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Abstract Nomenclature
The CIAM/NASA flight testwasnumericallyanalyzed The k turbulence kinetic engy [m%/s?]
flowpath was divided into inlet and burner sections,and M Mach number

solved sequentially Initial simulation of the inlet at high-

speedconditionsfailed to describethe behavior of the data, P static pressure g
which indicatedthe existenceof separationAn analysisof Scr turbulent Schmidt number
low-speedoperationshaved inlet unstartand subsequent ;
: . L . t time [s]
hysteresieffectswhich qualitatively approximateshe data. .
Simulation of the burner predicts dual-modeoperation,as static temperature [K]
the datasuggestsalthoughpeak pressuresvere somavhat To total temperature [K]
underpredicted. Effects o_f grid corvergence, turbulem U velocity [m/s]
Schmidtnumberandchemistrymodelswereevaluated.lt is
concludecthat currentCFD tools may be usedto anticipate w mass flovrate [kg/s]
effects of design and construction in actual operations. X axial (streamwise) coordinate [m]
y vertical coordinate [m]
Vi mass-fraction of specie i
lateral coordinate [m]
y* dimensionlessertical turlulence coordinate
p density [kg/nd]
Ne comhustion eficiency
Nmix mixing eficiengy
T turbulence intensity
() specific dissipation rate [1/s]
seviing turbulent/laminar viscosity ratio

1. Introduction

Undercontractfrom NASA, Russias Centralinstitute
of Aviation Motors (CIAM) designedandbuilt anaxisym-
metric, dual-modescramjetengine.On Februaryl2,1998
this engineflew on the noseof a modifiedSA-5 missile. It
was fueled with hydrogen for about 77 seconds,and
achieved the longestduration, dual-mode,scramjet-pa-

* Senior EngineeMember AIAA ered flight-test Up to dd{é

1.1. Description of the experiment

Thedesignlayoutof theengineis shavn in figure 1. It
includes:
Copyright © 2002 American Institute of Aeronautics and - an eternal/internal, axisymmetric, Mach-6 inlet
Astronautics, Inc. All rights resezd. - a hurner section with three fuel-injection stages,
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- an &pansion section with a partial nozzle.

Exceptfor the externalinlet, mostof the engineconsistsof
anannularductbetweerthe bodyof theengineandanexter-
nal cawl. This cawl is held in place by te sets of struts.

The externalinlet begins at the nose-tipwhich incorpo-
ratesa pitot probe.The body itself consistsof threeconical
sgments with increasing half-angles. The internal inlet
startsat thelocationof the blunt cowl-lip. Body-sideexpan-
sionsand cowl-side compressiongsre usedto turn the flow
parallel to the body centerline by the time it reachesa
diverging isolator upstream of the first woof injectors.

The burner consistsof threeinjector stagesdenotedl,

II, and Il in figure 1,c). Each stagehas 42 injectors;the
injectors of stagesl and Il are aligned, and interdigitated
with thoseof stagelll. Staged andll arelocatedneareach
of thetwo body-sidecavities, while stagelll is locatedatthe
covl step. Hydrogen fuel was intended to be injected
throughall three stages.Stagesll and Ill were to operate
during most of the flight regime; stagel was supposedo
operateabove Mach 5, when supersoniccomhustion was
expected.

As mentionedbefore,two setsof strutshold the engine
together; each set consistsof four struts. The first set is
placedat the internalinlet; thesestrutshave a small cross-
section,and presumablyhave very little impacton the flow
in the region. The secondsetis locatedtowardsthe end of
the engine,nearthe exit-nozzle throat; thesestruts have a
large cross-sectionAt this axial location, the cowl expands
to compensatéor theresultingareablockage Thecowl ends
by opening up into anxé nozzle.

During manufctureof the engine the internalflowpath
wasaltereddueto structuralreinforcementsweld beadsand
surfacedeformatiorresultingfrom thewelding. Thereis still
considerableuncertaintyregarding the final configuration.
To addto this geometryuncertainty post-testinspectionof
the engine shoved comhustorliner deformationg these
deformationdhave not beenquantified.In ary casethe (pre-
sumed)as-huilt pre-testflowpath was usedfor the present
calculations.

