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Lagrangian analysis of materially conserved scalars is applied to the problem of turbulent trans-
port in variable density flows. The consequences of an additional material conserved quantity, the
density, is generally not acknowledged and leads to significant and meaningfully different expressions
for turbulent transport in the moment equations. The formal Lagrangian analysis produces gradient
transport expressions substantially different from those obtained by the physically intuitive “argu-
ment by analogy” method used in computational models. Various intuitive arguments, in Favre
and Reynolds averaged settings, are contrasted to the formal Lagrangian results. Using expressions
from the formal analysis, we derive consistent gradient transport closures for the turbulent trans-
port terms that appear in the first and second order Favre moment equations. Results for coupled
multi-species turbulent transport are given. The analysis is limited to variable density turbulence
in which the dilatation of the fluctuating velocity is small. The results are applicable to turbulent
combustion and to stellar convection problems in which the density fluctuations are on the order of
the mean density.

I. INTRODUCTION

Moment closures for turbulent transport invoke eddy-viscosity or linear gradient transport models. Gradient trans-
port models are generally argued for on the basis of mixing-length ideas [16] and Lagrangian analyses by Taylor[28]
and Corrsin[8] of the transport of a materially conserved passive scalar in constant density flows. In addition to the
requirement of material conservation, gradient transport is valid when the characteristic scale of the turbulent trans-
port mechanism is smaller than that associated with the inhomogeneity of the mean scalar [9]. Engineering models
also apply the gradient transport model to turbulent fluctuations of velocities, scalars as well as higher moments of
these quantities [10, 22].

Closures involving higher order moments are commonly encountered in variable density turbulence and turbulent
combustion [26, 27]. Unclosed moments in these regimes are often expressed in Favre-averaged variables. In an
argument by analogy, gradient transport models developed for constant density turbulence are used for transport
models of Favre-fluctuating quantities. This strategy is applied not just for k-epsilon models but also for second
moment closures in which several additional equations are carried. All such gradient transport models are based on
an argument by analogy with the constant density modeling and are inconsistent with a formal Lagrangian analysis.
There are several problematic issues with developing turbulent transport models in Favre variables based on argument
by analogy to the Reynolds variables in constant density flows.

There are several problematic issues with developing turbulent transport models in Favre variables based on argu-
ment by analogy to the Reynolds variables. The two most salient issues are

1. The fluctuating velocity in Reynolds averaged coordinates, u; has a zero mean. The analogous fluctuating
velocity in Favre averaged variables, u does not have a zero mean. It is not a centered variable and argument
by analogy for quantities not based on centered variables are specious.

2. In variable density turbulence!, the density is an additional material conserved variable and the consequences of
this additional constraint on turbulent transport is substantial and is not accounted for in any transport models
in Favre treatments.

To address these shortcomings not accounted for in the Favre argument by analogy, we work only with centered
variables in a formal Lagrangian analysis and account for the additional constraint required by a materially conserved
density.

To close higher moments such as p’c’uj,, we generalize the Lagrangian arguments to use simultaneous material
conservation of the density p and the conserved scalar pc. A formal Lagrangian analysis using this method produces
some very interesting and unexpected formal results. For example, the Lagrangian gradient transport model for the

* sidharth’'gs@hotmail.com
1 We limit our work to the case of negligible fluctuating dilatation.
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third moment in the turbulent flux is bilinear in the gradients of mean density and mean mass fraction. Our general
principle result is that the turbulent fluxes of second moments have the form

(p'dv) = (&&vk) P C.j (1)

where ;,v; are Lagrangian objects. In comparison, the conventional model for the second moment flux [11] results in
an expression that is proportional to the down gradient of the second moment p’c’. Simultaneous dependence of the
turbulent flux on density and scalar gradients is consistent with the density-fluctuation-correlation in variable-density
turbulent jets and wakes [5].

The formal Lagrangian results not only apply to variable-density turbulent transport but to all third and higher
moments. An example is the turbulent flux of the Reynolds stress wju/u) (or its trace wjuju}) in constant-density
turbulence. While several improved closures for third and higher moments have been proposed in the literature
[3, 15, 29, 32|, the present work is novel and mathematically formal application of Lagrangian analysis to extend
gradient transport to turbulent flux of second and higher order moments. The formal results are applicable to the
class of physical problems where the assumptions of fine-grained turbulence and fluctuations in the presence of mean
gradients hold, as is typical of gradient-transport and mixing-length modeling hypotheses.

Within the context of conserved scalars, we find that formal gradient transport can result in counter-gradient fluxes
even with isotropic eddy viscosity models for the Lagrangian transport coefficient. This is not the case for the gradient
transport by analogy for Favre fluxes. Counter-gradient fluxes are observed in variable-density mixing and combustion
[13, 14, 23]. In such flow regimes, the scalar is, in the general case, linked to the density field and therefore becomes
an active scalar. In the simplest case this issue is made clear by the relation between mass fraction and density used
in the variable-density turbulence analyses of isothermal and isobaric binary mixing [6, 19].
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More generally, for multispecies/multimaterial mixing under such conditions, the species mass fluctuations are coupled
to the mass flux via mass conservation and equation-of-state constraints,

S (pea) = o, 3PS g (4)
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e (03

where ¢, denotes the mass fraction of the specie a and p,, is the corresponding specie microdensity [20].

In the next few sections, the constant density Lagrangian analysis (see also [21]) is reviewed as a foundation that
we extend to multiple materially conserved objects. The gradient transport expressions are derived using formal
Lagrangian analysis and compared to the heuristic arguments used in models. We then move on to the variable
density case. Our results are presented in the context of a first order Favre moment k-epsilon type closure as well
second order Favre moment closures. Our general style of presentation is to contrast the formal Lagrangian results
with expressions based on arguments of analogy approach.

II. A REVIEW OF LAGRANGIAN GRADIENT TRANSPORT IN CONSTANT-DENSITY
TURBULENCE

The Lagrangian gradient transport is a widely-invoked hypothesis in turbulent transport. It is also commonly
referred to as the mixing-length and sweeping decorrelation hypothesis [7, 30]. We review cosntant-density Lagrangian
gradient transport in this section to introduce nomenclature and basic relations.

Gradient transport hypothesis is based on material conservation in a Lagrangian trajectory. Let ¢ be a materially
conserved scalar. Then

D

Dt
where a; is the initial position of a Lagrangian particle, and the particle is displaced by &; from a; in the time period
t.

(¢) =0 = c(to;a;) = c(to + t; a;) (5)

For simplicity, let us choose our co-ordinate system so that ¢y = 0. We can decompose the variable ¢ in terms of its
Eulerian mean C and fluctuation ¢ as

d(t;a;) + C(t;a:) = ' (05a;) + C(0; a4) (6)



For clarity, we drop the information in the parentheses that specifies the Lagrangian time co-ordinate and use the
subscript 0 to imply the quantities at the beginning of the trajectories ¢ = 0. Material conservation of the scalar
during the Lagrangian trajectory is then expressed as

d+C=c+0Co (7)

FIG. 1. Illustration of a Lagrangian trajectory in stationary homogeneous isotropic turbulence: the Lagrangian displacement
vector &;, Lagrangian velocity v; and the Lagrangian fluctuation ¢ ( introduced in the next section) are labelled.

