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SUMMKRY

~ An experkntalinvestigationwasconductedwitha l$tich-diameter
3- burnerto determinethesuitabilityofresidualfueloilsas carriersin

magnesiumslurries.Theresidual-fuel-oilslurrieswerecomparedto
slurriescontainingMIL-F-5624/LgradeJP-4fuelstabilizedwithpetro-

. ktum orgelwithrespectto conibustionefficiency,blow-outvelocity,
andstabilityofthemagnesiwa-hydrocarbonsuspension. Fourresidual
fueloilshavingviscositiesof5 to 415centipoiseswereinvestigated
by themselvesandinslurriesof50percentmagnesiumhavingviscosities
from22to 8050centipoises.

Theblow-outvelocitiesofthefuel-oil.slurrieswerelowerthan
thoseofthepetrolatum-orgel-stabilizedJP-4slurries.Fuel-oil
slurriescontaintig2-micronpowderhadmuchhigherblow-outvelocities
thanfuel-oil.slurriesmadewith13-micronpowder.

AILthe13-micron-magnesium-powderslurrieswithfueloilor JP-4
carriershadsubstantialJYthesamemetalandhydrocarbonccmhstion
efficienciesovera rangeof equivalenceratios.The2-micron-powder
slurry,althoughburnedat fourtimestheWet airvelocityofthe
13-micron-powderslurries,showeda slQhtlyhighermetalccmbustion
efficiency.

Neitherthefueloilsby themselvesnorthesluxriesmadetiththe
twolower-viscosityoilsrequiredpreheatingforccmbustionustigthe
airatomizingnozzle,whiletheslurriesmadewiththetwomoreviscous
fueloilscouldbe burnedonlywhenpreheatedtaa temperatureapproach-
ing212°F.

*
Slurriesmadewith2-micronpowderineachofthefueloilsand

with13-micronpowderinthetwomoreviscousfuelsoilsweresufficientlyP stabletobe usableforat least48hours.Slurriesmadewiththe13-
micronpowderinthetwolower-viscosityoilswereunstable;thatis,
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theysettledoutwithim48hoursandneededagitationbeforetheycould *>
be used.

.

=ODUCTICN

Theuseofmetal-hydrocarbonslurriesasfuelsin~et-engi.nepro-
pulsionsystemshasbeenthesubjectofanalyticaland~erimental
investigationsat theNhCALewislaboratory.As a resultofthese
investigations,substantialimprovementsinairspecificimpulseand
operationalltiitshavebeenrealizedinan experimentalsmall-scale
afterburnerby theadditionofmagnesiumpowderto conventionalhydro-
carbonfuels(ref.1). Inreference2, itis shownthat,inanafter-
burneroperatingwithwaterinjection,a magnesiumslurrycanbe burned
ata muchhigherwater-airratiothanwaspossiblewithW-3 fuel.,

Thehigherairspecificimpulseof themetal-hydrocarbonshu’ry
overthehydrocarbonaloneisduemainlytothehigherheatof codmstion
perpoundofairoftheslurrycomparedat thesameequivalenceratio.
Reference3 reportstheresultsofam.lyticalinvestigationsinwhich

.

theequilibriumcompositionandthetemperatureofthecombustionpro-
ductsweredeterminedforoctene-1andforaluminum- octene-1,magnesium- .
octene-1,andboron- octene-1slurrieswhenburnedinair. Valuesof
theoreticalairspecificimpulseforoctene-1andtheslurrieswerecom-
putedandareshowntobe higherforeachoftheslurriesthanforthe
hydrocarbon.

Theresultsofan qerimentalinvestigationtodeterminehowthe
metalandthehydrocarbonseparatelycontributetotheover-allcombus-
tionofmagnesiumandboronslurriesburningina 1~-inch-diatneter
burnerarereportedinreference4. Thecombustionefficiency(ratioof
ener~releasedto ener~availableby completecombustion)ofthe
magnesium-powdercomponentofslurrieswasonlyslightlydecreasedby
oxygendepletionas fuel-airratiowasincreasedabovestoichiometrtc$
whereasthecombustionefficiencyofthehydrocarbonportionofthe
slurrydec3.inedrapidly.

