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Abstract

Abstract
Pore geometry dictates the preferential pathways of fluids in the porous medium, impacting
water-oil relative permeability and oil recov ery efficiency.

This work investigates the

influence of pore geometry on laboratory-measured porosity, relative permeability and oil
recovery on both three varied size homogeneous and heterogeneous samples based on sand
and sand with 20% of clay, then a new PV C-designed mesofluidic system to visualize fluid-
fluid displacement, to determine oil recovery and set up a preliminary investigation of
thermal Enhanced Oil Recovery (TEOR). All the experiments were conducted under
laboratory conditions. The results showed variations in oil relative permeability which
increases as grain size increasing (0.643D for 500 pm, 0.535D for 250 pm, 0.503D for 125
um and 0.654D for the polymodal sample). Also due to the presence of clay the polymodal
sample revealed a decrease of oil relative permeabilityfrom 0.654D to 0.510D. The
incremental oil recovered for the polymodal sample was 13 ml. For the PVC-designed
mesofluidic system several fluid pathways were observed with 17.084 ml of oil recovery,
where the steam was injected under 130 °C to extract an amount of 6% from 55.22% of the
trapped oil.

Key words: Porous media, pore geometry, preferential pathway, relative permeability,

PV C-designed mesofluidic system, steam injection.

IV



Résumé

La géometrie des pores décrit les chemins préférentiels des fluides dans le milieu poreux,
affectant la perméabilité relative d’eau et d’huile et I'efficacité de récupération d'huile. Ce
travail étudie I'influence de la géométrie des pores sur la porosité, la perméabilité relative et
la récupération de I'huile mesurées en laboratoire sur trois échantillons homogénes et
hétérogeéne de différente dimension forme du sable et de la sable avec 20% d'argile, puis un
nouveau systéeme mesofluidique congu par de PVC pour visualiser le déplacement fluide-
fluide, et déterminer le recouvrement de I’huile et mettre en place une investigation
préliminaire sur la récupération tertiaire d’huile par voie thermique (TEOR). Toutes les
expériences ont été menées dans les conditions de laboratoire. Les résultats ont montré des
variations de la perméabilité relative de I'huile qui augmente avec l'augmentation de la
dimension des grains (0,643D pour 500 pm, 0,535D pour 250um, 0,503D de 125 pm et
0,654D pour I'échantillon polymodal). En raison de la présence dargile, I'échantillon
polymodal a révélé une diminution de la perméabilité relative d’huile de 0.654D a 0.510D.
L'huile incrémentale récupérée pour I'échantillon polymodal était de 13 ml. Pour le systéeme
mesofluidique, plusieurs chemins de fluide ont été observés avec 17.084 ml de récupération
d'huile, ou la vapeur a été injectée sous 130°C pour extraire une quantité de 6% de 55,22%
de I'huile piegée.

Mots clés : Milieux poreux, géomeétrie des pores, chemin préferentiel, perméabilité relative,

systeme mesofluidique, injection de vapeur.
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General introduction

General introduction

Previous studies have demonstrated that the lithologic features of rocks impact their
reservoir properties such as permeability, porosity, irreducible water saturation, and surface
area. Due to this number of variations, one specific rock feature has the same magnitude of
influence on different reservoir rock types. This relationship suggests that trying to define a
reservoir solely based on readily accessible variables, such permeability or grain shape,
carries some risk. With factors such as sorting, cementation can obscure their significance.
Accurate fluid flow predictions depend on a geological understanding of the reservoir rock
types and the ability to identify changes within them [01], [02].
Hypotheses

The study is based on several key hypotheses:

e The geometry and size distribution of pores within a porous medium significantly
influence fluid flow dynamics and oil recovery efficiency with being increased as the
grain size increases.

e Thermal enhanced oil recovery methods, particularly steam injection, improve oil
mobility and recovery efficiency by reducing oil viscosity and altering fluid
interactions within the pore spaces.

e Mesofluidic systems can accurately simulate the behaviour of multiphase flow in real
reservoir conditions, providing valuable insights into fluid dynamics and
displacement patterns; and variations in wettability and saturation levels within
porous media critically affect the displacement efficiency of oil by injected water or
steam [03],[04],[05],[06].

Problematic of the study

The primary problematic addressed in this work is how the heterogeneity in pore size
distribution and connectivity, influenced by factors such as clay content impacts fluid-fluid
displacement, and hydrocarbon recovery rates in porous media. Additionally, it explores
whether thermal recovery methods can effectively mitigate these challenges to enhance
overall recovery efficiency, as understood through real-time visualization and advanced
experimental simulation techniques.
Objectives of the study

The key aims are to characterize the petrophysical features of diverse porous media,

analyze the dynamics of two-phase water-oil flow, and evaluate the efficacy of thermal EOR
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General introduction

methodologies, using mesofluidic models to simulate and visualize multiphase flow, and
devising strategies for optimizing oil recovery based on these findings.
Organization of the dissertation

The manuscript is organised as follows:
The first chapter examines the essential properties of porous media, including porosity and
permeability, which influence fluid storage and flow. It discusses wettability, capillary
forces, dynamic flow phenomena, and multiphase flow dynamics, emphasizing the
significance of petrophysical properties like porosity and saturation. The chapter also offers
historical and theoretical insights, such as Darcy's Law, to provide a thorough understanding
of fluid flow within porous materials.
The second chapter explores the enhancement of oil recovery by understanding and
manipulating reservoir flow pathways. It addresses permeability and the formation of
preferential flow paths, bypass, and water block phenomena. The chapter reviews enhanced
oil recovery (EOR) methods like thermal recovery and chemical flooding, and discusses
experimental and modelling techniques to optimize fluid flow and recovery strategies in

porous media.
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Chapter I: Porous medium fundamentals

Introduction

Comprehending the phenomena occurring within porous medium across various scales
is essential for understanding and optimizing processes of oil recovery. This chapter is
grounded in the fundamental concepts surrounding porous media, its scales, identification,
and characterization, from microscopic pore networks to macroscopic behaviors, we explore
the diverse methodologies used to outline static properties like wettability, saturation,
porosity, and interfacial tension. Through this exploration, we aim to establish a solid
foundation for understanding the reservoir properties and behaviors, laying the groundwork
for subsequent discussions.
I-1 Porous Medium

A porous medium is defined as a solid body containing void spaces, termed pores.

These pores form a complex network of irregularly-shaped void spaces distributed
throughout the material. The porous medium may consist of interconnected or non-
interconnected pores.

The distribution and dimensions of pores within the porous medium are irregular,
contributing to the variable and complex nature of fluid flow within these materials
(Figurel.1). [7].

Figure 1.1: Examples of porous media (10 x magnified): (A) beach sand, (B) sandstone;
(C) limestone; Dry (D) rye bread; (E) wood; (F) human lung [8].
Key characteristics of a porous medium include the relatively high specific surface
area of the solid matrix, which influences fluid behavior, and relatively narrow openings
comprising the void space. Interconnected pore spaces facilitate fluid flow, while
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Chapter I: Porous medium fundamentals

unconnected pores may be considered part of the solid matrix. However, certain portions of
interconnected pore space may be ineffective for flow, such as dead-end pores with limited
connections to the main pore network [7].
I-2 Porous Medium types
I-2-1 Unconsolidated porous media

Characterized by a solid phase composed of grains or fibers that lack cohesion and are
not welded together. These grains or fibers, such as gravel, sand, or silt, exist in a loose
arrangement within the medium [9].
I-2-2 Consolidated porous media

Refers to a porous medium where the solid matrix is densely packed and composed of
cemented grains, such as limestone or sandstone. The individual particles within the matrix
are bound together by a cementing material. A distinctive characteristic of consolidated
media is their capacity to maintain sample shape under pressure or manipulation [9].
I-2-3 Homogeneous porous media

Characterized by uniformity in flow resistance at any given point relative to a specified
direction [9].
I-2-4 Isotropic and anisotropic media

A medium is said to be isotropic when its resistance to flow, or any other property,
remains consistent in all directions, irrespective of the direction considered. Conversely, if
the medium exhibits variation in properties depending on the direction, it is classified as
anisotropic. [9]

Rocks and soils represent the most commonly exploited porous media, with clay layers
often forming impermeable walls in natural water or hydrocarbon reservoirs. An aquifer, for
instance, serves as a reservoir capable of containing water and facilitating flow, either

naturally by gravity or through artificial pumping mechanisms [10].

