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Supersonic kerosene jet wasomputationally investigated by Large Eddy Simulation (LES)
combined with the principle of Extended Corresponding States (ECS) applied to model reabas
effect by characterizing the pressurdemperature-density behavior of real keroseneTwo cases
including real-gas effect considered jet using the ECS principle and reglas effect negleted jet
using ideal gas law werdoth set to compaatively reveal the flow evolution and developmentThe
modeling resultsachieved good agreements with the measured near nozzle skatructures in
experiments Furthermore, qualitative and quantitative analyses of flow properties like shock
structures, aerodynamic fieldsand mixing characteristics were conductedo display the influence
of real-gas effect on the kerosene jgiroperties. The results show thatthe Mach disk is smaller
and closer to nozzle exit in reabas effect considered jet. And its temperature, pressurand
density are higher, but the Mach number is lower at the nozzle exit and upstream of the normal
shock. In addition, the diffusion physics isvery similar in the two jets, but a little bit shorter
potential core andlarger diffusion area appear inreal-gas effect considered jet.

Nomenclature

pressure
density

temperature

velocity in x direcion

viscous stress tensor

sensible enthalpy

heat flux tensor

mass fraction of species k
equivalentmass diffusion coefficient
energy fluxes in pdirection

species fluxes in;xirection of species k
velocity vector

Mach number

Reynolds number

height of Mach disk

width of Mach disk

expansion angle of Mach disk
shock reflection angle

diameter of the nozzle exit

area

strain rate tensor

rotation rate tensor

Q- criterion
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X, ¥,z = Cartesian coordinates

Superscripts

cell average
Favre average

sgs subgridscale

Subscripts

o = ambient condition

0 = injection condition

e = condition at nozzle exit

u = condition atupstream of the normal shock
m = parameter of Mach disk

I. Introduction

n modeling hydrocdron fuel jets, accurate descriptimf the gas state and thermophysical propertiesrgrertant
because thy significantly influence the jet breakup and the subsequent mixing. However, the gas density is usually
simulated simply by ideal gdaw, and the thermophysical properties are accouotdaly the valuesn thegasphase
Sinceboth molecular size andtermolecular attractionare neglecteth the ideal gas lawt is not accuratanymore
for nonrmonatomicgases ahigh pressuresnd low tenperaturesin scramjet combustors, the ksene is usually
heated tasupercritical statubefore issued into the domain. For supercritical kerosene, the temperature and pressure
are above 630 K and above 2.4 MPa respectj#gl\Due to the initial expansion of the jet, the kerosene temperature
can become much low#nanits boiling point, so that both thiquid andthe vaporphases may coexidtinder such
high presures and potential low temperaturdise realgas effect should be accounfed, for example by the principle
of ExtendedCorrespondingStates (ECS])2], to accurately characterize the jet penetration and breakup, which are
important for the following fuel mixing and combustion.

Little researchhas been conductedbtexamine the influence of regas effect on the jet breakup and mixing.
However, some equations of state that account foigamkffectare usedn previous studiefetit et al[ 3] simulatel
the injection of supercritical nitrogen into a warm nitrogeniremment, in which SoavedlichKwong (SRK) and
PengRobinson (PR) equation of stateoS) were both used. Wasshownthat they bottdo well in predictinghe
density and temperatuie the far field.Oefelein[4] demonstratethat both theSRK- and PREOS can give accurate
results over thappliedrange of pressure, temperatuaad states ofthe mixture when theywere usedwith ECS.
Furthermoreit wasrecommendethat SRKE0S wasmuch more exact for low temperatgrbut PR-EoS performed
better inflow fields with intenseheat release. Hamzehlooat [5] and Bonelli et al[6] found evident differences
betweerthe prediction®n Mach number and pressimgthe idealgas lawtheVan-Der-Waals E®, and the Redlich
Kwong Ed by simulating a hydrogen jet at high injection presstihe above cubioSsare computationally
efficient but less accurate, especially for mixtures at-ngtical conditions thaBenedictWebbRubin (BWR)EoS
[7]. A 32-term BWR E& wasused to predict the pressurelumetemperature behavior of liguighase, saturated
vapor, and gamixture properties in the vicinity of the critical pbisnd achieveéa good resulf4].

