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Direct numerical simulations are used to investigate the “long time” distribution of mass fraction
fluctuations in stationary compressible isotropic turbulent binary nitrogen—hydrocarbon mixtures
under supercritical pressure conditions. The governing equations are the compressible Navier—
Stokes equations together with the cubic Peng—Robinson real gas state equation, and generalized
heat and mass diffusion derived from nonequilibrium thermodynamics. A highly efficient procedure

is presented which allows for the solution of all thermodynamic quantities without iterations or
interpolation tables. The simulations consider equal mass binary mixtures of various combinations
of nitrogen, heptane, dodecane, and 3-methylhexane, having molecular weight ratios in the range
1=Mg/M,=<6.08. It is shown that temperature and pressure-gradient-induced Soret mass diffusion
results in statistically stationary mass fraction distributions at long times. The results reveal that the
mass diffusion term due to the pressure gradient acts as a production mechanism in the Favre
averaged scalar variance transport equation, and is balanced by Fickian dissipation to produce the
stationary states. The resulting scalar probability density function is characterized by a larger than
Gaussian flatness factor, and is asymmetric due to the mass fraction dependence of the partial molar
volume. The stationary scalar variance amplitude increases both with increasing turbulence Mach
number and molecular weight ratio of the species, but is inversely related to the turbulence Reynolds
number. The scalar energy spectra exhibit peak values at wave numbers corresponding to the peak
in the velocity dissipation spectra. ®000 American Institute of Physics.
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I. INTRODUCTION under supercritical conditions there is no surface tension
with which to maintain the sphericity of the fluid “blobs.”

A variety of modern air—fuel mixing and combustion High-pressure fluid formulations are nearly exclusively
devices operate under both transcritical and supercriticdlmited to spherically symmetric “droplet vaporization” in
conditions, including gas turbines, diesel engines, and rocketither the transcritical or supercritical regimes. Real gas ef-
engines. For example, typical hydrocarbon species have critfects are typically included through the use of cubic state
cal pressures- 15— 30 atm? whereas diesel chambers reachequations such as the Peng—Robinson or Redlich—Kwong
pressures as large as60 atnf after fuel ignition, and air- equations. However, “irreversible” or “nonequilibrium™®
craft gas turbine combustor chambers operate at pressurtiermodynamic effects from which species concentrations
~30 atm® Above the critical point(or the mixture critical ~diffuse due to temperature gradientSoret effect, or
locus, real gas effects are prevalent and the distinction be-thermal-diffusion”) and thermal energy diffuses due to
tween gaseous and liquid phases vanishes; therefore, ti§@ncentration gradients(Dufour effect, or “diffusion-
phase of a supercritical substance is commonly referred tH€rmo”) are also known to be significant in real flufs,
simply as “fluid.” 1 The majority of previous research on particularly when large ratios of the molecular weights of the
supercritical mixing considers single isolated droplets in quiPuré compounds are presénCurtis and Farrefl were the

escent environments. Typically oxygen—hydrogen systemgrSt to include these effects in their treatment of supercritical

are investigated under conditions relevant to rocket enginegrOplets; hawever, their formulation incorrectly equated the

The extent of this literature is too large to reference thor—ior?tmand I(Dj?fiouir (:]'f]fust'op,?;I)Sf'ﬁ'ien:sla{]%ffrtrmerl nreg:egtied
oughly in the present work; however, a recent review is € “mass ditiusion facto ch 1S refated fo molar gradi-

given by Givler and Abraharh.High-pressure studies find ents .Of th(_a fuga_city and can signific%kr‘l;ll}/ alter the effective
that “vaporization” of supercritical “droplets” is dramati- species diffusivity. Harstad and Bel later: simulated

llv altered f that under | diti Inf thigh-pressure fluid droplets using a general diffusion flux
cally aftered from that under [ow-pressure Condiions. Infacte, .., 4ion derived from fluctuation theory coupled with an
in the absence of both phase change and latent heat effe

) . e S Clficient and accurate state equatidn.

the process is entirely diffusional and the term vaporization In contrast to laminar droplet studies, the extent of lit-
is a misnomer. Even the term droplet is misleading sinC&a¢re addressing turbulent high-pressure flows remains
relatively limited. Experimental studies typically address fuel
dElectronic mail: rm@clemson.edu jets or atomizers issuing into high-pressure chambers, and
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are primarily based only on qualitative visualizations due toand Dufour diffusion. The numerical solution procedure is

the inherent difficulties of making measurements in theseliscussion in Sec. lll. Results are presented in Sec. IV, fol-

environment$3-1” Results show that the behavior of super-lowed by a final discussion and conclusions in Sec. V. Ap-

critical jets is dramatically altered from traditional low- pendices are also provided with additional details of the for-

pressure liquid jets. Low-pressure liquid-gas jets exhibit armulation and solution procedure.

initial pure liquid core which undergoes break up or atomi-

zgt!on to fprm ligaments and dropléHowever, above_the Il MATHEMATICAL FORMULATION

critical point the break up process ceases and behavior con-

sistent with low-pressure gas-gas j&is observed due to the The compressible form of the governing equations are

absence of surface tension and latent héat. derived for a binary mixturédenoted as speciésand spe-
Oefelein and Yang)"?! performed two-dimensional large ciesB) of Newtonian fluids:

eddy simulationgLES) of supercritical mixing layers with a

Smagorinsky subgrid model, but did not consider Soret and (9_p+ i[puj]:O, 1)
Dufour diffusion. More recently, Milleret al?>?® included o ox

Soret and Dufour diffusion in their direct numerical simula- 9 9

tions (DNS) of a temporally developing mixing layer com- 5 (U + 0_)(j[Puiuj+p5ij —7j]=pfi, 2

posed of nitrogen and heptane streams. Their simulations

primarily addressed the specification of the relatively poorly g d

understood thermal diffusion factors which are related to the E(Pet)“‘ 5[(!’%“' P)uj—uimij+Qj]=puifi, )

relative effects of Soret and Dufour diffusion. Two forms of :

the thermal diffusion factor appear in their formulation: the

“Bearman—Kirkwood” and the “Irving—Kirkwood” forms.

'(l)'rl’]lg r:\évgd;at%tgz Sa;)r:d;ieelgtzg ;h;ron;(;?éngmLcé’iltl))grt?cz"IV;V:gW_here p is the dgnsity,ui is the velocity,etziei +.uiui/2 is

cies pairs under consideration. It was observed that specil‘yﬁj?3 total energy, i.€., mjternal energgiX pIu.s Kinetic energy,

. ) ) .. ~~"pis the thermodynamic pressure, aWg is the specieB

ing the Bearman—Kirkwood formgf the thermal diffusion - fraction(the speciesA mass fraction isY,=1— Yg).

;atlf;?]r tc[)) l:;e a Ema;llal;:fon_stantv.(tlhol_ )_tpr(;)rgote? relatlvgllf)f/ FurthermoreQ; is the heat flux vector]; is the species

trong butour heat difiusion with imited Soret mass ditiu- rpass flux vector, and; is the viscous stress tensor:

sion. On the other hand, an assumption of small constan

Irinb—Kirkwood thermal diffusion factor creates the opposite U  du; 2 duy

effect; i.e., small Dufour effects with relatively substantial Tij T M a_xj+ ax; 3 37,(5” : )

Soret effects. Comparison of experimental results with single . . . .

droplet simulationgJ suggests fhat specifying the Irvingg—Where_aiJ |s_the Kro_ne_cker delta_functlon andis the_mlx- .

