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AComparativeStudyofPropenantsContaimingAl or

ZrC/GraphiteasCombustionStabnizer

Tai-KangLiu'.Song-PingL血',Huey｣:herng

Pemg',Hwa-ShuChiu'

ThecombustioninstabilityoftheAp-basedreducedsmokepropellantwasexperimentally

investigatedwithaT-bumeranditssmokevigil)ilitywasassessedwithaSmOkechamber.The

onlyformulationyariableinvesdgatedwasAlorZrαGraphitewhichseryesasthecombtution

stabilizer.ItwasEoumdthatZrαGraphitepropenaJltproducesrelatiydylesssmokethanAlprか

pellant.BothZrOGraphitearLdAIwerefoundtosuppresscombusdoniJIStability.although,

depeJldingonthe血rnuhtion,ZrCmaynotbele防 than1.5%inorderloharegoodeLEect.

Experimentd resultswerediscussedfurtherwithdlewizldowbombphotographs,the

physicalproperdesofadditiveslcombtLStionproducts,aswellasthetherm∝hemi calconsidera-

tions･Inaddition,thecontroyersialliteraturefindingsontheeEEectofadditiveparticlesizeon

combustioninstabaitywerepointedoutandbrienyreviewed.

lNTRODUCTl0N

DurirLgthepastdecade.maJlySttJdieshvebeen

devotedtoreducedsmokeorminimumsmokepro･

pellants.UsuallythesepropelhJltSCOntailllessthzLn

2'06 ofmetal in formuladon.FormaJIy yeBLrS

aluminum wasemployedforacousticstabilizationh

suchpropell弧tS.However,astheahninumgalnlng

specificimpulseanddensitywhilealsogenerating

smokeinrocketexhaust.theuseoEaluminum

becomesinadilemma.Thepresentstudyreportsthe

experimentalresultsoftheAp-basedcompsitepro･

pellantcontainingeitherAlorthe"standarddepresI

sant■ZrC/graphiteasstabilityadditives.T-bumer

aJtdsmokechamberwererespec(iye]yemployedb

assessthepropenaJltCOmbtlStioninstabil吋 and

Smokevisibility.

【XP【RIMENTAL

Six formulationswere prepared using Baker

Perkinslaboratoryblender.Basicauytheywere

tailoredtoconEorntothespecificrequLrementSWhile
atthesametimetoisolatetheeEEectoLeitherAlor

ZrC/graphitewith respecttothebaselinefor-
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mutation.ne formtJlations aJld the predicted

deliveredspecificimpuheareSummadzedillTable1.

AcLassialT-btmercoyeringfrequencymmgeof

0.3T3此 wasetnployedtostudydielongitudinal

modepressurecot)plhgcombtLStioJlinstabilityofthe

pmpeuantfom 血 iom hplementation with the

T-btmer included a 701A 払出er pressw e

transducer.ased岱OEsignalconditioningelectronics.

andaPC/AT computer.Sof触 reⅥⅦsspecia皿y

dedgnedforthecomputersothattheosdlh血g

presw esignalcanbeconvenientlyprocessedandthe

resdts graphically reported. The T-bumer

schematicissht)wniAFig.1.Thetestpressurewas

丘Xedat20atm sincepreyious experimentsbye

show thattheresponseathigh LrequencydecreascB

withinc托aStngprS Sure,thusthemostSevereStabih･

tycondition血rnonaluminuJnPrOpeuaZItisexpected

atlowpressureandhigh Erequency(1).

Alm3cubicsmokechamberwasemployedtostudy

thepropellantSmokevisibilitytnderdiEEerenten･

vironmental(temperatureandrehtiyehumidity)con･

ditions.Bymeasuringthelightattenuationofthe0.95

mWHcrNehserhearn(A-632.8nm.Calibratedwith

stzudarizedneutraldensitymtersfortrzuymittaJICe).

theHghttransmi ttancethroughthe8mOkeinspeci丘c

wayelezlgd) Was obtained. All experiments
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Table1 PropellantForTnulation

Group1 Group2

baseline Al
etfect effect
Y138 Y139

HTPB

PNBr

AP●

Al++

ZrCH●/C

ZrC/C baseline
effect

Y140 Y143

Al
effect

ZrC/C

Y142 Y141

5

0

0

1
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2
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85
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0

0

〇

一

2

.

