


Impact of parameters on gas turbine performance using energy analysis




Abstract- Gas turbine power plant performance was investigated using parametric analysis. Thermodynamic relationships were used to develop models that simulated the gas turbine performance under varying operating conditions. The gas turbine located at the Transcorp Power, Ughelli Nigeria was used for simulation employing MATLAB R2007b codes. The model demonstrated that the gas turbine performance is significantly influenced by operational parameters for example relative humidity (RH), compression ratio (CR), ambient temperature (AT) and turbine inlet temperature. The results 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%. The efficiency analysis reveals that as RH increases from 40% to 50%, cycle efficiency decreases by 0.022%. Net power output increases as RH increases. Specific fuel consumption (SFC) increased as AT and compression ratio increased; a 2.25% increase in AT resulted in a 0.25% increase in SFC. A 1.85% increase in AT resulted in a 0.23% decrease in net power and a 0.68% decrease in net power output. According to the findings, increasing the CR and the temperature of the turbine inlet improves overall efficiency while decreasing AT. The thermal efficiency decreased with an increase in AT, whereas it increased as turbine inlet temperature increased. The CR, AT, and turbine inlet temperature are all major factors in the overall performance of a gas turbine.  As a result controling, the thermodynamic parameters are economically feasible for cycle performance and advantageous for gas turbine operations.
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1. Introduction
Gas turbines are utilized to generate electricity all over the world. In hot and dry conditions, the engine output power of a gas turbine is significantly decreased due to a decrease in gas turbine air mass flow caused by high input air AT (Mehaboob et al., 2012; Oyedepo et al, 2016; Njoku et al, 2018). Nigeria, for example, does not have a predictable climate or weather. The climate in the north is different from the climate in the south. As a result, precooling techniques used in southern Nigeria may not be suitable for northern Nigeria (Okafor, 2017; Mishra & Agarwal, 2018; Okafor, 2020). These gas turbine plants run on fossil fuels, particularly natural gas, which is limited in supply. These fossil fuel sources will be depleted in no time under static conditions of increasing demand and production (Chukwuneke et al, 2014; Ahmed & Esmail, 2017; Arabi et al, 2019). Another source of concern is the continued rise in natural gas prices due to increased demand, which raises the cost of operation per kWh of energy generated. Gas turbines are commonly utilized to generate electricity, power aeroplanes, and operate refineries and petrochemical plants, among other things (Mahmood & Mahdi, 2009; Igoma et al, 2016; Direk & Mert, 2018; Jayachandran et al, 2019).
A primary goal for any operation is to guarantee that the gas turbines function at maximum efficiency. Because the majority cost of operating a gas turbine is the cost of the fuel used to power the turbine plant, anything that increases productivity and profits is welcome in the current economic climate. The gas turbine plant's net power output is also linked to efficiency improvements; a high load factor is desired for the plant's economic operation and to produce electricity at a lower cost (Nag, 2009; Baakeem et al, 2017; Hossin et al, 2017; Ukwamba, 2018). A gas turbine's performance is heavily affected by the weather (Oyedepo & Kilanko, 2014; Chukwuneke et al, 2014). The AT has a significant impact on the performance of a gas turbine, particularly in terms of output and energy efficiency (Hasan et al, 2014; Ujam et al, 2014; Saif & Tariq, 2017; Allakulyyev et al, 2022). The ambient air density decreases as the ambient temperature and humidity rise (Akroot & Saif, 2019; Anand & Murugavelh, 2020). When the ambient air temperature or humidity is high, inlet air cooling has been discovered to be effective for varying loads (Mahapatra and Sanjay, 2013; Ahmed & Esmail, 2017).
