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a b s t r a c t

This work numerically investigates surfactant effects on spontaneous water imbibition in oil-wet car-
bonates. An open boundary core-scale imbibition model with 9 � 9 � 10 gridblocks was used in UTCHEM
to simulate carbonate core plug exposure to a vast water body. The simulation models were developed
based on surfactant-assisted imbibition tests that were conducted in secondary and tertiary oil pro-
duction modes using Amott cells at 75�C. Capillary and gravity forces were captured by history matching
the experiments. Through history matching, the inputs for surfactant adsorption and diffusion, capillary
pressure and relative permeability were calibrated. In tertiary mode, the surfactants-assisted imbibition
process presents the performance in mixed-wet state rather than oil-wet state, which is governed by
wettability alteration. A simulation model for surfactant-assisted imbibition in secondary mode was used
to investigate the effects of various factors including interfacial tension (IFT) reduction, wettability
alteration, adsorption, volume of surrounding water and capillary force. The simulation results suggest
that surfactant-assisted water imbibition in secondary mode is gravity dominant, which is facilitated by
both IFT reduction and wettability alteration caused by addition of proper surfactants. Different from
water imbibition in water-wet core, it presents vertically dominant oil flow with a hemispherical oil-rich
area and uneven remaining oil saturation. It is obvious that sufficient surfactant supply in vast water is
required to make effective imbibition, in consideration of surfactant consumption and changes in con-
centration gradients. This core-scale modeling provides insights of surfactant-assisted imbibition in
initially oil-wet carbonates and helps scale up the application in a cost-effective way.

© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In waterflooding, wettability of the reservoir matrix plays an
important role in oil production. The effects of wettability are more
pronounced in fractured reservoirs. In such reservoirs, spontaneous
water imbibition, or short for imbibition, into the reservoir matrix
can be a major recovery mechanism. This is certainly the case in
many fractured low-permeability water-wet sandstone reservoirs

[1e4]. In carbonate reservoirs, however, imbibition is hardly able to
occur as many carbonates are rather oil-wet to mixed-wet [4e7].

Various studies have investigated surfactant-assisted imbibition
in carbonate matrices [8e11]. Austad and coworkers [12e16]
applied nonionic and cationic surfactants to low-permeability oil-
wet chalk cores and observed significant oil production. According
to them, surfactants moving into the oil phase and interacting with
the adsorbed oil compositions alter the rock surface toward a more
water-wet state thereby facilitating water imbibition. Xie et al. [8]
investigated surfactant-assisted imbibition in tertiary oil produc-
tion mode (i.e. after brine imbibition) in weakly water-wet dolo-
mitic core samples and observed additional oil production of 5e10%
original oil in core (OOIC). They attributed the improved oil pro-
duction to the changes in wettability. Al-Attar [11] applied a
nonionic surfactant at a concentration of 0.5 wt%. Both cumulative
oil production and oil production rates by imbibition were found
closely related to the interfacial tension (IFT) between oil and the
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imbibing fluid. Lower IFT led to higher recovery efficiency. This
generic observation is actually expected and can be easily explained
based on a higher Bond number NB, which represents the ratio of
gravity to capillary forces. Schechter et al. [17] used the inverse
Bond number NB

�1 to evaluate the effect of the capillary pressure
and gravity on spontaneous imbibition. For NB

�1 < 1, gravity
segregation dominates the flow, while for high values of NB

�1 > 5,
capillary forces are dominant. It was found that with decreasing IFT,
the imbibition process changes from capillary-dominant flow
(NB

�1 > 5) to gravity segregation-dominant flow (NB
�1 ¼ 1). Several

scaling groups and formulations have been suggested to match and
predict imbibition [18,19]. Imbibition in reservoirs is a complex
process that is governed by capillary, gravity and viscous forces.
While the elimination of viscous forces in imbibition tests allows
for direct quantification of the effects of the two remaining forces
and the underlying flow and recovery mechanisms, a more robust
and thorough understanding can possibly be attained by coupling
numerical simulations to address some of the experimental limi-
tations relevant to scope, repeatability and parameters range.

