £0.99162°%-1-1-1 = 1749.03 W /m?/K

4.1.2 Overall coeficient of heat transfer for HPsh2

The surface of one fin Si¢:

2-m-(Df? — D?) 21+ (0.0618%2 — 0.03182)
Sy = T +m- Dyt = n +m+0.0618-0.001

S1; = 0.0046 m?

The total outer surface of the one meter long tube with fins Sim:

Sym=1m-D-(1—np-t;) +np- Sy =m-0.0318- (1 — 215-0.001) + 215 - 0.0046
Sim = 1.006849 m?

The inner surface of the one meter long tube Szm:

Som = m+d = m-0.0228 = 0.07163 m?

The_overall coefficient of heat transfer k:

1 1

T 1 Sp» _1T 1 1006849
a,; " Gz Sym 31142 T 1749.03 0.07163

k=

= 24.606 W/m?/K

4.1.3 The number of longitudinal lines for HPsh2

Temperature diferences for calculation of logarithmic temperature drop:
Aty = Tp — t; = 520 — 490 = 30 °C,
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At, = Tg — t, = 494.6 — 389.53 = 105.07 °C.
Logarithmic temperature drop Atpn:
At —At, 30 —105.07

Aty = = = 59.892 K
n(38) i (m5507)
At, 105.07
External heat transfer surface:
1447500
_ Quesnz _ = 982.207 m?

Sex =1 At;y  24.606 - 59.892
The number of longitudinal lines Ny:

Sex _ Sex 982207

S, h-Sym-npy 8.5-1.06849 36
| choose the number of lines Ny = 3.

= 3.004

ny =

4.1.4 Scheme of arrangement of tubes in HPsh2

)
066, ©O

beeS | 389f  me | [ 10 = 4465

Figure 4. 1Tube arrangement of HPsh2

415 Thereal heat transferred in HPsh2

REAL
The real external heat transfer surface Sgx”

SE,‘?AL =Ny Nyy-h-Sy;m =3-36-8.5-1.06849 = 980.871 m?2
The real heat transferred in HPsh2:
REAL — | - SREAL . At = 24.606 - 980.871 - 59.892 = 1445.53 kW
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Check of the real heat transferred

The heat transferred difference may not be greater than 5 %:

REAL _ 1445.53 — 1447.5
AQ = HPShZREA?HPShZ _ | =0.136 %
REAL 144553

AQ =0.136 % < 5% => Selected number of longitudinal lines is correct.

4.1.6 Real flue gas temperature in point B

The real enthalpy at point B:

HEFAL = H, — Lﬁ’b = 722,53 — 144553 = 685.453 kJ /m?
B 75 Me(1-Lgp) 77 39.15(1 — 0.004146)
The real temperature at point B is determined by interpolation from Table 2. 3
(HREAL — 100 (685,274 — 547,44)
TREAL — 400 + (500 — 400) - = 400 + 100 -
g *( ) (HEZ90 — HA90 * (693,27 — 547,44)

T5P4 = 494.656 °C
Check of the real temperature:

The temerature difference may not be greater than 3°C:
AT = |Tg — TREAL| = |494.6 — 494.656] = 0.0555 °C
AT = 0.0555°C < 3°C => Selected number of longitudinal lines is correct.

4.1.7 List of calculated values in HPsh2

Table 4. 2 Calculated values of HPsh2

Calculated values Indication Amount Unit
Logarithmic temperature drop Aty 59.892 [K]
Number of longitudinal lines Ny 3 [-]
Overall coefficient of heat transfer k 24.606 [W /m? /K]
Real external heat transfer surface SREAL 980.871 [m?]
Real temperature at point B TREAL 494.656 [°C]
Real heat transferred REAL 1445.53 [kW]
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4.2 Proposal of first high pressure superheater HPshl

4.2.1 Fin tube design of high pressure superheater HPsh1l

The fin tube dimensions are shown in Table 4. 3 and the drawing of fin tube is shown at
Figure 4. 2.

Table 4. 3 Fin tube dimensions of HPsh1

Tube dimensions Indications | Amount | Unit
Outer diameter D 31.8 [mm]
Wall thickness t 4.5 [mm]
Inner diameter d 22.8 [mm]
Fins height hs 15 [mm]
Fins thickness tr 1 [mm]
Fins per meter ny 200 [1/m]
Fins pitch Df 5 [mm]
Outer fin diameter Dy 61.8 [mm]
‘I’]’ = 1 [:'T:E‘
LN { |
Kll f

Figure 4. 2 Fin tube dimensions of HPshl

4.2.2 Amount of fin tubes in one line HPsh1

Lateral pitch:

Lateral pitch consist of outer rib diameter and the distance betwen the tube a = 15 mm. p; =
Df+a=618+12 =73.8mm.

Longitudinal pitch after consultation with supervissor was choosen:

p, = 117 mm.
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Amount of tubes in one longitudinal line:
w 1 2.7 1

== -= — = =36.08
U=, T 2700738 2

The real tubes amount in a single longitudinal line: nyy; = 36.08 => 36

Flow velocity of steam:

In the next step it is important to determine the mean specific volume of steam which is given
by average temperature and pressure in HPshl. The mean specific volume of steam is then
calculated by the softwar XSTEAM.

_ty+t,  449.84+277.73

4 = = .758°

ts_4 > > 363.758 °C
+ 6.1+ 6.2

P3-4 = B3 > Ps = > = 6.15MPa

V3_4 = f(t3-4,P3-4) = 0.042527 m®/kg

The flow velocity of steam — formulas (3-1;3-2) :

My vg  4-0.95-Myp-vs_y  4-0.95-5.79-0.042527
S5 mT-d? - npy m-0.02282 - 36

Real flue gas volume flow:

Vs = 15.915m/s.

For the calculation of the real flue gas volume flow the calculated enthalpy and temperature at
point C in Chapter 2.3.2.6 will be used.

The average temperature of the flue gas stream:
To4 +Te  494.656 + 444.47

To_ = = 469.563 °C.
A real volumetric flow takes into account the flue gas temperature:
Tp_+ 273.15 469.563 + 273.15
MREAL — pp . 2B7C = 39.15 - = 106.451 m3/s.
FG FG 27315 39.15 273.15 06.451m"/s

A real cross section of the the flue gas duct :

SEEM = h- (w =gy (D +2-hy oty my))
SREAL = 8.5-(2.7—36-(0.0318 + 2+ 0.015-0.001 - 200)) = 11.383m?

Real flue gas velocity:

REAL
rear _ MEG™ _ 106451
FG SREAL ™ 11,383

= 9.352m/s.

4.2.3 Heat transfer coefficient of high pressure superheater HPsh1

Coefficient of relative pitch ©s:

p, —D 73.8 — 31.8
0, = = = 0.46214[—]

(B) +p2 - \/(@)2 +1172 - 31.8
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The cofficinet of flue gas thermal conductivity A, and coefficionet of flue gas kinematic
viscosity vp; is defined by interpolation from [1]. Temperature for interpolation Tgz_. =
469.563 °C and for volume of H20 xy,, = 7.8 % were defined:

Apg = 0.06131W /m/K
Vig = 7.08-107°m?/s
Coefficient of heat transfer convection Oc:

Coefficient of the number of longitudinal line ¢, = 0.95 after consultation with supervissor
was determined.

~0,54 -0,14
A D\ "~ h ' Vo » o 0,65
ac=0.23-cz-<p00r2.ﬁ.<_> <f> _(FG Pf)
Pr \Pf Py VrG

0.06131 (0.0318)"0’54 (0.015>‘°'14 (9.352 : 0.005>°'65

0.005 \ 0.005 0.005 7.08-10°°

ac =0.23-0.95- 0.4621492
ac = 49.355 W/m? /K
Coefficient 3 :

29 ac 2-0.85 - 49.355
B = ! = = 42.006
tr-Ap-(1+e-pac) 4 0.001-40-(1+0.0045 - 0.85 - 49.355)

Product of B * A,

B-hs=42.006-0.015 = 0.630
D

Ratio —f:
— D
Dy _618 _ 4,
D 318
Now is possible to determine E from nomogram in literature [1]
E = 0.87.

. . Sf
Ratio of fin heat transfer surfaces and the total area of the flue gas side —:

S
Dr\? 2
f 61.8

S (ﬁ) -1 7s) —1
A _ (31-8) = 0.91693

2
S e (o) G 12 (335 1p)

S
Ratio of not finned tube surface and the total area ?h:

Sh_ %4 0.9135 = 0.08307
S s ' o

Heat transfer coefficient on the flue gas side Q1y:

Sf Sh d}fac
=|L.F.y+2.—1 =
= ST T ey, a
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0.85 - 49.355
1+ 0.0045-0.85-49.355
Heat transfer coefficient on the steam side Opr:

a1 =[0.91693-0.87 -1 + 0.08307] - = 31.083 W/m?/K

Using the software XSTEAM is for mean temperature and pressure determined coefficient of
steam thermal conductivity A, Prandtl number Pr and coefficient of dynamic steam viscosity

Us -
ts_, = 363.785°C

P3_4 = 6.15 MPa

As = f(t3_4,p3-4) = 0.05818 W/m/K

s = f(ts—aP3-4) = 227107 Pa-s

Pr = f(ts_4,p3_4) = 1.08267

Coefficient of steam viscosity Vs :

Vg = llg " V3_g = 2.27 - 1075 0.042527 = 9.669 - 10~7 m?/s
Heat transfer coefficient on the steam side Gor:

A (Ve d N\
Qar =0.023-d—-( SVS e) Pro*-coo ety
e
_ 0.023. 20818 (15'915'0'0228)0'8 1.08267%%-1-1-1 = 1745.25 W /m2 /K
dor = 0. 00228 \ 9.669-10-7 ' = 25W/m*/

4.2.4 Overall coeffcient of heat transfer for HPsh1l

The surface of one fin Sy

2-m-(Df? — D?) 21 (0.0618%2 — 0.03182)
Sy = T +m- Dty = 7 +m+0.0618-0.001

Si5 = 0.0046 m?

The total outer surface of the one meter long tube with fins Sim:
Sym=1m-D-(1—np-t;) +np-Sy; =m-0.0318- (1 —200-0.001) + 200 - 0.0046
Sim = 1.0009 m?

The inner surface of the one meter long tube Szm:

Som = m+d = m-0.0228 = 0.07163 m?

The overall coefficient of heat transfer k:

1 1

T 1 S, _1 1 10009
a; T @y Spm 31.083 T 174525 0.07163

k=

= 24.889 W/m?/K
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4.2.5 The number of longitudinal lines for HPsh1l

Temperature diferences for calculation of logarithmic temperature drop:
At; = TREAL — t. = 494,656 — 449.84 = 44.82°C

Aty = Te — t, = 444.47 — 277.73 = 166.74 °C

Logarithmic temperature drop Atpn:
At — At, 4482 —166.74
m(5)  in(ige77)
External heat transfer surface:

o Qupsn1 2852500
EX ™ k-At,y  24.889-92.797

The number of longitudinal lines Ny

Sex  Sex _ 1235.0468
Sy h-Sim-npy 8.5-1.0009-36
I choose the number of lines Ny = 4.

= 92.797 °C

AtLN =

= 1235.0468 m?

= 4.03

ny =

4.2.6 Scheme of arrangement of tubes in HPsh1l

. 7695 . 35x73.8 _ 40.05

\
v

95 | _ 369 o = 3.

@@m L ®®

3x117

Figure 4. 3 Tube arrangement in Hsh1
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427 Thereal heat transferred in HPsh1l

REAL
The real external heat transfer surface Sgx”

SREAL — ) npy *h+Spm = 4+36-8.5-1.0009 = 1225.1156 m?
The real heat transferred in HPsh1:

REAL — |- SREAL . Aty = 24.889 - 1225.1156 - 92.797 = 2829.56 kW
Check of the real heat transferred

The heat transferred difference may not be greater than 5 %:

REAL _ 2829.56 — 2852.5
AQ = HPSthEA?HPShl _ | = 0.811%
REAL 2829.56

AQ =0.811% < 5% => Selected number of longitudinal lines is correct.

4.2.8 Real flue gas temperature in point C

The real enthalpy at point C:

QREAL 2829.56
HREAL — pREAL _ __ <775 — 685 453 — = 612.878 k] /m3
¢ B Moo(1— L) 39.15(1 — 0.004146) J/m
The real temperature at point B is determined by interpolation from Table 2. 3
(HEEAL — 200 (612.878 — 547.44)
TREAL = 400 + (500 — 400) - = 400 + 100 -
¢ *( ) (H320 — HO " (693.27 — 547.44)

TREAL = 444,871 °C
Check of the real temperature:

The temerature difference may not be greater than 3°C:
AT = |T; — TCREALI = |444.47 — 444.871| = 0.401 °C
AT = 0.401°C < 3°C => Selected number of longitudinal lines is correct.

4.2.9 List of calculated values in HPsh1

Table 4. 4 Calculated values of HPsh1

Calculated values Indication Amount Unit
Number of tubes in one longitudial line Ny 36 [—]
Real volumetric flow MREAL 106.451 | [m3/s]
Real flue gas velocity pREAL 9.352 [m/s]
Velocity of steam Vg 15.915 [m/s]
Logarithmic temperature drop Aty y 92.797 [K]
Number of longitudinal lines ng 4 [—]
Overall coefficient of heat transfer k 24.889 [W/m?
Real external heat transfer surface SREAL 1225.1156 | [m?]
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QFEAL | 2829.56 | [KW]
TREAL 444,871 [°C]

4.3 Proposal of high pressure evaporater HPeva

4.3.1 Fintube design of high pressure evaporater HPeva

The fin tube dimensions are shown in Table 4. 5 and the drawind of fin tube is shown at
Figure 4. 4

Table 4. 5 Fin tube dimensions of HPeva

D 57 [mm]
t 4.5 [mm]
d 48 [mm]
hf 19 [mm]
tr 1 [mm]
ng 230 [1/m]
12 4.35 [mm]
Dy 95 [mm]
T pr=4.35
/ /
an
i
=
\
i
I
(W] — QO
an Ly .
e e © -
1 1
g2 - <
i/
\[/

\W

Figure 4. 4 Fin tube dimensions of HPeva
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4.3.2 Amount of fin tubes in one line HPeva

Lateral pitch:

Latera pitch consist of outer rib diameter and the distance betwen the tube a = 7 mm. p; =
Df+a=95+6=101mm.

