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Abstract

The objective of the present paper is to extend our recent works and see what happen on
numerical approximations to a more complicated model of two-phase flows, which has ap-
plications in the modeling of deflagration-to-detonation transition in granular materials.
First, we transform the system into an equivalent one which can be regarded as a compo-
sition of three subsystems. Then, depending on the characterization of each subsystem,
we propose a convenient numerical treatment of the subsystem separately. Precisely, in
the first subsystem of the governing equations in the gas phase, stationary waves are used
to absorb the nonconservative terms into an underlying numerical scheme. In the second
subsystem of conservation laws of the mixture we can take a suitable scheme for conser-
vation laws. For the third subsystem of the compaction dynamics equation, the fact that
the velocities remain constant across solid contacts suggests us to employ the technique
of Engquist-Osher’s scheme. Then, we prove that our method possesses some interesting
properties: it preserves the positivity of the volume fractions in both phases, and in the
gas phase, our scheme is capable of capturing equilibrium states, preserves the positivity
of the density, and satisfies the numerical minimum entropy principle. Numerical tests
show that our scheme can provide reasonable approximations for data the supersonic re-
gions, but the results are not satisfactory in the subsonic region. However, the scheme is
numerically stable and robust.

Keywords: 'Two-phase flow, conservation law, source term, numerical approximation,
well-balanced scheme, positivity of density, minimum entropy principle.

1. Introduction

We consider numerical approximations of a model of two-phase flows which is used
for the modeling of deflagration-to-detonation transition in porous energetic materials.
Precisely, the model consists of six governing equations representing the balance of mass,
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momentum and energy in each phase, namely,

di(agpy) + Ou(agpguy) = 0,

di(agpgug) + a’v(ag(PgU; +1py)) = PgOucyy,

Or(agpgey) + Ou(agug(pgey + pg)) = DyutsOztry, (11)
at(asps) + ax(aspsus) - 07 )
Oy (ospstig) + Oy (s (psug +ps)) = PgOz s,

Oi(aspses) + Op(asus(pses + ps)) = pgusOras, x € Rt >0,

together with the compaction dynamics equation
Oy +usO0pay =0, z€R, >0, (1.2)

see [6, 11]. Throughout, we use the subscripts g and s to indicate the quantities in the
gas phase and in the solid phase, respectively. The notations oy, pi, uk, Pk, €k, Sk, Tk, €x =
er+ui/2,k = g, s, respectively, stand for the volume fraction, density, velocity, pressure,
internal energy, specific entropy, temperature, and the total energy in the k-phase, k =
g, s, respectively. The volume fractions satisfy

as +ay=1. (1.3)

We assume that the two fluids are stiffened such that each phase is characterized by an
equation of state of the form, see [31]

Pk T+ VkPook
Pk — 1)

The system (1.1)-(1.2) has the form of a system of balance laws in nonconservative
form. A mathematical formulation of this kind of systems of balance laws was introduced
n [13]. As well-known, the system (1.1)-(1.2) is not strictly hyperbolic as characteristic
speeds coincide on certain sets, see [4, 35] for example. In particular, two characteristic
speeds coincide everywhere: A5 = A7 = u,. This corresponds to a linearly degenerate
field and the associated contacts are called solid contacts. The system (1.1)-(1.2) shows
its most complex structure around solid contacts, where the resonant phenomenon occurs
and multiple solutions are available.

Often, the source terms in a system of nonconservative form may cause lots of in-
conveniences in approximating physical solutions of the system. Furthermore, standard
numerical schemes for hyperbolic conservation laws may not work properly for approx-
imating exact solutions of (1.1)-(1.2) when approximate states fall into a neighborhood
of a region where characteristic speeds coincide and multiple exact solutions are avail-
able. This makes the topic of looking for a reliable numerical method for approximating
solutions of (1.1)-(1.2) one of the most interesting computing problems.

Motivated by our earlier work [25, 38, 40] for simpler systems of balance laws in
nonconservative form, we extend the argument and method in these works to build in
this paper a well-balanced numerical scheme for (1.1)-(1.2), and then see what happen.
The idea that is extended from these works to the present work is to use stationary
contacts to ”absorb” the source terms. First, we will transform the system to an equivalent
form which consists of three ”subsystems”. The first subsystem consists of the governing

k=g,s. (1.4)



equations in the gas phase, the second subsystem consists of the conservation laws for the
mixture, and the third subsystem is the compaction dynamics equation. Each subsystem
will be dealt with separately due to its performance. For the first subsystem we absorb
the source terms using stationary contacts in the gas phase. For the second subsystem of
conservation laws of the mixture, we will apply a suitable scheme for conservation laws.
This is different from the one in [40], where we keep the conservation of mass in the solid
phase for this second subsystem. Observing that the solid velocity is constant across the
solid contact, we employ the technique of Enquist-Osher scheme to discretize the third
subsystem. Our numerical method is then proven to possess interesting properties: it
can capture equilibrium states in the gas phase, it preserves the positivity of the volume
fractions in both phases, it also preserves the positivity of the density in the gas phase.
Moreover, we will show that our scheme also satisfies the numerical minimum entropy
principle in the gas phase. We also provide various tests for data in both subsonic and
supersonic regions, and comparisons with existing schemes. The scheme gives reasonably
good results in supersonic regions that are not always treated in existing schemes, but
does not give satisfactory results in the subsonic region. However, the scheme is robust.

Many authors have considered numerical approximations of systems of balance laws
in nonconservative form. The reader is referred to [10, 26, 34, 32, 1, 23, 15, 3, 35, 2] and
the references therein for works that aim at discretizing source terms in multi-phase flow
models. In [39, 36] numerical methods for one-pressure models of two-phase flows were
presented. In [18, 19, 8, 9, 5|, numerical well-balanced schemes for a single conservation
law with a source term are presented. In [25, 24] a well-balanced scheme for the model
of fluid flows in a nozzle with variable cross-section was built and studied. Well-balanced
schemes for one-dimensional shallow water equations were constructed in [5, 38, 12, 22, 33].
Related issues can be seen in [27, 28, 16, 37| for the study of the Riemann problem for
the model of a fluid in a nozzle with discontinuous cross-sections, and in [29, 38, 7] for the
study of Riemann problem for shallow water equations with discontinuous topography.

The organization of the paper is as follows. Section 2 provides us with backgrounds of
the model. In Section 3 we investigate the jump relations for stationary waves and provide
a computing strategy for these waves. In Section 4 we build the numerical scheme. Then,
we prove that our scheme fully preserves the positivity of the volume fractions and the
densities, and is partly well-balanced and satisfies the numerical entropy principle in the
gas phase. Section 5 is devoted to numerical tests, where we show that our scheme can give
a good approximation to the exact solution. Finally, in Section 6 we will draw remarks
and conclusions.

