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Abstract:
Exhaust gases of gas turbine generators contain a significant amount of thermal
energy which can be recovered externally or internally to the cycle itself. The most
effective technology option for external heat recovery is the combined gas-steam power
plant. The internal recovery conventional solutions are based on thermodynamic
regeneration and steam injection.
In this study a thermal analysis and performance evaluation has been carried
out to investigate the benefit of applying combined cycle power plant on Beijee simple
gas turbine generators. Beijee gas turbine generator has been modeled and simulated to
observe its performance including power output , thermal efficiency , specific fuel
consumption and exhaust gas temperature as it is operating for the time being.
Thereafter, simulation was carried out to investigate the performance of the suggested
unit when a combined cycle power plant is used.
Results show that a significant improvement in the performance of Beigee gas
turbine unit when a combined cycle mode is applied. For example the power output is
found to be increased nearly by 49.3%, the thermal efficiency increased nearly by 20%
and the specific fuel consumption decreased nearly by 10%.

ٌٍذ اٌّشوبتٛحذاث اٌخٌٛحذاث بٍجً اٌغاصٌت بخطبٍك ٔظاَ اٌٛ اٌخمٍٍُ اٌحشاسي
ًٔظ فخحٌٛ ٌُعبذاٌىش
ِذسط ِغاعذ
ٕذعت اٌٍّىأٍىٍتٌٙ لغُ ا- ٕذعتٌٙصً – وٍٍت اٌّٛجاِعت ا

اٌخالصت
سةٚا ضّٓ اٌذِٕٙ اٌخً ٌّىٓ االعخفادةٚ حذاث اٌغاصٌت عٍ ى وٍّت ِٓ اٌطالت اٌحشاسٌتٌٍٛ َي غاصاث اٌعادٛححخ
َ اْ ِٓ اُ٘ اٌخمٍٕاث اٌّخاحت ٌالعتخفادة ِتٓ اٌطالتت اٌحشاسٌتت ٌغتاصاث اٌعتاد. خاسجٍا عٓ طشٌك ِبادي حشاسيٚا اٙٔفغ
ً بٍّٕا ٌّىٓ االعخفادة ضٍّٕا ِٓ اٌطالت اٌحشاسٌت عٓ طشٌتك ِبتادي حتشاسي داخٍت. ٌٍذ اٌّشوبتٛحذاث اٌخٚ ً٘ خاسجٍا
. عٓ طشٌك حمٓ اٌبخاسٌٚٗ غشفت االحخشاق اٛاء لبً دخٌٌٛٙخغخٍٓ ا
ٌٍذ ِشوبتتٛحذة حٚ ة فً حاٌت حطبٍكٛ حمٍٍُ أداء ٌّعشفت ِمذاس اٌفائذة اٌّشجٚ حُ فً ٘زٖ اٌذساعت إجشاء ححًٍٍ حشاسي
ُ حتٚ دة فتً ِحطتت بٍجتً مٛجتٌّٛت ٌخٍته اٙحذة غاصٌت ِش ابٚ  حُ ّٔزجت.حذاث اٌغاصٌت فً ِحطت بٍحً اٌغاصٌتٌٛعٍى ا
د باضضتافت إٌتى دسجتتٛلتٌٍٛ ًعٛالن إٌتٌٙتذةم اٌىفتاءة اٌحشاسٌتت م االعتخٛاٌزي شًّ وً ِٓ اٌمذسة اٌّخٚ ِالحظت األداء
.حذة اٌّشوبت اٌّمخشحتٌٛحشاسة غاصاث اٌعادَ م بعذ رٌه حُ ِالحظت أداء ا
حذاثٌٛحذة اٌغاصٌت فً ِحطت بٍجً اٌغاصٌت ٌخحغٓ وثٍشا عٕذ حطبٍك اٌٛا إْ أد اء اٍٍٙي عٛبٍٕج إٌخائج اٌخً حُ اٌحص
 فً حٍٓ اْ اٌىفاءة اٌحشاسٌت حتضداد حمشٌبتا بّمتذاسٚ %3..4 جذ اْ اٌمذسة إٌاحجت حضداد بّمذاس حمشٌباٚ  فّثال.اٌّشوبت
.%10 ٖد ٌٕخفض حمشٌبا بّا ِمذاسٛلٌٍٛ ًعٌٕٛالن اٙجذ اْ االعخٚ  بٍّٕا%20
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Introduction
The use of gas turbines for power generation has been increased recently and likely
to continue to do so in the near future. This is due to low capital cost to power ratio, the high
flexibility and reliability achievable with simple cycle configuration as well as the high
efficiency of integrated solutions of waste heat recovery [1-6]. Thermal energy available in
the exhaust of gas turbine generator is usually recovered by means of steam bottoming cycle.
However, over the past ten years, the combined gas-steam cycle has become the leading
technology for electricity generation, and now days are widely adopted in power plant
installation[6-12].
Beijee gas turbine power plant station comprises of four gas turbine generators of
150 MW power output at ISO condition operating on simple cycle mode with compressor
pressure ratio of 11 and turbine inlet temperature of 1060 ºC . Thus all thermal energy
available in the exhaust gases is expelled to atmosphere with out being used for further
thermal process. Hence in the current study an investigation is performed to assess the benefit
of having a heat recovery steam generator for producing a superheated steam, by extracting
thermal energy from gas turbine exhaust, to be directed via a steam turbine for further power
production.

