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Abstract: Over the past few years, researchers were carried out a conscious effort to explore 

various methods of improving the thermal efficiency of power plants. It was shown that the 

application of a recuperator is beneficial to improve the thermal efficiency of a gas power 

plant. Nevertheless, a few studies were done from a thermodynamic point of view and it is safe 

to say that few numerical simulation studies were performed using computational fluid 

dynamics. Therefore, in this study, the effect of using a recuperator was investigated to 

increase the temperature of the combustion chamber inlet air at four different temperatures 

(633, 643, 663 and 673 K) and to enhance the overall thermal efficiency. Furthermore, the 

effect of this approach on the emission of pollutants was explored. For this purpose, the 

compressor and turbine were numerically simulated using a developed MATLAB code while 

the combustion chamber of the gas power plant was simulated for various pre-heated 

temperatures in a thermodynamic analysis by ANSYS Fluent 16. The results indicated that in 

the case of the highest increase in the inlet air temperature to the combustion chamber (50°C) 

compared to the basic state (without recuperation), the thermal efficiency of the power plant 

and emission of nitrogen oxides were increased by 1.46% and by 44.17%, respectively. 

keywords: Thermal Efficiency, Nitrogen Oxide, Combustion chamber, Computational Fluid 

Dynamics 

 
1. Introduction 

Increasing consumption of fossil fuels in 

various applications and scarcity of fossil fuel, 

also, the excessive discharging of pollutants 

has led to a situation in which the performance 

of fuel-consuming equipment has been closely 

inspected. Gas and steam power plants have a 

high fossil fuel consumption rate. Therefore, 

numerous methods have been proposed to 

improve their thermal efficiency and to reduce 

the associated fossil fuel consumption and 

pollutants emission. Moreover, the conversion 

of a gas power plant into a combined-cycle one 

can be regarded as one of the most common 

methods of improving the thermal efficiency of 

a power plant. However, this method requires 

several costly types of equipment including 

steam turbine, cooling tower, boiler and piping 

systems. Due to their simplicity and reduced 

costs, numerical simulation, analytical and 

thermodynamic approaches are rather 

attractive for researchers that investigate 

different methods of improving the 

performance of gas turbines. 

In a research work conducted by Borat 

(Borat, 1982) Improvement and superiority 

effect of steam injection in a gas turbine), 

various parameters of a gas cycle were 

compared to those of a combined cycle (gas and 

steam cycle) using steam injection. This study 

was performed using thermodynamic analyses, 

and it was revealed that the cycle efficiency 

increases in both cases. However, this increase 

in efficiency was larger in the combined cycle 

compared to the gas cycle with steam injection.  

Saboonchi and Kheradmand (A.Saboonchi, & 

Kheradmand, 2003) have investigated the 

effect of changes in the geometry of the gas 

turbine compartment on the overall thermal 

efficiency using a numerical approach. The 

obtained results indicated that no significant 

changes are observed in the thermal efficiency 

by removing the combustion chamber elbow. In 

a thermodynamic analysis, Kim and Perez-
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Blanco (Kim & Perez-Blanco, 2007) have 

explored the effects of water injection at the 

compressor inlet and the application of a 

recuperator to increase the combustion 

chamber inlet temperature using the exhaust 

gas of the turbine. The acquired results 

suggested that the application of a recuperator 

and water injection can lead to a 6% and 270 

kJ/kg increase in the thermal efficiency and 

net output work, correspondingly. Moreover, 

Sheikh Beigi and Ghofrani (Sheikhbeigi & 

Ghofrani, 2007) have investigated different gas 

turbine cycles with a reheater and a 

recuperator heat exchanger using a 

thermodynamic approach. The results revealed 

that using a heat exchanger improves the 

overall efficiency in an open cycle (heating), 

particularly, when the turbine inlet 

temperature is rather low (1000 °C). Also, in 

another thermodynamic analysis, De Pape et 

al. (De Paepe, Delattin, Bram, & De Ruyck, 

2012) have simulated the effect of steam 

injection at the compressor outlet in a micro 

gas turbine cycle with a recuperator using 

Aspen. Furthermore, the cycle was designed in 

a way that the recuperator is exchanged heat 

with both the compressor exhaust air and the 

liquid water. In this research, the acquired 

results proposed that using a recuperator and 

steam injection reduce fuel consumption by 

18% and increases electrical efficiency by 7%. 

