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SUMMARY

This paper deals with pressure relaxation procedures for multiphase compressible flow models. Such
models have nice mathematical properties (hyperbolicity) and are able to solve a wide range of ap-
plications: interface problems, detonation physics, shock waves in mixtures, cavitating flows, etc. The
numerical solution of such models involves several ingredients. One of those ingredients is the instan-
taneous pressure relaxation process and is of particular importance.

In this article, we present and compare existing and new pressure relaxation procedures in terms of
both accuracy and computational efficiency. Among these procedures we enhance an exact one in the
particular case of fluids governed by the stiffened gas equation of state, and approximate procedures for
general equations of state, which are particularly well suited for problems with large pressure variations.
We also present some generalizations of these procedures in the context of multiphase flows with an
arbitrary number of fluids. Some tests are provided to illustrate these comparisons. Copyright © 2005
John Wiley & Sons, Ltd.
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relaxation

1. INTRODUCTION

This paper is devoted to the design of efficient pressure relaxation procedures used in hydro-
codes and compressible multiphase flows. Multiphase compressible flow models have been
proposed in References [1-11].
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2 M.-H. LALLEMAND, A. CHINNAYYA AND O. LE METAYER

Among these models, the multi-velocities models, extended from the work of Baer and
Nunziato [3], are of particular interest. Saurel and Abgrall [7] have shown that such a model
was able to solve (under a unique formulation) interface problems with a single velocity, as
well as multiphase problems involving several velocities [7,9, 10]. These models use pressure
relaxation procedures between phases. They are unconditionally hyperbolic and are able to:

e solve conventional multiphase flows (bubbly flows, flows with droplets, etc.) as well as
interface problems. Due to a unique formulation of the whole system, this is realized by
solving the full set of equations with the same numerical method at each computational
cell. Moreover, this model ensures energy conservation at the interface leading therefore
to a proper and accurate solution of the interface conditions;

e solve strong shocks in compressible mixtures (solid alloys, compacted powders) as well
as detonation waves in condensed materials [9, 12]. Indeed, conventional models are
based on the Euler equations closed by a mixture EOS. But this mixture EOS relies
on unphysical equilibrium assumption such as temperature or density equality between
phases. The new models allow the determination of all thermodynamic variables of each
phase, and consequently make use of pure material EOS without using a mixture EOS.
The relaxed pressure is obtained by a relaxation procedure instead of a mixture equation
of state;

e deal with situations where interfaces appear dynamically. For instance, gas pockets can
be formed during the propagation of rarefaction waves. This is the hydrodynamic part
of cavitating flows. Conventional methods need the initial position of these interfaces.
The model given in Reference [9] is able to make them appear dynamically.

The numerical solution of this model requires several ingredients. The numerical method
involves a non conservative hydrodynamic solver, an instantaneous velocity relaxation pro-
cedure (when dealing with a single velocity flow) and an instantaneous pressure relaxation
procedure.

Details on the hydrodynamic solver we use in this paper may be found in References
[7,9]. Although perfectable, we use this solver here without modification. Improvements on
this solver may be found in References [10—12] but are not used in this article.

The velocity relaxation procedure involves either the resolution of an ODE problem when
the velocity relaxation has a finite rate (the phenomenological drag force is known), or an
equilibrium procedure (the drag force is infinite). The equilibrium procedure is recalled herein.

The pressure relaxation procedure is much more difficult to solve. It is of paramount impor-
tance in interface reconstruction algorithms used in compressible hydrodynamic codes [1, 5, 13]
since the pressure equality at the interface is the most difficult condition to fulfill. It is also
of major importance for single velocity flow such as detonations, shocks in solid alloys and
multiple velocity flows such as cavitation applications and stratified flows. The same type
of procedure is necessary to solve in the context of the compressible models presented in
References [2,4,6,8,14—17] as well as in the context of the various models and studies in
References [18-20].

The present paper is devoted to the development and assessment of pressure relaxation
procedures, as first initiated in Reference [21]. We present a panel of relaxation procedures
based on the assumption of either a varying interfacial pressure or a constant pressure. Most
of the procedures are presented for multiphase flows (i.e. the number of phases N is such
that N >=2), with a special emphasis on both low cost computing and convergence speed.
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PRESSURE RELAXATION PROCEDURES 3

We first recall that we originally have two existing procedures initially defined for two-phase
flows [7]. From the classification varying interface pressure—constant interface pressure, we
propose here to present the different procedures from the most restricted to the most general,
i.e. from the procedure usable for both two-phase flows only and specific EOS (stiffened gas
namely), to the one that can be used for an arbitrary number of phases N >2 and general
EOS.

The paper is organized as follows. The 1-D model and its properties are first recalled.
Then we detail the different relaxation procedures and at last we perform some representative
numerical tests to compare these procedures and give concluding remarks related to the best
choice of using these procedures.

2. THE 1-D MULTIPHASE MODEL

We present hereafter the 1-D multiphase model as described in References [7,9], in which
both mass and heat transfer are neglected. Let N be the total number of phases.

2.1. Continuous model

The system related to the jth phase, j=1,...,N reads as

oo oo, N
L+ V=L =3 (P - Py)
ot x4

0 0
E(“/Pj) + a(%/ﬂj”}') =0

(1)
0
E(ajpj”j) + ((xlp]u/ + O(]P ) PI Z )“Jl(u/ )
0 0 oo; N
5 (WPiE)) + = Luj(opEj + 4P = PrVi ot + PIZ (P — Pr) — V’Zl Aji(uj —ur)
=
The volume fractions o; verify the saturation constraint
N
> o=1 (2)
j=1
P;, u; and p; denote, respectively, the pressure, velocity and density of the jth phase.
The total energy E; is related to both the internal (e;) and kinetic energies by
Ej=e;+ ju; (3)

The averages of interfacial variables are denoted with subscript /.
V; denotes the interface velocity, that we choose equal to the velocity of the centre of
mass. As it will be shown in the following, it also corresponds to the equilibrium velocity:

Vi= <§1 mj”j)/ (é m,-) (4)
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where mjdéfocjpj represents the apparent density. P; denotes the interface pressure and is
estimated equal to the following mixture pressure:

N
Pr=3% o;P; (5)
=1

Other definitions of these interfacial terms are possible (see, e.g. References [12,22]), but
we only use in this paper the interfacial correlations given by (4) and (5). For most pres-
sure relaxation procedures detailed in this paper, a precise definition of P; is not necessary.
Therefore, the proposed procedures are not restricted to the pressure guess given by (5).

The Aj; and pu;; coefficients represent the interactions and relaxation between phases and are
functions of the mechanical properties and the topology of the medium. They are, respectively,
related to the drag forces and pressure relaxation effects between the phases. Moreover, each
Jjth system is completed by an equation of state relying each pressure P; to the internal energy
e; of the following form:

P;=Pi(pj,e;) (6)

The most classical EOS used for pure fluids are given below.

1. Stiffened gas EOS:

(y — Dpe
P=-— b 7Poo (7)
where y, P, and b are constant parameters. When P,, =0, we recover the ideal covolume
gas EOS. In such a case, y is the specific heat ratio: y=Cp/Cy.
When the covolume »=0, we get the conventional stiffened gas EOS as in
Reference [23].
2. Mie Griineisen EOS:

P=(y(p) — 1)pe — y(p)Px(p) (®)

When y(p) is constant, we can recover the Jones—Wilkins—Lee (JWL) and Cochran—Chan
EOS. This generalization of the previous equations of state is used for solids, liquids
as well as gases at very high pressure. The main difficulty consists in determining the
functions of p, namely y(p) and P..(p).

These EOS need convexity requirements to get accurate solutions and to ensure that the speed
of sound is real [23,24].

In the context of the multiphase model (1), each phase obeys its own EOS, therefore,
a mixture EOS like the Van der Waals EOS is useless.

2.2. Properties of the system
We may rewrite system (1) in terms of primitive variables

W:(Wi)jil,-.-,N with Wj:(ocj,pj,uj,Pj)jT for ]:1,,N
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by
ow

ow
¥T3 +&i(W)EfO

where .o/(W) is the block diagonal matrix
oA (W)= Diag(A(W;);=1,..n)
where each 4 x 4 block matrix A(W;) is defined by
Vi 0 o0 0

Py =vy wpop 0
%

AW;)= P, — P
%ipj / !
pjcjz‘l 2
= =Vr) 0 pic;
%
and
P]' @ej P] 6@1
P Opil, P 0P,
Cz =—r . 02'1 - ’ (9)
L) g Oej
oP; oP;

pj pj
represent, respectively, the jth phase speed of sound and the jth phase interfacial speed of
sound.

We may easily show that the matrix .«/(#) admits 3N + 1 real eigenvalues /; and A} for

m=4,—0and j=1,...,N

;uj'» = uj +Cj
}v]:V[ and /"Lj_:M]*C] (10)
4 =u

3. NUMERICAL SOLUTION

The numerical solution of system (1) requires a transport solver T and two relaxation pro-
cedures: PR, for the pressure relaxation, and VR, for the velocity relaxation, used to the
solution of the source terms.

The numerical solution may be written by the following splitting scheme, where %" =
[( Uy )j=1,.. ~]T stands for the 4N x 1 row block vector of the conservative variables for each

phase at time #, and #"*' for the corresponding updated vector at time ¢,,; =1, + At

w =PR(U)VRU)T(U YU (11)
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6 M.-H. LALLEMAND, A. CHINNAYYA AND O. LE METAYER

U; is the 4 x 1 vector of conservative variables for the jth phase
%
%ipj
U=
%jpjuj

ap,E;

We first recall the definition of the numerical transport solver as given in Reference [7].

3.1. Transport solver

The transport part of system (1), for the jth phase (j=1,...,N), reads as

0 6 6cxj
5 Uit 3 U =HU) 7> (12)
where
0 _y,
%P 0
F(U;)= . . H(U)=
o (pjuj + Fj) Py
o(p;Ej + Pj)u; PV

Let us drop the j index for each phase and denote now by UF the cell average value of the
4 x 1 block vector of conservative variables for a given phase, in a given cell indexed by i and
at time #, (k=n,n+ l,n+ %); then, the transport solver is composed of a quasi-conservative
scheme which reads as (second-order extension of the HLL solver, see Reference [7], p. 443
and replace ® by F')

(]inJrl —_ l]in . /1(@:::1//22 B q>:lirll//§) + A[H(l]in+l/2)A

where
e .=At/Ax, is the CFL number (At is the time step and Ax is the mesh size),

e the numerical fluxes

nt1/2 n+1/2 n+1/2
q)i:tl/2 = Uiil/z,J Ui:tl/2,+)

are given by the HLL approximate Riemann solver ®, and
e A is the discrete form of Ju;/0x in cell i, at time ¢,, which is also given by the HLL
solver.

For more details and a better understanding on the HLL solver, and how A is defined
accordingly, see Reference [7].
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PRESSURE RELAXATION PROCEDURES 7

3.2. Velocity relaxation solver

At each time step, once the transport solver is used, we have to apply the velocity relaxation
operator VR as given in (11). The aim is to give a correction of the different phase velocities
resulting from the transport solver by relaxing them towards an equilibrium velocity.

In many situations, and in particular for interface problems or for multiphase condensed
matter, instantaneous velocity relaxation is necessary to satisfy the first interface condition
corresponding to a normal velocity equality.