.
2

5

2

3

8

25

.〇

〇

一

l

,
2

5

3

8

I 13.64 13.64 13.64

85.0 85.0 85.0
1.6

- 1.1/0.5

predicted
delivered 236.2 239.4

Ⅰ8P(100atm)

232.7 238.7 240.6 235.5

+APblend400J225/90/20micronforgroupI.225J20I5micronforgrot)p2
++mediansize5.8micron

++●medaiJISize5.5micron

Fig.l T-1)umerschematicWerecondt)ctedtwinge

quallⅣeightpropelhJ)tinordertogiyethe組mebasis
.neschematicoEthetestchamberisshowninFig.2

.RESULTSANDDISCUSS10N

A.CombustionhstabilityThetlSeOfmetalparticlesfor

Stabilitycontroljsbas･edonthehownparticuhte

daJnPingtheorywhichinhmisbasedontheen

erw dissipadonbyviscous血喝.Although theeffectof

ZrCaJldgraphiteiseyi･de此 inpromotingcombtdonstabihtyathigh frequencyaLndlowpre

sstue.thechngeinlowhquenc呈esisstiunotquite

cl現r(2).0WT-bumerex-perimentalresdtsEorbot

hZrC/CandAIpropdlantsare8hwninTable2.Th

eo∝ilhtionfrequencyandthesumoflinearstabili

tygrowth anddecaycons-tant (qC+crd)are reported ifos

cillationsweredetected.ComparingY140&Y141

inTable2,itwasfoundthattheminimtnamotmt

oEZrCm叩nOtbeless1.5%hordertocompletelysuppre

scon)btJStioninstabnityK6gy示Kayaku.VoL



Fig.2 SmokechJnberschemadc

Table2 T-BumerTestResdt

口

zlliiii戸手ieeZLZFOr･

bJd tc叩erもture'

htElldlty. V8CVtJ5'

lpltlon.8tl触 g

Ae血 t}J)tizlg e℡Zlt-

roll●r.

Group1 Grmp2

EorTnuhtion Y138 Y139 Y140 Y143 YIJ12 Y141
baseline 2% Al 1.5% ZTC base血e I.696Al 1.1% ZrC

O.SXC 0.5% C

Bumerlength.cm

19 x

38 1280Hz

13.97

50 840Ik

9.50

59 7401k

lO.71
80 540H1

9.08

104 360比

8.76

A

X

X

X

X

X

X X X X

x 1320HI X 1320H1
8.30 12.5l

I lO00 Hヱ X X

8.33

x 780Hヱ X 800H2
10.59 11.6

x 560Hヱ X I

12.68

x 420Hヱ X I

IO.88

形 denotesnoo∝illationsbeingdetectedINtLmericalyduesde notefrequencyandqC+ad

obtainedfromaveraglngOEtwoexperiments･

inthefrequeJICyrangeSttldied.[nadditiontothe

lesseramotLntOfZrCinY141.thesmdlerAPpartide

sizeofY141m paredwithY140alsoCOAtributB tO

thecombtd otIinstabiuty.RegardiAgtheh 岬

effect,dladditiycsareeLfcctiyeinstabiuty control

downtothelowestkequencyofarotnd400Hヱinmr

study.Besides,allAl forTnuhtionswerefotndto ex-

hibitStablecombtJStionovertheentirefrequency

raJtge'

