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Thermodynamic analysis of a combined gas-steam cycle without and with
afterburner
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Abstract

Currently in power plants what is sought are higher
thermal efficiencies, which is why combined cycle plants
have been chosen, since they make better use of fuel,
producing greater net power, all this It has led to
innovative modifications to combined cycle power plants,
improving their performance. In this article the
thermodynamic analysis of a combined cycle (Gas-Steam)
without and with Afterburner is carried out, in said
analysis adequate thermodynamic indices have been used
and the calculations have been carried out taking into
account the state of the art for gas turbines and the typical
values for steam cycle quantities. The purpose of this study
is to analyze the combined plants where the exhaust gas at
the outlet of the gas turbine is used in a waste heat recovery
boiler to produce steam that is expanded in a turbine and
discharged in a condenser. Since the air-fuel ratio in the
combustion chamber of a gas turbine is higher than the
stoichiometric, fuel can be added in the boiler
(Afterburner) to increase steam production or to improve
the quality of the steam produced.

Combined cycle plant (Gas-Steam), Afterburner,
Recovery boiler

Resumen

En la actualidad en las plantas de energia lo que se busca
son eficiencias térmicas mas altas, es por lo que se ha
optado por las centrales de ciclo combinado, ya que en
ellas se aprovecha mejor el combustible, produciendo una
mayor potencia neta, todo esto ha originado
modificaciones innovadoras en las centrales de ciclo
combinado, mejorando el rendimiento de este. En este
articulo se lleva a cabo el andlisis termodinamico de un
ciclo combinado (Gas-Vapor) sin y con Postcombustion,
en dicho andlisis han sido utilizados indices
termodinamicos adecuados y los calculos se han realizado
teniendo en cuenta el estado del arte para turbinas de gas
y los valores habituales para las cantidades de los ciclos de
vapor. El proposito de este estudio es analizar las plantas
combinadas donde el gas de escape a la salida de la turbina
de gas es utilizado en una caldera de recuperacién de calor
residual para producir vapor que es expandido en una
turbina y descargado en un condensador. Ya que la
relacion aire—combustible en la camara de combustién de
una turbina de gas es mayor al estequiométrico, se puede
afiadir combustible en la caldera (Postcombustién) para
aumentar la produccion de vapor o para mejorar la calidad
del vapor producido.

Ciclo combinado (Gas-Vapor), Postcombustion,
Caldera de recuperacion
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Introduction

Man has a natural tendency to try to improve the
efficiency of devices in converting thermal
energy into mechanical work. Moreover, the
rising costs of fossil fuels as well as the care of
the environment is a stimulus for this type of
research. Power plants where gas turbines,
operating in open cycle, are combined with
steam cycles, are of particular interest because of
their  high  conversion efficiency. The
combination of these two types of cycles is
possible due to the high temperature heat in the
turbine exhaust, which depends on the ratio of
gas temperature and maximum pressure. For
many years the focus of manufacturers and
utilities has been on combined cycles (Gas-
Steam). Many combinations are possible and gas
turbines, in addition to generating mechanical
power, can perform different tasks according to
their position in the plants.

Pfenninger analysed a plant in which the
maximum gas temperature was T3a = 880 °C
and concluded that the gas turbine cycle must
have the maximum exhaust enthalpy (i.e. the
maximum product between the mass flow of the
gas and its temperature). The resulting pressure
ratio was intermediate between these for which
the gas turbine specific work and efficiency are
maximum. The afterburner was taken into
consideration and the conclusions were that for
a low afterburner rate the efficiency decreases
slightly, then a maximum is reached in the ratio
between gas turbine power and total plant power.
An excess of air comprises this ratio.

The total output went up with minimal
excess air in the exhaust gas. Wunsch, stated that
the efficiency of a combined gas-steam plant is
mostly influenced by the gas turbine parameters
(T3a , B ) what by the steam cycles, the
parameters were set in an appropriate way. The
conclusion was that the maximum efficiency of
the combined Gas-Steam cycle was reached
when the exhaust temperature of the gas turbine
was higher than the corresponding maximum
efficiency of the gas turbine. In the same study
the afterburner was taken into consideration and
its influence was positive when the maximum
gas turbine temperature was lower than 950°C
and negative for higher temperatures.
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In the present study, a thermodynamic
analysis of a combined Gas-Steam cycle is
carried out, with one pressure level, with no
regeneration drawdowns. The results of the
parametric analysis of the cycle performance are
given.

