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ARTICLE INFO ABSTRACT

Polymer gel is often used to reduce flow through highly conductive fracture networks, frequently present in
naturally fractured carbonate reservoirs. When in place, polymer gel efficiently reduces fracture flow and may
improve sweep efficiency and oil recovery during water chase-floods. Polymer gel treatments have in some cases
been less efficient than expected in reducing fracture conductivity. This may occur because the polymer gel only
partially fills the fracture volume, and allows fracture channeling of injected fluids. Low-salinity waterfloods may
improve polymer gel blocking of fractures and remedy less efficient polymer gel treatments. Previous experi-
mental work has shown that low-salinity waterfloods, where the salinity is reduced with respect to the gel solvent,
reduces fracture channeling and restores matrix flow. This work further investigates low-salinity waterflooding as
a method to improve conformance during polymer gel treatments in fractured, low permeable, carbonate rock.
The low flow capacity of carbonate may cause a less efficient gel blocking of fractures, although the gel behaves
according to established models during injection. Low-permeable carbonate core plugs with open, highly
conductive fractures were used for this study. Water flow paths during high-salinity and low-salinity water-
flooding were evaluated by positron emission tomography (PET). We found that gel blocking efficiency during
chase waterfloods depends on: 1) the salinity of the chase water. Gel blocking efficiency increases with low-
salinity water throughput; opposite to high-salinity waterfloods, where the gel blocking is reduced with water
throughput. 2) The core material. As expected, a higher pressure was required to maintain flow through the
matrix during water chase-floods in low-permeable carbonates. Water was diverted into the matrix for all ranges
of permeability: sandstone and low-permeable carbonates, during low-salinity waterfloods. 3) The presence of oil.
Fracture channeling prevailed during low-salinity waterfloods in chalk cores with residual oil present.
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1. Introduction displacement within a rock matrix. When conductive fractures are pre-
sent, however, injected fluids will often flow through the fracture

Polymer gel may be used for a range of applications within medicine network, without entering the matrix to displace oil. A cross-linker may

(e.g. dosimetry, sustained-release drug systems), the consumer industry
(contact lenses, disposable diapers, clothing etc.) and also in the oil and
gas industry. An important objective of polymer gel applications in pe-
troleum reservoirs is to reduce fracture conductivity and enable matrix
flow. Gels are often used in watered-out wells to limit high water cuts,
but may also be used to reduce fracture conductivity and improve sweep
efficiency in-depth, which may improve oil recovery. The water content
of a polymer gel is high, often above 99%, with the remaining <1%
consisting of polymer molecules and a cross-linking agent. Polymers may
be used for Enhanced Oil Recovery (EOR) purposes alone, to increase the
viscosity of the water phase and improve mobility during water-oil
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be added to the polymer solution, which is then termed a gelant: when the
gelant is exposed to an elevated temperature for a period of time known
as the gelation time, the polymer molecules bond together and form a
three-dimensional polymer gel network. Formed polymer gel has a sig-
nificant viscosity and is an efficient fracture blocker. During injection,
formed gel does not enter into porous rock (R.S. Seright, 2001) hence gel
flow is restricted to the fracture network. Dehydration of the polymer gel
network is expected to occur during gel propagation through fractures,
investigated in several publications by Seright (e.g. (R.S. Seright, 2001,
2003a,b)). Dehydration, also termed “leakoff”, is a process where water
leaves the gel, which causes the polymer gel to concentrate and become
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more rigid. The dehydrated and concentrated gel forms a filter cake in
the fracture, which is highly resistant towards pressure during
chase-floods. Water may flow through the matrix during leakoff, or
channel through the fracture network ahead of the gel. During contin-
uous gel injection, fresh gel flows through the dehydrated gel filter cake
in designated flow channels termed wormholes (Brattekas et al., 2017;
R.S. Seright, 2003a,b). With gel in place in fractures, injected fluids may
enter into matrix blocks during chase floods, to displace oil.

Several occurrences may cause the polymer gel treatment to be less
efficient; i.e. changes occur in the polymer gel that may open parts of the
fracture volume to flow. These include syneresis (Romero-Zeron et al.,
2008) loss of cross-linker to the formation by diffusion (Ganguly et al.,
2002; Wilton and Asghari, 2007) or loss of solvent to the formation by
capillary spontaneous imbibition (Brattekas et al., 2014). Mechanical
degradation of the gel may also occur at elevated injection pressures: gel
of injected composition, residing in the wormholes, is displaced from the
fracture at the gel rupture pressure (Brattekas et al., 2015; Ganguly et al.,
2002; R. S. Seright, 2003b). When parts of the fracture volume is
re-opened to flow, injected fluids may resume channeling through the
fracture network, which results in decreased sweep efficiency and oil
recovery. The volume of gel residing in a fracture controls conformance
improvement in fractured reservoirs, by opening or closing parts of the
fracture to flow. Changes in external conditions around a polymer gel
network, e.g. changes in temperature, solvent composition, ionic
strength and external electric field (Horkay et al., 2000), may also alter
the gel volume and impact the blocking capacity of gel residing in a
fracture. The effects of salinity contrasts on gel swelling and shrinking
behavior have often been demonstrated in experiments using pre-formed
particle gel (PPG), showing different gel swelling behavior in brines of
different salinity (Bai et al., 2007; Zhang and Bai, 2011) or bulk volumes
of gel, indicating that volumetric changes in the gel volume may occur if
the salinity of the contacting aqueous phase differs from the gel solvent
(Aalaie et al., 2009; Tu and Wisup, 2011).

