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喷流冷却复合陶瓷薄片激光器的热特性
仿真分析及实验研究

郭嘉伟1,贾凯1,杨峰1,2,彭春1,汪晓聪1,刘晓旭1,
韩聚洪1,荣克鹏1,安国斐1,蔡和1,王浟1

(1西南技术物理研究所,成都610041)
(2四川大学 电子信息学院,成都610065)

摘 要:为分析喷流冷却复合陶瓷薄片激光器的热特性,设计用于冷却复合陶瓷薄片的喷流冷却系统.
利用湍流换热理论和计算流体动力学仿真方法建立喷流冷却复合陶瓷薄片激光器的流固耦合热仿真模

型,定义评价其冷却能力和冷却均匀性的定量参数.根据该仿真模型得到喷流冷却系统的最优设计参

数,并进行实验验证.使用163孔喷板,流量为0.2kg/s,入口温度为20℃,在1200W泵浦时获得359W
激光输出功率,并测得复合陶瓷薄片上表面的最高温度为92℃.激光输出功率与复合陶瓷薄片上表面

温度均与泵浦功率呈近似正线性关系,且温度的实验值与仿真值相符度较高.
关键词:激光器;薄片;喷流冷却;Nd∶YAG;复合陶瓷;计算流体动力学
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SimulationandExperimentofThermalCharacteristicsofaJetCooling
CompositeCeramicThin-diskLaser

GUOJia-wei1,JIAKai1,YANGFeng1,2,PENGChun1,WANGXiao-cong1,LIUXiao-xu1,
HANJu-hong1,RONGKe-peng1,ANGuo-fei1,CAIHe1,WANGYou1

(1SouthwestInstituteofTechnicalPhysics,Chengdu610041,China)
(2CollegeofElectronicsandInformationEngineering,SichuanUniversity,Chengdu610065,China)

Abstract:Inordertoanalyzethethermalcharacteristicsofajetcoolingthin-diskcompositeceramiclaser,
thejetcoolingdeviceforacompositeceramicthin-disklaserisdesigned.Asystematicsimulationmodelis
developedbyusingtheturbulentheattransfertheoryandcomputationalfluiddynamicsmethod.Two
evaluationparametersaredefinedforthecoolingcapacityanduniformityofthedesignedjetcooling
device.Theoptimalparametersofthejetcoolingdeviceareobtainedbyusingthesimulationmodel,and
averificationexperimentiscarriedoutafterward.Intheexperiment,ajetplatewith163holesis
adopted,theinletcoolantflowrateandtemperaturearesettobe0.2kg/sand20℃,respectively.When
thepumppowerisraisedto1200W,theoutputpowerof359Whasbeenachieved,andthemaximal
temperatureontheuppersurfaceofthethin-diskcompositeceramicdetectedbyathermalcamerahas
reachedto92℃.Itisalsodemonstratedthattherehavebeenapproximatepositivelinearrelationships
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betweenthepumppowerandboththeoutputpowerandthetemperatureontheuppersurfaceofthethin-
diskofcompositeceramic,andtheexperimentaltemperaturevalueshowsgoodagreementwithsimulated
value.
Keywords:Laser;Thin-disk;Jetcooling;Nd∶ YAG;Compositeceramic;Computationalfluid
dynamics
OCISCodes:140.3580;010.7060;120.6810;140.5680;160.3380

0 Introduction
High-poweredLaserDiode(LD)-pumpedsolid-statelasersareveryimportantlightsourcesformany

applicationssuchasmaterialprocessing,industrialcleaning,andnationaldefense,etc[1-4].However,there
aresomedisadvantagesofaLD-pumpedsolid-statelasersuchasrelativelyunsatisfiedbeamqualityateven
higheroutputpower,whichmainlyresultsfromtheseriousthermally-inducedbirefringenceandthermally-
inducedlensofalasermedium[5-7].

LD-pumpedthin-disksolid-statelasersofferalargeratioofdiametertothicknessofalasermedium.
Thelaserbeamtransfersalongtheaxialdirection,whichisverticaltothesurfaceofthelaserdisk.Anend
surfacecoolingconfigurationofathin-disksolid-statelaserofferstheshortdistanceofheatconductionand
alargeratioofthecoolingareatotheheatgenerationvolume,whichcanenormouslyreducetheoperation
temperatureofalasermedium.Ifthepumpingandcoolingdistributionsofathin-disksolid-statelaserare
uniform,theheatfluxwillonlyexistalongtheaxialdirectionandthetemperaturegradientwillnotexist
alongtheradialandtangentialdirections.Thethermally-inducedopticaldistortioncanbethereforededuced
ofalasermedium[8-9].Thus,ahigh-performanceanduniformcoolingconfigurationisrequiredforathin-
disksolid-statelaserwiththehighoutputpowerandgoodbeamquality.

