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ABSTRACT 
Increasingly elevated operating temperature of modern 

high-efficiency aero engine combustors caused a growth in 

thermal NOx emissions, thus reducing the production of 

nitrogen oxides must be considered when designing 

combustors to meet the more stringent pollutant regulations. 

Rich-burn/quick-quench/lean-burn (RQL) combustor has 

historically become one of the promising strategies to lower 

the nitrogen oxide emissions to ICAO acceptable values. 

There are few studies and reports published about how to 

establish a Chemical Reactor Network (CRN) model to 

simulate the actual reaction process of RQL combustors. In 

this paper, Computational Fluid Dynamics（CFD）analysis 

was conducted to study the flow characteristics in a RQL 

combustor. According to the flow structures and streamline 

distribution obtained from CFD, a subdivided RQL combustor 

model in CHEMKIN software was employed to predict the 

emission of nitrogen oxides. The temperature distribution 

curve of CRN was overall consistent with that of CFD method 

in both high and low conditions. On this basis, a substitutable 

approach was proposed to investigate the NOx emissions 

which largely depend on the temperature profile. The fuel was 

aviation kerosene RP3, and the formation mechanism of 

nitrogen oxides was added to RP3 combustion reaction 

mechanism. This theoretically feasible one-dimensional 

simulation method of assessing NOx reduction dramatically 

improves computational efficiency by avoiding complex 

numerical calculations especially at the pre-design stage. 

INTRODUCTION 
In recent years, smog weather has become one of the most 

serious air pollution problems. The haze mainly consists of the 

secondary PM2.5 generated by primary air pollutants 

including solid PM2.5 and nitrogen oxides from the gas-to-

particle conversion[1]. In the aviation industry, International 

Civil Aviation Organization (ICAO) has determined emission 

standards for nitrogen oxides and other pollutants from aircraft 

engines[2]. These standards were in charge of the Committee 

for Aviation Environmental Protection (CAEP), which was 

established in 1983 and has continued to amend the 

regulations. The requirements of carbon monoxide, unburned 

hydrocarbon and particulate smoke have barely changed from 

CAEP2 to CAEP8 while the requirements of nitrogen oxide 

emissions become more stringent owing to its great harm to 

environment and complex formation mechanisms[3-4].  

Three foremost routes were identified in the formation of 

nitrogen oxides as fuel type, thermal type and promote type. 

Since hydrocarbon-based fuels hardly contain nitrogen, fuel-

type NOx can generally be considered negligible. Thermal 

NOx or Zeldovich NOx dominates in the high temperature 

area above 1800K. Prompt NOx or Fenimore NOx appears in 

low-temperature, fuel-rich flames with a series of reactions 

and possible intermediate species[5]. Commercial aircraft 

engines have experienced for several generations with the 

combustion outlet temperature rising apparently, leading to a 

significant growth in thermal NOx emissions[6]. Besides, the 

pervasive use of kerosene as fuel can provide an advantage of 

having a lower environmental impact as no CO or UHC 

produced in ideal combustion. But kerosene has a higher flame 

temperature thus produces more NOx[7]. Methods of reducing 

NOx emerged such as flameless oxidation (FLOX) and staged 

combustion, among which Rich-burn/quick-quench/lean-burn 

(RQL) combustor is one of the prominent low-emission modes 

for gas turbines[8-10]. 

RQL concept, originally conceived as a candidate for low 

emission combustions, has been investigated since 1980s[11]. 

The Motoren and Turbine Union Munich investigated the 

emission reduction potential of a tubular combustor (Zarzalis 
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et al., 1992)[12]. A NOx reduction of 60% was reported by 

Griebel et al.[13], 1995 and Koopman et al. 1996[11]. This 

technology is a special staged combustion to some extent. The 

primary zone operates at a rich mixture ratio and flow 

recirculation is created to stable the combustion process, 

generally realized with air swirlers. The NOx formation is 

minimized due to the relative low temperature and low 

population of oxygen containing intermediate species. 

