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Abstract
Two-phase flow problems in porous media can be found in several areas, such
as Geomechanics, Hydrogeology, Engineering and Biomedicine, for example.
Typically, these processes are mathematically modeled by a highly nonlinear
system of coupled partial differential equations. The nonlinearity of the system
makes the design and implementation of robust numerical solvers a challenging
task. In this work we consider the flow of two immiscible and incompressible
fluids within a non-deformable porous medium. A mixed pressure-saturation
formulation is adopted, allowing the transition from the unsaturated to satu-
rated zones and maintaining numerical mass conservation. A cell-centered finite
volume method and an implicit Euler scheme are considered for the spatial
and time discretization of the problem. In this work, we propose a solution
method for two-phase flow problems which is based on the combination of the
modified Picard linearization method and a very simple cell-centered multigrid
algorithm that performs efficiently even for heterogeneous random media. This
is shown in the numerical experiments, where two test problems are presented
to demonstrate the robustness of the proposed solver.
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1 INTRODUCTION

Numerical simulation of multiphase flow problems in porous media is highly important in different areas as
Geomechanics, Hydrogeology, Petroleum Engineering, and Biomechanics, for example. Nuclear waste management,
CO2 storage, groundwater remediation, and tumor growth are just a few examples of its applications. These problems
can be mathematically modeled by a coupled system of time-dependent nonlinear partial differential equations (PDEs),
including the Darcy’s law, the equation of mass conservation for each phase, the constraint of the saturations, and the
dependency of capillary pressure on the wetting saturation. Typically there are a number of different possibilities to select
a set of primary variables for the system, resulting in different mathematical formulations for the same model. The choice
of the proper formulation can strongly influence both the performance of the numerical scheme and the solver. Anyway,
the representation in mathematical models becomes complex, as generate systems of highly nonlinear coupled partial
differential equations. The major computational bottleneck lies in the solution of the resulting large systems of equations.
Thus, numerical simulation is often difficult, resulting a great challenge to find efficient and robust solvers to enable
large-scale simulations.
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Various degrees of implicitness in the discretization and coupling in the nonlinear solver can be considered in the
numerical solution of two-phase flow models. The fully implicit method (FIM)1-5 and the implicit pressure explicit satu-
ration (IMPES)6 method are the main strategies to solve numerically this nonlinear coupled system of partial differential
equations. This latter is one of the most common solution methods, despite its stability problems and need of restrictions
on the size of the time step. The computation becomes remarkably simple because only one linear system for the pressure
must be solved per time step. Improved versions of IMPES scheme have been presented in References 7-13. In contrast,
a larger and highly nonlinear system of equations must be solved per time step if a fully implicit approach is used. These
methods seem to be more reliable with respect to robustness, due to the fully implicit and fully coupled treatment of the
governing equations. They avoid any restrictions on the time step, but need an efficient algorithm for solving the result-
ing nonlinear system. The main iterative linearization methods used for this type of nonlinear problems are the Newton
method, modified Picard, L-scheme, or combinations of them.

A common approach is the use of Newton method14,15 which has quadratic convergence, but paying the price of a
costly computation of derivatives at each iteration. It is worthy to mention that the convergence of the Newton method
for degenerate cases was proved rigurously in Reference 16. Picard linearization techniques are also widely used. The
linearization based on the mixed form of the equation, which allows the transition from the unsaturated to saturated
zones and maintains numerical mass conservation, is referred to as a “modified Picard” linearization. It was introduced
by Celia in 1990, first for Richard’s equation17 and later for the two-phase flow problem in porous media.18 A concern
of Newton’s and Picard’s methods is the need to use a regularization term for degenerate problems which may alter the
quality of the solution.16 Finally, the L-scheme3,5,19 is another linearization method which is extremely common due to
its simplicity, since it replaces the Newton iteration by a simple fixed point iteration. Its robustness, however, comes at
the price of slower convergence (generally linear convergence). The modified L-scheme, proposed in Reference 20, shows
stability similar to the L-scheme while having much faster convergence rates (scaling with respect to the time step size).
A comparison among Newton, modified Picard and L-scheme approaches for linearization of the surfactant transport
in porous media was presented in Reference 21. With any of these linearization techniques, linear iterative schemes are
required. In this paper, we will focus on how to efficiently solve these resulting linear problems.

The development of efficient iterative solvers for fully-implicit simulation of complex multiphase flow problems has
been widely studied over the last decades. One of the most popular approaches in the reservoir simulation community
is based on the combination of Krylov subspace methods with a constrained pressure residual (CPR) multistage precon-
ditioning technique.22,23 Its standard implementation24-30 couples an algebraic multigrid (AMG) preconditioner for the
usually elliptic pressure block and an incomplete factorization, that is effective for the hyperbolic part. Moreover, differ-
ent variants of CPR preconditioning have been proposed.31-33 Other alternatives, however, can be found in the literature.
In Reference 34, the authors consider an approximate Jacobian construction as an alternative to the conventional New-
ton method, with exact Jacobian construction, as a nonlinear solver. In Reference 35, a highly parallel solver in which the
resultant nonlinear system arising at each time step is solved in a monolithic way by using a Newton-Krylov-Schwarz type
algorithm was proposed. Recently, different methods based on a Schur Complement Reduction have been presented.36,37

In Reference 38, the authors consider an original block preconditioner which exploits the block structure of the Jacobian
matrix while coping with the nonsymmetric nature of the individual blocks. Same authors propose in Reference 39 a
novel preconditioning technique (EDFA) based on the approximation of the decoupling factors of the system matrix by
using appropriate restriction operators for the sake of the Schur complement computation.

In this work, our focus is on the iterative solution of the linear systems arising in a fully implicit cell-centered finite
volume discretization of a two-phase flow system, with the phases being incompressible and immiscible, and the skeleton
matrix non-deformable. In particular, we consider a combination of the modified Picard iteration and a cell-centered
multigrid method for the solution of the resulting linear system. Here, we would like to remark that the proposed linear
solver is not restrictive to the use of the modified Picard method. The same linear solver can also be used if L-scheme or
modified L-scheme are the chosen linearization techniques. In fact, in the numerical experiments section, results of the
combination of L-scheme with the proposed cell-centered multigrid method are presented.