Longitudinal pitch after consultation with supervissor was choosen:

p, = 117 mm.

Amount of tubes in one longitudinal line:
w 1 2.7 1

My === Gq01 2 26.23

The real tubes amount in a single longitudinal line: nyy = 26.23 => 26

Real flue gas volume flow :

For the calculation of the real flue gas volume flow will use the calculated enthalpy and
temperature at point D in Chapter 2.3.2.7

The average temperature of the flue gas stream:
TEEAL + T, 444871 + 288.06

Tr_p = = = 366.466 °C.
A real volumetric flow takes into account the flue gas temperature:
Tr_p+ 273.15 366.466 + 273.15
REAL _ ._¢-D — . - 3
Mpc?" = Mpg 57315 39.15 57315 91.675 m?/s.

A real cross section of the the flue gas duct :

Shter =h-(w—=npy - (D +2-h.-t, " n,))

SREAL = 8.5 (2.7 —26-(0.057 + 2-0.019 - 0.001 - 230)) = 8.422m?
Real flue gas velocity:

REAL
eea. _ MEEM: _ 91675
FG 7 SREAL ™ 8427

= 10.886 m/s.

4.3.3 Heat transfer coefficient of high pressure evaporater HPeva

Coefficient of relative pitch ©s:

p—D 101 — 57
0y = = = 0.624704

(%)2 +p,2 =D \/(%)2 +1172 — 57

The cofficinet of flue gas thermal conductivity Az, and coefficionet of flue gas kinematic
viscosity vg; is defined by interpolation from [1]. Temperature for interpolation T_p, =
366.466 °C and for volume fraction of H20 x,, = 7.8 % were defined:

Asg = 0.052826 W /m/K
Vig = 5.50- 107> m?/s
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Coefficient of heat transfer convection Oc:

Coefficient of the number of longitudinal line c, = 1 after consultation with supervissor was
determined.

2 D05 /R NTOM L 06s
06C=0.23-cz-(p00-2-LG.<_) <_f> .<FG pf)
Pr \Pr br VrG

0.052826< 0.057 )‘0-54( 0.019 )‘0-14 (10.886-0.00435 0.65
0.00435 \0.00435 0.00435 5.50-10-5

ac = 0.23-0.95-0.624704%2
ac = 41.657 W /m?/K
Coefficient 3 :

29 q 2-0.85-41.657
B=j Yr =j = 39.078

0.001-40- (1 + 0.0045-0.85-41.657)

Product of B * A,

B-hsf=39.078-0.019 = 0.742
D

Ratio -
D
Do 67
D 57 '
Now is possible to determine E from nomogram in literature [1]
E =0.82

S
Ratio of fin heat transfer surfaces and the total area of the flue gas side ?f:

D\? 2

f 95

S <D ) -1 =) —1

S A = (57) = 0.93802

2 2
R e

S
Ratio of not finned tube surface and the total area ?h:

Sh Sf
? =1-— ? =1-0.93802 = 0.06198

Heat transfer coefficient on the flue gas side Q1y:

S S Yr-
f h f Y
o —_.E.“_+_.—
r S S1 1+e-yr-ac

0.85-41.657

a1 = [0.93802-0.82- 1+ 0.06198] - 1+ 0.0045 - 0.85 - 41.657

= 25.385 W /m?/K
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4.3.4 Overall coefficient of heat transfer for HPeva

Heat transfer coefficient on the steam side is in evaporator neglected due to heat transfer
coefficient on the steam side is many times smaller than heat transfer coefficient on the flue
gas side (a,, < a;,-). Only the heat transfer on the flue gas side is taken into account.

Overall coefficient of heat transfer will calculated as k = «;, = 25.385 W /m?/K
The surface of one fin Sif:

2-m-(D? — D?) 2-m-(0.095% — 0.0572)
Sif = T +m- Dty = 7 +m-0.095-0.001

S1r = 0.009371 m?

The total outer surface of the one meter long tube with fins Sim:
Sym=m-D-(1—np-t) +np-Sy; =m-0.057 - (1 —230-0.001) + 230 - 0.009371
Sim = 2.293215 m?

The inner surface of the one meter long tube Szm:

Som = m+d = m-0.048 = 0.105796 m?

4.3.5 The number of longitudinal lines for HPeva

Temperature diferences for calculation of logarithmic temperature drop:
At; = TCREAL —ty, = 444.871 - 277.73 = 167.14°C

At, = Tp — ts = 288.06 — 277.73 = 10.33°C

Logarithmic temperature drop Atpn:
At; —At, 167.14 —10.33

Aty = l (&) = l (167_14) =56.33K
"\&z, 1033
External heat transfer surface:
Qureva 8709930 _ (151 13,2

SEX = 1Aty 25.385-56.33
The number of longitudinal lines Ny;:

Sex Sex 6091.13
M T S, nyy 852293215 - 26
I choose the number of lines n;; = 12.

=12.01
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4.3.6 Scheme of arrangement of tubes in HPeva

A

%75

Figure 4. 5 Tube arrengement in HPeva

4.3.7 Thereal heat transferred in HPeva

REAL
The real external heat transfer surface Sgx”

SREAL =, npy A Sy = 12+ 26 - 8.5 - 2.293215 = 6081.606 m?
The real heat transferred in HPeva:

REAL = k- SREAL. At, v = 25.385 - 6081.606 - 56.33 = 8696.31kW
Check of the real heat transferred

The heat transferred difference may not be greater than 5 %:

20 = REAL  — Qupeva _ |8696.31 — 8709.93 — 0157 %
REAL 8696.31

AQ = 0.157 % < 5% => Selected number of longitudinal lines is correct.

4.3.8 Real flue gas temperature in point D

The real enthalpy at point D:

Hpeva _ _ 612.878 869031 = 389.825 kJ /m?
Mec(1—Lgp) 39.15(1 = 0.004146) _ 20825/ /m

REAL __
Hp™" = H¢ —
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The real temperature at point D is determined by interpolation from Table 2. 3

(HREAL _ 200
D FG

TREAL = 200 + (300 — 200) =200+ 100"

(389.825 — 268.01)

(g = HE
TREAL = 288.314 °C
Check of the real temperature:

The temerature difference may not be greater than 3°C:
AT = |Tp — TL’;EALI = |288.06 — 288.314 | = 0.254°C
AT = 0.254°C < 3°C => Selected number of longitudinal lines is correct

4.3.9 List of calculated values in HPeva

Table 4. 6 Calculated values of HPeva

(405.95 — 268.01)

nry 26 -]
MREAL 91.675 [m3/s]
W 10.886 [m/s]
Aty 56.33 [K]
Ny 12 (-]
k 25.385 [W /m?
SREAL 6081.606 [m?]
REAL 8696.31 [kW]
T 288.314 [°C]

4.4 Proposal of high pressure econimizer HPeco3

The calculation of high pressure economizer is executed as high pressure evaporater

calculation. The value of heat transfer coefficient is expected high and can be neglected.
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4.4.1 Fin tube design of high pressure economizer HPeco3

The fin tube dimensions are given in Table 4. 7 and the drawind of fin tube is shown at Figure
47.

Table 4. 7 Fin tube dimensions of HPeco3

Tube dimensions Indications | Amount | Unit
Outer diameter D 31.8 [mm]
Wall thickness t 4.5 [mm]
Inner diameter d 22.8 [mm]
Fins height hs 15 [mm]
Fins thickness tr 1 [mm]
Fins per meter ny 200 [1/m]
Fins pitch Df 5 [mm]
Outer fin diameter Dy 61.8 [mm]

te= pr=5

Il

— % //

®61.8
1

i

Ut
i D o V‘
d

A
L o

// ‘/"
|

Figure 4. 6 Fin tube dimensions of HPeco3

4.4.2 Amount of fin tubes in one line HPeco3

Lateral pitch:

Latera pitch consist of outer fin diameter and the distance between the tube a = 12 mm.
p1=Df+a=618+12 =73.8mm.

Longitudinal pitch after consultation with supervisor was choosen:

P, = 92 mm.
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Amount of tubes in one longitudinal line:
w 1 2.7 1

== -= — = =36.08
U=, T 2700738 2

The real tubes amount in a single longitudinal line: nyy; = 36.08 => 36

Real flue gas volume flow:

For the calculation of the real flue gas volume flow the calculated enthalpy and temperature at
point E in Chapter 2.3.2.3 will be used.

The average temperature of the flue gas stream:
THP4 + Ty 288.314 +261.74

Th_p = = 275.027 °C.
A real volumetric flow takes into account the flue gas temperature:
Tp_r + 273.15 275.027 + 273.15
REAL _ ._D-E — . — 3
MEE Mp¢ TR 39.15 TERE 78.569 m3/s.

A real cross section of the the flue gas duct :

Shuer =h'(W_nTU'(D+2'hf'tf'”f))
SREAL =8.5-(2.7—36-(0.0318 + 2-0.015-0.001 - 200)) = 11.383m?

Real flue gas velocity:

REAL
rear _ MEE" _ 78.569
FG 7 SREAL ™ 11.383

The feed water flow velocity in HPeco3:

= 6.902m/s

In the next step is important to determine the mean specific volume of steam which is given
by average temperature and pressure in HPeco3. The mean specific volume of steam is then
calculated by the softwar XSTEAM.

te +t; 272.73 + 220

t_, = = 246.365 °C
6—7 2 2

+ 62+ 63
pe_y = 22 . b7 _ ~—— = 6.25 MPa

V7 = f(te—7,Pe-7) = 0.001239 m?/kg
My v, 4:0.95-Myp-ve_;  4:0.95-5.79-0.001239
S med?-npy B 702282 - 36

Due to slow feed water flow velocity in economizer it is necessary to split heat transfer
surfect into two parts as you can see in the Figure 4. 7. By this division it is possible to
increase feed water flow velocity. In our case two times.

ve = 2-0.464 = 0.928 m/s

Vs = 0.464 m/s.
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AN
WATER INPUT | ‘ WATER OUTPUT

=i |
Figure 4. 7 Scheme of devided heat transfer surface in HPeco3.

4.4.3 Heat transfer coefficient of high pressure ecomonizer HPeco3

Coefficient of relative pitch @s:

p, — D 73.8 — 31.8
0y = - = 0.62385

(B) +p2-D \/(73;_8)2 +922 — 3138

The cofficinet of flue gas thermal conductivity A, and coefficionet of flue gas kinematic
viscosity vp; is defined by interpolation from [1]. Temperature for interpolation T,_yp =
275.027 °C and for volume fraction of H20 x,,, = 7.8 % were defined:

Ap¢ = 0.045345W /m/K
Veg = 4.22-107°>m?/s
Coefficient of heat transfer convection Oc:

Coefficient of the number of longitudinal line c; = 0.95 after consultation with supervisor
was determined.

—0,54 -0,14
02 Apc (D hf Urg " Pr 0,65
ac =023 c; %% — [ — L =TS
Pr  \Pr Py VFG

0.045345 (0.0318>_O'54 (0.015>‘°'14 (6.902 - 0.005)"'65

p— . . 0’2 NANnE
ac = 0.23+0.95- 062385 — (- 0005 422105

ac = 44.537 W/m? /K
Coefficient 3 :

~ 2 ac ~ 2-0.85-44.537 40216
b= tr-d(1+e pp-ac) 40.001-40-(1+0.0045-0.85-44537)

Product of B A,

B-hsf=42.216-0.015 = 0.603

D
Ratio —f:
— D
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Df 618
D 318
Now is possible to determine E from nomogram in literature [1]

E =0.88.

1.94

S
Ratio of fin heat transfer surfaces and the total area of the flue gas side ?f:

c (&)2 1 (61.8)2 .
] 61.8\" _
O _ _ — 31.8 = 0.91693

2
) g G e i)

S
Ratio of not finned tube surface and the total area ?h:

Sk % 109135 = 0.08307
s s ’ e
Heat transfer coefficient on the flue gas side Qr:

S S Ve«

f h f C
a — _.E.”.l__.—
r [S S 1+€l/)fac

0.85 - 44.537

arr = [0.91693 - 0.88 1+ 0.08307] - =50 =0 8e 17537

= 28.787 W/m?/K

4.4.4 Overall coefficient of heat transfer for HPeco3

Heat transfer coefficient on the steam side is in economizer neglected due to heat transfer
coefficient on the steam side is many times smaller than heat transfer coefficient on the flue
gas side (o, < ). Only the heat transfer on the flue gas side is taken into account.

Overall coefficient of heat transfer will calculated as k = o, = 28.787 W/m? /K.
The surface of one fin Sif:

2-m-(Df? — D?) 21 (0.0618%2 — 0.03182)
Sy = T +m- Dty = 7 + 1+ 0.0618-0.001

Sy = 0.0046 m?

The total outer surface of the one meter long tube with fins Sim:
Sym=1m-D-(1—np-t;) +np-Sy; =m-0.0318- (1 —200-0.001) + 200 - 0.0046
Sim = 1.0009 m?