Subsequently, the combustion of unburned hydrocarbon was 

completed in a lean stage where additional NOx production is 

also low. Most nitrogen oxides occurs near stoichiometric 

conditions, where residence time must be kept low to prevent 

high NOx emission. Therefore, exhaust gas from rich zone 

must be mixed as fast and as uniformly as possible with the 

secondary jet airflow. 

However, it is inevitable to go through the generation 

route of NOx when the combustion regime shifts rapidly from 

rich to lean. A detailed numerical study was performed in a 

full annular RQL combustor and the effects of air distribution 

on temperature profile and flow structures in different 

conditions were investigated with the aim of better 

understanding the physics and flow. 

METHODOLOGY 
In order to reduce computational cost, an 18 deg of a full 

annular combustor in 1:1 scale was adopted as is shown in 

Fig.1. This combustor geometry originated from German 

Aerospace Centre(DLR) within the European project 

FACTOR[14]. 

The configuration mainly includes the front regions, an 

axial swirler designed to reproduce engine-realistic velocity, 

and two rows of holes between which is the quench zone. The 

first low of holes set at 65mm to partition the combustor from 

rich condition to lean, and another row located at 105mm 

plays a role as dilution holes. For preliminary design, quench 

holes and dilution holes were designed at the same size of 

6mm. Total length of the chamber is 425 mm and height 120 

mm. The swirl of air is supplied at the center of the calculation 

domain (X=0mm). The coordinate value of the chamber exit 

is X=325mm. For precisely controlling of the flow 

distribution, the outer casing structure was omitted. The air 

was distributed into three streams. Note that cooling air was 

neglected.  

Fig.1 outlined a schematic view of the computational 

mesh and the monitoring plane for temperature and flow fields 

was also shown as plane0. The solution was ensured to be 

independent from the grid by investigating the independency 

on different sizes of grids, 2.69M, 4.31M, 5.87M and 7.21M, 

respectively. The grid size of 5.87 million elements, depicted 

in Fig.2, was adopted in this paper. The computational grids 

were generated with hybrid mesh. The whirler part was 

formed by unstructured mesh and the rest of domain was 

comprised of structured mesh. A grid refinement was 

performed in correspondence of both the quench holes and the 

dilution holes. 

In this paper, simulations were performed at steady-state 

conditions with standard k-ε turbulence model. All the walls 

were treated as smooth and adiabatic, with a no slip condition. 

 

 

Fig.1  3D schematic diagram of the RQL 

combustor model 

 

 

Fig.2  Grid schematic diagram 

Numerical method and calculation conditions 
 

The standard wall function was employed to deal with the near 

wall region. Mass flow and pressure boundary were applied to 

the inlet and outlet respectively. Total temperature of all the 

inlets were 375K.  

Eddy Dissipation (ED) model was utilized for the 

combustion model and DO model was adopted for the 

radiation model. ED model is a turbulence-chemistry 

interaction model where both the Arrhenius Equation and 

eddy-dissipation reaction rates are calculated. The net reaction 

rate is taken as the minimum of these two rates. In practice, 

the Arrhenius rate acts as a kinetic switch, preventing reaction 

before the flame holder. Once the flame is ignited, the eddy-

dissipation rate is generally smaller than the Arrhenius rate, 

and reactions are mixing-limited[15].  

The aviation kerosene as fuel was injected along the 

chamber axis with a constant total flow rate. The injection type 

was solid cone with cone angle of 78 deg. Liquid fuel droplets 

were tracked using discrete phase method. Convection and 

diffusion terms were discretized by the second-order upwind 

scheme and SIMPLEC for pressure-velocity coupling. 

The dilution air mass flow rate was constant at 0.05kg/s. 

Different air distribution conditions were shown in Table 1, 

according to the variable main airstream and quenching air. 
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Define that high conditions are of large fuel/air ratio, as case-

1, 3, and 4 for instance. Low condition was defined to 

epitomize the operating condition of small fuel/air ratio. 

