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Abstract: An asymptotic development of a numerical scheme for the simulation of compressible
multiphase flows including viscous effects is illustrated. First, a numerical approximation of the
Navier-Stokes equations for each phase is provided. Then, an average procedure of this approxi-
mation is used to define, in a probabilistic framework, all the interactions between the two phases.
This enables an accurate resolution method for all terms. Thus, the proposed scheme is used for
the discretization of a seven-equations model, including relaxation terms that allow obtaining the
pressure and velocity equilibrium between the two phases. Finally, an asymptotic analysis at the
discrete level is performed, where the relaxation terms disappear. The influence of the viscous
terms is studied, comparing the results obtained by solving the Navier-Stokes equations (validated
with reference solutions given in the literature) with the Euler solutions.
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Développement asymptotique
d’un schema numérique pour
un ecoulement compressible, visqueux et
diphasique

Résumé : Le développement asymptotique d'un schéma pour la simulation
d’un ecoulement diphasique compressibles avec des effets visqueux est illustré.
Tout d’abord, une approximation numérique des équations de Navier-Stokes
pour chaque phase est développée. Ensuite, une procédure de moyenne de cette
approximation est appliquée pour définir, dans un cadre probabiliste, toutes
les interactions entre les deux phases. Cela permet de fournir une méthode de
résolution exacte pour tous les termes. Donc, le schema discrétise un modele
a sept équations, incluant des termes de relaxation qui permettent d’obtenir
I’equilibre de pression et de vitesse entre les deux phases. Enfin, une analyse
asymptotique a un niveau discret est présentée, ou les termes de relaxation
disparaissent. L’influence du terme de viscosité est étudiée, en comparant les
résultats obtenus en résolvant les équations de Navier-Stokes (validés avec des
solutions de référence donnée dans la littérature) avec les solutions d’Euler.

Mots-clés : Ecoulements diphasiques compressibles, Equilibre de pression et
de vitesse, Fluides visqueux, Problemes d’interfaces entre fluides compressibles
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4 Abgrall & Rodio

1 Introduction

Compressible multiphase flows occur in a wide variety of engineering systems.
Their numerical simulation is still an open problem from both theoretical and
mathematical point of view, due to complexities of describing the interactions
between two phases separated by an interface.

In literature, several numerical methods exist [2] [3, [4, Bl [6]. In particular,
the so-called discrete equation method (DEM), initially proposed by Abgrall
and Saurel [7] (see also [§]) results in a well-posed hyperbolic system and it
presents some properties able to handle non-conservative terms and to solve
interface problems without conservation errors. In particular, the originality of
DEM is based on the probabilistic approach in order to avoid the questionable
determination of average variables.

Initially, the DEM was proposed for compressible multiphase flows basing
on seven equations system (three conservative equations for each phase and a
transport equation for the volume fraction). This corresponds to the case of
two compressible phases. In this model, some relaxation terms appear in order
to drive the system toward pressure and velocity equilibrium.

However, as remarked by Murrone et al. [9], these methods are more complex
from a numerical point of view and they present a sensitivity of the results with
respect to the relaxation procedures for the pressure and the velocity. Thus,
more recent works [9, [I0] proposed an homogeneous Eulerian model for the
simulation of compressible two-phase flow problems based on a five equations
system (the conservative equations of momentum and energy are calculated
for the mixture). Abgrall and Perrier [I1] proposed an asymptotic expansion
starting from the discrete scheme for an Eulerian formulation.

The validity of DEM has been amply demonstrated, reproducing unsteady
wave propagation in inviscid flow, even if viscous effects have been occasionally
taken into account [I0]. However, viscous effects is of primary importance for a
predictive simulation of multiphase flows, where the viscosity play a major role
in the complex interaction between the interface and the compression shocks.

In this work, we focus on the analysis of viscous effects influence in the
simulation of dispersed two-phase flows. More precisely, a semi discrete scheme
is proposed in order to model a reduced equations system where viscous effects
are taken into account.

This analysis follows the work illustrated in [IT], @], .e. an asymptotic ex-
pansion has been developed in which the relaxation terms linked to interface
convective fluxes disappear, obtaining in this way the reduced discrete scheme.
We develop a numerical approximation of compressible viscous multiphase flows
relying on Godunov scheme and relaxation solver.

The work is organized as follows. In section 2l we give a description of
the seven equation model with viscous effects. In section [B] we derive a semi-
discrete numerical approximation of the two-phase model. Then, we performed
an average procedure of the discrete approximation and an extension to the
second-order. In section [l we analyse the asymptotic expansion in order to
obtain a semi-discrete approximation for a reduced five-equation model. In
section [6 several test-cases are considered for the assessment of the proposed
formulation.

Inria



Numerical Scheme for Compressible Viscous Multiphase Flows 5

2 The seven-equation model

Let us start by illustrating the seven-equations model taking into account vis-
cous effects. For each phase k, the single-phase Navier-Stokes equations can be
written in the following form:

k,L—)*k

P pPrvn n
ot PP |+ | P+ PRI = |t + £ (1)
pFE* puFEF + PR — 7. gk B + fa0F + Q
ie.
Ut o o
WJrV-(Fk—Ff):S, (2)

in which py, ag, U*, P, and 7 are the fluid density, the volume fraction, the
velocity vector, the pressure and the stress tensor for each phase k = 1,2 re-
spectively. The total energy, Fy is defined as:

1
EY =&t iy - iy

U is the vector of conservative variables and the right-hand side is represented
by the source vector S. The flux vector presents two components, the inviscid
flux F and the viscous contribution F,.

