Proceedings of COBEM 2003 17th International Congress of Mechanical Engineering(’|
COBEM2003 - 1603  Copyright © 2003 by ABCM November 10-14, 2003, S&o Paulo, SPC

INTERFACES IN POROUS MEDIUM CAPTURED BY LEVEL
SET METHODS

Fabio Gongalves

Carlos Eduardo de Souza
Francisco Duarte Moura Neto
Instituto Politécnico

Universidade do Estado do Rio de Janeiro
C. P. 97282 — 28601-970

Nova Friburgo, RJ, Brasil

[fgoncalves, ceduardo, fmoura]@iprj.uerj.br

Abstract. This paper presents the determination of the interface evolution of a tracer (passive scalar) in a
porous medium by means of a semi-Lagrangian level set method. Such approach allows for a precise represen-
tation of the interface, can handle complex interface evolutions and admits large advancing time steps.
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1. Introduction

Models of several scientific and technologic problems present interfaces or boundaries between, for example,
different materials, several fluids, or fluids in different states. Some of these boundaries move due to the overall
dynamics of the problem in consideration (Ramesh and Torrance, 1993; Strain, 1989; Gongalves, 1999; Neto,
Leme, Souto and Vargas, 1998). Applications range from flame propagation to boiling in porous medium, to
mould filling and to ocean waves.

In two dimensions these interfaces are usually represented by one or more closed curves or curves extending
to infinity.

Also, there are problems where the curves do not have a motion physically motivated. In computer vision,
one is interested in shape detection and recognition. In such problems (Kass, Witkin and Terzopoulos, 1988;
Caselles, Kimmel and Sapiro, 1995), motion of an initial curve is driven by properties of the image in order to
extract a shape in the image.

Level set methods have been introduced by J. A. Sethian and S. J. Osher (Osher and Sethian, 1988; Sethian,
1996) to describe the evolution of curves. A great advantage of these methods over competing ones is that it
treats easily the splitting of a curve in two or more curves and the merge of two or more curves into just one
curve. Changes of the topological character of interfaces or boundaries are treated in an unified fashion with
a new field variable defined all over the physical domain and which evolves respecting the dynamics of the
interface. These methods have been generalised to three dimensions and are easily implemented.

In this work, we apply a level set method, time-integrated by means of a semi-Lagrangian approach, to the
study of the motion of a passive scalar in a heterogeneous porous medium. Due to the complex nature of the
porous medium, the passive scalar evolves to form a region with a non-trivial geometry which can be handled
computationally by a level set method.

In section 2 we present the equation for the flow of a fluid and of a tracer in a porous medium. The basic idea
of level set methods are presented in section 3. The solution of the flow problem using a domain decomposition
method is presented in section 4. Section 5 shows a semi-Lagrangian implementation of the level set method.
Finally in section 6 we present some numerical results and conclusions.

2. Flow of a Tracer in a Porous Medium

We consider the evolution of a tracer in a porous medium. Since the tracer is non-reacting and non-diffusing
(passive scalar), its evolution can be followed by its interface with the fluid, see Fig. 1.
The interface evolves by means of the velocity field of the incompressible fluid which satisfies Darcy’s law,

V-u= f = 5inlet - 5outlet in Q,
u=-KVp in €; (1)
u-n=0 on ON.
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Figure 1: Porous medium filled with a fluid and a tracer.

Here () represents the porous region, p is the pressure, u is the velocity field, K is the permeability, and
f = intet — Ooutier Tepresents a Dirac’s delta source in the inlet position and a Dirac’s delta sink in the outlet
position.

3. Level Set Method

Level set methods have been introduced by Osher and Sethian (Osher and Sethian, 1988; Sethian, 1996).
Their aim is to evolve accurately curves, surfaces, or interfaces subject to a specific dynamics, allowing the
treatment of changes in their topological structure, the splitting of an interface in two or more interfaces and
the merge of two or more interfaces into just one, easily.

These methods are based on a suitable representation of the interfaces by means of a scalar field, ¢, the
level set function, and in setting up an evolution equation for ¢ which preserves the representation.