It is well known that multigrid methods40-42 are among the fastest numerical techniques for solving the large systems
of equations arising from the discretization of PDEs, and they have shown optimal complexity in solving many prob-
lems in different areas of application.43 In the context of two-phase flow problems in porous media, multigrid methods
have been applied, on the one hand, for the solution of the pressure equation within a decoupled approach (IMPES) in
References 44 and 45. On the other hand, multigrid has been also applied to the fully implicit fully coupled approach in
References 46-48. Although the solution of nonlinear equations by multigrid is possible with two different approaches: a
linearization-multigrid approach (a global linearization, usually Newton’s method, is performed and the resulting linear
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equations are solved with multigrid) or nonlinear multigrid (the linearization is only done within the smoothing iter-
ation), in Reference 48 Molenaar compared both approaches finding that the first approach is computationally more
efficient. Here, we follow this latter approach and we propose the use of a basic cell-centered multigrid algorithm for
solving the linear system of equations obtained after linearizing the mixed formulation of the problem by means of the
modified Picard method. It is well-known that the performance of a multigrid method strongly depends on the choice of
its components, and therefore they have to be carefully chosen. The proposed algorithm considers a simple Gauss-Seidel
iteration as the smoother, a piecewise constant prolongation operator and its adjoint as the restriction, and a direct dis-
cretization technique to define the discrete operators on the coarse grids. We will see that such a basic multigrid algorithm
converges well even in the context of random heterogeneous fields. A similar multigrid algorithm was proposed in
Reference 49 for solving Richard’s equation.

The rest of the paper is organized as follows. Section 2 is devoted to introduce the mathematical model together with
its numerical approximation, including the linearization of the mixed formulation of the two-phase flow model and the
spatial and time discretization techniques for the resulting system of PDEs. The cell-centered multigrid method proposed
for the solution of the obtained linear system is described in Section 3. In Section 4, we present two numerical tests to
show the robustness of the proposed solver. Finally, conclusions are drawn in Section 5.

2 MATHEMATICAL MODEL AND NUMERICAL APPROXIMATION

The flow of two immiscible fluids in a rigid porous medium is described by two coupled partial differential equations

𝜕(𝜙𝜌𝛼S𝛼)
𝜕t

+ ∇ ⋅ (𝜌𝛼v𝛼) = F𝛼, 𝛼 = w,n, (1)

where 𝛼 = w,n represents the wetting and non-wetting fluid phases respectively, 𝜙 is the porosity, S𝛼 is the saturation,
𝜌𝛼 is the density, v𝛼 is the Darcy velocity and F𝛼 is the source term of phase 𝛼. The symbol ∇⋅ represents the divergence
operator. The Darcy velocity is given by the generalized Darcy’s Law for the multiphase case

v𝛼 = −
kr𝛼

𝜇𝛼

K
(
∇p𝛼 − 𝜌𝛼g

)
, 𝛼 = w,n, (2)

where kr𝛼 = kr𝛼(S𝛼) is the relative permeability, 𝜇𝛼 is the viscosity, K is the intrinsic permeability tensor, p𝛼 is the pressure,
g is the gravitational acceleration vector.

To close the system, we have the auxiliary relation with the capillary pressure pc(Sw) = pn − pw and the constraint
Sw + Sn = 1.

Substitution of Equation (2) into Equation (1) yields the following system of partial differential equations:

𝜕(𝜙𝜌𝛼S𝛼)
𝜕t

− ∇ ⋅
(
𝜌𝛼

kr𝛼

𝜇𝛼

K∇p𝛼 − 𝜌
2
𝛼g
)
= F𝛼, 𝛼 = w,n. (3)

To complete the formulation of the problem, functions that relate capillary pressure to saturation and relative permeability
to saturation are required. Here, we consider the van Genuchten parametrization.50,51 For the saturation, van Genuchten
proposed the following analytic formula

Sw(pc) = (1 +
(||||

pc

pe

||||

n)−m

, (4)

where pe is a scaling parameter, and n and m = 1 − n−1 are parameters related to the texture of the considered porous
medium. For the relative permeability krw, the following analytic expression was proposed

krw(pc) = Sw(pc)1∕2(1 − (1 − Sw(pc)1∕m)m)2. (5)

Different mathematical formulations for this model can be chosen. Moreover, there exist mathematical formulations
using new (artificial) unknowns that have favorable mathematical properties. The selection of the proper formulation can
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4 of 13 DE OLIVEIRA et al.

strongly influence the behavior of the numerical simulations and in particular of the efficiency of the solver. Therefore
such choice is of primary importance. Following Reference 17, we consider the mixed formulation given in (3). Numerical
methods based on the hybrid form like finite volumes are popular as they result in mass conservation schemes. The
linearization based on the hybrid form of the system (3) is known in the literature as modified Picard linearization.17 Next,
we briefly describe the implicit Euler modified Picard linearization for solving (3). For simplicity we consider density
constant and gravitation is neglected. Let 𝜏 be the time discretization parameter of an uniform temporal grid. The time
level will be denoted by the superscript j and the iteration number within a time step is denoted by the superscript k. By
simplicity we introduce the moisture content 𝜃𝛼(pc) = 𝜙S𝛼(pc), and we will use the simplified notation 𝜃

j,k
𝛼 = 𝜃𝛼(pj,k

c ) and

Kj,k
𝛼 = K

kr𝛼

(
pj,k
𝛼

)

𝜇
𝛼

. The implicit Euler scheme of system (3) is then written by the system

𝜃
j+1,k+1
𝛼 − 𝜃

j
𝛼

𝜏
− ∇ ⋅ Kj+1,k

𝛼 ∇pj+1,k+1
𝛼 = F𝛼. (6)

The key idea of the modified Picard iteration is the use of a first order Taylor expansion for 𝜃j+1,k+1
𝛼 with respect to pc, i.e.,

𝜃
j+1,k+1
𝛼 ≈ 𝜃

j+1,k
𝛼 +

𝜕𝜃
j+1,k
𝛼

𝜕pc

(
pj+1,k+1

c − pj+1,k
c

)
, (7)

where 𝜕𝜃
𝛼

𝜕pc
= C𝛼 is analytically computed from (4). Substituting (7) in (6), we get

Cj+1,k
w

𝛿pj+1,k
w − 𝛿pj+1,k

n

𝜏
− ∇ ⋅

[
Kj+1,k

w ∇
(
𝛿pj+1,k

w

)]
= ∇ ⋅

[
Kj+1,k

w ∇
(

pj+1,k
w

)]
+ Fj+1

w −
𝜃

j+1,k
w − 𝜃

j
w

𝜏
, (8)

Cj+1,k
w

𝛿pj+1,k
n − 𝛿pj+1,k

w

𝜏
− ∇ ⋅

[
Kj+1,k

n ∇
(
𝛿pj+1,k

n

)]
= ∇ ⋅

[
Kj+1,k

n ∇
(

pj+1,k
n

)]
+ Fj+1

n −
𝜃

j+1,k
n − 𝜃

j
n

𝜏
, (9)

where 𝛿pj+1,k
𝛼 = pj+1,k+1

𝛼 − pj+1,k
𝛼 .

