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Simulations of a turbulent multicomponent fluid mixture undergoing isotropic deformations are carried out
to investigate the sudden viscous dissipation. This dissipative mechanism was originally demonstrated using
simulations of an incompressible single-component fluid [S. Davidovits and N. J. Fisch, Phys. Rev. Lett. 116,
105004 (2016)]. By accounting for the convective and diffusive transfer of various species, the current work
aims to increase the physical fidelity of previous simulations and their relevance to inertial confinement fusion
applications. Direct numerical simulations of the compressed fluid show that the sudden viscous dissipation of
turbulent kinetic energy is unchanged from the single-component scenario. More importantly, the simulations
demonstrate that the mass fraction variance and covariance for the various species also exhibit a sudden viscous
decay. Reynolds-averaged Navier-Stokes simulations were carried out using the k-/ model to assess its ability to
reproduce the sudden viscous dissipation. Results show that the standard k-/ formulation does not capture the
sudden decay of turbulent kinetic energy, mass-fraction variance, and mass-fraction covariance for simulations
with various compression and expansion rates, or different exponents for the power-law model of viscosity.
A new formulation of the k- model that is based on previous improvements to the k-e family of models is
proposed, which leads to consistently good agreement with the direct numerical simulations for all the isotropic

deformations under consideration.
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I. INTRODUCTION

Numerical simulations were used by Ref. [1] to demon-
strate that the isotropic compression of a turbulent flow field
leads to a rapid and sudden viscous dissipation of turbulent
kinetic energy (TKE). The dissipated TKE is transformed into
heat, which can then be used to enhance ignition conditions
in either laser-driven or Z-pinch-driven inertial confinement
fusion (ICF). This sudden viscous dissipative mechanism
occurs for substances whose viscosity has a strong scaling on
temperature, as is the case for some plasmas (1 ~ T°/2 [2])
rather than traditional fluids (& ~ T3/* [3]).

The original simulations of Ref. [1] relied on a simplified
formulation in which the plasma is treated as an incom-
pressible fluid with a temperature-dependent power law for
the viscosity and a fixed time history for the temperature.
Subsequent work has focused on increasing the fidelity of
these simulations. For example, Ref. [4] modifies the viscosity
power law by accounting for the ionization state Z of the
plasma. Expressing the viscosity as u ~ T"/Z™ ~ T#, where
B depends on the the model used for the plasma charge state,
it was shown that the sudden viscous dissipation occurs for
B>1 only. Additionally, Ref. [5] simulated the compression
of an imploding spherical turbulence layer, rather than a
homogeneous turbulent flow. The sudden viscous dissipation
was shown to occur for this new scenario as well. Finally,
Ref. [6] relaxes the assumption of low-Mach-number tur-
bulence, and accounts for finite-Mach-number effects in the
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sudden viscous dissipation of TKE. Results indicate that for
subsonic turbulent Mach numbers, the available energy in the
turbulent fluctuations is not sufficient to significantly alter the
temperature evolution of the fluid.

As stated in Ref. [6], although previous research on the
sudden viscous dissipation has increasingly included more
relevant physics, simulations carried out so far are not yet
truly representative of ICF scenarios, which are characterized
by additional physical phenomena such as mass transfer,
radiative heat transfer, complex equations of state, and mul-
ticomponent plasma viscosity models, among others. The aim
of the current study is thus to further increase the fidelity of
simulations used to predict the sudden viscous dissipation by
accounting for the convective and diffusive mass transfer in
a multicomponent fluid. Given that mixing of various com-
ponents in ICF degrades capsule performance [7], multicom-
ponent simulations should eventually be used to account for
the detrimental effect of turbulent mixing when assessing the
favorable effect of the sudden viscous dissipation. Addition-
ally, a multicomponent formulation paves the way forward for
simulations that account for multicomponent plasma viscosity
models [8] and nuclear reactions.

In this paper, results from direct numerical simulations
(DNS) are reported to determine differences between the
TKE evolution of a five-component mixture and that of a
single-component fluid. Of even more interest, however, is
the evolution of the mass-fraction variance and covariance
for the various species, since the species diffusivity, which
behaves similarly to the fluid viscosity, can also lead to
sudden dissipative phenomena. It is important to accurately
predict the mass-fraction variance and covariance since these
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quantities are used as inputs to reaction-rate models [9]. In
addition to direct numerical simulations, the current work
focuses on the formulation of an improved Reynolds-averaged
Navier-Stokes (RANS) model to capture the sudden viscous
dissipation. This proposed new model is based on the variable-
density k-/ family of closures that are commonly used to
simulate phenomena of relevance to ICF, such as buoyancy-,
shock-, and shear-driven instabilities [10]. Thus, by using
traditional k-/ models to improve the prediction of the sudden
viscous dissipation, it is hoped that the final formulation will
have a broader range of applicability than models tailored
specifically to capture the sudden viscous dissipation of TKE,
such as that proposed in [11]. Predictions obtained with the
original and modified RANS models are compared against
DNS results for the isotropic compressions, as well as DNS
results for an isotropic expansion, so as to again ensure a broad
range of applicability.