Eulerian mean scalar fields C and Cy are independent of time and only a function of the spatial co-ordinate. In the
presence of mean scalar gradient C,;, the mean scalar field can be expressed as a linear function of the Lagrangian
particle displacement vector

6—60 zé(ai—i—fj) —6(%) zng,j (8)
With Eq. 8, we can express C' — C in Eq. 7 in terms of the Lagrangian particle displacement vector &; such that
d —l—éo + fjé,j = 06 —l—éo
d —cp=-§C,; (9)

The displacement vector &; in homogeneous turbulence is a stochastic variable. To obtain a single point closure for
the statistical average of turbulent scalar flux in homogeneous turbulence, we take the moment of Eq. 9 with the
Lagrangian velocity at the end of the Lagrangian trajectory v (¢; a;) = ug(&;,t). We then have

(') — (cour) = —(&vr) Oy (10)

The angled bracket operator (-) represents averaging over an ensemble of Lagrangian trajectories in the turbulent flow-
field such that ¢(z,t) = c(t;a;). The term (vico) = (vi(t)c(0)) represents the correlation of the Eulerian fluctuation
in the scalar value at the beginning of the Lagrangian trajectory with the velocity fluctuation at the end of the
Lagrangian trajectory. For a passive scalar, the objects at initial and final points of the trajectory decorrelate over
the time-scale of particle transport and we have

(covg) =0 (11)
Eq. 11 results in the well-known gradient transport equation for the passive scalar
(cup) = cup, = (o) = —(&ur) D (12)

The object (§;vx) is the Lagrangian particle displacement flux and is the unclosed object. The single-point turbulent
scalar flux has now been re-expressed in terms of a temporal Lagrangian cross-correlation, which can be obtained from
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theoretical and/or data-driven models of Lagrangian dynamics. The Lagrangian particle displacement flux can be
expressed in terms of the cross-correlation using the definition of the displacement vector in homogeneous turbulence.

d % K / /
T 6= [ a (13)

t

(0nks) = (o (1) / () dt'y = / (or(B)o; (1)) dt’ (14)

Here the trajectory ensemble average commutes with the integral over the trajectory. The cross-correlation can be
normalized in the form

(€500 + Exvy) = / (03 (') ok () + v (B)or(t))) dt (15)
=o? /Ot Ro, 0, (1) dT = 02 Tji (16)

Here 0, = 2k = (vrvr) = (ujuy,) is the velocity variance or twice the turbulent specific kinetic energy, Ry, v, (1) is the
normalized two-time Lagrangian correlation function and 7jy, is the resulting Lagrangian time-scale tensor. Therefore,
gradient transport for a passive scalar can be expressed as

m =—k 7;’@ 67‘ (17)

For homogeneous shear flow, additional moments are involved [18]. We now look into how Eq 17 is modeled for
moment closures and subgrid-scale closures in numerical computations.

A. Constant density moment closure: the long time limit

Moment closures capture mean-gradient turbulent transport over length-scales much larger than the transport
process i.e. over regions with (v;(¢;a;)) = 0 and the Lagrangian time-scales are large so that the ¢ — oo limit for the
cross-correlation be employed. The Lagrangian time-scale tensor is therefore, a constant and depends on the state of
turbulence.

In engineering models, the Lagrangian time-scale tensor is modeled as an isotropic tensor

Tik = TE8 (18)

The Lagrangian time-scale, in Eq 18 is often modeled using an Eulerian time-scale C,,k/e resulting in the well-known
gradient transport expression

— 2 J—
cuj, = -C, ]% Ck (19)

The approximation of the Lagrangian time-scale using an Eulerian time-scale is valid in turbulent flows with a single
time-scale. In turbulent flows with competing time-scales, due to different physical mechanisms, the Eulerian time-
scale may be a poor approximation.

An anisotropic engineering approximation for the time-scale tensor may also be employed. One such approximation
uses the Reynolds stress anisotropy as a proxy for the time-scale tensor anisotropy.

!,
o [ Y%
Tiw=T ( o ) (20)

B. Constant density subgrid-closures: the small-time limit

In the context of large-eddy simulations, the time-scale of the turbulent processes being modeled is imposed by
observer’s resolution and is typically constrained by the numerical grid resolution A. When gradient transport is
modeled over small transport length-scales due to high resolution, the small-time or the ballistic dispersion limit of
the integral in Eq. 15 can also become relevant. In such a case, the upper limit of the integral over the Lagrangian
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trajectory, ¢ is small and as t = tao — 0, the two-time correlation tensor (v;(t')vi(t)) can be approximated with
(vj(t = 0)vg(t = 0)) = ufuj,. Eq. 15 then results in

{0k + v36x) = / " (o (ta)uy (#) + v (#)v (ta)) dt (21)

ta 7
~ (vjv) /O dt’ = uluf, ta (22)

An important point to be noted from this limit is that gradient transport at length-scales much larger than the
turbulent transport length-scale St = TV /o, can assume a constant Lagrangian particle displacement flux tensor. At
small length-scales however, when A <« S, the displacement flux tensor scales with A =ta/0,.

The small-time limit of gradient transport has also been previously received attention in the context of modeling
near-field transport of scalar atmospheric constituents near and within vegetation canopies which serve as spatially-
distributed scalar sources [17].

III. LAGRANGIAN GRADIENT TRANSPORT FOR SECOND MOMENT TURBULENT FLUX IN
CONSTANT DENSITY TURBULENCE

Gradient transport for variable-density turbulence requires closures of Favre fluxes. Due to the density weighted
nature of the fluxes, third moments arise as unclosed terms. These third moments are turbulent fluxes of second

moments. For example, the third moment p’c’uj, appears in the transport of conserved scalar ﬁé =pC+p/c and is
the turbulent flux of p/c’.

The primary objective of this section concerns with derivation of the formal Lagrangian gradient transport hypoth-
esis for the turbulent flux of the second moment. In this section, we consider second moments in constant-density
turbulence and use the results in this section as a pedagogical tool before its application to closures in variable-density
turbulence.

We consider two scalar species, ¢, and cg. All three variables, c,, cg and c,cg are materially conserved in the
non-diffusive limit.

Dca DCﬁ o D

— _ = —_— = 2
i =0 Ty =0 pilacs) =0 (23)

The object cflc% represents the covariance between two species ¢, and cg in multispecies/multimaterial transport.

The transport equation for the second moment ¢/,cj is

c’ac’B,t —|—(c$lc,'@ Ui + cixc’ﬂu;),k +cL ) Cpop —|—C’Buj7€ Cosk = Eap (24)

The unclosed term of focus is the second moment turbulent flux c/ac%u;. The key idea is to to derive the formal
gradient transport expression for c{lcbu;€ and apply it to second moment fluxes involving density fluctuations. By
substituting ¢, with p and cg with a scalar ¢, we can use the result derived for cgzcbugc to obtain the corresponding

formal gradient transport for objects of the form p’c’uj. The result derived in this section will also serve as the
template for closure of several second and third moment turbulent fluxes in the variable-density turbulence section.

A. Gradient transport by analogy for second moment turbulent flux in constant-density turbulence

We first review the gradient transport by analogy for c’ac’ﬁu;c and discuss why this commonly employed gradient
transport expression is not formally correct. The gradient transport expression for second moment turbulent flux
cpCpuy, using analogy to the passive scalar flux in Eq. 12 is [11, 12]

- _ ko
cpcpuy, = — (§ur) (chch),) =~ —C,LE ufuy (€,Ch), (25)
From a Lagrangian perspective, this model approximates an empirical gradient transport of the form

chcguy = — (§vr) (chch)sj (26)
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Eq. 26 is empirical because an argument is employed that (cicj)" = ¢y — ¢, is a materially conserved scalar.

Gradient transport for the passive scalar (Eq. 12) is then conveniently employed. However, (c,,cj;)" is not materially
conserved as its Lagrangian derivative is not zero in the presence of mean species gradients.

D _ _
Dy (Cacs)’ = =(cqur)” Cpn =(chur)” Casi (27)

In the Appendix, we discuss more about the limitations of the assumptions that lead to Eq. 26 from both perspec-
tives, Eulerian (Sec VIG) and Lagrangian (Sec VID). We will now derive formal gradient transport expression for

CoCpuy, using Lagrangian principles discussed in the previous section.

B. Lagrangian gradient transport for binary passive scalar fluctuation in constant-density turbulence

In this subsection, we derive formal gradient transport expression for the turbulent flux of the second moment
cglc’Bu;C using Lagrangian analysis. As we mention before, the conserved scalars in this setup are cq, ¢g, cacg.

