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Wettability is a pore-scale property that impacts the relative movement and distribution of fluids in a porous
medium. There are reservoir fluids that provoke the surface within pores to undergo a wettability change. This
wettability change, in turn, alters the dynamics of relative permeabilities at the Darcy scale. Thus, modeling the
impact of wettability change in the relative permeabilities is essential to understand fluids interaction in porous
media. In this study, we include time-dependent wettability change into the relative permeability—saturation
relation by modifying the existing relative permeability function. To do so, we assume the wettability change is
represented by the sorption-based model that is exposure time and chemistry dependent. This pore-scale model is
then coupled with a triangular bundle-of-tubes model to simulate exposure time-dependent relative perme-
abilities data. The simulated data is used to characterize and quantify the wettability dynamics in the relative
permeability—saturation curves. This study further shows the importance of accurate prediction of the relative
permeability in a dynamically altering porous medium.

1. Introduction

Wettability alteration (WA) plays an important role in many indus-
trial applications such as microfluidics nanoprinting, enhanced oil re-
covery (EOR), and COsstorage (Bonn et al., 2009; Iglauer et al., 2014,
2016; Yu et al., 2008; Blunt, 2001). Wettability refers to the tendency of
one fluid over the others to spread on or adhere to a solid surface (Falode
and Manuel, 2014; Bonn et al., 2009) and is defined by the fluid-fluid
contact angle (CA). This pore-scale property regulates the distribution
of fluids in the pore spaces and controls the relative flow of immiscible
fluids in a porous medium (Anderson, 1987; Bobek et al., 1958; Falode
and Manuel, 2014; Bonn et al., 2009). This, in turn, impacts constitutive
relations in the multi-phase flow systems such as residual saturation,
relative permeability, and capillary pressure at the Darcy scale (Ahmed
and Patzek, 2003; Pentland et al., 2011; Iglauer et al., 2011, 2014;
Falode and Manuel, 2014). Investigating and upscaling the impact of
WA on the constitutive relations is of great importance.

Wettability is assumed to be static in time and uniform in space.
However, wettability can be a dynamic process that depends on surface
chemistry, composition of fluids, exposure time, and reservoir condi-
tions (pressure and temperature) to name a few (Du et al., 2019;
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Salathiel, 1973; Treiber et al., 1972; Anderson, 1987; Haagh et al., 2017;
Jadhunandan and Morrow, 1995; Buckley et al., 1988; Morrow, 1970).
Experiments on crude oil/brine/rock systems have shown that adsorp-
tion of active components from the crude oil is able to change the
wettability of the sample porous medium from water-wet to
intermediate-wet system, a process known as ageing (Salathiel, 1973;
Anderson, 1986; Buckley et al., 1988). It is also hypothesized that the oil
reservoir may be more oil-wet than what is observed from the experi-
ment. This is because the adsorption time of the experiment period was
much less than the age of the oil in the reservoir. Furthermore, CO; s one
of the reservoir fluids which contain active components that can pro-
voke the surface within the pores to undergo a WA (Wang et al., 2013;
Bikkina, 2011; Yang et al., 2008; Dickson et al., 2006; Iglauer et al.,
2012, 2014; Jung and Wan, 2012; Espinoza and Santamarina, 2010;
Farokhpoor et al., 2013; Saraji et al., 2013).

Generally, the WA process can have three phases that delineate the
transition from initial to final wetting-state conditions, e.g. initial-wet,
final-wet, and dynamic-wet. The end (initial and final) wetting condi-
tions are static in time but can be uniform and/or mixed in space. A
mixed-wet condition could be created by rock mineral and exposure
history differences. This is due to the fact that a pore surface exposed to
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the WA agent may be altered to a new wetting condition, while the
unexposed surface keeps the initial wetting state (Kovscek et al., 1993;
Blunt, 1997). This creates a mixed-wet condition even within a single
pore and was observed and explained first by Salathiel et al. (Salathiel,
1973) in the 1970s. Often, WA is assumed to occur instantaneously and
is considered as a function of the WA agent concentration. In some cases,
however, the alteration process might take prolonged time in the scale of
weeks and months (Tokunaga and Jiamin, 2013; Wang and Tokunaga,
2015; Buckley et al., 1988; Powers et al., 1996). Non-instantaneous WA,
or aging, occurs when surface processes such as adsorption or chemical
alteration are gradual rather than spontaneous. In this regard, the
dynamic-wet phase can be a function of exposure time in addition to the
WA agent concentration.

The WA process may result in a saturation function alteration for
subsequent drainage-imbibition displacements and thus cause hysteresis
in constitutive relations (Vives et al., 1999; Ahmed and Patzek, 2003;
Delshad et al., 2003; Spiteri et al., 2008; Landry et al., 2014). For
instance, core-flooding measurements for (supercritical or gas) CO2-w-
ater system have shown that WA-induced alteration in the residual
saturation and capillary pressure curves occurs despite the fact that they
were measured following a standard procedure, i.e., where “pressure
equilibration” is obtained after each increment in pressure (Plug and
Bruining, 2007; Wang et al., 2013, 2016; Tokunaga and Jiamin, 2013;
Tokunaga et al., 2013; Kim et al., 2012). In these measurements, a
steadily change in capillary pressure function over time was observed.
More importantly, the capillary pressure deviation from the initial-wet
state curve could not be explained by classical scaling arguments. The
instability and gradual change of residual saturation and capillarity
through exposure time, in turn, impact the behavior of relative
permeabilities.

The above experiments reveal that more complex constitutive func-
tions are required to correlate the relative permeability and capillary
pressure data that are impacted by WA. One alternative is to use mixed-
wet model, e.g. Kjosavik et al. (2002) and Lomeland et al. (2005), that
capture the static heterogeneity of wettability in the relative perme-
abilities. The main feature of these models is their flexibility to describe
hysteresis and scanning curves caused by a wettability gradient in space.
Other alternatives are models designed to handle the instantaneous WA
process in the relative permeabilities. The first class of these models
involves a heuristic approach that interpolates between the initial and
final wetting states in which the WA effect is captured as a coefficient
function (Delshad et al., 2009; Yu et al., 2008; Anderson et al., 2015;
Adibhatia et al., 2005; Sedaghat and Azizmohammadi, 2019). Interpo-
lation models are conceptually simple, while the initial and final wetting
states are characterized by standard functions, e.g. Brooks-Corey
(Brooks and Corey, 1964) or van Genuchten (van Genuchten, 1980)).
The other approach incorporates the effect of the instantaneous WA into
the relative permeabilities through the residual saturation directly
(Lashgari et al., 2016). To date, only Al-Mutairi et al. (2012) have
considered the effect of time-dependent WA in both the relative per-
meabilities and capillary pressure functions explicitly. The authors
include a time-dependent mechanism for CA change within the residual
saturation, which in turn affects the relative permeability and capillary
pressure functions through the effective saturation. However, their
model does not sufficiently incorporate or upscale the WA processes to
core-scale laws.

