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Nowadays, energy demand continuously rises while energy stocks are dwindling. Using
current resources more effectively is crucial for the world. A wide method to effectively
utilize energy is to generate electricity using thermal gas turbines (GT). One of the most
important problems that gas turbines suffer from is high ambient air temperature
especially in summer. The current paper details the effects of ambient conditions on the
performance of a gas turbine through energy audits taking into account the influence of
ambient conditions on the specific heat capacity (C,), isentropic exponent (y;,) as well as
the gas constant of air (R,). A computer program was developed to examine the
operation of a power plant at various ambient temperatures and relative humidities. The
ambient temperatures ranged from 0 to 45 2C, with relative humidities from 10 to 90%.
The obtained results show that a GT operated at increased inlet air temperatures is
characterized by lower net power and thermal efficiency. At higher inlet air temperatures,
increased relative humidity has a slight positive impact on the GT cycle net power and its
thermal efficiency. Net output power of the GT decreased from 93.3 MW at 15 °C to 70
MW at 45 °C. Its efficiency decreased from 32.32% at 5 °C to 28.3% at 30 °C. Although fuel
consumption is reduced, the heat rate as well and the specific fuel consumption (SFC) are
enhanced. SFC increased by 5.36% with a 10 °C temperature rise in temperature at a
constant relative humidity. Therefore, use of a gas turbine with inlet air cooling and
humidification is appropriate for improved GT efficiency.

1. Introduction

A gas turbine (GT) is a heat engine in which hot flue gases, produced by burning fuel, drives a
turbine that is used to generate power. Every GT has three basic components, an air compressor, a
turbine and combustion chamber [1-4]. The turbine shaft is connected to a generator, which
produces electrical energy through rotation of an electrical generator shaft [4-8]. GTs play an
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extremely important role in power generation, marine power plants and aircraft [9-12]. They are an
essential component of every combined cycle power plant. There are numerous economic benefits
to using gas turbines to generate electricity. GTs are compact, lightweight, and efficient, as well as
highly flexible and reliable in operation. Other attractive features include their quick startup
capability and remote operation. Their high reliability and compact size with a high power-to-weight
ratio makes GTs an ideal power plant for aircraft and marine operations. A wide variety of liquid and
gaseous fuels can be used in GTs, depending on the particular design and application. The fuel type
and inlet air ambient conditions impact GT output power. Higher engine performance can be
achieved with cooler compressor inlet air as its condition greatly impacts GT performance [1,8,13].
GT performance characteristics, in particular, output power and efficiency, are affected by changes
in compressor parameters. Previous research has shown that cooler inlet air results in a higher air
mass flow rate, and thus more power is produced by the turbine.

Several researchers have analyzed GT performance to determine how ambient temperature
impacts optimal operation. Wan and Chen [14] analyzed GT performance at different temperatures
by studying the thermodynamic characteristics and thermal properties of various working fluids.
Their results showed that power generation decreased by 22.6% with increased ambient air
temperatures from 5 to 35 °C. Additionally, the power output of a gas turbine and of steam were
reduced by 17.0% and 16.2%, respectively. Glazar et al., [15] did a thermodynamic examination of
selected power plant Their results reveal that overall efficiency decreases while SFC increases with
ambient air temperature. Sen et al., [16] experimentally investigated the influence of inlet
temperature changes on electricity production for a power plant burning natural gas. According to
their results, power output as well as GT efficiency declined with increased ambient temperature,
which requires an air-cooling system to improve both power and efficiency. According to Ahmed and
Oudah [17], inlet air at reduced temperature increases the power output of a repowered CCPP, as
well as its overall thermal efficiency. Hashmi et al., [18] examined the impacts of cooling inlet air on
the performance of an industrial GT. Their results revealed that the intake air temperature has a great
influence on GT performance. Yazdi et al., [6] documented the impact of utilizing inlet fogging, which
is a type of absorption cooling, as well as heat pump systems, to improve turbine performance by
means of cooling inlet air in four different areas. Their results indicate that cooling inlet air has the
potential for output power augmentation. Liu et al., [19] analyzed GT performance with a novel inlet
air cooling system using the cooling effect of liquefied natural gas. Their results demonstrated that
power plant performance was improved utilizing this cooling system.

