
Establishing a homogeneous and stable sand
pack to study parameters during spontaneous

imbibition

PETROLEUM TECHNOLOGY

A Master Thesis in Reservoir Physics

Author: Anders Sundgot Saunes

June 3, 2018





Abstract

Spontaneous imbibition is an important process for oil production during water flooding in
porous media and has been widely studied for decades to understand the physics of the process
for different boundary conditions. This thesis study spontaneous imbibition in unconsolidated
sands, where experimental protocols have been improved to mitigate challenges associated with
displacement processes in such systems. An initial focus was to establish uniform and stable sand
packs that enable tests to be repeated without changes in permeability and porosity due to poor
packing or loss of sand. Homogeneous sand packs allowed for reproducible tests to compare the
influence of initial water saturation on spontaneous imbibition. Sand packs were also used in
spontaneous imbibition tests with different wetting fluid viscosity, where brine viscosity was in-
creased by adding glycerol or an HPAM polymer powder. This enabled a systematic investigation
of wettability alteration by polymer solutions in unconsolidated sands.

A new sand packing method in glass tubes was developed where the sand was compressed by
pressure to achieve a narrow pore size distribution. End pieces that enabled flow in and out of the
sand packs were redesigned to eliminate the need for threaded glass tubes, leading to less leakage
and glass tube shattering.

The presence of an initial water saturation reduced recovery efficiency and production rate during
spontaneous imbibition conducted in sand packs: average recovery factor without initial water
(RF=79%OOIP) was 40% higher than with initial water (RF=56%OOIP).

Spontaneous imbibition with HPAM polymer added to the brine yielded 3% higher recovery than
spontaneous imbibition with a glycerol solution. This contradicts earlier findings where a 5%
higher recovery was observed with glycerol compared to HPAM polymer. Unlike earlier studies,
the polymer solution used in this thesis was filtered to remove microgels and other multimolec-
ular structures. By filtering the solution, retention in the filter was prevented, and the polymer
solution could imbibe freely. In addition, measurements of the Amott-Harvey wettability index
(IAH) indicated that the HPAM polymer altered the wettability of the sand. Average IAH for sand
packs where HPAM polymer had been present was 0.92, whereas, for sand packs where it had not
been present, the value was 0.97.
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Part I

Theory and introduction
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1 Introduction

Spontaneous imbibition is an important process occurring in various types of porous media, in-

cluding: paper towels, the human skin, and petroleum reservoir. It occurs as a response to cap-

illary forces arising between two immiscible �uids, causing the wetting �uid to spontaneously

displace the non-wetting �uid out of the porous medium. The process has been widely studied

for decades, and experiments related to spontaneous imbibition in petroleum reservoirs are of

special interest. Experiments studies factors affecting spontaneous imbibition, such as �uid vis-

cosities (Haugen et al. 2015, Meng et al. 2016), boundary conditions (Standnes 2004), and porous

structure (Meng et al. 2015, 2016). Traditionally, experiments have been carried out in consoli-

dated porous media, but lately, studies in unconsolidated porous media have �ourished (Meng

et al. 2015, Vabø 2016, Haugland 2016, Føyen 2017).

Sand represents an affordable and ef�cient way of constructing the unconsolidated porous

medium. However, previous experimental challenges have made it dif�cult to conduct experi-

ments with reproducible results (Vabø 2016, Haugland 2016). Affecting the validity of �ndings, a

reproducible framework is needed to investigate the complex nature of spontaneous imbibition in

unconsolidated sands.

Experimental studies of spontaneous imbibition in sand and the effect of polymers on the spon-

taneous imbibition behavior is of special interest due to a planned polymer injection pilot on

the Johan Sverdrup �eld, containing unconsolidated sand units. Moreover, an ongoing research

project at The Departement of Physics and Technology, University of Bergen, aims to study the

effect of polymers on spontaneous imbibition.

