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ANALYSIS AND NUMERICAL SIMULATION OF A GENERALIZED
COMPRESSIBLE CAHN-HILLIARD-NAVIER-STOKES MODEL WITH
FRICTION EFFECTS

CHARLES ELBAR"*® AND ALEXANDRE POULAIN?

Abstract. We propose a new generalized compressible diphasic Navier—Stokes Cahn—Hilliard model
that we name G-NSCH. This new G-NSCH model takes into account important properties of dipha-
sic compressible fluids such as possible non-matching densities and contrast in mechanical properties
(viscosity, friction) between the two phases of the fluid. The model also comprises a term to account
for possible exchange of mass between the two phases. Our G-NSCH system is derived rigorously and
satisfies basic mechanics of fluids and thermodynamics of particles. Under some simplifying assump-
tions, we prove the existence of global weak solutions. We also propose a structure preserving numerical
scheme based on the scalar auxiliary variable method to simulate our system and present some numer-
ical simulations validating the properties of the numerical scheme and illustrating the solutions of the
G-NSCH model.
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1. INTRODUCTION

We derive, analyze and simulate numerically the generalized compressible Navier—Stokes—Cahn—Hilliard vari-
ant (G-NSCH in short)

op . _
e +div(pv) =0, (1.1)
% + div(pev) = div(b(c)Vu) + F, (1.2)
— a 0
pu=—yAc+p—=, (1.3)

1
% +div(pv@v) = — [Vp + vdiv (Vc ® Ve — 2|Vc|2ﬂ)] + div(v(c) (Vv + VvT))
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- ;div(y(c)div(v)]l) + div(n(c)div(v)I) — &(p, ¢)v, (1.4)

stated in (0,7) x €2, where T' > 0 is finite time horizon, and Q C R? (d = 1,2,3) is an open bounded domain
with a smooth boundary 0.

Interested by the modeling of invasive growth of tumors in healthy tissues, we motivate the different terms
of the model with this biological application in mind. However, we emphasize that the model is a general
compressible diphasic fluid model that could be used for other applications.

System (1.1)—(1.4) models the motion of a diphasic fluid composed of two immiscible components, i.e. two
different cell types (e.g. tumor and healthy cells), and comprises viscosity effects, surface tension, and friction on
rigid fibers representing the extracellular matrix (FCM in short). In System (1.1)—(1.4), p is the total density of
the mixture (i.e. the sum of the two partial densities), ¢ is the relative mass fraction of one component (e.g. the
cancer cells), v is the mass averaged total velocity, u is called the chemical potential, p is the pressure. The
coefficient +y is related to the surface tension and is equal to the square of the width of the diffuse interface existing
between the two populations. The friction coefficient k(p,c) is a non-negative function of the density and the
mass fraction, and takes into account the possible difference of friction strength between the two populations. We
use this friction term to model possible adhesive effects of the cells on the ECM. The coefficients v(c) and n(c)
represents the viscosity coefficients (shear and dilatational, respectively) of the mixture. Possible differences
in viscosities could be considered for the two populations. The function g represents the separation of the
two components of the mixture and phenomenologically models the behavior of cells (i.e. cells tend to form
aggregates of the same cell type). The function F.(-) accounts for the possible proliferation and death of cells
and these two effects are assumed to be modelled as an exchange of mass between the populations. The non-
negative function b(-) models the mobility of cells. This function models the probability for a cell of any of the
two populations to find an available neighboring spot to which it can move. More details about the general
assumptions and precise forms of the different functions will be given in the next sections.

The motivation of our model stands from the modeling of tumor progression and invasion in healthy tissues.
Indeed, as explained in Appendix B, under suitable choices of functionals, our model can be viewed as a
representation of a proliferating population of cells, i.e. the tumor cells, in a domain filled with a non-proliferating
population, i.e. the healthy cells and the rest of tissue (ECM, extracellular fluid, etc.). The proliferation of cells
happens by consuming mass from the other phase (we are not injecting mass in the system). Both cell populations
move in an ECM constituted of rigid fibers on which they can adhere. As we only focus on the mechanical effects
generated by the properties of the cells that could play a role during invasion, we do not consider in the model
other effects that are known to be important in tumor progression: e.g. angiogenesis, digestion of the ECM by
proteolic enzymes, role of helping cells located in the stroma.

We emphasize that this article only concerns the analysis and the numerical simulation of the G-NSCH
model (1.1)—(1.4). This latter comprises effects that are negligible in biological situations, e.g. inertia effects.
We propose here an analysis of the model and a structure preserving numerical scheme for the G-NSCH model.
Literature review. The motion of a binary mixture of two immiscible and compressible fluids can be described
by the Navier—Stokes equation coupled to the Cahn—Hilliard model: the Navier—-Stokes—Cahn—Hilliard model
(NSCH model in short). The well-known incompressible variant of the compressible NSCH model has been
denominated model H (see e.g. [35, 38]). Model H has been proposed to represent viscous fluid flow in an
incompressible binary mixture undergoing phase separation. This model assumes matching densities, i.e. p1 = p2
and, hence, constant total density p. To consider non-matching densities, Lowengrub and Truskinovsky [51]
proposed the compressible NSCH model. Expanding the divergence term in the mass balance equation, the
authors found a relation denoting the quasi-compressible nature of the fluid. Concomitantly, Anderson et al. [10]
proposed a similar system. In the present work, we use a similar system. We also remark that a very recent
work [63] proposed a unified framework for the incompressible NSCH system and shows that the different
NSCH models found in the literature only differ from their general modelling framework by specific constitutive
hypotheses.
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Under some simplifying assumptions compared to the system proposed in [51] but being closer to the system
n [10], the analysis of the compressible NSCH model with no-flux boundary conditions has been realized by
Abels and Feireisl [3]. Their analysis requires to simplify the model proposed in [51] to avoid zones with zero
density which would make this analysis a lot more difficult since the control from certain estimates would be
lost. In another article, for the same system, Abels proved the existence of strong solutions for short times [2].
Considering the same assumptions and dynamic boundary conditions, Cherfils et al. [21] proved the well-
posedness of the compressible NSCH model with these special boundary conditions. These latter allow to model
the interaction of the fluid components and the walls of the domain.

Results on the analysis of the incompressible variant of the NSCH model, i.e. the model H, are numerous and
we here mention only a few of them since a complete review would be out of the scope of the present article.
With a non-degenerate mobility coefficient and a physically relevant choice of potential, the well-posedness and
regularity analysis of model H has been performed by Abels [1] using tools both from the analysis of Navier—
Stokes model and the Cahn-Hilliard model. It is worth mentioning that the non-degeneracy of the mobility
coefficient leads to non-physical effects, i.e. Ostwald ripening effects (see [4]). For this reason, Abels, Depner
and Garcke studied model H with a degenerate mobility [5]. Their analysis relies on a regularization of the
mobility and singular potential into, respectively, a non-degenerate and non-singular potential. Then, suitable
a-priori estimates uniform in the regularization parameter allow to pass to the limit in the regularization and
show the existence of weak solutions to the degenerate model H.

We now review partially the extensive literature about the Cahn—Hilliard equation and its use for the mod-
elling of tumors. The Cahn—Hilliard equation has been initially used to represent the phase separation in binary
mixtures and has been applied to the spinodal decomposition of binary alloys under a sudden cooling [17,18].
The model represents the two phases of the fluids as continua separated by a diffuse interface. This equation
has been used later in many different applications and we do not intend here to give an overview of all these.
However, we refer the reader interested in the topic to the presentation of the Cahn—Hilliard equation and its
applications to the review book [53]. We are interested here in the application of the Cahn—Hilliard framework
to tumor modelling (see e.g. [52]). Latter, different variants of the Cahn—Hilliard model appeared: e.g. (without
giving a complete overview) its coupling to Darcy’s law [31], Brinkman’s law [22], chemotaxis [59]. Recently, a
variant of the CH equation has been used to better represent the growth and organization of tumors. The main
change is the use of a single-well logarithmic degenerate potential instead of a double-well potential [7,19,57].
This type of potential has been proposed in [9] to represent the action of the cells depending only on the local
density, i.e. attraction at low cell density and repulsion for large cell density representing the tendency of cells
to avoid overcrowding. The Cahn—Hilliard framework has also been utilized in systems representing invasive
growth of tumors. The interested reader can find a lot of information about phase-field type systems modelling
tumor growth and invasion in the very recent survey paper [30] and references therein.

We now review some of the literature about the numerical simulation of NSCH models. The numerical
simulation of model H for binary fluids with non-matching densities has been the subject of numerous works
(see e.g. [39] and references therein). However, in part due to its complexity, the numerical simulation of the
compressible NSCH system has been less explored. A C? finite element numerical scheme for a variant of the
quasi-compressible NSCH model proposed in [51] has been proposed in [33]. Around the same time, Giesselmann
and Pryer [8,32] designed a discontinuous Galerkin finite element scheme to simulate the quasi-incompressible
NSCH system which preserves the total mass and the dissipation of energy. A numerical method has also been
proposed in [37] in the case of constant mobility b(c) and smooth polynomial potential (c). However, the
system simulated in [37] is a simplification of the compressible NSCH system since the derivative pressure does
not appear in the definition of the chemical potential 4 in their system.

The previous works we presented for the simulation of the compressible or quasi-compressible NSCH systems
deal with constant mobility combined with a smooth polynomial potential. We aim to simulate the compressible
NSCH model with choices of mobility and potential relevant for biology (but also relevant for material sciences
and fluid mechanics), i.e. degenerate mobility combined with a logarithmic potential. We now review briefly
some relevant discretization methods for the Cahn-Hilliard equation with degenerate mobility and singular
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potentials. Considering a degenerate mobility and a double-well logarithmic potential, we mention the work of
Barrett et al. [12]. In this article the authors proposed a finite element scheme with a variational inequality to
preserve the bounds of the solution. Based on these ideas, Agosti et al. [7] proposed a similar finite element
scheme for the single-well logarithmic potential case. The difficulty in this latter case lies in the fact that the
degeneracy and the singularity sets do not coincide and, considering an order parameter that must remain within
the bounds [0,1), negative solutions can appear if a standard discretization method is used. The numerical
scheme proposed in [7] solves this issue but does not preserve the mass. In a more recent work, Agosti [6]
proposed a discontinuous Galerkin finite element scheme that preserves the bounds [0,1) and preserves the
exact mass. However, the main drawback of the previously mentioned methods is that they are computationally
expensive: they solve a strongly coupled nonlinear system and resort to the use of iterative algorithms.

Since the Cahn-Hilliard equation is a gradient flow (see e.g. [49]), a structure-preserving linear scheme can
be constructed using the Scalar Auxiliary Variable (SAV in short) method [60]. The SAV method is a very
powerful tool to design unconditionally energy-stable numerical schemes for models possessing a gradient-flow
(see e.g. [62,66] and references therein) or Hamiltonian structure (see e.g. [11,58] and references therein). The
SAV method has evolved during the past 6 years starting from the original SAV method [60,61] to improved
variants such as the generalized version GSAV (see e.g. [41,66]) and the relaxed RSAV method [43]. In our
work, we use the GSAV method that has been already used in [42] for the Cahn—Hilliard equation. In this
latter work, the scheme is structure-preserving from the use of a scalar variable that represents the discrete
energy, and an additional equation is solved to ensure dissipation at the discrete level. The bounds of the order
parameter are ensured using a transformation that maps R to the physical relevant interval ((0, 1) in the case of
a double-well potential). Hence, compared to other techniques, the SAV method has the advantage to allow for
the design of a linear, efficient, structure-preserving scheme and can easily be used for our G-NSCH system. We
also emphasize that the SAV method has been used for the simulation of the incompressible NSCH model with
positive mobility and polynomial potential in [47]. In the present work, we use the GSAV method to design a
numerical scheme for the G-NSCH model. Our numerical scheme allows to use degenerate mobility and singular
potential functionals which are more physically relevant. To the best of our knowledge, our G-NSCH model is
new because it comprises the friction force term and the exchange between the two phases of the fluid. Moreover,
the use of the GSAV method for a compressible NSCH system is new, especially with our choice of functionals
(i.e. degenerate mobility and singular potential).

Objectives of our work. The first objective of our work is to study the well-posedness of the G-NSCH model
under some simplifying assumptions (i.e. smooth potential and positive mobility). The second objective is the
design of an efficient and structure-preserving numerical scheme for the G-NSCH model with singular double-
well potential and degenerate mobility. The third focus of the present work concerns the rigorous derivation of
the G-NSCH model that is presented in the appendix.

Outline of the paper. Section 2 presents the notations, functional spaces and assumptions we use in our work
for the analytical part but also for the numerical part. Section 3 concerns the proof of the existence of weak
solutions for the G-NSCH system (1.1)—(1.4) under simplifying assumptions. A structure preserving numerical
scheme based on the GSAV method is then proposed in Section 4 and some numerical results are presented
in Section 5. Our model’s equations come from a thermodynamically consistent derivation of the compressible
Navier—Stokes-Cahn—Hilliard model including friction effects and source terms. The derivation is described in
Appendix A. From the general model, we propose in Appendix B two reductions: The G-NSCH studied and
simulated in the present work and one biologically relevant reduction that will be the focus of a forthcoming
work.

