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ABSTRACT 

A linearly three-nozzle rectangular model combustor is designed in this study to investigate the effects of strong-weak 

swirling interaction on emissions. The swirl number of the nozzles on both sides is 0.72 and that of the middle nozzle are 

0.72 and 1.02 respectively. High-frequency particle imaging velocimetry (HPIV) and RANS numerical calculation methods 

are applied to study the influence of swirling interaction on the flow field and emission characteristics. During reacting 

experiments and simulations, the fuel flow rate remains unchanged and the equivalence ratio varies from 0.53 to 0.83 by 

increasing the air flow rate. Experimental and calculation results show that with the swirl number of center swirler 

increasing from 0.72 to 1.02, the "strong-weak" swirling interaction between center and side swirlers strengthens the 

turbulence intensity of the swirling shear layers, which can effectively improve mixing between the fresh premixed gas 

and the burned high-temperature gas to promote combustion characteristics. CO emissions are reduced from 20 to 40 ppm 

in the equal-strength swirling interaction to below 4 ppm in the "strong-weak" swirling interaction. NOx emissions remain 

basically unchanged. The "strong-weak" swirling interaction also raises the vorticity of the main recirculation zone, this 

strengthens the entrainment of high-temperature burned gas into the recirculation zone to stabilize flame combustion and 

widen the operating conditions which make the extinction equivalence ratio change from 0.59 to 0.53. In this paper, the 

equal-strength swirling interaction is transformed into a "strong-weak" swirling interaction through increasing the swirling 

number of center nozzle, which reaches the goal of extending the blowout equivalence ratio and reducing pollutant 

emissions to achieve stable, high-efficiency, low-emission combustion. 

1. INTRODUCTION 

As environmental and energy issues are getting great attention, the combustor, as one of the difficulties in the research 

of modern heavy-duty gas turbines, is required to achieve high-efficiency, stable, and clean combustion in a high 

temperature and pressure environment. With the advantages of higher thermal load and wider load regulation ratio [1], the 

modern gas turbine combustor mainly adopts the multi-nozzle structure in an annular, can or annular-can combustor. But 

strong interaction between adjacent swirling flames causes a huge impact on combustion stability, pollutant emissions and 

blowout characteristics.  

Because of the mixing of the swirling flows from adjacent nozzles and interaction of the adjacent flames in the multi-

nozzle combustor, the flame structure and flow field of the multi-nozzle combustor are significantly different from that of 

the single nozzle combustor[2-6]. Zhang et al. [7] conducted a PIV experimental study on the vorticity variation of single-

nozzle and three-nozzle combustors, and the results showed that the vorticity of the center nozzle of the three-nozzle 

combustor was obviously stronger than that of the single nozzle due to the change of boundary conditions. Villalva et al. 

[8] conducted a study on a multi-nozzle combustor, and the results showed that the interaction between nozzles can improve 

combustion stability and reduce NOx emissions. 
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The interaction modes between adjacent swirling flames in a multi-nozzle combustor are mainly affected by fuel 

staging, distance between adjacent nozzles, swirl number, swirl direction, nozzle outlet expansion ratio and fuel injection 

position. Some parameters are not allowed to change during the period of experiments, such as nozzle outlet expansion 

ratio. However, some parameters can be adjusted at any time according to the combustion state, such as fuel staging and 

swirl number [9]. Fuel staging affected the local flame structure and heat release rate by changing the interaction of adjacent 

flame fronts and thereby controls combustion stability and pollutant emissions [10,11]. However, the research on fuel 

staging mainly focuses on the combustion stability [12-14]. Variation of parameters such as the swirl direction and spacing 

of adjacent nozzles would affect the flow and flame interaction in the combustion chamber, and eventually had a greater 

impact on the flame structure and emission performance of the combustion chamber [15-18]. Worth and Dawson [19] 

studied the effect on the flame structure of the annular combustion chamber with 12, 15, and 18 nozzles by changing the 

spacing between the nozzles. The results showed that in the annular combustion chamber with 12 nozzles, the flame 

structure kept basically symmetrical on the center section and there was no obvious high heat release rate peak area, 

however, when the distance between adjacent nozzles was continuously reduced, large-scale mixing appeared between 

adjacent flames of the entire annular combustion chamber which resulted in higher heat release in this area. Dolan et al. 