De, Dcg D
=0, — =0, —(cacg) =0 28
Dt ’ Dt ’ Dt( @ 5) ( )
We introduce the notation of the Lagrangian fluctuations to avoid cumbersome expressions. The Lagrangian
fluctuation is defined as the difference between a quantity at a time ¢ in the Lagrangian trajectory and its Eulerian
mean at the initial point in the trajectory. Therefore, Lagrangian fluctuations can be defined for both, total quantities
and as well as their Eulerian means. For example, for a scalar ¢, the Lagrangian fluctuation of the total quantity is

denoted by ¢* and the Lagrangian fluctuation of the Eulerian mean is denoted by G

cE(tya;) = c(t;a;) — C(0;ay), (29)
éL(t; a;) = C(t;a;) — C(0;a;) (30)

The passive scalar gradient transport equation Eq. 12 can be rewritten using Lagrangian fluctuations as
(clog) = (chur) =0 (31)

In other words, the flux of the Lagrangian fluctuation of a passive scalar is zero. The zero flux results from material
conservation of the scalar and a decorrelation of the Lagrangian velocity from the initial point Eulerian fluctuation

of the scalar. Expanding c& = ¢/ + 6L and using 5L = fjé, ;j for mean gradient homogeneous turbulence,
(c'vi) = —(C o) = ~{§u)Cy (32)
For binary fluctuations, using c¢& = ¢/, and cg = Cjg, We can conveniently write
cicé = C/aoclﬂo (33)

A formal proof of Eq. 33 starting from material conservation of the object c,cg is presented in the Appendix.
Additionally, we also show there that (cocs)l = (cacs)y is equivalent to Eq. 33. Next, expanding the Lagrangian

fluctuations in Eq. 33 as ¢ = ¢ + éL, we have
ey 4+ Cf + sC + O T = choclo (34)
Eq. 34 can be re-expressed using ¢, = ¢,q — 65 and ¢ = ¢z — 62 to obtain
cflclﬁ — éi 62 = ClaOC,BO — 0;06§ — 650%0 (35)
In the case of constant mean species gradients, a linear spatial variation of C,, and Cs exists and we express the

. . . . . . . —L el —L
Lagrangian fluctuations of Eulerian means using Lagrangian particle displacement vector as €', = §;Cq,i and C =
¢;Cp,; to write

o = Ei&jCa,j Cpyj +¢40C50 — Cao&iCari =30 Carj (36)
(chcur) = (Ei&ve) Cayi Cp; (37)
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The moments of final-point Lagrangian objects with initial point scalar Eulerian fluctuations vanish. As a consequence,
(caoChotr) = 0, {choivk) = 0 and (cjo&vk) = 0. Eq. 37 is the primary result of the paper, and has been formally
derived using material conservation of c,, cg along Lagrangian trajectories. Eq. 37 will later be used to propose formal
gradient transport expressions for all second moment turbulent fluxes encountered in variable-density turbulence.

The result in Eq. 37 is interesting in that gradient transport for second moment turbulent flux is proportional to
the product of mean gradients of the two objects in the second moment. Compare this to the gradient transport by
analogy to the passive scalar, which is, as intuition suggests, proportional to the down gradient of the second moment.
Inclusion of mean gradient terms in second moment turbulent fluxes have also been proposed earlier in the literature
to improve the conventional gradient transport expressions [31]. However formal gradient transport naturally brings
mean gradients into the equation, not as an additional ‘proposed tensor basis’. Numerical experiments suggest that
gradient of first order moments can improve modeling accuracy (Appendix VII). The bilinear form of the mean
gradient and the higher order Lagrangian moments, are both new objects that have not been studied previously.
Future investigations into their properties are critical to close turbulent fluxes of high order Eulerian moments with
gradient transport.

C. Comparison of formal and gradient transport by analogy for second moment turbulent flux

Formal Lagrangian analysis results in expression for second moment turbulent flux that is bilinear in mean gradients.
This expression is different from the expression by analogy (Harlow-Hirt-Daly [11, 12]) proposed by applying an
analogy between the passive scalar and the second moment. Eqs. 38-39 provides a comparison between these two
expressions.

Analogy (Eq. 26): (c’aclﬂu;) = —(&vw) (cflc’ﬁ),j (38)
Formal Analysis (Eq. 37):  (c,cpup) = (€&vr) Cari Cpyj (39)

In the second-moment modeling, second moment turbulent fluxes of type u;ugu;c, 104 u;u% and ¢'¢'u), require closure.
Here ¢ is a scalar. Using the sweeping hypothesis for u;, we can compare the two gradient transport expressions for
these three classes of moments.

Analogy: W = *<§pvk>(W)m *<§pvi>(m)m *<£ij>(m) P (40)
Formal Analysis: W = (&&q0k) Ui Ujig+ (§€qvi) Ujsp Uksg + (£€q05) Uksp Uing (41)
Analogy:  ¢'ujuj, = —(Eue) (9'u])p —(Ep0) (1}, p (42)
Formal Analysis: W = (&&qu)Pop Ujrg +{EpEqvi)Pop Ukg (43)
Analogy:  §d/u, = —(&ui) (@F).p (44)
Formal Analysis:  ¢'¢'u) = ({,€,vk) (6,1, g,q) (45)

The third moment ¢'¢’uj, provides an useful perspective on the difference in the two expressions. The expression by
analogy is proportional to gradient in the scalar variance, while the formal expression is proportional to flux of the
scalar variance itself, indirectly. via the product of the mean gradients.

We can also assess the formal gradient transport from the point of view of second moment transport. Substituting
Eq. 38 into the third moment in Eq. 24, GT by analogy results in

i Cyrt +(chcly Un)o = —chutj, Cook —cluy, Cask +eap + ((Epvr)chclom )ik (46)
while substitution with the formal result in Eq. 37 leads to
ot +(cnC Ur)sk = =iy, Cpop =), Cask +eap — ((€0840%) Carp Chog )ik (47)

With the expression by analogy, the third moment accounts for turbulent diffusion in the second moment equation.
Whereas, the non-isotropic approximation for (£;&;vs) in the formal expression yields terms proportional to mean
gradients. The role of the third moment then becomes reminiscent of a production/destruction term. In particular,
the ‘energy’ associated with @ with formal gradient transport is affected by the term

Analogy: (c’ac;g)z,t 4= =2 (§uk) (cheh)i () (48)
Formal: (c! 0’5)2,t - =2 (&€ k) Cavi Cpyj ChClyok (49)

(o3
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The energetics associated with third moment is no longer straightforward and depends on product of four tensors.
The modeling choice for the object (£;€;vx) will affect the computational stability of the second moment equation.
Therefore, future work will investigate the Lagrangian third moment (£;£;vy) to develop stable and accurate models
for second moment turbulent fluxes.

Assumptions for the gradient transport expression in Eq. 37: We reiterate and list the basic assumptions
on the flow state using which the formally exact expression in Eq. 37 is derived.

e High Reynolds number turbulence: The correlation length-scale of the Lagrangian fluid particle is small
so that molecular diffusion for the transported quantity can be neglected.

e Mean gradient as fluctuation production mechanism: A linearly varying mean field is assumed along the
particle path and so the materially conserved scalar analysis assumes the existence of a constant mean gradient.
This, on the level of principle precludes Eulerian fluctuations in flows with no mean gradients.

e Fine grained turbulence: For Lagrangian statistical analysis to hold, the length-scale of the transport mech-
anism must be small compare to the mean-gradient length-scale. This is also required for the fluctuations to
become decorrelated between the initial and final points in the trajectory.

For third moments of the type in Egs. 40 and 42, the flows must contain mean velocity gradients for turbulence
production. This is a consequence of the sweeping hypothesis applied to fluid velocity, which is inconsistent with
Lagrangian gradient transport assumptions in the absence of a mean velocity gradient. This limits the use of formal
Lagrangian gradient transport to flows where velocity fluctuations are associated with mean velocity gradient. When
used in moment-closure modeling of buoyancy-driven or decaying turbulent layers, these principles are not valid.
However, in large-eddy simulations and scale-resolving simulations, formal gradient-transport expressions remain
valid and useful since turbulence producing coherent structures provide non-zero mean velocity gradients.