Nomenclature

T = Temperature

P = Pressure

V = Volume

Cp = Specific heat at constant pressure

kP = Pressure loss coefficient

h = Enthalpy

pc = Pressure in the condenser in Mpa.

g = Ratio of heat in the afterburner to heat in the
combustion chamber and the heat in the
combustion chamber of the combustion chamber
of the gas turbine

s = Entropy

S = Mass ratio air - vapour

T6a, téa = Temperature at discharge, °C, K

Tc, tc = Condenser temperature, °C, K

x = Steam quality at the outlet of the steam
turbine steam turbine outlet steam quality

W = Work, KJ

Q = Heat, KJ

Wo = Specific work, KJ/Kg

a = Air-fuel mass ratio

a st = Stoichiometric air-fuel mass ratio

B gt = Pressure ratio of gas turbine

B st = Steam turbine pressure ratio

I'i = Net heat output KJ/Kg

€b = Steam generator efficiency

Y= Fraction of compressed air for cooling of
blades and accessories.

Vs = R/Cp = Ratio of gas constant to specific
heat constant at constant pressure in the
transformation.

Wn = Net work

Wt = Work of the gas turbine

Wst = Work of steam turbine

CC = Combined Cycle

WCC = Net combined cycle work

QS = Heat supplied

gt = Thermal efficiency of the gas turbine

st = Thermal efficiency of steam turbine steam
turbine thermal efficiency

A.CC = Thermal efficiency of combined cycle

The schematic diagram of the simple gas-
steam combined cycle is presented below.
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Figure 1 Schematic diagram of the simple combined gas-
steam cycle
Source: Own Elaboration

In the following, the thermodynamic
calculations of the simple combined cycle are
presented, whose reference was taken from the:
Cerri, G., (1987) Parametric analysis of
combined gas - steam cycles. Journal of
Engineering for Gas Turbines and Power, vol.
109, pag. 46 - 54.

Compression
Tza= (T1)(P val2/npc) 1)
T2a= (305 K)(140.285/085)
T2a=738.91 K

Taking into account the friction of the
compressed air to cool the blades and

accessories.

Y= 0.05 si Tsa < 1273 K

Si:
Tsa = 1273 K
y = 205(T5a=273) (2
1000
_0.05(1536 — 273)
B 1000
Y= 0.06315
The work absorbed by the compressor is:
Cpai—
Wce = f]Tlcz (Toe =T +Y) 3)
1.005
We = o5 (738.91 - 305)(1 + 0.06315)

Wc = 473.08 K]J/Kg
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The air-fuel ratio is:

FIT]bgt

Ogt = —m//——
gt Cpaz-3(T3a—T2q)

48490 (0.98)
%t = 1.0838(1536 — 738.91)

O(gt == 54.0

Heat Supplied

0s = I'Inbgt (5)

agt

_ (48490)(0.98
N 54.0

Qs = 880 KJ/Kg
Expansion in the gas turbine
Bgt = kch (6)

Bgt = (0.9238)(14) = 12.9332

Kp = G +App44aa) (")
K, = 222 = 0.9238

1.05

T-
Thq = BVTM (8)
gt

_ 1536 1536
4@ ™ 12.9332((0.2366)(08837)) "~ 17074
Tyo = 899 K

Wet= (1+ ) Cpas-a(T—Tad) My (9)
wagt = (1+--) 1.2136 (1536 —899) 0.98

Wgt = 770.88 KJ/Kg

CASADOS-LOPEZ, Edzel Jair, CASADOS-SANCHEZ, Alvaro,
ESCAMILLA-RODRIGUEZ, Frumencio and CORTEZ-DOMINGUEZ,
Cristébal. Thermodynamic analysis of a combined gas-steam cycle
without and with afterburner. Journal of Experimental Systems. 2021



Article

20
Journal of Experimental Systems

— 7708847308 _ (,.3384=33.84%

rlgt 800

The enthalpy of steam at the boiler outlet is:
Hzs = H(T3s, P2s) (10)
Tss = 523°C =796 K

