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ABSTRACT 

The concept of flameless combustion (FC) has attracted 

much attention for its great advantages of improved 

performance and much reduced pollution emission. 

Meanwhile, the FC in the inter-stage turbine burner (ITB) is 

better than that in the main combustor for the certain amount 

of exhausted gas. In this paper, a type of trapped vortex-

inter-stage combustor is designed, and the numerical 

simulation is conducted to examine under two typical 

working conditions to reveal the effect of the conditions on 

the temperature distribution and NO emission. Firstly, an 

experiment from the reference, which achieves the flameless 

combustion, is simulated to verify the reliability of the 

models. Then, the trapped vortex combustor designed for 

ITB fuelled by methane is numerical simulated under the 

different conditions. The simulation results show that the 

temperature field is uniform and NO emission is lower when 

the combustor work under the flameless condition with 

higher temperature and less oxygen mass fraction. 

Keywords: FC, trapped vortex, ITB, temperature, low 

emission. 

 

INTRODUCTION 

Nowadays, due to the rapid development of economy 

and population of the world, the atmospheric pollution 

presents a serious problem and the demand on energy 

security increases, the traditional low-emission combustion 

technologies are harder to satisfy these new requirements and 

it calls for optimization of combustion mode, thus producing 

a concept of flameless distributed combustion (FC). FC is 

named for its significant features that the combustion regions 

are transparent and indicate no visible flame. FC is also 

known as the colourless distributed combustion (CDC), 

flameless oxidation (FLOX), high temperature air 

combustion (HiTAC) and moderate or intense low oxygen 

dilution (MILD), these are just the different names to 

describe the phenomena of combustion. Flameless 

combustion concept origins from “excess enthalpy 

combustion” theory and the schematic diagram is shown in 

Fig.1, this combustion mode utilizes exhaust gas 

recirculation to heat the mixture upstream of the air and fuel 

of the reaction zone, thereby avoiding the direct combustion 

and greatly enhancing the combustion in which the NOx 

formation can be suppressed without the expense of the 

thermal efficiency. This new combustion technology has 

demonstrated improved performance, reduced emission level 

as well as uniform combustor temperature compared to 

conventional combustion mode and it is also considered as a 

promising technology to implement in gas turbines [1-5]. 

 

Figure 1. Schematic diagram of the excess enthalpy 
combustion [2]. 

In recent years, lots of researchers have conducted tests 

on FC mode through different ways and the one aim can 

identify is to develop an effective flameless combustor. One 

important way to achieve FC is to attain the high temperature 

and low oxygen concentration combustion condition [6-10]. 

Therefore, the FC in the ITB (Inter-stage Turbine Burner) is 

better than that in the main combustor, because the ITB is 
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gifted with certain amount of exhausted gas and the 

temperature rise of the ITB is usually lower than the main 

combustor [6]. In addition, the type of trapped vortex 

combustor is a promising combustor geometry to achieve 

flameless combustion, because the fast mixing of hot 

reacting products and fresh air can be achieved in the trapped 

vortex, creating the favourable high temperature and low 

oxygen content condition for the realization of flameless 

combustion, moreover, there are few studies and reports on 

ITB at present [11-13]. 

 

SELECTION OF TURBULENCE MODELS BASED 
ON EXPERIMENTAL RESULTS 

In this research, we investigate the flameless combustion 

in an ITB of a gas turbine and a type of trapped vortex 

combustor is designed as the object of the study. In order to 

find a reasonable numerical investigation method for the 

flameless combustion, we survey several experiment 

discoveries of other researchers and select the design of 

Vaibhav K [14,15] as the object to do numerical simulation, 

because the reacting zone is bright and there is no obvious 

flame phenomenon in combustor. The work is to verify a 

reliable simulation method for flameless combustion by 

comparing the results of the temperature distribution and NO 

emission with the experimental data. The numerical 

simulation method highly depends on the turbulence model, 

so the first work is to select an appropriate turbulence model 

for the flameless combustion simulation. 

Since the technology of commercial software for 

preliminary simulation is relatively mature now, 

computational fluid dynamics (CFD) methods have become 

an important tool in combustor industry, thus we utilize 

intensive CFD simulations (ANSYS CFX) as the simulation 

tool to indicate the combustor’s internal temperature, 

velocity distribution and NO emission through analysing the 

combustor of Vaibhav K with the same structure and 

working condition of the experiment [16]. 