2. Backgrounds

2.1. Stiffened gas equation of state
The stiffened gas dynamics equation of the form

p=(7—1)p(e = €x) = VPoo, (2.1)

was presented in [31]. Recently, a very nice presentation of the thermodynamical variables
and quantities for the stiffened gas equation of state was given by [14] in which they are
obtained as functions of the two variables (p,T), (p,e), or (p,T) . For our purposes in
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the next sections, however, it is useful to express the thermodynamical variables and the
specific enthalpy for the stiffened gas equation of state as a functions of (p, S).
As shown by [30], the Helmholtz free energy

Qv,T)=e—-T8S (2.2)
is used to specify a complete equation of state. It follows from the thermodynamic identity
de =TdS — pdv (2.3)

and (2.2) that
p(va T) = _a’UQv S(U, T) - _aTQ (24)

The Helmholtz free energy that is used to define the stiffened gas equation of state is
given by

Q,T)=c,T(1—-In(T/T,) — (v — 1) In(v/vy)) = SiT + poo¥ + €., (2.5)

where the parameters ¢,, v, pso, Sx, Tk, Vs and &, are constants specific to the fluid.
From (2.4) and (2.5), one obtains

T
p=(y— ]-)Cv; — Doos (2.6)

and
S =c,(In(T/T,) + (v — 1) In(v/vy)) + Ss. (2.7)

Now, it follows from (2.7) that

1—v .
T=T, (ﬂ) exp (S S*>’
v, cy

which yields the temperature 7" as a function of (p, S):

T(p,S) =T, <£)7—1 exp (S — S*) . (2.8)

* Cy

Substituting T = T'(p, S) from (2.8) to the expression of the pressure in (2.6) gives us

ol =T o (ses)
p(p? S) - pz_l p’eXp < Co ) P (29)
= K(S)p" — Poo,
where ( T
Cy - * _
k(S) = 77_1 exp (SCUS*> : (2.10)
i

From (2.2) and (2.5), a straightforward calculation yields

e=Qw,T)+TS

(2.11)
= T 4 PV + 4.
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Substituting the temperature from (2.8) into (2.11), we obtain the internal energy as a
function of (p, S):

y-1 .
e=¢(p,S) =c,T. (ﬁ) exp (S S*) p o (2.12)
P e p

The specific enthalpy is defined by
h =¢e+pv. (2.13)

Substituting the internal energy ¢ = €(p, .S) from (2.12) and the pressure p = p(p, s) from
(2.9) into (2.13), we obtain the specific enthalpy as a function of (p, S):

h(p, S) = ﬁp te., (2.14)

where x(5) is defined by (2.10).
Taking the differentials both sides of (2.9) gives

dp k(S9)p" L exp (‘%—f*) dp + %/{(S)p7 exp (S;—US*> as

y
= 2(p+ poo)dp + - (p + pec)dS,

where £(5) is defined by (2.10). From the last equation it holds that the square of the
sound speed is given by

& = daplp. 5) = ) (2.15)
2.2. Characteristics
Let us denote the sound speeds by
k= \/Vk(pk + Pook)/Pks Kk =g,8. (2.16)

Then, the eigenvalues of the system (1.1)-(1.2) are given by

MU) =ug—cg, MU) =1y, M(U) =uy+c,
MU)=us—cs, A(U) =us, X(U) = ug + cs, (2.17)
)\7(U) = Ug.

As well-known, the 1-, 3-, 4- and 6-characteristic fields are genuinely nonlinear, while the
2-, 5-, and T7-characteristic fields are linearly degenerate. The volume fractions change
only across the 7-contacts, called the solid contacts. The Riemann invariants associated
with the 7-characteristic field are us, £(Sy), agpy(us — uy), gDy + shs + agpg(us — ug)?,

and % + hy, where £(S5) is given by (2.10). Since
As = A7 = us

a solid contact may follows each 5-field or 7-field, or both. Moreover, A\; and A3 may
coincide with A5. This makes the structure of Riemann solutions in any neighborhood of
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a solid contact complicated. In particular, multiple solutions can be constructed. It is
convenient to define the subsonic region as

M(U) < A5(U) < A3(U)
and the supersonic regions as

AMU) > As(U) or As(U) > As(U).

3. Stationary contacts

The idea using stationary solutions to absorb source terms in the model of fluid flows
in a nozzle was presented in [25]. Stationary discontinuities can be obtained as the limit of
smooth stationary solutions, and they turn out to be the (stationary) contact discontinu-
ities associated with the linearly characteristic field. Consequently, the associated contact
waves are stationary and absorb the source terms. This helps to determine directly the
interfacial states in any two consecutive cells. The interfacial states between two consec-
utive cells are also known as equilibrium states, which are resulted by stationary contacts
associated with the characteristic field with zero characteristic speed.

We will develop in this work this approach for the model (1.1)-(1.2). However, interfa-
cial states for the system (1.1)-(1.2) are the states of contact waves associated with the 7th
characteristic field. These contacts propagate with speed us which do not create equilib-
rium states on the two sides of a node if ug # 0. We therefore require that the stationary
contacts are the ones associated with the 7th characteristic field and that us = 0. Using
the fact that Riemann invariants are constant across contact discontinuities, and then by
letting us = 0, we can determine the algebraic equations for interfacial states. Neverthe-
less, we could start from the original requirement that source terms can be absorbed in
stationary solutions. Then, we will show in the subsection 3.2 below that a stationary
jump can be found as the limit of stationary smooth solutions. These stationary jumps
turn out to be the stationary contacts associated with the 7th characteristic field when
the solid velocity is zero. The algebraic equations for these stationary contacts are then
used to evaluate interfacial states.

3.1. Fquivalent system under separate forms
It is convenient to rewrite the system (1.1)-(1.2) as a combination of the following
three subsystems. The first subsystem consists of equations of balance laws in the gas
phase:
I(agpg) + Oz(agpgug) = 0,
di(agpgug) + Oz (ay (pguz +Dg)) = PgOryy, (3.1)
(agpgeq) + Ou(agug(pgeq + pg)) = —pgttsOzcts.
It has the form of a conservation law with source terms

O + 0. f(v) = s(v, 0pv),

where
QgPyg QgPglg 0
v=| agpguy |, f(v)= (O‘g(/)guz +Dg)) ;o 8(v,0,v) = PgOz0yg
QgPgCyg (agug(pgeqg + pg)) —PgUs Oy
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The second subsystem consists of conservation laws of the mixture:

O(ogpg + asps) + Oz(agpgug + aspsus) =0,
i(uspsus + agpguiy) + Oy (as (psug +ps) + g (ng§ + pg)) =0, (3.2)
Oh(aupses + agpgey) + Op (stis(pses + ps) + agug(pgeq + py)) = 0,

The third subsystem consists of only the compaction dynamics equation:
Ororg + ug0ray = 0. (3.3)

3.2. The jump relations

First, let us consider the stationary smooth solutions of (1.1)-(1.2) in the gas phase
which satisfy the following ordinary differential equations

(ag(pgug + pg)) - pga/ga <3 4)
Qgtig(pgey "’pg)) = —PglsQl,
usay, =0, r€R,

subject to the initial data

U(xo) = (Pg,ug,pgﬂg)(l“o) = Up.