In this work, we numerically investigate surfactant-assisted
imbibition in carbonate reservoirs using UTCHEM simulator. We
build a simulation model of an imbibition-cell and history match a
series of previous imbibition tests [20]. Through the history
matching, we calibrate the input parameters and sufficiently cap-
ture the various forces. Later, we use the validated model to
investigate the effects of various parameters including IFT, wetta-
bility and the size of the water body. Finally, we investigate the
effects of capillary and gravity forces using the validated model but
with a finer grid to clearly capture flow directions and remaining oil
distributions.

2. Surfactant-assisted imbibition tests

In our previous work [20], imbibition tests were performed at an
elevated temperature 75�C using Amott cells to investigate the
effects of wettability alteration and IFT reduction on imbibition.
Table 1 shows the properties of the two distinct surfactants (OCT-1
and OCT-2, both were betaine-type amphoteric surfactants) stud-
ied, including IFT, critical micelle concentration (CMC), as well as
contact angle of oil/brine/rock. Surfactant OCT-1 in 0.2 wt% yields
strong IFT reduction but poor wettability alteration. Surfactant
OCT-2 in 0.2 wt% yields moderate IFT reduction but strong wetta-
bility alteration. Each surfactant was applied in both secondary and
tertiary modes. A total of 4 imbibition tests were conducted. The
properties of the core plugs used in the tests are summarized in
Table 2. The imbibition test results are summarized in Table 3. In
secondary mode, the surfactant OCT-1 had strong IFT reduction but
negligible wettability alteration resulting in higher oil production
compared to the surfactant OCT-2 which had moderate IFT reduc-
tion but strong wettability alteration.While in tertiary mode, it was
the opposite (i.e. the surfactant affecting moderate IFT reduction
but strong wettability alteration, OCT-2, resulted in higher incre-
mental oil production).

3. Simulation of surfactant-assisted imbibition

UTCHEM, a three-dimensional multiphase multicomponent
compositional simulator developed by the University of Texas at
Austin, is used in this study. Surfactant effects are modeled with
changes in relative permeability, capillary pressure and capillary
desaturation curves. Two sets of relative permeability and trapping
parameters correspond to the initial and altered wetting condi-
tions. Wettability alteration onsets when the surfactant concen-
tration in the gridblock is greater than the CMC [21]. In a given
gridblock, relative permeability and capillary pressure are obtained
by linear interpolation between the two dissimilar wettability
conditions [21,22].

krl ¼ukfrl þ ð1�uÞkirl (1)

Pc ¼uPfc þ ð1�uÞPic (2)

where krl is the relative permeability of phase l, Pc is the capillary
pressure, superscripts i and f corresponding to initial and final
wettability status, and u is a wettability scaling factor.

3.1. Simulation grid

A homogenous 9 � 9 � 10 Cartesian grid was built to simulate
the imbibition tests (Fig. 1). A 7� 7� 7 portion in the middle of the
grid represents the core plug (blue in Fig. 1). In each simulation the
properties of the different plugs were reflected. The remaining
gridblocks e with a porosity of 1.0, permeability of 100 D, and
capillary pressure of 0 psi (pink in Fig. 1) e represent the sur-
rounding water or surfactant solution. A fake well was set up in the
model to meet the requirement of the input dataset.

3.2. Initial simulation model setup

The initial values of relative permeability and capillary pressure
were obtained from the literature [23e27]. Table 1 listed the CMCs,
based on previous results [20]. The phase behavior input parame-
ters were estimated by replicating the IFT values measured using a
spinning drop tensiometer (Table 2). The value of molecular diffu-
sion coefficient was set in the order of 10�6 m2/day [21,28].

3.3. Calibrated simulation models

The initial simulation model was calibrated through history
matching our previous imbibition tests. Recall previous work
included four imbibition tests using two different surfactants in
both secondary and tertiary oil production modes (see Tables 1 and
3). Secondary oil productionmode, or secondarymode, refers to the
surfactant-assisted imbibition process starts with an oil-saturated
core, while tertiary oil production mode, or tertiary mode, refers
to the surfactants-assisted imbibition process starts with a water-
flooded core.

