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Résumé

La mouillabilité est une propriété qui traduit l'affinité préférentielle d'un solide pour un fluide en présence d'un second fluide. Elle se caractérise notamment par l'angle formé aux points de contact entre les trois phases: le substrat solide, et les deux fluides. Cette propriété est d'importance majeure lors d'écoulements en milieux confinés car elle affecte la distribution locale des fluides, sous l'influence des parois. Dès lors, elle régit notamment le comportement d'un écoulement au travers de l'habilité d'un fluide à s'écouler au sein du milieu confiné, en présence d'un autre fluide. Dans l'industrie pétrolière, cela se traduit entre autres par le phénomène des perméabilités relatives, par l'efficacité d'un processus de récupération du pétrole, et a fortiori par le volume qui peut être produit d'un réservoir. Malgré cet impact majeur qui a maintes fois été mis en évidence, la caractérisation formelle de la mouillabilité au sein des roches et la compréhension des mécanismes en jeu n'a jamais réellement été explorée à l'échelle des pores. Les roches réservoirs sont des milieux poreux, i.e. composé d'une matrice solide et d'un espace poral plus ou moins connecté, dont les pores ont une taille caractéristique de l'ordre de quelques micromètres. La visualisation directe des fluides en leurs seins a donc été pendant longtemps impossible. Pour contourner cette difficulté, et en s'appuyant sur les impacts connus de la mouillabilité, de nombreux tests empiriques (i.e. basé sur des faits expérimentaux) ont été mis en place afin d'évaluer l'état de mouillabilité d'un échantillon. Les plus utilisés et majoritairement acceptés par la communauté sont des tests basés sur la quantité de fluides pouvant être récupérée d'une roche après une suite d'écoulements : on distingue le test Amott, Amott-Harvey, nommé d'après E. Amott, et le test USBM (United States Bureau of Mine). Dans ce travail de recherche, nous nous basons sur le test Amott, Amott-Harvey pour tout ce qui relève de la caractérisation macroscopique de la mouillabilité et nous nous focalisons sur un système roche/eau/huile. Ce test retranscrit l'état de mouillabilité au travers de trois indices calculés sur la base des volumes de fluides produits suite à une succession d'écoulements spontanés et forcés (I Eau , et I Huile ) les indices de mouillabilité à l'eau et à l'huile ;I AH , l'indice d'Amott-Harvey qui est une combinaison des deux précédents indices). Les états de mouillabilité extrêmes, e.g. strictement à l'eau ou à l'huile, sont facilement traduits par ces indices. Pour des états de mouillabilité plus partagés, l'inconvénient majeur réside dans le fait que des combinaisons différentes d'indices peuvent se rapporter à un même indice global, mais à des comportements locaux très différents. Les récents développements en imagerie permettent d'accéder à l'espace poral de la roche. L'objectif de ce travail est de relier des états de mouillabilité obtenus de manière classique, i.e. au travers du test Amott, à des analyses effectuées à l'échelle des pores. Pour se faire, nous recourons à l'imagerie RX au moyen d'un microtomographe (µCT). Ce dispositif d'imagerie, qui présente l'avantage d'être non destructif, est similaire à ceux utilisés dans l'imagerie médicale, à la différence qu'il vise à distinguer des éléments de taille micrométrique. Nous nous proposons 4 d'effectuer le test de Amott en imageant les roches après chacun des écoulements qui le compose. Un tel projet pose d'entrée de jeu un problème d'échelle du fait des différentes tailles d'échantillon requises : la mesure des effluents au cours du cycle Amott requiert l'utilisation d'échantillons de taille centimétrique tandis que l'imagerie des échantillons à l'échelle du micromètre, implique quant à elle l'utilisation d'échantillon de taille millimétrique. La roche utilisée dans cette étude est du grès de Bentheimer, dont la grande majorité de l'espace poral est accessible par imagerie, pour des résolutions de l'ordre de 2 à 5µm. Chaque test Amott se compose donc d'au moins un échantillon dit classique, et d'un échantillon µCT, dit mini-Plug, qui sont soumis aux mêmes écoulements. Après l'adaptation des protocoles et dispositifs expérimentaux à ces deux tailles d'échantillons, la première partie de ce travail porte donc sur la validation du passage d'échelle. Nous mettons notamment en évidence des effets de bouts aux phases spontanées, qui peuvent affecter les états de saturations des échantillons. La seconde partie traite la confrontation des états de mouillabilité, donnés par le test Amott, aux analyses des données µCT issues d'étapes clés des écoulements. Globalement, trois états de mouillabilité sont explorés : la mouillabilité stricte à l'eau, la mouillabilité à l'huile, et un état de mouillabilité intermédiaire. L'analyse à l'échelle des pores démontre une bonne corrélation avec la mesure Amott de l'état de mouillabilité, tout en permettant une meilleure compréhension des phénomènes à l'échelle des pores
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INTRODUCTION

Wettability and its impact on different aspects of the petroleum industry has been reviewed back in 1986 by Anderson (1986aAnderson ( ,b,c, 1987a,b,b),b,b). Wettability will strongly affect the distribution of different phases such as gaz, oil, or brine within the pore space of the rock (Figure . 1-2a), and therefore the flow itself. Hence, it dramatically impacts the relative permeabilities, the oil recovery, and more specifically the efficiency of one recovery process over another. Because of the sedimentary nature of a reservoir, it has long been believed that most of them are water-wet. The discovery that they are not [START_REF] Treiber | A laboratory evaluation of the wettability of fifty oil-producing reservoirs[END_REF] generates a considerable interest on that subject. Several methods exist to evaluate the wettability of porous rocks (Anderson, 1986b). The widely used characterization test are empirical, volumetric based test, such as the Amott / Amott Harvey test [START_REF] Amott | Observations relating to the wettability of porous rock[END_REF], or the USBM test [START_REF] Donaldson | Wettability determination and its effect on recovery efficiency[END_REF]. The main advantage of these tests is that they are performed directly on a rock sample. Nevertheless they are rather time consuming, and those tests only reflect a global idea of wettability. While a strict wettability state, e.g. a strictly water wet or oil wet state, is quite easy to identify, the more common intermediate wettability states appear to be more difficult to distinguish. Up to now, there exists no exhaustive study directly confronting special core analysis (SCAL ) experiments for the evaluation of the global wettability, such as the Amott test, to the local manifestation of wettability at the pore-scale, within the rocks. A better understanding of the local mechanisms leading up to the macroscopic wettability indices may be allowed by such a study and improve the common knowledge to the property of wettability of porous material itself.

Objective

Imaging techniques now allow to directly investigate local phenomena, within the pore-space, in 3 dimensions, in a non-destructive fashion. One widely used technique is X-ray micro-computed tomography (µCT) [START_REF] Cnudde | High-resolution x-ray computed tomography in geosciences: A review of the current technology and applications[END_REF]. This technology is similar to medical X-ray radiography, but with higher resolution (more than a thousand times higher), typically from hundreds of nanometers to few micrometers per pixel. The past years have witnessed a huge growth in the studies dealing with quantification at the pore-scale, the characterization of flows, and their properties using X-ray µCT . One subject of interest is the study of the wettability and its impact on the flow 0-2. This technique not only allows to visualize the different phases within the pore space, but it also makes possible to perform all sort of quantification upon them with the main limit being the reachable spatial resolution.
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Chapter 1

The theory and the state of the art I Theoretical background

I -1 The surface and interfacial tensions

When dealing with wettability, one important notion to introduce is the interfacial tension (IFT ).

Let us consider two immiscibles fluids: the contact area they form is the interface. Without any external action, the fluids will arrange so that they minimize their interface. A good illustration is a small water droplet in the air: the droplet will adopt a sphere-like shape. Furthermore, if the droplet is subjected to a zero gravity, it will be perfectly spherical. This phenomenon finds its origin in intermolecular interactions, and more precisely in the cohesive forces occurring within a given fluid. Molecules usually have a lower net energy when surrounded by their own kind rather than forming an interface and mingling with the molecules of an other phase. Accordingly, a molecule near an interface has different molecular interactions than an equivalent molecule within the bulk of the fluid. This difference in net attraction between the interfacial and bulk molecules leads to the interfacial tension γ. It represents the force F needed to increase the interface of length dl:

d F = γ.dl n (1.1)
The S.I. units is N.m -1 . When facing an interface between two immiscibles fluids, we use the term interfacial tension. Surface tension is a particular case of the interfacial tension for a system of liquid in equilibrium with its vapor. We can notice that the units of γ are is dimensionally the same as the unit of specific interfacial Gibbs free energy dG dA (J.m -2 ), defined as the energy required to increase the area of interface (A) by one unit at a fixed temperature (T ) and pressure (P ).

CHAPTER 1. THE THEORY AND THE STATE OF THE ART Applied along the axis x of a cylindrical capillary of radius R (Figure 1-9), we obtain:

v x (r) = 1 4µ ∆P L (r 2 -R 2 ) (1.13)
This equation is known as the Poiseuille equation. The velocity field is described by a parabolic profile where the maximum is reached for r = 0, and where at r = R the velocity is null. The corresponding flow rate (Q) can be solved by integrating equation 1.13 across the surface S of the capillary:

Q = v. dS = - πR 4 8µL ∆P (1.14)
The pressure loss is caused by the frictional forces near the wall. We can define the hydraulic resistance by: R hydro = 8µL πR 4 The pore space can contain more than one fluid, whether water (w), oil (o), or gas (g). The saturation S i refers to the volume occupied by a fluid phase with respect to the total volume of the pore space:

S i = V i V p , i = w, o, g
(1.17)

I -4.6
The interplay of capillary forces and gravity

The interplay between capillary pressure and wettability against gravity is demonstrated by a well known experiment: the capillary rise (or descent) shown Figure 1-11. If we bring a capillary, initially saturated with an non wetting fluid (e.g. air) in contact with a wetting fluid (e.g. water), the water will spontaneously enters the capillary by the action of the capillary forces, until it reaches a height h, i.e. when the gravity force F gravity will equate the capillary force F cap :

F ext = F gravity + F cap = 0 ⇒ ρgh = 2γ.cos(θ)
R where ρ is the fluid density, g the gravity constant, and h the fluid's height at equilibrium.

h = 2γρgcos(θ) R (1.18)
This equation is known as the Jurin law. For a wetting fluid, θ < 90 o , and a capillary rise occurs (Figure 1-11a). In the opposite case (θ > 90 o ), descent occurs (Figure 1

-11b). We can notice that if R → 0, |h| → ∞.
The Bond numbers in porous media In this work we consider porous media and the important impact of confinement should be taken into account for a better characterization of the flow properties. We will mostly use the inverse Bond number (N -1 B ) to evaluate the contribution of capillary forces over gravity forces. This N -1 B was firstly introduced by [START_REF] Schechter | Low ift drainage and imbibition[END_REF] and is defined as follow:

N -1 B = C γ Φ/κ ∆ρgH (1.21)
where F gravity ≃ ∆ρgH, where H is the height of the medium, and with F capillary ≃ Cγ Φ/κ. This expression refers to an estimated capillary entry pressure, where C is a coefficient that fits with a capillary model: C = 0, 4. Φ/κ refers to the inverse of the average throat size defined earlier, with Φ and κ the porosity and permeability. For N -1 B > 5, we are in a capillary dominated flow. N -1 B << 1 refers to a flow dominated by the gravity forces. A transient regime exists for 5 > N -1 B > 1, where both gravity and capillary forces control the flow behavior.

II Reservoir Characterization

II -1 Wettability petrophysical measurement

The wettability of an oil reservoir has a major impact on the oil recovery. It was initially believed that reservoirs were essentially water wet. This aspect has been widely investigated in the past and proved to be wrong. The reservoir formation process takes several 1000s of years. Over this period, interactions between crude oil, brine, and the solid material [START_REF] Buckley | Some mechanisms of crude oil/brine/solid interactions[END_REF][START_REF] Denekas | Effects of crude oil components on rock wettability[END_REF][START_REF] Treiber | A laboratory evaluation of the wettability of fifty oil-producing reservoirs[END_REF], alter the properties of the initially water wet rock. Reservoir wettability is traditionally evaluated through three measurement methods:

• The sessile drop method [START_REF] Mccaffery | Contact angle and interfacial tension studies of some hydrocarbon-water-solid systems[END_REF] [START_REF] Mccaffery | Measurement of interfacial tensions and contact angles at high temperature and pressure[END_REF] [START_REF] Hjeimeland | Experimental investigation of the effects of temperature, pressure, and crude oil composition on interfacial properties[END_REF] • The Amott / Amott-Harvey test [START_REF] Amott | Observations relating to the wettability of porous rock[END_REF] • The USBM test (United States Bureau of Mines) [START_REF] Donaldson | Wettability determination and its effect on recovery efficiency[END_REF] This work is exclusively based on the Amott test, but for completeness all three measurement methods will be described in this section.

The sessile drop method. The Amott test. This test consists in evaluating the wettability of a porous rock by performing four displacement operations, starting from the irreducible saturation state (S wi ). Figure 1-13 represents the test steps. The sample is successively subjected to spontaneous and forced flow by one fluid after the other. The spontaneous flows are capillary driven only. In the original test, as well as in this work, the forced flows are realized using a centrifuge at a chosen rotation speed. The spontaneous recovery is compared to the total amount of recovery for both displacing phases. As the wettability state is directly related to the ability of the wetting fluid to flow spontaneously in a capillary forces dominated medium, both ratios leads to wettability indices. In an oil/brine/rock system, the displacements are as follow (Figure 1-13):

(1) The oil migration is firstly reproduced by forcing the oil in a rock that is initially 100% saturated by brine. The sample is then at the Swi state. Historically, this step is called the Primary drainage as it refers to the first oil migration in an initially water wet assumed reservoir rock.

(2) The sample is immersed into water: If the rock has an affinity for water, water will spontaneously invade the pore space by the action of capillary forces and induce a certain amount of oil recovery.

(3) A forced flow of brine displacing oil is performed to reach the residual oil saturation (S or )

(4) The sample is immersed in oil to perform a spontaneous displacement of water by oil if the rock present some affinity to oil.

(5) The sample is subjected to forced flow with the oil as the displacing phase to reach S wirr (Irreducible water saturation) .

The water and oil wettability indices, respectively I W and I O , are defined as follows:

I W = V b V b + V c and I O = V d V d + V a (1.22)
The indices range from 0 to 1, 1 meaning that the rock has a high affinity for the considered fluid, and 0 the opposite. Later, the Amott-Harvey index was introduced as the difference of I W and I O [START_REF] Boneau | A surfactant system for the oil-wet sandstone of the north burbank unit[END_REF] :

I AH = I W -I O (1.23) II. RESERVOIR CHARACTERIZATION
Both the USBM and Amott/Amott-Harvey test are empirical wettability determination methods. A lot of variations of these two methods exists (Combined Amott -USBM [START_REF] Sharma | The alteration of rock properties due to interactions with drilling fluid components[END_REF], Amott-IFP, ...), and precise implementation can vary from one laboratory/company to the other. Regardless which test is used, the most complex cases are those in between the two strict wettability states.

II -2 Capillary presure

Wettability is a fundamental property for flow in porous media. As explained in the previous paragraph, it is not easily nor accurately measured. Thus, alternative petrophysical properties are usually used to characterize the porous media. We can distinguish the capillary pressure and the relative permeability curves, both highly dependent on the wettability state. They are usually measured in laboratory tests performed on representative core samples (multi-centimeter sized rocks).

