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CEA, DAM, DIF, F-91297 Arpajon, France

benoit-joseph.grea@cea.fr

Fabien S. Godeferd
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ABSTRACT
In order to characterize the turbulent mixing produced

at the fuel/ablator interface of compressed capsules relevant
to inertial confinement fusion (ICF), we perform direct nu-
merical simulations accounting for non-uniform transport
coefficients typical of plasma mixtures. It is shown that
during the implosion, mixing layers growths can be suc-
cessively determined by turbulence and molecular diffusion
depending on initial conditions. This phenomenon leads
eventually to the relaminarization of the layer, provoking
the sudden diffusion of heavy materials toward the center
of the capsule.

INTRODUCTION
A fundamental problem in inertial confinement fusion

(ICF) is to quantify the mixing produced from hydrodynam-
ics instabilities at the fuel/ablator interfaces which eventu-
ally deteriorate the capsule yield (Betti & Hurricane (2016);
Remington et al. (2018)). During the implosion, the ma-
terials enter a plasma state due to the extreme conditions
reached in order to achieve fusion.

The tremendous temperature increase implies very
strong temporal and spatial variations of viscosity and
molecular diffusion (Braginskii (1995); Ticknor et al.
(2016)), eventually having important consequences on the
mixing. It has already been shown by Weber et al. (2014)
that the viscosity growth leads to an enhanced dissipation
of small scales of turbulence developing in the fuel. Davi-
dovits & Fisch (2016) further ask if this mechanism, as oc-
curring suddenly, can be exploited in order to transform tur-
bulent kinetic energy into heat favoring fusion reaction. In
addition, Zylstra et al. (2018) suggests that there may ex-
ist implosion configurations where the molecular diffusion
appear to be the main ingredient explaining mixing.

However, the questions of how the variation of the
transport coefficients influences mixing zone dynamics and
whether it has to be accounted for in numerical simula-
tions are still pending. In order to investigate these effects,
we propose numerical simulations of variable density mix-
ing, using the plasma viscosity and diffusivity model from
Arnault (2013). We compare these results with constant
transport coefficients simulations, highlighting differences

in multiple quantities. Finally, we show how the diffusion
of the mixing layer is affected by the competition between
turbulent and molecular diffusion depending on the initial
Reynolds number.

SIMULATION SETUP
Our analysis starts from the compressible Navier-

Stokes equations(see Vold et al. (2015)) for momentum
ρUi, mass ρ , mass fraction of species α , Yα , temperature
T and n number density of particles in a Cartesian station-
ary reference frame . We consider a binary mixture between
deuterium-tritium (DT) and ablator (CH) governed by:

1
ρ
=

YDT

ρDT
+

YCH

ρCH

where ρDT and ρCH are respectively the microscopic densi-
ties of the light and heavy materials. They are defined as

ρDT =
nMDT

1+ZDT
and ρCH =

nMCH

1+ZCH

where Zα and Mα are the material ionization number and
atomic mass.

Following other works on isotropic compression (Ro-
gallo (1981), Cambon et al. (1993), Davidovits & Fisch
(2016)), we decompose the solution into a base flow and
perturbation. The base velocity UB

i is chosen as a compress-
ible background flow on the form:

UB
i (x, t) =−S(t)xi (1)

where the compression time rate S(t) is spatially uniform.
All the other base components can be characterised in a
closed analytical form, provided that we use some hypothe-
ses. In particular we study the case where the base den-
sity ρB is uniform in space and depend only on time. The
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time evolution of base flow temperature, pressure and den-
sity at the center of the domain is plotted in figure 1, to-
gether with R, the normalized size of the domain (that we
call compression parameter). These values are consistent
with those typically encountered in ICF application. Within
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Figure 1: Evolution of density, temperature and pres-
sure of the base flow at the center of the domain. In
black the evolution of the compression parameter R(t)
is also plotted.

this framework we can derive the following equations for
the perturbations.

∂tui +u j∂ jui−S(t)x j∂ jui−S(t)ui−=−∂iπ−π∂iθ + ...