Furthermore, in a simulated study, Zaki and 

Rajabi (Zaki, M., & Rajabi-Zargarabadi, 2014) 

have evaluated the effect of equivalence ratio 

on the nitrogen oxide generation in the 

combustion chamber for methane, propane, 

and pentane. The results showed that the 

equivalence ratio for three fuels has a 

significant effect on the nitrogen oxide 

generation. Comodi et al (Comodi, Renzi, 

Caresana, & Pelagalli, 2015) have examined 

the performance of a gas microturbine in a 

warm climate where the inlet air is cooled 

using the Vapor-Compression Refrigeration 

System (VCRS). The results recommended that 

cooling the inlet air using VCRS lead to an 

increase in the level of microturbine output in 

ISO conditions and a 1.5% upsurge in the 

power generation efficiency. In a 

thermodynamic analysis, Hassan Athari et al. 

(Athari, Soltani, Rosen, Kordoghli, & Morosuk, 

2016) have assessed the economic exergy of a 

gas turbine and a combined cycle with steam 

injection and inlet air cooling using a nebulizer 

and a biomass fuel in that order. The results 

showed that the cooling and steam injection, as 

well as the steam turbine integration and gas 

turbine cycles, can increase the efficiency of 

electrical systems. Moreover, Murad Ali Pour 

Mohammad et al.  (Pourmohamad, M. A., 

Ashjari, M. A., & Khosroshahi, n.d.) have 

scrutinized the effect of a recuperator in a 

microturbine system using a thermodynamic 

approach. The results proposed that using a 

recuperator can lead to a reduction in fuel 

consumption by 45%. EL-Shazly et al. (El-

shazly, Elhelw, Sorour, & El-maghlany, 2016) 

have examined the improvement of an 

integrated gas turbine performance using 

various inlet cooling techniques. In this study, 

a gas turbine without cooling was been 

compared to a gas turbine with cooling 

(absorption refrigerator) and a water cooler in 

terms of thermal efficiency, power output, and 

fuel consumption. A significant improvement 

was observed in the thermal efficiency and 

power output of the gas turbine with cooling. It 

should be noted that in our study, the turbine 

performance was simulated using C++ and the 

obtained results were compared to an “MS 

6001 B” turbine. 

Sahu and Sanjay (Sahu, 2017) have 

examined the application of an intercooler in a 

cycle with a recuperator using a 

thermodynamic approach. In this cycle, 

layered cooling was used for the blades of the 

turbine. The results exposed that the specific 

work of the cycle with a recuperator and 

intercooler and the fuel consumption of this 

cycle are 50% and 27.8% higher compared to 

the base cycle, respectively. 

Amiri-Rad and Kazemian-Najafabadi  

(Amiri-Rad & Kazemiani-najafabadi, 2017) 

have thermodynamically investigated a gas 

turbine cycle with steam injection and a 

recuperator to determine the optimum steam 

temperature. Their results showed that the 

optimum temperature is 318.5°C and the 

thermal efficiency increases by 4.6% at this 

temperature. 

Sanaye et al. (Sanaye, Amani, & Amani, 

2018) have explored a multi-objective 

optimization of a power plant including a gas 

turbine cycle with steam injection, a steam 

generator system, and a cooling absorbent 

using the genetic algorithm. The acquired 

findings proposed that thermal efficiency is 

30.7% in optimal working conditions. 

In a thermodynamic analysis, Pashchenko 

(Pashchenko, 2018) has evaluated the effect of 

using a recuperator via the heat of the turbine 

outlet gas. This recuperator was used for the 

pre-heating of steam and methane. 

Additionally, the steam and methane were 

injected into the combustion chamber after the 

preheating process by the recuperator. The 

results indicated that an increased level of 

pressure reduces the recuperator efficiency. 

As previously mentioned, a recuperator can 

be employed to increase the inlet air 
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temperature of the combustion chamber. This 

approach may be considered as one of the most 

important proposed methods to improve the 

overall efficiency of a power plant. An upsurge 

in the inlet air temperature of the combustion 

chamber is associated with an increase in the 

overall thermal efficiency. This is because less 

energy is used to warm the inlet turbine gas. A 

large number of thermodynamic and 

mathematical modeling studies have been 

carried out in the field of heat recovery; 

however, there are a few conducted numerical 

simulation studies for comparison which were 

carried out by computational fluid dynamics. 