As a result, at time tj+1, a coupled system of PDEs with variables 𝛿pj+1,k
n and 𝛿pj+1,k

w has to be solved. With this purpose,
we consider a cell-centered finite volume method (FVM) for spatial discretization, which is known for its mass conser-
vation property. For simplicity, we consider a uniform partitioning of the domain Ω = (0,Lx) × (0,Ly) into equally sized
cells, that is

Ωh =
{
(xi, yj) | xi = (i − 1∕2)hx, i = 1, … ,Nx, yj = (j − 1∕2)hy, j = 1, … ,Ny

}
,

with Nx and Ny being the number of volumes in space in the x− and y−directions, respectively, hx =
Lx
Nx

and hy =
Ly

Ny
.

Thus, for each interior cell with center (xi, yj), we obtain two equations associated to variables 𝛿pj+1,k
𝛼 . For simplicity in

the presentation, we show below the equation corresponding to the wetting phase (𝛼 = w), that is,

ch,w
i,j 𝛿p̃w

i,j + wh,w
i,j 𝛿p̃w

i−1,j + eh,w
i,j 𝛿p̃w

i+1,j + sh,w
i,j 𝛿p̃w

i,j−1 + nh,w
i,j 𝛿p̃w

i,j+1 + ch,n
i,j 𝛿p̃n

i,j = f̃ h,w
i,j , (10)

with 𝛿p̃𝛼 denoting 𝛿pj+1,k
𝛼 , and

wh,w
i,j = − 2𝜏

hxhy

K̃w
i,jK̃

w
i−1,j

K̃w
i,j + K̃w

i−1,j

, eh,w
i,j = − 2𝜏

hxhy

K̃w
i,jK̃

w
i+1,j

K̃w
i,j + K̃w

i+1,j

,

sh,w
i,j = − 2𝜏

hxhy

K̃w
i,jK̃

w
i,j−1

K̃w
i,j + K̃w

i,j−1

, nh,w
i,j = − 2𝜏

hxhy

K̃w
i,jK̃

w
i,j+1

K̃w
i,j + K̃w

i,j+1

,

ch,w
i,j = −

(
wh,w

i,j + eh,w
i,j + nh,w

i,j + sh,w
i,j

)
+ C̃w

i,j, ch,n
i,j = −C̃w

i,j,
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where C̃w = Cj+1,k
w and the interblock conductivities have been computed based on the harmonic averaging of the

hydraulic conductivities from the adjacent cells,52,53 denoting K̃w
i,j the conductivity Kj+1,k

w associated with cell (i, j). Notice
that the above formulae are valid if uniform meshes are used. Of course, when non-uniform grids are considered the way
to compute such conductivities has to be properly adapted.

Finally, the source term in (10) is an approximation of the right-hand side in (8) in the corresponding cell (i, j).
The equation corresponding to the non-wetting phase is analogous, and the previous five-point scheme is modified
appropriately for cells close to the boundary.

Thus, in each time step, we must solve a linear system of the form

[
Aw B
B An

][
𝛿pw

𝛿pn

]

=

[
fw

fn

]

, (11)

where, Aw and An are five-banded symmetric and positive definite matrices of order Nx × Ny, and B is a diagonal matrix
of the same size.

3 LINEAR SOLVER: CELL- CENTERED MULTIGRID METHOD

To solve the linear system arising from the above discretization of the modified Picard iteration, we consider a geometric
multigrid method. This algorithm is based on the two-grid cycle, which performs the following steps:

1. Apply 𝜈1 iterations of a classical iterative method, called smoother, on the target fine grid Ωh (pre-smoothing step).
2. Compute the residual of the current fine grid approximation, and restrict it to the coarse gridΩ2h by using a restriction

operator R2h
h .

3. Solve the residual equation on the coarse grid.
4. Interpolate the obtained correction to the fine grid Ωh by using a prolongation operator Ph

2h and add the interpolated
correction to the current fine grid approximation.

5. Apply 𝜈2 iterations of a classical iterative method (post-smoothing step).

The standard multigrid algorithm is obtained by applying the same algorithm in a recursive way by using a hierarchy
of coarser meshes. The performance of the method depends on the choice of the components involved in the previously
defined steps. In particular, we need to specify how to construct the hierarchy of grids, the coarse grid operators, the type
of cycle, the intergrid transfer operators, and the smoother. Thus, in the following we explain our choices in this work.

The multigrid hierarchy is based on a standard coarsening, i.e., the ratio between the cell-width on the fine and coarse
grid is two. Therefore, each coarse cell is the union of four fine cells, and, since the unknowns are located in the cell
centers, this results in a nonnested hierarchy of grids. As the smoothing method, a collective lexicographic Gauss-Seidel
relaxation scheme is used, i.e., at each cell the two associated equations are solved simultaneously. This means that a
small linear 2 × 2 system of equations has to be solved at each cell. A simple piecewise constant interpolator Ph

2h is chosen
as prolongation operator. In classical stencil notation, it is given by

Ph
2h =

⎤
⎥
⎥
⎥
⎦

1 1
⋆

1 1

⎡
⎢
⎢
⎢
⎣

h

2h

, (12)

where ⋆ denotes the position of a coarse cell center. The classical stencil notation shows the contribution of the coarse
grid node to the neighboring fine grid nodes. The restriction operator R2h

h is chosen as the adjoint of the prolongation,
given in stencil form by

R2h
h = 1

4

⎡
⎢
⎢
⎢
⎣

1 1
⋆

1 1

⎤
⎥
⎥
⎥
⎦

2h

h

. (13)
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6 of 13 DE OLIVEIRA et al.