Combined Cycle Power plant
A typical combined cycle power plant is shown in figure (1). The topping cycle is
an open Brayton cycle consisting of a compressor, combustion chamber and a gas turbine. A
generator converts output shaft power to electric power. Exhaust gases from the topping
cycle provides thermal energy to superheat steam in the steam cycle –based bottoming cycle.
A heat recovery steam generator (HRSG) that includes an economizer, evaporator and
superheater convert compressed liquid water exiting the pump into superheated steam.
Heat recovery steam generator play a very important role in combined cycle power
plant [8, 10], steam is generated at appropriate temperature and pressure to be provided to
steam turbine for further electric power production.
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Figure (1): Combined Gas-Steam Power Plant
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The combined gas-steam power plant produces power from the gas turbine and the steam
turbine, while only power is required to drive the compressor and the pump.

Thermodynamic Model
The thermal system to be simulated comprise of a single shaft gas turbine for
electricity production similar to those installed at Beijee gas turbine power station as shown
in figure (2), a single pressure heat recovery steam generator and a steam turbine for further
power production.

Gas Turbine Model
Gas turbines are steady flow heat engines consisting of three main components, an
axial flow compressor, a combustion chamber and an axial flow turbine. A schematic
diagram for a simple gas turbine like those is used in Beigee power station is shown in figure
(2).
Air is drawn into the gas turbine by the compressor, which compresses and
delivers it to the combustion chamber. Within the combustion chamber the air is mixed with
fuel and the mixture is ignited, producing a rise in temperature of exhaust gases. These
exhaust gases entere the turbine, expand which produce work and finally discharge to
atmosphere [1,2]. The reference thermodynamic cycle is an open Brayton- Joule cycle
without regeneration.
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Figure (2): Simple single shaft gas turbine

Figure (3) : T-S diagram
for simple gas turbine

The following assumptions are considered in the present study:
1. the gas turbine operate on steady state
2. the specific heats of air and hot gases are temperature dependent
3. the fuel is natural gas
4. there is no pressure loss in the inlet and exhaust ducting
5. the amount of heat loss from the combustion chamber is small and can
be ignored
Figure (3) show the T-S diagram for the single gas turbine cycle, the ideal and
actual processes are represented in dashed and full line respectively. In the axial compressor,
air is drawn from atmosphere and compressed from point 1 to point2. The mass flow rate is
calculated as follows
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m  ρ Ca A

(1)

where
ρ: density of air at inlet of compressor (kg/m3)
Ca : axial velocity (m/s)
A: the annulus area (m2)
The density of air is calculated as follows
P
ρ 1
R T1
The ideal compressor exit temperature may be obtained using the following formula

T2  T1 (rp )

γ a 1
γa

/

(2)

(3)

And by introducing the compressor isentropic efficiency, the actual compressor exit
temperature can be obtained as

 T  T1 

T2   2
 T1 
 ηc


(4)

Hence, the compressor work can be determined as follows
Wc  m cP a (T2  T1 )
(kW)

(5)

/

In the combustion chamber, the heat supplied is due to combustion of hydrocarbon
fuel (Natural gas), which is considered as CH4 of lower calorific value of 50000 kJ/kg in
present study , therefore, the amount of heat added can be obtained as follows
(6)
Qadd  m f * LCV
Also
(7)
Qadd  ma cPg ( T3  T2 )
However, the turbine inlet temperature (TIT) is limited to 1060 ºC due to
metallurgical limit. Hence, the mass flow rate of fuel is calculated according to this
temperature. Hot gases leave the combustion chamber and enter the axial flow turbine,
expand to atmospheric pressure. Hence, the isentropic turbine exit temperature is given as

