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Abstract

We describe two-phase compressible flows by a hyperbolic six-equation single-
velocity two-phase flow model with stiff mechanical relaxation. In particular,
we are interested in the simulation of liquid-gas mixtures such as cavitating
flows. The model equations are numerically approximated via a fractional step
algorithm, which alternates between the solution of the homogeneous hyperbolic
portion of the system through Godunov-type finite volume schemes, and the
solution of a system of ordinary differential equations that takes into account
the pressure relaxation terms. When used in this algorithm, classical schemes
such as Roe’s or HLLC prove to be very efficient to simulate the dynamics of
transonic and supersonic flows. Unfortunately, these methods suffer from the well
known difficulties of loss of accuracy and efficiency for low Mach number regimes
encountered by upwind finite volume discretizations. This issue is particularly
critical for liquid-gas mixtures due to the large and rapid variation in the flow of
the acoustic impedance. To cure the problem of loss of accuracy at low Mach
number, in this work we apply to our original Roe-type scheme for the two-
phase flow model the Turkel’s preconditioning technique studied by Guillard—
Viozat [Computers & Fluids, 28, 1999] for the Roe’s scheme for the classical Euler
equations. We present numerical results for a two-dimensional liquid-gas channel
flow test that show the effectiveness of the resulting Roe-Turkel method for the
two-phase system.
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1 Introduction

We describe compressible two-phase flows by a variant [8] of the hyperbolic six-
equation single-velocity two-phase flow model with stiff pressure relaxation of Saurel—-
Petitpas—Berry [9]. In particular, we are interested in the simulation of liquid-gas
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mixtures such as cavitating flows, which are relevant in many engineering applications.
We numerically approximate the two-phase model equations by a fractional step
algorithm, which alternates between the solution of the homogeneous hyperbolic
portion of the system through wave propagation finite volume schemes based on
Riemann solvers, and the solution of a system of ordinary differential equations that
takes into account the pressure relaxation terms. For the solution of the homogeneous
system we have presented in [8] a HLLC-type scheme and an original Roe-type
scheme. These numerical methods for the considered two-phase flow model have
proven to be very efficient to simulate wave propagation phenomena and shocks in
transonic and supersonic flows. Unfortunately, these schemes suffer from the well
known difficulties of loss of accuracy and efficiency at low Mach number regimes
encountered by upwind finite volume discretizations for compressible flows. This issue
is particularly critical for liquid-gas mixtures, since in these flows the Mach number
may range from very low values in the nearly incompressible liquid medium to very
large values in the gas and liquid-gas mixture regions. A classical strategy to cure the
loss of accuracy for vanishing Mach number of finite volume Godunov-type schemes
consists in correcting the numerical dissipation term of the spatial discretization of the
convective portion of the system by applying a suitable preconditioning matrix, e.g.
[10, 2]. In the present work we extend to our Roe-type scheme for the two-phase
flow model the low Mach number Turkel’s preconditioning technique presented by
Guillard—Viozat [2] for the Roe’s scheme for the Euler equations. Numerical results
show the effectiveness of the resulting Roe-Turkel method for the two-phase system.
This paper is organized as follows. We begin by recalling in Section 2 the six-equation
two-phase flow model with stiff mechanical relaxation [8]. In Section 3 we describe
the basic finite volume wave propagation scheme based on a Roe-type Riemann solver
used for the numerical solution of the two-phase equations. Some properties of the
asymptotic behavior of solutions of the continuous two-phase flow model in the low
Mach number limit are briefly discussed in Section 4. In Section 5 we illustrate our
novel Roe-Turkel scheme for the two-phase system. Some numerical experiments are
finally presented in Section 6.

