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Effects of Soret cross-diffusion, whereby concentration diffusion occurs in the presence of either
temperature or pressure gradients, are investigated in the context of the binary isotropic turbulent
mixing problem at supercritical pressure with emphasis on results relevant to probability density
function (PDF) modeling. Direct numerical simulation®NS) are conducted for compressible
isotropic turbulent binary mixing of heptane with nitrogen at mean pressure and temperature equal
to 45 atm andlr' =700 K, respectively. The formulation is based on a cubic real gas state equation,
and includes generalized forms for heat and mass diffusion derived from nonequilibrium
thermodynamics and fluctuation theory. Results from two simulations at i€®lution are
compared. One case is based on the complete diffusion formulation, whereas in the second
simulation only “standard” Fickian and Fourier mass and heat flux terms are considered as a basis
for comparisons. The evolutions of the two mixing processes are shown to be nearly the same at
early times; however, at long times the pressure gradient based Soret diffusion acts as a forcing
function resulting in a statistically stationary scalar fluctuation distribution. In this case the scalar
variance achieves a stationary value, in contrast to the exponential decay associated with purely
Fickian diffusion. The mechanical to scalar time scale rdlip+ 7,/ 7y, is increased by a factor of
approximately 3 by Soret effects during this latter mixing regime. Soret diffusion is shown to
substantially alter the forms of the conditional expected diffusion and the conditional expected
dissipation at these long times. A commonly used model based on an assumed proportionality
between the conditional diffusion and the scalar fluctuation is tested, and is found to perform poorly
in the presence of cross diffusion at long mixing times. Several new conditional expectations
resulting from cross diffusion are measured. Implications of the results for extension of PDF models
to the high pressure regime are discussed.2@1 American Institute of Physics.
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I. INTRODUCTION PDF methods have been applied to the simulation of
turbulent flows for more than 30 yearé?1-2%n this class of
Probability density functionPDF) methods have re-  models, a transport equation is solved for the evolution of the
ceived widespread attention in the literature, having beewjingle-point, single-time joint scalar, or joint velocity-scalar,
applied to reacting flows? inhomogeneous flows,com-  PDF. The primary advantage of PDF methods for combus-
pressible flow$;> and multiphase flows! In these studies, tion modeling lies in the fact that chemical reaction source
heat and mass diffusion are nearly universally assumed to k@rms appear in closed form and therefore do not require
governed by Fourier's and Fick's diffusion laws, respec-modeling® In contrast to Reynolds averaged based turbu-
tively. Possible influences of nonequilibrium “cross- |ence models, modeling requirements are shifted to terms
diffusion” effects, by which species diffuse due to tempera-jnvolving molecular mixing. Due to the nature of this closure
ture and/or pressure gradientSoret or “thermal,”  problem, the relatively simple case of binary mixing in in-
diffusion), and thermal energy diffuses due to species and/ogompressible isotropic turbulence has been widely used as a
pressure gradients(Dufour diffusion, or *“diffusion-  model flow for studying unclosed mixing terms and closure
thermo”), have been ignored. This is despite the fact thaimodels. In this case, the exact PDF transport equation for the
these cross-diffusion effects can significantly affect the mixconserved scalar mass fractiov) of either species can be

ing process; particularly in the presence of large moleculagxpressed in either of the two consistent forms:
weight ratios and for high pressure compressible fl&v8. e

2
The present investigation therefore addresses the possible in- ﬁ_f: ‘9_
fluence of Soretand Dufouy diffusion in the context of PDF ot Iyt
methods for the case of binary hydrocarbon mixing in com-

]

pressible isotropic turbulence under supercritical pressure pa_f:i <‘9_‘]J ¢>f 2
conditions. gt dg| |\ dx;

wheref(Y) is the PDF of scalaY, p is the(constank density,
dElectronic mail: rm@clemson.edu J; is the diffusion flux vector, and the bracketed terms ap-
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pearing on the right-hand sides of the equations indicate aftuctuation theory? Substituting this decomposition of the
erages conditioned on the scalar taking valYesy. The  mass flux vector into the PDF transport equation yields
scalar mass diffusion vector is generally assumed to obey

2
Ficks law; J;= —pDaY/ax;, whereD is the binary diffu- 70 _ 7 [<Jyﬂ ¢> +<J_Tﬂ ¢>
sion coefficient. at - df 1 ox; b ax;
The conditional averages appearing in E{s.and (2) aY
are referred to as the “conditional expected scalar dissipa- +<J}°&— ¢>]f} (6)
tion” and the “conditional expected scalar diffusion,” re- X
spectively. The mean scalar dissipation is related to the corpr
ditional expected dissipation b
P P Y aft o l[]adf 93] AL -
Pt o (9—Xj</f+(9—leﬂ+(7—xj¢ -

teo | Y

eY:—f 35 w)td, ®

o ' Note that it is only the Fickian flud which contributes to
which can be simplified for Fickian diffusion in terms of an the true scalar dissipatith (discussed belowand should

ensemble average: therefore be related to the mass flux appearing in Egs:
(5). The relatively unexplored influence of the cross diffusion
aY aY fluxesJ! andJ’ on the above relations are to be determined.