Improved polymer gel fracture blocking was recently demonstrated
during low-salinity waterfloods (Brattekds et al., 2016): high-salinity
polymer gel was placed in a fracture and the salinity of the water was
reduced with respect to the gel solvent during chase-floods. Improved gel
blocking during low-salinity waterflooding was observed by an increase
in injection pressure and matrix production. In some cores the injection
pressure increased to above the original rupture pressure and the fracture
was completely blocked by gel, hence all injected fluids were diverted
into the matrix. The experiments were performed using sandstone and
limestone (carbonate) core plugs.

In the current work, low-salinity chase-floods of polymer gel treated
fractures through low-permeable carbonate core plugs with residual oil
saturations are presented. To maintain a given flow rate, a higher pres-
sure gradient is required to flood low-permeable rock matrix during
chase-floods compared to high-permeability rock (e.g., carbonate versus
sandstone) d. Presence of oil also influences the ease of which water
flows through the porous rock, because the relative permeability of water
is decreased. The typically fractured nature of carbonate reservoirs pro-
duce a high permeability ratio between fractures (thousands of Darcy)
and the low-permeable matrix (frequently millidarcy (mD) scale), where
the flow pattern during and after gel placement may be challenging to
determine. Several publications based in experimental work suggest that
placement of formed gel behaves according to established models as long
as the flow capacity of the core material adjacent to the fracture exceeds
that of the very low-permeable polymer gel (Liang et al., 1993; R.S.
Seright, 2003a; R. S. Seright and Martin, 1993). Rock properties were not
observed to influence the gel tolerance for pressure during chase-floods,
estimated by measuring the rupture pressure (Bratteks et al., 2015).
Basic flow equations(e.g. the Darcy equation), however, dictate that fluid
flow through rock matrix is highly dependent on rock properties and,
thus, the core material, where the water flow rate is controlled by matrix
permeability, saturation functions (relative permeability and capillary
pressure) and injection pressure. Thus; rock properties will influence
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flow patterns during chase-floods even though they are not expected to
influence the polymer gel placed in the fracture. We propose that the
fluid flow pattern through fractured cores with very low permeability is
affected by the flow capacity of the matrix (essentially controlled by the
relative permeability to water in these experiments) compared to the
fracture conductivity to water. Experiments were performed to investi-
gate the effects of low-salinity flooding on gel blocking capacity and oil
recovery in fractured chalk and limestone cores of low matrix perme-
ability. Our current work examines gel effectiveness for diversion in
fractured cores (1) with and without oil present, (2) in sandstone, chalk,
and limestone cores with a range of permeability, and (3) using high-and
low-salinity chase waters. PET experiments were useful for visualizing
important mechanisms of diversion associated with the gel.

2. Experimental methods and materials

An overview of the experiments and core properties are provided in
Table 1. Cylindrical core plugs were drilled out from larger blocks of
Rgrdal chalk (Ekdale and Bromley, 1993) or Edwards limestone (Tie,
2006). Core 3 was sawed out from a large chalk block to facilitate a
longer fracture, and was rectangular. Absolute permeability is in the
range of 1-10mD for Re¢rdal chalk (frequently in the range of 3-6mD,
¢ = 42-46%), and 3-28mD for the Edwards limestone (¢ = 16-26%). The
chalk core material is expected to be homogeneous, while the limestone
was shown to have a trimodal pore size distribution, exhibiting both
microscopic pores and macroscopic vugs (Riskedal et al., 2008). A Ben-
theimer sandstone core plug (Klein and Reuschle, 2003) was used in this
work for comparison purposes. All core materials were outcrops, and
expected to be strongly water-wet (Viksund et al., 1998). Longitudinal
fractures through the cores were created using a band saw. The cores
were re-assembled with a POM (Polyoxymethylene) spacer between the
matrix halves to keep the fracture open and maintain a constant fracture
aperture of 1 mm. The outer core circumferences were covered in epoxy
resin to prevent flow. Specially designed end pieces with three flow
ports-one for the fracture and one for each matrix half-was used for all
core outlets. This allowed separate measurements of matrix and fracture
production. The fracture surfaces were left open to flow in all experi-
ments. Two different core setups were used, shown in Fig. 1: For cores
1-6 (Fig. 1, Left), POM end pieces were glued to the core inlets, which
facilitated a common inlet for the fracture and two matrix core halves.
For Core 7 (Fig. 1, Right), the specially designed end piece with three
flow ports-one for the fracture and one for each matrix half-was also used
for the inlet, to allow chase water injection directly into the matrix. The
flow paths during high- and low-salinity chase-floods were visualized by
PET. The core and experimental setup is schematically represented
in Fig. 1.

2.1. Experimental schedule
The experimental schedule was the same for all cores:
2.1.1. Preparations

1) Saturation under vacuum, either by high-salinity brine (Core 1 only-
4 wt% NaCl, 3.4 wt% MgCl>*6H,0, 0.5 wt% CaCly*2H,0) or mineral
oil (n-Decane).

