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i
SUMMARY OFNACARESEARCHON IGNITIONLAGOFSEIJ?-IGNITING

Fl%EL- NITRICACIDPROPELLANTS

y By GeraldMorrell
ou

SUMMARY

Ignition-lagdataobtainedduringtheperiod1949to 1956aresum-
marizedintermsof dependenceontemperature,pressure,reactorgeometry,
mixingmethod,andpropellantcomposition.Thedataw~e obtainedlargely
ina small-scalerocketengineandan open-tubebenchapparatus;some
datawereobtainedfroma rapid-mixingclosed-bombdevice.Analysisof
theresultsandcomparisonswithdatafromothersourcesindicateagree-
mentwitha chemicalkineticsmodelprovidedthatmixingisreasonably
energetic.

●

✎

Theeffectoftemperatureon ignitionlagfollowsanArrheniusrela-
tionwithtemperaturecoefficientsofO to 10,000Btupermole. A few
exceptionstothisbehaviorareshowntobe duetopoormixing.The
effectof inttialambientpressureis showntobe roughlya functionof
percentopenareainthereactorandtemperature,or ignitionlag,at
sea-levelreferencepressure.Reactorgeometryisimportantinsofaras
it influencestheeffectivechsrgeconcentrationandthelossofreacting
materialby quenchingorby flowfromthereactor.Waterintheacid
increasesignitionlag,butthiseffectcanbe compensatedforby addition
ofnitrogendiotideor sulfuricacid.Withrespectto fuelcomposition,
thereappearstobe littledifferenceamongarouticandunsaturated
aliphaticamines.Themostreactivefuelsareethylenimine,hydrazine
anditsderivatives,andtheorganicphosphatesandthiophosphites.

Therelationbetweenignitionlagmd rocket-enginestartingis
discussedbriefly.

INTRODUCTION

TheNACALewisrese~chprogramon ignitioncharacteristicsof seH-
igniting(hyperbolic)rocketpropelhntswasinitiatedinJune1949when
scatteredfieldreportsbeganto indicatethataltitudestartingcould
be a seriousproblem.Thefirstproject(ref.1)wasa short,qualitative
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studyat simulatedaltitudeconditionswitha 200-pound-thrustrocket
e?lghletithjetfuel- nitricacid- su~uricacidSystemsc Temperat~e ●

ratherthanpressureappearedtobe theprimaryvariableaffecting
ignition.

As a partof theresearchthatfollowedthisfirststudy,ignition
lagwasevaluatedas a functionofpropellantcomposition,temperature,
pressure,andreactorconfigurationbothinopen-tubeandsmall-scale
rocket-engineapparatus.Itwasreasonedthatpressuresurgesand texplosionsduringenginestartswerecausedby ignitionofaccumulated
liquidpropellantsintherocketcombustor.A shortignitionlagwould z
minimizethisaccumulationandpermitrapid,full-flowstartsto sati.s~
operationalrequirements.Hence,thepracticalobjectofthesestudies
wasto learnhowto obtainshortignitionlagsatthelowtemperatures
andpressuresthatcouldbe encounteredat altitudeswhererocket-thrust
augmentationwasrequired.

Concurrently,rocket-enginestudieswereconductedto evaluate
chemicalmethodsof startingthejetfuel- nitricacidsystem,which
doesnotignitespontaneously,sincethissystemhasmanytactical
applicationsbothinmissilesandinpilotedaircraft.Intheseengine
studies,emphasiswasplacedon learninghowto stagetheflowof seU-
ignitingandmzdn-stagepropellantssoas~o achievereliablestartsat
-76°F, thespecificationfreezingpointof jetfuel. ~_:

Morerecently,studieshavebeenconductedina closedbombwith
minimalmixingtimesinorderto establishthemechanismsof spontaneous *
ignitionwithnitricacid.”

Theresultsofthisresearchon ignitionlagandenginestarting
withself-ignitingpropellantsaresummarizediuthepresentreport.
Ignition-lag
Compositio?l,

theoryisdiscuss+intermsoftheeffectsofpro~ellant
temperature,pressure,andreactorsize.

MEASUREMENTTECIDIIQUE!3ANDAPPARATUS

Manymethodshavebeenusedtomeasuretheignitionlagof liquid
rocketpropellants.Thesetechniquesvaryprincipallyinthewayof
detectingignition,inthespeedandefficiencyofmixing,andinthe
reactorconfigurationselected.Themethd ofdetectingignitionshould
be ofminorconsequenceinmostpropellantsystems,sinceexperiencehas
shownthatlightemission,pressure,andconductancemeasurementsgive
nearlythesameresults.

Generally,thereactorconfigurationhasbeenchosenrather
arbitrarilyinregardto geometryanddegreeof enclosure.

●

Aswillbe
shown,thisfactorhasa considerableinfluenceonignitionlag;and
manyofthediscrepanciesreportedintheliterature.mayhavetheir “
origininthereactorconfiguration.

.. .~-w —
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Thespeedandefficiencyofmixingshouldgreatlyinfluencethe
measuredlagifit isassumedthateverypropellantsystemhasan intrinsic. ignitionlagimposdby thechemicalkineticsoftheignitionprocessand
thatthisintrinsiclagis smallcomparedwiththeover-alllagusually
measured.Theobserveddecreaseof ignitionlagwithincreaseinmixing
energysupportsthisassumption,as doestheobservedsimilarityof
ignition-lag- temperatureandviscosity- temperaturerelationsforsmall
mixingenergies.

Examplesof extremesinmixingenergyarethehigh-pressure,piston-
driveninjectorofreferences2 and3 andthedrop-testapparatusof
reference4. In theintermediaterangeofmixingenergiesarefound
apparatusthatemployimpinging-jetmixing(withandwithoutsplashplates),
jet-poolmixing,andsheet-poolmixing(refs.5 to 7).

In orderto simulatemixingprocessesthatmightoccurina rocket
engine,twotypesofapparatusgivingintermediatemixingenergieswere
usedintheNACAstudies.Onetype(shownin fig.1)wasa modified
open-tubeapparatusinwhichan ~oule offuelwascrushedbeneaththe
surfaceoftheacid. Lightemissionpickedupby a photocellwasusedto

A detectignition.Theapparatusisdescribedindetailinreference8.
$
Q
q ThesecondapparatususedintheNACAstudiesis shownin figure2.

8
Thiswasa nominal50-pound-thrustimpinging-jetrocketmotorwith
transparentwallsanda convergentnozzle.Provisionsweremadefor
v~ing thereactorvolumeandaspectratioaswellasthenozzle-throat
diameter.h Thetemperatureofthepropellantsandinjectorheadcouldbe
maintainedat anyvalueintherangefrom-90°to 160°F, andinitial
pressurealtitudesupto 95,000feetwereobtainedby evacuatingthelarge
plenumchamberintowhichtherocketwasfired.Lightemission,recorded
by a high-speedcamera,wasagainusedto detectignition.Reference8
givesthedetailsofthisappsratus.

Morerecently,experimentsaimedat studyingthemechanismof ignition
havebeenconductedinan apparatusmodeledafterthatofreferences2
and3 anddescribedinreference9..

Studieson theuseof self-ignitingpropellantsto startthejet
fuel.- nitricacidsystemwereconductedina 200-pound-thrustrocket
engine.Therocketfiredintoa 1500-cubic-footplenumchamberthatcould
be evacuatedto a pressurealtitudeofabout95,000feet.A refrigeration
systemcooledthepropelhnts,flowsystem,androcketto -8@ F. A simi-
lartestunitwithouta plenumchsziberwasalsousedforlow-temperature
tests.Thecompletesystemisdescribedinreferences10and11.