[20] studied the effects of nozzle spacing on the blowout equivalence ratio, nitrogen oxide emissions and heat release rate 

distribution. The results showed that NOx emissions increased as the nozzle spacing got closer. As the nozzle spacing 

increased, the NOx emissions gradually decreased, and the lean blowout equivalence ratio decreased, and for the medium 

spacing, the operating conditions was wider with higher swirl number nozzle. Cai and Jeng [21] studied the influence of 

the swirl direction on the exit flow field of the combustor arranged in a 3×3 array, and the results showed that for the same 

swirl direction, the surrounding recirculation zones were distorted, as for the reversing swirl direction, the recirculation 

zones remained prototype. Yoo [22] et al. conducted numerical calculations on seven-nozzle combustors with different 

rotation directions, and the results showed that the swirl direction has a significant effect on the vortex breaking up and 

recirculation zone. 

The fuel staging studies the influence of the asymmetry of the equivalence ratio distribution on combustion 

performance, while the change of the swirl number is to study the asymmetry of the swirling interaction. Vishwanath et al. 

[23] studied the flow field and distribution of OH Fluorescence of different sections of the combustor under the reacting 

and non-reacting conditions in a linearly distributed three-nozzle combustor with different swirling number arrangements. 

The results showed that swirling interaction affected jet width, radial velocity, backflow velocity and vortex breaking-up 

types. Kim et al. [9] studied the effects of asymmetric distribution of the flow field on the dynamic response of self-excited 

combustion in a two-nozzle can combustor. Current studies have been carried out on the fuel staging and nozzle 

arrangement of multi-nozzle combustors. Researches on the variation of swirl number of specific nozzles in a multi-nozzle 

combustor mainly focus on combustion stability, however, the researches on the flow interaction and emissions 

characteristics are rare and still need to be studied deeply.  

The vortex structure has a dramatically important effect on combustion performance, such as combustion stability and 

blowout equivalence ratio [24]. Meanwhile, the turbulence intensity at the shear layer of the jets and recirculation zones 

can characterize the level of mixing between fresh premixed gas and burned gas [25]. At present, the effects of vortex and 

turbulence fluctuation on combustion performance, especially on pollutant emissions, are mainly concentrated in the field 

of trapped vortex combustion chambers [26,27]. Jin et al. studied the trapped vortex combustion and found that the turbulent 

fluctuation is strongest near the inner and outer boundaries of large-scale vortices, leading to the strongest mixing in this 

area, which can effectively improve combustion efficiency and reduce emissions [28]. But few studies are conducted to 

investigate the influence of vortex and turbulence intensity on mixing and combustion characteristics in the multi-nozzle 

combustor. In this paper, through the variation of the middle nozzle swirl number in the linearly three-nozzle combustor, 

the effects of the vorticity and turbulence intensity on pollutants emissions and extinction equivalence ratio is studied with 

experimental and numerical methods under different equivalence ratios.  

2. EXPERIMENTAL AND NUMERICAL METHODS 

2.1 Experimental scheme and numerical model 

The flow field and combustion performance experimental system is shown in Figure 1, including a linearly three-

nozzle combustor, air and fuel supply system, temperature and emission measurement system and PIV measurement 

system. The combustion chamber consists of three nozzles arranged linearly and equidistantly on the front wall and an 

optical combustion section. The outer diameter (D) of the nozzle is 48 mm, the inner diameter (Di) is 34 mm. The inter-

nozzle spacing is 2.25D and the end wall distance is 1D, the combustion chamber length is 360mm. The air is provided by 

a centrifugal blower, and its flow rate is controlled by adjusting the fan speed through the variable-frequency drive. Methane 

is used as fuel and the flow rate is controlled by the D07-9E CH4 mass flowmeter. 

