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Effects of Soret and Dufour cross-diffusion, whereby both concentration and thermal diffusion occur
in the presence of mass fraction, temperature, and pressure gradients, are investigated in the context
of both binary and ternary species mixing and combustion in isotropic turbulence at large pressure.
The compressible flow 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. A previously derived formulation of the generalized binary species heat and mass
fluxes is first extended to the case of ternary species, and appropriate treatment of the thermal and
mass diffusion factors is described. Direct numerical simulatibiS) are then conducted for both
binary and ternary species mixing and combustion in stationary isotropic turbulence. Mean flow
temperatures and pressureg ©f =700 K and(P) =45 atm are considered to ensure that all species
mixtures remain in the supercritical state such that phase changes do not occur. DNS of ternary
species systems undergoing both pure mixing and a simple chemical reaction of the form O
+N,—2NO are then conducted. It is shown that stationary scalar states previously observed for
binary mixing persist for the ternary species problem as well; however, the production and
magnitude of the scalar variance is found to be altered for the intermediate molecular weight species
as compared to the binary species case. The intermediate molecular weight species produces a
substantially smaller scalar variance than the remaining species for all flows considered. For
combustion of nonstoichiometric mixtures, a binary species mixture, characterized by stationary
scalar states, results at long times after the lean reactant is depleted. The form of this final scalar
distribution is observed to be similar to that found in the binary flow situation. A series of lower
resolution simulations for a variety of species is then used to show the dependence of the stationary
scalar variance on the turbulence Reynolds number, turbulence Mach number, species molecular
weight ratio, and relative proportion of two species present in the flow after completion of
combustion. ©2004 American Institute of Physic§DOI: 10.1063/1.1687411

I. INTRODUCTION vestigation we use the term supercritical to designate the
state of the fluid when either the temperature or pressure is
Turbulent fluid mixing and combustion of hydrocarbons fixed above critical.
at large pressures encountered in modern turbines, diesel en- Although similar to “low pressure” flows in many ways,
gines, and rocket engines is a subject receiving relativelpupercritical fluid flow may be characterized by markedly
recent scrutiny in the literature. These devices operate dtiffering behavior in two primary ways. First, substantial de-
pressures larger than the thermodynamic critical pressure fdfiations from ideal gas behavior occur, requiring consider-
a pure componerfor “critical locus” for a mixture) of typi-  ation of real gas state equations. Second, “cross-diffusion”
cal hydrocarbon fuels, for which the distinction between lig-€ffects by which heat diffuses in the presence of concentra-
uid and gaseous phases vanishes and species are referred@g and/or pressure gradientBufour effect and species
simply as “fluid.”* A fluid is typically considered to be “su- diffuse in the presence of tempergture "?‘”‘?"Or pressure gradi-
e i . . : ents(Soret effeck can also result in deviations from purely
percritical” when either its temperature or pressure is abovi

o . S Sourier and Fickian diffusion-based formulations. The
the critical value? however, there is some ambiguity in the

literat to wheth t both " dt bgesent study is a continuation of the authors’ efforts in un-
lterature as 1o whether or not both properties need 1o erstanding the impact of cross-diffusion on real-gas fluid

above their critical values. From the perspective of the fIUidmixing and combustion of hydrocarbons at elevated pres-
transport physics, having either temperature or pressure fixed,res. The reader is referred to Befidar a recent general
above critical negates the possibility of phase change. Neeview of high pressure fluid behavior. Givler and Abrafiam
new physics is introduced by having both values above critiprovide an additional review of supercritical droplet vapor-
cal conditions. Therefore for the purposes of the present inization and combustion.

The first numerical simulations of high pressure fluid
“Telephone: 864-656-6248; Fax: 864-656-4335; electronic mail:flow to include Soret and Dufour diffusion were for single
rm@clemson.edu isolated and spherically symmetric droplets conducted by

1070-6631/2004/16(5)/1423/16/$22.00 1423 © 2004 American Institute of Physics

Downloaded 04 May 2004 to 130.127.199.100. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp


http://dx.doi.org/10.1063/1.1687411
http://dx.doi.org/10.1063/1.1687411

1424 Phys. Fluids, Vol. 16, No. 5, May 2004 H. Lou and R. S. Miller

Curtis and Farrelf. Harstad and Bellah® later derived the employed the complete binary form of the Soret and Dufour
cross-diffusion terms for binary species systems from fluccross-diffusion fluxes, whereas for the second simulation
tuation theory and nonequilibrium thermodynamit®These  these fluxes were turned off with only “standard” forms of
studies further examined the role of cross-diffusion in sym-the Fickian and Fourier mass and heat diffusion being con-
metric droplet “vaporization” at high pressures for both sidered. The evolutions of the two mixing cases were found
oxygen—hydrogen systems relevant to rocket engines, and to be nearly identical for early times prior to the destruction
nitrogen—hydrocarbon mixing relevant to gas turbines andaf the pure heptane blob. However, at long times Soret dif-
diesel engines. Their formulation was then applied to direcfusion due to pressure gradient proportional terms results in
numerical simulation§DNS) of nonhomogeneous turbulent stationary scalar states not observed in the absence of cross-
mixing in both two-dimensional2D) and three-dimensional diffusion. Several new terms appearing in the PDF transport
(3D) temporally developing mixing layers formed by the equation were identified and observed to be important to the
merging of supercritical pressure nitrogen and heptanéong time scalar evolution. Several models typically used for
streams!? Real-gas effects were accounted for with thethe low pressure PDF transport equation were found to per-
cubic Peng—Robinson state equation due to its relative conform poorly at high pressures and relatively long times. Nev-
putational efficiency, and the availability of a simple correc-ertheless, the ultimate impact of these effects on actual com-
tion which can be used to substantially increase itoustion modeling could not be determined by the purely
accuracy?® Results of these studies illustrate the relative ef-isotropic mixing cases considered.
fects of the thermal diffusion factors on the first and second Based on the above discussions, the primary objectives
order flow statistics, and showed qualitative agreement witlof the present study are t¢1) extend the binary species
experimental flow visualizations of supercritical jet mixing formulation to ternary species systeni®) conduct DNS of
evolutions** three species turbulent mixing in order to analyze the effects
Despite prior work in nonhomogeneous flows at super-of Soret and Dufour diffusion and to compare these effects
critical pressure, several interesting Soret and Dufour diffuwith the binary mixing problem, an(B) to conduct prelimi-
sion induced mixing phenomena are only apparent in homorary combustion simulations based on the new ternary spe-
geneous turbulence for which the extent of prior research isies formulation as applied to a simplified chemical reaction
even more limited. Millel® conducted DNS of various of the form Fuel+Oxidizer—Product All simulations
nitrogen—hydrocarbon mixtures in stationary isotropic com-are based on an isotropic compressible “box turbulence” ge-
pressible turbulence using the same nonequilibrium thermoemetry utilizing flow forcing in order to create stationary
dynamical and real-gas formulation discussed above. Thelurbulence conditions. For the purposes of this stz for
began their simulations from initially perfectly premixed bi- reasons discussed belpvall chemical reactions are consid-
nary species systems with 50/50 nitrogen with heptanegred to be nonheat releasing. Although somewhat restrictive,
3-methylhexane and dodecane. Unlike a typical low pressurboth of these simplifications represent a first, and fundamen-
system, the perfectly premixed species were observed to intal, step in the analysis of cross-diffusion effects on multi-
tially “anti-diffuse” due to a Soret cross diffusion induced by component mixture behavior under realistic mixing and com-
pressure gradients present in the compressible flow. A stati$ustion conditions at high pressures. The paper is organized
tically steady scalar state was eventually achieved in eac@s follows. The formulation and numerical approach are
simulation through a balance between the scalar varianceummarized in Secs. Il and lll, respectively. Specification of
production due to the pressure gradient term and the tradproperties is discussed in Sec. IV. Results relevant to ternary
tional destructive nature of the Fickian diffusion term. Thespecies system mixing and combustion in isotropic turbu-
presence of the steady scalar states made the scalar variaegce are the subject of Sec. V. Conclusions and further dis-
evolution inconsistent with the traditionally observed expo-cussions are provided in Sec. VI.
nential decay typical of low pressure mixing. Scalar distribu-
tions were found to be non-Gaussian and nonsymmetric due
to thg in_fluence of the partigl molar volume difference ap-|| FORMULATION
pearing in the pressure gradient related Soret term. The final
steady state values of the scalar variance were then quanti- For pressures greater than the thermodynamic critical
fied and found to increase with increasing turbulence Maclpressure, the distinction between gaseous and liquid phases
number, molecular weight ratio of the binary species, andianishes, and deviations from ideal gas behavior become
with decreasing turbulence Reynolds number. significant™? The following formulation therefore includes
Lou and Miller'® then considered the impact of Soret and conservation equations for a single phase compressible fluid
Dufour cross-diffusion effects on mixing and combustionmixture density, momentum, total energinternal plus ki-
through an examination of the scalar probability densitynetic, two independent species mass fractions, as well as a
function (PDF transport equation for binary mixing in iso- real-gas state equatiddescribed beloyv
tropic turbulence at supercritical pressure. They conducted