A brief descriptionof the flight testfollows. While the
boostewasstill burning, fuel additiontook placewithin the
scramjet(approximately38 sinto theflight) ata flight Mach
numberof 3.5. The maximum-\elocity conditionoccurredat
boosterburnout,at a Mach of 6.4 (around56 s). After burn-
out, the scramjet/missilecombinationfollowed a ballistic
trajectory with increasingaltitude (and decreasinglynamic
pressure)until a maximum altitude was reached(90 s).
Afterwards,dynamicpressureéncreasedintil flight termina-
tion (115s). Fueladditioncontinuedall the way to termina-
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tion, except for a brief period around 90 s.

Severalanomaliesanddeviationsfrom plannedflight-
testconditionsoccurredFirst, thetesttook placeatanalti-
tude lower than anticipated.In particular the maximum-
velocity conditionoccurredat 21.6 km ratherthan24 km;
theresultingdynamicpressureandmassinflow weredou-
ble the designvalues.Furthermorean apparenfailure in
the fuel control-systenresultedin excessve fuel flowrate
and engine unstartfor about 12 s. The control system
respondedby drastically reducing the fuel flowrates of
staged! andlll. Thisallowedtheengineto restartatabout
50 s (Mach 5.0). However, the possiblepresencef large
flow-separatiomearthe inlet throatcausedhe controlsto
keepstagel shut.As aresult,comhustiontook placewith
only stages Il and Il aate.

1.2. Previous Work and Present Approach

Previousto the presentvork, ananalysisof the opera-
tion of theinlet designat plannedestconditionswasdone
by Hawkins®. It predictedinlet startat the plannedoperat-
ing conditions;it alsofound the presenceof small separa-
tion bubblesjust behindthe cowl lip andin the body side,
mainly becauseof shock impingement. Gaffney and
Sanetrik performeda CFD analysisof the full engine
using the VULCAN code. The design geometry and
plannedfree-streamconditionsat the maximum-\elocity
point wereused;the total fuel flow-ratewassimilar to the
experiment.To reducecomputationalexpense the entire
flow was assumedaxisymmetric; the rings of injector
holeswere replacedby axisymmetricslots of equivalent
total area. Their calculated Mach contours within the
burner suggestghat the averageMach was subsonic,or
nearly so.

The presentwork documentsan ongoing investica-
tion of the CIAM flight testasit actuallyoccurred based
on the bestavailableinformation; someearly resultswere

reportedelsavheré®. As mentionedbefore, the as-huilt

geometry will be modeled; no attempt was made to

accountfor possiblein-flight deformation.The operating
conditions chosenfor analysiscorrespondto the maxi-

mum-welocity point in the flight-test trajectory As

explainedbefore,only staged| andlll actuallyworkedat
the chosenoperatingcondition. Therefore,for the pur-

posesof this paper “inlet” will denotethe domainfrom a
point upstreamof the nose,to a sectionin the duct just

upstreanof stagell; theremainingductwill beconsidered
the “burner”. Note that, with thesedefinitions, the inlet

throatwill betheminimumareajustaheadf stagd injec-

tors. The inlet and burner were solved separateand
sequentially
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The VULCAN codewaschoserfor the preseninvesti-
gation. VULCAN is a generalpurposeCFD codethat can
solve the Reynolds-areraged\avier-Stokesequationslit has
a wide array of physical, turbulenceand chemistrymodels
available.A full descriptionmay befoundin theliterature”.
The specificsof its applicationto the presentwork will be
described throughout the paper

2. Inlet

2.1. Solution Procedure

Since the inlet geometry (not accountingfor stagel
injectors) is axisymmetric,the axisymmetricform of the
governingequationsvassolvedwith VULCAN for the obvi-
ouscomputationabenefits.The actualgrid wastwo-dimen-
sional, with approximately192,000control volumes (CV)
dividedamongl5 blocksto facilitatethe useof VULCAN' s
MPI capabilities;100 CVs were usedalongthe duct height.
The block configurationcan be seenin figure 2,a), with a
detail of the grid in the neighborhoodof the throat also
shavn (b).The maximumwall spacingwas lessthan 0.03

mm; the maximumy™ wasbelav 30, andoccurrednearthe
throat. The grid was mostly C(0)-continuousgexceptin the
neighborhood of the ed lip.