=\ P ax; 9% ] ) Miller*® conducted direct numerical simulatiof®NS)

_ _ _ _ _ of hydrocarbon—nitrogen mixtures in stationary isotropic
In this caseey is restricted to non-negative values consistenicompressible box turbulence at supercritical pressure, with a
with its dissipative role in the scalar variance transport equaformulation which includes generalized diffusion and a real

tion: gas state equation. It was shown that initially perfectly pre-
v mixed binary species will “anti-diffuse” due to the presence
p E[ﬂ :< a_Y> = —ey, (5) of temperature and pressure fluctuations in the flow and their
dt 2 Lox corresponding influence on the cross diffusion fluiﬁand

JP. This was explained in the context of the scalar variance

where the superscriptindicates a fluctuation with respect to . ; S
transport equation for the species mass fraction:

the mean; i.e.Y=(Y)+Y'. Note that the expected value of

the scalar diffusion is null due to homogeneity. Both forms d {Y"Y")) v Y LY oY
of the conditional expectations are unclosed in the context of  g7|P) — | =\ Jig/ T\ Jig ) T\ Jigc )
PDF methods, and one or the other requires modeling. ' J ! (

A large body of research has appeared in the literature o .
addressing the binary mixing problem described above. ThWhere the double brackets indicate Fhe mass weighted Favre
extent of this literature relating to both the measurement angverage, and’=((Y))+Y". As mentioned above, only the
modeling of the conditional scalar expectations is too largdirst term on the right-hand side can be interpreted as a true
to review in this paper. However, it is generally accepted thafNon-negativg dissipation term:
a successful model for either of the conditional expectations aY
will accurately reproduce observed decay of the scalar PDF ey= —<JJYX>
from its initial “double delta” form (nonpremixed to an !
asymptotically gaussian stateell mixed).?”?81t should be  Miller*® observed that a statistical balance is achieved be-
noted that evidence also exists for asymptotically nontween this Fickian dissipation term and variance production
gaussian forms of the scalar PDF characterized by “expoprimarily attributed to the pressure gradient induced Soret
nential tails,”?*~3! with direct impact on the corresponding term containingd”. These competing processes result in a
forms of the conditional scalar expectations. These observaighly skewed non-Gaussian scalar PDF with stationary vari-
tions have inspired substantial interest in the measurememince at long times. It was observed that the magnitude of the
and modeling of conditional scalar statistics in turbulentlong time scalar variance increases with increasing turbu-
flows. The scalar variance is further assumed to exhibit atence Mach number and molecular weight ratio, as well as
approximately exponential decay, and several mixing modelsvith decreasing turbulence Reynolds number. It was also
applicable to PDF methods are based on this assumption. noted that the stationary long time scalar distribution is in-

The above review of PDF methods has only consideredonsistent with the accepted exponential scalar variance de-
the case of Fickian mass diffusion. However, in its generatay in typical(low pressurg nonpremixed studies.
form, the mass flux vectal; for the binary mixing problem The primary objective of the present paper is to extend
can be decomposed into three separate flux veclods: the DNS of Millet® to the case of binary nitrogen—
=J"+J7+3F, where the superscript indicates the thermo-hydrocarbon mixing of initially segregated species at super-
dynamic gradient involved,; i.e.,Jin —CYaY/axj , JiT critical pressure, and to analyze the results in the context of
=—C"9T/9x;, andJ]=—CPgP/Jx;, whereT is the tem-  scalar distribution evolutions and conditional statistics rel-
perature P is the pressure, an@”, CT, andC” are appro- evant to PDF methods. The paper is organized as follows.
priately defined thermodynamic functiofsee belowwhich ~ The formulation and numerical approach are summarized in
can be derived from nonequilibrium thermodynamics andSec. Il. Results from two simulations at resolutions of 3192

C)
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grid points are presented in Sec. lll. In one case the fulthermodynamicé? by assuming that each flux vector is lin-
generalized diffusion fluxes are included in the formulation.early proportional to gradients of both the thermal and
The second simulation has identical parameters; howevechemical potentials. As a matter of convenience, Mifler
only the traditional Fickian and Fourier diffusion terms are presented these fluxes as a superposition of separate flux vec-
considered in order to analyze the influence of crosstors relating to gradients of the mass fraction, temperature,
diffusion on the mixing process. Conclusions and further disand pressureQ;=Q+ Q'+ Q" , andJ;=J/+J/+J7, de-

cussions are presented in Sec. IV. fined as follows:
aT
Il. FORMULATION AND NUMERICAL APPROACH Q=- K+pDalKaBKYAYBR(ﬁ) }ﬁ’ (15)
The formulation and the numerical approach for the su- AR .
percritical binary mixing problem under consideration have M, IYg
already been described in detail in Ref. 19 and are therefore QjY= —[pDadquRT( )}— (16)
. . MAM B (9X]
only summarized in what follows.
A. Conservation equations for binary mixture Qf=- [ PDCHKYAYB(#— %) ]a_P (17)
ax;’
For pressures higher than the thermodynamic critical . A !
point (the critical “locus” for mixtureg the distinction be- YAYg) oT
tween gaseous and liquid phases vanishes, and deviations J}-Z—[pDaBK?]%, (19
from ideal gas behavior become significahThe following i
formulation therefore includes conservation equations for a oy
single phase fluid mixture density, momentum, total energy JjY: _{ppad}_B (19
(internal plus kinetig, and species mass fraction, as well as a X
real gas state equatidthe cubic Peng—Robinson state equa-
tion is chosen for the present stydy P _| pra¥e(MaMe) (Ve Vall P (20
o j PERT M, [IMg Mu/]ax
at X L] ( In the above expressions,is the form of the thermal con-

P P ductivity con;istent with kinetic theorﬁ is the'universal gas
ﬁ(pui) + W[pu‘uj +P&;—7j1=pFi, (12) copstgntM o 1S the' molecular weight of specms(sybscnpt
j m indicates the mixture valygandV , is the partial molar
J J volume of speciesv.
o (Pe)+ = [(pet P)uj—uiT; +Q;I=puiF;, (12 Three additional thermodynamic relations appear in the
! above expressions. The parameteys and agk are referred

d d to as the “lIrving—Kirkwood” and the “Bearman-
51 (PYe)+ o -[pYsU;+J;]1=0, (13 Kirkwood” forms of the thermal diffusion factdt;**respec-
. tively. These two factors are related to one another through
b RT Am 14 O expression derived by Harstad and Beffan:
~ V-B, V?+2VB,—BZ’
N . . 1 (MaMg|(Hpg Ha
In the above expressions, is the velocity vectorg;; is the ak=agkt RT M ) M—B— M_A , (21

