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Abstract. The paper discusses the technology of utilizing the heat of
exhaust gas moisture from heat recovery steam gases (HRSG) of
combined-cycle gas turbine (CCGT). Particular attention focused on the
influence of the excess air factor on the trapping of the moisture of the
exhaust gases, as in the HRSG of the CCGT its value varies over a wider
range than in the steam boilers of the TPP. For the research, has been
developed a mathematical model that allows to determine the volumes of
combustion products and the amount of water vapor produced according to
a given composition of the burned gas and determine the amount of
moisture that will be obtained as a result of condensation at a given
temperature of the flue gases at the outlet of the condensation heat
exchanger (CHE). To calculate the efficiency of the HRSG taking into
account the heat of condensation of moisture in the CHE an equation is
derived.

1 Introduction

CCGT of the utilization type currently has the highest net efficiency in the generation of
electricity, which at the most powerful and perfect CCGT 9.02.02 of GE Power has reached
63.7%. The working medium of the steam turbine unit of this CCGT is water. The ways to
further increase the efficiency of the CCGT are given in following work [1]. This is an
increase in the initial temperature in front of the gas turbine and a decrease in heat losses in
the steam turbine cycle and HRSG. At the same time, a decrease in heat loss in HRSG is
the simplest way.

The combustion of a hydrocarbon fuel, depending on the type of fuel in the exhaust gas-
es is formed about 10-15% moisture vapor. To prevent condensation of this moisture in the
flues and the chimney so that there is no corrosion and destruction of the equipment, the
exhaust gases are withdrawn at a temperature above the dew point. In this case, the heat of
condensation of water vapor is lost and the atmosphere is contaminated with them.

The technology of cooling off gases in boilers below the dew point using condensation
heat recovery units is now recognized as one of the most energy efficient [2-6].

This technology is especially important for HRSG of CCGT, their efficiency is not
more than 90% due to the low temperature of the gases entering the boiler. At the same
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time, HRSG of CCGT operate with an excess air factor a greater than 2, and the articles on
this topic consider the operation of boilers with o <2. For cooling of flue gases in CHE, can
be used low-boiling substances and can be obtained additional generation of electricity
based on the Rankine organic cycle with an air condenser [7-10].

To evaluate the effect on the amount of moisture captured and on the efficiency of the
HRSG fuel characteristics, the operating parameters of the flue gases and the air excess
factor, a mathematical model is worked out for the operation of the HRSG with a CCGT.

2 Mathematical model of calculating the HRSG with CHE

The mathematical model of the HRSG with CHE represents a system of equations for cal-
culating the parameters and indicators of its operation.

The initial data:

— gas composition;

— air moisture content d;;, kg/kg.dry;

— temperature #,°C and pressure P,, Pa exhaust gases at the input of the recovery boiler ¢,
and #,;

— coefficient of excess air in the HRSG a.

The following constants are used in the model:

Molar mass (kg/mol): water w0 = 18.016; nitrogen iy, = 28.013; oxygen — o, = 32.0;
argon s, = 39.95; carbon dioxide — pco, = 44.0.

R =8314.41 J/(mol-K) — universal gas constant;

Take volume fractions of elements of dry air: nitrogen r4yn>=0.7812; oxygen
Tdry02=0.2096; argon 74y, ~0.0092. Because of the low content, don’t take into account the
fraction of carbon dioxide. Molar mass of dry air:
Mdry.air= MNZrdryNZJr ”’OZrdryOTL HArrdryAr:28 .96 kg/ mol.

Ratio szo/pdry‘air=O.622.

Volume fraction of moist air: moisture ryo=dai/(0.622+d,;,); nitrogen
FmN2=0.62274ryn2/(0.622+d,;,); oxygen 7m02=0.62274ry02/(0.622+d,,); argon
rmAr=0.622rdryAr/(0.622+dair).

2.1 Calculation of the composition of combustion products and it enthalpies
at the input of the HRSG

Table 1. Equations for properties of combustion products at the input of the HRSG.

[n- Determined rate Equation
dex
Theoretical volume of air required -~
. V=0.0476(0.5CO+0.5H,+1.5H,S+2CH4+3.5C,H+5C3Hg
1 for complete combustion of fuel 3, '3
. +6.5C4H10702), nm’/nm
under normal conditions
Theoretical volume of nitrogen in _ 3,3
2| the combustion of 1 nm’ of fuel Vonz=0.7975+0.010,, nm’/nm
3 Theoretical volume of nitrogen in Voro2= 0.01(CO+H,S+CH,4+2C,Hgt+3C3Hg+4C4H ),
the combustion of 1 nm? of fuel nm’/nm’
4 Theoretical volume of H,O in the |V ,0=0.01-(H,S+H,+2CH4+3C,Hg+4C3Hg+5CHy9)+1.61
combustion of 1 nm® of fuel V,, nm’/nm
Theoretical volume of gases during _ 3,3
3 combustion of 1 nm? of fuel Ve=Vonat Voroat Vomzo* (@-1)Vo, nm’/nm
Actual volume of H,O in the com- 3, 3
. = +0. —
6 bustion of 1 nm? of fuel V20 = Vorzo 10.0161(a—1)¥o, nm*/nm
7 |Volume of dry gases during combus- Viryg. = Va— Vino, nm’/nm’
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tion of 1 nm® of fuel
Volume fractions of the combustion
8 prOduCtS at the entrance HRSG FoN2 = VO,NZ/Vg; ForO2 = VO.ROZ/Vg; FoH20 = VO.HZO/Vg
exclude their content in excess air
Volume fraction of air in the com-
9 bustion products at the input of the Fo.Air — 1- roN2 — Fo.rO2 — F0.H20
HRSG