All inflow boundarieswere set at free-streamcondi-
tions, while extrapolationwas usedfor outflow boundaries.
Initially, thefree-streantonditionsweresetto correspondo
the maximum-elocity pointin thetrajectory(56.5sinto the
flight) (seetable 1 - the valuesfor the turbulentintensity T
andviscosity-ratioplt/pl_ wereassumed)ptherfree-stream

conditionswereusedfor reasonshatwill becomeclearlater
in this paper All walls were modeledas no-slip with pre-
scribed temperaturesThe wall temperaturesvere taken
from the measuredvalues. For corvenience,these were
assumedto be stepwise-constanalong segments of the
walls. No attemptwas madeto exactly matchthe tempera-
ture valueat the probelocations;instead the smoothespos-
sible distritution was imposed.

T [K] 203.5
p [Pa] 3968
M 6.4
T .01
M/ 1.0

Table 1: Free-stream conditionsat t =56 s.
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The gaswasassumedo bea single-speciethermally-
perfectair. To modelthe inviscid fluxes, Edwards’ low-
dissipatiorflux-split schemavasused togethemvith third-
order MUSCL extrapolationand VVan Leer’s limiter. Wil-
cox’ 1998k-w modef wasusedfor turbulencemodeling,
coupled with Wilcox's wall-matching functions at the
solid walls. The turbulent Prandtinumberwassetat 0.90.
Transitionfrom laminarto turbulent was imposedat the
first changein slopein the externalinlet. This locationis
closeto the onepredictedby the usualconical-flav transi-
tion-criterig (Rey/M, = 150).In VULCAN, transitioncan
be approximatedby using “laminar regions”, or regions
were sourcetermsin the turbulenceequationsare turned
off. Time-intgyration was performed with the implicit
diagonalized approximate-ctorization (DAF) scheme.
For mostof the calculationsthelocal CFL numberwasset
at 2.0. The entireflowfield wassolved elliptically, in spite
of beingmostly supersonicin anattemptto captureall the
possibleseparatiorregionspresenin the domain.As may
be recalledfrom the previous discussiondatasuggesthe
presenceof large separatiorat the beginning of the inter-
nalinlet; smallerseparatiorbubblesmay alsobe expected
at shock-impingemenibcations.To reducecomputational
times,VULCAN’s MPI capabilitywasused.The calcula-
tionsweredoneon an Origin 2000using 12 R10000250
MHz processorsthe resultingparallelideal speed-upvas
11.40. Wall-time CPU was approximately0.165 ms per
CV periteration. Determinationof cornvergenceby resid-
ual drop was not possiblebecausef large oscillationsin
the residual.Most of theseoscillationsappearto occurin
the first two blocks, aroundthe pitot nose.Attemptsto
eliminate or reducetheseoscillationswere unsuccessful.
Therefore, corvemgence was assumedwhen no change
couldbeobseredin the overall domainandwall-pressure
trace. To acceleratecorvergence, grid sequencingwas
adoptedwith three sequencescoarse medium,and fine.
About 25,000 iterations were required (including about
7,500for thefine sequence).Thiprocedurevasalsoused
to give some measureof grid corvergence,as will be
shawvn in the results section.

