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Abstract

Improving oil recovery in carbonate reservoirs is one of the main subject areas for research and
technology development. As most of carbonate reservoirs are naturally fractured [1], oil recovery is
considered to be a great challenge because of the complex fracture-matrix interactions and
heterogeneous properties of the reservoir. In this thesis, waterflood efficiency in fractured carbonate
reservoirs is studied by using a two-dimensional Discrete Fracture-Matrix (DFM) model, which is
based on a representative outcrop of the North Sea reservoirs.

In the first part of the thesis, we set up the DFM model for fluid flow in porous media, in order to
investigate how different mechanisms influence the recovery of hydrocarbons. The flooding
simulations are performed by injecting sea water and diluted sea water, and three different scenarios
of variable fracture aperture are considered in distinct sector models of the outcrop. Simulations
show that apertures and orientation of the fractures, in combination with the fracture-matrix
permeability ratio can considerably affect the oil recovery efficiency. In addition, we analyze the
effect of a far-field applied stress on the fluid flow behavior by changing the orientation of the
maximum applied stress on the fractured model.

Besides, we consider adsorption processes between the injected water and the carbonate rock, which
researchers believe to be one of the key phenomena behind low salinity water (LSW) flooding effect
[2]. Adsorption parameters are evaluated and compared to determine any low salinity effect of the
diluted sea water injected on oil recovery. We show that a retardation in the water saturation front
is observed as a result of the adsorption processes.
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Nomenclature

Δυ

=

Fracture closure

[m]

σn

=

Normal stress acting on fracture plane

[MPa]

𝜎1

=

Maximum principal stress

[MPa]

𝜎2

=

Minimum principal stress

[MPa]

E0

=

Initial unstressed aperture

[m]

En

=

Mechanical aperture at normal stress

[m]

e

=

Hydraulic fracture

[m]

kf

=

Fracture Permeability

[m2]

S

=

Fluid saturation

[-]

u

=

Darcy velocity

[m3/s]

φ

=

Porosity

[-]

µ

=

Fluid Viscosity

[cP]

ρ

=

Fluid density

[kg/m3]

𝑃

=

Fluid pressure

[Pa]

𝑔

=

Gravity acceleration

[m/s2]

𝑓𝑤
x
X
ξ

=
=
=
=

Fractional flow
Molar fraction
Mass fraction
Molar density

[-]
[-]
[-]

Abbreviations
SW

=

Sea Water

LSW

=

Low Salinity Water

EOR

=

Enhanced Oil Recovery

DFM

=

Discrete Fracture-Matrix

JRC

=

Joint Roughness Coefficient

WCT

=

Water Cut

PV

=

Pore Volume
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INTRODUCTION

Waterflooding is one of the most common methods used for hydrocarbon recovery, once the
production under primary drive mechanisms such as water drive, expansion drive, or compaction
drive are insufficient [3]. Although, it has been broadly applied in light crude oil reservoirs,
waterflooding in high viscosity heavy oil reservoirs is often employed at early production time [4].
Even though waterflooding has been implemented for decades, technical limitations and constraints
including corrosion in production pipes, high water production rates, and compatibility between
injected water and the reservoir connate water, have avoided unlocking its real potential [5]. For this
reason, during the past few years, a series of advances have been developed in order to reduce
limitations and improve waterflooding processes. From these advances, Low Salinity Waterflooding
(LSW) has emerged as a new Enhanced Oil Recovery (EOR) technique, which is designed to inject
water with different chemical properties instead of any available water that has been injected or
planned to inject [2]. EOR is the implementation of different techniques for incrementing the volume
of oil that can be recovered from a reservoir [6], which are aimed at changing the physical and
chemical properties of the rock [7]. Diverse EOR strategies may be selected based on reservoir fluid,
rock characteristics and the current production stages [8].

The first ones to develop the concept of reducing the salinity of water to improve the displacement
of fluids in waterflood projects were Tang and Morrow [9], who performed different experimental
tests in sandstone formations. Later on, Yousef et al. [2] carried out several experiments in core
samples from carbonates formations. Some of these experiments showed positive effects of LSW on
improving oil recovery. Since then, the main area of research has been to understand the complex
chemical reactions between oil, water and rock [6], which could explain the mechanism by which LSW
may perform better than traditional methods using high salinity waterflooding [10].

Although most of the research related to LSW has been centered on sandstone reservoirs, LSW in
carbonate formations has gained considerable acceptance as potential prospects [11]. This is due to
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the presence of large carbonate oil reservoirs in North Sea and Middle East, which require efficient
and economically attractive methods for enhancing recovery [12, 13].

There is no consensual explanation on the effect of the salinity reduction of the injected water on the
oil recovery in carbonate reservoirs. However, due to the increase of experimental data and field
evidence, a number of mechanisms have been proposed to describe this phenomenon [14, 11]. Some
of the relevant studies in the literature are focused on: changes in wettability of carbonate surfaces
from less to more water-wet condition due to rock dissolution [13], double layer expansion [15], or
surface charge modification [16]. Similarly, permeability changes and interfacial tension reduction
have been proposed to evaluate the benefit of lowering water salinity on oil recovery [17].

Hiorth et al. [15] suggests that when water is injected into a reservoir, the thermodynamic
equilibrium between water, oil and rock is interrupted. Some minerals dissolve in injected water to
restore the equilibrium, and this may change the wettability, producing an additional oil recovery.
The hypothesis behind this phenomenon could be physically explained by Multicomponent Ion
Exchange (MIE) theory proposed by Lager et al. [18]. The MIE process leads to the adsorption of
divalent ions and promotes the mineral dissolution/precipitation. Moreover, this process can change
the ionic composition of formation water and the wettability condition [19].

Production enhancement by LSW in fractured carbonate formations represents a challenge.
Fractured carbonate reservoirs can present highly varying properties (i.e., porosity, permeability,
fracture aperture) within small sections of the reservoir. Understanding the impact of fractures and
the complex interaction at different interfaces (i.e., oil-rock, oil-water, and water-rock) on the flow
properties are fundamental for the behavior prediction of this type of rock [11]. In addition, such
reservoirs present a matrix/fracture flow exchange as one of the main mechanisms of production
[20], which make them arduous to characterize.

Several researchers have shown ideal results in the representation of this complex fracture media by
using Discrete Fracture-Matrix (DFM) models. DFM models consider the contribution on the fluid flow
of individual fractures, fracture networks and the matrix at the same moment [21]. Additionally, the
10

model can describe the fractures as lower-dimensional entities into the domain, which allows
reducing the mesh by diminishing of the total amount of discretized elements [22]. However, in order
to adequately reproduce flow behavior in the reservoir, reliable data of the fracture network and
rock properties are required.

By means of the study of outcrops, it is possible to directly investigate the geological characteristics
of a reservoir, obtaining important information regarding the size, orientation, location and aperture
of the fracture network [23]. Analysis of the analog outcrops is a useful tool that allow digitalizing
fractures and obtaining a more realistic representation of the fracture network. As a result, reliable
flow simulation models could be generated producing a better description of the flow behavior in the
reservoir [24].