Kirkwood thermal diffusion factor as a small constant yieldstu_re viscosity. Stat|st|(_:§\lly Stationary turbulence is main-

the more physical behavidt. tained throqgh the addition of a low-wave-number force vec-
The primary objective of the present study is to study thel©" fi descrlb_ed latter. _ . .

behavior of isotropic compressible turbulence of nitrogen— hescubic Reng—Robmgon equation of St®3 IS

hydrocarbon mixtures under supercritical pressure Condi(_:hosen_ to describe the nonideal thermodynamic state of the

tions, including real gas and nonequilibrium diffusion ef- system:

fects. As a first investigation of this flow, the focus is RT Am

primarily on the “long time” species mass fraction distribu- p= V=8, T VZ12VB B’ (6)

tion which is found to evolve in a substantially different moom

manner than in traditional low-pressure mixing studies. ThevhereT is the temperature ant is the universal gas con-

mixing behavior is elucidated by conducting DNS of forced stant. The twamixture) parameters specifying the EOS are

compressible isotropic turbulence of initially perfectly pre-

mixed binary mixtures. As will be shown, an eventual bal- An=2 2 X XgAup Bun=2, X.B,. (7)

ance is achieved between dissipation and production mecha- « B “

nisms of the Fickian and Soret mass diffusion fluxes,In the above, the summations represent sums over both spe-

resulting in an eventual stationary state for the mass fractionies (no summation over Greek indices hereingftefhe

fields (with nonzero variange In addition to the physical mole fraction of species, X,,, is related to the mass fraction

insight into nonequilibrium thermodynamic effects gained byby M , X,=M_Y, whereM , is the molecular weight of pure

studying this flow, the ultimate fate of the scalar field mayspeciesa and the mixture molecular weight M ,,= XM 4

also have significant impact on the potential for extending+ XgMg. With this notation, the molar volum¥ is related

traditional combustion models, such as the amplitude mapto the density b =M ,/p. The Peng—Robinson parameters

ping closure or probability density function(PDP A,z and B, are provided by an appropriate set of mixing

methods**~2?" to high-pressure conditions. rules which vary for different state equations and may have
The article is organized as follows: in Sec. Il we de- variations even for the same EOS. The mixing rules recom-

scribe the mathematical formulation of the governing equamended by Harstaét al'? are implemented for this study

tions, including the treatment of real gas effects and Soreand are provided in Appendix A. Cubic state equa-

1% 1%
3t (PYe)+ S [pYaU 3]0, @
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tions are known to yield substantial predictive errors wherents cannot be neglectedpriori. In fact, the results below
compared to more complex forms of the EOS, particularlywill show thatJjP plays a substantial role in the long time
near the critical locus of a mixtureHowever, the Peng— behavior of the mixing process.
Robinson form has been tested and its volume predictions In the above equations several new thermodynamic
are within approximately 1% accuracy relative to the sub-properties are introduced which are derived from the equa-
stantially more complex Lee—Kesler E©8ver the range of tion of state. The parametets, and agi are referred to as
parameters considered in this study. the “Irving—Kirkwood” and the ‘“Bearman—Kirkwood”
In linear nonequilibrium(or irreversible thermodynam-  forms of the thermal diffusion factéh (discussed latér The
ics, both the heat flux and mass flux vectors are assumed toass diffusion factorgy, is a thermodynamic parameter
be linear functions of gradients of the thermal and chemicafelated to the fugacity coefficientay acts to alter the effec-
potential functions. The Onsager reciprocity relations, tive diffusivity (Des=Day) in the Fickian mass diffusion
which derive from the time reversal invariance of the micro-flux vector (JiY). Under “standard” low-pressure conditions
scopic fluid description, form a set of relationships betweemy~ 1, whereas at the critical locug;— 0. The “effective”
the coefficients of the potential functions. This theory yieldsthermal conductivity appearing in the Fourier heat flux vec-
a form of the diffusion fluxes which naturally contains the tor (QiT),
“cross-diffusional” Soret and Dufour effects. A general
e : . M
form of the diffusion fluxes derived from fluctuation K|K=K+PDa|KaBKYAYB‘ﬁ(—m), (16)
theory?® which is consistent with nonequilibrium MaMg
thermodynamics,has been derived previously™"**Here, s referred to as the “Irving—Kirkwood" form of the thermal
the heat Q;) and mass J;) fluxes are presented in a some- conductivity (denoted byx);*® however, it isk which is
what nontraditional form in order to simplify the following consistent with the conductivity derived from kinetic
analyses: theory®! The partial molar volume i¥/ ,=dV/JX, and the
T Y, AP partial molar enthalpy isd ,=JdH/9X,. These parameters
Q=Qi+Qj+Qy, ® obey the relationsy ==X,V , andH=3X,H , where the
3 =3T4+3Y4+7P 9) summations are over all specf@sThe thermodynamic pa-
U R rameters required for this study have been derived from
where the superscripts indicate the thermodynamic spatidhe Peng—Robinson state equation and are provided in
gradient involved. With this notation, the heat flux vector Appendix B.
components are The behavior of the Irving—Kirkwood k) and
Berman—Kirkwood gk) forms of the thermal diffusion

QTZ—[K-I-pDa YLy m( M, )]3_T (10 factor$22330 are poorly understoodparticularly at high
) IEBKEATET  MaAM g X’ pressurg however, they are thermodynamically relatéd:
M aY 1 (MaMg\(Hg Ha,
Y—_ _m |{7'B aw=a +_< B A (17)
QJ [pDadamﬂ‘{T( MAMB)] ﬂxl y (11) IK BK RT Mm MB MA
Vo V J These nondimensional coefficients are related to the relative
QJ-P= _ ( pDaYaYs B _TA ]_p (12) strength of the Soret and Dufour effects and are properties of
Mg Ma/]dx; the particular species pairs under consideration. Low-
. . . 71 .
and the mass flux vector components are pressure kinetic theory suggests thaj is ~10 * and is
nearly independent of the mass fracti@ghough it is in gen-
YaYg) 0T eral a function ofT).3! Miller et al???%investigated the ef-
=~ pDagx——1— (13 : -
T TP T Jx;’ fects of choosing constant values in the range05 for

either of the thermal diffusion factors in their DNS of a tem-
g poral mixing layer. They observed that the second term on

Y_ . .
Jj=—{pDag} ax; ' 14 the right-hand side of Eq17) can be as large as10. There-
fore, whena is assumed small and constant the Soret ef-
P YaYg [MaMg| (Vg V|| dp fects become pronounced whereas the Dufour effects are
Jy=—1pD vl (15 - ;
] RT M, Mg M/ dx; nearly negligible. The opposite effect was observed when

apgk is assumed small and constant. However, calculations
where the molecular thermal conductivity ssand the mo-  wjth the high-pressure droplet formulatfdnhave been
lecular mass diffusivity iD. Note that the pressure-gradient- shown to compare most favorably with experimental results
dependent terméQ;” and J7) which result from the evalua- for heptane droplets in nitrogen environments whag is

tion of the mixture chemical potentfdl are typically chosen to be a small positive constant0 2.
neglected in presentations of the Dufour and Soret diffusion

quxes..Thls is bec_ause the majorlty_ of studies typically ad—m_ NUMERICAL APPROACH
dress incompressible flows for which the thermodynamic

pressure gradient is nullHowever, the present investigation A triply periodic three-dimensional “isotropic box tur-
applies to compressible turbulence at moderate Mach nunbulence” flow is considered in a cubic domain with equal

bers; therefore, the effects of thermodynamic pressure gradiengths in each of th&;, x,, andxz coordinate directions
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equal toL. Statistically stationary turbulence is achieved species pairs required for the state equation. This procedure
through a low-wave-number force vector added to the govenables substantially more robust and accurate curve fits for
erning equations. The force vectiyris constructed in physi- arbitrary species pairs, and is also found to allow for the
cal space using the procedure described by Kida andonsideration of a broader range of thermodynamic state
Orszag? with only rotational components of the vector. For space without loss of accuracy. Because the LMSE proce-
the present simulations the force takes the following form: dure is employed to find the coefficients, the corresponding
] calculations can be performed within the DNS code during
fi=Ajj sin(x;/Lo) + Bjj cos(x; /Lo), (18 initialization and are therefore completely transparent to the

fuser. Furthermore, the range of state space can also be ex-

the individual components of the amplitude tensrsand panded dynamically during a simulation if the actual condi-