DNS of the binary mixing case at a resolution of $9gid 5_P+ i[pu»]zo )

points for heptane mixing with nitrogen from initially non- at - 9x; ! '

premixed conditions at 45 atm pressure and 700 K mean P P

temperature. Two simulations were performed for the mixing E(pui)jL K[puiuj +P&;—mj]=pFi, 2)
i

of an initially spherical heptane “blob” in nitrogen. One case
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9 9 near the critical locus; however, they usually behave well

o (Pe)+ K[(Peﬁr P)uj—uim;j +Q;l=puiFi,  (3)  away from it. For the purposes of this study we choose the

: cubic Peng—Robinson state equation for the following rea-

respectively. In the above expressiopss the mixture den-  sons:(1) it is efficient to program(2) only purely supercriti-
sity, u; is the velocity vectorP is the thermodynamic pres- cal thermodynamic regimes away from the critical locus are
sure,7j; is the Newtonian viscous stress tengassumed to  considered, and3) a simple curve fitting “fix” has been
apply to the present fluigisvith viscosity u, e, is the specific  published by Harstagt al!® which increases its accuracy to
total energyQ; is the heat flux vectors;; is the Kronecker within 1% relative error relative to Lee—Keslés tested for
delta tensor, ané; is an artificial “stirring” force added to pure componenjs This correction could be added in a
maintain statistically stationary turbulence. simple manner for increased accuracy if needed.

The conservation equations and cubic Peng—Robinson  The cubic Peng—Robinson state equation is expressed as
state equation for a ternary species system under supercritical
considerations are nearly identical to the binary formulation _RT Am
given by Refs. 15 and 16. The alterations to these equations =~ v— Bm_ V24 2VB, — Bﬁq'
for ternary species are the form of the heat and mass flux
vectors, as well as in an additional mass transport equatiowhere R is the universal gas constai, is the molar vol-
required to describe the system. In this case, transport equelme, andA,, andB,, are mixture parameters which are de-

tions are required for the mass fractions of two speties  fined based on appropriately chosen mixing rules. Many such
notedY, andY,, respectively. sets of mixing rules have been proposed with varying de-
grees of accuracy under differing thermodynamic

®

i(pY )+ i[pY U+J )= 4) conditions® For the purposes of this study we choose to uti-
gt o gy HE TR lize the mixing rules recommended by Harsttdal ;'3

and
; ; Am:Z' % XX gAas, (9)
E(PYZ)JF &—)(j[PqujﬁLJj,z]:iOz, 5)

whereJ; , is the mass flux vector associated with species Bm= ; XaBa: (10

The third species mass fraction is given Mg=1-Y,

—Y,. The above equations include the potential for a simple  Ass=0.457 236RT;5)?
chemical reaction of the form Fuel+Oxidizer ——c

—Products The chemical kinetics are based on the fol- X[+ Cap(1- T/Tzﬁ)]zlpzﬁ’ 1D
lowing temperature independent form of the reaction rates p _ 077 796 TC /P¢ ' (12)
(w,). For the two reactants, species 1 and 2, (inevers- “ aa e

ible) reaction rates take the forms: C,p=0.37464+1.542 26) ,;,—0.269 9272 ;, (13

based on their accuracy for hydrocarbons and their consis-

tency with the above described available correction to the

state equation. In the above, the supersarigtfers to critical

7) properties(i.e., T/TC is the “reduced” temperatuje The di-
agonal elements of the “critical matrices” are equal to their

4 Pure substance counterparts; i€, =TS, PC,=PS, and

a?

respectively, wher&y, is the constant reaction frequency an . . .
P Y R q Y Q,.=Q, whereQ is the acentric factor of species The

M, is the molecular weight of species Both pure mixing . . . -
Lo . . . off-diagonal elements are evaluated using additional mixing

(w=0) and chemically reacting cases are considered. Note',

: S rules:

also that the ternary species derivation allows an exothermic

reaction to be considered. However, for isotropic turbulence TCB: TC T%g(l—kaﬁ),

in a closed system the mean pressure will increase in the (14)

event of heat release. Therefore, only nonheat releasing re- Pg ;=2 5(RTg4/V5 ),

actions are considered in what follows.

