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Wettability is a pore-scale property that has an important impact on capillarity, residual trapping, and hysteresis
in porous media systems. In many applications, the wettability of the rock surface is assumed to be constant
in time and uniform in space. However, many fluids are capable of altering the wettability of rock surfaces
permanently and dynamically in time. Experiments have shown wettability alteration (WA) can significantly
decrease capillarity in CO, storage applications. For these systems, the standard capillary-pressure model that
assumes static wettability is insufficient to describe the physics. In this paper, we develop a new dynamic capillary-
pressure model that takes into account changes in wettability at the pore-level by adding a dynamic term to the
standard capillary pressure function. We assume a pore-scale WA mechanism that follows a sorption-based model
that is dependent on exposure time to a WA agent. This model is coupled with a bundle-of-tubes (BoT) model
to simulate time-dependent WA induced capillary pressure data. The resulting capillary pressure curves are then
used to quantify the dynamic component of the capillary pressure function. This study shows the importance of
time-dependent wettability for determining capillary pressure over timescales of months to years. The impact
of wettability has implications for experimental methodology as well as macroscale simulation of wettability-

altering fluids.

1. Introduction

Wettability plays an important role in many industrial applications,
in particular subsurface porous media applications such as enhanced oil
recovery (EOR) and CO, storage (Blunt, 2001; Bonn et al., 2009; Iglauer
etal., 2014, 2016; Yu et al., 2008). The wetting property of a given mul-
tiphase system in porous media is defined by the distribution of contact
angles. The contact angle (CA) is controlled by surface chemistry and as-
sociated forces acting at the molecular scale along the fluid-fluid-solid
interface (Bonn et al., 2009). In porous media applications, microscale
wettability determines the strength of pore-scale capillary forces and
the movement of fluid interfaces between individual pores. At the core-
scale, wettability impacts upscaled quantities and constitutive functions
such as residual saturation, relative permeability, and capillary pressure,
which in turn affect field-scale multiphase flow behavior.

The standard assumption is that wettability is a static property of
the multiphase system. However, the composition of many fluids is ca-
pable of provoking the surfaces within pores to undergo wettability al-
teration (WA) via a change in CA. CA change can alter capillary forces
at the pore scale, and thus affect residual saturations of the system
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(Ahmed and Patzek, 2003; Blunt, 1997). This effect has been exploited
extensively in the petroleum industry, where optimal wetting conditions
in the reservoir are obtained through a variety of means that includes
chemical treatment, foams, surfactants, and low-salinity water flooding
(see for example Morrow et al., 1986; Buckley et al., 1988; Jadhunandan
and Morrow, 1995; Haagh et al., 2017; Singh and Mohanty, 2016).

Wettability is also recognized as a critical factor in geological CO,
sequestration which exerts an important role on caprock performance
(Kim et al., 2012; Tokunaga and Wan, 2013). The sealing potential of
the caprock is highly dependent on CO, being a strongly non-wetting
fluid, and WA may lead to conditions that allow for buoyant CO,, to leak
(Chiquet et al., 2007a; Chalbaud et al., 2009). Besides, WA can affect
residual saturation and subsequently impact the trapping efficiency of
injected CO, (Iglauer et al., 2014). Therefore, reliable quantification of
wettability is needed for safe and effective CO, storage.

Despite the fact that WA is known to impact core-scale capillarity and
relative permeability behavior, few detailed measurements are avail-
able to characterize the alteration of the constitutive function them-
selves. Plug and Bruining (2007) have reported brine-CO,, (gas, liquid)
drainage-imbibition experiment and showed capillary instability for a
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supercritical CO,-brine system, meaning that the capillary pressure mea-
surements change steadily over time. The imbibition curve also exhib-
ited a significant deviation from the expected curve that was not ex-
plained by classical scaling arguments. The authors proposed WA as an
explanation but did not explicitly measure any changes in CA. Addition-
ally, recent experiments measured capillary pressure curves for a silicate
sample using a fluid pairing of supercritical CO, and brine (Wang and
Tokunaga, 2015). Repeated drainage-imbibition cycles were performed
for 6 months, and a clear reduction in capillary pressure was recorded
for each subsequent drainage cycle. The authors also attributed these
deviations from the expected capillary curve to a change in wettability
of the rock sample over time due to CO, exposure, similar to aging. This
hypothesis was confirmed through observations of a wetting angle in-
crease from 0° to 75° after 6-months of exposure. It is also reported sim-
ilar P, — S instability and deviation in dolomite/carbonate (Wang et al.,
2016), and quartz (Tokunaga et al., 2013; Wang et al., 2016) sands for
scCO,, -brine system. More literature on WA and P, — S measurements
can be found in (Tokunaga and Wan, 2013).

