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To explore thecombustion performanceof non-rectangular type supersonic combustorsthe
flow and combustion characteristics in round and round-to-elliptic shapetransition
(RAEST) supersont combustorsunder the same configuratiors of flight Mach number and
fuel equivalence ratio were compared based on modelirrgsults. The fuel equivalence ratio
is maintained the same as0.8, while two inlet Mach numbers of 2.5 and 3.0 both
corresponding to areal flight Mach number of 6.5 are tested. To alleviate the strict
requirements on walknormal and -parallel grid spacing, Improved Delayed Detached Eddy
Simulation (IDDES) is employed in this study to enable an automatic choice of RAN&
LES mode depending on the local boundary layer thickness and turbulent viscosity.o
reduce the computational cost of stiff kerosene oxidation chemistry, a total of fourevsions
of skeletal mechanismsréspectively 485/197, 399153, 28592r and current 19s/54r) have
been developedbased onthe detailed 2815s/8217r Dagaut mechanisnby using a highly
efficient and reliable directed relation graph with error propagation and sensitivity analysis
(DRGEPSA) methodtogether with manual path analysis Although the mechanism size has
been significantlyreduced, key kinetic properties such as adiabatic flame temperature, heat
release rate, ignition delay and laminar flame speedll agree well with the original detailed
mechanism. The static pressure along streamwise direction is compared with the
measurement to validate the modeling results. Two key aspects are well predicted, i.e. the
pressure ratio and the initial pressure rise location, indicatingthat the flame anchoring
location and thedistribution of wave structures inside the combustor are close to thectual
situation. Then theaerodynamic fieldsare analyzed for the round andelliptic combustors to
compare their flow, mixing and combustion related flowstructures. The three-dimensional
wave structures insidethe elliptic combustor arefirstly shown torevealthe influence of non-
axisymmetric crosssectionon the shocktrain and Mach field. Especially the time evolution
of the flame region is analyzed, and dominant flame modes are extracted by thé&l aof
proper orthogonal decomposition(POD) method.
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I. Introduction

Traditional scramjet combustors are usually designed to be rectangular in theeotims to enable tght

integration of the hypersonic inlet with thelanar vehicle bodywhich is desirable since thilow angle
approaching the inlewill then be less affected bythe vehicle angleof-attack [1]. While nonrectangular
combustors, such as those witkisymmetricand elliptic burner sections, also have unique advantages and are
receiving increasing researctinteres. Compared with traditional rectangular combustononrectangular
combustas can avoidhe influence of cornersn the development of boundary éayand wave structures, improve
the contact area between the transverse fuel jets and ttessflow, ad also contributeo thestructure strength
and weightreduction.To gain both the advantages of rectangular inlet andrectangular combustor, a practical
approach is to combine them together by a smooth transition part, one example is the conceffl of RE
(Rectangulato-elliptic shape transition) used [A-8]. To date most of the reported supersonic combustor studies
are for rectangular scramjet combustors, while the flow, mixing and combustion characteristicgéntaogular
combustors are stipoorly understood since still not enough research efforts have been dedicated to ti8snaeea.
1960s, possibly the earliesxperimentaltests on round andlliptic supersonic combustors are reporféd 10Q],
however indepth analysis on aerodynamic and combustion characteristics is a unattainablehgualtiaét help of
CFD (computational fluid dynamic) modeling at that time. Then with the advance of measurement techniques and
computational techniques, visualization of the internal flow path andfitiglty modeling become available. In
recent years, thexperimental and modeling studies of rofibt16] andelliptic [1-8] scramjet combustors regain
new attention by some independent research entities.

The chage in the crossection shape of flowpath not only influences the injection depth but also the
development of viscous boundary layer even in the upstream. lellibtec combustor, the reduced depth in the
minor axis direction is favorable for the mixibgtween fuel stream and air crossflow. The shape transition from the
round inlet/isolator to the followinglliptic burner section causes a requilibrium turbulent boundary layer since
the shape factor (ratio of displacement thickness to momentum te&gkisechanged by the local curvat{t&, 18].

The resistance of boundary layer to thickening and separation due to backpressure propagate changes, and
accordingly the core dw conditions change to affect the downstream fuel injection, mixing and then combustion.
Especially, theelliptic section will produce complex neaxisymmetric shock wageas well as complex shock
wavefurbulent boundary layer interaction (STBLI), whiclave been reported if, 7] but their 3D (three
dimensional) structurgsavenever been revealed. The axisymmetric and quiai$orm distribution of wall heat flux
facilitates the design of actixaoling system, but the namiform wall heat flux distribution around theliptic
combustors gives rise to great difficulty in the lbog channel layout. Tailored fuel injection designed by modeling
analysis should be used felfiptic combustors to achieve maximum mixing and combustion efficiency as well as to
avoid local overheating on the wdih sum, a close observation of the effef asymmetryon theinternal flow and
combustion should be made firsttyfacilitate the design of nemectangular combustars

In this study,two typical nonarectangular combustors, ielliptic and roundcrosssectionrespectively, are
modeled and valiatedagainstexperimental testd-or each combustor, two cases with different crossflow Mach
numbers (Mas) of 2.5 and 3.0 are studied, while the fuel equivalence ratios are kept the same. Both the crossflow
conditiors correspond to a flight Ma of.B, which is simulated by a higénthalpy flow at the isolator entrance.
Supercritical kerosene is transversely injected at supersonic speeds targualp offlush-wall circular injectors
circumferentially distributedipstream the cavityFirstly the static prssure along streamwise direction is compared
with the measurement to validate the modeling restiien he flow, mixing and combustion fields are compared
and analyzed for the round aelliptic combustors to reveal the combustor operation modes, fiagteoring modes
and vortex structures etd@he 3D wave structures inside thalliptic combustor ardirstly shownto reveal the
influence of noraxisymmetric crossection on the shock train and Mach fidigpecially the time evolution of the
flame region is analyzed, and dominant flame modes are extracted by thepaigp@f orthogonal decomposition
(POD).

