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Gas turbine performance is greatly dependent on ambient environmental conditions,
specifically pressure, temperature, and relative humidity. In this paper, the
performance of a gas turbine power plant is studied using a parametric analysis.
Thermodynamic relationships were used to develop mathematical models that
simulated the performance of the gas turbine under varying operating conditions;
ambient temperature (AT) and relative humidity (RH). The gas turbine used in the
simulation is located at the Ughelli Transcorp power plant in Nigeria. The simulation
was carried out using Runge-Kutta method, and the model shows that operational
parameters like AT and RH significantly impact a gas turbine power plant's
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performance. The findings indicate that increasing the RH from 40% to 50% reduces
cycle efficiency by 0.022 % while increasing power output. A 25% increase in RH
results in a 55% increase in compression power consumption. Furthermore, the power
output and thermal efficiency increase as the AT and RH increase. The findings

indicate that both AT and RH have a significant impact on the overall performance of
the gas turbine plant. As a result, the thermodynamic parameters are economically
feasible in terms of cycle performance and advantageous for gas turbine operations.

1. Introduction

Electricity is the most rapidly growing form of end-use energy, with an exponential increase in production to meet the ever-
growing demand. The rising demand for power in Nigeria has necessitated the construction of power plants capable of producing
maximum power output at AT. Electricity in bulk production qualities can be met using gas turbine plants [1]. All over the world,
gas turbines are frequently utilized to generate electricity [2]. In hot and dry conditions, gas turbine engine power output is
significantly decreased because high input air AT reduces gas turbine air mass flow [3-5]. For example, Nigeria's climate and
weather are inconsistent, indicating that the climates in the north and south differ. Therefore, the pre-cooling methods used in
southern Nigeria may be inappropriate for the region in the north [6-7]. These gas turbine plants run on fossil fuels, notably natural
gas, whose availability is finite. Under static conditions of increase in demand and production, these fossil fuel sources will be
exhausted in no distance time [8-10]. Another source of worry is the continued rise in the cost of natural gas as a result of an
increase in demand, which generally increases the operation cost per kWh of energy generated [11-13]. Many industries, including
refineries and petrochemical factories, employ gas turbines to operate aircraft, generate power and run other machinery [14-16].

The primary goal of turbine inlet air pre-cooling is to boost the gas turbine's net power production when the AT is higher than
optimal. The rated capabilities of gas turbines are typically based on the typical AT of 15 °C and 14.7 psi at sea level, according to
Al-Tori [17]. According to Mahapatra & Sanjay [18], the times when the electricity demand is highest are typically when gas
turbines suffer the biggest output power losses. When the intake temperature is between 15 and 25 °C, about 7% of a gas turbine's
nominal power can be lost, and when the AT is above 25 °C, the loss may be as high as 15% [19-21]. Plant performance will be
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improved during high AT by lowering the temperature of the air entering the compressor below the ambient [22-23]. A turbine's
output is significantly impacted by the AT, with power output falling by 0.54 to 0.9°C for every 1°C rise in temperature. Gas
turbines may experience power output declines between 14% and 20% when AT rises from about 15 to 35°C [24]. Temperature
has a significant impact; for every 56°C rise in temperature, output work grows by about 10%, and efficiency rises by around 1.5%
[25].

Ensuring gas turbines run at maximum efficiency is a key primary goal for any operation. In the current economic climate,
anything that increases productivity and enhances profit is welcome, as most of the operating cost of a gas turbine plant is the cost
of the fuel used to power the turbine plant. Also tied to improvement in efficiency is the net output power of the gas turbine plant,
a high value of load factor is desired for the economic operation of the plant and to produce electricity at less cost [26-27]. The
climate has a significant impact on how well a gas turbine performs [25]. The AT has a substantial impact on a gas turbine's
performance, specifically its output and energy efficiency [1,21]. Any rise in AT and RH decreases the ambient air density [11].
The load factor is directly linked to kWh produced by the gas turbine plant. This paper seeks to focus on the impact of AT on the
performance of the gas turbine plant as regards the specific power output, compressor power, combustion heat supplied, exhaust
energy, and efficiency of the gas turbine plant. Thus the objectives of this study are to: demonstrate analytically that more power
can be produced from a gas turbine plant by suitable conditioning of the ambient air at the compressor inlet; thermodynamical ly
model the performance of the gas turbine and evaluate the ambient temperature and relative humidity; identify the optimal design
parameters and determine the impact of the deviations of these parameters; and determine the performance of a gas turbine power
plant utilizing the effect of operating conditions.