The above experiments reveal that capillary pressure curves are not
static for rocks that undergo WA, despite the fact they were performed
following the standard multi-step procedure, i.e. where “equilibrium” is
obtained after each incremental step in pressure. Therefore, the standard
capillary pressure models cannot be readily applied without additional
dynamics to capture the long-term impact of WA. Capillary pressure dy-
namics due to WA are distinct from non-equilibrium flow dynamics (e.g.
Hassanizadeh et al., 2002; Dahle et al., 2005; Barenblatt et al., 2003)
or from CA hysteresis generated by receding and advancing angles (e.g.
Krumpfer and McCarthy, 2010; Eral et al., 2013). WA alteration is a
chemistry-induced pore-scale phenomenon that alters the capillary pres-
sure function separately from the flow conditions or other instabilities.
That is, contact angle has the potential to change even when the sys-
tem is at rest. On the other hand, NE models are formulated to address
dynamics in only for systems that are flowing, and therefore a new ap-
proach is needed to account for permanent and continual alteration of
capillary pressure functions for both flowing and non-flowing systems.
We note that capillary driven flow may initiate if the CA change is large.

The standard approach to WA is to assume a change in surface chem-
istry that occurs instantaneously, which results in an immediate shift
in saturation functions (Delshad et al., 2009; Lashgari et al., 2016; Yu
et al., 2008; Andersen et al., 2015; Adibhatia et al., 2005). This im-
plementation entails a heuristic approach that interpolates between the
two end wetting states as a linear function of chemical agent concen-
tration. Lashgari et al. (2016) have derived an instantaneous WA model
from Gibbs energy and adsorption isotherms. The proposed WA model
is coupled with P, — S relation through residual saturation. These mod-
els neglect the impact of WA over longer timescales (months to years).
They also do not capture pore-scale heterogeneity in wetting properties.
In the available literature, only one study (Al-Mutairi et al., 2012) has
included the effect of exposure time on WA and constitutive relations for
core scale simulation. But this numerical study does not sufficiently in-
corporate or upscale pore-scale processes to core-scale constitutive laws.

To our knowledge, a rigorous mathematical upscaling of long-term
dynamics in P, — S functions introduced by exposure to a WA agent has
not been previously performed. The focus of this paper is to propose a
new dynamic capillary pressure model by upscaling the WA dynamics
from the pore- to the core-scale. Section 2 describes our approach. We
start with direct simulations of P, — .S curves from a pore-scale model
represented by a cylindrical bundle-of-tubes. WA is introduced at the
pore scale using a mechanistic model for CA change as a function of ex-
posure time to a reactive agent. This model is developed based on the in-
sights from laboratory experiments, giving the flexibility to incorporate
other data as appropriate. We emphasize the CA model is only meant as
a basis on which to demonstrate the upscaling approach. In Section 3,
we present the resulting curves generated by the pore-scale model us-
ing two different pore-scale models for CA change. These curves are then
used to correlate the dynamic term in the upscaled P, — .S function. Fi-
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nally, we analyze the link between pore-scale parameters and upscaled
correlations.

2. Approach

The extended P, — S relationship introduces a dynamic component
that captures the changing wettability as measured by the deviation of
the dynamic capillary pressure from the equilibrium (static) capillary
pressure. This relationship can be described as follows:

P.() = PN = pO(y, )

where PCSL’in represents the capillary pressure for the system given a

static initial wetting state, and fY" represents the deviation from the
static state. The initial static curve can be described by the Brooks-Corey
model,

. S -5 —aw
pitin = ¢ (20 2we ) @
1- ch

where c,, is the entry pressure, 1/a,, is the pore-size distribution index,
whereas S, is the residual water saturation.

The objective of this study is to characterize and quantify the dy-
namic term f¥", the key term of interest in the P, — .S model, for a sys-
tem that undergoes WA. We propose an interpolation model to handle
the WA dynamics in P, — S relation. To obtain an interpolation model,
the dynamic component in Eq. (1) can be scaled by the difference be-
tween two static curves, each representing the initial and final wetting-
state capillary pressure curves, to give a non-dimensional quantity o we
call the dynamic coefficient, which is defined as follows

w(P:t,f _ P;I,in) — fdyn’ 3)

where P is the final wetting state capillary pressure. In the previous
studies (e.g. see Delshad et al., 2009; Lashgari et al., 2016; Yu et al.,
2008; Andersen et al., 2015; Adibhatia et al., 2005), the coefficient w is
assumed only chemistry dependent. Here, w in Eq. (3) is assumed to be
a function of not only the chemistry but also the exposure time to the
WA agent.

The expression in Eq. (3) can be substituted into Eq. (1) to obtain a
dynamic interpolation model

P, = (1 - 0)P3"" + wPS 4)

We note that in the model presented above, we have defined the “to-
tal” capillary pressure P, as simply the measured difference in phase
pressures at any point in time. In a reservoir simulation, this would be
capillary pressure in a given grid cell, whereas in a laboratory exper-
iment designed to measure P, — S data, it corresponds to the pressure
drop across the sample at equilibrium. For quasi-static displacement in
a bundle of capillary tubes, P, is the difference between boundary con-
dition pressures, i.e., P, = P/ — PIeS, (see Fig. 1).

The exact nature of w and its functional dependencies can only be
determined from a full characterization of P, — .S curves under different
conditions. These curves can be derived from laboratory experiments,
but this approach is costly and time-consuming. Alternatively, one may
take a more theoretical approach by simulating P, — S curves using a
pore-scale model that includes the impact of WA.