2. GENERAL ASSUMPTIONS, NOTATIONS AND FUNCTIONAL SETTING

The equations are set in a domain Q7 = Q x (0,7') with Q an open and bounded subset of R? (d = 1,2, 3).
We assume that the boundary 912 is sufficiently smooth. We indicate the usual Lebesgue and Sobolev spaces
by respectively LP(Q), W™P(Q) with H™(Q) := W™2(2), where 1 < p < +o0c0 and m € N. For ¢ € [1, +0c0], we
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indicate the Bochner spaces by L9(0,T; X) (where X is a Banach space). Finally, C' denotes a generic constant
that appears in inequalities and whose value can change from one line to another. This constant can depend on
various parameters unless specified otherwise.

2.1. Assumptions on functionals

We divide the assumptions on the different terms appearing in system (1.1)—(1.4) into two parts: analytical
and numerical assumptions. Indeed we are not able to prove the existence of weak solutions in the general setting
used for the numerical simulations. For instance, the case of the usual logarithmic double-well potential in the
Cahn—Hilliard equation is not treated but can be implemented in our numerical scheme. However, we can analyze
our system with a polynomial approximation of the double well. We also consider non-degenerate mobilities
to obtain estimates on the chemical potential p directly. The case of degenerate mobility, see for instance [24],
seems unavailable as we do not have anymore the classical “entropy” estimates of the Cahn—Hilliard equation
that provide bound on second-order derivatives of the mass fraction c.

Framework for numerical simulations. We assume that the viscosity v(c),n(c) and permeability «(p, c)
coefficients are smooth non-negative functions. The mobility is a non-negative function of the order parameter
(mass fraction) ¢. Hence, we assume that

be C'([0,1;RY), and b(c)>0 for 0<c<1. (2.1)

In agreement with the literature (see e.g. [21]), the homogeneous free energy 1o (p, ¢) is assumed to be of the
form

¢O(p’ C) = we (P) + wmix(pa 6)7 (22)

with ¥mix(p, ¢) = H(c)log p + Q(c) and Q(c) is a double-well (or single-well) potential. Then, using the consti-
tutive relation for the pressure, we have

p(p,c) =p aa— = pe(p) + pH(c), (2.3)

where p. = p?¢.(p) and is assumed to satisfy

pip® = p2 <pl(p) <ps(1+p*"), for a>3/2, pi,pa,ps>0. (2.4)
We assume that the exchange term F, (that can depend on the mass fraction and the density) is bounded,

‘ Felprc)

|Fe(p,c)| + <C, VY(p,c)€R% (2.5)

Remark 2.1 (Double-well logarithmic potential). In the present work, we aim to use a double-well logarithmic
potential in the definition of the mixing potential. A relevant example of potential is

2
i = e (1~ ) log(p(1 = 0) + anclog(pe)) - 5 (¢~ 5) - (26)
This potential gives
2
H() = 5(0n(1 — )+ ane), Qe) = g (o (1 — ) log(1 ) + azclog(c)) — Z(c - ;) ,

where 6 > 1.
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Additional assumptions for the existence of weak solutions and analysis of the numerical scheme.
Concerning the existence of weak solutions and analysis of the numerical scheme, we need to strengthen our
assumptions. The viscosity coefficients v(c), n(c) are assumed to be bounded from below by a positive constant
and the friction coefficient x(p, ¢) is assumed to be nonnegative. Moreover, v(c),n(c) and x(p, c) are bounded
functions. We consider a > 2 the exponent of the pressure law. In the numerical simulations, we take degenerate
mobilities of the form b(c) = ¢(1 — ¢)®*. However, in the analysis, we consider a non-degenerate mobility by
truncating the previous mobility. For instance, using a small parameter 0 < ¢, << 1, we approximate the
mobility b(-) by

b(l—Eb), lfCZ 1—€b,

be, (c) = < b(ep), if ¢ < ey,
b(c), otherwise,

and consider the case of a fixed ;. Dropping the ¢, subscript, we obtain that
be C'(R;RT), and b(c)>C >0 Ve e R. (2.7)

Concerning the functionals appearing in the definition of the free energy 1y we assume that H and H' are
bounded and that Q is a polynomial approximation of the double well potential. More precisely we take

H]_SH/(C),H(C)SHQ, ceR, Hi,Hs >0,

1 2.8
Qe) = 7*(1 -, 2
The case of the double-well logarithmic potential has not been tackled yet even though this is the main motivation
for the decomposition of 1, as in the works [3,21].

Also, to make the computations simpler, we assume that

— a > 6 where a is the pressure exponent,

— Ye(p) = ‘;j and therefore p.(p) = p®.

These two assumptions are not necessary and could be removed but simplify the analysis. We refer for instance
to [3,27] for the more general setting. For instance, the condition a > 6 is used to not introduce another parameter
in the approximating scheme which would make the article longer. Note that the assumptions on g imply in
particular the following lemma which is essential to obtain estimates on the energy dissipation:

Lemma 2.2. There exists a constant C' such that

0o

pac

< Cpyo + C.

Its proof uses the assumption on H and the fact that for ¢ large, Q'(c) ~ ¢ < c¢* + 1~ Q(c) + 1.

3. EXISTENCE OF WEAK SOLUTIONS

We now turn to the proof of the existence of weak solutions for the G-NSCH model (1.1)—(1.4) subjected to
boundary conditions

dc ou
=0, — = = = Q 1
v=0, n b(c)an 0, on 09, (3.1)
and initial conditions
2
p(0,2) =po > 0€ LYQ), ¢(0,2) =co € H'(Q) pov(0,2) = my, with Imol” € LY(Q). (3.2)

Po
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Also, we suppose pg # 0. In this section we take d = 3. The proof of the result is quite long and technical.
Therefore, when possible and for the sake of clarity, we omit some proofs and give instead appropriate references.

Outline of the analysis. For readability reasons, we here present the outline of the analysis of the G-NSCH
model. We first start with the analysis of a “truncated” version of G-NSCH model in the sense that the double-
well is truncated for large values of ¢ with a parameter €g. Then, for this fixed truncation, we prove the existence
of weak solutions using the ideas of [3,21,27,48]. Then, we pass to the limit g — 0. Namely, recalling that
Q(c) = $*(1 — ¢)? we first consider Q¢ () a smooth truncated approximation of @ that satisfies

< C(;Q) (3.3)

In the first subsections, we drop the g notation and work with the regularized problem. We will use the ¢
notation when we pass to the limit. For the moment, we benefit from the properties of the regularization.

Qoo |- |2, |1 @2,

3.1. Energy estimates
The G-NSCH system comes with an energy structure which is useful to obtain first a priori estimates.

Proposition 3.1. Smooth solutions of the system (1.1)—(1.4) satisfy the following energy relation

d
—FE+ D= / wke de, (3.4)
dt Q

where E is the energy, and D is the dissipation defined as

_ v[? s 2
E= | p— + po + =|Vc|“ dx, (3.5)
a 2 2

po [ 20 2

2
Vv + vl — Sdivvr) + n(e)|div(v)I|? 4 b(e)|Vul? + k(p, ¢)|v|* dx. (3.6)
This yields a priori estimates on the solution i.e. there exists a positive constant C such that

E(t) + /OtD(s)ds < C +CE(0).

Note that the energy is bounded from below since plog pH(c) is bounded from below with (2.8). Also, the
purpose of the assumptions v(c), n(c) and b(c) bounded from below by a positive constant becomes clear, they
are crucial to obtain estimates on the H'(Q) norm of x and v.

Proof. We recall the formula
1
VeAce = div(Ve ® Ve) — 5V|vc|2. (3.7)

We denote by T the tensor
T = v(c) <Vv + vl — ;div(v)]l) + n(c)div(v)L (3.8)

lv|?

Then we multiply equation (1.1) by 5~ and sum it with the scalar product of equation (1.4) with v. We obtain
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2 1
e (p' 2' ) + le(2pV|2V +p(p,c)v—T- v> +T: Vv + &(p, c)v? = p(p, c)div(v)
1
+ fydiv<2|Vc|2]I —(Vew® Vc)) -V,

which is equivalent to

e (p) + d1v< pIv|*v + p(p,c)v — T - v) +T: Vv + k(p, c)v? = p(p, c)divv —yAcVe - v. (3.9)

Then, we multiply equation (1.2) by p and obtain using also (1.1)
pu(Opec + v - Ve) = div(b(c) V) p + pFe.

And, using (1.3) we obtain

o
pac

The previous equation can be rewritten using the chain rule as

(Osc+ v -Ve) =div(b(e) Vi) u + yAc(Oie + v - Ve) + pFe.

9 (pto) + div(pov) — tho(0rp + div(pv)) — agp (Oep +v - Vp)
=div(b(c)Vu)u + yAc(dic + v - Ve) + uF..
We have p%(atp +v-Vp) = pﬁ(;i)o( pdiv(v)) = —pdiv(v) (see Eq. (2.3) for the definition of the pressure).
Moreover, we know that Acdiec = div(9¢cVe) — (IV; |2) and, hence,

[Vel?

Oc(ptho) + div(ptpov) + pdiv(v) = div(b(c) V) + {div(@tch) — 0 ( ) + Acv - Vc] + pF..  (3.10)

Summing (3.9) and (3.10) we obtain
9 /( v 2 ~ Lo .
5 (p +pho + 5 IVCI ) + div (pwov + vVt pp v = T:v — ’YatCVC) —div(b(c)Vu)p
+T:Vv+k(p,c)|v|* = uF.,.
Now we use the fact that

T:VVZLC)

(2 Vv + Vvl — %div(v)ﬂ n(c)|div(v)I%. (3.11)

Integrating in space and using the boundary conditions (3.1) ends the proof of the first part of the proposition.
To prove the second part, we integrate the equation in time and control the right-hand side. Indeed, due to the
assumption on the source term (2.5), we have

¢ ¢
,chdmdt' §C’/ /|u|
Q 0 Jo

We want to use Lemma 3.7 to control the L' norm of u. Integrating the equations on p to obtain fQ pdx =
fQ podx > My we satisfy the first assumption of the lemma. For the second, we notice that we can consider a

variant of this lemma such that instead of asking p to be in L5 we have the inequality

i
u—-— [ pu
9] Jo" iz

< ClVullzz +lpllgess-
2
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Using Young’s inequality, the fact that in the energy piy contains a term of the form p®*! we obtain for C
small enough

K ~ [ inf. b(c)
/ /|u|dx§C+C/ /|u|2dx§C+CE(t)+T/ |V,u|2dx+0‘/ pudx
0 Jo 0 Jo Q Q

Since the energy dissipation controls the third term of the right-hand side, it remains to control the last term of
the right-hand side. We recall that pu = p% —vAc. Using the Neumann boundary conditions on ¢, it remains

. Using Lemma 2.2, we obtain

Oy
/Q P e 4

We conclude using Gronwall’s lemma. a

to control ’fQ p%

< C+CE(1).

3.2. Existence of weak solutions for fixed eq

The weak solutions of system (1.1)—(1.4) are defined as follows

Definition 3.2. We say that (p,v,c, i) is a weak of system (1.1)—(1.4) provided:
— p > 0 and we have the regularity
p € L>(0,T; L*(2)),
v € L*(0,T; HY(R?)), /pv € L>(0,T; L*(;R?)), T:Vve L'(0,T;L'(Q)),
¢ 170, T; (@),
pe€ L20,T; HY(Q)).
— Equations (1.1)—(1.4) are satisfied in the distributional sense.

— The initial conditions (3.2) are satisfied a.e. in €.
— The boundary conditions (3.1) are satisfied.

We state our main theorem about the existence of weak solutions

Theorem 3.3 (Existence of weak solutions). There ezist (p,v,c, i) weak solutions of (1.1)—(1.4) in the sense
of Definition 3.2.

In order to prove the existence of weak solutions, we use an approximating scheme with a small parameter
€ > 0 borrowing the idea from [27,48]. More precisely, let X,, = span{#;};=1,.._» be the set of the first n vectors
of a basis of Hi (; R3) such that X,, € C%(Q;R3). We consider the following problem for (p, v,,, ¢) with v,, € X,
(with coordinates depending on time):

Op + div(pvy,) = eAp, (3.12)

and for every n € X,

¢ t
/ pvn(t) -ndx — / mg - ndxr — / / PVp @ vyt Vndrds — / / p(p, c)div(n) dz ds
Q Q 0 JQ 0 JQ

t t t 1
—i—a/ /(anVp)~ndxds+/ /T:Vndmds—i—’y/ /(|Vc|2]l—(Vc®Vc)> : Vndads
0 Jo 0 Ja 0 Ja\2

t
—l—// k(p,c)vp -ndrds = 0. (3.13)
aJo
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And for the equation on the mass fraction

1. F. o Ac
Oic+ v, - Ve==div(b(c)Vu) + —, p=————y—- 3.14
: aiv((0)V10) + = 1= (3.14)
We consider Neumann boundary conditions
Vp-n=0bc)Vu-n=Ve-n=0 on 01, (3.15)

and the Dirichlet boundary condition for v,, is included in the definition of X,,. Finally, we consider the initial
conditions

p(07 ) = Po,e > 0; C(O7 ) = Co,e, Pvn<07 ) = Iny, (316)

where pg ¢, o satisfy the Neumann boundary conditions and they are smooth approximations of pg, ¢y (when
e —0).