2. Thermodynamic Model for Parametric Analysis of Gas Turbine Plant

2.1 Thermal Analysis of Gas Turbine Plant
The parametric study relies on the operating conditions of the Ughelli Transcorp Power Plant, as shown in Fig. 1. Table 1
displays the plant specifications.
Table 1 — Specifications of the plant

Turbine alternator power output 25 MW
Alternator Current 1100 A
Alternator output voltage 11 KV
Alternator frequency 50 Hz
Efficiency of the gas turbine 0.34
Alternator speed 7280 rpm
Turbine inlet temperature 1200 °C
Exhaust gas temperature 520°C
Gas turbine inlets pressure 1.4 MPa
Turbine type 3
Compressor stages 17
Cooling oil inlet temperature 59 °C

Fig. 1 — Ughelli transcorp power plant

Based on the thermodynamic characteristics of humid air, the amount of moisture in the air can be calculated as [28];

w="v )

Ma
The abbreviations my, m, and w stand for the mass of water vapour, dry air, and specific humidity, respectively.
Since both masses occupy the same volume then;

Cmav Yo va (2)

mg/v Y vg Vw
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Where v,, v, is the specific volume of dry air and the specific volume of water vapour in m3kg, respectively.
Both the vapour and dry air are considered perfect gas, hence;

PV PV
w = RW_T and mg = a (3)
Ra:;—'; and sz;;—; (4)

Where R, is the universal gas constant, M, and My, are the molar mass of dry air and water vapor, respectively, R, is the
characteristic air gas constant, and Ry, is a characteristic water vapor gas constant.
Substituting Eq. (4) into Eq. (3);

Py VMy, PaVMg
my, = T and m, = RO—T (5)
Substituting Eq. (5) into Eq. (1);
= Mw Pw
w = , X Py (6)

Where M,, = 18 kg/kmol, and M, = 28.96 kg/kmol
Substituting the values into Eq. (6);

w=06222" @
According to Gibbs-Dalton law, the total pressure, P, of the atmosphere is obtained as:
P=PB,+P, (8)

Where P,, and P, are partial pressure of water vapour and dry air, respectively and P is barometric pressure in N/m?.
Substituting Eq. (8) into Eq. (7), thus;

w = 0.622 P‘_’V; 9)
According to Ibrahim and Rahman [28], the RH is defined mathematically as;
b= s (10)
Hence; m,, s = :SVT (11)
Where P, is the saturation pressure of the mixture at its temperature.
Substituting Egs. (3) and (11) into Eq. (10) yields;
¢ = (12)
Substituting Eq. (12) into Eq. (9) yields:
_ 0.622¢Ps
T P—¢Ps (13)

The enthalpies of dry air and water vapour are summed to determine the total enthalpy of atmospheric air, which is
expressed as [29]:

h = h, + wh, (14)
h, and h,, stand for the enthalpy of dry air and water vapour, respectively.
The enthalpy of water vapour can be obtained from tables or determined approximately as;

h,, = 2500.9 + 1.82T (15)
Where T is the temperature of the water vapour.

