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NUMERICAL STUDY OF COMPRESSIBLE
NAVIER-STOKES-CAHN-HILLIARD SYSTEM*

QIAOLIN HE!T AND XIAODING SHI*

Abstract. In this paper, we present a relaxation scheme coupled with a stabilized method to
numerically study the compressible Navier-Stokes-Cahn-Hilliard system, which has energy-decaying
property under certain conditions. Numerical simulations are carried out to verify the stability of the
scheme. Numerical results show that the average concentration difference for the two components of
the initial state determines the long-time behavior of the diffusive interface for the two-phase flow,
which are consistent with theoretical asymptotic stability results established by the authors.
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1. Introduction

The evolution of the binary compressible mixture is one of the fundamental prob-
lems in fluid mechanics, for example, the flow of fluids such as foams, solidification
processes, fluid-gas interface etc. These kinds of two-phase flows are supposed to be
macroscopically immiscible, but local mixing leads to a narrow transition, known as dif-
fusion interfaces. These flows with diffusion interfaces can be described by the coupled
system of Navier-Stokes equations and Cahn-Hilliard equations. This mathematical
model was first proposed by Lowengrub and Truskinovsky [1], they added the effect
of the motion of particles and the interaction with the diffusion into the Cahn-Hilliard
equation, and put forward the Navier-Stokes-Cahn-Hilliard system (the so called NSCH
model). A similar result was established by Abels and Feireisl [2], Anderson, McFad-
den and Wheeler [3], Heida, Mdlek and Rajagopal [4], Kotschote [5] and the references
therein. The global existence of renormalized weak solutions of this NSCH system in
three dimensions was obtained in Abels and Feireisl [2], the method they used is the
framework which was proposed by Lions [6]. Kotschote and Zacher [7] established a lo-
cal existence of strong solutions in a bounded domain in R™. Ding and Li [8] presented
the global existence of strong solutions in an interval with no penetration boundary
condition in one dimension. Chen, He, Mei and Shi [9] study the asymptotic stability
of solutions for this system, they proved that the solutions are asymptotically stable
in time even for the large initial disturbance of the density and velocity data. They
showed that the average concentration difference for the two components of the initial
state determines the long-time behavior of the diffusive interface for the two-phase flow.

We also note that there are many theoretical and numerical results (see [10-15])
on Cahn-Hilliard equation. In [16], the authors presented a gradient stable scheme for
incompressible NSCH system with generalized Navier slip boundary condition. The
scheme is semi-implicit in time and is based on a convex splitting of the Cahn-Hilliard
free energy (including the boundary energy) together with a projection method for
the Navier-Stokes equations. The authors of [17] presented a least-squares/finite ele-
ment method for incompressible NSCH system, which is based on stabilized method for
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Cahn-Hilliard equation. In [18], an accurate and energy stable discontinuous Galerkin
method has been presented for phase field models of two-phase incompressible flows.
There are also other related works about incompressible NSCH system. To the best
of our knowledge, for quasi-incompressible and compressible NSCH models, there are
few works. The approaches which are used to propose energy-stable schemes for incom-
pressible flows are not applicable to quasi-incompressible and compressible cases, since
the pressure is now a function of density and concentration difference.

In this article, we are going to use the relaxation scheme for conservation laws
combined with a stabilized method to numerically simulate the coupled NSCH system.
The relaxation scheme is introduced by Jin and Xin in [19]. The idea is to use a local
relaxation approximation. They construct a linear hyperbolic system with a stiff lower
order term that approximates the original system with a small dissipative correction.
The main features of this class of schemes is its simplicity and generality. It uses neither
Riemann solver spatially nor nonlinear systems of algebraic equation solvers temporally,
yet can achieve high-order accuracy and pick up the correct weak solutions. Shen and
Yang [20] presented stability analysis and error estimates for a number of commonly
used numerical schemes for Allen-Cahn and Cahn-Hilliard equations, which will be used
in this article.

The rest of this article is organized as follows. In Section 2, the relaxation schemes
for 1-D case and 2-D case are described. In Section 3, we derive the energy law for the
PDE system. Discrete energy law of our scheme is derived in Section 4. Numerical tests
are performed in Section 5. The paper concludes in Section 6 with a few remarks.