Furthermore, due to the complexities of a 

combustion process and nonlinearity of various 

mass fraction equations of species, the effect of 

this particular method on the amount of 

pollutant generated in the process has not 

been meticulously explored thus far. The main 

purpose of this study is to investigate the effect 

of recuperation on the thermal efficiency and 

emission of pollutants using a numerical 

simulation of the combustion chamber and 

thermodynamic analysis of other primary 

components of a power plant. Finally, the 

temperature distribution and mass fraction of 

species in the combustion chamber are 

assessed for a simple gas cycle to provide a 

comprehensive numerical simulation. 

2. Introducing the Cycle with a 

Recuperator 

In a simple gas power plant cycle, the mean 

temperature of the turbine heat output is 

about 550 °C [16]. This heat is released to the 

surrounding environment and is essentially 

wasted. However, this heat can be utilized to 

increase the inlet temperature to the 

combustion chamber using a recuperator. The 

schematic diagram of a gas power plant cycle 

with a recuperator is shown in Figure 1 (Cycle 

1). As can be seen, the outlet compressor flow 

(line 2) is heated using hot exhaust gases of 

the power plant (line 5) in a recuperator; 

therefore, the air (line 3) enters the 

combustion chamber at a higher temperature. 

The increased inlet temperature of the 

combustion chamber causes complete 

combustion, increased reaction rate, and 

consequently increased turbine inlet 

temperature and work output. In this 

research, the effect of the recuperation on the 

thermal efficiency was investigated to increase 

the inlet air temperature of the combustion 

chamber. This was performed in a way that 

the air temperature without recuperation 

(basic condition) was determined at 623 K. The 

obtained results were then compared to a 

recuperator and four different elevated 

temperatures including 10° (633 K), 20° (643 

K), 40° (663 K) and 50° (673 K) upsurge in 

temperature. 

 

Figure 1. Schematic diagram of a gas power plant 

cycle with a recuperator 

In this research, the combustion chamber 

was evaluated using numerical simulation and 

the compressor, turbine, and recuperator of the 

power plant was assessed using a developed 

MATLAB code in a thermodynamic analysis. 

The required information is presented in Table 

1 where the input variables are shown in two 

identical cycles. 

Table 1. Input variables for a simple cycle and cycle 1 

Input Variable Value 

Compressor Inlet Temperature (𝑇1) 295 K  

Compressor outlet temperature (𝑇2) 623 K 

Turbine Inlet Pressure (𝑃4) 830 KPa 

Turbine Outlet Pressure (𝑃5) 100 KPa 

Mass Flow Rate of Fuel (𝑚∙𝑓) 3.64 𝑘𝑔/𝑠 

Mass Flow Rate of air (𝑚∙𝑎) 214.2 𝑘𝑔/𝑠 

Heating value of Fuel (ℎ𝑓) 50010 𝑘𝐽/𝑘𝑔 

3. Governing Equations and 

Numerical Simulation of the 

Combustion Chamber 

The geometry of a gas combustion chamber is 

shown in Figure 2. This chamber was designed 

with a concentric double elbow and has eight 

burners located in the upper part as shown in 

Figure 2. Additionally, the burner geometry is 

depicted in Figure 3. As shown in Figure 2, the 

air enters from the outer elbow, moves toward 

the upper section of the compartment, and 

then mix with the incoming methane from the 

burner. The combustion occurs when the fuel 

and air are mixed so that its products are 

transferred from the center after passing the 

inner elbow pathway. The dimensions of this 

compartment are shown in Figure 4. 



 

 
32  Gas Processing Journal, Vol. 7, No. 1, 2019 

 

GPJ           

 

Figure 2. Combustion chamber Schematic 

 

Figure 3.  Schematic of a burner 

 

Figure 4. Combustion Chamber Dimensions (mm) 

The non-premixed combustion of methane 

is considered. Moreover, Simple algorithm is 

used to solve the momentum equations and 

pressure discretization. The combustion flow is 

turbulent, and the standard k-e model is 

employed to model this turbulent flow. Upwind 

differencing scheme is applied for the 

discretization of all convective terms. In this 

model, the two transfer equations - for 

calculating the kinetic energy (k) and the rate 

of dissipation of turbulence energy (𝜀) - are 

solved as follows(Pope, 2007). 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖)

