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Abstract: Gas turbine power units, as an effective way to cope with the severe challenge of renewable energy accommodation in power grids, arouse the interest of power enterprises in the deep peak-load regulation performance. Two common alternative load-control strategies including constant turbine inlet temperature (TIT) and constant turbine exhaust temperature (TET) regulations were taken into consideration. To comparatively investigate the part-load performance under these strategies, both mathematical and physical models were set up successively to serve as a validation and complementary to each other. For the mathematical model of compressor with inlet guide vane (IGV), combustor and turbine, stage-stacking method based on blade average geometric parameter, energy conservation and turbine stage model were adopted respectively. For the physical model, design and off-design analysis were carried out based on GT PRO and THERMOFLEX respectively. The simulation result of mathematical model validated the reliability of the physical model. Based on this, the influence of ambient temperature and different load-regulating strategies on the off-design performance of gas turbine power units was studied in THERMOFLEX. The results in the case of a PG 9351FA gas turbine show that the ambient temperature has a great impact on system performance, i.e., every 5°C increase in the ambient temperature produces a reduction of 3.7% in the relative full-load output and 1.1% in the relative efficiency respectively; when the gas turbine operates under constant TIT strategy, TET starts to rise till it reaches the maximum allowable value with the load rate decreasing, and IGV keeps at the minimum angle with both TIT and TET decreasing when the load rate is lower than 65%; when the gas turbine operates under constant TET strategy, TIT drops slightly at load rate of above 60% while both TIT and TET evidently decrease below 60% load rate operating along the constant corrected speed line at the minimum allowable IGV opening; gas turbine efficiency is greatly affected by load rate and the performance degradation is more obvious especially in lower load rate regions; constant TET strategy is superior in the operating efficiency to constant TIT strategy under part-load conditions.
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Nomenclature







	A:
	area, m2



	ac:
	coefficient of pressure ratio



	at:
	distribution parameter for turbine stage expansion ratio



	c:
	absolute velocity, m/s



	Ca:
	axial velocity, m/s



	Cp:
	specific heat at constant pressure, kJ/(kg∙K)



	G:
	mass flow rate, kg/s



	i:
	specific enthalpy, kJ/kg



	k:
	specific heat ratio



	LHV:
	lower heating value, kJ/kg



	M:
	gas molar mass, kg/mol



	Ma:
	Mach number



	N:
	shaft speed of turbine, r/min



	n:
	total number of compressor or turbine stages



	p:
	pressure, kPa



	PF:
	pattern factor



	PR:
	turbine expansion ratio



	R:
	gas constant, J/(mol∙K)



	rcl:
	mass flow ratio between extracted cooling air and flue gas



	St:
	gas flow Stanton number



	T:
	temperature, K



	u:
	blade velocity at mean radius, m/s



	W:
	work, kW



	w:
	relative velocity, m/s



	X:
	mole fraction of each gas component



	y:
	ratio between flue gas velocity and cooling air component parallel to it




Greek Symbols


   




	α:
	absolute flow angle



	β:
	relative flow angle



	Δ:
	parameter difference



	ε:
	heat exchange coefficient of coolant path



	Φ:
	cooling effectiveness



	ϕ:
	flow coefficient



	η:
	efficiency



	π:
	compressor pressure ratio



	ρa:
	air density, kg/m3



	ψ:
	pressure coefficient




Suffix


   




	a:
	air



	ast:
	reduced parameters of air at ISO condition



	ave:
	average



	b:
	blade



	c:
	compressor



	cl:
	coolant



	comb:
	combustor



	f:
	fuel



	g:
	flue gas



	gen:
	generator



	gt:
	gas turbine



	i, k:
	index of compressor stage



	in:
	inlet of each turbine stage



	j:
	index of turbine stage



	m:
	mechanical



	max:
	maximum



	out:
	outlet of each turbine stage



	prod:
	generated gas



	s:
	isentropic



	st:
	stage



	t:
	turbine



	’:
	change of state



	0:
	parameters at design condition



	1:
	inlet of each compressor rotor blade



	2:
	outlet of each compressor rotor blade




Acronyms







	GTCC:
	gas turbine combined cycle



	IGV:
	inlet guide vane



	ISO:
	International Standardization Organization



	TET:
	turbine exhaust temperature



	TIT:
	turbine inlet temperature



	RH:
	relative humidity
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1  Introduction