The objective of this work is to evaluate, firstly, different scenarios related to water injection
processes in naturally fractured carbonate reservoirs in the North Sea. We try to find more precise
answer on the following questions: Is the oil recovery affected by the aperture fracture distribution
according to the orientation of the far-field stress in the domain? If the aperture distribution is
considered as uniform, what would be the impact of the assumption, compared with an aperture
distribution based on the Barton-Bandis approach? Secondly, we try to examine how adsorption
process affects the hydrocarbon recovery under changes in injection rates, fracture apertures and
homogeneity of the system, as well as evaluate the impact of the adsorption parameters on the
performance of LSW flooding processes.

In order to study the waterflood performance in carbonate reservoirs, a DFM model is created using
the dataset obtained from direct observation and photographs of the walls of an outcrop
representative of North Sea fracture chalk reservoirs, which is exposed at Läegerdorf, northwest
Germany [25]. In this model, the traces of the fractures are represented as one-dimensional faces
embedded in a two-dimensional matrix domain, and the fluid and rock properties used are from
characteristic reservoirs of the North Sea. We use DuMuX, a free and open-source simulator for flow
and transport processes in porous media where the numerical model developed by Gläser et al. is
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implemented [22], in order to simulate waterflooding processes and analyze how oil recovery is
affected by changes in fracture aperture distribution and injection rate.

The study is organized as follows: First, the geological characteristics of a representative outcrop are
showed, followed by the selection of the sector models used in simulations. Second, the aperture
distribution model is presented. Third, the governing equations used in the different flow fluid
models are explained. And fourth, we present the simulation results of the selected waterflood
scenarios. The results highlight the impact of fracture network, fracture aperture and fracture-matrix
permeability ratio on oil recovery. Orientation of the applied principal stress plays an important role
on the fracture aperture distribution which can vary flow behavior in the fractured model. We
simulate LSW flooding with and without considering adsorption processes and examine how the oil
recovery is influenced by changes in adsorption parameters.
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2. METODOLOGY

2.1 Geological Setting
The Upper Cretaceous Chalk, which is exposed in Läegerdorf area (Figure 1) in northwest
Germany, is an outcrop analogue for hydrocarbon reservoirs in the North Sea fractured chalk
reservoirs, because it was deposited in the same basin setting by the same depositional system as
the offshore reservoirs [26].

Figure 1. Schematic block diagram of the tectonic situation of the quarries on salt ridge Krempe [27].

These Upper Cretaceous chalks are exposed at the surface due to the rise of the underlying Krempe
salt ridge, where the exploited quarries of Läegerdorf provide an excellent exposure of the chalks by
more than 1000 m long, 60 m deep and several hundred meters wide [27]. Different deformation
features are present in the formation because of superimposed stresses, which are concentrated on
distinct faults zones with different complex structures [28].

The outcrop area provides a wider and more detailed view of fracture type and heterogeneity in the
reservoir as compared to limited subsurface data. The geological features in the production wall of
13

the quarry were characterized and mapped at different scales by Koestler and Ehrmann [25]. From
this characterization, a 250 m long and 50 m wide profile section (Figure 2a) in the wall of the quarry
was studied in terms of fracture distribution, orientation and length [26]. This formation exposure
can help in decreasing reservoir description uncertainty by improving the understanding of those
geological parameters that can affect the flow behavior through the reservoir [29].

Using FracPaQ [30], a Matlab toolbox for the quatification of fracture patterns, the fracture density
map was estimated for the profile section of the quarry . The estimated fracture intensity map (Figure
2b) shows three or more discrete groups of high density (i.e. a high number of fractures per square
metre). Three sectors of high fracture density in the profile section were selected in order to analyze
the effects of fractures on oil recovery during simulations. The sectors are distinctly characterized as
follows:

✓ Highly fractured section: high fracture density and variable fracture orientation.
✓ Anisotropic section: mostly vertical fracture orientation.
✓ Isolated section: isolated fractures.

Y [meters]

100

50
50

100

150

200

250

X [meters]

Y [meters]

100

50
50

100

150
X [meters]

200

250

Figure 2. (a) Fracture trace map, and (b) Estimated fracture density map for the Läegerdorf profile section [31].
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Figure 3 shows the fracture traces map and the distribution of fractures angles of the three different
sectors. Highly fractured sector shows a more homogeneous distribution of fracture angles compared
with the anisotropic sector, which is more vertically orientated.
(a)

(b)

Figure 3. (a) Fracture traces map and (b) Rose diagrams of fractures distribution orientation of the three selected
section models [31].

2.2 Fracture Aperture Distribution model
Barton-Bandis Model
Natural fractures in a porous medium are planar and non-planar discontinuities in rocks [32],
which are present as local breaks and have different characteristics than the medium itself. These
fractures are formed due to the combined effect of the mechanical properties of the rock and
historical deformations events that the rock have experienced, such as tectonic movement,
lithostatic pressure changes, high fluid pressure, etc. [33]. These deformation events govern certain
fracture properties, such as aperture, connectivity and distribution. For instance, an efficient
characterization of fractures will allow to reduce uncertainties in the model [34]. Several researches
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have proposed reducing uncertainty by using different approaches to maintain the geological
consistency [35].

One of the approaches is the Barton-Bandis model, which allows to determine the aperture of a
fracture using the mechanical properties of the rock [36]. This fracture aperture is considered as the
separation between the opposing walls of a fracture, and plays an important role with respect to the
fracture conductivity and can be comparable to pore geometry of the rock matrix [37].

Bandis at al. [38] and Barton et al. [39] described the effects of surface roughness on discontinuity
deformation and strength as a function of an empirical relation between stress and deformation
components. The following expression shows a hyperbolic empirical relationship between the normal
stresses (𝜎𝑛 ) and the fracture closure (Δυ), which corresponds to the aperture fracture reduction due
to normal closure:

𝛥𝜐 = (1

𝑎 𝜎𝑛
+ 𝑏 𝜎𝑛 )

,

(1)

where 𝑎 and 𝑏 are constants.

Figure 4. Empirical hyperbolic function between normal stress and
fracture closure [38].

A stress-dependent aperture variable 𝐸𝑛 is defined by Bandis et al. [38] as a function of a hyperbolic
relationship (1):
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𝐸𝑛 = 𝐸0 − (1

𝑎 𝜎𝑛
+ 𝑏 𝜎𝑛 )

,

(2)

where 𝐸0 is the initial unstressed aperture. The normal stress acting on each fracture segment is
calculated using Cauchy’s equation:

𝜎𝑛 = 𝜎1 𝑠𝑖𝑛2 Ѳ − 𝜎3 𝑐𝑜𝑠 2 Ѳ ,

(3)

in which 𝜎1 and 𝜎3 represent the maximum and minimum compressive principal stresses acting in the
plane of the matrix rock, respectively; and Ѳ is the angle between 𝜎1 and 𝜎𝑛 (Figure 5).

Figure 5. Fracture cross section model of the induced opening. A far-field maximum (𝜎1 ) and minimum (𝜎3 ) principal
stresses induce a normal stress (𝜎𝑛 )on the fracture walls [40].