Resultsofan investigationto determinetheeffectsofparticle
sizeandstabilizingadditivesonthecodmstionefficiencyandthe
blow-outvelocity(burner-inletvelocityatwhichflamefailureoccurs)
ofmagnesium-hydrocarbonslurriesarereportedinreference5. Slurries
withpetrolatum(ahigh-boilingviscousfractionofpetroleum)asa
stabilizingadditivehadconibustionpropertiescomparablewiththegel-
stabilizedslurries.Thecombustionefficiencyofthemagnesiuminthe
slurrywasimprovedby theWe ofpowderof smallerparticlesize.The 4
smaller-particle-sizeslurrycotidbeburnedtoa leanermixturelimit
andathighercombustionvelocitiesthanthehydrocarbonaloneor
slurriescontainingthelargermagnesiumparticles. N

. . . ..----
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To date,themagnesium-powderindustryhasnotbeenableto furnish

adequatequantitiesofmagnesiumpowderfineenoughto remainsuspended
. inJP-4fuelwithouttheuseofa stabilizingadditive.Theincreased

stability of slurriescentainingresidualfueloilswithoutadditives
overthosecontainingJPfuelsandthegeneralavailabilityofthese
fueloilsmaketh- attractiveforuseinslurryfuels.

Theob~ectofthisinvestigateionwasto determinethephysicaland
N cotiustionpropertiesofmagnesiumslurriespreparedwithresidualfuel
mal oils.
et)

Co?ibustionefficienciesandblow-outvelocitiesweredeterminedin
a $inch-dismeterburnerformagnesiumslurriesmadewithresidualfuel
oilsandwithMIL-F-5624AgradeW-4 fuelstabilizedwitheitherpetrol-
atumorpreviouslyunreportedgellingagent.Blow-outvelocitiesofthe
fueloilsalonewerealsodetermined.Theslurriescontained13-or 2-
micronpowder.Theconibustionefficienciesofthemetalandofthe~-
hydrocarbonswereevaluatedseparatelyby samplingandanal.yztigthe

-1 gaseousandsolidcombustionproducts.Thestabilityandtheviscosity
$ of eachslurrywerealsodetermined.
a
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solidcarbonincombustionsamplea

carbonmonoxideincombustionssmplea

carbondioxideinconibustionsamplea

carbondioxideformedby catalyticconibustionof
hydrocarbonresiduesinconibustionsamplea

waterinccribustionssmplea

waterformedby catalyticcombustionof gaseous
hydrocarbonresidueson conibustionsamplea

weightofuncombinedmetalinconibustion

molecularweightratioofmetaloxideto
aweightof solidsinconibustionssmple

combustionefficiencyof hydrocarbon

cotiustionefficiencyofmetal

equivalenceratio

samplea

metal

M

—

—.
—

.
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.
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APPARATUSANDPRO(!-

CcmbustorandOperatingProcedure

Theslurryburnerandtheexhaust=san@ingapparatusareshownin
figure1. Theburnerconsistedofa lfinch-inside-dismetertube20

incheslong.A tubelinerwithan outsidediameterof$ inches,a
thicknessof1/16inch,anda lengthof73incheswasmountedatthe
inlet,providinga smallprimaryzonethroughwhichtheatomizedfuel
wasintroduced.Secondaryairwasintroducedasanannularstreemalong
theburnerwall. Thesecondary-airinletwasaboutoneinchfromthe
burnerinlet.

Theslurrywasatomizedandinjectedintotheburnerwitha conven-
tionalpaint-spraygunofthetypethatpressurizesthefluid.The
spraynozzlewassealedtotheburnerinlet.Theflowrateofthefuel ~

%he combustionssmplewasthetotalofgasandsolidsdrawnthroughthe .
sqling probe. .-
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wassetby a valveonthespraygunandws measuredby weighingthe
spraygunbeforeandafterthetimedflowinterval.Theflowoftheair
enteringtheburnerwasregulatedwitha throttltigvalveandwasmeas-
uredwitha rotameter.Theburnerwasiguitedby openingtheseal
betweenthegunandtheburnerandholdingan acetylenetorchto the
opening.Whereitwasnecessarytopreheatthefuel,thespraygunwith
thefuelwassetintoa contatierofboilingwater.

