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ABSTRACT

Triple swirler combustor has the characteristic of high temperature rise and wide range of operating stability, which
has been well-accepted in fighters with high thrust-weight ratio. This paper proposed an outer ring implemented in the
dome of the triple swirler combustor. The aim is to explore the combustor performance improvement of this structure.
Numerical simulation was performed by Fluent with realizable k- ε turbulence model and PDF combustion model to
investigate the flow characteristic and combustion performance of the outer ring case. The obtained results were
compared with the baseline combustor, including flow path, velocity, combustor efficiency, temperature distribution, and
OTDF. The outer ring application has a positive effect on expanding the recirculation zone size and maintaining flame
stability. Besides, the refined fuel droplets and reinforced atomization contributed to the shorter flame and combustion
acceleration. Afterwards, a thorough description of the experimental devices and methods were presented. The tested
smoke number and temperature distribution of the two combustors were compared to uncover the benefits of using the
outer ring. The smoke number has effectively dropped to 15 with noticeable betterment for the fighter stealth
performance. Additionally, the hot spot of the outlet has moved from the root to the desired region and would be
beneficial for blade life extension. Moreover, simulations results were consistent with the experimental results and the
combustion efficiency for the outer ring case reached 99.93%, 0.2% higher than the baseline. It proves that the designed
outer ring shows enormous potential in improving the triple swirler combustor performance.
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INTRODUCTION

In order to achieve the flexible mobility, fighters have to increase the thermal performance and thrust-to-weight
ratio. Consequently, the turbine entry temperature (TET) has to boost to satisfy the demanding requirements, making it
necessary to develop high-temperature rise combustors. Meanwhile, the harsh operating environment of the combat urges
a combustor with wide and stable working range. Compared with the conventional combustor, triple swirler combustors
work under a wider fuel-air ratio range with advantageous stability and high combustion efficiency, as proposed by Bahr,
1985. It is well-established that the equivalence ratio of the primary zone plays a dominant role in the combustor
performance. When the equivalence ratio is larger than 1.5, the exhaust nozzle would reject a large amount of smoke,
which might weaken the fighter stealth performance. Therefore, the air flow rate of the primary zone needs to increase to
reduce the equivalence ratio. Consequently, the lean fuel condition would be generated when the equivalence ratio drops
below 1. Then the airspeed in primary zone would obviously accelerate and might result in flame out under low power
setting, proved by Kress, 1990. In order to address the issue, additional flow air is introduced on the basis of traditional
two-swirler combustors, which is known as the triple-swirler combustor. It has been proved that the triple-swirler
combustor could not only ensure high combustion efficiency, but also employ the advantages of good fuel atomization,
low emissions, wide range of stable operability.

Numerous numerical simulations and experimental research on triple-swirler combustors have been conducted.
Wang, et al., 2017 designed a triple swirler and simulated the air flow allocation influences on the flow field. Li, et al.,
2003 investigated the influences of swirler combined with the distributed fuel injection system on the low emission
combustor and the combustion instability, proving that multi-swirler could effectively reduce the NOx production.
Mansour, et al., 2000 performed an experimental study on the spray field and simulated the cold flow field with
FLUENT software. The results showed that the triple-swirler combustors refined the fuel particle size and generated a
more uniform environment of fuel and air mixture. Grinstein, et al., 2002 applied particle image velocimetry (PIV), phase
Doppler particle analyzer (PDPA) and laser Doppler velocimetry (LDV) technology on the investigation of triple-swirler
combustor. The influences of triple swirler on the cold flow field and the real injection characteristic were simulated
using large eddy simulation (LES). Li, et al., 2002a thoroughly studied the sensitive factors of the cold flow field under
atmospheric pressure, including the swirler geometry, inlet air mass flow, mixing length of the tube, and exhaust nozzle
diameter. Results showed that the decrease of exhaust nozzle diameter would reinforce the vortex in the flame tube or the
intensity of the recirculation zone. The inlet air mass flow would change the shape of the recirculation zone. A bubble
shape of the recirculation zone would be formed for the low inlet air mass flow condition whereas a tapered shape for the
high air mass flow. Meanwhile, the length of the mixing tube had significant impacts on the flow field in a specific range.
In addition, Li, et al., 2002b and Fureby, et al., 2007 tested the flow field of the triple-swirler combustor with PIV and
LDV approaches, which were in good accord with numerical calculation.