The inner surface of the one meter long tube Szm:

Som = m+d = m-0.0228 = 0.07163 m?
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4.45 The number of longitudinal lines in HPeco3

Temperature diferences for calculation of logarithmic temperature drop:
At, = TREAL — ¢, = 288.314 — 272.73 = 15.584 °C

At, = Tg — t; = 261.74 — 220 = 41.74°C

Logarithmic temperature drop Atyn:
At; —At, 15584 —41.74

Aty = l (ﬂ) = z (15_584) = 26.549K
\&z, 2177
External heat transfer surface:
_ Qupecos 1397620 1828.709 m?

Sex =1 At;y  28.787 - 26.549
The number of longitudinal lines Ny

Sex Sex _1828.709
Sy h-Sin-nry 85-1.0009-36

I choose the number of lines n;; = 6.

= 5.97

ny =

4.4.6 Scheme of arrangement of tubes in HPeco3

695 __ 35x73.8 _ 4005

9.5 | _

5x117

ooy

Figure 4. 8 Tube arrangement in HPeco3
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447 Thereal heat transferred in HPeco3

REAL
The real external heat transfer surface Sgx”

SREAL — n,, *npy h*Sym = 6+36+8.5-1.0009 = 1837.673 m?
The real heat transferred in HPeco3:

REAL o = k- SREAL. At = 28.787 - 1837.673 + 26.549 = 1404.471 kW
Check of the real heat transferred

The heat transferred difference may not be greater than 5 %:

AQ = REAL + — Qupecos _ ’1404.471 — 139762 _ 0.488 %
REAL 1404.471

AQ = 0.488% < 5% => Selected number of longitudinal lines is correct.

4.4.8 Real flue gas temperature in point E

The real enthalpy at point E:

REAL 1404.471
HEPAL = gREAL — _<HPeCo® _ — 387 634 — = 353.802 kJ /m?
E D T Mpe(1— Lp) 39.15(1 — 0.004146) J/m
The real temperature at point E is determined by interpolation from Table 2. 3
(HREAL — (200 (353.802 — 268.01)
TREAL — 200 + (300 — 200 =200+ 100 -
F ( ) (H320 — HE (405.95 — 268.01)

TFPAL = 262.198 °C
Check of the real temperature:

The temerature difference may not be greater than 3°C:
AT = |Ty — TREAL| = |261.74 — 262.198 | = 0.458 °C
AT = 0.458°C < 3°C => Selected number of longitudinal lines is correct.

449 List of calculated values in HPeco3

Table 4. 8 Calculated values HPeco3

Calculated values Indication Amount Unit
Number of tubes in one longitudial line Ny 36 [—]
Real volumetric flow MEEAL 78.759 | [m3/s]
Real flue gas velocity pREAL 6.902 [m/s]
The feed water flow velocity Vg 0.928 [m/s]
Logarithmic temperature drop N 26.549 [K]
Number of longitudinal lines ny 5 (-]
Overall coefficient of heat transfer k 28.787 [W/m?
Real external heat transfer surface SREAL 1837.673 [m?]
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Real heat transferred e 1404.471 | [kW]
Real temperature at point E TREAL 262.198 [°C]

4.5 Proposal of low pressure superheater LPsh

Because the amount of heat transferred is not high it is not necessary to use fin tubes. In
calculations will use the smooth tubes and for the calculation procedure will use the literature
[1] [8]. Because of the smooth tubes it is impossible to use the same formulas as in calculation

with

finned tubes.

Use formulas:

Heat transfer coefficient on the flue gas side Qr:

ac
ag

$

oy = & (ac + ag)[W/m? /K]

[W/m?/K]
[W/m?/K]
[-] — utilization factor
Coefficient of heat transfer convection oc:
ac = Cs'Cz./lﬁ (UFG.D
D
[W/m?/K]
[W/m?/K]
[-] — utilization factor
[W/m/K]
[m?/s]
[—] — Prandtl number

— convection heat transfer coefficient

— radiation heat transfer coefficient

VEg

— convection heat transfer coefficient

— radiation heat transfer coefficient

> - Pr [W/m? /K]

— cofficinet of flue gas thermal conductivity

— coefficionet of flue gas kinematic viscosity

Radiation heat transfer coefficient ®r:

ap =5,7-1078 -

a.+1

*Qgr (TFG)3 :

2
%)

Tr

1 — £

Tre

— mean flue gas temperature

— fouled wall surface temperature

— emisivity of tri-atomic gases

- Pr [W/m? /K]

— cofficinet of flue gas thermal conductivity

— coefficionet of flue gas kinematic viscosity

— Prandtl number

(4-19)

(4-20)

(4-20)
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The emissivity of tri-atomic gases ¢y :

Q= 1— e *P5 [-] (4-22)
k, [m/MPa] — coefficient of radiant absorption due to tri-atomic gases
p [MPa] — atmospheric pressure
s [mm] — effective thickness of the radiation layer

The coefficient of radiant absorption due to tri-atomic gases Ky :

78+ 16 x tep + 273,15
k, = ( ’“0) : <1 — 0,37 “’—) [m/Mpa]  (4-23)

3,16 - \/Ppar - S 1000
Ppar [MPa] — partial pressure of triatomic flue gases in Lsh
p [MPa] — atmospheric pressure
s [mm] — effective thickness of the radiation layer

The thickness of the effective radiation layer s :

s=0,9-d-(g-%—1> [mm] (4-24)
P1 [mm] — lateral pitch
P2 [mm] — longitudinal pitch
d [mm] — outer diametr of the tube
The overall heat transfer coefficient k :
2
k:ii_i[_ (4-25)
Y [—] — coefficient of thermal efficiency,(y = 0,85)
pz  [mm] — longitudinal pitch

45.1 Tube design of low pressure superheater LPsh

The tube dimensions are given in Table 4. 9 and the drawind of fin tube is shown at Figure 4.
9.

Table 4. 9 Smooth tube dimensions of LPsh

Tube dimensions Indication | Amount | Unit
Outer diameter D 48.3 [mm]
Wall thickness t 3.2 [mm]
Inner diameter d 41.9 [mm]
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P / / //

-

l_':I =

Pl

Figure 4. 9 Smooth tube dimensions of LPsh

45.2 Amount of tubes in one line LPsh

Lateral pitch:
Lateral pitch was chosen based on the allowable velocity of steam

p1 = 131 mm.
Longitudinal pitch after consultation with supervissor was choosen:

p, = 117 mm.
Amount of tubes in one longitudinal line:
w 1 2.7 1

- - = ——20.11
nru =, T 270131 2

The real tubes amount in a single longitudinal line: nyy = 20.11 => 20

Flow velocity of steam:

In the next step it is important to determine the mean specific volume of steam which is given
by average temperature and pressure in LPsh. The mean specific volume of steam is then

calculated by the softwar XSTEAM.

t +t;, 180+ 156.15 )
t11-12 = > = > = 168.075°C

+ 0.46 + 0.56
p11—12 == pll 2 plz == 2 == 0.51 MPa

Vi1-12 = f(t11-12,P11-12) = 0.38422m3/kg
The flow velocity of steam — formulas (3-1;3-2) :

The flow velocity of steam should be in range 12-25 m/s.
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MS - 175 4‘ " 0.95 " MLP - 1711_12 4‘ " 1.51 " 0.38422
Vs T, 7-d? gy 7-0.04192 - 20 m/s

Real flue gas volume flow:

For the calculation of the real flue gas volume flow the calculated enthalpy and temperature at
point F in Chapter 2.3.2.8 will be used.

The average temperature of the flue gas stream:
TEP4 + T 262.198 + 260.46

Tp_r = = 261.329 °C.
A real volumetric flow takes into account the flue gas temperature:
Tp_r+ 273.15 261.329 + 273.15
REAL _ _E-F — . — 3
Mpe?" = Mpg 57315 39.15 57315 76.606 m°/s.
A real cross section of the the flue gas duct:
REAL

Spycr =h*w—"h-D-npy
SREAL = 8.5-2.7—8.5-0.0419 - 20 = 14.739 m?
Real flue gas velocity:

REAL
rear _ MM _ 76.606
FG SREAL 14739

= 5.197 m/s.

4.5.3 Heat transfer coefficient of low pressure superheater LPsh

Coefficient of relative pitch @5

p1—D 131 - 117
Py = = = 0.964019[—]

(%)2 +p,2—D \/(%)2 +1172 — 48.3

Relative longitudinal pitch o5 :
_pp 131

TD T 483"

From literature [1] for coefficient of relative pitch @, = 0.1 + 1.7 will be determined

corection factor that takes into account the geometric arrangement of tube bank and its

spacing of tube bundles c,.[8]

cs =034+ (¢,)? =0.34-(1.01)2 = 0.31

In next step from literature [1] for expected number of longitudial lines n;; ¢, < 10 and for
relative transversep pitch o; < 3 the correction factor taking account of the number of rows of
tube c, will be determined.[8]

CZ = 312 - (nLI_exp)OJOS

The cofficinet of flue gas thermal conductivity Az, Prandtl number Pr and coefficionet of
flue gas kinematic viscosity vy, is defined by interpolation from [1]. Temperature for
interpolation Tp_r = 261.329 °C and for volume fraction of H20 xy,, =7.8% were
defined:

2.71

—2.5=3.12-(1)% — 2.5 = 0.62
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dre = 0.04424 W/m/K
Vig = 4.04-107°m?/s

Pr =0.649
Coefficient of heat transfer convection Oc:
ac = cg- cz./l,%G (UTF;D) - Pr[W /m? /K]
0.04424 /5.197 - 0.0483
o = 031062 7= ( e )-0.649 (W /m?/K]

ac = 21.58 W/m? /K
The thickness of the effective radiation layer s :

4 : 4 131-117
S=0.9-d-<;-——1)=0.9-41.9-<g-——1>=381.47[mm]

Volume of triatomic gases x:

X = Xpz0 + Xcoz = 0.078 + 0.044 = 0.122
Partial pressure of triatomic flue gases Ppar:
Ppar =P x =0.1:0.122 = 0.0123617 [MPa]
Ppar = 12361.7 [Pa]

The coefficient of radiant absorption due to tri-atomic gases Ky :
7.8+ 16 x Tr_r+ 273.15

ky = ke -(1—0.37-’” )
3.16 " /Ppar * S 1000

7.8+ 16-0.078 261.329 + 273.15
v~ (3.16 +1/0.0123617 - 0.38147> ' (1 - 037 1000 )

k, = 32.65 [m/Mpa]

Coefficient k:

k =k, x=32.65-0.122 = 3.983 [m/Mpal]

The emisivity of tri-atomic gases:

Ay = 1— e—k'p-s =1— 8—3.983'0.1'0.38147 = 0.143

The cofficinet of flue gas thermal conductivity in the calculation was contemplated as: a =
0.8
The mean steam temperature:
Ty, + Ty, 180 + 156.15
2 2
During the gas combustion At = 25°C was choosen. The fouled wall surface temperature
Tro Will be calculated.

Tro = Ty—p + At = 168.075 + 25 = 193.075 °C

= 168.075 [°C]
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Radiation heat transfer coefficient ag:

+1 (#)3'6
a
o =5.7-1078 = aer* (Trg)? - FGT [W/m? /K]
2 1—Lro
Tre
) ( 193.075 )3'6
g = 5.7-1078 - ——_ . 0.143 - (261.329 + 273.15)3 - ~261.329 + 273.15

~__ 193.075
261.329 + 273.15

1

ag = 3.408 [W/m? /K]
Heat transfer coefficient on the flue gas side Q1y:

Utilization factor for this calculationis & = 1
iy =& (ag+ag) =1+ (21.58 + 3.408) = 24.984 [W /m? /K]
Heat transfer coefficient on the steam side Ooy:

Using the software XSTEAM is for calculation of steam thermal conductivity A, Prandtl
number Pr and coefficient of dynamic steam viscosity p .

t;_, = 168.075 °C

Pi—2 = 0.51 MPa

s = f(t1-2,p1-2) = 0.031934 W /m/K

Us = f(ti—2,p1-2) = 1.4722-1075Pa-s

Pr = f(t;_,p1-,) = 1.04637

Coefficient of steam viscosity Vs :

Vs = s Vy_p = 1.4722-1075-0.38422 = 5.66 - 10~° m?/s
Heat transfer coefficient on the steam side Gor:

As (Vs de\”®
oy = 0.023 - == (:) -Pro%%*.c, ¢, cpy
d, Vg

0.031934 21.04-0.0419\°3 oa
. 0.0419 ( 5.66-10-6 ) -1.04637Y*-1-1-1

o,y = 254.022 [W/m? /K]

oy = 0.023

45.4 Overall coefficient of heat transfer in LPsh

_ Y-ay,  0.85-24.984

= o 24.984
1+ L2702
ay 1t 354022

k = 19.335
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455 The number of longitudial lines in LPsh

Temperature diferences for calculation of logarithmic temperature drop:

At, = TSKUT —t,, = 262.198 — 180 = 82.198 °C,
At, = Tp — t;, = 260.46 — 156.15 = 104.31 °C.
Logarithmic temperature drop Atyn:
At —At, 82198 —104.31

() (igzan)

=92.815°C

AtLN =

The total outer surface of the one meter long smooth tube Sim:

Sim = m+D =m-0.0483 = 0.152 [m?]
External heat transfer surface:

6 Qupsn _ 93360
EX ™ k-At,y  19.335-92.815

The number of longitudinal lines Ny

Sex Sex 52023

Sy h-Sim-npy 85-0.152-20
I choose the number of lines n;; = 2.

= 52.023 m?

