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The turbulence generated in the variable density Rayleigh—Taylor mixing layer is studied
using the high-Reynolds number fully resolved 3072 numerical simulation of Cabot
and Cook (Nature Phys. 2 (2006), pp. 562—568). The simulation achieves bulk Reynolds

number, Re = ﬂ = 32,000, turbulent Reynolds number, Re, = = = 4600, and
Taylor Reynolds number, R, = 170. The Atwood number, A, is 0.5, and the Schmidt
number, Sc, is 1. Typical density fluctuations, while modest being one quarter the
mean density, lead to non-Boussinesq effects. A comprehensive study of the variable
density energy budgets for the kinetic energy, mass flux and density specific volume
covariance equations is undertaken. Various asymmetries in the mixing layer, not seen
in the Boussinesq case, are identified and explained. Hypotheses for the variable density
turbulent transport necessary to close the second moment equations are studied. It is
found that, even though the layer width becomes temporally self-similar relatively fast,
the transient effects in the energy spectrum remain important for the duration of the
simulation. Thus, the dissipation does not track the spectral energy cascade rate and
the integral lengthscale does not follow the expected Kolmogorov scaling, k3% /e. As a
result, the popular eddy diffusivity expression, v, ~ k?/e, does not model the temporal
variation of the turbulent transport in any of the moment equations. An eddy diffusivity
based on a lengthscale related to the layer width is found to work well in a gradient
transport hypothesis for the turbulent transport; however, that lengthscale is a global
quantity and does not lead to pointwise, local closure. Therefore, although the transient
effects may vanish asymptotically, it is suggested that, even long after the onset of the
self-similar growth, two separate lengthscale equations (or equivalent) are needed in a
moment closure strategy for Rayleigh—Taylor turbulence: one for the turbulent transport
and the other for the dissipation. Despite the fact that the intermediate scales are nearly
isotropic, the small scales have a persistent anisotropy; this is due to a cancellation
between the viscous and nonlinear effects, so that the anisotropic buoyancy production
remains important at the smallest scales.

Keywords: Rayleigh—Taylor instability; DNS; variable density turbulence; turbulent
mixing; moment closure; anisotropy

1. Introduction

Molecular mixing as a consequence of stirring by fluid motion is an important
process in many practical applications. If the microscopic densities of the fluids partici-
pating in the mixing are very different, we refer to such flows as variable density (VD)
flows in contrast to the Boussinesq approximation in which the densities are close. In such
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a flow, due to the tight coupling between the density and the velocity field, in addition
to the quadratic nonlinearities of the incompressible Navier—Stokes equations, new cubic
nonlinearities arise. In addition, in a VD fluid, the velocity field is no longer solenoidal and
the specific volume, a function of the amount of each material present, is a new dependent
variable. VD mixing is encountered in atmospheric and ocean flows, astrophysical flows,
combustion, and many flows of chemical engineering interest. In a VD flow, the mixing
process becomes fundamentally different than for the Boussinesq case [2]. Many of these
flows are driven by acceleration (e.g., gravity in geophysical and astrophysical flows) which,
because the density is not uniform, leads to large differential fluid accelerations. If the ac-
celeration is constant and the fluid configuration is unstable (i.e., the density gradient points
opposite to the body force), a fluid instability is generated in which perturbations of the
initial interface between the fluids can grow, interact nonlinearly, and lead to turbulence.
This instability is known as the Rayleigh—Taylor (RT) instability and is of fundamental
importance in a multitude of applications, from fluidized beds, oceans and atmosphere, to
ICF and supernovae explosions.

Here, we consider a variable density flow with two different density fluids, such that the
macroscopic specific volume is related to the mass fractions of the two fluids by

L (R 1)
[ TR ¢
where Y| + Y, = 1 and p; and p, are the “microscopic densities” of the two pure fluids
and are constant for incompressible fluids. The index “2” refers to the heavier fluid. The
mixture density p* and the specific volume, v*, change in both space and time. Such a flow
model describes active mixing in low speed flows, in which the turbulent Mach number is
small and the fluids participating in the mixing have constant microscopic densities.

The primary nondimensional parameter characterizing the differential acceleration ef-
fects is the Atwood number:

— 1+ A
AEPz P1 . &:_. @)
02+ p1 01 1—A

We examine the variable density mixing and turbulence in the highest Reynolds number
fully resolved simulation to date, performed by Cabot and Cook [1]. This simulation and
those of [2, 3] represent the only fully resolved simulations (we believe) of developed
variable density turbulence at Atwood numbers, while relatively modest at A = 0.5, large
enough to generate non-Boussinesq, VD effects. While the results are obtained from fully
resolved simulations, our investigation and discussion of the flow is guided by the first and
second Favre moment equations [4, 5]. This is useful from two points of view: (1) it allows
one to understand what the flow is doing “on average” to better diagnose any new physics
and (2) it provides data and information useful to low-dimensional turbulence models.

The study addresses several issues relevant to variable density turbulence:

(1) A detailed examination of the energy budgets of the Favre-averaged kinetic energy,
mass flux and density specific volume correlation transport equations.

(2) The applicability of the simple and ever popular diffusive engineering “gradient trans-
port” models for the mass weighted advective turbulent transport. Specifically, models
for the mass weighted turbulent transport of the Favre-averaged kinetic energy, mass
flux and density specific volume correlation.
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(3) The differences with the Boussinesq case, as reflected in the asymmetry of various
quantities.

(4) The effects of buoyancy on VD turbulence at all scales of the motion and the universality
of the small scales.

(5) Providing data for second-order moment closures development, validation and verifi-
cation.

Section 2 summarizes the mathematical statement of the problem. The instantaneous
and the Favre-averaged equations for the first and second moments, that guide our diag-
nosis, are given. In Section 3, the large scale quantities characterizing the mixing layer
and its asymmetries, underlying the non-Boussinesq aspects of the flow, are discussed.
Subsequently, in Section 4, the energy budgets for the Favre kinetic energy, mass flux and
density specific volume covariance are undertaken. Modeling issues related to the gradient
transport hypothesis are then outlined. The summary and conclusions follow. An appendix
is devoted to the comparison of this inhomogeneous Rayleigh—Taylor simulation to, what
we call, the homogeneous Rayleigh—Taylor (HRT) simulations of [2, 3]. In general, all the
conclusions from these less-expensive simulations are relevant and borne out by the current
single RT realization.

2. Governing equations

The mathematical model describing the mixing of two incompressible fluids with different
densities subject to a constant acceleration is provided by the Navier—Stokes equations and
species mass fraction transport equations [1, 6, 7]:

(0*ui) e+ (P uiu3) j = —pi+ 7, +r 8 3)
(P*Y )+ (0" Yu3),; = D(0*Y,, ). 4)

where * denotes total (instantaneous) variables. The viscous stress is considered Newtonian
with

o =plul +u —%u* 8ii | = uS* (5)
ij = KU ; Ji T 3 Mk = HUo;;

and the mass diffusion Fickian, with constant diffusion coefficient, D.

In Equations (3) and (4), u is the velocity in direction i, p* is the mixture density, p* is
the pressure, ;' is fluid m mass fraction and g; = (0, 0, —g) is the (constant) acceleration in
direction i. The independent variables are the time, 7, and space variables, x;. The kinematic
viscosity, v = u/p*, and the Schmidt number, Sc = v/D, are assumed constant. Thus, the
stress tensor can be written as tij = vp*S;"j. Note that, in general, the dynamic viscosity, i,
is a weaker function of density; the assumption v constant ensures a uniform Sc throughout
the flow.