2. The relaxation systems

In this section, first of all, we briefly recall the derivation of the NSCH model, for
more details please refer to [1]-[5] and [10]. Let Q CRY be a bounded domain, we define
M; as the mass of the components in the representative material volume V', x; = Afj
the mass concentration of the fluid, with 1=1,2, and we introduce the concentration
difference of two components for the fluid mixture as x =x1 —x2. Let p;= % be the
apparent mass density of the fluid i. The total density is defined as p=p;+p2. The
average velocity u is given by pu = pyuq + paus, where u; is the velocity of the fluid, with
i=1,2 in the mixed flow. Then the mass conservation equation is obtained immediately

Orp+div(pu) =0. (2.1)

Let €>0 be the thickness of the diffuse interface of the fluid mixture, the Helmholtz
free energy in the immiscible compressible two-phase fluids is expressed as

aot [ (0P €y
Preolp) ™ | (542500 +5IVxF) o (22)

where v > 1 is the adiabatic constant, and f represents a “double-well potential”, which
is defined as

1
Fo0=70=1)7% (2.3)
We define the free energy density as

det p7 p €
U(p,x,Vx)= ﬁ+gf(X)+§|VX|27 (2.4)
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then the non-hydrostatic Cauchy stress tensor P, which is assumed to be of the form

o(1w o(Lw
Pd:efp27(p )HerVX@i(p)

€
=" T——|Vy|!T+eVy®V 2.5
o vy 2| x| I+eVx®Vy, (2.5)

where I is the unit matrix and V is the gradient operator. Thus the momentum equation
reads as

A (pu) +div(pu®@u) + Vp—(vAu+AVdivu) = —ediv(Vx @ Vy —

2
@n), (2.6)

where div is the divergence operator, p=p” and v >0, A >0 are viscosity coefficients.
Further, by using the second law of thermodynamics/local dissipation inequality etc.,
the convected analogue of the Cahn-Hilliard equation can be expressed as

9 (px) +div(pxu) = Ap. (2.7)

Here, p is the chemical potential, and it can be obtained by the variation of free energy

def 5Efree oF . oF P af
= =— +divee=--"—€cAy. 2.
pH ox 8X+ IV(?VX € dx €8x (2:8)

So far, combining (2.1), (2.6), (2.7) and (2.8), the compressible Navier-Stokes-Cahn-
Hilliard system is derived

Orp+div(pu) =0,

\v4 2
O (pu)+div(pu@u)+Vp—(rAu+AVdivu) = ediv(%ﬂ—Vx@ Vx),
. (2.9)
9 (px) +div(pxu) = Ap,
pof
pp==—-=—€eAy.
€ 0
For simplicity, the initial value problem NSCH system in 1-D is
Pt + (Pu)w = 07
€2
pUt+ ptty + Py = Vits = (x2),
PXt T PUXz = Haa, (2.10)
1 0f(x)

P _GX:z:x7
e Ox
(p7u7X)(I70) = (po,UO,Xo)(SC).

We study two model cases for (2.10): periodic boundary conditions are applied for p, u,
x and p; another case is that u|go =0, g—’; lo =0 and %bg =0. For a complex system,
in order to avoid solving a hyperbolic system by Riemann solver and achieving high order
accuracy, we approximate the original system with a small dissipative correction, see [21—
24]. Letting u=(p,pu)” and F(u) = (pu,pu’® +p—rvu, +5x2)", and introducing a new
variable v € R?, following from [19], the relaxation system of (2.10) can be introduced
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as:

ot dr— 1 (2.11)
PXt + PUX 2 = Haa,
10500
€ aX Xy

where u€ R?, veR? 2z € Rt >0 and A=diag(ay,a2),a; >0(1<i<2). For n sufficiently
small, it is expected that by solving (2.11) properly, one can obtain good approxima-
tions to the original equations (2.10), where 7 is a small positive parameter called the
relaxation time and A satisfies Liu’s subcharacteristic condition

A>F'(u)?, Vu, (2.12)

where F’(u) is the Jacobian matrix of F. Since v can be eliminated from (2.11), the
first two equations in (2.10) can be approximated when n— 0, i.e., small relaxation
limit. The viscosity term and a derivative term of y appearing in the right-hand side
of (2.10) will be included in F(u) in (2.11). The relaxation system is a linear system
with a stiff lower order term, so we can use efficient splitting time discretizations. One
simple choice of the matrix A is

a3 =as :a:max{sup (u—i— \/m>27 sup (u— p’(p))z}. (2.13)

2.1. The relaxation schemes and stabilized method. Similarly as in [19],
we define the spatial grid points Tip1 with mesh size h; =Tl —T; 1. We denote by
u; 12 the approximate point value of u, and by u; the approximate cell average of u
in the cell [z;_1/2,7,41/2]. A spatial discretization to system (2.11);_» can be written
as

0 1

aiuj+h7(vj+1/2_vjfl/2):0a

! I (2.14)
0 1 1

gvﬂ-hfj/l( j+1/2 — Wi 1/2):_E(Vj_Fj)7

where Fj is defined by Fj=- f T2 P(u )dm——F (f 7+1/2ud:ﬂ)+0(h2) F(uy)+

—1/2
O(h?), for h= max;h;. It is easy to observe that the relaxation system (2.11);_o has
two characteristic variables v+ Azu. We shall consider the upwind scheme and the
MUSCL scheme, which are described in [19].
The upwind scheme. When we apply the first-order upwind scheme to v:i:A%u,
we obtain that
1 1
W12 = 5 (W + W) = S ATE (Vi1 — V),
(2.15)

Nl

A

(01— ).