According to the thermal performance analysis, the performance of gas turbine power plants is significantly affected by AT and CR (Gouzalez-Diaz et al, 2017; Mishra &Agarwal, 2018). It is common knowledge that performance may be assessed using efficiency, SFC, and power output. Its performance is affected by several variables, including the CR of the compressor, the temperature of the combustion inlet, and the temperature of the turbine's inlet (Hasan et al, 2014; Ibrahim et al, 2019; Khosravi & Aydin, 2020). Simple gas turbine cycle calculations using realistic parameters show that raising the turbine inlet temperature does not increase cycle efficiency, but rather increases work done (Baten & Haque, 2019). The impact of relative humidity on gas turbine plants deals with air cooling issues and improves compressor efficiency (Oyedepo et al, 2016; Lui et al, 2018). The compressor pressure ratio (PR) determines the overall efficiency of the gas turbine cycle. It's important to remember that, unlike a reciprocating engine, the combustion, compression, and expansion processes in a gas turbine don't all happen in the same place. This study aims to evaluate how different parameters affect the performance of a gas turbine power plant in terms of exhaust energy, network output, specific power output, total power, and efficiency. And also, to evaluate the AT, RH, turbine inlet temperature, and other conditions of the inlet air by thermodynamically modeling the gas turbine performance.

2. Thermodynamics of Gas Turbine Model
In this study, the operating conditions of the Transcorp power plant, Ughelli, Nigeria with a turbine output power of 25MW were selected. The plant has the following specifications: turbine inlet temperature, compressor stage, gas turbine inlets pressure, exhaust gas temperature, gas turbine efficiency, cooling oil inlet temperature, and alternator speed of 1200 oC, 1.4mPa, 520 oC, 34%, 17, 59 oC and 7280rpm respectively. 
[bookmark: _Toc64456125][bookmark: _Toc64461328]A gas power plant has four parts: compressor, turbine, combustion chamber (CC), and generator. A one-stage gas turbine is schematically depicted in Figure 1. The circuit is continuously supplied with fresh air from the atmosphere, and while the fuel in the working fluid burns, energy is also added by the working fluid itself. The turbine, which generates work and eventually releases the combustion byproducts into the atmosphere, expands the combustion products.
The compressor and turbine efficiencies are assumed to be denoted by  and , respectively. The temperature-entropy graphic in Figure 1b shows full and dotted lines, respectively, to represent the ideal and real processes. The thermodynamics cycle on which this gas turbine operates is the Brayton (Joule) cycle, which can be analyzed using Figure 1b.
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Figure 1: (a) Gas Turbine Unit (b) Temperature-Entropy graph for Gas Turbine
The compressor CR (;
												(1)
 stands for the air pressure entering the compressor, and  for the air pressure leaving it. 
Using the concept of isentropic efficiency and neglecting velocity across the inlet and outlet of the compressor.
For compression process 1–2;
								(2)
Where   
The compressor isentropic efficiency ranges from 85 to 90% and is denoted as;
											(3)
The temperatures of the inlet air (), outlet air (), and isentropic outlet (), and   is the compression isentropic efficiency.
The temperatures of the compressor's inlet air (T 1), outlet air (T 2), and isentropic outlet (T (2') are all given in degrees Celsius.
For a given pressure ratio; 
		 = 					(4)
The pressure ratio and inlet compressor temperature can be used to calculate the compressed air temperature as follows;
									(5)
Where  is the ambient temperature, is the actual compressor outlet temperature.
The power consumed by the compressor can be expressed as;
									(6)
At full load, the compressor work rate, in relation to the PR and the temperature of the inlet compressor,  can be stated as:  
		 							(7)
Where  is the air-specific heat, which is considered to depend on temperature.  
In terms of the specific humidity and ambient temperature, the actual power consumed by the compressor can be estimated as;
						(8)
Equation (8) can be expressed in relation to the PR and the temperature of the inlet compressor;
					(9)
The combustion chamber receives the compressed air, 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 (Eastop and McConkey, 2004; Rahman et al, 2011). The mass of fuel needed to attain a specific combustion chamber exit temperature is established by the mass and energy balance applied over the control volume of the combustion chamber.
Mass and energy balance gives;
										(10)
Therefore; 
			(11)
Rearranging Equation (11) yield; 
					(12)
Where  stand for mass flow rate of the fuel,  stand for mass flow rate of the air, LHV stand for low heating value,  stand for temperature at the inlet of the turbine,  stand for temperature of the fuel,  stand for fuel-specific heat, and  stand for the specific heat capacity of the combustion product.