Imbibition in secondary mode. History matching was performed
for two imbibition tests in secondary mode. For Case #216

Table 1
Properties of surfactants in injection water and produced water.

Surfactant Temperature,
�C

IFT, mN/m CMC, wt% Contact angles of oil/brine/rock

0.2 wt% in injection
water

0.2 wt% in produced
water

Injection
water

Produced
water

In
brine

0.2 wt% surfactant aged for
1 h

0.2 wt% surfactant aged for 30
days

OCT-1 75 0.0829 0.0611 0.005 0.004 160� 163� 132�

OCT-2 75 0.283 0.5384 0.004 0.006 155� 157� 67�
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involving surfactant OCT-2 (i.e. strong wettability alteration) two
sets of relative permeability and capillary pressure curves were
defined corresponding to the initial and final wettability condi-
tions. A constant scaling factor uwas the input for the interpolation
between the initial and final conditions. For Case #47 involving
surfactant OCT-1 (i.e. negligible wettability alteration), only one set
of relative permeability and capillary pressure was defined corre-
sponding to the oil-wet condition. The final input parameters for
Case #216 and Case #47 are listed in Tables 4 and 5, respectively.
Fig. 2 shows the history matching results for both cases where good
matches were obtained.

Imbibition in tertiary mode. History matching was performed for
the two tertiary imbibition tests. Recall for tertiary tests, in Case

#240 involving surfactant OCT-2 (i.e. strong wettability alteration
and moderate IFT reduction), a high incremental oil production of
20%was realized, while amuch lower incremental oil production of
5% was realized in Case #242 involving surfactant OCT-1 (i.e.
negligible wettability alteration and strong IFT reduction). A key
questionwas whatmakes the difference in the two cases, especially
that opposite findings were observed in secondary mode (refer to
Table 3). For Case #240, when the core plug is assumed to remain
oil-wet after water flooding, the simulated oil production curve did
not match the experimental data as shown by the dotted red line in
Fig. 3. However, if we assume the sample shifts to amixed-wet state
after water flooding, the simulation result can fit the experimental
data very well as shown by the red curve in Fig. 3. Considering the
high water saturation after water flooding, this assumption is
reasonable. Similarly, for Case #242 we assume the plug shifts to a
mixed-wet state after water flooding and obtain an acceptable
match as shown in green in Fig. 3. The input parameters used for
history matching of Case #240 and Case #242 are given in Tables 6
and 7. The simulation results validated the observed performance
of the experiments and indicated the importance of wettability
alteration during the imbibition process in tertiary mode. The
importance resulted from capillary forces, where its effects became
stronger with decreasing wetting phase saturation.

4. Influential factors in surfactant-assisted imbibition

The calibrated simulation models were used to investigate the
effects of various fluid and rock properties on surfactant-assisted
imbibition. We focus the investigation on imbibition in secondary
mode. We, basically, argue that imbibition experiments in sec-
ondary mode are more representative of surfactant applications in
fractured reservoirs where the surfactant’s main objective is to
enhance the water imbibition into the poorly swept reservoir ma-
trix. Therefore, the sensitivity studies were focused on the
modeling of spontaneous imbibition induced by surfactants in
secondary mode based on the calibrated Model #216 (refers to
Table 4).

4.1. IFT reduction and wettability alteration

In this study, sensitivity studies were conducted based onModel
#216. In the simulation, the wettability scaling factor u, ranged
from 0 to 1, was used to quantify the level of wettability alteration,
which affects the relative permeability and capillary pressure as
described in Equation (1) and Equation (2). u ¼ 0 represents no
wettability alteration takes place, whereas u ¼ 1 represents com-
plete wettability alteration from oil-wet to water-wet. Cases were

Table 2
Properties of core plugs.

Core sample # Porosity, fraction Permeability, mD Length, cm Diameter, cm Swi, %

47 0.277 1220.0 4.34 3.8 24.1
216 0.240 1198.0 4.04 3.8 24.0
240 0.207 287.8 3.85 3.8 20.8
242 0.239 373.4 4.42 3.8 23.8

Table 3
Summary of imbibition tests.

Case # Mode Surfactant Surfactant conc. wt.% Wettability alteration Oil production (%) Incremental oil production (%)

47 Secondary OCT-1 0.2 negligible 78.8 e

216 OCT-2 0.2 strong 68.5 e

242 Tertiary OCT-1 0.2 negligible 67.1 4.6
240 OCT-2 0.2 strong 83.4 19.9

Fig. 1. Simulation model of the imbibition cell test with all-face open condition.

Table 4
History matching parameters used in simulation of the case of strong wettability
alteration in secondary mode (#216).

Parameters Low capillary number High
capillary
number

Initial Final

Oil Water Oil Water Oil Water

Residual saturation 0.30 0.24 0.30 0.24 0 0
Relative permeability endpoint 0.55 0.65 0.85 0.35 1 1
Relative permeability exponent 4.0 2.0 2.0 3.0 1 1
Trapping parameters 2000 60,000 35,000 6000
Endpoint of capillary pressure �10 10
Experiment of capillary pressure 2.0 2.2
Diffusion coefficient, m2/day 6.0 � 10�6

Wettability scaling factor 0.5
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created to simulate the effect of IFT on oil production in the same
conditions of wettability alteration at u ¼ 0.5. Fig. 4 presents the
simulation results at 3 different IFT values (0.02, 0.23 and 1.6 mN/
m). Obviously, the oil production increased with the IFT reduction.
Fig. 4 also presents a case driven by gravity segregation in ignoring
capillary forces (capillary pressure set to zero). This case, as a
reference, demonstrates that the negative capillary forces delay
water imbibition into the core. On the other hand, it presents the
limitation of the surfactant-assisted water imbibition in the initially
oil-wet core plug by IFT reduction.

The effect of wettability alteration, captured through variations
in relative permeability and capillary forces, was studied. Fig. 5
presents the simulation results of 2 cases of surfactant-assisted
water imbibition in the initially oil-wet core plug by different
scaling factors u (0.5 and 0.8). It indicates strong wettability alter-
ation towards water-wetness with larger u (0.8) results in higher
water imbibition rate and higher oil production than that of lower u
(0.5). The significance of wettability alteration effect also lies in the
oil production could exceed the oil production at the late stage by
the reference case governed by gravity segregation. In addition, the
trend of imbibition production profiles is similar to gravity segre-
gation case (refers to Figs. 4 and 5). This suggests that the
surfactant-assisted imbibition in initially oil-wet cores is gravity
dominant.

IFT reduction and wettability alteration are primary aspects in
screening surfactants to facilitate water imbibition in initially oil-
wet reservoirs. By this simulation study, it suggests to corporate
with both aspects in a synergic manner to optimize the oil pro-
duction rate and recovery.

4.2. Surfactant adsorption and volume of surrounding water

Recall, in this study, we used a constant scaling factor u instead
of the scaling factor that is dependent on the amount of surfactant

Fig. 2. Fitting results of oil production for surfactant-assisted imbibition with initial oil
saturation.

Fig. 3. Fitting results of oil production of surfactant-assisted imbibition in tertiary
mode.

Table 6
History matching parameters used in the simulation of the case of strong wettability alteration in tertiary mode (#240).

Parameters Initial Final

Oil Water Oil Water

Residual saturation 0.29 0.208 0.20 0.208
Relative permeability endpoint 0.60 0.35 0.85 0.35
Relative permeability exponent 3.5 2.8 2.0 2.8
Trapping parameters 2000 60,000 35,000 6000
Endpoint of capillary pressure for positive branch 15 15
Experiment of capillary pressure for positive branch 3.5 2.0
Endpoint of capillary pressure for negative branch �12
Experiment of capillary pressure for negative branch 2.5
Water saturation where the capillary pressure is zero 0.55
Diffusion coefficient, m2/day 5.5 � 10�6

Wettability scaling factor 0.5

Table 5
History matching parameters used in simulation of the case of negligible wettability alteration in secondary mode (#47).

Parameters Low capillary number High capillary number

Oil Water Oil Water

Residual saturation 0.35 0.241 0 0
Relative permeability endpoint 0.7 0.45 1 1
Relative permeability exponent 3.0 3.5 1 1
Capillary desaturation curve parameters T11

a T22
a T33

a

6000 30,000 3000
Endpoint of capillary pressure �1
Experiment of capillary pressure 4.0
Diffusion coefficient, m2/day 5.0 � 10�6

a UTCHEM keywords T11, T22 and T33 refer to capillary desaturation curve parameters of aqueous, oil and micoemulsion phases, respectively.
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adsorption. Accordingly, in our simulation model, surfactant
adsorption does not affect the degree of wettability alteration.
Adsorption, however, translates to less surfactant available in so-
lution; this will affect IFT reduction and possibly surfactant prop-
agation due to both consumption and changes in concentration
gradients. Fig. 6 shows the simulation results of surfactant-assisted
water imbibition at surfactant adsorption of 0.4, 0.8, and 1.6mg/g. It
demonstrates that surfactant adsorption strongly affected the re-
covery process. Although the ultimate oil production is unaffected,
lower adsorption accelerated oil production. The time needed to
achieve any intermediate recovery point was larger with higher
adsorption. However, the time needed to achieve ultimate recovery
was not affected significantly. Another important observation is

that while imbibition was accelerated, the effects on imbibition
rates (as indicated by the trend and slope of the curves in Fig. 6)
were small. Acceleration of oil production was mainly through a
faster initiation (a shift to the left in Fig. 6).

The volume of water surrounding the core plug is constant for
the experiments, which means that the total amount of surfactant
is unchanged and possibly very abundant. We investigate the ef-
fects of the volume of water surrounding the core plug on the oil
production. We perform simulations where the ratio of volume of
surrounding water/volume of core plug, Vwater/Vcore, were 1.5, 5, 38,
and 104 by changing the size of the gridblocks around the core plug.
Fig. 7 shows the oil production increases with larger volumes of
surrounding water but finally plateaus above a certain threshold
volume. Because a small volume of surrounding water corresponds

Table 7
History matching parameters in the simulation of the case of negligible wettability alteration in tertiary mode (#242).

Parameters Low capillary number High capillary number

Oil Water Oil Water

Residual saturation 0.285 0.238 0 0
Relative permeability endpoint 0.6 0.45 1 1
Relative permeability exponent 3.5 3.0 1 1
Capillary desaturation curve parameters T11 T22 T33

60,000 2000 4500
Endpoint of capillary pressure for positive branch 15
Experiment of capillary pressure for positive branch 3.5
Endpoint of capillary pressure for negative branch �15
Experiment of capillary pressure for negative branch 2.5
Water saturation where the capillary pressure is zero 0.45
Diffusion coefficient, m2/day 5.0 � 10�6

Fig. 4. Effect of IFT on oil production by surfactant-assisted imbibition in initially oil-
wet core plug.

Fig. 5. Effect of wettability alteration on surfactant-assisted imbibition in initially oil-
wet core plug.

Fig. 6. Effect of surfactant adsorption on surfactant-assisted spontaneous imbibition.

Fig. 7. Effect of the volume of surrounding water on surfactant-assisted imbibition in
initially oil-wet core plug.
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to a limited amount of surfactant, the reduced concentration of
surfactant after adsorption becomes less efficient in affecting
diffusion and IFT reduction. However, above the threshold volume,
the amount of adsorbed surfactant becomes negligible and there is
virtually no change in the surfactant concentration.

4.3. Capillary forces

In the aforementioned sensitivity runs (refer to Figs. 4 and 5), we
investigated some aspects of capillary effects where capillary forces
were set to zero (gravity segregation cases). In those cases, oil
production increased only slightly but kicked off substantially
earlier. In addition, the trend of imbibition rates were found to be
independent suggesting a gravity dominant process. To further
investigate capillary forces, a refined model (Fig. 8a) with the same

physical dimensions and properties as the previously calibrated
model but with smaller gridblock size and therefore larger number
of gridblocks was constructed to clearly capture flow direction and
remaining oil distribution. Two extreme cases were simulated, one
was water-wet with no surfactant added and the other was oil-wet
with surfactant added which caused wettability alteration and IFT
reduction.

In order to have a better perspective, we selected a quarter of the
model (Fig. 8b) to show the remaining oil distributions inside the
core plug. Oil distributions at different times are plotted in Fig. 9.
The profiles of oil saturation are completely different in the two
cases. For the water-wet case with brine imbibition, the oil satu-
ration decreased gradually from the boundary to the inside of the
core plug and the oil saturation inside the core plug was clearly
higher than that of the boundary in the early stages. Ultimately, the
oil saturation of the whole core plug uniformly decreased. To the
contrary, for the oil-wet case with surfactant-assisted imbibition,
the oil saturation decreased from the bottom, then from sides. In
the surfactant-assisted imbibition process, the oil saturation in the
upper part is always higher than that of other areas, and the lowest
oil saturation is at the bottom. It is clear that a hemispherical oil-
rich area formed in the upper part of the core plug because of the
vertically dominant flow of oil. Finally, the oil saturation in the
center is higher than that of other areas, and the distribution of the
remaining oil saturation is obviously uneven.

Fig.10 plots the oil production profiles. The rate of oil production
exhibits very different behavior. In water-wet case, about 80% of
ultimate recoverable oil was produced in a short time (less than 0.1
days). The oil production rate was gradually decreased. However, in
oil-wet case, once wettability alteration and IFT reduction occurred
the oil production rate picked up dramatically and stabilized to a
constant. For this oil-wet surfactant-assisted imbibition case, even

Fig. 8. Refined simulation model (a) a quarter of the refined model (b) for capillary
forces investigation.

Fig. 9. Variation of oil saturation distribution vs time with (a) water-wet rock in brine and (b) oil-wet rock in surfactant solutions.
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a higher ultimate oil production was achieved compared to the
water-wet imbibition case. Those differences are mainly caused by
the change in capillary forces, which can be understood from the
schematic capillary curves shown in Fig. 11. The capillary forces
decreased as water saturation increased in water-wet conditions.
Nevertheless, in the oil-wet conditions, the capillary forces are
initially zero, and then the negative capillary forces increased with
increasing water saturation. When the surfactant concentration
reached CMC, wettability alteration occurred and the direction of
capillary forces changed to be positive, meanwhile the IFT
decreased. When the capillary force is reduced to a value that
equals to buoyancy, oil is released.

5. Conclusions

In this work, we numerically investigate surfactant-assisted
imbibition in oil-wet carbonate reservoirs. Based on the results,
we conclude the followings:

(1) Oil production from initially oil-wet cores by surfactant-
assisted imbibition in secondary mode is attributed to both
capillary force and gravity force. In initially water-wet cores,
water imbibes and drives oil out in all directions by positive
capillary forces. In initially oil-wet cores, negative capillary
forces reduced by surfactant solutions results in a vertically
dominant flow governed by gravity segregation.

(2) In tertiary mode, the core samples exhibited a mixed-wet
performance during surfactant-assisted imbibition. The
process was enhanced strongly by wettability alteration.

(3) The effectiveness of surfactant-assisted imbibition is
dependent on enough volume of water surrounding the
cores. Also, sufficient surfactant supply is required to

efficiently improve oil production in consideration of sur-
factant consumption and changes in concentration gradients.

(4) The change in the magnitude and direction of the capillary
force by addition of surfactants has a significant effect on the
flow of oil and the distribution of remaining oil in initially oil-
wet cores. It is crucial to properly select surfactants for an
application in terms of IFT reduction and wettability alter-
ation, which could maximize the oil production rate and
ultimate oil production.
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