2.2 Thermodynamic Modelling of Gas Turbine Plant

The single gas turbine is revealed schematically in Fig. 2(a). Fresh air from the atmosphere is continuously brought into the
circuit, and energy is added by the working fluid itself as the fuel in it burns. The turbine, which generates work and eventually
releases the by-products of combustion into the atmosphere, expands the combustion products. The temperature-entropy diagram
in Fig. 2(b) shows the ideal and actual processes as full and dotted lines, respectively. The thermodynamics cycle on which this
gas turbine operates is the Brayton (Joule) cycle, which can be analyzed using Fig. 2(b).
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Using the first law of thermodynamics to describe an open thermal system [25];
: : . v? . v?
Q — Wspape = me(h+7+gz)in —me(h+7+gz)out (16)

The gravitational potential energy (gz) and kinetic energy (v?/2) are not major elements for this analysis and can be neglected.
For every control volume in steady-state with minimal kinetic and potential energy changes, the energy balance for the first law
changes;

Q - Wshaft = m(hoye — hin) (17)
The energy balance equations for various parts of the gas turbine plant in Fig. 2 are as follows;

2.2.1 Compressor Power Model
The compressor compression ratio (r,) can be expressed as;

P

= P
Where P; and P are, respectively, the compressor's inlet and exit air pressures.
Using the concept of isentropic efficiency and neglecting velocity across the inlet and exit of the compressor, regarding the

gas turbine T-S diagram. The compressor isentropic efficiency, which ranges from 85% to 90%, is stated as;

(18)

T, 1—T:
e =2 (19)
1. stands for the compression isentropic efficiency, T, and T, are, respectively, the compressor inlet and exit air temperatures,
and T, is the compressor isentropic outlet temperature.

For compression process 1-2;

p Ya—1 Ya-1
TZ = Tl (P_i) Ya = T1 (Tp) Ya (20)
Where y, (specific heat capacity of air) = 1.4.
For a given pressure ratio;
I R Y
=T = =Ty —T) =2 (F-1) (21)

The pressure ratio and inlet compressor temperature can be used to calculate the compressed air temperature as follows;

Ya-1
(rp) Ya _1]

Nc

Where T; is the ambient temperature, T, is the actual compressor outlet temperature of the compressed air entering the
combustion chamber.
The power consumed by the compressor can be expressed as;

VVC = mana(TZ - Tl) (23)
At full load, the work rate of the compressor, W, can be expressed using the pressure ratio and the inlet compressor temperature
as:
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Ya-1
MaCpaxTy|(rp) Ya —1]

W, = (24)
Nc
Eq. (24) can be used to fit temperatures between 200 K and 800 K, where C,,, is the specific heat of air, which is thought to
be a function of temperature [28];

Cpa(T) =1.0189 x 103 — 0.13784T, + 1.9843 x 10_4Ta2 4+ 4.2399 x 10_7Ta3 —3.7632 X 10_10T; (25)
Ty

Where T, = —TZ;
Thus, in terms of the specific humidity and AT, the actual power consumed by the compressor can be estimated as;

W, = m,(1 + w)[Cpa (T, —Ty) + w(hy — hy)] (26)
By substituting Eq. (22) into Eq. (26) as follows, in terms of the pressure ratio and the inlet compressor temperature, Eq.
(26) can be stated.;

W = g1+ )2 ((5) T 1) + ok — h)) (27)

2.2.2 Combustion Chamber Model

The compressed air is fed into the combustion chamber, where a quantity of fuel is introduced and ignited to release a large
quantum of energy, resulting in a high-temperature gaseous mixture. The stoichiometric ratio is approximately 15:1, but the actual
fuel ratio is in the 100:1 range [30]. The mass of fuel needed to reach a specific combustion chamber exit temperature is determined
by the mass and energy balance applied over the control volume of the combustion chamber.

Mass and energy balance gives;

Ty = 1 + 1y (28)

Therefore; (14CpeT,) + [(1iy X LHV) + (1,Cpf T )| = (g + i) Cg T, (29)
Rearranging Eq. (29) yield;

(MaCpaTy) + Mp(LHV + CyfTy) = (g + 1) Cpy T, (30)
Where my, m,, are respectively, mass flow rate of fuel and air, LHV is a low heating value, T; = T3, Ty are respectively, turbine
inlet temperature and temperature of the fuel, C, ¢, C, 4 are respectively, the specific heat of fuel and combustion product; Eq. (31)

can be used to fit the specific heat capacity of the combustion product, which is thought to be a temperature-dependent function,
for temperatures between 1000K and 1500K. [31];