The coarse grid operators are obtained by direct discretizations defining the diffusion coefficients at the edges of the coarse
cells appropriately. As explained above, the flux over an edge, dependent on the solution in the two adjacent cells, is cal-
culated based on the harmonic average. However, the diffusion coefficient at coarse edges, is calculated as the arithmetic
average of the corresponding fine grid coefficients. As it was pointed in References 53 and 54, this direct discretization
procedure is equivalent to the Galerkin approach, i.e., L2h = 1

2
R2h

h LhPh
2h, but computationally more efficient. The factor

1∕2 in the previous expression is due to the lack of consistency of the operator R2h
h LhPh

2h with the differential operator.55

We have chosen a W(2, 2)−cycle since it was found in References 54 and 49 to be a very robust and efficient multigrid
cycling strategy. The stopping criterion for the multigrid solver is set to reduce the initial residual by a factor TOLMG, i.e.
∥Rm∥∞∕∥R0∥∞⩽ TOLMG, where R0 and Rm are the initial residual and the residual in the iteration m respectively.

Remark 1. Notice that a similar multigrid approach can be extended to different types of grids in order to deal
with more complex configurations of the problem. As done in Reference 56 by some of the authors for other
problem, logically rectangular grids can be considered to take advantage of the recent trends in computer
architectures: many-core and accelerated architectures that achieve their best performance when structured
data can be used. In addition, the geometric multigrid method can be easily extended to semi-structured
triangular grids in order to deal with more complex domains. The idea would be to construct an unstructured
coarse triangulation in such a way that the grid fits the irregular structure of the domain, and then to apply a
regular refinement to the input triangles in order to obtain a totally unstructured grid composed of structured
patches where the geometric multigrid method can be easily applied (see References 57-59).

4 NUMERICAL EXPERIMENTS

In this section, we consider two different numerical experiments to test the behavior of the proposed solution method.
First, we consider a problem with an analytical solution to test our solver, and later, a more realistic problem in order to
show its robustness and good behavior.

In the following, we will consider a stopping criterion for the linerization method with a tolerance of TOLLin = 10−9.
Within the multigrid iterative procedure, the stopping criterion will be to reduce the initial residual in a factor of TOLMG =
10-5. Moreover, the number of levels employed in the multigrid strategy is the highest possible. We consider standard
coarsening ratio, i.e. coarsening ratio equal 2, so the grids need to be created hierarchically as power of 2, in which the
coarsest mesh is composed of 2 × 2 volumes.

The proposed solver has been implemented in our in-house Matlab code, and the numerical computations have been
carried out on a computer with Intel Core i7 2.6 GHz processor, 8 GB RAM, running Windows 10, and using double
precision arithmetic.

4.1 Numerical test with analytical solution

First, we consider a test problem with analytical solution proposed by Kvashchuk in Reference 60. In that work,
Kvashchuk considered the averaged pressure formulation, with p – Sw being the primary variables, where p = pw+pn

2
. In

that case, they choose the right-hand side functions such that the following analytical solution is considered:

p(x, t) = xt(1 − x)y(1 − y),

Sw(x, t) = 1
2
+ xt(1 − x)y(1 − y),

in the spatial-temporal domain D = (0, 1) × (0, 1) × [0,T], with T = 1. Since we consider the modified Picard linearization
of the mixed formulation of the problem, the system to solve is given in terms of the two pressures pw–pn, and then we
have to make some adaptations to use pw and pn instead of p. For this, using the capillary pressure equation (pc = pn − pw)
and p, we obtain that

pw(x, t) = p −
pc(Sw)

2
(14)
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DE OLIVEIRA et al. 7 of 13

and

pn(x, t) = p +
pc(Sw)

2
, (15)

with initial and Dirichlet boundary conditions given by the analytical solutions (Equations 14 and 15).
As in Reference 60, we choose van Genuchten parametrization for the dependence of the relative permeabilities (16)

and the capillary pressure (17), that is,

kr,w(Sw) =
√

Sw
(
1 −

(
1 − S1∕m

w
)m)2

,

kr,n(Sw) =
√

1 − Sw
(
1 − S1∕m

w
)2m

, (16)

pc(Sw) = pe
(

S−1∕m
w − 1

)1∕n
, (17)

where m = 1 − 1∕n, n and pe are the van Genuchten parameters, which are chosen as n = 2 and pe = 2 MPa. The rest of
the values for the parameters are K = 1(m2), 𝜙 = 1 and 𝜇𝛼 = 1 (Pa s).

First, we compute the errors between the analytical and the numerical solution for different values of the discretization
steps in time (𝜏) and in space (h = hx = hy). In Table 1, we show the L2-norm errors for the saturation and both pressure
unknowns

(
Ei

Sw
, Ei

pw
and Ei

pn
, respectively

)
, together with the corresponding error reduction

(
Ei−1
𝛾 ∕Ei

𝛾 , being 𝛾 the cor-
responding variable

)
. It can be seen that second order of convergence is obtained in contrast to the expected theoretical

first order. Similar results were observed in Reference 60. This behavior can be due to the simple problem considered.
Regarding the convergence of the proposed solver, in Table 2 we show, for different values of the discretization param-

eters (h = 𝜏), the number of multigrid cycles in the last Picard iteration of the last time step (itMG), the arithmetic mean of
the number of multigrid cycles (itMG), the number of linearization iterations in the last time step (itLin) and the arithmetic
mean of the number of linearization iterations (itLin). We can observe that the number of modified Picard linearization
iterations that we need to perform is small in all the cases, with modified Picard being better, as it converges with less
linearizations, giving rise to a robust algorithm independently of the values of the discretization parameters. Moreover,
for sufficiently small values of h and 𝜏, the number of multigrid iterations is always a small number. Thus, we notice that
in all the cases, the proposed solver for this specific problem proves to be robust with respect to the discretization param-
eters. As mentioned in the introduction, the proposed linear solver can also be applied to other linearization techniques

T A B L E 1 L2-norm errors of pressures and saturation functions for different time steps and mesh sizes, T = 1.

i h = 𝝉 Ei
pw

Ei
pn

Ei
Sw

Ei−1
pw
∕Ei

pw
Ei−1

pn
∕Ei

pn
Ei−1

Sw
∕Ei

Sw

1 0.1 1.261e−03 2.755e−03 1.883e−04

2 0.05 3.276e−04 6.995e−04 4.726e−05 3.8483 3.9389 3.9847

3 2.5e−02 8.274e−05 1.756e−04 1.183e−05 3.9599 3.9843 3.9943

4 1.25e−02 2.073e−05 4.393e−05 2.960e−06 3.9903 3.9960 3.9980

5 6.25e−03 5.186e−06 1.099e−05 7.400e−07 3.9979 3.9990 3.9992

T A B L E 2 Number of iterations for multigrid and for the modified Picard and L-scheme linearization method for different values of
the discretization parameters.