Bj; are statistically independent, zero mean random variableré:;mshare found to excfe_ze_d the orlglgal bounds. The spedCIfl_cs
having Gaussian distributions. The amplitudes of the offo! the new curve fitting procedure are presented in

diagonal elements of each tensor are characterized in termg?PeNdix C. _ _
of their standard deviations: The governing equations are solved numerically on a

uniformly spaced computational mesh using a third-order-
. Soue Lo, . accurate explicit Runge—Kutta temporal integration and
AT =BT EFr=2FR (1 #j), (19 eighth order accurate central finite differences to discretize
0 all spatial derivative$® As recommended in Ref. 33, a tenth
where the overbar indicates the temporal averaging operatopyder explicit(minimal) filtering is also applied to each of
and the force amplitude is nondimensionalized B§  the primitive variables at every Runge—Kutta stage in order
= FRaS/L0 wherea, is a reference velocity scale. Compres-to control potential numerical instabilities. In practice, the
sive contributions to the force vector are not considered stime step is calculated at every iteration using the minimum
that the diagonal tensor elements are null; i%g;=B;;=0 of values calculated using both a velocity based Courant
foralli=j. number equal to and a diffusion based Courant number

In general, cubic real gas state equations cannot bequal to 5 The code is parallelized based on three-
solved in a completely noniterative manner in the context ofdimensional domain decomposition, using the Message Pass-
compressible Navier—Stokes simulations. At each grid poining Interface(MPI) subroutines for all interprocessor com-
and time step the density, the internal energy, and the maggunications. The simulation time requirement is
fractions are known(the molar volume is therefore also approximately 6.9 sec per iteration for a resolution of 128
known). Obtaining both the temperature and the pressure sigrid points running on 64 processors on a Hewlett Packard
multaneously requires iterating the state equation togethdzonvex Exemplar supercomputer. The code is an expanded
with its corresponding expression for internal eneftfye  version of the well-tested code used by Miller and Belfan
molar internal energy i€E=H—pV; see Appendix B Un-  to study the low-pressure, two-phase temporally developing
fortunately, performing iterations at each grid point and timemixing layer. Further validation of the code was made
step is overly taxing for three-dimensional DNS. Previousthrough comparisonsunder low-pressure conditionsvith
two-dimensional simulatiod%?! based on usinga priori  previous results of Kida and OrsZ3gor forced isotropic
constructed thermodynamic tables requiring interpolationgurbulence. These comparisofisgether with additional re-
are also computationally intensive. In order to overcome thisults presented lateconfirm the accuracy of the numerical
problem, Miller et al?>?® developed an efficient procedure approach.
applicable to a binary nitrogen—heptane mixture in which a
h|ghlly accurgt_e three-dimensional curve fit is con{structeqv_ PROPERTIES
within a specified range of thermodynamic state spaee,

a priori specified ranges of, p, and Yg). The curve fit In the context of a DNS simulation we are not interested
provides the temperature explicitly as a function of the denin exactly matching the true values of the diffusion coeffi-
sity, heptane mass fraction, and the internal energy, all ofients since the resulting Reynolds humbers would be far too
which are known in the context of the DNS. Given the tem-large to resolve with realistic length scales. In addition, for
perature, the state equation can then be solved explicitly fathe purposes of this study we wish to simplify the treatment
the pressure. The primary limitation of their methodology isof the diffusion coefficients in order to highlight the effects
that a specific curve fitting function was produced, and isof the real gas state equation and the Soret and Dufour dif-
only valid for the binary nitrogen—heptane mixture. Expand-fusion effects. We therefore adopt a constant viscosity calcu-
ing the procedure to either different species or a differentated from a specified value of the flow Reynolds number,
range of state space would therefore require recalculating thRe, (defined below. In a similar manner, the Prandtl number
fitting parameters, and possibly choosing a new form for th¢ Pr=u/(pCk)] and Schmidt numbefSc=u/(pD)] are
fitting functions. chosen to be constants P8c=0.7 (unity Lewis number.

In the present paper, we introduce an improved methodAccepting the fact that the behavior of the thermal diffusion
ology in which a more general set of functions is employed factors is poorly understood, particularly at high pressures,
and all parameters are calculated based on least mean square choose to use a previously publisHélv-pressurgem-
error (LMSE) analysis. The only inputs required for the pirical correlation to specifyy in terms of the molecular
model are the critical properties and molecular weights of theveight ratio®

whereLy=L/(2) is the reference length scale, and each o
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TABLE I. Simulation parameters and initial conditions. All simulations are initialized with uniform distribu-
tions of mass fraction, temperature, and press¥ge: 0.5, To=700 K, andp,=45 atm, respectively.

Run  Specief SpeciesB N® Re Fi Mg/May  ax  po(kglen?)  ag (m/sed
1 Nitrogen Heptane 6 75 0.05 3.58 0.161 33.9 389.4
2 Nitrogen Heptane 138 450 0.05 3.58 0.161 33.9 389.4
3 Nitrogen Heptane 18 150 0.35 3.58 0.161 33.9 389.4
4 Heptane  3-Methylhexane 128 450 0.05 1.0 0.024 94.4 214.5
5 Nitrogen Dodecane 188 450 0.05 6.08 0.218 37.1 371.7

a=2.3842<10"%+0.24821 logo(Mg/M,), (200 adopted to address Reynolds number effects, and those of
runs 2 and 3 address Mach number effédisscribed later

The molecular weights of the species as well as the criti-
cal and reduced initial values of the pure substance tempera-
tures and pressures are given in Table Il. Nitrogen is chosen
fs a pure species having properties similar to those of air.
The hydrocarbons chosen are dodecane, heptane, and
3-methylhexane. These species are chosen to be representa-
tive of typical hydrocarbon fuels of the type which are liquid
Co=XaCpa+tXgChp HO=XAHR+XgH]. (21)  under standard conditions. Heptane and 3-methylhexane are
essentially equivalent thermodynamically. These two species
are used to simulate a mixture havik; /M =1 (run 4 as
a baseline comparison for the remaining simulations. Note

) o - that the initial conditions are chosen such that only purely

pure species refer%nce enthoalp(bﬁ andHg) are obtained g0 critical conditions are considered for the pure species.
by integrating theC, , and Cp g correlations with assumed  Apaivsis of the thermodynamic state space and the simula-
zero reference enthalpy at zero temperafthes is valid in o resuits indicates that the mixtures also remain supercriti-
the absence of phase chanig¥s cal for all simulations. This removes the substantially in-
creased difficulties associated with treating the transcritical
regime in which(gas—liquid phase change surfaces can ap-
pear. Such surfaces would need to be tracked accur@iedy

The parameters used for the simulations conducted ihagrangian manngin order to account for vaporization or
this study are presented in Table I. All simulations are percondensation, as well as latent heat effects. However, these
formed for binary mixtures, typically nitrogen with various issues are beyond the subject of the present research and will
hydrocarbons. The species are initialized as perfectly prerot be addressed hereinafter.
mixed, with equal masses of each species within the cubic
domain(i.e., Yo=Yg= 3 everywherg The initial tempera- A. Stationary flow states

ture and pressure are also uniform throughout the domain  aq the simulations commence. the solenoidal forke (
and areT,=700 K andpy=45 atm for all simulations. These begins to * :

conditions are chosen due to their relevance to both dies% quasi-stationary turbulent flows. The fully developed
engine$ and gas turbine$The velocity field is in all cases flows can only be considered “quasi-" stationary due to the

initialized as quiescentu=0). The speed of sound and ¢, that dissipation of turbulence energy results in a produc-
density are therefore initially uniform throughout the domainion of internal energy in the compressible formulatinn
and are chosen as the reference velocity and density scalgfis case the mean temperatuend pressujewithin the
ap and po, respectively. The flow Reynolds number basedyomain increase with time as energy is continuously added
on these scales is defined as;Rpoalo/k- to the system via the forcing. The temporal evolutions of the

