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A B S T R A C T

This paper presents an application of 3-pentanone, a symmetric dialkyl ketone, to enhance the water imbibition
in coreflooding of fractured carbonate cores. 3-Pentanone was tested in two ways: 1.1- wt% 3-pentanone so-
lution in reservoir brine (3pRB) and pure 3-pentanone (3p) as a miscible solvent. It was presented previously that
3p is a mutual solvent for oil and water, and can rapidly change the rock wettability to strongly water-wet with
its electron-rich oxygen atom through the oil and water phases. The main objective of this research is to in-
vestigate how the initial water saturation (Swi) in the matrix affects the imbibition of 3pRB or 3p from the
fracture and the resulting recovery of oil from the matrix.

The experimental results were analyzed in terms of material balance (mass and volume) with simplifying
assumptions. This analysis enabled to estimate how much of the injected components were imbibed into the
surrounding matrices from the fracture and the relative contribution of the injected components to displacing oil
in the matrix. Results for the 3pRB and 3p injections indicate collectively that 3-pentanone was more effective in
enhancing oil recovery when an aqueous phase was initially present in the matrix.

1. Introduction

Hydraulic fracturing made possible the recovery of oil from shales at
economically feasible production rates. However, the petrophysical
properties of shales, such as ultra-low permeability, heterogeneous
mineralogy, and high total organic content (TOC), result in recovery
factors typically below 10% [1,2]. The presence of organic matter and
the high content of calcite and dolomite tend to cause the shales to be
oil-wet or mixed-wet.

Surfactant solutions have been proposed to facilitate the imbibition
of water into the shale matrix and thus enhance oil production [3–6].
The recovery mechanisms of surfactants are the rock-wettability change
toward a more water-wet state and the reduction of interfacial tension
(IFT) between the aqueous and oleic phases [7–16].

Cationic, anionic and non-ionic surfactants have been investigated
to evaluate their performance in shales. For example, Alvarez et al.
tested anionic and non-ionic surfactants on carbonate and siliceous
shales to modify the wettability from oil-wet to water-wet [10]. They
found that the anionic surfactant was a better wettability modifier than
the non-ionic surfactant. Liu et al. showed that anionic surfactants al-
tered the wettability of siliceous shales, while non-ionic surfactants did
not affect the wettability [14]. Alvarez et al. and Alvarez and Schechter
have pointed out that IFT should not be decreased to ultralow values

(10−3 mN/m) during the application of surfactants in shales [4,6] be-
cause the enhancement of water imbibition does not require ultra-low
IFT. This is different from the conventional application of surfactant
solutions for tertiary oil recovery, in which ultra-low IFT is required for
coalescence of oil droplets during the displacement of oil by an opti-
mized surfactant formulation [16]. Kathel and Mohanty found that
surfactant imbibition rate and oil recovery were lower with lower IFT in
experiments with tight sandstones [9]. In fractured carbonates, Adib-
hatla and Mohanty observed that oil-recovery rate diminished with
decreasing IFT for surfactant solutions that changed wettability toward
a water-wet state [15]. These results indicate that the expected me-
chanism of surfactant solution for enhancing the water imbibition into
the matrix might not be optimized with ultra-low IFT.

Recently, Wang et al. [17] investigated the application of 3-penta-
none as an additive to reservoir brine (RB) that enhances oil recovery
from oil-wet or mixed-wet cores. 3-Pentanone is a symmetric dialkyl
ketone that partitions into oil and water at reservoir conditions. It is a
colorless liquid at standard conditions, widely used in the food industry,
non-toxic and available at low-cost. 3-Pentanone was tested as a novel
chemical that works as a wettability modifier without changing the
water/oil IFT and also as a miscible solvent to oil at reservoir condi-
tions. Spontaneous and forced imbibition experiments were performed
with oil-wet limestone cores and RB and 3pRB. Their results indicated
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that 3-pentanone improves oil recovery by wettability alteration, and
also by oil swelling and viscosity reduction, as a consequence of the
miscibility of 3-pentanone with oil.

Wang et al. [18] compared the performance of 3-pentanone and a
non-ionic surfactant as additives to RB to enhance the water imbibition
from a fracture into the surrounding matrices. Coreflooding experi-
ments in fractured cores showed that 3pRB recovered oil more rapidly
than the surfactant solution by spontaneous imbibition. They confirmed
3pRB did not change the original water/oil IFT, which favorably in-
creased the capillary force to accelerate the water imbibition by wett-
ability alteration.

Overall, Wang et al. showed that 3-pentanone is a promising che-
mical to recover oil from oil-wet fractured formations, such as shales
and tight carbonates [17,18]. However, it is unknown how Swi would
affect the performance of 3-pentanone or 3pRB. Water saturations in
shale plays can be high after their primary depletion; e.g., the water-cut
was reported to be 90% in part of the Permian basin [19].