RESTJIITSOF IGNITION-LAGSTUDIES

TheNACAdataobtainedfromthesmall-scaleengineandopen-tube
experiments’aresummarizedinthissection.Theeffectson ignitionlag

.
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of thefollowingvariablesarepresented:initialpropellanttemperature,
initialreactorpressure,reactorconfiguration,methodofmixing,acid
composition,andfuelcomposition.A detaileddiscussionof theresults ‘
andcomparisonswithotherdataaregiveninthesectionentitled
DISCUSSION.

$
z

EffectofInitialPropellantTemperature

Withseveralexceptions,a decreaseintemperatureproducedan
increaseinignitionlag. Ifthemajorportionoftheignition-lag
periodis characterizedby a constsntpressureanda presumablyconstant
temperaturecondition,as showninreferences2,3,and9,anArrhenius-
typerelationbetweenignitionlag z andtemperatureshouldcorrelate
thedata:

wherethetemperaturecoefficientE hasthedimensionsof anactivation
energy,andtheproportionalityconstantA maybe consideredasthe
extrapolatedvalueof ignitionlagforinfinitetemperature.!I!hevaria-
tionsof ignitionlagwithtemperaturereportedinreferences12to 19
areplottedonthisbasisin figures3 to 12. The corr-espondi.~te~era-
turecoefficientsandproportionalityconstantsareshownintableI.
Forthemostpart,thedatagivereasonablestraight-linerelationsand -
thuslendsupportto theoriginalassumptionsaboutthecharacteristics
of thedelayperiod.Thebreakencounterednear-70°F withtheopen-
tubeapparatusdoesnotappesrtobe characteristicofthepropellant

d

systems,sincesimilarbreaksdidnotoccurintheengineexperiments
forthesamepropellants.Thisbehaviormightbe dueto theinability
of theapparatusto mixadequatelypropellantswithhighviscosities.

EffectofInitial.ReactorPressure

Theeffectof initialpressurealtitudeon ignitionlagwasstudied
onlyinthesmall-scaleengineequipment(refs.1.2,14,lfl,19,ati20).
Datafortheusualreactorconfiguration(2-in.diam.,4-in.length,0.4-
in.-diam.nozzle)aresummarizedintableII. Noparticulartrendwith
temperatureis apparentfromtheseexperiments.Withoneexception,the
absolutevariationinignitionlagfromse%-leveltopressurealtitudes
of 60,000to 90,000feetdidnotexceed4 millisecondsandaveraged1.3
millisecondsfora varietyofpropellantcompositions.Becauseofthe
nearlyconstantdifferencebetweensea-levelandaltitudeignitionlag,
thepercentagechangein ignitionlagincreasedasthesea-levellag
decreased. %

.
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Thedataof reference19indicatethattheeffectof initialpressure
on ignitionlagisa functionof theratioof nozzleareato reactor
cross-sectionalareaaswellas a functionofthesea-levelignitionlag.
Thefirstfunctionshouldaffecttherateofmateriallossfromthe
reactor,andthesecondfactorshoulddeterminetherateofpressure
rise. A roughcorrelationis showninfigure13. It is immediately
apparentthattheusuale?igineconfigurationfailedto showa large
altitudeeffectbecauseofthelowratioofnozzleareato combustor
area. It isalsoapparentthatpartialor completeblockageofthe
nozzlethroatcouldeliminatehigh-altitudeignitiondifficultiescaused
by lowambientpressure.Applicationofthisprincipleto thesecond
stageoftheBumper-WACsoundingrocketeliminatedsucha difficulty.

EffectofReactorConfiguration

Inclosed,clyindricalbmnbexperimentswithrapidmixing(ref.9)
theignitionlagforthetriethylamine- whitefumingnitricacidsystem
wasdirectlyproportionalto theratioofreactorvolumeto chargevolume
(reciprocalof concentration).Thesedataareplottedin figure14.

Similarresultswereobtainedwithotherpropellantsystemsinthe
small-scaleenginestudiesof referenceI-9.Itwasfoundthatignition
lagisa functionof reactorvolume,reactorsurfacearea,andnozzle-
throatsxea.Forthedtiylaniline-triethylamine- redfumingnitric
acidsystem,ignitionlagisgivenby

logT = log+* - 0.001608T- 0.211

wherez istheignitionlaginmilliseconds,%* isan effectivesurface
areain squsreinches,and T isthetemperatureindegreesFahrenheit.
Theeffectivesurfacesxeaisthesumof thereactorsurfacearea ~
andan effectivenozzlearea ~. An empiricalexpressionforthe
effectivenozzleareais

~ = ~[(0.1307L- 1.051)T- 2S.83L+ 253.65]+ (0.00143T- 0.271)(D-

where L and D are,respectively,thecombustorlengthanddiameter
ininchesand ~ isthenozzlethroatarea. Since,intheseexperi-
ments,a variationin surfaceareawasaccompaniedby a similarchange
in volume,At includesbothsurfaceareaandvolumetriceffects.

Theindependenteffectofreactorsurfaceareawasmeasuredby
experimentsinwhichreactorvolumewaskeptnearlyconstant.These
dataontheeffectof combustorsurfaceareaon ignitionlagare
summarizedinthefollowingtable:

1)

.
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Reactor EffectiveEffective Volume,
surface nozzle surface v,
area,l+.. area,M*, area A~, Cu in.
sqin. Sqin.

Sq in.
ActualRelative

30.5 1.0 9.3 39.8 11.8
39.6 1.3

1

48.9 11.8
49.0 1.6 58.3 11.8
68.4 2.2 77.7 11.5

Ignitionlag,
~,millisec

Experim-
ental

15.1
14.8
16.2
19.4

Calcu-
lated

15.7
19.3
23.0
30.7

.

Apparently,intheempiricalcorrelation,theactualeffectof surface
areais smallcomparedwiththeeffectofreactorvolume,andthe 4*
correlationthusresultsfromthewayinwhichtheexperimentswere .
conducted.

Severalexperimentswithanotherfuel,triethyltrithiophosphite,
showedthatitsbehayiorwassimilartothatofdiallylaniline.Datafor
thetwofuelsat 120UF
is intheslopeof the
correlationwasassumed

$+arep ottedinfigure15;theonlydifference
T- At line.To constructthisfigure,the %*
tobe thesameforbothfuels.

.

EffectofMixingMethod —
●

Allcomparableignition-lagdatafromtheopen-tu%eandsmall-scale
engineequipmentfromreferences12,13,14,I-5,17,I-8,and20arelisted
intable111. Forthemostpart,no greatdifferenceexistsbetweenthe
resultsfromthetwoapparatuswhentheviscosityofoneorbothpropellants
is lessthan20 centistokes.Intheregionof 20to40 centistokes,the
open-tubelagsbecomeappreciablylongerthantheenginelags,andthe
deviationbecomesgreateras viscosityincreasesbeyondthesevalues.
Thedataalsoindicatethat,thegreaterthereactivityofthepropellants,
thehighertheviscosityatwhichtheresultsfromthetwoapparatusbegin
todeviate.

Theeffectof streamimpingementonthewallsappearstobe negligible.
Thedataofreference19 shownodifference-inignitionlagbetween
conditionswherethe resultantmixedstreamimpingedonthereactorwalls
andwheretheresultantstreamwasaxiallydirected.

EffectofAcidComposition

Ingeneral,foracidscontainingonlysmallpercentagesofnitrogen
.

dioxide,ignitionlagincreasedrapidlyasthewatercontentwasincreased.
.



NACARME57G19 7

.

.