The following lemma gives us a way to calculate stationary waves. The last equation in
(3.4) implies that if the volume fractions change, i.e., aj # 0, we have

us = 0.
Therefore, it holds at a stationary contact that
As = Ay =u, = 0. (3.5)
From (3.4) and (3.5) we obtain

(agpgug) =0, /
(ag (pgug + pg)) :/ pga;a (3.6)
(agug (pgeg + pg)) =0.

In the rest of this section, we deal with only the quantities in the gas phase. So we
omit the subscript in the gas phase for simplicity.

Argued similarly as in [25], we can check that a solution of the following system is also
a solution of (3.6) and therefore of (3.4):

(apu)’ =0,
(% + h) 0, (3.7)
)

where h is the enthalpy in the gas phase given by (2.14).
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Lemma 3.1. Across any stationary contact, the entropy in the gas phase is constant.
The left-hand and right-hand states of a stationary contact in the gas phase satisfy

[apu] =0,
% + k] =0, (3.8)
[S] =0,

where [S] == ST — 57, and so on, denotes the difference between the right-hand and

left-hand values of the variable.

3.8. Characterization of roots of the nonlinear equations

It follows from Lemma 3.1 that a stationary contact in the gas phase of (1.1)-(1.2)
connecting two states Uy = (o, po, ug) and U = («, p, u) fulfils

apu = QopPoUo,

; y 3.9
4 h(p, So) = 2 + h(po, So). (3.9)

Now, let us fix one state Uy = («v, po, uo), and we will find all such states U = («, p, u) that
can be connected to by a stationary contact in the gas phase. Substituting u = agpoug/cap
from the first equation into the second equation of (3.9), we obtain the nonlinear algebraic
equation

Qo potig)? u?
where () ( T g_g
= BT -1 _ G\ = D) — O
h(p,S) = po— P Fee, K(S) ] exp < - ) :

As in [28], re-arranging terms of (3.10), we obtain the following equation

2Ky
v—1

172 agugpo

F(Uy, p, ) := sgn(up) (ug - (P — pg_1)> =0, k:=r(Sy). (3.11)

a
The strategy of finding the stationary contacts between the given fixed state U, =
(a, po,up) and U = (a, p,u) now is that we resolve the density p and then the veloc-
ity v in terms of the volume fraction a. More precisely, the volume fraction a will play
the role of a parameter, the density p will be found by solving the algebraic equation
(3.11), and then the velocity will be given by the first equation in (3.9). Thus, the values
of p will be the zeros of the function F'(Uy, p, a). We have

F(Uo, p=0,a) = F(Uy,p = p,a) = —@,
which has the same sign as —ug, and
OF (Uy, prar) o — 23 (p7 ™" = pg ') — wyp? ™!
o (ué — 2% (! - p”_l))l/2



Set L
o) = (3 + ") (3.12)
1 .
_ —1\~1
pmax(pOa U[)) = (#41_1)11’3 + %pg ) ! :

By a similar argument as in [40], we can see that the function p — F(Uy, p, «) is defined
on the interval
0 <p < p(Uy).

Furthermore, if uy > 0 (up < 0), then the function p — F(Uy, p, @) is strictly increasing
(strictly decreasing, respectively) for 0 < p < puax(po, o), and strictly decreasing (strictly
increasing, respectively) for puax(po, uo) < p < p(Uy), where pnax(po,uo) is defined by
(3.12).

Set

{(a,p,u) - u < =/P(p)},
{(, p,u) = ul < /P'(p)},

G;:{WMUUIO<U<VWW”» (3.13)
Gy = {(o,p,u) : 0>u>—/p'(p)}, '
Gszﬂmmw:u>VW@%

— {(a,p,u) : u= /P (D)},
Arguing similarly as in [28, 37], we can characterize the roots of the nonlinear equation
(3.11) as follows.

Proposition 3.2. The nonlinear equation for the gas density (3.11), and therefore the
equation (3.10), admits exactly two roots, denoted by ¢1(Uy, o) < @2(Uy, ) whenever

04000|U0’
gz

VR pmax (p07 uU)

Moreover, if o = amin(Up), then v1(Uy, &) = wo(Uy, ). The location of these roots can be
described as follows. If o > v, then

a > amin(UO) =

(3.14)

©1(Up, ) < po < @a(Up, ).

If a < oy, then
Po < (,01<U0,0é) fOT’ U, € G U G3,
pPo > (;DQ(U(),Oé) for Uy € Gs.

Moreover, given U = (o, p,u) and let amin(U) be defined as in (3.14). By a similar
argument as in [28], one obtains the following conclusions

amin(U) <a, UeGyi=1,23,
omin(U) =, U €C, (3.15)
amin(U) =0, p=0 or u=0.



3.4. Monotonicity Criterion

It is derived from Proposition 3.2 that there are possibly multiple stationary contacts
issuing from a given state U, and reaching a state with a new volume fraction a. To
select a unique stationary wave, we need the following so-called Monotonicity criterion.
The first equation in (3.8) also defines a curve p — a = a(Up, p). So we require that

MoNOTONICITY CRITERION. Along any stationary wave, the volume fraction o =
a(Uo, p) must be monotone as a function of p.

A similar criterion was used in [28, 25, 40, 20, 21]. The Monotonicity Criterion enables
us to selectly geometrically the admissible stationary contacts as follows.

Lemma 3.3. The Monotonicity Criterion is equivalent to saying that any stationary shock
does not cross the boundary C. In other words:

(i) If Uy € G1 U G3, then only the zero p = ¢1(Up, «) is selected.

(ii) If Uy € Ga, then only the zero p = po(Uy, ) is selected.

3.5. Computing strateqy

The advantages of selecting the function F' as in (3.11) are that its zeros can be
characterized, as indicated in the above argument. However, for the computing purposes,
it may be more convenient to look for another candidate. This is because the function
F might not be convex, making it hard to apply the Newton-Raphson method to find
the roots. To deal with computing purposes, we re-write the equation (3.10) as follows.
Multiplying both sides of (3.10) by p and re-arranging terms, we obtain the following
equation

2 2 2
S)(p7 — pl ) 4 Lo (Lo ) 3.16
pw(S)(p" —py p) + 2 \azp —° , (3.16)
where T o_g
VCud Mk
w(S) = R exp ( o ) .