II.  Numerical modek

A. Turbulence model

One of the challenges in the modeling of scramjet combustorsatstliie accurate modeling of Shock
Wave/Turbulent Boundary Layer Interaction (SWTBLI) in the isolator and/or the forepart of the burner section,
where the boundary layer may be thickened or detached by the adverse pressure gradient. Current turbulence modes
are generally weak in the prediction of detached flows, especially for flows flushing through uneven walls because
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the nonrequilibrium effect of boundary layer aggravafds, 18]. And also, due to the existence of recirculation
regions, part of fuel may be entrained upstream to the isolator and reacted there. Under such circumstance, the
chemistry further complicates the prediction of turbulent boundary layd#ly, Fesohing all the turbulent scales

down to Kolmogorov scali high-Re (Reynolds number) turbulent boundary layer is almost impossible because of
the dramatic computational cost.

The comept of hybrid RANS (Reynolddveraged Navie6Stoke3 and LES was firstly proged by Speziale
[19, 20] in 1997for a varying mesh resolution in one flowfielthe approach of Limited Numerical Scales (LNS)
through combining the timaveragd and spatialliltered modeling ofifferent flow scalesvas then developed by
Batten et. al. [21] to accuratelypredict the neawall Reynolds stressHowever, for anyhybrid RANS/LES
approaches, onkey modelingaspect is tharansitionbetween RANS and LES zoneSuch transition in LNS is
purely determined by the mesbsolution rather than théocal flow conditions In the Detached Eddy Simulation
(DES97) technique proposed by Spal@Z], the RANS modeling is used only for the entire boundayer flow
(the “attached” eddies), whidlee tthlee boEBS dmade lliayg re l( st cwh «

During the last decadd)ES97has been widelysed to model fulscalescramjet combusto23-28]. However,
the original DES97122] has several requirements on the agall meshing, i.e. the nedimensional normal wall
distancey ~o(1) and the wallparallel grid spacingxceeding the thickness of boundary layéthen the wal
parallel grid length becomesmaller than the boundary layer thickness, the earlier transition to LES portion will
cause saalled Modeled Stress Depletion D) and may lead taGrid Induced SeparatiofGIS) [29, 30).
However, the thickness of boundary layer a&istosityaffected sublayer (VASL) is usually unknown in prior, thus
the neatwall meshing may not guarantee the aforementioned requirements. In order to avoid the requirements on
wall-normal and -parallel grid spacingmproved Delayed Detached Eddy Simulation (IDDBES)31, 32] is
employed in this study to enable an automatic choice of RANS or LES mode depending on the local boundary layer
thickness and turbulent wssity. In IDDES, when thenondimensional normal wall distance becomes excessively
large, a secalled wall modeled LES (WMLES) branch will be activated to direbtigge theviscosity-affected
sublayer (VASL)between the wall and tHegarithmic layey through acting as a serampirical wall functionto
model the wall stress in the first effall points in the logarithmic layein comparison with previous studigk6,
3334conducted by the authors’” group, the -wabpmpeshingant i on o f
the internaflow fields.

The Favrefiltered or FavreaveragedNavier-Stokes equations includingansport equations for speciaad
absolute enthalpgre solvedn a uniform framework by equally treating the turbulent viscosity in RANS and the
sulgrid scale (SGS) viosity in LES The backgroundRANS modelin the IDDES approachis oneequation
SpalartAllmaras(S-A) model[30], whichis initially designed for the modeling of wall bounded flows in aerospace
applicatiors [30], and shows good predictive accurdoy boundary layer with adverggressure gradientOne
additionalvariableknown asmodified turbulent kinematic viscosity is soldeo obtan the real turbulent viscosity
S-A model contains a wall destruction term to reduce the turbulent viscosity of laminkysuland logarithmic
sublayer, providing a smooth transition from turbuletd laminarstatuswhen approaching the wdlB5]. Gradient
diffusion modelswith constant Prand{Pr) and Schmidt(Sg numbersof 1.0 are used to account ftihe heat and
massdiffusionsdue to unresolved turbulerddies Our tests Bow that he variation ofPr andS¢ e.g.from 0.5 to
1.5, has aweak influenceon thecombustion efficiencyandthe flame stabilization mogsuggesting thahe macro
stirring between the jet and the crossfloletermines more the heat release distribution, implyimge efforts
should be put to improve the jet penetration heigtiterthan the neafield mixing around the jet porthole(s).

