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Abstract

Counter-current, spontaneous imbibition of brine into oil-saturated rocks is a critical
process for recovery of bypassed oil in carbonate reservoirs. However, the classic Amott-
cell test introduces experimental artifacts that distort the true dynamics of oil recovery,
complicating the interpretation and modeling of recovery histories. In this study, we
applied a modified Amott procedure to eliminate these artifacts, producing smooth and
reproducible recovery histories for both water-wet and mixed-wet carbonate core plugs
saturated with brine and oil. By applying Generalized Extreme Value (GEV) statistics, we
modeled cumulative oil production and showed that a GEV model is able to capture the
essentially non-equilibrium nature of spontaneous imbibition. Our results demonstrate
that water-wet systems exhibit faster recovery rates and shorter induction times due to
favorable capillary forces, while mixed-wet samples have slower dynamics and longer
induction times, reflecting the influence of wettability alterations. We demonstrate that
the GEV fitting parameters systematically correlate with key rock—fluid properties, such
as wettability, oil viscosity, and pore network characteristics, offering a semi-quantitative
approach to analyze recovery behavior. This study demonstrates the potential of a GEV-
based statistical model to deepen understanding of the spontaneous imbibition mechanisms
and to enhance predictive capabilities for oil production dynamics.

Keywords: spontaneous imbibition; waterflood; transition zone; amott-cell experiment;
mixed-wet wettability; Generalized Extreme Value (GEV); non-equilibrium process

1. Introduction

Capillarity-driven, counter-current spontaneous imbibition is the key process that
increases oil recovery from mixed-wet carbonate reservoir zones that have been exposed to
water injection or are close to oil-water contact. Either way, average water saturation is high.
The essentially non-equilibrium dynamics [1] of imbibition and ultimate recovery depend
strongly on reservoir rock wettability [2,3]. Adsorption of polar crude oil compounds,
such as asphaltenes, alters wettability, making larger pore surfaces oil-wet while smaller
pores, pore corners, and rough surfaces remain water-wet, forming mixed wettability [4,5].

Energies 2025, 18, 5771

https://doi.org/10.3390/en18215771


https://doi.org/10.3390/en18215771
https://doi.org/10.3390/en18215771
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6988-9248
https://orcid.org/0000-0002-9743-7107
https://orcid.org/0000-0002-1587-4822
https://orcid.org/0000-0002-9389-7579
https://doi.org/10.3390/en18215771
https://www.mdpi.com/article/10.3390/en18215771?type=check_update&version=1

Energies 2025, 18, 5771

2of 16

This mixed wettability hinders capillary-driven recovery and complicates waterflooding,
particularly in carbonate reservoirs with complex pore structures [6].

Low- or modified-salinity waterflooding injects brines with altered composition to
modify rock wettability toward water-wet conditions, enhancing spontaneous imbibition
and oil recovery [7,8]. While many studies have explored wettability alteration and identi-
fied optimal brine compositions for improved recovery, these findings often lack a clear
understanding of the underlying mechanisms [9-15]. Consequently, experimental results
can rarely be applied at reservoir scale.

The dynamics of oil recovery are closely linked to the displacement processes oc-
curring within reservoir cores, which offer valuable insights into underlying recovery
mechanisms and support the development of more efficient and cost-effective production
strategies [3,16]. In particular, analyzing spontaneous imbibition dynamics at the pore scale
reveals fluid displacement behavior that can guide the selection of optimal brine composi-
tions during laboratory screening. Although numerous models have been developed to
simulate spontaneous imbibition, comparatively less attention has been paid to designing
experiments that improve mechanistic understanding and predictive capability [17]. To
interpret the shapes of production curves meaningfully, several critical factors must be
taken into account.

One critical aspect of dynamic experiment is re-evaluating variables relevant to spon-
taneous imbibition in mixed-wet rocks. Many studies examine brine imbibition into fully
oil-saturated core plugs without initial water saturation [18-20]. While simplifying experi-
mental and modeling protocols, this approach fails to reflect dynamic and non-equilibrium
reservoir conditions, where imbibition never approaches a steady state [1]. Spontaneous
imbibition of water into oil-saturated rocks containing a finite amount of initial water is
a dynamic invasion percolation process influenced by pore-scale mechanisms including
snap-off, cooperative pore-body filling, and oil bypassing [21]. These processes, in turn,
depend on pore geometry [21], rock wettability [2,3], and initial water saturation [2,22],
which control pore-level dynamics. Thus, accounting for initial water saturation is essential
for realistic experimental designs and interpretations useful for field-scale applications.

The second key aspect is minimizing experimental artifacts that distort imbibition
dynamics and hinder accurate interpretation and modeling of oil recovery curves. The
Amott test [23] simulates spontaneous imbibition governed by capillarity and wettability,
and is commonly used for evaluating the impact of brine composition on oil recovery.
However, while the classic Amott test provides ultimate recovery values, it introduces
artifacts that misrepresent oil production dynamics, such as oil holdup at the core surface
and delayed production onset [3,24-30]. As a result, production curves become jagged and
challenging to interpret or model. Methods such as manual shaking, gravimetric recovery
measurements, mechanical droplets removal, and centrifuge-assisted imbibition have been
attempted to mitigate oil holdup effects [3,24,26,28,31], but none of these methods have
consistently produced smooth recovery histories.

In our earlier study [32], we introduced a modified Amott-cell procedure that effec-
tively mitigated external oil holdup and enhanced the resolution of recovery dynamics for
water-wet Indiana limestone rock samples saturated with mineral oil. In the present work,
this analysis is expanded to include brine imbibition into mixed-wet limestone samples
saturated with crude oil, which present additional experimental complexities. Our findings
demonstrate that the improved Amott methodology results in smooth and reproducible oil
recovery histories across core plugs exhibiting different wettability conditions.

Numerous studies have proposed modeling approaches for spontaneous imbibition.
Classical simulations typically rely on fitting equilibrium capillary pressure and steady-
state relative permeability curves to experimental data [33-36]. However, spontaneous
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imbibition is inherently a non-equilibrium multiphase flow process, where the assumptions
of static capillarity break down. The Young-Laplace equation, which governs interface
curvature under equilibrium, no longer applies: flow occurs so rapidly that fluid interfaces
do not have sufficient time to attain constant-mean-curvature configurations. As a result,
the use of static capillary pressure and relative permeability curves—often applied without
due caution—loses validity. Classical models, by ignoring this non-equilibrium character,
lack predictive power and cannot be reliably scaled, even if they reproduce specific experi-
mental results. These fundamental limitations, and approaches to overcome them, were
articulated more than two decades ago by Barenblatt et al. [1] and the references therein,
yet remain largely unacknowledged by much of the current technical community working
in this field. It has been clearly demonstrated by Barenblatt et al. [1], and later corroborated
by Guen and Kovscek [37] and Schembre and Kovscek [38], that the classical mathematical
model fails to accurately reproduce spontaneous imbibition in complex porous media due
to its omission of non-equilibrium effects.

We developed a different scaling approach that models spontaneous imbibition with-
out disregarding its non-equilibrium behavior. We applied Generalized Extreme Value
(GEV) statistics to model experimental cumulative oil production. The GEV statistics [39]
represent extreme event distributions and have been used to model gas production in U.S.
shale reservoirs [40] and in many references cited therein (see p. 5), where gas production
from an individual well was interpreted as the maximum potential output of that well. In
the context of spontaneous imbibition, the release of oil droplets is considered analogous:
each droplet corresponds to the maximum volume that a given rock surface area can retain
against capillary and gravitational forces. Thus, we posit that the GEV distribution can
effectively model the distribution of produced oil droplets in the Amott imbibition test.

In our earlier work, we have applied GEV statistics to model cumulative oil production
for water-wet limestone core plugs [32]. Our results demonstrate that the GEV model-
ing parameters systematically correlate with key physical characteristics of the oil-rock
systems, such as oil viscosity and rock permeability. In this work, we extend the applica-
tion of GEV statistics to model experimental production from carbonate core plugs with
altered wettability.

2. Materials and Methods
2.1. Brines

Brine solutions were prepared using ACS or reagent-grade chemicals (Fisher Scien-
tific, Hampton, NH, USA) and purified water (Milli-Q Advantage A10 system, Millipore,
Burlington, MA, USA). The compositions of brines used in this study are summarized in
Table 1. Brines containing only chloride salts are labeled as “Chlor,” followed by molar
concentration of chloride; for instance, 0.1M NaCl solution is denoted as Chlor0.1. Brines
containing carbonate and bicarbonate salts are abbreviated as “Carb” and “Bicarb” followed
by carbonate/bicarbonate concentration, respectively. Because calcite slightly dissolves
in brines and core plugs were used in multiple tests, all brine solutions were equilibrated
with CaCOj3 and atmospheric CO; for a minimum of 24 h, followed by filtration prior to
use to minimize samples dissolution during saturation.

Brine pH measurements were conducted at room temperature using a Thermo Sci-
entific pH meter. Mineral oil/brine and crude oil/brine interfacial tension (IFT) were
measured at 60 °C with an Automated Tensiometer (Rame-hart Instruments Co., Succa-
sunna, NJ, USA). The crude oil-brine mixtures were equilibrated at 60 °C for three days
before measurements were conducted. Table 1 lists IFT values obtained with mineral oil for
the Chlor0.1 brine and with crude oil for the remaining brines.
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Table 1. Chemical composition and physical properties of the brines utilized for core plug saturation
and spontaneous imbibition experiments.

Parameter Chlor0.1 Chlor2.5 Carb0.5 Bicarb0.5
NaCl, g/L 5.85 87.75 87.75 117.0
CaCl,-2H>0O, g/L - 73.50 - -
NaxCOs3, g/L - - 53.0 -
NaHCO;3, g/L - - - 42.0
TDS, ppm 5850 143,250 140,750 159,000
pH! 8.3 6.8 10.7 8.3
Interfacial tension 2, mN/m 52 26 5 18

1 Brine pH was measured after equilibration with calcite at room temperature; 2 interfacial tension values were
measured with mineral oil for Chlor0.1 brine, and with crude oil for the remaining brines, at 60 °C.

2.2. Oils

Different-density mineral oils (Fisher Scientific) were used in this study. Light mineral
oil was diluted with hexadecane (85 wt.% and 15 wt.%, respectively) to achieve simi-
lar viscosity to crude oil, and referred to as Mineral-1. Heavy mineral oil, labeled as
Mineral-2, was used without further treatment. Oil density and viscosity were analyzed
using an Anton Paar densitometer DMA4500 and rheometer MCR 302/CC27 (Anton Paar,
Graz, Austria).

Dead crude oil sourced from a carbonate reservoir was utilized for core plug aging.
For all experiments and analyses, the crude oil was stirred and applied without filtration.
The physico-chemical characterization of crude oil was conducted by the SLB Reservoir
Laboratory in Dhahran. Table 2 summarizes the characteristics of the mineral and crude oils.

Table 2. Physical and chemical characteristics of mineral and crude oils utilized for core plug saturation.

Parameter Mineral-1 Mineral-2 Crude
Density at 22 °C, g/cc 0.850 0.884 0.889
Density at 60 °C, g/cc 0.825 0.859 0.855
Viscosity at 22 °C, cP 28.3 178.4 19.5
Viscosity at 60 °C, cP 7.3 235 6.4
Asphaltenes, wt % - - 21
Total acid number, mg KOH/g - - 21
Total base number, mg KOH/g - - 1.5

2.3. Core Plugs

Indiana limestone (IL) core plugs, 1.5in. x 12in. in size (Kocurek Industries Inc.,
Caldwell, TX, USA), were sectioned into 3-inch samples and used in all experiments without
cleaning. In the repetitive tests, after the first imbibition run, the core plug was cleaned
with dichloromethane using Soxhlet extraction, then dried in an oven at 60 °C overnight.
Porosity (¢prine) and permeability (fp;ine) Of a core plug were determined using 0.1 M NaCl
brine in the Basic Core Flood System (CFSH2B, MetaRock Laboratories, Houston, TX, USA).
The core plug saturation and flooding were conducted at 500 psi confining pressure with a
150 psi back pressure. Table 3 summarizes the petrophysical data of the core plugs used in
this study.
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Table 3. Petrophysical properties of Indiana limestone (IL) rock samples and conditions of sponta-
neous imbibition testing. The postfixes (a and b) in the sample code indicate subsequent experiments
conducted on the same core plug. Core plugs IL-7 and IL-23 were first tested using mineral oil and
later in crude oil experiments, denoted as (m) and (c), respectively.

Core Core
Sample . iner  Kbriner . Soir RF, Saturation/Aging Imbibition
Codf Length, ~ Diameter, ¢13’Zne E:Be Oil Code Fraction Fraction Bringe 8 Brine

mm mm
IL-6b 74.2 38.0 14.8 19 Mineral-1 0.73 0.209 Chlor0.1 Chlor0.1
IL-7b(m) 73.6 38.0 15.1 41 Mineral-1 0.70 0.208 Chlor0.1 Chlor0.1
IL-23(m) 74.4 37.9 16.0 49 Mineral-2 0.72 0.224 Chlor0.1 Chlor0.1
IL-15a 76.1 38.1 16.5 635 Mineral-2 0.70 0.179 Chlor0.1 Chlor0.1
IL-7(c) 73.6 38.0 15.1 41 Crude 0.74 0.242 Chlor2.5 Chlor2.5
IL-23(c) 74.4 37.9 16.0 49 Crude 0.79 0.217 Chlor2.5 Chlor2.5
1L-3 76.8 37.7 16.2 270 Crude 0.76 0.550 Carb0.5 Carb0.5
IL-0a 76.8 37.7 15.3 250 Crude 0.77 0.450 Bicarb0.5 Bicarb0.5
IL-7a(c) 73.6 38.0 15.1 41 Crude 0.81 0.096 Chlor2.5 Chlor2.5

2.4. Core Plug Saturation and Aging

A dry rock sample was saturated with brine using a 10-Cell System (MetaRock Lab-
oratories, Houston, TX, USA). The core plug was first placed in a stainless-steel holder
with a Viton sleeve and confined at 500 psi. Evacuation was performed for several hours
until a vacuum of 5.8 x 1073 psi (300 mTorr) was reached. The plug was then saturated by
introducing brine from a calibrated burette at the inlet. Subsequently, the brine-saturated
plug was displaced with oil. To promote uniform oil distribution, a hydrophilic ceramic
porous plate was installed at the base of the plug. Oil injection was conducted at 500 psi
confining pressure under ambient temperature conditions. A pore pressure of 80 psi was
maintained during the whole saturation process. Average oil saturation was calculated
from the volume of displaced brine collected in a calibrated burette attached to the outlet.

In all mineral oil tests, the core plugs were saturated with 0.1 M NaCl brine. Mineral oil
was subsequently injected at room temperature until oil saturation of 70-80% was achieved,
which generally required 2 or 3 days. For crude oil tests, core plugs were saturated with
brines of varying compositions and then subjected to aging (see Table 1). Crude oil was
injected at room temperature until oil saturation of 60-70%. Then, the pore pressure was
reduced to 35-40 psi and the core holder was heated up to 60 °C for core aging. The core
aging was performed for 4 weeks. Based on industrial experience, these conditions are
considered sufficient to establish mixed wettability [41]. The final values of oil saturation
(Soi) are reported in Table 3.

2.5. Spontaneous Imbibition Experiments

The modified Amott-cell spontaneous imbibition experimental procedure [32] was
used to study oil recovery. After core plug saturation and aging, both faces of the core
plug were sealed with glass discs, as illustrated in Figure 1. Introduced modification
reduces axial flow and prevents oil droplet retention on the upper surface of the core. The
rock sample with sealed faces was positioned in a custom-made Amott cell. The new
design allowed maintaining lateral stability of the core plug during cell orbital motion.
Preheating and degassing of the brine before each run minimized gas bubbles formation
on the rock surface.

An Amott cell was fixed on the platform of an orbital shaker. The shaker, holding
two Amott cells, was placed inside an oven, as illustrated in Figure 1. The experiment was
performed at 60 °C to simulate reservoir conditions. The shaker maintained continuous
orbital motion during the whole experiment. This modification minimized droplet retention
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on the core and provided a smooth, continuous oil production history. A rotation speed of
200 RPM was found to be optimal for facilitating the external oil snap-off while maintaining
the stability of the glass Amott cell during imbibition experiments. We have previously
shown that the selected experimental conditions do not impact either the initial production
delay or the maximal oil production [32].

Regular short pauses of shaking were performed to record oil recovery. Produced
mineral/crude oil volume was estimated visually using a calibrated burette. The details on
our experimental procedure are available in [32].

a b

Figure 1. Preparation of Indiana limestone sample for the spontaneous imbibition test: (a) Two glass
discs seal core plug faces. (b) Heat-shrinkable Viton and Teflon bands fix the glass discs to core faces.
(c) Rock sample is ready for testing. (d) Two Amott cells are mounted on a shaker platform and are
ready for testing. Refer to [32] for details.

2.6. GEV Modeling of Oil Production Dynamics

The exact protocol of using Generalized Extreme Value (GEV) statistics [39] to model
experimental oil production for core plugs with non-zero initial water saturation is detailed
in our previous contribution [32]. Below, we present the key elements of our approach.
The main idea behind using GEV to model oil recovery in an Amott experiment is that
each oil droplet corresponds to the maximum volume that a given rock surface area can
retain against capillary and gravitational forces. The distribution of droplet sizes and their
frequency of appearance are described by an extreme value probability density function
(pdf). The integral of the pdf, the cumulative distribution function (cdf), corresponds to the
scaled cumulative recovery function RF.

It is well known that in a generalized extreme value distribution of a random variable
X with outcomes x, # € R defines the location parameter, o > 0 defines the scale parameter,
and ¢ € R defines the shape parameter. The probability density function is given by

1+C<x;y>(—1/c)—1]Xexp{_{Hg(x;Vﬂ—l/é} "

The cumulative distribution function (cdf) is obtained by integrating Equation (1) with

1
pdf(x; u,0,¢) ==

respect to x. For the case ¢ # 0,

cdf(x;‘u,a,g):exp{—{1+§<3?1>}1/5} (2)

Cumulative oil recovery was normalized by the ultimate recovery RF., from Amott-
cell tests, giving RF(t) € [0,1]. The experimental time ¢ was scaled by characteristic
capillary pressure diffusion time, T [42], f = t/ T, which replaces x in Equations (1) and (2).
The parameters 7, y, 0, and ¢ were obtained by fitting the data to Equation (2) using a
four-parameter Nelder-Mead simplex algorithm.
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The outcomes of GEV modeling (7, y, ¢, and () reflect characteristics of the
oil-brine-rock systems, including oil viscosity, rock permeability, and rock wettability
state. In Section 3 we demonstrate that GEV modeling allows for a qualitative estimation of
oil recovery dynamics based on experimental settings. In our prior study [32], we provide
details on the transformation of the GEV cdf curves depending on variations in the GEV
fitting parameters.

3. Results and Discussion

We begin our discussion by addressing the challenges associated with the classic
Amott-cell experiment. We demonstrate that well-designed, artifact-free experiments
enhance result interpretation and significantly improve the reproducibility of experimental
data. Next, we present spontaneous imbibition experiments and modeling results for water-
wet and mixed-wet Indiana limestone cores, and analyze the influence of oil-rock system
properties on the dynamics of oil production. We show that the Generalized Extreme Value
(GEV) statistics can successfully describe the spontaneous imbibition process. Finally, we
address the issue of core plug contamination with crude oil.

3.1. Artifacts of the Classic Amott-Cell Experiment

Indiana limestone core samples were saturated and aged in various conditions and
then tested in the classic Amott-cell spontaneous imbibition experiment. The core plugs
photographed in Figure 2a—d reveal varying behaviors of mineral oil and crude oil during
spontaneous imbibition. In these experiments, mineral oil (photo a) and crude oil (photos
b, ¢, and d) demonstrate different patterns of droplet formation and retention on the
external rock surface. This oil retention, or oil holdup, is the main experimental challenge
in the Amott imbibition experiment [32]. The mineral oil droplets appear more uniformly
distributed along the core, while crude oil tends to accumulate more prominently on the
top face. This suggests different wetting behaviors and various flow regimes that dominate
brine imbibition and oil production.

Figure 2e,f shows the calculated Bond number (Bo) for various core permeabilities
and oil/brine interfacial tensions (IFT) used in the current study. For water-wet core
sample saturated with mineral oil, shown in Figure 2a, a higher IFT (52 mN/m) results
in a lower Bond number, indicating that capillary forces dominate the imbibition process.
This is confirmed by the Bo values plotted in Figure 2e, which are consistently below the
0.2 threshold [43]. The strong capillary forces and high IFT resist the detachment of mineral
oil droplets.

For mixed-wet core plug saturated with crude oil, shown in Figure 2b, Bo val-
ues remain significantly lower than gravity-segregation threshold (Figure 2f), proposed
by Schechter et al. [43]. However, in these experiments, crude oil droplets predominantly
exit the core from the top face. This behavior is due to the blocking of pore paths by crude
oil on the outer rock surface, as observed in Figure 2b. Despite the lower IFT compared with
the mineral oil case (26 mN/m), oil holdup may be more significant due to both capillary
and adhesion forces that retain crude oil droplets. In contrast, for predominantly water-wet
core plug saturated with crude oil in Figure 2¢, much lower IFT (5 mN/m) significantly
increases Bond number, approaching the 0.2 threshold (Figure 2f). This suggests a greater
contribution of gravitational forces, leading to phase segregation along the core length.
Under these conditions, the lower IFT and water-wet conditions facilitate easier detachment
and movement of oil droplets, reducing the holdup effect.
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Figure 2. Illustration of oil holdup effect during Amott-cell imbibition experiments with Indiana
limestone samples of varied wettability: (a) Core plug IL-6a was saturated with mineral oil. The
mineral oil did not alter rock wettability leaving it water-wet. (b) Core plug IL-0 was aged in chloride
brine, leading to wettability alteration towards more oil-wet state. (c) Core plug IL-3 was aged in
a high-pH brine, retaining predominantly water-wet wettability. (d) Carbonate core plug aged in
crude oil with gas bubbles formed during heating. Calculated Bond numbers for: (e) Mineral oil
experiments with varied core permeabilities and fixed IFT = 52 mN/m. (f) Crude oil experiments
with varied oil/brine interfacial tension and fixed xpne = 270 mD. Details of the Bond number
calculations can be found in [32].

Regardless of the experimental conditions, oil holdup consistently introduces a delay
in the early recovery dynamics and adds noise to the recovery history. Additionally, gas
bubbles that evolve during heating (Figure 2d) obstruct pore pathways, further delaying oil
production. Figure 3 shows the recovery histories from mineral oil (core IL-6a) and crude
oil (IL-0) experiments shown in Figure 2a,b. The resulting stepwise patterns, caused by the
oil holdup effect, mask the true production dynamics and make it challenging to accurately
describe the spontaneous imbibition process.

For core IL-3 in Figure 2c, both the low interfacial tension and water-wet rock wetta-
bility minimized oil holdup and facilitated easy detachment of crude oil droplets from the
rock surface. Gentle manual shaking of the Amott cell during the experiment resulted in
continuous oil production and a smooth recovery history, as demonstrated in Figure 3b.
This experiment, however, does not represent realistic field conditions and is used to test
the GEV model, as will be discussed in a subsequent section.

Our improved Amott-cell experiment, as presented in Kaprielova et al. [32], introduces
several modifications to eliminate or minimize the effects of experimental artifacts and
provide more reliable and reproducible data: (a) sealing both ends of the core plug using
glass discs to prevent accumulation of oil droplets and enforce radial two-phase flow,
reducing contribution of gravity-driven axial flow to the production. Our sealing technique
is non-destructive and allows the core plugs to be reused in sequential or reproducibility
experiments; and (b) implementing continuous automated shaking of the Amott cell to
minimize delays in oil production and produce smoother recovery histories. Additionally,
to avoid the formation of gas bubbles, brine solutions were degassed and preheated before
conducting Amott experiments.

In the following section, we show that carefully designed experiments based on
a modified Amott method enable a systematic investigation of spontaneous imbibition
dynamics. Furthermore, they allow for the quantification of oil recovery behavior through
Generalized Extreme Value (GEV) statistical modeling.
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Figure 3. Cumulative oil recovery during the classic Amott-cell spontaneous imbibition experiment
for Indiana limestone core plugs: (a) Core IL-6a was saturated with mineral oil. (b) Cores IL-0 and
IL-3 were saturated with crude oil and aged for 4 weeks at elevated temperature. Different aging
conditions resulted in varied wettability states: mixed wettability and predominantly water-wet
wettability, respectively (see caption to Figure 2).

3.2. Spontaneous Imbibition and GEV Modeling Results
3.2.1. Mineral Oil/Indiana Limestone Rock

Figure 4a presents the experimental cumulative recoveries for mineral oil-saturated
Indiana limestone rock samples. The smoothness of all recovery curves in Figure 4a is
attributed to the improved design of the Amott test. The experiments have high repro-
ducibility, as shown by oil production curves for the twin core plugs IL-6b and IL-7b
in Figure 4a. Additionally, the samples demonstrate high reproducibility in sequential
imbibition runs after core cleaning and re-saturation [32].

The experiments shown in Figure 4a demonstrate how oil production history depends
on mineral oil viscosity and core plug permeability. High-permeability core plug IL-15a
exhibits rapid initial recovery followed by a steep decline, whereas the experiment with
high-viscosity mineral oil (core IL-23(m)) shows much slower initial recovery followed by a
more gradual decline. We highlight that all recovery curves in Figure 4a exhibit an induction
time, regardless of the oil-rock properties. The observed initial delay in oil production is
indicative of spontaneous imbibition into rock with finite water saturation [32].

Another key characteristic of strongly water-wet rock initially containing water is the
relatively low ultimate oil recovery due to extensive snap-off effects. When water is initially
present in narrow pores and pore corners, capillarity-driven flow in these regions occurs
rapidly enough to form necks and cause internal snap-off, trapping oil ganglia within the
rock [43].

Figure 4b shows scaled cumulative oil recoveries using GEV model for mineral oil
experiments. The GEV model accurately describes cumulative oil recoveries free of ex-
perimental artifacts. The obtained parameters of GEV modeling—r, y, 0, and {—are
summarized in Table 4. Values of these parameters define the shapes of scaled GEV curves,
and allow for a qualitative analysis of imbibition mechanisms (refer to experimental part
of Kaprielova et al. [32]).

The characteristic capillary pressure diffusion time T represents the rate of oil recovery
and indicates the duration of the imbibition process. As shown in Table 4, the characteristic
times are shorter for fast spontaneous imbibition experiments (cores IL-6, IL-7b(m), and
IL-15a) and longer for slower imbibition process (core IL-23). The location parameter y
represents the induction time of the imbibition process. Larger y values are observed
in experiments with high mineral oil viscosity and low core permeability (core IL-23),
while smaller u values are obtained from experiments with high-permeability sample
IL-15a. The scale parameter o governs the overall recovery dynamics. A large ¢ value
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for core IL-23 denotes low-rate dynamics at both early and late stages, while a small ¢
value for core IL-15a implies rapid recovery in both initial and late times. Finally, the shape
parameter ¢ controls the right tail behavior in scaled recovery curve and influences the rate
of late production. A minimal ¢ value for core IL-23 suggests faster decline in late-time
production rate.
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Figure 4. Cumulative mineral oil recovery: (a) Experimental imbibition dynamics. Characteristics
of core plugs and experimental conditions are presented in Table 3. (b) Scaled imbibition dynamics.
Parameters of GEV modeling are summarized in Table 4.

Table 4. Fitting parameters of GEV modeling: 7 is capillary pressure diffusion time; y is location
parameter; o is scale parameter; and ¢ is shape parameter.

Sample GEV GEV GEV GEV Peak Rate
Code 7, h i o ¢ mL/h
IL-6b 6.3 0.092 0.094 0.910 1.62
IL-7b(m) 7.2 0.088 0.094 0.968 1.44
IL-23(m) 92 0.215 0.182 0.457 0.05
IL-15a 6.6 0.044 0.034 0.981 4.22
IL-7(c) 914 0.286 0.285 0.790 0.04
IL-23(c) 83.1 0.294 0.289 0.736 0.04
IL-3 41.8 0.091 0.116 1.160 0.73
IL-0a 66.3 0.223 0.259 0.886 0.13
IL-7a(c) 58.6 0.293 0.270 0.461 0.03

3.2.2. Crude QOil/Indiana Limestone Rock

Figure 5a demonstrates experimental imbibition curves for crude oil-saturated Indiana
limestone rock samples, followed by aging under different conditions. Brine compositions
used for core plug aging were selected to obtain various wettability states of carbonate
rock. Core plugs IL-7(c) and IL-23(c) were aged in chloride brine with salinity close to
that of reservoir connate water (see Table 1), resulting in significant alteration of the rock
wettability towards mixed-wet state and, consequently, relatively low oil recovery. Despite
that, this twin core pair demonstrates smooth and reproducible oil recovery histories owing
to modifications introduced to the Amott test.

Core plug IL-3 was aged in carbonate-containing brine, which did not favor significant
wettability alteration due to its high pH, leaving the rock predominantly water-wet. For
core IL-3, both rate of oil production and the ultimate recovery increased substantially,
compared with cores IL-7(c) and IL-23(c). In this experiment, the internal snap-off of oil
ganglia is suppressed by reduced interfacial tension [43]. Owing to gravity segregation, the
trapped oil droplets are displaced before the snap-off occurs. Core plug IL-0a was aged in
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a bicarbonate-containing brine, leading to intermediate rock wettability and displaying an
intermediate oil recovery rate and ultimate recovery.

Despite low crude oil viscosity, all production histories always exhibit induction time
of 1 to 4 h. This induction time increases as the rock wettability shifts from more water-wet
towards more oil-wet states: 1L-3—1L-0a—IL-7(c)/IL-23(c). These results corroborate the
findings of Ferng et al. [30], who linked the initial delay of oil production to the wettability
state of rock samples saturated with crude oil.

0.6 —

a
annapA D A A A A A 1k
051 p DA
N
A
A np ooo @ o 0.8+
504 s 1 gnee
2 A & 8
- A = 0.6
2 0.3 o &
000
< & 04+
o~ 0.2 “
A o o IL7(0) o IL7(0)
01 ndf o0 IL-23(c) | | 02t IL-23(c) |4
AR & A IL-3 A IL-3
ABgE o IL-0a o IL-0a
ny . . . . : 0 g I I . .
1 10 50 100 200 400 600 1000 05 1 2 3 5 10 20
Elapsed time (h) Dimensionless time (%)

Figure 5. Cumulative crude oil recovery: (a) Experimental imbibition dynamics. Characteristics of
core plugs and experimental conditions are presented in Table 3. (b) Scaled imbibition dynamics.
Parameters of GEV modeling are summarized in Table 4.

Figure 5b shows the GEV modeling results for crude oil recovery from Indiana lime-
stone core plugs. The GEV modeling accurately captures the experimental oil recovery
curves, although minor deviations are observed in the intermediate-time regime for the
IL-7(c)/IL-23(c) core pair. By comparing the modeling results for water-wet samples IL-
6/IL-7b(m) in Figure 4 and mixed-wet samples IL-7(c)/IL-23(c) in Figure 5, one may see
that while the ultimate recoveries for both mineral oil and crude oil experiments are similar,
the imbibition dynamics in mixed-wet samples are significantly slower. As shown in
Table 4, the characteristic times (7) for the mixed-wet samples are ten times longer than
those for the water-wet samples. The delayed onset of production in crude oil samples is
reflected in the location parameters (y), which are 2-3 times larger compared with those
of mineral oil samples. Additionally, larger ¢ values for the mixed-wet samples indicate
slower recovery dynamics for crude oil.

For core IL-3, the GEV modeling results yield smaller y and ¢ values, indicating a
shorter induction time and faster production dynamics, similar to those observed in mineral
oil-saturated water-wet rock samples. Yet, the characteristic time (7) for core IL-3 is longer,
indicating an extended period of crude oil production compared with the mineral oil
recovery, which was suppressed by internal snap-off. The higher shape factor (¢) suggests
a slower decline in the late-time production dynamics for IL-3. The GEV fitting parameters
for the IL-0a core plug are close to those of the mixed-wet samples (IL-7(c) and IL-23(c)),
despite its higher permeability (see Table 4). This suggests that the wettability of core IL-0a
is close to the wettability state of the IL-7(c) and IL-23(c) core pair. The GEV modeling
results closely align with the experimental observations.

3.2.3. Core Plug Contamination

To evaluate the reproducibility of crude oil experiments, core plug IL-7(c) was cleaned
using dichloromethane Soxhlet extraction, resaturated with brine, and repeatedly aged
in crude oil. Figure 6a compares experimental oil production curves in the sequential
experiments for Indiana limestone, IL-7(c) and IL-7a(c), under the same conditions. While
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all recovery histories appear smooth, they show significant differences in ultimate recovery
and rate of oil recovery between the first and second imbibition run. We attribute this
outcome to two main factors: (1) contamination of core plugs by inorganic residue from the
crude oil left after the first experiment; and (2) permanent local wettability alterations in
the first run followed by second round of aging in crude oil.

Despite core plug contamination in subsequent imbibition runs, the GEV model
accurately represents the experimental oil recovery curves for samples IL-7(c) and IL-
7a(c), as shown in Figure 6b. The GEV fitting parameters in Table 4 for IL-7a(c) sample
indicate shorter characteristic time, suggesting a faster recovery process in the second cycle.
However, the overall dynamics of the oil production history remain unchanged, with y and
o values close to those of IL-7(c). The shape parameter ¢ is lower for the second imbibition
run (IL-7a(c)), indicating faster decline in late-stage production rate compared with the
initial experiment (IL-7(c)), likely due to sample contamination.
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Figure 6. Cumulative crude oil recovery: (a) Experimental imbibition dynamics. Characteristics of
core plugs and experimental conditions are presented in Table 3. (b) Scaled imbibition dynamics.
Parameters of GEV modeling are summarized in Table 4.

3.2.4. Summary of Spontaneous Imbibition and GEV Modeling

Our study highlights that the dynamics of oil production are misrepresented by the
classic Amott test. The actual production dynamics are obscured by the external oil holdup
effect, which varies significantly under different imbibition conditions (Figure 2). To
address this limitation, we proposed modified Amott test that minimizes the holdup effect,
providing imbibition dynamics closer to the actual dynamics observed in both water-wet
and mixed-wet cores (Figures 4a—6a).

The developed GEV model effectively captures smooth cumulative recovery curves.
The GEV modeling outcomes offer valuable insights into the dynamics of imbibition, which
depend on rock properties and experimental conditions (Figures 4b—6b). Thus, the GEV
statistical model enables a semi-quantitative analysis of oil recovery behavior. Oil viscosity
and core plug permeability impact on o0il production modeling was discussed in detail in
our previous work [32] and is summarized in Figure 4. This study focuses on the effect of
rock wettability, demonstrating that the GEV modeling outcomes systematically reflect the
wettability state of the core plug.

Figure 7a presents scaled cumulative oil production for both mineral oil and crude oil
experiments, while Figure 7b shows the normalized rates of oil production derived using
the GEV probability density function (see Section 2.6). It is evident that water-wet Indiana
limestone samples (dashed lines) exhibit faster and more efficient oil recovery, both in
cumulative production and production rates. This is characteristic of water-wet systems due
to favorable capillary forces. In contrast, mixed-wet Indiana limestone samples (solid lines)
display longer induction times and slower overall recovery, reflecting the reduced influence
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of capillary forces and the impact of wettability alterations. The plug IL-3, predominantly
water-wet, exhibits behavior consistent with that of water-wet samples regarding both
production history and output rates, thereby confirming the sensitivity of the model to rock

wettability state.
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Figure 7. GEV-modeled summary curves: (a) Cumulative oil production. (b) Rates of oil recovery.
In both plots, dashed line—experiments with mineral oil; solid lines—experiments with crude oil.
Parameters of GEV modeling are summarized in Table 4.

Despite variations in petrophysical properties (Table 3), Indiana limestone samples
with similar wettability states exhibit consistent model behavior. These results suggest that
the pore geometry and interconnectivity within the outcrop are consistent across the tested
core plugs.

In conclusion, GEV modeling results underscore the challenges in predicting recovery
behavior in heterogeneous reservoir rocks, highlighting the critical role of pore structure
and wettability in influencing production dynamics. The developed statistical model offers
valuable insights and provides a semi-quantitative tool for analyzing oil production dynam-
ics under various experimental conditions. However, the interplay between core properties
and experimental factors complicates the attribution of specific GEV fitting parameters
to individual rock—fluid properties or experimental conditions. This highlights the need
for linking the GEV model to a physics-based model that accounts for the mechanisms
governing spontaneous imbibition. Integration of statistical and physics-based models will
enhance predictive power of the model, allowing for more accurate forecasting of recovery
dynamics in new experiments and improving the understanding of how rock and fluid
properties influence imbibition-driven oil recovery.

4. Conclusions

This study demonstrates that the modified Amott experiment effectively minimizes
external-surface oil holdup, providing smooth and repeatable production histories for
limestone samples prepared with different wettability conditions. Our approach enables
a precise investigation of the true dynamics of oil production from water-wet and mixed-
wet carbonate rocks during spontaneous imbibition in an Amott-cell experiment. By
employing the Generalized Extreme Value (GEV) statistical model, we systematically
captured the non-equilibrium dynamics of spontaneous counter-current imbibition, offering
a semi-quantitative approach to analyze the recovery process. We showed that the four
GEV scaling parameters correlate with key physical properties of the rock—oil systems,
including wettability, oil viscosity, and pore network characteristics. Specifically, slower
crude oil recovery rates compared with mineral oil were captured by longer characteristic
capillary pressure diffusion times (7). Water-wet samples exhibited shorter induction times
characterized by smaller location parameters (y), and higher recovery rates were reflected
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by larger scale parameters (¢) due to favorable capillary forces. In contrast, mixed-wet
samples showed slower recovery rates (smaller ) and longer induction times (larger ),
reflecting the reduced influence of capillary forces. Our findings suggest that our GEV
statistical model helps to understand the factors influencing imbibition process in water-wet
and mixed-wet carbonate rock, advancing the predictive capabilities for recovery dynamics.
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