D. Third order Lagrangian correlation

The Lagrangian third moment in Eq. 37 contains a quadratic term in Lagrangian particle displacement vector.
This term is further expressed in terms of a bicorrelation tensor as

(0i€;€k) + (0;Ek€0) + (V&i&;) =/0 /0<vi(t)vj(t'1)vk(t'z)>+<Uj(t)vk(t/1)vi(t’2)>+<Uk(t)vi(t'1)vj(té)> dty dty (50

t ot
= SU(OU)S/ / B’Ui’Uj’Uk (Tla 7—2) dTl dTQ (51)
0 Jo
The bicorrelation tensor By is defined as

(vi(t)v;(t + 11)vs(t + 72)) + (Vi (Rt + )it + 7)) + (or(Dvi(t + 7)o [ + 72))

Bijk(TlvTQ) = 8“(0’”)3 (52)
and SV is the skewness of the Lagrangian velocity field, defined as
3
S?J — <Uz > (53)

(0-1))3/2

Approximations to the Lagrangian correlation object may be devised using first moment gradients, as well as second
moments such as Reynolds stress and turbulent mass flux. A data-driven approach can then be used to identify the
optimal bases. In the present work, we do not focus on the closure of the Lagrangian moments.

IV. LAGRANGIAN GRADIENT TRANSPORT FOR VARIABLE-DENSITY TURBULENCE

Variable-density turbulence is a turbulent transport regime in which the inertial effects due to density differences
in the fluid affect the state of turbulence. In the incompressible limit, the density differences can relate to differences
in material composition, temperature and/or phase [24]. Simulations of variable-density turbulence employ conserved
variable sets which results in Favre solution variables. The convective terms of these Favre solution variables involve
unclosed third moments, as we discussed in the previous section.



180

185

The conserved scalar equation and its Favre averaged form is
(pc),t + (peur) k=0 (54)
(7 O+ (7 COL+7 & ) =0 (55)

The molecular diffusion terms are not included as we focus on the turbulent transport arising from the convective
term. The third moment p'c’u) appears in the Favre turbulent flux as a consequence of transport of p’c’, which is a

part of the Favre solution variable p C= p C + p/c’. The Favre turbulent flux 5 c/”\ﬁg is

pc/\{;—pcuk—i—pcu —-pufl (56)

Modeling within the Favre framework is common because Favre variables re-express the turbulent fluxes as a second
Favre moment. An implicit assumption in modeling the second Favre moment is that the physics can be represented
solely on the basis of mass-weighted variables. The closures are then borrowed from constant-density turbulence and
applied using arguments by analogy.

A. Gradient transport by analogy for Favre turbulent fluxes

Engineering models almost exclusively employ gradient transport by analogy for Favre fluxes. However, the analogy
for Favre fluxes is not consistent with formal Lagrangian analysis. In the Appendix (Sec VI A), we discuss why gradient
transport cannot provide closed expressions for moments involving Favre variables.

The analogy to passive-scalar gradient transport (Eq. 12) in Favre variables is

Passive scalar :  cuj, = (cvg) = —(&vi) C; (57)
Favre analogy : p ?17 = (pc"v}) = —(p&v}l) O, (58)

where Favre-fluctuating Lagrangian velocity is defined as

o = vy +% (59)

The analogy is obtained by using a Favre decomposition for the scalar ¢ instead of the Reynolds decomposition. Then,
similar to constant-density passive scalar Lagrangian gradient transport (Eq. 12), the moment with ¢” is replaced
with a moment with —&;C;

Egs. 60-64 provide gradient transport expressions obtained by applying the analogy for second and third order
Favre moments. The unclosed second Favre moments on the LHS appear in the governing equations for conserved
scalar p C', momentum p U;, total energy E = p (£ + uxur/2). The third Favre moments appear in the total energy,

Favre stress and Favre scalar variance p ¢’¢”’ equations. The governing equations for the relevant Favre first and

second order moments are provided in the Appendix (Sec VIF).

—_—

P Ay // — _ pgpvl/; é,p 60
pulul = — p&pvi) Uiy —(p&ivy) Ujop 61

ook
.
~5

pufuuy = — —(p&pvi) R kap (P€pvf) Riirp 03

—
A ol A —
pccduy =—

{pEpu) (60)
(pEpur) (61)
p el = —(p&ul) €, (62)
(pEyvy) (63)
(pEput) (64)

64

Here, e = £ + ¢’ denotes the specific internal energy. For the third order Favre moment of the form ¢/ cgug, gradient

transport by analogy is
B chelull = (peldgol) = —(p&;vil) (cheh).; (65)
The object (p€;v}) in Eq. 58 is often approximated as an isotropic object using Favre kinetic energy 2p k= pugug
as (p€puy) = l;:%
— ~ 2 ~
o Cﬂug = —(pﬁw%) C’p N —p CM?Cvk (66)
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In anisotropic closures, the object (p&;v}) is approximated using the Favre stress p }Nfij = pul/ u;’ and the Eulerian

time-scale k /e.

—— - ko~
P = ~{ppuf) Copm =5 Cu Ry € (67)

B. Gradient transport analogy for Reynolds turbulent fluxes

The gradient transport closures may also be applied to the Favre turbulent fluxes in their expanded Reynolds
form, in which moments with density are explicitly accounted for. Different second and third Favre moments in their
Reynolds form are expanded exactly as

—

P c"uil = p cuj, + p'up +p aic” (68)
Byl = p i, + puiul, — P aiay (69)
P ’LL;//’—LL?;% = P’Uiuguz +p (u;u;u; . (éijak + ﬁjkai + ﬁkiaj + aiajak)) (70)
D cm =p'ddu), +p (U}, — "y + 27" c/’_’\u/g —c’ " ay) (71)

Consider the second Favre moment 7 ¢’’uj/ in the conserved scalar equation (Eq. 55). It comprises of three second
moments and one third order moment (Eq. 56). The scalar flux c/uj, is closed using gradient transport (Eq. 12) in
the general case. The density-species covariance p’c/, can be transported or estimated using a transported variance.
The third moment is closed using Eq. 26, which we have earlier referred to as gradient transport by analogy for
second moment turbulent fluz. Note that the analogy is made in this case by applying the sweeping hypothesis to the
zero-mean binary fluctuation p'c’ — p/c’.

puy = —(&or) (P')p (72)

Second moment turbulent fluxes appear in transport equations for first Favre moments, conserved scalar p C
and momentum p Tj} as well as second moments such as the turbulent mass-flux p’w}, the density-specific-volume
covariance p’v’ and the scalar variance ¢/c/.  When the sweeping hypothesis is applied to the zero-mean binary
fluctuations p'u) — p'u}, p'v’ — p'v" and ¢ — ¢/, Eq. 26 results in

pluiuy, = —(Epuk) (p'u]),p —(Epvi) (P'up)sp (73)
Py = — (&) (P'V)p (74)
ccuy = —(§puk) (/) (75)

Similarly, third moment turbulent fluxes (which are fourth order moments) can also be closed using gradient transport

by analogy. These fourth order moments appear in transport equations of second Favre moments. For example,

pujuluy appears in Favre stress R;; = ujuj equation and the fourth moment p’c’c’uj appears in Favre scalar

variance ¢’¢’ equation. The corresponding transport equations are provided in the Appendix (Sec VIF). The
gradient transport expressions for these two fourth moments are obtained by applying the analogy to the zero-mean

: ~ Ao, oyl oyl ! A ! Al 3 1
ternary fluctuations p uUy — P U and p'c'c — p'c'¢’ respectively.

J

P, = —(&un) () —(6p01) (L) —(Ep05) (UL (76)
P, = — (&) (W), (77)

10 We reiterate that the sweeping hypothesis for zero-mean binary (and ternary) fluctuations is not valid formally.

C. Formal closures from Lagrangian gradient transport

In contrast to gradient transport expressions using analogy, we present closures for third and fourth moments based
on the formal Lagrangian gradient transport analysis that leads to Eq. 37. Formal Lagrangian gradient transport for
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the turbulent flux of the third moment is derived in the Appendix, and follows a procedure similar to that used for
the second moment turbulent flux in Eq. 37.

Using Eqs. 37 and 121, we have the following closures for third and fourth Reynolds moments. The third moments
p'cu) and p'ufu), appear in the transport equations for first Favre moments, conserved scalar p C' and momentum

p U, respectively.

p'cuy, = (€p8qk) Prp Cig (78)
P/UQU;C = <§p€qvk> Psp Uivq + <§p'€qvi> Psp Ulwq (79)

The third moments ¢/c’uj and p/v'u) appear in the transport equations for density-specific-volume covariance and
Favre scalar variance respectively.