=
𝜕

𝜕𝑥𝑖
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘

+ 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑚 

(1) 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖)

=
𝜕

𝜕𝑥𝑖
(𝛼𝜀𝜇𝑒𝑓𝑓

𝜕𝜀

𝜕𝑥𝑗
)

+ 𝐶1𝜀
𝜀

𝐾
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏)

− 𝐶2𝜀𝜌
𝜀2

𝐾
 

(2) 

Where 𝐺𝑘 denotes the generated turbulent 

energy due to change in mean velocity, 𝐺𝑏 
represents the generated turbulent energy 

owing to the buoyancy force exhibitions, 𝑌𝑚 is 

the ratio of expansion perturbation 

incompressible turbulence to the overall rate of 

turbulence energy dissipation. Based on 

previous studies (Pope, 2007), the constant 

coefficients of these equations were determined 

at 𝛼𝜀 = 0.72 ; 𝐶𝜇 = 0.0845; 𝛼𝑘 = 072; 𝐶1𝜀 =

1.42; 𝐶2𝜀 = 1. 68  
Magnussen model was used (the following 

equation) to determine the combustion 

reaction rate which is represented as a source 

term in the energy equation and mass fraction 

conservation of species(Magnussen, F. F., & 

Hjertager, 1976): 

𝑅. 𝑅 = 𝐴𝜌
𝜀

𝐾
𝑀𝐼𝑁 (𝑌𝑓.

𝑌𝑜2
𝑆
) (3) 

Where R.R represents the reaction rate, A is 

an empirical constant (equal to 4), Y is the mass 

fraction of the fuel and oxygen, S is the amount 

of oxygen required for the combustion of one 

kilogram of the fuel in a stoichiometric state. 

In addition, only a form of heat, which has 

been developed by the Zeldovich mechanism 

(Warnatz, J., Mass, U., & Dibble, 2006), was 

considered for the modeling of the nitrogen 

oxides (NO), and its associated reactions are as 

follows: 

𝑂 + 𝑁2
𝑘±1
↔ 𝑁𝑂 + 𝑁 

4   𝑁 + 𝑂2
𝑘±2
↔ 𝑁𝑂 + 𝑂   4  

𝑁 + 𝑂𝐻
𝑘±3
↔ 𝑁𝑂 + 𝐻 

(4) 

Where 𝐾±1.2.3 (
𝑚3

𝑚𝑜𝑙.𝑠
) are the reciprocal 

reaction constants expressed as follows 

(Hanson, R. K., & Salimian, 1984): 

𝐾1 = 1.8 ∗ 10
8exp (−

38370

𝑇
) 

𝐾−1 = 38 ∗ 10
7exp (−

425

𝑇
) 

𝐾2 = 1.8 ∗ 10
4 ∗ T ∗ exp (−

4680

𝑇
)  

(5) 

𝐾−2 = 3.81 ∗ 10
3 ∗ T ∗ exp (−

20820

𝑇
) 

𝐾3 = 7.1 ∗ 10
7exp (−

450

𝑇
) 

𝐾−3 = 1.7 ∗  10
8exp (−

24560

𝑇
) 

 

Air inlet 

Outlet 
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Therefore, the formation rate of NO is 

obtained using the following equation(ANSYS, 

2013): 

𝑑[𝑁𝑂]

𝑑𝑡
= 𝐾1[𝑂][𝑁2] + 𝐾2[𝑁][𝑂2] +

𝐾3[𝑁][𝑂𝐻] − 𝐾−1[𝑁𝑂][𝑁]−𝐾−2[𝑁𝑂][𝑂] −
𝐾−3[𝑁𝑂][𝐻]   

(6) 

The DO model was also considered for 

radiation modeling(ANSYS, 2013). The inlet 

boundary condition of the air and fuel are 

velocity inlet, furthermore, the outlet boundary 

condition of the combustion products is 

pressure outlet. Moreover, the external wall is 

considered to be insulated due to the 

insulation of the outer body of the combustion 

chamber. 

After a series of trial and error and verifying 

the results for temperature near the burner as 

the high gradient location, to validate the 

independence of our results from the 

computational mesh, 47000 hexagonal elements 

were considered as the minimum number of 

elements for the independence of our results. 