We consider the method for interfaces in 2-D represented by curves. Denote by I'; the interface (a simple
curve or a set of curves) at time ¢. At each fixed time ¢, the interface is represented by the null level set of

¢('7t)7
Iy ={xeR’|o(x,t)=0}. (2)

The evolution equation for ¢ must be compatible with Eq. (2). Let x = x(¢) denote a point in the interface,
x(t) € T't. Assume that the velocity field of the evolving interface is u. Then, by representing by a dot a time
derivative, we have

x =u(x,t). (3)

From Eq. (2) we must have

o(x(t),t) =0 (4)
and differentiating this equation with respect to time, one gets,
¢t +%x-Vo=0. (5)

Substituting Eq. (3) into Eq. (5), we finally determine the evolution equation for ¢,

To complete the description of the level set method at an analytical level, we need to specify initial conditions
for ¢, compatible with Eq. (2). A simple way to do this is to let ¢o(x) = ¢(x,0) be a signed distance of x to
the interface; if x is inside the region delimited by the interface, ¢(x,0) is negative, and if x is outside ¢(x,0)
is positive (see Fig. 2). For instance, if Iy is a circle, Iy = {(z,y) | (x — z9)? + (y — yo)? = r?}, then we can

define ¢(x,0) = \/(z — 20)2 + (y — yo)?> — r. However, for later times, ¢(x,t) is not necessarily equal to the
distance to I';; we emphasize that what remains valid by the evolution defined by Eq. (6) is Eq. (2). Therefore,
by finding the zeros of ¢(+,t) for a fixed time ¢, we determine the interface T';.



Figure 2: The initial level set function, ¢o(x,y), is chosen here as a signed distance to the interface T'g.

4. Solution of the Flow Problem

The velocity field in the porous region, which is taken as a square, is computed by solving Eq. (1) rewritten
here as

V- (_KVp) = f = 6inlet - 6outlet in © (7)

for the pressure, by a domain decomposition presented by Douglas et al. (Jr., Leme, Roberts and Wang, 1993).
The spatial domain is divided into square cells and, in each cell, nine quantities, representing physical variables,
are stored: the values of the pressure at the center of the cell, p, the values of the pressure at the middle point
of the edges of the cell, I, [, [, and [,, and the values of the normal components of the velocity field at each
edge of the cell q,, q,, ¢, and ¢, (for example, ¢, = u-(—1,0)); see Fig. 3.

I, qL ¢ ® ® /3 qr

Figure 3: The porous media and its decomposition into square cells.

Integration of the mass conservation equation over a cell, first equation in Eq. (1), leads to its discrete form,

Gn +qy + a0+ a4 = fh (8)

and the discrete version of the momentum equation (second equation in Eq. (1)) can be written to each edge as
2K

qa:_T(la_p)7 Oé:R,U,L,D. (9)

The linear system defined by Eq. (8) and Eq. (9) has 5 equations and 9 unknowns for each cell. To close
up the system, coupling equations, Robins interface conditions, are used,

I.=p.(q, +da) +la, a=R,UL,D, (10)



where @ refers to the labelling of the edge by the adjacent cell (for example, @ = L when o = R) and ¢, [
to the values of the physical variables on that adjacent cell. Also, 5, = [, is a constant on the edge chosen
empirically to accelerate convergence; it is taken positive to avoid numerical instabilities due to the existence
of Steklov eigenvalues in the boundary operator, Eq. (10) (Gustafson, 1987).