0.5% HPAM polymer (~5 million Daltons molecular weight) was
mixed in high-salinity brine, 0.0417 wt% (417 ppm) Cr(IIl)-acetate
was added, and the gelant solution was aged at T = 41 °C for 24 h
to form polymer gel. The gel was cooled to ambient conditions before
injection. Because the gel was pre-formed, it is contained to the lon-
gitudinal fracture during injection (R.S. Seright, 2001). Leakoff water
may leave the gel and progress through the matrix.

2

—

2.1.2. Core flooding schedule
Inlet pressures were measured in all experiments, during the core
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Table 1
Overview of core plugs and type of fluid used during chase-floods.
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Core ID Length [em] Diameter [cm] Rupture pressure [kPa/cm] Chase-flood Saturation (at chase-flood start)
Core 1 Chalk 6.04 5.07 7.5 High-salinity water 100% water
Core 2 Chalk 8.63 3.79 8.8 High-salinity water Residual oil
Core 3 Chalk 19.80 2.42° 26 High-salinity and low-salinity water Residual oil
Core 4 Sandstone 6.94 5.15 5.0 Low-salinity water Residual oil
Core 5 Limestone 14.74 4.89 4.5 Low-salinity water Residual oil
Core 6 Chalk 8.62 3.79 9.0 Low-salinity water Residual oil
Core 7 Limestone 7.56 4.96 4.4 High-salinity and low-salinity water Residual oil

? Core 3 was rectangular.

Water inj.
pump

P,

Water inj.
pump

Gel/water
exchange valve

Matrix prodl

Matrix prod.

Fig. 1. Setups used in the experiments. Left: Experimental setup used during preflush, gel placement and chase waterflooding of cores 1 to 6. All fluids were injected into one common
inlet. Right: Experimental setup for Core 7, placed in a small-animal PET-CT scanner during high-salinity and low-salinity chase waterfloods.

flood schedule. In Core 1-6, matrix pressures were also measured, and
fluid production was measured for each matrix half and the fracture
separately. In Core 7, fluid flow paths were qualitatively investigated
using a PET-CT scanner. The schedule for core flooding was:

3) Injection of saturation fluid. Water (for Core 1) or oil (for Cores 2-7)
was injected to measure the average flow capacity of the fractured
core plugs. Matrix conductivity was measured by fluid injection into
the matrix at several flow rates, keeping the fracture outlet closed,
and confirmed that the core permeability was in accordance with
references values. When both matrix and fracture outlets were open,
virtually all fluid flow occurred through the fracture. Several flow
rates were used to confirm this and verify fracture conductivity. (Due
to the fixed fracture aperture, fracture conductivity was assumed to
be the same for all core plugs, and calculated using the cubic law of
Witherspoon et al. (1980)).

Polymer gel injection at a constant rate of 200 mL/h for 4 h. This gel
volume (800 cm3] corresponds to several pore volumes for each core.
Formed gel propagated through the fracture without entering into the
matrix. Water leaked off into the matrix halves due to gel dehydration
and was measured volumetrically versus time through the matrix
production outlets. Initially, oil was displaced from the matrix and
produced through the matrix production outlets. Some oil was also
displaced through the fracture and accumulated in the produced gel;
this oil was not quantifiable. Oil production through the matrix pro-
duction outlets ceased in Cores 2 to 7 within 2 h of gel injection. At
this point, the matrix oil saturation was below 40%, i.e. more than

4

~
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60% of the oil originally in place (OOIP) was produced through the
matrix production outlets. For the given core materials at strongly
water-wet conditions, this corresponds to the residual oil saturation
(Viksund et al., 1998). Viscosity measurements of the matrix effluent
confirmed that water alone was produced from the matrix after this
time.

Chase-flooding by high-salinity brine (4 wt% NaCl, 3.4 wt%
MgCl>*6H20, 0.5 wt% CaClo*2H20) and/or low-salinity water
(distilled water). Water flow rates varied between experiments during
high-salinity waterflooding; the flow rate was initially low at 6 mL/h
to accurately measure the gel rupture pressure. After rupture, the flow
rate was stepwise increased to test the gel blocking efficiency. Low-
salinity waterflooding was performed using a continuous low flow
rate of 6 mL/h. A low flow rate was necessary during PET imaging, for
controlled investigation of the changing flow pattern during low-
salinity waterflooding, and was used in all cores to render the result
comparable.

5)