It is easy to see that

~
S) = S
() = T K(S),
where £(.5) is defined by (2.10). Since the entropy is constant across a stationary contact,
ie., S =5, the equation (3.16) becomes

_ u? [ olp?
B(p) = nlp” = p'p) + 3 ( 0?2; — p) =0, (3.17)

(ol I So — Sk
Qo= /UL(SO):V%1 exp( ! ) > 0.

where

* CU
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We will see that the function p — ®(p) has advantages for computing purposes. Indeed,
a straightforward calculation gives

_ w2 [ a2p2
' (p) = u(yp ™ —pg ) = 2 (5% + 1) : (3.18)
u2a? ’
7 (p) = py(y —1)p" 2 + “5L" > 0.
The second line of (3.18) shows that the function p — ®(p) is strictly convex. The use
of Newton-Raphson method is thus convenient for finding roots of the nonlinear equation
(3.17) and therefore finding stationary contacts. In this case it is convenient to take the
initial guess p° for the Newton-Raphson method such that ®(p") > 0.
We still need to determine a computing strategy to find the roots of (3.17), in view of
the Monotonicity Criterion. Now it holds that

®(p) = 400, p—0,p— 0

u a . 3.19

It is derived from (3.19), Proposition 3.2 and Lemma 3.3 and that the admissible sta-
tionary contact can be chosen using the Newton-Raphson method. Precisely, we get the
following result.

Lemma 3.4. The Newton-Raphson method for the nonlinear equation (3.17) generates a
sequence of approzimate solutions which converges to the admissible root in the sense that
this root is the p-component of a stationary contact satisfying the Monotonicity Criterion
if the initial guess p° for the method is taken in the following way:

(i) Case 1: Uy € G1 UG3: if a < a, then we can take p° = po; if a > ap, we can take
p° < po such that ®(p°) > 0; in this case the sequence then converges to the root

p= 901<U07O‘)'
(ii) Case 2: Uy € Go: if a < g, then we can take p° = po; if @ > g, we can take

p° > po such that ®(p°) > 0; in this case the sequence then converges to the root
p = @2(Up, ).

4. A well-balanced scheme based on stationary waves

Given a uniform time step A¢, and a spacial mesh size Az, setting x; = jAz,j € Z,
and t,, = nAt,n € N, we denote U} to be an approximation of the exact value U(xj,ty).
A C.F.L condition is also required on the mesh sizes:

At
Omax{|\(U)],i =1,2,3,4,5,6,7} <1, 0: (4.1)

4.1. Numerical treatment of the first subsystem (3.1)

To discretize the first subsystem (3.1), we use the following strategy which consists of
two steps:

Step 1. First, the volume fraction change creates a stationary contact, which absorbs the
nonconservative term p,0,0y;
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Step 2. Second, the stationary contact moves and obeys the governing equation where the
volume fraction is constant. This enables us to eliminate the volume fraction on
both sides of the equations so that the subsystem becomes the usual gas dynamics.

Assume that the volume fraction is constant, then, the subsystem (3.1) becomes the
usual gas dynamics equations

atv + axfl(v) - 07

where
Pg Pglg
vi=| pug |, fi(v) = pguf; + Py
PgCy Ug(pgq + Pg)

Let g(v,w) be a suitable standard numerical flux g;(v,w) for the usual gas dynamic
equations. For j € Z,n=0,1,2,3, ..., we set

Py.i Pyt Py,
vi = | Pgitgs | Vi = | Poislgis | s Vie = | Pgi-tgi— |
Py.iq.i Pg.i+Cq.it Pg.j,—Cg.j—

where (r )2
u .

€pit = E(Pgse:555) + %’

(UZ j —)2

€ = (P 95) + =5

and the quantities pj; ., uy ;. will be given below. The first component of the well-
balanced scheme is defined by

U;,H'l = v —0(g1 (v}, 07 ) —qi(v]y ,v))), JE€Z,n=0,1,2 .., (4.2)

where the state v}’ ; _ is known if the values py ;. , _,ug ., are known, and the state
vj_y ; is known if the values pj; 4 . ,uy,; ;  are known, j € Z,n € N. Let us now
describe the way to compute v, . To find the values py;  _,uy, .y, j € Z,n € N,
we use an "absorbing volume fraction change” process using stationary contacts as said
earlier in Step 1 above. Moreover, to ensure that the volume fraction change will always
give a stationary contact, we propose to define a "relaxation” value, which can be seen as

an approximate value in general, for the volume fraction

N,Relax

ag; " =max{ay ;, amin(ag 1, P, Ug 1)}y (4.3)

where the quantity o, is defined by (3.14). This argument and (3.8) mean that these
values satisfy the relations

Nn,Relax n n . n n n
gi  Pgit1—tgj+r1,— = Ygjr1Pg i1 Ug gt
(ugjr1,-) + h(p" Sno ) = (ug 1) + h(p" ) (4.4)
2 pg:j+177’ 97J+1 _ 2 pngJFl’ g?]+1 ’
Sn _ Sn
g:j+177 - ga]+1'

Hence, in accordance with the observations in the previous section, the value py; . _ Is
calculated by taking

n n,Relax n

pZ,j+1,— = SOi(Ug,j+17Oég,j )7 gj+1 = (O‘Z,j+1apg,j+1aug,j+1)7 1=1,2, (4'5)
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where the index 7 is selected in accordance with Lemma 3.3.

Furthermore, it is derived from Lemma 3.4 that if the Newton-Raphson method for
solving the nonlinear equation (3.17) is chosen with the initial guess p°, the procedure
finding pj ;,; _ can be described as follows.

(i) Assume that the point (p} ;. ,uy ;) belongs to either the lower region G or the

upper region Gy in the (p,u)-plane defined by (3.13). f a = a ;,, < ap = Oé;};elax,
then we can take p° = Py fa=aj,, >a=ay; T we can take pU < ,olg]Jrl

such that ®(p°) > 0. (This means that the value gpl( gﬁl,pg,ﬁl,u b )
will be found).

(ii) Assume that the point (pg 4, ”j+1) belongs to the middle region G5 in the (p, u)-
plane defined by (3.13). If a = aj,,; < ag = a"fe“" then we can take p” = po . .
If o =aj; > ap=a, ™, we can take p” > pi' .\, such that ®(p”) > 0. (This

means that the value @2( O s P U1y Q) Rda") will be found).

