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1. Inter-Porosity Flow Coefficient
2. Storativity Ratio
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Introduction

Fractured reservoirs are characterized by natural
fractures and are found in various environments
such as sandstone, limestone, quartzite, and granite,
where fractures range in size from micrometers to
kilometers [ 1]. Moreover, the significance of fractured
reservoirs arises from the substantial volumes of oil
in place (approximately 450 billion barrels in Iran)
present in these types of reservoirs [ 1,2]. Furthermore,
examples of fractured reservoirs include the Asmari
reservoirs in the Gachsaran, Bibi Hakimeh, Haftgel,
Aghajari, Parsiy, and Rag-e-Sefid fields in southern
Iran. Fractured reservoirs can be divided into two
regions based on their internal structural connectivity:
the matrix system, which has high porosity (or storage
capacity) and low permeability, and the fracture
system, which has low porosity and high permeability
[3.4].

Most of the hydrocarbons in fractured reservoirs
are located in the matrix pore spaces, which can be
displaced by various mechanisms such as imbibition,
gravity drainage, viscous displacement, diffusion, and
convective flow. In most cases, it has been observed
that the influence of gravitational forces in fractured
reservoirs outweighs that of other forces, including
viscous, imbibition, or diffusion forces. In reservoirs
with low permeability, dispersive forces may also play
a role in production. However, the impact of certain
forces also depends on the production from fractured
reservoirs [5].

Gas-oil gravity drainage is considered one of the main

Accepted: May/25/2024

mechanisms in gas-saturated fractured reservoirs.
During this process, matrix blocks that are saturated
with oil are surrounded by gas-saturated fractures and
are subjected to gravity drainage. If the gravitational
force exceeds the capillary force, the gas inside
the fracture replaces the oil in the matrix. Due to
the difference in density between oil and gas, oil is
displaced from the lower surface of the block, while
gas enters from the upper surface. Laboratory studies
and field observations have examined the gravity
drainage mechanism and its role in oil recovery rates.
Many believe that the gravity drainage mechanism is
dependent on the interaction between adjacent matrix
blocks (block-to-block interaction). This interaction
manifests through two phenomena: capillary continuity
and imbibition [12,13].

The block-to-block phenomenon is the process of
imbibition, which relies on the competition between
capillary and gravitational forces. Flow through this
mechanism occurs either at the contact points of
two adjacent matrix blocks or through liquid bridges
formed between the two blocks [14,15].

Materials and Methods
Model and Computational Method

The goal of this study is to investigate the properties
of the liquid bridge formed within the fracture (for
example, the shape and stability of the liquid bridge)
in dynamic conditions and the two-phase pressure
difference within the fracture due to changes in
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fractured rock properties. Specifically, the effects
of fracture aperture, matrix permeability, and rock
wettability on the characteristics of the liquid bridge
and the two-phase pressure difference within the
fracture are analyzed numerically using COMSOL
software.

The COMSOL Multiphysics software used in this
research can account for the physics of the problem
and apply suitable differential equations governing
the fluid movement in porous media, implementing
appropriate numerical approaches for solving the
governing equations, such as the finite element method.
To achieve this, the problem must be defined correctly,
along with suitable initial and boundary conditions, as
well as the size, number, and type of the mesh system.
Given the nature of the problem in this research, a
two-dimensional symmetric geometric model was
employed. Furthermore, the fluid dynamics of single-
phase and multiphase flows were examined using the
fluid flow module. Specifically, the physics of the
problem was based on two-phase flow and the surface
approach in a laminar flow regime. Additionally, since
the formation of liquid bridges is time-dependent, a
time-dependent model with initial phase assignments
was chosen.

After creating the model environment in COMSOL,
defining the problem in the graphical interface
requires four stages: defining geometric shapes,
determining material types, defining used parameters,
and specifying the method of meshing the space.
A rectangular two-dimensional geometry with
dimensions of 2 mm was utilized. For simplicity, water
or oil with specified density and viscosity properties
defined in COMSOL was used as fluid 1, while air was
designated as fluid 2. For meshing the environment, a
controlled physical meshing approach was employed
based on COMSOL’s capabilities.