Initially, all the fractures have an initial mechanical aperture under no stress condition. Apertures are
determined using Barton-Bandis model by assuming a scenario representative for Central North Sea
[41] with a shallow burial depth of 1300 m with principal stresses 𝜎1 = 26.7 MPa and 𝜎3 = 10 MPa.
The applied stress conditions used in the model result from the application of Terzaghi’s law for
geostatic stresses, considering that the stresses induced by pore fluid and rock matrix only includes
normal stress [42]. These considered stresses values are based on an Upper Cretaceous-Danian chalk
reservoir described on Japsen et al [43].
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The fluid flow in the fracture is approximately described as classical Darcy flow, and the permeability
calculation is based on the cubic law [44]. This law assumes that a fracture is represented by two
smooth parallel plates separated by an equivalent hydraulic aperture 𝑒, hence the intrinsic fracture
permeability (𝑘𝑓 ) can be calculated as follows [45]:

𝑘𝑓 =

𝑒2
12

,

(4)

Following the cubic law, Barton et al. [46] propose an empirical equation to convert values of
mechanical values (𝐸 ) into hydraulic aperture values (𝑒) by means of the following equation:

𝑒=

𝐸2
𝐽𝑅𝐶 2.5

,

(5)

where the Joint Roughness Coefficient (𝐽𝑅𝐶 ) is a dimensionless value estimated by roughness profile
matching or measured using the fracture amplitude-length ratio. Figure 6 shows a visual
representation of the fracture cross-section in the Barton-Bandis model.

Figure 6. Schematic representation of the hydraulic and mechanical aperture [47].
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2.2 Numerical Method
Understanding of the effects of fractures on fluid flow behavior through the reservoir is
fundamental to evaluate efficiency in a waterflood process, because of the fact that fractures can
dramatically affect local permeability and thereby enhance production rates [48]. Numerical
reservoir simulation is applied in order to forecast the fluid flow behavior in hydrocarbon reservoirs
[49]. In the case of fractured carbonates reservoirs, one of the most important aspect of modeling is
the accurate calculation of fluid exchange between the matrix and the fractures [50]. Moreover,
modelling of fractured carbonate reservoirs with complex fractures networks requires adequate
representations of individual fractures and fractures networks, with different size, orientation, spatial
distribution, fracture density and aperture [23].

Discrete Fracture Network Model
A Discrete Fracture-Matrix (DFM) model is used to represent three 10 [m] x 10 [m] sectors of
the mapped outcrop area previously selected [31]. DFM models explicitly consider the fluid flow
contribution of individual fractures, fracture networks and matrix in the model structure [23]

10 [m]

10 [m]

Figure 7. Discretize highly fracture network sector. The blue lines indicate fractures and the green lines represent the
triangulated matrix discretization [31].
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The rock matrix from the mapped outcrop is discretized by 2D triangulated elements and the
fractures are specifically represented as low dimensional entities in the domain [51]. Figure 7 shows
the discretization of the highly fractured sector model, which can be characterized with a relatively
isotropic fracture orientation distribution and with 472 fracture segments [31].

2.3 Production from fractured carbonated reservoirs
Fractured reservoirs may result from stresses exceeding the rock strength [52]. Carbonate
reservoirs are characterized by heterogenous rock properties and complex fractured network
systems [53]. This geological structures in the rock influence flow behavior during production.
Planning the production from carbonate reservoirs require precise and consolidate geological
description of the reservoir. The main oil production mechanism in fractured carbonate rocks is
gravity drainage, which control oil production by considering interactions between the upper and
lower blocks [54]. In these reservoirs, flow is predominantly conducted through fracture networks,
and fracture permeability generally determines the performance of the produced wells [55].

2.4 Transport Model in Fractured Porous Media
The presence of natural fractures can affect the transport of fluids in porous media. Therefore,
it is a great challenge to develop a model that accurately represents the impact of fractures on
waterflood performance [23]. Additionally, during Low Salinity waterflooding, adsorption processes
may occur due to geochemical flow interaction between the injected water and the porous media.
To model the effect of adsorption reactions is required a proper interpretation of a fundamental
concept called adsorption isotherms. The overall understanding of this concept allows an effective
design of the adsorption model [56]. The model considered in this study is a two-phase flow model
based on the conservation of mass, constitutive equations and equations of state, where the fluids
are immiscible and there is not mass transfer between the phases in porous media [57].
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Governing Equations
In this section, we present the governing equations for multiphase flow. Firstly, in order to deal with
multiphase flow, we introduce the notion of saturation 𝑆𝛼 and porosity 𝜑. Porosity is considered as
the volume of void space available for fluids expressed in volumetric fraction, and saturation (𝑆𝛼 ) as
the fraction of the pore space filled by phase 𝛼, which in this study are oil and water [57]. From this
definition, saturations satisfy the following relationship,

∑𝛼 𝑆𝛼 = 1.

(6)

Following the generalized Darcy’s model, the superficial velocity of each phase 𝛼 can be calculated
as,

𝑢𝛼 = −

𝑲𝛼
µ𝛼

𝜵(𝑃𝛼 − 𝜌𝛼 𝑔𝑍)

𝛼 = 𝑤, 𝑜 ,

(7)

where the subscript “w” represents the water phase and subscript “o” represents the oil phase, and
the apparent permeability 𝐊 𝛼 is given by:
𝑲𝛼 = 𝑲 𝑘𝑟𝛼 (𝑆𝛼 ).

(8)

Here 𝐊 is the permeability tensor of the porous medium, 𝑘𝑟𝛼 (𝑆𝛼 ) is the relative permeability of the
phase 𝛼, µ𝛼 is the viscosity of phase 𝛼, 𝑃𝛼 stands for the pressure of the phase 𝛼, the mass density
of phase 𝛼 is denoted by 𝜌𝛼 , and the gravity acceleration with 𝒈. It is important to notice that when
water is injected, it flows around sections of porous media occupied by oil, which means that the
space available for one of the fluids depends on the amount of the other fluid filling the pore space
[58], but also by additional interaction between the fluids. The pressure difference (𝑃𝑐𝑜𝑤 ) between a
wetting (𝑃𝑤 ) and a non-wetting (𝑃𝑛 ) phases are calculated according to the following relationship,

𝑃𝑐𝑜𝑤 = 𝑃𝑛 − 𝑃𝑤 .

(9)

For the purposes of waterflood modeling, when a phase 𝛼 consists of multiple components 𝑘, which
can either be a pure chemical substance or consist of different substances, the mass conservation
holds for each component. Therefore, the mass conservation equation is written as:
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𝜑

𝑘𝜉 𝑆 ]
𝜕[∑𝛼 𝑥𝛼
𝛼 𝛼

𝜕𝑡

+ 𝜵 ⋅ (∑𝛼 𝑥𝛼𝑘 𝜉𝛼 𝑢𝛼 ) = 0

𝑘 = 𝑆, 𝐿, 𝑂 ,

𝛼 = 𝑤, 𝑜

(10)

where the superscript 𝑘 = 𝑆, 𝐿, 𝑂 indicate respectively a 𝑆𝑊, 𝐿𝑆𝑊 and oil component. Here 𝑥𝛼𝑘 is
the mole fractions used for each component 𝑘 in phase α, and ξ𝛼 is the molar density of phase α.