The simulation parameters listed in Table | are chosen iR, me-averaged flow temperatures are shown in Fig. 1 for
order to study the effects of the molecular weight ratio of the

species, the turbulence Reynolds number, and the turbulence

Mach number. For each simulation, Table | provides the bi-

nary species, the grid resolution, the flow Reynolds numberT,AB'-E Il. Pure substance properties and reduced initial conditions.
the nondimensional forcing amplitude, and the ratio of mo-
lecular weights of the species. Furthermore, the initial values
of the Irving—Kirkwood form of the thermal diffusion factor,

for Mg/M,=1. The Bearman—Kirkwood forma(gk) is
then thermodynamically determined by Efj7). Finally, the
reference heat capacicyg is evaluated at a “low-pressure”
reference condition as generally employed in the departur
function formalismt The reference heat capacity and the ref-
erence enthalpyH°) of the mixture are specified in terms of
the pure substance reference values:

The reference pressure is chosen topSe=1 atm, and the
pure substance reference heat capac(ﬁl%g.A and Cg’B) are
taken from polynomial corelations in Ref. 1. Finally, the

V. RESULTS

stir” the initially quiescent fluid mixtures leading

kg )
Species M(kgmole TC(K) pC(atm To/T® Po/P°

and the reference density and velodgpund speedare also ﬁitfoge” 12086021035 15241%236 3237-%‘1 51-53‘5 11-?%‘;
. . eptane . . . ) .
included in the table. Runs 2, 4, and 5 are used to assess tg_%ethylhexane 100.205 535 3 2773 131 Lo

effects of the species molecular weight ratio in the range pggecane 170.34 658.2

17.96 1.06 251
1.0<Mg/M,<6.08. The parameters for runs 1 and 2 are
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FIG. 1. Temporal evolution of the nondimensional mean temperature. 1 o T -1 1

all simulations. With the exception of run 3 the relative in- £ 08 ]
crease in the mean temperatures are relatively small, with the .S [

absolute mean temperatures increasing to no greater than ap- = 06} .
proximately 720 K(from To=700K). In the case of run 3, g W

the mean temperature increases by approximately 27% over o= 0.4k ]

the duration of the simulatiofto ~890 K) due to a larger
forcing amplitude and viscosity. Nevertheless, the relative

changes to the thermodynamic properties corresponding to 02r ]
this temperature interval were found to be relatively moder-
ate. Therefore, all of the flows are considered to be essen- 0 . il —

0 50 100 150 200

tially stationary for the purposes of the following analyses (b)
(the approximate stationarity of the flows is further con-

firmed by analyses of higher-order statistical quantities, e.gF!G. 2. Temporal evolution of the speci& mass fraction(a) standard
Figs 2 and ;3 deviation for all simulations, anb) instantaneous maximum and minimum

. L. . for simulation run 3.
Statistics are calculated as both instantaneous volume

averages over the entire domain, as well time averages of

data made possible by the stationarity of the flows. The flow

stationarity and the resulting ability to calculate time averagdw; is the vorticity vectoy. The Taylor(\) and Kolmogorov
statistics(by ergodicity eliminates the need to perform mul- (%) length scales are defined as
tiple realizations of each simulation; therefore, each of runs 5u(uu;)| M2 ud
1-5in Table I corresponds to a single realization. The vol- )\=<— —
ume average of arbitrary variabtg is denoted by brackets & &{p)
(¢, and the fluctuation with respect to the average is denotetespectively. Finally, the time-averaged compressibiliy (
with a superscript prime; i.e¢’=¢—{(®). Several time- =pV/RT), mass diffusion factord,), Bearman—Kirkwood
averaged statistics are presented in Table Il for each of ththermal diffusion factor §gx), and the relative Irving—
simulations. The averages are performed over the time randg€rkwood form of the thermal conductivitydzk / «) are also
100<tagy/Ly=200 for all flows, except for run 3 which de- presented.

velops more rapidly in nondimensional time units. For run 3 The statistics provided in Table Il reveal why the par-
the averaging is performed for the temporal range 5Qicular values of the flow Reynolds numbers and forcing am-
<tay/Ly=150. The statistics presented in Table Il are cal-plitudes were chosen. The particular choices enable us to
culated in forms suitable to isotropic compressible ffdw. study the effects of altering either the turbulence Reynolds
The Mach number id/ C:(uiui>1’2/a, and the Taylor Rey- number or the Mach number while keeping the remaining

t'3‘00

14
; (24)

nolds number is parameters essentially fixed. The simulations are performed
5 |12 for both “low” and “moderate” Reynolds numbers equal to
Rq\=<P><Uiui><3_) , (22) Re ~16 (run 1) and Rg~52 (runs 2-5, respectively. Two
ne values of the turbulence Mach number are also considered,

where the mean dissipation can be written as a summation & c~0.21(runs 1, 2, 4, and )s5andM¢~0.56 (run 3. The
solenoidal €g5) and compressivee(:) components; i.e.g largerM ¢ value is sufficient to exhibit significant compress-

=ggtec With ibility effects; however, it is not large enough to produce
shocklet3® within the flow which would be poorly resolved
es= u{ w0, :f % 23 by the nondissipative central finite differences employed in
s=m(wiwj), &c 3,“ _ (23 .
29 this study. Table Il also reveals that the Kolmogorov length
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near ideal compressibility associated with pure nitrogen. On
the other hand, run 4 is comprised of a binary mixture of two

w

525 hydrocarbons and is substantially more “liquid-like” as
%, characterized by a less than unity compressibiity0.84. In

= T all cases, the magnitude of the fluctuations of the compress-
o ibility are much less than the mean values, i({§Z')?)%?
371'5 <(Z), and are not shown. As discussed previously, the mass
=4 . diffusion factor (@) acts to alter the effective Fickian diffu-

sivity when its value is different than unity. Table Ill shows
that the mean, is indeed significantly less than unity for all
flows. Thermodynamic conditions for the simulations were

o = s chosen to be sufficiently far from the critical mixture locus
0 50 100%m150 200 (where a4q—0) such that the scalar field remains well re-

solved. In this regard, the largest effective Schmidt number

occurs for run 5; Sg=w/(pDay) = Sclay=0.86. The aver-
age Bearman—Kirkwood thermal diffusion factargy) re-
veals that the magnitude of the second term on the right-hand
side of Eq.(17) is much larger than the specified values of
aik (see Table)l Finally, the last column in Table Il shows
that the effective thermal conductivitshe Irving—Kirkwood
form) is approximately equal to the “true’li.e., kinetic
theory value of the molecular conductivity. Therefore, the
second term in the brackets in EG.0) is negligible for the
present flow conditions antDjT is nearly identical to the
traditional Fourier form of the heat flux vector.