TLLI = = 2,013

45.6 Scheme of arrangement of tubes in LPsh

2.75

A /AR
L/ L/

A /A

o

J N

N

J

Figure 4. 10 Tube arrangement in LPsh

457 Thereal heat transferred in LPsh

REAL
The real external heat transfer surface Sgx”

SREAL =, npy "R Sy = 2-20-8.5-0.152 = 51.68 m?

65



VUT BRNO, FSI DIPLOMOVA PRACE Bc. KAREL SLiVA
ENERGETICKY USTAV 2016

The real heat transferred in LPsh:
REAL — | . SREAL. At, = 19.335-51.68 - 92.815 = 92.744 kW
Check of the real heat transferred

The heat transferred difference may not be greater than 5 %:

REAL
- QLPSh 92.744‘ - 93-36
AQ = [ZLEsh = ’ = 0.664 ©
¢ REAL 92.744 %

AQ = 0.664 % < 5% => Selected number of longitudinal lines is correct.

45.8 Real flue gas temperature in point F

The real enthalpy at point F:

QREAL 92.744
HREAL — g ~=°0 - 353802 — = 351.423 k 3
F E™ Mpe(1— Lp) 39.15(1 — 0.004146) J/m
The real temperature at point F is determined by interpolation from Table 2. 3
(HEEAL — j200 (351.423 — 268.01)
TREAL — 200 + (300 — 200 =200+ 100 -
F ( ) (H390 — HEZ (405.95 — 268.01)

TFPAL = 260.474 °C
Check of the real temperature:

The temerature difference may not be greater than 3°C:
AT = |TREAL — Tp| = |260.474 — 260.46| = 0.014 °C
AT = 0.014°C < 3°C => Selected number of longitudinal lines is correct.

459 List of calculated values in LPsh

Table 4. 10 Calculated values of LPsh

Calculated values Indication Amount Unit
Number of tubes in one longitudial line Ny 20 [—]
Real volumetric flow MREAL 76.606 [m3/s]
Real flue gas velocity e 5.197 [m/s]
Velocity of steam Vg 21.04 [m/s]
Logarithmic temperature drop Aty y 92.815 [K]
Number of longitudinal lines ng 2 [—]
Overall coefficient of heat transfer k 19.335 [W/m?
Real external heat transfer surface SREAL 51.68 [m?]
Real heat transferred e 92.744 [kW]
Real temperature at point F TREAL 260.474 [°C]
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4.6 Proposal of high pressure economizer HPeco?2

The calculation of high pressure economizer 2 is executed as high pressure economizer 3
calculation. The value of heat transfer coefficient is expected high and can be neglected.

4.6.1 Fin tube design of high pressure economizer HPeco2

The fin tube dimensions are given in Table 4. 11 and the drawind of fin tube is shown at
Figure 4. 11.

Table 4. 11 Fin tube dimensions of HPeco2

Tube dimensions Indications | Amount | Unit
Outer diameter D 31.8 [mm]
Wall thickness t 4 [mm]
Inner diameter d 22.8 [mm)]
Fins height hs 13 [mm]
Fins thickness tr 1 [mm]
Fins per meter ny 230 [1/m]
Fins pitch Dr 4.35 [mm]
Outer fin diameter Dy 57.8 [mm]
be=1 __  pizh 35

hr =13

®»57.8

Dt
|:| = @77

- I:ZI = :‘lr‘

Figure 4. 11 Fin tube dimensions of HPeco2
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4.6.2 Amount of fin tubes in one line HPeco2

Lateral pitch:

Latera pitch consist of outer fin diameter and the distance betwen the tube a = 5.5 mm. p; =
Df +a=578+55=63.3mm.

Longitudinal pitch after consultation with supervisor was choosen:

P, =92 mm.
Amount of tubes in one longitudinal line:

w127 1,
mU S T 2700633 2

The real tubes amount in a single longitudinal line: ny; = 42.15 => 42

Real flue gas volume flow:

For the calculation of the real flue gas volume flow the calculated enthalpy and temperature at
point G in Chapter 2.3.2.9 will be used.

The average temperature of the flue gas stream:
T +Tg  260.474 + 226.695

Te_ = = 243.585 °C.
A real volumetric flow takes into account the flue gas temperature:
Te_c + 273.15 243.585 + 273.15
REAL _ LF-G — . = 3
MEEAL = M. TR 39.15 TERT 74.063 m3/s.

A real cross section of the the flue gas duct :

SEEM = h- (w =gy (D+2-hy oty my))
SREAL = 8.5 (2.7 —42-(0.0318 + 2-0.013 - 0.001 - 230)) = 9.463m?

Real flue gas velocity:

REAL
eeaL _ MEGH _ 74063
FG SREAL ™ 9463

The feed water flow velocity in HPeco2:

= 7.827 m/s.

In the next step is important to determine the mean specific volume of steam which is given
by average temperature and pressure in HPeco2. The mean specific volume of steam is then
calculated by the softwar XSTEAM.

_tyt+tg 220 + 145

t;_g = =182,5°C
7-8 5 5

+ 6,3+ 6,4
P7-g = Pz > Ps = > = 6,35 MPa

Vy_g = f(t7_g,P7-g) = 0,001126 m?/kg
_ Mg-v;  4:095-Myp-v,_g  4-0.95-579-0.001126
TS T T &gy m-0.02382 - 42

= 0.3315m/s.
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Due to slow feed water flow velocity in economizer it is necessary to split heat transfer
surfect into three parts as you can see in te Figure 4. 12. By this division it is possible to
increase feed water flow velocity. In our case three times.

vs = 3-0.3315 = 0.995 m/s

|U WATER INPUT

| A ‘
{ L — l |
WATER OUTPUT |||
\%

Figure 4. 12 Scheme of devided heat transfer surface.in HPeco2

4.6.3 Heat transfer coefficient of high pressure ecomonizer HPeco?2

Coefficient of relative pitch @s:

p,—D 63.3 —31.8
0, = - = 0.48098

(%)2 +p,* =D \/(63_3)2 +92% 318

The cofficinet of flue gas thermal conductivity A, and coefficionet of flue gas kinematic
viscosity vp; is defined by interpolation from [1]. Temperature for interpolation Tr_; =
243.585°C and for volume fraction of H20 xy,, = 7.8 % were defined:

Apc = 0.04282W /m/K
Veg = 3.806- 1075 m?/s
Coefficient of heat transfer convection Gc:

Coefficient of the number of longitudinal line c; = 0.95 after consultation with supervisor
was determined.

A D\ %% /p\TOM L p\065
0(c=0.23-cz-(p00v2-ﬁ.<_> <_f> _(pa pf)

Pr \Pr 143 Vg
=0.23-095-0 4809802 0.04282 ( 0.0318 )_0'54' ( 0.013 )—0,14 (7827 . 0.00435>0,65
e o 0.00435 \0.00435 0.00435 3.806- 105

o = 45.119 W/m2/K
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Coefficient f3:
25 ac 2-0.85-45.119
p= = = 40.439
tr-Ar-(1+e-p-ac) 0.001-40-(1+0.0045-0.85-45.119)

Product of B * h;:
B- hf = 40.439-0.013 = 0.526

D

Ratio —f:
— D
Dy _578 _ o
D 318
Now is possible to determine E from nomogram in literature [1]
E = 0.92.

. . S
Ratio of fin heat transfer surfaces and the total area of the flue gas side ?:

Ds\? 2
f 57.8

s @) o)
F _ D _ (18) — 091626

1
> 2
B 6 GG

S
Ratio of not finned tube surface and the total area ?h:

Sy St

—=1——=1-0.91626 = 0.083744

S S

Heat transfer coefficient on the flue gas side Q1y:

Sf S Yy ac
— _.E. _l__ —_
“r [s BT sl Tve ;- a
0.85 - 45.119

1+ 0.0045-0.85-45.119

a1 = [0.91626 - 0.92 -1+ 0.083744] - = 30.309W /m?/K

4.6.4 Overall heat transfer coefficient for HPeco?2

Heat transfer coefficient on the steam side is in economizer neglected due to heat transfer
coefficient on the steam side is many times smaller than heat transfer coefficient on the flue
gas side (o, < a;,-). Only the heat transfer on the flue gas side is taken into account.

Overall coefficient of heat transfer will calculated as k = «;, = 30.309 W/m? /K.

The surface of one fin Si¢:

2-m-(D? — D?) 2-m-(0.05782 — 0.0318%)
2 + 7Dty = +m-0.0578 - 0.001

4
S1r = 0.003841 m?

Slf =
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The total outer surface of the one meter long tube with fins Sim:

Sim= m-D-(1=np-t;) +np Sy =m-0.0318- (1 —230-0.001) + 230 - 0.003841

Sim = 0.96036 m?
The inner surface of the one meter long tube Som:
Som = m+d = m-0.0238 = 0.07477 m?

4.6.5 The number of longitudinal lines in HPeco2

Temperature diferences for calculation of logarithmic temperature drop:
At; = TREAL — ¢, = 260.474 — 220 = 40.474°C

At, = Tg — tg = 226.695 — 145 = 81.695 °C

Logarithmic temperature drop Atyn:

At; —At, 40.474 —81.695

Aty = l (&) = l (40_474 ) = 58.629 K
\&z, n\81.695
External heat transfer surface:
_ Qurecor 1816600 1021.195 m?

Sex =1 At;y ~ 30.309 - 58.629
The number of longitudinal lines Ny

Sex  Sex _ 1021195
Sy h-Simnpy  85:0.96036 42

I choose the number of lines n;; = 3.

TLLI = 298

4.6.6 Scheme of arrangement of tubes in HPeco2

(2700)

68.15 41x63.3 36.55

1.6

2x92

)ENLINL

Figure 4. 13 Tube arrangement in HPeco2
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4.6.7 Thereal heat transferred in HPeco2

REAL
The real external heat transfer surface Sgx”

SREAL — )1 npy ~h+Sym = 3-42-8.5-0.96036 = 1028.54 m?
The real heat transferred in HPeco2:

REAL =k -SREAL. A, v =30.309-1028.54 - 58.692 = 1829.666 kW
Check of the real heat transferred:

The heat transferred difference may not be greater than 5 %:

Ao = REAL  — Qupecoz _ ’1829.666 —1816.6 — 0.714 %
REAL 1829.666

AQ = 0.714 % < 5% => Selected number of longitudinal lines is correct.

4.6.8 Real flue gas temperature in point G

The real enthalpy at point G:
REAL 1829.666

HREAL — [REAL _ __ <HPeco2 _ 359 493 = 304.49k] /m?
G F Moo(1— L) 39.15(1 — 0.004146) J/m
The real temperature at point B is determined by interpolation from Table 2. 3
(HEEAL — g200 (304.49 — 268.01)
TREAL = 200 + (300 — 200 =200+ 100 -
¢ ( ) (H320 — HE (405.95 — 268.01)

TEPA = 226.452 °C
Check of the real temperature:

The temerature difference may not be greater than 3°C:
AT = |T; — TEFAL| = |226.657 — 226.452 | = 0.243 °C
AT = 0.243°C < 3°C => Selected number of longitudinal lines is correct.

4.6.9 List of calculated values in HPeco2

Table 4. 12 Calculated values of HPeco2

Calculated values Indication Amount Unit
Number of tubes in one longitudial line nry 42 [—]
Real volumetric flow MEEAL 74.063 | [m3/s]
Real flue gas velocity pREAL 7.827 [m/s]
The feed water flow velocity Vg 0.995 [m/s]
Logarithmic temperature drop N 58.692 [K]
Number of longitudinal lines ny 3 (-]
Overall coefficient of heat transfer k 30.309 [W/m?
Real external heat transfer surface SREAL 1028.54 [m?]
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[kw]

REAL | 1829.666
TgEAL

226.452

[°C]

4.7 Proposal of Low pressure evaporator LPeva

Calculation method of low pressure evaporator is similar to the one for high pressure

evaporator.

4.7.1 Fintube design of low pressure evaporater LPeva

The fin tube dimensions are shown in Table 4. 13 and the drawing of fin tube is shown at

Figure 4. 14

Table 4. 13 Fin tube dimensions of LPeva

D 57 [mm]
t 3.6 [mm]
d 49.8 [mm]
hs 19 [mm]
tr 1 [mm]
ng 230 [1/m]
Dr 4.35 [mm]
Dy 95 [mm]
il e = l:'f=54~.3':-.-
R
":.,
. '/ R
=N I B
<. Q 8 I [
" n =
a al o 2
— —

Figure 4. 14 Fin tube dimensions of LPeva
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4.7.2 Amount of fin tubes in one line LPeva

Lateral pitch:

Lateral pitch consist of outer rib diameter and the distance betwen the tube a = 6 mm. p; =
Df+a=95+6=101mm.

Longitudinal pitch after consultation with supervissor was choosen:

p, = 117 mm.

Amount of tubes in one longitudinal line:
w 1 2.7 1

My === Gq01 2 26.23

The real tubes amount in a single longitudinal line: nyy = 26.23 => 26

Real flue gas volume flow:

For the calculation of the real flue gas volume flow will use the calculated enthalpy and
temperature at point H in Chapter 2.3.2.4

The average temperature of the flue gas stream:
T4 + Ty 226452 + 166.15

Tr_y = = 196.301 °C.
G-H 2 2
A real volumetric flow takes into account the flue gas temperature:
To_y + 273.15 196.301 + 273.15
REAL _ . _G-H — . - 3
Mpc?" = Mpg 57315 39.15 57315 67.285m"/s.

A real cross section of the the flue gas duct:

Shter =h-(w—=npy - (D +2-h.-t, " n,))

SREAL = 8.5 (2.7 —26-(0.057 + 2-0.019 - 0.001 - 230)) = 8.422m?
Real flue gas velocity:

REAL
eea, _ MEEM _ 67285
FG 7 SREAL ™ 8427

=7.99m/s.