Summing over m = 1, 2 in the mass fraction equation and using Y;* 4+ Y;* = 1 leads to
the continuity and, equivalently, the specific volume, v* = 1/p*, equations:

pr+ (P ui); =0 (6)

v+ () = 20" U (7)
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The change in the specific volume during mixing leads to nonzero divergence of velocity.
For Fickian diffusion, the divergence is [6]

Mj',j = —ID(II’Z,O*)’]] (8)

2.1. The moment equations

In this section, the general first and second moment equations for a buoyancy-driven variable
density fluid are given. As the flow is periodic in the horizontal directions, the moments
are planar averages taken perpendicular to the direction of gravity and parallel to the initial
mean interface. The equations are first presented in a general form, without making use of
(8), so that they are formally the same for a fully compressible, multi-component flow.

In defining the turbulence quantities, capital roman letters, overbars, and angle brackets
are used to denote Reynolds averages. Angle brackets are preferred for longer expressions
while overbars are used for quantities named with Greek letters. Lower case letters (Roman
or Greek) or primes are used to denote fluctuations. As the density is not spatially uniform,
some of the results are presented using density weighted (Favre) averages, denoted with 7,
and the corresponding fluctuations with double primes. Thus, the instantaneous velocity,
density, pressure, and specific volume are decomposed as u} = U; + u; = U + u!, p* =
p+p, p*=P+p,and v* =V + v, respectively. Note that U; — U; = u; — u! = a;.
The definitions for the normalized mass flux, a;, Favre Reynolds stresses, R;;, turbulent
kinetic energy, k, and total kinetic energy, E g, and mass fraction flux, Y, ,, are given below:

] ©)
Rij = (p*uju}) = p (wiu;) — pa;a; + (puju,), (10)
k = Riu/2p) = ((uiu;) — aja; + (puiu;)/5)/2, (1n
Ex = (p*uju;)/2 = (p (uju;) + (pu;u;))/2, (12)
Y, = (0"uY,). (13)

The Favre first moment (or mean) equations are written as:

J _ s
5P +(@U));=0 (14)
0 _ ~ o _ _
E(PUi)'F[PUin],jﬁLRij,j =—P,+7;+ps& (15)
8 - . - X7 ER vl
5(0 Yo) + [P YuUjlj + Y, = D0 Ym,).j + D(p*Y, ). (16)
. P
Uj,j —aj,j = —D<—:> (17)
Pl

Equations (14)—(16) are formally the same for a fully compressible flow. For incompressible
two-fluid mixing, the mean density (14) and mean mass fraction equations (16) are not
independent; we will retain the mean density equation and consider the mean mass fraction
equations only for completeness.
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The equations for the Reynolds stresses and normalized mass flux, which are unclosed
in Equation (15), can be written following [4] as

a -
ERij‘i‘(UlRij),l"‘Rijlal = Pj + I — & — Tijir,s (18)

J _ o~ _ _ o
F» (pa)+ (P Uja),; —(pv)P; + p (vpi) — pa;(U; — a;)

b _
+ ’?j((pui”j) — Rij) + p(aia;),;

— ((puijuj) j + p {u;id)). (19)

The production term, P;;, appears with the opposite sign in the equations for U,Uy; it
represents a transfer of turbulence to and from the mean Favre energy. The definitions of
the terms on the right-hand side of the R;; equation are

Py =—RyU;s — RyUiy + a; Pj + a; P;, (20)

Tiji = (pu;)éir + (pui)dji — (u;tu + u;Tj1), (21)

Riji = (p*ujujuy), (22)

P, =P, —7;,;, (23)

I = (pui; +uji)), (24)

eij = (Tuuji + Tjiip). (25)

The quantity b = —(pv) is a measure of the mixing state and is unclosed in the production

term for the normalized mass flux in 19. The transport equation for b is typically written as

d 1+0b _ _ _
Eb+Ujb,j=—T(paj),j—p(vuj),j+2,o(vd). (26)
More intuitively, one can write an equation for the mean specific volume:

%VJF(U,-V),,- =2VD — (u,v)j + 2(vd), 7)

whered = u;; and D = U, ;. For variable density turbulence, using p*v* = 1, the following
identities follow:

l=pV+pV+pv+ pv, (28)
oV =1—(pv)=1+b, (29)
p(uiv) = —(uip)V — (u;jpv) = —a;p V — (u; pv). (30)

The last equation is obtained by taking the moment with u; of the first and re-arranging; it
is exact. Thus, a closure for the volume flux is given in terms of the normalized mass flux
provided an expression for the triple moment can be found.

A moment closure approach at the second-order level requires modeled transport equa-
tions for the Favre turbulent kinetic energy, k, normalized mass flux, a;, and density specific
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volume correlation, b, or, alternatively, mean specific volume, V. Using the relations above,
the corresponding transport equations are written as

0 _~ o~ s _ ~ 1
gl)k‘f‘(ﬁ Ujk); = ai(P; —%ij,j) — Ri;jUi j — ER”j’j

—(ui(pdij — wj)),; + (pd) — (viju; ;), (31

9 o~ _ - D
—(Pa)+(pUka)x = bPi+p{vp:) — paj(i; —a;),j + —=L((puiu;) — Rij)
at o

+ p(aia;);j — ((puiuj), j + p (u;d)), (32)
9 . 5 .
L o Ub, =2a;b; —2a;(1 + 022 1 5 (<”’_pv>) +25 (vd), (33)
ot P b
0~ - {u; pv)
EV—i—UjV’j_MjV,j—i-VUj,j%- /3 +2(Ud> (34)
Ny

The equations above are general and describe the moments’ evolutions in a fully compress-
ible flow, regardless of the equation of state. Only after the application of (8) they become
specific to the VD case.

3. Investigating the basic flow physics

In this section, the turbulence properties inside the mixing layer are analyzed using metrics
pertaining to buoyancy-driven turbulence: lengthscales, Reynolds numbers, normal stresses
and their scale-dependent anisotropy, mean pressure gradient, density intensity, density spe-
cific volume correlation, turbulent kinetic energy, and potential energy conversion rate. The
large scales of the flow, as characterized by various mixing layer widths and lengthscales,
are shown to grow self-similarly. Various asymmetries inside the mixing layer, not seen in
the Boussinesq case, are identified and explained.

3.1. RT self-similarity

The extent of the RT layer, and especially the rate of increase of the layer width, is an im-
portant question in applications and one metric to gauge the efficacy of various models and
numerical simulations. It is generally agreed that (1) for domains large horizontally com-
pared to any characteristic wavelength of the perturbation, (2) for domains much longer in
the vertical direction than the width of the layer, and (3) for an initial perturbation spectrum
peaked near the most unstable linear mode, the turbulent mixing layer grows quadratically
in time. The quadratic growth has been known for a long time as a dimensionally consistent
result confirmed by experimental data [8—10]. More recently [11], using the moment equa-
tions, provided the first exact analytical derivation of the self-similar growth rate for the
Boussinesq case. The expression, h = a Agt?> + 2(a Aghg)'/*t + hg has a quadratic term in
time but also a linear term which is important at early times. Cabot and Cook [1] accounted
for the linear term by calculating « = % and showed that « reaches its self-similar value
faster than the previous studies suggested. The data also suggest that the Boussinesq result
holds for the VD case, at least to A = 0.5. The value obtained for the simulation exam-
ined here is & & 0.02. This value is lower than that obtained in most experiments [12, 13].
In general, the discrepancy between the numerical and experimental values of « is an
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open question, although recent results suggest this may be due to differences in the initial
conditions [14].