The velocity relaxation procedure consists in solving the following ODE system when
Ajy—oo for all /=1,...,N and for all j=1,...,N

0
0
an . N
ot —]; Aji(uj —up)
N
Vi ijl(uj —up)
=1

The solution of this ODE problem in the limit A; — oo is detailed in Reference [7]. Let 0 be
the index symbol for the solution obtained after the transport solution of (12) and * be the
index symbol for the solution obtained by the velocity relaxation procedure, then we get, for

all j=1,...,N (we set m;défoc?p?, for all /=1,...,N)

* 0
% =09
* 0
P =Pp;

0 4 0 il
u}‘ =Vr=V = <Z m,u,)/ <Z m;)
=1 =1

0 1 02
ej =e; +;(V —uy)

3.3. Pressure relaxation solver

Once the transport solver has been used with possibly the correction brought by the velocity
relaxation solver, we end with the pressure relaxation solver PR as given in (11).

As a matter of fact, the transport solver by itself does not guarantee that, with or without
the velocity correction, the resulting pressures of the different phases are equal and equal to
the relaxed interfacial pressure.

The pressure relaxation tends to erase the pressure differences between phases. In most
physical situations, the time scale for the pressure relaxation is very small and even negli-
gible compared to other physical relaxation processes such as the velocity drag and thermal
relaxation processes.

When dealing with compressible material mixtures, there are situations for which pressure
equilibrium is reached so fast that the knowledge of the thermodynamic path of each phase

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:1-56



8 M.-H. LALLEMAND, A. CHINNAYYA AND O. LE METAYER

in concern is useless. Examples are strong shock propagation in solid alloys, detonation in
condensed explosives, etc. (see Reference [9]).

Also, as mentioned previously regarding velocity relaxation, when instantaneous velocity re-
laxation is required (as for interface problems or multiphase condensed matter), instantaneous
pressure relaxation is also necessary.

A way to satisfy this condition is to relax instantaneously the pressures between phases
towards equilibrium.

There is another reason for which the relaxation procedure is important. There are a lot of
situations in which the pressure differences between phases are negligible: almost all situations
with liquid and gas mixtures at low velocity. The sound speed in the liquid phase being much
greater than the convection velocity, most models assume pressure equilibrium between phases.
When such an assumption is made, numerical instabilities occur. Such instabilities are related
to a loss of hyperbolicity.

Our strategy is to consider each material as a compressible fluid to let the waves evolve
during the transport solution, and then to make the pressures relax towards an equilibrium
state. With such a strategy, numerical instabilities are removed and hyperbolicity is guaranteed
(10). The aim of this paper is to study the importance of this relaxation step, to improve its
accuracy and computational efficiency and try not to be restrictive with respect to both the
EOS and two-phase flows.

The instantaneous pressure relaxation procedure consists in solving the following ODE
system in the limit pj; — oo, for all /=1,...,N and j=1,...,N:

N
121 i (P; — Pr)

| 0
/. for j=1,...,N (13)
ot 0

N
=Py wi (P — Pr)
=1

Each p;; variable represents an homogenization parameter controlling the rate at which pres-
sures tend towards equilibrium. Its physical meaning has been justified with considerations
based on the second law of thermodynamics by Baer and Nunziato [3].

In the general case, these parameters are very complicated functions of all flow variables
and micro-structure of the mixture. Since pressure equilibrium is always assumed to happen
instantaneously, knowledge of these functions is useless.

Note that during this process, from (13), both partial density m; &f o;p; and velocity u;
remain constant, for all j=1,...,N. Using the first equation of system (13) and replacing
it in the last equation lead to the following single energy equation to be solved for the jth
phase

0 0o .

E(m_,-E,)—l—P,#zO for all j=1,...,N (14)
If we denote by Af the time step defined by one iteration of the transport solver (included the
solution of the source terms), by 7, the initialization time of the pressure relaxation process

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:1-56



PRESSURE RELAXATION PROCEDURES 9

and by 7. the final time of this process, i.e. the pressure equilibrium final time, for which
T, — Ty < At
and if we integrate Equation (14) in [Ty, 7], we get, for j=1,...,N
T O,
* 0 J —
Using the following change of variables do.=(0o;/0¢)dt, the equation above rewrites as

mj(E_;.uE;?)jL/o'f Pyda=0 forall j=1,...,N

%

Using (3) and the fact that u; is constant during the pressure relaxation process, the expression
above is in turn equivalent to

mj(e;-*—e}))—i—/j P;da=0 forall j=1,...,N (15)
A ’
This system is supplemented by the saturation constraint

N

> oy =1

=

The zero index corresponds to the values taken at time ¢ =T, and the * index stands for the
values taken at the final relaxation time ¢ =T,.

4. INSTANTANEOUS PRESSURE RELAXATION PROCEDURES

Before showing the way we solve system (15), let us first give some remarks and general
properties we may derive from this system.

4.1. Properties of system (15)

We recall that m; =a;p; and u; remain constant during the pressure relaxation process, for all
j=1,...,N. Let us assume that each j-phase has an EOS that may be written by e; =e;(p;, P;),
where e; is continuously differentiable with respect to p;, P; and also v;=1/p;. It is also
assumed that each EOS fulfills the convexity requirement. Then, Equation (15) may be rewrit-
ten, for each j=1,...,N, by the differential form

mjdej:—P[dotj (16)

As a matter of fact, since each variable does not depend on the space variable x anymore but
is supposed to be constant on each cell, the equations above have to be understood as local
equations considered on a given cell.

Since

doy=—m;— =m;dv,

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:1-56
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we may write

de]:——d ﬁ’ dp; = —P;dv, (17)

J
Note that these relations look like the first law of thermodynamics applied to each phase for
adiabatic transformations. The saturation constraint may be read as

Z — = Z mv; =1
=1 P; =1
Differentiating the j-phase EOS with respect to p; and P; leads to
Oe; Oe;
de;= —L| dp;+ 22| dP;
J apj B J an ” J
m; Oe; Je;
- === do;+ dp;
% dpyl, AP,
dej| dv;  Ode;
=- - P; 1
T R (18)

From (17), (18) and definition of the interfacial speed of sound (9), we can deduce that

m; dv;
dP;=— ) j,docj_ jldpj—c vzj (19)
J J

Contrary to the velocity relaxation procedure where the definition of the equilibrium velocity
is known, the form of the equilibrium pressure cannot be easily defined. As a matter of fact, it
depends on the different EOS of all phases but also on the modellization we take for defining
the interface pressure P;.

In all the procedures presented in this paper, we will say that a procedure is conservative
(with respect to the total global energy) if

N
> mje;=0
j=1

Hereafter, we propose two ways to model that interface pressure P; during the instantaneous
pressure relaxation procedure. Either P; is assumed to vary during the process, or P; is
assumed to be the final relaxed pressure, i.e. to be the constant external pressure acting on
the multiphase medium.

So first, we present procedures based on the first assumption, then we define procedures
based on the second assumption.

4.2. Assumption of a varying Py

In this subsection, the interface pressure P; is assumed to vary during the relaxation process.
The explicit definition of P; is not used except in the last procedure where we follow for-
mulation (5). The procedures presented herein are classified from the most restricted to the

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:1-56



PRESSURE RELAXATION PROCEDURES 11

most general. By most restricted, we mean procedures usable only for two-phase flows and
specific EOS (stiffened gas EOS namely); by most general, we mean procedures that can be
used for N >2 phases and general EOS.

4.2.1. Procedure 1: stiffened gas EOS and N =2. Definition of this procedure has ‘historical’
reasons. As a matter of fact, we recall that originally, we had only two iterative procedures
restricted to two-phase flows [7]. The major drawbacks of these existing iterative procedures
(that will be recalled hereafter), were the arbitrary initial guess for the volume fraction varia-
tion and the lack of control concerning both the convergence and convergence rate. Although
restricted for two phase flows, the present procedure comes from a deeper insight of how to
define an iterative process to reach the equilibrium state for the pressures, therefore, these
criteria may be used in a more general context and, in particular, may help in finding a good
initial guess for the volume fraction variation to start with.

The procedure presented here below is based on a quadrature approximation of the pressure
integral (and is, in some sense, a particular case of the procedure 6 for the stiffened gas EOS,
as we shall see later on). We first start by showing how we may define this process.

We recall that we initially want to solve the system given by (14). If we integrate these
equations in the time interval for two successive iterates [T}, T;.1], we get, for j=1,...,N

k+1

o

f+1 _ !
mjle; *ej]—*/ Py do;

%j

where the index k is omitted for clarity. Therefore, if we choose the trapezoidal approximation

: k+1
of the pressure integral on [a;, o;

k+1

% P] +Pk+l
Pydo; ~ %Aaﬁ“ (20)
%
with
Adft E ot — oy
we get
P+ P!
myleft! — j]:_%mﬁ' (21)

Since, from the stiffened gas EOS, we have, for m=kk + 1

P,(-m) +7iPio oc_ﬁv'”)(P,(-"” + 7P o0)

SRR mi(; = 1)
we may rewrite (21) by
=1
P =Py | (P PEY) P | Aok (22)

2

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:1-56



12 M.-H. LALLEMAND, A. CHINNAYYA AND O. LE METAYER

By summing the equations above for j=1,...,N, and following formulation (5) for P}‘“, we
finally get

¥ /1 Je+1 .
Pt = 2 £ P - b ‘y’P’“M : (23)
1+ZN Vj 1 k+l 1+ZN // A k+1
Remark 4.1
Equation (22) may be rewritten by
1
PiTt = Pj=—— P’ (P + PfHh) + PI! +y,,~P,<,oo} Ao (24)
J

from which we deduce that the variation (Pj"‘“rl — P;) and Aaj?“ have opposite signs, and

Pj/f-H —P] B i |:
Adfth

1+1)+Pf+l+Vij,oo] <0

which is in agreement with (in the particular case of the stiffened gas EOS concerning the
second equality)

%:_mi_zicjg[:_yjfl <P1+Pf+V./Pi,oo>
Qo op ” j 7 =1

and relation (24) is equivalent to

i =P -1

Pk+1 + ,yij o
=1

AdT @ (P + Pty + -
' '

i.e. this means that we apply the backward Euler scheme on the partial derivative 0P;/0u;,
a simple average on P; and we implicit P;.

Remark 4.2
We might then define other iterative process from the following initial formulation:
oc/?H aP ak+l ) 2
// —]docj:—mj// (c]’l> dOCj
% o o %;
by writing
O(I;+I aP c(‘];+l
/ a—’doc,z/ dP; =P/t — P,
o j o;
and

5 e\ m;c?
y €Lt
—mj/ =) doy ~ — J Aokt
j
o % OCj k+1
[0, ]

where the term with the brackets in the right-hand side is some average of the term inside
the brackets in the interval [o;, o "'].

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:1-56



PRESSURE RELAXATION PROCEDURES 13

In the particular case of the stiffened gas EOS, we get a large choice of averagings since

L‘fle_l 1P+ P: +v.P;
2 [(yj ) 1+ ]+/j ],oo]
OCj OCj

i.e. we may apply averagings either separately or globally on the variables «;, P; and P;.

From (23), we end up with the following expression for Pj’f“, for j=1,....,.N

=1 2P = S P A

m— 1
2 IJrZ],ZZIy 3 Aokl
i.e. if we know how to get an admissible value for the cxf“’s, we may derive values of

the interfacial pressure P!, from which we may deduce the values of the ef“’s following

(21). We may easily derive the density values p**' =m;/ok™!

k+1 pk+1 __

' +V1P],oo AOC/F-H

J

' " and therefore the pressures Pj’f“
either from its direct previous expression or from the stiffened gas EOS. If the pressures are
equal in the sense of some criterion, the process stops, pressures are all relaxed, otherwise,
we restart the iteration starting with as initial values those obtained by the previous iteration.
There is no obvious way of getting criteria for defining admissible values for Aa;, but we are
going to give what should be these criteria in the particular case of two-phase flows (N =2),
which will define the procedure 1.