The fuel-air ratio (f) is given by equation (13);
									(13)
The heat transfer or heat supplied due to combustion in the combustion chamber by application of the steady flow energy equation is given as;
									(14)
The specific value of the heat transfer is derived by rearranging Equation (14) and expressing it in relation to the PR and the compressor inlet temperature;
							(15)
Thus, utilizing thermodynamics' first law in the combustor yields the energy balance in terms of specific humidity as;
					(16)
Since, ; 
Therefore; 
				(17)
Where h3 is the enthalpy of water vapour at the turbine inlet, h2 is the enthalpy of water vapour at the compressor outlet.
Equation (18) can be applied to calculate gas turbine efficiency (Ibrahim et al., 2019);
											(18)
Therefore;
											(19)
Equation (20) is used to calculate the network of the gas turbine;
										(20)
By application of the steady flow energy equation, the ideal work transfer is given as;
									(21)
Where  is the gas turbine efficiency,  and  are the gas turbine net and shaft work, respectively. 
Isentropic efficiency of the turbine could be written as;
									(22)
Therefore,  can be defined as; 
		 									(23)
Therefore, a gas turbine's isentropic efficiency can be stated as a function of the turbine PR, turbine inlet temperature, and outlet temperature of the turbine:
										(24)
 stand for PR of the turbine , while  stand for the specific heat capacity of the products of combustion.
From equation (24), the actual turbine outlet temperature is stated as;
								(25)
By substituting Equation (25) for Equation (21), the turbine shaft work rate is expressed in relation to the turbine inlet temperature and PR as;
								(26)
The gas turbine network rate is expressed in relation to the PR, inlet temperature of compressor, and inlet temperature of the turbine as Equation (26) minus Equation (7);
		 		(27)
The turbine power output (P) is expressed as a function of the PR, inlet temperature of the compressor, and inlet temperature of the turbine;
					(28)
Also, using the isentropic relation between state ‘3’ and state ‘4’, substituting Equation (23) into Equation (22) gives;
 								(29)
Considering the effect of ambient conditions, the power developed by the turbine can then be evaluated using Equation (30);
					(30)
Where  is the enthalpy of water vapour at the turbine outlet.
Substituting Equation (29) into Equation (30), the total power developed in terms of inlet temperature and specific humidity is given by;
			(31)
The net power developed by the gas turbine in terms of inlet temperature and specific humidity is given as Equation (32);
											(32)
Equation (33) is used to calculate specific fuel consumption (SFC);
		 									(33)
Therefore, the energy contained in exhaust gases, wasted in the atmosphere can be expressed as: 
					(34) 

3. Results and Discussion
The simulation findings of the impact of operating parameters on the performance of a gas turbine, including RH, AT, turbine inlet temperature, compression ratio, and PR, are presented. The impacts of operating conditions on power output, compressor power consumption, work ratio, specific fuel consumption, exhaust energy, heat supply, and efficiency are calculated using an energy-balanced computational model and the MATLAB R2007b software. This paper looked at the impact of operational atmospheric conditions on the performance of gas turbines and is purposefully taken into account to highlight how sensitive gas turbine performance is to environmental factors.
The link between compression ratio and cycle thermal efficiency for various ambient and turbine inlet temperatures is depicted in Figure 2.
[image: ]Figure 2: Variation of the CR, Turbine Inlet Temperature, and AT on Thermal Efficiency
Figure 2(a) depicts the relationship between cycle thermal efficiency and CR for turbine inlet temperatures ranging from 800 to 2000 oC. The thermal efficiency rose to 45.5 % at a higher inlet temperature of a turbine of about 2000 K with a CR of 25. That is, until a CR of 5, the thermal efficiency and inlet temperature of the turbine increase as the CR rises. At the lower CR, the variance in overall efficiency is negligible, but at the greater CR, it is critical for thermal efficiency. As the turbine inlet temperature rises, so does the efficiency, exhibiting an effective relationship that determines the specific limit. The inlet temperature of the turbine is vital for achieving a higher CR. The overall efficiency at high CR rises from 45.5 to 60.2 % when the turbine inlet temperature rises from 1200 to 2000 K. Figure 2(b) demonstrates that raising the CR and lowering the AT both results in an increase in overall efficiency. However, increasing the air-fuel ratio has a lower impact on thermal efficiency than increasing the compression ratio, which has a higher impact.