T4  T3 *

1
γ g 1

/

(rp )

(8)

γg

And the actual turbine exit temperature is obtained as
T4  T3  ηtb T3  T4 / 
The turbine work is calculated as follows
Wt  ma cP exh (T3  T4 )
(kW)
The power output is obtained as follows
PGT  Wt  Wc
(kW)
The thermal efficiency is found using the following equation
P
PGT
ηGT  Gt 
Qadd mf * LCV
And finally the specific fuel consumption is obtained as follows
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SFC GT 

mf
* 3600
PGT

(kg/kW.h)

(13)

Heat Recovery Steam Generator Model
The performance of the heat recovery steam generator (HRSG) strongly affects the
overall performance of combined cycle power plant. HRSG performance is usually based
on the concept of pinch point and approach point that govern the gas and steam temperature
profile. The pinch point represent the difference between the gas temperature leaving the
evaporator and saturation temperature, while the approach point temperature is the difference
between the water temperature leaving the economizer and saturation temperature as shown
in figure(4).
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Figure (4): Temperature profile in a single pressure HRSG

In present study a single pressure heat recovery steam generator is considered which consist
of economizer, evaporator and super heater as shown in figure (1). The waste heat from gas
turbine is recovered in generating steam at required pressure and temperature.
The amount of heat available in gas exhaust can be obtained as follows:
Qexh  mexh cPexh (T4  T5 )
(kW)
(14)
The amount of heat transferred to the feed water in the economizer can be worked out as
follows
Qec  mw ε ec (h12  h11)
(kW)
(15)
The amount of heat transferred in the evaporator to get saturated steam may be estimated as
follows
Qev  ms ε ev (h13  h12 )
(kW)
(16)
Finally, the saturated steam leaving the evaporator enter the super heater to be heated to
superheated temperature , hence the amount of heat absorbed by the steam in the super heater
is given as
Qsup  ms εsup (h8  h13) (kW)
(17)
Therefore, the total heat gained by the heat recovery steam generator from the gas turbine
exhaust is calculated as
QHRSG  Qec  Qev  Qsup (kW)
(18)

Steam Turbine Model
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Steam generated in the heat recovery steam generator is directed to be expands in
steam turbine to condenser pressure for further power production. The steam turbine power
out put can be calculated as follows
(kW)
(19)
Pst  ms (h8  h 9 )
Hence, the total power out put of the combined cycle is given as
(kW)
(20)
PCCGT  PGT  Pst
The combined cycle efficiency can be obtained a follows
P  Pst
(21)
ηccGT  GT
mf * LCV
The specific fuel consumption is obtained as follows
m
SFC ccGT  f * 3600 (kg/kW.h)
PCCGT

(22)

Result and Discussion

Power output (MW)

Mass flow rate of air (kg/s)

The thermodynamic analysis of present Beigee simple gas turbine and the suggested
combined cycle power plant with single pressure heat recovery steam generator has been
carried out for the following input parameters :- TIT=1060 ºC, m=509 kg/s, rp=11 , ηc= 0.88
and
ηtb = 0.9.
First, the performance of Beigee simple gas turbine generator is performed to
investigate the effect of ambient
520
temperature on its performance.
Figure (5) shows the relationship
500
GT
between the mass flow rate of air
discharged by the compressor and
480
the ambient temperature. It was
found that there is nearly 11.6%
460
reduction in the mass of air from
the design value as the temperature
440
reaches 45 ˚C. This is due to the
0
10
20
30
40
50
decrease in density of the ambient
Ambient temperature (°C)
air with the increase of its
Figure (5): Effect of ambient temperature on the
mass flow rate of air
temperature, which affects the mass
flow rate of air delivered by the
160
compressor.
150
As expected, the power
GT
output found to decrease as ambient
140
temperature increase, as shown in
130
figure (6). This is due to the
reduction in the mass flow rate of
120
air with ambient temperature rise,
110
which affect the pressure ratio and
the turbine work and ultimately the
100
0
10
20
30
40
50
power output. The reduction in
Ambient temperature (°C)
power output found to be 25.3% as
Figure (6): Effect of ambient temperature on power
the ambient temperature reaches 45
output
ºC. Figure (7) shows the
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Specific fuel consumption
(kg/kw.h)