Modified Picard–MG L-scheme–MG

h = 𝝉 itMG itMG itLin itLin itMG itMG itLin itLin

0.1 34 50.22 6 5.7 46 52.03 7 8.3

0.05 20 20.27 6 5.25 20 20.19 8 8.8

2.5e−02 8 9.63 5 4.78 10 9.58 8 8.8

1.25e−02 5 5.82 5 4.51 5 5.6 8 8.74

6.25e−03 4 4.00 5 4.03 4 4 8 8.54
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8 of 13 DE OLIVEIRA et al.

as the L-scheme. Thus, In Table 2, we also show similar results for the combination of the L-scheme with the proposed
cell-centered multigrid method. As it can be observed, the proposed solver is robust with respect to the discretization
parameters if sufficiently small values of h and 𝜏 are considered.

4.2 Immiscible two-phase flow in a heterogeneous media

We consider a problem without analytical solution in the spatial-temporal domain (0, 1) × (0, 8) × [0,T], where T = 1. The
source terms in Equation (3) are considered equal to zero, that is, Fw = Fn = 0. We assume the following initial conditions:
pw(x, 0) = −pc∕2, pn(x, 0) = pc∕2 and Sw(x, 0) = 0.5, and boundary conditions:

pn(x, t) = −pw(x, t) = −
pc

2
, for x = 0, x = 1, y = 0, (18)

𝜕pw(x, t)
𝜕x

= −1, for y = 8, (19)

𝜕pn(x, t)
𝜕x

= 0, for y = 8. (20)

We use again Van Genuchten parametrization for the dependence of the capillary pressure in Equation (17), with
parameters n = pe = 2. In this experiments, we want to test the robustness of the proposed solver in heterogeneous ran-
dom media. Thus, relative permeabilities are modeled as a random field.61 As an example, in Figure 1, we present a
possible sample of the permeability field krw. We consider permeabilities of the order of 10−5 to 10−8, which consist of
characteristic values for very fine sands, silts and clay-silt laminate (desiccated and fissured clays).62 The values for the
rest of the parameters are K = 10−4 for the absolute permeability, and for the porosity and viscosity 𝜙 = 𝜇𝛼 = 1.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

1

2

3

4

5

6

7

8

1e-8

1e-7

1e-6

9e-5

F I G U R E 1 Permeability field krw, for Nx × Ny = 64 × 512.
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DE OLIVEIRA et al. 9 of 13

We solve this test problem by considering the proposed modified Picard linearization method combined with multi-
grid. In Table 3, we show, for different target grids, the number of multigrid cycles in the last linearization iteration of
the last time step (itMG), the arithmetic mean of multigrid cycles (itMG), the number of modified Picard linearization iter-
ations in the last time step (itLin) and the arithmetic mean of these latter (itLin). Also, in the last column of the table, we
display the arithmetic mean of the multigrid asymptotic convergence factor 𝜌M , computed as follows,63

𝜌M = 1
itLin

itLin∑

j=1
𝜌

j
m, where 𝜌

j
m =

itMG

√
||RitMG ||∞
||R0||∞

. (21)

As we can observe, the proposed solver needs only a few linearization iterations to achieve the desired stopping criterion,
as well as a small number of multigrid iteration in each linearization step. Notice that the presented results are robust
with respect to the discretization parameters, too.

In order to demonstrate the robustness of the solver with respect to the discretization parameters, next, different
refinement strategies for 𝜏 and h are considered. In Tables 4 and 5 we present the corresponding results for a fixed value
of 𝜏 and different refinements of the spatial grid, that is for different values of h.

In Table 6, on the contrary, we fix the spatial grid such that h = 0.016 and different numbers of time steps are consid-
ered. In all the cases, we can observe that the iterations remain robust with respect to the mesh refinement and the time
step, showing the robustness of the iterative method with respect to the discretization parameters.

T A B L E 3 Number of iterations for multigrid and for the modified Picard linearization method, together with multigrid asymptotic
convergence factors, for different values of the discretization parameters.

Nx ×Ny Nt h = 𝝉 itMG itMG itLin itLin 𝝆M

4 × 32 4 0.25 4 3.25 4 4 0.0271

8 × 64 8 0.125 4 3 4 4 0.0155

16 × 128 16 0.063 4 3 4 4 0.0257

32 × 256 32 0.031 4 3 4 4 0.0224

64 × 512 64 0.016 4 3.25 4 4 0.0212

T A B L E 4 Number of iterations for multigrid and for the modified Picard linearization method, together with multigrid asymptotic
convergence factors, for 𝜏 = 0.016 and different values of the discretization parameters.

Nx ×Ny Nt h itMG itMG itLin itLin 𝝆M

4 × 32 64 0.25 4 3.25 4 4 0.0311

8 × 64 64 0.125 4 2.67 3 3 0.0157

16 × 128 64 0.063 4 3 4 4 0.0247

32 × 256 64 0.031 4 3 4 4 0.0206

64 × 512 64 0.016 4 3.25 4 4 0.0212

T A B L E 5 Number of iterations for multigrid and for the modified Picard linearization method, together with multigrid asymptotic
convergence factors, for 𝜏 = 0.125 and different values of the discretization parameters.

Nx ×Ny Nt h itMG itMG itLin itLin 𝝆M

4 × 32 8 0.25 4 3.25 4 4 0.0283

8 × 64 8 0.125 4 3 4 4 0.0155

16 × 128 8 0.063 4 3 4 4 0.0262

32 × 256 8 0.031 4 3.25 4 4 0.0173

64 × 512 8 0.016 4 3.50 4 4.13 0.0245
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10 of 13 DE OLIVEIRA et al.

T A B L E 6 Number of iterations for multigrid and for the modified Picard linearization method, together with multigrid asymptotic
convergence factors, for h = 0.016 and different values of the discretization parameters.

Nx ×Ny Nt 𝝉 itMG itMG itLin itLin 𝝆M

64 × 512 4 0.25 4 3.80 5 5 0.0308

64 × 512 8 0.125 4 3.50 4 4.13 0.0245

64 × 512 16 0.063 4 3.25 4 4 0.0220

64 × 512 32 0.031 4 3.25 4 4 0.0205

64 × 512 64 0.016 4 3.25 4 4 0.0212

F I G U R E 2 Relative cpu time in terms of the number of unknowns.

Finally, to show the optimality of the proposed linear solver, in Figure 2 we display the relative cpu time in terms of
the number of unknowns. We can see from the picture that the computational cost of the linear solver is close to (N),
being N the number of unknowns. All these results show the robustness and efficiency of the proposed solution method.