The outline of the paper is as follows. Section II describes
the direct numerical simulations of the multicomponent fluid
mixture. This section includes the governing equations in
Sec. IT A, transformed equations suitable for computational
simulations in Sec. II B, details of the numerical framework
in Sec. I C, a description of the initial conditions in Sec. II D,
and profiles for the TKE, mass-fraction variance, and mass-
fraction covariance in Sec. I E. The RANS framework is the
focus of Sec. IIl. The Reynolds-averaged governing equa-
tions for homogeneous multicomponent turbulence undergo-
ing isotropic mean-flow deformations are given in Sec. IIT A,
the derivation of the new formulation of the k-/ model is given
in Sec. III B, and results for the TKE, mass-fraction variance,
and mass-fraction covariance obtained with the original and
modified k-I models are given in Sec. III C. Finally, the paper
ends with conclusions and a discussion of future work in
Sec. IV.

II. DIRECT NUMERICAL SIMULATIONS
A. Multicomponent Navier-Stokes equations

The governing equations for the direct numerical simula-
tions are the multicomponent Navier-Stokes equations. The
transport partial differential equations for the density p, ve-
locity u;, total energy E, and species mass fraction ¥,, are
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In the above, the pressure is denoted by p. The shear-stress
tensor #;;, the heat flux g;, and the diffusive flux J, ; of each
species o are
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Sij s the rate-of-strain tensor, T the temperature, and &, the
enthalpy of species «. Four transport coefficients appear in the
equations above, namely, the dynamic viscosity u, the bulk
viscosity B, the thermal conductivity «, and the diffusivity
D. The diffusivity is assumed to be equal for all species.
Expressions for the transport coefficients are
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1o and Ty are the reference viscosity and temperature, respec-
tively, n is the power-law exponent, C, the specific heat at
constant pressure, Pr the Prandtl number, and Sc the Schmidt
number. Each species is treated as an ideal gas, and thus the
following relationships hold:

Do = PuReT, (12)
R, = X (13)
o — Ma’
eq = CyoT, 14)
hy = CpqoT. (15)

P« 1s the species pressure, p, the species density, R, the
universal gas constant, M, the species molar mass, ¢, the
species internal energy, C, , the species specific heat at con-
stant volume, and C,, the species specific heat at constant
pressure. The mixture properties are obtained from the species
variables using

e=) Yotw, Co= YCya, (16)

h= Yoha, Cp=) YuCpa: (17)
o o
p=> Vape Ve ppy“, (1)

where e, h, and C, are, respectively, the internal energy, the
enthalpy, and the specific heat at constant volume, for the
entire mixture. V,, is the volume fraction of species «. Finally,
the following equations are required to complete the system:

E=e¢+K, 19)
1
K = EM,‘M,’, (20)
Yo 2 E)x.,‘ Bxi '
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B. Transformed multicomponent Navier-Stokes equations

Rather than solving the equations described in the pre-
vious section, one can extend the derivations of Ref. [1]
for incompressible single-species flow, or the derivations in
Ref. [6] for compressible single-species flow, so as to obtain
the corresponding transformed equations for a compressible
multispecies mixture. This new set of equations is formulated
with respect to a moving reference frame that shrinks as
the flow is compressed, or grows as the flow is expanded.
Thus, this set of equations is preferred for direct numerical
simulations since they allow for a fixed grid with periodic
boundary conditions. The resulting equations are identical to
those in Sec. II A, except that the total velocity u; is replaced
by the Favre-fluctuating velocity . This fluctuating velocity
is defined as u! = u; — u;, where u; is the Favre-averaged
velocity. In addition, each of Egs. (1)—(4) is augmented with
forcing terms that account for the effect of the mean flow.
Thus, the transformed transport equations are
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The forcing terms above are defined as follows:

0 = _2pl, (26)
fl.(”) = —3pul/L, (27)
fE = —[2pE + pul'u + 3p]L, (28)
f9 = —2pY,L. (29)

L is the characteristic length of the domain, which decreases
as time advances for flow compressions and increases for flow
expansions. L is the constant time-rate-of-change of L.

C. Numerical details

The same numerical approach as that of Ref. [6] is used
for the current study, and further details can be encountered
in this reference. Direct numerical simulations are performed
using the Miranda solver, which discretizes the multispecies
Navier-Stokes equations using a tenth-order Padé scheme and
a fourth-order Runge-Kutta integrator. Filtering of the flow
variables is performed using an eight-order operator for the
purposes of stability. An artificial bulk viscosity g*, thermal
conductivity «*, and species diffusivity D are added to the
corresponding physical transport coefficients, in a similar
manner to [9,12]. The expressions for these artificial fluid

properties are

B* = cspD(d). (30)
S
K" = cep o D(T), (31)

1
D = P AL max[c,D(Yy),

ey(|Yal — 1.0+ 1.0 — Yo )A2]. (32)

In the above, d is the dilatation, At is the time step, A =
(AxAyAz)'/3 is the local grid spacing, and the overbar de-
notes a truncated-Gaussian filter. The operator D(-) is given
by

8.
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which strongly biases the artificial properties toward high
wave numbers. The values of the coefficients in Egs. (30)—(32)
are cg = 0.07, ¢, = 0.001, ¢4 = 0.0002, and ¢, = 100, which
have been calibrated using simulations relevant to ICF (see,
e.g., Refs. [13-15]).