3. Results and discussion
3.1. Baseline study: high-salinity chase-flood

To discuss low-salinity chase-floods, a baseline must first be estab-
lished that describe gel blocking ability during high-salinity chase-floods.
In Core 1 (fully water saturated) and Core 2 (initially fully oil saturated),
the chase water salinity was equal to that of the gel solvent. Fig. 2 shows
experimental measurements of injection pressure, matrix pressures and
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matrix/fracture fluid production during pre-flood, gel placement and
water chase-flood into the two fractured chalk core plugs. Due to the core
setup (Fig. 1, Left), all fluids were injected into a common inlet for the
fracture and matrix core halves. Pre-floods were performed using the
saturating fluid-water for Core 1 and oil for Core 2. The open fracture has
a permeability in the range of 8.4*10”D (calculated using the law of
Witherspoon et al. (1980)). All fluids flowed through the fracture during
pre-floods, and no pressure buildup was detected in the matrix. Polymer
gel was injected to reduce fracture conductivity. The specially-designed
end piece at the outlet accommodated measurement of matrix and frac-
ture production separately. Gel was only produced through the fracture
outlet in both cores. In Core 1, water only was produced through the
matrix outlets during gel injection. In Core 2, oil was produced through
the matrix for approximately 2 h, during which the oil saturation was
reduced to the residual oil saturation. Water was produced alongside oil
after breakthrough, and alone for the last 2 h of gel injection. Chase
waterfloods were performed, using high-salinity water. The gel remained
intact in the fracture during low rate waterflooding of Core 1, and all
injected fluids were produced through the matrix outlets (Fig. 2, Top). In
Core 2, with residual oil present, fluid production from the matrix was
initially low, and only 30% of the total fluid production was from the
matrix. Gel rupture occurred at a low injection rate of 6 mL/h in Core 2
(gel rupture is characterized by a sudden drop in pressure corresponding
with increased fluid production from the fracture outlet), after which
fluid production from the matrix quickly decreased to 5% of the total

- Inlet pressure

s CH1 pressure
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production. In Core 1, gel rupture was forced by increasing the injection
rate in several steps. After gel rupture, matrix production quickly
decreased to 10% of the total flow rate, twice as high as the Core 2 matrix
production. The low matrix production rate from Core 2 was caused by
the low relative permeability to water in the matrix; thus, an elevated
pressure gradient is required for matrix flow compared to Core 1.

3.2. Low-salinity chase-flood

Low-salinity waterflooding provides a possibility to increase the gel
strength and improve fracture blocking efficiency during chase-floods
(Brattekas et al., 2016). In this work, low-salinity waterflooding was
performed in fractured, low-permeable carbonate cores, after gel place-
ment and, in some cores, following a high-salinity waterflood. Chalk Core
3 was used to test the potential for low-salinity flooding in fractured
chalk. Core 3 was initially oil saturated; during gel placement, leakoff
water flooded into the matrix to displaced oil, and the oil saturation was
reduced to the residual oil saturation. Fig. 3 illustrates high-salinity
waterflooding with following low-salinity waterflooding into Core 3,
and the results are compared to Core 2 (high-salinity waterflooding
only). The waterfloods were both performed using low injection rates of
6 mL/h. Because the duration of the two experiments varied
significantly-from 2 h of high-salinity waterflooding into Core 2, to 119 h
of high-salinity and low-salinity waterflooding into Core 3. Time (x-axis
in Fig. 3) was normalized with respect to the total duration of

» CH2 pressure

- Inj.rate o prod.rate CH1 * Prod.rate CH2
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70 oo etegnn LN |
— 60 A 100
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Fig. 2. Preflush, gel placement and high-salinity water chase-flooding into Top: a fully water saturated chalk core (Core 1). The gel did not rupture during waterflooding at low rates, and
the matrix flow rate remained high. Bottom: a chalk core with a residual oil saturation (Core 2) and thus decreased water relative permeability. Matrix production swiftly decreased to
below 10% of the total flow rate, and water was forced to flow through the fracture. No clear rupture pressure was achieved during waterflooding. The term “CH” is an abbreviation for

“Core Half”.
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Fig. 3. Water chase-flooding of chalk cores with oil present: high-salinity (Core 2) compared to low-salinity (Core 3) waterflooding. The injection pressure and matrix production rate

increase during low-salinity waterflooding, indicating improved gel blocking.

waterflooding for both cores. The pressure trends during high-salinity
flooding were comparable in both cores. The gel blocking efficiency
during high-salinity waterflooding of Core 2 and Core 3 quickly
decreased, as measured by the injection pressure and separate water
production from the matrix and fracture outlets. The rupture pressures
were immediately reached during high-salinity water injection, after
which injection pressures swiftly decreased and stabilized at lower levels.
Although the pressure trends were fairly stable after gel rupture, the gel
blocking efficiency continued to decrease with water throughput-this is
expected behavior caused by erosion of the gel (Brattekas et al., 2015).
Water flow through the matrix production outlets constituted 5% of the
total production after 2 h of waterflooding for Core 2 and 3% after 22 h
for Core 3. The low matrix production indicates that the relative
permeability of water in the matrix yields a lower flow capacity than that
in the partially gel-filled fracture. Low-salinity waterflooding was initi-
ated in Core 3 at this time (normalized time t = 0.32, marked by a grey
line in Fig. 3). The injection pressure did not immediately respond to the
salinity change, and an induction period of 22.7 h was observed before
the pressure started increasing. Although changes in pressure were not
observed, fluid production from the matrix increased by 5% during the
first 2.5 h of low-salinity waterflooding, and 8% of injected fluids were
produced through the matrix. This indicates a change towards improved
gel blocking, where a higher fraction of injected water is diverted into the
matrix. When low-salinity waterflooding progressed for 54 h (corre-
sponding to normalized time 0.56), the pressure increased to, and sta-
bilized at, a level almost twice as high as the initial rupture pressure.
Increased matrix production was also measured, at 12%, from 69.5 to
72 h of low-salinity waterflooding (corresponding to normalized time
0.67-0.69), and 35% during late-stage waterflooding (95-97 h of
low-salinity injection, at normalized time 0.98-1). The increase in
pressure and matrix production is caused by improved gel fracture
blocking during low-salinity waterfloods. Water diversion was improved
with water throughput, which is opposite to how gel behaves during
high-salinity waterfloods.

