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Résumé

Résumé

Les mélanges turbulents jouent un réle prépondérant dans I’évolution des étoiles. Ils sont no-
tamment nécessaires pour expliquer 1'abondance de certains éléments ou pour rendre compte
de la dissipation du moment angulaire observée dans certaines étoiles. Ces mélanges turbulents
sont générés et entretenus par différents mécanismes : de la rotation aux instabilités magné-
tiques et au cisaillement. Parmi ces différents processus, les instabilités convectives de Rayleigh-
Taylor ont déja fait I’objet de nombreuses études théoriques, expérimentales et numériques.

Cependant, la majorité de ces études se limitent a des situations ot les effets radiatifs sont
absents. Au contraire, dans les étoiles, la prise en compte du rayonnement est essentielle : ce
dernier est généralement plus efficace pour transporter les fluctuations de température que les
mouvements turbulents eux-mémes. La comparaison de ces deux modes de transport se fait
a l'aide d’un nombre sans dimension appelé nombre de Péclet. Les mélanges turbulents des
intérieurs stellaires impactés par 'instabilité de Rayleigh-Taylor sont alors caractérisés par un
petit nombre de Péclet, inférieur a un.

L'objectif de ce travail est d’étudier les écoulements de mélanges turbulents générés par
l'instabilité de Rayleigh-Taylor en présence de rayonnement, dans les limites des faibles nom-
bres de Péclet. En particulier, le résultat majeur concerne la dérivation et la validation d"un
modele de turbulence de type RSM (Reynolds stress model) qui prend en compte les effets de
mélange et qui soit adapté aux écoulements compressibles radiatifs dans la limite des faibles
nombres de Péclet.

Mots-clés: astrophysique, étoile massive, turbulence stellaire, mélange thermohaline, nombre
de Mach turbulent, nombre de Péclet turbulent, écoulement compressible, transfert radiatif,
limite de diffusion, analyse asymptotique, simulations DNS et RANS, modele RSM, instabilité
de Rayleigh-Taylor, analyse linéaire de stabilité, instabilité “fingering”, instabilité “oscillatory
double-diffusive”

iii



Abstract

Abstract

Turbulent mixing plays a preponderant role in the evolution of stars. In particular, they are
necessary to explain the abundance of some elements or to account for the dissipation of angu-
lar momentum observed in some stars. These turbulent mixing are generated and maintained
by various mechanisms: from rotation to magnetic instabilities and shearing. Among these
different processes, Rayleigh-Taylor convective instabilities have already been the subject of nu-
merous theoretical, experimental and numerical studies.

However, most of these studies are restricted to situations where radiation is absent. On the
contrary, in stars, the consideration of radiation is essential: the latter is generally more effective
in transporting temperature fluctuations than the turbulent motions themselves. The compari-
son of these two modes of transport is done using a dimensionless number called Péclet number.
The turbulent stellar mixing impacted by the Rayleigh-Taylor instability is then characterized by
a small number of Péclet below one.

The aim of this work is to study turbulent mixing flows generated by Rayleigh-Taylor insta-
bilities in the presence of radiation, within the limits of low Péclet numbers. In particular, the
major outcome deals with the derivation and the validation of a RSM (Reynolds stress model)
type of turbulence model accounting for mixing effects and adapted to radiative compressible
flows within the small Péclet limit.

Keywords: astrophysics, massive star, stellar turbulence, thermohaline mixing, turbulent Mach
number, turbulent Péclet number, compressible flow, radiation transfer, diffusion limit, asymp-
totic analysis, DNS and RANS simulations, RSM model, Rayleigh-Taylor instability, linear sta-
bility analysis, “fingering” instability, “oscillatory double- diffusive” instability
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Introduction

Within stellar interiors, turbulent zones can appear under the action of a wide variety of mech-
anisms, ranging from shear and rotation to convection and double diffusion [Chandrasekhar,
1960, Prialnik, 2000]. The development of these turbulent zones usually entails the transport
and mixing of elements that would have otherwise remained segregated and confined within
bounded regions of the star. Through these effects, turbulence can have a lasting influence over
the whole stellar evolution cycle. Among others, it can affect the life expectancy of stars, im-
pact the observations susceptible to be made from Earth, and modify the abundance of some
elements [Charbonnel & Zahn, 2007, Spiegel, 1969, Stevenson, 1982].

A distinct feature of stellar turbulent mixing zones stems from their interaction with radia-
tion. In stellar interiors, the radiative field is in local equilibrium with the surrounding plasma
and obeys the diffusion approximation. As a result, heat transfer is the sum of a thermal con-
duction term and of a radiative diffusion term. The latter is order of magnitudes higher than the
former. It is so high that the Prandtl number, Pr, defined as the ratio of the viscosity to the sum of
the thermal and radiative diffusivities, can reach values much smaller than one. Small-Prandtl-
number fluids are certainly not uncommon on Earth. Liquid metals, such as those found in the
Earth’s core or in some nuclear reactors, exhibit Prandtl numbers ranging from 10~! to 107°.
However, these values remain much higher than those found in stellar interiors. For instance,
in the radiative zone of the Sun, Prandtl numbers can become as small as 10~°. This difference
in Prandtl numbers is not merely quantitative: It also changes the context into which turbulent
convection takes place.

Along with conduction and radiation, turbulent convection is the third major process that
is involved in the transport of heat. Its efficiency with respect to the other two processes can
be weighed by the turbulent Péclet number, Pe;. This nondimensional number compares the
diffusivity of turbulent eddies, estimated from their typical size and velocity, to the sum of the
thermal and radiative diffusivities — which, in our case, is essentially the radiative one.
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Introduction

Thus, in a stellar context, a small Péclet number indicates that radiation is much more ef-
ficient than turbulence at transporting heat, while a large Péclet number implies the contrary.
Whether the Péclet number is small depends on the value of the Prandtl number, Pr, of the fluid.
It also depends on the Reynolds number, Ret, of the flow. Indeed, given its definition, the Péclet
number is equal to the Prandtl number multiplied by the ratio of the turbulent diffusion to the
plasma viscosity, which is nothing more than the Reynolds number Re;:

Pet=Pr-Ret

Therefore, a small Péclet number can only be achieved provided the Prandtl number is much
smaller than the inverse Reynolds number Pr < Re, 1. This is where the difference between the

Prandtl numbers observed in stars and in liquid metals comes into play. Indeed, fully devel-
oped turbulence is usually attained for Reynolds numbers larger than 10%. As a result, in liquid
metals, one can hardly combine a fully developed turbulent state with a small Péclet number.
By contrast, with Prandtl numbers as low as 10~°, turbulence with high Reynolds and small
Péclet numbers can exist in stellar interiors. And indeed, according to current state-of-the-art
stellar simulations [Paxton et al., 2013, 2019], turbulent mixing zones with small Péclet numbers
are predicted to occur in most mid-sized and massive stars in their main sequence phase, their
red-giant one, or both. As an example, at the frontier of the radiative core of a red giant of one
solar mass, a turbulent mixing zone generated by a double-diffusive thermohaline instability
is predicted to possess at its onset Péclet numbers on the order of 107> — 10! and Reynolds
numbers around 10° — 107.

The existence of such mixing zones raises a challenge in terms of turbulence modelling. In-
deed, while statistical closures for high-Péclet turbulence are well established and widespread,
this is not the case for their small-Péclet-number counterparts. To date, most efforts addressing
this issue have been circumscribed to the concept of “mixing length” introduced nearly a cen-
tury ago by Prandtl [1925] and adapted for stellar convection [Biermann, 1932, Bochm-Vitense,
1953, 1958, Cox & Giuli, 1968]. This type of closure is in practice the one that is almost exclu-
sively implemented in stellar evolution codes. A notable exception is the Reynolds stress model
(RSM) proposed by Canuto [2011a,e], which usage remains unfortunately marginal. But inde-
pendently from the particular modelling framework retained, a common point of these works
lies in their attempt to capture the scaling of turbulent quantities in the limit of infinitely small
Péclet numbers. This asymptotic limit is indeed one of the essential building blocks on which
statistical models can be derived to deal with small Péclet turbulence. More precisely, the limit
of infinitely small Péclet numbers is a singular limit of the Navier-Stokes equations. By apply-
ing an asymptotic analysis, a simplified approximation of the real flow can be formulated in
which temperature fluctuations equilibrate instantaneously with their environment. This ap-
proach is similar to the one used for dealing with small turbulent Mach numbers, M;. In that
case, an asymptotic analysis allows us to derive an approximation of the real flow, called pseu-
docompressible, anelastic, or Boussinesq-Oberbeck, in which acoustical phenomena equilibrate
instantaneously [Botta ef al., 1999, Durran, 1989, Gough, 1969, Shirgaonkar & Lele, 2006, Soulard
et al., 2012, Spiegel & Veronis, 1960]. Small Péclet approximations are usually considered jointly
with their small-Mach counterparts, which they complete and modify. This joint limit is ap-
propriate for stellar turbulent flows which are in effect characterized by small turbulent Mach
numbers, M;.
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Several works [Feireisl & Novotny, 2009, Lignieres, 1999, Novotny et al., 2011, Spiegel, 1962]
have thus been devoted to the study of the small Péclet-small Mach number limit, hereafter
referred to uniquely as the small-Péclet-number limit in order to alleviate notations. However,
some elements in these previous studies may not be fully adapted to the treatment of stellar
turbulent mixing zones. For instance, in Spiegel [1962] and Lignieres [1999], an isovolume
Boussinesqg-like assumption is made prior to the asymptotic analysis, instead of being derived
from it. The outcome of the analysis is consequently limited to small depth motions in addi-
tion to small Mach numbers [Spiegel & Veronis, 1960]. In Novotny et al. [2011] and Feireisl &
Novotny [2009], a complete asymptotic analysis is conducted. However, the authors enforce a
static reference state, while for turbulent applications, a mean varying state would be preferred.
Besides, the analysis is restricted to perfect gases. But most importantly, none of the mentioned
studies accounts for the presence of mixing, while it is one of the key aspects of stellar turbulence
that needs to be dealt with. Therefore, an adaptation of existing small-Péclet-number asymptotic
analyses is required for stellar applications, and elements of validation need to be provided. An-
other point that requires some clarification is the way a small-Péclet-number approximation can
be used to derive statistical turbulent closures. The outcome of small-Péclet-number asymptotic
analyses are expressions for the fluctuations of the velocity divergence and of the conduction
term, as well as an order of magnitude for the pressure and temperature fluctuations. All of
these elements impact the evolutions of the fluctuations of thermodynamical variables, such as
density or temperature. They should consequently be accounted for in the formulation of any
statistical model following the correlations between these variables and aiming at dealing with
small-Péclet flows.

Hence, this study consists in deriving and validating a RSM turbulence model account-
ing for mixing effects and adapted to radiative compressible flows within the (Pe; < 1) limit.

First and foremost, the aim of the initial chapter is to characterize the properties of the turbu-
lent mixing zones arising during stellar evolution. In particular, we focus on the estimation of
orders of magnitude of the dimensionless numbers related to velocity fluctuations and molec-
ular transport which notably arises from radiative transfer. To this purpose, we perform the
simulations of a 1 My, a 5 My and a 75 Mg, stars, corresponding respectively to a low-mass,
an intermediate-mass and a massive star, with the open-source astrophysical code MESA. The
latter is chosen as it solves stellar structure equations including radiative diffusion as well as
chemical transport. The three configurations will then allow to highlight the role played by the
velocity fluctuations extracted from Prandtl [1925]'s models and the radiative diffusivity in the
localization and the characterization of the turbulent zones evolving within (M; < 1 ; Pe; < 1)
regimes.

The second part is dedicated to the study of the behaviour of hydro-radiative flows evolv-
ing in the limit of small Péclet numbers. The idea is to use an asymptotic analysis relying on
infinitely small turbulent Mach and radiative Péclet numbers, treated both jointly, among the
orders of the dimensionless numbers estimated in the first section. It is worth noting that the
limit of infinitely small Péclet numbers is a singular limit of the Navier-Stokes equations. And
by applying an asymptotic analysis, a simplified approximation of the real flow can be for-
mulated in which temperature fluctuations equilibrate instantaneously with their environment.
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This approach is, in fact, similar to the one used for dealing with small turbulent Mach num-
bers M;. In that case, an asymptotic analysis allows to derive an approximation of the real flow,
called pseudo-compressible, anelastic or Boussinesq-Oberbeck, in which acoustical phenomena
equilibrate instantaneously (see Soulard et al. [2012]). It stems from the turbulent characteristic
velocity being much smaller than the sound-crossing time. Hence, the simultaneous treatment
of both limits allows the study to be fully adapted to the treatment of stellar turbulent mix-
ing zones. Its impacts will regard several points. First, it will set the orders of magnitude of
temperature and pressure fluctuations. Secondly, it will give rise to closures, suitable to RSM
turbulent modelling, as asymptotic expressions for the fluctuating divergence and conduction
terms. Thirdly, it will modify the stability criterion of a mean stratification. The latter will all
be validated, along with the initial conditions of the asymptotic analysis, by performing stably
stratified radiative Rayleigh-Taylor DNS simulations.

The third chapter deals with the adaptation of a (M; < 1) turbulent RSM model to the
(Pe; < 1) limit, and its validation in “all Péclet” asymptotic regimes. The outcomes of the pre-
vious (M < 1; Pey < 1) asymptotic approach are one of the essential building blocks upon
which statistical models can be derived to deal with small Péclet turbulence. The way a small
Péclet number approximation can be used to derive statistical turbulent closures is explained as
follow. The outcome of small Péclet number asymptotic analyses are expressions for the veloc-
ity divergence and the conduction term, as well as an order of magnitude for the pressure and
temperature fluctuations. Since all of these elements impact the evolutions of the fluctuations
of thermodynamical variables, such as density or temperature, they will consequently be ac-
counted for in the formulation of the statistical model following the correlations between these
variables and aiming at dealing with small Péclet flows. Hence, the validation of the model will
use the closures derived in the asymptotic analysis and will rest upon the radiative Rayleigh-
Taylor DNS simulations already studied and taken as reference.

In the last part, the aim is, firstly, to study the linear stability of stratified equilibria of bi-
nary mixtures under a gravitational field and, secondly, to improve the weighted “all Péclet”
blending model proposed in the third part. In this way, a linear stability analysis based on an
isothermal quasi-homogeneous approach is applied to the hydro-radiative governing equations.
It will allow to derive stability criteria within all Mach, small Mach and small Mach-small Péclet
regimes that involve viscosity, scalar diffusion and radiative conduction effects. In particular,
the impacts of these latter on different flow configurations are emphazied through numerical
resolutions, along with the characterization of “oscillating” and “non-oscillating” modes, high-
lighted using quasi-transverse approaches. In particular, the role played by the compressibility
and the visco-dissipative coefficients on the stability of the flow field will be discussed. As for
the model blending, its improvement will lie on the use of the stability condition found with the
(M¢ < 1) dispersion relation. Indeed, by proceeding to an analogy regarding visco-diffusive
contributions between the compressible radiative Navier-Stokes system and the turbulent RSM
one, which both deal with binary radiative Rayleigh-Taylor mixtures, the behaviour of turbu-
lent quantities will be assumed to be equivalent to their Navier-Stokes analogs. Ultimately,
this method may provide a better suited transition parameter that bridges the range between
asymptotic Péclet regimes.
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ionic thermal conductivity

matter thermal conductivity

radiative thermal conductivity

wavelength related to the linear perturbation
mean free path of photons

convective mixing length

mixing length

thermohaline mixing length

mean molecular weight (equivalent molar mass)
dynamic or shear viscosity

turbulent diffusivity

kinematic viscosity

viscosity tensor

density of the gas

specific volume of the field

characteristic turbulent time

inverse Lewis number

stellar dynamical timescale

stellar nuclear timescale

characteristic reaction time

stellar evolution timescale

stellar thermal (or “Kelvin-Helmholtz”) timescale
thermal diffusivity

radiative diffusivity

characteristic turbulent frequency

complex frequency related to the linear perturbation
circular frequency related to the linear perturbation
growth rate related to the linear perturbation
weighting function of the blending model

electron-radiation exchange term

Constant Symbol Value SIunit CGS unit
Solar mass M, 19891 10°kg 10¥¢g
Solar radius Ro 69598 10°m 10'° cm
Solar luminosity Lo 38515 10%Js! 10" ergs™!

Table A — Astronomical constants from C. Caso [1998].



List of symbols

Fundamental constants:

Constant Symbol Value SI unit CGS unit

Speed of light , 2.997 92458 10°m.s~! 101 cm.s~!
Gravitational constant G 6.672 59 10" mlkgts2 108 cmdgls?
Boltzmann constant kg 1.380 658 1072 JK! 10" erg K !

Stefan Boltzmann constant 0SB 5.670 51 108 m2s1K™* 10°ergem 2s LK™
Radiation constant aR 7.564 6 107 m 3K 10" erg.em 3. K™
Avogadro number Na 6.0221367  10% mol ! 10% mol !

'H atom mass my  1.6735344 10 % kg 107 g

Ideal gas constant R 8.314 510 10° J.kg LK1 107 erg.g LK

Table B — Fundamental constants with ag = 40sg/cy, myg = 1/ N and R = kg/my from Cohen & Taylor
[1987a, 1995, 1987b].

Unit symbols:
CGS Usual CGS Equivalents
quantities symbols units in SI units
Position, length x, cm 102 m
Mass g 10-° kg

cm.s~! 102 m.s?

Gal (=cm.s?) 1072 m.s2

dyn (=gems™2) 107°N

erg (=gem?s™?) 1077] (z kg.m2.5*2>

m
Velocity \4
a
f
E
Power P erg.s ! 107 W
P
Iy

Acceleration
Force

Energy

Pressure Ba (= g.cm_l.s_z) 107! Pa

Dynamic viscosity P (=gem's™!) 107! Pas

Kinematic viscosity vy St (=cm?s™!) 1074 m2s!
Time t s 1s
Temperature T K 1K

Molar mass M g.mol ! 1 kg.mol

Table C — CGS and SI units of usual quantities.
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List of symbols

Stellar isotopes:

Atomic number Element Atomic mass Initial Solar
Z A composition
1 H 1 6.999 999 999 999 996 2 x 10~}
D 2 0
2 He 3 2.979 763 525 113 860 4 x 10~
4 2.799 702 023 647 487 3 x 107!
3 Li 6 0
7 1.382 164 456 646 894 4 x 1078
4 Be 9 2.365 695 637 446 254 8 x 10710
6 C 12 3.495 153 653 574 1319 x 1073
13 4.242 674 968 419 376 9 x 10~°
7 N 14 1.032 206 117 859 104 8 x 103
15 4.065 070 828 640 580 4 x 10~°
8 O 16 8.552 447 874 100 123 4 x 1073
17 3.389 296 467 143 779 9 x 10~°
18 1.929 785 274 002 505 5 x 10>
9 F 19 7.548 397 077 763 601 2 x 107
10 Ne 20 1.734 857 398 108 492 6 x 1073
21 4.367 048 660 566 071 0 x 10~°
22 1.403 184 362 329 398 6 x 10~*
11 Na 23 4.371 918 939 278 856 1 x 10>
12 Mg 24 8.253 943 857 640 752 2 x 10~*
25 1.088 835 049 467 064 4 x 104
26 1.245 691 377 843 899 0 x 10~*
13 Al 27 8.321 549 675 386 420 8 x 10~°
14 Si 28 9.137 143164 8010171 x 104
29 4.805 344 954 247 566 2 x 107°
30 3.276 726 835 098 454 7 x 107>
15 P 31 8.712 272 916 529 238 9 x 10~ °
16 S 32 4.383 344 319 351 6133 x 1074
33 3.568 028 864 112 964 2 x 10~°
34 2.339 770 121 091 554 0 x 103

Table D — Initial Solar abundances of stellar isotopes in mass fractions from Asplund et al. [2009].
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Properties of stellar turbulent mixing
zones

Come with me home.
The stars rise, the moon bends her arc,
Each glowworm winks her spark,
Let us get home before the night grows dark:
For clouds may gather
Though this is summer weather,
Put out the lights and drench us through;
Then if we lost our way what should we do?’

CHRISTINA ROSSETTI
Poems and Prose: Goblin Market
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1.1. Introduction

1.1 Introduction

In the introduction of the manuscript, we argued that turbulent mixing zones with small Péclet,
small Mach and high Reynolds numbers could be formed in stars. The purpose of this chapter
is to defend and illustrate this assertion. To this end, we propose to perform simulations of the
evolution of several stars with the open-source one-dimensional stellar-evolution code called
MESA.

Before that, we first recall in Sec. 1.2 the general principles allowing to derive stellar evolu-
tion equations, such as those solved in MESA. Then, in Sec. 1.3, we describe how turbulence is
generally accounted for in stellar evolution simulations. Finally, in Sec. 4.10, we perform simu-
lations for three different stars, a low-mass star of mass 1M, an intermediate-mass star of mass
5M, and a massive star of mass 75M,, with the notation M, corresponding to one “solar mass”
in astrophysical units. We then extract non-dimensional numbers from these simulations and
discuss their significance.

1.2 Stellar structure equations

Our understanding of stellar structure is based on the pioneering works of Lane [1869], Schwarzschild
[1906] and Eddington [1916], among others, who provided the foundations of stellar evolution
theories. They were the firsts who considered stars as spherical systems of mass M and radius

R obeying a mechanical and thermal equilibrium. A more recent and updated account of these
works can be found in the books of Maeder [2009], Chandrasekhar [1957, 1960] and Prialnik
[2000].

1.2.1 Conservation of mass, momentum, energy and mass fractions

Assuming the spherical symmetry of the star, stellar structure equations are derived by consid-
ering the conservation of mass, momentum, energy and species mass fractions for an infinitely
thin spherical shell located at a given radius r(t) that moves in a Lagrangian fashion. Instead of
r, one may also choose to identify the shell position with the value of the mass it encloses:

r(t) r(t)
m(t) =/ dm = 4mr?p(x, tydx (1.1)
0 0

with p(r, t) the value of the density at radius r and time t. The interest of this change of variable
lies in the fact that m has a bounded range of variation:

0 <m(t) <M(t) < Mjni. ,

with M(t) and My respectively the total and the initial mass of the star. The radius r(t) also
appears to be bounded since:
0 <r(t) <R() ,

but the stellar radius R(t) can increase or decrease by several orders of magnitude during the life
of a star.
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Chapter 1. Properties of stellar turbulent mixing zones

When deriving the mass, momentum, energy and mass fraction conservation equations, one
has to account for the time variations of the radius r of the spherical shell, of its density p, of
its total energy E and of the value of the mass fractions c, of its N species. However, these
variations occur on widely different timescales and significant simplifications can be brought to
the overall system. In particular, the dynamical timescale T4y, and the thermal timescale txy
are much smaller than Tar, the typical lifespan of a star:

Tclyn. ~\ R3/ (G : M) < Tstar and TKH ™~ G- MZ/ (R ' Lstar) < Tstar

where G is the gravitational constant and L, is the luminosity of the star.) As an illustration,

for a star of one solar mass, Tdyn. 18 10'* times smaller than Ts,, while txgy is 102 times smaller
[Maeder, 2009].

The smallness of the dynamical and thermal timescales allows one to neglect the time deriva-
tives of 1, p and E appearing in the conservation equations of mass, momentum and energy. In
other words, a hydrostatic and thermal equilibrium is assumed to be reached within the star.
Any departure from this equilibrium is damped either on a timescale T4y, or a timescale Tk
which are both negligible compared to typical stellar ages.

By contrast, the stellar chemical composition is modified by nucleosynthesis, and a small
fraction e of its rest-mass energy E = M - ¢, with ¢, the speed of light, is converted into potential
energy. The timescale of this process is called nuclear timescale Tpyc. and is usually much larger
than the lifespan of a star:

Thuc. ™~ € M- C%/Lstar > Tstar (12)

where € ~ 1072 can be estimated knowing the rate of the typical binding energy of a nucleon
to its rest-mass energy [Prialnik, 2000]. Thus, as opposed to the hydrodynamical and thermal
balances, the chemical evolution of the star cannot be approached using a quasi-steady assump-
tion. Instead, it is this process which sets the pace of the star life cycle.

Within these assumptions, one can describe the evolution of a star by expressing the con-
servation of mass, momentum and energy in a quasi-steady way, while letting the species mass
fraction evolve in time because of nuclear reactions. The ensuing system takes the following

form:
% = 47;2‘) (1.3a)
ng; = —% , (1.3b)
g; = €nuc. T €g (1.3c)
o = (Soo)nuc. (1.3d)

Let us recall that Lgtar corresponds to the energy radiated by the star per unit time and is analogous to a power. It
is related to I, the radiation flux measuring the brightness of the star as observed from earth by: Lstar = 471d?1, where
d is the distance to the star.
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1.2. Stellar structure equations

In these equations, we already introduced r and m, as the shell radius and enclosed mass, p as
the density, c4 as the species mass fraction and G as the gravitational constant. In addition, P is
the total pressure, i.e. the sum of the material pressure P™ and the radiative pressure P:

P=P"+P" ,

and L is the power flowing in and out of the spherical shell i.e., the energy flux integrated over
the spherical shell surface. Therefore, at the outer boundary m = M, it value is the luminosity
of the star L(M) = Lgtr. The source term en,c. gives the rate of energy produced by nuclear
reactions minus the energy lost by the formation of neutrino particles. The source term e corre-
sponds to the rate of energy provided to the system during a change of structure, e.g. during an

expansion or a contraction. Finally, (S«), . is a source term arising from the nuclear reactions

nuc
affecting the species «. These different source terms are not detailed here, but the interested

reader can find their expression in Prialnik [2000] for example.

The first equation of this system, Eq. (1.3a), corresponds to the conservation of mass. Equa-
tion (1.3b) expresses the hydrostatic equilibrium occuring in the star: the gravity force driving
matter towards the core of the star is balanced by the thermal and radiative pressure gradient.
Equation (1.3c) asserts the thermal equilibrium of the star: the power flowing in and out of the
shell is balanced by the power produced within the shell through nuclear reactions and grav-
itational changes. Finally, Eq. (1.3d) tells how species mass fractions are modified by nuclear
reactions. This last equation stands apart from the other three since it is the only one that in-
volves a time derivative. As already explained, the slow nuclear fusion process taking place in
the star sets the rhythm of its evolution while other processes are fast enough to be approxi-
mated in a quasi-steady way.

1.2.2 Equation of state and radiative flux

The conservation of mass, momentum, energy and mass fractions given by Sys. (1.3) must be
supplemented by additional assumptions and relations. In particular, an equation of state is
required to express the material pressure as a function of density, concentrations and tempera-
ture. For simplicity, we will hereafter assume that the plasma follows the law of perfect gases
and that:

Pm:pET, (1.4)
il

where R is the ideal gas constant and p is the “mean molecular weight”, which depends on the
mass fractions of the species, on their molecular weights and ionization degrees. Details about
the precise expression of p can be found in Prialnik [2000].

Concerning the temperature T appearing in the previous expression, let us mention that the
conditions required to attain a local thermodynamic equilibrium are met in stellar flows. As
a result, since thermal equilibrium between matter and radiation fields is also assumed, the
temperature T¢ and T' of the electrons and ions of the plasma, as well as the temperature T" of
the radiative field are all equal:

T=T =T =T
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Chapter 1. Properties of stellar turbulent mixing zones

Besides, the radiative field obeys the diffusion approximation [Mihalas & Mihalas, 2013]. The

radiative pressure is given by:

1
Pr= gaRT‘1 , (1.5)

where ag is the radiation constant. Moreover, if we assume that energy is primarily transported
by radiation, then the energy flux L can be related to the temperature gradient and to the Rosse-
land mean opacity «". The diffusion approximation of the radiative flux yields:

JaT 3 " L
- 5 - (1.6)
om 4aRCg T (47[r2)
The Rosseland mean opacity k" is a function of density, concentrations and temperature:
K'=«k"(p,ca, T) . (1.7)

Estimates for this opacity in stellar interiors can be found in Chandrasekhar [1960] or Prialnik
[2000].

1.2.3 Turbulent transport

System (1.3) supplemented by the equation of state (1.4) and the diffusion approximation of the
radiative flux (1.6) allows to compute the evolution of stars. However, in practice, its range of
validity remains very limited since all phenomena linked to turbulence are neglected.

Two main effects can be expected from the presence of turbulent motions. First, turbulence
contributes to the transport of energy. As a result, the energy flux L must not only account for a
radiative component, as given by Eq. (1.6), but also for a turbulent one. Second, turbulence also
induces a transport of the species mass fractions that must be included in Eq. (1.3d). In other
words, the presence of a turbulent field leads to modify Sys. (1.3) and Eq. (1.6) as follows:

gr; = 47;2() (1.8a)
r__om a0
gj; = €nue. + €5 (1.8¢c)
ngn - _4aicf;34_71r2 <471:r2 + ft) ’ (1.5d)
Oc = _prz(())r (1" Foot) + (Sa) e, - (1.8¢)

In this system, we have highlighted in purple the two main modifications brought by the pres-
ence of turbulence: a turbulent heat flux F; is added to the definition of L, in addition to the
radiative flux. Besides, a turbulent concentration flux Fy is also added in the evolution equa-
tions of each species mass fraction.

19



1.3. Stellar turbulence models for convection and double diffusion

The question that remains is how can F; and F4 be closed. This question will be examined
in the next section for the particular case of turbulent motions generated by convective and
double diffusive instabilities.

1.3 Stellar turbulence models for convection and double diffusion

As mentioned in the introduction, a large number of hydrodynamical instabilities take place in
stellar interiors, some linked to shear, others to rotation, convection or double-diffusion. Each of
these instabilities, either independently or in conjunction with others, can trigger the develop-
ment of turbulent regions within stellar interiors. In this section, we will arbitrarily assume that
turbulence is generated exclusively by convective and double-diffusive instabilities. We will
leave aside all other instabilities and their potential effects on turbulence modelling. Indeed,
our purpose is not to be exhaustive but rather to highlight the physical properties of these two
particular turbulent regimes.

1.3.1 Convective and double-diffusive instabilities

A linear analysis of the stability of a stratified equilibrium in a gravitational field will be led in
chapter 4. In this section, we only aim to provide simple arguments allowing to understand the
onset of convective and double-diffusive instabilities.

To this end, let us consider a small parcel of fluid of mass m and let us assume that this parcel
is displaced radially from its equilibrium position r = r; to a higher position r = r, = r; 4 dr,
with dr > 0 a small distance. At r = rq, the mean density, pressure, temperature and molecular
weights are respectively equal to p;, P1, T; and p,, while at r = 1, they are equal to p,, P>, T> and
t,. Given the hydrostatic condition, one has P, < Py, but there is no condition on the sign of the
gradient of T and p and no condition on the order of T; and T, and p; and p,.

Before being displaced, the particle has the same characteristics as its environment, i.e. its
state is given by py, P1, T and ;. But when it arrives at r = rp, its state has evolved and is now
given by p,, Px, Tx and p,. Provided the displacement of the particle is slow compared to the
speed of sound, the pressure of the particle can be considered to adjust instantaneously to its
environment so that:

Py =D

However, the particle density p, is not necessarily equal to the density p, of its new environ-
ment. Then, if py < p,, the particle will be less dense than its surrounding and will keep on
rising due to buoyancy. By contrast, if p, > p,, it will be denser and instead of rising, it will fall
back towards its initial position. In the first case, the displacement of the particle is amplified
and the stratification is unstable. In the second case, the displacement of the particle is damped
and the stratification is stable.

To determine the value of py, we will consider two distinct cases. In the first one, we will
assume that the heat flux is negligible while in the second one that it is very large. These two
cases are relevant respectively to the high and small Péclet regime discussed in the introduction.
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Chapter 1. Properties of stellar turbulent mixing zones

1.3.1.1 Negligible heat flux (large Péclet number)

In the first case, we will assume that the transport of heat and species mass fraction is negligible.
With this assumption, the particle undergoes an adiabatic adjustment of its pressure. Therefore,
given that infinitesimal changes are considered, one has:

0
i = 1+ Fplsca (P2 = P1) (1.9)

where % |s,c,, is the partial derivative of the density with respect to pressure taken at constant
entropy and constant composition. By comparison, the value of p, is related to the gradient of P
and p by:

dp/or

P2 =p1+ W(Pz -Py) . (1.10)

Comparing the two values, we deduce that p, > p, provided:

op oP / or

3o 1> < Bp /o

When this condition is verified, the stratification is stable. This latter condition can be expressed
in a different way by introducing the adiabatic exponent I'; defined as (see Eq. (A.1) of App. A.1):

dInP
Ty =
! <dlnp>5,ca ’

and also by defining the stratification frequency N, also called Brunt-Vaiisséld frequency:

1 Vo 1 10P (VpOp 1 oP
N2=-VP|——-——VP|=-— [ 22— . 1.11
pv <p P ) p8r<p8r I'MP or ( )
With these quantities, the stability criterion becomes:
N? < 0 : stable stratification and N? > 0 : unstable stratification . (1.12)

This stability criterion has been derived in many different contexts under this form (see for
instance the book by Landau & Lifshitz [1958] on Fluid Mechanics). In astrophysics, this cri-
terion, called Ledoux [1958] criterion, has been derived by Kato [1966] and expressed using
idiosyncratic notations that are found nowhere else and are rather confusing. For the sake of
completeness, we nonetheless report this alternative formulation of Eq. (1.12):

V1 < VL : stable stratification and VT > VL : unstable stratification (1.13)
where:
P O1/0k X _P[oT P Owor
T Tm ’ VL_vad_;Tvu 7 Vaol— T (OP>S,C“ 7 n = aap/ar 7 (1~14)
olnP olnP oInP
= = —— d = . 1.1
X},L (aln H) o s XT <8lnT> e an Xp <aln 0 ) Tew ( 5)
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1.3. Stellar turbulence models for convection and double diffusion

The symbols VT, V.4, Vi and V|, are named “gradients” but are dimensionless quantities. The
symbol V't can be interpreted as a measure of the variation of the temperature T with respect to
the pressure depth of the star. The symbol V4 is the value that V1 has when the stratification
is isentropic. The symbol V1 is called the “Ledoux” gradient and V|, the composition gradient.
Some of these “gradients” are thermodynamic coefficients, like V,4, others are computed from
actual fields, like V1 and V.. Others are a heterogeneous combination of both, like V1. Note
that x,, is not used in relation (1.13), but has been added for the sake of completeness.

1.3.1.2 Very large heat flux (small Péclet number)

In the second case, we assume that the diffusion of the species mass fraction remains negligible
but that the heat flux is so intense that the particle reaches not only an acoustic equilibrium but
also a thermal one. Then, one has not only Px = P, but also T« = T», while the mean molecular
weight has not changed: p, = p;. Therefore, according to the equation of state (1.4), the value
of p4 is given by:

_ P7_ — %aRT‘é

Px = HlT
Using the same equation of state, one also has:

P2 — %aRTé
P2 = HziRTz

Comparing these two values, one obtains that p, > p, if 1y > p,. Thus, the flow is stable when

on
a0 <0

This condition is valid when the heat flux is very large and when 0P /dr < 0. As in the previous
case, it is possible to express this stability condition using a frequency. We introduce N,, defined
as:

N2z —— = ——— | (1.16)

Then, the stability of the stratification can be expressed as:
Nﬁ < 0 : stable stratification and Nﬁ > 0 : unstable stratification . (1.17)
With astrophysical notations, this criterion can also be written as:

V. > 0: stable stratification and V, < 0: unstable stratification . (1.18)

1.3.1.3 Summary and discussion

By studying the behavior of a small parcel of fluid, we were able to exhibit the stability criteria
of the stratification in presence of a very small and a very large heat flux. The criterion (1.12) ob-
tained in the negligible heat flux limit marks the onset of a convection. As for the criterion (1.17)
obtained in the very large heat flux case, it stems from a particular asymptotic case of a double-
diffusive instability.
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Chapter 1. Properties of stellar turbulent mixing zones

The latter type of instability can be observed whenever two scalars (temperature, concen-
tration) contribute to the density and have opposite stratifications. The corresponding stability
criterion in the general case is of course more complex than equation (1.17), which, again, is only
meaningful when the heat flux is very large (i.e. small Péclet number).

All in all, the simple example considered here allows to understand the physical mechanism
at work in these instabilities. However, it cannot replace a full linear stability analysis (as was
derived by Kato [1966] for astrophysical convection). In chapter 4, such an analysis will be per-
formed. It will result in more general conditions allowing to bridge the two extreme limits of
very large and very small heat fluxes. Note also that these two limits and their corresponding
instability criteria will be discussed in chapter 2, as part of the asymptotic analysis of small Pé-
clet number flows.

To complete this short introduction on buoyancy driven instabilities, it is customary in the
stellar context to split double-diffusive instabilities in two categories. The first one is called
“thermohaline” and the second one “semi-convective”. The criteria for differentiating these two
instabilities as well as the convective instability are expressed with the gradient notations as

follows:
Stability : Vi, >0 and Vr—V,q <0 , (1.19a)
Convective instability : V1 — V,q > —%Vu , (1.19b)
T

Thermohaline instability : V1 — V4 < —%Vu , Vu<0 and Vr—V,u<0 ,
T

(1.19¢)
Semi-convective instability : V1 — V4 < —;E“Vu , V>0 and V11—V, >0
T
(1.19d)

These relationships are illustrated in figure 1.1, which is an adaptation of the one found in Salaris
& Cassisi [2017].

1.3.2 Modelling stellar turbulence in convective and thermohaline zones

Equations (1.12) and (1.17), and their generalization (1.19), allow to identify stellar regions in
which convective and double-diffusive instabilities occur. In these regions, small perturbations
around the mean stratification will be amplified until a turbulent regime is reached. Then, in
these regions, one needs to account for the turbulent heat and concentration fluxes, F; and Fy,
appearing in Egs. (1.8d) and (1.8e).

In this section, we will detail how these turbulent fluxes are modelled in two particular
cases: first, when turbulent motions stem from convection and second, when they stem from
the thermohaline instability. Neither the case of the semi-convective instability nor the cases
when turbulence is generated by other types of instabilities as already stated at the beginning of
this chapter, will be discussed in the following.
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1.3. Stellar turbulence models for convection and double diffusion

V. <0

V>0

Radiative
(stable)

V1 —Vau >0

V11—V <0

Figure 1.1 — Schematic representation of V|, — (V1 — V,q) stability for different stellar zones. The diago-

nal line from the top left to the bottom right represents V. This figure is adapted from Salaris & Cassisi

[2017].

Mixing length theory for turbulent convection

1.3.2.1

4

Fut are modelled in convec-

In most stellar evolution calculations, the turbulent fluxes F; and

tive zones by applying the mixing length theory (MLT) originally proposed by Prandtl [1925]
a century ago. This concept of mixing length was then adapted for stellar convection by Bier-
the consideration of a stellar flow bubble element moving adiabatically. Bohm-Vitense [1953,

1958] generalized this treatment, improving MLT models by focusing on the transition region
vective zones. The theory was then formalized based on the mixing length theory of convection

between convective and radiative zones. Her model is currently the most used for stellar con-
from Cox & Giuli [1968].

mann [1932] whose work aimed at estimating the depth of stellar convection zones. It relied on

The MLT states that turbulence in a convective zone can be considered as a group of con-
vective elements (“eddies”) that have the same physical properties — they are assumed to be

submitted to small variations with respect to their environment — and the same characteristic

dimension in all directions with respect to the radius of the star. This characteristic dimension

is called the mixing length and is denoted by Amrr:

mixing length

Amir =
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Chapter 1. Properties of stellar turbulent mixing zones

The mixing length can be interpreted as a mean free path, i.e. the distance that a turbulent eddy
travels before its energetic and thermal content reaches an equilibrium with its surrounding.
Usually, Amrr is expressed as a fraction of the total pressure scale height Hp defined by:

dr p Gm

A== qinp “pg MM 872

where g, G and m stand respectively for the local stellar gravity, the gravitational constant and
the stellar interior mass. The MLT assumes that, after a certain distance of the order of Hp,
a travelling fluid element will stop and invert its motion. Hence, at a radial distance r, one
assumes:

Amrr = avrr - Hp

The so-called mixing length parameter oyt (of order unity) is calibrated a priori on heuristic
considerations. Its typical values range from 0.5 to 2.5 and depends on the mass and on the
metallicity of the star [Joyce & Chaboyer, 2018]. However, note that its impact regards mostly
the thickness of the outer convective region of solar-type stars. The most common method to
fix omrr is to make a calibration on the Sun and attempting to match the estimated effective
temperature of its photosphere.

In addition to Awmpt, one must also specify the typical velocity vcony. Of the turbulent eddies.
To this end, one makes the assumption that the eddy has a density difference 6p with its sur-
rounding and has been accelerated by the gravitational field g over a distance proportional to
Amrr. The corresponding velocity is given by:

1)
Oconv. X \/max <_gpp s O> AMLT s

where the max operator aims to filter out the stable case. To estimate dp, one can apply the

same reasoning as the one used to determine the stability criterion (1.12). In particular, one can
estimate dp as 0p = px — p, with p, given by Eq. (1.9) and p, given by Eq. (1.10). This leads to:

10p 1 oP
2 = —_ —_—— —
Uconv. % Amrry/max (N2, 0) = \/max ( g <p TP ) , 0> , (1.20)

with N? given by Eq. (1.11). An additional ingredient of the model consists in writing the tur-
bulent heat flux in the form:

fconv. X PCp * Uconw. oT

with ¢, the specific heat at constant pressure. In this equation, the temperature difference can be
estimated just as dp was, i.e. by considering the difference T« — T> stemming from the adiabatic
displacement of a small parcel of fluid over the distance Apr. This leads to define:

_ (o _ (o1 oP | Amrr _ B T Awr
6T_[ <3P>s,c“ ] = (V1 Vo) g . (1.21)

or or 2 2
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1.3. Stellar turbulence models for convection and double diffusion

Note that when the variations of the molecular weight u are neglected, the convective velocity
can also be expressed as a function of V1 — V4. In that case, one has:

for w=const. , Uconv. X AMLT 5 ’ Xt (VT - vad) ’
HP Xp
This formula is the one usually found in the literature, even though Eq. (1.20) is slightly more

general. These closures allow to model the turbulent heat flux ;. There only remains to close
the turbulent scalar flux Fy:. This is achieved by making a diffusion approximation:

OCy
F o,t,conv. = _p’Dconv.g ’

where the turbulent diffusion coefficient is defined using vcony. and Apr:

Dconv. X Dconv. * AMLT

To sum up, in the convective regime and neglecting the variations of p, the turbulent heat
and concentration fluxes can be modelled as follows:

Main hypothesis: turbulence model in convective zones with constant p

Amrr = oaver - Hp (1.22a)
Uconv. = AMLT \/aMLT : Hﬁ Xt (VT — vad) (1.22b)
Xp
A
Fi = Feonv. = PCp - T - bwmrr - Vconw. - HL;T (VT - Vacl) (122C)

Ocy

F ot = F. ot,conv. = _pchonv.W with Dconv. = CMLT * Oconw. * AMLT (122d)

Four constants ogvrr, amrr, bmrr and eyt must be prescribed in this model. This can be done
by making calibrations on stars which properties are well known, such as the Sun. A variant
of this model has been proposed by Tassoul et al. [1990] in order to account for non-adiabatic
stratifications. In this variant, the adiabatic temperature “gradient” V,q is replaced by V cony., the
average temperature gradient of the whole material field contained within the convective zone.
Notable studies [Canuto, 1996, Canuto & Mazzitelli, 1991, 1992, Heiter et al., 2002, Kippenhahn,
1994, Weiss & Charbonnel, 2004] have been dedicated to the improvement of mixing length
models. They essentially aimed at assessing the amount of radiative heat loss 6T as defined by
Eq. (1.21), interpreted as the loss of energy of a moving convective fluid particle during its travel
in the stellar medium.

1.3.2.2 Modelling thermohaline turbulence

In Sec. 1.3.1, we put forward a second mechanism (among many) leading to the generation of
turbulent motions, namely the thermohaline instability [Charbonnel & Zahn, 2007, Lignieres,
1999, Prat, 2013, Traxler et al., 2011, Ulrich, 1972, Wachlin et al., 2014]. When the radiative heat
flux is very large, the thermohaline instability occurs when the criterion (1.17) is met and, under
more general conditions, it occurs when the inequalities of Eq. (1.19¢) are verified.
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Chapter 1. Properties of stellar turbulent mixing zones

In most stellar simulations, the influence of thermohaline turbulence on heat transport is
neglected:
Fi=0

It is implicitly assumed that thermohaline turbulence takes place in a regime where the radiative
transport is overwhelming, i.e. in a small Péclet regime. The only turbulent effect that is left is
the turbulent transport of the species mass fractions. As previously, this transport is modelled

with a diffusion assumption:

Ocy
F = — Dy &
o, t,thrm. PLthrm. 9

Ulrich [1972] was the first to derive a closure for Dy,y,.. By considering the results of a linear
analysis of the thermohaline instability, he proposed the following expression:

X 2pcp X1 V1 —Vag
Dirm. = Xthrm, © — th Rp=— CES , 1.23
thrm. = &thrm, * o Wi 0 3 x v, (1.23)
where a4, is a calibrated constant and x" is the radiative diffusivity:
AT 4
X' = with Af == . 3R 18 (1.24)
PCp 3 pk’

Following this work, other closures, e.g. [Brown et al., 2013, Denissenkov, 2010, Garaud, 2018,
Kippenhahn et al., 1980], have been derived from linear stability analyses. In particular, the
model of Brown et al. [2013] relies on a small Prandtl asymptotic analysis. Let us recall that the
Prandtl number characterizes the ratio of kinematic viscosity vy to radiative diffusivity, i.e.:
Pr = V—‘r] ,
X

as seen in the introduction of the manuscript. The thermohaline characteristic mixing length
Athrm., Velocity vy, and turbulent diffusion coefficient Dy, are expressed as:

1/4
(1 + Scfl) VoX© vy
Athrm, = 27T with Sc=— , (1.25a)
g . xr (0T _ (@ op Ku
T x, \ Or oP)sc, Or
1/4
o [rEE-G.L8)]
Aw V2 X o
Uthrm, = const. - = X : r > ’ (1.25b)
thrm. Vv X
A2 K
Dinrm. = const. - x" - W with Ty = X—? =Sc-Pr , (1.25¢)

i <?\w + Taiff - ki)

where Sc and T4 are respectively the Schmidt and the inverse Lewis number. They are both
related to molecular transport and characterize rates of diffusive coefficients. More precisely,
the first is the rate of kinematic viscosity to compositional diffusivity «, related to the mean
molecular mass p (see Eq. (1.4)). And the second is the ratio of the latter to radiative conductivity.
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1.3. Stellar turbulence models for convection and double diffusion

As for Ay, and k,, they stand respectively for the wavelength of the fastest growing mode of
the linear perturbation and the magnitude of its corresponding horizontal wave number (match-
ing the radial direction in the stellar structure equations formalism). From the dispersion rela-
tion derived by Baines & Gill [1969], one may easily assess them as:

vV Pr if e <Pr<1 o, 1 . Ry—1
Aw ~ with  Tim,

2 o _
PITa  if Precry < 1 and kN —e——p Tl
Tthrm, thrm. ’ Taiff/ Pr Taiff

However, as noticed by Garaud [2018], the semi-analytical model of Brown et al. [2013] defined
by Sys. (1.25) does not account for rotation, magnetism or shearing effects. The latter are very
likely to modify the mixing efficiency of thermohaline convection.

1.3.3 Discussion

Mixing length models, such a those detailed in this section, are the most frequently used in stel-
lar evolution simulations. The main reason explaining this popularity is a practical one : these
models are simple to implement and, once calibrated, they yield relevant predictions. Still, they
usually do not manage to reproduce accurately all the phenomena they are meant to capture.
For instance, Salaris & Cassisi [2017] point out that the MLT is often at odds with several helio-
seismic data.

To overcome these shortcomings, several authors have proposed other types of models. In
particular, in a series of papers, Canuto [2011a,b,c,d,e] has advocated the use of Reynolds Stress
Models (RSM) to deal with stellar turbulent mixing. In RSMs, the flow is decomposed into a
mean and a fluctuating part. Then, evolution equations for the second-order correlations of the
fluctuations of velocity, concentration and temperature (or any other relevant field) are derived
and closed. RSMs allow for a richer description of the turbulent field than MLT does. However,
this comes at the cost of solving extra transport equations, in addition to those introduced in
Sys. (1.8).

This computational burden probably explains why RSMs have failed to materialize as an
alternative to mixing length models. Another possible reason is that the number of RSMs avail-
able to describe stellar mixing flows remains limited. Yet, numerous variants of RSMs have
been derived and used in other domains. Some of them [Besnard et al., 1989, Grégoire et al.,
2005, Schiestel, 2010] are even designed to predict flows dominated by convective-like instabil-
ities. But most of these non-stellar models usually do not capture all the physical phenomena
involved in stellar flows. While their core features could be preserved, they would still require
some adaptation before being applied to stellar simulations.

Among the elements lacking to RSMs, such as the ones of Grégoire et al. [2005] and Besnard
et al. [1989], is the fact that they are not meant to predict double-diffusive instabilities. In partic-
ular, they are not meant to capture the small Péclet limit of these instabilities, such as described
in Sec. 1.3.1.2. This question will be discussed further in chapter 3. More precisely, it will be
shown how a small Péclet-small Mach number asymptotic analysis can help adapting RSMs to
a stellar context. As for the asymptotic analysis, it will be presented in chapter 2.
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1.4 Simulating stellar turbulence with MESA

In Sec. 1.2, we detailed how stellar evolution equations can be derived to simulate the evolution
of a star. In Sec. 1.3, we indicated how turbulence can be taken into account in these equations,
at least in the cases when it is generated by convective and thermohaline instabilities. In the
present section, we now aim to describe results obtained by solving these equations and models
for three types of stars: a low-mass, an intermediate-mass and a massive star, respectively with
an initial mass of 1, 5 and 75 Mg, with the notation M, corresponding to one “solar mass” in
astrophysical units.

1.4.1 Description of MESA and of the simulation parameters

To perform our simulations, we use an open-source code called Modules for Experiments in
Stellar Astrophysics (MESA) [Paxton et al., 2010]. This code solves structure equations which be-
come equivalent to Sys. (1.8) described in Sec. 1.2, when a thermal and hydrostatic equilibrium
is reached. MESA allows to account for convection using several variants of the mixing length
theory (MLT), such as the one proposed by Cox & Giuli [1968] or Henyey et al. [1965]. These dif-
ferent variants always take a form close to the one described by Sys. (1.22). As for thermohaline
turbulence, it is treated using the model by Ulrich [1972], as given by Eq. (1.23). The physics
contained by MESA is not restricted to the few elements that have been described so far in this
manuscript. A full description of the capabilities of MESA can be found in the series of papers
[Paxton et al., 2010, 2013, 2015, 2018, 2019] .

Our simulations were set up using input data from the “MESA Isochrones and Stellar Tracks”
(MIST) project [Choi et al., 2016, Dotter, 2016]. The goal of the MIST project was to use MESA
in order to compute stellar evolutions? for a wide variety of stars, with masses between 0.1 <
M/M; < 200 and metallicities between —2 and 0.5. For our simulations, we used the files cor-
responding to initial masses of 1M, 5M;, and 75M, and to an initial composition identical to
the Sun’s [Asplund et al., 2009] (see Tab. D). For simplicity, the stars were also assumed to be
non-rotating.

A pre-main sequence model with a core temperature of T = 5 x 10° K is chosen for the
eponymous evolutionary phase in order to avoid nuclear burning (beginning at T ~ 10° K).
Note that although this stage is necessary to start the simulation, it is not studied or shown in
the next sections. MESA then creates a starting stellar model with a uniform composition and
contraction. The constants oy and nrm, respectively stemming from the “standard” and
thermohaline convective models of Henyey et al. [1965] and Ulrich [1972] are set as ooy = 1.82
and &, = 666. The complete set of parameters can be retrieved in Choi et al. [2016].

2The input files used for these reference simulations have been made freely available on the MIST project website
“http:/ /waps.cfa.harvard.edu/MIST”.

29



1.4. Simulating stellar turbulence with MESA

1.4.2 Kippenhahn diagrams

The Kippenhahn diagram allows to identify the different turbulent mixing regions appearing
during stellar evolution. The diagrams obtained from the MESA simulations of a 1M, a 5Mg
and a 75M;, star are respectively displayed in Figs. 1.2, 1.3 and 1.4. The turbulent zones are
shown along the Lagrangian mass m (r) with respect to the stellar time scale. Equivalently, a
“model number” can be used instead of time in order to emphasize periods where important
events occur. It corresponds to quasi-stationary converged states of spatial stellar profiles with
respect to m (r). In terms of physical time, the frequency of these “model numbers” depends on
the characteristic timescales of stellar evolution. Then, from the very slow main-sequence to the
fast giant branch phase, the number of its iteration automatically increases.

This choice of representation is motivated by a global identification of stellar stages and a
better visualization of the mixing zones appearing in the early life of the stars. Some reference
times are arbitrarily displayed along Figs. 1.2, 1.3 and 1.4 in order to overcome the lacks of this
perspective.

In the Kippenhahn diagrams, convection and thermohaline mixing zones are located using
the criteria given by Sys. (1.19). Besides, they also displays the nuclear reaction specific energy
generation rate [log (€nuc)] from which neutrinos reactions have been subtracted, as defined in
Sys. (1.3). These diagrams are shown for the duration of the main-sequence and the beginning of
red-giant branch of these three stars. The transition towards the red-giant phase can be identified
on the Kippenhahn diagrams by spotting the occurrence of a hydrogen burning shell, located
by the legend “H-burn.”, surrounding the helium core, written “He-core”, and highlighted by
the blue color of log (€nuc). More precisely, the main-sequence and the red-giant-branch stages
are respectively denoted MS and RGB in red at the top of each diagram with an approximative
reference time, representative of the transition between both continuous processes. They may

be estimated at:
t ~ 10.287 Gyr forthel Mg star ,

t 102.7 Myr  for the 5 M, star ,
t ~ 3.588Myr forthe75 Mg star

Q

When comparing these diagrams, one can observe that during the main sequence and most of
the red-giant phase, convection occurs in the outer layers of the lightest star while it occurs in
the core of the two highest mass stars.

Moreover, during the MS, the 75 Mg, star suffers from a substantial mass loss mainly due to
stellar winds and hence, loses most of its envelope. The transition from a convective envelope
to a convective core as the mass increases is well documented and some explanation about its
existence can be found for instance in Prialnik [2000]. Figure 1.5 illustrates this transition for the
main sequence phase.

Regarding thermohaline mixing, we can observe that the conditions required for its devel-
opment are met for all three stars during the red-giant phase. Close to the burning hydrogen
shell, and mostly below it, MESA predicts the existence of a thermohaline mixing zone.
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Chapter 1. Properties of stellar turbulent mixing zones

As pointed out by Eggleton et al. [2006], a slight decrease of the mean molecular weight [Ul-
rich, 1972] occurs close to the hydrogen burning shell, because of the particular nuclear reaction
taking place in this region, namely:

He +°%He — *He +'H+'H ,

which converts two nuclei into three nuclei. The mean mass per nucleus drops from three to
two. This decrease can give rise to an inversion of the gradient of the mean molecular weight p,
and to conditions which favor the development of the thermohaline instability.
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Figure 1.2 — Kippenhahn diagrams of a 1 M, star from t = 0.438 32 Myr to t = 13.349 Gyr. The colored bar
corresponds to the logarithm of nuclear reaction specific energy generation rate [log (€nyc)]. The helium
core and the hydrogene burning shell are respectively identified by “He-core” and “H-burn.”. Convection
and thermohaline zones are shown and defined with respect to Sys. (1.19). The black triangle displayed
over one of the dashed purple vertical lines showing specific times of evolution, represents the spatial
profile plotted in Sec. 4.10. The “model number” corresponds to a non-linear representation of time.

1.4.3 Non-dimensional numbers

Thanks to the Kippenhahn diagram, we have identified regions where convective and thermo-
haline turbulent mixing takes place. We can now examine the value of the non-dimensional
numbers characterizing these turbulent zones.

More precisely, our focus is on the turbulent Mach, Reynolds and Péclet numbers, respec-
tively denoted by M, Re; and Pe;. As explained in the introduction these numbers play a key
role in defining the turbulent state of the flow and in specifying how heat transport by conduc-
tion and radiation interacts with the turbulent field. First of all, let us recall that M;, Re; and Pe;
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Figure 1.3 — Same as figure 1.2, but for a 5 M, star from t = 0.639 6 Myr to t = 0.106 2 Gyr.
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(a) 0.4Mg S myy;, S 1.1Mg (b) mjp;. 2 1.5Mg

Figure 1.5 — Convective structure of stars during the main sequence phase.

are defined by:

M= 2 | Re=% and Pet:)% , (1.26)

Cs Vv

where vy is the characteristic value of the turbulent velocity, v; is the diffusivity of turbulent
eddies, vy is the kinematic viscosity and x" is the radiative diffusivity defined by Eq. (1.24).

The values of x" and cs can be determined knowing respectively the Rosseland mean opacity
k" and the generalized adiabatic exponent I';. These quantities are provided directly as output
of the code MESA. For the kinematic viscosity vy, we use the “Pseudo-ion in Jellium” model of
Arnault [2013]. The latter predicts viscosity and diffusion coefficients in plasmas where several
constituent are being mixed. It is well suited to the strongly coupled regime which is encoun-
tered in stellar flows.

Concerning the quantities related to turbulence, ug and v, we proceed as follows. In convec-
tive regions, we use the convective velocity vcony. and the convective diffusion coefficient Deony.,
as defined in Sys. (1.22). In other words, we set:

Convective zone : Uy = Uconv. and  vi = Deonv.

In thermohaline regions, we use the model of Brown ef al. [2013] to estimate the turbulent veloc-
ity and diffusivity:

Thermohaline zone : ug = Vygym. and vy = Dgyrm.

with Dym. and vy, given by Egs. (1.25¢) and (1.25b).

With these prescriptions, we can compute the turbulent Mach, Péclet and Reynolds numbers
in our three MESA simulations. Profiles of these quantities are plotted in Figs. 1.6-1.8 at the onset
of the red-giant phase of each star. In addition, the ratio of radiative to material pressure P*/P™,
i.e. the rate of Eq. (1.5) to Eq. (1.4), is displayed at the same time. They are supplied as outputs
of MESA.
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1.4. Simulating stellar turbulence with MESA

It can be seen that in convective zones, one always has:

Convective zone: My <1 , Pe;>»1 and Rer > 1
In thermohaline zones, however, one has:

Main result: orders of magnitude of M; and Pe; in thermohaline zones

Thermohaline zone: M; <« 1 and Pe; <1 with M; < Pe;

As for the Reynolds number, it remains moderate for the low and intermediate mass stars but
becomes large for massive stars:

Thermohaline zone : Re; 2 1 for M = 1M or 5M; and Re; > 1 for M = 75M,

Finally, the radiative pressure P' is negligible with respect to the material one P™ in the lightest
stars, whatever the mixing zone considered:

Pr < pPm forM = 1M@ or 5M@

However, in the same zones, the radiative contribution to total pressure becomes much signifi-
cant for massive stars:

Result: contribution of P* with respect to P™ in massive stars

P" > P™ for M = 75Mg,

While not plotted here, similar observations would be made at other times in the red-giant
phase.
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t = 11.333 Gyr (see the black triangle at the top of the Kippenhahn diagram of Fig. 1.2).
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1.5 Conclusion

We performed simulations with MESA of a low-mass star of mass 1M, an intermediate-mass
star of mass 5M and a massive star of mass 75My. We then identified the regions where con-
vective and thermohaline mixing take place. Finally, we computed the turbulent Mach, Péclet
and Reynolds number in these regions. The main conclusion is that small Mach and small Pé-
clet numbers are observed in the thermohaline regions, and that, in addition, a high Reynolds
number and a substantial amount of radiative pressure compared to the matter one, are reached
when the star is massive. By contrast, convective regions are characterized by small Mach and
high Péclet numbers, along with high Reynolds numbers.

As explained in the introduction, small Mach small Péclet turbulent flows raise several chal-
lenges in terms of modelling. Some of them are addressed in the next chapters.
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Derivation and validation of a
(Mt < 1;Pe; < 1) asymptotic analysis

Careless of flowers that in perennial blow,
Round the moist marge of Persian fountains cling;
Heedless of Alpine torrents thundering
Through icy portals radiant as heaven’s bow;

I seek the birth-place of a native Stream.

All hail ye mountains, hail thou morning light!
Better to breathe upon this aéry height
Than pass in needless sleep from dream to dream;

WILLIAM WORDSWORTH
The River Duddon: A Series of Sonnets

Contents
21 Introduction . ........... ... ... . i i, 38
22 Flowdescription . . ... .. ...ttt 39
221 Hydro-radiative instantaneous equations . . . . .. ... ... .. 39
222 Velocity, pressure and temperature evolutions . . . ... ... .. 42
223 Average flow as a background state . . . ... ... ... ... .. 44
2.2.4 Dimensionless equations for the fluctuations . . . . ... ... .. 45
2.3 Small Mach-small Péclet number approximation (Pe; SM¢ < 1) ... 49
23.1 Mainconditions. . . . . .. ... Lo 49
2.3.2 Main results of the asymptotic analysis . . . ... ... ... ... 52
2.3.3 Synthesis of the asymptoticanalysis . . . ... .. ... ...... 58
2.4 Small Péclet-small Mach number approximation (M;y < Pe; < 1) ... 58
241 Mainconditions. . . . . .. ... Lo 58
2.42 Synthesis of the asymptotic analysis . . . .. ... ... ... ... 60
2.5 Validation of the asymptoticanalysis . . .. ................ 61
251 Numericalmethod . . .. ... ....... ... .. .. .. ... 61
2.5.2 Rayleigh-Taylor flow configuration . ... ............. 62
253 Dimensionlessnumbers . . . ... ... ... ... . ........ 64
254 General evolutionof theflow . . .. ................. 65
2.5.5 Validation of the asymptoticanalysis . . ... ........... 68
26 Conclusion . ....... .. ... i e e e 77

37



2.1. Introduction

2.1 Introduction

In the previous chapter 1, we detailed how turbulent mixing zones encountered in the cores of
mid-size to massive stars can undergo phases characterized by a small turbulent Mach number
M; and a small turbulent Péclet number Pe;:

Mi; <1 and Pe; k1

Let us recall that the Péclet number is here defined as the ratio between the radiation transport
timescale and the turbulent one:
Pe; = Tradiation

7
Tturbulence

and that the turbulent Mach number compares the turbulent characteristic velocity to the speed
of sound:

The asymptotic analysis of small-Mach number flows is a core element of fluid mechanics. It is
involved in the study of flows as diverse as those encountered in geophysics (ocean, atmosphere
[Botta et al., 1999, Durran, 1989, Shirgaonkar & Lele, 2006]), engine combustion (aeronautics, au-
tomotive industry [de Charentenay et al., 2001]), supernova explosions [Almgren et al., 2008,
2006a,b] or inertial confinement fusion experiments [Sanz et al., 2006].

The objective of these asymptotic analyses is to determine an approximation of the real flow
allowing to filter out acoustical phenomena. The latter are indeed reaching an equilibrium with
their environment on a timescale much shorter than the hydrodynamic one. Small-Mach asymp-
totic approximations allow to determine this equilibrium without the need to compute the fast
acoustical interactions which have been required to reach it.

Similarly, when the Péclet number is small, an asymptotic analysis can be carried out in or-
der to formulate an approximation of the real flow allowing to capture a thermal equilibrium
resulting from the fast transport of temperature fluctuations by the radiative field. Small-Péclet
approximations are usually considered jointly with small Mach number approximations, that
they complete and modify. They have been the subject of numerous studies regarding stellar
cores such as Spiegel [1962], Gough [1969], Lignieres [1999], Feireisl & Novotny [2009], Novotny
et al. [2011], Prat [2013] and Maity & Kumar [2014]. However, none of these studies account for
the presence of mixing which is one of the key aspects of stellar turbulence we would like to deal
with. In particular, these previous analyses cannot be used to capture double-diffusive instabil-
ities [Garaud, 2018, Schmitt, 1994]. Besides, non-ideal equations of state are often involved in
stellar interiors and the radiative pressure is not necessarily negligible in massive stars. Finally,
nuclear reactions may take place in such stellar flows. These aspects have mostly been left aside
in the previously mentioned studies and their impact on small Mach-small Péclet approxima-
tions should be considered.
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

The main objective of this chapter is thus to derive a small Mach-small Péclet number ap-
proximation that is valid for stellar mixing zones in the presence of a non-negligible radiative
pressure and of reactions.

In the first section, an asymptotic analysis based on the evolution equations of the fluctu-
ations of velocity, temperature and pressure is proposed. This operation allows to determine
asymptotic expressions relating the fluctuating velocity divergence divu’ and the fluctuating
heat conduction term C’ to other flow parameters. We then discuss how these expressions can
be used to determine the stability criterion of a mean stratification. In particular, we show that
this criterion is not the same in the small and high Péclet limits.

The second section deals with the validation of the approach, using the compressible Navier-
Stokes code TRICLADE [Griffond & Soulard, 2014]. For this purpose, three DNS simula-
tions of a radiative Rayleigh-Taylor instability are performed, each expected to evolve within
different orders of turbulent Péclet numbers. The verification of the main conditions of the
(M; < 1 ; Pey < 1) approximation are obtained, along with the predicted orders of P’'/P and
T'/T. The validity of divu’ and C’ asymptotic expressions are shown to be qualitatively consis-
tent with their simulated values at different times. Besides, the predictions of their density- and
velocity-related correlations agree with their differentiated computations. Finally, the change of
stability criterion related to the mean stratification is proven to be effective within each Péclet
asymptotic regime.

2.2 Flow description

2.21 Hydro-radiative instantaneous equations

The flow field considered is a plasma defined by its density p, its velocity u, the mass fractions
(or concentrations) of the present ions c for {« = 1, ..., Ng} with Ng the number of species and
its specific internal energy e™ of ions and electrons. The plasma is also submitted to a gravita-
tional force g and is coupled to a radiative field of volumetric energy E". Within stellar interiors,
the latter obeys the equilibrium diffusion approximation, as found in Mihalas & Mihalas [2013].