M = <§p€qvk> 671’ 67’1 (80)
m = (&p€qk) Pip Vo (8

The fourth moments p'ujufu) and p'c’c'uj appear in the Favre stress p R;; = p uj'u and Favre scalar variance p ¢’’¢’
equations respectively.

p P ﬁi 'q Uj T <§p€q§7‘vi> ﬁ:p Uj ’q ﬁk T +<€p£q€7'vj> pap Ukaq in- (82)
Pyp Crq Cr (83)

p’u;u; u;c = <€p§q§7'vk>

plclclu% = <£p§qfrvk>

In Eqgs. 78-83, the sweeping hypothesis has been applied to the scalars p, v, ¢ and the turbulent velocity vector u;.
These results are valid for flows with negligible dilatation at the time-scales relevant to turbulent transport.

The turbulent fluxes in variable-density flows, however, unlike constant-density passive scalar fluxes experience
dynamic effects in the presence of pressure-gradient driven acceleration [25]. As a consequence, Lagrangian gradient
transport for moments involving density and associated ‘active’ scalars involve unclosed terms when dynamic effects
are important. We discuss this in Appendix Sec. VIH.

D. Comparison of different gradient transport expressions for Favre fluxes

The gradient transport expressions in Eqgs. 78-83 for the second/third moment turbulent fluxes can be used to
derive formal Lagrangian transport expression for Favre turbulent fluxes.

Eqgs. 84-86 show different gradient transport expressions for the Favre conserved scalar flux.

Favre conserved scalar flux p ¢’u) in p C transport

Analogy(F) : p ¢"u}l = —{p&,vfl) C,, (84)
Analogy(R) : 7 cu}l = —(&ug) pC.p+ & ((Eyu1)Pop +Dak) (85)
Formal : 5 ¢u}l = —(&yui.) 5O+ & ((Eyur)Bp +ar) + (&) () sp + (EpEqui)Pop 6’38)@

In ‘Analogy(F)’ equation, we have used gradient transport by analogy for Favre fluxes, Eq. 60. In ‘Analogy(R)’ and
‘Formal’ equations, we have applied gradient transport to Reynolds fluxes. The difference between ‘Analogy(R)’ and
‘Formal’ is the choice of closure for the second moment turbulent flux p’c’uj. In ‘Analogy(R)’, the flux is closed using
analogy (Eq. 26), while in ‘Formal’, we use formal Lagrangian analysis derived in Eq. 37.

There is an important difference in applying gradient transport to Favre vs Reynolds fluxes. The Lagrangian particle
displacement flux tensor in the Favre analogy (p&;v}/), involves Lagrangian fluctuating velocity and is a dynamical
variable due to density. We have shown in Appendix that the analogy using Favre fluctuating velocity is not valid (Sec
VIA). Formal gradient transport, instead, involves transport coefficients only in Reynolds (centered) fluctuations such
as (&5vk) and (&;&;vx). Physically, this is a consequence of the fact that Lagrangian analysis is a kinematic description
of transport.
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D1. Beyond down-gradient conserved scalar flux

We now discuss the additional physics captured in gradient transport expressions in Eq. 85 and Eq. 86, in
comparison to the popular Favre analogy (Eq. 84) to constant-density gradient transport. In Eq. 86, there are
two new terms in addition to the Favre mean scalar gradient. The first term which results from applying gradient
transport to centered fluctuations, or Reynolds moments, is pay + (€,vk)p,p. Note that gradient transport for mass flux
without assumptions on initial-final point Lagrangian moments implies pay + (£pvk)p,p = (povr) Therefore, the term

par + (pvk) psp incorporates the non gradient transport physics associated with the mass flux. Gradient transport by

analogy for Favre moments does not contain this term, and therefore implicitly asserts gradient transport closure for
the turbulent mass flux. This assertion is inaccurate during the mass-flux production/destruction phase in buoyancy-
driven or decaying variable-density turbulence. Numerical simulations of buoyancy-driven turbulent mixing layers
indicate that this term can be significant for large (O(10)) density contrasts (see Appendix VII).

The second term, that appears as a consequence of invoking formal Lagrangian gradient transport for the third
moment, is ((§pvr) (p'c"),p + (€p€qvi)D,p Cq ). This term is the difference between the formal and the empirical gradient

transport expresswns for the third moment p'cuj.. The term may also be recast in terms of Lagrangian fluctuations

s <(pLC +p'c )vk> ~ ((p'd + p'c )vk>. If the binary fluctuation p’c’ was a materially conserved quantity, this
term would reduce to zero, However, this is not the case in the presence of mean scalar and density gradients as can
be inferred from Eq. 27.

D2. Gradient transport expressions for Favre fluxes of momentum, stress and scalar variance

Next, we write the three gradient transport expressions (two analogies and the formal expression) for Favre stress
and third Favre moments, in a manner similar to how Eqs 84-86 are presented for the Favre conserved scalar flux. For
the Favre analogy, we also show the modeling approximation employed in second moment closures for the Lagrangian
particle displacement flux tensor. For the ternary fluctuation flux, formal gradient transport derived in Eq. 121 is
employed. The Favre stress appears in transport of Favre velocity. The stress flux appears in transport of Favre
kinetic energy and Favre stress, while the scalar variance flux appears in the transport of Favre scalar variance. The
transport equations are provided in the Appendix (Sec VIF).

Favre stress p v/u; in p U; transport equation

Analogy (FW): B w/ull = —(p&pv)) Uprp —(ppvl) Tinp

P~ o~ —

1 l) (Rzp Ukap +Rkp Uiyp) (87)
va a2(<€pyk>pap + pax/2) (88)
Imp (<§pvi>ﬁap + pai/Q)

ﬁ iyp p (a;ar/2 — <£pvk>ahp) + <£p£qvk>ﬁap qu

pUkap (azak/z - <£pvz>ak 7p) + <§p€qvi>pvp 7kaq (89)

Q

Analogy(RU): pm: —(&puk
— (&

I/ I/ <

Formal: p u}u) = Vg

)P
vi) p
)
— (&pvi)
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Favre stress flux p ujujuy inp R;; transport equation

1

Analogy (F): PU”U”UZZ <P£p k> ijop <p€p > ]kvp <p£p");‘/> Ekiap
fc

_C (Rkp Rij wt+ Eip Ejkvp + Ejp Ekzﬁp) (90)

Q

€
Analogy(R): p w1 = —(&v)p Rijop +E0)p Bty +(60,)7 Riny)
Rij (&pvn)Pop +Rjk(§pvi) Pop +Ri (§p05)Pop
- Eij (P ar + (&pur)Pip ) — Ejk(ﬁ a; + (§p0r)Pop ) — Eki(ﬁ a; + (&puk)Pop )
— (&) (P aiaz).p —(Epui) (P ajak).p —(Epvs) (P akai)p —P aiajak (91)
Formal: pu%% = D) Uisp Ujrg +0(Ep€qvi) Ujsp Uksq +9(€pEq05) Unisp Uing
~ {&p€e&rvi)Pop Uing Ujor —(Ep€a&rvi)Pop Ujrg Ukor —(€p€q&r03)Pop Ukisg Ui
- ﬁéijak — ﬁéjkai — ﬁékiaj — Pa;a;ay (92)

—~—

Favre scalar variance flux 7 ¢’c¢’ujl inp ¢ Il transport equation

Analogy(F): p cmk’ = —(p&u}l) e,
=7t Ry (), (93)
Analogy(R): 7 ¢c"ufl = —p (&) "¢+ ¢ (§ui) Dop
— "¢ (B ag + ()P ) + 25 7 7\/,6 —pc ay (94)
Formal: p C//C”UZ = P <£p§qvk>cvp Caq —(&p&ervr) Pop Caq C,r
5 425 Ul -5 T ay (95)

The results in Eqgs. 84-95 provide a useful perspective on the complexity of objects that formal gradient transport
produces. Compared to Favre analogy, the formal expressions include the explicit terms with turbulent mass flux
and higher-order Lagrangian objects contracted with the mean density gradients. The formal expression therefore
provides insight into how the mean density gradients can produce counter-gradient diffusion in the turbulent flux, as
observed in the turbulent flux of kinetic energy in recent variable-density jet experiments [4].