We assume a Newtonian fluid defined by two viscosity coefficients A and p.
The shear stress tensor T becomes:

Tij = u(0vj + 05v;) + A(V - 0)0;; with i,j =xz,y,2

We consider that the Stokes relation 3\ + 2u = 0 is valid. Hence the shear
stresses is re-written as:
- 2 o
Tij = (0 + 95vi) — gu(V - 1)dy5 ®3)
Now we introduce, as in [12], the characteristic function X* of the phase
Yk @ X¥(x,t) = 1 if o lies in the fluid ¥; at time t and 0 otherwise. The
function X satisfies the topological equation

k
%Jr(rVXk:O, (4)
where o is the interface velocity between the two phases.

An averaging procedure similar to that used by Drew [12] is applied to system
[ Remark that energy term source, @, is neglected.

As explained in Saurel and Abgrall [5], after propagation of the shock waves,
the gas/liquid system evolves after a more or less long time period to an equi-
librium state that will tend to Pyes = Pjiguid- The waves propagation creates a
volume variation of each fluid, accompanied by an internal energy variation, so
the pressure relaxation undergoes a volume variation given by the equation:

Oay

o =M (Py — P) with | = liquid v = vapor (5)

RR n°® 7920



6 Abgrall & Rodio

and the volume variation induces the energy variations due to the interfacial
pressure work

OayprEy,
ot

where p represents the dynamic compaction viscosity (it is different by fluid
dynamic viscosity). The velocities also relax to an equilibrium state, but with
a characteristic time that is longer than for the pressure. Thus, the velocity
relaxation is represented by drag force fy term that becomes:

fd = )‘(ul - ug)7 (7)

where A is a parameter (given later). p, and A depend on the interfacial area.
With the introduction of Eq.[ ) - Eq.(d), the averaged system(I) can be
written as

= —prP1(Py — Fy), (6)

aaif =~ &(0 - va") + p(P* — P
Makt/;k + V(@& T —E(p1 (5 — ) - vXF)
% +v(@* " @ 7" +a" Py =¢ ((p’;g’;(g’; — o)+ Pil)- vXk) N
+ V- (a"7") — E(rr - vXP) $ A~ )
% + V(ak(ﬁkEkgk + Pk]wk) —£ ((szz(ﬁf — o)+ PI)- vXk) n

+ M@ — ) + pePr(PF = P
+ v (@ (7)) — (T - vXF)

(8)

where P*" and #*" are the variables of the other phase. More attention should
be given on the right terms in which a difference of velocity (u; — o) appears.
These terms represent the mass transfer, 7, between the two phases and in the
case in which mass transfer is neglected, the two velocities are equal. In this
work, no mass transfer is considered, i.e. u;y = o.
Thus, the system (8), that is coupled to closing equations, is capable to
model non-equilibrium two-phase mixtures in presence of viscous effects.
In the limit of A, p — +oo, the asymptotic expansion of model () has been
obtained by Perigaud and Saurel [10], using some known relations [5, [12] for
which £(PF¥VXF) = Prva®, E((P*0)vXF) = Prurvar and E(ovX*) = urvar:
1
88% =—7-va' + Kv(?)
da'tp
ot
(90[2,02
ot B
% + V(TR T+ P) =vr
%JrV(EwLP) =V71 U
where p is the mixture density, defined as p = a1p1 + azp2 and K = ayaz(pach —

p1cd)/(@1pac3 + azpcd).

1
+ v(a'p'd) =0

+ v(a?p°7) =0 )

Inria



Numerical Scheme for Compressible Viscous Multiphase Flows 7

2.1 1D formulation

When a one-dimension (1D) flow is considered, it is possible to operate several sim-
plification. In x Cartesian coordinates, the components of viscous flux F, becomes
[13]:
ree =2~ 2 1) = S
’ or 3 3" 0x
ou 2 . 4 Ou

Toal = 2uua—$ — gu(v SVu = Fha Y (10)

Moreover, into the system (8]) a viscous flux at the interface comes out. This term
is defined as follows :

o 8’(11 2 N 74 8u1
Trew = 20~ = gV - U1) = g0
o 8u1 2 = o 8'UJ
T, Ul = 2pur o 3,u(v Ur)ur = 3,u o ur (11)
Remember that in this work, no mass transfer is considered, the system [8becomes:
oa* ox* P
— =— ~(P"—P
5 € (0 5 ) + b ( )
darpk  a(aFptu)
ot T s =0
L AN N S VAN SR A ox* &
En +ax(o¢p(u)+a ) 5(18x>+)\(u u’)+
+g aké@ & é%an
ox 3oz 3"°8: o
O&*"E* 0k kk-k | koo ox* e .
# + %(akpkEkuk + PF1a*)=¢ (P] o ) + My (@ —a*) + pe P (P* — PF)
9 (_xd4 ouF 4 du; OX*
+%(a Par ) TE\3H e s
(12)

where P; and vy are the values of pressure, velocity and stresses at the interface
on the component k of the interface. In the literature, several expression are
given. In previous works [7, [14], a sophisticated estimation have been proposed:

b _ ZFPM iz pE L (9ak ) (uF—uk)
Pr = AR A% +sign | AR (13)

k*

k_ ZFF 428w ; da® '\ P* 4Pk
vy = A + sign | S T

where ZF represents the acoustic impedance, i.e. Z = pc, where c is the speed
of sound.

Remark the difference between the p and .., where the first one is the fluid
dynamic viscosity, defined as p = auy + (1 — a)pe, while the second one is a
relaxation parameter. Along with the other relaxation parameter A, it has been
defined as:

St

r= o 5 A= Z1Zs iy
12 71 + Zs 142

where S is the exchange surface. In the present contribution, our purposes
are (i) to derive a semi-discrete numerical approximation of the system (ITI)

RR n°® 7920



8 Abgrall & Rodio

following the technique of Abgrall and Saurel [7] and then (ii) to develop an
asymptotic expansion from discrete scheme as in Abgrall and Perrier [I1], con-
sidering also the viscous fluxes and thus, to obtain the semi-discrete numerical
approximation of the system (@) in one-dimensional form.