The capillary pressure curves are determined by plotting the applied injection pressure as a function of the sample saturation state. This information allows for example to establish the fluids distribution, prior to any recovery process, along the reservoir height. The most widespread means to evaluate a reservoir capillary pressure curve is through the mercury injection capillary pressure method (MICP), also known as the Purcell method. The Figure 1-16 show a MICP curve performed in-house on a Bentheimer sandstone. Its main advantage is that it is a quick measurement that can be performed on any rock sample. The major disadvantage is that it is a destructive measurement. This method gives the capillary pressure as a function of the saturation state in an air/mercury system. The mercury is used as the reference non-wetting fluid (γ lab = 480mN/m and θ lab = 140 o ). The data measured is P c lab , which can be converted to a P c real simply using the Laplace equation. Thus,

P c lab = 2γ lab cos(θ lab ) r ⇒ P c lab 2γ lab cos(θ lab ) = 1 r = P c real 2γ real cos(θ real ) ⇒ P c real = P c lab γ real cos(θ real ) γ lab cos(θ lab ) (1.25)
With this relation, together with the Jurin law (1.18), it is thus possible to establish which amount of fluid can be found at each depth (H) of a reservoir:

H = P c res (ρ w -ρ nw ) res .g
ρ w and ρ nw refer to the wetting fluid and non wetting fluid density, respectively, and g to the gravity constant. One can notice that an accurate use of this relationship would require knowing the characteristic contact angle θ real . Lacking precise data, θ real is usually set to 0 o , i.e. a perfectly wetting fluid, 53 CHAPTER 1. THE THEORY AND THE STATE OF THE ART which is more of an idealized case. A better characterization of wettability would thus have a decisive impact on the estimation of the oil distribution in real reservoirs. MICP is also commonly used to determine the pore throat size distribution of a given porous medium through the Laplace equation. As mercury is a highly non wetting fluid, pores are only invaded at a given entry pressure inversely proportional to the throat radius. This method is therefore useful to determine a pore radius distribution for a given rock. 

II -3 Relative permeability and recovery curves

The relative permeability and recovery experiments are usually performed in laboratories by means of SCAL (special core analysis) experiments. The relative permeability refers to one fluid's ability to flow in the presence of another fluid. The wettability has a major impact on this property as it is a factor that controls the fluids distribution. Figure 1-17 illustrates the relative permeability as a function of the water saturation in an rock/oil/water system. The relative permeability of a non wetting phase is globally higher than the one of the wetting phase. This is because the wetting phase is usually initially located in the smallest pores, or as a film in the largest pores, and tends to flow within the smallest and least permeable pores. Moreover, during the wetting fluid injection, the non wetting fluid will get trapped as discontinuous blobs and block the pore throats thereby lowering the wetting fluid's relative permeability. On the contrary, during the injection of a non wetting phase, it flows through the center of the large pores. These situations dramatically impact the recovery efficiency. Figure 1-18 presents III. TRAPPING MECHANISMS 1987). In this section, we present the basics of entrapment mechanisms based on the example of an oil water system, where the water is the wetting phase. Imbibition refers to the increase of wetting phase saturation, and drainage to the decrease of the wetting phase saturation. Entrapment of the non wetting phase during imbibition is acknowledge to occur through two main mechanisms: bypassing, easily represented in a doublet model, and snap-off.

Bypassing Bypassing refers to the mechanism where the advancing menisci can follow different possible paths. In capillary driven imbibition, a narrow path will be favored resulting in the bypassing of the wider path. Figure 1-19 represents a simplified doublet model. By definition the capillary pressures are written:

P 1 -P 0 = P C1 = 2γ r 1 P 2 -P 0 = P C2 = 2γ
r 2 For simplification, we assume here that cos(θ)=1. The fluid velocity obtained by the Poiseuille law is:

v = r 2 ∆P 8µL
For a capillary driven displacement (∆P = P C ) we obtain the Washburn relation:

dL/dt = r 2 P C 8µL
The corresponding characteristic time is:

t = 4L 2 µ rγ
As r 1 < r 2 , P C1 > P C2 , which yield in a faster displacement in the path with radius r 1 , and the bypassing of the wider path with radius r 2 . For a forced drainage process, bypassing will occur in fine pores, i.e. the oil will tend to invade the larger pores first because of the lower capillary pressure opposing the invading pressure and the lower hydraulic resistance.

IV Spontaneous imbibition process IV -1 Generality

Spontaneous imbibition (SI ) refers to a free energy displacement of a less wetting fluid by a wetting fluid inside a confined medium. We can for example observe this phenomenon while bringing a sugar bloc into contact with coffee. The coffee will spontaneously rise into the sugar bloc by the action of the free surface energy. The origin of this flow process arises from the wettability and the capillary forces, which is driven by the capillary pressure. The spontaneous displacement of a non wetting phase by the wetting phase is complex in porous media, and is the subject of a wide range of studies because of its relevance to numerous practical problems (from clothes to soil).

In the petroleum industry, this phenomenon can be of importance for the oil recovery in naturally fractured reservoirs for example. As spontaneous flow depends on the wettability state of a porous material, it is the key stage in the Amott test [START_REF] Amott | Observations relating to the wettability of porous rock[END_REF]. Some wettability tests are even based on the interpretation of spontaneous imbibition only [START_REF] Ma | Characterization of wettability from spontaneous imbibition measurements[END_REF]. Petrophysicists often refer to imbibition when water is the displacing phase, and drainage when the oil is. In this section, we review the main mechanisms of SI, firstly in idealized systems, and then in more complex porous media.

IV -2 The main mechanisms

Spontaneous imbibition is driven by capillary forces: this flow occurs if a porous medium mostly saturated with a non wetting phase is brought into contact with a wetting phase. The SI is acknowledged to occur through two main mechanisms: co-current flow, and/or counter-current flow. In a co-current flow, the wetting and the non-wetting fluids flow in the same direction (e.g. Figure 1-22a). In counter-current flow, they flow in opposite directions through the same end face, i.e. the non wetting fluid is expelled through a face in contact with the wetting fluid (Figure 1-22b).

For a better understanding of the spontaneous free surface energy flow, idealized systems such as capillaries or bundles of capillaries were widely investigated [START_REF] Washburn | The dynamics of capillary flow[END_REF], [START_REF] Dong | Immiscible displacement in the interacting capillary bundle model part i. development of interacting capillary bundle model[END_REF], [START_REF] Dong | Immiscible displacement in the interacting capillary bundle model part ii. applications of model and comparison of interacting and noninteracting capillary bundle models[END_REF], [START_REF] Unsal | Co-current and counter-current imbibition in independent tubes of non-axisymmetric geometry[END_REF]].

to understand the free surface energy flow, but the process becomes even more complex when considering a real porous medium. In real rock, and according to the faces open to imbibition, one of these mechanisms may be dominant over the other, but both may as well occur simultaneously. Spontaneous imbibition is usually performed in laboratories on cylindrical rock samples as this is the way they are plugged. The most used configuration simply consists in immersing the sample into the wetting phase. This flow geometry refers to an "all faces open (AFO )" imbibition. This configuration is widespread because it gives reproducible results and consistency, and it does not require any sample preparation [START_REF] Yildiz | Effect of shape factor, characteristic length, and boundary conditions on spontaneous imbibition[END_REF], [START_REF] Mason | Spontaneous counter-current imbibition into core samples with all faces open[END_REF]. Its main inconvenience resides in the fact that the flow is complex and multi-directional, rendering its analysis quite challenging: both co-current and counter-current flow exist, albeit counter-current is dominant. In order to simplify the flow pattern and for a better understanding of each contribution, other configurations may be used [START_REF] Morrow | Recovery of oil by spontaneous imbibition[END_REF] (Figure 1-25): one end open (OEO ), two ends open (TEO ), two ends closed (TEC ). The OEO is obviously associated to a purely counter current imbibition. The TEC refers to a counter-current dominated flow in the radial direction. The TEO may be either counter-current dominated (the sample is immersed into the wetting phase), or cocurrent dominated (one face is in contact with the wetting fluid while the other contacted the non wetting fluid). In that case, the oil rather flows through the open face in contact with oil as there is no capillary back pressure to oppose its production. The flow rate in the latter configuration is therefore acknowledged to be higher than in a strictly counter-current SI, because of the absence of a capillary back pressure at the non-wetting phase contacted face. In counter-current dominated flow, two flow regimes were identified: the frontal advance occurring until the imbibition fronts meet each other (where most of the production occurs), and the post contact flow period where the wetting phase locally redistributes [START_REF] Chen | Theoretical investigation of countercurrent imbibition in fractured reservoir matrix blocks[END_REF] [START_REF] Bibliography | Similarity solution for linear counter-current spontaneous imbibition[END_REF], i.e. only few additional fluid is produced [START_REF] Li | Capillary pressure at the imbibition front during water-oil counter-current spontaneous imbibition[END_REF].

Chapter 2

Methodology & Experimental setup

In this work, we aim to compare the macroscopic wettability of cores with its actual manifestation at the pore-scale. To that extent, the "classical Amott test" need to be modified. This chapter will present the tools, materials, and methods we use.

I X-ray micro-computed tomography applied to pore-scale analysis I -1 Generality X-ray tomography is a non-destructive imaging technique that give access to the inner structure of materials. Its main limit is the reachable resolution. Different types of tomographs exists. Clinical scanners allow to perform non-invasive imaging of tissue and bone. Lab scanners are built on the same principles, but are capable of reaching higher resolutions. For that reason, lab scanners are widely used for quantifying pore-scale structure or processes in geosciences (Andrä et al., 2013a,b, Cnudde and Boone, 2013, Wildenschild and Sheppard, 2013) In this work, two lab scanners have been used: a Zeiss Xradia Versa 510 (Figure 2-1), and a Bruker Skyscan 1172. In both systems, the sample is fixed on a rotating platform between the source and the detector, and rotated over 360 o to acquire a set of two dimensional projections (radiographies) for different sample orientations. The distances between the source, the sample and the detector can be varied in order to produce a geometrical magnification as the X-ray beam is conical. For the Zeiss system, additional optical magnification is also available, allowing to reach even higher resolutions. The number of radiographies to be taken is chosen by the user. The Nysquist theorem I. X-RAY MICRO-COMPUTED TOMOGRAPHY APPLIED TO PORE-SCALE ANALYSIS quantification of parameters such as the porosity depend on the segmentation quality, it is crucial to be as accurate as possible. Many different segmentation methods exist. Some novel methods even use machine learning, but they are not yet robust enough for our typical dataset size. The method we use in this work (Converging active contour segmentation or CAC) is a region-growing segmentation method [START_REF] Sheppard | Techniques for image enhancement and segmentation of tomographic images of porous materials[END_REF]. It consists in choosing manually a lower threshold (T 1 ) and a upper threshold (T 2 ) using the data histogram. Voxels below T 1 are all attributed to phase 1 while those above T 2 are certain to belong to phase 2. For example Figure 2-11 shows the threshold values for oil and grain, and the effect on the image. The choice of the threshold is subjective, but has a limited impact on high-quality datasets. This step is usually called the "initialization" step. These two thresholds initialize the CAC algorithm: the two regions grow toward each other. The rate of growth is controlled by a speed function which is constrained with an additional threshold (T 3 ) based on the gradient between the two phases. To determine this gradient threshold value, we use a sobel filter on the denoised data as illustrated in Figure 2-11(c)(d). The grey levels represent the grey level value difference between two neighboring points. Thus, at the interface between two phases, the contrast is the highest and so is the grey value. We can either set a void gradient threshold or a grain gradient threshold. Here, we set the grain gradient threshold parameter. The more we are near this interface (high voxel intensity gradient region), the more the rate of growth will decrease until the two phases meet each other in the highest gradient regions.

mean of MICP. The routine resolution used in this studies ranges from 2µm/pixel to 5µm/pixel, depending on the sample size. The pore size distribution is obtained by µCT imaging, and the effect of the resolution is shown Figure 2-19. This distribution is not directly to be compared with the pore threshold radius as it represents the volume of each pore obtained by the pore partitioning. We clearly see that as the resolution is lowered, the visible pore-space decreases. The clay porosity can not be resolved at these resolutions range. All the Bentheimer plugs used in this study are from the same block. General properties measured on this particular block are given Table 2.2. The porosity measurements arise from image processing, weighing, and pycnometry. Homogeneity analysis on the Bentheimer µCT images shows a small representative elementary volume (REV) of around 2mm 3 for the porosity measurement (Figure 2-20, 2-21), and thus confirms the homogeneous nature of Bentheimer sandstone. The REV refers to the minimum volume from which a given property measurement can be considered as being representative of the sample.

A REV can only defined for homogeneous material.

Porosity [20% -25%] Mineral density 2, 66g/cc Permeability κ G [2D -3D]
Specific area (BET) 0, 31m 2 /g 

III The Amott test on twin, or triplets samples

As explained in Chapter I, the Amott test consists in successive spontaneous and forced flows from which indices are obtained relating to the wettability state (Figure 1-13). We want to be able to compare the obtained wettability indices to their pore-scale manifestations. The Amott test is usually performed on centimeter sized samples. The ideal case would be to image the entire centimeter-sized samples with pore-scale resolution. This is however generally not possible on lab scanners. Detector typically only has a few thousand pixels in width. Scans at a few µm/pixel can therefore only cover a region of a few millimeters in size. The idea here is therefore to simultaneously perform the Amott test on millimeter sized samples (Plug 6, and Plug 10) and on the classical, centimeter-sized sample (Plug 36) (Figure 2-22). The entire mini-plug can be imaged in a reasonable acquisition time in order to access the pore-scale properties.

N , the rotation speed in terms of rpm ω, the rotation speed expressed in rad.s -1

The corresponding acceleration (a C ) is thus:

a C = Rω 2 ⇔ a C = R 2π 60 2 N 2 (2.2) a C , in m.s -2
R, the distance between the rotation axis and the sample "inlet face", expressed in meters.

The acceleration can be expressed in terms of g.

The hydrostatic relation gives the pressure difference between two points at a different height:

dP dz = ρg
The capillary pressure gives the pressure difference between two fluids. In an oil/brine system in a porous medium, where the brine is the wetting phase, and the oil the non-wetting phase, we can link the capillary pressure to the fluid's height beyond the free surface using the relation:

dP dz = (ρ O -ρ W )g (2.3)
g refers to the gravitational acceleration, ρ O and ρ W to the oil and brine density.

The [START_REF] Hassler | Measurement of capillary pressures in small core samples[END_REF] boundary condition, later corrected by [START_REF] Forbes | Centrifuge data analysis techniques: An sca survey on the calculation of drainage capillary pressure curves from centrifuge measurements[END_REF] gives for the outlet phase P C2 = 0. Hence,

P C (r) = 1 2 ∆ρω 2 (R 2 2 -r 2 ) (2.5)
For the continuous phase, the capillary pressure at the inlet phase is thus:

P C (r) = P c1 = 1 2 ∆ρω 2 (R 2 2 -R 2 1 )
When the system reaches equilibrium, we can link the average global saturation S to the capillary pressure by: S = S(P C )

S = 1 R 2 -R 1 R 2 R 1

S(r)dr

By changing the integration variable P C (R 2 ) = 0 et P C (R 1 ) = P c1 :

S = 1 R 2 -R 1 0 P c1 S(P C ) -∆ρω 2 r dP c
IV Wettability alteration [START_REF] Buckley | Some mechanisms of crude oil/brine/solid interactions[END_REF] reviewed the different factors affecting wettability. The crude oil is the first thing that came up as it contains a variety of surfactants inseparable of the wettability change naturally occurring in an oil reservoir (Denekas et al., 1959, Drummond and[START_REF] Drummond | Fundamental studies of crude oil-surface water interactions and its relationship to reservoir wettability[END_REF].

Asphaltenes were proved to be one of the polar components with greatest impact on wettability alteration [START_REF] Cuiec | Rock/crude-oil interactions and wettability: An attempt to understand their interrelation[END_REF]. The nature of the solid material is also referred as being important: different types of rocks are not sensitive to the same surfactants because of their surface properties [START_REF] Buckley | Effective wettability of minerals exposed to crude oil[END_REF][START_REF] Buckley | Some mechanisms of crude oil/brine/solid interactions[END_REF][START_REF] Cuiec | Rock/crude-oil interactions and wettability: An attempt to understand their interrelation[END_REF]. It is generally acknowledge that the wettability change process depends as well on the presence of initial brine, its amount, and its composition. [START_REF] Salathiel | Oil recovery by surface film drainage in mixed-wettability rocks[END_REF] reported that the initial state, i.e. the Swi, has an important impact on the wettability change as the existence of more or less thick water film can keep the petrophile 1 components to be adsorbed onto the surface. Hirasaki (1991) described the interplay of intermolecular forces on the wetting properties in the presence of a water film. For the wettability to be altered, the water film should be unstable. Its stability is dependent on the disjoining pressure, i.e. on the magnitude and nature (attractive or repulsive) of the electrostatic and steric forces versus the attractive Van der Waals forces: for a water film to be stable, both electrostatic and steric forces must be repulsive and greater than the Van der Waals forces. On the other hand, some studies proved that for a given crude oil, a more efficient wettability alteration has been observed when the solid surface was firstly exposed to a brine with known pH and ionic composition as they impact the surface charges [START_REF] Buckley | Effective wettability of minerals exposed to crude oil[END_REF].

