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Abstract

This paper is devoted to the computation of flows between free and
porous media separated by a thin interface . The basic strategy relies on
some ideas developed earlier by J.M. Greenberg and A.Y. Leroux on their
work on well balanced schemes. This approach requires introducing a set
of partial differential equations at the interface, in order to account for
the sudden change of medium. The main features of the interface PDE
are investigated. We afterwards propose to compute approximations
of solutions with help of an approximate Godunov scheme. A linear
interface Riemann solver is introduced, which aims at enforcing the
continuity of the two (steady wave-) Riemann invariants. Numerical
computations involving shock waves or rarefaction waves are examined
and the agreement with the entropy inequality is tracked. Effects of the
mesh refinement and the impact of the smoothing of the thin interface
are also adressed in the paper.

Key words : Porous media / Interfacial coupling / Godunov scheme

1 Introduction

Quite recently, considerable attention has been paid to the analysis and the simula-
tion of conservation laws involving discontinuous functions (see [3, 4, 5, 25, 26, 27,
29, 30] among others for instance). The problems involved may for instance occur
when focusing on flows in porous media, which contain their intrinsic discontinuities.
Actually, the structure of the conservation laws allows a deep investigation, and the
connection through the interface between media is rather clear.

Another kind of problems arises in an industrial framework when one aims at
performing complex applications involving several codes. When coupling existing
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codes through some fictitious interface, in the framework of flows arising in the
primary coolant circuit of nuclear power plants, at least three distinct phenomena
may appear at the interface. Of course, models on each side may be different. One
may for instance use a two-fluid approach on the one hand, and an homogeneous
approach on the other hand. Alternatively, one may use a model M1 on the left
hand side of the interface, and its counterpart on the right hand side of the interface,
but assuming instantaneous relaxation with respect to some variables (typically, the
velocity or the pressure). The third case, which seems to be the simplest one, occurs
when the governing equations in each code rely on the same modelling assumptions.
However the flow may :

(i) come from a one dimensional pipe into a three dimensional componant [22],

(ii) come from a free domain into a domain including obstacles.

In that latter case, a standard approach consists in computing the ratio of the vol-
ume of obstacles over the total volume, which becomes the ’local’ porosity. One
advantage is that this enables to get rid of a precise description of the geometry
of obstacles (wall boundaries) which would obviously occur when using a 3D local
approach. A drawback nonetheless arises when coupling this code with another one
devoted to the computation of flows in a free medium.

The present contribution provides some simple investigation on the latter prob-
lem (ii). It is part of a whole which aims at providing methods and tools to cope
with the interfacial coupling of systems occuring in two-phase flow modelling (see
also [1, 2, 12, 14] in that framework).

We will assume that there are no local strong discontinuities of porosity inside
the porous medium. We will assume that the basic set of equations which will govern
the motion of the flow through both the free and porous medium is :

oW AfW)  AG(W)
o " or T o

=0 (1)

when x < 0, >0, and :

OeW  def(W)  OG(W)
o T or T oz

=0 (2)

on the right side of the interface (x > 0,t > 0). The given function e(z) is as-
sumed to be regular. The state variable is W = (p, pU), and we introduce the fluxes
fW)=UW,and G(W) = (0, P(p)). The set of equations (2) is of course consistant
in the following sense: if one assumes that U(x,t = 0) = 0 and p(z,t = 0) = po, then
the flow remains steady, even if the porosity € is not uniform. Obviously system (2)
retrieves a conservative form if € is uniform.

The latter interface system (2) will be used to model the whole problem (with a
discontinuous porosity at x = 0), and some of its properties will be examined. We
will afterwards introduce the basic cell scheme which is based on Greenberg, Leroux
and Gosse ideas ([16, 17, 18, 19, 20, 24]). The porosity will thus be discretised piece-
wise constant on each cell ; moerover, the Riemann problem at each cell interface
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will account for e discontinuity. An approximate interface Riemann solver will be
introduced, which ensures the continuity of the two underlying steady-wave Rie-
mann invariants. The interface solver is based on the classical VFRoe-ncv approach
([6]), which is a sequel of the rough Godunov scheme [10]. Some basic experiments
involving shock waves or rarefaction waves travelling through the porous interface
will be simulated with these schemes. Effects of the mesh refinement will be stud-
ied. Eventually, the effect of smoothing of € around the interface will be discussed,
together with its impact on the converged approximations. This paper thus aims
at highlighting some of the problems which may occur when computing this kind of
flows.