Appropriate upscaling of the pore-scale time-dependent WA process
connected to the capillary pressure function was the subject of our
recent work (Kassa et al., 2020). There, WA dynamics were upscaled by
introducing a mechanistic time-dependent CA model at the pore-level
that was coupled with a cylindrical bundle-of-tubes model and used to
simulate capillary pressure curves for drainage and imbibition dis-
placements. The simulated data was used to formulate and quantify an
interpolation-based capillary pressure model at the Darcy scale. The new
dynamic model resolves the existing interpolation models used in the
studies of reservoir simulation (Adibhatia et al., 2005; Delshad et al.,
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2009; Yu et al., 2008; Anderson et al., 2015; Sedaghat and Azizmo-
hammadi, 2019) by including the dynamics in time and quantifying the
pore-scale WA process to the interpolation model in a systematic
manner.

One may consider employing a similar approach to (Kassa et al.,
2020) and an interpolation-type model to capture the pore-scale un-
derpinnings of WA in the relative permeability behaviors. However,
time-dependent WA may impact the capillary pressure and relative
permeabilities in different ways. As observed in Kassa et al. (2020), WA
has a direct impact on the entry pressure in each pore and reflects it at
the Darcy scale. Furthermore, a small change in CA exerts a large impact
on the dynamics of the capillary pressure function. However, the relative
permeability alteration occurs when the WA affects the pore filling/-
draining orders of pore sizes. This may lead to a longer exposure time to
observe a relative permeability deviation from the initial-wet state
curve. Furthermore, unlike the capillary pressure function, the relative
permeability curves are constrained between zero and one for any
change of wettability. These features of the relative permeability may
impact the modeling approach to upscale the pore-scale WA processes to
core scale.

To our knowledge, a physically reliable model to characterize a
prolonged exposure time-dependent WA induced dynamics in the rela-
tive permeability behaviors has not been proposed yet. This paper
modifies and extends the approach discussed in Kassa et al. (2020) to
develop a reliable model for dynamic relative permeability that accounts
for pore-level time-dependent WA processes. In Section 2, we present
the upscaling workflow based on simulation of dynamic relative
permeability data using a pore-scale model for displacement coupled
with CA change. Section 3 describes the correlation of two possible
dynamic relative permeability models with associated analysis.

2. Modeling, simulation, and upscaling approach

A time-dependent WA may introduce a dynamics in the relative
permeability-saturation (k,,—S,) relationship. The dynamics can be
measured by its deviation from the static initial wetting-state as:

ko) = Ko (Sa) =1 (), m

where ffy“ represents the dynamic component. Alternatively, parame-
ters of the standard models can be correlated with the dynamics,

k; ('):kia(savpl(')7p2(')7"')7 2)

exposure time. In the above equations, the subscript a € {w,n} repre-
sents the wetting and non-wetting phases, respectively. In this study, we
explore both dynamic approaches in Egs. (1) and (2) to quantify and
characterize dynamics in relative permeability for a system that un-
dergoes WA.

From the first approach, Eq. (1), we propose an interpolation-based
model following our previous work (Kassa et al., 2020), where the dy-
namic component is designed to interpolate between two end

wetting-state curves. To obtain an interpolation model, ffy“ can be

scaled by the difference between the initial and final wetting-state
relative permeability curves. The resulting non-dimensional quantity is:

0u (K, = ki) =£" ®

where o is referred to as the dynamic coefficient, and superscript in and f
represents relative permeabilities at the initial and final wettingstates,
respectively. This can be substituted into Eq. (1) to obtain an interpo-
lation model for dynamic relative permeability:

ko = (1 — @)k + wuk/ (@)

ra?

where w, is then correlated to wettability dynamics at the macroscale.
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Similar models to Eq. (4) were employed to include the impact of
instantaneous WA on relative permeability (Delshad et al., 2009; Yu
et al., 2008; Anderson et al., 2015; Adibhatia et al., 2005; Sedaghat and
Azizmohammadi, 2019).

The second approach (Eq. (2)) is a parameter-based approach that

relies on a systematic inclusion of the dynamic term ff,iy“ into the relative
permeability function through the model parameters. This can be done
by formulating the parameters p;( -) as a function of exposure time and
WA agent in similar fashion as @,. This approach is motivated by the fact
that the parameters in the standard relative permeability models are
adjusted to different values when wettability changes from one state to
the other.

Both the initial and final wetting-state curves can be characterized
fully by the well-known relative permeability models such as van Gen-
uchten (van Genuchten, 1980) or Brooks-Corey (Brooks and Corey,
1964), Purcell (Li and Horne, 2006), the LET model (Lomeland et al.,
2005) or a model proposed by Kjosavik et al. (2002). For the sake of
brevity, we focus on the Brooks-Corey (BC) and LET models in this study.
The BC relative permeabilities can be derived by integrating the capil-
lary pressure over the capillary tubes (Xu et al., 2016; Kjosavik et al.,
2002). After the integration of the BC capillary pressure, one can obtain
relative permeabilities:

K, = Sir,and ki = (1 —S) (1= 8.)™, 5)

for the water-wet system and,

K,=(1-8)(1-S8,)"™, and K, =S, (6)

for a hydrophobic system (see (Kjosavik et al., 2002)), here a, and m,
are phase-specific parameters that can be utilized as dynamic fitting
parameters p;_1 » in Eq. (2). Particularly, m, is known as the tortuosity
exponent.

In 2005, Lomeland et al. (2005) have proposed relative permeability
models to predict the relative permeability curves for any type of
wettability conditions:

Ly
in __ Sww

™Sk 4 B (1-8,)"

(1—S8)"

and kI =——— "
(1 —S))" + EST

)

where L,, E,, and T, are empirical parameters for each phase. A detailed
description and explanation of the parameters can be found in Lomeland
et al. (2005). In this study, the LET parameters can be utilized as dy-

2.1. Overall upscaling workflow

The two approaches described above are the basis for correlating
WA-induced dynamics in relative permeability data. The first step in this
workflow is generating relative permeability data by flow experiments
under static flow conditions, i.e. a fixed pressure gradient and satura-
tion. Once steady-state is reached, the relative permeability can be
inferred from Darcy’s Law for multi-phase flow:

Qapi, L

kra(Sa) = KA[AP 5

®

where S, is the average saturation of phase «, Q, is the volumetric flow
rate, K is the absolute permeability, and Ay is the cross-sectional area of
the domain.

Laboratory experiments can be performed to generate k,,-S,data,
however this approach is expensive and time-consuming. Existing lab-
oratory data are currently unavailable for systems that undergo long-
term WA. Thus, we follow a theoretical approach in which we simu-
late time-dependent k;,-S,data from a pore-scale model. The pore-scale
experiments are performed in a similar fashion to laboratory experi-
ments. A given pressure drop will induce flow through pores where the
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entry pressure is exceeded, which is a function of pore geometry and
wetting state. Once static flow is reached, relative permeability is
calculated according to Eq. (8) as a function of the average saturation,
which can be computed by volume averaging over the pore-scale
domain.