There are several different turbulence models and 

combustion models in ANSYS CFX. In order to do 

reasonable simulation of flameless combustion model, we 

survey three combination of models on the basis of 

knowledge of the model. They are RNG k-e turbulence 

model with eddy dissipation (ED) combustion model, RNG 

k-e turbulence model with Finite Rate Chemistry and eddy 

dissipation (ED and FRC) combustion model, and BSL 

Reynolds stress turbulence model with PDF flamelet model 
[17]. 

The configuration of this combustor is designed to 

achieve flameless combustion through partial entrainment of 

product gases into the injected air jets to provide the 

favourable combustion conditions. Fig 2 is the schematic 

diagram of the experimental combustor, air and fuel injection 

are both on the bottom with four holes evenly installed. The 

3D modelling software Unigraphics NX is used to construct 

the combustor model and it is shown in Fig 3. 

 

Figure 2. The schematic diagram of the 
experimental combustor [14]. 

 

Figure 3a. Schematic of combustor model and 
air/fuel injection holes. 

 

Figure 3b. Air/fuel injection hole schematic of 
combustor model. 

The numerical condition is the same as the experiment, 

the speed of fuel (methane) injection and air injection is 

respectively set as 97 m/s and 128 m/s to ensure the 

equivalence ratio of 0.8. The temperature for both fuel and 

air jet is 300K and operating pressure is 1 atm. Full 

hexahedral grid is used to minimize the grid size. The 

regions grids are appropriately refined with higher gradient. 

The number of cells is about 2.3 million. Convergence is 

obtained when the residuals for all the variables are less than 

1e-05 [14]. 

The temperature distributions obtained from three 

different numerical simulations are compared with the value 

measured in the centre plane of the combustor from 
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experiment, which can be seen in Fig4. Direction X , Y and 

D is respectively defined as the distance along the length of 

the combustor, the distance along the width of the combustor 

and the diameter of air jet holes. 

 

Figure 4a. Temperature field of the experiment in 
the centre plane [14]. 

As the picture shows, the temperature field of the 

experiment is uniform and not higher than 1800K. In 

addition, the temperature near the centre of the combustor is 

slightly higher. 

 

Figure 4b. Temperature field of the RNG k-e and ED 
model in the centre plane. 

 

Figure 4c. Temperature field of the RNG k-e, ED and 
FRC model in the centre plane. 

 

Figure 4d. Temperature field of the BSL Reynolds 
stress and PDF flamelet model in the centre plane. 

The uncertainty in temperature measurement of 

experiment is about ±20K, and the uncertainty due to 

radiation losses is estimated to be about 50K [14]. It can be 

seen that the overall difference of temperature distribution 

obtained by numerical simulation of three methods is small, 

and the error is within 10% compared to the measurements. 

However, according to the temperature value of the 

simulation, there still some differences. Take the case of 

Y=11D as an example, the refinement of temperature 

comparison between simulation and experiment is shown in 

Fig5-7. Ts and Tt respectively represents the temperature of 

simulation and experiment. 

 

Figure 5. Temperature comparison of the 
experiment and RNG k-e, ED model simulation. 

 

Figure 6. Temperature comparison of the 
experiment and RNG k-e, ED and FRC model 

simulation. 
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Figure7. Temperature comparison of the 
experiment and the BSL Reynolds stress, PDF 

flamelet model simulation. 

From the comparison on the values and trends of the 

three simulation results and experiment, the method of RNG 

k-e model with eddy dissipation and finite rate chemistry fits 

the experimental results best. 

In addition, we simulate the NO emission of the 

combustor. The value of measurement is about 7 ppm (15% 

O2) and the uncertainty is ±0.5 ppm. The NO emission 

values calculated with the RNG k-e with eddy dissipation, 

RNG k-e with eddy dissipation and finite rate chemistry, 

BSL Reynolds stress with PDF flamelet three simulation 

methods are respectively 0.025 ppm (15% O2), 5 ppm (15% 

O2) and 7.5 ppm (15% O2). Based on a comprehensive 

consideration, the combination of RNG k-e turbulence 

model, eddy dissipation and finite rate chemistry combustion 

model is the best of these three methods for this combustion 

mode. 

 

THE NUMERICAL SIMULATION OF THE TRAPPED 
VORTEX-INTER-STAGE COMBUSTOR 

The primary objective of the present study is to look into 

the mechanisms of flameless combustion and highlight what 

would be considered promising findings, thus the trapped 

vortex-inter-stage combustor is selected as the objective of 

the study for its beneficial vortex structure to promote 

mixing, appropriate working conditions with high 

temperature and low oxygen content. 