The evolution of the hydro-radiative flow is then given by the following equations, which
correspond to Navier-Stokes equations, retrievable for instance in Giovangigli [2012], coupled
with radiation treated in the diffusion limit:

(Dip = —pdivu , (2.1a)
pDw; = —0iP — 911 + pg; (2.1b)
pDico = =0 F 5 + Sa (2.1¢)
pDee' = pe —P'divu — g F + W+ S, (2.1d)
pDie® = —P°divu — §FF — QT — W™ + 8¢, (2.1e)

| DiE" = — (E"+P")divu - g F' + Q" + 8", (2.1f)

with the notations &+, Dt- and div- referring respectively to the partial derivative with respect
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2.2. Flow description

to the spatial coordinate x;, to the Lagrangian time derivative and to the divergence operator.
In particular, one has the velocity divergence written as divu = dyu;, and, for any quantity q,
Diq = dq + uj0q with 0, the partial derivative with respect to the time t. Note also that the
Einstein convention on the summation of indices is used for latin letters. However, it will not be
so for greek indices, in particular for the index « attached to the species. For ease of expression,
the superscripts “i”, “e”, “m” and regarding flow variables are related respectively to the
field of ions, electrons, matter (containing ions and electrons) and radiation.

£“_ 7
r

The pressure and specific energy of the material medium, written respectively P™ and e™,
are considered to be the sum of their ionic and electronic parts, such that:

P"=P +P° and e™=¢ +e°

As for the pressure P appearing in the momentum equation (2.1b), it is the total pressure of the
radiative flow, i.e. the sum of the material and radiative pressures, denoted P™ and P":

P=P"4+D" . 2.2)

In low- and intermediate-mass stars, such as the Sun, radiative pressure is usually negligible
compared to material pressure. However, this is not the case in massive ones, where both com-
ponents can be of the same order, as shown in chapter 1.

Besides, the medium is supposed to be optically thick and hence, the assumption of local
thermodynamic equilibrium as well as of thermal equilibrium between matter and radiation
entail the ionic, electronic and radiative temperatures to be equal:

Ti:Te:Tr

As aresult, a single temperature T is needed to describe radiation and matter. Within the setting
of Sys. (2.1) and following the previous properties, it may be noticed that, the total specific
energy e can be expressed with respect to its material and volumetric radiative parts, such that:

e=e"+E/p . (2.3)

In this way, relating to Egs. (2.2) and (2.3), the same sum of matter and radiative contributions
is applied to the specific total enthalpy h. The latter is defined by:

hm =em+Pm/p ,

h=e+P/p=h"+h" with
e {hr = (B"+P") /p

Since the flow obeys the equilibrium diffusion approximation, the radiative pressure and energy
are expressed as:

1
Pr = gEr and E"=agT* , (2.4)

where the radiation constant agr = 40sp /¢y is obtained from the Stefan-Boltzmann constant osg
and the light speed c;.
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

The gravitational force g has been introduced in Eq. (2.1b). In the same relation, the viscosity
tensor I1; is defined by:

1..
Hij = —Zuv <Sll - 3C11V1151j> P (25)

where S;; = (8jui + 8iuj) /2 stands for the instantaneous strain-rate tensor and p,, = pvy is the dy-
namic viscosity of the plasma with vy its kinematic viscosity. The associated viscous dissipation
rate ¢ is defined by:

pe = —Hi]-Sji . (26)

In Eq. (2.1¢), the diffusion flux of the species mass fraction c is defined, as in Giovangigli [2012],
by a Fickian approximation of the form:

— pD("‘)@-coc forae=1,..,Ng—1 ,

Foi= N1 2.7
% — X Fq for o = Ng , @7)

where D is the diffusion coefficient of the species «. Note that the validation proposed in this
work in Sec. 2.5 regards a binary mixture (Ns = 2) which means that, for both gases, there is a
single inter-species diffusion coefficient that will be noted D.

The terms denoted Sy, S, S¢ and S* appearing in concentration and energy equations char-
acterize respectively the source terms of the species «, of ions, of electrons and of the radiation
field. The ion-electron and the electron-radiation exchange terms, written respectively W™ and
Q°7, are the coupling terms defined in energy equations (2.1d), (2.1e) and (2.1f).

Finally, referring to Sys. (2.1), the last unspecified terms are the ionic, electronic, radiative
and total energy fluxes, denoted respectively 77, F Fi" and ;. Given that e is the total specific
energy, F; has two contributions, a material one /™, which combines the ionic and electronic
parts, and a radiative one .7:jr:

‘Fi:]:im_f—]:ir with ]:im:‘ril—’_ﬁe

The material term ™ is itself split into a thermal conduction contribution and an enthalpy
mixing one:
B = AT+ DR
X

where \™ is the thermal conductivity of the plasma and hf& represents, as will be explicitely
expressed by Eq. (2.10), the differential of the material enthalpy h™ with respect to the mass
fraction ¢y of the species o at constant other thermodynamic variables.

As for the radiative flux, the equilibrium diffusion assumption allows to express it as:

%CgaRTg)

= -NOT with N'= 2= 0
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2.2. Flow description

In this expression, k" is the Rosseland opacity and is related to the Rosseland mean free path
A, according to Chandrasekhar [1957], by:

= A
Let us remark that a total conductivity A can be defined by summing the radiative and material
contributions A = A™ + A",

It is worth noting that, given the equilibrium diffusion assumption, a global specific heat of
the photon-ion-electron continuum can be defined by differentiating the total specific energy e
with respect to the temperature T and the density p. This yields the following specific total heat
at constant volume ¢, such that:

m r : m m r 4aRT3
ey =¢y +¢, with ¢ = 2 Cy.Cq and ¢ = ,
p
X

where ¢! stands for the specific heat at constant volume of each species «. As shown by the
expression of the radiative specific heat cj, it depends on temperature and density, in opposition
to ¢ in the case of ideal gases. From there, one can also define a total temperature diffusivity x
using the total conductivity A and the total specific heat cy:

A
X=——
PCv

which accounts for the contributions of matter and radiation.

At last, the pressures and internal energies are considered to be differentiable functions of
the temperature, density and concentrations only, so that:

P=P(p,T,c) and e=e(p,T,c) - (2.8)

2.2.2 Velocity, pressure and temperature evolutions

The asymptotic analysis proposed below in Sec. 2.3 will deal with the properties of the velocity
field u, of the total pressure P and of the temperature T. The evolution equation of u is given in
Eq. (2.1b) but those of P and T still need to be made explicit.

The evolution of these two quantities can be deduced from relations (2.8) applied to Sys. (2.1)
by using the differentiation chain rule with P and e, namely by writing that:

DPP =PiDT+PDip+ ) PDicx and Die=erDT+e,Dip+ ) e,4Dica (2.9)
04 04

where the notations f, f, and f « for a function f (p, T, cx) have the meanings:

fr=0tfloca + fo=00fI1c, and fo= 8caf’p,T,c[3 Foa " (2.10)
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

Then, by combining these equations and after using some of Maxwell’s thermodynamical rela-
tions, one obtains the following result for the total pressure P:

DP = —y;Pdivu+ (y; —1)C+Sp+Dp , 2.11)

and, for the temperature T:

) C St Dr
DT = — —1)Td _t — 4+ — 2.12
¢ (y2 — 1) Tdivu + ooy + ocy + ooy (2.12)

with the notations:
SP :(YB_l)S_Z[(YCS_1)e/o(_P/oc/p] S(X s ST ZS_ZerocSoc s
S =pe+S+8°+8" cy =er

In Egs. (2.11) and (2.12), C stands for the total conduction term and Dp and Dt account for the
effects of molecular diffusion and dissipation on P and T:

C = §(gT) , (2.13)
P, N R

Dp = YsZ[ .~ (o7 )61%)] +o(vs -1 L [PY9hedien] (2.14)

Dr = ), [Pp“a] (pD(“)c’)jca) + pD(“)ajh,aajc“] . (2.15)

The coefficients 4, v, and y; are generalized adiabatic exponents defined for a continuum made
of matter and radiation, as explicited in Mihalas & Mihalas [2013], by:

0 313) 0 (31“) 1 (81’)
=_ (= , =14+ == and =1+ (= , 2.16
Y1 P <8p o Y2 T \ dp - Y3 o \ de e ( )

where s stands for the specific entropy. Note that with the notations found in Mihalas & Mihalas
[2013], one has v, = I'; but v, = I's. As for 73, it is not directly linked to an isentropic process
and has been arbitrarily added to the list of adiabatic exponents for ease of expression. Note also
that the generalized adiabatic exponents are usually different from one another and also from
the ratio of specific heat y defined by:

where c, is the total specific heat at constant volume, which has already been introduced, and
Cp is the total specific heat at constant pressure. All these coefficients are also usually different
from the adiabatic exponent y™ characterizing the plasma without radiation. They nevertheless
coincide for a perfect gas without radiation, where in this case:

Yi=Y2=Y3=7=Y"

As a last note, Egs. (2.11) and (2.12) remain the same whether the plasma behaves as an ideal
gas or not. The differences between two different equations of state would only appear in the
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actual values of the generalized adiabatic exponents, which definitions extend beyond the ideal
gas framework. They can be expressed in terms of differentials of temperature and density, by
developing the definitions (2.16) with relations (2.9):

Pr p’e, pP, P —p%e, Pr
= (1-== -, =1+ ——"=, =1+ — . 217
V1= s ( T A R C Ak It va=1+ oo (2.17)

To summarize, the system of equations (2.1b), (2.11) and (2.12) pertaining to velocity, pressure
and temperature used for the next analysis is:

P Ol
Dwziﬁ—ii o (2.18a)
P P
DiP = —yPdivu + (y3—1)C+Sp+Dp , (2.18b)
mewwwmm+£+ﬁ+&. (2.18¢)

Py P&y PGy

2.2.3 Average flow as a background state

A crucial element when performing a small Mach number or a small Péclet number asymp-
totic study is to choose a reference state that will allow to split quantities into a background
component and a deviation from this background. It is this deviation which properties will be
determined by the analysis.

Most often, the background state is set according to some a priori knowledge of the flow, for
instance by enforcing a particular stratification or by assuming some form of quasi-stationarity.
However, this method may sometimes entail some unwarranted restrictions and prevent the
result from being applicable to more general situations. Here, given the turbulence modelling
context of this study, we choose a slightly different way of setting the background state of our
asymptotic analysis. More precisely, we will perform our analysis by splitting quantities into a
statistical ensemble mean and its corresponding fluctuation. Thus, the background state obeys
its own set of evolution equations and is not determined by a priori assumptions. Note that, in a
stellar context, the spherical symmetry of the configuration allows to assimilate ensemble means
with spatial averages over the surface of spheres of a given radius. This ergodic definition of the
ensemble mean can be useful in a practical context but will not be used hereafter.

For variable density flows, it is usual to work with “Favre” density-weighted statistics and

“Reynolds” unweighted statistics. For any quantity g, the Reynolds and Favre averages are
denoted respectively by q and q. They are related by the identity:

and are related by q” = q” + q'.
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

Then, by averaging Sys. (2.18), as shown in detail in App. B through classical techniques
available for instance in Schiestel [2010], the set of averaged equations governing the reference
state around which the asymptotic analysis will be performed is obtained. By substracting each
of these equations from their respective instantaneous counterparts, one obtains the following
evolutions for the fluctuating velocity, pressure and temperature:

_ or o OIT;\"
Dtugl = — uj//ajui - = + ET (Jl]> + R:l ’ (2198)
P p P P
DiP’' = — ujgP — y1Pdivu’ — v{Pdiva — y;P'diva + (v; — 1) C' +v;C
+Dp+Sp+ R, (2.19b)

:, /

D / !/
REE
v A%
with:
Rl (pu//u//> /p ,

RY = u a]-P/ — (ylP/ — y’lP’> divu — (yﬂdivu’ — v/ divu’ ) P- <P divu’ — P'divu’ )
+v5C" — W — (y'lP’divu’ — W) ,

RT = woT — (y’ZT’ - y’2T/> divu — (y’zdivu' —yhdivu’ ) T—(v;-1) (T' divu’ — T'divu/ )

N
+c (pl> _ (1> - (y’ZT’divu’ —yéT’divu’)

Cy PCy

Second order contributions, i.e. those involving the product of two or more fluctuating quan-
tities have been gathered in the terms RY, RF and RT. These contributions are not necessarily
negligible but their role on the forthcoming analysis remains very limited. Equations (2.19a),
(2.19b) and (2.19¢) are the core equations that will serve for the small Péclet number analysis
detailed in Sec. 2.3.

2.24 Dimensionless equations for the fluctuations

The last step before performing the small Péclet number asymptotic analysis consists in mak-
ing Egs. (2.19a), (2.19b) and (2.19c) dimensionless. In this regard, it is important to recognize
that the mean and fluctuating fields have different characteristic scales. Hence, two sets of non-
dimensionalizing parameters must be provided: one for the mean field, the other for the fluctu-
ating field.

2.2.4.1 Characteristic scales and dimensionless quantities

First of all, the intensity of turbulent fluctuations, regarding the velocity u”, the relative density
p’/p, the concentration c;, and the adiabatic exponents v}, v}, v} are respectively characterized
by o, €p,, €, and €,.

45



2.2. Flow description

Besides, the characteristic length and time scales of turbulent eddies are denoted by ¢y and
To. They are related to the characteristic turbulent velocity by:
¢ 1
T~ 2~ (2.21)
U  Wo
with wy defined as characteristic turbulent frequency. As for the mean scales of density, pressure
and temperature, they are respectively defined by the values of py, Py and Ty. For the sake of
simplicity, the characteristic sound celerity cs, and heat coefficient at constant volume cy, are
chosen as

Py Py
Cs, ~ | — and ¢y, ~

—_ 2.22
Po PoTo @22)

Characteristic scales for the gradients of the mean field must also be provided. The characteristic
scales of the mean strain and acceleration are respectively denoted by Sy and Gy. Besides, length
scales for the mean gradients of temperature Ly, and pressure Lp, are also introduced:

T() PO Cg()
LTO | VT | 0 and LPO W 60 . (2.23)

Concerning the pressure and temperature source terms, we assume that the order of magnitude
of the fluctuating source terms relative to their mean is given by the parameter eg:

S, S

—_— ~ — v €

S S 7
Besides, a characteristic reaction time T, is introduced in order to specify the order of magnitude
of the mean source terms:

Finally, characteristic values for the kinematic viscosity vy, for the diffusion coefficients D for
the total thermal diffusivity x and for the are also introduced. They are respectively denoted by
Vyo, D(()“) and .

Dimensionless quantities from the mean and fluctuating fields, including the dimensionless
time t* and space x*, are then:

F=t X*:gi S vizg*—%’m A
To 0 u w €yo co

RANUEE LG R LA A
Po€p, Py To Po Po To
oP|" 1 0P oP|"* o.P oT|" T w1
— = - ’ e =L e ’ — =L e ’ 8 i _78 i
P Go p P PP T ToF | 5, %

As shown hereinabove, the fluctuations of pressure and temperature are not made dimen-
sionless in the same way as other fluctuating variables. Indeed, the asymptotic analysis of Sec.
2.3 imposes the orders of o/, ¢/, and u” whereas the orders of P’ and T’ are deduced from it.
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

The conduction term is non-dimensionalized by:

C' = L, C and C" = b c 2.24
~ AoTo an AT (@.24)

with Ag the order of the thermal conductivity. Apart from the thermal conductivity present in
the conduction term, transport terms do not play a significant role in the asymptotic analysis
and are then dimensionalized within a simplified approach. A characteristic kinematic viscosity
and an inter-species diffusion coefficient are written repectively vy, and Dgx), from which the
transport terms can be made dimensionless as:

H.. 1* [ H / N 52 D 1% 62 D !
(H) -0 <1> , Dp'=—L2—D} and <T> = —— <T) . (2.25)
p UpVy, \ P PoDy~ e, pCy ToDy "€, \PC

Finally, the non-dimensionalized source terms can be written:

1% !/
Sh'= - and <‘ST> —TS0<‘ST> . (2.26)

Poes, pCy Toes, \ pcyv

where e, is the relative order of magnitude of the source term.

2.2.4.2 Dimensionless numbers

The previous characteristic scales allow to carry out the derivation of the dimensionless equa-
tions. The latter involve a set of dimensionless numbers comparing the relative magnitude a
few physical mechanisms.

Similarly as the quantities €, €, €y, and €s,, the turbulent Mach number M; characterizes
the importance of compressibility effects in turbulent eddies It is defined, as written in Sec. 2.1,
as the ratio of the fluctuating velocity to the speed of sound, such that, from Egs. (2.21) and (2.22):

u
Mt = 70
Cs,
The Froude numbers denoted Frg and Fr,, are respectively related to strain and acceleration. Fr;
is the ratio of the characteristic turbulent frequency, defined in Eq. (2.21), to the mean scale of de-
formation and Fr, measures the relative magnitude of the mean and the fluctuating acceleration
of the flow. These numbers characterize then the turbulence production by mean gradients:
w wo u
Frg = =0 and Fr, = 200
S() G() €pp
The von Kdrman numbers, related to pressure Kap and temperature Kar are defined as the ratio
of the turbulent length scale, from Eq. (2.21), to respectively the length scales of mean pressure
and temperature gradients, defined in Eq. (2.23). Each compares two length scales, such that:

Lo
Kap=— and Kap=-—
Lp, Lt,
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2.2. Flow description

Molecular transport regards basic dimensionless numbers such as the turbulent Reynolds num-
ber Re;, the Prandtl number Pr and the Schmidt number Sc. The Reynolds number gives a
measure of the rate of inertial forces to viscous forces in the flow and the Prandtl number is
the ratio of the kinematic viscosity to the thermal diffusivity. As for the Schmidt number, it
expresses the rate of kinematic viscosity to scalar diffusion. Thus:

14
Re; = Hoto , Pr= Yo and Sc = Vo
Vvg X0 D(()‘X)

The Péclet number Pe; is related to the conduction through the Reynolds and the Prandtl num-
ber. As previously stated in Sec. 2.1, it compares the transport time scale by radiative conduction
to the turbulent time scale and therefore the relative importance of the radiative transport to the
turbulent one, such that:

uplo Ao

Pe; = — =Pr-Re; with xg =
Xo PoCvy

Finally, the Damkohler number Da gives the ratio of the turbulent characteristic time (see Eq. (2.21)),
to the mean reaction characteristic time :

1o

Ts,

Da =

Its order of magnitude shows whether reactions are slow or fast with respect to the turbulent
evolution.

2.2.4.3 Dimensionless equations

For the sake of simplicity, the asterisks superscripts are dropped. Hence, by using ¢, and
To for space and time as well as the other quantities where appropriate, one can now non-
dimensionalize Egs. (2.19a), (2.19b) and (2.19¢). One obtains finally:

P’ 1 ~ o &P 1 1 "
/, = // - . —_— — — —_— J— . .o
Pty == [MZ} o [Fr] uj O [FJ 0D [Rej <pa]n1]> R @27
=, 1 1 _
DtP/ - 'Y1Pd1Vll/ + |:P :| ('y3 — 1 C — l:F] P 811] Kap] uj’ﬁ]P
— |20y PaT + vKaf v5C + D}, + [Daes,] Sp + RP (2.27b)
FI'S Y1 1+ Pet Y3 S R P S0l ©P s .
, 1 C/ 11, . -
DiT' = — (¥, — 1) Tdivu’ + Pei| 5ec | (V2 — 1) T'0w; — [Kar] woT
Sy | 1= €YoKaT 1\ € Dr '
_ | X Tow — -2
[FTJ Y2 c‘)]u] * Pe; <pcv> C+ ScRe; PCy
ST ! T
+ [Daeg,] . +R" . (2.27¢)
v
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

2.3 Small Mach-small Péclet number approximation (Pe; < M; < 1)

This section is the corner stone of the study and defines the main conditions used for the ap-
proximation. It emphazises the role played by the turbulent Mach number in the evolution of
the fluctuating velocity and the influence of the Péclet number regarding the fluctuating tem-
perature and pressure evolutions. Its outcomes concern the orders of magnitude of some ther-
modynamic fluctuating variables, as well as the expressions of the divergence of the velocity
fluctuations divu’ and of the fluctuations of the conduction term C’.

2.3.1 Main conditions

As a first hypothesis, the asymptotic development of Eqgs. (2.27a), (2.27b) and (2.27c) supposes,
for an integer n greater or equal to 1, the flow to behave under the main conditions:

M; <1 and Pe~ MM <1 . (2.28)

In this configuration, the Péclet number is considered to be either smaller than or on the same
order as the Mach number. However, a reverse development is investigated latter, in Sec. 2.4,
where the flow admits M; to be even smaller than Pey, such that (Pe; < 1) and (M; ~ Pe}! < 1).

The following secondary conditions are considered here. First, the order of fluctuations of
the adiabatic exponents, of the concentration and of the density are assumed to be small, so that:

€y "M <1 , e, M <1 and ep, ~M; <1 . (2.29)

Secondly, the flow is considered in a quasi-equilibrium state, which means that the mean pro-
duction terms are of the same order as the dissipation ones. Hence,

Fro~1 and Frg~1 . (2.30)

And finally, the characteristic turbulent length scale is supposed small regarding the ones of
temperature and pressure gradients:

KaT ~ Kap ~ Mt <1 . (231)
The Reynolds and Schmidt numbers are assumed to verify:
Ret 21 and Sc-Ret 21 . (2.32)

This assumption is compatible with both high and moderate Reynolds numbers. Regarding
the reactive source terms, we assume that reactions have moderate velocities and that their
fluctuations relative to their mean is small (the case of fast reaction rates is examined in App. B):

Da~1 and e, ~M; <1 . (2.33)

49



2.3. Small Mach-small Péclet number approximation (Pe; < M; < 1)

The fluctuating quantities u”, p/, P’, v" and T’ are developed as functions of M;. For any fluctu-
ating quantity q’, we have:

q=q% +Mq® + Mq? + 0 (M?) _ (2.34)

They are then inserted in the dimensionless Egs. (2.27a), (2.27b) and (2.27c), corresponding re-
spectively to the evolutions of the fluctuating velocity, pressure and temperature. In the next
sections, the combined effects of small Mach and small Péclet limits are featured.

2.3.1.1 Small Péclet number analysis in fluctuating temperature evolution

The asymptotic developments are first inserted in the fluctuating temperature evolution Eq. (2.27¢).
While focusing on the terms of order Pe;! = M{", the following result can be derived:

c'0
pcy

~0 . (2.35)

The conduction term can also take the dimensionless form:
C'= 8 AT + [Kar] NGT + NOT —NoT | . (2.36)

The fluctuations of the conductivity A = A(p, T, cy) are supposed to be linearized under the
form:

N =lep) Ao +TAT+ [€c] ) oA - (2.37)
[24
With the hypotheses Kar ~ M; and €,, ~ €., ~ M
! [AajT’(O) + A1 (T’“”a{r’(o) - T/“’)ajT’(O)ﬂ . (2.38)

Hence, excluding particular cases, Egs. (2.35) and (2.38) lead to:

79 =0 . (2.39)
Moreover, when (n > 1), from the orders varying from M;(n Yo M;! in Eq. (2.27¢) that:
(1) 1(n—=1)
S (2.40)
pCy pCy

Taking into account that T = 0, the first equality implies C’ W= 0, [Xa] T (1)} . Hence, excluding
1)

particular solutions, one has TV =0. By recurrence, one finally deduces that:

W . =7 Vop . (2.41)
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

Thus, at order 0 and 1,

ny ~r(n)
= — _ 1(0) M; C’
0=- (2 - DTdivu™ + [Pej [oor (2.42a)
n (n+1)
- 73— 1) Tdivw@ 4 [ ME] € Kar] 057 [ S | /OF5%
0=y {Pet} pCy [Mt uj AT M, Fr, Y2 T
2 I(O) ,(0) ,(0)
Sl (1ANTE [ € | (Do St
MPe; (pcv> et [MtSCRet] <pCV +[Daeg] | : (2.42b)

Thus, a first estimate of the order of T’ and a first series of relations relating divu’ and C’ to other
fluctuations is obtained.
2.3.1.2 Small Mach number analysis in the fluctuating velocity and pressure evolutions

The asymptotic expansions are injected into the fluctuating velocity evolution Eq. (2.27a). By
gathering the terms of order M;* and M}, the following classical result is readily obtained:

pPO-pW_og | (2.43)

The previous result is then inserted in Eq. (2.27b), the fluctuating pressure evolution equation.
Hence, at order 0 and 1,

0 = — y;Pdive’ @ + [11\)/[&] vs-1)c'™ (2.440)
2
ey, Kar | 10)= €, / (0) 0)
MpPe |73 €T [MtScRet] Dp " + [Daeg | Sp (2.44b)

\

Again, an estimate of orders of P’ and a second series of relations relating divu’ and C’ to other
fluctuations is obtained. The system (2.44) is the same as the one obtained in a standard small
Mach number analysis, without taking into account the Péclet number. This system has been
derived for instance in Soulard et al. [2012]. The only difference comes from the conduction term
C that appears to be unknown and of the same order as the divergence term divu’.

2.3.1.3 Order of magnitude of the temperature fluctuations

(n)

Relation (2.41) shows that the first non-zero order of T’ is T'"". However, the combination of

order 0 Egs. (2.42a) and (2.44a) gives:
{divu’(o) -0 , (2.45a)
c'™ —o . (2.45b)

(n)

(n+1)

The latter relation implies that T""" = 0. The first non-zero order of T' is then T’

51



2.3. Small Mach-small Péclet number approximation (Pe; < M; < 1)

2.3.2 Main results of the asymptotic analysis

The asymptotic analysis being done, we would like to recast its main results in a dimensional
form, more useful for practical applications. From now on, we come back to the original nota-
tions, prior to dropping the * superscripts used to differentiate dimensional and dimensionless
variables. Hence, the fluctuations return to their original definitions and denote dimensional
variables from here.

2.3.2.1 Orders of magnitude of fluctuations

The pressure fluctuations P’ are of order M? and the temperature ones T’ are of order MM! ~
Pet - M. In general, one can write, for Pe; S M; < 1:

Main result: orders of magnitude of pressure and temperature fluctuations

/ /

P T
$~M3<<Mt and ?NPet-Mt<<Mt . (2.46)

A point must be emphasized here. In the case of moderate reaction velocities ([Daeg,| ~ 1)
and when the Péclet number is of order M;, temperature fluctuations T’ are also of order M;.
Their level can be compared to other thermodynamic quantities and, as a result, temperature
effects cannot be neglected. Furthermore, as shown in App. B, fast reaction rates ([Daeg,| > 1)
would maintain temperature fluctuations of similar level as the ones of other thermodynamic
quantities, even when the Péclet number is small with respect to M;.

2.3.2.2 General expressions for the divergence and the conduction terms

From relations (2.42b) and (2.44b), one can write the following dimensionned system relating
the fluctuation of the conduction term C’ and the fluctuating divergence term divu’:

_ C’ — — 1\ = Dr ! St !
(V2 — 1) Tdivu’ — == uAT — vy, ToT + (pc) C+ (pc) + (pc) , (247a)
A\ \' ' v
yiPdivu’ — (y3 - 1)C' = — w/§P — PO + v5C + Dp + Sp (2.47b)

Equations. (2.47a) and (2.47b) express the respective equilibria of T' and P’. They link the veloc-
ity divergence and the conduction term and describe their variation according to gradients of
pressure and temperature, as well as diffusion terms. Their combined existence emphasizes the
dependency of the small Péclet approximation to its small Mach counterpart. This aspect is not
necessarily accounted for in Spiegel [1962] or Lignieres [1999].

The relations of the system (2.47) allows to express C' and divu’ as functions of other fluctu-
ating quantities. The development of diffusion terms Dr, D’T, Dp and DIQ, as well as source terms
St, S}, Sp and Slé is carried on while considering a high Reynolds limit. It means that the latter
is sufficiently high to neglect mean diffusive terms and to conserve only second derivatives of
fluctuating quantities, as detailed in App. B.
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

Referring to Egs. (B.5a) and (B.5b):

Dr=0 , D/ngpjpwajﬁc; , (2.48a)
p=0 , Dp~) V3P, DWc, (2.48b)
04
Tz—Ze,“S(x+§ , S}=—Z(e,(x8(x)/+3’ , (2.48¢)
08 0.4
— P,.S P,oSs )’
Sp=) 22+ (v -1)St S{)=Z< ‘:)"‘) + (¥ —1)8 . (2.48d)
0.4 048

Finally, in the high Reynolds limit, the system (2.47) becomes:

Main result: general expressions of divu’ and C’

) _ _
v (8P 0T Y o
dive’ = — L (29 LY i
ivu u]Yl(P X T 7P(T )

vi—(¥3—1) <i>/]

Y1
- T () g+ S P+ (P ) (2.49)
LA -l '

¢ _ yio1.0P\  (C4E) [l (mw)
C (o) () [ ()
YPCy Y1 P PCy Y3 Y1 pPCy

_ / S/ 7_1 P P y ’
+(W_1)T<yz —’Yl)ajuj— T +Y2 X < rcx8>

1 7 YeSy V3 — 1yipey P
P, D®&2¢!
(7” e 1) P (2.49b)
Y1Y3— x YPCy
with:
oz Yx —1)pey T
Y == 11 5 and xf = Ga-DeaT . (2.50)
Yi— (2 -1« p

2.3.2.3 Expressions for the divergence and the conduction terms for a perfect gas

If ions and electrons are supposed to behave as a perfect gas, the matter pressure P™ can be
expressed as:

. 1+ Z
P"=P' +P°=prT=(y"—1) pc’T with r= E reCoq and ry = W , (2.51)
04 04

with R is the ideal gas constant, Z, is the ionization degree and M, its molar mass!. The
fluctuations of the adiabatic indices y™, 4, v, and y; are supposed negligible, so that:

‘Y,,l = ‘ylz = ‘Yé = ‘Ym/ = 0 . (2.52)

n an astrophysical context, the molecular weight y is interpreted as an equivalent molar mass of the mixing gas.
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2.3. Small Mach-small Péclet number approximation (Pe; < M; < 1)

Accordingly, the previous system (2.49) simplifies into:

5y [OP aT 7
diva’ = —u/ L[ = _xP9 ) 4 %Z
P T YlP o

c’ -'(@T—yz 1T8P> St +172—1 xP Z(Pl(xsa>/

/
PO, + (P'“S“) ] , (2.53a)

— Ll] f—
YpCy Yi P Yoy ¥z —1vipey G P
1 P, D@
T ( T2l 1) yo— e (2.53b)
\ Yi1Y3— 1 %~ PGy

In order to facilitate these derivations, it is worth noticing that the coefficients of Eq. (2.50) may
be simplified into expressions depending on the ratio § = P™/P, considering the thermody-
namic expressions from App. A, such that:

1 P — .
— ==, x =4-33 and Yy,=Y3 . 2.54
B 2=7Y3 (2.54)

Moreover, the equation of state given by P = P™ + P" implies:
I 5 8 4-3 9T 2.55
T - B r ( B) T 4 ( . )
which leads finally to simplier expressions for the closures? of divu’ and C’.

The general expressions of the fluctuating terms divu’ and C’ regarding the hydro-radiative
flow are finally:

Result: expressions of divu’ and C’ for a perfect gas plus radiation model

. op Sa\’
diva’ = —uf < 5 :) + Z [D(“)Gﬁcfx + <p“> ] , (2.57a)
— gp O — S\
c’ :u]-’ [ﬁ@lT x'P (p + ])} —3§+xPPZrT‘X <‘X>
P r x T P
+ 4PF ; ?D(“)é)ﬁc“ . (2.57b)
2Hence, if no source terms are considered, Sys (2.57) takes the simplified form:
. 8]ﬁ 8J'F r 1o
divu’ = —uj/ (? + 7) +;7‘X <D( )8]%(:/“) , (2.56a)
_ _/0p OrF ——r
_ =— P ) ] T o [od
¢ =y {pcvajT — P (? + 7)} + 4P ;72)( LGN (2.56b)

which is the form retained for the validations carried out in Secs. 2.5 and 3.
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

These expressions can be compared with the ones present in the literature. As mentioned in
the introduction, previous works have been devoted to the study of the small Péclet-small Mach
number limit. In Feireisl & Novotny [2009] and Novotny et al. [2011], the following expressions
are proposed:

op ! _ 0p
dive’ = —u/ 22 and < —(y™ - 1)Tu! 1P

— LA 2.58
I'p pCy 1D (2.58)

while in the work of Lignieres [1999], based on the Boussinesq approximation, the following
results are obtained:

/
divu' =0 and pC? = u{@ﬁ ) (2.59)

The anelastic approximation of Gough [1969] provides:

op —= =0p

divu’ = —uj/;)p and C' =y (ﬁa]T — P;)p> . (2.60)

2.3.2.4 Interpretation of the expressions for the divergence and the conduction terms for a
matter perfect gas

The first term on the right-hand side of Eq. (2.57a) expresses the volume adjustment of a mass
element moving along a pressure and temperature gradient. That adjustment is not the same
as the one observed in a high Péclet situation. In that case, the volume adjusts to the pressure
gradient according to the relation (2.62) from Soulard et al. [2012].

The second term of Eq. (2.57a) shows that the volume of a mass element is also modified
by the molecular diffusion and reactions of species provided they have different gas constants,
which effects have not been proposed in the analysis of Novotny ef al. [2011] or Gough [1969].

The expression derived in Feireisl & Novotny [2009] and Novotny et al. [2011] can be seen
as a particular case of the one proposed here. Equation (2.58) reverts to Egs. (2.57a) and (2.57b)
when all species are identical, i.e. when there is no mixing involved in the flow and r = cst,
when there is no temperature gradient and when the radiative pressure is negligible compared
to the material pressure (P* < P™). These are indeed some of the conditions under which the
asymptotic analysis of Feireisl & Novotny [2009] and Novotny ef al. [2011] is performed.

As for the expression of Lignieres [1999], it can also be interpreted as a particular case of
Egs. (2.57a) and (2.57b). Equations (2.59) and (2.57a)-(2.57b) become equivalent provided mix-
ing is discarded and provided the density gradient is zero.

The asymptotic expression of Gough [1969] is again a particular limit of Egs. (2.57a) and (2.57b).
Equation (2.60) reverts to Eq. (2.57a) and (2.57b) when mixing is not considered and in the limit
of weak radiative pressure (with respect to its material counterpart). Thus, it involves a mean
temperature gradient in addition to the expression of Novotny et al. [2011].
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2.3. Small Mach-small Péclet number approximation (Pe; < M; < 1)

Finally, the expression of Eq. (2.57a) does not depend on the radiation field but is only af-
fected by matter properties.

The second relation Eq. (2.57b) corresponds to the thermal equilibrium existing between the
conduction term on the left-hand side and two different sources of temperature fluctuations on
the right-hand side. The first source arises from the displacement of fluid particles along an adi-
abatic temperature gradient. The second one involves a combined effect of radiation and species
diffusion. Indeed, Eq. (2.57b) indicates the thermal equilibrium of a fluid particle submitted to
reactions, mixing and moving along an adiabatic temperature gradient. Without gradient of
concentration, that gradient is directly given by the pseudo-entropy gradient, given by:

o — N p*ajﬁ
pTO5|o = PCVOT — x P? . (2.61)

Temperature equilibrium then applies along the entropy gradient, which is different from the
studies established in Lignieres [1999] and Novotny et al. [2011] where only the temperature gra-
dient plays a role. This pseudo-entropy gradient may be also retrieved in the expression (2.60) of
Gough [1969], but only in the limit of negligible radiative pressure. In the presence of gradient
of concentration, the temperature equilibrium deviates from its isentropic character.

2.3.2.5 Comparison with the high Péclet limit

In order to better understand the role played by the smallness of the Péclet number, it is worth
comparing the results derived above against those obtained in the small Mach-high Péclet limit,
as studied by Soulard et al. [2012].

First of all, for (Pe; > 1), there is no temperature equilibrium. Accordingly, there is no con-
straint for the order of magnitude of the fluctuating temperature T’ and no relation equivalent
to Eq. (2.57b). What remains is the pressure equilibrium and its consequences: the order of mag-
nitude for P’ in Eq. (2.46) and an expression for the divergence equivalent to Eq. (2.57a). Based
on Soulard et al. [2012], this expression takes the form:

_ op
divu’ = —uf —_ 4+ Molecular terms . (2.62)

YiP
When all molecular diffusion coefficients are equal, the molecular terms in the above relation
simplify into a diffusion term on density fluctuations and become equivalent to the diffusion
term appearing in Eq. (2.57a). Therefore, notwithstanding the properties of T', the main differ-
ence between the small and high Péclet limit comes from the way the volume of fluid particles
adjust to the mean gradients of pressure and temperature, as expressed by the first term on the
right-hand sides of Egs. (2.57a) and (2.62). This difference has important repercussions, and in

particular for defining the stability criterion of a mean stratification.

To illustrate this point, let us consider the linear inviscid stability of a flow having a mean
density, temperature and concentration stratification satisfying the hydro-static equilibrium con-
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

dition:

9:
DWw\

This problem can be studied by looking at the linearized equations for the density and velocity
fluctuations, deduced from Sys. (2.18):
,_ P aP ’ gp

ol — and 8tp— = —divu’ — u]-’ =
PP P Y

(2.63)

When inserting the value of the velocity divergence expression (2.62) obtained the inviscid high
Péclet limit, the second equation becomes:

P '\ P AP

When inserting the expression (2.57a) obtained in the inviscid small Péclet limit, this same equa-
tion becomes:
o' _ o7
8t— = u]- e
P r

From there, one obtains that a stratification is stable provided:

Main result: stability criterion in both asymptotic regimes

aF Op
for (Per < 1) , T3 0, (2.64a)
aP dp\ oP
for (Pe;>>1) (’ — ]p> 2 <0 . (2.64b)
'YlP P P

Note that these results are obtained here in the high-Reynolds limit for two asymptotic regimes.
Notice also that these relations are equivalent to the stability criteria (1.12) and (1.17) derived in
chapter 1. As a complement for intermediate regimes, a linear stability analysis (LSA) of Sys (2.1)
is carried out in chapter 4, accounting for compressibility and visco-diffusive effects thanks to an
isothermal quasi-homogeneous approach. This study concerns all Mach, small Mach and small
Mach-small Péclet regimes with or without thermal equilibrium between matter and radiation.
In the large Péclet limit, stability is defined by the orientation of the acceleration with re-
spect to the density gradient corrected by an adiabatic pressure gradient. The corrected density
gradient can be rewritten as:
E,Eaﬁ _ smﬁ,zag + Z o MIP s, _
J [ ] —

op _OP _9p _Opp

el _9P Y
P yP 0 P

where § is the entropy of the photon-matter continuum. Note that dsp5 . < 0 for ideal gases with
radiation. Hence, in the absence of mean concentration gradients, the stability of a stratification
in the high Péclet limit is determined by the relative orientation of the acceleration and the
entropy gradient. When concentration gradients exist, the stability is not set uniquely by the the
entropy gradient but the latter can still be expected to play a significant role.
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2.4. Small Péclet-small Mach number approximation (M; < Pe; < 1)

By contrast, in the small Péclet limit, the stability is determined by the relative orientations
of the acceleration and of the gradient of the gas constant ¥, defined in Eq. (2.51), related to the
molar mass of the fluid. Entropy does not play a role any longer and only the gradients of the
concentrations of the different species influence the stability of the flow. The latter result can
be understood as a special asymptotic case of the double-diffusion (thermohaline) instability
encountered in geophysical and stellar flows, as in Schmitt [1994] and Garaud [2018].

2.3.3 Synthesis of the asymptotic analysis

An asymptotic analysis of a radiative flow within (M < 1 ; Pe; < 1) limits, with Pe; < My, has
been achieved in this part. The main results regard the orders of magnitude of the pressure and
temperature fluctuations, respectively (P'/P ~ M7) and (T'/T ~ Pe; - My), as well as general
asymptotic expressions for the fluctuating velocity divergence divu’ and the fluctuating con-
duction C’ terms, as shown by Sys. (2.49). The same kind of study with (M; < Pe;) is proposed
hereinafter.

2.4 Small Péclet-small Mach number approximation (M; < Pe; < 1)

This section is dedicated to the investigation of the small Péclet-small Mach number limit. This
limit is similar to the one studied before except that the Mach number is now considered to be
much smaller than the Péclet number while the converse, or at least M; ~ Pe;, was assumed
before. As will be seen below, exchanging the order of these two parameters does not modify
the main results described in the previous sections.

2.4.1 Main conditions

As opposed to the latter study, we now assume that the main conditions of the asymptotic
analysis are:

Pet <1 and M;~Pef <1 with n>1

The turbulent field is still assumed in quasi-equilibrium and an hypothesis of high Reynolds
number holds to keep molecular effects, such that the following secondary conditions:

Fro~1 , Frg~1 , Reg 21 and Sc-Rer 21 ,

assumed in Sec. 2.3.1 remain. In this way, this analysis considers also small fluctuations of
adiabatic exponents, of concentration and of density, such that:

€y, ~Per <1 , €, ~Pey<1 and €p, ~Pey <1 ,

and the characteristic turbulent length scale is supposed small with respect to the temperature
and pressure gradients length scales:

Kap ~Pe; 1 and Kar ~Pe; <« 1
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

Regarding the reactive source terms, the following order is imposed:
Da~1 and e, <1 ,

so that reactions have moderate velocities. The fluctuating quantities u”, ¢/, P/, ¥/ and T’ are
developed as functions of Pe;. For any fluctuating quantity q’, we have:

As in Sec. 2.3, they are inserted into the dimensionless evolution equations of the fluctuating
velocity, pressure and temperature, respectively Egs. (2.27a), (2.27b) and (2.27c). Hence, the next
paragraphs tend to reproduce the same steps detailed in Sec. 2.3 with only slight variations.

2.4.1.1 Small Péclet number analysis in fluctuating temperature evolution

The asymptotic developments are first inserted in the fluctuating temperature evolution Eq. (2.27¢).
By focusing on the terms of order Pe;!, the following result can be derived:

1(0)
o (2.65)
pPCyv
which leads to:
T9-0 , (2.66)

which in turn implies C’ M - 0 {X@T’(l)} . Then, at order 0 and 1, one has:

0=— (73— 1) Tdive’ @ + Cp,i) ) (2.67a)
DT = — (75 — 1) Tdive’ @ + Cp/,z) - {Flr} ¥z - 1)TVom - [II()ZT] u/VaT
- | o | AT + PK (Q)lw)” Fesire (@lm)

sea) (52)" e

Thus, a first estimate of orders of T' and a first series of relations relating divu’ and C’ to other

fluctuations is obtained. It is worth noting that, unlike in Sec. 2.3, nothing tends to suggest

T M _ 0 in the second equation.

2.4.1.2 Small Mach number analysis in fluctuating velocity and pressure evolutions

The asymptotic developments are secondly inserted in the fluctuating velocity evolution Eq. (2.27a).
By gathering the terms of order M;* = Pe; *" and M;! = Pe; >"*!, one has again (with here n > 1
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2.4. Small Péclet-small Mach number approximation (M; < Pe; < 1)

by assumption):

PO _p®_  _p-l)_ (2.68)

The previous result is then inserted in Eq. (2.27b), the fluctuating pressure evolution equation.
Hence, at order 0 and 1, one has:

0=—y;Pdiva’¥ + (v - 1)’V (2.69a)
T ) N R B () P e T (U e
0=—y1Pdivu""’ + (y3—1)C [Pet ] u 9P [PetFrJ Y: Po;
2
evoKat | o) € / (0) /(0)
\ + Pe? ] Yy C+ [PetSCReJ Dp "’ + [Daes)| Sp . (2.69b)

Again, an estimate of orders of P’ and a second series of relations relating divu’” and C’ to other
fluctuations is obtained. The system (2.69) is the same one as Sys. (2.42), with C’ M and ¢'®
respectively in place of C'™ and ¢/,

2.4.1.3 Order of magnitude of the temperature fluctuations

The result from relation (2.69) showed that the first order not equal to naught of T is T’ M,

However, like in Sec. 2.3, this result is amended when combining Egs. (2.67a) and (2.69a) leading
to:

{ diva’@ =0 (2.70a)
M=o . (2.70b)
The latter relation implies that
TW =0

)

Hence, the first non-zero order of T’ is then T'**’, which is one order less than the first estimate.

2.4.2 Synthesis of the asymptotic analysis

The second asymptotic analysis is now finished and, like in the first one, the main results are
now presented in their dimensional form. It regards in particular, the relative orders of P’ and
T, the asymptotic expression of divu’ as well as the evolution equation for C’.

2.4.2.1 Orders of magnitude of fluctuations

The pressure fluctuations P’ are of order Pef" ~ M? and the temperature ones T’ are of order
Pe?. One can write, for (M; < Pe; < 1):

Main result: orders of magnitude of pressure and temperature fluctuations

P T
7 M? ~ Pe?" < Pe; and T~ Pe? < Pe; . (2.71)
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

Therefore, pressure and temperature fluctuations have a smaller order than density or concen-
tration ones. Thus, they can be neglected regarding the latter as long as they do not appear in C’
or in the pressure gradient.

2.4.2.2 General expressions for the divergence and the conduction terms

Since T'!) = 0, the Lagrangian time derivative of T'""
glected. As a result, the outcome of the asymptotic analysis concerning the divergence and the
conduction terms reverts exactly to the one derived in Sec. 2.3.

appearing in equation (2.67) can be ne-

Main result: general expressions of divu’ and C’

The expressions of the conduction term C’ and the fluctuating divergence term divu’ are
given by the two equations of system (2.47). Their simplification to the case of ideal gases
is given by system (2.57).

2.5 Validation of the asymptotic analysis

The current section deals with the validation of these results through the use of a hydrodynamic
code, presented in Sec. 2.5.1, in which the treatment of radiation has been implemented. To this
purpose, in order to highlight the impacts of the small Péclet-small Mach number approxima-
tion, direct numerical simulations (DNS) of a radiative turbulent mixing zone are performed
with the in-house TRICLADE code.

2.5.1 Numerical method

TRICLADE is a massively parallel code intended to solve turbulent mixing of perfect gases in
a variable-density context (see Shanmuganathan et al. [2014] and Thornber et al. [2017]). The
present computations are performed with an extension of the code to radiative equations im-
plemented thanks to an operator splitting between the standard hydrodynamic visco-diffusive
part and the radiative gray part including radiation-matter coupling and radiative diffusivity.
In the radiative version of TRICLADE, the total energy is split into its material and radiative
components. Hence, the following two equations are solved:

pDie™ = — P™divu — 9 /™ — Q™" + pe
pDy(E"/p) = — P'divu — § F" + Q™"

where O™ is the radiation-matter exchange term:

Q™" = pkey (aRTm4 - Er) with T™ =e™/cy

It corresponds to a simplified version of the gray radiation hydrodynamics system derived in
Zhang et al. [2011] within the flux-limited diffusion approximation. The asymptotic value 1/3
of the optically-thick limit is used here for the flux limiter and the Eddington factor; then, the
corrections of order |u|/c, are neglected and the Planck mean interaction coefficient is taken
equal to opacity k' for the sake of simplicity.
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2.5. Validation of the asymptotic analysis

For the hydrodynamic part of the code, the monotonic upstream centered scheme for con-
servation laws (MUSCL) finite-volume Godunov method referred to as M5 in Kim & Kim [2005]
is used. With respect to the standard version of TRICLADE, only a slight modification of the
HLLC numerical flux is required to account for the additional E' variable. This modification is
described in App. C, along with some information regarding the boundary conditions imple-
mented in TRICLADE. It includes as well some details about the numerical resolution of the
simulations.

As for the gray coupling diffusion sub-system for (e™, E), a simple implementation relies on
the fact that TRICLADE only works on cartesian grids. It is solved by dimensional splitting into
three successive 1D implicit systems. The non-linear term T™* at final time step is linearized
as in Commercon et al. [2011]; in this way, when using three-point stencils to discretize the
first order derivative of E, each 1D implicit problem is solved by inverting one three-diagonal
system for E' followed by an update of e™. To avoid anisotropic artifacts, alternate directions
orders are used from one iteration to the next. This procedure is valid in the limit of vanishing
decoupling of matter and radiative temperatures like in the test cases of this section.

In the following sections, the cartesian frame (x1, X, X3) introduced in the derivation of the
approximation will be also be referred to with the notation (x, y, z): (x1,x2,x3) = (X, y, 2).

2.5.2 Rayleigh-Taylor flow configuration

The test flow under consideration is a statistically axisymmetric turbulent mixing zone induced
by a Rayleigh—Taylor instability (RTI) at a planar interface between two different fluids treated
as perfect gases. This simplified configuration does not occur as such in stellar interiors. Its
interest lies in the fact that it combines some of the elementary mechanisms which are at work
in stellar flows. In particular, it involves mixing, convection, radiation and Péclet number effects.
It consequently constitutes a relevant testing ground for our predictions.

The initial state of the simulations is defined as follows. The two fluids are separated by an
interface, located at (x = xp), which is unstable with respect to a constant gravitational field g
oriented along the x-axis toward negative values of x, i.e. pointing from the heavy fluid side
(x > 0) to the light fluid side (x < 0). The latter axis is referred to as the inhomogeneous
or longitudinal direction, while the (y, z)-axes correspond to the transverse or homogeneous
directions. The mean state is fixed by enforcing a hydrostatic equilibrium with an isothermal
condition. More precisely, the initial profiles along the longitudinal direction are defined by:

4
T =To , PR =000 s To+ 50 with 000 =y exp (T 8x)

M, ifx<xy ,

WhereM("):{M ifx > x 0=y
h 0

Note that the two molar masses should be understood as effective masses, accounting for the
actual molar mass divided by (1 + Z), consistent with the equation of state (2.8). Their contrast
is characterized by the Atwood number:

My —M,

Ar= My + M,
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

At initial time, the interface is left flat but a small perturbation of the velocity field is introduced
around it. The perturbation spectrum has a hat profile delimited by the wavelengths Apyin and
Amax = 2Amin and an intensity characterized by a turbulent Mach number M.

From now on, all quantities are non-dimensionalized by the following reference scales: the
maximum wavelength of the perturbation spectrum Amayx, the acceleration Aig and the arith-
metic average of the densities of the two fluids at the interface. Besides, two dimensionless
numbers are introduced in order to account for the local properties of the radiating fluid, see
Mihalas & Mihalas [2013]. The contribution of the radiation energy compared to the one of the
stellar material may be expressed with the Mihalas number R. As for the Boltzmann number
Bo, it yields the relative importance between radiative and matter energy transport.

They are respectively estimated at the initial interface location with:

m

pe
—— and Bo=
E* (o) SBT

ph™c,

R= o,

where all the quantities have the same meanings as in Sec. 2.2.4. Note that the initial speed of
sound is chosen as the characteristic velocity for the Boltzmann number. The temperature refer-
ence scale is finally defined from the other reference scales so as to maintain the Mihalas number.

For the sake of simplicity, both gases of the binary mixture have equal adiabatic indices v,
kinematic viscosity vy, species diffusion coefficient D and opacity k" and these properties are
assumed to be constant.

Within this non-dimensional setting and choices, the main parameters defining the simula-
tions are:

A =026 , R=124 , Bo=375x10"% , v, =

./\/log
RTy

W Q1

7 90:1 7 7\max:1 7

=389%x102% , v,=D=92x10"3

M, =5x10"°% , Tp=3.16 ,

The fact that (R > 1) indicates that material energy and pressure dominate radiative ones and
the fact that (Bo < 1) shows that the radiative flux overwhelms the material enthalpy flux. Such
conditions can be found in the interior of massive stars, where the radiative pressure is not neg-
ligible as opposed to intermediate-mass stars.

As for the numerical parameters, the domain is of size (LX X Ly x LZ) = (87.5 x 100 x 100)
and is discretized using a Cartesian structured mesh with (Ny x Ny x N) = (896 x 1024 x 1024)
cells. Periodic conditions are imposed in the transverse homogeneous directions, along the
(y,z)-axes. Slip wall boundary conditions are considered for the fluids and Dirichlet ones for
the radiative energy in the x-axis.
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2.5. Validation of the asymptotic analysis

Three simulations are carried out: one with a very small Prandtl number, another with a
large Prandtl number and a third with a moderately small Prandtl number. The Prandtl number
is here defined as the value at initial time and at the interface of:

Vy 3pcp

Pr= =
A/(pcp)  4cparT? P

T
OK Vv

The first simulation is expected to yield a small Péclet number and aims at verifying the results
of the asymptotic analysis. Then, by comparison with the second one, it allows to differentiate
the behaviours of the induced turbulent mixing arising within both asymptotic regimes. The
intermediate Prandtl simulation is meant to test the limits of the approximation. To vary the
Prandtl number, the radiative conductivity is modified by changing the opacity . The opacity
values chosen for each simulation are given in Table A along with the Prandtl number and with
a name attributed to each simulation.

Simulation acronym  Opacity k* Prandtl number Pr

SPq 8.64 2.36 x 1074
SP 8.64 x 10! 2.36 x 1073
HP 8.64 x 10* 2.36

Table A — Rosseland opacities defining each of the three simulations performed for the validation. The
acronyms SP and HP stand respectively for small Prandtl and high Prandtl. For information, each simu-
lation of 0.94 x 10 cells has been performed in 25 000 iterations by 66 560 h.Pe ~ 2 800 days.Pe.

To conclude the flow description, let us remark that the problem is statistically one-dimensional
only depending on the inhomogeneous direction x. Thus, by ergodicity, statistical averages can
be computed by integration on the homogeneous directions. For any quantity q, we define:

_ 1
qx) = LL, / q(x,y,z)dydz

2.5.3 Dimensionless numbers

In order to verify the main conditions of the asymptotic analysis, assumed in Sec. 2.3, we proceed
to compute the following dimensionless numbers: the turbulent Mach number My, the turbulent
Reynolds number Re) based on the Taylor micro-scale, as well as the turbulent Péclet number
Pe. All those numbers are extracted from the simulations at the initial position of the interface
(x = Xp), using the following definitions:

M = — , Rey="Y"4/2 | Pe= ,
t Cs A 3 Ly € ©t A
=2
k - 1—
with v = C% , kziu{u{ , E=2vy(0ul)? . (2.73)

These definitions involve the turbulent kinetic energy k, its dissipation € and the turbulent vis-
cosity v¢. The constant C,, is set to 0.1 as in standard k — € models [Schiestel, 2010].
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Figure 2.1 — Time evolution of the turbulent Mach My, Péclet Pe; and Reynolds Rej) numbers at the center
of the mixing zone.

First, the desired condition (M; < 1), displayed in Fig. 2.1, is met for the three configurations
since the turbulent Mach number is always observed to remain lower than 0.14. Regarding the
turbulent Péclet number, its evolution is also shown in Fig. 2.1. At large enough times for the
flow to be turbulent (t = 15), the Péclet reaches values on the order of 1072, 10~ ! and 10 re-
spectively for the low, intermediate and high Prandtl simulations. As for the Reynolds number
Re,, its value is shown in Fig. 2.1. It keeps increasing in time and finally reaches the value
(Rey ~ 115) for the small Prandtl simulation and (Re) ~ 70) for the other two configurations.

To sum up, the following conditions are reached for each simulations, from approximately
(t 2 15):

SPy : (Rex>>1) and (Per< Mk 1) ,
SP, : (Rey>1) and (Pei~M; k1) ,
HP : (Rey>1) , Mi<1) and (Pe;>1)

Thus, the main conditions of relations (2.28) leading to the asymptotic expansion detailed in
Sec. 2.3 are verified for the simulations SP; and SP,. By contrast, the simulation HP evolves in
the opposite Péclet limit.

Note that the secondary conditions introduced in 2.3.1 are also verified in all three simula-
tions. The Froude numbers are on the order or much larger than one, the relative concentration
and density variances within the mixing zones are small and the mean pressure and temperature
scales are much larger than the turbulent scale.

2.5.4 General evolution of the flow

The development of the instability between the two fluids is illustrated in Fig. 2.3. The latter
displays a volume rendering of the concentration at three different times and for the simulations
SP; and HP.
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2.5. Validation of the asymptotic analysis

More precisely, it shows the mixing zone shortly after the initial time (t = 4) and at a transi-
tional time (t = 17). These times are only presented for the high Péclet simulation HP. Indeed,
until (t ~ 17), the binary mixtures of the small and high Péclet simulations are visually indistin-
guishable. However, at later times, in the fully turbulent regime, a clear discrepancy between the
two simulations is seen. In the high Prandtl simulation HP, the mixing zone saturates whereas
in the small Prandtl simulation SP;, the dominant and most energetic scales of turbulence keep
increasing.

This discrepancy can be explained by the difference in the stability criteria obtained in the
high and small Péclet limit, as detailed in Sec. 2.3.2.5. For the high Péclet limit, the stability
criterion is linked to the density gradient corrected by an adiabatic pressure gradient. This
quantity can be integrated over the inhomogeneous direction to yield a dimensionless pseudo-

entropy:
x (0P O:p
S = / (’3 . 5") e . (2.74)
-30 \ 7,P p

Given the orientation of the gravity in the simulations (leading to 9P < 0) and the stability
criterion (2.64b), the stratification in the high Péclet case is stable if S increases with x (xS > 0),
unstable if S decreases with x (0xS < 0) and neutral if S is uniform (04S = 0).
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Figure 2.2 — Spatial profiles of the pseudo-entropy S, given by (2.74) for the high and small Péclet simu-
lations at timest =0, t = 17 and t = 34.
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2.5. Validation of the asymptotic analysis

In the present simulations, the spatial profiles of the pseudo-entropy S are not monotonous.
These profiles are shown for the high and small Prandtl simulations in Fig. 2.2 at times t = 0,
t = 17 and t = 34. The initial profile of S is the same for all simulations and is imposed by the
isothermal hydrostatic condition. More precisely, at t = 0, one observes a rapid decrease of S at
the interface between both gases while S increases on each side of this interface. In other words,
according to the high-Péclet number criterion (2.64b), the interface is initially unstable while the
subdomains it separates are stable. As mixing unfolds, the initial rapid interfacial decrease of
S extends and flattens out until an almost uniform profile is reached within the extent of the
mixing zone. For the high Prandtl number simulation HP, this flat profile of S means that the
stratification has reached an almost neutral state and that the instability is not fed any longer.
Thus, turbulence starts decaying and eventually dissipates. The mixing zone stops growing.

This phenomenology is not observed for the small Prandtl simulation SP;. As can be seen in
Fig. 2.2, for sPy, the profile of S never stops diffusing. Even after crossing the high Péclet neutral
threshold, it keeps increasing over the whole spatial domain. To explain this major difference,
one must recall that the stability criteria in the small and high Péclet limits are not the same. In
the small Péclet case, the stability of a stratification is determined by Eq. (2.64a). It is completely
independent of the entropy stratification and only depends on the gas constant gradient d,r. The
latter exists if the two gases being mixed have different molar masses and if there is a mean con-
centration gradient. In the small Prandtl simulations performed here, evolving in a small Péclet
regime, given the orientation of the gravity field and the initial repartition of the molar masses,
the stability of the stratification is eventually given by the sign of dic, the mean concentration
gradient of the light fluid. More precisely, the stratification in the small Péclet limit is stable if ¢
decreases with x (0x¢ < 0), unstable if ¢ increases (0x¢ > 0) and neutral if ¢ is constant (0x¢ = 0).
The mean concentration has a monotonously decreasing spatial profile at all times (0x¢ < 0) as
shown in the insert of Fig. 2.2. Therefore, the stratification of the small Prandtl SP; simulation is
always unstable. As a result, in the small Péclet regime, the mixing zone grows until it reaches
the boundaries of the flow domain.

As a conclusion, the different mixing width evolutions observed in simulations SP; and HP
are coherent with the stability criteria predicted in Sec. 2.3.2.5. These criteria reflect the influence
of the Péclet number and are a direct consequence of the asymptotic approximation derived in
Sec. 2.3. Thus, the qualitatively different behaviours between simulations sSP; and HP (identical
except for the opacity value), are a first validation of the asymptotic results. A direct verification
is proposed in the next subsection.

2.5.5 Validation of the asymptotic analysis

One of the main predictions of the asymptotic analysis is the order of magnitude of the pressure
and temperature fluctuations, as given by Eq. (2.46). To assess this prediction, we plot in Fig. 2.4
the temporal evolutions of the ratios np and 1 at the center of the mixing zone, defined by:

VPP VTT

ﬁMtZ _T-Pet-Mt

Mp =
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

For Eq. (2.46) to be verified, these ratios must be on the order of 1. As can be seen in Fig. 2.4,
the ratio np tends to 1 in the turbulent regime for each configuration, showing that the fluctu-
ating pressure is on the order of M?. This scaling is expected because it results from the small
turbulent Mach number asymptotics whatever the Péclet number. Since the turbulent Mach
number hardly reaches 0.14, as previously mentioned, all three simulations evolve in a small
Mach regime and give rise to pressure fluctuations of the same order.

As for the ratio nr, it is of order unity for the two small Prandtl simulations SP; and SP,
whose turbulent mixing occur in a small Péclet regime. The prediction (2.46) is thus verified.
On the opposite, the order of N in the high Prandtl simulation HP significantly departs from
the others: 1 actually tends towards zero. There is indeed no condition for the fluctuating
temperature in the high Péclet analysis [Soulard et al., 2012].
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Figure 2.4 — Time evolution of ratios np and 1y at the center of the mixing zone.

The other major predictions derived from the asymptotic analysis of Sec. 2.3 are the values
of the fluctuating velocity divergence divu’ and of the fluctuating conduction term C’. These
predictions are respectively expressed in Egs. (2.57a) and (2.57b). To evaluate their quality, we
compare “simulated” and “predicted” values of divu’ and C’. On the one hand, the “simulated”
values are obtained by taking the fluctuating part of divu and C computed from the actual fields
using their definitions divu = dju; and C = §; (AJT). On the other hand, the “predicted” values
are directly computed as the right-hand side of Egs. (2.57a) and (2.57b) using the same actual
simulations.
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2.5. Validation of the asymptotic analysis

Two-dimensional fields (slices in the plane y = 0) are shown in Figs. 2.5 and 2.6 to compare
the simulated and predicted values of C" and divu’ respectively. They are extracted from the sim-
ulation SP; at a transition time t = 17 and at t = 34, a time at which the small Péclet asymptotic
results should apply according to Fig. 2.1. The same structures can indeed be identified, from
t = 17, in both parts of Fig. 2.5 and, since the color scale is the same, the overall agreement on
the intensity of the fluctuating conduction C’-fields can be guessed. The main difference comes
from the occurrence of some localized extrema in the simulated field which seem to be filtered
out by the use of formula (2.57b). The same comments apply to the fluctuating velocity diver-
gence shown in Fig. 2.6 including the filtering effect of the asymptotic expression Eq. (2.57a).
The striking likeness between Fig. 2.5 and 2.6 comes from the fact the stratification term is dom-
inant in Egs. (2.57b) and (2.57a) in that case and the mean flow is isothermal. Both fields then
roughly look like u] (/P + 87/7) and the large difference in the prefactors is hidden in the
difference in color scale between both figures.

Figures 2.5 and 2.6 provide a qualitative assessment of the asymptotic results derived in
Sec. 2.3.2.2. A quantitative validation can be performed by measuring the correlations of divu’
with other flow variables. For modelling purposes, that will be made clear in chapter 3, we focus
on the correlations of divu’ with p’ and uf, namely: p’divu’ and u/divu’. Besides, the predicted

value of divu’ is split into its two contributions: the one coming from the mean stratification and
the one coming from molecular mixing effects. More precisely, from Eq. (2.57a), the correlations

p’divu’ and ujdivu’ are expressed as:

7,strat.

q’'divu

117 %P i
—qux(?JF%) 4

mix. Ar [@(QDB]-C’)} !
r p

qdive’ = gdive”™" + ¢dive’™ with
q'divu’ =

4

where the quantity q’ stands for uf or p’ and where Ar = R/ M; — R/ M,. The simulated and
predicted correlations p’divu’ and u/divu’ of the simulations SP; and HP are shown respectively
in Figs. 2.7 and 2.8, along with the components of the predicted value, at times t = 17 and t = 34.

Regarding the small-Prandtl simulation of Fig. 2.7, a good agreement between the simula-
tion and the prediction is observed for both correlations at both times indicating that Eq. (2.57a)
provides quantitatively accurate estimates. The contributions of the stratification and of the
molecular mixing have opposite signs because of the instability: the baroclinic production re-
lated to the stratification tends to enhance the turbulence in this unstable configuration whereas
the molecular diffusion tends to dissipate the turbulence.

By contrast, if the same comparisons are performed using the high-Prandtl simulation HP
instead of the small-Prandtl simulation SP,, strong differences are observed, as expected. In-
deed, as shown by Fig. 2.8, the small Péclet prediction Eq. (2.57a) can obviously not be applied
to HP which evolves in a large Péclet regime according to Fig. 2.1. What remains however, is the
opposition of signs between the stratification and the molecular diffusion contributions. The
two parts of the correlations may then still be interpreted as respectively a production and a
destruction process.
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

(a) Simulated value of C’ at time t = 17 (b) Predicted value of C’ at time t = 17
(c) Simulated value of C’ at time t = 34 (d) Predicted value of C’ at time t = 34

Figure 2.5 — Cuts in the plane y = 0 at times t = 17 and t = 34 for simulation SP, displaying respectively:
(a) and (c) the fluctuating conduction term C’ computed by using its definition C = 9, (?\6]-T) ; (b) and (d)
the asymptotic value of C’ predicted by Eq. (2.57b). The color scale is the same in each figure.
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2.5. Validation of the asymptotic analysis

(a) Simulated value of divu’ at time t = 17 (b) Predicted value of divu’ at time t = 17

(c) Simulated value of divu’ at time t = 34 (d) Predicted value of divu’ at time t = 34

Figure 2.6 — Cuts in the plane y = 0 at times t = 17 and t = 34 for simulation SP, displaying respectively:
(a) and (c) the fluctuating divergence divu’ computed by using its definition divu’ = 31111' ; (b) and (d) the
value of divu’ predicted by Eq. (2.57a). The color scale is the same in each figure.
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Chapter 2. Derivation and validation of a (M; < 1 ; Pe; < 1) asymptotic analysis

Finally, for both simulations SP, and HP represented in Figs. 2.7 and 2.8, the Reynolds num-
ber increases as time elapses so that the intensity of the molecular contribution is seen to de-
crease with respect to the stratification contribution.

A crucial information for turbulence modelling is highlighted in Fig. 2.9. The prediction of
the divergence term of Eq. (2.62) has been derived by Soulard et al. [2012] within the (M; < 1)
limit without any assumption on the order of Pe; and should be valid for all value of Pe;. Fig-
ure 2.9 indeed confirms its validity for the small-Prandtl simulation SP, while Fig. 2.7 has already
shown it in the low-Péclet regime. What makes the small-Péclet prediction of Eq. (2.57a) essen-
tial for turbulence modelling is the partition between the stratification and the molecular terms.
The latter can indeed not be directly taken into account and should be modelled as dissipative
processes. The fact that the contribution q'divu’ 2122) can change its sign and become positive in
Fig. 2.9 when the partition of Eq. (2.62) is applied in the small-Péclet regime indicates that its
interpretation as a pure destruction term becomes erroneous. The q'divu’ ?zugz) must therefore be
re-interpreted as the sum of a destruction term and an additional stratification one ensuing from
the small-Péclet effects when (Pe; < 1). Such a re-interpretation finally leads to the partition of
Eq. (2.57a) amenable to turbulence modelling when (Pe; < 1) as illustrated by the minus sign
of q'divu/ " in Fig.2.7.