An important step in switching from laboratory to numerical ex-
periments is explicitly accounting for WA in each individual pore. We
model WA through a change in CA from an initial to final wetting state
as a function of exposure time to the WA agent, in our case the non-
wetting fluid phase. Exposure time in our study is associated with the
time to reach steady state for each data point in ky,-S,space. This time
component is driven by the displacement mechanisms occurring at the
pore scale. For each new data point, time accumulates, WA progresses,
and relative permeability is altered continuously throughout the
experiment. The experiment continues along several drainage-
imbibition cycles until WA is complete and the end wetting state is
reached. The result is a complete set of k,,-S,data and associated WA
dynamics.

The next step is to perform correlations for both the interpolation-
based and parameter-based dynamic models in Eqgs. (1) and (2)
respectively. This procedure involves traditional curve-fitting, but we
also apply insight about wettability dynamics and detailed analysis to
arrive at a suitable and easy-to-implement dynamic model for reservoir
simulation. We test each model for its suitability in capturing relative
permeability dynamics. The goal is to develop a correlated model that
involves only a few parameters.

After arriving at a suitable dynamic model correlation to the simu-
lated data, we extend our analysis to ensure the robustness of the fitted
model to a generic path in saturation-time domain. And finally, we
examine the relation between the fitting parameter(s) of the upscaled
relative permeability model and the parameter controlling CA change at
the pore scale. This final step is important for linking the form of the
macroscale model to pore-scale processes.

2.2. Pore-scale model description

We employ a triangular bundle-of-tubes to represent the pore-scale
in quantifying the upscaled relative permeability given in Eq. (8). This
representation of the pore scale was chosen to utilize the simplicity of a
bundle-of-tubes model but with additional complexity to capture
different fluid distributions and mixed wetting conditions within a single
pore. Triangular tubes can support corner fluids and drainage through
layers (Kovscek et al., 1993; Hui and Blunt, 2000; Helland and Skjee-
veland, 2006b).

A bundle-of-tubes model is a collection of capillary tubes with a
distribution of radii as depicted in Fig. 1. The tubes in Fig. 1 are con-
nected with the wetting (right with pressure P*) and non-wetting (left
with pressure P{**) phase reservoirs. Once the fluid movement is initiated
in the tubes, the fluid configurations in each tube can have the form as in
Fig. 1. Here, Ay, and A, are bulk and corner areas, respectively, that
cover the cross-section of a tube and sum to be the area of the triangle
(Fig. 1c). The quantity dx represents the change of interface location
along the tube, whereas a,, is the half angle and 6y, is the fluid-fluid CA.
Here, 6,, is the bulk surface CA in a given tube that represents the CA for
an advancing or receding front during drainage or imbibition, where the
angle may be hysteretic. 6,, also becomes the hinging angle 6, if the
interface hinges in the corner of the tube after displacement is
completed. Detailed calculations of the areas and angles are discussed in
the Apprndix A.

Let the boundary pressures difference be defined as:

AP=P — P, ©)
and the tubes in the bundle are filled with the wetting phase initially.

Each tube has an entry pressure P, associated with it. If AP > P.g, s is
satisfied, the non-wetting fluid starts to displace the wetting phase, and
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reservoir

on-wetting
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Fig. 1. The fluid displacement scenario in a bundle of tubes that is connected with wetting and non-wetting phase reservoirs. The right column shows fluid dis-
tribution during primary drainage: (b) shows the side-view and (c) shows the front view of the cross-section. The MTM refers to the main terminal meniscus. For

complete (drainage-imbibition cycles) fluid configurations, see Fig. 2.

e a
I\ O &

D E F

Fig. 2. Fluid configurations for initial condition (A), primary drainage (B or C),
imbibition (D or E), and secondary drainage (F). Wetting phase is given in a
light color and non-wetting phase in a dark color. We adopted the configura-
tions from Helland and Skjeveland (2006b). The bold lines along the sides
indicate altered wettability.

the volumetric flow rate in tube m can be approximated by the Lucas-
Washburn flow model (Washburn, 1921):

G (R, 0) [AP — Pegpn]
8 [t + pu, (L — xint)]

where, y, is the phase viscosity, x is the location of the fluid-fluid
interface along the length L of tube m, where g, = dx/dt is the inter-
face velocity.

The quantity Z, in Eq. (10) represents the conductance of the fluids
within tube m. We follow the work of Hui and Blunt (2000) to
pre-compute the conductance. Conductance of tube m is a function of
tube geometry, given by the inscribed radius R,,, the contact angle at the
front, given by 6, and the configuration of fluids in the tube, which is
itself dependent on wettability and filling history as described below.

The wettability change or gradient in triangular pores may create
distinct fluid configurations after subsequent drainage and imbibition
displacements (see Fig. 2). We summarize in brief the range of possible
fluid configurations, and the reader is referred to Helland et al. (Helland
and Skjeveland, 2006a) for the details of the fluid configurations.
Configuration A shows a pore that is filled with the wetting phase and
the wettability is representing the initial (water-wet) wetting state. A
drainage into configuration A would result in either configuration B or C

depending on the wettability. Subsequent imbibition into configuration
B would always give configuration D, whereas imbibition into configu-
ration C may result in either configuration D or E. Configuration F may
occur after a drainage process that starts from configuration E if the
receding CA is sufficiently smaller than the previous advancing CA.
Otherwise, a drainage into configuration E would give configuration B
or C.
The capillary pressure in Eq. (10) is given by

P('ap.m = i7 an

m

where ry, is radius of arc meniscus (AMs) that separates the bulk from the
corner fluid, and o is fluid-fluid interfacial tension. The radius of cur-
vature ry, is determined from the minimization of Helmholtz free energy
of the system (Helland and Skjaeveland, 2007). For isothermal, constant
total volume, constant chemical potentials, and incompressible system,
the minimization of the change in Helmholtz free energy can be
simplified to (Helland and Skjeeveland, 2007; Morrow, 1970; Bradford
and Leij, 1997):

Pcap.den = O—(dAnw + cos(n9m)dA,,s), (12)

where dV, is the change of non-wetting fluid volume, dA,, and dA
represent the change in interfacial area of fluid-fluid and fluid-solid
interfaces, respectively (Helland and Skjeeveland, 2007). Ap, and Apg
are longitudinal interfacial areas, distinct from the cross-sectional areas
Apm and A, depicted in Fig. 1.