We now comment on the scheme used above and detail the strategy of the proof. We add the artificial
diffusion in (3.12) with the parameter ¢ > 0. Here, v, is fixed and we can conclude the global in time existence
of classical solutions to (3.12) which are positive since the initial condition is positive (and using maximum
principle). Using this positivity, we conclude the existence of a strong solution to equation (3.14) which is in
fact a fourth-order parabolic equation. Having obtained ¢, we focus on equation (3.13) and we prove existence
for a small time with Schauder’s fixed point theorem. Note the presence of the additional term ¢ [(Vv,,Vp) -7
which is useful to cancel energy terms introduced by eAp in (3.12). Having obtained existence on a short time
interval we compute the energy of the system and obtain global existence. Then, we pass to the limit n — co.
It remains to send € and ¢ to 0 and obtain solutions of system (1.1)—(1.4).

We first turn our attention to equation (3.12). From [27], we obtain the following proposition, and lemma

Proposition 3.4. Let Q C R? be a bounded domain of class C*T# for some 3 > 0. For a fived v,, € X,,
there exists a unique solution to equation (3.12) with Neumann boundary conditions (3.15) and initial data

conditions (3.16). Furthermore, the mapping v, — p[vy|, that assigns to any v, € X, the unique solution
of (3.12), takes bounded sets in the space C(O,T; C? (Q,RS)) into bounded sets in the space

Vi={8p e C(0,T;C°(Q)), pe C(0,T;C**F(Q))}.

Lemma 3.5. The solutions of (3.12) satisfy

t
(ig%p(O,m)) exp(—/ l|ldiv vy, (s) | o= () ds> < p(t,x)
@ 0
t
< [ sup p(O,m)) exp (/ | div vy (5)| Lo () ds),
0

e
for allt € [0,T] and x € Q.

Using the latter lemma, if the velocity field is in W1, the density is bounded from below by a positive
constant (provided the initial condition is positive). We now focus on equation (3.14).

Proposition 3.6. Let p be given such that p € C(O7T; Cc? (ﬁ)) and p > p > 0. Then equation (3.14) with
Neumann boundary conditions (3.15) admits a strong solution. Moreover, the mapping v, +— c[vy] takes bounded
sets in the space C(O,T; c? (Q,R?’)) into bounded sets in the space

W= {ce L>(0,T; H(Q)) N L*(0,T; H*(Q)) }. (3.17)
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The existence of a strong solution is based on the remark that the highest order term of this equation is
—WLPC)A%. Using b(c),p > C > 0 we obtain a fourth-order parabolic equation with smooth coefficients and
with zero Neumann boundary conditions. Therefore, we can admit the global in time strong solution than can
be achieved through a Galerkin scheme and we focus on the estimates (3.17). In the proof, we need the following
two lemmas

Lemma 3.7 ([28], Lem. 3.1). Let Q € R3 be a bounded Lipschitz domain and let My > 0, K > 0. Assume that
p is a nonnegative function such that

6
O<M0§/pdx,/p“dx§K, with a > —-
Q Q 5

Then, there exists a positive constant C = C(My, K, a) such that the inequality

u ! / u
“Tor | P
9] Jo

Lemma 3.8 ([29], Thm. 10.17). Let Q C R3 be a bounded Lipschitz domain, and let 1 < p < 400, My > 0,
K >0, a > 1. Then there exists a positive constant C = C(p, My, K, a) such that the inequality

< O Vu| 2 (o;raxs),
L2 (;R3)

holds for any u € Wh2(Q;R?).

2
Hu”Wl,p(Q;RS) < C’<||Vu + VTu — gdiVUH||LP(Q;R3><3) + / p\u\ dx>,
Q
holds for any u € WP (Q; R3) and any non-negative function p such that

O<M0§/pdx, /p“d:zrgK.
Q Q

Proof of Proposition 3.6. We admit the existence of solutions and focus on a priori estimates. We multiply
equation (3.14) by —Ac. Using the boundary conditions and integrating in space yields

2 A
at/ Vel dx+7/b(c)‘v<c>
o 2 Q P
:/ 1div(vn)|Vc|2—an:Vc®Vcdx+/b(c)V<awO) V(Ac) dm—/ EAc.
02 Q dc P QP

Here, we have also used the formula (3.7). We use the L* bounds on v, div(vy,), b(c), p the fact that % is
also bounded in L, properties on d.¢y (3.3), and obtain

2 2
at/ de+7/b(c)’v(m> dxgc/ |vc|2da:+c/
o 2 Q p Q Q

We want to control the last term on the right-hand side. We use Lemma 3.7 with u = %(1, 0,0)” and obtain,
together with Neumann boundary conditions on c,

7. =l (%)
P L) p

and using the L* bound on p,

fisael=(2)
Q P

2
dx

VAC‘ dx+C’/ |Ac].
P Q

. (3.18)
L2(R3)

Then, writing Ac = p%

L2(;R3)
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Finally, using Young’s inequality and Gronwall’s lemma, we obtain

2
sup |Ve|? dx+7/ / (C>
te(0,7) Jo Q

With Lemma 3.7 (and integrating the equation on pc using also the boundary conditions) we obtain the bound

dz < C. (3.19)

c€ L>(0,T; H(Q)) N L*(0,T; H*()). (3.20)
O

Having defined p and ¢, we now solve equation (3.13) with a fixed point argument. We define the operator
Mp): X, — X, (Mp]v,w) := / pv-wdz, v,weX,.
Q

This operator ([27]) M[p] is invertible, and

1
HM_I[p]H,C(X;;Xn) < mv HM_l[pl] - M_l[pQ]HL(X;;Xn) < C(”?B)le - p2||L1(Q)7 (321)

for any p1, p2 > p. Finally, equation (3.13) can be reformulated as

Va(t) = M~ p(t)] (mg + /Ot Nlva(s), p(s), c(s)] d8>’ (3.22)
with
(mg, 7 / my - 7 du,

and

NV, p,c,m) = / (pvn v, —T— %|Vc|211 +1Ve® Vc) : Vi + p(p, c)div(n)
Q
— (eVvp,Vp+ k(p, c)vy) - ndx.

To prove that equation (3.22) has a solution, we apply Schauder’s fixed-point theorem in a short time interval
[0,T(n)]. Then, we need uniform estimates to iterate the procedure.

Lemma 3.9 (Schauder fixed point theorem). Let X be a Hausdorff topological vector space and S be a closed,
bounded, convex, and non-empty subset of X. Then, any compact operator A : S — S has at least one fired
point.

With notation of the Lemma 3.9, we call A the operator from equation (3.22) and S = B(uyg ) the unit ball
with center ug,, in C([0,T]; X,,), o, is defined by

/ pouo,, - ndr = / my-ndx, VneX,.
Q Q
More precisely, we consider

A:S — ([0, T); Xn),

u— M- <m0+/]\/ ()]ds).
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Lemma 3.10. There exists a time T = T'(n) small enough such that the operator A maps S into itself. More-
over, the mapping is continuous.

Proof. By definition of A and my, we need to prove that ||M~1[p(t)] f(f N (s)ds|lco,r;x,) < 1. With proper-
ties (3.21), it is sufficient to prove that there exists a final time 7" small enough such that

‘/OtN(s)ds

Note that the infimum of p needs to be taken over the set Qr = (0,7) x Q as p depends on time. But, since we
only consider small times, using Lemma 3.5 we see that this infimum is bounded by below. More precisely, for
every Tp, there exists C'(Tp) > 0 such that for every T < Ty, infq,. p > C(Tp). We recall that X,, C C? (Q; R3) is
finite-dimensional. With the definition of the tensor T and the pressure p(p, ¢) given by (3.11)—(2.3) we estimate
by Holder’s inequality:

< inf p.
<infp

C(0,T5X})

t
/ / (pu @u-—T- %|Vc|2}1 +1Ve® Vc) : Vn+p(p, c)div(n) — (eVuVp + k(p, c)u) - ndads
0o Jo

< C(\/TJrT)(HnHXn +IVallx,) (lollz [ullZe + Cllv(e)l 2 [Vl e + ClIVellfs + llollE-
Fllpllze=[H ()L + ellullx, Vol + [[ullze [[£(p, ) 2)-

Using assumptions of the Section 2.1 and Propositions 3.4-3.6, we prove that all the quantities on the right-hand
side are bounded, with a bound that may depend on n, except ||Ve||ps which needs an argument. Note that
from (3.17), we deduce Vc is bounded in L*(0,T; H*(Q)) N L>(0,T;L*(2)) (by a constant which depends
on p, and also on |[u||p=, ||Vu|/z=). By Sobolev embedding with d = 3, Ve is bounded in L2(0,T; L>°(£2)) N
L*>(0,T; L*(2)). By Hélder inequality (or interpolation), we obtain an L*(0,7%; L*(2)) bound: [|[Ve[|7i,. <
Vel w1211 Vell3 2w - With the previous estimates, and for 7" small enough, we obtain the result. O

Lemma 3.11. The image of S under A is in fact a compact subset of S. Therefore, A admits a fized point.

Proof. We want to apply the Arzela-Ascoli theorem to deduce the relative compactness of A(S). From the
previous computation, and using the fact that X, is finite-dimensional, we can prove that A(S) is point-
wise relatively compact. It remains to prove its equicontinuity. We want to estimate for ¢ < ¢ the X,, norm

of M~1[p(t)] (m;‘; + fJN[u(s),p(s),c(s)] ds) — M=) (ma‘ + fot/ Nu(s), p(s), c(s)] ds). For simplicity, we
write N (s) := NMu(s), p(s), c(s)], and rewrite the previous difference as

t t
M p(t) — p()] (méJ +/ N(s) ds) + M p()] (mé + [ N(s) ds).
0 #
For the first term, we use (3.21) and the Holder continuity of p given by Proposition 3.4. For the second term,

we repeat the computations in the proof of Lemma 3.10. This ends the result. (I

We have the existence of a small interval [0,7(n)]. To iterate the procedure in order to prove that T'(n) =T,
it remains to find a bound on v,, independent of T'(n).

Lemma 3.12. v, is bounded in X,, independently of T'(n).

Proof. Note that we do not ask for a bound independent of n but only of T(n) since we use in the proof
the fact that X, is finite-dimensional. The proof uses the energy structure of the equation. We differentiate
equation (3.13) in time and take n = v,, as a test function. This yields

d nl? 1
— p‘v | dx+7/(8tp+div(pvn))\vn|2 dm—/p(p,c)div(vn)dx—i/ Ap|v,|? dx



2002 C. ELBAR AND A. POULAIN

1
—I-/ T:Vv,dx + 7/ (2|Vc|2ﬂ —(Ve® Vc)) :Vvpde + / K(p, ¢)|vn|? dz = 0. (3.23)
Q Q Q

Here we used

1d 1
a(pvn)'vnzfi p|vn‘2d$+*/ap‘vn|2dx’
/Q ' 2dt Jo 2 Jo "

1
/ div(pv, @ v,,) - v, dz = 7/ div(pv,,)|v,|? dz,
Q 2 Ja

s/(anVp)-vn dz = —E/ Ap|v,|? dz.
Q 2 Jo

With (3.12), we see that (3.23) reads

d [vin|?

at Jo 2

dz — / p(p, c)div(v,) dz —I—/ T:Vv,dx
Q Q
1
+ 'y/ <2V¢:2]I —(Vew® Vc)) : Vv, dz +/ K(p, c)|va|? dz = 0. (3.24)
Q Q
Now as in (3.10), we obtain with the artificial viscosity

0
Oe(ptpo) + div(povn) + pdiv(vy) — thoelp — SP%AP = div(b(c)Vu)u

Vel
2

+ div(9eVe) — 8t( ) +~vAcv,, - Ve + uF,.