Thiseffectcouldbe largelyoffsetby theadditionof 8 to 15percent
(ormore)ofnitrogendioxide.TableIV summarizestheobservedeffects
ofacidcompositionon ignitionlagintheopen-tubeapparatusfrom
references13,16,and21. Dataforortho-toluidinefromtableIV are
plottedin figure16inorderto illustratetheaboveobservations.
Reference12reportsa sim$lareffectofwateron ignitionlagsof
~lidine- triethylaminefuelinthesmall-scaleengine,andreference
17 showsthattheignitionlagof furfurylalcoholisaffectedinthe-
sameway(illustratedinfig.10).

Twopracticalpointsarebroughtoutby thedataof reference12and
tableIV: (1)Whitefumingnitricacidcontainingupto 2 percentwater,
andlow-freezing-pointredfumingnitricacidcontaining2 to 4 percent
waterand16to 19percentnitrogendioxidegiveessentiallyequivalentig-
nitionlagsatthesametemperature;(2)as longasthewatercontentof
whitefumingnitricacidis notmuchgreaterthan2 percent,variationsin
watercontentdonotappreciablyaffectignitionlag. Reference18further
supportspoint(1),as shownIn figure17. Withpropylene- N,N-dimethyl
amidophosphite,nogreatdifferenceexistsbetweenthetwoacids;with
mixedalkylthiophosphites,thedifferenceis smallandconstant(although
thepercentdifferenceis large).

EffectofFuelComposition

Thefuelsincludedintheignition-lagstudieswereselectedfromthe
followingclasses:aromaticandaliphaticamines,alcoholsandmercaptans,
phosphatesad thiophosphites,andmiscellaneousclassesincludin#terpenes,
hydrocarbons,andaliphaticimines.Inmanyof thestudies,-40 F was
selectedarbitrarilyasa suitabletemperatureforscreeningfuelsfor
possiblelow-temperatureapplication.Therefore,dataobtainedatthis
temperaturepermitcomparisonsamongthegreatestnuniberof fuels.Table
V containsa suummryof ignition-lagdataat -40°F forfuelssrrangedby
classesforthreeacids(refs.12to 18,20to 22). Thecompositions
notedfortheoxidantsareonlyapproximate(e.g.,FNA-2-Orepresents
waterconcentrationsofO to 2 percentandIT32concentrationsofO to 1
percent)●

Manyofthefuelsthatwerechemicallyinterestingweremuchtoo
viscousat -40°F tobe usedneat,andthereforewereblendedwithvsrying
percentagesof triethylaminetoreduceviscosity.In somecasesa
synergisticeffecton ignitionlagwasobserved;thatisjthelagofthe
mitiurewaslessthanthelagof eitherpurecomponent.In othercases,
theblendingagentactedmerelyasa diluent;thatis,ignitionlagin-
creasedwithincreasingconcentrationofblendingagent.Thisbehavior
is illustrat~in figure18.
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Withrespectto ignitionlag(tableV),13.ttledifferenceoccurs
amongthearcmaticmines andtheunsaturatedaliphaticeml.nes;theal- .
coholsandmercaptansarescunewhatlessreactive;andtheorgano-
phosphorusfuelsareconsiderablymorereactivethananyofthefuels
studied,withtheexceptionofethylenimine.

~“
m.

DISCUSSION

Theignitionlag,or inductionperiod,maybe consideredasthetime
requiredtogeneratethethresholdconcentrationofactiveparticles
necessaryforflameinitiationor at leastforhigh-temperaturereaction.
If,asobservedinreference9,theignition-lagperiodis characterized
by constantpressureandpresumablyconstanttemperature,thisignltion-
lagtimeshoulddependontherateofproductionof activeparticlesand
therateoftheirremovalby anymechanismsuchaswall-quenching,flow
fromthereactionzone, or sidereactions.

Fora closedreactorwithfixedchargeandwithdimensionsmuch
largerthanthemeanfreepathofthereactantmolecules,ignitionlag
shouldvarymostlywithconcentration,thatis,withreactorvolume.For
an opentube,ontheotherhand,concentrationshouldvarywithexft
pressure,andthereforeignitionlagshouldbe a functionofatiient
pressure.h importantfactorsinthiscaseareflowturbulence,which %
shouldincreasetheimportanceofwall-quenchingbypromotingdiffusion,
andremovalofmaterialat thetubeexit,whichalsoshouldretardignition.
Theeffectivenessoftheexitas a quenchingdeviceshoulddecreaseasthe -
tubelengthis increased.

Therocketengineisa psrtidlyclosedflowreactor,andignition-
lagbehaviorshouldliebetweentheextremesdiscussedinthepreceding
paragraph.Accordingly,fora givenflowrate,thereactorvolumecould
be expectedto controlignitionlagfora givenpropellantsmdtemperature.
As thenozzleopeningis increased,thelagshouldincreasebecauseof
theremvalofreactingmterial,andthepressuredependencealsoshould
increase.Thefixed-chargeopen-tubeapparatus,at firstglance,should
behavesomethinglikea rocketenginewithrespectto ignitionlag.
Althoughthe“opennozzlearea”is large,theabsenceofa through-put
velocityshoulddecreasethelossrateofmaterialthroughthetubeaxis.
In comparisonwiththesmall-scaleengineapparatus,thethermostatically
controlledwellsoftheopentubeshouldhavea greaterquenchingeffect
at lowinitialte~eratures.

Inthefollowingsections,theresultspreviousl.ypresentedare
discussedintermsofthisqualitativemodel,andcomparisonsaremade
withotherignition-lagdata.

.
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TemperatureCoefficientof IgnitionLag

Thedataofreferences2,3,and9 indicatethatduringa major
portionoftheignition-lagperiodpressureisnearlyconstant.If it is
assumedthatthetemperatureisalsoconstant,therateofproductionof
activeparticlesshouldhaveanArrenius-typebehaviorwithrespectto
tenqerature;thatis,rate= ?f(e-E~), where E isan activationenergy
foriguition.Reference23makesa similarassumptionbasedon empirical
plotsof ignitionlagagainsttemperature.“

Therateofreactionduringtheignition-lagperiodcanberepresented

.

.

.

.

where T istheinitial
dependsonthenatureof
reactants(assumalequal

dC . *Cne-E/RT3
-ZE = dt

propellanttemperature,A isa constantthat
thereactants,C istheconcentrationof
forallspecies),and Ca istheconcentration

of activeparticles.Fora second-orderreaction(n= 2),assumingthat
theconcentrationCT at timez is smallcomparedwiththeinitial
concentration,theintegralis T = eE/~/%A. Fora fixed-chargeor
steady-flowsystemtheconcentrationshouldbe inverselyproportionalto
reactorvolumeVc. Withthisrelationsubstitutedintheaboveequation,
the

The

expressionfo~ignitionkg becomes

valueoftheconstantK probablydependsonthereactingspecies,
reactorgeometry,pressure,mixingenergyandefficiency,andperhaps
otherfactors.Fora givenreactorandpropellantsystem,then,the
logarithmof ignition~ shouldbe proportionalto l/T:

ThedataoftableI (plottedin figs.3 to 12)generallyfollowthis
expressionwithactivationenergiesofO to 10,000Btupermole(O- 5600
cal/mole).Thesignificanceofthesetemperaturecoefficientsisuncertain;
theymaybe consistentwitha neutralizationreactionorwiththeprimary
stepina nitrationreaction(refs.23to 25). On theotherhand,since
activationenergiesof solutionandviscosityalsolieinthisregion
(ref.23),theignitionlagcouldbe controlledby therateofmixing.
Comparabledataontriethyl.amine- nitricacid(refs.9, 23Yand25)
indicate,however,thattheratiosof ignitionlagsarenotinversely
proportionalto theratiosofmixingenergieswhenit isassumedthatall
potentialenergyintheapparatusisavaibbleformixing.Itthenappears
likelythat,foranyreasomi%lerateofmifing,thetemperaturedependence
of ignitionlagisassociatedwitha changein specificreactionrate.
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In termsofthemodel,a decreaseinpropellanttemperatureshoulddecrease
therateofreactionaswellas therateatwhichmaterialleavesthe
reactor.Sincetheformerprocessisan exponentialfunctionoftemperature -
andthelatterdependsonthesquarerootoftemperature,theneteffect
shouldbe an increaseinignitionlagwitha decreaseintemperature.
Indeed,itmightbe arguedthatforsystemswithappreciablelossrates,
an increasein delayshouldfollowincreaseintemperatureifthechemical &activationenergyis zero;thisbehavioris“observedoccasionally-”(e.g., 2refs.16,23,and26). ,

Thelargeactivationenergiesmeasuredintheopen-tubeapparatusat
temperaturesbelow-76°F (tableI) cannotbe attributedto a changein
reactionmechanism,sincethesamepropellantsdidnotbehavesimi~ly
inthesmall-scaleengineapparatus.It ismorelikelythatthecombina-
tionof lowmixingenergyandhighviscosityproducedMttlemixi~ and,
hence,extremelyfuel-richor acid-richregions.Reference9 showsthat
ignitionlagincreasesquiterapidlyinthe~emifiureranges.

Ignition-Lag- Pressure“Dependence -.

Itwouldbe expectedfromthemodelthattheeffectsofanibient
pressureon ignitionlagwoulddependon severalfactors:theratioof
exitareatoreactorvolume,theaspectratioofthereactor,thecharge
rateor chargeperunitvolume,and,to someextent,thetemperatureor r
ignitionlagata referenceconditionsuchas sea-levelambientpressure.
Thesefactorsallcouldaffectthenetrateofproductionofactive
particlesandtheirconcentration.. .

Altitudeignitiondatafromtheusualsmall-scaleengineconfiguration
(2-in.diam.,4-in.length,0.4-in.nozzlediam.)shownintable11 showno
particulartrendwithtemperature.Theabsolutedifferencebetweensea-
levelandaltitudeignitionlagsisquitesmall,withtheoneexception
notedintableII. Therefore,thepercentagechangesin ignitionlagcan
becomequitelargeas ignitionlagisdecrehsed.Apparentlythisreactor
behavesas a nearlyclosedvolume.Theotherextremeinbehavior,a
definitepressurelimitationon ignition,isdescribedinreference27.
Theseexperimentswereconductedwitha ratioofverylowchargevolme to
reactorvolume.

Twofactorsappearto beresponsibleforthevariableeffectsof
ambientpressureonignitionlag: poormixingandlossofmaterialfrom
thereactionzoneby flowor diffusion.Theseeffects,takensinglyor
together,woulddecreasethenetrateofproductionof activeparticles
andhencewouldincreasetheignitionlag. Reference2Sreportsthat

—

fluidjetsinjectedintoa regionwherethe,~mbientpressureis lessthan
thevaporpressureofthefluidquicklyatomizeandbecomediffuse.This

-.

effectisthereassumedtoaccountfortheobservedeffectsofambient
.
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pressureon ignitionlag. Itwouldbe valid,however,onlyforcases
whereeitherthechargeperunitvolumeof reactorisquitesmallorthe
exitareaperunitvolumeis large.Thephenomenonwasobservedasa
transientintheexperimentspresentedintable11but,becausetheambient
pressurequicklyexceededthevaporpressureinthisnearlyclosedreactor,
thejetsrapidlysolidified,andnormalreactiauconditionswereobtained
aftera fewmilliseconds.Thisaccountsfortherathersmalleffectof
ambientpressureon ignitionlag.

Figure13 illustratesthecombinedeffectsof increasedmaterialloss
anddecreasedreactivity(temperatureeffect)on ignitionlagataltitude.
Thepercentagechangeinignitionlagataltitudeis showntobe roughly
a functionofthesea-levellagandtheratioofnozzle-exitareato
chamberarea. Thisbehaviorcouldexpkinmsnyofthecontradictory
effectsofambientpressureon ignitionlagreportedintheliterature.
Thus,thedataof reference29 fora differentpropellantsystematthe
samealtitude(90,000ft)agreeratherwellwiththeplotofNACAdatain
figure13,whereasa comparisonthatdidnotincludegeometriceffects
showeda largedeviationin ignition-lagbehaviorataltitude.

Ignition-Lag- Reactor-VolumeDependence

Thediscussionoftemperatureeffectsshowedthat,fora fixed-charge
or constant-flowsystem,ignitionlagcouldbe relatedtoreactorvolume
aswellas to

where Vc is
Thenatureof

temperattie:

thevolumeper
thefunctional

‘r= E/RT)f(Vce

unitcharge(reciprocalof concentration).
relationbetweenz and Vc dependson

theorderoftherateexpression.For a second-orderreaction,ignition
lagshouldvsrylinesrlywithreactorvolume.Boththeclosed-reactor
studiesofreference9 andtheflow-systemstudiesofreference19 seem
to followa nearlylinearrelation.Thedataofreference9 (fig.14)
departpositivelyfromthelinearrelationathighvaluesof reactor
volumeandthusindicate~ quenchingeffectof thewallsthatincreases
as thesurfaceareaperunitchargeincreases.Thedataofreference19
(fig.15)actuallycorrelatebestwithan effectivesurfacesreawhich
accountsforuteriallossaswellas concentrationeffects.It appears,
then,thatforreasonablywell-mixedreactorstheignition-lagperiodis
determinedby therateofthesecond-orderreactionbetweenfuelsadacid.

If it isassumedthat theeffectivenozzleareais independentofthe
fuelused,the T - q correhtion canbe extendedto otherfuel- acid
systems.A singleignition-lagmeasurementat a giventemperatureshould
establishtheslopeofthe T -~ line.Figure15 showssucha linear
relationfora secondprope~nt system,triethyltrithiophosphite-
nitricacid. Thus,a ~i~le ignition-~gmeastiementina continuous-flow

~
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reactorsimilartotherocketcombustorusedinreference19 shouldbe
sufficienttopredicttheeffectsof changesinreactorgeometryon
ignitionlag. Therefore,laboratory-measuredignitionlagscanbe ex-
trapolatedtothoselagsthatmightbe exp5ctedin theigniterofa
full-scalerocketengine.

If,optimistically,thecorrelationsofreference19sreassumed-
applicableto fixed-chargeaswellasto continuous-flowsystems,it
shouldbe possibletorelatetheignition-lagdataobtainedfrcma
varietyof apparatus.Thedatafordiall.yl.aniline-triethylamine- nitric
acidreportedin reference13providea basisfortestingthisassumption.
Themeasuredignitionlagsvariedfrom14to 35milliseconds,withan
averageof 26millisecondsat -40°F. Thecalculatedlagforthis
configurationis 17milliseconds,whichfallswithintherangebutmisses
theaverageby a widemargin.Thechargeperunitvolumefortheopen
tube,2.29x10-3poundspercubicinch,is

!?
eaterthanthemaximum

equivalentchargefortheengine,0.99x10-poundspercubicinch,sothat
thedeviationmaybe attributedtoa greatereffectofmateriallossfor
a fixed-chargedeviceandpossiblytothegreaterquenchingfromthe
thermostaticallycontrolledwallsofthetube. Theassqtion my also
be checkedby comparingtheresultsofreferences18and26forthe
triethyltrithiophosphite- nitricacidsystemat750F. Thiscomparison
is showninfigure19togetherwiththelinepredictedfromfigure15by
takingtheratioof slopes.Theagreementbetweentheenginedataand
withthecalculatedrelationisquitegood~Agreementwiththeopen-tube
dataimprovesas theavailablemixingenergyincreases.It isreasonable
to suppose,therefore,thattheempiricalcorrelationcanbeapplied
eitherto fixed-chargeor constant-flowsystemsprovidedthatthemixing
energyisreasonablyhigh~sayoftheorderof 100to 1000foot-pounds
perpoundmassofpropellantatnormaltemperatures.Thelowerlimit
probablyshouldbe raisedastemperatureis,decreased.