4.7.3 Heat transfer coefficient of low pressure evaporater LPeva

Coefficient of relative pitch ©s:

-D 101 — 57
0, = L = = 0.6247

(%)2 +p,2 =D \/(%)2 +1172 — 57

The cofficinet of flue gas thermal conductivity Az, and coefficionet of flue gas kinematic
viscosity vp; is defined by interpolation from [1]. Temperature for interpolation T;_y =
196.301 °C and for volume fraction of H20 xy,, = 7.8 % were defined:

Are = 0.03900 W /m/K
Veg = 3.195- 1075 m?/s
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Coefficient of heat transfer convection 9.c:
A D\ %% /R N\TOM i)\ 065
06C=0.23-cz-(p00'2-LG.<_) <_f> .<FG pf)
Pr \Pr br VFG

0.03900( 0.057 )‘0'54( 0.019 >‘°'14 (7.99-0.00435>°'65
0.00435 \0.00435 0.00435 3.195-10-5

ac = 0.23-0.95-0.6247%2

ac = 35.818 W /m?/K
Coefficient 3 :

20« 2-0.85-35.818
BZJ Yy =j — 36.59

0.001-40- (1 + 0.0045-0.85-35.818)

Product of B * A,
B- hf = 36.59-0.019 = 0.695
D

Ratio —f:
— D
Df 95 _1e7
D 57
Now is possible to determine E from nomogram in literature [1]
E = 0.84
. . . Sf
Ratio of fin heat transfer surfaces and the total area of the flue gas side ?:
5 (%) -1 (&Y 1
A D - 57 — 0.93802

2 2
T e (- @) 12 (B4

S
Ratio of not finned tube surface and the total area ?h:

Sh Sy
—=1—-——=—=1-0.93802 = 0.06198
S S
Heat transfer coefficient on the flue gas side Q1y:
[Sf Eoypsh].__Yrrae
S 1 + & llif " Q¢

0.85-35.818

1r = [0.938020.84 - 14 0.06198] - e

= 22.758 W /m?/K

4.7.4 Overall coefficient of heat transfer for LPeva

Heat transfer coefficient on the steam side is in evaporator neglected due to heat transfer
coefficient on the steam side is many times smaller than heat transfer coefficient on the flue
gas side (o, < ay,-). Only the heat transfer on the flue gas side is taken into account.
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Overall coefficient of heat transfer will calculated as k = «;, = 22.758 W/m?/K
The surface of one fin Sif:

2-m-(D? — D?) 2-m-(0.095% — 0.0572)
Sif = T +m- Dty = 7 +m-0.095-0.001

S1r = 0.009371 m?

The total outer surface of the one meter long tube with fins Sim:

Sim=m-D-(1- ns - tf) +ns-S;y =m-0.057-(1—230-0.001) + 230 0.009371
Sim = 2.293215 m?

The inner surface of the one meter long tube Szm:

Som = m+d = m-0.0498 = 0.156451 m?

4.7.5 The number of longitudinal lines for LPeva

Temperature diferences for calculation of logarithmic temperature drop:
At, = TRFAL — ¢, = 226.452 — 156.15 = 70.302 °C

At, = Tg — t;3 = 166.15 — 156.15 = 10 °C

Logarithmic temperature drop Atpn:
At; —At, 70302 —10

&z, 10
External heat transfer surface:
_ Qupeva 3194950 4540.215 m?

Sex =1 At;y  22.758-30.921
The number of longitudinal lines Ny;:

Sex Sex B 4540.215

S, h-Sym-npy 8.5-:2.293215-26
I choose the number of linesn;; = 9.

= 8.96

ny =
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4.7.6 Scheme of arrangement of tubes in Leva

gx117

X
A
/7

A
V'

Figure 4. 15 Tube arrangement in LPeva

4.7.7 Thereal heat transferred in LPeva

REAL
The real external heat transfer surface Sgx”

SREAL =, nypy "R Sy = 926 +8.5-2.293215 = 4561.205 m?
The real heat transferred in LPeva:

REAL — | - SREAL . At v = 22.758 - 4561.205 - 30.921 = 3209.72 kW
Check of the real heat transferred

The heat transferred difference may not be greater than 5 %:

REAL _ 3209.72 — 3194.95
AQ = LPevaREA?LPWa _ | = 0.460 %
REAL 3209.72

AQ = 0.460 % < 5% => Selected number of longitudinal lines is correct.
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4.7.8 Real flue gas temperature in point H

The real enthalpy at point H:

REAL

3209.72

39.15(1 — 0.004146)
The real temperature at point H is determined by interpolation from Table 2. 3

HREAL — gREAL _ ___<LPeva _ 34449 _
H ¢ Mpe(1 — Lg)
(g — e

TREAL = 100 + (200 — 100)

TREAL = 165.98 °C
Check of the real temperature:

200 100
(HFG - HFG

=200+ 100~

The temerature difference may not be greater than 3°C:

AT = |Ty — TREAL| = |166.15 — 165.98 | = 0.171°C
AT = 0.171°C < 3°C => Selected number of longitudinal lines is correct

479 List of calculated values in LPeva

Table 4. 14 Calculated values of LPeva

=222.17 kJ /m3

(222.17 — 133.27)

(268.01 — 133.27)

Calculated values Indication Amount Unit
Number of tubes in one longitudial line Nry 26 [—]
Real volumetric flow MREAL 67.285 | [m3/s]
Real flue gas velocity U 7.99 [m/s]
Logarithmic temperature drop Aty 30.921 [K]
Number of longitudinal lines nyy 9 [-]
Overall coefficient of heat transfer k 22758 [W/m?
Real external heat transfer surface SREAL 4561.205 | [m?]
Real heat transferred REAL 3209.72 [kW]
Real temperature at point H TREAL 165.98 [°C]

4.8 Proposal of low pressure economizer LPeco

The calculation of low pressure economizer is executed as high pressure economizer

calculation. The value of heat transfer coefficient is expected high and can be neglected.
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4.8.1 Fintube design of low pressure economizer LPeco

The fin tube dimensions are given in Table 4. 15 and the drawing of fin tube is shown at
Figure 4. 16

Table 4. 15 Fin tube dimensions of LPeco

Tube dimensions Indications | Amount | Unit
Outer diameter D 31.8 [mm]
Wall thickness t 3.2 [mm]
Inner diameter d 25.4 [mm]
Fins height hs 15 [mm]
Fins thickness tr 1 [mm]
Fins per meter ns 160 [1/m]
Fins pitch Dr 6.25 [mm]
Outer fin diameter Dy 61.8 [mm]

AN

for 1 pt=6.25

AL Q
YD IO

Dt
D =

N

Figure 4. 16 Fin tube dimensions of LPeva

4.8.2 Amount of fin tubes in one line LPeco

Lateral pitch:

Latera pitch consist of outer fin diameter and the distance betwen the tube a = 12 mm. p, =
Df +a=618+12 =73.8mm.

Lonagitudinal pitch after consultation with supervisor was chosen:

p2 = 92 mm.
Amount of tubes in one longitudinal line:

w127 1
U= T 2700738 2

= 36.08
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The real tubes amount in a single longitudinal line: ny; = 36.08 => 36
Real flue gas volume flow:

For the calculation of the real flue gas volume flow will use the calculated enthalpy and
temperature at point | in Chapter 2.3.2.10

The average temperature of the flue gas stream:
T},QEAL + T _ 165.98 + 155.14

T, , = = = 160.56 °C.
H-1 2 2
A real volumetric flow takes into account the flue gas temperature:
Ty_; +273.15 160.56 + 273.15
REAL _ L H=T — . — 3
Mpi?" = Mpgg 57315 39.15 TERT 62.163 m?>/s.

A real cross section of the the flue gas duct:

SEEtk =h- (w—ngy - (D+2-hy -ty ny))
SREAL = 8.5-(2.7—36-(0.0318 + 2-0.015-0.001 - 160)) = 11.75 m?

Real flue gas velocity:

REAL
rear _ Mig" _ 62.163
FG SREAL 1175

The feed water flow velocity in LPeco:

=529m/s

In the next step is important to determine the mean specific volume of steam which is given
by average temperature and pressure in LPeco. The mean specific volume of steam is then
calculated by the softwar XSTEAM.

tia+tis 15115 + 62 )
t14_15 = 2 = 2 = 106.575 C

+ 0.56 + 0.66
Pra_1s = 24 > Pis _ . = 0.61 MPa

Vi4-15 = f(t1a-15,P1a—15) = 0.00104847 m> /kg
MS - vs 4‘ " MLP - 1)14_15 4‘ - 095 " 151 " 000104‘84‘7
= = = = 0.0825 .
S 7-d? npy - 0.02542 - 36 m/s

Due to slow feed water flow velocity in economizer it is necessary to split heat transfer
surfect into twelve parts as is shown in te Figure 4. 17. By this division it is possible to
increase feed water flow velocity. In our case twelve times.

ve = 12-0.0825 = 0.99 m/s

Us
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‘ ‘wLT[F‘ INPUT WATER OUTPUT m
A0 0 T . A L

V.

[x;f]g_’?]g;ﬁwg:[w_\_"\llﬁjJ

Figure 4. 17 Scheme of devided heat transfer surface in LPeco

4.8.3 Heat transfer coefficient of low pressure ecomonizer LPeco

Coefficient of relative pitch @s:

p, — D 73.8 — 31.8
0y = - = 0.62385

(B) +p2-D \/(73;_8)2 +922 — 3138

The cofficinet of flue gas thermal conductivity A, and coefficionet of flue gas kinematic
viscosity vg; is defined by interpolation from [1]. Temperature for interpolation Ty_;, =
160.56 °C and for volume of H20 xy,, = 7.8 % were defined:

Asg = 0.035994 W /m/K
Veg = 2.8-107°m?/s

Coefficient of heat transfer convection Oc:

Coefficient of the number of longitudinal line c; = 0.95 after consultation with supervisor
was determined.

A D\ %% /p\TOM o p 065
OCC=0.23'CZ-¢00'2-LG.<_> <_f> _(FG pf)

Pr \Pr 123 Vg
=0.23-0.95 062385020'035994(0-0318 )“”54< 0.015 )‘0'14 (5.29-0.00625>°'65
T e 0.00625 \0.00625 0.00625 28-10-5

ac = 41.742 W /m? /K
Coefficient 3 :

= 39.112

5 29 ac ~ 2-0.85-41.742
Tt A -(I4e-9r-a;) 4 0.001-40- (1 +0.0045-0.85 - 41.742)
Product of B * A,

B-hsf=39.112-0.015 = 0.587

D
Ratio —f:
— D
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Df 618
D 318
Now is possible to determine E from nomogram in literature [1]

E = 0.86.

1.94

S
Ratio of fin heat transfer surfaces and the total area of the flue gas side ?f:

2
S (%) -1 ~ (%)Z -

1
2 2
F) g G e ()

S
Ratio of not finned tube surface and the total area ?h:

= 0.893727

—=1—-——=—=1-0.893727 = 0.106273
S S
Heat transfer coefficient on the flue gas side Qr:

S S Ve«

f h f C
a — _.E.”.l__.—
r [S S 1+€l/)fac

0.85-41.742

oy = [0.893727 - 0.86 - 1 +0.106273] - s oo

= 26.768 W/m?%/K

4.8.4 Overall heat transfer coefficient for LPeco

Heat transfer coefficient on the steam side is in economizer neglected due to heat transfer
coefficient on the steam side is many times smaller than heat transfer coefficient on the flue
gas side (o, < q,). Only the heat transfer on the flue gas side is taken into account.

Overall coefficient of heat transfer will calculated as k = o, = 26.768 7 W /m? /K.

The surface of one fin Sy

2-m-(Df? — D?) 21 (0.0618%2 — 0.03182)
Sy = T +m- Dty = 7 + 1+ 0.0618-0.001

Sy = 0.0046 m?

The total outer surface of the one meter long tube with fins Sim:
Sym=1m-D-(1—np-t;) +np-Sy;; =m-0.0318- (1 — 160 - 0.001) + 200 - 0.0046
Sim = 0.81992 m?

The inner surface of the one meter long tube Szm:

Som = m+d = 10,0254 = 0.0798 m?
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4.8.5 The number of longitudinal lines in LPeco

Temperature diferences for calculation of logarithmic temperature drop:
At, = TRFAL — ¢, = 165.98 — 151.15 = 14.83 °C

At, = T} — t;5s = 155.14 — 62 = 93.14 °C

Logarithmic temperature drop Atyn:
At —At, 1483 —93.14

Aty = l (%) = l (14_83) = 42.618K
&z, "\9317
External heat transfer surface:
_ Qpeco 774990 499.273 m?

Sex = 1. At,y  26.786 - 42.618
The number of longitudinal lines Ny

Sex _ Sex 499273

Sy h+Sym-npy 85-0.81992-36
I choose the number of lines n;; = 2.

=1.99

ny =

4.8.6 SCHEM of arrangement of tubes in LPeco

{2700)

76.95 35x73.8 £0.05

©®©
©©

Figure 4. 18 Tube arrangement in LPeco

9.15

92

4.8.7 Thereal heat transferred in LPeco

REAL
The real external heat transfer surface Sgx”

SREAL =, npy -h-Sym = 2-36-8.5-0.81992 = 501.791 m?
The real heat transferred in LPeco:
REAL — | . SREAL. At v = 26.768-501.791 - 42.618 = 572.442 kW

LPeco
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Check of the real heat transferred

The heat transferred difference may not be greater than 5 %:
REAL
LPeco ~— QLPeco

~ ’572.442 — 569,57
REAL 572.442

AQ = 0.502% < 5% => Selected number of longitudinal lines is correct.