Over the past few years, the quest for sustainable energy has greatly increased all over the world with the global energy reserves depleting at an alarming rate [1,2]; meanwhile, energy transitions from fossil fuels to renewable energies have been taking place in many countries all over the world [3]. 72% of the total global power capacity increment was credited with renewables in the year 2019 alone [4]. However, there remain some regions faced with the challenge of over-increasing penetration. China is one of the most prominent representatives with the largest renewable power generation and considerable underutilization of it. Renewable power generation reached up to 634.2 TWh in 2018, with an increase of 1.46 percents compared with that in 2017 [5]. As the latest statistics from China National Energy Administration shows, its wind power accounted for 5.5 percents and photovoltaic power saw a year-on-year rise of 26.3 percents by the end of 2019. Nonetheless, the imbalance of accommodation is far-reaching in some areas. For example, the excessive wind and photovoltaic power unable to be accommodated was as high as 81% and 87% of the total waste respectively in northwest China [6].

So far, China has taken some measures to address the large-scale penetration of renewable energy which include source-network-load-storage strategy and market coordination [7,8]. Relevant policies have been promulgated to optimize the electric power structure featured by more flexible power sources. Conventional nuclear and coal-fired power plants tend to be base load plants with long-time running, while gas turbine power plants are better designed for peak regulation for the traits of quick start-up and high-efficient operation under part-load conditions [9]. Besides, gas turbines regarded as an effective way to use both fossil and renewable fuels boost the development of sustainable energy [10,11]. Hence, gas turbine-based power plants can pave the way for better adapting to wind and photovoltaic power fluctuations and further promoting the accommodation of renewables. As such, more power enterprises arouse interest in the overall performance of gas turbines.

Gas turbines as a critical part of gas turbine combined cycle (GTCC) system often operate in an environment with the ambient temperature or pressure different from the International Standardization Organization (ISO) condition, which leads to thermal performance deviations from the design values. In consequence, much attention was paid to the off-design behaviour of gas turbines [12]. Yang et al. proposed a gas turbine-based multi generation system with compressor bypass extraction air energy storage and studied the performance with bypass extraction regulation, inlet guide vane (IGV) regulation and constant corrected speed regulation, finding that compressor bypass extraction helped gas turbine sets to broaden the operation range at constant exhaust temperature and it was an effective strategy to strengthen the flexibility of peak-shaving [13]. Yang et al. investigated the influence of different regulation strategies with both heat control and IGV control on GTCC performance using the commercial software Aspen and Matlab, finally proposing a method of improving part-load performance with a novel compressor inlet air heating process [14]. González-Díaz et al. investigated the impact of ambient parameters including temperature, pressure and relative humidity on GTCC with post-combustion CO2 capture which was simulated in ThermoflowTM. In order to make up for the output loss caused by the temperature rise, supplementary firing in the heat recovery steam generator was proposed [15]. Liu et al. presented a novel multivariable optimization strategy for GTCC under part-load operation with simulation modelled in the commercial simulator GateCycle and particle swarm optimization algorithm implemented in Matlab. This vigorous strategy turned out to guarantee the maximum combined cycle efficiency compared with the conventional fuel flow control and IGV control strategies [16]. Ravi Kumar et al. proposed a gas turbine system with an alternative regenerator configuration and spray cooler for intake air cooling. It turned out that spray cooler alone could improve the efficiency by 2.05% compared with the reference cycle, while it could be 13.25% by using alternative configuration and spray cooler [17]. Najjar et al. studied the influence of pressure ratio and turbine inlet temperature on specific thrust and fuel consumption; they determined the optimum running points at different operating conditions using energy and exergy analysis, which was practical for performance improvement [18].

In the studies so far, much attention has been drawn to the overall performance of gas turbine based combined systems, which regretfully made a brief modeling description of the gas turbines or simply built models in relevant commercial simulation software without clarifying the constraint conditions. These existing drawbacks make the precisely quantitative analysis of gas turbines challenging. What’s more, there is little literature analyzing and comparing the influence that both constant turbine inlet temperature (TIT) and constant turbine exhaust temperature (TET) control strategies will exercise on the performance of gas turbines at part-load conditions, whereas this is of great significance for the efficient and economical operation of power units as well as the further study of related systems based on gas turbines.

Therefore, in this study, a detailed mathematical procedure for the performance analysis of simple cycle gas turbines is presented, which involves in the elaborate modeling of compressor, combustion chamber and gas turbine. The work is carried out with the simulations both in Matlab and the thermal engineering software Thermoflow, which serve as a validation and complementary to each other. In the case of PG 9351FA type gas turbines, the effect of ambient temperature and two part-load regulation strategies on the overall thermal performance is theoretically analyzed. Potentially, the focus of the present study helps to shed some light on the intricate mathematical modeling and provide a more fundamental approach to performance prediction of gas turbines. Importantly, these results can provide a basis for system optimization. The novelty and innovations of this research are as follows:

•A detailed mathematical modeling of the gas turbine system is conducted, whose simulation result validates the model reliability of THERMOFLEX.