The wettability alteration of a rock may also be obtained by using surface-active additives to the fluids, either the brine or the oil [START_REF] Drummond | Fundamental studies of crude oil-surface water interactions and its relationship to reservoir wettability[END_REF][START_REF] Fleury | Intermediate wettability by chemical treatment[END_REF][START_REF] Kowalewski | Wettability alterations due to an oil soluble additive[END_REF][START_REF] Tweheyo | An experimental study of the relationship between wettability and oil production characteristics[END_REF]. Change of wettability by the mean of surfactants occurs by adsorption of the additive onto the rock's surface.

In our study, we proceed to the wettability change through two methods. The first one is through static aging in a crude oil. The second is by adding a soluble additive to the oil, i.e. Hexadecylamine (C 16 H 35 N ) diluted in Decane. [START_REF] Tweheyo | An experimental study of the relationship between wettability and oil production characteristics[END_REF] and [START_REF] Kowalewski | Wettability alterations due to an oil soluble additive[END_REF] used this recipe to successfully alter sandstone's wettability, from strictly water wet to neutral and slightly oil-wet. They showed that in the presence of initial water, the efficiency of the wettability change depends on the brine composition and pH as well. The resulting basic oil is expected to alter the wettability toward more oil-wet as the electrostatic interactions between the positively charged oil and the negatively charged mineral surfaces should be attractive.

V Development of the experimental set up and procedure

As in any experimental study, the experimental setup and procedures have been subjected to some changes over the course of the project. These changes help to overcome issues with the use of mini-plugs in Amott experiments. This section will highlight some development of the procedure obtained by preliminary tests.

V -1 Forced flow V -1.1 Mini-plugs material

We choose to induce the forced flow using the centrifuge. This allows to ensure that as long as the samples have equal length, the applied ∆P is equal. Moreover, [START_REF] Olafuyi | Capillary pressure and relative permeability of small cores[END_REF] conducted centrifuge experiments over different sample sizes, and demonstrated that experimental data obtained for capillary pressure are consistent from pore to core scale for homogeneous rocks such as the Bentheimer sandstone.

To be able to place the mini-plugs in the centrifuge bucket, an in-house adapted core-holder was created for plug 6. It allows to equilibrate the centrifuge cell, and to maintain the sample straight. Plug 10 on the other hand is simply left in the larger plug it has been drilled from (Figure 2-25).

an outcrop sedimentary rock which has never been in contact with oil: it is naturally water-wet. The residual brine, after primary drainage, is expected to cover the pore walls with a film, and to occupy the smallest pores, where the applied pressure was not enough for the oil to overcome the entry capillary pressure. Figure 2-28 shows that we can indeed find water in the smallest visible pores. However, the segmentation method does not allow to resolve the water within the clays, nor any water film if they do exist. Earlier in this chapter, we showed that about 10% of the pore volume can not be resolved at the µCT resolutions we use. Under those conditions, the measured Swi of 4% in the Plug 6 probably underestimates the true value. For comparison, 9% was measured in Plug 36 after primary drainage (Table 2.5). The corresponding saturation profile in P6, obtained by image segmentation, is shown Figure 2-27: very little amount of brine is detected, but the profle seems to be fairly homogeneous.

As the knowledge of the initial state is crucial, we use two approaches to be able to visualize the water in the sample. The first one consist in performing a higher resolution acquisition on a ROI to formally identify that we indeed face an imaging resolution issue. Figure 2-29 and 2-30 clearly show that some very small pores near the clays can not be properly resolved at the resolution of 2µm/pixel), and indeed contain brine at the Swi state. By performing a 3 phase segmentation (Figure 2-31) on the higher resolution data, we obtain a Swi profile with S wi = 10% (Figure 2-32). This measurement of Swi is closer to the volumetric value obtained for the classical plug. Unfortunately, it is technically challenging to perform such acquisition in the whole sample considering its size. Furthermore, the presence of artefacts would still render precise quantification more difficult. We can note that the edges between the phases show a black fringe, the so-called edgeenhancement artefact, that renders it impossible to detect whether or not water films are present on the grain surface. Obtained profiles are therefore to be interpreted with care.

Test 1 Primary Drainage -Swi Plug 36 9 ± 4% Plug 6 4%

Table 2.5: Primary drainage at a centrifuge acceleration a c = 500 g. Measured Swi performed -by direct recovery volume measurement and weighing for P36 and by image processing for P6.

VI. THE EXPERIMENTAL PROTOCOL

It allows using a routine resolution of about 3µm/pixel. This resolution still allows to resolve most of the pore space except for the clays which were already invisible at a resolution of 2µm/pixel. These changes imply that the Spontaneous flow sequences are performed in the AFO configuration.

As for the wettability change by aging in crude oil, it will be carried out in a static configuration for both twin samples.

VI The experimental protocol

In this section, the developed protocol is described. The Amott test is slightly modified from the procedure that is routinely applied at Total. The first thing is that we simultaneously use at least two samples: a centimeter-sized sample (with diameter 38mm, 36mm, or 30mm), and one with a diameter of 6mm, optimized for µCT measurements. This requires some changes to the procedure.

The samples have all faces open: no coating is used, for any step of the flow.

• Wettability change procedure: To explore wettability states other than water wet, we perform a wettability change. It is carried out either using a soluble additive (hexadecylamine) dissolved in decane, or by a static aging with crude oil .

• Forced flow: The samples are placed in the centrifugation cells. The rotor has three arms. The classical plug is placed on one cell. Plug 6 on the second one. The third available bucket is either only equilibrated using loads, or, according to the need, charged with another medium-sized sample. A third sample with diameter 10mm was introduced later in this experimental work for reasons that will be detailed later. The same maximal centrifuge capillary force is used for the drainage and imbibition step.

• Spontaneous flow: The samples are immersed in the displacing phase (either brine, or oil) in separate cells for the classical and the smaller plugs. The flow is considered to be terminated when the production on the classical plug ceases.

Chapter 3 Experimental results -Amott wettability tests

This chapter will describe the Amott test results for different wettability states. An estimation on the uncertainty on these results is presented in Appendix B.

I The water wet case

The first Amott experiments are conducted on Bentheimer Sandstone "as received", i.e. in its natural wettability state (water wet). This case is widely documented and thus an ideal starting point. The experimental protocol is followed here without wettability alteration. The results of two tests are presented:

• T M -A test performed on sleeved samples, i.e. in a two ends open (TEO) configuration. We use Marcol 52 as the oil in combination with brine A.

• T D -A test performed on all faces open (AFO) samples. We use Decane as the oil in combination with brine A.

We will mainly focus on T D , as the use of a sleeve induces some sleeve effect mentioned in the previous chapter. I O 0, 05 ± 0, 10 0 0, 05 ± 0, 17 0, 01 I AH 0, 94 ± 0, 39 0, 92 0, 9 ± 0, 46 0, 94

Table 3.1: Data from the Amott tests with wettability "as reveived". ( * The Swi measurement is based on the P36 volume measurement) T M is for the marcol52/brine/rock system, and T D is for the decane/brine/rock system Figure 3-1 shows the test T D results for both Plug 36 and Plug 6. The Amott test being based on the amount of spontaneously produced fluids normalized by the total production of each phase, we choose to represent the Amott test results through the fluid production, at each imbibition and drainage endpoint, normalized by the pore volume. As we explained in the previous chapter, the low wetting phase saturation is hard to visualize. The Swi of Plug 6 is therefore assumed to be equal to the Plug 36 volumetric measurement (Swi = 9%). After the capillary driven displacement by brine (i.e. spontaneous imbibition), the brine widely invaded the rock and displaced most of the recoverable oil. Therefore, very little amount of oil is recovered during the forced imbibition step. This behaviour is typical of a water wet porous medium. On the contrary, hardly any flow occurs during the spontaneous displacement by oil (i.e. spontaneous drainage SD). Almost all brine production comes from the forced drainage. We obtain the fluid production amount through the direct measurement of recovered fluid for Plug 36. The fluid production of Plug 6 is deduced from the image processing of the X-ray µCT data acquired at each flow endpoint, except for the forced drainage stage where the same issue than for the Swi measurement exists. Figure 3-2 shows slices of tomographic data at different steps for Plug 6.

As expected, the Amott test yields stricly water-wet indices for the twin samples. We can however notice that the spontaneous imbibition production amount is not the same for the classical plug and P6. This unexpected results is not an anomaly and will be discussed in the next chapter.

The pore-scale analysis requires a resolvable amount of both oil and brine to give meaningful results. We will therefore mostly focus on steps were both oil and water can easily be distinguished.

As we are considering a strongly water wet case, the saturation state between forced imbibition and spontaneous drainage is similar. So are the measurable pore-scale properties. Thus, the analysis relating to the wettability manifestation will mainly be performed on both imbibition phases only. plug with diameter 30mm to fit with the available sleeves. P10 was drilled in a plug with diameter 30mm which we used as core holder for the centrifuge phase and the aging procedure. P10 and P30 are sealed with a sleeve Figure 3-7 and are place in a cell filled with oil. P 6 is put in the visualization cell for the aging phase. The system is placed within a oven for 14 days. The pressure is regulated at 5 bar using nitrogen to avoid any exchanges with the crude oil.

In general, the fluids production for each sample is more consistent than in test T C1 (Figure 3456789). Nevertheless, we witness a slightly more oil wet behavior in the P6: some oil spontaneously displaced the brine during the spontaneous drainage, albeit, it mostly occurs near the sample edges (Figure 3-12). We observe fewer spontaneous recovery of oil in Plug 30, in comparison to Plug 36 from previous approach. Tomographic cropped images from which we performed the image processing are shown in Figures 3-10,3-11 respectively for Plug 10 and Plug 6.

The results for the two sets of experiments are summarized in Table 3.2. All samples have Amottharvey index in the intermediate wettablity range (-0, 3 : 0, 3), with the exception of P36 in T C1 for which a non homogeneous wettability change was assumed. II -2 Discussion: the wettability alteration using static aging in crude oil

As we have mentioned, we choose to perform static aging in crude oil mostly to avoid breaking Plug 4 or Plug 6 during the process. Using this method, we witness obvious differences in the samples wettability state. We especially notice in T C1 that Plug 36 remains in the water-wet range according to the Amott and Amott-Harvey indices, although less water wet than the Bentheimer rock "as received". To support the hypothesis of a non homogeneous wettability change caused by the availability of a large volume of fresh oil, we performed a low resolution (19µm/pixel) µCT acquisitions on the whole Plug 36 (Figure 3-13, 3-14). To reach this combination resolution with the Bruker Skyscan, we combine several scans along the sample length, and two scans over the sample width. This resolution does not allow to perform a quantification by segmentation in the Bentheimer sandstone as most of the pores are not visible. To qualitatively highlight the fluids location, we acquire images of the rock at a given saturation state and reference data (e.g. the images of the dry rock). Both sets of images should be reconstructed in the same grey level scale, i.e. the grain grey level has to be similar in the two datasets. By performing a subtraction of the dataset of interest by the reference dataset, we obtain a new dataset where the brine location can be identified. This type of analysis is highly sensitive to acquisition artifacts such as beam hardening or simply any grey level variation. Figure 3-15 (c) and (d ) show for example dark dividing lines which correspond to the locations where the images were stitched together. However, the objective is not to quantify the amount of fluids but to highlight the tendency of the brine to be in the center of the sample after the spontaneous imbibition. It is clear on figure 3-15 (a) and (c ) that a a grey gradient exists between the centre and the border of the sample. After the forced imbibition, the distribution is more homogeneous. This is consistent with a slightly to strictly water wettability state in the sample's center, and a more oil wet state toward its edges. These observations are consistent with [START_REF] Spinler | Simultaneous measurement of multiple capillary pressure curves from wettability and rock property variations within single rock plugs. sca9955[END_REF] and [START_REF] Graue | Alteration of wettability and wettability heterogeneity[END_REF], who reported on wettability variation on chalk subjected to static aging. More recently [START_REF] Mascle | In-situ investigation of aging protocol effect on relative permeability measurements using high-throughput experimentation methods[END_REF] confirmed the wettability variation from samplge edges to center for a 1 cm diameter and 2cm length Bentheimer sandstone, subjected to static aging (Figure 345678910111213141516). 1bar). We add a third sample with diameter d = 10mm. Here again, the irreducible brine was visible in the µCT images allowing to perform a measurement through image processing. The measured saturation state is consistent in the three samples (P36, P10, P6). We can notice that, in this case, no spontaneous displacement by brine occurs for none of the three samples: all oil recovery occurs during forced imbibition. In the Amott definition of wettability, Plug 6 in this test is therefore less water wet than the one in T H2 . A large amount of brine is recovered during spontaneous displacement by oil, especially for the Plug 10 and Plug 6, where very little additional brine is recovered during forced drainage. The behavior of Plug 36 is slightly different regarding spontaneous drainage as relatively smaller amount of brine is recovered. The same thing was observed in the two other tests. One explanation may be that this behaviour is close to what is happening during water wet spontaneous imbibition. 

P36 P6 P36 P6 P36 P10 P6 [C] Hexadecylamine [C 1 ] = 7, 7g/L [C 1 ] = 7, 7g/L [C 2 ] = 3,
I AH x x
-0, 24 ± 0, 34 -0, 40 -0, 50 ± 0, 41 -0, 88 -0, 89

Table 3.3: Results from the Amott tests with wettability alteration using Decane + Hexadecylamine. ( * This Swi measurement was performed in the brine/air system, before air/oil exchange. * * The residual oil saturation is barely visible in our routine resolution, the same way that irreducible brine saturation was in a strictly water wet case.)

III -2 Discussion

We choose to add hexadecylamine in the decane to alter the wettability, and be able to explore more oil wet cases. Considering this, these sets of experiments are indeed the most oil wet we managed to obtain. However, the use of this soluble additive points out the impact of low IFT for spontaneous flow in porous media. As a matter of fact, a lower IFT between the fluids results in lower capillary forces. We performed IFT measurements for the two couples oil/brine (Table 3.4).

The IFT values when the liquids are not equilibrated are important here as this is similar to the test conditions. The values at equilibrium with ratio 50/50 give an idea of the IFT evolution as brine/oil interfaces are formed. As the hexadecylamine is by its nature an additive with a high surfactant power, it is expected that the Decane + Hexadecylamine/Brine IFT would be lower raw and that

γ [C 1 ] << γ [C 2 ]
. Contrarily both IFT increase to a narrow value. These data indicate that the IFT is susceptible to evolve during the flow as oil/brine interfaces are created. We do not further explore this topic, but it may constitute an interesting lead for further work.

To evaluate the importance of capillary forces over gravity, we calculated the inverse Bond number (N -1 b ) using equation 1.21 (Table 3.5). We can notice that the inverse Bond number for the system using the oil mixture with concentration [C1] is way below 1. This is typical for a flow that is dominated by the gravitational forces, and is in good agreement with the observation we made in both T H1 and T H2 . As mentioned in the previous section, we notice that Plug 6 is spontaneously invaded by brine whereas the images show a oil wet configuration of the fluids: the flow is not capillary driven. However, no flow occurs in P36 and the measured Amott indices are, for T H2 , consistent with measurements of [START_REF] Tweheyo | An experimental study of the relationship between wettability and oil production characteristics[END_REF] performed on sandstone with similar properties. We will show in the next chapter that slight variations in porosity near the sample wall may occur because of the drilling. This variation ultimately leads to the existence of larger pores near the surface, and may therefore favor a gravity drainage process. To conclude with these set, we notice that despite the twice lower amount of hexadecylamine diluted in decane for T H3 , the Amott test surprisingly indicates a higher affinity for oil, in all samples. The differences between mini-plugs, and P36 yet persists. High differences in recovery appear starting from the spontaneous drainage phase which is more efficient in mini-plugs. This situation seems to be similar to the water spontaneous imbibition in the water wet case. The difference lies in the forced drainage where a non-negligible amount of additional brine is produced, in P36. The history saturation, and the lower fluids IFT may be responsible for these observations. An additional test where the Amott cycle is reversed should be performed in future work [START_REF] Robin | Interfacial phenomena: Reservoir wettability in oil recovery[END_REF] to verify if the saturation history accentuates the differences.