The swirl number of nozzle in practical gas turbine multi-nozzle combustor is approximately 0.6 to 0.7. If the swirl 

number of all nozzles in a combustor is increased to a higer swirl number, perhaps it is not beneficial to combustion 

characteristics and stability. In this study, three straight-blade axial swirler is used, and the swirling direction were identical. 
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The definition of swirling number Sn is given by David G. Lilley [29]. According to the definition, the installation angle 

of swirling blades on both sides of the swirler is 40°, and the Sn is 0.72 accordingly. The installation angles of the middle 

swirler blades are designed as 40° and 50°, and the Sn is 0.72 and 1.02 respectively. The swirl number combination diagram 

is shown in the lower left corner of Figure 1. The two different swirl number combination are named as Sn=0.72 and 

Sn=1.02 simply hereinafter. 

 
Fig.1 Layout of the experimental system 

 

Hybrid grid is designed in this paper, including the unstructured tetrahedral grid of swirlers and the structured 

hexahedral grid of combustion chamber. Meanwhile, local grid refinement is adopted near the nozzle outlet in the 

combustor and sparse grids are used far downstream the swrler outlet. The advantage of using hybrid grids is to avoid 

unsatisfactory data transmission due to the use of interfaces. Two different grid density models with the grid number of 

2.75 million and 3.7 million are designed to verify the independence of grid number. The axial non-dimension velocity at 

the 1.0D position downstream the swirler outlet of the combustor chamber central section are extracted to compare with 

the results of non-reacting PIV experiment and the results are shown in Figure 2. The calculation results of two different 

grid density models are basically the same and they are in good agreement with the experimental results. Therefore, in 

order to reduce the consumption of resources, a model with a grid number of 2.75 million is used for calculation with the 

guarantee of accuracy. 

 
Fig.2 Verification of grid independence 

 

The swirler inlet is given as a mass flow rate boundary, the fuel and air are set to be completely premixed according 

to the designed conditions. the inlet absolute pressure is given an atmospheric pressure, and the turbulence intensity and 

hydraulic diameter are set as boundary conditions. The absolute pressure at the outlet of the combustor is designed as 

atmospheric pressure. Under the nonreacting conditions, the temperature of all the walls is given as 300K, and the 

temperature of the combustor walls is set as 800K Under reacting conditions. The methane-air two-step reaction mechanism 

[30] is adopted, in the two-step total package reaction model, the finite rate/vortex dissipation model is used. Realizable k-

ε turbulence model is selected. Calculation is based on the standard pressure solver SIMPLEC algorithm, and second order 

upwind difference scheme is chosen for equations of momentum and species. 

2.2 Test conditions and measurement 

Experiments are all carried out under ambiant temperature and pressure and the test conditions are illustrated in the 

following. The inlet Reynolds number of the swirler in the non-reacting PIV experiment varies from 70,000 to 150,000, 

the fuel mass flow rate of each nozzle is distributed equally and the total mass flow rate of fuel in the combustion 
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performance experiment is 2.5g/s. The equivalence ratio varies from 0.53 to 0.83 by changing the inlet Reynolds number 

of the swirler. 

In order to analyze the influence of the swirl number variation on the swirling flow interactions, the PIV measurement 

of the non-reactive flow field in the central section of the combustion chamber is carried out, taking into account the 

experimental medium as air, particle followability under experimental conditions, particle concentration and economy, etc. 

Factors, this experiment uses 2 μm oil droplets as tracer particles, which are released at the fan inlet and enter the 

combustion chamber with the mainstream air.  