N | =

1
Vit1/2= 5("1 +Vjt1) =
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It is easy to obtain the following semi-discrete approximation to relaxation system
(2.11)1—s,
6 1 1 1
ETRY (Vy+1 Vi-1) = g AR (W =205 +u5-1) =0,
J

0 1 1 1 1
e +%A(uj+1 —u;1)— Tthz (Vit1=2vj+vj1)= _E(Vj — F(uy)).

(2.16)

The MUSCL scheme. Instead of using the piecewise-constant interpolation
which yields a first-order approximation, the MUSCL scheme uses the piecewise-linear
interpolation, which is a second-order scheme. When the MUSCL scheme is applied to
the ¢-th components of vj:A%u, it gives that

1 1
Uj+1/2:§(uj+uj+1)*27\/@( i1 —0)) + ——=(hjo} +hjt105,),

4‘ /g
. (2.17)
g _
Vi+1/2= 5 (U Fvj41) = 5 (Ui —uy) + Z(hjo—j —hjy1054).
The approximation of the relaxation system (2.11);_» is componentwise as

0 1 Ja
5% T o 5 (Vi1 — vjfl)—#(ujﬂ—%ﬁujfl)
J J

1

“4hs (hJHU;-s-l_hj(U;r‘*‘U;—l)"‘hjflthl):07
J
(2.18)
0 1 N
9t o, (Uj+1*uj—l)*#(vﬁlf%jﬂ’j—l)

J

NG _ _ 1
o (o (ol =07 ) —hiaol ) =~ (0= F @)
J n

where u and v are the ¢-th components of u and v respectively, a, is the g-th component
of the principal diagonal in A, F(9 is the ¢-th component of F, Uji is the slope of
v=E,/agu on the j-th cell, defined by Sweby’s notation [26],
1
+
o= (vj1 £ /aguj1 — (v £ /agu;)) $(65),
J
ot _ Vi EAqty — (V-1 £ /Bgu 1)
T v Efaguj — (v £ /agu;)
The minmod slope ¢(f) =max (0,min(1,6)) is used in this article.
The time discretization. We use a second-order TVD Runge-Kutta splitting

scheme for (2.11), which is introduced by Jin [25]. The scheme takes implicit stiff steps
and explicit convection steps alternatively, which is given by the following

(2.19)

X;=X7 (2.20)
uj =uj, (2.21)
* n At * *
vi=vit - (Vi Fu) (2.22)
(1)
* * € XJ«
(1) (SX SX] _’_ij) _ ( f )J , (223)
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At(u);
= - A+ S, 224
Pj
. At \
W = = Ve Vi e) (2.25)
At
1 * * *
Vi —yr EA(uj+1/2 —ul_y ) (2.26)

The equations (2.20)—(2.26) is the intermediate step of second-order TVD R-K scheme
to update y,u and v, where S is the stabilized parameter which is defined in (4.1) for
Cahn-Hilliard equation. The idea of keeping the convection terms explicit has great
advantages.

X ny), (2.27)
1
u :u§,>, (2.28)
At At
*k 1 * % * % * *
\L :vj(- )—?(Vj —F (u] ))—27(Vj—F(uj)) (2.29)
(2 1 2) sk s G(ch))j
,uj :E<SX] *SXJ' +ij )7 p** ) (230)
J
2 * % At(:u%l)
P =\ - A x§]’+7p : (2.31)
J
2 *k At *ok *k
u? =uj _hij("jﬂ/z_vjfl/z)’ (2.32)
2 * At ok
v =v; ,TA( jr1/2 ~ W) (2:33)

The equations (2.27)-(2.33) is the second step to update y,u and v in the TVD R-K
scheme. Since the source terms are treated implicitly, this time discretization is stable
and independent of 7, provided that the CFL condition from the convection is satisfied.
Finally,

n 1 n 2

X =50 +x?), (2.34)
n 1 2

=2 () " rul?), (2.35)
e 1

Vit =2 +vi?), (2.36)

Where u; 1 and v, 1 can be taken as upwind scheme (2.15) or MUSCL scheme (2.17).

n (2.23)- (2 24) and (2.30)—(2.31), we have used a first-order stabilized semi-implicit
method for Cahn-Hilliard equation introduced by Shen and Yang in [20]. Actually, a
second-order stabilized semi-implicit method for Cahn-Hilliard equation in [20] can still
be applied to (2.23)—(2.24) and (2.30)—(2.31) like the following

PSS G2 i O EUE ) .
. =
p € €
1 (3 n+174 n+ nfl) Mg;rl n n+1
IAL X X TX o U X

(2.37)
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where S> £ and m)z(xx{|fxx|} < L. From (2.22), the algorithm will break down if At=
O(n). Therefore, we choose At#O(n).