•Part-load off-design performance of the gas turbine system under constant TIT and TET strategies is analyzed and compared.

•Influence of ambient temperature and load rate on the efficiency under the two strategies is studied.

•Operating parameter optimization can prospectively be realized based on this work for gas turbine energy systems at deep peak-load regulation.

2  Typical Gas Turbine Power Plant

The gas turbine simple cycle is also known as Brayton cycle, which is a thermodynamic cycle with the system configuration demonstrated in Fig. 1. A typical gas turbine power plant is mainly comprised of three critical components which include a compressor, combustion chamber and gas turbine. The main working process can be described as follows: compressor takes in the ambient air continuously and the pressurized air from it enters the combustion chamber, where fuel such as natural gas is sprayed and burnt with air. The combustion gas with high temperature and high pressure expands in the turbine to generate power, approximately two thirds of which is used for driving compressor during the normal running. This system is featured by flexibility and stabilization which ensure a good maneuvering performance.

[image: ]

Figure 1: Schematic diagram for simple cycle gas turbine. (1) Air compressor. (2) Combustion chamber. (3) Turbine. (4) Generator

As a research case of this work, a PG 9351FA type gas turbine consists of an 18-stage axial flow compressor, a combustion chamber made up of 18 low NOx burners, a 3-stage axial turbine and other ancillary devices, among which the compressor is equipped with one stage of IGV. The main design parameters of PG 9351FA type gas turbines at ISO condition are listed in Tab. 1. The ISO ambient reference condition mainly refers to air at 15°C at sea level with 60% relative humidity.

Table 1: Design parameters for PG 9351FA type gas turbines
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3  Mathematical Model for Gas Turbine Off-design Performance

3.1 Compressor Modeling

The conventional research methods for axial multistage compressors under off-design conditions include numerical technique, approximate analytical technique and stage-stacking method [12,19–21]. The numerical integration has strict prerequisites that performance characteristics of each individual stage should be known in advance. For analytical method, it substantially simplifies the calculation while reduces the accuracy. One-dimensional stage-stacking method based on average blade diameter is adopted in this study to analyze the off-design performance of the compressor [12,21,22], which can effectively predict the detailed operating parameters including temperature, pressure, velocity, stage efficiency etc. of each stage and also the overall characteristics. Besides, it can also conveniently take the variable geometry structure into consideration.

Generalized stage characteristic curves for a multistage axial compressor are presented in Fig. 2. It is assumed to hold true for all stages. It reveals the typical relationship among some dimensionless parameters, including flow coefficient, pressure coefficient and stage efficiency. These stage characteristics underlie the overall compressor performance. Once the first stage inlet mass flow, air state parameters and rotation speed are given, pressure coefficient and stage efficiency can be obtained readily from the characteristic curves. Based on these, detailed stage outlet parameters can be deduced accordingly, which are also the inlet boundary parameters for the next stage. Likewise, this action is applied to the rest stages before the overall thermodynamic performance is figured out. The formulas involved in this work to make the performance prediction are described as follows.
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Figure 2: Generalized stage characteristic curves

Pressure ratio for each stage at design condition can be calculated as:
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where, ac denotes the coefficient of pressure ratio; πc stands for the compressor total-to-total pressure ratio; π1 is the first stage pressure ratio which is determined by an equal enthalpy rise for each stage and nc means the total number of compressor stages. The subscript i represents the index of compressor stage.

Reduced mass flow rate and reduced peripheral blade velocity at the inlet of each stage are converted to those at ISO condition as Eqs. (3) and (4):
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where, pa,i and Ta,i denote, respectively, air pressure [kPa] and Kelvin temperature [K] at the inlet to the ith stage; ua means rotor blade velocity at mean radius [m/s] and is given as 350; Ga,i represents the mass flow rate entering each stage [kg/s]; subscript st refers to reduced parameters at ISO condition.

Axial velocity for each stage is expressed as follows:

[image: images]

where, Cast,i refers to axial velocity at ISO condition [m/s]; Ai is the inlet flow path area of each stage [m2]; ρast is the density for air at ISO condition [kg/m3]; α1,i is the absolute flow angle at each rotor inlet calculation plane; R refers to gas constant [J/(mol∙K)], i.e., 8.3145; Cpa,i means the air specific heat at constant pressure at each stage inlet [kJ/(kg∙K)]; ka,i is air specific heat ratio.