Hence, the comparison between Figs. 2.7 and 2.9 renders explicit the relevance of the small
Mach-small Péclet approximation. Indeed, the characterization of the velocity divergence and
of the conduction terms allows to target accurately the role played by each of their contributions
in an infinitely small Prandtl regime. It will notably clarify the discrepencies of modellization in
the next chapter, carried out for both asymptotic Péclet limits.

Finally, to sum up this section, the main results of the (M; < 1 ; Pe; < 1) approximation

derived in Sec. 2.3 have been verified. The orders of magnitude of T' and P’ and the values of
divu’ and C’ are all coherent with the asymptotic predictions.
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Figure 2.7 — Spatial profiles of (a) —p’divu’ and (b) u’divu’ for simulation SP, at times t = 17 and t =
34. Comparison between the (Pey < 1) simulated and (Pe; < 1) predicted values, computed using the
small-Péclet prediction Eq. (2.57a). The contributions from the stratification (“strat.”) and the molecular
(“mix.”) terms to both predicted values are shown.
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Figure 2.8 — Spatial profiles of (a) —p’divu’ and (b) u/divu’ for simulation HP at times t = 17 and t =
34. Comparison between the (Pe¢ > 1) simulated and (Pey < 1) predicted values, computed using the
small-Péclet prediction Eq. (2.57a). The contributions from the stratification (“strat.”) and the molecular
(“mix.”) terms to both predicted values are shown.
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Figure 2.9 — Spatial profiles of (a) —p’divu’ and (b) u’divu’ for simulation SP; at times t = 17 and
t = 34. Comparison between the (Pe; < 1) simulated and (M¢ < 1) predicted values, computed us-
ing the small-Mach all-Péclet prediction Eq. (2.62) from Soulard et al. [2012]. The contributions from the
stratification (“strat.”) and the molecular (“mix.”) terms to both predicted values are shown.
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2.6 Conclusion

In this work, an asymptotic analysis of radiative mixing flows has been performed in the joint
limit of small turbulent Mach number and small turbulent Péclet number. It predicts the scal-
ings of pressure and temperature fluctuations in addition to providing approximations for the
fluctuations of the thermal conduction and of the velocity divergence fields. The latter estimates
turn out to be the cornerstone for the improvement of RANS turbulence modeling when the
radiative conduction overwhelms the turbulent diffusivity. This aspect is discussed in the next
chapter.
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Adaptation and validation of a (M; < 1)
RSM turbulence model to the (Pe; < 1)
regime

For, though thy long dark lashes low depending,
The soul of melancholy Gentleness
Gleams like a Seraph from the sky descending,
Above all pain, yet pitying all distress;

At once such majesty with sweetness blending,

I worship more, but cannot love thee less.

LORD BYRON
Sonnet — to Genevra

Contents
31 Introduction . . ... ...... ... ... .. i 80
3.2 Adaptation of a RSM : the GSG turbulentmodel . . ... ........ 81
3.2.1 Current version of the GSG model in the (Pe; > 1) limit . . . . . 81
3.2.2 Adaptation of the Langevin PDF model to the (Pe; < 1) limit . . 85
3.2.3 Adaptation of the GSG model to the (Pey < 1) limit. . . . . . .. 87
3.24 Blending between the two limits (Pe; > 1) and (Pe; <1) . ... 88
3.3 Validation of theextended RSM . . ... ... ............... 90
3.3.1 Calibration with respect to TRICLADE simulations . . .. ... 90
3.3.2 1D simulations with the GSG turbulence model . . .. ... ... 91
34 Conclusion . ... .... .. .. ... .. e 94

79



3.1. Introduction

3.1 Introduction

Small Mach number approximations, considered independently from small Péclet number ones,
have a paramount influence on the formulation of statistical turbulent models. For instance,
most closures for the fluctuating pressure gradient used in second order models [Launder et al.,
1975, Schiestel, 2010], probability density function (PDF) models [Kuznetsov & Sabelnikov, 1990,
Pope, 1985] or spectral models [Sagaut & Cambon, 2018] are derived by assuming that the pres-
sure field obeys a Poisson equation. Let us recall that the latter equation stems from the ex-
istence of a constraint on the velocity divergence, which is itself one of the main outcomes of
small Mach number asymptotic analyses. Furthermore, the velocity divergence constraint al-
lows for an explicit treatment of several compressibility effects. As reviewed by Livescu [2020]
for instance, binary mixtures may lead to possibly strong density variations, steming from large
pressure, temperature or composition fluctuations. These effects can then be taken into account
in a model with or without additional closures [Shimomura, 1999, So et al., 2000, Soulard et al.,
2012]. In particular, in Soulard et al. [2012], it was shown how the velocity divergence constraint
can be used to derive closed evolution equations for the variance and flux of the density field.
These equations, in conjunction with additional equations for the Reynolds stresses (velocity
co-variances) and for the kinetic energy dissipation, form the basis of a class of augmented
Reynolds stress models (RSM) which have proved to be efficient for solving variable-density
turbulence. Among those augmented RSM, one can cite the BHR model [Besnard et al., 1989]
and the GSG model [Grégoire et al., 2005]. The latter is the model which adaptation was pro-
posed in Soulard et al. [2012] and which will be the focus of this chapter.

As discussed in the previous chapter, the outcome of small Mach number approximations is
different in the high and small Péclet limits. In particular, the constraint on the velocity diver-
gence takes a different expression when both the Mach and Péclet numbers are small. This can
be seen by comparing equation (2.62), valid for high Péclet numbers, to equation (2.57a), valid
for small Péclet numbers. As a result, models which are based on the high Péclet version of the
velocity divergence constraint are not adapted to deal with small Péclet flows and need to be
modified to account for this particular limit.

Such adaptations have scarcely been considered in the literature. Indeed, flows combining
small Péclet, small Mach and high Reynolds numbers are rarely — if ever at all — observed in tra-
ditional engineering applications, for which most turbulence models have been developed. By
contrast, these conditions are frequently met in stellar applications (see chapter 1). In this con-
text, several closures have consequently been proposed in order to capture small Péclet regimes.
However, most efforts have been devoted to improve models based on Prandtl’s mixing length
theory [Browning et al., 2004, Canuto, 1996, Canuto & Mazzitelli, 1991, 1992, Heiter et al., 2002,
Kippenhahn, 1994, Meakin & Arnett, 2007, Prat, 2013, Viallet et al., 2015, Weiss & Charbonnel,
2004, Zahn, 1991]. This type of models is indeed the one that is almost exclusively used in stellar
evolution codes. A notable exception is the RSM proposed by Canuto [2011a]. In this model,
an explicit dependency on the Péclet number is introduced. However, this model rests upon
an iso-volume hypothesis which, as we saw in chapter 2, is not necessarily compatible with an
asymptotic analysis coupling both the (M; < 1) and (Pe; < 1) limits.
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Chapter 3. Adaptation of a (M < 1) RSM turbulence model to the (Pe; < 1) regime

Given this relative scarcity of turbulence models valid in the small Péclet limit, it would
be especially interesting to derive a methodology for adapting high Péclet turbulence models
to the small Péclet case. Such a methodology would allow to transpose the vast number and
well-established properties of these existing models to the small Péclet case. The purpose of this
chapter is to illustrate, with a concrete example, how such a methodology can be set up. To this
end, we consider the particular case of the GSG model [Grégoire et al., 2005]. This second-order
RSM model is indeed particularly interesting for stellar applications since it is meant to treat
variable density turbulent mixing zones submitted to a wide variety of convective instabilities.
Besides, its derivation is explicitly based on the outcome of a small Mach, high Péclet asymptotic
analysis. Therefore, the modifications linked to the value of the Péclet number will be easier to
highlight and to implement.

The first part of this chapter details the adaptation of the (M < 1) GSG model. It begins
with the description of the current closure of the fluctuating divergence term, already account-
ing for the (Pe; > 1) limit. Then, in order to proceed to the (Pe; < 1) regime, one replaces the
high Péclet relation of the fluctuating divergence by its small Péclet counterpart (Eq. (2.57a)).
The stratification and the scalar diffusion terms of divu’ retrieved from the (M; < 1 ; Pe;y < 1)
approximation are respectively modeled as a production and a dissipation term. The closures
regarding the evolutions of the mass flux and the specific volume variance are modified accord-
ingly. The adaptation ends with the proposition of a model blending the high and small Péclet
limits.

The second part is dedicated to the validation of the extended model. To this purpose, a pre-
liminary adjustment is needed. The RSM turbulent model coefficents are calibrated by reference
to the three radiative Rayleigh-Taylor DNS already used in chapter 2 and named SPy, SP; and HP
(see Sec. 2.5.2). The turbulent quantities are then compared together in order to verify that the
impacts of radiative effects on the physics of the instability are well predicted by the adapted
GSG model. In particular, the kinetic energy, the normalized specific volume variance and the
mixing length are proven to have different behaviours with respect to both Péclet asymptotic
regimes.

3.2 Adaptation of a RSM : the GSG turbulent model

3.2.1 Current version of the GSG model in the (Pe; >> 1) limit

The GSG model of Grégoire et al. [2005] is a second-order turbulence model, originally con-
ceived for compressible gaseous mixtures induced by hydrodynamic instabilities such as the
Richtmyer-Meshkov (RM) or Rayleigh-Taylor (RT) instabilities [Zhou, 2017]. In its latest version

[Griffond et al., 2010], this RSM follows the evolution of the Reynolds stress tensor f{; = u/:/\u/]” ,
of the turbulent energy dissipation rate ¢, of the specific volume turbulent flux '?’\u/;’ and of the

specific volume variance t”/t".
For any given quantity q, we recall that g and q = pq/p denote its Reynolds and Favre
averages, while ' = q — qand q” = q — q denote the corresponding fluctuations. We also recall

that the specific volume is the inverse of the density and that its mean, flux and variance are
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3.2. Adaptation of a RSM : the GSG turbulent model

exactly related to those of p, as follows:

1 !’ plul i
=5 T=5 . o= =y and = —0[1e]

These relations show that the velocity uT” is directly related to the mass flux; that is why it is
sometimes abusively called “mass flux”. We will also hereafter denote by k the turbulent kinetic
energy and by w the turbulent frequency:

1— €
=R d w==
kk an w = k

With these notations, the GSG model derived in Grégoire et al. [2005] and adapted in Griffond
et al. [2010] takes the following form for the mean quantities

O + 0 (pun) =0, (3.1a)

o (p) + 04 (o) + 0, (P™+P7) = pg; + 0 (Ra) (3.1b)

o (pe™) + o (pe™@) +PTod =0 (pCDyde™ ) +pE — PO (3.1¢)

OE" + (Em) 1 P'aG; ) <3pKr81Er> — P ol — 9, (Eru]”> ) (3.1d)

| 9 (P¢) + & (pewy) = (0CDyoc) (3.1e)
where the diffusion tensor Dj; = (k/%) If{T] stems from a first gradient closure as proposed by

Daly & Harlow [1970] and applies to energy and scalar diffusion with the modelling constants
Ce and C. respectively. As for the second-order correlations appearing in Sys. (3.1), they evolve
according to:

NN P pH ~ ~ 2. 2
DtRij = Pl] + PiIJTI—'YS <P1] — ?l;kélj> —’YH <P§I - :13(k51]> - (Clw + QR) <R1] 3k61]> gséij
1. ([ ke~ —~
+ 681 pCq nglakRij , (3.2a)
o oF , oP ! o T O\ T
1 _ _ _ S H et il _ ko~ 7R 1
D—+ - (T Y11))1211 (1) —=Lanti - <1v)§ = (uzw+2)%
X
+ 9 <pCd~nglakT//u{,> , (3.2b)
o oF AP\ T, T 1 R oo
D =—2(2 —C3, Cq=Ryot't") 3.2
2 (T V1P) = 0" + 81 PCa= Tt (3.20)
—~ _P _PH o 1 kR~ _
Di¢ = —C@ ﬁfc kk CRE00 —Cer@E + 681 (pCeERklake) , (3.2d)

where: . .
{ Pjj = —RyOuj — Ry du;  is the shear production term

Pgl =u/'t" 6]~F +uf't” 8@ is the enthalpic production term
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Chapter 3. Adaptation of a (M < 1) RSM turbulence model to the (Pe; < 1) regime

The value of C}, and C;, o2 are related to C,;» and Cp, by adding a compressibility correction
analogous to the one proposed by Chassaing [2001] for shear flows:

g T
Cir=Cu [1+(/ - | and Ch=Cp |1+ T;
T

The coefficient CY is related to C3 following the prescription of Gauthier & Bonnet [1990]:

2
CS = 3 (Cgl - 21) +Ce3
The values of the modelling constants are given later in Tab. A after calibration for the validation
case.

On the right-hand side of equation (3.2a), the terms proportional to y° and y!! arise from the
“isotropization of the production” closure, as found in the work of Launder et al. [1975] or Bailly
et al. [1997]. The term proportional to C; is Rotta [1951]’s model of return to isotropy.

N/‘\_/

In the equations for Tu! and 1’1", one observes a production arising from the stratifica-
tion in specific volume and pressure and proportional to alT + all; This term arises from the
expression of the velocity divergence derived for the high Peclet case (see Eq. (2. 62)) The steps
connecting the value of the fluctuating velocity divergence to the evolution of ! u}’ and ]
can be found in Soulard et al. [2012] for the high Péclet case. They will be detailed in the next
section for the small Péclet case.

Another element that plays an important role in the GSG model is the frequency Qg. It is
defined by:

~ P P
Or = max (O, Q% —(C1—-1) w) with Q% _ YS 2l<1< Ty H 21;5

This frequency ensures that the model is realisable in the particular situations when shear and
enthalpic production terms become too negative i.e, when “de-production” becomes too strong.

By ’realisability’, we mean here that the tensor X of the second order correlations of u!’ and "
remains semi-definite positive at all times:

u/l ® u/l u/lT”

—_—~— -~

X = >0

u/’T// T//T//

To guarantee this property, the GSG model has been derived using the methodology proposed
by Pope [1994]. More precisely, the GSG system is written from Langevin models for the evolu-
tion of the velocity and specific volume fields. Then, starting from this closed set of stochastic
equations, evolution equations for the second order correlations of u”” and 1" can be derived.
As alast step, third-order turbulent transport terms were closed using a turbulent diffusion hy-
pothesis.
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3.2. Adaptation of a RSM : the GSG turbulent model

As a result of this procedure, the GSG model defined by Sys. (3.2) is statistically equivalent
to the following PDF Langevin model in homogeneous turbulence:

th” = G’Pet>>l : ql/ + ]H‘Pet>>l ‘W, (3.3)

where q” stands for the composite vector of velocity and specific volume fluctuations:

7
T
" "
q B (u ,~>
T

In Eq. (3.3), Dy is the Lagrangian derivative along the stochastic trajectory and W a vector of
independant Brownian processes. The tensors G|pe,s1 and H|pe,s1 are defined as:

—(1-y9) Veu—3I(Or+C —(1-yH) ¥
G|Pet>>1 = ( Y) V: ZVF( : 1w> (* yl) p~ s
—(7+Y—Tp) —(Ch-2G)@
\/3k[(cl—1)w+QR—Qg}1{ 0
Hlpeps1 = __ ,
0 V (2Ci — Cy — C1) 07

where I is the identity tensor and V refers to the spatial gradient operator. From the expression
of H|pe,s1, one can see that QO has been defined in order to guarantee the positivity of the term
under the first square root and hence the realisability of the model.

As a last remark, Sys. (3.2) can be recast in a more compact form using the definitions of X,
Gpecs>1 and Hlpe,1:

ﬁtx = G’Pet>>1 : X + X : G|{°et>>1 + H|Pet>>1 : H|}’et>>1 + IDt 7 (34)
with
ly. (ﬁcdﬁu@/u" (V- u@/u”)) v. (ﬁcdiu@/u" - VW)
D, = P 3 €

V. (ECd%u”@)u” . Vt?’?’) %V- (ECd%u” ®@u’ - VT”Z)

This alternative formulation allows to highlight the connection between the GSG model and its
underlying PDF model. It also puts forward the intrinsic structure of the evolution of X that
guarantees that it remains positive semi-definite. Note also that the subscript ‘Pet>>1 has been
used in order to recall that the GSG model and its corresponding PDF model are valid in the
high Péclet limit.
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Chapter 3. Adaptation of a (M < 1) RSM turbulence model to the (Pe; < 1) regime

3.2.2 Adaptation of the Langevin PDF model to the (Pe; < 1) limit

As explained in the previous section, the GSG model has been derived from a stochastic Langevin
model closing the evolutions of u”’ and " (see Eq. (3.3)). Let us focus on the evolution of T and
see how it can be closed in the small Péclet limit. Starting from the conservation of mass equa-
tion, one obtains that:

7 7 8% o
Dt; = <1 + E) (divu’ — u]'”]T -+ 8] <pu.”ﬂc”>)
T T T )

In a PDF model solving the evolutions of u’” and t”, every term appearing on the right-hand side
of this equation is known except for one : divu’. This is precisely where the asymptotic analysis
detailed in chapter 2 takes all its interest. Indeed, this analysis provides an expression for divu’.
For the sake of simplicity, we will only consider here the case when the fluids being mixed are
non-reactive perfect gases having the same diffusion coefficient (D(® = D for all «). In that case,
following Eq. (2.57a) of chapter 2, we obtain that, in the limits (M; < 1) and (Pe; < 1):

op Or r
v’ = — o (32 4T T 2/
divu’ = u]<p+r>+;r(l)6ﬁca> ’
where we recall that: R4z
r= Zr“c(x with ry = W ,
08 X

with Z, standing for the ionization degree and M for the molar mass of species «.

In the asymptotic analysis of chapter 2, we also showed that the fluctuations of temperature
and pressure can be neglected with respect to the fluctuations of other thermodynamic variables.
Thus, the molecular term appearing in the velocity divergence can be directly related to the
fluctuations of specific volume t” as follows:

Neglecting the difference between ¥ and ¥, we can then rewrite the expression for the velocity
divergence as:

T T T

o0 OF "o
divu’ = — uf (;}p—f—Jr> +D3j2j <T _ T~>

The latter term is negligible in the high Reynolds number limit but has been kept in order to
guarantee that the mean of divu’ is zero. From this expression, one deduces that in the small
Péclet-small Mach limit, the evolution of T’ is given by:

/! /! 8~
For (Pe,< 1) , Div = <1+ T~> {—uf’]%mﬂ
T T r T

— —— /80 OF =i
+0; <§u-’/’r”) —pu/t" ( P + %) - D&ﬁ;]
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3.2. Adaptation of a RSM : the GSG turbulent model

This substitution is not yet sufficient to obtain a closed PDF model. Indeed, the molecular dif-
fusion term appearing on the right-hand side is still unknown in a one-point PDF framework.
However, a wide literature exists on how to close such molecular diffusion terms [Pope, 2000,
1985]: standard micromixing models can be applied. In this work, we decide to use a Langevin
model. More precisely, we propose the following expression:

1 I 11 //2
< ) D82 (T 1 ) = —Cple + \/CpowT W,
7

where W is the time derivative of a Brownian noise and C,; and C are two constants. Injecting
this expression into the evolution of T/, we eventually obtain that:

/!

For (Per < 1) , Diz = (1+%) |-w¥+9 (pu/r") —pu/~ (L + L))

P r
—Cn@% + ,/Cpow”zw

This closed expression can be used as such in a PDF model. However, when used to derive a

RSM, the presence of the prefactor (1 + %) will lead to the creation of third order unknown

correlations. To avoid this issue, we propose to simplify further this model and to neglect %”,
assuming that density fluctuations are small. This assumption is actually consistent with the
asymptotic analysis of chapter 2. With this additional simplification, our final model for the
evolution of the specific volume fluctuations is:

Result: model for the evolution of the specific volume within the (Pe; < 1) limit

7 a~ 7 //2
For (Pey < 1) Dt% = u]”T —Cple + \/Cpowiz W

+ 0 (pu'e) — g (;" n {) . (35)

This expression can be compared against the one obtained in the high-Péclet case. Using equa-
tion (3.3), the evolution of T’ in the high-Péclet limit can be written as:

! o1t  OP 1 ! T”2 .
For (P 1 Di—=—u'| 2+ |- (C,—=C ) o— 2C%, —
or (Peg>1) , = L ( = + V1P w2 2C1 w % + ( Co C C1> T2 W

—_— op Or
+ 9 (ﬁu{”t”) pu T” (i) + i) . (3.6)

r

Thus, the main difference between the high and small Péclet cases comes from the way v’ /T
reacts to a mean stratification. In the high Péclet case, t”/7 varies when the pseudo-entropy
gradient < + 3—%) is different from zero, while in the small Péclet case, it varies when the
molecular weight gradient is different from zero. This difference has already been highlighted
in chapter 2. In Sec. 2.3.2.5, it was shown that this difference was responsible for the modification

of the stability criterion of a mean stratification between the high and small Péclet cases.
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Chapter 3. Adaptation of a (M < 1) RSM turbulence model to the (Pe; < 1) regime

Another difference may arise from the choice of the coefficients defining the micromixing
model in the high and small Péclet cases. However, without further information, there is no
particular reason to calibrate different constants in the two cases. Hence, from here on, we will
assume that micromixing is treated identically when (Pe; < 1) and (Pe; > 1) so that:

Cpl = CEZ — C1/2 and Cp() = 2C1*12 — C;Z — C1 . (37)

Combining the Langevin model for v /T with the Langevin model for the velocity field already
defined in equation (3.3), we eventually obtain a PDF model valid in the small Péclet limit. In
homogeneous turbulence, this model simplifies to the following expression:

Result: adapted PDF model within the (Pe; < 1) limit

th” = G\Pet<<1 : q// + II_I‘Pet<<1 ‘W, (3.8)

”, T—N) and where the tensors G|pe,«1 and H|pe,«1 are defined by:

where we recall that q”/ = (u a

ol <—(1—YS)V®G—;1{(QR+C@) —(1—y") ¥ )
Pergl = « ~ ’
e _VTF - ( - %Cl) o
2k (G- @+ Qr — ORI 0
H|pe,w1 = Hlpeps1 = \/3 [ ' R} __
0 V (2Cin — Coy - C1) 073

Since H pe,«1 = H|pe,s1, we will from here on drop the two subscripts and use the notation:
H|pe«1 = Hlpe;>1 = H

The difference between the high and small Péclet limits only lies with the definition of G.

3.2.3 Adaptation of the GSG model to the (Pe; < 1) limit

n T

By multiplying the stochastic equation (3.8) by q” = (u , 7) and taking the average of the

result, equations for the second order correlations of u{’ and T” are obtained. In doing so, third
order correlations appear and are closed using a turbulent diffusion assumption. When using
the correlation tensor X, the resulting model can be expressed as follows:

Result: GSG model in the (Pe; < 1) limit

DX = Glpec1 - X+ X Glb o + H-H' + Dy . (3.9)

Comparing this equation to its high Péclet equivalent one (3.4), we see that the main modifica-
tion brought by the small Péclet analysis comes from the definition of G|pe,«1 With respect to
G|pe;s1- The small Péclet version of the model introduces a dependency to the gradient of Vr/r
instead of the gradient of the pseudo-entropy (V%TV + %—g) in the high Péclet case. These two
gradients appear in the evolution equations of the variance and flux of the specific volume. This
modification will be made clearer in the next section.
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3.2. Adaptation of a RSM : the GSG turbulent model

3.24 Blending between the two limits (Pe; > 1) and (Pey < 1)

Equations (3.4) and (3.9) define the GSG model respectively in the high and small Péclet regimes.
To obtain a model valid for all Péclet values, we propose to perform a weighted average of these
two versions of the model. To this end, we introduce the weighting function wpe, defined as:

Pelim
Wpe, = —i——— - 3.10
Pet Pel™ + Pe, (3.10)

The weight wpe, is equal to 0 in the limit (Pe; > 1) and to 1 in the limit (Pe; < 1). The transition

between the two limits is controlled by the arbitrary parameter Pel™. Using this weight, we can

now blend the two Péclet limits as follows.
Main result: model blending for both (Pe; > 1) and (Pe; < 1) limits

DX =G -X+X-G'+H -H'+D; with G = wpe, G|pec1 + (1 — wpe,) Glpe;s1 - (3.11)

The explicit expression of the tensor G is:

c - ~ (1) Vou—1(Qr + Ci@) —(1-yM) ¥
ell’et_% Cl) !

- ( 1*12 - % w
where:
ot or ot OP
ore — 2= = — = 4+ (1- R . 12
Given the definition of wpe,, one verifies that:
: T T P
for Pe; — 00 e{’e*—af—>—(af+8l> , (3.13a)
T T 'Ylp
forPey -0 , 0/ — % — —% . (3.13b)

Several additional parameters have been introduced to perform the blending. First of all, the
Péclet number has been defined, up to now, by comparing characteristic scales of the flow. Such
a definition cannot be used in practice. Instead, we propose to define the Péclet number used in
the GSG model by:

Vi ’EZ

Cp . C
Pe; = % with v = % : (3.14)

These definitions involve the specific heat capacity at constant pressure ¢;,, the radiative conduc-
tivity A", and the turbulent viscosity v¢. The latter is classically estimated on empirical grounds
from the turbulent kinetic energy k, its dissipation € and a constant C,, set to 0.1. The second
parameter that needs to be defined is the transition Péclet number Pel™. To fix its value, we use
two methods. The first one is described in the next section: using the Rayleigh-Taylor simula-

tions presented in chapter 2, we fit Pel™ in order to match their results with the GSG model. As
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Chapter 3. Adaptation of a (M < 1) RSM turbulence model to the (Pe; < 1) regime

explained in Sec. 3.3.1, this process yields the following estimate for Per:

Pelm =2C, =02 . (3.15)

To try and overcome the empirical nature of this procedure, we also developed another ap-
proach in chapter 4. This second method relies on a linear stability analysis of the visco-diffusive
hydro-radiative equations and an analogy between the molecular diffusivity and its turbulent
counterpart. The weighting function wpe, is then chosen in order that the neutral stability of the
turbulent model matches the one of its laminar diffusive counterpart

From a practical point of view, other remarks should be made. While we developed the
asymptotic analysis of chapter 2 for fluids having a general equation of state, we restricted its
use in this chapter to a mixture of ideal gases. The “all-Péclet” GSG model derived here is conse-
quently only valid for such mixtures. To extend it to non-ideal gases, the most logical approach
would consist in using the general formula for divu’ proposed in chapter 2. However, such an
approach would require computing thermodynamical coefficients that are not necessarily avail-
able in simulation codes or that are expensive to compute. To avoid this drawback, we propose
to make the following substitution:

or _apm_aT ot (3.16)

All the quantities involved in the right-hand side can be computed independently from the par-
ticular equation of state of the fluids and their sum reverts to the correct expression when the
fluids are ideal.

To conclude this section, we can expand the tensorial equations (3.11) and obtain a more
explicit form of the correction to Eq. (3.2) leading to the “all-Péclet” GSG model (together with
the unchanged system (3.1) for mean quantities):

. Pic P N ~ 2. 2.
DtRij = Pl] + PiI]TI_yS <P1] — 361]> —yH (P}]_I — %51] — (Ciw + OR) le - gkéi]' — gﬁéi]'
1, [ Ko =
+ 681 PCa=RdR; | (3.17a)
Y o T M AP T (o O o (o~ O T
Dozt = (199) Fram- (11) 5 - (91 ‘%>Rﬂ‘ (Cu2°"+z) =
K~ ——
+ 0 <pCd ERklakT”u{/> , (3.17b)
i e OEN T T 1 [ R
Dy 7-‘52 = -2 (91 - %) 7 _szw? + %81 pCd nglakT//T// ’ (317C)
= ¢ ~Pik Pl D~ N T
Dts = —Cele—CeowT—Ceg EaIUI—Cez(UE + 68} pC€ ERHalS 7 (317d)
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3.3. Validation of the extended RSM

where according to Egs. (3.12), (3.16), (3.10) and (3.14) with the fit of Eq. (3.15) for Per:

e _ AT _ aT | apPm AT _ at | aP
with wpe, = !

R
I+ 7

Compared to the original GSG model given by Sys. (3.2), we observe that only a minor mod-
AV VP
=+ =
T

ification has been brought: the gradient of the pseudo-entropy < =
1

) has been replaced
by the weighted sum of gradients (8{)Ct — ?
when (Pe; > 1) and to djr/r when (Pe; < 1). Despite affecting a very limited part of the model,
the proposed modification may still lead to significant differences in the model behaviour. In

order to illustrate this point, several test cases are detailed in the next section.

) . The latter tends to the pseudo-entropy gradient

3.3 Validation of the extended RSM

In order to validate the closure (3.11), the three DNS of the radiative Rayleigh-Taylor mixing de-
scribed in Sec. 2.5.2 are compared to three 1D RANS-simulations carried out with the modified
GSG model. The latter are initialized at t = 9 using 1D profiles for the averages and correlations
computed from the DNS at the same time.

Indeed, the model is derived in the high-Reynolds limit and does not take the molecular
viscosity and diffusion coefficients into account. It is therefore unable to closely match the tran-
sition to turbulence of the DNS and should be turned on only when the flow is close to turbu-
lence. The same set of model coefficients is used in the three cases. They have been calibrated
with respect to the method explained in the next section 3.3.1. The results of the simulations
can then be compared to the DNS for the validation of the “all-Péclet” adaptation of the RANS
model.

3.3.1 Calibration with respect to TRICLADE simulations

Our purpose is the evaluation of the model adaptation to radiative effects, we therefore choose
to calibrate some coefficients common to the original and the adapted model precisely for the
three DNS in order to focus on the radiative correction. Once these are calibrated, the same inte-
gral procedure explained below allows to propose the fit for the parameter Pe™ of the radiative
correction.

The set of coefficients common to the original (3.2) and the adapted model (3.17) is

GGSG = {YS/ YH/ Cl/Cd/ Cu2/ Cp2/ CEO/ Ci:l/ C21/C€2/ C€3/ C€/CC/ Ce} . (318)
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Among these coefficients, some can be calibrated by integration of (3.17) over the domain,
assuming the absence of fluxes at the boundaries, leading to :

vat/ﬁ (RE B R?t) dl :/ {_2 (1—YS) PRyt — 2 (1—VH> OPpt'uf

~C1@p (Ry—Ry) | dl (3.19)
5 [owuat = [ [pan - (1) was - (147) papee

+ <e}’el B a:) ﬂ—cl’;za;pr/“vu{’] dl (3.19b)
D / prdl -/ [Zp?/rvﬁalﬁl +2 (efet _ 8;) ﬁ?_cg2pa}@7] dl . (3.19)

Since all the correlations of the model are at diposal for TRICLADE simulations, (3.19) yields
three relations between the involved coefficients at each output time of each TRICLADE sim-
ulation. Among the model coefficients, some can be chosen on theoretical grounds, vS,vH, or
have widely accepted values in the literature, C;, we therefore choose to keep them as in Tab. A.
Then, we are left for the two equations (3.19b) and (3.19¢) with the three “unknown” coefficients
Cu2, Cp2 and Pe{™ (hidden in 9}7 “ through (3.12) and (3.10)).

Both simulations SP; and HP evolve close to an asymptotic regime and should therefore not
depend much on Pe?m. Substituting the suited limit (3.13) for Gll’c‘ in (3.19) gives two sets of
time-depending fits C;»(t) and Cpo(t). A third set can be evaluated from the SP, simulation for
each trial value for Pe{im. The final fit (3.15) is chosen so as to collapse C»(t) and Cpo(t) from
SP, with the previous sets obtained from sP; and HP. The values in Tab. A for C,» and C,; are
chosen as averages of their time depending estimation after the onset of a fully turbulent regime.

The fact that the three sets obtained from the three simulations in different radiative regimes
roughly collapse is itself a first validation of the model adaptation to radiative effects.

Y y5 G Co C4 C Co Ci Cp Cpn C4 C C  Ce
03 06 1.8 142 144 20 192 -017 20 15 060 046 0.70 0.60

Table A — Turbulent model coefficients used for 1D simulations of Sec. 3.3.2

3.3.2 1D simulations with the GSG turbulence model

Figures 3.1, 3.2 and 3.3 compare turbulent quantities extracted from the three DNS spy, sp,
and HP to the ones predicted by the GSG model adapted to all Péclet regimes using the blend-
ing (3.11). Figures 3.1 and 3.2 plot the temporal evolution of the turbulent kinetic energy k and

the normalized specific volume variance 12/ at the initial abscissa of the interface (x = xo)
whereas Fig. 3.3 plots the width of the turbulent mixing zone defined as:

Liviz :6/ F(1-7)dx
Ly
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Figure 3.1 — Time evolution of the turbulent kinetic energy k at (x = 0). Comparison between the DNS
and the 1D-RANS simulations.

It can be seen that the extended GSG model reproduces the main trends observed in the
simulations and allows to capture the differences between high and small Péclet regimes. For
instance, in the large Péclet limit (HP), a decrease of the turbulent kinetic energy at (x = 0) is
observed during the last third of the computation together with a slowdown of the TMZ ex-
pansion. This decline of the turbulent field has already been explained in Sec. 2.5.4. It is due to
the fact that the mean pseudo-entropy S profile approaches its neutral value inside the TMZ so
that the instability mechanism stops feeding the turbulent mixing zone whereas viscosity still
dissipates the turbulent kinetic energy.

By contrast, in the small Péclet limit (SP1), the instability depends on the molar mass gradi-
ent which keeps always the same sign so that is endlessly transfers energy to the turbulent field.
This explains the continuous growth in Fig. 3.1 and the accelerated expansion in Fig. 3.3.

The behaviour of the specific volume variance in Fig. 3.2 results from the competition be-
tween molecular diffusion tending to destroy the variance and turbulent transport of “fresh”
pure fluid engulfed at the mixing zone edge and carried through the TMZ. Quicker expansion
of the TMZ for SP; allows to maintain a slow decay of the variance whereas molecular diffusion
is almost not counter-balanced for HP.
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Figure 3.2 — Time evolution of the normalized specific volume variance T 2/% at (x = 0). Comparison
between the DNS and the 1D-RANS simulations.
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Figure 3.3 — Time evolution of the turbulent mixing zone width L1yz = 6 fo ¢(1—7¢)dx. Comparison
between the DNS and the 1D-RANS simulations.
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3.4. Conclusion

Between these two limiting cases, the intermediate Prandtl simulation SP, exhibits a more
subtle balance between the different mechanisms. Beginning in a small Péclet regime, it first
follows the same evolution as SPy, but doing so, its turbulent diffusivity quickly increases and
so does its Péclet number as shown in Fig. 2.1. When the latter becomes non negligible the insta-
bility production reduces and becomes of a similar order as the molecular dissipation leading to
a marginal evolution of the turbulent kinetic energy. Transfer of pure fluid from the TMZ edges
then slows down letting the specific volume variance decrease much quicker in SP, than in SP;.
Capturing this limiting behaviour is a challenge and the value Pe™ in the blending of Eq. (3.11)
is precisely chosen to get the transition in the right way.

Note that, plotted in Figs. 3.1 to 3.3, the original GSG model (3.2) would yield the same re-
sults as the large Péclet limit (HP), whatever the value of Pe;.

To conclude, implementation of Eq. (2.57a) within the GSG RANS model proves successful in
predicting the radiative RTI in the small Péclet limit. Extending the closure to all Péclet regimes
thanks to the blending Eq. (3.11) allows the RSM to correctly capture the effects of the relative
intensity of the radiative transfer and the turbulent transport in the turbulent mixing case under
consideration.

3.4 Conclusion

A small Péclet-small Mach number analysis has been extended to radiative flows with mixing
and radiation in the previous chapter 2. The results have then been used in this part in order to
derive closures for the evolution of the density-linked correlations involved in a class of turbu-
lent RSMs, such as the GSG and BHR models. Moreover, the validation has proven that mixing
and radiative effects can be well captured by the adapted model. It regards more precisely the
change of behaviour of the turbulent mixing zone due to the different stability criteria in each
asymptotic regime. Finally, this work shows how to design turbulent models able to account
for the effect of the relative magnitude of radiative conductivity and turbulent transport in the
wide range of turbulent Péclet numbers encountered in stellar flows.

From now on, one will choose to focus on the stability of the turbulent model. In the last
chapter of this work, one will provide a linear stability analysis (LSA) that includes viscosity,
scalar diffusion and radiative conduction effects. One particular stability criterion will be used in
order to improve the model blending defined in the adapted turbulent model by Eq. (3.11). The
subsequent aim is to find a more suitable value for the prefactor Pe[™, dealing with intermediate
Péclet regimes.
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When no loose gale disturbs the deep serene,
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4.1. Introduction

4.1 Introduction

This part is devoted to a linear stabiliy analysis (LSA) of the stratified hydrostatic equilibrium
considered in the previous chapters. Under an isothermal quasi-homogeneous assumption, sta-
bility criteria will be derived which involve viscosity, scalar diffusion and radiative conduction
effects. Using the results of the asymptotic analysis of chapter 2 leads to stability criteria in the
small Mach and small Mach-small Péclet regimes shedding light on how these approximations
filter out some of the modes of the general dispersion relation.

Drawing an analogy between the physical visco-diffusive coefficients and their turbulent
counterparts suggests a blending of the RANS model between the large and the small-Péclet
regime based on a physical condition instead of the ad hoc fit introduced in chapter 3. Indeed, re-
quiring that the neutral stability of the RSM in radiative Rayleigh-Taylor configurations matches
the one of its laminar analogue allows to propose another weighting which bridges the range
between low and high Péclet regimes.

4.2 Governing equations and assumptions for the LSA

4.2.1 Hydro-radiative compressible governing equations

As a starting point, the hydro-radiative compressible governing equations including viscosity
and inter-species diffusion are written:

(O + 8 (puj) =0 , (4.1a)
O (pui) + 9, (pujuy) + &; (P™ +P") = pg; — 011 , (4.1b)
O (pe™) + & (pe™uy) + P oy = —copK" (aRTm4 — Er> — Mo — Q. (4.1¢)
O + & (E'uj + P'y) — wdP" = +opx’ (axT™ ) +C (4.1d)
O (pe) + 9 (pew;) =—0F (4.1e)

with the same notations used as in chapter 2. A binary mixture of two ideal gases indexed “a”
and “b” with the same adiabatic exponent vy, = vy, = y™ is treated. According to Egs. (2.5)
and (2.7), the viscous stress tensor Il and the scalar flux F; are closed using respectively the
relations:

1.
Hij = —zpv <S1] - 3d1V1161j> and -ch = —pDcajc ,
with S = (8jui + 8111]-) /2 the instantaneous strain-rate tensor, p, = pvy the dynamic viscosity of
the mixture, vy its kinematic viscosity, D, the scalar diffusion coefficient and c the mass fraction
of the gas indexed “a”. Then, one can write:

8]' [(ha — hb) IC]] = 8] |:_pDC‘ym_1 (ra — rb) Tmalc , (4:2)

o) g AT
8] <3pKra]E ) - a] ( pKT 8]T> / (4.3)

op
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Chapter 4. Linear stability analysis

As previously, the specific energies and pressures are related by e = e™ + E"/p = ¢I'T™ + agT™
and P = P™ + P" = prT™ + agT™* /3. The ideal gas constant and the material specific heat capacity
at constant volume of the mixture can be expressed in terms of the concentration as:

1—
fac +1p (1-¢) with cf) = % and Cop = i . (4.4)
cMe+cm (1—c) Ya—1 Yo — 1

—
(@) =
<3
n

For ease of expression, pressure equations are substituted for energy equations (4.1c) and (4.1d).
This leads to:

O (%) + 10, (%) + %3111]' = —cppKag (T™ = T™) — Q. — Lo

O (3PY) + w3} (3PF) + 4P" = opriag (T = T) 4 (& op7)

(4.5)

It is noteworthy that if thermal equilibrium between matter and radiation is considered, T™ = T*
and Sys. (4.5) may be replaced by Eq. (2.18b), derived in the asymptotic analysis regarding the
total pressure evolution:

DP = —v;Pduj + (ys —1)C+Dp (4.6)

with, for a binary mixture of perfect gases, the conduction and the diffusion terms written as:

4c, T3

m

Dp = (y3—1) [ps + YY PpDc (ra —1p) OcoT| +v3 (ra—rp) To; (pDCé?jc) . (4.8)

m_1

4.2.2 Quasi-homogeneous approach and isothermal equilibrium state

First of all, the linear stability analysis (LSA) requires the prescription of a base flow satisfying
the governing equations. For any quantity q, the corresponding basic flow is denoted q. We
here consider hydrostatic equilibria (without any shear) in a gravity field oriented along the z
direction. We then have:

q(x,v,z,t)=q(z) and u=0

Small disturbances q’ are superimposed to the base flow, so that any instantaneous quantity q is
written:

q(xy,2zt) =q(z) +4 (xy,21)
Only the linear stability is studied here, meaning that all quadratic (or cubic) terms in the pertur-

bation are neglected with respect to the linear ones. Under these assumptions, special solutions
can be sought with the following normal mode form:

q (xy,zt)=q(z) ei(koxHoy—wt)

involving waves of wavelength A, = 27/,/k2 + k?,. However, in order to make the calcula-
tions tractable, the stability of the system is investigated under a quasi-homogeneous approach. It
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consists in using the additional assumption that the wavelength of the perturbations is small
compared to the gradient length of the basic quantities, i.e. the length scales of their variations,
hence A, < [q/0,q|. The stability can then be considered over limited domains V of spatial
extension L such that:

q

0.9

Choosing base flows with uniform gradients over the spatial domain V, a development of q

Aw <LK

around whatever point in V leads to:

70 =g () |1+ @-a) %] + 0 (e-2)?)

implying that q(z) ~ q(zo) since |z — zp| < L. The quasi-homogeneous approach therefore
yields the seemingly inconsistent assumptions whereby the basic quantities together with their
gradient are both uniform:

Main hypothesis: quasi-homogeneous approach

0,q ~ const. and q(z) ~ const.

Such approximations are involved in the derivation of Boussinesq equations by Spiegel & Vero-
nis [1960], which are used by Garaud [2018] for instance, as discussed later in Sec. 4.8.

Within the quasi-homogeneous assumption, the coefficients of the linear system resulting
from the linearization of Sys. (4.1) are independent of (x,y,z,t), i.e. constant. The normal
modes, corresponding to the eigenmodes of the Fourier transform of the linear system can then
be sought with the form:

q (x,y,z,t) = Qei(kx”ky}'*kzz*wt) Vqe {t,uP,Tc} . 4.9)

To investigate the temporal stability, the wavevector k = (kx, ky, kz) is given as real (k € IR3)
whereas w € C is complex with w, the period and w; the growth rate of the mode. The

wavenumber is the norm of wavevector k = /k% +k with k; = /k2 + k?, the transverse
wavenumber. The wavelength is related to the wavevector according to A, = 27t/k.

Although this limitation does not appear explicitly in the equations anymore, it is important
to remember that resorting to the quasi-homogeneous approach implies that the results are only
valid if the wavelength is small enough with respect to all mean gradient length scales, i.e.:

q
3,q

Aw K or k>

9,9 ‘

In addition to the hydrostatic equilibrium, i.e. (u = 0), the basic state is assumed to be isother-
mal. When thermal equilibrium is achieved, the relation of equal temperatures gives:

T"=T=T
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Chapter 4. Linear stability analysis

Gravity is assumed oriented along the z-axis, such that g = (0, 0, —go). The isothermal condition

implies a constant temperature (9,T = 0) so that (8Z? = BZI%) In this way, the equilibrium

hypothesis yields (f@zlﬁ = —g0> with T the specific volume and the equation of state entails:

0" | x _0x_ 21T _,
Pm T r Tm

where one recalls that the specific ideal gas constant r has been defined in Eq. (C.2). Because
both gases of the mixture are chosen equal in Sec. 4.2.1, the ratio of material specific heats y™
is constant and therefore equal to y™. Then, the flow quantities are constrained by isothermal
equilibrium with the relation:

7m — - J—
lgzo=%—u4raza with o= /y"P™ and A, =2_1 (4.10)

— -
Cs

where ¢ is the material speed of sound and A, a parameter that may be interpreted as twice
the negative Atwood number regarding the contrast of molar masses. At last, for the sake of
simplicity, the concentration profile is supposed linear:

Re=0 . (4.11)

4.2.3 Assumptions regarding transport coefficients

In order to simplify some developments, some selected combinations will be treated as pure
constants (i.e. nullity of their fluctuation and of their gradient). Then, in the next part, the
notation [pq| is used temporarily for any quantity q to indicate that the combination [pq] is
assumed to be purely constant.

4.2.3.1 Viscosity

A constant dynamic viscosity p, = [pvy] is assumed with vy the kinematic viscosity. Thus, the
momentum equation (4.1b) becomes:

1
O (pui) + (9] (puin) + 0 (Pm + Pr) = pg; — [pvv] <8§ui -+ 33]'3111]') ’
whose linearization around the equilibrium state! is:
8tui’ = —%E)iP’ — 1’8113 +7T [EVV] 8]%1,11/

Based on the homogeneous approach, one will consider T [pvy] &~ v,. This assumption implies
the dissipation rate ¢, as defined in Eq. (2.6), to follow:

pe = —ITdu; = [pwy] (Fuw)?

IFor the sake of simplicity, the term [818ju]~ /3] is neglected meaning that the compressible contribution to the
viscous dissipation is neglected with respect to the contribution of the incompressible velocity field.
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4.2. Governing equations and assumptions for the LSA

whose linearization is strictly null, i.e. (ps)/ =0.

4.2.3.2 Inter-species diffusion

The quantity [pD,] is also treated as a pure constant, so that the equation of concentration (4.1e)
and the quantity Q. defined in Eq. (4.2) become:

m

o™
Dic =t [pD,] aﬁc and Q. = _yr:_ 7 [pDc] (ra —rp) T™ <8§c + ,eralc>

The linearization of these relations for an isothermal equilibrium leads to:

m/
O = Dca]?jc’ and O,/ =—— D AP (aﬁcur aﬂ azc>
Tm

Y

The hypothesis of constant [pD.] applied to Eq. (4.6), combined with the average isothermal
condition allows to linearize the diffusion term Dp recalled in Eq. (4.8). Then, by exploiting the
hypothesis (4.11) and the previous relations, it can be written:

V3= 1) 49,00 ) ,
1 ™

Dy = DP™ <y3A 62c +Y (
and in the Fourier space (with definition (4.9)),

_( yE(=1) ik, T"
= —kZDCPm (Y?;Arc - ’YEn?)_l)ArazckzzTrn> . (4:12)

4.2.3.3 Opacity

Two hypotheses regarding the opacity can be ventured, without major complexification of the
equations: it can be assumed that the quantities [pk"] or [k'] are purely constant. On the one
hand, if [pk"] is constant, the linearization of the conduction term is simply:

r_ S ppr
C= e’

On the other hand, if [«"] is constant, since the isothermal condition implies the radiative pres-
sure P* to be uniform, the linearization takes the form:

/ C[ r/ aT r/
% (gp P
= i (7 o)

Hence, in the spectral space, the Fourier transform of C " can be expressed synthetically in terms

of a factor h{o™*" by:

pr r
const. 4c,P" T

const. __
P o] T with  hgg: —{

1 if [pk"] =const. ,
1+’k @ if [k"] =const.

C =—k*h

—
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Chapter 4. Linear stability analysis

In the state of thermal equilibrium between matter and radiation, by using2 Eq. (2.17), the radia-
tive diffusivity coefficient ¢, takes the form:

o .=<7‘r>= 4 -Del” (4.14)
NS AT (ﬁ+4ﬁ)

4.3 Dispersion relation within all Mach regime

4.3.1 Linear system

The perturbated equations around the isothermal equilibrium state are hence:

ot +ul0,T — T&-u/ =0 , (4.15a)
Opul + T (P + ) = vyaiul (4.15b)
Byul, 4+ Ty (P™ + ) = vvaﬁ% , (4.15¢)
det, + 70, (P™ + P7) + 78, (PT“ + ﬁ) = v, (4.15d)
k o’ +ulo,c =D . (4.15¢)

In the next section, the isothermal case is considered so that (8Zﬁ = 0). However, the term

involving 9,P" in Eq. (4.15d) is kept for further generalization (see Sec. 4.7). The linearization of
pressure equations (4.5) becomes:

m/ ) / Lmpm m/
fp —|—u/ZV8mP1+y r oy’ =—CgaR{pKr <Tm4—T14ﬂ —|—LP D A, <82c + T ’) ,
/ ./ /
300" + 4P = g | pet (T =T |+ (Sheonstafp

When thermal equilibrium is assumed, by using the previous relations and the fact that (C = 0),
the linearization of Eq. (4.6) leads to:

OP' +u,0,P = =y POy + (v; —1)C'+Dp" . (4.16)

Besides, temperatures can be substituted for variables of interest with the linearization of the
equation of state:

- / Tm/ 7T1/
p/ = pm Ac—1+— L4P— (4.17)
™ T

and within the limit of thermal equilibrium:

/

/
/ _ pm /_1 m Pr Z
P =P <Arc T>+(P +4P)T . (4.18)

2where the thermodynamic relations of App. A are employed to derive the useful relation:

1 _Ge-DT
pey, DMt 4DT
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4.3. Dispersion relation within all Mach regime

4.3.2 Dispersion relation at thermal equilibrium

The insertion of normal modes defined in Eq. (4.9) into Sys. (4.15) leads to:

— iw? + 10,0,7 — 7 (ki) -0, (4.19)
— iy + ikyT (PAm n Af) S TR (4.19b)
— iy + ikyT (PAm +D = —v KTy (4.19¢)
—iwd, + ik, T (PA + ﬁ) +70,P = —vok2i, (4.19d)
— iWC + 11,0,C = —DX*C . (4.19¢)

Then, one deduces by combining velocity equations with respect to the x and y-axes (4.19b) and
(4.19¢) that:

K2 PN
ik, +ikyuy, = i———=——T (P™ 4P 4.20
* ey w+ivvk2 ( ) ( )
with K = K+k

Besides, from the scalar advection-diffusion relation (4.19%),

T= chzu; , (4.21)
w +iDk
which, inserted in Eq. (4.18), gives:
T P pm i A,8,c T
A I ( ’A_aczﬁerT) (4.22)
T P™44P" P +4P" \w +iDk T
The Fourier transform of Eq. (4.16) becomes:
—iwD + 0,0,P = —y1P (i) + (v — 1) C+Dp (4.23)

which results in the relation for Z/D\p:

iA.0,c
. 5 Uz
w +1iDk

iA.0,c

Dp = — (v5—1 @+Dk2*P7m 1,
I (Y3 ) cKY3 w+iDCk2

— XEK? [13+Pm< +:>} . (4.24)

where the following notation has been introduced:

Pm o ym(y3—1) _ik
— nst. 3 Z
Xp = hppe” Xequi. — DCIW & o1 Arazc—k2 . (4.25)

Hence, using (4.20) and substituting temperatures for pressures with Eq. (4.22), the relation (4.16)
becomes:

~ — — 2 — ~
—iwP + 0,8,P 4P [im% (Pm n Pf> n ikzuz}

—DCkZ%PimFiflfgizﬁz +xX5K? [f? +p™ (F’ftrgiz a, + %)} =0
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The homogeneous linear system is then:

"

\

—iwi— (11( )u7—1 k sz(Pm—i—Pr) =0 ,
TO, P— —1 <w +ivyk ) a, + lkZT (Pm + Pr> =0 (426)
a,P ~ —iw . K3 = m o 2Y3P iA0,c ~ :
(y P ) 2+ ( Y1<P + 1w+1jw;vk > <P +P ) D k YiP w+iD, kzuZ
2P 2P™  iAd,c 2 1 =(pm T _
+XPk yPT+er yle+1Dk2uZ+XPk 7T (P +P) =0 ’

which displays non-trivial solutions if and only if its determinant, denoted D,gy,, is nought. The

latter is developed with respect to the third line such that:

with:

Dadvr = Dadv + Dadr + Dadr ’

. . 9,7 . k2
—iw - (11(Z — T) 1w+ifka2
D.g =| TO,P —i <w n ivvk2> +ik, , (4.27a)
BZF - —iw . kz
0 (Fie)  +(FErighe)
. . o, T K
_ —iw —(1 Z—%) —i _ikz
V3P iDK> A 0,¢ _ Wiy
D =— = WP —i(wtivk?) i , 4.27b
odr P w+ iDCkZ T, ilw+ivyk +ik, , ( )
0 1 0
. . K
—iw (1k — T) _1w+itvk2
har SXPKY | TOP i (w T vaz) +ik, : (4.27¢)
P P™ iA,9,C + 1
P YiP w+iDK? Y<P

The first determinant D,4, defined in Eq. (4.27a) is composed of an incompressible viscous and
an acoustic contribution, denoted respectively Djcy, and Daay, such that:

with:

D
Dagv = Diev + o ’
1P
( . . 0,7 . kz
—iw - (11(2 — 7) lw+iivk2
Diov =| 70,0 —i (w+ivk)  +ik, , (4.28a)
. K2
0 +lkz + w-}—itvk2
: . d,T K
—iw - (11(2 — 7) lw—f—itvkz
Daav = | 79,P —i (w n ivvkz) +ik, , (4.28b)
0 T0,P —iw
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4.3. Dispersion relation within all Mach regime

which gives:

—(U3 w + i\/vk2 T 13 k2
iCUDadv — < > + <k2 o aZTaZ) (1)2 + WK 5
Y1TP T y{P w ~+ ivyk
where the basic pseudo-entropy gradient is defined as previously as:

8,5 = <8zT + azp) (4.30)
T WP

The second determinant D,ﬁr in Eq. (4.27b) comes from the contribution of inter-species diffu-
sion and is developed such that:

©0,P0,5 , (4.29)

Y5 Wk’ - DsC
iwDD = Y _pa2 (5L 55 P4 wk, ch . (4.31)
Y.P w + ivyk w + 1Dk
Atlast, the third determinant D}, in Eq. (4.27c), which provides the contribution of the radiative
diffusivity, is computed as:

pm iw? <w + ika2>
WDl = XpK = |-

— — +iw <1<2 + ik, azT)
y1P ™" T
. 2 — _ =
KL ot wk, | <ikz = azT) el B
w + ivyk w +iDk T /) P
Finally, the dispersion relation:

i (Dgay + D2, +Dlg,) =0

is obtained by gathering Eqs. (4.29), (4.31) and (4.32) and by using the equilibrium relation

T0,P = —&
Hence,
3 . 2 _
w (w+1vvk)_ 1+% 2 w2+ﬁ w
kZC—SZ T kZFZ

— 20,5
5 1Z W+ v k280
ADE (@ P VP o) (ke (K ot
w+iDJIE\"T P oy P C K K w4 ivek?
imeX;k2< k, az~c> ix;[ ) 2 ( aﬂ)]
P (1422 )+ 2P w? (W +iv k) + wg [ ik, — = = 0 ,(4.33
— o= ) ror | ) + wg (4.33)
with ¢ = /¥7,7P a modified speed of sound.
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Chapter 4. Linear stability analysis

4.3.2.1 Dispersion relation at thermal equilibrium for any wave angle

Since a perfect gas plus radiation model is assumed, one may recall from thermodynamic rela-
tions of App. A.1 that:

i = épf , (4.34)
T M P
which allows to write Eq. (4.33) as:
w3(w+ivvk2> <1+8T 8o )wz ﬁ w .5
K22 K22 1<2 W+ iv 22
+—F o~ (xpK* — 73Dk | iw? = 4 5 —— 20
W+ DI T (i =3P (e 545 i I
.1 oro ko 0T\ | ixp | o 12 n O _

_wu%xpk <1 +1 kT> + =2 w (w +ivyk ) + wg, | ik, — = = 0 (4.35)
which can be expressed in the form of a fifth-order polynomial, better suited to numerical reso-
lution:

. 2 2 _wz(w+ivvk2) T 8
(w—l—tvvk)(w—i—ﬂ)k) T (1—|— ozt C,)w
— (w + ivvkz) (w +1iD, k2> i= ka2 (1 + azT iy )]
2 _
(w +ivyk ) (w +iD kz) Zﬁ‘;,l:z {w (w +ivyk ) + 8 (i z— %)H (4.36)
+(w+iDa?) | Sgds]

+DK2A 0 L (3 -3) [i9% (w+ivi?) + %go} =0

4.3.2.2 Non-radiative and non-diffusive limit

In this paragraph, we intend to connect the previous dispersion relation (4.36) to the classical
well-known Rayleigh-Taylor behaviour.

In the absence of radiation and inter-species diffusion, Eq. (4.36) reduces to a fourth-order
polynomial straightforwardly soluble:

2

[w <w + ivvkzﬂz (1 + 8: kzgcﬂ 2) [w (w + ivvk2>] + lli;goazs -0 . (4.37)

Two pairs of solutions can be discriminated: one is related to acoustic effects whereas the
other one persists in the incompressible limit. The latter describes the classical incompress-
ible Rayleigh-Taylor instability with exponential growth when (g, - 9,5 < 0) and neutral modes
corresponding to gravity waves when (g, - 9,5 > 0).

The previous chapters have shown that the radiation can modify the stability condition
in a way that will be described below. Especially, even if the radiation-free stable condition
(gO - 0,8 > 0) is met, strong radiative transport can destabilize the flow. One focuses particu-
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4.3. Dispersion relation within all Mach regime

larly on the the two modes of (4.37) that can be approximated, in the incompressible (c; — 0)

k, -
w = :I:?\ /80 025 (4.38)

because, as will be seen further, these “oscillating” gravity waves can switch from stable to
unstable behavior in the radiative case, depending on the Péclet number.

and inviscid (vy — 0) limit, by:

4.3.2.3 Dispersion relation at thermal equilibrium for transverse modes

The previous dispersion relations (4.35) or (4.37) are difficult to solve analytically. Their numer-
ical resolution indicates that the maximum growth rate is frequently obtained for the transverse
modes, i.e. withk; =k and k, = 0. The latter observation suggests that the stable or unstable
character of the flow can be evaluated from the sole analysis of the transverse modes. Although
we did not manage to prove this assertion, useful results can be obtained thanks to this simplifi-
cation and especially, analytical stability criteria can then be established. We tried to invalidate
these criteria by numerical explorations but did not found any set of parameter leading to insta-
bility in contradiction with the transverse prediction.

Let P be the space of parameters which includes the visco-diffusive coefficients (vy, Dc, Xp),
the adiabatic exponents (7,73;), the gravity (g;), the wave vector components (k |, k;), some
mean quantites (cs, T) and the gradients (9,c, 9,7, 9,5). For each set of parameters p € 3, the fifth-
order polynomial (4.36) has five roots w™ for m € {1,2,3,4,5}. From there, we discriminate
tive modes as the roots which can be continuously connected by letting p span the space 3. The
following study focuses on neutrality hypersurfaces, denoted N, of the parameter space 3. For
each mode m, the neutrality hypersurface N™ is defined such that, for p € N'™, one has:

i"(p)=0,

with w™ = Jm (w™) the imaginary part of the root w™ correspnding to mode m.

It is hoped that if all the transverse modes are stable, then all the modes are stable regardless
of their wave vector. Under this assumption, the flow stability would be entirely driven by the
transverse modes. Only numerical verifications can be proposed.

For the transverse modes k; =k and k, = 0, so according to Eq. (4.13), one has hg‘,’fr‘St' =1 for

both hypotheses about the opacity. According to Eq. (4.25), one has also xp = X¢q,;. - By inserting

k, =k (equivalent to k, = 0) in Eq. (4.36), the polynomial becomes:

WXt K

(-t i) (wiDa?) [0 (o (w4 i) - go27) = (w il
+ (@ +iDdP)  (g0055) + DKy AD,7L (52 —73) =0

(4.39)
Obtaining the neutrality relations under investigation amounts to find solutions to (4.39)
with w; = 0. Two different cases must be discriminated with respect to the real part w, = Re (w)
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which can be either zero or non-zero. When w, = 0, the modes are “non-oscillating”. Cross-
ing the neutrality surface leads to pure exponential growth without oscillation. This case can
be related to the “fingering convection” of Garaud [2018] as discussed later in Sec. 4.8. On the
other hand, when w, # 0, the modes are “oscillating”. Crossing the neutrality surface leads to
time-oscillations amplified in an exponential enveloppe. Except for acoustic waves, this second
case can be related to the “oscillatory double-diffusive convective” instability of Garaud [2018].

From now onwards, basic dimensionless numbers related to molecular transport are intro-
duced in order to characterize rates between visco-dissipative coefficients. The Schmidt number
Sc and the radiative Lewis number Le are defined as the ratios of respectively the kinematic
viscosity and the radiative diffusion to the scalar diffusivity:

SC=% and Le=

C C

r
Xequi.

(4.40)

4.3.2.4 Non-oscillating (or fingering) transverse mode

Let us write the polynomial from Eq. (4.39) as csw® + caw? + c303 + cow? 4 ciw + ¢p. Then,
using (4.40), the zero-order coefficient is reduced to:

. 1 o _ 1 g 0,7
— 2 y ! -
co = +iDck (gOArf)zC,y (Le —¥3) + 80925 + VvXequi K [7 * K22 T })

When ¢ vanishes, w = 0 is an eigenvalue. Since the real part of the eigenvalue w is nought,
wy = 0, this mode is “non-oscillating” and since its imaginary part is also nought w; = 0, it is
neutral. This condition is verified if:

Main result: (VM ; VPe;) neutrality hyper-surface for the “non-oscillating” mode

1 . _ 22 1 g, 9,7
NNon-osc. : gOArBZc§ (Le —¥3) + 80,5 + (Dck ) ScLe [’Y + e x =0 . (441

which defines the neutrality hyper-surface associated with this “non-oscillating” mode. Note
that Eq. (4.41) is an exact relation for the transverse modes.

2
Besides, this relation (4.41) simplifies into a useful limit when <DC1<2> — 0| because it is

valid in relevant zones for turbulent modelling and because it will be used later for the specifi-
cation of an all-Péclet blending of the RANS model. It gives:

Result: <VMt ; VPey ; D§k4 — 0) neutrality hyper-surface for the “non-oscillating” mode

1
NONon—osc. : .Ar@ZE$ (Le - %) + 8Z§ =0 . (4.42)

This mode is specific to the diffusive-radiative case and has no counterpart in the relation (4.37).
As already mentioned can be related to the “fingering convection” of Garaud [2018] as discussed
later in Sec. 4.8.
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4.3.2.5 Pair of “oscillating” (or oscillatory double-diffusive convective) transverse modes

Let us now turn to the case of oscillating modes with w, # 0. Within their hyper-surface of neu-
trality (w; = 0), these modes are real valued, i.e. w = w, € R. Hence, they must simultaneously
satisfy two equations corresponding to the real and imaginary parts of the dispersion equation:

(w2 - VVDCk4> kzlaz <w2 — g 8? - vagqui.k4> -1

- (4.43)
0, _
K22 equi. kzlciz (wZ - gO?T - %):| + goazs =0 ,

for the real part (where a factor w has been suppressed, corresponding to the “non-oscillating”
mode treated previously in Sec. 4.3.2.4) and:

g [(VV +Dc) kzwﬂ ﬁ (wz — 8%~ vagqui-k4> -1

T
| 2 .2 T
+i (w2 - vack4> Vf;g;’ +x£qui_k2 (kzlc? (wz — g, %) - )} (4.44)

_"_iDCkz goazg _|_ gODCAFaZE% (Xéqul - DC%)} = 0 7

==

for the imaginary part. As both of these equations are biquadratic, it amounts to solve jointly in
R the equations of the system:

X? —2h X =
{ 1 +C1 0 ’ (445)

1X? — 20X +c =0 ,

2

where X = w” must be a real positive number and with:

L
o= Ka2g 05 + (Dckz)z [5c (1062 + g9 %% ) + (14 5c) Le (1K%e? + gy %) |
+ (Dck2)4 Sc’Le
a, = 1+4+2Sc+ Le ,
2by = (1+80) (1%G2 + gy %% ) + Le (K22 + %) + (Dck2>2 Sc[Sc+ (2+5c)Le]
0= Kelg,0,5+ kZFsngArﬁzf% (Le —v3) + (Dckz)z ScLe (%kzc:z + gog)

_ 2
by = K2+ g, 2k + (Dck2> [Le (1+2Sc) +Sc(2+5Sc)]

(4.46)
A first method consists in writting Sys. (4.45) as:

{ X220 X+¢1=0 ,

_ _(me—c)
X - (Zblﬂz—sz) 4

so that the relation defining the location of critical stability becomes:

(2byay—2b,)? (2b1a,—2by)
(112C1 _CZ) > O

{ oo _ gp, moa) 4o —g
(2171(12—2172) -

7

and then:

108



Chapter 4. Linear stability analysis

Main result: (VM ; VPe;) neutrality hyper-surface for the “oscillating” modes (1%t method)

X (a2c1 — c2)* — 2by (azc1 — ¢2) (2b1ay — 2by) + c1 (2byay — 2by)* =0,
NOSC. : (ﬂ2C1*CZ) > 0

(Zbl ap *21’)2) -

(4.47)

7

where the inequality expresses the fact the hypothesis of (w? > 0) must be satisfied in this sec-
tion. This formula does not discriminate between the two pairs of possible modes and may
cause parasitic solutions to appear. The selection of modes should therefore be examined.

An approximate method circumventing the problem of solution selection is to make the
hypothesis (c1/b? < 1), which gives:

=\ 2
80 5= 8o 0.7
g (10T

and to treat the problem in the dominant order O (c1/b?). This leads first to X_ = ¢1/ (2b;) and
X4 =2by —c1/ (2by) where X_ is the solution corresponding to gravity waves. The insertion of
X_ in the other relation implies then:

Main result: (VM ; VPe;) neutrality hyper-surface for the “oscillating” modes (2"! method)

Nose.: (2b1)cs— (2b2)c; =0 with 2%120 . (4.48)
1

Formula (4.48) can be simplified into a compact formula but of limited validity by keeping in

2
Eq. (4.46) only the dominant order O (Dckz). It comes then when [(Dckz) — O] :

Result: <VMt ; VPe; ; D%k4 — 0) neutrality hyper-surface for the “oscillating” modes

1 g 0,7
_1 _ 7 kZ:Z T _
N(C))sc. : gOArazC§ (Le - Y3) — 8o (SC T LeHZ&C)QZT) aZS =0 . (449)
K2 T

As previously mentioned, this pair of modes can be related to the "oscillatory double-diffusive
convection" (ODDC) of Garaud [2018] as explained later in Sec. 4.8.