However, these equations of staterarely used alonfor hydrocarbon fuels, esgially kerosene, because of the
huge number of theispecieswhich need heavy workload to standardize parameters in the fornRu&asous
researches[1, 2, 8] haveshown that the principle of extended corresponding states (BC&n accurately describe
the properties of supercritical keroseB€Sprinciple is basedmthe fact that the state curves of different fluids are
similar, and is used to obtain an unknown mixture state from the known through scaling state varialgitastd s
transformationg1, 9]. Ely and Hanley{10, 11] develogd the ECS methods to conduct viscosity and thermal
conductivity. Takahshi[12] propose the correspondingtatemethodologyto obtain mass diffusion coefficients and
thermal diffusion coefficientsOefelein [13] simulatedthe shearcoaxial liquidoxygerhydrogen jet flame at
supercritical pressur@vhere the ECS model wased with a cubic equation of state to evaluate the pregsiunme
temperature behavior.

In the present stud§CS principle isused to model thereal pressurédemperaturalensitybehaviorin thethree
dimensional large eddy simulatifbES) of supersori kerosene jetith an exit Reynolds number arougd10°. And
thejet penetrationinstability, breakupdiffusion, mixing characteristics anmtear nozzlshock structures are discussed.

In addition the flow parametersf realgas effect considered jate comparewith results irrealgas effect neglected
jetusing ideal gas lawas well aghe experimentalresutson duct ed by the same authors’
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IIl.  Numerical methodology

A. Fuel surrogate

A lot of researcton physical and chemical properties and supécsmmbusion characteristics ddaqing RP3
aviation kerosenbas been carried oby Institute of Mechanics, CAR, 14-19]. Thechemicalcomposition of Daging
RP-3 is extremelycomplicatedbecausét hasthousands of species, such as stragfiain alkanes, naphthenand
aromatic cormpounds, which changavith the origins, manufactures and many other reagorgder tomaintain the
consistency ofhe studyobjects andhe reproducibility of the resultsand tosimplify the numerical simulation, it is
vital to find out an appropriateiel surrogatenodel to simulate thhermophysical properties as well as the injection,
mixing and combustion dhe complexreal fuel.There havdeen some attepts at research doel surrogateDaniau
et al.[20] replaced US JP aviation kerosendirectly with n-dodecane for studies of cracking and heat transfer.
Dagaut{21] proposed a threeomponentuel surrogatenodel for FrenciTRO aviation kerosenewhich consistedf
74% ndecane (&@H22), 11% propylcyclohexane (§His) and 15%n-propylbenzene (§Hi12) in mole fraction As
Daging RP3 is more simar to TROin terms of density andomposition Fan et al[1] selected aurrogate model
composed of 49%-decane (@H22), 44% 1, 3, Brimethylcyclohexane (6His) and 7%n-propylbenzendéCgH1y) in
mole fraction based onhe surrogate mod@resented by Daga{@1], to simulate the thermophysicahd transport
properties oDaging RP3 aviation kerosendn this study awidely usedsurrogateof Gasto-Liquid (GtL) aviation
kerosene proposed by Dagaut et F22] is selected consisting of 57.7% +“decane (@H22), 33.2% 2,2,4
trimethylpentangCgHig) and 9.1%m-propylcyclohexan€CyHig) in mole fractionas shown imablel. Furthermore,
it hasbeen demonstratetat this surrogate showed a behawibichis similar to many jet fuels, ideally for predicting
both ctemical and physical propertig22].

Table 1. Three-component fuel surrogateproposed by Dagautet al. [22].