Theregonse血nctionofthetwononmetallizedpro･

pelhntis血oytlinFig13･Theywere calcuhted

hmexpenmentaldatausingtheequation

R･-一志(jiL)

whereaissotndspeedvhid)cm beeh teddth

b=2LL.Ldenotesthebtmerlength･P.p,.randE

denoterespecdvelypresstm,propeuaJltdeABity,btm･

in且rateAndoBCiuadonfrequency.Itisclearthtthe

reBPnBedecrcaseswithiTICreaSinBfrequencyinthe

experimentalrangestudied.Tht18thenonmetauized

propehJ)tBaremoreSuSCePdbletocombustionin-

BtZLbilityinthelow frq uencyranp･
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0 0.2 〇.4 0.8 0.8
1.0 1･2 1･J.(Tbqmn如)

rr℡C.uy_cy..rkFj9.3 ResponsehnctionoE

noTI-metalLizedpropelhntTable3 GSDTestingSunmaryofCombustionStabilizer

sincandescentparticlesppuhtbna

t londonol ppuhtionaboyepropeth

Lnt 触 propeuantcandidatestabilizer d ace

appeannce surfaceAl.5micron dense onsurface d

enseZrC.3micrt)n yerydezBe OnSurface

dezLSeWindowbombmoviewasadoptedbyRudy

andLain(3)torankthepropellantsrelatiyetothe

ap-耶 ntipidonlocadonofthestabilityaddidye.n eyEo

tndthH hseaddjtiv飴 thtreachipidon些OrzLeard

ieprOPel血 tsqrhcea陀mOSteff血 ye.neirrlnding8

areSummarizedbyBraithwaiteetal.(4)inTable3F

ortheSelectedcaseofourinterest.Ourwin･dowbomb

photop phsiAFig.46b wingthe8imihrresdts.Moreo

ver.muchmoreincaAdescwtpardd eSatmepropelLaJIt

StZrhceyrereobservedforZrCpro･penaJltthA

EorAJpopellant.Con8iderthatZrChasamuchhigherm.p.dlanAlorA1203(Table5).iti8

morelikelythtZrCdoesnotCOmPletelyburnattheprqp

uaJIt8urhcebtradlerinpBphsewithouttoomudldo g

insizedudngbuming.Iti8td eyedthtthehttcrpro

CCSSCOtLtriM tDthe.血皿ping●ef-fectwhichlea

dtothereducdonoltherespoZtSe.SincedieWeightperce

ntofZrCi8lesserthnAlinthein･diyidualEorm血don

group(Tale1).thecapbilityofZrCiJ)8tZLbutycontroliseyenmoreeyident. RegardirLgthe

effectoEparticlesizeOfstabilityad･ditiyesonyis

cousparticledamping,thereexists80mecodictingrudi

ngsduringthehstteny邪 .King(5)beJieycst

htZICd肥StLOt血mgeprddesizedudngbumingBOthati

tisiznportanttoch伽尽ethedghtpaJti･clesizedi8trit)utionofZrCto-ttme'thecombu

stionsothatBOme8pCCiBcdamplnP Cambeobtained.B

ecksteAdeta).(6)fotndthatchangingparddeSizeofb

mingAIpridesGm byedBniBcanteffectonpartideda

mphg.necalcdaed血mpingbasedontnodelthataccotntsL

opthechangingpartidesizeoEAlchngedbyafactor

oftwooyerthetypicalrangeof･conditions

usedintheT-btlrTter.Derretal.(10)EotLJ

ldthatpressureoscilhtioninmotorarisesfromn

omn如ddngoEexperimezltdprticlesizedistributiono

taddidye9witbthetheoredcalonESforop血 tndamping.n eyaLethebe拡ever8Whoemphasizeim･



Fig･4 AcomparisonoLc瓜mbu

stbnphenomem (P=0.5atm)T8bl84 AfterburningPotentialaJldToldCondensibleSBased
ontheChamberPr鰯u reOHOOkg/cJ

nozzleexi tmasspercentage
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Stabiuzqdo岱tLOtChaJtgePartidesizealtercomblはI

lion.
Contrazyb血yestuditS,theyconcludedt
hat

thesibeOfstablTlizqmaynotbetooprecisebutthat

themassEractioJIaPpCaT8tObeoEprimaryimpor
tartc e.