Yuan, et al., 2004a; Yuan, et al., 2004b focused on how to broaden the stable margin of the combustor and consider
different fuel air ratio (FAR) and different injectors. The results revealed that the increase of FAR in dome had a positive
effect on preventing lean flame out problem. Moreover, flow field and fuel spray were measured by PDA to validate the
numerical simulation. Peng, et al., 2007 performed experimental studies on the effects of vane angle of triple swirler and
equivalence ratio on the combustor pattern factor and measured the combustor exit temperature by gas analysis method.
Wu, et al., 2010 obtained that FAR had significant impacts on the flow field characteristic, such as the size of
recirculation zone and the velocity distribution of centre-line. Zhang, et al.,2013 investigated the combustion
performance with triple swirler and multi-stage fuel system. In addition, the influences of dome parameters on the flow
field were explored by numerical simulations. Zhou, et al., 2018 adopted multi-swirl concentric staged approach to study
the influences of the swirler parameters on the reduction in NOx emission. Ding, et al., 2014; Ding, et al., 2015
performed a preliminary design of a triple swirler combustor and measured the pressure loss coefficient, lean blowout
FAR and the pattern factor. Then the effects of the dilution holes on the lean blowout stability and combustion efficiency
were investigated. It was found that the position of the primary dilution holes played a dominant role in combustor
performance.

This paper proposes a new structure with an outer ring mounted on the dome of the baseline triple-swirler
combustor. The objective is to investigate the advantages of the added outer ring on improving combustor performance.
The comparisons of combustion efficiency, outlet temperature, smoke number and overall temperature distribution factor
(OTDF) were obtained. In fact, most of the experimental studies mentioned above were carried out under the atmospheric
pressure. In this paper, the cold flow and hot flow, the flame tube wall temperature, exit temperature, combustion
efficiency and the exhaust smoke number were measured by thermocouple and sampling instruments. The results of
numerical simulation and experiments were compared and concluded.
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CASE ESTABLISHMENT

The cases studied in this paper are the triple-swirler combustors with different domes. Case 1 is set as the baseline
combustor, shown in Figure 1 (a). It is a single dome rectangle combustor with the primary holes and dilution holes
asymmetric distributed on the flame tube. The air mass flow of the first and second stage swirler is relatively low, which
could form a rich fuel region in the inner centre. The generated flame acts as a pilot, which would guarantee the
combustion stability in the low power setting. On the other hand, the target of the third stage swirler is to strengthen the
mixing intensity so that the primary zone maintains a relatively lean fuel condition. The corresponding stage produces the
main flame, which would increase the inlet air mass flow and curb exhaust smoke.

The main modification of case 2 is that an outer ring is mounted on the transition section between the dome and the
flame chamber, as presented in Figure 1 (b). It is designed to control and direct the air mass flowing from the third stage
swirler to enter into the primary zone in an appropriate location and achieve the goal of effective, stable and low smoke
combustion. The detailed geometric parameters of the triple swirler are listed in Table 1.

Another thing that has to mention is that a hybrid nozzle containing air atomization nozzle (AAN) and pressure
atomization nozzle (PAN), is applied during the investigation, as depicted in Figure 2. The usage of only the pressure
atomizing nozzle would pose the problems of easy carbon accumulation, smoke, blockage, sensitivity to fuel viscosity,
poor atomization performance under low power state and narrow stable working range. The air atomization nozzle is only
suitable for high-pressure working conditions to obtain good atomizing effect. The combination of two types of nozzle
would break the above limitations and achieve betterment in spray performance. Under the condition of low fuel supply,
only the PAN works as a pilot to attain a decent atomized fuel mixture and ensure the ignition stability as well as efficient
and stable combustion performance. For the high power setting condition, the AAN activates to take charge of most of
the fuel mass flow to prevent the unacceptable pumped pressure of PAN. Besides, the utilization of both the AAN and
PAN cooperate to meet the requirements of fuel mass flow ratio of the engine.