When fluid production from the matrix increased, an unexpected ef-
fect of low-salinity waterflooding was observed, and oil was produced
from the matrix and fracture outlets. A slow production of oil continued
throughout the entire stable pressure period (from t = 54 h of low-
salinity water injection), totaling 3.4% of the oil originally in place
(OOIP). The rock used in this study was expected to be strongly water-
wet, and enhanced oil recovery owing to a change in wettability
(Morrow and Buckley, 2011) is therefore not likely. It is, however, likely
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that oil production was observed in Core 3 due to the core shape. Core 3
was rectangular and longer than the other cores, and the pressure
gradient during oil displacement by leakoff water points from the frac-
ture (where the gel is) into the matrix. The displacement of oil from the
matrix occurs until water established a continuous path between the
fracture and outlet location. At this point, oil may be trapped behind the
water front, e.g. in the corners of Core 3. During waterflooding, the di-
rection of the pressure changes, and points from the inlet towards the
outlet. Improved sweep by low-salinity waterflooding may therefore
recover previously trapped oil, by establishing new flow paths in the
matrix. Production of oil was not observed during low-salinity floods in
the remaining cores.

3.3. Effect of core material

Low-salinity chase-floods were tested in three different, fractured
core materials: sandstone (Core 4), limestone (Core 5) and chalk (Core 6).
High-salinity water was first injected to rupture the gel, after which the
water was changed to low-salinity water and the cores flooded at a low
rate of 6 mL/h for a prolonged period of time. The results from low-
salinity flooding are shown in Fig. 4. The duration of low-salinity
waterflooding was 234 h for Core 4, 1023 h for Core 5 and 49 h for
Core 6; the x-axis of Fig. 4 was normalized with respect to the low salinity
flooding time for each core plug, for improved comparison of the data.
Fig. 4 (Left) shows the measured injection pressure for each core plug:
the injection pressure swiftly increased in each of the core plugs when
low-salinity waterflooding was initiated, which suggests improved frac-
ture blocking by gel. The measured injection pressures were different
during early stage low-salinity waterflooding, however; after significant
throughput of low-salinity water, similar pressure values were observed
for all three cores (marked “Region 17 in the figure). The permeability
ratio between the three core plugs may be as high as 1000 (between
sandstone and chalk), and the pore size variation is equivalently large.
Similar injection pressures for the three vastly different core materials
therefore indicate that the pressure is largely controlled by the gel in
these experiments. Specifically, gel residing in the inlet end pieces
represent a flow barrier for fluids to enter the matrix. The volume and
strength of this gel barrier is comparable for all experiments, due to the
use of duplicated end pieces.

Fig. 4 (Right) shows the measured matrix pressures and matrix pro-
duction for the three core plugs during low-salinity waterflooding. Matrix
production (second y-axis) is given as a fraction of the injected rate. As
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Fig. 4. Left: Injection pressure during low-salinity chase waterflooding of fractured sandstone (Core 4), limestone (Core 5) and chalk (Core 6) core plugs. The inlet pressures varied
initially, but collapsed onto the same constant value after significant low-salinity flooding (shown by Region 1). Right: The matrix pressures within the core materials varied significantly,
with a lower pressure required to flood sandstone compared to limestone and chalk (see Region 2). The limestone and sandstone fractures were completely blocked by gel during low-

salinity flooding, while 60% of water flowed through the fracture in the chalk core plug.

expected, the high-permeable sandstone required a lower matrix pres-
sure than the lower-permeability carbonate cores to conduct fluid flow
(see “Region 27 in the figure). Further, the fractures through the sand-
stone and limestone core plugs were completely blocked by gel during
low-salinity waterflooding, and all fluids were diverted into and pro-
duced through the matrix. In the chalk Core 6, however, 40% of the fluids
were produced through the matrix outlets. The remaining 60% of
injected fluids were produced through the fracture outlet. This obser-
vation, corroborated by the low matrix production flux observed in Core
2 and Core 3, identified an important point; although the gel behaves
according to established models, and presumably fills the entire fracture
volume during low-salinity floods (when the injection pressure surpasses
the originally measured rupture pressure), a low flow capacity in the
matrix may cause the gel fracture blocking to be less efficient than ex-
pected. The high levels of matrix production observed by Brattekas et al.
(2015), where the fractures were completely blocked by gel in most ex-
periments, were not reproduced using low-permeable chalk with residual
oil present. The efficiency of the gel to block fractures during waterfloods
is thus not only dependent on the gel itself, but strongly dependent on the
core material through which the waterflood is taking place.

3.4. Key Observations

Elevated pressure levels were noted during low-salinity flooding
compared to high-salinity waterflooding, e.g. shown in Figs. 3 and 4. The
following key observations give important implications for further
experimental work:

3.4.1. Key observation 1

Similar high pressure values were observed during low-salinity flooding of
vastly different core materials, suggesting that the pressure behavior observed
was controlled by the gel. The experimental setup, shown in Fig. 1 (Left),
forced all injected fluids into one common inlet for both the matrix halves
and the fracture. Thus, injected water must pass through a barrier of gel
to reach and flood the matrix during chase-floods. The thickness of the
gel barrier determines the pressure drop necessary to pass through it and
is given by the volume of gel present in the end pieces. This gel volume
was similar in all experiments. The injection pressures measured for
Cores 1-6 were therefore controlled by the gel during low-salinity floods.
Steps were taken to avoid this effect suring subsequent experiments.
Specially designed end pieces, featuring three inlets (one for each matrix
half and one for the fracture), were made for use on Core 7.