I-3 Porous medium study scales

For a comprehensive analysis of fluid flow in porous media, it is essential to define the
scale of observation precisely; several scales can be distinguished, including:
I-3-1 Molecule Scale

This is obviously the smallest possible element. This scale concerns molecular
interactions at particle and pore surfaces. These interactions can influence wetting properties,

capillarity, and other aspects of fluid behavior at the microscopic scale.
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Chapter I: Porous medium fundamentals

I-3-2 Particle Scale

Refers to a continuous geometric medium made up of several molecules, but always
considerably smaller than a pore in the medium. This scale this refers to the size of the
particles making up the reservoir rock. These particles can be grains of sand, clay, etc.
Understanding the distribution, shape, and size of these particles is crucial to assessing the
rock’s permeability and porosity, as well as its potential as an oil or gas reservoir.

I-3-3 Subsystem Scale
Represents a portion of soil (fluid and solid) large enough to present significant
average characteristics yet small enough to allow differentiation operations in space. This
allows the study of phenomena on an intermediate scale between micro and macro [11],[12].
According to Franck Laurel Nono Nguendjio [13], the global study of a flow is carried
out on four scales represented in table (1.1):

Table 1.1: Different porous medium scales [13].

Porous medium scale Scale range
The surface scale Chemical interactions
The pore scale In the micron range
The Darcy scale or local scale In the mm to cm range
The macroscopic scale In the decimeter to meter range

The pore scale and Darcy scale are the most widely applied for determining the various
parameters of porous media: grain size distribution, grain arrangement, and pore size,
(Figure 1.2)

.~

3

gchelle de Darg;t

Grande échelle |

Figure 1.2: Different porous medium scales [14].

Instead, at the local scale, relying on Darcy's flow models for single-phase flows and
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Chapter I: Porous medium fundamentals

generalized Darcy's law for polyphasic flows, we will use physical characteristics at the local
scale such as porosity, permeability, and saturation [15].

The transition from the pore scale to the Darcy scale involves determining that the
Representative Elemental Volume REV that is a volume large enough to estimate the
parameters associated with the pore space and small enough to be negligible when describing
the macroscopic scale [16].

I-4 Multiphase flow in porous media

The simultaneous path of multiple fluid phases through a permeable material or porous
medium is known as multiphase flow. This occurs regularly in many businesses, including
gas and oil production, where gas, water and oil flow together. Suspended particles interact
with the continuous fluid phase. Like sediment transport in rivers, multiphase flow can also
occur. Different chemical components, such as water and water vapor or oil and water, may
form the flow. These phases may be discrete (solid, liquid or gaseous) or continuous (gaseous
or liquid) [17],[18].

I-4-1 Types of multiphase flow
I-4-1-a Stratified flow
e Stratified smooth flow

It is a type of multiphase flow where two or more immiscible fluids occupy different
layers within a porous medium or channel. This type of flow is characterized by a smooth
interface between the layers, with no significant mixing or turbulence between them. The
interface is usually stable and does not exhibit significant vibrations or waves [20].

e Stratified wavy flow

A type of multiphase flow characterized by the presence of waves at the interface
between two immiscible fluids in a channel or porous medium. These waves create
turbulence at the interface, resulting in an undulating pattern that distinguishes it from
smooth laminar flow. The behavior of undulating laminar flow is influenced by factors such

as interfacial tension, gravity and the relative velocities of the two fluids [21].

I-4-1-b Intermittent Flow
e Elongated bubble flow

It is a type of multiphase flow characterized by the presence of elongated gas bubbles
within the liquid phase. These elongated bubbles can exhibit a variety of shapes and sizes,

affecting the overall flow behavior and transport phenomena in the system [22].

e Slug flow
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It is a type of two-phase flow, characterized by the intermittent passage of liquid slugs
followed by extended gas bubbles flowing through a pipe. This flow regime is similar to slug
flow, but the bubbles are larger and flow more rapidly. The presence of slug flow can lead
to pressure oscillations within piping systems, which can cause fluid dynamic forces and
induce vibrations that can lead to structural damage [23].

I-4-1-c Annular flow

It is a type of multiphase flow system where the gas phase travels in the centre of the
pipe or channel, while the liquid phase forms a thin layer along the walls [22].

I-4-1-d Flow with dispersion of gas bubbles

It is a multiphase flow system in which gas bubbles are dispersed within the liquid
phase, affecting transport and fluid dynamics phenomena precisely by decreasing the fluidity
of the liquid. This phenomenon is characterized by the interaction between individual gas
bubbles and the continuous liquid phase, affecting the distribution and behavior of the

dispersed phase within the flow system [22].

[ ) —]
Stratified smooth (SS) Stratified (SS/SW) Elongated bubble

—— .|

Stratified wavy (SW) ’

Intermittent (I

foo‘o:"oloo‘oo,ooogooo
l SSRXARY ooo Dispersed bubble (D8] Annularlannularmist (AN) ) Annular (AN)

Dispersed (0B) p \::Uf&)

Wavy annular

Figure 1.3: Multiphase flow types [24].
I-4-2 Multiphase flow in isotropic porous media
Multiphase flow in isotropic porous media exhibits homogeneous flow in all
directions. In isotropic porous material, the flow direction is not favored, and the flow routes
are consistent throughout. This homogeneity facilitates multiphase flow modeling since the

permeability is isotropic, which means it is independent of flow direction. The equations for
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multiphase flow in isotropic porous media involve mass conservation for each phase (o)
(Equation 1-1) and an extension of Darcy's law to explain phase velocities (u.) (Equation I-
2). These equations are fundamental for understanding and simulating fluid behavior in
isotropic porous media [25], [26], [27].

6{¢Q§Sa! + - (p’LL) = pq (|-l)
t
u = —km-lﬁ-- (@ - pg) (1-2)

Where:
e @ is the porosity of the porous medium
e po IS the density of phase o
e S, isthe saturation of phase o
e Ug is the velocity of phase a
e (IS the source/sink term for phase o
o K is the relative permeability of phase o
e U IS the dynamic viscosity of phase o
o Kisthe intrinsic permeability of the porous medium
e P isthe pressure of phase o

« g is the gravitational acceleration(m/s?)

REV (Intermidate scale) Rasarvoirecalu
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Figure 1.4: Schematic diagram of an isotropic porous medium where dark shapes
are solids (rocks). (a) An idealized reservoir, and (b) Representative elementary volume
[28].
I-4-3 Multiphase flow in anisotropic porous media
Anisotropy occurs when specific characteristics of the porous medium do not have the

same value in different directions. The permeability, formation resistivity factor, and

Page 8



Chapter I: Porous medium fundamentals

breakthrough capillary pressure in an anisotropic porous material are directionally
dependent. In the most common situation, these qualities depend on both placement in the
medium and orientation. The probability density function for each attribute can be given
with five independent variables: location (X, y, and z) and orientation (6, ). If the probability
density distribution is independent of angular coordinates, the medium is isotropic;
otherwise, it is anisotropic. Periodic layering can create anisotropy during reservoir
formation (figure 1.5). In general, we have distinct characteristics, such as permeability, at

the z direction compared to the x and y directions [29].

Mineral Mineral... Mineral Connected Isolated pores Fracture Mixed fluid
1 2 n pores (bound water)
0.0 2.2 - 8% W . C
vo o0 O N~ ® &
o5 y '] @/Vo Q/Q/o O/Q/O Q/ |

g 513':55 0%7 U%JH;@} 9’:’@%@@

Rock matrix Porous dry rock Fractured dry rock Saturated fracturcd rock

Figure 1.5: Anisotropic rock physics modeling flow chart of a fractured tight

sandstone reservoir [30].
I-5 Static petrophysical properties
I-5-1 Porosity
Porosity is a small volume or group of pores that fluids can occupy in rocks. The term
"pore™ in its broadest sense refers to an indiscernible porous space. Cavities are characterized
according to their form factor (the ratio of smallest to biggest dimension). In some
circumstances, we talk about pores and fissures. In the strictest sense, stomata are convex
cavities, whereas fissures are cavities with a very low aspect ratio and insignificant thickness
[31], [32]. Bernabé's method, as detailed by Fredrich et al.