Also, residual levels are considered less than 10 
-5 as the convergence criterion. The geometry of 

the combustion chamber and its associated 

computational meshwork using a Triangular 

type element is depicted in Figure 5. 

Furthermore, for the accuracy validation of 

the numerical results, the mean temperature 

of the combustion chamber outlet obtained 

from the numerical simulation was compared 

to the data collected from Kaveh Qaen's power 

plant (Performance test of Kave combined cycle 

PP (GT V94.2), n.d.) where the working 

condition was similar to a simple cycle used in 

this research as depicted in Table 2. Thus, the 

results revealed that the numerical solution 

error is less than 1% which is a strong 

indication of the numerical solution accuracy. 

 

Figure 5. Computational mesh of the combustion 

chamber 

 

 

Table 2. Comparison of numerical and empirical 

results 

Result 
Mean Outlet 

Temperature (K) 

Numerical solution 1056 

Empirical result 

(Performance test of Kave 

combined cycle PP  

(GT V94.2), n.d.) 

1060 

4. Thermodynamic Analysis 

In this study, the gas turbine cycle is a simple 

cycle which includes a compressor, a 

combustion chamber, and a gas turbine. Also, 

the behavior of the compressor, gas turbine, 

and waste recuperator was predicted using a 

code developed in MATLAB. This 

thermodynamic analysis was performed to 

determine the air temperature at the 

compressor, r, and gas turbine outlets. 

In contrast to the air standard Joule cycle, 

irreversibility of practical turbo machines 

should be considered in the analysis of the gas 

turbine power plants using a simple cycle. 

Generally, the irreversibility of the turbo 

machines was determined by taking into 

account the associated isentropic efficiency. 

The following assumptions are normally 

considered in simulating the actual cycle of a 

gas turbine: 

 The cycle works in a steady state. 

 In the ideal state, the inlet air has the 

following volume fraction composition 

(CLAUS BORGNAKKE, 2009): 

0.7748𝑁2 + 0.2059𝑂2 + 0.0003𝐶𝑂2
+ 0.019𝐻2𝑂 (7) 

 The ideal gas law was used for the air and 

combustion products. 

 Compressor and turbine were considered 

adiabatic. 

 Methane was the primary source of energy. 

 The atmospheric air temperature in the 

compressor was increased isentropically 

based on the following equation(CLAUS 

BORGNAKKE, 2009): 

∫𝐶𝑝
𝑑𝑇

𝑇
=
𝑅

𝜂𝑝
ln (
𝑃2

𝑃1
) (8) 

Where T is the temperature in Kelvin, P is 

the pressure in kPa, 𝐶𝑝 is the specific heat 

capacity in 𝑘𝐽/𝑘𝑔. 𝐾 and subscripts 1 and 2 

denote the inlet and outlet conditions, 

respectively. Moreover, 𝜂𝑝 is the polytropic 

efficiency of the compressor. The specific heat 

capacity, enthalpy, and entropy values of every 

single element were calculated using the 

following equation as a function of 
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temperature(Bejan, A., Tstsaroincs, G., & 

Moran, 1996). 

𝐶𝑝 = 𝑎 + 𝑏𝑦 + 𝑐𝑦
−2 + 𝑑𝑦2 (9) 

ℎ = 103 [𝐻+ + 𝑎𝑦 +
𝑏

2
𝑦2 − 𝑐𝑦−1

+
𝑑

3
𝑦3] 

(10) 

𝑠 = 𝑆+ + 𝑎 ln(𝑇) + 𝑏𝑦 −
𝑐

2
𝑦−2 +

𝑑

2
𝑦2 (11) 

𝑦 = 𝑇 1000⁄  (12) 

It should be noted that the physical 

properties of air should be determined in terms 

of the volume fraction of its constituent 

elements. Therefore, on condition that the 

humidity changes, the composition of the 

elements also will be varied and consequently, 

the physical properties altered. Hence, the 

physical properties of the air in the simulator 

code were considered as a function of the 

humidity and air temperature to improve the 

accuracy of the calculations where a, b, c, and 

d are constants used for each of the air element 

and y is a function of temperature. The values 

of these coefficients are given in Table 3 for 

nitrogen, oxygen, carbon dioxide and water 

(Bejan, A., Tstsaroincs, G., & Moran, 1996). 