In this thesis, a methodological work has been conducted to develop a reproducible framework for

spontaneous imbibition investigations in unconsolidated sands. In addition, experiments using

synthetic polymer has been carried out as a continuation of Haugland (2016) experiments to study

the effect on spontaneous imbibition, relevant for the planned Johan Sverdrup �eld pilot.
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2 Fundamentals

2.1 Porosity and permeability

Porosity and permeability are two important properties of porous media. Porosity is the storage

capacity of a porous medium, whereas permeability is its capacity to transport �uids within its

voids. Porosity is often subdivided into two categories: absoluteand effective. Absoluteporosity is

the ratio of the total volume of voids to the bulk volume of the medium, whereas effectiveporosity

is the ratio of the volume of interconnected voids to the bulk volume. In this thesis, effective

porosity was measured and will be described as porosity. The volume of the voids, Vp, has been

calculated by the weight difference after and before saturation of the medium, divided by the

density, r i , of the saturating �uid.

f =
Vp

Vb
=

msat � mdry

r i

1
Vb

(2.1)

where f is the effectiveporosity, Vb is the bulk volume of the medium, and msat and mdry are the

weight of the porous medium after and before it was saturated, respectively.

Permeability can be subdivided into absolute, effective, and relativepermeability. Absoluteperme-

ability is constant for a porous medium, and is de�ned by Darcy's law:

q = � K
A
m

dp
dx

(2.2)

where A is the cross-sectional area of the porous medium, K is the absolutepermeability, mis the

viscosity of the �uid, and dp
dx is the differential change in pressure over a unit length of the porous

medium in the direction of the �uid �ow.

Effectivepermeability is de�ned as the permeability of a speci�c �uid when two or more immisci-

ble �uids �ow in the porous medium. It is de�ned by a generalization of Darcy's law. The effective

permeability kje of �uid i is de�ned as:

kie = qi
mi

A
Dx
Dpi

(2.3)

where qi is the volumetric �ow of �uid i, and Dpi is the pressure drop in �uid i.
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In this thesis, relativepermeability will be used instead of effectivepermeability. It is de�ned as the

ratio between the effectiveand the absolutepermeability:

kri =
kie

K
(2.4)

The relativepermeability of each �uid depends on rock properties, the wettability of the rock, and

the saturation of the �uid Anderson (1987 b). The saturation of a �uid i in a porous medium is

de�ned as the fractional space of the total void volume of the medium. The relative permeabilities

dependence on wettability and saturation is illustrated in �gure 2.1. As the saturation of �uid i

increases, its relative permeability increases. In general, the relative permeability of a �uid is lower

if it is the wetting �uid. In a strongly water-wet porous medium, it is expected that the end-point

relative permeability of the non-wetting �uid is larger than for the wetting �uid. The end-point

relative permeability is the relative permeability of one �uid when the other is immobile. This is

shown by the largest relative permeability values of each �uid in �gure 2.1. Wettability is further

elaborated in section 2.2.

Figure 2.1: Relationship between the relative permeability of oil and water as a function of water
saturation and its dependence on wettability.

There are generally two categories of porous media related to the aggregation of sand sediments;

consolidated, and unconsolidated sands. In unconsolidated sands, grains are not cemented to-

gether, which, in general, gives them higher porosity and permeability compared to consolidated

sand. This will be discussed in the next section.

2.1.1 Porosity and permeability in unconsolidated sands

In unconsolidated sands, because the grains are not cemented together, all voids are intercon-

nected (Graton & Fraser 1935) and theabsoluteporosity and effectiveporosity are equal. Generally,
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both permeability and porosity of unconsolidated media are higher than for consolidated media

(Coskun et al. 1993), and both properties are affected by the mean grain size, grain size distribu-

tion, and the sorting of the grains (Fraser 1935, Krumbein & Monk 1943, Masch & Denny 1966,

Morrow et al. 1969). The more poorly sorted a sand pack is, the lower its porosity will be because

smaller grains will �ll the voids between the larger grains (Rogers & Head 1961). For well-sorted

sands, Rogers & Head (1961) found that porosity is independent of grain size, whereas, for poorly

sorted sands, �ner sands are more porous than coarser ones. Fraser (1935), Graton & Fraser (1935),

and Morrow et al. (1969) showed that permeability increases as the size of the grains increase,

and that poor sorting generally decreases the permeability of unconsolidated sands. In general,

porosity and absolute permeability of unconsolidated sand decreases with higher compression

(Domenico 1977, Gobran et al. 1987).