Fontainebleau sandstone, a clay-free granular rock, as having three types of pores in a three-

(1993), characterizes

dimensional network. The primary pores, located at grain intersections, form the majority of
the pore volume but do not allow fluid flow. Fluid movement occurs when these primary
situated

pores are linked by elongated cylindrical voids, termed "tubes" or "fissures,"

between two or three grains. (Figure 1.6 and Figure 1.7) [33], [34].
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Figure 1.6: Porosity in sandstones, a) ME image of the resin-filled pore network of a
Fontainebleau sandstone with 4% porosity after acid dissolution of the grains [35], b)
Porosity model in sandstone from Bernabé (1991) [33].

b)

a

Figure 1.7: a) porosity diagram in sandstone [36], b) porous network model (tubes
and nodal pores) [37].

I-5-1-a Measure of porosity after crushing and saturation
Crushing a rock yield only the solid matrix and voids between grains. Determine the

volume of the solid (Vs) and calculate the using the total volume of rock V (solids + voids).
Equation (I-3) gives this result.
Vs
b=1-_ -
. (1-3)
When the test sample achieves maximum saturation, the effective porosity or

associated porosity can be calculated. To accomplish this, samples are weighed before and
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after saturation. Assuming the wetting liquid penetrates the full linked pore space, the mass
difference observed is the mass of the liquid, i.e. its density (p) multiplied by the pore volume

(Vp). If the sample’s volume V is known [38], the porosity is given by equation (1-4) below:
o =2 (1-4)

I-5-1-b Connectivity

A porous medium can have two forms of porosity: total porosity (¢7) and effective
porosity. Both are dimensionless and given as percentages. The former is the ratio of void
volume to total medium volume, but knowing this does not tell you anything about the voids'
dimensions, distribution, or connectedness. The effective porosity (¢g) refers to the porous
network through which fluids can flow. Low aspect ratio pores (cracks, grain boundaries,
channels) have intrinsic control over fluid flow across the porous network. High aspect ratios
and holes at the path's end help to retain fluids effectively (Figure 1.8) [39], [40].

capillary
bridze

unconnectad

porss

Figure 1.8: Different types of pores [40].

I-5-1-c Pore Size Distribution

Pore size distribution in porous media is an important component in determining the
pore space within a soil or determination substance. Pores vary in size, ranging from tight
constrictions known as pore throats to wider regions known as pore bodies. Pore size
distribution is analyzed using a variety of techniques, including mercury intrusion
porosimeter and adsorption isotherms. The idea of pore size distribution attempts to reflect
the complex geometry of flow channels in porous media, recognizing that pores are
interconnected and cannot be easily characterized as separate entities. There is no single
definition of "pore diameter" or "pore size," but each method determines a pore size using

the pore model that is most suited to the quantity observed in the specific experiment. Pore
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spaces are often limited to the pore space confined between solids [29], [41].
I-5-1-d Pore shape

Pore shape assumptions are frequently made, with ellipsoidal or thin spherical pores
being the most common. With pore openings serving as pathways for fluid flow inside the
porous matrix. The intricacy of pore structures, such as micro nanoscale radii and
connectivity, influences hydraulic conductivity and retention capacity in porous media.
Understanding pore form is critical for investigating fluid flow, permeability, and other

transport phenomena in porous materials (Figure 1.9) [42], [43].

Pore Throat \g_/a\’

Pore body

Figure 1.9: Schematic representation of pore body and pore throat [41].

I-5-2 Tortuosity

In order to account for the relationship between pores and the complexity of the
continuous fluid path through the pores, which affects the medium'’s transport qualities, we
define the tortuosity T. The term "tortuosity"” refers to the interconnectivity and sinuosity of
the pore space and how it influences the transport processes that occur via porous media
[44].

The tortuosity T is a dimensionless number defined as the ratio between the length L'
of a current line separating two points and the distance L between these two points

(Figurel.10), the tortuosity is mathematically expresses by equation (I-5) as follows:

T=% (I-5)
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Figure 1.10: Diagram of tortuosity [40].
T can also be expressed as a function of the porosity ® and the formation factor F:

T=Fo (1-6)
Kozeny and Carman related tortuosity to grain size D and permeability K [40], as

shown in the formula (I-7):
T =AC?2_ (1-7)

Where:

- T represents the tortuosity.

- A'is a constant.

- C is the Kozeny-Carman constant.

- D stands for the grain size.

- Krepresents the permeability.
I-5-3 Saturation

Saturation is defined as the ratio of the volume of a particular fluid to the pore space
volume within a rock, Equation (I-8) Usually this is fresh or salt water, but sometimes liquid
or gaseous hydrocarbons or other gases (CO., H2S, etc.) will partially fill these pores.

Porosity, which denotes the capacity of rock to hold fluids, is directly linked to
saturation. It represents the total pore space available, while saturation indicates the fraction
of this space occupied by a specific fluid. For instance, a water saturation of 10% implies
that one-tenth of the pore space is filled with water, while the rest may contain oil, gas, or
other substances.

Saturation data is commonly expressed as a percentage and is crucial for estimating

the total hydrocarbon volume in place. The thickness of the reservoir rock, along with its
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porosity and saturation, influences the overall hydrocarbon reserves. Moreover, knowledge
of saturation is essential for determining factors such as recovery potential and production
rates, which directly impact the economic viability of a reservoir [45].

Vp=Vo+Vw+Vg (1-8)
Where:
V/p: pore space volume
Vo: volume of oil
Vw: volume of water

V/g: volume of gas

Therefore:
Water (Sw), oil (So) and gas (Sg) saturations are given by equations (I- 9), (1-10), (I-
11) respectively:

W
Sw =_—_ -
W= (1-9)
Vo
So =_ -
0= (1-10)
Vg
Sg =2 -
9= (1-11)

The total saturation of the reservoir is constrained by the relationship equation (I- 12):

Sw+So +Sg =V — (I- 12)
Vp

Furthermore, the concept of hydrocarbon saturation (Shc) is significant, particularly in
assessing the presence of oil and gas within a reservoir.

Hydrocarbon saturation is given by formula (1-13).

Shc=1-Sw (1-13)
Where Syhc is the hydrocarbon saturation in (%). When the hydrocarbons were
introduced into the trap, they displaced a large part of the original water, leaving only a non-
displaceable volume of water in the hydrocarbon zone known as irreducible water (Swi)
[46],[47].
I-5-3-a Irreducible water saturation
The irreducible saturation (Swir) of a fluid is the minimum saturation of that fluid
attainable when that fluid is displaced from a porous medium by another immiscible fluid.
Water is typically the wetting fluid in oil or gas reservoirs, so a layer of adsorbed water

coats pores surface. Formations at irreducible water saturation cannot produce water until
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water invade into the reservoir after some oil or gas has been withdrawn.
The surface area-to-volume ratio of pores influences Swir, with smaller pores exhibiting
higher irreducible water saturation due to their larger relative surface area. Consequently, in
formations with small pores, Swir may reach 1.0, leaving no space for oil or gas accumulation
[48].
I-5-3-b Critical oil saturation

For the oil phase to flow, the oil saturation must exceed a certain value, known as
critical oil saturation (COS). At this particular saturation, the oil remains in the pores and,
for all practical purposes, will not flow. After this saturation, oil will flow [49].
I-5-3-c Residual oil saturation

Oil remaining in the reservoir rock following the flushing or invasion process, or at
the end of a specific recovery process (displacing crude oil in the porous medium by injecting
or impinging water or gas), is quantitatively characterized by a saturation value exceeding
the critical oil saturation. This saturation value is called residual hydrocarbon saturation
(Sor). The term residual saturation generally pertains to the non-wetting phase when it is

displaced by a wetting phase [50].

I-5-4 Interfacial tension

Interfacial tension in porous media has an impact on the liquid pressure required to
flow through holes as well as the capillary pressure between immiscible phases (Figure 1.11)
Interfacial tension is caused by cohesive forces between liquid molecules at the interface.
The creation of the contact area (Aafl) between the two phases (o and B) results in a change
in the Gibbs free energy (AG), as described in equation (1-14) [51],[52],[53].

aG
ZaB = m) T,P,n (1-14)
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Figure 1.11: Intermolecular Forces as They Effect Interfacial Tension [54].

