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Résumé long

Compte tenu de l’incessante croissance de la demande en énergie, et malgré l’émergence

des énergies renouvelables, les hydrocarbures restent au centre du marché mondial de

l’énergie.

L’exploitation des hydrocarbures, particulièrement l’huile, passe par plusieurs phases.

Tout d’abord, la récupération primaire durant laquelle l’huile remonte à la surface dû à

la différence de pression entre le corps et la surface du réservoir. Cette méthode permet,

selon les conditions du réservoir, de récupérer autour de 10 à 15% de l’huile en place. Une

méthode de récupération dite secondaire est par la suite appliquée moyennant l’injection

d’eau ou de gaz dans le puit d’injection afin de maintenir la pression du réservoir, balayer et

récupérer l’huile résiduelle à partir des puits de production. La récupération secondaire,

en l’occurrence par injection d’eau, permet de produire 15 à 20% additionnels d’huile.

En troisième lieu, afin d’augmenter le taux de récupération d’un réservoir pétrolier, des

méthodes de récupération dite tertiaire et communément appelée Récupération Assistée

du Pétrole (EOR pour Enhanced Oil Recovery), sont utilisées. Ces techniques consistent

principalement en l’injection de gaz miscibles ou non-miscibles, l’injection d’énergie ther-

mique (vapeur) et/ou d’additifs chimique. Ces méthodes permettent la récupération de

jusqu’à 70% de l’huile en place.

Parmi les différentes techniques d’EOR utilisées, l’EOR chimique semble être partic-

ulièrement prometteur avec un potentiel de récupération de 40% additionnels d’huile en

place. Cette technique, qui consiste essentiellement en l’injection d’agent viscosifiant ou
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de molécules tensioactives, vise à améliorer l’efficacité du balayage du réservoir comparé

à l’injection d’eau et de mobiliser l’huile piégée dans le réservoir.

Durant l’injection d’eau, des effets de digitation visqueuse peuvent apparaître dû à la

différence de viscosité entre l’eau et l’huile, ce qui cause la création de chemins préférentiels

et par conséquent un mauvais balayage du réservoir. L’ajout de polymère augmente la

viscosité du fluide injecté, ce qui élimine ces effets de digitation visqueuse et par la suite

améliore l’efficacité du balayage. Par ailleurs, suite à l’injection d’eau, l’huile reste piégée

dans le réservoir à cause du piégeage capillaire. Le nombre capillaire Ca étant défini

comme le ratio entre les forces visqueuses et la tension interfaciale, la saturation résiduelle

en huile (SOR) diminue considérablement lorsque le nombre capillaire augmente. En plus

du polymère, un autre additif chimique est souvent utilisé en EOR afin de réduire la

tension interfaciale (IFT) entre l’huile et les fluides injectés : le tensioactif. La réduction

de l’IFT est associée à l’augmentation du nombre capillaire, permettant ainsi le dépiégeage

de l’huile résiduelle.

Bien que l’EOR chimique soit maintenant considérée comme une technique prouvée

dans les réservoirs de perméabilités supérieures à 100mD, son application aux réservoirs

de plus faibles perméabilités (entre 10 et 100mD) représente un véritable enjeu.

A la lumière des résultats et conclusions tirés de la bibliographie, plusieurs défis se

présentent lors de l’application de l’EOR chimique par injection de polymère et/ou de

tensioactifs dans des milieux poreux de faible perméabilité (10 − 100mD). En effet,

des problèmes comme la rétention chimique, une faible injectivité ainsi qu’une mauvaise

propagation en profondeur des fluides sont souvent observés pour ces milieux poreux. Ceci

est dû principalement à leur minéralogie naturellement riche en argile ainsi que leur faible

perméabilité et leur structure poreuse complexe. Ces problèmes impliquent des risques

élevés d’endommagement des formations, mais présentent également des défis économiques

et environnementaux considérables en raison de l’utilisation de grandes quantités d’additifs

chimiques. Par conséquent, la compréhension des mécanismes qui régissent ces procédés
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est d’une grande importance afin d’optimiser l’utilisation de l’EOR chimique dans cette

gamme de perméabilité.

La principale motivation de cette étude est alors d’hiérarchiser les paramètres influ-

ençant le transport des additifs chimiques dans les milieux poreux de faible perméabilité.

Pour cela, nous étudierons les caractéristiques des milieux poreux (minéralogie, perméa-

bilité), des fluides injectés (salinité, concentration, viscosité) et des conditions d’injection

(température, débit) selon leur degré d’influence sur les mécanismes de transport des

fluides.

Pour ce faire, nous avons choisi de baser notre étude sur des milieux poreux granu-

laires synthétiques composés de grains de quartz et de différentes argiles (kaolinite, illite

et smectite). Ainsi, les expériences peuvent être simplifiées, les effets de chaque phase

minérale peuvent être mieux compris et la complexité et l’hétérogénéité ainsi que les vari-

ations lithologiques et texturales des roches naturelles peuvent être évitées autant que

possible. Par ailleurs, le principal défi est d’assurer la reproductibilité de ces expériences

afin de pouvoir mieux comparer les résultats. En terme de méthodes expérimentales, des

tests d’injection seront réalisés avec le développement de nouveaux procédés permettant

de travailler avec différents milieux poreux et fluides puis de collecter des données qui

pourront par la suite être analysées.

Préalablement aux tests d’injection en milieux poreux, une attention particulière a été

portée à la préparation et la caractérisation des matériaux.

Pour les fluides, des solutions de polyacrylamide partiellement hydrolysé (HPAM) ont

été préparées dans des saumures de différentes forces ioniques et duretés (en utilisant

les sels NaCl et CaCl2). Pour la caractérisation, des mesures de viscosité ainsi que

des tests de diffusion dynamique de la lumière (DLS) ont été menés et les résultats ont

mis en évidence deux effets majeures : i) L’augmentation de la force ionique entraîne

une augmentation de la densité des chaînes de polymère ainsi qu’une diminution de leur

volume hydrodynamique ii) L’augmentation de la dureté entraîne une augmentation de la
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densité et du volume hydrodynamique des chaînes de polymère, ce qui suggère un éventuel

pontage entre les chaînes et les cations divalents (calcium dans ce cas) Enfin, des saumures

ayant différentes forces ioniques (0, 01 et 1mol/L) et différentes duretés (0 et 20%) ont

été sélectionnées pour étudier ces effets au cours des expériences d’injection en milieux

poreux.

Pour les milieux poreux, des milieux granulaires de différente composition minéralogique,

quartz puis quartz + argile (kaolinite, illite et smectite séparément), ont été préparés. Les

milieux préparés ont montré des propriétés pétrophysiques très similaires avec une porosité

de 31, 3±1, 8% , un volume poreux de 5, 5±0, 3mL et une perméabilité comprise entre 50

et 100mD avec différentes valeurs de surfaces spécifiques. Ces milieux ont également été

observés sous Microscope Electronique à Balayage (MEB) afin d’étudier le changement

de structure microscopique dû au changement de minéralogie d’une part et de la salinité

de l’autre. En effet, pour les milieux contenant l’illite et la smectite, les images MEB ont

mis en évidence la structure particulière de ces milieux poreux à très faible salinité et ont

montré la formation d’agrégats d’argile à très forte salinité.

Après la caractérisation des matériaux, et afin d’étudier les propriétés de transport

des solutions de polymère dans les milieux poreux de faible perméabilité, des expériences

d’injection ont été réalisées.

Les essais d’injection ont été menés dans quatre types de milieux poreux à base de

quartz et trois argiles différentes : kaolinite, illite et smectite. Les solutions de polymère

injectées ont été préparées dans trois saumures différentes S001−0, S1−0 et S1−02 avec

différentes concentrations de polymère permettant l’injection d’une viscosité relative fixe

de 10. Les observables de ces expériences sont la réduction de mobilité Rm, la rétention

irréversible du polymère, la réduction de perméabilité Rk ainsi que l’épaisseur et la densité

de la couche adsorbée.

La première discussion a permis de mettre en évidence l’impact de la force ionique et

de la dureté sur les propriétés de transport du polymère dans les milieux poreux étudiés,
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montrant que globalement, l’augmentation de la force ionique entraîne une augmentation

de la réduction de mobilité, de la rétention du polymère et de la réduction de perméa-

bilité. Par ailleurs, la présence des cations divalents entraîne une forte augmentation de

la rétention du polymère et de la réduction de perméabilité dans tous les milieux poreux

tandis que son effet sur la réduction de mobilité paraît plus complexe.

La deuxième discussion a permis de mieux comprendre l’impact de la minéralogie sur

le transport des polymères dans les milieux poreux, en montrant que la présence d’argiles

induit une forte augmentation de la réduction de mobilité et de la rétention irréversible

du polymère. Par ailleurs, dans les milieux poreux riches en argile, l’illite et la smectite

présentent des comportements comparables dans la réduction de mobilité, la rétention

du polymère ainsi que la réduction de perméabilité. Etonnamment, la kaolinite présente

la valeur la plus élevée de rétention de polymère malgré sa nature (non gonflante, sans

charge permanente) et sa faible surface spécifique comparée à l’illite et la smectite.

L’analyse en terme d’épaisseur et de densité de couche adsorbée a montré une bonne

cohérence avec les mesures de viscosité et de DLS pour le quartz, mais n’était pas cohérente

pour les milieux poreux contant de l’argile en raison des hétérogénéités chimiques des

surfaces. Par ailleurs, la surface spécifique mesurée dans ces milieux poreux, en particulier

pour les milieux avec illite ou smectite, semble être différente et beaucoup plus élevée que

les surfaces effectivement accessibles au polymère. Ce résultat a été mis en évidence grâce

aux observations MEB avec la formation d’agrégats argileux qui ont un impact significatif

sur le transport des polymères : les molécules de polymère ne semblent interagir qu’avec

la surface extérieure des agrégats argileux.

Les résultats de ces travaux devraient aider à orienter les opérations d’EOR chimique

en terme de faisabilité de l’injection de polymère dans des réservoirs gréseux de per-

méabilité inférieure à 100mD, dans la mesure où ils montrent qu’une forte réduction de

perméabilité ne signifie pas toujours une rétention élevée du polymère. En outre, il a été

souligné que l’interprétation en terme de couche adsorbée moyenne (approche classique
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du modèle de faisceau de capillaires) n’est pas toujours valable pour les formations riches

en argile vu que la surface spécifique mesurée est différente et semble être beaucoup plus

élevée que la surface effectivement accessible au polymère.

Parallèlement à cette étude, des expériences sur les suspensions aqueuses argile-polymère

ont été menées dans le laboratoire d’attachement de la thèse (Laboratoire Interdisciplinaire

des Environnements Continentaux, à Nancy). Ces suspensions ont été étudiées en terme

de taille de particules, de turbidité et de mobilité électrophorétique pour différentes con-

centrations d’argile et de polymère ainsi que différentes forces ioniques. Cette étude a

montré que le HPAM déplace la concentration critique de coagulation vers des valeurs

plus élevées. De plus, l’interaction argile-polymère n’a été que légèrement influencée par

la force ionique et aucune différence majeure n’a été observée en ce qui concerne le type

d’argile. La mobilité électrophorétique du polymère quant à elle n’a pas été affectée en

présence d’argile, suggérant ainsi l’incorporation de particules d’argile dans les agrégats

de polymère.

Des expériences en basse pression ont également été réalisées au LIEC, sur des échan-

tillons de milieux poreux post-injection de polymère. L’analyse des résultats n’a montré

aucune différence significative dans l’interaction polymère-roche basée sur le type d’argile.

Afin de compléter ces travaux de thèse, des tests d’injection de tensioactifs ont été réal-

isés dans les différents types de milieux poreux en utilisant la saumure S1−0 (force ionique

élevée, absence de cations divalents) et une formulation combinant deux tensioactifs : un

anionique IOS (Internal Olefin Sulfonates) et un nonionique AGES (AlkoxyGlycidylEther

Sulfonates) tous les deux largement utilisés dans les procédés EOR. Les résultats des

corefloods ont montré une forte adsorption des tensioactifs ainsi que des tendances non

négligeables de bouchage dans les milieux poreux contenant de l’argile par rapport au

milieu de référence contenant le quartz seulement. Une expérience additionnelle dans le

milieu poreux avec kaolinite a été menée en utilisation l’injection de polymère et tensioac-

tif toujours avec la même saumure S1 − 0, le même polymère et la même formulation

x



Résumé long

de tensioactifs. Les résultats de cette expérience ont montré une légère diminution de

la rétention de polymère ainsi qu’une légère dégradation de la qualité de propagation en

profondeur en présence du tensioactif.

En perspectives, il serait intéressant de continuer les expériences sur les suspensions

argile-polymère afin d’identifier et mieux cerner les mécanismes d’interaction. Des tests

d’injection dans des roches réservoirs peuvent également être intéressants dans le but

d’étudier l’impact de la structure poreuse ainsi que la localisation d’argile dans l’espace

poral sur le transport des fluides. Enfin, des expériences en présence d’huile pourraient

être intéressantes pour évaluer l’impact de l’huile sur le transport du polymère dans ces

milieux poreux de faible perméabilité.
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Introduction

Given the constantly growing demand for energy, hydrocarbons remain at the center of

the global energy market. For oil recovery, three phases can be identified. A combination

of primary and secondary recovery methods allows the recovery of only up to 40% of

the original oil in place (OOIP). Consequently, tertiary recovery also known as Enhanced

Oil Recovery (EOR) is carried out using gas, steam or chemicals injection allowing the

recovery of up to 70% of the OOIP. As chemical EOR seems to be particularly promising

regarding potential additional recovery of oil, it has been of interest in several studies.

In order to enhance the water sweeping efficiency and untrap residual trapped oil,

chemical EOR consists of the injection of polymers (viscosifying agents) and surfactants.

Although this technique is now considered a proven technique in reservoirs with perme-

abilities higher than 100mD, its application to reservoir of lower permeabilities (between

10 and 100mD) remains challenging.

Several difficulties can be encountered during the application of polymer flood to low

permeability reservoirs. This type of reservoirs is characterized by small pore throats po-

tentially leading to poor injectivity, mechanical degradation of polymer and uncontrolled

fracturing. Besides, the naturally high clay content in these reservoirs causes significant

chemicals retention. High retention can result in formation damage and is linked to envi-

ronmental and economical challenges because of the use of large quantities of chemicals.
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Although several studies have addressed these challenges, the overall understanding

of the mechanisms governing the transport of these complex fluids in low permeability

porous media remains incomplete in the literature.

The objective of this work is to provide elements for a better assessment of these

mechanisms with a focus on injection water composition and porous media properties.

For that, the transport properties of polymer solutions in controlled low permeability

porous media has been studied regarding the impacts of salinity and mineralogy.

This thesis is structured around four chapters:

In Chapter 1 elements of the state of the art are presented. First, the characteristics

of the chemical solutions used in the EOR, i.e. polymers and surfactants, are introduced.

Then, the properties of chemical flooding in low permeability porous media are presented

with a focus on related challenges. Finally, the research motivation and outline are de-

tailed.

Chapter 2 is dedicated to polymer solutions. Polymer theoretical background and

physico-chemical properties are first introduced, followed by the description of materials

and methods used to prepare and characterize the solutions. Then characterization results

are presented and discussed.

In Chapter 3, porous media used in this study are introduced. After presenting general

characteristics of porous media, materials and methods used to prepare and characterize

them are detailed. Characterization results are finally presented and discussed.

The last chapter, Chapter 4, concerns the transport properties of polymer in porous

media. Materials and methods used for injection experiments are first described, then,

2
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corresponding results are presented and discussed regarding the impacts of salinity and

mineralogy.
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Chapter 1 : State of the art

1.1 Context

Hydrocarbons (oil and gas) are initially formed as a result of slow and complex trans-
formations of marine sediments that are rich in organic matter. These sediments sink
and solidify as organic matter decomposes, under the influence of pressure and tempera-
ture, into liquid and gaseous hydrocarbons. All of these elements are commonly referred
to as source rock. As a result of this transformation, and because of their low density,
hydrocarbons migrate from source rock to the Earth’s surface through several stratified
geological layers. The possible presence of an impermeable layer called seal or cap rock
causes these hydrocarbons to be retained and accumulate in the underlying porous rock
called reservoir rock. (Figure 1.1)

Figure 1.1 – Petroleum system. c©Connaissance des Energies

The exploitation of hydrocarbons, particularly hydrocarbons in liquid form called oil,
goes through several phases. First of all, the primary recovery during which the oil rises
to the surface due to the pressure difference between the reservoir and the surface. This
primary method allows, depending on the reservoir conditions, to recover around 10 to
15% of the oil in place. A secondary recovery phase is then carried out by injecting water
or gas in the injection well in order to maintain the pressure of the reservoir, sweep away
and recover the remaining oil from the production wells. Secondary recovery, particularly
using water injection, can produce an additional 15 to 20% of oil. Finally, in order to
increase the recovery rate of an oil reservoir, tertiary recovery methods, also known as
Enhanced Oil Recovery (EOR), are used. These techniques mainly include the injection
of miscible or non-miscible gases, the injection of thermal energy (steam injection) and/or
chemicals [15, 1]. The tertiary processes allow the recovery of up to 70% of the original
oil in place (OOIP) as shown in Figure 1.2.
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1.1 Context

Figure 1.2 – Hydrocarbons recovery mechanisms [1]

Among the different EOR techniques, the chemical process seems to be particularly
promising with a recovery potential up to 40% additional recovery of the oil in place
[14]. This technique, which mainly consists of the injection of viscosifying agents and/or
surfactant molecules, aims to improve the efficiency of the sweeping process compared to
water injection and to untrap residual oil trapped in the reservoir.

