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ABSTRACT

A linearly threenozzlerectangular model combustor is desigirethis study to investigate the effecf strongweak
swirling interaction on emission¥he swirlnumberof the nozzles on both sides is 04t thabof the middle nozzlare
0.72and1.02respectivelyHigh-frequency particle imagg velocimety (HPIV) and RANS numerical calculation metfsod
are applied testudytheinfluence ofswirling interactionon the flow field andemissioncharacteristicsDuring reacting
experiments and simulationset fuel flow ate remains unchangedidthe equivalence ratio varies from 0.53 to 0b§3
increasing the air flow rateExperimental and calculation results show twéth the swirl numberof center swirler
increaing from 0.72 to 1.02the "strongweak" swiring interaction between center and side swirlers strengtiteas
turbulenceintensity of the swirling shear layes; which can effectivelymprove mixing betweerthe fresh premixed gas
andthe burned higltemperature ga® promote combustionharacteristicsCO emisions are reduced from 20 to 40 ppm
in the equaktrength swiihg interactionto below 4 ppm in the "strorgeak”swirling interaction NOx emissions remain
basically unchanged’he "strongweak" swirling interactioralso raiseshe vortcity of the main recirculation zongis
strengthers the entrainment of higtemperaturdurnedgasinto the recirculation zon stabilize flame combustioand
widen the operatingonditions whichmakethe extinctionequivalerte ratio changefrom 0.59 to 0.53In this paperthe
equalstrength switihg interactionis transformed into a "strongeak” swirling inteaction throughncreasing the swirling
numberof centernozzle, which reactes the goal of extending thblowout equivalence ratiand reducing pollutat
emissiongo achiew stable, higkefficiency, lowemission combustion.

1. INTRODUCTION

As environmental and energy iss@sgettinggreatattention, the combustaas one of the difficulties in the research
of modern heawduty gas turbinesis requirel to achievehigh-efficiency, stable, and clean combustion in a high
temperature and pressure environm@ith the advantages of highthermal load anaviderload regulation ratio [1], the
modern gas turbine combustoiainly adoptsthe multi-nozzle structure inraannular canor annularcancombustorBut
strong inteactionbetween adjacent swirling flameauses huge impact on combustion stability, polhttamissionsnd
blowout characteristics

Becausef the mixing ofthe swirlingflows from adjacent nozzles arndteraction ofthe adjacent flames in the muilti
nozzle combustor, the flame structure and flow field of the maltizlecombustomaresignificantly different from that of
the single nozzleombustoj2-6]. Zhang et al. [7] conducted a PIV experimental study on théeitgvariation of single
nozzle and threaozzle combustgr and the results showed that the igir¢ of the center nozzle of ¢hthreenozzle
combustor wasbviouslystronger than that of the single nozzle due to the change of boundary conditions. Villalva et al.
[8] conducted a study on a muttdzzle combustor, and the results showed that theagttenbetween nozzles can ingwe
combustion stability and reduce NOx emissions.
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The inteaction modes between adjacent swirling flames in a multizzle combustoare mainly affected by fuel
staging distance between adjacent nozzles, swirhber swirl direction, nozzle outlet expsion ratioand fuel injection
position. Some parameters are athbwed to changeuring the period of experimentssuch as nozzle outlet expansion
ratio. Howeve, some parameters can be adjusted at any time according to the combustion statefusliskaging and
swirl number [9]. Fuel staging affextthe local flame structure and heat release rate by changing the interaction of adjacent
flame frontsandthereby contra combustion stability and pollutant emissions [10,11]. However, the researfirelo
staging mainly focuses on the combustion stabilityI42 Variation ofparameters such as the swirl direction and spacing
of adjacennozzleswould affect the flow and flame intactionin the combustion chamber, aadentuallyhad a greater
impad on the flame structure and emission performance of the combustion chamii&.[V8orth 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 theozzles. The results showed that in the annular combustion chamber with 12 nozzles, the flame
structurekept basically symmetricabn the center sectioand therewasno obvioushigh heat release rafgeak area,
however,when the distance between adjacent nozaias continuously reduced, largeale mixng appeaed between
adjacent flames of the entire annular combustion chambieh resuledin higherheat release in tharea Dolan et al.