−Π
B(x, t)∂iθ +∂ j

[
ν
(
∂ jui +∂iu j

)]
+ν
(
∂ jui +∂iu j

)
∂ jθ

(2)

∂tθ +
(
u j−S(t)x j

)
∂ jθ = ∂ ju j (3)

∂ ju j =−∂ j
(
D∂ jθ

)
(4)

(5)

where ui is the velocity perturbation, and where we
introduce the new variables : θ = log(ρ/ρDT ), the base
reduced pressure ΠB and the reduced pressure perturbation
π . The divergence of the velocity field is no longer zero
as classically in variable density approximation (Sandoval
(1995)). Equations 2 and 3 present inhomogenous and
forcing terms, coming from the base velocity field. Nev-
ertheless they can be eliminated using the rescaling of the
space,time, velocity, pressure and θ as shown in Viciconte
et al. (2018).

We solve these equations using a spectral collocation
method Orszag & Patterson (1972). The simulation is ad-
vanced in time using a third order Runge-Kutta TVD Got-
tlieb et al. (2001). The effects of the plasma transport co-
efficients are taken into account using the particle-ion-in-
jellium (PIJ) model, proposed by Arnault (2013), and fur-
ther validated in Ticknor et al. (2016). The viscous contri-
bution in the equation is taken into account implicitly, using
the GMRES iterative method (Stoer & Bulirsch (2013)). In
the following we use the overbar to indicate radial average
defined as :

Q =
∫ 2π

0

∫
π

0
Q(t,r,φ ,ψ)r2sin(φ)dψdφ

and the bracket to indicate volume average over the domain
defined as :

〈Q〉=
∫

Q(t,x)dV

Initial conditions

Figure 2: Initial contours of θ = log(ρ/ρ0).

In the configuration studied, the initial fuel/ablator in-
terface radius is fixed at 300µm. We specify a mean initial θ

radial profile by the Atwood number, At = ρCH−ρDT
ρCH+ρDT

= 0.08
and an initial mixing layer width 5µm.

Zero mean random perturbations of the velocity field
are added around the interface. They are characterized by
a typical length scale `0 and rms fluctuation u0. There-
fore, it is convenient to introduce the initial Reynolds num-
ber Re0 =

u0`0
ν

and an initial compression parameter Cp0 =
u0

`0S(0) .

TRANSPORT COEFFICIENTS EVOLUTION

Figure 3: Evolution of the viscosity and diffusivity co-
efficients. Top: Evolution of ν and D outside the mix-
ing layer during compression. DT and CH subscript
indicates respectively values in the pure light and
heavy materials. Bottom: Radial evolution of the av-
eraged value of the transport coefficients at R = 0.12.
Black: viscosity. Red: diffusivity.
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During the compression, viscosity and diffusivity val-
ues vary due to the composition of the mixing layer, temper-
ature and density. The transport coefficient temporal evolu-
tion is plotted at the top of figure 3. We observe that both
viscosity and diffusivity values increase during the com-
pression of almost three order of magnitude. Remark that
due to heavier material mixing with pure fuel at the cen-
ter of the capsule, νDT slightly decreases at the end of the
simulation.

The radial profiles, at R = 0.12, are shown at the bot-
tom of figure 3. The value of ν decreases of almost two
orders of magnitude inside the mixing layer when it goes
from light to heavy material. This difference grows dur-
ing the compression, reaching almost three orders of mag-
nitude. The evolution of D is the opposite. The diffusion
decreases when passing from pure CH to pure DT , but its
variation is not as important as for the viscosity.

RESULTS
First, we present the results from 5123 grid points DNS

with Re0 = 240 and Cp0 = 0.006, comparing simulations
with plasma transport coefficients (PC) and constant (CC)
ones. In the latter, we set ν and D to the νCH(t = 0), i.e.
the value of the viscosity in the heavy material at the begin-
ning of the simulation.
In figure 4, we present the comparison for θ contours, at
different times. Beginning with the same initial condition in
figure 2, we observe a striking difference between the two
simulations. In fact, at time (I) the growth of transport coef-
ficients already dissipates the small scales turbulent pertur-
bations in the PC case, while they are still present in the CC
simulation. This difference grows during the compression
with the relaminarization of the layer in the PC computa-
tion that become more and more important. At time (III),
no θ fluctuations are visible. In the case of CC simulation,
turbulence is the main factor acting on θ , dominating the
dynamics until reaching the minimum of the compression
(corresponding to (III)).

