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Summary

The oil recovery in naturally fractured reservoirs is strongly linked to the relationship
between the fractures and the rock matrix. Fractures provide large surface area for
spontaneous capillary brine imbibition and may assist in providing high production
rates even if matrix permeability is low. The efficiency of capillary imbibition strongly
depends on the wettability of the systems. Large remaining oil reserves are located in
oil-wet reservoirs where capillary forces retain oil in the rock matrix and recovery by
imbibition is suppressed. Fluid flow in fractured reservoirs is dominated by high
permeable fracture networks resulting in poor sweep efficiency and potentially low oil
recovery where oil remains trapped in the rock matrices. Increasing energy demand and
rising oil prices increase the focus on improved oil recovery in general, and in particular
for fractured reservoirs because of enormous potential of improved oil recovery in these
reservoirs. The technologies to improve oil recovery include disciplines such as drilling,
seismics, geological characterization, integrated operations and reservoir management
in addition to new EOR methods. This thesis focuses on improved understanding of the
mechanisms of flow in fractured porous systems, and included experimental and
numerical studies of the influence from wettability and fractures on oil recovery. This
provided the basis for experimental investigations of two EOR methods.

The impact from fractures on oil recovery and saturation development in chalk and
limestone was investigated during laboratory waterfloods with wettabilities ranging
from strongly water-wet to moderately oil-wet conditions. The results are found in
Paper 1-4. Visualization by either Magnetic Resonance Imaging (MRI) or Nuclear Tracer
Imaging (NTI) demonstrated how fractures influence the displacement pattern. At
strongly water-wet conditions, the displacement was capillary dominated and the
fractures had minor impact on ultimate recovery, although significantly changing the
water front dynamics. At less water-wet states, the displacement was less capillary
dominated, thereby increasing the impact from fractures on ultimate recovery and
water breakthrough time. At oil-wet states, no fluid transfer from matrix to fracture by
capillary imbibition was observed. Recovery was based on viscous displacement alone,
which was very limited in the highly permeable fractured system. MRI was used on a
smaller scale to investigate capillary continuity across open fractures in limestone core
plugs at moderately oil-wet conditions. Oil droplets on the fracture surface established
capillary contact during an oilflood. This illustrated the mechanistic similarity between
oilfloods at moderately oil-wet conditions and waterfloods at moderately water-wet
conditions, forming capillary continuity by liquid phase bridges in both cases. A capillary
threshold pressure for water to enter the moderately oil-wet matrix was identified
during waterflooding.

Experimental results were history matched using numerical reservoir simulation
models. Dynamic in-situ fluid saturation data was used as a history matching parameter
to provide two-phase functions for the matrix. Fractures were modelled explicitly with
exclusive two-phase functions to study sensitivities of fracture parameters. Both
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fracture capillary pressure and fracture permeability impact displacement pattern and
local recovery, and are shown to be important parameters to describe fluid flow in
fractured reservoirs.

A fundamental study on the impact of boundary geometry during water imbibition into
oil saturated strongly water-wet sandstone and chalk was performed. The commonly
used all-faces-open boundary condition was compared to the two-ends-open boundary
condition, where production from each end was collected separately. Results showed
asymmetric oil production from each end. This undermines previous assumptions of
strictly counter-current imbibition and can explain inconsistent scaling of imbibition
experiments reported in the literature. Small scale heterogeneities on each of the end
faces may be important factors in dictating direction of oil flow during spontaneous
imbibition.

Experimental results and numerical simulations to characterize fluid flow in fractured
carbonates provided the basis for studying two methods for enhanced oil recovery in
oil-wet fractured limestone: 1) The ability of foam to divert flow from fractures to the
matrix was studied experimentally. Foam is a well-known mobility control agent during
gas injection in conventional, heterogeneous reservoirs, however, it is less studied for
fractured reservoirs. Foam injection was compared to gas-, water- and surfactantfloods
and injection of pre-generated foam was compared to foam generated in situ in the
fracture system. Pre-generated foam injection was most efficient, with oil recoveries up
to 80% OIP at high pore volume throughputs compared to less than 10% OIP by
injection of gas, water or surfactant. 2) Reduction of fracture permeability by polymer
gel was also studied. Polymer gels have very high resistance to flow and have been used
for conformance control and water shut-off by the industry. The large 3D structures of
the molecules prevent gels from entering the porous rock matrix. Polymer gel was
injected directly into a fracture to reduce fracture permeability. A chase waterflood was
performed to evaluate whether reduced fracture permeability by polymer gel diverted
the flow away from the fracture and increased matrix sweep efficiency. Recovery
increased by 15 % OIP during waterflooding when fracture permeability was reduced by
polymer gel. In-situ saturation monitoring by X-ray computed tomography (CT) was
used to track the saturation changes during gel and water injection.
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1 Fractured Reservoirs

1.1 Introduction

Oil recovery from fractured reservoirs poses different challenges compared to oil
production from conventional reservoirs. This introduction explains some of the
challenges and considerations that are particularly important in fractured reservoirs
and the efforts made to describe and predict oil recovery, fluid flow and enhance oil
recovery.

Fractures are discontinuities in the rock appearing as breaks in the natural sequence of
rocks and cause large contrast in capillary pressure between fractures and matrices.
This is the main reason for the fundamental difference in recovery from fractured
reservoirs compared to non-fractured reservoirs (Saidi, 1987, Firoozabadi, 2000).
According to Bourbiaux (2009), designing a process to recover the matrix oil at an
economic rate often turns out to be the real challenge for such reservoirs. In this thesis
the impact from fractures and wettability on oil recovery in carbonates were
investigated both experimentally and numerically and techniques for improved oil
recovery were studied in fractured laboratory models.
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Figure 1: Sketch of smaller section of a fractured reservoir. Fractures of different orientations
and widths surround matrix blocks. Some fractures are connected to a larger network of
fractures, whereas others are isolated or dead-end fractures.

1.2 Classification of Fractured Reservoirs

Fractured reservoirs are heterogeneous reservoirs where matrix blocks are separated
by fractures, Figure 1. Geological processes produce different types of fractured
reservoirs, which may be classified in several ways. One common way of classifying
fractured reservoirs was proposed by Nelson (2001). In Type 1 reservoirs, fractures
provide both the essential permeability and porosity, exemplified by the Asmari
Limestone fields in Iran where fracture pore volume range from 10-20% of the reservoir
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pore volume. Type 2 reservoirs are characterized by fracture dominated permeability,
whereas the major part of the hydrocarbons resides in the rock matrix. North Sea chalk
fields are examples of such reservoirs (Hermansen et al, 2000). Type 3 reservoirs have
fracture permeability that assists already producible reservoirs. In type 4 reservoirs,
fractures provide no additional permeability or porosity, but create significant reservoir
anisotropy. A slightly modified grouping was proposed by Firoozabadi (2000). In Group
1, the main hydrocarbon volume resides in the matrix and the fracture pore volume is
very small. In group 2, the fracture pore volume constitutes between 10-20% of the total
pore volume. In group 3 reservoirs, more than half of the hydrocarbons are stored in the
fracture system with insignificant contribution from the matrix. This thesis focuses on
reservoirs where oil recovery from the matrix is important, mostly associated with type
2 or group 1 reservoirs.

1.3 Characteristics of Fractured Reservoirs

Fractured reservoirs behave differently from conventional reservoirs during oil
production. Some typical characteristics of fractured reservoirs according to van Golf-
Racht (1982), are listed below:

e Low producing gas-oil ratio: The gas-oil-ratio is often substantially lower in
fractured reservoirs compared to conventional reservoirs. High vertical
communication in fractured reservoirs causes liberated gas to segregate
towards the top of the reservoir.

e Low pressure decline per unit oil produced: The rate of pressure decline per unit
of oil produced is normally low in fractured reservoirs compared to
conventional reservoirs. This is caused by large supply of fluids from matrix to
fracture as a result of gravity and imbibition combined with fluid expansion,
segregation and convection. Conventional reservoirs must generally re-inject
more than 80% of the produced gas to display similar rate of pressure decline
per unit oil produced.

e Lack of transition zone: Fractured reservoirs often lack transition zones with
sharp, horizontal fluid contacts. The fracture permeability is high, and changes
in the fluid contacts are rapidly re-equilibrated even during production.

e Small pressure drop around producing well: High permeable fractures promote
low pressure drops around producing wells even at high production rates.

e Constant fluid properties with depth: Compositional gradients are usually absent
because fluids have been circulated by convection due to thermal expansion and
compression. Conventional reservoirs always have varying bubble point as a
function of depth.



2 Recovery Mechanisms in Fractured Reservoirs

Recovery mechanisms are different in fractured reservoirs compared to conventional,
unfractured reservoirs. As stated above, the large contrast in capillary pressure between
the matrix and the fractures is the main reason for the difference in recovery
performance between fractured and conventional reservoirs (Saidi, 1987, Firoozabadi,
2000). This chapter focuses on important recovery mechanisms in fractured reservoirs,
such as gravity drainage, spontaneous imbibition and the effect of capillary continuity
between matrix blocks.