5 CONCLUSION

In this work, we have proposed a solution method for the mixed formulation of the two-phase flow model in rigid porous
media. The solver combines the modified Picard linearization method of this formulation with a simple cell-centered
multigrid algorithm for the resulting linear problem, which provides a good convergence even in the context of random
fields. The proposed linear solver can be also combined with other linearization methods as the L-scheme, providing an
efficient solver as well. Two numerical tests are presented showing the robustness and efficiency of the proposed solver
for problems even with heterogeneous random media. A small number of iterations of both the linearization and the
linear solution methods are enough to achieve convergence in all the cases. The proposed solver provides a robust solution
method with respect to both spatial and temporal discretization parameters, leading to a robust solver for two-phase
flow models. We can conclude that the combination of the modified Picard linearization method and the cell-centered
multigrid algorithm provides a robust and efficient method for this type of problems. Although the results provided in
this work are shown for relatively simple problems with the aim of carefully testing mainly the behavior of the linear
solver, the proposed techniques can be extended to more complex and challenging situations. In order to deal with more
complex configurations of the problem, the proposed multigrid approach can be extended to different types of grids,
as logically rectangular grids or even semi-structured triangular grids, so that the method can deal with more complex
domains. This extension is a topic for future research, as well as the extension of the method to deal with more realistic
numerical experiments, including degenerate cases, and multiphase flow in deformable porous media.

 10970207, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nm

e.7397 by U
FPR

 - U
niversidade Federal do Parana, W

iley O
nline L

ibrary on [24/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



DE OLIVEIRA et al. 11 of 13

AUTHOR CONTRIBUTIONS
Michely L. de Oliveira works with multigrid, linearization methods, space and time discretization. Marcio A. V. Pinto
works with multigrid and porous media. Carmen Rodrigo has experience in multigrid and multiphase flow. Francisco J.
Gaspar has experience in multigrid, porous media and coupled problem.

ACKNOWLEDGMENTS
The authors would like to thank the Graduate Program in Numerical Methods in Engineering (PPGMNE) of the Fed-
eral University of Paraná (UFPR, Brazil) and the University Institute of Mathematics and Applications (IUMA) of the
University of Zaragoza (UNIZAR, Spain). This study was funded partly by the Coordenacao de Aperfeivoamento de Pes-
soal de Nível Superior (CAPES), Brazil–Finance Code 001. Francisco J. Gaspar has received funding from the Spanish
project PID2019-105574GB-I00 (MCIU/AEI/FEDER, UE). The work of Carmen Rodrigo is supported in part by the Span-
ish project PGC2018-099536-A-I00 (MCIU/AEI/FEDER, UE). Francisco J. Gaspar and Carmen Rodrigo acknowledge
support from the Diputación General de Aragón (Grupo de referencia APEDIF, ref. E2_417R).

CONFLICT OF INTEREST STATEMENT
The authors declare no potential conflict of interests.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the corresponding author upon reasonable request.

ORCID
Michely Laís de Oliveira https://orcid.org/0000-0002-0646-9817
Marcio Augusto Villela Pinto https://orcid.org/0000-0003-4166-4674
Carmen Rodrigo https://orcid.org/0000-0002-1598-2831
Francisco José Gaspar https://orcid.org/0000-0002-9777-5245

REFERENCES
1. Frepoli C, Mahaffy JH, Ohkawa K. Notes on the implementation of a fully-implicit numerical scheme for a two-phase three-field flow

model. Nucl Eng Des. 2003;225:191-217.
2. Ganis B, Kumar K, Pencheva G, Wheeler MF, Yotov I. A multiscale mortar method and two-stage preconditioner for multiphase flow

using a global Jacobian approach. Proceedings–SPE Large Scale Computing and Big Data Challenges in Reservoir Simulation Conference
and Exhibition. SPE; 2014.

3. Karpinski S, Pop IS, Radu FA. Analysis of a linearization scheme for an interior penalty discontinuous Galerkin method for two-phase
flow in porous media with dynamic capillarity effects. Int J Numer Methods Eng. 2017;112(6):553-577.

4. Lacroix S, Vassilevski Y, Wheeler J, Wheeler M. Iterative solution methods for Modeling multiphase flow in porous media fully implicitly.
SIAM J Sci Comput. 2003;25(3):905-926. doi:10.1137/S106482750240443X

5. Radu FA, Nordbotten JM, Pop IS, Kumar K. A robust linearization scheme for finite volume based discretizations for simulation of
two-phase flow in porous media. J Comput Appl Math. 2015;289:134-141. doi:10.1016/j.cam.2015.02.051

6. Nordbotten J, Celia M. Geological Storage of CO2: Modeling Approaches for Large-Scale Simulation. John Wiley and Sons; 2011.
7. Chen Z, Huan G, Li B. An improved IMPES method for two-phase flow in porous media. Transp Porous Media. 2004;54:361-376.

doi:10.1023/B:TIPM.0000003667.86625.15
8. Chen Z, Huan G, Ma Y. Computational methods for multiphase flows in porous media. Soc Indust Appl Math. 2006:247-281.
9. Kou J, Sun S. A new treatment of capillarity to improve the stability of IMPES two-phase flow formulation. Comput Fluids.

2010;39(10):1923-1931. doi:10.1016/j.compfluid.2010.06.022
10. Kou J, Sun S. On iterative IMPES formulation for two phase flow with capillarity in heterogeneous porous media. Int J Numer Anal Model B.

2010;1(1):30-40.
11. Lu B, Wheeler MF. Iterative coupling reservoir simulation on high performance computers. Pet Sci. 2009;6:43-50.
12. Kvashchuk A, Radu FA. A fully-implicit, iterative scheme for the simulation of two-phase flow in porous media. Numerical Mathematics

and Advanced Applications ENUMATH 2017. Springer; 2019:625-633.
13. Chen H, Kou J, Sun S, Zhang T. Fully mass-conservative IMPES schemes for incompressible two-phase flow in porous media. Comput

Methods Appl Mech Eng. 2019;350:641-663. doi:10.1016/j.cma.2019.03.023
14. Knabner P, Angermann L. Numerical Methods for Elliptic and Parabolic Partial Differential Equations. Springer; 2003.
15. Kueper BH, Frind EO. Two-phase flow in heterogeneous porous media: 1. Model development. Water Resour Res. 1991;27(6):1049-1057.

doi:10.1029/91WR00266
16. Radu F, Pop I, Knabner P. On the convergence of the Newton method for the mixed finite element discretization of a class of degenerate

parabolic equation. Numer Math Adv Appl. 2006;42:1192-1200.