Following (Helland and Skjaveland, 2006b; van Dijke and Sorbie,
2006; Ma et al., 1996), we calculate the entry pressure curvature, rp,, by
combining Egs. (11) and (12) for the starting configuration prior to
drainage or imbibition, i.e. one of the configurations depicted in Fig. 2.
Then, after a displacement occurs, the new fluid distribution is
computed. This calculation involves determining the fluid volumes in
the bulk (Ap L) and corners (A.,L) as a function r,,, and 6,,. For mixed
wetting conditions in tube m, 6, affects the fluid configuration and thus
determines the hinging CA, 6p,,,. The hinging CA, 6y, is created after
the MTM displaces the resident fluid and it evolves according to the
change in 6. Furthermore, the areas (A, and A.) are also pressure
drop dependent in addition to wettability (6,,). For example, the wetting
phase in the corner area bulges out (configuration C) and starts moving
(Configuration B) as (the pressure drop decreases) during the imbibition
process occurring in other tubes. These calculations are based on
different conditions such as the existence of the corner fluids, the fluid
displacement history, the value of 6,, compared to the half angle (a,),
and similar geometrical or flow arguments. We refer the reader to the
Appendix A for more details on these calculations.
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2.3. Pore-scale wettability alteration

Above, we observed that the entry pressure in Eq. (12), fluid distri-
butions in Appendix A, and conductance (Hui and Blunt, 2000) are
wettability evolution dependent. In this section, we propose a model for
CA change in tube m as a function of exposure time and fluid-history,
based on the following assumptions:

e The CA of the pore surface is altered through exposure time to the
WA agent and the alteration is permanent and cannot be restored to
the original wetting condition when the WA agent is removed from
the pore.

e WA is quasi-static in time if the WA agent is removed from the pore
before the final wetting-state is reached. If the agent is reintroduced
at some later point, alteration continues until the final state.

According to the assumptions above, only the bulk area of the tube
covered by the non-wetting fluid during drainage (i.e. Ap,,) is altered
dynamically in time, whereas the undrained corner surface area, defined
by Acm > 0, remains at the initial condition. This may create a mixed-
wet condition within a single tube. As we recall, wettability only im-
pacts fluid configuration and displacement through the bulk CA 6,,.
Thus, we can introduce a functional form to describe the CA change for
O as follows:

Ou(-) =00 + 9,,() (¢, — 07), 13)

where ¢/, 6 are the final and initial contact angles respectively. The
WA model (13) is designed to evolve from an arbitrary initial wetting
state to the final wetting condition so that ¢,, is used to interpolate
between end wetting conditions and has a value between zero and one.

Theoretical investigation and detailed laboratory measurement on
time-dependent WA are very limited. Furthermore, WA is a complex
process, where surface free energies, surface mineralogy, fluid compo-
sition and exposure time interact. However, adsorption of the WA agent
onto the surface area is a natural process in CA change (Blunt, 2017).
Such adsorption type wettability evolution is observed for CA mea-
surements (Dickson et al., 2006; Jung and Wan, 2012; Iglauer et al.,
2012; Jafari and Jung, 2016; Davis et al., 2003; Morton et al., 2005).
These all give an insight to model ¢ in Eq. (13) according to the
adsorption of the WA agent and can be given as follows:

X
=t 14
= 2 a9

where C is a non-dimensional parameter (it can be seen as the ratio of
the adsorption and desorption rate constants) that controls the speed
and extent of alteration from initial-wet to final-wet system. The deri-
vation of Eq. (14) can be found in our previous work (Kassa et al., 2020).
The variable y,, is a measure of exposure time and is defined as:

1 1Ahmxim(.[)
e e 15
Int = /0 e, (15)

where V,,, is the pore volume of tube m, and .7 is a macroscale char-
acteristic time that used to scale the exposure history. Without losses of
generality, the characteristic time .7 is identical for all tubes and is pre-
computed from Eq. (10) as the time for one complete drainage-
imbibition cycle for the entire bundle of tubes under static initial wet-
ting conditions.

The interface position x varies from 0 to L as determined by Eq.
(10). We note the time interval used in Eq. (15) is the same for every
tube, i.e. from the start of the relative permeability experiment until the
current time. This implies that the integrand in Eq. (15) will be 0 or 1 for
tube m during most of the experiment, since the local time for the
interface to traverse the tube length is minimal compared to the total
length of the experiment. This is because the pressure increments are set
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to drain/imbibe one tube at a time.

The dependency of exposure time on local interface displacement
results in a different y,, for different tubes. This variation in y gives rise
to a non-uniform wetting condition across the bundle that persists until
all pores have reached the final wetting-state. Heterogeneity in CA from
tube to tube is distinct from mixed-wet conditions at the tube-level that
evolves from application of Eq. (13). In this study, we do not consider
the further complication of a wettability gradient across the length of the
tubes because the time to drain is assumed to be fast compared to the
exposure time for WA to occur.

2.4. Simulation approach

The pore-scale wettability dynamics described in Egs. (13)-(15) are
coupled to the pore-scale model formulation in Section 2.2 through
alteration of 6,,. A series of drainage and imbibition cycles are then
performed to generate the data needed to calculate relative permeability
for each phase o according to Eq. (8). The included algorithm describes
the steps taken in each cycle.

Algorithm: A single drainage-imbibition cycle for simulation of relative permeability
data.
Drainage displacement: Set the maximum entry pressure, Pi*

Calculate P from Egs. (11)-(12) for each tube m
if AP > P.gprm then
Drain the respective tubes until static flow conditions are reached
Estimate tfrom Eq. (10) and y,, from Eq. (15)
if o < ’5' — @y then
Configuration A —B or C
Calculate Ay, from Eq. (A.2) and A, from Eq. (A.5)
Update 6, from Eq. (13)
end if
1 t
Calculate S,, 7 = 7/ (1-Sy)dr , and k;, from Eq. (8)
< Jo
end if
Increase AP
end While
Imbibition displacement:Set the minimum entry pressure, Pf;i;‘
Calculate Pgp, from Eq. (12) fro each tube m
if AP < Pegpm then
Imbibe the respective tubes until static flow conditions are reached
Estimate tfrom Eq. (10) and update y,, from Eq. (15)
if 6, < g+ an then
Configuration B —D
2
Estimate the area A, = SRy
2tanan,
else Configuration C »D or E
if Configuration C —D then
_ 3R2,
2tanan,
else if Configuration C -E then

Estimate the area Ay,

Estimate Apn,Acm, and layer = Acp(7 — Oam) — Acm (05 )
end if
end if

ot
Calculate S,, 7 = l] / (1-Sy)dr , and Ky, from Eq. (8)
< Jo

Update 6y, from Eq. (13)
end if

Decrease AP

end while

The algorithm is repeated by controlling the pressure drop AP to
generate data over a reasonable time window for carrying out the dy-
namic model correlation discussed below. We reduce the AP increment
in the last cycle by three orders of magnitude compared to the first cycles
in order to prolong exposure time and achieve the final WA in fewer
cycles. This arbitrary control is performed for the purposes of presen-
tation, but is not strictly necessary. After each step, a relative perme-
ability data point is calculated according to Equation (8) and then used
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to correlate the dynamic relative permeability models when a complete
set of data are obtained.

