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Development,productionandcharacteri8ationof

LOVAgunpropellants

W.Karthau8*,A.C.Hordijk*,C.A.vanDriel★,andC.Schoolderman*

Indevelopinggunpropellant8anumberora8peCt8areOfimportance.Apartfromthe

performanceimprovement,higherBpeCificimpulseandalowerflametemperature,requirements

for紺feproduction,8tOrageand8tOragelifetimecanbementioned.

AtTNO-PMLgunpropellantcompo8ition8havebeendevelopedandinve8tigatedoverthe

year卓.AnumberofcompositionshavebeenevaluatedfortheirenergycozltentandballiStic

performance.A8electednumberhavebeenproducedonaSmall8Caleandte8ted･Some

compo8ition8havebeenproducedwithatwinScreweXtruderandunderwentfull8Calete8ting･

Thepaperde8Cribe8PrOCe88modellingandproce的ingBafetya8peCt80flaboratoryScale

proce88ing.Furthermoretheinternalballi8ticandperformancechAraCteri8ationandSafety

propertie80ftheLOVApropellantsthatareunderdevelopmentwillbepresented.

Thepaperendswitha8ummaryOffuturedevelopment8atTNO･PMLwithrespecttOgun

propellant8andconcludingremarks.

1.lntroduction

TNOPrin8Mallrit8Laboratoryi8OneOfthe

in8titute80ftheNetherlands0rgani8ationfor

AppliedScientirlCResearch(TNO).Withinthe

frameworkofTNODefenceResearch,theprincipal

mi卓Bioni8tOSupporttheNetherland8'armedforce8

inbtlildingandmaintainingacost.elrective,8trOng

defencebyproviding8Cientificandtechnicaladvice

inareA88uCha8:ammunitiontechnologyand

explosionSafety,ProtectionagainstNBCand

impactweapon8,andweaponeqect8.There8earCh

worki8mainlypurSuedfortheNetherland8

MinistryOfDefence(MoD),althoughotherclient8

Sucha8foreignDefencecontractorstOfulfiltheir

oqSetObligation8withhigh-techresearchcontracts

andciviliancontractorBforcontractresearch,

productde8ign,andStandardproduct8aCCOuntfor

morethan35%oftheturnover.
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Theauthor8Areworkinginthedivision

Munition8TechnologyandProtection,where

amongstOthersre8earehonanddev㊤lopmentor

advancedgunpropellantstakesplace.

Threemajordrive且maybedi8tingui8bedingun

propellantdevelopment:ahigherimpetus,alower

nametemperatureandahigher8afetylevel.This

ledtothedevelopmentofthenewgeneration80f

gunpropellantsapplyingknowledgefrom801id

rocketpropellants.Sotne丘fteenyearsagoTNO-

PMLStartedresearchanddevelopmenteffortsin
thisfield.

TheresearchanddevelopmentpathatTNO-PML
con8ist80felement88uChas:

- formulationofthepropellants,

- modellingtheperformance,combuきtion,
internalballi8tic8

- 8mal18Caleproductionforexperimental

characteri8ationofconponent8andpropellants

concerninghazardandcompatibility.thermal

Stability,particleandbinderpropertiesand

rheology

- laboratory8CaleprodtlCtion,mixing,casting,

pre88)ngandextrusion,
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- characteriBationandcIAB白ificationof

propellantS,LOVA,IM,ageingand

implicationsforexistinggunsystems

A駅hematicofthedevelopmentpathi叩re8ented

Fig.1Theadvancedpropellantdevelopmentpath.T

hesubjectcompo8ition8inthispaperareenerget

icmaterialsintheirpa8telikeintermediate8tate･Themateria18te8tedon.aridpre8ente

dinthispaperAreinertcompoSition8(白imu

lant8)andenergeticcompo8ition8.Theenergetic

compo8ition8areLOVApropel)antsbasedonTPEor

HTPBaSbindersandRDXa8energeticcomponent

.A8PeCtSOfproce88ingandprocessingSafeLy,internalbAlliBticcharacteri88もion

andperformanceandSafe

typropertiesoftheLOVApropellant8thatar

eunderdevelopmentwillbediscussed.2.Laborator

yscaJeproduction:oxtrusionTNO･PMLh88longexperien

ceinresearchonc88tableenergeticcornp

08ition8Suchasrocket･Andgunpropellantsand

PlasticBondedeXploBive82･1･Sevenyearsagoextr

usionwasintroduceda8aproductiontoolforthes

ematerialsL･3.5･61bbuildupexperienceonextrus

ion,thefirstproductswereTPEb88edpropel

lantCOmpO8iLionS.Comparedtoconventionalp

ropellants,thish88theadvantagethatl888solventiSneeded.TNO･PML uBeB8 8mallindustrial