. M3
1= —pKg M_Z)Yle, (6)

: Mg
wy=—pKg M_1 YiYa,

1
c _ c \1/3 c 1/313
== +
A. Thermodynamic state equation Vap=gl(Vad) "+ (Vigp) 3,

A variety of options exist in choosing an appropriate 1 1 (15)

equation of state, including complex forms such as the Zi3=2(ZZa+Zzg), Qa3=§(ﬂaa+ﬂﬂﬁ),
Benedict—Webb—Rubin and Lee—Kesler formslowever,

such state equations, though highly accurate over large revhere the diagonal elements of each of the above symmetric
gions of thermodynamic state space, are relatively compleratrices are also equal to the pure substance values. The
to implement in the context of a three-dimensional computabinary interaction parametek, s, is a function of the spe-
tional fluid dynamics code. More computationally efficient cies being considered and is taken tokyg=0.1 for a#

state equations, such as cubic forms, can lead to large erroasdk,,=0 for the binary mixtures addressed in this study.
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In order to ensure self-consistency, all of the thermody- QjY1= —NRT{Y,a{2D12 41D 1 v, 4(2VD (2D 42D
namic parameters of the flow should be calculated from the
same equation of state. For the present fluid dynamics simu- +Y3a{F D adV+ Y 2PV DEY oSV
lations the variables of interest are the molar enthdldy,

h (23y(23)  (21) (32 ~H(32)  (31)
the constant pressure molar heat capacly)( the partial +Ygai” DY ap + Yoa "Dy ap T VX,
molar enthalpy’  ,), the partial molar volume\( ,), and (19
the speed of soundaf). Each of these functions can be v,
obtained through various derivatives and functions of the — Q; 2= —nNRT{Y,a{t?D1? 12 + Y, a(2VD (2D o (22
Gibbs energy:*’ Derived forms for these parameters have
. . . . (13H(13 (12 (3D (3D) (32

been previously published in Refs. 11, 15, and 16 for arbi- +Yga D™ ap® + Yiai Dy~ ap
trary numbers of species. +Y3a,(,%3>DE§3)a,<322)+Y2af§2)D$T?2)a,(332)}VX2,

B. Ternary species heat and mass flux vectors (20

The derivation of the heat and mass flux vectors for mul-and
ticomponent mixtures is based on Keizer’s fluctuation-

dissipation theory which is developed from a fundamental QP= _an( Y1Y,a!:?D! lZ)( Va sz)
theory of fluid drop behavior under supercritical conditions : Ml M5
by Harstad and Bellah® The model of Harstad and Bellan V. V
describes nonequilibrium processes and constructs a substan- +Y;1 Y32 D ( Ml M—g)

1 3

tially more general relationship for thermodynamic heat and
mass fluxes than equilibrium theory provides. The oy 22| V2 Vg
fluctuation-dissipation theory additionally shows that the +Y,Y3ai7 Dy )(M_ M )]VP (21)
modeling of transport processes is consistent with nonequi- 2 3
librium thermodynamics. The resulting form of the mass fluxrespectively. In the aboveX,, is the mole fraction of species
is a superposition of Fickian and Soret diffusion, whereas thex (related to the mass fraction througl ,X,=MyY,,
heat flux is a superposition of Fourier and Dufour diffusion. where Mp,=2X,M, is the mixture molecular weightn
A detailed derivation of the following heat and mass flux =V~ is "the molar densityx is the form of the thermal
vectors is available in Ref. 18. conductivity consistent with kinetic theor{)=D{") are
As in our previous investigatiors;*®the final forms for  the binary mass diffusivities between speC|eandJ and
the heat and mass fluxes are expressed as a superpositionVof=dV/3dX; is the partial molar voluméthe partial molar
separate flux vectors proportional to gradients of mass enthalpy isH ;=4dH/dX;). In addition, a(”)—— (“) and
mole) fractions, temperature, and pressure. The heat flux{l)= — ol are the similarly defined “Irving— Kirkwood"
vectors and the mass-based mass flux vectors are further dmd “Bearman—Kirkwood” forms of the thermal diffusion
composed into terms proportional to each of the individualfactors, respectively, and,g'” are the mass diffusion factors
species 1 and 2 mole fraction gradiefidenoted by super- (see below.

scriptsY, andY,): The corresponding mass flux vector components for spe-
cies 1 are
Y Y P
Qi=Q/+Q*+Q 2+QF, (16) v M, » s
o= o= Jjj=—nM—m{M2Y2D§T}>af)“)+M3Y3D(ml)a§311)
and —M,Y D3P a2V -M5Y D¥aSVIVX,, (22
Y Y T p Yo_ M, (12) 12) (13) (12)
‘Jja_"] 1+J 2+J +Jja’ (17) Jj,l —n—{MYD +MYD

_ _ —M,Y; D222 —M,aY DS VX,, (23
where « denotes the particular species.

The resulting final forms for the heat flux components n
. y Ji=—M m?{YleD(lz)a(Blé)+ Y.YD agd VT,

referred to throughout the remainder of this work are i1
(24)
M2 and
Qf=— |kt Ry M Y YanDR el al
1 P n Ml 12 Vv 1 \ 2
2 Jj,l:_ﬁ MzYleD( ) M M‘
1 2
+RM1M Y,YsnD¥ (¥ ol vy
. +M3Y1Y3D<n}3>(—'1 3)]VP (25)
M; Mg
+R4 M Y,Y3nD P a2 alZd 1 VT, (18) _ _
2 respectively, whereas those for species 2 are
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v, ) 12 (1) 12 (2 abqve relations result in only a single independent mass dif-
Jj o= Ny~ MaYoDpZap™+ My Y,Dy%ap fusion factor denotedry having a relatively complex form
" as derived from the Peng—Robinson state equation. For the
+M3Y3D P a2V —M,yY,DPa3VIVX,, (26) purposes of the present study the derivation of the corre-
sponding form of the mass diffusion factors from the Peng—
JY2= —n&{—M v.D12 4,12 4 M. Y. D12 (22 Robinson state equations is exceedingly complex. As an al-
1.2 Mp themm 7o tATm T ternative, we model the mass diffusion factors based on the
assumption of ideal mixing behavior in which case the activ-
ity coefficient is independent of the concentratférin this
case, an examination of Eq®2) and(33) yields

+M3YsDR¥af? ~ MY, D af?IVX,,  (27)

n
3] 2=~ Mg {Y2YsD Y agd = Y1YoDip? el } VT,

Ay _ (22)_
ay =ap?=1, (34
28) D D
and agl): 0‘(032): -1, (35
nM V, V ap?=ag?=0. (36)
=2 M1Y1Y2D(12)(_'2_ _1>
1.2 RT mAM, M, Miller® observed that for binary mixtures under conditions

V. vV relevant to the present investigation tfsingle mass diffu-

FM.Y,Y.D® 2 "3 lyp (29)  sion factor is near unity ¢, varied from 0.82 to 0.94 for
3'213Ym M M ’ . . N

2 3 different cases examined in that styidin order to test the

respectively. The above forms apply to the remainder of thig/alidity of the ideal mixing assumption, several binary mix-
work, and are the forms applied to the computational fluidnd cases from Ref. 15 were repeated using=1. The re-
dynamics code described below. If required, the mass flugults in all cases were nearly identical to the previously pub-

vectorJ; 3 can be calculated in mass form based on the conlished trends therefore pr_oviding justification for the present

> Jia=0. (30

« 1. NUMERICAL APPROACH

The above derivation has been checked to reduce to the bi- The above equations are solved for the case of isotropic

nary species flux formulations presented in Refs. 15 and 1&ox turbulence in a triply periodic domain having equal
lengthsL in each of the three coordinate directioms; X,,