Inthejetcoolingscheme,theflowingcoolantisassumedtodirectlycontactwithalasermediumin
ordertogeneratetheturbulentheattransfer,whichofferssomeadvantagesofsimpletechniqueandless
installedstress.Thereareseveralresearch worksaboutthejetcoolingthin-disklaser.In2011,
VRETENARNetal.investigatedthethermaleffectsofajetimpingementcoolingcappedYAG/Yb:YAG
thin-disklaser[10].In2012,SARAVANIMetal.investigatedtheimpactofthesubstratethicknessand
materialthermalconductivityeffectsontemperaturedistributionandthermalstressofthindisklaser
throughanalyzingheatflowinjetimpingementcoolingsystem[11].In2014,GUOJetal.usedasimulated
heatsourcetoanalyzetheperformanceofthejetcoolingtechnologyonathin-disklaser[12].In2016,
SHAONetal.analyzedthecorefactorofcoolingeffectofjetarrayimpingementunitofdisk-lasercrystal
module[13].Inaddition,thereisalmostnointermediatethermalresistancebetweenthecoolantandtheheat
medium,andtheopticalfilmscannotbedirectlydestroyed[14-15].

Asanovellasingmaterial,thetransparentceramichasnumerousadvantagescomparedwithlaser
crystalsforhighpowersolid-statelasers.Thephysicalfeaturesofpureceramic,dopedceramic,and
compositeceramicareveryclosetolasercrystals[16-18].Ahigh-performanceanduniformcoolingfora
compositeceramiccanbeachievedbythedesignoptimizationofthejetcoolingconfiguration.

Inthispaper,wecarriedoutthetheoreticalanalyses,schematicdesign,simulation,andexperiment
forajetcoolingthin-diskcompositeceramiclaser.Thestructureofajetcoolingdeviceforathin-disk
compositeceramiclaserisdesigned,andasystematicsimulationmodelisdevelopedbyusingtheturbulent
heattransfertheoryandComputationalFluidDynamics(CFD)method.Twoevaluationparametersfor
coolingcapacityanduniformityofthejetcoolingdevicearedefined.Thestructuralparametersofajet
coolingdeviceareoptimizedbythesimulation,andaverificationexperimentforthermalandpowerInput-
Output(I-O)characteristicshasbeencarriedoutafterward.Atlast,wecomparethesimulatedand
experimentaltemperaturesoftheuppersurfaceofathin-diskcompositeceramic,andgivesome
conclusions.

1 Configurationandtheory
Theconfigurationdiagramofajetcoolingthin-diskcompositeceramiclaserisshowninFig.1.Here,a

V-shapedplano-concaveresonatorhasbeenadopted,thereflectivityoftheoutputcoupleris85%,the
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curvatureradiusofthereflectivemirroris5m,andtheresonatorlengthis1.2m.Thereshaped808nm
LDpumpbeamisevenlyinjectedintotheceramicdiskbysomeprojectionlenses,andtheunabsorbed
pumplightcanbereflectedbythesphericalreflectortoachievethe4-passpumping.Thepumpingplane
(X-Z)andlasingplane(Y-Z)ofthelightareperpendiculareachother.Thepumpingplaneisinthe
horizontaldirectionandthelasingplaneisintheverticaldirection,respectively.

Fig.1 Configurationdiagramofajetcoolingthin-diskcompositeceramiclaser

ThecompositeceramicYAG/Nd∶YAGdiskconsistsof4mm-thickpureYAGand2mm-thickNd∶
YAGwiththedopingconcentrationof1.0at.%.TheconfigurationofaceramicdiskisshowninFig.2.One
surfaceofthecompositeceramicirradiatedbythepumplightiscoatedwithAnti-Reflective(AR)films@
808and1064nm.TheothersurfaceiscoatedwithHigh-Reflective(HR)films@808and1064nm,and
thelateralsideisdeliberatelyroughenedinordertoavoidAmplifiedSpontaneousEmission(ASE).