Cpg(T) = 1.8083 — 2.3127 X 1073T + 4.045 x 107°T* — 1.7363 x 10~°T3 (31)
From Eq. (31), the fuel-air ratio (f) is expressed as;
_ 1y _ (GpgXTi)=(CpaxT2)
f= g LHV—(CpgXT;) (32)

The heat transfer or heat supplied due to combustion in the combustion chamber by application of the steady flow energy
equation is given as;
Qs = mg Cpg (T; - T2) (33)

Rearranging Eq. (33) and expressed in terms of the pressure ratio and the inlet compressor temperature, the specific value of
the heat transfer is given as;

Ya—1
) Ya -1
p

Qs = pg[TL’ -T; (1 + (34)

U

Thus, in terms of the specific humidity, application of the first law of thermodynamics in the combustor yields the energy
balance;

Qs = [Mma(1 + ) + 10| [Cpg (T; = Ty) + w(hy — by)] (35)
Since, Q5 = myLHV;

Therefore; mLHV = [, (1 + w) + 1| [Cpy (T; — T2) + w(hy — hy)] (36)
Where h; is the enthalpy of water vapour at the turbine inlet, h; is the enthalpy of water vapour at the compressor outlet.
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2.2.3 Gas Turbine Model
Eq. (37) can be used to calculate the gas turbine efficiency [30];

Wn

Nr = Qs (37)
Eqg. (38) is used to compute the gas turbine net work as;
W, = Wr — W, (38)
Therefore; = (39)
N = 1 LHV
By application of the steady flow energy equation, the ideal work transfer is given as;

Where 7 is the gas turbine efficiency, W, is a network of the gas turbine, and W is shaft work of the turbine.
The isentropic efficiency of the turbine can be written as;

Actual work _ T3—Ty

Nr = Isentropic work - T3=T (41)
Therefore, T,s can be defined as;
T:
T4_I = +Yg (42)
() Y9

Consequently, the turbine pressure ratio, turbine inlet temperature, and turbine exit temperature may be used to express the
turbine isentropic efficiency as follows:

1-(72)

Nr =iz, (43)
1-(rp) Y9
Where 7 is the turbine pressure ratio= P;/P,, and y,, is the specific heat capacity of the products of combustion.
From Eqg. (43), the actual turbine outlet temperature from the gas turbine is given as;

T, =Ts [1 —Nr (1 — (rr) ;;9>] (44)

Eq. (44) is substituted into Eq. (40), and the turbine shaft work rate is expressed as a function of the turbine's inlet
temperature and pressure ratio;

1-vg
Wr = My CpgTan T (1 —(rp) 9 ) (45)

Eqg. (45) minus Eq. (24) provides the gas turbine's network rate in relation to the pressure ratio, compressor input
temperature, and turbine inlet temperature;

(46)

Ya—1
) 1-vg MmaCpaTy|(rp) Ya —1]
Wo =1y CpgTiny (1 —(rp) 79 ) - e

The pressure ratio, compressor intake temperature, and turbine inlet temperature are used to express the turbine power output
(P) as;

Ya—1
1=vg\  CpaTi|(rp) V@ —1]
P =mg | CpgTing (1 — (rr) Yo ) - (7

Also, using the isentropic relation between state ‘3” and state ‘4°, substituting Eq. (42) into Eq. (41) gives;

Yg-1

T, =T, = nrT; (1 - (rT)W> (48)
Considering the effect of ambient conditions, the power developed by the turbine can then be evaluated using Eqg. (49);

Where h, is the enthalpy of water vapour at the turbine outlet.
Substituting Eq. (48) into Eq. (49), the total power developed in terms of inlet temperature and specific humidity is given by;
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Wr = [ma(1 + w) + mf|[Cpy (nTTi <1 - (mﬁ)) + w(h; — hy)] (50)

The net power developed by the gas turbine in terms of inlet temperature and specific humidity is given as Eq. (51);