Non-dimensional flow coefficient and pressure coefficient for each stage are defined as follows:

Flow coefficient at ISO condition ϕast:
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Pressure coefficient at ISO condition ψast:
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Most of modern heavy-duty gas turbines are equipped with variable inlet guide vane (VIGV) in axial compressors [12]. The angle of it can vary actively with the units operating at part-load conditions to ensure a high efficiency and prevent gas turbines from surges during transient operation including start-up and shut-down by regulating the inlet mass flow rate. Therefore, special efforts should be made to investigate the influence of IGV on the behaviour of gas turbines.

As is demonstrated in Fig. 3, compressor flow path is featured by the velocity triangles of rotor blade at mean radius [23]. The parameters used to depict the detailed characteristics of each rotor blade are as follows: α and β represent absolute flow angle and relative flow angle respectively; subscripts 1 and 2 refer to inlet and outlet cross section of each rotor blade respectively; for the first rotor, α1 is namely the setting angle of IGV which ranges from 49° to 88° for PG 9351FA type gas turbines [24] and the opening degree keeps maximum at design condition; w,c,u and Ca denote, respectively, relative velocity [m/s], absolute velocity [m/s], blade velocity at mean radius [m/s] and axial velocity [m/s]; superscript ′ means the parameters at different angle of IGV.

[image: ]

Figure 3: Velocity triangles of rotor blade with IGV regulation. (a) Velocity triangles of rotor inlet (b) Velocity triangles of rotor outlet

To analyze the operating performance during the variable geometry running mode, two assumptions are made in this study. First, relative rotor exit flow angle is assumed to be a mere function of rotor incidence. Second, stage efficiency is also regarded as a mere function of relative rotor exit flow angle. On the basis of these two hypotheses, Eqs. (8) and (9) can be derived readily through the stage energy conversion analysis and a geometric consideration of the velocity triangles.
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When IGV angle varies to adapt to load regulation, the relationship between flow coefficient and absolute flow angle before and after the modulation can be expressed as follows:

[image: images]

When it comes to the overall compressor work, mid-stage coolant extraction should be determined in addition to the work that has done so far, and this will be discussed later in Section 3.3. Once the coolant flows are known, compression work Wc is expressed as follows [kW]:

[image: images]

where, Δia,i denotes the specific enthalpy increase of air in a compressor stage [kJ/kg]; Ga,i refers to the air mass flow entering the ith stage [kg/s] which subtracts the coolant flow and can be written as:

[image: images]

where, Ga,c denotes the total air mass flow rate at the inlet of the compressor [kg/s], and Gcl,k refers to the extracted coolant flow of each stage [kg/s].

3.2 Combustion Chamber Modeling

To simplify the combustion chamber modeling, it is assumed that fuel burns completely out there in the combustor. On the one hand, its thermodynamic characteristics are simulated by the first law of thermodynamics, i.e., a simple energy balance conservation which is written as:

[image: images]

where, Gcl and Gf denote, respectively, total cooling air mass flow rate extracted from the compressor [kg/s] and fuel mass flow rate [kg/s]; LHV represents lower heating value for fuel [kJ/kg], 50047 for methane; Δia,c and Δig,t represent a specific enthalpy rise during air compression in the compressor [kJ/kg] and a specific enthalpy drop during gas expansion in the turbine [kJ/kg] respectively; ηcomb means combustion efficiency whose value can maintain a high level due to the frequent upgrades of combustion technologies, and it is given as 0.96 in this study.

On the other hand, the detailed composition of generated high-temperature flue gas before entering turbine can be determined in the light of the introduction in literature, which is deemed as mixtures of ideal gases [25]. It can be written as follows:

[image: images]

where, X stands for mole fraction of each gas component, and subscript prod denotes the generated gas.