I-5-5 Capillary pressure

Capillary pressure is the difference in pressure between immiscible fluids like oil and
water. When a porous medium is saturated with non-wetting Fluid 2 and contacted by
wetting Fluid 1, Fluid 1 intrudes, displaces Fluid 2, and achieves equilibrium through
imbibitions, where Fluid 1 occupies pore spaces with maximum interfacial curvature (Figure
1.12) [55]. The Laplace equation (I-15) can determine the pressure differential known as
capillary pressure (Pc).
Pc=o (i+ b = Pnw — Pw = Pc = 20cos8/r (1-15)

1201 72

Where:

e Pcis the capillary pressure,
e 012 is the interfacial tension between the two fluids,

e 6 is the contact angle between the fluid-fluid interface and the solid surface (pore

wall),

e risthe radius of the pore throat.
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Figure 1.12: Rise of liquid in a capillary tube [56].
I-5-6 Wettability

Wettability is the tendency of one fluid to adhere to a solid surface in the presence of
another fluid. When two immiscible fluids are in contact with a solid surface, one fluid is
usually attracted more strongly than the other fluid. The more strongly attracted phase is
called the wetting phase [57]. Wettability results from the interaction of two forces: cohesive
forces within the liquid, which work to limit its surface area and keep it in a compact form
and adhesive forces between a liquid and a solid, which cause a liquid to spread across the
solid surface.

The angle at which the fluid/fluid interface meets the solid surface, is used to quantify
wettability. The contact angle for a liquid drop placed on a surface (Figure 1.13) [58], follows
the Young equation (1-16):

oow-cos B¢ = 0os— Ows (1-16)

With: oow, 0os, €t ows are respectively the interfacial tensions for oil/water, oil/solid

and water/solid systems.
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Figure 1.13: Wetting Angles for Various Wetting Properties [59].
This describes the other characteristics (interfacial tension and contact angle) and the
wetness condition. In the context of multiphase flow at the pore scale, the non-wetting phase
is defined as shown in table (1.2) below:

Table 1.2: Rock wettability profiles according to the contact angle [60].

Contact angle range Less than 90° More than 90° Nearly 90°

Rock wettability state Water-wet Neutral (intermediate) wettability| Oil-wet

I-5-6-a Wettability Classification
» Single-phase wettability

Reservoir rocks are generally considered to be water-wettable before the displacement
of hydrocarbons by density differences. Water will cover the pore surface and saturate the
smaller holes if the medium has a strong affinity for it, whereas droplets of oil will be
detected in the middle of the bigger pores. The liquid distribution in a frank oil wettability
situation is the reverse of a frank water wettability situation. The oil covers the surface of
the large pores and saturates the microscopic pores. The adsorption of some of the molecules
that comprise the crude oil on the grain surface causes the state of frank wettability with oil.
The various interactions between the rock matrix, the aqueous phase, the oil phase, and its
components give rise to different types of wettability.

The wetting state turns neutral if the rock has no affinity for either the water phase

or the oil phase [61].
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» Fractional Wettability

The notion that diverse forms of wettability exist in reservoir rock was inspired by the
discovery that adsorbable crude oil components can change the wettability of rock. Brown
and Fatt [62] suggested fractional wettability, often known as heterogeneous and spotted
wettability. When there is fractional wettability, some parts of the rock are strongly adsorbed
with crude oil components, making that piece of the rock strongly oil-wet and the remaining
portion strongly water-wet [63].

» Mixed wettability

Mixed wettability is a condition where both oil and water can wet the rock surface
simultaneously. This can be seen in systems where smaller pores are water-wet and filled
with water, while larger pores are oil-wet and filled with oil.

Interest in wettability arises from its significant impact on the distribution of
immiscible fluids in porous media and the impact of this distribution on the movement of

these fluids [64], (Figurel.14) shows the different states of wettability in porous media.

Figure 1.14: Types of wettability in porous media: a) Free water wettability, b)

Fractional wettability, c) Free oil wettability [65].
Conclusion
To conclude this chapter in which we provided an overview of porous media and
conducted a bibliographic search covering their various classifications, multiphase dynamic
flow phenomena, and their basic petrophysical properties. We have studied the critical role
of factors such as porosity, permeability, saturation, surface tension, and wettability in

controlling the behavior of fluids within porous media.
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Chapter II: Preferential flow pathways and oil recovery strategies

Introduction

This chapter delves into the dynamic fluid behavior within porous media,
encompassing fundamental concepts such as reservoir relative permeability, its
measurement techniques, and advanced oil recovery strategies. Through a comprehensive
examination, the aim is to unravel the intricate relationship between pore geometry and oil
recovery, investigating the ways in which fluid preference flow paths impact the multiphase
flow, recovery and phase trapping in reservoir pores. As well as to clarify the complexities
of fluid flow in porous media and provide insight into innovative strategies for optimizing
hydrocarbon recovery.

I1-1-Permeability

The term "permeability” refers to a rock's capacity and ability to transmit fluids. Which
is influenced by the size, shape, distribution, packing, and level of cementation and
consolidation of the grain? It controls also the directional movement and flow of the reservoir
fluids.

Permeability is also influenced by the kind of cementations material or clay that lies
between the grains of sand, especially in areas where freshwater is prevalent. Certain clays,
especially smectites and montmorillonites, have a tendency to swell in fresh water, seep
partially or entirely into the sand, and subsequently partially or totally clog pores [66].

In 1856, Henry Darcy investigated the flow of water through sand filters for water
purification, he observed that the flow rate of water is proportional to the cross-sectional
area of the sand pack A, the pressure difference and its length and to convert this
proportionality to an equation (Equation I1-1), a constant K must be introduced, which was

found to be characteristic of the sand pack.

Q=K.A. ATP (11-1)

Darcy's investigations were confined to the flow of water through sand packs, which
were entirely saturated with water.

Later, investigators found that it could be extended to other fluids as well as water by
splitting the constant K into a component k, which is a property of the sand pack (or rock)
and the viscosity of the fluid.

At the first World Oil Congress in 1933. The equation (11-2) was named Darcy Law.

And the constant k was termed permeability [57]. Hence, the equation becomes:

Q=£A. 2 (1-2)
u L
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Where:

Q: Flow cm?¥/s.

k: Permeability of porous rock, Darcy, 1 darcy = 1 (um?).

A: Cross-sectional area of rock, cm2.
w : Fluid viscosity, centipoises (cP).
L: Length of rock sample, cm.

AP: Deferential pressure (atm).

The unit of permeability is called Darcy (D). For most reservoirs, the permeability is

less than 1 Darcy; therefore, it is common to use md [57].

The range of permeability’s encountered is very wide, from 0.1 mD to over 10 D, the

following table 11.1 can be used to specify the permeability values [67]:

Table 11.1: Permeability range classification [67].

Permeability values

Classification terms

range
<1mD Very low (Tight)
1to 10 mD Low
10 to 50 mD Poor
50 to 200 mD Average
200 to 500 mD Good
> 500 mD Excellent

11-1-1 Absolute permeability

The permeability, ka in the equation (l1-2)is called the “absolute” permeability or

specific permeability, is defined when only a single fluid or phase flows through a porous

medium, the rock is 100% saturated with it [68].

11-1-2 Effective permeability

In practice, in hydrocarbon deposits, there are always at least two fluids present (water

and hydrocarbons). Darcy's law can then be used to define an effective permeability for each

fluid. (Kefro, Ketrg, OF Ketrw Deing oil, gas, or water effective permeability, respectively).

The effective permeability of a rock refers to its ability to allow a specific fluid to flow

when other immiscible fluids are present.

Reservoir fluids interface with each other during their movement through the porous
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channels of the rock. Consequentially, the sum of the effective permeability’s of all the
phases will always be less than the absolute permeability [66], [67].
11-1-3 Relative permeability

In the presence of more than one fluid in the rock, the ratio between the effective
permeability of any phase and the absolute permeability is called the “relative” permeability
(kr) of that phase [66].

On this basis, relative permeability is given by the following equation (11-3):

Ketti

Kri= (n-3)

Ka
Where:
i: represents the fluid phase oil, water or gas.
Kess: represents the relative permeability

Ka: represents the absolute permeability

Il -1-4 Permeability Classification according to the origin and formation process
I1-1-4-a Primary permeability

Primary permeability, also referred to as matrix permeability, is the permeability that
originates during the deposition and lithification (hardening) processes of sedimentary rocks.
This type of permeability is inherent to the rock formation and is established at the time of
its formation [66].
I11-1-4-b Secondary permeability

Secondary permeability, on the other hand, arises from the subsequent alteration of the
rock matrix. This alteration can be caused by various geological processes, such as:
Compaction, Cementation, Fracturing and Solution. In some reservoir rocks, particularly
low-porosity carbonates, secondary permeability is the main flow path for fluid migration
[66].
Il -1-5 Factors affecting permeability
Shape and size of rock grains

They significantly impact the permeability of a rock. Large, flat grains aligned
horizontally (Figurell-1-A) result in high horizontal permeability and medium-to-large
vertical permeability. In contrast, large, rounded grains (Figurell-1-B) lead to high
permeability in both directions. Small, irregularly shaped grains (Figurell-1-C) typically
result in lower permeability, particularly in the vertical direction, which is common in

petroleum reservoirs. These reservoirs are classified as anisotropic due to their directional
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permeability, which significantly influences fluid flow characteristics. The difference in
permeability between parallel and vertical directions to the bedding plane is primarily due
to the sediment’s origin, where grains settle with their longest and flattest sides in a horizontal
position. Subsequent compaction further enhances the ordering of grains, resulting in a

general alignment in the same direction [69].