At anyrate,theconceptofan ignition-lag- volumeor effective-
surface-arearelationhasmanypossibilitiesforextendingtheusefulness
of individualignition-lagmeasurementsby *rapolationtoothergeometry
andtemperatureconditions.Froman engineeringstandpoint,theproducing
of anarbitraryignitionlagtomatchanydesiredengine-startingsequence
mightnowbe possiblewitha prioridesign..

Mixingasa FactorinIgnition-kgMeasurements

Formostpropellantsystems,therateandefficiencyofmixing
definitelyhavean importantinfluenceon ignitionlag. TheNACAopen-
tubeandengineapparatushaveavailablemixingenergiesof 17and800
foot-poundsperpoundmassofpropellant,respectively.Thedataof
table111showthatthisdifferenceinenergybecomesincreasingly

.
—

.
.—

$-
3
03

—

—

M

..

.-

importmtasthepropellantviscosityorreactivityincreases.- -
.
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Intheformercase,mixingefficiencypresumablydecreasesas

viscosityincreasesuntila pointisreachedwhereonlyextremesin
mixtureratioareproducedfora particularapparatus.As showninref-
erence9, ignitionlagcanbecomequitelargeattheseextremeratios.
Reference23reportsthatignition-lagandviscositybehaviorswith
temperaturearequitesimilarin somecases.A possibleexplanationfor
thisbehaviormightbe thefactthat,at extrememixtureratios,the
extentofreactionmustbe quitesmall;hence,thetotalproductionand
averageconcentrationofactiveparticlesmustbe low. Intermsofthe
modelpresented,thisconditionwouldeitherpreventignitionorat least
maketheignitionlagdependentontherateofadditionalmixingthatis
producedas a resultofthelimitedinitialreaction.

Forpropellantsofhighreactivity,mixingtimecanbe important
evenwhenviscosityis low. Thedataanddiscussionofreferences2 and
3 supporttheobservationsfromtableIIIinthisrespect.In fact,for
materialsthatreactinstantaneouslyon contact,theactualmixingtime
wouldbe theignitionlag.

A thresholdmixingenergyabovewhichan increaseproducesno effect
on ignitionlagisapparentinmanycases;thedataof figure19illustrate
thispoint.Forsimilareffectiveareasan increasefrom28to 810foot-
poundsperpoundmassofpropellantproduceslittlevsriationin ignition
lag,whereasan increasefrom17td810foot-poundsperpoundmassproduces
a relatively&rge changeinignitionlag. References19and30report
similarphenomena,anda comparisonofthehydrazinedatafromtableIII
withthoseofreferences2 and3 showsthephenomenonto a lesserextent.
Therefore,itappearsthatevennmderate?ql~iggenergies(severalhundred
ft-lb/lbmassofpropellant)shouldbesuffi”cie~tto eliminatemixingas
an importantfactorin ignition-lagmeasurements.

,
An interestingsuggestionforfurtherdecreasingtheinfluenceof

mixingener~on ignitionlagisfoundinreference31. Theadditionof
2 to 3 percentofa surfactanttothepropellantsdecreasedignitionlag
as muchas 60percentwithouta changeinmixingenergy;theeffectwas
greaterforsurfactantswithlowermoleculsrweight.

EffectofAcidCompositionon IgnitionLag

If thepropositionisacceptedthattheiqortantpreignition
reactionis eithera neutralizationor theffiststepina nitration(the
reactionsarequitesimilar),theconcentrationofnitroniumionsNO;or
nitrosoniumionsNO+shouldhavea considerableinfluenceon ignitionlag.
Theappropriateequilibriums,asdiscussedinreference24,are

2 HN03# NO;+ NO;+ E20
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and

N204# NO++ NQ:
.

Thus,theadditionofwatertonitricacidshouldincreaseignition
lagby decreasingtheconcentrationofNO~,andthiseffectinturnshould G
be offsetby theadditionofN O .

$$
Thisbehavioris indicatedintable 2

IV,figures11,16,and17,an n references9 and12,andsimilareffects
havebeenobservedinotherinvestigations(e.g.,refs.31and32). TMS

evidencelendsconsiderablesupportto thepropositionthata Lewis
neutralizationreactionisan importantstepi.nthepreignitionperiod.

A thirdequilibrium(ref.24),

HN03+ 2H#04# NO:+ H3t+ 2ES()~

mayindicatewhymixedacid(nitricplussulfuric)sometimesproduces
ignitionwithfuelsthatdo notignitewithfumingnitricacid(see
tableV). Supportingdataobtainedwithnitricacid- alkanesulf’onic

—

acidmixturesarereportedinreference33.

RelationBetweenFuelStructure

Thesearchforfuelshavinglowignition
of theworkersint~s fieldof investigation.

—

andIgnitionLag
.

lagshaspreoccupiedmost
A largenumberof fuels

andblendsrepresentingmanyclassesof-compoundshav=beenstudied. M
Inevitably,disagreementshavearisenova.ignitionlagsmeasuredby
differentinvestigatorsandsometimesovertherelativeorderofreactivity.
Thesedisagreementsledto attemptsto correlateresultsfromdifferent
experimentsandto recommendstandardignition-lagmeasurementmethods
(e.g.,ref.26). Undoubtedly,thediscrepancieswerecausedlargelyby
variationsintheparametersdiscussedpreviously.Thediscoveryof
severalfueltypeshavinglowignitionlagsat lowtemperaturesandthe
gradualshiftin emphasistowardhigh-energypropellantsystemshave
renmvedmostof theimpetusforcontinuedresearchinthisarea.

Despitethediscrepanciespreviouslynoted,certaininferencesabout
therelationof fuelstructureto ignitionlagcanbedrawn.Therelations
observedintheNACAprogramareindicatedby thedataoftableV. Little
differencewasobservedamongaromaticaminesjunsaturatedaliphaticami.nes,
furfurylalcohol,andbutylmercaptans.A largedecreaseinignitionlag
couldbe obtainedwithorganophosphoruscompoundslikethealkylthio-
phosphitesatitheamidophosphites,withethylenimine,andprobablywith
hydrazine.Theseobservationsdo notappeartoconflictwithanypubllshed -
data. .

.
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References4 and25presentresultsobtainedwithseveralhundred

fuelsrepresentinga tidevarietyof classes;thesedatawereobtained
ina drop-testapparatushavinga mixingenergyoftheorderof0.1foot-
poundperpoundmassofpropellant.Thislowmixingenergyraises
thequestionastowhethertheresultsobservedwithinhomologousseries
possiblyareobscuredby mixingeffects;inmanycases,lackof ignition
seemstobe correlatedwithincreasedviscosity.Nevertheless,thetrends
probablyarequalitativelygood,especiallyamongtheclassesof fuels.
Theresultsshouldbe usefulforguidingsyntheseswithinclassesbut
probablycannotbe usedtopredictnewclassesof fuelsofpotentialuse.
Examplesoftheresultsobtainedinreferences4-and25are:

(1)Formolecularisomersof aliphaticamines,theorderofactivity
forthethreefundamentalaminestructuresis

tertiary> secondary> primary

(2)Inarouticamineswithno otherringsubstituents,theorder
ofactivationby theaminosubstituentis

N,N-dialkyl> N-dkyl>NH2

Reference32 confirmsthesuppositionthathydrazineis considerably
morereactivethanthearomaticamines,aswellas theobservationin
tableV thatthereactivityofhydrazinehydrateis considerablyless
thanthatofhydrazine.Theeffectis showntobe equivalenttoadding
waterto acid,andthecountereffectsofaddedN204intheacidarequite
similartothosediscussedintheprevioussectiononacidcomposition.
Reference5 reportsthefollowingorderofreactivitywithredfuming
nitricacid:

hydrazine> furfurylalcohol> aniline

which,again,agreesreasonablywellwithotherobservations=Datafor
a varietyof fuelswithredfumingnitricacidreportedinreference34
alsoagreewiththedataof references4 and25andtableV.