For the miscible case there is no unique way to define the width of the mixing layer.
Cabot and Cook [1] used the formula & = ffooo X p(p)dz, where X p(p) is the maximum
product in a fast reaction analogy [1,2]. Physically, % is the thickness of mixed fluid that
would result if the two fluids are perfectly homogenized. & is less sensitive to statistical
variability than the more usual width formula H = zmax — Zmin With Zmax and zpi being the z
locations where the mean density reaches some given values, usually within 1% or 5% of the
pure fluid values. For example, Hy ¢, is defined as the maximum vertical distance between
the points where the mean density equals p; + 0.01(p, — p1) and pr — 0.01(02 — p1).
Figure 1 shows the time variation of the 1% and 5% half-widths, Hy ¢;/2 and Hy o5/2 and the
corresponding bubble and spike heights, normalized by /. The ratios become approximately
constant in time, Hy g,/ h ~ 2.4h and Hygs/h ~ 1.9h, after t /7 ~ 6, which is the time
when « reaches a constant value [1] and the flow becomes self-similar. In all figures, the
numerical time is nondimensionalized by T = /ly/(Ag), where [, is the dominant initial
wavelength of the perturbation and corresponds to the most unstable wavelength of the linear
problem.

Figure 1 also indicates that both the bubble and spike heights grow self-similarly after
t/t ~ 6 and the spike-to-bubble height ratio becomes a constant. The ratio is larger if
the heights are calculated based on the 1% density level, showing that the two sides of
the layer are more asymmetric toward the edges (see also below). The values obtained,
H;/Hj, ~ 1.4 for the 1% density level and ~1.15 for the 5% density level, are within the
range of previously reported experimental and numerical values [12,14]. Thus, even though
the value of « is lower than what is usually obtained experimentally, the layer edges exhibit
similar asymmetry.

tt

Figure 1. Time variation of the normalized 1% and 5% layer half-widths, and the corresponding
bubble and spike heights.



19:21 7 July 2009

[Los Al anps National Laboratory] At:

Downl oaded By:

8 D. Livescu et al.

0
-15 -1 -05 O 0.5 1 -1 =05 0 0.5 1
zlh zlh

Figure 2. (a) Vertical variation of the integral lengthscales L,, L,,, and £ = k*?/e and (b) ratio
L./t att/t = 31.

As the mixing layer is turbulent at later times, the turbulence integral scale provides
information about the size of the energy containing eddies in the layer. Figure 2(a) compares
the integral scales, L, and L,,, with & across the layer at the end of the simulation, when
the Reynolds number is largest. L, and L,, are calculated in the usual way from the 2D
spectra [15]. L, is based on the velocity u; and L,, is based on the mass-weighted velocity
Vp*/pu!, to account for potential VD effects. The two lengthscales are about the same
after the very early times, as the Favre turbulent kinetic energy & becomes close to the
kinetic energy per unit mass (u;u;)/2, similar to [3]. The turbulence integral scale becomes
almost constant across the layer for —1.254 < z < h.

Single-point turbulence models do not have access to the integral scale which requires
spectral or two-point information. Such models usually assume the validity of Kolmogorov’s
zeroth law and use the turbulence scale ¢ = k32 /e, where & = (t;;u, ;) is the dissipation of
k (31), as a surrogate for the integral scale. Figure 2(a) shows that £ is not constant across
the layer and peaks on the light fluid side. The values of L, /¢ in the central region of
the layer vary between 0.3 and 0.5 close to those obtained in other high-Reynolds number
flows [15]. At the edges, where the turbulent Reynolds number is small, Kolmogorov’s
zeroth law is not useful.

3.2. The turbulent Reynolds number

In RT turbulence, the range of flow scales increases continuously as the energy spectrum
broadens at both ends. The bulk Reynolds number, Re = M, discussed in [1], is
a measure of the large scales. The turbulent Reynolds number (Figure 3(a)), defined by
Re; = %, represents the magnitude of turbulent transport versus viscous transport and

defines the width of the energy spectrum. From the point of view of single point closures,

Re, is an important quantity as the eddy viscosity is proportional to vRe, = "8—2 in standard
gradient transport models. At the end of the simulation Re; = 4600, corresponding to a
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Figure 3. (a) Re, across the layer in the turbulent regime. (b) Time variation of peak Re, (continuous
line) and Re, at z = 0 multiplied by 2717,

Taylor Reynolds number calculated using the isotropic formula Re; = +/20/3Re, of ~175.
At the centerline, Re; &~ 3700, corresponding to Re; = 157. Re; peaks on the light fluid
side, close to the turbulence scale [ peak.

As the flow becomes self-similar, Re, should grow, to leading order, as ~t3 [11].
Asymptotically, as the lower order terms in the self-similar relation become negligible,
Re; should grow as h?/3. Figure 3(b) shows that neither the peak Re, nor the centerline
value follow this prediction. However, as shown below, the kinetic energy grows consistent
with the Boussinesq self-similar analysis. It is concluded that the faster growth in Re;
compared to h?/? is due to the contributions from the lower order terms in the self-similar
formulae for the kinetic energy and dissipation. Even after the onset of the self-similar
growth, the spectral dynamics is still transient: there is a time lag between the rise in the
large scales energy due to buoyancy production and when this increase is felt at the viscous
scales. Thus, even though asymptotically Re, may become proportional to #%/3, the lack
of asymptotic self-similarity (or proportionality to #%/3) of Re, throughout the simulation
renders the gradient transport hypothesis for the transport terms using the usual turbulence
eddy diffusivity, v Re,, inappropriate (see also below).

3.3. Production over dissipation

The kinetic energy production to dissipation ratio, g, where P = a; P; and & = (t;ju; ;)
(see Equations (31) and (42)), is shown in Figure 4. f is usually taken as a measure of
the “non-equilibrium” nature of the flow. After the early times, production over dissipation
varies slightly across the layer and peaks around the edges. At the centerline, g increases in
time, following the general trend implied by the total kinetic energy over total production
(K /5 P) discussed in [1]. Thus, there is a time lag between the increase in energy at the
large scales and the increase in the viscous dissipation.

This imbalance between production and dissipation suggests some phenomenological
issues that relate to general “non-equilibrium” turbulent flows. These effects can be un-
derstood in the following way. Let the eddy cascade rate of k to smaller scales be .. It
is usual to parametrize the cascade rate following the notion of an efolding decrease of

the energy on an eddy turnover timescale, k'/2/L, accomplished by the energy cascade
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Figure 4. Energy production over dissipation, g, (a) across the layer and (b) at z = 0.

to smaller scales [16]. Here L is a quantity that is characteristic of the large scale fea-
tures of the flow. In homogeneous isotropic turbulence, this scale is the two-point integral
lengthscale.

If there is a change in the large scales kinetic energy due to a change in the production,
geometry, etc., the finite time of the energy cascade process leads to a delay to the time
such change is felt by the dissipation. Thus, in general, ¢, and ¢ are different (Figure 5(a)).

The cascade rate, ¢., and the dissipation rate, ¢, are, thus:

e =k7?/L, e = (Tiju; ;). (35)

0.2

0.15

0.1 Re h°"°
fc

0.05

0
-15 -1 =05 0 05 10 10 20 30
zlh tt

Figure 5. (a) Vertical variation of /¢ at t/t = 31. (b) Time variation of Re,. = k?/(ve,) at the
centerline. The integral scale used to calculate ¢. is L = L,,.
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The first equality is phenomenological and the second a precise mathematical definition. At
equilibrium, &. = &, so that L = ¢ = k*/?/¢ and the turbulent Reynolds number becomes
Re, = pk'/?¢/u = k?/(ve). Shown in Figure 5(b) is a Reynolds number based on L =
k2 /&c, Rere = k2 /(ve.), at the centerline, which is seen now to have the asymptotic self-
similar scaling.

Several points follow from this discussion that are relevant to “non-equilibrium” flows
and the turbulence modeling in such flows.

(1) The lengthscale £ = k/?/& does not characterize the large scales of the flow: £ # L.

(2) The lengthscale £ = k*/?/¢ does not characterize the large scales of the flow that
are responsible for the turbulent transport and, as shown below, £ is not the relevant
lengthscale for a gradient transport hypothesis.

(3) The equilibrium notion that the viscous dissipation, responsible for the decrease of
k, can be parametrized by the large scale relation k3/2/L is not tenable for “non-
equilibrium” flows.