2.1 Gravity Drainage

Gravity drainage was first described by Cardwell and Parsons (1949) and is frequently
an important mechanism of oil recovery in fractured reservoirs. Gravity drainage is a
gas-oil displacement where gravity forces dominate over viscous and capillary forces,
and may result in high oil recovery (Hagoort, 1980). Matrix blocks surrounded by gas
are subject to gravity drainage if the gravity forces overcome the capillary forces. The
gravity forces are determined by the density difference between the gas in the fracture
and oil in the matrix, and the height of each matrix block. The effective height of the
matrix block determines if gravity drainage will occur. If matrix blocks are short, the
capillary threshold pressure will prevent recovery by gravity drainage. If matrix blocks
are tall, gravity drainage may be an important recovery mechanism. The effective height
of the matrix blocks increases if capillary continuity between matrix blocks is
established. This is discussed further in section 2.4 Capillary Continuity.

2.2 Spontaneous imbibition

Spontaneous imbibition, where water displaces oil from the matrix to the fracture by
capillary forces, is an important recovery mechanism in fractured reservoirs. The large
surface area open to imbibition in highly fractured reservoirs may provide economical
production rates even in low permeability matrix reservoirs. Spontaneous imbibition of
water is a direct function of the capillary and gravity forces, and depends on the pore
system, the wettability (Zhou et al, 2000), matrix-block sizes and shape (Mattax and
Kyte, 1962), Zhang et al, 1996, Ma et al, 1997, Torsaeter and Silseth, 1985), the
interfacial tensions (Karimaie and Torseter, 2007, Ma et al,, 1997), boundary conditions
(Bourbiaux and Kalaydjian, 1990) and initial water saturation (Viksund et al, 1998).

2.2.1 Capillary Pressure and Wettability

Capillary pressure is the controlling factor for spontaneous imbibition. Low capillary
pressure in the fractures and high positive capillary pressure in the rock matrices drive
the imbibition of water from fractures into the matrix. The capillary pressure is a
function of pore structure, fluid properties, wettability and fluid distribution. Fluid
distribution is controlled by fluid saturation and wettability. The efficiency of capillary
imbibition in fractured reservoirs is thus strongly influenced by the wettability of the
system (Zhou et al, 2000). While clastic reservoirs are often considered water-wet, the



majority of carbonate reservoirs are less water-wet or oil-wet, and capillary imbibition
is suppressed or absent. In such reservoirs water will mainly flow through the fracture
network rather than imbibing into the matrix, resulting in early water breakthrough and
low oil recovery. The importance of wettability should not be underestimated, as
wettability is the controlling factor for imbibition in fractured reservoirs.

2.2.2 Initial Water Saturation

The initial water saturation (IWS) in oil-water systems has been shown to influence
ultimate oil recovery and rate of oil recovery during capillary imbibition. Imbibition
rates decreased with increasing IWS in strongly water-wet Berea sandstone, whereas an
opposite trend was reported for strongly water-wet chalks (Viksund et al, 1998)).
Maximum imbibition rate for chalk was observed at 34% IWS, ascribed to the net effect
of reduced capillary pressure and change in relative permeability. Recovery was
insensitive to IWS in Berea sandstone, however, ultimate recovery decreased with
increasing IWS in chalk. Wettability also impacted the relationship between IWS and oil
recovery. At strongly water-wet conditions, fractured chalk samples showed slightly
decreased recovery with increased IWS during waterflood, but recovery increased with
IWS at weakly water-wet conditions (Tang and Firoozabadi, 2001). The same
observations were recently made in slightly water-wet limestone, where both the
recovery and rate of recovery increased with increasing initial water saturation
(Karimaie and Torseter, 2007).

2.2.3 Matrix Block Size

Matrix block size influences the recovery and performance of spontaneous imbibition in
fractured reservoirs. Intensely fractured reservoirs provide large surface area open to
imbibition and high rates of recovery may be obtained even in reservoirs with low
matrix permeability. Recovery by spontaneous imbibition may be dramatically less
efficient if matrix blocks are large and the surface area open to imbibition is small. The
influence from gravity is determined by the height of the matrix block. Tall blocks
promote gravity effects such as co-current imbibition, where oil is produced towards the
top of the matrix block.

2.3 Capillary Continuity

Capillary continuity between matrix blocks is important during oil recovery from
fractured reservoirs. Capillary continuity provides fluid communication between
partially or completely isolated matrix blocks, thus increasing the ultimate recovery by
gravity drainage and viscous displacement (Horie et al, 1990, Labastie, 1990, Stones et
al, 1992). During gravity drainage, capillary continuity increases the effective height of
the oil column to extend over several matrix block heights. This effectively allows
gravity drainage to reduce oil saturations to lower residual oil saturation values than for
single discontinuous matrix block gravity drainage, as shown in Figure 2. Vertical
capillary continuity between matrix blocks also improved the predicted oil recovery by
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water displacement when modeling recovery from mixed-wet, fractured reservoir
(Pratap et al, 1997).

HEIGHT

ONE BLOCK DISCONTINUOUS CONTINUQUS
Figure 2: Effect of capillary continuity on ultimate oil recovery by Horie and Firoozabadi (1988).

2.3.1 Wetting Phase Bridges

A series of experimental results where fracture aperture and degree of contact between
blocks were varied was reported by Firoozabadi and Markeset (1994). They observed
that the mechanism of oil displacement from the matrix was in some cases the forming
and breakdown of liquid droplets across an open fracture. Capillary continuity has been
described for gravity drainage to be prevalent in the vertical direction, however, Rangel-
German et al. (2006) observed that capillary continuity can occur in any direction,
illustrating that the processes is not only gravity dominated. Capillary continuity during
waterfloods by liquid bridges was observed by Graue et al. (2001a), Aspenes et al.
(2002, 2007), using Magnetic Resonance Imaging to investigate flow across open
fractures. At less water-wet states, capillary continuity was established by water
droplets growing into liquid bridges that transported water across open fractures of up
to 2.3 mm. At strongly water-wet conditions no capillary contact by liquid bridges was
observed. The significance of wettability and fractures during waterfloods in larger
blocks of chalk was investigated by Graue et al. (2000a, 2000b, 2001a, 2001b). They
concluded that capillary continuity across fractures at less water-wet conditions
transmitted differential pressure across the open fractures. This reduced the impact of
the fractures and provided an additional viscous component across the individual matrix
blocks. The viscous component compensated for loss in oil recovery by the reduced
capillary imbibition and contributed to increased recovery of 10% pore volume above
the potential for spontaneous imbibition (Aspenes et al, 2007). At strongly water-wet
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conditions, the recovery was generally capillary dominated, and fractures were barriers
to flow causing a matrix block-by-block displacement without capillary continuity. The
controlling mechanisms of capillary continuity by liquid bridges were explained by
contact angles at various wetting states. A strongly water-wet surface has a contact
angle close to zero, causing water to spread as a film on the fracture surface. This
inhibits the growth of water droplets and the fractures fill hydraulically. At less water-
wet states the contact angle is larger, allowing water droplets to form and grow on the
fracture surface during water injection. Depending on fracture width, wettability,
differential pressure and interfacial tension, the droplets may attach across the fractures
and establish capillary continuity by wetting phase bridges. Transmission of differential
pressure and transport of wetting phase fluid across the fracture is thus possible. The
mechanism for two different water-wet states is sketched in Figure 3.

|
1.0 Imbibifion only

W

0.7 Drops Form

1.0 Films Form

0.7 Drops Group

1.0 Fills From Bottom

0./ Bridges Form

Figure 3: Proposed mechanism for fracture crossing from Aspenes et al. (2007). Left: Strongly
water-wet state where a fracture fill hydraulically. Right: Droplet growth from bridges at
moderately water-wet conditions.

12



3 Description of Fluid Flow in Fractured Systems

To improve oil recovery in fractured reservoirs it is important to understand the
physical processes determining the interaction and fluid transfer between matrix and
fracture (Gautam and Mohanty, 2004). This section focuses on description of flow in
fractured reservoirs, in particular on scaling laboratory imbibition data. The effect of
boundary conditions, fracture flow functions and fluid transfer between matrix and
fractures during oil recovery is discussed briefly.

3.1 Scaling

The size of the matrix blocks in a reservoir is several orders of magnitude larger than
matrix blocks in the laboratory. Imbibition data from laboratory tests must therefore be
scaled to account for this size difference to be representative of reservoir imbibition
behavior. Scaling of laboratory imbibition data have been proposed by several authors
including Mattax and Kyte (1962), Zhang et al. (1996) and Ma et al. (1997). A widely
used, semi-empirical scaling relationship based on the characteristic length, L. ,was
proposed by Ma et al. (1997), and is given by

Le= (Vo/3ia )™ W

where V} is the bulk volume of the core, 4, is the area open to imbibition in the ith
direction, /4; is the length from the open face to the no-flow boundary, and n is the
number of surfaces open to imbibition. The characteristic length normalizes
spontaneous imbibition results performed with various boundary conditions. Figure 4
shows four boundary conditions studied in the literature, where All-Faces-Open (AFO) is
the most commonly used. Imbibition may be expressed by dimensionless time, ¢p, to
account for other variables including fluid viscosities, permeability, porosity and
interfacial tension. The dimensionless time is given by

1 |K a
tp =5 |————t 2
b ch\[;\/ﬂwﬂnw ()

where Kis rock permeability, ¢ is porosity, o is interfacial tension between the phases,
Hwand pnw is wetting and non-wetting fluid viscosities, ¢is the imbibition time and L. is
defined by equation (1). The dimensionless time may be used to compare imbibition for
different boundary conditions with the assumption that flow is counter-current. In a
more recent study, Li and Horne (2006) proposed an extended scaling that would
account for parameters such as relative permeability, wettability, gravity and capillary
forces.
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Figure 4: Counter-current imbibition for different boundary conditions including One-End-Open
(OEO), Two-Ends-Open (TEO), Two-Ends-Closed (TEC) and All-Faces-Open (AFO). /s is the
distance between the surface open to imbibition and the no-flow boundary (Ma et al., 1997).