Currently,thefuelsthatseemtobe themostpromising(lowignition
lagsandwidetemperaturerange)includehydrazinederivativessuchas
unsymmetricaldimetbylhydrazineandallylhydrazines(ref.35j;organo-
phosphoruscompounds,suchas amidophosphitesanda~l thiophosphites
(tableV andrefs.30,32,and36);andimines,suchas ethylatine
(tableV andref.4). Inregardto themechanismof ignition,thefuel-
structure- ignition-lagstudiescangiveonlyqualitativeanswers.The
possibilityofa Lewis-typeneutralizationbeingan importantandperhaps
rate-controllingstep(intheabsenceofmixingeffects)is certainlynot
ruledout~d, in fact,receivessupportfroIuthekineticstudiesof
reference9 aswellasthestudiesofacid-co~ositioneffects.

-—
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ROCKET-ENGINESIARTINGWTTHSEIJ?JGNITINGPROPELLANTS

Earlyengineexperiments(ref.1)indicatedthedesirabilityof short
ignitionlagstopreventlargepressuretransientsduringthestarting
period.Elementaryanalysesofthesituation(e.g.,ref.5) showthat,
fora givenpropellant- enginesystem,theproductof flowrate u and
ignitionlag T determinesthemaximumpressurethatcanberealized:

where K isa constantthatdependsonthegeometryandthepropellant “-
system.It follows,then,thatshortignitionlagsareveryimportant
forcaseswherehighinitialflowratesarerequired.Italsois
apparentthatfuelswithlongignitionlagscanbe usedsuccessfullyto
igniterocketsiftheinitialflowisproperlyprogrammed.Thus,short
ignitionlagsaredesirableto improvethemarginofsafetyduringen@ne -
startsbutarenotnecessarytoachievesatisfactoryignition,thatis,
ignitionfreefrompressuresurges.Thisconclusionisamplysupported
by theengineexperimentsofreferences10and11,whichshowthatsmooth
ignitioncanbe obtainedwhenthevalveopeningtimesaredecreasedwith
decreasingtemperature.Thisamountedtodecreasingtheinitialflow
rateastheignitionlagincreased.It isthuspossibleto obtainlow
temperaturestartswithpropellantshavingpoorignitioncharacteristics
(55-percenthydrazine,ref.11).

A possiblesafetyfactorwasobservedat lowtemperatures(ref.20):
asthepropellantvalve~peningtimewasdecreasedbelowthevaluepro-
ducingmaximumpressurerise,thepressurecontinuallydecreaseduntilno
ignitionwasobtained.Thisbehavior,however,mightbe expectedto depend
stronglyon theexactengineandflow-systemconfigurationandtherefore
cannotbe consideredtypical.

Anotherfactorthatshouldbeconsideredin extrapolatinglaboratory
datato engineconditionsistheeffectofmixtureratioon ignitionlag.
References9 and31 showlargeincreasesin ignitionlagat extremefuel-
richandoxidant-richratios,andreference10 showsthata leadof one
propellantcancauseetiremevariationsinmixtureratioduringthepre-
ignitionperiod.Accordingly,unlesscare-istakentopreventwide
variationsinmixtureratioduringenginestarts,laboratoryignition-lag
datafornormaloperatingmixtureratiosmayhavelittleorno valuein
predictingenginetransients.Ontheother..hand,thelaboratorydataare
significantto theenginedesignersinceexcessflowof onepropellant
maybe a primecauseforstartingmalfunction.

.

.

.

.

CONCLUDINGREMARKS .

Thedataandanalysispresentedemphasizethepointthatignition
lagcannotbe consideredasa propertyofa propellantsystem.Atbest, .

@@WlkZIE?H?~
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underwell-definedexperimentalconditions,ignitionlagis a measureof
reactionratethatcanbe extrapolatedwithsomeconfidenceto oth~.
conditionsorto full-scaleengines.At worst,underill-definedexperi-
mentalconditions,ignitionlagmaybe memingless.Evencomparative
studiesmayhavelittlevalidityundertheseconditionsiftheresults

E areconfusedby suchfactorsaspoormixingor excessivematerialloss.
mw

RelMbleandwell-definedignition-lagdatacanbe of considerable
importanceeitherina.priorirocket-enginedesignor tnengine-starting
problemseitherindevelopmentor in fielduse.

y Intheformercase,thedesignercanselectinitialflowsthatwill
ensurefreedomfromexcessivepressuretransients,orhe canassumethat

E thepossiblepropellantaccumulationiswithinthesafetyrequirementsfor
a particularapplication.Inthisrespect,recentNACAexperimentsin
small-scaleengineswithaxial-flowignitershaveshownthatadherenceto
thedesignfactorsdiscussedpreviouslyhaspermittdsmoothreproducible
startsattemperaturesapproachingthefreezingpointofoneorboth

.

propellants.

Inthelattercase,a lmowledgeofthefactors
behaviorcansimplifytheexperimentalapproachfor
problemsthatariseduringenginedevelopmentor in
inthefield.

SUMMARYOFFINDINGS

affectingignition
solvingengine-sttiing
unforeseenapplications

.

AnalysisofNACAignition-lagdataforself-ignitingfuel- nitric
acidrocketpropellantssadcomparisonswithdatafromothersourceshave
indicatedthefollowingtrends:

1.IgnitionlagfollowsanArrhetiusrelationwithrespectto
temperatureprovidedthatmixingisreasonablyenergetic.Theactivation
energiesobserved,O to 10,000Btupermole,arelestexplainedby assuming
thata Lewis-typeneutralizationistherate-controllingstep.

2. The effectofambientinitialpressureon ignitionlagisrelated
to thepercentopenareaofthereactorandto theinitialtemperature
or ignitionlagat sea-levelreferencepressure.

3.Theeffectofreactorgeometryisimportant.Ignitionlagis
minimizedby maximizingtheeffectivechargeperunitvolume.

4.An increaseinmixingenergycausesa decreaseinignitionlag;
however,thereappearstobe a thresholdenergyabovewhichfurther
increasehaslittleeffecton ignitionlag.

.
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5.Waterintheacidcausesan increasein ignitionlag. Thiseffect
canbe largelycompensatedforby theadditionof nitrogendioxideor
sulfuxicacid.

.