0.5F

B. Scalar evolution

Under the typical low-pressure formulation in which

FIG. 3. Temporal evolution of the nondimensiorta) heat and(b) mass  mass diffusion is purely Fickian, the initially premixed spe-

flux vector magnitudes for simulation run 2. cies would remain perfectly mixed indefinitely. This is not
the case for the present formulation due to the inclusion of

Soret mass diffusion whereby species also diffuse due to

scale is in all cases significantly larger than the grid spacingf ¢ d dients. In the ab  initial
suggesting that the simulations are well resolved. The inte -=Mmperature and pressure gradients. In the absence ot intia

rity of the simulations was further confirmed through repro-s'peCles gradients, temperature and pressure gradients inher-

duction of(low-pressurgresults in Ref. 3Znot shown, and ent in compressible turbulence initially act to generate fluc-

through examination of the high-wave-number content Oi{uations in the mass fraction fieldthe production mecha-
various energy specti@resented below nism is described in more detail belpwThe relative

The statistics of thermodynamic variables in Table Il intensity of fluctuations of some variablcan be examined

H it ; 1 g r\1/2
yield additional insight into the behavior of the simulated " t€rms of the standard deviation ¢fdefined ag ¢’ ¢”) .

flows. Pure hydrocarbons under the present conditions eX-9ure 2 depicts the temporal evolutions of the standard de-
hibit considerable deviations from ideal gas behavior. For/ations of the specie8 mass fractions for all simulations
example, the compressibilities of pure heptane and dodecang!9- 2@], as well as the evolutions of the instantaneous
atp=p, andT=T, areZ=0.81 andZ=0.46, respectively. minima and maxima oY g for simulation run JFig. 2(b)]. It
However, dilution with nitrogen Z=1.04) as in runs 1—3 is observed that the species mass fraction fields also evolve
and run '5 results in mean compressibilities very near tdo statistically stationary distributions as characterized by the
unity. In other words, the mixture compressibility is a non- Scalar standard deviatiorithe relative magnitudes in Fig.

linear function of the mass fractions of the species, and 5004(@) are discussed latprAlthough the standard deviations

dilution with a compressible hydrocarbon actually retains the?'$ relatively small compared to the scalar medMgf

=3), the magnitude of the fluctuations is not negligible as

observed by the minima and maxima in Figb2 Additional
TABLE III. Time-averaged statistics. simulations have been conducted based on perfectly segre-
gated (non-premixed nitrogen—hydrocarbon initial condi-
tions. These results confirm that the long time stationary sca-
021 161 161 210 102 0.914-527 0.992 lar states observed in Fig. 2 are independent of the mass
g-gg glll-é g-gé 13421 1-82 8-8;2 —2-;3 8-222 fraction initial conditions(not shown.
021 522 091 131 084 0926-013 100 . The relative effects of the Dufour and Soret cross-
020 515 092 134 102 0817770 o098 diffusion on the heat and mass flux vectors are examined in
Fig. 3 which depicts the magnitudes of all four vectors in

Run M Re  NLg 7lAX z ay apg Kk K

a b wNBE
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2 o—r— Preras——r TABLE IV. Time-averaged correlation coefficients.
- e =T
< 15F 1 — ok — =Y ] Run C(T,Yg) C(p,Ys) C(VT,VYp) C(Vp,VYpg)
x P —-9-= o7
~ 1F ;o . 1 0.034 0.53 0.02 0.51
= } ¢ \ 2 -0.004 0.35 -0.13 0.44
%0.5F ®, 4
< VF ; . R 3 0.007 0.33 -0.10 0.33
= / B o W |
X o : -~ 4 -0.028 -0.21 0.17 -0.26
e T a\\-e" 'E:, —-EL ‘: ] 5 -0.12 0.36 —-0.28 0.45
P osk N v
kv4 1 A
-1F \ / 3
i 'y
-1.5F 9 ; :
i sure gradient dependent Soret flulY acts as a production
2k L L . mechanism for mass fraction fluctuations. On the other hand,
0 50 100 150 200

although the temperature-gradient-dependent fla¥) (is
relatively strong, as indicated in Fig(l8, JiT plays a rela-
FIG. 4. Temporal evolution of the nondimensional spe@asass fraction tively negligible role in the long time variance budget. In
variance transport equation budget for simulation run 2. other words, Soret effects from temperature gradients may be
important locally within the flow; however, the averaged ef-

) ) fect on the scalar variance equation is negligible due to a
each of Eqs(8) and(9), i.e., the total flux together with each |5k of correlation between the temperature and mass frac-
of the temperature, mass fraction, and pressure-gradienfipn gradients(see also Table IV

dependent component contributions. Note also that with  Based on the above description, it can be concluded that
these definitions the summation of the three component magne initial perfect “premixedness” of the mass fraction field
nitudes does not necessarily equal the magnitude of the totg broken (“anti-diffusion” ) by the effects of pressure and
flux vector. The results in Fig. 3 correspond to SimU|ati0”temperature gradients within the flow acting on the mass
run 2 (although the trends are the same for the remainingjitfusion vector. On average, the pressure gradient acts to
flows), and the high-frequency oscillations in the curves argncrease the scalar variance until a balance is achieved be-
due to acoustic waves. FiguréaBshows that the tofalQ;)  tween the production effects associated vafhand the dis-

and temperature-gradient-depende@{ X heat flux vector  sjpation due to the Fickian diffusion term. This balance is
magnitudes are approximately equal, whereas the Crosgyanifested in long time statistically stationary mass fraction
diffusion (Dufour effect vectors(Q; andQf) are essentially  gistributions. Furthermore, since the pressure gradient acts as
negligible at all times. On the other hand, FigbBreveals  the primary scalar variance production mechanism, it can be
that the relative magnitudes of the cross-diffusion mass f|U)éXpeCted that the mass fraction gradient and the pressure
vectors(Soret effect are substantial for the presently inves- gradient will be correlated. This is confirmed by introducing

dependent mass fluxJ{) makes an even larger contribution

to the total mass flux vector than does the “typical” Fickian

o0

a;b;
flux (JY). C(a b)) = % (26)
i i i ((aja;){byby))
The mechanisms responsible for the observed stationary /A PkPk

mass fraction states for the high pressure binary mixtures can

be explained by examining the transport equation for thdounded by—-1<C=+ 1. Time-averaged correlation coeffi-
Favre averaged mass fraction variance for isotropic flow: cients for the mass fraction gradient with both the tempera-
ture and pressure gradients are provided in Table IV. As

d YeYg +YB AL aYg expected, the mass fraction and pressure gradients are sig-
(P ={J 19 +{Jp , nificantly correlated, whereas the mass fraction and tempera-
dt 2 J (9XJ J (9XJ J (9X] y ! p

ture gradients exhibit only relatively negligible correlations.

. . . .These correlations are direct measures of the relative Soret
where the density-weighted Favre average of arbitrary vari-

i ~ ) 7 " effects on the scalar variance transport equation. Table IV
able ¢ is denoted¢ and the c.orresp'ondmg ﬂuctuagon 'S also includes correlations for the scalar val(&sopposed to
¢"=¢— ¢ (see Ref. 37 for a discussion of the relationshipthe gradients For scalars, the correlation coefficient is de-
between the nonweighted and the Favre-averaged scalar vafined in an analogous manner:
ance. Clearly, the second term on the right-hand side due to
JY is negative definite and therefore corresponds to the tra- '’

" o L . (P1d3)
ditional Fickian dissipation of scalar variance. However, the  C(¢,,¢,)= )
. . . L . . ’ 12\ 1/2, 12\ 1/2
physical interpretation of the remaining terms is less obvious (($1)9)"X($2)%)
since their sign will depend upon the correlations of the mass
fraction gradient with eithe.ijT orJJP. In order to gain insight ~ Similar trends are observed for the scalar correlations. Fi-
into the behavior of these terms, the evolution of the scalanally, note that the change in the sign for correlations calcu-
variance budget is presented in Fig. 4 for simulation run 2lated for run 4 are due only to the choice of the pure sub-
The positive values fo(JJPaYB/&xj) indicate that the pres- stance referred to as speciBs

(27)
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TABLE V. Time-averaged standard deviation, skewness, and flatness for 10" g
the specie® mass fraction. E

- T m— ——— pr—
Gaussian
| = e - =T

Run <YéYé>1/2 #3(Ye) ~4(Ys) 10°F —-e-— ¢=v e
1 3.50¢ 1073 ~0.39 3.56 F ]
2 1.85¢ 1073 -1.57 7.52 ]
3 9.75¢ 103 —~1.06 5.56 E
4 6.0<10°° 1.60 7.27
5 3.2x10°3 -1.75 9.04 -

C. Scalar distribution F
The long time concentration fluctuations resulting from 107 Lo L P -
nonequilibrium diffusion may have significant consequences 6 4 2 0 2 4 6

for the extension of standard PDF-based mixing models o< ¢>"

(€.9., the amplitude mapping closure or PDF metﬁ6&§ FIG. 5. Probability density functions of normalized thermodynamic variable
to high-pressure conditions. It is therefore warranted to furiuctuations for simulation run 3 at tireg /L= 125.

ther investigate the ultimate form of the scalar distributions.