3.1.1 Effect of Boundary Conditions

Laboratory imbibition experiments will in most cases result in counter-current flow
conditions (Morrow and Mason, 2001), mainly because the core plugs are short and
gravity forces are negligible compared to capillary forces, and the matrix boundaries are
fully submerged in water at all times. Matrix blocks are generally far taller in fractured
reservoirs, promoting co-current flow by gravity forces. Water drive will involve both
counter-current and co-current flow in various portions of the reservoir depending on
the magnitude of capillary to gravity forces (Bourbiaux, 2009). According to Pooladi-
Darvish and Firoozabadi (2000) and Firoozabadi (2000), co-current imbibition prevails
if parts of the matrix block surfaces are exposed to water, for example in gravity
segregated fractures. Oil flow will preferentially be towards the boundary in contact
with oil. Both co- and counter-current imbibition may coexist during waterfloods in
fractured reservoirs (Karpyn et al, 2009). The relationship between fracture flow rate
and fracture/matrix transfer rate was experimentally verified to be a controlling factor
for co- or counter-current imbibition in the matrix by Rangel-German and Kovscek
(2002, 2006). Low fracture flow compared to the fracture/matrix transfer rate (filling
fracture regime) occurred either by low injection rate, wide fractures or high imbibition
rate into the matrix, and promoted co-current imbibition. In the instantly filling regime,
fractures rapidly fill with water due to low fracture/matrix transfer rate, high injection
rate or narrow fractures and imbibition is counter-current. Similar observations were
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made by Karimaie et al (2006), where the recovery mechanism changed from co-
current to counter-current when the boundary conditions changed from an advancing
fracture water level to a fully water saturated fracture. Consequently, the mode of
imbibition is sensitive to conditions at the boundary between fracture and matrix,
including fracture saturation, speed of the rising water table and fracture flow rate
compared to imbibition rate, which in turn are influenced by factors such as wettability,
initial water saturation and matrix block size.

Experimental work and numerical models for different boundary conditions revealed
that oil and water mobilities were lower during counter-current flow compared to co-
current flow (Bourbiaux and Kalaydjian (1990)). Counter-current flow has lower mobile
saturations (lower relative permeability) and higher viscous interaction between faces
than co-current flow. Co-current imbibition is faster and have higher displacement
efficiency than counter-current imbibition (Pooladi-Darvish and Firoozabadi, 2000,
Unsal et al, 2006, Karimaie et al, 2006). Consequently, counter-current laboratory
conditions may underestimate both rate and ultimate recovery when scaled to field
conditions because of failure to capture the complexity of imbibition in fractured
reservoirs.

3.2 Fracture Flow Functions

The simplest way of depicting a fracture is by two parallel plates separated by some
aperture. Fracture permeability is then a function of the cube of the fracture aperture,
also known as the cubic law (Witherspoon et al, 1980). Fracture permeability in rough
fractures does not always follow the cubic law (Lomize, 1951), especially if the fracture
aperture is small compared to the roughness (Jones et al, 1988). Fracture flow is also
saturation dependent. Nevertheless, the fracture relative permeability and capillary
pressure are often ignored or simplified in simulations of fractured reservoirs. A
common simplification is to use linear fracture relative permeability curves with no
irreducible saturations and set the fracture capillary pressure to zero.

3.2.2 Capillary Pressure in the Fracture

The capillary pressure difference between fractures and matrix have significant effect on
recovery performance in fractured reservoirs (Firoozabadi, 2000). Romm (1966) found
fracture capillary pressure to be zero in the aperture between two parallel glass plates.
This is also the most commonly used assumption in reservoir simulation. The evidence
of capillary continuity in fractured reservoirs, stated by Saidi et al. (1979), raised the
question of capillary pressure in fractures. Horie et al. (1990) demonstrated that the
fracture capillary pressure could not be constant and independent of saturation in
stacked matrix blocks during gravity drainage. Firoozabadi and Hauge (1990) proposed
that capillary pressure could be saturation dependent, similar to that of a porous
medium, based on fracture aperture and roughness. The experimental data of fracture
capillary pressure is very limited in the literature.
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Assuming zero capillary pressure was incorrect in oil-gas systems if fractures were
narrow, which was especially important if matrix block heights were small. Zero fracture
capillary could, however, be used during water injection in water-oil systems (de la
Porte et al, 2005). Contradictory results reported by Rangel-German et al. (2006) found
zero fracture capillary pressure to be incorrect for narrow fractures when simulating
experimental waterfloods.

3.2.3 Fracture Relative Permeability

Flow in a fracture between smooth parallel glass plates was studied by Romm (1966).
He found that relative permeability curves were straight line functions with relative
permeabilities equal to the phase saturation. This is the most widely used input to
numerical simulations of naturally fractured reservoirs, as few other data exist. Natural
fractures are rough-walled, and Persoff et al (1991) and Fourar et al (1993)
demonstrated experimentally that relative permeability was not linear with saturation
in rough-walled fractures. Babadagli and Ershaghi (1992, 1993) stated that fracture
relative permeability is not only a function of saturation, but also depend on flow
velocity, permeability and capillary pressure of the matrix. They proposed an effective
fracture relative permeability based on flow velocity and matrix properties such as
wettability and initial water saturation. The viscosity ratio, capillary number and flow
pattern were found to affect fracture relative permeability by Pan (2000). This was also
supported by a recent analytical study by Shad and Gates (2010). Rossen and Kumar
(1992) proposed to construct fracture relative permeability by a dimensionless fracture
height based on the ratio between gravitational and capillary forces where the fracture
capillary pressure curve was given by Firoozabadi and Hauge (1990).

The consequence and importance of fracture relative permeability curves on reservoir
performance was demonstrated numerically by Rossen and Kumar (1994). They
observed that fracture relative permeability can affect reservoir performance and sweep
in much the same way as fracture permeability. Reduced relative permeability may
improve sweep by increasing the pressure gradient relative to gravitational forces. More
recently, de la Porte et al. (2005) indicated that using straight relative permeability
curves could lead to oil recovery prediction errors up to 70% in numerical models of oil
recovery by waterflood. The effect was more pronounced when fractures were narrow,
fluid density differences were low and/or interfacial tension was high. Based on
experimental results and simulations, Rangel-German et al. (2006) found that straight
relative permeability curves could be used in some cases, but that relative permeability
should not be equal to the phase saturation.

3.3 Transfer Functions

The transfer of fluids between matrix and fracture is important to model and predict
reservoir oil recovery behavior. Fractured reservoir models are often conceptualized by
dual porosity or dual permeability system. The dual porosity concept was first described
by Barenblatt et al. (1960), and later introduced to reservoir engineering by Saidi (1975)

16



and Kazemi et al (1976) among others. In dual porosity systems, fluid flow and
storativity occurs in two separate pore systems, equations for both fracture and matrix
are solved and flow between the two systems is described through the transfer function
with an upstream weighting scheme. The fracture relative permeability is then used to
estimate the mobility or flow from the fracture towards the matrix and implies that
when the water relative permeability is zero, no imbibition will occur. This is physically
incorrect as matrix-fracture interaction is largely controlled by matrix flow properties
(Wu et al, 2004), and also impacted by flow velocity (injection rate) in the
fracture(Babadagli and Ershaghi, 1993, Rangel-German and Kovscek, 2006). Gautam and
Mohanty (2004) found that the fracture flow velocity influences the effective water
saturation at the interface between fracture and matrix, and that fracture/matrix
transfer is not linearly proportional to the effective water saturation at this interface.
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4 EOR in Oil-Wet Fractured Reservoirs

The potential for enhanced oil recovery in oil-wet, fractured carbonates is large because
large hydrocarbon reserves are retained in the matrix. The combination of capillary
retained oil in the matrix due to oil-wet conditions and high permeable fracture
networks that limit viscous forces, makes enhanced oil recovery challenging. Bourbiaux
(2009) stated that designing a process to recover the oil stored in the matrix at an
economic rate often turns out to be a real challenge for such reservoirs. Fractures
constitute a small fraction of the reservoir, and relatively small amounts of chemicals to
treat the fractures may provide large benefits to enhance oil recovery. This section
focuses on EOR techniques relevant to fractured reservoirs.

4.1 Wettability Reversal

Changing the wettability of the matrix from oil-wet to water-wet promote recovery by
spontaneous imbibition. One major challenge in the implementation of surfactant or
additives in truly oil-wet reservoirs is forcing the injected fluids to contact and enter the
matrix. Due to lack of viscous forces in fractured reservoirs, transport of additives from
fracture to matrix in oil-wet matrices is dominated by diffusion and gravity forces.
Diffusion is a slow process and oil recovery may thus be slow, especially if matrix blocks
are large. Gravity effects are favored if the matrix blocks are tall.

4.1.1 Surfactants

Cationic and nonionic surfactants have been used to alter wettability towards more
water-wet states in carbonates. Laboratory tests produced up to 70 % oil in place by
spontaneous imbibition (Austad and Milter, 1997, Standnes et al, 2002). Other types of
surfactants may also alter wettability towards more water-wet states (Xie et al. 2005,
Spinler et al, 2000, Chen et al,. 2001). Temperature is an important driving mechanism
for any chemical process, and the efficiency of surfactant wettability reversal have
shown to depend on elevated temperatures (Gupta and Mohanty, 2007).