4.3.3 Dispersion relation in non-thermal equilibrium

A more general dispersion relation can be obtained by relaxing the assumption of thermal
equilibrium. Only the total pressure equation is modified within the non-thermal equilibrium
framework with respect to the thermal equilibrium case. Then, one focuses on the pressure
equations (4.5) where, contrary to the perturbations, the basic state is assumed to be at thermal
equilibrium in order to write the perturbated coupling term as:

N L —a T T (™ T
CgaR{pKl <Tm4 — Trj‘ﬂ = 4cypkag (Tm = T" Tr> = 4cypkragT = T
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4.3. Dispersion relation within all Mach regime

In the spectral space, one has:

—i@P™ + (7,8,P™ 4 YD ik

—4(v" = 1) e [ arT" (5 - &)

YA D AP (ik I 9,¢ — K2 ) , (4.50)
. /\I' o~ - . s m T hco:rst v
—iwP + GOP+ 3Pk = e fox]arT’ (5 - D) - St

from which the combination gives:

—iwP  + (4 —3y™) iwDP" + 1,0, + [Wlﬁ—i—ﬁl(im—l) ﬁ} ik |
iy 4 T [, T N (T 1)eheont o (4.51
=ymD. A P™ (ikz%azﬁ — k2c) — %kZPr%

In addition, radiative pressure and temperature are related by (ﬁr JP" = 4T / F) so that the
equation of state entails:

v—lH )

PR ™ _
pP=pPm (A c— Tm> +D" . (4.52)

Then, the combination of Eq. (4.52) and the equation for P’ of Sys. (4.50) results in:

8 P | 4
(—iw + ér) ﬁ =4¢y [pKr] [P — <.A c— T)] - gikju]' p (4.53)
with the notation: const. o
c/hir P™ 4 4PF
gr = 3 [SK ] k2 + Cy [pK ] PTm . (454)

The corrections to thermal equilibrium appear as supplementary terms, defined by:

P = [P 2 T = [P G
e ZL _ — (Ar/C\—T> and = 2; <AC_) ,
Pr . P™ 4P | P™ T T _ P™ 44P" |P™ T
equi. equi.
(4.55)
and from Eq. (4.52):

m (7 w o (P
T: — l = = = — prm— . (4 .56)
™ T , p™ | P* Pr .

equl. equl.

The limit of thermal equilibrium is consequently introduced with the previous formulae from
Eq. (4.51) by:

—iwP + (4 — 3y™) Priw (i)eqm+u,a P [ymP™ + 4 (y7 — 1) D7) ik

= +y"D.APT [ikz (TA:;) OnC — kze} a wkzpr (gi)equi

T
P2y | e e ()
equi. o] P/ equi.

2 T
- (-3 e |F - (5)

(4.57)
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Chapter 4. Linear stability analysis

In order to express the factor [I;r / P — (I;r / ﬁ) ' } , Egs. (4.53) and (4.55) are combined so that:
equil.

PN _ _ const. 2 .
1 P_ (P _ _ P i Xegu € (L iA0,C ~ i)
i (@+ic) [ " (Pr)equi} B Pr [(Pm+41ﬂw+ 12(v3—1) > 7 T wpipae 12 T
e e (7))
i [kzuz+ A P™+P

Equations (4.20) and (4.21) applied to isothermal equilibrium, which condition is recalled as
{65/? — A.0,c = —GZIW/PT“} , leads to:

—iw<A,E—T> O A DK~ ik,
Pm

so that, using Eq. (4.56) and the thermodynamic relations:

W _ —m 4P"
I bl Gt )
= (Pm + Pr> = YmPT 44 (Y 1) P — (4-3y7) Pm+4Pme '

derived from App. A, Eq. (4.57) in the limit of thermal equilibrium takes the simple form:

. ~ = N — T m. ~ = - i.Ara E /’f
—iwP + uzﬁzP + V1P1kjuj + YngDCkZArC + Xf)kz [P + p™ (u)—i—lDZCkz + T>:| + Q:Non-equi. =0 ’
which correction is:
2|l p S == , iA.0,c T
Q:Non-equi. =k [XNon—equi.P +pP™ (Xﬁon-equi.u)_’_;z;ckzuz + XTNon-equi.T>:| : (458)

Finally, the pressure equation can be written as:

2

P ~ = = . k
—iwP + 0,8,P + 1P (1(»;

T (P + Pf) + ikzaz) — D3P AL, g,

2 ) iA0, - . pm T —
+k [(er + Xﬁon—equi.) P+ p™ 1+ Di( (XP + XNon—eqm ) uz +P™ (XrP + XTNOn—equL) %:| =0,

from which the dispersion relation in non-thermal equilibrium is deduced from the one at ther-
mal equilibrium by the sole subtitution of the three occurences of x}, by the appropriate terms

(Xf) + Xﬁon_equi ) (XP + X o equi. ) and <x’1‘3 + XTNon—equi.>‘ They are defined according to:

Pm =r Q: =F conrsf. o k2
T _ +4P" ~Non-equi. P w + pK equi.
XNon—equi. - P Wiy Pm+4Pr 12(,\73_1) s
— — t. 2 —
Uz — _ P™ +4Pr cNon-equi- Pr w _|_ hgozfs Xequl k Pr k (,U-‘rlD k
XNon—equi. - Pr w+id, P 4p" 12(v5-1) T 3pm 2T iAd,c ’ (4 59)
_ — — t. 2 .
xP .= Dhar Rorrequ. P+ 1h§;°:rs XequX™ | P K
Non-equi. P w+ig, P™ 4P 12(v;-1) 3P™ wtivyk? ¢
_ 2., Y (Ys 1) 2k Vi-1)(4-3y")  4pr .
Q:(I)\Ton-equi. - <XPk + Dck Z'A € + ] prap P ’

where the prefactor @ has been isolated since it diverges within the low radiation limit.
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4.4. Dispersion relation within the small Mach regime

The dispersion relation is deduced straightforwardly from the one (4.36) at thermal equilib-
rium and gives the following polynomial:

(@ +ivk?) (@ +iDk?) (w +ig) [ w?(wrived®) (1427 2.) o

k2§2 T k2§2
— (0 vl (w+iDk?) (@ +i8)  [i2 (xp + XFonequ) K (1 255 )|

+ (w + ivvk2> (w + iDckz) (w+1idy) w (w (w + ika2> + 8 (ikz _ 8ZT>)]

122

P

+ (w + iDCkz) (W+ily) | g5

<(XP+X1§:“‘E‘*“") y3> (z“lf; (w + ika2> + lggo) =
(4.60)
This sixth-order polynomial admits an additional root compared to the case at thermal equilib-
rium. The limit of thermal equilibrium can be found within the (¢, — co) limit of Eq. (4.60). This
is indeed consistent with the fact that according to Eq. (4.54), the relaxation frequency towards
thermal equilibrium, namely (c; [pk"]), is one of the two contributions to ¢, (see Eq. (4.54)). The
second one is rather associated to the radiative diffusivity and depends on the wave number k.
Large values® of &, are more likely to entail minor modifications regarding the roots of disper-

A=

+iDK? (w + &) A, d,C

sion relations. Hence, the additional coefficients from Sys. (4.59) related to this parameter will
not be mentionned in the next sections.

The dispersion relations with or without the assumption of thermal equilibrium differ by the
fact that, in Eq. (4.60), the coefficients at non-thermal equilibrium are functions of the growth rate
w, unlike the coefficients at thermal equilibrium of Eq. (4.36), that are all independent of w.

4.4 Dispersion relation within the small Mach regime

After the general compressible results, we now turn to the small Mach regime which is more

akin to connections with the asymptotic analysis of chapter 2 and the modelling of chapter 3.
Besides, since the norm k of the wave vector k does not play any role in the next part, only

the influence of the wave angle defined by k| /k is studied in the following dispersion relations.

4.4.1 Dispersion relation at thermal equilibrium for any wave angle

The low Mach model has been derived at thermal equilibrium by Soulard et al. [2012] and re-
called in the asymptotic analysis of chapter 2 by Eq. (2.62). It leads to the prediction:

P y;—1 1
Bjuj’ = —u/,%f + Y‘Lf C'+—=—Dp ,
1P 1P 1P
hence, in the spectral space:
@,0,P = 1P (i) + (3 - 1) C+Dp , (4.61)

3For a “large” ¢, the non-thermal equilibrium correction becomes negligible and the additional root is simply
w ~ —iC,: it is thus always very stable.
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Chapter 4. Linear stability analysis

which differs from the complete equation (4.23) only by the absence of the term —iwP on the
right-hand side. Then, if all terms from Eq. (4.22) are kept, Eq. (4.61) can be expanded into:

1,0,P 4+y.P [ kZT (Pm + Pr) + ik u,}

—Dck2y3Pm JADE G, +xpk? [P+ P (A2, 1+ 1)) =0
Moreover, as shown in Eq. (2.46), the low Mach model predicts that (I’ /P) is on the order of M.
Since the expression for the divergence term divu’ is given to the dominant order in Mach, the
consistency of the approximations suggests to eliminate the terms in (P’ /P) in the linearization
of the state equation, which yields:

=il =

Pm ] r 27 o~ T
. < iAD;C 2uZ+T) ) (4.62)
P™ 4+ 4P" \ w +iD.k T

and, using the latter relation into Eq. (4.22) yields:

GOP P (i Kt (P74 ) + ik

(4.63)

_Dckzﬂpm lA % iz 0, +xbP7K ( lfg iz zt+ 3 ) =0 ,

and the homogeneous linear system becomes:

T 13; <w+1Vv ) —f—lkT(Pm-i—Pr) =0

( ), P + ik ) w, +1 i T (Pm + Pr) D k2y3P iA,8,¢ i (464)
viP ’ W ivele YiP w+iD K
2P 2P" _iAde ~ _
+XPk ViPT +X{3k VP w+iD2 2 =0

As has been carried out for Sys. (4.26), the corresponding determinant is put under the form:

DSM
“SM .
Dadv + Dadr Dla;dr with Dadv = DlCV + ,ylaji; ’

D3N

advr —

where only the determinants D3y, and D3’ M differ from their “all Mach” counterpart. Indeed,

the determinants associated to the scalar d1ffu51on Da 4r and the incompressible viscous contri-
bution Dj., are the same as defined in respectively Egs. (4.27b) and (4.28a). As for the so-called

“acoustic” contribution, its determinant DY, takes the form:

. . K2
—1W - ( Z ) - w-HV‘kZ B kZ
ng/[v = ?azf —i ((.U + iVVk2> +lkz = —faZP ((Ukz + lm’fa P> ,
— \%
0 To,P 0
which gives: B )
ik, T, P k _
‘leadV = kz <1 — lizz Taz) (U2 + wij;z?azpaz§ s
k* yiTP w + ivyk

with the pseudo-entropy gradient recalled in Eq. (4.30).
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4.4. Dispersion relation within the small Mach regime

The radiative diffusivity contribution is characterized by the determinant DZ;I;A such that:

iw <1kz Z ) U
S 2| —a 5 . . .
DY = xpk® | 7®,P — (w + kaz) +ik,
i P™ iA9,c
_}—371177 V1P w+iD K2 0

The dispersion relation (4.35) is modified accordingly within the (M; < 1) limit:

2
<1+lkz 8o >w2+kL (U kzgoazg

K% k*c.2 K% w +ivy
iA.0,c 1 ’ N[ ok, K wg,
f—_— k* —¥3Dk + =
w4+ iD K> Y <XP s ) < K K w + ivyk?
.1 r 2( k (9’()
—iw—=xpk + i = 0, 4.65
,YXP 2 T ( )

which can be put under the form of a third-degree polynomial better suited for numerical reso-
lution:

w + ivyk?) (w +iDK? —(1+i‘—§k§02>w
8T1k i|

T

—(w+ivyk?) (w + iDCk2 i= ka2 (
+ (w +1iD kz) {—zgoa s]
+iDK> A0, cf (— —y3> ( “l’(k (w + ka2> o g0> =0

(4.66)

note that the (C:2 — oo) limit of the general relation defined in Eq. (4.36) would give Eq. (4.66),
provided this term is eliminated.

The relevance of keeping the term { } is questionable, since the latter is of order M?. Let us

4.4.2 Dispersion relation at thermal equilibrium for transverse modes

For transverse modes k| = k and k, = 0, so according to Eq. (4.13), one has hgﬁ?gt = 1 for both
assumptions about opacity. From Eq. (4.25), the equality Xp = X¢q,;. is also verified. By inserting
k, =kand k, = 0in Eq. (4.66), the polynomial becomes:

—(w+ ika2> (@ +iDek?) (@ +itxig k) + (w +iDK?) g3

(4.67)
+iDK%g, A, 5 LLe—v3)=0 ,
which can be written as c3w? + icow? + cyw + icy = 0 with:
o= +DK (gOArﬁzE% (Le —7v3) + g,0,5 + %vvxgqui_k‘L) ,
e1= +8005 + K (Debitu + Vixiqu +WDe) w6s)

o= —K (VV+D + xeqm> ,
C3 = -1
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Chapter 4. Linear stability analysis

4.4.2.1 Non-oscillating (or fingering) transverse mode

As in the “all Mach” section 4.3.2.4, when ¢y vanishes, w = 0 is an eigenvalue and there is
therefore a neutral mode. This condition is verified if:

Main result: (M; < 1 ; VPe) neutrality hyper-surface for the “non-oscillating” mode

1 1 2
M 8o AD,e= (Le = V3) +go0i5 + = (Dckz) Scle=0 (4.69)

which defines the neutrality hyper-surface associated with this “non-oscillating” mode. It cor-
responds to an exact relation for the tranverse modes.

2
Besides, this relation simplifies into a useful limit when [(Dck2> — 0] because it is valid

in relevant zones for turbulent modelling and because it will be used later for the specification
of an all-Péclet blending of the RANS model. It comes:

esult: t <K< 1;VPe; — neutralit er-surface for the “non-oscillating” mode
Result: (M; < 1; VPe; ; D2k* — 0 lity hyp face for the “ illating” mod
0 _1 _ _
N s, gOAr8Zc§ (Le —¥3) + 800,5=0 , (4.70)

which is identical to the “all Mach” relation (4.42) such that f\?g(;_osc. =N ONon—osc:

4.4.2.2 Pair of “oscillating” (or oscillatory double-diffusive convective) transverse modes

As in the “all Mach” section 4.3.2.5, one focuses on the pair of “oscillating” transverse modes.
Then, one looks again for their neutrality hyper-surface where these modes are by definition
real w = wy € R by writing that this w € R must simultaneously satisfy two equations corre-
sponding to the real and imaginary parts of the dispersion equation:

(@2 = WD) = (vy + D) Ity k* — g8 -0,
(e + D) K2w? + (@2 = vy D) It 1 — Dek? 05 + g Aid,c (Le = 73)| =0
4.71)

The existence of real solutions to this set of equations imposes that:

VV,DCk4 + (VV + DC) k4%xéqui. + g()az§ 2 0 ’
(Vv + Dc + %quui.) kz <VV,Z)C1<4 + (VV + DC) k4%X£qui. + gOazg)

By introducing the dimensionless numbers Sc and Le of Eq. (4.40) related to molecular transport,
the neutrality hyper-surface N'§4. of the “oscillating” modes exists under the condition:

B 2\ 2 1
80075 + (Dck ) (Sc + (1+Sc) ,YLe) >0 ,
and is then defined by:

115



4.4. Dispersion relation within the small Mach regime

Main result: (M; < 1 ; VPe;) neutrality hyper-surface for the “oscillating” modes

sOI\;IC. . (SC + %Le) g()aZ§ - goArazE% (Le — ’}73)

+ (Dck2)2(1+8c) Sc+ (1+5c) 1Le + (;Le)z) =0

4.72)
2
Besides, when [(Dck2> — 0] , this relation simplifies into:

NSMO

Result: <Mt < 1;VPe;; DXk — 0) neutrality hyper-surface for the “oscillating” modes
Osc. *

<Sc + }yLe) 80075 — gOArazC,ly (Le—7v3)=0,

(4.73)
under the condition [goazé > O].

4.4.3 Large wave numbers limit: development in (1/k)

The consistency of the homogeneous approach imposes that the wavelength of the perturbations
is small with respect to the gradient length of the basic quantities, thus:

k, 9,7
—Z <1
ko T

7

and by considering an appropriate non-dimensionalization, it may be assumed:

{go,af,azs, azc} ~ O (1)

Then, our results only apply to wavelength small before one. Let us note (e = 1/k), a parameter

with respect to which one can develop the dispersion relation. As one wishes to preserve the
effects of the visco-diffusive coefficients, one assumes:
{Dckz, vvkz,xgqui,kz} ~ O (1)
Then, one looks for solutions in the form [w = wo +ewy + O (€?)] to Eq. (4.66). By inserting
them in Eq. (4.66), the development of w at the dominant order leads to*:
. —\ k —
—i—lDCkz% (Le —¥3) k—égOArazc =0

— (wo+ivek?) (wo+iDel?) (wo+ ik k) + (wo +iDek?) Krgyds
2

(4.74)
This relation at the dominant order of large wave numbers is identical to the relation (4.67)
2
applying to transverse modes, provided that %go is substituted to g,. The previous re-

sults regarding neutrality curves can then be trivially extended. Indeed, the neutrality curves
4where it results in Xp =

ENon—isoth.

7

quui.
= % + O (e).
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Chapter 4. Linear stability analysis

2
of the transverse modes are always of the form [go [...] + (Dck2> [...] = O} and become thus
K2 5\ 2 . K2 ) )
[kz go -] + (Dck ) [...] = 0] once the subtitution (ﬁgo — g0> is applied. The latter can then

. k 2 2 . K2
be written as [go [...] + (HDCk ) [...] = 0] , showing that the curves for (k—ﬁ < 1) correspond

to the ones of the transverse mode for a larger diffusion (%DC) . If the fact that the diffusion has
generally a stabilizing effect is admitted, the transverse mode has indeed the most constraining
neutrality curve among the different wave angles within the large wave number limit.

4.5 Small Mach-small Péclet regime

4.5.1 Dispersion relation at thermal equilibrium for any wave angle

The small Mach-small Péclet model has been derived at thermal equilibrium in chapter 2 and
recalled by Sys. (2.56) such that:

8juj’ =u, (85? — ArGZE) + DCAr(?jzjc’ ,
hence, in the spectral space:

ikt juj = U, <8T
T

©) - DRAE @75)
which, combined with Eq. (4.20), gives:

K _—(pm , or ~
.L T(Pln+P1) :uz (

w+1vvk2

9,T _ wAd,c >
T w+iD k>

The linear system can be put into a form comparable to the ones obtained with the previous
approaches:

—iw%—(lk )uz—i K ?(m—{—l/)\r> =0 ,

w+ivyk
%@T’%—i(uﬂrwv )u,+szT m+1§f) =0 ,
(P4 P) - DR AL, —0

_ 827 .
(Arﬁzc—%—f—zk)ué—i—l A

/\

-i-zvvk2

which gives the dispersion relation:

_ (w + iDckZ) (w + Wsz) K2 ( % Tl: ) + K2 A,8,¢ ( ul)jzz <w + ivvk2> + fégo =0
(4.76)

This relation (4.76) derived within the small Mach-small Péclet approximation is exactly the limit
when (xp — o) of the relation (4.66) obtained for the small Mach (all Péclet) approximation:

¢ ik 1 0,C K3
(1 %1 ZZ> W't <iVVk2 1D %sz> “- Ac’ﬁafczk 280 Dk =
14288 K 1+ %% 1+ 228 k
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4.6. Numerical results

4.5.2 Dispersion relation at thermal equilibrium for transverse modes

By inserting k; =k and k, = 0in Eq. (4.76), the polynomial becomes:
(w + iDCk2> (w+ ivvkz) — gy AD,Tg, =0 . (4.77)

The solutions of the equation [wz +1i(De+ vy) Kw — (gOArGZE + DCka4> = O] of discrimi-
nant:
A=4 (gOArBZE + Dcvvk4) — (De+v¢)? K = 4g, A0, — (Do — vo) 'K,

are:

s = (Dot )i (B W

One of the two transverse modes (“+” root) is then unstable if:
goA:0,¢ < —Devyk* <0 . (4.78)

If the condition is not verified, the flow is stable with respect to the transverse modes but this
does not prove its general stability.

Let us notice that for Eq. (4.78), the growth rate w, is purely imaginary (wy € iRR), the
unstable mode is thus “non-oscillating”. This is the limit of the “non-oscillating” mode whose
hyper-surfaces of neutrality have been established in Egs. (4.41) and (4.69).

As previously, one defines the neutrality hyper-surface of the transverse modes within the
low Mach-low Péclet limit as:

Main result: (M; < 1 ; Pe; < 1) neutrality hyper-surface for the “non-oscillating” modes

Niwose. : 8gArDC + Devyk* =0 . (4.79)

4.6 Numerical results

4.6.1 General dispersion relation at thermal equilibrium

In this section, one considers the general dispersion relation at thermal equilibrium (4.35) as well
as the subsequent hyper-surfaces of neutrality. One is particularly interested in the inverse of
the Lewis number Le ™! (see Eq. (4.40)), defined as:

De

71_
Le " = -

Xequi.

Note that the latter ratio is an analogue of the Péclet number according to the analogy between
physical diffusion-viscosity and turbulent diffusion-viscosity proposed below in Sec. 4.9.1 in the
context of turbulence modelling.
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Chapter 4. Linear stability analysis

4.6.1.1 Non-dimensionalization for numerical resolution

This section shows numerical solutions of the dispersion relations for parameters made dimen-
sionless as follows. The length scale T/0,T and the acceleration scale g, are chosen such that:

0,T =
- =1 and g,=+1=-79,P ,

where the sign of g, changes with respect to the gradient of T. In the next part, only the case

g, = 1is treated i.e. 9,7 and 9,P of opposite signs (i.e. stable case for an Euler configuration with

neither diffusion nor radiation). As an isothermal binary mixture is considered, the equation of

state gives:

which can take the form:

,P™ .
87 - Arazc =-1 ’
Pm
where, relatively to the gradient length of density, the concentration gradient is reasonably®
chosen as
O, =1,

since only the product [A,0,c] matters. Hence, [GZF/ P™=—1+ A,| and the pseudo-entropy
gradient is:

pm

8Z§:1+?(Ar—1) ’
YiP

where the expression of ¥7 is given in App. A.By using the nullity of 9,P" due to the isothermal

condition, the parameters are constrained by the relation: [Wgo / @2 =0,T/T — Arﬁzﬁ] . Hence,

m
+ X —1- A,
s

The homogeneous approach of this study only makes sense for short enough wavelengths with
respect to the gradient length, so one will just consider the modes (k > 9,7/7).

Finally, the only free parameters defining the equilibrium state are {W, A, % }, from which

the quantities appearing in the dispersion relations are:

%% =9,c=1,

g =+l with Arzra_rb and l:i
& =Trg ¥ T WP
azg :1+%(Ar_1) ’

5Tt amounts to assume that the molar mass difference is the main source of density variation in the mixture.
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4.6. Numerical results

4.6.1.2 Expectations from local criteria

Local inviscid and non-diffusive stability criteria have been proposed in chapter 1 and summa-
rized by Sys. (1.19). Applied to the present isothermal configuration for binary mixture of gases
with the same adiabatic exponent y™, we have:

VT = 0 7
- - _11_P_
VT Vad j 134+4Pr ’
= P _A
Vi - AT
_ R v P A _ 71
V1= Vad 5 Va s (a5~ 5

Due to the fact that we necessarily have [Vt — V,q < 0], the semi-convective instability can-
not be encountered according to Sys. (1.19) and we are left with only three cases defined with
respect to A, :

stability : 0< A <1,
thermohaline instability : —(7y—-1) < A, <0 ,
convective instability : A < -7 -1

The (A, > 0) region indeed remain stable in the following and will not be shown in the
figures whereas the convective region [A, < —(7 — 1)] can be damped and stabilized at given
non-zero wavenumbers by the viscosity®.

The most interesting region is [—(7 — 1) < A, < 0] where thermohaline instability can be
expected according to the local criteria (1.19). Depending on the relative importance of the ra-
diative and inter-species diffusion coefficients, it will be shown to have a complex structure
with one stable sub-region and two sub-regions which are unstable with respect to two differ-
ents kind of instabilities.

As a last remark, one can notice that the boundary [—(7 — 1) = A,| corresponds exactly to

the condition: -
8]' P 8]§
SZI

while (A, = 0) corresponds exactly to the condition:

T

7

showing that both asymptotic conditions of Eq. (2.64) derived from the asymptotic analysis
match the boundaries of the stability regions of the stratified equilibrium, according to the local
criteria (1.19).

6The effect of the viscosity vanishes at large wavelength so that unstable waves probably exist whatever the
dissipation but that limit is out of the validity region of the present quasi-homogeneous approach.
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Chapter 4. Linear stability analysis

4.6.1.3 Phenomenology

Figure 4.1 shows plots of w; in the planes (\A,,log,, [1/Le]) and (log,, [Dc],log,, [1/Le]). The
gray-level plotted field is obtained by numerical resolution of the roots of the dispersion rela-
tion (4.36). The selected value of wj is the maximum value on all five modes and onk, /k € [0, 1].
The wave number k = 10 is used for the top of Fig. 4.1 whereas the bottom is given for k = 40. In
the right side of each subfigure, (w; < 0) which means that the flow is stable for these param-
eters with respect to the corresponding wave number. On the other hand, unstable zones (i.e.
wj; > 0) are met on the left side.
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Figure 4.1 — Maps of maxj, i} wj in the planes (A, logy,[1/Le]) and (log, [Dc],logyq [1/Le]) by nu-
merical resolution of the roots of the dispersion relation (4.36). Superposition of (semi)-analytical neu-
trality curves obtained for transverse modes k| = k exact or approximate with respect to relations (4.41)
and (4.42) for the “non-oscillating” mode and Egs. (4.47), (4.48) and (4.49) for “oscillating” modes.

The (semi)-analytical neutrality curves obtained for the transverse modes k; = k are also
reported. First, the dashed lines, denoted N'Non-ose. and N g, represent the “exact” curves
respectively given by Eq. (4.41) and Eq. (4.48), computed for the “non-oscillating” mode (in
red) and for the “oscillating” modes (in blue). Second, the dotted lines, denoted NY,sc and
N, characterize the approximate curves with respect to respectively Eq. (4.41) and Eq. (4.48),
calculated for the “non-oscillating” mode (in red) and for the “oscillating” modes (in blue).
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4.6. Numerical results

One notes first in Fig. 4.1 that the union of N'Non-osc. and N osc. covers exactly the isovalue
“0” of the numerical solution: this indicates that the first modes that become unstable are the
transverse modes. The agreements between the "exact" and approximate curves A Non-osc. and
Non-osc, as well as between Nog. and N, are judged by comparing dashed and dotted
lines. They are correct at moderate k and D, or, more accurately, within the [(Dckz) — O} limit.

One can also see in Fig. 4.1 that the “non-oscillating” mode defines an unstable zone in the
lower left-hand corner of the subfigures while the “oscillating” modes define an unstable zone
in the upper left-hand corner. This behavior is illustrated in Fig. 4.2 which also clarifies the
designation of “oscillating” and “non-oscillating” modes.
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Figure 4.2 — Plot in the complex plane of the modes corresponding to the five roots of the dispersion

relation (4.36) for the transverse modes (k; = k). The variation on D./x.; corresponds to a vertical
qui.

path in Figs. 4.1.

Figure 4.2 shows a plot in the complex plane, when Le ! = D,/ Xequi. Varies, of transverse
modes (k; = k) corresponding to the five roots of the dispersion relation (4.36). Except in
Fig. 4.2-(a) where k = 2 for a better legibility, the selected parameters correspond to vertical paths
in Fig. 4.1 connecting two unstable zones through a stable one. The five modes are shown in
Fig. 4.2-(a), whose pair of external modes is related to compressibility effects and is not relevant
here. Figures 4.2-(b,c) propose a zoom on the modes labelled as “non-oscillating” (w, = 0) and
“oscillating” (w, # 0). Figure 4.2 shows that the “non-oscillating” and the “oscillating” modes
react in an opposite way to the evolution of the inverse of the Lewis number Le .

122



Chapter 4. Linear stability analysis

Anticipating on the analogy between Pe; and Le !, both comparing diffusive time scales
(turbulent or molecular) to radiative transport time scales, the figure shows that the “non-
oscillating” mode is stable at large Péclet number but is destabilized when it becomes small. The
“oscillating” modes have the opposite behaviour. The destabilization of the “non-oscillating”
mode, when the radiative diffusion becomes strong enough, is directly linked with the stability
considerations introduced in Sec. 2.3.2.5 and exemplified by the difference between the three
DNS presented in Sec. 2.5.
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Figure 4.3 — Evolution with respect to the wave angle measured by k| /k of the real part (dashed lines)
and the imaginary part (solid lines) of the least stable or unstable mode; comparison of compressible
results with the low Mach “all Péclet” and the low Mach-low Péclet limit. The three figures displays
three values of the ratio Le ! = D, /X5 qui. * 0.1,1and 10.

Figure 4.3 shows the evolution of the real and imaginary parts of the least stable or unstable
mode with respect to the wave angle measured by k, /k for three values of Le ™! = D,/ Xequi: 0-1,
1 and 10. It compares the solutions obtained from the compressible (4.36), the low Mach (4.66)
and the low Mach-low Péclet (4.76) dispersion relations. A good agreement of the low Mach
limit with the general solution can be noticed for the three Le numbers (the blue and red lines
are almost superposed, at least for w;). For the tested parameters, the angle that maximizes w;
isk, /k = 1. Figure 4.3-(a) is dominated by the mode referred to as “non-oscillating” (although
w; # 0 for k, /k # 1) whereas Fig. 4.3-(c) is dominated by the pair of the so-called “oscillating”
modes (the jump from a mode to another of the couple (wj, w,) characterized by w, ~ —y,
i.e. complex conjugate here, explains the discontinuity in the evolution of w;).
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4.6. Numerical results

4.6.1.4 Parametric variations

Figures 4.4 to 4.7 show the effects of some parametric variations regarding the (numerical) gen-
eral neutrality curves and for the exact transverse modes N Non-osc. and N ogc. Or approximate in
the [(Dck2) — 0} limit N osc. and N . In all cases, the curve NE,. according to Eq. (4.47)
is also displayed but remains superimposed to N o according to Eq. (4.48) for all the following
curves.

Figure 4.4 shows the effect of the wave number. Recalling the stable region lies on the right
side of each plot, one can see that it spreads out rapidly when the wave number grows. It may
be due to the higher viscous attenuation at short wavelengths.
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Figure 4.4 — Contours of neutrality in the planes (A, log,, [1/Le]) and (log,, [Dc],log;, [1/Le]): unsta-
ble zone on the left and stable one on the right. Numerical reference (solid lines): maximization on all
modes and all quantities k| /k of the roots of the relation dispersion (4.36). (Semi)-analytical neutral-
ity curves obtained for the transverse modes k| = k: dashed lines: N non-osc. and Nosc; dotted lines:

M and V...

Non-osc.

Figure 4.5 characterizes the effect of the material adiabatic exponent y™. The destabilization
by the radiative conduction seems to be more likely to occur with the increase of compressibility
of the gas. Indeed, the unstable region is much larger for a very compressible gas (y™ = 1.1)
than for a weakly compressible one (y™ = 1.66).

Figure 4.6 points out the effect of the Schmidt number Sc. As previously, it can be interpreted
by viscous attenuation which rises with the Schmidt number at fixed scalar diffusion coefficient
D.. As expected, the increase of the kinematic viscosity seems to stabilize the flow field and
enhances the stable zone located on the right side of each contours of Fig. 4.6.

Figure 4.7 displays the effect of radiation intensity, measured by P*/P™ (taken at its zero limit
in all previous figures). The growth of the radiative pressure tends to stabilize the flow.
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Figure 4.5 — Contours of neutrality in the planes (A, log;, [1/Le]) and (log,, [Dc],log;, [1/Le]): unsta-
ble zone on the left and stable one on the right. Numerical reference (solid lines): maximization on all
modes and all quantities k| /k of the roots of the relation dispersion (4.36). (Semi)-analytical neutral-
ity curves obtained for the transverse modes k| = k: dashed lines: N non-osc. and N oy, ; dotted lines:

0 0
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Figure 4.6 — Contours of neutrality in the planes (A, log;, [1/Le]) and (log,, [Dc],log;, [1/Le]): unsta-
ble zone on the left and stable one on the right. Numerical reference (solid lines): maximization on all
modes and all quantities k| /k of the roots of the relation dispersion (4.36). (Semi)-analytical neutral-
ity curves obtained for the transverse modes k| = k: dashed lines: N non-osc. and N og. ; dotted lines:
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4.6.2 Dispersion relation within the low Mach limit

In this section, the comparison between the general dispersion relation (4.36) at thermal equi-
librium and the corresponding ones within the small Mach limit are considered, along with the
subsequent neutrality hyper-surfaces.

Figure 4.8 deals with a plot in the complex plane of the roots of the dispersion relations (4.36),
(4.66) and (4.76) when the ratio Le ™! = D, / ngui. varies. The roots of the general dispersion re-
lation (4.36) and the one obtained within the low Mach “all Péclet” limit are respectively repre-
sented by circles and crosses with rainbow-colors encoding the value of Le "!. The low Mach-low
Péclet limit in Eq. (4.76) does not depend on the Lewis number, the two corresponding modes
are depicted by black squares.
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Figure 4.8 — Plot in the complex plane of the modes corresponding to the roots of the dispersion relations
for the transverse modes k|, = k. Variation on Le™! = D, / nguil (rainbow-colored). Circles: roots of the
general relation (4.36); crosses: roots of the relation (4.66) within the low Mach (“all Péclet”) limit; blacks
squares: roots of the relation (4.76) within the low Mach-low Péclet limit. Corresponds to a vertical path
in Fig. 4.9-(a). Left: for k = 5, the five modes of Eq. (4.36); right : for k = 10, zoom on the three central
modes of Eq. (4.36) matching the three modes of Eq. (4.66).
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Figure 4.8-(a) confirms that the small Mach approximation filters out the acoustic modes of
the general dispersion relation. The latter correspond to the left-most and right-most circles of
the figure whereas the crosses of the small Mach approach are only present in the central zone
with the three remaining modes. Figure 4.8-(b) proposes a zoom on the central zone for different
parameters. It confirms that the two modes of the small Mach-small Péclet approximation match
well the [Le_1 =D./ Xequi. — 0] limit of two of the three modes of the small Mach “all Péclet”
approach, or of the central modes of the general relation. One remarks that the unstable solu-
tion (w; > 0) of the small Péclet regime can be continuously connected to the “non-oscillating”
(“fingering”) mode described previously, whereas the stable one (w; < 0) is related to the two
oscillating modes of “gravity waves” type.

Figure 4.9 plots the instability maps according to the same conventions as in Fig. 4.1 but
adds neutrality curves (of tranverse modes) from the low Mach “all Péclet” approach, given by
Egs. (4.72) and (4.73) and from the low Mach-low Péclet limit, given by Eq. (4.79). As already
mentioned, the neutrality curves of the “non-oscillating” mode in the small Mach “all Péclet”
approach are similar to the ones of the general case (exactly for N/ SNI‘f)i_OSC, and approximately for

Nan-osc.) and have not been added here. As for the parameters of Fig. 4.9, the curves from the
low Mach approach and the general ones are superimposed to the different levels of approx-

imation (blue and green curves). The boundary characterized by the small Mach-small Péclet

regime (dashed purple lines) defines a limit properly verified when (Le*l =D./ Xequi, < 1) .
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Figure 4.9 - Maps of maxy /i) w; in the planes (Ar,logyo [1/Le]) and (logy, [Dc],log,, [1/Le]) by nu-
merical resolution of the roots of the dispersion relation (4.36). Superposition of (semi)-analytical neutral-
ity curves obtained for transverse modes k; = k (“non-oscillating” mode and “oscillating”) with respect
to the general relation (red and blue curves), within the small Mach “all Péclet” limit (green curves) and
within the low Mach-low Péclet limit (dashed purple lines).
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4.7. Extension to the non-isothermal case at thermal equilibrium

4.7 Extension to the non-isothermal case at thermal equilibrium

In this section, the isothermal hypothesis is removed in order to allow linear temperature pro-
files but by maintaining the simplification:

RT=0, (4.80)

necessary to the existence of a stationary equilibrium solution when [pk'] is a pure constant. It
follows that, since thermal equilibrium is assumed, 9,T™ = 9,T" = 9,T.

4.7.1 Correction to the isothermal case

The linearization of the conduction C and the diffusion Dp terms recalled by Egs. (4.7) and (4.8)
must be reconsidered in order to treat the non-isothermal case.

4.7.1.1 Inter-species diffusion

As in Sec. 4.2.3.2, the quantity [pD,] is assumed to be purely constant. When this is applied to
Eq. (4.6), this hypothesis allows to write:

m Vi 1 P P P P !
Dp/ = (ra — I’b) [Y y(i’\“il ) [QDJ (')deij + Y:J,Tm(')j ([QDQ] ()]C>}

Note that the generalized adiabatic exponent y; may be linearized, using Tab. (A) in App. A, as:

/ _ 4(@—1) (2—3@) ( I)l‘/ F l)m/)
Sm  pm 7

Y T WG BT P

but is not taken into account for the sake of simplicity and will be assumed to be negligible.
Thus, using the assumption (4.11) of a linear concentration profile,

Dy = D™ [y AR + B A, (0,5% + 0,0 % )]

hence, in the spectral space:

DP = —kZDCP [Yg,ArC - »Y(In?j_l)kzz (Arachm + % ArC . (481)

4.7.1.2 Opacity

Referring to Sec. 4.2.3.3, since only the treatment of the quantity [pk’| as a pure constant can
give a stationary equilibrium state (except for a very particular choice of density and tempera-
ture profiles), the latter assumption is the only one retained. It implies the linearization of the
conduction term C to remain unchanged, such that:

r_ 4C51§ 8]% Tr/

o] T and hitt =1
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It is worth noting that, under that assumption, the non-isothermal case at thermal equilib-
rium does differ from the isothermal one at thermal equilibrium only by the additional term

[a%m Af} appearing in Eq. (4.81).

4.7.2 Dispersion relations at thermal equilibrium

A general expression for Z/)} can be obtained by inserting Eq. (4.21) in Eq. (4.81), such that:

— Non-isoth. — Isoth.

Dp = Dp _kzppmv( 1) ik, 9,T" iAdc -

, 4.82
m_1 2 ™ w+1Dk2 (4.82)

—— Isoth.
with DPISOt given by the formula (4.24). Then, by using this relation and Eq. (4.20), the for-
mula (4.16) becomes:

2

—iwDP +,0,P + ;P [.w—i-l%/ T (Pm + ﬁ) + ikzﬁz}

2 ™ (ys ‘{)ikZBZTT“ pm_iAd,C r1.2 |[p o pm ( _iAd,c ~ T _
—Dk? (73 + [ g O ) PEADE g, 1y [P P (EAGE g, 1 £)] =0

In order to derive the dispersion relation, one simply has to replace the term Y3 by the quantity
-1) ik, 9,T™

v+ e A
tion of the latter provides the following conclusions.

} in the determinant Di;r related to inter-species diffusion. The propaga-

In the case of a compressible flow field within the (M; < 1) limit, the compressible formu-
lae (4.35) and (4.36), as well as the low Mach ones (4.65) and (4.66) remain valid in the case of a
mean uniform temperature gradient, provided that the coefficient (y3/7), defined in Eq. (4.34)
is substituted for (y3/7) "™ such that:

~—Non-isoth. 1 -1 k Tm
% (4 |G D ik 9, with

E
3

= . (4.83)
1

=l =
=
=]

7 -1 & T

Thus, in the (M; < 1 ; Pe; < 1) limits, the dispersion relation (4.76) is not modified by the in-
sertion of a temperature gradient.

Non-isoth. 57
Regarding the transverse modes, since the previous results have shown that V; L

when k, = 0, the dispersion relations for transverse modes are always identical in the 1sotherma1
case and with a uniform temperature gradient. It implies that the relations on the neutrality
curves remain the same. However, let us notice that the value of 9,5 is modified by the addition
of a non-zero temperature gradient. Moreover, the consistency of the homogeneous approach
requires the wavelength of the perturbations to be small compared to the gradient length of
mean quantities, that is:

k, 9,T

? :€<<1

Thus, if all terms of order higher than O (€) are neglected, it entails that ’;3 Nonsoth _ X; and the

temperature gradient vanishes from the dispersion relations. The isothermal relations are then
also valid in non-isothermal cases.
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4.8. Link with Boussinesq approaches (pure hydrodynamic limit)

4.8 Link with Boussinesq approaches (pure hydrodynamic limit)

The goal of this section is to connect our previous results with the ones obtained within the
Boussinesq approximation by Garaud [2018] in the purely hydrodynamic regime. This regime
is valid but considering only formula at thermal equilibrium and taking the (P*/P™ — 0) limit
(so that the different adiabatic exponents have the same value, as recalled in App. A).

The Boussinesq approximation assumes the nullity of the velocity divergence field, that is
[0u" = 0]. Thus, when it is combined with momentum equations:

—iwiy 4 ikyT (1ﬁ + ﬁl) = —v K20
—iwiy + ikyT (157“ + ﬁf) = —wk'y
—iwi, + ik,T (PAm + ﬁ) 130,P = —vkG,
+iki =0 ,

which gives:

(4.84)

T (PT“ T ﬁ) = &%0,0
k2

ik> T . 2\ ~
gy = (w + ivyk ) U,

The equation of state within the (M; < 1) limit, using the scalar equation (4.21), gives:

I

P < iA0,c %)

= = — uz+:
T P™+4P" \w + iDK> T

Rather than relation (4.6) which deals with pressure evolution, the temperature equation is pre-
terred. Then, from Eq. (2.18c) of the asymptotic analysis, one has:
C Dr
DtT = — ('}/2 — 1) T@lu] + E + E ’ (485)
with, for a binary mixture of perfect gases at at thermal equilibrium, the conduction and the
diffusion terms, recalled from Egs. (4.7) and (2.15), defined as:

I3
Dr = pe+ 3—70Dc (ra — 1) T + (ra — 1) TG (pDedlic)

¢ zaj(MSajT) ’ (4.86)

where the definition of C is related to Eq. (4.7) and the one of Dr brings very similar terms to Dp
in Eq. (4.8). Then, the linearization of Eq. (4.85) around the equilibrium state, which existence
implies that [5 +Dr= 0] , leads to:

¢ Dy

o T "0,T=— (v, — 1) Tou + —
il 41,0, (V2 ) Jul‘f’ﬁa"‘ﬁa
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Chapter 4. Linear stability analysis

Although the incompressibility assumption of Boussinesq has been exploited in Eq. (4.84),
the (M; < 1) model is required in order to insert it into the system. We recall that:
P 1 Dy’
a Y3 C/ + I

duj’ = + —
YlP 1P Y1iP

4

in which the condition [gju;’ = 0] is not substituted here. Then,

W T (8E - @0 P = (1 _ @D (v — )T 4 BT G=UT
O,T +u,T<T -~ aZP)_(me+4ﬁ = )(y3 1) T¢' + &Upy - = lp,

with, by neglecting the perturbations of v3, the perturbated diffusion terms expressed as:

/
Dy’ = (75— 1) | {1550De (ra — 10) 9O T™ | +73 (ra = 1) [T™0} (0Deic) |
/
DT/ = Lﬁppc (ra — I’b) ()]C()]Tm} + (ra — I’b) [Tm(‘)]’ (pDC(‘)jc)]/

Finally, in the (P*/P™ — 0) limit, and by assuming that {y™,,v1, Y2, Y3} are equal, the equa-
tion of temperature evolution’ becomes:

AT + 1, (8,T — 0,Tog) = Lx"

which is the linearized version of the fluctuating temperature evolution of Garaud [2018] where

%xgqui_ matches the radiative diffusivity noted «t by the author. Then, in the pure hydrodynamic
regime, we have:
il

L (98 = AB8) = 2xXbqui o

hence,
: ;1 2\ T = =\ =
—i (w + %Xéqui.k ) T+ (0,5 — A0,6)u, =0

By taking the simplification within the (P*/P™ — 0) limit of the relation derived from the equa-
tion of state in the (M; < 1) limit, and then the relation (4.84), one has the dispersion relation:

—i (‘U + i%Xéqui.kZ) (Ljflg a2l + zkigo (w + iVsz) uZ) + (0,5 — A0,0) 1, =0 ,

which can take the form:

1.2 .y 1.2 : 2 . 1.2) K -

— <w + ivyk ) (w +1D21< ) (w +1$x£qm.k ) + (w +iD:k ) k—égoazs (487)

DK (1Le— 1) K g A, =

This relation is identical to the one of Garaud [2018]. Besides, the dispersion relation (4.87)

according to Boussinesq approximation matches the limit (4.74) of high wave numbers of the
relation (4.66), obtained within the low Mach approach.

"Notice that, in the hydrodynamic regime, the quantity:

@_1)7TD1‘/ (v2-1T Dp r_
P™44P" ;P

pm ( o1 o aj“)
C] AI’ 8Z Tm Tm 7

is ignored in the Boussinesq approximation for unclear reasons.
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4.9. Implications for the turbulent RSM model

It is worth noting that the effects of finite wave numbers does vanish from Eq. (4.87) only be-
cause the contributions D7’ of the equations of T" and Dy’ of the small Mach fluctuating velocity
divergence model have been discarded without any prior justification.

The Boussinesq approximation introduces two coefficients ot and (3, related to:

/

%—(xTT’Hch’:o )

that the equation of state allows to identify in the low Mach regime as:

B
Be

Hence, the development of the main parameter is Ro, defined as:

Il
|
>

oar |0,T — 0,Toq| 0,5 — A,0,¢]

Ry = =
’ Be 10:¢| — A [9;¢]

According to the notations of Garaud [2018], the Prandtl number Pr and an equivalent of the
inverse of the Lewis number Le, denoted T4 are characterized by:
_ Vv DC

Pr=7% : and Tgig =7 .
Xequi. Xequi.

Thus, by using the fact that (% — 1) , the stability limits defined in Eqgs. (4.70) and (4.73) can be
written as:

sm? . 0,5-A0,c _ 1
N Non-osc. - Z—Araziz = Tqiff -
NSMO . 055-A0,c _ Prtry
Osc : —A,0,c — Pr+l ’

which agree with the stability limits given in Garaud [2018] and confirm the identification of
the previously described modes, such as the “non-oscillating” mode, related to the “fingering
convection” (or thermohaline convection), as well as the “oscillating” modes, characterizing the
“oscillatory double-diffusive convection” (or semi-convection).

4.9 Implications for the turbulent RSM model

Having obtained analytical criteria defining the marginal stability of radiative Rayleigh-Taylor
configurations with respect to the efficiency of the radiative transport, we now try to use it in
order to improve the blending of the RSM between the small and large Péclet regimes.

Since the previous results pertain to laminar flows with molecular visco-diffusive processes,
they do not apply to the turbulent situations modelled by the RSM. However, an analogy can be
drawn between the turbulent viscosity and diffusivity and their molecular counterparts.
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4.9.1 Analogy with the radiative turbulent RSM model

The analogy is established by connecting the radiative visco-diffusive Sys. (4.1) with Sys. (3.1)
governing the mean quantites of the RSM turbulent model, as introduced in chapter 3. To do
so, flows under consideration are restricted to binary mixtures under isothermal conditions.

Thermal equilibrium is assumed so that the coupling terms [ic(pKr (aRTm4 - Er> } of Egs. (4.1¢)
and (4.1d) vanish. Then, by assuming that both gases share the same adiabatic exponent vy, =
Yp = Y™ and using the relations of Sys. (C.2), one can simplify the diffusion of material energy

{(‘5)1 <§C6DU 0 é?ﬁﬂ of Eq. (3.1c) within the quasi-isothermal limit by considering;:

m __ .m
~ TP P

O™ =0 (FT) =T 2

oc .
Hence, the expression of the flux Q. from Eq. (4.2) takes the form:
Qc = [(ha —hy) Fy] ~ & (Y™ Dede™) (4.88)

which clarifies the link between the enthalpic material flux from the Navier-Stokes system and
the turbulent one.

Due to the assumption of quasi-homogeneity, the turbulent quantities are uniform in space.

Thus, their gradient may not be considered in the analogy. Hence, the terms {ﬁf)luil”} and
[F(’?luif’} from respectively Egs. (3.1c) and (3.1d) disappear. Moreover, the quasi-isothermal limit

implies the homogeneity of the radiative energy E’, which also removes the term {6)1 <§u7’>}
from the study. The analogies between the visco-diffusive coefficients of the hydro-radiative
compressible governing equations (4.1) and of the radiative turbulent RSM system (3.1) are then:

;

—II; < PRy from Egs. (4.1b) and (3.1b) (4.89a)

Dedy; ¢+ CDy = C%R‘{j from Egs. (4.1¢) and (3.1¢) (4.89b)
.

Y Dby < CeDyy = Cegle from Egs. (4.1c) and (3.1¢c) , (4.89¢)

—IT;0u; < pe from Egs. (4.1c) and (3.1c) , (4.89d)

from which relations (4.89b) and (4.89¢) are maintained consistent by imposing the condition:
Ce= Ych

The tensorial nature of the turbulent diffusivity has to be eliminated so that it can be compared
to the isotropic molecular diffusion. In this way, the analogy:

20 B

D. +
¢ 3 €

, (4.90)

is proposed where the isotropic part of the Reynolds tensor is retained.
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4.9. Implications for the turbulent RSM model

The Péclet number is the ratio of the turbulent diffusivity to the radiative diffusivity esti-
mated in Eq. (4.14), i.e.:

r

(4.91)

p——

_ Vi .
Pe; =7— with ¥’ =
t ’YXr X ocy

Following the phenomenological definition of the Péclet number of Eq. (2.73), the turbulent
diffusivity of RANS models is roughly estimated as v = C%kz
dealing with the actual implementation of the turbulent diffusion of the RSM, the effective tur-
bulent diffusivity of given computation is v = ZSC ET: where the modelling coefficient C. may

vary because of a calibration.

with C, = 0.1. However, when

The analogous of the molecular diffusivity D, is its turbulent counterpart v; implying the
following analogy between the Lewis and the Péclet number:

Le ! = — <> =Per = el (4.92)

At last, the relation (4.89a), tends to impose a unit Schmidt number:

Vy
Sc= Y~
C DC

for the following LSA to be relevant, with v, the kinetic viscosity as expressed latter in Sec. 4.2.3.1.

4.9.2 Improvement of the model blending

In this last section, we decide to focus on the blending (see Eq. (3.11)) of the adapted RSM
turbulent model derived in the previous chapter 3. Its form is recalled as:

Pe}fm

G = wpe,Glpe,<1 + (1 — wpe,)Glpes1 With  wpe, = m

where the weighting function wpe, has been introduced in order to bridge the range between
Péclet asymptotic limits. Up to here, the parameter Pel™ has been chosen by a fit on three nu-
merical simulations. A more general choice based on physical considerations is now proposed
from the LSA. In particular, the dispersion relation (4.42) corresponding to the “non-oscillating”
mode related to “fingering convection” [Garaud, 2018] is taken as reference for this purpose be-
cause it expresses a key process in the effect of the radiative diffusivity on the stability of the

turbulent configuration of chapter 2.

4.9.2.1 Marginal “fingering” stability and its implication on Rayleigh-Taylor production

The stability criterion regarding a radiative RT configuration is first derived from the adapted
turbulent model system (3.17). Considering an hydrostatic equilibrium in statistically homoge-
neous flow, the turbulent evolution equations that only include relevant production terms are:
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DR, = -2 (1—3y ) a;) % , (4.93a)

T &P it . O o

Dt ;El = (1 Y ) p ~»-[2 (elpet - f’f) RH ’ (4:93b)

e N\ T

D r =2 (e{’et . af) e (4.93¢)
L T T T

where (Y = 0.3) from Tab. A and the transition parameter 6{)C‘ given by (3.12) is:

efet — @ =— <wPe¢a~1?+ (1 — wpe,) (8,1:( alP))
T r T 7P

The base flow is assumed to be in quasi-equilibrium, hence independent of time, so that:

Y apP . o't O\ .~
&2 %1 =— (1 Y ) = (e{’et —~ %> ORy (4.94)
since Uj; = 0 due to hydrostatic equilibrium. Using Egs. (4.93a) and (4.93c), the relation (4.94)
becomes:
e =\ AP !
T o (2— o ) (e{’ef - af) AT g (495)
T 3 T P T

Since (2 — 5y /3) > 0, the stability is determined by the sign of:

e T\ oP
Crr = (9{ f— 8}?) 6:) , (4.96)

where the radiative RT is stable if €gr > 0 (“oscillating” solution) and unstable if €gy < 0 (solu-
tion with an exponentially increasing component).

Three limiting cases can be made explicit, including the incompressible one (within which
the fluctuating velocity divergence tends to nought so that diuj = 0, implying BIP “ = 0). Hence,
referring to Sys. (3.13), the system is stable provided that:

s 61 <O0for (Per>1) , (4.97a)
Cgr = 8:“9; <0for (Per k1) , (4.97b)
a}: 8:) < 0 for an incompressible flow . (4.97¢)

One last remark concerns Eq. (4.97b). In the presence of a monofluid, its molar mass is uniform,
and hence its specific gas constant verifies djr = 0. Thus, the RTI vanishes in the (Pe; < 1) limit.
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4.9. Implications for the turbulent RSM model

The marginal stability of the GSG model is reached when (4.96) is equal to zero. By analogy
with LSA results, we recast it as an equivalent neutrality hypersurface of the form:

Main result: neutrality hyper-surface of the GSG model

Nesa: gywre o+ gy(1 — wro)dis =0 (4.98)

4.9.2.2 Blending models from LSA

The LSA has shown that, for from small to moderate Péclet regimes, the stability of the flow field
is dominated by non-oscillating modes related to the “fingering” instability [Garaud, 2018]. In
the large wave numbers limit, such stability is given by relation (4.42), recalled as:

1 r _
NONon—osc. : goArazE$ (Le - ')/73) + goazE =0 With Le = % and Ar = fa - b
C
which can be rewritten
1\ O,7 o qa_
NONon-osc. : 80 (1 —vsle 1) % + gy rLe laZS =0 ,

which can be interpreted as a convex combination between molar mass and pseudo-entropy
gradients driving the stability in asymptotic limits, provided that:

Notice that this condition seems natural in view of the maps of Fig. 4.1, also displayed in
Fig. 4.10. Indeed, since the flow is stable with respect to the “fingering” modes within the high
Péclet regime, there is no marginal curve to match for the model in that region.

Then, referring to the analogy (4.92) that assumes Le™! = D./x" < Pe;/7 = vi/X’, the

comparison between N’ ONon_OSC. and N gsg suggests to pose:

V7N
a

Main result: weighting function of the blending model

1-— (%/W)Pet O)
1+ (1—(v3/7)) Pet’

(first proposition)

Wpe, = Max < (4.99)

In other words, it consists in introducing a weighting over the range Pe; € [0,7/v3 [ but reverts
to the (Pe; > 1) model as soon as (Pe; > 7/¥3).
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Chapter 4. Linear stability analysis

Figure 4.10 plots different neutral curves related to the model in the linear stability map of
Fig. 4.1. The marginal stability of the high Péclet model and small Péclet limits of the model,
respectively given by 9,5 = 0 and 817? = 0, stand as vertical lines in the map. As for the neutrality
hyper-surface of the blending denoted N &g, it lies on ARy osc. for (Pey < 7/¥3) and jumps on
the high Péclet curve for (Pe; > 7/v3).

Yig k=10, y"=1.4, D.=107*, Sc=1, P"/P™=0

. 0.8

0.5 0.6

< 00 0.4
N3
&

§ —0.5 0.2

—~1.0Q rir { [10.0

~1.5 0.2

—1.0 —-0.8 —-0.6 —04 —-0.2 0.0

Figure 4.10 — Stability map with the same legends as Fig. 4.1. The neutrality hypersurfaces of the GSG
model are added : vertical lines for the asymptotic formulations of the model valid for (Pe; > 1) or

(Pe; < 1) together with curves N'&q and N &g for the blended GSG model related respectively to the
weighting functions (4.99) and (4.100).

The three simulations HP, SP1 and SP; of Sec. 3.3.2 are run using this blending. The turbulent
quantities showed in Figs. 3.1, 3.2 and 3.3, respectively the turbulent kinetic energy, normalized
specific volume variance and turbulent mixing width, resulting from the 1D-RSM simulations,
are represented in Fig. 4.11 as well. For the sake of clarity, the additional latin letter “(a)” to the
legends HP, SP; and SP; refers to the cases including the blending model “a”.

The results of the blending based on the stability criterion shown with black curves are not
so good as the ones precisely fitted to these DNS. The case with intermediate Péclet values es-
pecially seems to revert too quickly to a large Péclet behaviour. Since the abrupt change of the
blending at (Pe; = 7/¥3) might explain this behaviour, we turn to a more continuous and less
restrictive use of the stability criterion.
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Figure 4.11 — Same legends as in Figs. 3.1, 3.2 and 3.3, i.e. time evolutions of the turbulent kinetic energy,
the normalized specific volume variance and the turbulent mixing zone width. Comparison between the
1D-RANS simulations run with the calibrated blending model and the corrected one denoted “a”.
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Instead of trying to impose the weight from the stability criterion everywhere, it can be

written as a convex combination of both limits. We now keep the arbitrary functional form:
Pelil’n

Wpe, = —f———

© Peli™ 4 Pe,

and only impose Pel™ so that it matches the stability curve in the small Péclet limit. Since:
y imp t y

P04 Pe;
Wpe, - P lim 7/
€t
whereas,
Pe;—0
a t
Pe 1 - Pet 7

the choice Pe{™ = 1 ensues, leading to:

Main result: weighting function of the blending model “b” (second proposition)

w[’ !
P ™ 14 Pe

(4.100)

which is displayed in Fig. 4.10 together with wp, . The corresponding neutrality hyper-surface
N &g smoothly joins the (Pe; < 1) and (Pe; >> 1) limits.

The same figures 4.12 as previously are shown hereafter with the latin letter “(b)” following
the legends HP, SP; and SP; referring to the Péclet simulations run with the blending model “b”.
A quite satisfactory agreement is obtained since the results are close to the ones precisely fit to
these numerical simulations. The physically motivated choice of the blending is therefore an
interesting improvement provided by the linear stability analysis.
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Figure 4.12 — Same legends as in Figs. 3.1, 3.2 and 3.3, i.e. time evolutions of the turbulent kinetic energy,
the normalized specific volume variance and the turbulent mixing zone width. Comparison between the
1D-RANS simulations run with the calibrated blending model and the corrected one denoted “b”.
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410 Conclusion

A linear analysis of the stability of a radiative Rayleigh-Taylor configuration has been performed
in this part. Its application regards the set of compressible Navier-Stokes equations which in-
cludes notably visco-diffusive coefficients such as the kinematic viscosity vy, the scalar diffu-
sion D, and the radiative diffusivity A". In order to make the calculation tractable, a quasi-
homogeneous approach has been used assuming perturbations of small wavelength with re-
spect to the gradient lengths of the equilibrium basic flow. The main results are the derivation
of dispersion relations at the different levels of description: compressible (thermal equilibrium
or not) small Mach (M; < 1), and small Mach-small Péclet (M; < 1 ; Pe; < 1).

The compressible dispersion relation at thermal equilibrium involves five modes: a pair of
acoustic modes, an “oscillating” pair and a “non-oscillating” mode. While the two first ones
are confirmed to be filtered out in the (M; < 1) limit, the others react in an opposite way to the
changes of the Lewis number Le or equivalently, of the turbulent Péclet number Pe; in the RSM
system. Referring to the terminology of Garaud [2018], the pair of “oscillating” modes can be
directly related to the “oscillatory double-diffusive convection”, or semi-convection in the astro-
physical context. Conversely, the “non-oscillating” mode refers to the “fingering convection” (or
thermohaline convection). Parametric variations have been shown to illustrate the dependance
of the radiative RTI to radiation intensity, viscosity, compressibility and wave number. Minor
changes occur between situations with or without the assumption of thermal equilibrium be-
tween matter and radiation fields.

Finally, the stability criteria of the fingering instability in the limit of large wave numbers
has been used in order to improve the blending model, bridging the gap between both Péclet
asymptotic limits of the GSG RSM. While the observations of the turbulent quantities stemming
from the simulations HP, SP; and SP; (run with corrected blendings) may not show outstand-
ing improvements, correct trends obtained from the physically sounded derivation of the new
blending are satisfactory.
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Conclusion

The main innovation of this work is the small Mach-small Péclet approximation, around which
the developments of each following chapter articulates. This asymptotic analysis deals with
general flow fields involving mixing and strong radiative effects.

The first chapter of this work confirmed the presence of two particular types of turbulent
mixing zones, i.e. standard and double-diffusive thermohaline convection, arising during the
main-sequence and the giant-branch evolutions of low, intermediate-mass and massive stars.
For this purpose, a 1 My, a 5 My and a 75 Mg, stars have been simulated until the end of the
giant phase with a 1D astrophysical code: MESA. The mixing regions of interest stem from the
onset of large scaled convective motions applied to strongly stratified and optically thick media.
They share the properties of being submitted to chemical mixing as well as to intense radiation.
The latter dominates any other heat transport processes or viscous effects due to its enhanced in-
teraction with the material field and is then treated in the diffusion limit. Thus, the computation
of Prandtl [1925]'s mixing length models applied to convection zones has shown that turbu-
lence in stars evolves generally under the limits of (Re; > 1), (Pr < 1) and (M; < 1), where the
smallness of the Mach number affords to filter out sound waves in the context of turbulence
modelling. Some other relevant properties have been added, which are, on the one hand, that
the turbulent length scale could be decoupled from the mean pressure and temperature gradi-
ent ones, i.e. (Kap < 1) and (Kar < 1), and, on the other hand, that turbulence production by
these same gradients may be of the same order as its dissipation: (Fr, ~ 1) and (Frg ~ 1). In
particular, stellar flows in the deep interiors of stars are characterized by a state of local thermo-
dynamic equilibrium where radiative and matter temperatures are assumed equal and where
ionization is considered to be usually complete. The turbulent velocity results in being much
smaller than the speed of sound: (M; < 1). This is precisely in these regions next to the core
that thermohaline (or fingering) convection occurs, in response to a destabilizing composition
gradient. The key parameter which differentiates it from standard convection is nothing else
than the Péclet number Pe;, which follows:

Pe; > 1 in convective zones ,
Pe; <1 in thermohaline zones
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Hence, contrary to convection, fingering double-diffusion is characterized by a radiative diffu-
sivity that overwhelms turbulence in terms of energy transport. Prandtl [1925]'s phenomeno-
logical models do not allow the capture of turbulent scales in the thermohaline limit. Indeed,
they usually neglect the properties of convective structures such as the turbulent velocity for
instance and do not account for variable density flows. Thus, following the study of Canuto
[2011a,e]’s RSM dedicated to stellar convection modelling, the derivation of a stochastic model
which can address these issues has resorted to be the sparehead of the thesis in order to define
the turbulent statistical properties of such medium.

The second part deals with an asymptotic analysis performed in the joint limits of infinitely
small turbulent Mach and Péclet numbers. These imposed orders of magnitude entail the equi-
librium of respectively acoustical phenomena and temperature fluctuations with their environ-
ment. The hydro-radiative set of governing equations involves the compressible Navier-Stokes
system coupled with radiation in the diffusion limit. The results concern first, the prediction of
pressure and temperature fluctuations in terms of M; and Pe;. And second, the behaviour of
the radiative flow is examined through the asymptotic expressions of the divergence of velocity
fluctuations divu’ and the fluctuating heat conduction term C" = 8 (A§T) . Based on a radiative
stably stratified Rayleigh-Taylor configuration, the validation of their predicted values has been
verified both qualitatively and quantitatively with respect to their DNS simulated ones. They
have been compared to other expressions existing in literature. Hence, the closures derived
from these outcomes were proven to be suitable in a RSM turbulent model and could be used
for the simulation of small Péclet regimes involving mixing. In addition, the stability criterion of
a mean stratification is modified accordingly. It changes from depending on the pseudo-entropy
gradient to the molar mass gradient in respectively the (Pe; > 1) and the (Pe; < 1) limits.

In the third chapter, an adaptation of a (M; < 1) RSM model, already compatible with the
(Pe¢ > 1) limit, has been proposed in order to account for the effect of the relative magnitude of
radiative conductivity and turbulent transport in the range of infinitely small turbulent Péclet
numbers. For this purpose, the evolution of density-linked correlations followed by the GSG
1D-RANS model has been closed using the outcomes of the previous analysis. The validation
of the model lied on the references of Rayleigh-Taylor DNS simulations already studied in the
second part. The capture of radiative effects and mixing, such as the stability criterion, has been
correctly carried out by the adapted model.

The last part focused on a linear stability analysis applied to equilibrium states of radiative
stratified binary mixtures in a gravitational field. Based on a quasi-homogeneous approach, the
LSA is intended first to highlight the role played by radiative diffusion. Indeed, in the stability
space, the key parameter that defines the switch to “fingering” instability, i.e. “thermohaline”
convection in the astrophysical context, is the Lewis number Le derived from the radiative NS
governing equations, or equivalently, the Péclet number Pe; when turbulent equilibria are con-
sidered. It allows to evaluate the influence on the stability of different parameters (gas com-
pressibility, Schmidt number, relative importance of the radiative contribution to the pressure).
The second purpose of the LSA has been dedicated to the improvement of the blending model,
dealing with intermediate Péclet regimes. The stated stability criterion characterizing the onset
of “fingering” convection has been used in place of a convexe combination which originally re-
quired compulsory calibration. Thus, the bridge between both asymptotic limits rests now on a
physically sound basis.
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To summarize, the small Mach-small Péclet approximation has been derived and validated
in order to deal with general radiative flow fields involving mixing. The latter have been
captured efficiently by an adapted RSM model, which is now able to capture (Pe; < 1) and
(Pe; > 1) regimes, and even the main trends of intermediate Péclet regimes. Such phenom-
ena occur in stellar media, where turbulence coupled with radiation plays a role of overriding
importance in the transport of chemical isotopes. This plasma may involve in addition a large
amount of multiphysical processes such as ionization, electron degeneracy, nuclear reactions,
shear, magnetism... However, in this work, the application of the approximation has been re-
strained to radiative binary mixtures of perfect gases without the inclusion of source terms. It
provides, for instance, an accurate turbulent model for the deep interiors of stars in their early
phases of evolution. In particular, it deals with the (Pe; < 1) regimes of “thermohaline” con-
vective zones containing H-He mixing. While already accounting for some relevant changes
in the behaviour of intensely radiative fields, the properties of such plasma are far from be-
ing completely understood. The treatment of additional processes may entail to relax a certain
amount of simplifications. Among them, one can suppose a non-thermal equilibrium between
matter and radiation fields or a non-“grey” material hypothesis. An interesting feature concerns
the implications of source terms, such as nuclear reactions. Indeed, the asymptotic analysis
already predicts a change in the orders of magnitude of fluctuating temperatures, as derived
in App. B.4. Besides, addressing some issues related to 1D astrophysical modelling can be an
interesting path to follow. Following Canuto [2011a], the actual adapted GSG model could be
directly solved within an astrophysical code or even be cast under the form of a local Prandtl
[1925]'s model, which might then provide a better suited alternative than other existing phe-
nomenological models.
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Introduction

Dans les intérieurs stellaires, des zones turbulentes peuvent se développer sous 1’action d"une
grande variété de mécanismes, allant du cisaillement et de la rotation a la convection et a la
double-diffusion [Chandrasekhar, 1960, Prialnik, 2000]. L'élargissement de ces zones entraine
généralement le transport et le mélange d’éléments qui, autrement, seraient restés ségrégués
et confinés dans des régions limitées de 1’étoile. Par ces effets, la turbulence peut avoir une
influence durable sur I'ensemble du cycle d’évolution stellaire. Elle peut, entre autres, affecter
la durée de vie des étoiles, avoir un impact sur les observations susceptibles d’étre faites depuis
la Terre, et modifier 'abondance de certains éléments [Charbonnel & Zahn, 2007, Spiegel, 1969,
Stevenson, 1982].