Compound Formula Mole fraction, %
N-decane CioH22 57.7
2,2,4trimethylpentane CsHa1s 33.2
N-propylcyclohexane CoHis 9.1

B. Numerical details
LES is usedo characterize aansteady, compressihlmulti-componenaind norreactingflow in present study
sothethreedimensional, filtered Naviebtokes equatiorare applied to goverit, as inEq. (1) - (4).
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where ‘—’ me ans c¢ e’lnleana Favre averags p, u; andr; aredynamic parametershe density, the

pressure, thevelocity in % direction and the viscous stress tensoespectivelyh,, g; are both thermodynamic
variables, the sensible enthalpy per unit mass antiéhe flux tensory, andD, arethe parameters of component
transport the mass fraction and the equivalent mass ddfusioefficient All terms with superscripsgs denote
sulgrid-scale (SGSjuantitiesand they are modeled based on the eddy diffusivity assumptiparticular, he S5S
stresst; { = p(uw, — @,3), is modeled withthe oneequation turbulent kinetic energy (oeq K) [23], the SGS
energy fluxesH; ¢ and SGS species fluxeg ¢ aremodeledby using linearizatiomethodand introducing turbulent
Prandtl number and Schmidt number.

Notably, methods to moddhe presste-temperaturalensity behaviarof the two different cases, reghs effect
considered jet and neglected jet, are quite diffelendetail the pressureemperaturalensity behavior of the real
gas effect neglected camsepredictedby ideal gas lawTherealgas effecfor consideredet is accounted forby the
principle d ExtendedCorrespondingstates. To be specificthe real densityis computedby calling thedatabase of
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hydrocarbon fuel components frdfiST Supertrapp database and software pack&lgand then the real pressure
can be calglatedby mutiplying a simlar transformation coefficient.

Theabove equations are solved by a dersiged finite volume supersonic compressible flow solver, AstroFoam
[24-28], whichis developed based on the standard compressible flow solver rhoCentralFoam distributed with C++
opensource CFD package OpenFOAM W3L[29] mainly through adding the features of mgiecies transport and
multi-component reaion. SomeCFD libraries are coupled into AstroFoam to charactettik® problem,NIST-
JANAF thermephysical and transport databd8€)] is developed to calcuia themulti-speciegshermodynamic and
transport propertiedNIST Supertrapp softwarg?] package is used to get the real density and pressure with the
principle of extended correspondistates; The sendiscretecental KurganovTadmor (KT) schemg31] is applied
to evaluate convective fluxes for shock capturing and turbuleeselving; The lowdissipation scalselective
discretization (SSD) schenjia?] is adopted to reconstruct the primitive vala¢$aces.

C. Computational setup

An appropriate flow region should kmrefully selectedor the effective and precise numerical simulatidnhe
present supersonic jefigure 1 illustrates thecomputational domain with specific geometries 260mm, 90mm and
90mm in %, y- and zdirections respectively The starting jet is expected to emerge from the convedjeatgent
nozzlewith 28.8mm total height and 3.164mm exit diametiee threedimensional geometrimodel of the nozzle is
shown inFigure2. In addition, he same nozzle has been used to conduct several corresponding experiments by the
same authors’ group.

260
28.8 - ?3.164
q__ .
Fuel wemp =T Air 90
— ]
.
-1 X

Figid.reSchematic of thataosstpruetaamhwiosnea lv ineovd e 1

¥
z/l\x
FigidGeometric model of the nozzle

Figure 3 displays the hexahedral structured grid of the computational model. To make the results of LES better,
the spatial resolution of the grid should be rather high. The gsiddiandaround thenozzle has been refined to
capture the drastic changedttire flow. Besides, coarseell sizesn the far fields are used to avoid wave reflections.
Thetotal cell number ithe mesh is 9.7illion.