The temporal evolutions of the mass fraction standard devia-

tions were already presented in FigaR Their correspond- trast to “typical” low-pressure passive scalar distributions
ing time averaged values are provided in Table V, togethewhich tend to be predominantly symmetric and approxi-
with the time-averaged skewnesss) and flatnessg,) fac-  mately Gaussiaff** However, both the temperature and the

tors: pressure are nearly Gaussiandicated by the solid curye
n The scalar skewness is therefore not due to skewness in ei-
Hn(YB)= —<(TBZ >/2, (2g)  ther the pressure or temperature gradient distributions.
((Yp)9)" Analyses of the results indicate that the mass fraction skew-

which take valuesu;=0 andu,=3 for Gaussian statistics. ness is due to .the thermodynamic properties of the partial
Substantial variations in the intensity of the scalar fluctuamolar volume difference which appears in the mass flux vec-

tions are observed for the different simulations. An analysid®" I’ [Ed. (15)]. Figure 6 elucidates this feature by averag-
of the results shows that the mass fraction standard devid?d the partial ~volume difference, Av ,=(V,g/Mg

tions increase with each of the following trend:increases — V.A/Ma), conditionally on the value of the speciBsnass
in the molecular weight ratio of the pure speciesns 4, 2 fraction. Clearly, the partial volume difference is a decreas-

and 5, (ii) increases in the mixture viscositije., decreasing "9 thermodynamic function of the mass fraction. Therefore,

Re, : runs 1 and 2 and(iii ) increasing Mach numbéruns 2 the flux vector magnitudé! is larger in regions of negative

and 3. One effect of decreasing the molecular weight ratio isYs fluctuations, and the production of scalar fluctuations is

to reduce the partial molar volume difference in Eg5). correspondingly larger in these areas. This increases the

This reduces the relative strength &, and therefore also probability of finding small values ofg leading to the ob-
reduces the production of scalar variaregg. (25)]. The  Se€rved skewnesilso compare the minima and maxima in
viscosity is directly related to both the thermal conductivitiesT19- 2b)]. Conversely, species exhibits positive skewness
and the mass diffusivities of the mixtures through the speci-
fied values of the Prandtl and Schmidt numbers. Therefore,
the increasing scalar variances with viscosity are most sim-
ply explained by considering the limiting case of zero con-
ductivity and diffusivity; in this case the mass flux vector is
null and no scalar production can occur. However, despite
the trends found in Table Il for increasing Reynolds num-
ber, the ultimate asymptotic state of the scalar distributions
with large, but finite, Reynolds number is not certain. Fi-
nally, analyses of the results shows that the increase of the
scalar variance with Mach number is due to a corresponding I ]
increase in the intensity of the pressure fluctuations which 075 1
govern the scalar variance production. ]
Table V also indicates that all of the distributions are [
characterized by substantial skewness values and larger than 0.5 Rl it
Gaussian flatness factors. An example of an instantaneous 6 4 2 ,0 , 2 i 4 6
mass fraction normalized PDF is given in Fig. 5 together Yo/<Yp¥p
V\{Ith P[_)FS of the temperature and pressurg fluptuatlons foIEIG. 6. Nondimensional conditional expectation of the partial molar volume
simulation run 3. The specieB mass fraction is clearly differenceAv ,=(V g/Mg—V o/M,) conditioned on the speci€d mass
skewed towards negative fluctuation values. This is in consraction fluctuation for simulation run 3 at timeg /L,=125.

1-5_' LI LRSI B B T

>
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because the partial molar volume difference appears witfrom the stationary states of each of the simulations are de-
opposite sign in the speci@smass flux vector. This change picted in Fig. 7 as a function of the wave number magnitude.
in sign of the skewness factor occurs for simulation run 4The spectra presented include the kinetic energy, the dissi-
(Table V) due to choosing 3-methylhexane to be denotecpation of kinetic energy, the speci@ mass fraction, the
speciesB. Also note that although non-Gaussian scalar statemperature, and the pressure. Several observations can be
tistics can, in some cases, be related to inertial range scalgiade from this figure. First, the high-wave-number content
intermittency,*' the present mass fraction asymmetries asof all of the spectra appear to be well resolved as indicated
sociated withAv , are not indicative of inertial intermit- by the monotonic decay with increasirg(except for the
tency. The asymmetries noted in Table V are a purely therpressure spectra which exhibit a very small increase at very
mody_namic effec_t resulting from the nonequilibrium Sorethigh wave numbers for some of the simulatiprighis pro-
diffusion formulation. vides further evidence as to the accuracy of the simulations
and the numerical approach. A second observation is that the
form of the normalized spectra appear to be functions of only
The final topic for investigation is the spectral content ofthe flow Reynolds number; i.e., no significant dependence on
the various turbulence and thermodynamic variables. Toeither the Mach number or the molecular weight ratio is ob-
wards this purpose, instantaneous normalized spectra takeerved. Finally, each of the mass fraction spe[fig. 7(c)]

D. Energy spectra
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exhibits a peak value which corresponds closely to the peatatio and the turbulence Mach number; however, the magni-
of the kinetic energy dissipation specffag. 7(b)]. The con- tudes decrease with increasing turbulence Reynolds number
vergence of the peaks would seem to suggest that the praue to the diminishing influence of molecular diffusion.
duction of scalar variance due to the pressure gradierfProbability density functions of the mass fraction were ex-
throughJP occurs primarily in the smalldissipation scales amined and found to be characterized by larger than Gauss-
of the flow. This is somewhat intuitive since the gradient ofian flatness factors and by substantial skewness factors. The
the pressure, which is central to the scalar variance produ@symmetries in the distributions were attributed to the mass
tion, obviously exhibits larger high-wave-number contribu-fraction dependence of the partial molar volume difference
tions than does the pressure field itself. appearing in the pressure gradient dependent term of the
Soret diffusion vector. Finally, the mass fraction energy
spectra were observed to display peak amplitudes at wave
numbers corresponding to the peak of the kinetic energy dis-
Direct numerical simulations were conducted for station-sipation spectra. It was concluded that the production of sca-
ary compressible isotropic turbulent mixtures at supercriticalar fluctuations occurs primarily in the small scales of the
pressures. In particular, binary mixtures of nitrogen withturbulence.
various hydrocarbon species were studied under supercritical
thermodynamic conditions relevant to modern diesel and airACKNOWLEDGMENTS
craft gas turbine engines. The formulation is based on the
compressible form of the Navier—Stokes equations, coupleg:al

with total energy and mass fraction transport equations. Hig}ﬁces of Earth Science, Aeronautics, and Space Science. Ad-
pressure fluid behavior is modeled based on a cubic real g tional  reSoUrces w,ere providec;I by the Division of

state equatl_on and general fqr_m_s of the heat and mass flljéomputing and Information Technology at Clemson Univer-
vectors derived from nonequilibrium thermodynamics. TheSity
formulation therefore includes the potential for heat to dif-~ 7"

fuse due to species concentration gradients or pressure gra- )

dients(Dufour effec}, as well as the potential for concentra- RPPENDIX A: MIXING RULES

tions to diffuse in the presence of temperature or pressure The mixing rules recommended by Harstitch

gradients(Soret effect _ ¢ \2 F77C 12/ e
Simulation parameters were chosen to study the effects Aap=0.457 236%1_“!?) [1+Cap(1- T/Taﬂ)] /p“/”