B. Kerosene nechanismreduction and turbulent combustion modeling

The mostcomputationally expensive part in the hydrocarbon fueled combustor modeling is possibly the
chemistry solving because of the ultemge mechanisms and the chemical stiffnedse 3peciesnumberand
reaction stegs increase with the molecule size roughly am exponential trend36]. Typicaly, the detailed
mechanisms fosmallmolecule fuels €;- and G- based)consist of lesghanone hundred species, while large
molecule Jet fuels (C.;o- based)consistof hundreds ofor eventhousands ofpecies For this reason, wrent
supersonic combustion modelings anesty based on hydrogen fug24, 37-48] and only a small portion of them
are based osmaltmoleculehydrocarbon fuels.§. ethylend49, 50], methand51, 52] and acetong53]). Evenfew
are based on kerosef®4-57], and the complex chemistry is simply simulated by ugjlaipal or semikinetic
mechanismg58-61]. Although some detailed mechanisms for kerosene type fuels (e-4, J&8) have been
developed[62-68], they are simply too large for 3D modeling without substantial redu¢86h Actually the
computation using such detailed kerosene mechanismanés ¢onsuming even for-D (zeradimensional)
modelings. The size of those detailed mechanism is still growing with time due to new chemical kinetics are
continuously discoverefB6]. Sincethe computational cost is scaled with the square of specie nji8@especial
efforts are devoted to reduce the kerosemembustion mechanism(s) witthousands of specidato those with
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species number below 50, which is a compromise between that affordahighsgsolutionmodelingand that can
approximate the kinetic propertida addition to the large size, the dramatifferences in chemical time scales give
rise to severe chemical stiffness. The oxidation of fast depleting radicals (e.g. H, OH and CH) in the detailed
mechanisms has much shorter reaction process than the pyrolysis of large fuel moleculegHg)g. TGe
elimination of unimportant intermediate species and simplification of interconnected reaction chains can also
effectively reduce the stiffness of detailed mechanidms. he serial studies cothducted
detailed kerosene mechamni proposed bfpagaut et al[62] is reduced undehe typical working condition range of
scramjet combustors.e. equivalence ratio of 0B84, static pressure of 630 bar, and statitemperatureof 300
3000 K Till now, four versions of skeletal mechanisms, respectid8&y197 [34], 399153 [16, 33], 28592r [69]
and currentl9s/54r [70], have beer developed from the original 2815s/8217r mechani6@ by usinga highly
efficient and reliabledirected relation graph with error propagation and sensitivity analysis (DRGEPSA) method
[71] together with manual path analysidthough the mechanism size has been sigaiiity reduced, the key
kinetic properties such as adiabatic flame temperature, heat release rate, ignition delay and laminar flame speed
agree well with the original detailed mechanism, as shown in Figurethis study,the latest version of reduced
RP-3 mechanism with species number of 19 aaaction numbenf 54 will be used to predict the combustion
chemistry of PR3.

The mechanism reduction is actually a mdlsciplinary problemwhich involvesresearcherfar beyondfrom
the chemistry communityn addition to theconvectionalreduction in species and reaction numfmerlargescale
mechanisms, there are some otbgtimizationcomputational techniquesuch as taldation[72-77] and Artificial
Neural Network (ANN) [78-81] to reduce the computation cost the direct integrationof the stiff chemistry
systemIn this study,In Situ Adaptive Tabulation (ISAT) methdd@?2, 73] is adopted t@speed up the solving of stiff
chemistry systemAfter severalinteractionsthe size of ISAT table becomes stable and its content is constantly
synchronized with the chemistry fields. In our caséculations the direct integrationn cells up to 98%can be
avoided andthe chemistry solving time in each time sispreduced to approximately only 30% of that without
using ISAT. Some other techniques, such as the representation of chemical kineti&NNdhas also been
implementedb y t he a u tHoweves, the insufficient training of ANN may lead to spurioasults for
largescale yethigh-stiff mechanisms. The current ISAT is generally more relidéethe simulation of complex
kerosene kinetigghoughwith larger memory requirement.
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The nature ofEBU (Eddy Break Up)[82], EDM (Eddy Dissipation Model]83], EDC (Eddy Dissipation
Concept) mode[84, 85] and PaSR(Partially Stirred Reactomnodel[86, 87] areessentially the samee. assuming
that reactions only occur in a watlixed smallscale eddiegin comparable witiKolmogorov siz¢, named fine
structuresand thughe chemical reactions acenstraired by the breakup/dissipation rate of larggcale eddies into
smallscale eddiesThe EBU and EIM assume an infinite fast chemistwyhile the finiterate chemistry is taken
into accaint inthe EDC and PaSRnodel The PaSR model considers that thigro-mixing is in competitionwith
the reaction progress ratandthe final reaction rate, is mutuallydetermined by the characteristic tirsealesof
chemical reactions, and turbulent micrenixing t,;

CoT @

c mix

where | is the reaction rat@ver the current integration time step,; Jis the micro-mixing time scale, and
Cni = 1.0. In PaSRthe micro-mixing timescalet,,; js onthe same order of magnitude of Kolmogorov time scale

1/2
Tk Tmi = Cmi (VeTf) ~o(ty) with Cy; = 1.0. In the S-A based DESthe SGSturbulent kinetic energi, , and
it dissipation rate are estimated from their relationships WitsS eddyiscosityv,, i.e.k; 5 & (v¢/(cxdp p g¥°

ande = 2v, f[,Si L-Z , With ¢, = 0.0 7andS; js the strain rateUsually, the characteristic chemical timscaleis
calculated as the reciprocal of elements of Jacobian n{@uix/dc;)~!, whose results of, are essentially the
same withc;/w; (c; - molar concentration w; - reactionrate of specie$) [88]. Because different elementary
reactions can have extremely different chemical time scalesngdbyi orders of magnitude, causing stiff problem in
solving the chemistry and on the other side making difficulty in determining an approximate overall chemical time
scale. In this study, the overall chemical time scale is estimated as the summatiohgp¢icies concentrations to
reaction rates. = Y. ¢;/> w;.