Based on the domestic and international research, this 

paper uses the vortex chamber applied in gas turbine as a 

prototype. Computational fluid dynamics method is used to 

simulate the non-reacting and combustion condition to obtain 

the internal temperature distribution and NO emission. Then, 

we analyse the effect of intake condition on realization of 

flameless combustion in trapped vortex-inter-stage. The 

schematic of this trapped vortex-inter-stage combustor is 

shown in Fig 8. 

 

Figure 8. Schematic diagram of the trapped vortex 
combustor 

The structure includes the air and fuel intakes, the 

cavity, the blending path, and the three jets used to promote 

the vortex formation and cooling. Fuel is injected into the 

cavity through eight evenly distributed injection nozzles of 

8mm diameter. The length and height of cavity is 

respectively 30mm and 28mm. The whole combustor is 

224mm long and 76mm wide. The proportion of the air flow 

participation in combustion and the intake air is about 1:5. 

The computational combustor model is shown in Fig9. 

 

Figure 9. Computational model of the trapped 
vortex combustor. 

In order to ensure the numerical simulation matches the 

actual working cycle, the normal combustion condition uses 

the pneumatic parameters of air after compressor, and the 

simulation condition of combustion in inter-stage combustor 

uses the parameters at the exit of the high pressure turbine. 

At the compressor exit, the temperature is about 600 K, the 

mass fraction of oxygen is 23.3%, and the working pressure 

is about 7 bar. At the high pressure turbine exit, the 

temperature of exhaust gas is about 600 K, the mass fraction 

of oxygen is close to 10%, and the working pressure is about 

4 bar.  

The non-structure mesh is used for the trapped vortex 

combustor with tetrahedron and hexahedral girds and 

appropriate refinement is performed in the regions of the air 

injects structure of cavity. Geometrical symmetry is used to 

reduce the computational time consumption. About 5.2 

million cells of grid size are simulated. As the previous 

chapter explained, the combination of RNG k-e turbulence 

model, eddy dissipation and finite rate chemistry combustion 

model is used to model the combustion performance of this 

combustor.  
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The numerical simulation conditions are as follows. The 

air intake of two kinds of combustion conditions is imported 

at a speed of 50m/s. Methane is used as the fuel and 

temperature is 300K. The equivalence ration is maintained as 

0.8 by controlling the mass flow of fuel for both conditions. 

Pressure outlet condition is used for the outlet, and the 

average static pressure is set as 0 Pa. The main CFD results 

are discussed as below. 

Results and comparison of normal combustion and 
combustion in inter-stage combustor 

1) Flow of vortex analysis 

The flow field calculation results of normal combustor 

and inter-stage combustor are shown in Fig10. 

 

 
Figure 10a. Velocity contours and vectors of the 

normal condition combustion. 

 

 

 

Figure 10b. Velocity contours and vectors of the 
inter-stage condition combustion. 

It can be seen from Figure 10 that the flow behaviours of 

two kinds combustion condition are similar. The inlet air 

divides into 2 parts because of the physical structure. One 

flow is for combustion and cooling and the other is for 

blending. The air in cavity has small velocity, and mainly 

consists of three jets to form a vortex in the centre of cavity 

according to the diversion structure. This presence of vortex 

is beneficial to enhance the stability of combustion and 

improve the combustion efficiency. Thus, this trapped vortex 

structure combustor can serve as the infrastructure to achieve 

flameless combustion. 

2) Temperature distribution analysis 

The temperature distribution simulation results of 

normal combustor and inter-stage combustor are shown in 

Fig11. 

 

Figure 11a. Temperature contour of the normal 
condition combustion. 

 

 

Figure 11b. Temperature contour of the inter-stage 
condition combustion. 

It can be seen that the reacting zone temperature of inter-

stage combustor is lower than the normal combustion 

condition, and the temperature distribution is more uniform. 

While the average temperature rises of both conditions 

combustion is close and the value is about 150K, this may be 

due to the effect of the high temperature of inlet air. Thus, 

the high temperature and low oxygen content condition is 

conducive to achieve more uniform overall thermal field. 

3) NO emission analysis 

The NO emission simulation for normal combustion is 

about 54ppm (15% O2), while ultra-low NO emission for 

inter-stage combustion is obtained and the value is less than 

1ppm. Although there is possible uncertainty in the 

computation, such a large difference still reveals that the NO 

emission of inter-stage combustion is less than normal 

combustion under the same computing methods. 

In all, the structure of trapped vortex is promising to 

obtain flameless combustion, and the high temperature and 

low oxygen content condition is significantly advantageous 

for the formation of flameless combustion. 