(a) Case1 (b) Case2

Figure 1 Structure demonstration for two cases

Table 1 Geometric parameters

Parameter
1st
stage

2nd
stage

3rd
stage

Swirl angle α (°) 35 45 50

Blade thickness t (mm) 10 11 12

Swirl number s 0.56 0.58 0.62
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Figure 2 Schematic diagram of the triple swirler combustor

NUMERICAL SIMULATION

Three-dimensional viscous computational fluid dynamic (CFD) simulations of the two cases were performed by
using Fluent software with realizable k-ε model, as detailed in Jin, et al., 2008 and Pu, 2009, and standard wall functions.
To solve the Navier-Stokes equations, a semi-implicit method for pressure linked equations (SIMPLE) was applied while
the governing equations could be found in Fluent User’s Guide, 2006. As for the combustion model, PDF was introduced
with a proper simplification of the chemical reaction mechanism. It was assumed that the local chemical reaction of the
fluid is in equilibrium and the instantaneous reaction rate was simplified to an average reaction rate. The chemical
reaction was then given directly in a closed form rather than a simulation, which had a unique advantage in simulating
the combustion turbulent issues. Using the discrete phase model (DPM) as the spray model, the jet flow type was set as
cone with uniform particle size. The jet location, cone angle, velocity and fuel mass flow were also designated.
Meanwhile, the stochastic particle trajectory model was adopted so as to consider the coupling effect of the two-phase
flow. The fuel type was chosen as Kerosene.

Hexahedral grid

Grid meshing is a significant procedure since the accuracy and efficiency of the simulation greatly depend on the
grid quality. Structural gird has been proved to be of good quality in speeding up convergence. Hexahedral structured
grid was generated using the ANSYS ICEM CFD software. After the verification of grid independence, the total nodes
and elements number of the single dome triple swirler were 515 million and 550 million respectively, as shown in Figure
3. It should be noted that the region of inlet, inner and outer passage was designated with coarse mesh considering a
uniform flow characteristic. Meanwhile, the mesh of swirler, holes and the internal area of the tube was greatly refined
due to the complex flow field. Therefore, the generated mesh could boost the computation efficiency and guarantee the
simulation precision.

Figure 3 Hexahedral grid of the combustor

Boundary details

The total pressure of the inlet boundary condition was set as 3MPa with the total temperature 700K and fuel air ratio
0.036. The inlet air mass flow is 3.5 kg/s. As for the outlet boundary condition, it was defined as free flow. The wall
surface boundary was adiabatic wall while the side surface was stationary wall.

Result analysis

In order to obtain the three-dimensional flow characteristic and combustion performance of the baseline triple swirler
combustor with the pressure, velocity and temperature were analyzed. The static pressure contour of the flame tube is
drawn in Figure 4, where the static pressure at A is -200kpa, at B is -194.54kpa and at C is -191.16kpa. Closer inspection
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shows that there exists an obvious low static pressure region at the axial center of the swirler exit, which is beneficial for
the air to recirculate towards the dome direction under the inverse pressure gradient effects.

In order to analyze the changes of axial velocity in the primary zone, five lines were chosen along the axial direction,
as shown in Figure 5 (a). x is the axial length between the line and the origin, d is the height of the flame tube. Figure 5
(b) depicts the average axial velocity distribution in the primary zone. The horizontal axis U represents the average axial
velocity while the vertical axis Y indicates the height of flame tube. It is noticeable that the combustor has a distinct
recirculation zone, which begins from the X/d=0.5 line and centred at the Y=± 0.007m and Y=± 0.0032m. To be
specific, the first centre is a small vortex at the flame tube partition wall wheresas the second centre is the main
recirculation zone. It also could be concluded that the axial exit jet flow of the first and second stage swirler are quite
strong, peaking at 74m/s while the recirculate velocity is about 20m/s. Besides, the radial size of the recirculation zone
first rises and then decreases with the increase of axial length, indicating that the recirculation zone converges at the
primary holes.