The ensemble “t ur bonstrainedythe creation of fine struatuses ia boith EDC and PaSR.
There are twextremesn the physical pictures of EDC and PaSRTIh¥ micro-mixing is extremely fast such that
Tmi = 0, thewell-mixedfine structuresexpand ¢ fill the whole cell volumeThen the ensemble turbulent reaction
rate is purely determined by thbemicalreaction rate, i.e. both the EDC and PaSR approach tlsélgmanar(QL)
combustion model assumirg perfectly stirred cell mixture. 2) The miengixing due to turbulent stirring is
extremely slow such that,; , — oo, which occurs in flows of weak turbulence. The weak turbulence implies that

the energy dissigimn ratee from large scalé, € ~ u(l,)3/l, is small, and the flonapproaches laminar status.
Notethat although the turbulent micraixing rate is extremely slow, it does not mean that the overall micxmng
rateis atrivial quantity become the foro-mixing due to molecular diffusion may become dominant,gs; <

Tmi x AN0Tmi x= T x + Ty 1 Wheret; 4 is the laminar diffusion time scale. Under such circumstance, the
fine structuresstill exist in the cell volumealue to laminadiffusion. From this point of view, laminar diffusion

should be included in calculation of the time and length scale of thetfingtures so that the EDC and PaSR can
be applied to weak turbulent flows. In PaSR, the calculation,pfis slightly different than the calculation of

Kolmogorov time scale, by replacingthe kinetic viscosity with effectivekinetic viscosityv, f 5 thus the effect
of laminar diffusion has been includdBlut in EDC, there is no such treatment, thus in wegbulentflows the fine
structure volume defined by turbulent dissipation eas@rinks to nearly zero.

In the above physical pictures, the figuctures in each cell volume asmlated and their transport due to
convection is not considered. Actually, doethe irreversibility of eddy dissipation process, once adtngctureis
created it will not vanish and will be entrained andwvazted downstream. Thus the volume fraction of fine
structuresn one cellcontains two prts, one is convected from the @utells, and the other is created inside itself
during current time ste@.hetransport equation of the volume fraction of fine structyreis proposed as,

)1 V- (piiy") = )
where the source term,- is the formation rate of fine structures and can be modelatieopreakup/dissipation

rate proposed for EDM modf83]. w,- = Cg g p\/W(e/k), where the model emtantCy z ;= 0.3 50.4. The root
meansquareof species concentratidluctuationY™ Zs calculated as,
) 3)

}’/"72: mi (IYF'}/_’1+}/
0 0

where the model constaBt4.5,y, is the fueloxidizer equivalence ratid;, Y, andY, are respectively the mass

fraction of representativduel, oxidizer and product speci€Bhe volume fraction has a ximmum of 1, thus the
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value ofy* should be limited during the equation solvifidne chemistry is advanced in each fine structure by using
current time step. Actually,niconsideration of the finite turbulent flame speed, ¢hemical reaction time is
inhomogeneous inside the fine struely i.e.gradually decreasing from the initialicro-mixing layer to the outer
layers. An accurate estimation of the chemicabatéon time is impossibldecausehe shape evolution of fine
structures is unknown, but this effect can be accounted foribg asemiempiricalconstant,, (U 1) multiplied

to the current time step. The new turbulent reaction rate defined is thus given, as
w; = w'r*, with 0™ is the reaction rate integeal over the volume averageghctiontime C, At. In this study,the
turbulencechemistry interaction istill accounted for bythe original PaSRmodel [86, 87], and results from
developed dynamic EDC modelll be compared in #uture study

C. Case setup

To explore tle combustionand thrust performanagf nonrectangulatype supersonic combustorthe flow and
combustion characteristics of round amdundto-elliptic shapetransition (RAEST) supersonic combustors
(schematically shown in Figure Bpder the same configation of flight Ma (Mach number) and fuel equivalence
ratio were compared based on experimental measurements and corresponding modeling. Both the etintid and
combustorsare tested ira continuoudlow supersonic combustion test facility. The test facility can simulate flight
Mach numbers of Z and altitudes of 288 km. The vitiated air heater provides higiithalpy incoming flow with
total temperatures 08002000 K and flow rates D 2.55.0 kg/s through burning hydrogen with oxygen
replenishment in air stream. Liquid kerosene heated to supercritical status by an electricheamiic delivered
to the test articleThe scramjet combust®are composed of three sections: a @élong isolator section with a
slight 0.7°divergence angle, an 8@@mmlong burner section, and a 6&@m-long expander section with a large 4°
divergence angleThe burner section is changeablktweenthe round andelliptic modules, while the isolator and
expandesectionsaresharedor the two combustorsas shown in Figure. I he elliptic burner section has the same
crosssectionarea with the round one along the streamwise distdi@eare two circumvented cavities assembled
in tandem in the burnesection for the purpose of flame anchoring and possibignmigon Both the cavities have an
depth of 15 mm and a lengttepth ratio of 7, thus are classified as open cavities where thelapeareattachment
takes place near the aft wallhe aft wallsof the cavities are at an angle of°4Blative to the cavity floorFor the
round section, e ignition hydrogen and supercritical kerosene raspectivelyinjected fromeighteenl-mm-
diameter anetight 2-mm-diameterevenly spacedircularinjectors For theelliptic section, the number of injection
portholes are reduced 6 and 6 respectively with no injection on the clip plane through the long aXike
diameter of kerosene portholes increases to 2.5 mm to accommodate the reduction in $atitbpressures
measuredy Motorola MPX2200 pressure transducateng theinner wall of the combustor assembdyl with 50
mm intervas.