C. Heat and mass diffusion factors andx;. Statistically stationary turbulent flow is maintained

Three additional thermodynamic relations appear in thé”a the addition of an artificial fOI‘Cing term added to the
above expressions. The parameteys and g are referred Momentum and energy equations having a form originally
to as the “Irving—Kirkwood” and the “Bearman— proposed by Kida and Orsz&The governing equations are
Kirkwood” forms of the thermal diffusion factor**°respec- solved using a third order Runge—Kautta time advancement
tively. These two factors are related to one another througRrocedure coupled with eighth order accurate central finite

an expression derived by Harstad and Beﬁan: diﬁerencing for all Spatial deriVatiVég.Tenth order accurate
explicit filtering is applied to the primitive variables at each
(i N 1 MM;[H; H; R —K I ical illati in th
i) — i) 4 i (31) unge—Kutta stage to control numerical oscillations in the
AKTIBKTRT M, M, M) i i inite di
m i i solution. An eighth order accurate central finite difference

schemé&! was chosen due to its high accuracy, zero numeri-
| diffusion, ease of parallelization, and previously pub-
lished results for similar single and two-phase
simulation!®®22-24 Dyring each simulation, the ratio of
nl/ Ax is monitored to remain greater than unity as a resolu-
tion check. All thermodynamic conditions met during the
simulations are carefully monitored to ensure that the critical
locus is not approached in order to avoid phase changes
(ij)_c7_><i+x dlny, (32) which would violate the single phase fluid formulation. En-
@D _ax]. i ax; ergy spectra are also examined to ensure monotonic decrease
of energy at high wave numbers. Mass balances are also
checked thoroughly as further evidence that the complex
mass flux vectors are evaluated correctly. Finally, the code
N oN-1 was checked by reproducing “low pressure” simulation re-
> > afldx=0, (33 sults of Kida and Orszaf]. The specifics of the forcing rou-
st tine, as well as additional details relating to the numerical
whereN is the total number of species, puts a further restricimethodology as well as to code validation can be found in
tion on the diffusion factors. For a binary species system, th&®efs. 15 and 18.

Equation (31) implies that only one of these parameters
needs to be specified based on the specific species un
consideration; the other is then known implicitly through the
above equation.

The mass diffusion factora() are related to molar gra-
dients of the fugacity; their form can be derived given a
specific equation of state:

where y; is the activity coefficient of the mixture. The
Gibbs—Duhem relation,
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Evaluation of the state equation coefficients C3,C,4,Cs,Cg) can be solved. Finally, another

A cubic real-gas state equation must in general be Solveaepar_af[e applicgt?on of the LMSE proc_edure deter_mines the
g d g emaining coefficientsC; and C,. The final curve fit, Eq.

iteratively to get both the temperature and pressure simultz{—3 then b itten in f hich licit in eith
neously(given the density, internal energy, and mass frac-( 7, can then be written in forms which are explicit in either

tions). However, in order to avoid costly iterations Milter Lhe terr(ljp;arzzcutre or thebmtthemal_etnerg):. L (cj:an_ thgrt_atfolre
derived a highly accurate curve fit for the specific internal. etl_Jsef 0 de e_rrtmne 0 ﬁ n (tarna lenlertgyth urtlng initiak-
energy of the mixture &) over the entire state space of ization (for consistency, as well as to calculate the tempera-

interest. This approach has been extended by the authors e from thg internal energy during .each time step. .
the ternary species problem, thus requiing a four- The entire curve fitting process is performed during the

dimensional curve fittingie, = e (p,T,Y1,Y)] iqitialization of j[he code automatically and requires negli-
gible computational effort. Furthermore, the state space

e—e. T-T, T-T.\? range can be checked dynamically during each simulation. If
ey,—e e Tu—-T, +te2 Ty—-T./)° (37) this range ever extends beyond the input range the curve fit is

. . . simply recalculated. Application of the procedure was found
which can be solved explicitly for the temperature via they, o4, ce highly accurate fits for the temperature as a func-
quadratic formula. In the above expression tion of the internal energy for all of the cases considered in

e —el p—pyL p—pL |2 this study. For example, for typical ternary species problems
= 0= C3( —— |+ Cy| —— ) , (389)  the thermodynamic state space chosen for the fit was 0
e“—e Pu—PL PuTpPL <Y,<1, 0<Y,<1, 500K<T<1250K, and 25atrsp

o —e® B B 2 <100 atm. Two sets of error estimates are defined to test the
(U—) - 5( P—PL )+Ce( P—PL ) , (399  accuracy of the curve fitting procedure. The “relative error”
e —e® puTpL PuTpL is defined as the average root-mean-squiare) difference
d between the predicted temperature extracted from the curve
upper limits of the parameter space, respectively. And thdt fOf Some input set of internal energy, density, and mass
four internal energy functione®(Yy,Y,:T,.p), €? ractions, wlth the actual Peng—Robinson predlcted tempera-
X(Y1,Y2:TL,p0), e®(Y,,Y5:TupL), and e® ture, and _lelded by the act_ual Peng—Robinson temperature.
X(Y1,Y5: Ty pu) are The “maximum error” is deflngd as the corresponding maxi-
mum absolute temperature difference throughout the entire
thermodynamic state space used for the curve fit. As example
=CYY,+CyY5  @=123,4. (40 mixtures, the following three case were studiét:nitrogen,
heptane, and dodecan€) heptane, 3-methylhexane, and
Finally, the eight remaining internal energy functioe?  2-methylhexane, an(B) nitrogen, oxygen, and nitric oxide.
andefj’) can be expressed: The resulting relative errors for these mixtures are 0.34%,
0.23%, and 0.22%, respectively. The corresponding maxi-

where the subscripts and U correspond to the lower an

e(@)— g(®)

e(Ua)_ e;_a)

e(La)_e,(a) « W2 mum errors are approximately 25.0, 8.2, and 8.4 K, respec-
(en(a)_el(a)> =Ce"YiHCipYE a=1234. (4D tively. However, an examination of where in thermodynamic
state space these maximum errors appear reveals that they
e(U“)— e"(@ (@) (@2 occur at the extremes of temperature and pressure; conditions
@@ =CiY1+CYL a=1234. (42 which are rarely, if ever, attained during actual simulations.

It was therefore concluded that the curve fitting procedure
In practice each of the paramet&s— C,, is obtained by a provides a sufficiently accurate representation of the Peng—
least mean square errdtMSE) solution. In determining all Robinson state equation behavior under all conditions rel-
of the parameters, the “error” is measured relative to theevant to this study. It should also be noted that the term
Peng—Robinson predicted value. In this case, a perfect curverror” is somewhat misleading in the present context. Any
fit will reproduce the Peng—Robinson state equation behavicerror present does not, in the strict sense, contaminate the
exactly, yet will not require any numerical iterations to solution. Such an error would only produce a deviation in the
implement in a computational fluid dynamics code. Note alseeffective form of the state equation without any internal in-
that nothing in the fitting procedure limits its use to the consistency in the code.
Peng—Robinson state equation. The procedure can be used
thh any s,t,ate equatlon with equall S|mpI|C|(§mcIud|ng the IV. PROPERTIES
corrected” Peng—Robinson equation mentioned abhove