Newtonian viscous stress tensay; is the Kronecker delta

tens_or_,Fillls an _art|f|C|aI Etlrlrlng f‘?fci added_ft_o ma|?ta|n whereH , is the partial molar enthalpy of species Equa-
statistically stationary turbulence, is the specific total en- tion (21) implies that only one of these parameters needs to

ergy,dan?Qi Is the hea;flux vsctor. A Zlinar)cli mlxtqr(;gom- be specified based on the specific species under consider-
prised o components enote as Speelamd SPECIER IS a4ion: the other is then known implicitly through the above
considered. In this case only a single transport equation fo

h fracti f @Y. is included in the f équation. Finally, the mass diffusion factay is related to
t € mass | raction o spem&( g) i inclu edin the ormu= molar gradients of the fugacity; its form can be derived given
lation, while the corresponding mass fraction of speéigs

lculated a8/, —1—Y. . Th f tor f _a specific equation of state. Under “normal” low pressure
Ea. Cléa et ; A_h'l— - 'N€ rtr_1assf ux vector for Stphectlfr? conditions, ey~ 1, thereby recovering the Fickian form of

IS denoted’; , while conservation ot mass requires that th€y, o 555 diffusion ternd) in Eq. (19). In contrast,ay—0
mass flux for specie®\ is —J;. Finally, A, and B, are

it ters for the stat ’ hich defi %Iong the critical locus of the state equation.
mixture parameters for the state equation which are delined g raqder is referred to Ref. 19 for additional details of
based on appropriately chosen mixing rulés.

the formulation. These include the specific mixing rules used
for the state equation, as well as expressions for the mixture
mass diffusion factor, internal energy, heat capacity, partial

General expressions for the forms of the heat and massolar volume, and partial molar enthalggll of which are
flux vectors can be derived based on Keizer’s fluctuation-derived from the Peng—Robinson state equation for consis-
dissipation theory? combined with nonequilibrium tency.

B. Heat and mass flux vectors
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C. Numerical approach presented in the preceding section. Case run 2 is identical in
gvery respect, except that only standard Fourier and Fickian
diffusion are included in the formulatiofihe real gas state
equation is retaingd This is accomplished by nulling the

andx. Statistically stationary turbulent flow is maintained ¢'oss-diffusional quxesQ?(:QiP=JiT=JiP=_O. In addition,
via the addition of an artificial forcing term added to the 1€ mass diffusion factor is taken to be unity=1, and the
momentum and energy equations having a form originallyiné'mal diffusivities are also nulledy = agc=0. These
proposed by Kida and Orsza§The governing equations are Values havTe the effect of reducing the mass fiband the
solved using a third order Runge—Kutta time advancemerfi€at fluxQ;' to their respective Fickian and Fourier forms.
procedure coupled with eighth order accurate central finité>Cth Simulations are conducted with a resolution of 7192
differencing for all spatial derivative®. Tenth order accurate Qr'd pom_ts, have %33*5' and have a nondimensional forc-
explicit filtering is applied to the primitive variables at each "9 amplitude equal té-z =0.35(see Ref. 18

Runge—Kutta stage to control numerical oscillations in the _ 1N€ simulation procedure is as follows. A turbulent flow
solution. Additional details relating to the numerical method-'S first prepared by integrating the governing equations for a

ology as well as to code validation can be found in Ref, 19P€rfectly premixed, 50/50 by mass, mixture of heptane and
nitrogen at initial temperatur& =700K and pressurd