Tested fluids

IFT -no equilibration IFT -equilibration for 72h 50/50

Brine A / Oil [C 1 ] 0, 05mJ/m -2 ± 0, 012 4, 4 ± 0, 6 

Brine A / Oil [C 2 ] 1, 2mJ/m -2 ± 0, 2 3, 3 ± 0, 1

Tested fluids Oil

[C 1 ] Oil [C 1 ] eq50/50 Oil [C 2 ] Oil [C 2 ] eq50/50
N -1 b 0, 07 ± 0, 02 6 ± 0, 8 1, 5 ± 0, 3 4, 5 ± 0, 16 

IV Chapter conclusion

This chapter presented the experimental results of the Amott test for different wettability state, and for different sample size: each set is composed by a "Classical plug", and at least one mini-plug.

The following partial conclusions can be drawn:

• It is possible to simultaneously perform Amott test on samples of different sizes.

• The water wet case demonstrated, as expected, a great consistency regarding the Amott indices for the plugs of different sizes.

• Some non negligible differences in the mean saturation appear starting from the spontaneous imbibition. These differences do not arise for the same reasons in all cases tested.

• For the water-wet system, the differences in saturation do not impact the Amott indices as most of the recoverable oil is produced spontaneously. However, in more oil wet cases, this is no longer tue: spontaneous displacement by oil in the altered wettability case using hexadecylamine presents a higher brine production in P6 than P36. We suspect that the origin of these disparities may be similar to the water wet case.

• The static wettability alteration in crude oil is challenging: it may cause a wettability gradient within the sample, and is dependent on the sample aspect ratio. These differences in wettability induce a different behavior in samples of different sizes. We demonstrate that a better control of the crude oil volume during the static aging results in a decrease of the differences in saturation in the Amott test.

• The validity of the Amott test is questioned for low oil/brine IFT: we witness that even if the samples demonstrate a wettability more pronounced to oil in P36, some non negligible amount of brine spontaneously invade the P6. However, the µCT images after this stage highlight apparent curvature in favor of a wettability to oil. We suspect a gravity drainage caused by the very low IFT. The Amott index is therefore subjected to a bias caused by gravity flow instead of capillary flow.

Chapter 4

Highlight on sample saturation differences

The Amott test performed on water-wet samples of different sizes give rise to similar indices. However, in all tests we performed, we notice non negligible differences in the saturation state after spontaneous displacement by the wetting fluid. This difference persists in the subsequent steps of the Amott test. This is the subject of the current chapter. Table 4.1 and 4.2 gather the information and the results related to 4 different tests. The first thing to notice is that the initial water saturation states are of the same order in all experiments: we therefore expect similar final recovery in all experiments (Viksund et al., 1998). The saturation obtained on the large samples, from 35% to 40%, is in good agreement with the literature [START_REF] Blunt | Multiphase Flow in Permeable Media[END_REF][START_REF] Chatzis | Effect of capillary number on the microstructure of residual oil in strongly water-wet sandstones[END_REF]. The smaller plugs systematically give a lower value. A bias caused by the image processing was first suspected, as a large uncertainty lies in the initial saturation state where the Swi was impossible to resolve at our routine resolution (cf previous chapter). But, if this uncertainty is propagated to the imbibition state, it would lead to an even higher gap between both plugs. This is because a part of the detected brine volume after the imbibition may potentially correspond to the Swi, and thus the imbibed volume may be overestimated. Moreover, capillary dominated waterflooding experiments, i.e. with capillary number below the critical N CA = 1.10 -5 , performed in a flow cell on Bentheimer mini-Plugs (with diameter 4mm) do yield expected Sor values [START_REF] Berthet | Pore-scale insights on trapped oil during waterflooding of sandstone rocks of varying wettability states[END_REF][START_REF] Nono | Multiphase flow imaging through x-ray microtomography: Reconsideration of capillary en-effects and boundary conditions[END_REF]. As image processing was excluded as cause of the discrepancies, a new hypothesis was formulated: would it be possible that the imbibition is not over, even if Plug 36 Sor was consistent with other experiments. To avoid any doubt, we chose to perform new tests using Decane instead of Marcol 52 as the viscosity of Decane is about twelve times lower than Marcol 52: the flow will thus be quicker. We can see that this change had no impact on the final recovery (compare test 1 and 3). The tested spontaneous imbibition configuration (TEO geometry, and AFO geometry) also did not have a significant impact on the obtained saturation level (compare test 3 and 4). This is in good agreement with several works that underline that the flow geometry configuration impacts the flow rate but not the ultimate recovery for spontaneous imbibition on homogeneous sandstones [START_REF] Hamon | Scaling-up the capillary imbibition process from laboratory experiments on homogeneous and heterogeneous samples[END_REF][START_REF] Morrow | Recovery of oil by spontaneous imbibition[END_REF][START_REF] Shouxiang | Generalized scaling of spontaneous imbibition data for strongly water-wet systems[END_REF][START_REF] Torsaeter | The effects of sample shape and boundary conditions on capillary imbibition[END_REF][START_REF] Zhang | Experimental verification of a modified scaling group for spontaneous imbibition[END_REF]. Other experimental studies pointed out some differences in the ultimate oil recovery. [START_REF] Bourbiaux | Experimental study of cocurrent and countercurrent flows in natural porous media[END_REF] performed spontaneous imbibition on laterally coated low permeability rocks, but with high porosity. The initial conditions are different of ours, with a Swi around 40%, but the authors show that co-current SI demonstrates a slightly higher recovery amount albeit they suggested that this result needs to be further investigated as it may A slice in the (X,Y) plane of each case is shown in Figure 4-5. The saturation tendency mentioned above is clearly visible, even by eye. This observations gives the impression that the wall effect extents over a given spatial distance on the order of P4. This would explain the radial oil saturation profile shape of P4, the differences in amplitude we obtain for both P6, and the higher saturation we reach for P10. The oil increase near the surface is as well detectable, especially for the slice of P10. Further analyses on this oil domain even shows that it is quite connected. As for the test 4 -P6, the quite large oil domain near the radial edge is pretty connected as well, which let us think that these domains actually correspond to former production sites: the oil saturation, which is quite low, slightly decreases from the center towards the edge, while there remains a high oil accumulation at the edge. It may indicate that these production sites got disconnected later compared to the other P6 and P10. This would explain the lower saturation level at the center of the sample. The same analysis is performed over the porosity (Figure 4-4b). We globally observe that the porosity is homogeneous, but tends to slightly increase towards the two last rings of investigation. This may be caused by the sample drilling, impact the flow and therefore the saturation state.

So far, this set of experiments shows that, for a water wet sample, some end effects alter the saturation distribution without affecting the macroscopic wettability determination given by the Amott test. Two different phenomena are observed: a more or less important increase of the the oil saturation at the very end of the lateral surface, with an extent lesser than 0, 5mm, followed by a gradient in saturation toward the center of the sample with a way higher extent (at least 1, 5mm). The latter is the cause of the low mean oil saturation we measure in the mini-Plug.

During forced imbibition, even if we witness numerous changes in the oil distribution at the porescale, no significant amount of oil is recovered at the macroscopic level, leading to a high wettability to water indicator.

II Experimental investigation

In this section, we aim at finding out whether or not the phenomenon we observed is intrinsic to the spontaneous imbibition process in an all faces open configuration. Moreover, we investigate experimentally the possible causes of the saturation gradient.

II -1 Co-current spontaneous imbibition

The different tests presented in the previous section were all for counter-current dominated flow.

An interesting investigation lead is to compare these results with experiments where co-current is dominant. Table 4.3 gathers some key-characteristics of the samples used in this section, together with the mean oil saturation after spontaneous imbibition.

The three tests that follow were performed independently, but each with their own classical plug as witness of the Swi saturation state. The samples in TEO configuration are sleeved prior the start of the flow. The studied system remains the Bentheimer as the rock, and brine/decane as the liquids.

The samples are also here put at the initial state (Swi) using the centrifuge with a ∆P c centri = 1bar.

To perform spontaneous imbibition, the samples bottom face were simply bring into contact with brine while the top face contacted oil.

Plug 6 -TEO After the reference acquisition, we perform co-current spontaneous imbibition. We let the flow continue for 7 days and then proceed to the µCT acquisition.

Plug 10 -TEO In this test, we aim at observing the oil production evolution in order to identify if there is a preferential path. To do so, we use some oil soluble dye. To ensure that we would see the flow we decided to use a more viscous oil as the surrounding oil (i.e. Marcol 52). Pictures taken during the first minutes are shown in Figure 4-11. We let the system in this configuration gradient, and its magnitude are comparable to the radial saturation profile for counter-current dominated flow. The difference resides in the near-surface region: in the counter-current flow, the oil saturation tends to increase again whereas here, the oil saturation keeps decreasing and reaches a very low oil saturation at the surface. The more detailed analysis of the saturation distribution is consistent with the global radial saturation .

The near-surface oil accumulation may thus well be a typical feature of a counter-current flow.

The oil near the radial wall may arise from the production sites before it got disconnected and the capillary back-pressure got higher than the brine displacement pressure. This hypothesis would explain this systematic oil accumulation near the surface for the counter-current dominated flow.

As we suppress the capillary back pressure in co-current dominated spontaneous imbibition, and as the oil near the edges remains connected to surrounding oil, the production continues until the loss of this connectivity.

Another interesting point arises from P6 -AFO co-current. It is the first time that the mean saturation is that high after water wet spontaneous imbibition on mini-plugs, in this work. If we only consider the center of the sample, the mean saturation would be of around 40%, and would therefore be consistent with the observations on macro-plugs. 

P6 -TEO P10

II -2 Imaging of the classical Plug

It is important to note that the simplest would have been to perform the Amott test and the µCT acquisition directly on the classical plug, i.e. Plug 36. As the acquisition time as well as the generated data volume and the time and resources needed to analyze such a dataset would be prohibitive, we were forced to use a smaller sample. As concerns could be raised regarding the mini-plug representativity, we present in this paragraph a pore-scale investigation on P36 from test 4, after the spontaneous imbibition stage. The sample was sent at TESCAN1 to perform a µCT acquisitions of the entire plug at 9µm/voxel. The total dataset is 4410 * 4410 * 5115voxels.

Figure 4-16 shows a tomographic slice of P36 -test 4. As we have no reference images, we are not able to perform a quantitative data processing. However, it seems that the pores near the radial edge are indeed filled with brine. To confirm this, we perform qualitative image processing on a small ROI to investigate on the saturation distribution, in the center of the rock, and near the lateral edges. Figure 4-17 shows the saturation profile for a ROI in the center of the rock. We process by direct three phase segmentation as the resolution, and the contrast between the phases allow it. The uncertainty on the absolute saturation measurement may however be higher than usual, but upon visual checking, the segmentation seems to be fairly consistent with the tomographic data (Figure 4-18). The mean saturation estimated by the three phase segmentation is 40% against a value of 36% obtained by volume measurement, for the whole sample.

range is very narrow. As the oil is easy to identify, its profile should be quite accurate. The profiles are presented in figures 4-22a & 4-22b. The oil saturation is constant along the sample length (Figure 4-21, which is reassuring regarding the consistency of the segmentation. The remarkable fact is the profile from the lateral edge of the sample: we discover the same type of variation than what we observed in the mini-plugs in the AFO configuration, where the counter-current flow is dominant. The gradient has the same order of magnitude, and the same extent of about 2mm. This extent results in a lower impact on the saturation state as the sample size increases. 

III Discussion -The origins & impacts of the profile gradient

We witness against expectations that the final saturation state is not homogeneous at all within the samples. Moreover, the sample size appears to impact the final recovery amount. Our main worry is the representativity of the experiments in the mini-plugs, considering the non negligible disparities in mean saturation observed between the different sample sizes. We clearly highlight through these set of experiments that the lower saturation in mini-Plugs is caused by a saturation gradient. In this section, we will summarize the results and conclude on the possible causes, and consequences of these experimental observations.

We highlighted that a saturation gradient exists in the radial direction in all flow geometries tested: AFO counter-current, AFO co-current and TEO co-current. The oil saturation generally decreases toward the radial surface, albeit there is a slight difference between counter-current and a co-current dominated flow . This saturation gradient appears to exist as well in P36 (Figure 4-22b). Our main hypothesis for this gradient arises from the theoretical condition of P c = 0 at the edge of the rock. This condition is well accepted for counter-current imbibition as initial boundary conditions [START_REF] Pooladi-Darvish | Cocurrent and countercurrent imbibition in a water-wet matrix block[END_REF]. At t = 0, when the sample is immersed in the brine, the sample is at the Swi state, i.e. the surrounding pores are filled with oil while the rock surface is in contact with brine, forming flat oil/brine interface. Capillary forces then lead the brine invasion through the smaller pores forcing the oil out by the larger pores, in a flow similar to a drainage. This effect may be accentuated by the slight increase in porosity we observe near the radial edge (caused by the drilling): the oil production mostly arises from throats and pores with larger average size in the vicinity of the open faces.

In the co-current dominated experiments, these oil domains are connected to the surrounding oil, and thus remain mobile. In the TEO configuration using a heat shrinkable sleeve, the radial walls are not perfectly sealed, at the pore level: the sleeve prevent the radial face to be in contact with the brine, but do not prevent the oil to exit through this path. It therefore leads to a quite similar boundary condition than the AFO -co-current condition. Figure 4-23 is a tomographic slice of a P6 in TEO configuration after spontaneous imbibition. We can notice that some connected oil remains near the sleeve. These oil film may have constituted a connected path for the oil production until eventually, the pressure in the brine equals the one in the surrounding oil leading to a P c = 0 at the edge, at the end of the flow. The test on P10 demonstrates a non negligible oil production from the sleeve (Figure 4-11) which corroborates the assumption of an oil path near the sleeve: in the early time of the imbibition, it is tricky to distinguish the production path as a lot of streamlines are visible. However after 11min of flow, the rupture of these streamlines occurs, probably caused by the principal imbibition front reaching the top end of the sample. From then on, we witness more distinctly the streamlines arising from the sleeve for a while with a decreasing flow rate (the streamlines step aside until they are no longer visible). The saturation gradient may therefore be cause by a capillary end effect, leading to a gradual increase of the wetting phase saturation near the edges in a constant extent, and affecting the sample mean saturation accordingly to its size. We show in Figure 4-24 the dependency between the sample size and the mean saturation. The experimental results are compared to calculated values, according to the hypothesis of a constant reach of the saturation gradient. In the AFO configuration, with the samples entirely immersed in the brine, an analogous phenomenon occurs. The main difference arises from the counter current flow, meaning that the exchange surfaces are both inlet and outlet for the brine and the oil. We highlighted through these experiments that an oil accumulation may arise near the sample edges under these conditions. However, considering its small extent in comparison to the principal saturation gradient, it has a limited impact on the mean saturation. [START_REF] Bibliography | Similarity solution for linear counter-current spontaneous imbibition[END_REF] and [START_REF] Ruth | An approximate analytical solution for countercurrent spontaneous imbibition[END_REF] pointed out that contrarily to common belief, the non wetting phase saturation (S nw ) may tend to increase above the Snw,r at the outlet, in counter-current spontaneous imbibition. This is due to complexities in flow behavior related to the production discontinuity and the selectivity of the mechanism that determines the production sites. Our experimental results corroborate this assumption. For the oil to be produced, in a counter-current dominated flow, the oil domain near the outlet surface must keep its mobility: the rupture of the continuous path to oil production sites results in a loss of mobility and ultimately to the end of the spontaneous imbibition process. We show in Figure 4-25 a large and connected oil domain near the radial surface that tends to confirm this hypothesis. This behavior is therefore typical of the counter-current configuration. Its origin may arise from the capillary driving pressure acting in counter-current spontaneous imbibition widely reviewed by [START_REF] Meng | Entrapment of the non-wetting phase during co-current spontaneous imbibition[END_REF], i.e.

