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Based on the classical Roe method, we develop an interface capture method according to the general equation

of state, and extend the single-fluid Roe method to the two-dimensional (2D) multi-fluid flows, as well as construct

the continuous Roe matrix for the whole flow field. The interface capture equations and fluid dynamic conservative

equations are coupled together and solved by using any high-resolution schemes that usually suit for the single-fluid

flows. Some numerical examples are given to illustrate the solution of 1D and 2D multi-fluid Riemann problems.
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1. Introduction

Many problems in science and engineering involve
conservation laws. A special class is the so-called hy-
perbolic conservation laws, which can be formulated
as a system of partial differential equations. In gen-
eral it is not possible to derive exact solutions of these
equations, and therefore, we have to devise and study
numerical methods to obtain approximate solutions.
The interaction of elementary waves for systems in
the hyperbolic conservation laws is the key mechanism
in determining the qualitative properties of solutions.
Riemann studied fluid dynamics through the shock
tube experiment. More generally, a Riemann problem
for a system in conservation laws is an initial value
problem such as wave structure of hyperbolic partial
differential equations. They are important also for nu-
merical algorithms for solving these equations, such as
the Godunov method, the random choice method and
the front tracking method. These solutions, in turn,
are composed of elementary waves, whose interactions
are determined by Riemann problems, also reflect the
asymptotic behaviour of general solutions. Therefore
the influence of an equation of state on the structure

of waves may be studied through Riemann problems.

It is known that it is difficult to obtain the ex-
act solution of the Riemann problem, especially for
the multi-fluid flow with general equation of state
(EOS). A perfectly general EOS is also capable of
exhibiting pathological behaviour that leads to com-
plicated and non-unique solutions of the Riemann
problem.[":2l Only the simple EOS can be solved ac-
curately through iterative procedure.® Usually, some
approximate methods are introduced to the Rie-
mann problem, such as Roe method and two-shock
method,[*~9] etc. Based on the approximate Riemann
solvers, many high-resolution Euler schemes (for ex-
ample, TVD, MUSCL and PPM schemes, etc) ap-
peared and a lot of excellent numerical results to the
single-fluid flows are obtained. For different materi-
als corresponding to the different EOS in multi-fluid
flows, the numerical flux becomes discontinuous at the
boundary of different fluids, so there exists no flux
matrix in the multi-fluid problem. The volume-of-
fraction (VOF) method is a popular and successful
technique to describe the multi-fluid flows."~1% The
algorithm captures rather than tracks the interfaces
between distinct fluids while maintaining a VOF rep-

resentation of the constituent fluids. The simplest
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VOF interface reconstruction algorithms are those
based on the simple line interface calculation (SLIC)
method.'! There are numerous other first-order vari-
ations on this, such as the centre of mass method,!*?!
centre difference!’®! and Young’s method.['* The pri-
mary disadvantage in using these methods is the ex-
pense. Reconstruction of the interface adds more com-
putation than simply advances the flow in time. In
addition, the reconstruction process is performed on
a cell by cell basis and hence requires some coding so-
phistication so that vectorization can be achieved on
modern supercomputers. Recently, with the remark-
able permeation of artificial intelligence among vari-
ous fields of science and engineering, including fluid
mechanics, symbolic computation has drastically in-
creased the ability of a computer to exactly and al-
gorithmically deal with the analytic expressions, as
shown in Refs.[15-17].

In this paper, we develop the interface capture
method according to the general EOS, and extend
the single-fluid Roe method to the two-dimensional
(2D) multi-fluid flows, as well as construct the con-
tinuous Roe matrix to the whole flow field. The in-
terface capture equations and fluid dynamic conser-
vative equations are coupled together and solved by
using any high-resolution schemes that usually suit
for the single-fluid flows. We apply the basic symbolic
computation method to our algorithms and deduce a
set of formulas that is directly used in the numerical
schemes. The processes of construction of the Roe
matrix, eigenvalue and eigenvector for the multi-fluid
flow by stiffen gas, polynomial and Griineisen (includ-
ing Jones—Wilkins—Lee abbreviated as JWL) EOS in
two dimensions are presented. Finally some numerical
examples for solving the Riemann problem in 1D and
2D multi-fluid flows with the above EOSs are given,

too.
2.Interface capture equation with
general EOS

The form of the general EOS in this paper is
p:Q(paevalv"'aan)+9(p767b17"'7bn)67 (1)

where p, p, e represent the pressure, density and spe-
cific internal energy, respectively; a; and b; are in-
dependent parameters, associated with each material.
The typical EOS includes stiffen gas, polynomial and