2.1 Results

The Mach contoursfor the completeinlet solution
may be seenin figure 3, a) andb). A conicalbow-shock
forms at the noseof the spike, detachedrom the body
Additional shock-vaves are formed at the compression
cornersof theexternalinlet. All theseshockscoalesceand
end at the cowl lip (where anotherbow shockis origi-
nated). This flow configuration agrees with previous
solutions' 4. A closerlook at the internalinlet flowfield
[figure 3, b)] shavs the presenceof small recirculation
bubbles,particularly at the cowl lip and at the structural
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reinforcementHowever, thereis no evidenceof the massie
separatiorsuggestedy the data.The lack of separations
apparentin the wall-pressuretrace (figure 4-a), wherethe
numerical distribution is comparedwith the data. The
numericalresultsshov a dip in the pressurdracein coinci-
dencewith thefirst body-sideexpansion(at about440 mm).
The data, on the other hand,shov continuously-increasing
pressureat that point which is consistentwith boundary-
layerseparationOverall, the calculatedoressuresagreewell
with the data up to the point of the possible separation.
Downstreamfrom there, the predictedpressurelevels are
considerablylower than what the datasuggest.The calcu-
lated mass-aerage Mach number at the exit is approxi-
mately 2.67, which is much higher than the value of 2.0
predictedby a one-dimensionahnalysisof the dat&. The
comparisorof the body wall pressuregor the mediumand
fine grid sequenceis presentedh 4,b); thetwo solutionsare
sufiiciently close for the fine sequenceto be considered
acceptableClearly, a straightforvard approactfails to cap-
ture the behdor shavn by the data.

Voland et al suggestedhat the inlet separationmay
have beencausedby changesin the inlet geometry(with
respecto the design)or by a hysteresisn the inlet starting
process(or a combinationof both); in the latter case,the
massve separatiorcreatedduringtheinlet unstartmay have
survived after the restart. Previous numericalexperimenta-
tion performedby the authoP shaved that, after an artifi-
cially-induced inlet unstart, a separationregion would
remainin place nearthe throat even after removal of the
cause Furthermoreanalysisof the flight dataindicatesthat
theinlet wasunstartedeforeandupto thetime fuel flowrate
wasturnedor®. If all this is true, thena massie separation
may have beencreatedduring low-speedoperation(leading
to inlet unstart), and becauseof hysteresissome of it
remainedin place even after reachingdesignflight condi-
tions (and after the inlet restarted).

In orderto have at leasta qualitatve insight into the
phenomenathreepointsin the trajectorywere run sequen-
tially (seetable?2); t = 38 s corresponds$o the pointimmedi-
ately beforefuel addition. Thefirst two conditionswererun
fully-turbulent, and with constantwall temperaturegat an
averageof the experimentaldata);thet = 56 s conditionwas
run exactly asdescribedefore(but obviously with different
initial conditions).Eachconditionwasrun for 15,000itera-
tions and with the same oggence criteria as before.
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t[s] 25 38 56
T [K] 211 212 203.5
p [Pa] 21710 9740 3960
M 2.57 3.51 6.4

Table 2: Free-steamconditions at several points in the
flight trajectory .

Theresultsareshavn in figures5to 7. At t = 25 s (fig-
ure 5) the shockscoming from the external inlet (not
shavn here)arefar aheadof the inlet anddo notinterfere
with the cowl lip. As aresult,the shockcomingfrom the
lip is unobstructedandimpingeson the body side, result-
ing in the separatiorof the boundarylayer (this process
likely startedearlierin the trajectory). The recirculation
region createsa shock that endsup aheadof the inlet.
Thereforethe numericalsimulationindicateshattheinlet
wasunstartedundertheseflow conditions.The fair quali-
tative agreemenwith the datasuggestshatthis may also
have beenthe caseduringtheflight. By t = 38 s (figure 6)
theinlet is still unstartedasboth dataand CFD shaow. It
shouldbe notedthat,undertheseconditions the numerical
flow appearedo be highly transient,with the body-wall
recirculationincreasingand decreasingn size; shovn in
thefigureis therecirculationatits smallestFinally, atthe
maximum-elocity pointof t = 56 s (figure 7) theinlet has
restarted put a recirculationregion remainsat the throat;
this seemsto be consistentwith the data. There was a
smallunsteadinesassociatedvith therecirculationshape,
but without ary major changein size. Thereis a better
gualitatve agreementwith the pressuredata, compared
with the straightforvard approachat the sameconditions
(seefigure 4), but the pressurelevels are still low; the
mass-geraged git Mach number is about 2.40.