This chapter focused on the disparities in saturation we observed after water wet spontaneous imbibition. We repetitively observed a oil saturation decrease from the mini-plug's core to its radial surface, with a surprisingly low oil saturation near the surface. This profile appears to be independent of the dominance of co-current flow or counter-current flow, albeit we highlight for the latter a systematic increase of the oil saturation in the 0, 5 last millimeters to the radial edge. We experimentally show that this increase of the oil saturation only exists in the counter-current dominated flow, and that it does not notably impact the mean saturation. This observation is in agreement with the literature despite it is, to our knowledge its first experimental visualization. It is a phenomenon inherent of the capillary back pressure, and therefore depends on the fluids viscosity, proportional to the IFT, and inversely proportional the the radius of the pores from which the oil escape. The observations on a set of experiments with low IFT tend to confirm the IFT dependency, although it is difficult to conclude because other parameters varied as well (wettability, saturation history).

The oil saturation global decrease in at least the 2mm from the radial surface seems to be inherent to a P c = 0 condition near the edges, i.e. a capillary end effect, that exists independently of the flow geometry or configuration. We show that in the absence of a perfect lateral sealing preventing the oil to escape from the lateral face in two ends open configuration, the saturation profile shape is very similar to a co-current dominated spontaneous imbibition with AFO configuration. The saturation gradient is responsible of the mean saturation disparities observed between mini-plugs and classical plugs: as this phenomenon appears to have a constant extent, its impact on the saturation decreases with the increase of the sample size (i.e. the bulk volume becomes way larger than the edge volume under the influence of the end effect).

Further investigation on the dynamics of the process should lead to a better understanding of the mechanisms. A numerical study on these data should also be performed. Regarding the impact of the saturation gradient on the global saturation, care must be taken for small samples as their saturation state is dramatically impacted. A sensitivity study should be performed on different rocks, and using different fluids properties such as varying IFT. We show that an analogous effect may have an even higher impact on samples where the wettability was changed toward something more oil-wet, and with low IFT between the fluids (tests with hexadecylamine). Moreover, the higher porosity near the sample surface may also result in a different response to the wettability change procedure as more oil is susceptible to invade those pores because of the lower entry pressure. Our last recommendation is to avoid the use of heat shrinkable sleeves when one wants to perform TEO flow. In the absence of a confining pressure, the sealing is not ensured, and affects the flow pattern. In a case where the coating produces a perfect sealing, the radial effect we observe should disappear.

The representativity of the Amott experiments performed on different sample sizes, and especially on small ones should be interpreted with care. The test proposed by Amott requires to perform spontaneous and forced flows, and compare the amount of produced fluid. This comparison allows to minimize the impact of the rock or the fluids properties. In the end, the differences we observe in the saturation state find their explanation in boundary conditions, and to some extent also in the saturation history. The wettability indices themselves mostly results from the spontaneously displaced fluids. For that reason, it makes sense to perform the analysis at locations where such displacements occur: the local properties are therefore assumed to be representative of the wettability state with the assumption that the wettability state is similar from one sample to the other.

These observations for a homogeneous rock may give some insights for the case of heterogeneous rocks with dual-porosity, e.g. composed by high permeability domains, and domains of micro-pores with very low permeability: the recovery efficiency and mechanisms could be very different according to the micro-porosity domain size compared to the characteristic length of the phenomenon we mentioned.

Chapter 5

Pore scale analysis -Towards a microscopic characterization of the wettability

One of the objectives of this work is to relate the Amott wettability test to pore-scale manifestations of the wettability. The visualization of the µCT data allows to have a general idea of the sample wettability: we are for example able to distinguish the curvatures direction at the interfaces between the phases. Several works aiming at estimating the wettability state of the porous media by mean of CT images and image processing were published, either through indirect pore-scale properties such as phases' connectivity and pore occupancy [START_REF] Culligan | Pore-scale characteristics of multiphase flow in porous media: A comparison of air-water and oil-water experiments[END_REF][START_REF] Pak | Droplet fragmentation: 3d imaging of a previously unidentified pore-scale process during multiphase flow in porous media[END_REF][START_REF] Scanziani | In situ pore-scale visualization of immiscible three-phase flow at high pressure and temperature[END_REF][START_REF] Singh | Imaging of oil layers, curvature and contact angle in a mixed-wet and a water-wet carbonate rock[END_REF], or through contact angle measurements [START_REF] Alhammadi | In situ characterization of mixed-wettability in a reservoir rock at subsurface conditions[END_REF], AlRatrout et al., 2017[START_REF] Andrew | Pore-scale contact angle measurements at reservoir conditions using x-ray microtomography[END_REF], Blunt et al., 2019[START_REF] Khishvand | In-situ characterization of wettability and pore-scale displacements during two-and three-phase flow in natural porous media[END_REF][START_REF] Singh | Imaging of oil layers, curvature and contact angle in a mixed-wet and a water-wet carbonate rock[END_REF][START_REF] Sun | Linking continuum-scale state of wetting to pore-scale contact angles in porous media[END_REF].

In this section, we present several analyses reflecting the wettability state. We investigate the volume properties, such as the phase distribution within the porous media, the interfacial interactions, such as the curvatures and interfacial areas, and at the triple points we perform the contact angle measurements. These analyses are presented first for the water wet case T D presented in chapter 3-I. Then, these measurements are confronted with rather oil-wet case in chapter 3-II.

I Analysis routine on a water wet case

We will, for the water wet case, mostly focus on the water wet spontaneous imbibition, and the forced imbibition.

brine phase shows a high connectivity in both imbibition steps: the image processing highlights that almost the entire brine volume is contained in one single highly connected blob (Figure 5- 5). No significant changes are observed during spontaneous drainage, leaving the oil and brine blob distribution unchanged. Forced drainage brings us back to a situation similar to the primary drainage: the oil is highly connected because it was forced in the medium with a high centrifuge P C , i.e. rotation speed. As raised in a previous chapter, the imaging technique limit in resolution, hinders to perform a blob distribution analysis on the brine phase after forced drainage flow.

We show here that a simple analysis of the oil blob distribution gives much information about the phase connectivity, resulting from the interplay of interfacial phenomena and capillary forces at the pore level. Such an analysis is therefore a wettability indicator. given size distribution. Figure 5-6 shows that only a few blobs (less than 20% of the residual oil volume) extend over multiple pores. After the forced imbibition, these ganglia, larger than a critical volume of 7.10 -3 mm 3 got either divided in smaller blob or produced (still, only 4% of additional oil is recovered from forced imbibition): there is no oil blob left with a greater size than the largest pores. 

I -1.2 From connectivity to topology: The Euler number

The Euler number is one of the morphological descriptors that compose the Minkowsky functionals, a complete set of morphological measures based on the Euler-Poincaré characteristic of n-dimensional space. The Euler number can be used to evaluate the connectivity of any object, and has been widely used for fluid connectivity analysis in the case of multiphase flow [START_REF] Herring | Effect of fluid topology on residual nonwetting phase trapping: Implications for geologic co2 sequestration[END_REF], [START_REF] Armstrong | Beyond darcy's law: The role of phase topology and ganglion dynamics for two-fluid flow[END_REF], [START_REF] Herring | Topological persistence for relating microstructure and capillary fluid trapping in sandstones[END_REF]]. It is defined as follows:

χ = β 0 -β 1 + β 2 (5.1)
β i=0,1,2 refers to the Betti number where β 0 gives the number of elements, β 1 the number of redundant loops, and β 2 the number of cavities within the object. The Euler number can be used either on a phase, or on the connected elements of a phase. As a general rule, the more negative the Euler were only caused by the existence of a wetting layer, and so by layer flow, one would expect the whole oil to be trapped exclusively in the largest pores. Here we can see that about 40% of the remaining oil lies in the range going from smallest pores to the mid pore size. It highlights the fact that the saturation state is also dependent on the pore connectivity and the saturation history. Figure 5-9(b) shows that after forced imbibition, most of the changes occurs in the largest pores, i.e. the oil and brine occupancy distribution tends to become narrower and are centered around the mid-pore size. This behavior can be expected as in a forced displacement, the flow is favoured in the areas where the hydrolic resistance is the lowest (Poiseuille equation gives that the hydraulic resistance is inversely proportional to a tube radius to the power of four). Consequently, the pore occupancy analysis for forced flow does not give much information about the wettability state, especially in a flow where capillary pressure is not dominant. Some capillary redistribution may occur, but it is dependent on the forced balance the system was subjected to. We can compare this pore occupancy analysis (Figure 5-12) with Figure 5-6 where we cross pore size distribution and oil blob size distribution. After spontaneous imbibition, some oil blobs where bigger than the largest pores, meaning that they extend over more than one pore. Major changes in blob distribution after the forced displacement occurs for these large blobs which got either recovered, or fractioned in smaller blob . From the global distribution, we can derive a mean contact angle value per oil blob as shown in Figure 5-18(a). One can notice that the most represented value remains the same in both cases. If CHARACTERIZATION OF THE WETTABILITY we now weight the blobs by their contribution to the total oil volume, a single value that correlates well with the global contact angle distribution mean value stands out (Figure 5-18(b)). It is also interesting to note that the mean contact angle value correlates the calculation through the Washburn equation, for a water wet Bentheimer sample from the same bloc [START_REF] Bouhouche | Wettability determination from capillary-rise method using lucas-washburn equation[END_REF].

I -3 Partial conclusion

We show that µCT imaging allows to perform numerous analyses to describe the wettability manifestation at the pore-scale: from volume to surface properties, and even apparent contact angle measurements. Such analyses are commonly performed on study dealing with µCT imaging of flow in porous media. The novelty of the approach is to compare those microscale characterization to a well established petrophysical wettability measurement, i.e. the Amott test. Our results show an excellent agreement between pore-scale analysis, Amott/Amott-Harvey wettability indices (I AH = 0, 9 → stricly water wet), and general knowledge for a water-wet case. CHARACTERIZATION OF THE WETTABILITY

• in the oil wet capillary driven displacement by oil, the opposite occurs. The oil is sucked into the porous medium and remains a connected phase, while the residual brine got split in smaller blobs

It is important to note that the oil/brine IF T differs between both tests as some hexadecylamine is diluted in the decane for test T H3 , hereby lowering the IFT from 44mJ/m -2 to 1, 2mJ/m -2 . This low IFT impact the blob size in the way that after forced drainage, we create brine blob way smaller than after spontaneous drainage. From the pore occupancy analysis (Figure 5-24) arises that the non wetting trapped fluid tends to be in the largest pores after capillary driven flow. The water wet case has already been discussed. the residual brine in the oil-wet case tends to behave like the residual oil in the water wet case. However, the cumulative curves show small differences in the smallest pores: they are majoritary occupied by brine (note that the cumulative curves cross). This fact is likely resulting from the saturation history: regardless the sample wettability state, we perform the preliminary stages (Sample 100% saturated with brine, and the primary drainage), the successives imbibitions and drainages in the same order. The saturation history for the water wet and the oil wet capillary driven flow is thus not mirrored. The primary drainage is always performed on the rock natural wettability state, i.e. water wet. The irreducible brine saturation is therefore distributed in the smallest pores, or as a film covering the pore walls. By performing drainage using hexadecylamine diluted in the oil, we note that some of the irreducible brine migrates towards the pore centers and adopt sphere-like shape.

The spontaneous imbibition occurs right after primary drainage, meaning that for a water wet case, the smallest pores may have been already brine-filled or at least favorable to be brine-filled. For the oil wet case, the capillary driven flow, i.e. the spontaneous drainage, occurs after the spontaneous imbibition and the forced imbibition. We showed, during the forced imbibition on this oil wet experiment, that the residual oil was barely visible in the µCT images. Two scenarii exist:

• as we are oil wet, the brine enters the pores with an entry pressure below the 1bar of centrifuge pressure applied

• the brine that was already in small pores after the forced drainage reconnect with the invading brine during the forced imbibition.

The ability of the oil to displace this brine in the smallest pores will depend on the wettability of these pores: because of the initial existence of the brine , the wettability may have not altered the same way everywhere. Furthermore, the access to the smallest pores filled with brine is dependent on those pores' connectivity. For all these reasons, it is not surprising that some of the brine in the smallest pores may get trapped there. 

II -1.3 The interfacial properties

The shared interfaces analysis between the fluid and the grain, from the occupied pores perspective, clearly depicts the grain tendency to share most of its interface with the wetting fluid, i.e. the brine for the water wet case (Figure 5-25 (a)), and the oil for the oil wet case (Figure 5-25 (b)). We can notice that the proportion of shared interface with the wetting fluid is comparable in both wettability The mean curvatures analysis is performed in the dispersed phase, i.e. the brine for the oil-wet case (Figure 5-27b), and is compared to the water-wet case (Figure 5-27a). It highlights that the mean curvature distribution is wider, and that a non negligible amount of mean curvature are negatives in the oil-wet case while the visual analysis in 2D images shows otherwise. Yet, this result is not surprising as it is a mean measurement relating to the two principal curvatures. By convention, when the two curvatures are in opposite side from the interface, the larger is negative, and the smaller positive: this observation may be caused by local capillary instability caused by the low IFT in the oil-wet case. 

II -1.4 The apparent contact angles measurement

The apparent contact angle measurements confirm that we are dealing with two quite opposite wettability states in these two experiments (Figure 5-28). For the oil-wet case, the global contact angle distribution highlights that most of the measured contact angles are above 90 o , with a most represented value of 110 o . The mean value per blob of the dispersed phase confirms this trend (Figure 5-29). However, some non negligible part of the contact angles range in the water-wet category (θ < 90 o ), which corroborate that some areas may have remain more water-wet. We show in the Figure 5-30 a small region of interest centered on a brine blob an example of a manual apparent contact angle measurement along a triple line, i.e. a line where the three phases meet together. This visualization is to be compared with Figure 5-16. This illustration also highlights interfaces where the curvature in reversed. 

III Chapter conclusion

In this chapter, we presented a full set of analyses to characterize the wettability manifestation at the pore-scale, based on µCT images. Although the µCT data analysis accuracy is variable as it depends on many parameters such as the image resolution, we successfully demonstrated that it allows to discriminate two quite opposite wettability states, i.e. a water wet case, and an oil wet case. The micro-scale analyses systematically confirm, and complement the reference wettability measurement provided by the Amott test, on the reference sample. Besides, we demonstrate by these analyses that the oil-wet case is not as extreme as the water-wet case, which opposes the Amott/Amott-Harvey indices measured on the mini-plugs, and confirms that boundary effects, and in some extent saturation history, caused the discrepancy in saturation between P36 and P10 or P6. The connectivity of the phases is a manifestation of trapping mechanisms that occur when a wetting phase displaces a non wetting phase, and is also dependent on the IFT. The pore occupancy after a capillary driven flow also translate the trapping of the non wetting phase that is more likely to occur in largest pores. It also showed that the pore occupancy depends on the saturation history, and the way pores are connected to each other. The contact surface is closely linked to the wettability state, which is a surface property. It provide valuable information about the relative affinity of the grain to the fluids. The larger a fluid ganglia in comparison to the pores it occupies, the more relevant, and accurate the analysis. Curvature analysis and contact angle measurements are usually considered as the more direct ways to obtain a wettability trend. However, both measurements being more local, they also may be highly impacted by image bias. Furthermore, the curvature is linked to the capillary pressure through the fluid IFT. Curvature measurements on low IFT fluid may alter the interpretation. The contact angle measurements on the other hand shows good consistency with the Amott indices, however, its absolute value and the reason for the distribution width can be questioned. The confrontation of different analyses, and the comparison with the Amott test allows to gain confidence in the results. Thanks to this set of analysis methods, we can now attempt to explore more complex wettability state obtained by aging in crude oil.

Chapter 6

The intermediate wettability case -Pore scale analysis

In this chapter, we will focus on the intermediates wettability state obtained by aging in crude oil.