Integrating this equation in space, and summing with (3.24), we obtain
d nl? V 2
— | p L| +o |+ ‘ | dz +e¢ / Yo + p—— ¢0 -Vpdx
+/ T:Vv, dx+/ b(c)|Vu\2dx+/ Kk(p, c)|val? dz = / pke de. (3.25)
Q Q Q Q
By definition of v, we obtain
H
e [ (v0t o5 ) Todr =< [ (a=1+ @022 4 D) a
Q 9 Q p
+ E/ (H'(c)(log(p) + 1) + Q'(¢))Ve - Vpda.
Q
Therefore, the energy reads
d nl? V 2 H
- p('vl + 1/Jo> + [Vel dz + 5/ (((a D)+ (a—1)Hp* 2+ (C)) |Vp|? da
dt Jo 2 Q p
+/ T:Vv,dz —|—/ b(c)|Vu|? dx +/ K(p,c)|vp|? dz = / wk, dz
Q Q Q Q
— s/ (H'(c)(log(p) + 1) + Q'(¢))Ve - Vpda. (3.26)
Q

We need to prove that the right-hand side can be controlled in term of the left-hand side to obtain estimates.
For the first term on the right-hand side, we treat it as in the proof of Proposition 3.1. For the second term, we
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know by assumption on H and @, and the fact that (log(p) +1)? is bounded by a constant times % +(a—1)p*—2
that it can be bounded in terms of the left-hand side. Note that we used the hypothesis |Q’(c)] < C. This

is based on the fact that @ is in fact Q., so that we have |Q'(c)| < C(%) with a constant that blows up
when ¢¢ is sent to 0. As we intend to send €g — 0 in the next step, it is important to notice that we can
still manage to have this energy inequality since in fact the term e fQ Q'(c)Ve - Vpdz can be estimated by
< o (((a — 1)+ (a—1)%)p*2 + @) |Vp|?dz and [, EC(%) |Ve|? dz. Since e will be sent to 0 before e, the
energy inequality will still hold independently of e in the limit ¢ — 0. With Gronwall’s lemma, and properties of
the tensor T, we deduce that v,, is bounded in L2 (0, T'(n); H'(Q; R?)) independently of T'(n). Also, the previous
bounds do not depend on n. Since all the norms are equivalent, it is also bounded in L* (O, T(n); Whee (Q, R3)).
Therefore, we can apply the maximum principle stated in Lemma 3.5, and obtain that the density p is bounded
from below by a constant independent of 7'(n). Then, using once again the energy inequality, we obtain that
v,, is bounded uniformly in time in L? (Q; RS). This procedure can be repeated for every final time 7. (]

Finally, we are left with the following proposition

Proposition 3.13. For any fized n and T, there exists a solution (p,c, v, ) defined on (0,T) (with appropriate
regularity) to (3.12)—~(3.14) subject to boundary conditions (3.15) and initial conditions (3.12). Moreover, this
solution satisfies the energy dissipation inequality

E(t) + S/Qt <(a +a®)p*t+ H;C)> |Vp|? dz dt

+/ T: Vv, dedt + b(c)|Vu\2dxdt+/ k(p, ) v dadt < C + CE(0), (3.27)
Q¢

Q Qy

v |? Vel?
E(t) =/p<2|+wo) +v% dz,
Q

and with a constant C' = C’(l, %) that does not depend on n.

where

Now, we need to find estimates, independent of n, to pass to the limit n — oco. Since p and ¢ depend on n,
we write p,, and ¢,, from now on.

Proposition 3.14. We have the following estimates uniformly in n and €:

(A1) {putbo} in L (0,5 L1(9)),
(A2) {pu} in L=(0,T; L*(©)),
(A3) {T : Vv, } in L*(0,T; L' (Q)),
(A4) {\/Pnvn} in L>=(0,T; L*(4R?)),
(A5) {\/b(cn)Vin} in L2(0,T; L*(Q;R?)),
(A6) {v,} in L*(0,T; H}(Q;R3)),
(A7) {/eVpy} in L?(0,T; L*(2)),
(A8) {cn} in L>(0,T; H'(Q)),
(A9) {pndetio} in L0, T; L7(Q) for r < S
(A10) {pn} in L*(0,T; H'(Q)),
(A11) {ppptn} in L? (O,T;LG“/(6+“)),
(A12) {c,} in L*(0,T; W27 (Q)) N L*T(0,T; WH2+) for some v > 0,

(A13) {pncn} in L™ (O,T;LG%(Q)),
(A14) {pncnvn} in L? (O,T;Ls%a(g));
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(A15) {p(pn,cn)} in LIF7((0,T) x Q)) for some & > 0.

Proof. Estimates (A1)—(A5) follow immediately from the energy equality (3.27). Estimate (A6) is the result of
Lemma 3.8 and estimates (A2)—(A4). To obtain estimate (A7), we multiply equation (3.12) by p,, and using
integration by parts, we obtain

T
25/ /Q |Vﬂn\2 dedt < ||p0||2L2(Q) + ||Pn||2Loo(o,T;L2(Q)) + ||Pn||2L2(o,T;L4(Q))||VVn||L2(o,T;L2(Q)d)~
0

Using (A2) and (A6), we deduce (A7). To prove estimate (A8), we first notice that equality (3.27) provides
the uniform bound on {Ve,} in L? (07T; L2(Q)). To conclude with Lemma 3.7, we need to bound [, pncn.
Combining equations (3.12)—(3.14), we obtain

Ot(pncn) + div(prcnva) = —ecAp + div(b(c) Vi) + F.

Integrating in space, using the boundary conditions, and estimate (A7), the L? bound on {Ve,}, assump-
tion (2.5) yields { [, pncn} is in L>(0,T). We deduce estimate (A8). Estimate (A9) follows from the definition
of 1o and estimate (Al). Estimate (A10) follows from estimates (A5)—(A9) and Lemma 3.7. Estimate (A11)
follows from estimates (A2)—(A10). Estimate (A12) is a consequence of equation (1.3), the previous estimates
and interpolation. The two next estimates are a consequence of the other estimates and Sobolev embeddings.
Finally, the last estimate on the pressure can be adapted from Section 2.5 of [21]. This estimate is useful when
we obtain the convergence a.e. of p,, and ¢, so we can obtain strong convergence of p(p,,c,) in L' by Vitali’s
convergence theorem. |

From [27], we also obtain the following proposition
Proposition 3.15. There exists r > 1 and p > 2 such that
O¢pn, Apn,  are bounded in L"((0,T) x Q),
Vp, is bounded in LP(0,T; L*(Q, R?)),
independently of n (but not independently of €).

With all the previous bound, we can pass to the limit when n — oo and obtain the different equation and
energy estimates in a weak formulation. Since the passage to the limit n — oo is simpler than the next passage
€ — 0, we only detail the latter. Indeed, as n — oo we can obtain easily strong convergence of p which helps
a lot in the different limits. So we assume that we can pass to the limit and that the bounds obtained in
Proposition 3.14 still hold independently of . It remains now to send ¢ to 0.

We recall the equations that we want to pass to the limit into:

Orpe + div(peve) = eApe, (3.28)
O (pece) + div(peceve) = —ece Ape + div(b(ce)Viue) + Fe (3.29)

.y

and for every 7 (sufficiently regular)

t t
/ peve(t) -ndr — / my - ndz — / / peVe @ Ve 1 Vendrds — / / p(pe, cc)div(n) do ds
Q Q 0 JQ 0o JQ

t t t 1
+5/ /(VVEVpE)w]dxds—i—/ /TE:Vndxds+7/ /(VCEZ]I—(VCE(X)VCE)) : Vndads
0 Jo 0o Jo 0 Ja\2
t
+// k(ce)ve - ndxds = 0. (3.30)
o Jo
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Using Proposition 3.14, which yields uniform estimates in €, we pass to the limit in the previous equations.
The difficult terms are the one involving nonlinear combinations. Indeed, it is not clear that we can obtain
strong convergence of p. as we have no estimates on higher order derivatives. We use the following lemma,
see [48].

Lemma 3.16. Let g,, h, converge weakly to g, h respectively in LP+(0,T; LP2(Q)), L?(0,T; L% ()) where
1 <p1,p2 < +o0 and

We assume in addition that

é)ait" is bounded in L' (0,73 W~"-!(Q2)) for some m > 0 independent of n, (3.31)
and

| = hn(t, - + &)l Lar 0,15092(2)) — 0 as || — 0, uniformly in n. (3.32)

Then, g,h, converges to gh in the sense of distributions.

Remark 3.17. This lemma admits many variants, and it is possible to identify the weak limit of the products
with lower regularity, we refer for instance to [54].

We want to apply the previous lemma to the terms peve, peCe, peflc, PeC2, PeVe, PeVe D Ve, p-Vece. We admit
that aa";, % and % satisfy (3.31) by using Proposition 3.14 and equations (3.28)—(3.30). The compactness
in space required in (3.32) also uses Proposition 3.14. We refer also to Section 3.1 from [21] for similar results.
The terms ec.Ap. and € fg Jo(VveVp) - ndads converge to 0 (the first one in the distributional sense) thanks
to estimates (A7) and (AS).

It remains to pass to the limit in (éi.e. identifying the weak limits)

1
p(PaCs)a §|VCE|2, Ve ® Ve,
b(cs)v,usv F., (P67 Cs)a Pe0co.

The convergence of the last term is used to identify pu. To prove the previous convergences, we need to prove
strong compactness in L? of c., Ve, and convergence a.e. of p. to use Vitali’s convergence theorem. But they
follow from the arguments in [3] and Sections 3.3 and 3.4 of [21]. We obtain

Lemma 3.18. Up to a subsequence (not relabeled),

pe — p a.e. (3.33)
c. — ¢ a.e. and strongly in L*(0,T; L*(Q2)) (3.34)
Ve, — Ve ae. and strongly in L?(0,T; L*(2)) (3.35)

Altogether, we can pass to the limit in every term of the equations:

— p(pe, ce): we use (3.33), (3.34) and (A15)
~ 4Vee|? and Ve, ® Ve,: (3.35)

— b(ce)Vie: (3.34) and (A10)

— F._(pe,ce): (3.33), (3.34) and (2.5)

— peOctbo: (3.33), (3.34) and (A9).

This concludes the argument.
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3.3. Sending eqg — 0

The last step in our proof is to let g vanishes and recover the existence of weak solutions for the double
well potential Q(c) = $c?(1 — ¢)?. Since we have the energy estimates from before, that still hold by properties
of the weak convergence, the work is essentially the same but we have to be careful about two points. The first
one is to indeed have an energy estimate independent of e. We discussed this point after equation (3.26) and,
hence, we do not repeat it here. The second point are the estimates obtained in Proposition 3.14. However, the
estimates are essentially the same, except for estimate (A9) (that is the only one containing )) which becomes

{pdetbo} in L™ (o, T; Lats (Q)). (3.36)

This can be proved knowing that, when g =~ 0, we have that for ¢ large pQ. Q (c) =~ pc®, and we use esti-
mates (A2)—(A8). Altogether, the reasoning to pass to the limit is the same and we conclude.

4. NUMERICAL SCHEME FOR THE G-NSCH MODEL

We propose a numerical scheme for the G-NSCH model (1.1)—(1.4) subjected to periodic boundary conditions.

We combine ideas from the numerical scheme for the variant of the compressible NSCH system in [37] and fast
structure-preserving scheme for degenerate parabolic equations [40,42]. Namely, we adapt the relaxation [44]
of the Navier-stokes part as used in [37]. The part of the scheme for the Cahn-Hilliard part of the system is
designed using the GSAV method. More precisely, a variant used for degenerate parabolic models that preserves
the physical bounds of the solution [40,42].

Indeed, we expect that the volume fraction ¢ remains within the physically (or biologically) relevant bounds
¢ € (0,1). Thus, following [40,42], we construct the invertible mapping 7' : R — (0,1), with ¢ = T(v),
transforming equations (1.2)—(1.3) into

1
PO + (v V)o) = 2 (div(b() V) + Fo),
T'(v) (4.1)
— ! 11 2 61/10
pr=—T"(v)Av =T ()| Vo[ + p= =
Following [40,42], we can choose
1 1 1
T('U) = 5 tanh(?}) =+ 5, or T('U) = HTP(—'U)’

thus, preserving the bounds ¢ € (0, 1).

The SAV method allows to solve efficiently (and also linearly) the nonlinear Cahn—Hilliard part while pre-
serving the dissipation of a modified energy. In the following, we assume that it exists a positive constant C'
such that the energy associated with the Cahn-Hilliard part, i.e.

E(p.0) = [ 3196l + polp.c) = ol +

with F; the nonlinear part of the energy, and Ej the linear part, is bounded from below, i.e. 1 +C > 1
We define

r(t)=E@l) + Cy, with Cyp=2C+ HE(pO,CO)HLw(Q),
and apply the SAV method. System (4.1) becomes
1 .
p(Opw + (v - V)v) = m(dlv(b(c)VpL) + F),
13
o1 = AT (1) A — AT ()| Vo + p L, (42)

r T(t) 2
dr___r®) Vul? — uF
dt Eft] + Co /Q b()[Vul ple de,
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One can easily see that the previous modifications do not change our system at the continuous level.

4.1. One-dimensional scheme

We consider our problem in a one-dimensional domain Q = (0, L). Even though v is now a scalar, we still
denote it in bold font to not make the confusion with v from the transformation ¢ = T'(v). As mentioned
previously, we relax the Navier—Stokes part of our system. Namely, we introduce a relaxation parameter ¢ > 0
and write U = (p, pv). We rewrite equation (1.4) as

(4.3)

oU + 0,V =G(U),
OV + A, U = —-1(V - F(U)),

in which G(U) = (0, —v), F(U) = (pv, pv? +p— (3v(c) + 1(c))0pv + %|8xc\2) and A = diag(a1, as) satisfying
Liu’s subcharacteristic condition
A> F(U), WU.