[20] studied the effects of nozzle spacing onlitmavout equivalence rit, nitrogen oxide emissions and heat release rate
distribution. The results showed that NOx emissimtreasedasthe nozzle spacingot close. As the nozzle spacing
increasd, the NOx emissiangradually decrease and the leablowoutequivalence ratio decreakeand 6r the medium
spacing, theperating conditiongvaswider with higher swirl numbernozzle.Cai and Jeng [21] studied the influence of
the swirl direction on the exit flow field of ttmmbustoarranged in a 3X3 array, drthe results showed that for the same
swirl direction the surrounding recirculation zones were distoytagifor the reveliag swirl direction the recirculation
zones remaired prototype. Yoo [22] et al. conducted numerical calculations on severie ombustors with different
rotation directions, and the results showed that the swirl direction has a significant effect on the vorieg bpeakd
recirculation zone

The fuel staging studies the influence of the asymmetry of the equivalence ratiobdistm on combustion
performance, wite the change of the swirl number is to study the asymmetry of the swirling interaction. Vishwanath et al.
[23] studied the flow field andistribution of OH Fluorescence dfifferentsectiors of the combustor under threacthg
and nonreacting conditions in dinearly distributedthreenozzle combustawith different swirling number arrangements
The results shoedthat swirling inteactionaffectedjet width, radial velocity, backflow velocity and vortex brewkup
types. Kim et al. [9] studied theffects ofasymmetric distribution of the flow fieldnthe dynamic response of seikcited
combustion in a twamozzle can combustor.Current studies lave been carried out on the fuel staging and nozzle
arrangement of mulnozzle combustorfkeseaches orthevariation ofswirl numberof specificnozzlesn amulti-nozzle
combustor mainly focus on combustion stabjlityowever,the researchs on the flav interaction and emissios
characteristicare rare and still need to be studied deeply.

The vortex structure hasdramaticallyimportant effect on combustion performance, such as combustion stability and
blowout equivalence rati¢24]. Meanwhile the tirbulenceintensityat theshear layeof the jes and recirculation zorse
can characterize the level miixing between fresh premixed gas and burned2f#s At presentthe effects of vortex and
turbulencdluctuationon combustion performance, espdgian pollutantemissions, are mainly concentrated in the field
of trapped vortex combustion chambers [26,27]. Jin studied therapped vortex combusti@and foundhat the turbulent
fluctuationis strongeshearthe inner and outer boundaries of laggale vortices, leading to the strongest mixing in this
area, which can effectively improve combustion efficiency and reduce emissionB(i28w studes are conducted to
investigatethe influence of vortex andutbulence intensity omixing and combustion characteristiosthe multinozzle
combustor. In this papethrough the variation ahe middle nozzleswirl numberin thelinearly threenozzle combustor,
the effecs of the voricity and turbulence intensiggn pollutants emissions and extinction equivalence ratio is studied with
experimerdl and numericamethodaunder different equivalence ratios.

2. EXPERIMENTAL AND NUMERICAL METHODS

2.1 Experimental scheme and numerical model

The flow field and cmbustion grformance experimental system is shown in Figure 1, includimgearly three
nozzle combustor, air and fuel supply systermperature and emissiameasuremensystemand PIV measurement
system. The combustion chamber consists of thozzles arranged linearly and equidistantly on ftant wall and an
optical combustion section. The outer diameter D}he nozzlds 48 mm, the inner diameter (Di) is 34 mihe inter
nozzle spacing is 2.25D and the end wall distance jsHedcombustion chamber length is 360mm. The air is provided by
a centrifugablower, andits flow rateis controlled by adjusting the fan speed througtvtir@blefrequency driveMethane
is usedas fuel andheflow rateis controlled by the DOBE CH4 mass flometer

The swirlnumberof nozzlein practicalgas turbine multhozzle combustor iapproximately0.6 to 0.7. If the swirl
numberof all nozzlesin a combustois increasedo a higer swirnumber perhapsit is not beneficialto combustion
characteristics and stability. In this stuttyeestraightblade axial swirlers used, and the swirling directiorereidentical.