As reminder, the wettability change was performed by static aging, which led to a non homogeneous wettability:

• In Plug 36 of test T C1 , surrounded by an "infinite" amount of fresh oil

• In Plug 6 of test T C2 aged in the visualization cell Nevertheless, we managed to reduce the wettability disparities in T C2 by performing the static aging in 1P V The samples from T C1 and T C2 wettability indices generally range in the intermediate wettability category. This wettability state pore-scale analysis is poorly documented, and is therefore a good way to challenge the pore-scale characterization we have established. We will thus confront the analysis for T C1 -Plug 6 and T C2 -Plug 6. Figure 6-1 shows the saturation profile for both samples at each step in the Amott test. We will mostly focus on forced imbibition and spontaneous drainage. The forced flow using the centrifuge were performed with a P c centri = 0, 8bar. A tomographic image of a ROI is presented in figure 6-2 for each case.

I Wettability analysis at the pore scale

I -1 The connectivity

The connectivity analysis after forced imbibition highlights that despite producing a large amount of the oil in place, a non negligible part of the residual oil remains quite connected: about 60% of the oil is contained in a single blob for T C1 and 50% for T C2 (Figure 6-3(a)(c). The brine is even more highly connected, which is expected for the displacing phase at such a ∆P centri . The oil is the most dispersed phase according to the image processing. This high connectivity for both phases indicates that way fewer capillary trapping occurs and is a first indicator of a more intermediate to neutral wettability state [START_REF] Kowalewski | Wettability alterations due to an oil soluble additive[END_REF].

However, the grey level images highlight some thin oil domain near the walls that hint at the existence of oil films, barely visible to the µCT. If they do exist, the connectivity of the oil phase would be higher than this analysis indicates. Figures 6-4 and 6-7 are three dimensional images extracted from the µCT data after forced imbibition. These figures illustrate that the residual oil clusters are indeed fairly connected and have an analogous morphology and extent than the brine ganglia. After spontaneous drainage (Figure 6-3(b)(d)), the brine remains highly connected for both T C1 and T C2 . We even witness a non-negligible increase in the oil connectivity for T C2 . It is expected as oil spontaneously invades the rock through capillary action. On the contrary, the analysis for T C1 points out a loss of connectivity in the oil phase associated with the breaking up of the largest ganglia. Its size reduces from 63% to 37% of the total oil volume. This loss of connectivity is visible in the images. A 3D example is illustrated in Figure 6-8, and 2D images are in Figure 6-9. This behavior is surprising considering that the sample is surrounded by oil, and if something should occur, it would be an increase of the connectivity. Both illustration show that the loss of connectivity occurs in narrow restrictions. It is therefore possible that some loss of connectivity can be attributed to the image resolution, and the image processing. We also highlight that some brine/oil interface moved from forced imbibition to spontaneous drainage in favor to a locally more water wet configuration. There are less ambiguities in T C2 , where we clearly see the oil ganglia growing (Figure 6-10). The Euler number analyses (Figure 6-5 & 6-6) confirms the previous observations and globally gives that the largest oil domain extents in several pores and forms several redundant loops, for both cases. We complete the connectivity analysis by pointing out that the disconnected blobs from forced imbibition to spontaneous drainage in T C1 remain quite connected. The proportion of singlet oil blob remains constant in both cases, for each flow stage.

The normalization to the pore-space (Figure6-6) allows to assess the blob topology in comparison with the pore space topology: we note that even if the largest blob from T C1 , after forced imbibition, is larger than the one from T C2 , the topology of the blob in T C2 indicates that it consists in more redundant loop, i.e. it is more connected regarding its topology.

Further pore-scale investigation should allow us to determine whether or not the loss of connectivity observed in T C1 is caused by a pore-scale process, or an imaging bias. 

II Discussion

These two sets of experiments clearly show a different fluid behavior compared to the water wet and the oil wet cases. The evolution of T C1 from forced imbibition to spontaneous imbibition is quite surprising as it demonstrates the most obvious signs of neutral wettability after forced imbibition and eventually appears to tend to very slightly water-wet. The sample T C2 on the other hand appears to present a neutral to slight wettability to oil. However, part of the pore-scale evidences implying a wettability to oil certainly arises from the edges of the samples. The pore-scale analysis corroborate the Amott-Harvey indices measured directly on the mini-plugs: I AH = -0, 03 and I AH = -0, 15 for T C1 and T C2 , respectively. Nevertheless these indices are notably different from the indices measured on the reference plug, albeit we can notice that the wettability suggested by the pore-scale analysis goes in the same direction than the indices given by the Amott test on the reference sample (i.e. T C1 is more water-wet than T C2 ): I AH = 0, 46 and I AH = 0, 21 for T C1 and T C2 , respectively. It also reveals that the samples are indeed not at the identical wettability states as their reference plug. As mentioned in a previous chapter, the two static aging procedure were different:

• on T C1 , the samples were freely left in a large cell filled with oil with consequence to create a wettability gradient from water wet like in the center, to something more oil wet towards the edges. This behaviour caused the Plug 36 to be water wet in the Amott scale as some brine spontaneously invaded the rock. The impact is low on P6 as its surface over its volume ratio favorable towards reaching equilibrium.

• on T C2 , we reduce the amount of aging oil to around 1P V for the Plug 30 and the Plug 10. However, the Plug 6 was left in the acquisition cell for aging, with an available amount of "fresh oil" around 2P V . It leads to speculations that the petrophiles of the surrounding crude oil diffused near the sample edge and created a symmetrical non-uniformity of the wettability with respect to the radius of the core.

The pore-scale analysis is sensitive enough to differentiate these two behavior, but the uncertainty induced by the wettability alteration procedure, in the different size of sample, hinders to conclude about the correlation between "classical Amott test", and the pore scale analysis.

Conclusion and perspectives

This work aimed at investigating the microscopic manifestation of given Amott/Amott-Harvey wettability indices by combining the classic Amott test to X-ray imaging. The Amott cycle endpoints were investigated. The first challenge of this study was to adapt the classic Amott test to the use of small samples, required by the µCT pore-scale imaging. This initial step required several attempts and investigations to ensure that the experimental procedure was consistent. Despite subjecting plugs of different sizes to the same protocol, differences in the saturation state were observed after spontaneous imbibition, for cylindrical and water-wet samples. The investigations on mini-plugs permitted to identify that this discrepancy arises from a non homogeneous saturation state within the plugs. Plugs of all sizes exhibit a saturation profile where oil saturation tends to decrease towards the radial outlet face. The transition region roughly extends 2mm from the radial outlet face. This observation is reproducible for both co-current or counter-current dominated flow, in the tested Bentheimer sandstone. We highlight that the same phenomenon exists in classical plugs, but has a low impact because of the small dimension of the transition region compared to the sample size: We notice no comparable observations in the literature. The saturation gradient origin may arise from the P c = 0 at the outlet, and may be intensified by the existence of larger pores at the outlet.

The magnitude and the extent of the phenomenon should also depend on the fluids' viscosity, and their IFT. We also witness an increase in oil saturation at the radial outlet face in countercurrent dominated flow. This phenomenon has already been mentioned in the literature, yet, we provided, to our knowledge, the first experimental data related to it. This oil accumulation tendency is expected to increase with the viscosity, and the flow rate of the produced phase. We showed that this non-wetting phase accumulation don't seem to exist for capillary-driven flow involving fluids with low IFT.

As for the perspectives of this first part:

-It would be interesting to perform the same spontaneous imbibition experiments on varying rocks (even heterogeneous ones) in water-wet condition to investigate the impact of the porous network, and the permeability.

-Similarly, experiments with varying IFT in water-wet condition should highlight the acting of the capillary pressure in this phenomenon.

-Numerical simulation may constitute an useful tool for the understanding and a better description of the acting phenomena.

The origin of the saturation discrepancy being related to some end effect, inherent to capillary driven displacement, we infer that it does not hinder the main objective of this work, which is the pore-scale investigation related to the wettability state measured by the mean of the Amott test. We proposed a full workflow allowing to describe properties related to the wettability state: from volumetric properties such as the phase connectivity, to interfacial properties such as the curvatures analysis, including the apparent contact-angle measurements. Although the µCT data accuracy is variable as it depends on many parameters such as the image resolution, the resulting micro-scale analyses tends to confirm, and complement the reference wettability measurements provided by the Amott test, on the classic samples. The results for the intermediate wettability state qualified with the evidences that the wettability state may not be equal in the samples of a same set, i.e. between mini-plug and classical plug. However we successfully demonstrated that the combination of different pore-scale analyses allows to discriminate four different wettability states. It is important to notice that a single measurement, even the apparent contact angle is not sufficient as each property may be impacted either by image bias (very local measurements induce higher sensitivity to image bias), or by the fluids' or system properties. The knowledge of the fluids properties (e.g. the IFT) is crucial in such analyses as they impact the flow (e.g. the force balance), the pore-scale properties, and may therefore alter the interpretation: we highlight that this is especially the case in connectivity or curvature analyses. To conclude this work, here is a comparison between the mean curvatures measurement, and the contact angles distribution for the four wettability states described in chapters 5 & 6: -sets of experiment with homogeneous wettability alteration for the intermediate wettability states should be realized, for example by performing the entire Amott sequence within a flow cell -it would be interesting to produce a synthetic wettability alteration to extreme oil-wetness in order to stake the whole Amott and Amott-Harvey scale -as the wettability state, measured by the mean of the Amott test, is also impacted by the saturation history, the experiments presented in this work should be reproduced in the inverse order, i.e. starting from the S or , for a better understanding of its impact.

-different rocks should eventually be explored

Regarding the image processing, we propose as an outlook to perform similar analyses but by separately investigating on small pores and large pores (e.g. the apparent contact surface). This way, the mixed and fractional wettability would be better described. Also, different strategies of contact angle measurements could be performed to confront their sensitivity.

  and the state of the art I Theoretical background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I -1 The surface and interfacial tensions . . . . . . . . . . . . . . . . . . . . . I -2 Wetting properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I -3 The capillary pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . I -4 Flow in porous media . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I -4.1 General definitions . . . . . . . . . . . . . . . . . . . . . . . . . I -4.2 The Stokes equation . . . . . . . . . . . . . . . . . . . . . . . I -4.3 The Darcy equation . . . . . . . . . . . . . . . . . . . . . . . . I -4.4 The relative permeability . . . . . . . . . . . . . . . . . . . . . I -4.5 Fluid saturation in porous media . . . . . . . . . . . . . . . . . I -4.6 The interplay of capillary forces and gravity . . . . . . . . . . . I -4.7 Dimensionless numbers -Force balance . . . . . . . . . . . . . II Reservoir Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II -1 Wettability petrophysical measurement . . . . . . . . . . . . . . . . . . . II -2 Capillary presure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II -3 Relative permeability and recovery curves . . . . . . . . . . . . . . . . . . III Trapping mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV Spontaneous imbibition process . . . . . . . . . . . . . . . . . . . . . . . . . . . IV -1 Generality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV -2 The main mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . V Open challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 Experimental results -Amott wettability tests I The water wet case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II Altered wettability through static aging in crude oil . . . . . . . . . . . . . . . . II -1 The Amott test result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II -2 Discussion: the wettability alteration using static aging in crude oil . . . . III Altered wettability using an oil soluble additive: the hexadecylamine . . . . . . . . III -1 Amott tests results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III -2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . IV Chapter conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 Highlight on sample saturation differences I Wall effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II Experimental investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II -1 Co-current spontaneous imbibition . . . . . . . . . . . . . . . . . . . . . . II -2 Imaging of the classical Plug . . . . . . . . . . . . . . . . . . . . . . . . . III Discussion -The origins & impacts of the profile gradient . . . . . . . . . . . . . . IV Altered wettability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . TABLE OF CONTENTS V Chapter conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 Pore scale analysis -Towards a microscopic characterization of the wettability I Analysis routine on a water wet case . . . . . . . . . . . . . . . . . . . . . . . . . I -1 Volumetric properties: relating wettability and fluid distribution . . . . . . I -1.1 Connectivity: the blob size distribution . . . . . . . . . . . . . . I -1.2 From connectivity to topology: The Euler number . . . . . . . . I -1.3 The pore occupancy . . . . . . . . . . . . . . . . . . . . . . . . I -2 From interfacial properties to contact angles . . . . . . . . . . . . . . . . . I -3 Partial conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II Water-and oil-wet case comparison . . . . . . . . . . . . . . . . . . . . . . . . . II -1 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . II -1.1 The connectivity . . . . . . . . . . . . . . . . . . . . . . . . . . II -1.2 The pore occupancy . . . . . . . . . . . . . . . . . . . . . . . . II -1.3 The interfacial properties . . . . . . . . . . . . . . . . . . . . . II -1.4 The apparent contact angles measurement . . . . . . . . . . . . II -2 Discussion .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III Chapter conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 The intermediate wettability case -Pore scale analysis I Wettability analysis at the pore scale . . . . . . . . . . . . . . . . . . . . . . . . . I -1 The connectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I -2 The pore occupancy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . I -3 The interfacial properties . . . . . . . . . . . . . . . . . . . . . . . . . . . I -4 The apparent contact angles measurement . . . . . . . . . . . . . . . . . . II Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . III Chapter conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . in porous material: Cartoon of and oil/brine/rock system for a (a) Water wet configuration, and an (b) Oil wet configuration . . . . . . . . . . . . . . . . . 0-2 Wettability in porous material: 3-dimensional tomography images of an oil/brine/rock system for a (a) Water wet configuration, and an (b) Oil wet configuration. . . . . . 1-1 Different wetting situations -The spreading coefficient. (a) Total wetting -S ≥ 0, (b) Partial wetting -S < 0, (c) Non wetting -S < 0. O,W and S refer to oil, water, and solid, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-2 The wettability through the contact angle. As a general rule: θ e < 90 o → wetting fluid, θ e = 90 o → neutral wettability, θ e > 90 o → non wetting fluid . . . . . . . . 1-3 Relation between interfacial tension, wettability and contact angle. . . . . . . . . . 1-4 Apparent θ apparent and real θ true contact angle measurement on a rough surface (from Abdallah et al. (2007)) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-5 The capillary pressure: 3-dimensional and 2-dimensional curved interface between two immiscibles fluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-6 The capillary pressure for a perfectly spherical droplet -The Laplace law . . . . . 1-7 Relation between the contact angle θ, the interfacial tension γ, the curvature C = 1 r , and the capillary radius R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-8 Porous media -Solid matrice and Pore space . . . . . . . . . . . . . . . . . . . . . 1-9 Flow through a capillary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-10 A porous material subjected to a pressure gradient -The Darcy's law . . . . . . . . 1-11 Capillary rise/descent experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 1-12

  . . . . . . . . . . . . . . . . . . . . . . . . . . 1-24 Cross sections representing the evolution of the menisci corners curvature toward the open face of the large tube just before snap off occurs (time t3 of figure 1-23. The red is the wetting phase, and the non wetting phase is white. . . . . . . . . . . 1-25 Boundery condition for spontaneous imbibition . . . . . . . . . . . . . . . . . . . 2-1 View from the inside of the µCT Zeiss Xradia Versa 510 tomograph. . . . . . . . . 2-2 µCT image -(a) Two-dimensional slice through a Bentheimer sandstone, and (b) Three-dimensional view of a Bentheimer sandstone . . . . . . . . . . . . . . . . . LIST OF FIGURES 2-3 X-ray conical beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 2-4 (a)Beam hardening artifact, and (b) the corrected image . . . . . . . . . . . . . . . 69 2-5 Beam hardening artefact -plot of the intensity profile across the slice: the blue line is for the raw data, and the green line is for the corrected data. . . . . . . . . . . . 69 2-6 (a) Ring artefacts, and (b) Corrected rings -we did not correct the phase contrast in this work as we only rarely used the high resolution data for quantification. . . . 70 2-7 Test on different denoising filters: (a) raw data, (b) Denoising using a median fiter, (c) Denoising using an anisotropic diffusion filter, (d) Denoising using a bilateral filter. The scale bar indicates 200µm . . . . . . . . . . . . . . . . . . . . . . . . . 71 2-8 Intensity histogram comparison for different denoising filter . . . . . . . . . . . . 71 2-9 Data denoising on dry image -The red line represent the line prob for Figure 2-10 . 72 2-10 Effect of the bilateral filter at the interface between two phases: The blue line is