2 The two-phase flow model with pressure relaxation

The six-equation single-velocity two-phase flow model with stiff mechanical relaxation
of Saurel-Petitpas—Berry [9] can be written in the following form [8], which uses the
equations for the total energy of the two phases instead of the equations for the phasic
internal energies employed in the classical version [9]:

Oy +il-Vay = u(pr - p2), (la)
0; (a1p1) + V - (@1p1il) = 0, (1b)
0: (@2p2) + V - (a2p2il) = 0, (1c)
0i(pit) + V- (pi ® il) + V (a1 p1 + a2p2) = 0, (1d)
0 (1E\) + V- (1 Eril + a1 prid) + 2 (q,Vq) = —up1 (p1 = p2)., (le)
01 (E2) + V - (o Ezil + aapail) = 2 (q, Vq) = up1 (p1 — p2) s (1f)

where the non-conservative term 2 appearing in the phasic total energy equations is
2(q,Vq) = il - (Y V(aapy) — Y2V(aypy)), with g denoting the vector of the system
unknowns. In the above system «; is the volume fraction of phase k, k = 1,2 (a; +a, =



1), px is the phasic density, py is the phasic pressure, and E; is the phasic total energy,

E, =& + pk@, where &y is the phasic internal energy per unit volume. The mixture
density is p = @1p; + @202, and i denotes the flow velocity vector. Moreover, Y; = =2
denotes the mass fraction of phase k. The source terms appearing in (1a), (1e), and (1f)
model mechanical relaxation. In these terms ¢ > 0 represents the pressure relaxation
parameter and pj is the interface pressure, p; = %, where Z;, = pycy is the
acoustic impedance of phase k, and ¢, is the phasic sound speed. We assume an infinite-
rate pressure relaxation with u — oo, therefore mechanical equilibrium is reached
instantaneously. The closure of system (1) is obtained through the specification of an
equation of state for each phase py = p(E, pr), k = 1,2. Here we will consider species
governed by the stiffened gas (SG) equation of state pi(Ex, px) = (yx—1)Ex — yemy —
(yx — Dnkor, where yg, m, and 1, are material-dependent parameters. The mixture
internal energy per unit volume is & = @181 + @28;. The latter relation, by using
the isobaric assumption p; = p, = p in the energy laws Ey(pr, px), k = 1,2, gives
the mixture equation of state, which determines implicitly the mixture pressure law
p = p&,p1,02,a1): & = 1E1(p,p1) + 2E(p, p2). In the case of the SG EOS we

find an explicit expression for p. The two-phase model system (1) is hyperbolic, and
its associated speed of sound is the frozen mixture sound speed ¢f = 4/Y) c% + Yzcg.
The phasic sound speeds ¢, can be expressed as ¢, = +/kghy + x«, Where k; = apk(gLskk’pk),
Xk = W, and hy = % is the phasic specific enthalpy. Total enthalpies will be
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denoted with Hy = hy + % System (1) can be written in compact form as

0 g+ V- -F(g)+0(q, Vg =y(g). (2a)

We will consider the 2-dimensional case with i# = (u,v) and V=(d,, d,). Then we have

q = [ a1p1.axp2. pu.pv. i Evan Ex]", - F(g) = [fP(q). fO (1", (2b)
F9 =10, a1p1u, axpau, pu +(a1 pr+azpa), puv, @y (Ey+p1) u, @z (Ex+py) uly (2¢)
O =10, a1p1v, @2p2v, puv, pv* + (@1 p1+aapa), 1 (E1+p1) v, az (Ex+p2) vl (2d)
o =[ii-Va1,0,0,0,0,%, 21T, ¢ =[¥,0,0,0,0,—-p1?, ;1?15 ¥ = u(p1—p2). (2e)

Above we have put into evidence the conservative contribution V - ¥(g) and the non-
conservative term o(g, Vg) in the convective portion of the system. The vector y¥(q)
contains the mechanical relaxation source terms. Let us finally remark that the sum of
the two equations for the phasic total energies (le), (1f), recovers a conservation law
for the mixture total energy E with the form d,E + V - (E + a1 p + azp2)id) = 0.