In what follows, and following [37], we use

a1 = as = max{sup(v + \/a'Tp)Q’SHp<v — 8pp)2}-

We discretize the domain using a set of N, nodes located at the center of control volumes of size Az such that

Q= UJ =0,. [ Tj—L) ]"rl]
Our scheme follows the discrete set of equations

Ur=Ur, (4.4)
* n At * *
Vi =V = = (V) = FU)), (4.5)
At
n+1 * * * n+1
Ut = Up = o (Vi = Vi) + AGUSTHY, (4.6)
At
n+1l _ * * *
v — v —EA(UM U]_l), (4.7)
7??4*1 o™
T )( v (vt ) = g(c", u" "), (4.8)
1
n ,ntl n+tl _ n n+1 n n+1 n o .n
g(C ) b + P + )j - (M((b(c )VILL + )]+% - (b(C )V/j/ * )Jé)> +F0<pjacj)a (49)

n n n —=Nn /) n n —T n a "
P = (AT (o)) (A7) = AT (07) (T07), - (Vo) ) +p]“(§;0) L (410)
J

ZAQ:T "'H ZAJ:CO + zn:AtZAch(pg,cg), (4.11)
j =1

et =T ("), (4.12)
1 1
a0 ) = g g A Z bl TNV,

n+1
n+1 n+1 7n+1
+7E(5”+1)+c sz,u] Fo(pi* e, (4.13)

rn+1

€n+1 —
E(En+1) +Cy ’

(4.14)
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c;hLl — V7L+1E;_L+17 with vl — 1— (1 _ §"+1)27 (415)
ot = gt (4.16)
Remark 4.1 (Computation of interface values). To obtain the interface values U* 4L U* ", and VF fise V 1, We
2 -2
use the upwind method, i.e.
1 NG 1 1
Ujry = 5 Ui +Uss1) = 5= Vi = Vj), Vigy = 5V + Vi) = %(Uﬂrl - Uj).

We also mention that similarly to [37], one can implement a MUSCL scheme (see e.g. [46]) to obtain a higher
order reconstruction. The upwind method permits to rewrite equations (4.6) and (4.7) as

Urtt =uy — oas (Vi — Vi) + QM\/a(ang) + AtG(UI), (4.17)
n . QAL . At .
Vit =V - ZAx( - U)+ m\/a(fsivj ); (4.18)

where we used the notation 62U = Uj;; — 2U; 4+ Uj_1. In equations (4.17) and (4.18), we emphasize that
U*=Um"and V* =V" — &4(V* — F(U™)).

Remark 4.2 (Algorithm to compute the solution of the discrete equations’ system). Equations (4.4)—(4.7)
are solved from equations (4.17) and (4.18), hence, a solution (U™, V"*1) is computed just from vector
computations. The coupling between equations (4.8) and (4.10) is also linear (nonlinear terms are taken at the
previous time step to linearize the equations). We solve this coupled system using the GMRES algorithm but we
emphasize that other iterative solver could work as long as they allow the matrix of the linear system to be non-
symmetric. The coefficient \ is computed using an iterative method. Then, the discrete solution ("1, yn+1),
together with the coefficient ), is used in equation (4.13) to find "1 and, in equation (4.14), £€"*1. At this
point, we solve equations (4.15) and (4.16) from the previous steps.

In the following, we use the notations,

=AzY U;V;, and |U|]* =(U,U).

We also use Ag U := f(UJ_H Uj_1).
Our numerical scheme possesses the following important properties:

Proposition 4.3 (Energy stability, bounds and mass preserving). Assuming the CFL-like condition %. fa; <1
and the condition

At < CE([;VCO”]’ (4.19)
our numerical scheme satisfies the energy dissipation-like inequality
VaU™ | + [V P+ et < |[Vaun | + VIR + et (4.20)
where r"*t1 >0 and
ol — 1

1+ pettyr L 0@ ) Vi = i R )

The previous constant can be estimated only in terms of E[¢"] and therefore do not depend on the step n + 1.
Furthermore, the numerical scheme preserves the physically relevant bounds of the mass fraction, i.e.

0< ™ <1,



ANALYSIS AND NUMERICAL SIMULATION OF A COMPRESSIBLE NSCH 2009

Remark 4.4. Note that the constant C"*! is smaller than 1 whenever the nonnegative part of the dissipation
of the energy is greater than the increase of energy induced by the source term F.. This is of course satisfied
when we have F,. = 0 for instance.

Proof. We start with equation (4.17), and using the definition of the function G(Uf“) as well as assuming
k(c) > 0 (for ¢ € R), after taking the square on both sides, multiplying by Az and summing over the nodes
7=0,...,N,, we have

At Aty/a\? At
ot < 1071+ () Taav I+ (5802 oz - A g, o

At At?
+ A\fw” s2U™) - %mozv*,&gmy

Repeating the same computations for equation (4.18), we have
2 2
n+1(|2 < n||2 aAt A n||2 At\/a 27 7%|]2 aAt A n Y%
v < v+ () a0+ (Gae ) 102V 1P - S (Gon,v)

Ata, . o a? Al
L v A Ry

(Do U™, 52V™).

At this point, the proof is similar to the proof of Theorem 4.1 from [37] (these steps use the periodic boundary
conditions and the summation by parts formula to cancel some terms when summing both of the previous
equations together), to obtain for a constant C' > 0,

[Var s+ ([ * < o lvaum P+ v ).
Then, for the Cahn—Hilliard part, we easily obtain from equation (4.13)

+1 1+AtAgc > b(5?+1)|(vun+1)j|2 IV (pn 2 )
E[En-"_l] +Co

|
<

Therefore, as long as

E(@ 1) + Co + At Az S b(G" ) |(Tu+)

j|2 MnHF( n+1 Cn+1) >0
J

- )

so does r™"*1. Assuming ||F.||L~ < C, it remains to control the discrete L' norm of y"**. Performing the same
computations as in the proof of Proposition 3.1 in continuous case, it follows that

1
Ax ZM“HF nHLEt| < C+ CE[R"] + §A$Zb(5?+l)|(vﬂn+l)j|2'
J

Of course, one first needs to prove that a discrete version of Lemma 3.7 holds. At the continuous level, this
theorem is proved by contradiction using Rellich’s theorem. Hence, a similar proof can be obtained at the
discrete level, in the spirit of the Poincaré-Wirtinger inequality, see Lemma 3.8, Remark 3.16 from [26]. Based
on these evidences we use a discrete version of Lemma 3.7 to conclude that there exists C' a universal constant
such that provided r™ > 0 and
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so does "1 >0, and (4.20) follows.
Finally, from the definition of £"*! and Cj, we have

0

o,
E(5n+ )+Co

0< &t <

The bounds for the mass fraction ¢ are ensured by the transformation T'(v). This finishes the proof. O

Remark 4.5. We observe during numerical simulations that the condition (4.19) is obtained for reasonably
small At. We also note that if we do not consider any source term, i.e. F., = 0, the scheme satisfies the dissipation
relation

IVau™ 2 + [P+ < C(llVau™ | + [VAP) + 7,
with the stability condition
At
E\/aﬁ L.

5. NUMERICAL EXPERIMENTS

In this section, we use the assumptions on the functionals stated in the “Framework for numerical simulations”
paragraph in Section 2.1. Throughout this section we use the double-well logarithmic potential

2
ix = (011 = ) log(p(1 = ) + azelog(pe)) - §<0 - ;) +k,

with & = 100, and 6 = 4 (ay and a are specified later). We also use a degenerate mobility, i.e.
b(c) = ¢(1 —c¢).

We start by using the one-dimensional scheme (4.4)—(4.16) with no exchange term and friction, i.e. x(p,c) =0
and F.(p,c) = 0, and we verify that the scheme preserves all the properties stated in Proposition 4.3. We then
use a non-zero exchange term and we compare the solution with same friction forces for the two phases or
contrast of friction forces. Then, we perform two-dimensional simulations with friction forces contrast.

Finally, we verify the spatial and temporal convergence orders of the scheme.

Remark 5.1 (Implementation details). All numerical schemes are implemented using Python 3 and the Numpy
and Scipy modules. The linear system for the Cahn—Hilliard part of the model is solved using the Generalized
Minimal RESidual iteration (GMRES) iterative solver (function available in the scipy.sparse.linalg module).
The tolerance on the convergence of the residual is indicated in each of the following subsections. To find the A
that allows to compute the correct mass, we use the function fsolve of the scipy.optimize module which uses a
modification of the Powell’s conjugate direction method.

5.1. One dimensional numerical test cases

Comparison between matching and non-matching densities. We start with a one-dimensional test cases
to show the spatiotemporal evolution of the density, mass fraction, and velocity. We also verify numerically the
properties stated in Proposition 4.3. We compare numerical results for matching and non-matching densities
for the phases of the fluid. For this comparison, we set x(p,c) = 0 and F.(p,c) = 0.

We use the computational domain Q = (0, 1) discretized in N, = 128 cells. We take T" = 0.5 (this has been
chosen because the system reaches a meta-stable state by that time) and use the initial time step At = 1x 1075
(this time step size is adapted from the CFL-like condition stated in Proposition 4.3).

We choose the width of the diffuse interface to be v = 1/600, the viscosity to be constant v(c) = 1 x 1072,
and 7 = 2 x 1072, the relaxation parameter to be = 1 x 107°, and the exponent for the barotropic pressure
equals to a = 3.
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To model matching densities for the two phases of the fluid, we choose at; = as = 1. To represent non-
matching densities for the two phases, we can choose a; # as. This allows us to model a fluid for which the
phase denoted by the index 1 is denser compared to the phase indicated by the index 2. Indeed, this can been
seen on the effect of the values a; and as on the potential. Taking a; < aso shifts the well corresponding to
phase 1 very close to 0 compared to the other phase. This models the fact that the fluid 1 is in fact more
compressible and thus aggregates of pure phase 1 appear denser.

We choose constant initial conditions for the density and the pressure, i.e.

p; =08, v)=05 j=0,...,N,—1

The initial mass fraction is assumed to be a constant with a small random noise, i.e.
) =c+0.05r;, j=0,...,Ny—1,

with ¢ = 0.5 and 7 is a vector of random values between 0 and 1 given by the uniform distribution.

We choose a tolerance for the convergence of the residual for the GMRES algorithm of rtol = 10~1°.

Figure 1 compares the results obtained for matching and non-matching densities for the two phases of the
fluid. For the two cases, we report the evolution of the density p, the mass fraction ¢, the velocity v and
the pressure p at different times. We observe that, for both cases, after an initial regularization of the initial
condition, the separation of the two phases of the fluid occurs and small aggregates appear (see first and second
columus of Fig. 1). Then, the coarsening of the small aggregates into larger ones occurs. We arrive at the end of
the simulation to the solution depicted in the two figures on the last column of Figure 1. Hence, we can conclude
that our numerical scheme catches well the spinodal decomposition of the binary fluid while it is transported
to the right (since the velocity v is positive during these simulations).

A difference between the two simulations is observed on the densities and pressures. Indeed, for matching
densities, we observe that p organizes such that it is equal in aggregates of each phases and drops at the interfaces
between the aggregates. We also observe a drop of pressure p at the interface, probably explained by capillary
effects. For non-matching densities, as expected, there is a density difference between aggregates of phase 1 and
2. Indeed, selecting a1 < as makes the aggregates of phase 1 denser compared to aggregates of phase 2. Our
explanation is that, due to the fact that attractive effects are stronger in phase 1, more mass is allowed to move
inside aggregates of phase 1. However, as the pressure function accounts for the difference a; # o, the pressure
equilibrates to a field similar to the matching density case (i.e. p varies from an equilibrium value and depicts
a drop at the interface between the aggregates of the different phases).

Figure 2 shows that, for both cases (i.e. matching and non-matching densities), our numerical scheme pre-
served the properties presented in Proposition 4.3. We defined the discrete dissipation of energy

% = Vau | 4 vt fVarn | v o] (5.1)
We emphasize that as no exchange term was present in the previous simulation C"*! is bounded from above by
1, hence we used C™*! = 1 for the simulations in this paragraph. Figure 2 presents the temporal evolution of
the dissipation %’ the mass fQ pcdz, the minimum and maximum values of ¢, and the value of £&. We observe
for both cases that the dissipation (5.1) is strictly negative, as expected by Proposition 4.3. The mass of fluid
1 is preserved up to a small numerical error (we emphasize that the error on the initial mass at the end of the
simulation is less than 107 for both simulations). This latter result is expected as we set F.(p,c) = 0 for these
simulations. We observe that the physical bounds of the mass fraction are ensured, i.e. maximum and minimum
values for ¢ lie the interval (0,1). The scalar variable is very close to 1 (up to an error of order 107°) as observed
in Figure 2c. This verifies that the modified energy r"*! and the real energy of the Cahn-Hilliard part of the

model -
n Y 2 n 0
it :szg\(w)ﬂ T +1( ){
J

Ocntl
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—— mass fraction
total density

—— mass fraction
total density
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FIGURE 1. Simulation of compressible Navier-Stokes—Cahn-Hilliard model (with k = F. = 0).
Matching densities (top row) and non-matching densities (bottom row) for the two phases of the
fluid. (a) T=0. (b) T = 0.03. (¢) T =0.1. (d) T = 0.5. (¢) T = 0. (£) T = 0.03. (g) T = 0.1.
(h) T = 0.5.

are close.