Besides.
ZimmermanandDitore(1)alsofound

thatchangingparticlesizeofZrCorAl203hadno

sipi点cantef
fectont
heresponseAmctionoyertheex-

perimenbltangeStudied.
TLeseconAictingresults

naynotberesotyedatthep托Sent,
butshtJtdremain

tobearesear
dh
stJbjectinthefuttLre.
B
.
SmokeVisibjlity

AB8CSSmentOfpropellantplumehasbeenoneofthe
importaJltbpicsinthereducedstnokepropeuadlt

research.
AlthoughdiLferentcomplexfacilitiesw

eredeyelopedtosimulatetherealnightconditions

,theconyentiondsmokedlamberwasfoundcapbteoE

yieldingthesamerelativepropelhJltrankingasthe mor

eadyaJICedyersions(8).0∬ experimentalr軌 ItBustng

8imilar血citidesareShow illFg.51mderdif-ferent

enyiromentdcondidons.Adiludonratioof60:Iwa

sCalculatedforthepresentsttldytはing17.6卵 mBampt

eOEeachformulation.Regardingsmokeyisibih･ty.ilwasfotndthatbthgroupsofpropetLaJlbShow

consistentranking,i.e.,AlpropeuaAtgeneradngtJ)

ehighestsmokecotLCentrationEolloypedbyZrC/Cpro･

pelhnt.Jhsel

inepropelhJltalwaysproduceS the一owestconcentra

tion.ChaJlgingtheaJnOtLntOEad･ditiyesakochB

LngeStherelatiyesmokeyisibiutyprt>prtionate

ly.Thermodhemi calpredictionofthesecondaJYSm

okerehtedcomhsdonproductsofddLereJItPrOPellaJttS
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,o川,P.1 ll)FtbBeu

ne a'冨 57掛 JIJehn･瓶 l 詣 咋Fig.5 Acomparisonofsmokev
isibilityunderdiL-ferentenviroTI

mentalconditions.Tablo5 PropertiesofAddit

iyes.AssociatedwithCombudonhstabiLtyaJ

ldSmokeVilSll)iutya.did

v6 d冨智 mtp･ S怒 ,.TngeA1 2.35 600

6-9(1000C)Al203 3,413･9 2007 predominantly

sllbmicromZrC

6.73 3540 5-10100% range)haslittleeLEect

onpredictionofthe釈COndarysmokeoftheAp-base

dreducedsmokepro-penaJltS(9),however,trzLnSmitt

amceYariadonduetoitseEEectareexpectedtobeSmall.

Besides,thenearin･yarinessofHClandH20Coztden

siblesconcentrationisalsohdicatedinTable4.The

seresults,alongwiththeprediction(8)a condens

ationboundariesforreducedsmokepropellantatsea

levelforotucondi-tions.suggesHhattheprimar

ysmoke,namelyAl203orZrC,contributestotheyarhtionofthesmoke. ResdtsshowninFig.5indinte