Earlierattempt8to modelthe conditionsbetweer38 s
and 56 s failed to predict restartat 50 s (the inlet still
restartedat 56 s); upstreaminteractionfrom dual-mode
comlustion may have played a part. In ary case,it is
acknavledgedthatthe procedureoutlinedaboveis, atbest,
a qualitatve approximationto the full simulation of the
flight trajectory This would requirea time-accuratesimu-
lation of the full engine,with all threeinjector stagesin
operation.The theory presentecabose was meantto pro-
vide a plausibleexplanationof the behaior shavn by the
data, which could not be reproducedby a more direct
approach.
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3. Burner

3.1 Solution Procedure

Burner calculationswere doneon a three-dimensional
slice limited by the jet-centerplanebetweenadjacentstage
II andlll injectors; this domain correspond€o about4.3
degreesof the annularcomhustor (seefigure 1, b). To sim-
plify the grid generationand sincethe resultingwidth was
muchsmallerthanthe bodyradius,the domainwasapproxi-
matedasrectangulaandwith thejet centerplaneparallelto
each other and normal to the body andlomalls.

The grid wasdiscretizednto approximately2.8 million
CVs, distributedamong48 blocks(figure 8). The numberof
CVs rangedfrom 76 to 132 in the vertical direction, and
from 28to 36 laterally; the highernumbersorrespondo the
vicinity of the injectors. The wall spacingvaried from 0.1
mm attheinlet to 0.5 mm towardsthe exit. Theresultingy+
wasmostly under100, exceptnearthe exit nozzlewerethe
flow acceleratedo supersoniconditions(aswill be shavn
later), andwherethe y+ could be ashigh as200. Non-C(0)
grid blocks were usedthroughoutthe geometry especially
nearthe injectors,to reducecomputationakffort. It should
be notedthat the areaincreaseimmediatelybeforethe exit
nozzlein the experimentalconfigurationis missingfrom the
computationabdomain;as mentionedbefore,this expansion
wasmeantto compensatéor the rearstrutsblockage.Since
thesestrutsare not being modeled,the areawas held con-
stant in the numerical simulation.

Unlessotherwisenoted,all calculationsveredonewith
the conditionsand procedurdo be describechext (hereafter
known asbaselineconditions).At the jet-centerplanesym-
metry boundary conditions were imposed. No-slip, pre-
scribedtemperatureconditionswere usedat the walls, with
the experimentally-measuretemperaturegpproximatedn
thesameway asin theinlet. An extrapolationboundarycon-
dition was usedat the exit. Hydrogenfuel was injected at
sonicconditionsthroughstaged! andlll, andat the angles
shawn in figure 1,c). The resultingmassflowratesgave an
overall equivalenceratio of about0.60.At thelocationof the
injectors,fixed boundaryconditionswereimposedusingthe
values of table 3.
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Stage || Stagel Il
M 1.0 1.0
To K] 716 771
T[K] 597 642
U [m/s] 1864 1934
p [kg/m3] 0.155 0.149
w [ka/s] 0.042 0.042

Table 3: Injectant conditions.

As for the inlet conditions,the resultsfrom the inlet
calculationswere not deemedaccurateenoughto be used
asinflow conditionsfor the burnercalculation.Therefore,
a uniform-inlet condition was used,suchthat it gave the
samemass-flovrate, mass-seragedtotal-temperatureand
turbulenceconditionsas the inlet exit conditionsfor t =
56s (with inlet separation)and with a Mach numberof
2.0. These conditions are summarized in table 4.

To [K] 1632
p [ka/s] 0.467
M 2.0
T .06
/i 350

Table 4: Inlet conditions for burner calculations.