Then, the value uy ;,, is calculated using the second equation of (4.4) as

n _ 7J+1p97]+1 gJ+1
g,j—i—l,— - n,Relax n
9,3 Pg.j+1,—

u

Similarly, we compute the state v ; , by first defining a "relaxation” value for the
volume fraction

n,Relax

g~ = max{ay ;, amin(Qg ;s Py i1, Uy j1)} (4.6)

We also require that the corresponding values of the stationary contact satisfy the relations

n,Relax u O[ 'U,
(g,J /;gu L+"gi-14+ 7 94— 1'09(3 1 )gu I
9,0 — 1+ n — g] 1 n
+h(pg,] 1,+7~g,7— 1) +h(pgj 17Sg,j71>7 <47)
n n
ngjilflr ngjil

The value pj ;_, , is therefore calculated by taking

PZ,j—1,+ = i ;,j_lyag,fel“), gn,j—1 = (OéZ,j_pPZ,j_l,UZ,j_l)j 1=1,2, (4.8)

where the index 7 is selected in accordance with Lemma 3.3.

Again, it is derived from Lemma 3.4 that if the Newton-Raphson method for solving
the nonlinear equation (3.17) is chosen with the initial guess p°, the procedure finding
Pyi—1.+ can be described as follows.

(iii) Assume that the point (o} ; ;,up; ;) belongs to either the lower region G, or the

-1 %g,5—1
upper region Gy in the (p,u)-plane defined by (3.13). If a = aj; | < ag = O{Z’;{elax’

,Relax
then we can take p¥ = Py fa=aj, | >a)=ay;"", we can take 0 < Py.j
; nReldx

such that ®(p°) > 0. (This means that the value gpl( i 17pg] 1 UG i1, Qg ) is
found).
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(iv) Assume that the point (p] ,;_;,uy ; ;) belongs to the middle region G in the (p, u)-
plane defined by (3.13). If a = ;| < ag = ay™™, then we can take p° = pp' ;.
If o =af | >ap=ay;™™, we can take p° > p», | such that ®(p°) > 0. (This

n n n n,Relax) :
means that the value @a(ay ; 1, py 1,y y, ") is found).

Finally, the value u = uy ; , | is computed using the second equation of (4.7) as:

n T n
o _ Og-1Pg 11
g,—1,+ — an,Relax n .
gvj pg’j71’+

4.2. Numerical treatment of the second subsystem (3.2)

We now turn to deal with the second subsystem (3.2) which has the conservative form:

atw + amfZ(w) = 07

where
QgPg + QispPs Qg Pgllg + Qs Pslhs
- - 2 2
w = | agpgug+aspsus |, fao(w) = ag(pgtig + py) + as(pstis + ps)
QgPgCq + aspses agug(pgeg + pg) + asus(pses + ps)‘

Naturally, a conservative scheme can be applied to (3.2):

Wit = wl — 0(ga(w], Wi y) — g(w) 4 wh)), jEZn=012 .. (4.9)
For example, we may take a scheme involving the unknown function and the flux function
only such as the Lax-Friedrichs scheme, the Lax-Wendroff scheme, or Richtmyer’s scheme,
etc.

4.83. Numerical treatment of the third subsystem (3.3)

Finally, we consider the numerical treatment for the third subsystem, which contains
only the compaction dynamics equation (1.2). The discretization of the compaction dy-
namics equation is motivated by the very interesting fact that among elementary waves,
the volume fractions change only across the solid contacts associated with the charac-
teristic speed A7 = ug, see [4, 35] for example. Moreover, the solid velocity is constant
across a solid contact. This suggests that the nonconservative term u,0,0, may have
more regularity property than it seems and furthermore it can be discretized using the
upwind scheme. Thus, we apply the Engquist-Osher scheme for the compaction dynamics
equation (1.2):

aptt = gy — 0wl (ag, — ap,ny) + Ul (ag 0 — ap,). (4.10)

where § = At/Az, and

731:]4_ = maX{UZ,ja 0}7 uy; = min{uz:,ja O}a JE€ Z,n=0,1,2,3,...

u s?]
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In studying our above numerical method, for definitiveness, we may take both numer-
ical fluxes in (4.2) and (4.9) to be the Lax-Friedrichs. In this case, it reads

ot = (0 0 ) = (AR ) — A L),
=Yg + o) — $0suge) — () (4.1

forjeZ,n=0,1,2,...
The following theorem provides first remarkable properties of our scheme.

Theorem 4.1. (i) (Fully preserving positivity of volume fractions) Our scheme (4.1)-
(4.10) preserves the positivity of the volume fractions. This means that if ozg’j >0
forall j € Z, then ay ; >0 for all j € Z,n =1,2,3,....k = s,9.

(11) (Partly well-balanced scheme) Our scheme (4.1)-(4.10) captures exactly equilibrium
states in the gas phase.

Proof (i) Since oy + ay = 1, it is sufficient to show that 0 < aj*' < 1 whenever 0 <
;< 1,j€%Z Let 0 <ay,; <1,j €Z. For simplicity we drop the index g in the gas
volume fraction, and the 1ndex s in the solid velocity. First, consider the case uj > 0. It

holds that -
o :a?—Gu(a _04?1)

= aj (1 —0u}) + Oujaj .

It follows from the C.F.L. condition that both 0 < (1 — 9uj) <land 0 < 0u? <1. So,
from the last equality we deduce that

0< @;‘H = aj (1 = Ouf) + Oujal | <max{aj,af } <1 (4.12)

Similarly, consider now the case uj < 0. Then,

n+l _ n n( o n
ajt = af = fui(ajy, —af)

J
= aj (1 +0u}) — Oujaj,,.

The C.F.L. condition also gives 0 < (1 + Quy) <land 0 < —Qu? < 1. Thus, the last
equality yields

0 <ot =al(1+0u)) —bufal | <max{a),afj,} <1 (4.13)

From (4.12) and (4.13) we obtain (i).
(ii) Let us be given a stationary contact. Then, the entropy in the gas phase is

constant, and so
n

u” a” . o". .
JJ—:BOQH;L g,3+1 — _,J(pé]j)297] - (4'14)
+ (pg ]+1) 5 T g(Pg,j)'
The equations (4.14) imply that

T R T n J— n
pgvj“rl’* - pg:j’ u 7.]+1 - ugzj’
T I T
pgvjflf‘r _ pg:j’ u j 1 + u 7.77
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so that

Vit- =V Uag =5
This yields
ot =l (4.15)
The identity (4.15) establishes (ii). The proof of Theorem 4.1 is complete. O

The following theorem provides us with other important properties of our scheme
(4.1)-(4.10) with the specific choice of the Lax-Friedrichs flux (4.11).

Theorem 4.2. (i) (Preserving positivity of gas density ) Our scheme (4.1)-(4.11) pre-
serves the positivity of the density in the gas phase under the assumptions that

1<, <2, (4.16)

and
. 1 At
ngx{])\l(U)\,z = 1,2,3,4,5,6,7} < %, 0 = A_:L' (417)
This means that if p%j > 0 for all j € Z, then pp; > 0 for all j € Z,n =
1,2,3,...k=s,q.