V. CONCLUSIONS AND SUMMARY

Historically the formal Lagrangian analysis of a materially conserved scalar has been used to model the scalar
turbulent transport in constant density turbulence. That result is then applied to the turbulent transport of other
quantities despite the fact that these other quantities are not materially conserved. In variable density turbulence
treated in Favre variables, most gradient transport models for the Favre turbulent fluxes use an argument by analogy
to produce expressions that are mathematical analogues to the constant density passive scalar. One can expect that it
would be unlikely that constant-density Lagrangian analysis of a passive scalar would carry over to a conserved scalar
in the variable-density case. Argument by analogy to the constant density case is not formally valid because it does
not account for the additionally conserved scalar, density, and does not work with centered variables. This raises the
unexplored question of “What does a formal Lagrangian analysis for turbulent transport in variable density turbulence
produce?” This paper gives the mathematical details and conclusions of such a formal analysis. Computational models
using these formal results requires a deeper investigation of various moments of the Lagrangian particle displacement
vector and is the subject of a succeeding paper.

We can expect that the variable density case will lead to substantial differences based on several ideas all of which
we have explored:

e In an analysis for materially conserved species in variable density turbulence with negligible dilatation, there
is an additional materially conserved quantity, the density. The appearance of density conservation constraint
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plays a substantial role in the expression of turbulent fluxes. The most important consequence of an additional
conservation principle in a formal Lagrangian analysis is that the turbulent flux is 1) no longer a down gradient
diffusion and 2) involves a bilinear term in means species gradient and mean density gradient and 3) the turbulent
transport depends on the relative orientation of the mean density and mean species gradients.

plcuy, = (€i&vr) Pri Oy (96)

e In the gradient transport by analogy for Favre turbulent fluxes, v/ is erroneously assumed to play the same role as
u;, a fluctuation object with a zero mean. However, the turbulent mass flux p ar, = —p v}, # 0 is an independent
dynamical variable. Gradient transport in the argument by analogy for the Favre flux asserts gradient transport
for the turbulent mass flux which ignores the active scalar effects experienced by the variable-density fluid in
the presence of external and pressure-gradient driven acceleration. Numerical simulations of buoyancy-driven
mixing layers show that these effects are sizeable for large density differences and must be modeled. Excluding

active scalar effects is also inconsistent with second moment models where the mass flux is explicitly transported.

e The formal Lagrangian gradient transport model of Eq. 96 has important implications for modeling of turbulent
fluxes in the second moment transport equations. In gradient transport by analogy, these third moments are
modeled as diffusion of the second moments. The formal Lagrangian gradient transport expression, however,
is not strictly a gradient diffusion of second order moments. Consequently, it can represent transfer of ‘energy
into and out of the second moments.

e In contradistinction to the models arrived at in the argument by analogy method, the formal Lagrangian analysis
for the turbulent fluxes in Favre variables has three distinct physics components. The first relates to dynamics of
the turbulent mass flux and results from explicit accounting of moments with density fluctuations. The second
is the dynamics associated the binary (and ternary) fluctuations, embodied in the third (and higher) moments
involving the Lagrangian particle displacement vector (eg. (§;&;vx)). The third important physical distinction
is that the Lagrangian particle displacement objects are kinematic in the formal expression and do not involve
the density. This is unlike the expression by analogy, which involves density velocity product in the particle
displacement moment and is thus related to particle momentum, a dynamical quantity that does not appear in
a formal Lagrangian analysis.

Acknowledgements

Funding from the Mix and Burn project under the DOE Advanced Simulation and Computing, Physics and Engi-
neering Models program is gratefully acknowledged. The work was performed under the auspices of Triad National
Security, LLC which operates Los Alamos National Laboratory under Contract No. 89233218CNA000001 with the
U.S. Department of Energy/National Nuclear Security Administration. The views and conclusions contained herein
are those of the authors and should not be interpreted as representing the official policies or endorsements, either
expressed or implied, of DOE/NNSA or the U.S. Government.

VI. APPENDIX
A. Favre decomposition in Lagrangian gradient transport

We analyze Lagrangian gradient transport in Favre averages and fluctuations. We demonstrate why moments with
Favre fluctuations cannot result in closed form gradient transport expressions. We consider the Favre decomposition
form of Eq. 9

= =-Ct (97)

. . . —L . —57
which is equivalent to ¢’ —c¢f, = —C"". Moments of Eq. 97 with vy, v} and pv) are evaluated below. Here, v}/ = v +uj.

Moment with pv}/ results in the Favre turbulent scalar flux (pc”’v") = pc/’uj..

Moment with vy, : ("v) = —(CPu) + (opdl)) = —(CFug) + (vpco) (98)
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Using two-point mean-fluctuation decorrelation, we can assume (vipc”g) = 0. If a linear variation of the Favre mean

scalar exists, we have (¢vy) = —(fjvk>5,j.
Moment with v}, : (")) = —(CTu) + (i) (99)

. I L —L — . . .
We write vy, = vj/” +ul,, where v;/” = vy +wu}  and ¢f = ¢;+cj. Moments of final-point Lagrangian objects (denoted

with the superscript L) with initial-point Eulerian objects vanish. So, we have

() = ((ch+ G + ) = & (100)
Similarly, we can expand <C~'Lv;€’> as (CLuy) + <5Lu7ZL> to obtain
(v = —(CFvy) — (CFay) + ouf, (101)

Therefore, due to the non-zero initial-point means, Lagrangian analysis cannot close the gradient transport of (¢"v}).

11 1.1

Moment with pvy, : (pc" v}y = —(pCully + (pelvy) (102)
Similarly, moments with pv} are unclosed. Writing p = p’ + pg, we have
(pegui) = ((p" +P0)(co + c§) (vf" + o)) (103)

We can write pl = pf, as it is a materially conserved scalar. Since moments of Lagrangian fluctuations with initial-

point Eulerian objects vanish, the non-zero terms in the RHS of Eq 103 are pg CT)/ % and pj¢; Tk/()' Next, the term

<p5Lv;€’ ) is expanded as
~ ~ — ~ — ~ ~—L
(pCFv) = ((p" +20) CF (" +uily)) = (0o + 20) CF (" + uily)) = po((CTur) + (CFuil ) (104)
resulting in
~ ~ ] -
(e} = —((Clve) + (CHuT™) + P wlly + Phch Wl (105)

Therefore, analogy of the passive-scalar gradient transport in Favre variables is not valid. For reference, the analogy
invoked in Favre variables can be expressed in the form (pc”’v}) = —(p)(CLuy)

B. The Lagrangian fluctuation of the conserved binary scalar
In Eq. 33, we write cgcé = ChoCpp using Eq. 31. Here, we prove the identity kel = oo (Eq. 33) independently
starting from material conservation of c,cg along its Lagrangian trajectory.
calp = (CaCp)o (106)

We carry out a Lagrangian decomposition of the LHS and an Eulerian decomposition of the RHS in Eq. 106. A key
step is to express the mean-fluctuation decomposition for the product in a form where the expansion only consists
of means, total quantities and the binary fluctuation. For the Eulerian decomposition of the conserved scalar at the
initial point in the trajectory, we have

Ca0Cpo = C/aoc//jo + Caocso + €a0Cpo — CaoClpo (107)
Similarly, the Lagrangian decomposition at the end of the trajectory ¢ = ¢& + Cy results in
Calp = Cécfljl + Uaocﬁ + CaéﬁO - éaoéﬂo (108)

Equating the right hand sides in Egs. 107 and 108 as ¢ = ¢y, we obtain the second moment turbulent flux counterpart
to the scalar flux in Eq. 31. Alternatively, we can also show that

(cacs)™ = (cacp)h = cach = caoCho (109)

using (CoCp)% = OnCao+ CaoCl + Cnlly.
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C. Mean field dependence on Lagrangian particle displacement vector in variable-density flows

An important step in gradient transport closures is the dependence of mean fields on the Lagrangian particle
displacement vector. The Lagrangian moments appearing in gradient transport stem from this functional dependence.
Linear C' and p fields: With the passive scalar assumptions, formal Lagrangian analysis yields

(o dvg) = (p* Thuy) (110)

—L — —L
With linear variation of the form pY = ;& and € = C,;&;, we have a quadratic dependence of pl C” on the
displacement vector.