The procedure for applying the curve fit is as follows. ~ The molecular weights, critical temperatures and pres-
First, a range of temperature, mass fraction, and pressugsires, and acentric factors for all species considered in this
(and therefore densitys input which encompasses the ther- study are provided in Table I. The particular species appear-
modynamic state space under consideration. Then the liig in the table were chosen based on their relevance to
constantC{— C{%) are determined using the LMSE analy- typical mixing and combustion problems. Various combina-
sis where the error is evaluated relative to the Peng-tions of these species will be used below to study the influ-
Robinson predicted value. This allows the other eight conence of molecular weight ratios on the mixing process, as
stantsC{” and C{*) to be calculated. Then the. ande;  well as to mimic a typical “simple” three species chemical
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TABLE I. Molecular weight, critical temperature and pressure, and acentric(see Miller et al! for a parametric study of the effect of
factor for all species considered in the study. varying the thermal diffusion factors in a binary species mix-
Species M ¢ (K) pC (atm) Q ing layer conf_lguratloh For binary species pairs, a molecu-
lar weight ratio based correlatibwas used to specify the

E'"‘;ge” 12086021035 1;466236 3237":)‘2 %%i% Irving—Kirkwood form of the thermal diffusion factor in
Dﬁgeir;ene 17034 658.2 1796 0575 Rgfs. 15 an(_:i 16. This corre_latiqn yields values consistent
3-methylhexane 100.205 535.3 27.73 0.323 Wwith the choice of thermal diffusion factor shown to yield
2-methylhexane 100.205 530.4 26.94 0.329 good comparisons with experimental data for supercritical
Oxygen 31.999 154.6 49.74 0.025  heptane spherical droplet vaporization in nitrogen in Ref. 8.
Nitric oxide 30.006 180.0 63.95 0.588

Therefore the above correlation can be extended to ternary
species diffusion factors with relative confidence:

reaction. Diffusive properties are modeled in a simplified  «{ll’=2.3842<1072+0.248 21Iogo[ma>{%,%”,
manner and are assumed to be species independent in order i 43)
to simplify the analyses. For example, using the true mixture
viscosity, which is a function of temperature, pressure, and-€., applied to the species pairs to which each component of
mixture compositior(as are thermal conductivities and mass o)) is applied.
diffusivities), is not possible for realistic length scales due to
inherent resolution restrictions on three-dimensional DNSV RESULTS
Furthermore, only relatively restricted information exists on "
the behavior of these properties for the large pressures con- The primary focus of the present investigation is ternary
sidered in the present studiifherefore, in order to simplify ~species mixing and chemical reaction in compressible isotro-
the analysis, the mixture viscosify) is assumed to be con- pic turbulence under supercritical conditions. As discussed
stant and is calculated based on a specified value of the “boabove, the long time scalar variance is an increasing function
Reynolds number,” Rg=poUgLo/u, based on reference val- of the molecular weight ratio for binary mixtures. In this
ues for the density, velocity, and length. This treatment ofpaper, we extend the investigation to ternary mixtures in or-
viscosity also allows for an easier delineation of effects speder to determine if such stationary scalar states continue to
cifically due to Soret and Dufour diffusion without the su- exist, and if so, in what form for the various species present.
perposition of second order effects due to viscosity variatfurthermore, the ability to treat three species enables the
tions. Similarly, the thermal conductivity and mass consideration of a simple chemical reaction of the form
diffusivity are calculated from specified constant values ofFuel+ Oxidizer— Productwhich will enable us to begin
the Prandtl[ Pr=pu/(pCyx)] and Schmidf{ Sc=u/(pD)] to understand the potential role of Soret and Dufour diffusion
numbers;Pr=Sc=0.7. Again, with limited knowledge of in high pressure turbulent flames.
the behavior of mass and thermal diffusivities at elevated For each simulation presented in what follows, an initial
pressures and temperatures, we opt for a simplified fundaurbulent flow is first prepared by integrating the governing
mental study of Soret and Dufour effects under well definecequations until a stationary flow state is achieved. For these
viscous and diffusive conditions. A forthcoming investiga- preparation simulations the scalars are initialized as perfectly
tion will focus on realistic detailed treatments of these fluidpremixed with relative masses corresponding to those of the
properties for one-dimensional laminar and exothermidinal simulation for which the initialization is intended. The
flames for which completely resolved simulations are posbase mean temperature and pressure is identical for all cases;
sible. T=700K and pressurB=45 atm @, is based on these con-
Chemical reactions are specified by the following non-ditions), respectively. The simulations parameters for the first
dimensional parameters. The Damkohler numberis de-  portion of this study are provided in Table II.
fined as the ratio of the characteristic time scale of the flow  Unless otherwise specified, all simulations are conducted
to the characteristic reaction time scaleDa(T) using 128 numerical grid points, and have mean Mach num-
=KRgLo/Uqy. For the purposes of the present study, onlyber, Taylor microscale based Reynolds number, and relative
nonheat releasing and constant rate chemical reactions aresolution ofM-~0.2, Rg~52, and n/Ax~1.44, respec-
considered. For the present simulations, the reference densitiyely (note that this is a “quasi-stationary” state for com-
is set equal to the mean density in the domaig={p)), the  pressible flow due to viscous dissipation effects increasing
reference velocity scale is taken equal to the acoustic velodhe mean internal energy with tirtt%. The ensemble aver-
ity (a) based on the initial mean thermodynamic parameteraged(over all grid pointy Mach number is defined ad ¢

(Up=ay), the reference length scalelig=L/(27), and the  =((uju;)*%a). The Reynolds number is defined as,Re
reference temperature is equal to the initial mean flow tem=(p)(uu)[5/(3ue,)1*% where the velocity dissipation is
perature To=(T)g). €,= m{ wjw;) +413u{(du; 1 9%;)?) (w; is the vorticity vectoy.

Finally, either of the Irving—Kirkwood or the Bearman— The resulting stationary velocity flow field is characterized
Kirkwood forms of the thermal diffusion coefficients must be by a mean Kolmogorov length scale) which is larger than
specified to close the formulation. The exact nature of thesthe grid spacing; Where;r=[(,u3/(eu(p)2)]1’4.
parameters remains poorly understood; therefore a somewhat Once the stationary state is achieved, the scalar fields for
simplified approach is taken to defining these parameterghe mixing casegdenoted byDa=0; i.e., runs 1, 2, and 3 in
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TABLE II. Simulation parameters and initial conditiof8/D indicates inclusion of the Soret and Dufour diffusion termA# simulations are conducted using
128 grid points, and have meavl .~0.20, Rg~52, andy/Ax~1.44.