3 Numerical solution

To numerically solve the two-phase system (2) we use a fractional step technique,
where we alternate between the solution of the homogeneous hyperbolic system d,q +
V-F(q)+0(gq,Vg) = 0 and the solution of the system of ordinary differential equations
0:q9 = Y(q), which takes into account the pressure relaxation terms. The homogeneous
system is solved by the wave propagation method described below. The system of
ODEs d,g = ¥(q) is solved in the limit of instantaneous mechanical relaxation u — oo,
and this step drives the phasic pressures to an equilibrium value p; = p, = p. The
solution procedure is detailed in [8]. In the relaxation step the partial densities, the



mixture momentum, and the mixture internal energy remain constant. The values at
mechanical equilibrium of the volume fraction «; and of the pressure p are used to
update the solution.

3.1 Wave propagation schemes

To approximate the homogeneous portion of the system in (2), we employ the wave
propagation methods of LeVeque [5], which are a class of finite volume Godunov-
type schemes to approximate hyperbolic systems of partial differential equations.
We consider the two-dimensional case and we assume here for simplicity a spatial
discretization on a Cartesian grid with cells of uniform size 4x and 4y in the x and
y directions, respectively. We denote by ¢; ; the approximate discrete solution of the
system at the cell (7, j), i, j € Z. The two-dimensional first order wave propagation
algorithm [5] has the following spatial discrete form

Wy 4 L (ﬂ+AQi—l/2,j + ﬂ_AQHl/z,j) + 3 (B+AQi,j—l/2 + B_AQi,j+l/2) =0. ()

Here A*4Q and B8*4Q are the fluctuations arising from plane wave Riemann problems
between adjacent cells in the x and y directions, respectively, cf. [5]. To define these
quantities, a Riemann solver must be supplied. We recall below the Roe-type Riemann
solver that we have presented in [8] for the considered two-phase model. Concerning
the integration in time of (3), here we use a standard explicit forward Euler method
since in the present work we focus on the inaccuracies that arise at low Mach number
in the spatial discretization.

3.1.1 Roe-type solver

We consider the approximation of a two-dimensional plane wave Riemann problem in
the x direction for the two-phase model (2), hence the approximate Riemann solution of
a one-dimensional system 9,q+0, f(q)+0(q, 8.q) = 0, with ¢, f(q) = f¥(¢), asin (2b),
(2¢), and 0(q,0.q) = [ud.a,0,0,0,0,%,-X17, where X(q,0.q) = u(Y10(@2p2) —
Y»0,(a; p1)). Note that the eigenvalues of this system are given by 417 = u¥cy, Az = u,
& =12,...,6. Following the classical Roe’s approach we define an approximate solution
for a Riemann problem for this system with left and right initial data g, and g, by using
the exact solution to a Riemann problem for a linearized system d,q + A(g¢, ¢-)9.q = 0.
The constant coefficient matrix A = A(qg, q,) (Roe matrix) is an averaged version of
the matrix A(g) of the system written in quasi-linear form, d;q + A(q)d.q = 0. This Roe
matrix is defined in order to guarantee conservation for the quantities that are physically
conserved, namely a,pox, k = 1,2, pid, and E. The Riemann solution structure of this
Roe-type solver consists of 7 waves W?* moving at speeds s* that correspond to the
eigenstructure of the Roe matrix: W¢ = i, s¢ = A, €= 1,---,7, where 7 and A
are the Roe eigenvectors and eigenvalues, respectively, and QA} are the coefficients of the
projection of the jump g, —q, onto the basis of the Roe eigenvectors, ¢, —q, = ZZ«;l Zg?’g.
The definition of the Roe eigenstructure for the two-phase flow model for the case of
the stiffened gas EOS is reported in Appendix A. With the Riemann solution structure

'3
{(Wliuz,j_" Siv1/2, /1651,
for each interface x;, /2 ; between cells (i, j), (i+1, j) (here g, = g; j and g, = gi11,), the
fluctuations A*4Qj,1/2,; in (3) are obtained as A AQj,1/2,; = Z;Zl(s';:l/z j)i’Wfﬂ/zj,
s* = max(s,0), s~ = min(s,0). The computation of the fluctuations B*4Q; j.1/2

associated to the y direction is analogous.