P,s =7.742 Mpa

Hs, = 3457.87 K] /Kg

The enthalpy of the condenser feed water is:

he = h(pc) (11)
pe = 891 kpa

h. = 182.46 KJ/Kg

The energy balance in the generator can
be expressed as:

1
1+ a) Cpa4—6(T4a_T6a)€b = S(Hzs—h)

Cpass = L12KJ Kg/K

Tya = 899.61 K
Tea = 363.6 K
€, = 0.96

By subtracting the vapour-air mass ratio (S)

1
_ (1+a) Cpas—6(Taa—Tea)€p
(Hzs—h¢)

(12)

S = 0.1878
The work of steam expansion
The adiabatic efficiency of the steam turbine

expansion can be expressed by P_2sand P_c and
the polytropic efficiency. As:

PS
Bst = P— (13)
_ 7742 kpa
Bst = 8.91 kpa
Bt = 868.91
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\% t
BStST]pS -1 VS (1 _rlpst)

Nast = B;/'ts -1 st (14)
n,, = 0.9365

The entropy of the steam at the turbine inlet is:
S35 = S (T35, P2s) (15)
S35 = 6.8149 K] Kg / K

Quiality at the turbine outlet:

__ 6.8149 - 0.61515

— = 0.8176
Hes = H (S35,P¢) (16)
Hes = He + x Hgg
H.s = 2143.88 KJ/Kg
Moy = o (17)
h,s = 2227.32 KJ/Kg
Steam turbine work:
Wst = 5 (Hzs — hys)NastNmst (18)
W, = 212.09 KJ/Kg
Heat supplied:
Qs = s (Hzs — h¢) (19)
Qs = 615.12 KJ/Kg
Thermal efficiency of the steam turbine:
Mo = (20)

Nse = 0.3448 = 34.48 %

The schematic diagram of the combined
gas-steam cycle with afterburner is shown
below.
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Figure 2 Schematic diagram of the combined gas-steam
cycle with afterburner
Source: Cerri
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Figure 3 T-S diagram of the combined gas-steam cycle
with afterburner
Source: Cerri

The T-S diagram of the combined gas -
vapour cycle with afterburner, starts with the
compressor drive by admitting air at atmospheric
conditions (la), increases the pressure and
temperature up to (2a), this air is supplied to the
combustion chamber, in which the fuel is also
injected. Combustion takes place, resulting in
high-temperature combustion gases (3a). After
combustion, the gases go to the turbine where the
transformation of thermal energy to mechanical
energy takes place, leaving in conditions (4a), it
continues to the afterburner chamber where the
thermal energy is increased leaving in (5a), it
continues to the heat recuperator where the gases
transfer heat to the water, being discharged to the
atmosphere (6a).

The liquid that is supplied to the heat
recovery unit comes out as superheated steam to
enter the steam turbine (3s), after the
transformation it comes out as a steam with
quality (4s), in the condenser the condensation
of this steam is carried out (1s), finally this liquid
is propelled towards the heat recovery unit to
start the cycle again.
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The thermodynamic calculations for this
cycle are presented below:

The work and thermal efficiency of the
gas turbine is the same as for the combined cycle
without  post-combustion,  therefore, the
calculations will no longer be carried out.

Heat recovery steam generator
We define a._ab as the ratio of compressed air to

fuel used in the afterburner, the final air - fuel
mass ratio is:

Ugt Aab (21)

(th'l'aab

Which, expressed in stoichiometric ratio
and with excess air, is:

a= oy (1+e) (22)

a= 14 (1+0.06) = 14.84

Therefore, the ratio of the afterburner
fuel to the fuel in the combustor of the gas
turbine is:

_ Agt _

q= ost (1+e) 1 (23)
54

1= 1482

q= 2.6388
_ Ygt

4= .- (24)

(04
ap = 20.46

The heat balance in the afterburner can
be expressed as:

1 FInbgt
1+ &) CpaSTSa = (1+ ) a4T4a gt
1+ )Cpa4 4a+r‘ln;tgt
Tsa = (1+a) Cpas (25)

Ts (1+—)(1 1204)(899. 61)"'%;06.98)
a
(1+14 84 ) (1 1204)

