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Abstract:Thepresenceofcoaldustexplosionsincoalminingaresignificantsafetyhazards.Thisstudymainlyexploresthe
flamepropagationofcoaldustcombustionsoastoprovideatheoreticalbasisforthepreventionandcontrolofcoaldust
explosions.Intheexperiment,adustcloudignitiondevicewasusedtoexperimentallyexploretheinfluenceofthecoaldust
concentrationontheflamepropagationofthecoaldust,andhigh-speedphotographywasusedtorecordthecoaldustflame
propagationprocess.Theresultsshowthattheflamepropagatesverticallyalongthewalloftheverticalglasstube,emitsa
brightyellowlightduringthepropagationprocess,andformsamushroomcloud-shapedflameattheupperendofthevertical
glasstube.Whentheconcentrationofcoaldustis250g/m3,itsburningtimeismuchlessthanthoseof500g/m3and
750g/m3.Whentheconcentrationsare250g/m3,500g/m3and750g/m3,respectively,thecorrespondingmaximum
propagationvelocitiesoftheflamefrontreach1.51m/s,2.00m/sand1.61m/sat100ms,353msand310ms,respectively.
Thetimefortheflamefrontvelocitytoreachthemaximumandthemaximumvelocityofflamepropagationfirstincreaseand
thendecreasewiththerisingofconcentration.
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0 Introduction
 Coaldustexplosionisoneofthemajorthreatsto
thesafetyofcoalmineproductionandpeople’slives
andproperty.Chinaisamajorcoalcountry,andcoal
dustexplosionaccidentshaveoccurredfrequently,
whichisa wake-upcallforpeople.Coaldust
explosionisoftenaccompaniedbytherapidspreadof
flamesandshockwaves.Thespreadrangeofcoal
dustexplosion determinesthe severity of mine
accidents[1].Therefore,itisparticularlyimportantto
studythepropagationlawofflameandshockwaves
inthecoaldustexplosion.
 Researchershavedonealotofinvestigationson
shockwavepropagationlawofcoaldustexplosion.
Tanetal.[2]studiedtherelationshipbetweenthe
explosioncharacteristicsofcoaldustandparticlesize

througha20Lball.Theirresearchshowsthatthe
maximumexplosionpressureofnanocoaldustis
greaterthanmicrometers,andthetimerequiredto
reachthemaximumexplosionpressurefornanocoal
dustislessthan micrometers.Zhang etal.[3]

analysedtheeffectofcontainersizeonhydrogen
explosionsandfoundthattheexplosionpressureof
hydrogenincreaseswiththeincreaseoftubelength.
Guoetal.[4]foundthatthegasexplosioninvolving
low-concentrationcoaldustismainlyaffectedbythe
volatilecontentofcoaldustandgasconcentration.Qi
etal.[5]foundthattheadditionofgashasaobvious
impactonthe maximum explosion pressureand
explosionindex ofcoaldust withlow volatile
content.Theadditionofgascansignificantlyreduce
theexplosionlowlimitofcoaldust,whichisaffected
bythevolatilecontentofcoaldust.Thelowerthe

①
Receiveddate:2021-06-13

 Foundationitems:NationalNaturalScienceFoundationofChina(No.11802272);KeyResearchandDevelopment(R&D)ProjectsofShanxi
Province(No.201903D121028);NaturalScienceFoundationofShanxiProvince(No.201901D211228);NationalDefenseKey
LaboratoryFoundation ofScienceand Technology on Combustionand Explosive Laboratory (Nos.6142603200509,

6142603180408)

 Correspondingauthor:CAOWeiguo(caoweiguoiem@nuc.edu.cn)



volatilecontent of coal dust,the greater the
reduction.Xuetal.[6]simulatedtheprocessofgas-
coaldustexplosionbyFluentsoftware.Theresults
showthatthesmallertheparticlesizeofcoaldust,
themorefullyexposedtooxygen,thestrongerthe
chemicalreaction,thegreaterthemaximumpressure
andpressureriserateduringthegas-coaldust
explosion.
 Researchersalsodidalotofresearchonthelawof
flamepropagationincoaldustexplosion.Banetal.[7]

foundthattheincrease ofignition energy can
acceleratethecombustionrateofcoaldust,andmake
coaldustdeflagrationmoreviolently.Comparedwith
highvolatilecoaldust,theexplosionoflowvolatile
coaldustismoresignificantlyaffectedbyignition
energy.Wangetal.[8]foundthatthehigherthecoal
grade,thehighertheMITandMIEvaluesofthe
coal,andthelesslikelytobeignited.Becausethe
volatilecontentandpyrolysischaracteristicsofcoal
samplesofdiversegradesaredifferent.Mogietal.[9]