A cubic grid with 256 uniformly spaced grid points and
periodic boundary conditions at all of its faces is used for the
simulations. So as to be of relevance to ICF, the species chosen
for the fluid mixture are hydrogen (H), deuterium (D), tritium
(T), carbon (C), and oxygen (O). These species, for example,
would be present in a capsule with DT fuel at its core and
carbonized resorcinol-formaldehyde low-density foams as the
ablator [16]. The molar masses used for each of these species
are My = 1.007 98, Mp = 2.014 102, Mt = 3.016 050, M¢ =
12.0111, and Mo = 15.994915. All species have the same
constant Schmidt number, namely, Sc = 1.0. As shown in
Ref. [17], the viscosity has a 5/2 power-law temperature
scaling if other parameters such as the ionization state and
the collision integrals are assumed constant. Under these as-
sumptions, pD also exhibits a 5/2 power-law dependence on
temperature, which motivated the use of a constant Schmidt
number. Simulations that account for differential diffusion,
where a different Schmidt number is used for each species, did
not show qualitatively different behavior even up to Schmidt
numbers that differed by two orders of magnitude. Additional
parameters of the simulation are the Prandtl number Pr = 1.0,
the ratio of specific heats y = 5/3, and the universal gas
constant R, = 8.314474 x 107 (cgs units).

D. Initial conditions

The initial condition for the velocity field was extracted
from linearly forced simulations, which have previously been
shown to produce realistic fluctuating velocities [18]. Details
on the implementation of this forcing mechanism, as well
as the strength of the linear forcing functions that lead to
DNS resolution, are included in Refs. [6,19]. As stated in
Ref. [6], compression of the initial flow field dissipates the
smallest scales first, and thus an initial condition with DNS-
like resolution guarantees that all of the turbulent scales are
well resolved throughout the subsequent compression. The
velocity field extracted from the linearly forced simulations
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FIG. 1. Dissipation of the mass-fraction variance for the five
different species simulated, compared against the target values used
by the linear forcing mechanism. ¢ is time and 7y is the eddy turnover
time.

is characterized by a turbulent Mach number M, ~ 0.4 and a
Taylor-scale Reynolds number Re; ~ 50. The TKE for this
velocity field has a value of kg = 2.2 x 10'* cm/s. Forcing
functions for the mass fractions are also used in the simula-
tions that generate the initial conditions. Rather than relying
on traditional approaches based on mean scalar gradients
[20,21] or low-wave-number forcing [22,23], a linear scalar
forcing function is used. This forcing function leads to a flow
field with an averaged mass fraction Y, that is constant in
time and uniform in space, and a fluctuating field ¥’ that is
statistically homogeneous. The linear forcing function is of
the form f£¥) = pc, Y/, and it is added to the right-hand side
of the transport equation for the mass fraction of species «.
The coefficient ¢, is given by

o= 35, (34)

2 Uga

—_—

where v, =YY, é’ is the mass-fraction variance and €,g,
given in Eq. (A7), is the dissipation of the mass-fraction vari-
ance. It is noted that this forcing procedure results in an initial
field in which mass-fraction fluctuations of separate species
are nominally uncorrelated, as is the case for nonpremixed
materials.

The scalar forcing function used is equivalent to the second
term in the forcing function introduced by Ref. [24]. The first
term in the forcing function of Ref. [24], which specifies a
target mass-fraction variance that the simulations ought to
reach, is neglected in the current forcing scheme for the sake
of simplicity. Additionally, rather than computing €, and v,y
after each time step to obtain cy, as is done in Ref. [24], only
Ugq 18 computed in between time steps and a constant target
value is used for €,,. Thus, the forcing function leads to a
fluctuating mass-fraction field with a variance dissipation that
ought to match the predetermined target value. The agreement
between the computed and target variance dissipations for the
current linearly forced simulations is shown in Fig. 1.

An iteration for the target values of the mass-fraction-
variance dissipation was performed until ./Use/Ys & 40%
for each species. The values for the constant Favre-averaged

mass fractions were computed using the molar fractions Xy =
0.03, Xp = 0.455, Xt = 0.455, Xc = 0.03, Xo = 0.03, which
aims to roughly mimic ICF fuel contaminated by ablator
components. The deuterium mass-fraction variance and the
tritium-oxygen mass-fraction covariance that followed from
this initialization scheme are vpp,o = 1.6 X 102 and UT0,0 =
—3.6 x 1072, respectively. Since the Schmidt number used
for all of the species is unity, the Batchelor scale ¢ = 1/Sc'/?
[25], which describes the smallest length scales of fluctuations
in scalar concentration, is equal to the Kolmogorov scale 7.
Thus, the grid resolution chosen to capture all the relevant
velocity scales is also appropriate for the mass-fraction field.

E. Results

The time evolution of TKE, mass-fraction variance of deu-
terium, and mass-fraction covariance of tritium and oxygen
is shown in Fig. 2, for various compression speeds. These
compression speeds are denoted by the initial value of the
shear parameter $* = Sk/e, where S = L/L. As in Ref. [1],
the evolution of the flow variables is plotted as a function
of the length of the domain L, instead of time, and thus
the plots in Fig. 2 are to be read from right to left. Only
the mass-fraction variance of deuterium is depicted in this
study, since the variances of the other four components in
the fluid mixture behave in a qualitatively similar manner.
Similarly, only one mass-fraction covariance is shown since
the evolution of the ten covariances is qualitatively similar for
the cases under consideration.

Figure 2(a) is to be compared with Fig. 1 in [1] and Fig.
3 in [6], which show the evolution of TKE for a single-
component incompressible flow and a single-component com-
pressible flow, respectively. We note that the parameters for
the single-component compressible flow (M; =~ 0.65, Re; =~
70) are relatively similar to those of the current multicom-
ponent compressible flow (M, ~ 0.4, Re, =~ 50). The com-
parison between these three flows shows that accounting for
multiple species with molecular weights that differ by up to
an order of magnitude does not lead to qualitatively different
TKE behavior. The sudden viscous dissipation still occurs for
the multicomponent fluid mixture, and this dissipation still
becomes more rapid as S is increased, in accordance with
the single-component results. An extensive examination of
TKE growth vs decay for different S, as well as the critical
value that demarcates these two regimes, has been previously
given in the literature (see, e.g., Sec. I B of Ref. [5] and Sec.
IV A1 of Ref. [6]). Oscillations in the TKE for the slowest
compression speed, which were attributed to oscillations in
the pressure dilatation in Ref. [6], are still observed.