The definition of swirling numberSn is given by David G. Lilley [29]According to the definitionthe installation angle
of swirling blades on both sides of the swirler is 405 and the Sn is &¢ardingly The installation angles of the middle
swirler blades ardesigned a40°and 50; and the Snis 0.72 and 1.02 respeely. The swirhumbercombination diagram
is shown in the lower left corner of Figure 1. The tdifferent swirl numbercombinationare named assn=0.72 and
Sn=1.02simply hereinafter
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Fig.1 Layout of the experimental system

Hybrid grid is designed in this paper, includinge unstructured tetrahedral griof swirlers and the structured
hexahedral gridof combustion chambemMeanwhile, local grid refinement is adopteéar the nozzle outléh the
combusbr andsparse grids are used f@ownstreanthe swrler outletThe advantage of using hybrid grids is to avoid
unsatisfactorydata transmission due to the use of interfates differentgrid density models with thgrid number of
2.75 million and 3.7 milliorare designed teerify the ndgpendence of grid numberh& axialnon-dimension velocity at
the 1.0D position downstream thevirler outlet of thecombustor chambarentral sectiorare extracted tcompae with
the results ohonreactingPlV experimentand he results are shown Figure 2. The calculation result$ two different
grid densiyy modelsare basically the same and they are in good agreement with the experimental results. Therefore, in
order to reduce the consumption of resourcespdelwith a grid number of 2.75 mibin is used for calculatiowith the
guarante®f accuracy
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Theswirlerinletis givenasa mass flow ratboundary, the fuel and air are set to be completely premixed according
to the desiged conditions the inlet absolute pssure is given an atmospheric pressure, and the turbulence intensity and
hydraulic diameter are set as boundary conditions. The absolute pressure at the outlet of thercisnllesgined as
atmospheric pressurélinder the nonreacting conditionsthe temperature of all the walls is given as 300K, and the
temperature of the combuostvallsis set a800K Under reacting condition¥he methanair two-step reaction mechanism
[30] is adopted, in the twetep total package aetion model, the finite rate/vortex dissipation model is used. Realizable k
€ turbulence model is selected. Calculation is based o
upwind difference scheme is chosen for equations of mameand species.

2.2 Test conditions and measurement

Experiments are all carried ouhderambianttemperature and pressuardthe testconditions ardllustrated in the
following. The inlet Reynolds number of tissvirler in the nonreactng PIV experimentaries from 70,000 to 18,000,
the fuel mass flowrate of each nozzle iglistributed equallyand the total mass flowate of fuel in the combustion



performance experiment is 2.5gi$e equivalece ratio variesfrom 0.53 to 0.83 by changing tllet Reynolds number
of theswirler.

In order to analyze the influence of the swirl number variation on the swirling flowdtiter® the PIV measurement
of the nonreactive flow field in the central section of the camtion 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 usesuth oil droplets as tracer particles, which aeteased 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 measuremédnterder b analyze the influence of swirl number variation on the
swirling flow interactions, the PIV measurement of the noeactive flow field in the central section of the combustor is
carried outusing a VliteHi-30K dual Nd:YFLIlaser high frequency particle age 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 nomeacting condition, 2 um oil particles are used for seeding. The imagescarded using a high speed
CCD camera ( 12805800 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 7.4KAetmrding to the research bferzkirchandLecordier{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 32xX32 pixel.

the mean value has its precision uncertainty caused by thdlficiwation and turbulencé&or 95% confidence, the
precision uncertainty is expressed'as

P :1.96% (1)

IN

where N is the sample number of velocity measurements,is the standardleviation value in the timaveraged
mean velocity, and 1.96 the 95% confidence interval of standard nordistribution. In the present studi¢se maximum
standard deviation of axial velocity and is close4té m/s. Consequently, the maximum priggisuncertainty ofthe
velocity is 0.45 m/s.