Table 3. values of a, b, c, and d for different air 

elements 

Element a b c d 

Nitrogen 30.418 2.544 0.238 0 

oxygen 29.154 6.477 0.184 1.017 

Carbon 

dioxide 
51.128 4.368 1.469 0 

Water 34.376 7.841 0.423 0 

 

Similar to the previously mentioned 

equations for the compressor, the gas turbine 

outlet temperature was calculated using the 

following equation (CLAUS BORGNAKKE, 

2009): 

∫𝐶𝑝
𝑑𝑇

𝑇
= 𝑅𝜂𝑝ln (

𝑃4

𝑃5
) (13) 

where the subscripts 4 and 5 refer to the 

turbine inlet and outlet, respectively. Energy 

balance written for the waste recuperator is 

presented as follows (CLAUS BORGNAKKE, 

2009): 

𝑚∙𝑎(ℎ3 − ℎ2) = 𝑚
∙
𝑔(ℎ5 − ℎ6) (14) 

𝑝3 = 𝑝3(1 − ∆𝑝𝐴𝑃𝐻)  (15) 

where the subscripts 5 and 6 correspond to 

the inlet and outlet of the recuperator, 

respectively. Moreover, ∆𝑝𝐴𝑃𝐻 is related to the 

air pressure drop in the recuperator. 

It should also be noted that the primary 

goal of modeling a gas turbine cycle is the 

ability to predict the behavior of the cycle to 

determine the flow rate and exhaust gas 

temperature from the turbine under different 

conditions. 

5.1. Results 

5.1. Numerical Simulation Results of 

the Combustion Chamber for a 

Simple Cycle (without Recuperator) 

In this section, the numerical simulation 

results including the temperature distribution 

and mass fraction of pollutants in the 

combustion chamber are evaluated for a simple 

gas power plant. The mass fraction 

distribution of methane is depicted in Figure 6 

in the middle section of the combustion 

chamber. The mass fraction is considered to be 

unity due to the presence of pure methane at 

the flare fuel inlet. At the flared outlet, the 

value of the fuel mass fraction was sharply 

dropped due to mixing with the air and 

combustion process and most of the fuel was 

consumed. As a result, the fuel mass fraction is 

quite negligible in large parts of the 

combustion chamber. 

Figure 7 shows the distribution of the 

oxygen mass fraction in the middle section of 

the combustion chamber. Oxygen was not 

consumed until the flare and the mass fraction 

was considered to be unity. The oxygen mass 

fraction is about 0.23 in the air while nitrogen 

almost takes up the rest. Moreover, due to the 

air passage from the flare and mixing with the 

fuel, the combustion occurs and the available 

oxygen level or it’s mass fraction decreases. At 

the gap section and after the combustion 

products are passed by, the oxygen mass 

fraction increases due to the addition of some 

non-combusted air. Furthermore, the mean 

oxygen mass fraction is around 0.158 at the 

outlet based on Figure 7. This excess air helps 

to control and reduce the turbine inlet 

temperature. 

The temperature distribution is depicted in 

Figure 8 in the middle section of the 

combustion chamber. As can be seen, the air is 

mixed with the fuel and the combustion occurs 

in the vicinity of the flare. The temperature 

upsurges to 2030 K in the middle section and 

center of the flame. However, the interaction 

between the flame radiation and combustion 

chamber wall results in a reduction up to 600 

K in the mean flame temperature. The gap 

inlet air is then mixed with the combustion 

products. Finally, the mean outlet temperature 

of the combustion chamber is further reduced 

to 1340 K. 
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Figure 6. Distribution of methane mass fraction in 

the middle section of the combustion chamber 

 

Figure 7. Distribution of the oxygen mass fraction 

in the middle section of the combustion chamber 

 

Figure 8. Distribution of temperature in the middle 

section of the combustion chamber 

Carbon monoxide is a gas which is only 

produced by incomplete combustion of the 

carbon. Figure 9 shows the distribution of the 

carbon monoxide mass fraction in the middle 

section of the combustion chamber. It can be 

observed that the carbon monoxide is initially 

generated in the vicinity of the flare because of 

a sudden surge in the temperature, breakdown 

of the fuel molecules, and a mixture of carbon 

atoms and oxygen. It is worthy to note that 

due to an increased rate of the fuel and air 

mixing and the addition of excess air from the 

gap, carbon monoxide is gradually converted 

into the carbon dioxide. Consequently, the 

carbon monoxide mass fraction significantly 

decreases and is rather small at the outlet. 