3 Numerical scheme for the seven equations model

Here, our purpose is to obtain a semi-discrete numerical approximation of the
two-phase system including the viscous term (Eq. B, following the same pro-
cedure of [7].

We describe this scheme for a finite volume type in the case of a Godunov
solver, but the procedure can be adapted to other solvers. Let us define our
space-time domain on which we can compute the solution. At time ¢, the
computational domain €2 is divided into a constant number of volume control
Ci =|w;_1/2,%i41/2]. In addition, each volume control C; is divided into a ran-
dom subdivision z;_1 /5 = o < &1 < ... < En(w) = Tit1/2 (Where w is a random
parameter).

In each subcell &, & 41], X* is constant and so only one phase Y can ex-
ist. Neglecting the source terms S of Eq[2l the integral form of Navier-Stokes
equations for the space-time domain C; X [t,t + s] is

[t [ s o

The Godunov scheme is no longer applied on the mesh cells, but on the modified
and non-uniform cells constructed according to the position of the interface.
Tit1/2 = o(U;, Uiy1) denotes the speeds of interface between the two cells
C; and C;41. It will be clearly equal to zero, if into the cells there is the same
phase, otherwise ;1,2 coincides with the speed of propagation of the interface
in the Riemann solution (x,t) — v,.(; Uy, Uig1).
Thus, assuming that between the times " and t"*! = (t + s), the interface
Tit1/2 moves at velocity o, /2, the cell C; is not fixed, but it evolves in C; =
[(@i—1/2+80_1/2), (Tig1/2+80,41/2)] (see Figlll). The cell may be either smaller
or larger than the original ones C;, depending on the signs of the velocities o1 /5.
We denote F'(Ur,Ugr) the Godunov numerical flux between the states Up
and Ug and Fle9 (UL, Ug) the flux across the contact discontinuity between the
states Ur, and Ug (see Figll) and we have:

Fl9(Uy,,Ug) = F(Ufy) — o(UL, Ur)Uf = F(Upg) — o(UL, UR)Upp

Considering Figlll the previous integral (Eq[I4]), defined on the mesh cell
C;, can be divided into three contributions, i.e. the integrals on abb’ for the
left boundary, the integral on bee’ for the right boundary and the Lagrangian
internal cells. Thus Eq[I4] can be rewritten as

/ubb/X[%lt]+69(l?6:clr)}d it + (1)

t+s §l+1+sa'(Ul,Ul+ ) U INF F
/ / X{ LOERI 0w+
{L-‘rbo’(Ul 1 Ul 825 617

Inria



Numerical Scheme for Compressible Viscous Multiphase Flows 9

+/ X[8U+€3(1717) de dt =0 (III)
dee! at 833

Including the characteristic function X in derivative terms and applying the
Godunov scheme, we obtain for each term, the solution at time ¢ 4+ s. For the
boundary terms (I) and (III), it is important to remark that the domain where
computing the integral is a triangle. At time ¢ we have only one point (a) and
thus the spatial integral is zero.

Remembering that the characteristic function obeys to the following prop-
erty:

N(w)-1

w) 1 §141 §i41
/ / 8Xd;z:dt+ Z / / a—d:cdt_() (16)
1

Ci
t+s Xiarz+50+ Xis1/z450-
ib b’ | 1 ic"t c
SR
Piva
Faori i
| ‘ ' 1
forobo by
t a ! 1 I d

Xialz Xiaz Xisaiz Xitaiz

Figure 1: Subdivision of computational domain.

o(Uz,Ur)

fan/shock wave Uzn

! fan /shock wave

Uz ) Un

\j

Figure 2: The various states in the Riemann problem between states Up and
Ukg.

RR n°® 7920



10 Abgrall & Rodio

we can write for (I)

ot ox

OXU  OX(F —F,) ax 0x .
/cwb' [ ot * Ox ] dhdt = ./abb/ {U ot +(F = F) ox drdt =

/abb,X[aU“Lia(F F)]d dt =

i—1jptso (UL LU .
/ X (@t 4+ 9)U (@, + 8) dr — 5X (241 /2, ) F(UL12) +

Ti—1/2

_SFlag(Uitl’Ui_)[X}]':O+SX(Xi71/27t)FV(U1 1/2) +SFVI(U1 17 )[X]J 0,

where U/, /2 is the solution of the Riemann problem. In this work, no mass

transfer is considered, then when a jump is considered, the viscous contribution

is zero because there is not transfer of viscous information. Similarly we have
for (III)

oU _ O(F - F,)
/dCC,X[at+ o }ddt

OXU  O0X(F-F,) / X X -
/dcc [ ot ox ]dmdt o U=y + (F = F) 5| dedt =

/1i+1/2+5"7 (U:—*U;l’)

X(x,t + s)U(z, t +5) do + sX (254172, ) F(Ut1/2) +

Tit1/2

+sF (U U)X j= v ) — X (Xir1/2, 8)Fv(Uirz) = sFa(U3, Upyy) X jonw)-

For the internal terms (II) the integral becomes

Ejp1+so(UL U
/ /J x| OE—F) F)]d dt =
3

]Jrso,(UJ 1 U7 ot oz

&i41+so(ULULTY) Ej+1
/ ) ) X(:U,t—l—s)U(x,t—l—s)dx—/ X(z,t)U(z,t) de +
&j+so (U] B U?) &j

—s (F*0 U2, U7 X = P U7 U2 X0, ) +

+s (Fu (U, U)X = By (U], U)X 1, ).