=45 atm(ag is based on these conditionmtil a statistically
stationary flow is achieved. This stationary state is character-
The binary mixing of initially segregated heptane in ni- jzeq py mean(time averageq fluctuating Mach number
trogen is chosen as having a representative molecular Weigmc=0.54, and turbulence Reynolds number based on the
ratio leading to significant Soret diffusion effe¢fDenoting Taylor length scale Re=80.1 (note that this is a “quasi-
speciesA to be the nitrogen, and speciBgo be the heptane; stationary” state for compressible flow due to viscous dissi-
M,=28.013 andMp=100.205. The corresp%ndmg critical pation effects increasing the mean internal energy with
temperatures and pressures afg=126.6 K, Tg=540.3K,  {ime!®3). The ensemble average@ver all grid points
PL=33.46atm, andPg=27.04atm®* Following the mo-  \Mach number is defined ad c=((u,u;)"%a) (see Ref. 19
lecular weight ratio based correlation provided in Ref. 14 th&gr the calculation of the speed of soura), The Reynolds
Irving—Kirkwood form of the thermal diffusion factor is number is defined as Re (p)uu)[5/(3mey) 12 where the
taken to beax=0.1612. This value is consistent with the velocity dissipation isfu:M<wiwi>+4/3M<((gui/axi)2> (w;
choice of thermal diffusion factor shown to yield good com- s the vorticity vectoy. The resulting stationary velocity flow
parisons with experimental data for supercritical heptangje|d is characterized by a mean Kolmogorov length s¢ale
spherical droplet vaporization in nitrogen in Ref. 18. Diffu- which is larger than the grid spacingy/Ax=1.18, where
sive properties are modeled in a simplified manner and arg = (w3 (ey(p)>) V4
assumed to be species independent. The mixture viscosity An identical realization of the stationary flow field de-
(1) is assumed to be constant and for convencience is calCdrribed above is used to initialize the binary mixing problem
lated based on a specified value of a reference Reynoldgr poth cases run 1 and run 2. This is accomplished by
number;’ Rey=poUoLo/x, based on reference values for the fixing the velocity field, and re-initializing the scalar field to
density, velocity, and length. For the present simulations, th%roduce a single spherical “blob” of pure heptane fluid cen-
reference density is set equal to the mean density in the dgred in the domainan error function profile is used to
main (po=(p)), the reference velocity scale is taken equalsmooth the transition gradients between the nitrogen and
to the acoustic velocitya) based on the initial mean thermo- heptang The terminology “blob” will be used hereinafter to
dynamic parametersUy=2a,), and the reference length gescribe the initial heptane configuration, since “droplet” is
scale isLo=L/(2m). Finally, the thermal conductivity and mjsleading in the absence of phase change. The diameter of
mass diffusivity are calculated from specified constant valueghe blob is chosen to retain the 50/50 mass ratio of heptane to
of the Prandtl [Pr=u/(pCpk)] and Schmidt [Sc nitrogen in the domain. Both the pressure and temperature
= ul/(pD)] numbers; P=Sc=0.7. Note also that the diffu- fjyctuations are maintained; however, the mean temperature
sive properties are intentionally treated in a relatively simpli-is reduced by 50 K within the spherical blob to model the
fied manner in order to aid in isolating the effects of theeffects of a cold fuel spray and to enhance initial temperature
Soret and Dufour terms in the heat and mass fluxes. Becaug?adients(and resulting cross-diffusional effetdfter the
of the simplification of these parameters, the species cafew species and temperature distributions are determined,
only be considered to behave as “real” heptane and nitrogefne density field is then updated to be consistent with the
with regard to the equation of state and to the moleculagquation of state. The resulting segregated species flow field
weight effects appearing in the diffusive fluxes. is then used as an initial condition for the two simulations.
The forcing vector is also included for the mixing simula-
tions in order to maintain the turbulence intensity, and to
“drive” the flow towards an eventual completely mixed sta-
Results from two simulations of the isotropic turbulent tionary state. All scalar and mass flux results presented here-
mixing problem are described in what follows. The two casesnafter are for the heptane specispeciesB).
are denoted “run 1” and “run 2.” Run 1 includes the com- Normalized spectra as a function of the isotropic wave-
plete formulation of the generalized heat and mass fluxeaumber magnitude for both the velocity and heptane mass

The above equations are solved for the case of isotropi
box turbulence in a triply periodic domain having equal
lengthsL in each of the three coordinate directions; X,,

D. Species properties

IIl. RESULTS
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FIG. 2. Heptane mass fraction contours and mass flux vectors from simu-
lation run 1 at time*=1; (a) J;, (b) 37, (©) J7, and(d) J7. The relative
scaling of the vectors is 13.3 times larger ffrandJ” as compared td;
andJ . Contours are for the heptane mass fraction in increments of 0.2.

10° 10! 10°
(b) dient induced mass flux is directed predominantly out of the
heptane blob; thus enhancing the total mass flux rate. This is
FIG. 1. Nor_mal_ized spectra as a function of wavengmber magnitude at timgjye to the reduction of the mean temperature within the hep-
t*=5; (@ kinetic energy andb) heptane mass fraction. tane blob by 50 K during initialization which produces a
mean temperature gradient along the initial heptane—nitrogen
boundary(superimposed on the turbulent temperature fluc-
t* =ta, /L, is a characteristic acoustic time sdaie Fig. 1 tuation gradient Note that the heptane mass fraction gradi-
for simulations run 1 and run 2. The spectra reveal that thgnt_ and the net temperatur_e grad|en_t along the boundary are
turbulence Reynolds number is not sufficiently large to resulgntlcorrelated; hovyevngK IS a negqtlve terrﬁse\z{e Eq'(le)
in a well-defined inertial range. However, the high Waveand Ref. 19 resultlng n the g(_at alignment af; ant_j Ji -
number behavior for both the velocity and scalar fields ardVote also that th? d|re(_:t|on_ of is re_versed for the nitrogen
consistent with adequate grid resolution. Alterations in thd"2ss flux rate; i.e., diffusion of nitrogen into the heptane
spectral scalar behavior due to the Soret diffusion appear t8/OP IS €nhanced by; . In contrast, the pressure field has a
be relatively minor at this timéFig. 1(b)]. At high wave uniform mean ar_ld the_ pressure fluctuations at |n|t|al|z_at|0n
numbers the energy content is somewhat elevated in thd2V€ NO correlation with the presence of the blob. This re-
presence of Soret diffusiofmun 1). As will be shown below, sults in the more or less “random” nature of the pressure

this is due to the temperature gradient dependent Soret terrg,r?ﬁi‘_antt indlécedtmazsfflux it?\ Fiﬁ(dat' This flux i? di,iﬁCted )
JT, acting as a production source in the scalar varianc@Cth into and outward from the heptane region; with no ob-
transport equation at these times. vious net contribution to the heptane egress flux.

A qualitative description of the mixing process under _ - .
consideration is provided by Fig. 2 which depicts mass qu>(°" Binary mixing and moment evolution
vectors in arx;—X, plane bisecting the domaix{=L/2) at The above results for both the energy spectra and the
the early mixing timet* = 1. At this time the spherical hep- mass flux vector visualizations appear to indicate that cross-
tane blob, as indicated by contours of the heptane mass fradiffusion plays a relatively insignificant role during initial
tion, is just beginning to be distorted and mixed by the tur-stages of the mixing process. However, this is not the case at
bulent velocity. Mass flux vectors are shown for the totallonger times. Figure 3 presents the time evolution of the
vector (J;), as well as for each of the three subvectors due theptane mass fraction minimum and maxim{igig. 3a)]
mass fraction ), temperature]), and pressure)f’) gra-  and varianc¢Fig. 3b)] for simulations run 1 and run 2. The
dients. At this early time cross-diffusion effects appear to bdast remnants of the intact heptane blob are destroyed by the
relatively minor, andJiniY as observed by comparing Figs. mixing process by timé* ~12 as evidenced by the onset of
2(a) and 2Zb). The vectors]iT and JiP in Figs. 4c) and 2d) the depletion of the scalar bounds in Figa)3 During the
have a reference length 13.3 times larger in order to illustraterimary mixing stage 1&t* <40 the scalar bounds migrate
the qualitative cross-diffusion behavior. The temperature gratowards the scalar mean, in this caSé)=0.5, and only

fractions are presented at an early mixing titfie=5 (where
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FIG. 3. Temporal evolution of heptane mass fractigh minimum and  FIG. 4. Temporal evolution of the Favre averaged scalar variance budget
maximum, andb) Favre averaged variance. normalized by(a) the initial dissipation andb) the instantaneous dissipa-
tion. The results ir(b) are for run 1.