Figure 1.3 – Typical capillary desaturation curve (CDC)

During water injection, viscous fingering effects can occur due to the differences in wa-
ter and oil viscosity, creating preferential paths and thus a poor sweeping of the reservoir.
After waterflooding, oil remains trapped in the reservoir because of capillary trapping. In
Figure 1.3, a typical capillary desaturation curve showing the residual oil saturation SOR
as a function of the capillary number Ca which is defined as the ratio between viscous
forces ην and the interfacial tension γ , in both water and EOR cases.

The addition of polymer increases the viscosity of the injected solution, which elimi-
nates these fingering effects and thus improves the sweeping efficiency as shown in Figure
1.4 [2].
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Figure 1.4 – Improvement of sweeping efficiency - case of water injection (upper part) and
polymer solution injection (lower part) [2]

In addition to polymer, another chemical is often used in EOR to reduce the interfacial
tension (IFT): the surfactant. This IFT reduction is associated with the increase in the
capillary number, thus allowing the release of the residual oil.

Although chemical EOR is now considered a proven technique in reservoirs with perme-
abilities higher than 100mD, its application to reservoir of lower permeabilities (between
10 and 100mD) remains challenging.

Several issues are related to the application of chemical EOR to low permeability
reservoirs. On the one hand, problems due to small pore size such as poor injectivity
of the fluids that can lead to uncontrolled fracturing, or the mechanical degradation
of polymer that significantly reduces its viscosity and subsequently leads to a decrease
in sweeping efficiency. On the other hand, due to the mineralogical composition of low
permeable reservoir naturally rich in clay, significant chemicals retention is observed. This
high retention can lead to formation damage but also presents considerable economical
and environmental challenges due to the use of large quantities of chemicals.

Despite the major challenges, the overall understanding of the mechanisms governing
the transport of these complex fluids in low permeability porous media remains incom-
plete in the literature.

The objective of this study is to provide elements for a better understanding of these
mechanisms and to suggest strategies to optimize the application of chemical EOR in low
permeability reservoirs.

In this chapter, we will first introduce polymer and surfactant solutions. Then, we
will focus on the application of chemical flooding to low permeability reservoirs where we
will present the characteristics of these porous media, the challenges they represent and
some suggested solutions from the literature. Finally, we will describe the objective of
this study and the approach of this work.
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1.2 Characteristics of chemical solutions

In this section, we will present the two main agents used in chemical EOR: polymers,
which act on sweep efficiency at the macroscopic scale by increasing water viscosity and
surfactants which act on displacement efficiency at the pore scale by reducing the inter-
facial tension between the displacing fluids and oil [16].

1.2.1 Polymer

In EOR, two main types of polymers are used: synthetic polymers such as partially
hydrolyzed polyacrylamides (HPAM) and biopolymers such as xanthan gum. Less com-
monly, natural polymers and their derivatives such as quar gum, hydroxyl ethyl cellulose
(HEC) are used.

According to Sheng [15] a good polymer should have carbon chain in the backbone for
thermal stability, negative ionic hydrophilic group to reduce adsorption on rock surfaces,
good viscosifying power and nonionic hydrophilic group for chemical stability.

For these reasons, HPAM is a good polymer and is the most widely used synthetic
polymer in EOR.

1.2.1.1 EOR polymer: HPAM

HPAM is a synthetic straight-chain polymer of acrylamide monomers, some of which have
been hydrolyzed. They are obtained by polymerization of acrylamide and subsequent
hydrolysis to reduce adsorption and improve viscosity at low salinity. Hydrolysis converts
some of the amide groups (NH2) to carboxyl groups (COO−) as shown in Figure 1.5.
This modification introduces negative charges on the backbones of polymer chains which
has a significant effect on the rheological properties of the polymer solution. In commer-
cial products, hydrolysis degree ranges from 15 to 35%. The molecular weights Mw of
commercial HPAM for EOR applications are usually in the range (Mw = 2−20MDa) [2].

Figure 1.5 – Molecular structure of polyacrylamide (PAM) and partially hydrolyzed poly-
acrylamide (HPAM) [3]
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1.2.1.2 HPAM molecules in aqueous solution

In aqueous solution, HPAM molecule is a flexible chain structure also called random coil
in polymer chemistry [16]. It is a polyelectrolyte which induces strong interaction with
ions in solution. Due to its flexibility, HPAM solution properties are more sensitive to
salt/hardness than uncharged polymers as shown in Figure 1.6. These interactions will
be discussed in details in Chapter 2.

Figure 1.6 – Schematic of the effect of ions in solution on HPAM conformation (for a
dilute solution)

1.2.1.3 HPAM solutions in EOR systems

As mentioned earlier, polymer and particularly HPAM operates in oil displacement mech-
anisms by increasing the macroscopic displacement efficiency. Its application may then
be considered for unfavorable mobility ratio waterfloods or in reservoirs with high hetero-
geneity [16]. Polymers can act through two mechanisms:

• mobility control: polymer viscosity changes fluid flow patterns in the reservoir;

• conformance improvement: reduces the effects of high permeability layers in verti-
cally stratified system which reduces watercut and improves sweep efficiency.

In order to evaluate the improvement brought by the addition of polymer compared
to the sweeping obtained by simple water injection (in the case of secondary recovery),
it is necessary to introduce the notion of the mobility ratio M [2] which is defined as the
ratio between the mobility of the displaced fluid, oil (λo) and that of the displacing fluid,
water (λw), the mobility of a fluid being defined by its ability to flow in a given medium:

M =
λw

λo

=
krw/ηw
kro/ηo

(1.1)

Where η is the fluid viscosity and kr the relative permeability of oil (index o) or water
(index w).
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When water is injected in a porous medium, a part of oil is not displaced. It is
either overstepped by water (digitation effects) or trapped in pores due to their small size
and/or the oil’s affinity for the rock (capillary effects). The overstepping is mainly due
to an “unfavourable” mobility ratio, which is the case when M > 1 [15]. In this case, the
displacing fluid is moving “faster” than the displaced fluids, the phenomenon of viscous
fingering occurs and makes the sweeping ineffective, leading to a very low recovery. When
the mobility ratio is less than or equal to 1 (M ≤ 1) the displacing fluid moves slower,
allowing efficient sweeping and thus significant recovery [17]. As a result, by adding
polymer, the viscosity of the displacing fluids increases, thereby improving the mobility
ratio M .

1.2.2 Surfactant

Surfactants or surface active agents are originally thought of as detergents or wetting
agents (reservoir wettability alteration). However, since one of the main parameters in-
fluencing oil recovery is oil/brine interfacial tension (IFT), most of the EOR surfactants
are mainly used in order to reduce the IFT.

1.2.2.1 Types of surfactants for EOR

Surfactants are amphiphilic molecules, i.e. composed of a hydrophobic group, the “tail”
that is often a hydrocarbon chain (straight or branched) and a polar hydrophilic group the
“head” [15, 4] as shown in Figure 1.7. Surfactant molecules adsorb at fluid/fluid interfaces
which leads to surface properties alteration; in particular, IFT reduction.

Figure 1.7 – Schematic of surface-active molecule [4]

Surfactants are categorized according to the ionic nature of the head group as anionic,
cationic, nonionic, and zwitterionic [18, 16].

• Anionics: the hydrophilic head of the molecules in solutions is negatively charged,
such as Sodium Dodecyl Sulfate (SDS) or Sodium DodecylBenzeneSulfonate (SDBS).
They are the most common surfactants used in EOR as they present low adsorption
on sandstone rocks whose surface charge is negative;
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• Cationics: for example, quaternary ammonium salts. Positively charged, they can
strongly adsorb onto anionic mineral surfaces (silica, clays) so they are generally not
used in sandstones but can be used in carbonates to change wettability from oil-wet
to water-wet;

• Nonionics: they generally serve as cosurfactants to improve salinity tolerance of
anionic surfactants;

• Zwitterionics: they contain two active positive and negative groups and are temper-
ature and salinity tolerant. They are expensive and therefore are not used in EOR
processes.

Some of the most commonly used surfactants in EOR are: Internal Olefin Sulfonate
(IOS), Alcohol Ethoxy Sulphate (AES), AlkoxyGlycidylEther Sulfonate (AGES) and
AlkylBenzene Sulfonate (ABS).

1.2.2.2 Surfactant solutions in EOR systems

As mentioned before, surfactants are used to reduce the IFT between displacing fluids and
oil. IFT is defined as the force per unit length required to create new surface area at the
interface between two immiscible fluids [19]. If two immiscible fluids, an aqueous solution
and a hydrocarbon phase for example, are brought into contact, and a surfactant is added
to the system, surfactant molecules adsorb at the interface, they orient themselves such
that the hydrophilic part is directed into the water phase and the hydrophobic part into the
oil phase. This mechanism disrupts the fluid structure in the interfacial zone which leads
to a rapid decrease of the IFT as the concentration of the surfactant increases up to the
critical micelle concentration as shown in Figure 1.8. The CMC being the concentration
at which micelles first occur: beyond which the IFT remains constant while the quantity
of surfactant increases, which leads to the formation of aggregates (micelles) of surfactant
while the concentration of isolated molecules in solution remains constant [20].

After briefly introduction the chemicals used in EOR (polymers and surfactants) and
their respective contributions in the improvement of oil’s displacement efficiency, we will
present in the next section the chemical flooding applied to low permeability reservoirs.

1.3 Chemical flooding in low permeability porous me-

dia

In this section, we will focus on the application of chemical EOR in low permeability
reservoirs (between 10 and 100mD). First, we will present experience from field applica-
tion. Then, we will list challenges related to the application of chemical flooding in this
range of permeability and cite some suggested solutions from the literature.

12



1.3 Chemical flooding in low permeability porous media

Figure 1.8 – IFT as a function of the concentration of a single-component surfactant [4],
with the arrow pointing to the CMC

1.3.1 Experience from field applications

Chemical EOR processes are currently used in low permeability reservoirs, but although
several pilots have been successful for chemical injection, transport problems have been
observed such as in Big Muddy and Isenhour fields shown in Table 1.1 [14].

Table 1.1 – Chemical EOR projects - tests data [14]

Three types of challenges can be encountered when injecting polymers and surfactants
in low permeability reservoirs: injectivity and in-depth transport problems, polymers
and/or surfactants retention and polymer degradation. In the following section, we will
present in details a literature review of challenges related to chemicals flooding in low
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permeability porous media.

1.3.2 Related challenges

1.3.2.1 Properties of fluids transport in porous media

Poiseuille flow of a viscous fluid If we consider the flow of a fluid of viscosity η in
a capillary tube of radius R , length L as shown in Figure 1.9, the flow velocity for a
cylindrical element of length dz and radius r, subject to a pressure gradiant dP

dz
< 0, is

given by Hagen-Poiseuille’s law as follows:

v(r) =
dP

dz

R2

4η
((

r

R
)2 − 1) (1.2)

Figure 1.9 – Schematic of the capillary tube

And the flow rate by:

Q =

∫

v(r)dA =
π

8η

∆P

L
R4 (1.3)

Where A is the capillary section: A = πR2 and ∆P the pressure drop between the
inlet and the outlet of the considered section ∆P = Pe − Ps.

For a porous medium modeled by a set of n parallel capillaries of uniform radius R
and identical length L, the flow rate is given by the following equation:

Q = n
π

8η

∆P

L
R4 (1.4)

By combining this equation with Equation 3.3 for a porous medium of section S ,
permeability can be defined by:

k = n
πR4

8S
(1.5)

Considering the definition of porosity given earlier, it can be defined in this case by the
ratio between the volume occupied by the capillaries and the total volume of the porous
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media, written as follows:

φ =
nπR2

S
(1.6)

By combining equations 1.5 and 1.6, porosity φ , permeability k and pore radius R
are linked by the following formula:

R =

√

8k

φ
(1.7)

For a real porous medium, this equation is multiplied by a prefactor α that has been
determined by Chauveteau [21] and found equal to 1.15 for granular porous media.

Poiseuille’s law also helps determine the wall shear rate γ̇wall considering the maximum
velocity in the middle of the cylinder (at r = 0), which can be written:

γ̇wall =
2Vmax

R
=

4 < v >

R
=

4

πR3
Q (1.8)

With Vmax and < v > are respectively the maximum and the average flow velocities.

Flow properties of chemicals in porous media Describing the flow of polymer
solutions in a porous medium requires the introduction of two dimensionless physical
quantities: mobility reduction also called resistance factor Rm and permeability reduction
or residual resistance factor Rk .

Mobility reduction is defined as the ratio between the brine mobility (k/η)brine and
that of the polymer solution (k/η)polymer and is assimilated to the apparent viscosity of
the polymer solution in the porous medium.

Based on Darcy’s law (Eq. 3.3), and considering ∆Pref brine as the reference pressure
drop in the porous medium during brine injection, and ∆Ppolymer the pressure drop in the
porous medium during the injection of a polymer solution (prepared in the same brine)
at the same injection rate, the mobility reduction is defined as follows:

Rm =
(k/η)brine
(k/η)polymer

=
∆Ppolymer

∆Pref brine

(1.9)

During polymer injection, Gogarty [22] showed that a transient phase in which the
polymer is retained either by mechanical entrapment or adsorption (mechanisms detailed
in Section 1.3.2.3) precedes the pressure stabilization in the porous medium.

The presence of polymer irreversibly retained in the porous medium (a fraction of the
initial polymer concentration) induces a permeability reduction Rk, defined as the ration
between the reference permeability of the medium and its permeability after polymer
injection and is expressed as follows:

Rk =
kreference

kpost−injection

=
∆Ppost−injection

∆Pref brine

(1.10)

Where ∆Pref brine and ∆Ppost−injection are respectively the pressure drop during brine
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injection before and after polymer injection.

1.3.2.2 Injectivity and in-depth propagation

Problems such as poor injectivity and in-depth propagation can lead to the generation of
high pressures and plugging of the core.

According to Fletcher et al. [23], the five factors influencing polymer plugging are:
volume injected per cross section of area, core permeability, hydrodynamic size of the
polymer, core mineralogy and surface state.

Treiber et al. [24] insisted that the hydrodynamic size of the polymer molecule must
not exceed the pore-throat size associated with the porous medium. Later on Sheng
[15] concluded that for low permeability rocks, low molecular weight polymer should be
used as the high molecular weight polymer may cause injectivity problems. However, on
economics level, the disadvantage of using low molecular weight polymer is that it requires
higher concentration for an equivalent viscosity [14].

For polymer, the presence of debris, microgels or any other impurity impacts the
injectivity. Filterability tests with different filters and polymer solutions have been carried
out and have shown that it is possible to achieve good injectivities for the “cleanest”
polymer solutions, i.e. cleaned of all their impurities [25]. Hence the importance of
planning a filtration step for polymer solutions before their injection into the porous
medium, where the pore diameter of the selected filter should not exceed the average pore
radius in the porous medium.

Polymer rheology also plays an important role in the quality of injectivity. Indeed,
an increase in polymer viscosity due to elongational deformations in porous media might
occur (generally not taken into account initially). In this regard, it has been shown that
an optimal polymer viscosity can be found by checking that it is not too high to cause
injectivity problems and that the mobility of the polymer solution remains lower than
the mobility of deplaced fluids, i.e. residual oil and water [5]. Therefore, the mobility
condition to be verified is the following:

(λrw)slug < (λrw + λro)bank (1.11)

Where (λrw)slug is the displacing fluid mobility, i.e. the injected formulation, and
(λrw + λro)bank that of the displaced fluids: the water and oil supposedly in the form of
a bank.

Thus, the mobility of the injected fluid must not exceed the minimum value of the
relative mobility of the displaced fluids.

In Figure 1.10 is represented the relative mobility of the formulation for several vis-
cosities as a function of water saturation, where the red line corresponds to the minimum
value of the relative mobility of displaced fluids

In the same study, a specific value of polymer concentration was determined, beyond
which an early clogging is observed. This critical concentration varies according to the
conditions of the porous medium (e.g. mineralogy, permeability) as well as experimental
parameters (e.g. salinity, temperature). A compromise must then be found between a
viscosity sufficient enough to maintain a good mobility ratio throughout the experiment,
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Figure 1.10 – Relative mobility of the formulation slug for different viscosities as a function
of water saturation [5]

and a concentration below the critical concentration.
Regarding core properties, it has been shown that injectivity is a function of perme-

ability [23, 26]. In fact, for low permeability reservoirs, several studies [14, 27, 24, 8]
recognized plugging risks and injectivity issues. They also noted the importance of the
pore structure and size distribution as well as permeability on the injectivity quality.

