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Abstract Spontaneous imbibition—the process of a wetting fluid displacing a nonwetting fluid purely
by capillary forces—is a ubiquitous phenomenon in porous and fibrous materials. Here we present a new
experimental method for quantification of spontaneous imbibition in geologic materials. This method
makes it possible to perform spontaneous imbibition under elevated pressure conditions relevant to
environmental and energy resource applications. Computed tomography imaging reveals a new
time-independent scaling relationship that describes local imbibition rates as a function of water
saturation. Imbibition capillary pressure curves are calculated with this wetting-phase pressure and flow
rate characterization, with no assumptions about the functional form, end point behavior, or scaling
factors. Calculated end point capillary pressure is nonzero, in agreement with recent pore-scale
measurements of capillary pressure of trapped nonwetting phase. This work provides a new approach and
insights into trapping and remobilization of nonwetting fluids in CO, storage reservoirs and contaminated
groundwater aquifers.

Plain Language Summary Spontaneous flow of fluids in porous and fibrous materials is a
common process that causes fluids to soak clothing, diapers, and paper and is an important process
controlling the long-term movement of slow-moving fluids below the surface of the Earth. In this study,
we describe a new experimental method for understanding this spontaneous fluid flow in porous rocks
and map the fluid movement with a medical imaging system. We present new experimental observations
of this type of flow behavior and explain the results with a mathematical model. The results of this work
have important implications for how fluids interact and become trapped in carbon sequestration reservoirs,
fractured geothermal reservoirs, and contaminated aquifers.

1. Introduction

Spontaneous imbibition is a ubiquitous process in everyday life, controlling physical processes from seed
germination to fluids soaking paper (Miranda et al., 2010), and has important implications for two-phase
flow in a range of geologic settings such as water migration in the unsaturated zone (Kao & Hunt,
1996; Zimmerman & Bodvarsson, 1989), water flooding in fractured oil reservoirs (Abd et al., 2019; Li &
Firoozabadi, 2000; Ma et al., 1997; Raeesi et al., 2014; Zhou et al., 2000), and residual trapping in carbon
storage reservoirs (Alyafei & Blunt, 2016; El-Maghraby & Blunt, 2013; Krevor et al., 2012; Tokunaga et al.,
2013). Spontaneous imbibition is driven by capillary forces and therefore is purely dependent on the wet-
ting behavior of fluid pairs and the unique pore-scale architecture of a porous media. As a result, accurate
quantification of spontaneous imbibition has the potential to provide tremendous insights into potential
changes in wettability of complex systems and the impacts of multiscale heterogeneity on two-phase flow
in capillary dominated displacements.

To mathematically describe spontaneous imbibition in complex porous media, simplified models are often
employed. In the classic model, a porous media is approximated as a bundle of capillary tubes and spon-
taneous imbibition proceeds at a rate proportional to the square root of time (Lucas, 1918; Washburn,
1921). Despite the simplicity of this approximation, experimental observations of bulk spontaneous imbi-
bition rates in geologic porous media find similar behavior (Abd et al., 2019; Alyafei & Blunt, 2018; Ferno
et al., 2013; Mason et al., 2010). While bulk imbibition rates may be described with simple approximations,
dynamic imbibition behavior in simplified porous media such as Hele-Shaw cells (Herndndez-Machado
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et al., 2001; Soriano et al., 2005), paper (Alava et al., 2004; Zik et al., 1997), silica aerogels (Leoni et al., 2011),
and glass beads (Gruener et al., 2012) have observed complex imbibition front broadening or “roughening”
behavior as opposed to perfect piston-like displacement. Imbibition front roughening occurs when the fluid
saturation gradient in the front decreases and becomes wider as a function of time. This front roughening
during imbibition is poorly understood as it is influenced by complex interactions between local permeabil-
ity/fluid mobility heterogeneity (Zik et al., 1997), dynamic effects, capillary heterogeneity, and local pore
volume variation (Alava et al., 2004; Dube et al., 2007).