Volume fractions of the combustion
10| products at the entrance with the
HRSG content of excess air:

r1N2 = FoN2 T PmN2P0.air 71.RO2 = F0.RO25 7'1.02 = Pm020.Airs
71 Ar = PmAf0.m) 7'1.H20 = 70.H20 T "mH2070.Air

The enthalpy of flue gases at the input of the HRSG is determined from the proportions
of combustion products obtained in (10) and the set temperature #, and the pressure of the
P, using the function of the REFPROP program [11]

.99.99.99 99.99.9

— (13 b 99.99.9, $9%2.99,.9 99,99,9%, 9 9 . 29,9,
ho = enthalpy(“nitrogen”;”;”;r1 n2;7; ;" CO275757 571 0237575 0Xygen™; 3”571 0237575
“argon”;”;”;rlAr;,’;”;”Water”;”;”;rlHzo;”TP”;”SI”; ZO+273’15; Pg). (1 1)

2.2 Calculation of the composition of the combustion products and it en-
thalpies at the input and outlet CHE

Table 2. Equations for properties of combustion products at the input and outlet of CHE.

Index Determined rate Equation
Saturation pressure of water _ _
12 vapor, Pa Pg; =1(t)), Ps, = ()
Partial water vapor pressure,
13 Pap P Pimo :PgVLHzo, P> 1m0 :PngAHZO
14 Dewpoint temperature, °C tap1 = f(P1.mo)s tap2 = f(Pam20)
Relative humidity water va-
15 por %y 01 = 100P) 1120/Ps1, @2 = 100P; 1120/ P
16 Volume fraction of dry £ases Fldryge = 1-— V1.H20. "2.dry.e = 1-— 2 H20
Partial pressure of dry gases,
17 p Pa e PlAdry,g = grl.dry.g, P2Adry,g = Pgrz.dry.g
18 Molar mass of dry flue gases, Midry.g = MNaf1N2 T Hoal'r.o2 T Heool1.coz T Had'1.Ar
kg/mol Wo.dry.e = BnoTong F Hootr.00 F Heoalz.cor T Hado.Ar
Gas constant of dry flue gas- B B
19 es, J/(kgK) Rl,dry,g - R/“l .dry.g, Rz,dry,g - R/“Zdry.g-
20 Coefficient Kd] = Rl,dry,g/RHZO, Kdg = R2.dry,g/RH20
Flue gas moisture content,
21 & kg/kg.dry dy = KdJPLHzo/(Pg*Pl.Hzo): dy,= KdP2.H20/(Pg*P2.H20)~
Volume fraction of water
2 vapor at the outlet of the CHE r2120- = Fimgo — Ad{(Kq+ Ad).
Volumetric fractions of ele-
23 ments of dry flue gases at the 7y =rKJ/(Ky+ Ad).
outlet of CHE
24 Enthalpy of flue gases at the h'r: ent,l,fi‘,’,ngyltgr;’f,eﬂ,,i, ; ;rl,'lji;,,,;, a;rgggg,f,f :
. 1.RO2> 5 » s 5 211,025 5 » LR
mlet ofthe CHE,kJ/kg rl.Ar;”;”;”water”;”;”;h,Hzo;”TP”;”SI”; t1+273,15; Pg)
Drop of moisture content in _
2 the CHE, kg/kg.dry Ad=d, - dy
2 Enthalpy of flue gases at the hz: em,}}f ’I,p ,},/(()Xl;l;i%?ﬂ,i r; ;r?;],\f%,;,,,;ar;ggnoﬂ,zﬂ,;ﬂ,; :
2.R0O25 5 » s 5 972025 5 » LR
outlet of the CHE kI/kg Toan s s Water”™s”s” 1 ooy "TP” ST, 1,4273,15; Py).
27 | Enthalpy of the exhaust gases at hys. = enthalpy(“nitrogen”;”;”;r no;”; ;" CO27;5; s
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a temperature of 15°C in the riro2s sy oxygen”; s o0y "argon™; s
HRSG without CHE kJ/kg Tian sy water”;”;”sr mo; TP, ”SI”; 15+273,15;P,).
Enthalpy of the exhaust gases h1s, = enthalpy(“nitrogen”;”;”; 1237573 CO27; 575
28 at a temperature of 15°C in raro2y sy oXygen”;”s ik 0057y argon”; ;s
the HRSG with CHE kJ/kg roan sy water”;”; s ry mos TP ST, 15+273,15;Py).
Efficiency HRSG without
29 yCHE NursG.1 = (ho-h1)/(ho-hys.1)
30 Efﬁciency HRSG with CHE NHRSG.2 = (hO'hZ)/(hO'hIS_Z)
31 Incrementation of efficiency A _ _
HRSG NHRSG = NHRSG.2 ~ NHRSG.1

The model is implemented by the program in the Excel package with the calculation of
the parameters of water, fuel and flue gases according to the functions of the REFPROP
base [9].