P = [(ma(1+ @) + m)Cog(T; = Ty) + w(hs — hy)] = [(Ma(1 + @)Coa(T, = T)) + w(hy — )| (51)
The specific fuel consumption (SFC) is determined by Eq. (52);

SFC =29 (52)
WR = % (53)
T
Therefore, the energy of the exhaust gases wasted in the atmosphere can be expressed as:
G = [m,(1 + w) + m][Cpy(Ty — Ty) — w(hy — hy)] (54)

[ Model zimulation ]

l

| Read 1y, 1. e, LHV |

. l

[ Input (wmather) data £y, T, ] [ Elactrical damand ]

l |

| Mkda=z= flow rate of air for ga=z turbine |

Mkdaz= and enerey balance for combusztion charmbear

CommtaT; =
Ty, 23 -

[ Computrami.h.wn |

l

[ Computa P, G, SFC, WE. 1.1 ]

Fig. 3 — Flowchart Simulation of the Performance Process of a Gas Turbine Power Plant

3. Results and Discussion

This section presents the simulation findings about the impact of operating conditions on the efficiency of gas turbine power
plants. The performance of gas turbine plants is studied in relation to operating conditions like AT and RH. The effects of operating
conditions on power output, compressor power consumption, work ratio (WR), SFC, heat supply, exhaust energy, and efficiency
are calculated using an energy-balanced computational model and ODE45 algorithm found in MATLAB R2007b software. Fig. 3
depicts a flowchart of the simulation of the performance process for a gas turbine power plant. To show how sensitive gas turbine
performance is to environmental factors, this study specifically considers operational atmospheric conditions. In this study, the
basic parameters used are those of the Transcorp power plant (Delta IV) in Ughelli, Delta State, Nigeria, and the simulation assumes
ideal conditions for the turbine and compressor work transfer processes.
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3.1 The Influence of AT
Fig. 4 shows how AT and RH affect compressor power. This specifically refers to the amount of effort required to operate the

air compressor in relation to the AT and RH. Fig. 4 demonstrates that as AT increases at constant RH, the compressor's power
consumption rises and that as RH rises at constant AT, the compression power soars.
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Fig. 4 — The influence of AT and RH on compressor power

This increase is due to the high moisture content in the air stream at high RH, as well as the fact that it takes more power to
compress a gas at a high temperature than at a low temperature for the same pressure ratio. At a temperature of 20 °C., for example,
a 25% increase in RH results in a 55% increase in compression power. The result shows that the compressor turbine works best in
conditions with low RH and AT. As a result, the best performance is obtained at relatively low AT and RH. Fig. 4 demonstrates
that more power is used when the RH rises from 40 to 70%.
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Fig. 5 depicts the required heat supply to power the gas turbine power plant as a function of AT and RH. Fig. 5 shows that the
heat supply requirement decreases slightly as the AT increases at constant RH, but significantly increases as the RH increases due
to the high moisture content per kg of dry air. As a result, the combustion process prefers low RH and AT. Similarly, at 20 °C AT,
a 25% increase in RH results in a 55% increase in heat supply requirement. As the RH increases from 40 to 70%, more combustion
heat is supplied. As a result, the plant's operating costs increase with an increase in RH in terms of fuel cost.
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Fig. 6 — Impact of AT and RH on plant efficiency

The impact of AT and RH on plant efficiency is depicted in Fig. 6. Fig. 6 depicts how plant efficiency decreases rapidly as
AT increases at constant RH and increases as RH increases. This increase in efficiency as a result of lower RH and AT is due to
lower compressor power consumption at lower RH and AT, as well as a reduction in heat quality supplied. Okafor [32] reported a
similar result when considering only AT. A change in RH from 40 to 50% results in a 0.022% increase in cycle efficiency at an
AT of 20 °C. This cycle efficiency is highest when RH and AT are low. Fig. 6 clearly shows that the efficiency decreases as the
RH rises from 40% to 70%. A lower AT results in a lower RH and less compressor work, which results in a greater gas turbine
output power. Fig. 6 illustrates how changes in RH and compressor work affect the efficiency of gas turbine plants.
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Fig. 7 shows how AT and RH affect the plant WR. The WR decreases significantly as the AT increases and is relatively
unaffected by RH, as evidenced by the overlap of the curves at various RH levels, as shown in Fig. 7. The WR rises in direct
proportion to the ratio of turbine inlet temperature to compressor inlet temperature because a significant portion of the power
delivered by the turbine is used to drive the compressor and because the engine network depends on the excess of turbine work
over compressor work. Ibrahim and Rahman [28] used AT and compressor ratio as parameters and found a similar trend.
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Fig. 8 — The influence of AT and RH on SFC