Of more relevance to the current study, however, is the
demonstration that the mass-fraction variance also exhibits a
sudden viscous dissipation, as shown in Fig. 2(b). The sudden
viscous dissipation of variance and TKE occurs at similar val-
ues of L. Additionally, in accord with the TKE, the sudden vis-
cous dissipation of the mass-fraction variance becomes more
pronounced as the compression speed is increased. Figure 2(c)
shows that the mass-fraction covariance of tritium and oxygen
behaves in a similar manner to the mass-fraction variance, and
hence also exhibits the sudden viscous dissipation. It is noted,
however, that whereas the mass-fraction variance is positive
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FIG. 2. Evolution of (a) turbulent kinetic energy k, (b) mass-
fraction variance of deuterium vpp, and (c) mass-fraction covari-
ance of tritium and oxygen vro, for direct numerical simulations
of isotropic compressions. The subscript “0” indicates the initial
value. The 1/L? scaling in (a) follows from rapid distortion theory

(RDT) [26].

throughout the compression, the mass-fraction covariance is
negative. This is not revealed by Figs. 2(b) and 2(c) since
quantities have been normalized by their initial value. Equa-
tion (A4) derived in Appendix A shows that the evolution of
the mass-fraction variance is affected by its dissipation only.
Using Eq. (11) in Eq. (A7), the dissipation of mass-fraction
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FIG. 3. Evolution of (a) TKE dissipation and (b) mass-fraction-
variance dissipation, for direct numerical simulations of isotropic

compressions. The subscript “0” indicates the initial value.

variance for deuterium can be expressed as

_ 2 oY ov) (35)
€pp = —pU— ——.
pEDD Sc' ox; 0x;

On the other hand, the dissipation of TKE for a homogeneous
incompressible flow field [27] simplifies to

_ ouy, du,

€E=pu———.

P H ax,- 8x,~
Due to the similarity of Eqgs. (35) and (36), it is thus not
surprising that the sudden viscous dissipation mechanism first
demonstrated in Ref. [1] for homogeneous incompressible tur-
bulence also applies to the mass-fraction variance. Indeed, as
shown in Fig. 3, the dissipation of the mass-fraction variance
behaves in a similar manner to the TKE dissipation, which for

the current compressible flow is given by
pe = pwiw; + %/Ld/d/.

In the above, w} = €;du;/dx; is the fluctuating vorticity
vector, and d’ = du;/dx; is the fluctuating dilatation. For the
covariance of tritium and oxygen, the dissipation is given by
2 v avg
T %Yo
€r0o = —p———,
peto Sc’ ox; dx;

(36)

(37

(38)

063103-5



ALEJANDRO CAMPOS AND BRANDON E. MORGAN

PHYSICAL REVIEW E 99, 063103 (2019)

103

1024

100<

,_.
S
V)

UpD/UDD,0
=

102 108

FIG. 4. Evolution of (a) turbulent kinetic energy k and (b) mass-
fraction variance of deuterium vpp, for direct numerical simulations
of isotropic compressions. The vertical dashed line corresponds to
the point in time at which production and dissipation of turbulent
kinetic energy are equal. The diagonal dashed lines serve as fiducials,
with a slope of 2.8 in (a) and 3.3 in (b). The subscript “0” indicates
the initial value.

which also entails a product of gradients similar to those in
Eq. (37).

An alternate approach for visualization of the sudden
viscous dissipation of TKE and mass-fraction variance is to
plot the evolution of the profiles as a function of the shear
parameter, which is done in Fig. 4. As shown in Ref. [6],
Figs. 4(a) and 4(b) divide the compression history into two
regions, one dominated by TKE production to the right of
the dashed vertical line, and the other dominated by TKE
dissipation to the left. This vertical line denotes the point in
time at which TKE production equals TKE dissipation. As
shown in Fig. 4(b), no production of mass-fraction variance
is present to the right of the vertical dashed line, whereas the
dissipative decay does occur on the left-hand side. These two
figures also include fiducials as diagonal dashed black lines,
with a slope of 2.8 in Fig. 4(a) and 3.3 in Fig. 4(b). These
fiducials are used to gauge the rate of decay as a function of
S* of both k and vpp.

Additional direct numerical simulations of isotropic com-
pressions were carried out using different values for the
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FIG. 5. Evolution of (a) turbulent kinetic energy k, (b) mass-
fraction variance of deuterium vpp, and (c) mass-fraction covari-
ance of tritium and oxygen vro, for direct numerical simulations
of isotropic compressions. n is the power-law exponent, and the
subscript “0” indicates the initial value.

power-law coefficient, as was done in Ref. [4]. Results from
these simulations are given in Fig. 5, which shows again
that the TKE, mass-fraction variance, and mass-fraction co-
variance exhibit the sudden viscous dissipation. Additionally,
direct numerical simulations of an isotropic expansion were
carried out for multiple values of the initial shear parame-
ter, and results are given in Fig. 6. For this new case, the
sudden viscous dissipation mechanism is inactive, since the
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FIG. 6. Evolution of (a) turbulent kinetic energy k, (b) mass-
fraction variance of deuterium vpp, and (c) mass-fraction covari-
ance of tritium and oxygen vrg, for direct numerical simulations
of isotropic expansions. The subscript “0” indicates the initial
value. The 1/L? scaling in (a) follows from rapid distortion theory
(RDT) [26].

expansion leads to a continuous decrease of temperature and
thus the viscosity does not reach sufficiently large values to
suddenly precipitate the dissipative decay. As is the case for
simulations of compressed turbulence with various values of
S, the variance and covariance for these two new cases are of
opposite sign, and their normalized magnitudes evolve in an
equal manner. All three sets of simulations (compression with
varying S, compression with varying n, and expansion with

varying S;) are used in the following section to validate the
original and modified RANS formulations.