Figure I1.1: Effects of grains shape and size on permeability: A. Large, Flat Grains, B.
Large, Rounded Grains, and C. Very Small Irregular Grains [69].

> Lamination

As minerals and shale layers, can impede permeability by obstructing fractures,
jointing, and vertical solution channels when filled with clay or other minerals. The
significance of clay minerals in regulating permeability is not solely tied to their prevalence
but also to their mineralogical characteristics and the composition of pore fluids. If clay
minerals covering grain surfaces undergo expansion or detachment due to alterations in pore
fluid chemistry or infiltration of mud filtrates, a substantial decrease in permeability is
expected [66].
> Cementation

Figure (I1-2) illustrates how the degree of cementation and the placement of the
cementing material, in addition to its precipitation inside the pore space, affect the
permeability and porosity of sedimentary rocks. Where the grains without clay (a) perform
a higher permeability (Kh = 1000 mD, Kv = 600 mD) than the grans with clay (b) (Kh = 100
mD, Kv =25 mD).
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Figure 11.2: Effects of clay on permeability: a. Sand grains without clay, b. Sand grains
with clay [70].
» Solution and fracturing

In sandstone rocks, fracturing is not a significant factor contributing to secondary
permeability, with the exception of situations in which sandstones are bound together with
dolomites, shale’s, and limestone regarding carbonates.

The permeability of the reservoir rock is increased by the dissolution of minerals that
are carried by surface and subsurface acidic waters as they move through primary pores,
which can enlarge existing pore spaces or create new ones, thereby increasing permeability.
The development of cracks and fissures within the rock creates additional pathways for fluid
flow [71].

Il -1-6 Permeability measurements

There are two methods for determining relative permeability’s the unsteady-state
method (displacement method) and the steady-state method (Permanent flow method).
Displacement Method

The relative permeability calculation relies on the work of Buckley & Leverett (1942)
[72], with additions provided by Welge (1942) [73] to ascertain the average saturation
downstream of the displacement front and the saturation value of the displacement front.
One liquid is replaced with another to take measurements. Darcy's velocity equation and
those found in the literature, including the JBN approach [74], and are used to compute the
properties on the flow's outlet side.

Consider a homogeneous medium with the following characteristics: A is the cross-
sectional area, L sample length, ® porosity with irreducible water saturation. The method is
based on the displacement of oil by water at a constant flow rate.

Water is injected through the plug. The oil is displaced first, however, just after the
water breakthrough; both oil and water are produced at the same time. The method is called

unsteady state because the saturations of the two phases change throughout the water
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injection. If a constant flow rate is used, the pressure drop across the sample will change as
the proportion of flowing brine increases, and if a constant flow pressure is used, both phase

saturation and flow rate will increase [75], the process is shown in (figurell.3).

Core Saturation
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Figure 11.3: Schematic illustration of an unsteady state relative permeability determination
method [76].

Permanent flow method

The steady-state relative permeability test is a method used to determine the
permeability of oil or water in a mixture, schematically illustrated in (figurell.4). It involves
determining the porosity of the sample, flushing oil through a saturated core, and calculating
the permeability of the core to oil using the Darcy’s Law. Oil and water mixtures of varying
proportions are then flushed through the core, with the final flush being with brine to obtain
the permeability at residual oil saturation. The test continues at a constant flow rate until a
constant differential pressure is achieved, typically one to three days. The permeability’s of
oil or water are calculated using the pressure drop across the core and the flow rate of each
phase. Samples are typically enclosed in heat shrink wrap or tubing to limit errors due to
fluid evaporation or grain loss. Thorough mixing of the oil/water mixture is provided by
mixing heads at each end of the sample. Commercial laboratories usually obtain steady-state

data at five saturation points, including residual water and residual oil saturation [75].
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Figure 11.4: Schematic illustration of a steady state relative permeability determination
method [76].

11-1-7 Effect of wettability on relative permeability

Relative permeability’s for water-wet and oil-wet rocks have been extensively studied.
(Figurell.5) illustrates two common trends in relative permeability curves, where the
performance of relative permeability’s is plotted against the water saturation of the system.
A quick, qualitative analysis of rock wettability is performed based on the point of
intersection between the water and oil relative permeability curves. It had shown that rock
is highly wettability to water when the point of intersection between the relative permeability
to water and that to oil is above 50% of water saturation. For highly oil-wettable rock, the
point of intersection of the two relative permeability curves is less than 50% of water
saturation. When the point of intersection of the two relative permeability curves is at 50%,

it represents the forehead of displacement [68].
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Figure 11.5: schematic representation of the relative permeability curve [68].

In oil-wet systems, the relative permeability of oil (kro) significantly decreases while

the curve of relative water permeability (krw) increases rapidly. This occurs because oil

tends to wet the rock surface in larger pores, while water readily displaces the oil present in

these areas. In such systems, krw can reach values greater than 0.5 (Figure 11.6) [76].
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Figure 11.6: Typical relative permeability curves of an oil-water pair for an oil-wet system

[76].

Conversely, in water-wet systems, water prefers to remain in smaller pores, leading to

a tendency for krw to remain low. Conversely, oil becomes trapped in larger pores, blocking
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the main flow channels. Therefore, when water is injected, oil will be continuously produced
until water starts to significantly bypass the residual oil, thereby increasing the residual oil
saturation. This type of system typically retains between 20 and 50% of the original oil in
place. (Figure 11.7) [76].
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Figure 11.7: Typical curves for the relative permeability of an oil-water pair for a water-

wettable system [76].

11-1-8 Effect of capillary number on relative permeability
At the pore scale the ratio of viscous forces to capillary forces, or the capillary number

Ca, is used to represent the trapping phenomenon. (Equation 11- 4):

Ca=2 (11-4)

g

With: n is the viscosity of the displacing fluid, v is the fluid velocity, o is the interfacial
tension between water and oil; this is typically 50mN/m which corresponds to a capilary
number of 10-8. Thus, low capillary number values are the conditions under which the two-
phase flow regime (oil/water) occurs within porous media [77].

R.A. Fulcher, Jr. conducted series of relative permeability measurements to determine
whether the capillary number causes changes in the two-phase permeability’s or whether one
of its constituents, such as flow velocity, fluid viscosity, or interfacial tension (IFT), is the
controlling variable.

The results of the experiment demonstrated a relationship between the capillary

number and the relative permeability of the no wetting phase (oil). The oil permeability

Page 28



Chapter II: Preferential flow pathways and oil recovery strategies

sharply rose when IFT dropped. On the other hand, the oil's flow decreased as the viscosity
of the water rose. The opposite capillary number effect was seen for the wetting-phase
(water) relative permeability. The water permeability rose for both the tension reduction and
the viscosity rise (i.e., an increase in capillary number). On the other hand, the increase in
the oil curves with a decrease in IFT was greater than the increase in water. There were no

observed velocity effects [78].

11-2 Preferential flow path

Preferential flow paths are channels or pathways inside porous media that fluids prefer
to follow for a variety of reasons, including the medium'’s structure, the fluids' characteristics,
and pressure gradients. These channels are critical in oil recovery procedures because they
influence fluid movement and distribution within the reservoir, which affects total extraction
efficiency characterizing optimal flow routes is critical for optimizing oil recovery
techniques because it identifies places where fluids are more likely to flow and where

injection strategies can be targeted to maximize oil recovery (Figure 11.8).[79].

Figure 11.8: Conceptual drawing of three types of preferential flow [80].