Because of these relationships between grain size and sorting, there is no strong relationship be-

tween porosity and permeability in unconsolidated sands (Coskun et al. 1993). For consolidated

sands, however, there is a more evident relationship between porosity and permeability. These

differences are thought to be because, in unconsolidated sand, a decrease in porosity does not

eliminate �ow channels, whereas, in consolidated sand, �ow channels get blocked by cement.

2.2 Wettability

Wettability can be described as “the tendency of one �uid to spread on or adhere to a solid surface

in the presence of other immiscible �uids” (Craig 1971). There are different kinds of wettabil-

ity conditions, including water-wet, oil-wet, neutral-wet, mixed-wet, and fractionally-wet. In a

uniformly strongly water-wet system, water will coat most surfaces, and it will fully saturate the

smallest pores with radius up to a threshold size. And vice-versa for strongly oil-wet systems.

A neutrally-wet system is neither water- nor oil-wet. In a mixed-wet system, the wettability of

the pores depends on the pore size (Salathiel 1973). For example, in a mixed-wet large system,

the larger pores are water-wet whereas the smaller are oil-wet. In a fractionally-wet system, the

wettability is randomly distributed throughout the system, independent of pore size.

Wettability in�uences important �ow properties such as capillary pressure and relativepermeabili-

ties, which in turn in�uences the distribution of �uids (Anderson 1986 a), e.g. water breakthrough

occurs faster in oil-wet systems during water�ooding compared to water-wet systems (Ander-

son 1987c), as illustrated in �gure 2.2. It also affects spontaneous imbibition, which is the process

where the wetting �uid spontaneously displaces the non-wetting �uid without applying any addi-

tional pressure. This process is important for the production of oil in fractured reservoirs because,
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from the low permeable rock matrix, oil must be displaced to the high permeable fractures by

spontaneous imbibition to be produced (Fernø et al. 2011). Spontaneous imbibition and capillary

pressure will be de�ned in the following sections.

Figure 2.2: Oil recovery as a function of water injected during water�ooding. Note that water
breakthrough occurs when the curve breaks of its linear path. (Anderson 1987 c).

2.3 Spontaneous imbibition

The process of imbibition occurs when the wetting phase displaces the non-wetting phase and its

saturation increases. Imbibition can occur under three different conditions: Dynamic spontaneous

imbibition, pseudo-quasistatic spontaneous imbibition, and forced imbibition (Morrow & Mason

2001, Li et al. 2003). For this thesis, dynamic spontaneous imbibition and forced imbibition were

conducted. For the imbibition processes, the recovery factor (R f ) was calculated as the fraction of

oil volume produced ( Np) to the oil volume originally in place (OOIP, Voi):

R f =
Np

Voi
(2.5)

Dynamic spontaneous imbibition Capillary forces drive dynamic spontaneous imbibition, and

no additional pressure gradient is applied to displace the non-wetting �uid. Under these con-
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ditions, gravity is neglected as a contributor to the �ow of �uids (Li et al. 2003). Spontaneous

imbibition is affected by the wettability of the porous medium, the viscosity of the �uids involved

and the interfacial tension between them, the structure of the pores, and the initial and historical

saturation of the medium (Torsaeter 1984). Spontaneous imbibition can occur both by counter-

current and co-current spontaneous imbibition. During counter-current spontaneous imbibition

the wetting and non-wetting phase �ow in the opposite direction. During co-current spontaneous

imbibition, wetting and non-wetting phase �ow in the same direction (Li et al. 2003). Both of these

were observed during experiments.