III. REYNOLDS-AVERAGED NAVIER-STOKES
MODELING

A. Governing equations for isotropic deformations

The Reynolds-averaged Navier-Stokes equations, which
are summarized in Appendix B for a generic flow, sim-
plify significantly for homogeneous turbulence with isotropic
deformations. For the mean flow, the density is given by
? = poL 3, where p,, is the initial averaged density, and the
averaged velocity is determined from the deformation tensor
G;; = 9u;/9dx;. For isotropic compressions and expansions
this tensor takes the form G;; = (L/L)B,- ;. The evolution of
the internal energy is given by

_de =G Ou; c _(2k)¥?

PE——P ii—Pa—xi-i- DP L
which follows from Eq. (B3). Since a uniform distribution for
the averaged mass fraction Y, is used as an initial condition,
Y,, remains constant and uniform across time and space, as can
be deduced from Eq. (B4). Additional relations for the mean
flow given in Appendix B 1 still hold.

Due to the isotropy of G;;, the Reynolds stresses are
modeled simply as 7;; = (2/3)k;;. Moreover, since both T
and Y, are uniform, the internal-energy turbulent flux given
by Eq. (B23) and the species turbulent flux given by Eq. (B24)
are both zero.

The transport equations for the turbulent variables also
simplify significantly for homogeneous turbulence with
isotropic mean-flow deformations. Foremost, only the dissi-
pative length scale /; is needed since the transport length
scale /; is used exclusively for the modeling of the deviatoric
component of the Reynolds stresses, which is zero for this
case. Additionally, due to the spatial uniformity of p, and the
fact that 7;; is equal to zero, the mass-weighted velocity fluctu-
ation does not appear in the internal energy equation, and thus
the equation for a; is not required. As a result, the transport
equations needed to simulate the isotropic compression and
expansion are

(39)

dk _ 216 o, @ (40)
di- 3 kk D L
dl 2
=4 = € V2k — ZCpaly G (41)
dt 3

duv, 2k

d;ﬂ = —~Ci2 = Vap. (42)

Out of the entire set of coefficients given in Eq. (B33), only
the following are now required:

Cp = 0.354,
Crg = 0.272,

Cy = 0.283,
Cy» = 0.849. 43)

B. Modifications to the k-I; model

The changes in the original k-I; model are based on pre-
vious modifications to the k-¢ model that led to improved
prediction of compressed turbulence. The first modification
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introduces an alternate form of the production term in the
transport equation for the dissipative length scale. We start
by noting that the traditional model for the TKE dissipation €
[28-30] contains the following production term:

de € 0u;

i Celkfz] ox, +--- (44
The coefficient C; is typically set to 1.44. Given the relation-
ship I; = Cp(2k)3/? /€, one can use the transport equations for
k and € to derive an equation for the length scale [31]. The
corresponding production term in the /; equation would be as
follows:

dly 3 c 1y ou; n 45)
Y [ T —
dt 2 )k ax;
This is the form of the production term that is used in
Refs. [9,10,31,32], albeit with different coefficients. The exact
transport equation for € [33] contains both an explicit dilata-
tional term and a deviatoric production term—this deviatoric
production depends solely on the deviatoric Reynolds stress
ri(]fl). Thus, Ref. [33] suggested the use of the following instead
of the original production in Eq. (44):
de € o, 2 ou,
(d) 1 k
— =—Cq-17; — — =C36 — +--- . 46
dt Yk ax, 3 o (56)
For the above, C.; = 2.0 so as to match the dilatational term in
the exact transport equation for dissipation. This replacement
of the traditional production then leads to the following in the

l; equation:
dla _ (3 .\ @la 0t
dr 2 )k ax;

2 ik
(1=Zes )i 47
( 3 3)daxk+ (47)

The decomposition of the production into isotropic and devia-
toric components as shown above allows for greater flexibility
in the k-I family of models. As shown in Ref. [10], a produc-
tion term of the form ;; (I, /k)du;/9x; in the [, equation is crit-
ical for the appropriate representation of Kelvin-Helmholtz
mixing layers. Instead of using the coefficient —(3/2 — C¢)
as shown in Eq. (45), the coefficient Cjpy = 0.272 was used
in Ref. [10] to obtain self-similar solutions. However, a single
production term with a coefficient Cj, for the I; equation as
in Eq. (45) does not allow for the accurate prediction of mean-
flow compression and expansion. With the decomposition
of production into deviatoric and isotropic components, the
coefficient Cjp,; can still be used for the first term on the
right-hand side of Eq. (47), and the coefficient C,3 can be used
in the second term on the right-hand side of Eq. (47). That is,

dla _ o a@la O ()
dt kaxj

= —Lnat;

Thus, the first term on the right-hand side above allows for
the self-similar solutions of the Kelvin-Helmholtz mixing
layer described in [10], and the second term on the right-
hand side above allows for accurate predictions of mean-flow
compressions and expansions.