Fig.2 Schematicillustrationofalargediametercompositeceramic

Thejetcoolingconfigurationofathin-diskcompositeceramiclaserisshowninFig.3.Thecoolantis
forcedtoflowthroughajetplatewithsomeholesbyawaterpump.Eachholeisfunctionedlikealiquid
nozzle,andhasaspecificshapewhichwillbeillustratedinthenextsection.Theseholesarespecifically

Fig.3 Configurationofjetcooling
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arrangedtodistributeonajetplate.Thecoolantpassesthroughthesenozzlesandjetstowardstheheat
transfersurface(i.e.,thelowersurfaceofthecompositeceramicthin-disk)withaveryhighvelocity.
Thus,severeturbulentdisturbancecanbeformed.Thecoolingcapacitywillbeevidentlyimprovedbecause
theheattransfercapacityofturbulenceismuchhigherthanthatoflaminarflowandthethicknessofthe
coolantboundarylayerneartheheattransfersurfaceisreducedduetothesevereturbulentdisturbance[19].

TheConvectiveHeatTransferCoefficient(CHTC)isadoptedtoquantitativelyrepresentthecooling
performanceofcoolantontheheattransfersurface[19].ACHTC(W/m2/℃)isdefinedastheratioofthe
heatflux,whichisperpendiculartotheheattransfersurface,tothedifferencebetweenthetemperatures
oftheheattransfersurfaceandcoolantasexpressedby

hinterface= φq_interface

Tinterface-Tcoolant
(1)

wherehinterfaceistheCHTCoftheheattransfersurface,Фq_interfaceistheheatflux(W/m2)perpendicularto
theheattransfersurface,TinterfaceandTcoolant(℃)arethetemperaturesoftheheattransfersurfaceand
coolant,respectively.

AccordingtoFourierheatconductionlaw,thesteady-stateheatconductionequationwithconstant
physicalpropertyofsolidmaterialwithinternalheatsourcecanbeexpressedbyPoissonequation

Ñ2T+
Φ
k=0

(2)

whereÑ2istheLaplaceoperator,T (℃)isthetemperatureofsolidmaterial,Φ (W/m3)isthegenerated
heatdensityofsolidmaterial,k(W/m/℃)isthethermalconductivityofsolidmaterial,respectively.

IfΦ,k,andTcoolantareacquired,andallsurfacesexcepttheheattransfersurfaceareassumedtobe
adiabatic,thetemperaturedistributionofathin-diskcompositeceramicTceramic(x,y,z)willbeevaluated
byEq.(2)withtheRobinboundaryconditionwhichistheCHTCdistributionontheheattransfersurface.
Thus,theevaluationoftheCHTCdistributionontheheattransfersurfaceisthekeypointinanalyzingthe
thermalcharacteristicsofajetcoolingthin-diskcompositeceramiclaser.

2 Simulationmodelanddiscussions
2.1 Simulationmodel

Inthissubsection,asystematicsimulationmodelisestablishedtoexplorethethermalcharacteristics
ofajetcoolingthin-diskcompositeceramiclaserbyusingaCFDsoftwareofANSYS-CFXasshownin
Fig.4.Weundertakesimulationson10patternsofthejetplateasshowninFig.5.Theshapeofallholeson
thejetplateistop-flattedcone,andthedistributionofholesonajetplateobeysaregularhexagonal
arrangementpattern.Thejetdistancebetweenthelowersurfaceofacompositeceramicthin-diskandthe
outletofholesis1mmasshowninFig.3[12].Toensurethattheentireheattransfersurfacecanbe
efficientlycooled,thesizeoftheholearrayonthejetplateisalittlelargerthanthediameterofthe
compositeceramicthin-disk.Duetothesymmetryofgeometryandboundaryconditionsofoursimulation
modelonX-ZandY-Zplanes,themeshquantitycanbereducedto1/4oftheoriginaloneforthepurpose

Fig.4 Schematicillustrationofthethermalsimulationofajetcoolingthin-diskcompositeceramiclaser
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Fig.5 Geometricconfigurationsof10kindsofjetplateswithdifferentholes

ofsavingthecomputationtime.Thesizesofthemeshesneartheholeoutletandheattransfersurfaceare
setto1/10ofthediameterofholeoutletsand0.2mm,respectively.

Shear-StressTransport(SST)turbulencemodelisadoptedtocalculatetheturbulenceandboundary
layercharacteristicsneartheheattransfersurfaceprecisely[20].