4.1.2 Brine Composition

Improved oil recovery based on salt and ion concentration in the imbibing brine has
recently gained interest. Low salinity brine flooding yielded increased recovery in
sandstone (Tang and Morrow, 1997), and numerous studies on low salinity flooding
have been published. Much attention has also been given to wettability alteration caused
by ions in brine. The presence of CaZ*, Mg2+ and SO42- ions in brine have been reported to
reduce oil-wetness in chalk and increase spontaneous imbibition. The presence of Ca2+
and Mg2+ alone was, however, not reported to alter wettability (Zhang and Austad, 2006,
Strand et al, 2006, Zhang et al, 2007, Gupta and Mohanty, 2008). The presence of Mg+
and SO4%- were also reported to decrease the oil-wetness at elevated temperature and
increased oil recovery by 20-30 % (Karoussi and Hamouda, 2008). If the core initially
contained either Mg2+ or SO4% no added recovery was measured. The efficiency of the
ions depends strongly on temperature and ions will only have an effect above some
critical temperature (Zhang and Austad, 2006).
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4.1.3 Thermal Stimulation

Thermal stimulation may also alter wettability of a reservoir. Wettability was reported
to shift from intermediate wet to strongly water-wet with increasing temperature in
laboratory imbibition studies of diatomite reservoir rock (Schembre et al. (2006)).
Elevated temperatures by steam caused initially neutrally- or oil-wet cores from the
Quarn Alam field in Oman to imbibe water with recovery of 27 -35 % (Al-Hadhrami and
Blunt (2001)).

4.2 Interfacial Tension Reduction

Reduced interfacial tension (IFT) between the aqueous phase and the oil phase by use of
surfactants may reduce residual oil saturations and increase ultimate oil recovery. It
also promotes influence from gravity. In strongly water-wet media, Babadagli et al
(1999) demonstrated that lowering the IFT by surfactants could increase the recovery,
but the rate of recovery decreased because of weaker capillary forces at low IFT. In a
weakly water-wet limestone, Karimaie and Torseter (2007) observed an increase in oil
recovery by lowering the IFT, because increased gravity effects promoted co-current
flow. Enhanced gravity effects in oil-wet matrices could contribute to higher recovery.
Karimaie and Torsater (2010) recently reported that gas-oil gravity drainage at low
interfacial tension resulted in very efficient recovery from low permeable chalk at
water-wet conditions. They also observed that re-pressurization by gas injection
increased the oil recovery as a result of lowered IFT between oil and gas at high
pressures.

4.3 Foam

Foam in porous media is defined as a dispersion of gas in a liquid such that the liquid
phase is continuous, and at least some part of the gas is made discontinuous by thin
liquid films called lamellae (Hirasaki, 1989). Foam has been recognized as a promising
agent for controlling gas mobility in EOR processes in heterogeneous reservoirs
(Bernard and Holm, 1964, Holm, 1968). A favorable property of foam in heterogeneous
porous media is that foam generation will occur in the high permeable zones first,
diverting the fluid flow to less permeable zones. This property was confirmed by Casteel
and Djabbarah (1988) when injecting CO; and surfactant in parallel Berea cores with a
permeability ratio of 6.4. Foam generation was dominant in the high permeable core,
diverting the injected CO: towards the low permeable core. Others (e.g. Llave et al
(1990) and Zerhboub et al, 1994) made similar observations. When capillary contact
and cross-flow between heterogeneous zones occurred, foam moved with equal velocity
in the low permeable and high permeable region (Bertin et al, 1999). This may be
important for fractured systems, where large permeability contrasts exists and cross-
flow between the zones occur.

0il recovery during COz-foam injection in fractured chalk at reservoir conditions was
recently studied by Fjelde et al. (2008), Zuta and Fjelde (2009) and Zuta et al. (2009).
They demonstrated that COz-foam improved the sweep and increased the recovery rate
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and the total oil recovery in low permeable chalk. COz-foam blocked the fracture by
reducing mobility and increasing effective viscosity. It should be noted that the
permeability contrast between the fracture and matrix was controlled by glass beads in
the fracture, hence, essentially acting as two porous media with a large permeability
contrast similar to Bertin et al. (1999).

Foam flow in rough-walled fractures was characterized by Kovscek et al. (1995), using a
transparent fracture with an average aperture of 30 um in granite (zero matrix
permeability). Mobility reduction factors between 100-540 for foam flow in fractures
were reported. The sweep efficiency in a fracture with variable aperture was greatly
improved when injecting foam (Yan et al, 2006). The apparent foam viscosity was found
to be largely controlled by the number of bubbles (lamellae) per unit length. The
resistance increased with the number of lamellae, implying that for a given bubble size,
the apparent foam viscosity is lower in small aperture fractures than in large aperture
fractures. This may be important because the resistance to flow then increases more in
large aperture fractures than in small fractures.

4.4 Permeability Reduction

Mobility control of the fluid flow in the fracture network is one way of diverting fluids
into other parts of the reservoir. According to Matthai (2009), fluid flow in fractured
reservoirs is focused into the most well-connected fracture networks, leading to very
low sweep of the matrices. Reduction in fracture permeability was verified to have great
impact on waterflood oil recovery in moderately water-wet chalk by Graue et al. (2002).
Reduction of flow in the largest, most connected fractures may increase sweep and
promote oil recovery by viscous forces. Controlling fracture permeability is thus one
way of contributing to enhanced oil recovery from fractured reservoirs. This section will
describe some of the techniques used to reduce channeling or fracture permeability.

4.4.1 Polymer Gels

Polymer gels are crosslinked polymer solutions of large molecular structure that
prevents penetration into the porous rock matrix (Seright et al, 2001) and only
propagate through fractures to reduce their permeability. Polymer gels are non-
Newtonian (shear-thinning) fluids with a high resistance to flow and has been
successfully implemented for water shut-off in several oil producing fields (Sydansk and
Moore, 1992, Sydansk and Southwell, 2000, Seright et al, 2001). Approximately 1400
polymer gel applications have been reported worldwide since 1989 (Willhite and
Pancake, 2008). Polymer gels have also been investigated to reduce channeling in
naturally fractured reservoirs (Seright, 1997, Seright and Lee, 1999), thereby diverting
injection fluids to unswept areas. Gel treatment is most efficient when fractures are
aligned with the direction of flow between injector and producer (Seright and Lee,
1999). Increased resistance to flow may promote viscous forces across the fracture
network and allow higher degree of viscous flooding if gel injection is followed by water
injection. Polymer gels cannot be injected deep into the reservoirs due to its viscous
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nature. Therefore, gels are often injected before the gelation process as less viscous
gelant. When gelant progresses into a reservoir, the temperature increases, thereby
initiating the gelation process where gelant forms into gel. As the gel forms it essentially
becomes immobile. At the current state of the art, gelants have relatively short gelation
times (hours). This limits the in-depth penetration of the polymer gel, because the
formed gel is immobile for all practical purposes. Recently, Cordova et al. (2008)
presented the use of polyelectrolyte complex nanoparticles to entrap and control the
release of cross-linking agent and effectively increase the gelation time in for polymer
gels from 30 minutes to several days.

4.4.2 Polymer-Enhanced Foam and Foamed Gel

Foam and polymer have been used together providing combined benefits. Polymer-
enhanced foams have higher stability and very high effective viscosity compared to
regular oil recovery foam (Sydansk, 1994). It may plug and divert fluid flow away from a
high permeability zone. Foamed gels can be used to plug high permeable zones for
diversion (Miller and Fogler, 1995). The foamed gels are crosslinked polymers with an
added surfactant that foams with gas. One advantage of a foamed gel is that it reduces
the amount of expensive polymer and provides increased mechanical stability to the
foam. It is therefore better suited for long term water diversion compared to aqueous
foam that quickly looses integrity when subjected to waterflooding.

4.4.3 Microbial Permeability Reduction

Reduction of fracture permeability by bacterial growth has also been suggested by Han
et al. (2001), Zekri and El-Mehaideb (2002). They showed that bacterial growth may
increase the resistance to flow in the fracture and thus divert injected water to other
parts of the reservoirs. They reported improved oil recovery by between 6 and 10%
OOIP when reducing permeability by microbial treatment.

21



5 Results & Discussion

This chapter discusses the results and findings of the six scientific papers included in
this thesis. The first part of this thesis focused on describing fluid flow in fractured
systems at different wettabilities. Complementary imaging of in-situ fluid saturation
development was used to better describe the mechanisms that control fluid flow. Paper
1 is a study of fluid flow across open fractures during water- and oilfloods in stacked
core plugs at strongly water-wet and moderately oil-wet conditions. High spatial
resolution magnetic resonance imaging was used to monitor matrix and fracture
saturation development simultaneously. In Paper 2 - 4, larger blocks of carbonate rock
were used to investigate the wettability effects on waterflooding with and without a
fracture network present. Waterflooding was first performed on a whole block, the block
was then drained back to initial water saturation, fractured and reassembled before a
second waterflood was performed. This isolated the impact from fractures at each
wettability condition. Wettabilities ranged from strongly water-wet (Ian = 1.0) to weakly
oil-wet (Ian = -0.2) conditions. During all waterfloods the samples were imaged by either
Magnetic Resonance Imaging (MRI) or Nuclear Tracer Imaging (NTI). In Paper 2 and
Paper 3 dynamic in-situ fluid saturation data was used to history match waterfloods of
whole rock samples by numerical simulations. This provided matrix relative
permeability and capillary pressure curves. Fracture networks reflecting the
experimental laboratory rock samples were then put explicitly into the history matched
numerical models, and numerical simulations were used to investigate the impact from
fracture properties. Paper 5 presented experimental work on spontaneous imbibition
with the boundary condition known as Two-Ends-Open (TEO) and indicated that the
properties of the fracture surface impact fluid flow.