One of the major challenges impacting the quality of polymer transport in low per-
meability porous media is permeability reduction Rk. In fact, an increase of permeability
reduction with the decrease of permeability has frequently been reported [8, 28].

Injectivity and in-depth propagation problems are often a consequence of permeability
change due to polymer retention: adsorption or steric effects.

1.3.2.3 Retention

Chemicals retention is one of the major problems in chemical EOR processes in general
and in low permeability reservoirs in particular, due to the small amount of free molecules
(not retained in the porous medium) that can play their roles. This requires injecting
higher amounts of chemicals, thereby impacting the project’s economy and creating a
significant potential for injectivity problems.

Polymer

For polymer, among the different types of retention, the most common is adsorption
which becomes significant in the presence of clay, then steric effects such as jamming effect
or mechanical entrapment of molecules, then hydrodynamic retention in the case of high
injection rates [3, 2]. These retention mechanisms are schematized in Figure 1.11 [6].

In typical studies on polymer transport in porous media, retention is quantified by per-
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Figure 1.11 – Retention mechanisms potentially involved during polymer injection in a
porous medium, adapted from [6]

forming material balance (between the injected and the collected quantity downstream
the porous medium). Retention is often associated with the adsorption of polymer on
pore surfaces. Actually, adsorption refers to the interaction between polymer molecules
and the solid surface by physical adsorption, van der Waals forces, and hydrogen bond-
ing [15] where polymer essentially occupies surface adsorption sites. However, Lakatos
et al. [29] have shown that there are significant differences between the level of static
HPAM adsorption and dynamically retained level in a porous medium. They related the
differences to the changes in the specific surface area of consolidated and unconsolidated
packs and also the accessibility of certains portions of the pore space. Similarly, Szabo
[30] showed that HPAM adsorption on silica flour, measured in static bulk adsorption was
significantly higher than that on sand pack, estimated using dynamic flow test, as the
accessible surfaces in silica flour are higher than that in the sand pack. In addition, when
estimating the adsorption by unit of specific surface area, the results from the two types
of measurements were almost the same.

Consequently, polymer corefloods cannot be compared to powder adsorption tests
such as those that provide adsorption isotherms. In fact, in long injection experiments,
the available rock surface is exposed to an “infinite” amount of polymer, since the injected
solution is constantly renewed. Under these conditions, the amount of adsorbed polymer
in a porous medium is not expected to depend on the injected concentration.

However, Zhang & Seright [7] have shown that polymer adsorption increases with
injected concentration (Figure 1.12). These results suggest that the injection of a long
slug of a dilute polymer solution (10− 100ppm), long enough to satisfy adsorption, before
the injection of the main slug (generally in the semi-diluted or concentrated regime (100−
10000ppm), could significantly reduce adsorption.

Another parameter influencing polymer adsorption is salinity. In fact, Martin et al.

18



1.3 Chemical flooding in low permeability porous media

Figure 1.12 – HPAM adsorption as a function of polymer concentration [7]

[31] observed an increase in polymer adsorption with increased salinity (NaCl) for different
types of polymer. Similarly, Smith [32] showed an increase in HPAM adsorption on silica in
the presence of divalent calcium ion Ca2+. Actually, the presence of divalent cations leads
to the reduction of HPAM molecules’ size and also the reduction of the static repulsion
between carboxyl groups and silica surfaces.

In general, polymer adsorption is considered irreversible as it does not decrease with
the decrease of polymer concentration [30, 33]. Although prolonged exposure to water
or brine injection can help desorbing polymer, the rate of polymer retention is generally
much higher than the rate of polymer removal.

In the case of mechanical entrapment, studies have highlighted that the significance of
this type of retention depends on the pore size distribution [34, 3] thus showing that it is
a more likely mechanism for polymer retention in low-permeability formation. Similarly,
Vela et al. [8] showed that HPAM retention decreases with permeability increase in Berea
sandstone as shown in Figure 1.13, suggesting then that mechanical trapping in a low-
permeability rock is higher than that in a high-permeability rock.

For hydrodynamic retention, Chauveteau & Kohler [35] stated that it is flow rate-
dependent as the total level of retention increases when the flow rate is increased. The
mechanisms of this retention are not fully understood and generally contribute marginally
to the total retained polymer [2].

Surfactant

So far, few surfactants injectivity problems have been reported in the literature. How-
ever, strong pressure build-ups were observed during long surfactant injections [36], but
the causes are not all yet well known.

The main problem encountered during surfactant injections is retention and more
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Figure 1.13 – Variation of HPAM retention with initial brine permeability of a Berea
sandstone [8]

specifically adsorption. In this regard, it has been shown that increased salinity induces
higher adsorption [9] as shown in Figure 1.14. Consequently, the application of a salinity
gradient (of lower salinity) would help desorbing the adsorbed surfactant [5].

Figure 1.14 – Salinity effect on the adsorption of NI-blend surfactant on Berea sandstone
[9]

The surfactant chemistry also plays an important role in reducing adsorption. In fact,
for nonionic surfactants, a high degree of ethoxylation could induce an increase in the
surface area of the surfactant’s polar part, which would reduce adsorption in sandstones
[37]. Using time resolved fluorescence techniques, the structure of the adsorbed layer for
two nonionic surfactants of different degrees of ethoxylation was analyzed and showed
that the size of adsorbed aggregates highly depends on the structure of surfactant’s polar
part.
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In other studies, it has been suggested that the addition of additives such as sodium
polyacrylate [9] or silica nanoparticles [38] would significantly reduce adsorption.

1.3.2.4 Degradation

Polymer degradation is defined as the change in its physical and/or mechanical properties
(chain splitting for example) caused by more or less aggressive environmental factors such
as chemical attack or mechanical stress. Both mechanical and chemical degradations
induce a significant decrease in polymer viscosity which leads to poor sweeping of the
reservoir.

Mechanical degradation can be attributed to high deformations (high shear rates) due
to small pore throats and/or high injection rates, while chemical degradation is generally
caused by the presence of iron ions with oxygen in the porous medium [15]. It has been
shown that polymers with high molecular weight are most likely to degrade [14], especially
mechanically.

In contrast, it has been shown that the application of moderate mechanical degradation
of the polymer around the injection well (without significantly affecting viscosity) would
lead to an improvement in polymer injectivity [39].

In this study, we will avoid problems of chemical degradation (lack of iron and moderate
temperature). As for mechanical degradation problems, they will be controlled by viscosity
measurements at the outlet of the porous medium.

1.3.2.5 Rock-polymer interaction

Silica minerals

In their study on polyacrylamide adsorption on siliceous minerals, Lecourtier et al.
[40] have shown that what governs the adsorption of HPAM on siliceous minerals is a
competition between attractive interactions between polymer and minerals surfaces and
repulsive electrostatic forces, thus, it is salinity and pH-dependent. For salinities lower
than 1M NaCl, and due to charge screening, an increase in HPAM adsorption with in-
creased salinity has been observed. For pH dependence, they showed a significant decrease
in HPAM adsorption with pH increase, which was attributed to the increase in electro-
static repulsion between polymer and surface, since both polymer and the mineral surface
charges increase with pH.

Clay minerals

The interaction between polyacrylamide and clay surfaces is very complex as electro-
static, hydration, van der Waals and other forces can operate simultaneously [41]. For
neutral polyacrylamide, the main force responsible for the adsorption of polyacrylamide
on alumino-silicate is hydrogen bonding. For hydrolyzed polyacrylamide, charge-charge
interactions add to the effects of hydrogen bonding to change the amount of adsorbed
polymer and adsorption kinetics. In fact, the strong affinity of hydrolyzed polyacrylamide
for positively charged surfaces leads to interfacial spreading of the adsorbed molecules. In
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the case of complexed polyacrylamide, the presence of chain segments of different charges
give the polymer chain an amphoteric character.

In the context of this thesis, a study on clay-polymer suspensions was carried out in
terms of particle size, turbidity and eletrophoretic mobility for various clays (kaolinite,
illite and smectite) and different polymer concentrations and ionic strengths [42]. Results
from this study showed that HPAM shifts the critical coagulation concentration to higher
values. In addition, clay-polymer interaction was only slightly influenced by the ionic
strength and no major differences were observed with regard to the clay type. Further-
more, the eletrokinetic mobility of the polymer was not affected in the presence of clay,
which suggests the incorporation of clay particles into polymer aggregates.

Figure 1.15 – Adsorption densities of PAM and HPAM on lateral and basal surfaces versus
salinity [10]

For kaolinite Lee et al. [10] have observed for anionic polyacrylamides an increase in
the adsorption density on kaolinite lateral surfaces with salinity in two steps as shown
in Figure 1.15. The first increase was explained as a result of the screening of electro-
static repulsions between polymer and kaolinite surface where a pseudo plateau is observed
around 1M NaCl. The second increase observed beyond this value, is attributed to cation
condensation on the polymer and eventually on kaolinite surface, leading to charge neu-
tralization and thus to an adsorption density equivalent to that of neutral polyacrylamide.
The differences in adsorption density on lateral and basal surfaces are due to the weak
negative charge of basal surface.

For illite, Long et al. [43] have shown that HPAM addition to illite-illite systems
leads to strong bridging adhesion force and flocculation between illite particules as well
as immediate settling.

22



1.4 Research motivation and thesis outline

1.4 Research motivation and thesis outline

Based on results and conclusions drawn from the literature, several challenges are en-
countered during the application of chemical EOR using polymer and/or surfactant in
low permeability porous media (10 − 100 mD). In fact, chemicals retention as well as
poor injectivity and in-depth fluid propagation are frequently observed for these porous
media, mainly due to their mineralogy naturally clay-rich and also to their permeability
and complex pore structure. These problems involve high risks of formation damage but
also present considerable economical and environmental challenges due to the use of large
quantities of chemicals. Therefore, the understanding of mechanisms governing this pro-
cesses is of great importance in order to optimize the use of chemical EOR in this range
of permeability.

The main motivation of this study is thus to prioritize the parameters influencing the
chemicals transport in low permeability porous media. For that, we will study charac-
teristics of the porous medium (mineralogy, permeability), the injected fluids (salinity,
concentration, viscosity) or the injection conditions (temperature, flow rate) according to
their degree of influence on fluids transport mechanisms.

To this end, we chose to base our study on synthetic granular porous media composed
of quartz sand grains and various clays (kaolinite, illite and smectite). In this way, the
experiments can be simplified, the effects of each mineral phase can be better understood
and the complexity and heterogeneities as well as lithological and textural variations of
natural rocks can be avoided as much as possible. Meanwhile, the fundamental challenge is
to ensure the reproducibility of these experiments in order to improve results comparison.
In terms of experimental methods, injection tests will be carried out with the development
of new procedures allowing working with different porous media and fluids then collect
data that can be analyzed afterwards.

First (in Chapter 2), we will study polymer solutions characteristics. For that we will
present theoritical backgroung on polymer’s physical chemistry, then detail preparation
and characterization methods, and finally obtained results that allowed us to select the
parameters for injection tests. In Chapter 3, we will present used porous media start-
ing by the characteristics of low permeability porous media, then the preparation and
characterization procedure and finally characterization results. The last part, Chapter 4,
will be dedicated to polymer injection experiments in porous media. We will first present
the experimental set-up and procedure, then experimental observables and finally results
analysis.
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Polymer solutions
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Chapter 2 : Polymer solutions

In order to study the transport properties of polymers in porous media, we prepared
and characterized polymer solutions of different characteristics. In this chapter we will first
present theoretical background of polymer solutions physical chemistry, then materials and
methods used to prepare and characterize the solutions and finally characterization results
and discussion.

2.1 Polymer solutions physical chemistry

Polymers or macromolecules are generally formed by the linear repetition of a group of
atoms called monomer. The particularity of polymers, which is responsible for their me-
chanical and physicochemical properties, is that their configuration is not defined. In fact,
depending on the conditions, polymer configuration can take a wide variety of forms [44],
varying from a completely coiled to a fully stretched chain. The conformation of polymer
chains can vary widely depending on its environment and the flow history. For these
reasons, we will present in this section the theoretical principles of the behavior of poly-
mers chains in solution, polymer solutions rheology and general insights on polyelectrolyte
solutions.

2.1.1 Polymer chains in solution

In order to analyze the polymer chains behavior in solution, it is important to first intro-
duce concentration regimes.

Dilute regime For the dilute regime, polymer chains are considered to be sufficiently
far from each other so that there are no inter-chain interactions. In this regime, the mean
size of a polymer chain in solution is characterized by its radius of gyration Rg which
is a statistical property defined as the root mean square of the distances between each
monomer and the chain’s center of mass. It can be defined as a function of N the number
of monomer units and b the persistence length of the polymer chain as follows:

Rg =
b
√
N√
6

(2.1)

Since the conformation of a polymer chain is not static but dynamic, it is sensitive to
external stresses (thermal, mechanical). It can thus be assimilated to an elastic body that
can deform under the effect of external stresses and when these stresses stop, the chain
relaxes its deformation and returns to its equilibrium state [45].

Several theoretical models have been developed to describe the dynamic properties of
dilute polymer solutions. They can be used to determine the characteristic properties of
the polymer in solution such as the diffusion coefficient and the intrinsic viscosity.

Zimm’s model [46], among others, takes into account hydrodynamic interactions, i.e.
the solvent counterflow caused by the movement of a chain that modifies the movement of
other chains. This model helps determine the diffusion coefficient of chains D expressed
as follows:
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2.1 Polymer solutions physical chemistry

D =
kBT

ηsRg

(2.2)

Where kB is Boltzmann constant, T the temperature, ηs the solvant viscosity and Rg

the radius of gyration of the chain.
In this model, it is implicitly assumed (Kirkwood approximation [47]) that the hy-

drodynamic behavior of the polymer chain could be described by its static configuration.
The diffusion coefficient is actually related to the hydrodynamic size of the polymer chain
and is defined according to the Stokes-Einstein equation [48] as follows:

D0 =
kBT

f0
=

kBT

6πηsRh

(2.3)

In this model, polymer chains behavior is assimilated to that of rigid spheres of hy-
drodynamic radius Rh , with f0 the macromolecule friction coefficient. In reality, polymer
chains do not exist as hard spheres, so the estimated hydrodynamic radius actually reflects
the apparent size of the molecule in solution. Experiments show that the ratio Rh/Rg is
equal to 1 in theta solvent, where polymer coils act like ideal chains, and is about 3/5
in good solvent, where polymer coils expand [45]. Rh and D0 can be determined using
Dynamic Light Scattering experiments, a technique detailed in Section 2.2.2.2.

Overlap concentration As the polymer concentration increases, the average distance
between two macromolecular coils decreases. Interactions between polymers become
stronger and the limit of the dilute regime is reached when the volume fraction occu-
pied by macromolecules, ϕ , is around 1 [49] considering ϕ as the hydrodynamic volume:

ϕ =
4

3
π

C

NA Mw

R3
h (2.4)

Where C is polymer concentration, NA Avogadro’s number and Mw polymer’s molec-
ular weight.

At this point, the polymer chains are in contact with each other and by continuing
concentration increase, polymer coils interpenetrate. The overlap concentration C∗ can
then be defined by:

C∗ =
3NAM

4πR3
h

(2.5)

Semidilute regime When the concentration is higher than C∗, the macromolecules
are in contact and the solution is considered semidilute. The transition from dilute to
semidilute regime is in general not sudden but progressive. This regime can be subdivided
into two additional regimes: the nontangled and the entangled semidilute regime separated
by a second critical concentration noted C∗∗ . Generally, the ratio between the two critical
concentrations C∗∗ and C∗ is estimated to be around 10 [49].

In Figure 2.1, a schematic representation of polymer solution in the different concen-
tration regimes is shown.
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Figure 2.1 – Behavior of polymer chains in solution as a function of concentration [11]

As mentioned in Chapter 1 (Section 1.2.1), in this work, we focus on the study of
HPAM. In the following section, we will present general background on polyelectrolyte
solutions that are of interest for our study.

2.1.2 Polyelectrolyte solutions

2.1.2.1 Rheology

In general, three regimes are used to describe the rheological behavior of polymers: the
Newtonian regime where viscosity is independent of shear rate, the shear thinning regime
where viscosity decreases as the shear rate increases and the shear thickening regime where
viscosity increases with shear rate increase.

In the particular case of HPAM, due to its relatively high flexibility, this polymer is
likely to deform when subjected to shear rate. By analyzing the rheological properties of
HPAM solutions in dilute and semidilute regimes, and in particular the variations of their
viscosity with shear rate, two deformation regimes can be distinguished:

The Newtonian regime which corresponds to low shear rates where macromolecules
are in their statistical coil conformation and are subjected to rotation without change in
conformation. In this regime, viscosity is independent of shear rate.