3.4. Non-Boussinesq effects

At low Atwood numbers, the mixing layer remains symmetrical around the centerline and
the mean pressure equal to the hydrostatic pressure head. As the Atwood number is increased
and the flow becomes non-Boussinesq, the bubble and spike sides start to differentiate, with
the spikes falling faster than the ascending velocity of the bubbles [12]. In this section,
differences compared to the Boussinesq case pertaining to (1) asymmetry of mixing layer,
(2) density fluctuations, and (3) mean pressure gradient are investigated. The quantities
examined are suggested by closures required for the moment equations.

3.4.1. Mean density profiles and mixing layer asymmetry

The mean density profile is linear in the innermost region of the RT layer. As the mixing
layer grows, the profile expands at both ends but maintains a fixed point in the middle of
the layer (Figure 6(a)). If z is scaled by the width of the layer 4, then the density profiles
collapse quite well after the initial time (Figure 6(b)). As p (z/h(t)) remains the same in
time, it yields that z = 0 is the fixed point in the density profile (for all other z values p (z)
changes in time). The existence of a fixed point in the mean density profile located at z = 0
has important consequences for the asymmetry of various quantities, as detailed below.

The half-layer position, z,,, is an indication of the mixing layer asymmetry expected
to become important at high A [12]. It is usually defined as the vertical position equally
distanced from the edges of the layer. In this context the edges of the layer are the positions
where the density reaches n% of the pure fluid densities, i.e., p; +n/100(p, — p1) and
02 —n/100(py — p1). Z,m can also be defined from f_o’o Xp(p)dz = h/2,in which case the
notation z,,,, is used. Figure 7 Shows z,,,,, , Zimg5» a0d 2, . Interestingly, z,,, coincides with
the mean density profile fixed point and remains at z = 0. As most of the contribution to %
comes from the interior of the layer, this suggests that the mixing layer, as reflected by the
mean density, remains symmetrical with respect to the centerline in the central region. The
half-layer positions based on the 0.01 and 0.05 density levels move toward the light fluid
side, as the spikes penetrate more than the bubbles. After the very early times, z,, starts
scaling with 4. The mixing layer becomes more asymmetric at the edges as the bubble and
spike fronts start moving with different velocities; z,,,,, moves more to the light fluid side
than z,,, .-
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Figure 6. Mean density at different times as a function of (a) vertical plane number and (b) scaled
vertical position.

3.4.2. Density variance and mean pressure gradient

The density intensity peaks on the light fluid side and its profile does not change much in
time (Figure 8(a)). The Boussinesq limit corresponds to pr,s/0 — 0 and a value of 0.05 is
usually taken to define this limit. According to this, variable density effects, though modest
at 0.25, are important in most of the layer. Below, it is shown that, even at low density
intensities, there are non-negligible non-Boussinesq effects at the edges of the layer.

The density specific volume correlation, b, mediates the mass flux production mech-
anism, unlike the Boussinesq case where this role is played by the density variance [3].
Since, as is shown below, the mass flux is essential in setting the energy conversion rate,
differences between b and the normalized density variance lead to structural flow changes
between VD and Boussinesq cases and are indicative of non-Boussinesq effects. Figure 9
shows the b profiles across the layer at several times. Similar to density intensity, b peaks
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| ‘\\ _,z”’ N = o]
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0.2 | | | | | |

0 10 20 30

Figure 7. Vertical variation of the half-layer position, z,,, scaled by A.
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Figure 8. (a) Density intensity i, = pms/0 and (b) ratio of b to the square of density intensity across
the layer at different times.

on the light fluid side. After the early times, b collapses quite well across the layer and
becomes spatially self-similar.

Taking moments of the Taylor series of v = v(p) about v* = V, it is straightforward to
show [2]

(p?) Py LN 5 (P

. . ()2
(PU)=__2[1_lp<pz>3/2"Hp(pz)z _’p(pz)5/2+"'} lp = .

B

(36)

The successive normalized moments are called skewness, kurtosis, hyperskewness, etc. As
i, — 0, the formula reduces to the Boussinesq relation:

2
(pv) = —% . (37)
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Figure 9. b variation across the layer.
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The density PDF is skewed on either side of the centerline with negative skewness on the
heavy fluid side and positive on the light fluid side, as few less mixed fluid regions approach
the opposed side of the layer. Thus, away from the centerline all odd terms in the expansion
(36) have the same sign. Therefore, even though i, is small toward the edges, the departure
from the Boussinesq formula (37) is largest at the edges of the layer, consistent with Figure
8(b).

(pv) and %’—22) mediate the production of the mass flux, which sets the energy conversion
rate (see below and [3]) in the VD and Boussinesq cases, respectively. On the heavy fluid
side, (pv) has larger magnitude than (:3’—22); on the light fluid side has smaller magnitude.
Therefore, the Boussinesq equations lead to larger energy conversion rate in the light fluid
side and smaller on the heavy fluid side, compared to the VD equations, when used for
the same density differences. Since solving the Boussinesq equations is, in general, less
expensive than solving the VD equations, one would like to use these equations for as large
density differences as possible. The arguments above suggest that a good criterion for the
validity of the results using the Boussinesq approximation is the emergence of asymmetries
in the mixing layer.

The mean pressure gradient exhibits only modest non-Boussinesq effects (Figure 10(a)).
However, the departure from the hydrostatic pressure head is partially responsible for the
asymmetry of the turbulent kinetic energy. The other factor contributing to this asymmetry
is the fixed point in the mean density profile. The largest departures, of about 10%, are
obtained away from the centerline and the edges. After the early times (t/t > 6), P3/(0 g3)
changes little in time. Figure 10(b) shows that the mean pressure gradient is close to the
formula used in the homogeneous simulations of [2, 3].

3.5. Mean velocities and mass flux asymmetries

For immiscible incompressible fluids % = 0 and since U; = 0 outside the layer, it yields
U; = 0 everywhere. For the miscible case the divergence of the velocity is not zero. In the
present Rayleigh—Taylor configuration, U; = U, = 0 and U; = —ﬁ(%ﬁ’)). Thus, the
| _1
1.1 == tr=19 -1.5
g) — =31
A -2
v o1
e -2.5
0.9
-3
3.5

0.8 -
15 -1 =05 0 05 1 -15 -1 -05 0 05 1 L5
zIh(t) zIh(t)

Figure 10. (a) Mean pressure gradient normalized by the pressure head and (b) mean pressure
gradient compared to the formula used in the homogeneous simulations of [2,3], P35, = %(g3 -
(vpi) + (uju; ;) + (vt ;)). For clarity, the results have been smoothed by applying a running average.
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mean velocity is purely dilatational and arises solely due to the molecular mixing. In fact,
Us; can be related to the (interspecies) diffusion velocity, Vs, by Us = —(V3(p2 — p)/p02)-
At very early times, when the density gradients are sharp, U; is important. However, after
the initial instant, the Reynolds mean velocity is small so that U; ~ as.

A fixed point in the mean density profile, p , = 0, is observed to occur at z = 0 (see
above). From the mean continuity equation (14) this leads to - (,0 Us) =0 at z =0 and,
thus, g Us is maximum in magnitude (note Us < 0)atz = 0. As the mean density increases
with the height z, Us (and a3) has its minimum value (maximum in magnitude) below the
centerline (Figure 11(a)).

Uj at the centerline and maximum Us both increase linearly in magnitude after 7 /v ~ 6
(Figure 11(b)), consistent with the time when « = 7 Z , reaches a constant value [1].

Similar to the Favre mean kinetic energy, K = 1 /2U;U;, the Favre turbulent kinetic
energy, k, profile peaks on the light fluid side (Figure 12(a)), which is shown below to also
be related to the mean density profile features. Both the centerline and peak values of &
increase quadratically in time after 7 /7 & 6, consistent with the self-similarity of the flow
(Figure 12(b)).