It is extensively investigated for conventional reservoirs that initial
water saturation (Swi) influences the spontaneous imbibition rate and
oil recovery [20–25]. However, the results from these investigations are
not consistent regarding how Swi affects the performance of water im-
bibition. Viksund et al. observed that the final oil recovery factor in
Berea sandstones by spontaneous water imbibition was little affected by
the initial water saturation in the range from 0 to 30%. Imbibition rate
decreased as Swi increased in the range of 0 to 6%, and then it increased
as Swi increased from 15 to 34%. For chalk cores, Viksund et al. found a
greater variation in oil recovery. For Rørdal chalks, the oil recovery
decreased from 67 to 30% as the Swi increased from 7.5% to 51%. The
imbibition rate first increased with the augmentation of Swi up to 34%,
and then it slightly decreased [20]. By countercurrent spontaneous
imbibition experiments in Berea sandstones, Cil et al. found that the
initial water saturation in the range of 0 to 20% did not affect the oil
recovery significantly. Above 20% of Swi, the oil recovery increased
[21].

Zhou et al. investigated the relationship among rock wettability, Swi,
aging time, and oil recovery during spontaneous imbibition and wa-
terflooding on Berea sandstone. They found that the imbibition rate and
final oil recovery decreased as the initial water saturation decreased (as
a consequence of larger aging time and less water wetness) [22]. Akin
et al. performed imbibition experiments with diatomite cores. Their
results showed that oil recovery decreased as Swi increased (up to 60%).
They also observed that residual oil saturation was not greatly affected
by Swi (recovery was measured in the unit of pore volume) [23].

Tong et al. found no systematic effect of Swi on oil recovery with
Berea sandstones. After scaling to reservoir conditions, they found that
oil recovery was sensitive to Swi. It increased as Swi increased within the
range of 11–28% [24]. Li and Li numerically investigated the effects of
Swi on oil recovery by imbibition. They found that Swi did not affect the
recoverable oil at a reservoir scale. They also observed no change in oil
production rate at the reservoir scale, unlike in core-scale experiments.
They explained that this difference was because the displacement was
forced imbibition at the reservoir scale, whereas it was spontaneous
imbibition at the core scale [25].

There are a limited number of studies for the effects of Swi on water
imbibition in shales [26,27]. Swi has been reported to be 25% for or-
ganic Barnett shale [28], and 20% for Horn River shale [27]. For Otter
Park and Evie gas shales, Ghanbari and Dehghanpour found that Swi

decreased the water imbibition rate, but Swi did not affect the oil im-
bibition rate. They also stated that hydrophobic organic material could
diminish the water imbibition rate [26]. Gao and Hu studied the effects
of Swi and imbibing fluid on the spontaneous imbibition into Barnett
shale cores. Their results showed that Swi affected spontaneous im-
bibition into shales, but the effects depended on mineral composition.
They pointed out that the high heterogeneity of shales made the im-
bibition process complicated and, therefore, each shale type needed a
specific study [27].

The main objective of this research was to study the effects of Swi on
the imbibition of water and 3-pentanone into fractured cores. This
question is important particularly because shale oil reservoirs show
large watercuts. Two injection schemes were considered for water im-
bibition enhancement by 3-pentanone in the presence of Swi. For the
first scheme, 3-pentanone was used as 3pRB to enhance the water im-
bibition with cores #1 (Swi = 0) and #2 (Swi = 0.311). For the second
scheme, 3-pentanone was injected as a pure solvent with cores #3
(Swi = 0) and #4 (Swi = 0.28). These four coreflooding experiments
were analyzed by compositional material balance, which quantitatively
showed the effect of Swi on oil recovery by 3-pentanone, either as 3pRB
or pure 3p.

Section 2 presents the materials and methods for this research.
Section 3 presents the main results of the coreflooding experiments.
Section 4 gives a summary and conclusions from this research.

2. Materials and methods

This section presents the materials and methods for the current
study. Relevant information regarding 3-pentanone was taken from
Wang et al. [17,18]. A complete set of experimental data for 3-penta-
none and its mixtures with oil and reservoir brine (RB) can be found in
their original paper.

2.1. Reservoir fluid properties

A sample of crude oil from an oil reservoir in Texas was used for the
experiments. The experimental temperature is 347 K. Table 1 shows the
pertinent properties of the oil sample for this study. This oil is more
viscous than the oil studied by Wang et al. [17,18]. RB with a salinity of
68722 ppm was prepared based on accessible field data (Table 2). The
density of RB was 1030 kg/m3 at 347 K and atmospheric pressure.