The four testsas summarized inTable 1 with incoming aircrossflowcormresponding to a flight Ma of 6.&re
conducted. Theéncomingyvitiated air which issuppliedby burninghydrogenin air with oxygen replenishmeratt
unity equivalence ratidhas araisedstagnationtemperatureof around1600 K anda mass flow ratef around 3.6
kg/sat the isolator entranc&he compositions of vitiated air alNg in 60.3% mole fractio, O, in 21.%%6 andH,0 in
17.8%. The global fuel equivalence rationaintains 0.8 s y mb o 1 i foeadl thebcasespwhile the entrance Ma
changes from 2.5 to 3.0 to examine the performance of combustors under difiigihecbnditions The kerosene is
pre-heated to above its critical temperature of 630 K to save the gasification time and enhanii@dtsvith the
vitiated air. In the tests, kerosene is injected immediately following the shut off of ignition hydfdgecombustor
is not protected by any recirculating wateroling system, i.e. the steel combustor walls are exposed directly to the
hot combustion gasNo significant damage to the wall surfaaéier the test duration of approximately 27 s
indicating that the wall temperature is still within the thermal limit (~ 1300 K) of wa material. The time
sequences of test procedures (e.g. vitiated air heatinmj@otion fuel injection, hydrogen ignition and finial flush
washing) and data acquisition are all automatically controlled by a computer system.
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Vitiated air crossflow Kerosene injection Injector Combustor
Po To Qair Ma P T¢ Qruel D Numbers Burner shape
MPa K gls MPa K gls
0.85 1615.5 3575.9 )5 5.52 789 212.8 0.8 6 elliptic
0.85 1611.2 3602.7 ) 3.77 788 212.6 0.8 8 round
13.66 1581.7 3578.9 3.0 5.77 784 218.1 0.8 6 elliptic
13.66 1661.1 3557.1 5.74 792 214.9 0.8 8 round

D. AstroFoam degenerated from Openf©AM and other numerical details

The modeling is performenly the compressible reacting flosolver AstroFoam, which islevelopedn the basis
of the compressibleflow solver rhoCentralFoam distributed witbpenFOAMV3.0.1 CFD packagg89] mainly
through adding the features of mdpecies transport and muttbmponent reactiorAstroFoamtogether with the
original rhoCentralFoamadver was firstlyvalidatedfor variousfrozenflows, including thecanonicalshock tube
problem,forward stepflow, hypersonic flow over a boconandsupersonic jetf90-93]. The solver is then applied
for various scramjet combustor ca$@s, 69] to examine its accuracy and robustness in the engineering modeling of
supersonic combustion.

The computational domaioontains theisolabr, burnerand expader sectionsin their full size Due to the
bilateral symmetryof the combust® one-eighth splitted domain {n theradial directior) for the round combustor
andquarterly splitteddomain for the ellipticombustolis modeledwith symmetrical boundary conditicapplied to
the splitting plang The unstructuredmesh is generated usirie CartesianCutCel method which uses gatch
independentolume meshing approaetith surface mesh automatically created frivaboundary of volume mesh
The CartesianCutCellmethodcan produ@ high-quality uniformhexahedral grictells for most internal volume of
the computational domainvhile tetrahedronwedge or pyramid cedlarefilled only in largecurvatureregionse.g.
nearthe bordes or cornersThe boundaries cut timugh the Cartesian grid volumes addtCell methodis classified
as immersed boundary (IB) based methidake whole domains meshed firstly with uniform 1 mm cells, which are
then adaptiely refined based on the local curvatarelsize function Away from the boundary layehé minimum
cell size is 125 mm which isdistributedaroundthe fuel injectorsinflation layerconsisting of 23 prism layewsre
laid on the wall boundariesThe initial prism layer height closest to the wall ig 5y which corresponds to a
nondimensional cell size ¢1 on all the wall surfacefor the examined combustor flenThe inflation layerhas an
averagedhickness o2 mm, with the last prism located in the ldgthmic layer The total cell number in theplitted
combustor domain i40 million for the roundcombustorand 27.43 million for the elliptic combustor In the
following analysis, lte coordinate origin locates at the lower leftrer of theisolator inlet plane viewed from
outside with X, Y ard Z respectivelyepresenthe streamwiseheghtand spanwisdirectiors.

Fixed pressure, temperature and velooitythe isolator inlet anthe fuel nletsare set according timose listed
in Table 1. Principle of extended corresponding states (E@B)RP-3 keroseng®4] is used to calculate the fuel
injection velocity from the mass flow rasince thecompressibility osupercritical RP3 cannotbe described by the
ideal gas equatiorRANS type turbulent inlet boundary condition is sfied on the isolator inleby fixing a
turbulence viscositycorresponding ta,/v = 1. The molecular viscosity is calculatedbased on Sutherland
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formula, thenconstantPr and Scwith the value of 1.@re applied for the calculation of thermal and mass diffusion
coefficients Open boundary condition is applied to the expander outlet, where zero gradient is used for outflow and
ambient flow conditions for temperature andjas compositionare pecified slould backflow occur. Nosslip
boundary condition is applied on the combustor waliger wall temperature along the streamwsie direction is
specifiedas a linear function varying from 500 K at the isolator entran@@d6 K at the expander outlet.

The computatiors are performed in parallel at national supercomputer center in Tianjil)TiKing240 CPU
cores.Each modeling case costs abob0,000 CPU hours to ensure3dlush through time (FTTs) over the whole
combustor flowpatlior data sampling and statistjdseforethe 3 FTTs to reach the quaseady flow status

Ill. Results and discussion

A. Comparison of aerodynamic fields

Firstly a grid sensitivity analysis is conducted floe elliptic combustocaseoperated at Ma=3.0’he mesh with
27.43 million cells and maximum cell size of 1 mm is used as twenparisorbase Then the mesh in the whole
domain is refined to reach 46.17 million cedisd a maximum cell size of 0.68m. Fromthe comparision ifrigure
3, the discrepancy beten the predictions by the two mesh sets is generally amdithe maximum error is within
3%. The two predictions ammost identical in most of the flowpath excepeduend the downsteam cavityhis is
becausethe intensecombustion reactionaround tle downstream cavitjead tomore complex flow structures,
which mayrequire a finer mesh to fully captur@ince the heat releaskere occurs farther downstream of the peak
pressure rise location, thus can be considered to have a small influence on the peak pressureTiimefoatis. of
currentstudy isto evaluate the overall combustor performance and reveal the main flowsgs ¢hus the intricate
flow structures and their interactionstivcombustion reacions aremained for the future studifor transverse jet
flames, the jet penetration may have an important impact on the overall jet mixing and then pressure rise. Thus t
local mesh around the jet portholes is further refined to reach a minimum size:ot&@d a total cell number of
49.16 million. However from the comparison, it seghat the pressure profile is insensitivehe refirementThus
in the following @ase calculations, the meswith a maximum size of 1 mm will be used to alleviate the huge
computational costs.