3.3 Gas Turbine Modeling

Currently, the techniques of ceramic coatings of low thermal conductivity and blade cooling enable gas turbines to adapt to the increasing turbine inlet temperature, enhancing the ability of high-temperature endurance [26]. Among others, extracting air from different stages of the compressor to cool down turbine blades is an effective way to match the growing TIT and ensure a high efficiency. Fig. 4 illustrates the schematic diagram of PG 9351FA type gas turbines’ air cooling system. As is mentioned above, turbine is made up of three stages, each of which contains a stator blade and a rotor blade. Some air extracted from the outlet of the 9th and 13th stage of the compressor is supplied to cool down, respectively, the 3rd and 2nd stator blade of the turbine, some from the outlet of the 16th is to cool down the 1st and 2nd rotor blade, and the rest extracted from the outlet of compressor is supplied to cool down the first stator blade. In this work, the cooled turbine stage model [27] is adopted to do turbine calculation which is characterized by the row-by row calculation and enables to obtain the detailed thermodynamic performance, similar to the calculation of the compressor.

[image: ]

Figure 4: Schematic diagram of cooling model for PG 9351FA type gas turbines

Fig. 5 demonstrates the schematic diagram for cooled turbine stage model. Flue gas is first mixed with cooling air at the inlet of the stator blade with pressure loss ΔpN along the process 1-2-3, and then it expands in both the stator vane and rotor blade which corresponds to the process 3-4 in Fig. 5. Next, another pressure loss ΔpR is caused when the expanded gas is furtherly cooled by a breath of cooling air at the outlet of rotor blade which corresponds to the process 4-5-6. Here, it’s assumed that the cooling air to rotor blades doesn’t involve in expansion work.
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Figure 5: Schematic diagram for cooled turbine stage model

Expansion ratio for each stage at design condition can be calculated as:
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where, PRt denotes the turbine total-to-total expansion ratio; nt means the total number of turbine stages; PRj is the stage expansion ratio and the subscript j represents the index of turbine stage; at is the distribution parameter for turbine stage expansion ratio as is given in Tab. 2.

Table 2: Turbine design parameters for PG 9351FA type gas turbines
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The mid-stage coolant extraction from the compressor to blades of the turbine at design condition can be described as follows:
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where, Φ∞ denotes cooling effectiveness of turbine blades with large quantity of cooling air which is given as 1 in this study; Gg means the gas mass flow rate entering each stator blade and rotor blade [kg/s]; Cpg and Cpcl represent the specific heat at constant pressure of gas and cooling air respectively [kJ/(kg∙K)]; St is named as the gas flow Stanton number, Ab/Ag means blade to gas flow area ratio, ε is the heat exchange coefficient of coolant path, which are parts of the parameter C whose value is given in Tab. 2; Tgmax, Tbmax and Tcl denote, respectively, the maximum gas temperature, the maximum blade metal temperature and the temperature of coolant flow [K]; Tg,ave is the mean temperature of a mixture of flue gas and cooling air [K], which can be deduced from its enthalpy ig,ave according to Eq. (19); ΔTcomb means the temperature difference between flue gas exiting the combustion chamber and the pressurized air entering it [K]; rcl represents the mass flow ratio between extracted cooling air and flue gas of each stage; the subscript 0 means the parameters at design condition.

The pressure loss due to the mix of flue gas and coolant flow at the inlet and outlet of each stage can be expressed as follows:

[image: images]

where, y is a constant value which equals to 0.3 in this study and means the ratio between flue gas velocity and cooling air component parallel to it; Ma is Mach number; M is the gas molar mass [kg/mol]; p and T denote inlet gas pressure [MPa] and temperature [K] of each rotor blade respectively; the symbol Δ means the difference of gas parameters after flue gas and coolant flow are mixed. Relevant design parameters for the turbine are given in Tab. 2.

When the inlet and outlet thermodynamic parameters of each blade are figured out, turbine power Wt is expressed as follows [kW]:

[image: images]

where, Gt,j denotes the flue gas mass flow rate of each stage [kg/s] and Δit,j denotes the specific enthalpy drop of each stage [kJ/kg].

When turbine operates under off-design conditions, the actual expansion ratio and efficiency of each stage is determined by Flügel formulas:
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where, ηt,st denotes the stage efficiency; N is the shaft speed of the turbine [r/min]; Δis represents the isentropic enthalpy drop of each stage [kJ/kg]; the subscripts in and out denote the inlet and outlet of each turbine stage.

Coolant flow rate of each blade under off-design conditions can be expressed as follows [28]:

[image: images]

where, the subscript cl denotes the cooling air.

3.4 Gas Turbine Performance

On the basis of the aforementioned work, gas turbine power and efficiency can be determined by Eqs. (25) and (26):
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where, Wgt and ηgt denote, respectively, gas turbine power [kW] and efficiency; ηm and ηgen represent mechanical efficiency and generator efficiency which are both given as 0.98 in this work.