VI. CONCLUSIONS

Computational resources were provided by the JPL/
tech Supercomputing Project funded by the NASA Of-

112 are

of the molecular weight ratio, turbulence Reynolds number, (AD)
and the turbulence Mach number on the long time behavior  B,=0.077 796 RTS /p,, (A2)
of the species mass fraction distributions. It was observed

that in all cases the mass fraction, rather than undergoing the Cap=0.374 64+ 1.542 26) ,,—0.269 9207, (A3)

“typical” (low pressurg exponential decay, achieves sta- yhere the superscriptrefers to critical propertieé.e., T/T¢
tionary statistics characterized by nonzero variance at suffix the “reduced” temperatuje The diagonal elements of the

ciently long times. These states are independent of the initialcyitical matrices” are equal to their pure substance coun-
mass fraction conditions, and occur even when the binaryerparts; j.e.7¢ =T¢, p¢ =p°, andQ,,=Q, whereQ is
LA a’l aa a’l ao @

Y aa

species are initially perfectly premixed. In these premixetne acentric factor of specieg The off-diagonal elements
cases, the initial effect of the Soret diffusion is to “anti- are evaluated using additional mixing rules:

diffuse” the mixture—a phenomenon which is impossible

under purely Fickian diffusion. An analysis of the scalar  Top=VTaaTps(l1=Kap), Pap=Zas(RTos/Vap),
variance budget revealed that the long time stationary scalar (A4)
states are made possible by a balance between Fickian dissi- y,c _ ir/\,c \1/3 c \1/313 c _1/5c c

pation effects and a production mechanism involving the Vas= (Ve "+ (V) P, Zip= 522t Z3p),
pressure-gradient-dependent term of the Soret diffusion. This Q5= %(Qaa+(2ﬂ3), (A5)
prod.uct|on mechanism is made possible by a p'erS|stent. Cihere the diagonal elements of each of the above symmetric
relation between the pressure and mass fraction gradien atrices are also equal to the pure substance values. The
On the other hand, although the temperature gradient term o)

e > ) inary interaction parametek,, is a function of the spe-
the Soret diffusion is of significant magnitude compared toCies being considered and is taken tokyg=0.1 for a+ 3

the_ total mass fI_ux vecto_r, its average effect on the scala dk,,=0 for the binary mixtures addressed in this study.
variance budget is essentially negligible due to an absence o

correlation between the tempergturel and mass fraction gradKPPENDIX B: THERMODYNAMIC FUNCTIONS

ents. In contrast, Dufour heat diffusion was found to be es-

sentially negligible when compared to the Fourier heat flux  In order to ensure self-consistency, all of the thermody-

for the simulation parameters under consideration. namic parameters of the flow should be calculated from the
The simulation results were then analyzed to elucidatesame equation of state. For the present fluid dynamics simu-

the statistical forms of the stationary mass fraction distribudations the variables of interest are the molar enthdlpy

tions. It was observed that the long time scalar variance maghe constant pressure molar heat capadZy)( the partial

nitude is an increasing function of both the molecular weightmolar enthalpy K ,), the partial molar volume\( ,), the
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mass diffusion factor ¢4), and the speed of soundyd). —(IpldT)y x -1
Each of these functions can be obtained through various de- QU—W, KT_W- (B10)

rivatives and functions of the Gibbs energ$? . . _
Finally, miscellaneous relations used above are

H=H%pV-> X, RT+K,| A TM’“) (B1) AAm
- - a 1 m— o |
a al X, —22 AapXg, (B11)
(aplaT)g x P A,
_0_ _ 0A 1
Cr=Cp T(ﬁph?V)Tx ; AT Tz Ke (B2 — === D XoXphusGag, (B12)
oT T “B
where:
7 A E A5G, X (B13)
J - T aBSapp
(%) = X RV =By)— (3An/3T)/ IXadT
VX P Ay 0.4572367%
(V2+2VB,—B2), (B3) T2 - 2T Ea: % XaXgCap
(&p) —_E“X“W[l 2A [SRT(VJrB) ws |Tas
N (V—DB)? m m X(1+C T (B14)
\Vj B 2) -1
“| V=g, *va ] } (B4) Gupm VT Tap (B15)
m P14 C(1-VTITE)
< 1 | +(1-v2) B, (85
1 238, Vt(14v2)B,, APPENDIX C: TEMPERATURE CURVE FIT
A cubic real gas state equation must in general be solved
-1 RT RTB,, L .
V= 5 iteratively to get both the temperature and pressure simulta-
@ (OpIN) T x|[V—Bm (V= Bn) neously(given the density, internal energy, and mass frac-

tions). However, in order to avoid costly iterations, a highly
,  (B6) accurate fit was obtained for the specific internal energy of
the mixture €;) over the entire state space of interest:

2An(V=BwB, 25 5A,Xg
(V2+2VBy,—B2)?  V2+2VB,— B2

&Am V _—VB /Bm e —e T-T T—T 2
H, =Ho+pV ,~RT+| A= T IV L= S -t
) a p s m oT V2+2VBm_BZm (eu_eL 1 TU_TL +C2 TU—TL y (Cl)
AAm P Am I Am)| Ba which can be solved explicitly for the temperature. In the
Ko T Taxar AT o7 B above expression,
e _e(l) _ _ 2
(B7) (MFC:;( P )+c4( p _m) R
In the aboveH? is the pure substance reference enthalpy of Pu—pL PuTpPL
speciese. The mass diffusion factoey is a thermodynamic e,—e® p—pL p—pL |2
function given byayg=1+X,dIn (¢ )/dX,, where ¢, are peme) S(p ) +Cs po—p ) : (€3
the fugacity coefficientgindependent of which species is vt vt
chosen in the evaluatiorand has the form where the subscripts and U correspond to the lower and
upper limits of the parameter space, respectively. Finally, the
ad:1+XAXB[ AT ( ) Bg—Ba four remaining internal energy functione{®(Yg;T, ,p.),
(pl V)7 x\ By | V— B e@(Yg;TL.pu), €®(Yg;Ty.pL), and e®(Yg; Ty, pu),
are
BadAml 9Xg— By Aml9X ]2
ATVt VB, 52) | | 2) (B8) el®—e”
(m) C(a)Y +C a)Yz, a=1,2,3,4. (C4)
with MU
BeB2 2 (K In practice each of the paramet&s— Cg is obtained by a
K,= g) n _(_21) (AggBa least mean square errtMSE) solution.
B RT\ B, The procedure for applying the curve fit is as follows.