Discussion on the factors of flameless combustion 

The common key feature in most of the previous studies 

to achieve flameless combustion is to obtain the high 

temperature and low oxygen content combustion condition, 
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and to avoid the spontaneous ignition of mixtures through 

many different appropriate ways. Thus, temperature, oxygen 

content equivalent ratio are the most important ones of the 

influencing factors. The following work is a preliminary 

study of their roles in flameless combustion by numerical 

simulation. On the basis of the combustion simulation of 

high temperature and low oxygen content condition, change 

temperature, oxygen content and equivalent ratio 

respectively to observe their impacts on flameless 

combustion [18]. 

1) Temperature 

The conditions of this simulation to study the effect of 

temperature on flameless combustion are those of ordinary 

inter-stage combustor combustions, but the temperature 

changes from 1100K to 600K. The temperature contour is 

shown in Fig12. 

 

 

Figure12. Temperature contour of              

600K combustion simulation. 

The temperature of lower temperature combustion is 

respectively low, this may be due to the temperature and 

oxygen of inlet air is low, this may be due to that the low 

temperature reduce reaction rate. But the thermal field is not 

uniform as the combustion simulation of high temperature 

and low oxygen content conditions, and part of fuel burns out 

of the cavity, which may cause combustion instability. NO 

emission level is lower than 1ppm, this may because of the 

low temperature. 

2) Oxygen content 

The conditions of this simulation to study the effect of 

oxygen content on flameless combustion are the same as 

those of the inter-stage combustor combustion, but the 

oxygen content changes from 23.3% to 10%. The 

temperature contour is shown in Fig13. 

 

Figure13. Temperature contour of the 23% oxygen 
content combustion simulation. 

Compared to the combustion simulation of high 

temperature and low oxygen content conditions, the 

temperature is not uniform as that, the fuel can’t burn 

completely in the cavity, which may cause combustion 

instability. The average temperature of high oxygen content 

combustion condition is 1409K while this of the low oxygen 

content combustion is 1209K, the temperature rise increases, 

not conducive to the turbine work. The simulation results of 

NO emission is about 120ppm (15% O2), which is obviously 

higher than the simulation of low oxygen content condition. 

This may because the highest temperature is far higher than 

1800K. As a result, the emission of thermal NOx increases. 

Thus the oxygen content condition is one of the important 

factors greatly affecting combustion. 

3) Equivalent ratio 

The conditions of this simulation to study the effect of 

temperature on flameless combustion are the same as those 

of the inter-stage combustor combustion, but the equivalent 

ratio changes from 0.8 to 1.2. The temperature contour is 

shown in Fig14. 

 

 

Figure14. Temperature contour of the 1.2 
equivalent ration combustion simulation. 

As the picture shows, the temperature of higher 

equivalent ration combustion condition is uniform, this may 

be due to the equivalent ratio is more than chemical 

equivalent ration, but this could cause low combustion 

efficiency. NO emission level maintains lower than 1ppm, 

this may be due to the low temperature.  

 

CONCLUSIONS 

1) Three computational methods are compared to 

published experimental results. The comparison shows that 

the combination of RNG k-e turbulence model, eddy 

dissipation and finite rate chemistry is the most suitable for 

calculating flameless combustion. However, these models are 

only parts of the computational models and not 

comprehensive, more work is needed to verify the research. 

2) The simulation temperature of high temperature and 

low oxygen content condition is uniform and NO emission is 

ultra-low, thus this condition is conducive to achieve uniform 

combustion temperature and low NO emission. The trapped 

vortex-inter-stage combustor is potential to achieve flames 

combustion. 

3) With the condition of low temperature and low 

oxygen content, the combustion temperature is low because 

of low reaction rate but it is not as uniform as the high 

temperature and low oxygen content combustion. 

4) With the increase of oxygen content for combustion, 

the combustion temperature rises and becomes non-uniform. 
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NO emission level also increases because the main part of 

NO is thermal NOx emission and it is greatly influenced by 

temperature. 

5) With the equivalent ratio increases more than 

chemical equivalent for combustion, the combustion 

temperature is still uniform. NO emission level is also low 

because of the low temperature. 

In spite of lots of research devoted to flameless 

combustion, there are still many challenges in this field. The 

primary objective of the present study is to look into the 

mechanisms, to verify a reliable simulation method of FC, 

and to highlight potentially promising findings. More 

theoretical studies are needed to develop this new 

technology, and our ultimate goal is to develop an innovative 

FC combustor for a gas turbine engine which could offer 

enhanced combustion performance and low emission with 

various fuels whether gaseous, liquid or solid. 
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