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Figure 3: The Impact of Relative Humidity and Ambient Temperature on Plant Efficiency
Figure 3 shows how AT and RH affect plant efficiency. Figure 3 depicts how plant efficiency decreases rapidly as AT increases at constant RH and increases as RH falls. 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. A change in RH from 40 to 50% results in a 0.022% drop in cycle efficiency at an AT of 20 oC. This cycle efficiency is highest (40.5%) when RH and AT are low. Figure 3 clearly shows that the efficiency decreases from 40.5% to 40.28% as the RH rises from 40% to 70%. Figure 3 shows how AT affects gas turbine plant efficiency due to changes in RH and compressor work; a lower AT of 10oC and lower RH of 40% leads to lower compressor work of about 2.6 x 104 kW, which results in a higher gas turbine output power.
The impact of AT and RH on compressor power is depicted in Figure 4. Specifically, this refers to the amount of work necessary to operate the air compressor in relation to the surrounding temperature and relative humidity. Figure 4 demonstrates that as AT increases at constant RH, the compressor power consumption rises and that as RH rises at constant AT, the compression power soars.
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Figure 4: Effect of RH and AT 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 PR of 14. At a temperature of 20 oC., for example, a 25% increase in RH results in a 55% increase in compression power. As a result, the compressor turbine performs best when the RH and AT are relatively low. As a result, the best performance is obtained at relatively low RH and AT.  Figure 4 shows that an average of 60% more power is consumed when the RH rises from 40% to 70%.
Figure 5 depicts the variation of compressor work with compressor PR for various AT values.
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Figure 5: Variation of AT and CR on Compressor Performance
Figure 5 depicts the impact of CR on compressor work, which increases from 10 to 450 kW as the CR increases from 12 to 30 and AT increases from 268 to 328 K. It should be noted that increasing the PR from 12 to 30 increases the compressor work for a given value of atmospheric temperature and low PR. It was also discovered that as the AT and CR increased, the compressor work increased.
Figure 6 shows how compression ratio, AT, and turbine inlet temperature affect SFC.
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Figure 6: Effects of CR, AT, and Turbine Inlet Temperature on SFC
Figure 6(a) shows how CR and AT affect how much SFC is used. It has been found that the SFC increases from 0.14 to 0.168 as the AT rises from 268 to 328 K. As the temperature rises, the air density drops, which causes the air mass flow rate to drop. The fuel mass flow rate rises as a result of the constant air-fuel ratio. The SFC rises as the AT rises as a result of flue gas losses. The SFC of a gas turbine power plant falls as the CR rises.
Figure 6(b) illustrates the relationship between the CR (rp) and the turbine inlet temperature (T3) on specific fuel usage. SFC is seen to decrease linearly with the increasing CR up to approximately rp = 6 and to also decrease with rising turbine inlet temperature outside of this value. As was previously said, increasing the CR raises air temperature when it first enters the combustion chamber while lowering the amount of heat delivered in the combustion chamber for a certain turbine input temperature. This always leads to a decrease in the usage of that SFC. With CR of rp = 6 and higher, SFC significantly rises at lower turbine inlet temperatures (800 K). The peaks of the curves, however, flatten off as the temperature of the turbine inlet rises, leading to a smaller range of least SFC. The results of the current investigation and those of other studies (Rahman et al., 2010) show a degree of agreement that is satisfactory. As the inlet temperature of the turbine rises from 800 to 2000 K, the SFC drops from 0.65 to 0.25 kg/kWh.