2.2. 3-Pentanone properties

3-Pentanone (purity > 99%) was obtained from Sigma-Aldrich.
The density of 3-pentanone is 760 kg/m3 at 347 K and atmospheric
pressure [29]. Aqueous stability of 3-pentanone in RB, wettability
measurements with calcite surfaces, and oil dilution by 3-pentanone
were reported by Wang et al. [17].

The concentration of 3-pentanone in RB used in this research is
1.1 wt%, which is the solubility limit of 3-pentanone in RB at 347 K.
This aqueous solution is referred to as “3pRB” in this paper. The density
of 3pRB was 1030 kg/m3 at 347 K and atmospheric pressure.

Wang et al. demonstrated that 3-pentanone modifies the wettability
of calcite from oil-wet to water-wet. The average contact angle of oil
droplets on oil-aged calcite surfaces in 3pRB decreased from 95° to 74°
within two hours, and further decreased to 26° after 66 h [17]. None of
the oil droplets was attached on the calcite surface after 3 days. An IFT
experiment showed that 3pRB did not affect the IFT between the crude
oil and RB (approximately 11 mN/m) [17].

Table 1
Properties of the crude oil sample used in this research.

Molecular weight, g/mol 210

Density, kg/m3 878 (at 293 K)
849.6 (at 347 K)

Viscosity, cP 2.6 (at 347 K)
SARA, wt% Saturates 71.6

Aromatics 24.8
Resins 3.0
Asphaltenes (pentane insoluble) < 0.1
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2.3. Experimental procedure for coreflooding

Four Texas cream limestone cores were prepared for coreflooding
experiments. They have a diameter of 0.0254 m and a length of
0.229 m. Cores #1 and #3 were fully saturated with oil, and cores #2
and #4 with RB first and then with oil at 347 K and atmospheric
pressure. The porosities, permeabilities and water and oil saturations
were measured for all cores. Then, the cores were placed in a container
filled with oil for at least one month at 347 K. Since initial water sa-
turation can decrease due to wettability alteration, the cores containing
water (#2 and #4) were flooded again with oil after the aging period.

Fig. 1 shows the system for the fluid saturation of cores at reservoir
temperature. It consists of two containers for oil and RB, a core holder,
a manual pump to adjust the overburden pressure, a pressure gauge, a
differential pressure gauge, fluid collectors, and an oven. For cores #2
and #4, oil was injected into the cores at 100 cm3/hr until no water was
produced.

Before each coreflooding experiment, a fracture was created for
each core with an electrical saw as shown in Fig. 2. Two Teflon strips of
0.001 m in width and 0.229 m in length were placed inside the fracture
to keep an aperture of the fracture. The core halves were put together
with the Teflon strips between them and wrapped with a heat-shrink-
able Teflon tube. This experimental procedure is based on Mejia [30].
Finally, the core was placed horizontally inside the core holder with the
fracture vertically-oriented.

Table 3 provides the properties of the cores and other important
parameters for the design of coreflooding experiments. Cores #1 and
#2 were used for 3pRB injection, and cores #3 and #4 for pure 3p
injection. Note again that cores #1 and # 3 were fully saturated with oil
and cores #2 and #4 contained initial water saturations, 31.1% and
28.0%, respectively.

Fig. 3 presents a schematic of the setup for the coreflooding ex-
periments. It consists of accumulators for crude oil, RB, and 3-penta-
none (3pRB or pure 3p), a pump, a core holder, a hydraulic manual
pump to maintain overburden pressure, a pressure gauge, a differential
pressure gauge, fluid collectors, and an oven.

After placing a fractured core in the core holder, the oven

Table 2
Composition of the reservoir brine (RB) used in this research (68722 ppm). The
density of RB was 1030 kg/m3 at 347 K and atmospheric pressure.

Cations ppm Anions ppm

Na+ 25,170 Cl− 41,756
K+ 210 SO4

2− 108
Ca2+ 1292
Mg2+ 187
Sum 26858.24 Sum 41863.73

Fig. 1. Schematic of the experimental setup for saturation of cores with oil and RB (Section 2.3).

Fig. 2. Artificially fractured Texas cream limestones cores. The diameter is
0.0254 m and the length is 0.229 m. Cores #1 (Swi = 0) and #2 (Swi = 0.311)
were used for coreflooding experiments with 3pRB, and cores #3 (Swi = 0) and
#4 (Swi = 0.28) with 3p. Table 3 shows the properties of the fractured cores.
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temperature was set to reservoir temperature (347 K). Then, oil was
injected to remove any air inside the fracture and tubing. Oil flow rate
was gradually increased from 20 to 1000 cm3/hr. A partially-closed
valve was placed at the outlet of the system to maintain the fracture
space filled out with liquid. This also kept the outlet pressure slightly
higher than the atmospheric pressure. Fracture permeability was mea-
sured using a flow rate of 100 cm3/hr. The overburden pressure was
regulated to make the fracture/matrix permeability ratio within the
range between 63,634 and 33126. This range was calculated from
available data of fracture conductivity, fracture width, and matrix
permeability for shale plays [31–33]. The permeability ratio was set to
be similar to that in shales.