samplingapparatusandprocedure.- Thesampling-probeassemblycon-
sisted ofa l/4-inch-outside-diameter coppertubeincasedina water
Jacket.TheouterwalloftheJacketwascoveredwithasbestosinsula-
tion. Thel/4-inchcoppertubewasconnectedtoa solids-saqlingtube
whichwaspackedwithglasswoelto co~ectthemetaloxide,unburned
metal,andcarbonparticles.Theassemblywassomountedthatitcould
be swungintothepathoftheflame,as indicatedinfigure1. A rubber
stoppersealedtheopeningoftheprobe.Itwasheldinplaceby
atmosphericpressurewhenthesamplingapparatuswasevacuated.As the
probemovedtowardthecenteroftheburneroutlet,thestopperwas
brushedoffby theedgeoftheburner,thuspermittingthe-Ust gases
andsolidstobe drawnin.

A 30-gallonvacuumtankwasevacuatedby thevacuumpumpto about
1 inchofmercuryabsolute.Thevalvebetweenpm andtankwasclosed
whilea samplewastaken.Thepressureinthetankwasmeasuredwitha
mercurymanometer.A coilof coppertubingpackedinpowdereddryice
servedto removethemoisturefrcmthegasesenteringthevacuumtank.

Theexhaust-gassamplewascollectedinthegas-samplingthe as
follows: Bothvalvesonthegas-samplingtubewereopenwhenthesam-
plingbegan,thedownstreamvalvewasclosedafterabout20 secondsof
burningoperation,andthentheupstreamvalvewasclosedsf’terthe
pressureinthesamplingtubehadrisento atmospheric.

Testprocedure.-Forthecotiustion-efficiencyteststheairflow
wasadjustedto givean inlet-airvelocityof22 feetpersecondfor
the13-micronslurriesandSOfeetpersecondforthe2-micronslurries.
Thevelocitywasticreasedforthelatterfuelsbecausethefinerpar-
ticlesburnedwithhighefficiencyovertheentirerangeof equivalence
ratio,anditwasnecess~ to createmoresevereburnerconditionsto
distinguishtheregionsofloweredefficiency.

Fortheinvestigationofblow-outlimits,theairflowwasset
belowtheblow-outvelocityof
untilflamefailureoccurred..
tskenas theblow-outlimit.

thefuel~ure andgraduallyincreased
Thisvelocity(atflamefailure)was

P Methodof SD3@iS. - The quantityofthecmbustionsamplereferred
to insubsequentdefinitionsincludesallcaibustionproductsdrawn
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throughthesamplingprobe.It iscomputed
gasesinthessmpletube,thepressurerise
weightofthesampleof solids.
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.
fromthecompositionofthe
inthevacuumtank,sadthe

a
—.

By aaalysisofthesolidandgassamples,theweightsofthefollow-
ingconstituentsofthecombustionsampleweredetermined:N2,C02,co,
H20,totalsolids,carbon,unconibtiedmetal,and C02andH20formedby
catalyticconibustionofunburnedresiduesinthegassample.

ThecompositionofthegaseousproductswasdeterminedwithanOrsat g ““
apparatusequi~edwitha catalyticheaterforthecombustionofhydro- ‘
carbonresidues.Thesmountofuncombinedtignesiuminthesolidsamples
wasdeterminedby introducinganacidsolutionintothesolids-sampling
tubeandmeasuringthevolumeofhydrogenevolved.Thesolids-sapling
tubewasweighedbeforethessmpling,washedwithdistilledwaterafter
theacidtreatment,dried,andweighedagain.Thegaininweightwas
takenas solidcarbon.Thenitridesinthesolidsampleswerefoundto
be lessthan0.1percentandwereneglected.No carbonateswerefound
inthesolids.

. .—

Conibustionefficiency.- Thecombustionefficienciesreportedherein .
arenotbaseduponchemicalequilibriumoftheproductsof ccmibustion,
tiasmuchas dataarenotavailableforthevariousspeciesinvolved. ..
Instead,for100-percentcombustionefficiency,thecomponentswere
assumedto oxidizeas follows:

H2 to~0

c toC02

MgtoMgo

Theconibustionefficiencyofthemetalisdefinedas

.-

%1=
Lw~- (W’M+WC}I

w
[(w~- 1 mox

W’M+WC) -t-w’M~
m

Theconibustionefficiencyofthehydrocarbonisdefiuedas

wco2hco2+ ~cohco+Wqohqo

7Hc=~CoJwco(%)+w’c%)hco/ ‘W%o+w’d ‘%o+wc(~’~~

.
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Combustionefficienciessodefinedareinsubstantialagreementwiththe
conventionalccmibustionefficiencyat andbelowan equivalenceratioof
unity.At equivalenceratioshigherthanunity,thecuibustioneffi-
cienciesdonotaccountfordeficiencyof o~gen~astheyarebasedo-
ontheutilizationof fuel.

