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Resumo

E discutida uma modelagem numérica para aproximar o escoamento bifdsico
em um meio poroso heterogéneo, levando em conta efeitos da pressao capilar dinamica.
O sistema de equagdes governantes consiste em um sistema pseudo-parabédlico para o
transporte da saturacao e um problema eliptico de pressao-velocidade. O sistema de
transporte é reescrito a fim de se obter uma equagao eliptica para a pressao capilar. Dessa
forma, é possivel usar a mesma abordagem numérica para ambos os problemas. Sao
combinadas uma discretizacdo por elementos finitos mistos e técnicas de volumes finitos
localmente conservativos. Uma estratégia implicita é aplicada para a solucao do problema
de transporte de natureza pseudo-parabdlica. Foram realizadas simula¢des bidimensionais
em uma variedade de regimes de escoamento com campos de permeabilidade heterogéneos
e efeitos de gravidade. Os experimentos numéricos demostram a viabilidade da formulacao

proposta e podem ajudar a entender a combinagao dos diferentes efeitos fisicos.

Palavras-chave: Equacao pseudo-parabélica; Pressao capilar dinamica; Escoamento

bifasico; Meios porosos; Volumes finitos; Elementos finitos mistos.



Abstract

We discuss a numerical modeling to approximate a two-phase flow in a het-
erogeneous porous media taking into account effects of dynamic capillary pressure. The
governing system of equations consists of a pseudo-parabolic transport saturation system
and an elliptic pressure-velocity problem. We rewrite the transport system in order to
obtain a elliptic equation for capillary pressure. Therefore, we are able to use the same
numerical approach for both problems. We combine mixed finite element discretization
and locally conservative finite volume techniques. An implicit strategy is applied for the
numerical solution of the transport problem of pseudo-parabolic nature. We performed
two-dimensional simulations in a variety of flow regimes along with heterogeneous per-
meability fields and gravity effects. Our numerical experiments demonstrate the viability
of the proposed formulation and may help understand the combination of the different

physical effects.

Keywords: Pseudo-parabolic equation; Dynamic capillary pressure; Two-phase flow;

Porous media; Finite volume; Mixed finite element.
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Chapter 1

Introduction

The main interest of this work is the design and implementation of a numerical
scheme for approximation of a two-phase immiscible flow in porous media with dynamic
capillary pressure model to account non-equilibrium effects in difference of pressure
between the two fluids. The governing equations can be described by a pseudo-parabolic
transport equation coupled with a pressure-velocity problem of elliptic nature. Here we are
interested in solution of the two-dimensional two-phase flow problem with gravity effects

and heterogeneous fields of permeability and porosity.

1.1 Literature review

To design our novel computational approach, we must consider some recent
developments related to pseudo-parabolic differential models, in particular linked to
regularity issues. Thus, in this section we provide a brief review of the analytical and
numerical studies, as well as a brief description of experimental and thermodynamics
studies that have led to the dynamic model of capillary pressure, with no pretense of

exhausting the subject.

Significance of the non equilibrium effects on capillary pressure

Capillary pressure, the difference between pressures of fluid phases, plays a
central role in the description of two-phase flow in porous media. In the past decades, many
capillary pressure-saturation models were correlated from laboratory experiments under
equilibrium conditions. These static capillary pressure models have been used in most of
the mathematical studies on modeling of a multiphase flow in a porous medium. In most
traditional treatments of capillary pressure, it is assumed to be a function of saturation
[8, 11, 15, 83]. This standard relationship between capillary pressure and saturation is

empirical in nature, therefore it lacks a firm theoretical foundation [49].

Several experimental evidences in the past decades demonstrated that the
description of capillary pressure must include non-equilibrium effects. For example, it was

found that, in the case of large velocity regimes, the laboratory measured capillary pressure
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does not correspond to the standard model assumed under equilibrium conditions. The
works [49] and [73] present a review of these experimental studies. As a consequence, new
empirical and theoretical studies were developed to generalize the functional dependence

of capillary pressure to include dynamic effects [10, 54, 55, 60, 98].

In the recent years, the dynamic capillary pressure relationship proposed by
Hassanizadeh and Gray [51] has received considerably attention. This macroscopic model
of capillary pressure is a result of a solid thermodynamic theory of two-phase flow in a
porous medium developed by Hassanizadeh and Gray in a series of works [46, 47, 50, 51,
52]. Since then, this dynamic capillary pressure has been applied successfully to model
the two-phase flow in porous media in various contexts such as laboratory experiments [1,
14, 26, 72, 79, 82|, numerical simulation [41, 42, 53, 84] and mathematics [18, 31, 32].

It is worth mentioning that some authors believe that the dynamic capillary
pressure could help to explain instabilities in gravity-driven flows and viscous fingering
phenomena [80, 103]. In this respect, gravity-driven fingers in porous medium are known
to have a nonmonotonic saturation profile (saturation overshoot) [27]. The observed satu-
ration overshoot is inconsistent with classical continuum descriptions of porous media but
qualitatively matches observations and predictions from discrete pore-filling mechanisms.
In [27], the authors suggest that pore-scale physics controls saturation overshoot and in
turn gravity-driven fingering. The dynamic capillary pressure may help to explain the
saturation overshoot phenomenon. In [32] and [31], the authors discuss extensions of
the Buckley—Leverett equation describing two-phase flow in porous media with dynamic
effects in the capillary pressure. They obtained nonmonotone weak solutions for these
extended Buckley—Leverett equation. In this connection, in the works [90, 105], the authors
study saturation and pressure overshoots with a related model that incorporates dynamic

capillary pressure and capillary pressure hysteresis.

Under certain physical assumptions, the governing equations of the two-phase
flow can be described by a transport equation for saturation coupled with a pressure-
velocity problem of elliptic nature. From a mathematical point of view, the transport
equation with the standard capillary pressure model is a degenerate nonlinear parabolic
equation on the saturation. On the other hand, when we consider the dynamic capillary

pressure model, the equation becomes pseudo-parabolic.

Definition of pseudo-parabolic equation

Pseudo-parabolic equations appear in many areas of physics, for instance, to
model imprisoned radiation through a gas [57, 58, 78], fluid flow in fissured rock [9], heat
conduction in heterogeneous media [21, 88], out-of-equilibrium viscoelastic relaxation

effects [81] and porous media applications [41, 51, 59].
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Pseudo-parabolic differential equations are characterized by having mixed time
and space derivatives appearing in the highest-order terms [62, 101]. While there is not a
single definition in the literature [68, 95, 101], we can define a pseudo-parabolic equation
as an arbitrary higher-order partial differential equation with the first-order derivative

with respect to time as follows,

gtA(u) + B(u) = 0. (1.1)
where A and B are elliptic nonlinear operators. This equation is an example of a general
class of equations of Sobolev type, sometimes referred to as Sobolev-Galpern type [62]. It
differs from the parabolic equations by the additional higher order terms [101]. According to
[68], pseudo-parabolic equations are equations in which the operator A(u) has a continuous
inverse operator in appropriate Banach spaces. In the opposite case, the equation is said

to be a Sobolev-type equation.

Showalter and Ting [95] called this class of equation as pseudo-parabolic for
two main reasons: first, well posed initial-boundary value problems for parabolic equations
are well posed for related pseudo-parabolic equations; second, in certain cases, the solution
of an initial-boundary value problem for a parabolic equation can be obtained as the limit
of solutions to the corresponding problem for a related class of pseudo-parabolic equations.
Therefore, a solution of the parabolic equation can be approximated by a solution of

pseudo-parabolic equations [95].

Mathematical analysis

The choice of numerical approximations must be guided by the mathematical
nature of the differential model, in order to recover the same physical and mathematical
properties of the original continuous problem at the discrete level. Therefore, in connection
with the computational modeling, we must consider the recent progresses on mathematical
analysis of pseudo-parabolic differential equations, in particular, linked to the two-phase

flow in porous media.

The early existence, uniqueness, and regularity theory for pseudo-parabolic
equations [93, 94, 95, 101] predicts that the additional pseudo-parabolic term decreases the
smoothing property characteristic to parabolic problems. This character has consequences
on the behavior of the solution and it was also observed in subsequent works. For instance,
if the initial data has jump discontinuity at some point, then so does the solution for every
time [24, 25]. In general, there is no maximum principle for pseudo-parabolic equations

such as one expected of solutions to parabolic equations [99].

There are some recent results in the literature on existence and uniqueness
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of weak solutions for pseudo-parabolic equations that models distinct physical processes.
Assuming linearity of the pseudo-parabolic term, existence and uniqueness results can be
found in [35, 85] for simplified nonlinear pseudo-parabolic models related to two-phase flow
problems in porous media. On the other hand, the existence of weak solutions was studied
for degenerate nonlinear pseudo-parabolic problems associated to sorption processes in
coal [77] and unsaturated flow in porous media, respectively [76]. In addition, we refer
in particular to [17, 18], where the global existence and uniqueness results were obtained
for a more comprehensive pseudo-parabolic problem modeling two-phase flow in a porous

medium with dynamic capillary pressure.

An important issue about the pseudo-parabolic equations modeling multiphase
flow in porous media is the existence and behavior of solutions in the context of traveling
waves. Traveling waves solutions for pseudo-parabolic problems linked to unsaturated
flow in porous media is analyzed in [23, 24, 80]. On the other hand, in the context of
two-phase flow in porous media, the existence and uniqueness of traveling waves solutions
were investigated in [31, 32, 97] for pseudo-parabolic Buckley-Leverett models. It is worth
mentioning that in [32] the pseudo-parabolic equation is interpreted as a regularization of

the hyperbolic Buckley-Leverett equation.

The heterogeneous case of two-phase porous media flow model, in which dynamic
effects are taken into account in phase pressure difference is investigated in [33, 67]. In
[67], the authors investigate the singular limit as the diffusion and dispersion parameters
tend to zero, showing strong convergence towards a weak solution of the limit conservation
law. In [33], the authors consider a one-dimensional heterogeneous case, with two adjacent
homogeneous blocks separated by an interface. Therefore, the interface conditions coupling

the models in each homogeneous block are derived.

The Richards equation with a dynamic capillary pressure including hysteresis
is studied in [91], which the authors provided existence and approximation results for

degenerate capillary pressure curves.

Numerical approximation

From the point of view of numerical analysis for pseudo-parabolic differential
problems, we review the approaches available in the literature in order to better understand
the computational aspects related to the approximation of these models. In general, the
most used numerical methodologies are finite differences methods, finite volumes methods
and finite element methods. These three classes of methods were already exploited for

pseudo-parabolic problems.

The finite difference method is regarded as the simplest approach to numerical
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solution of differential problems. In [38, 39], finite difference approximations to the solution
of a pseudo-parabolic problem are constructed and shown to converge. In [84], the authors
consider numerical modeling of unsaturated flow models incorporating dynamic capillary
pressure terms. They systematically study the difficulties associated with numerical
approximation of such equations using two classes of methods, a cell-centered finite
difference method and a locally conservative Eulerian-Lagrangian method based on the
finite difference method. A study of finite difference schemes for one-dimensional problems

with discontinuous initial data are presented in [25].

Pseudo-parabolic equations modeling fluid flow in porous media arises from
conservation laws of some physical quantity, e.g., the mass of fluid. Therefore, finite
volume techniques are quite suitable to discretize such equations. In [53], the authors use a
semi-implicit upwind finite volume scheme to study the two-phase flow in one-dimensional
heterogeneous porous media with dynamic capillary pressure. On the other hand, a fully
implicit discretization based on finite volume method is proposed in [41, 42]. In [104], the
authors study a finite volume element approximation of pseudo-parabolic equations in three
spatial dimensions. Pseudo-parabolic problems may be written in different formulations
that are equivalent in a formal point of view, however, they may lead to different numerical
schemes. In [36], the authors investigate the equivalence of three different formulations for

a class of pseudo-parabolic equations and the corresponding numerical discretizations.

Numerical methods are often used as a auxiliary tool to mathematical analysis
of PDEs. In the works [31, 32, 97], finite difference and finite volume numerical schemes
are exploited in order to illustrate the solution profile described in the traveling wave
analysis for pseudo-parabolic problems in homogeneous porous media. The heterogeneous
porous media case is studied in [33], where the authors present some numerical results
supporting the theoretical findings for an interface condition between two homogeneous
blocks.

Finite element methods constitute a huge and flexible class of numerical tech-
niques suitable to different differential problems. In [34, 37|, time-stepping Galerkin
methods were proposed for pseudo-parabolic Sobolev models. The nodal superconvergence
for a Galerkin method for a quasilinear equation of Sobolev is presented and analyzed in
[7]. Interior penalty discontinuous Galerkin scheme are discussed in [65, 66] for a two-phase
porous media flow model with dynamic capillary pressure. Fourier spectral methods for

pseudo-parabolic equations were analyzed in [86].

Operator splitting techniques for the approximation of solutions of partial
differential equations have a long history and have been developed with various objectives
in mind (see, e.g., [56]). In porous media application, operator splitting has been used

successfully in the numerical approximation of parabolic models of two-phase flow [28]
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and, more recently, three-phase flow in porous media [2, 4]. In [84], an operator splitting
scheme is used to approximate the Richards’ equation with dynamic capillary pressure. In
[102], splitting schemes for a pseudo-parabolic equation were analyzed. In [61], the authors
propose a fast explicit operator splitting method to solve the modified Buckley-Leverett

equations of pseudo-parabolic nature.

Other related models

There is a very interesting connection between pseudo-parabolic and dispersive
models, specially with respect to Benjamin-Bona-Mahony (BBM) equation [13], that is an
alternative to the Korteweg-de Vries equation for describing unidirectional, long, dispersive
waves. This connection arise from the dispersive character associated to the third-order
mixed derivative operator found in both differential equations. However, in the best of our
knowledge, the relation between pseudo-parabolic and dispersive equations is not clear
in the literature and just few works connect this two class of differential models. For
instance, Benjamin-Bona-Mahony-Burgers (BBMB) equation is sometimes referred to as
pseudo-parabolic or Sobolev-type [7, 34, 45, 92]. This relation is also referenced in [97],
where the authors mention the dispersive character of third order derivative introduced in

the Buckley-Leverett equation by the rate-dependence of dynamic capillary pressure.

Regarding the new advances on non-equilibrium models for flow in porous
media, it must be mentioned that some authors has considered extensions of dynamic
capillary pressure model that include further non-equilibrium effects, such as hysteresis.
In [12], the authors propose a theoretical capillary pressure model for two-phase flow in
porous media including dynamic and hysteretic effects. Concerning this model, analytical
existence, instability results and numerical calculations are presented in [89] for flow
problems in unsaturated porous media, whereas the uniqueness of weak solutions for a
two-phase flow model is demonstrated in [16]. In [90], one and two-dimensional numerical
solutions are presented for an alternative non-equilibrium model for a modified Richards
equation which incorporates a dynamic hysteretic capillary pressure model. On the other
hand, in [96] the authors perform traveling wave analysis for a generalized model of
dynamic capillary pressure that incorporates thermodynamically constrained averaging

theory (TCAT) capillary pressure.