3.5 Fluid Thermodynamic Properties Calculation

In this work, the thermodynamic property model introduced by Bucker et al. is applied to carry out the simulation in Matlab, which regards moist air and combustion gas as mixtures of various ideal gases [29]. It represents the relationship by means of scientific equations, greatly simplifying the simulation difficulty with well-proven precision.

4  Gas Turbine Physical Modeling

ThermoflowTM is a well-known developer of thermal engineering software in America, specializing in power system simulation. It develops a comprehensive suite which contains GT PRO and THERMOFLEX, etc [30]. It is helpful to professionally predict the full-range performance in a short time, so It is widely applied to power plant projects during the preliminary design period and operational period. In this study, PG 9351FA type gas turbines are selected as the research object. Its design and off-design physical modelings are respectively carried out in GT PRO and THERMOFLEX, based on which the overall performance can be obtained easily.

4.1 Design Physical Modeling in GT PRO

To build the design physical modeling for simple cycle gas turbines in GT PRO, the general implementation steps are as follows:

•Choosing methane as the fuel gas, whose LHV is 50047 kJ/kg relative to that at the reference temperature 25°C.

•Selecting the general plant configuration as gas turbine only.

•Setting values for site ambient parameters. 15°C for temperature, 0.101325 MPa for pressure and 60% for relative humidity, i.e., ISO condition.

•Selecting the PG 9351FA type gas turbines from GT PRO library.

•Modifying the default parameters of gas turbines in software according to the design values from the open literature.

•Determining the TIT control model by setting values in specific options.

•Computing to get the design results of thermodynamic cycle calculation.

Fig. 6 shows the graphic output of simulation result in GT PRO, where T and p refer to Celsius temperature [°C] and ambient pressure [bar] respectively; M denotes mass flow rate [kg/s] and RH stands for relative humidity.
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Figure 6: Simulation diagram of gas turbine plants

4.2 Off-Design Physical Modeling in THERMOFLEX

To build the off-design physical modeling for simple cycle gas turbines in THERMOFLEX, the general implementation steps are as follows:

•Importing the design physical modeling built in GT PRO to THERMOFLEX and carrying out both the thermodynamic design and engineering design calculation in turn.

•Setting macro variables and the different values which in other words are the interested research variables that make a difference to the system performance. These common variables include ambient temperature, ambient pressure, ambient relative humidity, gas turbine load rate and so forth, which are chosen according to the research demands.

•Computing to get the off-design results of thermodynamic cycle calculation.

5  Modeling Validation at Overall Part-Load Operation

5.1 Validation at Design Condition

After performing design calculations based on mathematical modeling and physical modeling, simulation results of some key parameters are compared to the corresponding design values, as is shown in Tabs. 3 and 4.

Table 3: Design parameters of mathematical modeling result
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Table 4: Design parameters of physical modeling result
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From the tables above, we can see clearly that simulation results of both modelings agree very well with the design values. Though the results show bigger discrepancies of gas turbine efficiency which are −1.63% and 1.71% respectively, the overall relative error is within ±2%. Hence both the design modelings are of relatively high reliability and furthermore pave the way for off-design study.

5.2 Full Load Validation at Various Ambient Temperatures

Full-load operation is defined as the way that gas turbines run at the given ambient conditions and at the rated firing temperature with IGV maintaining a fully open angle (i.e., 88 degrees here). Besides, the gas turbine exhaust pressure remains unchanged in all conditions for safety operation. Notably, when operating under full-load operation, gas turbine units will adjust the fuel flow to meet the rated TIT. Some studies have so far shown that ambient parameters especially temperature and pressure have an influence on the unit performance [15,31,32].

Fig. 7 shows the effect of the ambient temperature on compressor relative pressure ratio, which denotes the ratio of actual value to the design value. Simulation results of both modelings are in a good agreement with each other. When ambient pressure is held invariant, air density decreases with temperature rising, resulting in a decrease in inlet air mass flow rate and pressure ratio successively. The maximum error is 0.018. On average, every increase of 5°C in ambient temperature will cause a decrease of 0.024 of the relative pressure ratio. Correspondingly, turbine exhaust temperature gets higher with the decrease in expansion ratio as the turbine inlet temperature remains constant, which is depicted in Fig. 8. Approximately, every increase of 5°C in ambient temperature will cause an increase of 0.0062 of the relative turbine exhaust temperature.