Une caractéristique particuliere des zones de mélange turbulent stellaire provient de leur
interaction avec le rayonnement. Dans les intérieurs d’étoiles, le champ radiatif est en équili-
bre local avec le plasma environnant et obéit a I’approximation de diffusion. Par conséquent, le
transfert de chaleur est la somme d’un terme de conduction thermique et d'un terme de diffu-
sion radiative. Ce dernier est d’un ordre de grandeur supérieur au premier. Il est si élevé que
le nombre de Prandtl Pr, défini comme le rapport de la viscosité sur la somme des diffusivités
thermique et radiative, peut atteindre des valeurs bien inférieures a un. Les fluides a faible nom-
bre de Prandtl ne sont certainement pas rares sur Terre. Les métaux liquides, comme ceux que
'on trouve dans le coeur terrestre ou dans certains réacteurs nucléaires, présentent des nombres
de Prandtl allant de 107! 4 1073. Cependant, ces valeurs restent bien supérieures a celles trou-
vées dans les intérieurs stellaires. Par exemple, dans la zone radiative du Soleil, les nombres
de Prandtl peuvent devenir aussi petits que 10~°. Cette différence entre les nombres de Prandtl
n’est pas seulement quantitative : elle modifie également le contexte dans lequel se produit la
convection turbulente.

Avec la conduction et le rayonnement, la convection turbulente est le troisiéeme processus
majeur qui intervient dans le transport de la chaleur. Son efficacité par rapport aux deux autres
processus peut étre évaluée par le nombre de Péclet turbulent Pe;. Ce nombre sans dimension
compare la diffusivité des tourbillons turbulents, estimée a partir de leur taille et de leur vitesse
typique, a la somme des diffusivités thermique et radiative — qui, dans notre cas, est essentielle-
ment la diffusivité radiative. Ainsi, dans un contexte stellaire, un petit nombre de Péclet indique
que le rayonnement est beaucoup plus efficace que la turbulence pour transporter la chaleur,

149



Extended summary in French

tandis qu'un grand nombre de Péclet implique le contraire. Le fait que le nombre de Péclet soit
petit ou non dépend de la valeur du nombre de Prandtl Pr du fluide. Il dépend également du
nombre de Reynolds Re; de 1’écoulement. En effet, compte tenu de sa définition, le nombre de
Péclet est égal au nombre de Prandtl multiplié par le rapport de la diffusion turbulente sur la
viscosité du plasma, qui n’est rien d’autre que le nombre de Reynolds Re; :

Pe; = Pr - Re;

Par conséquent, un petit nombre de Pe; ne peut étre obtenu que si le nombre de Prandtl est
beaucoup plus petit que l'inverse du nombre de Reynolds : Pr < Re; !. C’est ici qu’intervient
la différence entre les nombres de Prandtl observés dans les étoiles et dans les métaux liquides.
En effet, la turbulence pleinement développée est généralement atteinte pour des nombres de
Reynolds supérieurs a 10°. Ainsi, dans les métaux liquides, on peut difficilement combiner un
état turbulent pleinement développé avec un petit nombre de Prandtl. En revanche, avec des
nombres de Prandtl aussi bas que 10, la turbulence avec des nombres de Reynolds élevés et de
petits nombres de Péclet peut exister dans les intérieurs stellaires. En effet, selon les simulations
stellaires les plus récentes [Paxton et al., 2013, 2019], des zones de mélange turbulentes avec de
petits nombres Péclet sont prédites dans la plupart des étoiles de taille intermédiaire et massive,
soit dans leur phase de séquence principale, soit dans leur phase de géante rouge, soit encore
dans les deux.

L'existence de telles zones de mélange souleve un défi en termes de modélisation de la tur-
bulence. En effet, si les fermetures statistiques pour les turbulences & haut nombre de Péclet
sont bien établies et répandues, il n’en va pas de méme pour leurs homologues a petit nom-
bre de Péclet. Jusqu’a présent, la plupart des efforts déployés pour résoudre ce probléeme ont
été circonscrits au contexte de la théorie de la longueur de mélange, introduite il y a prés d'un
siecle par Prandtl [1925]. Ce type de fermeture est en pratique celui qui est presque exclusive-
ment mis en ceuvre dans les codes d’évolution stellaire. Une exception notable est le modele de
contrainte de Reynolds (RSM) proposé par Canuto [2011a,e], dont 1'usage reste malheureuse-
ment marginal. Mais indépendamment du cadre de modélisation particulier retenu, un point
commun de ces travaux réside dans leur tentative de capturer la mise a I’échelle des quantités
turbulentes dans la limite des nombres de Péclet infiniment petits. Cette limite asymptotique
est en effet 'un des fondements essentiels sur lesquels des modeles statistiques peuvent étre
dérivés pour traiter la turbulence a petits Péclets.

Plus précisément, la limite des nombres de Péclet infiniment petits est une limite singuliére
des équations de Navier-Stokes. En appliquant une analyse asymptotique, une approximation
simplifiée de I'écoulement réel peut étre formulée dans laquelle les fluctuations de tempéra-
ture s’équilibrent instantanément avec leur environnement. Cette approche est similaire a celle
utilisée pour traiter les petits nombres de Mach turbulents M;. Dans ce cas, une analyse asymp-
totique permet de dériver une approximation de 1’écoulement réel, dite pseudo-compressible,
anélastique ou Boussinesq-Oberbeck, dans laquelle les phénomenes acoustiques s’équilibrent
instantanément [Soulard et al., 2012]. Les approximations petit Péclet sont généralement con-
sidérées conjointement avec leurs homologues a petit Mach, qu’elles completent et modifient.
Cette limite conjointe est appropriée pour les écoulements turbulents stellaires qui sont en effet
caractérisés par de petits nombres de Mach turbulents M;.
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Plusieurs travaux [Lignieres, 1999, Novotny et al., 2011, Spiegel, 1962] ont ainsi été consacrés
a lI'étude de la limite faible nombre de Péclet-faible nombre de Mach. Cependant, certains élé-
ments de ces études antérieures peuvent ne pas étre entierement adaptés au traitement des zones
de mélange turbulentes stellaires. Un autre point qui nécessite quelques éclaircissements est la
fagon dont une approximation faible Péclet peut étre utilisée pour dériver des fermetures turbu-
lentes statistiques. Les résultats des analyses asymptotiques faible Péclet sont des expressions
pour la divergence des vitesses et le terme de conduction, ainsi qu'un ordre de grandeur pour
les fluctuations de pression et de température. Tous ces éléments ont un impact sur ’évolution
des fluctuations des variables thermodynamiques, telles que la densité ou la température. Ils
doivent donc étre pris en compte dans la formulation de tout modeéle statistique suivant les cor-
rélations entre ces variables et visant a traiter les écoulements bas Péclet.

Ainsi, cette étude consiste a dériver et a valider un modeéle de turbulence RSM, tenant
compte des effets de mélange et adapté aux écoulements radiatifs compressibles, dans la lim-
ite (Pet < 1)

Afin d’atteindre ce but, nous caractérisons tout d’abord les propriétés des zones de mélange
turbulentes qui apparaissent au cours de 1'évolution stellaire. En particulier, nous nous concen-
trons sur les ordres de grandeur de l'estimation des nombres adimensionnels liés aux fluctua-
tions de vitesse et au transport moléculaire qui découle notamment du transfert radiatif. Pour ce
faire, nous réalisons des simulations d’étoiles de 1M, 5M, et 75M., avec le code astrophysique
open-source MESA.

Nous procédons dans un second chapitre a une analyse asymptotique basée sur les évo-
lutions des fluctuations de vitesse, de pression, de température et de concentration d’especes
adaptées aux écoulements hydro-radiatifs rencontrés dans les intérieurs stellaires. Ceci conduit
a nos principaux résultats concernant les ordres de grandeur de la température et de la pression
fluctuantes, ainsi qu’a des expressions pour la divergence de la vitesse fluctuante et le terme
de conduction. Ensuite, ces prédictions sont validées en effectuant des simulations numériques
d’une instabilité radiative de Rayleigh-Taylor dans le régime faible Péclet.

En troisieme partie, I'impact de 1'approximation pour les petits nombres de Péclet sur la
modélisation de la turbulence est illustré en considérant un modele a un point d’ordre 2 existant
et en adaptant sa formulation. Le modéle retenu pour cette tiche est le modele GSG [Grégoire
et al., 2005], qui est un modele RSM congu pour traiter les zones de mélange turbulent a densité
variable a haut Péclet, soumises a différents types d’instabilités convectives, telles que celles
rencontrées dans un contexte stellaire.

Enfin, le dernier chapitre du manuscrit est consacré, premierement, a 1’étude de la stabilité
linéaire de mélanges binaires stratifiés en équilibre soumis a un champ de gravité et, d’autre
part, a 'amélioration du modeéle de raccord pondéré "tout Péclet" proposé dans la troisiéme
partie. Une analyse de stabilité linéaire permettra de dériver des critéeres de stabilité dans
les régimes tout Mach, bas Mach et bas Mach-bas Péclet impliquant des effets visco-diffusifs.
En particulier, leurs impacts sur différentes configurations d’écoulement sera mis en évidence
par des résolutions numériques, ainsi que par la caractérisation des modes "oscillants" et "non-
oscillants". Quant au modele de raccord, son amélioration reposera sur 1'utilisation de la condi-
tion de stabilité trouvée avec la relation de dispersion (M < 1).
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Chapitre 1 - Simulation de la turbulence stellaire avec MESA

Les modeéles de longueur de mélange de Prandtl [1925], tels que ceux détaillés dans le chapitre 1
du manuscrit, sont les plus fréquemment utilisés dans les simulations d’évolution stellaire. La
principale raison expliquant cette popularité est d’ordre pratique : ces modeles sont simples
a mettre en ceuvre et, une fois calibrés, ils donnent des prédictions pertinentes. Pourtant, ils
ne parviennent généralement pas a reproduire avec précision tous les phénoménes qu’ils sont
censés capturer. Par exemple, Salaris & Cassisi [2017] soulignent que la MLT est souvent en
contradiction avec plusieurs données héliosismiques.

Pour pallier ces insuffisances, plusieurs auteurs ont proposé d’autres types de modéles. En
particulier, dans une série d’articles, Canuto [2011a,b,c,d,e] a préconisé 1'utilisation de mod-
eles de type RSM (Reynolds Stress Model) pour traiter le mélange turbulent stellaire. Dans les
RSM, I'écoulement est décomposé en une partie moyenne et une partie fluctuante. Ensuite, les
équations d’évolution pour les corrélations de second ordre des fluctuations de la vitesse, de la
concentration et de la température (ou de tout autre champ pertinent) sont dérivées et fermées.
Les RSM permettent une description plus riche du champ turbulent que le MLT. Cependant,
cela se fait au prix de la résolution d’équations de transport supplémentaires, en plus de celles
introduites dans le systéme d’équations de structure stellaire.

Cette charge de calcul explique probablement pourquoi les RSM n’ont pas réussi a se matéri-
aliser comme une alternative aux modeles de longueur de mélange. Une autre raison possible
est que le nombre de RSM disponibles pour décrire les flux de mélange stellaire reste limité.
Pourtant, de nombreuses variantes de RSM ont été dérivées et utilisées dans d’autres domaines.
Certains d’entre eux [Besnard et al., 1989, Grégoire et al., 2005, Schiestel, 2010] sont méme congus
pour prédire des écoulements dominés par des instabilités de type convectif. Mais la plupart
de ces modeles non stellaires ne capturent généralement pas tous les phénomenes physiques
impliqués dans les écoulements stellaires. Bien que leurs principales caractéristiques pourraient
étre préservées, elles nécessiteraient néanmoins une adaptation avant d’étre appliquées aux sim-
ulations stellaires.

Parmi les éléments manquants aux RSM, tels que ceux de Grégoire et al. [2005] et Besnard
et al. [1989], figure le fait qu’ils ne sont pas destinés a prédire les instabilités a double diffusion.
En particulier, ils ne sont pas censés capturer la limite petit Péclet de ces instabilités.

Description de MESA et des parametres de simulation

Nous visons ici a décrire les résultats obtenus en résolvant les équations d’évolution de structure
stellaire et les modeles pour trois types d’étoiles : une étoile de faible masse, une étoile de masse
intermédiaire et une étoile massive, respectivement avec une masse initiale de 1, 5 et 75 Mg,
avec la notation M, correspondant a une “masse solaire” en unités astrophysiques.

Pour réaliser nos simulations, nous utilisons un code open-source appelé Modules for Ex-
periments in Stellar Astrophysics (MESA) [Paxton et al., 2010]. MESA permet de prendre en compte
la convection en utilisant plusieurs variantes de la théorie de la longueur de mélange (MLT),
telle que celle proposée par Cox & Giuli [1968] ou Henyey et al. [1965]. Quant a la turbulence
thermohaline, elle est traitée a I'aide du modele de Ulrich [1972], tel que décrit dans le chapitre 1.
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Pour nos simulations, nous avons utilisé les fichiers [Choi et al., 2016, Dotter, 2016] corre-
spondant a des masses initiales de 1M, 5M¢, et 75M, et a une composition initiale identique a
celle du Soleil [Asplund et al., 2009] (voir Tab. D). Pour des raisons de simplicité, les étoiles sont
également supposées non rotatives.

Diagrammes de Kippenhahn

Le diagramme de Kippenhahn permet d’identifier les différentes régions de mélange turbulent
apparaissant au cours de 1’évolution stellaire. Les diagrammes obtenus a partir des simulations
MESA d’une étoile de 1M, 5M, et 75M., sont respectivement présentés dans les Figs. 1.2, 1.3
et 1.4. Les zones turbulentes sont représentées le long de la masse lagrangienne m (r) par rap-
port a I’échelle de temps stellaire. De maniére équivalente, des "model number" peuvent étre
utilisés a la place du temps afin de souligner les périodes ol des événements importants se pro-
duisent. Ils correspondent aux états convergents quasi-stationnaires de profils stellaires spatiaux
par rapport a m (r). En termes de temps physique, la fréquence des "model number" dépend des
échelles de temps caractéristiques de 1’évolution stellaire. Ainsi, de la lente séquence principale
a la rapide branche des géantes, le nombre de ses itérations augmente automatiquement.

Dans les diagrammes de Kippenhahn, les zones de convection et de mélange thermohaline
sont localisées en utilisant les criteres dérivés par Kato [1966]. En outre, ils affichent également le
taux de génération d’énergie spécifique des réactions nucléaires [log (enuc)] duquel ont été sous-
traites les réactions neutrinos. Ces diagrammes sont présentés pour la durée de la séquence prin-
cipale et le début de la branche des géantes rouges de ces trois étoiles. La transition vers la phase
de géante rouge peut étre identifiée sur les diagrammes de Kippenhahn en repérant 1’apparition
d’une coquille de combustion de 'hydrogeéne, localisée par la légende “H-burn.”, entourant le
coeur d’hélium, écrit “He-core”, et mis en évidence par la couleur bleue de log (€nyc). Plus
précisément, les étapes de la séquence principale et de la branche géante rouge sont respective-
ment notées MS et RGB en rouge en haut de chaque diagramme avec un temps de référence
approximatif, représentatif de la transition entre les deux processus continus. En comparant
ces diagrammes, on peut observer que pendant la séquence principale et la majeure partie de
la phase des géantes rouges, la convection se produit dans les couches extérieures de 1’étoile la
plus légere alors qu’elle se produit dans le cceur des deux étoiles de masse la plus élevée.

En ce qui concerne la zone de mélange thermohaline, nous pouvons observer que les condi-
tions requises pour son développement sont réunies pour les trois étoiles pendant la phase de
géante rouge. Pres de la coquille d’hydrogene en combustion, et surtout en dessous, MESA prédit
'existence d'une telle zone. Comme 1’a souligné Eggleton et al. [2006], une 1égere diminution
du poids moléculaire moyen [Ulrich, 1972] se produit a proximité de la coquille de combustion
de I'hydrogene, en raison de la réaction nucléaire particuliere qui a lieu dans cette région. Cette
diminution peut donner lieu a une inversion du gradient de la masse moléculaire moyenne p,
et a des conditions qui favorisent le développement de 'instabilité thermohaline.

Nombres sans dimension

Grace au diagramme de Kippenhahn, nous avons identifié les régions ou1 se produit le mélange
turbulent convectif et thermohaline. Nous pouvons maintenant examiner la valeur des nombres
sans dimension qui caractérisent ces zones turbulentes.
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Plus précisément, nous nous concentrons sur les nombres turbulents de Mach, Reynolds et
Péclet, respectivement désignés par M;, Re; et Pe;. Comme expliqué dans l'introduction, ces
nombres jouent un role clé pour définir 1’état turbulent de 1’écoulement et pour spécifier com-
ment le transport de chaleur par conduction et rayonnement interagit avec le champ turbulent.
Tout d’abord, rappelons que M, Re; et Pe; sont définis par :

u v v
Mt:—o ’ Retz—t et Petz—t ’
Cs Vy X'
oll ug est la valeur caractéristique de la vitesse turbulente, v; est la diffusivité des tourbillons
turbulents, vy est la viscosité cinématique et x" est la diffusivité radiative.

Les valeurs de x" et de cs peuvent étre déterminées en connaissant respectivement 1’opacité
moyenne de Rosseland k" et I'exposant adiabatique généralisé I';. Ces quantités sont fournies
directement en sortie du code MESA. Pour la viscosité cinématique vy, nous utilisons le modele
“Pseudo-ion in Jellium” de Arnault [2013]. Ce dernier prédit les coefficients de viscosité et de
diffusion dans les plasmas ol plusieurs constituants sont mélangés. Il est bien adapté au régime
fortement couplé qui est rencontré dans les écoulements stellaires.

Concernant les quantités liées a la turbulence, ug et v¢, nous procédons comme suit. Dans
les régions convectives, nous utilisons la vitesse de convection vcony. et le coefficient de diffusion
convective Deony., tels que définis dans le modele MLT défini dans le chapitre 1. En d’autres
termes, Ug = Uconv. €t V¢ = Deony.. Dans les régions thermohalines, nous utilisons le modele de
Brown et al. [2013] pour estimer la vitesse et la diffusivité turbulentes, soit, uy = Vgym. €t V¢ =
Dihrm.- Grace a ces prescriptions, nous pouvons calculer les nombres turbulents de Mach, de
Péclet et de Reynolds dans nos trois simulations MESA. Les profils de ces quantités sont tracés
dans la Fig. 1.8 au début de la phase de géante rouge de 1’étoile. En outre, le rapport entre la
pression radiative et la pression de matiere P /P™, est affiché en méme temps. Ils sont fournis
comme sorties de MESA.

On peut voir que dans les zones convectives, on a toujours :
Zone convective: My <1 , Per>1 et Rer > 1
Dans les zones thermohalines, cependant, on a :
Zone thermohaline: M; < 1 et Pe; < 1 with M; < Pe;

Quant au nombre de Reynolds, il reste modéré pour les étoiles de faible et moyenne masse mais
devient important pour les étoiles massives :

Zone thermohaline : Re; 2 1 pour M = 1M ou5Mg et Re; > 1 pour M = 75M,

Enfin, la pression radiative P' est négligeable par rapport a celle de la matiere P™ dans les
étoiles les plus légeres, quelle que soit la zone de mélange considérée : (P* < P™) pour M =
1My ou 5Mg,. Cependant, dans les mémes zones, la contribution radiative a la pression totale
devient beaucoup plus importante pour les étoiles massives : (P* 2 P™) pour M = 75M.

154



Extended summary in French

Chapitre 2 - Approximation faible Mach-faible Péclet

Nous rappelons que l'objectif de ce travail est d’étudier les écoulements turbulents ayant un
petit nombre de Mach et un petit nombre de Péclet.

Equations instantannées

Nous considérons un plasma défini par sa densité p, sa vitesse u, les fractions massiques de ses
N; ions ¢y pour {& = 1,---,Ng} et I'énergie massique interne e™ de ses ions et électrons. Ce
plasma est soumis a une gravité g et est couplé & un champ radiatif d’énergie volumique E'. Le
champ radiatif des intérieurs stellaires obéit a I'approximation de diffusion [Mihalas & Mihalas,
2013]. Par conséquent, une seule température T est nécessaire pour décrire le rayonnement et
la matiere. De plus, au lieu de e™ et E’, il suffit de suivre I'énergie massique totale e, définie
comme e = e™ 4 E"/p. Ainsi, I'évolution de I'écoulement hydro-radiatif est donnée par :

Dip = —pdivu ,
pDru; = —0iP — gl + pg;
thCoc = _ajfocj ’

pDie = pe — Pdivu — §.F;

Dans ces équations, les notations &+, Dy et div- font respectivement référence a la dérivée
partielle par rapport a la coordonnée spatiale x;, a la dérivée temporelle lagrangienne et a
I'opérateur de divergence. En particulier, nous avons divu = dju;, et, pour toute quantité q,
Diq = diq + ujdq avec 9; la dérivée partielle par rapport au temps t. Notons également que la
convention d’Einstein sur la sommation des indices répétés est utilisée pour les lettres latines
mais pas pour les indices grecs, en particulier pour 1'indice « attaché a ’espece.

La pression P est la pression totale du flux radiatif, c’est-a-dire la somme des pressions
matérielle et radiative, respectivement notées P™ et P', soit P = P™ + P*. Dans les étoiles
de masse intermédiaire, comme le Soleil, la pression radiative est généralement négligeable
par rapport a la pression matiére. Cependant, ce n’est pas le cas dans les étoiles massives,
ou les deux composantes peuvent étre du méme ordre, comme vu précédemment. Comme
le champ radiatif obéit a I’approximation de la diffusion, la pression radiative peut étre ex-
primée par P* = E’ /3 avec E' = aRT4, ol ag est la constante de rayonnement. En ce qui con-
cerne la pression matiére P™, nous supposerons, par souci de simplicité, que le plasma est en-
tiérement ionisé et se comporte comme un gaz parfait. Par conséquent, elle obéit a 1’équation
d’état P™ = prTavecr = ), roacq et rq = R (1 + 24)/ My, ot R est la constante de gaz parfait,
M est la masse molaire de 1'ion « et Z, est son degré d’ionisation. Pour les mémes raisons,
nous supposerons ici que la chaleur spécifique a volume constant c7! de chaque espece « est
constante et que toutes les espéces o partagent le méme coefficient polytropique y™. Ainsi,
e™ = g'Taveccy = Y, clcaety, = 1+ry/cf) = y™ pour tout «. Notons éga,lement que
¢y inclut les contributions des ions et des électrons, mais pas celles des photons. Etant donné
I'hypothese de diffusion, on peut toutefois définir une chaleur spécifique globale du continuum
photons-ions-électrons en différenciant I'énergie totale e par rapport a la température T a densité
constante p. On obtient ainsi la chaleur spécifique totale a volume constant ¢, = ¢ + 4agT? /p-
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Nous avons également introduit le tenseur de viscosité I 1;;, défini par [T = —2p, (Si]- — %divuéi]-),
ot Sy = (Gju; + dyyy) /2 et ot i, = pvy est la viscosité dynamique du plasma avec vy sa viscosité
cinématique. La dissipation associée est définie par pe = —I1;S;;. Le flux de diffusion de la frac-
tion massique de l'espece c, est défini par une approximation Fickienne [Giovangigli, 2012] de
la forme : Fy = —pD("‘)jS“ pour oc = {1,...,Ns — 1} et Fyj = — Zgifl Faj pour « = N, ot D@
est le coefficient de diffusion de I'espece «. Notons que la validation proposée dans cette étude
concerne un mélange binaire (Ng = 2) ce qui signifie que, pour les deux gaz, il existe un seul
coefficient de diffusion interspécifique qui sera noté D. Enfin, le dernier terme encore non spé-
cifié est le flux d’énergie F;. Etant donné que e est I'énergie totale, J; a deux contributions, une
matérielle 75™ et une radiative /5" tel que Fj = 5™ + F". Le terme matériel /5™ est lui-méme di-
visé en une contribution de conduction thermique et une contribution de mélange enthalpique
F™ = —A"GT + hiy Foj, ot A™ est la conductivité thermique du plasma et h'y représente la
différentielle de 1'enthalpie h™ par rapport a la fraction massique c4 de 1'espéce o a autres vari-
ables thermodynamiques constantes. Quant au flux radiatif, I'hypothese de diffusion permet de
I'exprimer comme .7-'jr = —NgTavecA' = 4cpagT? /(Bpk"), avec ¢, la célérité de la lumiere. Dans
cette expression, k" est I'opacité de Rosseland et est liée au libre parcours moyen de Rosseland
A" par k' = 1/(pA’). Pour conclure, une conductivité totale A peut étre définie en additionnant
les contributions radiative et matérielle, soit A = A™ 4+ A", A partir de 13, on peut également
définir une diffusivité thermique totale x en utilisant la conductivité totale A et la chaleur spéci-
fique totale ¢, telle que x = A/(pcy). Cette définition tient compte des contributions de la matiere
et du rayonnement.

Pression et température

L’analyse asymptotique proposée ci-apres traitera des propriétés du champ de vitesse u, de la
pression totale P et de la température T. L'équation d’évolution de u est donnée dans le systeme
hydro-radiatif défini précédemment. Quant a celles de P et de T, elles sont déduites en utilisant
certaines relations thermodynamiques de Maxwell :

D
DP = —I'1Pdiva+ (I3 —1)C+Dp , DtT=—(r2—1)Tdivu+i+pCT et C =0 (AT)

Dans ces équations, C représente le terme de conduction totale et Dp et Dt rendent compte des
effets de la diffusion et de la dissipation moléculaires sur P et T :

P

Dp=T, Y g (PP @jea) (T3~ 1)p (e + ZDWa]hf{;ajca) et Dy =Y %4 (oD ¥djcq ) p (e + ZDWa]hf{;ajca)
x P o « P o

Les coefficients vq, v, et y; sont des exposants adiabatiques généralisés définis pour un contin-
uum composé de matiére et de rayonnement Mihalas & Mihalas [2013] par I'; = p/P - 9P/ dp|
Iy =1+ p/T-0T/0p|, etT3=1+1/p-0P/0e|,,,
tations trouvées dans Mihalas & Mihalas [2013], on a y; = I'; mais v, = I's. Notons que les
exposants adiabatiques généralisés sont généralement différents les uns des autres et également
du rapport de chaleur spécifique y défini par y = ¢, /cy, oli ¢y est la chaleur spécifique totale a
volume constant et ¢, est la chaleur spécifique totale a pression constante. Tous ces coefficients
sont aussi généralement différents de 'exposant adiabatique y™ caractérisant le plasma sans
rayonnement. Ils coincident néanmoins pour un gaz parfait sans rayonnement.

s,c’
ol s est I’entropie. Notons qu’avec les no-
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Ecoulement moyen comme état de base

Un élément crucial lors de I'étude asymptotique a petit nombre de Mach ou a petit nombre de
Péclet est de choisir un état de référence qui permettra de diviser les quantités en une com-
posante de base et une déviation de cette base. C’est cet écart dont les propriétés seront déter-
minées par l’analyse. Plus précisément, nous effectuerons notre analyse en divisant les quantités
en une moyenne d’ensemble statistique et sa fluctuation correspondante.

Pour les écoulement a densité variable, il est habituel de travailler avec les statistiques pondérées
par la densité de "Favre" et les statistiques non pondérées de "Reynolds". Pour toute quantité q,
les moyennes de Reynolds et de Favre sont désignées respectivement par q et q. Elles sont liées
par l'identité q = pq/p. Les fluctuations correspondantes sont q' = q — qetq” = q — q. Elles sont
licesparq’ =q" + ¢

Equations sans dimension pour les fluctuations

La derniére étape avant d’effectuer 1’analyse asymptotique a petit nombre de Péclet consiste a
rendre sans dimension les équations d’évolution de la vitesse, de la pression et de la tempéra-
ture fluctuantes. A cet égard, il estimportant de reconnaitre que les champs moyens et fluctuants
ont des échelles caractéristiques différentes. Par conséquent, deux ensembles de parametres adi-
mensonionants doivent étre fournis : un pour le champ moyen, I'autre pour le champ fluctuant.

Tout d’abord, I'intensité des fluctuations turbulentes, concernant la vitesse u”, la densité rel-
ative p’/p, la concentration ¢, et les exposants adiabatiques v}, v}, v5 sont respectivement car-
actérisés par uy, €, €, et €y,. Par ailleurs, les échelles de longueur et de temps caractéristiques
des tourbillons turbulents sont désignées par ¢y et 1. Elles sont liées a la vitesse turbulente
caractéristique par : Ty = £p/up. Quant aux échelles moyennes de densité, pression et tempéra-
ture, elles sont respectivement définies par les valeurs de p,, Py et Ty. Par souci de simplicité,
la célérité du son caractéristique cg, et le capacité calorifique a volume constant ¢y, sont choisis
égaux a cs; = \/Po/pg et cy, = Py/ (pgTo). Les échelles caractéristiques des gradients du champ
moyen doivent également étre fournies. Les échelles caractéristiques de la déformation et de
I'accélération moyennes sont respectivement désignées par Sy et Go. En outre, des échelles de
longueur pour les gradients moyens de température Lt, et de pression Lp, sont également intro-
duites : Lr, ~ To/|VT]|, et Lp, ~ Py/|VP|; ~ c& /Go. Enfin, des valeurs caractéristiques pour la
viscosité cinématique vy, pour les coefficients de diffusion D™ et pour la diffusivité thermique
totale x sont également introduites. Elles sont respectivement désignées par vy, D(()“) et Xo.

En utilisant /j et Ty pour 1'espace et le temps et les autres quantités le cas échéant, nous pou-
vons adimensionner les équations fluctuantes (voir Egs. (2.27a), (2.27b) et (2.27¢c)). Les nombres
sans dimension apparaissant dans ces équations sont définis comme suit : M; = ug/c,, Frs =
1/(t0 - So), Fra = ug /(7o - Go - €,), Kap = £y /Lp,, Kat = £y /Lt,, Ret = ug - £y/Vv,, Pr = vy, /X0, Sc =
Vy,/Do, Per = ug - lo/xo = Pr- Ret. Le nombre de Mach turbulent M; caractérise 'intensité des
fluctuations de la vitesse turbulente. Les nombres de Froude liés a la déformation Frg et a
I'accélération Fr, caractérisent la production de turbulence par les gradients moyens. Les nom-
bres de von Karman, liés a la pression Kap et a la température Kat caractérisent les échelles de
longueur des champs de pression et de température moyens. Les effets moléculaires et radiatifs
sont pris en compte dans le nombre de Reynolds turbulent Re;, le nombre de Schmidt Sc, le
nombre de Prandtl Pr et le nombre de Péclet Pe;.
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Conditions du développement asymptotique

Nous supposerons par la suite que le nombre de Mach est petit et que le nombre de Péclet est
éventuellement encore plus petit. Cette condition s’exprime comme suit :

M <1 et Pee ~M! <1 avec n>1

Des conditions secondaires doivent aussi étre fournies (avec les autres nombres sans dimension,)
considérées pertinentes pour les intérieurs stellaires. Premiérement, nous supposons 1’ordre de
grandeur des fluctuations de concentration et de densité faible : e;, ~ My < let e, ~ M; < 1.
Ensuite, nous supposons que la turbulence diminue ou se trouve dans un état de quasi-équilibre.
Cela implique que les termes de production moyenne sont au plus du méme ordre que ceux
de dissipation. Par conséquent, nous considérons que Fr, 2 letFr; 2 1. Nous supposons
également que 'échelle de longueur des champs de température et de pression moyens est trés
grande par rapport a I'échelle de longueur turbulente : Kap ~ M; < 1etKat ~ Peg ? <
Enfin, on suppose que les termes visqueux et de dissipation vérifient Re; 2 1 et Sc - Re; 2 1.

Résultats principaux du développement asymptotique

Nous procédons ici a I’analyse asymptotique. Les quantités fluctuantes sont développées comme
fonctions du M. Pour toute fluctuation q/,ona q’ = ¢’ ©) + M, - q 1) 4 M2 q 2 +0 (Mf’) Ces
développements sont ensuite insérés dans les équations d’évolution dérivées précédemment
(Egs. (2.27a), (2.27b) et (2.27¢)) et les termes d’ordres similaires sont rassemblés.

Tout d’abord, le terme de conduction dans 1'équation d’évolution de la température fluc-
tuante (2.27c) a un échelonnement singulier d’ordre Pe;' = M;". Ensuite, y en rassemblant les
termes d’ordre Pe;! = M;" a M; ! et en tenant compte des conditions secondaires, on déduit
que: ¢’V =¢c'®W = =0 - et 7O =1® = =70 20, Ce premier résultat
montre que les fluctuations de température sont au moins d’ordre Pe; = M. Quant a 'ordre de
grandeur du champ de pression, il peut étre déduit en notant que le terme de gradient de pres-
sion dans I'Eq. (2.27a) a un échelonnement singulier d’ordre M;®>. Ensuite, en rassemblant les
termes d’ordre M;? a M !, on déduit que : P’ © = pM = 0. Ce deuxieme résultat montre que les
fluctuations de pression sont d’ordre M?. Il s’agit de 1’échelle classique obtenue dans la plupart,
sinon la totalité, des approximations a petit nombre de Mach. Lorsqu’elles sont injectés dans
les définitions des indices adiabatiques, ces échelles de température et de pression impliquent,
avec le fait que y™ est constant, que : yll(o) = ylz(o) = yg(o) = 0. Revenons aux équations (2.27b) et
(2.27¢) pour la température et la pression fluctuantes. A 1'ordre MY, on obtient une combinaison
linéaire de divu’(”) et '™ du coté droit comprenant des termes nuls du c6té gauche. Ainsi,
(n)

température est d’ordre M; - Pe; et est bien plus petite que les deux M et Pe;. Enfin, a I'ordre

diva’®@ =0 and ¢'™ = 0. La derniere égalité implique que T'"" = 0. Ceci montre que la
Mg, les Egs. (2.27b) et (2.27¢) fournissent deux relations reliant I’ordre principal de la divergence
des vitesses a 1’ordre principal du terme de conduction. Ces équations expriment les équilibres
respectifs de T et P'. Ils relient la divergence des vitesses et le terme de conduction et décrivent
leur variation en fonction des gradients de pression et de température, ainsi que des termes de
diffusion. Leur existence combinée souligne la dépendance de 'approximation faible Péclet a
son homologue faible Mach.

158



Extended summary in French

Prédictions en termes de variables dimensionnelles

Nous exprimons les principaux résultats de I’analyse sous forme dimensionnelle. Nous revenons
donc aux variables originales, avant I’adimensionnement du systeme. Le premier résultat est
que les fluctuations de P’ et de T’ sont respectivement d’ordre M? et Pe; - M :

P'/P~M? < M; et T'/T ~Pe;-M; < M;

Cela indique que les fluctuations de pression et de température sont faibles par rapport aux fluc-
tuations des autres variables thermodynamiques. Ainsi, elles peuvent étre négligées par rapport
a ces dernieres sauf lorsqu’elles interviennent dans des gradients ou des termes de diffusion.

Le deuxiéme résultat de I’analyse asymptotique est tiré des deux relations traduisant ’équilibre
de P’ et T'. Ces équations forment un systeme linéaire pour les deux quantités inconnues divu’
et C'. En inversant ce systéme, on obtient que :

op OF O Fo! op 3 O Fo!
divu’ = —u/ ]Tp+%r —Z;‘x%{x] et C’—u pcV8T—xPP p — 4P Zr“ ) a]
\p T =T P 3

avecx” = 4 —3P™ /P. Le premier terme du c6té droit de la premiere équation exprime l’ajustement
volumique d’un élément de masse se déplagant dans un environnement stratifié. Comme on
peut le constater, cet ajustement ne dépend que de la valeur de la densité moyenne et de la con-
stante des gaz parfaits et non de propriétés radiatives. Le second terme de la premiére équation
montre que le volume d’un élément de masse est également modifié par la diffusion moléculaire
des especes a condition qu’elles aient des constantes de gaz différentes.

La deuxiéme relation correspond a 1’équilibre thermique existant entre le terme de conduc-
tion du coté gauche et deux sources différentes de fluctuations de température du coté droit. Le
premier terme source provient du déplacement des particules de fluide le long d"un gradient de
température de type adiabatique. Le second implique un effet combiné du rayonnement et de
la diffusion des especes.

Comparaison avec les résultats précédents et avec la limite grand Péclet

Un autre point de comparaison peut étre fait pour mieux comprendre le role joué par la petitesse
du nombre de Péclet. Tout d’abord, pour (Pe; >> 1), il n'y a pas d’équilibre de température. Par
conséquent, il n’y a pas de contrainte pour 'ordre de grandeur de T'. Il reste I'équilibre de
pression et ses conséquences : 1'ordre de grandeur de P’ et une expression pour la terme de
divergence. D’apres Soulard et al. [2012], cette expression prend la forme :

divu’ = —u]-' 6]?/ (Y1P) + Termes moleculaires.

Lorsque tous les coefficients de diffusion moléculaire sont égaux, les termes moléculaires de
la relation précédente se simplifient en un terme de diffusion sur les fluctuations de densité
et deviennent équivalents au terme de diffusion apparaissant dans 1’expression (Pe; < 1) de
divergence. Par conséquent, nonobstant les propriétés de T', la principale différence entre la
limite petit et grand Péclet provient de la facon dont le volume des particules fluides s’ajuste
aux gradients moyens de pression et de température, comme l'exprime le premier terme du
coté droit des équations de divu’.
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Cette différence a des répercussions importantes, notamment pour définir le critere de stabil-
ité d’une stratification moyenne. Pour illustrer ce point, considérons la stabilité linéaire inviscide
d’un écoulement ayant une stratification moyenne de densité, température et concentration sat-
isfaisant la condition d’équilibre hydrostatique §;P = pg;. De 1a, on obtient qu'une stratification
est stable a condition que :

pour (Pe; < 1) , OF/F-8P/p <0 et pour (Pet>1) , (0P/yP—08p/p)dP/p<0

Dans la limite grand Péclet, la stabilité est définie par 1’orientation de 1’accélération par rap-
port au gradient de densité corrigé par un gradient de pression adiabatique. Ainsi, en ’absence
de gradients de concentration moyens, la stabilité d"une stratification dans la limite haut Péclet
est déterminée par l’orientation de 1’accélération et du gradient d’entropie. Lorsque des gra-
dients de concentration existent, la stabilité n’est pas déterminée uniquement par le gradient
d’entropie, mais on peut s’attendre a ce que ce dernier joue un role important. En revanche,
dans la limite petit Péclet, la stabilité est déterminée par les orientations de l’accélération et
du gradient de la constante des gaz. L'entropie ne joue plus de role et seuls les gradients des
concentrations des différentes especes influencent la stabilité de I’écoulement. Ce dernier résul-
tat peut étre compris comme un cas asymptotique particulier de l'instabilité a double-diffusion
(thermohaline) rencontrée dans les écoulements stellaires [Garaud, 2018].

Validation de l’analyse asymptotique

Afin d’étudier 'impact de l'approximation bas Mach-bas Péclet, des simulations numériques
(DNS) d’une zone de mélange turbulent radiatif sont réalisées avec le code TRICLADE.

Configuration de I’écoulement de type Rayleigh-Taylor

L’écoulement test considéré est un mélange turbulent statistiquement axisymétrique induit par
une instabilité de Rayleigh-Taylor (RTI) au niveau d’une interface planaire entre deux fluides
différents. Cette configuration simplifiée ne se rencontre pas telle quelle dans les intérieurs
d’étoiles. Son intérét réside dans le fait qu’elle combine certains mécanismes élémentaires a
I'ceuvre dans les écoulements stellaires : du mélange, de la convection, du rayonnement et des
effets de Péclet. Cela constitue donc un banc d’essai pertinent pour nos prédictions.

L’état initial des simulations est défini comme suit. Les deux fluides sont séparés par une in-
terface, située a x = xo, qui est instable par rapport a un champ gravitationnel constant g orienté
selon 1’axe x vers des valeurs négatives de x, c’est-a-dire pointant du c6té du fluide lourd (x > 0)
vers le coté du fluide léger (x < 0). Ce dernier axe est appelé direction inhomogene ou longi-
tudinale, tandis que les axes (y, z) correspondent aux directions transversales ou homogenes.
L’état moyen est fixé en imposant un équilibre hydrostatique avec une condition isotherme. Les
deux masses molaires My, et M de chaque fluide doivent étre interprétées comme des masses
effectives, tenant compte de la masse molaire réelle divisée par 1 + Z, en accord avec I'équation
d’état (2.8). Leur contraste est caractérisé par le nombre d’Atwood : A; = ﬁ:‘;ﬁ} Au temps ini-
tial, I'interface est laissée plate mais une petite perturbation du champ de vitesse est introduite
autour d’elle. Le spectre de la perturbation a un profil en "chapeau" délimité par les longueurs
d’onde Amin et Amax = 2Amin et une intensité caractérisée par un nombre de Mach turbulent My,.
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En outre, deux nombres sans dimension [Mihalas & Mihalas, 2013] sont introduits afin de
tenir compte des propriétés locales du fluide radiatif. La contribution de I'énergie de rayon-
nement par rapport a celle de la matiére stellaire peut étre exprimée par le nombre de Mihalas
R. Quant au nombre de Boltzmann Bo, il donne I'importance relative entre le transport d’énergie
radiatif et celui de la matiere. Ils sont respectivement estimés au centre de la zone de mélange
X = Xg, a 'emplacement initial de 'interface avec : R = pe™/E" et Bo = ph™c,/ (osgT4), avec
ogp la constante de Stefan-Boltzmann. Notons que la vitesse du son initiale est choisie comme
vitesse caractéristique pour le nombre de Boltzmann. L’'échelle de référence de la température
est définie a partir des autres échelles de référence de maniére a maintenir le nombre de Mihalas.

Par souci de simplicité, les deux gaz du mélange binaire ont les mémes indices adiaba-
tiques vy, viscosité cinématique vy, coefficient de diffusion des especes D et opacité k" et ces
propriétés sont supposées étre constantes. Dans ce cadre, les principaux parametres définis-
sant les simulations sont A; = 0.26,R = 1.24, Bo = 3.75 x 1072, Yo = 5/3,p0 = 1, Amax =
1, Mg, =5 x 1073, Tp = 3.16, ?Q;if =3.89 x 1072, vy, = D =9.2 x 1073. Le fait que (R > 1) indique
que 'énergie et la pression matérielles dominent celles radiatives et le fait que (Bo < 1) mon-
tre que le flux radiatif domine le flux enthalpique matériel. De telles conditions peuvent étre

trouvées a l'intérieur des étoiles massives, ol la pression radiative n’est pas négligeable, con-
trairement aux étoiles de masse intermédiaire (comme vu dans le chapitre 1).

Trois simulations sont effectuées : une avec un tres petit nombre de Prandtl, une autre avec
un grand nombre de Prandtl et une troisiéme avec un nombre de Prandtl modérément petit.
Le nombre de Prandtl est ici défini comme la valeur au temps initial et a l'interface de Pr =
PCp - Vv /X = PoK Vy - 3pcp / (4csarT?). La premiere simulation est censée donner un petit nombre
de Péclet et vise a vérifier les résultats de 1’analyse asymptotique. Ensuite, par comparaison avec
la deuxieme simulation, elle permet de différencier les comportements du mélange turbulent
induit dans les deux régimes asymptotiques. La simulation de Prandtl intermédiaire est destinée
a tester les limites de 'approximation. Pour faire varier le nombre de Prandtl, la conductivité
radiative est modifiée en changeant I'opacité k'. Les valeurs d’opacité choisies pour chaque
simulation sont indiquées dans le tableau A ainsi que le nombre de Prandtl et avec un nom
attribué a chaque simulation.

Pour conclure la description de 1’écoulement, remarquons que le probleme est statistique-
ment unidimensionnel, avec x la direction inhomogeéne. Ainsi, par ergodicité, les moyennes
statistiques peuvent étre calculées par intégration sur les directions homogenes. Pour toute

quanitité q, on a (x) = ﬁ [[ax,y,z) - dydz.

Nombres sans dimension

Afin de vérifier les conditions principales de 1’analyse asymptotique, nous procédons au calcul
des nombres adimensionnels suivants : le nombre de Mach turbulent M, le nombre de Reynolds
turbulent Re) basé sur la micro-échelle de Taylor, ainsi que le nombre de Péclet turbulent Pe.
Ces nombres sont extraits des simulations a la position initiale de I'interface x = x tels que :

24/ CpV E - 1— —
M; = fR;\—i i,PetEpp tavecvtzc Sk =-ulul, € =2v,(du))?
Cs L€ A € 2 1 !
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qui font intervenir I'énergie cinétique turbulente k, sa dissipation € et la viscosité turbulente v;.
La constante C,, est fixée a 0, 1 comme dans les modeles standards k — € [Schiestel, 2010].

Tout d’abord, la condition souhaitée (M; < 1) est satisfaite pour les trois configurations
puisque 1’on observe que le nombre de Mach turbulent reste toujours inférieur a 0,14. En ce
qui concerne le nombre de Péclet turbulent, son évolution est représentée sur la Fig. 2.1. Les
conditions suivantes sont atteintes pour chaque simulation, a partir d’environ (t 2 15):

SPq i Rey>1 et Per<Mi k1 ,
SPy : Rey>1 et Per~Mi kK1,
HP : Reyn>1 , Mi<K1 et Peg>1

Ainsi, les principales conditions des relations (2.28) sont vérifiées pour les simulations SPy et SP;.
En revanche, la simulation HP évolue dans la limite de Péclet opposée.

Evolution générale de 1’écoulement

Le développement de I'instabilité entre les deux fluides est illustré dans la Fig. 2.3. Cette derniere
montre un rendu volumique direct de la concentration du fluide léger a trois moments différents
et pour les simulations SP; et HP. Plus précisément, cette figure montre la zone de mélange peu
apres le temps initial (t = 4) et a un temps de transition (t = 17). Ces temps ne sont présentés
que pour la simulation a haut Péclet HP. En effet, jusqu’a (t ~ 17), les mélanges binaires des
simulations a faible et fort Péclet sont visuellement indiscernables. Cependant, a des moments
plus tardifs, dans le régime pleinement turbulent, une nette divergence entre les deux simula-
tions est observée, comme le montre la Fig. 2.3. Dans la simulation a Prandtl élevé HP, la zone
de mélange sature alors que dans la simulation a faible Prandtl SPy, les échelles de turbulence
dominantes et les plus énergétiques continuent d’augmenter.

Cette divergence peut étre expliquée par la différence des criteres de stabilité obtenus dans
les limites haut et bas Péclet. Pour la limite grand Péclet, le critere de stabilité est lié au gra-
dient de densité corrigé par un gradient de pression adiabatique. Cette quantité peut étre in-
tégrée sur la direction inhomogene pour donner une pseudo-entropie sans dimension : S =
"5 [0cP/ WLF) — 9:p/p] d¢. Etant donné l'orientation de la gravité dans les simulations (con-
duisant a 0xP < 0), la stratification dans le cas Péclet élevé est stable si S augmente avec x
(0xS > 0), instable si S diminue (0xS < 0) et neutre si S est constant (0xS = 0).

Dans les présentes simulations, les profils spatiaux de la pseudo-entropie S ne sont pas
monotones. Ces profils sont illustrés pour les simulations de Prandtl élevé et faible sur la figure
22 aux tempst = 0,t = 17 et t = 34. Le profil initial de S est le méme pour toutes les simu-
lations et est imposé par la condition hydrostatique isotherme. Plus précisément, a t = 0, on
observe une diminution rapide de S a l'interface entre les deux gaz tandis que S augmente de
part et d’autre de cette interface. En d’autres termes, selon le critére du nombre de Péclet élevé,
l'interface est initialement instable alors que les sous-domaines qu’elle sépare sont stables. Au
fur et a mesure que le mélange se déroule, la diminution interfaciale initiale rapide de S s’étend
et s’aplatit jusqu’a ce qu’un profil presque constant soit atteint dans 1’étendue de la zone de
mélange. Pour la simulation a haut nombre de Prandtl HP, ce profil plat de S signifie que la
stratification a atteint un état presque neutre et que l'instabilité n’est plus alimentée. Ainsi, la
turbulence commence a décroitre et finit par se dissiper. La zone de mélange cesse de croitre.
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Cette phénoménologie n’est pas observée pour la simulation petit Prandlt sp;. Comme on
peut le voir sur la Fig. 2.2, pour SPy, le profil de S ne cesse de se diffuser. Méme apres avoir
franchi le seuil élevé de neutralité de Péclet, il continue d’augmenter sur 1’ensemble du domaine
spatial. Pour expliquer cette différence majeure, il faut rappeler que les criteres de stabilité dans
la limite petit et grand Péclet ne sont pas les mémes. Dans le cas du petit Péclet, la stabilité
d’une stratification est totalement indépendante de la stratification entropique et ne dépend que
du gradient de la constante des gaz dir. Ce dernier existe si les deux gaz mélangés ont des
masses molaires différentes et s’il y a un gradient de concentration moyen. Dans les simula-
tions a faible Prandtl qui évoluent dans un régime faible Péclet (étant donné 'orientation du
champ de gravité et la répartition initiale des masses molaires), la stabilité de la stratification est
donnée par le signe de 0yc, soit par le gradient moyen de concentration du fluide léger. Plus
précisément, la stratification dans la limite petit Péclet est stable si ¢ décroit avec x (0x¢ < 0),
instable si ¢ augmente (0xc > 0) et neutre si ¢ est constant (0x¢ = 0). La concentration moyenne
a un profil spatial monotone décroissant a tout moment (0x¢ < 0) comme le montre la Fig. 2.2.
Par conséquent, la stratification de la simulation faible Prandtl sP; est toujours instable. Par
conséquent, le mélange pourrait théoriquement croitre indéfiniment dans le régime petit Péclet.

En conclusion, les différentes évolutions de la largeur de mélange observées dans les sim-
ulations SPy et HP sont cohérentes avec les criteres de stabilité prédits et dérivés précédem-
ment. Ces criteres refletent I'influence du nombre de Péclet et sont une conséquence directe de
I'approximation asymptotique. Ainsi, les comportements qualitativement différents entre les
simulations SP; et HP (identiques sauf pour la valeur d’opacité), est une premiere validation des
résultats asymptotiques. Une vérification directe est proposée au paragraphe suivant.

Validation de I’analyse asymptotique

L'une des principales prédictions de 1’analyse asymptotique est I’ordre de grandeur des fluctu-
ations de pression et de température. Pour évaluer cette prédiction, nous tracons sur la Fig. 2.4
les évolutions temporelles des rapports np et Nt au centre de la zone de mélange, définis par :

VT
T2 M T T e M
Pour que ces prédictions soient vérifiées, ces rapports doivent étre de ’ordre de 1.

Comme on peut le voir sur la Fig. 2.4, le rapport np tend vers 1 dans le régime turbulent
pour chaque configuration, montrant que la pression fluctuante est de I'ordre de M?. Cet éch-
elonnement est attendu car il résulte de ’analyse asymptotique a faible nombre de Mach quel
que soit le nombre de Péclet. Comme le Mach atteint a peine 0, 14, les trois simulations évoluent
dans un régime a faible Mach.

Quant au rapport 1y, il est de 'ordre de 1'unité pour les deux simulations petit Prandtl sp; et
SP, dont le mélange turbulent se produit dans un régime petit Péclet. La prédiction concernant
I'ordre de T’ est donc vérifiée. En revanche, I'ordre de ny dans la simulation a haut Prandtl HP
s’écarte significativement des autres : ny tend en fait vers zéro. Il n’y a en effet aucune prédiction
pour 'ordre de T' dans I’analyse haut Péclet de Soulard et al. [2012].

Les autres prédictions majeures dérivées de I'analyse asymptotique sont les valeurs de la di-
vergence de vitesse fluctuante divu’ et du terme de conduction fluctuant C’ (Ces prédictions sont
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respectivement exprimées dans les Egs. (2.56a) et (2.56b)). Pour évaluer leur qualité, nous com-
parons les valeurs "simulées" et "prédites” de divu’ et C’. Les valeurs "simulées" sont obtenues
en prenant la partie fluctuante de divu et C calculée a partir des champs réels en utilisant leurs
définitions Les valeurs "prédites" sont directement calculées (comme le coté droit des équa-
tions (2.56a) et (2.56b)) en utilisant les mémes simulations réelles.

Les champs bidimensionnels (coupes dans le plan y = 0) sont représentés sur les Figs. 2.5
et 2.6 pour comparer les valeurs simulées et prédites de respectivement C’ et divu’. Elles sont
extraites de la simulation SP; a t = 34, un temps auquel les résultats de 1’analyse asymptotique
petit Péclet devraient s’appliquer selon la Fig. 2.1. Les mémes structures peuvent en effet étre
identifiées dans les deux parties de la Fig. 2.5 et, puisque I'échelle de couleurs est la méme, on
peut supposer un accord global sur 'intensité des champs de conduction fluctuants C’. La prin-
cipale différence vient de I'apparition de quelques extrema localisés dans le champ simulé qui
semblent étre filtrés par 1'utilisation de la formule asymptotique (Eq. (2.56b)). Les mémes com-
mentaires s’appliquent a la divergence de vitesse fluctuante montrée dans la Fig. 2.6, y compris
Ieffet de filtrage de 1'expression asymptotique de divu’.

Les Figs. 2.5 et 2.6 fournissent une évaluation qualitative des résultats asymptotiques. Une
validation quantitative peut étre réalisée en mesurant les corrélations de divu’ avec d’autres
quantités turbulentes. Pour des raisons de modélisation qui seront précisées plus loin, nous

nous focalisons sur les corrélations p’divu’ et u/divu’. La comparaison de ces corrélations
calculées avec les valeurs simulées et prédites de divu’ constitue a priori des tests des ferme-
tures turbulentes. En outre, la valeur prédite de divu’ est divisée en deux contributions : celle
provenant de la stratification moyenne et celle provenant des effets du mélange moléculaire.
Plus précisément, a partir de 1’équation (2.56a), les corrélations p’divu’ et ujdivu’ sont exprimées
comme :

3. sstrat.

q'divu

_ ~q'u (3p/p +97/7)
qdiva™ = Ar/r-q [80D0c) /0]

. . Dtrat %mix.
q'dive’ = g'divu’ + q'divu’ avec {

ou la quantité g’ représente uy ou p’ et ot Ar= R/ M; — R/ Mj,.

Les corrélations simulées et prédites p’divu’ et ujdivu’ sont représentées sur les Figs. 2.7,
ainsi que les composantes de la valeur prédite, aux temps t = 17 et t = 34. Un bon accord entre
la simulation et la prédiction est observé pour les deux corrélations aux deux temps, indiquant
que l'expression asymptotique de divu’ fournit des estimations quantitativement précises. Les
contributions de la stratification et du mélange moléculaire ont des signes opposés a cause de
l'instabilité : la production barocline liée a la stratification tend a intensifier le flux de masse tur-
bulent et la variance de la densité alors que la diffusion moléculaire tend a diminuer la valeur
des corrélations de densité. Au fur et a mesure que le temps s’écoule, le nombre de Reynolds
augmente et on constate que l'intensité relative de la contribution moléculaire diminue par rap-
port a la contribution de la stratification.

Pour résumer, les principaux résultats de I’approximation faible Mach-faible Péclet ont été
vérifiés. Les ordres de grandeur de T' et P’ et les valeurs de divu’ et C’ sont tous cohérents avec
les prédictions asymptotiques.
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Chapitre 3 - Application a la modélisation de la turbulence

L'une de nos principales motivations pour étudier la limite asymptotique faible Mach-faible Pé-
clet est de comprendre comment les modeéles de turbulence a un point du second ordre peuvent
étre congus ou modifiés pour tenir compte de ce régime. Nous considérons la modélisation de
type Reynolds Average Navier-Stokes (RANS) et nous nous concentrons sur la classe des mod-
eles "Reynolds Stress model" (RSM). Un RSM particulier : le modele GSG [Grégoire et al., 2005],
est utilisé ici pour tester des modifications. Il est en effet particulierement intéressant pour les
applications stellaires puisqu’il permet de traiter des zones de mélange turbulent a densité vari-
able, soumises a une grande variété d’instabilités convectives. Cependant, dans sa formulation
actuelle, il est restreint aux grands nombres de Péclet et doit étre adapté a la limite faible Péclet.

Adaptation d'un modele de type Reynolds Stress Model

Le modele GSG [Griffond & Soulard, 2014, Grégoire et al., 2005] suit l%ivolutions des corréla-
tions des champs de vitesse et de densité, notamment le flux de masse p’u]/p et la variance de la

densité p/? /p*. L'évolution de la densité fluctuante est donnée au premier ordre par I'Eq. (2.63).

Parmi les principales inconnues apparaissant dans les évolutions de p’u!/p et p’ 2 /p? se trouvent

respectivement les corrélations u/divu’ et p’divu’. Dans la limite petit Péclet, ces termes peuvent
étre fermés en substituant la valeur de divu’ par son expression asymptotique. On obtient pour

(Pe¢ < 1) avec q' représentant uj ou p’ q'div/|pe«1 = —q'W [Op/p+ 07/t + ¢ divu’"", ot
q'divu’ " est la contribution a divu’ liée au mélange moléculaire. Nous proposons de mod-
éliser ces effets moléculaires comme une dissipation agissant sur les fluctuations de densité :

q'diva’™” o w - p'q’/p. Ainsi, le modele suivant est obtenu dans la limite petit Péclet :
Wdive' [pe«1 = —wjw [3p/P + OF/F] + Crwp'u]/p et p'divi[pe<1 = —0'u] [3p/P + OF/F] + Cowp’? /b

o1 C; et C; sont des constantes et w = €/k est la fréquence turbulente caractéristique.

Ces fermetures sont différentes de celles retenues dans la formulation initiale a grand Péclet
du modéle GSG. En effet, sur la base de 1'équation (2.62), la formulation actuelle du modele
GSG, proposée pour (Pe; > 1) dans Soulard et al. [2012] est :

Wdivi[pe;>1 = —WuGP/(¥1P) + Ciwp'u/p et p'divi|pes1 = —p'WGP/(ViP) + Cowp'? /B

Par conséquent, la principale adaptation du modéle GSG a la limite petit Péclet nécessite la mod-
ification des termes de production apparaissant dans les équations de variance de densité et de
flux de masse turbulente. Cette différence n’affecte pas seulement les niveaux des corrélations
liées a la densité, elle modifie également le critere d’instabilité de flottabilité auquel le modele
est susceptible de réagir. Enfin, pour combler 1’écart entre les petits et les grands nombres de
Péclet, nous proposons d’effectuer un raccord pondéré des deux limites sous la forme :

Pefim

——t——etPef™=2C, =02 ,
Petlm + Pet

q'divu’ = (1 — wpe,) q'dive’|pe,«1 + Wpe,q'div|pe, 1 avec wpe, =

ot1 la quantité q’ représente u/ ou p’. La valeur de Pe{™ est interprétée comme un paramétre de

transition entre les régimes de Péclet élevé et faible.
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Validation du RSM étendu

Afin de valider le modéle de fermeture, les trois DNS du mélange Rayleigh-Taylor radiatif sont
comparés aux trois RANS 1D effectuées avec le modele GSG modifié. Ces derniéres sont initial-
isées a t = 9 avec des profils 1D pour les moyennes et les corrélations calculées a partir des DNS
au méme instant. Le méme ensemble de coefficients de modéle est utilisé dans les trois cas.

Les Figs. 3.1, 3.2 et 3.3 comparent les quantités turbulentes extraites des trois DNS SPy, SP, et
HP a celles prédites par le modéle GSG adapté a tous les régimes de Péclet en utilisant le raccord
précédent (voir Eq. (3.11)). Les Figs. 3.1 et 3.2 représentent I’évolution temporelle de I"énergie
cinétique turbulente k et de la variance de la densité normalisée p’ 2 /p? a l'abscisse initiale de
lI'interface x = x¢ tandis que la figure 3.3 représente la largeur de la zone de mélange turbulent
définie comme suit Ltyz = 6 fo ¢(1—-7)dx.

On peut constater que le modele GSG étendu reproduit les principales tendances observées
dans les simulations et permet de capturer les différences entre les régimes grand et petit Péclet.
Par exemple, dans la limite grand Péclet (HP), une diminution de 1’énergie cinétique turbulente
a x = 0 est observée pendant le dernier tiers du calcul ainsi qu'un ralentissement de I'expansion
de la ZMT (Zone de Mélange Turbulent). Ce déclin du champ turbulent a déja été expliqué
précédemment. Elle est due au fait que le profil de pseudo-entropie moyenne S se rapproche de
sa valeur neutre a I'intérieur de la ZMT de sorte que le mécanisme d’instabilité cesse d’alimenter
la zone de mélange turbulente alors que la viscosité dissipe encore 1’énergie cinétique turbulente.

En revanche, dans la limite petit Péclet (SP;), I'instabilité dépend du gradient de masse mo-
laire qui garde le méme signe de sorte qu’il transfere sans cesse de I'énergie au champ turbulent.
Ceci explique la croissance continue dans la Fig. 3.1 et I'expansion accélérée dans la Fig. 3.3.

Le comportement de la variance de densité dans la Fig. 3.2 résulte de la compétition entre la
diffusion moléculaire qui tend a détruire cette variance et du transport turbulent du fluide pur
"frais", englouti au bord de la zone de mélange, et transporté a travers la ZMT. L'expansion plus
rapide de la ZMT dans SP; permet de maintenir une décroissance lente de la variance alors que
la diffusion moléculaire n’est presque pas contrebalancée pour HP.

Entre ces deux cas limites, la simulation Prandtl intermédiaire SP, présente un équilibre plus
subtil entre les différents mécanismes. Commengant dans un régime a faible Péclet, elle suit
d’abord la méme évolution que SP;, mais ce faisant, sa diffusivité turbulente augmente rapide-
ment ainsi que son nombre de Péclet, comme le montre la Fig. 2.1. Lorsque ce dernier devient
non négligeable, la production de I'instabilité se réduit et devient d"un ordre similaire a la dissi-
pation moléculaire, conduisant a une évolution marginale de 1’énergie cinétique turbulente. Le
transfert de fluide pur depuis les bords de la ZMT ralentit alors, laissant la variance de densité
diminuer beaucoup plus rapidement dans SP, que dans SP;. Capturer ce comportement limite
est un défi et la valeur Pel™ au sein du raccord est précisément choisie pour obtenir une transi-
tion correct.

En conclusion, I'application du modéle petit Mach-petit Péclet dans le modéle GSG RANS
s’avere efficace pour prédire 1'instabilité radiative dans la limite (Pe; < 1). L'extension de la fer-
meture pour tous les régimes de Péclet, grace au modele de raccord, permet au RSM de capturer
correctement les effets de I'intensité relative du transfert radiatif et du transport turbulent dans
le cas du mélange turbulent considéré.
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Chapitre 4 - Analyse linéaire de stabilité

Cette partie est consacrée a une analyse linéaire de stabilité (ALS) de 1’équilibre hydrostatique
stratifié du mélange binaire considéré dans les chapitres précédents. L'objectif subséquent de
cette analyse est d’améliorer le modele de raccord précédent qui, au lieu d"utiliser un ajustement
ad hoc, pourra étre basé sur des considérations physiques.

Equations régissant I’écoulement et hypothéses pour I’ALS

Equations régissant 1’écoulement hydro-radiatif compressible

On s’appuit sur les équations de Navier-Stokes couplées au champ radiatif, traité dans la limite
de diffusion (Sys. (4.1)), qui incluent la viscosité et la diffusion interspécifique.

Approche quasi-homogeéne et état d’équilibre isotherme

L’analyse de stabilité linéaire (ALS) nécessite la prescription d'un écoulement de base satis-
faisant le systeme précédent. Pour toute quantité q, I’écoulement de base correspondant est
noté q. Nous considérons ici 1’équilibre hydrostatique (sans cisaillement) dans un champ de
gravité orienté selon la direction z. On a alors q(x,y,z,t) = q(z) etu = 0. De petites per-
turbations q’ sont superposées a 1’écoulement de base, de sorte que toute quantité instanta-
née q s’écrit q(x,y,z,t) = q(z) + 9 (x,y,2,t). On recherche des solutions spécifiques ayant

la forme q' (x,y,2,t) = q(2) oi (koctkyy—wt)

, impliquant des perturbations de longueur d’onde
Aw =271/ /K2 + k?,. Afin de rendre les calculs réalisables, la stabilité du systéme est étudiée dans
le cadre d"une approche quasi-homogene. On suppose donc que la longueur d’onde des pertur-
bations est petite par rapport a la longueur de gradient des quantités de base : Ay, < |q/9.q].
Cette approche donne donc lieu a des hypotheses apparemment incohérentes selon lesquelles

les quantités de base et leur gradient sont tous deux uniformes :
0,q ~ const. and q(z) ~ const.

Les modes normaux, correspondant aux modes propres de la transformée de Fourier du systeme
linéaire, ont doncla forme g’ (x,y,z,t) = Qei(kxx“ywkzzf‘”t). Pour étudier la stabilité temporelle,
le vecteur d’onde k = (kx, ky, kz) est donné comme réel (k € IR3) tandis que w € C est complexe

avec w; = Jm (w) le taux de croissance du mode. Le nombre d’onde est la norme du vecteur

d’'onde k = /K% + Kk aveck, = /K> + k?, le nombre d’onde transverse. La longueur d’onde
vérifie Ay = 271/k.