Thermal efficiency

relationship between the thermal
0.37
efficiency and ambient temperature.
0.36
It can seen that the thermal
efficiency decrease with ambient
0.35
GT
temperature. This may be due to the
0.34
decrease in the power output and
0.33
the slight increase in specific fuel
0.32
consumption. In this case, the
0.31
thermal efficiency was found to
0.3
decrease by nearly 8% as the
0
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ambient temperature approaches 45
Ambient temperature (°C)
ºC.
Figure (7): Effect of ambient temperature on thermal
In figure (8), the specific
efficiency
fuel consumption is plotted against
the ambient temperature. It was
0.26
found that the specific fuel
GT
consumption
increases
by
0.256
approximately 7.4%. The relatively
0.252
high increase is due to the reduction
in the pressure ratio and compressor
0.248
work, which made it necessary to
increase the mass flow rate of fuel
0.244
to keep the turbine inlet temperature
0.24
constant at 1060 ºC. Figure (9)
0
10
20
30
40
50
shows the relationship between the
Ambient temperature (°C)
ambient temperature and exhaust
Figure (8): Effect of ambient temperature on
gas temperature. It can be seen that
specific fuel consumption
exhaust gas temperature increase
nearly by 30 ºC as the ambient
temperature approaches 45 ºC.
GT
Thereafter, the effect of
pinch point and approach point
temperature
was
investigated.
Figure (10) shows the relationship
between the pinch point and the
mass flow rate of steam generated
by the heat recovery steam
generator. It can be seen that the
Ambient temperature ( °C)
mass of generated steam decreases
Figure (9): Effect of ambient temperature on gas
nearly by 21.5% as the pinch point
turbine exhaust temperature
increase from 5 °C to 40 °C.
Because of that, the steam turbine power output decrease nearly by 18.9% as pictured in
figure (11). This is due to reduction in the heat transfer that take place in the heat recovery
steam generator which effect its thermal efficiency a given in figure (12). Similar results
found for the approach point temperature affect, as shown in figures (13), (14) and (15). It
was found that the steam generated by the HRSG, steam turbine output and the heat
recovery steam generator thermal efficiency decreases nearly by 14%, 19% and 15.6%
respectively as the approach point increase from 5 °C to 40 °C.
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Mass flow rate of generated
steam (kg/s)

Finally,
the
thermal
70
benefit of applying combined cycle
mode on Beigee simple gas turbine
65
generator is pictured in figure (16),
60
(17) and (18). Examining Figure
(16), it can be seen that the power
55
output produced by the combined
cycle is higher than that produced
50
by simple gas turbine unit nearly by
45
49.3%. This is due to the extra
0
10
20
30
40
50
Pinch point (°C)
power produced by the bottoming
cycle (steam cycle) which takes its
Figure (10): Effect of pinch point on the mass flow
rate of steam generated by the HRSG.
thermal energy from the exhaust
gases. Figure (17) give a
comparison of thermal efficiency of simple gas unit and combined cycle as function of
ambient temperature. This figure indicates that the thermal efficiency can be increased nearly
by 20% when combined cycle mode is used. On other hand the specific fuel consumption was
found to be decreased nearly by 10% as shown in figure (18).
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Figure (11): Effect of pinch point on the steam
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Figure (12): Effect of pinch point on HRSG
thermal efficiency
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Figure (15): Effect of approach point
on HRSG thermal efficiency
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Nomenclature

Subscripts

A
Ca
Cp
h
LCV
m
P
P
Q

Annulus area (m2)
Axial velocity (m/s)
Specific heat at constant pressure (kJ/kg.K)
Enthalpy (kJ/kg)
Lower calorific value (kJ/kg)
Mass flow rate (kg/s)
Pressure (bar)
Power (KW)
Heat (KW)

a
c
CCGT
ec
ev
exh
f
GT
HRSG

rp
SFC
W
T

Pressure ratio
Specific fuel consumption (kg/kw.h)
Work (KW)
Temperature (K)

s
st
sup
tb
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Air
Compressor
Combined cycle
Economizer
Evaporator
Exhaust gases
Fuel
simple gas turbine
Heat recovery steam
generator
Steam
Steam turbine
Superheater
Turbine
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