Grineisen EOS, etc. For the stiffened gas case,

pe = (p+7m)/(v—1), (2)

where 7 is the material-dependent parameter, v rep-
resents the ratio of specific heats for the gas. And for
the polynomial EOS,

p =ao + a1p + azp” + azp’
+ (by + bip + bap® + bzp®)e, (3)

where a;, b;(i = 0,---,3) are material-dependent pa-

rameters. For the Griineisen EOS

p(p,e) = pret(p) + I'(p)ple — eret(p)], (4)

where I'(p) = (Op/0e),/p is the Grineisen coefficient,
Pref, €ref are the reference state of pressure and specific
internal energy along the Hugoniot respectively.

For a solid material such as metal, a linear fit as-
sumption is made for shock velocity as a function of

the particle velocity, i.e.
Us = Co + Aup. (5)

Here ug represents the shock velocity, cg is the zero-
pressure isentropic speed of sound, and A is a dimen-
sionless parameter related to the pressure derivative
of the isentropic bulk modulus. By virtue of Eq.(5),
it is easy to deduce that the reference curve for (pret,
eret) 1s simply a single Hugoniot locus from an ini-
With this in mind, using the

standard Rankine—Hugoniot jump condition, and af-

tial point (pg, ep).

ter some simple algebraic manipulations, we can find

the explicit expression for p,.r and e, as

t(Vo—V)
Vo —AX(Vo = V)]’

ewt(V) =0+ 3 rt(V) + 20l (o= V), (6)

Dref (V) =po +

where V' = 1/p represents the volume, I'y = vo—1 rep-
resents the Grineisen coefficient at volume V = Vj,
Yo > 1 is the usual definition of the ratio of specific
heats, and « € [0,1] is a dimensionless parameter.
For the gaseous explosive with Jones—Wilkins—Lee
(JWL) equation of state, pyef, eref and I'(V') in Eq.(4)

are

r(v)=Iy,
AV, <—R1V>
eref (V) =——ce
¢ (V) 7 v
+BV0 —RV
e —e
R2 p V() 0,
14
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where Iy, Vo, eo, A, B, Ry, Ry are seven material- the interface field, then Eq.(8) can be written as

dependent parameters.

ap
Without viscosity and heat conduction, the con- ot +v-Vp=0,
servation Euler equations for a compressible fluid are o ()
2 (ve) + v V(pe) = 0.
ot
E + V- (pv) =0, Using Eq.(1) and the second formula of Eq.(9), we
0] h
9Py L. (pvv) = —Vp, (8) e
aatE 0 (,p=2 v (2= 0 10
%+V(Ev)=*v(pv), a\" e )TV V"o )T (10)

. . . Si d tant, Eq.(10 b itt
where v is velocity vector, F is the total energy for ince p and v are constant, Eq.(10) can be rewritten
as

unit mass, E = pe + pv?/2. 2<£)—|—V-(ﬁv)—0

At the multi-fluid interface, weak discontinuities ot \ O e ’ (11)
exist physically. For numerical dissipation of dif- 0 <P-Q> LV, <£v> —o.
ference scheme, there are |Vp| ~ 1, |[V|v|| ~ 1, ot \ 6 6