  2-23 Experimental devices for spontaneous flow: left image for the mini-plugs, ang right image for the classical plug spontaneous imbibition. The same device is used for spontaneous imbibition and drainage, for mini-plugs. Spontaneous drainage for the large plug is in similar cell but upside down so that the recovered brine flows in the burette by gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-24 Forced drainage and imbibition configuration on the L5-50P Beckman ultracentrifuge . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-25 Centrifuge adaptation for mini-plugs: P4 or P6 are place in a core holder. P10 is left in its mother rock. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-26 Capillary pressure as a function of the water saturation, inferred from the MICP measurement. A Swi of around 10% is expected for an applied capillary pressure of 1bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-27 Swi in P6 -Saturation profile . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2-28 µCT image at a 2µm/pxl resolution for (a) dry rock and (b) at Swi. (c) shows the segmented image at Swi: black is the grain phase, green the brine phase, and red the grain. We can see that some brine remains in the smallest pores, but also that the grey level of the clays appears to get lighter from the dry to the Swi state: brine enters in the clay but is hardly detected by the segmentation. . . . . . . . . . . . . 2-29 Comparison between µCT images at voxel size -left: 2µm/pixel and -right 800nm/pixel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .LIST OF FIGURES2-30 µCT images focus on clays surrounding small pores at voxel size of 800nm/pixel . 93 2-31 Three Phase segmentation on a ROI with voxel size 800nm/pixel -Swi mean = 10%. The blue phase is the brine, the black the oil, and the grey the grain. The scale bar represents a distance of 200µm. Swi mean = 10% . . . . . . . . . . . . . 94 2-32 Swi profile in a ROI with voxel size 800nm/pixel . . . . . . . . . . . . . . . . . . 94 2-33 Primary drainage at a C = 90 g -Saturation profile. . . . . . . . . . . . . . . . . . . 95 2-34 Focus on one end face during spontaneous imbibition within the initial acquisition cell. We can observe some oil production which path is obstructed by the cell centering piece. The analysis of a typical oil droplet size before its release on the classical plug shows that it can reach a diameter comparable to the available space. 96 2-35 Tomographic 2D slice in the sample direction, after spontaneous imbibition. The sample diameter is 3, 8mm. Darkest grey is the remaining oil, intermediate grey is the brine, light grey the grain. The surrounding intermediate grey is the viton sleeve. 97 2-36 Focus on a ROI in the sample direction. The remaining oil blobs near the lateral walls are highly connected . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 2-37 These pictures illustrate the fragility of the mini-plug under dynamic aging, through different methods:(a) the sleeved sample was mounted in a "classical" flow cell, and a confining pressure is applied. At its release, the sample become unconsolidated. (b) the sample was coated using epoxy and microfluidic material was add at the top and bottom edges to allow performing flow. . . . . . . . . . . . . . . . . . 98 3-1 T D -Amott test results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 3-2 X-ray µCT 2D images of the different states during the test. The darkest phase is the void for the dry state, and the oil otherwise. The light grey is the rock and the intermediate grey is the brine. The scale bar represents 210µm. . . . . . . . . . . . 103 3-3 Saturation profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 3-4 Experimental set up for the static aging: Both samples are in the aging cell filled with oil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 3-5 Amott test results -Static aging in crude oil T C1 . . . . . . . . . . . . . . . . . . . 106 3-6 X-ray µCT 2D images of the different states during T C1 for P6. Scale bar indicates 180µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 3-7 Static aging in 1P V crude oil -Sample preparation . . . . . . . . . . . . . . . . . 107 3-8 Static aging in 1P V crude oil -Prepared samples are placed in a cell (P10 and P30) filled with oil. P6 is aged directly within its acquisition cell as it has a small volume. 108 3-9 Amott test results -Static aging in a controlled volume of crude oil T C2 . . . . . . 108 3-10 Plug 10 -T C2 -Scale bar indicates 270µm. . . . . . . . . . . . . . . . . . . . . . . 109 LIST OF FIGURES 3-11 X-ray µCT 2D images of the different states during T C2 -Plug 6. Scale bar indicates 305µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-12 Plug 6 T C2 -From Forced Imbibition to Spontaneous Drainage: the oil spontaneously displaced the brine, mainly near the lateral edges . . . . . . . . . . . . . . 3-13 Plug 36 -T C1 : Tomographic slice in the (X,Y) plane with a resolution of 19µm/pixel. (a) The air in the visible pores are in black, and the light grey represents the matrix. Because of the low resolution, some of the areas of medium grey are in fact a mix of smallest pores with size below the resolution and the solid matrix. In (b) and (c), we can see that the grey level tends toward dark grey (dry image) to medium grey in some places. It shows that brine enters in these pores. . . . . . . . . . . . . . . 3-14 Plug 36 -T C1 : Tomographic slice along the sample lenght. The color code is the same as for figure 3-13 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-15 Plug 36 -T C1 : (a) Differential image for the spontaneous imbibition (b) Differential image for the forced imbibition. The grain and the oil are dark, and the brine appears more or less light grey. We can notice some artifacts due to the stitching: the different section dividing lines are clearly visible. . . . . . . . . . . . . . . . . 3-16 From Mascle et al. (2019): Monitoring of a Bentheimer Sandstone So evolution subjected to uni-dimensional spontaneous imbibition. Prior the flow, the rock was subjected to static aging. The monitoring highlights a preferential path for the brine, away from the sample boundaries. . . . . . . . . . . . . . . . . . . . . . . 3-17 Amott test results -T H1 : The primary drainage was performed in an air/brine system. Air is then replaced with the solution of Decane + Hexadecylamine for the aging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-18 X-ray µCT 2D images of the different states for Plug 6 -T H1 -Scale bar indicates 320µm. (b) shows some small brine droplets with sphere-like shape. We can notice that the contrast between the brine and the grain is lower than usual. It may indicate that the contrast agent concentration is higher, i.e. some evaporation has occurred during the air/oil exchange under vacuum. . . . . . . . . . . . . . . . . . . . . . . 3-19 Amott test results -Hexadecylamine concentration [C1] . . . . . . . . . . . . . . . 3-20 X-ray µCT 2D images of the different states for Plug 6 -T H2 -Scale bar indicates 320µm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-21 Amott test results for T H3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-22 X-ray µCT 2D images of the different states for Plug 10 -T H3 -Scale bar indicates 510µm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3-23 X-ray µCT 2D images of the different states for Plug 6 -T H3 -Scale bar indicates 307µm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-1 Mean saturation as a function of the sample shape factor . . . . . . . . . . . . . . 125 4-2 Saturation profile along the sample length obtained by image processing. Spontaneous Imbibition of samples with flow geometry AFO. The porosity profiles are in Figure 4-15 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 4-3 Radial saturation profiles: two approaches are presented. The green line is for rings of equivalent radius, and the blue line is for rings of equivalent volume. The trend is similar in both cases. To simplify the visualization, only selected rings are represented in the images. The dataset preparation (i.e. the masking procedure) induces, in the worst case, a loss of 50µm from the sample lateral surface. It is equivalent to a ring with a pore volume of 13mm 3 against a total pore volume of 155mm 3 in the region of interest (for a sample with diameter d = 5, 8mm and length L = 30mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 4-4 (a) radial saturation profile for the mini-Plug after spontaneous imbibition of sample with flow geometry AFO and associated radial porosity profile (b) . . . . . . . 127 4-5 Tomographic slices in the (X,Y) plane of the samples after spontaneous imbibition in AFO flow geometry. The black is the oil, the medium grey the brine, and the lighter greys the matrix. We can notice in (b) and (d) the pronounced brine saturation near the radial walls. Note that the images are not displayed at the same scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 4-6 Homogeneity investigation within the sample. The point of this analysis is to split the sample, along the z-axis in several subsets, and along the radius in several rings. The investigated property (e.g. the saturation) is calculated from each ring of each subset. We are thus able to plot a two-dimensional map along the sample radius and the sample length. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 4-7 Homogeneity investigation. Analysis is performed on annuli with equivalent volume along the sample represented on a 2-D map. . . . . . . . . . . . . . . . . . . 131 4-8 Homogeneity investigation -From spontaneous to forced imbibition. . . . . . . . . 131 4-9 Spontaneous imbibition on a TEO geometry flow -Picture of the experimental device at the end of the flow. To ensure that co-current flow is predominant, the bottom face is in contact with the brine, and the top face with the oil. . . . . . . . . 133 4-10 AFO with a dominant co-current flow configuration -The bottom face of the sample touches the brine while the rest of the sample is surrounded by oil. We can notice the existence of menisci at the brine/oil/grain contact, in favor of a wettability to the water. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 4-11 Spontaneous imbibition on a TEO geometry. The sample has a diameter of 10mm -Chronological visualization of the oil production during the flow. The production seems fast the first ten minutes. At 11 min 17 s, a singularity occurs, resulting in the breaking of the streamlines. Then the flow stabilized and the flow rate starts to slow down, quite linearly until its end: the streamlines appear clearly and tend to step aside towards the sleeve until the flow is totally stopped. . . . . . . . . . . . . 4-12 (a) Radial saturation profile after spontaneous imbibition for the co-current flow geometries and associated radial porosity profile (b) . . . . . . . . . . . . . . . . . 4-13 Tomography slices in the (X,Y) plane of the samples after spontaneous imbibition, dominated by co-current flow. The surrounding dark grey represents everything outside the sample, the black is the oil, the medium grey the brine, and the lighter greys the matrix. We can see that the brine saturation tends to be higher towards the radial edges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4-14 Investigation on the oil saturation distribution within the samples. . . . . . . . . . 4-15 Porosity profiles along the sample length . . . . . . . . . . . . . . . . . . . . . . . 4-16 Tomographc slice in the (X,Y) plane of P36 from test 4. The voxel size is 9µm.

I

  It is normalizes with respect to their contribution to the total considered fluid volume. . . . . . . . . . . . . . . . 5-25 Fluid/Grain contact area normalized with respect to the pores occupied by the considered blob for (a) the water wet case, and (b) the oil wet case. . . . . . . . . . . 5-26 Fluid/Grain contact area normalized with respect to the considered blob surface area for (a) the water wet case, and (b) the oil wet case. . . . . . . . . . . . . . . . 5-27 Mean curvature distribution per blob of the dispersed phase for (a) the oil in the water-wet case, and (b) the brine in the oil-wet case. The red cross represent the cumulative volume normalized to the blob contribution to the phase volume. . . . . 5-28 Automatic contact angle measurement. The contact angle is measured in the brine. The plot illustrate mean value per blob of the dispersed phase, normalized to the blob contribution to the total phase volume. . . . . . . . . . . . . . . . . . . . . . 5-29 Contact angle measurement along the triple lines. (a) shows the distribution for the oil wet case. The peak of the distribution is at 110 o . (b) is a comparison between the water wet, and the oil wet case. . . . . . . . . . . . . . . . . . . . . . . . . . 5-30 Manual measurement of a contact angle. (a) represents a volume of interest around a brine blob. (b) focuses on a plane, orthogonal to the triple line where we perform a manual contact angle measurement. . . . . . . . . . . . . . . . . . . . . . . . . 6-1 Saturation profiles after each Amott end-point. . . . . . . . . . . . . . . . . . . . . 6-2 Tomographic image after the forced imbibition stage. The oil is black, the brine medium grey, and the lightest grey is the solid matrix. In both cases, some thin oil layers are visible along with small pores filled either with oil or with brine. Some curvatures are quite flat, but others slightly in favor of oil or brine are also detectable.184 LIST OF FIGURES 6-3 Connectivity analysis through blob size distribution after forced imbibition and spontaneous drainage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186 6-4 T C1 -Forced imbibition. Three dimensional view in a ROI of 0, 6 * 0, 6 * 1, 9mm.(a) shows the segmented brine (blue) and oil (red), (b) the oil connected ganglia, and (c) the largest brine and oil connected elements, respectively the blue and the brown phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187 6-5 Euler number analysis. The highly negative Euler number for the largest blob indicates that it is highly connected and forms several redundant loops. . . . . . . . . 187 6-6 Normalized Euler number. The Euler number is normalized to the pore-space Euler number. Therefore, positive normalized Euler number indicates connected blob. . 188 6-7 T C2 -Forced imbibition. Three dimension view of the phases in a ROI of 0, 7 * 0, 7 * 2mm. (a) shows the segmented brine (blue) and oil (red), (b) the oil connected ganglia, and (c) the largest brine and oil connected elements, respectively the blue and the brown phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188 6-8 T C1 -Three dimensional zoom on a small ROI of 300 * 300 * 750µm. (a) and (b) are segmented data where the oil is red and the brine is rendered invisible. The pore space is in a shade of grey. (c) and (d) represent the oil connected ganglia within the pore space. This figure depicts an example of loss of connectivity from the forced imbibition to the spontaneous drainage. . . . . . . . . . . . . . . . . . . 189 6-9 From forced imbibition to spontaneous drainage in T C1 . The red squares indicate some manifestations of the oil capillary invasion, the blue square a moving interface toward a more water wet configuration, and the purple square is a zoom on a area where the oil connectivity got lost. We note that it was a really thin oil layer that initially maintained the connectivity. . . . . . . . . . . . . . . . . . . . . . . . . . 189 6-10 From forced imbibition to spontaneous drainage in T C2 . The red squares indicates some pore scale evidence of oil capillary invasion. . . . . . . . . . . . . . . . . . . 190 6-11 Pore occupancy evolution from forced imbibition to spontaneous drainage. The figure represents the the pore size distribution and the pores within this distribution that are mostly filled with brine (S w > 50%). The dotted lines refers to the cumulative volume of the phases or the pores normalized according to the total corresponding volume. (a) is for T C1 and (b) for T C2 . . . . . . . . . . . . . . . . 191 6-12 Radial saturation and porosity profile for T C1 (a) and T C2 (b). Oil accumulation can be observed near the radial edge, in both case and especially for T C2 . . . . . . . 192 6-13 T C1 -Fluid/Grain contact area normalized with respect to the surface of the pores occupied by the considered blob. . . . . . . . . . . . . . . . . . . . . . . . . . . . 193 6-14 T C2 -Fluid/Grain contact area normalized with respect to surface of the the pores occupied by the considered blob. . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-15 T C1 -Fluid/Grain contact area normalized with respect to the considered blob surface area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-16 T C1 -Fluid/Grain contact area normalized with respect to the considered blob surface area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-17 Mean curvatures distribution per blob after spontaneous drainage and forced imbibition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-18 T C2 -(a) Three-dimensional view centered at an oil/brine interface. (b) shows a plane orthogonal to a contact line. The brine is blue, and the oil red. . . . . . . . . 6-19 Manual contact angle measurement . . . . . . . . . . . . . . . . . . . . . . . . . . 6-20 Contact angle measurement in the brine phase along the triple-lines. (a) is for T C1 and (b) for T C2 . The most represented value for both samples is around 93 o after the forced imbibition, and respectively 80 o and 93 o after spontaneous drainage. The region of interest is a volume of 850 * 850 * 850voxels extracted from the center of the sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6-21 Automatic contact angle measurement. The contact angle is measured in the brine. The plot illustrates the mean value per blob of the most dispersed phase (the oil), normalized by the blob contribution to the total phase volume. The blue represent the forced imbibition, and the pink the spontaneous drainage. The dashed-doted lines represent the cumulative volume. The region of interest is a volume of 850 * 850 * 850voxels extracted from the center of the sample . . . . . . . . . . . . . . (a) Calculated and experimental saturation according to the sample radius, with a constant length (L = 3cm) and (b) calculated saturation according to the shape factor. The mean saturation in the 2mm crown from the radial face is set to S O = 20% while the core saturation is set to S O = 40%, according to our experimental data, for the tested water-wet Bentheimer sandstone. The higher the radius, the lower the impact on measured mean saturation. . . . . . . . . . . . . . . . . . . . Four different wettability states from the pore-scale perspective. The measurements are performed after each test spontaneous drainage stage. (a) Comparison between curvatures. The measurement is performed in the dispersed phase, i.e. in the oil for all tests except for T H3 . (b) Contact angles distribution. The corresponding Amott-Harvey indices, from the reference plug are: T D → 0, 9; T C1 → 0, 46; T C2 → 0, 21; T H3 → -0, 5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B-1 Brine film generated because of the registration. The grain is in red, the brine green, and the oil black. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v B-2 Porosity measurement performed on Bentheimer sample from Bouhouche (2017) (dimension are: diameter d = 38mm and length L = 45mm). The grain density and the grain volume are obtained by pycnometer, the mass by weighting, and the total volume by laser. The pore volume and the porosity are deduced by calculation. vi AH Amott-Harvey Index N Ca Capillary number S i Saturation in fluid i. i = o, w, oil or brine S wirr Irreducible water saturation

Figure 1

 1 Figure 1-9: Flow through a capillary

   This measurement is based on the direct measurement of the contact angle. It requires a cleaned and polished flat sample of the solid lary phenomena and recovery through successive flows. They have been, and still remain the most widely used tests by petroleum companies.
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 1 Figure 1-16: MICP curve for a Bentheimer sandstone -P c Hg as a function of the S Hg . S Hg is represented as a function of the pore volume

Figure

  Figure 3-3: Saturation profiles

  Figure 3-7: Static aging in 1P V crude oil -Sample preparation

  Figure 3-13: Plug 36 -T C1 : Tomographic slice in the (X,Y) plane with a resolution of 19µm/pixel. (a) The air in the visible pores are in black, and the light grey represents the matrix. Because of the low resolution, some of the areas of medium grey are in fact a mix of smallest pores with size below the resolution and the solid matrix. In (b) and (c), we can see that the grey level tends toward dark grey (dry image) to medium grey in some places. It shows that brine enters in these pores.