2 A global model to describe the whole flow

Throughout the paper, W = (e, ep,epU) will design the so-called conservative
variable. Recall that the porosity € only varies wrt to z and is given by the user.
Actually, p,U are the mean density and the mean velocity in the field, and € is
expected to lie in |0, 1] (that is, wall boundaries cannot be imposed by setting € = 0.
). Nonetheless, the limit case where ¢ = 0, will be discussed in the last section which
is devoted to numerical results. The flow is assumed highly unsteady and governed
by both convective terms . The free flow on the LHS of the interface is governed by:

Op , U _

o " or " )
P ou
opU + OpU* + P(p) _ M% (4)
ot Ox ox
and the flow in the porous medium agrees with:
Oe
5% 0 (5)
dep  OepU
o " ox " (6)
P ou
OepU  DepU? +€8]3(,0) aLr (7)
ot ox oxr  Ox

The entropy inequality associated with the latter model (5), (6), (7) is classical.
An admissible entropy-entropy flux is : (7, f;) where:

1= ep(U?/2+ ¢(p)) (8)
fo=epUU?/2+ ¢(p) + P(p)/p) (9)

noting:

o) = [ PP, (10)

a2
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For regular solutions of ((5)-(7)), the governing equation for the entropy reads:

86,uuaU
on  of, o OU .,
ot T oe T ow M) (11)

In the limit of a vanishing viscosity, this provides :

677 of n
s + Dz <0 (12)
We from now on will neglect viscous contributions everywhere. Thus, unlike in
more complex cases involving different flows, there is no ambiguity here concerning
the suitability of the latter model ((5)- (7)) to describe the motion of flows on each
side of the interface, taking ¢ = 1 for the free flow. For conveniency, we introduce
the homogeneous flux F(W) = (0,epU, epU?). We recall that the function P(p) is
monotone increasing with: P(0) = 0. Numerical tests will be performed using the
standard law : P(p) = Py(p/po)°.

From now on, we assume that ¢ = 0 and that (12) holds.
One still needs to provide ”interface conditions” to couple both systems.

3 Main properties of the non viscous system

Property 1

The left hand side of system ((5) - (7)) is hyperbolic. Eigenvalues read: A; = 0,
Ao = U —¢, \3 = U + ¢, setting ¢ = (P'(p))'/2. The field associated with \; is
Linearly Degenerated and the fields A2 and A3 are Genuinely Non Linear.

The proof is obvious. For regular solutions with a continuous porosity, a straight-
forward counterpart of ((5)-(7)) may be written in a 'weakly’ conservative form as:

Oe
5 =0 (13)
dep  OepU
o + or 0 (14)
P10k
U 0z 00l) (15)

ot ox ox

- ine: — (rc@
while noting: ¥ (p) = |; ——da.

We recall that even when € = ¢q is uniform, the jump conditions associated with
((13), (15)) are not equivalent to those derived from the LHS of ((5), (7)).
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3.1 Regular waves and Riemann invariants

Property 2
(i) - The Riemann invariants in the stationary wave are defined as
Il = peU (16)
U2
=" 1) a7)

(ii) - The Riemann invariants in the 2 wave (resp. the 3 wave) associated with
Ao (resp. A3) are:

I} =« (18)
14
I2=U +/ ) 4 (19)
0 a
and:
I} =e¢ (20)
P
I2=U —/ ) 4 (21)
0 a

We note that the entropy flux f, corresponds to the product of Riemann invari-
ants in the 1-wave.