small deviations between run 1 and run 2 are apparent in
either of Figs. 8) and 3b). However, the latter stages of Figure 4 presents the scalar variance budget right-
mixing are characterized by markedly different behaviorhand side terms of E@8)] for both run 1 and run 2note that
when cross-diffusion effects are included. Whereas thenly J) exists for run 2. All budget curves are normalized
purely Fickian diffusion in case run 2 allows for a continuousby the scalar variance dissipation given by E9); the nor-
merging of the scalar bounds, the heptane mass fractiomalization is based on the initial dissipatioay) in Fig.
minimum and maximum do not merge when cross diffusiord(a), and by the instantaneous value in Figh)4 Normaliza-
is present(run 1). This is further evidenced in Fig.(  tion by the initial dissipation emphasizes the early mixing
which shows the scalar variance evolution. Case run 2 exprocess fot* <40 during which the scalar bounds and vari-
hibits a continuous near exponential decay ©f”Y”)). In  ance decay similarly for both run 1 and run(&e Fig. 3
contrast, the scalar moment for simulation run 1 decays exor both flows the summation of terms comprising the bud-
ponentially only untilt* ~40; thereafter, a stationary scalar get variance(i.e., due toJ;) initially grow rapidly in magni-
fluctuation state is achieved wit{Y”Y”))~5x 1075, tude before peaking &t ~7. The growth, and the following
The above mixing behavior is consistent with the sta-decay, of these net budget contribution magnitudes are simi-
tionary scalar states observed by Milfewho studied a simi- lar for both flows.
lar mixing process. However, in their simulations the scalar The evolution of the variance budget depicted in Fig.
field was initialized as perfectly premixed such that the sca4(a) for run 1 can be explained as follows. The heptane blob
lar bounds began both equal to 0.5. In this case, the “unmixis initialized with a temperature reduction of 50 K relative to
ing” of the initial scalar distributions and the eventual sta-the external nitrogen. A net temperature gradient is therefore
tionary scalar fields were explained in the context of thepresent in the initial conditions which is anticorrelated with
scalar variance evolution equation, E8). It was shown that the heptane mass fraction gradient along the species bound-
the long time variance is characterized by a balance betweeary. The term(JiT&YBlaxj> therefore takes negative values
dissipation from the Fickian mass flu)(, and net produc- consistent with the negative definite dissipation term
tion effects due to the term involving the pressure gradien(JiYaYB/axQ (recall thatagk appears in the definition o]‘iT
induced mass quxJiP. The present flow involves initially and is negative valued for the present thermodynamic condi-
non-premixed species, and the scalar variance budget evoltions and specigsAlthough difficult to discern in Fig. @),
tion is correspondingly more complex. the terms due tdiT and‘]iY are indeed initially both negative
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FIG. 6. Temporal evolution of the mechanical to scalar time scale @tio

effects. What is occurring is related to the relatively strong
density interfaces in regions separating nitrogen and heptane
due to their molecular weight difference. It has previously
been observed that density interfaces dampen turbulent ed-
dies due to inertial effect€:*®* The above results are consis-
tent with a corresponding reduction in temperature gradients
along these interfaces.
The above discussion was limited to early mixing times
i for t* <40. The latter stages of mixing are highlighted in
o R o 20 Fig. 4(b) in which the scalar variance budget is normalized
¥ (b) by the instantaneous dissipation values for run 1. In this case,
the term due to]iY is by definition equal to negative one, and
FIG. 5. Temporal evolution of the correlation coefficient betwéanthe the -rem-ammg terms r_epresent Conmbm!ons relatlvg o the
temperature and heptane mass fraction, @nthe temperature gradient and dISSIpathn terniwhich itself becomes statistically Statllonary
the heptane mass fraction gradient. at long timest*>40 (see Figs. 3 and)& The long time
results depicted in Fig.(8) are consistent with the observa-
tions of Miller'® in that an eventual balance is achieved be-
[see also Fig. ®)]. However, this is rapidly reversdtheJ|  tween dissipative effects due to Fickian diffusion and pro-
term becomes positiyeand the temperature induced Soretduction effects due to the pressure gradient induced Soret
diffusion results in a clear opposition to the Fickian term for diffusion. The temperature gradient induced term represents
the variance budget for time$ <20. The only effect that an insignificant contribution to the long time scalar variance
could change the sign 4B 9Yg/ax;) for the present situa- budget. This is the opposite trend from early times in which
tion would be if the correlation between the temperature angjiT displays a larger magnitude than doifs in the scalar
mass fraction gradients were to change sign. This is convariance budgeftFig. 4(a)].
firmed in Fig. §b) which reveals that this sign change occurs The long time mixing behavior described above may
relatively rapidly for both flows, despite the initial lowered have direct impact on practical mixing and combustion mod-
temperature of the blob fluid. The correlation coefficient forels. For example, for incompressible flow, exponential vari-