The fracture permeability, kf, was obtained by the method described
by Mejia [30]. The fracture aperture was obtained from the equation for
flow between parallel plates:

= πb (3 dk )e
1
3 (1)

where b is the fracture aperture, d is the core diameter, and ke is the
effective oil permeability of the fractured core from Darcy’s law. The
fracture permeability was then estimated from the fracture aperture by
the following equation:

=k b /12f
2 (2)

Table 3 provides the pressure drops along the cores at 100 cm3/hr,
the overburden pressures, the fracture apertures, the fracture perme-
abilities and the fracture/matrix permeability ratios (permeability
contrasts). The flow capacities of the fracture (kfAf) and the matrix
(kmAm) are also shown in Table 3. Af and Am are cross-sectional areas of
the fracture and matrix. Kf and km are permeabilities of the fracture and
matrix. The flow capacities of the fractures were approximately 240
times greater than those of the matrix.

Table 3
Properties of the cores used for coreflooding experiments. Cores #1 and #2 were used for a slug injection of 1.1 wt% 3-pentanone solution in RB (3pRB). Cores #3
and #4 were used for the injection of pure 3-pentanone as a slug.

Core #1 Core #2 Core #3 Core #4

Matrix porosity 0.274 0.280 0.286 0.280
Matrix permeability, mD 19.9 17.8 31.6 17.8
Matrix water saturation 0.0 0.311 0.0 0.280
Matrix oil saturation 1.0 0.689 1.0 0.720
Flow capacity of the matrix, m4 9.947 × 10−18 8.901 × 10−18 1.580 × 10−17 8.901 × 10−18

Mass of the core before cutting, kg 0.25056 0.25191 0.2465 0.25018
Mass of the core after cutting, kg 0.23000 0.23227 0.2263 0.2293
Matrix pore volume after cutting, m3 2.909 × 10−5 3.005 × 10−5 3.034 × 10−5 2.969 × 10−5

Pressure drop along the core at 100 cm3/hr, kPa 6.895 10.689 3.654 8.274
Overburden pressure, kPa 2068 2068 7584 6550
Fracture aperture, m 1.03 × 10−4 9.72 × 10−5 1.28 × 10−4 9.74 × 10−5

Fracture permeability, D 900 798 1398 801.7
Permeability contrast between fracture and matrix 45,249 44,831 44,241 45,039
Flow capacity of fracture, m4 2.330 × 10−15 1.944 × 10−15 4.509 × 10−15 1.958 × 10−15

Fracture pore volume, m3 6 × 10−7 5.6 × 10−7 7.5 × 10−7 5.6 × 10−7

Total pore volume, m3 2.97 × 10−5 3.06 × 10−5 3.11 × 10−5 3.03 × 10−5

Fig. 3. Schematic of the experimental setup for coreflooding experiments (Section 2.3).
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The coreflooding experiments were performed at 347 K with an
injection scheme consisting of three stages: the first stage with RB with
no chemical, the second stage with a chemical slug (either 3pRB or pure
3p), and the third stage with “chase” RB. The RB for the initial stage
was injected at 6 cm3/hr until no oil production was observed. For the
second stage, the chemical slug, either 3pRB or pure 3p, was injected at
a flow rate based on 1 h of residence time in the fracture. Finally, the
chase RB was injected at the same flow rate calculated for the chemical
slug until there was no more oil production for cores #1 and #3. For
cores #2 and #4, however, the RB injection was stopped after 4.3 PVI.

The produced fluids were collected in plastic graduated tubes. The
3-pentanone concentrations in the oleic and aqueous phases were
measured by the 1H NMR method for the chemical slug and chase RB
periods for all cores. The concentration data were used to correct oil-
recovery results for 3-pentanone solubility, and to analyze the material
balance for each coreflooding. The tubes were placed in an ice bath to
avoid evaporation of 3p for cores #3 and #4 after the excessive va-
porization of 3p was noticed for corefloods with cores #1 and #2.

The flow rate of the chemical slug (3pRB or pure 3p) was designed
to set the chemical residence time to approximately 1 h. The residence
time in the fracture, τ, is

=τ V /qf (3)

where Vf is the volume of fracture, and q is the flow rate of the chemical
slug in the fracture. Table 4 summarizes the coreflooding experiments
in this research and shows the flow rates during the injection of the
chemical slug. As noted previously, the chemical slug was 3pRB for
cores #1 (Swi = 0) and #2 (Swi = 0.311), and pure 3p for cores #3
(Swi = 0) and #4 (Swi = 0.280). To analyze the effects of Swi on oil
recovery and imbibition, core #1 was compared to core #2 for 3pRB,
and core #3 to core #4 for pure 3p.