AQ = = 0.502 %

4.8.8 Real flue gas temperature in point |

The real enthalpy at point I:

HREAL — pREAL Leeco ___ 222.17 >72.442 = 207.48 kJ /m?3
= "H Mp.(1—Lg) 77 39.15(1 — 0.004146) " J/m
The real temperature at point B is determined by interpolation from Table 2. 3
(HREAL — g100 (207.48 — 133.27)
TREAL = 100 + (200 — 100 =200+ 100 -
! ( ) (H220 — H100 (268.01 — 133.27)

TREAL = 155.082 °C
Check of the real temperature:

The temerature difference may not be greater than 3°C:
AT = |T, — T,REALl = |155.14 — 155.082 | = 0.058 °C
AT = 0.058°C < 3°C => Selected number of longitudinal lines is correct.

4.8.9 List of calculated values in LPeco

Table 4. 16 Calculated values of LPeco

Calculated values Indication Amount Unit
Number of tubes in one longitudial line Ny 36 [—]
Real volumetric flow MREAL 62.163 [m3/s]
Real flue gas velocity e 5.29 [m/s]
Velocity of steam Vg 0.99 [m/s]
Logarithmic temperature drop Aty 42.618 [K]
Number of longitudinal lines ny 2 [—]
Overall coefficient of heat transfer k 26.768 [W/m?
Real external heat transfer surface SREAL 501.791 [m?]
Real heat transferred i 572.442 [kW]
Real temperature at point | TREAL 155.082 [°C]

4.9 Proposal of high pressure econimizer HPecol

As in the high pressure economizer 3 and 2, in the high pressure economizer 1 the value of
heat transfer coefficient is expected to be high and therefore can be neglected.
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4.9.1 Fin tube design of high pressure economizer HPecol

The fin tube dimensions are shown in Table 4. 17 and the drawing of fin tube is shown at
Figue 4. 19.

Table 4. 17 Fin tube dimensions of HPecol

Tube dimensions Indications | Amount | Unit
Outer diameter D 31.8 [mm]
Wall thickness t 4 [mm]
Inner diameter d 23.8 [mm]
Fins height hs 15 [mm]
Fins thickness tr 1 [mm]
Fins per meter ny 250 [1/m]
Fins pitch Df 4 [mm]
Outer fin diameter Dy 61.8 [mm]

AL Q
WD ‘ o)

Dt
[J = _ Q

77 A

Figure 4. 19 Fin tube dimensions of HPecol

49.2 Amount of fin tubes in one line HPecol

Lateral pitch:

Latera pitch consist of outer fin diameter and the distance betwen the tube a = 6 mm. p; =
Df+a=618+6=67.8mm.

Longitudinal pitch after consultation with supervissor was choosen:

p, = 92 mm.
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Amount of tubes in one longitudinal line:
w 1 2.7 1

== _-= —-=393
U= T 2700678 2

The real tubes amount in a single longitudinal line: nyy = 39.3 => 39

Real flue gas volume flow:

For the calculation of the real flue gas volume flow will use the calculated enthalpy and
temperature at point J in Chapter 2.3.2.11

The average temperature of the flue gas stream:
TfP4L + T,  155.082 + 118.48

T,_,;, = = 136.78 °C.
I=J 2 2
A real volumetric flow takes into account the flue gas temperature:
T,_; +273.15 136.78 + 273.15
REAL _ L1 — . = 3
MEE Mg TERE 39.15 TR 58.754 m3/s.

A real cross section of the the flue gas duct :

Shuer =h'(W_nTU'(D+2'hf'tf'”f))
SREAL = 85. (2.7 — 39 - (0.0318 + 2 - 0.015 - 0.001 - 250)) = 9.922m?

Real flue gas velocity:

REAL
rear _ Mig" _ 58.754
FG 7 SREAL ™ 9.922

The feed water flow velocity in HPecol:

=5.92m/s

In the next step is important to determine the mean specific volume of steam which is given
by average temperature and pressure in HPecol. The mean specific volume of steam is then
calculated by the softwar XSTEAM.

ty+ty 145 + 62

to_o = = 103.5°C
+ 6.4+ 6.5
Pg—9 = Ps 5 Py = > = 6.45 MPa

Vg_g = f(tg—9,Pg—g) = 0.001043 m?/kg
_ Mg vy 4:095-Myp-vg_g 4-0.95-579-0.001043
S med?npy B m-0.02382 - 39

Due to slow feed water flow velocity in economizer it is necessary to split heat transfer
surfect into three parts as you can see in te Figure 4. 20. By this division it is possible to
increase feed water flow velocity. In our case three times.

v, = 3-0.3306 = 0.992 m/s

Vs = 0.3306 m/s
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|U WATER INPUT
[ = 34—

| A ‘
{ L — l |
WATER OUTPUT |||
\%

Figure 4. 20 Scheme of divided heat transfer surface in HPecol

4.9.3 Heat transfer coefficient of high pressure ecomonizer HPecol

Coefficient of relative pitch @s:

p, — D 67.8 —31.8
0y = - = 0.54342

(B) +p2-D J(672_-8)2 +922 — 3138

The cofficinet of flue gas thermal conductivity A, and coefficionet of flue gas kinematic
viscosity vr¢ is defined by interpolation from [1]. Temperature for interpolation T;_; =
136.78 °C and for volume fraction of H20 x,, = 7.8 % were defined:

Ap¢ = 0.033953W /m/K
Vg = 2.54-107°m?/s
Coefficient of heat transfer convection Oc:

Coefficient of the number of longitudinal line c; = 0.95 after consultation with supervisor
was determined.

-0,54 -0,14
A D\ "~ h ' Vi » Do) 065
ac = 0.23-c; @, ﬁ(_) < f> ( FG pf)
Pr \Pr

br VFG
— 0.23-0.95- 05434202 2033923 (0.0318)“"54 (0.015>“"14 (5.92 : 0.004)0'65
gemmE T 0.004 \0.004 0.004 254105

ac = 37.917 W/m?/K
Coefficient 3 :

29, ac - J 2.0.85-37.917

= 37.515

0.001-40- (1 + 0.0045-0.85-37.917)
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Product of B * hA;:
B- hf = 37.515-0.015 = 0.563

Ra_tio&:
D
& = @ = 1.94
D 318
Now is possible to determine E from nomogram in literature [1]
E = 0.88.

S
Ratio of fin heat transfer surfaces and the total area of the flue gas side ?f:

D 2
5 (7) -1 (S5 1

S~ D t\ (6182 5 1y %
f (Pr _ Y bl.0\ _ (2 L
(ﬁ) —1+2 (ﬁ - 5) (378) - 1+2" (375 318)
S
Ratio of not finned tube surface and the total area ?h:
Sk % 1 0.93637 = 0.06363
S s ' e
Heat transfer coefficient on the flue gas side Q1y:
Sf Sh ll)f O
=X F- 17 =
“r [5 Sl The v, a
0.85:37.917
oy =[0.93637-0.88-1+ 0.06363] - = 24.984 W/mZ/K

1+ 0.0045-0.85-37.917

4.9.4 Overall heat transfer coefficient for HPecol

Heat transfer coefficient on the steam side Oor:

Heat transfer coefficient on the steam side is in economizer neglected due to heat transfer
coefficient on the steam side is many times smaller than heat transfer coefficient on the flue
gas side (o, < q,). Only the heat transfer on the flue gas side is taken into account.

Overall coefficient of heat transfer will calculated as k = a;, = 24.984 W /m?/K.
The surface of one fin Sif:

2-m-(D? — D?) 2-m-(0.06182 — 0.0318%)
2 + 7Dty = +m-0.0618 - 0.001

4
S1; = 0.0046 m?

Slf =

The total outer surface of the one meter long tube with fins Sim:
Sim=m-D-(1—np-t;) +ns-S;y =m-0.0318- (1 — 250 -0.001) + 250 - 0.0046
Sim = 1.226177 m?
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The inner surface of the one meter long tube Som:
Sym = m-d = m-0.0238 = 0.07477 m?

4.9.5 The number of longitudinal lines in HPecol

Temperature diferences for calculation of logarithmic temperature drop:

At; = TREAL — tg = 155.082 — 145 = 10.082 °C
At, =Ty —tg = 118.48 — 62 = 56.48 °C
Logarithmic temperature drop Atyn:
At; —At, 10.082 —56.48

\&z, "\"5e6.48
External heat transfer surface:
_ Qurecor 1922810 2858.212 m?

Sex =1 At;y  24.984-26.927
The number of longitudinal lines Ny

Sex  Sex 2858212

Sy h*Sym-npy 85-1.226177 -39
I choose the number of lines n;; = 7.

TLLI = = 703

4.9.6 Scheme of arrangement of tubes in HPecol

(2700

11:by s A 38x67.8

= :/:' lv"ﬁ.s:

6x92

Figure 4. 21 Tube arrangement in HPecol
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497 Thereal heat transferred in HPecol

REAL
The real external heat transfer surface Sgx”

SREAL =y, *nyy *h* Sy = 7-39-8.5-1.226177 = 2845.344 m?
The real heat transferred in HPeco1l:

REAL =k -SREAL. Aty = 24.984 -2845.344 - 26.927 = 1914.153 kW
Check of the real heat transferred:

The heat transferred difference may not be greater than 5 %:

20 = Rbetor — Qupecor| _ ’1914.153 —192281) o
REAL 1914.153

AQ = 0.452 % < 5% => Selected number of longitudinal lines is correct.

4.9.8 Real flue gas temperature in point J

The real enthalpy at point J:

REAL 1914.153

HPecol
— = 207.48 — = 158.388 kJ /m3
Mpc (1 — L) 39.15(1 — 0.004146) //

The real temperature at point J is determined by interpolation from Table 2. 3

(H]REAL _ H;go) 100+ 100- (158.388 — 133.27)
(nggO _ H%go (268.01 — 133.27)

REAL _ pyREAL
H] —_ HI -

T]REAL = 100 + (200 — 100)

TREAL = 118.645 °C

Check of the real temperature:

The temerature difference may not be greater than 3°C:
AT = |T; — TREAL| = |118.48 — 118.645 | = 0.165 °C

AT = 0.165°C < 3°C => Selected number of longitudinal lines is correct.
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499 List of calculated values in HPeco1l

Table 4. 18 Calculated values of HPecol

Nry 39 [-]
MREAL 58.754 | [m3/s]
pREAL 5.92 [m/s]

Vg 0.992 [m/s]
Aty 26.927 [K]

Ny 7 (-]

k 24.984 | [W/m?
SREAL 2845344 | [m?]
REAL 171914153 | [kW]
TREAL 118.645 [°C]
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5. REAL HEAT TRANSFER TEMPERATURE DIAGRAM
The real heat transfer temperature diagram at the Figure 5. 1 is shown.

~
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Oiava
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N
Qnsht

Qushz
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400
300
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Figure 5. 1 Real heat transfer temperature diagram
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6. DESIGN OF THE DRUMS DIMENSIONS AND THEIR CONTROL

The outer drum diameter Dy, is chosen according to the boiler mass flow. The dependence of
the outer drum diameter and the mass flow rate is given in Table. 6. 1. The wall thickness of
the drum tj, is selected in the range 40 to 120 mm and the length of the drum is equal to the
flue gasductl, =w = 2.7 m.

Table 6. 1Dependence of the outer drum diameter ant the mass flow rate

Boilet mass flow rate M [t/h] Outer drum diameter
<15 12
15 -60 1.4
= 60 1.6
Half of the drum volume:
2
VDzﬂ'fD -%D[m3] (6-1)
Drum load:
M
Lp =~ [kg/s/m*] (6-2)
D
M [kg/s/m3] — boiler mass flow rate

6.1 Design of high pressure drum

In the case of high pressure drum with mass flow rate My, = 5.79 kg/s = 20.84 t/h those
values are chosen:

Ip=w=27m

Dp=14m

tp = 0.04m

dp=Dp—2-tp=14-2-0.04=132m

Half of the drum volume:

Cmedp® Iy w1327 27

= O e B 3
Vp YR 7 o= 1.847m
Drum load:

M 5.79
L, =& = 3.135 kg /s/m?

V, 1847

The limit high pressure drum load is given by interpolation from table for the pressure in the
high pressure drum pyp = ps = 6.2 Mpa

Lp = 6.56 kg/s/m3
Control:
Lp = 3.135kg/s/m® < L. p = 6.56 kg/s/m3
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Calculated load is less than the limit load and therefore the proposed high-pressure drum
suits.

6.2 Design of low pressure drum

In the case of high pressure drum with mass flow rate M;p = 1.51 kg/s = 5.44 t/h those
values are chosen:

lp=w=27m

Dp=12m

tp = 0.04m

dp=Dp—2-tp =12-2-0.04=112m

Half of the drum volume:

Cmedp® 1y w1122 27

oD 3
Vp = 2 > 2 > 1.33m
Drum load:
M, 151
Lp=——=—"—=1135k 3
D=y, T 133 g/s/m

The limit high pressure drum load is given by interpolation from table for the pressure in the
high pressure drum pp = p;, = 0.56 MPa

L, =187 kg/s/m3
Control:
Lp = 1.33kg/s/m3® < L;p = 1.87 kg/s/m3

Calculated load is less than the limit load and therefore the proposed high-pressure drum
suits.
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7. PROPOSAL OF DOWNCOMER PIPING AND CONNECTION PIPING

For the following calculations the literature [2] was used. First of all it is necessary to
determine the total cross section of all the tubes in the evaporator Sgr and the total cross
section of downcomer piping Spp. Furthermore it is necessary to determine at what height h;,
the high and low pressure drum will be positioned. Height of the water level in the high and
low pressure drum is 3 meters higher than the height of flue gas duct.