For a system that undergoes WA, a significant change in CA could
lead to the wetting phase becoming non-wetting and vice versa. For clar-
ity, we will continue to use w subscript for the phase that was originally
wetting and nw for the phase that is originally non-wetting regardless
of the actual state of wettability in the system.

2.1. Pore-scale model

There are various choices of pore-scale models available. The easiest
to implement and analyze is the bundle-of-tubes (BoT) model which is
a collection of capillary tubes with a distribution of radii. Herein, we
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Fig. 1. Fluid displacement in a non-interactive bundle-of-tubes (BoT). Here, the
left reservoir contains non-wetting fluid that displaces the wetting fluid to the
right and vice versa.

describe the model and the approach for the implementation of time-
dependent WA.

The BoT model is a popular approach due to the simplicity of im-
plementation and the ability to study the balance of energy and forces
directly at the scale of interfaces (Bartley and Ruth, 1999; Dahle et al.,
2005; Helland and Skjeeveland, 2006). The average behavior of a BoT
model can then be used to construct better constitutive functions at the
macroscale (Dahle et al., 2005; Helland and Skjeeveland, 2006; 2007).
There are known limitations to this pore-scale approach, i.e. lack of
residual saturation and tortuosity. We emphasize that this study is a
first step at studying the impact of long-term WA from pore- to core-
scale, and as such these secondary aspects are beyond the scope of this
work.

In this paper, we consider cylindrical BoT having length, L, and is
shown in Fig. 1. These tubes are designed to connect wetting (right)
and non-wetting (left) reservoirs with pressures labeled as P'**- and Pf“'
respectively. Let the reservoir pressures difference be defined as

AP = P/ — P, ®)
Initially, the tubes in the bundle are filled with a wetting phase. To

displace the wetting phase fluid in the m™ tube, the pressure drop has
to exceed the local entry pressure, P, ,,, defined as (Dahle et al., 2005)

AP > P, ,(R,,0,) 6)
where P (R, 0,) is given by the Young’s equation

20 cos(0,,)
Pc,m(Rm’em)=R—s m=1,2,-,N, @)

m

where R,, and 6,, are the tube radius and CA, respectively, for the m™
tube, N stands for number of tubes, ¢ is fluid-fluid interfacial tension.

As long as condition (6) is satisfied, the fluid movement across the
length of tube m can be approximated by the Lucas-Washburn flow
model (Washburn, 1921),
_ R (AP P, ,(R,.0,)
Bl X+ py (L= x)
where, u,,, and u, are non-wetting and wetting fluid viscosities, re-
spectively, the superscript int stands for fluid-fluid interface, and g,, =
dxI" /dt is the interface velocity. The interface is assumed to be trapped
when it reached at the outlet of the tube, thus ¢,, = 0. A positive rate of
change in x* is associated with an increase in non-wetting saturation
for tube m. From Eq. (8), one can then determine the required time to
reach a specified interface position.

am ®)

2.2. Pore-scale time-dependent WA model

In this paper, we consider a WA mechanism at the pore-scale that
evolves smoothly from an initial to final wetting state through exposure
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time. The initial and final wetting states can be arbitrarily chosen, i.e.
from wetting to non-wetting or vice versa.

The WA agent is defined as either the non-wetting fluid itself or some
reactive component therein. We consider an alteration process within
any given pore, or tube, that continues until the ultimate wetting state is
reached locally in the pore. The alteration is permanent, but can also be
halted at some intermediate wettability state if the WA agent is displaced
from the pore. If the agent is reintroduced to the pore at some later point,
alteration continues until the final state is reached.

To this end, we introduce a general functional form of pore-scale WA
mechanism by CA change,

0, () 1= 0,5, + 9(-)AO, (©))

where A® = 0, — 0,,;,, O ¢ and 0y, 5, are the ultimate and initial contact
angles respectively. In Eq. (9), 6, decreases and increases based on the
choice of the initial and final wetting conditions. The term ¢( - ) € [0,
1] (when ¢(-) = 1 the CA attains its ultimate value and CA is fixed at the
initial state when ¢(-) = 0) in Eq. (9) is responsible for governing the
WA dynamics.

WA involves complex physical and chemical processes whose de-
scription is beyond the scope of this work. However, we provide a brief
summary of the role of adsorption/desorption processes in CA change
(Blut, 2017; Du et al., 2019). Such a hypothesis has been supported
by experiment measurements. For instance, CO,-water core-flooding
experiments show adsorption-type relations between CA and pressure
(Dickson et al., 2006; Jung and Wan, 2012; Iglauer et al., 2012), and
also with exposure time (Jafari and Jung, 2016; Saraji et al., 2013).
Similar CA evolutions as a function of surfactant concentration and ex-
posure time are reported in Davis et al. (2003) and (Morton et al., 2005)
for an oil droplet on a metal surface immersed in ionic surfactant solu-
tions. In Morton et al. (2004), a Langmuir adsorption model is proposed
to predict the experiment observations in (Davis et al., 2003). Given the
insights above, we consider a CA model that evolves according to the
rate of adsorption of the WA agent on the surface of the pores. Follow-
ing McKee (1991), van Erp et al. (2014), the dynamic parameter ¢ in
Eq. (9) can be stated as,
dp
o=
where J* and J~ represent rates of adsorption and desorption of a WA
agent respectively at the solid surface. In McKee (1991), J* is taken
to be proportional to the WA agent and the surface unoccupied by the
adsorbed WA agent, i.e.,