2.4. Material balance for a fractured core

Analysis of the coreflooding results requires the material balance
analysis for (pseudo)components, brine, oil, and 3p. Since oil recovery
in this research occurs by replacing oil with brine and/or 3p in the
matrix pore volume, it is important to estimate how much of injected
components was imbibed into the matrix from the fracture. The mate-
rial balance is also useful in estimating the relative contribution of brine
and 3p to displacing oil from the matrix pore volume.

The material balance for (pseudo)component i (i = 1 for brine, 2 for
oil, and 3 for 3p) for the horizontal flooding with a vertically-oriented
fracture (Fig. 4) is based on the following assumptions:

• The system volume consists of two subvolumes, the fracture volume
(Vf) and the matrix volume (Vm).

• The fracture volume is connected to the injector (source) and the
producer (sink).

• The system is closed except for the injector and producer.

• No chemical reaction.

For a given time interval Δt,
= + +ΔM M M Mfi ti Ii Pi (4)

= −ΔM Mmi ti (5)

where ΔMfi and ΔMmi are the accumulation of component i in Vf and
Vm, respectively. MIi is the amount of component i going into Vf

through the injector for Δt, MPi is the amount of component i going into
Vf through the producer for Δt, and Mti is the amount of component i
transferred from Vm to Vf through the matrix/fracture interface for Δt.
Note again that i = 1 for brine, 2 for oil, and 3 for 3p.

When this material balance is applied to the time interval Δt, during
which flow in Vf is at steady state, ΔMfi are zero for all i. Since MIi and
MPi are known for all i for the corefloods (MI2 = 0, in particular), Mti

and, therefore, ΔMmi are given for all i. The Mti values so calculated are
net amounts because the gross amounts of mass transfer between Vm

and Vf for Δt are unknown in general.
How much of the injected amount is actually imbibed into Vm is

quantified by the imbibed fraction for component i (Fi). This imbibed
fraction is an “apparent” value because Mti is the net amount of mass
transfer from Vm to Vf as mentioned previously. The apparent imbibed
fraction for component i, Fi, is defined for Δt as

= −F M /Mi ti Ii (6)

F1 and F3 are calculated from the experimental data and used to
interpret the imbibition experiments of this research.

Furthermore, the contributions of brine (i = 1) and 3p (i = 3) to
displacing oil (i = 2) in the matrix are estimated by assuming no vo-
lume change on mixing of 3p and brine, and 3p and oil for the volume
balance for Vm. That is, ∑ =

=
V 0i 1

3
ti , and therefore ∑ + =

=
(V V ) 0i 1

3
Ii Pi ,

where Vti is the volume of component i transferred from Vm to Vf

through the matrix/fracture interface for Δt, VIi is the volume of com-
ponent i going into Vf through the injector for Δt, and VPi is the volume
of component i going into Vf through the producer for Δt. Then, the
produced oil for Δt is expressed as

− = + + +V (V V ) (V V )P2 I1 P1 I3 P3 (7)

Table 4
Summary of the coreflooding experiments. Cores #1 and #2 were used for the slug injection of 1.1- wt% 3-pentanone solution in RB (3pRB). Cores #3 and #4 were
used for the slug injection of pure 3-pentanone. τ is the residence time of the chemical product (3pRB or 3p) in the fracture, and q is the flow rate at which the
chemical product is injected.

Core #1 Core #2 Core #3 Core #4

Swi = 0 Swi = 0.311 Swi = 0 Swi = 0.28
Scheme: RB/3pRB/Chase RB Scheme: RB/3pRB/Chase RB Scheme: RB/3p/Chase RB Scheme: RB/3p/Chase RB
τ = 1 h τ = 1 h τ = 1 h τ = 1 h
q = 5.97 × 10−7 m3/hr q = 5.62 × 10−7 m3/hr q = 7.45 × 10−7 m3/hr q = 5.64 × 10−7 m3/hr

Fig. 4. Schematic of the dynamic imbibition from a fracture into a matrix for
the material balance in the coreflooding experiments (Section 2.3). The figure
shows the top view of a horizontally placed core with a vertically-oriented
fracture along the core. Vm is the matrix volume; Vf is the fracture volume.
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The contribution of component i to displacing oil from the matrix,
Di, is defined as

= − +D (V V )/Vi Ii Pi P2 (8)

for i = 1 and 3. Note that D1 + D3 = 1.0

3. Results and discussion

This section presents the main results of the coreflooding experi-
ments with 3pRB (cores #1 and #2) and pure 3p (cores #3 and #4) in
separate subsections. As presented in Section 2.4, the mass/volume
balance equations give Fi and Di for i = 1 and 3, and the resulting oil
recovery results are discussed. Since brine (i = 1) was not injected into
cores #3 and #4, the discussion is centered on the effects of Swi on F3 in
Section 3.2.