The combustion chamber consists of a rectangular quartz glass with a width of 125mm and a length of 265mm. It 

provides optical access for the PIV measurements. In order to analyze the influence of swirl number variation on the 

swirling flow interactions, the PIV measurement of the non-reactive flow field in the central section of the combustor is 

carried out using a Vlite-Hi-30K dual Nd:YFL laser high frequency particle image velocimetry system (1 mm laser sheet 

thickness). In this study, the laser frequency is 1000 Hz. The wavelength and of laser is 527 nm. As the measurements are 

taken under non-reacting condition, 2 um oil particles are used for seeding. The images are recorded using a high speed 

CCD camera ( 1280×800 pixel resolution) placed perpendicular to the laser sheet at the flank of the combustor and the max 

frequency of the high speed camera acquisition is 7.4K Hz. According to the research of Merzkirch and Lecordier[31], 500 

snapshots were taken under every condition at the axial plane indicated in figure 1. The image pairs were analyzed with an 

interrogation area of 32×32 pixel.  

the mean value has its precision uncertainty caused by the flow fluctuation and turbulence. For 95% confidence, the 

precision uncertainty is expressed as ： 

1.96 stdu
P

N
=                                         (1) 

where N is the sample number of velocity measurements, 𝑢𝑠𝑡𝑑  is the standard deviation value in the time-averaged 

mean velocity, and 1.96 is the 95% confidence interval of standard normal distribution. In the present studies, the maximum 

standard deviation of axial velocity and is close to 4.6 m/s. Consequently, the maximum precision uncertainty of the 

velocity is 0.45 m/s. 

The inlet and outlet temperature of the combustion chamber is measured by K-type thermocouples, and its maximum 

range of temperature mearsurement is 273K to 1473K. The temperature data acquisition is completed by NI instruments. 

CO and NOx Emissions are measured by Siemens U23 online gas analyzer to measure the concentration of O2, CO and 

NOx in the exhaust gas, then the emission data are converted based on 15% O2 volume fraction for comparative analysis. 

The maximum ranges of CO, NOx and O2 components measurements are 0-500ppm, 0-200ppm and 0-25% respectively. 

The emission measurement error is 1% of each component maximum measurement range. 

3. RESULTS AND DISCUSSION 

Higher CO emission occurs under low-load or part-load conditions in the multi-nozzle combustor, the “strong-weak” 

swirl intensity combination can effectively reduce CO emissions. In this chapter, the CO and NOx emissions variations of 

combustion chambers with different swirl number nozzles are compared firstly. As for the influence of swirling flow 

interaction modes variation on turbulence intensity and vorticity, it is studied to explain the reasons for the changes of CO 

distribution in different sections of the combustor. 

3.1 Emission characteristics analysis 
In order to investigate the influence of the swirling interaction intensity variation on the emission characteristics, Fig. 

3 shows the experiment results of CO and NOx emission characteristics under different equivalence ratio conditions. The 

emissions data of Sn=0.72 are not shown when equivalence ratio belows 0.59 because of extinction. The results indicate 

that increasing the swirling intensity of the center swirler is beneficial to strengthen combustion and reduce combustor 

outlet CO emissions. Under different equivalence ratio conditions, the CO emissions varies from approximately 20-40 ppm 

to 1-2 ppm while the Sn increasing from 0.72 to 1.02. The reason for the reduction of CO emissions is mainly due to the 

increased interaction intensity between adjacent swirling flows, which will strengthen the mixing of burned high-

temperature gas and fresh premixed gas to make combustion more completely. 

The NOx formation rate is mainly affected by temperature distribution in this study because thermal NOx is the main 

part of the total NOx formation rate under low pressure combustion. With the increase of equivalence ratio, the exhaust 

temperature and the chemical residence time increase, as a result, no matter Sn equals 0.72 or 1.02, the NOx emission 

increases. Under the condition of the same equivalence ratio, the overall exhaust temperature is close between Sn equals 

0.72 and 1.02, so the NOx emission is basically close, and the little difference may be caused by the different flame structure 

and local heat release, which leads to the difference of local temperature distribution. 