Vel > 1,|Vp| > 1 near the interface field. There-  Generally, when p and v are not constant, the left-

fore, we may assume that p and v are constant near  hand side of Eq.(11) becomes

|
0 P 1 1 d (1
a—(—)+v (5 v)=r <@>+PV V<@>—f’a <5>
0 (2 0 n v 2\ d (0
ot 0" pat o) ¥ \e) " Pa\e)
By combining the mass conservation equation with the energy equation of de/dt = —pd(1/p)dt, the first formula
d /1) _ 0 de
Pai ~Pa, pae @ at
po (1 0 (1 0 (1
(()pa(>> 5 () ()] 7
Analogously, the second formula of Eq.(12) can be written as follows:
a9 (1 1 d /1 0 1 0 1
Vl=)=p=(=]|=—- || = —(=]|IV-
rai(6) v (5) v (5) =75 (3) wrac (3)| oo
o (0N, oo\ dae\_ [.9 (2, 8 (2\]g.,
Pat\o) TP o) Pua\e)” |Pa,\0) Pa\o '

Finally, we obtain the interface equivalent equation from Eqs.(12)-(14),

(12)

of Eq.(12) can be written as

g (1 1
i ()t v () =

5 (8) 49 (50)+ o (5) +rii (§)] 7o =0 .
S (%) +v(%50) + [a (8) +ra (8)] 700

i 5 (8) v (5) [ (5) <2 (5)] 700 o
5 (8)+vv(5) oo (8) + 2 (5)] 720
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3. Roe matrix construction of

Riemann problem for multi-
fluid flows

Coupling Eq.(8) with Eq.(9), we have the quasi-

linear equation,

where A, is the Roe matrix, q and A, (@) depend on
the specific EOS. Next, the processes and results of
construction of the Roe matrix, eigenvalue and eigen-
vector for the multi-fluid flow by stiffened gas, polyno-
mial and Griineisen EOS in two dimensions are given

separately. For stiffened gas EOS, we have

%, 3 A, (@) %3 _ (17) N -
= | a=p.p0.50,58,1/( - 1), 5% /3 -1]
_ 0 1 0 0 0 o |
p? - B-9)u 1-%% -1 x 1-7
~ —uv ] i 0 0 0
A=\ (2 om)a 76 72 Nes  mE oo U (18)
(5 H)u H-(®-1a* 1-%av ~Ju xa (1—-79)a
0 0 0 @ 0
I 0 0 0 0 i
_ 0 0 1 0 0 0o |
—uw G i 0 0 0
B= ?2_?2 O L -1 x  1-7 (19)
(P-f)o (-%a0 H-(G-10* G-1)5 % (1-7)
0 0 0 0 B 0
i 0 0 0 0 0 5

Here A and B represent the z-direction and y-

direction Roe matrix (as below). ¥ = —I/(3 — 1)

)

able with “~” represents the result by the classical

Roe method. The right eigenvectors of matrix A and

I = p/3-1), B* = (7 1) (a®+2%)/2, ¢ B are R4 for #%(p = 1—6) and Rp for #%(p = 1—6),
(% —1)/H — (a® +2)/2, H = E + $/p. The vari-
1 o0 1 1 0 0]
a-¢ 0 i i+é 0 0
i1 7 i 00
Ra= [P F]9 4 R0 #0) = | Boie 5 (@) Beae 51|,
0o 0 0 0 10
0o 0 0 0 0 1
[ 1 o 1 1 0 0
a1 i @ 00
- 0 7 i+ 0 0
Ry = [#h| 73| bl #b| 75| 7%] = | B -9c @ L (@+e?) Hyoe p 1 (20)
0 0 0 0 10
0 0 0 0 01
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For the polynomial EOS, q, A and B are as follows:

~ B a0p P ayiP azpt - - - - T

= [5.5.55. 58 5G) 8(p) 8() 6(p) B ] 2!
[ 0 1 0 0 0 0 000 0]
6100 — @2 (2—6)a  —01D b1 —6p b b6 b b6 0 0 0 O

— b 7 u 0 0O 0 0 0 0 00 0 0
(6152—H>u H-§a —§ia6 (1+6)a —6.1pa 1@ 6@ 6@ 6@ 0 0 0 0
R é1 0 0 @ 0 0 0 0 0000
—Gail B 0 0 0O @ 0 0 0 00 0 0