Mass exchange and contrast of friction forces. In this test case, we consider mass exchange between the
two phases and friction effects. We choose

Fc(pa C) = Ttranspc(l - C/Cmax)a K(Pa C) = pck1 + P(l - c>527

where 0 < cpax < 1 denotes the mass fraction at which we have an equilibrium for exchange of mass and r¢yans
is the rate of mass exchange. In this test case, we use cpax = 0.9, and ryans = 1. We compare the solution
obtained with no contrast of friction effect, i.e. k1 = ko = 10, and the solution obtained with k1 = 0, ko = 10.
To study the long time behavior of the numerical simulations, we set T' = 5. The rest of the parameters and the
initial conditions are chosen as for the previous non-matching densities test case.

Figure 3 compares the solutions for the two cases. In both cases, we observe that the separation of the
two phases occurs and that the velocity decreases in time due to friction effects. Furthermore, as time passes,
phase 1 of the fluid increases due to the exchange term F.(p,c) # 0 and, hence, zones of mass fraction close
to the value 1 enlarge. At the end of both simulations, there is one large aggregate of fluid 1. The difference
between the two simulations appears clearly at time ¢ = 0.1. When the friction forces are stronger in phase two
compared to phase 1, i.e. kg > K1, zones of larger density appear destabilized, i.e. the shape of the aggregates
is not symmetric (compare the solution for Figs. 3b and 3f). For each aggregate of fluid 1, the density at the
right of the aggregate is larger compared to the left. We conclude that the contrast in friction forces is captured
well by the model as simulations depict a contrast of velocity for the two phases of the fluid and leading to
less regular patterns for the densities. Furthermore, we emphasize that even with non-zero mass exchange and
friction forces, the numerical scheme ensures the properties stated in Proposition 4.3 as observed in Figure 4.
We emphasize that compared to the simulation without source in which £ seems to converge to a constant value,
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FIGURE 2. Temporal evolution of the dissipation of the energy %—If, mass of the fluid 1 given by
fQ pc dz, scalar variable ¢, and of the minimum and maximal values of the mass fraction ¢ for
matching densities (solid lines) and non-matching densities (dash-dotted lines). (a) Dissipation
‘é—]f. The value of the dissipation remains negative ensuring that Inequality (4.20) is satisfied at
the discrete level. (b) Mass [, pcdz of fluid 1. Difference of initial mass is due to the random
initial conditions for the two simulations. (c¢) Scalar variable . The value remains close to 1
(error is of order 107%), ensuring that the modified energy 7"*! is close to the real energy E™+1.
(d) Minimum and maximum of ¢. The mass fraction lies in the physically relevant interval (0, 1)
throughout the simulation.

2013
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() (f) () (h)

F1GURE 3. Simulation of compressible Navier—-Stokes—Cahn—Hilliard model nonmatching den-
sities, exchange term (F.(p,c) # 0), same friction effects for both fluids (top row) and contrast
of friction forces (bottom row). (a) t =0. (b) t=0.1. (¢) t=1. (d) t =5. (e) t =0. (f) t =0.1.
(g) t=1.(h) t=5.

X100 10712 + 79370078740 x 107"

Mass fraction

Mass

Time | ' Time ' Time

(b) () (d)

FIGURE 4. Temporal evolution of the dissipation of the energy %—If, mass of the fluid 1 given by

fQ pc dx, scalar variable £, and of the minimum and maximal values of the mass fraction ¢ for
matching densities (solid lines) and non-matching densities (dash-dotted lines). (a) Dissipation

4Z (b) Total mass [, pdz. (c) Scalar variable . (d) minc and maxc.

the variable £ increases slightly with time (compare Figs. 2c and 4c). A possible remedy to this issue is discussed
in the conclusion of this article.
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5.2. Two-dimensional numerical test cases

We now simulate the G-NSCH system (1.1)—(1.4) in two dimensions. Details about the two-dimensional
numerical scheme can be found in Appendix C.

Phase separation with non-matching densities and contrast of friction strengths. We use N, = N, =
64 cells in each direction. We fix the final time at T = 1. We set up two simulations, both with no exchange
terms F.(p,c) = 0. For the first, we consider no contrast of friction effects, i.e. k1 = ks = 10, v; = v = 0.01,
and 11 = 12 = 0.02. For the second simulation, we take k1 = 0, ko = 10, 1 = vo = 0.01, and 7; = 12 = 0.02.
Hence, fluid 2 has stronger friction effects.

The other parameters are v = ﬁ, =401 =08, as =12 t=10"% Cy =100, a = 1.5. The tolerance of
GMRES solver is set to tol = 1071V,

The initial velocities in both directions are constants in space v0 = 0.5 and vg = 0.5. The initial density is
also constant in space p® = 0.8. The initial mass fraction is set to a perturbed constant c® = 0.3 — 0.05r, with
r a random uniform number for each cell center.

Figure 5 compares the temporal evolution of the density of fluid 1 given by pc for both cases. We observe
that both solutions depict phase separation and progressive coarsening of small aggregates into larger ones. This
phenomenon occurs as the fluid is transported to the top right corner (we recall that we implemented periodic
boundary conditions). Careful inspection of the relative density pc distribution inside each aggregates reveals
the effect of the contrast of friction between the two solutions. Indeed, as the fluid 1 encounters a resistance
when transported by the flow (because it pushes a fluid that experiences more friction), the mass of fluid 1
seems to concentrate in the top right corner of each aggregate. This can be observed inspecting the level lines
depicted on Figure 6. Indeed on this figure, we see that the top of each aggregate is not localized in the center
of the aggregates but is shifted to the top-right. This indicates that the 2D scheme captures correctly the effect
seen with the 1D numerical scheme when contrast of friction between the two phases is considered.

5.3. Convergence tests

We study the numerical convergence of the one dimensional scheme (4.4)—(4.16) with k(p,¢) = 0 and
F.(p,¢) = 0. The computational domain is @ = (0,1). The final time is T = 0.05. The other parameters
v, B, M, v, a, a1, as are chosen as for the previous 1D test case with non-matching densities (see Sect. 5.1). The
initial condition for the mass fraction is given by

® = 0.4+ 0.01 cos(6mz).

The initial conditions for the velocity and the total density are chosen as in the previous 1D test cases.
We set the tolerance rtol of the GMRES algorithm to rtol = 1076 for the spatial convergence test and
rtol = 10710 for the temporal convergence test.

5.8.1. Convergence in space

We fix the time step to At = 1 x 107° and we vary the grid size. We choose an increasing number of cells
N, = {64,128,256,512,1024,2048}. For each quantity ¢, v, p, we compute the discrete errors

error(pAz, Pax/2) = Pae — Paz2llL=(0,1:L2));
error(caz, Cax/2) = llcae — caz/2ll20,1:22(9)), (5.2)

error(Vagz, Vaz/2) = [[Vae — Vaz2llz2(0,7;02(9))

where (paz/2,CAx/2, Var/2) denotes the solution computed using twice the number of cells of the simulation
that computes the solution (paz, CAz, VAZ)-
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() (f) () (h)
F1GURE 5. Two dimensional simulations of compressible Navier—Stokes—Cahn—Hilliard model
with nonmatching densities, same friction effects for both fluids (top row) and contrast of

friction (bottom row). (a) t = 0. (b) t =0.1. (¢) t =0.5. (d) t =1. (e) t =0. (f) t = 0.1. (g)
t=1.(h)t=5.

FIGURE 6. Relative density of fluid 1 at time ¢ = 0.25 considering a contrast of friction strengths
between the two fluids. The black circles represent the level pc = max(pc) — 0.03. This cor-
responds to the tops of each aggregate. (a) No contrast of friction strengths. (b) Contrast of

friction strengths.
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A error A error 'y A error
slope 1 slope 1 slope 1

(a) (b) ()

FI1GURE 7. Convergence in space for the total density p, the mass fraction ¢ and the velocity v.
The orange dashed line represents the slope 1. (a) Spatial convergence of density p. (b) Spatial
convergence of mass fraction c. (c¢) Spatial convergence of velocity v.

To compute the discrete norms, we save the solution every Atg,ye = 0.001. The norms in (5.2) are computed
following

A N, 1/a
X a
lpae = pawy2llpe=(o,7spe () = max| —= ;(pm(%‘) — paws2(z;)) :
J:
1/2 2 1/2
Az N 2
HCAx - CA?c/Q”Lz(O,T;LZ(Q)) = Z Atsave 7 (CAI(‘TJ') - CAx/Q(xj)) s
tsave ]:1
1/2 2 1/2
Az N 2
[Vaz = Vazs2llL2o,m;02) = Z Atgave - (Vaz () = Vaz2(z;)) ;
tsave ]:1

with IV, the number of points on the Az /2 grid, and tg.y. the array of times at which snapshots of the solutions
have been taken. Hence, the solution on the coarse grid Az is extended on the fine grid Az/2 using the nearest
solution from the coarse grid.

We arrive at the results given in Figure 7. As expected by the upwind scheme, the spatial order of convergence
is a little less than 1 for the total density p (see Fig. 7a) and the velocity v (see Fig. 7c). We recover first order
for the mass fraction.

5.8.2. Convergence in time

We here fix the grid size and select N, = 128 points. We choose At = 1 x 107*, and decrease the time
steps according to Ataray = {At, %, %, %, %f, %, %}. We deactivate the time step adaptive strategy from
the CFL condition. The other parameters and initial conditions are chosen as in the spatial convergence test
(see Sect. 5.3.1). To check the convergence in time of our scheme, we compute the errors between two solutions
computed with two time steps At that differ only from a factor % We denote these two different solutions by

(pat, cat, vag) and (pm/g, cat/2,Va/2)- We use the same method as for the spatial convergence computations,
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FI1GURE 8. Convergence in time for the total density p, the mass fraction ¢ and the velocity
v. The orange dashed line represents the slope 1. (a) Temporal convergence of density p. (b)
Temporal convergence of mass fraction c. (¢) Temporal convergence of velocity v.

we save the solutions every Atg,ve = 0.001. We compute the norms

error(pat, pat/2) = |lpat — patszll Lo 0,500 Q)

error(cae, cary2) = lleat — caeszll20.m:02 () (5.3)
error(vae, Vagy2) = [[vat — vaeyzll2o,12(9)) -
with
N, 1/a
loar = patjallisozine (@) = max| Az Y (par(zj) = parsa(x;)) :
save =
. 12 1/2
2
||CAt - CAt/2||L2(O,T;L2(Q)) = Z Atsave Ax Z(CAt(xj) - CAt/Q(ZL'j)) s
tsave j=1
. 1/2 1/2
2
HVAt - vAt/2||L2(O,T;L2(Q)) = Z Atgave Ax Z(VAt(ij) - VAt/Q(xj)) R

tsave ]:1

We obtain the results depicted in Figure 8. We observe that the order of convergence in time for our scheme is
exactly 1 for the three quantities.

6. CONCLUSION AND PERSPECTIVES

We presented a generalized model of diphasic compressible fluid termed G-NSCH, that comprises possi-
ble mass transfer between the two phases and friction effects. Under simplifying assumptions, summarized in
Section 2.1, we proved the existence of weak solutions of the G-NSCH system. We also proposed a numerical
scheme and prove, under the same simplifying assumptions, that it is stable and structure preserving (i.e. it
ensures the physically relevant bounds for the mass fraction ¢, and it satisfies an energy dissipation inequal-
ity). For the numerical simulations, we chose relevant functionals, thus, relaxing the simplifying assumptions
that were necessary for the analysis. We presented numerical simulations showing that our numerical scheme
possesses the robustness found analytically. The numerical simulations allowed us to show the ability of our
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model to represent diphasic fluids with matching or non-matching densities for the two phases. Furthermore,
we computed numerically the spatial and temporal convergence rates of our numerical scheme.

Our model and numerical scheme allow to use physically relevant choice of functional and to consider con-
trast of properties between the two phases of the fluid. Our aim is to perform efficient simulation of general
compressible diphasic fluids while being able to capture instabilities that could emerge considering contrasts of
properties such as Saffman-Taylor or Rayleigh-Taylor instabilities. However, we emphasize that to achieve this
latter goal, we have to be able to capture accurately the possible fine structures appearing during the numerical
simulations. We plan to improve our numerical scheme in several ways. First, we plan to adapt the Relaxed
version of the Generalized SAV method. Indeed, we observed during our numerical simulation that the variable
¢ is between 10~° and 10~3. However, with the transfer term F.(p, c) # 0, as the simulation progresses, the gap
between r and the real energy increases, i.e. £ becomes larger. As shown in [66], this problem is solved with the
relaxed G-SAV method and the use of this method is one of our further developments. In the same work [66],
it is mentioned that this relaxed method works well even when an external force is comprised in the model. In
our case, this external force will take the form of a mass transfer or mass source term. The second improvement
concerns the accuracy of our scheme. As shown in our work, the temporal and spatial orders of our scheme do not
exceed 1. Thus, we will aim to design a high-order finite element scheme for the generalized compressible NSCH
system that will remain structure preserving taking advantage of the flexibility of the relaxed GSAV method.
On another aspect, we plan to use the reduced version of the G-NSCH model presented in the Appendix B to
represent tumor growth while removing non-necessary effects such as inertia. Our goal is to present a model
and numerical simulations capturing Saffman-Taylor-like instabilities depicted by the protrusions of the tumor
in the healthy tissue and commonly observed in the context of, e.g. skin cancer [19]. Furthermore, analytical
aspects of this work can also be improved. This direction is challenging because as pointed out in the present
work, necessary tools to perform the solutions’ existence proof do not work with physically or biologically rele-
vant potentials or mobility functions. In fact, singular potentials, degenerate mobilities and degenerate viscosity
functions are not allowed. One possible solution is to derive a Bresch-Desjardins entropy estimate [13,14] for
the compressible NSCH as it has been done recently by Vasseur and Yu [64], and Bresch et al. [15], for the
compressible Navier—Stokes model with degenerate viscosities.