So let us suppose now we have two phases j =1 corresponding to the gas phase (g-index)
and j =2 corresponding to the liquid phase (/-index). Suppose also that we have

V1>7g Proo > Py oo (25)
Since Ao; =—Aa,, we have
Y= Lo kit Vig Akt
At =S AT
mg,z 2 2 Y

def . .
where 7y, =y — v4>0. The interfacial pressure reads

Vg A k41
k1l I+ 2 Aag Vlg,ovo‘zH
= Vig k+1P1 + Vig a k+1 (26)

where V5 oo défy,Pl,oo —V¢Pg,00 >0. The pressures Pj‘“, for j=g, [, have the following expres-
sion:

Vi — 1 2P[ + Vlg,ooAOCz+l
2 1— %A(x’;“

o I =Py — + 9P o0 | At 27)

7

The criteria defining the right value of of*' may be summarized as follows:
1. Admissible value of Aof™!

okt e0,1]

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:1-56



14 M.-H. LALLEMAND, A. CHINNAYYA AND O. LE METAYER

2. Positivity of the interfacial pressure
P >0
3. Convergence of the procedure
Pyt — P <[Py — Py
The first item is equivalent to
Aoftl e gt |

The positivity of the interfacial pressure is achieved if o' e 7/ ={x e 7k, fi(x)>0},
where x= Ao} and

Vg
+ 5
def Vg, 00X
P = fi(0) & ———Pi 4 25
1— %x 1— %x

Since sign( f7(x))=sign([1 — %x]Q,(x)), where O;(x)=a o+ a;1x, with
aro="F;

arp| = %PI + Vig, 00

the corresponding domain 9}‘“ is therefore

. . 2
2! = | —min(a, —x7), min (oc;, /) {
q lg

where x; = —a?/a} <0.

At this stage, the domain in which cxéj* ! has an admissible value (i.e. fulfilling items 1 and
2 given above) is therefore defined by !

It remains now to fulfill the item 3 (convergence). It is easy to show that (x stands for

Aokt APKH = pitl — pitl and AP=P, - P)),

AP = AP — x4 (x) (28)
where
1
A= Y 4 (%)
me{g,1} %m +x£€n+l
k+1 o Ym — 1 Vlg,oo
Am (X)_l_yﬁx<PI+ 2 x>+Pm+'})um,oo
2

e+l A k]
and x% = Agit
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PRESSURE RELAXATION PROCEDURES 15

Since sign(x)=sign(AP), there exists u>0 such that x = uAP. Therefore, from (28), we
may write

1 (1 X k1
AP _(1 S (x)) AP
So, convergence is achieved if we can find x € /™' such that
‘1 - Ak“(x)‘ <1

Suppose we want to bound the convergence rate of the process, i.e. that we are given some
parameter f3, €10, 1[, such that

‘1 - &Ak“(x)‘ <1-f

then, after some calculations, we can show that this is equivalent to search x € QZII‘“ such that
both following inequalities hold:

0s(x) % g + qux + o + ¢3x° <0
(29)

R3(x) & ro + rx 4+ mx? + x>0

where the coefficients of Q5 and R; are respectively defined by

g0 = Poao ro=(2 = fo)ao

= Poa; — bo/ AP - rr =2 — Bo)a, — bo/ AP
g2 = foaz — bi/AP r2=(2— fo)az — bi/AP
qs = Poaz — by/ AP r3 =2 — Bo)as — by/ AP

and the coefficients a,, (m=0,...,3) are given by

ap = tyoy

a, = (OC] — O(g) — =

a) = — (1 + yzﬁ(ou — ocg))

a3:%

and the coefficients b,, (m=0,...,2) by
bo=0yy(Pr + Py oo) + ogyi(Pr + Pr oo ) + (07 — 00y ) AP

by =—

Pr—yiPr) —

(Pr =4 goo)‘f'[l"‘ylg(“l—“g)} AP}
_ Yy
b =5 AP
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16 M.-H. LALLEMAND, A. CHINNAYYA AND O. LE METAYER

After some more manipulations, the coefficients of both Q; and R; may be written as

qo = o400

e 1
q=— {(061 —ag)(1 = Bo) + %CIO + E[“l?g(PI + Py o) + oy i(Pr +Pl,oo)]:|

42—(1—ﬁ0)<1+21J(0€1—0<g))+A13{g2 (Pr = 1iProc) = 15 (P,—ngg,oo>}

1 Vg
g =—(1 /30)*2
and

ro = 069061(2 — po)

) 1
rp=— {(061 —og)(fo—1)+ %ro + E[O‘lyg(PI + Py o) + oy i(Pr +Pz,oo)]]

Y I (y,+1 v+ 1
rz—<ﬂo—1>(1+;<az—ag))+AP{ (P = iPLo) = T (Pl—ngg,oo)}

Vig
= (1=
r3=( Bo) >
We may finally define the whole process. For each cell in the interior computational domain
for which AP®+#0, we first pre-initialize the volume fraction variation denoted by x°
[0] Pre-initialization

x° =g sign(AP®) min(af, o)

where €9€10,1[ is a given parameter. Starting with iteration k=0 we proceed as
follows:

[1] Computation of the coefficients g;, r;, for j=1,...,3 and x; from all variables known
at iteration k. ot
[2] Initialization of x/+!'= Agk*!

. 2 .
min (oc’,‘, —, |xk|) if AP*>0
xk+1 =g X Vig

—min(o, —xf, [x*]) if APF<0

if 7, #7,. Otherwise, if y, =7, and when AP¥>0, just remove the term 2/y,, instead
(2§ reduces to ] — min(oy, —x¥), o).

[3] Evaluate Q3(x**!) and R3(x**') and perform the test given by (29). If the test does not
hold true, modify x**! by setting

xk+l « xk+1/2
and return to step [3], otherwise define
o — oc’; 4 k!

9
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PRESSURE RELAXATION PROCEDURES 17

and compute the pressure P"+1 for j=1,9,! using the expressions, respectively, given
by (26) and (27). Then test if |AP*!|<ep, where ep is a positive arbitrarily small
parameter. If the test does not hold, perform a new iteration k£ < k£ + 1 and start from
step [1], otherwise, compute ef“ from relation (21), pf*' =m;/uf*" and correct the
conservative variables o;,a;p,E;, for j=g,!.

[4] Inspect a new cell if any, and start from step [0].

This ends the definition of procedure 1 that fully controls the variation of the different quan-
tities leading to the approximated equilibrium state when the pressure variation AP**! is
sufficiently small. Note that this process is conservative with respect with the energy and is,
by definition, convergent (with a convergence rate bounded above by (1—fy)). Also, as given
above, this procedure depends on the stiffened gas EOS, but it can easily be extended to other
EOS as far as we may express the energy as a direct function of the pressure and density.

Remark 4.3

The main interest of this procedure lies in the way we define the interval of admissible good
starting guess values of the volume fraction variation. Independently to the EOS, we know
at this point that we necessarily should start at least in ]0, o[, if the initial pressure variation
P, — P; is positive, and in ] — oy, O[, otherwise. Final bounds of the intervals that guarantee
both decreasing pressure variations and positiveness of the pressures depend on the EOS of
each phase. Therefore, a simple dichotomy algorithm may be defined by splitting the initial
interval into four equally length intervals and by testing each bound to check which one
ensures both positiveness of the updated pressures and decreasing of the absolute value of
the pressure variation. Next step will reduce the new test interval of admissible values for
the volume fraction variation, the bounds of which are some of the previous interior points
of the original interval. The process stops when the interval length or the updated pressure
variation are sufficiently small.

4.2.2. Procedure 2: stiffened gas EOS and N =2, an exact procedure. We now describe
a procedure that is also related to the stiffened gas EOS as in Procedure 1 and devoted to
two-phase flows. In the particular case N =2 where both phases obey a stiffened gas EOS,
we have, by differentiation and using the definition (5) of P;

dpP = [(Vl - Vg)PI =+ VIPI,oo - Vng,oo] do‘g

Here, we suppose y;>7,, Pj o > Py . Integrating this relation leads to, when y; # v,

1
Pr=—[Y15,00 + (1gP? + V15,00 )9(Acty)] (30)

Yig

def def
where y;g = y, — Vg» Vig.oo = ViProo — VgPy00s Aoty = 0ty — O( and

ef
g(Aoy) e exp(yiyAay)
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18 M.-H. LALLEMAND, A. CHINNAYYA AND O. LE METAYER

i.e. we have an exact analytic expression for P;. Integrating now the relations m; de; = —P; du;
for j=g,/ and writing do; = 9, doy, with

1 if j=g
5= (31)
-1 if j=1
lead to
mj(e] —€j) = 7’ {wg s Ay + (P1 + y’y"lw) ( g(AaZD}
g

The stiffened gas EOS gives

* 1 * * *
mj(e; — e;’): ﬁ[(ijj — oc;’PjO + 5jyij,ovocg]
j

Equalizing the two relations above lead to the following expression for P} (j=g,/):

lg lg

1 —1 1 g, 00
P;‘ = OTJ* |:O(;-)PJQ + 5]((7)_1? )yly,oo yj Js oo)A +9; (’V}y )(PIO + y;] ) (1 - (Aqu)):|

Since P; =P}, we finally end up with the following nonlinear equation for Ao (we drop the
index O for clarity)

oyt AP + [(oucy + oger) — Pr]Aog + [ou(yy — 1) + oy (71 — 1) + pigAoy Je(Aog ) =0
where

7—1
Vig

¢j= Vig,oo = VP00

c(Aoc;):yil (P,+ ”j°°>(1 —g(Ax}))
g

lg

AP=P,— P,

The equation above may be numerically solved by a Newton type algorithm. Note that with
the classical Newton method, we end up with the following solution in one step:

Adt = AP (32)

oy — o
a, +a; — g

AP

0oy
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PRESSURE RELAXATION PROCEDURES 19

where ajdéf(mjcﬁj)/af, if this value of Ao is admissible (i.e. o €[0,1]). Otherwise, the
procedure becomes iterative with as the initial guess

) APF .
min y— , By, o if AP¥>0
of — o
ak + af — lockock ¢ APk
1%
Agft! =
) —AP* .
— min T 7 ,Cp, oc’g‘ if AP¥<0
of — o
ak + af — lk k“’APk
oy Oty
where
1 ok pk
B,=——1log |1+ g 9
I Yi— Vg g (Vg_l) (Pk (VlPl,oo_Vng,OO)>
(i —79) U7 (71— 79)
and
o} Pf

C

(= DPF 9P

The special case y, =7y,
When v, =7;=7, the expression of dP; reduces to
AP =y(Ppec — Py,o0) day
therefore the exact expression of P; becomes
P} =P 4+ 9(P,0c — Py0c)D0t]
Proceeding similarly to the case y, # y, leads to the following expression for P, j=g,I:

* 1 * *
P =2 | = 0,0 = DAy (P, + 7yz Proe %(Pz,oc Pg,oo)AOCg)]
]

Using the equilibrium condition P; =P} gives the following second-order equation:
co + clAa;‘ + cz(Aa;‘ =0
where the coefficients are defined by
co = —0tyou AP
cr =[P + Pyoc) + 0g(Py + Proc )] >0

6=10+D

5 (Pl,oofpg,oo)>0
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20 M.-H. LALLEMAND, A. CHINNAYYA AND O. LE METAYER

If AP>0, the roots have opposite signs, therefore, we should retain the positive root; if
AP <0, the roots have the same sign that should necessarily be negative, therefore, we should
retain the root that fulfills the admissibility criteria (positivity of the pressures and resulting
volume fraction in ]0, 1]).