Although the ambient conditions effects on gas turbine plants performance have been
extensively carried out, previous studies examined the impacts of environmental factors on the gas
turbine performance considering the specific heat capacity (C,), isentropic exponent (y;, ) and the
gas constant of air (R;) constant. However, they change in varying degrees according to different
operating conditions. Additionally, previous studies took the effect of relative humidity on the mass
flow value into account, but neglected the effect of relative humidity on other thermodynamic
properties. Therefore, the aim of this study is to determine to what extent the gas turbine
performance is affected by relative humidity and temperature. In the current study, we present a
thermodynamic analysis of the properties of air as a working gas for a power plant. Operating
parameters of the active gas turbine used in the city of Jandar, in Syria, are simulated to evaluate the
effect of ambient conditions on the performance. Furthermore, the influence of ambient
temperature and humidity is evaluated using a commercial computer program.
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2. Plant Description

The power plant examined in the current study is located in Homs City, in central Syria. It entered
service in 1994. The power house is equipped with two Mitsubishi GT MW-701 type units [15].
Typically, GT power plants have four essential components, as shown in Figure 1, that include a
combustion chamber (CC), an air compressor (AC), an electrical generator (EG) and a turbine. Such
GT plants operate on the Brayton cycle. When air enters a compressor, it undergoes compression to
10.7 bars, which increases its temperature at the compressor outlet. Compressed air is passed
through a combustion chamber, where it is heated by burning fuel. Mixing, burning, dilution, and
cooling are functions achieved in a combustion chamber. As a result, when gas leaves the combustion
chamber and enters a GT, it is a mixed gas with an average temperature. Hot gases exiting the
combustion chamber expand in the GT. This produces mechanical power before release into the
atmosphere. Part of the mechanical energy generated by a GT is utilized to turn the air compressor
shaft, while the remaining energy used to produce electrical power.
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Fig. 1. Schematic diagram of the gas turbine in the current study
3. Mathematical Modelling

Several simplifying assumptions were made to calculate the energy, mass and exergy balances of
the various parts of the gas turbine in the current study. These assumptions included the following:
i For ambient conditions, only temperature and relative humidity are taken into
consideration.
ii. Natural gas was used as fuel in the combustion chamber, and its composition and properties
are shown in Table 1.
iii. Auxiliary electrical power as well as kinetic and potential energies were not considered.
iv. The ISO environmental parameters are 15 2C, 1.013 bar, and 60% relative humidity.

Each unit was treated as a distinct and separate entity. Analysis of each control entity at steady
state is as follows [22].
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Table 1

Properties and composition of natural gas

Component Mass (%) LHV (MJ/kg) HHV (MJ/Kg)
CH, 74 50 55.5

C,Hq 13.1 47.80 51.9

C3Hg 5.1 46.35 50.35

C,Hy,o 3.2 45.75 49.5

N, 4.1 0 0

o, 0.5 0 0
Total/Average 100 47.1 52.02

3.1 Air Compressor
Air at an ambient pressure, P;, and temperature, T;, is drawn into an AC. The temperature at the

AC outlet (T) is affected by the pressure ratio (1), AC isentropic efficiency (.) and the specific heat
ratio (y). Compressed air temperature can be expressed as [22,23]:

Ya—1
T,=T, +20=T (1+ﬂ> (1)
D¢ Oc

When blade cooling is not considered, compressor work can be expressed as [24]:
I/V(: = mdry.air * Cp.a(TZ - Tl) + mv * (hvz - hvz) (2)
where Mg,y qir €quals the dry air mass flow, C,, , is the dry air heat capacity and m,, is the mass flow
rate of water vapor. Psychometric determination of the thermodynamic properties of moist air are
determined under specified dry and wet bulb temperatures as well as its relative humidity.
The moist air mass flow rate can be defined by [25]:

Mhumid air = mdry air + My (3)
where Mymid air 1S humid air mass flow rate. For specified conditions, the dry air rate is [7]:

. V*Phumi
Mary air = # (4)
The specific humidity is normally defined as [19,20]:

w=0.622 2 (5)
Pa

where P, and Pa respectively represent the partial pressures of water vapor and dry air.
Given Eq. (3):

Mhumid air = mdry air(1+ w) (6)

Relative humidity is, by definition, the ratio of the actual vapor partial pressure (P,) to the vapor
partial pressure (P,) when air is saturated at a given temperature. Normally, it is calculated as [6]:
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Py
P vs

¢ = (7)

where P, is the partial pressure of saturated vapor.
h,2 — h,, in (2) is the enthalpy change of water vapor from the inlet to the outlet of an AC,
approximated as [26]:

h,; = 2501.3 + 1.8723 T; (8)
where T is the temperature of vapor in 2C, and (i) denotes state points 1, 2 or 3.
3.2 Combustion Chamber Model