8iZie.twinscrewext

ruder(TSE)toStudyconditionsforBareproductio

nofenergeticmaterialsandtoproducebatch

esuptoten80fkgsP

BX8andgunpropellantsforperLbrmanCeandc18

88ificationexperiments.Computermode)ling

oftheproce88andessentialextrudercomponent88

uppOrt8theextruderwork.Commercialavailable

FiniteElementCodessuchastheLudovicTM(t

win･BCreW)andtheFlow2000TN(2DarLdProrlle

die)areused.2.1ProcessinghardwareExtru8

ionexperimentsareperformedusingaramextruder,a100



risefarabovethe8AfetyleveLStrictBafety

requlrementSforpre88ureandtemperatureneed

tobemetfor88feproductionofenergetic

compositions.Amethodtopredictpressuresand

temperaturesofthewholeextrusionprDCeSSbefore

theactuallyprocc881ngOfACertaintypeorenergetic

formulationcanbecarriedouti8mandatoryfor

Safetyrea80n83.

Materia1Sensitivityte8tSandcomputermodel

SimulationsarepartOrtheprocedure.

IntheR&DpathorpotentialCompoundsor

formulation88eYeralte8t8Withrespectto8arety

areperformedinordertodeterminetheu8efulneSS

ofthecontinuationorthereSe8rChproceSS.

KrLOWingtheSafetyfeaturesofthevarious

ingredientsaSmallAmountOftheproducti8

Sufficienttoobtainproce88ing(rheologicAl)data

AndperformSmallScalete卓tsOn:impactand

frictionsensitivity,thermalStability(DSC)arid

compatibility(VTS)Il一.

When8ati8fyingan8Wer8havebeenobtained,the

followingStepi8performlngBubStAnCe8te8tSlike

theShock8en8itivity,eitherbya8m8118CAletest

liketheMAPtest(Samplema880fabout30ど)or

byalargerscaletestlikethegaptest(Samplemass

hundredsofgrams).

Ifthecandidateformulationhas8uCCe8Bfully

pa88edtheseexperimentstheStepStowards

productionbyme8m80rtheextruderismade.

2.3Modelsimulationoftheextrusionandshaping

PrOCCSS

A8partOrthemethodtopredictpre8Sure8and

temperatures0rthewholeextrusionpr∝e88before

theactuallyproce881ng.modelSimulationcanbe

used.SimplemodelsbasedontheBenbowLO

approachpredictonlypreS8ureValuesandare

thereforeinBurrLCienLComputermodelsthatcan

SimulAtethemorecomplexparts0ftheextrusion

processarethereforerequired.The8imulation

sortwarcinu8eat,TNOIPMLareFlow2000TN

Version5.000fCompup188tInternationallnc.and

LudovicTMversion2･20fScienceBAComputer

ConSultant8.1.TheLudoviccodei8usedtoSimulate

thefeedingandmixingproceSSe8intheextruder

andwiththeFlow2000codetheShapingprocess
canbeSimulated.

TherheologlCalpropertie60日heenergetic

compo8ition8inpastelike8tatu8,necessaryAS

inputdataforthecomputermodels,aredetermined

withatwinboreCapillaryExtrusionRheometer

(CER.Bohlin-RosandtypeRH-7).V'･OJ.

TheLudovicTMcodeiSusedtoStudytheeffects

0ffillerratioandthe80lventfractiononI.he

behaviouroftheextrudAtiorLprOCe88,Where

pre88ureandtemperaturearekeyparameters.The

extruderscrewbuild･up,Theologicaldata,

includingtemperaturedependentviSCOSitywas
variedll.

TheFlow2000TMcodeiBprlmarilyusedfordie

design8tudie8.Theinnuenceorthedielarld(UD)

ontheextrudatetemperatureandheadpreSSure

hasforinstancebeendeterminedや･ll.