The shear thinning regime which corresponds to high shear rates where macro-
molecules are either deformed or oriented along the flow direction. The size of polymer
coils decreases, which leads to a decrease in viscosity as the shear rate increases. The
shear thinning effect is particularly pronounced for polymers of high molecular weight.

These two regimes are observed in particular in pure shear flows, e.g. rheometer, where
the shear rate is perpendicular to the flow direction. In the case of elongational flows,
e.g. flow in porous media, the shear rate can also be parallel to the flow direction and the
deformation can be very high for high flexibility polymers. A total stretching of polymer
chains can be reached when macromolecules are subjected to elongational deformations for
a sufficient period of time, exposing a larger number of monomers to flow which increases
monomer-solvent friction and thus the solution’s viscosity [39]. A third regime is then
observed in the range of high shear rates: the shear thickening regime.

For polymer solutions, in addition to viscosity, relative viscosity ηr is an important
parameter in enhanced oil recovery operations. It is defined as the ratio between polymer
solution viscosity ηpolymer and that of its solvent, brine in this case ηbrine :
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ηr =
ηpolymer

ηbrine
(2.6)

In order to study the conformation of polymer chains in solution, the intrinsic viscosity
[η] can be introduced to characterize the polymer. Intrinsic viscosity is expressed in
cm3/g and represents the ratio of the volume swept by the swollen macromolecules over
its mass. It can hence be considered as the reciprocal of a “density in solution”. It
is practically determined by the Huggins equation [50] which links the reduced specific
viscosity ηspr =

ηr−1
c

to the intrinsic viscosity as follows:

ηspr = [η] +KH [η]2 c+O
(

c2
)

(2.7)

Where KH is the Huggin’s constant and c the polymer concentration.

Huggins constant characterizes polymer-polymer and polymer-solvent interactions and
provides an indication of the solvent quality. When KH is small, the chains are stretched,
thus occupying high volume whereas for high KH the chains occupy a smaller volume. In
theta conditions, KH = 0.5. In the case of a good solvent, KH < 0.5 and in contrast,
when the solvent is of poor quality KH > 0.5. It should be noted that high KH values
(KH > 1) can be obtained experimentally when there are strong attractive interactions
between polymer chains [51].

The intrinsic viscosity is determined from viscosity measurements extrapolated to zero
concentration (dilute regime) as follows:

[η] = lim
c 7→0

ηspr (2.8)

For a dilute suspension of hard spheres, the intrinsic viscosity can be related to the
spheres density ρ by Einstein’s law:

ηr = 1 + 2.5ρ+O(ρ2) => [η] =
2.5

ρ
(2.9)

It is also possible to deduce the average molecular weight M of a macromolecule based
on the intrinsic viscosity of the solution using the Mark-Houwink-Sakurada law [52]:

[η] = KMα (2.10)

where K and α are the Mark-Houwink parameters that characterize the particular
polymer-solvent system at a given temperature.

Polyelectrolytes are composed of monomeric units that include an ionizable group, i.e.
a group that can dissociate in aqueous solutions into a cation or anion fixed to the chain
and a mobile counter-ion having the opposite charge [11]. Presence of charges changes
the polymer condition in a qualitative manner and leads to different solution properties.
In particular, factors such as salinity and temperature can significantly affect solution’s
viscosity.
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2.1.2.2 Effects of salinity

For HPAM for example, when dissolved in water the conter-ion (in our case Na+) dissi-
pates in water and backbone charges repel each other leading them to stretch occupying a
certain hydrodynamic volume and resulting in a solution with higher viscosity compared
to water’s viscosity [15].

When a monovalent salt (e.g. NaCl) is added, polymer viscosity decreases as the salt
cations Na+ neutralizes the carboxyl groups charges in HPAM side chains. This charge
screening causes the reduction of repulsion within the carboxyl groups which decreases
the hydrodynamic volume leading to a viscosity decrease.

When divalent salts (e.g. CaCl2, MgCl2) are added, the effect is more complex. The
screening effect is more significant than that of monovalent species, as the divalent ions
bind more tighly to the polyelectrolyte due to their higher charge and polarizability [2].
In the presence of divalent cations, the trends can be reversed as higher viscosities may
be observed due to the electrostatic bridging interactions between chains.

2.1.2.3 Effect of temperature

For temperature, it has been shown that the polymer solution apparent viscosity decreases
with temperature. In fact, as the temperature increases, polymer chains activity seems to
be enhanced and the friction between molecules to be reduced. Thus, the flow resistance
is reduced and the viscosity decreases. [15]

In the following sections, we will first present materials and methods used to pre-
pare and characterize polymer solutions used in this study, then characterization results
obtained for different parameters, in particular salinity.

2.2 Materials and methods

2.2.1 Preparation

The preparation of polymer solutions consists of dissolving polymer powder in brines of
various characteristics.

2.2.1.1 Brines

Salts used in this study for brine preparation are sodium chloride (NaCl) and calcium
chloride (CaCl2, H2O) respectively provided by Fisher Chemical and Merck KGAa. Salts
are first dissolved in distilled water, the solution is then filtered using a Millipore filter
of 0.22µm estimated pore diameter and degassed under vacuum and agitated for at least
30min.

Brines used are defined by two parameters: ionic strength I and hardness R+ .
Ionic strength I is a chemical parameter used to evaluate the activity of ions in aqueous

solution. It is expressed in mol/L and is defined by:
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I =
∑

i

Ciz
2
i (2.11)

With Ci the molar concentration of the ion i and zi its charge.

Hardness can be defined as the mass fraction of divalent cations in solution expressed
in percentage (%):

R+ =

∑

divalent cations
∑

total cations
=

Ca2+

Na+ + Ca2+
(2.12)

In the following, brines will be noted SI − R+. For example, a brine of an ionic
strength I = 1mol/L and a hardness R+ = 20% will be noted S1− 02.

2.2.1.2 Polymer solutions

For this study, the polymer used is a conventional partially hydrolyzed polyacrylamide
(HPAM) Flopaam 3130S provided by SNF-Floerger. This polymer is among the EOR
polymers with the lowest molecular weight (Mw between 3 and 5MDa) and is hence
adapted for application in reservoirs with permeability lower than 100mD. The degree of
hydrolysis of this polymer (fraction of carboxylates) is between 27 and 32%mol.

HPAM solutions are prepared by gradually adding polymer powder to the brine under
high agitation, then left overnight under minimum agitation to allow a good dissolution
of the polymer without degradation.

Before its injection in the porous media, polymer solutions are filtered in order to
remove debris and microgels. Filtration is carried out under imposed flow rate conditions
using a volumetric pump with a SPI-Pore filter having a pore diameter of 1µm and at a
rate of 70mL/h, corresponding to an interstitial velocity of 50m/day. The choice of the
pore diameter was made so as not to exceed the average pore radius in the porous medium,
estimated between 1.2 and 1.8µm for permeabilities between 50 and 100mD (Equation
1.7). The viscosity of the polymer solutions was checked during filtration to ensure that
the process induces no viscosity loss as shown in Figure 2.2.
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Figure 2.2 – Evolution of a polymer solution’s relative viscosity during filtration (brine
S1-0)

2.2.2 Characterization

To characterize the fluids, we mainly focused on the evaluation of the density in solu-
tion and inter-chain interactions using viscosity measurements as well as the qualitative
assessment of the hydrodynamic size.

2.2.2.1 Viscosity measurements

For viscosity measurements, we used a LS300 viscosimeter developed by ProRheo and
designed to measure low viscosities at low shear rates. Measurements were conducted
using a Couette-like geometry, shown in Figure 2.3, at a temperature of 40◦C - which is
the chosen temperature for coreflood experiments.

Figure 2.3 – Couette geometry: stator on the left and rotor on the right

For our solutions, measurements consist of performing, for a duration of 20min, log-
arithmic shear ramps (ascending then descending in steps) for a shear rate range of 1 to
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100s−1, and measuring corresponding viscosity.

2.2.2.2 Dynamic Light Scattering

In addition to viscosity measurements, the hydrodynamic size of the polymer has been
qualitatively estimated using Dynamic Light Scattering (DLS). DLS is a non-destructive
technique based on the fluctuation of the light scattering induced by the Brownian motion
of colloidal particles [53].

The method, as shown in Figure 2.4, is that a laser beam passes through the suspension
and interacts with particles in solution.

The detector records, for a fixed angle of diffusion θ , the temporal fluctuations of
the scattered light intensity I . Then, the correlator builds the temporal autocorrelation
function of scattered light intensity G2 , written as follows:

G2(∆t; q) =< I(t)I(t+∆t)
> (2.13)

Where <> indicates time average, I(t) and I(t +∆t) the scattered light intensity at
time t and t+∆t respectively, and q the wave vector.

Figure 2.4 – Schematic of DLS method

According to Siegert’s theorem [54], the autocorrelation function of the scattered light
intensity is a function of the module of the standard aurocorrelation function of the electric
field g1 :

G2(τ, q) = α + βg21(τ, q) (2.14)

With α the baseline, β the correlation factor and τ the relaxation time.
The wave vector q is dependent on the diffusion angle θ and is written:

q =
4π

λ0

n sin
θ

2
(2.15)

Where n is the refractive index of the medium and λ0 the wavelength of the light
source in vacuum.

For a dilute suspension of Brownian and monodisperse particles, the relaxation of the
electric field’s autocorrelation function results in an exponential decay:

g1(τ) = exp(−Dq2τ) (2.16)
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For polydisperse suspensions, g1 can be divided into a sum of decreasing exponentials:

g1(τ) =
∑

i

Ai exp(−Diq
2τ) (2.17)

Where Ai is the contribution in scattered light intensity of the particles of population
i. [55]

For a suspension of spherical particles free of interactions and sedimentation, Stokes-
einstein equation (Equation 2.3) is used to determine the hydrodynamic radius of a particle
Rh based on its diffusion coefficient D0.

In this study, DLS experiments were performed using an experimental set-up provided
by Cordouan Technologies. The sample is illuminated by a laser beam (wavelength λ0 =
657nm ) and the intensity of the light scattered by particles in solution over time is
collected at a fixed angle (90◦) by an Avalanche Photodiode Detector (APD). Temperature
was kept constant at 20◦C.

2.3 Characterization results

For viscosity measurements, in order to reproduce the brines used in EOR operations,
namely: formation, fresh and sea waters, brines of different characteristics were used.
Table 2.1 summarizes used parameters. For polymer, studied concentrations vary between
0.1 and 5g/L.

Brine
[NaCl]
(g/L)

[CaCl2, 2H2O]
(g/L)

TDS
(g/L)

R+

(%)
I

(mol/L)
S1-0 60 0 60 0 1.03

S1-005 55.2 4.2 59.4 5 1.03
S1-02 42 15.15 57.15 20 1.03
S01-0 6 0 6 0 0.10

S01-005 6 0.44 6.44 5 0.10
S001-0 0.6 0 0.6 0 0.01

S001-005 0.55 0.04 0.59 5 0.01
S001-02 0.42 0.15 0.57 20 0.01

Table 2.1 – Summary of brine parameters used in viscosity measurements

Viscosity results presented in this section are based on the characterization carried out
using the LS300 viscosimeter.

2.3.1 Relative viscosity

We first analyzed relative viscosity ηr. The flow curves of polymer solutions at different
concentrations for two examples of brine, lowest S001 − 0 and highest salinity S1 − 0
among used brines, are shown in Figure 2.5.
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(a) S001-0

(b) S1-0

Figure 2.5 – Flow curves of HPAM Flopaam 3130S at different concentrations for two
different brines

By comparing the different curves, the first observation is that for the same brine,
there is an increase in the relative viscosity with polymer concentration These results
are not surprising since the increase in polymer concentration leads to an increase in
viscosity. For the same concentration, a decrease in relative viscosity with shear rate
is observed beyond a threshold value, highlighting that the presence of two regimes can
be identified: Newtonian, where viscosity remains constant with shear rate, and shear-
thinning, where viscosity decreases with shear rate. This shear-thinning feature is one of
the main characteristics of HPAM.

When comparing the two Figures 2.5 (a) and (b), a decrease in viscosity with increasing
salinity is observed. To properly visualize this effect, it can simply be noted that for a
concentration of 2g/L of polymer, the relative viscosity of the solution in S1 − 0 brine
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is around 4 while in S001 − 0 it is about 62. This effect along with the shear-thinning
feature are much more visible at high concentration and low salinity.

In order to select solutions for coreflood experiments, viscosities of the different poly-
mer solution were compared. We investigated relative viscosity at the Newtonian plateau
ηr0 which corresponds, in the flow curve, to the low shear viscosity plateau before shear-
thinning.

Figure 2.6 presents the evolution of relative viscosity at the Newtonian plateau as a
function of polymer concentration for each brine.

In this figure, we notice that viscosity decreases with ionic strength increase, and for
the same value of ionic strength, viscosity decreases with hardness. We can conclude that
an increase in total salinity leads to a decrease in viscosity, which is in agreement with
HPAM behavior in presence of salts (cf. Section 2.1.2.2)

Figure 2.6 – HPAM 3130S relative viscosity as a function of polymer concentration for
different brines. The red line represents the relative viscosity used for corefloods, ηr0 = 10

However, this result does not provide information about the differences in polymer
chains conformation with regard to salinity and hardness, nor how to distinguish effects
due to the addition of sodium from those due to divalent cations, in this case calcium.
Therefore, we studied another parameter: intrinsic viscosity [η].

2.3.2 Intrinsic viscosity

For each polymer solution, we represented the reduced specific viscosity ηspr as a function
of polymer concentration, and we deduced, based on Equation 2.8, the intrinsic viscosity
(value when polymer concentration tends to zero). Figure 2.7 shows an example of this
representation for a polymer solution prepared in brine S1− 0.
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Figure 2.7 – HPAM 3130S reduced specific viscosity as a function of polymer concentra-
tion, in brine S1-0. The red line represents the Huggins formula at order 1

The red line represents the linear regression (cf. Equation 2.7) for low concentrations,
providing an estimation of the intrinsic viscosity, in this case equal to: 829 ± 45cm3/g.
Huggin’s constant KH in this case is equal to 0.57 which is determined based on the
linear regression of the equation corresponding to order 1 of Huggins formula (ηspr = [η]+
KH [η]2 c). Table 2.2 summarizes estimated intrinsic viscosities and Huggin’s constants
for the studied solutions.

Brine
Intrinsic viscosity

[η] (cm3/g)
KH

S001-0 6530 ± 400 0.24
S001-05 5650 ± 1100 0.34
S001-02 3070 ± 1700 0.61
S01-0 960 ± 170 1.71

S01-005 1030 ± 80 0.95
S1-0 830 ± 45 0.57

S1-005 890 ± 20 0.30
S1-02 450 ± 15 1.21

Table 2.2 – Summary of estimated intrinsic viscosities and Huggin’s constant for the
different HPAM Flopaam 3130S polymer solutions

In order to investigate separatly the effects of ionic strength and hardness, we first
studied the evolution of intrinsic viscosity with ionic strength I for fixed hardnesses then
its evolution with hardness R+ for fixed ionic strengths, shown respectively in Figures 2.8
(a) and (b).

In Figure 2.8 (a), we can see that for a fixed hardness, the intrinsic viscosity decreases
strongly with ionic strength and stabilizes at a threshold value of ionic strength I =
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0.1mol/L for both hardnesses 0 and 5%. This decrease was expected as the added salt
screens the polymer side chains charges which lead to a decrease in hydrodynamic volume,
meaning a higher “density” and thus a lower intrinsic viscosity (intrinsic viscosities from
6530cm3/g in S001 − 0 to 830cm3/g in S1 − 0). For Figure 2.8 (b), we notice that for
both ionic strengths 0.01 and 1.03mol/L, the intrinsic viscosity decreases significantly
with hardness. In this case, the screening effect was also significant (830cm3/g in S1− 0
to 450cm3/g in S1− 02) as the divalent cations (Ca2+ in this case) bind more tightly to
the polyelectrolyte due to their double charge (bridging effect) and polarizability which
results in denser polymer chains [15]. We can conclude that the increase in ionic strength
as in hardness induces a decrease in intrinsic viscosity. Results obtained for only two
points, on both figures, are not conclusive.

(a)

(b)

Figure 2.8 – Evolution of intrinsic viscosity of HPAM Flopaam 3130s solutions, with (a)
ionic strength for fixed hardnesses and (b) hardness for fixed ionic strengths
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2.3.3 Hydrodynamic size

For DLS experiments, impacts of ionic strength and hardness were studied using three
brines: S001− 0, S1− 0 and S1− 02. The three selected brines were characterized at a
very low concentration 0.25g/L which is below overlap concentration C∗, in order to be
in the dilute regime (cf. Section 2.1.1). Polymer solutions were pre-filtered as described
in Section 2.2.1.2 and the temperature was set at 20◦C.