7 =kizn(1-0/%). (11)

where k, is a rate constant, ¢ represents the maximum surface saturated
concentration, and y,, is a measure of the local exposure time of tube
m. The desorption rate can be related with the current surface concen-
tration and is defined as,

J" =k (12)

Jt—J, (10

where k, is a rate constant for desorption rate. Combining Eqs. (10)-(12)

would give us,

do —

L = kizn(1- 0/5) - kao. (13)

Assuming ¢ = 1 and following McKee (1991), one can apply a perturba-

tion analysis to Eq. (13) to obtain a first-order approximation for ¢ in

terms of y,,,

on m
CH+ 1w

(14)

where C = Z—z is a parameter that controls the speed and extent of alter-
1

ation. y,, is defined as the time-integration of exposure to a WA agent,
here taken to be the local non-wetting saturation of tube m,

L[
== dr, 15
Xm T/o 7 T (15)
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where T is a pre-specified characteristic time. In this paper, the charac-
teristic time is set as the time for one complete drainage displacement
under static initial wetting conditions, which can be pre-computed ac-
cording to Eq. (8).

As an aside, detailed laboratory work would be needed to further
enrich the pore-scale CA model by fitting C to experimental data. This
exercise is beyond the scope of this paper, and we consider the under-
lying CA change in Eq. (14) a reasonable basis for which to perform the
upscaling aspect of our study.

Herein, we consider two models for exposure time at the local scale.
For first we take the case where CA modification based on Eq. (14) is
strictly dependent on local exposure time y,, and leads to CA variation
from tube to tube, hereafter referred to as the non-uniform WA mecha-
nism. We note that wettability gradients within individual tubes are not
considered in this model, and thus there is no variation in CA along the
tube. This is due to the flow model in Eq. (8), where the CA only affects
the entry pressure of the tube.

The second is referred to as uniform WA, which is based on the as-
sumption that the WA agent dissolves into the wetting phase from the
non-wetting fluid and affects all tubes simultaneously. In this case, all
tubes have the same properties that are governed by the bulk exposure
time across the entire bundle (i.e. REV). We can define

t
7= %/0 S,dr. (16)
as the bulk or average, exposure time as a function of average saturation.
The uniform model is implemented into Eq. (14) by taking y,, = 7.

In summary, we introduce two types of WA mechanisms, uniform
and non-uniform, that serve as end members of possible WA mecha-
nisms at the pore-scale. On the one end, non-uniform WA restricts al-
teration to only drained pores and excludes any interaction of the WA
agent between pores. This leads to significant heterogeneity in CA from
one pore to another. At the other end, the uniform case assumes the WA
agent can alter all pores simultaneously. In reality, WA will lie some-
where in between, but we have chosen simpler end members to aid in
further analysis of simulated data in the next section.

2.3. Simulation approach

The uniform and non-uniform approaches are coupled into the BoT
model following Algorithm 1 for a single drainage-imbibition cycle. The
objective is to perform simulated experiments that mimic laboratory-
derived capillary pressure curves, i.e. the pressure is adjusted incremen-
tally up or down after each step depending on if the bundle is under
drainage or imbibition, respectively. Contact angles are updated contin-
uously throughout the flow processes in a step-wise manner once the
displacement is completed for each pressure increment. That is, contact
angles that have been altered according to the uniform or non-uniform
mechanism, are updated before the next pressure increment. This is a
reasonable approximation given that it is only entry pressures in indi-
vidual tubes that are affected by CA change.

We control the pressure drop AP in the way that the WA process
is completed within a few numbers of drainage-imbibition cycles. In
the first drainage-imbibition cycles, the AP increment is such that tubes
drain/imbibe one at a time with a pressure drop close to the next tube
entry pressure. In the last drainage-imbibition cycle, every AP increment
is reduced by two and three orders of magnitude for the non-uniform
and uniform case, respectively. Consequently, the flow slows down by
the same magnitude irrespective of whether the tube drains or imbibes.
At the completion of the numerical experiment, we obtain aset of P, — §
“data points” that can be plotted in the usual way.