First, a range of temperature, mass fraction, and pressure
+ AnnBs—2A0eBABs)- (B9) (and therefore densitys input which encompasses the ther-
Finally, for real fluids the speed of sound i@ modynamic state space under consideration. Then the eight
=(p«rs) Y2, where the isentropic compressibility is=«r  constantsC{® and C{*) are determined using the LMSE
—VTa'f/Cp, and the expansivity ,) and the isothermal analysis. This allows thee_ and ey coefficients
compressibility 1) are expressed by (C5,C4,C5,C6) to be calculated, again using LMSE. Fi-
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ergy during initialization(for consistency, as well as to cal- *8J. C. Lasheras, E. Villermaux, and E. J. Hopfinger, “Break up and atomi-

culate the temperature from the internal energy during eachzation of around water jet by a high-speed annular air jet,” J. Fluid Mech.
time step 357, 351(1998.

i g . . 1¥R. S. Miller, C. K. Madnia, and P. Givi, “Numerical simulation of non-
The entire curve fitting process is performed during the ircyjar jets” Comput. Fluid24, 1 (1995.

initialization of the code automatically and requires negli-23. c. Oefelein and V. Yang, “Analysis of transcritical spray phenomena in
gible computational effort. Furthermore, the state space turbulent mixing layers,” AIAA Pap. No. 96-0086.996. N
range can be checked dynamically during each simulation. [fJ: C. Oefelein and V. Yang, “Analysis of hydrogen-oxygen mixing and

. . .. ._combustion processes at high-pressures,” AIAA Pap. No. 97-07987).
this range ever extends beyond the Input range the curve fit I-“()‘;R. S. Miller, K. G. Harstad, and J. Bellan, “Direct numerical simulation of

simply recalc_ulated. Applica_tion of the procedure was found 5 supercritical mixing layer,” AIAA Pap. No. 2000-0192000.
to produce highly accurate fits for the temperature as a func®R. s. Miller, K. G. Harstad, and J. Bellan, “Direct numerical simulation of
tion of the internal energy for all of the cases considered ir124SUPer0ritica| fluid mixing layers applied to heptane-nitrogéatbmitted.
this study. For each case, the thermodynamic state Spac%or:'b Es‘ip‘;'ci;dflgeg‘gg; for turbulent reacting flows,” Prog. Energy
chosen for the fit was €Yg=<1, 500 K§T$1250 K, and H. Chen, S. Chen, and R. H. Kraichnan, “Probability distribution of a
25 atm=p=100atm. The average relative errors for the tem- stochastically advected scalar field,” Phys. Rev. L&8.2657(1989.
perature estimates when compared to the “exact” Peng-2°s. B. Pope, “Mapping closures for turbulent mixing and reaction,” Theor.
Robinson temperature are 0.57% for nitrogen with heptanezvcomput-_Fluid Dyn2, 255(1991). _ N
0.21% for heptane with 3-methylhexane, and 0.55% for ni- ~- S: Miller, S. H. Frankel, C. K. Madnia, and P. Givi, "Johnson-
ith dod h . Edgeworth translation for probability modeling of binary mixing in turbu-

trogen with dodecane over the entire state space ranges. o fiows,” Combust. Sci. Technol, 21 (1993.

28], Keizer, Statistical Thermodynamics of Nonequilibrium Processes

IR. C. Reid, J. M. Prausnitz, and B. E. Polifidhe Properties of Gases and ~ (Springer Verlag, New York, 1987

Liquids (McGraw-Hill, New York, 1987. 29K, Denbigh, The Principles of Chemical EquilibriuttCambridge Univer-

2T. Kamimoto and H. Kobayashi, “Combustion processes in diesel en- sity Press, Cambridge, 1981

gines,” Prog. Energy Combust. Sdi7, 163(1991). 303, Sarman and D. J. Evans, “Heat flow and mass diffusion in binary
3A. H. Lefebvre,Gas Turbine CombustiofTaylor and Francis, Ann Arbor, Lennard-Jones mixtures,” Phys. Rev.4&, 2370(1992.

MI, 1998). 313, Chapman and T. G. Cowlingthe Mathematical Theory of Non-
4S. D. Givler and J. Abraham, “Supercritical droplet vaporization and com-  Uniform GasegCambridge University Press, Cambridge, 1970

bustion studies,” Prog. Energy Combust. S22, 1 (1996. 323, Kida and S. A. Orszag, “Energy and spectral dynamics in forced com-
5S. R. De Groot and P. MazuNon-Equilibrium Thermodynamid®over, pressible turbulence,” J. Sci. Comp&, 85 (1990.

New York, 1984. 33C. A. Kennedy and M. H. Carpenter, “Several new numerical methods for

°0. E. Tewfik, E. R. G. Eckert, and C. J. Shirtliffe, “Thermal diffusion  compressible” shear-layer simulations,” Appl. Numer. Mati, 397
effects on energy transfer in a turbulent boundary layer with helium injec- (1994.

tion,” in Proceedings of the 1962 Heat Transfer and Fluid Mechanics34g 5 iller and J. Bellan. “Direct numerical simulation and subgrid
Institute pp. 42-61. , , analysis of a transitional droplet laden mixing layer,” Phys. Fliifls650

O. E. Tewfik and J. W. Yang, “The thermodynamic coupling between (2000

heat and mass transfer in free convection with helium injection,” Int. J.35R s .Miller and J. Bellan. “Direct numerical simulation of a confined

Heat Mass Transf, 915 (1963. L . L ) . i
8E. W. Curtis and P. V. Farrell, “A numerical study of high-pressure drop- g:gepele(:lgsgzlznae;?naf Jmll):(;Sigd I'a)éig;vzlltggo;(elggvgaporatmg hydrocarbon

let vaporization,” Combust. Flam@0, 85 (1992. 36 o . )
“ . _ ., “°S. Lee, S. K. Lele, and P. Moin, “Eddy shocklets in decaying compress-

9

K. G. Harstad and J. Bellan, “Isolated fluid oxygen drop behavior in fluid ible turbulence,” Phys. Fluids /8, 657 (1991,

hydrogen at rocket chamber pressures,” Int. J. Heat Mass TrhS537 7R. S. Miller and J. Bellan, “On the validity of the assumed pdf method for

1998.
(1998 d modeling binary mixing/reaction of evaporated vapor in gas/liquid-droplet

10K, G. Harstad and J. Bellan, “Interactions of fluid oxygen drops in flui 2 8 >
hydrogen at rocket chamber pressures,” Int. J. Heat Mass Tr&h8551 tyrbulent shear floyv, inProceedings of the 27th Symposium (Interna-
tional) on Combustior§1998, pp. 1065-1072.

(1998. o N .
1K, G. Harstad and J. Bellan, “An all pressure fluid-drop model applied to %y, Eswaran and S. B. Pope, “Direct numerical simulations of the turbu-

a binary mixture: Heptane in nitrogen(in press. 39Ient mix_ing of a passive. scalar,” Phy§. Fluigg, 50§§198&.
12K G. Harstad, R. S. Miller, and J. Bellan, “Efficient high pressure state~ R- S. Miller, F. A. Jaberi, C. K. Madnia, and P. Givi, “The structure and

equations,” AIChE J43(6), 1605(1997). the small-scale intermittency of passive scalars in homogeneous turbu-
133. A. Newman and T. A. Brzustowski, “Behavior of a liquid jet near the _lence,” J. Sci. Computl0, 151 (1995.

thermodynamic critical region,” AIAA J9, 1595(1971). 40B, Castaing, G. Gunaratne, F. Heslot, L. Kadanoff, A. Libchaber, S. Th-
143. Gotz and A. K. Gupta, “Fuel-air mixing under simulated high pressure omae, X. Z. Wu, S. Zaleski, and G. Zanetti, “Scaling of hard thermal

and high temperature conditions,” AIAA Pap. No. 98-026998. turbulence in Rayleigh-Benard convection,” J. Fluid Me2B4, 1 (1989.

154, McCann, E. Jepsen, and T. E. Parker, “Near-field droplet size mea?'F. A. Jaberi, R. S. Miller, C. K. Madnia, and P. Givi, “Non-Gaussian
surements for a diesel spray at high background gas pressure,” AIAA Pap. scalar statistics in homogeneous turbulence,” J. Fluid M&18 241
No. 98-0150(1998. (1996.