In present studysame starting conditions are applitedthe two cases.usrogatekerosene with static pressure
2MPaand static temperatur&@ is injected io quiescent air consisting @6.699% nitrogen and 233% oxygen
in mass fraction. The ambient dias uniform dtribution of flow parameterssuch aspressure BP=101,325Pa,
temperature J=298K, velocity U..= (0, 0, 0)m/s anddensityp.=1.17kg/n¥. Moreover, thekerosene jet areissued
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from the nozzle exiand enteinto airatMach numbef.43 and 1.5@ndReynolds numbe8.13x10° and8.06x10% in
realgas effect considered and neglected jet sevefine details of flow conditionis realgas effect considered jet
are listed inTable2. The flows at inlet of nozzle areubsonic, thus the inlet condit®af velocity arezeragradient.
Besidesno-slip, adiabatic wall conditions are enforced on the surface of the nozztgandhoundary conditierare
usedat the far fields anthe domain atlet.

(b) (©

FigadreComputatiweonalw gfidtréamwise; (b) top view at
exit of nozzle

Table 2. Flow parametersof real-gas effect considered jet

Parameter Value
Nozzlepressuregatio (NPR), P/ Px 20
Nozzletemperatureatio (NTR), To/T- 2.85
Mach number at nozzle exit, Ma 1.43
Reynolds number at nozzle exit,dRe 8.13x10°
Mach numbent upstream of theormalshock Mau 2.98

I1l. Results and discussion

A. Near nozzleaerodynamicfields

The computational results present a higiiylerexpandedet flow field. The shock structures likdach disk,
reflected shock, barrel shock, triple points and slip linesear field are clearly captured he meannearfield wave
structures which arecharacterized by density gradiemt ¢ gvp|) of realgas effectconsidered jetisingthe ECS
principle are shownin Figure 4, and the comparisoswith experimentalschlieren photographgonducted by the
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aut hor sandngmercal schlieren ofealgas neglected jetising ideal gas laware demonstrateg here.
Furthermore,hieshock structure parametearistaned from flow fields with reabas effectsuch ashe height H, and
the width O, of Mach disk,the expansiomngledm and the shock reflection anglg, show good agreemeswvith
experimendl resultsunder injection conditions aiozzle pressure ratio (NPR35 andhozzle temperature ratio (NTR)
=2.52 The details of these parametars listedn Table3. What is noteworthy is thahe NPRandNTR have been
decresed to 20and ncreasedo 2.85regectivelyin the modelingto matchwith the experimental resultsThe
measuring points of pressure and temperdtutbe referenceéxperimentare atthe upstream of the kerosene tank
thustotal pressure loss arftkating phenomenshouldoccurwhen kerosendows throughvalves and pipes with
friction. However,Figure4 andTable3 also indicatghat the width [3 of Mach diskin LESis a little bitgreaterthan
thatin experimentfor the lack of the consideration of pyrtly reaction triggered by high temperatureLi&S.
Pyrolytic reactionturns kerosene inta mixture of small molecukeandthe resultingsmaller gas constamixactly
corresponds with higher sound speed and lower Mach numbeh lghids to a narrower Maclsk. Another reason
is theinaccuratefuel surrogate model. As fahe comparisotbetweenrealgas effect considered and unconsidered
jets, it is foundthat a lower and naswer Mach disk in readjas effect considered jet, and the expansioteanyl the
shock reflection agle are almost equaleverally And thesize of Mach disk in LES of re@las neglected kerosene jet
is similarto data of ideal gas conducted by Crist ef28].

(b) (©)

Fi gd.€Coe mparimedhri enf dsnh osctkr uct ures characte Klioggtv d by densi
amorgperimental a@d)xIlpES’ismbErEe$s; wlitbsh: ECS LE®I mwditphl d deal g
l aw

Table 3. Parametersof near-field shock structures(units: length in mm, anglein °)

Method Hm Dm Om Om
Experiment 9.09 3.76 28.3 63.2
LES with ECS principle 8.83 4.76 27.4 69.4
LES withideal gas law 9.64 5.38 27.9 70.9
Data of N by Crist et al[33] 9.13 5.00 -- -