The relationship between SFC, RH and AT is depicted in Fig. 8. At low AT, the SFC increases slightly with increasing AT
and RH. The effect of variation in SFC is more pronounced at higher AT and RH. The SFC decreases from 0.9 to 0.25 kg/kWh as
the RH rises from 40% to 70% and the AT rises from 10 to 40 °C. This behavior is caused by the fact that at low RH, the mass
flow through the turbine is reduced due to low moisture content in the air stream, requiring more fuel for augmentation if the
turbine is to deliver its rated power. At a temperature of 20 °C, a drop in RH of 20 to 60% results in a 35% increase in SFC.
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Fig. 9 — The impact of RH and AT on exhaust energy
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The variation of the energy carried away by the flue as a function of AT with varying RH is depicted in Fig. 9. Fig. 9 clearly
shows that the exhaust energy decreases with increasing AT at constant RH and increases astronautically with increasing RH.
When the intake air temperature is reduced, the flow rate of the exhaust gas increases proportionally. The high moisture content
and high enthalpy of the vapour in the exhaust stream cause an increase in exhaust energy and a corresponding increase in RH. At
a temperature of 20 °C, a change in RH from 40% to 50% results in a 55% increase in exhaust energy.
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Fig. 10 — The influence of RH and AT on net power output

Fig. 10 depicts a plot of net power output against RH and AT. Fig. 10 demonstrates that the net power output reduces
marginally when the RH increases at a constant temperature, but significantly increases as the RH increases at a constant
temperature. This is explained as follows: first, at lower AT, the compressor power consumption decreases; second, at high RH,
the moisture content is quite high, causing a larger mass flow rate to expand in the turbine, increasing net power output. Basha et
al. [33] and Gonzalez-Diaz et al. [34] found a similar trend considering only AT.

4. Conclusion

The following conclusion was reached using a thermodynamic model to analyze and evaluate the performance of a gas turbine
power plant by considering the AT, RH, and other conditions of the inlet air;
1. The gas turbine underwent a thorough analysis of environmental factors such as AT and RH due to the importance of
efficient operation and low emissions for the environment.
2. The simulation results from parameter modeling revealed that AT and RH have an impact on the performance of a gas
turbine power plant.
3. The results clearly showed that for every 0.7% increase in AT, compressor power consumption increased by 2.5%, and
for every 25% increase in RH, compressor power requirement and heat supply increased by 55%.
4. The efficiency analysis reveals that as RH increases from 40% to 50%, cycle efficiency decreases by 0.022%. Net power
output, on the other hand, increases as RH increases.
The peak overall thermal efficiency occurs when the ambient temperature is high.
SFC increased as AT increased; SFC increased by 0.25% for every 2.25% increase in AT.
In response to a 1.85 % increase in AT, net power and net power output decreased by 0.23 and 0.68 %, respectively.
The exhaust energy decreases with increasing AT and RH. When the intake air temperature is reduced, the flow rate of
the exhaust gas increases proportionally. At a temperature of 20 °C, a change in RH from 40% to 50% results in a 55%
increase in exhaust energy.
9. The impact of changes in AT on net power output, total power, WR, and thermal efficiency is greater than the effect of
changes in RH ratio.
As a result, it is concluded that both ambient temperature and relative humidity have a significant impact on the operation of
the gas turbine power plant. Further research should focus on fuel cell integration, sustainability, and gas turbine performance
sensitivity analysis.
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