Run Species 1 Species 2 Species 3 S/D Da (Y1) (Y,)

1 Nitrogen Heptane Dodecane Yes 0 1/3 1/3
2 Heptane 3-methylhexane 2-methylhexane Yes 0 1/3 1/3
3 Oxygen Nitrogen Nitric oxide Yes 0 1/3 1/3

4 Oxygen Nitrogen Nitric oxide Yes 1 0.5 0.5
5 Oxygen Nitrogen Nitric oxide No 1 0.5 0.5
6 Oxygen Nitrogen Nitric oxide Yes 1 0.75 0.25

Table 1)) are reinitialized as perfectly premixed mixtures 1. Ternary mixing and scalar variance evolution
havingY,=Y,=Y3;=1/3 everywhere in the domain. In the o ., )

case of chemically reacting flowsuns 4, 5, and 6 we In contrast to typical “low pressure” behavior, the pres-
choose to examine a simple reaction of the formHa0, ence of both temperature and pressure gradients in the com-

—,2NO due to its relevant occurrence in hydrocarbon comPressible flow results in nonzero mass flux vectors at initial
bustion, as well as to the fact that it involves only threetimes’ despite the initial species fields being perfectly pre-

species and can therefore be modeled using the previous&'xeOI [see Eqs(23—(29)]. For the purposes of this study,

. . : ._the relative intensity of the scalar fluctuations is expressed in

described heat and mass flux formulation. The simulatio . /2
. . ) . " . terms of the Favre averaged standard deviat{ori,Y")

procedure is identical to the binary “droplet” cases studied

16 . Lo T (averaging is over the spatial ensembleigure 1 presents
by Lou and Mlller. That_ls, tt]e scalaﬂr field is re|_n|t|aI|zed tp the temporal evolutions of the standard deviations of all spe-
produce a single spherical “droplet” of pure nitrogen fluid

) . - . cies for mixing cases runs 1-3. Time is nondimensionalized
embedded in a pure oxygen environment. Within the dmp'ast* =tUy/Ly. In all cases, the standard deviations of the

let,” the mean temperature is again reduced by 50 K to Creat@pecies mass fractions begin to grow from zero at early
initial temperature gradients, and an error function profile iStimes, and then evolve steadily towards stationary values as
used to smooth the transition gradiefitscluding tempera-  ghserved previously for the binary mixing problem. How-
ture and mass fractiorbetween the nitrogen and oxygen. ever, in contrast to the binary species problem in which case
The premixed @ and N, at the “droplet” interface is con-  poth species mass fractions are characterized by identical
verted to a thin layer of product speci@$O). This is done  standard deviations, the stationary values displayed in Fig. 1
so that there are no premixed reactants in the initial condigre not all equal. For the two cases composed of nonequal
tions which could result in artificially large local reaction molecular weight specid€igs. 1a) and Xc)] the largest and
rates with the potential for resolution problems. All casessmallest molecular weight species have nearly identical sca-
involving chemical reactions have a Damkohler numbernar variance. However, the intermediate molecular weight

Da=1. species has a stationary scalar standard deviation approxi-
mately one order of magnitude smaller than the other two
A. Ternary mixing species. In contrast, for the case of nearly equal molecular

The simulations described in Table II are first used toWeiglht speciesﬁ_Fig_. 1(1.))] an approximately equal final _state
investigate the influence of Soret and Dufour effects on su9f the scalar dlstr_|but|_on is reached ior all three SPecies.
itical fluid mixing. In particular. runs 1—3 are used to Molecular weight is not the only parameter affecting .the
percrltlca . 9 P ' . . ... _equation of state and the heat and mass flux formulations.
illustrate the influence of the molecular weight distribution . ) . .
of the ternary species from completely premixed nonreactinThe relative magnitude of the final scalar variance for hep-
- I ) . Qane, 3-methylhexane, and 2-methylhexane in Figp) 1s
|n|.t|al condmons. Run 1 IS a hitrogen, heptane, dOdecan?nversely proportional to the critical pressures of the three
mixture with moIeCl_JIar weights equal to 28'013’ _100_'205'species(see Table )l Further testing would need to be per-
and 170.34, respectively, and has the largest variation in Mqg,meq pefore this relationship could be confirmed to yield
lecular weights (see Table ). Run 2 is a heptane, he ghserved behavighowever, it may be difficult to find
3-methylhexane, 2-methylhexane mixture with equal MOemary species which all have the same molecular weight
lecular weights 4 = 100.205). Run 3 is another pure mixing ith large differences in critical pressuje®ne additional
simulation conducted due to its relevance to the reactingpservation from Fig. 1 is that the scalar standard deviation
cases described next. It is an oxygen, nitrogen, nitric oxidgndeed increases with increasing diversity in the molecular
mixture having molecular weights 31.999, 28.013, andweights of the chosen species; in agreement with the results
30.006, respectively. Note that the critical pressures of oxyfor binary species mixing.
gen and nitric oxide are both larger than the ambient flow In order to further illustrate the nature of the scalar fluc-
pressure; however, both species are in their supercriticaliation evolution, Fig. 2 depicts the temporal evolution of the
states as presently defined due to the larger than critical floistantaneous minima and maxima of each species mass frac-
temperaturdsee Table)l tion for run 1. Although the standard deviations are relatively
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FIG. 1. Temporal evolution of the Favre averaged standard deviation for each mass fract@nrdor 1, (b) run 2, and(c) run 3.

small compared to the scalar meaqY{)=(Y,)=(Y3) ness is observed for the nitrogen and dodecane; towards
=1/3), the magnitude of the fluctuations is relatively signifi- large mass fractions for the low molecular weight nitrogen,
cant as observed by the long time minima and maxima in thand towards small mass fractions for the large molecular
figure. Again, the largest and smallest molecular weight speweight dodecane. As with the binary mixing problem, this
cies exhibit the widest variations in the mass fraction ex-skewness can be attributed to a skewness in the partial molar
trema, with nearly negligible variation for the intermediate yglume difference appearing in the definitionsﬁfa_

molecular weight species; heptane. In addition, a clear skew-  The skewness in the scalar distributions is further illus-
trated through the long time PDF of the scalar mixture frac-
tion (¢) defined in this case based on the species 1 and 2

0'361 ——8— Nitrogen mass fractions; & ¢=(Y;—Y,+1)/2<1. The mixture frac-
[ ——-A-—-— Heptane tion is “conserved” in the sense that its transport equation
035F = =@~ - Dodecane does not contain any reaction source terms even for the case
¥ ot of combustion. In this manner, the evolutiongfs identical
E 034 for isothermal reacting flows for any value of the Damkohler
>L number(including the pure mixing cas®a=0). For this
g 0.33 reason the mixture fraction is an important parameter in the
o) ‘e R TN study of reacting flows, and many turbulent combustion
onkb “Qlo s o, modgls aim to predict its evolutiqn.
T Figure 3 presents the long timé*(=150) PDF of the
- mixture fraction distribution for cases runs 1-3. As shown
- M v — earlier for binary mixture scalars, the PDF of the mixture
t* fraction demonstrates a clear and inherent skewness in the
FIG. 2. Temporal evolution of the minimum and maximum mass fractionsScalar mass fraction distributions. Also in agreement with
for run 1. previous binary species results are the near exponential tails
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10°g the ternary species mixing problem are investigated through
i ‘ an examination of the budget evolutions for {f@vre aver-
10..: aged scalar variances:
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FIG. 3. Probability density function of the normalized mixture fraction

Favre fluctuation at time* = 150 for runs 1—3. for species 1 and 2, respectively. The budget evolutions for

each of these equations is presented in Fig. 4 as a function of
nondimensional time for simulation run 1. For this simula-

exhibited by each of the distributions on its skewed sidelion, species 1 is nitrogen with the lowest molecular weight,
Note also that the sign of the skewness portrayed by each @nd species 2 is heptane with the intermediate molecular
the PDFs is arbitrary, and is determined exclusively by theveight. Note that the maximum budget values are smaller for
choice of species 1 and 2 in the definition of the mixturethe heptane in Fig. ®) than for the nitrogen in Fig. (4).
fraction based on their relative molecular weights. A reversall his is consistent with the smaller long time scalar variances
in the species denoted 1 and 2 will simply reflect the distri-reported for heptane in Fig. 1 due to its intermediate molecu-
bution about its meafnormalized to zero in the figureThe  lar weight compared to nitrogen and dodecane as discussed
potential impact of these asymmetries in the scalar distribuearlier.
tions on PDF based turbulent combustion models was ad- The evolution of the various terms in the variance bud-
dressed in Ref. 16 for the case of the binary mixing problemget for the nitrogen speci¢gig. 4(a)] follows the previously