Equation (7) together with the boundary condition (third equation in Eq. (1)) does not have a unique
solution since an arbitrary constant can be added to p. A unique solution can be specified if it is assumed that
the global mean of the pressure is null,

/ p(z,y) dedy = 0. (11)
Q

This requirement is accomplished in an update step. Let  be the computed pressure on the cells, [ be the
pressure field on edges and

m= / pdxdy and V = / dxdy = Vol(£2) . (12)
Q Q
Let p be the global null average pressure field, and [ its value on the edges of cells. Then, on each cell, we let
p:;ﬁ—g and lazia—%. (13)

It is easy to check that p defined by Egs. (12 — 13) satisfy Eq. (11).
Substituting (10) in (9) and rearranging we get

qa = Cap - ca (ﬁaq& + Z(i) ’ (14)
where ¢, = ﬁ and n = 25, Adding Eq. (14) in a and using Eq. (8) we get
fh+2a Cq ﬁa(j&—’_[&

The iterative algorithm to solve Eq. (8 — 11) is based on Eq. (10), (14), (15) and (13) and can now be

described. Start from an initial guess, po, qz, lz, in each cell. From Eq. (15), let the right hand side, which
depends on information from neighbour cells, be evaluated using values from the previous iteration,

RN LD oA [e. (8.3 +17)]

(Xca

Use Eq. (14) to update ¢, and Eq. (10) to update [_,

with n=20,1,2,...

n+1 n+1

qg =c,p —c, (ﬁaq;l+f;> with n=0,1,2,...

a

n+1

L, =ﬁa(qz+1+cj§)+ig with n=0,1,2,...

In each iteration step n, p and [ should be corrected by Eq. (13). This iteration procedure is carried out up
to convergence. The values of the velocity field at the corners of the cells are computed by a suitable average
of g,.

5. Semi-Lagrangian Scheme for the Evolution of the Level Set Function

In this section we describe the scheme that we employ to numerically integrate the evolution equation for
the level set function, Eq. (6). This assumes that the velocity field u is known and that it has been solved by
the method outlined in the previous section.

The scheme to solve Eq. (6) uses a standard finite difference discretization for the spatial representation of the
level set function and a characteristics based method — a Semi-Lagrangian approach — for time discretization
(Russell, 1980; Russell, 1985).

The characteristics (Chorin and Marsden, 1980) of the level set evolution equation

9¢ o¢ o

E—&—u(x,y)% +U($,y)a—y =0, (16)

0<zx,y<L,t>0, are the solution curves of the system of ordinary differential equations
i = u(S1(t), S2(t))

- (17)
982 — v (S1(t), Sa(t))



(51(87), 52(7)) = (2%, y7) -
The solution (S (t), S2(t)) is the trajectory of (z*,y*) and ¢ (S1(t), S2(t),t) is constant along time
¢(Sl(t)vs2(t)7t) :¢($*7y*1t*) ’ (18)

for t > t*. This can be seen by checking that it is null the time derivative of the function on the left hand side
of Eq. (18), as a consequence of Eq. (16) and Eq. (17).

Equation (18) is the basis of a method to advance ¢ in time. Consider a time semi-discretization, where the
time variable is discretized, t = kAt, k = 0,1,2,.... Assume ¢ is known at time level k, ¢*, and that we want
to determine ¢**1. For any given point (x,y) € [ L] [0, L], we solve Eq. (17) backward in time to determine
(x*,y*,t*) given the final point (S1((k+ 1)At),S2((k + 1)At)) = (x,y) and letting t* = kAt. From Eq. (18)
we get that:

¢ (2, y) = dlz,y, (k+ 1)AL) = ¢(a*, y*, kAL) = ¢* (2", y") (19)

This is a semi-Lagrangian scheme for Eq. (16). A numerical procedure is used to determine (z*, y*), by solving
Eq. (17).
We introduce a finite difference spatial grid, (z;,y,) = (iAz, jAy), i, =0,1,..., N, with Az = Ay = %

(xi,yre1) (xi+1,y5+1)

(xo,y9)

(x,- 'yj) ()Ci+l,y/')

Figure 4: Interpolation of the vector field (u,v). Average linearly the values on (z;,y,) and on (z;11,y;), and
do the same with the values on (z;,y;4+1) and (241, yj4+1). Finally average linearly on y those values (see Eq.

(23)).