The second part of the thesis focuses on techniques to enhance oil recovery in fractured
systems. Paper 1-4 identified the impact from fractures on waterflood oil recovery,
concluding that fracture permeability was important, especially at oil-wet conditions in
limestone. Two EOR techniques were tested in oil-wet, fractured limestone. Paper 6
presents foam injection and compared foam injection to water-, gas- or surfactantflood.
Work in progress on the use of polymer gel injection to reduce fracture permeability is
also discussed.

5.1 Fluid Flow in Fractured Carbonates

The fluid flow within fractures influences the transfer of fluids between the fracture and
the matrix. This section discusses the influence from wettability on the fluid flow inside
fractures and how this affects transfer of fluids to the matrix. Paper 1 is a mechanistic
study of fluid transfer across open fractures at strongly water-wet (Ian = 1.0) and
moderately oil-wet (Ian = -0.4) conditions in Edwards limestone. MRI was used to
monitor the development in fracture and matrix fluid saturations during oil- and
waterfloods in stacked core plugs separated by a 1mm open fracture. Paper 2 scales up
and increase fracture complexity by using larger blocks. The results illustrated the
impact from wettability and how the relationship between capillary and viscous forces
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changed for different wettability conditions. The blocks were first waterflooded at whole
state from irreducible water saturation, then drained back to the same irreducible water
saturation, cut by saw and reassembled, before a second waterflood was performed.
This isolated the effect from fractures at each wettability condition. The fractured blocks
are sketched in Figure 5. Magnetic Resonance Imaging (MRI) or Nuclear Tracer Imaging
(NTI) was used to obtain the in-situ fluid saturation developments during fluid flow.
Details on MRI and NTI are found in Ersland et al. (2008).
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Figure 5: Schematics of the blocks with corresponding Amott-Harvey wettability indices as
presented in Paper 2. Red lines indicate the position and outline of the fracture networks. The
direction of flow during waterfloods allow flow perpendicular and parallel to the fractures.

5.1.1 Rock Types - Extending the Wettability Conditions

It was important to study oil-wet conditions because carbonate oil reservoirs commonly
display oil-wet behavior. Fluid transfer in fractured rock models for various water-wet
(Iae>0) conditions during waterflood was studied in Regrdal chalk by Graue et al.
(2001a), Aspenes et al. (2002, 2007), see section 2.3.1 Wetting Phase Bridges. The
Edwards limestone outcrop rock was used to extend the study to oil-wet conditions as
the Rgrdal chalk may only be aged to various water-wet conditions with the current
crude oil/brine/rock system (Graue et al, 1999). Edwards limestone was aged by crude
oil to moderately oil-wet conditions (Paper 1: [4n = -0.4) and weakly oil-wet conditions
(Paper 2: Ian = -0.2). Strongly water-wet baseline samples were also prepared. The
brine permeability and porosity ranged from 3-28 mD and 16-24% for Edwards
limestone. Rgrdal chalk was used for water-wet conditions prepared at strongly water-
wet (Ian=1.0) or aged to weakly water-wet (Ian = 0.2) conditions. The brine permeability
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and porosity ranged between 1-4 mD and 45-48% for Rgrdal chalk. Rgrdal chalk is
sometimes referred to as Portland chalk.

5.1.2 Strongly Water-Wet Conditions

Waterflood oil recovery at fractured state was similar compared to whole state at
strongly water-wet conditions for both Rgrdal chalk and Edwards limestone(Paper 2).
This was the consequence of high capillary pressure with a strong affinity to water in
both the Rgrdal Chalk and the Edwards Limestone. The presence of fractures did not
impact recovery by more than a few percent of OIP, but in-situ data revealed that the
fractures dictated the flow pattern during waterflood. The injected water did not escape
the matrix until the endpoint for spontaneous imbibition was reached. In-situ images
identified that oil in the matrix was displaced co-currently, resulting from high
capillarity matrix combined with low injection rate similar to the filling regime proposed
by Rangel-German and Kovscek (2002). The observations made corroborate Paper 1.
This behavior is attributed to the discontinuity in the capillary pressure at the
matrix/fracture interface, where injected water is trapped in the rock matrix until
capillary pressures at the interface between the matrix and the fracture are equal. The
fractures had low capillary pressure close to zero, whereas the oil saturated matrix was
at high positive capillary pressure. At strongly water-wet conditions, the matrix capillary
pressure becomes zero at residual oil saturation, thus water will not enter fractures
until the matrix saturation is close to residual oil saturation at the end point for
spontaneous imbibition. Consequently, block-by-block displacement, where each matrix
block imbibed water close to the endpoint for spontaneous imbibition, was observed.
Both papers demonstrated that fractures were capillary barriers to flow at strongly
water-wet conditions and that the recovery was dominated by capillary forces. There
was no apparent capillary continuity across the open fracture for either oil- or
waterflooding in Paper 1.

5.1.3 Weakly Water-Wet Conditions

At weakly water-wet states, the potential for spontaneous imbibition was reduced and
viscous forces were needed to compensate for oil recovery above this potential. This
was demonstrated in Paper 2 at weakly water-wet (Ian = 0.2) chalk using NTI. The
presence of interconnected, high permeability fractures limited the viscous forces
during waterflooding, reducing oil recovery from 66% to 22% OIP compared to whole
state. Slow capillary imbibition resulted in rapid filling of the entire fracture network
and early water breakthrough. Oil was recovered by counter-current capillary
imbibition of water from the fractures to the matrices with a long transient production.
Reduction in fracture/matrix transfer rate at weakly water-wet conditions increased the
likelihood of the instantly filled fracture regime (Rangel-German and Kovscek, 2002)
associated with counter-current imbibition.
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5.1.4 Oil-Wet Conditions

Paper 1 and Paper 2 illustrated the impact from fractures during waterfloods at oil-wet
conditions. The oil-wet conditions presented in these papers had zero potential for
spontaneous imbibition of water. Waterflooding a stacked, moderately oil-wet core plug
identified a capillary threshold pressure of almost 3.4kPa (0.5 psi) for water to enter the
oil-wet matrix. Figure 6 shows the observed pressure build-up in the fracture to
coincide with water entering the downstream core plug.
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Figure 6: Saturation and pressure development in an oil-wet core plug. Fracture saturation and
pressure and downstream matrix block saturation. The rapid increase in fracture pressure from
3.4 kPa (0.5 psi) coincided with water entering the downstream matrix block.

The fractures in the stacked core-plugs in Paper 1 were perpendicular to the direction
of flow with no alternate flow path for the injected water to escape, thus forcing the
injected fluids across the fractures and into the rock matrices. In naturally fractured
reservoirs, fracture orientation vary and flow along the fracture orientation will occur.
The block fracture networks in Paper 2 allowed water to flow around the matrix blocks.
The in-situ data revealed that injected water escaped through the fracture network
without any transfer of fluids from fracture to matrix at weakly oil-wet conditions. The
high permeable fractures limited the contribution from viscous forces, significantly
reducing oil recovery compared to the waterflood of the sample without fractures.

Oilflooding at moderately oil-wet conditions established capillary continuity in the oil
phase, and injected oil was transported across the fracture through capillary pressure
contacts. This corroborated the similarity between water bridges during waterfloods at
moderately water-wet conditions in chalk (Graue et al, 2001a). This supports that the
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wettability of the fracture surface is the controlling factor for establishing liquid bridge
capillary continuity across fractures.

5.2 Simulating Flow in Fractured Rocks

Numerical simulations were used to extend the study beyond the experimental results
and perform sensitivity studies. Simulators may also assist in the interpretation of
experimental observations. Paper 1, Paper 3 and Paper 4 included numerical
simulations to study variations in fracture properties such as fracture permeability and
fracture capillary pressure. In Paper 3 and Paper 4 a commercial black oil simulator
(Eclipse100, 2007) was used to build a numerical representation reflecting the
experimental conditions in whole and fractured block samples. The Sendra (2007) core
flood simulator was used to numerically represent oil- and waterfloods in stacked core
plug systems in Paper 4.

5.2.1 History Matching Laboratory Waterfloods

Validating the numerical models by history matching the experimental results is
important for reliable predictions. The experimentally observed in-situ fluid saturation
development from waterfloods of whole systems was matched numerically in Paper 3
and Paper 4. Capillary pressure and relative permeability curves measured on similar
core material were tuned to reflect the in-situ saturation development. This provided the
matrix capillary pressure and relative permeability functions and was left fixed when a
good match was obtained. The fractures were then explicitly put into the numerical
model, with exclusive permeability, relative permeability and capillary pressure data.
Only the fracture representation was changed in the subsequent simulations. Paper 1
used Sendra (2007) core flood simulator with an automated procedure to determine
two phase functions (relative permeability and capillary pressure) based on history
matching differential pressure and saturation development.