I

6. Withrespectto fuelcomposition,aromaticandunsaturated
aliphaticaminesaswellasheterocyclicalcoholsappeartohavenearly
thesameignitionlags.Themostreactivefuelsatpresentarehydrazine g

anditsderivatives,organo-phosphitesandthiophosphites,and m
ethylenimi.ne. —

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,July22,1957.
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TABLE1. - TEMPERATuRECOEFFICIEWIOF IONITIONLA@ IN NACAEXPERIMENTS

Fuel
(b)

Nydrazinehydrate
Hgdrazlnehydrate

5@ Diallylanlllne-
50$triethylamlne

1

Arcmatlaaiine-
trlethylaminee

~-Toluidine-
triethylaminef

Wied alkylthiophosphite~
50$Mixedall@
thlophosphites- E@
trlethylamlne

50sMixedalkyl
thiophosphltes- 70$”
triethylamine

[Ixedallwlthlophosphltes

!riethyltrithiophosphite

lzrfurylalcohol

lixedalkylthiophoqhlt.es

i
‘riefiyltrithiophoaphite

i
ropylene- N,N-dimethyl
emldopho~phite
-

Aoid
(c)

FNA- 2-1
YNA -2-1

FNA-2-1
FNA-3-16

- 19

-20

?NA-2-O.5

WA-2 -O.5

WA -2-0,5
WA-5 -O.5
WA-16-O.

WA-2 -O.3
~A -s-20
WA-3-20

!NA- 2 - 0.5
‘NA-3-20

!NA-2-0,5
WA-3-20

ewrature
oeffIcient,

E,
tu/mOleXIO-

2.1
7.95

1.88
2.74

3.03
1.7
1.96

.87
69.5

.96
25.2

1.98

2.45

3.97

5.63

0

4.26

3.12

1.42

-5.24

0

0

J:Y

o
0
8.82

0
1.22

1.22
2.64

?roportionallt
:Onetent,

A,
mllliseo

2,53
.01

l.n
2.2

.98
4.0
5.76)

9.15
3.16x10-38

9.48
1.1M1O-13

2.11

4.61

.16

.027

9

.09

.71‘1

2.92

1100

*.5

17
.046
.0019

:.5
2.55X1O-5

6
.9

,9
.13 ,

Temperatu
ranses
OF

60t01J?0
--40to 70

-40to100
-90to 100

-80to100

-40to80
-105to-76

-40to 60

-105to-76

-60to12CL

.105co -40

.105to-4JJ

-80to -40

-60to-40

-70to 70

-40to 70

40 to 70

0 to 120
-40to 60
0 to 75

-40fm 120
-70to 120
-90to -76

-40to 120
-80to120

-40 to 120
-80 to120

3efar
enoe

12

12

19

13

13

14

15

15

16

16

17

17

1.9

18

1.9

me of
apparatu

(d)

E

E

Is

T

T

E

T

T

E

T

T

E

E

E

E

aT- AeE/RT;k.rhenlus-typefunctionfcmignltlcmlag % (seetext)where E LU temperatureooefffcient,
R launiversalgaamnetant,T isabsolutetemperature,and A is proportionalityaonstent.

.

.

—

‘Numbersindlo.atevolumepercentof eaohoomponent.-
‘Fumingnitricacid;firstnumberfollowingtndioatesapproximatepercentwater,andseem numberta
aPProxi~~ PerOentnitrogendioxide.

dE _ small-scaleengine;T = ouen-tubeaPP~atus.
‘Averagevaluefora seriesof similareromatlcamines.
f~th 1:1and3:7.volumeratios.

.

.
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TABLE 11. - EFFECTS OF PRESSUFIEAUJICTODEON ICW’ITION LAG (S MALL-SCALE ENGINE)

Fuel

(a)

50$ Dlallylanlline -
5Q% trie~hylemine

5* o-Tolui.line-
5@ triethylemine

Z@ o-Toluidine -
T@ triethylamlne

Nydrazine
Mixed butyl mercaptan6
Mixed alkyl thiophoEphltes
Trlethyl trithiophoephlte
TrIethyl trithiophoephite
Propylene - N,N-dimethyl

amidophosphite
Propylene - N,N-dimethyl

einidophoBphite
Mixed alkyl tkL.ophoephItes
Mixed alkyl thiophoephltee
Triethyl trlthlophoaphlte

Propylene - NjN-dlmethyl
amidophoephite

Propylene - N,N-dimethyl
.gmldopho6phite

Acid
(b)

FNA-2-O.5

I
FNA -3-16
FNA -3-16

FNA -3-19

FNA -3-19
FNA - 2 - 0..:

1
FNA -3-20

I

Pressure
altitude,

ftxlo-s

8W5
82

8&3
8kt3
82K
6=2
82
94

91

69
62
62
77
90
90

80

80
8&4
80
90
90
90

90

90

Tem-
pera-
ture,
%

110
80
50

-R
-40
-50
110
-95

120

-95
72
72

120
120
-40

120

-40
120
-90
121
-70
-95

120

-92

CiEc=
tude
l@i-
tion
Las,

%,
nilll-

10.5
10.8
11.7
17.4
16.6
19.7
22.9
11.1
X5.4

10,5

29,9
6.5
83.9
5.4
5,0
5.6

2.8

5.2
5.5
8.1
4.1
6.2
5.5

2.6

6.4

~ea-
level
L!@L-
tion
Lw,

nik

J!f!L

1:::
11.2
13.6
13,6
16.7
22.7
13.6
55.2

12.0

27.7

3:::
5.6
6.0
5.3

2.7

4.1
3.4
5.7
2.1

::;

1.3

8.0

a - To

1.3
.Q
.5

3.8
3.2
3.0
.2

-2.5
-1.8

-1.7

2.2

45::

-i:;
.5

.1

U

2::
.5
.6

1.3

-1.6

0.14
.02
.04
.26
.24
,18
.01

-.18
-.03

-.14

.08

.16
1.2
-,04
-.17
.09

.04

.27

.62

.07

.95

.09

.12

1.0

-.20

4q8

1Lefer-;nce

12

f
14

4
20
+
18

— —

*

““
●

%umber~ indicate volume percent or components.

%umIng nitrlo aoid; first number fol10wiu8 indicateo approximate Peroent water, and Beoond number
ie approximate percent nitrogen dioxide. u



TABLs ~1 . - 00MPA3USOS OF IOSITIOllIAX+ IN SMALL-SCALEStUtIUSAND OPSM- APPARNKJS.

Fuel
(a)

IiydraElne

Kixed butyl meroaptaus
Six&l butyl mercapt.alm

+
E@’ Diallylanlline-
@ trlethylamlne

I@ o-Tduidine .* trlethylamlne

3Q$ o-Toluldlne-
7@ trlethylamlna

3@ 0-TOluldine -
70% triethylamfne

2ydmzAne hydrate

hlxed alkylttdo-
phwphite;

+’
!@ o-Toluidlne-
7QS triethylamlne

1“
@ Dlallylenlline-
50% Wetbyl@ne

YsA- 2 - 0.5 1

I

1
1

YNA-O-O.5
YMA-2-O.5 H
m-7-o.5 18

FNA-O-O.5 6
PNA-2-O.5 6
F!fA-3-16 e

mu. $-19 20

I

1

6

FNA-2-O.5 20

-L
Y31A-2 - 0.5 5 -“10

WA-3-19 12

1

42
60

FNA -$-19 22

I
1%
14
22
50

Pm=
mete
cld
I.%xmity,
6ntistokes

1

;

2
2
3

2
2
6

6

1

6

2

0.6 - 0.7

2:
50

25
44

1EJ3

25

1:

kimper.
Ltum,
%

70

-z

:2
-40

-40
-4Q

-40

68

-40

-40

,6-H

“40
-60
-90

-76
-87
’105

-76
-87
105

rsnii;~e:ag,., ltefep-
E’noe

Opan
tube

58

55
10Ignltic+l

34
42
114

E
26

27

19

24

10Ignition

26.1

9
9

C36

62
-moo

0 Il@tlon

6 2(

38
X00

35
42
42S

13

2

25

15

25

131 ,

15.6 1+

1
4 15,16
4.4
5.7

I
28 13,14
29
C31

1

% 12rC68

%umbersare volume perctmt. Or e.mhmmp.mmt.
b~ ni~c sold; first number follawins is apRrOxJnatepercent =ter,

am=rmti P=’cent nikrc.gsrldloxlde.
& Beccmd number III

‘%Iua frcm extrapolatedcurre.