For spontaneous imbibition to occur, the porous medium needs to have a wetting preference and,

theoretically, it will occur for all contact angles other than 90 � . It has, however, been shown that

for water displacing oil, there is no spontaneous imbibition when the contact angle is as low as

49� (Anderson 1987a). This is due to the effect of pore structures and pore roughness in porous

media. The wetting preference of a porous medium can be quanti�ed or qualitatively expressed

by for example imbibition tests, as explained later in chapter 2.4.

Dynamic spontaneous imbibition tests were conducted during the experimental work associated

with this thesis.

Pseudo-quasistatic spontaneous imbibition During pseudo-quasistatic spontaneous imbibi-

tion, the saturation of the wetting phase is increased in a controlled manner by reducing the

capillary pressure in steps (Morrow & Mason 2001).

Forced imbibition During forced imbibition, a pressure gradient is applied either externally or

by gravity to the imbibing �uid, forcing it to displace the non-wetting phase (Li et al. 2003). Forced

imbibition has been conducted after spontaneous imbibition to calculate relative permeability of

water, and to look at the ratio of oil produced spontaneously to oil produced by forced imbibition.

This ratio can determine the wettability of the porous medium and will be explained in section

2.4.

2.3.1 Pressure acting during spontaneous imbibition

The main pressure acting during spontaneous imbibition is the capillary pressure at the saturation

front, Pc, f . In front of the saturation front, the water saturation is such that it can no longer �ow.

Behind the saturation front, the oil saturation is such that it can no longer �ow. This is illustrated
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in �gure 2.1 as the saturation where the water and oil relative permeability is zero, respectively.

The capillary pressure is de�ned as the difference between the non-wetting phase pressure ( Pnw)

and the wetting phase pressure (Pw), and is given by Laplace's equation (Anderson 1987a):

Pc = Pnw � Pw = s
�

1
r1

+
1
r2

�
(2.6)

where r1 and r2 are the radii of the curvature of the interface between the two phases, and s is the

interfacial tension between the two phases.

For porous media, the equation of interfacial curvature is, in most cases, too complicated to be

solved analytically and must be solved experimentally(Anderson 1987 a). This gives a non-trivial

relation between the capillary pressure and the contact angle between the phases involved. There

is, however, one simple case where the relation between the contact angle and the capillary pres-

sure is easily derived. For a capillary tube, Pc acts as a function of wettability, geometry, and

interfacial tension.

Figure 2.3: Illustration of oil/water interface in a capillary tube. Figure 1 in Anderson (1987 a, p.
1284)

When two immiscible �uids are present in a capillary tube, an interface occurs between them as

illustrated in �gure 2.3. The interface between the two phases can be approximated by the portion

of a sphere with both principal radii equal and denoted rs. The relationship between the radius of
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the capillary tube, r t , and the radius of the sphere, rs, is:

r t

rs
= cosq (2.7)

where q is the contact angle to the solid surface measured through the denser phase, in this case,

water. Substituting r t into equation 2.6 gives the capillary pressure in a capillary tube:

Pc =
2s cosq

r t
(2.8)

In addition to the capillary pressure at the saturation front, a pressure in the non-wetting �uid

arises at the face open to the wetting �uid. This pressure is denoted capillary back pressure, Pc,o

(Meng et al. 2017), and arises as an opposing pressure to the production of non-wetting �uid at a

face open to the wetting �uid (Li et al. 2003, Unsal et al. 2009). The process of producing the non-

wetting �uid at the face open to the wetting �uid can be compared to a drainage process where

the non-wetting �uid displaces the wetting �uid. Depending on the boundary conditions for the

spontaneous imbibition, one or more faces are open to the wetting �uid.

Boundary conditions

Several boundary conditions have been used in earlier experimental work, including "All Faces

Open" (AFO), "Two Ends Closed" (TEC), "One End Open" (OEO), "Two Ends Open" (TEO), and

recently "Two Ends Open Free Spontaneous Imbibition" (TEOFSI). All boundary conditions are

illustrated in �gure 2.4 (AFO, TEC, OEO, TEO) and 2.5 (TEOFSI). For this thesis, only AFO and

TEOFSI have been used.