In a CC, moist air coming from the AC and fuel are inlet fluids. Exhaust fluids are flue gases and
water vapor as combustion products. Analysis of combustion chamber operations entails an energy
balance as:

mdry aiGCa(Tz - Tl) + mvhvz + meHVIJcc + meprf = Cpg (mdry air + mf)TB + mvhv3 (9)

where LHV is the lower heating value of the fuel in kJ/kg, my represents the fuel mass flow rate in
kg/s, Cpy and C,,4 are the specific heat capacities for fuel and combustion gases in klJ/kg.°C,
respectively. T5 represents an inlet turbine temperature in °C, T is fuel temperature in °C, n. is AC
efficiency, h,,3 is saturated vapor enthalpy exiting the combustion chamber in kl/kg.

Given Eq. (9), a fuel to air ratio is:

_ Mgry air(Cpg*T3_Cpa*T2)+mv(hv3_ hy2)

= 10

f et LHV+Cp p+T f—Cpg*Ts (10)
Heat generated due to fuel combustion with compressed air can be determined as:

Qaaa = meHVI]cc (11)

3.3 Turbine Model
If the inlet temperature of flue gas, pressure ratio (rtt) and turbine efficiency (nt) are known, a

flue gas outlet temperature (T4) can be calculated as [7]:

Ty=Ts [1-n (11— =) (12)

Tt Yg

The isentropic exponent y, for flue gases is:

_ _Cpg
iy (13)

Ry, a gas constant for flue gases, is defined as [26]:
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212.9 1
Ry = 287.1+ 222 -197.9 (—)

where AFR is the air to fuel ratio.
The energy output produced by the gas turbine shaft can be determined as:

W, =1yCpy(T3 — Ty)

The mass flow rate of flue gases is comprised of three fluxes:
My =My + Mary qir + My

Substituting Eq. (16) in Eqg. (15) yields:

W, = (mf + mdry air (1 + w))Cpg(T3 —T,)

From the GT output power and the work absorbed by the AC, net output power is:

Whett = (We —We) * Dy * 1)
GT efficiency 14, is calculated as:

Whet.t

Dther = TpsLHV

The heat rate, an estimate of the heat necessary to produce a unit of electricity, is:

3600

HR =

Dth.GT
The gas constant of moist air, Ry, is given by [26]:

8.3143
MWy

Rh =

where, MW, is the humid air molecular weight, given by [26]:

1
(swie)*(5550)

V; is the mass fraction of vapor given by:

A4M%,:

Ay is the dry air mass fraction, and can be calculated as:

Af =1 —'V}

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)
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4. Methodology

The reference operating conditions are the fixed ISO ambient parameters, 15 2C, 60% RH, and
100% design load. Engineering Equation Solver (EES) was utilized in this study for calculation of
various parameters [27]. Its advantages include having accurate thermodynamic parameters of
diverse working fluids and its capacity to solve non-linear equations. EES is a mathematical software
program that has been extensively used for solving thermodynamic problems. All the expressions
employed the analysis done in the current study involve mass, energy and momentum equilibrium.
Additionally, EES has been widely used for numerous academic and engineering purposes. For
example, it has been employed for analyses of double pressure steam boilers having duct burners for
a repowering power plant, and for analyzing the overall performance of gas turbines [28,29].
Additionally, it has been used for evaluation of several GT components and various combined cycle
power plants to consider exergy destruction [25]. Nevertheless, the validity of the software was
assessed before proceeding to the main analysis. OriginPro 2021b was used to plot various figures
[30,31]. The obtained results were compared with a base-case cycle. This analysis was done in a way
that the intake air temperature and relative humidity were varied while other parameter values were
fixed. The impacts of ambient conditions on the thermodynamic response of the system were
examined by changing the ambient air temperature to values from 5—-45 2C using three different
relative humidities.

5. Validation

For the purpose of calculation validation of the obtained results, a comparison was done using
operational data [32]. Table 2 gives a comparison between the performance of the gas turbine plant
and the results obtained from the model of the current study. The maximum SFC error is 3.38%. It
can be observed that simulation outcomes coincide quite well with the measured values,
demonstrating acceptable agreement. The model was validated with operational data under I1SO
conditions.