The distribution of the carbon dioxide mass 

fraction is illustrated in the middle section of 

the combustion chamber in Figure 10. As can 

be seen, the mass fraction of carbon dioxide is 

essentially zero owing to the lack of 

combustion until the flare. Moreover, due to a 

proper mixing of the fuel and air and complete 

combustion at the flared outlet and in the 

center of the flame, the mass fraction of the 

carbon dioxide is at the maximum value. 

Furthermore, the mass fraction of the carbon 

dioxide is decreased as a result of the entry of 

non-combusted air from the gap and its 

mixture with the combustion products. 

Consequently, these products are gradually 

diluted. 

The distribution of the mass fraction of 

nitrogen oxides is presented in Figure 11 in the 

middle section of the combustion chamber. 

Because of the high temperature, nitrogen 

oxides are generated in the vicinity of the flare. 

Additionally, the dilution of the combustion 

products, the addition of the excess air from 

the gap, and the mass fraction of nitrogen 

oxides are decreased caused by lessening 

temperature. The mean value of nitrogen 

oxides was 0.119 ppm at the outlet. 

 

Figure 9. Distribution of carbon monoxide mass 

fraction in the middle section of the combustion 

chamber 
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Figure 10. Distribution of carbon dioxide mass 

fraction in the middle section of the combustion 

chamber 

 

Figure 11. Distribution of nitrogen oxides mass 

fractions in the middle section of the combustion 

chamber 

5.2. Effect of a Recuperator on the 

Temperature Distribution, Efficiency, 

and Emission of Pollutants 

In this section, the effect of a recuperator on 

the temperature distribution, efficiency, and 

emission of pollutants is investigated. For this 

purpose, the effect of this unit was analyzed in 

terms of different preheated temperatures. 

In Figure 12, the temperature contour 

shows a 10-degree rise in temperature. As can 

be seen, the air is mixed with the fuel and 

combustion occurs at the flare section. Since 

the air enters the combustion chamber with 

higher temperature compared to the basic 

state (without an increase in its initial 

temperature), the temperature reaches around 

2050 K in the flare center. Furthermore, in the 

case of a 10-degree increase in the air 

temperature, the flame length was not 

significantly changed compared to the state 

with no temperature increase (see Figure 7). 

However, based on Figure 12, the temperature 

and mean temperature at the center of the 

flame and combustion chamber outlet were 

increased by 20°C and 10°C, respectively. 

 

Figure 12. Temperature distribution for the case of 

a 10-degree increase in the air temperature in the 

middle section of the combustion chamber 

The temperature contour, which is shown 

in Figure13, depicts a 20-degree increase in 

the air temperature that enters the 

combustion chamber. In this case, the flame 

length was relatively higher compared to that 

of the basic state. Moreover, the temperature 

and mean one at the center of the flame and 

combustion chamber outlet were increased by 

10°C and 45°C compared to that of the basic 

state in that order. 

As shown in Figure 14, the temperature 

contour presents a 40-degree upsurge in the 

air temperature that goes into the combustion 

chamber. In this case, the flame length was 

again relatively higher compared to that of the 

basic state and those temperatures, which 

were mentioned earlier, were increased by 

20°C and 50°C, respectively. 

Figure 15 shows the temperature contour of 

a 40-degree increase in the air temperature 

that enters the combustion chamber. It can be 

easily observed that due to this largest 

temperature increase (50 °C), the flame has 

the highest length compared to the basic state. 

In addition, the mean temperature at the 

combustion chamber outlet is 90 °C higher 

than the basic state. 
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Figure 13. Temperature distribution for the case of 

a 20-degree increase in the air temperature in the 

middle section of the combustion chamber 

 

Figure 14. Temperature distribution for the case of 

a 40-degree increase in the air temperature in the 

middle section of the combustion chamber 

 

Figure 15. Temperature distribution for the case of 

a 50-degree increase in the air temperature in the 

middle section of the combustion chamber 

The thermal efficiency diagram in terms of 

the preheating temperature is shown in Figure 

16. As can be seen, when the inlet air 

temperature of the combustion chamber is 

increased, the thermal efficiency also rises 

linearly. The power plant efficiency was 

determined at 31.6% with a 10-degree rise in 

temperature for the basic state (623 K). This 

efficiency was increased to 31.97% (0.37% 

improvement) while it was 32.29% (0.69% 

improvement) for a 20-degree increase in 

temperature. Moreover, the efficiency was 

determined at 32.8% (1.2% improvement) for a 

40-degree increase in temperature. According 

to the highest increase in temperature (i.e. 