4 The two-phase model in the low Mach number limit

Let us recall [9] that the physical flow model that corresponds to the 6-equation two-

phase model in the limit 4 — oo of instantaneous mechanical equilibrium is the

reduced single-pressure S5-equation model of Kapila et al. [3]. This 5-equation two-

phase model is characterized by the Wood’s equilibrium mixture sound speed cw,
a:

defined by p(% = l% + p—iz, and we have cw < ¢ (sub-characteristic condition). The
W 16 263

behavior of solutions of the 5-equation model as the Mach number tends to zero was
first studied by Murrone—Guillard in [6], by using asymptotic expansions in powers
of the Mach number My., where here My, = lﬁ—wl is a reference Mach number based
on the Wood’s sound speed. In particular, the authors in [6] show that, analogously
to the results found for the Euler equations, at the continuous level in the low Mach
number limit pressure fluctuations scale with the square of the Mach number, p(%,t) =
PO+ My, pP(Z,1)+.. .. Moreover, continuing the analysis of [6], we can deduce, by
assuming constant pressure at open boundaries and particle paths coming from regions
with constant volume fraction, that volume fractions a; also support perturbations of
order M\ZV* as My, — 0. These results for the 5-equation model characterize then the
asymptotic behavior at the continuous level for vanishing Mach number of solutions
of the 6-equation model with ¢ — co. Analogously to the case of the Euler equations,
discrete approximations via upwind finite volume methods of the 5-equation two-phase
model support pressure perturbations of the wrong magnitude (order My, ) in the low
Mach number limit. This difficulty arises both for numerical methods based on direct
discretizations of the 5-equation model [6] and for schemes based on approximations
of the 6-equation model with instantaneous mechanical relaxation as in our case. Let us
remark that it is useful to analyze also the low Mach number behavior of the continuous
homogeneous 6-equation non-equilibrium model, since our numerical method based
on the fractional step algorithm employs discretizations of this homogeneous system.
The results are again analogous to the results inferred for the Euler equations and for
the 5-equation model, except that for the homogeneous 6-equation model the effective
pressure py, = a1p1 + @z p; plays the role of p: pn(X, 1) = PV + Mfz*pg)()'c', f+...as
M;, — 0, where My, is a reference Mach number based on the frozen (non-equilibrium)
c

mixture sound speed c;. Note that we have My, = %MW* < My, since cw < ct.

S A Roe-Turkel scheme for the two-phase flow model

To cure the accuracy problem at low Mach number of the Roe-type scheme for our
two-phase flow model we extend the Turkel’s preconditioning technique proposed
by Guillard—Viozat [2] for the Roe’s scheme for the Euler equations. This approach
consists in correcting at low Mach number the numerical viscosity matrix associated
to the spatial discretization of the convective portion of the system by applying a
suitable preconditioning matrix P. In particular, Guillard and Viozat use Turkel’s
preconditioning matrix [10], which is defined for the Euler equations in terms of the
entropic variables ¢ = [p, i, s]T, where s denotes the entropy, as P¥ = diag(Bz, 1, 1).
Here I, is the identity matrix € R*, where d is the spatial dimension. The parameter
B < 11is of the order of the local Mach number (or of a reference Mach number) for
subsonic flows and = 1 otherwise. To begin with, we rewrite suitably the fluctuations
that are used in the wave propagation algorithm in order to make explicit the numerical
dissipation contribution. For simplicity, we shall restrict here the illustration of our
approach to the quantities in the numerical scheme associated to plane wave Riemann



problems in the x direction, and we will omit the subscript j identifying grid cells in
the y direction. We obtain the following expressions of A*4Q;,1/2, equivalent to the
expressions reported in Section 3.1.1:

A AQi112 = 34fie12 £ 3VAQis1 )20 “4)

where Afi+1/2 = Z;=1 S§+]/2(Wf+l/2 = 2221 Zf;lffg—‘ = Ai+1/2(f]i+1 - qi), Ai+l/2 =
A(g;, gi+1), and the components of this quantity coincide with the jumps in the physical
fluxes for the conserved variables. The numerical dissipation term is given by

VAQi12 = Tl 1951 )W = Bkt Llelfe = 1A plGins —q0), (5)

where we have omitted for simplicity grid indexes for 7 and 1. The viscosity matrix that
characterizes the Roe-type solver for the two- phase flow model has a form analogous

to the single-phase case: |A,+1/2| = R,+1/2|A,+1/2|Rl+1/2, where R = [71,...,77] and

= diag(Ay,...,A7). Now we correct the numerical dissipation term by replacing
the original viscosity matrix |Al in (5) with the preconditioned one P~ !|PA| as in [2].
To this aim, we need to define a suitable Turkel-type preconditioning matrix P(g).
The observations in Section 4 suggest that the preconditioning factor 8> should act on
the equation for the effective pressure p,, = a;p; + @2 p,, which plays the equivalent
role of the pressure p in the Euler system. Moreover, as for the Euler equations, we
should modify at low Mach number only the characteristic acoustic fields, and preserve
unaltered interface waves. To this end, we have chosen a Turkel-type preconditioner
for our two-phase system of the form P¥ = diag(ﬁz,ld, 1,1,1,1) in terms of the
variables ¢ = [pm,ﬁ,sl,sz,Yl,al]T, where s; is the entropy of phase k. Note
that preconditioning does not affect the advection equations that govern the volume
fractions, mass fractions and phasic entropies. Finally, we obtain P(q) = g—:PS"g—‘; and
the preconditioned dissipation term is given by

(VPAQHI/Z = P:1/2|Pi+1/21&i+1/2|(5]i+1 Zg_ é’g /1P|Ap Zg 1 |SP£|(WP£ (6)

where we have introduced the preconditioned waves and speeds ‘W' = 2FF e P osPe =

AP 1
/l Herer P+1/2gv

P,+1 /2A,+1 /2, and [ ¢ are the coeﬂic1ents of the decomposition ¢;+1 —¢q; = Z -1 Z,’ ¢ AP . The
expression of the preconditioned Roe eigenstructure results to be a natural extensmn of
the one derived by Guillard—Viozat [2] for the Euler equations. We have s™ = s* = &
foré =2,...,6 and Zgﬁ W = 22:2 W¥, and only the acoustic fields & = 1,7 are
modified. Below we summarize the quantities of the dissipation term that are corrected
at low Mach number, namely the eigenvalues of the Roe matrix A, 7, the wave strengths

( 17, and the Roe eigenvectors components rﬁl)7, [1=4,6,7:

AP and ¥ ¢ are the eigenvalues and the eigenvectors of the matrix

ha=maFe > A;=1(A+pHa7F |Xp) (7a)

2 4 m — A ) 'm A
by = 2%,( g +pAu) - 7= \/— (—¢(/l”p—uﬁz pAu) (7b)
Mp=aFe - FY=a+@Af, - (7¢)

A(5+k) = ViH, Fulily  — Af(5+k) Y Hy + qu(/l” - %), k=12, (7d)

with Xz = ((1 —B2)ir)? + (23¢¢)*. The Roe-Turkel scheme uses then the expression of
A*AQ in (4) with VAQ;.1, replaced by the preconditioned dissipation term in (6). In



practice, in the implementation of the algorithm we still use the standard expression
of A*4Q in Sec. 3.1.1 for the equation for the volume fraction 4, since this equation
is not affected by preconditioning. Let us remark that the discrete equations for the
mixture variables of the Roe-Turkel scheme for the two-phase model recover formally
the discrete equations of the Roe-Turkel scheme for the Euler equations with pp,
replacing p. Then the analysis of [2] can be extended to the two-phase model, and,
at least under suitable assumptions, we can show that solutions of the two-phase
preconditioned discrete equations support perturbations of the effective pressure p,, of
order Mf* in the low Mach number limit My, < My, — 0, as in the continuous case [7].
Since the pressure relaxation procedure in the fractional step algorithm does not alter
the scaling of the variables with the Mach number, discrete solutions of the two-phase
model in the limit of mechanical equilibrium also possess the correct magnitude of
pressure fluctuations.