11-3 Oil recovery

Oil recovery, also known as petroleum recovery or oil production, is the extraction of
crude oil from subsurface reservoirs for a variety of industrial and commercial applications.
It entails a variety of strategies targeted at increasing the amount of oil that can be retrieved
from a reservoir.
11-3-1-Primary recovery

Primary recovery is the first stage of oil extraction such as gas drive, water drive or
gravity drainage that uses natural reservoir pressure to force oil to the surface without

external assistance (figure 11.9). It normally recovers approximately 10% of the oil in a well.
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Primary recovery is limited when reservoir pressure falls to an economically viable level or
when the production stream contains a substantial proportion of gas or water. The primary

recovery is expressed mathematically by Darcy's law [81], [82], [83].
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Figure 11.9: Primary recovery [84].

11-3-2-Secondary recovery

Secondary recovery in reservoir engineering refers to approaches for increasing
hydrocarbon recovery after first recovery. These procedures aim to maintain reservoir
pressure while displacing hydrocarbons towards the wellbore. Water flooding and gas
flooding are two common procedures for secondary recovery. Water flooding is an
immiscible displacement procedure where water is pumped into the reservoir to transport oil
to producing wells. Gas flooding can be immiscible or miscible, depending on the procedure
(Figure 11-10). Secondary recovery can produce 15% to 40% of the original oil in place.
Fluid injection techniques, including water flooding, liquid hydrocarbon injection, and in-
situ combustion, are used to increase recovery rates. The choice of procedure depends on
characteristics such as oil viscosity, rock porosity, and reservoir depth [85], [86], [87]. In its

simplest form, the material balance (equation 11-5) can be expressed as:

__ 00IP—Rfw
- KFr

Np (11-5)

Np : is the cumulative oil production.
OOIP: isthe original oil in place.
Rfw: is the formation water produced.

RF: is the recovery factor.
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11-3-2-a Water flooding

Water flooding involves injecting water into reservoirs to displace hydrocarbons and
push them towards production wells. The injected water, acting as a driving force, helps push
oil towards the production wells, increasing hydrocarbon recovery rates. This method
maintains reservoir pressure, maximizes oil displacement and improves production
efficiency. Petroleum engineers meticulously design water flooding operations to ensure
effective reservoir sweep, minimize steering and maximize ultimate oil recovery [85], [87].
11-3-2-b Gas Flooding

Gas flooding involves injecting gas, often carbon dioxide (CO2) or natural gas, into
reservoirs to support hydrocarbon recovery. By displacing oil and mobilizing it towards
production wells, the injected gas acts as a driving force to improve extraction efficiency.
Gas flooding operations aim to maintain reservoir pressure, reduce fluid viscosity and
improve oil displacement. Consideration of reservoir parameters, gas injection rates, fluid
properties and geological heterogeneity is essential to the effective design and execution of
gas flooding projects, helping to ensure maximum hydrocarbon recovery while minimizing

operational risks and environmental impacts [86], [87].

Production Well

Injection Well

Figure 11.10: Illustrating water flooding technique of secondary recovery [88].

11-3-3-Tertiary Recovery
Tertiary recovery, also known as Enhanced Oil Recovery (EOR), is used in formations
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with low recovery factors and producing wells that have lost efficiency due to aging. Tertiary
recovery entails altering the physical and chemical properties of rocks and formation fluids
in order to recover the remaining crude oil underground. Tertiary recovery uses advanced
techniques including thermal recovery, gas injection, chemical flooding to increase oil
recovery rates, and steam-assisted gravity drainage as shown in Figure Il.11.Tertiary
recovery aims to maximize the amount of crude oil recovered from reservoirs; especially as
standard recovery techniques reach their limits. Tertiary or EOR methods, such as chemical
injection, thermal extraction and gas injection, can recover an additional 5% to 20% of the
crude oil recovered from the reservoir [89], [90], [91], [92]. (The equationll-6) for tertiary

recovery vary on the specific EOR approach being used.

EOR = (RFEOR — RFsecondary) X 00IP (11-6)
EOR: is the additional oil recovered through EOR methods.
RFeor: is the recovery factor achieved with EOR.
RFsecondary: 1S the recovery factor achieved with secondary recovery methods.
11-3-3-a Thermal enhanced oil recovery
Thermal enhanced oil recovery (EOR) strategies rely on the use of heat to enhance the
extraction of heavy and viscous crude oil from reservoirs, especially those with challenging
characteristics such as high oil viscosity and low permeability. One widely used approach
involves steam injection, where steam is introduced into the reservoir to heat the oil, reducing
its viscosity and improving its mobility for extraction through production wells. In-situ
combustion is another method that utilizes the injection of air or oxygen to ignite the oil,
generating heat and creating a combustion front to push the oil towards production wells.
Thermal EOR techniques also increase reservoir expansion, which helps displace oil.
However, successful implementation requires careful reservoir analysis, temperature
monitoring and operational management to mitigate potential risks such as steam penetration
and damage to petroleum reservoirs [89],[90].
11-3-3-1-a Steam injection method
Steam injection is an advanced thermal Enhanced Oil Recovery (EOR) technique that
injects steam into oil reservoirs to lower viscosity and improve mobility. It is especially
useful for heavy or ultra-heavy oil. It can obtain a recovery factor of 50-60% OOIP, which
is much greater than hot water injection. Technological advancements such as nitrogen
thermal foam flooding and the use of nanoparticles and biopolymers can help to increase

efficiency even further. Key issues include regulating steam override, reducing thermal
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energy losses, and maintaining efficient steam generators, therefore operational and
economic considerations are crucial for effective adoption [93].

The thermal energy Q needed to be transferred to heat a reservoir during steam
injection is determined by the equation (11-7) the oil production rate ¢ during @ Steam drive

process can also be calculated by equation (11-8):

Q = VbMRAT (11-7)

dVs ,Soi Sors
qo =¢.— (——
dt Boi Bos

) (11-8)

Where:

e Q:Heat energy transferred (Joules, J).

e VDb: Bulk volume of the reservoir (cubic meters, md).

e MR: Volumetric heat capacity of the reservoir (J/ms3-°C).
e AT: Temperature difference between the injected steam and the reservoir (°C).
e go: Oil production rate (m?3/s).

e ¢: Porosity of the reservoir (%).

e dVs: Rate of change of the steam swept volume (m?/s).
e Soi: Initial oil saturation (%).

e Boi: Initial oil formation volume factor.

e Sors: Residual oil saturation after steam drive (%).

e Bos: Oil formation volume factor after steam drive.

Challenges in steam flooding incorporate steam abrogate and extreme nuclear power
misfortunes, which can happen because of misfortunes in surface lines, steam section into
wells, and inside the supply. Optimal steam flooding necessitates certain criteria as follows
[93]:

High viscosity oil: Steam flooding is very successful in reservoirs with heavy or ultra-
heavy oil because the thermal energy from the steam significantly reduces oil viscosity,
enhancing flow.

Steam quality: The steam quality, or the ratio of steam to water, is crucial. High-
quality steam (with a higher steam concentration) is preferred to maximize thermal
efficiency while reducing the amount of water produced alongside the oil.

Heat management: Proper heat management is critical. This includes reducing heat
losses in surface lines, maintaining proper steam injection temperatures, and managing heat

distribution inside the reservoir to avoid steam override and channeling problems.
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Figure 11.11: Recovery process and mechanism of SAGD [94].

I1-4 Relationship between oil recovery and pore geometry

The interplay between pore geometry and oil recovery in porous media reservoirs can
be established by grasping how pore-scale structures interact with fluid dynamics and how
each aspect of pore geometry particularly influences oil recovery, either by reducing it or
increasing it, as follows:
11-4-1 Pores size

Larger pores provide less resistance to fluid flow, resulting in higher fluid mobility
and permeability, leading to higher initial recovery rates. However, narrow pore sizes can
cause bypassed areas, ineffective sweeping, and reduced recovery efficiency. By modulating

pore throat accessibility, capillary pressure, and fluid storage capacity [95].

11-4-2 Pores shape

The shape of pores affects the tortuosity of fluid flow paths. Surface area-to-volume
ratios and capillary forces as Uniform and well-defined pores have better fluid sweep
efficiency, while complex, irregular, or tortuous pores may require more sophisticated

recovery methods because they can impede fluid flow and increase flow resistance [96].

11-4-3 Pores connectivity
Fluid movement, migration, and efficient exchange between pores are made possible

by the high pore connectivity, which promotes uniform fluid distribution and reservoir
sweep. Throughout the primary and secondary recovery phases, improved overall recovery

factors and a reduced chance of bypassed areas are a result of improved connectivity [97].