Since these models are often applied to the evolution of thebserved trends for binary species. That is, the pressure gra-
conserved mixture fraction, which can be defined similarlydient induced mass flux term acts as a dominant production

for either binary or ternary mixing and reaction, the conclu-term in the variance transport equation budget, and is bal-
sions of Ref. 16 in this regard will extend to the presentanced at long times by the Fickian tedful due to nitrogen
ternary species problem. Therefore a similar analysis of conmass fraction gradient®iote that the pressure gradients as-
ditional expectations will not be repeated in the present secsociated with this flow are induced by compressibility ef-
tion. fects, and not by an imposed mean gradieBbth the tem-
perature gradient induced flux and the heptane mass fraction
. . gradient induced flux have negligible affect on the scalar
2. Scalar variance budget evolution variance budget. In contrast, the variance budget for the mass
The mechanisms responsible for the generation anétaction of the heptane, with its intermediate molecular
maintenance of long time stationary scalar distributions forweight for this simulation, shows a very different behavior
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FIG. 4. Favre averaged scalar variance budget evolution for run (faitrogen andb) heptane.
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FIG. 5. Temporal evolution of heat and mass flux vector magnitudes for run 1.

not previously observed for binary mixtures. In this caseFig. 5, which depicts the magnitudes of all five vectors in
both the temperature and the pressure gradient dependegfch of Eqs(16) and(17). The temporal evolution of these
fluxes result in negligible contribution to the stationary longvector magnitudes is presented in the figure for simulation
time heptane distribution. Rather, the long time state is obrun 1, and can be used to gain further insight into the trends
served to result from a statistical balance between productioof Fig. 4 discussed above. The heat flux vector magnitudes in
effects emanating from the nitrogen mass fraction dependetiig. 5(@) indicate that only the temperature gradient depen-
flux term (cross- speues effects due Jﬁz) and dissipation dent term has significant impact on the total heat flux mag-
from the F|Ck|anJJ 2 flux due to heptane mass fraction gra- nitude for this particular flow. Note, however, that this trend
dients. Although not measured during the simulations, it ignay be altered for flows with sustained large species gradi-
expected that the budget for the high molecular weight dode€nts, such as a mixing layer formed between two species;
cane species would mirror the trends observed for nitrogenadditional research in this area is warranted before general
A comparison of the forms of the nitrogen and heptaneconclusions may be drawn.
pressure induced mass flux vectdEgs. (25) and (29), re- The mass flux vector magnitude evolutions for the nitro-
spectively shows that the partial molar volume difference is gen[Fig. 5b)] and heptané¢Fig. 5(c)] support the observa-
minimized for the case of an intermediate molecular weightions made above concerning the scalar variance evolution.
speciegheptangsince its molecular weight is relatively near In particular, the pressure and nitrogen gradient dependent
to the values of both other species. On the other hand, thiguxes are the two largest subvectors for the nitrogen mass
relatively large molecular weight difference between nitro-flux. The temperature gradient flux also has significant mag-
gen and dodecane would result in a relatively large partiahitude at long times; however, as shown previodsig, gen-
molar volume difference appearing Jf; erally poorly correlated with gradients of the nitrogen mass
fraction, therefore minimizing its impact on the scalar vari-
ance budget. On the other hand, the relative impacts of the
The relative effects of the Dufour and Soret cross-mass flux subvectors for the heptane species reveals differing
diffusion on the heat and mass flux vectors are examined itrends. In this case, the only two relatively large magnitude

3. Heat and mass flux magnitude evolution
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FIG. 6. Temporal evolution of mean mass fraction far run 4, (b) run 5, and(c) run 6.
vectors revealed in Fig.(6) are those due tle and Jrz actant will remain even after complete combustion. Run 6

i.e., those due to n|trogen and heptane Concentratmn gradnvestlgates the influence of a Substantlally fuel lean flow
ents, respectively. Note, however, that the total vector maghaving a 75/25 mass mixture of oxygen with nitrogen. These
nitude is in this case much small@quare symbo)sreflect- ~ cases represent an initial step in the investigation of high
ing an anticorrelation ”le andJY2 Such an anticorrelation Pressure turbulent flames. Consideration of additional react-
reducing the overall mass flux of heptane would also proiNd SPecies, exothermic chemistry, and nonhomogeneous
mote smaller scalar variance for the heptane species as ofi@mes is delayed for future study.
served previouslyFig. 1).

1. Scalar reaction and moment evolution

B. Nonpremixed chemically reacting flow The temporal evolution of the mean and standard devia-

Attention is now turned towards simple nonexothermiction for each of the three scalar mass fractions for simulation
chemically reacting flows from nonpremixed initial scalar runs 4—6 is presented in Figs. 6 and 7, respectively. As men-
distributions. Oxygen, nitrogen, and nitric oxide are againtioned above, runs 4 and 5 are slightly fuel rich due to the
used for runs 4—QTable Il) which involve the chemical relatively smaller molecular weight of nitrogen in compari-
reaction of an initially spherical “blob” of nitrogen reacting son with oxygen. Therefore combustion in each of these
with an oxygen environment to form nitric oxide. The nitro- simulations does not yield a single species produdtric
gen fuel “blob” is initially centered in the domain otherwise oxide) distribution at long times. Instead, a binary mixture
filled with pure oxygen oxidizer; with no product nitric oxide results for long times characterized by nearly pure NO with a
initially present. Runs 4 and 5 both begin with 50/50 masgelatively small amount of Nremaining presentFigs. §a)
mixtures of fuel and oxidizer, and are identical except thatand Gb)]. No obvious difference is observed in the mean
Soret and Dufour diffusion are turned off for run 5 for the scalar evolutions for runs 4 and 5, which are only distin-
sake of comparison. Note that the species distribution is norguished by the absence of the Soret and Dufour cross-
stoichiometric due to the molecular weights of @xd N, diffusion effects in run 5. Therefore, under the present con-
being nonequal. Therefore some of the lightetrogen re-  ditions, it does not appear that Soret and Dufour diffusion
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FIG. 7. Temporal evolution of Favre averaged mass fraction standard deviatiof@ fon 4, (b) run 5, and(c) run 6.

have significant impact on the first order scalar moment evorun 6[Fig. 7(c)] with substantially larger scalar variance due
lutions. However, Soret and Dufour effects will be shownto the near equal masses of species comprising the new bi-
below to be minimized for mixture compositions near thenary mixture. With these observations, an analysis of binary
pure species limits for a binary mixtuf€ig. 9. In fact, the  mixtures could then be used to predict the ultimate scalar
results for binary mixtures are highly relevant to the longvariance for various reactions by knowing the degree of non-
time development of the present reacting flow problem, sincatoichiometry of the initial species distribution; and therefore
a binary species mixture is asymptotically achieved. The repredicting the composition of the ultimate binary mixture. In
sults of run 6 depicted in Fig.(6) further illustrate this point. fact, all of the above-described results for binary mixtures
For this flow, the initial scalar field is markedly fuel lean. In will apply to this ultimate scalar state for reacting flows of
this case, the long time scalar distribution is that of a nearlythe form under consideration.
50/50 by mass mixture of £and product species NO.