Once the capillary pressure curves are generated for both the uniform
and non-uniform approaches, the resulting curves are used to quantify
the dynamic coefficient in the interpolation function in Eq. (4). The goal
is to develop a correlation model that involves only a single parameter,
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Algorithm 1 A single drainage-imbibition cycle. Fluid and rock prop-
erties are given according to Table 2

1: Drainage displacement
2: set the maximum capillary pressure P
3: while AP < P™* do

4: increase the non-wetting pressure, P/
5 calculate the pressure drop AP = P/ — P®
6 if AP > 220U then
7: drain the"i‘espective tubes
8 calculate the elapse of time to drain tubes from Equation (8)
9: calculate and store averaged quantities S,,, and ¥
10: if non-uniform WA then
11: calculate y,, for invaded pores from Equation (15)
12: calculate 6,, from Equation (9) and (15)
13: else if uniform WA then
14: update each 6,, in bundle identically from Equation (9)
15: and (16)
16: end if

17: end if

18: end while

19: Imbibition displacement

20: define the minimum entry pressure PMin
21: while AP > P™ do

22: decrease the non-wetting pressure, P/

23: calculate the pressure drop AP = P/ — P'®

24:  if AP > ”;—5(9'" then

25: imbibe the respective tubes

26: calculate the elapsed of time to imbibe tubes from
27: Equation (8)

28: calculate and store averaged quantities S,,, and ¥
29: if non-uniform WA then

30: calculate y,, from Equation (15)

31: update 6,, from Equation (9) and (15)

32: else if uniform WA then

33: update each 6,, identically from Equation (9) and (16)
34: end if

35: end if
36: end while

and this parameter should have a clear relation with changes in the
pore-scale WA model parameter C.

3. Results

In this section, we present the simulated capillary pressure and as-
sociated results for each WA case. We formulate a correlation model,
which is then fit to the simulated data. Finally, we investigate the sen-
sitivity of the correlated model to the pore-scale WA parameter.

3.1. Bundle of tubes model set-up

The pore scale is described by a BoT model (see Section 2.1).
Each tube in the BoT is assigned a different radius R, with the radii
drawn from a truncated two-parameter Weibull distribution (Helland
and Skjaeveland, 2006)

R=Rpin ] n—1_1n ( [ R=Rpin ] n )
—__min I_exp( — | ——min
|: Rﬂ\’ Rﬂ\’ p Rav

1-— CXP( _ |:Rma>;;Rmin:|;1)

where R,.«, Rnin» and R, are the pore radii of the largest, smallest, and
average pore sizes, respectively, and # is a dimensionless parameter. The
average is obtained by the mean of R, and R,;,. The rock parameters
and fluid properties are listed in Table 1.

f(R)= a7
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Fig. 2. Simulated P, — S data for the initial and final wetting states compared
to a Brooks-Corey model with calibrated parameters given in Table 2.

3.2. Static capillary pressure for end wetting states

A starting point for the dynamic capillary-pressure models presented
in Section 2 (Egs. (1) and (4)) is characterizing the capillary pressure
curves for the end wetting states. Given the same tube geometry and
fluid pairing described above, the capillary pressure-saturation data are
simulated under static conditions for both the initial and final wetting
states.

Only a single drainage experiment is needed in the static case to fully
characterize the capillary pressure curve. This is due to the lack of resid-
ual trapping in a BoT model. We emphasize that hysteresis is not possible
for a BoT if the contact angles in the tubes (and other parameters) are
held constant.

The simulated static curves are then correlated with the Brooks-
Corey model (2). The resulting correlations can be found in Fig. 2, while
fitted parameters for the Brooks-Corey model can be found in Table 2.
Note that the Brooks-Corey model is undefined at zero irreducible wet-
ting phase saturation. Thus, we left a few pores undrained to allow for
comparison between the Brooks-Corey model and the simulated P, — .S
data.

Fig. 2 compares the Brooks-Corey formula (2) and the capillary pres-
sure curves associated with static contact angles (initial and final wet-
ting states).

The Brooks-Corey correlation gives an excellent match to the sim-
ulated P, — S data under static conditions. We observe that the pore-

Table 1

Parameters used to simulate quasi-static fluid displacement in BoT.
parameters  values unit parameters  values unit
Cow 0.0072 N/m no. radii 500 [-]
Rinin 6 Hm Rinax 40 pm
0y 80 degree 0, 0.0 degree
Py 0.0015  Pas Hnw 0.0015  Pas
Ray 23 pm L 0.001 m
n 1.5 [-]

Table 2

Estimated correlation parameter values for initial and final wetting
state capillary pressure curves.

Initial wetting state Final wetting state

param. value unit param. value unit
Cw 360 [Pa] Cy 56 [Pa]
a, 0.2778 [-] a, 0.2778 [-]
R? 1 - R? 1 -
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size distribution index a,, for the initial and final wetting states are the
same, which is expected since the same distribution of tube radii is used
in both cases. On the other hand, the coefficient ¢, decreases by a fac-
tor of 0.85 from the initial to the final wetting state corresponding to
a decrease in a core-scale capillary entry pressure. The Leverett-J scal-
ing theory (Xu et al., 2016) predicts that entry pressure scales by cos 6,
which agrees nicely with the reduction in cos 6 by a factor of 0.83 for a
CA change from 0 to 80 degrees.

We reiterate that for the static case where no WA occurs, the Brooks-
Corey model describes both drainage and imbibition for the BoT.

3.3. Simulated capillary pressure data

We present the simulated capillary pressure data (see Fig. 3), com-
paring the results of the uniform and non-uniform approaches described
previously. The uniform data are generated with the pore-scale WA pa-
rameter C = 0.005, while for the non-uniform data C = 5 x 107%. A total
of two and four drainage-imbibition cycles carried out for the uniform
and non-uniform cases, respectively.