(i) (Partly numerical minimum entropy principle) Assume that the conditions (4.16)
and (4.17) are fulfilled. Then, our scheme (4.1)-(4.11) satisfies the following mini-
mum entropy principle in the gas phase:

St > min{S), 1,50, 1}, j€Z,n=0,1,2.3, .. (4.18)

7j_1,

Proof. For simplicity we drop the subscript index of the phase.

(i) Tt is sufficient to show that for any given integer n, if pj > 0 for j, then p}”l >0
for all 7. Let us take an arbitrary and fixed, non-negative integer n. Assume now that
pj > 0,Vj € Z. It holds that

ntl Pl P
gt =ttt ) g

. 2 Pi1 Uy~ P, U, )
Py Pl _
o Pt — Smac{uly |, [ [HO01 4+ ) (4.19)

(1= Omax (Juj_y |, [ufys _[))-

AVARLY,

)
P14t
3

It follows from Lemma 3.3 that
pj+ >0, jeZ

Thus, it is derived from (4.19) that to demonstrate the positivity of the density, we remain
to point out that
Omas{[u) .|, Juf,y [} <1 (4.20)

It follows from (2.14) and the condition (4.16) that

holp, §) = et g2 oxp (525 ) >

Coy

hpp(p, S) _ (7—2)(7—11)WCUT* p7—3 exp (S—&) <0,

i v
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which imply that the function p — h(p,S) is strictly increasing and strictly concave for

each fixed entropy S. Hence,
%( g+1)2 - %( Ujt, —)2 h(p?_,_l — S]n-i-l) - h(ﬂ?-s—h Sgn-i-l)

h (P]+17 Sg+1)<P}l+1,— - P§L+1)

PP(PJ-H S]+1)<
Py

n n Pit1,— ¥ n
pp<pj+1a S]+1)< Jﬁl N 1) 2 _pp(pj+1’ Sj+1)'

>

Piy1,— — P?H)

Using the last inequality, Lemma 3.1 and the condition (4.17), we obtain

| < 2 + 20,00 )

< V2([uf |+ /PP 110 i) (4.21)
- \/—)\3( j+1)
< V2maxpg{\(U),i =1,2,3,4,5,6,7} <

q>|>—‘

Similarly,
1

7
From (4.21) and (4.22), we obtain (4.20). This establishes (i).

(ii) Let v = 1/p be the specific volume. We will first show that the gas is in a local
thermodynamic equilibrium in the sense that the function (v,S) — e(v,S) is strictly
convex. It follows from (2.12) that

] < (4.22)

so that

(v, S) = 7%@‘”‘1 exp (S;—S) > 0,
evs (v, S) ”f;& v exp (ﬁ>, (4.23)

Tivg 1- S—S,
ess(v,S) = #v ~Vexp < ) :

A straightforward calculation shows that the determinant of the Hessian matrix of the
function (v, S) — &(v,S) is given by

'y 1

2(S — S.

EwESS — E2g = —T v v exp (¥> > 0. (4.24)
Cy Cy

From (4.23) and (4.24) we deduce that the function (v,S) — &(v,S) is strictly convex.

This is equivalent to that the function (v,e) — S(v,¢) is strictly concave, see Lem. 1.1,

Chapter II, [17].
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Our next argument is based on the following classical result. Assume that U is a
strictly convex function in RY, and that there exists a function F and a vector-valued
map f such that DF = DU Df. If U is a vector defined by

v ="t L) - rov),
then
uw) < WU r) - Fow)
Let us choose
UWU) = pg(S), FU) = pug(S), (4.25)

where ¢(S) is a strictly decreasing and convex function of S. First, we will show that
g(S) is a strictly convex function of X = (v,¢). Indeed, the above result that S is strictly
concave as a function of X = (v, ) means that for 0 < s < 1 it holds

S(sX +(1—=9)Y)>sS(X)+ (1 —15)SY)

for any X, Y. Now, the last inequality and that g is strictly decreasing and convex in S
yield
g(S(sX + (1 =5)Y)) <g(sS(X)+(1—5)S(Y))
< 59(S(X)) + (1 = 5)g(S(Y)),
for all XY, which demonstrate that g(S) is a strictly convex function of X = (v,¢).

Therefore, the pair (4.25) is a convex entropy pair of the usual gas dynamics equations.
The definition of the scheme (4.2) with the Lax-Friedrichs numerical flux yields

i UU | Y+UUM, ) 6 n n
Z/[(Uj +1) < j—1+ 5 1, + §(~F(Uj*1,+) _‘F(Uj+1,7))7

for any entropy pair of the form (4.25). Thus, we have

PGS < 3 (P g(ST) + o g(SE) )
+5(07 1 ul 4 g(S7 1) — Py _ufy _9(SHha))-

Re-arranging terms, we obtain from the last inequality

p?—Hg(Sj < §Pj—1,+(1 +0ui_y )9(Si1) + §Pj+1,—(1 — Oufyy )g(S7)-

It is easy to verify that the function ¢g(S) = (S, — S)?,p > 1, where S, is some constant
such that S, — S > 0, is strictly decreasing and convex for S < S,. Applying the last
inequality for g(S) = (S« — S)P,p > 1, we get

n n ]- n n n
P8, =Sty < 5,oj.717+(1 +0un_ ) )(Se— SP)P
1
+§:0?+1,7(1 —Oul g )(Se — Si )P
1
< 5P (1 +0ufy ) (4.26)

1 P
30— (1 = 0y )| max{S, = S7_,, 5. = S7,0}|
— p?*l [maX{S* =S} 1,8 — S}LH}]

p
)

18



where the last equality follows from the definition of the scheme (4.2) with the Lax-
Friedrichs numerical flux. Using the result of the part (i) that p”*' is positive, canceling

Pt > 0 on both sides of (4.26) we obtain :
(S, — Srty < [maX{S* A S;?H}]p.
This gives
Sy — S;LH <max{S, — 8}, S — S}, } = Su —min{S} |, 57},

or
n+1 : n n
SiT = mm{ijl, SjJrl}a

which establishes (4.18). The proof of Theorem 4.2 is complete. O

5. Numerical Tests

In this section we will present several numerical tests in which we compare the approx-
imate solution and the exact Riemann solution. For simplicity, we assume that the fluid
in each phase has the equation of state of a polytropic ideal gas. We take the parameters
in the equations of state to be as follows:

Vg =14, v =16, cpg:="Y4Cvq=1.0087, Sy, =95.=0, cps:="7s¢,s = 4.1860.
(5.1)
The Lax-Friedrichs scheme is taken as the underlying scheme for (4.2) and (4.9). We also
take
C.F.L =0.5.