3.6. Anisotropy

Since buoyancy production is inherently anisotropic, it is expected that the normal stresses
be anisotropic. A measure of the large scale anisotropy, which appears in the moment
equations, is the Favre Reynolds stress anisotropy tensor:

b= R Ly (38)
U= R 309

which is boundedby—— <bj <3 2 The lower bound foradlagonal component corresponds
to no energy in that component and the upper bound, , to 100% of the energy in that
component. Similar to the Boussinesq case [11] and the homogeneous configuration [3],
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Figure 11.  (a) Vertical variation of the Favre mean velocity Usatt/t =1, 6, 12.5, 19, 25, and 31.
(b) Time variation of peak U; (continuous line) and Uj; at the centerline (dashed line).
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Figure 12. (a) Vertical profiles of the Favre turbulent kinetic energy at t/t =
1, 6, 12.5, 19, 25, and 31. (b) Time evolution of peak k (continuous line) and k at the center-
line.

the normal stresses are non-isotropic at all times (Figure 13). Note that for the present
configuration, as well as HRT, b;; defined based on the Favre Reynolds stresses is close to
that defined based on the Reynolds stresses. b33 seems to become almost constant across
the layer, with an asymptotic value b33 ~ 0.3 corresponding to 2265% energy in the vertical
component. Values of b33 = 0.3 were also reported for the Boussinesq case at long times
at the centerline by [11].

3.6.1. Scale dependence of the normal stresses anisotropy

It is generally believed that in high-Reynolds number flows the small scales become isotropic
and decoupled from the large scales as, in general, production mechanisms tend to be
confined to large scales. However, [2] showed that buoyancy production, even though it
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Figure 13. Vertical variation of b33 at different times.
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Figure 14. Wave number dependence of b33(x) at different z locations.

becomes much smaller than the nonlinear transfer at large wave numbers, has a significant
effect on the smallest scales of the flow during the kinetic energy growth stages in HRT.
This is because in the viscous range there is a cancellation between nonlinear transfer
and viscous dissipation so that buoyancy production leads to a persistent anisotropy of
the normal stresses at these scales. This is substantiated by the fact that the dissipation
itself tends to be more isotropic. As the small scales kinetic energy grows, the dissi-
pation first increases in response to the rise in the nonlinear transfer and there is a lag
between the increase in the buoyancy production and the response in the dissipation. Thus,
Livescu and Ristorcelli [2] suggested that for buoyancy-driven flows, the viscous scales
are not universal. However, in some intermediate range, far from the large scales domi-
nated by buoyancy production and small scales where viscous dissipation starts to play a
role, the normal stresses become close to isotropic, suggesting that an inertial range may
develop.

The results regarding anisotropy found in HRT [2, 3] also hold for the RT con-
figuration: the normal stresses tend to become isotropic only in some intermediate
range (Figure 14). At the largest and smallest scales, the normal stresses remain
anisotropic. Unexpectedly, at the smallest scales, b33(k) &~ 0.15 (which is close to the
HRT value at similar A and Sc), corresponding to ~50% energy in the vertical com-
ponent. Similar to HRT, however, the dissipation itself becomes more isotropic at long
times [1], supporting the suggestion that, due to the cancellation between nonlinear
transfer and viscous dissipation, the buoyancy production remains important at small
scales.

3.7. Energy conversion
Kinetic energy is produced in the flow because there is net available potential energy. The

available potential energy inside a control volume is

Ep0) = =55 [ (0" = po)xi dV, (39)

where py is the density in the final (equilibrium) state. The rate of change of the potential
energy is the sum of the time rate of change of the potential energy inside the control volume
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and the flux of potential energy through the boundaries. To obtain the vertical variation, the
control volume is defined having an infinitesimal extent 6z in the vertical direction:

) )
L8t = — E* + Fp.
5 @D =5 B+ 75

8
__9 ~ po)xd o d
<S§z f(P o) X V) Sse /S(M,P U, P0) XidS;

8i * ok
= S_(SZ/];(IO uj),jx,' dy — f(u ,O —uleqmlpo)x,-de

8i 8i Po
== *urdy *xdS;
S(SZ,/); + o S(SZ /ujcquux J

83 * %
= =5, (PTu30z + 83P0Us
=-gpUs ~ —gspas. 0

Us,,., accounts for an eventual solid body motion in the equilibrium state, when p* = p.
For the present configuration, with wall-bounded domain, it is zero. The expression above
is the same as in the homogeneous configuration [3]. At each z level, the rate of conversion
of potential into kinetic energy is proportional to the normalized mass flux. In addition,
since —p Us has the largest value at z = 0, the energy conversion rate is maximum at the
centerline.

4. Energy budgets of the second moment equations

The energy budgets for the Favre turbulent kinetic energy, k, normalized mass flux, a;,
density specific volume correlation, b, and mass fraction, Y,,, transport equations are now
examined. These equations are relevant to a second-order moment closure of the flow, so
the information presented also represents an archival database for model testing. Issues
related to the ability of gradient transport hypothesis to describe the turbulence transport
are then investigated. As the data become noisy at late times, a running average was used
in all late time plots for clarity.

4.1. Kinetic energy equation budget

The transport equations for the Favre mean and turbulent kinetic energies for the current
configuration can be easily derived from Equations (17) and (31):

Fm (PK) = —(pUsK)3— (UsR33)3 + pUsgs — UsP3 + Ry3Us 3 + UsTzz 3, (41)

o - . ~ _ 1
— (k) = —(pUsk)3z +azsP3 —R33Uz3 —a3T333 —= Riiz3
at —— ——— ———— —— — 2

I 11 11 v _‘;_’
—(u3p) 3 +uitiz) 3 Hpd) —(tiju; ;). (42)
& Y\ — — 5\/-/ N —

VI VII VIII X
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Figure 15 shows the terms in the Favre turbulent kinetic energy equation at different
times. The mean Favre kinetic energy production term, /5 Usgs, is exactly the negative of
the potential energy rate of change (40). Thus, potential energy is directly converted into
Favre mean kinetic energy. Energy is then transferred to Favre turbulent kinetic energy by
the mass flux mean pressure gradient product (a3 P3) and also to and from mean kinetic
energy by —R33 U 3.3. As the mean shear is zero in this flow, the mean velocity gradient term
is not a net production mechanism for turbulent kinetic energy, so that —R33 173, 3 can have
either sign.

The production term a3 P 3, is the largest term in Equation (42), underlying the funda-
mental role of the mass flux in the energy conversion mechanism. It is shown above that the
fixed point in the mean density profile implies that 5 Us (and g a3) peaks at the centerline.
In addition, the mean pressure gradient is larger than the hydrostatic head, p g, in the light
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Figure 15. Terms in the Favre turbulent kinetic energy equation: (a) t/t =1, (b) /T =6, (c)
t/t =19,and (d) ¢/t = 31.
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fluid side and smaller in the heavy fluid side (although by small amounts at the moderate
Atwood number of this flow). Therefore, as shown in Figure 15, term I, a3 P 3, has the
largest magnitude slightly off the centerline, on the light fluid side. The mean velocity
gradient (term III) transfers energy from the mean flow to turbulence on the light fluid
side and vice versa on the heavy fluid side. Thus, the 5 k production is largest on the light
fluid side. This leads to an asymmetry in /5 & and even larger asymmetry in Favre turbulent
kinetic energy profiles (Figure 12(a)).

The transport terms I, V, VI, and VII redistribute the energy inside the layer. Term
I transports energy from heavy to light fluid sides, contributing to the kinetic energy
asymmetry, V from interior of the layer to the edges (main mechanism for the spreading of
the turbulent kinetic energy), and VI back from the edges to the interior (opposes the spread
of the layer). As more energy is produced in the light fluid side, term V also has larger
magnitudes below the centerline (negative in the largest production region and positive
toward the edge). This is consistent with the asymmetry between the bubble and spike
fronts discussed earlier. The last transport term, VII, becomes small after the very early
times.