A 3y B 0 0 0 0 @ 0 0 0000

—Gai 1 0 0 0O 0 0 @ 0 00 0 0
— @5l s 0 0 0 0 0 0 @ 00 0 0

0 0 0 0 O 0 0 0 0 @000

0 0 0 0 0O 0 0 0 0 0 @0 0

0 0 0 0 O 0 0 0 0 00 @O0

0 0 0 0 0o 0 0 0 0 00 0 @

[ 0 0 1 0 0O 0 0 0 0 000 O]

b 7 @ 0 0O 0 0 0 0 00 0 0
6100 — 02 b1 (2—61)D by —6p b6 b6 b6 b6 0 0 0 O
(6162—H)v bap H—65° (1+6)5 —8ipp 616 615 616 65 0 0 0 0

N 0 &1 0 5 0 0 0 0 0000

G 0 B 0 O & 0 0 0 00 00

i —$sb 0 3 0 00 & 0 0 0000

—G4b 0 4 0 0O 0 0 & 0 00 00

—@sd 0 s 0 0 0 0 0 & 00 00

0 0 0 0 O 0 0 0 0 % 00 0

0 0 0 0 0O 0 0 0 0 0 & 00

0 0 0 0 0O 0 0 0 0 00 & 0

0 0 0 0 O 0 0 0 0 000 @

where 6, = 0(p)/p, ba = (@2 + 92)/2, @1 = (0(p) — pO'(§))/ O(p)?, G2 = Prdt0, p3 = a1/ O(p) + Prinf,
Pa = 2427/ O(p)+Prazf?, $s = 3a3p°/ O(p)+¢rasp’, & = \/51 (ﬁf — PpP1+ P2+ @3+ Pa+ Ps5 — (U2 + 52)/2>-

The right eigenvector corresponding to eigenvalue of Roe matrix is,
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Ra—

'7'§13) =

81,82,

(s

Rp =

For the Griineisen EOS, g, A and B are as follows:

(26)

)
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o0 0 1 0 o 0 0 |
—Uv v m 0 0 0 0
K — 2 alr  9(2-T r —pl I T
B=|4K-H) —wl H-%T @ +1) —opl’ oI —aol |, (27)
—pv @ 0 0] 0 0
—Xv 0 X 0 0 v 0
T 0 ¥ 0 0 0o o |
where the speed of sound is ¢ = \/f(f{, (@2 +02))2 —pp+x—), K = TI'a?/2, ¢ = —T"/I?, x =
(fﬁ;ef — Ipre) /T2, Y = et + péL.;. The right eigenvector corresponding to eigenvalue of Roe matrix is
[ 1 1 1 00 0 0]
uU—C U u+¢ 0 0 0 O
v 0 0 1 0 0 O
Ry = (#1,72,...,77)= | H—a¢ K/I H+a & p -1 1|,
¢ 0 ¢ 01 0 0
X 0 X 0O 0 1 O
L ¢ 0 ¢ 00 0 1|
[ 1 1 1 00 0 0]
U U U 1 0 0 O
v —cC c v4+¢ 0 0 0 O
Rp=(31,8s,...,37)= | H—9¢ K/I H+v @ p -1 1 (28)
¢ 0 ¢ 01 0 0
X 0 X 0 0 1 O
R 0 $ 00 0 1|

Having obtained the eigenvector and eigenvalue
of the Roe matrix, we can use any high-resolution
schemes, similar to dealing with the single-fluid, to cal-
culate the Riemann problem of the multi-fluid flows.
In this paper, the second-order Godunov scheme with
flux limiter is used in the 1D and 2D examples in the

next section.

4. Computational results

(pup vy mpL=(1241 0 2.753 1.4 0)
(0w p v mr=(0991 0 3.059 x 104 5.5 1.505)

4.1. Results of 1D Riemann problem

4.1.1. Riemann problem of two-phase gas-
liquid flow with stiffened gas EOS

The first 1D Riemann problem is a problem in
shock tube with two-phase gas-liquid flow by stiff-
ened gas EOS (2). We take the same initial data as
Refs.[18,19], where on the left side of the interface is
the gas « € [0,0.5], and on the right side of the inter-
face is the liquid z € [0.5,1.0], and we have

z €10,0.5],
z €1[0.5,1.0].
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In Fig.1, the density, pressure and velocity contours
in space and time are plotted, and the results for the

density, pressure and velocity distributions at time

0.1, where the example has been carried out by us-
ing the high-resolution Roe method, with the mesh
size of Az = 1/1000.