3.4.2. Key observation 2
Low-salinity waterflooding improves the gel blocking efficiency in all core
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materials compared to high-salinity waterfloods. In sandstone and limestone
core plugs, all injected fluids were produced through the matrix, and
fracture flow was completely inhibited by polymer gel. In chalk with
residual oil present, water diversion was significantly improved; the
amount of water produced through the matrix increased from a low level
of <5% up to 40% during low-salinity waterfloods.

3.4.3. Key observation 3

Water diversion improves with water throughput during low-salinity wa-
terfloods. Gel erosion occurs when high-salinity water pass through a
ruptured gel network, and gradually opens the fracture to flow, i.e. the
gel treatment becomes less efficient with water throughput. In low-
salinity waterfloods, although water partly passes through the gel-filled
fracture, the opposite effect is observed. Matrix production increases
with water throughput, although a portion of the injected water passes
through the gel. The mechanism behind improved gel blocking is
currently being investigated experimentally, and will offer insight to gel
erosion and counteractions during low-salinity chase-floods.

3.4.4. Key observation 4

The improved gel blocking effect during low-salinity waterflooding was not
sufficient to completely inhibit fracture flow in chalk with residual oil present.
In fully water saturated chalk (Core 1), high-salinity water was diverted
into the matrix before gel rupture. Presence of oil increases the resistance
to brine flow in the chalk matrix. The low relative permeability to water
(krv) may be comparable to the very low permeability of gel (=1mD) for
some cores, thus the matrix does not necessarily provide the pathway of
least resistance for the injected water. It is also possible that water passes
through the matrix for some distance, and then channel into the gel-filled
fracture to be produced through the fracture outlet. Hence, sweep effi-
ciency is improved by the gel-in-place, but the experimental boundary
conditions do not allow this to be distinguished in the experiments. This
scenario was previously observed using CT: injected chase water trav-
elled through the matrix for some distance to displace oil, before it
entered the gel-filled fracture and was produced through the fracture
outlet(Brattekas et al., 2013). Fracture channeling with gel-in-place was
in that case explained by the strongly oil-wet preference of the matrix,
promoting resistance to water flow at high oil saturations. The pressure
available for flow decreases with distance from the inlet, and at some
core length the water preferred to flow through the remaining gel-filled
fracture to the outlet.

3.5. PET experiments

To avoid the additional pressure drop in the system, caused by a gel
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barrier between the injected water and the matrix, specially designed end
pieces were used for Core 7. The inlet end piece was separated into two
matrix injectors and one fracture injector, shown in Fig. 1 (Right). Thus,
gel was injected into the fracture only, and the matrix end faces were
isolated from gel during placement. Positron emission tomography (PET)
was used to distinguish the flow paths during waterflooding. To further
discuss the effects of low-salinity waterfloods on gel blocking capacity,
improved sweep efficiency during waterfloods must be determined for all
core lengths, not just close to the outlet (i.e. as determined by material
balance from matrix and fracture outlets, respectively).

Gel was injected into a fractured limestone core (Core 7) placed in a
small-animal PET-CT scanner. Special end pieces ensured injection of gel
into the fracture only, and separate injection of water into the fracture
and matrix halves during chase-floods. Water was traced with radioactive
pharmaceutical ®F-FDG during high-salinity and following low-salinity
chase-floods. PET was used to investigate gel rupture and wormhole
formation in a gel-filled fracture during high-salinity waterflooding. The
matrix inlets were closed during most of the high-salinity flooding, to
accurately test the properties of gel placed in a fracture. Water flow paths
(wormholes) through the gel and their evolution during high-salinity
flooding can be seen in Fig. 5 and is further elaborated by Brattekas
et al. (2016): Gel rupture occurred quickly during high-salinity water-
flooding, and one major fluid flow path for water was established at the
top of the fracture. By increasing the injection rate, several wormholes
were added to the flow path, stretching between the inlet and outlet. The
wormhole volume was estimated, and shown to increase with water
throughput: after significant waterflooding, wormholes covered 34% of
the fracture volume, due to gel erosion. The wormhole width varied
significantly within the fracture volume, and directly measured worm-
hole width by PET was higher than calculated values based on global
measurements of pressure and rate. The gel blocking efficiency, reflected
by the pressure response during chase-flooding, was high even though
wormbholes covered a significant part of the fracture: this indicates that
gel blocking is controlled by small constrictions (choke points) in the
wormbholes. This finding also has implications for the mechanism behind
improved gel blocking during low-salinity chase waterfloods. The matrix
injection ports were opened after significant high-salinity water
throughput, during constant rate flooding at 6 ml/h, indicated in Fig. 5
(Bottom, Right). Water did not enter into the open matrix during late

Top of fracture

6ML/N. V,omhole=11%

rmhole

t = Immediately after gel rupture

Increasing rate

60ML/h. V. ormpoie=22%
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stage high-salinity waterflooding, visible by PET, and fluid flow occurred
through the fracture only.