Interestingly, the viscous dissipation (term IX) remains symmetrical with respect to
the centerline throughout the evolution of the flow. The non-Boussinesq effects primarily
affecting the asymmetry of the flow are large scale and manifest in the asymmetry of the
mean pressure gradient and Favre mean velocity.

The rest of the terms in Equation (42), terms IV and VIII (pressure dilatation), become
small after the initial times.

In summary, the leading order energy balances in the high Re (late time) regime, with
their magnitude relative to the time derivative, are as follows:

RT layer interior

3 _- 1
—pk = +asP3 —(tijui ;) —5Riizz —(uzp)3z +---. (43)
at —_—— 2 —
I11(3) IX (v=15) 70T VE(05)
RT layer edges
J _- 1
—pk = —=R;; 44
5P 5 33 + (44)
———

The important terms which need closure in Equation (42) are the dissipation (term
IX) and the transport term V. As a transport equation for dissipation is overly cumbersome,
most single point closures model it either by assuming some similarity (through a timescale)
with the kinetic energy, or considering a phenomenological transport equation. Below, it is
shown that the dissipation lags behind the kinetic energy, for the duration of the simulation,
and does not attain a similar self-similar state with the kinetic energy. Thus, a dissipation
transport equation is required to capture the dissipation evolution in this flow. The turbulence
transport terms are usually closed using a gradient transport hypothesis and such models
are examined in Section 4.4.
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4.2. Mass flux equation budget

The transport equation for the mass flux in the vertical direction, for the present configura-
tion, is

d o
F” (pa3) = —(pUsaz)s +b(P3 — T333) +p ({vp;3) — (v135,))

1 11 111

—pay(Us —as) 3 +%((P“§) — Ry3) +5 (a3) 3
—_— .

—((pu3), 3 +5 (usd)) . (45)
VII VIII

Figure 16 shows the terms in the mass flux equation at different times. Barring the sta-
tistical variability, the production, terms II and V, and destruction, term III, are symmetrical
with respect to the centerline. This is consistent with the fixed point found above in the
mean density profile, which required that p a3 peaked at the centerline and the normalized
mass flux itself on the light fluid side. The two production terms have relatively close
magnitude,with term II the largest between the two. This term depends directly on the fluid
configuration (or the mix state) through b.

The transport terms I and VI have opposite sign and close magnitude. Term I transports
the mass flux from the heavy to light fluid sides while term VI increases p a3 on the
heavy fluid side. The velocity dilatation part of term VII becomes small after very early
times, while the transport part moves mass flux from the interior toward the edges and is
responsible for the spreading of the mass flux.

After the very early times, the destruction term III becomes the largest term in the
interior of the layer. This term represents a direct manifestation of non-Boussinesq effects,
as the fluctuating pressure gradient is directly proportional to departures from the hydrostatic
pressure head.

In summary, the leading order mass flux balances in the high Re (late time) regime,
with their magnitude relative to the time derivative, are as follows:

RT layer interior

d - P 3
— (p a3) = +p <Up,3> +bP’3 —_ R33
ot —_——— N—— 0

111 (=19) [II (=—15) ————
V (=—11)

—(PM§>, 3+. (46)
——
VII (~6)
RT layer edges
9 2
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Figure 16. Terms in the normalized mass flux, a3, transport equation (a) r/r = 1, (b) t/t = 6, (c)
t/t =19,and (d) ¢/ = 31.

4.2.1.

At the centerline, the four leading order terms are much larger than the time derivative.
Thus, a quasi-equilibrium assumption in which the left-hand side of Equation (45) is set
to zero appears appealing. However, it was shown before that the mass flux is not constant
and increases linearly in time, consistent with the Boussinesq self-similar analysis of [11].
Therefore, the quasi-equilibrium assumption, % (p a3) =~ 0, is not valid. Modeling equation
(45) imposes unique challenges, as the mass flux time variation is given by a delicate balance
of large terms.

After the initial times, as mixed fluid occupies large areas inside the layer, the specific

volume pressure gradient (part of term III), which acts as a destruction term for the mass

Modeling issues
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flux, dominates the balance in Equation (45). Thus, an accurate model for (vp 3) is essential
for predicting the mass flux; this is the subject of current research.

The production term, b P 3, is crucial to the prediction of the sign change of the mass
flux when the mean pressure changes sign in response to a change in the body force. In
flows with significant amounts of non-mixed fluids, this term is largest in Equation (45)
and sets the mass flux rate of change. If the fluids are mostly mixed, then b is small and
bP 3 does not produce the differential accelerations that generate the mass flux. Closing
b P 3 requires a model or transport equation for b; this is discussed next.

The largest contribution to term V comes from Rj33; its usual modeling in terms of the
kinetic energy requires knowledge of the large scale anisotropy, discussed above. The triple
correlation (pu3) represents the largest part of term VII and appears in divergence form.
Gradient transport hypotheses for (ou3) are explored in Section 4.4.

4.3. Density specific volume correlation equation budget
The transport equation for b, for the present configuration, is

9 b ~ 03  _ ((uzpv) _
—b=-Usb; +2a3b5 —2a5(1 +b)— +p | —— | +2p(vd). (43)
dat ——— N 0 0 53—
v
I i ~- ~

Figure 17 shows the terms in the b equation at different times. The production term III
peaks on the light fluid side, a direct consequence of the fixed point at z = 0 in the mean
density profile. Thus, a3 p peaks at the centerline and therefore a3 3 has the largest mag-
nitude below the centerline. The asymmetry of the production of b leads to the asymmetry
of b shown eatlier.

Terms I and II redistribute b across the layer (term I from the heavy fluid side to the
light fluid side and term II vice versa) and become small after the initial instant. Term IV
transports b toward the edge regions, representing the main mechanism for the spreading
of the b profile. Term V represents the destruction of b. Unlike the destruction terms in &
and a3 equations, term V is also asymmetric with respect to the centerline.

In summary, the leading order b balances in the high Re (late time) regime, with their
relative magnitude compared to the largest term on the right-hand side of the equation, are

RT layer interior

0 Uz pv
0= —2a3(1+ b)g +2p (vd) +p <(3__,o)> +--e (49)
P — P 3
V (%=0.75) ———
111 (=1) 1V (~—0.25)

RT layer edges

SIS

uzpv
b=p<<3_p >> TR (50)
P 3
—_—
1V (=1)
The unclosed terms in the b equation are (vd) and the triple correlation, (u3pv). A
modeling strategy for (vd) is not discussed here and is the subject of future work. Gradient
transport hypotheses for (u3pv) are explored in Section 4.4.
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Figure 17. Termsinthe b transportequation(a)¢/t = 1,(b)¢/t = 6,(c)t/t = 19,and(d)z/7 = 31.

4.4. Investigating the gradient transport hypothesis

In this section, the popular gradient transport hypothesis for the turbulent transport terms
in the moment equations is investigated. Usually, the eddy viscosity is modeled using the
time and lengthscales defined based on the kinetic energy and dissipation, 7, = k/e and
I = k32 /¢, since these quantities are readily available in one-dimensional models, resulting
inv = (C,/00)k?/e.

The variation of k?/e across the layer was discussed above, as this quantity is pro-
portional to Re,. It was shown that, throughout the simulation and long after the onset of
self-similar growth, Re; is not proportional to #%/3, as required by asymptotic self-similarity.
It was also shown that / does not represent the true integral scale as the Kolmogorov’s ze-
roth law is not satisfied. Similar to [, the eddy turnover time 7, is not constant across the
layer (Figure 18(a)). There is a minimum value which occurs around the centerline and t,
becomes very large toward the edges, where the dissipation decreases to zero faster than
the kinetic energy.