The model is developed supposing that the 𝑆𝑊, 𝐿𝑆𝑊 and oil components are under conditions of
thermodynamic equilibrium, which means that there is not spontaneous changes in the macroscopic
properties of the system [59]. The multicomponent systems are in thermodynamic equilibrium when
Gibbs free energy is a minimum at constant pressure (P), temperature (T):
𝑘)
𝑓𝑤𝑘 (𝑇, 𝑃𝑤 , 𝑥𝑤
= 𝑓𝑜𝑘 (𝑇, 𝑃𝑜 , 𝑥𝑜𝑘 )

where 𝑓𝑤𝑘 and 𝑓𝑜𝑘 are the fugacity functions components 𝑘 in phase 𝛼.
To study the effect of the injection of low-salinity water, the model was built assuming identical
properties for sea water (SW) brine and low-salinity water (LSW) brine such as density and viscosity
but using different relative permeability and capillary pressure curves. In this model, it is assumed
that where SW is blended with LSW, water/oil relative permeabilities and capillary pressure are
interpolated between the values corresponding to pure SW and pure LSW. By using the Brooks-Corey
model [60], the relative permeabilities for pure SW and pure LSW are calculated for a given saturation
between the end points,
𝑘

𝑘
𝑘 ( 𝑘 )𝑛𝑤
𝑘𝑟𝑤
= 𝑘𝑤
𝑆𝑤𝑒

𝑘

𝑘
𝑘 )𝑛𝑜
𝑘𝑟𝑜
= 𝑘𝑜𝑘 (1 − 𝑆𝑤𝑒

𝑘 = 𝑆, 𝐿

,

(11)

𝑘
where the subscripts 𝑆 and 𝐿 refer to SW and LSW, 𝑘𝑤
and 𝑘𝑜𝑘 are the water and oil end point relative
𝑘
𝑘
permeabilities, 𝑛𝑤
and 𝑛𝑜𝑘 are Corey’s exponent for water and oil respectively, and 𝑆𝑤𝑒
denotes the

effective water saturations, which can be obtained by the following equation:

𝑘
𝑆𝑤𝑒
=

𝑘
𝑆𝑤 −𝑆𝑤𝑟
𝑘 −𝑆 𝑘
1−𝑆𝑤𝑟
𝑜𝑟
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.

(12)

𝑘
𝑘
Here, 𝑆𝑤𝑟
and 𝑆𝑜𝑟
are residual water and oil saturations, respectively.

In order to obtain the water/oil relative permeabilities values when water is a mixture of SW and
LSW, we use the following linear interpolation model:
𝑆
𝐿
𝑘𝑟𝑤 = 𝑥𝑤𝑆 𝑘𝑟𝑤
+ (1 − 𝑥𝑤𝑆 )𝑘𝑟𝑤

𝑆
𝐿
𝑘𝑟𝑜 = 𝑥𝑤𝑆 𝑘𝑟𝑜
+ (1 − 𝑥𝑤𝑆 )𝑘𝑟𝑜

(13)

where 𝑥𝑤𝑆 denote the molar fraction of SW in water phase.
The above methodology is described in Chen et al. [61] and Helmig et al. [57], as a representative
correlation during the LSW flooding which is employed in this simulation. Figure 8 shows the relative
permeability and capillary pressure curves for pure SW and pure LSW condition, which were
extracted from a research conducted by Graue et al. [62]. Graue et al. performed different
waterflooding experiments in larger blocks of fractured chalk using North Sea crude oil. The SW and
LSW relative permeability parameters used for the model are shown in the following table.

Waterflooding
phase
st
1 Pure SW
nd

2 Pure LSW

𝒌𝒘

𝒌𝒐

𝒏𝒘

𝒏𝒐

𝑺𝒘𝒓

𝑺𝒐𝒓

0.394

0.202

2.053

2.016

0.103

0.355

0.262

0.976

3.999

1.210

0.103

0.132

Table 1. The parameters of oil-water relative permeabilities used in simulations

Figure 8. Relative permeabilities and capillary pressure curve for pure SW (blue lines) and LSW (red lines).
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In Figure 8(left), the initial state of the reservoir shows an oil-wet behavior and after the low salinity
waterflooding a more water-wet behavior. Also, it can be observed in Figure 8(right), LSW imbibition
capillary pressure curve is located above SW curve, which evidences that the spontaneous imbibition
in LSW condition is more predominant that in SW condition.

Adsorption Model
The impact of LSW is generally related to the change of the wetting phase of the rock [63].
Therefore, it is necessary to relate wetting state to the geochemical processes on the rock surface.
This can be reached by considering the adsorption process occurs between the rock phase and the
𝐿𝑆𝑊 component in water phase.
To evaluate the effect of adsorption on the performance of a waterflooding process in a porous
media. A model for the two-phase flow in porous media is introduced in Equation 14 by applying the
concept of fractional flow, molar fraction and molar concentration. We derive the mass conservation
equation expressed as follows [57] [61],
𝜕
𝜕𝑡

𝐿
[𝜑𝑋𝑤𝐿 𝜌𝑤 𝑆𝑤 + (1 − 𝜑) 𝑋𝑅𝐿 𝜌𝑅 ] + 𝜵 ∙ ( 𝑋𝑤
𝜉𝑤 𝑓𝑤 𝑢𝑡 ) = 0

(14)

where the subscript “R” represents the rock phase, 𝑓𝑤 is the fractional flow, XRL is the mass fraction
of the LSW component in water phase, and 𝑢𝑡 is the total velocity. From this equation, a retardation
term is defined in Equation 15. This retardation coefficient relates the retardation effect of the LWS
front which is caused by the adsorption process.
𝑅𝑒𝑡𝑎𝑟𝑑𝑎𝑡𝑖𝑜𝑛 = (1 − 𝜑) 𝑋𝐿𝑅 𝜌𝑅
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(15)

When LSW is injected, a front of different concentration travel through the porous space in the
direction of the fluid flow. Equation 15 shows that the chemical solute concentration travels slow
than the solution (water), which is caused by the adsorption of ions on the porous rock.

The adsorption can be defined using adsorption isotherm models, which correlate the concentration
equilibrium between the solute in the solution and the adsorbent rock [64]. In this model, three
adsorption isotherm relationship are considered. By assuming that the density of water and rock are
L
L
maintained constant, we can state the following relationship Xw
ρw = x w
ξw 𝑀𝐿 . The following

equilibrium relationship have been used in the model:

-

Linear Isotherm:

L
L
𝑋𝑅𝐿 = 𝛾 𝑋𝑤𝐿 = 𝛾 xw
ξw 𝑀𝐿 = 𝛾̃ xw
.

-

Freundlich Isotherm:

𝐿 )𝑛
𝐿 )𝑛
𝑋𝑅𝐿 = 𝛾 (𝑋𝑤𝐿 )𝑛 = 𝛾 (𝑥𝑤
ξw 𝑀𝐿 = 𝛾̃ (𝑥𝑤
.

-

Langmuir Isotherm:
𝑋𝑅𝐿 =

𝐿 )𝑛
𝐿 )𝑛
𝛾1 (𝑋𝑤𝐿 )𝑛
𝛾1 (𝑥𝑤
ξw 𝑀𝐿
𝛾̃1 (𝑥𝑤
=
=
𝐿
𝐿 ξ 𝑀𝐿
𝐿
1 + 𝛾2 𝑋𝑤
1 + 𝛾2 𝑥𝑤
1 + 𝛾̃2 𝑥𝑤
w

where 𝛾, 𝛾̃ and 𝑛 are empirical constants which depend on the absorption properties of the rock
surface, and the properties of the injected water. Both can be obtained by fitting experimental data
[65].
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3. SIMULATION RESULTS
3.1 Waterflooding Simulations Scenarios
In order to achieve the objectives proposed in this work, different waterflooding simulations were
conducted in three different model scenarios:

1) Sea water (SW) flooding scenario.
2) Low salinity water (LSW) flooding scenario.
3) Low salinity water (LSW) flooding scenario considering Adsorption processes.