The temperature of the turbine inlet and the CR are what determine a gas turbine's production of electricity (Equations 3.58 and 3.62). The compressor PR controls the temperature of the air that leaves the compressor and enters the combustion chamber. As the CR rises, the output temperature rises as well. As a result, there is less of a temperature difference between the combustion chamber and the compressed air. Less fuel is needed (reducing the air-fuel ratio) to reach the specified inlet temperature of the turbine for a fixed gas flow to the gas turbine because the air leaving the compressors gets hotter as the CR rises. As the CR rises, so does the amount of work needed in the compressor and the gas turbine capacity to produce electricity.
The variation of heat supplied with compression ratio and turbine inlet temperature is shown in Figure 7.
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Figure 7: The Impact of Heat Supply on the CR and Turbine Inlet Temperatures
Figure 7 depicts the variation of heat supplied from 200 to 1500 kJ/kg with turbine inlet temperatures from 800 to 2000 K. It has been discovered that the amount of heat supplied increases from 200 to 1500 kJ/kg with turbine inlet temperatures from 800 to 2000 K but decreases with compression ratio from 2 to 25. The CR increases the temperature of the air entering the combustion chamber, requiring less heat to ignite combustion within. The amount of heat delivered consequently decreases as the compression ratio is raised for a given turbine inlet temperature.
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Figure 8: The Influence of CR and Turbine Inlet Temperature Variations on Network Output
Equation 3.57 demonstrates how the CR and turbine inlet temperature affects a gas turbine network output. As the CR rises, so does the amount of work that must be done in the gas turbine compressor. High PR results in an increase in compressor and turbine work output, but their disparity reduces the gas turbine network output. To increase plant network output, it is advisable to select a lower compressor pressure ratio. The correlation between net work production, CR, and turbine inlet temperature is shown in Figure 8. As the CR rises, the network output rises as well. The network output rises from 450 to 1200 kJ/kg as the turbine input temperature rises from 800 to 2000 K.
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Figure 9: Effects of CR, AT, and Turbine Inlet Temperature on Total Power
Figure 9(a) depicts how the AT and compression ratio affects total power. It was discovered that as the compression ratio increased, the total power increased as the ambient temperature increased. Figure 9(b) depicts the variation in maximum power output as a function of compression ratio at various turbine inlet temperatures. The power output increases linearly with the turbine inlet temperature at lower CR. The output power of the peaks of the curves varies with the temperature of the turbine inlet, with higher temperatures producing higher peaks. A comparison of the current study findings with those of previous studies by Rahman et al., 2011 makes known a sufficient level of conformity.

4. Conclusion
The performance of a gas turbine plant is impacted by all operating variables, according to the simulation results from parameter modeling. Environmental factors including relative humidity and ambient temperature were carefully considered when analyzing the gas turbine. According to the model, a gas turbine power plant's performance is significantly influenced by operating factors such as the turbine inlet temperature, AT, RH, and CR. On net power output, total power, thermal efficiency, AT and CR variations have a bigger impact than changes in RH ratio. CR, AT, RH, and turbine inlet temperature all had a significant impact on the thermal efficiency of the gas turbine power plant. It is crucial to consider how thermal efficiency changes when CR, turbine inlet temperature, RH, and AT rising. The thermal efficiency and power production rise in direct proportion to the AT, RH, and CR. When the CR is high, the turbine inlet temperature is low, and the AT is high the overall thermal efficiency peaks. The precise fuel consumption and work ratio increase with AT and RH. When the CR is high, the turbine inlet temperature is low, and the AT is high the efficiency, power, and SFC are at their highest. Thermal efficiency and power output rise linearly with increasing AT and turbine inlet temperatures at decreasing CR. The amount of heat generated rises as AT and turbine input temperatures rise, but declines as CR rises. SFC rises with a rise in RH and AT, but declines with a rise in CR and turbine inlet temperature. A gas turbine engine's performance is significantly impacted by the temperature of the turbine inlet. For the sake of minimizing losses in the gas turbine system, it should be kept as high as feasible. By increasing the turbine work and inlet temperature, the output power and thermal efficiency of the turbine are increased.
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