The total cross section of all the tubes in the evaporator:

- d?
Ser = 7 My - nyy [m?] (7-1)
Ratio of the total cross section of downcomer piping to all tubes in evaporator:
S
22 — 0.06 + 0.016 - pp + 0.005 - hy, [—] (7-2)
SET
Pp [MPa] — drum pressure
hp [m] — drum position
Drum position:
hp =h+3 =85+ 3 =11.5[m] (7-3)

The calculation of connection piping is detrmine as ratio of the total cross section of all the
tubes in the evaporator Sg to the totall cross section of connecting piping S¢p.

Ratio of the total cross section of connecting piping to all tubes in evaporator:

S
2~ 0.1+0.01-pp +0.01- hy [—] (7-4)
SET

7.1 Design of dimensions and number of downcomer piping

7.1.1 High pressure downcomer piping

The total cross section of all the tubes in the evaporator:

- d? - 0.0482
4 Ny "Ny = T

The total cross section of downcomer piping:

Spp = Sgr + (0.06 + 0.016 - pp + 0.005 - hp) = 0.5646 - (0.06 4+ 0.016 - 6.2 + 0.005 - 11.5)
Spp = 0.1223[m?]

Chosen dimensions of downcomer piping:

Dpp = 323.9mm

Ser = .26+ 12 = 0.5646[m?]

tDP = 20mm
dDP == DDP - 2 ) tDP == 3239 - 2 ' 20 == 2839mm

Number of downcomer piping:
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__Sep___ 01223
"oP = T (dyp)?2 | m- (028392
7) 7}

Is necessary to chose whole number => npp = 2.

7.1.2 Low pressure downcomer piping

The total cross section of all the tubes in the evaporator:

- d? 7 - 0.04982
2 *Npy "Ny = T

The total cross section of downcomer piping:

Spp = Sgr* (0.06 + 0.016 - pp + 0.005 - hp) = 0.45579 - (0.06 + 0.016 - 0.56 + 0.005 - 11.5)
Spp = 0.05764[m?]

Chosen dimensions of downcomer piping:

Dpp = 219.1 mm

.26-9 = 0.45579 [m?]

Sgr =

tDP = 14‘.2 mm
dDP = DDP - 2 - tDP = 2191 - 2 - 142 = 1907 mm
Number of downcomer piping:

__Sop____005764
P = T (dpp)2 | m-(0.1907)2  “
7) 7}

Is necessary to chose whole number => npp = 2.

7.2 Design of dimensions and number of connecting piping

7.2.1 High pressure connecting piping

The total cross section of connecting piping:

Scp = Sgr+ (0.1 +0.01 - pp + 0.01 - hp) = 0,65058 - (0.1 + 0.01- 6.2 + 0.01-11.5)
Scp = 0.15639[m?]

Chosen dimensions of connecting piping:

Dcp = 139.7 mm

tCP = 54‘ mm
dCP = DCP - 2 - tCP = 1397 - 2 " 54‘ = 1289 mm
Number of connecting piping:

__See __ 015639 .
P T T (dep)? | m-(0.1289)2
) )

Is necessary to chose whole number => ngp = 12.
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7.2.2 Low pressure connecting piping

The total cross section of connecting piping:

Scp = Sgr - (0.1 4+ 0.01 - pp + 0.01- hp) = 0575+ (0.1 + 0.01- 0.56 + 0.01 - 11.5)
Scp = 0.10055[m?]

Chosen dimensions of connecting piping:

Dcp = 127 mm

tcp = 7.1mm

dep =Dep— 2+ tep =127 —2+7.1 = 112.8 mm
Number of connecting piping:

__ Ser ___ 010055 .
P = T dep)? | m-(0.1128)2
7} 7}

Is necessary to chose whole number => ngp = 10
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8. MATERIALS

This chapter deals with materials used for pipes and plates, which are selected according to
CSN EN 12 952-3. It also gives a temperature range for given materials. According to the
regulation is relative temperature determined according to the equation (8-1). According to
the table 6.1.1 in the regulation 12 925-3 are given temperature allowances of the heat transfer
surfaces. By heat transfer surfaces, in which predominant heat transfer by convection
(superheaters), is determined a temperature allowance At, = 35 °C.

Temperature allowance at the other heat exchange surfaces (economizer, evaporators) is
determined according to the formula (8-2), which depends on the thickness of the pipe.

As the material for the fin pipes to 800 ° C was chosen X10Cr13.
The materials, which are selected for the heating surfaces, are shown in the tab. 8.1.

trer = Terg + Aty [°C] (8-1)
Tgre [°C] - entrance flue gas temperature of the heat transfer surface
At,  [°C] - temperature allowance for the heat transfer surface
At, =15+ 2-t, [°C] (8-2)
tw [mm] - tube wall thickness of the pressure part of the boiler.
Table 8. 1 Chosen materials for heat transfer surfaces
Entrance flue Tube wall Temperature | Relative Chosen
gas thickness allowance | temperature material
temperature £ [mm] A, [°C] (RELATIV
Terg[°C] [°C]
HPsh2 520.00 °C 4.5 35°C 555.000 °C | 13CrMo4-5
HPsh1 494.656°C 4.5 35°C 529.656°C 16Mo3
HPeva 444.871°C 4.5 24 °C 468.871 °C 16Mo3
HPeco3 | 288.314°C 4.5 24°C 312.314 °C P265GH
LPsh 262.198 °C 3.2 35°C 297.198 °C P235GH
HPeco2 | 260.474°C 4 23°C 283.474 °C P265GH
LPeva 226.452 °C 3.6 22.2°C 248.652°C P235GH
LPeco 165.98 °C 3.2 21.4°C 187.38 °C P235GH
HPecol 155.082°C 4 23°C 178.082°C P265GH
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9. BOILER DRAFT LOSS

In this chapter is calculated the total draft loss Ap; which is determined by sum of all pressure
loss of heat transfer surfaces. The total draft loss have to be less than maximum allowed value
of draft loss Ap#LLOWED = 1500 Pa.

The calculations are performed according to the literature [2].

9.1 Pressure loss of heat transfer surfaces

Pressure loss of smooth tube bundle:

Ap, = Apy - x5 - x4 [Pa] (9-1)
Ap,; [Pa] — Pressure difference according to the flow flue gas velocity
X3 [—] — Correction coefficient which depends on the tube pitch
Xy [—] — Correction coefficient which depends on the flue gas flow rate
and the wall temperature
Pressure loss of fin tube bundle:

vFGZ 0-2

Ap,=¢§- > * pre [Pal (9-2)
& [—] — pressure loss coefficient of fin tube bundle at a perpendicular
flow
vpe  [m/s] — flue gas velocity in heat transfer surface
prc  [kg/m3] — flue gas density pp; = 1.277228 kg /m3.

Pressure loss coefficient of fin tube bundle:

Coefficients ko[—], k1[—], k.[—], k3s[—] are determined by the Tab 8.6 in the literatur [2]
(ko = 2.7,k = 0.45, k, = 0.72, ks = 0.24).

f=k0'nu'<3> (E) *Re™"s [—] (9-3)
Re [—] — Reynolds number relative to the mean wall temperature
Reynolds number:
Vpe - d
Re =15 ~¢ ] (9-4)
Vrg
Vs [m?/s] — coefficient of kinematic viscosity of the flue gas relative to the mean
wall temperature
de [m] — equivalent diameter
Equivalent diameter:
4' " SB
de = —— [m] (9-5)
B
Sg [m?] — flow area of the boiler Sg
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Og [m] — flow area circuit of the boiler

4-Sp 4-(w-h) B 4-(2.7-8.5)
Op 2-(w+h) 2-(2.7+8.5)
Mean wall temperature:

For gas combustion is determined temperature increase At, = 25 °C by literatur [1].

tuwr = tust + Atz [°C] (9-6)
tust  [°C] — mean steam temperature for heat transfer surface
Values for calculation of pressure loss are given in Table 9.1.

Table 9.1 Necessary values for determination of pressure loss in heat transfer surfaces

Mean steam Coefficient of flue gas Reynolds number Re
temperature tyor [°C] Kinematic viscosity relative to tysr
Vs [m?/s]
HPsh2 464.765 7.003E-05 5.952E+05
HPsh1 388.785 5.825E-05 6.309E+05
HPeva 302.730 4.584E-05 9.333E+05
HPeco3 271.365 4.170E-05 6.075E+05
LPsh 193.075 3.145E-05 6.064E+05
HPeco2 207.500 3.334E-05 9.225E+05
LPeva 181.150 3.030E-05 1.036E+06
LPeco 131.575 2.487E-05 8.360E+05
HPecol 128.500 2.453E-05 9.486E+05

9.1.1 Pressurelossin HPsh2

Pressure loss coefficient of fin tube bundle:

he\ ~k2 15\%*  /4.65\ 707
§=ko npy - <—f) : (p—f) . Res_k3 =272 ( ) . ( ) - (5.952 - 105)7024

D D 318 318
£ =0.948

Pressure loss in HPsh2

APppsnz = & * UFZGZ - pre = 0.948 2957 1277228 = 59.904 Pa
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9.1.2 Pressureloss in HPsh1l

Pressure loss coefficient of fin tube bundle:

h k1 Dk 15 045 5 072
— L . A (2 R ks — .. . . . 105)-0.24
£=lky npy <D> (D) Res™® =272 <31'8> (31.8) (6.309 - 10%)

§=1.183
Pressure loss in HPsh1

ViG> 9.3522

Mpupsi = § *—5—" pre = 1.183 =——1.277228 = 66.085 Pa

9.1.3 Pressureloss in HPeva

Pressure loss coefficient of fin tube bundle:

-0.72

e\ k2 19\%*% /435
§=ko npy- <_f> : (p—f) . Res_ks =27-2- (—) . ( ) - (9.333 - 105)—0.24

D D 57 57
& =4.653
Pressure loss in HPeva
APpeva = € UFTGZ - ppe = 4.653 - 108867 1.277228 = 352.119 Pa

9.1.4 Pressureloss in HPeco3

Pressure loss coefficient of fin tube bundle:

-0.72

hf k1 pf _k2 k 15 0.45 5
= . R L . K3 — . N N . . 51-0.24
£=lky npy <D> (D) Res 272 <31_8> (31_8) (6.075 - 10°)

&§=1.791
Pressure loss in HPeco3

Vpg? 6.9022
Aphpecos = § *—5 " pre = 1.791" +1.277228 = 54.491 Pa

9.1.5 Pressurelossin LPsh

Correction coefficient which depends on the tube pitch is determined as ratio of lateral pitch
p1 = 131 mm to outer diameter D = 48.3 mm and ratio of longitudinal pitch p, = 117 mm
to outer diameter D = 48.3 mm

p1 131
—=—==2712
D 483
p, 117
— =——=2422
D 483
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For this values is possible to deduct the coefficient value of the chart 8.12 in the literature [2]:
x; = 0.88

Correction coefficient which depends on the temperature of the flue gas flow rate T_r =
261.329 °C and the wall temperature Trp = 193.075 is determine of the chart 8.12 in the
literature [2]:

x4 = 157

Pressure difference according to the flow flue gas velocity vEEAL = 5,197 m/s from the chart
8.12 in the literature [2] is determine:

Ap, = 1.32 Pa
Pressure loss of smooth tube bundle:
Apipsn = Apy - x3 x4 = 1.32-0.88-1.57 = 1.824Pa

9.1.6 Pressureloss in HPeco2

Pressure loss coefficient of fin tube bundle:

-0.72

e\ k2 13 \%*° /435
§=ko npy- <_f) : (p—f) : Res_ka =272 ( ) . ( ) - (9.225 - 105)7024

D D 31.8 31.8

& =0.840
Pressure loss in HPeco2:

Vg2 7.8272

Apypecoz =€ * >  pre = 0.840 - - 1.277228 = 32.858 Pa

9.1.7 Pressurelossin LPeva

Pressure loss coefficient of fin tube bundle:

0.45 5 -0.72

he\ Dy ke 19
— . ALY (B . Ro. ks — o (2 N . . 106)-0-24
£ =lky npy <D> (D) Res™® =272 (57) (57) (1.036 - 10°)

& =3.403
Pressure loss in LPeva:

2 2
Vrg 7.

Aprpeva = §° > " Pr¢ = 3.403 -

- 1.277228 = 132.723 Pa

9.1.8 Pressurelossin LPeco

Pressure loss coefficient of fin tube bundle:

R\ 15\ 16.25\7°7
§=ko npy - <Ef) : (%‘) : Res_ks =272 < ) . ( ) - (8.360 - 105)~0-24

31.8 31.8
£ =0471

-k,
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Pressure loss in LPeco:

Vg 5.292
Aprpeco = ¢ ——prc = 0.471 -

> - 1.277228 = 8.417 Pa

9.1.9 Pressureloss in HPecol

Pressure loss coefficient of fin tube bundle:

-0.72

h ki -k 15 0.45 4
§=ko npy- <_f> : (p—f) : ReS‘k3 =272 (—) . <_> - (9.486 - 105)7024

D D 31.8 31.8
& =2.205
Pressure loss in HPecol:
APppecor = € ° UFTGZ-pFG = 2.205 - 5927, 1.277228 = 49.373 Pa

9.2 Pressure loss in stack

HRSG stack loss is determine as sum of local loss Ap;;, frictional loss Apg; buoyancy loss
Apg; and loss caused by silencer in stack Apg; = 250 Pa.