L'état de base est supposé isotherme. La gravité est supposée orientée le long de 1'axe z,
de sorte que g = (0,0, —g,). Comme les deux gaz du mélange sont choisis égaux, le rapport
des chaleurs spécifiques des matériaux y™ est constant et donc égal a y™. Ensuite, les quantités
de I'’écoulement sont contraintes par 1’équilibre isotherme avec la relation y™g,/ = 9,7 /T —

A,0,C avec ¢l = 1/ y™TP™ la vitesse du son matiere et A, = (r, — rp)/F un parametre interprété
comme le double du nombre négatif d’Atwood concernant le contraste des masses molaires.
Enfin, pour des raisons de simplicité, le profil de concentration est supposé linéaire : 92,¢ = 0.
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Relations de dispersion

Relation de dispersion "tout Mach" a I’équilibre thermique pour tout angle d’onde

L’insertion des modes normaux dans les équations perturbées autour de 1’état d’équilibre isotherme
permet la dérivation de la relation de dispersion (Eq. (4.36)) a 1’équilibre thermique pour tout
angle d’onde et tout régime de Mach. Cette derniere prend la forme d"un polynéme d’ordre 5.

Limite non-radiative et non-diffusive

En particulier, en I'absence de rayonnement et de diffusion interspécifique, cette équation se
réduit a un polynome d’ordre 4 directement soluble :

- 2
kzlcsz (o (w+ ivvkzﬂz - (1 + %Tkzgc‘)s2> o (w+ivk2) | + Egoﬁzs -0
Deux paires de solutions peuvent étre distinguées : 1'une est liée aux effets acoustiques tandis
que l'autre persiste dans la limite incompressible. Cette derniere décrit I'instabilité classique
incompressible de Rayleigh-Taylor avec une croissance exponentielle lorsque (g, - 9,5 < 0) et
des modes neutres correspondant aux ondes de gravité lorsque (g, - 9,5 > 0).

Les chapitres précédents ont montré que le rayonnement peut modifier la condition de
stabilité d’'une maniére qui sera décrite ci-dessous. En particulier, méme si la condition de
stabilité sans rayonnement (g, - 9,5 > 0) est respectée, un fort transport radiatif peut désta-
biliser I’écoulement. On se concentre particulierement sur les deux modes (de 1'Eq. (4.37))
qui peuvent étre approximés, dans la limite incompressible (c; — 0) et inviscide (vy — 0), par
w i% /8o - 0.5, car ces ondes de gravité "oscillantes" peuvent passer d’'un comportement
stable a un comportement instable dans le cas radiatif, en fonction du nombre de Péclet.

Relation de dispersion a ’équilibre thermique pour les modes transverses

Les relations de dispersion évoquées précédemment sont difficiles a résoudre analytiquement.
Leur résolution numérique indique que le taux de croissance maximal est fréquemment obtenu
pour les modes transverses, soit pour k| = k et k, = 0. Cela suggere que le caractére stable ou
instable de I’écoulement peut étre évalué a partir de la seule analyse des modes transverses.

Soit P 1'espace des parametres qui comprend les coefficients visco-diffusifs (vy, Dc, xp), les
exposants adiabatiques (7,73), la gravité (g), les composantes du vecteur onde (k,k;), cer-
taines quantités moyennes (Cs, ) et les gradients (9,c, 9,7, 9,5). Pour chaque ensemble de parametres
p € B, le polyndome d’ordre 5 a cing racines w™ pour m € {1,2,3,4,5}. De 13, nous distinguons
cing modes comme étant les racines qui peuvent étre connectées de maniére continue en laissant
p couvrir I'espace B. L'étude suivante se concentre sur les hypersurfaces de neutralité, notées
N, de I'espace paramétrique B. Pour chaque mode m, on définit I'hypersurface de neutralité
N™ telle que, pour p € N™, ona w™ (p) =0, avec w™ = Jm (w™) la partie imaginaire de la
racine w™ correspondant au mode m.

On espere que si tous les modes transverses sont stables, alors tous les modes sont stables
quel que soit leur vecteur d’onde. La stabilité de 1’écoulement serait alors entierement pilotée
par les modes transverses. Seules des vérifications numériques peuvent étre proposées.
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Relations de dispersion "bas Mach" et ""bas Mach-bas Péclet" a 1’équilibre thermique
pour tout angle d’onde

Pour rappel, le modele bas Mach a été dérivé a I’équilibre thermique par Soulard et al. [2012],
et conduit a la prédiction : djuy’ = —u,0,P/(¥1P) + (v3 — 1)C'/(¥1P) + Dp' /(¥1P). Lorsqu’insérée
dans le systéme linéaire perturbé, cette relation donne lieu & une relation de dispersion (4.66)
a lI'équilibre thermique, pour tout angle d’onde et pour (M; < 1). De méme, a partir de
I'expression asymptotique de 1’analyse bas Mach-bas Péclet, on dérive la prédiction : du =
u, (0,T/T — Ac0,C) + DCArGJ%c’ , ce qui, de la méme maniere que précédemment, conduit a une
relation de dispersion (4.76) dans la limite (M; < 1 ; Pe; < 1).

Hypersurfaces de neutralité "tout Mach", "bas Mach" et ""bas Mach-bas Péclet" al’équilibre
thermique pour les modes transverses

L’obtention des relations de neutralité étudiées revient a trouver des solutions pour toutes les re-
lations de dispersion avec w; = 0. Deux cas différents doivent étre distingués en ce qui concerne
la partie réelle w, = Re (w) qui peut étre soit nulle soit non nulle. Lorsque w, = 0, les modes
sont "non-oscillants”. Le franchissement de la surface de neutralité conduit a une croissance
exponentielle pure sans oscillation. Ce cas peut étre rapproché de la convection "fingering" de
Garaud [2018]. D’autre part, lorsque w; # 0, les modes sont "oscillants". Le franchissement de la
surface de neutralité conduit a des oscillations temporelles amplifiées dans une enveloppe expo-
nentielle. A I’exception des ondes acoustiques, ce second cas peut étre rapproché de l'instabilité
convective "oscillante double-diffusive" de Garaud [2018].

Les hypersurfaces de neutralités dérivés dans ce chapitre sont référencées dans le tableau A.
Elles correspondent aux criteres de stabilité marginale obtenus dans les régimes "tout Mach",
"bas Mach" et "bas Mach-bas Péclet" a 1’équilibre thermique pour les modes transverses, ainsi
que leurs limites lorsque <D§k4 — 0) , avec D, la diffusion scalaire. Cette derniere trouvera son
utilité dans la spécification du raccord du modele GSG modifié.

Régime Dénomination de Relation(s) de Type de
(limite) I'hypersurface de neutralité dispersion mode(s)
VM ; VPe; N Non-osc. Eq. (4.41) non-oscillant
VM ; VPe, ; D2k* — 0 Monose. Eq. (4.42) non-oscillant
VM, ; VPe; NE..et Nose. Egs. (4.47) et (4.48)  oscillants
VM ; VPe, ; D2k* — 0 N Eq. (4.49) oscillants
M; < 1 ; VPe; N n-osc. Eq. (4.69) non-oscillant
M; < 1; VPe; ; D2k* — 0 IS\Il\gil—osc. Eq. (4.70) non-oscillant
M; < 1 ; VPey One. Eq. (4.72) oscillants
M; < 1; VPe;; D2K* =0 NEE Eq. (4.73) oscillants
Mi<1;Perxk1 N osc. Eq. (4.79) non-oscillant

Table A — Récapitulatif des hypersurfaces de neutralité.
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Résultats numériques

Relation de dispersion générale a I’équilibre thermique

On considere dans cette section la relation de dispersion générale a 1’équilibre thermique (4.36)
ainsi que les hyper-surfaces de neutralité subséquentes. On s’intéresse en particulier au ratio
Le ! = D, / Xéqui. (inverse du nombre de Lewis), avec ngui. la diffusivité radiative, qui constitue
un analogue du nombre de Péclet si on établit 1’analogie entre diffusion-viscosité physique et
diffusion-viscosité turbulente dans le cadre d"une modélisation de la turbulence.

Adimensionnement pour la résolution numérique

Les résolutions numériques sont obtenues pour un ensemble de parameétres d’adimensionnement
choisi arbitrairement tel que les seuls parameétres libres définissant Iétat d’équilibre sont {W, A, 1/ 7},
desquels les quantités apparaissant dans les relations de dispersion sont issues, soit : 9,T/T =
0,c=1,8,=+1, 2=7/(1—A),0;5=1+ (A —1) /7, avec A, = (r, —r,)/Tet1/7 = Iﬁ/(ﬂf)).

Phenomenologie

La figure 4.1 montre les suivis de w; dans les plans (A, log,, [1/Le]) et (log,, [Dc] ,log,, [1/Le]).
Le champ tracé en niveaux de gris est obtenu par résolution numérique des racines de la rela-
tion (4.36). Dans le coté droit de chaque sous-figure, on a (w; < 0) : 'écoulement est donc stable
pour le jeu de parametres choisi. Des zones instables (w; > 0) sont situées sur le c6té gauche.

On remarque d’abord sur la Fig. 4.1 que I'union de N Non-osc. €t N ose. couvre exactement
I'isovaleur "0" de la solution numérique : ceci indique que les premiers modes qui deviennent
instables sont les modes transverses. Les accords entre les courbes "exactes" et approximatives
NNon-ose. €8 N on-osc., ainsi qu’entre N oge. et V'O, sont jugés en comparant les lignes en pointil-
lés et en tirets. Elles sont correctes pour des k et D. modérés ou, plus précisément, dans la limite
[(Dck2> — O} . On peut également voir sur la Fig. 4.1 que le mode "non-oscillant” définit une
zone instable dans le coin inférieur gauche des sous-figures alors que les modes "oscillants"
définissent une zone instable dans le coin supérieur gauche.

Ce comportement est illustré sur la Fig. 4.2 qui clarifie également la désignation des modes
"oscillant" et "non-oscillant". La Fig. 4.2 montre un suivi dans le plan complexe, lorsque Le ! =
D./ ngui_ varie, des modes transverses (k; = k) correspondant aux cinq racines de la relation
de dispersion (4.36). A l’exception de la Fig. 4.2-(a) ot k = 2 pour une meilleure lisibilité, les
parameétres sélectionnés correspondent aux chemins verticaux de la Fig. 4.1 reliant deux zones
instables par une zone stable. Les cinq modes sont représentés sur la Fig. 4.2-(a), dont la paire
de modes externes est liée aux effets de compressibilité et n’est pas pertinente ici. Les Figs. 4.2-
(b,c) proposent un zoom sur les modes étiquetés "non-oscillant" (w, = 0) et "oscillant” (w; # 0).
La Fig. 4.2 montre que les modes "non-oscillant" et "oscillant" réagissent de maniere opposée a
I'évolution de l'inverse du nombre de Lewis Le .

En anticipant sur ’analogie entre Pe; et Le ! (tous deux comparant les échelles de temps
diffusives, turbulentes ou moléculaires, aux échelles de temps du transport radiatif), la figure
montre que le mode “non-oscillant” est stable a grand nombre de Péclet mais est déstabilisé
quand ce dernier devient petit. Les modes "oscillants" ont un comportement opposé.
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La figure 4.3 montre I'évolution des parties réelle et imaginaire du mode le moins stable ou
instable par rapport a I’angle d’onde mesuré par k, /k pour trois valeurs du rapport Le ! =
D./ Xequi. - 0-1, 1 et 10. Elle compare les solutions obtenues a partir de la relation de dispersion
(4.36) compressible, de la relation (4.66) bas Mach et de I'Eq. (4.76) bas Péclet. Un bon accord
de la limite bas Mach avec la solution générale peut étre remarqué pour les trois nombres de Le
(les lignes bleues et rouges sont presque superposées, au moins pour wj). Pour les parametres
testés, I'angle qui maximise le w; est k; /k = 1. La Fig. 4.3-(a) est dominée par le mode dit
"non-oscillant" (bien que w; # 0 pour k, /k # 1) alors que la figure 4.3-(c) est dominée par la
paire de modes dits "oscillants" (le saut d'un mode a 'autre du couple (w1, wy) caractérisé par
wy & —wt, soit le complexe conjugué ici, explique la discontinuité dans I'évolution de wy).

Relation de dispersion dans la limite bas Mach et bas Mach-bas Péclet

Apres les résultats généraux obtenus dans la limite compressible, nous nous intéressons au
régime bas Mach qui s’apparente davantage a établir des connexions avec 1’analyse asympto-
tique et la modélisation turbulente de ce travail. Pour ce faire, on considére la comparaison de la
relation de dispersion générale a I'équilibre thermique (4.36) et des relations correspondantes en
limite bas Mach et bas Mach-bas Péclet, ainsi que les hyper-surfaces de neutralité subséquentes.

La figure 4.8 traite d’un suivi dans le plan complexe des racines des relations de disper-
sion (4.36), (4.66) et (4.76) lorsque le rapport Le ! = D. /xrequii varie. Les racines de la relation
de dispersion générale (4.36) et celle obtenue dans la limite "tout Péclet" & bas Mach (Eq. (4.66))
sont respectivement représentées par des cercles et des croix dont les couleurs arc-en-ciel codent
la valeur de Le™!. La limite bas Mach-bas Péclet dans I'Eq. (4.76) ne dépend pas du nombre de
Lewis et les deux modes correspondants sont représentés par des carrés noirs.

La figure 4.8-(a) confirme que l'approximation petit Mach filtre les modes acoustiques de
la relation de dispersion générale. Ces derniers correspondent aux cercles les plus a gauche et
les plus a droite de la figure alors que les croix de ’approche petit Mach ne sont présentes que
dans la zone centrale avec les trois modes restants. La figure 4.8-(b) propose un zoom sur la
zone centrale pour différents parametres. Elle confirme que les deux modes de I’approximation
petit Mach-petit Péclet correspondent bien a la limite [Le_1 = De/Xequi. = O} de deux des trois
modes de 'approche petit Mach “tout Péclet”, ou des modes centraux de la relation générale.
On remarque que la solution instable (w; > 0) du régime petit Péclet peut étre reliée de facon
continue au mode "non-oscillant" ("fingering") décrit précédemment, alors que la solution stable
(wj < 0) est reliée aux deux modes oscillants de type "ondes de gravité".

La Fig. 4.9 représente les cartes d’instabilité selon les mémes conventions que dans la Fig. 4.1
mais ajoute les courbes de neutralité (des modes transverses) provenant de l'approche "tout
Péclet" a faible Mach, donnée par les équations (4.72) et (4.73) et de la limite bas Mach-bas
Péclet, donnée par 1'équation (4.79). Comme déja mentionné, les courbes de neutralité du mode
"non oscillant" dans I'approche "tout Péclet" a petit Mach sont similaires a celles du cas général
(exactement pour N o, osc. €t approximativement pour N, ..) et n‘ont pas été ajoutées ici.
Comme pour les parametres de la Fig. 4.9, les courbes de I'approche a faible Mach et celles du
cas général sont superposées aux différents niveaux d’approximation (courbes bleues et vertes).
La frontiére caractérisée par le régime petit Mach-petit Péclet (lignes pointillées violettes) définit
une limite correctement vérifiée lorsque (D./ Xequi. < 1)-
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Implications pour le modéle RSM turbulent

Ayant obtenu des critéres analytiques définissant la stabilité marginale des configurations Rayleigh-
Taylor radiatifs par rapport a I'efficacité du transport radiatif, nous essayons maintenant de les
utiliser afin d’améliorer le raccord du RSM entre les petits et grands régimes de Péclet.

Les résultats précédents concernent des écoulements laminaires impliquant des processus
moléculaires ne s’appliquant pas a la turbulence modélisée par le RSM. Cependant, une analogie
peut étre faite entre la viscosité, la diffusivité turbulente et leurs équivalents moléculaires.

Analogie avec le modeéle RSM radiatif turbulent

L’analogie est établie en connectant le Sys. (4.1) visco-diffusif radiatif avec le Sys. (3.1) régissant
les quantités moyennes du modele turbulent RSM, comme introduit dans le chapitre 3. Cela
meéne a une analogie entre le nombre de Péclet turbulent et le nombre de Lewis : Le ™! <+ Pe;/7.

Amélioration du modele de raccord

Nous nous concentrons sur le raccord (3.11) du modele RSM adapté, ot la fonction de pondéra-
tion wpe, a été introduite afin de combler I'écart entre les limites asymptotiques de Péclet. Jusqu'a
présent, le parametre Pel™ a été choisi par un ajustement sur trois simulations numériques. Un
choix basé sur des considérations physiques est maintenant proposé a partir de I’ALS.

Stabilité marginale "fingering" et son implication dans la production de Rayleigh-Taylor

Le critere de stabilité concernant une configuration RT radiatif est d’abord dérivé du systeme (3.17)
du modéle turbulent adapté. Par conséquent, le systéme est stable a condition que :
P ¥ op
Jjs - 8:) < Opour (Per>>1) et @ . 5‘; < 0 pour (Pe; < 1)
r

La stabilité marginale du modéle GSG est atteinte lorsque I'Eq. (4.96) est égal a zéro. Par analogie
avec les résultats de I’ALS, elle se réécrit comme une hypersurface de neutralité équivalente :

T _
Nase : gowPet% +gy(1 — wpe, )05 =0

Modeles de raccord de I’ALS

L’ALS a montré que, pour des régimes de Péclet petits a modérés, la stabilité de 1’écoulement
est dominée par des modes non-oscillants liés a 1'instabilité “fingering” [Garaud, 2018]. Dans la
limite des grands nombres d’onde, une telle stabilité est donnée par la relation (4.42), qui peut
étre réécrite : o
— r — 1 =
Monose. - 8o (1 —¥;Le 1) % +g,7Le '0,5=0

et qui peut étre interprété comme une combinaison convexe entre les gradients de masse molaire
et de pseudo-entropie pilotant la stabilité dans les limites asymptotiques, a condition que : (0 <
Y3/Le < 1).
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Ensuite, la comparaison entre No,.osc. €t N s suggere de poser :

1-— (W/V)Pet 0)
1+ (1—(v3/7)) Pe’

a J—
Wpe, = Max (

En d’autres termes, cela consiste a introduire une pondération sur l'intervalle Pe; € [0,7 /73 [,
puis on revient au modele (Pe; > 1) dés que (Pe; > 7 /73).

La figure 4.10 trace différentes courbes de neutralité liées au modele dans la carte de stabilité
linéaire de la Fig. 4.1. La stabilité marginale du modele grand Péclet et petit Péclet, respective-
ment données par 9,5 = 0 et 91/t = 0, se présente sous forme de lignes verticales dans la carte.
Quant a I'hyper-surface de neutralité du raccord notée N'&qg, elle se situe sur N, o« pour
(Pey < 7 /73) et "saute" sur la courbe grand Péclet lorsque (Pe; > 7 /73).

Les simulations HP, SP; et SP; sont lancées en utilisant ce raccord. Les quantités turbulentes
montrées sur les Figs. 3.1, 3.2 et 3.3, respectivement 1’énergie cinétique turbulente, la variance de
volume spécifique normalisé et la largeur de mélange, résultant des simulations 1D-RSM, sont
également représentées sur la Fig. 4.11. Par souci de clarté, la lettre latine supplémentaire "(a)"
aux légendes HP, SP; et SP; fait référence aux cas incluant le modéle de raccord "a".

Les résultats du raccord basé sur le critere de stabilité illustré par les courbes noires ne sont
pas aussi bons que ceux précisément ajustés pour les DNS. Le cas avec des valeurs intermédi-
aires de Péclet, en particulier, semble revenir trop rapidement a un comportement grand Péclet.
Comme le changement abrupt du raccord a (Pe; = 7/¥3) pourrait expliquer ce comportement,
nous nous tournons vers une utilisation plus continue et moins restrictive du critére de stabilité.

Ainsi, plutét que d'imposer partout le poids du critere de stabilité, on peut 1’écrire comme
une combinaison convexe de deux limites. On conserve donc la forme fonctionnelle arbitraire

Wpe, = Peli™ /(Peli™ + Pey) et on n‘impose Pelim que pour qu'il corresponde a la courbe de stabil-
ité dans la limite petit Péclet. Il s’ensuit le choix Pel™ = 1, ce qui conduit a :
wh = !
Pe; = 1 + P €t !

qui est représenté sur la Fig. 4.10 avec w§,, . L'hyper-surface de neutralité correspondante N, .
relie de maniere lisse les limites (Pe; < 1) et (Pe; > 1).

Les mémes Figs. 4.12 que précédemment sont présentées avec la lettre latine “(b)” suivant
les 1égendes HP, SP; et SP; faisant référence aux simulations de Péclet effectuées avec le modele
de raccord "b". Un accord tout a fait satisfaisant est obtenu puisque les résultats sont proches de
ceux précisément ajustés a ces simulations numériques. Le choix du raccord qui est motivé par
des considérations physiques est donc une amélioration intéressante fournie par I’ALS.

Conclusion
La principale innovation de ce travail est 'approximation faible Mach-faible Péclet, autour

de laquelle s’articulent chaque chapitre. Cette analyse asymptotique traite des écoulements
généraux impliquant du mélange et de forts effets radiatifs.
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Le premier chapitre de ce travail a confirmé la présence de deux types particuliers de zones
de mélange turbulent, la convection thermohaline standard et double-diffusive, apparaissant
au cours de 1’évolution de la séquence principale et de la branche géante d’étoiles de faible,
moyenne et grande masse. Dans ce but, des étoiles de 1 My, 5 Mg, et 75 Mg, ont été simulées
jusqu’a la fin de la phase géante avec un code astrophysique 1D : MESA. Les régions de mélange
d’intérét proviennent de l'apparition de mouvements convectifs a grande échelle appliqués
a des milieux fortement stratifiés et optiquement épais. Elles partagent les propriétés d’étre
soumises a un mélange chimique ainsi qu’a un rayonnement intense. Ce dernier domine tout
autre processus de transport de chaleur ou effet visqueux en raison de son interaction accrue
avec le champ de matiere et est alors traité dans la limite de la diffusion. Ainsi, le calcul des
modeles de longueur de mélange de Prandtl [1925] appliqués aux zones de convection a montré
que la turbulence dans les étoiles évolue généralement dans les limites de (Re; > 1), (Pr < 1)
et (M; <1), out la petitesse du nombre de Mach permet de filtrer les ondes sonores dans le
contexte de la modélisation de la turbulence. En particulier, les écoulements stellaires dans les
intérieurs profonds des étoiles sont caractérisés par un état d’équilibre thermodynamique local
ol les températures radiative et de la matiere sont supposées égales et ot1 I'ionisation est consid-
érée comme généralement complete. La vitesse turbulente est donc beaucoup plus faible que la
vitesse du son : (M; < 1). C’est précisément dans ces régions proches du noyau que se produit
la convection thermohaline (ou "fingering"), en réponse a un gradient de composition déstabil-
isant. Le parametre clé qui la différencie de la convection standard n’est autre que le nombre de
Péclet Pe, qui suit :

Pe; > 1 dans les zones convectives
Pe; < 1 dans les zones thermohalines

Ainsi, contrairement a la convection, la double-diffusion "fingering" est caractérisée par une
diffusivité radiative qui surpasse la turbulence en termes de transport d’énergie. Les modeles
phénoménologiques de Prandtl [1925] ne permettent pas la capture des échelles turbulentes
dans la limite thermohaline. En effet, ils négligent généralement les propriétés des structures
convectives telles que la vitesse turbulente par exemple et ne tiennent pas compte des écoule-
ments a densité variable. Ainsi, suite a I’étude du RSM de Canuto [2011a,e] dédié a la modélisa-
tion de la convection stellaire, la dérivation d"un modéle stochastique permettant de traiter ces
questions a été retenue comme le fer de lance de la these afin de définir les propriétés statistiques
turbulentes d"un tel milieu.

La deuxiéme partie traite d'une analyse asymptotique réalisée dans les limites conjointes
des nombres de Mach et de Péclet turbulents infiniment petits. Ces ordres de grandeur im-
posés impliquent I'équilibre des phénomenes acoustiques et des fluctuations de température
avec leur environnement. Le jeu d’équations régissant 1’hydro-radiation implique le systeme
compressible de Navier-Stokes couplé au rayonnement dans la limite de diffusion. Les résultats
concernent d’abord la prédiction des fluctuations de pression et de température en termes de
M et Pe;. Et deuxiémement, le comportement de 1’écoulement radiatif est examiné a travers les
expressions asymptotiques de la divergence des fluctuations de vitesse divu’ et du terme de con-
duction thermique fluctuant C’ = 9 (7\8jT)/. Sur la base d"une configuration de Rayleigh-Taylor
radiatif stablement stratifié, la validation de leurs valeurs prédites a été vérifiée a la fois qualita-
tivement et quantitativement par rapport a celles simulées par le DNS. Par conséquent, les fer-
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metures dérivées de ces résultats se sont avérées appropriées dans un modele turbulent RSM et
pourraient étre utilisées pour la simulation de petits régimes de Péclet impliquant du mélange.
En outre, le critere de stabilité d"une stratification moyenne est modifié en conséquence. Il ne
dépend plus du gradient de pseudo-entropie mais du gradient de masse molaire, respective-
ment dans les limites de (Pe; > 1) et de (Pe; < 1).

Dans le troisieme chapitre, une adaptation d’'un modele RSM (M; < 1), déja compatible
avec la limite (Pe; > 1), a été proposée afin de rendre compte de l'effet de I’ampleur relative
de la conductivité radiative et du transport turbulent dans la gamme des nombres de Péclet
turbulents infiniment petits. A cette fin, I’évolution des corrélations liées a la densité suivie
par le modeéle GSG 1D-RANS a été fermée en utilisant les résultats de 1’analyse précédente. La
validation du modele s’est appuyée sur les références des simulations DNS de Rayleigh-Taylor
déja étudiées dans la deuxieme partie. La capture des effets radiatifs et du mélange, comme le
critere de stabilité, a été correctement réalisée par le modele adapté.

La dernieére partie a porté sur une analyse de stabilité linéaire appliquée aux états d’équilibre
de mélanges binaires stratifiés radiatifs dans un champ gravitationnel. Basée sur une approche
quasi-homogene, I’ALS vise d’abord a mettre en évidence le role joué par la diffusion radiative.
En effet, dans I'espace de stabilité, le parametre clé qui définit le passage a l'instabilité "finger-
ing", c’est-a-dire a la convection "thermohaline" dans le contexte astrophysique, est le nombre
de Lewis Le, ou de maniere équivalente, le nombre de Péclet Pe; lorsque des équilibres turbu-
lents sont considérés. Un objectif de 1’ALS a été consacré a I’amélioration du modeéle de raccord,
en traitant les régimes de Péclet intermédiaires. Le critere de stabilité caractérisant le début de
la convection "fingering" a été utilisé a la place d'une combinaison convexe qui nécessitait a
l'origine une calibration obligatoire. Ainsi, le pont entre les deux limites asymptotiques repose
maintenant sur une base physiquement solide.

En résumé, I'approximation faible Mach-faible Péclet a été dérivée et validée afin de traiter
des écoulements radiatifs généraux impliquant du mélange. Le modele RSM adapté est main-
tenant capable de capturer les régimes (Pe; < 1) et (Pe; >> 1), et méme les tendances principales
des régimes intermédiaires petit Péclet. De tels phénomenes se produisent dans les milieux stel-
laires, ot la turbulence couplée au rayonnement joue un role prépondérant dans le transport
des isotopes chimiques. Ce plasma peut aussi impliquer un grand nombre de processus mul-
tiphysiques tels que l'ionisation, la dégénérescence électronique, les réactions nucléaires, le ci-
saillement, le magnétisme... Cependant, dans ce travail, 'application de I'approximation a été
restreinte aux mélanges binaires radiatifs de gaz parfaits, sans 1'inclusion de termes sources.
Bien que I’on puisse déja expliquer certains changements pertinents dans le comportement des
champs intensément radiatifs, les propriétés de ces plasmas sont loin d’étre completement com-
prises. Le traitement de processus supplémentaires peut nécessiter de relaxer un certain nom-
bre de simplifications. Une caractéristique intéressante concerne les implications des termes
sources, tels que les réactions nucléaires. En effet, I’analyse asymptotique prédit déja un change-
ment dans l'ordre de grandeur de T’, comme dérivé dans 'annexe B.4. En outre, la résolution
de certains problemes liés a la modélisation astrophysique 1D peut étre une voie intéressante
a suivre. Suivant Canuto [2011a], le modele GSG adapté actuel pourrait étre directement ré-
solu dans un code astrophysique ou méme étre dérivé sous la forme d’un modele de Prandtl
[1925] local, qui pourrait alors fournir une alternative mieux adaptée que les autres modeles
phénoménologiques existants.
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A.1. Generalized adiabatic exponents

A.1 Generalized adiabatic exponents

The assumption of local thermodynamic equilibrium implies some relations between the deriva-
tives of pressure, temperature and density (see Chandrasekhar [1957] and Mihalas & Mihalas
[2013]). These relations are defined by the coefficients I';, I'; and I';, named “generalized adia-
batic exponents” by Chandrasekhar [1957], as well as the coefficients v, v,, Y3 and y defined in
the asymptotic analysis of chapter 2. They satisfy:

dInP P pZe, pP,

_r - _ Pr P 0 Al
(dlnp) pelT( P + P (A1)
dInP T Pyer

- - —(p 2__ @77 A2

2—1 <dlnT> " P< Te P—pze,p> ' (A2

dInT P — p?%e,
,—1=T3-1= =t A3
> <d >S(X pe/TT ( )
1 1Py
—1==(= = = A4
Y3 p<8e> per (A4)
with 7= =2 = 14 21 (P, (A.5)
o T etPp \p> °) 7 '

where we recall that the shortcuts fr and f, stand for the differentiation with constant other
variables in {T, p, c« }. The previous partial derivatives take the form:

_nP P < Y1 ’Y—l>
Pr= —1)pcy , P , er=¢, and e;=—|1——— . A6
T=(v3—-1)p = T P2 po— (A.6)

The following useful relations aims at facilitating some derivations in the asymptotic analysis of
chapter 2:

Y~ 1 YlP FZ Fl Xp

= — —_ = = 7 A.7
Ty, T L= o paT / 1 -1 r—1+XT (A7)
P ymp™
1,;15 = 1/711“? ; YiP—=(v3—1)(v2—1) poy T=41"P" — (v3' = 1) (v2' = 1) pci'T ,  (A8)
oInP olnP O0InP
with = <> , XT = < ) and x, = <> . A9
Xe =\ 9 p T 7\ 0InT ot Yo \0lnp/ ¢ (A9

If a perfect gas plus radiation model is considered, the equality (v, = v3) is satisfied. Besides,
the usual astrophysical pressure exponents inspired from Cox & Giuli [1968] in Eq. (A.9) can be
expressed in terms of the pressure ratio (f = P™/P) such that:

oP, TP 1 },LP

xpszfi , X1=—F=4-3f and X, = T

5 =B . (A.10)

The generalized adiabatic exponents of Sys. (A.1) are gathered in Tab. A. They are expressed in

terms of the pressure ratio 3, depending on the type of system considered, as described here-
after.
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Appendix A. Thermodynamics

Thermodynamic | Perfect Black body Mixture of a perfect gas
quantity gas radiation  and black body radiation
B 1 0 T
vi=I & Y [25 + W
S ]
Y2=v3=13 i Y* 1—1—%
i v i T 12(5(?1135))(2151[:)262

Table A — Table of thermodynamic relations

A.2 Thermodynamics of mixtures

The systems studied in this thesis are considered as mixtures of a perfect gas and radiation,
which means that total pressures and specific internal energies depend on three thermodynamic
variables, such as:

P=P(p,T,n) and e=e(p,T,pn)

A.21 Mixture of perfect gases

The equation of state of a perfect gas is given by relation (1.4). A mixture of k perfect gases of
mean molecular weight py is considered as one perfect gas of mean molecular weight u. Then,
the material pressure of this mixture of perfect gases is given by Dalton’s law of partial pressures
Py, such that:

1
p™ = ZPm =prT™ = pRTmZ— = pBTm =(y"—1)pe™ , (A.11)
k k 22 22
y" o= cm = om and e" =c'T™ , (A.12)

where p stands for the mean molecular weight of the mixture of perfect gases, each having a
mean molecular weight . As for e™ and T™, they refer respectively to the material specific
energy of the mixture and its temperature.

The mean molecular weight pu can be interpreted as an equivalent molar mass M of the
perfect gas. In this way, the specific enthalpy, heat capacities and entropy are:

Pm
m y* R m_ 1 R
= —_, = — Al4
P s T Y T (A-19)
R
s = 'InT™ — " Inp+sy (A.15)
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A.2. Thermodynamics of mixtures

where ¢' and ¢! are matter specific heat capacities respectively at constant volume and pres-
sure. The quantity s is a material specific entropy constant. Here, we assume that each compo-
nent of the mixture is a monoatomic perfect gas, hence y™ = 5/3.

A.2.2 Black body radiation

As thermal radiation is considered isotropic in our applications, the thermal radiation pressure
P' and radiative energy E' are related by the formula (2.4) and then:

1. 1 ..

P' = ZE' = zaRrT" Al

3 3 dRr ’ ( 6)
with T standing for the radiative temperature. Besides, the polytropic laws related to relations
(A.1), (A.2) and (A.3) suppose that, for an isentropic process, the radiation field behaves like a
perfect gas of polytropic coefficient equal to 4/3. A radiative gamma y" (but having no physical
meaning) is introduced such that (y* = 4/3). The radiative specific enthalpy, heat capacities and
entropy are respectively given by:

r PI‘ 4 T
o= E =42 £ (A.17)
. L0 P 4agT®
o - < ) Cger(Z) nlom
4agT"”
- , A19
3 o + 50 (A.19)

where ¢ and ¢, are radiative specific heat capacities respectively at constant volume and pres-
sure. The quantity sfj is a radiative specific entropy constant. It is worth noting that the specific
heat capacity of radiation at constant pressure C; is infinite. Indeed, from Eq. (A.16), as the radia-
tive pressure remains constant, the temperature follows the same behaviour. Hence, the amount
of energy necessary to make the temperature of the system increase of 1 K would theoretically
be infinite.

A.2.3 Mixture of perfect gases and black body radiation

In this thesis, we consider a mixture of perfect gases and radiation. Since the material and
radiative temperature are assumed equal (T = T™ = T"), the equation of state is:

P = P™4P =prT+agT* = (Y™ —1)pe™ +agT* , (A.20)
with Y™ = v d ecent o A21
S om and e=e" + o (A.21)

Again, the total specific enthalpy, heat capacity at constant volume and entropy are respectively
given by:

h=h"+4+h" , ¢,=c"+c, and s=s"+5s" , (A.22)

with all the quantities being defined in the previous sections A.2.1 and A.2.2.
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B.1. Temperature and pressure equations

B.1 Temperature and pressure equations

The derivation of temperature and pressure equations is described as follow. As a reminder, the
LTE as well as the thermal equilibrium allow to consider the following hypothesis:

T=T=T"=T ,

where the superscripts “i”, “e” and “r” refer respectively to the ionic, electronic and radiative
fields. Then, three equations for the temperature can be deduced from the ionic, electronic and
radiative equations of energy, respectively Eqgs. (2.1d), (2.1e) and (2.1f). They can be written:

. 1 . . . .
DT=—(%—1yMNu+mﬁ<m—dwf“+3+j:ﬁ@wf@+WW> (B.1a)
v oc
1 )
=—4y;—nmey+mﬁ(—def+S°+Zk@dw7g—VWf—CFﬁ (B.1b)
v o«
1
= — (‘Yr — 1) Tdivu + p? (—diVFr + 81‘ + Qe_r) , (B]_C)
with:
i PTT 1 pzefp + pP{p i 14+ P— pzefp i 14+ P{T
Yl - peiT P P 7 ’Y2 - peiTT s Y3 - pe}r 7
e 2.e e 2.e e
e ;T P €)o pP,p e P—p €o e P,T r 4
= 1 - 4 = 1 s = 1 7 =5 7
" peT ( P ) + P Y2 + peTT JE + peT Y 3

.

¢ = er , ¢g=e7 , o =E7/p=12P"/(pT)

As already defined in Sec. 2.2.1, the global specific heat capacity at constant volume cy is de-
veloped as the sum of the ionic, electronic and radiative ones, specifically ¢!, c¢ and ¢!, such
that:

cy=c +c 4
In the same way, the total specific energy e is expressed in terms of internal energies of ions e!,
electrons e® and radiation E'/p such as:

e=e+e°+E/p

The ionic, electronic and radiative fluxes are recalled to be F!, F¢ and F,, and S!, S¢ and S*
stand for the ionic, electronic and radiative source terms. Moreover, as in Sec. 2.2.2, the defini-
tions of the polytropic coefficients are expressed in terms of generalized adiabatic coefficients,
defined by Mihalas & Mihalas [2013] such that:

i i

vi =T, ¥i=T5 , vh=T% , v5=T§ ,

: 1 [ oP! 1 [/ oP®
Y3 = 1+p<8ei> and y§=1+p<8ee)
P,Cox
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Appendix B. Asymptotic analysis extension

The expressions of the exchange terms W€ and Q°7 of Egs. (2.1d)-(2.1f) are then deduced:

(vs —v") 2 — (vh — ") (2 +a7) _ divFe +divF" — (x° +x7) divF?

W = — pcl Tdivu

1+ x€+ xt 14 xe 4+ at
el — (x*+a)el, S+ 8" — (x4 x7) (pe + S')
+ 14 x® 4 &t divFa + 14 xe 4+ At ’ (B.2a)
Q" = — pck Tdivu (v —v") +x°(+5 —Yr)xr X (divF' + divFe) — (1 + x°) divF"
M 1+ x4+ xt 1+ xe + af
el +el 2 (pe+ ST+ 8%) — (1+x°) 8"
Trxrgad , B.2b
T xe g AV Pt 1+ xe+af (B.2b)
€ r
with x® = C—:’ and ' = C%’
v Cy

By inserting these expressions in one of the three temperature equations of the system (B.1),
the temperature evolution of Eq. (2.12) is obtained. Besides, the evolution of the total pressure
regards these exchange terms as well. Hence, the pressure evolution of Eq. (2.11) is derived by
replacing the equilibrium values of W€ and Q¢ by respectively Egs. (B.2a) and (B.2b).

The polytropic coefficients used in Eqs. (2.11) and (2.12) are defined from total pressures
and energies. They are indeed related to ionic, electronic and radiative polytropic coefficients
according to:

_ea T (vh =¥ (V=) + ¢ [ (V5 =) (V=) + (vh —¥5) (v —¥5)]

Y1

P 1+ x4 af
AP VP Ay y _vhbays Aty y IR R Ch i
P v 2 1+ xe + af 3 1+ xe +af

B.2 Average and fluctuating velocity, temperature and pressure equa-
tions

This part is devoted to the derivations of the dimensionless equations for u”, P’ and T’, as carried
on with classical techniques by Schiestel [2010]. They are straightforwardly derived from the
evolution equations of velocity, pressure and temperature. In this way, the Favre average is
applied to Eq. (2.18a) and Reynolds averages are applied to Egs. (2.18b) and (2.18c) so that the
evolution equations of averages of velocity, temperature and pressure can be derived as:

(

__ gp ot (el
DtuiZ—af— L3 _ <1 J>+gi , (B.3a)
p p p
DiP = — y;Pdivi — v, P'divi — y,divu’P — y7P'diva’ + (¥5 — 1) C +v4C’ + Sp
+Dp —u"P — uj'ajP/ —viP'diva’ , (B.3b)
DT = — (v — 1) Tdivi — v,T'divi — v,diva'T — (¥ — 1) T'dive’
D _
+ (C + St + T> —u’9T —u/dT —y,T'diva’ . (B.3¢)
pcy PGy PCy J
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B.3. Development of fluctuating diffusion and conduction terms

with the notation ﬁtq of any quantity q written:
Diq = dq + Gidiq

The difference between those equations and the correponding governing ones gives the evolu-
tions of the fluctuations:

7

aP' _pap (1, N\ @ (ou)
Dtu{' =— lp — u]-”(?jui + %1? — <p8]H1]> + % , (B.4a)

DiP' = — y;Pdivu’ — v{Pdivl — y1P'divii + (y3 — 1) C' + v4C + Dp + Sp — ujgP
- (y’lP/ - y’lP’) divu — (yﬁdivu' —yjdivu’ ) P-vy; (P’divu’ — P'divu’ )

+Y5C —VACT + P — (y’lP’divu' - ng’divu’) , (B.4b)

_ — = 1
DT’ = — (y2 — 1) Tdivu’ — y;Tdiva — (yz — 1) T'divat — wig T+ C’ ()

PCy
71\ D1\’ St — _
+c<> + () +<> (4T — T diva
PCy PCy PCy ('Yz V2 )

/
- (v’zdivu’ - v’zdivu’) T-(v:—1) (T’divu’ - T’divu’) el (pi)

—
_C <p1> +WoT — (ysz’divu’ —v4T'diva’ ) : (B.4c)

Finally, by neglecting terms of order 2 and 3, as well as making the system (B.4) dimensionless,
the fluctuating equations of Sys. (2.27) can be derived.
B.3 Development of fluctuating diffusion and conduction terms

The diffusion terms Dp and Dt related respectively to the pressure and temperature evolution
are defined by Eqs. (2.14) and (2.15). As for the conduction term C, its expression is given in
Eq. (2.13). They are recalled as:

P,
Dr = vs), o9 (pD(“)aiC“)+P(Y3—1)ZD(°‘)3jhr«x3jca ,
0.4 [0
Dr = Y Yeg (ppWy D®ah,,d
T = Zp j(P jCoc>+pZ iN,00iCa
04 0.4
4 T
C = §(AGT) with A=A"+A" and A" = -arcy—
3 pK*

The transport coefficients such as the matter conductivity A™, the scalar diffusion D(® and the
Rosseland opacity " are assumed to be spatially constant such that, for a binary mixture of
perfect gases coupled with radiation, the previous expressions may be simplified into:
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Appendix B. Asymptotic analysis extension

Hypothesis: constant transport coefficients

P,
Dp Yy D™ [ng“ ( p0ico + p&zca) + 0 (v3 — 1) 8h,o0; ca] ,
04

Dy Zp(cx) [P (8 pOca + paz ) + pﬁjh,oﬁjca} ,

x

c = Am6§T+4aRC£8[ 8T]
3 «f

Notice that the quantities (P,,/p) and (h,4) are functions of only one state variable, namely the
temperature. Besides, for a hydro-radiative flow field, the radiative diffusion prevails over the
material thermal diffusion, which corresponds to the first term on the right-hand side of C being
neglected with respect to the second one.

The fluctuations of these quantities are developed in terms of fluctuating density, concentra-
tion and temperature, as well as their gradients and second derivatives, such as:

!/

Dp =ZD(°‘) Y3 > dpoic, + 00" dcx + 826 +p’8zco¢)+y3 (Pp“> ( PO + 82 )

+(73— 0’0, o OTs + PO, DTw + PO WBiC! )] ) (B.5a)
P /

Dy =Y D >(8]p86 + 0,00t + pOich + 0Ot ) (p‘x> (]pac(x+p82 )
+0' O o ﬁajh,;a@+§a-ﬁ,“ac;} , (B.5b)
darcy | p oT ET

C == —(-x-2 2X+39 +3 2 2x+9)+ 2=
= [p< D=3+ qE T QX+ £33+ ex )+
+ANET (B.5¢)
3T (6T T (60) (6T T RT
with X = (pl ) . D= — (12(1) 3= §JJ
P

In the high Reynolds limit, the dominant terms of the diffusion terms D}, and D7 are assumed
to be the second derivatives of fluctuating quantities of the state variables, whence the approxi-
mations of the system (2.48).
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B.4 Small Mach-small Péclet asymptotic analysis in the presence of
fast reactions
In the asymptotic analysis of Sec. 2.3, reactions are supposed to have no, a slow (i.e. [Daeg,] < 1)

or a moderate velocity such that ([Daes,] ~ 1). If the reactions are considered fast and the Péclet
number Pe; of the order Mf, one has:

1
Daeg, ~ M, >1 and Pe; ~ Mf

In that case, the reasoning of Sec. 2.3 can be followed once again, provided that some modifica-
tions occur.
B.4.1 Small Péclet

Likewise, the asymptotic developments regarding any fluctuating quantity q' are inserted into
Egs. (2.27b) and (2.27c), expressing repectively the evolutions of the fluctuating pressure and
temperature. Let us recall that, for any q':

q =q9 +MqV +M2q? +0 (Mf)
Then, by collecting terms of order Pe;' = M;? and M}, the following system is obtained:

c9-o , (B.6a)
3’(0)

' = [Daes,Pet] S}(O) = [Daeg,Pe;] —~
Ys—1

(B.6b)

The same result as Eq. (2.39) is found by using Eq. (B.6a), such that:
T =0

Moreover, the expression of 81;(0), extracted from the source term Sf, related to pressure, defined
in Eq. (2.48d), is developed as:

P,S«

) /(0
. ) +(v3—-1) S

"= (

x

Then, the two other equalities from Eq. (B.6b) lead to:

P.Sx \'”
Z(p g )) S

fod (’Yi?: —1 (B7)

0, [?\E)jT’(l)} = [Daes,Pey| S%(O) = [Daes,Pey

It shows that an asymptotic development with ([Daes,] > 1) is only possible if the order of the

1(0)
quantity ) (01(1%30{)) is higher than the one of S}(O).
24

186



Appendix B. Asymptotic analysis extension

For a ionized perfect gas, which equation of state is defined in Eq. (2.51), this compatibility
condition implies for each species «:
oo — T

r

<1

This condition is assumed to be verified in the present asymptotic analysis. Hence, contrary to
the case where reactions are slow, Eq. (B.7) entails that temperature fluctuations are of the order
of M and not M?.

Finally, the order 0 of Eq. (2.27c) gives another relation that link the fluctuating divergence
1(0) (2)

divu and conduction C'**’/ terms, such as:
— T M| c'®
(Y2 — 1) Tdivu’©® — [Pett] == [Daes,] «51/><1) : (B.8)

B.4.2 Small Mach

Regarding the small Mach analysis, its contribution implies the same results as in Sec. 2.3,
namely:

P’(O) — P/(l) =0
With this order of magnitude, Eq. (2.27b) at order 0 implies:

2
yiPdive’® — [g&t ¥5—1)C'"? = [Daey | SAV . (B.9)

(2)

tion of Egs. (B.8) and (B.9) allows to derive their expressions with respect to other fluctuating

This relation links, once again, the quantities divu’ ©) and ¢’ together. Thus, the combina-

variables, as obtained in the system (2.49).

B.4.3 Synthesis

This asymptotic analysis has proven that the following orders of magnitude are satisfied when
the reaction rates are high:

/ /

T
T M? and T~ Pe¢ [Daesg, | ~ M

Hence, fast reactions maintain a level of temperature fluctuations similar to the ones of other
thermodynamic quantities. Then, the effects of temperature cannot be neglected anymore.

As for the expressions of the fluctuating divergence divu’ and conduction C’ terms, they are
compatible with the ones of the system (2.49), which are derived in the hypothesis of moderate
reactions. According to the assumptions of rapid reactions or not, dominant terms are different,
but both relations remain valid.
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C.1. TRICLADE

C.1 TRICLADE

TRICLADE is an in-house CEA code originally conceived in order to solve purely hydrodynamic
systems. In order to validate the asymptotic analysis carried out in chapter 2, the latter has been
adapted for the simulations of a hydro-radiative instability. The implementation of radiation,
carried out by J. GRIFFOND, led to specific treatments regarding the numerical flux as well as the
material and radiative boundary conditions. They are presented in the next sections, along with
some relevant information for the numerical resolution of simulations HP, sP; and SP,. Note
that these three contributions have been part of this thesis.

C.1.1 Governing hydrodynamic mixing equations

TRICLADE is originally dedicated to hydrodynamic applications for which the flow mixing
treats the following Navier-Stokes equations (found for instance in Giovangigli [2012]) and an
advection-diffusion equation related to the concentration:

e + 9 (puj) =0,

O (pui) + & (pujyy) +P™ = of; — GTT;

O (pe™) + G5 (pe™uy + PMyy) = C — I10u; — Q. + pfiu;
O (pe) + 9 (pewy) = -7

with the notations 0;- and ;- referring respectively to the partial derivative with respect to the
time t and to the spatial coordinate x;. The density and velocity components are denoted respec-
tively p and u;. Note also that the Einstein convention on the summation of indices is used for
latin letters. For the sake of commodity, the superscript “m” regarding flow variables is related
to the material field. In addition, a binary mixture of two ideal gases indexed “a” and “b” with
the same adiabatic exponent y, = vy, = Y™ is treated. They are submitted to volumetric forces
f, usually considered as a homogeneous gravity g in this work. The viscous stress tensor I1;;
and the scalar flux F; are closed using respectively the hypothesis of Stokes regarding Lame
coefficients and the Fick law:

1
Hij = _2|"LV <Sll — 3d1V1I61]> and ]:C] = _pDCa]C 7

with §; = (3jui + 8iuj) /2 the instantaneous tensor of deformation, p, = pvy the dynamic vis-
cosity of the mixture, vy its kinematic viscosity, D, the scalar diffusion coefficient and c the mass
fraction of the gas indexed “a”. The velocity divergence is written divu = du;.

Besides, the notations C and Q. are related respectively to the thermal conduction and to
the sum of thermal and enthalpic fluxes. These quantities are then defined with respect to the
Fourier law and based on an isothermal mixing model. Hence,

C
Qe

g (AT,

O [-ATOT™ (b — hY) Fof] = = |N"OT™ 4 pDe b (1 = 1) T
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with A™ and T™ the material thermal diffusivity and temperature. The ideal gas constant and
the material specific heat capacity at constant volume of the mixture can be expressed in terms
of the concentration as:

c+nmn(l—c
Fac + 1o ( ) with c@:ria and Cvmbzyrbl
b —

;
{c€1 = clc+c® (1—c) Ya—1

At last, the material pressure P™, specific energy e™ and specific enthalpy h™ rest upon a ideal
gas model such that:

P™=prT™ , e™=c'T™ and h™=e™+P"/p

C.1.2 Governing hydro-radiative mixing equations

After the implementation of radiation, the flow mixing is now solved by the following Navier-
Stokes equations, coupled with radiation treated in the diffusion limit, and adding an advection-
diffusion equation related to the concentration:

O + 6 (puj) =0,
O (pwi) + G (pujyj) + OP™+ AgqgOE" = ofy — §1T; ,
Ot (pem) + 8] (pemuj + Pmu]-) + )\EddeOjEr = —Cngr (aRTm4 - Er> - Hi]-@jui - Q.+ pfiui ’

3—f )
OE" + 0] <2EddErUj> — )\EddeOjEr = +cppk” (aRTm-l — Er> +C

9 (pc) + 3 (peyj) =—8F ,

with ¢, the speed of light and ar the radiation constant. As matter and radiative pressures are
treated as scalars in the code, the total pressure as well as the radiative energy are expressed by:

P=P™+P" and E' =agT™* with P"= AggqE" ,
where T stands for the radiative temperature. The total conductivity C takes the form:

4aRc@Tr3

C .
C = 8] <)\m8ij + 7\Eddpér8jEr> = 8] ()\maij + }\rajTr) with A" = )\Edd :

which may be simplified into C = &, (A"jT") since the radiative conductivity A" overwhelms the
material one A™ in one’s present applications. The opacity is implemented with respect to the
definition of Chandrasekhar [1957] and takes the form, for p and q fixed positive integers:

K" = kppPT' with k' = and k' =«kic+«k{(l—c) ,

1
pAT
where «{ is a constant and A" is the Rosseland mean free path. The Eddington factor fgg4 and
the Eddington flux limitor Agyq are taken currently as fgqq = Agqq = 1/3. They are related by:

2 + Rgqq
6 + 3Rpgq + Rigy

_ o]

ith R
wi Edd oKTE"

fEdd = MEdd + AfaqREqa and  Apaq =
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C.1.3 Hyperbolic and parabolic systems

The governing hydro-radiative equations are split into two parts: one that couples radiation and
the fluid in a hyperbolic subsystem and a parabolic formulation in which radiative diffusion and
source-sink terms evolve. Removing the equation for the concentration, the first one yields:

e + 9 () =0,
O (pwi) + & (pujyy) + OP™+ ApaaOE" =0 ,
O (pem) + (9] (pemuj + Pmu]') + 7\Eddu]'({)]'Er =0 ,

3-—f
8tEr + (9] < 2Edd Eru]) - )\EddujajEr =0 ’
and the second one holds:

1 : : Y

, u;
OE" = +cppk” (aRTm4 — Er> -2 )\EddEJGjET—FC

The diffusive relations are coupled due to the quasi-equilibrium of temperatures T™ ~ T*. The
conservative system of the seven variables (p,u,e™, ¢, E") can hence take the form:

U+ VF+8™ =0 ,

P pu 0

pu puu + (P™ 4 PT) —E'V Agad
with U= | pe™ , F=| pem™u+ (P™"+P")u and S = | —E"V (Aggqu)

pc pcu 0

E* 3~ frga 2 Aead By E'V (Agdqu)

TRICLADE then solves these equations in two steps. First, the conservative form allows to define
the fluxes at the faces of the cells with respect to an approximate Riemann solver and second,
the exchange terms present in S** are accounted for with a centered treatment.

C.1.4 Numerical flux

The original numerical flux used in the purely hydrodynamic version is the HLLC found in
Toro [2013]. In the (Rggq — 0) limit, i.e. the (fggq = Agqq — 1/3) limit, the conservative mono-
dimensional system with respect to the x-axis provides:

p pu 0

pu puu + (P™ 4 PT) 0
U= | pe™ , F=1] pemu+ (P™+P")u and S =| —1E"0u

pc pcu 0

E* E'u %Erﬁxu
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where P' = E'/3 and P™ = (y™ —1) pe™ and from which the HLLC flux is adapted in order
to account for the presence of the radiative terms. For the sake of compacity, only the projected
velocity u along the x-axis of u (u, v, w) is shown. The derivation of the numerical flux for all the
velocity components can then be easily carried out by replacing u by v or w. In the next demon-
strations, the equation for the concentration is dropped since its treatment is self-consistent and

remains the same as in the pure hydrodynamic version.

The aim of this section is to derive an approximate Riemann solver dedicated to the hy-

perbolic subsystem of TRICLADE. In particular, it includes a three-dimensional and multi-

component flow, i.e. the scalar advection-diffusion equation and the diffusion approximation

related to the radiative field, all solved with respect to the cartesian frame (x,y,z). This time

again, only the x-component is shown for the sake of compacity, and since a “split”-Riemann

solver is implemented in TRICLADE. Hence, one considers a domain having appropriate bound-
ary conditions and confined in a control volume of dimensions (x x t) € ([x¢,xg] x [0, T]). The

Riemann problem takes the form:
U+ 0 (F(U))=0 ,

and where, assuming an explicit conservative relation:

At
U?+1 = U? — Ax (Fi+1/2 - Fi-l/z) ’

such that At and Ax are respectively the time and space steps of the discretization and the nu-

merical flux Fj,1 /, is the unknown to be determined.

The current HLLC numerical flux is inspired from the HLL one from Harten et al. [1983], in

which the fastest signal velocities stemming from the initial discontinuity located at the interface
is estimated by the means of a two-wave model for the structure of the exact solution. The
accuracy of the HLLC comes from the assumption of a three wave model, as shown in Fig. C.1,
which tends to improve the resolution of the intermediate waves. According to Toro [2013], the

approximate HLLC flux is given by:

Fr. if x/t < Sp , UL
F * 'f < < * *
Fiipo= . 1 SLos X/t s ST with U(x,t) = UL
Fr* if S* < X/t < SR , Ur*
Fr if Sg < X/t , Ur

if
if
if
if

ININ A

x/t
x/t
X/t

x/t

IANIN A

7

S
S*
Sr

where, by applying Rankine-Hugoniot conditions across each of the wave speeds S, S* and S,

one has the relations:

F.*=F.+S. (UL* — UL) ,
FR* =Fr +Sg (Ur* —Ur) ,
with the intermediate wave S* originally taking the form:

g - PR —PI' + prur(S. — up) — prur(Sr — ur)
pL(SL —ur) — Pr(SrR — UR)

and Fr*=F."+S* (UR* — UL*)

4

(C.5)
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UL* UR*

TS, 0 TSg

Figure C.1 - HLLC approximate Riemann solver. Representation of the wave structure derived from the
Riemann problem in the control volume (x x t) € ([xr,xg] x [0, T]) such that xp, < T-Sp and xg > T - Sg
with T an arbitrary time and where S;, and Sy are the fastest signal velocities perturbing the initial data
states respectively Up, and Ug.

In order to solve this problem, one needs to add supplementary conditions. The first ones
regarding the pressure and the velocity are held by the exact solution and the second one allows
to estimate the velocity in the star region to be characterized from the estimation of the wave S*.
They are both respectively written:

P*:P *:P* ,
{ L R and S*=u"

Then, regarding the radiative diffusion equation, the simplest version of the approximation con-
sists in treating the jump of radiative energy E" such that it is hold by the discontinuity of contact:

Ei"=E and ER"=Ef ,
but it is physically wrong. Then, the equivalents of relations:

SLUL* — FL* = SLUL — FL and SRUR* — FR* = SRUR — FR P

become:
P p;S* oL pLur
s | U B (Pu)r+S" + (P™" + P™) g, | Prwo [ | erwut (P’ +Pp)
pe™ (pe™)+S* + (P™" +P)u* pLef preftur + (Pf + P)ur
B Bf'S' Ef fug

L*
and analoguously by substituting L by R. Then the first line gives:

SLpp — pLuL —p Sy —uL
S, —S* Lg, —s 7

L=
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which allows the second line to simplify into:
(P™ +P™) — (P + P) = p.(S* — ur)(SL — ur)

On the one hand, this relation permits to determine an estimation for the pressure when all the
velocities are characterized. And on the other hand, the substitution of P* = P™* 4 P™* yields
the system:

P PL 0
Pm* Pr* _ m Pr
(SL o S*) pu — (SL - uL) pLuL + ( ; +* ) ( L + L)
pe™ pref (P™ 4+ P™)u* — (P{* + P )ur
E* . L 0
hence,
p PL 0
S* — Sy —
(SL —S*) pl; = (S, —up) pLunE n . fL( u)( L ur.) *
pe pLeL (PL +Pp)* —ur) + p(S" —ur)(SL — up)u
E* . I 0
and finally,
P PL 0
. u S* 0
G-s| | =s—uw | ] L o )
pe prep (8" —ur) [(P[" + PL) + pr.(SL — u)u’]
B/ Ef 0

From there, the material specific energy holds:

SL—uL< |: (P?+P£):|>
e =pra——s e + (8" —u) |S" + ——=
(pe™)Lr = pL 5, —5 |\ ( L) o (51— u)

and as for the volumetric radiative energy, one has:

«  Sp—ug
Bff= 2t LE;
L SL_S* L

The same relation is obtained from the relation:
Srur” —Fr* =SpRUr — Fr ,

by replacing L by R. Besides, the hypothesis of up.* = ugr* = S* is exploited so that one may
derive the relations:

(P™ + P — (P +PL) = pp. (8" —ur)(SL —ur) ,
(P™ + P")re — (PR + PR) = pr(S* — ur)(Sr — ur) ,
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which must be verified simultaneously for the equality:
P 4 P = (P 4 P = (P™ + P)gpe
to be implicitely satisfied. It entails,
(PL' +Pp) + pL(S" —uL)(SL —ur) = (PR + Pr) + pr(S* — ur)(Sr — ug) ,
and hence provides the contact wave speed:

(PR + PR) — (P} + PL) + ppur(Sp — ur) — prur(Sr — ug)
PL(SL —ur) — Pr(Sk — UR)

S =
which allows to respect the consistency of the numerical flux for each conservative component.
This expression is in accordance with the one found in MESA by Paxton et al. [2018] and can be
compared to its pure hydrodynamic version (C.5).

Finally, TRICLADE can adopt two possible versions of the HLLC flux. The first one, denoted
HLLC1, relates on the previous relations. The drawback of this method lies on the choice of the
velocities S, and Sg, based on Einfeldt [1988] according to Nishikawa & Kitamura [2008] that
relies on a Roe solver. In this way;, it seems appropriate to modify the different sound speeds in
order to account for corrections due to radiative field and hence make the substitution:

ymp™ - YmP™ 4 4P" /3
\/ p \ P '

The second version HLLC2 uses approximate solvers of Toro [2013] which are only valid in pure
hydrodynamic cases. It is then a priori less reliable than HLLCI.

C.1.5 Configuration of boundary conditions

The numerical validation of Sec. 2 carried out with TRICLADE relates on the simulation of a
radiative Rayleigh-Taylor instability. The turbulent flow induced by the latter evolves with re-
spect to a statistically mono-dimensional field in the cartesian frame (X, y, z). The configuration
of boundary conditions is straighforward for both TRICLADE’s subsystems in the homogeneous
plan (y, z) where periodicity is chosen between each opposite faces along the y- and z-directions
such that:

Pdom. = Popp.

Udom. = Uopp.

eg})m. = eg}op. ’

where p, u and e™ stand respectively for the density, velocity vector and material specific en-
ergy. For the sake of commodity, the subscripts “dom.” and “opp.” regard respectively the inner
computational boundary and its opposite edge.

However, the boundary conditions along the inhomogeneous x-axis needs specific treat-
ments, as depicted in the two next paragraphs.
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C.1.5.1 Material boundary conditions

At first, classical slip wall boundary conditions are considered for the material subsystem, which
reverses to the constraints on state variables:

Pdom. = pgho. ’
Undom. = ungho. ’

Utdom. =0 ,

1
eg})m. = egilo. + ’)T—l (g]dX]> ’

where the notation dx; refers to the total differential with respect to the spatial coordinate x;. The
Einstein convention on the summation of indices is used for j and the subscript “gho.” regards
the cells in the extended ghost zone.

The normal and tangential components of the velocity field are denoted respectively u, and
u;, the material adiabatic exponent is written y™ and the gravity components are represented
by g; with respect to the cartesian frame.

Hence, the slip boundary condition erases the normal component of each variable at the
edge of the domain and keeps the tangential components untouched. However, these classical
conditions appears to be incompatible with the implemented initial profiles, which is due very
strong gradients appearing at the boundaries.

A slight correction consists hence in extending these profiles from the inner computational
domain to the boundary domain. This extension to the ghost zones allows consequently to
achieve a better hydrostatic equilibrium. They are continuously re-computed in these zones
during the run of the simulations.

C.1.5.2 Radiative boundary conditions

The diffusive subsystem requires effective radiative boundary conditions. The latter, known as
the “Marshak” conditions, are derived in this part.

The equation of radiative transfer is a first order diffenrential equation in space and time
and hence includes boundary conditions in both of these variables. The system is supposed
non-re-entrant, i.e. photons leaving the body cannot enter back in any part of it, and such that
no photons may enter from any bounding surface at all. Hence, the specific intensity I in a grey
atmosphere, i.e. independant of the frequency v, follows at the boundary:

I(x,kt)=0 ,

or so-called the “vacuum” or “free surface” boundary condition, with respect to Eq. (2.30) from
Pomraning [2005]. The intensity I can be interpreted as a distribution function for photons that
depends on the spatial position vector x, the direction of travel of photon k and the time t.
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One of the main assumptions regarding the diffusion approximation of the radiative transfer
equation is that the angular dependance of I can be characterized by two terms developed in a
spherical harmonic expansion, such that:

I = [ ldk ,
L =, Ikdk |,

_ L

I
47

3 .
Ip+ Ek -I; with { (CS)

where Ij is a presumed dominant term and I; its first order anisotropy correction. Besides,
inserting this equality (C.8) in the equation of transfer allows to characterize these unknowns
as:

Iy =cE AT 1
0 =« with B =agT™* , Fr= S UE and AT= — (C.9)
I, =F , 3 pK!

where ¢/, agr and A" stand respectively for the speed of light, the radiation constant and the mean
free path of photon. The radiative energy E" depends solely on the radiative temperature T* and
the radiative flux 7' has one more dependance on the opacity k" and, in a much lesser extent,
on the density p of the gaseous flow field. Then, the Marshak condition, taken from Egs. (2.29)
and (3.12) of Pomraning [2005], corresponds to the choice:

1 3
I(n-k dk:/ S lo+ kI ) (n-kK)dk =0 |
./n-k<0 (1) n'k<0 (47T 07 4r 1) (n-1)

where n is an unit outward normal vector at the surface point x. It reverses then to:

1 1
Jo—5nh=0, (C.10)

and by inserting the expressions (C.9) of Iy and I; in Eq. (C.10), one obtains finally:

1
Zgr .VE' =
> +3p|<1”n v 0,

which are implemented numerically as Robin conditions applied to the radiative energy. In
TRICLADE, they regard the boundaries along the (inhomogeneous) x-axis and E' is treated as a
scalar. Hence one retains the simple form:

2 n-VE =0

El‘
+ 3pkT

Notice that the prefactor involving the opacity k" entails the second term on the left-hand side
of the equation to be of greater order than the first one. This feature indicates that this equality
may reverse to simple “Dirichlet” conditions applied to E":

E'=0
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C.2 Numerical resolution

In Sec. 2.5, we argued that the simulations HP, SP; and SP, were sufficiently resolved that they
could be called DNS. This section aims to defend this assertion.

TRICLADE is a shock-capturing code which introduces a numerical dissipation ¢num that can
be estimated from the budget of turbulent kinetic energy k = 1Ry

[P
pui ui Uy

2

dc (Pk) + Ox (Pkuy) + Ok + PRy Oxty + uf 0P + O P'ull — P'ojul + duf Tl

o =0 ,  (C11)

—~—

where R;; = u/u/’ is the Reynolds stress tensor and IT; the instantaneous tensor of deformation.

L]

This numerical dissipation can be assessed from the residue containing the following deviation

from the average:

pufual
2

Penum = — | O (PK) + Ok (Pkux) + + PRxOxty + uf 0P + O P'ull — P'oju) + duf Ty

—Hﬂalu{']

Note that this term involves also the numerical diffusion but the latter vanishes when a spatial
integration along the whole domain is performed. As for the physical dissipation ¢, it is related
to the last term on the right-hand side of Eq. (C.11) through:

EECI) = _Hilalu{, ’

which allows to characterize the total dissipation ey simply as the sum of its numerical and
physical parts:

€tot = Enum T 970
Figure C.2 shows the spatial profile along the x-axis of the ratio of the cell size 5x to the Kol-
mogorov length scale 1, such that:

1/4

Ly < v3 >

x=— and n-= v ,
I\Ix 1 €tot.

at the transition time t = 17 and at t = 34. Following the prescription of Pope [2000], small scales
are well resolved if this ratio %X remains under the typical value of 2.1. This seems respected by
the simulation HP at both times. As for the small-Prandtl simulations SP; and SP», they are at
the limit of resolution in both cases.
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Moreover, as confirmed by Fig. C.3 that displays the temporal evolution of this ratio at the
initial position of the interface, the three simulations HP, SP; and SP, can be considered as highly
resolved. The difference of evolution between the high and small Prandtl simulations stem from
the behaviour of the RTI. It involves a higher turbulence intensity in the small Péclet regime
where the kinetic energy keeps increasing, as seen in chapter 3 and a collapse of the turbulent
field in the high Péclet limit. This explains why the high Prandtl simulation HP looks even better
resolved than the others.
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Cell size to Kolmogorov length scale
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Figure C.2 — Spatial profiles of the rate of cell size to Kolmogorov length scale % at (a) t = 17 and (b)
t=34.
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Figure C.3 — Temporal evolution of the rate of cell size to Kolmogorov length scale % at the center of the
mixing zone.
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Figure C.4 displays the spatial profiles along the inhomogeneous direction of the ratio of
physical to total dissipation % at the times t = 17 and t = 34. It remains superior to 80% for all
simulations and seems to reach higher values, around 90%, in the high Prandtl one HP. Hence,
they can all be considered as highly resolved. Furthermore, at t = 34, the thresholds of sy and
SP, spread over a larger zone than the one of HP. This is explained by the growth of the TMZ in
the small Péclet regime, as explained in chapter 3.