The development of the scalar standard deviations for
runs 4—6 evolves in a similar manngtig. 7). An examina-
tion of the standard deviation evolutions for runs 4 and 5 in
Figs. 7a) and 7b) illustrates the potential impact of Soret As a final point in the illustration of reacting flow evo-
and Dufour diffusion for chemically reacting flows. Run 5 lution, the PDFs of the scalar mixture fraction are presented
exhibits the typically observed “low pressure” behavior, in in Fig. 8 for each of simulation runs 4—6 at nondimensional
that the scalar variance decays near exponentially and indefiimes t* =5, t* =40, t* =100, andt*=300. The PDFs
nitely as the eventual binary species mix. In contrast, in thevolve from initially “double delta” distributions indicating
presence of Soret and Dufour diffusion, the scalar variancéhe initially nonpremixed reactants through nearly Gaussian
of the two remaining species ghand NO decay only until  states at intermediate times, in agreement with “low pres-
the production mechanism described previously begins tsure” behavior. However, at longer timgBgig. 8c)] an ob-
reach a balance with Fickian dissipation. At this point, thevious skewness is observed for the distributions, with near
scalar variance becomes stationary indicating the indefinitexponential tails. This is again in agreement with previous
presence of scalar fluctuations. A similar situation occurs foobservations for the binary mixing problem.

2. Scalar probability density function evolution
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3. Mean long time scalar variance dependence cies pairg(i.e., molecular weight ratig Fig. 9(c)]. Each data

As mentioned previously, Milléf first identified the ex-  Point in Fig. 9 corresponds to the long time averaged value
istence of long time stationary scalar variance in supercriticaPbtained for an individual simulation. Unless otherwise
binary mixtures in isotropic compressible turbulence. Theiroted, all simulations have mean values of,R85, M
simulations only addressed cases for which the binary spe=0.2, and are nitrogen/heptane mixtures. In addition, the
cies were initially perfectly premixed, and only 50/50 by Parameters for all simulations were chosen such that the con-
mass mixtures were considered. They observed that the lorf§tion 7/Ax=1 is maintained in order to ensure adequate
time stationary scalar variance increased with both increaglumerical resolution.
ing Mach number and molecular weight ratio; however, de- ~ The trends observed in Fig. 9 confirm the qualitative
creased with increasing turbulence Reynolds number. As didindings of Miller® for the dependence of the scalar variance
cussed above, the same phenomena of long time stationa@y the turbulence Reynolds number, Mach number, and mo-
scalar variance is observed for the present initially nonprelecular weight ratio. Although the DNS is by nature limited
mixed reacting flows. Our results further show that this longto only relatively low Reynolds numbers, the results of Fig.
time state is independent of whether premixed or nonpre9(a still show that increasing the relative viscosity increases
mixed initial conditions are chosen. the level of scalar fluctuations. In addition, these results il-

In order to further quantify the long time scalar variancelustrate the dependence of the long time scalar variance on
states, a series of simulations is conducted at a relativel{he mean composition of the mixture. In particular, and as
lower resolution of 62 grid points for various values of the expected, the limiting behavior of either pure nitrogefy (
mean Reynolds number, turbulence Mach number, binary=1) or pure hydrocarbon¥(,=0) results in zero scalar
species combinations, and nitrogen mass composiiion  variance; i.e., pure species turbulent fluids do not spontane-
cluding pure single species nitrogen or hydrocarbon fjows ously produce the presence of a second fluid. It is also noted
These calculations are performed with the present ternarthat the maximum value for the scalar variance does not
species code run for binary species pairs. As mentionedccur for 50/50 mixtures by mass. In fact, the curves are in
above, the present code was fully validated for the limitingall cases skewed towards the lower molecular weight spe-
cases of binary species pairs through comparisons with theles; in this case nitrogefvhen plotted as a function of mole
previously published results of Ref. 15. The long time Favrefraction the results are also skewed towaxgs=1). As dis-
averaged values of the nitrogen scalar standard deviation aceissed by Millett> the primary source of scalar variance
presented in Fig. 9 as a function of the mean nitrogen fracgeneration for binary mixtures comes from the pressure gra-
tion for varying Taylor microscale Reynolds numHdtig.  dient dependent mass flux vectdf,. Miller™® attributed ob-
9(a)], turbulence Mach numbéiFig. 9b)], and binary spe- served skewness in the scalar PDF to an inherent skewness in
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FIG. 9. Mean long time Favre averaged scalar standard deviation as a function of the mean nitrogen fraction foajafgiylgr microscale Reynolds
number, (b) Mach number, andc) molecular weight ratio. Unless otherwise noted, all simulations have mean values,®8ReV-~0.2, and are
nitrogen/heptane mixtures.

the partial molar volume difference appearing in the defini-derived from an assumed ideal mixing behayi¢m addition,

tion of J7. For the present investigation we have confirmeda four-dimensional curve fitting procedure has been devel-
that this same skewness in the partial molar volume term igped by the authors in order to provide for an accurate and
responsible for the observed skewness as a function of meaficient (noniterativé application of the real-gas state equa-

concentration depicted in Fig. 9. tion in the DNS. Results of the simulations were presented
for both ternary species mixing and combustion with a
VI. CONCLUSIONS simple nonexothermic reaction of the fornfuel

+Oxidizer—Products as well as for various binary spe-

have been conducted for both binary and ternary specie%';es ’.“‘Xt“res aimed at quantifying the long time behavior of
mixing and combustion in isotropic compressible turbulenc\'-,reacn_ng systems_. ) ) .

at large pressure. The simulations are based on generalized SIMulations involving ternary species mixing and reac-
forms of the heat and mass flux vector including Soret andion Were conducted in order to begin to understand the po-
Dufour cross-diffusion as derived from nonequilibrium ther- téntial influence of Soret and Dufour diffusion on high pres-
modynamics and fluctuation theory. Derivation of the ternarySure turbulent combustion. Long time statistically stationary
species forms of the flux vectors has been performed by thecalar distributions, similar to those observed previously for
authors, and has not appeared previously in the literature &€ binary mixing problem, were observed for three initially
our knowledge. Additional real-gas effects are included inperfectly premixed species mixing simulations. As for the
the formulation via the cubic Peng—Robinson state equatioRinary species problem, the long time scalar variance was
based on an appropriate set of mixing rules. All thermodyfound to increase with increasing diversity of the molecular
namic parameters of interest have been derived directly fronwveights of the species. However, in contrast to the binary
the state equation for self-consistency of the formulationproblem, a minimum stationary scalar variance was found
(with the exception of the mass diffusion factors which werefor the species with intermediate molecular weight. The na-

High resolution direct numerical simulationd®NS)
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