A

B
C

C

Figure 4 Static pressure contour of the flame tube (Z=0m section) (Case1)
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(a) Five lines on Plane Z=0mm section (b) Mean velocity distribution

Figure 5 Mean velocity along axial direction (Z=0m section) (Case1)

Figure 6 demonstrates the velocity vector distribution at Z=0m section with an apparent recirculation zone. The jet
flows from the swirler exit and the primary holes interact with each other and generate a reverse pressure gradient, which
forms an intensive swirl at the flame dome and the central recirculation zone. Meanwhile, since the primary holes are
asymmetry distributed on the flame tube, the recirculation zone could only be observed in the lower region of the dome.
Moreover, the air rejected from the third stage swirler flows along the flame tube until reaching the primary holes. Then
it surrounds the air from the first and second stage swirler, forming a larger recirculation zone. Although the two small
vortexes adjacent to the flame tube would slightly constrain the trajectory of the third flow, it still manages to flow along
the downstream wall surface. Besides, the penetration depth of the jet flow from the primary holes approaches half the
height of the flame tube, which significantly shortens the recirculation zone and enhances the combustion intensity.

Figure 7 presents the temperature distribution of multi planes along the baseline combustor. The high-temperature
regions mainly locate in the primary holes and the exit sections, proving that stoichiometric combustion occurs in the
downstream regions. Moreover, there also exists a high-temperature region on the lower side of the outlet.

Finally, the calculated combustion efficiency is 99% and the OTDF is 0.295. The OTDF is presented in equation (1).
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Where

Tt4max is the maximum gas total temperature of the outlet.

Tt4 is the mean total gas temperature of the outlet.

Tt3 is the mean total air temperature of the inlet.

Figure 6 Velocity vector distribution (Z=0m section) Figure 7 Temperature distribution

RESULTS COMPARISON

This section compares the distribution of velocity, fuel mass fraction (FMF) and outlet temperature of the two cases
in order to uncover the advantages of utilizing the outer ring.

Figure 8 (a) shows the comparison of zero velocity lines of the two investigated cases. It should be noted that the
dome with an outer ring has a wider recirculation zone in radial direction while the same size in axial direction. It
indicates that the outer ring has guided the air flow of the third stage swirler into an ideal path, driving the air mass flow
easily enter into the primary zone.

Figure 8 (b) and (c) compares the FMF distribution of the two cases at Z=0 m section. It is obvious that the
distributions of FMF are axial symmetry and show an increasing trend along the radial direction. The reasons for this
phenomenon are that the intensive air flow improves the fuel atomization resulting from the high relative velocity
between the fuel droplets and air near the axial center. As the axial distance increase, the FMF gradually decreases
because of the burst and evaporation of fuel droplets. More importantly, the main and pilot fuel trajectory are distinct
with high FMF. Besides, the FMF is relatively low in the recirculation zone when the dome is equipped with the outer
ring. Consequently, the fuel droplets mix sufficiently with the air and the average diameter of the fuel droplets is quite
small, implying that the outer ring would shorten the duration of atomization and evaporation. The mentioned merits of
implementing the outer ring are conducive to generating strong ignition capability and improving combustion efficiency
as well as reducing pollution. Nevertheless, the relatively homogeneous fuel droplets might pose the flame out risk at low
power setting. Meanwhile, the diffusion and rich burn combustion would not lead to the thermalacoustic instability when
the outer ring is mounted. The simulation also demonstrates that case 2 has a more uniform temperature distribution at
the combustor outlet, despite a small hot spot on the left side of wall surface, which is caused by single head side wall
effects, as demonstrated in Figure 9.
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(a) Zero velocity lines (b) Case1 (c) Case2

Figure 8 Fuel mass fraction distribution (Z=0m section)

(a) Case1 (b) Case2

Figure 9 Outlet temperature distribution

EXPERIMENTAL INVESTIGATION

Experimental setup

The experimental studies were conducted on the test rig of a single head combustor, as shown in Figure 10. A set of
assembled thermocouples was applied to measure the outlet temperature, as shown in Figure 11 (a). Due to the limited
space conditions, only 3 rows of thermocouples were arranged along the circumferential direction of the flame tube with
equal intervals. For each row, there were 5 measurement points with equidistant distribution. The detailed information on
the thermocouple distribution was depicted in Figure 11 (b). Obviously, the total measurement points of the test were 15
and the outlet measurement area was 70 cm2. As a result, the measurement points density is 0.214 per square centimetre,
which satisfies the required value of 0.17 proposed by Hu, et al., 2000. Typically, the ideal test location for the
thermocouple is supposed to be placed at the outlet section. However, considering the space limitation and the sensor
safety, the thermocouple was installed away from the ideal location but within the range of 0.023m.