50°C), the thermal efficiency of 33.06% was 

achieved (1.46% improvement). As the inlet air 

temperature of the combustion chamber 

increases, the thermal efficiency is expected to 

enhance. This is mainly because when the inlet 

combustion chamber temperature increases, 

the turbine working temperature is also 

increased, which manifests in a higher turbine 

output, so, a higher thermal efficiency because 

of the increased specific volume of the turbine. 

Figure 17 represents the mass fraction of 

nitrogen oxides (NOx) in terms of the 

preheating temperature. Based on the 

temperature in this figure, one may observe 

that as the air temperature increases, the 

number of generated nitrogen oxides is also 

elevated. This may be since that as the inlet 

air temperature into the combustion chamber 

upsurges, the maximum temperature of the 

flame also increases. Furthermore, the triple 

bond of the nitrogen is broken down at this 

temperature and the nitrogen radicals are then 

converted to NOx established upon various 

mechanisms. Therefore, when the pre-heating 

temperature is increased, more triple nitrogen 

bonds are broken down which leads to a higher 

number of generated NOx. In the case of 

maximum pre-heating, NOx is generated by 

44.17% more than the basic state. 

Figure 18 shows the mass fraction of the 

carbon dioxide in terms of temperature. 

Furthermore, it is significantly increased with 

a 10-degree increase in its temperature 

compared to the basic state (without 

recuperator). Subsequently, as the pre-heating 

temperature increases, the growth in the mass 

fraction of the carbon dioxide is rather 

negligible which indicates that a large increase 

in the preheating temperature does not have a 

significant effect on the complete or incomplete 

characteristic of the combustion. Therefore, it 

does not increase the mass fraction of carbon 

dioxide. 
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Figure 16. Thermal efficiency in terms of the 

preheating temperature 

 

Figure 17. The nitrogen oxides mass fraction 

in terms of the preheating temperature 

 

Figure 18. The carbon dioxide mass fraction 

diagram in terms of the preheating temperature 

6. Conclusion 

In this research, the effect of using a 

recuperator was investigated on the thermal 

efficiency and emission of the pollutants in a 

gas power plant cycle. For this purpose, the 

combustion chamber of a gas power plant 

(V94.2 gas turbine) was numerically evaluated 

by ANSYS Fluent 16. Moreover, the net power 

and thermal efficiency of the power plant were 

determined using a developed MATLAB code 

for various pre-heated temperatures in a 

thermodynamic analysis. In addition, in order 

to achieve a comprehensive numerical 

simulation, temperature distribution and mass 

fraction of combustion products in the 

combustion chamber were analyzed for a 

simple cycle of a gas power plant. The obtained 

results revealed the following statements 

despite the presence of a recuperator and in 

the case of maximum pre-heating: 

 Thermal efficiency was increased by 1.46%. 

 Net power was increased by 2.65 MW. 

 Emission of NOx was increased by 44.17%. 

 Carbon dioxide Emission was increased by 

69.1%. 

7. Symbols 

A Empirical Constant 

𝐶𝑝 
Specific heat capacity at constant 

pressure (𝐽/𝑘𝑔. 𝑘) 

𝐶𝑣 
Specific heat capacity at constant 

volume (𝐽/𝑘𝑔. 𝑘) 

𝐺𝑘 
Generated turbulent energy due to 

mean velocity changes (J) 

𝐺𝑏 
Generated turbulent energy due to 

buoyancy forces (J) 

H Enthalpy (J) 
𝐻𝑓 Heating value of Fuel (𝑘𝐽/𝑘𝑔) 

𝑚∙𝑓   Rate of fuel consumption (kg/s) 

𝑚∙𝑎 Rate of air consumption (kg/s) 

P Pressure (kPa) 

R.R Reaction Rate (kg/s) 

S 

The amount of oxygen required for 

the combustion of one kilogram of the 

fuel in a stoichiometric state (kg) 
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