6 Numerical test: liquid-gas channel flow

We present some numerical results obtained with our new Roe-Turkel scheme for
the two-phase flow model (1), showing some comparison with the standard Roe-type
scheme. We have set § = min(max(e, M), 1), with € = 107'°, and M is a local
Mach number defined through the Roe-averaged quantities. We perform a two-phase
liquid-gas flow numerical experiment analogous to channel flow tests considered by
several authors in the literature, e.g. [2, 6]. We simulate a flow of liquid water initially
containing a uniformly distributed small amount of gas, @y = 1073, in a channel of
length = 4 m and height = 1 m with a bump defined by y = (1 — cos((x — 1)x))/10, if
x € [1,3], and y = 0 otherwise. We set an inlet pressure py = 10° Pa and inlet phasic
densities pjp = 890.27 kg/m>, pyo = 4.88 kg/m?, for liquid and gas. We impose an
inlet velocity iy = (o, 0) and an outlet pressure po. The values uo, po, Pio, pgo are also
used for the initial conditions. The EOS parameters for the two phases are y; = 2.35,
m = 10° Pa, g = —1167 x 10 J/kg, v, = 143, n, = 0, n, = 2030 x 10 J/kg.
We perform simulations for four different decreasing values of the inlet velocity:
up = 20, 10, 5, 2 m/s. With this setup the reference inlet Mach number M, of the
equilibrium mixture for the four cases is My = C‘% = 0.0199, 0.0099, 0.0049, 0.0019.
The reference equilibrium sound speed is cwo = 1.00017 x 103 m/s. The frozen sound
speed is cfp = 1.62551 x 10° m/s. The two-phase flow in this problem is expected to
reach a subsonic stationary regime characterized by a small decrease of the pressure
and a slight increase of the gas volume fraction in correspondence of the channel
restriction [4], with a symmetric configuration with respect to the vertical axis at mid-
length in the channel. Simulations are performed with both the Roe’s scheme and the
Roe-Turkel scheme over the computational domain [0,4] X [0, 1] m? with a grid of
100 x 25 cells. We stop the simulations at a time at which stationary conditions are
approximately attained. We begin by displaying in Fig. 1 a comparison of the results
obtained with the Roe’s scheme and with the Roe-Turkel scheme for the case with
higher Mach number My = 0.0199. We observe that the correct solution behavior is
captured only when Turkel’s preconditioning is activated. In Fig. 2 we show the results
for the Mach number and the gas volume fraction obtained by the Roe-Turkel scheme
for the test case with smaller Mach number M, = 0.0019. Moreover, in the same figure
we compare the profiles of the computed Mach number and of the normalized pressure
p/po at the upper and lower boundaries, together with the average numerical solution
over the channel height, with the exact steady solution that can be obtained for the



quasi-one-dimensional two-phase flow model [4]. The preconditioned method is able
to capture accurately the correct features of the two-phase flow.

Mach number Mach number

0.03
0.025
0.02

Figure 1: Mach number My, at approximately stationary conditions computed by the Roe’s
scheme (left) and the Roe-Turkel scheme (right) for the channel flow test with M, = 0.0199.

To assess the accuracy of the preconditioned method we have also computed
the values of the pressure fluctuations pya = 222-Fnn and of the volume fraction
fluctuations 0@y max = @gmax — Xgmin in the flow domain for decreasing reference Mach
number for both the Roe-Turkel scheme and the Roe’s scheme. We plot in Fig. 3 the
values of 6 pax and 0@ max versus My for the two schemes. We can observe that for the
Roe-Turkel scheme perturbations correctly scale with the square of the Mach number
M, in agreement with the theoretical results.