Linear pC and p fields: With a linear variation of the form piC'L = pC,; & and ol = P,j &, we do not have a linear
variation of O Instead, T is expanded on dependent variables as

—L —L —
— C —pd —ptC
ol _ P plc p~C

R (111)
po + "

We must make an additional assumption about the variation of p’¢’. If a linear variation for p’c’ is assumed, we have

oF = £ PC.p jﬁap:pap Co
Po + &EqPsg

(112)

which shows that that C~ and consequently ﬁLéL cannot result in closed form gradient transport expressions.
Linear C and P fields: In the case of linear Favre mean field 5, éL can simply be expressed as 6L =CL ¢ "
The spatial variation of " will depend on the spatial variation of the object @ When @ varies linearly, we have
6L = fq(é 'q —|—F7q) such that a quadratic dependence of 5” 6L is retained, as is the case with a linear C field.

D. Mean gradient inconsistency in Eq. 26

We consider the validity of Eq. 26 using gradient transport applied to the conserved scalar c,cg. A straightforward
expression for cflc’ﬁu;C is suggested using the following arguments

(C(XCB)/U,/IC = <£Jvk,>(CO/C[3)7J (113)
= C, c’ﬁu;c +Cp cul + cﬁlcguﬁC = —(&vr)(Calh),j (114)
= cpcpuy = —(§ur)(chch)y; (115)

where we have expanded the Eulerian fluctuation (c,c)’ and used the gradient transport hypothesis for ¢4, cg. There
is an inconsistency in the logic which makes this argument, and Eq. 115 invalid. The following three relations for the
mean fields cannot hold true simultaneously.

Co=Caj&, C5=Cp; &, Cats” =Tatpy (116)

If the mean fields C,,, Cs are linear in the displacement vector, ¢,¢5 will generally have a quadratic dependence on
the Lagrangian particle displacement vector thereby making Eq. 113 invalid.

E. Turbulent flux of ternary fluctuations

We consider three materially conserved scalars ca, cg and ¢, The turbulent flux of ternary fluctuations is ¢f,ciycl uy..
We derive the Lagrangian gradient transport closure for this turbulent flux. The following quantities are materially
conserved.

Dc, Dcg  De, D D D

D
Dt = Dt - Dt = E(CQCB) = E(Cﬁc’)’) = E(CCKC’Y) = E(Cacﬂc’}’) =0 (117)
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The ternary counterpart to the mean-fluctuation decomposition in Eq. 107 is the identity

Catply = oyl + CoCpCy + Coucpey + caCpey + cacsCy — CoCpey — caCpCry — CucpCly (118)
which results in chéc,e = CLoChoCyo» the ternary counterpart to Eq. 33. This relation can also be derived using

Eq. 33 using induction. Using a decomposition of the form ¢ = ¢’ + 6L in Eq. 118, the expression cgcécg can be

expanded as

CoCaCl + CLCECL + aCB0Cho + €, 005 Lot OCBOC OC/BC -C c’ﬁOC éiégc’w = ChoCh0Cho  (119)
We then take moments with the velocity at the final position. For passive scalars, the moments with initial point
Eulerian and final point Lagrangian fluctuations are zero. Here, we do not distinguish between unary, binary or
ternary fluctuations. For example, the moment of ternary final point fluctuation with a unary initial point fluctuation
is taken to be zero. Similarly, the moment of a binary final point fluctuation with a binary initial point fluctuation is
taken to be zero. Therefore, for passive scalars, we have

(cnCpciur) + (6§626§vk> =0 (120)

Using linear dependence of the Lagrangian fluctuations of the means on the dispersion vector, the gradient transport
closure for the ternary fluctuation flux is

<C;C%C;Uk> = _<§p§qgrvk>07aap @aq Cfv# (121)

F. Second-moment based variable-density turbulence modeling

The present work addresses modeling within the Favre framework, specifically second-moment closures, where
transport equations for second moments inevitably require closure of third moments. N
Second-moment based closures solve for transport of averaged mass, momentum, energy and Favre stress R;; =

ul/ ug’ In variable-density turbulence, additional second moments require evolution equations. A relevant modeling

framework is the Besnard-Harlow-Rauenzahn (BHR) [2] modeling framework, in which the turbulent mass flux 5 aj =

p'uj and the density-specific-volume covariance b = p’v’ are additionally transported. Let us review the transport
equations and the closures involved in second moment modeling of variable-density turbulence.

Conserved scalar: (pC), +(pCU + [)C/”\U/Z),k =0 (122)

Momentum: (ﬁﬁi),t —l—(ﬁUiUk + ﬁéik + Pdix),k =0 (123)
Total energy: (P(E + UpUr/2 + Riui/2)) st +(p(E + P+ UpUy /2 + Rir/2)U;+

pe’ u”—i—pRijk—l—pu@\’,;’/”/Q—pPaj + p'u; pu),;=0 (124)

Favre stress: (PRij)yt +(pRi;Uy) + (m +p ujéik + Pk k (125)

p(RjnUik +RirUj ) — (a; Py +a; Py ) — (pul i + p'u;) = 0 (126)

Scalar variance: (ﬁg’?’),t +(ﬁc7’?’Uk + ﬁcm,é),k = 72ﬁg’\7 o (127)

Turbulent mass flux: (pai), +(ﬁai[7k),k =pu'p,; +bP,; Rzkpﬂc +p(ara;) . —parUs . — (p wiul /P) sk (128)

b= (8)st +(pbU) e = =26 + Vanpok +20axbr —* (706} /) s —20°0F (129)

— —
The unclosed Favre moments are c”’uy, ¢”’c¢’uj and u;'u}uj. Unclosed turbulent fluxes in a; and b equations are p'ujuy,

and p'v'u), respectively.

G. The Eulerian perspective on gradient transport for second moment turbulent flux

Gradient transport has previously also been derived from an Eulerian perspective [12] although with strong empirical
assumptions. We review the Eulerian approach for passive scalar gradient transport and then derive results for the
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third moment.

culyy +(cu Uy + cufuy )k Hulug C,j+cu;, U,j=—(p/p)c.,;+ (veusc i + vulg) e —(ve +v)c s ufr (130)
For steady-state, homogeneous turbulence, the balance between production and dissipation yields
whuy, O = —(Ve +v)c 1 (131)

Next, the dissipation is assumed to be isotropic of the form ¢, uf,; ~ (¢ ug) /A2 such that the balance of production
and dissipation results in

A2 —
C”u,; = —V iyu;uz C,j (132)
c

An outcome of this hypothesis is that the time-scale of relevance in the transport process gets associated with the
viscous dissipation process. This is an inherent outcome of an Eulerian approach to turbulent transport.

Now, we use the approach above to derive gradient transport for the turbulent flux of the binary fluctuation p'c’.
From an Eulerian perspective, the transport equation for the third moment can help in deriving an expression for the
turbulent flux of the second moment.

/ T7 / / - / Vol rTT.
(plcluj)at +(plclu3‘ U7k +plcluju;g)7k’ = C/uju;(; Pk _p/uju;(; Oak _plcluk Ujak

— W(u;u;ﬂ),k —p'uj(cuy,) e —cul(p'uy,) ok
=0’ (pj /p) + Wep'uic i )ok + (WP Uk ) ok

= ve(P'u)) sk ok — (') Uk (133)

The isotropic dissipation assumption is of the form

A pIC,U} T o p/C/U;
Vc(p uj)akcvk%VcT7 V(pc)akujakzy )2
v v

(134)

Assuming the mean shear term is negligible and the turbulence is homogeneous and stationary, the production-
dissipation balance leads to the following expression for p’c’ u;

)\2

plclu;‘ = - (—c’u;u% pvk _P,U;‘u% évk _ﬁ(u;u%)vk _P/U; (Clu;g)ak —C'U; (p/u;g)7k ) (135)

Ve+v

It is interesting that the Fulerian derivation for the second moment turbulent flux does not yield the gradient
transport expressions employed in the literature, which only consists of second moment gradients. In contrast, the
expression derived here also consists of first moment gradients. The similarity to Lagrangian gradient transport of
the form in Eq. 141 is not a coincidence and is demonstrative of the transport physics accurately captured in the
Lagrangian analysis.