5.2.2 Capillary Pressure in the Fracture

The capillary continuity was verified to impact recovery during waterfloods (Graue et
al, 2000a, 2000b, 2001a, 2001b). Paper 3 addressed capillary pressure in the fractures
of an embedded fracture network in a strongly water-wet Edwards Limestone sample.
The experimental in-situ data revealed that one isolated block did not imbibe water to
displace oil. This was highly unexpected for a strongly water-wet, high capillarity
medium. Simulation with zero capillary pressure in the fractures failed to predict this
fluid saturation development. Saturation dependent capillary pressure curves based on
Firoozabadi and Hauge (1990), was assigned to the different fractures in the model. This
created varying degree of capillary continuity across the different fracture surfaces, and
reproduced the experimental observations successfully. The fracture capillary pressure
was several orders of magnitude lower than the matrix capillary pressure.

Paper 4 addressed capillary pressure in a well-connected fracture network in a weakly
oil-wet Edwards Limestone sample. The high connectivity of the fractures reduced the
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impact by fracture capillary pressure. The lowest recovery was predicted when using
the capillary pressure curve reflecting the highest positive capillary pressure values; i.e.
water-wet curves. At positive capillary pressure in the fracture, the injected water had a
slightly higher preference to remain in the fracture rather than entering the oil-wet
matrix. The highest recovery occurred with negative capillary pressure values; i.e. oil-
wet conditions. At negative capillary pressure in the fracture, water had slightly less
preference for flowing in the fracture and a small portion of the injected water entered
the matrix. The effect of changing the capillary pressure in the fracture was small and
recoveries only ranged by a few percent of OIP.

The open 1 mm fractures in Paper 1 suggested zero capillary pressure in the fracture.
The transport of oil across the fracture by capillary continuity during oilflooding was,
however, not captured by assigning zero capillary pressure to the fracture. A linear
capillary pressure with negative values, (P.(Sw=0)=0kPa) to P.(Sw=1.0)=-6kPa), was
needed to more accurately reproduce the saturation development across the fracture.
Fracture relative permeability also influenced the transport of oil, although not to the
same extent as fracture capillary pressure.

The literature on fracture capillary pressure is limited and zero capillary pressure is the
most common assumption. The results presented here revealed that capillary pressure
in the fracture could be an important parameter to predict recovery, and corroborates
that zero capillary pressure in the fracture may be incorrect (Rangel-German et al,
2006). In high permeable fractured systems, however, oil recovery was insensitive to
the fracture capillary pressure and a zero capillary pressure was found to be adequate.
Capillary continuity by liquid bridges could be captured by a simple, linear capillary
pressure relation to saturation. Consequently, the impact from fracture capillary
pressure depends on the fracture network.

5.2.3 Fracture Permeability

The influence of fracture permeability on waterflood oil recovery was numerically
investigated at strongly water-wet and oil-wet conditions in Paper 4. The results
indicated that the wettability of the rock was a controlling parameter for the oil recovery
at different fracture permeabilities. At strongly water-wet conditions, fracture
permeability had no effect on oil recovery, i.e. displacement was capillary dominated
and determined by the potential for spontaneous imbibition. At oil-wet conditions, the
recovery was insensitive to fracture permeability at high values, as this did not promote
significant viscous forces for recovery. Ultimate recovery was sensitive to fracture
permeability values below 20 times the matrix permeability. This corroborated similar
results in fractured moderately water-wet chalk (Graue et al, 2002). Low fracture
permeabilities promote higher viscous forces at a given rate, thus displacing a larger
portion of oil by viscous forces. The number 20 is an arbitrary number as it is the net
effect of the capillary forces and viscous forces that determine the recovery. Higher
injection rates or increased viscosity of the injected fluid would also promote recovery
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by viscous forces. This was of special interest in terms of EOR, because plugging of the
high permeable fractures could improve the viscous contribution during waterflooding.

5.3 Spontaneous Imbibition with TEO Boundary Conditions

Spontaneous imbibition is an important recovery mechanism in fractured reservoirs,
and counter-current flow is the dominant mode of imbibition (Morrow and Mason,
2001). During counter-current imbibition experiments, it is often assumed that flow
rates of brine and oil are equal and in opposite directions. Paper 5 presents
spontaneous imbibition experiments using cores with the Two-Ends-Open (TEO)
boundary conditions. Inconsistencies in the recovery times by scaling the imbibition to
dimensionless time by Ma et al. (1997) using equations (1) and (2) was observed. The
study included a setup to measure the oil production from each of the open end faces
separately. Initial oil was produced from both end faces, however, in most cores the oil
production slowed down and in some cases stopped on one of the end faces.
Consequently, oil production was asymmetric in the later stage, and significantly more
oil was recovered from one end face than the other. This occurred in both homogenous
Berea sandstone and Rgrdal chalk. Increasing asymmetry in production from each end
phase was associated with overall slower imbibition rates. Imaging of the imbibition
revealed that the imbibing water front was relatively symmetric, even with asymmetric
oil production. This indicated that there was a net inflow of water at one side and a net
outflow of oil at the opposing side of the core, i.e. true counter-current flow was not
always the case for TEO boundary conditions.

The symmetric water front advancement in the chalk suggested that most of the
pressure drop was dissipated in the invading water phase and not in the oil phase. If the
pressure drop in the oil phase is small, minor inhomogeneities at different sides may
dictate the direction of flow of oil after the initial true counter-current stage. The oil has
to overcome the capillary back pressure at the outlet face. This back pressure is set up
because the production mechanism at the open end faces is similar to a drainage process
and is determined by the largest pores at the surfaces where oil is produced as droplets
(Li et al, 2006). Even though capillary back pressure difference between the two end
faces is small, it can be a large fraction of the low pressure driving the flow of oil. At the
same time water is less affected by small changes in the capillary back pressure and the
water front remains symmetrical. Consequently, small inhomogeneities in a rock may
have a disproportionately large effect on the recovery and flow of oil. This illustrates
that properties of the boundary between fracture and matrix have significant impact on
flow between fracture and matrix.

5.4 Enhanced Oil Recovery

The potential for enhanced oil recovery is large in many naturally fractured reservoirs.
Oil-wet fractured reservoirs pose particular challenges because oil in the matrices is
retained by capillary forces. This section presents and discusses laboratory results from
enhanced oil recovery efforts in fractured, oil-wet limestone. Paper 1-4 characterized

28



flow in fractured carbonates, and identified challenges related to oil recovery.
Wettability was the main controlling factor for waterflood oil recovery in the presence of
fractures. At oil-wet conditions, waterflood oil recovery was particularly low, as no
transfer of fluids from fracture to matrix was observed. Numerical prediction in Paper 4
found that resistance to flow could be increased by reducing the fracture permeability
leading to increased recovery because of higher viscous forces. A capillary threshold
pressure for water to enter the oil-wet matrix was identified in Paper 1. The threshold
pressure must be overcome for water to displace oil from the matrix. Enhanced oil
recovery could be achieved by increasing the resistance to flow in fractures to divert
fluids into the matrix by viscous forces. Paper 6 investigated if foam could reduce flow
in the fractures and divert fluids into the matrix for additional oil recovery. Another
approach investigated if polymer gel could plug and reduce the permeability of a
fracture. The water pressure would then increase in the subsequent waterflood,
diverting water into the matrix for increased oil recovery. The polymer gel treatment is
work in progress.

5.4.1 Foam in Fractured, Oil-Wet Limestone

Paper 6 investigated whether foam injection in a fractured oil-wet limestone would
enhance oil recovery. Foam is well-known to reduce the mobility of gas and increase
resistance to flow (Bernard and Holm, 1964, Holm, 1968, Rossen, 1995).The literature
on foam in fractures is limited, especially in fractured, porous rocks. Foam may exhibit
high resistance to flow, and has been shown to reduce flow more in high permeability
layers, than in low permeability layers (Bertin et al, 1999). The apparent viscosity of
foam is larger in large aperture fractures compared to small aperture fractures (Yan et
al, 2006). Paper 6 investigated foam generation and foam injection efficiency in oil-wet,
fractured limestone blocks and core plugs similar to those presented in Paper 1-4. The
foam injection was compared to water, gas or surfactant injection, and injection of pre-
generated foam was compared to generation of foam directly in the fractures. Foam
consisted of an Alpha Olefin Sulfonate (AOS) surfactant mixed in a brine solution
together with Nitrogen (N2) gas.

Foam Generation in Fractures

Foam is mainly generated by three mechanisms: leave-behind, snap-off and lamella
division. Foam generation by leave-behind generally occurs below some critical gas
velocity, creating weak and coarse foam (Ransohoff and Radke, 1988). Foam generation
by snap-off is widely recognized to generate the strongest foam, with a discontinuous
gas phase and the highest resistance to flow. Generation by snap-off is strongly linked to
the porous media and the aspect ratio, i.e. pore body radius must be significantly larger
than pore throat radius (Ransohoff and Radke, 1988). The results from Paper 6
indicated very poor generation of foam in the fracture because the criterion for snap off
was not met in the relatively smooth and polished fracture surfaces. In a smooth
fracture, cut by saw, the number of snap off sites would be low, and foam generation by
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snap-off would be negligible. Natural fractures are generally more rough-walled and
significant foam generation by snap-off could occur here (Kovscek et al, 1995).