The solution procedure was similar to the one
employedfor theinlet simulation;only thosefeatureshat
weredifferentwill be detailedin this section.The gaswas
assumedo be a mixture of thermally-perfectgases.The
chemistrymodel usedwas NASA Langley’s 7-specie/7-
reaction (7x7) modef. At the operatingconditions,this
modelwasdifficult to autoignite*; therefore botha 1-step
reaction model and VULCAN'’s ignition regions were
alternatvely usedwith successo initiate thereaction.The
turbulent Prandtl and Schmidt numberswere set at 1.0.
Turbulencemodelingalso usedWilcox's compressibility
correction® to modelMach numbereffectson mixing. As
before, a three-grid sequencewvas usedfor corvergence
accelerationMaximumCFL usedwas5.0. Approximately
60,000iterationswereused,of which about40,000corre-
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spondedo the fine sequencegornvergencewill bediscussed
in the next subsection48 R10000400 MHz processorsvere
used,with aresultingideal speed-upf 47.0.Wall-time CPU
was approximately 0.264 ms per CV per iteration.

3.2 Results

Figures9 and 10 shav the Mach and water mass-frac-
tion contours,respectiely, for the vertical plane midway
betweerthetwo injectors.A low-speedlow region beginsat
the stepon the cowl wall, and extendsjust pastthe cavity.
The core flow is supersonicup to x ~ 950 mm, whereit
begins to decceleratehrougha shocktrain to almostsonic
conditions; this is confirmed by the mass-aeragedone-
dimensionalMach distribution (figure 12). The flow finally
reaccelerate® supersoniconditionsatthe nozzleexit. The
extentof thereactionmaybejudgedfrom thewatercontours

andthe axial distribution of efficiencie$ (figure 11). Most of
the fuel from stagell appeardo have mixed by the time it
reachesthe stagelll axial-location.Due to ignition delay
however, it startsto reactshortly beforethat location, and
appearsconsumedy the time it reacheshe constant-area
section(x ~ 900 mm). Stagelll fuel, on the other hand,
seemdo startreactingin the constantsection,contributing
perhapsto the chockingof the flow. All the fuel is mixed,
and almost all (94%) reacted, by the time it reachesxihe e

Comparingthe calculatedwall pressure-tracewith the
data(figure 13), CFD somavhatunderpredictshe pressures
up to x ~ 900. Furthermore,it shavs a reacceleratioror
supersonicegion justdownstreanof the cavity, correspond-
ing to theclosingof the cowl-wall low-speedegion (this can
also be seenin the one-dimensionaéverageof figure 12);
thedatadoesnotshow reacceleratiomat thatlocation.Down-
streamfrom there,the numericalpressuresecover their val-
ues before reaccelerationand remain fairly constant(in
coincidencewith the subsoniaegion) until reachingthe exit
nozzle;the experimentalpressureslso appearconstantout
ata someavhathighervalue. Therewassomeunsteadiness
the fine-sequencesolution between 800 and 900 mm,
approximately; a fully steady-state solution was not
achieved. Theorigin of this unsteadineswasmostlikely the
recirculationregion, andit resultedin changesn the pres-
surelevelsof about10 Kpain this region; thesevaluesalter-
natedfor the last 25,000 iterations,and the resultsshovn
correspond to the Veest pressures.

The effectsof grid sequencindandthereforegrid con-
vergence)areshavn in figure 14 for thebodywall-pressures.

a. Nmix @andn. aredefined® asmixedfuel overtotal

fuel, and reacted (@ter) fuel @er total fuel,
respectiely (all evaluated at local axial planes).
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Therearesmalldifferencesattheinlet andtowardtheexit;
themaximumburnerpressureseento bethesamefor both
grids. Taking into accountthat thesedifferencescorre-
spondto a factor of 8 in the numberof CVs, it canbe
arguedthatthe solutionis at leastcloseto beinggrid-con-
verged.Sincethemediumsequencappearso give aqual-
itatively good solutionit wasusedto performa seriesof
parametricstudies.In whatfollows, all resultscorrespond
to the medium sequence unless otherwise noted.