To conclude, we emphasize that the G-NSCH model is the basis of a reduced system that takes into account
only biologically relevant physical effects that play a role in tumor evolution (presented in the present article in
Appendix B as Problem 2). Therefore, this work has to be seen as the first part. In a subsequent work, relying
heavily on the present one, we will focus on numerical simulations, and sensitivity analysis of the reduced model.

APPENDIX A. DERIVATION OF THE MODEL

In this Appendix, we present the rigourous derivation of our G-NSCH model.

A.1. Notation and definitions

We formulate our problem in Eulerian coordinates and in a smooth bounded domain Q C R¢ (where d =
{1,2,3} is the dimension). The balance laws derived in the following sections are in local form.

We have two fluids in the model where p1, po are the relative densities of respectively fluid 1 and 2. Thus, p;
represents the mass M; of the fluid per volume occupied by the ith phase V;, i.e.

pizvi.

Then, we define the volume fractions 1, ¢o which are defined by the volume occupied by the ith phase over
the total volume of the mixture
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Therefore, the mass density of population ¢ which is the mass of population 4 in volume V is given by
bi = pipi-

We further assume that the fluid is saturated, i.e.

1+ o =1.
The total density of the mixture is then given by

p=o¢1+ P
We also introduce the mass fractions ¢; = M;/M and we have the relations

pci = ¢;, and ¢ = (1 —c2). (A1)

We denote by p the pressure inside the mixture and vy, ve are the velocities of the different phases. We use a
mass-average mixture velocity

1
V= ;(¢1V1 + hava). (A.2)
We define the material derivative for a generic function g (scalar or vector-valued) by
Dg _dg
- _ 2 . A.
ot = TV Ve (A.3)

and indicate the definition of the differential operator

d 89
veVg=) Vi
j=1 /

In the following, we denote vectors by bold roman letters and we use bold Greek letters to denote second-order
tensors.

A.2. Mass balance equations

We have the mass balance equations

{85? +div(¢1vi) = Fi(p, c1, ¢2),

f . (A.4)
% +div(gava) = Fa(p,c1,c2).

The functions F;(p, c1,c2) (i = 1,2) act as source or exchange terms of mass.
Summing the two equations, we obtain the continuity equation for the total density of the mixture, using
¢ = ¢1, and the relations (A.1), we obtain the balance equation for the total density of the mixture

0 .
a—': +div(pv) = Fy + F» =: F,. (A.5)
To obtain a system analogous to (A.4), we rewrite the first equation of (A.4) using the definition of the mass
fraction (A.1) to obtain
0
% +div(pevy) = Fi(p,e,1 —¢) =: F,. (A.6)
The mass of the component 1 is transported by the average velocity v and the remaining diffusive flux J; =
pc(v — vy). Therefore, we can replace the previous equation by

Ip

8—; +div(pev) = div(dy) + F..
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Then, using the definition of the material derivative (A.3) and the mass balance equation for the total mixture
(A.5), the left-hand side of the previous equation reads

dpc Dc ap Dc
5 + div(pev) = PDy + C{@t + div(p )} =D + cF,.

Altogether, we obtain the balance equation for the mass fraction of the component 1

'DD =div(Jy) + F,. — cF,. (A7)
Since ¢o = 1 — ¢, solving the equations (A.5) and (A.7) is equivalent to solving the system (A.4). In the

following, we refer to ¢ as the order parameter (terminology often used in the framework of the Cahn-Hilliard
model [17,18]).

A.3. Balance of linear momentum

We write the balance of linear momentum [23], which describes the evolution of the velocity v due to internal
stresses and external forces. Following continuum mechanics, the Cauchy stress tensor gives the stresses acting
inside the mixture due to viscous and non-viscous effects. An additional stress must be taken into account to
represent the effect of concentration gradients [25]. Altogether, we assume that the stress tensor is a function
of the total density p, the order parameter ¢ (i.e. the mass fraction of fluid 1), its gradient Ve, and the total
velocity of the mixture v, i.e.

o=0(p,c,Ve,v).

The friction around the pores of the medium is modeled by a drag term in the balance equation [56] with a
permeability coefficient x(p, ¢) = k1(p, ¢) + k2(p, ¢) (the sum of the two friction coefficients for each component
of the mixture). The permeability coefficient relates the properties of the fluid and the porous medium.

For each dimension (for example if d = 3, then j = {z,y, z}), the balance of linear momentum reads [23]

ap]

PL 4 div(pv;v) = div(a), = wlp,c)v; + .

where Fy (v, p) represents the gain or loss of velocity in the jth direction from different effects such as external
forces. Then using the continuity equation (A.5), we can rearrange the left-hand side to obtain

801

Dv; op Dv;
5t +div(pv;v) = p—= Di I 4y {at +d1V(pV):| =Py +v]F + Fy,.

Therefore, we have

D
]:')th =div(o); — (k(p,c) + F,)v; + Fy,.

We can rewrite the balance of linear momentum in a more compact form

A%
pop = (o) = (klp,c) + Fp)v + Fy, (A.8)
where Fy (v, p) is the vector of coordinates Fy,.

A.4. Energy balance

The total energy of the mixture is the sum of the kinetic energy p% |v|2 and of the internal energy pu, where
u = u(p,c,Ve) is a specific internal energy Compared to the classical conservation law for the total energy,
we have an additional energy flux 'r . Indeed, due to the interface region, surface effects must be taken into
account. Following this direction, Gurtln [34] proposed to include in the second law of thermodynamics, the
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effect of an additional force called the microscopic-stress which is related to forces acting at the microscopic
scale. We denote this supplementary stress by 7.

Since we assume that the system is maintained in an isothermal state, the balance equation for the energy is
given by Eck et al. [23]

8 1 2 . 1 2
at<p2|v| +pu>+d1v<p<2|v —|—u>v>

Dc

(A.9)
— div(aTV) + div (TDt) —div(q) + pg + ¢, Fp + ccFe + e Fy,

where q is the heat flux and pg is the density of heat sources to maintain the temperature constant. The
last three terms in equation (A.9) account for the energy supply coming from the mass and velocity sources
(see e.g. [36,45]). The prefactors ¢, ¢, ¢y will be determined later to satisfy the free energy imbalance. Then,
repeating the same calculations on the left-hand side to use the balance of mass (A.5), we have

(1 . 1, o D1 o L 2
at(p2|v +pu>+d1v<p<2|v| +u)v) —p[Dt(2|v +u>}+(2v| +u>Fp.

Applying the chain rule to the kinetic part, we obtain

— | =lv]" | =pv: —
"Di\2 P e
and using the balance of linear momentum (A.8), we arrive to

D
pv - D—‘t’ = v -div(e) — (k(p,c) + F,)|v|* + Fy - v.

Using these previous equations inside (A.9), we obtain the balance equation for the internal energy

Du

"Dt

D
=div(e"v) — v - div(e) + div (TD§> + (k(p,c) + Fp)|v|2 - F,v

1
—div(q) + pg — (2|v|2 + u) Fy+c,Fp+c.Fe+ e Fy.

However, since

v - (div(e)) — div(e’v) = =0 : Vv,

where Vv = ([“)%.Vi)l.j:1 4 1s the Jacobi matrix and, we have A:B= Zij A;ijB;j, for two matrices A, B.
Altogether, we have the balance equation for the internal energy

Du

D
poy =0 VY +div <TC> + (5(p ) + F)|v|> = Fyv

b (A.10)

1
—div(q) + pg — (2|v|2 + u) Fy+cyFy+c.Fo+ e Fy.

A.5. Entropy balance and Clausius—Duhem inequality

We aim to apply the second law of thermodynamics. To do so, we define the entropy s = s(p, ¢, Ve) and the
Helmbholtz free energy F = F(p, ¢, Vc), both related through the equation

F=u—-"Ts, (A.11)
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where T’ denotes the temperature.
From the mass balance equation (A.5), we have the entropy balance equation

dps ) _ Ds dp ) _ Ds
v + div(spv) = PDi +s [E)t + dlv(pv)] =Py + sF),. (A.12)

Then, using the definition of the Helmholtz free energy (A.11) and the balance of energy (A.10), we obtain

Ds  pDF  pDu

Dt~ TDt  TDt
1 . ( Dec 2
=———" + —|o:Vv+div ™ot + (k(p,c) + Ep)|v|]” — Fpv (A.13)

. 1
—div(q) + pg — <2|v2 + u) Fy4 cpFy+c.Fo + o Fy |,

where we have replaced the material derivative of the internal energy using its balance equation (A.10).

The constitutive relations for the functions constituting the Navier—-Stokes—Cahn-Hilliard model are often
derived to satisfy the Clausius—Duhem inequality (Coleman—Noll Procedure) [23]. Indeed, this inequality pro-
vides a set of restrictions for the dissipative mechanisms occurring in the system. However, in our case, due to
the presence of source terms, we can not ensure that this inequality holds without some assumptions on the
proliferation and friction of the fluid around the pores. Therefore, we use here a different method: the Lagrange
multipliers method. Indeed, the Liu [50] and Miiller [55] method is based on using Lagrange multipliers to derive
a set of restrictions on the constitutive relations that can be applied even in the presence of source terms.

Following classical Thermodynamics [55], we state the second law as an entropy inequality, i.e. , the Clausius—
Duhem inequality in the local form [23]

Ds . (4 P9 :
—_— > _div( = =7 v i
P ; di ( ) + + div(J), (A.14)

where J is the entropy flux. The inequality (A.14) results from the fact that the entropy of the mixture can
only increase. Using the equation (A.13), we obtain

pDF L[ oD z
TDI T {a CVv+ le(’TDt + (k(p,c) + E,)|v]|
) (A.15)
— F,v— <2|v2 + u) Fy4¢yFy+ coF. + ¢y Fy | +div(T) <0.
Then, using the chain rule
DF _DpoF  Dedr Ve OF
Dt Dt dp Dtodc Dt 0V
and
DVe Dec T Dp .
S v g 2P — _pd F
B =Y e] - (W0 D= —paiv() + 5
in the entropy inequality (A.15), we obtain
. OF DcoF Dc T oF . De
p[(—pdw(v) + Fp)a—p + Di e + (V [Dt] —(Vv) Vc) : 8%} —div (TDt) —0:Vv )

1
- [(,«;(p, c) + Fp)|v|2 —F,v— <2|v|2 + u) Fy+c by +coFe + chv} +Tdiv(J) <0.
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By the chain rule, we have

Furthermore, we know that

fpzdiv(v)%—]: = 7p2?9%}1 Vv,
and OF OF
T — .
—p((Vv) Vc) Il = p(VC@ 8Vc) 1 Vv.

Gathering the previous three relations and reorganizing the terms of (A.16), we obtain

OF oF oF Dc

J— 27 J— —_— — . [ ] JR—

( p ap]l pVe® Ve o> Vv + (p 9% d1v(7')> De
oF Dc .

1 F
- |:(I€(p, c)+ Fp)|v|2 - Fv— (2|v|2 +u )Fp +cpFy+cFe+ e Fy| <0.

_,0F

Then, we use Liu’s Lagrange multipliers method [50]. We denote by L. the Lagrange multiplier associated with
the mass fraction equation (A.7). The method of Lagrange multipliers consists in setting the following local
dissipation inequality that has to hold for arbitrary values of (p, ¢, Vp, Ve, v, p)

oOF oOF
— . — — 27 — P — *
D : ( p p]I ch@a . o).Vv

F i Dc OF De i
(o5 —avo) ) 5+ (v —7) ¥ | ) + T s)
1 oF '
- {(n(p,c) +Fp)|v‘2 7E1V - (2|V|2 +upap)Fp +Cpr +Cch+CvFv
L. (pD —div(Jy) — F. — ch) <0.
Since,
div(L.Jq) = Lediv(Jy) + VL. - Iy,
we reorganize the terms of (A.18) to obtain
oOF OF
. 29 _ .
Dis : ( p R pVe® Ve a> Vv
oOF . Dec oOF Dec .
+ (pac — le(T) — ,OLC) E + <pavc - T)v l::Dt:l + le(Tj + Lch) — VLC . Jl (Alg)

1 F
— [(m(p, c)+ Fp)|v|2 —Fyv— (2\/'|2 +u— >Fp +c,Fp+cFe+ v Fy — Lo(Fo +cF,)| <0.

or
A.6. Constitutive assumptions and model equations

First of all, we assume that the free energy density F is of Ginzburg-Landau type and has the following form
[17,18]

Flp,e,Ve) = vo(p, ) + 3 IVel, (A.20)
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where 1y is the homogeneous free energy accounting for the processes of phase separation and the gradient
term %|Vc|2 represents the surface tension between the two phases. This free energy is the basis of the Cahn—
Hilliard model which describes the phase separation occurring in binary mixtures. Furthermore, as obtained in
Wise et al. [65], the adhesion energy between different cell species is indeed well represented by such a choice
of the free energy functional.