Because experiments on sandstone cores were done as preliminary investigations to the sand pack

investigations, a simple and quick experimental set-up was chosen. Therefore, AFO was used

when conducting spontaneous imbibition experiments on sandstone cores. The boundary con-

dition demands little preparation, and it is the most common boundary condition in use. This

boundary condition leaves all faces of the core in contact with the wetting �uid, and all produc-

tion occurs counter-currently as opposed to co-currently.

In a porous medium, the directional �ow of the wetting and non-wetting �uid can be both in the

same (co-current) and opposite (counter-current) direction (Karpyn et al. 2009). In a reservoir con-

taining fractures with most of the oil stored in matrix blocks, it is often assumed that most of the
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Figure 2.4: Different boundary conditions used for spontaneous imbibition experiments.
(Morrow & Mason 2001).

production of oil into the fractures occurs counter-currently (Unsal et al. 2007, Karpyn et al. 2009).

Therefore, experiments with the AFO boundary condition have been widely studied. However,

Pooladi-Darvish & Firoozabadi (2000) showed that in the case where water only partially covers

the matrix block, co-current production dominates the process. This situation can be illustrated by

�gure 2.5 which shows the case of TEOFSI where one side is exposed to the wetting �uid (water)

and the other is exposed to the non-wetting �uid (oil) (Bourbiaux & Kalaydjian 1990, Dong et al.

1998). When spontaneous imbibition occurs counter-currently as opposed to co-currently, the rate

of imbibition is much lower (Bourbiaux & Kalaydjian 1990, Pooladi-Darvish & Firoozabadi 2000,

Unsal et al. 2007) because in counter-current production it takes a signi�cant positive pressure to

overcome the capillary back pressure, which makes a difference to the imbibition rate (Unsal et al.

2007).

TEOFSI was used for all sand packs. For this boundary condition, one face is exposed to the

wetting phase, whereas the other is exposed to the non-wetting phase. The capillary back pressure

at the face exposed to the non-wetting phase will be zero, as illustrated in �gure 2.5. This will

stimulate co-current spontaneous imbibition. Both in this thesis and in earlier work, experiments

show that the non-wetting phase will produce from both faces using this boundary conditions

(Haugen et al. 2014, Føyen 2017). At the beginning of the spontaneous imbibition, the pressure in

the non-wetting phase at the saturation front, ( Pnw, f ), is higher than the capillary back pressure,

and non-wetting phase produces counter-currently. When the spontaneously imbibing phase has

a viscosity, there is a viscous drag associated with the transport of the wetting phase from the

wetted face to the saturation front (Haugen et al. 2014). This drag is proportional to the distance

between the wetted face and the saturation front, thus a higher pressure gradient is needed to

transport it to the front. At the same time, the pressure needed to transport the non-wetting phase

to the face exposed to non-wetting phase decreases. At some point, the pressure in the non-wetting
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Figure 2.5: The pressure in the non-wetting (Pnw) and wetting ( Pw) phase at two different time
steps during TEOFSI with one end face exposed to the wetting �uid (left face), and
the other end face exposed to the non-wetting �uid (right face). Left �gure:
Combination of co- and counter-current imbibition. Right �gure: Purely co-current
imbibition. (Haugen et al. 2014).

phase will become lower than the capillary back pressure (illustrated by the right side of �gure

2.5), and counter-current production will cease. The pressure distribution during the spontaneous

imbibition is illustrated in �gure 2.5, showing the distribution when counter-current production

occurs (left) and when it does not occur (right).