Theinlet and outletemperature of the combustion chamber is measuredtypdthermocoupk andits maximum
rangeof temperaturenearsuremeris 273K t01473. The temperaturdata acquisitioris completedoy NI instruments.
CO andNOx Emissions are measured by Siemens U23 online gas analyzer to nmibastoecentration of 02, CO and
NOXx in the exhaust gahienthe emission data aoenvertecbased or15% O2 volume fraction focomparative analysis.
The maximumrangesof CO, NOx andO2 componentsneasuremestare 8500ppm 0-200ppmand0-25% respectively
Theemissionmeasurement error is 1% @ich component maximumeasuremeriange.

3. RESULTS AND DISCUSSION

Higher COemissionoccursunder lowloador partload conditionsn the multitn 0 z z | e ¢ o mb u smeaark,” t h e
swirl intensitycombination cameffectivelyreduce CO emissionB this chapter,iie CO and NOxemissiors variationsof
combustion chambers with diffemt swirl number nozzles are compared firsths for the influence ofswirling flow
interactionmodes variationon turbulence intensity and vorticjtif is studied teexplain the reasons for the changé€0O
distribution in different sections of the cobmmstor

3.1 Emission characteristics analysis

In order toinvestigatethe influence of the swirlg interactionintensityvariationon the emission characteristics, Fig.
3 shows thexperiment results O and NOx emission characteristics undifflerent equivaleoeratio conditionsThe
emissions data of Sn=0.&2enot shown when equivalence ratio belows 0.59 because of extinthiermesultsndicate
that increasing the swirling intensity of tikenterswirler isbeneficialto strengthercomtustionand reduceombustor
outletCO emissions. Under different equivatematio conditions, the CO emissiovaries fromapproximate\20-40 ppm
to 1-2 ppm while the Sn increasing from 0.72 to 1.0Bereason for theeduction of CO emissions is mairdye to the
increased intexction intensity betweenadjacentswirling flows, which will strengthen thenixing of burned high
temperature gas and fresh premixedtganakecombustiormore completely

The NOx formation rate is mainly affected by temperatlis&ibutionin this study becaus@armal NOx is the main
part of the total NOx formation rate under low pressure combudfith the increase of equivalence ratio, the exhaust
temperatureand the chemical residence tifimerease as a resultno matterSn equals0.72 or 1.02, the NOx emission
increases. Under the condition of the same equivalence ratio, the overall exhaust temperaturbasveleoneSrequals
0.72and1.02 so the NOx emission is basically close, andittie difference may be caused by ttiferentflame structure
and local heat releasehich leads to the difference lafcal temperaturelistribution

Figure 4 showsthe simulation results o£O emissions at combustor outlet under the condition of Re=90000 for
Sn=0.72 and 1.02. Theimulationresultsalso demonstrate that the method of stramgak swirling interaction can
significantly reduce the CO emissions. The left figure shows the outletvaighted average CO concentration, which



indicates increasing swirl intensity of center swirler makes®eemissions 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 insufficiegit mixin
between premixed gas and higgmperature burned gas leads to the highee@@sion 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 swirlittreenalthough the calculation results

of CO concentration deviate from the experimental values, the trend of CO concentration caused by thesakrong
swirling jets interaction is consistent with the experiment, which can provide reference for tieapdasign.
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Fig.3 Influence of swirl intensity of 0.72 and 1.02 on CO (left) and NO (right) Emissions
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3.2 Non-reacting flow field analysis

Non-reactng condition PIV experiments are designed to investitie@enfluence of swirl intensity variation on the
swirling flow interactioncharacteristicen the central section of the combustion chambreteratmosphericemperature
and pressure. Due to tk&ze of opticawindow, themeasuredlow field boundaryareY/D=0.25and?2.5, X/D=-2.5and
2.5 along the axial and radial direction respectivBlye tothe high Reynolds number at the inlet of gvérler, the flow
in the combustion chambéas satisfiedelf-similarity. The Reynolds number héfle effect on the flow field structure
such as the jet angle and the geometric size of the recirculation zone.
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Fig.5 Timeaveraged PIV flow field of central plane with swirl intensity equals 0.72 and 1.02 under Re=90000 condition