two vectorsa; andb is defined by ance decay is consistent with an assumption of proportional-
(a;b;) ity between the characteristic scalar decay time scale (
C(a"b‘):(<a-a-><lb:<bk))12’ (22 =3p(Y'?)/ey) and the turbulence velocity characteristic
17

time scale(r,=kl/¢€,; wherek is the turbulence kinetic en-
which is bounded by-1<C<+1 (no summation is im- ergy ande, is the velocity dissipation rv=7,/Cy, where
plied on the left-hand side of the above equatiorhis re-  Cy is the “mechanical to scalar time scale ratio” taken to be
versal of correlation occurs af ~2, again despite the fact approximately equal to 2.This assumption yieldsey,
that the pure heptane “core” of the blob has not yet been=3pCy(Y'2)/7,. Combined with Eq(5) this yields an ana-
mixed [as evidenced in Fig.(8)] and the temperature and lytic solution consistent with exponential variance decay:
mass fraction themselves remain anticorrelated at this timéY’?y=(Y'2), exp(—Cy7), wherer* =t/ 7, is a nondimen-
[Fig. 5@)]. The opposite signs for the two correlations shownsional mixing time. The time scale rat®, finds application
in Fig. 5 indicate that although the heptane remains correin both deterministit’ and stochastfc*~*3models for mo-
lated with low temperature fluid regions, regions of largelecular mixing in PDF methodsHowever, the present re-
heptane mass fraction gradient generally reside in reducesllts show that exponential variance decay does not occur in
temperature gradient regions. This occurs for both run 1 anthe presence of Soret diffusion; the long time scalar variance
run 2 and therefore cannot be attributed to cross-diffusioris stationary{Fig. 3(b)].
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It should be noted here that the literature suggests bothixing/reaction will occur prior to the divergence time* (
Reynolds number and Schmidt number dependencies fox25). Examinations of the scalar PDF and conditional ex-
Cy, as well as possible effects due to initial scalarpectations will provide further information in this regard, and
distributions?” These influences are all fixed for the presentthe ultimate impact of the results for practical flow modeling
flow simulations and should therefore not obfuscate the folwill be discussed in the conclusions.
lowing results. The mechanical to scalar time scale ratio,

Cy, is calculated for the present compressible flows as  B. Scalar probability density function evolution

Com 2eyTy 29) The above results indicate the presence of two primary
) (YRR mixing regimes in regard to cross-diffusion effects. The early

: ) mixing time regime is characterized by a measurable and

The turbulence inverse frequency 1g=k/€,, where the L .
- . 1 "o L significant magnitude for the mass flux vector due to tem-
kinetic energy ik=3(p){({(ui'u;')), and the velocity dissipa- . . . . o
. 4 s . perature gradientsFig. 4), but with relatively insignificant
tion was defined previously. The time scale rafio calcu- : . .

. ) ) L Iterations to either the scalar bounds or the scalar variance
lated from simulations run 1 and run 2 is presented in Fig.

as a function of nondimensional time. Simulation run 2 is(F'g' 3. In contrqst, the long time mixing process 1 domi-
characterized by an initial transient leading to a stationarypat(_ad by Soret _dn‘fusmn_due to pressure g_rad|eﬂfs),( re-
value for the ratioCy~3.5. This is somewhat larger than the sulting in drast|_c altera_tlons to the behawor of the scalar
value Cy=2 suggested by Pope; the difference may be dugounds a_md varianc@vhich k_Jecome stationaryThe above

to compressibility effects inherent to the present flow. In con-2Pservations were made with regard to ensemble averaged
trast, theC, measured for simulation run 1 only follows this duantities. Significantly more information is contained
trend untilt* ~ 25 (with somewhat larger valu6y~5) after ~ Within the PDF of the scalar. o _