Figure C.5 shows the computation of this ratio at the center of the mixing zone with respect
to time. It confirms the last statements since the rat10 £ does not seem to reach values under
around 80%. Thus, as found previously with the use of the Kolmogorov length scale, all three
simulations HP, SP; and SP; can be regarded as highly resolved.
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Figure C.4 — Spatial profiles of the rate of physical to total d1551pat10n - at (a) t =17 and (b) t = 34.
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Figure C.5 — Temporal evolution of the rate of physical to total d1531pat10n - at the center of the mixing

zone.
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The purpose of this work is to derive a small turbulent Péclet—small turbulent Mach number approximation
for hydroradiative turbulent mixing zones encountered in stellar interiors where the radiative conductivity can
overwhelms the turbulent transport. To this end, we proceed to an asymptotic analysis and determine orders
of magnitude for the fluctuating temperature and pressure, as well as closed expressions for the fluctuating
conduction and velocity divergence. The latter is used to extend a Reynolds stress model to the small-Péclet
regime. Three-dimensional direct numerical simulations of radiative Rayleigh-Taylor turbulent mixing zones are
performed, first, to validate the asymptotic predictions and, second, to validate their use in the Reynolds stress

model.

DOI: 10.1103/PhysRevE.102.033111

I. INTRODUCTION

Within stellar interiors, turbulent zones can appear under
the action of a wide variety of mechanisms, ranging from
shear and rotation to convection and double diffusion [1,2].
The development of these turbulent zones usually entails the
transport and mixing of elements that would have otherwise
remained segregated and confined within bounded regions of
the star. Through these effects, turbulence can have a last-
ing influence over the whole stellar evolution cycle. Among
others, it can affect the life expectancy of stars, impact the
observations susceptible to be made from Earth, and modify
the abundance of some elements [3-5].

A distinct feature of stellar turbulent mixing zones stems
from their interaction with radiation. In stellar interiors, the
radiative field is in local equilibrium with the surrounding
plasma and obeys the diffusion approximation. As a result,
heat transfer is the sum of a thermal conduction term and of
a radiative diffusion term. The latter is order of magnitudes
higher than the former. It is so high that the Prandtl number,
Pr, defined as the ratio of the viscosity to the sum of the
thermal and radiative diffusivities, can reach values much
smaller than one. Small-Prandtl-number fluids are certainly
not uncommon on Earth. Liquid metals, such as those found
in the Earth’s core or in some nuclear reactors, exhibit Prandtl
numbers ranging from 107! to 1073. However, these values
remain much higher than those found in stellar interiors. For
instance, in the radiative zone of the Sun, Prandtl numbers can
become as small as 10~°. This difference in Prandtl numbers
is not merely quantitative: It also changes the context into
which turbulent convection takes place.

Along with conduction and radiation, turbulent convection
is the third major process that is involved in the transport of
heat. Its efficiency with respect to the other two processes
can be weighed by the turbulent Péclet number, Pe,. This
nondimensional number compares the diffusivity of turbulent

2470-0045/2020/102(3)/033111(18)
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eddies, estimated from their typical size and velocity, to the
sum of the thermal and radiative diffusivities—which, in our
case, is essentially the radiative one. Thus, in a stellar context,
a small Péclet number indicates that radiation is much more
efficient than turbulence at transporting heat, while a large P¢-
clet number implies the contrary. Whether the Péclet number
is small depends on the value of the Prandtl number, Pr, of
the fluid. It also depends on the Reynolds number, Re;, of the
flow. Indeed, given its definition, the Péclet number is equal
to the Prandtl number multiplied by the ratio of the turbulent
diffusion to the plasma viscosity, which is nothing more than
the Reynolds number Re;: Pe; = Pr x Re;. Therefore, a small
Péclet number can only be achieved provided the Prandtl
number is much smaller than the inverse Reynolds number
Pr <« Re;!. This is where the difference between the Prandtl
numbers observed in stars and in liquid metals comes into
play. Indeed, fully developed turbulence is usually attained
for Reynolds numbers larger than 10°. As a result, in liquid
metals, one can hardly combine a fully developed turbulent
state with a small Péclet number. By contrast, with Prandtl
numbers as low as 1077, turbulence with high Reynolds and
small Péclet numbers can exist in stellar interiors. And in-
deed, according to current state-of-the-art stellar simulations
[6,7], turbulent mixing zones with small Péclet numbers are
predicted to occur in most mid-sized and massive stars in
their main sequence phase, their red-giant one, or both. As
an example, at the frontier of the radiative core of a red
giant of one solar mass, a turbulent mixing zone generated
by a double-diffusive thermohaline instability is predicted to
possess at its onset Péclet numbers on the order of 1072-10!
and Reynolds numbers around 10°-107.

The existence of such mixing zones raises a challenge
in terms of turbulence modeling. Indeed, while statistical
closures for high-Péclet turbulence are well established and
widespread, the same cannot be said about their small-Péclet-
number counterparts. To date, most efforts addressing this

©2020 American Physical Society
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issue have been circumscribed to the concept of “mixing
length” introduced nearly a century ago by Prandtl [8] and
adapted for stellar convection [9-12]. This type of closure is
in practice the one that is almost exclusively implemented in
stellar evolution codes. A notable exception is the Reynolds
stress model (RSM) proposed by Canuto [13,14], which us-
age remains unfortunately marginal. But independently from
the particular modeling framework retained, a common point
of these works lies in their attempt to capture the scaling
of turbulent quantities in the limit of infinitely small Péclet
numbers. This asymptotic limit is indeed one of the essential
building blocks on which statistical models can be derived to
deal with small Péclet turbulence.

More precisely, the limit of infinitely small Péclet num-
bers is a singular limit of the Navier-Stokes equations. By
applying an asymptotic analysis, a simplified approximation
of the real flow can be formulated in which temperature
fluctuations equilibrate instantaneously with their environ-
ment. This approach is similar to the one used for dealing
with small turbulent Mach numbers, M,. In that case, an
asymptotic analysis allows us to derive an approximation
of the real flow, called pseudocompressible, anelastic, or
Boussinesq-Oberbeck, in which acoustical phenomena equi-
librate instantaneously [15-20]. Small Péclet approximations
are usually considered jointly with their small-Mach coun-
terparts, which they complete and modify. This joint limit
is appropriate for stellar turbulent flows which are in effect
characterized by small turbulent Mach numbers, M, .

Several works [21-25] have thus been devoted to the study
of the small Péclet—small Mach number limit, hereafter re-
ferred to uniquely as the small-Péclet-number limit in order
to alleviate notations. However, some elements in these pre-
vious studies may not be fully adapted to the treatment of
stellar turbulent mixing zones. For instance, in Refs. [22,23],
an isovolume Boussinesq-like assumption is made prior to
the asymptotic analysis, instead of being derived from it.
The outcome of the analysis is consequently limited to small
depth motions in addition to small Mach numbers [15]. In
Refs. [24,25], a complete asymptotic analysis is led. However,
the authors enforce a static reference state, while for turbu-
lent applications, a mean varying state would be preferred.
Besides, the analysis is restricted to perfect gases. But most
importantly, none of the mentioned studies [21-25] accounts
for the presence of mixing, while it is one of the key aspects of
stellar turbulence that needs to be dealt with. Finally, no veri-
fication of the derived asymptotic approximation is proposed.
Therefore, an adaptation of existing small-Péclet-number
asymptotic analyses is required for stellar applications, and
elements of validation need to be provided.

Another point that requires some clarification is the
way a small-Péclet-number approximation can be used to
derive statistical turbulent closures. The outcome of small-
Péclet-number asymptotic analyses are expressions for the
fluctuations of the velocity divergence and of the con-
duction term, as well as an order of magnitude for the
pressure and temperature fluctuations. All of these elements
impact the evolutions of the fluctuations of thermody-
namical variables, such as density or temperature. They
should consequently be accounted for in the formulation
of any statistical model following the correlations between

these variables and aiming at dealing with small-Péclet
flows.

Thus, the main objective of this work is to derive and val-
idate a small-Péclet-number approximation relevant to stellar
turbulent mixing zones. As a secondary objective, we also
aim to illustrate how this approximation can be used for the
purpose of turbulence modeling. To attain these objectives,
we first proceed with an asymptotic analysis based on the
evolutions of the fluctuating velocity, pressure, temperature,
and species concentration adapted to the hydroradiative flows
encountered in stellar interiors. This leads to our main results
regarding the orders of magnitude of the fluctuating tempera-
ture and pressure, as well as expressions for the fluctuating
velocity divergence and for the conduction term. The ob-
tained expressions are contrasted against the ones obtained
in the high-Péclet case, as well as those derived in other
works [21-24]. Then these predictions are validated by per-
forming numerical simulations of a radiative Rayleigh-Taylor
instability in the small-Péclet regime. This particular flow
is not expected to occur as such in stellar interiors. Still, it
retains many of the elementary ingredients that are relevant to
stellar flows (including mixing, convective instability, stratifi-
cation, and small Péclet numbers). It consequently constitutes
a relevant test bed for validating our predictions. Finally,
the impact of the small-Péclet-number approximation on tur-
bulence modeling is illustrated by considering an existing
second-order one point model and adapting its formulation.
The model retained for this task is the Grégoire-Souffland-
Gauthier (GSG) model [26], which is a RSM model designed
for treating high-Péclet variable density turbulent mixing
zones submitted to different types of convective instabilities,
such as those encountered in a stellar context. While illus-
trated on this particular model, the procedure detailed here can
in principle be used to adapt other existing RSM models. Be-
sides, it is worth stressing that RSM models can be simplified
into mixing-length models, as shown by Canuto [14].

The remaining of this work unfolds as follows. In Sec. II,
the governing equations of the flow are detailed, made nondi-
mensional and split into a mean and a fluctuating part. Then,
in Sec. III, an asymptotic analysis of these equations is led.
The result of this analysis is validated in Sec. IV. Finally,
the adaptation of the GSG turbulence model to match the
small-Péclet-number limit is unveiled in Sec. V.

II. RADIATIVE MIXING FLOW DESCRIPTION

A. Governing equations

We consider a plasma defined by its density p, its velocity
u, the mass fractions of its N; species of ions ¢, for {o¢ =
1, ..., N}, and the internal specific energy e of its ions and
electrons. This plasma is submitted to a gravitational force
g and is coupled to a radiative field of volumetric energy
E”. With a good approximation, the radiative field of stellar
interiors obeys the equilibrium diffusion approximation [27].
As a result, a single temperature 7 is needed to describe
radiation and matter. Besides, instead of ¢” and E”, one only
needs to follow the total specific energy e, defined as:

e=e"+E"/p.
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Within this setting, the evolution of the hydroradiative flow
considered in this work is given by the following equations:

D,p = —pdivu, (la)
pDiuj = —9;P — 9;11;; + pgi, (1b)
pDicoy = —0;Fy s (Ic)

pDe = pe — Pdiva — 9; F;. (1d)

In these equations, the notations 9;-, D;-, and div- refer,
respectively, to the partial derivative with respect to the spa-
tial coordinate x;, to the Lagrangian time derivative and to
the divergence operator. In particular, one has diva = 0;u;,
and, for any quantity ¢, D;q = 0;q + u;0;q with 9, the partial
derivative with respect to the time . Note also that the Einstein
convention on the summation of indices is used for Latin let-
ters. However, it will not be so for Greek indices, in particular
for the index « attached to the species.

An important point that needs to be stressed is that the
pressure P appearing in Eqs. (1b) and (1d) is the total pressure
of the radiative flow, i.e., the sum of the material and radiative
pressures, respectively denoted by P™ and P':

P=P" 4P

In intermediate mass stars, such as the Sun, radiative pres-
sure is usually negligible compared to the material pressure.
However, this is not the case in massive stars, where both
components can be of the same order.

Appendix A describes the equations of state and the clo-
sures for the viscosity tensor Il;;, dissipation &, and the
molecular fluxes F,; and F; introduced to solve Egs. (1).
Among the main quantities used hereafter, let us mention
the constant volume specific heat C,, the total thermal con-
ductivity A, which are the sums of material and radiative
contributions, respectively, and the thermal diffusivity x de-
fined by x = A/(pC,).

The asymptotic analysis proposed below in Sec. III deals
with the properties of the velocity field u, of the total pressure
P, and of the temperature 7. The evolution equation of u
is given in Egs. (la)—(1d) but those of P and T still need
to be made explicit. The evolution of these two quantities
can be deduced from Egs. (1a)—(1d) by using the differenti-
ation chain rule with P and e, namely by writing that D,P =
PrD,T +P,D;p+ ) ,PuDic, and that D;e =erD,T +
e,Dip+ ), eqDicy, where the notations fr, f,, and f,
for a function f(p, T, c¢,) have the meanings fr = drflp.c,,
fo=0oflr.c,» and fo = 0, flp 1.cs.,- Then, by combining
these equations and after using some of Maxwell’s thermo-
dynamical relations, one obtains the following result for the
total pressure P:

D,P = —y Pdivu + (y3 — 1)C + Dp, ()

and, for the temperature 7':

L D

D,T = —(y, — 1)Tdiva + .
' ? pCy, — pC,y

3)

In these two equations, C stands for the total conduction term

C =0;(A0;T), )

and Dp and D7 account for the effects of molecular diffu-
sion and dissipation on P and 7. Complete formula for Dp,
Dr, and y; are given in Appendix A.

B. Average flow as a background state

A crucial element when performing a small-Mach-number
or a small-Péclet-number asymptotic study is to choose a
reference state that will allow to split quantities into a back-
ground component and a deviation from this background. It
is this deviation which properties will be determined by the
analysis. Most often, the background state is set according
to some a priori knowledge of the flow, for instance by en-
forcing a particular stratification or by assuming some form
of quasistationarity. However, this method may sometimes
entail some unwarranted restrictions and prevent the result
from being applicable to more general situations. Here, given
the turbulence modeling context of this study, we choose
a slightly different way of setting the background state of
our asymptotic analysis. More precisely, we will perform
our analysis by splitting quantities into a statistical ensemble
mean and its corresponding fluctuation. Thus, the background
state obeys its own set of evolution equations and is not
determined by a priori assumptions. Note that, in a stellar
context, the spherical symmetry of the configuration allows
to assimilate ensemble means with spatial averages over the
surface of sphere of a given radius. This ergodic definition of
the ensemble mean can be useful in a practical context but will
not be used hereafter.

For variable density flows, it is usual to work with “Favre”
density-weighted statistics and “Reynolds” unweighted statis-
tics. For any quantity ¢, the Reynolds and Favre averages
are denoted, respectively, by g and g. They are related by
the identity ¢ = pg/p. The corresponding fluctuations are,
respectively, ¢ = ¢ — g and ¢” = ¢ — q. They are related by
q" = q" + q . Since the unweighted average follows Reynolds
rules [28], one has § = §.

By averaging Egs. (1b), (2), and (3), one obtains the fol-
lowing result:

—_—~

~ P 9;T1;;  9;(puu]
i = —— — 1 — j(_ j)+gi, &)

0 2 o

D,P = —y Pdiva — d;u/,P' + P'divw’ — u/jd;P
+(y3 — DC + Dp, (6)

DT = —(y» — DTdivu — U T’ + T'divu’

E—— C Dy
—u8;T , 7
A +<,0CU>+(,0CU) @

where the notation D~,q for a given quantity ¢ stands for:

Diq = 8,q+11;dq.

This set of averaged equations governs the reference state
around which the asymptotic analysis will be performed. By
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subtracting each of these equations from their respective in-
stantaneous counterparts, one obtains the following evolutions
for the fluctuating velocity, pressure and temperature:

_aP  paP (81
D =~ — 22 4 2D _(LJ
P

+ —— ) +R!Y, (®8)
P P

D,P' = —u;3;P — yPdivu’ — y{Pdivil — , P'divid
+ (7 — 1DC' +yiC+Dp+ R, ©)

D,T' = —u;SjT — (72 — DT divu’ — y;Tdiva

/ D /
—()72—1)T’divﬁ+< ¢ ) +< T) +RT. (10)
pC,y pCy

Second-order contributions, i.e., those involving the product
of two or more fluctuating quantities have been regrouped
in the terms RY, R”, and R”. These contributions are not
necessarily negligible but their role on the forthcoming anal-
ysis remains very limited. Hence, their expressions are not
detailed here. They can, however, be found in Appendix B.
Equations (8)—(10) are the core equations that will serve for
the small-Péclet-number analysis detailed in Sec. III.

C. Dimensionless equations for the fluctuations

The last step before performing the small-Péclet-number
asymptotic analysis consists in making Eqs. (8)—-(10) dimen-
sionless. In this regard, it is important to recognize that
the mean and fluctuating fields have different characteristic
scales. Hence, two sets of nondimensonalizing parameters
must be provided: one for the mean field and the other for
the fluctuating field.

First, the intensity of turbulent fluctuations, regarding the
velocity u”, the relative density p’/p, the concentration c/,,
and the adiabatic exponents y;|, y,, and y; are respectively
characterized by ug, €,,, €0, and €, . Besides, the charac-
teristic length and timescales of turbulent eddies are denoted
by £y and t9. They are related to the characteristic turbulent
velocity by o = €/ up.

As for the mean scales of density, pressure, and temper-
ature, they are respectively defined by the values of pg, Py,
and Tp. For the sake of simplicity, the characteristic sound
celerity c¢yo and heat coefficient at constant volume C,, are
chosen equal to c;g = +/Po/po and Cyg = Py/(0oTp).

Characteristic scales for the gradients of the mean field
must also be provided. The characteristic scales of the mean
strain and acceleration are respectively denoted by Sy and Gy.
Besides, length scales for the mean gradients of temperature
L, and pressure Lp, are also introduced: Lt, ~ Ty/|VT|, and
Lp, ~ Py/|VP|y ~ ¢/ Go.

Finally, characteristic values for the kinematic viscosity v,
for the diffusion coefficients D@ and for the total thermal dif-
fusivity x are also introduced. They are respectively denoted
by V0, DO, and X0-

Using ¢y and 1 for space and time and the other quan-
tities where appropriate, we can now nondimensionalize

Egs. (8)—-(10). We obtain that:

Dy = 1 " T 1 oF 1 ]p 8:'1_)
S = e V7 e o
K t a
1 1 "
_ [g](;a,n,,) LR, (1)
t
_ — 1
D,P' = —[Kap]u;9;P — 1 Pdivu’ + I:g]()_@ -
t

| Lprom—| 2 |ypom
Frsl JYJ Frsljj

2
&oKarl = €co / P
C+|—IDp+R", 12
+[ Pe, :|y3 +|:ScRe,:| Pt 12)

C/
P(Cy)

_ — 1
D,T/ = —[Kar]u;ﬁjT — (4 — l)TdiVll/ + [g:l
t

1 N IV
—[ﬁg}ﬂr—DTﬂm/—[ﬁf}%T%m

2 / /
€, ,Kar 1 \5 €0 Dr T
- C R
+[ Pe, Kpcv) +[SeReJ<pcv -

(13)

The dimensionless numbers appearing in these equations are
defined as follows:

U 1 IZ00]
M =— Fy=—+ F,=—"—, (14)
Cs0 7050 70 Goé€p
¢ 4 ¢
Kap = -2 Kay — -0 Re, = “0f0. (15)
LP() LT(] UO
v v ¢
pr= 0 se= ™ pe, = _pire, (g
X0 Dy X0

The turbulent Mach number, M;, characterizes the intensity
of the turbulent velocity fluctuations. The Froude numbers
related to strain, Fry, and acceleration, Fr,, characterize the
turbulence production by mean gradients. The von Kdrman
numbers, related to pressure, Kap, and temperature, Kar,
characterize the length scales of mean pressure and temper-
ature fields. Molecular and radiative effects are accounted
for in the turbulent Reynolds number, Re;; Schmidt number,
Sc; Prandtl number, Pr; and Péclet number, Pe,. Finally, the
averaged specific heat (C,) is defined by:

(€)' =p 1/(pCy).

III. SMALL MACH NUMBER-SMALL PECLET NUMBER
APPROXIMATION

A. Conditions of the asymptotic expansion

The objective of this work is to study turbulent flows hav-
ing small Mach and small Péclet numbers. More precisely, we
will hereafter assume that the Mach number is small and that
the Péclet number is possibly even smaller. This condition is
expressed as:

M, < 1and Pe, ~ M} < 1 withn > 1. 17

Secondary conditions must also be provided for the remaining
dimensionless numbers. The following ones are expected to
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be relevant to stellar interiors. First, we consider that the order
of magnitude of the fluctuations of the adiabatic exponents,
concentration and density, are small:

6}/0 NM[ << 1» €co NM[ << 1, 6,00 NM[ << 1

Then, we assume that turbulence is either decaying or is in a
quasiequilibrium state. This implies that the mean production
terms are at most of the same order as the dissipation ones.
Hence, we consider that:

Fr, 2 1, Fr, 2 1.

~

We also assume that the length scale of the mean temperature
and pressure fields are very large compared to the turbulent
length scale:

Kap ~ M, < 1, Kay ~ Pe/’? « 1.

Finally, the viscous and dissipation terms are assumed to
verify:
Re; 2 1, ScRe, 2> 1.

~

B. Main results of the asymptotic expansion

We now proceed with the asymptotic analysis. The fluctu-
ating quantities, such as u” or P/, are developed as functions
of the small parameter M,. For any fluctuating quantity ¢, we
write the following expansion:

q =4 +Mq"" +Mq? +o0(M).

These expansions are then inserted in the dimensionless equa-
tions (11)—(13) and terms of similar orders are collected.

First, the conduction term in the fluctuating temperature
evolution equation (13) has a singular scaling of order Pe;! =
M,™". Then, collecting terms of order Pe;! = M, to M, " in
this equation and accounting for the secondary conditions on
the orders of magnitude of density, concentration, and length
scales, one deduces that:

C/(O) — C/(l) — .. = C/(nil) = 0, (18)

and T'0 =7V =... = 7"V =, (19)

This first result shows that the temperature fluctuation is at
least of order Pe, = M;'. This prediction will be refined below.
As for the order of magnitude of the pressure field, it can be
deduced by noting that the pressure gradient term in Eq. (11)
has a singular scaling of order M, 2. Then, collecting terms of
order M,”* to M,”!, one deduces that:

P =pY=o. (20)

This second result shows that the pressure fluctuation is of
order M?. This is the classical scaling obtained in most, if not
all, small-Mach-number approximations [15-20].

When inserted in the definitions of the adiabatic indices,
these temperature and pressure scalings imply, along with the
fact that y,, is constant, that:

0) 0 (0)
o=y =y =0
Returning to Eqs. (12) and (13) for the fluctuating temperature
and pressure, this time at order Mto, one obtains a linear

combination of divu’” and '™ on the right-hand side and
null terms on the left-hand side. As a result, one deduces that:

diva’® = 0 and ¢’ = 0.

The last equality implies that T'"™ = 0. This shows that within
the assumptions retained in this study, the temperature fluctu-
ation is of order M,Pe; and is much smaller than both M; and
Pe,.

Finally, at order M,, Eqs. (12) and (13) provide two rela-
tions linking the main order of the velocity divergence to the
main order of the conduction term:

t

Kap | ,0), 5 €c0 , (0)
— 0P — D), 21
[M, }”f it MSeRe, | " @D
Mn]c/(n+1)
t

Pe; | p(Cy)

K . . D 7(0)
22O T | —0 [ ZL) L 22
M, | M,ScRe; |\ pC,

Equations (21) and (22) express the respective equilibria of
T’ and P'. They link the velocity divergence and the conduc-
tion term and describe their variation according to gradients
of pressure and temperature, as well as diffusion terms.
Their combined existence emphasizes the dependency of the
small-Péclet approximation to its small-Mach counterpart. In
particular, it appears hard to justify how one may enforce
beforehand the constraint divu’ = 0 and then perform a small-
Péclet analysis of the resulting incompressible system as was
done in Refs. [22], [23], or [29].

— M"
0 = —p Pdiva’" + [P—t:|(173 — ety

0= —( — DTdiva'" + [

C. Predictions in terms of dimensional variables

The asymptotic analysis being done, we recast its main
results in a dimensional form, more useful for practical appli-
cations. From now on, we come back to the original variables
prior to performing the nondimensionalization of the system.
Hence, the fluctuations return to their original definitions and
denote dimensional variables from here.

The first result is as follows. The pressure fluctuation P’
is of order M? and the temperature fluctuation 7" is of order
Pe,M,:

/ /

P ) T
? ~ M/ < M, and ? ~ Pe,M, < M;. (23)

These relations indicate that the fluctuations of pressure and
temperature are small compared to the fluctuations of other
thermodynamical variables. Thus, they can be neglected with
respect to these other variables, except when involved in gra-
dients or diffusion terms [15,16].

The second result of the asymptotic analysis is taken from
relations (21) and (22). These equations form a linear system
for the two unknown quantities diva’ and C'. By inverting this
system and expanding the definitions of the adiabatic indices,
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one obtains that:

2 —~ T P
_ (0P 0T
¢ = |:,0CU8/T —x”P(’Tp + %r)]
0 r
rop
. p pm
with x =4—3?. (25)

The first term on the right-hand side of Eq. (24) expresses the
volume adjustment of a mass element moving in a stratified
environment. As can be seen, this adjustment only depends on
the value of the mean density and of the plasma gas constant
and not on radiative properties. The second term of Eq. (24)
shows that the volume of a mass element is also modified by
the molecular diffusion of species provided they have different
gas constants.

The second relation Eq. (25) corresponds to the thermal
equilibrium existing between the conduction term on the
left-hand side and two different sources of temperature fluctu-
ations on the right-hand side. The first source term arises from
the displacement of fluid particles along an adiabatic-like tem-
perature gradient. The second one involves a combined effect
of radiation and species diffusion.

Note that a generalized version of these relations can be
found in Appendix C to account for nonideal equations of
states and additional source terms.

D. Comparison with previous results and with the
high-Péclet limit
As mentioned in the Introduction, previous works have
been devoted to the study of the small Péclet-small Mach
number limit. In Refs. [24,25], the following expressions are
proposed:

aip c — ,0;p
dive’ = =i, 22 and — = —(y,, - VT, 22, (26)
P oG,y o
while in Ref. [23], the following results are obtained:
o —
divi' =0 and — = u;-ajT. 27

pC,
The expressions derived in Refs. [24,25] can be seen as par-
ticular cases of the ones proposed here. Equation (26) reverts
to Egs. (24) and (25) when all species are identical, i.e., when
there is no mixing involved in the flow and 7 = Cst, when
there is no temperature gradient and when the radiative pres-
sure is negligible compared to the material pressure P” < P™.
These are indeed some of the conditions under which the
asymptotic analysis of Refs. [24,25] is performed.

As for the expression of Ref. [23], it can also be interpreted
as a particular case of Eqs. (24) and (25). Equations (27),
(24), and (25) become indeed equivalent provided mixing is
discarded and provided the density gradient is zero.

Another point of comparison can be made to better un-
derstand Eqgs. (24) and (25) and the role played by the
smallness of the Péclet number. Equations (24) and (25) can

also be compared against their high-Péclet-number counter-
parts. First, for Pe, > 1, there is no temperature equilibrium.
Accordingly, there is no constraint for the order of magnitude
of the fluctuating temperature 7' and no relation equivalent
to Eq. (25). What remains is the pressure equilibrium and its
consequences: the order of magnitude for P’ in Eq. (23) and
an expression for the divergence equivalent to Eq. (24). Based
on Ref. [20], this expression takes the form:

P
=T molecular terms. (28)
P

) 9;
dive’ = —u/, -2

When all molecular diffusion coefficients are equal, the
molecular terms in the above relation simplify into a diffusion
term on density fluctuations and become equivalent to the dif-
fusion term appearing in Eq. (24). Therefore, notwithstanding
the properties of T’, the main difference between the small-
and high-Péclet limits comes from the way the volume of fluid
particles adjust to the mean gradients of pressure and temper-
ature, as expressed by the first term on the right-hand sides
of Egs. (24) and (28). This difference has important reper-
cussions, in particular for defining the stability criterion of a
mean stratification. To illustrate this point, let us consider the
linear inviscid stability of a static configuration (i.e., without
shear nor any mean velocity) having a mean density, tempera-
ture, and concentration stratification satisfying the hydrostatic
equilibrium condition 9;P = pg;. This problem can be studied
by looking at the linearized equations for the density and
velocity fluctuations, deduced from Eqgs. (1):
!’ /
ou, = 'O—alTP and
PP

L

;P

8,2 = —diva' —u, 2. (29)
o 0

When inserting the value of the velocity divergence expres-

sion (28) obtained the inviscid high-Péclet limit, the second
equation becomes 31%’ = —u}(%ﬁ - %). When inserting ex-
pression (24) obtained in the inviscid small-Péclet limit, this
same equation becomes 8/% = u; 2%7 From there, one obtains
that a stratification is stable provided:

397 9,P
forPe, < 1, %97 _, (30)
Fop
P 3;p\0;P
for Pe, > 1, <_’—_—JT’O)JT<0. 31)
npP 7 Y

In the large-Péclet limit, stability is defined by the orientation
of the mean pressure gradient with respect to the density
gradient corrected by an adiabatic pressure gradient. The cor-
rected density gradient can be rewritten as:

3P 9;p _3F5|§,z8 P 90
#wP D P P
o0 ¢ %ymfr-
_ Pl s Y ey,
P P

where s is the entropy of the photon-matter continuum. Note
that 9;5p|p ; < O for ideal gases with radiation. Hence, in the
absence of mean concentration gradients, the stability of a
stratification in the high-Péclet limit is determined by the
relative orientation of the mean pressure gradient and the

033111-6



SMALL-PECLET-NUMBER APPROXIMATION FOR STELLAR ...

PHYSICAL REVIEW E 102, 033111 (2020)

entropy gradient. When concentration gradients exist, the sta-
bility is not set uniquely by the entropy gradient but the latter
can still be expected to play a significant role. In the limit
of vanishing radiation %’o — % reverts to the inverse scale
height of the potential density for a perfect gas and since
0 jI_D/ﬁ = g;, one recognizes that (31) becomes nothing else
than the usual stability condition N> > 0 expressed in terms
of the Brunt-Viisilld frequency N.

By contrast, in the small-Péclet limit, the stability is de-
termined by the relative orientations of the mean pressure
gradient and the gradient of the gas constant. Entropy does
not play a role any longer and only the gradients of the
concentrations of the different species influence the stability
of the flow. The latter result can be understood as a special
asymptotic case of the double-diffusion (thermohaline) insta-

bility encountered in geophysical and stellar flows [30-32].

IV. VALIDATION OF THE ASYMPTOTIC ANALYSIS

In order to highlight the impacts of the small Péclet—small
Mach number approximation, direct numerical simulations
(DNS) of a radiative turbulent mixing zone are performed with
the in-house TRICLADE code, see Appendix D.

In the following sections, the cartesian frame (x|, x, x3)
introduced in the derivation of the asymptotic approxima-
tion will be also be referred to with the notation (x,y, z):
(x1, X2, x3) = (x, Y, 2).

A. Rayleigh-Taylor flow configuration

The test flow under consideration is a statistically ax-
isymmetric turbulent mixing induced by a Rayleigh-Taylor
instability (RTI) at a planar interface between two differ-
ent fluids. As explained in the Introduction, this simplified
configuration does not occur as such in stellar interiors. Its
interest lies in the fact that it combines some of the elementary
mechanisms which are at work in stellar flows. In particular,
it involves mixing, convection, radiation, and Péclet number
effects. It consequently constitutes a relevant testing ground
for our predictions.

The initial state of the simulations is defined as follows.
The two fluids are separated by an interface, located at x = x;
(chosen at x; = 0 below), which is unstable with respect to a
constant gravitational field g oriented along the x axis toward
negative values of x i.e., pointing from the heavy fluid side
(x > x7) to the light fluid side (x < x;). The latter axis is
referred to as the inhomogeneous or longitudinal direction,
while the (y, z) axes correspond to the transverse or homo-
geneous directions. The mean state is fixed by enforcing a
hydrostatic equilibrium with an isothermal condition. More
precisely, the initial profiles along the longitudinal direction
are defined by:

T = Ty, P) = pe) - Ty 4 %00
x) =Ty, Px)=7pkx

0 1Y Mx) 0 3

with p(x) = po./\/l(X) exp |:M(x)gxi|

My RTy
M, ifx<x M, + M,

h = d =
where M (x) {Mh ifx > x, and M, >

Note that the two molar masses should be understood as
effective masses, accounting for the actual molar mass divided
by 1 4+ Z, consistent with the equation of state (Al). Their
contrast is characterized by the Atwood number:

_Mh—Ml
MM

At initial time, the interface is left flat but a small perturbation
of the velocity field is introduced around it. The perturbation
spectrum has a hat profile delimited by the wavelengths A pin
and Apmax = 2Anin and an intensity characterized by a turbu-
lent Mach number, M.

From now on, all quantities are nondimensionalized by
the following reference scales: the maximum wavelength of
the perturbation spectrum Ay, the acceleration Ag, and the
arithmetic average of the densities of the two fluids at the
interface. Besides, two dimensionless numbers are introduced
in order to account for the local properties of the radiating
fluid, see Ref. [27]. The contribution of the radiation energy
compared to the one of the stellar material may be expressed
with the Mihalas number, R. As for the Boltzmann number,
Bo, it yields the relative importance between radiative and
matter energy transport. They are respectively estimated at the
initial interface location with:

pe”

hm
R =—and Bo = P C‘YO,
E" osgT#

where all the quantities have the same meanings as in
Sec. IIC. Note that the initial speed of sound is chosen as
the characteristic velocity for the Boltzmann number. The
temperature reference scale is finally defined from the other
reference scales so as to maintain the Mihalas number.

For the sake of simplicity, both gases of the binary mixture
have equal adiabatic indices yy, kinematic viscosity v, species
diffusion coefficient D, and opacity «”, and these properties
are assumed to be constant.

Within this nondimensional setting and choices, the main
parameters defining the simulations are as follows:

A=026, R=1.24, Bo=23.75 x 1072,

5
Yo = 7, 10():17 Amax =1,

3
M,y =5 x 1073, Ty = 3.16,

Mog _ 389 %1072, v =D =92 x 103

RTo

The fact that R > 1 indicates that material energy and pres-
sure dominate radiative ones and the fact that Bo <« 1 shows
that the radiative flux overwhelms the material enthalpy flux.
Such conditions can be found in the interior of massive stars,
where the radiative pressure is not negligible as opposed to
intermediate-mass stars.

As for the numerical parameters, the domain is of
size Ly x Ly, x L; = (87.5 x 100 x 100) and is discretized
using a Cartesian structured mesh with Ny x Ny x N, =
(896 x 1024 x 1024) cells. Periodic conditions are imposed
in the transverse homogeneous directions, along the (y, z)
axes. Slip wall boundary conditions are considered for the
fluids and Dirichlet ones for the radiative energy in the x axis.
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TABLE I. Rosseland opacities and Prandtl numbers for each of
the three simulations performed for the validation. The acronyms SP
and HP stand, respectively, for small Prandtl and high Prandtl.

Simulation acronym Opacity k" Prandt]l number Pr
SP; 8.64 1.42 x 107
SP, 8.64 x 10! 1.42 x 1073
HP 8.64 x 10* 1.42

Three simulations are carried out: one with a very small
Prandtl number, another with a large Prandtl number, and
a third one with a moderately small Prandtl number. The
Prandtl number is defined as the value at initial time and at
the interface of:

v 3pC, -
Pr= = Pok’ V.
A/ (pCy)  4cpagT?

The first simulation is expected to yield a small Péclet number
and aims at verifying the results of the asymptotic analysis.
Then, by comparison with the second one, it allows to differ-
entiate the behaviors of the induced turbulent mixing arising
within both asymptotic regimes. The intermediate Prandtl
simulation is meant to test the limits of the approximation. To
vary the Prandtl number, the radiative conductivity is modified
by changing the opacity «”. The opacity values chosen for
each simulation are given in Table I along with the Prandtl
number and with a name attributed to each simulation.

To conclude the flow description, let us remark that the
problem is statistically one dimensional (1D), with x the inho-
mogeneous direction. Thus, by ergodicity, statistical averages
can be computed by integration on the homogeneous direc-
tions. For any quantity g, we have:

1
qx) = LL / f q(x,y, z)dydz.

B. Dimensionless numbers

In order to verify the main conditions of the asymptotic
analysis, derived in Sec. III, we proceed to compute the fol-
lowing dimensionless numbers: the turbulent Mach number,
M;; the turbulent Reynolds number, Re,, based on the Tay-
lor microscale; as well as the turbulent Péclet number, Pe;.
All those numbers are extracted from the simulations at the
initial position of the interface x = x;, using the following
definitions:

-2 —
k 2V15 | ok nC
M,E\[, Re, = —— p—_,PexEm
Cy 3 UE A
C.K 1
withy, = 2—, k= Uity & = 2v(0u)(;u). (32)
&

These definitions involve the turbulent kinetic energy k, its
dissipation €, and the turbulent viscosity v;. The constant C,
is set to 0.1 as in standard k — & models [33].

First, the desired condition M; < 1 is met for the three
configurations since the turbulent Mach number is always
observed to remain lower than 0.14. Regarding the turbulent

102.
10°
40_.; 2 ;“" -t
3107' ““‘ ——————
g e
R
R
1074' -/ %)
Y4 — HP %
'.II ..... SPsy %
10647 SP =
- 1
"
0 10 20 30 40

time

FIG. 1. Time evolution of the turbulent Péclet Pe, number at the
center of the mixing zone. Insert: Same evolution for the Reynolds
Re; number.

Péclet number, its evolution is shown in Fig. 1. At large-
enough times for the flow to be turbulent (¢ 2 15), the Péclet
reaches values on the order of 1072, 10~!, and 102, respec-
tively, for the low, intermediate, and high-Prandtl simulations.
As for the Reynolds number, Re;,, its value is shown in Fig. 1.
It keeps increasing in time and finally reaches the value Re; ~
115 for the small-Prandtl simulation and Re; ~ 70 for the
other two configurations.

To sum up, the following conditions are reached for each
simulations, from approximately ¢ 2> 15:

SP; :Re; > land Pe; « M, < 1,
SP, : Re; > 1 and Pe, ~ M, <« 1,
HP:Re; > 1, M; < 1 and Pe, > 1.

Thus, the main conditions of relations (17) leading to the
asymptotic expansion detailed in Sec. III B are verified for
the simulations SP; and SP,. By contrast, the simulation HP
evolves in the opposite Péclet limit.

Note that the secondary conditions introduced in Sec. IIl A
are also verified in all three simulations. The Froude numbers
are on the order or much larger than one, the relative con-
centration and density variances within the mixing zones are
small and the mean pressure and temperature scales are much
larger than the turbulent scale.

C. General evolution of the flow

The development of the instability between the two fluids
is illustrated in Fig. 2. The latter displays a volume rendering
of the concentration at three different times and for the sim-
ulations SP; and HP. More precisely, the left and middle parts
of the figure show the mixing zone shortly after the initial
time (f = 4) and at a transitional time (r = 17). These times
are only presented for the high-Péclet simulation HP. Indeed,
until # &~ 17, the binary mixtures of the small- and high-Péclet
simulations are visually indistinguishable. However, at later
times, in the fully turbulent regime, a clear discrepancy be-
tween the two simulations is seen, as displayed in the right
third of Fig. 2 In the high-Prandtl-simulation HP, the mixing
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Simulation

Simulation
SP,

-

FIG. 2. Shaded volume rendering of the light fluid concentration made visible from ¢ = 0.1 (blue) to ¢ = 0.9 (red). The heavy fluid is on
the right and the light one on the left. The gravity vector is oriented to the left along the x axis, i.e., from the heavy to the light side. The
rendering is shown at three different times: t = 4, = 17, and t+ = 34. Visually identical figures are obtained for all three simulations at ¢ = 4
and t = 17. By contrast, large differences are observed between the high-Prandtl HP and the small-Prandtl SP, simulations at the final time

t =34

zone saturates, whereas in the small-Prandtl-simulation SP;,
the dominant and most energetic scales of turbulence keep
increasing.

This discrepancy can be explained by the difference in the
stability criteria obtained in the high- and small-Péclet limit,
as detailed in Sec. III D. For the high-Péclet limit, the stability
criterion is linked to the density gradient corrected by an
adiabatic pressure gradient. This quantity can be integrated
over the inhomogeneous direction to yield a dimensionless

pseudoentropy:
Y (%P 0P
S = / (f—_ - é")ds,
X0 )/IP p

with the arbitrary integration origin xo here chosen at xy =
—30.

Given the orientation of the gravity in the simulations
(leading to 8,P < 0) and the stability criterion (31), the strat-
ification in the high-Péclet case is stable if S increases with x
(0,S > 0), unstable if S decreases (9,5 < 0) and neutral if S is
constant (9,5 = 0).

In the present simulations, the spatial profiles of the pseu-
doentropy S are not monotonous. These profiles are shown for
the high- and small-Prandtl simulations in Fig. 3 at times ¢t =
0,t = 17, and r = 34. The initial profile of S is the same for all
simulations and is imposed by the isothermal hydrostatic con-
dition. More precisely, at# = 0, one observes a rapid decrease
of S at the interface between both gases while S increases on
each side of this interface. In other words, according to the

(33)

high-Péclet-number criterion (31), the interface is initially un-
stable while the subdomains it separates are stable. As mixing
unfolds, the initial rapid interfacial decrease of S extends and
flattens out until an almost constant profile is reached within
the extent of the mixing zone. For the high-Prandtl-number
simulation HP, this flat profile of § means that the stratification
has reached an almost neutral state and that the instability

0.6
— initial state
051 — mp, t=17
— HP, t=34
041 spy, t=17
0.31 SP1, t=34
N 0.21
0.1
0.0
—0.11
—0.2 T T T T T
—-30 —20 —10 0 10 20 30

FIG. 3. Spatial profiles of the pseudoentropy S, given by (33) for
the high- and small-Péclet simulations at times t = 0, t = 17, and
t = 34. Insert: Spatial profiles of the light fluid concentration at the
same times.
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is not fed any longer. Thus, turbulence starts decaying and
eventually dissipates. The mixing zone stops growing.

This phenomenology is not observed for the small-Prandlt
simulation SP;. As can be seen in Fig. 3, for SP;, the profile
of S never stops diffusing. Even after crossing the high-Péclet
neutral threshold, it keeps increasing over the whole spatial
domain. To explain this major difference, one must recall
that the stability criteria in the small- and high-Péclet limits
are not the same. In the small-Péclet case, the stability of
a stratification is determined by Eq. (30). It is completely
independent of the entropy stratification and only depends on
the gas constant gradient d,7. The latter exists if the two gases
being mixed have different molar masses and if there is a
mean concentration gradient. In the small-Prandtl simulations
performed here, evolving in a small-Péclet regime, given the
orientation of the gravity field and the initial repartition of the
molar masses, the stability of the stratification is eventually
given by the sign of d,c, the mean concentration gradient of
the light fluid. More precisely, the stratification in the small-
Péclet limit is stable if ¢ decreases with x (d,¢ < 0), unstable
if ¢ increases (d,¢ > 0) and neutral if ¢ is constant (d,¢ = 0).
The mean concentration has a monotonously decreasing spa-
tial profile at all times (d,¢ < 0) as shown in the insert of
Fig. 3. Therefore, the stratification of the small-Prandtl SP,
simulation is always unstable. As a result, the mixing zone
grows in the small-Péclet regime until its fronts reach the
limits of the domain.

As a conclusion, the different mixing width evolutions
observed in simulations SP; and HP are coherent with the sta-
bility criteria predicted in Sec. III D. These criteria reflect the
influence of the Péclet number and are a direct consequence of
the asymptotic approximation derived in Sec. III C. Thus, the
qualitatively different behaviors between simulations SP; and
HP (identical except for the opacity value), is a first validation
of the asymptotic results. A direct verification is proposed in
the next subsection.

D. Validation of the asymptotic analysis

One of the main predictions of the asymptotic analysis
is the order of magnitude of the pressure and temperature
fluctuations, as given by Eq. (23). To assess this prediction,
we plot in Fig. 4 the temporal evolutions of the ratios np and
nr at the center of the mixing zone, defined by:

np==— and ny = ———.
PM; TPe,M,

For Eq. (23) to be verified, these ratios must be on the order
of 1. As can be seen in Fig. 4, the ratio np tends to 1 in
the turbulent regime for each configuration, showing that the
fluctuating pressure is on the order of M?. This scaling is
expected because it results from the small-turbulent-Mach-
number asymptotics whatever the Péclet number. Since the
turbulent Mach number hardly reaches 0.14, as previously
mentioned, all three simulations evolve in a small-Mach
regime and give rise to pressure fluctuations of the same order.

As for the ratio 5y, it is of order unity for the two small-
Prandtl simulations SP; and SP, whose turbulent mixing occur
in a small-Péclet regime. The prediction (23) is thus verified.
On the opposite, the order of i in the high-Prandtl simulation

1.6 1
1.4 1
1.2 1
n 1.0
Rel
—
® 058 ,
X
i v XHXHRX HP, nr
0.6 "Zxxxx"xxxxxxxxx ...... SPa, 1P
0.4+ o x  SPg, nr
— == 8Py,
0.2 R ‘ 1, NP
v SP1, Nt
OOOOOONWWmm
0.0 ¥ ? ¢ :
10 20 30 40

time

FIG. 4. Time evolution of ratios np and ny at the center of the
mixing zone.

HP significantly departs from the others: ny actually tends
toward zero. There is indeed no condition for the fluctuating
temperature in the high-Péclet analysis [20].

The other major predictions derived from the asymptotic
analysis of Sec. III C are the values of the fluctuating velocity
divergence divu’ and of the fluctuating conduction term C’.
These predictions are respectively expressed in Egs. (24) and
(25). To evaluate their quality, we compare “simulated” and
“predicted” values of divu’ and C’. On the one hand, the
“simulated” values are obtained by taking the fluctuating part
of diva and C computed from the actual fields using their
definitions diva = d;u; and C = 9;(A9;T'). On the other hand,
the “predicted” values are directly computed as the right-hand
side of Eqs. (24) and (25) using the same actual simulations.

Two-dimensional fields (slices in the plane y = 0) are
shown in Fig. 5 and 6 to compare the simulated and predicted
values of C’' and divw’, respectively. They are extracted from
the simulation SP, at t = 34, a time at which the small-Péclet
asymptotic results should apply according to Fig. 1. The same
structures can indeed be identified in both parts of Fig. 5 and,
since the color scale is the same, the overall agreement on
the intensity of the fluctuating conduction C’ fields can be
guessed. The main difference comes from the occurrence of
some localized extrema in the simulated field which seem to
be filtered out by the use of formula (25). The same comments
apply to the fluctuating velocity divergence shown in Fig. 6
including the filtering effect of the asymptotic expression
Eq. (24). The striking likeness between Fig. 5 and 6 comes
from the fact the stratification term is dominant in Egs. (25)
and (24) in that case and the mean flow is isothermal. Both
fields then roughly look like u}(f%p + g) and the large dif-
ference in the prefactors is hidden by the difference in color
scale between both figures.

Figures 5 and 6 provide a qualitative assessment of the
asymptotic results derived in Sec. III C. A quantitative valida-
tion can be performed by measuring the correlations of divu’
with other flow variables. For modeling purposes that will be
made clear below in Sec. V, we focus on the correlations of
divu’ with p’ and u/, namely: p’divu’ and «,divu’. Besides, the
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(a)

(b)

FIG. 5. Cuts in the plane y = 0 at time ¢ = 34 for simulation SP, displaying, respectively, (a) the fluctuating conduction term C’ computed
by using its definition C = 9;(19,T) and (b) the asymptotic value of C’ predicted by Eq. (25). The color scale is the same in each figure.

predicted value of diva’ is split into its two contributions: the
one coming from the mean stratification and the one coming
from molecular mixing effects. More precisely, from Eq. (24),
the correlations p’diva’ and u/ divu’ are expressed as:

gdiva’ = gdiva”™™ + gdiva™ (34)
— o srat  ——9.p ;T
" g'div’ " = —q/uj(’? + )
wit -,
Wmix. _ Ar /[3j(p’D3jc’)]/
q I q P

(@)

where the quantity ¢’ stands for #, or p’ and where Ar =
R/M; — R/ M,,.

The simulated and predicted correlations p’diva’ and
u/ diva’ are shown in Fig. 7, along with the components of the
predicted value, at times r = 17 and r = 34. A good agree-
ment between the simulation and the prediction is observed
for both correlations at both times indicating that Eq. (24) pro-
vides quantitatively accurate estimations. The contributions of
the stratification and of the molecular mixing have opposite
signs because of the instability: the baroclinic production re-
lated to the stratification tends to intensify the turbulent mass

(b)

FIG. 6. Cuts in the plane y = 0 at time ¢ = 34 for simulation SP, displaying, respectively, (a) the fluctuating divergence divu’ computed by
using its definition diva’ = 9; u’] and (b) the value of divu’ predicted by Eq. (24). The color scale is the same in each figure.
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FIG. 7. Spatial profiles for simulation SP, of (a) —p’divw’ at¢t = 17, (b) —p’dive’ att = 34, (c) u/divw’ att = 17, and (d) u/divu’ att = 34.
Comparison between the simulated and predicted values, computed using Eq. (24). The contributions from the stratification (“strat.”) and the

molecular (“mix.”) terms to both predicted values are shown.

flux and density variance, whereas the molecular diffusion
tends to act as a sink of the density correlations. As time
elapses, the Reynolds number increases and the relative in-
tensity of the molecular contribution is seen to decrease with
respect to the stratification contribution.

By contrast, if the same comparisons as in Fig. 7 are per-
formed using the high-Prandtl simulation HP instead of the
small-Prandtl simulation SP;, strong differences are observed
as expected. Indeed, the small-Péclet prediction Eq. (24) can
obviously not be applied to HP which evolves in a large-Péclet
regime according to Fig. 1.

To summarize this section, the main results of the small
Péclet—small Mach number approximation derived in Sec. III
have been verified. The orders of magnitude of 7’ and P’
and the values of diva’ and C’ are all consistent with the
asymptotic predictions.

V. APPLICATION TO TURBULENCE MODELING

One of our main motivations for studying the small Péclet—
small Mach number asymptotic limit is to understand how
second-order one-point turbulence models can be designed
or modified to account for this flow regime. In this section,
we consider Reynolds average Navier-Stokes (RANS) mod-
elization and focus on the Reynolds stress model (RSM) class
because it requires less additional closures to take advantage
of the results established in Sec. III C than two-equation mod-
els would do. A particular RSM called GSG model [26] is

used here to test modifications. This model is indeed partic-
ularly interesting for stellar applications since it is meant to
treat variable density turbulent mixing zones submitted to a
wide variety of convective instabilities. However, in its current
formulation it is restricted to high Péclet numbers and need to
be adapted to the small-Péclet limit.

A. Adaptation of a Reynolds stress model
The GSG model [26,34] follows the evolutions of the cor-
relations of the velocity and density fields, including the mass
flux p’_uﬁ/ﬁ and the density variance p’>/p2. The evolution
of the fluctuating density is given at first order by Eq. (29).
Thus, the correlations u;diva’ and p’divu’ are among the main

unknowns appearing in the evolution equations of p’u}/p and

p'%/ p2, respectively. In the small-Péclet limit, these terms can
be closed by substituting the value of divu’ by its asymptotic
expression Eq. (24). One obtains for Pe, <« 1 with ¢’ standing
for u; or p':

_ — (9T AT\ — i
q'div’[pe, <1 = —q'U] <JT'O + %) +gdiva™™,
D 7

where q’divu’mlx' is the contribution to divu’ linked to molec-
ular mixing. As a last step, we propose to model these
molecular effects as a dissipation acting on density fluc-
2q

tuations: q’divu’mlx' X W= Thus, with this closure, the
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FIG. 8. Time evolution of the turbulent kinetic energy katx=
x;. Comparison between the DNS and the 1D RANS simulations.

following model is obtained for u;divu’ and p’diva’ in the
small-Péclet limit:

[ — /(90 0T o

WAV [pe, <1 = —u;u;(’%’ + +) + G 35)
p F 2

—_— 30 9T &

p'divi’[pe, <1 = —p M;<]Tp + %) + Go—, (36)

where C; and C, are constants and w = §/E is the characteris-
tic turbulent frequency.

The closures (35) and (36) are different from the ones
retained in the initial large-Péclet formulation of the GSG
model. Indeed, based on Eq. (28), the current formulation of
the GSG model has been proposed for Pe; > 1 in Ref. [20]:

144

/33 / /o aJP P ui
U, dive [pe, 51 = —uju; ~= + Cro—, (37
viP
- — ) p'?
P'diVW [pe, 51 = —p'U} == + Croo—. (38)
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_ FIG.9. Time evolution of the normalized density variance
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FIG. 10. Time evolution of the turbulent mixing zone width
Ltz =6, L. ¢(1 — ©)dx. Comparison between the DNS and the 1D
RANS simulations.

Hence, the main adaptation of the GSG model to the small-
Péclet limit requires the modification of the production terms
arising in the density variance and turbulent mass flux equa-
tions. This difference does not only affect the levels of
density-related correlations, it also modifies the buoyancy in-
stability criterion to which the model is susceptible to react, as
explained in Sec. III D. Finally, to bridge the range between
small and large Péclet numbers, we propose to perform a
weighted blending of the two limits in the form:

g'dive’ = (1 — wpe)q'dive’ [pe, 5.1 + wpeq'dive’ [pe, «1
lim )
—— ' ___andPe™ =2C, = 0.2,

4 39
Pe}‘m + Pe, 39)

with wpe =

where the quantity ¢’ stands for u, or p’. The value of Pe/™ is
interpreted as a transition parameter between high- and small-
Péclet regimes [refer to relation (32) for the precise definition
of Pe;].

B. Validation of the extended RSM

In order to validate the closure (39), the three DNS of the
radiative Rayleigh-Taylor mixing described in Sec. IV A are
compared to three 1D RANS simulations carried out with the
modified GSG model. The latter are initialized at r = 9 using
1D profiles for the averages and correlations computed from
the DNS at the same time. Indeed, the model is derived in the
high-Reynolds limit and does not take the molecular viscosity
and diffusion coefficients into account. It is therefore unable
to closely match the transition to turbulence of the DNS and
should be turned on only when the flow is close to turbulence.
The same set of model coefficients is used in the three cases.

Figures 8—10 compare turbulent quantities extracted from
the three DNS SP;, SP,, and HP to the ones predicted by the
GSG model adapted to all Péclet regimes using the blending
(39). Figures 8 and 9 plot the temporal evolution of the tur-
bulent kinetic energy k and the normalized density variance

/o/2 /52 at the initial abscissa of the interface x = x;, whereas
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Fig. 10 plots the width of the turbulent mixing zone defined as
ETMZ = 6fL, E(l — E)dx

It can be seen that the extended GSG model reproduces the
main trends observed in the simulations and allows to capture
the differences between high- and small-Péclet regimes. For
instance, in the large-Péclet limit (HP), a decrease of the tur-
bulent kinetic energy at x = x; is observed during the last third
of the computation together with a slowdown of the turbulent
mixing zone (TMZ) expansion. This decline of the turbulent
field has already been explained in Sec. IVC. It is due to
the fact that the mean pseudoentropy profile S approaches its
neutral value inside the TMZ so that the instability mechanism
stops feeding the turbulent mixing zone, whereas viscosity
still dissipates the turbulent kinetic energy.

By contrast, in the small-Péclet limit (SP;), the instability
depends on the molar mass gradient which keeps always the
same sign so that it endlessly transfers energy to the turbulent
field. This explains the continuous growth in Fig. 8 and the
accelerated expansion in Fig. 10.

The behavior of the density variance in Fig. 9 results
from the competition between molecular diffusion tending to
destroy the variance and turbulent transport of “fresh” pure
fluid engulfed at the mixing zone edge and carried through
the TMZ. Quicker expansion of the TMZ for Sp, allows to
maintain a slow decay of the variance, whereas molecular
diffusion is almost not counterbalanced for HP.

Between these two limiting cases, the intermediate-Prandtl
simulation SP, exhibits a more subtle balance between the dif-
ferent mechanisms. Beginning in a small-Péclet regime, it first
follows the same evolution as SP;, but doing so, its turbulent
diffusivity quickly increases and so does its Péclet number as
shown in Fig. 1. When the latter becomes nonnegligible the
instability production reduces and becomes of a similar order
as the molecular dissipation leading to a marginal evolution
of the turbulent kinetic energy. Transfer of pure fluid from the
TMZ edges then slows down, letting the density variance de-
crease much quicker in SP;, than in SP;. Capturing this limiting
behavior is a challenge and the value Pe™ in the blending of
Eq. (39) is precisely chosen to get the transition in the right
way.

Note that, plotted in Figs. 8 to 10, the original GSG model,
with closures (37) and (38), would yield the same results as
the large-Péclet limit (HP), whatever the value of Pe;.

To conclude, implementation of Eq. (24) within the GSG
RANS model proves successful in predicting the radiative RTI
in the small-Péclet limit. Extending the closure to all Péclet
regimes thanks to the blending Eq. (39) allows the RSM to
correctly capture the effects of the relative intensity of the
radiative transfer and the turbulent transport in the turbulent
mixing case under consideration.

VI. CONCLUSION

In this work, an asymptotic analysis of radiative mixing
flows has been performed in the joint limit of small turbulent
Mach number and small turbulent Péclet number. It predicts
the scalings of pressure and temperature fluctuations together
with approximations for the fluctuations of the thermal con-
duction and the velocity divergence fields.

The fluctuating velocity divergence turns out to be the
cornerstone for the improvement of RANS turbulence model-
ing when the radiative conduction overwhelms the turbulent
diffusivity. This work shows how to design turbulent mod-
els able to account for the effect of the relative magnitude
of radiative conductivity and turbulent transport in the wide
range of turbulent Péclet numbers encountered in stellar flows.
Such an extension can easily be applied to augmented RSM
tracking density correlations like BHR3 [35] or GSG [26,34]
as shown here with the latter.

Radiative Rayleigh-Taylor turbulent mixing at an interface
has been carefully considered with three goals in mind: First,
validate the asymptotic predictions thanks to 3D DNS; sec-
ond, validate their use in 1D RANS simulations; and, third,
illustrate how large radiative conduction can lead to a qual-
itative change in the behavior of turbulent mixing zones by
modifying the stability criteria.

APPENDIX A: DESCRIPTIVE MATERIAL

The governing equations (la)—(1d) need to be comple-
mented with equations of state and closures for some terms
like fluxes. These are precisely described in this Appendix.

Because the radiative field obeys the equilibrium diffusion
approximation, the radiative pressure can be expressed as:

r

E
P = 5 with E" = agT*,

where the radiation constant ag = 4osg/c, is obtained from
the Stefan-Boltzmann constant ogsg and the light speed c;.
Concerning the material pressure P”, we will assume, for the
sake of simplicity, that the plasma is fully ionized and behaves
as a perfect gas. As a result, the material pressure obeys the
following equation of state:

R+ Z,)

My A

P" = prT with r = Zraca and r, =
o

where R is the ideal gas constant, M, is the molar mass of
ion «, and Z,, is its ionization degree. As already mentioned,
the Einstein convention for the summation of indices is not
used for the Greek index «. This simplified equation of state
is only meant to avoid cumbersome expressions in the ensu-
ing derivation and to allow for a better understanding of the
physical meaning of the small-Péclet-number approximation
to be derived. The general case of an equation of state for
which P™ is an arbitrary function of p, T, and ¢, is treated
in Appendix C. For the same reasons, we will hereby assume
that the specific heat at constant volume C;! of each species
«a is constant and that all species o share the same polytropic
coefficient y,,. As a result, one has:

" =CIT with C' = ) " Cll o,
o

r
and yy = 1 + — =y, for all .
ct
Similarly to the pressure P, the general case where ¢” is an

arbitrary function of p, T, and ¢, is treated in Appendix C.
Note also that C}' includes contributions from both ions and
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electrons but not from photons. Given the equilibrium diffu-
sion assumption, one may, however, define a global specific
heat of the photon-ion-electron continuum by differentiating
the total energy e with respect to the temperature T at constant
density p. This yields the following total specific heat at
constant volume C,:
m 461RT3
C=C'+—.

This total specific heat depends on temperature and density as
opposed to C".

In Eq. (1b), we also introduced the gravitational force g
and the viscosity tensor IT;;. The latter is defined by:

H,‘j = —Z[L(S,'j — %divu&-j),

where S;; = (0;u; + d;u;)/2 and where pu = pv is the dy-
namic viscosity of the plasma with v its kinematic viscosity.
The associated dissipation is defined by:

pE = _niiji-

In Eq. (1c), the diffusion flux of the species mass fraction c,
is defined by a Fickian approximation of the form [36]:

_pD(a)al.ca
N;—1
- Zd:l ‘7:0‘]

where D@ is the diffusion coefficient of the species a. Note
that the validation proposed in this work in Sec IV regards
a binary mixture (Ny = 2) which means that, for both gases,
there is a single interspecific diffusion coefficient that will be
noted D.

Finally, the last unspecified term of Eqgs. (1a)—(1d) is the
energy flux 7. Given that e is the total energy, F; has two
contributions, a material one F’ }" and a radiative one F j’ :

forao =1,...,N;— 1,

.7:0(]' :{
for a = N,

I‘.JZ.}—;"-F.F;

The material term F7" is itself split into a thermal conduction
contribution and an enthalpy mixing one:

F' = —"3;T + W.F,

Jj

where A™ is the thermal conductivity of the plasma and 4", =
d., " represents the enthalpy of species «. As for the radiative
flux, the equilibrium diffusion assumption allows to express it
as:

4C(aRT3

Fr=—=\0,;T with A" =
W 3pk”

J

In this expression, «” is the Rosseland opacity and is related
to the Rosseland mean free path A" by:

,
=5

To conclude this description, let us remark that a total conduc-
tivity A can be defined by summing the radiative and material
contributions:

A=A"4 A

From there, one can also define a total temperature diffusivity
x using the total conductivity A and the total specific heat C,:

o
oGy

X

This definition accounts for the contributions of matter and
radiation.

From Egs. (1a)—(1d) and using the definitions of this Ap-
pendix, equations for the total pressure and the common
material and radiative temperature can be obtained with the
form given in Eqgs. (2) and (3). In these two equations, C stands
for the total conduction term and Dp and D7 account for the
effects of molecular diffusion and dissipation on P and 7":

C e BJ()»BIT),

Py »
Dp=y3) ?a,»(m 9;ca)
+ (5= 1Dp (s + ZD<“>a,hj’;ajco,),

P
Dr=)_ faj(p’-’?(")ajca) + p<8 + ZD(“)ajhfﬁajca)

o

(A2)

The coefficients y;, y», and y; are generalized adiabatic ex-
ponents defined for a continuum made of matter and radiation
[27] by:

p dp p T
—_— —_— — s :1+ J—
"= Popl 7 Topl,,
1P
andys =14+ ——| ,
pdel,,

where s is the entropy. Note that with the notations found in
Ref. [27], one has y; = I'; but y, = I's. As for y3, it is not
directly linked to an isentropic process and has been arbitrarily
added to the list of adiabatic exponents for the sake of com-
modity. Note also that the generalized adiabatic exponents are
usually different from one another and also from the ratio of
specific heat y defined by:

where C, is the total specific heat at constant volume, which
has already been introduced, and C,, is the total specific heat
at constant pressure. All these coefficients are also usually
different from the adiabatic exponent y,, characterizing the
plasma without radiation. They nevertheless coincide for a
perfect gas without radiation.

As a last note, Egs. (2) and (3) are not affected by the
simplifying assumptions made about the equation of state of
the plasma in this Appendix. Equations (2) and (3) remain the
same whether the plasma behaves as an ideal gas or not. The
differences between two different equations of state would
only appear in the actual values of the generalized adiabatic
exponents, which definitions extend beyond the ideal gas
framework.
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APPENDIX B: SECOND-ORDER CONTRIBUTIONS TO THE EVOLUTION v’, P’, AND T’

The second- or higher-order terms appearing in Egs. (8)—(10) are defined by:

l'l a (pu// //)

' 2
RP = 3P —
RT = W,0;T" —

1 I 1 /
+ C/( c ) —C’( c ) — (3 T'dive’ — y;T'div’).
oC, oC,

APPENDIX C: NONIDEAL GASES AND SOURCE EFFECTS

If the flow is not an ideal gas and source terms are con-
sidered, then the evolution equations of pressure (2) and
temperature (3) written in Sec. II A would be modified in the
following way:

D,P = —y,Pdiva+ (y3 — 1)C + Sp + Dp
ST DT

D,T = —(y, — )Tdiva + ,
' pC, ~ pC,  pC,

where the expression of already defined variables is un-
changed. As for the additional terms Sp and Sy, they are
expressed in terms of the source terms related to reactions S,
matter S™, and radiation S”, such that:

Pg
Sp=—-DS-) [(n — e — ﬂsa,

Sr=8=) euSywith S=8"+5".

The coefficients yy, y», and y3 have been introduced in
Ref. [37] as the generalized adiabatic coefficients regarding
thermodynamics of hydroradiative flows. Joining the expres-
sions from [27], they are defined in terms of differentials of
temperature and density by:

P P Ze
V1=p’p+ ’T<1—p ’p)
P per P
P—p? P
=1+ 'Oepandy3=1+—’r,
perT per

One can also defines the following ratio:

— pze’p
P )

where we recall that the shortcuts f7 and f, stands for the
differentation with constant other variables in {7, p, ¢y }.

These coefficients characterize the equation of state. For a
perfect gas without radiation, they are all equal to y,, = CC’—,,
with C,”" the material specific heat at constant pressure. Oth-
erwise, they differ from this value.