[image: ]

Figure 7: Comparison of compressor pressure ratio under full-load operation at various ambient temperatures
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Figure 8: Comparison of turbine exhaust temperature under full-load operation at various ambient temperatures

Fig. 9 demonstrates the effect of the ambient temperature on relative gas turbine power and efficiency. For gas turbine efficiency, mathematical simulation result agrees quite well with that of physical modeling. Compared with efficiency, there exists some bigger error between the two modeling results of gas turbine power whose maximum error is 0.036. As is shown in Fig. 9, the relative output capacity decreases almost linearly as the ambient temperature rises. Every increase of 5°C in ambient temperature will cause an approximate decrease of 0.037 of the relative gas turbine output. By comparison, a modest change occurs in gas turbine efficiency as the ambient temperature fluctuates. Each increment of 5°C in temperature will reduce relative efficiency by an average of 0.011. This result provides the evidence and a basis for optimal operation with inlet-air cooling technologies which play a favorable part in gas turbine power output and overall efficiency improvement [33].
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Figure 9: Comparison of gas turbine performance under full-load between two modelings at various ambient temperatures

5.3 Part-Load Validation at Various Load Regulation Strategies

5.3.1 Part-Load Performance at Constant TIT Regulation

The load control strategies for state-of-the-art heavy-duty gas turbines usually are characterized by IGV regulation [24]. Turbine inlet or exhaust temperature can keep constant under part-load operation by regulating IGV angle to optimize the efficiency. Evidently, there exist thermodynamic differences between the two modes.

Fig. 10 shows the variation of key parameters with gas turbine load rate under constant TIT regulation which includes inlet air mass flow rate, turbine inlet and exhaust temperature. The simulation results of both modelings show a good agreement with each other. With reduction of gas turbine load, the opening degree of IGV decreases gradually to maintain TIT, leading to a decrease of air flow and then a reduction of pressure ratio. In this way, TET is on a steady rise until the load rate decreases to 75%, where the peak value is reached, about 922.04K. When load rate comes between 75% and 65%, IGV opening continues to decrease and TET almost levels out with TIT experiencing a gradual decline. For the load rate lower than 65%, there is a slump in both TIT and TET with IGV opening keeping at 49 degrees and therefore inlet air flow at about 74% of the rated value.

[image: ]

Figure 10: Comparison of key parameters between mathematical and physical modelings under constant TIT regulation

Fig. 11 shows the change in relative efficiency of the two modelings over the full-range load rates under constant TIT regulation. It’s apparent from the graph that the efficiency is susceptible to gas turbine load rate. A considerable decrease will occur especially in lower load rate regions, for example, the relative efficiency diminishes slightly from 0.826 at 50% load rate to 0.762 at 40% load rate, however that descends markedly from 0.676 at 30% load rate to 0.538 at 20% load rate.
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Figure 11: Comparison of gas turbine efficiency between mathematical and physical modelings under constant TIT regulation

5.3.2 Part-Load Performance at Constant TET Regulation

Fig. 12 shows the variation of inlet air mass flow rate, turbine inlet and exhaust temperature with gas turbine rate under constant TET regulation. The two modeling results are highly consistent. Unlike constant TIT regulation, TET keeps constant in the range of 100% to 60% load rate and TIT slides slightly. In the meantime, IGV opening decreases from 88 degrees to 49 degrees. Thereafter, gas turbines operate along the constant corrected speed line to keep the inlet air mass flow level, basically about 74% of the rated value. When gas turbines operate under 60% load rate, TIT and TET decline rapidly, especially TIT.
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Figure 12: Comparison of key parameters between mathematical and physical modelings under constant TET regulation

The comparison of gas turbine efficiency under constant TET regulation at different gas turbine load rates is shown in Fig. 13. The overall changing trend is similar to that of constant TIT regulation. The variation of efficiency for load rate ranging from 10% to 100% is consistent between the two modelings. Relative efficiency degrades rapidly in lower load rate regions, for example, it drops by 0.0531 from 100% to 80% load rate, while that increases to 0.0788 from 80% to 60% load rate.
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Figure 13: Comparison of gas turbine efficiency between mathematical and physical modelings under constant TET regulation

6  Effects of Ambient Temperature on Gas Turbine Performance in Part-Load Operation

On the basis of the detailed quantitative calculations of gas turbine performance with both mathematical modeling and physical modeling in Section 5, it is well proved that these two modelings are essentially equivalent and practical with high precision. In this section, the effects of ambient temperature on gas turbine performance under both constant TIT and TET part-load operation will be carried out in THERMOFLEX, as is exhibited in Figs. 14–16 where the load rate refers to the ratio of the actual output to the full-load output at the same ambient temperature and relative power and efficiency refer to the ratio of the actual value to the rated value at ISO condition.
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Figure 14: Variation of gas turbine part-load output with ambient temperature
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Figure 15: Variation of gas turbine part-load efficiency with ambient temperature under both regulations
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Figure 16: Variation of gas turbine part-load efficiency with ambient temperature under both regulations