0.12F 0.12F 0.12F
pressure velocity
0.09 0.091 0.091
density
+  0.06 +« 0.06f «  0.06F
0.03 0.031 0.031
0.00 L L 0.00 1 : 0.00 L L
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.2 0.50 0.75 1.00
z x T
(a) density contour (b) pressure contour (c) velocity contour
131 2.8F " dashed t=0 0.57
% dashed =0 solid ¢=0.1 0.4k
1.2 ! solid t=0.1 21r ‘ dashed t=0
S § © 2 o3 solid t=0.1
b1 5 3 .
g 11 e 14F S
a 5 £ 02
1.0 i J_ 0.7 0.1
0,9 L - L 1 l 0_0 1 ( 1 J 0'0 1 I S B ]
0.00 0.25 050 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 050 0.75 1.00
z T z

(d) density distribution

(e) pressure distribution

(f) velocity distribution

Fig.1. Numerical results for two-phase gas—liquid Riemann problem at ¢t=0.1.

4.1.2. Riemann problem of two gaseous explo-
sives with JWL EOS

The second test problem is a Riemann problem
in shock tube with the material inside the tube mod-
elled of two gaseous explosives by the JWL equation
of state (7). The material-dependent parameters po,
A, B, Ry, Ry, Iy of the JWL EOS have been listed
in Table 1. We take the same initial data as studied
by Rider,[?°! where on the left side of the interface is

PBX-9404, 0 < z < 1/2m, and we have

(pauapa eO)L
=(1700kg - m~3,0m - s~1,10'%Pa, 0kJ - kg~1);
g g

on the right side of the interface is TATB, 1/2m <

x < 1m, and we have

(pa u, p, eO)R
=(1000kg - m™>,0m - s~ ', 5 x 10'°Pa, 0kJ - kg™ ').

Table 1. The material-dependent parameters of two gaseous explosives.

JWL EOS po/kgm—3 I A/GPa B/GPa Ry Ry
PBX-9404 1842 0.25 852.4 18.02 4.6 1.3
TATB 1900 0.23 654.67 7.12 4.45 1.2

In Fig.2, we show the density, pressure and ve-
locity contours in space and time, as well as the
density, pressure and velocity distributions at time
15pus, when the test has been carried out by using
the high-resolution Roe method, with the mesh size
of Az = 1/1000. We obtain excellent resolutions in

the region of shock and contact discontinuity. In ad-
dition, we can see that our solution is similar to the
result in Ref.[20], where a single-component Riemann
problem with an approximation Riemann solver based

on two-shock approximation was used in computation.
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z/m z/m z/m

(d) density distribution

Fig.2. Results for Riemann problem of two

4.1.3. Riemann problem of impact of two met-
als with Grineisen and polynomial EOS

The third test problem is a Riemann problem
with copper impacting aluminium with a velocity of
2km-s~!. Griineisen EOS (6) and polynomial EOS
(7) are used in calculation for both copper and alu-
minium. The material-dependent parameters of cop-
per and aluminium with Griineisen and polynomial
EOS are listed in Tables 2 and 3. For comparison, we

take the same initial data as follows, where on the left

Table 2. The material-dependent parameters of copper and aluminium with Griineisen EOS

(e) pressure distribution

(£) velocity distribution

gaseous explosives with JWL EOS.

side of the interface, 0 < z < 1/2m, we have

copper:
(p,u, )1, = (8924km - m~*!, 2000m - s™*, OPa);
on the right side of the interface, 1/2m < z < 1m, we
have
aluminium:

(p,u,p)r = (2785kg - m>,0m - s~ ', 0Pa).