Summing up all terms, dividing for s and taking the limit when s — 0, we

Inria



Numerical Scheme for Compressible Viscous Multiphase Flows 11

obtain the semi-discrete scheme

8 ! xH—l/QX t\U t) d
55/2‘ (2, )U (2, 1) da | +

i—1/2

1 * *
+E (X(Ii+1/2>t)F(Ui+1/2) - X(wi—1/27t)F(Ui71/2)) +
1 * *
“Ax (X(xi+1/27t)Fv(Ui+1/2) - X(Xifl/Zyt)FV(Uifl/Z’)) =
1 N(w)—1
_ lag ] j+1 . _ plag 'jfl j .
- AQT Jz:; (F (U’L7U’L )[X]J F (Uz 7Uz)[X}J*17)+
1 la — la _
o (B U7 U)X 0 = F (U, U)X =xw)) +
N(w)—1
= > (Fo(Ul UI X - By (U U)X, ) +
j=1
1
_F ( (U U1+1)[X]J 0~ (U U1+1)[X]J N(W)) (17)

We may assume that two adjacent subcell contains different phases, so that

wz PO, U)X, - o0 (U U)X, =
= N(@)ine (Flag(UE, Ul - Fls(u}, UE)) (18)
and
wz (Fu (U, U)X — By (U1 U (X)) = (19)

N( )lnt ( (Uz 7Uz ) v(Uila UzQ))

3.1 Averaging procedure
Now, it is possible to apply the averaging procedure as done into the system
@), but to discrete equations system (IT), instead of the system of PDE. Taking

the mathematical expectancy of the semidiscrete scheme (EqlI7) for which we
have:

) 1 Tit1/2 8a(-1)U-(1)
- = X =t "t 2
° ( - L (2, )U (2, 1) dm) - (20)

i—1/2

and introducing the notation for the average number of internal interfaces:

RR n°® 7920



12 Abgrall & Rodio

The scheme can be rewritten as:

aaWy® 1
# + N & (X(xi+1/2vt)F(Ui*+1/2) - X(xifl/%t)F(Ui*—l/Q)) +

1 * *
“Ax (X(Xi+1/2at)Fv( iv1/2) — X(Xi71/27t)Fv(Ui—1/2)> =

1 a — a _
+E£ (Fl g(Ui ’Uitl)[X]JﬁO - Fl g(Uz+vUi+1)[X}j:N(w)) +

_ie (Fur(Uf, Uy ) [Xlj=0) — For(Uf", Up ) X]j—rv(w)

+A; (F19(U2,U}) = F1*9(U},UF)) = X (Fu(UF,U}) = Fu (U}, U7))
(21)

In [7], the definition of all the terms, both conservative and non-conservatives,
have been given, except the terms in which viscous flux appears. Let us remem-
ber only some necessary definitions already used in [7]. We consider the cell
boundary i + 1/2 and focus on the fluxes available for fluid 3. On this cell
boundary, four instances may occur on the base of the phase present in the cell
x; and in the cell 2,11 (see Tab[ll). Thus, we can define the flux indicator

) 1 if a(Ul Ul,) >
ﬁi+1/2 - SZgn( (Uz z+1)) { -1 ’Lf ( Z+1) < O

and the corresponding probability to have the same phase or two different phases
into the left and right cell of cell boundary i + 1/2

= min( 51), 041(_131)

Pii1/2(21,%2):= P (X(x;rl/Q) =1 and X(z 1+1/2) = 0) = mazx (agl) S_)I,O)

Il
_

Pip1ja(¥1,51) = P (X(a:;rl/Q) =1 and X(z,, ,5)

z+1/2)

Pip1/2(32,51) = P (X(x;+l/2) =0 and X(x = maz (0‘('2) 5?170)

) =0 and X(z

I
o

Piy1/2(X1,%2):= P (X(ff

_ (2)
i+1/2 z+1/2) = mm( z+1)

It is possible now to evaluate the "viscous’ terms:

e FEvaluation of conservative terms
E(X (@ipr/2 )V Fo(UF 1 10)) = Prinja(S1 — S1)E, (UM, UD)
Liy1/2, v Vit1/2 1+1/2 &1 1)L i+1
+
+P1+1/2(21 — 22) (ﬂf_li_71222) FU(U(l) Uz(i)l)

2,1 2 1
+P1+1/2(22 — 21) (_ﬂi(-i-l}Q) (U( ) Uz(+)1)

£ (X(xi—l/%t)Fv(Ui*flm)) = Pr_1s(%, Zl)Fv(Ui(i)l’ Ui(l))

+
FPaa(mnn) (802) R0, UP )

+
+Pa(T2, ) (-820),) RO, UY).

Inria



Numerical Scheme for Compressible Viscous Multiphase Flows 13

e FEuvaluation of non-conservative terms
g ([X]N(w)FvI(UN( v Uz—i—l)) =
= P1+1/2(21,22) </Bfi7f}2) F’L)I(Ui(l) Uz(j_)l)

2,1 - 2 1
7P1+1/2(22’ 1) (Bi(+1/)2> FUI(Ui( )v Ui(+)1)

& ([X]oFor(U;-,,U)) =

3

- —P171/2(217 22) (ﬁl(l 12/2> FUI(UZ(E)17 UZ(2))+
+
+Pi_1/2(X2,%1) (61(111}2) FUI(Ui(E)l, Ui(l))'
o Relaxations terms

(MUt ) ((m (02, 01) - RO UD) = A (U2 DY) ~ (01, 0)

Compared to the Euler equations, the presence of the viscosity transforms
the conservation laws of momentum and energy into second-order partial differ-
ential equations (see Eq. [OIT)). Thus, the viscous fluxes F, and F,; are recon-
structed by a forward difference. We consider, for example, the cell boundary
i+ 1/2 and we define thus in the case of momentum and energy equation:

- momentum
4,50 5 ¢ flug divection i
k) 7(k) S if fluzx directionis —
F (U7, Uly) = i L%
gu”dil“ if flux directionis +

- energy

ROBNG)
k) 7r(k) %uuwl’“dizl if flux directionis —
F,(U;7,U) = 2
it+1 4 RO

SHU; 1 Tl“ if flux directionis <+

(22)
- momentum
o 8 g
k k Ayt iy f fluz direction is —
Foy (U, Ui(+)1) =4q° ugk)iﬁ(k)
%u% if flux directionis <+
- energy
b
%uul ) —+——if flux directionis —
(k) rr(k) i+ *
For(U; 7, Ui1) = oy ul )
%uu(lii% ——if flux directionis <«
(23)

where u; 1 and ur, , are, respectively, the phase velocity and the interface
ta

velocity determined by Riemann solver.