3. Simulation results

The two-phase flow simulation tool at the pore-scale is implemented
in MATLAB. Each tube in the bundle is assigned a different radius R,
with the radii drawn from a truncated two-parameter Weibull distri-
bution (Hui and Blunt, 2000):

R=(Ruax — Ruin){ — 8Iny(1 — exp(—1/8)) + exp(=1/8)]}"" + Ry,  (16)

where Ryax and Ry, are the pore radii of the largest and smallest pore
sizes respectively, and & and y are dimensionless parameters, and y €
(0,1) is a random variable. The rock parameters and fluid properties are
listed in Table 1.

These parameters are coupled to the bundle-of-tubes model to
simulate fluid conductance and relative permeability curves. In the
following section, we present and discuss the simulated relative
permeability and related results.

3.1. Initial and final wetting-state relative permeability

In section 2, we point out that end wetting state relative perme-
abilities are the foundation to characterize the dynamic relative
permeability curves. Thus, it is natural to examine the end-state
kra-Sorelations before quantifying the dynamic relative permeabilities
using the same pore-size distribution and fluid properties in Table 1.
Thus, static k,-Spdata is simulated by fixing the wettability at pre-
specified initial 67 and final ¢, values in each tube, see Table 1.

The simulated data and correlated models are shown in Fig. 3, where
we compare the correlation for both the BC (in Egs. (5) and (6)) and LET
(in Eq. (7)) models.

The fitted parameters for the correlation models are found in Table 2.

Both the BC and LET correlations give an excellent match to the static
relative permeability data.

As a complement, we tested the sensitivity of the static correlations
(not shown here) for different pore-size distributions. For a simple
bundle of capillary tubes, we find that the parameters L, and Ty, in the
LET model are unity for any pore-size distribution. Furthermore, we
observe in Table 2 that E, are the only two parameters that change with
a change in wettability, whereas all BC model parameters are sensitive
to wettability change. There are other important features of the static
LET correlations that are noteworthy. For instance, we can represent
parameters L,, and T, with a single parameter, which we denote \. In
addition, the parameter E, is the inverse of E,,.

Taken together, the parameter space of the LET model can be
reduced significantly to a two-parameter reduced LET model for each
phase:

ke =E,SL(ESL+1-8,) " kn=(1-8,)(1-8,+ES) . (17

The model in Eq. (17) can be further reduced to a one-parameter
model if we set A to be constant (A = 1.3) and allow E, to be corre-
lated according to the wetting condition.

We emphasize that the reduction in parameter space for the LET

Table 1
Parameters used to simulate quasi-static fluid displacement in a bundle-of-tubes.
Parameter value unit Parameter value unit
c 0.0072 N/m no. radii 500 [-1
Rumin 1 pm Rmax 100 pm
&, 180 degree on 0.0 degree
. 0.0015 Pa-s Hinw 0.0015 Pas
L 0.001 m ¥ 0.5 [-]
5 1.5 []
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model is limited to simple pore geometries, and in general the full LET
model is necessary to describe relative permeability in real porous media
systems.

3.2. Simulated relative permeability data

We simulate relative permeability for five drainage-imbibition cycles
(see Fig. 4), while the tubes in the bundle are altered through time
following the CA model (13). These data are generated with a pore-scale
parameter C = 10 x 107>, and the evolution in CA is shown in (see
Fig. 5). Note that the CA change may be halted (temporarily) in the pores
if the displacement is to configuration D after imbibition. In this case,
the drainage curve may follow the previous imbibition path. However,
the imbibition curve may show a deviation from the previous drainage
curve if wettability is altered sufficiently.

According to the CA distribution in Fig. 5 and k;,-S,curves in Fig. 4, a
change in wettability from strongly to weakly water-wet does not affect
relative permeability in any significant way. In other words, the first
drainage relative permeability curve overlaps with the initial wetting-
state relative permeability curve even though the CA has been altered
from 0° to 60°. This result is in accordance with previous work for a pore-
network model with a wettability range of 8, = 0° to 45° (Ahmed and
Patzek, 2003). This negligible WA impact on k,-S,is in contrast to the
capillary pressure-saturation relation, where a small change of CA im-
pacts the P.-$S \alpha$ ath significantly (Kassa et al., 2020). However,
imbibition/drainage displacement may not necessarily occur in mono-
tonically increasing/decreasing order of pore-sizes when the wettability
of the pores (some) are altered to intermediate/weakly hydrophobic.
This results in a relative permeability—saturation path deviation as
observed in Fig. 4.

For subsequent drainage-imbibition cycles, we observe that the
wetting and non-wetting phase relative permeabilities steadily increase
and decrease, respectively (see Fig. 4). This result corresponds to
wettability evolving from hydrophilic to hydrophobic conditions
(Fig. 5). This occurs because the original wetting phase prefers the larger
pores as wettability shifts, while the originally non-wetting fluid prefers
the smaller pores. As a consequence, relatively permeability is reduced
for the non-wetting, while the wetting phase relative permeability is
improved as the final wetting state is approached. Additional drainage-
imbibition cycles would follow along the static curve for the final wet-
ting state once the final CA (¢ is reached.

Analogous to the capillary pressure-saturation relation (Kassa et al.,
2020), Fig. 4 shows long-term WA introduces dynamic hysteresis in the
kro-Sqrelations for a bundle-of-tubes model. The ky,-S;hysteresis imposes
a non-unique relation between the relative permeabilities and satura-
tion. This is one of the challenging features of WA during the quantifi-
cation of the dynamics in relative permeabilities. To eliminate the
hysteresis observed in the k,.-S,relation, we projected the simulated
relative permeability data onto the temporal domain y in Fig. 6. The
temporal domain, y is the measure of the exposure history in averaged
sense which defined as:

_ 1
)(:7/0 (1—=S8,)dz. (18)

Unlike k;,-S,, k.o-y is uniquely related but non-monotonically i.e., it
raises to one and decreases to zero in time along each drainage-
imbibition cycle.

The WA process also affects the corner fluid distribution in each
drainage-imbibition cycle. Fig. 7 shows the evolution of volume-
averaged corner saturation for the wetting and non-wetting phases.
The wetting-phase corner saturation decreases through time while the
layer saturation grows. This is because wettability is altered from water-
wet to hydrophobic and thus, the originally non-wetting fluid prefers to
be in the corners. However, when pores become more hydrophobic, the
corner water increases and bulges-out during imbibition. This process
may result in a layer collapse in the fifth imbibition, where the layer



A.M. Kassa et al.

O Initial statedata | s t00aN
——BC model
08 ¢ Final state data
====ET model

0.6

rw

0.4

02

Journal of Petroleum Science and Engineering 203 (2021) 108556

O |nitial state data
——BC model
0.8 ¢ Final state data
====ET model
0.6
£
X
04 -
02

0.2 0.4 06 08

(b)

Fig. 3. The BC and LET correlation models compared to the initial and final wetting-state relative permeability curves: (a) wetting phase and (b) non-wetting phase

relative permeabilities.