4.2.3. Procedure 3. stiffened gas EOS and N > 2. In the present procedure, we also assume
that each phase is governed by a conventional stiffened gas EOS, but, compared to the previous
procedures it can be generalized to an arbitrary number N >2 of phases. Moreover, it is a
quasi-direct process and, in the particular case when N =2, this procedure reduces to a direct
relaxation procedure. It also uses the trapezoidal approximation of the pressure integral as in
Procedure 1 and we will indeed see that Procedure 3 is a particular case of Procedure 1 when
N=2and fy=1.

We recall that the stiffened gas EOS is a good approximation of the behaviour of most
pure liquids and that its analytical formulation contains those of ideal gases.

For the present procedure, we therefore use the trapezoidal rule approximation (20), replac-
ing indexes k and k£ + 1 by 0 and =, respectively,

/aQ Prdoj ~ L 3 LA« with Aof =af —of

From (17), we get

mj(e; —e))=—- 3 LAy

Using the stiffened gas EOS
_ % P+ 9P
G (=1
mj (7, —1)
lead to
P+ P
2

Since P; =P} for all j=1,...,N, we get the following expression for P; (provided a;d; —
bic;j#0 for all j=1,...,N):

[P} + 7Pl — 4 [Pf +7Picc] = (77 — 1)

Ao (33)

. a]-Aot;‘ + b/

e R 34
7 iAoy +d; (34)
where
a; = — yj_leo+"/~P-oo b, =o0P?
J ) i, > by L )
+ 1
Cj:yj;_ . dj:OC?

Since all the pressures P/ must be equal, we may write, in particular, that

Pi=P;, Vj=2,...,N
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from which we deduce that

Aa}f:ﬁ(AaT):m, Vj=2,...,N
where
aij=ad; — bjc; = —d; {%2 IPJO - ;L 1P.10+V1P1’°°]
biy=bid; — bidy = oal(P — P))
ciy=ae —ae; =" ;yjpfo + y,; IVIPI"’O B %ilijm
dij=a;d; — bic; = 0o [ij— 1P?+ “/,-2+ IPI()+VJP7»°°}

But the o} also verify the saturation constraint (2), therefore

Aat=0

J

M=

1

~.
I

and we may write
N
* *
Aoy =—3 Ag;
Jj=2

1.€.
Ao = f(Aay)

where
N
S(x)=- ZZ Si(x)
=

This in turn is equivalent to solve the following nonlinear equation:

g(x)=0

with g(x)=x — f(x) which can be solved by a Newton type algorithm or a fixed point
algorithm x = f(x) since |f(x)|<1.

If the equation can be solved exactly, the procedure guarantees the conservation of the
energy. Otherwise, it is approximately guaranteed with an error proportional to the error
introduced in either the Newton type algorithm or the fixed point algorithm.

The particular case when N =2

When N =2, e.g. for two gas (index g) and liquid (index /) phases, equalizing the pressures
(34) for j=g,! lead to the following second-order polynomial equation:

AGAP® — A Ao — Ax(Aer > =0 (36)
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22 M.-H. LALLEMAND, A. CHINNAYYA AND O. LE METAYER

where

_ 0,0
Ao = a0

+ (P} + Proc) + (1 — (P + Proc
zAleo{(W L Pr) = DXFD+ i)
!

(37)

L G+ D)+ Pyoe) + (g = DY +Pg,oo)}
o0
g

245 =71(P} = 14Py.00) — 79(P} = 71P1.oo) + (11P1oo — VgPy.00)
with AP’ =P) — P). Since P} =P} for all j=g,/, (33) can be rewritten as

v —1
2

Vi

@?(P?Pj)=[ (P + Proo) + 25 (P,-+p,-,m)}m_,

we deduce that

(vg — 1)(P10+Py,oo)+(7g+ D(P; + Py 0)

2AP° = 5
aél

L Q= DI+ Proo) + (G + D + Proo)
o

«
Aocg

and therefore
sign(Aoy )= sign(AP?)T

On the other hand, under the assumption that y,>7,, (which is true when the first phase
is a gas and the second phase is a liquid), we have A, >0, therefore, the root product of
Equation (36) has the same sign as —AP°. We conclude that the solution A} is defined as
follows

e if APY>0, the two roots are of opposite signs and we therefore retain the positive root;
e if APY<0, the two roots have the same sign and they are necessarily negative; we must
retain the root Ao that satisfies

oc;‘:ocg + Aoy €[0,1]

which ends the direct pressure relaxation process for N =2 phases, which is conservative
with respect to the energy since the equation is solved exactly.

2 2

mgCyp  MCy
2 2
% %

9This is in accordance with the fact that d(P; — P;) = — < > day and do; = —day.
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Remark 4.4

Note that for the implementation, we should normalize the equation (dividing it by A,) and
use the fact that the resulting new constant coefficient 4)*™ =Ay/A4, is the root product. We
can therefore use it as a test to get the acceptable root and also to compute them, by first
using the usual formula (using the determinant), to get the root having the largest value, then
deriving the second one by dividing A{" by the just computed root. As a matter of fact, if
we do not proceed as it, we would get a null value for the admissible root, due to rounding
computational errors.

Remark 4.5
This is a particular case of Procedure 1 when fjp=1. As a matter of fact, in Procedure 1,
solving AP =0 is equivalent to state

O:(x)=R3(x)=0

and we recover the second-order equation stated in Procedure 3 when N =2, since

qo =ro=Ao/AP
q1=r =A41/AP
g2 =12 =A2/AP
g3=r3=0

4.2.4. Procedure 4. general EOS and N =2. This procedure was initially proposed in
Reference [7]. We recall it in this paragraph and will examine its accuracy and robustness in
the results section. The present procedure is valid for only two phases but no assumption is a
priori made concerning the EOS. As in the previous procedure, it is based on the trapezoidal
approximation (20) and may be considered, in some sense, as a variant and iterative version
of the direct algorithm deduced from Procedure 3 when N =2 and with stiffened gas EOS.

We suppose that the approximate equilibrium state is reached as soon as either the relative
pressure variation between phases

OP* & AP4IP)(= (P} — P{)/P}) (38)
or the relative interfacial pressure variation between two iterations

Pl py
5 Pk+l d;f( 1 1 39
is sufficiently small.

At the very first iteration, we start with the following initialization:

1H_ .0 (1) _ po
oc;)—ocg, P =P

Aaﬁll) =& min(cxg, 06(1)), OP% = C;
where g (resp. Cs) is a non negative parameter arbitrarily small (resp. large).
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For a given iteration k, (k > 1), we first compute the internal energies for each phase j,
J=9,1
i o PP

k

el =¢’ Aot

J =% ] J
2m;

and also the corresponding densities p} = mj/ocf, from which we may deduce the pressures PJ’-‘
using the EOS related to each j-phase. Let us denote the pressure variation product between
two successive iteration by

nt, & 5pkgpt=D
and do the following tests:
1. If the absolute value of either (38) or (39) is sufficiently small, then pressures are relaxed

and we update the conservative variables, before inspecting the next cell if any

k
g

Oy =0
(mjE;)=m(ef + qu7) for j=g,1
2. Otherwise, none of the previous tests done on the relative pressure variations (38) and

(39) is satisfied and we proceed as follows:

(a) if the first test (38) is not satisfied (the relative pressure variation is supposed to
be not negligible), and if the variation product n’;P is negative (the relative pressure
variation SP* has the opposite sign of the (k — 1)-iterate), then we go to the next
iteration after setting

k1l _ k
Aoty ™ = —Aoy /2

K+l ok k+1
o, =0y + Aocg

(b) if the first test related to (38) is not satisfied but if the product 7%, is positive then
o cither |0P¥| < |[6P%*~1D)|, and in this case we go to the next iteration by first setting

k+1 __ k k+1 __ Jk k+1
Aoy ™ = Aoy, o, =0y + Aoy

|6PF| > |6P*=D)|
and in this case, we also go to the next iteration but now with the following setting

K+l Ak K+l k k41
Aoy = Aocg, %, —fxg—l—Afxg

(c) If the first test related to (38) is satisfied but if the second test related to (39) is
not, then we go to the next iteration with the following setting

k41 A0 K+l ok
Aocg —Aocg, a, =0y

In the present procedure, we do not control the monotonicity of the pressure variation at each
iteration, but it is again valid for real material EOS and is also conservative. Its generalization
for N materials N >2 is not straightforward.
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4.2.5. Procedure 5: general EOS and N > 2. The present procedure was also originally
proposed and designed for two phases in Reference [7]. It may be used for any EOS and
we propose hereafter its generalization for an arbitrary number N >2 of phases. It is again
an iterative process in which we compute, at each iteration, the successive estimations of the
pressure work until relaxation.

Let us therefore consider the general case where N >2, but not give any assumption on
the EOS related to each phase. We recall that we want the solution of the following system:

m;(e; —e;-)):—lj?k for all j=1,...,N

where

*

%
I;(:/ao P[dOCj

J

We determine the approximate relaxed pressure P* by approximating each integral of the
right-hand side of m;(e/*" —e?) by

k+1 k+1

Ij’.‘“:/o P[docjzlf—i—/k Prdu;

until we reach the limit

Ir = lim [/
7 k—o0 /

The pressure integral Ij’-‘+1 is approximated by the following scheme:

k
~k+1 ~k
k+1 _ m m+1 __ k k+1
A WA R
m=

So, the key point is to define the quantities Aot
j=1,...,N.

In this procedure, we ask the variation Aocf“, to let the new pressures verify

= og_’/f“ — o, at each iteration k and for all

|APST [ <|APY|
for all j=1,...,N
sign(Aleﬁ1 )= sign(APJ’fl )

where APf, = Pf — Pf, and the iterative process will stop as soon as

max_|APfT! 40
_j:2,.A.,N| sl (40)
is small enough. The conditions given above signify that we want the procedure to be conver-
gent (the pressure variation should decrease) and monotone (the sign of the pressure variation
remains the same).

Initially, we know the following quantities:

0 0%, ul, e, m=1,...,N

(xm’ pm’ m>
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which correspond to the physical variables of the N phases at the beginning of the pressure
relaxation process and computed by the transport solver. The computation is done in each
internal cell in which (40) is not sufficiently small.

At the very first initialization of iteration k£ + 1, we define a variation guess Aocf“ for each
j# M, by setting

Adi ™ =gy (41)
where M € {1,...,N} is such that
= i o
we use €9 =1/N, and define
Aokt = —N]; : Oy

in order to fulfill the saturation constraint

=

ST Adktl =0

m=1

k+1>

These definitions are valid and lead to admissible values for the corresponding o""’s, where

j‘“ = a + Aa"“

Once the 1nternal energies ek“’s are computed by the numerical scheme, the densities are
given by
,o’/‘+1 *mj/ock+1 for j=1,....N

From these quantities, we can derive the corresponding pressures Pit! = Py(ef*!, pi*') using
each related EOS.

If the absolute value of the pressure variation given by (40) is sufficiently small, we update
the conservative variables as done in the previous procedures and inspect another cell if any.
Otherwise, two instances may occur for a given phase j # 1

1. AP"“AP" <0: i.e. the pressure variations are of opposite sign. In this case, we define

a new guess value for Aoj™' by setting

AO(erl new AakJrl 01d/2

and must therefore modify accordingly Aoz'f“

Aa/]c+l,new:AOCllc+l,old +Aaf+l"’ld _ Aajﬁ-l,new (42)

in order to fulfill the saturation constraint

Then, the corresponding energies et ™™, f™"" and pressures

and

. J . . .

are updated accordingly. We retest the new pressures as it was done for their previous
values and for the same iteration k£ + 1.