One point statistics
The evolution of the total kinetic energy is plotted in

figure 5 together with the variance of θ ′. Here, θ ′ = θ −θ ,
that is, the fluctuations of the perturbation with respect of
its mean radial value. At the beginning, in both simulations,
the dynamics of the flow is determined by compression ef-
fects, leading to an increase of kinetic energy. This phase
has been identified as a self similar regime in Viciconte et al.
(2018) and called rapid compression regime. After this rel-
atively short phase, CC and CP simulations start to differ.
In the PC simulation, the kinetic energy K increases up to
a point when the viscosity starts to affect the large scale of
the flow triggering the sudden dissipation effect (see (Davi-
dovits & Fisch, 2016)) after which, it enters a self similar
viscous regime. In the CC simulation kinetic energy goes
from the rapid compression regime to one where the non-
linear transfer are non negligible. This phase lasts until the
end of the simulation when even with constant transport co-
efficients viscous effects become important.

We observe that the sudden dissipation effect acts as
well on the scalar variance 〈θ ′θ ′〉. Dissipative phenomena
act earlier on the scalar field compared to the velocity one,
explaining the shift between the maximums. The smaller
values of 〈θ ′θ ′〉 during the compression in PC simulations

compared to CC ones suggest an enhanced mixing due to
plasma transport coefficients.

Mixing layer width evolution
One central question in this work is the impact of

plasma transport coefficients on the large scale behaviour of
the mixing layer. In order to answer it, we need to quantify
its growth. In this work we use the mixing layer width L, an
integral quantity defined as function of the radial averaged
mass fraction Y (r, t) (Andrews & Spalding (1990))

L(t) = 6
∫

Y (t,r)(1−Y (t,r))dr (6)

In figure 6 we plot the evolution of L for CC and PC sim-
ulations, together with the PC reference case without tur-
bulence i.e Re0 = 0. Three phases can be identified in the
mixing layer evolution for PC computation. At first turbu-
lent diffusion dominates, and L grows similarly in PC and
CC simulation, suggesting that transport coefficients have
little effects. Later around R = 0.5, the two results start to
differ. In this second phase the increase of viscosity and
diffusivity increase the dissipation of turbulent fluctuations
which entail the decrease of the turbulent diffusion, which at
this point is still the dominant effect. This is the first effect
of the transport coefficients on the mixing layer. In the third
phase, around L = 0.08, the influence of the transport coef-
ficients became dominant and they act at the mixing layer
length scale. In fact this is the phase in which the results of
the two simulations differ considerably.

Mixing quantification
In order to measure the mixing of heavy materials at

the center of the capsule and identify how it is related to
plasma transport coefficients, we introduce the following
integral:

IC(t) =
∫ Rc

0
YCH(x, t)dV (7)

Rc is an arbitrary radius that we fix as the radius of the cap-
sule. The results are plotted in figure 7. The trends of the
mixing integrals follow that of the mixing zone width shown
in figure 6. At the beginning the two results are on top of
each other. Then after a second phase where the integral
from CC simulation has a greater value than the one from
PC data, there is a sudden diffusion phase where the mixing
integral from PC simulation grows considerably, reaching
almost twice the value of the result from the CC case .

Radial profile
In order to have more information on the spatial struc-

ture of the mixing layer, we look at the radial profiles of
different quantities. In figure 8 we plot the heavy material
mass fraction profile YCH at three different moment during
compression. At the beginning, at R = 0.12 and at R = 0.05
. From the same initial condition the two profiles evolve
differently during the computations. In fact, we observe
how in figure 8b the two profiles differ because the mix-
ing layer in the constant coefficient simulation has been dif-
fused more, thanks to the turbulence diffusion which is less
intense in the PC simulation. Eventually at the end of the
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Figure 4: Comparison of contours of θ at three instants during compression. (I) at R = 0.5, (II) at R = 0.08, (III)
at R = 0.08. Top evolution: with plasma transport coefficients (PC). Bottom evolution: with constant transport
coefficients (CC).
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Figure 5: Evolution of the turbulent kinetic energy and
〈θ ′θ ′〉, normalized with the initial kinetic energy, as
function of the compression parameter L. The contin-
uous lines represent the case of plasma transport co-
efficients (PC). The dashed lines are for the constant
case (CC).