2.4 Wettability measurement

There are many different ways to indicate the wettability of a porous medium. Anderson (1986 b)

listed these methods divided into two sub-categories; quantitative methods, and qualitative meth-

ods. For this thesis, the Amott-Harvey method (quantitative), the imbibition test (qualitative), and

the �otation method (qualitative) was used to indicate the wettability of sand and sand packs. The

Amott method (Amott 1959) consists of a procedure involving spontaneous- and forced displace-

ment. This should be done with both �uids involved, and the volumes displaced by each is to be

recorded. The results are presented by the Amott oil index ( do), and the Amott water index ( dw):

do =
Vwsp

Vwt
(2.9)

where Vwsp is the volume of water spontaneously displaced by oil, and Vwt is the volume of water

displaced by oil in total.

dw =
Vosp

Vot
(2.10)

12



where Vosp is the volume of oil spontaneously displaced by water, and Vot is the volume of oil

displaced by water in total.

As a porous medium tends towards strongly water-wet, the Amott water index approaches 1, and

the oil index approaches 0. For oil-wet samples, the water index approaches 0, and the oil index

approaches 1.

Boneau & Clampitt (1977), Trantham & Clampitt (1977) used a revised edition of the Amott wetta-

bility test where the Amott-Harvey index, IAH , is calculated. The core is saturated in brine before

oil is injected until the irreducible water saturation is reached. Then dw and do from equation 2.10

and 2.9 are measured. The Amott-Harvey index is then given by:

IAH = dw � do (2.11)

According to Cuiec (1984) the value of IAH indicates the wettability of the porous medium. IAH =1

indicates strongly water-wet, IAH =-1 indicates strongly oil-wet, -0.3> IAH >-0.1 indicates slightly

oil-wet, -0.1> IAH >0.1 indicates neutral wet, and 0.1>IAH >0.3 indicates slightly water-wet.

There are also qualitative ways of evaluating the wettability of a porous medium. Evaluating

spontaneous imbibition gives an idea of the wettability, i.e. measuring the rate and amount of

non-wetting �uid displaced during spontaneous imbibition. According to Anderson (1986 b), the

porous medium is strongly water-wet if large volumes of water imbibe at a high rate. In the case

where smaller volumes of water imbibe at a lower rate, the medium is more weakly wetted.

The �otation method, suggested by API (Anderson 1986 b), was used to test the wettability of the

sand grains used in the sand pack. In this method, water, oil, and sand are placed in a container

and shaken (Nutting 1925, Bartell & Osterhof 1932, Rust 1957). If the sand grains settle to the bot-

tom of the container, they are considered water-wet. If the grains are suspended in the oil/water

contact, and grains in the water clump together, they are considered to be oil-wet. This test gives

good indications in case of a strongly wetted sand.

The Amott-Harvey index is insensitive near neutral wettability (Anderson 1986 b) because it mea-

sures the amount of wetting �uid spontaneously imbibed. However, when the contact angle is

roughly 60 to 120� , neither �uid will imbibe spontaneously. For the sand packs used in this the-

sis, which are assumed strongly water-wet, the Amott-Harvey index will de�ne whether they are

strongly water-wet as assumed.
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2.4.1 Wettability alteration

In its original state, most reservoir minerals are strongly water-wet. By adsorption of polar com-

pounds, in crude or mineral oil, and deposition of organic matter, wettability can be changed to-

wards oil-wet (Anderson 1986 a). The polar compounds contain a hydrocarbon end so that when

the polar end adsorbs to the rock surface, it exposes its hydrocarbon side making the surface oil-

wet. For a reservoir core, the wettability can change when it is transported from the subsurfaces

(Anderson 1986a). It is therefore often necessary to restore its wettability to its original state. This

can be done by static aging or dynamic aging (Fernø et al. 2010).

In static aging, a stagnant level of crude oil saturates the core at an elevated temperature. It has

been shown that it can take up to 1000 hours for the process to reach equilibrium (Wendell et al.

1987). Fernø et al. (2010) also showed that when aging statically, the Amott water index, dw, never

reached values lower than 0.25. When aging dynamically, the core is continuously �ooded with

crude oil at an elevated temperature (Fernø et al. 2010). This method uses less time to age the core

compared to static aging. For example, static aging required 3 times as long to age the core to

dw=0.25 compared with dynamic aging (Fernø et al. 2010).