The main focus of the coreflooding is on the effect of Swi on the
displacement of oil (i = 2) by brine (i = 1) and/or 3p (i = 3) through
the fracture/matrix interface. The effects of Swi on water imbibition
have been studied for conventional reservoirs, but no detailed analysis
of material balance has been presented in the literature.

3.1. Coreflooding experiments with 3pRB for cores #1 and #2

Fig. 5a shows the oil recovery factors for cores #1 (Swi = 0) and #2
(Swi = 0.311). As mentioned in Section 2.3, RB was first injected into
the cores until no more oil production was observed. Then, 3pRB was
injected to improve the oil recovery for approximately 1.0 pore-volume
injected (PVI). After that, the chase RB was injected until the water cut
becomes essentially 100%. The chase RB injection was terminated at
0.84 PVI for core #1 and 2.11 PVI for core #2.

The initial RB injection showed that the oil recovery factor was
clearly higher for core #2 than for core #1. The final recovery factor for
this initial RB injection was 9.8% after 0.7 PVI for core #1, and 15.1%
after 0.5 PVI for core #2. This indicates that the RB imbibition rate was
more rapid for core #2 despite the fact that core #1 had a slightly
higher permeability than core #2 (Table 3). The initial phase dis-
tribution likely affected the RB imbibition into these cores.

The incremental oil recovery factor during the 3pRB slug injection
was 3.2% for core #1, and 7.3% for core #2. The imbibition was more
rapid for core #2 as was the case with the initial RB injection.

The chase RB injection reached the ultimate oil recovery factor for
core #1, with an incremental oil recovery factor of 0.3% after only 0.17
PVI. The chase RB injection was continued until 0.84 PVI for core #1.
For core #2, however, the chase RB injection did not reach a plateau
until it was terminated at 2.11 PVI. This chase RB injection yielded an
incremental oil recovery factor of 5.3% for core #2, which is much
greater than 0.3% for core #1.

The total oil recovery factor after the three stages was 13.3% for
core #1, and 27.7% for core #2. It is clearly shown that 3pRB increased
oil recovery beyond what the RB injection could recover; that is, the
rock wettability should have changed to more water-wet, especially for
core #2. The results indicate that the injected 3p was more efficiently
used for enhancing the imbibition of brine (i = 1) for core #2 than for
core #1 as explained below.

Li et al. showed that, in addition to rock properties, the unit used for
oil recovery affected the interpretation of imbibition experiments [34].
Fig. 5b presents the oil recovery in the unit of pore volume (PV) for
cores #1 and #2. The trends of oil recovery, imbibition rate, and the
effectiveness of 3pRB for these cores are consistent with the observa-
tions made for Fig. 5a.

Figs. 6 and 7 show the oil recovery (in PV), F1, and F3 for cores #1
and #2, respectively. The calculation of Fi was done separately for the
three stages; e.g., the time interval for Fi for the 3pRB stage starts upon
the commencement of the 3pRB injection. After the 3pRB injection, F3
was 0.738 for both cores #1 and #2. It remained high during the 3pRB
injection for both cores; that is, the effect of Swi on F3 was not observed.

However, F1 was 0.018 for core #1, and 0.038 for core #2; that is, F1
was larger with the larger Swi.

For the chase RB stage, F1 was 0.004 for core #1, and 0.018 for core
#2. Note that the RB imbibition continued to occur when the chase RB
injection was terminated for core #2. The presence of Swi was con-
ducive to enhancement of F1 by the imbibed 3p both for the 3pRB and
RB injection stages.

Figs. 8 and 9 show the volume of produced oil, and the volumes of
oil displaced by RB and 3p from the matrix to the fracture. These
parameters were calculated on the cumulative basis, for which the time
interval started at 0 PVI across all three stages. Di was also calculated on
a cumulative basis, for which the time interval started upon the com-
mencement of the 3pRB injection. During the 3pRB injection, D1 was
61% for core #1, but it was as large as 77% for core #2 (see Eq. (8) in
Section 2.4). This reconfirms that 3-pentanone is more effective for
enhancing the imbibition of brine by wettability alteration when an
aqueous phase is initially present in the matrix. When the 3pRB and

Fig. 5. (a) Oil recovery factors (in the unit of OOIP) during coreflooding ex-
periments at 347 K using 3pRB as the chemical slug. (b) Oil recovery in PV
during coreflooding experiments at 347 K using 3pRB as the chemical slug.
First, RB was injected into Cores #1 (Swi = 0) and #2 (Swi = 0.311) until no
more oil production was observed. Then, 3pRB was injected for 1 PVI. Finally,
chase RB was injected. The injection of chase RB was terminated for core #1
after 0.84 PVI, for core #2 after 2.11 PVI. RB, 3pRB, and Swi stand for reservoir
brine, solution of 1.1- wt% 3p in reservoir brine, and initial water saturation,
respectively.
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chase RB injection are both considered, D1 was 65% for core #1 and
87% for core #2, and it was increasing further when the experiment
was terminated for core #2.