N
*

.
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TABLEIV.- EFFECTOF ACIDCOMPOSITIONON IGNITIONLAG AT -40°F (OPEN-TDBEAPPARATUS)

@uel composition,peroent by volume In trlethylamlne. ]

m
H20 N~04HNOZJH@04

I I I t
0.4 0.1
.4 2.1
.4 3.7
.4 7.4

2 0
2.8
1.9 8::
1.716.1
1.324.6
1.6----

4.4 .1
3.9 8.0
3.716.0
3.019.0
3.324.6

6.3 .1
6.8 .2
5.9 8.0
5.815.8
5.324.7

8.2 .1
7.7 8.1
7.715.9
7.224.7

0.1 .1 89.8
9.7 8.182.2
9.815.874.5
9.324.466.3

99.5
97.5
95.9
92.2

98
97.1
90.1
02.2
74.1
81.3 17.1

95.5
88.1
80.3
78.0
72.1

93.6
93.0
86.1
78.5
70.0

91.7
84.2
76.4
68.1

Irmltlon 1

30$ 0-
Tolu~dine
(refs. 13,

21)

30
26
21
20

40
2s
26
28
36

69
30
34
24
34

129
102
40
34
33

179
66
42
57

No Ignition
129
65
39

EE!l!=z
38 20

35
29
35
33

34

23
18
18
17

27
26
23

22

69 36

42 32
52 25
42 22

37
% 21
46 32
42 29

135
69
55
55

No Ignition
28
40
40

.ag,T, mllH6ec

10* Mixed 30#Anl-
alkylthlo-llne

TM!h::!’ ‘ref.13)

8

2

3
38

9 21

72
23

185
26

48

30$N-Ethyl3c@xyli-
eniline dines
(ref.13) (ref.13)

48 42

36 31

105 78

.
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“ TABLEV. -“EFFECTOFm COMPOSITIONONIGNITIONLM AT-400F

Ignitionlag,T, millisec
“1 ccyoBitim ‘U-2 ~7b~NA

ApPar- Refer-
atuB ence

19CFNA-2-OC
~d~- (e)

(f) $

N-Ethylanillne
50%N-Ethylanlline
N,N-Dlethylanlllne
30$N,N-Dl.ethylanlllne
30$4Aniline
30j%~+Tolujdine

t
S@ ~-Toluldine
5C@o-Toluldine
30%~YlldlneB
5@ X~lidines
50j%XyltdineB
50~Dlallylaniline
50$Diallvlanlline

Triethylamine
Trlethylamlne
Dlethylenetrlamlne
Allylamine
50j%Allylamlne
30j%Allylamine
157Allylamine
50~Allylamfne-
50j%ethylenimine

Diallylamlne
50$Diallylamlne
30j%Dlallylamine

Aromatic amines

50 Noignition
48 36
90 NoIgnftfon
65 33
38 21.
36 I 24

26.5
28

36 27’
24

42 31
32 31

27 I 26
30”.5

Al
No ignition

110

phatlcamines
750
422

40

“34

—

13

I
14

=421
13
14
13
13
12
13
12

13
15
13
15

II
21

Hydrazlne
Hydrazi.nehydrate 131 E 12
Hydrazlne g58 T 20
Hydrazine g6 E 20

Meroaptansandalaohols
Fi.m?urylalcohol 1144

70%Furfurylalcohol
30j%Xylene
7@ Furf’urylalcohol
30$Xylene
!Hxedbutylmercaptans

31

23

?urfurylmercaptan
5-Mercaptol-propanol No Ignition

i

54
49
54

56
33- no
ignition

No ignition
> 400
23

T
E
T
E

T

I
E

: ~

::
17
17

22

13

13,22
20
20
12
13

.

.
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TABLEV.- Concluded.EFFECTOFFUELCONPOSITIONONIGNITIONLAGAT-40°F
Ignitionlag,~, milllsec

“1 cMo’ltLon
Appar-Refer-
atus ence

MA-2- 17b~A-3-19c FNA-2-OC
(d) (e)

(f) ~

Orgsnophosphoruscompounds
Mixedalkylthlophosphltes

I

9 T 15
8 T 16

17 E 16
4 6 E 18

50$All@ thlophoBphLte T 15
3@ Alkylthlophosphite ;;
lklethyltrlthlophosphite 2 1 ::
TrIethyltrlthiophoaphite 3 5.5 E 18
90$TrIethyltrithiophofsphlte
@~-heptane 9 T 16

8C@Triethyltrlthlophoaphite
20j%n-heptane . 18

7@ Tr~ethyltrithlophosphlte-
30@n-heptene 37

60$T5?~ethyltri.thiophosphlte
40$~-heptane 54

Phosphorustrichlorlde 612
Propylene- N,N-dimethyl ! I
amidophosphite(RF208) 3 4 E 18

msoellaneousfuels
Turpentine 77 T 22

NoignitionNoignition T 13
75 E 12

2-Methylpentadiene 76 T 13
2,2,4,6-Tetramethyl
dihydropyrldine 470

l-Vinyl-cyclohexene- NoLgnitlon No ignition
3-tetrahydrofuran NoIgnltlon I

Et lenlmlne
50?

12 15
Ethylenimlne ig

15
5@ Ethylenlmine 22 21
30$%Ethylenlmine 15
15$Ethylenimine 1:: 15
5@ Ethylenimlne-
50~n-heptsne 60

30$Etfilenimine-
70$n-heptane 243

15$Et~ylenlmlne-
85Xn-heptane Noignlti.on

2-Ethy~ethylenimine 39 v II

I

aUfleSa Othemlae ~dfcat~, nmbers fid~catepercentby volume in triethylamine.

bMixedacid(nitricplussulfuric);firstnumberindicatesapproximatepercentwater,
andsecondnumberisapproximateperoentsulfuricacid.

cn~ ~tricacidJflrat~mberindicatesapproximatepercentWater,~d secondnumber
1sapproximatenitrogendioxidecontent.

d~cludeaacl~cmtainiW3 to4 percentwaterand16to20percent nitrogen dioxide.
‘Includesacidscontainingupto2 percentwaterandup to1 percentnitrogendl.oxide.
‘T open-tubeapparatus;E, small-suale engine.
‘7:oF.
h_330F.
‘Interpolated.
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Figure1. - Modifiedopen-cupignition-delaya~aretuB.
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Figure1.- Concluded.Made.~~igniticm-delay apparatus.
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Figure2.- Small-scalerocket-engineignition-delayapparatus.
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Ignition-lag- temperaturedependenceofhydrazine
fumingnitricacid(2%H20,1%N02)(ref.12,engine).
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1
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Figure4. - Ignition-lag- temperaturedependenceof diall.ylanilLna-
trlethylamine(50~by vol.)- fumingnitricacid (ref.12, engine).
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Figure5. - Ignition-1ag- temperaturedependenceof dially~filine-

triethylatine(50%by vol.) - fuming nitric acid (3% H20, HJ%~02)
as function of exit-nozzlediameter (ref. El, engine).
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I
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Reciprocaltemperature,l/oR

Figure6.- Ignition-kg- temperaturedependenceofaro.mticamine-
triethylamine(3:7by vol.)- fumingnitricacid(3%H20,19%N02)
(ref.13,opentube).
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Figure10. - Ignftlon-lag- temperaturedependenceof furfuryl
alcohol- fumingnitricacid(ref.17).
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Figure11.- Ignition-1ag- temperaturedependenceof alkyl
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