For both cases, we observe a steady decrease in capillary pressure
over time. In the end, a complete wettability change has evolved from
the initial to final prescribed states, whose static curves are plotted in
Fig. 3 for reference. Having reached the final wetting state, any addi-
tional drainage-imbibition cycle would follow along the static curve for
the final wetting state. We remark that wettability-induced dynamics
also introduces an apparent hysteresis in the P, —.S data. This effect
is unique to the cylindrical BoT model, which we recall cannot exhibit
hysteresis under static wettability conditions. However, a real porous
medium may exhibit capillary pressure hysteresis with static wettabil-
ity.

There are notable differences between the two sets of curves. For the
uniform case (Fig. 3a), there are distinct curves for each drainage and
imbibition displacement. The capillary pressure begins to decrease im-
mediately and in a continuous manner over time. This is because the CA
(Fig. 4a) is changing for all tubes simultaneously based on the average
exposure time over the entire bundle. The uniformity results in the CA
in smaller tubes being altered significantly at an early time (at the same
rate as the larger tubes), and thus the capillary pressure is decreased
even at low average wetting saturation in the first drainage curve. The
fast dynamics in CA change lead to a non-monotone capillary curve at
an early time.

In comparison, the non-uniform case (Fig. 3b) has a delay in exhibit-
ing the effects of WA. The initial drainage curve is identical to the initial
wetting static curve and all subsequent drainage curves follow along the
previous imbibition curve. This is a result of the restriction on CA change
to only tubes that are drained. In other words, at the tube-level, there
is no change in entry pressure from the initial state (or the state after a
single drainage-imbibition cycle) until that tube is drained. In contrast
to the uniform case, the capillary pressure at low S,, is drawn towards
the initial state. This can be described by examining the CA per tube ra-
dius in time, shown in Fig. 4b. Larger tubes that drain first and imbibe
last, resulting in longer local exposure time, and thus more extensive CA
change, compared to the smaller tubes that drain last and imbibe first.
Therefore, the initial wetting state persists in the smaller tubes.

We recall that both the uniform and non-uniform cases are selected
as end members of possible WA mechanisms in real porous media. In
real systems, WA in different sized pores may occur in a more complex
manner.

We have observed above that capillary pressure curves in Fig. 3a and
b are not a unique function of saturation, that is, they exhibit hysteresis
for this simple BoT geometry. We note that the P, — S data points are
color-coded according to time evolved at each data point. This motivates
a transformation of the data into the time domain by plotting against
7 as shown in Fig. 5 for both cases. In doing so, we obtain a unique
function with respect to exposure time for both the uniform and non-
uniform cases. We note that the curves in Fig. 5 show that the capillary
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pressure increases and decreases with each drainage-imbibition cycle.
In addition, the transformation reveals the separate drainage curves for
the non-uniform case that were hidden in Fig. 3b.

3.4. Dynamic capillary pressure model development

Following the approach discussed in Section 2, we applied Eq. (3) to
calculate the dynamic coefficient @ for both the uniform and non-
uniform cases. The resulting coefficient is plotted in Fig. 6 as a function
of both S,, (top panels) and ¥ (bottom panels) for both WA cases. We
recall that w is a coefficient that interpolates between the capillary pres-
sure at the initial and final wetting states at any given saturation, where
o = 0 gives the initial capillary pressure and w = 1 gives the final P, — §
curve.

For the uniform case, w is a non-unique function of wetting-phase
saturation, see Fig. 6a, but with values that are continuously increas-
ing as the dynamic capillary pressure moves towards the final wetting
state. For the non-uniform case, the dynamic coefficient in Fig. 6b also
exhibits non-uniqueness with respect to saturation. Reflecting the P, — S
data, the capillary pressure persists at the initial state at low saturation.
This means that the value of w decreases with decreasing S,, along the
drainage path and increases only along imbibition paths. The complex
relation of w in saturation space makes it challenging to propose a func-
tional form for @ — .S, relation in both cases.

Figs. 6¢ and 6d show that w exhibits different behavior as a function
of average exposure time. For the uniform case, Fig. 6¢, o is smoothly
increasing and uniquely related to y, mimicking the functional form of
the pore-scale model in Eq. (9). On the other hand, the coefficient w in
the non-uniform case, Fig. 6d, is not monotonically increasing in » but
continues to rise and fall with time despite the transformation to the
temporal domain.

The curves in Fig. 6 give us important insight into the form of w best
suited to each WA case. We take each case in turn:

3.4.1. Uniform case

The smoothly varying functionality of @ and 7 in Fig. 6¢ motivates
an adsorption-type model:
w = 7 —,

Bi+x

where g; is a fitting parameter obtained from the best fit to the simu-
lated data in Fig. 6c¢. For this particular case, the calibrated parameter
is estimated to be g, = 0.01.