Mach number -3 %y

1 -3
X 10 1 ‘ % Kbe
2. 1.001
%
o A 1. 7 1
0 1 2 3 4
X
o 1072 Mach r‘lumber
—top
28l bottom |
- --average 1
—quasi-1D
2.6r
0.9995-
0.999-
0.9985 ~—top
bottom
L | 0.998+ =.=-average. |
1.8 —quasi-1D
0 1 2 3 4 0 1 2 3 4
X X

Figure 2: Results computed by the Roe-Turkel method for the channel flow test with M, =
0.0019. Above: Mach number My, (left) and gas volume fraction «, (right). Below: computed
profiles of the Mach number (left) and of normalized pressure p/pq (right) at the upper and
lower boundaries, and average numerical solution over the vertical section, compared to the
exact steady quasi-one-dimensional two-phase flow solution.

7 Conclusions

Following the work in [2] for the Euler equations, we have derived an original low
Mach number Turkel-type [10] preconditioning technique for a Roe-type scheme for
the two-phase compressible flow model with pressure relaxation that we have studied
in [8]. Numerical experiments show the effectiveness of the preconditioned method
for the two-phase system in curing the accuracy difficulties encountered at low Mach
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Figure 3: Log-log plot of the pressure fluctuations §pp.x (left) and of the volume fraction
fluctuations da, max (right) versus the Mach number M, computed by the Roe-Turkel scheme and
by the Roe’s scheme for the set of channel flow tests performed with different values of M.

number by standard upwind finite volume discretizations. A more detailed analysis
and additional numerical tests will be presented in [7]. We recall that preconditioning
techniques cure the accuracy problem for vanishing Mach number but they suffer
from a very severe time step stability restriction when explicit time discretizations
are used [1]. For practical applications, preconditioning is typically combined with
implicit time integration. This will be studied in future work.
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A Roe eigenstructure for the two-phase flow model

We write here the expression of the eigenstructure of the Roe matrix A(gy, g,) for a
plane wave Riemann problem with data ¢, g, in the x direction for the 2-dimensional
two-phase flow model. First, let us introduce the following averaged quantities:

N Ug \pPe + U, VPr N Ve \Pe + v, VPr N
i= , b= . P = \pPprs (8a)
VPe + vPr VPt + pr
o Yierloe + Yiror _—  (Hevpe + (YiH), +for
Y= , YiHp = , (8b)
\pe + \pr Vpe + pr
—  WYevpc+ WY \or — VYo + (VY \or
uY, = , VY= ; (8¢)
VT b R
—— —_— 82

W= (af +uYy), Wi=1(0F+vn), k=12 &=5E @8d)

5f=\l)71;%+3’/2;%, )iEf:Kk(m—ﬁ?k)wLXk?k, k=1,2, (8e)

where k; = (yx — 1) and yx = —(yx — 1)1x. The Roe eigenvalues are found as

Di=i—¢, L=h=A=As==0, A7=0+¢, )

N\l



and the corresponding matrix of the Roe right eigenvectors R = [7y, ..., 7] is

0 0 0 0 1 0 0
b 0 0 1 0 0 )
¥, 0 1 0 0 0 ¥,
R= o — & 0 i i 0 0 o+ &
P 0 0 0 0 1 D
LH —uY, o 1 0 0 0 0 YViHr+uYséy

(10)
where V = x; vY| + kyvY, and [T, = Vi, k = 1,2. The coefficients Zg, é&E=1,...7,0f
the Roe eigen-decomposition g, — g, = ZZle {¢Fe, are given by

G = b, Gy bl o= pavai(ap-). (1)
b = MaEy) = “5 ol = puYs du (11b)

=~ Hy + Kd(azps) + Aady) + prYadv, (1lc)
b= Aap) =Dk, L=d@p) -, L=do. (11d)

where 4(-) = (1), — ()¢ and py, = @1p1 + a2p2.
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