Table 2
Estimated correlation parameter values for initial and final wetting-state relative
permeability curves.

Model Parameters Initial CA (6™) Final CA (¢)
BC a, 0.9 1.839
m, 0.7329 0
a, 1.65 0.908
my, 0.075 0.7329
LET Ly 1.3 1.3
E, 2.08 0.3
T, 1 1
Ly 1 1
Epn 0.48 3.37
T, 1.3 1.3

saturation increases as larger pores are imbibed and decreases when
smaller pores are imbibed with increasing exposure time. Here, we have
checked the establishment of corner fluids during the calculation of
kro-Sqrelations in each drainage-imbibition displacements.

3.3. Dynamic relative permeability model correlation
3.3.1. Interpolation-based dynamic model
In previous work, we successfully applied the interpolation, i.e. Eq.

(4), to capture time-dependent WA mechanisms in the capillary pressure

Time

Initial state
® Simulated data
— — Final state

curves (Kassa et al., 2020). Thus, it is important to test the potential of
the interpolation-based model to predict time-dependent dynamics in
the k;,-S,relation. The dynamic coefficient w, is calculated according to
Eq. (2) and plotted in Fig. 8.

In Fig. 8b, we observe that the dynamic coefficient w, is related to the
exposure time ¥ non-monotonically. Thus, it is challenging to propose a
functional relationship between w, and ¥ directly. On the other hand,
the dynamic coefficient w, in Fig. 8a is increasing with respect to the
exposure time to the WA agent. However, the w,-S curves in Fig. 8a have
piece-wise functional forms i.e., zero and Langmuir-type function of
phase saturation, that are altered with exposure time. This imposes
another challenge to find a smooth model to predict the curves along
with the saturation. But, one can design a piece-wise function to
correlate the w, — S, data. From Fig. 8a, we observe that the starting
point of the Langmuir functional form is exposure time-dependent along
the saturation path. Thus, the w, — S, can be represented as:

Sw - S*(/?) * (%
4”7 fi SW Sv‘v )
S s a5 S 19)

0, otherwise

Dq (Swu?) L=

where S;, and f are time-dependent. The variable S;, is used to transform
the starting point of the Langmuir part w, along the saturation to zero,
and B is used to determine the curvature of the curve. From Fig. 8a, we
observe that the parameters S, and f are decreasing functions of expo-
sure time, .

We matched the designed model in Eq. (19) with the dynamic

Time

Initial state
® Simulated data
— — Final state 0.8

Fig. 4. Simulated dynamic relative permeability curves ((a) wetting phase and (b) non-wetting phase) with respect to wetting phase saturation. The static
krq-Sqcurves for the initial and final wetting states are shown as a reference. The color code shows the k;,-S,dynamics within a year of exposure time.
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Fig. 5. Dynamic CA evolution as a function of exposure time to the WA agent
per each tube. This CA distribution was recorded at the end of each drainage-
imbibition cycle and the color code shows the CA dynamics during a year of
exposure time.

coefficient data, w, — Sw, to describe the relations S;,— y and f — y. The
obtained relations have the form:

Se=07" +wp,and B=07" +w,, (20

Time

=3
[N}

0.4 0.6
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where ¢;, b; and y; for i =1,2 are dimensionless fitting parameters.
These parameters are estimated and given in Table 3 for this particular
simulation.

The models in Egs. (19) and (20) are then substituted back into the
interpolation model (4) to give the dynamic relative permeability model
and is read as:

S —=SL@) . B
o= (K, — ki) + ki, for S, > S).(7)
b= S5 + ) (e ) o1
k™ otherwise.

ra?

The dynamic model (21) is compared with the simulated relative
permeability in Fig. 9.

According to Fig. 9, the piece-wise interpolation model predicts
beyond the initial wetting state at joint-point of the initial wetting-state
model and the designed interpolation model. This shows that the
designed model (21) is badly correlated with the simulated k,,-S,data.
Furthermore, the non-smoothness behavior of w, — S, results in a piece-
wise phase relative permeability model with many dynamic parameters
to be calibrated.

3.3.2. Parameter-based dynamic model

The second approach discussed in Section 2 relies on establishing a
relation between the model parameters and 7 to upscale the effect of
pore-scale wettability evolution in relative permeabilities. This is sup-
ported by the result reported in Table 2 for end wetting-state curves in
which the model parameters are dependent on the wetting condition of
the porous domain in addition to the pore-size distribution. As a
consequence, we can formulate dynamic correlation models from
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Fig. 6. Simulated relative permeability data as a function of ¥ for (a) wetting phase, and (b) non-wetting phase. The color of each data point indicates the time

elapsed in years.
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Fig. 7. Corner fluid saturations: (a) wetting phases saturation and (b) non-wetting phase saturation The color of each data point indicates the time elapsed in years.
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Fig. 8. The scaled dynamic deviation from the initial wetting-state relative permeability curves as a function of wetting phase saturation (a) and exposure time ¥ (b).

Table 3

The estimated parameter values for the interpolation model.
Parameter Value Parameter Value
& 0.0006123 ly 0.001547
by —2.522 by —2.086
" 0.1297 " 0.2007

standard k,-S,relations, i.e., BC models in Egs. (5) and (6) or reduced
LET models in Eq. (17). So far, we noticed that only E, = 1/ E,, is sen-
sitive to wettability change in the reduced LET model, whereas both
parameters are sensitive in the BC model (see Table 2). A model with
fewer parameters is preferred in order to ease implementation in Darcy-
scale flow models. Thus, we choose the reduced LET model when
correlating to dynamic data using a parameter-based approach.

Based on these observations, we rearrange the reduced LET model:

(. EN)SL,
kpy = ———5 "
p(x,Er)S:+1-8,

1-S,

1—8, +p(y,Er)SL (22)

sand kyw =

where A and E™ are determined from the initial wetting-state correlation.
The reduced LET model (22) is then correlated to the k;,-S,data in Fig. 4
with the curve-fitting tool in MATLAB and matched with the k;,-S,data
to study the functional dependencies between the p and }. The obtained
relation is linear and has the form:

p(.E}) =mr +E}, (23)

where E™ is as given in Table 2 and n is a dynamic correlation parameter
for wetting and non-wetting phase relative permeabilities. For this
particular simulation the dynamic parameter is estimated to be n = 3.57

Time

02 0.4 06 0.8

for all drainage-imbibition cycles reported above. Now the dynamic
term p in Eq. (23) can be substituted into the reduced LET model (22) to
give the dynamic LET model:

(nz + En)SL, n
1—S8, + (ny + E")SY

1-S,

kny = — —,
1—S8, + (ny + E")S4

(24)

d ky =

The correlated dynamic LET model in Eq. (24) and the simulated
k,.-S,data are compared in Fig. 10.