RR n°® 7920



14 Abgrall & Rodio

’ Flow Patterns Left and Right States Flux Indicator ‘

3,30 (Uz(l) Uﬁ)l) (ﬂz(-l%1232)+

X1, (Uz(l) Ul}r)l) 1

22,20 (Uz(2 z(-&l-)l) - (51(42-11/)2)+

%9, s U, u) 0

Interface Viscous Flux

S £, U0, U%) (342.)"
¥1-3 F’UI(U'L(l)7 Ui(Jlr)1) 0

5o - 3 P, (02,0 ~(20,)"
IR )N F, (U u?) 0

Table 1: The various flow configurations at cell boundary ¢ + 1/2.

3.2 Second-Order accuracy

Following the MUSCL approach, we propose an extension to a second-order
approximation of the scheme:

(af.”U}”)"H _ (a§1>Ui(1))”

At

+E(XF)'L+1/2 _€<XF)Z 1/2 _ S(XF )z+1/2 E(XF )’L 1/2
Az Ax N
=¢£ (Flag 0X ) +& (F“g 0X ) +
O i,bound Ox i,relax

X X
£ (Fa) g (ﬁ) (24)

Oz i,bound Oz i,relax

As in section Bl we write explicitly only the terms that are not developed
in [7, 1]. In the following, U;1/2,(resp.Uit1/2,-) are the vector of conservative
variables on the left (resp. right) of the boundary cell ;41,5 after the MUSCL
extrapolation, using a minmod limiter. Thus, the viscous terms in the predictor-
corrector scheme for a multiphase flows, take the following form

e Fualuation of conservative terms

1 1
& (XF”)i+1/2 = P1+1/2(217 21) (UZ(+)1/2 & Uz(+)1/2 r)
1,2 2
+P1+1/2(217 22) (6£+1)2) F (Uz(+)1/2 K U?,(+)1/2 r)+ (25)

21 \7* 2) (1)
+Piy1/2(X2, %) (—5i+1/2) Fv(Ui+1/2,za Ui+1/2,r>
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1 1
E(XFy);_1)9=Pio12(21, Zl)Fv(Ui(_)l/Q Iz Ui(—)1/27r>

1,2 1 2
+P1_1/2(¥1, X2) (ﬂi(_Jz) (Uz( )1/2 l7U1( )1/2 )t (26)
2,1 2 1
+Pi_1/2(X2,%1) (*ﬁz-(_JQ) (Uz( )1/2 l’Uz( )1/2 »)

e Euvaluation of non-conservative terms

0X 0X 0X
F,— | = F,— F,— =
5( ax)z g( vax>bound+g( vam)rela:p

(1 2) (1) (2)
- P1+1/2 (21, %) ( z+1/2) Uz+1/2 g Uz+1/2 r)+
(2 1)
z+1/2)
30:2) )*

< U(Q)
~Pioa(B1 %) (80,
) (s

(1)
P1+1/2 (32,2 i+1/2,0 Uz+1/2 r)+ (27)
(2)
U;_ 1/2Z’Ui—1/2,7")+
32 T

1
+P 1/2 (32,2 i—1/2 1 1/2l’Ui(—)1/2,r)+

+mazx (07 Aai) ( U(Uf, Uil) — max (07 Aai) U(Uil, Uf)) ,

where Aaj = g,y ) =y, and Aaf = a5, —aFy, ), are the limited
slope of a! and a? in the cell C;. The viscous fluxes F, and F,; are reconstructed
by a backward difference on the base of flow direction. We consider the cell
boundary i+1/2 and the viscous fluxes for the momentum and energy equations

are:

- momentum
Uipd UG
4, 3 (Mi-1 4 i g
P U 7 3 G if flux directionis —
( i+1/2,0 z+1/27‘)_ 4 u.+17u(f)
4 i+35 i+2 - . . .
sH—G/Dde if flux directionis +
- energy
() _y (k)
4 its (Mi—1 . . . .
P U™ u® B E/WH%W if flux directionis —
( i+1/2,00 Y i41/2, 7‘) - u(k)l 7u§;v))
4 itd i+2
3HUi L — 3730 if flux direction is <
(28)
- momentum
(U(k) k) ) =5 %Zf flux direction is —
- k
i+1/2,0 Yiv1/2,r 4 W)Uy, ) ] )
sh————if flux directionis <
- enerqgy
(k) u(IlEi)i+1 (1123)1 . . .
spuy | ———if flux directionis —
E, o™, u® )= i3 ’
1( 7,+1/2l’ i+1/2,0) T *) ul®) _u®)
4 o) Mgl . L
3/.Lu1i+% ————if fluz direction is <

(29)
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(k)

k) ugg if flux direction is —
s Uy, if flux direction is +

B UEZSI if flux direction is —

Ty = Y™ if flux directionis
(l)IH—l
(30)

where [ and r represent the left and right side.

In order to obtain the predictor scheme, the solution is calculated at time
t = n+ 1/2 and in the corrector scheme the solution is calculated at time
t = n + 1, using the solution computed at the predictor step.

4 Asymptotic analysis of the numerical scheme

The earlier presented scheme (Eql24]) is a semi-discrete numerical approximation
of the seven equation model for the modelization of a two-phase flow. An
asymptotic expansion of the scheme using the procedure proposed by Abgrall
and Perrier [I1] is developed. The aim is to obtain the semi-discrete scheme for
the modelization of a reduced five equations model in a 1D configuration, where
viscous effects considered. If we set £; = 1/\;, the discrete scheme for the seven
equations model can be formally rewritten as
ow G R(W)

ot T AT

(31)

where W = (o), aMUM o) oPUR) G is the sum of convective fluxes,
viscous fluxes and bound lagrangian fluxes, moreover R(W) are the relaxation
terms.