The simulations are focused on evaluating the impact of fracture aperture distribution and fracture
aperture on the final oil recovery when SW and LSW are injected in the fractured model. In the
simulated injection scenarios, water is injected in an oil saturated rock. The gravity effects are
neglected, and rock and fluids properties are described in Table 2. For the LSW scenario, the injected
water is considered to have the same properties as for SW scenario. However, they are characterized
by different set of relative permeabilities and capillary pressure curves, as it was described in Section
2.3. For the Adsorption model scenario, geochemical interactions are considered between the
injected LSW and the rock matrix.
PROPERTY

VALUE

UNIT

Matrix Porosity

0,476

[-]

Matrix Permeability

2,27e-15

[m2]

Water density

1050

[kg/m3]

Oil density

730

[kg/m3]

Water viscosity

1,09

[cP]

Oil viscosity

0,92

[cP]

Table 2. Rock and fluid properties

A no-flow condition is defined in the boundaries parallel to the flow direction. Dirichlet boundary
condition are assumed in the right edge of the model, whereby the pressure in the outflow is
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maintained equal to 1 bar. In the left edge, we establish Neumann boundary conditions, which
represents an injector well Figure 9.

Inflow Boundary

No flow boundary

(Neumann boundary
condition)

Outflow Boundary

No flow boundary

(Dirichlet boundary
condition)

Figure 9. Schematic representation of the boundaries condition in the model

During the first simulations, water is injected at the left boundary of the domain, using fracture
apertures of 10−3 [m], 10−4 [m], and 10−5 [m] in all the sector fractured models. In Figure 10, it is
observed a snapshot of a front of constant saturation when an aperture fracture of 10−5 [m] is used,
which correspond to a fracture permeability of 8.33x 10−13 m2, according to Equation 4. The front
of constant saturation reflects a uniform displacement of oil through the porous media, as a result of
the relatively small permeability contrast between fracture and matrix (km= 2.27x 10−15 m2), which
is not enough to produce an effect on sweep efficiency [66].

Figure 10. Snapshots of oil saturation front after 60 days of waterflooding using an injection rate of 1e-6 [m3/s] and
fracture aperture of 1e-5 [m]
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One of the objectives of this study is evaluated the effect of different fracture apertures on oil
recovery efficiency with respect to injection rate. Since the effect of the apertures is only appreciable
from fracture aperture values of 10−4 [m], we limit ourselves to simulations when fracture aperture
is higher than 10−5 [m]. Note that this consideration is valid only for the specific reservoir properties
used in the simulations.

3.2 Sea Water Flooding Simulation
This model was evaluated under two different fracture aperture distribution patterns. We
study the sensitivity of hydrodynamic simulations with respect to variations in aperture. We first
show the results for a uniform aperture, which does not consider the impact of stresses. This first
model was run with uniform values of fracture aperture of 10−4 [m], 5x10−4 [m] and 1.5x10−3 [m].
In the second model, we assume the variable fracture aperture distribution according to the BartonBandis method described in Section 2.2.

3.2.1 Uniform Aperture Distribution
Fracture Pattern Effect on Fluid Flow Behavior
The simulations are performed considering a uniform fracture aperture of 10−4 [m]
throughout the domain, using an injection rate of 1x10−5 [m3/s]. The purpose of these simulations
is to evaluate how the fracture pattern could affect the oil recovery during waterflooding.

Figure 11 shows that the presence of different fracture patterns (i.e. highly fractured, anisotropic and
isolated) with different fracture orientation, fracture density and distribution can considerably affect
the fluid flow behavior. Oil recovery and water cut (WCT) are evaluated as a function of time and
pore volume of water injected, where WCT compares the volume of water produced with the total
volume liquids produced (i.e. oil and water).
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Figure 11. Recovery factor versus time (days) and Pore Volume (PV) of injected water using three different fracture
sector model.

The results show that the waterflooding efficiency is higher for the anisotropic fracture pattern.
Higher volume of oil is produced in less time by injecting lower volumes of water. Figure 12 allows a
better understanding of how the fluid flow behaves within the fracture-matrix pattern after 10 days
of waterflooding for each sector model. In the highly fractured (Figure 12a) and isolated model
(Figure 12c), the fracture distribution allows the water to have a preferential pathway through the
medium producing early water production, while in the anisotropic model (Figure 12b), both the
presence of vertically oriented fractures and the low degree of fracture connectivity with the
horizontal fractures generate a more efficient oil sweep. Fracture flow become insignificant compare
with flow within the porous matrix.

Figure 12. Snapshot of the fluid behavior in different fracture pattern models after 10 days of waterflooding.
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Injection Rate Effect on Oil Recovery
To investigate the effect of injection rate in the waterflooding, a sensitivity analysis is
performed by setting a uniform aperture value and using different injection rates in the highly
fractured model. Figure 13 shows the results of the simulations for a fracture aperture of 10−4 [m]
and with injection rates of 1x10−6 [m3/s], 5x10−6 [m3/s] and 1x10−5 [m3/s].

The results from Figure 13 indicate a gradual increasing in oil recovery as the injection rate increases.
We can notice that higher injection rates lead to faster oil recovery using lower volumes of injected
water. Injected water is imbibed in the matrix avoiding flow through the fracture’s path. However,
the water breakthrough is reached just few days after waterflooding initiate.

Figure 13. Recovery factor and WCT for waterflooding in the highly fractured model for a uniform aperture of 1𝑥10−4[m].

Fracture Aperture effect on Oil Recovery
In order to understand the impact of the aperture fracture on waterflooding processes,
several simulations were run considering three scenarios by using the same injection rate but with a
series of different fracture aperture values. Figure 14 shows the behavior of oil recovery and water
cut as a function of time, for aperture values of 1𝑥10−4 [m], 5𝑥10−5 [m] and 1𝑥10−3 [m], using an
injection rate of 1𝑥10−5 [m3/s].

Note that the larger is the fracture aperture, the lower the waterflooding efficiency. The injected
water will be channeled and flowed easily through fracture, leading to high water cuts at considerable
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early stages of the injection. Moreover, it is observed that when the aperture is small, the oil sweep
efficiency is greater. This is because there is no considerable contribution to flow by the fractures.
Therefore, the fluid is displaced through the matrix, avoiding an early water breakthrough, and
requiring lower volume of injected water.

Figure 14. Recovery factor and WCT for waterflooding in the highly fractured model for uniform aperture of 1𝑥10−4
[m], 5𝑥10−4 [m] and 1𝑥10−3 [m].

Figure 15. Snapshot of the fluid behavior in the highly fractured pattern model after 100 days of waterflooding.

In Figure 15, we can observe the snapshots of two simulated scenarios after 100 days of simulation.
In scenario (a) with a fracture aperture of 1𝑥10−4 [m], the waterfront moves more homogeneously
through the porous medium with small water intrusion into the fractures. This leads to an efficient
oil sweep in large part of the model section. On the other hand, in scenario (b), with a fracture
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aperture of 1𝑥10−3 [m], the water quickly enters into the fractures. The water breakthrough is
reached during the first days of waterflooding. As can be seen in the Figure 15b, there are sectors of
the model that have not been efficiently swept, the injected water passes through the fractures
leaving oil trapped.