In order to get second order accuracy in the determination of the characteristics which impacts the accuracy
of ¢, we use an implicit method to solve Eq. (17),

Sptiosy u SEtlypgt gktlighk
At 2 ’ 2 )
(20)

k ¢ k o k
Sytlosy _ v SEHl gk ghtlygk
At 2 ? 2 ?

with (S71, S5+1) = (2;,5;), a grid point. Therefore, substituting in Eq. (20), the value of (S§, S5*1) and of
(S¥,S%) = (x*,y*) which is the unknown, and rearranging we get

* T4+ it+y”
x — Atu ( Y 2y )
(21)
y* — yj Atu (wl-i-:v yj'gy*)
Given (x;,y;) and k, we solve Eq. (21) for («*,y*) by iteration,
i =z, — Atu (LHC yﬂ;y:)
(22)

y:+1 :y] Atu(aj +$T7y3+yr>

where r is an iteration counter, r = 0,1,2,..., and we run the iteration up to convergence.



The values of u and v are only known at grid points, (¢Ax, jAy), 4,7 =0,1,..., N, which correspond to cell
corners, see section 4. We compute (u,v) in other points by a quasi-linear approximation. Say that we need
to approximate (u,v) at (z¢,y%) which is located inside the square with vertices (z;,y;), (Ti+1,¥;), (Ti,Yj41)s
(#i+1,Yj+1)- Then

§ s §_ . §_ .
Y Yi x T xz T
’LL(:L’S’ yﬁ) ~ (1 - Ay ) |:<]_ — Aaj > ui,j + A—l‘ Ui+17j:|

E_ o). §_ . E_ o
Yt —y s — A
+ Ay . Kl T T AL Z) Ui 1+ TI Ui+1,j+1] ,

and analogously for v(z¢,4%), just exchange u by v in Eq. (23); see Fig. 4.
For improved accuracy in the evolution of ¢, the value used in the right hand side of Eq. (19) is computed by
a quasi-cubic approximation which is determined in the following way, see Fig. 5. We do a linear interpolation

(23)

(Xi,)/’j'+2) (x,'u,yju)
(_x,-,l,yjﬂ) (x:',yju) (xm,y,-u) (xi+2,j+1)
(x+,y)
(x11,7) (x1,3) (xiny) (X2
(x,-,yj,,) (xi H,yj—l)

Figure 5: Interpolation of the level set function.

of ¢ in z when y = y,_1, a cubic interpolation of ¢ in x when y = y;, a cubic interpolation of ¢ in x when
Yy = yY;j+1 and a linear interpolation in x when y = y;2. Finally, with these four interpolations, we do a cubic
interpolation in y.

6. Numerical Results

We consider two types of porous medium, one homogeneous (the permeability K is a constant) and one
heterogeneous (with the permeability assuming two values K; = 107'* in the middle square, and Ky = 107!
in the remaining region).

The tracer can either enter continuously into the region by the inlet position or else can be given in the
interior of the region as a small blob represented in Fig. 1.

Two numerical methods were used in order to numerically integrate the level set equations, a standard
upwind scheme and the semi-Lagrangian method presented in the previous section.

Since the semi-Lagrangian method is CFL-free for stability, it allows larger time steps and it is faster than
the upwind method.

The precision on the determination of the tracer-fluid interface is comparable in both methods and in both
porous media models, when the tracer enters continuously, see Fig. 7. However, when we consider a tracer blob,
the semi-Lagrangian continues to perform well while the upwind method steadily looses the volume of the blob,
as one can see in Fig. 6.

In this way we verify that a semi-Lagrangian implementation of the level set method to follow an interface
can improve the solution process. This is promising and other problems can benefit from this approach.
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Figure 6: Evolution of a blob in a homogeneous porous medium using an upwind scheme (left hand side) and a
semi-Lagrangian method (right hand side). The shape of the blob is plotted at times: 0s, 5s and 10s.
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Figure 7: Evolution of a tracer starting close to the inlet position in a heterogeneous porous medium at times:
10s, 20s and 30s. The graphics on the left hand side represent solutions obtained by an upwind scheme while
the ones in the right hand side are computed by a semi-Lagrangian method.
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