DLS results always indicated that hydrodynamic sizes of the solutes were roughly of
the order of 300nm, but unfortunately, due to the polydispersity in size of the polymer
solutions, they cannot be translated in precise hydrodynamic sizes. They can however be
discussed using the raw autocorrelation functions. Obtained results as shown in Figure
2.9, are presented in terms of the autocorrelation function as a function of sampling time
for each polymer solution.

Figure 2.9 – Autocorrelation function as a function of sampling time from DLS mea-
surements for three HPAM Flopaam 3130S solutions in S001 − 0, S1 − 0 and S1 − 02
brines

A shift towards higher decay rates is clearly observed when the salinity was increased
from S001 − 0 to S1 − 0. This corresponds to larger diffusion coefficients and hence
to smaller hydrodynamic sizes and is consistent with a higher “density” in solution of
the chains in S1 − 0 than in S001 − 0. When hardness is increased from S1 − 0 to
S1 − 02, on the contrary, a shift towards larger hydrodynamic sizes is observed. These
observations confirm viscosity results considering the values of the Huggins constant (KH).
KH significantly increases from S1 − 0 (KH = 0.57) to S1 − 02 (KH = 1.21). This
suggests that attractive interactions between chains exist in hard brine (likely because of
the bridging effect entailed by the divalent cations Ca2+). The viscosity and DLS results
suggest that, in S1− 02, solutes made of multiple, but dense, polymer chains are present.
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2.4 Selected solutions

In order to study the impacts of ionic strength and hardness during polymer injection
tests, three polymer solutions were selected:

- A soft brine with very low salinity S001− 0
- A soft brine with high salinity S1− 0
- A hard brine with high salinity S1− 02
A fixed relative viscosity was chosen ηr = 10, and due to the salinity differences in the

selected brines, polymer concentrations varied as shown in Table 2.3 which summarizes
the characteristics of selected solutions.

Brine
Ionic strength

(mol/L)
Hardness

(%)
TDS
(g/L)

Polymer concentration
(g/L)

S001-0 0.01 0 0.6 0.7
S1-0 1.03 0 60 3.8
S1-02 1.03 20 57.15 5.2

Table 2.3 – Summary of the characteristics of selected polymer solutions

Chapter conclusion

In this chapter, we focused on polymer solutions. First, we presented some
theoretical background on the physical chemistry of polymer solutions such as
the behavior of polymer chains in solution, solutions rheology and a focus on elec-
trolytes. Then, we presented the processes of preparation and characterization
of these solutions. Characterization results derived from viscosity measurements
and DLS highlighted two major effects:

i) increasing ionic strength leads to an increase in polymer chains density and
a decrease in their hydrodynamic volume

ii) increasing hardness leads to an increase in both density and hydrodynamic
volume of polymer chains suggesting eventual bridging between the chains and
calcium cations Ca2+.

Finally, brines with different ionic strengths (0.01 and 1mol/L) and hardnesses
(0 and 20%) were selected to study these effects in injection tests.
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3.1 Characteristics of low permeability porous media

This chapter will be dedicated to the preparation and characterization of low per-
meability granular porous media of different mineralogies. First, we will present general
characteristics of porous media, then materials and methods used to prepare and charac-
terize them and finally characterization results and discussion.

3.1 Characteristics of low permeability porous media

3.1.1 Porous media properties

A porous medium is made of a solid phase and pores through which fluids can flow (when
connected to each other). This representation is defined on a macroscopic scale using
several parameters such as: porosity, permeability and specific surface area.

Porosity

Porosity is most often expressed in (%) and is defined as follows:

φ =
pores volume

total volume
=

Vp

Vt

(3.1)

Rock saturation for a given fluid is defined as the porosity fraction occupied by that
fluid. For example, the water saturation of a porous medium, Sw , is written:

Sw =
Vw

Vp

(3.2)

Vw being the volume occupied by water.

Specific Surface Area (SSA)

Also known as mass area, specific surface area is one of the most important porous
media properties, especially for studying surfaces phenomena such as adsorption and
depletion.

It is defined as the geometrical surfaces separating the porous space and the solid part,
per gram of solid (expressed in m2/g). It can be determined using different methods such
as nitrogen adsorption to derive the amount of nitrogen molecules needed to cover the
surface with one monolayer. The estimation of the specific surface area is conventionally
calculated by applying the BET approach (based on the work of Brunauer, Emmett and
Teller [56]).

Permeability

The flow of a fluid in a porous medium is only possible thanks to the interconnection
of the voids that constitute its porous network [57]. Permeability k is defined as the
material’s ability to allow the fluid to flow through a connected network.
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Darcy’s law links the flow rate Q (m3/s) of a fluid flowing in a porous medium of
section S (m2) and length L (m) under the effect of a pressure gradient ∆P (Pa) by the
permeability k (m2) of the porous medium and the viscosity η (Pa.s) of the fluid flowing,
such as:

Q = k
S

η

∆P

L
(3.3)

Permeability is commonly expressed in Darcy D or miliDarcy mD, with:

1 Darcy = 0.97× 10−12 m2

3.1.2 Low permeability porous media characteristics

Low permeability porous media (between 10 and 100mD) are characterized by typically
small pores (from 0.1 to 10µm) [58], and very tortuous path. Even when “large” pores
exist, their efficiency is controlled by the size of the pore throats that limit fluid access
[59].

Moreover, these porous media have generally high specific surface area due to authi-
genic clay content which also contributes enormously in decreasing the permeability.

3.1.2.1 General clay structure

The properties of a clay mineral are derived from its chemical composition, geometric
arrangement of atoms and ions, and the electrical forces that bind them together [60, 61].
Based on the generalizations of Pauling [62] for the structure of the micas and related
layer minerals, the atomic structures of clay minerals have been widely studied.

For most clays, two structural units are involved in the atomic lattices [12]. The first
unit consists of two sheets of closely packed oxygens or hydroxyls in which aluminum,
iron, or magnesium atoms are embedded in octahedral coordination: equidistant from six
oxygens or hydroxyls as shown in Figure 3.1.

Figure 3.1 – Sketch of (a) single octahedral unit and (b) sheet structure of the octahedral
units [12]

The second unit is built of silica tetrahedrons. In each tetrahedron a silicon atom is
equidistant from four oxygens. The silica tetrahedral groups are arranged in a hexagonal
network, which is repeated indefinitely to form a sheet of composition Si4O6(OH)4 as
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shown in Figure 3.2.

Figure 3.2 – Sketch of (a) single silica tetrahedron and (b) sheet structure of silica tetra-
hedrons arranged in a hexagonal network [12]

Most frequently, three types of clay can be found in low permeability sandstones:
kaolinite, illite and smectite [58].

3.1.2.2 Kaolinite

Kaolinite Al2Si2O5(OH)4 generally forms from the weathering of feldspars and is one
of the simplest clay minerals. It is a 1:1 layer mineral, as described in several references
[63, 64, 65], and its structure, shown in Figure 3.3, is composed of a single silica tetrahedral
sheet and a single alumina octahedral sheet combined so as the tips of silica tetrahedrons
and one of the octahedral sheet form a common layer [12].

Figure 3.3 – Crystal structure of kaolinite [12]

As there are no substitutions in the tetrahedral and octahedral sheets, kaolinites are
uncharged clay minerals. In kaolinite, the 1:1 layers are held together by van der Waals
bonds between the basal oxygens of the tetrahedral sheet and the hydroxyls of the octa-
hedral sheet of adjacent layers whereas the layers are held together tightly by hydrogen
bonding, restricting expansion in water and limiting the reactive area to external surfaces
[66].
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3.1.2.3 Illite

Illite is a 2:1 layer mineral in which the basic structural unit is a layer composed of two
silica tetrahedral sheets with a central octahedral sheet. Its structure is shown in Figure
3.4 and its general formula is KyAl4(Si8−y, Aly)O20(OH)4 (usually with y ∼ 0.7). K+
charge density y prevents illite from swelling. Consequently, the interlayer cations (K+,
Ca2+ and Mg2+) are not exchangeable and prevent the intrusion of polar ions into the
clay structure [67, 68].

Figure 3.4 – Crystal structure of illite [12]

3.1.2.4 Smectite

Smectite is a dioctahedral 2:1 mineral. Its general formula is (1
2
Ca,Na)(Al,Mg, Fe)4

(Si, Al)8O20(OH)4nH2O and its structure is shown in Figure 3.5. The low Mg2+/Fe2+

substitution of Al3+ in octahedral and Al3+ substitution of Si4+ in tetrahedral leads to
low charge density. This allows water molecules to enter in the interlayer allowing the
expansion of the crystal lattice as the mineral hydrates [12].

Besides the hydration characteristics of its interlamellar space, the structure and chem-
ical composition of smectite clays are responsible for some unique properties such as large
chemically active surface area, high cation exchange capacity and in some cases the ability
to strongly modify the flow behavior of fluids [69].
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Figure 3.5 – Crystal structure of smectite [12]

3.2 Materials and methods

3.2.1 Preparation

3.2.1.1 Porous media mineralogies

In this study, we focused on four mineralogies. The first one is a reference porous medium
made of quartz only. For the remaining types, we studied three types of clay separately:
kaolinite, illite and smectite. In the following, the porous media will be noted as follows:

• MP1 : quartz

• MP2 : quartz + kaolinite

• MP3 : quartz + illite

• MP4 : quartz + smectite

For the first porous medium, in order to obtain low permeabilities, two quartz of
different sizes (Figure 3.6) were used.

The first one, GA39, is a natural sand extracted from Fontainebleau area and provided
by SIFRACO. It contains about 99% silicon dioxide (SiO2), its density is 2.65g/m3 and its
average particle size is 100µm as shown in Figure 3.7. Before use, fines and impurities such
as iron (0.2%) were removed from GA39 by performing repeated washes in caustic soda
solution (to remove fines by increasing electrostatic repulsion between fines and particles)
and in hydrochloric acid solutions (to dissolve iron impurities). The quartz is then placed
to dry in an oven at 60◦C. It is weighted regularly and the drying process is considered
complete when the mass no longer varies.
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(a) (b)

Figure 3.6 – (a) quartz GA39; (b) quartz BCR-067

Figure 3.7 – Particle size distribution provided by SIFRACO

The second sand, BCR− 067, is a reference quartz provided by SIGMA-Aldrich with
an average particle size of about 10µm. BCR−067 is laboratory purity grade as supplied
and is hence used without further purification.

For kaolinite, we used KGa− 1 which comes from Washington County, Georgia, USA
and is provided by the Clay Mineral Society (CMS). Given its purity [70], kaolinite was
used with no particular treatment.

For illite, the one used in this study is Illite du Puy (I77) provided by Argile du
Velay and for smectite, we used Wyoming montmorillonite (MX80) provided by CETCO
France. Both illite and smectite were purified before use in LIEC (affiliation laboratory
of the thesis). The purification consisted in decarbonation using acetic acid to remove
carbonates (insoluble in water) followed by repeated washes in soda then ultrapure water
before centrifugation. At the end of the purification process, the clays were lyophilized.
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3.2.1.2 Preparation procedure

The first step in the prepration of porous media is mixing the appropriate grain proportions
to achieve the same permeability for all types of porous media (between 50 and 100mD).

To study the impact of mineralogy, the proportion of the three clays used was set to a
fixed value while the quartz proportions were varied in order to obtain the same perme-
abilities. The clays chosen proportion is 8%wt to approach real cases of low permeability
sandstone oil reservoirs (2 to 10% clay content). In Table 3.1 are listed the proportions
of quartz used for the different lithologies.

Lithology
Quartz content

(wt-%) Clay type
Clay content

(wt-%)
GA39 BCR-067

MP1 70 30 / /
MP2 84 8 KGa-1

8MP3 78 14 I77
MP4 86 6 MX80

Table 3.1 – Particles proportions used for the different lithologies

To avoid particle segregation due to the presence of particles having different sizes
and to improve the mixtures homogeneity, a rotary agitator, shown in Figure 3.8, is used
for the dry-mixing of minerals. Agitation is maintained for a minimum of 8hours. The
preparation is then put in an oven at 60◦C for a minimum of 8hours to ensure it is
completely dry and avoid any humidity effect (capillary bridges between the particles).

Figure 3.8 – Rotary agitator

The sand and clay grain mixture is then manually dry packed in cylindrical cells made
of PEEK having on both ends pistons equipped with Nylon nets with aperture of 10µm
(Figure 3.10). The cell dimensions are 10cm length and 1.5cm diameter.
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Figure 3.9 – Arrangement of the cell during packing

The arrangement of the cell during packing is shown in Figure 3.9. The procedure
consists of adding progressively a small amount of the mixture and vibrating the cell after
each addition by tapping it using a wooden stick.

Different intermediate connection taps allow the measurement of differential pressure
in the sections 0− 1cm, 1− 4cm, 4− 7cm and the total section 0− 10cm; the differential
pressure in the section 7 − 10cm being deduced from the results measured in the other
sections.

Figure 3.10 – Schematic and illustration of the PEEK cell for granular porous media

The intermediate pressure taps are connected to differential pressure sensors, of ranges
60, 2500 and 20000mbar, provided by ABB. They are calibrated and adjusted so that
there are two sensors of different measurement ranges per section in order to improve the
measurements quality and better estimate uncertainties. The interests of the intermediate
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pressure taps layout are first to be able to check the porous medium homogeneity during
permeability measurements, then to follow the progression of the injected fluids front
during coreflood experiments and in case of clogging to detect the section presenting the
problem.

3.2.2 Porosity and pore volume

Porosity and pore volume (PV) of the porous medium, were determined by gravimetry,
tomography and conductimetry.

Gravimetry In this method, the mass and dimensions of the cell are simply determined
before and after the porous medium packing, which allows calculating porosity φ(%) and
pore volume PV (mL) of the porous medium, using following equations:

φ = (1− Vs

Vt

) (3.4)

PV = Vtφ (3.5)

Where Vs and Vt are respectively the volume of the solid fraction and the total volume,
defined by:

Vs =
mPM

ρs
(3.6)

Vt = π(
dPM

2
)2LPM (3.7)

With mPM , dPM and LPM the porous medium mass, diameter and length respectively
and ρs its minerals density.

Tomography Computerized Tomography scan (CT-scan) is used to provide the porous
medium porosity profile and an estimation of its average porosity. Using a medical scan-
ner Discovery 750HD provided by GEHD, the procedure consists of scanning the cell with
an X-ray beam, after which a detector measures the attenuation of the rays transmis-
sion which varies depending on the density of the passed through material. During this
process, the cell is automatically moved in order to scan all the sections, with an image
acquisition interval of 0.625mm (Figure 3.11), and the reconstruction of the obtained im-
ages constitutes the spectral profile. The porosity profile is then obtained by the use of
a correlation based on two coefficients which are determined by analyzing the spectral
profiles and porosities of reference porous media (in this case: a sandstone).
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Figure 3.11 – Scanning of the cell containing the porous medium

Conductimetry Pore volume can also be obtained by conductimetry. This method
consists of injecting a brine, called tracer, of a different salinity (higher or lower) than
the brine used for the porous medium saturation, and measuring the evolution of the
conductivity of the outlet solution during injection using an on-line conductimeter. The
one used for our experiments is provided by GE Healthcare Bio-Sciences AB (reference
Monitor pH/C-900). The pore volume PV is calculated by deducting from the cumulated
volume VC the dead volumes VD in the tubings and those at the inlet and outlet of the
porous medium: PV = VC − VD.

3.2.3 Permeability

For the four studied types of porous media, the clay and quartz contents are adjusted in
order to obtain a permeability around 50− 100mD.

For permeability determination, the porous medium is first saturated with brine (sol-
vent of the polymer solution to be injected in the medium). After that, the injection rate
is increased then decreased over a range of injection rates from 0.8 to 150mL/h, while
keeping each injection rate long enough to achieve the differential pressures stabilization
in the different sections of the porous medium. Three cycles are carried out in order
to obtain a permeability profile that is representative of the porous medium (one cycle
corresponding to an increase followed by a decrease in injection rates). As high injection
rates can potentially change the granular porous medium structure by inducing particle
displacement, this three cycles method allows ensuring that the medium is fully stabilized
during the permeability measurement. In addition, a Millipore filter of 0.22µm pore di-
ameter is placed downstream of the porous medium and connected to pressure sensors to
ensure that there is no pressure increase that would indicate accumulation of fine particles
coming from the porous medium.

3.2.4 Specific Surface Area determination

The determination of the specific surface area is done via physical adsorption of gases at
liquid nitrogen temperature. The samples are first degassed (at 110◦C), the measurement
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is then carried out using point by point manometry, on a BEIsorp II device provided
by BEL JAPAN. The specific surface area of a mixture is estimated from the amount
of nitrogen adsorbed regarding its pressure at the boiling temperature of liquid nitrogen
and under atmospheric pressure. The isotherms obtained are then analyzed according to
the BET model for the specific surface area estimation [56], and by applying the De Boer
t-plot model [71] for the accessible microporosity to nitrogen.