2.2. Two dimensional case. Refer to the Navier-Stokes-Cahn-Hilliard system
(2.9), the initial value problem NSCH system in two dimensions can be reduced to

pi+(pu)z+ (pv)y =0,
(pu)i+ (pu” +p)a + (puv),

o 1.2 1.2
:V2auz+ya(uy+vr)Jr)\a(urJrvy)76 (3xz 2Xy)7€a(Xsz)’

or dy ox ox oy
(pv)i+ (puv)e + (pv* +p),y
1.2 1.2
:Va(uy + ) +V2avy +)\6(uw +y) _€a(Xsz) _fa(EXy_§Xac)7 (2.38)
oz Oy Oy Ox oy
d(pxu)  O(pxv) _
(pX)e+ =5 =+ 9y =Apu,
_ L oflex) .
= oy ediv(Vy),

(p,u,v,x)(x,y,()) = (p()vanUOvXO) (xay)a

where A is also a viscosity coefficient, u represents horizontal velocity and v represents
vertical velocity. As in [19], consider the two dimensional relaxation system in Eulerian
coordinates,

o000,
ot o Tay

0 0 1

EV—’—A%U__;(V_F(H))’ (2.39)
0 0 1

where A=diag(a1,a2,a3) and B=diag(by,be,b3) with a; >0,b; >0 for 1 <i<3. In two
dimensions, u= (p, pu,pv)? and

1 1
F(u) = (PU,PU2 +p— 2Vuac - /\(uz +Uy) + §€Xi - 56)(5,/)“’0 - V(uy +Uac) +6Xny)Ta
1 1
G(u) = (pv, puv — v(uy + vz ) + €Xa Xy, PU° + P — 200, — MUy +v,) — §€X32” + §€X12/)’

and p=p" is the pressure. Similar as (2.13), the simple choice for matrix A is

2 2
alagagamax{sup (u+ \/p’(p)) ,supu?,sup (uf p’(p)) }, (2.40)
for matrix B is

bi=by=bz=b= max{sup (er \/mf ,supv?,sup (v - p’(p))g} , (2.41)
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which corresponds to the eigenvalues of 2-D Euler equations. Suppose the spatial grid
points are located at (2;11/2,Y;41/2), the mesh size is hi =z;,1/9—2;_1/2 and h?:
Yj+1/2 —Yj—1/2- For u(z,y), the point value w12 j41/2 =u(Zi41/2,Y;4+1/2) and the cell

average value is defined as
Tit1/2 Yj41/2
/ / u(z,y)dzdy. (2.42)

Ti—1/2 Yj—1/2

lll'j

1
J T pahY
hih;
A semi-discrete differencing scheme to (2.39) is

0 1 1

Wi+ 25 (Vigaya = Vie/2,5) + 55 (Wijp1/2 = Wi j1/2) =0,

ot h? h

0 1 1

avm‘ +AE(ui+1/2,j - ui—1/2,j) = *5 (vij—F(ui;)), (2.43)
0 1

awi,j +Bh7?(ui,j+1/2 - ui,j—1/2) = —; (Wi j—G(u;,;)).

The similar upwind scheme and MUSCL scheme which are described in [19] can be
used in (2.43). For the time discretization, we use the algorithm (2.20)—(2.36), which is
second-order in time. The second-order stabilized method (2.37) can be applied in the
two dimensional case.

3. Energy law for the system
In this section, we will give the energy equation of system (2.9). We define

G(p) d:Cfp/pMds. (3.1)

2
5 s

where p= ﬁ fQ po(z)dx is the average of the initial density. Observing that

one has G(p)=G'(p) =0, and then, combining with the convexity property of p, there
exist positive constants cy,cy >0 satisfying

c1(p=p)* <G(p) <ca(p—p)*. (3.2)
Combining with the mass conservation equation (2.9)1, so that
G(p)i+div(G(p)u) + (p(p) —p(p))divu=0. (3.3)

LEMMA 3.1. Assume that the initial value (po,uo) € H® and xo € H*, then YT >0, it
holds that

u2 2_1 2
up [ (L4 519x+alo—p + 20 Yo
tep,r1Jo N 2 2 de

T
+/ /(|w|2+u\vu\2+A|divu|2)dxdt
0 Q

1 € _ P
S/ (§P0U%+§|VX0|2+02|P—P|2+ Z(X% - 1)2)dx, (3.4)
Q €
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where C 1s a positive constant.

Proof.  Multiplying Equation (2.9)s by u and Equation (2.9)3 by u, integrating
over () and adding them up, one has

d 2 271 2
— (&+E|Vx|2+p(xi))dx+/ (|Vu|2+1/|Vu|2+)\|divu|2+qu(p))dx:O.