3.2.2 Variable Aperture Barton-Bandis distribution
For this set of simulations, we consider that the domain has variable fracture apertures
distribution, which are determined according to the Barton-Bandis model. The far-field stresses are
set orthogonally to the model domain, with 𝜎1 = 26.7 MPa and 𝜎3 = 10 MPa.

For the analysis of the orientation effect, the maximum principal stress (𝜎1 ) is applied at two different
angles 𝛼. One vertically orientated 𝛼 = 0° and, the second one, horizontally orientated 𝛼 = 90°
(Figure 6). In both cases, the initial unstressed aperture 𝐸0 is assumed to be 0.0015 [m]. Where 𝛼
indicates the angle of rotation of the far-field stress with respect to the Y and X axes, i.e. 𝛼 = 0° ,
oriented in Y axes. In order to consider the impact of the stress and quantify aperture distribution for
each network, simulations were conducted for all three sector models. Figure 16 shows the fracture
aperture distribution and the histograms of apertures frequency for the three sector models applying
the Barton-Bandis approach. Table 4 lists the corresponding values of average fracture aperture,
average fracture permeability, and the fracture-matrix permeability ratio for each sector model, for
the scenarios where the maximum principal stress is applied at 𝛼 = 0° and 𝛼 = 90°.

Unit

Highly Fractured

Anisotropic

Isolated

𝛼 = 0°

𝛼 = 90°

𝛼 = 0°

𝛼 = 90°

𝛼 = 0°

𝛼 = 90°

Avg. Fracture
Aperture (𝑒)

[mm]

0.87

0.73

0.97

0.64

0.87

0.73

Avg. Fracture
Permeability (𝑘𝑓 )

[m2]

6.71E-08

4.76E-08

8.26E-08

3.51E-08

6.86E-08

4.65E-08

𝒌𝒇 /𝒌𝒎

[-]e+7

29.5

20.9

42.8

15.4

38.5

31.8

Table 2. Average aperture and fracture permeability in the fractured sector models by applying Barton-Bandis model
when maximum principal stress 𝜎1 is applied at 𝛼 = 0° 𝑎𝑛𝑑 𝛼 = 90°
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Highly Fractured

Anisotropic

Isolated

𝜎1 = 26.7 MPa

(a)
𝜎3 = 10 MPa

𝜎3= 10 MPa

(b)
𝜎1 = 26.7

Figure 16. Fracture and frequency aperture distribution according to the orientation of the maximum stress applied in
the fractured sector models.

With the change in orientation of the maximum stress applied 𝜎1 (𝛼 = 0° and 𝛼 = 90°), the fracture
aperture distribution changes. Considering the highly fractured pattern, when the maximum stress is
applied at 𝛼 = 0° (vertically) (Figure 16a), the highest value of stress aligns with the orientation of
most of the fractures, producing larger apertures in the fractures that are vertically oriented.
Therefore, this fracture aperture distribution cause channels for vertical flow. On the other hand,
fractures in the case of 𝛼 = 90° (Figure 16b) are associated with smaller apertures, due to the fact
that a stress load in 𝛼 = 90° tends to enhance the compression of vertically oriented fractures and
therefore, reduces fractures apertures.
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Notice that the average fracture permeability and fracture aperture is evidently much higher when
the maximum principal stress is applied in the same orientation of most of the fracture, which in this
specific case is in vertical direction. This is due to the geometrical anisotropy of the fracture pattern
(Table 3), where most of the fractures are vertically oriented. As we can observe, the Barton and
Bandis model allows fracture permeability to vary not only along fracture length, , but also in function
of the fracture orientation.

Orientation Stress Effect on Oil Recovery
Consider the two scenarios, where the maximum principal stress (𝜎1 ) induced is at 𝛼 =
0° and 𝛼 = 90°. We compare these two scenarios using an injection rate of 1x10−5 [m3/s] in the xdirection, and in y-direction. Figure 17 compares the simulation results of the two scenarios,
evaluating recovery factor and WCT as a function of time and pore volumes of water injected for the
anisotropic sector model. The dashed lines represent flow behavior in x-direction, while the solid
lines show the trend of flow in y-direction.

In Figure 17, it can be observed that oil recovery is more efficient when waterflooding is in y-direction
than in x-direction case with respect to time and pure volume of injected water. This effect can be
related to a better conductivity between fractures in the case of x-direction as compared to the
waterflooding in y-direction. As a result, in the case of waterflooding in x-direction, the injected water
does not flow effectively through the matrix and a lower oil recovery is obtained.

Figure 17. Oil recovery and WCT plot as a function of time for the anisotropic sector model, with injection rate of
1x10−5[m3/s].applied in x and y direction.
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α = 90°

α = 0°

α = 90°

α = 0°

Figure 18. Snapshots of the anisotropic sector model in the x-direction (top) and y-direction (bottom) using injection
rate of 1𝑥10−5 [m3/s] after 4 days of waterflooding.

For the analysis of the effect of stress orientation, it can be seen that waterflooding in x-direction
shows a low sensitivity to changes in the orientation of the principal stress applied. In both case (𝛼 =
0° and 𝛼 = 90°), the oil recovery curves are indistinguishable. This behavior can be explained by
considering that for the anisotropic sector model, fractures are mostly vertical orientated but with a
high horizontal conductivity. Therefore, water will be channeled through these preferential
pathways, producing a decrease in sweep efficiency.

On the other hand, when water is injected in y-direction (solid lines in Figure 17), variation in the
orientation of the principal stress applied seems to influence more the flow behavior. When the
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maximum principal stress applied vertically (𝛼 = 0°) oil recovery is higher than in for the horizontal
case (𝛼 = 90°). This is confirmed in Figure 18 (bottom), which shows the snapshots of the two
scenarios after 4 days of waterflooding in y-direction. In both scenarios, the injected water moves
through fractures reaching the upper part of the model. However, fractures in the 𝛼 = 90° case tends
to reduce oil sweeping efficiency in some areas which may be attributed to the more closed apertures
under high horizontal stress. Contrary to 𝛼 = 0° case that allows to reach these areas. Therefore,
higher volumes of oil are recovered in lower time.

3.2.3 Comparison between Uniform vs. Variable fracture aperture
In this section, we compare three different aperture distributions which are applied during
the simulations in the fractured sector models: (1) Uniform aperture distribution with an aperture of
8.7𝑥10−4 [m] and a fracture permeability of 6.71𝑥10−8 [m2], and (2) the two Barton-Bandis scenarios
when the maximum stress is applied at

𝛼 = 0° and 𝛼 = 90°. The water injection rate is

1x10−5 [m3/s] in x direction. By comparing both cases, we aim to display the impact of the aperture
distribution patterns on the oil recovery.