In [22] the authors point out that a pseudo-parabolic equation can be obtained
by Brinkman regularization of the classical Darcy’s law in two-phase flow in porous media.
Formally applying the Helmholtz operator to the saturation transport equation and using
the Brinkman velocity model, they obtain a third-order problem that is very similar to a
model of dynamic capillary pressure. They emphasize that two independent mechanisms

do lead to very similar regularization terms for the transport equation.
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1.2 Motivation and significance of the work

As presented in our brief review, several recent studies about pseudo-parabolic
equations in porous media flow problems can be found in the literature in fields of theory,
numerics and applications. We emphasize that most works in the literature for the
computational modeling of two-phase flow problems considering models for dynamic
capillary pressure are restricted to one spatial dimension. Only some few and interesting
two-dimensional simulations can be found in the literature, e.g., [66, 84, 89] and thus the

need of efforts from the community to enlarge insights on this subject is justified.

Many reliable discretizations have been proposed for the pseudo-parabolic
Richards equation modeling unsaturated flow with dynamic capillary pressure — see, for
instance, [25, 84]. Despite some similarity with pseudo-parabolic Richards equation, the
model considered in this work consists of a pseudo-parabolic Buckley-Leverett equation for
the saturation transport coupled with an elliptic pressure-velocity problem. This model
arises from governing equations written in phase formulation (see, e.g., [2] and references
cited there in), which is appropriated due to its generality with respect to the fundamental
constitutive relations as such phase relative permeabilities and capillarity pressure relations.
The pseudo-parabolic nature, induced by dynamic capillary pressure, combined with the
effects of gravity and discontinuous geologic properties leads to distinct flow regimes, but
retains typical flow path situations as such with saturation overshoot and nonmonotone

saturation profile.

As previously stated, operator splitting has been used successfully in the
numerical approximation of parabolic models of flow in porous media application [2, 4, 28].
In [5], we discussed two numerical schemes based on the operator splitting technique. We
found that the standard operator splitting may fail to capture the correct behavior of the
solutions. In this sense, the operator splitting must take into account the dispersive-like
character in both splitting steps. Thus, here we focus on a non-splitting numerical method
which is based on a fully coupled space-time mixed-hybrid finite element and finite volume

discretizations.

In the present work, we present a two-dimensional numerical study of two-phase
flow in porous media with dynamic capillary pressure taking into account different flow
regimes, heterogeneous permeability fields and gravity effects. This is a distinctive point

of this work.
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1.3 Aims and objectives of the thesis

In general, the aim of this work is the numerical modeling of the two-phase flow
in heterogeneous porous media with dynamic effects in capillary pressure. The specific

objectives of this work are:

o To formulate a numerical approach for pseudo-parabolic problems based on mixed

finite element method;
« To simulate the flow in a two-dimensional domain;

o To study numerically the structure of solution taking into account heterogeneous

fields of porosity and permeability;

o To study numerically the combined effects of gravity and dynamic capillary pressure.

1.4 Main results and scientific contributions

In this work, we developed new computational methods to approximate the
solution of pseudo-parabolic equations linked to transport phenomena in porous media.
We used a space discretization by hybridized mixed finite element method in both elliptic
and pseudo-parabolic problems. For the time direction, we applied an implicit strategy.
This approach is a two-dimensional extension of the method proposed in [5]. Hybridized
mixed finite elements is locally conservative by construction and it is quite adequate for
accurate computation of fluxes and velocity fields in the case of heterogeneous porous

media transport problems [2, 4, 28].

The hyperbolic operator for the transport problem is approximated by a conser-
vative finite volume numerical flux. Due to the dispersive nature of the pseudo-parabolic
equation, and motivated by the numerical hyperbolic flux used in [32] and the good
one-dimensional results of [5], we chose a dispersive numeric flux. Thus, we constructed
a two-dimensional extension of the Richtmyer scheme for hyperbolic conservation laws.
We designed this extension to take advantage of the velocity field approximated by mixed

finite elements.

Our strategy of time discretization allowed us to decouple the calculations
of the saturation transport problem from the pressure-velocity system. Therefore, the
subproblems are solved sequentially. We used an implicit approach to the transport problem
leading to a system of nonlinear algebraic equations. The resulting nonlinear algebraic
problem is solved by a simple fixed-point iterative procedure. Thus, we avoided more

sophisticated techniques, such as the Newton method. Our numerical experiments showed
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that the fixed-point iteration is robust and effective alternative to solve the nonlinear

systems.

We performed a dimensional analysis of the governing system of equations
and identified the main dimensionless groups, which allowed us guide the numerical
experiments in order to study the different physical effects and flow regimes. As a result,
we investigated the interaction between gravity and dynamic capillary effects combined
with heterogeneous permeability fields. Our numerical results suggest the viability and
accuracy of the proposed approach. The mesh refinement study suggested a first-order

numerical convergence.

The scientific learning of this work embraces the Computational and Applied
Mathematics in the fields of Numerical Analysis and Computational Simulation of physical

processes. The main scientific works generated by the current thesis are listed as follows:

o The article “Computing numerical solutions of the pseudo-parabolic Buckley-Leverett
equation with dynamic capillary pressure”, published in the journal Mathematics

and Computers in Simulation [5];

e The submitted manuscript “Numerical resolution of a pseudo-parabolic Buckley-
Leverett model with gravity and dynamic capillary pressure in heterogeneous porous

media”.

1.5 Overview of the thesis

The rest of this manuscript is organized as follows: Chapter 2 presents the
mathematical model of two-phase flow problem in porous media; Chapter 3 presents
the numerical study of two operator splitting approaches applied to a one-dimensional
pseudo-parabolic problem; in Chapter 4, we describe the numerical approach based on
mixed finite element discretization; in Chapter 5, we report our numerical results on the
performance of the proposed method for homogeneous and heterogeneous media; We
present some concluding remarks and perspectives for future works in Chapter 6. In
addition, in the Appendix A, we present a preliminary stability analysis for the one-
dimensional linear pseudo-parabolic problem. Appendix B discusses a finite difference
scheme for the pseudo-parabolic problem. Finally, we present further one-dimensional

numerical experiments in Appendix C.
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Chapter 2

Mathematical model of two-phase
flow in porous media with dynamic

capillary pressure

In this chapter, we present the governing equations of the two-phase flow in
porous media with dynamic capillary pressure. The equations governing the fluid flow with
dynamic capillary pressure in two dimensions can be described using phase formulation by
a pseudo-parabolic transport equation coupled with a pressure-velocity problem of elliptic
nature. The pseudo-parabolic equation comes with the inclusion of the dynamic capillary

pressure model.

The two-phase flow model considered herein takes into account capillary forces,
general expressions for the relative permeability functions, variable porosity and perme-

ability fields and gravity effects.

2.1 Governing equations

In the discussion of the governing equations we consider two-dimensional flow
of two immiscible and incompressible fluid phases in heterogeneous porous media. We
also assume that there are no internal sources or sinks, mass transfer between phases and

thermal effects are neglected.

We indicate the wetting phase and the non-wetting phase by the subscripts w
and n, respectively. Thus, we denote by S, and S,, the saturations of the fluid phases.

We assume that they occupy the whole pore space, i.e.,

Sw + Sp = 1. (2.1)

To describe the two-dimensional flow, we consider a domain 2 C R? with
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Lipschitz boundary. Then, the conservation of mass for each phase is given by,
0
&(qﬁpaSa)jLV-(pava):O, x€eN, t>0, a=w,n, (2.2)

where, for phase «, S, is the saturation, p, is the mass density, v, is the seepage velocity

and ¢ is the rock porosity.

According to an extension of Darcy’s law for two-phase flow in a porous medium,

the seepage velocity of phase « is given by,
ke
Vo = —K — po(Vpe — pagVZ), xe, t>0, a=w,n, (2.3)
Lo

where K is the absolute permeability of the rock, which measures its capability of allowing
the flow of a pure fluid. The magnitude of gravity is g and Z is the depth. For each phase
a, k, is a dimensionless function of saturation, measured in the laboratory, and pu, is the

viscosity and p, denotes the pressure of phase .

For two-phase flow model it is natural that each phase exhibits a distinct
pressure. The pressure difference between the non-wetting phase and wetting phase is

called the capillary pressure which is given by an equation of state:

Pec = Pn — Pw> (24)

In standard multiphase flow models on porous media, a capillary pressure relationship
developed under static conditions is assumed. In the classical models, capillary pressure is

a function of wetting phase saturation, i.e.,

Pe :pe(Sw)7 (25)

The function p.(S,,) is called static capillary pressure model. On the basis of experimen-
tal measurements, a monotonically decreasing relationship between p. and S, can be
determined. Hassanizadeh and Gray [51] proposed a model that takes the dynamics into
account by letting the capillary pressure p. depend on the time derivative of the water

saturation S,,. Thus, we consider the model for dynamic capillary pressure given by,

e = pe(S) — o (951 (2.6)

with 7 being a positive parameter, which is called dynamic effect coefficient. In general
models, 7 may depend on S,,. The function p.(S,) is the same static capillary pressure
model (2.5).
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2.2 Phase formulation

In order to solve the fundamental governing equations numerically, we rewrite
equations such that its mathematical nature is better understood. Thus, let us first
introduce the following auxiliary variables, i.e., the relative mobilities, the total mobility,
the fractional flow functions of the phase a, respectively:

Ao = k—a, A=Ay + A\, fa= )\— (2.7)

Lo A

We define the total velocity as the sum of the velocities of the two phases:

V=V, + Vy. (2.8)

After algebraic manipulations, the governing systems of equations can be

rewritten in volumetric form in a so-called phase formulation [19],

gtwsw) + V|V w4+ KX fo(pw — pn)gVZ] =-V- lmw anpC]. (2.9)

The pressure-velocity system is obtained by adding, respectively, the conservation equations
(2.2) and the Darcy’s law (2.3) for the two phases. Thus, the pressure-velocity system

reads:

V-v=0, v=—KAVp,+ KXy Vp. + K (Appw + M\pn) g VZ. (2.10)

To complete the mathematical model we need to specify boundary and initial
conditions. The boundary conditions and initial conditions will be introduced in the
description of the numerical simulations in Chapter 5. We are setting up to calculate fluid
flows on a rectangular domain, but more general domains and other boundary conditions

can be treated by our techniques.

2.3 Dimensional analysis

Equations (2.9)-(2.10) can be nondimensionalized by identifying characteristic

values for each variable [74]. So consider the characteristic values for length L., velocity
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u., porosity ¢., absolute permeability K. and capillary pressure p... We set:

tu, X A [0)

= X o vy, =2

L. L L 7=
(2.11)

*_K « v « __ Dn « _ DPc « _ Dc

K_ivv_ y Pp=—"5 D= ——, Pe = —.

KC uC pCC pCC pCC

Following [74], we identify three important dimensionless groups, i.e., the capillary number
Ne¢q, the gravity number Ng, and the dynamic effect number Np,. They are given by,
chcc o chwg TH Uec

) N s ) B ———
[ U L “ P U DY pee Le e

(2.12)

where the capillary number Ng, is interpreted as the ratio of equilibrium capillary to
viscous force; the gravity number Ng, represents the ratio of gravitational to viscous force;
finally, the “dynamic effect number” Np, is interpreted as the ratio of dynamic capillary

to equilibrium capillary force. We also identify the viscosity and density ratios,

R, =" R,=" (2.13)

Lin Pn

Remark 2.3.1. In [74], besides Np,, the authors define another dimensionless group
related to dynamic capillary force. The other number is called “dynamic number” and
represents the ratio between dynamic capillary to viscous force. We can obtain this other

number by the product N¢, Np,. We choose to write the dimensionless equations in terms
of N Dy-

Thus, after nondimensionalizing, the two-phase system reads:

0
(¢*Sw) +V* . V*f'w + NGT K~ kw fn (1 - R_l) V*Zr| =
8t* P
(2.14a)
_NCa V. [K*kwan*P:] )
Vv =0, (2.14Db)
v* = —N¢o K* (ky + R, k) VD, +Neo Kky VP2 (2.14¢)
+Negw K* (ko + Ry R, k) V* 27, '
*k * 8 *
P. = pe<Sw) - NDy %(Qb SIU) (214d)

Note that K* and ¢* stand for the heterogeneous parts of the permeability and porosity
fields, respectively.
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2.4 Computational modeling of the flow equations

From now on, we drop the superscript * to indicate the nondimensionalized
quantities. For simplicity of notation, we rewrite the governing equations. The saturation

transport problems is written as follows,

0 (68 +V F(v,5,) = ~V - [H(5.) Vpd] (2.152)

Pe = DPe(Sw) — T gt(qﬁSw), (2.15b)

where 7 = Np,, the term H. is the capillary induced diffusion function and F(u, S,,) is

the convection flux and they are defined by,

H.(Sw) = Noa K(X) kw(Sw) fr(Sw), (2.16a)
F(v,Sy) = v u(Sw) + Nor K(X) kyw(Sw) fr(Sw) [1 — Ril] VZ. (2.16b)

p

We write the pressure-velocity system as,

V-v=0, v =—H,(Su) Vpn + Ve + vg, (2.17)
where the coefficient H,,(.S,,) is given by,

Ho(Sw) = Nea K (%) [ku(Sw) + Ry kn(Sw)|. (2.18)

The terms v. and v are correction velocities linked to the capillary pressure and gravity

effects, respectively. They are given by,

V. = Neo K(X) kyw(Sw) Ve, (2.19a)
Ve = Nar K(x) [ku(Sw) + Ru R, kn(S0)| VZ. (2.19b)

Note that, when we consider the static capillary model (2.5), the transport
equation (2.15a) has a parabolic nature. On the other hand, if we assume the dynamic
model (2.6), the equation (2.15a) becomes pseudo-parabolic and a third order mixed

derivative appears in the diffusive flux.
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Chapter 3

Numerical study of operator
splitting techniques applied to the

pseudo-parabolic problem

In this chapter, we discuss two operator splitting strategies to approach the
one-dimensional pseudo-parabolic equation. Operator splitting techniques for the approxi-
mation of solutions of systems of partial differential equations arising in many fields of
application have a long history and have been developed with various objectives in mind;
see, e.g., [56] for an excellent survey of the use of operator splitting techniques along with
rigorous analysis. After splitting the differential operators, it is not a simple task to define
the local approximations and correction strategies in order to account and control the
nonlinear error. For a comprehensive list of works where distinct successful procedures
were developed on separating the underlying physical processes, see [2, 4, 28, 30, 43, 64,

and the references cited therein.