Exact solutions and approximate solutions of the Riemann problem for (1.1)-(1.2) with

Riemann data
Uy, x <0,

U(x,0) = { Un >0, (5.2)
where Uy, Ug are constant states, will be computed and displayed on the interval [—1, 1]
of the z-space.

5.1. Test 1: A stationary wave

The approximate solution will be computed at the time ¢t = 0.01 on the interval [—1, 1]
of the z-space with 500 mesh points. In this test, we consider the Riemann problem for
(1.1)-(1.2) with the Riemann data (5.2) where Uy, and Uy are given in Table 1.

Table 1

Components\_ States U Ur
Pg 0.8 0.81355299
Ug 0.5 0.43704044
Dy 1 1.0237978
Ds 1 1.2850045
Ug 0 0
Ds 2 2.9872902
Qg 0.8 0.9
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It is not difficult to check that in this case the Riemann solution results in the gas phase
a stationary contact. Figure 1 shows that the stationary contact in the gas phase is well
captured. It is easy to see that the contact wave belong to the subsonic region. However,
the result still holds for data in the supersonic regions.

Density of Gas Phase “elocity of Gas Phase
0.51 T T T T T T

T T T T T
Exact solution Exact solution
—+— Approximate solution 0s —— Approximate solution
08151
043
ogtll 048 F
0.47 F
U805 F 048]
045
0.3
0.44
0795 L L . . . . . . . 0.43 . . L . , . , , ,
-1 08 05 D4 02 ] 02 04 0B 08 1 -1 08 0B -04 02 ] 02 04 0B 08 1
Pressure of Gas Phase Yolurne Fraction of Gas Phase
1035 T T T T T T
Exact solution 082 Exact solution
103k —+— Approximate solution —— Approximate solution
02t
1025+
088
1021
1015k 0.85
1.0 1 0.84
1.005 omtb
1
0.8

0.995 . L L L L . L . . . . L L L L 1 1 L
-1 L8 06 04 02 0 02 04 0B 08 1 -1 -0 08 04 02 0 02 04 06 08 1

Figure 1: Test 1: The scheme (4.1)-(4.10) can capture equilibrium states in the gas phase

Recently, a numerical scheme designed for subsonic regions for more general model
of two-phase flows has been constructed in [2]. This scheme also captures the above
stationary contact wave in the gas phase, see Figure 2.

Thus, this test shows that our scheme as well the the scheme in [2]-designed for
subsonic regions- are well-balanced in the gas phase in the sense that they can capture
stationary contacts in the gas phase.

5.2. Test 2: Supersonic regions

In this test, the approximate solution will be computed at the time ¢ = 0.1 on the
interval [—1, 1] of the xz-space. We consider the Riemann problem for (1.1)-(1.2) with the
Riemann data (5.2) where Uy, and Ug are given in Table 2.
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Figure 2: Test 1: The scheme in [2] can also capture equilibrium states in the gas phase

Table 2

Components\_ States Uy Ugr
Pg 0.08545023 0.17601423
Uy -4.7689572 -5.1681691
Dy 0.3 0.83622836
Ps 0.93630573 1.1009669
Ug 0.21664237 0.20870557
Ds 1.8 2.3327532
Qg 0.5 0.55

One can easily verify that the Riemann data belong to the supersonic regions.
intermediate states that define the Riemann solution are given in Table 3.
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Table 3

N Uy Uz Us Uy

Py 0.13885662 0.2 0.2 0.17601423
U -5.9309871 -5 -5 -5.1681691
Pg 0.6 1 1 0.83622836
Ps 0.93630573 0.93630573 1 1.0372987
Ug 0.21664237 0.21664237 0.1 0.1

Ds 1.8 1.8 2 2.1206848
Qg 0.5 0.5 0.5 0.55

The structure of the Riemann solution is described as follows. The Riemann solution
first begins with a 1-shock wave from Uy, to Uy, followed by a 3-rarefaction wave from U,
to Us, followed by a 4-shock wave from U, to Us. The solution is then continued by a
solid 5-contact from Us to Uy, and finally followed by a 3-rarefaction wave from Uy to Ug.
The exact Riemann solutions are drawn in Figures 3 and 4.

Zas Density Gas Welocity (5as Pressure Solid Density
0.2 -4.5 1 1.3
0.2 1] 08 1.2
5 ]
0.14 1 0.6 1.1
5.5 1
0.1 1 0.4 1
0.05 : £ : 0.2 : 0.9 :
-1 0 1T -1 0 1T A a T 0 1
Solid Welocity Solid Pressure Gas Wolume Fraction
0.24 26 0.55
2.4 10.56
0.2 1
2.2 10.54
0.15
2 10.52
0.1 : 1.8 : 0.5
-1 0 1T -1 0 1T A a 1

Figure 3: Test 2: Exact Riemann solution at the time ¢ = 0.1

The errors for Test 2 are reported by the Table 4. Precisely, let us denote by U, =
Un(x,t) the approximate solution corresponding to the mesh-size h and by U = U(z,t)
the exact solution. In Table 4, we compute the values ||Up(.,t = 0.1) =U(.,t = 0.1)||,1(r)
and ||Up(.,t = 0.1) — U(.,t = 0.1)]|:/]||U(.,t = 0.1)||r:, which represent the absolute
error and the absolute relative error in the space L!'(R), respectively, for different mesh-
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Figure 4: Test 2: Exact Riemann solution in the (z,t)-plane

sizes h = Ax = 1/N, where N takes the values 250, 500, 1000, 2000 and 4000. Figures
5 and 6 show the exact and the approximate solutions with 500, 1000, and 4000 mesh
points. One could see there is an additional wave in the solid velocity, which makes the
configuration of the approximate solution different from the exact solution. It seems that
the scheme converges to a limit that slightly different from the exact solution in this case.
The scheme is numerically stable in the supersonic regions for this test.

Table 4
N U, — Ul U, — Ul /]|U]|| 1 order
250 0.18519124 0.0092742091 —
500 0.12190857 0.0061050705 0.6
1000 0.078904635 0.0039514724 0.63
2000 0.052600668 0.0026341936 0.59
4000 0.036200786 0.0018129025 0.54

5.8. Test 3: Supersonic regions

In this test, the approximate solution will be computed at the time ¢ = 0.1 on the
interval [—1, 1] of the z-space. We consider the Riemann problem for (1.1)-(1.2) with the
Riemann data (5.2) where Uy, and Ug are given in Table 5.