ThedistributionoftheCHTContheheattransfersurfaceisnotuniform.Theareaweightedaverage
convectiveheattransfercoefficient(hAVE_interface)isdefinedtoevaluatethecoolingcapacityofajetcooling
deviceontheheattransfersurfaceasexpressedby

hAVE_interface=
∬

A

hinterfacex,y( )dxdy

A
(3)

whereAistheareaoftheheattransfersurface.
Toevaluatethecoolinguniformityofajetcoolingdeviceontheheattransfersurface,thecoefficient

ofvariationofCHTC(CV_CHTC)isdefinedbytheratioofthestandarddeviationoftheCHTCdistribution
tothehAVE_interface,asexpressedby

CV_CHTC=

1
A∬

A

hinterfacex,y( ) -hAVE_interface[ ] 2dxdy

hAVE_interface
(4)

ThecoolingcapacityincreaseswiththehAVE_interface,andthecoolinguniformitydecreasesastheCV_CHTC

increases.
2.2 Resultsanddiscussions

Inthissubsection,thecoolingcapacityanduniformityofajetcoolingdeviceareevaluatedbya
simulationmodelasdescribedinsubsection2.1.Weconsiderthattheequalflowresistancestandardis
relativelysuitableforthecomparisonof10kindsofjetplateswithdifferentnumberofholes.Theoutlet
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diametersof10kindsofjetplateshavebeencarefullyadjustedtoensurethatthecoolantpressure
differencesforalljetplatesarethesame.Notethattheflowrateofcoolantpassingthroughthejetplates
areassumedtobethesamevalueof0.2kg/s.Purewaterisadoptedasthecoolantwiththetemperatureof
20℃.Thecoolantpressuredifferencearethereforecalculatedasabout2.1atm.Table1liststheoutlet
diametersofholeson10differentjetplatesafteraseriesofadjustment.Notethattheholesonthejetplate
mustexhibitsomespecialdiscretenumberbecauseofthegeometriclimitation(i.e.1,7,19,37…).The
thicknessesofthesejetplatesareall2mm.Theinletdiametersofholesonthesejetplatesareequalto
90%ofthedistancesbetweenthecentersofadjacentholesforeachjetplate.

Table1 Outletdiametersofholeson10differentjetplates

Numberofholesonajetplate 1 7 19 37 61 91 121 163 211 265
Outletdiametersofholes/mm 5.300 1.550 0.910 0.650 0.500 0.407 0.350 0.300 0.263 0.233

Fig.6illustratestheCHTCdistributionsof10differentjetplatesbyusingtheoutletdiametersof
holesaslistedinTable1.Fromthefigure,wecanseethattheCHTCdistributionpatternsof10different
jetplatesareverysimilartothedistributionpatternsofholeson10differentjetplatesasshowninFig.5.

Fig.6 CHTCdistributionsfor10kindsofjetplateswithdifferentholes

Fig.7illustratesthehAVE_interfaceandCV_CHTCof10differentjetplates.Whenthejetplateofalarger
numberofholesisadopted,thehAVE_interface,whichrepresentsthecoolingcapacity,firstincreasestothe
maximumwhenthenumberofholesonajetplateis19,andthenslowlydecreases.Itmeansthatthejet
platewith19holeshasthebestcoolingcapacity.TheCV_CHTC,whichrepresentsthedeteriorationofcooling
uniformity,firstdecreasestotheminimumwhenthenumberofholesonajetplateis211,andthenslowly
increaseswiththeholenumber.Itmeansthatthejetplatewith211holeshasthebestcoolinguniformity.
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Fig.7 hAVE_interfaceandCV_CHTCfor10kindsofjetplateswithdifferentholes

FromTable1,theoutletdiametersof163and211holesarerespectively0.300mmand0.263mm.
Accordingtothemachiningexperiences,itisextremelydifficulttodrillalotofholeswiththediameter
lessthan0.3mmona2mm-thickstainlesssteeljetplatewiththetoleranceof0.001mm.Moreover,the
CV_CHTCfor211holesismerely1.49%lowerthanthatfor163holes.Therefore,itiswisetoadopta
configurationwith163holesratherthanonewith211holes.ThevalueofhAVE_interfacefor163holesis
83.58%ofthatfor19holes,andthevalueofCV_CHTCfor163holesis64.51%ofthatat19holes.The
configurationwith19holesisthebestwiththehighestcoolingcapacityamong10cases.Ontheother
hand,theconfigurationwith163holesisthebestwiththebestcoolinguniformity.Thus,thejetplate
with163holes,whoserelativelylowcoolingcapacitycanbeacceptedfromtheviewpointofengineering,is
thoughttobeoptimalforahigh-poweredjetcoolingthin-diskcompositeceramiclaser.