Below it is shown that the transport terms are better described using v/’ = (C,, /o, )hk'/?
instead of v, as the eddy viscosity in the gradient transport hypothesis. This is a consequence
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Figure 18. Vertical profiles of 7, = k/e att/r =1, 6, 19, and 31.

of the transient spectral dynamics, occurring even after the flow becomes self-similar: the
dissipation still lags the large scale energy production.

4.4.1. Mass flux

The gradient transport hypothesis for the mass flux, which appears in divergence form in
the mean continuity equation, is

pas = {puz) = —vp 3, (51)

where v; is usually taken to be a constant or v, = v, = C,,/ 0:k?/¢. Figure 19 clearly shows
that a constant v, is not justified. More importantly, the match using v, = v; is very poor in
time, although at later times the spatial variation is relatively well captured away from the
edges. The main reason for this mismatch is the lag between the evolution of the dissipation
and the increase in large scale energy. However, (pu3) seems to follow surprisingly well
—(Cﬂ/o,h)\/Zﬁ 3 with C,, /o, =~ 0.39 changing little in time. The C, /o, value calculated
using H, instead of h is ~0.33, which is slightly higher than the 0.288 value reported
by [17] and much larger than the standard value for shear flows, 0.09 [15].

4.4.2. Kinetic energy equation

Term V in Equation (42) is important both at the center and edges of the layer and is unclosed.
The term can be rewritten as R;;33 = (p R;i3/p ).3. The gradient transport hypothesis, in
this case, is

Rii3/p = —viks. (52)

Neither option for v, (v, or v;') works as well as for the mass flux, however
—(Cu/ ot)h\/zl% gives a fit for R;;3/p which is less dependent on time (Figure 20).
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Figure 19. Comparison of (pu3) across the layer with a gradient transport hypothesis, —0.394 vk D3
and —0.65k%/ep 3 ata) 1/t = 6, b) t/7 = 31. The coefficients were chosen to provide a good fit in
the interior of the layer at 7 /T = 31.

4.43. Mass flux equation

The term (,oug),3 is an important term in Equation (45) and is unclosed. The term can be
rewritten as (pu%),3 =(p (pu%) /0 ).3. The gradient transport hypothesis becomes in this
case:

(pu3)/p = —vas 3. (53)
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Figure 20. Comparison of R;;3/p across the layer with a gradient transport hypothesis, —1 .Sh«/zl{;

and —2.5 ’;1123 at(a) ¢/t = 6 and (b) t/t = 31. The coefficients were chosen to provide a good fit in
the interior of the layer at /7 = 31.
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Figure 21. Comparison of {(ou3)/p across the layer with a gradient transport hypothesis,

—0.72h\/Za3,3 and —1.2%@,3 at (a) t/t = 6 and (b) t/t = 31. The coefficients were chosen to
provide a good fit in the interior of the layer at #/t = 31.

Similar to the mass flux, the turbulent eddy diffusivity given by (C,./ at)h«/z seems to work
better than (C,, /o,)k? /¢, as the former option provides a C,, /o, which changes little in time
(Figure 21).

4.4.4. b equation

Term IV, which contains a triple correlation and needs closure, is an important term in the
b equation. The gradient transport hypothesis for this term is

(pvuz) = —vib 3. (54)

The data are noisy at long times, but it seems that (pvus) scales better across the layer
with —h\/ij than with —’;—zb, 3 (Figure 22). As with the other transport terms examined,
the fit with —h\/Zbg also changes little in time.

4.4.5. Mass fraction transport equation

For variable density (incompressible) two fluid mixing, the density and mass fractions are
not independent. Using (1), the mass fraction flux can be written for the present configuration
as

P21
P2 — P1

le = —T23 = — as. (55)

Thus, the mass fraction flux is directly proportional to the mass flux. If a model is provided
for the mass flux, the same model should be used for the mass fraction flux; if a transport
equation is considered for a3, then the mass fraction flux is no longer unclosed.
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Figure 22. Comparison of (pvus) across the layer with a gradient transport hypothesis, O.th/lzbﬁ

and — %bj at(a)r/t = 6 and (b) /7 = 31. The coefficients were chosen to provide a good fit in the
interior of the layer at /7 = 31.

4.4.6. Discussion

Usual turbulence eddy viscosity, v, ~ k2 /e, does not capture the time variation of the
turbulent transport in any of the equations considered, even though it provides a weak spatial
fit. However, an eddy diftusivity, v, ~ /NE, provided a very good fit for the mass flux, both
temporally and spatially, and a somewhat weaker fit for the transport terms in the mass flux,
kinetic energy, and b transport equations. Unfortunately, / is a global quantity which is
not available in single point turbulence models. In addition, extensions to general flows are
questionable. Thus, one would like to use turbulence scales to define an eddy viscosity. The
problem with the turbulent eddy diffusivity, v, ~ k2 /e, can be traced back to the lag between
the rise in the large scales energy due to buoyancy production and when this increase is felt
at the viscous scales. This lag persists even long after the onset of the self-similar growth.
However, since the kinetic energy and dissipation follow, to leading order, the self-similar
predictions, it is conceivable that, asymptotically, the leading order terms in their self-similar
expressions become dominant. In that case, £ and k?/¢ may follow the self-similar scaling
with the width of the layer, #, and become useful for gradient diffusion-type closures.
Nevertheless, long after the onset of the self-similar growth, the usual closures for the
moment equations using the turbulence lengthscale, ¢, and the gradient transport hypothesis
for the turbulence transport or similarity arguments for the dissipation fail in RT turbulence.

5. Overview of results

The flow physics and statistics of the very large 30723 simulation by [1] of variable density
Rayleigh—Taylor mixing layer have been studied using the single point moment equations
as a diagnostic tool. There are several findings to report.

® Mean density symmetry and mixing layer asymmetry: the mean density profile re-
mains symmetrical with respect to the initial condition centerline in the central
region of the layer. Departures from the Boussinesq behavior (for which the layer is
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symmetrical) are seen at the edges of the layer where the spike front attains speeds
faster than the bubble front.

Non-Boussinesq effects: the non-Boussinesq effects in the RT mixing layer manifest
themselves as (1) large departure of k, a3, b from symmetry with respect to the
centerline, with maxima on the light fluid side, (2) the departure of the mean pressure
gradient from the hydrostatic value, (3) departure of the specific volume density
correlation from the normalized density variance due to large non-Gaussian density
PDF moments or large density intensity.

Turbulence asymmetry: near the centerline, the mean density profile is linear. This
produces a mean density fixed point at z = 0 and predicts that the largest mass
flux is on the light fluid side. As the major production mechanisms are directly or
indirectly related to the mass flux and mean density, the corresponding terms in &
and b equations peak on the light fluid side. Thus, k and b are asymmetric and reach
their maximum values below the centerline, on the light fluid side. For a Boussinesq
fluid their maxima are on the centerline.

In the mass flux equation (vp,; ) is one of the largest terms: from the energy budget
analysis of the a3 equation, the specific volume pressure gradient correlation, (vp,; ),
is seen to be important; it is in fact the largest term in the equation. The (vp,; )
term acts to reducing the rate of growth of the mass flux. This term is neglected in
most single point closures for VD turbulence and will require closure for an accurate
model.

The flow becomes self-similar relatively fast, however the lower order terms in the
self-similar relations are important throughout the simulation: the quantities ex-
amined follow, to leading order, the self-similar predictions after 7/t =~ 6. While
it is expected that, asymptotically, the lower order terms in the self-similar rela-
tions become negligible, throughout the simulation these terms retain their relative
importance.

Non-equilibrium spectral cascade: long after the onset of the self-similar growth,
the transient effects in the energy spectrum remain important for the duration of
the simulation. Thus, there is a time lag between the energy increase at large scales
and the rise in the dissipation: the dissipation does not track the spectral energy
cascade rate and this has several important consequences for the gradient transport
hypothesis.