Foam Stability

The stability and generation of foam also depend on wettability, and strong foam by
snap-off is more dominant in water-wet media. Foam has been generated in an oil-wet,
porous medium, but foam efficiency was reduced by the presence of oil (Sanchez and
Hazlett, 1992). The generation of foam was also reduced at intermediate wetting
conditions compared to water-wet states (Schramm and Mannhardt, 1996). In the
presence of oil, the entering coefficient should be negative for oil-tolerant foam to
prevent destabilization of the foam (Bergeron et al, 1993). This was, however, not the
case in Paper 6. The destabilization of foam inhibits foam front movement (Bernard and
Jacobs, 1965, Jensen and Friedmann, 1987). The injection of pre-generated foam in
Paper 6 showed that foam changed its configuration during injection, as limited
amounts of foam were observed at the outlet. The combination of wettability and
presence of oil (decane) caused reduced stability of the injected foam. The pressure
build-up during foam injection suggested that foam gradually became more stable over
time as oil was produced.

0Oil Recovery by Foam Injection

Injection of pre-generated foam was found to be the most efficient recovery method
when compared to water-, gas- or surfactant injection at comparable volumetric flow
rates. Pre-generated foam produced significantly higher differential pressure drops
indicating larger resistance to flow, and was a key factor for the enhanced oil recovery in
these fractured systems. It corroborated Paper 4, showing that increased flow
resistance in the fracture yielded significantly higher sweep and increased recovery.
Recovery was reported up to almost 80%, and the injection of pre-generated foam
significantly increased recovery for all samples. The rate of recovery increased with
decreasing fracture/matrix permeability ratio, defined as the permeability after
fracturing divided by the permeability before fracturing, and illustrated the need for

well-described fracture systems to predict the oil recovery. The fastest recovery scaled
to PV injected was observed at low fracture permeability, however, between 40 and 200
pore volumes were injected until ultimate recovery was reached. This may be unrealistic
compared to most field cases. The relationship between rate of recovery and
fracture/matrix permeability ratio needs to be further investigated.

Waterflooding high permeable, fractured, oil-wet rocks in Paper 6 resulted in limited
pressure drops and inefficient oil recovery from the matrices, similar to the
observations in Paper 2 and Paper 4. The waterfloods mainly recovered oil from the
fracture, leaving the matrix unswept due to a water capillary threshold pressure.
Similarly, the lack of pressure build-up and the gas threshold pressure limited oil
production during gasfloods. The threshold pressure was significantly reduced during
the AOS surfactantfloods due to lowered interfacial tension between surfactant solution
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and decane (<< 5 dynes/cm). Because the flow resistance to surfactant solution
remained low, only minor recovery was observed during surfactant injection. The in-situ
generation of foam in the fractured samples was inefficient and no observations of foam
generation or oil production were made. The lack of pressure build-up during injection
suggested that the resistance to flow did not increase and that no foam was generated in
the fracture.

5.4.2 Fracture Permeability Reduction by Polymer Gel

A polymer gel (Cr(III)-Acetate-HPAM) was used to reduce the fracture permeability to
increase the sweep in a subsequent waterflood. This would determine if fracture
permeability reduction could divert the water into the rock matrix for increased sweep
and recovery. The core plug in this work was an Edwards limestone core plug aged to
oil-wet conditions, with a 1mm open fracture along the length of the core. The
experimental procedures are detailed in Appendix A.1. The advantage of crosslinked
polymers is that the molecule chains are too large to enter the porous rock matrix
(Seright, 2001). Injection of polymer gel is thus an exclusive treatment of the fracture
volume to reduce channeling. Prior to the experiment presented here, several gel
extrusion experiments were performed to characterize the flow of gel in fractured chalk
and limestone (Brattekds, 2009). These were compared to experiments by Seright
(2001).

Figure 7 shows the obtained CT saturation profiles for gel placement and each of the
waterfloods. The water preflush only recovered oil close to the inlet ( Xp = 0-0.15) and
5% OIP was recovered after 0.34 PV injected. The polymer gel was then placed in the
fracture to reduce fracture permeability. No recovery of oil was observed during gel
placement. Chase water was injected at a rate identical to the preflush. The water
advanced to Xp=0.65, increasing the sweep by 4Xp =0.5, and increasing recovery by 15%
OIP. The microscopic sweep was also increased, as oil was produced from areas already
waterflooded during preflush. The chase water injection was terminated after 0.42 pore
volumes injected water. At this point, water had broken through into the fracture and no
more oil production was observed. The result show that polymer gel reduced the flow in
fractures, thus diverting a chase fluid to increase sweep efficiency in a low permeable
matrix.

Low injectivity of polymer gel is one limitation. It would thus be favorable to inject the
solution as a gelant before it has crosslinked into polymer gel. Gelant is a polymer
solution with an added cross-linking agent. It behaves like a Newtonian fluid, with low
viscosity and relatively high injectivity. The cross-linking agent is activated by
temperature, and after a given time known as the gelation time, the gelant is
transformed into gel.
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Figure 7: Saturation profiles during different stages of water or polymer gel injection. Recovery
during preflush was 5% OIP, recovery during polymer gel injection was 0% and recovery during
chase water injection was 15% OIP.

5.4.3 Foam versus Polymer Gel

The recovery by placing a polymer gel in the fracture and then injecting a chase fluid is
much lower compared to the foam injection presented in Paper 6, with an added
recovery of only 15% compared to almost 80% for foam. The systems were both of
Edwards limestone at similar oil-wetting states. The fracture permeability was several
orders of magnitude larger in the polymer gel case. From the cubic law (Miller, 2009),
fracture permeability was in the order of 8x105 D during gel placement, whereas the
foam test had permeabilities in the order of 1 D. The advantage of the polymer gel was
that the increased oil recovery was observed immediately after only fractions of the
pore volume of chase fluid had been injected. The stability of the polymer gel is also
greater than foam. The foam recovered significantly more oil, with a recovery of up to 80
% OIP. Between 40 and 200 pore volumes was needed to reach ultimate recovery, which
at present is an unrealistically large amount relevant to any field case and more study on
the impact form fracture permeability is needed.
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6 Conclusions and Perspectives

This thesis used various imaging techniques to investigate the impact on oil recovery in
fractured reservoirs at wettabilities ranging from strongly water-wet to moderately oil-
wet conditions. In-situ fluid saturation development was obtained by NTI, CT and MRI
during waterfloods and contributed to improved understanding of the recovery
mechanisms during fluid flow in fractured blocks at different wettability conditions. It
was determined that high permeable fractures severely reduce oil recovery and sweep
efficiency if wettability tends toward less water-wet or oil-wet states. Based on this
work, two methods for enhanced oil recovery were tested in fractured, oil-wet
limestone, i.e. foam injection and polymer gel injection. The main contributions of this
thesis were:

e The study of capillary continuity was extended to oil-wet conditions, and oil
droplets were observed to establish capillary continuity across open fractures
during oilfloods in oil-wet limestone. This corroborated the mechanistic similarity
between waterfloods at moderately water-wet conditions and oilfloods at
moderately oil-wet conditions. The work also identified a capillary threshold
pressure for water to enter oil-wet rock matrix illustrating one of the challenges of
EOR in fractured oil-wet rocks.

e  Waterflood oil recovery was severely reduced at weakly water-wet and oil-wet
conditions in the presence of high permeable fractures, and no transport of fluids
from fracture to matrix was observed at oil-wet conditions

e In-situ saturation data was used to history match numerical simulations of
laboratory waterfloods at various wettabilities. Numerical sensitivity studies
identified fracture properties that influence fluid flow and oil recovery in fractured
systems. The ratio of fracture to matrix permeability influenced ultimate
waterflood oil recovery at oil-wet conditions. Reduction of fracture permeability
was an important parameter to enhance oil recovery by improving viscous
displacement at oil-wet conditions. Capillary continuity was numerically modeled
by addressing capillary pressure in the fractures, and was found to impact both
recovery and dynamics of fluid flow, especially in embedded fracture networks.

e Increased resistance to flow by injection of pre-generated foam in oil-wet,
fractured limestone improved the oil recovery by up to 80% OIP from the matrix.
This was superior to water, gas and surfactant injection that mainly recovered oil
from the fracture network at comparable volumetric rates.

e In-situ generation of foam was not observed in fractures with smooth surfaces in
oil-wet limestone. Consequently, gas mobility was not reduced in the fractures and
enhanced recovery was not observed.

e  Polymer gel was used to reduce fracture permeability and divert fluids away from
the fracture to displace additional oil from the matrix. With polymer gel placed in
the fracture, water was injected as a chase fluid and an increased oil recovery of
15% OIP from the matrix.
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e  Asymmetrical oil production and symmetrical waterfront invasion were observed
during spontaneous brine imbibition into oil saturated core plugs at TEO boundary
conditions. The asymmetry was independent of both rock type and initial water
saturation. The asymmetrical production illustrates that small inhomogeneities
may have a disproportionate effect on fluid displacement during spontaneous
imbibition.

The work presented in Paper 6 on foam is encouraging in terms of enhanced oil
recovery, however, the system has several unresolved features. 1) The relationship
between fracture/matrix permeability ratio to recovery rate should be investigated to
find whether lower fracture permeabilities would reduce the need to inject vast
amounts of foam. 2) A foaming surfactant with stronger stability in presence of oil
should be tested to investigate whether this would provide more efficient flow. 3) Foam
generation is very sensitive to the porous media. The roughness of natural fractures may
need to be included to improve generation of foam in fractured media. 4) In-situ imaging
of 3-phase systems during foam injection would also provide a better understanding of
the dynamics of foam injection in fractured media, especially in terms of foam
propagation. Experiments using COz-foam improved oil recovery at reservoir conditions
(T=55°C, P= 34MPa) in weakly water-wet chalk (Zuta et al. (2009)), and extending to use
of COz is of interest.