3.2 Interface conditions between media

We may now propose two natural candidates for the -steady- interface conditions
between the free medium and the porous medium.

e A direct consequence of (16) -(17) is that an obvious candidate to couple both
media is to set:

117 = [peUly =0 (22)
U2
1 =[5 + ()i =0 (23)

through the sharp interface. This strong candidate does not account for any
head loss.

e A second "weak” candidate immediately follows, which may account for the
fact that the entropy dissipation should agree with (12), that is:

This second one may account for the superposition of a genuinely non lin-
ear wave with the 1— contact wave. Both candidates incorporate the same
condition corresponding to the continuity of the mass flow rate I{ = peU.

International Journal on Finite Volumes 5
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3.3 Shock waves and jump conditions

Case 1 : € is continuous
Obviously, if some shock is located at some point where the porosity is regular, jump
conditions simply write:

[e] =0 (26)
—olp]+ [pU] =0 (27)
—o[pU] + [pU? + P(p)] = 0 (28)

Thus the entropy inequality (12) provides some counterpart of —o(n] + [f;] < 0
which reads:

(B + Br = 210,011/ 1pI)IU]; <O (29)
which, for standard EOS P(p), turns out to : [U]] < 0.

Case 2 : € is discontinuous (sharp interface)
If some shock wave happens to locate precisely at xy where € is discontinuous, we
may formally set for some ¢:

—olep] + [epU] =0 (30)
~olepU] + [epU?] + €[P(p)] = 0 (31)

For a stationary shock wave (o = 0), and for given sign of the velocity u; > 0 on the
left side of the discontinuity, the entropy inequality will yield:

(epU)ilu?/2+ ¢(p) + P(p)/pli <0 (32)
Hence, inserting o = 0 and ((30)-(31)) in the latter ((32) ) leads to:

B = (~e(—— + )P} +2[(p)]}) <0 (33)
€p1  ErpPr

The whole will not depend on the values of ¢; and ¢, as soon as either:

1 1 1 1
é(— + )=—+— (34)
€101 €ErPr Pl Pr

which simply corresponds to the average :

A €My + €My Pr + pi
— emaT (i, W) = L = = 35
€=y, wr) my 4+ m, 6l€rml—&—mT (35)
noting m = ep, or if :
2 r 2 T
e OWLW,) = mmy [Y(p)]] — e pro [Y(p)]] (36)

my + my [P(p)]

=3
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when p; and p, are distinct, and : (W, W,) = 29 otherwise. If (35) is used,

- €1t+er
E reaches it lower bound, otherwise if (36) is used, £ = 0. Both provide positive
formulas for the mean porosity at the interface é. Meaningful jump solutions must
also agree with:

mym,([U]})? = €[P(p)]j [m]] >0 (37)
The formula (35) is the only one which ensures that: (¢, = €, implies: é(W;, W,.) =

€r).

Thus it is the only one which guarantees a continuous transition to natural jump
relations (26) given above. Consequently, the second one (36) will be disregarded
from now on in this study.

Whenever (35) or (36) is applied, a straightforward consequence is the following:

Property 3
Using either (36) or (35), and assuming that no fluid is present on the right side
only (say €, = 0), then the flow exactly behaves as if some wall boundary condition
were imposed.

The interface value of porosity (35) will be used in the approximate interface
Riemann solver discussed in the section below.

4 An approximate Godunov scheme

We now discuss some possible way to discretize the LHS of ((5), (7)).

4.1 Finite Volume procedure

The explicit Finite Volume procedure, which takes its grounds on Greenberg and
Leroux’s work (see [16, 17, 18, 19, 20, 24], ) is defined as follows. It aims at accounting
for discontinuous values of porosity, which cannot be achieved when using classical
methods. For a given mesh size : h; = x;11/5 — ¥;_1/2, and a time step At in
agreement with the classical CFL condition, we compute VVi"Jr1 for given data W}
as:

hi((ep)] ™ = (ep)i) + AHQ,, 5 — Q1 /5) =0 (38)

hl((Q)?—H - (Q)?) + At((Qi—+1/2)2/<p6)i—+1/2 - (Qgtl/g)z/(pe);”;lp) (39)

(€412 T G;r—l 2) _
B (Plpg ) ~ Plpf ) =0 (40)

+At
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where () = epU. We moreover introduce piecewise constant approximation of
the porosity within each cell. Thus we get € = ¢; and similarly : e:jrl 2 = €itl-

i+1/2

It only remains to compute the states with subscript +, — on each side of the
steady interface =/t = 0.