Table 2

Comparison of operational and calculated parameters for the power plant at ISO condition
Description Unit Ref (Qasim et al., [32]) This study *Error [%]
GT output (MW) 93.9 93.27 -0.6808
Heat Rate (kJ/kW-hr) 11.45 11.746 2.602
Exhaust gas (K) 797.12 800.4 0.411
temperature

Exhaust gas flow (kg/sec) 304.24 303.2 -0.3451
SFC (Kg/kW-hr) 0.24 0.248 3.38

GT efficiency - 0.3412 0.306 0.263

*Error [percentage] = (computed - Ref) x 100/ Ref.
6. Results

P-v and T-s plots can be used to explain the effects of higher inlet air temperatures on the output
power of a gas turbine. Path 1-2—3—4 in Figure 2(a) and Figure 2(b) depicts an ideal Brayton cycle
under ISO conditions, while path I' =2' —3—4 illustrates an actual cycle at higher inlet air temperatures.
The required AC power for a given mass flow at ISO is depicted as the region, 1-a-b-2, in Figure 2(a)
and Figure 2(b). The area 1'-a-b-2' represents the required AC power per unit mass flow under

28



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 112, Issue 1 (2023) 22-37

elevated inlet temperatures, which are higher values than the ISO parameters. The output turbine
power is the identical, so, the net power output for a given mass flow rate declines.

3
P T,

v P C,s
(a) (b)

Fig. 2. Impact of elevated ambient temperatures expressed on (a) P—v

and (b) T—s diagrams

The gas constant, Ry, and specific heat at constant pressure, C,, increase with the ambient
temperature while the specific heat ratio, y, declines, as shown in Figure 3. This illustrates variation
of gas properties with ambient temperature at constant relative humidity of 60%. Also, the variation
in Rpis small compared with C,and Ry,. Increasing C,, means increasing the specific work of the AC
and its power is directly proportional to the specific heat capacity. Increasing R}, results a greater air
humidity entering the compressor thus lowering its mass flow rate, as shown in Figure 4.

=—C,
1.12 Y
——R,

1.10 H
1.08
1.06

1.04

relative change (%)

1.02
1.00 +

0.98

0t T T T T T T T T T
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45

Ambient temperature (°C)
Fig. 3. Variation of C,,, R and y of dry air with ambient temperature
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Fig. 4. Variation of mass flow of humid and dry air as well as the
water vapor with ambient air

In Figure 4, as ambient air temperature increases, both the dry and humid mass flow rates drop
while the water vapor mass flow increases as a result of greater specific humidity. These parameters
will very negatively impact gas turbine performance. An increased specific humidity reduces the air
mass flow in the gas circuit since the atomic mass of H,O is less than N, and O, [26]. For a given
volume, moist air has a lower mass than dry air, so, moist air is less dense. The resulting lower density
air reduces the humid-air mass flow-rate entering the AC [26]. Figure 5 shows a variation of dry air
and water vapor mass fraction with ambient air. According to these results, between 5 and 45 °C,
using a 40 °C temperature difference with a 60% relative humidity, there is a 3.27 % decrease in dry
air mass fraction while the vapor mass fraction increases by the same value.
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Fig. 5. Variation of dry air and the water vapor mass fraction with
ambient air at relative humidity of 60%
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The impacts of inlet air temperature on the AC specific work are shown in Figure 6. These results
indicated that with increased air inlet temperature, more specific work must be done by the
compressor. Hence, gas turbine efficiency is decreased with increased compressor inlet temperature
[7]. Notably, when the inlet air temperature is increased from 15 to 45 °C, the compressor specific
work increased by 4.78% at 60% relative humidity, as seen in Figure 6 The results demonstrate that
relative humidity has a noticeable effect at a higher inlet air temperature, as more water vapor is
contained by the air, resulting in a decreased density. When the inlet air temperature is 35 °C, there
was a 6.18% decrease in AC specific power as relative humidity is increased from 10 to 90%.

—a— =10

—0— ¢ =60
400
—A— =90
390 -
=
X 380
=
X
=<
S 370
=
L
=
& 360
joR
w
350 -
340 T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45

Ambient temperature (°C)
Fig. 6. Compressor specific work versus air inlet
temperature