Before developing the asymptotic expansion, it is necessary to remark that
for the Laplace law, we know the relation between the difference of phases pres-
sure P, the stress tensor T' and the surface tension o. In particular, according
to the normal flow, we have:

Pl—P2+']T~n=2HO', (32)

where H is the curvature of interface. In 1D dimension H = 0 and, moreover,
we know that in the hypothesis of relaxation, we consider that in the cell the
velocity and pressure of the two phases are the same, i.e. (only into the cell)
P, = P,. So, the Eq. reduces to T - n = 0 and thus the viscous relaxation
terms disappears from Eq.

As a consequence, the procedure of asymptotic expansion is the same devel-
oped for the Eulerian scheme as in [I1] [0]. Let us consider € — 0 and we look
for the solutions such that the relaxation terms disappear:

W= {W such that ROW)=0= € (Fl05%) =0} (33)

For each solution W, it exists a parameterization M such that: M : u — M (u),
in which u are the primitive variables of vector W. Let us consider the solutions
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of the form:
W =M(u)+eV (34)

where V is a neighborhood of W in W and we can obtain an expansion of the
form:

R(W) = R(M(u)) + eR'(M(u))V + o(¢) (35)

We denote with dM,, = {dM&, ...,dM]}} the Jacobian matrix such that its
column vectors form a basis of ker /(M (u)) (see [9] for details), with {I*, ..., IN""}
a basis of Rng(R'(M(u))) that is the range of R/(M(u)) and with P the pro-
jection on ker R'(M(u)) in the direction of Rng(R'(M(u))). Let P be equal to
the inverse of matrix S = [dM]},...,dM2, I', I?]. We replace the Eq.([34) and
Eq.(33) into the Eq.(@I) and we multiply it for the projection P,

ou oG
PdM, "~ + P32 = PR/ (M(u). (36)

Let us remember that the product P x dM, = Id(n) where Id(n) is a n X n
identity matrix and that the product Px R'(M (u)) = 0, thus, Eq.(30) represents
the reduced semi-discrete scheme.

4.1 Scheme for the reduced model including viscous effect

Following the procedure described into the section M, in order to obtain the
reduced scheme (36)), it is necessary to define:

e the parameterization M that allows defining the Jacobian matrix dMy;
e a basis of the range Rng(R'(M (u)) to obtain the vector I and I?;
e the inverse matrix of S that allows calculating the projector P.

Let u = {041, p1,u, P as, pg} the vector of primitives variables, thus the mapping
M :u— M(u) is:

aq

(€51 P1

P1 u

U P

M : pl— ay
(&%) p2

p2 U

P

and thus the Jacobian matrix is:

dM, =

RR n°® 7920
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18 Abgrall & Rodio

To obtain the reduced scheme it is necessary to provide the form of the numerical
scheme for the seven equations model in primitive variables. The system (BI])
can be written in the following simplified version:

—k
oa;

at VY
8%155 = M.EY
8@%?u§:: M,
adfgféf - pE

After several manipulation, as in [I1], allows obtaining the system of seven
equations in non-conservatives variables:

oar i
L= VF;
ot ‘
e
ay 8@/’; = M.Ff —piVF}
dul (37)
_k ks OU; k
A R VI 0
a'L p'L at
_ uk? .
oPf  EFF  ufM,F} s ek —pffefM B M
ot afprBF alpipl arpy By T appkst
where
D€k Oek
Bf-( Zk> and/{fz( -
aP’L pk apl Pk
The system ([B7) can be written as:
ou  GU R(U
v, ¢l) _ pRU) (38)
ot Ax E;

where U is the vector of primitive variables and T is a linear transformation
between primitive and conservative variables:

_(Ty 0
(0 n)

with
1 0 0 0
_pi 1
o o 0 0
T; = 0 — Ui ! 0
2 Qipq (€292
Kip; —ef—pirf ok
af pt gk ak pk pE arpi By abpyBf

Now, it is possible to determine the basis of the vectors I' and I?, knowing
that the matrix R’(M (u)) is the product between the matrix 7" and the matrix in
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which each term is the derivative of (F'%9(U', U?) — F'a9(U? U')) with respect
to primitive variables:

00 O - 00 O A
00 O )\5711 00 O —)\Z—ll
00 Mailpl 0 00 Moulpl 0
’ K1p] P K1p2 P
R/(M ): 0 O 0 )\ (_041%)1}31 + O‘lplﬁl) 0 O 0 )\(alpllﬁl - alpl,Bl)
“ 00 O -2 00 O A
00 0 ALz 00 0 e
1 2 1 2
0 0 'U’oz2l72 0 O 0 MOQPQ
H2p2 P Kgpz P
00 0 A (_azméz + 042P252) 00 0 A (angéz - a2p2ﬁ2)

A Dasis of the range Rng(R'(M (u))) is the set:

1P1 0
- [e5] O
0 1
2 a1p1
a;pP1
- 0
1 = a1 R 2 =
1 Y 3 1 0
£z 0
0 1
2 Q2 p2
azp2 0
Qas

Finally, the inversion of the matrix S = [dM},...dMS, I* I?] gives the matrix
of projector:

10 0 @2z 000 0 — g
0 1 0 —Lilpl 0 0 0 Lilpl
a1p1 @2p
P = 0 0 ayp1tazp2 0 R 00 Oélpli-(fupfz 0 )
“lo oo 0 Qi g 0 —fepay 17
00 0 -9 1 g 0 udy
00 0 a9 0 0 —dipn
with d = a1p?(a2)? +agp'(a1)? and a3 = Pkézgpi . Now, it is possible to obtain
Pk

the final scheme for the five equation model in conservative variables :