[21]

Shock EOS po/kgm—3 co/m-st A Iy o po/Pa eo/kJ-kg™?!
Copper 8924.0 3910.0 1.51 2.0 1.0 0.0 0.0
Aluminum 2785.0 5328.0 1.338 1.96 1.0 0.0 0.0
Table 3. The material-dependent parameters of copper and aluminium with polynomial EOS[22],
Polynomial EOS po/kgm~3 a1/GPa az/GPa az/GPa bo by bo b3
Copper 8924.0 136.5 138.6 138.9 1.96 0.02 -0.22 0.70
Aluminum 2785.0 79.1 53.1 30.8 2.00 0.005 —0.0688 0.27

It is known that the analytical solution would con-
sist of a rightward going shock wave to the stationary
aluminium, and a leftward going shock wave to the

moving copper. In Fig.3, we can see that the ana-

lytical solution accords excellently with the numerical
results for the density, pressure and velocity distri-
butions at time 50us with Griineisen and polynomial
EOS, where the mesh size is Az=1/1000.
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solid Griineisen EOS solid Griineisen EOS
dashed polynomial EOS 3x%10'°r  dashed polynomial EOS 2000
10000 solid Griineisen EOS
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go 8000 T g 1200F
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Fe) 0 o
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z/m z/m z/m
(a) density distribution (b) pressure distribution (c) velocity distribution
Fig.3. Results for numerical calculation of the impact of two materials with Griineisen and polynomial EOS.
1.00
I III
4.2. Results of 2D Riemann problem 0.75
4.2.1. Ri . > 050
.2.1. Riemann problem of the stiffened gas 1 v
0.25T
The initial computational domain with z € [0, 1]

and y € [0,1] is divided into four regions by bound- 000 T ot o Too

aries of xg = 0.8 and yo = 0.8, where the I and III are

air and the Il and 1V are helium, see Fig.4. We have Fig.4. The initial computational domain of the first

(dimenSionless) 2D Riemann problem.
(0.138 1.206 1.206 0.029 1.4 0) in I,
(0.532 1.206 0 0.3 1.67 0) in II,
(puwvpy )= :
(15 0 0 15 14 0) in ITI,
(0.532 0 1.206 0.3 1.67 0) in IV.
For air and helium, the stiffened gas EOS is used. complex wave pattern is formed by the interaction of

In Fig.5, we show the contours of density, pressure  shock wave and rarefaction wave because of the differ-
and the resultant velocity at t=0.6, where the plots  ence of density and pressure in each of the regions.

are symmetrical about the line z = y. In addition, a

1.00 1.00 1.00

0.75 0.75 0.75
= 0.50 = 0.50 = 0.50

0.25 0.25 0.25

0.00 L L L 0.00 L L L 0.00 L . -

0.00 0.25 050 075 1.00 0.00 0.25 0.50 0.75 1.00 0.00 06.25 050 075 1.00
T z z
(a) density (b) pressure (c) resultant velocity

Fig.5. Contours plot for two species Riemann problem at ¢=0.6.
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4.2.2. Riemann problem of two detonation
products with JWL EOS

The second 2D Riemann problem is a problem

with two detonation products of TATB and PBX-9404
by JWL EOS. The initial computational domain with

I:PBX — 9404

IIT : PBX — 9404
IV : TATB

In Figs.6 and 7, we show the interfacial shape and

the contours of density, pressure and resultant velocity

[0,1m]%[0,1m] is divided into four same regions by the
two detonation products where the I and III are full
of PBX-9404 product with 7km-s~! and —7km-s~! in
x and y directions and the IT and IV are TATB prod-
uct with 8km-s™! and ~8km-s~! in z and y directions

respectively. We have

(p,u,v,p,e0)1 = (1700kg - m 3, 0km - s~ %, 7.0km - s~ 1, 10'2Pa, 0kJ - kg 1),

I1: TATB (p, u,v,p,e0)1 = (1300kg - m~3,8.0km - s~%, Okm - s~1,8 x 1011 Pa, 0kJ - kg~1),
(p,u,v,p,e0)mm1 = (1500kg - m 3, Okm s~ !, —7.0km-s 1,7 x 10!1Pa, 0kJ - kg~ 1),
(p,u,v,p,e0)1rv = (1200kg - m 3, —8.0km - s~ !,0km - s 71,6 x 1011 Pa, 0kJ - kg~ 1).