foundthattheflamefrontturbulenceacceleratesthe
flamepropagation.Maetal.[10]studiedthemain
reasonforthedecreaseofflamepropagationspeedis
thelossofvolatilecontentincoaldust.Lietal.[11]

studiedthetransientevolutionofparticletemperature
whenamethane/coaldustmixturewithacertain
concentration explodes using athree-dimensional
model.Itfoundthattheinteractionofgasparticles,
theheatabsorptionofgasproductsandtheheat
conduction of gas flame make the maximum
temperatureofcoaldustcloudfluctuate.Jinget
al.[12]studiedtheflamepropagationvelocitythrough
asemi-closedpipelineandfoundthatthegas-coaldust
flamepropagationvelocitydecreasesintheorderof
lignite,bituminouscoal,andanthracite.Thisis
becauselignitehasahighervolatilecontent,which
increasestheflameintensityofthemixture,thereby
increasingtheflamepropagationvelocity.
 Inaddition,expertshavemaderelevantresearchon
coalexplosionfromamicroscopicpointbasedonthe
previousstudies.Linetal.[13]reportedthatinthe
processofcoaldustexplosion,thehydroxylstructure
of3800cm-1-3000cm-1,thealiphaticstructureof
3000cm-1-2800cm-1,theoxygen-containing
functionalgroupof1800cm-1-1000cm-1,andthe
aromaticstructureof900cm-1 -700cm-1 are
consumedinlarge quantities.Oxygen-containing
functionalgroupsarethemostabundantchemical
structureinrawcoalandthe mostconsumedin
explosivereactions.Lietal.[14] concludedthat

aliphaticC-Handoxygen-containingsubstancesmay
bethekeyfactorsbyanalyzingtheresidueafterthe
explosion.Chen[15]pointedoutthatwiththeincrease
ofcoalgrades,KBr-FTIRspectrashowthatthe
aromaticityandcondensationofaromaticrings 
incesase,whilealiphaticchainlengthandthe‘C’
factor(ratioofC=Oat~1710cm-1versus(C=O
+C=C))decrease.
 Inthispaper,theflamepropagationlawinthecoal
dust explosion under different conditions was
studied,andtheinfluenceofcoaldustconcentration
onitsflamepropagationlawisdiscussed.

1 Experimental
1.1 Experimentalsetup
 Theexperimentwascompletedwithadustcloud
ignitiondevice,andtheverticalburningglasstube
wasthemainbodyoftheexperiment.Inaddition,it
wascomposedofdustignitionsystem,dispersion
system,synchronizationcontrolsystem,andhigh-
speedcamerasystem.Theconnectiondiagramofeach
deviceisshowninFig.1.Coaldustparticlesize
directlydetermineswhetheranexplosioncanoccurin
theexperiment.Toensurethesuccessrateofthe
experiment,the 200 mesh coaldust,and the
concentrationof250g/m3,500g/m3and750g/m3

areselected.Thelengthoftheverticalglasstubes
usedintheexperimentis300 mm.Thespark
dischargeisusedtoachieveignition.Theignition
electrodeentersintothetubefrombothsidesofthe
verticalglasstube,whichislocatedinthelowerpart
ofthetube.Theenergyofthesparkcanbeadjusted
bycontrollingthecapacitor.High-speedphotography
wasusedtocapturetheflamepropagationprocessin
theverticalglasstube.

Fig.1 Schematicdiagramofexperimentalsetup

1.2 Experimentalprocedures
 Firstly,weconnectedandtestedvariousequipment
toensurethenormaloperationofthedevice.A
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certainamountofcoaldustparticleswasweighedby
anelectronicbalance,andwasevenlyplacedunder
the spray nozzle. Then, we started the air
compressor,andsettherelevantinstructionsin
differentcontrollerssothatthehigh-speedcamera,
dataacquisitioninstrumentandhigh-voltageignition
system work according to the set value.The
experimentprocesswasrecordedusingahigh-speed
photographysystem.Afterthat,wecleanedupthe
combustionproductsintheverticaltubeandrepeated
theexperimentuntilaftertheexperimentswereall
over.