The second modification to the k-/; model is the addition
of a variable-viscosity term in the /; equation. To improve

2 oy
— —Csa|ll;— +---. (48
3 €3)‘18)% (48)

predictions of isotropic rapid compressions, Ref. [34] sug-
gested the addition of the term (e /v)dv/dt to the dissipation
evolution equation, where v = u/p. This approach led to
time evolutions of the dissipation in agreement with a low-
Mach-number DNS, and is simpler than the three-equation
model formulated by Ref. [3]. Given an evolution equation
for dissipation that includes the variable-viscosity term, the
corresponding evolution equation for /; obtained from the
relationship I; = Cp(2k)*/? /e includes the additional term
—(lg/v)dv/dt.

Using the two modifications described above, the original
15 Eq. (41) is replaced by

dl, 2 lydv
B _ ook — (1= 205 ) 1Gu — 220 (9
I 1 ( 3 eS)d = (49)

Note the difference between the coefficients in front of the
second term on the right-hand side of Egs. (41) and (49),
namely, (2/3)Cjq vs [1 — (2/3)Cc3]. These two terms differ
not only in value but also in sign, i.e., 0.181 vs —1/3. Again,
it is noted that for a more general case in which shear is
also present, both Cjp; and Cc3 are used to model production,
according to Eq. (48). Additionally, we note that the two
modifications implemented in the /; evolution equation follow
from modifications to the evolution equation for the solenoidal
dissipation pe = pw]w;, where wj is the fluctuating vorticity
vector. For flows with large Mach numbers, the dilatational
dissipation [33,35] cannot be neglected. However, as stated in
[33], a simple model for the dilatational dissipation is Me.
Since for the current simulations Mr2 ~ 0.15, it is expected
that the dilatational dissipation would play a small role on the
overall statistics.

C. Results

Equations (39), (40), (41), and (42) constitute the original
k-1 formulation. For the modified k-I model, Eq. (41) is
replaced by Eq. (49). These ordinary differential equations are
integrated forward in time using a second-order Runge-Kutta
scheme, with initial conditions that are extracted from the
DNS.

Figure 7 shows predictions of TKE, mass-fraction vari-
ance, and mass-fraction covariance obtained with the original
(left column) and modified (right column) k- models, for
isotropic compressions with various initial values of S*. This
figure is thus meant to be compared against the DNS results
of Fig. 2. Figures 7(a), 7(c), and 7(e) demonstrate the poor
prediction of the original k-/ model given in Sec. IIT A. This
formulation predicts increasing values of TKE at all domain
lengths and for all compression speeds, and is thus unable
to reproduce the sudden viscous dissipation exhibited by the
DNS results. For the mass-fraction variance and covariance,
the original model predicts rates of decay that are not as
strong or rapid as those obtained with DNS. On the other
hand, the new version of the k-/ model from Sec. IIIB
gives significantly improved predictions compared to the
original formulation. This new model is able to capture the
sudden viscous dissipation of TKE, mass-fraction variance,
and mass-fraction covariance, for all compression speeds. A
perfect agreement with DNS is not achieved, since the sudden
dissipation is slightly sharper for the DNS than the model.
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FIG. 7. Evolution of turbulent kinetic energy k on the top row, mass-fraction variance of deuterium vpp on the middle row, and mass-
fraction covariance of tritium and oxygen uro on the bottom row, for RANS simulations of isotropic compressions. Left column, original k-1;;
right column, modified k-I;. The subscript “0” indicates the initial value. The 1/L? scaling in (a) and (b) follows from rapid distortion theory

(RDT) [26].

Nonetheless, the evolution of each &, vpp, and vrc profile, as
well as the overall trend exhibited as the compression speed
is varied, are both adequately reproduced. We do emphasize
that Eq. (42) is based on the k- model of Ref. [9], which is
intended for binary mixing and thus has neither been designed
nor formulated to capture covariances. As can be deduced
from Eq. (42), the same temporal evolution is obtained for
normalized variances and covariances Uyg/Uqg,0. For this
specific case, the model is in agreement with the DNS since
the evolutions of the normalized variance and covariance
extracted from the DNS are, although not exactly equal to
each other, almost identical.

Figure 8 shows TKE, mass-fraction variance, and mass-
fraction covariance predicted by the original (left column) and
modified (right column) k- models, for isotropic compres-
sions with various values of the viscosity power-law exponent
n. This figure is thus meant to be compared against the DNS
results of Fig. 5. As for the previous case, the evolution of
k, vpp, and vurc predicted by the original k-/ model does
not exhibit the sudden viscous dissipation mechanism; instead
all TKE profiles grow indefinitely at an equal rate and the
variance and covariance remain constant. On the other hand,
the the modified k-/ model is able to capture the sudden decay
in k, vpp, and vrc. As was the case for the simulations in
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right column, modified k-/,. n is the power-law exponent, and the subscript “0” indicates the initial value.

which the compression rate was varied, the k-/ models predict
the same evolution for normalized variance and covariance.
We note that the RANS simulations using the original and
modified k- models were both carried out up to the smallest
values of L that could be reached before encountering nu-
merical instabilities. This value of L for the n = 1.5 case is
L ~ 1.8 x 1073, which is about an order of magnitude larger
than that reached with the DNS, namely, L ~ 9.4 x 1073,
This, in part, explains why by this last instance in time the
TKE predicted by the new k-I formulation for the n = 1.5
case has not yet started to decay, as is the case for the DNS

shown in Fig. 5. Additionally, as previously stated, the sudden
viscous dissipation predicted by DNS is still slightly sharper,
or more abrupt, than that obtained with the new k-/ model.
Nonetheless, the trend exhibited by k, vpp, and vrc as the
power-law exponent is varied is appropriately captured by
the new model, and is entirely missed by the original k-I
formulation.