the gradual decrease of the pressure and density from

I to IV, as well as influence of the initial velocities

at t = 12us. Obviously, a vortex clockwise is formed  distributions.
in the centre of the computational domain because of
1.0 1.0
L | II TATB III PBX-9404
O8] IITATB |IN PBX-9404 08
0.6 0.6
g g
~ ~
> 04} > 04
0.2 I PBX-9404 IV TATB 0.2 I PBX-9404 IV TATB
0.0 1 i 1 1 0.0 i { 1 L
00 02 04 06 08 10 00 02 04 08 08 1.0
z/m z/m
(a) the initial (b) t=12pus
Fig.6. Shapes of the interfaces at the initial state and at t=12us.
1.0 1.0 1.0
0.8F 0.8 0.8
0.61 0.6 0.6
e ) (C@yg |
~ ~ S~
> 04} > 04} > 04f
0.2 0.2} 0.2r
0.0 s L L I 0.0 s 1 1 L 0.0 1 s L s
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 0.2 04 06 08 10

(a) density

(b) pressure

(c) resultant velocity

Fig.7. Contours plot for two detonation products Riemann problem at t=12us.

4.2.3. Riemann problem of three-materials in-

teraction with Griineisen EOS

The third 2D Riemann problem is a problem

with copper, solid explosive and water by Griineisen

EOS. The initial computational domain is [Om,
1m]x[0m, 1m], where the copper is arranged in [0.6m,
1m]x[0m, 1m], the solid explosive is arranged in [Om,
0.6m]x[0.5m, 1m] and the rest is the water (Fig.8).

Initially, copper impact the stationary explosive and
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water with —1.5km-s™! velocity in z direction. We  wave is observed.
take the parameters of EOS in Table 2, and the pa-

1.0
rameters of EOS for the solid explosive and water are
extracted from Refs.[21,22] (Table 4). Figure 9 shows o8F .. .
solid explosive
the contours of the density, pressure and the resultant
. 0.6
velocity at t=50us, 100us. £ copper
In this case, the shock wave propagates in the 2 o4k
three materials at different speeds. Since the acous-
. . . . water
tic impedance of the solid explosive is greater than 0.2r
that of water, we can find that the shock wave prop- ool ’ . L
agates faster in solid explosive than in water. At the 00 02 04 06 08 10
same time, because of the head-on collision between @/m
the leading edge of the copper plate and the water-
explosive interface, generation of a reflected circular Fig.8. Computational model.
Table 4. The material-dependent parameters of solid explosive and water with Griineisen
EOS[21,22],
shock EOS po/kg-m—3 co/m-s1 A Iy a po/Pa eo/kJ-kg™?!
water 1000.0 1483.0 2.0 2.0 0.0001 0.0 0.0
solid JWL po/kgm™3 Ty A/GPa B/GPa Ry R -
TNT 1840.0 0.93 12.87 13.42 4.1 3.1 -
1.0 1.0
0.8 0.8
- 06} 06
£ ~ g g
= - B =
/ 0.4r 0.4r
0.2r 0.2r
. L i L 0.0 L L L 0.0 . L L
.0 02 04 06 08 1.0 0.0 0.2 04 06 08 10 00 02 04 06 08 1.0
(a) desity at 50us (b) pressure at 50us (c) resultant velocity at 50us
1.0 1.0
0.8 0.8
7 0.6 0.6
£ £
= =
- - 04°F 04rF
. 0.2 0.2}
0.0 . . . 0.0 . . 0.0 . L L
00 02 04 06 08 1.0 0.0 0.2 04 06 08 10 00 02 04 06 08 1.0
z/m z/m z/m
(d) desity at 100us (e) pressure at 100us (f) resultant velocity at 100us

Fig.9. Density, pressure and resultant velocity contours plot at t=50us, 100us.

5. Conclusion successfully in single-fluid flows, deduce a set of in-

terface capture equations according to the general

In order to solve the Riemann problem for multi- . .
equation of state, couple the hydrodynamic conser-

fluid compressible flows with general EOS, we adopt . . . .
vation equations with interface capture equations to-

the high-resolution numerical scheme which is used
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gether and construct the Roe matrix and eigenvec-

tor of quasi-linear equations. This method in our pa-

per is successful for the Riemann problem of multi-

fluid flow with ideal gas, stiffened gas, polynomial and

Griineisen EOS, and is verified through a series of nu-

merical results.
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