To satisfy the inequality (A.19), we first choose

T = Pove = vypVe.

Then, we define the chemical potential u(p, ¢, Ve) by

=07 L =T L (97 2 9% vy
pi= pdlv('r)— 9 pdw(p@Vc) = e pdlv(ch),

which in turn gives a condition for the Lagrange multiplier
L.=p. (A.21)

Using these previous constitutive relations, we have already canceled some terms in the entropy inequality, i.e.

oF . Dc oF Dc

Then, using classical results on isothermal diffusion [23,51], we have

pJy
=—— A.22
J T (A.22)
and, using a generalized Fick’s law, we have
J1 =b(c)Vp, (A.23)

where b(c) is a nonnegative mobility function that we will specify in the following. The two constitutive relations
for the diffusive fluxes (A.22) and (A.23) together with (A.21), we obtain

div(TJ + LeJy) — VL - J1 = —b(c)|Vpu|* < 0.
Following [3,51], we define the pressure inside the mixture

31,[}0
2 .
pi=p ) (A.24)

From standard rheology, we assume that the fluid satisfies Newton’s rheological laws. The stress tensor is
composed of two parts for the viscous P and non-viscous P contributions of stress

c=P+P, (A.25)
and we have by standard continuum mechanics (see e.g. [3,10,23])

P= —(p — %|Vc\2)]l —vpVe® Ve,

R (A.26)
P =v(c)(Vv+ VvT) + Ae)div(v)L
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In (A.26), v(c) denotes the shear viscosity and A(c) = 1(c) — Zv(c) where n(c) is the dilatational viscosity that
encodes the response of the fluid to volume changes. The second term in the non-viscous part of the stress
(namely —y(pVe ® Ve)) represents capillary stresses that act at the interface of the two populations.

Using (A.26), we can cancel terms in (A.19)

oF oF
— 27}1_ _ : = 0.
( p ap ch®avC a) Vv=0

The remaining terms of the entropy inequality are the ones associated with proliferation and friction. The last
step to satisfy the entropy inequality is to choose arbitrarily a value for c,, such that

1 F
—|(k(p, ) + E)|V|° = Fov — <2|v|2 +u )Fp + ¢pFy+ cF. + ¢y Fy — Lo(F. + cF,)| <0.

oF
Reorganizing the terms we have
2 2 1 2 F
—k(p, V[T = Fplep + V[T = SIv]" +u— ) He| T Fyley = v] = Felee — p] < 0.
The obvious choices are
2
cp=—|v|"+ (%M +u— p%—i) + pe,
Cy =V,
Ce = .
From the previous constitutive relations, we satisfy the dissipation inequality (A.19).

A.7. Summary of the model’s equations

Using the previous constitutive relations our general model is the following compressible Navier—Stokes—
Cahn—Hilliard system

dp .
i —div(pv) + F),,
D
pD—j = div(b(c)Vp) + F. — cF,
pp = —div(pVe) + p%, (A.27)
D
pD—: = — [Vp+1div(pVe ® Ve)] + div(v(c) (Vv + VvT))

_ %div(u(c)div(v)]l) + div(n(c)div(v)I) — (k(p,c) + F,)v + Fy,
with p defined in (A.24).

APPENDIX B. MODEL REDUCTIONS, GENERAL ASSUMPTIONS AND BIOLOGICALLY
RELEVANT CHOICES OF THE MODEL’S FUNCTIONS

B.1. Specific choices of functionals and model reductions

Problem 1: general compressible NSCH with friction term and mass transfer. Assuming no creation
of mass nor transfer of mass from the exterior of the system we have

F, =—-F_,, (B.1)
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leading to mass conservation
F,=0. (B.2)
Furthermore, we assume no external source of velocity and energy, leading to

F, =0, and F, = 0. (B.3)

Furthermore, using the same simplifying assumption as in Abels and Feireisl [3] to avoid vacuum zones, our
final reduced system of equations is

ap

9 +div(pv) =0, (B.4)
% + div(pev) = div(b(c)Vu) + Fr, (B.5)
pr=—7Act p%7 (B.6)

85% +div(pv @v) = — {Vp + 7div (Vc ®Ve— ;|vc|2]1)] +div(v(c) (Vv + VvT))
_ %div(y(c)div(v)]l) + div(n(c)div(v)I) — &(p, c)v, (B.7)

Problem 2: biologically relevant variant of the system. We here refer to the two phases of the mixture
as cell populations and not fluids. For this variant of the system, we assume the production of mass and neglect
certain effects. Namely, we neglect inertia effects, and the viscosity of the fluid, and assume no external source
of velocity. This leads to the momentum equation

1
Vp + k(p, c)v = —div (Vc ® Ve — 2|Vc|2ﬂ> — F,v.

Assuming that one cell population proliferates while the other does not leads to
F.=F,=pcP.(p), and Fi_.=0,

with a pressure-dependent proliferation rate P.(p) > 0. The growth function P.(p) is used to represent the
capacity of cells to divide accordingly to the pressure exerted on them. It is well known that cells are able to
divide as long as the pressure is not too large. Once a certain pressure pp.x is reached cells enter a quiescent
state. Therefore, we assume that

Pi(p) <0, and P.p)=0 for p> pmax. (B.8)
Combining these changes, the model becomes
2 + div(pv) = pcPe(p),
Bee + div(pev) = div(b(c) V) + pePe(p),
pp = —vAc+ p%, (B.9)
Vp+ k(p,c)v = —’ydiv(Vc ®Ve— %|Vc|2]1) — pcP.(p)v.

B.2. Biologically consistent choices of functions

As said in the derivation of the model, the free energy density F is the sum of two terms: %|V0\2 taking
into account the surface tension effects existing between the phases of the mixture and the potential 1q(p, ¢)
representing the cell-cell interactions and pressure. Thus, we choose

¢0(P7 C) = 1/)6 (P) + wmix(py C>7 (BlO)
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with ¥mix(p, ¢) = H(c)log p + Q(c). Then, using the constitutive relation for the pressure we have

p(p,c)=p e pe(p) + pH(c). (B.11)

The function b(c) is the active mobility of the cells.

Let us explain how the choices of functions for the free energy density and mobility are motivated by biological
observations.

To satisfy the conditions (2.7), we propose to choose

b(c) = Cpe(l — )%, a>1, (B.12)

where (), is a positive constant.
We use for the pressure a power law such that

pe(p) = Pt (B.13)

For H(c) and G(c), two choices can be considered depending on the behavior of the cells we want to represent.
If the two cell populations exert attractive forces when they recognize cells of the same type and repulsion with
the other type, the potential has to take a form of a double-well for which the two stable phases are located
at the bottom of the two wells (see e.g. Fig. B.1a). This is a situation close to the phase separation in binary
fluids. Thermodynamically consistent potentials are of Ginzburg-Landau type with the presence of logarithmic
terms. An example of double-well potential is given by

1

Vmix = %(al(l —¢)log(p(1l —¢)) + aaclog(pc)) — Z(C — 2> + k, (B.14)

thus giving

H(c) = %(al(l — )+ ), Qc) = %(al(l —¢)log(1 — ¢) + asclog(c)) — Z(C - 1> tk

where 8 > 1, and k, a1, a9 > 0 are an arbitrary constants.

To meet the phenomenological observations of the interaction between cells when the mixture is composed
of only one cell population, a single-well potential seems more appropriate [16, 20].

Indeed, when the distance between cells falls below a certain value (i.e. if the cell density is large enough),
cells are attracted to each other. Then, it exists a threshold value called the mechanical equilibrium for which
Ochg = 0 i.e. there is an equilibrium between attractive and repulsive forces. For larger cell densities, cells are
packed too close to each other, they thus experience a repulsive force. When cells are so packed that they fill
the whole control volume, then the repulsive force becomes infinite due to the pressure. The representation of
such functional is depicted in Figure B.1b. A typical example of single-well potential which has been used for
the modeling of living tissue and cancer [7,20] is

3 2

Yinin(p€) = —(1 = o) log(p(1 — ) = T = (1= ) 5

—(1—ce)e+k, (B.15)
thus giving
c3 c?
H(c)=—(1-c), Q(c)=—-(1—-ce)log(l—c)— 5 (1- 06)5 —(1—ce)e+k, (B.16)

where k is an arbitrary constant.
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C [

(a) (b)

FIGURE B.1. For both figures p = 1. Double-well logarithmic potential (left) with oy = 1.2 and
as = 0.8 and single-well logarithmic potential (right). (a) Double-well potential. (b) Single-well
potential.

APPENDIX C. DESCRIPTION OF THE TWO-DIMENSIONAL NUMERICAL SCHEME

We describe the two-dimensional scheme. This scheme possesses the same properties as the one-dimensional

scheme.
We write the velocity field v = (ug, uy). System (1.1)—(1.4) with the transformation proposed at the beginning

of this section, reads

Op + 0z (pug) + Oy(puy) =0, (C.1)
w22 )] [0 (puen)] L [0uw(0eu)] | [0y @ys + Druy))
o (” H) ooz 4| T Lupuzuy)] -7 {ay(wc)ayuy)} i [az@(c)(ayuz + ézcuy))]
o [2((0(0) = 2(0) (@rs + ayw)} 7 [ax«axc)z - <ayc>2>] ) 7[ay@ccayc)] (R)
9, () = 20(0)) (Daa + Dy)) | 2 |0,((0y0)2 — (@:0)2)| ' [0:(8ucDye)
.01,
PO+ s+ 11,0,1) = s (D00)000) + 0, (BN ) + 7 F (C.3)
pi = =T (0)(Drac + Byyc) —YT" (v)((820)* + (Oyv)?) + p%, (C.4)
dr r(t)

@ =BG, NI -k )
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We introduce the notations U = (p, pus, puy), G(U) = (0, —kug, —kuy) and

FU) = (purs i+ = 2000000+ (006) = 1(0) ) @rs + ) + 5((010° - 0,07).

puzty — () (Oyty + Optty) + Y0,cOyc),
K(U) = (puy, puguy — v(c)(Oyuy + Opty) + v0zc0yc,

9+ 0= 20y + ( 20) = 1(0) ) O+ 0y1) + 30,0 = (020

The stabilization (see [37,44]) of the Navier—Stokes part of our system reads, with ¢ > 0 the relaxation parameter,

U + 0,V +0,W = G(U),
OV + A0, U = —1(V — F(U)), (C.6)
QW + Bo,U = —L(W — K(U)),

in which A = diag(a,as,a3) and B = diag(by, ba, b3). In the following, we choose

2 2
a; =ag =as = max{sup(um + \/3pp) ,sup uisup(um — 8pp> },

2 2
by = by = b3 = max{sup(uy + \/6‘pp) , Sup uz,sup(uy — 8pp> }

We assume that our two-dimensional domain is a square [0, L] x [0, L]. We discretize the domain using square
control volumes of size Az x Ay. The cell centers are located at positions (z;,y;), and we approximate the value
of a variable at the cell center by its mean, e.g.

o ! ,/x”%/y’*% (x,1) dx
p]ai_ Al‘Ay . " j4e.9) .

Nl

Simply employing a first-order time discretization, the numerical scheme becomes

Ui = Ufs, (C.7)
* n At * *
Vii=Vji— 7(‘/” — F(U})), (C.8)
N VAN .
Wii=Wji— W(Wj,i —- K(U;;)), (C.9)
At At
n+l __ * * * * * n+1
U = Uji— Az (Vj+é,i N Vj—%ﬂ‘) T Ay (Wj,i-‘r% - Wj,i—%) + AtG(Ui,j ). (C.10)
At
+1 * * *
Vi =Vii— MA< J+ga T Uj—%,i)’ (C.11)
At
n+1l __ =" * _ *
Wi =Wy, AyB(UJV”% Uj7i,%)7 (C.12)
@n-‘rl — .
. AL SV (VO = g (e T ) (C.13)
1
- - n n+1 _ n n+1
Ty )l A (0T = (TR, )
g(Cna,Uzn+1a,0’ﬂ+1)j7i = 1 Fu(pn,, e ) (C.14)
+—<b MYVt (b Tt ,,_7>+M’
T’(’Ul?’i)pzj_lAy ( (C ) H )j,’L-‘ré ( (C ) 1% )j,z 4 T’(’U” )pn+1

J,1/ P50
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Mj,iﬂ = ﬁ(_VT/ (Uj,i) (A” +1)j7,; - WTH(U]',M(VU )il ) + (36 o (C.15)
gy i
/T(/\@"“)da: = / " + AtF, dz, (C.16)
Q Q
E}ljl — T()‘jvyjl)’ (C17)
Ay () = [ ax
At E@ ™) +Cy Jo
+ TLH/ p L E (pm ) dx, (C.18)
E(E”+1) +Co Ja
+1 ,,,nJrl
ntl _ , C.19
¢ E(@t) + Co (C-19)
c?jl = 1/"'*'16?’"[1, with "1 =1-(1- §"+1)2, (C.20)
v =y (C.21)
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