As anexampleoraFlow2000TN叩plication.die

pressureSimulations.comparedwithactual

EJlbye触 :
re血C60nol
Aか〝dl且rnel
radiut

PedBrBted
plzltehol伽9
7p加

Cylinderwith
Tplns

Fig･3ExampleofAFEMgridfora7･holegmi
ndiede8i

gn,mea8urement8Wi

llbepre8enLedinthenextpara酢aph,2.3.1

DioprossuroThenowthrough thediei8Simul

atedwiththeFlow2000TNcode.The爪owdomainof

thediei8drawnanddividedintolargeCOntOur8.T

hecodegeneratesaFEMgridinsidethecontours.Se

efig.3･Inaniterativeproce88thecodeadjuSt8t

heFEMgridSlightlyduringthecalculationprocessl

lntilthetotalcalculationerrorin

thebalanceequationsatthenodalp

ointsisle88than1%,ThemaLeriAlflow

i8888umed tobeincompre88ible,Newtonian

andisothermal.Gravityi81gnOred･Thetotalpre88ur



Fig･4EBtimateofthetemperaturedependencyb=0･28atareferencetemper
a･tureof65oCforWaxfromCJSRrheometermeaSureme
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o叶.(RarTleXtrLJd○r)Fig.5Experimentalandcalculatedpressuresforramex
trusionexperimentsthrough a7･holedie88afunctionofextrudatevelocityatdi

fferenttem-perature8foraSimulAtOrPaste(left)
andsolventpercentageSforaTPE･baSedpropella

ntpaste(right).temperaturedistribution

iscalculatedintwo2Dcrosssections.As furtherinput,amodelrltO

rtheTheologyandthephy8icalpro

pertiesofthematerialarerequired.Therheo

logy,Shearrateandtemperaturedependencyofvis

cosityTl,1588Sumedtobeexponential:11=1

70･eXP(-b･(T-To)) (1)でhetemperatureexp

omenもbismeasuredoverawideshearrateandtelll

peraturerangeWiththeCER.Theresultsforawa

xarepresentedinfig.4,EStimateofthetemperat

ureexponentb=0.28atareferencetemperatureof65oC.Themodelfits theme88ureddata±16%aver

ageforatemperaturerangeof5

0to700CandaShearraterangeof2.2to5348

●1.DeterminedvaluesofbforTPE/sugarandaTPE

･baSedpropellantCOmp08ition(IBK1010)Areo･

044andO･02respectively11･Ramextrusionexperim

entshavebeenperformedatdifferenttemperaturesWithawaxmaterialto

testa7･holediedesign.TherampressureiSmeasureda88functionofextrudatevelocity.These

experimentshavebeenusedtovalidatet

heFlow
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Fig.6Photograph80fpropellantgrainsthatareSplitacroBStheburningChan-
nels(left:̀good'productIBI∈10150･5,right:porousgrainIBKIO150-6).

2.3.2Livepropellanttestandsimulation

RamextrusionexperimentswithaliveTPE-

basedLOVApropellantIBKIOIO(compositionTPE

(SIStype)16wt%,RDX,5and25micron83wt

%,additives1wt%,solidload84wt%)havebeen

performedandSimulatedaswell･Thepropellant

hasbeen8h8pedintoa7-holegrainthrough Adie

havingadie･landlengthof20mm,adiameterOf

7.50mmand7pinswithadiameterofO.90mm.

I)uringtheshapingofthepropellanttheram

pressure(恕diepre8Bure)andthema86nowhave

beenmeasuredasafunctionoftheBOIventcontent.

TheresultsArepresentedinfig.4(right).The

simulationresultsagreewiththeexperimental

results.TheFlow2000TMresultspredictthe

pressureneededforShapingwellandbetterthan

thesimpleBenbowmodel.TheBenbowresultsare

comparablewiththesimplifiedgeometricmodel

withouttheentryconeinFlow2000TM.Theentry

conecau8e8apreSSurebuildupduetoadecrea81ng

nowchanneldiameter.

Three88fetycriteriaareestabliShedl'forTSE

extrusionofthelivepropelhntbasedonTPEand

RDX.DieheadpressureShouldremainbelow7

MPa,ShearStre86eSmustbeunder150kPa

(rheologicalcriterium)andthediehead

temperatureincreaseShouldbesmallerthar1loo°.

Thesolventsecuresproperpastenowand

SuppreSsesexceSSiveheatinginthedie.The80lvent

massinputShouldbeabollt10wt%resultingina

productcontainingaSolventcontentbetween4wt%

and9wt%toguaranteetheprocesswilloccur

withintheSafetylimitvalues3.Formoredetails

seeref.11.