3.2. Coreflooding experiments with pure 3p for cores #3 and #4

Fig. 10 presents the oil recovery results for cores #3 (Swi = 0) and
#4 (Swi = 0.28), for which pure 3p was tested as a chemical slug. The
oil recovery in Fig. 10a is given in the unit of original oil in place
(OOIP), and that in Fig. 10b is in PV. As was done for the other cores,
the initial RB injection was continued until no more oil production was
observed. Then, a slug of pure 3p was injected to improve the oil re-
covery. Note that pure 3p is miscible with oil, and the solubility of
water in 3p is approximately 3 wt% at 343 K [18,35]. After that, the
chase RB injection was continued until no more oil production was
observed. The chase RB injection was concluded after 1.11 and 1.97 PVI
for cores #3 and #4, respectively.

The initial RB injection recovered 12% OOIP after 0.71 PVI for core
#3, and 14% OOIP after 0.49 PVI for core #4. Note that core #3 was

clearly more permeable than core #4 as given in Table 3 (31.6 mD in
comparison to 17.8 mD), but their porosities were quite similar to each
other. The oil recovery in PV (Fig. 10b) shows that the initial RB in-
jection recovered a larger amount of oil from core #3.

Fig. 10 shows that the incremental oil recovery by the 3p slug was
50.5% OOIP (50.5% PV) for core #3 and 78.1% OOIP (56.5% PV) for
core #4. The chase RB injection reached a plateau with an incremental
oil recovery of 1.1% OOIP after 0.36 PVI for core #3. It recovered an
incremental oil of 3.7% OOIP after 1.97 PVI for core #4. No plateau
was observed before the experiment was terminated for core #4 as
shown in Fig. 10. The total oil recovery was 63.2% OOIP (63.2% PV) for
core #3, and 95.6% OOIP (69.1% PV) for core #4.

Figs. 11 and 12 present the oil recovery (PV), F1, and F3 for cores #3
(Swi = 0) and #4 (Swi = 0.28), respectively. For core #3, F3 was 0.550
after 1.0 PVI. As in the previous subsection, the calculation of Fi was

Fig. 6. Oil recovery in pore volume units (left vertical axis) and apparent im-
bibition of RB and 3-pentanone (right vertical axis) during the coreflooding
experiment at 347 K using 3pRB as the chemical slug, for core # 1 (Swi = 0).
RB, 3pRB, 3p, and Swi stand for reservoir brine, solution of 3p in reservoir brine,
3-pentanone, and initial water saturation, respectively.

Fig. 7. Oil recovery in PV (left vertical axis) and the apparent imbibed fractions
of RB and 3-pentanone (right vertical axis) during the coreflooding experiment
at 347 K using 3pRB as the chemical slug for core # 2 (Swi = 0.311). RB, 3pRB,
3p, and Swi stand for reservoir brine, solution of 1.1- wt% 3p in reservoir brine,
3-pentanone, and initial water saturation, respectively.

Fig. 8. Cumulative volume of produced oil, and the volumes of oil from the
matrix displaced by RB and 3p in core #1 (Swi = 0) for the coreflooding ex-
periment at 347 K using 3pRB as the chemical slug. RB, 3pRB, 3p, and Swi stand
for reservoir brine, solution of 1.1- wt% 3p in reservoir brine, 3-pentanone, and
initial water saturation, respectively.

Fig. 9. Cumulative volume of produced oil, and the volumes of oil from the
matrix displaced by RB and 3p in core #2 (Swi = 0.311) for the coreflooding
experiment at 347 K using 3pRB as the chemical slug. RB, 3pRB, 3p, and Swi

stand for reservoir brine, solution of 1.1- wt% 3p in reservoir brine, 3-penta-
none, and initial water saturation, respectively.
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done separately for the three stages: the initial RB, the 3p slug, and the
chase RB injection. That is, the time interval, Δt, for the calculation was
defined for each stage independently.

For core #4, F3 was 0.601 after 1.0 PVI. That is, F3 was measured to
be larger with the presence of initial water in the matrix. 3-pentanone
in the aqueous phase changed the wettability of the rock surface during
the 3p displacement. F1 during the chase RB injection reached a max-
imum value of 0.274 after 0.10 PVI, and then rapidly decreased to
0.030 after 1.11 PVI for core #3. For core #4, F1 showed a maximum
value of 0.112 after 0.22 PVI, and then decreased to 0.025 after 1.97
PVI.