  Figure 3-14: Plug 36 -T C1 : Tomographic slice along the sample lenght. The color code is the same as for figure 3-13

  Figure 3-21: Amott test results for T H3

Figure 4 -

 4 Figure 4-15: Porosity profiles along the sample length

  Figure 4-22: Plug 36 -Saturation profile plotted for a ROI (a) along the z direction, i.e. the direction of the sample length, and (b) along the radial direction.

Figure 4 -

 4 Figure4-24: Calculated and experimental saturation according to the sample radius, with a constant length (L = 3cm). The calculated mean saturation is obtained setting the mean saturation in the 2mm annulus from the radial face to S O = 20%, and the core saturation to S O = 40%, according to our experimental data, for the tested water-wet Bentheimer sandstone. The higher the radius, the lower the impact on measured mean saturation.
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 53 Figure 5-3: Oil blob cumulative distribution through the Amott flow process. Each blob volume category is normalized by its contribution to the total oil volume.

Figure 5 - 6 :

 56 Figure 5-6: Pore size distribution versus oil blob size distribution. The distributions are normalized according to the rock total pore volume. The blue dotted and dashed line represent the contribution of each size category to the total oil after spontaneous and forced imbibition, respectively.

  Figure 5-9: Pore occupancy for the imbibition steps. The grey histogram represents the pore size distribution. The pores mostly saturated with oil ( So > 50%) are represented in red. The other pores are mostly saturated with brine. The red and blue line represent the cumulative oil and brine volume through each pore size category. The volume is normalized according to the class contribution to the total brine/oil volume.

Figure 5 -

 5 Figure5-17: Contact angle measurement after spontaneous imbibition and forced imbibition. By convention, the contact angles are measured in the denser phase, i.e. the brine. The volume of interest is 1000x1000x1000 voxels. This analysis is performed using the algorithm from AlRatrout et al. (2017). Note that few changes occurs between spontaneous and forced imbibition. The slight shift may be caused either by the algorithm sensitivity, or by some triple contact lines that got pinned during the forced imbibition (i.e. advancing contact angle).

  Figure 5-18: Contact angle analysis. (a) shows a contact angle distribution per oil blob, measured in the brine, for spontaneous imbibition and forced imbibition. As contact angle measurements on small blobs are potentially more uncertain, we rather represent the contact angles per blob weighted by the blob volume (b). The mean contact angle is 63 o for spontaneous imbibition and 67 o for forced imbibition.

  Figures 5-21 and 5-22 illustrate that the brine blob got way much fractioned after the forced drainage than the residual oil blob after forced imbibition for a water-wet case (Figure5-2. The cumulative brine blob distributions and the comparison between pore sizes and brine blob sizes in figure5-23 corroborate this observation, and show that even smaller blob were fractioned. The oil spontaneously invading the medium as a connected phase indicates that capillarity drives the flow, but the blob sizes are then dependent on both the pore geometry, and the IFT.

  Figure 5-20: Connectivity analysis through blob size distribution after capillary driven flow for (a) the water wet case, and (b) the oil wet case.

Figure 5 -

 5 Figure 5-23: Pore size distribution versus brine blob size distribution. The distributions are normalized according to the rock total pore volume. The blue dotted and dashed line represent the contribution of each size category to the total brine volume after spontaneous and forced drainage, respectively

  Figure 5-24: Pore occupancy analysis. The grey histograms represent the pore size distribution. The colored histograms represent the displaced phase pore occupancy, i.e. (a) the oil for the water wet case, and (b)the brine for the oil wet case. The blue and red curve represents the cumulative brine and oil volume throughout the pore size distribution (from smallest pores to the largest). It is normalizes with respect to their contribution to the total considered fluid volume.

  Figure 5-26: Fluid/Grain contact area normalized with respect to the considered blob surface area for (a) the water wet case, and (b) the oil wet case.
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 5 Figure 5-27: Mean curvature distribution per blob of the dispersed phase for (a) the oil in the water-wet case, and (b) the brine in the oil-wet case. The red cross represent the cumulative volume normalized to the blob contribution to the phase volume.

  Figure 5-28: Automatic contact angle measurement. The contact angle is measured in the brine. The plot illustrate mean value per blob of the dispersed phase, normalized to the blob contribution to the total phase volume.

Figure 6

 6 Figure 6-3: Connectivity analysis through blob size distribution after forced imbibition and spontaneous drainage.

Figure :

 : Figure:(a) Calculated and experimental saturation according to the sample radius, with a constant length (L = 3cm) and (b) calculated saturation according to the shape factor. The mean saturation in the 2mm crown from the radial face is set to S O = 20% while the core saturation is set to S O = 40%, according to our experimental data, for the tested water-wet Bentheimer sandstone. The higher the radius, the lower the impact on measured mean saturation.

Figure :

 : Figure : Four different wettability states from the pore-scale perspective. The measurements are performed after each test spontaneous drainage stage. (a) Comparison between curvatures. The measurement is performed in the dispersed phase, i.e. in the oil for all tests except for T H3 . (b) Contact angles distribution. The corresponding Amott-Harvey indices, from the reference plug are: T D → 0, 9; T C1 → 0, 46; T C2 → 0, 21; T H3 → -0, 5.
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Table 2 .

 2 Dark grey represents the void space and the light grey the solid matrix III. THE AMOTT TEST ON TWIN, OR TRIPLETS SAMPLES Oil Density kg.m 3 IFT w/ Brine A mJ/m -2 Viscosity cP (at 20 o )

	Decane	737	44	1
	Decane + Hexadecylamine C1	734	0, 05	1
	Decane + Hexadecylamine C2	737	1, 1	1
	Marcol 52	837		12
	Crude oil	887	24	32

2: Bentheimer main characteristics Figure 2-18: µCT image of a Bentheimer Sandstone with resolution 1µm/pixel.

Table 2 .

 2 3: Oil density, interfacial tension (IFT), and viscosity at 20 o Composition Density kg.m -3 pH Molar concentration mol.L-1

	Brine A NaCl + CaCl2 + KI	1043	6, 7	0, 47
	Brine B	NaCl + CaCl2	1048		0, 47

Table 2

 2 

.4: Brine characteristics

  Table 3.1 summarizes the results of both tests.

		T M		T D	
		P36	P6	P36	P6
	Swi	8, 3 ± 4%	8, 3% *	9% ± 4	9 ± 4% *
	S O after SI	42 ± 6%	22%	39 ± 7%	24, 6%
	S O after FI	40 ± 9%	15%	38 ± 9%	20, 8%
	I W	0, 94 ± 0, 25 0, 95	0, 93 ± 0, 29	0, 95
	S O after SD	40 ± 10%	15%	28 ± 11%	20, 2%
	S O after FD	6 ± 11%	6% *	10 ± 12%	10% *

Table 3

 3 

.4: IFT measurements using spinning drop techniques for the Brine A / Decane + Hexadecylamine [C 1 ] and [C 2 ]. Temperature is T = 21 o C. The uncertainty corresponds to the standard deviation between multiples points of measurement.

Table 3 .

 3 5: The inverse Bond number calculation for a Bentheimer sample with a length of 30mm.
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Table 4

 4 

			.1: Studied water wet systems	
		Plug 36 P10	P6	P4	Duration
	Test 1	40%	X	X	21, 2% 10 days
	Test 2	43%	X	X	22, 2% 21 days
	Test 3	41%	X	24, 6%	X	35 days
	Test 4	36%	30% 24, 3%	X	37 days
	Table 4.2: Spontaneous imbibition -Oil saturation

Table 4 .

 4 3: Studied water wet systems for co-current spontaneous imbibition. * The Swi measurement is from the Plug 36 reference. * * this value of porosity is overestimated as there were no reference data.

petrophile refers to any oil component that may impact the wettability by adsorption onto the rock

https://www.tescan.com/product-portfolio/tescan-micro-ct-solutions/

(a) (b)
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II Altered wettability through static aging in crude oil

II -1 The Amott test result

For this set of experiments, we alter the wettability by static aging in crude oil. The samples were put at Swi with the crude oil, and aged for 14 days. In order to avoid any reaction with the brine contrast agent during aging, we decided to perform the aging phase with a brine without contrast agent, but with the same molar mass (Brine B). Therefore, no measurement can be performed through µCT imaging at the Swi state. The Brine A is used starting from the spontaneous imbibition phase.

The following results are for two different methods of aging in crude oil . In the first case, we let the twin samples (P6 and P36) age within a cell filled with crude oil: the oil volume in the cell is much larger than the samples pore volume. The pressure was regulated with crude oil at 5 bar using syringe pump. The experimental setup is shown Figure 34. In contrast to the water-wet case, we observe large disparities between the wettability to water indicators of P36 and P6 (Figure 345). Some brine spontaneously invaded the Plug 36: half of the recoverable oil is spontaneously produced. On the other hand, Plug 6 shows a perfectly neutral wettability behavior, i.e. neither brine nor oil spontaneously enters the rock. We suspect a non homogeneous wettability change: the rock appears to be more oil wet near the sample boundaries because of the vicinity of the "fresh oil", and more water wet in its center. This hypothesis is supported by the fact that it is in Plug 36, where the aspect ratio is the lowest, that the brine spontaneously imbibes the rock. This aspect will be further discussed later. wet case while the brine mostly remains trapped in the large pores: as small pore sizes favor the capillary forces, it shows that capillarity is indeed the dominant effect. The contact area analysis regarding the grain surface shows the contrasted opposite behaviour between the two wettability cases, and therefore enable to discriminate them. Comparison of the analyses normalized by the grain or the blob total surface highlights the dependency of the former to the saturation state: if a blob's surface area is small compared to the total size of the pores it occupies, there is a high probability that only small portion of the grain surface will be in contact with the blob. This analysis is therefore mostly relevant for large and highly connected ganglia. Both analyses strategies agreed on the fact that the wetting fluid shares most of its interface with the grain. The different analyses point out that we can not strictly speak of "symmetrical" wettability states because the saturation history is not the same. The pore scale analysis also confirms that the oil-wet case is less extreme than the water wet case.

III Chapter conclusion

In this chapter, we use the available image processing tools on a more complex wettability case. Despite some unexpected results we obtained on T C2 at the pore-level for the spontaneous drainage, the pore-scale manifestation of the wettability differs from the observation we perform over the oil wet to water wet case. We demonstrate that the pore-scale analysis allows to efficiently differentiate the two wettability states to the water-wet and oil-wet case but furthermore, it allows to tell the difference between T C1 and T C2 . The curvature analysis together with the contact angle analysis constitutes valuable tools to discriminate these wettability state. However calculation method, together with the image quality may have a drastic impact on the absolute measurement. We also point out, over the blob distribution analysis, that both fluids tend to be highly connected, minimizing the contact surface area to each other while maintaining contact with the grain surface. This elements constitute a noteworthy expression of more intermediate wettability state, and drastically opposes to what we observe in a strictly water wet case, or a more oil wet case. Even if we highlight obvious evidences of two different intermediate wettability state in mini-plugs that correlate the Amott test results calculated from the mini-plugs, this final set of analysis do not allow to formally conclude about the correlation between the macroscopic Amott test and the pore-scale analysis because of the disparities in the wettability alteration between classical plug and mini-plugs. It is necessary to have a better control of the wettability state, and thus of the wettability change procedure. An interesting lead would be to perform the Amott test in an adapted flow cell allowing both spontaneous imbibition, and forced imbibition by fluid injection. Such a configuration would allow to perform unidirectional flow, and ensure a relative homogeneity over the wettability change procedure, through a dynamic or pseudo-static aging.

Appendix A Derivation of the Poiseuille equation

The stokes equation reads:

Applied to a single cylindrical capillary, we obtain:

By integrating twice, we obtain:

The boundaries condition are -For r = 0, A = 0 because otherwise the velocity would diverge -For r = R, if we consider a no slip condition:

This equation is known as the Poiseuille equation. The velocity field is described by a parabolic i APPENDIX A. DERIVATION OF THE POISEUILLE EQUATION profile where the maximum is reached for r = 0, and where at r = R the velocity is null. The corresponding flow rate is found by integrating over the cross section of the capillary:

As a porous medium is often, in first approximation, considered as a bundle of capillaries, these equations help to gain valuable insight on the inter-dependency of key parameters such as pore radius and the viscosity on the flow rate.

Appendix B Estimation on the uncertainty Measurements on the Classical Plug

The measurement performed on the classical Plug are either gravimetric for porosity, or volumetric for the fluid recovery and thus the saturation state. The balance has an accuracy of ∆m = 0, 05g, and the burette of ∆V = 0, 1cc.

Pore volume and porosity

To calculate the porosity, we weigh the dry sample (m dry ), and the sample saturated with 100% of brine (m sat ). The brine density is ρ brine = 1, 043g/cc ± 0, 02.

The uncertainty on the pore volume can be estimated by calculation using the general formula:

where f is the calculated property depending on the x = 1...n considered variables. ∆f and ∆x are the calculated and estimated uncertainty, respectively. It gives for the pore volume:

To access the porosity, we use the geometrical dimension of the sample, i.e. its radius, r, and its length L. The uncertainty over these measurements arises from ruler precision (∆r = ∆L = 0, 25mm), albeit such a measurement of the sample volume V geo is an approximation (the rock is iii APPENDIX B. ESTIMATION ON THE UNCERTAINTY not perfectly cylindrical).

The associated uncertainty is:

Fluid recovery and saturation state The recovered volume is simply V prod ± 0, 1cc. The saturation state and its uncertainty are simply estimated accordingly. For the primary drainage it gives:

As we perform co-dependent volume measurement along the Amott test, the uncertainty obtained from a previous saturation state, or recovered volume is propagated, which leads for the last measurements to quite large errorbars.

The segmented data -mini-plug

The segmentation method we use is dependent on many parameters. The first one is the quality of the data starting from the voxel size: as the voxel size increases, we lose some accuracy in the measurement. We use Bentheimer sandstone which is known to be imaging-friendly, and pretty homogeneous. According to the MICP curve, µCT acquisition at voxel size ranging from [2µm-5µm] may result in a loss of porosity of [7% -11%]. Part of this uncertainty arises from the clays (the mineralogy of the around 3% according to the mineralogical analysis). During segmentation of the grain and the void space, the clays constitute the trickiest part as their gray level ranges between the grain and the pores, and may therefore be mis-identified according to the threshold parameters. In this work, the porosity measured by image processing ranges from [20% -25%]. These measurements are consistent with independent measurements performed on several Bentheimer plugs (dimension are: diameter d = 38mm and length L = 45mm). The results from these measurement are gathered in figure B-2. We chose to express the uncertainty on the porosity equal to the amount of clays (Φ ± 3%) for simplicity. The uncertainty on the saturation state is trickier to estimate as it depends on the porosity, but also on the quality of the 3 phase segmentation, and therefore on the