3.Characterisation

3.1Performancecharacteristics

Theperformanceoftheproducedpropellant

batchesi8determinedbymeansofStandard700･

m】ClosedVessel(CV)te8tS.Thetestresultsare

u8edtodeterminethevivacityandthelinear

burningrateofthepropellant8.TheseCanbe

ealeulatedusingoneorthemodule80rTIBALCO,

theTh･OInternalBALlisticCode.Thislumped

parameterCOmputercodei8basedonSTANAG

4367,likethewell･knownIBHVG2-code.ltiB

mainlySetuptOStudytheeffects0fvarious

propellantproperty'80ntheinternalballiSticcycle,

likediErerencesininnerandouterburningrateOf

propellantgrainsandignitiondelay8fordiLrerent

subcharges.TIBALCOiSCurrentlyunder

development,butisalreadyapplicableforSeveral

ba8icgralngeOmetry'812.

TheTIBALCOcalculationmethodcanalsobe

appliedforvariousotherpurpo8e8.ABanexample

theburningsurfacecanbecalculatedincaSe8

wherethelinearburningrateisknown,for

instancefromotherreliablemeaBurementS.

OneoutoftwobatchesthatWhereproduced,

whichareessentiallySimilarwithrespecttotheir

composition,Showedaratherlargeporosity,

resultingfrombadproce88COrLditions,seefig.6.

Themajordifferencebetweenthesebatchesi8

thelengthofthe7･holegrains(batchIBK101515:

20mmandhatchIBKIO15-6:10mrnresp.).The

burningcharacteristicsinterms0fvivacityare

ShowninrIg.7(left).

ThevivacitycurveforbatchIBK101515hasa

shape,whichmightbeexpectedfor7-hole

KayakuGakkaishi,Vol.63,No.4,2002 -173-
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-5- DK10156F;g.7VivacitycurvesdeterminedfromCVtestresultsforpropell
antbatchesIBKIO150･5andIBKIO15･6(lt!ft),andBurningSurfaceareaA
relatedtotheinitialtheoreticalsurfacearea,calculatedfromtherespe
ctivegraingeometry

'8(right).propellant.TheviVacityincreaseatlow

conversions(P/Pmnx<0.5日scausedbythela

rgeburningexponent,cL,WhichiSlargerthan1.T

hevivacityoftheotherpropellantbatchappears

tobemuchhigheratlowconversions,Whichischa

racteristicforporouspropell

antgrains.Theburningsurfaceareaperg

raincanbecalculatedfrombothviVacitycurvesand

thelinearburnlngrate.There8ult80fthesecalcu

lationsare8howminfig.7(right).Thisfipresho

wsthattheburningsurfaceareaofIBK1015･5initial

lyslightlyincreases,Showingaprogress

iveburningbehaviour,whichischaracteristicfor7･h

olegrains.Theburningsurfaceareaoftheporo

usbatchisinitiallymuchlarger.8howingtheeffe

ctofzoneswithlargeporesinthepropella

ntmateriaLThebur山ngratesthatWereCalcula

tedfわrtheHTPB-andTPE･basedTNOpropelhJltS

areplotted1000 - TNO

JiTP8-based■■■一■● - TNOTPE.

based(旧K1
015)‥.‥

‥.M1-----JA2､望≡100
-lllll■L■

1010 100
1000PresSurePdPa) 888functionofpressureinri

g.8(left),togetherwithsomedatafromthelite

rature.Thisfigure8Showstheimprovemer

LtOfTNO'sTPE-basedpropellantcomparedtot

heHTPB･basedoneand80mereferencecompo8itio

nS.TheproblemsWithcarbondepositdurir帽bur

ningoftheTPEbasedcompositionwassol

vedbyadditive8.Thecompositionisinthe

proce680fpatenting.ThegalJllnperformanceov

ertheyearsisshowninfig.8(right),whichpresen

tstheimpetusVersusnametemperatureforvario

usgenerationsorgunpropellants.Theimpa

ctoftheuseofhighexplosives,likeRDXaSa

ppliedfromtheHTPB･basedpropellantsonwards,c

anbeclearlyseeninthisfigure.TheuseOfenerg

eticTPE'SleadstoaShifttowardstheupperrigh

tcorner,implyinganincreasebothinnametem

peratureandinimpetus.Theincreaseofimpetusre

sultsgenerallyinan150051250コ.⇔a○EEL100

07502 +TNOMT

PB.basd◆TNOTPE-basedAsh○NC爪DX ◆..S◆.-0.E

)DBATB ロ-TPO○A A

● dAooo 2500 3000

3500FlarrpBt○rnP○raturelK]Fig.8PropertiesorvariousgullPropellants:Linea
rburnlngrAteS,r,aSafunc･tionofthepressure(left)andlrnpetusASafunctiono

rnametemperature(right).



TablelSummaryofGunpropellanttestdata.
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L)TheexperimentsWereCarriedoutwithMlpropellantasareference.There8ult80fthe
varioustestswereinmostCaseseXpreSSedaBbetterthanandBOmetimesworsethan
theMlresults.