compression, in figure 8c, we see that not only the mix-
ing layer is wider for the PC simulation, but that the heavy
material has moved toward the center of the domain. To
confirm the difference in turbulent diffusion, we look a the
profile of kinetic energy at the same instants as in 8, together
with the radial variation of θ ′θ ′. They are plotted in figure
9. The profile of K at R = 0.12 in figure 9b explain the
difference that we see in 8b. In fact the values of kinetic en-
ergy for the CC simulation is greater than PC compression,
implying a greater turbulent diffusion.

In figure 9c at the time of maximum compression, due
to enhanced transport coefficients values, we observe that
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Figure 6: Evolution of the mixing layer width as func-
tion of the compression parameter R. Here L is nor-
malized by the initial radius of the sphere. The contin-
uous black line for the case of plasma transport coef-
ficients (PC). The black dashed line is for the constant
case (CC). The continuous green line is the reference
case Re = 0

the fluctuations in the velocity as well as in θ fields have
been dissipated. This is consistent with the data in figure 5
and the CC contour in 4.

In the simulation with plasma coefficients, we observe
that the scalar variance peak move towards the center while
the peak of kinetic energy moves towards the heavy mate-
rial. This is due to the different behaviour of the transport
coefficients in the mixing layer shown in figure 3.
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Figure 7: Evolution of the mixing integral value as
function of the compression parameter R. Here IC are
normalized using their initial values. The continuous
black line for the case of plasma transport coefficients
(PC). The black dashed line is for the constant trans-
port coefficients case (CC).

INITIAL CONDITION INFLUENCE
In this section, we wish to evaluate the effect of ini-

tial Reynolds number on the diffusion of the mixing layer.
We perform a simulation at a lower initial Reynolds number
Re0 = 60. In the this case, the initial strong turbulent dif-
fusion phase is absent, and the mixing layer growth is less
intense than the previous computation. But in this case the
sudden diffusion phase begin early . So that the difference
between the mixing layer width in PC and CC simulations,
in the final stage of the compression, is more important than
in the previous cases. We remark the final size of the mixing
layer in the case of the two PC simulations is the same and
is consistent with the result at Re = 0.

CONCLUSIONS
In this work, we quantify mixing in imploding cap-

sule relevant to idealized ICF configurations using direct
numerical simulations accounting for plasma transport co-
efficients. Mixing zones originating from hydrodynamics
instabilities at the fuel/ablator interfaces and transporting
heavy materials toward the center evolve either by turbu-
lent or physical diffusion. On the one hand, the tremendous
viscosity growth during the compression decreases signif-
icantly turbulent diffusion. On the other hand, a sudden
diffusion of the layer can be observed as the physical diffu-
sivity overcome the turbulent one. Implementing transport
coefficients in ICF simulation at low Reynolds number is
therefore important to predict correctly the mixing.
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(a) R = 1 (b) R = 0.12 (c) R = 0.05

Figure 8: Heavy element (CH) radial averaged mass fraction YCH at three moments during compression. Continuous
line for the PC simulation, dashed dotted line for the CC simulation.

(a) R = 1 (b) R = 0.12 (c) R = 0.05

Figure 9: Radial profiles of the variance of θ (top) and kinetic energy (bottom), at three moments during compres-
sion. Continuous line for the PC simulation, dashed dotted line for the CC simulation.
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Figure 10: Evolution of the mixing layer width as
function of the compression parameter R, for two dif-
ferent initial Re. Black lines : Re = 260 continuous
line for the case of plasma transport coefficients (PC),
dashed-dotted line is for the constant case (CC). Red
lines : Re = 60 continuous line for the case of plasma
transport coefficients (PC), dashed-dotted line is for
the constant case (CC). The continuous green line is
the reference case Re = 0
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