Figure 9 shows predictions of TKE, mass-fraction vari-
ance, and mass-fraction covariance, obtained with the original
(left column) and modified (right column) k- models, for
isotropic expansions with various initial values of S*. This
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(RDT) [26].

figure is thus meant to be compared against the DNS results
of Fig. 6. As for previous cases, the new model provides
improved predictions for k, upp, and vpc compared to the
original k-/ formulation. The DNS results of Fig. 6 show that,
for each flow variable, the three fastest expansion speeds lead
to the same profile evolution, and it is only the profile for
the slowest expansion that differs from the other three. This
behavior is reproduced with the new k-/ model, as shown
in Figs. 9(b), 9(d), and 9(f). On the other hand, Figs. 9(a),
9(c), and 9(e) show that the original k-/ formulation gives
dissimilar decay rates for each of the expansion speeds, and

these decay rates are too fast compared to the DNS results. A
shortcoming of the new k-I model for this case is that it does
not predict as large of a decay of upp and vrc compared to the
DNS, for the slowest expansion. Similar to the results shown
in Figs. 7 and 8, the models predict the same evolution for the
variance and covariance.

IV. CONCLUSIONS

An extension of previous work is carried out by sim-
ulating the sudden viscous dissipation mechanism of a
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multicomponent, rather than a single component, fluid. Di-
rect numerical simulations of a five-component mixture have
shown that the sudden viscous dissipation of TKE is essen-
tially unchanged for the multicomponent case when compared
against the single-species results reported in Refs. [1,6]. The
DNS data also shows that the mass-fraction variance and
covariance do exhibit a sudden viscous dissipative decay in
a similar fashion to that of the TKE.

The latest iteration in the family of k- RANS models,
which reproduces self-similar solutions of buoyancy-, shock-,
and shear-driven instabilities of relevance to ICF, has been
used as the baseline to be modified so as to improve predic-
tions of the sudden viscous dissipation. Thus, it is hoped that
these modified closures can eventually be used to perform
simulations of ICF capsules that simultaneously account for
fluid instabilities and the sudden viscous dissipation. The
modifications to the model developed in this paper consist
of an alternate length-scale production and the addition of a
variable-viscosity term. The modified length-scale production
results from splitting the original production into two terms,
one that depends on the anisotropy of the Reynolds stresses
rather than the full tensor, and another that follows from
the dilatational term present in the exact equation of the
TKE dissipation. The variable viscosity term, on the other
hand, is required so that the modeled transport equations can
directly capture unexpected viscous effects that result from
nonstandard viscosity models. Whereas the original baseline
k-1 model performs quite poorly at predicting the sudden
viscous dissipation of TKE and mass-fraction variance and
covariance, significantly improved agreement with DNS data
is obtained when both of the modifications previously de-
scribed are implemented. The RANS models also show that
the simple closure used for the dissipation of variance and
covariance leads to the same dynamical behavior for these two
quantities. Although for this case this is in agreement with
DNS, for other flow scenarios with alternate initial conditions
dissimilar models for the variance and covariance may be
needed.

As stated in Refs. [1] and [6], additional physical phenom-
ena such as alternate compression histories, complex transport
coefficients, nuclear reactions, and the dissipation of nontur-
bulent motions still need to be explored to reliably gauge
the utility of the sudden viscous dissipation mechanism for
ICF. For example, tabular equations of state for high-energy-
density regimes are needed to replace the currently used ideal
equations of state. A subset of simulations previously carried
out for a deuterium tritium mixture with the LEOS equation
of state [36] did not show notable differences for the sudden
viscous dissipation. Still, further simulations with complex
equations of state need to be carried out. Similarly, it is yet
unknown what effect a real-plasma model for the diffusive
flux that accounts for the Soret effect, barodiffusion, isotopic
separation, etc., would have on the sudden viscous dissipa-
tion mechanism. Nonetheless, the current work serves as a
further step in increasing the physical fidelity of simulations,
so as to continually build on the original work of Ref. [1]
for incompressible single-species turbulence. The inclusion
of multiple species now paves the way forward for future
simulations with multicomponent transport coefficients and
thermonuclear fusion reactions.
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APPENDIX A: EXACT TRANSPORT EQUATION
FOR MASS-FRACTION VARIANCE

The exact transport equation for the mass-fraction variance
Ugp = Yoﬁ/Yé’ is

0D Uqy 0D Uy pll;
PUap + PUap
ot 8)Cj
Y//a‘]ﬂl _Wa‘lal —Y// //ﬁ —ﬁm%
*Bx; Fdx £ o, *
)7 Yy 9
+J’ o +J(;13———(,0Y”Y” ”+Y J’ +Y J’ -

(AL)

The dissipation €, of the mass-fraction variance is defined as

4 Yy
0€ug = —J5 . -J —. A2
Peap = Bii Bx ! axi ( )

For homogeneous turbulence and spatially uniform values
of Y,, which is the case under consideration, Eq. (A1) be-
comes

v 07, 7 — 3T,

P~ * o, ax,

Given the model for the averaged diffusive flux in Eq. (B7),
the first and second terms in Eq. (A3) are equal to zero, and
thus

(A3)

dUalg
dt

= —€y8. (A4)