The uniform fracture model can be equivalent to a system of fractured rocks under isotropic
conditions, where applied stresses are not high enough to affect the medium. On the other hand,
with the Barton-Bandis model under anisotropic stress conditions, we compare the sensitivity of DFM
using different fracture aperture distribution models, which allows to evaluate the effect of certain
stress conditions in complex fracture networks. Fractures usually work as the main pathway for fluid
flow in rocks. Moreover, the distribution of fluids in a fractured porous medium depends on the
spatial distribution of fractures and fracture aperture, both of which can be affected by geomechanics
conditions, as we can notice in Figure 16.

Figure 19 gives oil recovery from the system driven by injected water. The uniform aperture model
tends to exhibit a higher oil recovery compare to the two Barton-Bandis models which produce less
oil at the same time. However, the difference in oil recovery between each of three models increases
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over time. Figure 20 shows the evolution in time (20 days (top) and 40 days (bottom)) of the fluid in
the highly fracture model for the three aperture distribution methods.

Figure 19. Oil recovery and WCT plot as a function of time for the highly fractured sector model, with injection rate of
1𝑥10−5[m3/s].applied in the constant aperture model and in the two Barton-Bandis scenarios (𝛼 = 0° and 𝛼 = 90°).
CA

α = 90°

α = 0°

CA

α = 90°

α = 0°

Figure 20. Snapshots of the highly fractured sector model using an injection rate of 1𝑥10−5[m3/s] for the constant
aperture model and the two Barton-Bandis scenarios (α = 0°and α = 90°).after 20 days (top) and 40 days (bottom) of
waterflooding.
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It can be seen that injected water penetrates through the porous matrix for all the cases, before
gradually migrating into the fractures and finally water breakthrough is reached before the third day
of injection (Figure 19). It seems that the stress condition with 𝜎1 applied at 𝛼 = 90° tends to exhibit
more significant channelized flow that with 𝜎1 applied at 𝛼 = 0°. For example, see the greater
penetration of water into the fracture two third way down the left boundary in Figure 20(bottom).
This is because the flow channels tend to align the direction of the maximum stress.

Matrix Permeability Effect on Fluid Flow
The effect of matrix-fracture permeability radio in a fractured porous media is evaluated by
considering a variable aperture distribution in the highly fractured sector model. Figure 21 shows the
variation of 𝑘𝑓 ⁄𝑘𝑚 by increasing the matrix permeability in 2 and 3 orders of magnitude, considering
a constant fracture permeability 𝑘𝑓 ( 6.71𝑥10−8 [m2] ) for all the sector models. The 𝑘𝑓 ⁄𝑘𝑚 contrast
considered for each scenario is reported in the following table:

0
1
2

𝒌𝒎 [m2]

𝒌𝒇 ⁄𝒌𝒎 [-]

2.27𝑥10−15
2.27𝑥10−13
2.27𝑥10−12

2.95𝑥107
2.95𝑥105
2.95𝑥104

Table 3. Fracture permeabilities and fracture-matrix permeability ratio for different scenarios.

It can be noticed that the higher is the fracture-matrix permeability contrast, the lower is the oil
recovery thus the flow is dominated by fractures. As shown in Figure 22a, fluid is predominantly
transported through fracture zones, which leads to early water breakthrough. On the contrary, the
increase in matrix permeability allows the injected water to flow through different zones in the
fracture model, improving the oil sweeping, therefore oil recovery (Figure 22b).

The corresponding contribution of fracture permeability decreases as matrix permeability increases.
The increase in oil recovery is the result of a higher penetration of injected water inside the fractured
model pattern, allowing a more efficient oil displacement.
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Figure 21. Oil recovery and WCT plot as a function of time for the highly fractured sector model, with injection rate of
1x10−5[m3/s].for the Barton-Bandis scenarios when (α = 0°)

Figure 22. . Snapshots of the highly fractured sector model using an injection rate of 1x10−5[m3/s]. (a) for
waterflooding simulations with high matrix/permeability contrast and (b) for the case of waterflooding simulations with
low matrix/permeability contrast.
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3.3 LSW Simulations
In this section, the LSW model is used to investigate the effect of some parameters such as
water injection rate and fracture aperture on oil recovery during an LSW process, and also the
comparison with SW flooding is presented.

Fractured and No Fractured Model Comparison
In order to evaluate the effect of fractures in LSW flooding, a set of simulations were
performed with a water injection rate of 1x10−6 [m3/s]. Figure 23 shows the results of a highly
fractured sector model compared with a model without fractures. As expected, the model without
fractures reaches the maximum oil recovery after 500 days of LSW flooding while the highly fractured
model requires more than 900 days.

It should be pointed out that the two models have the same oil recovery factor until 170 days when
water breakthrough time occurs in the fractured model. It means the water injected flows quickly
through the fracture and by-passes the resident oil, leading to poor sweep efficiency and low
recovery. However, by the time that water breakthrough (350 days) is reached in the no fractured
model, most of the oil have been produced. This phenomenon can be observed in Figure 24, which
shows the snapshot of the model after 170 days and 350 days of LSW flooding.

Figure 23. Recovery factors and WCT vs time for LSW flooding in a highly fractured model (black lines) and a model
without fractures (red lines).
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Figure 24. Snapshots of LSW flooding after 500 days for a highly fractured model (a) and a model without fractures.

Effect of Water Injection Rate on Oil Recovery
The model was run under injection rates of 1x10−6 [m3/s], 5x10−6 [m3/s] and
1x10−5 [m3/s]. Figure 25 clearly shows the effect of injection rate on oil recovery during LSW
flooding. Higher injection leads to less efficient oil sweeping and early water breakthrough. This result
is also consistent with the results showed in the previous section for waterflooding processes.

Figure 25 indicates that breakthrough times for q1, q2, and q3 injection rates happen at 142 days
(0.23 PV), 17 days (0.14 PV), and 7 days (0.12 PV) after LSW flooding. This issue is also shown in the
plot of water cut versus time, in which after these corresponding days, the amount of well water cut
suddenly increased.
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Figure 25. Recovery factors and WCT vs time for LSW flooding in a highly fractured under different injection flow rates.

SW flooding and LSW Flooding Comparison
An attempt is made to investigate the EOR effect when LSW flooding is applied in the
reservoir. Using the same rock and fluid properties for the previously discussed cases, we compared
oil recovery from the LSW flooding model with the SW flooding model. For the LSW model, there are
considered three injected types of water with different salinity concentration compared with the
injected SW. The injected waters are SW, a ten-times diluted SW (SWx10), a twenty-times diluted SW
(SWx20), and a hundred-times diluted SW (SWx100).

Figure 26. Recovery factors and WCT vs time for SW and LSW flooding in a highly fractured model.

Figure 26 shows the result of a set of simulation, which are run in a highly fractured sector model
with a constant fracture aperture equal to 1x10−4 [m], and an injection rate of 1x10−5 [m3/s]. It can
be seen that in all models, the oil recovery is the same until the water breakthrough time is reached,
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producing a reduction in oil recovery efficiency. When the dissolution of SW increases, the water
breakthrough times are delayed, and an increase of the oil sweep efficiency is observed. In the Figure
26, LSW models show a considerable improvement in oil efficiency after 40 days of flooding by 21.2%,
38.1% and 42.3% for the three models in comparison to the SW model.

3.4 LSW Simulations considering Adsorption Processes
In the previous sections, we stablished that during waterflooding simulations, the
geochemical reactions between rock and water injected are not considered, which are expected to
occur in LSW process as a result of a disturbance in the thermodynamic equilibrium [67]. In this
section an attempt has been made to compare the effect of adsorption process on oil recovery during
waterflooding simulations with respect to a no-adsorption model, which is the same model used for
LSW simulations.