Table 5

Components\_ States Uy Ugr
Pg 0.3 0.49045078
Ug 5 4.9606427
Py 0.2 0.39810826
Ps 1.1969795 1.2954081
Usg -0.70474276 0.51451306
Ds 4 4.5391218
Qg 0.5 0.4

It is easy to check that the Riemann data belong to the supersonic regions, where many
existing schemes may not work well. The intermediate states that define the Riemann
solution are given in Table 6.
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Figure 5: Test 2: The exact solution and approximate solution in the gas phase with different mesh-sizes

Table 6
N Uy Uy Us Uy
Pg 0.3 0.37805592 0.37805592 0.43056368
U 5 4.9571588 4.9571588 4.8236071
Dy 0.2 0.27646407 0.27646407 0.33175688
Ps 1 0.9010034 1.2954081 1.2954081
Ug -0.3 -0.3 0.51451306 0.51451306
Ds 3 2.5391218 4.5391218 4.5391218
Qg 0.5 0.4 04 0.4

The Riemann solution is a 4-rarefaction wave from Uy, to Uy, followed by a 5-solid contact
from U; to U, followed by a 6-rarefaction wave from U, to Us, followed by a 1-shock wave
from Ujz to Uy, and followed by a 3-rarefaction wave from Uy to Ug. The exact solution
are shown in Figures 7 and 8.

The errors for Test 3 are reported in the Table 7. We still denote by U;,, = U (x,t)
the approximate solution corresponding to the mesh-size h and by U = U (x, t) the exact
solution. The values [|Uy(.,t = 0.1) = U(.,t = 0.1)||z1r) and ||Un(.,t = 0.1) = U(.,t =
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Figure 6: Test 2: The exact solution and approximate solution in the solid phase with different mesh-sizes

0.)||z:/||U(.,t = 0.1)||11 are evaluated for different mesh-sizes h = Ax = 1/N, where
N takes the values 250, 500, 1000, 2000 and 4000. Figures 9 and 10 show the exact and
the approximate solutions with 500, 1000, and 4000 mesh points. There is an additional
wave in the quantities of the solid phase in Figure 10; the approximate solutions seem
to converge to a limit that slightly differ from the exact solution. Again, the scheme is

numerically stable in the supersonic regions for this test.

Table 7
N [|Uy, — Ul|p Uy, — Ullp/||U]| 1 order
250 0.27511093 0.011831599 -
500 0.19736281 0.0084879127 0.48
1000 0.14351663 0.0061721694 0.46
2000 0.10695992 0.0045999878 0.42
4000 0.082316009 0.0035401356 0.38
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Figure 7: Test 3: Exact Riemann solution at the time ¢ = 0.1

5.4. Test 4: Comparisons with other schemes in the subsonic region

In this test, we compare our method with various numerical methods in the literature
with the well-tested case in [35]. The data are taken in the subsonic region, making the
existing schemes, in particular schemes designed for subsonic regions, work well. Our
scheme, however, seems to give a convergence to a function that visibly differs from the
exact solution. Precisely, in this test v, = 7, = .4, the approximate solutions are computed
at the time ¢ = 0.2 on the interval [—1/2,1/2], or [0, 1]. We consider the Riemann problem
for (1.1)-(1.2) with the Riemann data (5.2) where Uy, and Ug are given in Table 8.

Table 8

Components\_ States Uy Ur
P 02 | 1
Ug 0 0
Dg 0.3 1
Ps 1 1
Ug 0 0
Ds 1 1
ay 0.2 0.7

The exact Riemann solution were computed in [35]. Its intermediate states are given in
Table 9.
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Figure 8: Test 3: Exact Riemann solution in the (z,t)-plane

Table 9
N Us Uy Uy Us U,
Pg 0.3266 0.3266 0.698 0.9058 1
Ug -0.7683 -0.7683 -0.7683 -0.1159 0
Dy 0.6045 0.6045 0.6045 0.8707 1
Ps 1 0.9436 0.9436 1.0591 1.0591
Ug 0 0.0684 0.0684 0.0684 0.0684
Ds 1 0.9219 0.9219 1.0837 1.0837
Qg 0.2 0.2 0.2 0.7 0.7

The Riemann solution is a 1-shock wave from U, to Uy, followed by a 4-rarefaction wave
from Uy to Us, followed by a 2-gas contact from U; to Uy, followed from a 5-solid contact
from Uy to U,, followed by a 3-rarefaction wave from U, to Uy, followed by a 6-shock wave
from Uy to Ug. The configuration of the solution and the approximate solution by the
scheme (4.1)-(4.10) with various mesh-sizes are shown in Figure 11.

The approximate solution by the scheme in [2] and is displayed in Figure 12 by courtesy
of the authors. Comparisons between various schemes are given in [35] and are given in

Figure 13, which was taken in [2].

In this test, we can see that the schemes in [2] and in [35] provide us with good
approximations to the exact solution when the solution remain in the subsonic region.

Our scheme gives approximate solutions that converge to a limit different from this exact
solution. The difference between the exact solution and the approximate solution is quite
large in the solid density and solid velocity. The result is better for the quantities in the
gas phase.

6. Conclusions

The system (1.1)-(1.2) possesses complicated structures and cause standard numerical
scheme to give unsatisfactory results. In this paper we build up a numerical method that
consists of several procedures for the two-phase flow model (1.1)-(1.2). First we decom-
pose the system into three subsystems of different performances. For each subsystem we
apply a different numerical treatment. In the first subsystem consisting of the governing
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Figure 9: Test 3: The exact solution and approximate solution in the gas phase with different mesh-sizes

equations in the gas phase, we use stationary waves to absorb the nonconservative terms.
In the second subsystem consisting of conservation laws of the mixture we can use a suit-
able scheme for conservation laws. In the third subsystem consisting of the compaction
dynamics equation, we apply the technique of the Engquist-Osher scheme by observing
that the solid velocity is constant across the solid contacts.

The scheme gives reasonably good results in the supersonic regions that are not always
treated in existing schemes, but does not give satisfactory results in the subsonic region.
However, it is robust, which is interesting. The results are better for the gas phase that
absorbs the source term in the numerical scheme, which is not completely satisfactory.
This suggests that the scheme could certainly be improved in that direction in order to
get "similar” results for both phases.

The scheme is shown to possess some other nice properties: it can capture equilibrium
states in the gas phase, it preserves the positivity of the volume fractions in both phases,
it preserves the positivity of the density of the gas phase, and it satisfies the numerical
minimum entropy principle in the gas phase.
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Figure 10: Test 3: The exact solution and approximate solution in the solid phase with different mesh-sizes
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Figure 11: Test 4: The exact solution (upper-left corner) and approximate solution with different mesh-

sizes by the scheme (4.1)-(4.10)
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Figure 12: Test 4: The approximate solution by the scheme in [2] by courtesy of the authors.
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Figure 13: Test 4: The approximate solution by various schemes given in [35]. These pictures were
taken from [2]. The approximate solution by blue curve is given by the method in [34]; the approximate
solution by green curve is given by the method in [3], the approximate solution by red curve is given by
the method in [35], all with 200 grid cells. The exact solution appears in black.
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