Spraypholographs.- Thephotographsshowingthespraydropletswere
madewiththeapparatusshowninfigure2. Lightdurationwas4 micro-

rxl seconds.ThecsmeracoOJm chromaticPressfilm
lenswas7&tichAero-13ktsxf 2.5anda SuperPan-

6
was used.

FuelsandFuelProperties

Thefollowingfuelswereusedinthisinvestigation:

FuelMagneaium
average
particle
sIze,
microns

I --
11 13
III 2
Iv --
v X5
VI 2
VII --
VIII I-3
Sx 2
x --
XI X5
XII 13

&

Ms,gnesim,
percent
bywsi@t

o

!3)
50
0
EJ3
50
0
50
50
0
50
50

Csxrier
fluid

Fueloi14A
Fuel-oil4A
Fuel 0LL4A
Fuel0114
Fueloil4
Fuel oi14
Fuel oil 5

Fuel o115
Fuel oil 5
Fuel Oil 6
Fueloil6
JP-4

JP-4

Additive

T

Type Per-
cent

0
0
0
0
0
0
0
0
0
0
0

Petrol- 24
atum
Qel 0.4

viscosity
at30°C,
centipoise

5.0
22.0
4200
18.0
75

1450
160
720
8050
41.5
1610
4000

Stabllity”
at48br

0.582
0.984

0.572
0.986

0.960
1.OCO

0.985
0.895

Surface
tension,
dynes/cm

33.4

32.6

35.2

35.9

22,73 0.890 I

%’ueloiltiisaStsmdardOilofOhiodesignation;fueloils4,5,and6areA.S.!C.M.
designations.

%atioofthesettlingheightofpowderat48hrtainitialheight.
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were
Theparticle-sizedesignationsusedherein
determinedwitha FisherSub-SieveSizer.
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to describethepowders .

Thisinstrumentemploys
theairpermeabilitymethodformeasuringtheaverageparticlesiz~of .
a powder.

Thegellingagentwasa proprietarypreparationdesignatedE-4. Xt
wasfoundtobe superiorto thealuminumoctoatedescribedinreferences
4, 5,and6 inthatnoheatMgwasrequiredinpreparingthegelsand
theviscositywasmorenearlyreproducible,butthegelspreparedwith
E-4,likethosepreparedwithalumtiumoctoatebrokedown(decreasedin
viscosity)withage. -g_

—

Thepetrolatumstabilizerusedintheslurriesconformedto the
followingmanufacturingspecifications: .
Meltingpoint(Saybolt),‘F . . . . . . . . . . . . . . . . . .150-160
Penetration(A.s.T.M.) 140
Viscosity(Saybolt),sec”a~&6°”F” I : 1 1 1 1 1 1 1 1 1 n I 1 “96-1OO

By analysis,itwasfoundthatthehydrogen-carbonratio(H/C)was0.160
.

andthelowerheatof combustion,18,400Btuperpound. .
.

Themethodofdetermintigslurrystabilityiscompletelydescribed
tireference6. Immediatelyaftera slurrywasmixed,itwaspoured
intoa 29-by 150-millimeterflat-bottcmedglasstesttubeto a height
of about6 inches,sto~ered,andplacedina rigidtest-tuberack.The
liquidandthemetal-liquidlevelsweremeasuredwitha cathetometerat
intervals.

Thevaluesof surfacetensionwereobtainedbytheringmethodwith
a calibz%tedprecisiontensiometer.All.measurementsweremadeat room
temperature,andoneplatinumringwasusedforallthereadings.