which the value oCy increases steadily until a new station- _ Figure 7 presents the single-point single-time PDF of the
ary state is achieved witfiy~10. The time of divergence Favre fluctuations of the heptane mass fraction normalized
(t* ~25) is substantially earlier than the onset of stationar)Py their respective standard deviations for both simulations
scalar variance at ~40 [see Fig. 8)] due to an enhanced at the timest* =5, t* =20, t* =40, andt* =70. All PDFs,
sensitivity of the scalar dissipation to Soret effefaee Fig. and the conditional expectations which follow, are computed
4(b)]. Note in the above that, remains relatively consistent Using 40 bins for the averaging. The PDFs corresponding to
between the two simulations for all timé¢sot shown. De-  the first two timeqFigs. 1a) and qb)] reveal the evolution
spite the dramatic differences in the curves in Fig. 6, it re-of the scalar distribution from initially segregatgédouble
mains uncertain how significant of an effect would be pro-delta function to well mixed (asymptotically gaussiartypi-
duced in an actual combustion simulation using the purelyally observed in previous binary mixing studfé$® Note
Fickian based value o€y in conjunction with a standard that the asymmetry observed in the initial scalar PDF is due
mixing model due to the fact that a large proportion of theto the nonequal density of the heptane and nitrogen. Despite
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the alterations to the mass flux terms due to Soret diffusioninto negative fluctuations. Note that the sign of the skewness
the PDFs at these times are indistinguishable between runi& a function of which species is considered; the nitrogen
and run 2. In contrast, by timg =40 the migration of the mass fraction PDF displays a positive skewness. Milleb-
scalar bounds and corresponding decay of the scalar varianserved that the cause of the skewness, and its relation to the
have terminatedFig. 3. While the scalar PDF for run 2 particular species, is the partial molar volume difference
remains approximately gaussian for this and all future timeswhich appears in the definition af . Skewness therefore
Soret diffusion begins to skew the PDF at this time towardsonly becomes prevalent in the scalar PDF at relatively long
negative fluctuations. By timg" =70 the mass fraction PDF times when the pressure induced Soret term achieves signifi-
for run 1 has become dramatically skewed, with a broadctant magnitude relative to the remaining scalar variance bud-
exponential tail extending more than 12 standard deviationget[Fig. 4(b)].
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be defined based on the total flux vecthr[see Eq.(9)].
Second, molecular mixing models for PDF methods are
based on the relationship between the mass flux and the sca-
lar variance dissipation; i.e. that the conditional dissipation
integrates to the mean dissipatifdaqg. (3)] and contains the
corresponding mixing physics. In light of this we will take
the approach of basing the conditional expected dissipation
and diffusion only on)\ . The cross-diffusion fluxes]] and
Jip, will therefore result in new terms appearing in the scalar
PDF transport equation, Eq&) and (7). These new terms
. s T will be discussed in the following section.
-10 S .0 5 Figure 8 presents the conditional expected dissipation
Y, /<Y Y>> @ for both simulations at times* =5, t* =20, t* =40, and
50 t*=70. The expectations are normalized by the instanta-
runl neous mean Fickian d|SS|pqt|on values,. and are cgndmoned
A ) on the scalar Favre fluctuations normalized by their respec-
: tive standard deviations. The evolution of the expectations in
the absence of Soret diffusidrun 2) is consistent with pre-
vious observations of the binary mixing proc858The ex-
pected dissipation begins with a concave downward profile
representative of the initially segregated scalars. As the sca-
lar distribution approaches gaussian, the curvature of the
core profile switches to concave upward temporaffiyg.
o . 8(c)], before settling to a near constant valued function in-
e dicative of gaussian behavi¢Fig. 8d)].** Asymmetries in
YB”/<<YB”YBH>>1/2 the curves are due to the molecular weight difference of the
(b) two species.
FIG. 10. Expected heptane “dissipation” from pressure and temperature In the presence of Soret diffusiomun 1), the trends
gradient mass flux vectors conditioned on the Favre mass fraction fluctusgXhibited by the conditional dissipatiofipased OnJiY) are
tion at timet* =70 normalized such that ER4) predicts(a) a linear func-  nearly identical at early and intermediate tinjésgs. §a)—
tion with slopeCy, and(b) a constant equal tGy . 8(c)]. This is not the case at relatively long times for which
the scalar distribution has reached its stationary state due to
pressure gradient induced Soret effedse Figs. 3 and)4
Figure 8d) shows that the conditional dissipation is only
The conditional expected scalar dissipation and diffusiorconsistent with the purely Fickian flow behavior near the
provide an alternative measure of the scalar distribution evoeore of the scalar distribution and for positive fluctuations.
lution. Furthermore, these terms appear in unclosed form ifror large negative scalar fluctuation values, the conditional
the PDF transport equatigieqgs. (1) and(2)], and molecular dissipation reaches values in excess of 20 times the mean
mixing models aim to accurately capture the forms anddissipation value. These peak dissipation events occur at ap-
evolutions of one or the other of these conditionalproximately 10 standard deviations from the scalar mean,
expectations:?® For the purpose of the present study, theand correspond to the extended regions of the scalar PDF
effects of Soret diffusion on the conditional expectations willdiscussed aboviFig. 7(d)]. This exhibition of large ampli-
be gauged through comparisons with those measured faude intermittent dissipation is reversed to the positive scalar
simulation run 2 based on purely Fickian diffusion. In this fluctuation values for the nitrogen mass fraction conditional
manner, we only wish to investigate whether or not Soreexpectation. As with the scalar PDF itself, these trends are
effects substantially alter the “typical” conditional expecta- direct consequences of the production nature of the pressure
tion behavior. We will not at this time attempt to solve the gradient induced Soret terr .
modeled PDF transport equation farposteriori compari- The evolution of the conditional expected diffusion pro-
sons. The ultimate net effect of any observed Soret effects ofiles are displayed in a similar manner in Fig. 9 for the same
the performance of actual combustion models is deferred fatimes and normalization as in Fig. 8. The diffusion trends are
future study. similar to previous observations for both floffsevolving
Conditional expectations based on the mass diffusiorirom inverse “cusps” to quasilinear profiles. However, at
flux can be analyzed, and/or modeled, by either consideringime t* =70 the magnitude of the slope is substantially re-
the total flux vectod; [in the sense of Eq$l) and(2)], or by  duced in the presence of Soret diffusion due to its stationary
decomposing the flux into separate contributions due to masscalar distribution at long times. The normalization wéth
fraction (JiY), temperatureliT), and pressurle) gradient used in Fig. 9 is somewhat obfuscating in considering the
contributions[in the sense of Eq96) and (7)]. The first  potential impact of this apparent slope change on models for
approach is somewhat problematic for two related reasonsnolecular mixing. Models for the conditional diffusion are
First, the scalar variancéon-negativg dissipation cannot typically based on an assumption of linear functionality with
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slope as a function of the turbulence velocity time scale andions. The predicted proportionality ratio in Fig. (bD is
the mechanical to scalar time scale ra@ip discussed above. nearly constant valued for all scalar fluctuations for run 2,
In this regard, the conditional diffusion is not typically nor- with Cy~3.5 consistent with Fig. @except for the region
malized with the scalar dissipation itself since it is unknownnearYg=0 where the term is singularOn the other hand, in
in general. For example, Dopazo’s mdfiedan be applied to  the presence of Soret diffusion the simulation datm 1) do

the present flow in the form not yield a constant valued function. Figure 6 showed that
or a3y the ratio of time scalesdy) does achieve a stationary value
ﬁ<? Y= 1//> =Cy(—{Y))), (24)  at long times for run 1. Therefore, the present resiHig.
p i

10(b)] suggest that it is the model form in EQR4) itself
which is presented in such a form as to yield a linear funcwhich is inconsistent with the long time conditional diffusion
tion with slope equal t&Cy when plotted against the scalar behavior in the presence of Soret cross diffusion. As men-
fluctuation (Yg=Yg—((Yg))). Clearly, this model would tioned above, the ultimate effect of modeling inadequacies at
predict approximately the same slope for the conditional exthese times on the overall accuracy of PDF methods cannot
pected diffusion for both run 1 and run 2, if the same valuebe determined satisfactorily without furthemposterioritest-

for Cy is applied to both flows, since the velocity time scaleing, due to the fact that the majority of combustion will have

() is essentially unaltered by the Soret diffusionot  already occurred prior to these relatively late times.
shown).