The form of the dynamic P, —.S model for the uniform case is ob-
tained by substituting Eq. (18) into Eq. (4) to give:

18

7 st,f st,in st,in
P, = % _(pstf _ pstin) 4 pstin, (19)
¢ ﬂ1+)(( c c ) c

3.4.2. Non-uniform case

The non-trivial behavior of @ in Fig. 6d makes it challenging to pro-
pose a functional relation between the dynamic coefficient w and y di-
rectly as we did for the uniform WA case. Instead, we observe that w in
Fig. 6b has a well-behaved curvature for each drainage-imbibition cy-
cle along the saturation history. Further, the curvature of each cycle is
increasing with increasing exposure time. Given these insights, we pro-
posed a model for the dynamic coefficient that has the following form,

(S, 7) = —Sw (20
Y e+ S,
where « controls the curvature of the w — S, curve for each drainage-
imbibition cycle. Since w is increasing function of exposure time, a
should decrease along the averaged variable 7.
The function form of w in Eq. (20) is then matched with the w — §,,,
data to analyze the dynamics of « along . The obtained a — 7 relation
is decreasing as hypothesized and in particular has the follwing form,

aCy) =h /% @n
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where f, is non-dimensional fitting parameter. For this particular simu-
lation the parameter f, is estimated to be 0.004 for the four of drainage-
imbibition cycles.

The form of the dynamic P, —.S model for the non-uniform case is
then obtained by substituting Egs. (20) and (21) into Eq. (4):

__ZSw (
¢ ﬁ2+7sw

The calibrated dynamic capillary pressure models in Egs. (19) and
(22) are compared with the simulated capillary pressure data in Fig. 3,
with the results presented in Fig. 7 for each WA case. We observe that
the proposed dynamic models agree well with simulated dynamic cap-
illary pressure curves. The correlation coefficient for this comparison
is R2 =0.9921 and R? = 0.98, for the uniform and non-uniform case, re-
spectively. Thus, we have obtained a single-parameter model in both the
uniform and non-uniform WA cases that describe the evolution of dy-
namic capillarity over multiple drainage-imbibition cycles rather than
using a model consisting of multiple parameters that change with each
cycle (or hysteresis models).

. i L
P ptin) 4 pitin, 22)

c

3.5. Model sensitivity to pore-scale model parameter

We hypothesize that parameters #; in Eq. (19) and 5 in Eq. (22) are
dependent on the parameter C in Eq. (9) that controls the dynamics of
wettability alteration at the pore-scale. We investigate this sensitivity by
repeating the capillary pressure simulations for different values of the
pore-scale parameter C and determine the correlated value of §; and g,
in each case.

For the uniform WA case, Fig. 8a shows that the interpolation model
parameter is linearly proportional to the pore-scale model parameter,
with a proportionality constant of 2. Thus, the relationship g, = 2C can
be used to predict the upscaled parameter directly from knowledge of
the pore-scale process. In contrast, the non-uniform case in Fig. 8b shows
a power law model, where f, = b;C"2 is correlated with estimated pa-
rameters of b; = 3.3 x 10° and b, = 1.8.

The general form of dynamic capillary pressure model can now be
obtained for the uniform WA by incorporating the relationship for g, in
Eq. (19):

__Z sl _ poti -
Po= 3 +?(PC“ — P 4 patin, 23)
Similarly, we obtain a general non-uniform model by substituting g, in
Eq. (22)

_ 7Su>_ (Psl,l' _ Pst,in) 4 pstin_ (24)
byCh2 + 7S, \ € ¢ ¢

c

In their final form, the dynamic capillary pressure models in
Egs. (23) and (23) are dependent on two variables, saturation and time,
and a single wettability parameter, C. The latter must be determined by
fitting Eq. (9) with parameter C to laboratory experiments for a given
sample exposed to a WA agent.

3.6. Applicability to arbitrary saturation history

We note that the saturation history used to generate the P, —.§
curves for the two WA cases in Figs. 3a and 3c can be thought of in
each case as a single arbitrary path within an infinite number of possi-
ble paths. If a different path had been chosen, such as a flow reversal at
intermediate saturation or a prolonged exposure time at a given satura-
tion, it would result in entirely different capillary pressure dynamics.

In order to test the dynamic models developed in Egs. (19) and
(22) for any arbitrary saturation history, we generate many different
P, — S curves by taking numerous different paths in the saturation-time
domain. The resulting simulated data forms a surface with respect to
saturation and exposure time as shown in Fig. 9a and b
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We then apply the calibrated dynamic models to the same saturation-
time paths used to generate the P, — S —  surface. The difference be-
tween the calibrated model and the simulated data is shown in Fig. 9¢
and d for the uniform and non-uniform cases, respectively. A good com-
parison of the dynamic models to simulated data demonstrates that
model calibration to a single saturation-time path is robust enough to
be applied to any possible path.

3.7. Discussion

We investigated the potential of the interpolation-based model to
predict the WA induced dynamics in capillary pressure-saturation re-
lations. In the interest of completeness, we also explored other types
of models to capture capillary pressure dynamics, including the mixed-

wet model of Skjaeveland et al. (2000). For brevity, we do not report the
results of that separate study herein. We found that although other mod-
els could be calibrated with reasonable accuracy, they all involved more
than one calibration parameter (up to four) that need to be adjusted in
each drainage-imbibition cycle. Therefore, the single-parameter single-
valued interpolation model presented in this study is the preferred
model due to its reliability for replicating the simulated BoT data.