3 Results and analysis

With this program, the calculations were carried out with the following input data:
Composition of gas fuel, %: CH, = 98.9; C,Hs = 0.94; C;Hg = 0.08; C,H,( = 0.08.
Moisture of air d,; =0.01 kg/kg.dry.

The temperature of the gases at the input of the HRSG ¢, = 550°C.

The gas pressure in HRSG P, = 10100 Pa.

The temperature of flue gas at the input of the CHE ¢ = 100°C.

Table 3. Summary.

Temperatur o
e,°C; Properties 1 1.5 2 2.5 3 3.5 4
r, kl/kg
=550 | o klkg | 12586 | 11459 | 1087. | 10516 | 10274 | 101 | 99
4 00 | 9
hokikg 9185 | 6238 | 5748 | sa4s | s2a6 |° })0' 4%9'
4, gkgdry | 1515 | 1063 | 843 | 713 627 | 565 | 520
ter, °C 60.4 540 | 498 | 468 445 | 427 | 412
£, =100 do
0, % 20.0 148 | 121 10.4 92 84 | 7.7
his.1, kl/kg 622.9 531.1 483.5 454 .4 4347 4250' 4%9'
msan % | 85.0 849 | 849 | 849 848 | 848 | 848
hoKikg | 5009 | s174 | 5227 | 5265 | 5292 5331' 5392'
Ad, gkgdry | 677 216 | 08 | -141 229 n .
1,=50; 292 | 339
r=2382 | msaKke | gm0 | 47009 | assa | 4887 | 4914 433 : 4994'
imsan % | 953 944 | 937 | 933 929 | 927 | 924
Airse, % | 103 95 8.9 8.4 8.1 78 | 76
hoKkg | ysps | 4289 | 4280 | 4277 | 4277 4277' 4337'
Ad, gkgdry | 1040 584 | 361 | 229 142 | 80 | 34
=40, | 5o kilkg 401, | 401,
s 4066 | 4028 | 4019 | 4016 | 4015 | V| H
Mirse> % | 96096 | 9650 | 96.19 | 9598 | 95.82 9%'7 9%'6
Arse, % | 119 116 | 113 1.1 110 | 109 | 108
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ho, kifkg 387.7 378.5 | 3744 | 3722 370.7 329' 3619'

= 30: Ahd, g/lgiry 125.1 79.6 57.5 44.4 35.7 g;s ?51.39
r=2430 152 XIS 1 3704 363.1 | 359.0 | 3568 3553 4 | e
NirsG.2, % 98.3 98.0 97.9 97.8 977 | 976 | 97.6

Airsg, % 13.3 13.1 13.0 12.9 12.9 128 | 128

ho, kifkg 359.0 346.8 | 341.0 | 3377 335.6 3314' 3392'

= 20: Ahd, g/llcﬁﬁry 137.2 91.9 69.8 56.7 48.1 431;.99 3274
r=2454 152, </XE 353.9 3417 | 336.0 | 3326 330.5 o | s
NHrsG.2, %0 99.4 99.4 99.3 99.3 993 | 993 | 99.2

ANirsg, % 14.4 14.4 14.4 14.4 14.4 144 | 144

Figure 1 shows the dependence of the increase in the efficiency of the HRSG on o and

t,, and in Fig. 2 - dependence of the decrease in moisture content in the CHE from o and #,.
15 ¢

14 F
13 F———a

o\C:12
oll F

%) 4 ——12-50C
% 10 F —a—12=40C
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excess ratio air, o

Fig.1. Dependence of the efficiency gains of HRSG.

excess ratio air, o

Fig. 2 —Dependence of decrease in moisture content in CHE.

The calculations based on the model showed that, depending on the temperature of the
gases emerging from the CHE, the increase in the efficiency of the HRSG at the gas
temperature at the outlet of the CHE 20 °C is 14.4% and is independent of the air excess
ratio a. At a temperature of 30°C, the efficiency gain drops slightly with an increase in the
excess air coefficient from 13.3% at a = 1 to 12.8% for a = 4. At a temperature of 40°C, the
efficiency gain decreases from 11.8% at o = 1 to 10.8% for o = 4. At a temperature of
50°C, the increase in efficiency gain decreases from 10.2% at o = 1 to 7.6% at o = 4. A
strong drop in efficiency at a temperature of 50 °C is due to the fact that for o> 1.9 the
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temperature of the outgoing gases becomes higher than the dew point, so if the contact
point is of the contact type, then there is no condensation of moisture, but evaporation.
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