Unfortunately, experimental studies of dynamic in situ spontaneous imbibition displacement in geologic
porous media have been limited. Experiments are challenging because external forces from experimental
fluid delivery and production, to and from a porous media sample, must be avoided to maintain true sponta-
neous imbibition conditions. Due to experimental challenges, measurements of spontaneous imbibition in
geologic materials have been limited bulk sample fluid recovery (Bartels et al., 2019; Handy, 1960; Haugen
et al., 2014; Ma et al., 1997; Schmid & Geiger, 2012; Tang & Firoozabadi, 2001), nonwetting phase trapping
(Chatzis & Morrow, 1984; El-Maghraby & Blunt, 2013; Reynolds et al., 2018), and imbibition front velocity
(Ferng et al., 2013). Experimental studies to date have mostly been performed at ambient pressure condi-
tions. Experimental limitations have also been unable to resolve outstanding questions related to relative
permeability and capillary pressure hysteresis (Hilfer, 2006; Morrow, 1970; Pham et al., 2005; Reynolds et al.,
2018), asymptotic capillary pressure characteristic behavior at low water saturation (Alyafei & Blunt, 2018),
and potential nonequilibrium imbibition effects (Barenblatt et al., 2003; Hassanizadeh et al., 2002; Le Guen
& Kovscek, 2006; Silin & Patzek, 2004). For complete reviews of experimental work and methods for sponta-
neous imbibition quantification in geologic materials see Lenormand and Eisenzimmer (1993) and Mason
and Morrow (2013).

Another pressing need for spontaneous imbibition characterization is for the development of a physi-
cally unified description of capillary pressure across length scales. Pore-scale experimental studies using
image-based capillary pressure characterization indicate that the physics of nonwetting phase residual
trapping can be more accurately described with nonzero imbibition capillary pressure in strongly wetting
systems (Armstrong et al., 2012, 2014, 2016; Herring et al., 2017; Garing et al., 2017; Li et al., 2018; Lin
etal., 2018; Raeesi et al., 2014). While these experimental studies have been carried out during drainage and
forced imbibition, curvature-based capillary pressure analysis has not yet been possible during spontaneous
imbibition experiments. These experimental results suggest that imbibition capillary pressure is nonzero
at residual nonwetting saturations, conflicting with capillary pressure curves that intersect P, = 0 at the
residual nonwetting saturation in strongly water-wet systems (Alyafei & Blunt, 2018; Ma et al., 1997; Pini &
Benson, 2017).

In this study we present a new method for two-ends-open spontaneous imbibition. In this configuration,
the radial face of a core, which is initially saturated with nonwetting phase, is sealed. One end of the core is
placed in contact with wetting phase, while the other end of the core is in contact with gas from a pressurized
pump. These boundary conditions produce a linear displacement cocurrent imbibition—where the wet-
ting and nonwetting phases are flowing in the same direction. Imbibition under these conditions is termed
two-ends-open free spontaneous imbibition (Dong et al., 1998; Foley et al., 2017; Haugen et al., 2014). Our
new method enables cocurrent spontaneous imbibition to be performed at elevated pressures conditions.
The method is demonstrated for both primary imbibition, when the core initially contains only nonwetting
phase, and secondary imbibition, when the core sample is initially partially saturated with wetting phase.
Spontaneous imbibition of water displacing nonwetting nitrogen gas is imaged with clinical X-ray computed
tomography (X-ray CT). This imaging provides time-lapse measurements of water and gas saturations and a
way to calculate local imbibition rates and imbibition front coarsening in geologic samples. Experimentally
measured imbibition rates, imbibition water saturation profiles, permeability, and core-flooding water rel-
ative permeability are used to calculate imbibition capillary pressure-water saturation curves without any
assumptions about the capillary pressure functional form, end point behavior, or scaling factors.

2. Novel Cocurrent Spontaneous Imbibition Experimental Method

Performing spontaneous imbibition experiments at elevated pressure and temperature conditions is impor-
tant to study complex multiphase flow problems at conditions relevant to environmental and energy
resource applications. The innovation presented here for performing spontaneous imbibition at elevated
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- pressure conditions relies on equalizing the pressure at the upstream
ressure
pump and downstream ends of the core by the addition of a tube that con-
_ ! Displaced nects the inlet and outlet of the core (top illustration in Figure 1). With
Bypass tubing prevents forced displacement nonwetting . . . . . .
phase shrink tubing and confining pressure sealing the cylindrical surface of

the sample, this configuration prevents a differential pressure from being
applied during the imbibition experiment and thus satisfies the bound-

N Wetting phasi ary conditions of cocurrent spontaneous imbibition (Khan et al., 2018;
Wetting phase imbi . . . . R
injection pump spontaneously imbibed Pooladi-Darvish & Firoozabadi, 2000). The bypass tubing is connected to
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78 gradient in water phase pressure pressure to starting imbibition. When the imbibition experiment begins, the valve
s = Tieyout : to the inlet of the core is opened and the wetting phase injection pump
= nlet/outlet pressure Capillary-dri . . . .
=l gghfem in”ﬁ;g;ﬁ?;;e | (Teledyne ISCO 500D) is set to a flow rate just above the spontaneous imbi-
bition rate—determined from preimaging imbibition tests run at different
- Su= (1-5) =05  Se=Sw flow rates. Wetting phase fluid then enters the coreholder inlet where
0 1 2 3 4 5 6 7 8 9 10

Distance fromtheinlet (cm)

Figure 1. Illustration of inlet and outlet caps in contact with core sample
and simple plumbing setup for wetting phase (blue tubing) delivery and
nonwetting phase (red tubing) displacement from the core. Blue and red
arrows represent wetting phase spontaneously imbibing and displacing
nonwetting phase, respectively. Lower plot schematically describes
differential pressure conditions in the core during spontaneous imbibition.
The solid blue line is the wetting phase (water in this study). The dashed
red line indicates the pressure of the disconnected nonwetting phase, and
the solid line describes the pressure of the connected nonwetting phase
(nitrogen gas in this study). The pressure difference between the red and
blue lines describes the local capillary pressure in the core.

some amount of fluid spontaneously imbibes and the excess wetting
fluid is discharged into the bypass tubing. The bypass tubing was clear
Dupont Teflon PFA 1.55-mm inner diameter tubing rated to 3,500 kPa.
The water (wetting phase) pump injection rate was adjusted throughout
the experiment to keep the water-air interface as static as possible in the
bypass tubing, further minimizing the potential of any artificial differen-
tial pressure across the core sample. Coreholder designs are provided in
the supporting information (SI).

Qualitative pressure condition during these spontaneous imbibition
experiments are illustrated in the schematic in situ pressure profile in the
bottom of Figure 1. In this study it is possible to orient the system hori-
zontally due to strong viscous front stabilization forces and relatively large capillary forces in the core. In
systems with larger Bond numbers (i.e., higher gravitational forces relative to capillary forces), or higher
nonwetting phase fluid viscosity, it may be necessary to orient the system vertically.

With the exception of the coreholder, the experiments utilized a standard core-flooding system. A schematic
and detailed description of the experimental setup used in the experiments can be found in Zahasky and
Benson (2018). In all of the experiments the wetting phase was tap water and the nonwetting phase was
nitrogen gas. Tap water was used to maintain moderate ionic strength conditions (salinity less than 50 mg/L)
that reduce repulsive electrostatic forces (Ma et al., 2018) and therefore suppresses potential fines migration.

Prior to starting the primary imbibition experiment, the core was dried in a vacuum oven at 50 °C for a
minimum of 24 hr. The confining pressure was applied with pressurized water to a value roughly 2,000 kPa
higher than the pore pressure. One primary imbibition experiment was performed with a backpressure of
100 kPa, and two repeated secondary spontaneous imbibition experiments were imaged with a clinical X-ray
CT GE Lightspeed scanner. Scans were taken every 3 to 6 min. Reconstructed and processed images had a
voxel side length of 1.25 mm.

In the secondary imbibition experiments, the core had an initial water saturation of roughly 50%. The prelim-
inary water saturation was achieved by injecting nitrogen gas at an inlet injection pressure of approximately
275 kPa for 30 min, following the completion of the previous imbibition experiment. One secondary imbi-
bition experiment with a nitrogen backpressure of 100 kPa, the other experiment had a backpressure of
690 kPa. These duplicate experiments highlight the method repeatability and illustrate the capability of
performing spontaneous imbibition experiments at elevated pressure conditions.
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Figure 2. (a) Slice average water saturation as a function of length along core at different times during imbibition. Colored lines illustrate the time after the
start of imbibition; the darkest blue line corresponds to 12.2 min, while the darkest red line indicates the scan at 264 min. (b) Derivative of water saturation
with respect to time as a function of water saturation illustrated at different times during imbibition. (c) Slice average saturation scaled by the square root of
time (4 =x/ \ﬂ). (d) Absolute value of derivative of water saturation with respect to A plotted as a function of water saturation. (e) Slice average saturation
scaled by the /4 (y = x/t1/4). (f) Absolute value of derivative of water saturation with respect to y plotted as a function of water saturation. The black line is
the empirical fit given by equation (4). The absolute value of the derivatives in (d) and (f) are plotted for comparison with derivative in plot (b).

3. Computed Tomography Imaging of Dynamic Spontaneous Imbibition
Experiments

X-ray CT was used to quantify three-dimension time-lapse water saturation during spontaneous imbibi-
tion in a 5 cm diameter, 10 cm long Berea sandstone core (additional details of sample characterization
are provided in the SI). The dynamic water saturation measurements were then used to calculate total and
local imbibition rates. The slice ({) average water saturation as a function of time (S,,(¢, t)) was calculated
using the classic X-ray CT linear scaling expressions saturation (Akin & Kovscek, 2003)—detailed equations
are provided in the SI. The upper plot in Figure 2a illustrates the dynamic slice-averaged water saturation
measured during the primary spontaneous imbibition experiment. The slice average saturation profiles in
Figure 2a illustrate a compact imbibition front geometry due to the viscous stability of water/air displace-
ment (Alyafei et al., 2016; Dong et al., 1998; Haugen et al., 2014; Le Guen & Kovscek, 2006; Schembre &
Kovscek, 2006; Wickramathilaka et al., 2011; Zhao et al., 2017).

The change in water saturation in each slice (dS = S,,({,t,) — S,,(¢, t,_;)) divided by the change in time
(dt =t, —t,_;) is proportional to the imbibition rate. The water saturation derivative as a function of local
water saturation as the imbibition front migrates through the core is plotted in Figure 2b. Imbibition front
broadening or “roughening” behavior is apparent in Figure 2b because the rate of water saturation change
with time is decreasing across the imbibition front as water imbibes into the core. Front roughing is also
apparent from Figure 2a because the slope of the water saturation front along the length of the core is
decreasing with time. Imbibition front analysis was also performed on a 1-cm? subvolume running along
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the SI.

Typical analytical imbibition scaling analysis (Alyafei et al., 2016;
McWhorter & Sunada, 1990; Schembre & Kovscek, 2006; Zimmerman &
Bodvarsson, 1991) relies on scaling the length dimension parallel to the
direction of flow by the square root of time (4 = x/ \/;). Plotting the sat-
uration profiles as a function of 4 allows the tip of the imbibition front to
o collapse to a single value as demonstrated in Figure 2c. Close examination

indicate that this scaling approach does not describe the roughening of
o the imbibition front. This is highlighted in the derivative analysis of 4 (as
defined by equation (1)) and plotted in Figure 2d.
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Figure 3. Water imbibition rate as a function of time for the primary
imbibition experiment (purple points) and repeated secondary spontaneous  Instead, we find that the imbibition front roughening scales by /4.
imbibition experiments at 100 and 690 kPa gas phase pressure conditions Water saturation as a function of length scaled by t/4, here termed y, is

(dark green and light green points, respectively). The core-averaged initial
water saturation (Sy,;) for each experiment is indicated in the legend. The
total primary water imbibition rate can be described by Q‘i"[’nb(t) =At1/2 a5
detailed by McWhorter and Sunada (1990). A has units of ml/min'/2 for
simplified comparison with experimental measurement units.

shown in Figure 2e. The derivative of water saturation as a function of y
is explicitly defined in equations (2) and 3.

ds, ds,dy dS, «x
dt ~ dy dt = dy a5/

)

ds,  dsS, 45/

- @ x ®)

The results of the absolute value of dS,,/dy as a function of water saturation are plotted in Figure 2f at
each time corresponding to the saturation profiles in Figure 2a. The curves in Figure 2f at different times
approximately collapse to one curve that can be fit by the empirical function given by equation (4) (black
line in Figure 2f).

w
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This fifth-order polynomial was found to be the simplest empirical function to describe the complex
time-independent relationship between local imbibition rate and in situ water saturation.

The solid gray line in Figure 3 highlights that while the front coarsening scales by -/, the total water
primary imbibition rate into the core closely follows the inverse square root relationship that has been
measured in previous studies (Alyafei & Blunt, 2018; Ma et al., 1997; Mattax & Kyte, 1962). While the sec-
ondary imbibition data is complicated by spatial variability of initial water saturation, the imbibition flux
roughly follows an inverse square root relationship at early time (dashed gray line Figure 3). As the imbib-
ing front approaches the outlet face boundary the imbibition flux decreases exponentially as observed by
Li and Firoozabadi (2000). Figure 3 illustrates the near-identical imbibition flow rate behavior of the sec-
ondary spontaneous imbibition experiments performed at different pore pressure conditions, highlighting
experimental repeatability and capability at elevated pressures.

4. Calculation of Imbibition Capillary Pressure

Improved understanding of the impact of imbibition rate, front roughening, end point capillary pressure
behavior, and the implementation of capillary pressure imbibition experimental observations into numerical
simulators requires quantification of capillary pressure as a function of water saturation. In this section
we describe a new quasistatic, one-dimensional approach to numerically calculate the in situ water-phase
pressure during spontaneous imbibition into dry samples.
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This new approach calculates the wetting-phase pressure across the length of the core at a single instant
in time using the experimentally constrained flow rate and fluid mobility conditions. Specifically, the algo-
rithm utilizes experimentally measured imbibition rates, imbibition water saturation profiles, permeability,
and water relative permeability estimates. This quasistatic approach, where the pressure is calculated at
one instant in time, is a valid assumption because the maximum measured imbibition rate is less than
0.25 ml/min and the first pressure profile is not calculated until the imbibition rate falls below 0.1 ml/min.

To enable a simplified calculation of wetting phase pressure, the influence of nitrogen displacement and
the nonwetting phase gas pressure conditions are neglected. The viscous resistance of nitrogen is negligible
because of the very low imbibition rates and because the viscosity of nitrogen gas is several orders of magni-
tude lower than water. This condition has been justified by previous analysis of experimental and numerical
spontaneous imbibition data that indicates that gas relative permeability has little influence on displace-
ment rates (Alyafei et al., 2016) and that the pressure drop in the gas phase is negligible (Beckner et al.,
1987; Handy, 1960; McWhorter & Sunada, 1990; Pooladi-Darvish & Firoozabadi, 2000). By assuming that
the nonwetting pressure is approximately constant throughout the core, the imbibition capillary pressure
can be determined as a function of water saturation.

During spontaneous imbibition, capillary pressure drives wetting phase displacement of the nonwetting
phase, while the fluid viscosity, intrinsic permeability, and relative permeability determine the resistance
to this displacement process. As a result of this complex nonlinear interaction, unique parameterization
of relative permeability during spontaneous imbibition is challenging (Alyafei et al., 2016; Lombard et al.,
2002). Previous forced imbibition and drainage experiments in Berea sandstone samples indicate that while
nonwetting relative permeability exhibits strong hysteresis, water relative permeability in gas-water systems
follows a nonhysteretic curve (e.g., Figures 9 and 11 in Ruprechtet al., 2014) or exhibits subtle hysteresis (e.g.,
Figure 18 in Akbarabadi & Piri, 2013). In this study, we therefore utilize relative permeability measurements
taken during separate drainage experiments to approximate a unique capillary pressure solution.

Implemented in Matlab, the local capillary pressure during spontaneous imbibition is calculated using the
following workflow:

1. Measure water saturation profile along core: An analytical function is fit to the one-dimensional water
saturation profile (S,,(x, t,)) during spontaneous imbibition at a specific time (¢,), as measured with the
clinical X-ray CT scanner.

2. Calculate effective permeability of wetting phase: The effective permeability (k,(S,,)) is determined by mul-

tiplying the core-averaged permeability (k... ) and the water relative permeability (k,(S,,) = KeoreKno(Si))-
The water relative permeability is determined from the experimentally measured drainage relative
permeability data.

3. Assign initial conditions in imbibition front: Grid cell (i) water accumulation rates (dV,,;/dt) are deter-
mined at time f, using the scaling relation to water saturation (dS,,/dy)—described in section 3.

%z{(pi%ﬁ,osswa—sgr -

dt 0, Sy =1-S8,

Here ¢, is the pore volume of grid cell i and x is the distance of the grid cell from the inlet in centimeters.
Sgr is the residual gas saturation.

4. Assign boundary conditions to core inlet: To strictly enforce mass balance, the inlet face (left side of the
model) imbibition flow rate (Q}" , (1)) is set equal the sum of the accumulation rates in calculated in the
grid cells in the imbibition front (as determined in the previous step).

" v,
Qrpx=0,t,) = Shrre (6)
1

Alternatively, if the front roughening is more variable during imbibition, the grid cell water accumulation
rates (dV,,, ;/dt) may be rescaled to perfectly match the total imbibition rate measured experimentally (i.e.,

the values in Figure 3).
5. Solve system of finite-difference equations to determine wetting phase pressure: The foundational equation
for the finite difference model is the water mass balance across each face of a given grid cell. The water
fluxes across these interfaces are approximated using Darcy's Law, here assuming constant water density
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Figure 4. (a) Slice average water saturation profiles across the core at imbibition times of 42, 96, and 162 min. (b) Accumulation rate in the grid cells in the
imbibition front calculated using the water saturation profiles (Figure 4a) and equation (5). The total calculated imbibition rate is specified by text above each
line. Imbibition rate is plotted as cm?/min so that the integral (shaded region) of the rate illustrates the total water imbibition rate (Q;“lﬂnb(t)). (c) Effective
permeability as a function of distance along the core using the water saturation profiles in Figure 4a and the relative permeability function described in

Figure 4e. (d) Simulated pressure profile in the water phase. Dashed vertical lines indicate transition from viscous pressure gradient to capillary-driven pressure
gradient (see illustration in Figure 1). The pressure at these lines indicates the end point capillary when the nonwetting phase becomes disconnected.

(e) Laboratory drainage relative permeability measurements (black points) and the water relative permeability curve fit used to model water pressure profile
across the core. The experimental marker size is proportional to relative permeability measurement error—specifically two standard deviations of measurement
noise. (f) Colored lines show calculated imbibition capillary pressure as a function of saturation. The black line is the mean of five fluid-corrected mercury
injection capillary pressure (MICP) curves and the red points show core-flooding drainage capillary pressure measurements. The shaded MICP uncertainty
illustrates the error arising from bulk volume dimension measurements and helium pycnometer measurement variation (see supporting information for
details). The saturation measurement error decreases at increasing water saturation.

and viscosity. The transmissibility between adjacent grid cells and (p;_; — p;) is the pressure difference
between grid cell centers of adjacent cells. The explicit grid cell transmissibility terms—calculated as
the harmonic mean across the interface between grid cells—are contained in the A matrix. The explicit
source (inlet boundary conditions) and accumulation terms (imbibition front initial conditions) are
described by the b vector.

Anpn+1 =b" (7)

The system is solved for p in Matlab with the backslash operator.

. Calculate capillary pressure: The capillary pressure (P,;(S,,)) for each grid cell (i) is calculated by taking

the difference between the inlet water pressure and the local grid cell pressure values (p;).
Pc,i(Sw) = {pinlet _pi(sw)’ 0< Sw <1- Sgr (8)

Ingrid cells with S,, = 1-S,, the nonwetting phase is disconnected and the calculated pressure difference
no longer reflects the capillary pressure.
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It is important to reemphasize that the inlet water phase pressure is equal to the gas pressure at the outlet
(Dintet = Poutier) Of the coreholder due to the tubing connection—neglecting the minimal capillary pressure in
the bypass tubing. Under these conditions, the grid cell pressure in the imbibition front reflects the capillary
pressure required to induce the experimentally measured spontaneous imbibition flow rate conditions (see
schematic in Figure 1 for illustration).

The impact of gravity on pressure distribution is neglected because the experiments were performed hor-
izontally. In a vertically oriented core, gravity would have to be accounted for in the capillary pressure
calculation (Bartels et al., 2019; Khan et al., 2018). The detailed governing equations, model formulation,
and numerical implementation for this model can be found in the SI.

4.1. Imbibition Capillary Pressure Model Results From Experimental Data

An analytical function is used to describe the water saturation to enable finer discretization (1 X 1 X 2,000
grid cells) of the model along the axis of the core than is possible from the experimentally imaged voxel data
(88 slices x 1.25 mm in width). The dynamic portion of the experimental slice-averaged water saturation
profiles are fit with a fifth-order polynomial. Figure 4a shows three saturation profiles at imbibition times of
42, 96, and 162 min. Grid cell accumulation terms (dV,,;/dt) are assigned to cells located in the imbibition
front, as determined by grid cells with saturation values not equal to 1-S,,. Calculated imbibition rates in
the front are plotted in Figure 4b. The calculated accumulation rate sums, specified in the text annotation
in Figure 4b, are approximately equal to the experimentally measured core-averaged imbibition rates.

The effective permeability of the model along the axis of the core (Figure 4c) was calculated using the
core-averaged permeability (k.. = 23 mD) multiplied by the drainage relative permeability. The water
relative permeability function is described by k,,, = (S,,)%7, as shown in Figure 4e. The raw relative perme-
ability data and measurement methodology are provided in the SI. The relative permeability function does
not include an irreducible gas saturation because the model is describing primary imbibition, and therefore,
the initial gas saturation is equal to 0.

Figures 4d and 4f illustrate the calculated pressure profile along the core and the calculated imbibition cap-
illary pressure versus water saturation, respectively. The shapes of the calculated pressure profile agree well
with previous simulation studies of imbibing phase pressure distributions (Li et al., 2006; Pooladi-Darvish
& Firoozabadi, 2000). The relative permeability and calculated capillary pressure curves are also consis-
tent with analytical solutions. A comparison of the numerically calculated capillary pressure and analytical
solution described in Alyafei et al. (2016) is available in the SI.

5. Discussion and Conclusion

This study describes a new experimental method for performing spontaneous imbibition experiments in
geologic porous media at elevated pressure conditions relevant to pressing environmental and engineering
challenges. Dynamic primary and secondary spontaneous imbibition experiments were performed and local
water saturation was measured with clinical X-ray CT. The experiments highlight primary and secondary
spontaneous imbibition repeatability and method capability at elevated pore pressures.

Analysis of the primary spontaneous imbibition experiment reveals the first quantitative measurements
of imbibition front roughening, or broadening of the imbibition front, in geologic porous media. These
experiments indicate a roughening behavior that scales with /. The empirical scaling relationship used to
describe the time-independent behavior of the local imbibition rate as a function of in situ water saturation
is a complex interaction of pore-scale fluctuations in capillary forces, permeability and relative permeabil-
ity heterogeneity, potential dynamic behavior, fluid characteristics, and viscous force dampening (Soriano
et al., 2005). Future work is necessary to determine how the form of this imbibition rate-saturation function
changes as a result of the magnitude of local capillary forces, wettability, imbibition rate, fluid viscosity, and
different capillary and permeability heterogeneity.

Experimental measurements of dynamic fluid saturation enable parameterization of a quasistatic numer-
ical model to calculate local water pressure conditions during spontaneous imbibition. With this model,
pressure profiles and corresponding capillary pressure are calculated directly from the experimental data.
Results of the model indicate that the capillary pressure at the residual gas saturation is greater than zero.
The entry pressure determined from mercury injection capillary pressure and drainage core-flooding data
was P, = 27.6 kPa, while the end point capillary pressure during imbibition was P,(t = 42min) = 26.7
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kPa, Py(t = 96min) = 39.0 kPa, and Py(t = 162min) = 44.3 kPa, as indicated in Figure 4f. This increas-
ing end point pressure as the imbibition front approaches the end of the core is likely a combination of
capillary heterogeneity and parameterization measurement error. Previous permeability inversion studies
using this same core have indicated that the region near the outlet has a slightly lower permeability (Vasco
et al., 2018), and therefore likely slightly higher capillary pressure. It is also important to note that capil-
lary pressure end point is sensitive to water relative permeability, total imbibition rate, and water saturation
measurement error.

The numerical method described in this study is an improvement over existing water-air spontaneous imbi-
bition modeling techniques because it is easy to implement and because the capillary pressure is discretely
calculated. The formulation enables very steep capillary pressure gradients to be calculated as highlighted
in Figure 4f. These gradients are challenging to model with standard reservoir simulation approaches due to
the prohibitively fine grids required (Pooladi-Darvish & Firoozabadi, 2000; Ruth et al., 2015; Settari & Aziz,
1975). The benefit of this numerical method over analytical methods is that it does not require simplifying
and restrictive assumptions about the shape of the saturation profile (Haugen et al., 2014), characteristic
curve functional form (Fokas & Yortsos, 1982; Kashchiev & Firoozabadi, 2003; Zimmerman & Bodvarsson,
1989, 1991), imbibition rate scaling (Alyafei & Blunt, 2018; Alyafei et al., 2016; Foley et al., 2017; McWhorter
& Sunada, 1990), or relative degrees of cocurrent and countercurrent flow (McWhorter & Sunada, 1990;
Schmid et al., 2011).

The end point capillary pressure calculations provide a new way to bridge continuum-scale capillary
pressure measurements with pore-scale simulation and experimental measurements of nonzero capillary
pressures. The experimental method presented here combined with in situ imaging will enable future stud-
ies of spontaneous imbibition experiments at a range of spatial scales, wettability conditions, and with
higher-pressure fluids and gases such as supercritical CO,. These types of studies will help elucidate funda-
mental questions about the relationship between connected and disconnected nonwetting phase pressure,
and how nonwetting phase ganglia capillary pressure is related to capillary entry pressure during secondary
imbibition. These studies will aid in improving understanding of an array of capillary-dominated fluid
transport and displacement processes in the subsurface such as CO, capillary trapping in carbon storage
reservoirs and nonaqueous phase liquid immobilization and remediation.
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funding information. Support from CMC-UF and award DE-SC0019165 is now acknowledged, and the
present version may be considered the authoritative version of record.
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