 

Table 1  Calculation conditions 

Case 
Rich-Quench-Lean zone 

Air distribution（kg/s） 
ΦRich Φtotal 

Case-1 0.04-0.05-0.05 2.08 0.6 

Case-2 0.08-0.06-0.05 1.04 0.44 

Case-3 0.05-0.08-0.05 1.67 0.46 

Case-4 0.06-0.07-0.05 1.41 0.46 

Case-5 0.08-0.05-0.05 1.04 0.46 

Case-6 0.08-0.08-0.05 1.04 0.4 

Case-7 0.08-0.07-0.05 1.04 0.42 

RESULTS AND DISCUSSION 

Flow characteristics 
Fig. 3 shows the flow structure profile at the monitoring 

plane. The primary air entered though the swirler with a 

tangential velocity and the flow separated with turbulent 

transfer because of the sudden-expansion structure. As a 

result, the recirculation occurred at the corner at any 

conditions. At high conditions, the dual-vortex flow structure 

clearly existed at the end of rich-burn region mainly because 

of the cross flow interaction of the quenching airflow and 

mainstream. Some quenching air reflowed to the rich zone and 

participated the combustion. Therefore, the equivalence ratio 

at the rich zone was smaller than the setting value and closer 

to the stoichiometric ratio leading to higher temperature. At 

the low condition, the local fuel/air ratio in the front end was 

near the stoichiometric[16]. That is, more primary air with 

larger momentum interacted with the quenching air. Thus, the 

symmetrical vortex flow structure in the rich zone was 

destroyed to dispersion. Comparing the two flow fields, more 

quenching air caused a larger angle of the columnar jets from 

dilution holes towards combustor downstream and less airflow 

back to the rich zone. 

 

 

Fig. 3  Characteristics of flow structures at plane0 
 

The columnar jets formed by dilution stream interacted 

with upstream and constituted recirculation in the quench 

region which improved the mixing level. The recirculation can 

be explained by the following equation： 

r

w
-

dr

dp 2

    (1) 

Where p is the pressure and w is the tangential velocity. 

The distribution of the tangential velocity leads to a radial 

pressure gradient, which also produces a negative pressure 

zone in the vortex centre where recirculation appears. In 

addition, the tangential velocity changed axial pressure. Thus, 

the inverse pressure gradient in the axial direction generate the 

reverse flow in the centre region. 

Besides, recirculation also appeared downstairs near the 

wall probably caused by the shrunk structure. Worth 

mentioning, this phenomenon also occurred in other low 

conditions which was a very important reference for designing 

the CRN model at these conditions and would be mentioned 

in the following chapters.  

 

 

Fig.4  Flow characteristics with changing quench 
air at Plane0 

 
When the primary air was constant, more quenching 

airflow brought a more disordered flow in the quench zone. 

The vortex caused by the two airflows above was closer to 

quench holes mainly because of the greater deviation between 

the two mass airflow. The vortex between the two rows of 

holes below had an apparent move towards the downstream 

and centreline. And the vortex in the lean zone gradually 

disappeared as the quenching air increased. This is because 

more air participated in the blending and combustion in the 

quench zone. 

When the quench air was fixed, more primary air mass 

caused a non-uniform vortex structure in the rich area and 

contributed to the formation of the vortex in the quench zone. 

Besides, it can be speculated that more primary air flow may 

have an impact on the generation of the vortex in the lean-burn 

area. 
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Fig.5  Flow characteristics with changing primary 

quench air at Plane0 

 

 

Fig.6  Flow characteristics with varied 

primary/quench air ratio at Plane0 

 

When the total equivalence ratio was fixed, the flow fields 

were more uneven as the ratio of quench/rich air became 

higher. As was elaborated previously, more primary air made 

the combustion more stable and caused extra vortex structure 

downstairs. With the quenching air increased, the angle of the 

columnar jets of dilution holes orientated more clearly to the 

out of the combustor and less airflow back to the rich zone. 