3.2.5 Scanning Electron Microscopy (SEM) observation

Scanning electron microscopy (SEM) is a microscopy technique allowing the visualization
of samples’ surface and shape. This technique is used as a part of porous media character-
ization to visualize their shape and structure, evaluate their homogeneity and get an idea
about the organization of particles of different size. The electron beam scans the sample’s
surface which retransmits some electrons, then a detector synchronously captures the sig-
nal induced by this beam to form a reconstructed image, which is the cartography of that
signal. The equipment used in our study is a high vacuum conventional SEM provided
by Zeiss SMT (reference EVO MA10). It allows observing the surface topography using
secondary electron (SE) imaging and images with atomic number contrast using back
scattered electron (BSE) imaging. Moreover, it allows EDS analysis for mineral identifi-
cation. For results analysis, obtained images are processed using JMicroVision or ImageJ
softwares.

The preparation of the sample of granular porous media for SEM analysis involves
several steps: sampling, lyophilization, resin impregnation, cutting, grinding and finally
polishing. The sample is extracted at the end of the coreflood experiment using a copper
tool with a diameter around 0.7cm. It is sampled by slow rotation of the copper tool
to preserve as best as possible the medium structure. Once extracted, the sample is
lyophilized (rapid freezing at −80◦C followed by a complete vacuum dehydration of the
sample to preserve its structure). The sample is then impregnated with a mix of resin
and hardener, placed under vacuum for about 20min then left to dry in open air for a
minimum of 48hours (Figure 3.12).

Figure 3.12 – Example of a sample impregnated with resin, before cutting (left: side view,
right: top view)
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After hardening, the sample is cut and ground in order to obtain a flat surface. It is
then gradually polished with Silicon Carbide (SiC) abrasives with grains size from 15µm
to 1µm. The surface is observed at each polishing step using a binocular microscope:
polishing is completed when no more scratches are visible on the sample’s surface. Finally,
a metallization is performed: a thin carbon layer is deposited on the sample’s surface using
an evaporator metallizer provided by Quorium Technologies (reference Q150 R ES).

3.3 Characterization results

3.3.1 Basic petrophysical characterization

3.3.1.1 Porosity and pore volume

Porosity profile using CT-scan was obtained once for each lithology on dry samples (before
brine or polymer injection) to assure porosity homogeneity along the samples. An example
of the porosity profile using CT-scan obtained for a porous medium containing quartz
only (MP1-2) is given in Figure 3.13. The obtained profile shows that porosity varies
between 29.7% and 31.3%. The last section, and also the top section during packing (cf.
Figure 3.9), has a higher porosity than the rest of the porous medium which is consistent
since it is the least packed of all sections. Obtained results give the mean porosity and
show the overall homogeneity of the porous medium. The corresponding mean porosity
φs = 30 ± 1% is in good agreement with the porosity determined by the gravimetric
method: φg = 32± 1%. For all porous media, porosity was determined by gravimetry.

Figure 3.13 – Porosity profile and CT-scan image of MP1-2

For pore volume, conductimetry was carried out for some of the porous media. An
example of the obtained tracer curve is shown in Figure 3.14, where the pore volume was
estimated around 5.6mL with dead volumes estimated around 3.6mL. However, due to
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the small pore volume of used porous media compared to the dead volumes, estimated pore
volumes based on conductimetry were not always accurate. Moreover, the pore volume
estimated by gravimetry was found around 5.4mL which is consistent with conductimetry
results. For these reasons, only pore volumes determined using gravimetry were considered
for the rest of the study.

Figure 3.14 – Tracer curve obtained for the porous medium MP1-2

3.3.1.2 Permeability

For each porous medium, permeability cycles were carried out with the same brine used
for saturation. Permeability profiles were obtained for the different sections of the porous
medium as shown in the example given in Figure 3.15 for porous medium MP1-2.

Figure 3.15 – Permeability profiles of MP1-2

The porous medium is globally homogeneous, with no remarkable differences between
the three permeability cycles except for the last section where the permeability gets higher.
The corresponding mean permeability is around k = 72± 4mD. Permeability profiles in
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this figure show that the sections (0− 1cm) and (7− 10cm) have permeabilities that are
respectively lower and higher than the mean permeability value, which is probably due to
the packing procedure, which is consistent with the porosity profile shown in Figure 3.13.

In Figure 3.16 are presented the permeability profiles of the different studied porous
media, with different brines, which shows that they are all in the range of the fixed
permeability (50 − 100mD), except two porous media where the permeability is slightly
higher in the first section. It should be noted that, for these porous media, no fine particles
have been accumulated in the filter placed downstream (introduced in Section 3.2.3), as
no increase in the differential pressure has been observed.

Figure 3.16 – Permeability profiles of the different porous media

3.3.1.3 Specific surface area

Results obtained from specific surface area measurements are summarized in Table 3.2 for
the different minerals used in this study. Quartz present very low values of specific surface
area compared to clays, with illite having higher specific surface area than kaolinite and
smectite. It should be noted that the studied minerals have no detectable microporosity.

Minerals Specific surface area (m2/g)
GA39 0.08 ±0.05

BCR-067 0.60 ±0.1
KGa-1 7.80 ±0.2

I77 128.0 ±0.5
MX80 76.0 ±0.2

Table 3.2 – Results obtained from specific surface area measurements

The values of specific surface area of the porous media are presented in Table 3.3
and were calculated based on the measurements given in Table 3.2 and the minerals
proportions presented in Table 3.1.
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Porous medium Specific surface area (m2/g)
MP1 0.24
MP2 0.72
MP3 10.4
MP4 3.6

Table 3.3 – Estimated specific surface area for the different porous media

3.3.1.4 Summary: main properties of the porous media

Table 3.4 summarizes the characteristics of studied porous media. It shows that obtained
permeabilities were all in the chosen permeability range.

As it can be seen in this table, very similar petrophysical characteristics for all the
porous media were achieved using this method in our case: a porosity around 31.3±1.8%,
pore volume of 5.5± 0.3mL and a permeability around 50− 100mD.

However, for porous media with clay, a change in permeability has been observed for
low salinity brines. As shown in Table 3.4, a slight change in permeability was observed for
lithology 2 (with kaolinite content) as the permeability is lower with decreasing salinity.
For the third and fourth lithologies with illite and smectite content, it was not possible
to carry out the experiment using the brine S001− 0 as the permeabilities obtained were
very unstable and of values below 6mD resulting in a permeability decrease of around
90%. These results are not surprising and are consistent with clay dispersion and/or pore
bridging usually observed with low salinity brines.

Porous medium
Brine

Porosity
(%)

Pore Volume
(mL)

Permeability
(mD)

SSA
(m2/g)Type Label

Quartz
MP1-1 S001-0 31.4 5.5 71

0.24MP1-2 S1-0 31.0 5.4 72
MP1-3 S1-02 31.9 5.5 75

Quartz +
kaolinite

MP2-1 S001-0 31.0 5.4 52
0.72MP2-2 S1-0 31.1 5.4 66

MP2-3 S1-02 31.3 5.5 78
Quartz +

illite
MP3-1 S1-0 29.8 5.2 69

10.4
MP3-2 S1-02 29.5 5.2 75

Quartz +
smectite

MP4-1 S1-0 32.4 5.7 80
3.6

MP4-2 S1-02 33.1 5.8 90

Table 3.4 – Summary of the characteristics of studied porous media

3.3.2 Microscopic structural characterization

The microscopic structure of studied porous media was characterized using SEM obser-
vation (detailed in Section 3.2.5). The observations were carried out for all of the studied
porous media in the different brines used. In this section, first we will present the impact
of polymer flow using a comparison between the porous media structure before and after
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polymer flood experiments (the experiments will be presented in details in Chapter 4).
Then, a finer analysis of SEM images will be carried out for each type of porous media.

3.3.2.1 Impact of polymer flow

Table 3.5 shows a comparison between the structure of porous media before and after
polymer injection, first for MP3 containing quartz + kaolinite in brine S001 − 0, at
different scales, then MP4 containing quartz + smectite in brine S1 − 0. Kaolinite
structure and repartition before and after polymer flood is similar, which can be confirmed
at different scales. Smectite aggregates also seem to have similar features before and after
polymer injection. Both observations show that globally the polymer injection does not
change the microscopic structure of the porous media.

Porous media Brine
Condition

Before polymer injection After polymer injection

quartz
+

kaolinite

S001-0

quartz
+

smectite
S1-0

Table 3.5 – Comparison between SEM images of porous media before and after polymer
injection (for quartz + kaolinite and quartz + smectite)

Since polymer injection does not impact the initial structure of the porous media,
results can be discussed on the basis of SEM observations performed at the end of injection
tests. Sampling for SEM being destructive, SEM observations cannot be carried out before
polymer injection without having to change the porous medium.

Therefore, for the study of the microstructure of porous media in the next section, we
will focus on the structural changes resulting from the change in salinity and mineralogy.
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3.3.2.2 Quartz and clays grains structure

In the following, the microstructure of porous media will be analyzed with regard to
involved minerals. The identification of each mineral has been done using EDS analysis.

Quartz

Obtained SEM images confirm the homogeneity of the quartz porous medium as shown
in Figure 3.17. By analyzing the SEM image of the first porous medium for example, the
calculated proportions, 70% for quartz GA39 and 30% of BCR − 067, are in agreement
with the proportions used in the mixture (Table 3.1) and show a good repartition of the
small particles towards bigger sand grains. The figure also shows the difference in size
between GA39 and BCR−067 mentioned before (Section 3.2.1.1), with the small particles
being of different sizes and shapes. Obtained images show that the sampling procedure
does not destructure the porous medium. The images are therefore representative of the
porous medium structure.

Figure 3.17 – SEM image obtained for a quartz-only porous medium (MP1 − 2, brine
S1− 0), with quartz grains in gray and porosity in black

In the following, the porous media structure of each mineralogy will be presented at
different scales.

Kaolinite

Figure 3.18 shows the repartition of quartz and kaolinite particles, the latter being smaller
and well separated. Table 3.6 shows SEM images of both quartz and quartz + kaolinite
porous media for low and high salinity brines. No changes has been observed with regard
to salinity: in low (S001−0) and high (S1−02) salinities the porous media structures are
similar. This result is not surprising as kaolinite is not a particularly charged clay in our
experiments conditions, and the permeabilities were only slightly changed with salinity
(cf. Table 3.4).
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Figure 3.18 – Quartz grains and kaolinite particules in a quartz + kaolinite porous medium
(MP2− 3, brine S1− 02)

Quartz Quartz + kaolinite
S1-0 S001-0 S1-02

Table 3.6 – Comparison between SEM images of quartz only and quartz + kaolinite porous
media

Illite

For porous media containing illite, Table 3.7 shows that unlike kaolinite, illite was highly
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affected by salinity. In low salinity (S001− 0), illite aggregates having the shape of elon-
gated filaments were formed reducing drastically the porous medium pore throats which
explains the sharp decrease in permeability shown in Table 3.4 making it impossible to
carry out the experiment. In contrast, in high salinity brine (S1 − 0), it is interesting
to notice that illite forms large compact aggregates whose size is close to that of quartz
GA39 grains. This difference in behavior between the two salinities confirms that the ob-
servations made on porous media with clay content are not due to the packing procedure
but rather to the structure of the porous medium in the presence of different solutions.

Quartz Quartz + illite
S1-0 S001-0 S1-0

Table 3.7 – Comparison between SEM images of quartz only and quartz + illite porous
media

Smectite

Table 3.8 shows that with regard to salinity, smectite’s behavior is similar to illite’s.
For low salinity (S001 − 0), smectite particles seem to envelop quartz grains and form a
sort of bridges between grains. In this salinity, a sharp decrease has been observed in the
porous medium permeability. For high salinity (S1 − 0), SEM images (Table 3.8) show
that smectite aggregates were formed with the presence of micrometric voids inside of
smectite’s aggregates in opposite to illite’s.
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Quartz Quartz + smectite
S1-0 S001-0 S1-0

Table 3.8 – Comparison between SEM images of quartz only and quartz + smectite porous
media

SEM observations allowed the visualization of the porous media microstructure where
several differences have been noted according to mineralogy and salinity. Indeed, for
MP2, the change in salinity impacts very little the structure of the porous media. In
contrast, for MP3 and MP4, salinity significantly change the porous media’s microstruc-
tures. Moreover, in these porous media, the formation of clays aggregates, of a size similar
to that of quartz grains, has been observed in high salinity brines. These differences are
likely to have a significant impact on the transport of polymer solutions.
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3.3 Characterization results

Chapter conclusion

In this chapter, we focused on porous media. First, we presented basic back-
ground on porous media properties and low permeability porous media character-
istics. Then, we described materials and methods used for porous media prepa-
ration and characterization. Finally, characterization results were presented.

We showed the importance of the preparation of porous media with differ-
ent mineralogical composition, quartz and quartz + clay (kaolinite, illite and
smectite), with very similar petrophysical properties (porosity 31.3± 1.8%, pore
volume 5.5± 0.3mL and permeability 50− 100mD) and different specific surface
area.

Afterwards, microscopic structural characterization using SEM observation
was presented, showing the structural change resulting from mineralogy on one
hand, and salinity on the other. Indeed, for illite and smectite, SEM images
highlighted the distinctive structure of the porous media in low salinity and
revealed the formation of clay aggregates at high salinity.
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Chapter 4 : Transport of polymer in porous media

After introducing polymer solutions and porous media in the previous chapters, we
will present in this chapter the transport properties of polymer in porous media. For
that, we will first describe materials and methods used for injection experiments (also
called corefloods) then we will present corresponding results and discussion regarding the
impacts of salinity and clay content.

4.1 Materials and methods

In this section, we will detail materials and methods used for corefloods. First, we will
describe the experimental set-up and the injection protocol. Then, we will present the
observables.

4.1.1 Experimental set-up

The set-up used for this study is shown in Figure 4.1. It was implemented during the
first months of the thesis and is based on a standard set-up used for experiments in
unconsolidated porous media, developed at IFP Energies nouvelles. Some changes have
been made in order to adapt to our experiments such as the introduction of filters that
we will present in details in Section 4.1.1.3.

Figure 4.1 – Schematic of the experimental set-up

The experimental set-up consists of two pumps, one for the polymer solution and one
for the brine, followed by a cylindrical PEEK cell (previously introduced in Section 3.2.1.2)
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4.1 Materials and methods

containing the porous medium with differential pressure sensors, a by-pass tube to bypass
the porous medium, a conductimeter downstream of the porous medium (introduced in
section 3.2.2), placed in parallel with a filter all placed in a temperature-regulated bath.
In all the set-up the pressure is maintained around 250mbar using a counter-pressure. In
the following, we will detail the elements which are not yet introduced, in particular: the
pumps, the capillary tube, the filters and the temperature-regulated bath.

4.1.1.1 Pumps

In order to control the injection rate, two pumps were used. They are provided by
Chandler Engineering and Ametek Oil& Gas (reference: Quizix QX Series). They are
double cylinder pumps allowing continuous flow: while one cylinder is delivering fluid, at
constant rate or constant pressure, the other quickly refills and pre-pressurizes to match
the pressure of the first cylinder. It should be noted that these pumps do not induce
polymer degradation.

The pumps are connected to the set-up through a four-ways valve (marked in yellow
in Figure 4.1) which alternately allows the passage of one of the two fluids.

4.1.1.2 Capillary tube

In order to track viscosity evolution of polymer solutions before and after each experi-
ment and also detect fluids breakthroughs during corefloods, a capillary tube was placed
downstream the porous medium as shown in Figure 4.1. The capillary used is 1.5m long,
with a 500µm internal diameter made of Polyether ether ketone (PEEK) and provided by
Cluzeau Info Labo. The fluid to be characterized is injected in the capillary tube at several
injection rates Q(mL/h) (stepwise descendant ramp) for which the differential pressure
∆P (mbar) is measured using pressure sensors connected to the ends of the capillary tube.

To obtain viscosity from the differential pressure measurements, the method consists in
conducting a brine reference measurement by injecting the brine used to prepare the poly-
mer solution at several injection rates Qbrine for which the differential pressures (∆P )brine
are measured. The linearity of the pressure sensors allows writing: ∆Pbrine = aQbrine.
Afterward, the polymer solution is injected in the capillary tube following the same pro-
cedure.

Thanks to Hagen-Poiseuille’s law (Equation 1.3) polymer and brine viscosities can be
written:

ηi =
∆Pi

Qi

n
π

8

R4

L
; i = polymer, brine (4.1)

The ratio between ηpolymer and ηbrine gives the following equation:

ηpolymer

ηbrine
=

∆Ppolymer

Qpolymer

Qbrine

∆Pbrine

(4.2)

The polymer solution viscosity ηpolymer is then obtained as a function of the injection
rate Qpolymer, the differential pressure ∆Ppolymer and the brine viscosity ηbrine measured
using the LS300 rheometer:
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ηpolymer =
∆Ppolymer

a Qpolymer

ηbrine (4.3)

4.1.1.3 Filters

Two filters were mainly used in injection experiments. The first one is a 0.22µm Millipore
filter at the outlet of the brine pump used to remove possible impurities in the injected
brine. The second one is a 1µm SPI-Pore polycarbonate filter placed downstream of the
porous medium and used for polymer solutions filtration, presented in details in Section
2.2.1.2.