_ _ w?
00 _ prp4 0§ 5B wSlh | Ty meepay,
ot Q2p1a? + a1p2a3 | G2p2fB2  Q2p2f2 Q222
2
pakaFVa SFE: wSU; - —e1—p1ra pikiFVy
- - — — — — M, — ——
Qpp2P2 aupif1 cupifr aip1f a1p1p
Qo pr
= M
ot .
9w _ sy, 4 SU
ot ! ?
OpE
—-— = SFE SE.
ot 1+ 2

(39)
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Air Water
P, =0Pa P =6 x 10%Pa

Table 2: EOS coefficient for air and water

5 Thermodynamic Closure
We consider a Stiffened Gas (EOS) to describe both liquid and gas:

(P +vPx)

—

where e is the internal energy, p is the phase pressure, v and P,, are two
constants characteristic of each fluid. In this work, the fluid used are air (at
T=293,25 K and T=410.52 K) and water (at room conditions). The constants
for these fluids are summarized in Tabld2l

6 Results

The aim of this section is to highlight the capabilities of the proposed scheme
for the numerical resolution of interface problems with viscous effects.

This section is divided in two parts: (i) in the first one, the code validation
is presented, displaying a set of test cases where the effects of viscosity are
significant; (ii) in the last one, the results obtained by solving the Navier-Stokes
equations are compared to the Euler solutions on some test-cases well-known in
literature. Remark that each run has been made with a CFL number equal to
0.6 by using the Relaxation solver introduced in the previous section.

6.1 Validation

Three test cases in a shock-tube configuration have been selected for the code
validation. The first case has been created in order to evaluate the presence
of viscous effects in a monophasic region, that is generally hard to appreciate
for water at standard conditions. Then, an artificial fluid has been taken into
account, that has the same properties of water at standard condition, except
for the viscosity, assumed 10° times more elevated than the that one of water.
In the second test-case, a bi-phase flow is simulated with the same fluid of the
first test-case and the air. Finally, the code has been validated on a test-case
known in literature [I].

6.1.1 One fluid test-case with very high viscosity

It is known in literature that in a compressible 1D simulation, the difference
between a viscous and a Euler simulation can be observed, for example, around
a shock-wave (see Figl)) in particular conditions. As shown in Liepmann and
Roshko [I5] (see also [13]), it is possible to evaluate the order of magnitude of
shock-wave thickness Az knowing the velocity jump across the shock [u] and
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Ax

inviscid

viscous

g

Figure 3: Development of a viscous transition compared to inviscid transition
of a discontinuity.

the kinematic viscosity v = u/p:
v

[u]

Let us estimate the shock-wave thickness developed in a shock tube, filled with
water at standard condition, for which a velocity jump [u] = 230m is generated
(test case already analyzed in [7]). For Eq.(#0), the thickness Az is proportional
to 107 m. Thus, this means that in order to observe the difference between a
viscous or an inviscid simulation, one should use a mesh of 10° points.

For that reason, we supposed to use a fluid with the same properties of water
at standard condition, but with a viscosity equal to u = 2300Pa * s, so that the
the shock-wave thickness should be of the order of Az = 0.01 m

The shock tube is filled out with only one fluid. At the beginning, both
side of the tube are at rest, the left side is at a pressure of 10° Pa, while the
right one at a pressure of 10°Pa. The diaphragm is located at x=0.5m and the
second-order scheme has been used.

If a mesh of 100 points is used, some difference of the velocity profiles (the
profiles are obtained at t=150us) can be observed between the viscous and
inviscid solution (see FigH|(a)). In this case, the effect of viscosity produces
a round shock transition, unlike the sharp shock transition produced by an
inviscid computation. This difference is more evident with a finer mesh (see

Fighi(a)).

Ax =~ (40)

6.1.2 Two-fluids test-case with very high viscosities

Let us suppose, now, to have the same condition of pressure of the previous test
case, but to consider two fluids, with the same volume fraction (ay = 0.5) on
the right and on the left of diaphragm, located at x=0.5m.

Let us suppose also that the two fluids have the same properties of water
and air at standard conditions except for the viscosity modified on the base of
shock-wave thickness, as already shown in section

In a two-phase problem, the Eq.([0) can not be applied in its original form.
Now, the problem is to compute the artificial viscosity to use in order to appreci-
ate viscous effects. Then, the thickness has been assumed equal to Az = 0.001,

RR n°® 7920



29 Abgrall & Rodio

250 P

250 ——T—TT T T T T T T T T T T T

N
S}
S
1
N
=]
S
T
1

i
@
S
i
@
S
T
1

Velocity u [m/s]

Velocity u [m/s]
g
T
1

iy
1)
S

4 so| 4
] [ EUL ]
1 [ ———— visC ]
] LS/ 1

0 0.2 0.8

0.4 0.6
Distance x [m]
(a) 100 points (b) 400 points

Figure 4: Comparison of Euler and viscous velocity profiles obtained with dif-
ferent meshes.

and the associated viscosity for each fluid has been computed by considering
like that the tube is filled out with a single fluid. The viscosities are computed
as follows:

- Water

{Apx:lg(.)%og — ju =630 Pa * s,
- Air

{Ai - gf%m — =315 Paxs.

At these conditions, a mesh of 1000 points has been used and the inviscid and
viscous solutions have been compared. As it can be observed in Fig.(H), also
in the two-phase problem, the viscous solution differs from the Euler one. The
velocity profiles between inviscid and viscous computations are very similar.
The density and volume fraction profiles (Fig.(H)) display a maximal difference
of 50% and 5%, respectively.