thatrephcingAlwithZrCreducestherisi

bilityby3to8血 es.ObseryatiotIsinFig.5tray

bee9Ephined血〉mtheclassialoptiCaltheorythatthesiz

eofp rticuhteTnat･terinsolidpropellantshouldb

ed106entOaYOidthemaximum8Catteringforrisiblel

ightinexhaust,or,altematiyely,themateri

al shoddbecbsenwithhigherdensitywhich,foragiv

enmassfractionforacousticdamping.minimizest

heprticlesperunitvoltmleOfexhatLStgasandheJIC

elowSmOl⊂e.neprかpertiesofadditiyesiAthepres

entstudyare8hm inTable5.Itisdearthatthehi

gherm.p.OLZrCmaykeeptheparticlesizerathert

nchangedduringcom･busttion.ZrCreactsheteroge

neowlyinsolidphsewithoutmeltingdmingcombusti

on.AI,ontheotherhand,reactsinphaseandprod

ucesA1203particlesmostlyinsubmicmnrangeinth

eexhaust,thtIspro･ducesahigh valueofnum be

roEpartidespermi tvolum eandhencehigh snoke.B

esI'des,theAlIAl2O}hsalowerdensitythanZrCv

hidleYemaggravatesthesmokegeneradon.Our
obsm tionsonrehdyesmokeareingoodagreeme

ntswiththestudyofEvaJtSaJtdSmith(7).TheyfotLnd

a4timesreductionoLsmokenightattenuationwhen

1.496AIwasreplac･edby1.4%SicinthepropelkLn

t.CorLSiderthatSichsadensityof3.22g/cn3whic

hi$lowerthan6･73g/43ofZrC,themudhbetterr

es此OEsmokeA;ghtat･tenuation(uptomax.of8times)iztourstu

dycoddb

erealized.SUMMARYTTLeroleofZrOCaLndA

Iwasexpe血 entdyin-vestigatedwithrespecttotheir

behaviortosuppresscombustioninstablb'tyandsmok

evisibility.ItwasEoundthatZrC/CEormuhtioni

sbetterthanAlfor一mutationinreducingsmokerisi

bility.ThisWasat･tributedtothedifferentphysical

andopticalproper-tiesbetweenth esetwoadditiyes

aJldtheircombustionproducts.FormdaioTISwithou

tmetallicadditiveswerefouJldtoexh弘itcombstio

ninsbbility.showhgthesigmiLicanceofparticda

tedamphgeLf∝tdu血gcombusdon.NonmebIlicform

dadonsaremuchmoresusceptibletoinstabilityprob

lemimlowfrequencyrarLge.RegardingtheZrCmassfra

ction,Itwasfotlndthe,dependingomformulatio

n,theamountoEZrCmaynotbelessthan1.5% in

ordertosuppresthecombustionhstability.Morei

ncandescentpartidesaboyepropenzntsurfacew

ereobseryedEorZrCK6gy呑Kayaku.Vol.51.



pl｡PelhntthanAl propelhJltinwiJ]dowbombex･

penments,substantiatingitsroleparticledamping.h

addition,controyerSialliteratureresdtBOntJleeftd

oEadditivepartidesizeoncombu如oninstability

werepintedout.thtuleayesthesubjectrathqim-

condusiyeatthepn汚enLtime.
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燃焼安定剤 としてアル ミニウムあるいは炭化ジルコニウム

/グラフ丁イ トを含む推進薬の比較研究

Tai-KangLiu',Song-PingLuh',
Huey-ChemgPerng'.Hwa-ShuChiu'

不安定燃焼を抑制し.かつ噴出ガスの無煙化を確保するた桝 こアルミニウム(Al)と炭化ジ

ルコニウム/グラフTイ ト(Zr/C)を添加した推進薬について実験的研究を行った｡ZrJCllAl

よりも無煙化に有効であり.この結果はこれら2峨桝の添加物の物理的及び光学的特性の追い

から起因していることがわかった｡金属添加物を含まない推進薬組成では不安定伝虎が先生す

るが.敢粒子によって容易に叔宍させることが{･きる｡また同時に.不安定梅見は低周波鶴城

では費粒子の添加により敦盛である｡Zr/Cの75血分率が1.5,i以下では不安定伝塊抑制の効果

が少ない｡窓付き億焼蕃ICの椴寮によると.Zr/C推進萌はAl推進薬よりも格焼裏面で白.q光

を尭した赦粒子が見られ,減衰の効果が大きいことを示している｡これらの結果は.過去に報

告されている結果と異なり,本曲文では実験的布類のみを報告するだけに何どめる｡

('中山科学研究院 姉4研究所 中華民国,台再省挑固私産郵政一駅)
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