Figure 7 demonstrates the ambient temperature and relative humidity impacts the net output
power of a GT. At decreased temperature, no variation in output power is observed. With higher
temperatures, increased relative humidity results in greater output power. This is foreseen as a
decline in turbine power is expected to be less than the reduction in compressor power, increasing
the net GT output power. With reduced air mass flow rate, the compressor and turbine power
requirements are diminished, as can be seen in Figure 4 and Figure 5. The loss in turbine power is
less than that of compressor power since more fuel is supplied to the CC, leading in a greater gas flow
rate. In Figure 7, with increased relative humidity, output power increases. This figure demonstrates
that ambient temperature has significant influence on GT performance. As a GT runs at different
ambient temperatures, output power is greater at lower temperatures than at higher temperatures.
As ambient temperature is increased, the output power of a GT is reduced since it is directly related
to the air mass flow rate. With increased dry bulb temperatures, the density of the air passing through
the unit decreases. This necessitates more compressor work to generate less useful turbine work.
The results indicate that when the relative humidity was 10%, the power output dropped from 92.037
MW at 15 °Cto 76.87 MW at 30 °C and to 67.9 MW at 40 °C. Additionally, when the relative humidity
was 90%, the power output decreased from 94 MW at 15 °C to 81.28 MW at 30 °C and to 75 MW at
40 °C.
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Figure 8 is a plot of cycle efficiency with intake temperature at various relative humidities. It was
found that efficiency drops with increased ambient air temperature, as expected. The compressor
specific work and exhaust temperature increases with the ambient temperature. Thus, GT thermal
efficiency was reduced. At a constant relative humidity of 60%, GT efficiency was reduced from
32.32% at 5 °C to 28.3% at 30 °C. The effects of the relative humidity on thermal efficiency are
presented in Figure 8. The results show no impact at lower ambient temperatures, while at higher
temperatures (> 310 K), increased relative humidity enhances efficiency.
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Fig. 8. Variation of efficiency as a function of ambient temperature
and RH
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Figure 9 illustrates that the specific fuel consumption rises with ambient temperature. At higher
ambient temperatures, variation of specific fuel consumption is more significant. This figure shows
the dependence of specific fuel consumption on temperature and relative humidity. The specific fuel
consumption increased by 5.36% with a 10 °C increase in temperature at constant relative humidity
of 60%. As the air to fuel ratio was maintained constant, higher specific fuel consumption means that
more fuel is required to provide the same output.

—=— =10
—0— ¢ = 60

0.31
—A— =90

0.30 —
0.29 —
0.28 —
0.27 —

0.26

SFC (Kg/KW-h)
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0.24

0.23 T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50

Ambient temperature (°C)
Fig. 9. Variation in specific fuel consumption according to
ambient temperature and relative humidity

Figure 10 depicts the impacts of inlet air temperature on air and fuel flow rates. It is well-
established that the density of air decreases as air temperature increases. The turbine inlet
temperature in this research was maintained constant (1100 °C) according to manufacturer
specifications. With lower intake air density, the mass flow rate of fuel is reduced for the same
turbine inlet temperature [33]. Additionally, the outlet temperature of a compressor increases with
inlet air temperature. This will decrease the fuel mass flow to maintain a fixed inlet temperature,
resulting in reduced output power and cycle efficiency. In Figure 10, clearly, at constant relative
humidity of 60%, as the ambient air temperature is increased from 15 °C to 45 °C, fuel consumption
shows a 12.8% decline.
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Figure 11 is a correlation between exhaust gas and ambient temperatures. The energy value of
waste exhaust gas was 211 MW at an ambient temperature of 15 °C. When this temperature was
increased to 20 °C, energy generation decreased by 1.42%. When the inlet air temperature was
increased to 35 °C, energy lost in exhaust gases decreased by 5.21%.
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7. Conclusions

Using various inlet air flow temperatures and relative humidities, an energy study of a gas turbine
found that:
i The net output power and thermal efficiency of a GT cycle declines as inlet air temperature
is increased.
ii. A slightly positive effect was observed on the net output power and thermal efficiency of the
GT cycle with increased relative humidity.
iii. The influence of relative humidity can be better observed at higher inlet air temperatures.

iv. The heat ratio and specific fuel consumption both increase with inlet air temperature. They
are slightly affected by increased relative humidity.

V. As ambient temperature increases, fuel consumption and energy losses in exhaust gases are
reduced.

Vi. GT performance is more impacted by ambient temperature than relative humidity.

Thus, this type of research work is a remarkable opportunity to understand the thermal
performance of processes using modelling to determine the losses in power output and efficiency.
Future research should examine the exergy of the sub-processes, the impacts of high humidity and
temperature on their exergy, and the potential advantages of various methods of inlet air cooling.
Equipping a plant with a cooling system to reduce inlet air temperature entering a compressor will
result in a significant improvement in overall plant performance.
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