Fig. 5 showsthetime-aveagal dimensionless axial velocitgontourssuperimposed the vector mapthe combustor
central sectionwith swirl intensity equals 0.72 and 1.02 under Re=90000 congddiwoth the dimensionless axial velocity
at any point is defined as the ratio of theadxielocity to the maximum axial velocity. InisHfigure, the red dotted line is
the isoline of the axial velocity of 0, indicating the boundary of the recirculation Thedaoundary conditions of the side
swirlerare jet and fixed walhowever, thatf thecenterswirler arebothjet. The difference of boundary conditiobstween
center and side swirlelsads to the extension of thwinrecirculation zone along the axial directigignificantly different

The radial momentum component of swirlinggetreases because of the opposite doedf adjacent swirling flow.
The directionof mergingjet is close to the aal directionwhen theswirl intensity of adjacent swirling flow is the same
and themainredrculation zone can develop naturally downstream. With the increase cénber swirleswirl intensity,
the angle between the swirling jet and the axis increases, and the dimensionless axial velocity of the swirling jet decreases
The jetsof sideswirlersobviously squeeze thmainrecirculation zone of theenter swirler

In order to quantitatiig analyze the influence of swirl intensity variation on the sagrinteractioncharacteristics,
The variation of turbulence fluctuation downstream of the interaction position is experimentally studiedbétfoand
from the timeaveraged flow field in Figs that even if the swirl intensity varies, the interaction position and vortex cor
are both lgated in the upstream of the axial position Y/D=1.0. The left figure in@-&nows the maximum turbulent
intensity at the axial position Y/D =1.0 of Sn = 0.72 and b@2he central section cbmbusor chamber under different
testng conditions. The ght figure shows the distribution of turbulent intensity along the radial direction at the axial
position Y/D=1.0underRe=9000C:ondition where the turbulent intensity is defined as :

Ju?+v?
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where, Uandv are the axial and radial velocity components, and v are theRMS pulsations of the axial and
radial velocity components respectively.
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Fig.7 Vorticity distributionon the central plane with swirl intensity equals 0.72 and 1.02 under condition Re=90000

The resultgevealthat the turbulence intensity of tkenter swirleshear layer is significantly higher than tiodthe
side swirler and the turbulence intensity in thinrecirculation zone of theenter swirleiis also about 10 % higher than



that of theside swirler, which may be caused by tleéfectsof the chamber wall on theide swirler jets and itsmain
recirculation zone. Tévariation thatSn increases from 0.72 to 1.@ads to aresult thathe turbulence intensity of the
innershear layeincreases dramatichand theurbulencentensityof Sn=1.02 is about 150 % higher than that of Sn=0.72,
indicating that there is arehg turbulencéuctuationin thisareg and itmeans thisvill promote the strong mixing between
the fresh premixed jet and the burned kigmperature gasvleanwhile the vorticity distributios of different Sn
combusbr center section are comparedde nonreacting conditionin figure 7. Due to theeffect of sheaing, there are
different strengthof vorticity distributedin the imerandoutershear layers of different swimg jets, and therofile in
figure 7 is the distribution of vorticityintegratedalong X/D direction The results show that with the increase of swirl
intensity, the vorticityof the centerand both sideswirlersincreases, and thosition ofmaximum vorticityis defined as
the vortex corgwhich indicates the vortex core moweeser to the nozzle outleand itis helpful toroll high temperature
burnedgasback to the outlet of nozzland improve the flame stability. The temperature distribstiomderreacting
conditionwill be illustrated detaillyin the calculation results.

