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Abstract:
Oil displacement by spontaneous imbibition is a capillary-governed process, in which
wettability controls fluid displacement direction. Capillarity is a driving force to enhance
oil displacement in water-wet system, while in oil-wet system capillarity is a resisting one.
To promote oil displacement, the former requires high capillarity, but the latter opposes.
Such requisites are hypothesized to be alternatively achieved by manipulating an oil-
water interfacial tension, without altering wetting character. In this study, spontaneous
imbibition was conducted with a set of specifically designed imbibing fluids. Brines at
different valencies were meticulously selected to attain desired wettabilities: monovalent
brine establishes a water-wetting while divalent brine provides an oil-wet characteristics.
A non-ionic surfactant, Triton X-100, was intentionally chosen to solely reduce interfacial
tension, with negligible change in wettability. By mixing each brine with the surfactant,
high-interfacial tension and low-interfacial tension imbibing fluids at the same wettability
for the two wetting regions were obtained, and hence the hypothesis can be examined. For
water-wet system, reduced interfacial tension attributed to a weakened driving capillary
force to oil displacement, and hence lower oil displaced. On the contrary in oil-wet
system, reduction in resisting capillary force as contributed from a reduced interfacial
tension displaced greater oil. The results demonstrate how the capillary-driven fluid
displacement can be manipulated by the interfacial tension change only, without a challenge
of altering wettability. With results obtained from both wetting regions, a correlation
between capillarity and ultimate oil displacement was also observed.

1. Introduction
One of multiphase flow mechanisms in porous media

is spontaneous imbibition, which is essential to fluid dis-
placement applications. Imbibition phenomenon has been
considered as a mechanism that principally attributes to
immiscible fluid displacement in tight porous media, e.g.,

oil production from low-permeability reservoir (Hamida and
Babadagli, 2007). Owing to pore sizes at micron and submi-
cron in tight rock, fluid displacement is mostly dominated by
capillarity (Gu et al., 2017; Cai et al., 2021; Wang et al., 2023)
which can be quantified by capillary pressure (Pc) that either
restrains or imbibes fluid into those small-pore networks. Apart
from the nature of pore configuration, the Pc also depends on
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wettability and fluid-fluid interfacial tension (σ ), as expressed
by (Thomas, 1805; Blunt, 2017):

Pc =
2σ cosθ

r
(1)

where r is the average pore radius of porous rock and
θ is the three-phase contact angle, which characterizes the
wettability and defined through wetting phase. It is important
to note that number “2” in Eq. (1) refers to “circular” cross-
section characteristics of pore configuration, where other pore
geometry differs (Blunt, 2017). It has been well concluded and
experimentally demonstrated that Pc is a wettability-controlled
factor (Sukee et al., 2022a), see Eq. (1), and hence also the
spontaneous imbibition process. This emphasizes a crucial
role of wettability: positive Pc as of water-wet (θ < 90◦) and
negative Pc as of oil-wet (θ > 90◦). Our previous experimen-
tal study has revealed that at a given “capillary-dominated”
flow (i.e., spontaneous imbibition) positive Pc improves oil
displacement, while negative Pc opposes the process. Pc was
also shown to be influenced by change in σ , through previous
works conducted with simultaneous changes on θ and σ

(Massarweh and Abushaikha, 2020; Deng et al., 2021; Liu
et al., 2022; Sukee et al., 2022b) and yet a decoupled role of
σ is to be investigated.

Many efforts focus on changing wettability toward strongly
water-wet (Jarrahian et al., 2012; Hou et al., 2020; Tu and
Sheng, 2020; Ekechukwu et al., 2021) with aim to secure
a strong positive capillarity to displace more “trapped oil”.
Chemical additives, namely surfactants, alkalis, nanoparticles,
and low-salinity brines, are typically considered as displacing
fluids, with anticipation to reverse oil-wet reservoir to be
water-wet. Anionic surfactants have a great potential to convert
oil-wet to be water-wet in sandstone rock due to strengthening
electrostatic repulsion between the oil-water and solid-water
interfaces (Standnes and Austad, 2000; Jarrahian et al., 2012;
Tangparitkul et al., 2018). Nanofluids have been reported to
improve submicroscopic oil displacement due to structural dis-
joining pressure, hence water-wet attained (Zhang et al., 2014;
Tangparitkul et al., 2018). Low-salinity brines or “ion-tuned”
fluids are also great displacing fluids to change wettability to-
ward water-wet since some salt cations (e.g., Na+) effectively
hydrate and lead to construct the hydration forces between the
oil-water and solid-water interfaces (Tangparitkul et al., 2021;
Sukee et al., 2022a).

Some studies also considered an approach for σ reduction
as a mechanism to enhance fluid displacement (Sheng, 2013;
Xu et al., 2019; Saira and Le-Hussain, 2021; Deng et
al., 2023b; Li et al., 2023). Since petroleum reservoirs are
typically oil-wet, reduced σ results in less negative capillary
allowing more “trapped oil” to be displaced. Surfactants are
very effective chemicals to reduce the σ by adsorption at the
oil-water interface (Mohapatra et al., 2014; Hosseininoosheri
et al., 2016), leading to a weakening of negative capillary
that retains the trapped oil. However, significantly reduced
σ could also lead to change in wettability (θ ) due to the
interfacial energies of the three-phase (oil-water-rock) re-
balancing, as described by the Thomas’s law (Thomas, 1805).
Such changes effectively lead to a coupled contribution from

both σ reduction and wettability alteration, as discussed above,
which appear to not always favor the fluid displacement (Chen
and Mohanty, 2015; Xu et al., 2019; Deng et al., 2023a).

Previous research with capillary-dominated oil displace-
ment normally considered a contribution from simultaneous
changes in wettability and σ , some of which are summarized
in Table 1. By examining different chemical additives or
even the mixtures thereof, incremental oil recovery could be
justified with the observed changes in θ and σ , though a
controversy revealed. Sukee et al. (2022a) observed opposite
results of oil recovery using different brines, one of which
increased but another decreased, although both θ and σ

decreased in the same manner. When compared to other work
(Sukee et al., 2022b), attaining the same degree of wettability
(oil-wet) also found contradict results on oil recovery, with
a quarter of difference in σ reduction. This reflects an in-
sufficient wettability-dependence for justification of resulted
oil displacement, and yet implies the understanding on σ

involvement and its sole investigation.
In the current study, we aim to systematically examine an

influence of σ on the capillary-dominated fluid displacement
using spontaneous imbibition, without an influence of wettabil-
ity alteration. To do this, the oil-water-rock wettability is fixed
unchanged while the oil-water σ is not. Such conditions can be
achieved by experimenting with specially designed imbibing
fluids (i.e., mixtures of brine and surfactant, described below).
This allows both positive and negative capillarities to be
investigated with two types of σ changes: either decrease or
increase, hence the role of σ on wettability-controlled fluid
displacement can be elucidated.

2. Materials and experimental methods

2.1 Crude oil and rock samples
Crude oil as an oil phase used throughout the current study

was collected from a primary production well at Fang oilfields
in Chiang Mai (Thailand). The crude oil was dehydrated and
de-gassed before use. The crude oil has density of 854.2 kg/m3

and viscosity of 18 mPa·s at 50 °C. Chemical compositions of
the crude oil notably consist of high wax content (51.0 wt%)
with slight asphaltenes (0.05 wt%).

Rock core samples were drilled from sandstone outcrop to
8.5 cm diameter and 15 cm length cylinder, as investigated
in our previous study (Sukee et al., 2022a), with reported
average pore size of 240 ± 5 µm. Effective porosity of the core
samples was determined by liquid saturation method using
deionized water. Average porosity is 4.0% which is relatively
low, suggesting a capillary control over fluid flow in porous
rock.

2.2 Surfactant, brines, and imbibing fluids
Surfactant used in the current study was a non-ionic

surfactant Triton X-100 (Labo Chemie, India), with molecular
weight of 647 g/mol. A concentration of surfactant solution
used in the experiment was prepared at 0.2 mM (about the
critical micelle concentration (Yusuf et al., 2021)) to achieve
the most reduced interfacial tension and allow a contribution
from capillary change distinctly observed. It is noted that the
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Table 1. Previous research on oil displacement as contributed by simultaneous changes in wettability and oil-water interfacial
tension.

Porous rock Wettability
(θ change (◦))

σ change
(mN/m)

Change in oil
recovery (%) ∗ Chemical used References

Sandstone Oil- to water-wet
(118◦ to 54◦)

Increase
(0.001 to 0.05)

Increase (3) KCl brine +
SiO2 nanofluids

Xu et al. (2019)

Sandstone Oil- to oil-wet
(112◦ to 144◦)

Decrease
(25 to 0.58)

Decrease (18) Non-ionic surfactant Tangirala and Sheng (2019)

Sandstone Oil- to water-wet
(112◦ to 44◦)

Decrease
(25 to 0.68)

Increase (9) Anionic surfactant Tangirala and Sheng (2019)

Sandstone Water- to water-wet
(20◦ to 32◦)

Decrease
(65 to 30)

Increase (33) NaCl brine Habibi et al. (2020)

Carbonate Oil- to water-wet
(141◦ to 32◦)

Decrease
(20 to 10)

Increase (11) Alumina nanofluids Keykhosravi and Simjoo (2020)

Carbonate Oil- to water-wet
(133◦ to 50◦)

Decrease
(20 to 3)

Increase (44) Surfactant Tu and Sheng (2020)

Carbonate Oil- to water-wet
(123◦ to 46◦)

Decrease
(32 to 1.23)

Increase (13) Anion surfactant Wang et al. (2020)

Sandstone Water- to water-wet
(22◦ to 12◦)

Decrease
(23 to 19)

Increase (10) Monovalent brines Zhu et al. (2022)

Sandstone Water- to water-wet
(66◦ to 44◦)

Decrease
(36 to 28)

Increase (34) NaCl brines Sukee et al. (2022a)

Sandstone Water- to oil-wet
(66◦ to 131◦)

Decrease
(36 to 21)

Decrease (20) CaCl2 brines Sukee et al. (2022a)

Sandstone Oil- to oil-wet
(171◦ to 123◦)

Decrease
(28 to 8)

Increase (27) Surfactant Sukee et al. (2022b)

Notes: ∗Oil recovery compared as contributed from the changes in wettability and interfacial tension reported.

Triton X-100 surfactant was selected intentionally since it does
not significantly alter the contact angle of the oil-water-rock
system (Li et al., 2020; Sukee et al., 2022b), hence facilitating
only effect of the change in the interfacial tension investigated.

Sodium chloride as monovalent salt (NaCl ≥ 99.5%,
RCI Labscan, Thailand) and calcium chloride as divalent
salt (CaCl2 ≥ 99.5%, RCI Labscan, Thailand) were used as
received to prepare the brine fluids at 100 mM using deion-
ized water (RCI Labscan, Thailand). Based on our previous
observation with the same crude oil-rock-brine system, 100
mM brines secured the wettability system to be water-wet
(with NaCl brine; θ ∼ 32.0◦) and oil-wet (with CaCl2 brine;
θ ∼ 126.9◦) effectively (Sukee et al., 2022a).

To investigate the effect of change in the interfacial tension
at each specific wettability on oil displacement, imbibing
fluids for spontaneous imbibition experiment were therefore
designed into four fluids for the four oil-water-rock character-
istics as shown in Table 2.

2.3 Measurements of the oil-water interfacial
tension and the three-phase contact angle

The interfacial tension between aqueous solution (i.e.,
imbibing fluid) and crude oil (σ ) was measured by a pendent
drop method using an Attension® Theta Optical Tensiometer
(TF300-Basic, Biolin Scientific, Finland) at 50 °C. An oil

droplet of ∼ 10 µL was dispensed at the tip of a stainless
inverted needle (gauge 22) using a micro-syringe pump (C201,
Biolin Scientific, Finland). The shape of oil droplet was
captured at 3.3 fps until no detectable change was observed (∼
3,600 s), where the steady-state σ was defined and reported.

The three-phase oil-water-rock contact angle (θ ) was also
measured using An Attension® Theta Optical Tensiometer
(TF300-Basic, Biolin Scientific, Finland) at 50 °C by an
inverted sessile drop method on aged thin slice rock, with
details described in our previous study (Sukee et al., 2022a).
The cleaned thin slice of rock was aged with formation water
and then crude oil as same as the core samples used for
the imbibition experiment (described in the next section).
Imbibing fluid was pre-heated to 50 °C and added into the
thermal cell to submerge the thin slice. An oil droplet of
∼ 5 µL was carefully deposited underneath the thin slice
by means of an inverted needle attached to a micro-syringe,
and the oil-water-rock contact angle was formed. The contact
angle was recorded at 3.3 fps until the steady-state contact
angle was attained (∼ 3,600 s). The three-phase contact angle
was measured through the imbibing fluid phase from image
analysis via the OneAttention software. The average contact
angle from the left and right is reported.
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Table 2. Imbibing fluids used for spontaneous imbibition experiment in the current study.

Imbibing fluids
Desired oil-water-rock characteristics

Interfacial tension Wettability

100 mM NaCl Relatively high Water-wet

100 mM CaCl2 Relatively high Oil-wet

100 mM NaCl + 0.2 mM Triton X-100 Relatively low Water-wet

100 mM CaCl2 + 0.2 mM Triton X-100 Relatively low Oil-wet

2.4 Oil displacement by spontaneous imbibition
To investigate an immiscible displacement between crude

oil and the imbibing fluids (listed in Table 2), spontaneous
imbibition process which is governed by capillarity was ex-
perimented. Experimental procedure conducted in the current
study is based on our previous work (Sukee et al., 2022a),
which is briefly described hereafter.

The rock core samples were prepared before each imbibi-
tion experiment by cleaning with formation water for 2 days
by means of liquid saturation method. Thereafter, the samples
were saturated with crude oil and aged for 5 days at 50 °C,
where an initial oil saturation was defined. Due to the aging
process, an initial wettability of the oil-water-rock system was
established to be weakly water-wet, with the measured three-
phase contact angle of 66.0◦ .

An oil-saturated core sample was placed in the Amott cell
chamber, then the cell was filled with imbibing fluid imme-
diately to initiate a spontaneous imbibition process. The core
sample was hence submerged in an imbibing fluid. Displaced
oil (or produced oil) from the core sample was measured peri-
odically at graduated cylinder scale attached to the Amott cell.
With a 1-cm-height stainless-wire truss partitioning between
the core bottom-end and the cell bed, fluids are allowed to
flow upward from bottom-end to configurating a co-current
flow direction (Sukee et al., 2022a). The imbibition experiment
was conducted in an oven at an operating temperature of 50
°C.

3. Results and discussion

3.1 Crude oil-brine interfacial tension and the
three-phase contact angle

Desired oil-water-rock characteristics (i.e., σ and θ ) as
manipulated by each imbibing fluid (Table 2) were success-
fully achieved, confirmed by the measured both interfacial
properties as reported in Fig. 1 and discussed below.

Fig. 1(a) reports the σ measured against all imbibing
fluids. Considering the pair of NaCl and CaCl2 brines (without
surfactant added), the measured were relatively high at roughly
33 mN/m. With surfactant included, the σ of the two fluids
were reduced to be relatively low at approximately 4 mN/m, ∼
88% reduction compared to the surfactant-free fluids. Such a σ

reduction was a contribution from additional (Triton X-100)
surfactant adsorption at the crude oil-water interface, which
normally screens the brine-induced adsorption of indigenous

surface-active species (e.g., asphaltenes and naphthenic acids)
(Chávez-Miyauchi et al., 2016a; Ameri et al., 2018).

Comparing between the two brines without surfactant at
equivalent concentration (100 mM), slightly lower σ (30.9
mN/m) was obtained in CaCl2 brine than that of NaCl brine
(35.0 mN/m), a result of greater CaCl2 brine-induced ad-
sorption of indigenous surface-active species at the oil-water
interface as observed in our previous study (Tangparitkul et
al., 2021). Such a stronger neutralization effect is due to
strongly hydrated Ca-ion and of higher valency than that of
Na-ion (Wu et al., 2016; Taylor and Chu, 2018; Tangparitkul
et al., 2021).

Steady-state contact angles of all imbibing fluids are shown
in Fig. 1(b), illustrating a distinctive dependence on brine
valency. Either with or without surfactant added, monovalent
NaCl brines clearly secured the oil-water-rock system of
water-wetting (θ ∼ 44◦). Similar to divalent CaCl2 brines, the
measured contact angles remained in oil-wet region (θ > 90◦),
even though a slight reduction (126.9◦ → 104.6◦ : △θ ≈ 22◦)
was observed when surfactant was added. The resulted θ

verify a marginal intervention of Triton X-100 surfactant to
alter wettability, but a greater change in the σ , as anticipated
(Li et al., 2020; Sukee et al., 2022b).

Influence of brine valency (i.e., emphasized by the non-
DLVO hydration forces) on the crude oil-brine-rock wettability
has been extensively studied (Tangparitkul et al., 2021; Sukee
et al., 2022a), such as in low-salinity enhanced oil recov-
ery (EOR) or ion-engineered waterflooding (Mosallanezhad
and Abushaikha, 2021; Saeedi Dehaghani and Ghalamizade
Elyaderani, 2021). Highly hydrated cation tends to construct
a strongly repulsive disjoining pressure between the oil-water
and rock-water interfaces (i.e., increases water film stability),
thus displacing oil from substrate and obtaining wettability
toward more water-wet. In the current study, initial wettability
(66◦) was altered primarily based on brine valency at the
equivalent brine concentration (100 mM). In NaCl brine sys-
tems, the long-range DLVO (van der Waals and electrostatic)
forces were screened by the short-range hydration forces
resulted from hydrated Na+ cation (Zhao et al., 2006; Guo and
Kovscek, 2019), hence the θ decreased to be ∼ 44◦. However,
the θ was found to increase in the CaCl2 brine system owing
to divalent ion bridging of indigenous surface-active species
(i.e., anionic naphthenic acids) adsorbed on rock substrate via
divalent Ca2+ cation, thus the interaction is dominated by a
long-range attractive hydrophobic forces between the crude
oil-brine and substrate-brine interfaces (Ducker et al., 1994;
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Fig. 1. Interfacial characteristics of each crude oil-water-rock system as obtained from each imbibing fluid: (a) the oil-water
interfacial tension and (b) the steady-state contact angle. Dash line in (b) separates wettability regions: water-wetting (θ < 90◦)
and oil-wetting (θ > 90◦). Error bars are standard derivation.

Liu et al., 2005; Zhang et al., 2018).

3.2 Oil displacement results
Dynamic oil displacement by different imbibing fluids is

shown as oil recovery in Fig. 2. General observation is that
crude oil was recovered or “displaced” by imbibing fluid
immediately at great amount (30 h < t < 50 h) after the
imbibition test was executed. Oil displacement was thereafter
gradually proceeded at later period until negligible oil pro-
duced was observed (i.e., the steady state), where ultimate oil
displacement is defined (t ∼ 150 h), see Fig. 2(c).

To systematically compare a capillary influence of the
imbibing fluids, a pair of water-wetting fluids (NaCl brines)
are first considered, see Fig. 2(a). Water-wet with high σ (100
mM NaCl) fluid displaced crude oil form rock effectively, with
high amount of oil being displaced rapidly at initial period
of imbibition, see Fig. 2(b). When incorporated with low σ ,
water-wet fluid (100 mM NaCl + 0.2 mM Triton X-100)
rather diminished its displacing ability, with oil displacement
at the steady state reduced greatly by ∼ 66% and displacement
speed five-fold reduced (Fig. 2(b)), when compared to its
counterpart of water-wet with high-σ fluid. This demonstrates
a contribution of σ reduction when capillarity is a driving
force to fluid displacement (as in this water-wet case), the
higher the capillary force the greater the fluid displacement.
In other words, water-wet system does not need an σ reduction
but rather an σ increase to enhance fluid displacement.

Considering a pair of oil-wetting fluids (CaCl2 brines),
much lower oil displacements are observed as shown in Fig.
2(a) since the oil-wet controlled system does not favor fluid
displacement in general. Oil-wet with high σ (100 mM CaCl2)
fluid barely displaced any oil from rock core, no produced
oil observed. When mixed with surfactant (100 mM CaCl2
+ 0.2 mM Triton X-100), a relatively low σ attained led
to an obvious improvement on oil displacement. The oil-wet

with low-σ imbibing fluid yielded ∼ 16% oil recovery, with
displacement speed similar to that of water-wet with low-
σ fluid, see Fig. 2(b). This substantiates a contribution of
σ reduction to fluid displacement when capillary system is
oil-wet, i.e., a resisting capillary force to fluid displacement.
As the oil displacement results revealed, a reduced resisting
capillary force, as induced by the decreased σ , promoted oil
displacement by weakening an oil-wet hindrance.

It is noted that even attaining the same σ (∼ 4 mN/m,
Fig. 1(a)), the oil-wet imbibing fluid (θ = 104.6◦) still could
not compete with the water-wet system (θ = 43.7◦). This
stressed that capillary-governed fluid displacement is indeed
a “wettability-controlled” process (Cheng et al., 2022).

In addition, surfactant influence on fluid displacement be-
havior was found to be screened by the brine fluids. Additional
imbibition experiment was performed with surfactant-only
fluid (0.2 mM Triton X-100) and resulted in terribly less oil
displacement (three-fold to seven-fold when compared to the
other surfactant-added imbibing fluids, see Fig. S1 in Supple-
mentary Material). This again confirms a wettability-controlled
and capillary-driven fluid displacement, even though magni-
tude of such a “control” can be manipulated by a degree of σ

change.

3.3 Fluid displacement mechanisms
With knowing that a capillary-driven immiscible fluid

displacement is a wettability-controlled process, conventional
chemical enhancement for fluid displacement in porous media
(e.g., EOR) is usually achieved by reducing the fluid-fluid
σ since wettability of the system typically hinders the dis-
placement. An increasing number of recent research also ex-
plored the wettability change by chemical additives (Chávez-
Miyauchi et al., 2016b; Massarweh and Abushaikha, 2020;
Burgan and Jellah, 2021), with some studies even proposed
displacing chemical fluids that could both reduce the σ and
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Fig. 2. Oil recovery results from oil displacement experiment as a function of time and various imbibing fluids: (a) comparison
among four imbibing fluids with (b) the result re-plotted on semi-log scale and (c) ultimate oil recovery results from each
imbibing fluid. For 100 mM CaCl2 fluid, no oil recovery (0.0%) was observed. Lines to guide the eye.

alter wettability simultaneously (Xu et al., 2019; Burgan and
Jellah, 2021). Such a simultaneous change to both σ and wet-
tability could diminish fluid displacement if their contributions
contradict each other.

Hence, contribution to change in those two factors needs
a holistic consideration, which can be assessed by using
dimensionless numbers, including capillary number (NC) and
inverse Bond number (N−1

B ) (Jacquin and Adler, 1985; Meng
et al., 2016; Xu et al., 2019). The capillary number is a viscous
to capillary forces ratio:

NC =
µV

σ cosθ
(2)

where µ is the oil viscosity, and V the characteristic fluid
velocity (taken to be 1 × 10−6 m/s, (Berg and Ott, 2012).
The inverse Bond number is defined as a ratio of capillary to
gravitational forces:

N−1
B =

σ cosθ

r△ρgH
(3)

where △ρ is the density difference between crude oil and
water phases, g the gravity acceleration constant, and H the
core length characteristic taken to be the core height.

The dimensionless numbers (NC and N−1
B ) and Pc (Eq. (1))

for each imbibition experiment were calculated and reported in
Table 3. It is obvious that all resulted NCa were substantially
low (< 5.5 × 10−6), indicating a dominant capillary-control
rather than a viscous advection (Austad et al., 1998) as
previously discussed. The other two quantities (N−1

B and Pc)
however show a dramatic variation in different imbibing fluids.
Negative N−1

B and Pc reflect a resisting capillarity due to oil-
wet system (i.e., θ > 90◦, see Fig. 1(b)), and vice versa for
being positive of a driving capillarity.

With same fluid-rock system studied by spontaneous im-
bibition in our previous work (Sukee et al., 2022a), the
displacement results were found to depend on brine valency
and concentration (as of imbibing fluid) which is contributed
from changes in σ and θ , though no surfactant was used
to reduce the σ significantly. To better illustrate the fluid

displacement mechanism, the N−1
B and Pc values from both

previous and current studies were plotted against residual oil
saturation (i.e., non-displaced or “trapped” oil: Sor) to correlate
their relations, as shown in Fig. 3.

Residual oil saturation was found to be inversely propor-
tional to both Pc (Fig. 3(a)) and N−1

B (Fig. 3(b)). Considering
Pc, negative values of oil-wet system are weakened by de-
creasing in σ , which leads to improving on fluid displacement
(less residual oil saturation). While in water-wet system with
positive Pc, higher σ is evidenced to displace more fluid
(higher oil displacement or lesser residual oil). For example,
when compares 100 mM NaCl fluid to 100 mM NaCl + 0.2
mM Triton X-100 fluid (Fig. 3(a)), strong reduction in σ

decreased Pc from 494.8 to 54.2 Pa and hence resulted in
much less fluid displacement, see Table 3.

General observation of N−1
B is similar to that of Pc. One

distinctive different to note is that much reduced σ led to
relatively low absolute N−1

B values (
∣∣N−1

B

∣∣ < 1) of which
the capillary term (σ cosθ ) is screened by the gravitational
contribution (r △ ρgH), see Eq. (3). In this range of low∣∣N−1

B

∣∣, the gravitational force likely plays a part in the fluid
displacement process in addition to the capillarity (Xu et
al., 2019) (shaded strip in Fig. 3(b)).

With good correlations between residual oil saturation (Sor)
and (i) Pc and (ii) N−1

B observed in Fig. 3, data fitting to semi-
empirical function was performed and resulted as follows:

Sor =−0.0001(Pc)
2 −0.0888(Pc)+81.5810 (4)

Sor =−1.4666(N−1
B )3 −3.3009(N−1

B )2

−17.06(N−1
B )+78.289

(5)

The Pc correlation is fitted with quadratic function where
R2 is 0.91, while the N−1

B correlation is a third-order polyno-
mial function with R2 of 0.88.

4. Conclusions
Capillary-governed oil displacement has been examined via

spontaneous imbibition experiment using specially designed
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Table 3. Measured crude oil-water-rock interfacial characteristics (σ and θ ), dimensionless numbers (NC and N−1
B ), and Pc

for each imbibing fluid with ultimate oil displacement results.

Imbibing fluids σ (mN/m) θ (◦) NC (-) N−1
B (-) Pc (Pa) Ultimate oil recovery (%)

100 mM NaCl 35.0 32.0 6.1 × 10−7 1.55 494.8 95.8

100 mM CaCl2 30.9 126.9 -9.7 × 10−7 -1.41 -309.4 0.0

100 mM NaCl + 0.2 mM Triton X-100 4.5 43.7 5.5 × 10−6 0.22 54.2 34.6

100 mM CaCl2 + 0.2 mM Triton X-100 4.4 104.6 -1.6 × 10−6 -0.08 -18.5 16.5
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Fig. 3. Correlations between residual oil saturation and: (a) capillary pressure and (b) inverse Bond number. Data plotted
includes the results from the current imbibing fluids and other brine fluids from the previous study by Sukee et al. (2022a).
Solid symbols with star indicate 100 mM brines (no surfactant-added) for comparison with the equivalent brines but surfactant-
added (hollow symbols). Vertical dash lines separate negative and positive regions. Shaded strip in (b) indicates low inverse
Bond number region (-1 to +1), where gravitational force likely comes into play.

imbibing fluids (i.e., mixtures of brine and surfactant) to
allow “decoupled” contributions from wettability and oil-water
interfacial tension investigated since both are likely attribute to
capillarity simultaneously. For the water-wet system, reduction
in σ tremendously demoted oil displacement by 61.3% as a
result of a reducing capillary “driving force”. An opposite
result was however found in the oil-wet system, where the
same degree of σ reduction has improved oil displacement
by 16.5% owing to a reducing capillary “resistance”. At both
regimes of wetting, the σ has demonstrated its vital role in
controlling fluid displacement-either elevates or obstructs it.

With the findings summarized above, it is obvious that
wettability does govern the fluid displacement “direction”-
either driving (water-wet) or resisting (oil-wet) capillarity-but
the σ could control the displacement “magnitude” of both
directions. As hypothesized, such directions favor different σ

magnitudes and hence any change in the σ would directly
modify the capillarity at some degree, assuming no wettability
alteration. This hypothesis has been demonstrated and proven
in the current study. A novel concept of such a σ role on
“controlling” fluid displacement is present. High σ is required
for a water-wet system, while low σ is needed in an oil-wet

one, if improving fluid displacement (e.g., EOR) is anticipated.
Controversy in some studies (Tangirala and Sheng, 2019;

Xu et al., 2019) was likely due to an insufficient assessment on
controlling mechanisms, particularly a capillarity contribution.
Both interfacial phenomena have normally been considered by
rough and qualitative data, whilst the current work has rather
decoupled and focused on an individual σ role quantitatively-
that could solely and even robustly govern the fluid displace-
ment. With equivalent degree of wettability attained, contradict
results from the studies by Sukee et al. (2022b) are found,
with the latter obtained incremental oil but the former did
not. This was likely due to a screening of σ contribution
over wettability since the latter work has a capillary resisting
force less than the former, thus greater oil displacement
obtained. Oil recovery results from a recent study by Deng
et al. (2023b) using various surfactant mixtures can be further
exemplified with rigorous explanation by our current findings.
When compared three surfactant fluids that secured water-
wetting (θ = 30◦−60◦; the capillary is all driving force), the
greater the reduction in σ (4 mN/m → 0.63 mN/m → 0.01
mN/m) led to the lower the oil recovery (24%→ 13%→ 10%),
echoing a vital role of σ over the wettability alteration on the
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oil displacement.
Toward more efficient fluid displacement in subsurface

reservoir (Krevor et al., 2023; Tangparitkul et al., 2023), design
to change interfacial properties, namely wettability and fluid-
fluid interfacial tension, has to be holistically considered but
not vaguely. Simultaneous changes in both properties may
not result in the best fluid displacement, but could rather
obstruct the fluid flow. Future work should investigate more
on additives (e.g., chemicals) to displacing fluid that could
function selectively as anticipated. Some porous reservoirs
might simply need σ change without wettability alteration to
the best improved fluid displacement. For example, petroleum
reservoirs are typically oil-wet, where only reduction in σ

is simply required for EOR rather than coupled changes in
wettability and σ . On the contrary in CO2 geological storage
application, typical pristine saline formations, mostly strong
water-wet (Bachu, 2015; Ringrose et al., 2021), would require
a lower σ to weaken driving capillary force to the wetting
(water) phase, without wettability alteration. For underground
hydrogen storage, even more complex consideration on the two
properties is expected since hydrogen as a non-wetting phase
has to be injected into and redrawn from storing reservoir
cyclically (Pan et al., 2021; Zivar et al., 2021), thus a great
knowledge gap for further research.
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