11-4-4-Pores tortuosity
Tortuous pore structures result in lengthening the effective path for fluid flow, thus

lowering flow rates and performing less permeability by reducing sweep efficiency and
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impeding fluid motion in complex pore networks. However, moderate tortuosity can enhance
oil recovery by creating additional contact points between injected fluid and trapped
hydrocarbons, promoting effective fluid-rock interaction and oil displacement, increasing

surface area, and enhancing capillary forces [98].

11-4-5-Pore Size Distribution

The distribution of pore sizes affects a reservoir's ability to store and access fluids,
with wide dispersion leading to uneven fluid saturation. Well-defined and narrow-pore-size
reservoirs have higher recovery efficiency and uniform distribution, while extensive
distributions may cause unequal fluid saturation [99].
11-4-6-Heterogeneity

The variations create preferential flow paths and encourage fluid movement, leading
to a more effective sweep of hydrocarbons within the reservoir. Channels formed by high-
permeability zones in heterogeneous reservoirs facilitate the movement of injected fluids,
such as water or gas, enabling them to access and displace oil from previously unreachable
areas. Additionally, it can lead to the creation of natural fractures or faults, which act as
conduits for fluid flow and increase connectivity.

Conversely, it poses difficulties for fluid sweep and recovery because it might cause
some areas to flow more preferentially than others. As fluid channeling, bypassing of oil-
rich zones, and the formation of stagnant regions. Channels or fractures may act as shortcuts
for injected fluids, resulting in premature breakthrough and consequently decreasing sweep
efficiency as large volumes of fluid bypass oil-rich zones without adequately displacing
hydrocarbons [96].

I1-5 Pore-Scale phenomena in fluid flow

11-5-1 Snap-Off phenomenon

Snap-off occurs when a wetting fluid (water) displaces a non-wetting fluid (oil),
trapping it in isolated pockets or ganglia within pore spaces. The non-wetting phase detaches
from the wetting phase as a result of the cooperation of capillary and viscous forces. This
process is influenced by the geometry of the trapped oil pockets, with narrow pores or throats
showing more noticeable snap-off (Figure 11.12), where capillary forces predominate due to
higher capillary pressures and the curvature of fluid interfaces. Primary recovery results in
lower sweep efficiency, leaving residual oil in the reservoir. In secondary recovery methods,

snap-off can enhance recovery rates by mobilizing stored oil and thus displacing it [100].
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Figure 11.12: Snap-off diagram in a pore groove: The solid is black, the water is grey and
the gas is white [101].
11-5-2 Jamin effect phenomena

The resistance that the presence of bubbles creates to liquid flow in capillaries is
known as the Jamin effect. The oil's movement toward a production well is found to be
delayed by the Jamin effect (Figure 11.13) [102].

It occurs due to the curvature of the fluid-fluid interface at the pore scale, leading to
variations in capillary pressure within the pore spaces that alter the fluid distribution and
flow characteristics.

Significant Curvature in pores can raise capillary pressures, restrict fluid flow, and trap
fluids, reducing rock permeability. Following displacement procedures, the trapped oil zones
cannot be accessed, resulting in lower sweep efficiency and reservoir oil recovery.
Secondary recovery methods, like water flooding, affect displacement efficiency by
changing the fluid distribution and decreasing mobility. The Jamin effect is crucial for
maximizing fluid displacement and oil recovery rates in tertiary recovery. Engineers can
improve sweep efficiency by adjusting injection rates, fluid properties, and reservoir

conditions to mobilize trapped oil [103], [104].
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Figure 11.13: Trapped capillary drop: Jamin effect [105].
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11-5-3 Bypass phenomena

Bypass phenomena occur when a fluid phase, like gas or oil, is not effectively
recovered or displaced during fluid injection procedures in porous materials. This occurs due
to the preferred movement of the displacing fluid phase and the uneven distribution of fluid
flow paths due to heterogeneous pore structures, causing parts of the reservoir to be bypassed
or insufficiently swept. Because of ineffective fluid sweep during primary recovery,
bypassed zones may contain sizable volumes of trapped oil, which would reduce recovery
factors. Secondary recovery strategies aim to increase fluid sweep efficiency. Improved oil
recovery techniques aim to bypass oil by altering fluid characteristics to release trapped
hydrocarbons [29].

(b) — 00—0 — e
Non-Wetting

Phase
(¢c) — 000 — . Wetting
Phase

Figure 11.14: Bypassing phenomena illustration, a) Drainage Process, No Trapping, b)

Drainage Process, Bypassing in Smaller Throat, ¢) Imbibitions Process, Bypassing in
Larger Throat [29].
11-5 -4 Water block phenomena

A water block occurs when water infiltrates the area surrounding the well during a
drilling operation in a reservoir, leading to the formation of water barriers or blockages
within the pore spaces. Where the relative permeability is decreased [106].

Capillary pressures in pores with irregular shapes and smaller diameters increase water
blockage, preventing oil displacement. Interconnected pores facilitate water blockage
propagation. Reducing sweep efficiency during primary recovery and forming bypassed
zones for trapped hydrocarbons. In secondary recovery methods, water blockages may
reduce oil recovery and cause inefficient sweeping. While severe obstructions in reservoirs
can hinder enhanced oil recovery techniques, necessitating additional measures to improve

recovery rates [107].
Conclusion
In conclusion, the study of dynamic properties in porous media represents a

cornerstone in the field of reservoir engineering and hydrocarbon recovery. Throughout this
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chapter, we have explored the multifaceted nature of reservoir permeability, measurement
methodologies, and advanced recovery strategies. By delving into the intricate relationship
between pore geometry and oil recovery, we have gained insights into the complex interplay
of factors influencing fluid flow dynamics. Furthermore, the examination of fluid
preferential flow pathways and its several phenomenon’s’ have highlighted the importance
of understanding and mitigating potential flow barriers to optimize recovery efforts. As we
continue to advance our understanding of dynamic fluid behavior, we are poised to unlock
new avenues for enhancing hydrocarbon recovery and maximizing reservoir performance.
This information’s establish the groundwork for experimental procedures aiming at
understanding the influence of pore geometry on the relative permeability of water and oil,

as well as the effectiveness of oil recovery, which are explained in the next chapter.
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Conclusion and recommendations

The purpose of this study was to simulate and characterize the displacement of two-
phase (water-oil) flow in porous media and to explore the influence of pore geometry on oil
recovery. The study aimed to answer several critical questions:

e How does pore geometry affect the permeability and preferential flow of water
and oil?

e What is the impact of clay content on fluid pathways and oil recovery?

e How effective are different heat-based oil recovery techniques?

The literature review underscored the importance of understanding fluid flow
dynamics in heterogeneous porous media, the role of pore structure in oil recovery, and the
utilization of advanced visualization techniques to observe these processes in real-time. The
study employed a methodology that included measurements of porosity, relative
permeabilities, saturation, and incremental oil rates using powdered micromodels with
various pore sizes. Real-time visual observations were conducted using a PVC-mesofluidic
system to analyze fluid interactions at the pore scale.

Key findings of the study included that:

1. Larger pores provided less resistance to fluid flow, resulting in higher permeability.

2. Clay content significantly impacted fluid pathways, reducing diesel permeability
more than water permeability.

3. Heat-based oil recovery methods showed varied efficacy depending on pore
geometry.

4. Fromthe findings, several significant conclusions can be drawn:

5. Impact of Pore Geometry: The study confirmed that pore size and distribution
significantly influence fluid flow dynamics. Larger pores enhance oil recovery by
providing continuous pathways for fluid flow, whereas smaller pores can trap water
and impede overall flow. This insight underscores the importance of characterizing
pore structures in reservoir rocks to optimize oil recovery strategies.

6. Effect of Clay Content: The presence of clay within the porous media was found to
alter fluid pathways, favoring water flow due to its hydrophilic nature while
restricting oil flow. This phenomenon is attributed to the increased capillary forces
in clay-rich regions, which makes it more challenging for oil to displace water.
Therefore, clay content must be a crucial consideration in reservoir management and

the design of recovery methods.
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7.