2. AP"*'AP" "1 = 0: ie. the pressure variations have the same sign. In this case, we first

check if the absolute value of the pressure variation is decreasing

AP <|APF)]

P{Hl,ncw Plf+l,ncw
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if this test is true, we keep on going to the next phase j. If j=N, we go to the next
iteration (k + 2), otherwise, we must redefine a new guess value for the volume fraction
o k+1 :
variation Ao by setting
k+1,new __ k+1,0ld
A = Qa2

and redefine Aot™!, as in (42). We proceed as in the first test once the integrals, pressures
and energies have been updated accordingly.

For N >2, each k iteration may be costly whenever the initial guess values of the volume
fraction variations do not guarantee a monotone decreasing pressure variation, i.e. whenever
the pressure variation reaches a local minimum.

The particular case when N =2

When N =2, this process guarantees a monotone variation of the pressure, as long as the
pressure is itself monotone, until the equilibrium state is reached.

This procedure does not use any explicit form of the EOS and so is valid for real materials,
moreover, it is obviously a conservative process with respect to the energy, and is usable for
multiphase flows with N >2.

4.2.6. Procedure 6: general EOS and N = 2. The procedure presented in this section is valid
for N > 2 and general EOS. We will see that it is a quasi-direct process, especially in the
particular case of two-phase flows and stiffened gas EOS. It is nevertheless also based on the
same approximation of the integral used in the previous section

oy P PO
Ij:/o P]ddZ%AOCj
%

which leads to the following system of N equations:

0
mj(e_,-fe_;?):fp”;ipfmj for all j=1,....N (43)

with Ao =o; — o). We suppose that each EOS may be written by e; = e;(p;, P;) and assume
that the pressures are those of the relaxed state

R}’f = P[* — p*
System (43) is supplemented by the saturation constraint
N
Z AOCj =0
=1

J=

At the end of the relaxation process, we thus have

e(pi. P)=ei(p},P}), Yj=2,...,.N
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adding N equations to system (43) and allowing us to write

. P} + P
e](p]apj)_e;):_ 12

- Aocj"f, vi=1,...,N

J

Py =P{=P*, VYj=2,...,N

N
> Ani=0
=1
which may be rewritten as
P =P/ =P/
P+ P*
ej(pt,Pr)—e? + -1 Aowr =0, Yj=1,....N
SN J 2m; / (44)

N
> Aui=0
=1

Note that at this stage, if no approximation is used for the energy in the equations above, the
solution is obviously conservative. It can also be shown that, when N =2 and with stiffened
gas type EOS used for each phase that the resulting procedure is equivalent to Procedure 3.

When we do not know a priori the form of the EOS, (44) forms a system of N+1 equations
with N + 1 unknowns which are the Ao«}’s, j=1,...,N and the final relaxed pressure P*.
This system may be rewritten by

fi(Aor,P*)=0, j=1,...,N+1

where
P)+P

£i(Aw, PY=e)(p),P) — &+ ’2; Aw, j=1,...N

’ (45)
Inei(Aw, Py= 32 Aoy,
m=1,N

and Ao;=o; —of. We are thus seeking to find X € RV x R™*, such that

F(X) =0y (46)

where Oy, is the null N 4 I-row vector of RV and
X =((Awy)j1, v, P) € RV

s

The nonlinear equation (46) may be solved by a Newton type algorithm. If X* is its solution,
then we may write

F(X*)=F(X° + AX*) ~ F(X°) + DF(X°)AX*
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with
X = (0y,P))"
X* = ((Ax))j—t,..vs P!
AX* =X =X = (A% )jmr,.n, P = PP
if X=(x;)j=1,..~+1 and if 0f;/x; stands for 0f;/x;(x;,xy41) for j=1,...,N, then

éfl 6f1
w0 Y
0 % . af2
0x> ' OXn 41
DF(X)= 0
Ofn Ofn
0 o 0 M axN-H
1 1 1 0
and for j=1,...,N
ij 6fj mj Gej P[0—|—P
_ Y L P)+
ox; — d(Aw)) ol Op; P('oj ) 2m;

of, _of_ %
6XN+1_6P aPp

Ao
(pjap) + T]
j J

We can notice that DF has the following structure:

D b
DF(X):(T 0)
C

where D is a N x N diagonal matrix with diagonal entries d;, j=1,...,N

P+ P
(j’ )+ 2m;

b is a N-row vector of R, where each component bj, j=1,...,N is defined by

de; Ao

P —a
‘(pjﬁ )+2m

b= -2
/= op|, ;

and ¢! is a N-column constant vector of RV, where each component is equal to 1
c'=(1,...,»)f

For X =XO, we have

e

29

(47)

(48)

(49)
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where
£1(0,P))= ej(p;),P,O) — e;’ for j=1,...,N
Svn(0,P))=0
and therefore

Dy by
DF(XO):<cT 0)

where, for j=1,...,N the diagonal entries of D, and the vector components of b, are,
respectively, defined as

m; Oe; P
dio=— J 7] pO,PO)‘FiIa forj:l’,“,N
PR Ayl
Oe;
bio==5| ()P

Pj

The first iteration of the standard Newton method reads as
DF(X°)AX* = —F(X°)
i.e. by denoting Ao* = (Aw)l,
DoAa* + (P* — P )by = (¢ — ej(p.?ap;)));'r:l,.“,N

N
> Aoy =0
=1

i.e.
dj oAt + by o(PF — PY) =" — e(p% PP), for j=1,....N

(50)
Aot =0

7

s

Jj=1

From the first relations of (50) we can deduce the expression of the relaxed pressure for each

j-phase

! [e?—ej(p?,P,O)—dj’voc;‘] for all j=1,...,N (51)

pr=p°4+
J 1+bj50

We may write in particular
Pi=pP;, Vj=2,...,N
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and equalizing the corresponding expressions leads us to the following expression for Aa7,
for all j=2,...,N:

1 b;
Ao =—— |e] — e,(p}.P}) = 22 — eal(pl, PP) — d1oAot}) (52)
J dj,O J J bio ;
and, from the last equation of (50), we get
N
Aoy =->" Ao;
j=2

Using the expression of Aa? in (52) leads us to the following definition of Aaj:

1 bjo
ijzza e;) - e,(,O?,P? - ﬁ(e(l) - el(p(l)aplo))

“ s diobro (53)

7=d,;0b1g

If of =a) + Ao} €]10,1[ and if P} >0, the definition of Acx; is admissible and we may
compute of and P; for all j=2,...,N; otherwise, we may modify the value of Aoy as it is
done in Procedure 2.

If max;4 |P; —Py| is small enough, we may stop the procedure and update the conservative
variables o;, m;E; for j=1,...,N; otherwise, we restart the procedure with as initial variables
o), e} and P the variables we have defined as «7, ef and P;.

Note that this procedure is a priori not conservative with respect to the energy anymore
since we have used an approximation for the energy e;(p;,P*).

Note though that the procedure is valid for real materials and is almost a direct procedure,

provided (52) and (53) define admissible values.
The particular case when N =2

As in the particular case of Procedure 1, when using stiffened gas EOS for both phases, we
now end up with a quasi-direct process. As a matter of fact, when equalizing the pressures P;

and P; (derived from relation (51)), we get the following expression for the volume fraction
variation:

alo APO
Ao = y
T adyi(P) + Proo) + o yy (PP + Py.oo)

which can be rewritten as (32) for Procedure 2, except that the associated pressures are
different. It can be shown that the expressions given above always define an admissible o
and positive pressures P;7. As said previously, the solution is not conservative. As a matter
of fact, the expression of the resulting internal energy e; is given by

(Axk)?
7 —1

mj(e; —e;)=—0;PrAo; + (V(Pr + Proo) — 7i(Pr + Pj0))
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where 6;=1and k=/if j=g, and ¢;,=—1 and k =g if j =/, therefore, the corrected energy
(leading to conservativity) is defined by

(Do)
+ ————[7(Pr + Pjsc) = 2e(Pr + Pro0)]
m;(y; — 1)

(=} :e

~
~x%

and the corresponding corrected pressures are

(A *)2

]

P =P + [2/(Pr + Pj.oc) = 7(Pr + Proc)]

J

J

def
where a; = mjc};/o;. It can be shown that, with the initial definition of Ac
corrected pressures remain positive and guarantee convergence since we have

the resulting

g

def

AP*° P* C—Pr“=(1-p)AP
where

o

g, + —ial

%y !
ﬁ_ — o € ]0’2[

ag+a; + 9 AP
O(gOCZ

The corrected procedure is now iterative since P,>¢# P, but is ensured to converge.

4.2.7. Procedure 7: general EOS and N > 2 (new). In this procedure, we define an iterative
process that does not depend on (or that is not restricted to) a given EOS so explicitly as it
was done in the three first procedures. It is in fact a particular case of Remark 4.2 and we give
hereafter a generalized version for multiphase flows. As in the previous procedure, we will
precise the particular case N =2 and see that it is again a quasi-direct process. Although not
conservative with respect to the energy, we can propose a correction in the case of stiffened

gas EOS.
We recall that we initially aim to solve approximately system (14). This system may be
rewritten in terms of the physical variables P;, P;, o;, p;, ¢ J Iz for j=1,...,N, where cj2 /

stands for the speed of sound at the interface of the fluid j and is defined as in (9). We recall
that we have (see (17))

P
de; = ——L dy,
m;
from which we deduce (see (19))
2
m;c?
dP; = ; = do;

J
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Integrating these equations on the interval [oc?,oc;f], we get

*

o 2
7 m;c?
i€
P} — P} ———/ L= do;
ol &

It now remains to approximate the integrals of the right-hand sides. Many approximations are
available. We choose the following (simplest) one (j=1,...,N):

% m;c? mic2, \°
71 751
/ 2L doy; o~ 2L A
0 o o 4
% J J

J

This approximation is not the most accurate, but its simple expression allows an easier
description of the iterative algorithm. Let us replace now the indexes 0 and % by k£ and
k + 1, respectively. We then get

oy

mc,\"
P -r = (M) a )

If relaxation is reached at this stage, we necessarily have, for all jm=1,...,N
k+1 k+1
Pj+ :Pm+

and we thus may write in particular the following system (in which we drop the index & for

clarity):
Pj—a;Aoi ™ =P —a)Adj™!, Vj=2,....N
where a; denotes m;c; /(x;)>. We deduce that
A =[(P; — P\) + a1 At /a;, Vj=2,...,N (56)

. N .
Since >, _ Aokt =0, we may write
k+1 N k+1
Az =3 Aol
=

k+1
J

in (56), we get the expression of Agt*!

Zj‘vzz(Pl —Pj)/a;
Z;\]:lal/aj

We must at this stage verify if these definitions lead to admissible values of the volume
fractions. Admissibility may be written by

using the expression of Ao

k1 _
AARES

(57)

7

< (P; — P1) + a; Aok ™!
a;
N
Zj:l(Pl _Pj)/aj <1

N sl1l—0
> 1a1/a;
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which is equivalent to

max{(Pj_Pl)+ajaj}<Aoclf+l < min{(Pj—Pl)—Qf(l —O(j)}
J

J a aj

If this inequality is verified for Aot defined by (57), admissibility holds for all volume frac-
tion variations and we can therefore define the «;’s for j=2,...,N using (56) that guarantee
equality of the pressures (relaxation is reached) and

P*=P; —a;Ad*', Vj=1,...,N
Otherwise, we can define € € ]0, 1[ such that
A E Ak

is now admissible (i.e. verifies (58)). We then define the other new volume fraction varia-
tions Aock+1 using (56) with A« replaced by A&t for j=2,...,N. The corresponding
pressures P"Jrl are obtained by (55). If all pressures are equal we end the process and correct
the conservative variables as done in all the relaxation procedures described in this paper,
otherwise, we reiterate with the data of iteration k£ + 1.