4.2 An interface solver preserving (0-Riemann invariants

We consider herein the approximate Godunov scheme which has been introduced in
[6], and is a sequel of the approximate Godunov scheme [10]. The only thing we need
to introduce is the non-conservative variable Y. The main idea here is to preserve
in the linearised approximate Riemann solver the properties of the exact Riemann
solver through linearly degenerate fields, unlike in the classical Roe’s approach which
privilegies the capture of shocks, and thus introduces the notion of consistency with
respect to the integral form of the conservation laws. Hence, one attempts here to
maintain Riemann invariants of the true O-wave through the approximate discrete
0-contact wave. This may be achieved with help of the variable Y = (¢, Q, ¢), noting
conveniently ¢ = I?. This has been prefered to the former choice Z = (¢,2c, U) that
was made in [9], which was devoted to the accurate approximation of strong rarefac-
tion waves including vacuum areas. Actually, one can easily check that this choice
Z = (&,2¢,U) inhibits to recover the exact preservation of 0-Riemann invariants in
the linearized interface solver.

The linearisation of the LHS of ((5), (7)) will thus be based on :

)4 oY
— +B(Y)— =0 41
5 V)5 (41)
where:
0 0 0
BY)=10 u ep
0 ¢/(P) U

System (41) may be symmetrized, when multiplied on the left by the following
matrix:

1 0 O
SY)=10 1 0
0 0 (%£)?
The right eigenvectors of the matrix B(Y") associated with the eigenvalues A1, A2, A3
are:

r(Y) =(1,0,0) (42)
T2(Y) = (07 €p, _C) (43)
r3(Y) = (0,¢ep,c) (44)

International Journal on Finite Volumes 8
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We note that rq1,72, 73 always span IR? (unless € = 0 or if the vacuum occurs).

If Q(Y) stands for the matrix of right eigenvectors of B(Y'), then :

1 0 0
Q)= 1|0 2§7 —12%

The approximate Godunov solver [6] requires to compute the exact solution of

the linearised problem:

oY - aY
— +BY (Y, Yg)— = 4
4 BV (Ve YR) 5 =0 (45)

while setting here:

~

Y (YL, Yg) = (YL + YR)/2
If \s (respectively 7x) stands for the k-th eigenvalue (respectively the k-th right

A~

eigenvector) of B(Y (Yz,Yr)) and if we set:
Yt =Y(z/t =0+) (46)
Y™ =Y(z/t =0-) (47)

we obtain the final form of intermediate states:

If A3 < 0, then:

YT =Yg (48)
Y = YR - Ozlfl (49)
If Ay < 0 and A3 > 0, then:
Yt =Yg — aszis (50)
Y =YL+ asr (51)
If Ay > 0, then:
Yt =Y, 4+ i (52)
YT =Yg (53)
_This must be complemented with :
If Ao = 0, then:
Y+ = YR - Ctgfg (54)
Y =Y, (55)
If A3 = 0, then:
YT =Yg (56)
Y™ =Y, + asrg (57)

International Journal on Finite Volumes 9
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We recall that coefficients a are computed as:
(a1, 02, 3)" = (YY) (YR — V) (58)

We have the following property, the proof of which is obvious, owing to the form
of the first right-eigenvector :

Property 4
This interface solver is in agreement with (16, 17) since it ensures that the numerical
intermediate states computed on each side of the contact discontinuity associated
with A1 comply with:

it1/2 = Qz—'il/Z (59)
(112);_1/2 = (112);_1/2 (60)

(recall that I? = UTQ +9(p)).

The whole scheme (38), (39) thus ensures the conservation of mass. It also lo-
cally ensures the conservation of momentum provided that €; = €;41.