H. Active-scalars and gradient transport

A passive scalar does not influence the velocity field. The mass density of the fluid, however affects the Lagrangian
velocity field via inertia, and is therefore, active and not a passive scalar. This has two consequences for gradient
transport.

e The Lagrangian moments involving the Lagrangian particle displacement vector are different in constant and
variable-density flows. This is due to differential acceleration effects [24] in the presence of density variations.

t
<€jvk>CD = UconstA <§jp/>k> dr (136)
t

(Evrhvp = (1) / () dr + / (0D ) dr (137)

where time-integration is carried out over a trajectory time-scale long enough such that (£;v5(0)) = 0. Therefore,
in contrast to constant-density turbulence, variable-density turbulence involves third moments involving the
pressure-gradient and the specific volume.
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e Dynamic effects on the active scalar flux are captured in gradient transport as unclosed initial-final point
Lagrangian moments. For example, For a passive scalar ¢, in Eq. 11 we used

{covk) = (chug) =0 (138)
However, for density, Eq. 138 does not necessarily hold. Instead,

(povk) = (pur) = (puw) # 0 (139)

The term (pvy) cannot be zero because the acceleration and consequently, the velocity in the Lagrangian
trajectory depends on the mass-density p(t;0) associated with the Lagrangian particle. Therefore, gradient
transport for turbulent mass flux yields

(p'vr) = —(&§vk) Py + (Pov) (140)

and (pyvg) is an indicator of how well gradient transport approximates the turbulent mass flux. Similarly,
Eq. 36 for binary scalar fluctuations will have additional unclosed terms for active scalars, such as density
and those that are related to density via equation of state. As in Eq. 139, the moments of initial-point
Eulerian fluctuations with final-point velocity can be non-zero in flows with pressure-gradient driven differential
acceleration (see Appendix). In such a case, the non-zero moments that result from Eq. 36 are (c,Cj0vk),

<cfloégvk> and <C:30€§Uk>~ These caveats hold for all gradient transport closures in variable-density flows,
including the expressions in Eqs. 78-83.

—L
Note: The terms that incorporate active scalar effects in Eq. 37 gradient transport are (pjchuk), (poC vi) and
(pTchuy). The equation may alternatively be expressed in a form where only a single unclosed term exists. By taking
moments of Eq. 36 with the Lagrangian velocity vg(¢;0), we obtain

(o v = —{c'Gon) i —(pEgoe) Ty —(EEon) Pui- T +(wplych) (141)

Here, the gradient transport expression also consists of terms linear in first moment gradients, and but the Lagrangian
moments in such a case involve correlations with scalar fluctuations.

I. Numerical experiments

Two cases of numerical experiments are carried out to evaluate the relevance of the formal expressions to turbulent
mixing zones. The first case demonstrates the quadratic dependence of scalar variance turbulent flux on the mean
scalar gradient, as is predicted by formal gradient transport. The second case evaluates the turbulent mass flux
component of the Favre scalar flux in buoyancy-driven turbulent mixing layers. For both cases, the data is reported
for Cartesian grids with 2562 points. This resolution is found to be sufficient for the quantities inferred from the
simulations.

Case 1: Turbulent diffusion of passive scalar slab

The first numerical experiment involves mixing of a passive scalar slab in the presence of fine-grained isotropic
turbulence. The scalar slab is introduced after the stationary turbulent flow-field has evolved over several large-eddy
turnover times trg. Turbulent diffusion takes place in the presence of mean scalar gradient that weakens with time.
From the expression in Eq. 45, we have for this case

dcuy, = (Ep€qur) (6,,, 6,(1) (142)
dclub = (Ea€a2) (Co )? (143)

The turbulence is stationary, homogeneous and isotropic and is forced at relatively high wavenumber range to
ensure fine-grained turbulence with respect to the scalar gradient length-scale. The Taylor-scale Reynolds number is
250. The fields are evolved using a pseudospectral method and RK4 time integration.

Statistical averages are computed in the plane perpendicular to the direction of inhomogeneity x5. Therefore, the
overbars and prime operators denote spatial averages in the context of this subsection.

In Fig 3(a), the instantaneous standard deviation o of the moment (c/c’u})(z2) is seen to scale as (C,2)? (Eq. 45)
post-transient. This is consistent with formal expression in Eq. 143 that predicts a quadratic dependence of the
moment on the mean scalar gradient in stationary turbulence. The standard deviation (in x5) is used here as a proxy
for the magnitude of the third moment.
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FIG. 2. Case 1: Scalar slab diffusing with time (left) and the instantaneous velocity component field of the stationary
homogeneous isotropic turbulence (right).

Additionally, in Fig 3(a), we observe that the scalar variance turbulent flux magnitude scales as ¢/c’,,. This is
predicted by the conventional gradient transport expression (Eq. 44). However, in Fig 3(b), we plot time-averaged
normalized profiles of (¢'c/u}),C,2 and ¢’c/,5. The mean scalar gradient has two peaks, in the two mixing zones while
the variance gradient has four peaks, two for each mixing zone. The magnitude envelope of ¢/c’uf, can be seen to
coincide with the mean gradient and not the variance gradient. Therefore, formal gradient transport can potentially
provide more accurate estimates of second moment turbulent fluxes.
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FIG. 3. (a) Third moment magnitude, mean and variance gradient as a function of time, and (b) Normalized profiles in z»,
averaged between 4 < t/trg < 15

Case 2: Rayleigh-Taylor turbulent mixing layer

Turbulent mass flux is an important dynamical variable in Rayleigh-Taylor unstable mixing layers. Therefore,
simulations of incompressible buoyancy-driven mixing layers are carried out for three Atwood numbers A = (py —
p1)/(p1 + p2) = 0.5, 0.8 and 0.9 to evaluate the mass-flux term. The details of the numerical method can be found
in [1, 27]. The Reynolds number based on Taylor-microscale in the center of the mixing zone is approximately 75 for
all three cases. The Froude number is fixed at 0.5.

The mass flux term ¢”({€2v2)P,2 +paz) (Eq. 85,86) is estimated using the approximation (£yv9) ~ —c'ub/C o and

—

compared against the Favre scalar flux pc’uf. In Fig 4, the peak values of the fluxes in fully developed mixing zones
are plotted. The values for the third moment p’c’u}, are also plotted for comparison. The active scalar effects in
the turbulent mass flux are seen to be negligible for moderate Atwood numbers but are important at higher Atwood
numbers. As discussed in the main text, active scalar effects are implicitly neglected when gradient transport analysis
is carried out with non-centered Favre fluctuations — the so-called argument by analogy. The formal expression
allows explicit modeling of the mass flux effects in Favre fluxes.
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FIG. 4. Case 2. Buoyancy-driven turbulent mixing layers: (left) instantaneous density fields for three Atwood numbers, and
(right) peak fluxes in the fully developed mixing zones. Arrows indicate direction of acceleration.

J. List of symbols and operators

0,5 Spatial gradient Oo Initial point in Lagrangian trajectory
) Lagrangian trajectory ensemble average O Lagrangian fluctuation

0 Eulerian mean 0 Eulerian fluctuation

0 Favre mean 0" Favre fluctuation

TABLE I. Averaging and fluctuation operators

U Eulerian velocity V4 Lagrangian velocity
p Density Ca Scalar specie «

& Lagrangian displacement vector v Specific volume

k Specific kinetic energy € Dissipation rate

Rij Turbulent stress pa; Turbulent mass flux
b Density specific volume correlation 0 Dilatation

TABLE II. Symbols for physical quantities
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