Remark 4.6

As described above, the iterative process is not conservative with respect to the energy. A
way to circumvent this problem (if any) is to add a correction step when all pressures are
equal. This correction step may be exactly defined in the stiffened gas EOS case, and for
N =2. As a matter of fact, it can be shown that

K+l k a, aj k+1y2
Y. mi(eiT —ef)=— + (Ao;™)
il ’ =1 -1 I

which obviously cannot be equal to zero for non zero volume fraction variation. The energy

e may be expressed as

J
k
a”
J k+142
(Ao ™)

m; / mj(y; — 1)

from which we derive a natural correction corresponding to the opposite of the third term

Pk
ej{+l :ef _ LA

above. If we denote by ek+1 € the energy insuring conservation and djf*l the energy correction,
then
efﬂ,c :ef“ 4 gkt
P
— e + I Aak-&-l
mj
with
1 k
A= ( A O(k'H
/ m;y;—1
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and the corresponding corrected pressure is written as
k+1,C _ ph+1 4 k+142
Pt =P 4 (BT
J

Aalg+l)2

ok Akt g (A

=P; —ajAw; +aj—
%

This correction insures that the corrected pressures remain positive. Other corrections may be

used but they necessarily are expressed as df“ + sj?*'l /m; where 85?*1 should satisfy

Z gijrl =0
J

and the corresponding corrected pressures should remain positive.

The particular case when N =2

In the particular case of N =2, (j=g¢,/) and if we denote by AP =P, — P;, we get

Aock“ —¢ AP
! ag +a;

If AP>0, admissibility is reached if 0 <Awi™ <o, and if AP <0 the admissibility becomes
0<—Adk*! <a,. Note that these inequalities both ensure that the volume fraction is admissible
and that the pressures remain positive. If the admissibility criterion is verified with ¢ =1, the
method is direct and the relaxed pressure P* may be expressed as

aj ay
g
[4 ag+ a;

*

ag+a;

Conservativity may be added as explained in the remark given above.

Remark 4.7

If the stiffened gas EOS is used and when N =2, note that Procedures 2 and 7 are of the
same oder of accuracy. As a matter of fact, when ¢=1, and denoting the volume fraction
variation by Acy? for Procedure 7 and by A for Procedure 2 and following (32), we
have

oy — o
AoE — Aah? =2 I Aot E Ao
g g P 9 g
1%g

i.e. both methods are of the same order of accuracy in the particular case of stiffened gas
EOS and two-phase flows.
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We thus have defined a simple iterative process which can be used with more general EOS
than the stiffened gas EOS. It is moreover almost a direct method due to the definition of the
volume fraction variation.

4.3. Procedure based on the assumption of a constant P;: Procedure 8, stiffened gas EOS
and N =2

The interface pressure is considered as the constant external pressure acting on the multiphase
medium. Thus, in this section, no modellization of the interface pressure is needed (P; = P*).

4.3.1. General case (N =2, general EOS). Under the assumption of a constant pressure P*,
we may write that

P*
dej = —— dOCj

m .

j
and therefore
P*
67 — e;-’ = f—Aoc;‘
: m;

for all j=1,...,N, from which we add each corresponding EOS
e;=e;j(p;, P;)

and supplement them with the saturation constraint

N
> Aoy =0, —of < Aaf < z; o, (59)
j= m7j

We therefore have a system of 2N + 1 equations with 2N + 1 unknowns corresponding,
respectively, to the ef, Ao; and P*. We mainly have two approaches to solve this system.
Either we linearized the e; and solve the resulting nonlinear system, or we start from the
original nonlinear system and solve it by a Newton-type algorithm.

(a) Linearization first: In this approach, we linearize each energy equation e;(p;,P;) from
the relaxed state e; considering that both density and pressure (p;, P;) will evolve using the
EOS from the initial state to the final relaxed state p7,P;, with Py =P*. We may indeed
write that

* * de; * *
e ~e;(p),P*) + ij ; (0}, P*)(p; — p))
and also,
0 p* o, Oe 0 pOy/ p* 0
ej(pj. P*)~e; + P, (pj. P/ )(P" = P})
J pj
oe; 0 [ Oe;
GRS EE o I NN AT
opjlp, 7 P\ %pilp )|, ’
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since pt—p) = —m; Ao /(o7a)), we finally have the following approximation for Ae; dgej—e?:

P*
Aef = ——Aux;

m;

0
m; oe; o .
ool dp; %+
T J

9,2 (LY

*_ po
5pj an apj (P P])

where the zero index stands for the initial state (p}),Pj‘?). Rearranging the expression above
leads to the following expression for P* (we drop the zero index for clarity):

%p g M [aef— ¢ (%)P]} Aa;

. 0P ey [0p; 0P \Op
G | Lm0 (06| Ay
OP; m; oo OP; \ Op; /
this expression must hold for all j=1,..., N with the saturation constraint (59). The resulting

system may be solved by a Newton-type algorithm but we will not go forward in this paper.
(b) Newton first: In the second approach, we may show that we end up with the following
nonlinear system which can be rewritten by

fil(Ae);)=0, j=1,....N+1
with

fi((Aoy);) =e;(p;, P )—e?+ﬁA0‘j» J=1...,N
J

Sv+1((Awy);) = jé Ao,

If Aocdéf(Aoc_,-)j, note that for all j#N + 1, f; only depends on Ac;, i.e.

vm#tj, =g

Therefore, the classical Newton method applied on this system reads as
of;
LI 0VAgt =— f;
30, (VA% == i(0)
supplemented by

N
S Aol =0

% j
Jj=1
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where
f1(0)=e;(p},P*) — ¢
% P* mj 6ej

9%‘(0) Tomy ()% Op;

P}, P*)

Py

We finally have to solve the following system of N + 1 equations and N + 1 unknowns (the
Ao and P*):

P mj aej

J

N
5 A

=0

from which we deduce the following expressions for Ao} and P*:

.__ G —¢p)P)
J P* I’}’Ij ﬁej

L (p0 P

P =my(e] —¢j)/Ax;

. . D 0 L . . . .
Denoting APy =P* — P}, we may linearize the previous expression of Ao} by using the

following approximations:

% Ap:
ap AP

oe’ ¢ 0 /e \°
2757 po J L 0 *
K 5PJP’ MG, 2P (5Pi> b8
P = |
200 10 ()|
“ap, " AT j
P | m P; \ 0p;
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Let us drop the zero index and denote

Oe;
C-:o(z. J
1= op,;

_ o [de; 0 (e,
By=m, [ap,- aa(m)”f]

ol 0 [ 0Oe;
Di=—L _m— =L
7 m " ap, (5Pj>
for a fixed m in {1,...,N}, we may show that

Aot = Cj[Cm(Pm - P]) + (Bm - DmP])AOC;;]
/" (Bj — D;jPy)Cy + (B;Dy — ByD;)Aot,

(60)

but, from the saturation constraint we have

Az, =—Y Adt
J#m

so, using expression (60) we end up to the following expression for Ao:
Ad,, = g(Aay,)

with

Y CI[Cm(Pm - Pj) + (Bm — Dij )AO(:;,]
g(Aam) - j;n (B] _ Dij)Cm —+ (B]Dm — Bij)AOC;Z

that we can solve using a fixed point algorithm.

4.3.2. Stiffened gas EOS (N = 2). We shall focus on the second approach only. In the case
where the different phases obey a stiffened gas EOS, the approximations given above are exact
and the expression of the relaxed pressure becomes (we drop the zero index for clarity)

% P; — 7Pj 0 At
o + 7 A0

P =

that should be held for j=1,...,N. If we now fix m to be equal to 1, we may derive the
following expressions for the volume fraction variations (j=2,...,N):
Ag =Y o1(P;— Pr) + 7i1(P; + Proc ) Ay
/ Vi OC1(Pl +Pj,oo)+yl(Pj,oo _Pl,oo)AO‘ik
o & al(Pj*P])‘i‘V](Pj‘i‘P]’OO)AOCT
717 (P + Pioo) + 71(Pjco — Proo ) A

Ao =
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Equation for Ao} may be solved by a fixed point algorithm as prescribed for general
EOS.

The particular case when N =2
When N =2, and with ¢; defined as in (31), we get for P* and j=g,!/

E3
Py —£j7Pj 0 Aoy

*

o + g5y Aok
and we end up with the following equation for Ao:
co + clec;‘ + cz(Aoc’gk =0
where

co = —oy0y AP
1 =Yg(Pr+ Py oo) + oy i(Py + Pr o)
G = ylyg(Pl,oo - Pg,oo)

The discriminant A = ¢2—4cqc,, if non negative, ensures the existence of at most two solutions.
As in the direct procedure 0, it is easy to show that

If AP>0 then A>0 and the roots have opposite signs, therefore we should retain
the root having the same sign as AP;

If AP<0 and if A >0 still holds, then the roots have the same sign that should
necessarily be the sign of AP. In this case, we should retain the admissible root
(i.e. yielding to o €[0, 1] and positive pressures).

Remark 4.8
When all phases obey the perfect gas EOS (P =0, Vj=1,...,N), we get an explicit
expression for the relaxed pressure

0

S L P

=1 L
J Vj

P = 0

N7
Eﬂw
When all phases obey the same perfect gas EOS (y;=7v, Vj=1,...,N), we get another
explicit relation for the relaxed pressure which looks like the Dalton law

N
* 0 p0
P—Q%%
=

5. NUMERICAL TESTS

The various pressure relaxation procedures are tested in terms of performances (mainly and
namely efficiency, accuracy and conservativity), over the air/water shock tube test as given
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in Reference [7, pp. 448—450]. For this test case, N =2 and both fluids are considered as
compressible and governed by the stiffened gas EOS. So we compare the performances of the
following algorithms (N =2 version) named as:

PR1: Procedure 1 (new iterative procedure, cf. Section 4.2.1);

PR2: Procedure 2 (new exact quasi-Newton procedure, cf. Section 4.2.2);

PR3: Procedure 3 (new direct procedure, cf. Section 4.2.3);

PR4: Procedure 4 (old iterative procedure, cf. Section 4.2.4);

PR5: Procedure 5 (old iterative procedure, cf. Section 4.2.5);

PR6: Procedure 6 (new quasi-direct procedure, cf. Section 4.2.6 with the energy correc-

tion proposed in (54));

7. PR7 (NC): Procedure 7 (new quasi-direct procedure, expressed in terms of the acoustic
interface variables without energy correction, cf. Section 4.2.7);

8. PR7 (C): Procedure 7 with the energy correction proposed in Remark 4.6;

9. PR8: Procedure 8 (new, based on the assumption that the relaxed pressure is a constant

external pressure, direct procedure, cf. Section 4.3).

SNk =

Let us therefore consider the shock tube of 1 m length, filled on the left by liquid water
at high pressure and on the right by air. This problem possesses an analytical solution. The
initial data are

pr = 10° kg/m?, P, =10° Pa, u;=0m/s
v =44, PI’OO:6><108Pa, wu=1—¢
if x<0.7, and
p,=50kg/m*>,  P,=10°Pa, u,=0m/s
vy = 1.4, Py o =0Pa, og=1—c¢

otherwise. The volume fraction of the fluid in minor concentration in both chamber is set to
e =1078. For this test problem, we use the 7 equations model with both velocity and pressure
relaxation procedures.