Gy P Pr (1
Cy PP, per

(y|P' — y{P")divl — (y|diva’ — y/diva')P — 7,(P'diva’ — P'divi’) + y;C’ — yiC’ —

(y,P'divu’ — y/P'divu’)

(y,T' — sz/)dIVll — (pydivu’ — j/zlell/)T — (7 — 1)(T'dive’ — T’diva’)

While not taken into account in this study, the intensity
of turbulent fluctuations, regarding the one of reactive source
terms Speyc. May be characterized by €.

In this way, the characteristic reaction time t° would have
been introduced so that the nondimensionalized source terms
could be written:

% g ( Sr ) _ ( Sr )
POGsO B IOCU TOGsO pCU
The Damkholer number, Da, that characterizes the mean reac-
tion rates would have been defined as:

/*
Syt =

To
Da = e
0

Without the simplifications of Sec. I A, the source terms
and the fluctuations y are present in the next derivations.
While the dimensionless equation of fluctuating velocity re-
mains the same, the dimensionless equations of temperature
and pressure become

— 1 1
D,P' = —p Pdivu’ + [P—ej(% - 1)C' - [E}?lp/aju_j

€, 0Kat ]
y; }Vsc

€t

— Je —
— [Kap]u}a_,-P - [ﬁ}y,Pajuj + |:

+ [S Re }D’ + [DaeylSp + 0(2)

C/

D,T' = —( — NTd
e v [ ]S

1 B _
- ﬁ](?z — DT"9;u; — [Karlu;9;T

- 2 /

€| =. — [€Kar I \'5

- Toju; + | ——— C
L Fr, :| vt ot - |: Pe; :| (,OCU

[ €co Dr\ SrY
Dag; 0(2),
" _sCRe,](pc) * ae“)](pcv) to®

with O(2) refers to terms involving products of fluctuations.
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Again, if the simplifications and hypotheses of Sec. II A were not considered, while Eq. (23) would remain unchanged, the
relations (24) and (25) of the asymptotic analysis would become, including also the source terms:

g T

. i 4 / / — 14 <c Zl / - _C_'U '
diva’ = —u] ( = e )—_l(y1 —xPy2)8juj+_V—_(ST +C)[y3—(y3—l)<p >:|
4! nP

12!

— /
)4 B P@)q2 v PaSa
[ (5

o

YpCy 71 %
S/ 7 —1 xP P,S,\
()
ypC, V3 —17pC, < P
Y 3 — 1)pC, T
with yy = — _)/1 P,xP = (7 _)'0 .
7= (p—1x P

APPENDIX D: NUMERICAL METHOD

TRICLADE is a massively parallel code intended to solve
turbulent mixing of perfect gases in a variable-density con-
text [38,39]. The present computations are performed with
an extension of the code to radiative equations implemented
thanks to an operator splitting between the standard hy-
drodynamic viscodiffusive part and the radiative gray part
including radiation-matter coupling and radiative diffusivity.
In the radiative version of TRICLADE, the total energy equa-
tion (1d) is split into its material and radiative components.
Hence, instead of Eq. (1d) the following two equations are
solved:

pD,e" = — P"diva — aj]-‘J’." — Q" + pe,
pD(E"/p) = — P"divu — 31-]-']( + QT
where Q™" is the radiation-matter exchange term:
Q" = pr’ci(agT,y —E") with T, =¢"/C).

It corresponds to a simplified version of the gray radiation
hydrodynamics system derived in Ref. [40] within the flux-
limited diffusion approximation. The asymptotic value 1/3 of

C’ A= T—1_0;P B — v
=u(8,T — T - )T 22—
uj(f P +(V2 ) )/2_1

pCy

/ C+Sr\[n—1 ¥4 7C,\’
-2 (S )= - ()]
71 oC, n—1 pCy

_ D D(a)qg2 v
eSO
nys—1 . Y pCy

(

the optically thick limit is used here for the flux limiter and the
Eddington factor, the corrections of order |u|/c, are neglected
and the Planck mean interaction coefficient is taken equal to
the opacity «” for the sake of simplicity.

For the hydrodynamic part of the code, the monotonic
upstream centered scheme for conservation laws (MUSCL)
finite-volume Godunov method referred to as M5 in Ref. [41]
is used. With respect to the standard version of TRICLADE,
only a slight modification of the HLLC numerical flux is
required to account for the additional E” variable.

As for the gray coupling diffusion subsystem for (e, E”),
a simple implementation relies on the fact that TRICLADE only
works on cartesian grids. It is solved by dimensional splitting
into three successive 1D implicit systems. The nonlinear term
T,j at final time step is linearized as in Commercon [42];
in this way, when using three-point stencils to discretize the
first-order derivative of E”, each 1D implicit problem is solved
by inverting one three-diagonal system for E” followed by
an update of ¢™. To avoid anisotropic artifacts, alternate di-
rections orders are used from one iteration to the next. This
procedure is valid in the limit of vanishing decoupling like in
the test cases of this article.
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INTRODUCTION

Astrophysical context

Presence of turbulence in stellar interiors:

w occurs in a wide variety of regimes involving
stable and unstable stratifications, mixing,
shear, radiation losses...

u generated and maintained by various
mechanisms (rotation, instabilities, shearing...).

Jean-Cédric CHKAIR?, Olivier SOULARD!, Jéréme GRIFFOND!

Convection mixing zone

Overshoot zone

‘Thermohaline mixing 2one

Rotation miing zone

Mixing regions of reference

Role of turbulence in stellar interiors: ouft ‘%
u has major impacts on the life cycle of a star, H g
u can explain the abundance of some elements, ) A

u may account for the dissipation of angular
momentum observed in some stars, from
[Lignieres (1999)].

Purpose

m To derive a statistical turbulent model )
describing stellar interiors which includes mixing
and radiation effects (adapted for regimes of
small and large Péclet numbers)

Model Number

Figure 1 Kippenhahn diagram for the evolution of a 75 M. star
(Model number 500 <> 3.60 x 10° yrs) from MESA 1D code

ouble diffusion zone

Comparison of modes of heat transport
with a ratio of characteristic times:
Péclet dimensionless number:

Pe — tradiation

g zone

‘Thermohaline
(double-diffusion)

[Convectionzones |

Nom

Tturbulence

Characterization of turbulent regimes

Convection mixing zone:

a Rep ~ 1083 > 1,

aM~ 1074 <,

aPe=Pr-Re;~10° > 1, Mect

u heat transfer by radiation <
heat transfer by turbulence.

= (Pe > 1; My < 1) limits

Figure 2:  Schematic of mixing zones in a 75M.. star at 3.60 x 10°

years of age (M., ¢ solar mass).

hali

of ther mixing zone

solute

Thermohaline mixing zone:
a Rep ~10° > 1,
aM~1070 < 1,
aPe=Pr-Re~102<1,
u heat transfer by radiation >
heat transfer by turbulence.
= (Pe < 1; Mg < 1) limits

Low potential temperature/low solute concentration

Figure 3: Schematic of double diffusion instability from [Garaud
(2017)]. Thermohaline convection is driven by two different density
gradients which have different rates of diffusion.

rbulence models

Turbulence models for Pe 1
u Reynolds Stress Models = GSG [Grégoire et al (2005)] conceived to work within the (Pe > 1; My < 1) limits

a Those 2" order models are used to describe a convective-type turbulence = deal with: u;u;, P, p2.
Turbulence models for Pe 1
u Can the GSG model be adapted for the Pe < 1 limit?
u Péclet effects appear in the evolution of p/ = need to describe the following evolution equations:
- the mass flux D.(p/d/p) = wdivis (unknown) + ... (source terms)
- the density variance Dy(p72/7%) = p/dwer’ (unknown) + ... (source terms)
Method
m need to characterize dive/,
m asymptotic analysis with (Pe < 1; My < 1) limits.

- and )

Stellar field: coupling flow and radiation fields
Flow field (mixed species o) Radiation field Stellar field
Characteristics: Characteristics: Characteristics:

u Matter and radiation have
reached local equilibrium

u Defined by p, u, c,, €™ and E"

Simplifications:

nT=T"=T"

u Variable density turbulent flow
u Defined by p, u, €™ and ¢,
Simplifications:

u Ideal gas:

- P =P"(p,T.c)=prT
-eM=e"(p, T.c)=C'T
With:

% =G /Ch=7=G/C
ur=racqand CJ = Cyca

u Optically thick medium

» Radiation in the diffusion limit
u Defined by E”, P" and F"
Simplifications:

w EM=agT*

w Pl =agT*/3=E"/3

. Fl=—\OT

Dimensionless equations from governing equations

with Reynolds average i.e. g=q— ¢

Dimensionless equations:

, 1oP 1, 1p0P 1 (0N
= _ _—Jom+—ET _ - 1.
Dru; Ve Fr O + Fiop Rl g + Order 2 (1a)
DeP' = — 5P + 5~ 1)C" — L5, Pt — Kapul0P + 22+ Order 2 (1b)
t Pe Fre ! P ScRey
DT = — (7 )T’ + 25 T =gz Karulo, T il Order 2 (1)
e T' = — (7 — 1) Tdivu +Eﬁfv— e ivi — Katu;o; +ScRet+ rder
Characterization of the flow:
u intensity of fluctuations:
M = ?&

u mean field:
Y _ Vow( _ ¢ _ &
Fre = 33' Fry = ?’ngT/Q)' Kap = Z_PQE' Ka = 1—70_;
u molecular transport and heat diffusion:

=%l gc— 1 pp— 2 pe— Yl _ ith Yo = &
Ret o Sc o Pr o Pe o PrRet with xq G

rot, Sorbonne Pari Sorbonne Universi

1 CEA, DAM, DIF, F-91297 Arpaj
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SMALL PECLET-SMALL MACH NUMBER APPROXIMATION
AND ITS IMPLICATIONS ON STATISTICAL TURBULENCE MODELS
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Asymptotic analysis

First result
/

P T/
f~|V|$<<|V|t and — ~ Pely < M;

Asymptotic expansion of Egs. (1)

u Main conditions: M; < 1 and Pe ~ M{ < 1

u Secondary conditions relevant to the flow:
Fra~1,Frs~1, Kap~ M, Ka ~ M

Consequences on the flow field

u the flow is in quasi-equilibrium,

u the turbulent length scale is decoupled from the
length scales of T and P.

)

= P’ and T’ are small compared to other thermodynamical vari-
ables fluctuations. They can be neglected with respect to these
other variables, except when involved in gradients or diffusion terms.
Second result

e o 9T\ —n
=y [pc,,ojr — (P74 4PT) (”ﬁ - L)] — 4P

Expansions of fluctuating quantities T r

a The fluctuating quantities u’, p/, p/, c/, are (
developed as functions of My: o, , )JW é)j? o ot
¢ = 4@+ MgV + M2+ 0 () = B | @

Validation of the asymptotic analysis

Double diffusion turbulent mixing zone |

u Currently : no hydro-radiative code => only a purely hydrodynamic one : TRICLADE.

u However, we can still proceed to validate most of the asymptotic analysis, by imposing a very small Prandtl number
(Pr=2.5-103) = leads to a small Péclet number.

Direct numerical simulation (DNS) of a mixing zone driven by RTI/DDI

u Two ideal gases with different molar masses and same + initially separated by an interface.

u Rayleigh-Taylor/Double diffusion instabilities (RTI/DDI): fundamental instabilities at work in the flow

Heavy
fluid

| -

Light
fluid

‘
: # il : 4 ‘
" ; y B {
e ) >
oA i) Vo L} L ¢« b
@7 (b)uic? Figure 6:  Cuts in the plane x; = 0 and at time ¢ = 10 displaying

respectively (a) the fluctuating conduction term C’ and (b) its

Figure 4:  Comparison of the profiles of (a) 7/C’ and (b) uiC’ with
modelled value predicted bv Ea.

their predicted values as given by Eq

(b)

- Figure 7: Cuts in the plane x; = 0 and at time t = 10 displaying
(a) pdive? (b) dhdive’ respectively (a) the fluctuating velocity divergence div v’ and (b)
Figure 5. Comparison of the profiles of (a) 7dve’ and (b) its modelled value predicted by Eq. (4)

udivu’ with their predicted values as given by Eq. (4). = Structures and levels of the divergence are

= Good agreement between predicted and sim- well reproduced by Eq. (3) and Eq. (4)
ulated values of //C’ and uiC’ with Eq. (3) and

of p/divy’ and uldivu’ with Eq. (4)

Comparison between small and high Péclet limits

Stability criterion of a mean stratification:

Difference between the expressions of divu’

It comes from the way the volume of fluid particles adjust o For
to the mean gradients of pressure and temperature. - 2 o 0P 9P
. ; =~ | KE T |
a For P , from [Soulard et al (2012)]: divu’ = _”jl'i—/% + . ] K15 " 5P| B
. oPm T
a For Pe < 1: dive’ = —u/’v [:PL"'_ - i#—] + .. Zt?a{ﬁ?csa‘taighe
u For Pe <« 1 = asymptotic case of double

Bridging the range between small and large Péclet
numbers by a weighted average (similar for p/divu’)

diffusion instability (DDI)

RN — 1 —— Pe
T T
uldive’ = udive|pecy re " uldivi[pes.q 17 Pe
< 0 for stable
stratification

Validation of the adaptation of the GSG model for small and large Péclet limits

Validation with GSG vs. ILES
Two implicit large eddy simulations
(ILES) of a RTI/DDI performed, differ-
ent by heat diffusion coefficient:

)2 and \ = 97.

a0

3

g o 7 %

(b) Density Variance

(a) Turbulent kinetic energy

pi P Ti OxTi g My My ~
LES 1 2 0.0288 T;/5 1. 55 65 5/3
Table 1

Figure 8 Time evolution of of the turbulent kinetic energy and density variance at
the center of the mixing zone (LES and GSG models)

For Pe : stabilization of mean entropy stratification

= counters RTI = fast collapse of turbulent field

For Pe < 1: DDI depends on molar mass gradient and grows
= well captured by modified GSG model

Conclusion

Results

u Small Péclet-small Mach number analysis was extended to radiative flows with mixing,

u Closures for the evolution of density-linked correlations in a class of turbulent RSMs (GSG models) were derived,
m Models can be used in stellar flows having small Péclet numbers.

Future work

m To extend the validation to hydro-radiative flow mixing simulations for applications in stellar interiors.

Parameters defining static equilibrium
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cea Introduction: turbulence and radiation in stars

Why studying turbulence coupled with radiation?

M regime present in stellar interiors.
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Radiative transport in stellar media Onset of stellar convection

Stellar medium configuration:

Main sequence Red-giant branch

7222 (Pey> 1) M radial displacement of a fluid parcel from its equilibrium position (under gravity g),
Heat transfer: (Pey < 1) M hydrostatic condition = (P> < P7),

M comparison of radiation and turbulent
convection processes with the turbulent
Péclet number:

M slow displacement with respect to the speed of sound = (P, = P5).

P, <Py Py =P,
02 @ 0y P: total pressure.

8 p: density,
r: stellar radius.

G ) = turbulence more efficient
than radiation in heat transport,

Convective (in)stability:

M (Pe; < 1) = radiation more efficient if (o, < p2): if (py > po):
than turbulence in heat transport, g
300 200 M mass particle rises due to buoyancy, M mass particle falls back to its initial state,
M both regimes present in the transition
phase from the main-sequene to the rod- Model number M unstable stratification. M stable stratification.
giant branch. Figure: Temporal evolution diagram of a 75 M, star

from t = 0.02 Myr to t = 3.7 Myr (from MESA), with:
M m the interior stellar mass,
M “model number” the non-linear timescale,

M cpy the nuclear reaction specific energy rate.
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Onset of (I'c “Ledoux” criterion for stellar convection

cea

1) and (Pe; < 1) convection

Assumption:

M negligible transport of species concentration.

1

Onset of stellar convection:

M determined by the “Ledoux” criterion.
T: temperature,

\ & mean molecular weight, Convective mixing zones & (Pe; > 1), Thermohaline mixing zones & (Pe; < 1):
‘R: ideal gas constant, @ amplification of small per ions around M double-diffusion instability caused by a
ag: radiation constant. the mean stratification, destabilizing V1 and a stabilizing VT,
M unstable stratification if: M unstable stratification if:
Negligible heat flux < (Pe; > 1) Large heat flux & (Pe; < 1):
M negligible transport of heat, M thermal equilibrium = T, =T,
M = adiabatic adjustment of pressure: M assuming p, =y
P (()P
ap 1 1 v \ap ’
Px=01+ Zpla,uP2 —P1), b =w o (P2 gt % /s
. where V is the spatial gradient, s is the “pseudo-entropy” and v, is a generalized adiabatic exponent.
B unstable stratification (p < p2) if M unstable stratification (p, < p2)if:

“Ci i mixing j to strong iati by Jean-Cédric CHKAIR March 29, 2021 4/43 “C i mixing j to strong iati by Jean-Cédric CHKAIR March 29, 2021 5/43



Dimensionless numbers:

Convective mixing zones:

v
M Pe;=Pr-Re;> 1, 7:
X

U, Vi Vy
M[:J,Re(:—,l’r:—‘r and Pe; =
Cs Vv X

@ heat transport by radiation <
heat transport by turbulence, g the turbulent velocity, c; the sound of speed,
oM< ¢ the turbulent viscosity, vy the kinematic viscosity
! and X" the radiative diffusivity.
M Reg>1,

- rrem,
Thermohaline mixing zones:

Thermohaline

M Pe =Pr-Reg <1, N
convection zone

M heat transport by radiation >

heat transport by turbulence, ) =

- M1,
M Re>1,
- przprm,
b
with P and P™ the radiative and matter pressure. Figure: Turbulent mixing zones in a 75 M, red-giant star.
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ASYMPTOTIC ANALYSIS

cea Hydro-radiative instantaneous system (1/2)

Hyd diative i comp ible Navier-Stokes coupled with radiation in the diffusion limit:
Dip = —pdivu continuity
pDw; = —aP— gl + pg momentum
pDica =  —8Fa concentration
pDe™ = pe—Qc, —PMdivu—§F™  material energy
D¢E" =  —(E"+P")divu— g 57" radiative energy

with: State variables:
_pm_pr
M D = 8- +u;9;- the Lagrangian time derivative, M P=P"+P" the total pressure,

Cem i
M ;- the partial derivative with respect to the spatial e = e+ E'/p the tofal specific energy,

cartesian coordinate xj, T =T" =T the temperature,

M divu = §jy; the velocity divergence,

-
-
M P' =E'/3 the radiative pressure,
]

M “m”and “r” relates to matter and radiation.

E" = agT* the radiative energy.

=> mixture treated as an ideal gas with radiation.

No mixing zone

Purpose and plan

M derivation and validation of a turbulent statistical model that describes stellar interiors and
including mixing and radiative effects (adapted to lar;c and small Péclet numbers),

M for simplicity = turbulence modelling focused on convection and double-diffusion instabilities.

M derivation and validation of the approach: asymptotic analysis within the (M < 1; Pe; < 1) limits,

M adaptation of a (M; < 1;1¢ 1) Reynolds stress model (RSM) to the (e, < 1) regime,
M validation of the modified model within the (I’ 1)and (Pe; < 1) limits,
M linear stability of a radiative Rayleigh-Taylor flow configuration with visco-diffusive effects

= improvement of the model blending linking (¢ 1)and (Pe; < 1) limits.

ASYMPTOTIC ANALYSIS

mixing subj to strong

(@23 (M; < 1) and (Pe; < 1) approximations

Asymptotic analysis in the (M < 1) limit:

M acoustical phenomena are filtered out,
Asymptotic analysis in the (Pe; 1) limit:

M fast transport of temperature fluctuations = thermal equilibrium,
Improvements compared to existing works:

M mixing,

M radiative pressure P* > P™ matter pressure,

M (non-ideal equations of state),

M (nuclear reactions).

= derive and validate a small Mach-small Péclet number approximation, )

by Jean-Cédric CHKAIR March 29, 2021 8/43 “C

ASYMPTOTIC ANALYSIS

“C i mixing subj to strong

ASYMPTOTIC ANALYSIS

cea Conditions of the (M¢ < 1; Pe; < 1) asymptotic analysis

Governing equations:
M (M < T)and (Pe; 1) main effects: on (u, P, T) fields,

M quantities q split into background component and a deviation:

Reynolds decomposition: q = @ + q'
~
statistical  fluctuation
“ean
& (u/, P/, T') evolutions = rendered di ionless with characteristic scales.
Conditions:
M Sn>1,

M <1 and Pe~M{ <« 1[,

M assuming:

o (v, 0, Py, T') developed as:

q’=q’(0i 4 M‘q,“) + M‘Zq/ilb

“C i mixing subj to strong

mixing subj to strong

@23 Hydro-radiative instantaneous system (2/2)

Hydro-radiative i compressible Navier-Stokes coupled with radiation in the diffusion limit:
Do = —pdivu continuity
pDu; = Pl + pg; momentum
pDic« = F «j concentration
pDe™ = pe—Q., —PMdivu—g 5" material energy
DE" = —(E"+P")divu—g5" radiative energy

Molecular terms:

. . Material thermal flux:
M [ the viscosity tensor,

@ F™=—AM9T with A™ the thermal conductivity.
he diffusion flux

Radiative thermal flu

of the species mass fraction ¢ where

4agcy T3
D s its scalar diffusion coefficient, -

AT
3 pk’

M ¢ the viscous dissipation rate, the radiative conductivity,

I where ag, ¢, and KT are respectively the radiation con-
B Qc, = §|Z 0cch™pr,cp 0 Faj stant, the speed of light and the Rosseland opacity.

m
the enthalpy (h™ = ™ + P™ /) mixing.

by Jean-Cédric CHKAIR March 29, 2021 10/43 “Ce
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Results:

M orders of magnitude:

==

~M,2 and T?~Pe,-Mt ,

M asymptotic expression:

-, ,[ap™  aT o,
awat = |2 Y oy |,
I T —
stratification molecular mixing

with:
ro the specific ideal gas constant of each species « of concentration ¢ o,

= 1= Y rac the specific ideal gas constant of the mixture,
<

Foj = —pD®jc  the scalar flux and D) the scalar diffusion coefficient.

by Jean-Cédric CHKAIR March 29, 2021 12/43 “Ce
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ASYMPTOTIC ANALYSIS

(@2%) Comparison of divu’ in the (¢, > 1) and (Pe; < 1) limits

Comparison of divu’:

@ For (Pe, 1) from Soulard ef al. [2012, Phys. Rev. E: M For (Pe, < 1):

+Molec. terms

ap
diva’ = —u/ { L

,[aP™ T
—u | == — = | +Molec. terms
P T

Interpretation:
M stem from (M; < 1) analyses applied to the evolution of P/,
M different volume adjustment,

M contain mixing effects.

“C i mixing subj to strong by Jean-Cédric CHKAIR
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(@2%) Inviscid stability criterion in the ("¢ > 1) and (Pe; < 1) limits

C ion of the mean

M hydrostatic equilibrium: 9, = pg;
Impact of divu’ expressions:

M by inserting divu’ expressions into p’ linearized equation:

P for (P 0,
P

a2 = —divu’ — v/
e for (Pe; < 1),

M by inserting , (%) into u’ linearized equation:

for (e, > 1),

/
ol = 2
e for (Pe; < 1),

Inviscid stability criterion of the stratification:

M unstable provided:

for (e, > 1), (f
for (e, < 1), =

M equivalent to the Ledoux stability criteria = highlights the role of Pe;.

by Jean-Cédric CHKAIR
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£
Light. Heavy  Light & Heavy  Light Heavy
fluid fluid  fluid fuid — fluid | g5 fluid
k¢ Pk
i i i

NS (Numerical Simulations) of a turbulent mixing zone with the in-house code TRICLADE

M two ideal gases (of different molar masses My, and M) initially separated by an interface are mixed
under the effect of gravity g,

M usual mechanisms at work in stars,

M defined by the Atwood, Mihalas and Boltzmann dimensionless numbers:

A= MM 6 R P g 401 and Bo= TS 3751021,
My + M, Ef age, T /4
M ho K" p treated as a constant,
Opacity k" Prandtl number Pr - Simulation acronym Expected Péclet orders
8.64 2.36x 104 SPy (Pey < 1
8.64 x 10! 2.36x103 spy (Per < 1)
8.64 x 10 2.36 Pe 1

Table: Interface parameters defining a hydrostatic equilibrium with an isothermal condition imposed.

“C i mixing subj to strong

by Jean-Cédric CHKAIR

ASYMPTOTIC ANALYSIS C R > ¢ 1

cea Computation at the initial position of the interface

Problem:
M statistically 1D = only depending on the inhomogeneous direction x,

M statistical averages of any quantity q as:

1 !
qx) = L\TJ’ q(x, y, z)dydz

Light;
fluid |

“C i mixing subj to strong

ASYMPTOTIC ANALYSIS
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ASYMPTOTIC ANALYSIS Y C L

Py Vi
and Pey= PVt

K the turbulent kinetic energy, € its dissipation, & the speed of sound, w, the dynamic viscosity,
¢p the specific heat at constant pressure, A the radiative conductivity and v the turbulent viscosity.

0.125

0.100

0.075

0.050

£ 0.025
0.000
10 20 30 40 10 %0 50 )
time time
(@) M (b) Pe; and Rey
Figure: Time evolution of dimensionless parameters at the center of the turbulent mixing zone.
(1r, Py, SP2) = (My < 1) : limit verified & (Rep > 1) : turbulent regime reached.

(1r) =  (Pee>1)
(sp1) = (Pe<1)
(sP2) = (PeeS 1)

opposite evolution as (5P 1),
condition verified,
intermediate regime reached.
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> = and Mr=———
np and My T Do M,
1.75
1.50
1.25 o
1.00
x
o X e, np
0.75 xxi""‘%} o HP,
_ 0002 SPy, 1p
0.50 ’
X SPy
o
0.25 SP1, e
° SPy, 71
0.00 s

0 10 20 30 40
time
Figure: Time evolution of np and 1y ratios in the center of the turbulent mixing zone.

consistency with the (M < 1; Pe; 1) approximation,
no prediction on the order of T’ in (M; < 1) analyses.

(sPy,sP2) = (mp~1N&Mnr~1)
(11r) = (p~1&Mnr—0)

“Co i mixing j to strong March 29, 2021

by Jean-Cédric CHKAIR

Light
fluid

(@) o/ () —u/(8P™ /P™ — T /T)-+Molec. terms
Figure: Cuts in the plane containing g at t = 34 displaying (a) 6]u]’ of sp, and (b) its (Pe; < 1) asymptotic
value
(same color scales).

(5P2) : structures and levels of the divergence well reproduced by asymptotic values. |

“C il mixing d to strong radiation” by Jean-Cédric CHKAIR March 29, 2021
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“Ci

From the (Pe; < 1) asymptotic expression:

divu’

stratification

the correlations —p’divu’ and u/divu’ can be split into:
{ opP™  HT|

ordiva’ o7

pm

Computation of divu’-linked correlations along the x-axis

o
SY ey
,
2

molecular mixing

o

strat.
5P

wdiva’
u/divu Luy

{

8 -
P T o

strat.

and computed along the x-axis.

“Co
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ADAPTATION OF A RSM MODEL

Table of contents

Adaptation of a RSM model

“Ci
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ADAPTATION OF A RSM MODEL

Purpose:

by Jean-Cédric CHKAIR

S, simulation and (Pe; < 1) predicted divu’-linked correlations

° PV °
/

0.06

simulation simulation

0.0020

prediction

=== pred. (strat) e

prediction

¢
rd
5'

#
7

/

-20

pred. (strat.)
0.0015 - pred. (mix)

0.0010 7, 0.04

0.0005 ?

0.02

0.

—0.0005

—40 -20 0

abscissa

10 —40 0

abscissa

20
(@) —p'diva’

(b) wdiva’

Figure: Comparison at t = 34 of the spatial profiles of (a) —p’divu’ and (b) u/divu’ of sr, with their
(Pe < 1) prediction. (“strat.”) and (“mix.”) are contributions from the stratification and molecular terms.

(sr2) : good agreement between simulated and predicted values. |

(“strat”) = positive sign due to baroclinic production interpreted as production term,
(“mix.” = negative sign due to dissipation interpreted as destruction term.
mixing to strong by Jean-Cédric CHKAIR

ADAPTATION OF A RSM MODEL

GSG (M; < 1) RSM turbulence model

Outcome of (M < 1) approximations:
M constraint on divu’ = treatment of some compressibility effects,

M = used to derive closed evolution equations for the variance and flux of the density field.

Reynolds Stress Models (RSM):

M second order model for convective turbulence:

= Rj= u/'u": Reynolds stresses, Specific volume:
— =1/e,
= tu/’: specific volume turbulent flux,
o Reynolds decomposition:
- . ific v i —
''t": specific volume variance, q=q+q’,
-

€: kinetic energy dissipation. Favre decomposition:

March 29, 2021 24/43 “C

M derive expressions for unclosed terms in evolutions (with Dy- = 8 - +1;}-):

= specific volume flux:
De )’ =

u/div
= specific volume variance:

Dt/ = t'diva’ + ...,

= derived from a stochastic Langevin model closing the evolutions of u”” and t”,

M in mass conservation, the only unknown appearing is divu’:

D¢
Asymptotic expressions used in the GSG model:
) limit:

M (M, < 1) approximation, compatible with the (I

diva’ = —

M (M, < 1;Pe, < 1) asymptotic analysis:
, { T
uf -

T

ap™

divu’ =

pm

1%t step to derive closures = inserting divu’ in Eq. (1).

" 8%
= (1 + L) {di\u'—u”(% G
T 1T )

”

oy

/\ﬁ)

(Y]

)

+ Molec. terms ,

} “+Molec. terms

J
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by Jean-Cédric CHKAIR

M GSG from Gregoire e al. [2005, ]. Turbul] at CEA. 4=d+q" with g= ? )
(M, < 1), (e, < 1) and (Re; > 1) turbul
M none in engineering applications,
M butin stellar interiors = most Prandtl’s mixing length models,
M Canuto [2011, A&A]'s RSM exception = explicit dependency on Pey.
How to adapt the GSG (M < 1) RSM turbulent model to the (Pe, < 1) limit? }
mixing to strong by Jean-Cédric CHKAIR March 29, 2021 25/43

ADAPTATION OF A RSM MODEL

Turbulence modelling in ("¢,

1) and (Pe; < 1) limits

Evolution of T/:

— s
0@ TEW g (puj”’r”) B pu|//,r//< x

oI \A S —saren
‘,Uw?WJr{}l(pul'r) oyt (

Turbulence modelling:
M molecular diffusion closed with a Langevin model = interpreted as dissipation acting on t” with:
* C, and Cyp constants,
" @ the turbulent frequency,
= W the time derivative of a Brownian noise.

Reaction of " to a mean stratification:

1) readjusts to the pseudo-entropy gradient,

1) : readjusts to the molar-mass gradient,
M = only difference, responsible for the change of the stability criterion.

2" step to derive closures = modelling both (Pe; > 1) and (Pe; < 1) limits with a blending.

J
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“Cy

Derivation of an “all-Péclet” turbulent RSM GSG model

Validation of the extended GSG turbulence model

Evolution of t” blending ("¢, 1) and (Peg 1) limits: Valid of the modified GSG model
" 5 5 57 B M 1D-RANS simul, 15 of RTI compared to NS simul, 1s: 5Py and HP,
D = vl [wr &+ - wpe) (4% + 20)] i@
e M s, used to calibrate the turbulent parameter Pef™.
o () — e (%2 + )
> study of the impact of the (M; < 1; Pe; < 1) approximation on the RTI behaviour. )
Model blending: Stability of RTI:
M weighting function wp,, of simple form with a fixed transition parameter Pef™: f [F—
051 — wp, =17 17 turbulent state (e 1):
belim . — up, t=34 N -
wre, - ][ e with forPey — oo,  wpe, =0, 0.4 Py, t=17 o stable if <£,_ L;)E) ar _ g
Pe™ + Pe, forPeg =0,  wpy — 1 04 spy, =34 yie o P ®
@ 02 @ isentropic threshold reached,
3% step to derive closures = multiply |Dy % = ‘ by (u”, ") and taking their averages. J o 0o__% M stabilization of the stratification.
£ 7
" ) ) 00 i 5Py turbulent state (Pe; < 1):
Specific volume flux and variance evolutions are closed: H _
o -01 ﬁ M stableif %7 %8 <o,
~ t'u/’ OF o7 9P )
Di— = | wpe, + (1 — wpe,) =+ ; Rj+ ..., -20 ~10 0 10 20 30 M permanent evolution of the entropy,
" viP z
— . Figure: Spatial pseudo-entropy profiles of 11 and s7; DNS: M growth of the turbulent mixing zone.
e oF g% P T"u/ - N X 9,7 o
=2 | wpe 2+ (1 — wpe,) F= b, with Dy =o;-+G0- S:J (‘ _ %R ) di. .
T i T ool T 30 \Y1P 3
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ADAPTATION OF A RSM MODEL

- 1) limits

0 10 20 30 40 | 0 10 20 30 10

time time.

@) Turbulent kinetic energy k. b) Normalized specific volume variance ©"2 /7%
BY P

Figure: Time evolution of k and ©//% /%2 at the initial position of the interface. Comparison between the
1D-RANS and the NS simulations.

M physics well captured by the model in different situations,
M (117) = fast collapse of the turbulent field,
M (sr) = kinetic energy keeps increasing,

M (sp,) = correct trends with fixed parameter Pe}™.

mixing

to strong

LINEAR STABILITY ANALYSIS

Purpose of the LSA (linear stability analysis)

Purpose:
M study the linear stability of the radiative binary mixture (ideal gas) considered in this work.
Motivations:

M current local inviscid stability criterion,

for (¢
unstable provided

for (Pey

= predicts the stability involving viscosity, scalar diffusion and radiative conductivity effects,

M current blending between (¢ )and (Pe, < 1) regimes with a calibrated Pe™,

oolim
Pel

Wpe, = St ———
Pei™ + Pey

M = propose another weighting function wp,, for the blending based on physical considerations.

=> matches the marginal stability criterion of the LSA with its analogue in the GSG RSM model. J

“C i mixing subj to strong

LINEAR STABILITY ANALYSIS CONCLUSI

Modes of the general (VM ; VPe;) dispersion relation

Obtention of modes:

M derivation of (VM ; VPe) dispersion relation = degree 5 polynomial = 5 roots w

) ) 1 pair of “oscillating” modes: 1 “non-oscillating” mode:
1 pair of acoustic modes:
- w:#0, - =0,

M stems from compressibility o7 wr
effects, - if unstable, time- M if unstable, pure exponen-
) ) oscillations of the linear tial th of the i

M filtered out in the (M; < 1) : I 1 growth of the fnesr
limit perturbation, amplified in perturbation without oscil-
it an exponential envelope, lations.

mixing subj to strong
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LINEAR STABILITY ANALYSIS

Table of contents

B Linear stability analysis
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LINEAR STABILITY ANALYSIS
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Quasi-homogeneous approach and isothermal equilibrium state

Approach:

M based on compressible Navier-Stokes equations coupled with radiation,
= satisfied by the basic flow (g of any quantity q).

M stratified RT (shear free) configuration under a gravity field g along x| -axis:
“ hydrostatic equilibrium @ =0 ,
= isothermal VT = 0

small disturbances q’ of wavelength (%) are superimposed to the base flow: q =g+ q'.

M quasi-homogeneous assumption over a limited domain:

= | V@~ const. and g~ const. [ .

M normal modes (i.c. eigenmodes of the Fourier transform):

q

<

wo | vqe{t,u,P,T,c}
with:

-y = (XH‘XL) € R? the spatial coordinates,

by Jean-Cédric CHKAIR March 29, 2021 “Ce

-k = (kH,kL) € R? the wavevector of norm k = \/k2 +k2,
= W= W, +i w €C, wherew;=9Re(w)andw;=Im(w).
N2 N
circlar  growth
frequency  °rate
mixing ji to strong by Jean-Cédric CHKAIR March 29, 2021 _
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Marginal stability

Marginal stability of the 5 modes:

M marginal stability of each mode m € [[1,5] given by its neutrality hyper-surfaces A/yy:

with:
“p the set of parameters involved in the LSA,
-

™ the growth rate of the root w™ corresponding to the mode m.
Stability of the flow for a given set of parameters p:

M stable if all modes are stable: M unstable if at least one mode is unstable:

¥m, wi" (p) <0, 3m, wi" (p) >0,

M marginally stable if:

[wf™ (p)]

max
mel[1,5])

by Jean-Cédric CHKAIR March 29, 2021 34/43 “Ce
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LINEAR STABILITY ANALYSIS

1 —— m0.75
0.60
Numerical resolution: = f 0.45
a0
M with a non-dimensionalization, SN0 A f
itrari 2 & 0.30
arbitrarily chosen, = .
B of the (VMy;VPe,) dispersion relation. .S NN 0.15
X
Ledoux eriterion: -1 (2 % 5 [ro00
M unstable in the (I 1) limit if: - - = —0.15
—0.5 0.0
p
Vs - % >0, A,

Figure: Map of stability in the {A,,log Le*‘] plane.

M unstable in the (Pe, < 1) limit if: Dimensionless numbers:
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Analogy with the radiative turbulent RSM model

Implications for the turbulent RSM model:

M radiative conductivity effects studied,
M = use to improve the blending model of the GSG RSM model.

= match the marginal stability of the LSA with the one given by the turbulence model.

Analogy between visco-diffusive coefficients:

Ml coefficients of systems:
Navier-Stokes « Turbulent GSG ,

M main analogy:
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with D, the scalar diffusion, x" the radiative diffusivity and v the turbulent diffusivity.

= how to match marginal stabilities?
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Conclusion and perspectives

Conclusion

M Pe; = key parameter defining convective (", 1) and thermohaline (Pc; <~ 1) mixing.

M (M; < 1;Pe; < 1) approximation with mixing and radiative effects was derived and validated:

“ prediction for P’ and T’ orders,

“divu’ asymptotic expression.
M a statistical RSM model (GSG) was adapted and validated in (e, = 1)and (Pe, < 1) regimes,

M linear stability of a radiative stratified binary mixture was studied:

role played by radiative diffusion was highlighted,
= Le = key parameter defining the switch from “oscillating” to “non-oscillating” modes that
drive the instability,

“ improvement of the blending model which deals with intermediate Pe; regimes.
y

Perspectives

M implementation of the new GSG model in an astrophysical code (or under a mixing length model),

M many multiphysical processes in stellar flows still not accounted for: nuclear reaction, shear,
magnetism...
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Thesis defence speech

Beginning of the presentation

My work regards turbulence modelling of flow fields that are strongly coupled to radiation.
Slide 1

Such regimes are found in stellar interiors, where turbulence is generated and maintained by
a large amount of mechanisms. Among them, we may quote convection, double-diffusion in-
stabilities or shear for instance. The development of these turbulent zones have a major impact
on the internal structure and the composition of stars. Indeed, they entail, among others, the
transport and the mixing of stellar isotopes, as well as a strong radiative transfer.

Slide 2

Regarding radiation transfer, its efficiency in the transport of heat competes with turbulent
convection. These processes can be compared with the turbulent Péclet number. This non-
dimensional number compares the characteristic timescale of heat transport by radiation to the
one by turbulence. Thus, a small Péclet number indicates that radiation is much more efficient
than turbulence at transporting heat, while a large Péclet number implies the contrary. On the
right, I have represented these regimes during the early phases of evolution of a massive star.
High Péclet regimes are displayed in green and low Péclet ones in orange. They are shown
along the Lagrangian mass of the star with respect to the “model numbers”. These “model
numbers” represent a non-linear time scale that adapts to the pace of stellar evolution. This
example shows that turbulence is present in stars within small and high Péclet regimes. In
order to highlight the physical properties of these two particular turbulent regimes, I propose
to provide a short example based on a simple stellar flow configuration.

Slide 3

Let us consider a small parcel a fluid displacing radially from its equilibrium position and
in opposition to the direction of the gravitational field. Before being displaced, the particle is
considered to have the same characteristics as its environment. The initial state is considered
in hydrostatic equilibrium so that the pressure of the top fluid is smaller than the pressure of
the bottom one. Then, this displacement is assumed slow with respect to the speed of sound,
which corresponds to an acoustic equilibrium. Hence, the pressure of the particle will adjust
instantaneously to its environment. However, the particle density is not necessarily equal to
the density of its new environment. Two specific situations may occur: in the first case, if the
particle is less dense than its surrounding, it will keep on rising due to buoyancy forces. Then,
the displacement of the particle is amplified and the stratification is said “unstable”. In the op-
posite case, the particle may fall back towards its initial position. Its displacement is damped
and, hence, the stratification will be said “stable”. In order to determine the stability of the
stratification in the astrophysical context, we will consider the two asymptotic Péclet regimes.
Slide 4

For simplicity, the transport of species mass fraction is neglected. If the heat flux is negligi-
ble, it corresponds to a high Péclet situation. The mass particle will then undergo an adiabatic
adjustment of its pressure. By comparing the density of the particle to the one of its new envi-
ronment, a stability condition for the stratification is obtained. It relies on the pressure partial
derivative with respect to the density, compared to its adiabatic analog. In the small Péclet
case, the heat flux is so high that it implies thermal equilibrium. It means that the temperature
of the particle adjusts instantaneously to its environment. And if no changes of composition
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are considered within this mass particle, the stability of the stratification will depend on the
gradient of mean molecular weight, equivalent to an effective molar mass gradient.

Slide 5

Both of these conditions can be rewritten in terms of a pseudo-entropy gradient times a pres-
sure gradient for stellar standard convective regions and in terms of a molar mass gradient
times a pressure gradient for small Péclet turbulent zones. These relations are known in the
astrophysical formalism as the Ledoux criterion. Moreover, in the stellar context, small Pé-
clet regimes characterize a double-diffusion process called thermohaline mixing. As just ex-
plained, it stems from a destabilizing mean molecular weight supplemented by a stabilizing
temperature gradient.

Slide 6

To summarize this introduction, we have seen that standard convective and thermohaline tur-
bulent regions are characterized by opposite asymptotic orders of Péclet numbers. In the first
case, turbulence prevails over radiation in the transport of heat. And in the second case, this is
the contrary. However, both zones share a small Mach number and a large Reynolds number.
One last property may be quoted. For massive stars, the contribution of radiative pressure with
respect to its material counterpart is not negligible.

Slide 7

The main purpose of my work consists in deriving and validating a turbulent statistical model
that describes stellar interiors and that accounts for mixing and radiation effects, so that high
and small Péclet compressible stellar flows can be captured accurately. For the sake of sim-
plicity, we will focus on modelling turbulence generated by convective and double-diffusive
instabilities. Other effects, such as shear for example, should be included to describe a realistic
stellar interior. This presentation articulates as follow: - first, a small Mach-small Péclet asymp-
totic analysis is derived and validated so that a simplified approximation of the real flow can
be formulated. - second, we will focus on a particular turbulent model, available at the CEA.
This is a small-Mach Reynolds Stress Model, compatible with the high Péclet regime. It will be
adapted to the limit of infinitely small Péclet numbers. - it follows the validation of this model
for “all-Péclet” asymptotic regimes. - at last, we will study the linear stability of a stratified
equilibrium of a binary mixture submitted to a gravitational field. Some of the results of this
stability analysis will be used in order to improve the model blending proposed in our “all
Péclet” turbulent RSM model.

Slide 8

Let us start with the core of this thesis, that-is-to say the description of the asymptotic analysis
in the limit of infinitely small turbulent Mach and turbulent Péclet numbers.

Slide 9

On the one hand, small Mach approximations allow to consider all acoustical phenomena to
equilibrate instantaneously with their environment. On the other hand, small Péclet approxi-
mations allow the assumption of temperature fluctuations equilibrating instantaneously with
their environment. It results in a thermal equilibrium of the field due to radiative diffusion.
Besides, small Péclet analyses are usually derived jointly with their small Mach counterpart,
that they complete and modify. However, none of the current studies present in literature
accounts for the presence of mixing or nuclear reactions effects. In this way, the capture of
double-diffusion instabilities such as the thermohaline convection seems compromised.
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Besides, these studies consider generally the radiative pressure to be negligible with respect to
its material counterpart. Their applications may then not apply to massive stars. In the end,
non-ideal equations of state may be used in stellar interiors. Hence, the purpose is to derive and
validate a small Mach-small Péclet approximation involving the previous effects and adapted
for the interiors of massive stars. Although the approximation derived in the manuscript treats
these four points, we will only restrain ourselves to the two first ones in this presentation.
Slide 10

The starting point of this analysis is the governing hydro-radiative system, which is defined
by the Navier-Stokes usual set of conservation laws, coupled with radiation, treated in the
diffusion limit. Note that they are here expressed in the cartesian frame. Along with the mass,
momentum and material energy conservations, an advection-diffusion equation for the concen-
tration and a radiative energy equation are added to the system. From there, the superscripts
“m” and “r” will refer respectively to the material and the radiative quantities. The extensive
variables such as the pressure and the total specific energy are defined as the sum of their
matter and radiative parts. The radiative energy and pressure are expressed in terms of the
temperature raised to the power of four and proportional to the radiation constant. For the
sake of simplicity, we will consider the case of a radiative mixture of ideal gases, considered
itself as an ideal gas, and submitted to an homogeneous gravity.

Slide 11

Along with the viscous terms appearing in the momentum and the material energy equa-
tion, the molecular terms involve also scalar diffusive terms. More precisely, the scalar flux
of species concentration is defined as a Fickian approximation. The latter arises also in the en-
thalpy mixing term of the material energy equation. Besides, as for the material thermal flux,
the radiative flux takes also the form of a Fourier law. Its corresponding radiative conductivity
depends on the temperature, the opacity, and in a lesser extent, on the density.

Slide 12

Since the small-Mach and the small-Péclet effects deal with the physical properties of the tur-
bulent velocity, pressure and temperature, this approximation will focus on their evolutions.
Each quantity of these equations are then split into a background component and a deviation
from this background. The turbulence modelling context of this work entails to consider the
background quantities as statistical ensemble means, and their deviations as their correspond-
ing fluctuations. Then, the fluctuating velocity, pressure and temperature evolution equations
are rendered dimensionless with the use of characteristic scales, which are choosen relevant for
stellar flows. From there, the main conditions defining the behaviour of the field are: - the tur-
bulent Mach number, being small, - and the turbulent Péclet number, being of the same order
or even smaller. We will also assume that the Reynolds number is not small, so that viscous
effects have to be taken into account. All fluctuating quantities are then developed as functions
of the Mach number and re-inserted into the evolution equations of these fluctuations.

Slide 13

Once the asymptotic analysis is derived, two main results are obtained in a dimensional form.
First, the predictions for the orders of magnitude of the fluctuating pressure and temperature
are derived. As in usual small Mach approximations, the pressure fluctuations are of the order
of the Mach squared. Furthermore, we observe that the order of temperature fluctuations has
an explicit dependancy on the Péclet number. Second, the asymptotic expression of the fluc-
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tuating velocity divergence is derived. It stems from both pressure and thermal equilibria.
Moreover, it can be split into two contributions. The first term is related to the mean strati-
fication. It expresses the volume adjustment of a flow particle moving along a pressure and
temperature gradient. The second term is related to mixing and shows that the volume of this
mass element may also be modified by the molecular diffusion of species. This asymptotic
expression can be compared to another one, derived in the high Péclet limit.

Slide 14

As we can see, the adjustment related to the mean stratification is not the same in both cases
because, here, in the high Péclet situation, the volume of the flow particle adjusts to a total
pressure gradient. Besides, this difference between large and small Péclet asymptotic expres-
sions have important repercussions on the stability criterion of the mean stratification.

Slide 15

In order to illustrate this statement, we can study the linear inviscid stability of a stratified ra-
diative flow that satisfies hydrostatic equilibrium. For this purpose, we insert the asymptotic
expressions of the divergence term in blue in the linearized equation for the fluctuating den-
sity. Then, by using the fluctuating velocity equation and reinserting the previous results, we
obtain that the stability of the stratification depends on the sign of the pseudo-entropy gra-
dient in the high Péclet limit, and it depends on the molar mass gradient in the small Péclet
situation. These criteria are equivalent to the Ledoux criterion shown in the beginning of the
presentation. As a result, it puts forward the role played by the Péclet number in the charac-
terization of stellar turbulent mixing zones.

Slide 16

All of these results need now to be verified. To this aim, we study the development of a tur-
bulent mixing zone induced by a radiative Rayleigh-Taylor instability. Hence, we consider
two ideal gases, initially separated by an interface. We can see that the heavier fluid of greater
molar mass falls over the lighter one under the effect of gravity. The mean state is chosen at hy-
drostatic equilibrium and with an imposed isothermal condition. Although this configuration
does not occur in stellar interiors, it combines the elementary mechanisms at work in such me-
dia. Furthermore, the field is characterized by three dimensionless numbers. The contrast of
molar masses is defined by the Atwood number, which is not small. As for the contributions of
the radiative field, they are assessed with respect to the Mihalas number R and the Boltzmann
number Bo. The first one defines the rate of material to radiative energy, and shows that the
matter pressure and energy prevail over the radiative ones. The second one defines the ratio of
the material enthalpy to the radiative flux: thus, the latter overwhealms the enthalpy one. We
can note that such conditions can be met in the interiors of massive stars, where the radiative
pressure is not negligible with respect to its material equivalent. Three Numerical Simulations
are then perfomed with the compressible Navier-Stokes code TRICLADE, in which radiation
has been implemented. The three simulations differ only from the value of the opacity, treated
as a constant in the code, and hence, from the value of the radiative conductivity. This leads to
two small Prandtl simulations SP1 and SP2, as well as a high Prandtl one named HP. These nu-
merical parameters are choosen in order to reach certain orders of Péclet number at the center
of the mixing zone. While the first and the last simulations are meant to show the discrepen-
cies of the behaviour of the flow field between both asymptotic regimes, the intermediate small
Péclet simulation aims to test the limits of the approximation.
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Slide 17

In this video (see Fig. C.6), the small and the large Péclet simulations are displayed respectively
at the top and at the bottom. More precisely, they represent a slice containing the gravity vector
directed from right to left, and displaying the shadowgraphy, the pseudo-entropy and the tem-
perature fields. Each of these quantities share the same color scales, except for the temperature
one in the small Péclet situation, which has been reduced. The ombroscopy computes roughly
the transverse Laplacian of density, which is representative of the density fluctuations. The lat-
ter seems to stabilize after a certain amount of time in the high Péclet situation and the density
variance seems to keep evolving in the opposite limit. The evolution of the pseudo-entropy
gradient appears to become statistically bounded in the high Péclet limit whereas its gradient
looks statistically growing in the other case, and without reaching any form of equilibrium.
Finally, the contrast of temperature is more pronounced in the high-Péclet simulation. As for
the small-Péclet situation, as expected, the large heat flux smoothes out the fluctuations of tem-
perature. To summarize, the behaviour of the turbulent mixing zone has shown to meet strong
discrepencies when the Péclet number reaches infinitely small values. This work aims then to
shed light on the physical properties of such turbulent field.

Slide 18

By noticing that the problem is statistically mono-dimensional, we proceed to compute statis-
tical averages along the x-axis by integration over the transverse homogeneous directions.
Slide 19

The turbulent Mach, Péclet and Reynolds numbers are displayed at the center of the mixing
zone for the three “Prandtl” simulations with respect to a dimensionless time. On the left, the
Mach number remains always under the value of 0.14 for each numerical simulation which is
one of the desired condition. On the right, the flow becomes turbulent at approximatively the
time 15 where large Reynolds numbers are observed. The Péclet number reaches the value of
10 to the power 2 for the High Prandtl simulation. It tends to 10 to the minus 2 and to 10 to
the minus 1 for respectively SP1 and SP2. Hence, each of these configurations have reached the
expected Péclet order desired. Indeed, while the condition of the asymptotic analysis is verified
for SP1, HP evolves in the opposite regime. As for SP2, its Péclet number tends well towards
intermediate small values.

Slide 20

Regarding the predictions of the fluctuating state variables, two ratios involving the orders of
pressure and temperature fluctuations are displayed again at the initial position of the inter-
face. First, the fluctuations of pressure tends towards the squared Mach number in each sim-
ulation, which is consistent with the usual results of small Mach approximations, and this,
whatever the value of the Péclet number is. Second, the temperature ratio tends towards 1
for both small Prandtl numerical simulations which verifies the prediction of the asymptotic
analysis, even in intermediate regimes. However, this ratio drops fastly to naught in the High
Prandtl case. There is indeed no condition related to the high Péclet analysis in usual small-
Mach approximations.

Slide 21

We now pass to the validation of the predictive asymptotic expression of the divergence term,
derived in the small-Péclet approximation. To do so, we proceed to extract 2 dimensional fields,
defined as the slices in the plane orthogonal to the interface and containing the gravity vector,
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as shown here. On the left, we have computed the exact value of the divergence term which is
obtained by differentiation of the fluctuating velocity. On the right, we have calculated the
asymptotic prediction derived in the analysis. Since the color scales are the same in both fig-
ures, we can argue that the turbulent structures and levels seem to be well captured by the
asymptotic values. The only discrepencies observed stem from some localized extrema which
seem to be filtered out by the small-Mach small-Péclet formula.

Slide 22

After this qualitative validation, a quantitative verification is proposed with the use of com-
puted correlations, which are related to the divergence term. Just as the divergence term, these
correlations can be split into two contributions, related to the mean stratification and to molec-
ular diffusion. As illustrated here, they are extracted along the whole inhomogeneous axis of
the flow field.

Slide 23

A good agreement between the intermediate small Prandtl simulation (in brown) and the small
Péclet prediction (in orange) of both correlations is observed. As for the contributions related
to the stratification (in blue) and to molecular diffusion (in magenta), they have opposite signs
in each case. Hence, referring to the current configuration we have chosen, this can be asso-
ciated to the mechanisms of the instability. Indeed, if we look at the left side for instance,
the baroclinic production related to the mean stratification tends to increase the density vari-
ance, whereas molecular mixing tends to dissipate it. As a result, both contributions can be
respectively interpreted as a production and a destruction term in the context of turbulence
modelling.

Slide 24

Now that the approach has been validated, we can proceed to the adaptation of the RSM tur-
bulent model.

Slide 25

One of the outcomes of small-Mach approximations regard a peculiar constraint imposed to
the fluctuating velocity divergence. The derived expression may allow to characterize some
compressibility effects and may be used in order to derive some closures for the evolution
equations of the density variance and of the mass flux. If these equations are supplemented
by equations for the Reynolds Stresses and for the kinetic energy dissipation, they define the
basis of a class of RSM turbulent models. Then, referring to our current framework, flows
combining small Mach, small Péclet and high Reynols numbers are rarely, if not ever, seen
in engineering applications. However, they are often observed in stellar interiors where most
efforts regarding turbulence modelling regard calibrated Prandtl’s models based on the mixing
length theory. We can nonetheless quote a notable exception of RSM iso-volume model, which
has been derived by Canuto and that involves an explicit dependancy on the Péclet number.
From now on, we will focus on an existing RSM, available at the CEA and known as the GSG
model. The objective will be then to adapt this GSG model, originally conceived for the treat-
ment of compressible gaseous mixtures, to the small Péclet limit.

Slide 26

The purpose of this part is to derive closures for production terms in the evolutions of the spe-
cific volume flux and variance, where the correlations implying the divergence term appear,
as shown here in blue. This GSG model has been derived from a stochastic Langevin model
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that closes the evolutions of the fluctuating velocity and specific volume. By writing the mass
conservation equation, we notice that the only unknown is the divergence term (appearing
here in blue). The first step to derive these closures is then to insert the asymptotic expressions
of the divergence term, respectively stemming from the small Mach approximation and from
the current small Mach-small Péclet asymptotic analysis, into this continuity equation.

Slide 27

The evolution of the fluctuating specific volume is then obtained in both Péclet asymptotic lim-
its, provided that third order correlations linked to tau second are neglected. Here, molecular
diffusion terms are closed using a Langevin model. Hence, they are interpreted as a dissipa-
tion term acting on the variance of tau second. Besides, we will assume that their modelization
in both Péclet regimes is identical. Then, the main difference between both cases comes from the
way the relative specific volume reacts to the mean stratification: - in the high Péclet limit, it
varies when the pseudo-entropy gradient is different from naught, - and in the small Péclet
limit, it varies when it is the molar mass gradient that is different from zero. This difference
has been previously proven to be responsible for the modification of the stability criterion of
a mean stratification. From there, the second step consists in blending the range between both
asymptotic Péclet regimes.

Slide 28

To this aim, we choose to introduce a weighted function of a simple form, with a calibrated
parameter (noted Péclet limit) such that the specific volume evolution equation takes a more
general form. The main modification stems from the terms related to the stratification. They
are interpreted as a convex combination between the molar mass gradient and the pseudo-
entropy gradient. As a result, when the Péclet number tends towards an asymptotic value,
the evolution of tau second follows the rightful Péclet equation. And when the Péclet number
has an intermediate value, the calibrated parameter control the transition between asymptotic
regimes. The third step to derive the desired closures is then to multiply this equation by u
second and tau second, and then to take their averages. These RSM closures can then be derived
in the specific volume flux and variance equations, as shown here. What remains now is the
validation of the turbulent model for any Péclet regime.

Slide 29

To do so, the three previous numerical simulations are compared to the mono-dimensional
RANS simulations, run with the modified GSG model. While the Small and High Prandtl sim-
ulations are meant to compare the behaviour between the flow fields, the intermediate Prandtl
simulation is used to calibrate the parameter Péclet limit of the blending function. In this con-
text, the spatial profiles of the pseudo-entropy and of the concentration of HP and SP1, are
represented with respect to the x-axis. As a recall, both fields are initially stably stratified at
both sides of an unstable interface. In the high Péclet situation, the stability criterion depends
on the sign of pseudo-entropy gradient. At late times, the flow tends towards a marginal sta-
bility where we can observe an isentropic threshold around the interface. This corresponds to
a stabilization of the stratification. In the small Péclet limit, the stability criterion depends on
the sign of molar mass gradient. Hence, because of the form of the concentration profile, the
field cannot reach an equilibrium, and thus, the pseudo-entropy gradient keeps growing. This
case corresponds to a permanent increase of the turbulent mixing zone.
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Slide 30

In this frame, the turbulent kinetic energy and the normalized specific volume variance of
Navier-Stokes and RANS simulations are extracted at the center of the mixing zone with re-
spect to a dimensionless time. Globally, the extended turbulent GSG model follows the main
trends observed in Navier-Stokes simulations. This proves that this RANS model seems to be
able to capture the differences of flow behaviours in both Péclet regimes. In the large Péclet
limit, the kinetic energy decreases during the last third of the simulation. This is due to the
fact that the pseudo-entropy profile approaches its neutral value inside the turbulent mixing
zone. Indeed, the instability mechanism stops feeding the turbulent mixing zone whereas vis-
cosity still dissipates the kinetic energy. In opposition, the latter keeps growing in the small
Péclet limit and endlessly transfers energy to the turbulent field. Besides, the higher levels of
density variance observed in the previous video for this small Péclet case seems to be accurately
reproduced by the model. As a result, despite the fact that the adaptation of the GSG model
affects only a limited part of the turbulent system, we can argue that significant discrepencies
are still accurately captured in both asymptotic limits. Furthermore, the intermediate Péclet
RANS simulation follows quite satisfying trends with the calibrated blending.

Slide 31

We know pass to the last part of this presentation and focus on the linear stability of the radia-
tive flow field.

Slide 32

This study regards a binary mixture of ideal gases based on the radiative Rayleigh-Taylor con-
figuration already described previously. The motivations concern two points. First, the current
local criterion that have been derived for the stability of the stratification is inviscid and hence,
it does not account for visco-diffusive transport coefficients. We wish then to predict the sta-
bility of the field with respect to viscous and diffusive effects, and in particular, with respect to
radiative conductivity. Second, since the current blending has been calibrated with respect to
phenomenological considerations, we wish to propose another blending that stems, this time,
from physical groundings. The method that we propose here is to match the stability condi-
tions, derived in the LSA, with its equivalent ones, derived from the turbulent system.

Slide 33

The linear analysis lies on the same set of governing equations introduced earlier and which is
followed by the base flow. We assume the binary flow to initially respect an hydrostatic equi-
librium and having an imposed isothermal condition. Then, the wavelengths of the linear
perturbations, which are superimposed to the basic flow, are considered to be much smaller
than any other gradient length scale. It leads to an homogeneous approach where basic quan-
tities and their gradients can be considered constant with respect to any other pertubation
inserted into the system. We seek normal modes in the form of plane waves where the complex
frequency omega can be split into a real part corresponding to the circular frequency and into
an imaginary part, defining the growth rate of the perturbation.

Slide 34

From there, the derivation of the general dispersion relation is obtained by taking the deter-
minant of the Fourier-transformed linear system. This “all-Mach” and “all-Péclet” dispersion
relation gives a polynomial of degree 5 and hence, its 5 roots lead to the derivation of 5 modes.
We have a pair of acoustic modes, which stem from compressibility effects, and which can be
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filtered out in the small-Mach regime. We have a pair of oscillating modes, which, when un-
stable, correspond to the exponential amplification of the linear perturbation, that oscillates
with respect to time. And finally, we have 1 non-oscillating mode, which, when unstable, cor-
respond also to the exponential amplification of the perturbation, but without oscillating.
Slide 35

The marginal stability of each of the 5 modes is given by the fact that their growth rate is equal
to zero. As shown here, this neutrality hyper-surface is obtained for the whole set of parame-
ters involved in the analysis. It defines the limit between the stable and the unstable region.
Accordingly, the whole stability of the flow field depends on the stability of the 5 modes. In the
first case, if all of them are stable, then the flow is stable. In the second case, if at least one of
them is unstable, then the flow becomes unstable. Hence, the marginal stability of the field is
obtained when the maximum of all growth rates is equal to zero.
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From there, we can compute numerically a stability map by choosing arbitrarily a set of non-
dimensionalization parameters. This Atwood number defines the contrast of specific ideal
constants, or an equivalent opposite Atwood number related to the contrast of molar masses. It
represents one of the axis of the stability map along with the inverse Lewis number that char-
acterizes the rate of scalar diffusion to radiative diffusivity. Hence, if we look at the color bar
of the stability map, the marginal stability curve is seen to separate the unstable zone (here,
on the left) and the stable one (here, on the right). If we consider an horizontal displacement,
when the Atwood number increases, the contrast of molar masses decreases and then, after
reaching a contrast of zero, the field becomes stable, whatever the other conditions are. In the
opposite direction, as showed by the iso-values, the flow becomes more and more unstable.
Hence, in our current configuration, the stratification is unstable, on the left, and stable, on the
right. If we consider now a vertical displacement, the rate of scalar diffusion to radiative dif-
fusivity decreases with the increase of the inverse Lewis number. Moreover, we can represent
the inviscid stability conditions derived in the small Mach-small Péclet asymptotic analysis.
We notice that the convectively stable and unstable regions from the Ledoux criterion match
those of the LSA. Besides, the limits of these regions correspond exactly to the zero gradients
of pseudo-entropy and of molar mass as defined by the boundaries of these inequalities. What
remains is the investigation of the stability of the field in the intermediate zone.
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From the general dispersion relation, we can derive neutrality hyper surfaces corresponding
to marginal stabilities in the limits of purely oscillating or purely non-oscillating transverse
modes. We assume that the first unstable mode is always the transverse one. An example is
shown for the non-oscillating mode here. Each of these curves follows continuous evolutions
and matches accurately the marginal stability branches defined with respect to the whole flow
in the intermediate zone. While the pair of oscillating modes dominates the field in the high
inverse Lewis numbers regime, the non-oscillating mode dominates in the weak ones. Hence,
the marginal stability of the flow follows different trends in the limit where radiative conduc-
tion is high and where it is low, with respect to scalar diffusion.
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Since the efficiency of radiative conductivity has been highlighted in the previous stability crite-
ria, we can use this results to improve the fitted blending model used in the turbulent model.
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The idea is then to match the marginal stability condition of the LSA with the one derived
from the RANS system. To do so, we proceed to perform an analogy between visco-diffusive
coefficients of each set of equations. The main consequence is that the inverse Lewis number
can be directly associated to the turbulent Péclet number. Under our conditions, these two
dimensionless numbers are then considered to follow analog behaviours with respect to their
own governing system.

Slide 39

As a result, in the context of turbulence modelling, the LSA has shown that the flow stability
is dominated by the “non-oscillating” mode in the small Péclet limit. By taking a convenient
limit of the neutrality hypersurface, so that it can be used in a turbulence context, we obtain a
condition for marginal stability. From the GSG model, the stability criterion depends on the
blending function omega and is recalled here for each asymptotic Péclet regime. Hence the
marginal limit of this condition takes a simple form that can be compared to the other one.
Slide 40

These expressions are recalled here. A blending model “b” is proposed such that this neutrality
hypersurface is interpreted as a convex combination between molar mass and pseudo-entropy
gradients. Hence, this drives the stability of the field with respect to the asymptotic Péclet
regime considered. We impose this blending to match the stability curve in ONLY the small
Péclet limit. Hence, as shown on the stability map, the corresponding neutrality hyper-surface
joins smoothly both asymptotic Péclet limits.
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The temporal evolutions of the turbulent kinetic energy and density variance are shown once
again for the three previous Navier-Stokes simulations, and then compared to the new GSG
simulations run with this blending “b”. Although the asymptotic RANS simulations do not
seem affected by the blending, we can see that, while some improvements can still be carried
out, a quite satisfactory agreement is obtained for SP2.
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To summarize this presentation,
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We have seen that the Péclet number is a key parameter allowing to characterize turbulent
standard convective zones and thermohaline regions, in stellar interiors. An approximation
of stellar flows has been derived and validated in the limit of infinitely small Péclet numbers.
The main outcomes have regarded an estimation for the orders of pressure and temperature
fluctuations, as well as an asymptotic expression for the fluctuating velocity divergence, which
involves mixing and radiative effects. We have then used this term to adapt a turbulent RANS
model to the small Péclet regime, and we have validated it for all asymptotic Péclet limits.
Finally, we have performed a stability analysis of a radiative mixture which highlighted the
role of the Lewis number in the identification of unstable flows with respect to the intensity of
radiative diffusivity. The marginal stability condition derived from the LSA has allowed to im-
prove the blending of the GSG model, which is now based on a sounded reasoning. Hence, this
modified RANS model can be directly used in an astrophysical code and even put under the
form of a Prandtl’s model. In the future, this work may be extended to a more accurate study
of the stellar plasma. The latter may involve many other physical effects such as ionization
processes or nuclear reactions for instance.
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Figure C.6 — Screenshots of the video (slide 17) displaying the (Pe; < 1) (top) and the (Pe; > 1) (bottom)
simulations at dimensionless times. Slices containing the gravity vector directed from right to left, and
displaying the ombroscopy, the pseudo-entropy and the temperature fields. Each quantity shares the
same color scale, except for the temperature one in the (Pe; < 1) situation that has been reduced.

End of the presentation
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