Integrating (3.3) and adding the result to the above equation, one then gets

p(x*—1)?
4e

2
il (5

pu € 2
5 +2|Vx\ +G(p)+

Yot [ (IVaP+vIVaf? 4 vl )do=o,
Q

integrating the above equation over [0,77], one has

2

2 2

pue € o p(x*—1)

su VX" +HGp) + =L )
te[OPT]/Q( 2 2| X| (p) 4e )

T
+/ / <|Vu\2+V|Vu|2+)\|divu|2)dxdt
0o Jo

1 €
< [ (Gowib + 519 x0l + Giloo) + £ (3 1)), (35)
[e) €
combining with the inequality (3.2), the standard energy estimate (3.4) is obtained. 0O
4. Discrete energy law

4.1. The Cahn-Hilliard equation. In this section, we will discuss the discrete
energy-decaying property for (2.11). To illustrate the procedure, we consider the pure
Cahn-Hilliard equation. For the first-order semi-implicit method

n+1 n+1 S n__ fn
_G(Xz )$ +SX _Mn-&-l: X fX’ (41)
pr € €
Mn+1
X"t —At—;"; =Xx", (4.2)

similar as Lemma 3.2 in [20], we have the following

LEMMA 4.1.  For S>% and m)?X{|fxx|} <L, the scheme (4.1)—~(4.2) is unconditionally
stable and the following energy law holds for any At:

/ﬂ(;(><2+1)2+1p”f(x"+1)> ala:é/Q <;(XZ)2+1p"f(x")> da. (4.3)

REMARK 4.1.  The linear version of the second-order scheme (2.37) is conditionally
stable for all S> 0, which is the same as Lemma 2.3. in [20].

4.2. Discrete energy law for the relaxation scheme (2.11). 'We now present
the discrete energy law for the total energy. This also implies the stability of the time
discretization scheme (2.20)-(2.36). For simplicity, we consider the first-order TVD
Runge-Kutta scheme and use a uniform grid, h; = h.

X=X} (4.4)
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uj =uy, (4.5)
vi=vy - S - ). (46)
it = (SX”H SX; +fx§) S 22(2%_1 LEZ : (4.7)
Xoh =X — Atu X;LillQhX?Jrll At“ﬁll 55: A : (4.8)
U?H:u;*%(v;ﬂmf";—yz)a (4.9)
V?H:V;_%A(ujﬂm_u;fl/z)’ (4.10)

where A= diag(a,a) which satisfies Liu’s subcharacteristic condition, w; /2 and v;iq /s
can be calculated by the upwind scheme (2.15), therefore equations (4.9)—(4.10) can be
rewritten as

n 1 *
uJ'H—u —fk( Vil — )—|—2k\f(5iuj), (4.11)
n u* 1 *
Vi =i - k(g 4_1>+5wa<6§vj>, (412)

where k= %, d7uj:=u;;1—2u;+u;_1, and v} can be solved in (4.6),
VjHA,,t<Vj+nF(uj)>' (19

We define the discrete ls inner product of two real vectors U and V when total cell
numbers is .J, as follows:

J
Vy=h> U;V;, (4.14)

for which we have ||U||= (U,U)l/z.

THEOREM 4.1. Let u™ v™ x",u" satisfy equations (4.4)—(4.10) with periodic boundary
conditions for u,v*",x" and p". For S>% and max{|fy, |} <L, and if t\/a<1, we
X

have
[Vau™ 124 v <[ Vau™ P+ [[v¥]?, (4.15)

Moreover, if at t=t", the solution is in local equilibrium, i.e.,

vi=vy, (4.16)
we have
J
||fun+1||2_~_‘|vn+1”2 TZ n+l 7_1 an+1fn+1

J

n 1
<[Vau™ |2+ v+ Z Xj71)2+gzp}lff. (4.17)
j=1
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Proof. From (4.11) and (4.12), using (4.14), we have

a2 =la |2+ 52| Ao v 2 + ﬁa\|5QU*||2
—k{u*, 200, v" +kf<u ,ou* )y —k*a(Agp v, 62ut), (4.18)
12
IV =l B2 a® [ Agp |12 + = all a3 v
—ka(v*,200,u") +kv/a(v* ,5iv*>—k2a% (Agzu*,02v*). (4.19)

where Ag,u;:=1(uj11—u;_1). Using a times (4.18) and adding to (4.19), we obtain
that

Va4 v = |2 v+ al Ay 2
> 2052 2 k2 2 2
* *
Sa ot 24 a2

—ka? [|6,u*||? — kv/a]|0,v* |2, (4.20)

+ k%0 || Agpu*||* +

where d,u;:=u; plow o, we have used periodic boundary conditions and the sum-

mation by parts formulae. The above equation can be rewritten as

[Vau 2 4 [[v* 2 <[l Vau* |2 +[|v*||?

k2 * 12 k2 * (|12 * (12
A v I+l A |~ kyals |
2 2

k k
5 07| Ao [P+ T | Ao — ka5t P, (4.21)

where A uj:=uj41 —u; and A_ju;:=u;—u;_;. If k\/a <1, we obtain
[Vau 2+ v < Va2 + v, (4.22)

where u* =u" has been used, v* is composed of u”,v™ and x". If at t =¢", the solution
is in local equilibrium, by (4.16), we have