3 Experimentsandresults
Anexperimentforverifyingthejetcoolingthin-diskcompositeceramiclaserhasbeencarriedoutwith

theconfigurationandparametersdiscussedinSections1and2.Fig.8showsthephotographsofajetplate
with163holesandathin-diskcompositeceramic.

Fig.8 Photographsofanexperimentaljetplateandathin-diskcompositeceramic

InFig.9,thesimulatedanddetectedmaximalandminimaltemperaturesontheuppersurfaceofajet
coolingcompositeceramicthin-disk,andtheexperimentallaseroutputpowerarerepresentedasfunctions
ofthepumppower,respectively.Theoutputpowerlinearlyincreaseswiththepumppowerandreachesto
themaximumof359Wat1200Wpumppowerwiththeoptical-opticalconversionefficiencyof29.2%.
Thesimulationandexperimentvaluesaremuchclosedtoeachotherforboththemaximalandtheminimal
temperaturesinFig.9.Onecanobservethatbothofthemlinearlyincreasewiththepumppower.
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Fig.9 Themaximalandminimaltemperaturesontheuppersurfaceofajetcoolingthin-diskcomposite
ceramicandtheoutputpowerversusthepumppower

Fig.10showsthetemperaturedistributionsontheuppersurfaceofcompositeceramicthin-disk,which
ispumpedby1200WLDs,detectedbyathermalcameraandevaluatedbythesimulation,respectively.
Asahexagonalkaleidoscopeandseveralcylindricallensesareadoptedtoobtainahomogeneouspump
beam[15],theshapeofthepumpbeamontheuppersurfaceofacompositeceramicthin-diskislikea
hexagon,whosediagonallinelengthislittleshorterthanthediameterofacompositeceramicthin-disk.
Thehexagonalpumpbeamcausesanapproximatehexagonaltemperaturedistributionontheuppersurface
ofacompositeceramicthin-disk.

Fig.10 Thetemperaturedistributionsontheuppersurfaceofa1200Wpumpedcompositeceramicthin-disk

ThepatternsofthetemperaturedistributionsasshowninFigs.10(a)and(b)areverysimilartoeach
other.Thetemperaturesofbothcasesareobviouslydecreasedalongtheradialdirectionfromthecenterto
theedgeofathin-diskbecausethepumpingareaissmallerthanthecoolingarea.However,suchtwo
temperatureresultsexhibitnosignificantchangesalongthetangentialdirectionbecauseboththepumping
andthecoolingarequiteuniform.

Wefindthattherearesomehightemperaturezonesontheedgeofacompositeceramicthin-diskin
Fig.10(a),butbeabsentinFig.10(b).Thatisbecausethedetectedtemperaturewiththehighvalueof
theedgeofthealuminousflangeisnottruevaluesincetheradiationemissivityofceramicisverydifferent
tothatofaluminum.

4 Conclusion
Inthisstudy,ajetcoolingdeviceforacompositeceramicthin-disklaserhasbeendesigned,anda

systematicsimulationmodelhasbeendevelopedbyusingtheturbulentheattransfertheoryandCFD
method.Theoptimalparametersofajetcoolingdevicehavebeenobtainedwiththesimulation,anda
verificationexperimentforthermalandI-Opowercharacteristicshasbeencarriedoutafterward.Inthe
experiment,whenthepumppowerisraisedto1200W,theoutputpowerof359Whasbeenachieved,
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andthemaximaltemperatureontheuppersurfaceofthecompositeceramicthin-diskdetectedbyathermal
camerareaches92℃.Thetemperaturedistributionsdetectedbyathermalcameraandevaluatedbythe
simulationontheuppersurfaceofacompositeceramicthin-diskareverysimilartoeachother.Ithasbeen
demonstratedthatthesimulationmodelcanbeemployedtopreciselyevaluatethethermalcharacteristicsof
ajetcoolingthin-diskcompositeceramiclaser.Ithasalsobeenprovedthattherehavebeenapproximate
positivelinearrelationshipsbetweenthepumppowerandboththeoutputpowerandthetemperatureon
theuppersurfaceofthecompositeceramicthin-disk.Thestudyisthoughttobevaluableforthedesignof
ajetcoolingcompositeceramicthin-disklaser.
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