 10970207, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nm

e.7397 by U
FPR

 - U
niversidade Federal do Parana, W

iley O
nline L

ibrary on [24/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-0646-9817
https://orcid.org/0000-0002-0646-9817
https://orcid.org/0000-0003-4166-4674
https://orcid.org/0000-0003-4166-4674
https://orcid.org/0000-0002-1598-2831
https://orcid.org/0000-0002-1598-2831
https://orcid.org/0000-0002-9777-5245
https://orcid.org/0000-0002-9777-5245
http://info:doi/10.1137/S106482750240443X
http://info:doi/10.1016/j.cam.2015.02.051
http://info:doi/10.1023/B:TIPM.0000003667.86625.15
http://info:doi/10.1016/j.compfluid.2010.06.022
http://info:doi/10.1016/j.cma.2019.03.023
http://info:doi/10.1029/91WR00266


12 of 13 DE OLIVEIRA et al.

17. Celia MA, Binning P. A mass conservative numerical solution for two-phase flow in porous media with application to unsaturated flow.
Water Resour Res. 1992;28(10):2819-2828.

18. Celia M, Bouloutas E, Zarba R. A general mass-conservative numerical solution for the unsaturated flow equation. Water Resour Res.
1990;26(7):1483-1496. doi:10.1029/WR026i007p01483

19. Radu FA, Kumar K, Nordbotten JM, Pop IS. A robust, mass conservative scheme for two-phase flow in porous media including Hölder
continuous nonlinearities. IMA J Numer Anal. 2018;38(2):884-920.

20. Mitra K, Pop IS. A modified L-scheme to solve nonlinear diffusion problems. Comput Math Appl. 2019;77(6):1722-1738.
21. Illiano D, Pop IS, Radu FA. Iterative schemes for surfactant transport in porous media. Comput Geosci. 2021;25:805-822.
22. Wallis J. Incomplete Gaussian elimination as a preconditioning for generalized conjugate gradient acceleration. Proceedings–SPE Reservoir

Simulation Symposium. SPE; 1983;12265.
23. Wallis JR, Kendall RP, Little TE. Constrained residual acceleration of conjugate residual methods. Proceedings–SPE Reservoir Simulation

Symposium. SPE; 1985;13536.
24. Lacroix S, Vassilevski YV, Wheeler MF. Decoupling preconditioners in the implicit parallel accurate reservoir simulator (IPARS). Numer

Linear Algebra Appl. 2001;8(8):537-549. doi:10.1002/nla.264
25. Scheichl R, Masson R, Wendebourg J. Decoupling and block preconditioning for Sedimentary Basin simulations. Comput Geosci.

2003;7:295-318. doi:10.1023/B:COMG.0000005244.61636.4e
26. Cao H, Tchelepi HA, Wallis JR, Yardumian HE. Parallel scalable unstructured CPR-type linear solver for reservoir simulation.

Proceedings–SPE Annual Technical Conference and Exhibition. SPE; 2005;96809.
27. Stüben K, Clees T, Klie H, Lu B, Wheeler MF. Algebraic multigrid methods (AMG) for the efficient solution of fully implicit formulations

in reservoir simulation. Proceedings–SPE Reservoir Simulation. Conference, Houston, TX, USA. SPE; 2007:105832.
28. Zhou Y, Jiang Y, Tchelepi H. A scalable multistage linear solver for reservoir models with multisegment wells. Comput Geosci.

2013;17:197-216. doi:10.1007/s10596-012-9324-0
29. Gries S, Stüben K, Brown GL, Chen D, Collins DA. Preconditioning for efficiently applying algebraic multigrid in fully implicit reservoir

simulations. SPE J. 2014;19(4):726-736. doi:10.2118/163608-PA
30. Liu H, Wang K, Chen Z. A family of constrained pressure residual preconditioners for parallel reservoir simulations. Numer Linear Algebra

Appl. 2016;23:120-146.
31. Cusini M, Lukyanov AA, Natvig J, Hajibeygi H. Constrained pressure residual multiscale (CPR-MS) method for fully implicit simulation

of multiphase flow in porous media. J Comput Phys. 2015;299:472-486. doi:10.1016/j.jcp.2015.07.019
32. Wang L, Osei-Kuffuor D, Falgout R, Mishev I, Li J. Multigrid reduction for coupled flow problems with application to reservoir simulation.

Proceedings of the 23rd SPE Reservoir Simulation Conference, Montgomery, TX. 2017.
33. Bui QM, Wang L, Osei-Kuffuor D. Algebraic multigrid preconditioners for two-phase flow in porous media with phase transitions. Adv

Water Resour. 2018;114:19-28. doi:10.1016/j.advwatres.2018.01.027
34. Singh G, Pencheva G, Wheeler MF. An approximate Jacobian nonlinear solver for multiphase flow and transport. J Comput Phys.

2018;375:337-351.
35. Yang H, Sun S, Li Y, Yang C. A scalable fully implicit framework for reservoir simulation on parallel computers. Comput Methods Appl

Mech Eng. 2018;330:334-350. doi:10.1016/j.cma.2017.10.016
36. Bui QM, Elman HC, Moulton JD. Algebraic multigrid preconditioners for multiphase flow in porous media. SIAM J Sci Comput.

2017;39(5):S662-S680. doi:10.1137/16M1082652
37. Büsing H. Efficient solution techniques for two-phase flow in heterogeneous porous media using exact Jacobians. Comput Geosci.

2021;25:163-177. doi:10.1007/s10596-020-09995-w
38. Nardean S, Ferronato M, Abushaikha AS. A block preconditioner for two-phase flow in porous media by mixed hybrid finite elements.