After 24 h of high-salinity waterflooding, without pressure buildup or
matrix production, the brine phase was switched to low-salinity water
and the waterflood continued. Low-salinity water was injected for 24 h,
during which the first 11 h were imaged using PET. Due to the short half-
life of ®F-FDG (3 s2 = 109 min), new 186 FDG was produced at a local
cyclotron and added to the water phase several times during low-salinity
waterflooding. This was necessary to render a radioactive signal high
enough to be detected by the PET-scanner. Direct quantification of water
saturation development in the matrix and fracture is therefore chal-
lenging, but qualitative changes in saturation could be visualized directly
by the PET-signal. Fig. 6 shows the development in water saturation
during the first 2 h of low-salinity flooding. The core plug and attached
fittings (the greyscale image in Fig. 6) is visible by CT, and was used to
localize the position of the radioactive PET signal. Water marked by '®F-
FDG is visible in blue color on top of the CT image. Water flowed through
wormbholes in the gel-filled fracture during high-salinity flooding, and
Fig. 6 (Left) shows that the low-salinity water also initially passed
through the fracture. One hour into low-salinity waterflooding, Fig. 6
(Middle), water had entered into and flooded the matrix at the inlet end
of the core. After 2 h of low-salinity waterflooding, Fig. 6 (Right),
approximately 30% of the matrix was flooded by low-salinity water. 0.4
pore volumes (PV), i.e. low-salinity water corresponding to 40% of the
matrix volume, were injected at this time, suggesting some flow of water
through the fracture. Pressure measurements are presented in Fig. 7: no
significant increase in pressure was seen during the first 2 h of low-
salinity waterflooding, although significant diversion of water to the
matrix is visible by PET. This can be explained by the isolation of the
matrix during gel placement: in Core 7, contrary to the previous exper-
iments, there is no barrier of low-permeable gel in the inlet end piece,
blocking the injected water from flowing into the matrix. Water can
therefore pass into the matrix, where its resistance to flow is given by k.

Fig. 8 illustrates the water saturation development in Core 7 during
the subsequent 8 h of low-salinity waterflooding. At t = 3.3 h, low
salinity water has flooded 68% of the core, visible by the blue line in
Fig. 8 (Top, Left), which suggests a completely blocked fracture and fluid
flow through the matrix only. Note that the injection pressure (Fig. 7) had
not increased significantly at this time. At 5.3 h Fig. 8 (Top, Middle),

v

300mL/h. Vyormpoe=27%

Matrix injection ports open

Decreasing rate

60mL/h. V =27 6mL/h. V,,

wormhole

vormhole

v

6mL/h. Vv, =34%

=24% B
t = after significant water throughput

vormhole

Fig. 5. High-salinity waterflooding of a gel-filled fracture, using radioactive tracer '®F-FDG in the water phase. The colored signal is water passing through gel at different flow rates. Gel
rupture occurred (first image) and water passed through the fracture in several non-uniform wormholes. The wormholes expanded with increasing flow rates and water throughput.

Figure modified from(Brattekis et al., 2017).
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t=2h(0.4PV)

Radioactive water inject

Fig. 6. PET-CT scans for the first 2 h of low-salinity waterflooding. The image to the left shows the initial distribution of fluids. The blue colors is the PET-signal from the radioactive water-
phase, initially only present in the fracture. The white and greyscale colors are the CT signal representing the rock core and fittings connected to the end pieces. The core was horizontally
aligned during core floods, however; water injection appears upwards in these images. One hour into low-salinity waterflooding (middle image), water has started to enter into the matrix.
The blue lines at t = 1 h and t = 2 h indicate the water front position in the matrix, and was added manually to improve visualization.
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Fig. 7. Pressure development with time during high-salinity and low-salinity water-
flooding of Core 6. Note the rupture pressure, denoted close to the y-axis, which is
significantly higher than the pressure attained during low-salinity flooding.

water was observed to enter into the core from the outlet end: this is
associated with a leak between the matrix and fracture production outlets
during gel placement, thus gel was present in the matrix production
tubings. The fracture outlet was filled by water due to significant water
throughput, and fluids from all three outlets were produced here. As the
gel in the fracture becomes stronger due to low-salinity waterflooding,
the gel present in the outlet end piece will also experience improved
blocking capacity. After being subjected to low-salinity waterflooding for
5.3 h, this gel blocked flow between the matrix and fracture outlet:
matrix water was therefore produced into the partially gel-filled matrix
production tubings, and an elevated pressure was required to displace gel
from the tubing, observed as small-scale disturbances in the differential
pressure (Fig. 7). Water was forced into the matrix at the outlet side
during pressure buildup, before gel was fully displaced from the pro-
duction tubings after 7 h of low-salinity waterflooding. The water front
did not move further into the matrix from the inlet side during this time
period. From 7 to 11 h the low-salinity water saturation continued to
increase in the core, and most of the core volume was flooded by low-
salinity water when PET-imaging was stopped due to a low radioactive
signal. The pressure was approximately 3 kPa at this time, corresponding
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to 10% of the rupture pressure. This shows that improved gel blocking
and diversion of fluids into the matrix can be obtained at pressure values
several factors lower than the rupture pressure. Low-salinity flooding of
the core continued without imaging. From 13 to 19 h of low-salinity
waterflooding, the pressure fluctuated around 5 kPa (one sixth of the
initially measured rupture pressure), and the pressure trend was stable.
During the last 5 h of waterflooding, the injection pressure increased to
10 kPa, one third of the rupture pressure. Pressure fluctuations were
observed when water was diverted into the matrix. This may be caused
by an unstable displacement, where some of the water passes through
gel-filled or partially gel-filled fracture segments. Parts of the gel network
may rupture and be repaired again during low-salinity flooding, causing
changing flow patterns through the core.