The test accuracy of the thermocouple is ±0.4％ with the allowable measured temperature ranging from 873K to
2273K. Meanwhile, the flame tube temperature was also obtained by the thermocouple with its measurement points
mounted on the upper wall of the flame tube, as shown in Figure 12. There are five points locatied at the primary zone,
primary holes and the dilution zone.

Figure 10 Test rig of the combustor



8

P
0.55P

0.
4M

0.
84
M

M

(a) Thermocouple (b) Test points distribution

Figure 11 Thermocouple and test points distribution

Figure 12 Thermocouple test points on the flame tube

A gas analysis system was applied to attain the smoke number and combustion efficiency of the combustor with the
precision less than 0.2%, as shown in Figure 13. It should be noted that the explanation for the mentioned number is
listed in Appendix. The gas analysis system proposed by Li, et al., 2016 consist of the sampling device, sampling pipe,
analytical instruments, standard sample gas, smoke system and data acquisition system. A pre-test was performed to
obtain the mass flow of the sampling gas in the pipe until it reached the required value. Afterwards, the excessive
sampling gas would be released through the ventilation valve. In consequence, the delivery duration of the sampling gas
was shortened, which significantly improved the test efficiency.

Figure 13 Gas analysis system

Combustion performance was recorded when the sampling gas data maintained a stable state. Figure 14
demonstrates the experimental devices used for gas analysis. The sampling rake, mixer and solenoid valve were arranged
in sequence. There are 21 sampling rakes, of which 15 rakes are used for gas sampling while the other 6 rakes are used
for water cooling. Meanwhile, the sampling point located in the centre of the outlet and the sample would be collected by
the mixer.



9

(a) Sampling rake (b) Mixer (c) Solenoid valve

Figure 14 Gas analysis devices

Experimental methods

The experimental condition is set as the same with numerical simulation so as to make fair comparisons. The gas
analysis method was adopted to calculate the combustion efficiency and exhaust smoke number.

Results analysis

The comparison of combustion efficiency and OTDF between case 1 and case 2 is presented in Figure 15.
Apparently, the combustion efficiency of both cases has exceeded 99.7%, indicating that the organization of the flow
field functioned properly and the combustion was adequate for the triple-swirler combustor.

More importantly, the OTDF of case 2 has dropped by 36% compared to case 1, as shown in Figure 15 (b). The
main reason is that the air flow from the third stage swirler enters the primary zone in advance. Meanwhile, the fuel
droplets experience a larger aerodynamic force, which makes the fuel film tore into smaller droplets and shortened the
mixing time. As a result, the combustion is triggered earlier than expected with a short flame, resulting in a mitigated
maximum outlet temperature.

(a) Combustion efficiency (b) Overall temperature distribution fraction

Figure 15 Experimental results comparison

Figure 16 illustrates the measured temperature on the upper wall of the flame tube for the two combustors. The
observation is that the highest temperature of the flame tube wall is less than 920K, indicating a satisfying film cooling
effectiveness. Meanwhile, there is an increase in temperature along the axial direction and then declines at point 6, which
is in good accord with the simulation results, meaning that the fuel burns intensely after the primary holes.

A closer inspection of Figure 16 shows that the outer ring would effectively lower the flame tube temperature
upmost by 10K, which is beneficial to extend the life of the flame tube. The primary reason for the temperature drop is
that the airflow from the third stage swirler would sweep along the flame tube wall in advance and generate a protective
film over the interior surface. Meanwhile, the lowered temperature of the rear region of dilution holes is caused by the
more sufficient combustion and shorter flame.
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Figure 16 Temperature distribution of the flame tube

Figure 17 compares the outlet temperature distribution of the two cases. Apparently, for case 1, the maximum
temperature is 2040K, which is located close to the right bottom side of the combustor outlet. The posing risk is that the
resulted thermal stress at the blade root would be unacceptable and even cause blade failure, especially considering the
existing high centrifugal stress. Ideally, the high-temperature region would preferably lie between 2/3 and 3/4 height of
the outlet so that the turbine blade would avoid the aggressive root thermal stress and the inadequate tip cooling issue.
Compared to the baseline combustor, the combustor outlet temperature would achieve the desired distribution with the
hot spot located in the middle and upper region when mounted with the outer ring.