Figure 4 shows the simulation results of CO emissions at combustor outlet under the condition of Re=90000 for 

Sn=0.72 and 1.02. The simulation results also demonstrate that the method of strong-weak swirling interaction can 

significantly reduce the CO emissions. The left figure shows the outlet area-weighted average CO concentration, which 
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indicates increasing swirl intensity of center swirler makes the CO emissions reduce by four times. When Sn=0.72, the 

turbulent flame interaction position is further to the swirler, and the turbulence intensity is lower. The insufficient mixing 

between premixed gas and high-temperature burned gas leads to the higher CO emission at the outlet. It is worth mentioning 

the uneven distribution of turbulence intensity and recirculation zone in the combustor leads to the uneven distribution of 

CO concentration at the outlet of the combustion chamber with different swirl intensities. Although the calculation results 

of CO concentration deviate from the experimental values, the trend of CO concentration caused by the strong-weak 

swirling jets interaction is consistent with the experiment, which can provide reference for the practical design.  

 

 
Fig.3 Influence of swirl intensity of 0.72 and 1.02 on CO (left) and NO (right) Emissions 

 

 
Fig.4 Area-weighted average CO concentration and distribution contours on the outlet plane with swirl intensity 

equals 0.72 and 1.02 under condition Re=90000 

 

3.2 Non-reacting flow field analysis 

Non-reacting condition PIV experiments are designed to investigate the influence of swirl intensity variation on the 

swirling flow interaction characteristics on the central section of the combustion chamber under atmospheric temperature 

and pressure. Due to the size of optical window, the measured flow field boundary are Y/D=0.25 and 2.5, X/D=-2.5 and 

2.5 along the axial and radial direction respectively. Due to the high Reynolds number at the inlet of the swirler, the flow 

in the combustion chamber has satisfied self-similarity. The Reynolds number has little effect on the flow field structure 

such as the jet angle and the geometric size of the recirculation zone. 

 
Fig.5 Time-averaged PIV flow field of central plane with swirl intensity equals 0.72 and 1.02 under Re=90000 condition 
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Fig. 5 shows the time-averaged dimensionless axial velocity contours superimposed the vector map of the combustor 

central section with swirl intensity equals 0.72 and 1.02 under Re=90000 condition, and the dimensionless axial velocity 

at any point is defined as the ratio of the axial velocity to the maximum axial velocity. In this figure, the red dotted line is 

the isoline of the axial velocity of 0, indicating the boundary of the recirculation zone. The boundary conditions of the side 

swirler are jet and fixed wall, however, that of the center swirler are both jet. The difference of boundary conditions between 

center and side swirlers leads to the extension of the main recirculation zone along the axial direction significantly different. 

The radial momentum component of swirling jet decreases because of the opposite direction of adjacent swirling flow. 

The direction of merging jet is close to the axial direction when the swirl intensity of adjacent swirling flow is the same 

and the main recirculation zone can develop naturally downstream. With the increase of the center swirler swirl intensity, 

the angle between the swirling jet and the axis increases, and the dimensionless axial velocity of the swirling jet decreases. 

The jets of side swirlers obviously squeeze the main recirculation zone of the center swirler.  

In order to quantitatively analyze the influence of swirl intensity variation on the swirling interaction characteristics, 

The variation of turbulence fluctuation downstream of the interaction position is experimentally studied. It can be found 

from the time-averaged flow field in Fig. 5 that even if the swirl intensity varies, the interaction position and vortex core 

are both located in the upstream of the axial position Y/D=1.0. The left figure in Fig. 6 shows the maximum turbulent 

intensity at the axial position Y/D =1.0 of Sn = 0.72 and 1.02 on the central section of combustor chamber under different 

testing conditions. The right figure shows the distribution of turbulent intensity along the radial direction at the axial 

position Y/D=1.0 under Re=90000 condition, where the turbulent intensity is defined as :  

'2 '2

2 2

u v
I

u v

+
=

+
                                        (2) 

where, u and v  are the axial and radial velocity components, 
'u  and 

'v  are the RMS pulsations of the axial and 

radial velocity components respectively.  