For the preliminary studies performed on sandstone cores, it was observed that the wettability

changed as a function of time stored in paraf�nic lamp oil. The cores were kept in a stagnant

volume of paraf�nic lamp oil, i.e. they were subject to static aging.

2.5 Viscosity

The viscosity of a �uid is a quanti�cation of its resistance to �ow. The resistance occurs because

the molecules of the �owing �uid interact with each other. In general, �uid viscosity is dependent

on temperature (Seeton 2006). When the temperature is increased, the molecular energy increases,

leading to a greater distance between the molecules, which in turn reduces the intermolecular

forces causing a reduction in viscosity. The Newton model quanti�es viscosity, m, as the propor-

tionality constant between the applied shear stress t , and the velocity gradient du/ dy of a linear

�ow:

t = m
du
dy

(2.12)

u is the �uid �ow velocity and y is the direction normal to the �ow direction.

In a hydrocarbon reservoir, a water�ood is affected by the viscosity of both the injected and the
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Figure 2.6: Flow velocity increases with distance from the wall at y=0. The velocity gradient, du
dy ,

is proportional to the shear stress, t , by the viscosity, m.

displaced �uid. The ef�ciency of an injection strategy can be evaluated by the fractional �ow of

water, fw, which quanti�es the fraction of water being produced from a production well. fw is

directly affected by the mobility ratio, M, between the water injected and the oil/gas displaced,

which in turn is affected by the viscosity of the �uids. The higher the viscosity of a �uid, the

lower its mobility is. If the injected water has a lower viscosity than the displaced �uid, i.e. a

higher mobility, it can lead to earlier water breakthrough (Anderson 1987 c). The mobility ratio

was de�ned by Aronofsky (1952) as:

M =

�
kr
m

�

w�
kr
m

�

o

(2.13)

For spontaneous imbibition, both Haugland (2016) and Meng et al. (2016) showed that the rate of

imbibition decreases as the wetting phase viscosity increases. At the beginning of the imbibition,

oil with low viscosity saturates the porous medium. When a wetting �uid of high viscosity im-

bibes, the rate of spontaneous imbibition rapidly decreases, as shown in �gure 2.7. This happens

because the resistance of transporting the viscous wetting �uid to the front increases as the front

propagates away from the face exposed to the wetting �uid Haugen et al. (2014). This causes the

imbibition rate to decrease.
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The viscosity of brine can be increased by adding glycerol or polymers. In this thesis, both glycerol

and a partially hydrolyzed polyacrylamide (HPAM) polymer was used to increase brine viscosity

during spontaneous and forced imbibition. This was done to study the effect of elevated pres-

sures on the stability of the sand packs, as well as the impact viscosity has on ultimate recovery

and recovery rate during spontaneous imbibition. When the volumetric �ow is kept constant,

the pressure gradient through the sand pack increases as the viscosity of the displacing �uid is

increased. This possibly has a bigger effect on the stability of the sand packs and has been inves-

tigated.

Figure 2.7: Spontaneous imbibition rate during experiments with varying wetting �uid viscosity
performed by Haugland (2016). The viscosity of the non-wetting �uid was held
constant, whereas the wetting-�uid viscosity was altered by adding glycerol (SP7)
and a partially hydrolyzed polymer (SP5, SP6).

2.5.1 Polymers

Polymers are used to increase the viscosity of water and improve water�ood mobility during a

�ooding of a hydrocarbon reservoir. This gives a more ef�cient displacement. Both synthetic

polymers and biopolymers are commonly used (Sheng et al. 2015), and the synthetic HPAM is,

by far, the most applied (Sorbie 1991, Sheng et al. 2015). For this reason, HPAM was used in the

experimental work of this thesis.

HPAM is made by partially hydrolyzing polyacrylamide molecules. Acrylamide monomers are

stringed together, making long-chain molecules (polyacrylamide). These molecules are then hy-

drolyzed, forming anionic carboxyl groups that replace some of the amide groups along the back-

bone chain (Lake et al. 2014). The process is illustrated in �gure 2.8. The HPAM molecule is very
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