Theviscositiesweredeterminedwitha Synchro-lectricvisccmeter
madebyBrookfieldEngineeringLaboratories.Themeasurementswereall
madeat 30°C ata spindlespeedof12rpn,30 secondsafterthespindle
wasstarted.The spindlespeedandtimingfortakingtheviscosities
wereheldconstant,becausetheslurriesarenon-Newtonian.

RESULTSMD DISCUSSION

Settlincharacteristics.- Thestabilitycurvesofalltheslurries
(figs.3andg4Jwereplottedasthneagainsta settlingratio~/~,
where ~ isthemetal-liquid-phaseheightatthe t and ~ isthe

“

totalliquid-slurryheightat zerotime.
.
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Blow-outvelocity.- A comparisonoftheblow-outvelocitiesofall
thefuelsisshowninfigures5 and6 whereblow-outvelocitiesare
plottedagainstequivalenceratio.Eachdatapointwasfoundbyfixing
thefuel-flowrateandthenincreasingtheair-flowrateuntilflame
failureoccurred.Whenthefuel-flowratesweresettogivemixtures
slightlyricherthanthelesmlimits{minimumfuel-airratioforsup-
portingcombustion)showninthefigure,theblow-outvelocityoccurred
belowthelowerlimitofthescaleoftheairrotsmeter(shownbydot-
dashline).It wasconcludedthatthecurvesdropsharplyat theirlean
endalthoughthedatapointsdonotalwaysclearlydefinethistrend.

Slurriesoffueloils5 and6 with13-and2-micronpowderscould
notbe burnedunderthesameconditionsthattheotherslurrieswere
burned.Itwasfoundthatiftheseslurrieswerepreheatedinthespray-
guncontainertoa temperatureapproaching212°F, theycouldbeburned
andtheirblow-outvelocitiescouldbe measured.Inanunsuccessful
efforttorendertheseburnablewithoutpreheating,5 percentheptane
waaaddedto thefuel-oil-6slurrywithenoughpetrolatumto restorethe
originalviscosity.

Eachfueloilburnedwithoutpreheating.Theblow-outvelocities
offuelsoils4 and4A (fig.5)wereeqyalto orhigherthanthoseof
fuelsoils5 and6. Theleanlimitsoffueloils4 andM wereslightly
lowerthanthoseof oils5 and6. Alsoshownaretheblow-outvelocity
dataforJP-4fueltakenfromreference5. It isseenthattheJP-4
fueldiffersfromfueloils4 andM onlyina lowerleanlimit.

SlurriesmadewithJP-4and13-micronpowderandstabilizedwith
petrolatumandgelhada higherblow-outvelocitythanthosemde with
fuelsoils4 and4Aand thesamepowder(fig.6). Photographswere
takenofthespraysfromtheatomizingnozzleforthe13-micron-powder
slurriesmadewithfuelsoils4 and4A andwithJP-4stabilizedwith;gel
andpetrolatum(fig.7). Thespr~swerealltakenatthegunpressuie
at whichthecombustiontestsweremade,16poundspersquareinchgage,
anda fuelflowofa~roxhately0.2poundperminute.It isseenthat
thefuel-oil-slurryspraysweremuchmorefinelyatomizedthanthegel
orpetrolatumslurries.Therefore,thelowerperformanceofthefuel-
oilslurriescannotbe attributedto spraycharacteristics,butmore
likelyto lackofa low-boilingfractioninthe.hydrocarbon.

Theeffectofthethixotropicproperties(diminishingviscosity
withincreasingshearrate)ofthegelslurryisshowninfigure7(c)
whereit isseenthatthespray& letsweremuchsmallerthanthose

Yof thepetrolatumslurry(fig.7(d) inspiteofthemuchhighervis-
cosityofthegel. Theblow-outvelocityofthepreheatedfuel-oil-5
slurrywasnotdifferentfromtheblow-outvelocitiesofunheated
slurriescontainingfuelsoils4 andM. Theblow-outvelocitywas
lowerandtheleanlimithigherforthefuel-ofl-6slupcy.
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Theblow-outvelocitiesfortheslurrieswith2-micronpowderin
fueloils4,M, and5 wereforthemostpartabovetheupperllmltof
theair-flowcapacityoftheapparatus.Thedatapointswithvertical
arrowheadsindicatethatthemaximumairflowofthea~aratusdidnot
bringblow-out.It isseenthatthe2-micronmagnesiumgavelowerlean
limitsthanthecoarserpowder.Thistrendtowardimprovedcotiustion
propertieswithdecreasingparticlesizeindicatesa higherreactivity
ofmagnesiumwithincreaseinsurfacearea. Improvedcombustionproper-
tieswithdecreasingparticlesizewerereportedinreference5, A
stillereffectwasalsonotedinreference1 whereitwasfoundthatthe
richandleanconibustionlhnitswereextendedby increasingthemetal
concentrationofmagnesiumslurries.