Of course, we have in general: (p);rl/2 # (p);ﬁrl/z, and also: w5 # u;‘;l/?

unless: €; = €;41.
5 Numerical results

The cell scheme is (38), (39), and we use the interface Riemann solver detailed
above. We also focus in a subsection on the effect of ”smoothing” of the interface
(see figures (1-8)).

The state law is :
P(p) = Pyp®, with 3 =3, and Py = 10°.

Owing to (3) and (6), we expect that through the stationary interface:
Qr=0Qr (61)

if [, subscripts refer to states on both sides of z/t = 0.

Owing to (12) we also expect that either [I7]] =0, or :
[QIF)] <0 (62)

which turns to be : [I£]] < 0 when the flow is right going (v > 0), and 0 < [I{]]
when the flow is going to the left (u; < 0).

The suitability of the numerical answer may thus be examined on the basis of
this very simple entropy principle.

International Journal on Finite Volumes 10
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5.1 First test case

We start with the following initial data. The porosity agrees with :

e(r <0.5) =1. (63)
e(x >0.5)=0.5 (64)
and the initial conditions are:
plr <04,t=0)=2.,U(x < 04,t=0)=0. (65)
plx >04,t=0)=1.,U(x > 0.4,t=0)=0. (66)

The mesh contains 4000 nodes, and the CFL number has been set to 1. A shock
wave (respectively a rarefaction wave) starting from z = 0.4 travels to the right
(respectively to the left), and hits the porosity discontinuity located at z = 0.5.
Part of the shock wave is reflected, and part is transmitted through the right. We
may rely on the approximations on each side of x = 0.5, and we thus focus on
the behaviour of epU which we expect to be continuous (at least on sufficiently
fine meshes), and of I12. When the flow around the porous interface is steady, the
computed approximations of the momentum around x = 0.5 are almost uniform,
and the discrete form of the entropy inequality is preserved.

5.2 Second test case

The porosity distribution is exactly the same. The initial condition for the density
and the velocity are :

p(x <04,6=0)=1.,U(x < 0.4,t =0) =0. (67)
p(x>04,6=0)=2.,U(x>04,t =0)=0. (68)

The mesh and the CFL number are the same as in the previous case. A shock wave
(respectively a rarefaction wave) starting from x = 0.4 travels to the left (respectively
to the right). The head of the 2 rarefaction wave hits the porosity discontinuity in
x = 0.5. epU remains continuous through the latter interface, and the jump of I? is
in agreement with the entropy inequality.

5.3 Third test case
The porosity profile is now:
e(r < 0.5) =1. (69)
e(x > 0.5) = 0.05 (70)

The density and velocity initial condition are exactly those of the first test case, and
the mesh and the CFL number are also the same as in the first case. The amplitude of
the incoming right-going shock is thus exactly the same, but the contrast in porosity
is much higher (and probably meaningless when focusing on flows in nuclear power
plants). We may check that the behaviour of steady cell values of momentum epU
are continuous around z = 0.5, and that the second Riemann invariant I? correctly
varies, since we expect that [I?] < 0 since w;(x = 0.5,T) > 0. This correct behaviour
remains when the mesh is refined .

International Journal on Finite Volumes ].1
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5.4 Fourth test case
The porosity profile is still:
e(r <0.5) =1. (71)
e(z > 0.5) =0.05 (72)

The density and velocity initial condition are exactly those of the second test case,
and the mesh and the CFL number are also the same as in the second test case. We
still notice here that [Q] = 0 and [I?] > 0 through the porous interface, which is in
agreement with the entropy condition since w;(x = 0.5,7") < 0.

5.5 Effect of sharp or smooth representation of the free-porous in-
terface

The porosity profile is again:

e(r <0.5) =1. (73)
e(z > 0.5) =0.05 (74)
and the initial condition are :
plr <04,t=0)=2,U(x < 04,t=0)=0. (75)
plx >04,t=0)=1.,U(x > 0.4,t=0)=0. (76)

We wish to examine here the effect of smoothing of the interface. This is achieved
inserting 10 points in the € profile through the interface. The profile may either be
linear or parabolic. The plot also includes the Heavyside distribution (sharp inter-
face) (see figures (1) to (4)).