Figureb presens thecomparisons of nedrelds mean profile®f temperaturgoressuredensityandMach number
between readjas effects considered jet (use ECS principle) and neglectedét€d gas law) along the jet centerline
It is necessary to note thatl flow parametersare nondimensionalized by injection parameters with subscript O,
thereinto B=2MPa, T=850K, po=40.52kg/m. It is shownclearlyin Figure5 that thetwo kerosene jetbothaccelerate
to supersonic through tlenvergentdivergent nozzleand a region with low tempetae, low density, low pressure
andhigh speedNlanx~3.0 forms before Mach disk because of the rapidly expansion of kerose@eljsequently
kerosene jet turnto subsoni@after beingcompressethy Mach disk, and the temperature, densatyd pressurealso
sharplyincreaseln more detail, theemperature, pressuemddensity decrease the nozzle, anthey decreasto
largervaluesin reatgas effect considered jgtananotherat the nozzleexit. However, thevariation tendency of Mach
number is opposite.fle Mach numberat nozzle exit andpstream of the normal shock doever in realgas effect
considered jefThe jumps of temperature, pressure and density and the drop of speed occur at thehoakraatd
the sharp changes appear more forwanealgas effect considered jet. After thhock, the hw properties tend to
be stableand the differences between the two cases begin to disaapkbaontinuaintil the far fields.
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B. Global flow field characteristics

Instantaneous fullglevelope andrealgas effect consideretbw field of temperaturat the streamwise section
is shownin

Figure6. Similarity, isolines okerosenemass fraction, which is the sum ofass fractions dhe three components
are shown irFigure7, colored by streamwise velocitiloreover the diffusionphysicsof keroseneharacterized by
its mass fraction variations displayedin Figure8. Distributions of velocity, temperature and mass fraction exactly
characterize the momentum, temperature and mass diffusion gekeravhich determine the mixing potential with
air. It alsocan be found that thegxplicitly illustrate the jeboundary whictcanmake thenstability process of jet
clear.In the front part, the jet is almost symmetrical and stabilized without transverse diffusion, and a vortex pair can
be observedn the backof the regionyortex rings are inclining, distorting and breaking up because dfe¢hen-
Helmholtz (K-H) instability of jet shear layerThus, manyargescale cohererdtructures appear in the flow field,
which playa good role in enhancing the mixin§fuel and air.
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Threedimensional instantaneodslly-developedand reatgas effect considereidosurfaces of the Qriterion
(Q=10m?<) are presented iRigure9 andarecolored bytemperature at the same tindgcriterionis definedas Eq.
(5) [34], whereS andQ are strain rate tensor and rotation rateste.

Q = —5dlIslI? - l21I%) (5)
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It is alsoshownthatsame annular shear layer formsriiear nozzle field, and theiraumferential instabilityoccurs
leading thewhole shear layer to break intsmallscale vortex tubes. Many largeale and threedimensional
streamwise vortices and hairpin vortices ¢@nfoundaround the jet shear layer, which mean dngval of full
turbulence.

FigOQiastantaneowdg-ciQsiotseuwri fodicye(sQ= b 0toermpde rHaptfu rteh-e f ul 1l y
develroepgehds ef fecfee¢onsidered

x/D=1 x/D=5 x/D=12

%ﬁ D) (R
D=6

M | ]

0 100 200 300 400 500
Ux (m/s)
stantaneous isolines of Kkesw/sR=nle, ma,s s1 X,r a2 k,i o3n
60, 70, colored by stideamwiospgeady eadefnfdd ¢ty odndsihde fand 1
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Figure10displays theisolines of kerosene mass fraction in rgab effect considered flow field at the transverse

sections, which can not only demonstsatiee spatial evolution of jet shear layer, especially dineumferential
instability, but also shosthe mass diffusion press.solines are colored by instantaneous streamwise velacitgr
the same conditioné\t crosssection x/D=1thejet boundanyis circular. At x/D=5 a vortex ringis sharplycaptured
andthe jet core is approximately circular. At x/D=12, #§,begins to diffuse around, with a tendency of instability.
At arealike x/D=30, 4Q the circumferential instability of jet shear layer becomes more obaiuthejet structures
begin to distort. Moreovetthe internal suctures also begin to changehich resultsfrom the enteredrorticity
disturbance from the jet boundary. At the downstreaactionsx/D=50, 60, 70, the velocity gét is significantly
slower, ad the areds larger. Furthermore, tHacreasingsmallscale and lowelocity structure of jet shear layer can
promote tle momentum exchange betweeniti@de and outside the jet, whielmhances theixing of kerosene jet
and air.