3.5.1. Wormholes

During high-salinity waterflooding, the wormholes in the fracture
were clearly distinguishable and quantifiable by PET. During long-term
low-salinity waterflooding the wormholes gradually became visually
indistinct, and widespread in the fracture (Fig. 8). The average wormhole
width can be calculated from pressure measurements using Poiseuille's
law (Brattekas et al., 2017), and is shown in Fig. 9. The calculated
average wormhole width from pressure measurements, suggests a
decreasing wormhole size to 1% of the original size. Calculated worm-
hole values do not represent the real spread of the wormholes in a frac-
ture (Brattekéas et al., 2016). However; a reduced calculated wormhole
width indicates that a decreased radioactive signal in the fracture should
be expected. It remains unclear whether the indistinct wormholes,
visualized by PET, were descriptive of the gel behavior during flooding,
and we suspect that diffusion of radioactive water into the gel may have
occurred during long-term waterflooding. Very few references on diffu-
sion in PET-experiments are found in the literature, and diffusion will be
further investigated and quantified in future work. A radioactive phar-
maceutical with a longer half-life may be used, to closely monitor and
define the mechanism behind improved fracture blocking during
low-salinity flooding.

3.6. Implications for use of low-salinity chase-floods to improve gel
treatments

Brattekds et al. (2016) reported for the first time significant
improvement in gel blocking ability during low salinity waterflooding of
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Fig. 8. PET-CT scans for the subsequent 8 h of low-salinity waterflooding. The end piece and fittings are removed from the images, and only the matrix halves and fracture is visible. The
water front moved further into the matrix with time, indicating a blocked or partially blocked fracture.
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Fig. 9. Calculated wormhole size based on pressure measurements during high-salinity
and low-salinity waterflooding.

fractured cores, caused by salinity differences between the gel solvent
and injected water phase, and stated: “We believe that, during field op-
erations with proper zone isolation, pressure gradients during
chase-flooding will be controlled mainly by the matrix flow capacity and
not dictated by the gel as observed in these experiments, as long as the
injection pressure is below the gel rupture pressure.“ This has been
confirmed in the Core 7 experiment, where the matrix was isolated from
gel during placement: low-salinity chase-flooding improved the fracture
blocking, and most of the matrix flooded at a pressure a factor ten lower

than the rupture pressure. Integrated EOR (iEOR) with polymer gel
conformance control and low-salinity chase-floods shows promise for
future application. Gel swelling is the most likely cause for improved
blocking. However, it remains unclear whether the gel swells uniformly
to constrict wormholes, or if gel particles dislodge from the filter-cake,
swell and clog in narrow parts of the wormholes. PET imaging was
used to investigate changing wormholes during flow, and was efficient
during high-salinity waterfloods, where the changes occur on a short
time scale (minutes to hours). During low-salinity waterfloods (hours to
days), the experimental setup must be altered and the challenge of
diffusion resolved to accurately determine the mechanism behind
improved blocking. Current work involves the use of several in-situ im-
aging methods for this purpose.

4. Conclusions

¢ Gel blocking ability during chase waterfloods depends on the salinity
of the chase water.

- Chase-flood by water with salinity equal to that of the gel
solvent: the matrix flow rate may be high until the gel ruptures,
after which the fracture blocking efficiency of gel decreases with
water throughput. The high initial pressure response of the gel was
not restored.

- Chase-flood by low-salinity water: gel fracture blocking was
improved when the chase water salinity was reduced with respect to
the gel solvent, and fluids were diverted into the matrix. Gel frac-
ture blocking efficiency increased with low-salinity water
throughput.

e Gel blocking ability during chase waterfloods depends on the core
material through which the waterflood is taking place.



B. Brattekds, R.S. Seright

- Matrix production was, as expected, controlled by the core material
that water must pass through during chase-floods, requiring a
higher pressure to flood low-permeable core material.

- The presence of residual oil influenced the ease with which water
flows through the porous rock. Low-salinity waterfloods did not
completely inhibit fracture flow in chalk with residual oil present.

- Water was diverted into the matrix for all ranges of permeability:
sandstone and low-permeable carbonates

The high pressures measured during low-salinity waterfloods through

one common inlet (in some cases higher than the rupture pressure)

were controlled by the gel volume present in the inlet end pieces.

Changing the experimental boundary conditions, by separating ma-

trix and fracture injection points, showed that low-salinity water may

enter and flood the matrix at pressures significantly lower than the
rupture pressure. Imaging by PET showed improved gel blocking and
fluid diversion into the matrix without an increase in pressure, and

most of the matrix was flooded by low-salinity water at a pressure a

factor ten lower than the rupture pressure.
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