4.1.1.4 Temperature-regulated bath

For representativeness of oil reservoirs, we have chosen a temperature of 40◦C for injec-
tion experiments. For that, part of the experimental set-up (cell, by-pass, capillary and
filter holders) is immersed in a temperature-regulated bath consisting of a water tank, a
temperature sensor for temperature monitoring over time and a bath regulator equipped
with a heating coil supplied by LAUDA (reference Ecoline Staredition E200). In order to
limit evaporation, plastic balls were placed on the water surface.

4.1.2 Injection protocol

In order to simulate in-depth flow in an oil reservoir during EOR operations, the injection
rate Q chosen for this study was set at 0.8mL/h, corresponding to an interstitial velocity
Vi of 0.3m/day : Q = ViφπR

2, with φ the porous medium porosity and R the core radius,
in our case equal to 0.75cm, and an estimated shear rate of 20s−1 for a permeability
around 100mD using Equation 1.8.

For polymer corefloods, polymer injection was performed in typically two stages (“two
slugs method”). Initially, the porous medium was saturated with the brine to be used
in each given experiment. First, a polymer slug at the same salinity was injected until
the stabilization of the differential pressures, followed by a brine injection to displace the
polymer retained reversibly. Then, a second polymer slug was injected. At the end of the
second slug, the injection rate was increased up to 30mL/h and then stepwise decreased
in order to simulate the velocities around injection wells. Brine was finally injected until
differential pressure stabilization, and the same series of injection rate variation was then
applied for the brine. During the injection process, the polymer’s viscosity was monitored
before each slug using the capillary tube, in order to detect the polymer breakthrough
and to make sure the polymer was not degraded over time. The duration of a typical
coreflood is between two and three weeks.
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4.1.3 Observables

4.1.3.1 Mobility and permeability reduction

The raw observables are differential pressures. They help ensuring the good propagation
of polymer solutions in the porous medium and detecting the beginning of clogging when
injectivity problems potentially occur.

From differential pressures, the first observables, mobility reduction Rm and perme-
ability reduction Rk, are obtained. Rm and Rk definitions are given in Section 1.3.2.1.
Mobility reduction Rm is linked to permeability reduction Rk as follows:

Rm =
(kreference/η)brine
(kinjection/η)polymer

= ηrapp ∗Rinj
k (4.4)

Where kinjection and Rinj
k are respectively the permeability and the permeability re-

duction during polymer injection, and ηrapp the apparent relative viscosity of the injected
polymer solution.

4.1.3.2 Polymer irreversible retention and IPV

For low retention cases such as in polymer flood, monitoring polymer concentration down-
stream the porous media is unreliable. For this reason, we use the two slugs method. It
allows estimating the irreversible polymer retention and the Inaccessible Pore Volume
(IPV) by analyzing the successive breakthroughs of the tracer (obtained by conductime-
try) and the polymer slugs (by the use of the capillary tube placed at the outlet of the
porous medium).

As shown schematically in Figure 4.2, polymer irreversible retention Γretention , (ex-
pressed in µg/g: micrograms of polymer retained per gram of rock) is quantified based
on the shift between the injected polymer volumes at breakthrough of the first and the
second slug respectively VBT1 and VBT2, such as:

Γretention = (VBT1 − VBT2) Cpol/mPM (4.5)

Where, Cpol and mPM are respectively polymer concentration and porous medium
mass.

It is important to note that in most cases, where no clogging occurs, retention is often
associated with adsorption considered to be its major component.
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Figure 4.2 – Schematic of the two slugs method breakthrough curves for retention and
IPV determination

For IPV , it is defined as the fraction of the porosity that is inaccessible to polymer
and that can therefore be considered as a dead volume. IPV can be estimated from the
shift between the second slug and the tracer breakthrough, such as:

IPV = Vp + VD − VBT2 (4.6)

With Vp and VD respectively the pore volume and dead volumes.
To better understand the principle of this consideration, Figure 4.3 from the work of

Dawson and Lantz [13], schematizes the position of the polymer solution’s breakthrough
for four situations according to adsorption (in the case where retention = adsorption) and
IPV values.

Figure 4.3 – Ideal polymer breakthrough curves according to adsorption and IPV values
[13]
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When there is no adsorption/retention nor IPV (Figure 4.3 - A), the polymer solution
exits after the injection of one pore volume. The presence of IPV (Figure 4.3 - B), causes
the polymer solution to exit early due to a fraction of the pore volume inaccessible for the
polymer solution, thus, the breakthrough curve is shifted forward by the amount of the
inaccessible pore fraction. Adsorption on the other hand (Figure 4.3 - C) causes the delay
of the polymer breakthrough. A combination of both effects (Figure 4.3 - D), makes it
hard to predict when the polymer breakthrough will occur.

4.1.3.3 Adsorbed layer thickness and density

Permeability reduction is often considered as a result of the formation of a polymer ad-
sorbed layer on the pore surface. It is then possible to calculate this adsorbed layer’s
thickness, εh , considering the porous medium as a bundle of capillaries all of radius rh, as
shown in Figure 4.4, where rh stands for an estimation of the pore throat’s hydrodynamic
radius.

Considering the formation of an adsorbed layer of thickness εh, frome Equation 4.1
applied to one capillary tube, the flow rate Q, before and after polymer injection, writes:

Q = π
∆Pref brine

L

r4h
8η

(4.7)

Q = π
∆Ppost−injection

L

(rh − εh)
4

8η
(4.8)

The ratio between these two equations gives:

(
rh

rh − εh
)4 =

∆Ppost−injection

∆Pref brine

= Rk (4.9)

After simplification, εh writes:

εh = rh(1− (Rk)
−1/4) (4.10)

And rh:

rh = α (8k/φ)1/2 (4.11)

k being the initial permeability of the porous medium, φ its porosity and α a prefactor
that has been determined by Chauveteau [21] and found equal to 1.15 for granular porous
media.
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Figure 4.4 – Schematic of the porous medium considered as a capillary bundle and the
adsorbed layer

The adsorbed layer’s density ρads can be defined as a function of polymer irreversible
retention Γretention, specific surface area of the porous medium SSA and the adsorbed
layer thickness εh as follows:

ρads =
Γretention

SSA ∗ εh
(4.12)

4.2 Results and discussion

As mentioned earlier, injection tests aim at studying the transport of polymer solutions
in low permeability porous media. In this section, we will first present results obtained
from the different corefloods, then, we will discuss these results with regard to the effects
of salinity and clay type.

4.2.1 Typical outcomes of each injection test

The first result obtained from corefloods are the differential pressures ∆P (mbar) mea-
sured in each section of the porous medium to evaluate the quality of polymer solution’s
propagation. An example of the differential pressures obtained for the porous medium
MP2− 3 (quartz + kaolinite) in brine S1− 02 as a function of injected pore volumes is
given in Figure 4.5. The differential pressures increase and stabilize successively in the
different sections, which shows that the polymer solution propagates well in the porous
medium during the first and the second slug with no apparent plugging trends. Interest-
ingly, for the first slug, differential pressures stabilization is reached after the injection of
2 pore volumes whereas for the second slug it is reached after the injection of only 1 pore
volume. Polymer retention is the reason behind the stabilization delay in the first slug.
During the second slug, the retention is satisfied leading to stabilization after around the
injection of 1 pore volume.
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(a) (b)

Figure 4.5 – Differential pressures measured for each section of the porous medium MP2−
3 in brine S1− 02 during the first (a) and the second slug (b)

Secondly, mobility reductions Rm obtained in the different sections of the porous
medium were studied as a function of injected pore volumes. An example is given in
Figure 4.6 for the same experiment as above (MP2− 3 in brine S1− 02).

Figure 4.6 – Mobility reductions in the different sections of the porous medium MP2− 3
in brine S1 − 02 during the first polymer slug, the dashed line corresponds to the value
of the injected relative viscosity

It can be seen that mobility reductions increase and stabilize progressively around
21.5 ± 1.5 which confirms the good propagation of the polymer solution in the porous
medium. Moreover, Rm values are higher than the injected polymer’s relative viscosity
ηr = 10. According to Equation 4.4 linking Rm to Rk, this result could be explained
either as a consequence of elongational deformations of polymer potentially leading to an
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increase in viscosity (very unlikely at low velocity) or as a result of the reversible and
irreversible permeability reduction occurring during polymer injection.

Mobility reduction was also studied as a function of interstitial velocity. In fact, at the
end of the second slug in each coreflood, the injection rate Q was increased up to 30mL/h
and then stepwise decreased in order to simulate the velocities around injection wells. In
Figure 4.7, values of mobility reduction are plotted as a function of interstitial velocity
Vi. For intermediate sections, an increase in mobility reduction with increased velocity
is observed, with a total increase of around 45% between the lowest and the highest
velocity. This increase is either due to elongational deformations at higher shear rates
leading to viscosity increase with velocity increase or to permeability reduction increase
as the injected relative viscosity is constant.

Figure 4.7 – Mobility reductions as a function of interstitial velocity (porous medium
MP2− 3 in brine S1− 02)

At the end of the second polymer slug and the end of the following brine injection, we
proceeded, as mentioned in 4.1.2, to a variation of the injection rate in order to study the
permeability reduction Rk as well as the adsorbed layer thickness εh and their evolution
with the injection rate.

Figure 4.8 presents permeability reduction and adsorbed layer thickness as a function
of the interstitial velocity for the same experiment presented so far (MP2 − 3 in brine
S1 − 02). In this experiment, a total increase of 220% for Rk (from 4 to 12.8), and 24%
for εh (from 0.8 to 0.98µm) was observed between the lowest and the highest interstitial
velocity.
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(a) (b)

Figure 4.8 – Permeability reduction (a) and adsorbed layer thickness (b) as a function of
interstitial velocity (porous medium MP2− 3 in brine S1− 02)

In order to evaluate the retention of polymer in the porous medium as well as the IPV,
the shift between the breakthroughs of the two polymer slugs and between the tracer and
the second polymer slug are studied as explained in Section 4.1.3. An example is given in
Figure 4.9 for the obtained curves corresponding to the injection test carried out in the
porous medium MP2− 3 using brine S1− 02. In this figure, a dashed line was fixed at 1
pore volume, using the pore volume value obtained by gravimetry.

Figure 4.9 – Breakthroughs of the two polymer slugs of the injection test in porous medium
MP2− 3, brine S1− 02, the red dashed line being fixed at 1 pore volume

For this example, polymer retention was estimated at 1110 ± 30µg/g (µg of polymer
per g of rock), while the IPV was estimated at 18± 2% meaning that approximately 18%
of the porous volume is not “visited” by the injected polymer solution.
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However, in most cases, the error related to IPV estimation was high due to the porous
medium’s small porous volume and the high dead volumes in the setup. For this reason,
we decided not to discuss our results in terms of polymer IPV.

For the rest of this report, we will present and discuss coreflood results based on the
values obtained in the intermediate section 4− 7cm as the results in the different sections
are quite similar except for the first section 0 − 1cm where entry effects can complicate
the discussion.

4.2.2 Overview of the results

Table 4.1 summarizes the results obtained for coreflood experiments performed during
this PhD, including plateau values of mobility reduction Rm, permeability reduction Rk,
polymer irreversible retention Γretention (by unit mass and by unit SSA), adsorbed layer
thickness εh and estimated adsorbed layer density ρads. These results concern for each type
of porous media, three corefloods in three different brines (except for illite and smectite
where the experiments in brine S001− 0 could not be conducted as mentioned in 3.4).

An additional experiment was carried out in porous medium MP3 with illite content
(referred to as MP3 − 1b in Table 4.1) using the exact same experimental conditions as
the one carried out in MP3− 1, in order to confirm the repeatability of the experiment.
The results of both experiments were remarkably close with polymer retention values of
370 ± 20 and 340 ± 20µg/g respectively in MP3 − 1 and MP3 − 1b as well as almost
perfectly superimposed mobility reduction curves, shown in Figure 4.10.

Figure 4.10 – Mobility reduction as a function of injected pore volumes (porous media
MP3− 1 and MP3− 1b, brine S1− 0)

As explained earlier (Section 2.4), for corefloods, polymer solution of the same relative
viscosity ηr = 10 were injected, thus resulting in different concentrations. In order to
study the impact of polymer concentration on experiments results, an additional injection
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test was carried out in a porous medium containing quartz only (referred to as MP1 −
3b in Table 4.1) using brine S1 − 02. This experiment allowed two comparisons: the
first one being the impact of the change in polymer concentration (from 5.2 to 3.8g/L
corresponding to relative viscosity values of 9.6 and 6.5 respectively) for the same brine
S1 − 02 and which revealed very litte to no change in polymer retention (100 ± 40 and
140 ± 30µg/g respectively) and in mobility reduction values (15.5 and 12 respectively).
These results show that in our case (long polymer slug) the parameters governing polymer
transport in porous media are salinity and mineralogy, with no significant impact of
polymer concentration, hence our initial choice of injecting solutions of the same relative
viscosity rather than the same polymer concentration. The second comparison being the
impact of hardness (from brine S1− 0 to S1− 02) using the same polymer concentration
3.8g/L, which confirmed the hardness effect leading to higher polymer retention but with
similar mobility and permeability reduction values.
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4.2 Results and discussion

4.2.3 Discussion

Coreflood results presented in Table 4.1, will be discussed in this section: first with
regard to salinity impact (change in ionic strength and hardness), then regarding clay
type impact.

4.2.3.1 Impact of salinity

As mentioned before, for each porous medium, coreflood experiments were carried out
using brines with various ionic strength and hardnesses. Figure 4.11 shows the variation
of mobility reduction with injected pore volumes for different brines obtained in each type
of porous media.

Two families of porous media can be identified: the first one MP1 and MP2 in Figures
4.11 (a) and (b) respectively, and the second one is MP3 and MP4 shown in Figures 4.11
(c) and (d) respectively.

(a) MP1 (b) MP2

(c) MP3 (d) MP4

Figure 4.11 – Mobility reduction as a function of injected pore volumes for (a) MP1 (b)
MP2 (c) MP3 and (d) MP4 for different brines
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For the first family, the polymer solution propagates and stabilizes rapidly. In MP1,
composed of quartz only, there is a strong salinity dependence as mobility reduction Rm

increases with increased ionic strength (comparing S001 − 0 and S1 − 0) and increased
hardness (comparing S1−0 and S1−02) for the same ionic strength. For MP2, containing
quartz and kaolinite, mobility reduction increases with the increase of total salinity, but
presents no hardness dependence. For the second family, a difficult and slow stabilization
is observed suggesting poor in-depth transport of polymer solutions with complex salinity
dependence. In MP3, containing quartz and illite, higher mobility reduction was observed
in the absence of hardness (S1 − 0). For MP4, composed of quartz and smectite, no
significant change was observed in mobility reduction with the increase of hardness.

For almost all experiments, Rm values were higher than the injected polymer’s relative
viscosity ηr = 10. According to Equation 4.4 linking Rm to Rk, this result could be
explained as a consequence of both the reversible and irreversible permeability reduction
occurring during polymer injection.

For polymer irreversible retention and permeability reduction Rk, Table 4.1 shows an
increase with the increase of ionic strength and hardness for all the studied types of porous
media.

For the clay-free porous media, MP1, results show a very low irreversible retention(<
5µg/g) in S001− 0 with Rk close to 1, which is consistent with a very low adsorption of
the polymer as expected from unscreened electrostatic repulsions between the surface and
the polyelectrolytes. When salinity was increased (in brine S1− 0), irreversible retention
became measurable (40±20µg/g) and Rk increased to 2.2. This is clearly the signature of
a higher affinity of the polymer for the quartz surface due to the screening of electrostatic
repulsions. The increase of hardness (brine S1 − 02) led to a slight increase in polymer
retention (100± 40µg/g) and permeability reduction (2.7).

In contrast, for the porous media with kaolinite, MP2, retention was already high
(125± 5µg/g) in S001− 0, which indicates that attractive interactions exist between the
kaolinite particles and the polyelectrolytes. Polymer retention kept increasing with ionic
strength and hardness and permeability reduction reached 4.2 in brine S1− 02.

For MP3 and MP4 containing illite and smectite respectively, polymer irreversible
retention and permeability reduction both increased with hardness.

As usually described in the literature, a discussion in terms of adsorbed layer thickness
εh and density ρads can be conducted. Figure 4.12 shows the impact of ionic strength and
hardness on εh and ρads for the studied types of porous media.