Polymer gel for diversion of injected water is work in progress. One main concern with
the gel is that it has a low injectivity and may be hard to extrude deep into a reservoir.
Injection of gelant with in-situ forming of gel would be interesting to compare to pre-
formed gel. Lubrication effects between fracture surface and polymer gel may be
reduced if gelation take place in the fracture. This may provide more efficient plugging
of the fracture. Work presented by Cordova et al. (2008) showed that gelation time can
be increased, allowing a gelant to penetrate further into the reservoir before gelation.
This may be important to extend use of gels deep into the reservoir.

Enhanced oil recovery may need to integrate several different techniques for combined
benefits. Polymer gel and foam may be combined, where gel is used to plug the largest
fractures or channels, whereas foam seems more favorable for diversion in more narrow
fractures. The use of fluids that divert flow away from fractures may then contribute to
displace additional oil from fractured reservoirs. The combined effects of foam and
polymers or gels have been investigated by Sydansk (1994) and Miller and Fogler
(1995) and provide higher mechanical stability to the foam and may improve the
efficiency of mobility control. The contribution from capillary continuity by establishing
liquid bridges has been shown to depend on wettability of the fracture surface, where
waterflood at water-wet states other than strongly water-wet is favorable for liquid
bridges. The use of surfactants (Xie et al, 2005, Spinler et al, 2000, Chen et al, 2001), or
ions in brine composition (Zhang and Austad, 2006, Strand et al. 2006, Zhang et al,
2007, Gupta and Mohanty, 2008, Karoussi and Hamouda, 2008) that can alter the
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fracture surface wettability from oil-wet to water-wet conditions may thus assist in
establishing capillary continuity between matrix blocks. Using wettability alteration
agents to treat the fracture surface only would reduce the amount of costly surfactants,
compared to treating the whole reservoir.

The physics of capillary continuity by liquid bridges is not fully understood. It was
modeled by straight line saturation dependent capillary pressure as seen in Paper 1.
Droplet growth starts at the pore scale, and the increasingly sophisticated pore scale
models might provide insights to the phenomena controlling droplet growth that form
into liquid bridges.

The TEO imbibition presented in this thesis was a fundamental study and only included
a few data sets, and more data might better reveal the controlling mechanism of oil
production from such systems. This should include the influence from oil/water
viscosity ratio, initial water saturation, wettability and rock type.
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Nomenclature
L¢= Characteristic Length

n=number of surfaces open to imbibition

w = wetting phase viscosity
Hnw= nonwetting phase viscosity
o= Interfacial tension

@ = porosity

t=time

tp= dimensionless time

Ian= Amott-Harvey Index

P.= Capillary Pressure

k= Relative Permeability

K= Absolute Permeability

IWS = Irreducible Water Saturation
IFT = Interfacial Tension

P = Pressure

T = Temperature

OIP = 0il In Place

PV = Pore Volume
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Appendix A

A.1 Experimental Procedures for Polymer Gel Placement

A.1.1 Core Preparation

Edwards limestone was used to study gel placement in a fractured core. The core was
saturated with 0.1M NaCl brine solution under vacuum and porosity was calculated by
weight measurements. The porous rock was characterized in terms of porosity and
permeability variations within the core during a miscible brine-brine displacement in a
CT flow rig.

A.1.2 Wettability Alteration

The wettability of the originally strongly water-wet outcrop limestone core was altered
to moderately oil-wet by exposing the rock to crude oil during dynamic aging. Dynamic
aging (Graue et al, 2002 and Aspenes et al, 2003) creates a uniformly distributed and
stable wettability preference in the core by flushing crude oil through the core at
elevated temperature. The core was placed in a biaxial core holder with a net confining
pressure of 15 bars, and drained by injecting crude oil at a constant differential pressure
of 2bars/cm; which corresponds to about 20 bars inlet pressure on the 101mm long
core plug. To minimize capillary end effects during drainage, the direction of the crude
oil injection was reversed when no further water production was observed. After
drainage was completed, the injection was switched to constant injection rate mode
with a 1.5 ml/h flow rate and maintained for 10 days. This allowed the core to be
contacted by fresh crude oil continuously during aging. Direction of injection was
reversed after 5 days. Crude oil was filtered through a chalk core to remove impurities
and large particles that obstruct the pore throats and reduce permeability of the core.
The aging process was terminated by miscibly displacing the crude oil from the core
with 5 PV of decahydronaphthalene (decaline) followed by 5 PV of decane. Decaline was
used as a buffer between the crude oil and the decane to avoid precipitation of
asphaltenes and resins in the crude oil if contacted directly by decane. The simplified oil
chemistry by using decane provided stable wettability conditions and has previously
shown to give reproducible results. All miscible displacements were performed at 80°C.

The wetting preference was not explicitly measured, but was measured on sister plugs
aged with the same crude oil. All cores displayed negative A-H indices between -0.2 and -
0.7, depending on the aging time. Therefore, it was very likely that the core used in the
CT experiment also exhibited negative A-H values. Hence, no water will spontaneously
enter the matrix from the fracture during water injection.

A.1.3 Fractured Core Assembly
The core was cut along its length and the 1mm aperture held open by two POM spacers
constituted the fracture, see top Figure A1. Specially designed end pieces were made to
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inject the gel directly into the fracture and the water directly into the matrix. The end
piece was designed to isolate the upper and lower core halves from the fracture. Fluid
communication between the three injectors was prevented by smearing silicone on the
end piece. Correct positioning of the end piece relative to the fluid injection points was
verified by CT -images, see Bottom Figure A1l.

Custom Made Distribution End Piece

N\
Upper Core Half Water Injector

@=38mm_ | | Fracture Gel Injector

\ ' Fracture aﬁerlure =1mm |

I
L =101 mm

Lower Core Half Water Injector
J/

38mm
Figure A1. Top: Schematics of experimental design of core with longitudinal fracture of 1mm

aperture. The specially designed inlet end piece ensured that injected fluids in each part (upper
core half, fracture and lower core half) of the fractured core were separated from each other at
the inlet face. Bottom: A silicone coat in the grooves on the inlet end piece restricted fluid
distribution and communication on the end piece, and stabilized the spacer system during
assembly. Two CT-images verified the position of injector and producers and placement of the
distribution end piece.

A.1.4 Polymer Gel

The Polymer gel used in this test was Cr(IlI)-Acetate-HPAM gel identical to gel used by
Seright (1999). A polymer solution containing 0.5% Alcoflood 935 HPAM in 4wt% Nal
brine was mixed in a beaker with a stir bar until clump free. The solution was stirred at a
high speed until the polymer was partly dissolved in the brine, then left at reduced
speed until fully dissolved. Chrome-acetate (0.0417wt%) for cross-linking was then
added and aged for 24hours at 41°C to form polymer gel.
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A.1.5 Calculation of Spatial Water Saturation

The CT scanner (Picker PQ-6000) offers high 3D resolution imaging at millimeter scale.
The operating parameters of the CT are 100 mA, 130 kV. The voxel size is 0.12x0.12x2
mm in the xyz direction, where the xy-plane is parallel to the cross-sectional area of the
core plug and the z-axis is along the core length. High accuracy in core positioning is
required since only subtle differences in the x-ray signal is used to calculate fluid
saturations at a given position. This is an invariable requirement when imaging
heterogeneous rocks. To obtain quantitative 3D images at full resolution the core should
not be removed from the scanner rig during a test. To accuractely generate 3D
saturation images, intensity scans at 100% water saturation and 100% oil satuation
must be obtained. Due to time constrains and the location of laboratory, the core was
removed from the CT after the miscible flood, shipped to another lab and replaced in the
CT rig after aging and fracturing. Scans at 100% oil saturation was not obtained since
this relied on the slow process of diffusion to remove all the oil or all the water due to
the highly fractured nature of the core. Thus, the 3D high resolution images were
qualitative only, restricted to studying differences in signal intensties rather than fluid
saturations. Reducton of high spatial 3D images to 1D by averaging produced reliable
and quantitative 1D satuation profiles that could be used to quantify the saturation
changes in the matrix during the water and gel injections.

A.1.6 Experimental Schedule
The experimental schedule was divided into three stages: preflush, gel placement and
chase water as listed below. CT images were obtained continuously during injection.

1. Preflush: Initially both core halves were at Swi and the fracture was filled with
decane. Water was injected separately in each core half using two injection
pumps with constant injection rates of 1.5ml/h in each half, with a total injection
rate of 3ml/h. Water was injected directly into the matrix and oil recovery was
continuously monitored every 15 min using the CT scanner. Water injection was
terminated when no more oil recovery was observed over several CT images.

2. Gel placement: Gel was injected with a constant rate (6ml/h) into the fracture
after the preflush was terminated. Gel was injected in the fracture only, while
monitoring pressure and the development in fluid saturation using the CT
scanner. Gel injection was stopped after 40 fracture volumes injected and a 3D
saturation image was obtained at the end to observe that the entire fracture was
filled with gel, and to identify any additional oil recovery as a result of gel
placement.

3. Chase water: Chase water was injected directly into the two matrix halves after
the first gel placement. During chase water injection the additional oil recovery
and increased water sweep as a result of reduced flow capacity in the fracture
was monitored by the CT scanner. Injection rate was equal to that of the preflush;
1.5ml/h for each core half. Injection was terminated when no additional
saturation change was detected by the CT images.
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