Note that the qualitative variation tendencies of aerodynamic parameters, vortex strectalugisnary rulesnd
mass diffusion processes jet shear layeare quite similar between regas effect considered and neglected flow
fields. Howeverguantitatively the flow propertie®f themare partly different. For example, differences of glob

flow-fields mean profiles of kerosene mass faction, which is the sum of mass fractions of the three components along

the jet centerline between the two cases are plottedjime 11 (). It is shownthatrealgas effect considered jet (use

ECS principle) has a little bit shorter potential core and a lower mass fraction along the jet centerline, which partly

demonstrates that it has lower streamwjsees and diffuses around faster than-gea effect neglected jet (use ideal
gas law). Moreover, the diffusion areas of the two jets at several transverse se@iprssenteth Figure11 (b).
The diffusionareais definedas thearea covered by therye=0.05 contour lineThe piofiles illustrate thadiffusion
areasncreaserapidly alongthe main flow direction corresponding with the decrease&efosene mass fraction. By
contrast, what responses to the differences of kerosene mass fraction between the two jets is that the ageas of
effect considered jet are always larger than another.

11 450
1.0) -0-0-0-0-0-0-0-0 —0— ECS principle 400 ECS prineiple m
' B —&—ideal gas law ideal gas law =l
0.9 350
L P
0.8 - 00
Tl » 250 | o oy
=0Tk <
= r q < 200 F
0.6 &
: A 150 -
0.5+ oy
L e A\ 100 F
04 = s0 |
0.3 1l 1 a8 TP | 0 ~1T1 | | |
0 5 10 Is 20 25 30 35 40 12 20 30 45 65

real

Fi gite Comp aorfi sgolnosth a el flk o me afnl opw off ri d pe e rrtegehss beeftfweecetns
considered (ECS principle) and neglectkdr¢idral mgas

fraction; (b) kerosene diffusion

IV. Conclusions

The principle of ExtendedCorrespondingstateswasapgied to modelthe realgas effect osupersonic kerosene
jet by characterizinghe pressuréemperaturedensity behavior in thehreedimensional large eddy simulatiohwo
casesdncludingrealgas effectonsideredet using the ECS principle and regads effect ndgctedjet using ideal gas
law werebothsetto reveal thepenetration, instability, breakydiffusion and mixinghysics in supersonic kerosene
jet, andwere compared to displathe influence of reabas effect on thget propertiesThe modeling resultaere
firstly validatedagainst the measured near nozzle shock structures in expesiargdgeneral gooégreements were
achievel using the current modeling framewoflkhen quétative and quantitative anges wereconducted byhe aid
of flow parameters distributions in near and globalds. The main conclusions of thisudy are summarized as
follows.
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(1) The local and global flow parameters were presented and analyzed, indicatitige tilabal rules offlow
evolutiorsand developmerbf the two jets are similaand their turbulence transitions are both characterized
by the breakup of vortex pa, distation of jet core andyeneration ofvortex structures. Furthermore, the
variation tendencies aferodynamic parametersnear nozzle fields and far field§them are also alikend
their profilesoutline thetypical supersonic jet flow fields.

(2) Thenearnozzle shock structures,g.,the size of Mach disk and changing profiles of aerodyndiwids,
were evaluated quantitatively and comparativelythe two casesThe Mach disk is smaller and closer to
nozzle exit inrealgas effect considered jet. And it also has higher temperature, pressure and density and
inverselylower Mach number at the nozzle exit armpbtream of the normal shodks for global distributions,
the diffusion physic®f kerosene jetvas charactezedby variationrulesof its mass fraction and diffusion
area showing that readjas effect considered kerosene jetdéitle bitshorter potential, larger diffusion area
and higher diffusion speed than another kerosene jet.
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