Figs. 13 and 14 show the volume of produced oil and the volumes of
RB and 3p transferred from fracture to matrix for cores #3 and #4,
respectively. As in the previous subsection, the time interval for this
calculation starts at the beginning of the initial RB injection. They
clearly show that the oil recovery from the matrix relied more on oil
displacement by 3-pentanone (i = 3) than by brine (i = 1) during the

3p slug injection.

4. Conclusions

This paper presented a new set of coreflooding data with fractured
carbonate cores for investigation of the improved oil recovery by in-
jection of 3pRB (cores #1 and 2) and pure 3p (cores #3 and 4) as a slug.
The experimental results were analyzed in detail in terms of material
balance (mass and volume) with simplifying assumptions. This analysis
enabled to estimate how much of the injected components were im-
bibed into the matrix from the fracture (F1 and F3 in Section 2.4) and
the relative contribution of the injected components to displacing oil in
the matrix (D1 and D3 in Section 2.4). The main focus of the corefloods
was on the effect of the presence of an initial aqueous phase on oil
recovery by using 3pRB or pure 3p. Conclusions are as follows:

1. The injection of 3pRB led to an incremental oil recovery after the RB
injection reached a plateau in oil recovery for cores #1 and 2. The
improved oil recovery was caused by the efficient imbibition of 3-

Fig. 10. (a) Oil recovery factors (in the unit of OOIP) during coreflooding ex-
periments at 347 K using 3p as the chemical slug. (b) Oil recovery in PV during
coreflooding experiments at 347 K using 3p as the chemical slug. First, RB was
injected into cores #3 (Swi = 0) and #4 (Swi = 0.28) until no more oil pro-
duction was observed. Then, 3p was injected for 1 PVI. Finally, chase RB was
injected. The injection of chase RB was terminated for core #3 after 1.11 PVI,
for core #4 after 1.97 PVI. RB, 3p, and Swi stand for reservoir brine, 3-penta-
none, and initial water saturation, respectively.

Fig. 11. Oil recovery in pore volume units (left vertical axis) and apparent
imbibition of RB and 3p (right vertical axis) during the coreflooding experiment
at 347 K using 3p as the chemical slug, for core # 3 (Swi = 0). RB, 3p, and Swi

stand for reservoir brine, 3-pentanone, and initial water saturation, respec-
tively.

Fig. 12. Oil recovery in pore volume units (left vertical axis) and apparent
imbibition of RB and 3p (right vertical axis) during the coreflooding experiment
at 347 K using 3p as the chemical slug, for core # 4 (Swi = 0.28). RB, 3p, and
Swi stand for reservoir brine, 3-pentanone, and initial water saturation, re-
spectively.
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pentanone into the matrix, resulting in enhanced water imbibition
by the wettability alteration.

2. The oil recovery for core #2 (Swi = 0.311) was consistently greater
than that of core #1 (Swi = 0) in both units of OOIP and PV. The
total oil recovery factor was 27.7% OOIP (19.2% PV) for core #2,
and 13.3% OOIP (13.3% PV) for core #1.

3. The total oil recovery was 63.2% OOIP (63.2% PV) for core #3
(Swi = 0) and 95.6% OOIP (69.1% PV) for core #4 (Swi = 0.28).
The incremental oil recovery during the 3p injection was 50.5%
OOIP (50.5% PV) for core #3, and 78.1% OOIP (56.5% PV) for core
#4. Although core #4 contained a smaller amount of oil in the
matrix, it produced more oil from core #4 than from core #3 with
the pure 3p injection followed by the chase RB injection.

4. F3 was estimated to be 0.74 for both cores #1 and #2 during the
3pRB injection. F3 was not significantly affected by the presence of
the initial aqueous phase in the matrix for the 3pRB cases (cores #1
and #2).

5. F3 was estimated to be 0.55 for core #3 and 0.60 for core #4 during
the 3p injection. The transfer of 3-pentanone from the fracture to the
matrix was more efficient with the presence of an initial aqueous
phase in the matrix.

6. F1 was estimated to be 0.018 for core #1 and 0.038 for core #2
during the 3pRB injection. It was clearly greater when an aqueous
phase was initially present in the matrix. F1 in the chase RB injection
stage was also greater for core #2 (0.018) than for core #1 (0.004).

7. D1 was estimated to be 61% for core #1 and 77% for core #2 during
the 3pRB injection stage. It was 65% for core #1 and 87% for core
#2 when the 3pRB and chase RB injection stages are considered.
This clearly shows that 3-pentanone was more effective in enhan-
cing the water imbibition when an aqueous phase was initially
present in the matrix.

8. The coreflooding results collectively showed that the injection of 3-
pentanone (as either 3pRB or pure 3p) was more effective for oil
recovery from the matrix when an aqueous phase was initially
present in the matrix.
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