Va2 + v < [ Vau™ |2+ v 7. (4.23)

Using u;-”l times (4.8) and summing up over all j, using X?“—x}l times (4.7) and
summing up over all j, we have

J
€
*SZPJ ) =52 206 =G G OG- x)
Jj=1
J J
ij LOGT =X =D e TG =X, (4.24)
= =

5
E

Mu

Zp?u}‘“ T\ = (i —2p T

—

th? ui (G =Xyt (4.25)
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where we have used that pf=p?. Adding (4.24) and (4.25) together and using (4.7)
and periodic boundary conditions, we obtain

J
*SZPJ G =G thz PG = 08 X )?
HOGH =xE) - (G =x-0))?) + Zﬁ O =)

At N
== ) T =t

Jj=1
J n+1 n+1 n+1
At S v X —2x; 7 +X;
+1 +1 +1 j+1 1
_ﬁ U?(X;l+1 X;l 1) ( Pj (X;l X])+p] X 12 = )
Jj=1

therefore, we arrive at

J
*SZPJ =) Z G- 00 =)

+OGH =xH) = (G = X)) + Zﬂgfm X=X

J n+1 n+1 n+l

At 1 1 S 1 fn % o 2X +X .

<- B E u X?il X?+1) pJ (X;H_ —XJ)—l—p;l :J —ed e i=1 )
j=1

(4.26)

Multiplying the first equation of (4.11) by f}”’l and taking summation over j, we have

an+1fn+1 Zp fn+1+ Zp jn_:»ll fn+1)

k
+f S R 2 A, (4.27)

J
j=1

where periodic boundary conditions and the summation by parts formulae are used.
max{|fx|}
X

Using (4. 27) and Taylor expansion, with S > ———5——, the sum of the terms in (4.26)

related to £ can be reduced to % Z i 1(/)?Jrl f»”Jrl —p7f1). Then the following formula-
tion can be obtained

J J J
1
§ n 1 n 1 § § 1 pn+1 n en
+ X]+1 2h2 Xj 1 2+E + f + p]f])go (428)
j=1 j=1 J=1

Combine (4.28) and (4.23), since £*\/a <1, we obtain that

||\fun+1 ||2 + an+1”2 2h2 Z n+1 X;hLll Zp;hLlfnJrl
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€ J 1 J
<IVaw 2+ IV P+ 5 SO0 =3P+ - D (4.29)
j=1 =1

a0
REMARK 4.2. The singular limit of the solution for Jin-Xin relaxation system (2.11)
as 7 — 07 is an open and important problem. Formally, the relaxation system (2.11) can
be approximated to leading order by (2.10) as n—0%. In Lemma 3.1, we have shown
the energy law for NSCH system (2.9). Since the upper and lower bound estimates of
density p have been proved in reference [9], the energy in discrete level in Theorem 4.1 is
matched with energy in continuous level in Lemma 3.1 up to an error of O (Ait) Thus,
we have the stability of method (4.4)—(4.10). Although we only present the stability
proof when applying the upwind scheme (2.16), numerical results in Section 5 show that
when applying MUSCL scheme, stability still holds. Though we only show the stability
for first-order TVD Runge-Kutta scheme, it is not difficult to generalize the results to
second-order TVD Runge-Kutta scheme (2.20)—(2.36).

5. Numerical results

In this section, we present several numerical examples to study the large-time be-
havior of solutions to the initial value problems. We use the above second-order TVD
Runge-Kutta scheme (2.20)—(2.36) , where MUSCL scheme is used in space. The pa-
rameters that we choose for example (1) — example (4) in one dimensional cases are

e=10"%, n=10"3, v=1.0, v=15 (y>1). (5.1)

According to Lemma 4.1 and Theorem 4.1, the stability parameter S is taken to be 1.5,
both 1-D and 2-D numerical results are given. We will numerically verify the discrete
energy law of our scheme which is proved in Theorem 4.1, which is defined as

J

J
n n 1 n rn
Engip = [|Vau" | +[v"|*+ 5 ) B

j=1

We will also show that the average concentration difference for the two components
of the initial state determines the long-time behavior of the diffusive interface for the
two-phase flow. This leads to a separation of two regions for the initial concentration
difference: regions Agiaple and Aypsiable, wWhich correspond to the stable region and
unstable region.

3 3 3 V3
Astable: <_OO,_\3[> U <\3[7+OO> 5 Aunstable = <_\3[3\3[> .

5.1. One dimensional case. The computational domain is (0,1). For example
(1) and example (2), periodic boundary conditions are applied for p, u, x and p. For
example (3) and example (4), mixed boundary conditions are u|go—o, %bg:o and

%bg =0. For both these boundary condition cases, asymptotic stability results are
presented in [9].