We consider the following pseudo-parabolic equation defined on an one-dimensional

domain Q = (a, b),

gt(ngS) + 81;;5) = _8695 (H(S);x <pe(5') — Tgt(qu))) , reQ, t>0, (3.1)

along with the initial and boundary conditions,

S(x,0) =n(x), xr € Q, (3.2)
S(a,t) =Sz, S(b, t) = Sk, t > 0. (33)

Eq. (3.1) represents a one-dimensional version of the transport problem (2.15) linked to

the two-phase flow in porous media with dynamic capillary pressure.
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3.1 Operator splitting based on advective and diffu-

sive processes

In our first splitting scheme, we take into account convection and diffusion
effects separately. This approach has been used successfully in the numerical approximation
of parabolic models of two-phase flow [28] and, more recently, three-phase flow in porous
media [2, 4] with static capillary pressure (2.5). In [84], an operator splitting scheme
is used to approximate the Richards’ equation with dynamic capillary pressure. Those
studies are a motivation to apply this approach to the pseudo-parabolic two-phase flow

model as well. Thus, consider a splitting of the pseudo-parabolic model (3.1) as follows:

57(#8) + == =0, (3.4a)
0 A 0 A O A 0, A
508 =5 (G 57 (8- 75,69))). (3.4b)

So we solve the advection problem and the diffusion problem sequentially. Note that the
first equation in (3.4) is a first order hyperbolic equation, so we can use explicit strategies
to solve this subproblem. On the other hand, the second equation in (3.4) is a third order
differential equation of pseudo-parabolic type. Thus, for this subproblem it is better to

use an implicit approach.

Let us introduce the time step At. We take ¢, = nAt, and the integer N
defines the total simulation time 7". Then, the algorithm is defined as follows:
1. Let t,, = nAt and assume that S is known for ¢ < t,,.

2. For t € [t,, t,41], solve the convection problem given by:

o, ~ OF(S
§(¢S)+ o7

~—

=0, (3.5)

with initial condition given by S(z,t,) = S(,t,).
3. Compute the diffusive effects on [t , t,41] by solving the equation

5108 = =3 (H) 37 (8 - 7509 ) (36)

4. Set S(x,tp1) = S(x, tyr).



36
Numerical scheme

For the purpose of numerical simulation, we solve each subproblem using finite
difference schemes. These schemes are based on the numerical method presented in [32]
to solve the complete model (3.1) with linear high order terms. Similar schemes are also
used in [36, 84].

For brevity, let us limit ourselves to a very short description of the numerical
method. The first and second order spatial differential operators are approximated by
standard centered finite differences, and the time differential operators are discretized by
backward Fuler formula. The first order term is explicit, i.e., evaluated at t,, and the high
order derivatives are the implicit terms, i.e., evaluated at ¢,,.;. To avoid the solution of
nonlinear algebraic systems, the nonlinear coefficients of high order terms are linearized

by taking the values in time %,,.

Here, for simplicity, we present a discretization for the complete model (3.1).
We use the same ideas for each step of the operator splitting approach. Consider a uniform
partition of {2 into cells €;, for i =1, ..., M, with length Ax and center denoted by z;.
Let SP be a finite difference approximation for S(z;, t,). A discretization of (3.1) by the

finite difference method is given by,

¢'Sz‘n+1 - Sin + Fiﬁrl/Z - F;Til/Z _ Zfl}z - ‘/I/’L”nji}Q (3 7)
YAt Ax Ax '
where the approximations of the convective and diffusive fluxes are given by,
Fiiype = F(S7), (3.8a)

n+1 _ n ?—:11 B Sin+l + Cgl+1/2 S;L-:rll B S:"i'l _ Sﬁi’l _ SZL (3 8b)
it1/2 — Hiv1)2 Ar AL Ar s , .

where D(S) = —H(S)p.(S) and C(S) = 7 H(S). The coefficients are chosen as the
arithmetic mean at interfaces [36]. Because of the advective term, the time step is
determined by a necessary Courant-Friedrichs-Levy (CFL) condition for stability,

At

Ax Srg[%?i]ﬂF (9} < ocer, (3.9)

where opp, 1S a positive constant.

In Appendix B we present a two-dimensional finite difference scheme for
approximation of the two-phase flow in porous media with dynamic capillary pressure.
For more details of the constructions of such one-dimensional finite difference schemes, we
refer [32, 36].
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Numerical experiments

To discuss the viability of this approach, we present some numerical experiments
based on numerical results presented in [36]. Here, we consider the case with linear high
order terms, where we take the diffusion function H(S) to be identically 1. Following [36],
we take p.(S) = —S. The hyperbolic flux function is the Buckley-Leverett flux,

0, S <0
52
F(S) = <S5<l1 1
(5) R 0<5<, (3.10)
1, S>1.

The initial value for all examples is a Riemann data defined by,

S <0
n<x>:{ b =5 (3.11)
SR) T Z 07

with consistent boundary values Sy, and Si. We simulate the cases for 7 =5 and S =0
with two different inflow values: Sy = 0.9 and S;, = 0.55. The computation time is
T = 150 and the computational domain is (—60, 210).

Figure 3.1 shows the mesh refinement study for the operator splitting scheme.
The first solution (S, = 0.9) presents a nonmonotone profile with a plateau value [32, 36].
For the second case (Sg = 0.55), the profile presents damped oscillations. The reference
solution is obtained from the numerical scheme presented in [32] with relatively large
number of 1024 cells. This reference solution is in agreement with the theoretical analysis
[32]. We can see that this operator splitting approach seems to not converge to the correct
solution by means of mesh refinement. Moreover, the qualitative structure of the solution
is not recovered. Figure 3.1 shows numerical solutions with up 512 cells, but more refined

meshes were used in our experiments and the solutions present the same incorrect profile.

In the Figure 3.1, we take the time step At using (3.9) with o¢p, = 0.5 for all
simulations. However, it is well-know that the error in operator splitting techniques always
depends on At. Thus, we performed tests with smaller At for a fixed mesh with 512 cells.
First we decrease the parameter oy, from 0.5 to 0.001. After, we set At = cAxz? and we
repeated the tests with decreasing o from 1 to 0.01. The computed numerical solutions
are not in good agreement with the exact solutions from the literature and exhibit the

same incorrect profiles.

In [84], the authors compared several numerical methods for pseudo-parabolic
models linked to porous media flow with dynamic capillary pressure. They used operator
splitting schemes as well as unsplit approaches. One of those methods based on operator

splitting consists on a variant of LCELM (Locally Conservative Eulerian-Lagrangian
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Figure 3.1: Mesh refinement study to the first operator splitting approach, with 7 = 5,
Sk = 0 and two different left values: (left) Sp = 0.9 and (right) S; = 0.55. Number of
cells used in the meshes: 64, 128, 256 and 512. The reference solution (REF) is obtained
with numerical scheme from [32] with 1024 cells.

Method). Such variant decomposes the pseudo-parabolic equation similarly to (3.4). The
numerical approximations obtained from this splitting approach in [84], similarly we found
in Fig. 3.1, does not agree with unsplit schemes. On the other hand, Pesynska [84]
presented a correction of the operator splitting LCELM scheme as well. The numerical
results of this corrected LCELM scheme agrees with the unsplit schemes. In the next
section, we will also present a corrected operator splitting scheme, but in a different
approach from that used in [84]. We also point out that the nonmonotone profiles of the

solutions were not well understood in [84].

In our current understanding, the operator splitting decomposition technique
affects the interaction between the various differential operators and the dispersive-like
character is lost. Moreover, when applied to the pseudo-parabolic equation (3.1), this
operator splitting approach decompose the time derivative term, unlike what occurs for
parabolic model. In other words, when we deal with a parabolic equation and we apply
the operator splitting technique in order to decompose the physical effects of convection
and diffusion, only the space differential term is split into two. However, in the case of
two-phase flow pseudo-parabolic equation with convection first order term, there are two
terms with time derivatives: the accumulation term and the dynamic term in the capillary
pressure. When we try to use the same idea and decompose those two physical effects, the
purely hyperbolic step of operator splitting technique lacks the time derivative from the

dynamic term.

To highlight the effects of the operator splitting technique, we consider a
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particular case of pseudo-parabolic equation (3.1) with linear high order terms:

8t+ ox :€8x2

2
05 , OF(5) 0 <S + T%f) ) e>0,7>0, (3.12)

which can be written as

0 %S OF(S)  9%S
5% (S — 57(%2) + e oz 0. (3.13)

We can see the time derivative term is (S — €75, ). Now, if we use the first operator

splitting approach, we will obtain the two steps:

0S OF(S) oS & (5 08

which can be written as

ot ox

= 0, & S—erT—=8S — 8879;’2 =0. (315)

95  OF(S) d ( 95 S
: S
Thus, we can see that the first step has a “incomplete” term in the time derivative
that affects the dispersion relation. In first order hyperbolic equation, waves of different
wavelengths have the same propagation velocities, thus the solution did not present
dispersion behavior. On the other hand, pseudo-parabolic equations without convection
term represents a controlled diffusion process. Although this argument is not rigorous,
we believe that it is closely related to the failure of this approach. In [63] and [64] the
authors present strategies to correct the operator splitting technique for nonlinear parabolic

equations.

Figure 3.1 shows the distinct numerical example in which the standard splitting
may fail if a nonlinear balance dispersive term linked to the full pseudo-parabolic Buckley-
Leverett model with dynamic capillary pressure model (3.1)-(3.3) is not properly handled.

Therefore, this motivates us to study another operator splitting approach.

3.2 Operator splitting based on dispersive-like char-

acter

The second proposed splitting scheme for the pseudo-parabolic (3.1)-(3.3) takes

into account the dispersive-like character in both subproblems. Thus, we consider the
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following splitting of the pseudo-parabolic equation (3.1),

SN)S) + agf ) _ (i (H(S)ai <r§t(¢§)>> , (3.16a)
(?t(¢§> = —;m (H(S);x ( (8) = T;wé))) - (3.16b)

Note the presence of the third order mixed derivative in both equations. The first
equation (3.16) looks like a nonlinear BBM equation and the second equation in (3.16) is
a pseudo-parabolic equation without convection term. A similar procedure is investigated
in [106] for a BBM-type equation and in [61] for a modified Buckley—Leverett equations,

both with constant coefficients in high order terms.

Similarly to the previous approach, the numerical algorithm is defined as

follows:

1. Let t, = nAt and assume that S is known for ¢ < t,,.
2. For t € [t,, t,41], solve the problem given by:

Lio9)+ B0 - 2 () 2 (+5109))). (3.17)

with initial condition given by S(z,t,) = S(z,t,).

3. Compute the diffusive effects on [t , t,41] by solving the equation

569 =5 (HG) 37 (n8) - 15.69)) ). (3.18)

with initial condition S(z,t,) = S(z, ths1).

4. Set S(z,tp1) = Sz, tyr).

Numerical experiments

Here we present the numerical experiments for the second operator splitting
approach. To approximate the solution of each subproblem, we use finite difference schemes
based on the same ideas presented in the previous section. As in the previous simulations
presented in the Figure 3.1, we take here the time step At using (3.9) with o¢p, = 0.5.
We study the same test cases and Figure 3.2 shows the mesh refinement. Overall, the
numerical method was able to capture the correct behavior of the solutions reported in

the literature.
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Figure 3.2: Mesh refinement study to the second operator splitting approach, with 7 =5,
Sk = 0 and two different left values: (left) S = 0.9 and (right)S, = 0.55. Number of cells
used in the meshes: 64, 128, 256 and 512. The reference solution (REF) is obtained with
numerical scheme from [32] with 1024 cells.

Although this approach seems more successful, the goal of computational
efficiency has not been reached yet. In our implementation, we use implicit strategies for
both subproblems. Thus, the solution of each subproblem (3.17) and (3.18) is as expensive
as the solution of the complete problem (3.1). However, this is still a point to be better

explored in a future work.

Since, in our simulations, operator splitting techniques did not show good
features for this class of pseudo-parabolic equations, from now on we propose an efficient

approach not based on operator splitting.
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Chapter 4

Mixed finite element approximation
for the pseudo-parabolic two-phase

flow problem

In this chapter, we present the numerical approach to approximate the governing
equations (2.15)-(2.19). The numerical scheme is based on the mixed-hybrid finite element
and finite volumes schemes along with a implicit time discretization. We use the ideas of
one-dimensional approach presented in [5] and we extend this framework to two spatial

dimensions.

We remark that the pressure-velocity (2.17) and saturation transport (2.15)
systems compose a strongly coupled nonlinear problem. Though, by taking an explicit
approximation for hyperbolic flux (2.16b), we separate the calculation of pressure-velocity
problem from the pseudo-parabolic transport equation. Thus we solve these problems
sequentially. Similar ideas are present in some operator splitting techniques [2, 3, 75] and

IMPES (Implicit Pressure Explicit Saturation) strategies.

4.1 Approximation by mixed finite elements

We now turn our attention to the continuous-time mixed finite element ap-
proximations to the elliptic and to the pseudo-parabolic problems. For the convenience of

readers, let us write the transport system (2.15a)-(2.15b) again,

gt(ngw) +V-F(v,S,) = =V - [H(Sw) Vpd, (4.1a)

DPe = pe(Sw> - T ng(¢sw> (41b)

Now, from the particular form of the dynamic capillary pressure (4.1b) and the

transport equation (4.1a), we can obtain a nonlinear reaction-diffusion elliptic equation
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for p. [5, 25, 36],
1 1
_v : [Hc<Sw) VPC] + ;pc = v ' F(V7 Sw) + ;pe(sw)7 (42)
Thus, we can write an equivalent differential system given by,

;(¢SW) +V- F(V, Sw) ==V [Hc(sw) Vpc]7 (4.3&)

1 1
- v : [Hc(Sw) Vpc] + ;pc = V : F(V, Sw) + ;pe(sw)a (43b)

This formulation is equivalent to (4.1a)-(4.1b) from a formal point of view. For the

equivalence proof for similar formulations we mention [36].

To solve the elliptic equation (4.3b) using mixed element method, first we
identify a diffusive-gradient flux w linked to capillary pressure. Thus, we can rewrite Eq.

(4.2) in its mixed form given by,

w = —H.(Sy) Vpe, (4.4a)

1 1
VW‘f‘;pc:VF‘f‘;pe(wa) (44b)

Note that (4.4) is still linked to an evolution equation for saturation. First, we use mixed
finite elements to approximate the pair (w, p.). The value of the capillary pressure is
then used to calculate the water saturation by solving the time evolution equation (4.3a)

by the implicit method.

Without loss of generality, consider a rectangular domain Q = (z,, x3) X

(Ya , ¥») € R% We consider the following boundary conditions,

w-n=uw, on 'Y Sw = Syp on T2 (F—w)-n=uv,, on % (45a)

v-n=uv, on Y, Pn = Dpy on T2 (4.5b)

where we have

00 =TNUTD =TNUTEUTD
(4.6)
INAT? =TNNTE=TNNT2 =TENTD = .

We denote by n the unit outer vector normal to domain boundary. For the system (4.4),

we have to impose a value of capillary pressure p, on I'? consistent with the Dirichlet
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condition for saturation,

Pe = Pep = pe(‘swb) on Fg (47)

Also, consider the spaces

VC:{VGH(diV;Q):\?-n:wboanX} W, = L*(Q)
(4.8a)
V;O:{\?EH(diV;Q) :v-n=0on Ffl\f}

Vn:{VEH(diV;Q):\?-nzvboanX} W, = L*(Q)
(4.8b)
Vnoz{VGH(div;Q) :v-n=0on Fﬁf}

The weak mixed formulation for (4.4) is given by seeking (w, p.) € V. x W,
such that:

(H'w, %) = (pe, V- ¥)g + (Pey, ¥ 1o = 0 (4.9a)
_ 1 . . e -
(V-W,p)g+<Tpc,p>Q=(V-F,p)g+<Z;,p)Q, (4.9b)

for all (\Nf, ﬁ) € ‘/CO X WCO'

Similarly, the weak mixed formulation for the pressure-velocity system (2.17)
is given by seeking (u, p,) € V,, x W,, such that:

(H;lv, V) — (Pn> V- V)q + (Pnp, V- 1)rp (H Ve s V)Q + (H;l \(IR \7)

Q 7
(4.10a)
for all (v, p) € Vg X Wi
To define the numerical mesh, let {€;, i = 1,..., M} be a uniform partition of
() into disjoint elements €);, i.e.,
—_— M —_—
Q= QLNQ;=0,1i#j. (4.11)

=1

The elements €2; have dimensions Az x Ay. Let I' = 0Q, I'; = 0§); N 0Q, T';; = 09, N O9Y;.

Let V" x W and V" x W/ be mixed finite element spaces over {€;}. These
spaces are defined through local spaces V., C H(div; (), V., € H(div; ), Wk, C L*(Q;)
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and W, C L*(;) [28, 29]. Then, the global mixed finite element spaces are defined as,

Vi={vev.:v
Vi={veV,:v

o€V}, wWh={peW.:p
o€V, wWh={peW.:p

o, €Wk}, (4.12a)
o, €W} (4.12b)

Note that the functions p € W/ are allowed to be discontinuous across each interface I';;,
for a = w, n, while normal component of the functions v € V.* must be continuous across

I';;. In the hybridized mixed finite element method, we relax this constraint by defining,

P — {v e @] :v

aevi), vh={ve[r@] v

q, € Vnhi} . (4.13a)

We then need to introduce Lagrange multipliers to enforce the required continuity on Vc"
and VJL We define the local spaces of Lagrange multipliers as the space of the normal

component of the functions in V* and V", respectively, restricted to [, ie.,

A?ij = {Ee LQ(FU) e Vch 1 pij}, (4.14a)
Afwj = {Z € L*(Ty): L e V! H|Fi]} ; (4.14Db)

We set the global Lagrange multipliers spaces as,

]

AP = {Ze L2 (U rij) t lr, € AL, Tij # (z)}, (4.15a)

i#j
For simplicity, we will describe the hybridized mixed element method for the two problems
in a local framework. Let w" & ‘Z;h, ph e Wh vh e Vnh, and p! € W the hybridized
mixed finite element approximations for w, p., v, and p,,, respectively. We define the local

approximations as,

W?:Wh h

h

h _ . h
Q Pci = Pe

h
cij

We denote the Lagrange multipliers at I'ij by ¢7.. and €Zij related to (w, p.) and (v, p,)

problems, respectively. By definition, we must have just one Lagrange multiplier per

interface. Since I';; = I'j;, we have,

h  _ ph h  _ ph
¢ _Ecji gnij_gnji‘

cij

(4.17)

The hybridized mixed finite element method for the diffusive system (4.4) is
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given by seeking (w}', pl,, €},.) € VI, x W} x Al i=1,..., M, such that:

(H W, V)Q — (ol V- v)Q + %:(ef;ij ,¥-n)p, =0, (4.18)
JFi
(V -wh 15) + <1ph< ]5) =(V-F,pg + (pe ﬁ) (4.18b)
7 Qi T cq)? Qi I Qi T~ 9 Qi’
<W? s 1y -+ W? sy, gij>rij = O, j 7é Z:, Fij 7’£ @, (418C)

for all ve VM, pe Wk, and Zij € A”... Here, n;; is the unit vector normal to T';; in the

c cij’

outward direction of element ;.

Similarly, the hybridized mixed finite element method for the pressure-velocity

(2.17) system is given by seeking (v}, paj, b)) € Whox Vo< Al i=1,..., M, such

nij nij’
that:
H'vl v) — (ph V-v) +>. 0" v-n)p, =
( n i >Qz (pnzl N)Qi Zj;ﬁ 1< nij ] >F1] (419&)
(Hg Vi V)Qi + (Hr: vai, V)Qi s
(V-vi, 15)9_ =0, (4.19b)
(Vi mg + Vi, G, =0, G #G Ty #0, (4.19¢)

for all test functions v € Vhi, pEW! and gij c A\

n nij*

4.2 Reduction to the lowest index Raviart-Thomas

spaces over rectangles

We choose the fundamental lowest index Raviart-Thomas space over rectangles
[87]. The natural local degrees of freedom on the element €;, are the constant value of the
scalar variables p.! and p,”, which we associate to the center of €);, and the four constant
values of the outward normal component of the gradient fluxes w’ and v across the edges
of the element [2, 28]. Thus, the Lagrange multipliers are also constants om the interfaces
of elements. We also assume the absolute permeability and porosity fields to be constant

on each element.

Now, consider a element €; = (2, Zi) X (Yia » Yin), Wwhere the neighbor elements
are denoted by [, r, d and u (see Figure 4.1). The center of the element §2; is denoted by
(z;, yi). We choose the same basis functions for local the spaces V", and V", on ©; as
follows,

(z — zyr) (z — za) (Y — Yiu) (Y — Yia)

Pi Ar €1, P Ar €1, Pid Ay €2, Piu Ay €2, ( )
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Qy
Yiu
o) Q; Q,
Yid
Q4
Zil Ly

Figure 4.1: Element €2; and the neighbor elements.

where e; and e, are unit vectors of R? in x and y direction, respectively. The basis for
WP, and Agij, a = ¢, n, is given by,
LDZ‘ = 17 on Qi7 lij = 1, on sz (421)

We can write the local solutions as a linear combination of the basis functions as follows,

Ww’; = Z Wi Lpijy p?l = D¢ w’b E?” = gcm lzyv .] = l7 r, d) u, (422&)
je{l,r,d,u}

je{l,r,d,u}

We also define a discretization of the corrector velocities v”; and vi; as a linear combination

of the basis functions,

V?Z- = Z Ueij Pijs V}(l;i = Z VaGij Pij» (4.23)
je{lrd,u} je{l,r,du}

Figure 4.2 presents the position of the nine natural degrees of freedom for each problem.

Note that for the transport problem, in addiction to capillary pressure value, we associate

a saturation value to the element center.

If we choose the test functions in (4.18) and (4.19) as the basis functions (4.20)-
(4.21), and apply a trapezoidal rule to integrations, we can write the resulting algebraic
problem in a particularly simple form [2, 20, 28]. For elliptic problems, this quadrature

rule preserves the order of convergence [20].
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Transport problem Pressure-velocity problem
gcz’u Wiy gnz’u Vi
QJ Q]
Wig === P [T Wiy Vi ----{  fees Vir
g DPn;
Kczl """ N KCW Eml """"" gmr
Ceiq Wig Cnid Vid

Figure 4.2: Natural degrees of freedom on the element ;. For each problem, there are
nine degrees of freedom: one constant value of the scalar variables, associated to the
center of §2;; four constant values of the outward normal component of the gradient fluxes
across the edges of the element; four constant values of the the Lagrange multipliers at the
interfaces of elements. For the transport problem (left), in addition to capillary pressure,
we associate a saturation value to the element center

The local algebraic problem on €; for the diffusive system (4.18) is given by,

Wi = 3 (e~ ) =0, (4.240)
wie = 25 (0~ L) = (1.21b)
wia = 23 % s = ) = (4.240)
Wi, — QA]:;;:i (pci - Zciu) =0, (4'24d)
wu;mwir n wid;ywiu n ]% _ I% 4 (FrzA—xFlz) I <FmA_dei)’ (4.24e)

with the consistency conditions at interfaces I';;,

The terms Fj; denote an approximation of hyperbolic flux. We will discuss the a finite

volume approach for this term in Section 4.4.

Remark 4.2.1. Although we use piecewise constant in this work, the mixed finite element
approach allows us to use higher order spaces [87]. In this context, the first-order hyperbolic
flux approximation is an issue to be explored further. Conceptually, by writing the test

function as p = po + p’, where py and p’ the constant and nonconstant part of p, it is
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possible to decompose inner product (V-F, p) = (V-F, py) + (V- F, p'). The first term
on the right hand side can be handled by the same framework as presented here. The
second term is more intricate, but can be interpreted as a higher order term approximation

(e.g., an anti-diffusion term as a @-form [100]).

For the system (4.19), the resulting algebraic problem on €; reads,

Vi — Qf;i (Pni = lnit) = Vear + VG, (4.26a)
Vi — i[;(pm ~ Llnir) = Ve + V@i (4.26b)
Vig — 25; (Pni = lnia) = Veir + Vcia (4.26¢)
(e 257 (Pni — lniw) = Veir + Vaiu, (4.26d)
Uil;’xvir " ’Uid:yviu _0, (4.26¢)

along with the consistency conditions at interfaces I';;,

(%] + Uy = 0. (427)

Note that, for both local systems (4.24) and (4.26), we have five equations and
nine variables linked to the element €2;. For each problem, the four consistency conditions,
respectively (4.25) and (4.27), link the local variables of element 2; to the variables of

neighbor elements.

We choose to eliminate the Lagrange multipliers and the gradient fluxes since
the resulting linear system is symmetric positive definite [2, 20], then we can apply a
suitable solver for linear systems. Combining the consistency conditions (4.25) and (4.27)
with the system (4.24) and (4.26), respectively, we obtain the following discrete equations

for the capillary pressure p. and non-wetting phase pressure p,:
[Hgﬂ]il (Pej — Per) + [Hgﬁ]ir(pCi — Per) [Hgﬂ]id@% — Peq) + [Hsﬂ]iu@% — Pey) | Pei _
+ +— = be,
Ax? Ay? T
(4.28a)

[Hzﬁ]il (pni - pnl) + [Hsﬁ]ir (pni - pnr) [Hresz]id<pni - pnd) + [HSH]W(pm - pnu)
+
Ax? Ay?

= bm‘a
(4.28b)

where, the effective coefficients [H_|¢! and [H, ]S across the interface I';; naturally appear
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as a harmonic mean,

2H. H.; 2H,, H,;
Heff o= ¢ "¢ eff i = Z T g . 4.2
[ c ]J Hci+ch’ [ n ]] Hn@—i_Hn] ( 9)
The right hand side terms b.; and b,; are given by,
DPe; (Fm - Ez) (Eu - Fdz)
b = et , 4.
T + Ax + Ay (4.30)
Ucil + Veir | Veid + Vciu VGl T VGir | VGid T VGiu
bp; = — — . 4.30b
( Ax * Ay ) ( Ax i Ay ) ( )

The diffusive flux and velocity in each interface I';; can be calculated from the

capillary pressure and non-wetting phase pressure, respectively, of the elements €; and €,

as follows,
Wiy = [HEH]Z’[(pCiA_pCl), Wiy = [Hsﬂ]iTW’
i N (4.31)
w‘d:[HeH]‘dM Ws :[Heﬂ]* w
[ c i Ay ) i c liu Ay ;
Vit = [Hzﬁ]ilw + Veq + Ve, Vip = [HZH]WW + Veir + VGir,
vig = [Hy ]idT + Veig + VGias Vi = [H,, ]wﬁ + Veiy + Vain-

We have to define consistent approximations for the correction velocities. If

fuw(Sw) # 0, we can write the correction velocity linked to the capillary pressure as

_ 1
fn(Sw)

Thus, we can determine suitable approximation for v, from the numerical approximation

V., = w. (4.33)

of the diffusive flux w. For v, first we define the coefficient,
He(Sw) = Now K (%) [kuw(Sw) + Ry R, kn(Sw)], (4.34)

and using a continuity argument, we obtain

2 Hg; Hg;

vaiy = [HE iy VZ -y, [HE i = Hei+ Hg;
7 J

(4.35)

The equations (4.28a) and (4.28b) define systems of algebraic equations for
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De; and py,, respectively. However, at this point these systems are nonlinear since they
are coupled through their coefficients, right hand terms and the evolution equation for
saturation. We emphasize that the right hand term b.; depends on Darcy flux v through
the numerical hyperbolic fluxes Fj; and b,; depends on the Vp. through the corrector
velocity approximations v.;;. In the next sections, we will discuss a time discretization
and a iterative approach along with a linearization strategy. In this context, the systems
(4.28a) and (4.28b) becomes linear and symmetric positive defined, and we solve them
sequentially. In this work, the arising systems of linear equations are solved efficiently

with an algebraic multigrid method, along with the conjugate gradient method.

4.3 Discretization in time

To define the time discretization, consider that we want to approximate the
solution over time interval (0, 7]. Let N € N be the number of time steps, we take
At =T/N and t,, = nAt, forn =0, 1, ..., N. Now, we denote S and p.! the numerical

approximations for S, (x, t,) and p.(x, t,) at the center of element €;, respectively.

We consider an implicit discretization of (4.3a) by means of finite volume
framework. First, from the definition of diffusive flux (4.4a), rewrite the transport equation
(4.3a) as follows,

;(¢Sw) +V-F(v,5,)=V-w. (4.36)

Thus, by taking advantage of the Raviart-Thomas mixed finite element formulation, we

propose the following implicit finite volume scheme for (4.36),

N (wzjrl 4 wZ;l)
Ax Ay

g _gn O[(FR—Fp)  (Fa—Fy)| , At[(wf +wj)
’ ! O Ax Ay O

(4.37)

Note that this finite volume approach uses constant values of saturation and four values of

hyperbolic fluxes and diffusive fluxes.

The first-order hyperbolic term is evaluated at time t,, hence, to evolve sat-
uration, we need the velocity field evaluated only at ¢, (see Eq. (2.16b)). On the other
hand, the diffusive flux is evaluated at time ¢, 1, therefore the capillary pressure have to

be calculated implicitly, leading to a nonlinear problem. Accordingly, we have to rewrite
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(4.28)-(4.30) to take into account the time discretization,

eff]n+1

Wiﬂ;ﬂ (Pt = pei*?) +[H‘3Ax;" (Pt = pep ™)
e n+l € n
+[H0Aff; + (pczﬁ-l pc:fl) i [HcAffy] +1 (p67+1 chl) (4.38)

L L (Sntt F" — Fn Fr — Fn
+pz :p<z )+(rz lz>+(zu dz)

T T Az Ay

[H3 s ww
N (pnz Pny ) + A2 (pm pnr)
Heff eff]n
A = gt + T (= ) = (4.380)

_ (Uc?z + Veir | Veia & Uc%) B <UGZ +vei | Vaig + UG%)

Ax Ay Ax * Ay

Due to the advective nature of the first-order term of (4.36) we adopted the

following stability criterion:

Atvmax
min{ Az, Ay} ¢min [Sw 01{|f (Sw)l}

< UCFL7 (439)

where vVyax = maxv;; and @iy = min ¢;. The parameter ocr, is chosen to ensure stability.
We emphasize that this choice was also made based on previous one-dimensional results [5];
see also the Appendix A for convergence proof for a one-dimensional linear pseudo-parabolic

equation.

Remark 4.3.1. Alternatively to (4.37), we can simply write an implicit strategy by means

of the backward Euler procedure to the evolution equation (2.6), which reads:

At
T;

SnJrl Sn [ E(Sl?wrl) pc?+1} ' (4'40)
This approach was used in [5, 25, 35] for one-dimensional pseudo-parabolic problems. We
also performed numerical tests with (4.40) in two-dimensional problems, but we choose

those numerical results since we obtained similar performance.



23

Figure 4.3: Staggered mesh (left) and numerical stencil (right) for computing the numerical

A

hyperbolic flux. In the left figure, the blue (£2;) and red (£2;) areas correspond to the
elements of original and staggered mesh, respectively. In the right figure, the colored
points represents the local where the variables are evaluated at each time step. At the
time t,, all needed information is evaluated at the center of the non-staggered cells, while
at the time ¢, 41 the information is obtained from the center of the staggered cells.

4.4 Numerical hyperbolic flux

In this section, we describe the approximation of the hyperbolic term. We use
an approach based on finite volume methods for hyperbolic conservations laws. The pseudo-
parabolic equation has a dispersive nature [5], so we choose a numerical flux that presents
numerical dispersive nature. We use a two-dimensional extension of Richtmyer’s scheme.
Our choice is simple at first glance, but it is worth noting that it is not obvious [5]; see also
[32]. The dispersive nature of the pseudo-parabolic transport equation lead to solutions
with saturation overshoot that exhibits both nonmonotone saturation profile and phase
mode dispersion similar to that in the Benjamin-Bona-Mahony equation [13]. In addition,

here we are dealing with nontrivial heterogeneous geologic media with high-contrast.

The Richtmyer’s method for one-dimensional hyperbolic conservation laws
is a two-step Lax-Wendroff type scheme. The first step consists on approximating the
solution defined on the points of a staggered mesh by means of Lax-Friedrichs scheme
at an intermediary time ¢,,,/2. The second step uses a Leapfrog scheme to evolve the
solution to the time ¢, ;. We use the same ideas to define a two-dimensional version of

Richtmyer’s numerical flux.

First we define a staggered mesh {QJ} by shifting at Az /2 and Ay/2 (see Figure

4.3). The centers of the staggered elements correspond to the corner of the non-staggered
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elements. For each staggered element Qj, we define a set of all non-staggered element
indexes that intersect QJ as I; = {i: QJ N, # 0}. To approximate the saturation §;+1/ 2

on the staggered mesh, we use a two-dimensional Lax-Friedrichs type scheme given by,

7 an 1 n At A N At A N
G55 = 13 (0iS?) = o (B = By) - Ay (Fya — Fy) (4.41)

’iEIj

where the numerical flux £ s at the boundaries of staggered element Q] are defined as a
arithmetic mean of the fluxes of intersected non-staggered elements. Similarly, by following

the ideas of [2], we define ¢ at the staggered element Qj as,

¢; = i S ¢ (4.42)

i€l

To evolve from time ¢,, to time ¢,,.1, the numerical flux is given by at interface
I';; of the non-staggered mesh,

v

where ST;-H/ % is defined as a arithmetic mean of saturation given by (4.41) on staggered

?,
elements that intersect I';;. Figure 4.3 (right) shows the numerical stencil for the numerical

approximation of the hyperbolic term.

4.5 Boundary conditions

To complete the method description, we have to impose the boundary conditions
(4.5). Our local framework allows us to write easily the discrete equations for the elements
the intersects the boundary of the domain. We just have to define appropriately the values
of the some degree of freedom defined on the boundary of the domain (gradient fluxes and

Lagrange multipliers) in (4.26).

Remark 4.5.1. We assume that if a (rectangular) element €; intersects the boundary of
(1 at the edge I';3, then just one type of boundary condition for each problem is imposed

over I';3. So the mesh matches the boundary partition.

Let £y;, and £, ;5 denote the Lagrange multipliers associated to I';, and I'jg,
respectively, where we define Dirichlet boundary conditions, i.e., T';, C 9§2; N T2 and
[js C 0Q; NI then we impose,

gwia - wa; on Fiom gnjﬁ = Pnyp, ON Fzﬂ' (444)
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Similarly, let w;, and v, ;3 denote the diffusive flux and total velocity associated to I';,
and T'j3, respectively, where we define Neumann boundary conditions, i.e., I';, C 9Q; NTY

and I';5 C 9Q; NTY, then we impose,
Vi = Up, on [y, w;g = wy, on I'g. (4.45)

Finally, we impose the total flux (Robin) conditions for the transport problem at I';, C
0Q; NTE by setting,

Fl' — 0o = Uyp, on Tiq. (4.46)

4.6 Iterative procedure

As previously stated, the discrete equations becomes a nonlinear semi-implicit
scheme. At each time step, we solve the transport problem through an iterative procedure,
but we have to solve the pressure-velocity problem only once. To handle the nonlinear
problem, we exploit a successive approximation framework already used in one-dimensional
problem [5]. In [25], the author employs a similar strategy for approximate a pseudo-

parabolic Burguers equation.

Let k be the iteration index, we denote S;-L’k as a approximation for at the
iteration level k and S7' the approximation after convergence. As an initial approximation,
we take the response of the last time step, i.e., S"*1:% = S™ and p?™% = p” then we
solve sequentially (4.38a) and (4.37) untill the convergence. The criterion of convergence

for the iterative procedure is given by,
|smk — s <, (4.47)

where ¢ > 0 is the tolerance for the difference between the responses of the iteration levels
k—1 and k.

The sequential time-marching approach to evolve the solution from ¢, and ¢,

is defined as follows,

1. Calculate the coefficients [H®]” and the right-hand-side term b,7"* ™ of (4.38b)

n lij

from S}* and p.};
2. Solve the linear system (4.38b) for p,7;

3. Recover the velocity field v} from p,[";
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4. By (4.43), calculate the numerical fluxes Fy; from S}* and v};

5. Calculate the saturation S!""' of next time step t,.; by means of the following

iterative procedure:

n+1,0

a. Set the initial approximations S;""'% = S7 and p.] = p.;

b. Calculate the coefficients [HSH]ZHJ“_l and the right-hand-side term b %
from SjH R

c. Solve the linear system (4.38a) for p; "%

(2 )

d. By means of (4.37), update S?H’k from pcfr}+1,k;

7

e. Check for convergence for S:
If not attained, go back to the step b.;

If attained, set SPH! =GPk,

The saturation calculation depicted in the step 5 is based in a simple and robust
fixed-point iteration to solve the nonlinear algebraic equations. This iterative procedure
concludes the presentation of our numerical approach. Appendix A shows a convergence
proof of the iterative procedure for a one-dimensional linear problem. In the next chapter,

we present numerical experiments that evinces the convergence of the iterative procedure.
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Chapter 5

Numerical experiments

This chapter presents numerical experiments of two-phase flow in porous media
with dynamic capillary pressure. All parameters and details on the flow equations,
boundary and initial conditions and numerical experiments are described in details to

allow the proper reproduction of them. The simulations aims:

o to demonstrate the viability of the proposed numerical method;

« to study the effects of heterogeneities of porosity and permeability fields in presence

of dynamic capillary pressure and gravity.

We used the one-dimensional numerical experiments presented in [31, 32, 36]
and reproduced in [5] as reference guide to our two-dimensional experiments. It is important
to mention that gravity and viscosity ratio effects are not explored in those one-dimensional
studies. Hence, we use an one-dimensional version of our approach to study numerically
this effects and provide reference solutions for the two-dimensional simulations (see [5]
for details of the one-dimensional scheme). We implemented the method in C language
in a serial framework and we performed all the experiments on a Linux Debian 7.2.0-8
computer with processor Intel® Xeon® CPU E5-2643 v2 3.50GHz.

Since our approach does not handle degenerated values, i.e., saturation values
such that H.(S,) = 0, we perform only experiments that the saturation profile does
not attain degenerated values. Nevertheless, to prevent degeneracy problems on coarser
meshes, we modify the diffusion coefficient H.(S,,) near to degeneracy points by taking
Ho(Sw) = Hemin, if Ho(Sw) < Hemin, With Hepn > 0. We set Heppy = 1 x 1078 for all

simulations.

We chose the slab geometry to compose the boundary conditions of our simula-
tions (see Figure 5.1). We set Neumann zero flux conditions in the horizontal boundaries
(I'p and T'yy) for both problems (transport of saturation an pressure-velocity system). For
the transport problem, we defined the saturation S, at left boundary (I'y) (Dirichlet

condition) according to the initial data, and zero diffusive flux (Neumann condition) at
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right boundary (T'g),

Sw = 5L, xely, (5.1a)
w-n =0, x € [g, (5.1b)
(F—w)-n=0, x €I'p, (5.1c)
(F—w)-n=0, x € I'y. (5.1d)

For the pressure-velocity problem, we set the flux at left boundary (Neumann condition)

and a reference pressure at right boundary (Dirichlet condition)

v-on=-Qm" x eIy, (5.2a)
pn = P, x € I'p, (5.2b)
v-n=0, x € I'p, (5.2¢)
v-n=0, x e 'y. (5.2d)
F-w)n=0- n ———v.n=0
/////////////1(/// ///3/////////////
Sy = Sp - S iR R L T e w e n =0
n <«— > 1
v-n-= _Qin T . .‘ '""””pn = Pfff
’.////)-///”///”/)‘///i////‘///.////.///.///,
Y ! |
‘ F-w) n=0-—" n ‘“—v.n=(
i

Figure 5.1: Boundary conditions for slab geometry for saturation transport and pressure-
velocity problems. Zero flux conditions are imposed on top and bottom boundaries for
both problems. A total inflow flux Q™ and a reference saturation are defined on left
boundary. A reference pressure pi*f and a zero diffusive flux condition are imposed on

right boundary.

The initial value for all examples is a Riemann data defined by,

SLa I'SO,
_ 5.3
e {S& . 53)
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with consistent boundary values S; and Sz. We focus on the case S; > S and Q™ > 0,

which the wetting phase displaces the non-wetting phase (imbibition).

Following [31, 36|, we use the models of relative permeabilities and static

capillary pressure given by:

uw(Sw) = S5, En(Sw) = (1 — Syu)*?, Pe(Sw) = —Suw, 0<S5,<1. (54)

We performed numerical simulations using homogeneous and heterogeneous
fields of porosity and permeability. For experiments with heterogeneous fields, we use a
log-normal model for multiscale rock heterogeneity proposed in the seminal work by Glimm
and Sharp [44]. In this model, we consider a Gaussian field {(x) with its distribution

determined by its mean and covariance function,

cov(€(x1), &(x2)) = [|x1 — x2] 77, (5.5)

f is a scaling exponent that controls the nature of multiscale heterogeneity [44]. Its
realization on a finite lattice (e.g. a mesh grid) provides a short distance regularization [2].

Then the absolute permeability is given by,
K(x) = Ko exp(wk £(x)), (5.6)

where K is a cutoff value for absolute permeability, and wg > 0 is a scaling factor [44].

We assume the same multiscale field £(x) to construct a variable porosity field,

$(x) = do + @y §(x), (5.7)

where ¢y is a cutoff value for porosity and normalizing factor @, > 0 is chosen to bound
the porosity. Note that, if we take wx = 0 and w, = 0 we have the homogeneous case. We
use the coefficient of variation C'V' (the ratio of the standard deviation to the mean) as a
dimensionless measure of the heterogeneity of the field. Figure 5.2 shows the high-contrast

multiscale field £(x) used for the simulations reported in this work.

To solve the linear system of algebraic equation, we used a implementation
of the conjugate gradient method with an algebraic multigrid (AMG) preconditioner of
Manfred Liebmann’s Parallel Toolbox [71]. It is a academic C++ package for the numerical
solution of linear systems. For the nonlinear iterative procedure, we set the tolerance

parameter as € = 1 x 107 for all simulations.
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Figure 5.2: The Gaussian field £(x) used to define the heterogeneous rock properties. This
field is defined in a 64 x 64 geologic reference element mesh and scaling factor § = 0.5.

5.1 Refinement study

The numerical accuracy and convergence study for the proposed computational
procedure is based on a simple mesh refinement study. Thus, we compute errors in different
norms using an approximate solution on a fine mesh grid (1024 x 1024 elements) labeled
as the reference solution S™f. In order to measure the difference between the reference
solution S™f and an approximate solution S*, at a fixed time " of simulation, we will
use residual-errors E(h) = S" — S™ along with L}-errors defined by E!' = ||E(h)]|,,

q = 1,2, 00, where,

1B(8)][o = max | % — 57

Y

1/
Sh B S?ef q) q | (58)

el = (a0 sy

Notice, here quantity SP stands for the projection of the numerical solution S” onto the
refined mesh in the computational domain. The superscript A denotes the mesh parameter
taken as h = max(Az, Ay). In our simulation, we discretized the domain in square
elements, thus, h = Az = Ay.

We performed numerical experiments with different values for the flow pa-
rameter. In this section, we choose to present the refinement study of a representative

simulation with the following parameters,
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Computational domain:  Qop = (=5, 20) x (0, 25) Final time of simulation: 7 =5.0
Left saturation value: St = 0.85 Inflow flux: Q™ =1.0
Right saturation value:  Sr = 0.10 Right pressure value: pref = 0.0
Viscosity ratio: R,=10 Capillary number: Nco =1.0
Density ratio: R,=1.0 Gravity number: Ngr =0.0
Dynamic effect number: Npy, = 0.5 Stability parameter: ocrL = 0.5

We observe the formal convergence from numerical experiments reported in Fig
5.3 (homogeneous on the top and heterogeneous on the bottom), and Table 5.1 and Table
5.2, which shows a good resolution first-order convergence rate behavior (see right column
in Figure 5.3). Indeed, Fig 5.3 shows the refinement study, where we used meshes from
64 x 64 to 512 x 512 elements and the reference solution was obtained on 1024 x 1024 element
mesh. We notice that the pseudo-parabolic model lead to nonmonotone solutions. No
spurious numerical artifacts are observed. Indeed, our numerical simulations indicates that,
the nonclassical pseudo-parabolic structure persists under the presence of heterogeneities
imposed for long-range correlations and stronger heterogeneity over permeability (5.6) and
porosity (5.7) fields. The proposed scheme seems to be robust and efficient and accurate

to show features on the flow path.

Table 5.1: Refinement study with homogeneous permeability field.

Mesh h 1 E|l IE|2 1E || oo Run time (s)

64 x 64 3.13x 1071 1.78 x10° 2.03x 107! 7.12x107%2  8.87 x 10°
128 x 128 1.56 x 10! 721 x 107! 9.10x 1072 3.01 x10~2  5.71 x 10*
256 x 256 7.81 x 1072 327 x 107! 431 x1072 1.26x 1072  3.64 x 102
512 x 512 391 x1072 157x107t 1.91x1072 4.13x10732  2.99 x 10°

Table 5.2: Refinement study with heterogeneous permeability field.

Mesh h I1E]|; I1E||2 |E|l.e  Run time (s)

64 x 64 3.13x 1071 2.04x10° 225x107! 1.35x 107!  1.63 x 10*
128 x 128 1.56 x 107! 8.08 x 107! 9.79x 1072 597 x 1072  1.12 x 10?
256 x 256 7.81 x 1072 3.64 x 10! 4.74x 1072 258 x 1072  8.59 x 102
512 x 512 3.91x1072 1.60x 10" 2.05x 1072 9.66x 1072  5.86 x 10°

5.2 Numerical study of viscosity ratio effects

In this section, we study the effect of viscosity ratio R, in the solution profile.
The objective is to numerically study the solution behavior in different flow regimes. We
simulate cases for R, < 1 (i.e. the wetting phase is less viscous than the non-wetting
phase) and R,, > 1 (the wetting phase is more viscous than the non-wetting phase). It is

worth mentioning that both cases have physical applications in two-phase flow in porous
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Figure 5.3: Numerical solutions and refinement study for saturation. Simulations are
presented for homogeneous (top) and heterogeneous permeability fields (bottom). The left
columns present the saturation profile for 1024 x 1024 element mesh. The right column
presents the numerical error with respect the reference numerical solution (1024 x 1024
elements). Dots denote the numerical error on different norms, while dashed lines are the
linear adjusted curve.

media. For R, > 1, we may cite the problem of water infiltration in the soil. On the other

hand, regimes where 17, < 1 occur in petroleum reservoir applications.

In this section, we performed numerical experiments for R, = 0.5, 1.0, 2.0. For
each of value of the viscosity ratio, we used homogeneous and heterogeneous permeability

fields. We used the following simulation parameters:

Computational domain:  Qap = (=5, 20) x (0, 25) Final time of simulation: 7T =5.0
Left saturation value: S, =0.85 Inflow flux: Q" =1.0
Right saturation value:  Sr =0.10 Reference pressure value:  pi*f = 0.0
Viscosity ratio: R, =05,20 Capillary number: Neg = 1.0
Density ratio: R,=R, Gravity number: Ngr =0.0
Dynamic effect number: Np, = 0.5 Stability parameter: ocrr, = 0.5

Figure 5.4 shows the solution profile for saturation for the different values of
R,, with homogeneous (left) and heterogeneous (right) permeability field. We can see

that for the smaller value of viscosity ratio, the solution profile presents viscous finger-like
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patterns , whereas for the bigger viscosity ratio these patterns are less developed. This
result in consistent with the immiscible and incompressible two-phase (water-oil) flow
problems in petroleum reservoir applications and with typical water infiltration problems
in soils. Figures 5.6 and 5.5 show the evolution of the solution profiles on the heterogeneous
permeability field for R, = 0.5 (left column) and R, = 2.0 (right column). The numerical
solutions are presented for 7" = 5, 7.5, 10, from top to bottom, and for R,, = 0.5 (top) and
R, = 2.0. The non-classical one-dimensional pseudo-parabolic structure is observed in the
presence of heterogeneities (this structure is also similar for homogeneous media, with and
without gravity effect) where there is a nontrivial coupling between the transport equations
and flow velocities field, which is dynamically governed by the pressure equation. This

interaction have not been reported on rigorous mathematical grounds in the literature.

R,=5.0e-01 R,=5.0e-01

; . 0.8
5 os 06 5 os 06
'é- 0.6 0.4 L 06 0.4
5 04 0.2 5 0.4 0.2
s 0.2 0 < 0.2 0
0 0
Ry= 2.0e+00 Ry= 2.0e+00
1 1
1 0.8 1 0.8
g os 0.6 3 os 06
E 0.6 0.4 Z 06 0.4
a 0.4 0.2 5 0.4 0.2
b3 0.2 0 b4 0.2 0
0 0

Figure 5.4: Numerical solutions for saturation with different values of viscosity ratio
R,,. On the left (resp. right) column we present simulations with homogeneous (resp.
heterogeneous) geologic permeability fields. From top to bottom, we have R, = 0.5, 2.0.
The solutions were obtained with 1024 x 1024 elements.
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Figure 5.5: Saturation profile during the infiltration in a heterogeneous porous media (3D
view). The numerical solutions are presented for T'=5, 7.5, 10, from top to bottom, and
for R, = 0.5 (left) and R, = 2.0 (right). The solutions were obtained with 512 x 512

elements.
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Figure 5.6: Saturation profile during the infiltration in a heterogeneous porous media
(color map). The numerical solutions are presented for T'= 5, 7.5, 10, from top to bottom,
and for R, = 0.5 (left) and R, = 2.0 (right). The solutions were obtained with 512 x 512
elements.
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5.3 Numerical study of gravity effects

In this section we study the gravitational effects on two-phase flow with capillary
pressure. We performed numerical simulations with several values of gravity number
N¢,. We focused on two cases of direction of gravity: the predominant direction of the
flow, i.e., VZ = ey, and the opposite direction, i.e., VZ = —e;. Indeed, we simulate
cases for heterogeneous permeability fields with different coefficient of variation (C'V =
0.5, 1.0). We also compare different longitudinal sections of the two-dimensional profile to
a numerical solution of one-dimensional homogeneous problem (see Appendix C for more

one-dimensional simulations). The parameters of the simulations are:

Computational domain:  Qop = (=5, 20) x (=5, 20) Final time of simulation: 7 = 10.0
Left saturation value: Sr, =0.85 Inflow flux: Q" =1.0
Right saturation value: Sr = 0.10 Reference pressure value:  pref = 0.0
Viscosity ratio: R, =20 Capillary number: Neog = 1.0
Density ratio: R,=R, Gravity number: Ngr = 0.125,
0.25, 0.5
Dynamic effect number: Np, =,0.25 Stability parameter: ocrL = 0.5

Figures 5.7 to 5.9 show the numerical solutions for different values of gravity
number Ng,., gravity direction VZ and coefficient of variation of permeability field CV (K).
Figures 5.7 and 5.8 show the solution for the direction of the gravity is VZ = e; and
VZ = —ey, respectively, with C'Vx = 0.5. Figures 5.7 and 5.8 show the solution for
the direction of the gravity is VZ = e; and VZ = —ey, respectively, with C'Vx = 1.0.
From top to bottom, the gravity number Ng, varies from 0.125 to 0.5. We find that
the new procedure is accurate and robust for solving two-phase transport problems of
pseudo-parabolic nature in two space dimensions with high-contrast geologic properties

and gravity effects.

Finally, for the parameter range considered, along with distinct dimensionless
gravity numbers, viscous fingers are found to undergo interaction with dynamic capillary
pressure and gravity effects for typical flow path situations in porous media problems.
The dominant feature for these flows is the saturation overshoot, which develops a delay
mechanism when dynamic capillary pressure and gravity effects are in balance as seem

from numerical simulations from Figures 5.7 to 5.9.
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Figure 5.7: Numerical simulations for the flow in the gravity direction and heterogeneous
permeability field (CVx = 0.5). The left column presents saturation profile of the
two-dimensional simulation. The right column presents longitudinal sections for y =
6.25, 12.5, 18.75 along with the reference solution of one-dimensional homogeneous problem
(1D). The range of Ng, varies from 0.125 (top) to 0.5 (bottom) and the gravity direction
is (1, 0). These simulations use a computational mesh of 512 x 512 elements.
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Figure 5.8: Numerical simulations for the flow against the gravity and heterogeneous
permeability field (CVx = 0.5). The gravity direction is (—1, 0) The left column presents
saturation profile of the two-dimensional simulation. The right column presents longitudinal
sections for y = 6.25, 12.5, 18.75 along with the reference solution of one-dimensional
homogeneous problem (1D). The range of N, varies from 0.125 (top) to 0.5 (bottom) and
the gravity direction is (—1, 0) . These simulations use a computational mesh of 512 x
512 elements
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Figure 5.9: Numerical simulations for the flow in the gravity direction and heterogeneous
permeability field (CVx = 1.0). The left column presents saturation profile of the
two-dimensional simulation. The right column presents longitudinal sections for y =
6.25, 12.5, 18.75 along with the reference solution of one-dimensional homogeneous problem
(1D). The range of Ng, varies from 0.125 (top) to 0.5 (bottom) and the gravity direction
is (1, 0). These simulations use a computational mesh of 512 x 512 elements.
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5.4 Nonlinear model for capillary pressure

In the previous numerical experiments, we consider a linear model (5.4) for
the static part p.(S,) of dynamic capillary pressure p.. Now, we investigate the solution
behavior taking in account more realistic model for p.. To study the nonlinear effects of

static capillary pressure model, we use the following representative model [2]:

(1_Sw)
VS

This model is more diffusive for smaller values of .S,,, and less diffusive for S, near to one.

Pe(Sw) = (5.9)

The parameters of this simulation were:

Computational domain:  Qgp = (=5, 12) x (0, 20) Final time of simulation: 7 = 7.0
Left saturation value: Sr, =0.85 Inflow flux: Q" =1.0
Right saturation value: Sk =0.10 Reference pressure value:  pref = 0.0
Viscosity ratio: R, =20 Capillary number: Neog =1.0
Density ratio: R,=20 Gravity number: Ngr, =0.0
Dynamic effect number: Np, = 0.25, 0.5, 1.0 Stability parameter: ocrr, = 0.25

Figure 5.10 shows the numerical saturation profile for Np, = 0.25, 0.5, 1.0. We
present one-dimensional homogeneous simulations (right) and two-dimensional experiments
with heterogeneous porous media (left). We observe that the qualitative behavior of solution
is preserved even for nonlinear model of p.(S,). In addition, the solution can present

nonmonotone profile for higher values of the dynamic number Np,.
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Figure 5.10: Numerical solution for nonlinear static capillary pressure. We present
simulations for Np, = 0.25, 0.5, 1.0 (from top to bottom). The left column presents the
two-dimensional experiments with heterogeneous permeability fields (512 x 512 elements).
The right column presents the one-dimensional experiments in homogeneous porous media
(512 elements).
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Chapter 6

Concluding remarks

In this work, we were concerned with the construction of numerical methods to
approximate a pseudo-parabolic equation describing two-phase flow in porous media. This
equation, differently from the classical parabolic model, takes into account dynamic effects
in the pressure difference between interfaces of the two phases. Our numerical approach is
locally conservative by construction and combines mixed-hybrid finite element method

with finite volume method.

6.1 Final Considerations

The governing system is composed by a saturation transport problem and a
pressure-velocity system. We rewrote the transport problem in order to obtain a elliptic
equation for capillary pressure along with a evolution equation for saturation. This very
convenient formulation is a distinctive point of our work, because it allowed us to use the
same numerical approach — mixed-hybrid finite element method — for two parts of the
problem (the pressure-velocity and the transport problems). The appropriate choice of
approximation spaces allows us to use numerical fluxes based on finite volume technique
to deal with the hyperbolic term of the transport equation. The time discretization
decouples the pressure-velocity system from the saturation transport problem resulting in
two systems of nonlinear algebraic equations. We solved the discrete nonlinear systems

through an iterative procedure.

We performed two-dimensional experiments with different flow conditions.
Based on refinement study, we obtained good evidences of numerical convergence and
accuracy of computed solution. We also studied numerically the gravity effects and the
viscosity effects on the solution profile. We verified that for smaller viscosity ratio (wetting
phase less viscous than non-wetting phase) the solution profile presents more finger-like
patterns. In addition, we observed that when the flows occurs in gravity direction, the

solution changes from nonmonotone to monotone by increasing gravity number.
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6.2 Perspectives for future work

Finally, we point out some open subjects to explore in fields of theory, numerics

and applications that can be issues for future works:

o We presented and implemented the numerical method for one an two-dimensional

domains, but our framework can be extended to three spatial dimensions;

o The overall approach can be naturally parallelized by using, for instance, the ideas

of the domain decomposition method for elliptic problems proposed in [29];

o Computational solution of many physical problems in large domains with high
heterogeneous properties could be computationally intractable by standard fine-grid
methods. The multiscale methods were developed to reduce the computational cost
keeping needed accuracy of approximated solution. Many multiscale approaches are
based on mixed finite element methods, e.g., [6, 40, 48]. Thus, our framework can

be applied in the context of multiscale methods;

e Our approach does not handle degenerate values, however we can circumvent this by

following the ideas of [3];

o New numerical analysis techniques can be exploited to access a stability condition

based on rigorous convergence proof at least for the one-dimensional problem [7, 25];

o As mentioned in our literature review in Chapter 1, the pseudo-parabolic equations
are related to other non-equilibrium models, which may extend the dynamic capillary
pressure. A topic for future developments is to extend our framework in order to

take into account other physical phenomena such as hysteresis [89, 105];

e The mixed finite element method combined with finite volume techniques have been
successfully applied to study the three-phase in porous media with static capillary
pressure models (see, e.g. [2, 3] and the references therein). Thus, we may use the
same approach presented in this work to study numerically the three-phase problem
with dynamic capillary pressure. It is worth to mention that, in the best of our
knowledge, the three-phase flow in porous media with dynamic capillary pressure
model after Hassanizadeh and Gray [51] is an open subject in theory, experiments

and numerics.
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Appendix A

Stability analysis for a simplified

pseudo-parabolic model

The purpose of this appendix is to provide a preliminary stability analysis for

the hybrid mixed finite element method employed in the solution of the pseudo-parabolic

equation. We consider here a linear one-dimensional pseudo-parabolic model. We employ

the Van-Neumann stability analysis to the fully discrete system to obtain a consistent

stability condition. We also present a condition for the convergence of the (fixed point)

iterative procedure used in this work.

A.1 One-dimensional simplified model

Consider the linear pseudo-parabolic system defined over the one-dimensional

domain Q = (z,, 23):

Os Os &*p

ot % T Couv

(0
P = S Tat s

where a > 0, € > 0 and 7 > 0. The initial and boundary conditions are given by,

s(xq, t) = s, s(zp, t) = sy, t>0,
s(z, 0) = so(x), x € (),

We rewrite the system (A.1) as follows,

0*p N 1 ds s
8z2 ' 7P or 71’
Os _ _s4p
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The boundary conditions consistent with (A.2a),

p(xtut) = pr = —Si, p(xb’t) =Pr = —5r. (A4)

Remark A.1.1. It is worth to mention that pressure-velocity system linked to the one-

dimensional two-phase flow in porous media has constant solution for the total velocity.

A.2 One-dimensinal numerical scheme

The discretization of Eq. (A.3a) by mixed finite elements method and Eq.(A.3b)

by backward Euler method leads to the numerical scheme:

. pﬁﬁl - 2]9?“ ‘1‘19?111 4 1 ntl _ S7 — Si1 _ S?H (A.5a)
Az? L Az T '
SnJrl +pn+1
nHl— gt A L— ). A.5b
g g ( - ) (A5D)

We can rewrite Eq. (A.5b) as follows,

1 1 it — st

n+l _ n+ J J

P =8 —T(At>' (4.6)
By replacing (A.6) in (A.5a), we get:

n+l n+1 n+1 n+l n+1 n+1
5(%’—1 2s; +Sj+1> eT <Sj—1 2s; +3j+1)

Ax? At Ax?
(A.7)
eT (s), =257+ 87, siHh— 7 s — 87
e —|—=a|—"—.
At Ax? At Ax
After algebraic manipulations, we obtain
eAt+eT\ .4 eAt + €T i eAt+eT\ 1
_<Aﬁ>%z+<2£m2+g%+_ A )=
(A.8)
er  aAt) , L (95T aAt+1 n <€T>n
- — — — ] 5" _ = — S, — | —= ]S .
Az2  Ag ) Azx? Ax J Ag2) "It
Consider,
At At
C1 c il C3 = L (Ag)
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thus we write the scheme as follows,

—(c14 ) i + (201 + 200+ 1) ST — (1 + ) ST =
_l’_

—(c2 —c3) sj 1 + (200 — s+ 1) 57 — (c2) 874y

(A.10)

1

A.3 Linear stability analysis

To analyze the stability of scheme (A.10), we use the Van-Neumann approach
to stability analysis. The von Neumann stability analysis is based on Fourier analysis and
hence is generally limited to constant coefficient linear PDEs [70]. For simplicity, in this

section we apply this approach to the Cauchy problem (initial value problem).

Suppose we can express s as a linear combination of the grid functions
exp(i j€ Ax) for all € in the range [—7/Ax, m/Ax]. Consider the function E”(f) corre-

sponding to the direct analogue of the Fourier transform in the discrete case,

o0

A A
) = \/% ;Os;l exp(—i j€ Az). (A.11)
Multiplying Eq. (A.8) by exp(—i jé Az) and summing over j, we obtain,

_ (Cl + 02) e—iEAmEn+1 + (261 + 262 + 1) E;H_l - (Cl + 62) eiﬁAmEn—H —

n A R A A12a
—(cy —c3) eTHATEM 4 (2¢) — 3 + 1) B™ — (c) €22 B, ( )
[— (c1 + ¢2) e*i‘fm + (21 +2c0+ 1) — (1 + 02) eiim} Ertl = (A.12D)

[— (co —c3) €78 4 (2 — 3+ 1) — (c2) e’z@’”} E™

_ —i€Ax €Az fn+1

1 (e (- (R e B = (A1)

[1 + ¢ (2 — (6%5“ + ezgm» —cC3 (1 — e_zﬁm)} E™.

Using the identities,
—i€Ax iEAx A 1— A

cos((Ax) = 62—1—6, sin? (5 2x> = CO;“ x)’ (A.13)

we obtain,

1+ 4(cy + ¢o) sin? (%lﬂ Ertl = [1 + 4y sin? <§éx> —c3(1- eiéAx)] £

(A.14a)
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1+ 4cy sin (&x) - (1 - e*igA‘”)

£t = £, A.14b

14 4(c1 + ¢2) sin (5M> ( )
Thus, the amplification factor G(&) is given by,
1+ 4y sin? (882) — c3 (1 — e %A

ol6) - (5) —en (1 — ) (19

1+ 4(cy + ¢2) sin (5AI>

For stability of the numerical scheme, the amplification factor must satisfy |G| < 1. We

have,
G = {1 + 4cg sin (%) c3(1— COS(fAZB))} + [z sin(EAT)] | (A.160)
[ 4(cy + ¢p) sin® (@%ﬂ
Ax : 2
[ o (] s o

[1 +4(cy + c9) sin (gAxﬂ

N———

g

[\
I —

2 ) N 2
) 1+ 4c¢ysin (5&«) 2c3 sin? % ¢y sin(EAT)
‘G’ = A 1 - + A
14+ 4(c; + ¢2)sin (5 :”) 1 + 4cy sin? (ETJC) 1 + 4c¢y sin (5 “”)
(A.16¢)

We identify two factors, the first one linked to diffusion and the other to the advection

term. For the first factor, we have,

1+ 4cy sin <§A”C)

<1, VE e R. A17
1+ 4(cy + c2)sin (SAI> ¢ ( )

Thus we need to limit just the second factor. Using the identity,

sin (Ax) = 2 sin <§A2I> Ccos (?) : (A.18)
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we obtain,
. . 2
2¢3 sin? (% czsin(EAr)
1- .9 (EAw + €
1+ 4c¢y sin (7) 1+ 4cy sin (7

)
- 2c5 sin? (% ’ . 2¢5 sin <5A"’”> ( . )
1 + 4¢y sin? (gm) 1 + 4c¢qy sin ( fow )

(A.19)
e sin? (% . 4c2 sin? <5A’”) sin (%) N 4¢3 sin? (ﬁm) oS (52;) _
1 + 4c, sin? (@TI) [1 + 4cy sin (gAx)} {1 + 4cy sin (5 x)}
4cg sin® % 4¢2 sin? (&—x>
1+ 4¢y sin? (%) {1 + 4cy sin (gmﬂ 2
where we use the fundamental identity,
sin’ <§§x> + cos® (?) =1 (A.20)

Consider the change of variables,

1 = sin’ (?) . (A.21)

Thus, we define the function,

4c 4c?
37] i 37]

- ) 0<n<l1. A.22
1+4con (14 4em)? g ( )

g(n) =

Now, we will study the maximun of the function g(n). The first derivative of g(n) is given
by,

4es(es — 1) + 16c2¢3(1 — e3)n

'(n) = A2
The critical point of g(n) is,
1
= — A.24
"= e (A.24)

To classify this critical point, we study the sign of ¢’(n). There are two cases,

c3 <1, c3 > 1. (A25)
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Case c3 < 1: Here we have,

g(n) <0, n<nx,

A .26
g(m) >0, n>nx*. (4.26)

Thus the function g(n) changes from decreasing to increasing and nx is a local minimum.

We have to evaluate g(n) at the boundary of the interval,

463 40?;’
0)=1 1)=1- : A.27
g( ) ’ g( ) 1—|—4C2 + (1+462)2 ( )
We have to impose,
PRCLC B B (A.28)
1 +4CQ (1 +402)2 ’ .
that is,
c3 < 1+ 4es. (A29)
We have ¢35 < 1 in this case.
Case c3 > 1: Here we have,
"(n) >0, n<nx,
9'(n) 1 <1k (A.30)

gd(n) <0, n>nx*.

The function g(n) changes from increasing to decreasing, thus nx* is a local maximum. If

0 < nx <1, then we evaluate,

glnx) =1— 2(;2,2 + 52’2, (A.31)
and we impose,
I R (A.32)
2c9  4dcy
that is,
0<e3 <2 (A.33)

If nx > 1, we have to evaluate g(1),

3 < 1+ dey. (A.34)
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As the critical point is defined by,

1 Ax?

_ - : A.35

™ 4co deT ( )
we can always have 0 < nx < 1 with mesh refinement.
Therefore, a stability condition for the method is given by,

alt
— < 2. A.36
Ao (A.36)

This condition resembles the CFL condition for explicit schemes for numerical solution of
linear conservation laws. This reflects the fact that the hyperbolic flux is approximated by

a explicit rule.

A.4 Convergence of iterative procedure

The numerical scheme defined by (A.5) is solved by a fixed-point iterative

procedure. Le k be the iteration index, thus the iterative procedure is given by:

n+1,k n+1,k n+1,k n n n+1,k

Pisi =20 T i Lok 85 — 851 5

— + —p. U =aq — A37a
( Az? ij ( )

S ” p ’

; ) . (A.37h)

/ T

In this section, we proof the convergence of the iterative procedure by means of the

Banach Fixed Point Theorem [69]. Thus, we write the scheme in an matrix form,

1
A Pn-l—l,k’ —BS" — 7Sn+1,k +v, (A38a)
T
At
qnHl k1l gn (S”+1”k + Pn+1,k) : (A.38b)
T

where we define the vectors of unknowns,

gntl k _ <Sn+1,,k) : prtl.k (p”‘*‘lwk) . (A.39)

J J
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and the matrices

2¢e L
Az 7 470
€ .
5 J=i—l,
Ax?
A=(a; ;) ai;=
€ L
_@7 =17 + 17
0, otherwise.
a
=1
A:U’ j )
B = (b b =4 — 2 —i_1
( 7.7) J A:p? j Z )
0, otherwise.

The vector v is the boundary conditions vector.
We can write the solution of (A.38a) as a function of saturation,

La-rgmtt +Aly (A.41)

T

Pn+1,k — Ale S _

Thus, by replacing (A.41) in (A.38b) we have,

T T2 T

A A A A
Sn+1,k+1 — <—tI + tA—1> Sn+1,,k + (I - tA_1B> Sn . —tA_lv, (A42)
T

The matrix of the iterative procedure is given by,

M= 20 + Al g (A.43)

T T2

For the convergence of the iterative procedure, we must have,

p(M) = max |Am| < a < 1. (A.44)

The matrix A is a Toeplitz tridiagonal symmetric matrix and its eigenvalues

are known,

2 1
)\Zzg{1+cos< m )}—F, 1<r<m. (A.45)
x m -+
Thus we have

1
min A} | > —, max [Ny | < — + = (A.46)
T T
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The eigenvalues of M can be written as function of the eigenvalues of A,

A A

ro_ r\—1
Am = i ¥ (Na) (A.47)
Thus,
. At At At A, At
Ml ==+ 5 )7 < —+ 5 (min )7 <2— (A.48)
Then we impose,
At
2— < 1, (A.49)
T
that is,
At < % (A.50)

Condition (A.50) must be satisfied to ensure that the sequence defined by
the iterative procedure (A.37) converges to the solution of (A.5). Therefore, besides the
stability condition (A.36), we have to choose the time step At restricted by the dynamic

effect coefficient 7.
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Appendix B

Finite difference method for
two-phase flow with dynamic

capillary pressure

We present a finite difference scheme for two-dimensional pseudo-parabolic
problems modeling the two-phase flow in porous media with dynamic capillary pressure.
The purpose of using finite difference scheme in this work is corroborate the numerical

results of our mixed finite element approach.

Here we use a uniform rectangular mesh and cell-centered finite differences. To
construct this scheme, we use may ideas learned from the mixed finite element method.
The mixed finite element framework has two advantages [20]: it yields a very natural and
physical discretization of the boundary conditions; and it gives a consistent way of defining

a gradient flux, as in the mixed formulation.

B.1 Finite difference scheme tor the pseudo-parabolic

transport equation
Consider the pseudo-parabolic transport equation written as follows,
0 0
a(gzﬁSw) +V - -F(v,S,) =V |H(Sy) V| pe(Sw) + Ta((wa) . (B.1)
For convenience, here we assume that p. is defined as p. = p, — pn, thus p.(Sy) is a

nondecreasing function. If we assume that the function p.(S,) is differentiable, then we

can write (B.1) as,

gt(qb Sw)+V-F(v, S,)=V- lH(Sw)pﬁz VSy+T1H(S) V;)t(qb Sw)l . (B.2)



93

So we define the coefficients,
D(‘Sw) - H(‘Sw)p/e(sw) O(Sw) - TH(Sw)' (BS)

We also identify the diffusive flux w as given by,

w = H(S,)V ( o(Su) + 7 (fiw sw)> = D(S,) VS + C(S) V@at(gzﬁ S.).  (BA)

Now, we will discuss a finite difference approach for the pseudo-parabolic

equation (B.2).

Consider a uniform partition of {2 into rectangular subdomains €2;, for i =
1, ..., M, with dimensions Az x Ay. The center of each subdomain €2; is denoted by
(x;, y;). Given a final time of simulation 7, consider a uniform partition of the interval
[0, T] into N subintervals. The time step At = T'/N is usually defined by a stability

condition. We denote the time instants as ¢, = nAt, forn =0, ..., N.

Let S be a finite difference approximation for S, (z;, y;, t,). A discretization
of (B.2) by the finite difference method is given by,

n+1 n n n n n n+1 n+1 n+1 n—+1
(sz _Sz +F1ir_Fil _i_‘qu_‘de o VVir - YVl +qu — YVid
i —

At Az Ay Az Ay ’ (B:5)

where the approximation of the diffusive flux is given by a centered difference formula,

NP AL S AL AEL SN ) R
Wi = Di. <53+1A_y5?+1> " CA% <Sg+1A_ySinH a SSA_ySin> ' (B.6b)
The coefficients are chosen as the arithmetic mean at interfaces,
pp=PitDe o DEE Dy (B.7a)
2 2
oo TR o, OrC o

where DI = D(S!") and C; = C(SF).

We chose to use the coefficients at time ¢,,. This choice leads to a algebraic
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linear system over the unknowns S, The algebraic equations may be written as,

Qi d Sg—H + a; . | Sln—H + Qj i SZH_I + Q; S;H_l —+ Qi o SLL—H = bi, (B8)
where,
At At
bi= ¢S] — —(Fu—Fy) = —(Fu—F,
6:87 = 5 F = Fa) = 3 )

(B.9)

_CaS = (Ca+ Ci)SP 4+ CilS? CiaSy — (Cia + Ci) S + CuSy,

Az? Ay? ’

and the coefficients are given by,

At D;q+ Cig At Dy, + Cyy,
Qi,d = _A—y2’ ai,u:—A—yQ7 (B.10a)
At Dy + Cy At D;, + C;,
ai,l:_T7 ai,r:_T7 (B.10b)
;i = —(@i,a+ au+ a1 +a )+ ¢ (B.10c)

We still have to define how to impose the boundary conditions. Therefore, we

will write the algebraic equations for the subdomains that intersects the boundary.

The zero flux condition is imposed at bottom (I'p) and the top (I'yy) of the
domain by taking,

E _‘/id:()a ﬁQiﬂFD 7&@, (Blla)

On the other hand, to impose the Dirichlet conditions at left (I'z) and right (I'g) boundaries
of the domain, we have to redefine the fluxes. We use the following approximation for the

diffusive fluxes:

. D<5f+1—sL> C, (sﬁl—sL Sr—Sp
il — i\ T A A -

Azx/2 At Az /2 Az /2 ) ) o NI, #0, (B.12a)

W :D(SR—sgl“) c; (SR—Sf“ Sp — S"

Ax/2 At Az /2 o Az/2 >7 0;NTg #0. (B.12b)

At
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The hyperbolic fluxes are given as follows,

Fz’l = f(SL>, 892 N FL 7é Q), (B.lSa)

Fy = f(Sr),  0%NTg#0D. (B.13b)

B.2 Finite difference scheme tor the elliptic pressure-

velocity problem
For reading convenience, let us rewrite the equations of pressure-velocity system,
V-v=0, v=—-H,Vp,+v.+vg, (B.14)
where the coefficient H,,(S,,) is given by,
Hy, = Neg K(x) [ku(Sw) + Ry ka(Sw)] (B.15)
The terms v, and vg are correction velocities and they are given by,

v.=—L(S,) VS, — M(Sw)v;(¢sw), (B.16a)
ve = M(S,) VZ. (B.16b)

and the coefficients L(S,,), M(S,,) and N(S,),

L(Sy) = Neo K(x) ku(Sw) pe(Sw), (B.17a)
M(Sy) =7 Neo K(X) kw(Sa), (B.17h)
N(Sw) = Nop K(x) [ku(Sw) + Ry Ry ka(Sw)] (B.17¢)

Applying the divergent operator to Eq. (B.14), we obtain a second order elliptic

equation for p,,
-V -(H,Vp,) ==V -v.—V - vg. (B.18)

Now, we will discuss a finite difference approach for the elliptic problem (B.14).

Let P! be a finite difference approximation for p,(x;, y;, t,). A discretization
of (B.14) by the finite difference method is given by,

Va-Ve  Va-Va
Ax Ay

=0 (B.19)
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where the approximation of the flux is given by a centered difference formula,

Sn+1 _ Sn—H

Vir = Hi, (W) + Vi + Vi (B.20a)
on+l _ Sn-i-l

Vie = Hyy, (W) + Veiu + Vaiu- (B.20Db)

The correction velocities are given by centered differences,

Sp =Sy Mp (Sptt— gttt sp— Sy
n — _L’n T ? _ r T 1 _ T ] B21
i () - (T ) B210)
Sp—Sr\  Mp (Sptt— Sttt S-Sy
V'C?'z — _Ln u 1 _ mu u 7 _ u 1 B21b
= - (S - T (2 =) (B.21h)
07 07
V. = Nm 22 V= NP 22 B.22
Gl’r‘ wr al‘ qu mw ay ( )

The coefficients are chosen as the arithmetic mean at interfaces,

HP + H” Lr+L"
H=—"—" L[n="—""1 M=
i 2 g 2

M + M3 . NP+ NP
fja Nij:ij (B.23)

where H]' = H(SP"), L} = L(S!'), M]* = M(S!') and N; = N(SI').

This discretization leads to a algebraic linear system over the unknowns P/

The algebraic equations may be written as,

ci.a Pl +cii P +ci i P+ ci» B+ ciu Py = by, (B.24)
where,
Veir = Ve Vein — Veia Vair —Vaa  Vai — Vaia
bnz‘ _ ir u - ir i ] B.25
( Ax + Ay ) ( Ax + Ay ( )

and the coefficients are given by,

HY, HY He HE
Ci,d:_Ay27 Ci,UZ—Ay2, Ci, 1=~ 1 3 Cir = =3 (B.26a)

cii=—(ciatciutciitcir) (B.26b)
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The boundary conditions may be imposed in the same way as the transport problem.

B.3 Numerical experiments

In this section, we present numerical experiments in order to verify the viability
of the finite difference method for pseudo-parabolic equations. The numerical accuracy and
convergence study for the proposed computational procedure is based on a simple mesh
refinement study. We present the same numerical tests reported in 5.1. For convenience of

reading, we present again the simulation parameters,

Computational domain:  Qap = (=5, 20) x (0, 25) Final time of simulation: T = 5.0
Left saturation value: S, =0.85 Inflow flux: Q" =1.0
Right saturation value:  Sp =0.10 Right pressure value: pref = 0.0
Viscosity ratio: R, =10 Capillary number: Neg =1.0
Density ratio: R,=1.0 Gravity number: Ngr =0.0
Dynamic effect number: Np, = 0.5 Stability parameter: ocrr, = 0.5

Figure B.1 shows the solution profile (right column) and refinement study
(left column) for homogeneous (top) and heterogeneous (bottom) permeability fields. We
used meshes from 64 x 64 to 512 x 512 cells and the reference solution was obtained on
1024 x 1024 cell mesh. We observe the numerical convergence from numerical experiments
reported in Figure B.1 and Table B.1 and Table B.2, which shows a good resolution first-
order convergence rate behavior (see right column in Figure B.1). As in the mixed-hybrid
element approach, no spurious numerical artifacts are observed on the numerical solution

by finite difference.

Table B.1: Refinement study with homogeneous permeability field for the finite difference
scheme.

Mesh h 1 £l IE |2 1| oo Run time (s)

64 x 64 3.13x 1071 240x10° 3.92x 10! 1.86x 107! 1.41 x 10°
128 x 128 1.56 x 10! 8.64x 10! 1.70 x 107! 1.05 x 10~* 1.13 x 10*
256 x 256  7.81 x 1072 3.34 x 107" 7.06 x 1072 4.28x 1072  9.64 x 10!
512 x 512 3.91 x 1072 147x107' 286x1072 1.32x1072  8.05 x 102

Table B.2: Refinement study with heterogeneous permeability field for the finite difference
scheme.

Mesh h I1E]1 1 E]|2 1B s Run time (s)

64 x 64 3.13x 1071 1.78 x 10° 2454 x 107! 1.81 x10~!  3.17 x 10°
128 x 128  1.56 x 107! 7.60 x 10~*  1.06 x 10~!  7.55x 1072  2.70 x 10*
256 x 256 7.81 x 1072 3.30 x 107! 4.93e x 1072 3.44x 1072  2.29 x 102
512 x 512 391 x1072 155 x 107t 219x1072 1.14 x 102 1.96 x 103
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Figure B.1: Numerical solutions for saturation and refinement study for the finite difference
scheme. Simulations are presented for homogeneous (top) and heterogeneous permeability
fields (bottom). The left columns present the saturation profile for 1024 x 1024 cell mesh.
The right column presents the numerical error with respect the reference numerical solution
(1024 x 1024 elements). Dots denote the numerical error on different norms, while dashed
lines are the linear adjusted curve.
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Appendix C

Further one-dimensional simulations

In this appendix, we present additional numerical experiments in one-dimension.
The propose is complement the discussion about the solution behavior of the pseudo-
parabolic model. Here, we consider two situations: no gravity effects and nondecreasing

initial data; non-increasing data with gravity effects.

Consider the two-phase flow problem with dynamic capillary pressure in one-

dimensional domain © = (a, b), given as follows,

0 0 9, 0 0
5052+ 2P (50 =~ |H(S.) 57 (50 - 75050 |. ©1)
where 7 = Np,, the capillary induced diffusion function H. and the convective flux F'(S,,)
as given by,
H(Sw) = NCa K(ZL’) kw(Sw) fn(Sw)a (CQa)
07z
F(Sw) = fuwSw+ Nar K () kuw(Sw) fo(Sw) (1 — R, 1) o (C.2b)

We remark that it is not mandatory to solve the pressure-velocity problem for one-

dimensional problems.

We consider here the initial values given by Riemann data as follows,

SL7 QS’SO,

S (1,0) = { (C.3)

SR, x>0,

along with consistent boundary conditions,

S(a,t) =5, S(b, t) = Skg, t > 0. (C4)

To perform the numerical simulations, we use a one-dimensional version of the
method presented in Cap. 4. The mixed-hybrid finite element method for the transport
equation along with the semi-implicit time discretization and the fixed-point iterative
procedure result in algebraic linear systems with a tridiagonal symmetric positive defined

matrix. To solve the linear systems we employ the Thomas algorithm. For further
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informations in respect to the one-dimensional numerical scheme see [5].

For all simulations in this section, we have used the stability parameter ocp;, =
0.5 to define the time step. The tolerance for the iterative procedure was taken as
eror = 1071, We used the linear model for static capillary pressure p.(S,) = —S,,. We
took homogeneous permeability and porosity fields with the values K(z) = 1 and ¢(x) = 1.

C.1 Numerical experiments for nondecreasing initial

data

In this section, we study numerically the solution behavior of pseudo-parabolic
equation along with nondecreasing initial Riemann data. In [97], the authors analyze
the solution profile of simplified pseudo-parabolic model for some nondecreasing initial
data. We present a mesh refinement study for linear and nonlinear high order terms. In
general, the profile structure is very similar to the solution of the parabolic model. This is

illustrated by the numerical study of variation of dynamic effect parameter 7.

Linear diffusion case

Here we consider the relative permeability functions as follows,
kuw(Syw) = S2, En(Sw) = (1 — Syu)% (C.5)

However, we consider a constant diffusion coefficient H.(S,,) = 1. The nondimensional

groups are given by,

Nea =05,  Np,=50, R,=20, R,=20. (C.6)

The computational domain is the interval 2 = (—60,210) and the final time of
simulation is T" = 150. We consider two case for the initial data: Sy, = 0.0 and Sg = 0.9;
St = 0.0 and Sg = 0.55. Figure C.1 presents the mesh refinement study. In first case, we
can say that the structure is composed by a rarefaction and a shock. In the other case, we

have a pure rarefaction wave.
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Figure C.1: Mesh refinement study for non-increasing initial data and linear high order
terms. Left: initial data S;, = 0.0 and Sz = 0.9; Right: initial data S, = 0.0 and
Sr = 0.55. Computational meshes: 64, 128, 256, 512 e 1024 elements.

Non-linear diffusion case

For this case we consider the relative permeability functions as follows,
Ew(Syw) = S5, En(Sw) = (1 — Syu)™. (C.7)

Here we use the nonlinear model for the diffusion coefficient H.(S,,) as given by (C.2).

The nondimensional groups are given by,

Neo =05,  Np,=50, R,=20, R,=20. (C.8)

The computational domain is 2 = (—5,15) and the final time of simulatin is
T = 10. We considere two initial data: S;, = 0.85 e Sg =0.1; S, =0.9 e Sp = 0.1. For
these examples, the solution does not attain degenerated values. Figure C.2 presents the
refinement study for the case with nonlinear high order terms. For both initial data, we

can say that the solution profile consists on a rarefaction and a shock wave.

Numerical study of the dynamic effect coefficient variation

Figures C.3 and C.4 show the numerical solutions for three values of the
dynamic effect coefficient Np, = 7. Hence, we can observe numerically the influence of
this parameter on the solution structure. Figure C.3 presents the linear diffusion case for
7=20.05, 5.0, 15.0. Figure C.4 presents the nonlinear diffusion case for 7 = 0.005, 0.5, 1.5.
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Figure C.2: Mesh refinement study for non-increasing initial data and nonlinear high
order terms. Left: initial data S, = 0.1 and S = 0.85; Right: initial data S; = 0.1 and
Sk = 0.9. Computational meshes: 64, 128, 256, 512 e 1024 elements.

For small values of 7 the solutions are too similar to the parabolic model, presenting
monotone profiles. On the other hand, for larger values of 7 the solution may exhibit

damped oscillations.

C.2 Numerical study of gravity effects on solution

profile

In this section, we present some numerical experiments with different values
of gravity number Ng, to study its effects on the solution structure. In general, we
observe that the gravity effects may change the behavior of solution from monotone to
non-monotone. Traveling wave solutions for pseudo-parabolic problems in porous media

with gravity effects are analyzed and numerically approximated in [61].

We considere the following relative permeability models,
Ew(Sy) = S5, En(Sw) = (1 — Su)™?, (C.9)
and the values of nondimensional numbers,
N¢g = 0.5, R, =20, R, =2.0. (C.10)

For the simulations, we use two values of dynamic effect number: Np, = 5 x 107! as
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Figure C.3: Numerical solutions for the linear diffusion case with different values of the
dynamic effect coefficient 7. Top: initial data S, = 0.0 and Sg = 0.9; Bottom: initial
data S, = 0.0 and Sk = 0.55. Dynamic effect coefficient: 7 = 0.05 (left); 7 =5 (center);
7 = 15 (right). Computational mesh: 1024 elements.

reported in [31, 36]; and Np, = 5 x 107% for which the solution is very similar to the
two-phase flow parabolic model. The computational domain is the interval Q;p = (=5, 20)
and the final time of simulation is defined as T = 10. For the initial and boundary
conditions, we consider S;, = 0.85 and Sz = 0.1. The solution profiles do not attain

degenerated values.

Figures C.5 and C.6 present the numeric solutions for different values of
dynamic effect number Np, and gravity number N¢,. In Figure C.5 the gravity acts in the
direction of the flow (from left to right), while in Figure C.6 the gravity acts in opposite
direction. From left to right, the dynamic effect number varies from Np, =5 x 1072 to
Np, =5 x 1071, The values of the gravity number NGr varies from 0 (no gravity effects)
to 3. As expected, in general, when gravity acts in flow direction the flow speed increases
with Ng,; the opposite occur when the flow goes against gravity, i.e., the velocity decreases
for larger values of Ng,. However, unlike the parabolic model, the profile may change from

non-monotone to monotone with increasing gravity number Ng,.



104

NDy = 0.005 NDy = 0.5 NDy =15

0.8

z z z
g0 g06 30,
E £ £
= < <
o & ]
5] =} =]
< H H
504 504 & 0.

02

| n 1 n 1 n | n 1 n 1 n 1 n 1 n 1 n
20 30 0 20 30 0 20 30

10 10 10
DISTANCE DISTANCE DISTANCE

NDy = 0.005 NDy =0.5 NDy = 1.5

0.8

z z z
g0 goo 30
=) e =
< < <
& =3 =
= = =
< < z
5 0. 504 & 0.

02

| n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
10 20 30 0 10 20 30 0 10 20 30
DISTANCE DISTANCE DISTANCE

Figure C.4: Numerical solutions for the nonlinear diffusion case with different values of
the dynamic effect coefficient 7. Top: initial data S;, = 0.1 and S = 0.85; Bottom: initial
data S;, = 0.1 and Sk = 0.9. Dynamic effect coefficient: 7 = 0.005 (left); 7 = 0.5 (center);
7 = 1.5 (right). Computational mesh: 1024 elements.
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Figure C.5: Numerical solutions when the gravity acts in flow direction with different
values of dynamic effect number Np, and gravity number Ng,. Dynamic effect number:
Np, =5 x 1072 (left), Np, =5 x 1072 (center) and Np, =5 x 10! (right). The gravity
number increases from Ng, = 0.0 (top) to Ng, = 3.0 (bottom). Computational mesh: 512
elements.
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Figure C.6: Numerical solutions when the gravity acts in the direction opposite to the flow
with different values of dynamic effect number Np, and gravity number N¢,. Dynamic
effect number: Np, = 5 x 1072 (left), Np, = 5 x 1072 (center) and Np, = 5 x 107!
(right). The gravity number increases from Ng, = 0.5 (top) to Ng, = 3.0 (bottom).

Computational mesh: 512 elements.
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