We perform this numerical test with a spacial grid of 301 discretization nodes and compare
the results obtained with the different pressure relaxation procedures as given above.

The test parameter used for tolerance for the absolute value of the pressure variation P, —P;
is the same for all procedures and set to an arbitrarily very small value to show up their
performances (ep =1071),

The numerical approximated solutions at time # =229.0 x 10~%s are depicted in Figure 1 and
compared with the analytical solution. As expected, all the conservative procedures give the
same numerical solution, except procedure PR7 (NC) which appears to be more accurate when
compared to the analytical solution (Figure 1). The shock position appears better predicted by
this non conservative procedure than with the conservative ones. A possible explanation might
be that the transport solver used for the numerical test is not accurate enough. We indeed
believe that the differences found here would disappear with a more accurate solver. Thanks
to a new numerical approach for the building of numerical schemes for mutiphase mixtures,
a new hyperbolic solver with improved accuracy, has been proposed in References [11,22].
We now redo the comparison between the pressure relaxation procedures (conservative and
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1000 \
. \
+ PR1
x  PR2
* PR3
600 5 FAl
=% ? ;Eg (NC)
A
4{][:] exact
200
Og 0.2 0.4 0.6
600
500 F + PR1
x FRa /?f
o PR4
=  PR5
400 r ¢ ES?(NC) / 5
a  PR7(C) a
. .
& 300 / .
200 / ;
100 H
G / 4
0 02 0.4 06 0.8 1
le+9 -—\
8e+8
Ge+8
< s
x PR3
det8 o pnd \
° PR6
e  PR7(NC)
a  PR7(C)
.~ PR8
2et-8 exact
0 & N —
0 0.2 0.4 0.6 03 1
z (m)

Figure 1. Comparison between the numerical solution obtained with the various pressure relaxation

procedures and exact solution for the water/air shock tube problem (301 nodes) at time 229 x 10~ %s.
Top: mixture density, middle: mixture velocity, bottom: mixture pressure.
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600

. PR7 (NC)
— PRS
E— exact

500

/ f
400 /
300 /
200

100 //

L/ \

0 0.2 0.4 0.6 0.8 1
x (m)

Ug

Figure 2. Comparison between the numerical mixture velocity solution obtained by a conservative (PRS8)
and non conservative (PR7 (NC)) pressure relaxation procedure with the exact solution when using a

more accurate transport solver. Air/water shock tube problem (301 nodes) at time 229 x 10~ s.

non conservative), when employed with this new hyperbolic solver. The computed mixture
velocity profiles are compared with the exact solution in Figure 2. It appears clearly that now
both the conservative and non conservative pressure relaxation procedures provide the same
accuracy, in excellent agreement with the exact solution.

We now exhibit some qualitative criteria in order to classify all procedures presented in
this paper: efficiency, accuracy and conservativity. For each of the criteria we define a rank
number from the best to the worse. For each criterion we summarize these rank numbers in
related tables.

The main qualitative criteria are the following ones:

1. Efficiency: A procedure is defined as efficient if it is both low CPU consuming and
convergent. A procedure is defined as convergent if it converges up to an arbitrarily small
tolerance (or is very close to this tolerance value). A procedure is therefore efficient if
it is convergent with a good convergence rate.

We give in Figure 3 the percentage of CPU spent in each procedure with respect
to the total CPU, from the lowest CPU consuming procedure to the highest one. As
expected the less CPU consuming procedures are those which are direct (procedures
PR3 and PR8) or quasi-direct (procedures PR7 (C), PR7 (NC) and PR2). This figure
clearly shows the importance of optimizing the pressure relaxation step.

To show up the local convergence behaviour of a pressure relaxation procedure, we
split the initial space domain into three sub-intervals, namely [0,0.5], [0.5,0.8] and
[0.8,1.0]. The first sub-interval [0,0.5] embeds the rarefaction wave location, the sec-
ond sub-interval [0.5,0.8] corresponds to a domain in which both mixture velocity and
pressure remain uniform and the third sub-interval [0.8,1.0] embeds the remaining space
domain that includes the shock position location. These sub-regions are also used for the
accuracy criterion below.
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Figure 3. Percentage of CPU taken by each procedure.
Table 1. Phase pressure variation extrema.
Proc. # 1 2 3 4 5 6 7(NC)  7(C) 8
Min 0.0 0.0 0.0 3.63e—8 0.0 0.0 0.0 0.0 0.0
Max 834e—7 1038 1.07e—6 19.51 2931  1.19e—7 1.19e—=7 1.19¢e—7 1.58e—3
Cell % 0.0 30.54 0.0 57.42 27.25 0.0 0.0 0.0 7.21e—6

In Figure 7, we have depicted, for each sub-domain defined above, the pressure varia-
tion between phases obtained at the end of the numerical simulation (time 229 x 10~%s)
for the non conservative procedure PR7 (NC).

Bounds of the pressure variations obtained by all the pressure relaxation procedures
in the whole space domain are summarized in Table I. In this table, the third line
corresponds to the percentage of cells with respect to the total number of cells for
which the tolerance effectively attained by the pressure variation is greater than 1074,
during all the simulation (from time 0 to 229 x 107® s). Rank numbers of the various
pressure relaxation procedures related to the convergence criterion are given in Table II:
Procedures PR6 and PR7 (with or without correction) followed by procedure PR1, appear
to be the ones which have the best convergence qualities. Final rank numbers for the
global efficiency criterion (combining both low CPU consuming and good convergence
behaviour) are given in Table III: Procedures PR6, PR7 (with or without correction) and

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:1-56



PRESSURE RELAXATION PROCEDURES 45

Table II. Rank of each procedure related to the pressure variation criterion.

Proc. # 1 2 3 4 5 6 7 (NC) 7 (C) 8
Rank 4 7 5 9 8 1 1 1 6
Table III. Rank of each procedure related to the efficiency criterion.

Proc. # 1 2 3 4 5 6 7 (NC) 7 (C) 8
Rank 6 6 3 9 8 1 2 3 5

PR3 followed closely by PR8 are, as expected, the best procedures concerning efficiency.
2. Accuracy: A procedure is defined as accurate if the relative errors (ep, ¢, and ¢,) are
small enough.
Let us denote by &, the analytical solution and define the relative error ¢: by

e d;fiexfgl
T

with £ =P, p,u to design the relative pressure, density and velocity errors. Py, p; and u;
denote the interfacial pressure, the mixture density and the mixture velocity, respectively.

These relative errors are, respectively, depicted in Figure 4 for the mixture pressure,
in Figure 5 for the mixture density and finally in Figure 6 for the mixture velocity, for
each of the space sub-domains previously defined.

As expected and because of the dissipativity of the transport solver HLL, the amplitude
of the error is especially large in the vicinity of the shock and the rarefaction wave region.
Note though the importance of the type of relaxation procedure used in this numerical
test, especially for procedure PR7 (NC) which appears to be the most accurate except
for the mixture velocity for which the improvement is less remarkable.

In Table IV, we summarize, for each procedure and in each sub-domain, the extrema
of the relative pressure error together with the percentage of cell numbers for which the
local error is greater than half the local maximum error; the last column gives the rank
number of each procedure.

Tables V and IX list the corresponding items for the mixture density and velocity
errors, respectively. Concerning both mixture pressure and density, the non conservative
procedure PR7 confirms to be the most accurate, especially in the third subdomain, where
the shock position is the best predicted, since the maximum of the relative error is at
least divided by 3 for the pressure error and by 2 for the density error. In addition, the
proportion of cells in which the error is large is smaller in this subdomain, compared
to all the other conservative procedures. It is followed by procedures PR8 and PR2 for
the pressure error and by procedure PRS8 for the density error. For the mixture velocity
error, procedure PR8 appears to be the best procedure, followed by the non conservative
procedure PR7, but procedure PR7 shows that the percentage of cells in which the
relative error is large in the shock sub-domain is almost divided by 4.

For the whole space domain, rank numbers of each procedure are summarized in
Table VI concerning the total accuracy criterion (i.e. taking into account the qualitative
behaviour of the mixture pressure, density and velocity error over the three sub-domains):
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Figure 4. Relative pressure error &p.

procedure PR8 appears to be the best globally, followed by the non conservative proce-
dure PR7, together with procedures PR1, PR3 and PR4.

3. Conservativity: To verify this criterion, we define the discrete energy conservation mea-
sure over each cell. A procedure is therefore conservative if the maximum over each
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Figure 5. Relative density error ¢,.

cell of the energy conservation measure is as small as possible. Table VII gives for
each procedure the global extrema (minimum and maximum) together with the aver-
age number of cells for which the energy conservation measure is greater than l.e—4
over all the simulation (third line of this table). Ranks of the procedures concerning this
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conservativity criterion are shown in Table VIII. As expected, the best procedures confirm

to be procedures PR4, PRS and PR3 and the worse to be obviously the non conservative
procedure PR7.
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Table IV. Relative pressure error.

Proc. # Extrema & Sub-int. 1 Sub-int. 2 Sub-int. 3 Rank
Min 3.2¢e-5 1.28e—2 0.0

PR1 Max 2.73 4.40e—1 113.72 4
% cells 53 58.89 5.0
Min 3.2¢e-5 1.27e—2 0.0

PR2 Max 2.73 4.40e—1 113.69 3
% cells 53 58.89 5.0
Min 3.2e-5 1.28e—2 0.0

PR3 Max 2.73 4.40e—1 113.72 4
% cells 53 58.89 5.0
Min 3.2¢e-5 1.28e—2 0.0

PR4 Max 2.73 4.40e—1 113.72 4
% cells 5.3 58.89 5.0
Min 3.2e-5 1.73e—2 0.0

PR5 Max 2.75 4.38e—1 115.95 7
% cells 53 61.11 5.0
Min 3.2¢e-5 2.04e—2 0.0

PR6 Max 2.77 4.37e—1 117.27 8
% cells 53 61.11 5.0
Min 3.4e-5 4.78¢—3 0.0

PR7 (NC) Max 2.27 1.45e—1 36.47 1
% cells 4.64 57.78 1.67
Min 3.3e—-5 2.52e—2 0.0

PR7 (C) Max 2.81 4.43e—1 119.30 9
% cells 53 63.33 6.67
Min 3.2e-5 3.42e-3 0.0

PR8 Max 2.68 4.41e—1 108.4 2
% cells 5.3 56.67 5.0

We finally do an additional test to check the convergence behaviour of all these procedures
and the uniqueness of the relaxed solution that we get. The simplest way to check these
matters is to start with the same initial state solution and apply each procedure to compare
the solutions we get. So we use the same test case described previously (for 101 nodes)
and check what we obtain at the very first time iteration (i.e. after one iteration of the same
transport solver starting from the same constant initial guess leading therefore to the same
starting solution before applying some pressure relaxation process). The tolerance factor is set
here to ep =109,

In Tables XI and XII, we give, for each procedure, the average convergence factor denoted
by ji=(APY/AP®)/M where M is the total number of iterations needed to reach p (i.e.
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Table V. Relative density error.