1.3 Experimentalsamplesandconditions
 Tostudytheinfluenceofcoaldustsizeonflame
propagation characteristics, coal samples were
pulverizedundernitrogenprotection,andcoaldust
withaparticlesizeof45μmwasscreenedoutand
thendriedinadryingovenataconstanttemperature
of50℃for6h.Theverticalglasscombustiontube
oftheexperimentis300mmhighand68mmin

diameter.Itsvolumeis1.2L,andthemaximum
pressureitcan bearis0.8MPa.The distance
betweenthepneumaticignitionelectrodesisabout
10mm,whichensuresthattheelectricchargebreaks
throughtheairtoformanelectricspark.
 Theexperimentalparametersweresetasfollows:
ignitionload,noload;ignitiontriggermode,moving
electrodetrigger;settingvoltage,8000V;ignition
delaytime:90ms;Inflationpressure,0.07MPa;
high-speedcamerashootingspeed,1000frames/s;
temperatureoflaboratory,20℃;andtheelectric
sparkignitionignitionenergy,8J.

2 Experimentalresultsandanalysis
2.1 Flamepropagationprocessofcoaldust

combustion
 Fig.2showstheflamepropagationprocessesof
coaldustcombustionwithdifferentconcentrations
undertheconditionthattheignitionenergyis8Jand
thelengthoftheverticalglasstubeis300mm.

(a)250g/m3coaldustflamepropagationprocess

(b)500g/m3coaldustflamepropagationprocess

(c)750g/m3coaldustflamepropagationprocess
Fig.2 Flamepropagationprocessesofcoaldustwithdifferentconcentrations

 TakingFig.2(a)asanexample,itcanbeseenthat
theelectricsparkproducesabrightyellowishspark
at20ms,thenthesparkignitesthesurroundingcoal
dustcloudat20ms-250ms,thustheflamebegins
tospreadinthetube,andthenemitsabrighter
yellowishlightintheverticaltube.Astimegoesby,

theflame continues to spread,and a typical
mushroomcloud-likeflameisformedattheupper
endoftheverticaltubeafter250ms.Themushroom
clouddisappearsafter370ms,andthenthelightof
theflamebeginstodarken,andfinallyextinguishes
at930ms.Theburningtimeisrelativelyshort.
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 InFigs.2(a),(b)and(c),therearemushroom
cloud-likeflames,butinFigs.2(a)and(b),the
center of the mushroom cloud flame appears
obviouslywhite,andthewhiteluminousareais
surrounded by yellow flames.The whiteflame
representsthefullcombustionofthecoaldust,and
thetemperatureishigherthantheyellowarea.

2.2 Relationshipbetweenflamefrontheight,
flame propagation velocity and dust
concentration

 Theflameheightduringflamepropagationmeans
thedistancefromtheflamefronttotheignition

position(measureduntiltheflamefrontreachesthe
maximum height).Theexperimentalresultsare
showninFigs.3-8.
 When the coal dust cloud concentration is
250g/m3,theflamepropagatesverticallyupwards
alongthetubewall.Within0-100ms,theflame
propagationvelocityincreasesrapidly,andreaches
themaximumof1.51m/sat100ms.Theflame
propagation velocity gradually decreases within
100ms-400ms,and after400 ms,theflame
propagationvelocitybeginstoleveloff.At580ms,
theflamefrontheightreachesthemaximumvalueof
535mm.

Fig.3 Flamefrontheight(250g/m3)
     

Fig.4 Flamefrontpropagationvelocity(250g/m3)

Fig.5 Flamefrontheight(500g/m3) Fig.6 Flamefrontpropagationvelocity(500g/m3)

Fig.7 Flamefrontheight(750g/m3) Fig.8 Flamefrontpropagationvelocity(750g/m3)
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 Whentheconcentrationofcoaldustcloudis
500g/m3,theupwardflamepropagationvelocity
increasesrapidlywithin0-353msandreachesthe
maximum of2.00 m/sat353 ms.Theflame
propagationvelocitygraduallydecreasesin393ms-
723ms,andafter723ms,theflamepropagation
velocitybeginstoleveloff.At963ms,theflame
frontheightreachesthemaximumof698mm.
 When the coal dust cloud concentration is
750g/m3,theupwardflamepropagationvelocity
increasesrapidlywithin0-310msandreachesthe
maximum of1.61 m/sat310 ms.Theflame
propagationvelocitygraduallydecreasesin310ms-
710ms,andafter710ms,theflamepropagation
velocitybeginstoleveloff.At870ms,theflame
frontheightreachesthemaximumvalueof671mm.
 Testresultsofcoaldustexplosionflameat
differentconcentrationsareshowninTable1.When
theconcentrationvaluesare250g/m3,500g/m3and
750g/m3,themaximumpropagationvelocitiesofthe
flamefrontreach1.51m/s,2.00m/sand1.61m/s
at100ms,353msand310ms,respectively.The
timefortheflametoreachthemaximumvelocity
increases first and then decreases with the
improvementofconcentrationandthe maximum
velocityofflamepropagationalsopresentsthesame
law.
Table1 Testresultsofcoaldustexplosionflamewithdifferent
concentrations

C(g/m3) 250 500 750

t(ms) 100 353 310

v(m/s) 1.51 2.00 1.61

Note:“t”meansthetimerequiredforthemaximumpropagation
velocityoftheflamefront;“v”meansthemaximumpropagation
velocityoftheflamefront.