In this research, to calculate the two-phase pressure
difference within the fracture resulting from the
formation of the liquid bridge, the difference in
pressure between the wetting and non-wetting phases
is utilized. Moreover, to compute the pressure of each
phase, values of pressure are first calculated along
the interface and at various depths, and the average
of these values is taken as an estimate of that phase’s
pressure. Furthermore, the average pressure difference
between the non-wetting phase and the wetting phase
within the fracture is then estimated.

Although laboratory studies typically use surfaces
made of various materials such as glass, calcite, etc.,
to investigate the effect of wettability, in this study, the
wettability of the surface is simulated in the “geometry
section” of the software, employing the wet wall
option to determine various contact angles and set the
wettability.

Additionally, to account for the effects of rock
permeability, which has a direct impact on the flow

rate within the fracture, various flow rates in the two-
dimensional environment are implemented in the
software.

Results and Analysis

In this section, the results of simulating the effects
of fractured rock properties on the shape and form of
the liquid bridge formed are examined. Specifically,
the effects of fracture aperture, permeability, and
wettability of the environment will be assessed.
Fracture Aperture

The first parameter of interest is the fracture aperture,
which can influence the shape of the liquid bridge. Fig.
| shows images of the liquid bridge formed between
two plates (representing the fracture) at different
spacings (2 mm and 3 mm). These images represent
a frontal view of the liquid bridge. The fluid used in
this system is water. The vertical black line in each
image indicates the initial geometry of the water or oil
(representing the liquid droplet volume) under initial
conditions.
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Fig. 1 Images of the liquid bridge formed between two plates
(representing the fracture) at different spacings (2 mm and
3 mm).

Additionally, the results of the changes in the two-
phase pressure difference in Fig. 2 align with the
idea of a critical value for the fracture aperture (for
instance, 50 micrometers as mentioned by Saidi and
colleagues) for determining the existence of capillary
continuity within the fracture. Similar analyses can
be seen in experimental studies regarding the effects
of fracture aperture. For instance, the dependence of
the two-phase pressure difference within the fracture
corresponds with experimental results reported in
Dahim and colleagues’ work for a fixed fluid volume
of 1 microliter, a contact angle of 30 degrees, and a
capillary pressure range from -20 Pa to 100 Pa, with
fracture aperture ranges up to 2 mm.

Rock Wettability

Another parameter expected to influence the shape of
the liquid bridge is the rock wettability. This section
explores the effects of wettability on the shape of the
liquid bridge and the two-phase pressure difference.
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Fig. 2 Variation of liquid bridge neck radius and Pressure difference, with the fracture aperture.

Conclusions

In this study, the characteristics of the liquid bridge
formed between two surfaces (matrix walls) under
dynamic conditions and their dependency on fracture
properties such as fracture aperture and rock wettability
were analyzed numerically using COMSOL software.
The main findings of this study are as follows:

1. Both fracture aperture and rock wettability were
found to significantly affect the shape and stability of
the liquid bridge, though the degree and nature of their
effects differed.

2. The throat radius of the liquid bridge decreased
approximately linearly with an increase in fracture
aperture. This deformation of the liquid bridge resulted
in a corresponding uniform decrease in the two-phase
pressure difference (with increasing fracture aperture),
which could even become negative after reaching a
critical fracture aperture threshold. The two-phase
pressure difference within the fracture, can exhibit
both positive (approximately 170 Pa for a fracture
aperture of 1.5 mm) and negative values (down to
approximately -40 Pa for a fracture aperture of 3 mm).
3. The effect of rock wettability on the capillary
pressure of the fracture is weaker compared to the
effect of fracture aperture (the range of changes in the
two-phase pressure difference caused by wettability
is observed to be between 6 to 40 psi, while for the
effect of fracture aperture, this value reached up to
200 psi). This result aligns with previously published
experimental findings.

4. As the flow rate into the fracture increased
(indicating higher permeability), the throat radius of
the liquid bridge formed increased from about 0.03
mm to 0.05 mm, which is consistent with results from
previous experiments.
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