Figure 4compares the measured and predicted static pressure along the streamwise direction. Three data groups
measured at different times dugi the quassteady period are plotted. Tipeedictionhas been averaged over 3
FTTs. The data were collected dhe clip plane througthe long axis for theelliptic combustor.The predictions
seem to be better for the Ma=3.0 case, where both the preissuratio and the initial pressure rise location are well
predicted, indicatinghatthe flame anchoring location and tlistribution ofwave structures inside tlewmbustor
are close to the actusituation.For the Ma=2.5 cases, the pressure ris@sare well predicted, but the predicted
initial pressure rise locations, which corresg to the foot of first oblique shock wave, shift upstream for about 10
cm. The location of first shock wave is mainly influenced by the back pressure and the bdagdarmgondition.
Since the predicted pressure rise ratio is in accordance with the experimentthelaisagreement can only be
attributed to thaincertaintyin boundary layer modelind\s observed, thshifting distance othock trainis roughly
proportional to the boundary laydisplacementhickness which then increases with the flow Ma and decreases
with the flow Re (Reynolds numbeit a lower entrance Mée.g. 2.5),Re decreases as well (the same flow flux
but higher static temperaturehus their effects counteract somewlabm the measurementspte there are some
factors that may not be taken into account in current modelings, for example the wall roughness and the inflow
turbulence, which influence theitial pressure rise locaticthrough changing the boundary layer thicknéssther
continuous studies are needed to examine the influencing factor of initial shock train location.

Figure 5-8 respectively show the instantaneous fields of Mach number, static temperature, numerical
shaadwgraph and vorticity magnitudevhich are compared for thedliptic and round combustor at different entrance
Ma. The sonic line in Figure fhdicates that alcombustors run in scramjet modehe subsonic regionsn the
shown clip planesreobviouslylarger for round combustorg\s Ma changes from 2.5 to 3.0, the initial location of
shock train remains almost the same for eliptic combustor, but it slides downstream for around 1D (D is the
entrance diameter) for the round combustor. Since the daanstmixing and combustion efficiency are strongly
influenced by the movement of shock train, giéptic combustor is supposed to have better combustion stability.
The change of burner section from rounceligptic crosssectionis to increase thenixing of jet with air crossflow,
by using the strt axis. However, from Figure B seems that the jet penetration depth decreases fallibtc
burnercasesThe jet momentum flux ratiqJ) of round toelliptic case is around 1.1 for each jet porthole, but this
does explains the obviously higher jet penetration height denoted by height of Madt, Biskausdi/D ~f(J)

[95] and D is larger fortte elliptic cases. The only explanationgessiblythat the momentum flux of the crossflow
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is significantly changed byhé shape change irosssection as indicated by the wide distribution of subsonic
regionsin the round combustor cases
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From the static tergrature distribution in Figure, ®@ne obvious observation is that the jet mixing is poor for the

elliptic combustor cases, as the pure fuel jet is completely dispersed in a significantly longer downstream distance

even reaching the downstream cavity. This can be explained by the shorter jet penetration depth, which causes an

insufficient macremixing between the jet and the crossflow in tbléptic cases. For the round combustor cases, the

mixing layer only extends slightly downstream the jet porthole and the jet is completely dispersed before the middle

of upstream cavitylt can be concluded that theroentelliptic combustor does not fulfill the initial design goal of

increasing the jet mixingdowever, one important advantageaiptic combustor is that the shrinkage éfliptic

burner section acts as an aerodynamic throat, wamichos the shockrain in the isolator and provides a relatively

steady crossflow conditions for the downstream combustion. This can befrggerthe relative steady static

pressurerofilesin Figure 4 and the similar higiemperature regiodistributionas the crossflow &l changes from

2.5 to 3.0for theelliptic casesHowever, for the round cases, as the crossflow Ma increases, the shock train moves

significantly downstram, and the pressure rise ratio Figure 4) drops from 2.0 to 1.3 ba.strong shock train

consising of multiple shock waves is in favor of the downstream combustion mainly by increasing temperature (to

usually above 1200 K), whiatan reduce the ignition delay by several orders of magnitudes as seen in Figure 1 (c)

At Ma=2.5the high temperature gabove 2000 Knot onlyfills the whde upstream cavityput alsopropagates

upstream to surround the jet root, indicating intense heat release onmediatelyafter the jet issuing from its

porthole While at Ma=3.0 thdéeading halfpart of upstream cavity has a relatively emperature (<2000 Kjhis

is because those initial chain reactions corresponding to fuel pyrolysis are endothermiccearntbal time scale

approximately equal to the ignition delf§9] increaserders of magnitudes at a relative low temperatbirom

the results, the upstream cavity act an important role ofrfisedr and flame ignition, as higiemperature gas