Temperature profile 
In terms of the temperature profile, inside the rich zone 

temperature distribution was non-uniform and higher 

temperature appeared near the quenching zone entrance where 

the flame was stable because of the vortex structure. The peak 

temperature reached in the quench zone where the secondary 

flame took place. Because combustion was not complete in the 

rich zone and the exhaust gas continued to react with the 

quenching air. 

 

 

(a) Temperature distribution at palne0 

 

(b) Temperature curves along the combustor 

 

Fig. 7  Temperature profiles of different conditions 

 

When the overall equivalence ratio was fixed, varied 

primary/quench air ratio caused different temperature fields 

especially in the quench zone as shown in Fig. 7a. The 

temperature curves of these conditions were shown in Fig. 7b. 

Case5 has a relatively stoichiometric fuel/air ratio in the rich 

region thus has highest temperature there and held the highest 

temperature till the exit because least quenching air kept the  
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combustion near stoichiometric condition overall. It was 

generally acknowledge that more quenching air with less 

primary air would decrease the temperature in the quench 

temperature. However, case4 has a lowest temperature after 

quenching process till the exit of the chamber. It is precisely 

because case3 was rich at first and had a lowest temperature. 

After letting a great number of quenching air into the chamber, 

the fuel/air ratio gradually closed to the stoichiometric result 

of an increasing elevated temperature curve. While case4 was 

closer to stoichiometric in the rich zone compared to case3 but 

has quick shift to lean-burn process by quenching fairly 

amount of airflow. We can see a continuous low temperature 

curve in the rich and quench area which demonstrates that the 

air distribution of case4 has a better quench effects. 

Chemical Kinetics Schemes 
Based on the flow fields, the RQL combustor was 

partitioned into several regions with chemical reactors to 

describe the turbulence and combustion interactions. Fig.8a 

illustrated the schematic diagram of CRN in the high 

conditions. Given the temperature varied in the axial direction, 

each Perfectly-stirred reactor (PSR) had a Plug flow reactor 

(PFR) following. And back flow was introduced to emulate 

the effect of vortex. And the investigation of the temperature 

profile gave principal reference when setting temperature of 

each reactor in CHEMKIN. Kerosene RP3 was employed as 

fuel and the formation of nitrogen oxides was added to 

reaction mechanism[17]. 

Fig.9 explicitly shows that the temperature distribution 

curve of PSRs was overall consistent with that of 

computational fluid dynamics approach. Difference between 

the two methods mainly because PSRs where the mixing 

process was complete were employed to simulate the 

combustion. 

The CRN above was limited to this combustor structure 

in the high conditions. Fig.8b below presented the chemical 

reactor network for low condition (case2). The structure of the 

flow fields was more random than that of high condition 

(case1) and had another vortex in the lean zone. Therefore, the 

lean-burn area was equipped with an extra back flow. 
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Fig. 9  the axial temperature profile at Plane0 in the 
high condition 

Compared with the high condition, different air 

distribution of each gas splitter was implemented to pattern the 

effect of vortex with different forms. 

A preliminary conclusion was drawn in Fig.10 where the 

longitudinal temperature profile constructed in CHEMKIN 

has a similar tendency with the results of CFD. For low 

condition, the temperature barely changed in the lean zone 

because the upstream combustion was completed according to 

the mole fraction of main reaction species. Higher temperature 

took place in the primary zone and quench zone due to a fairly 

stoichiometric local fuel/air ratio in the low conditions. 
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Fig. 10  the axial temperature profile at Plane0 in 

the low condition 

Fig.8  CRN in high and low conditions 
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Emission characteristics 
The result above revealed an alternative approach to 

investigate the pollutant emissions in CHEMKIN software 

considering the accuracy of computing the emissions of CFD 

method. For preliminary design, the first CRN was employed 

to count the NOx amounts at higher conditions and the second 

for lower conditions.  