.-

.

Combustionefficiency.- Thecmibustionefficienciesof themagne-
siumin13-micron-magnesiumslurriesmadewithfueloils4, 4A,5, and
JI?-4stabilizedtithgelandina 2-micron-magnesiumslurrymadewith
fueloilM areshowninfigure8. Theefficiencyof the13-micronpow-
derswasnotappreciablyaffectedby thecarrier.The2-micronpowder
gavea somewhathigherefficiencyinspiteof itsbeingburnedatan
inlet-airvelocityof 80feetpersecondinsteadof the20feetpersec-

4

ondusedwiththe13-micronslurries.Theviscositiesof thefour
13-micron-powderslurriescovereda rangefrom22to 22,750centipoises. .
Theviscositiesseemtohavehadlittle,ifany,effecton thecombustion
efficienciesinthel$tich-diameterburner.

Thecombustionefficiencyofthehydrocarbonineachoftheslurries
isapparentlyunaffectedbyboilingrange,hydrogen-carbonweightratio,
ormagnesium-powdersize(fig.9).

SUMMARYa?REwm3

Thefollowingresultswereobtainedinanexperimentalinvestigation
conductedwitha l$inch-diameterburnertodeterminethesuitabilityof
residualfueloilsas carriersinmagnesiumslurries:

1.Theslurriesmadewith13-micron-powderandthetwomoreviscous
residualfueloiM werestableforatleast3 weeks,buttheycouldnot
be burnedinthetestburnerwithoutpreheating.

2.Thetwoslurriescontainingthelessviscousfueloilsdidnot
providesufficientstabilityforthe13-mi~ronpowder,butthecombus-
tionefficiencywascomparabletoJT’-4slurries. -—.
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.
3.Alltheresidualfueloilsburnedsatisfactorilyina 1~-inch

ram-jet-typeconibustorusingairatomizationwithoutpreheating.

4.Theblow-outvelocitiesofthefuel-oilslurrieswerelowerthan
thoseofthepetrolatum-or gel-stabilizedJP-4slurries.

5.Fuel-oil.slurriesof2-micronpowderhadwch higherblow-out
velocitiesthanfuel-oflsluxriesmadewith13-micronpowder.

IN
almto 6.Allthe13-micron-magnesimn-powderslurrieswithfueloilor

JP-4as carriershadsubstantiallythessmemetalandhydrocarboncom-
bustionefficienciesovera rage of equivalenceratios.The2-micron-
powderslurry,althoughburnedatfourttiestheinlet-airvelocityof
the13-micron-powderslurries,showeda slightlyhighercombustioneffi-
ciencyofthemetallicconstituent.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,April16,1953.
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TABLEI. - CARRIERFLUIDPROPERTIES T
Properties MIL-F-56241 Fueloil

GradeJP-4 NumberU Number4 Number5 Nuniber[
Initialboiling 140 395 444 350 404
point,%?
Percentevapo-
rated

5 199 430 484 510 564
10 222 438 499 553 602
20 248 450 517 607 639
30 268 461 !532 641 654
40 286 474 551 658 664

50 487 572 (a) (a)

60 325 501 604

70 348 518 646

80 382 676
90 427 571 (a)
95 459 603

Finalboilingpoint 488 647

?esidue,percent 1 1.8
?eidvaporpressure, 2.5 Negli- Negll- Negli- Negli.-
lb/sqin. gible gible gible gible

Spectiicgravityat 52.8 31.3 27.7 15.7 13.7
60°A.P.I.

60°F/60~~ityat
0.768@ecific 0.869 0.889 0.961 0.975

I@rogen-carbon .167 .139 .145 .124 .123
ratio
leatofcombustion, 18,675 18,260 18,130 17,580 17,480
Btu/lb

.-
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