In order to test the functional form assumed in Dopazo’sp. Cross-diffusion conditional expectations
model, the conditional diffusion at tim#& =70 is presented . . )
in Fig. 10 in two manners consistent with E&4) for both The evolutions qf thg four new cond|t|9nal expectations
simulations. To be fair, Dopazo's model was of course nofdUe to Soret cross diffusion which appear in E@.and(7)
originally forumalated for use at supercritical pressures. Thé&'€ Presented in FTlgs. 1%) and 12. The conditional “dissipa-
following results are aimed at both evaluating the model'stion”terms due ta); andJ; [Eq.(6)] are depicted in Fig. 11,
performance if applied to these conditions, as well as eluciWhereas the corresponding conditional “diffusion” terms
dating the physics of the high pressure mixing process. Fig-Ed- (7)] are shown in Fig. 12. Note, the terms “dissipation”
ure 10a) tests the linear dependence suggested by(#). and “diffusion” are only used loosely in the above. These
directly, whereas in Fig. 18) the same data are divided by Processes only have similar forms to the Fickian dissipation
the scalar fluctuation such that the plots should result in &nd diffusion terms, but do not physically satisfy the defini-
constant value equal ©y if the model is correctthe data in ~ tions of the respective processes. For example, the condi-
both figures are normalized by the scalar standard devjationtional “dissipation” in Fig. 11 can exhibit both positive and
The first figure[10(a)] reveals that the data for run 2 are negative values corresponding to either a dissipation or a
consistent with the linear model prediction. However, run 1production process. For the present flow, bdﬁhandJiP act
is characterized by two regions of markedly differing slopeprimarily as production terms at all timgbig. 11). Consis-
corresponding to the positive and negative scalar fluctuatent with the above observations, at early times the tempera-
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ture gradient based '[erﬂjr dominates the Soret effects due lence at supercritical pressure. Two simulations at resolutions
to substantially larger temperature gradients in the early flovof 192° grid points were conducted for the study. Both cases
(although the net effect on the scalar variance evolution igorrespond to mixing of initially segregated heptane in nitro-
relatively minor at these timesin contrast, at long times gen (50/50 by massat 45 atm mean pressure and 700 K
after the initial cold heptane blob has been mixed and thenean temperature. The heptane is initially in the form of a
scalar achieves its stationary state the pressure based tegpherical “blob” of fluid cooled by 50 K relative to the sur-
dominates. At these times, the pressure gradient induce@unding nitrogen in order to model effects of temperature
Soret diffusion acts as a production mechanism concentrategiratification found with cold fuel injection systems. The tur-
in the large negative heptane fluctuatigfsg. 11(d)], with  pulence is characterized by a mean Taylor based Reynolds
nearly equal and opposite magnitude relative to the Fickiamymper Re~80 and a mean fluctuation Mach numbég.
dissipation ternjFig. 8d)]. ~0.54. The only difference between the two simulations is
Note that by timet* =70 the scalar PDF has reached atnat in one case the complete generalized diffusion fluxes
nearly stationary form, and the terms in Figs(dland 12d)  gerived from nonequilibrium thermodynamics and fluctua-
approxmately ca_ncel the correspondmg Fickian based diss;, theory are employed. As a basis for comparisons, the
pation and diffusion shown in Figs(@® and 9d), respec-  go0nqd simulation employs only the “standard” Fickian and
tively. This effectively nulls the right-hand side of the PDF Fourier diffusion. Both cases incorporate a cubic Peng—
transport equatiofiEgs. (6) and (7)], yielding a stationary Robinson real gas state equation.
scalar dist.ributior?..This is also why it is inappropriate to The results are analyzed in the contexaggriori evalu-
?op?r% ?gf;'o;zs?ﬁtnxgvrgggi j&iﬁ?ﬁ ﬁopgifﬁ.ngilglls ations of probability density functioPDF) methods for ex-
T T tension to supercritical pressure flow situations. At early

predict a conditional diffusion dependent only on the me_mixing times prior to the destruction of the heptane blob,

chanical to scalar time scale ratio and the turbulence time e .
cross diffusion due to temperature gradients has a measur-

scale consistent with continuous scalar variance decay. The o .
ble productive impact on the scalar variance transport equa-

are presently incapable of predicting the stationary scalar ) L
PDFs exhibited in the presence of cross diffusion. Even iII'On budget. However, for the present isotropic mixing prob-

Dopazo’s model were found to adequately model the FickiaAem’ any imp_osed_ temperat_ure gradient surrounding the
conditional diffusion(due toJiY)’ the conditional “diffusion” heptane blob is quickly deteriorated by the turbulence, thus

terms resulting fromJ] andJ?” would still require modeling I|m||t|n? the as_socilat;d cdrosts-df_fusm?ﬂe}fferc]ts.tTherslfot:e,t hat
in order to capture the long time stationary scalar distriby-Fa"y IMes prior 1o the destruction of the heptane biob, the
tion. evolution of the scalar PDF and related statistics is relatively
unaffected by the presence of Soret diffusion. It is, however,

important not to draw general conclusions concerning early

IV. CONCLUSIONS time mixing behavior from these observations. Some flow
Direct numerical simulations have been conducted forsituations inherently involve large magnitude persistent tem-
the binary mixing problem in isotropic compressible turbu-perature gradients which may alter these above conclusions.
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