3.3 Numerical results analysis

Due totheresult thatswirl intensityvariationhas little effect on NOx emissions, this part only studies the influence
of the inteactionbetween swidrson the CO emissions undtre reactig conditiors by numericalmethods Since the
turbulence intensity can better characterize the intensity offflaMuation the parameter can be used to characterize the
mixing characteristics in the combustion chanm2&}. In order to study the reasons for the decrease of CO emission, the
turbulence intensity distribution underactingcondition 2 was studiedetailly. The turbulence intensitgontoursof the
central section of the combostis shown in Figure8. No matte Sn equals0.72and 1.02 nearthe downstream of the
adjacent swirhg jet intemaction position, the turbulence intensity of tleenter swirler main recirculation zone is
significantly stronger than that of the sisl@irler due to the wall effect of theombustion chambeihen Y/D is greater
than 3with Sn equals 0.72he turbulence intensity is still high and distritea@evenly It is noted thathe turbulence
intensity of Sn=1.02near the downstream of tsavirler outlet is significantly stronger thathat of Sn=0.72When Sn
increase to 1.02he mainrecirculation zone of theenter swirlebecomes largeryhich has a significant pushing effect
on the jets bsideswirling jets resulting in the stronger turbulence intensity in the recirculatioe pdsideswirlers 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.
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In order toquantitativdy study the influence of swirl intensity ation on turbulence intensity under different reagti
conditions, Fig9 shows the distribution of turbulence intengtracted fron¥/D=1.0 of the centesection of combustion
chamber with different swigr inlet Reynolds numberThe profiles show that the turbulence intensity in the corner



recirculation zoe between adjacent swirling jets is about 200% and 350% greater than that in the main recizculation
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 turbulermesity ofshear layers and recirculation zones getnser,
vortex cores movepstream and its magnitude becomes higher. In order to illustrate how the changes of these parameters
affect the variation process of CO concentratioa gmperature distribiain, Figure10 shows theCO mole concentration
and temperature distribution at Y/D=05,0, 1.5 and 2.0 sections downstream of swirler outleder Re=90000 for
Sn=0.72 and 1.02. As Sn increases from 0.72 to 1.03trhiegerturbulencantensityand hidnervorticity strengthen the
high temperaturburnedgasrolling back tothe recirculation zone and the mixing of premixed wih high temperature
burnedgas Therefore, itstrengthens the combustion of fughich makes the high concentration of CO teade closer
to the outlet of thewirler and the CO consumption is faster downstrélaenswirler outletindicating that the combustion
is more sufficient. In particular, the higeO concentration area of theenter swirlelis closer to theozzlewith Sn=1.02
andit is basically fullyconsumedt Y/D=1.5. Italsocan be found from the temperature field that the full combustion of
the centerswirling jetsalso promotes the combustion of the adjaseuitling jets
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Fig.10CO concentratlomd tenperature dlstrlbutlon contours on the dlfferent planes with swirl intensity equals 0.72
and 1.02 under condition Re=90000
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4. CONCLUSIONS

In summary with the method®f experimerdl and numericasimulation the influence obtrongweak swirling jets
interaction in a multi-nozzle combusr on turbulence intensity, vorticitand emission characteristics under different
swirler inlet Reynolds numbers is analyzed and summarized. By increasing the swirl inteceitiecswirler, the equdy
intensity swirlng jetsinteractionmode is transformed into the stremgak swirlng interactionmode which achieves the
goak of expanding thélowout equivalence ratiboundary and reducing pollutant emissioAs a result, thestable,
efficient and bw emissios combustioris achievel. This study can provide useful details for the design of novel gas turbine
multi-nozzle combustors, helping to reduce pollutants emissidresresultsan be concludeds follows:

" 1" The strongweak swiring jetscombhation can effectively improve the turbulence intensity of the flow field
The turbulence intensity of thets innershear layer increases by about 15084er the noweacing conditiors, and the
turbulence intensity in the recirculation zone is also owpd. Under the reaatj conditiors, the turbulence intensity of
theinner and outeshear layer is even increased by more than 300%, which effectively strengthens the mixing of fresh
premixed gas and higiemperaturdurnedgasto promote the fulf combusion, and reduces the CO pollutant emission
The experimental results show that the CO emission decreases from 20 to 40 ppm in tlgeirdgnsity swiling
interactionmode to less than 4 ppm in the stramgak mode, and the NOx emission is basically unchanged. The numerical
calculation resultalso demonstrate the tendency ahdw that this method can reduce the CO emission by four times.

" 27 The strongweak swiring jetscombinationbreaks the critical Bance of the adjacent swirlirjgtsinteraction
which makes the swirlinglame interaction more stable meanwhile this method can increase the vorticity of the
recirculation zone and strengthen tb#lux of the hightemperaturdurnedgas. The high tengrature 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 operatiegnditionboundary, and reduce théowout equivaleneratio from 0.59 to (3.
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