 
Fig.6 comparison of Turbulence intensity at Y/D=1.0 of swirler outlet with swirl intensity equals 0.72 and 1.02 

 

 
Fig.7 Vorticity distribution on the central plane with swirl intensity equals 0.72 and 1.02 under condition Re=90000 

 

The results reveal that the turbulence intensity of the center swirler shear layer is significantly higher than that of the 

side swirler, and the turbulence intensity in the main recirculation zone of the center swirler is also about 10 % higher than 
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that of the side swirler, which may be caused by the effects of the chamber wall on the side swirler jets and its main 

recirculation zone. The variation that Sn increases from 0.72 to 1.02 leads to a result that the turbulence intensity of the 

inner shear layer increases dramaticly, and the turbulence intensity of Sn=1.02 is about 150 % higher than that of Sn=0.72, 

indicating that there is a strong turbulence fluctuation in this area, and it means this will promote the strong mixing between 

the fresh premixed jet and the burned high-temperature gas. Meanwhile, the vorticity distributions of different Sn 

combustor center section are compared under non-reacting condition in figure 7. Due to the effect of shearing, there are 

different strength of vorticity distributed in the inner and outer shear layers of different swirling jets, and the profile in 

figure 7 is the distribution of vorticity integrated along X/D direction. The results show that with the increase of swirl 

intensity, the vorticity of the center and both sides swirlers increases, and the position of maximum vorticity is defined as 

the vortex core, which indicates the vortex core moves closer to the nozzle outlet, and it is helpful to roll high temperature 

burned gas back to the outlet of nozzle and improve the flame stability. The temperature distributions under reacting 

condition will be illustrated detailly in the calculation results. 

3.3 Numerical results analysis 
Due to the result that swirl intensity variation has little effect on NOx emissions, this part only studies the influence 

of the interaction between swirlers on the CO emissions under the reacting conditions by numerical methods. Since the 

turbulence intensity can better characterize the intensity of flow fluctuation, the parameter can be used to characterize the 

mixing characteristics in the combustion chamber [25]. In order to study the reasons for the decrease of CO emission, the 

turbulence intensity distribution under reacting condition 2 was studied detailly. The turbulence intensity contours of the 

central section of the combustor is shown in Figure 8. No matter Sn equals 0.72 and 1.02, near the downstream of the 

adjacent swirling jet interaction position, the turbulence intensity of the center swirler main recirculation zone is 

significantly stronger than that of the side swirler due to the wall effect of the combustion chamber. When Y/D is greater 

than 3 with Sn equals 0.72, the turbulence intensity is still high and distributes unevenly. It is noted that the turbulence 

intensity of Sn=1.02 near the downstream of the swirler outlet is significantly stronger than that of Sn=0.72. When Sn 

increase to 1.02, the main recirculation zone of the center swirler becomes larger, which has a significant pushing effect 

on the jets of side swirling jets, resulting in the stronger turbulence intensity in the recirculation zone of side swirlers. In 

the Sn=1.02 case, the turbulence intensity suddenly decreases when Y/D is greater than 3 with respect to the central region, 

which might affect the combustion instability. 