Pressure loss in stack:

Apsr = Appy + ApyL — Appy + Aps,, [Pal, (9-7)
Appp  [Pa] — frictional loss
Ap;; [Pa] — local loss
Apg; [Pa] — buoyancy loss
Apg;, [Pa] —silencer loss

Frictional loss in stack:

Hsrack Vsrack”
Aprp = Astack ) * pre [Pa] (9-8)
dsrack 2
Astack [—] — frictional coefficient in stack for brick stack Agr4cxk = 0.04 W /m/K
Hgpack[m] — heigh of stack was choosen Hgpacx = 25 m
dstack [m] — stack diameter
Vsrack [Mm/S] — flue gas velocity in stack
Local loss in stack:
Vsrack” 9-9
Ap, = v+ Sour) > ' pre [Pal, (9-9)
& =) &our [] — loss of local input and the output from the stack, &y = &opr = 1.
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Buoyancy loss:

Appr = Hsrack (PA — PFrG - 27315 ) - g [Pa], (9-10)
273.15 + Atyper
Pa [kg/m3] — density of atmospheric air, elected p, = 1.279 kg/m3
Atyrer[°C] —mean flue gas temperature, elected Aty rer = TF4" = 118.645 °C
g [m?/s] — gravitational acceleration, g = 9.81 m?/s.

9.3 Stack loss

9.3.1 Frictional loss is stack

Frictional loss is calculated from the formula (9-8). It is necessary to determine real flue gas

flow in stack MEEAL and mean flue gas velocity in stack vsr,ck. Furthermore is elected the

inner diameter of the stack dgr4cx = 3.5m.

yREAL _ oy 27315 o 118645427315 o,
sTAck = MFG 27315 27315 = 56.155m"/s.
Mean flue gas velocity in stack:
4 - MBEAL  4.56.155
v = = =584m/s
STACK - dSTACkz T -3.52 /
H v 2 25 5.862
Appy = Aspack * ——2CK  STACK e = 0.04-— - —— 1277228 = 6.27 Pa
dsrack 2 3.5 2
9.3.2 Local loss in stack
VSTACKZ 5.84%
ApLL = (glN + fOUT) " 2 . pFG = (1 + 1) . . 1277228 = 4‘356 Pa
9.3.3 Buoyancy loss
A —x < 273.15 )
PeL = HOstack "\ Pa — Prc 273.15 + Atyrar
273.15

Apgy = 25+ (1.279 — 1.277228 - > +9.81

273.15 + 118.645

9.3.4 Pressureloss in stack
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9.4 Total stack loss

Total stack 10ss Apgrack is determine as sum of all pressure loss in heat transfer surfaces and
a total pressure loss in stack.

ApSTACI’{ = ApHshZ + ApHshl + ApHeva + ApHeco3 + ApLsh + ApHecoZ + ApLeva + +ApLeco
+ APrecor + APstack

Apsrack = 59.904 + 66.085 + 352.119 + 54.491 + 1.824 + 32.858 + 138.723 + 8.417
+49.373 + 204.99

ApSTACK = 968 783 Pa
Total stack 10ss Apgrack 1S sSmaller than the maximum allowable loss
Apsrack = 968.783 Pa < Apsri2WED = 1500 Pa
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CONCLUSION

This thesis has been prepared with the intention to make a proposal of a horizontal dual-
pressure heat recovery steam generator for gas turbine according to the specified and then
selected parameters. The thesis is focused, in a certain level, on the design of the heating
surfaces.

In the first part of the thesis, the thermal calculations were carried, besides other things, from
which emerged the core values of the relative radiation loss L, = 0.4146%, high pressure
performance of the boiler My, = 5.79 kg/s and low pressure performance of the boiler M,, =
1.51 kg/s.

With regard to the given parameters a preliminary proposal of the temperature heat transfer
diagram was subsequently created and at the same time the arrangement of the individual
heating surfaces has been selected. The 5% injection of the feedwater was chosen to regulate
the outlet temperature of the high-pressure steam, which was placed between the HPsh2 and
HPsh1. To make a better use of the temperature gradient, the high-pressure economizer and
superheater were divided into 3 and 2 parts. The total number of the heat transfer surfaces was
9.

In the following part, the dimensions of the flue gas duct were designed so, that the heat
transfer surface HPsh2 was used for the dimensioning of flue gas duct (width w = 2.7 m,
height h =8.5m). Based on these dimensions, the other heat transfer surfaces were
determined and by the calculation flue gas temperature at the boiler outlet was also
determined, with a value of 74" = 118.645 °C °

After a series of introductory calculations, the real heat transfer temperature diagram was
designed as well as the materials, from which the boiler will be designed. Downcomer and
connection piping was designed with a diameter that was at the high-pressure evaporator
Dpp = 323.9mm, Dcp = 139.7mm, and at the low-pressure evaporator Dpp =
219.1 mm, D.p = 127 mm. The drums were also designed; a high-pressure drum having an
outer diameter D, = 1.4 m and a low pressure drum with a diameter D, = 1.2 m, and their
load was inspected. For high- and low-pressure drum, the load was calculated to be lower than
the normal load. The drums were therefore identified as compliant.

The final part of the thesis handles the calculations of the boiler draft loss from the pressure
loss of the heating surfaces and from the losses incurred in the stack. The maximum allowed
boiler draft loss, that had to be followed, was ApALLOWED = 1500 Pa. Further a total control
of boiler draft loss was performed, the value of which should not exceed ApALLOWED  From
the executed inspection, the value Apgrack = 968.783 Pa was gained, which determined,
that the calculation was correct. A part of this thesis is a drawing, which, according to the set
or calculated values, demonstrates a possible way of the realization of the boiler (see
Attachment no. 1).
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LIST OF SYMBOLS AND ABBREVIATIONS

air [W/m?/K] heat transfer coefficient on the flue gas side

o2r [W/m?/K] heat transfer coefficient on the steam side

ac [W/m?/K]  coefficient of heat transfer convection

g [W/m?/K] radiation heat transfer coefficient

yij [-] coefficient to determine the cefficient of fins efficiency E
u [-] coefficient of fin expansion

Px [kg/m?] ensity of flue gas components

oy [-] relative lateral spacing

o, [-] relative diagonal pitch

?, [-] coefficient of relative pitch

coefficient of unevenness distribution a. across the surface of the

Yy [-] fin

& [-] utilization factor

€ [-] coefficient of fins fouling

Ag [W/m/K] coefficient of steam thermal conductivity

Arc [W/m/K] cofficinet of flue gas thermal conductivity

As [W/m/K]  coefficient of fin thermal conductivity

typ [°C] high pressure circuit output temperature

tip [°C] low pressure circuit output temperature

Pup [MPa] high pressure circuit output pressure

PLp [MPa] low pressure circuit output pressure

m [ka/s] flue gas mass flow

trg [°C] intlet flue gas temperature

Xy [%] volumetric flue gas composition

AQ [%] heat transferred difference

Apsh [Pa] pressure loss in the high pressure superheaters

Apeco [Pa] pressure loss in the high pressure economizers

Ah [kd/kg] enthalpy drop in high pressure superheater

Aty [°C] pinchpoint

AT [°C] temerature difference

Atin [K] logarithmic temperature drop

AQpyp [kW] heat difference trasfered to steam in high pressure circle
AQ;p [kW] heat difference trasfered to steam in low pressure circle
Ao [%] checking of the heat transferred in low pressure circle
Apg [%] checking of the heat transferred in high pressure circle
Atin [K] logarithmic temperature drop

Aty [°C] approache point

Mg [md/s] flue gases volume flow

Myp [ka/s] high pressure performance ot the boiler
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M, p [ka/s] low pressure performance of the boiler
M, [ka/s] steam mass flow in the heating surface
Vsp [m3/kg]  mean specific volume of steam in the heating surface
S [m?] total cross section of tubes
Ny [-] amount of tubes in one longitudinal line
pREAL [m/s] real flow velocity of steam
MREAL [m3/s] real volumetric flow takes into account the flue gas temperature
hs [m] fins height
tr [m] fins thickness
SREAL [m?] real cross section of the the flue gas duct
vREAL [m/s] real flue gas velocity
Cm [-] correction annulus coefficient
o) [-] correction length coefficient
Ct [-] correcting coefficient dependent on current and wall temperature
Cy [-] coefficient of the number of longitudinal line
E [-] coefficient of fins efficiency
Vrg [m?/s] coefficionet of flue gas kinematic viscosity
Vg [m?/s] coefficionet of steam kinematic viscosity
k [W/m?2/K] overall coefficient of heat transfer
Sex [m?] external heat transfer surface
Si; [m?] heat transfer surface in one longitudinal lines
Ny [-] number of longitudinal lines
d [m] inner tube diameter
do [m] inner drum diameter
de [m] equivalent diameter
SREAL [m?] real external heat transfer surface
D [m] outer tube diameter
Do [m] outer drum diametr
Dt [m] outer fin diameter
REAL [kW] real heat transferred in heat transfer surface
HREAL [k] /m3] real enthaply at point of heat transfer temperature diagram
TREAL [°C] real temperature at point of heat transfer temperature diagram
HEq [kI/m?] flue gas enthalpy for scpecific temperature
hx [kd/kg] enthalphy at point of heat transfer temperature diagram
Hx [kJ/mq] flue gas enthalpy in poit of the heat transfer temperature diagram
ko, k1, k2, k3 [-] coefficient depending on the tube arrangement
h [m] height of the flue gas duct
Tro [K] fouled wall surface temperature
sy [-] emisivity of tri-atomic gases
a. [-] cofficinet of flue gas thermal conductivity
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k., [m/MPa] coefficient of radiant absorption due to tri-atomic gases
s [mm] effective thickness of the radiation layer
Ppar [MPa] partial pressure of triatomic flue gases
V) [-] coefficient of thermal efficiency
Cyas [-] constant used for boilers for natural gas and liquid fuels
N [-] fins per meter
Pp [MPa] drum pressure
Pr [-] prandtel number
pressure of point of heat transfer temperature diagram on the media
Px [MPa] side
Px-y [MPa] mean pressure value
Re [-] reynolds number relative to the mean wall temperature
Qa [MW] maximal heat output
Qgrs [MW] radiation loss
Qx [kW] heat transfered in heat transfer surface
heat transferred between specific points of heat transfer
Qx-y [kw] temperature diagram
P1 [m] lateral pitch
P2 [m] longitudinal pitch
Soucr [m?] cross section of the flue gas duct
M [kg/s/m3] boiler mass flow rate
Ser [m?] total cross section of all the tubes in the evaporator
Spp [m?] total cross section of downcomer piping
Dpp [mm] outer diameter of downcomer piping
dpp [mm] inner diameter of downcomer piping
tpp [mm] thickness of downcomer piping
Npp [-] number of downcomer piping
Scp [m?] total cross section of connecting piping
D¢p [mm] outer diameter of connecting piping
dcp [mm] inner diameter of connecting piping
tep [mm] thickness of connecting piping
Nep [-] number of connecting piping
Sim [m?] total outer surface of the one meter long tube
Som [m?] inner surface of the one meter long tube
Sif [m?] surface of one fin
Ps [m] fin pitch
ratio of fin heat transfer surfaces and the total area of the flue gas
Si/S [-] side
Sn/S [-] ratio of not finned tube surface and the total area
w [m] width of flue gas duct
t [m] thickness of tube wall
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to [m] thickess of drum wall
trw [°C] feed water temperature
temperature at point of the heat transfer temperature diagram on
tx [°C] media side
tx-v, Tx-v [°C] mean value temperature
temperature at point of the heat transfer temperature diagram on
Tx [°C] the flue gas side
Vb [mq] half of the drum volume
Vs [m/s] flow velocity of steam
VFG [m/s] flue gas velocity
XX [%] objemovy podil uréité slou¢eniny ve spalinach
Lo [ko/s/m®]  drum load
Lip [ka/s/m®]  limit load of drum
Lr [-] relative Radiation loss
Tgre [°C] entrance flue gas temperature of the heat transfer surface
At, [°C] temperature allowance for the heat transfer surface
tw [mm] tube wall thickness of the pressure part of the boiler
X3 [—] correction coefficient which depends on the tube pitch
X4 [—] correction coefficient which depends on the flue gas flow rate
Sg [m?] flow area of the boiler
Og [m] flow area circuit of the boiler
tmuwT [°C] mean wall temperature
tmsT [°C] mean steam temperature for heat transfer surface
Apy [Pa] pressure loss in heat transfer surfaces
Apsr [Pa] stack loss
Appp, [Pa] frictional loss
Apyy [Pa] local loss
ApgL [Pa] buoyancy loss
Aps; [Pa] silencer loss
Astack [—] frictional coefficient in stack for brick stack
Hgrack [m] heigh of stack
dstack [m] stack diameter
VsTACK [m/s] stack diameter
Pa [kg/m3]  density of atmospheric air
g [m?/s] gravitational acceleration
Ap&EROWED  [Pq) allowed pressure loss in stack
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SHORTCUTS

1-9 points of heat transfer temperature diagramu — coolant of high-pressure part
of the boiler

11-15 . points of heat transfer temperature diagramu — coolant of low-pressure part
of the boiler

A-do points of heat transfer temperature diagramu on the flue gas side

LPeco ..o low-pressure economizer

LPsh ..o low-pressure superheater

LPeva ......cccoe..e. low-pressure evaporator

HPecol............... high-pressure economizer 1

HPeco 2.............. high-pressure economizer 2

HPeco 3.............. high-pressure economizer 3

HPshl................ high-pressure superheater 1

HPsh2................ high-pressure superheater 2

HPeva................. high-pressure evaporator

HRSG.......cc.... heat recovery steam generator
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