In MP1 (Figure 4.12 (a)), at the lowest salinity S001− 0 due to the very low perme-
ability reduction 1.05, the modeling approach shows no formation of an adsorbed layer.
When ionic strength is increased, brine S1 − 0, a polymer adsorbed layer is formed: its
hydrodynamic thickness should be around 0.30µm and its density around 550µg/cm3.
When hardness was increased (in brine S1 − 02), results show that as Rk was not much
affected the thickness of the adsorbed layer remained close to 0.3µm. This suggests that
the polymer adsorbed layer was much denser. As quartz surface affinity for polymer
does not change (same ionic strength) when hardness is increased, this is very likely the
consequence of bridging effects between negatively charged acrylate units on the polyelec-
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trolytes and calcium ions. This interpretation is consistent with the intrinsic viscosity
that drops from 830cm3/g in S1− 0 to 450cm3/g in S1− 02 (cf. Table 2.2): the polymer
chains are intrinsically denser in presence of calcium, it is hence not surprising that they
form a denser adsorbed layer on the quartz surfaces.

(a) MP1 (b) MP2

(c) MP3 (d) MP4

Figure 4.12 – Adsorbed layer thickness and density for different brines in porous media
(a) MP1 (b) MP2 (c) MP3 and (d) MP4

For MP2 (Figure 4.12 (b)), even at low salinity S001 − 0, results showed the forma-
tion of an adsorbed layer with a thickness of about 0.30µm with a density of 620µg/cm3.
When salinity was increased, with brine S1− 0, as for the clay-free porous media, charge
screening enabled polymer adsorption on the quartz surface but probably also enhanced
the interaction between polymer and kaolinite. This resulted in a very high density of
the equivalent adsorbed layer (2830µg/cm3). When hardness was introduced, with brine
S1 − 02, the thickness of the equivalent adsorbed layer increased to 0.75µm with a den-
sity decreasing to about 2000µg/cm3. The increase of the adsorbed layer thickness as
well as the decrease in its density suggest that there are less polymer molecules per unit
of surface. This result suggests that for this porous medium, the affinity of the polyelec-
trolytes for the kaolinite surface was significantly increased in presence of calcium and that
the macromolecules tend either to acquire a stretched conformation or to create a multi-
layer. Those two hypothesis are not consistent with the polymer conformation observed
in viscosimetry (Section 2.3.2) and DLS (Section 2.3.3) in presence of divalent cations nor
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with kaolinite nature that presents no permanent charges. Moreover, SEM observations
presented previously (Section 3.3.2.2) showed surface chemical heterogeneities in porous
media due to the presence of quartz and kaolinite grains, which explains why the analysis
in terms of a mean uniform adsorbed layer is not relevant for this type of porous media.
Indeed, this approach considers the porous medium to be a set of n identical capillary
tubes, whereas in MP2, two types of grains are present in the porous medium (quartz
and kaolinite) which results in different interactions with polymer.

For porous media with illite MP3 and smectite content MP4 (Figures 4.12 (c) and
(d) respectively), no significant change is observed in the adsorbed layer thickness and
density with hardness.

4.2.3.2 Impact of mineralogy

Figure 4.13 presents mobility reduction as a function of injected pore volumes for different
types of porous media in different brines.

(a) S001-0 (b) S1-0

(c) S1-02

Figure 4.13 – Mobility reduction as a function of injected pore volumes for brines (a)
S001− 0 (b) S1− 0 and (c) S1− 02 for different types of porous media
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For all brines, mobility reduction values in clay-rich porous media are higher than
the one obtained in quartz only. In brine S1 − 0 (Figure 4.13 (b)), Rm value in MP3,
with illite content, is much higher than the rest of porous media with difficult and low
stabilization trends, whereas MP2 and MP4, with respectively kaolinite and smectite
content, showed close Rm values despite their different nature. In presence of hardness
(Figure 4.13 (c), brine S1 − 02), close Rm values and trends with injected pore volumes
were observed in the three clay-rich porous media, MP2, MP3 and MP4.

As shown in SEM images in Tables 3.7 and 3.8, clay aggregates formation was ob-
served for MP3 and MP4. These observations suggest that polymer diffusion in illite
and smectite aggragates may be responsible for the slow stabilization trends of mobility
reduction in these porous media. Moreover, the nature of illite aggregates, noticeably
dense, could explain why these trends are more pronounced in MP3 than it is in MP4
where aggregates seemed less dense and partially accessible to polymer.

Figure 4.14 presents obtained permeability reduction values in the different corefloods.
In contrast to polymer retention results, Rk values were not significantly increased in the
presence of kaolinite compared to quartz only. However, porous media with illite and
smectite showed high values of permeability reduction compared to porous media with
kaolinite and quartz only. Results obtained in S1 − 0, 8.1 for illite and 5.9 in smectite,
explain the differences in mobility reduction obtained in these two porous media and
confirm that permeability reduction can be responsible for the differences between injected
relative viscosity and measured mobility reduction. In the presence of hardness, brine
S1 − 02, permeability reduction was significantly increased in the three clay-rich porous
media, reaching up to 9.2 in MP4 which suggests that after polymer flood, permeability
becomes 9 times lower that reference permeability.

Figure 4.14 – Permeability reduction for different types of porous media in different brines

For polymer irreversible retention, Figure 4.15 shows the different results obtained in
the studied porous media. First of all, there is a sharp increase of polymer retention in
presence of clays compared to obtained values in quartz only, e.g. retention values up to
ten times higher in MP2 than MP1 for the same brine S1− 02 (from 100 to 1110µg/g).
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Besides, within the three clay-rich porous media, MP2 with kaolinite content showed
the highest values of retention compared to MP3 and MP4 with illite and smectite
content, despite its SSA being the lowest (cf. Table 3.2).

Figure 4.15 – Polymer irreversible retention for different types of porous media in different
brines

Analysis in terms of retention per unit of SSA is presented in Figure 4.16, where we
observe surprisingly low polymer retention values, as expressed by unit of SSA (40 and
90µg/m2 for illite, 70 and 230µg/m2 for smectite, respectively for S1−0 and S1−02) are
associated with high values of Rk (8.1 and 7.9 in illite, 5.9 and 9.2 in smectite, respectively
for the two brines).

Figure 4.16 – Polymer irreversible retention per unit of SSA for different types of porous
media in different brines

Finer analysis of SEM images presented in Tables 3.7 and 3.8 for porous media con-
taining illite and smectite shows that the formation of clay aggregates induces that a
significant fraction of the clay surfaces are inaccessible for the polymer. In fact, the na-
ture and form of these aggregates result in the consideration of an effective SSA that
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appears to be lower than the measured one as the polymer molecules only interact with
the outer surface of clay aggregates. Polymer retention mechanism is very likely adsorp-
tion on grain surface in MP2, while it appears to be both adsorption on the outer clay
aggregates surface and steric retention in both MP3 and MP4 explaining plugging trends
observed in Figure 4.13. These findings suggest that the measured specific surface area is
not relevant in the case of illite and smectite and confirm that the interpretation in terms
of adsorbed layer is not to be considered in these porous media.
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Chapter conclusion

In this chapter, we studied the transport properties of polymer solutions in low
permeability porous media. First, we described materials and methods used for
injection experiments. Then, after presenting typical outcomes of each injection
test, we presented an overview of obtained results. Finally, corefloods results were
discussed: first, with regard to the impact of salinity, then that of mineralogy.

Injection tests were carried out in four types of quartz-based porous media
involving three different clays: kaolinite, illite and smectite. Injected polymer
solutions were prepared in three different brines S001 − 0, S1 − 0 and S1 − 02
with different polymer concentrations allowing the injection of a fixed relative
viscosity of ηr = 10.

Corefloods observables were: mobility reduction Rm, polymer irreversible re-
tention, permeability reduction Rk and adsorbed layer thickness εh and density
ρh.

The first discussion allowed highlighting the impact of ionic strength and hard-
ness on the transport properties of polymer in the studied porous media, showing
that globally an increase in ionic strength leads to increasing mobility reduction,
polymer retention and permeability reduction, and that the presence of Ca2+

divalent cations leads to a sharp increase in polymer retention and permeability
reduction in all porous media, whereas its effect on mobility reduction appears
to be more complex.

The second discussion shed some lights on the impact of mineralogy on polymer
flow through porous media, assessing that the presence of clays leads to a sharp
increase in polymer irreversible retention and mobility reduction. Besides, within
the clay-rich porous media, illite and smectite show comparable behaviors in
terms of mobility reduction, polymer retention as well as permeability reduction.
Surprisingly, kaolinite shows the highest value of polymer retention despite its
nature (non swelling with no permeanent charge) and its low specific surface area
compared to illite and smectite.

Analysis in terms of adsorbed layer thickness and density showed good consis-
tency with viscosity and DLS measurements for quartz, but was not consistent
for porous media with clay content due to surface chemical heterogeneities.
Besides, measured specific surface area in these porous media, especially with
illite and smectite content, seems to be different and much higher than polymer
accessible surfaces. This result was highlighted in SEM observation with the
formation of clay aggregates which significantly impacts polymer transport
as polymer molecules seems to interact only with the outer surface of these
aggregates.
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Chemical EOR, particularly polymer flood, is one of the most promising processes used to

improve oil recovery. However, its application to reservoirs of relatively low permeability

(between 10 and 100mD) remains challenging given injectivity problems and high poly-

mer retention. In this thesis, we studied the transport properties of polymer solutions

in controlled low permeability porous media with regard to the impacts of salinity and

mineralogy.

The polymer selected for this study is a partially hydrolyzed polyacrylamide (HPAM)

of low molecular weight usually used in chemical EOR processes. Polymer solutions were

prepared in brines of various properties and were characterized through viscosity mea-

surements and hydrodynamic size estimation. This characterization allowed discussing

the impacts of ionic strength and hardness on polymer chains’ density in solution and

inter-chain interactions. It showed that the increase of ionic strength leads to an in-

crease in density and a decrease in hydrodynamic size due to charge screening, whereas

the increase of hardness (presence of Ca2+ divalent cations) leads to denser chains and

also higher hydrodynamic size suggesting attractive interactions between polymer chains,

thanks to Ca2+ bridging.

For porous media, we chose to carry out our study on granular porous media with con-

trolled mineralogy. On this basis, we were able to work on reproducible porous media with
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similar petrophysical properties while controlling the type and amount of used minerals.

Therefore, sand-clay packs were prepared using quartz and three types of clay: kaolinite,

illite and smectite in equal amounts with a permeability fixed between 50 and 100mD.

Porous media were characterized in terms of their petrophysical properties (porosity, pore

volume, permeability and specific surface area) and microscopic structures using Scanning

Electron Microscopy observation. Characterization results showed that all porous media

were in the same permeability range, with different specific surface area values. More-

over, SEM observations showed a change in their microscopic structure resulting from

their difference in mineralogy on one hand, and salinity on the other. Interestingly, it

highlighted the distinctive structure of the porous media in presence of illite and smectite

in low salinity and revealed the formation of clay aggregates at high salinity.

In order to study the transport properties of polymer solutions in low permeability

porous media, injection tests were carried out using HPAM solutions in the different min-

eralogies. Corefloods observables were mainly: mobility reduction, polymer irreversible

retention and permeability reduction. Obtained results were discussed regarding the im-

pacts of salinity and mineralogy. The first discussion allowed highlighting the impact of

ionic strength and hardness on the transport properties of polymer in the studied porous

media, showing that for most porous media an increase in ionic strength leads to increasing

mobility reduction, polymer retention and permeability reduction (except for illite where

a decrease in mobility reduction was observed with hardness increase). The presence of

Ca2+ divalent cations leads to a sharp increase in polymer retention and permeability

reduction in all porous media, whereas its effect on mobility reduction appears to be more

complex. The second discussion shed some lights on the impact of clay type on polymer

flow through porous media, assessing that the presence of clays leads to a sharp increase

in polymer irreversible retention and mobility reduction. Besides, within the clay-rich

porous media, illite and smectite show comparable behaviors in terms of mobility reduc-
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tion, polymer retention as well as permeability reduction. Surprisingly, kaolinite shows

the highest value of polymer retention despite its nature (non swelling with no permeanent

charge) and its low specific surface area compared to illite and smectite.

Analysis in terms of adsorbed layer thickness and density showed good consistency

with viscosity and DLS measurements for quartz, but was not consistent for porous me-

dia with clay content due to surface chemical heterogeneities. Besides, measured specific

surface area in these porous media, especially with illite and smectite content, seems to be

different and much higher than polymer accessible surfaces. This result was highlighted

in SEM observation with the formation of clay aggregates which significantly impacts

polymer transport as polymer molecules seems to interact only with the outer surface of

these aggregates.

The outcomes of this work should help guiding EOR operations in terms of the feasi-

bility of polymer flooding in clayey reservoirs of permeabilities below 100mD as it showed

that high permeability reduction does not always imply high polymer retention. Besides,

it pointed out that the interpretation in terms of mean adsorbed layer (classical bundle

model approach) is not always valid for clay rich formations as the measured specific sur-

face area are different and seems to be much higher than polymer effectively accessible

surfaces.

Alongside this study, experiments on clay-polymer aqueous suspensions were carried

out in the attachment laboratory of the thesis (Laboratoire Interdisciplinaire des Environ-

nements Continentaux). Clay-polymer suspensions were studied in terms of particle size,

turbidity and electrophoretic mobility for various clay and polymer concentrations and

different ionic strengths. This study showed that HPAM shifts the critical coagulation

concentration to higher values. Clay-polymer interaction was only slightly influenced by
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the ionic strength, and no major differences were observed with regard to the clay type.

Furthermore, the electrokinetic mobility of the polymer was not affected in the presence

of clay, which suggests the incorporation of clay particles into polymer aggregates. In

addition, BET adsorption experiments were also carried out on samples after polymer

injection showing no significant difference in polymer-rock interaction based on clay type.

In order to complete our study, surfactant injection tests were carried out in the dif-

ferent types of porous media using brine S1− 0 (high ionic strength, absence of divalent

cations) and the combination of two surfactants: anionic Internal Olefin Sulfonate (IOS)

and nonionic AlkoxyGlycidylEther Sulfonates (AGES), both widely used in EOR pro-

cesses. Results of the corefloods, showed high surfactant adsorption as well as significant

plugging trends for porous media with clay content compared to quartz only. It would be

interesting to study in depth these results and also complete them with injection experi-

ments combining polymer and surfactant, and in the presence of oil.
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Transport de solutions de polymère dans des milieux poreux contrôlés de
différentes minéralogies

La récupération assistée du pétrole est considérée comme une option intéressante pour
les réservoirs à faible perméabilité. Cependant, son application peut s’avérer difficile pour
des perméabilités inférieures à 100mD, en raison des problèmes d’injectivité et de réten-
tion élevée des additifs chimiques fréquemment observés dans ces cas. Ce travail de thèse
vise à étudier l’impact des paramètres physico-chimiques et minéralogiques sur le trans-
port des solutions de polymère dans des milieux poreux modèles de faibles perméabilités.
Pour cela, des expériences d’injection de polymère ont été menées en utilisant des solutions
d’HPAM de différentes forces ioniques et duretés et quatre milieux granulaires à base de
quartz et trois types d’argiles: kaolinite, illite et smectite. Les résultats confirment le rôle
majeur joué par la composition de l’eau d’injection (salinité et dureté) sur la conformation
des polymères et sur les interactions polymères-minéraux. De fortes interactions entre le
polymère et l’argile sont mises en évidence avec des différences significatives selon le type
d’argile : bonne propagation et rétention élevée du polymère dans une argile non chargée
et non gonflante (kaolinite) et faible propagation avec une rétention plus faible que prévu
dans les argiles chargées ou gonflantes (illite, smectite). Ces résultats constituent de nou-
veaux éléments pour la compréhension du transport des solutions de polymères dans les
réservoirs de grès à faible perméabilité.

Mots clés : Polymère, transport en milieu poreux, injectivité, faible perméabilité,
récupération assistée du pétrole.

Transport of polymer solutions in controlled low permeability porous media
of various mineralogies

Chemical Enhanced Oil Recovery (EOR) is considered as an attractive option for low
permeability reservoirs, in particular where lack of gas supply does not allow gas injection
processes. However, its application can be challenging for permeabilities below 100mD,
as poor injectivity and high chemical retention are frequently observed in these cases.
This work aimed at investigating the impact of both chemical and mineralogical param-
eters on the transport of polymer solutions in well-controlled low permeability porous
media. For that, polymer injection tests were carried out using HPAM solutions of dif-
ferent ionic strengths and hardnesses and four granular sand-clay packs using quartz and
three types of clays: kaolinite, illite and smectite. Results confirm the major role played
by the injection water composition (salinity and hardness) on polymer conformation and
on polymer-minerals interactions. Strong interactions between polymer and clay are evi-
denced with significant differences according to the clay type: good propagation and high
polymer retention in an uncharged and non-swelling clay (kaolinite) and poor propagation
with lower retention than expected in charged or swelling clays (illite, smectite). These
outcomes stand as new elements for understanding the transport of polymer solutions in
low permeability sandstone reservoirs.

Keywords : Polymer, transport in porous media, injectivity, low permeability, en-
hanced oil recovery.
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