From Fig. 10, we observe that the proposed dynamic model (24)
correlates well with the simulated relative permeability curves. The
proposed dynamic relative permeability model is single-valued regard-
less of the number of drainage-imbibition cycles. However, this single-
valued model is not well predictive around the junction points, partic-
ularly for low wetting-phase saturation. Despite this discrepancy, the
obtained correlation result shown in Fig. 10 is acceptable and a signif-
icant improvement on the interpolation model result shown in Fig. 9.
Furthermore, the dynamic LET model prediction can be improved by
allowing A to vary along the exposure time. However, this may double
the number of parameters in the model that need to be calibrated.

If we compare the two dynamic models (i.e., the piece-wise inter-
polation model in Eq. (21) and the dynamic LET model in Eq. (24)), not
only is the dynamic LET model a better fit to the data, it is easier to
implement in a Darcy flow model than the piece-wise interpolation
model. The reduced LET is likely more efficient to calculate because it is
smooth in saturation-time space. We also note that the number of pa-
rameters in Eq. (24) is reduced by half from the original LET model.
These all make the parameter-based dynamic model more reliable than
using a model consisting of multiple parameters that change in each
cycle (or hysteresis models). Further analysis below will concern only on
the dynamic LET model.

Time
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Fig. 9. Comparison of the interpolation model (21) with the simulated (wetting (a) and non-wetting (b)) relative permeabilities.
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Fig. 10. Comparison of the dynamic LET model and the simulated phase relative permeability: (a) wetting phase and (b) non-wetting phase.

3.3.3. Sensitivity of correlated dynamic LET model to pore-scale WA

In this section, we will investigate the response of the upscaled model
parameter 1 to the change in the CA model parameter C in Eq. (13). The
parameter C controls the extent of WA at the pore-level, whereas 1 de-
termines the WA induced dynamics in the relative permeabilities. We
have simulated different drainage-imbibition k,-S,curves by varying C
to draw a relation between 1 and C. To do so, we determine the
parameter 1 from each ky-S,data that was simulated by considering
different values of C. Then, we correlate the estimated parameter values
of n with the chosen values of C, which can be read as:

n=v,C+ v, (25)
where 17 and v, are fitting parameters. The correlation result is plotted
in Fig. 11, where the parameters are estimated to be v, = — 1.8x 10*
and vz = 6. Therefore, we can predict the upscaled dynamics of the
relative permeabilities directly from the pore-scale WA process.

The relation in Eq. (25) can be substituted into the dynamic relative
permeability model (24) to complete the upscaling process. The result-
ing dynamic relative permeability models are saturation, exposure time,
and pore-scale WA parameter dependent. The pore-scale parameter has
to be estimated from the calibration of CA model (13) with experimental
data. Validating the underlying CA change model is beyond the scope of
this paper. Rather, we consider the CA model as a reasonable basis to
perform and analyze the upscaling process.

5 6 7 8 9
Cll

10
x107°

Fig. 11. The relation between pore-scale wettability parameter C and the
correlation parameter 1 in Eq. (24).

10

3.4. Applicability of the dynamic LET model to arbitrary saturation
history

The path in saturation-time space used to generate the relative
permeability data in Fig. 12 can be considered as one of many arbitrary
paths in the domain S,, x . The exact path is dependent on the history of
the exposure time to the WA agent and the reversal-point of saturation.
This implies that the relative permeability-saturation dynamics may
behave differently if one chooses a different saturation path that entails
a prolonged exposure time for a fixed saturation profile and/or flow
reversal at intermediate saturation.

Here, we simulate a large number of possible k;,-S,curves that
involve different reversal-points and exposure history within the S, x .
Note that we use the pore-scale model parameter C = 10 x 10~°. The
simulated data is plotted in Fig.s. 12a and b for phase relative perme-
abilities. These arbitrary curves are used to test the robustness of the
dynamic LET model in Eq. (24) by applying the model to generate the
kro-Sq-y surface and compare with the simulated data. The absolute
difference between the simulated data and the surface generated by the
calibrated model is depicted in Fig. 12c. According to the results in
Fig. 12, we show that the dynamic LET model can be reliably applied to
any saturation-time path having been calibrated against a single satu-
ration history.

3.5. Discussion

In contrast to the dynamic capillary pressure model presented in
Kassa et al. (2020), the interpolation-based approach is poorly corre-
lated with the simulated relative permeability curves. However, further
investigation (by considering advanced pore-network models) may be
needed to re-evaluate the potential of capturing the WA process in the
relative permeabilities based on the interpolation approach. We also
examined the BC model in the parameter-based approach, though we do
not report it here fully. For the sake of brevity, we have highlighted only
the response of the BC model to the wettability change in Section 3.3 for
end wetting conditions. In general, other models that involve more than
two parameters (sensitive to CA change) could be calibrated with
reasonable accuracy. But, these parameters need to be adjusted in each
drainage-imbibition displacements. This complicates the modeling
process and the resulting model may involve many parameters that may
impose an extra challenge to analyze the WA impact on the flow dy-
namics at the Darcy scale.

In this study, we found that the original LET model with six total
parameters (three for each phase) could be reduced to a dynamic LET
model where only one parameter is needed to vary with wettability. The
remaining parameters are only a function of pore-size distribution and
the initial wetting state. The dynamic parameter E, = 1/E, was then
successfully correlated to the simulated dynamic relative permeability
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Fig. 12. Top: Simulated relative permeabilities obtained by taking multiple paths in the S,, x ¥ space, for the wetting (left) and non-wetting (right) phases. Bottom:

The difference between the dynamic model with the simulated data.

data. Furthermore, we found a clear relation between E, and the expo-
sure time y by introducing a dynamic parameter n. This approach results
in a single-valued dynamic relative permeability model that represents
any arbitrary exposure time history.

The dynamic LET model developed here may need to be extended for
real porous media with connected pores and more complex geometry.
For instance, mixed-wet media may exhibit S-shaped relative perme-
ability curves, particularly for the non-wetting phase (Lomeland et al.,
2005). In this case, it may be necessary to introduce additional dynamic
parameters into the LET model proposed herein, i.e. L,, and T,,. Further
investigation using more complex pore-scale models, e.g pore-network
models, will be needed to generate the dynamic relative permeability
data. We expect that the parameter-based approach using the LET model
will still result in the best dynamic model even with more complex
porous media. Further development of the dynamic LET model is the
subject of future work.

The proposed model is at the Darcy scale, that allows for a change in
relative permeability as a function of averaged variables such as satu-
ration (S,) and exposure time to a WA agent (y). This implies that the
relative permeability in a grid block that is exposed to the WA agent may
change over time even for constant saturation profile. However, if the
grid block is not exposed to the WA agent, ¥ is zero for this particular
grid block. In this case, the dynamic model predicts the initial wetting-
state curve. However, the developed model may continue further after
the end wetting-state curve has attained which is in contrast to the
interpolation-type model, where prolonged exposure does not
contribute to the dynamics once the final wetting curve is met, see
(Kassa et al., 2020). Thus it is important to propose a strategy to ensure
that the relative permeability dynamics do not to cross the end-state

curve. From Eq. (23), we know that the final wetting state is attained
when 7y + EM = E, is satisfied. From this, we can estimate the exposure
A

— n

==, such that the
relative permeability is represented by the end wetting-state curve. After

time needed to reach the final wetting state, 7.,

11

knowing this we can set the dynamic variable as

1

ot
1—S8,)dr, if 7<%
y[( Su)de, if ¥ < e

(26)

x
T X2 Hna

This controls the unnecessary dynamics once the final wetting-state
curve is predicted. Nevertheless, the dynamic term in the model pushes
the relative permeability towards the higher and lower end of the curve
for the wetting and non-wetting phases respectively.