Effectiveness of Heat-Based Recovery Techniques: Heat-based recovery methods,
such as steam injection, were observed to improve oil displacement efficiency.
However, their effectiveness was highly dependent on the specific pore structure of
the reservoir. This finding suggests that the success of thermal recovery methods can
vary widely and should be tailored to the reservoir's geological characteristics.
The conclusions of this study are consistent with previous research that highlights
the significant role of pore geometry and mineral content in influencing hydrocarbon
recovery. The finding that larger pores facilitate better oil flow aligns with existing
theories on permeability and fluid dynamics in porous media. Additionally, the
observed impact of clay content on restricting oil flow due to enhanced capillary
forces reinforces the importance of understanding the mineralogical composition of
reservoirs.
9. Advanced visualization techniques used in this study provided unprecedented
insights into fluid interactions at the micro-scale. These techniques allowed for more
accurate predictions of recovery efficiency and demonstrated the complex interplay
between pore structure and fluid dynamics. The real-time observations enabled a
deeper understanding of how different recovery methods interact with the reservoir
rock, which is considered a base for developing more effective extraction techniques.

Based on the study's findings, several recommendations can be made for practitioners

in reservoir engineering:

1.

Tailored Recovery Strategies: Develop recovery techniques that are customized to
the specific pore structures and mineral content of the reservoir.

This approach will ensure that the chosen method aligns with the reservoir's unique
characteristics, thereby maximizing oil recovery.

Advanced Visualization Techniques: Employ real-time visualization methods to
monitor fluid flow dynamics and adjust recovery strategies accordingly. This will
provide continuous feedback and allow for the optimization of recovery processes in
response to observed changes.

Clay Management: Implement strategies to mitigate the impact of clay on oil
recovery. Chemical treatments to alter wettability or mechanical methods to modify
pore structures could be effective in enhancing oil flow in clay-rich reservoirs.
Optimization of Heat-Based Techniques: Conduct preliminary assessments of pore
geometry before applying heat-based recovery methods. This will help predict their

efficacy and allow for the optimization of thermal recovery processes.
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Suggestions for Further Research
Future research should focus on:

Long-Term Field Studies: Conducting extended field studies to validate laboratory
findings and assess the long-term effectiveness of tailored recovery strategies. These studies
will provide practical insights and help refine recovery techniques for real-world
applications.

Advanced Materials and Nanotechnology: Exploring the use of advanced materials
and nanotechnology to modify pore structures and enhance fluid flow. Innovations in
material science could lead to new methods for improving oil recovery in challenging
reservoir conditions.

Environmental Impact Assessment: Evaluating the environmental impact of different
recovery techniques and developing more sustainable methods. This is crucial for ensuring
that oil recovery processes do not adversely affect the environment.

In conclusion, this study has provided valuable insights into the influence of pore
geometry and mineral content on fluid flow dynamics and oil recovery. By leveraging
advanced visualization techniques and tailored recovery strategies, it is possible to enhance
hydrocarbon extraction and optimize reservoir performance. The findings emphasize the
critical importance of characterizing reservoir heterogeneity and developing customized
recovery methods that account for the unique geological features of each reservoir.

The research contributes to the broader understanding of how micro-scale interactions
between fluids and pore structures influence macro-scale recovery outcomes. It underscores
the need for a multidisciplinary approach that integrates geology, fluid dynamics, and
engineering to tackle the complex challenges of oil recovery.

Future research and practical applications should build on these findings to develop
more efficient, sustainable, and adaptable oil recovery techniques. This will not only
improve the economic viability of hydrocarbon extraction but also ensure that it is conducted

in an environmentally responsible manner.
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Appendix A

Sand grains of 500um diameter under the microscope

Appendix B

Sand grains of 250um diameter under the microscope
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Appendix C
Diesel chromatographmass spectrometry analysis report
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Appendix D

Crude oil chromatographmass spectrometry analysis report

TIC

TI000

e




Appendix

Peak Area% Similarity Index Name

1 3.92 90 671 Pentane, 2.4-dimethyl-

2 1.11 93 674 Pentane, 2,3-dimethyl-

3 237 96 678 Hexane, 3-methyl-

4 1.20 91 687 Tridecane, 3-methylene-

5 0.52 93 690 Cyclopentane, 1,3-dimethyl-

6 0.80 96 693 Cyclopentane, 1,2-dimethyl-, cis-
7 3.59 96 701 Heptane

8 2.67 98 727 Cyclohexane, methyl-

9 0.39 97 743 Cyclopentane, 1.2,4-trimethyl-
10 0.36 95 751  1,2.3-Trimethylcyclopentane

11 0.34 95 761 Hexane, 2,3-dimethyl-

12 2.79 98 767 Heptane, 2-methyl-

13 0.30 90 770 Hexane, 3,4-dimethyl-

14 1.35 97 774 Heptane, 3-methyl-

15 0.97 96 782 Cyclohexane, 1,3-dimethyl-, cis-
16 0.39 95 785 Cyclohexane, 1.4-dimethyl-

17 3.73 96 800 Octane

18 0.34 96 809 Cyclohexane, 1,4-dimethyl-, cis-
19 0.71 93 831 Octane, 2-methyl-
20 1.49 95 839 Cyclohexane, ethyl-
21 0.86 93 843 Cyclohexane, 1.1.3-trimethyl-
24 0.30 90 862 Heptane, 4-cthyl-
26 0.62 92 868 Octane, 3.4,5,6-tetramethyl-
28 0.44 92 882 Cyclohexane, 1,2.4-trimethyl-
29 0.61 91 889  1-Pentyl-2-propylcyclopentane
30 0.50 95 892  I-Ethyl-3-methylcyclohexane (c.t)
32 3.25 95 900 Nonane
33 0.72 93 912 Cyclohexane, 1-ethyl-2-methyl-
37 0.52 92 942 Octane, 2,3-dimethyl-
40 0.99 95 963 Octane, 2,5-dimethyl-
44 0.67 91 989 Cyclohexane, 1-methyl-2-propyl-

F N
N

4.64 94 1001 Decane



Appendix

62
64
66
67
70
12
78
79
80
84
85
86
87
89
90
93
94
95
96

0.88

0.64
1.16
0.38
3.38
1.37
0.45
0.93
291
0.39
0.31
0.76
2.60
1.98
1.00
0.57
0.96
0.49
0.94

93
92
91
96
94
92
93
97
91
90
93
97
97
95
90
96
93
96

1144
1154
1164
1171
1201
1213
1264
1272
1301
1364
1371
1376
1401
1501
1511
1565
1602
1648
1702

Cyclohexane, pentyl-
Undecane, 2,5-dimethyl-
Nonadecane

Undecane, 3-methyl-
Dodecane

Undecane, 4,6-dimethyl-
Dodecane, 2-methyl-
Dodecane, 4,6-dimethyl-
Tetradecane
10-Methylnonadecane
2-Bromo dodecane
Dodecane, 2,6,10-trimethyl-
Tetradecane

Heptadecane
2,6-Di-tert-butyl-4-methyl-phenol
Eicosane

Heptadecane

Heneicosane

Heptadecane



	Abstract
	Résumé
	General introduction
	Hypotheses
	Problematic of the study
	Objectives of the study
	Organization of the dissertation

	Introduction
	I-1 Porous Medium
	I-2 Porous Medium types
	I-2-1 Unconsolidated porous media
	I-2-2 Consolidated porous media
	I-2-3 Homogeneous porous media
	I-2-4 Isotropic and anisotropic media

	I-3 Porous medium study scales
	I-3-1 Molecule Scale
	I-3-2 Particle Scale
	I-3-3 Subsystem Scale

	I-4 Multiphase flow in porous media
	I-4-1 Types of multiphase flow I-4-1-a Stratified flow
	 Stratified wavy flow
	I-4-1-b Intermittent Flow
	 Slug flow
	I-4-1-c Annular flow
	I-4-1-d Flow with dispersion of gas bubbles
	I-4-2 Multiphase flow in isotropic porous media
	[28].

	I-5 Static petrophysical properties
	I-5-1 Porosity
	I-5-1-a Measure of porosity after crushing and saturation
	I-5-1-b Connectivity
	I-5-1-c Pore Size Distribution
	I-5-2 Tortuosity
	I-5-3 Saturation
	I-5-3-a Irreducible water saturation
	I-5-3-b Critical oil saturation
	I-5-3-c Residual oil saturation
	I-5-4 Interfacial tension
	I-5-5 Capillary pressure
	I-5-6 Wettability
	I-5-6-a Wettability Classification
	 Fractional Wettability
	 Mixed wettability

	Conclusion
	Introduction (1)
	II-1-Permeability
	II-2 Preferential flow path
	II-3 Oil recovery
	(II-5)

	II-4 Relationship between oil recovery and pore geometry
	II-5 Pore-Scale phenomena in fluid flow
	Conclusion (1)
	Conclusion and recommendations
	Bibliographic refrences
	Appendix A
	Appendix B
	Appendix C
	Appendix D