6.1.3 Surana [I] viscous test-case with air

The results obtained in [I] have been compared to the results obtained with
the presented scheme. Surana used a Navier-Stokes equations in a 1D single-
phase flow simulation. The shock tube is filled out with air with the following
properties:

p = 1.225kg/m3 fi=0.198 x 10~*Pa * s

T =410.52K Re = 31.891

At time t=0 the following reference values are used:

to = 0.454479 x 10~ 8s P, = 1.44323 x 10°Pa
Lo = 0.156 x 10~°m P, = 2.88647 x 10°Pa
uog = 343.25m/s pn/pi =20
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Figure 5: Comparison of Euler and Viscous computations.

Both sides of the tube are at rest, the left side is at a low pressure equal to
P, while the right side is at an higher pressure equal to P,. The tube length
is L = ﬁ/LO = 2 and the diaphragm is located at L = 0.156 x 10~%m. The
same uniform grid mesh of 102 points as in [I] is used. From the analysis of
density and velocity profiles we can observe a good agreement with the numerical

results obtained by Surana [I] (Figld{7)). In particular, for the velocity, a very

good agreement is obtained at a time ¢ = 0.9089 x 107%s and ¢t = 0.1636 x 1085

(Figll(a),(c)), while at time ¢ = 0.1818 x 10™%s the minimal value of velocity

estimated with the present scheme is 4% higher than Surana result (Figle(b)).
For the density, a very good agreement is obtained in the first and second time-
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step (Figll(a),(b)), while in the eighteenth time-step, between 0.2 < z < 0.7,
the two profiles display some differences, even if they present the same trend

(Fig[(c)).

02— 02— 7T

of : of ]

02fF W . 02 .

E I ] Bl I ]

g 04 j g 04 j

[ Q

> L 4 > - 4

2 06 4 @ 06 4

o I 1 o I 1
c I [ I

o [ B (=} [ B

@ 08 4 B 08 4

2 F ] 2 I ]

[ [

e Lt g I

o -if ] o 1p ]

a2F E 12F 4

5 ——=—— Present Scheme I ——=—— Present Scheme

[ ) ) Sumnaetal. ] [ ) . Sumnaetal. ]

L4g 0.5 1 15 2 L5 0.5 1 15 2

Distance, x Distance, x
(a) t = 0.9089 x 10105 (b) t =0.1818 x 10~ 9s

02 T T T T T 02 T T T T T T

Dimensionless velocity, u
Dimensionless velocity, u

——=—— Present Scheme
Surlana etal. ]

,1‘4"”‘|HH|HH|HH’

qabl— N
1'40 15 0 05 1 15

05 1 .
Distance, x Distance, x
(c) t =0.1636 x 10785 (d) At/to =0.02; tarax = 0.1999 x 10785

Figure 6: In (a), (b) and (c): comparison of velocity profiles u obtained by
Surana et al. [I] and by DEM, respectively in the first, second and eighteenth
time-step. (d) Evolution of velocity obtained with DEM.

6.2 Shock-tube with water

In this case, the shock tube is filled out with water only. At the beginning, both
sides of the tube are at rest, the left side is at a pressure of 10° Pa, while the
right one is at a pressure of 10°Pa. The diaphragm is located at x=0.5m and
the profiles shown in the following figures are all taken at a t=150us. A 1000
points mesh has been used. The second order scheme has been used.

The results obtained with an Eulerian formulation are compared to those
ones obtained considering viscous effects. In Figl8l it can be observed that
there are not remarkable differences between the two computations.

Computing the thickness shock wave (see Eq.[ 0)), for this case (Ax =
x79), we conclude that the difference between the two computations cannot be
observed with the used mesh. As a consequence, shock can be treated in the
same way as in inviscid flows.
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Figure 7: In (a), (b) and (c): comparison of density profiles u obtained by
Surana et al. [I] and by DEM, respectively in the first, second and eighteenth
time-step. (d) Evolution of velocity obtained with DEM.

6.3 Two-phases flow problem

In this case, the left and the right side of the shock tube are filled out with
water and air at the same volume fraction equal to 0.5. The pressure is equal
to 10°Pa on the left side and to 10°Pa on the right side. The discontinuity is
initially located at x=0.5m. The initial velocity is equal to zero for each phase.
The profiles are shown at a time of 193.744 [us]. The approximate solutions are
computed with a 1000 points mesh. Also in this case, the results obtained using
an Eulerian and a Viscous formulation are shown (Fig.(@)).

The same conclusions drawn in the previous section, can be used for these
results, i.e. there are not differences between the two computations (Fig.(@)).

7 Conclusions
We have described a semi-discrete scheme for the resolution of interface problems

when the effects of viscosity are taken into account. The DEM method, proposed
by Abgrall and Saurel [7] has been used.
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Figure 8: Single fluid test

The originality of this work is to analyze and to include, into the original
scheme, the viscous flux of each phase, generated in the cell and through its
boundary. The semi-discrete scheme for a seven equation model with viscous
effects has been obtained for a first and a second order. A development of an
asymptotic expansion of the scheme has been obtained in the limit of zero relax-
ation time of pressure and velocity. In particular, using the procedure proposed
by Abgrall and Perrier [I1], a semi-discrete scheme for the modelization of a
reduced model of five equations including viscous effects in a configuration 1D,
has been obtained.

The code has been validated with three test cases, that allowed showing
some differences between the inviscid and viscous computations. In the first
two tests, a non-physical viscosity of the fluids have been used in order to
increase the effects of viscosity, showing a good behavior of the scheme for the
discretization of viscous fluxes. Moreover, in the last validation test, our viscous
solution has been compared with the numerical viscous solution, reported by
Surana [I], showing a very good agreement between the results.

Successively, two others cases have been reproduced, showing that if the
mesh is too coarse with respect to the shock thickness no significant differences
can be observed between the viscous and non-viscous solutions.

This work is a fundamental step for the extension to the multi-dimension
configuration, where the effect of viscosity is of primary importance to attain a
good prediction of the numerical simulation.
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