 Themainreasonsforthislawareasfollows:Ata
lowerconcentrationofcoaldust,thecombustionof
dustparticlesgeneratesacertainamountofenergy,
butthereislessdustinaunitvolumeandoxygen-
enrichedcombustionisformedsothattheburning
timeoflowerconcentrationcoaldustisshorterand
thetimereachingthe maximum velocityisalso
shorter.Theincreaseofthecoaldustconcentration
addsthenumberofeffectivecombustionparticlesina
unitvolume,andtheamountofheatreleasedandthe
heatreleaseratealsoincrease,therebythemaximum
flamepropagationvelocityincreases.However,the
increaseinthetotaldustmassgreatlyprolongsthe
dustcombustiontime,sothetimefortheflamefront

toreachthemaximumvelocityalsoincreases.
 Thehigherconcentrationofcoaldustresultsintoo
muchunignitedcoaldustinaunitvolume.Unburned
coaldustparticleswillbeusedasheatcapacityto
absorbcombustionheatandreducethecombustion
efficiencyofcoaldust.Inaddition,inturbulent
motion,thecombustionrateofparticlesandthe
propagationrateofflamearedirectlyproportionalto
theintensityoftheflowfield.Taking500g/m3as
thestandard,reducingtheconcentrationisequivalent
toincreasingtheturbulenceintensity,sothetime
requiredtoreachthemaximumflamepropagation
velocityisreducedat250g/m3;increasingthe
concentrationisequivalenttoreducingtheturbulence
intensity, so the flame front the maximum
propagationvelocityofthefrontissignificantly
reducedat750g/m3.

3 Conclusions
 Anexperimentalstudyoncoaldustcombustion
processinaverticalglasstubeiscarriedout,andthe
influenceoftheconcentrationofcoaldustcloudon
theflamepropagationofcoaldustcloudisconcluded.
 1)Afterthecoaldustcloudisignitedbythe
ignitionelectrode,theflamepropagatesvertically
alongthewalloftheverticalglasstube.Theflame
emitsabrightyellowlightduringthepropagation
andformsamushroomcloud-shapedflameatthe
upperendoftheverticalglasstube.
 2)Whentheconcentrationofcoaldustcloudis
250g/m3,itsburningtimeismuchlessthanthoseof
500g/m3and750g/m3.
 3)Whentheconcentrationvaluesare250g/m3,
500g/m3and750g/m3,thepropagationvelocitiesof
theflamefrontreach the maximum values of
1.51m/s,2.00 m/sand1.61 m/sat100 ms,
353msand310ms,respectively.Thetimeforthe
flamefronttoreachthemaximumvelocityandthe
maximumvelocityofflamepropagationfirstincrease
andthendecreasewiththeincreaseofconcentration.
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煤粉云火焰传播特性实验研究
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摘 要: 煤矿开采中存在煤粉爆炸的重大安全隐患,本实验主要研究煤粉云的火焰传播,为预防和控制煤

粉爆炸事故提供理论依据。实验采用粉尘云点火装置对煤粉在燃烧玻璃管中进行试验,通过改变煤粉云浓

度探讨其对煤粉云火焰传播过程的影响,并利用高速摄影记录煤粉火焰传播过程。结果表明,点火电极在点

燃煤粉云后,火焰沿着玻璃直管管壁竖直传播,火焰在传播过程中发出明亮的黄光并在玻璃直管上端端口

形成蘑菇云状的火焰。当煤粉云的浓度为250g/m3 时,其燃烧时间远远小于浓度为500g/m3 和750g/m3

时的燃烧时间。当浓度分别为250g/m3、500g/m3 和750g/m3 时,其火焰前锋阵面最大传播速度分别在

100ms、353ms和310ms时达到相应的最大值1.51m/s、2.00m/s和1.61m/s。火焰前锋阵面达到最大速

度的时间和火焰传播的最大速度随浓度的增加先增大后减小。
关键词: 煤粉;火焰传播;煤粉浓度;火焰传播速度
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