Proc. # Extrema & Sub-int. 1 Sub-int. 2 Sub-int. 3 Rank
Min 427e—6 1.31e—3 2.0e—7

PR1 Max 1.49¢—2 1.56e—1 4.02 3
% cells 9.27 3.33 6.67
Min 4.6e—6 1.31e—3 2.0e—7

PR2 Max 1.49¢—2 1.56e—1 4.02 6
% cells 9.27 3.33 6.67
Min 427e—6 1.31e—3 2.0e—7

PR3 Max 1.49¢—2 1.56e—1 4.02 3
% cells 9.27 3.33 6.67
Min 427e—6 1.31e—3 2.0e—7

PR4 Max 1.49¢—2 1.56e—1 4.02 3
% cells 9.27 3.33 6.67
Min 4.6e—6 1.35¢—3 2.0e—7

PR5 Max 1.50e—2 1.59e—1 4.02 8
% cells 9.27 3.33 6.67
Min 4.6e—6 1.38¢—3 2.0e—7

PR6 Max 1.51e—2 1.60e—1 4.02 9
% cells 9.27 3.33 6.67
Min 4.9e—6 6.89¢—4 2.0e—7

PR7 (NC) Max 1.25¢—2 1.06e—1 2.11 1
% cells 8.61 3.33 1.67
Min 4.6e—6 1.45¢—3 2.0e—7

PR7 (C) Max 1.53e—2 1.63e—1 4.01 7
% cells 9.27 3.33 6.67
Min 4.5e—6 1.23¢—3 2.0e—7

PR8 Max 1.47e—2 1.51e—1 4.02 2
% cells 9.27 3.33 5.0

Table VI. Global accuracy rank of each procedure.

Proc. # 1 2 3 4 5 6 7 (NC) 7 (C) 8
Rank # 9 6 2 2 7 9 2 9

|APM| < gp) for cell number 70 and cell number 71 (these are the only cells for which the
relaxed pressures have different values and correspond to the position of the shock).
Because of round-off errors due to machine precision, the convergence factor of the direct
procedures (namely procedures PR3, PR6 (NC) (which refers to the original version of PR6,
without energy correction) and PRS) is not always equal to zero exactly but close to this
null value. For the true iterative procedures, namely procedures PR1, PR4, PRS, procedure
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Table VII. Extrema of the energy conservation measure.

Proc. # 1 2 3 4 5 6 7(NC) 7 (C) 8
Min 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Max  1.36e—5 4.46e—7 4.4de—7 1.16e—7 28le—7 4.76e—7 2.14e+4 4.53e—7 3.73e—6
Cell # 0.0 0.0 0.0 0.0 0.0 0.0 92.61 0.0 0.0

Table VIII. Rank of each procedure related to the energy conservation criterion.

Proc. # 1 2 3 4 5 6 7 (NC) 7(C) 8
Rank # 8 4 3 1 2 6 9 5

Table IX. Relative velocity error.

Proc. # Extrema & Sub-int. 1 Sub-int. 2 Sub-int. 3 Rank
Min 3.96e—1 3.95e—1 4.04e—1

PR1 Max 1.00 4.04e—1 7.87 2
% cells 70.86 100 6.67
Min 3.96e—1 3.95¢e—1 4.05e—1

PR2 Max 1.00 4.04e—1 7.87 6
% cells 70.86 100 6.67
Min 3.96e—1 3.95e—1 4.04e—1

PR3 Max 1.00 4.04e—1 7.87 2
% cells 70.86 100 6.67
Min 3.96e—1 3.95e—1 4.04e—1

PR4 Max 1.00 4.04e—1 7.87 2
% cells 70.86 100 6.67
Min 3.96e—1 3.95¢e—1 2.66e—1

PRS Max 1.00 4.04e—1 7.94 5
% cells 70.86 100 6.67
Min 3.96e—1 3.95e—1 1.6le—1

PR6 Max 1.00 4.04e—1 7.98 8
% cells 71.52 100 6.67
Min 3.99e—1 3.98e—1 2.68e—1

PR7 (NC) Max 1.00 4.0le—1 4.59 7
% cells 70.86 100 1.67
Min 3.96e—1 3.95e—1 7.1e—2

PR7 (C) Max 1.00 4.04e—1 8.04 9
% cells 71.52 100 8.33
Min 3.96e—1 3.95e—1 1.2e—1

PRS8 Max 1.00 4.03e—1 7.71 1
% cells 70.86 100 6.67
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Table X. Global rank of each procedure.

Proc. # 1 2 3 4 5 6 7 (NC) 7 (C) 8
Rank # 5 5 1 2 9 5 3 9 3
Table XI. Average convergence factor ji and total iteration number M for cell number 70.

Proc. # 1 2 3 4 5 6 (NC) 6(C) 7 (NC) 7(C) 8

i 2.5E-3 69E-2 3.6E—16 6.3E—1 2.5E-1 0.0 0.0 0.0 4.6E—-2 23E—-14

M 6 13 1 76 25 1 3 3 6 1
Table XII. Average convergence factor i and total iteration number M for cell number 71.

Proc. # 1 2 3 4 5 6 (NC) 6(C) 7(NC) 7(C) 8

i 6.1E-3 1.0E—4 9.8E—18 63E—1 6.0E—-1 35E-17 2.7E—8 59E—17 1.6E-2 2.0E-17

M 7 3 1 55 51 1 2 1 5 1

PR1 exhibits the best average convergence factor while procedure PR4, due to its oscillating
convergence behaviour (the reduction factor at each iteration may be greater than 1) has a
relatively poor convergence factor and a rather large total number of iterations M to reach
convergence. Among the quasi-direct (Newton-like) procedures, namely procedures PR2, PR6
(C) (i.e. with energy correction), PR7 (with or without energy correction), procedures PR6
(C) together with procedure PR7 (NC), show up the best results in terms of i and M.

Convergence histories plotting |AP*|, for k=0,...,M is resumed in Figure 8. We see that
the old procedures PR4 and PRS show up either an oscillating convergence behaviour (PR4)
or limited convergence (PR5). This also confirms the convergence study concerning each of
these procedures in this paper.

In Tables XIII and XIV, we give the resulting approximated relaxed pressures (P,, P; and
Py) for cell 70 and 71, respectively, together with the effective absolute precision attained by
each of the procedures. As shown in these two tables, this also confirms both existence and
uniqueness of the relaxed solution except for the non conservative procedure PR7 (NC) for
which the difference is not negligible.

So we may now classify the different procedures as follows: from each of the criteria defined
above, we sum up all the rank numbers related to each procedure and classify the different
procedures from the one having the lowest rank number to the largest one. Table X gives
the final rank of each procedure. The best procedure is PR3 (direct procedure, first position),
followed by PR4 (second position) then by the non conservative procedure PR7 together
with procedure PR8 (both at the third position). To summarize, we can state the following
recommendations: if only efficiency is required, procedures 6 and 7 (with or without correction
to get the energy conservation) appear to be robust (i.e. are convergent even if the initial
phase pressure variation is large, they can therefore be used when dealing with large pressure
variation problems), low CPU consuming and the coding is simple. In addition, they can be
used with general EOS. We have seen that the accuracy is more related to the transport solver
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Figure 7. Phase pressure variation—PR7 (NC).

rather than really to the choice of the procedure, even if the non conservative procedure PR7
seems to be the most accurate especially in predicting shock positions. At last, if conservativity
is required, the direct procedure 3 is recommended but restricted to stiffened gas EOS.
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Figure 8. Convergence history of the different procedures for cell number 71.

Table XIII. Approximated relaxed pressures Py, P; and P; and pressure variation
|APM| for cell number 70.

Proc. # P, P P |APY |

1 999866975.935547352 999866975.935547113 999866975.935546994 2.38E—07
2 999866975.935559392 999866975.935560226 999866975.935560226 8.35E—07
3 999866975.935547471 999866975.935547113 999866975.935547113 3.58E—07
4 999866975.935547113 999866975.935547829 999866975.935547829 7.15E—07
5 999866975.538290024 999866975.538308 144 999866975.538308144 1.81E—05
6 (NC) 999866982.649324894 999866982.649324894 999866982.649324894 0.0E-+00
6 (C) 999866974.537837625 999866974.537837625 999866974.537837625 0.0E+00
7 (NC) 999832511.096870899 999832511.096870899 999832511.096870899 0.0E-+00
7(C) 999866974.828222036 999866974.828221917 999866974.828221917 1.19E—07
8 999866977.333452702 999866977.333475232 999866977.333475232 2.25E-05

This classification does not take into account the possibility of using the procedures with
general EOS and/or more than two fluids. To correct this classification for more general EOS
and more than two phases, we recall that the procedures which are able to deal with general
EOS are procedures PR4, PRS5, PR6, PR7 (NC) and PRS.

Procedures which may be used for more than two fluids are procedures PR3, PR5, PR6, PR7
and PRS; with stiffened gas EOS, we may exhibit the corrections to ensure the conservativity
criterion of Procedures PR3, PR6, PR7 and PR8. As a matter of fact, the generalization to
more than two fluids necessitates the use of an approximate solver to solve the resulting
nonlinear equations in each generalized version of procedures PR3, PR6 and PRS, resulting
in a loss of conservativity. Procedure PRS, alone, ensures the conservativity criterion when
using general EOS and with an arbitrarily large number of fluids, but may be costly and
even inefficient if the interface pressure condition is strictly required, or if the initial phase
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Table XIV. Approximated relaxed pressures Py, P; and P; and pressure variation
|AP| for cell number 71.

Proc. # P, P P |APY |

1 100001.455934042897 100001.455933716279 100001.455934042882 3.27E-07
2 100001.455933778852 100001.456946101767 100001.455933815785 1.01E—03
3 100001.455934050682 100001.455934040932 100001.455934050682 9.75E—09
4 100001.455934050682 100001.454513549805 100001.455933705744 1.42E—03
5 100001.84824125699 100001.488646030426 100001.484824265150 3.82E—-03
6 (NC) 100001.773916317616 100001.773916282400 100001.773916317616 3.52E—08
6 (C) 100001.508912866921 100001.508913603102 100001.508912866950 7.36E—07
7 (NC) 100001.094652457527 100001.094652398839 100001.094652457527 5.87E—07
7 (C) 100001.487250736129 100001.487250739010 100001.487250736129 2.88E—09
8 100001.402952156088 100001.402952136617 100001.402952156088 1.95E—08

pressure variation is large (arbitrarily small tolerance will not be reached because of a too
poor convergence rate).

Procedures PR5, PR6, PR7 and PRS8 remain to be used for both general EOS and with an
arbitrarily large number of fluids. In terms of both simplicity of coding, convergence concern
and robustness, we restrict the choice to PR7, followed by PR6 and PRS.

We end up with two candidates, which are Procedures PR8 and PR7 (with or without the
energy correction). In fact, Procedure PR8 is more CPU consuming when N >2 to attain the
same convergence tolerance reached by Procedure PR7 as well as in terms of simplicity of
coding.

6. CONCLUSION

Several pressure relaxation procedures are developed and compared in terms of accuracy and
computational efficiency in the context of a compressible hyperbolic multiphase flow model.

As far as two-phase flows and stiffened gas type EOS are concerned, and according to the
numerical tests performed in this paper, Procedures 3, 4, 7 and 8 are recommended to ensure
pressure relaxation. The preference to one or the other depending on which criterion is also
preferred; the efficiency purpose provides to the choice of the quasi-direct procedure PR6, the
additional accuracy criterion leads to the non conservative procedure PR7 and we finally end
up with Procedure PR3 when strict conservation is also required.

When dealing with complex EOS, arbitrary number of fluids, the remaining procedures are
Procedures PRS, PR6, PR7 and PR8. The simplicity of coding of PR7 (only the convergence
condition test is required mainly, since the algorithm ensures automatically admissible pressure
and volume fractions) and its robustness (ensurance of its convergence even with initial
arbitrarily large pressure variations). The final choice made by the user may depend on the
need of strict conservation. If such a feature is mandatory, Procedures 6 or 8 are recommended.
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