Tsq = 1392.06 K
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The enthalpy of the steam at the boiler outlet is:

Hzs =H (T3S JPZS)

T35 = 523°C
Das = 7.742 Mpa

Hs, = 3457.87 KJ/Kg

The enthalpy of the feed water in the condenser
is:

He =h (pc)
pc = 0.00891 Mpa
H, = 182.46 K]J/Kg

The energy balance in the steam generator can
be expressed as:

(1+2) Cpas—s(Tsa=Tsa)€b = S(hss—h)
(1+——) (1.198)(1392.06 —

14.84

363.60)(0.96) = S(3457.87 — 182.46)

. 1262.41
"~ 3275.41
S = 0.3854
With the
p= 7742 Youget H,, = 1304.53

Steam expansion work

The adiabatic efficiency of the steam turbine
expansion can be expressed by p_2s,p_c and the
polytropic efficiency. As B st= p 2s/p c the
adiabatic efficiency is:

_ :lts Tpst _ 4 s (1 —nye)
Nast = BYS —1 st

_ P _ 7742 _
Bst = S22 =157 = 868.91
v, = = = 2215 _ 2150

Cp 21465

868.910'2150(0'86) -1
Nast = [ 868.910-2150 _ 1

] 868.910'2150(1_0'86)

N, = 0.9312
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The entropy of the steam at the turbine
inlet is:

T = 523°C { Sss = 6.8149 KJ/KgK

p 7.742 Kpa

The final state of the isentropic expansion is:

Hes = H (S35 fpc)

_ 6.8149 - 0.61515
- 7.5821

= 0.8176

HCS = Hf + XHfg

jan
a
I

2143.88 K] /Kg

h,, = 3457.87 — (3457.87 — 2143.88)0.93
h,, = 2227.32K]/Kg

Steam turbine work

Wi = § (Hzs — hys)MastNmst

W, = 0.3854 (3457.87 —
2227.32)(0.9312)(0.98)

Wy = 432.79KJ/Kg

Heat supplied

Qs =S (Hzs — he)

Qs = 0.3854 (3257.87 — 182.46)
Qs = 1262.34KJ/Kg

Steam and gas turbine thermal efficiency:

Moe = Wig— W

8t Qs
_297.80

Mgt = T5g0

Ng = 0.3384 = 33.84 %

_ Wst
Nst = 0
43279
Nst = 1726234

Nee = 0.3428 = 34.28 %
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Thermal efficiency of the combined cycle:

Ncc=(Ltg+Ats)—tgLts
. cc = (0.3384 + 0.3428 ) — (0.3384)(0.3428)
. cc =0.5652 =56.52 %

The following table compares the
combined gas-steam cycles without and with
afterburners.

Combined | Wc = Wgt Wst | Wee A

Cycle cc
Without Post |473.08 |770.88 |212.09 [509.89 [54.6
Combustion
With 473.08 |770.88 [435.25 |773.05 |54.6
afterburner

Table 1 Comparative table of work in (KJ/Kg) and
thermal efficiency in (%) for the combined cycles with and
without afterburner

Source: Own Elaboration

Conclusions and Results

Combined gas-steam cycles for power
generation are of great interest, due to the high
efficiency that can be obtained. In this research
work, a comparison of a combined gas-steam
cycle without and with post-combustion was
carried out, where the advantage of adding a
complementary combustion system before the
heat recovery system was determined, obtaining
the following results:

For the case of the cycle without post-
combustion:

Wec = 473.08 KJ/Kg

Wgt = 770.88 KJ/Kg

Wst = 212.09 KJ/Kg

Wece = 509.89 KJ/Kg

. cc =0.5465 =54.65 %

For the case of the afterburner cycle:

Wc = 473.08 KJ/Kg

Wgt = 770.88 KJ/Kg

Wst = 435.25 KJ/Kg

Woee = 773.05 KJ/Kg

. cc = 0.5465 = 54.65 %
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These results indicate that when using
post-combustion in a combined gas-steam cycle
as in this case study, the only variation that exists
is in the steam turbine due to the difference in the
steam-air mass ratios.
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