Comput Math Methods. 2021;3(6):e1207. doi:10.1002/cmm4.1207
39. Nardean S, Ferronato M, Abushaikha AS. A novel block non-symmetric preconditioner for mixed-hybrid finite-element-based Darcy flow

simulations. J Comput Phys. 2021;442:110513. doi:10.1016/j.jcp.2021.110513
40. Brandt A. Multi-level adaptive solutions to boundary-value problems. Math Comput. 1977;31(138):333-390.
41. Briggs WL, Henson VE, McCormick SF. A Multigrid Tutorial. SIAM; 2000.
42. Wesseling P. An Introduction to Multigrid Methods. Vol 2. RT Edwards Inc; 2004:2.
43. Oosterlee CW, Schuller A, Trottenberg U. Multigrid. Academic Press; 2001.
44. Scott T. Multi-grid methods for oil reservoir simulation in two and three dimensions. J Comput Phys. 1985;59(2):290-307.

doi:10.1016/0021-9991(85)90147-0
45. Dendy JE. Two multigrid methods for three-dimensional problems with discontinuous and anisotropic coefficients. SIAM J Sci Stat

Comput. 1987;8(5):673-685. doi:10.1137/0908059
46. Brakhagen F, Fogwell T. Multigrid for the fully implicit formulation of the equations for multiphase flow in porous media. Multigrid

Methods: Special Topics and Applications. Vol II; GMD-Studien; 1990:31-42.
47. Bastian P, Helmig R. Efficient fully-coupled solution techniques for two-phase flow in porous media: parallel multigrid solution and large

scale computations. Adv Water Resour. 1999;23(3):199-216. doi:10.1016/S0309-1708(99)00014-7
48. Molenaar J. Multigrid methods for fully implicit oil reservoir simulation. Proceedings Copper Mountain Conference on Multigrid Methods.

Delft University of Technology; 1995;581-590.
49. Kumar P, Rodrigo C, Gaspar F, Oosterlee C. A parametric acceleration of multilevel Monte Carlo convergence for nonlinear variably

saturated flow. Comput Geosci. 2020;24:311-331. doi:10.1007/s10596-019-09922-8

 10970207, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nm

e.7397 by U
FPR

 - U
niversidade Federal do Parana, W

iley O
nline L

ibrary on [24/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://info:doi/10.1029/WR026i007p01483
http://info:doi/10.1002/nla.264
http://info:doi/10.1023/B:COMG.0000005244.61636.4e
http://info:doi/10.1007/s10596-012-9324-0
http://info:doi/10.2118/163608-PA
http://info:doi/10.1016/j.jcp.2015.07.019
http://info:doi/10.1016/j.advwatres.2018.01.027
http://info:doi/10.1016/j.cma.2017.10.016
http://info:doi/10.1137/16M1082652
http://info:doi/10.1007/s10596-020-09995-w
http://info:doi/10.1002/cmm4.1207
http://info:doi/10.1016/j.jcp.2021.110513
http://info:doi/10.1016/0021-9991(85)90147-0
http://info:doi/10.1137/0908059
http://info:doi/10.1016/S0309-1708(99)00014-7
http://info:doi/10.1007/s10596-019-09922-8


DE OLIVEIRA et al. 13 of 13

50. Genuchten vMT. A closed-form equation for predicting the hydraulic conductivity of unsaturated soils. Soil Sci Soc Am J.
1980;44(5):892-898. doi:10.2136/sssaj1980.03615995004400050002x

51. Mualem Y. A new model for predicting the hydraulic conductivity of unsaturated porous media. Water Resour Res. 1976;12(3):513-522.
doi:10.1029/WR012i003p00513

52. Wesseling P. Cell-centered multigrid for interface problems. J Comput Phys. 1988;79(1):85-91. doi:10.1016/0021-9991(88)90005-8
53. Molenaar J. A simple cell-centered multigrid method for 3D interface problems. Comput Math Appl. 1996;31(9):25-33.

doi:10.1016/0898-1221(96)00039-9
54. Kumar P, Rodrigo C, Gaspar FJ, Oosterlee CW. On local Fourier analysis of multigrid methods for PDEs with jumping and random

coefficients. SIAM J Sci Comput. 2019;41(3):A1385-A1413. doi:10.1137/18M1173769
55. Yavneh I. Coarse-grid correction for nonelliptic and singular perturbation problems. SIAM J Sci Comput. 1998;19(5):1682-1699.

doi:10.1137/S1064827596310998
56. Arrarás A, Gaspar FJ, Portero L, Rodrigo C. Multigrid solvers for multipoint flux approximations of the Darcy problem on rough

quadrilateral grids. Comput Geosci. 2021;25:715-730. doi:10.1007/s10596-020-09979-w
57. Rodrigo C, Gaspar F, Lisbona F. Geometric Multigrid Methods on Triangular Grids. Lambert Academic Publishing; 2012.
58. Rodrigo C, Gaspar F, Lisbona F. Multigrid methods on semi-structured grids. Arch Comput Methods Eng. 2012;19:499-538.
59. Salinas P, Rodrigo C, Gaspar F, Lisbona F. Multigrid methods for cell-centered discretizations on triangular meshes. Numer Linear Algebra

Appl. 2013;20(4):626-644. doi:10.1002/nla.1864
60. Kvashchuk A. A Robust Implicit Scheme for Two-Phase Flow in Porous Media, Master’s Thesis. The University of Bergen; 2015.
61. Freeze RA. A stochastic-conceptual analysis of one-dimensional groundwater flow in nonuniform homogeneous media. Water Resour Res.

1975;11(5):725-741. doi:10.1029/WR011i005p00725
62. Knappett J, Craig RF. Craig’s Soil Mechanics. CRC Press; 2019.
63. Trottenberg U, Oosterlee CW, Schüller A. Multigrid. Academic Press; 2001.

How to cite this article: de Oliveira ML, Pinto MAV, Rodrigo C, Gaspar FJ. Modified Picard with multigrid
method for two-phase flow problems in rigid porous media. Int J Numer Methods Eng. 2023;e7397. doi:
10.1002/nme.7397

 10970207, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nm

e.7397 by U
FPR

 - U
niversidade Federal do Parana, W

iley O
nline L

ibrary on [24/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://info:doi/10.2136/sssaj1980.03615995004400050002x
http://info:doi/10.1029/WR012i003p00513
http://info:doi/10.1016/0021-9991(88)90005-8
http://info:doi/10.1016/0898-1221(96)00039-9
http://info:doi/10.1137/18M1173769
http://info:doi/10.1137/S1064827596310998
http://info:doi/10.1007/s10596-020-09979-w
http://info:doi/10.1002/nla.1864
http://info:doi/10.1029/WR011i005p00725

	Modified Picard with multigrid method for two-phase flow problems in rigid porous media 
	1 INTRODUCTION
	2 MATHEMATICAL MODEL AND NUMERICAL APPROXIMATION
	3 LINEAR SOLVER: CELL-CENTERED MULTIGRID METHOD
	4 NUMERICAL EXPERIMENTS
	4.1 Numerical test with analytical solution
	4.2 Immiscible two-phase flow in a heterogeneous media

	5 CONCLUSION

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES

