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Abstract. In order to investigate effects of the dynamic capillary pressure-saturation re-
lationship used in the modelling of a flow in porous media, a one-dimensional fully implicit
numerical scheme is proposed. The numerical scheme is used to simulate an experimental
procedure using a measured dataset for the sand and fluid properties. Results of simu-
lations using different models for the dynamic effect term in capillary pressure-saturation
relationship are presented and discussed.
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1. INTRODUCTION

In the description of the behavior of immiscible and incompressible fluids within
porous media, a rigorous definition and a reliable model of the capillarity are crucial.
In the past decades, various capillary pressure-saturation models were correlated
from laboratory experiments under equilibrium conditions. These static capillary
pressure models such as [3] or [15] have been used in most of the mathematical
studies on modelling of a multiphase flow in a porous medium. However, it was found
that the laboratory measured capillary pressure does not correspond to the capillary
pressure in the case of large velocities. As a result of the empirical approach in [14],
new two-phase flow theories were developed in [6], [7], or [8]. The most important
result is that the static capillary pressure-saturation relationship cannot be used in
the modelling of capillarity when the fluid content is in motion and, therefore, a new
model of the capillary pressure-saturation relationship is proposed and referred to as
the dynamic capillary pressure.
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The two-phase flow system can be simplified to the Richards problem, in which
the pressure of the non-wetting phase (air or oil) is assumed to be constant. This is
the case in [11] where the dynamic effects are not found to be relevant for the given
structure of heterogeneous porous medium. The relevance of using the dynamic
capillary pressure in the full two-phase flow system of equations has not been fully
answered yet. For instance, in [10], the authors present a semi-implicit numerical
scheme based on the first-order upwind finite volume method where the material
interfaces are treated by Lagrange multipliers. However, in that paper, only the
constant dynamic effect coefficient was considered whereas other researchers suggest
more general functional models for the dynamic effect coefficient as in [13].

A fully implicit numerical scheme is proposed that can be used for a detailed
investigation of the saturation and capillary pressure behavior when the dynamic
capillary pressure is used instead of the static capillary pressure in the full two-phase
flow system. The aim is to investigate the behavior of different functional models of
the dynamic capillary pressure coefficient. Moreover, the material interface condition
for the dynamic capillary pressure is treated in a new, modified way based on the
standard extended capillary pressure condition as in [9].

2. MATHEMATICAL MODEL

We present the mathematical model describing the two-phase flow in a one-
dimensional porous medium in this section. Two phases—a wetting phase (in-
dexed w) and a non-wetting phase (indexed n)—are considered to be present within
the pores of the porous medium and both fluids are assumed to be incompressible
and immiscible. Under these assumptions, the one-dimensional p,, — S,, formulation
in a domain Q = [0, L] is given by

050  Oua
(2.1) >t 5, =0
kra 0
(22) Uo = — ™ K(%(pw + 6anpc) - Qag)v

where Sy + S, = 1, dan is the Kronecker symbol, and o € {w,n}. S, denotes the
saturation, p, is the pressure, g, is the volumetric density, p, is the dynamic vis-
cosity, ko is the relative permeability of the phase «, where o € {w,n}. The Darcy
velocities are denoted by u,. Symbols ®, K, and g stand for porosity, permeability
of the soil matrix and gravitational acceleration, respectively.

Governing equations (2.1) and (2.2) are subject to an initial condition

(2.3) S, =28 inQ,
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and boundary conditions

(2.4) Ug-n=ul, onl} |
So =852 onTZ,
(2.6) pa=p5, onTl,

where n denotes the outer normal vector to the boundary. Generally, I‘ﬁ;, I‘g , and
I‘fa denote subsets of the boundary I' of the domain 2, here, I' = {0, L}.

Following the standard definitions in literature, the capillary pressure p. on the
pore scale is defined as the difference between the non-wetting phase pressure p,, and
the wetting phase pressure p,,, i.e.,

(27) Pec = Pn — Pw-

On the macroscale, the capillary pressure has been commonly considered to be
a function of the wetting phase saturation only [9], [1], [2]. The following Brooks
and Corey [3] capillary pressure-effective wetting phase saturation parametrization
is used in the presented two-phase flow model:!

(2.8) Pt = pa(SS) 2,

where py is the entry pressure, A is the pore size distribution index, and S§, is the
effective saturation of the wetting phase defined as

(2.9) §e = S B
1-> 3 Srg
where S, is the a-phase irreducible saturation.

The Brooks and Corey relationship (2.8) is suitable for modelling a flow in hetero-
geneous porous media because the difference in the entry pressure coefficients py
in different porous materials captures the barrier effect that has been observed in
various experiments [12], [9]. Together with the Brooks and Corey model of p. given
by (2.8), the Burdine model for the relative permeability functions k,, reads

(2.10) B = (S5)F22, o = (1= 85)2(1 = (85)172/%).

The dynamic capillary pressure-saturation relationship is proposed in the form [7]

a8,
(2'11) Pc = DPn —Pw = piq — Ta—twv

! A superscript “? is used in the definition (2.8) with respect to the following text and it
indicates the model of the capillary pressure for the system in the state of thermodynamic
equilibrium.
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where p? is the capillary pressure-saturation relationship in the thermodynamic
equilibrium of the system and 7, the dynamic effect coefficient, is a material property
of the system.

In this paper, we consider a general nonlinear dependence 7 = 7(S,,) based on
a laboratory measured dataset. In particular, we will use constant, linear, and log-
linear functional models of 7 = 7(5,,) correlated from the dataset. The laboratory
experiment is described briefly in Section 4.

3. NUMERICAL MODEL

We propose a standard finite volume discretization technique in order to determine
approximate discrete solutions S,’j}i and pﬁ)’i of the problem (2.1), generally denoted
by fF = f(kAt,iAz), wherei = 0,1,...,m,mAzr = L,k =0,1,...,n, and nAt = T.
The length of the domain is denoted by L and the final time of the simulation by T'.

The fully implicit numerical scheme reads

ait1/2 ~ Yai—1/2
At Az ’

o) 52;1 gk ! k+1

where o € {w,n}. The discrete Darcy velocities u,, introduced by (2.2) are given by

k41 k41 E+1 k+1
K Dy — Doy P —p.;
k+1 o k+1 w,i+1 w,1 c,i+1 c,i
(32) ua,i+1/2 - _Ekra(sa,upw) ( Az + 6001 Az - 90g> )
Ad,
and the discrete capillary pressure by
g+l _ gk
k41 _ k+1 ; n,i
&) R .

k+1 k
Sn,i - Snz

e k k+1
:pcq(l_sntl)—’_’r(l_snj ) At )

where SET1 is the saturation taken in the upstream direction with respect to the

gradient of the phase potential @, i.e.

k+1
Soz,up'w -

Skt i Ad, >0,
SEE i Ad, < 0.

The fully implicit numerical scheme is solved using the Newton-Raphson iteration
method. The Jacobi matrix is block tridiagonal and therefore solved by the Thomas
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Figure 1. Discretization of the saturation jump at material discontinuity.

algorithm. In each iteration, a new guess of discrete saturation SSjl is given (in
the current time step k + 1) and the upstream saturations in (3.2) are recomputed.
In practice, less than 25 iterations are needed to achieve a sufficient precision about
10~ 7 using the Ly-norm. In the numerical simulation, At is chosen using the adaptive
strategy based on the iteration limit chosen. If the number of iterations exceeds some
threshold value, the time step At is lowered and the Newton-Raphson iteration
method is restarted. Otherwise, we increase At regularly.

In general, we need to choose At and Ax small enough in order to achieve sufficient
convergence. This can be shown by comparing the numerical solution to the semi-
analytical solutions derived by our group in [4] and [5] that are available when several
restrictions are placed upon the problem formulation (2.1). The stability of the
numerical scheme presented can be investigated by means of the Fourier analysis in
the case of the numerical scheme (3.1) applied to a simplified version of the nonlinear
problem equations (2.1) and (2.2) written in the form of a single Sobolev differential
equation with constant coefficients

2 3
0Sw +A85w :Dé) Sw 0°Sw

(3.4) ot Ox Ox? + Taa:Q@t'

It can be shown that the numerical scheme (3.1) is unconditionally stable in the case
of (3.4). Analysis of the nonlinear problem (2.1) is in preparation by the authors.

4. NUMERICAL EXPERIMENTS

In this section, we use the numerical scheme (3.1) to simulate the laboratory
experiment that was carried out in the Center for Experimental Study of Subsurface
Environmental Processes, Colorado School of Mines. As a result of this experiment,
three functional models of the dynamic effect coefficient 7 = 7(S5,,) were correlated.
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Models of the dynamic effect coefficient 7 = 7(S,,) were estimated as a result of
the laboratory experiment, which consisted of a single, vertically placed, 10 cm long
tube uniformly filled with a homogeneous sand. Initially, the column is flushed with
water such that no air phase is present inside. A series of slow drainage steps was
carried out in order to determine the capillary pressure-saturation relationship in
equilibrium p¢?. The measured Brooks and Corey model parameters are shown in
Table 2. Then, a series of fast drainage and imbibition experiments was performed
and the values of the capillary pressure and the air saturation are measured by
probes in the middle of the column. Based on these measurements, three models of
the dynamic effect coefficient 7 were correlated (see Table 3).

We simulate the experiment as a one-dimensional problem with different models
of 7(Sy). The parameters of the discrete problem (3.1) are summarized in Table 1.
The resulting temporal profiles of the air saturation S,, and the capillary pressure p.
are shown in Figure 2. In these numerical simulations, the measured outflow of water
is used as a Neumann boundary condition at the bottom of the column (z = L).
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Figure 2. Numerical solutions with smooth boundary flux and laboratory measured Sp
and pc in the middle of the column for various models of 7 = 7(Sw). Numerical
solutions were obtained with m = 1600 nodes.

The influence of different models of the dynamic effect coefficient 7 on the numer-
ical solution of the air saturation S,, is found to be negligible. On the other hand,
their influence on the capillary pressure p. is important in the cases where there
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Initial condition Sp(2,0)=0 Vz € (0,L)

Boundary conditions uy(0,t) =0 vt € 10,7
pn(0,t) = const =0 vt € 10,7
Uw(L,t) = 3.7-107% exp(—1.7 - 1073t)

+7.4-1077 [ms™1]. Vt € [0,T]

un(L,t) =0 Yt € [0,T)

Problem setup T =5000s, L = 10cm, g = 9.81 ms™2

Capillary pressure Dynamic capillary pressure p,,
various models for 7(5,,), see Table 3

Sand Ohji sand, Table 2

Fluids Air and water, Table 4

Table 1. Parameters of the simulation of the laboratory experiment

Parameter Ohji sand
Porosity P [-] 0.448
Intrinsic permeability K [m? 1.63-1071
Residual water saturation Swr []  0.265
Brooks-Corey entry pressure pa  [Pa] 3450
[

Brooks-Corey pore size dist. index A\ 4.66

Table 2. Properties of porous media used in the numerical simulation.

Model of 7 [Pa s] Ohji sand

Stauffer model 7(Sw) = 7s,0nji = 3.3 - 10°
Constant model  7op;i(Sw) =1.1- 109

Linear model Tonji(Sw) = 3.2-105(1 — S,)
Loglinear model  70i(Sy) = 10% exp(—7.7S,,)

Table 3. Experimentally determined models of the dynamic effect coefficient 7 for the Ohji
sand.

Parameter Water Air
Density o [kem™?] 997.8 1.205
Dyn. viscosity u [kgm~!s7!] 9.77-10"% 1.82-107°

Table 4. Fluid properties used in the simulations.
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is a temporal change in the saturation S,, because the temporal derivative of .S,, is
multiplied by the dynamic effect coefficient 7 in (2.11). The constant model for 7
does not seem to be a good model for the appropriate approximation because its
numerical solution of p. differs substantially from the measured capillary pressure
(see Figure 2). Therefore, the constant model requires further investigation of its
validity.

5. CONCLUSIONS

A one-dimensional numerical scheme of two-phase incompressible and immiscible
flow is presented that enables simulation of two-phase flow in homogeneous porous
media under dynamic capillary pressure conditions.

Laboratory measured parameters were used in the numerical simulation of the
dynamic capillary pressure including three models of the dynamic effect coefficient
7 = 7(Sy). The numerical solutions for the non-static capillary pressure show that
the dynamic effect has a significant impact on the magnitude of the capillary pressure
while the change in the saturation profiles may be considered negligible in some
cases. The constant model of 7 showed rather unrealistic profile of the numerical
approximation of the capillary pressure when compared to the laboratory measured
data.

Results of the simulation indicate that the dynamic effect may not be so important
in drainage problems in a homogeneous porous medium. However, it may be of great
importance in highly heterogeneous media where the capillarity governs flow through

material interfaces.
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