The proposed interpolation model is an upscaled model that allows
for a change in capillary pressure as a function of upscaled variables,
saturation, and exposure time, to a WA agent. We recall that exposure
time is simply the integration of saturation history over time. The model
consists of three main components — two capillary pressure functions at
the initial and final wetting state and a dynamic interpolation coefficient
that moves from one state to the other. The initial and final capillary
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Fig. 6. Plot of the dynamic coefficient w against wetting phase saturation (top) and  (bottom) for the uniform WA case (left panels) and non-uniform WA case (right
panels). The data points are color-coded with exposure time in months. The inset plot in (d) is the resolution of the dynamic coefficient for the first three cycles.
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Fig. 7. Comparison of the dynamic models in Eqgs. (19) and (22) with the simulated P, — S data in Fig. 3 for uniform (a) and non-uniform (b) WA cases. The data

points are color-coded with exposure time in months.

pressure functions can be determined a priori from static experiments
using inert fluids. In this study, the initial and final states are represented
by classical Brooks-Corey functions. The dynamic coefficient is thus the
only variable correlated to dynamic capillary pressure simulations. In
this study, we have shown that the coefficient can be easily correlated
to saturation and exposure time via a single parameter.
We have observed that the form of the dynamic term is dependent on
the underlying mechanisms for WA. We employed two models, uniform
and non-uniform, that represent two end members of real systems. One

end member is identical CA throughout the REV, while the other results
in severely heterogeneous CA from small to large pores. The differences
in the two WA mechanisms changes the complexity of the resulting cap-
illary dynamics. In the uniform case, the dynamic coefficient can be cor-
related to exposure time through a sorption-type model, which seems to
be a natural result given the CA change at the pore scale is also based on
a sorption model. This is an interesting observation that requires more
analysis in future work. In the non-uniform case, the dynamic coeffi-
cient has no similar sorption form with increased exposure time, but
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Fig. 9. Top: Simulated capillary pressure obtained by taking multiple paths in the .S, x ¥ domain, for the uniform (left) and non-uniform (right) cases. Bottom: The
difference between the dynamic model (23) with the respective data, scaled by P™*.

now with the product of saturation and exposure time as the dynamic
variable. The additional complexity is needed to draw the capillary pres-
sure curve back to the initial wetting at low saturation (a region of the
P, — S curve dominated by smaller pores where the CA takes longer to
change).

An important result of this study is quantifying the link between the
pore- and core-scale. We showed that by varying the parameter that al-
ters the speed and extent of CA change in each individual pore, we could
predict the resulting impact on dynamic capillary pressure. In fact, in
both the uniform and non-uniform cases, there is a very simple scaling
from the pore-scale and macroscale parameters. In the uniform case,

the two parameters are directly proportional, while in the non-uniform
case, the macroscale parameter scales with the pore-scale parameter via
a power law. The implication of this result is that by knowing the mech-
anism that controls CA at the pore-scale, which can be obtained by a rel-
atively simple batch experiment, we can quantify a priori the macroscale
dynamics without having to perform pore-scale simulations. This is an
important generalization and valuable for making use of experimental
data to inform macroscale constitutive functions.

We have quantified the ability of the interpolation model to cap-
ture underlying WA at the pore-scale for a simple BoT. This result is a
natural development from previous studies that incorporate the interpo-
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lation model directly into reservoir simulation of wettability alteration.
In those studies, the model was matched directly to core-scale data in
a heuristic manner. The contribution of this study is to quantify the
pore-scale underpinnings to the interpolation model through a direct
and systematic manner, thus providing additional evidence to the valid-
ity of this type of model for use in macroscale simulation.

Despite the satisfactory and relatively straightforward correlation of
the interpolation model to simulated P, —.S data, the exact quantifica-
tion of the dynamics is ultimately restricted by the simplicity of the BoT
model. We chose this simple approach in order to isolate the WA process
from other complexities associated with real pore networks, and thus be-
gin to assess the mechanisms linking the pore- and core-scales. Though
beyond the scope of the current work, further study is needed to deter-
mine whether the fundamental nature of dynamic behavior we observe
will hold when additional complexity is added. Further advancements
can be made by adding complexity to the porous media (i.e. converging-
diverging throat diameters or tortuosity) or to the pore-scale WA model.
Theoretical work using pore-network models should also be combined
with laboratory investigations to further calibrate the underlying WA
mechanisms.

4. Conclusions

In this paper, we designed a framework to upscale the impact of
time-dependent WA mechanisms at the pore scale on the dynamics in
capillary pressure-saturation functions at the Darcy-scale. We found that
an interpolation-based dynamic model can predict the change in capil-
lary pressure due to underlying WA. The form of the dynamic interpo-
lation coefficient is dependent on exposure time to a chemical agent,
with a different mathematical form depending on the pore-scale WA
mechanism. The correlated dynamic capillary pressure model shows an
excellent match with simulated Pc-S data and reliably predicts capillary
dynamics independent of the saturation-time path. More importantly,
the model relies on a single interpolation parameter that has a clear and
simple relationship with the pore-scale WA parameter.
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