Fig. 14 shows the variation of relative gas turbine power with ambient temperature, which is independent of part-load operation strategies. As can be seen from the graph, there is a near negative linear correlation between the output and ambient temperature at a given load rate. At full-load rate, relative output capacity declines from 1.04 at 5°C to 0.80 at 45°C, consistent with what is previously described in Section 5.2. Remarkably, higher temperature exerts a larger influence on gas turbine power at a given load rate, for example, the relative output drops by 0.026 for temperature ranging from 5°C to 15°C at 60% load rate while it drops by 0.033 from 15°C to 25°C. In addition, the output capacity is more sensitive to ambient temperature at a higher load rate, for instance, when gas turbines operate at 40% and 80% load rate, each increment of 10°C in temperature will cause an average reduction of 0.025 and 0.049 in relative output respectively.

Fig. 15 shows the trend of relative gas turbine efficiency at different load rates over the ambient temperature spanning from 5°C to 45°C under constant TIT and TET strategies, generally similar to that of relative output capacity in Fig. 14. The gas turbine efficiency is significantly affected by the load rate. Take constant TET strategy for example, the relative efficiency drops by 0.057 and 0.102 respectively when load rate decreases from 100% to 80% and 60% to 40% at 35°C. Unlike gas turbine power, the efficiency is more sensitive to ambient temperature at a lower load rate, for instance, when gas turbines operate at 100% and 60% load rate, each increment of 10°C in temperature will reduce relative efficiency by an average of 0.017 and 0.019 respectively. It’s worth noting, however, that slight difference exists between the two modes. When gas turbines operate at a high load rate (60% and 80% for example), constant TET regulation shows its advantage with a higher efficiency due to the lower exhaust temperature which can be verified from the off-design simulation results in Figs. 10 and 12. As for the 40% load rate situation, IGV opening has reached the minimum degree which results in the same operation status for both strategies and the performance distinction therefore disappears.

Fig. 16, from a different perspective, further illustrates the relationship between efficiency and load rates under constant TIT and TET strategies. At a given ambient temperature, both modes share similar variation trends like Figs. 11 and 13 described previously in Section 5.3. Besides, it’s important to note that constant TET strategy is efficiently superior to constant TIT strategy under part-load conditions. It can be seen from the figure that the lower the ambient temperature is, the bigger discrepancy will occur. For example, the maximum efficiency difference is 0.51% when ta is 45°C, while that will reach to 1.2% when ta is 5°C.

7  Conclusions

To comparatively investigate the off-design performance of gas turbine power units operating at alternative load-regulating strategies, both mathematical modeling and physical modeling were applied and validated for analyzing the various effects on the gas turbine performance. In the case of a PG 9351FA gas turbine power units, the influence of ambient temperature as well as constant TIT and TET regulation strategies on the overall part-load performance was obtained. The general conclusions drawn from this work are listed as follows:

•The ambient temperature exerts a considerable influence on gas turbine output power and efficiency. Every 5°C increase in the ambient temperature produces a reduction of 3.7% in the relative full-load output and 1.1% in the relative efficiency respectively.
•At constant TIT regulation within the allowable IGV opening range, TIT remains the rated referenced value and TET maintains an upward trend with the load decrease until at the TET peak temperature of about 922.04 K and 75% load rate. In the range of load rate from 75% to 65%, TET varies little and TIT declines slightly with the load reduction. Below 65% load rate, both TIT and TET drop evidently with load reduction at 49 degrees of IGV opening.

•At constant TET regulation within the allowable IGV opening range, TET keeps the rated referenced value while TIT slides slightly during load reduction from 100% to 60%. Below the load rate of 60%, both TIT and TET declines rapidly with IGV opening at 49 degrees; and gas turbine operates along constant corrected speed line of the compressor.

•Efficiency is susceptible to gas turbine load rate, and it degrades rapidly especially in lower load rate regions. Constant TET regulation is preferred instead of constant TIT regulation for the sake of a higher efficiency under part-load operation.

Further studies would be carried out on the thermodynamic analysis of Rankine bottoming cycle, whose performance is affected directly by the exhaust quality of gas turbines. This work provides prospect for dynamic optimization and a higher energy efficiency of the gas turbine-based power system at deep peak-regulating operation.
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