Previous studies (Delshad et al., 2009; Yu et al., 2008; Anderson
et al., 2015; Adibhatia et al., 2005) represent the impact of instanta-
neous WA on relative permeabilities by an interpolation model which
can be matched to core-scale data in a heuristic manner. This study re-
veals that the interpolation model is not the best approach to upscale the
pore-scale WA process. Rather, we have shown the potential of a dy-
namic LET model to capture the underlying WA process at the
pore-scale. The proposed dynamic LET model is smooth and simple to
use for practical applications. Most importantly, the model is designed to
eliminate the hysteresis in relative permeability induced by CA change
caused by exposure to a WA agent during drainage and/or imbibition
displacements. Similar to the developments in Kassa et al. (2020), we
have quantified the link between the pore-scale model parameter C and
the core-scale parameter 1. According to the simulation results, we have
shown that a very simple scaling can relate a pore-scale process with the
core-scale. This result implies that knowing the mechanism that de-
termines the CA change at the pore-level can be used to predict the
macroscale dynamics without performing pore-scale simulations. This is
an important and valuable generalization for making use of experi-
mental data to inform core-scale relative permeability-saturation
relations.



A.M. Kassa et al.

4. Conclusion

In this paper, we developed a dynamic relative permeability model
that includes the pore-scale underpinnings of WA in the relative per-
meability—saturation relationships at the Darcy scale. We found that the
developed model (i.e., the modified LET model in Eq (22)) is simple to
use and can predict WA induced changes in the relative permeabilities.
The modified LET model shows a good agreement with the simulated
relative permeability data. Furthermore, this model is independent of
the saturation-time paths generated by any drainage-imbibition cycles.
More importantly, the WA dynamics in the relative permeabilities is
controlled by a single-valued parameter that has a clear relationship
with the time-dependent CA change model parameter.
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Nomenclature

Abbreviations

CO, Carbon dioxide

AMs Arc meniscus

BC Brooks-Corey

CA Contact angle

Eq Equation

Fig Figure

LET A model having parameters L, E, and T
MTM Main terminal meniscus

WA Wettability alteration

Superscripte

A Parameter in the reduced LET model

a,m Fitting parameters in the Brooks-Corey model
b The parameter in the interpolation model
dyn Dynamic

f Final wetting state

in Initial wetting state

int Fluid-fluid interface

k Represents number of interface in the tube corner
LT Fitting parameters in the LET model

res Reservoir

Subscripts

o Phase indicator

max Maximum

min Minimum

b Stands for bulk

c Stands for corner

cap Stands for capillary

h Stands for hinging

i The counter for the number of parameters
m The m-th tube

n Stands for nonwetting phase

) Pore space

r,l Stand for right and left respectively

s Solid phase

T Stands for total

w Wetting phase
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Liste of symbol

o The half angle

B, & b Fitting parameters in the interpolation model

VY4 Pore-scale and averaged exposure time respectively
S,y Parameters in the Weibull distribution

ALEn Parameters in the modified LET model

Conductance

Domain permeability

Characteristic time

Fluid viscosity

The dynamic coefficient in the interpolation model
Fluid-fluid interfacial tension

Contact angle

The dynamic term in the contact angle model
Cross-sectional area

CA model parameter

Fitting parameter in the LET model

Dynamic term in the relative permeability
Relative permeability

Tube length

Pressure

General parameter in the parametric approach
Volumetric flux

Interface velocity

Radius of the inscribed circle

Radius of curvature

Saturation

Cross-sectional volume

The position along the tube length

Random variable

‘<><<:nﬂ>uhn(o”u*uhgr\mg>-e coqa':"\;\‘;:;\\

Appendix A. Calculations of areas covered by fluids

In Subsection 2.2, we showed the fluid configurations depending on the displacement scenario and wettability of the pore space. In this Appendix,
we show how to calculate the areas that covered by the wetting and non-wetting phase fluids which demonstrated in Fig. 2. To do so, we numbered the
fluid-fluid interfaces in order from the apex if there exist more than one interface in the corner, and we apply the indicator notation

o 1, if interface k separates bulk nonwetting and corner water (A1)
" | —1, if interface k separates bulk water and corner nonwetting. :

The bulk cross-sectional area AX  in each tube in the bundle is defined as,

3R? ook e
t—m = 3r,bL sin(B, + a) + 3245, if IF =1,
Ak — an a,, -
" 3R? |
tan; B Srmbﬁ' Sin(ﬁf{n - (X,,,) - 3",2,“51:”, if Ik = 71’
where
n
‘ S—a, -0 ifIF =1
. rsin(g) . 7@ m 1
bm :W’ and ﬂm = (A3)
sin(a,, ‘
g'f'(lm -6 it =—1.

Though we used a general notation for CA an above, an may be replaced by, 6,,, and 0,,, when the interface recedes and advances respectively, and
9’,§Vm if the interface, separating the bulk and corner fluids, is hinging. The hinging contact angle (if exists) changes with the entry pressure P.,, ac-
cording to:

Peubl, sin(a, .
arccos (’”7%()> —a,ifIf =1

c
O = o A4
arccos (7”" ’”;m(am)) +a, if I = —1.

The fluid area that occupies the corner regions can be estimated by
0’" .
Acm| 00 ) = 3r,2 0, +a, — E-l—cos 0, c0s(6n) —sin( 6, R (A.5)
" 2 tan(a,,)
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where 0,, is an argument to determine the appropriate area. The corner surface covered by water in configuration C is obtained by A; (6} ,,), whereas
the non-wetting fluid layer in configuration E is calculated from A, (7 —0gm) — Acm (9,1m). The same approach can be applied if there exist many layers

in the corner of the pore.

As clearly seen above the areas, Ay, and A. nare dependent on wettability, i.e., fluid-fluid CA. For example, fluid configuration C and D occurs only
if the condition 6, < § — an is satisfied during the drainage displacement (Helland and Skjaveland, 2006a). Otherwise, the non-wetting phase will
completely displace the wetting from the tube, including the corners, and occupy the entire cross sectional area of the tube. In this case, the entry
pressure calculation is reduced to the well known Young-Laplace equation. On the other hand, the non-wetting fluid layer occurs in the corner when
the condition 6y, > § + ay, is satisfied. This implies that a dynamic change of CA can also determine the fluid distribution in a single pore.
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