Remark 1
We emphasize that we still use the same approximate Godunov scheme with variable
Y = (e,Q, ¢) for all interfaces, whatever the regularization of the porous profile is.

Remark 2
One might consider the counterpart of this numerical approach from a continuous
point of view, by regularizing € on a shrinking domain, and then pass to the limit
as has been achieved for generalized shallow-water equations in [7] (see [19] also).
It seems doubtful anyway that such a regularization of ¢ will enable to retrieve the
relation (35) (see [28]).

A similar test is performed setting:

e(x > 0.5) =0.05 (77)
e(r <0.5) =1. (78)
and the initial conditions are :
plx <04,t=0)=1.,U(x<04,t=0)=0. (79)
plx >04,t=0)=2,U(x > 04,t=0)=0. (80)

International Journal on Finite Volumes 12
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A series of four figures (see figures (5) to (8)) provides the numerical approximations
obtained using a fine mesh with 3800 cells.

5.6 Comparison with a pure reflexion on a wall boundary

One aims here at comparing approximated solutions achieved with the interface
solver, and those obtained when computing the pure reflexion on a wall of the same
incoming shock wave. The mesh is rather fine here (3800 cells). Results are displayed
on figures (9), (10), (11), (12). The wall boundary -in the case eg = 0.- is located
at © = 0.5 (respectively the coupling interface -in the case eg = 0.05-).

6 Conclusion

This work aims at highlighting some of the difficulties occuring when computing
any system of non linear PDE describing fluid mechanics when taking porosity into
account. While focusing on a simple two-equation model, it appears that steady
discontinuous patterns may appear, even when computing simple reqular flows such
as rarefaction waves traveling in pipes (this actually exactly stands for the Loss
Of Coolant Accident in nuclear power plants), as soon as these pipes contain some
sudden enlargment or contraction.

Two physical constraints should be fulfilled through the interface, that is:

(epU)1 = (epU); (81)
and :
qplUl[U; + /Op Ci(la)da};“ <0 (82)

A cell scheme which relies on Leroux ideas has been examined. An interface
Riemann solver has been proposed, which enforces the continuity of both Riemann
invariants of the steady wave. On the basis of many numerical experiments, it ap-
pears that the latter is suitable, at least when the contrast of porosity through the
interface is not too large ( for nuclear applications, this assumption is meaningful).
Moreover, it occurs that there is no influence of the interface path when using this
approach. We wish to emphasize that another interface solver based on the same
approach, but using the state variable Y’ = (¢, @, pe) instead of Y = (¢, Q, ¢) which
was considered herein, may violate the entropy inequality (12) in some cases, even
when the contrast €, /¢; between media is rather close to 1. (see [21] for more details.

One might wonder whether a higher order scheme would be suitable to cope
with the interface. Actually, our opinion is that this is not desirable at the coupling
interface for stability reasons , whereas it is indeed a good and standard ingredient
apart from the coupling interface, which enables to increase the local accuracy. In
order to improve the method, it now remains to examine whether one may prescribe
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a physical head loss provided by the user.
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A rough scheme to couple free and porous media

Porosity 1/0.05 _ CFL=0.45 _ Effect of smoothing (3800 cells)

Invl _ Discontinuous (line) _ Linear (triangles) _ Parabolic (squares)
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Figure 1: Effect of smoothing on the shock wave coming from an open medium and

entering a porous medium ej; = 0.05 . Linear path - Heavyside path- quadratic
2

path- Riemann invariant 1?2 = 2= + 1(p)
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A rough scheme to couple free and porous media

Porosity 1/0.05 _ CFL=0.45 _ Effect of smoothing (3800 cells)