Since J(;’ i =Jai — .705,,-, the mass-fraction variance dissipation
can be written as
0 —J 8Y/ —J, aYﬂ/ AS)
€up = i—.
P€ap = Bi ax : o,i aXi (

Using the definition of the scalar diffusive flux in Eq. (7), the
above becomes

3Yy Y,

s DaY"’ aYﬁ/
€ — _
Peup = P ox; 8x,~

. A6
8)C,‘ 8)6[ ( )

Given the spatial uniformity of Y,,, the mass-fraction dissipa-
tion is finally expressed as

D 2 DaY, ol / (A7)
€up = —=
peap P ox; 0x;

APPENDIX B: REYNOLDS-AVERAGED NAVIER-STOKES
EQUATIONS FOR A GENERIC FLOW

1. The mean flow

In this section we summarize the equations that result
from averaging the multicomponent Navier-Stokes equations
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described in Sec. Il A. The transport partial differential equa-
tions for the averaged density, velocity, internal energy, and
species mass fraction are

dp | dpu;
dt ox; (B1)
dpu; n dpu;; __9 n aij 35%']'7 B2)
ot 0x; ox;  0x; 0x;
dpe  dpeu;
ot ij
_0u; L7 ou; L 8p = ot 8u Py Bul
P T i, VW ~ Wiy, Ty, Ty,
_ _(pe// H + u//Jp —u 1t1] + ‘1/) (B3)
0x;
8_170( 8_2;"1‘ 0T i 35@7
Pla ( TP7olli i I (B4
ot 0x; 0x; 8.Xj

For the above, 7;; = u” ! represents the Reynolds stresses.

The averaged fluxes are computed as follows:

— ~ 2 8uk
tij=2uSi;+ | B— zu | —3i, (B5)
37 ) oxi
oT
g, = —Kk—, (B6)
Bxi
_ ay,
Jui = —PD=2. (B7)
8xl~

Fluctuations of the transport coefficients are neglected. These
coefficients are computed using

= ry (B8)
m = Ho )"
/’Lgp
s B9
=5 (B9)
D= (B10)
pSc

Each species is treated as an ideal gas, and thus it is assumed
that averaged quantities satisfy

Pu = PuRaT, (B11)
R,

R, = s B12

e (B12)

. =CuaT, (B13)

hy = CpoT. (B14)

From the averaged properties of the individual species one can
obtain averaged quantities for the entire mixture using

=) 1.2 ZY Cuas (B15)
h="Yyha. 5,,=Zyacpa, (B16)
P=) Vabor Va= ‘;Y“. (B17)

Finally, additional relationships are

E=2+K+k, (B18)
&= tum (B19)
= 2“1141,
1 —
k= —ulu, (B20)
2
~  1/3u 9
== oui | ouj (B21)
2\dx; | ox

2. The k-21-a-v model

Due to the lack of closure in the mean-flow equations
of Appendix B 1, a turbulence model is required. The latest
iteration in the family [9,10,37,38] of k- models is used in
this study, namely, the k-2/-a-v model.

The turbulent fluxes are modeled using

2 - e
oTij = gpkfsij — Caev 241 (Sij — §Skk5ij>, (B22)
—~ oT
Bo! = -2 (B23)
/ Y 0x;
oY,
oY u! = —pD;—. (B24)
J 8)Cj

Note that for the above, y = ﬁp /5,,. The modeled turbulent
fluxes above depend on eddy transport coefficients, which are
given below:

= Cy,pV2kl;, (B25)
C
K = Her (B26)
Pr;
D, =2 (B27)
PS¢
The transport equations of the model are
opk  Opku; _ 0w _(2k)¥?
it =-—pt,— —C,
Bt + axi )OTJ E)xj bp ld
ad dk
— B28
* ax,-[(ﬁ W) o
opl,  oplu; l; au,
=Cnpv2k —C ;
o7 + ox, np 1200 Tij X 8xj
40 AL (B29)
ax [\, o
aply  plyt; lg 0u;
P = Chov2k — C Lt
» + ox; 1p 12d4PTij— k ox,
ad aly
— , B30
+ 3X,|:(M+N1d)3x,:| ( )
Bﬁa,» 8ﬁaiﬁi 2 8ﬁ _ VZk _ 8,0
4 S = G — G — — DTy
Jt 0x; ox; ly 0x;
0 e\ 9a;
— — |—, B31
+3xj[<M+Na)3xj} (B30
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RYn? 3y, Y,
PUgU —C B

=ttt 7

ad My avaﬂ
— — |— (B32
+ 8xi |:<M+Nv) 8xi i| ( )

Finally, the model’s coefficients have the following values:

351)055
+
ot ox;

Ciey = 16.67, C, =0.204, Pr, =0.060,
Sc; =0.060, Cp =0.354, C;; =0.283,
Ciy = —2296, Cpg =0.272, Cp=0.857,
C, =0.339, C,1 =46.67, C,, =0.849,
Ny =0.060, N, =0.030, N,z =0.030,
N, = 0.060. (B33)

The vector a; is used to model the mass-weighted
velocity fluctuation —u_g’ in the internal energy equa-
tion. Additionally, the dissipative term in this equation is
modeled as

ou _(2k)%/?
t/.—Lt =C,
H ij pp ld

, (B34)

so0 as to be consistent with the dissipative term in Eq. (B28).
The pressure dilatation term in the internal energy and TKE
equations is neglected. A model for b, which represents
the density—specific-volume covariance, is still needed—
the reader is referred to Refs. [9,10,38] for various
closures.
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