The eddy viscosity v, ~ k2/¢ in the gradient transport hypothesis is in substantial
error for the duration of the simulation: using £ = k*/? /¢ as the transport lengthscale
in gradient transport models leads to significant error. While the gradient transport
hypothesis does capture the spatial profile of the mass flux, it does not capture
its temporal variation. This is because the lengthscale, £ = k%/%/e, based on the
dissipation, is not a good approximation of the integral scale which sets the turbulent
transport.

An eddy viscosity v, ~ k'72h works well: the gradient transport hypotheses in which
h is the transport lengthscale and k'/?h the eddy viscosity works better in capturing
both the spatial profile of the transport as well as its temporal scaling. This is true of
all the second order turbulent transport terms. Unfortunately, £ is an integral quantity
which cannot be obtained from a single point closure.

Spectral anisotropy of the energy: the turbulence structure has been examined both at
large and small scales. Due to the buoyancy production anisotropy, the kinetic energy
components, at the largest scales of the motion, remain anisotropic with ~65% of the
energy in the vertical direction. Because of the cancellation between nonlinear and
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viscous effects, the buoyancy force leads to a persistent anisotropy at small scales,
with ~50% of the energy in the vertical direction at the smallest scales. In some
intermediate range however, the energy is approximately isotropic.

® The utility of Boussinesq computations: the asymmetries in the turbulence quantities
are exacerbated if the Boussinesq equations are used for the same density difference.
Thus, it appears that a conservative criterion for the validity of the Boussinesq
equations and a Boussinesq computation is the emergence of the asymmetries in
k, as, b.

6. Conclusions

Detailed quantitative budgets of the kinetic energy, mass flux, and density specific volume
correlation transport equations together with various lengthscales and moments have been
examined to (1) investigate the fluid physics in VD RT, (2) provide an archival database
for validating VD turbulence models, (3) characterize and explain various asymmetries not
seen in the Boussinesq case, and (4) explore the applicability of the usual turbulence scales
in simple similarity type gradient transport closures.

Variable density Rayleigh—Taylor turbulence is characterized by asymmetries of the
mixing layer and various turbulence quantities, not seen in the Boussinesq case. For mod-
erate A numbers, as is the case with the 30723 simulation of [1] discussed here, the inner
region of the mean density profile remains symmetric but develops an asymmetry at the
layer edges as the bubbles and spikes fronts move with different velocities. It is the presence
of a fixed point at z = 0 in the mean density profile, together with the departure of the mean
pressure gradient from the hydrostatic pressure head, that causes the asymmetry of the tur-
bulent kinetic energy. In addition, it was shown that the fixed point also leads to asymmetry
of the normalized mass flux, as, density specific volume correlation, b, and the production
terms in their transport equations. All these quantities have their largest magnitude on the
light fluid side.

The flow reaches a self-similar state as described by the [11] analysis, at /7 = 6,
when o reaches its constant value [1]. However, all the self-similar formulae also have
lower order terms which remain important throughout the simulation. Consistently, the
spectral dynamics remains transient and the dissipation lags the spectral cascade rate. In
addition, the turbulence lengthscale and Reynolds number do not scale as the layer width.
As a result, the gradient transport hypothesis with the usual turbulent eddy diffusivity,
v ~ k?/e, and simple similarity based closures are inappropriate for this flow for the
duration of the simulation. However, turbulent transport closures using a large scale eddy
diffusivity, v ~ k'/2h, (which unfortunately is not available in a single point closure) works
reasonably well.

The large scales of the flow remain anisotropic at all times due to the buoyancy pro-
duction. At smaller scales, buoyancy production becomes small and in some intermediate
range the flow is close to isotropic. However, in the viscous range, there is a cancellation
between the viscous and nonlinear effects, so that buoyancy production retains its relative
importance and there is a persistent anisotropy of the smallest scales.

In short, in VD RT turbulence: (1) Favre mean and turbulent kinetic energies, normalized
mass flux, b and the production terms in their transport equations are asymmetric and have
their largest magnitude on the light fluid side, (2) the flow becomes self-similar relatively
fast, however, the turbulent lengthscale and Reynolds number do not scale as the layer width,
(3) the gradient transport models based on the usual turbulent eddy diffusivity, v, ~ ke,
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are not appropriate for this flow, and (4) buoyancy production changes the turbulence
structure with persistent anisotropy of the smallest scales.
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Appendix 1. Homogeneous versus inhomogeneous RT turbulence

In this appendix the current variable density RT findings and those of the homogeneous RT
(HRT) of [2,3] are compared. In HRT, the moment equations do not have the inhomogeneous
transport terms, implying that HRT provides a simpler test case that isolates the essential
nonlinearities from the inhomogeneous transport issue. The benefit is that one can more
confidently use the less-expensive HRT simulations to assist with modeling the buoyancy-
driven variable density hydrodynamic and mixing problems and to study initial condition
dependence issues. The highest turbulent Reynolds number obtained in the HRT by [3] in
a 10243 simulation is about 1.5 times smaller than that obtained in the 3072® RT discussed
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here. Estimating that a 1536 HRT simulation is capable of getting the same Reynolds
number, then there is a factor of 16 reduction in computational cost of HRT versus RT
for the same Re. This estimate includes the decay phase, after the maximum k has been
reached. If one is only interested in the transition and growth phase then one can achieve
a much larger reduction in computational cost. Moreover, the statistics collected in HRT,
since they are volume-averaged statistics, are more robust as compared to RT where the
statistics are area averaged over planes with different Re.

In HRT, the kinetic energy increases initially due to the acceleration of the fluids, then,
as the two fluids become molecularly mixed the kinetic energy decays. During this growth
stage, while there is still pure fluid, HRT is very much like the RT problem in which there is
always a source of pure fluid. As such, HRT is also a simpler (as well as cheaper) benchmark
for understanding buoyancy effects on the turbulent motions and the subsequent mixing
process.

During the growth stage of HRT, many similarities with the RT problem can be identified.
The primary ones are:

o Same potential to kinetic energy conversion process: in both RT and HRT the rate of
conversion of the potential to kinetic energy is (after the initial instant)

ad
&5(1,0% —&3p as. (56)

The mass flux is of central importance in the conversion of potential energy to kinetic
as well as the transition and turbulence growth in both of these configurations.

o Same mean pressure gradient: the consequence of the HRT ansatz U; = 0 made
in [3] in order to obtain the maximally non-equilibrium flow is that the mean pressure
gradient, while constant in space, is a function of time. The mean pressure gradient
is usefully represented in RT by the formula used in the HRT simulations (see Figure
10).

® Zero Reynolds mean velocity: moreover, U; ~ 0 in the RT configuration, as was
assumed in the HRT simulations to set a free parameter in the homogeneous equations.
The Favre mean velocity is not zero.

o Fquivalent L and ¢ relations: the ratio of length-scales L/ for A = 0.5 reported in
the HRT [3] at early times (when kinetic energy is increasing) is mirrored in the RT
simulations. L is the integral scale and ¢ = k*/?/¢ is the turbulence lengthscale used
in transport models.

® Fquivalent anisotropies: bs; is the same order, perhaps a few percent larger, during
the HRT kinetic energy growth stage than in RT. Values of b33 ~ 0.3 are obtained at
the peak kinetic energy time.

o Same spectral anisotropy: the unexpected scale dependence of bs3(x) and its
anisotropy in the viscous range are similar in both HRT and RT.

The only modest difference we have seen between HRT and RT is that in the growth
phase HRT is more “non-equilibrium” than RT: production over dissipation ratios are
much larger in HRT and higher Reynolds numbers are achieved sooner. This suggests that
HRT can minimize the computational expense to generate high-Reynolds number variable
density RT databases for model development as well as can be a better study for stronger
“non-equilibrium” issues.