remains therall the way
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Figure 7shows the instantaneounsimericalshadowgraphepresented by the laplacian of density fiehhich
clearly shows the structures of shock waves, hifgmsity fuel stream and fire plume interfac€he shock train
consists of two shock waves except the rooomhbustor case at Ma=3.0, where most of the shock liasbeen
swallowed into the burner amhly oneshack wave is observedit leasttwo weaker shock wavegflectedfrom the
bow shock of supersonjet can be observed for thadliptic casesThe penetration depth of fuel stream is confirmed
to be lower and the unburnt fuel stream spreads longer in thestteam for theelliptic combustor cases than the
round casesThe weaker shock waves intersect with the unburnt fuel stredioh is helpful for local fuel mixing
through strengthening vortex generat{®6, 97]. The coherent fie plume interfaces in the expander section show
obvious twelayer flow structures, i.e. the cold core flow beneath and thethigperature combustion gas attached
to the wall, as well as their entrainment.
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Figure 8shows the wrticity magnitude for the four combustor casesich represents the generation source of
vortexes An obvious observation is that the boundary layer especially that detaclieel isolatoris the main
generation of vortexeg®\nother important vortex ingting factor is the shear stress between the fuel stream and the
corecrossflow.The mixing layer above the downstream cavity also contributes greately to vortex genéfagien.
is alsostrong vorticity magnitude in the shear layer covering the dowmsteaaity The heat release lwpmbustion
reactions has twoompeting effects. @e isdecresingthe vorticity magnitudelue to volume expansiaghrough the
dilatational term—w(V - 1) ( @ - vorticity, i - velocity). The other one is increasing the&orticity magnitude
through thebaroclinic ternVT x Vs (T - temperatures - enthropy), which is usually negible in subsonic frozen
chemistry flovs but has the same order of magnitude with the dilatational term in supersoni¢a8wReferring
to Figure 6 the regions witlintenseheat releasusually havemore complex vorticity distribution than the colder
(<2000 K) regions. For example, because the main combustion reactions occurs far downstream after the upstream
cavity in theelliptic combustor cases, the vorticity distribution is notutiseduntil there and is ratheroncentrated
andhighly coincided to the shear/mixing layebefore there.
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Ma=2. FYo0umhl) comMas2.o0%)] hecpmbastor at Ma=3.0,Mgd}. @ound

B. Wave structures inelliptic combustor

Due to the asymmetry of thadliptic crosssection the wave structures may appear a unique spatial distribution.
Figure 9 shows thethreedimensional wavestructuresin the elliptic combustor by aids of several intersected clip
planesFigure 9(a) and (b)showthat the oblique shock waves on the clip planes through the long and short axes of
the elliptic crosssection are bviously similar in the round isolator sectidiyt the shock waves deform differently
in the two clip planedecausehe flow is expanding in the long axis plane but commessthe short axis plane.
The weak shock waves arisifigm the bow shock wavend theirreflected waves are only observed in the short
axis plane, since there is no jet injection on the long axis pBaedue to the volume expansion of the hot
combustion gas layeone strongpbliqgue shock wave and its weedflectionvia the shealayer can bebservedn
the core flow Figure 9(c) shows a close view of the main wave structures on the segment covering the isolator and
burner sectionsAs seen, the waves in the shock train converge to one point on the axigrihing two pairs of
funnetshapedwave structure opposite to each othan the threedimensionaltube The shock train is then
enveloped bya drumshapedetached boundary layémn the neck region connecting the isolator and the burner
Figure 9(d) showsthe Ma contour delimited by treonic speedine on the enlarged segmetits seen, all oblique
shock waves produce supersonic regions after them, thus are classified as weak oblique shock waves. Two cone
low-Ma regions corresponding to the furusblape wagscan be clearly identifiedl he supersonic regiomggadually
shrinktowards the cordue to the volume expansias the flow entering the burner sectamd then expands again
in the expandesection It is also interesting to note that the supersaoie region variesrregularlyin shape from

one streamwise location to another in the burner sedtierto the jet penetration and heat addition
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C. Time evolution of wave and flamestructures

Figure 10shows the Ma fields over a certain qusisady periodFrom the mean Ma distribution, the subsonic
region mainly distributes in the upper layer of the burner section, while the flame Ma decreases as the aerodynamic
throat shrinks and then increases in the expander section @baiflow Ma is extremely low in the two cavities
and thebackwvard-facing step(backstepyegion immediately following the rourellipsetransitionpoint. Those low
Ma region should be favorbbfor fame anchoring since the flow residence time is longer and-daede vortexes
are produced in a similar manner as in the backstep probidime instantaneous fields, the subsonic region shrinks
or expands considerably with a walilkee sonicinterface.However, thanitial positionof shock train remains quite
stablein a short distance before the transition poirttually the shock train slidesily slightly even under different
crossflow Mach numbers, as shown igiiie 7 Thissuggestshat the backstepffect when transiting from round to
elliptic crosssectionis favorable for the anchoring of shock tralthe flow then seems to accelerate intermittently
in the expandeexhibitedastheintermittentdistribution of highMa regions. Thisndicates that largecale coherent
structures exist there atitstheturbulentflow is far from isotropic evewhenapproaching the combustor end.

MachMean

(i) :
Figure {(@&aveélnanged acnodns(ebcuti ve instantaneonstMa blatHls
¢ on tdeunrottheen nliidnfla =1 )

Figure 11shows the timeaveraged temperature field and time evolution of flame structoresspondingdo the
times in Figure 10Although the Fame structure transforms its shagdethe time, the timeveraged temperature
field shows that two constant flaraacholing regions are the shear layer extending from the transition point and the
mixing layer around the downstream cavithe shape traitsons from round to ellipse at the upstream and from
ellipse to round at the downstream form a backstep and a frontstep type flows, which can entrain oxygen from the
crossflow hrough creating largscale vortegs. The oxygeenrichmentand the lowMa arepossiblythe two main
reasons for the flame anchorititere Referring to Figure 10at least part of the flame regions are located outside
the subsonic region and combustion occurs under supersonic conBiton.the instantaneous fields, the flame
resides along the shear/mixing layer since the first shape transition point and then violent combustion occurs when
approaching the next shape transition politite conveselliptic section seems to act the role of a large open cavity.
Much weaker cmbustion occurs in the bottoro f t he “cavity”, possibly becausce
transport of enough oxygen to theReferring to Figure 6the lengthy unburnt fuel stream sometimes penetrates
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laterally andobservedas a smallow-temperaturespot inFigure 11(c-f). The core crossflow in low temperature is
gradually eroded by the expanding hot combustion layer in the burner section. The upper hot layer entrained with