 
Fig.8 Turbulence intensity contours on the central plane with swirl intensity equals 0.72（left）and 1.02(right) under 

condition Re=90000 

 

 
Fig.9 Turbulence intensity at Y/D=1.0 of swirler outlet with swirl intensity equals 0.72 and 1.02 

 

In order to quantitatively study the influence of swirl intensity variation on turbulence intensity under different reacting 

conditions, Fig. 9 shows the distribution of turbulence intensity extracted from Y/D=1.0 of the center section of combustion 

chamber with different swirler inlet Reynolds number. The profiles show that the turbulence intensity in the corner 
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recirculation zone between adjacent swirling jets is about 200% and 350% greater than that in the main recirculation zone 

with Sn=0.72 and 1.02, and it means that there exists stronger turbulence fluctuation, heat and mass transfer between the 

fresh premixed jet and burned gas in the corner recirculation zone.  

The results mentioned above indicate that the turbulence intensity of shear layers and recirculation zones gets stronger, 

vortex cores move upstream and its magnitude becomes higher. In order to illustrate how the changes of these parameters 

affect the variation process of CO concentration and temperature distribution, Figure 10 shows the CO mole concentration 

and temperature distribution at Y/D=0.5, 1.0, 1.5 and 2.0 sections downstream of swirler outlet under Re=90000 for 

Sn=0.72 and 1.02. As Sn increases from 0.72 to 1.02, the stronger turbulence intensity and higher vorticity strengthen the 

high temperature burned gas rolling back to the recirculation zone and the mixing of premixed gas with high temperature 

burned gas. Therefore, it strengthens the combustion of fuel, which makes the high concentration of CO tend to be closer 

to the outlet of the swirler and the CO consumption is faster downstream the swirler outlet, indicating that the combustion 

is more sufficient. In particular, the high CO concentration area of the center swirler is closer to the nozzle with Sn=1.02 

and it is basically fully consumed at Y/D=1.5. It also can be found from the temperature field that the full combustion of 

the center swirling jets also promotes the combustion of the adjacent swirling jets. 

 

 
Fig.10 CO concentration and temperature distribution contours on the different planes with swirl intensity equals 0.72 

and 1.02 under condition Re=90000 

 

4. CONCLUSIONS 

In summary, with the methods of experimental and numerical simulation, the influence of strong-weak swirling jets 

interaction in a multi-nozzle combustor on turbulence intensity, vorticity and emission characteristics under different 

swirler inlet Reynolds numbers is analyzed and summarized. By increasing the swirl intensity of center swirler, the equally 

intensity swirling jets interaction mode is transformed into the strong-weak swirling interaction mode, which achieves the 

goals of expanding the blowout equivalence ratio boundary and reducing pollutant emissions. As a result, the stable, 

efficient and low emissions combustion is achieved. This study can provide useful details for the design of novel gas turbine 

multi-nozzle combustors, helping to reduce pollutants emissions. The results can be concluded as follows : 

（1）The strong-weak swirling jets combination can effectively improve the turbulence intensity of the flow field. 

The turbulence intensity of the jets inner shear layer increases by about 150% under the non-reacting conditions, and the 

turbulence intensity in the recirculation zone is also improved. Under the reacting conditions, the turbulence intensity of 

the inner and outer shear layer is even increased by more than 300%, which effectively strengthens the mixing of fresh 

premixed gas and high-temperature burned gas to promote the fully combustion, and reduces the CO pollutant emissions. 

The experimental results show that the CO emission decreases from 20 to 40 ppm in the equally intensity swirling 

interaction mode to less than 4 ppm in the strong-weak mode, and the NOx emission is basically unchanged. The numerical 

calculation results also demonstrate the tendency and show that this method can reduce the CO emission by four times.  

（2）The strong-weak swirling jets combination breaks the critical balance of the adjacent swirling jets interaction, 

which makes the swirling flame interaction more stable. meanwhile, this method can increase the vorticity of the 

recirculation zone and strengthen the reflux of the high-temperature burned gas. The high temperature zone is closer to the 

nozzle, so that the fresh premixed gas can quickly ignite and burn at the nozzle outlet, which is conducive to stable 

combustion, widen the operating condition boundary, and reduce the blowout equivalence ratio from 0.59 to 0.53.  
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