(1) The initial data that lie in the unstable region Aunstaple With

T
(po,uo,x0) " = (0.9,0.5e—4<f—6'w>2 ,0.4+0.4sin (27 (2 — 1))) .
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Fic. 5.1. Plot of x at time T'=100. F1G. 5.2. Plot of p at time T'=100.
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example(1)
— — cxample(2)
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028} ‘ |
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024 | —

02l \‘ example(l)] | 208
— — example(2)|
0a P S S 200 P ‘
0 0.1 0.2 03 04 0.5 0.6 0.7 0.8 0.9 1 0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2
. time step x10*
Fic. 5.3. Plot of u at time T =100. F1G. 5.4. Behavior of energy as a function of

time.

(2) The initial data that lie in the stable region Agaple with
) T
(po,u0,x0)T = (0.9,0.56*4@*6’1) ,0.7+0.3Sin(27r(w—1))) .

Figures 5.1-5.3 show the behaviours of y, p and u at T=100. It is obvious to
see that when the average of initial data of x is in Aunpstable (example (1)), the
separation of phase is obtained in steady state. When the average of initial data
of x is in Agtable(example (2)), the solution remains in stable region. In both these
examples, the discrete energy defined in (5.2) decays in time which is shown in
Figure 5.4. The difference between example (1) and example (2) is the initial data
of xo, which is the essential reason that leads to the different asymptotic behaviors.
The numerical simulations verify Theorem 4.1.

(3) The initial data is taken as

T

7= - —50(z—G.)? I_Gw»
,UQ, =10.9+0.001cos(2m(x—1)),0.5¢ ,tanh .
(Posuo,X0) < (2m( ) (0.1 50
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Fic. 5.7. Plot of u at time T =100. Fi1G. 5.8. Behavior of energy as a function of
time.

(4) The initial data is taken as

T

z—G,
tanh (0.1 =

(posu0,x0)T = | 0.940.001 cos (27 (2 —1)),0.5¢50@=C=)* =0 >+0.75 ,

where G, =0.5. Figures 5.5-5.7 show the behaviours of x, p and v at T'=100. The
phase separation is observed when initial average concentration difference x lies in
unstable region (example (3)), in contrast, there is no phase separation when initial
average concentration difference x lies in stable region (example (4)). Discrete
energy defined in (5.2) decays rapidly in time which is shown in Figure 5.8. The
difference between example (3) and example (4) is the initial data of xo. The
numerical results are consistent with theoretical results in Theorem 4.1. We present
another two examples related to compressible flows with e=10"3, n=10"8, v=
107% and y=1.4.
(5) The initial data is taken as

(po,uo,x0)" =(1.0,0.0,0.340.3sin (27 (z—1)))", 0> <0.5,
(po,uo,x0)T =(0.125,0.0,0.3+0.3sin (2w (z —1)))", 0.5>2 < 1.0.
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Fic. 5.11. Plot of u at time T =0.16. Fic. 5.12. Behavior of energy as a function of

time.

(6) The initial data is taken as

(po,uo,x0)” =(0.311,0.698,0.340.3sin (27 (z —1)))", 0>2<0.5,
(pouosx0)" =(0.5,0.0,0.340.3sin (27 (z—1)))", 0.5>2<1.0,

where G, =0.5. Figures 5.9-5.11 show the behaviours of y, p and u at T'=0.16
when initial data is taken as (5). Discrete energy decays in time which is shown
in Figure 5.12. Figures 5.13-5.15 show the behaviours of x, p and u at T'=0.17
when initial data is taken as (6). Discrete energy decays in time which is shown
in Figure 5.16. Both cases show that for low viscosity cases, phase seperation will
greatly affect the evolution of density and velocity. This scheme can be capable of
simulating low viscosity cases which are like Euler equations but with additional
phase variable.

5.2. Accuracy check. To check the accuracy of our scheme, we simulate example
(1) and example (3) in 1-D case with different mesh sizes. The grids used are J=
64,128,256,512,1024, and the time step is taken to satisfy the condition in Theorem
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F1a. 5.16. Behavior of energy as a function of

time.

N E;(x) Rate FEj(u) Rate FEj(p) Rate
(64)-(128)  1.85-3 3.58¢-4 1344
(128)-(256) 4.52e-4 2.03 8.86e-5 2.01 1.05e-4 2.04
(256)-(512)  1.12e-4 2.01 2.19e-5 2.01 2.6le-5 2.00

(512)-(1024) 2.8le-5 1.99 5.50e-6 1.99 6.62e-6 1.98

TABLE 5.1.

p at time T =1.0 with different grids for example (1).