the core flow, forming intermittent larggcale plume structures as the flow appraagthe combustor end.
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POD analysiss conducted for the timevolutionof temperature fieldever the quassteady period lasting ms
to revealthe dominantflame structurepatterns Figure 12shows the relative energy percentagehef first 36POD
modes, where the first four modes have relative larger energy atttuashown in Figure 1.3Viode 1 and mode 2
are visually similarfor the hightemperaturestrip region along the shear/mixing layer, which con§ the
observation in Figure lthatthe main combustion reactions oc@long the interface between the cold core flow
and the hot upper laydn mode 1, the afteshock regions also have relative high temperatisa shown in mode
1, athin hot layer attached to the upper wall while &eothightemperature strip region distributes along the core
flow in the expandersuggesting a cleatratificationphenomenon ther&lode 3 and mode 4 present discontinuous
flame regions in the front part dhe burner section, and confirm the large elied flame region around the
downstream cavityThe discontinuityindicates that the flame along the shear/mixing layer is possibly intermittent
during the time evolutionMode 4 presents a longer attached flame region even till the upstream cavitypngnplyi
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that during a few time percentage flame also propagates upstream tillStratéied hightemperaturgegionsare
also shown for the upper layer abeneaticore flow respectively in mode 3 andFrom the 4 modes, the flame in
the expander exhibi clear oscillation pattern, which corresgls to a collection of vaekesdue toentrainmenof
the two stratified layers.
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IV. Conclusions

(c)

To explore thecombustion performancef nonrectangulartype supersonic combustorghe flow and
combustion characteristics of round andndto-elliptic shapetransition (RAEST) supersonic combustonsler the

same configuration of flight Ma (Mach number) and fuel ieglence ratio were compared based on modeling

results.To alleviate the strict requirements on the agall mesh spacinglDDES is employed in this study to
enable an automatic choice of RANS or LES mode depending on the local boundary layer thickredsuéant
viscosity.Fourcases witlthe sameglobalfuel equivalence ratio of 0.8 but different inlet Mas of 2.5 andd@.0oth
the elliptic and round combustorare comparedThe corresponding experimental tests of round eigtic
combustorsare conducted ina continuoudlow supersonic combustion test facilitwhich simulates a real flight
number of 6.5 usingitiated aircrossflow.The modelings are based onewly developed 9s/53rskeletalkerosene
mechanismwhich is evensimpler than the qgviously used8-species mechanism but agresgnbetter with the

original 2185species detailed mechanismtire main key kinetic properties, i.e. adiabatic flame temperature, heat
release rate, ignition delay and laminar flame sp€eid sensitivity aalysis is conducted to assess the influence of

global and local mesh resolutions on the pressure prediclibesnodeling results werfrstly validated againghe
measured static presre, andoverall good agreemenfareachievedusing the current motleg framework The
main findingsand conclusionare summarized as follows.
Thepredicted and measured tirageraged static pressure on tiveamwise direction agree well fehhe wo
key aspects, i.e. the pressure ratio and the initial pressure rise location, indicating that the flame anchoring location
and thedistribution ofwave structures inside the combustor are close to the actual sitddteoontinuoussonic

line indicatesthat all the four combustor cases run in scramjet mdtde.shownsubsonic regions are obviously
larger for roundcombustors The initial location of shock trains insensitive to the inlet Mdor the elliptic

1)

combustor, but it slides downstreamnsideraly and correspondingly the pressure rise ratio drops from 2.0 to 1.3

barfor the round combustas Ma increases from 2.5 to 3.0. One important advantagiiptic combustor is that
the shrinkage irlliptic burner section acts as an aerodynamic thrghich anchors the shock train in the isolator
and provides a relatively steady crossflow conditions for the downstrearustion. Thughe elliptic combustor is
supposed to have better combustion stabilibe shock train contains two shock waves extdgpround combustor
case at Ma=3.0, where most of the shock train has been swallowed into the burner and only one shock wave is
observedThe observed jet penetration depth is lowaed the jet mixing is poer for the elliptic combustorcases
Thedetachedoundary layeand the shear lay@énducemost of the vortexeresponsible fodownstream jemixing.
The oblique shock waves on the clip planes through the long and short axegltipticecros-section are

2)

obviously similar in the round itator section, but the shock waves deform differently in the two clip planes because

the flow is expanding in the long axis plane but compressing in the short axis thianeaves in the shock train
converge to one point on the axis, thus forming twospairfunnelshaped wave structures opposite toheather
The shock train is enveloped bylaumshapedetached boundary layer the neck region connected the isolator and
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the burner. The supersonic region varies irregularly in shape from one stredovats@n to another in the burner
section.

3) In the instantaneous fields, the subsonic region shrinks or expands considerably with-l&kenvagaic
interface. However, the initigdosition of shock train remains quite stable in a short distance beforeathstion
point. Actually the shock train slides only slightly even und&ergnt crossflow Mach numbersuggesting thahe
backstep effect when transiting from rouncetiiptic crosssectionis favorable for the anchoring of shock traie
shape tansitions from round to ellipse at the upstream and from ellipse to round at the downstream form a backstep
and a frontstep type flows, whidnchor the flame througéntrainng oxygenand providinglow-Ma bays. The
convexelliptic section seems to act the role of a large open cavity. Much weaker combustion occurs in the upstream
part of the “cavity”, possibly because thePODanalysisx dept
confirmsthe main combustion reactioatong themixing interface discontinuous flame regions in the front part of
theburner sectiomnda clearstratificationphenomenon in the expander
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