In terms of smoke generation, the mechanism is that the inadequate mixing in any part of the combustor and the fuel-
rich regions would produce considerable quantities of about 96% carbon and other species. The smoke number is an
extremely important parameter for fighter stealth ability and should be no more than 20. The smoke number measured by
the gas analysis method is 20 and 15 for case 1 and case 2 respectively. The reinforced atomization and more
homogenous mixing of case 2 avoid the generation of local fuel-rich zones, which effectively reduces the smoke number.

The comparison between Figure 9 and Figure 17 reveals that the maximum temperature and the rough temperature
distribution of case 1 was similar for the experiment and the simulation. The maximum temperature of case 1 for the
simulation was 2228K located at the lower middle region, which was close to the test results. However, the maximum of
case 2 for the simulation was 2108K lying at the the lower left side whereas the highest value was 2000K for the
experiment. The main reason for the high temperate at the lower left region was that the flame tube sidewall has impact
on the temperature distribution. On the other hand, there was no thermal couple arranged at the edge during the test due
to the space limitation, resulting in the difference between numerical simulation and experiments.

(a) Case1 (b) Case2

Figure 17 Outlet Temperature distribution

Results Validation

The simulated results of case 2 are validated by the experimental results regarding combustion efficiency, OTDF
and radial temperature distribution factor (RTDF), as listed in Table 2 and Figure 18. The relative errors for combustion
efficiency and OTDF are 0.94% and 1.04% respectively. It reveals that the combustion performance between simulation
and measurement of the triple swirler combustor matches well. By comparing the outlet temperature distribution in
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Figure 9, it is observed that the hot spot near the down-left wall of case 2 has vanished due to the limited space for
thermocouple test points, as presented in Figure 18.

Moreover, the calculated RTDF is almost the same as the experimental data with less than 0.1% error, as shown in
Figure 18. Meanwhile, the hot spot is located in the upper region of the outlet, which is identical to the temperature
distribution shown in Figure 17.

To sum up, the adopted CFD methods obtained reliable simulation results with high precision and could be applied
to triple swirler combustor performance analysis. More importantly, employing the outer ring has significantly enhanced
the combustor performance, especially the smoke number, efficiency, temperature distribution.

Table 2 Experiment and simulation comparison

Parameter Simulation Experiment Relative error

Case 2

Combustion
efficiency 99% 99.93% 0.94%

OTDF 0.193 0.191 -1.04%

Figure 18 Radial temperature distribution factor

CONCLUSIONS

This paper focuses on exploring the potential advantages of the outer ring application for the triple-swirler
combustor by numerical simulation and experimental study. The combustion performance betterment was compared with
the baseline combustor including the combustion efficiency, temperature distribution, OTDF and smoke number. From
the analysis and comparisons results, the major findings can be summarized as follows:

(1) The outer ring has significantly changed the flow characteristics and combustion organization. Firstly, an obvious
expansion in the recirculation zone size is observed, which provides superior flame stability. Secondly, the more
intensive mixing minimizes fuel droplets diameter and strengthens the atomization, resulting in a shorter flame and less
residence time.

(2) The triple-swirler combustor with the outer ring has a prominent improvement in stoichiometric combustion with
the combustion efficiency reaching 99.93%, exceeding the baseline by 0.2%. Besides, the smoke number has dropped to
15, which could enhance the aircraft stealth performance. Additionally, the flame tube temperature has shown an
apparent fall compared to the baseline combustor. Furthermore, the outlet temperature distribution approximates the
desired pattern with the hot spot locating at the middle and upper region of the outlet. It would significantly extend the
blade lifespan and save maintenance costs.

(3) The simulation results for the outer ring case are well validated by the experiment. Comparisons show that the
relative errors of combustion efficiency and OTDF are around 1%. In addition, the RTDF along the radial direction
demonstrates the same profile. The outer ring structure proves to be a promising candidate for optimizing the triple-
swirler combustor performance.
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APPENDIX A – Explanation for Figure 13

1 Data collection 2 Data process 3 Calculation parameters 4 Report compiling 5 Total hydrocarbon analyzer

6 Chemiluminescence analyzer 7 Infrared gas analyzer 8 Float flowmeter 9 Condenser 10 Solenoid valve

11 Coarse filter 12 Filter paper 13 Solenoid valve 14 Flowmeter
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