Inv2 _ Discontinuous (line) _ Linear (triangles) _ Parabolic (squares)
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Figure 2: Effect of smoothing on the shock wave coming from an open medium and
entering a porous medium ej; = 0.05 . Linear path - Heavyside path- quadratic
path - Momentum epU
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A rough scheme to couple free and porous media

Porosity 1/0.05 _ CFL=0.45 _ Effect of smoothing (3800 cells)

Velocity _ Discontinuous (line) _ Linear (triangles) _ Parabolic (squares)
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Figure 3: Effect of smoothing on the shock wave coming from an open medium and
entering a porous medium ej; = 0.05 . Linear path - Heavyside path- quadratic
path- Velocity
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A rough scheme to couple free and porous media

Porosity 1/0.05 _ CFL=0.45 _ Effect of smoothing (3800 cells)

Density and porosity _ Discontinuous (line) _ Linear (triangles) _ Parabolic (squares)
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Figure 4: Effect of smoothing on the shock wave coming from an open medium and
entering a porous medium €e;; = 0.05 . Linear path - Heavyside path- quadratic
path- Density

International Journal on Finite Volumes 20



A rough scheme to couple free and porous media
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Porosity 1/0.05 _ CFL=0.45 _ Effect of smoothing (3800 cells)

Invl _ Discontinuous (line) _ Linear (triangles) _ Parabolic (squares)
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Figure 5: Effect of smoothing on the rarefaction wave coming from an open medium

and entering a porous medium epsilony; = 0.05 . Linear path - Heavyside path-
2

quadratic path- Riemann invariant I? = % +¥(p)
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Porosity 1/0.05  CFL=0.45 _ Effect of smoothing (3800 cells)

Inv2 _ Discontinuous (line) _ Linear (triangles) _ Parabolic (squares)
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Figure 6: Effect of smoothing on the rarefaction wave coming from an open medium
and entering a porous medium ej; = 0.05 . Linear path - Heavyside path- quadratic
path- Momentum epU
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A rough scheme to couple free and porous media

Porosity 1/0.05  CFL=0.45 _ Effect of smoothing (3800 cells)

Velocity _ Discontinuous (line) _ Linear (triangles) _ Parabolic (squares)
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Figure 7: Effect of smoothing on the rarefaction wave coming from an open medium
and entering a porous medium ej; = 0.05 . Linear path - Heavyside path- quadratic
path- Velocity
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A rough scheme to couple free and porous media

Porosity 1/0.05 _ CFL=0.45 _ Effect of smoothing (3800 cells)

Density and porosity _ Discontinuous (line) _ Linear (triangles) _ Parabolic (sguares)
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Figure 8: Effect of smoothing on the rarefaction wave coming from an open medium

and entering a porous medium ep; = 0.05 . Linear path - Heavyside path- quadratic
path- Density
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A rough scheme to couple free and porous media

Pure reflection on awall (1./0.) compared with flow through porous medium (1./0.05)
Invl_ 3800 cells_ CFL=0.45 _ Second interface solver (shock wave)
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Figure 9: Shock wave in an open medium hitting a porous medium ey = 0.05 or a
2
wall - Riemann invariant I3 = 2= + v (p)
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A rough scheme to couple free and porous media

Pure reflection on awall (1./0.) compared with flow through porous medium (1./0.05)

Inv2_ 3800 cells_ CFL=0.45 _ Second interface solver (shock wave)
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Figure 10: Shock wave in an open medium hitting a porous medium e3; = 0.05 or a
wall - Riemann invariant I = peU
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A rough scheme to couple free and porous media

Pure reflection on awall (1./0.) compared with flow through porous medium (1./0.05)
Density 3800 cells_ CFL=0.45 _ Second interface solver (shock wave)
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Figure 11: Shock wave in an open medium hitting a porous medium e3; = 0.05 or a
wall - Density
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A rough scheme to couple free and porous media

Pure reflection on awall (1./0.) compared with flow through porous medium (1./0.05)

Velocity 3800 cells_ CFL=0.45 _ Second interface solver (shock wave)
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Figure 12: Shock wave in an open medium hitting a porous medium e3; = 0.05 or a
wall - Velocity
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