2)TheTPE･basedgunpropellantspre8entedinthistableareinthepr∝essofproduction
scaleup.ThereforethelMrelatedtestshavenotyetbeenperformed.

3)gapte8七一giveni8theEIDStestresultin100%瓜o･L)/LO.
㊨Tobedeterminedthisyear.

increaseoftheflametemperature.Thisisa

negativeresultasboreerosionisproportionalto

thenametemperature.

3.3Safetyaspects

Safetyissuesconcernthewholeroutefrom

formulationviaproce88ingtotranSPOrtAtion,

storageandoperationaluse.ThisChapterdeals

withtheSafetya8peCtSTranSPOrt,Storageandthe

Militaryoperations,

3･2.1Transportandstorage

ⅠngeneraltransportandStorageSafetyis

regulatedbyUrLitedNationstestSeries6.Some

yearsagoagreementhasbeenachieveduponthe

TestSeries7forExtremelylnSen8itiveDetonating

Sub8tanCe8(EIDS),aprerequisitefora88ignment

ofammunitionintoha2:arddivisionI.6.Thetest

KayakuGakkaishl'.Vol.63.No.4.2002 1175-



Beries7con8ist80ftentests;Six8ub8tAnCeand

fourtests0narticle8COntainingAnEl°s(8).Tb

daynofullUNte8t8erie86havebeenperformed

withtheTNOcompoSition8.

3.2.2Operationalaspects.InsensitiveMunitions

Fromamilitaryviewthefocusi80nln白en8itive

Munitions.SpecificIMte8t8havebeendeveloped,

whicharetypicallymorerealisticandpractice

orientedarticleI,e8t.良OuchASfastandSlowcookl

oEr.bulletandfragmentimpact,Shapedchargeand

sympaticdetonation.SometeBtB,the8ubStanCe

SelecLionforinstance,areSimilartOtheUNte8t

Serie87(b,C,d,andf).

Anumberorte8t8accordingtheUNLestSerie8

7AndtheIM te8tShavebeenexecutedonI,he

propellantsunderdtNelopmentand80metypical

referencepropellant8SuchasJA芝andMlu.The

resultsare8ummari8edintable1.

Fromtheresult.8iLcanbeconcludedthat,I,he

TNOHTPB･basedgutlpropellantiBevidentlya

lessSensitivepropellantthanthereferenceMl.In

fig,9typicaltestre8ult80ftheSlowCookofftest

arepresented,Showingthatthi8HTPB･baSed

propel)antproduceslessfragmentsthanMl.

TheTPE･basedTNOpropellantiBdeveloped.

producedandpartlyte8tedwithinaCommon

EuropeanPriorityAreainternationalcollabomtion

(right).program.Furthertestingandlifefiring8

Willbeperformedinthe8eCOndhalfofth

isycAr･4.Futurodevelopmentsat

TNO-PMLAtTNOIPMLthefollowingdevelopm

entsarecon

sidered:- ApplicationorEnergeticTherm

oplasticEIAStOmer(ETPE'8)ingunpr

opellantformulationS.TbdateCharacteriSingo

fETPE'stake8placeAndtherLrStSma11･8CAle

batchesoraPBXwillbeproducedfor8enSitivity

testing.- Researchontemperature(in)depend

entgtlnpro

pellant.- Researchonlgnitionwithempha8i801

1plasmalgnitionofLOVAgunprop

ellantB･_ continuou8effortons8reLyi88ue

80ftheextru8ionproce88ingofenergeticmaterials･ _ Extensionortheresearchon

lifetimeASSe8SmentOfpropellantsfocu88edo

n8afetyandfunctional88peCtS.Safetya叩

eCL8arerelatedtothermalstability(

HFC)andfunctionalaspectsLothemechanicali

ntegrityorpropemant8.Recentlyamethodb88e

donthedeteriorationofNCchainle

ngthforconventionalpropelhntShasbeendevel

opedl2･5.ConcILJding

rcrnarks- ASystematicmethodiSpresentedto

developadvancedgunpropellants.Thedev

elopmentpathcompr18eSformulation;per

formancem0delling;SmallScaleproduc

tionforexperimentaldeterminationofcompa

tibilityandstability;andlaboratory8C81epr

oductionforproductch8raCteri88tionandcla88i

rIC8tionconcemingoperationalandSafetya叩eCt

S･-176



- Advancedcompositegunpropellant8for

artilleryapplication自 areCurrentlyunder

development.
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