When the total mass flow of the inlet air was certain, 

varied equivalence ratio in the rich zone, was investigated to 

study the effect of air distribution on emission characteristics. 

As is depicted in Fig.11, the emissions of nitrogen oxides and 

unburned hydrocarbon decreased dramatically. And CO 

emissions raised slightly but stayed at small values. As the 

equivalent ratio in the rich area increased (that is, the amount 

of quenching air increasing as well), NOx emissions And CO 

emissions raised slightly but stayed at small values. As the 

equivalent ratio in the rich area increased (that is, the amount 

of quenching air increasing as well), NOx emissions were 

reduced. This is primarily because the quench air quickly 
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cooled the exhausts from the rich zone and the combustion rate 

was dropped too, as a result of lower temperature inhibiting 

the formation of NOx. The equivalent ratio of the lean zone is 

very low and the oxygen concentration is high which attributes 

to reduce the combustion temperature and lower the NOx 

production rate. As for high conditions, more mass flow of all 

the air inlet led to lower NOx emission while the curves of the 

NOx emissions overlapped with higher values in low 

conditions. Therefore, less primary air and more quench air is 

beneficial for NOx reduction.  

Since the fuel mass flow was constant, the UHC and CO 

emissions represent the combustion efficiency to some extent. 

Comparing the emission curves between the high and low 

model, CO emissions both increased slightly. In the rich area, 

a large number of unburned hydrocarbon generated because of 

incomplete combustion. With more air entering to the 

chamber, the rest kerosene was reacted and the fuel/air ratio 

was closer to the chemical equivalence. From the trends in 

Fig.11, the combustion of higher conditions was better. 
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Fig.11  Comparison between NOx emissions from high and low condition 

 



7 

The results obtained this way have problems in accuracy 

because of the model simplification of the real reaction 

process, lack of the simulating different atomization 

conditions of the fuel, and so on. Therefore, further research 

must be carried on to improve the present model. 

CONCLUSIONS 
CFD methodology has its advantage on simulating the 

flow structures and temperature profile. However, it will take 

more computing resource to predict the pollutant emission 

precisely. Furthermore, CFD requires detailed information of 

the overall combustor unavailable in the pre-design phase of a 

combustor. While the zero-dimensional PSRs have better 

accuracy on calculating the fraction of the components 

because of it’s strongly dependence on reaction mechanism 

[20]. To combine the superiority of two method, this paper has 

proposed a new method to build CRN on the basis of the 

computational results of CFD approach.  

Focused on the flow characteristics, parametric study of 

the air distribution was studied on detail to know the physics 

better. The conclusion revealed a dual-vortex flow structure 

clearly existing at the end of rich-burn region in the high 

conditions. Therefore, a larger equivalence ratio at the rich 

zone contributed to the stable combustion with lower 

temperature. There was a most suitable air distribution 

according to the temperature profile along the chamber. 

Example that a continuous low temperature curve in the rich 

and quench area of case4 demonstrates a better air distribution 

for quench effects.  

Based on the flow fields and temperature profile, the RQL 

combustor was subdivided into a series of chemical reactors 

in CHEMKIN. Considering the recirculation in each reaction 

region, back flow was also established to simulate the real 

flow. And the investigation of the temperature profile gave 

principal reference when setting simulation environment of 

each reactor. The results indicate that the temperature profile 

of CRN method was well consistent with that of CFD 

approach. So other conditions were carried out on these model 

and the effect of quench air and primary air mass on pollutant 

emissions especially the NOx emission was analyzed. It can 

be concluded that NOx formation decreased with a large 

number of quenching air and less primary air.  

The reliability of the model was arguable but the results 

from some comparisons among different conditions have 

important reference values. It was expected that calibration of 

each component of the reactor network conduct to improve the 

simulation accuracy so that the model can be universally used 

when design a RQL combustor of similar structure. 
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