Lowering the turbulent Schmidt number(Scr) from
1.0to 0.5 (figure 15) andturning the compressibilitycor-
rection off enhancesthe mixing and heat releaseand
increasesthe pressurein the nearfield (x < 800 mm).
However, it gives a much larger supersonicregion and
lower pressurafter choking.It would seemthattoo much
heatreleaseémmediatelyafter stagelll reduceshe pres-
surelevels in the constant-aregection.Apparently most
of the heat-releaseshould occur betweeninjector stages
anddownstreamof the cavity to have maximumeffect on
the pressurerise; it is not immediately obvious how to
achieve this with a constant-Sanodel. Strongsensitvity
of dual-modecomhustion to turbulent transport coefi-
cients has been reported in the literalfure

Switchingfrom a 7x7 to a 9x18 chemistrymode? (all
other conditions left at their baselinevalues) does not
appeatto have a majorimpacton the solution (figure 16);
the efficiengy distributions(not shavn here)aresomeavhat
lower in the nearfield, but otherwisevery closeto the 7x7
model. Sincemore ignition delay was expectedfrom the
9x18 model, this issue may require furtheseistication.

4. Summary

The CIAM/NASA scramjetflight-test was subjected
to a CFD analysis.The datafrom the experimentshovs
thattheinlet wasunstartedrom a free-streanMachnum-
ber of about2.5 to about5.0 (including the start of fuel
injection); even after restart,separatedlow remainedust
aheadof the throat up to the Mach 6.4 condition being
evaluated in the present paper

CFD analysisperformedat the Mach 6.4 condition
suggestghatthe inlet would have startedand operatedas
designedwithout major flow separationthis resultis not
consistentith the data.A qualitatve study startingfrom
the Mach 2.5 conditionsshaved the presenceof massie
separatiorat low-speedconditions.At reachingMach 6.4
conditions, the inlet restartedbut significant separation
remained because of appareysteresis décts.
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The separatedlow in the inlet causedsignificanttotal
pressurdoss, lowering the comlustorentranceMach num-
ber from an expectedvalue of about2.7 to an actualvalue
near2.0. With this lower Machinlet condition,the resulting
CFD solutionscomecloseto the measuredlight wall-pres-
suredata.Both dataandcomputationshav the burneroper-
atingin aclassicaldual-modewith largeregionsof subsonic
reactingflow dominatingthe comhustor The presentanaly-
sisindicateghatthefuel wascompletelymixed,andthatthe
comlustion eficienoy was 94% at the comistor exit.

Underlyingassumptionsneantto simplify calculations
(i.e., steady-statanalysis,uncouplednlet and burner) may
have beenresponsiblgor the numericalanalysisnot being
able to quantitatvely matchthe dataand may have to be
reconsideredA complete-engindime-accuratecalculation
of the flight testfrom Mach 2.5 to 6.4 may be neededto
accuratelyreplicateinlet separatiorand comhustorentrance
conditions.In addition,turbulenceandtransportmodelsfor
the highly-distortedcomlustor flow may needto be reas-
sessedtherelaxationof the constant-Sg assumptiorshould
be a priority. As it standsthe presentanalysisshaved that
CFD is ableto predictpotentialproblemsin a given design
(andactualconstruction)so asto preventthemfrom occur-
ring in an actualxeriment or flight-test.
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Figure 1: Inlet and combustor design geometry (unitsin mm; ¢ denotes diameter)
a) inlet; b) combustor; c) injector stages (courtesy R.T. Voland).
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a) Overall layout and block configuration - b) Close-up

view near the throat (every 4th grid-line shown).
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Figure 3: Inlet - Mach Contours
a) External Inlet - b) Inter nal inlet
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Figure 4: Inlet - Wall pressues

a) Body and cavl pressues - b) Grid corvergence.
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Figure5: Inlet - t = 25s.

a) Mach contours - b) Wall pressures.
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Figure6: Inlet -t = 38s.
a) Mach contours - b) Wall pressures.
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a) Mach contours - b) Wall pressures.
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Figure 12: Bumer - One-dimensional Mach distrikution.
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Figure 13: Bumer - Wall pressues.
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Figure 14: Bumer - Cowl-wall pr essue distributions
for medium and fine grid-sequences.
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Figure 15: Bumer - Cowl-wall pr essue distributions
for S¢r = 0.5.
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Figure 16: Bumer - Cowl-wall pr essue distributions
for the 9 x 18 chemistry model.
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