N E;(x) Rate Ej(u) Rate Ej(p) Rate
(64)-(128)  8.85e-3 8.86e-4 9.43¢-4
(128)-(256)  2.15e-3 2.04 21604 2.04 2234 2.08
(256)-(512)  5.37e-4 2.00 5.25e-5 2.04 5.47e-5 2.03

(512)-(1024) 1.37e-4 197 1.33e-5 1.98 1.38e5 1.99

TABLE 5.2.

p at time T =1.0 with different grids for example (3).

Lo norm of the error (5.3) and convergence rate for phase x, velocity u and density

Lo norm of the error (5.3) and convergence rate for phase x, velocity u and density
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time step  Ea¢(x) Rate FEa;(u) Rate FEa(p) Rate
(At)-(Bl)  4.43e-2 7.65¢-3 8.12¢-3

(&Y)- (%) 1.09e-2  2.02 191e-3 2.00 2.0le-3 2.01
(%) (&) 2723 200 4.82%4 1.99 5.08¢e-4 1.98

TABLE 5.3. Lo norm of the error (5.4) and convergence rate for phase x, velocity u and density
p at time T =1.0 with different time steps with h=1/512 for example (1).

time step  Fa:(x) Rate Fai(u) Rate FEa:(p) Rate
(At)-(&Y)  9.72e-2 1.23e-2 3.32e-2

(At). (%) 2.46e-2 1.99 3.08e-3 200 826e-3 2.01
(%) (&) 6.23e¢3 198 T7.79e-4 1.98 2.09e-3 1.98

TABLE 5.4. Lo norm of the error (5.4) and convergence rate for phase x, velocity u and density
p at time T =1.0 with different time steps with h=1/512 for example (3).

4.1. The Lo norm of the error is calculated by
1/2

E,()= [Z[(')J(i)—(')w(%)]Qh , (53)

where (-); is calculated for three different variables p,u,x in the following tables and
h=1/J. The convergence rate is calculated by log, (E;/E27). The results in Table 5.1
and Table 5.2 show second-order accuracy for all quantities x, v and p. In order to
verify the rate for time, we calculate the Lo norm of the error for h=1/512,

7 , 1/2
Eai()= [Z [(()acli) = ()4 0] h] . (5.4)
i=1

The convergence rate is calculated by log, (EAt / EA;) Table 5.3 and Table 5.4 show

second-order accuracy in time.
5.3. Two dimensional case. For the two dimensional case, the computational
domain is (0,1) x (0,1) and the viscosity coefficient A in (2.38) is A=1.0 and parameters
e,n,v are chosen as in (5.1). Periodic boundary conditions are applied for p, u, v, x

and p both in x and y direction. The energy has a similar formulation as in the one
dimensional case:

Engop = | (Va-+ VO [P+ V"7 + [w" P+ 55 >~ (V) me fr (55)

7,7=1 1]1

where a and b are defined in Section 2.2.
(1) The initial data is taken as

(po,u0,v0,x0)" = <1~Gv0'56_4((I_Gz)2+(y_ay)2)70-56_4((w_0m)2+(y_Gy)2)7

tanh<—\/<wGz>2+<yGy>2+0-25>)T,

0.05
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Fic. 5.17. Surface plot of x at time T =0. Fic. 5.18. Surface plot of x at time T =100.
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F1a. 5.19. Surface plot of p at time T'=100. Fic. 5.20. Behavior of energy as a function of
time.

the initial average concentration difference lies in the unstable region A giaple- Fig-
ures 5.17-5.19 show the separation of phase, and Figure 5.20 shows that energy is
decaying, which is similar to the one dimensional case.

(2) The initial data is taken as

(P0, 10,0, X0) T = (1.6,0.5674«%61)%(@;76@2)’0,5674<<z7Gw>2+<y7Gy>2>,

— _ 2 _ 2
LIV, V(@—Gy)?+(y—Gy)?+0.25
5.0 0.05

+0.8] ,

the initial average concentration difference lies in the stable region Agiaple, Wwhere
G, =0.5,G,=0.5. Figures 5.21-5.23 show the solutions go to a stable steady state,
and Figure 5.24 shows that energy is still decaying, which is similar to the one
dimensional case.

6. Concluding remarks

We present a relaxation scheme coupled with a stabilized method to solve compress-
ible Navier-Stokes-Cahn-Hilliard system. The scheme is shown to have energy-decaying
property which ensures stability of the scheme. Numerical results show that the aver-
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Fic. 5.21. Surface plot of x at time T =0. Fic. 5.22. Surface plot of x at time T =100.
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F1a. 5.23. Surface plot of p at time T'=100. FiG. 5.24. Behavior of energy as a function of
time.

age concentration difference for the two components of the initial state determines the
long-time behavior of the diffusive interface for the two-phase flow, which verifies the
asymptotic stability in [9] numerically. In the future, we will extend our method to
the situation for large viscosity ratio. We will also work on the gas-liquid phase tran-
sition represented by a diffuse interface model with van deer Waals equation of state,
and is composed of the compressible Navier-Stokes system and a modified Allen-Cahn
equation.
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