Figure 27 shows a comparison between two sets of waterflooding simulations. One set considering
adsorption process between the rock surface and the injected water, and the second one, neglecting
adsorption effects. Both sets of waterflooding simulations are implemented on the highly fractured
model. These simulations were conducted using an injection rate of 1x10−5 [m3/s], and with a
uniform fracture aperture of 1x10−4 [m].

Figure 27. Recovery factors and WCT vs time for two set of simulation the adsorption and No adsorption model in the
highly fractured sector model.
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In the Figure 27, we can observe that adsorption simulations show a lower oil recovery during LSW
process in comparison to no-adsorption simulations. In the adsorption simulation, oil recovery was
about 10% of OOIP after 173 days of waterflooding (breakthrough time) while the no-adsorption
simulation recovered 30% of OOIP by this time. It can be noticed that the water breakthrough times
for both set of simulations differ in 249 days, with a breakthrough time of 173 days and 30% of OOIP
in the no-adsorption model and 402 days and 30% of OOIP in the adsorption model. Therefore, more
water injected ant time are required in order to reach the same oil recovery.

Figure 28. Snapshots of LSW flooding for two set of simulation the adsorption and No adsorption model in the highly
fractured sector model after 170 and 470 days.

Figure 28 shows the snapshots of the two set of simulations at 170 days and 450 days after
waterflooding, the saturation front of the adsorption model has a retardation with respect to the noadsorption model, which is consistent with the mathematical model presented in Section 2.4. In
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addition, it can be observed that after water breakthrough, the no-adsorption model shows a better
hydrocarbon sweep efficiency. There is a higher penetration of water through the sector model
allowing an efficient oil displacement. On the other hand, in the adsorption model most of the
injected water scape from the path provide by fractures.

Sensitivity Analysis of Adsorption Parameters
After the comparative analysis between the adsorption model and the no-adsorption model,
this part of the work aims at studying the different parameters that affect the adsorption model
during LSW flooding simulations. As it was outline in Section 2.4, in order to model the impact of
adsorption on oil displacement during waterflooding in a porous media, the adsorption isotherm
models are an essential tool to describe the equilibrium relationship between the solute in solution
and the adsorption surface [68]. Therefore, the oil recovery is study by making a sensitivity analysis
of waterflooding simulations with respect to changes in the key adsorption parameters.
The proposed adsorption model involves certain number of parameters. Three sensitivity analyses
were performed to understand the relevance of the adsorption parameters in improving oil recovery.
Firstly, 𝛾1 is chosen to vary from a value of 1 to 50, and 100 while the 𝛾2 and 𝑛 remain constant and
equal to 0 and 1, respectively. In the second analysis, 𝛾2 is varied with values from 0 to 50, keeping
𝛾1 and 𝑛 constant and equal to 1. Finally, the third part of the analysis intent to study the effect of 𝑛
on the adsorption model. Parameter 𝑛 varies from 1 to 50, while the 𝛾1 and 𝛾2 remain constant and
equal to 1 and 0, respectively. Table 6 shows a summary of the cases and evaluated parameters.
Fixed Values

Case

Sensitivity

𝛾2 = 0
𝑛=1

Base
S2
S3

𝛾1 = 1
𝛾1 = 50
𝛾1 = 100

𝛾1 = 1
𝑛=1

S4
S5
S6

𝛾2 = 1
𝛾2 = 10
𝛾2 = 50

𝛾1 = 1
𝛾2 = 0

S7
S8

𝑛 = 10
𝑛 = 50

Table 4. Summary of the sensitivity cases and adsorption parameters values
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Figure 29. Recovery factors vs time for the sensitivity the adsorption model in the highly fractured sector model.

Figure 29a compares the oil recovery curves obtained by changing the reaction parameters 𝛾1 . It was
observed that increasing the values of 𝛾1 from 50 to 100, the oil recovery improves from 25 to 65%
after 50 days of waterflooding simulation. Figure 29b, a similar behavior is observed. The results show
that as the adsorption parameters 𝛾2 increases oil recovery increases. In Figure 29c, we can observe
that the sensitivity analysis of oil recovery when the adsorption parameter 𝑛 varies from 1 to 10,
initially, shows an increase in oil recovery, however after the water cut point is reached the behavior
changes and the oil recovery is lower compared to the case where 𝑛 is equal to 1.
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CONCLUSIONS

Using a numerical DFM model, a fluid flow behavior study was performed on a fractured carbonate
outcrop model. The objective of the thesis was to evaluate the impact of a fractured porous media
on oil recovery, when sea water and low salinity water is injected.

Based on the simulation results, the following conclusions can be drawn:

✓ For simulations with fracture apertures lower than 1x10−5 [m], fractures have a negligible
impact on fluid flow considering the specific reservoir properties of the model. Water
saturation front is uniform and oil displacement has a piston-like behavior.

✓ By using fracture networks with different fracture distribution, locations, lengths and
apertures, it was demonstrated that fluid flow in porous media is clearly influenced by the
connectivity between the fractures. Changing size and spatial distribution produce a fracture
network connectivity which is different in each sector model. In the case of fracture sector
models with direct connectivity between inflow and outflow boundaries. Water breakthrough
occurs at early times of water flooding, leading to a poorly oil sweeping. In addition, fracture
orientation plays an important role in fluid behavior. As long as there is not communication
between the boundaries of the model, the effect of changing orientation of the application of
the principal stress is negligible.

✓ If fractures are aligned with the flow direction , they contribute more to flow.

✓ It was studied, the impact of stress on fluid flow through fractured porous media, based on
the orientation of fractures. For fracture patterns that have a unique orientation set, the
aperture fracture distribution display one defined peak. However, in the case of fracture
patterns with different orientation sets, it was observed different peaks according to each set.
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✓ Using Barton-Bandis, as a method for modeling the fracture aperture distribution of a porous
media subject to geomechanical effects, it was studied the role of varying in stress state of
fracture model in changing the global conductivity of the domain. The model suggests a
linkage between the orientation of the far-field maximum principal stress applied and the
orientation of the fractures. If the maximum stress applied is align with the fracture
orientation, higher is the fracture aperture, therefore, the fractures tend to exhibit more
significant channelized flow, and a greater water penetration through fractures.

✓ Oil recovery is influenced by the fracture-matrix permeability. As Kf/Km radio reduces the oil
displacement efficiency increases. High permeable fractures provide a path for scape for
fluids, therefore, in waterflooding process, the fracture transport will transport most of the
injected water reducing oil displacement efficiency.

✓ From simulations between the adsorption and no adsorption model, it is confirmed a
retardation in the water saturation front. It was observed that adsorption model shows a
water saturation front with a slower displacement compared to the no adsorption model,
resulting in lower oil recovery.

✓ Adsorption model is characterized by different adsorption isotherm curve. These isotherms
are in function of some parameters which represent the capability of the medium to adsorb.
Using different set of simulations, a sensitivity analysis was developed to study the effect on
fluid flow. It was determined a direct relation between adsorption parameters and oil
recovery efficiency. As these adsorption parameters increase a lower oil recovery efficiency is
exhibit during waterflooding simulations.
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