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a b s t r a c t 

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 2 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. 
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. Introduction 

Wettability plays an important role in many industrial applications,

n particular subsurface porous media applications such as enhanced oil

ecovery (EOR) and CO 2 storage ( Blunt, 2001; Bonn et al., 2009; Iglauer

t al., 2014, 2016; Yu et al., 2008 ). The wetting property of a given mul-

iphase system in porous media is defined by the distribution of contact

ngles. The contact angle (CA) is controlled by surface chemistry and as-

ociated forces acting at the molecular scale along the fluid-fluid-solid

nterface ( Bonn et al., 2009 ). In porous media applications, microscale

ettability determines the strength of pore-scale capillary forces and

he movement of fluid interfaces between individual pores. At the core-

cale, wettability impacts upscaled quantities and constitutive functions

uch as residual saturation, relative permeability, and capillary pressure,

hich in turn affect field-scale multiphase flow behavior. 

The standard assumption is that wettability is a static property of

he multiphase system. However, the composition of many fluids is ca-

able of provoking the surfaces within pores to undergo wettability al-

eration (WA) via a change in CA. CA change can alter capillary forces

t the pore scale, and thus affect residual saturations of the system
∗ Corresponding author at: NORCE Norwegian Research Center, Bergen, Norway. 

E-mail address: abka@norceresearch.no (A.M. Kassa). 

ttps://doi.org/10.1016/j.advwatres.2020.103631 

eceived 10 July 2019; Received in revised form 6 May 2020; Accepted 15 May 202

vailable online 20 May 2020 

309-1708/© 2020 The Authors. Published by Elsevier Ltd. This is an open access ar
 Ahmed and Patzek, 2003; Blunt, 1997 ). This effect has been exploited

xtensively in the petroleum industry, where optimal wetting conditions

n the reservoir are obtained through a variety of means that includes

hemical treatment, foams, surfactants, and low-salinity water flooding

see for example Morrow et al., 1986; Buckley et al., 1988; Jadhunandan

nd Morrow, 1995; Haagh et al., 2017; Singh and Mohanty, 2016 ). 

Wettability is also recognized as a critical factor in geological CO 2 

equestration which exerts an important role on caprock performance

 Kim et al., 2012; Tokunaga and Wan, 2013 ). The sealing potential of

he caprock is highly dependent on CO 2 being a strongly non-wetting

uid, and WA may lead to conditions that allow for buoyant CO 2 to leak

 Chiquet et al., 2007a; Chalbaud et al., 2009 ). Besides, WA can affect

esidual saturation and subsequently impact the trapping efficiency of

njected CO 2 ( Iglauer et al., 2014 ). Therefore, reliable quantification of

ettability is needed for safe and effective CO 2 storage. 

Despite the fact that WA is known to impact core-scale capillarity and

elative permeability behavior, few detailed measurements are avail-

ble to characterize the alteration of the constitutive function them-

elves. Plug and Bruining (2007) have reported brine-CO 2 (gas, liquid)

rainage-imbibition experiment and showed capillary instability for a
0 
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a  
upercritical CO 2 -brine system, meaning that the capillary pressure mea-

urements change steadily over time. The imbibition curve also exhib-

ted a significant deviation from the expected curve that was not ex-

lained by classical scaling arguments. The authors proposed WA as an

xplanation but did not explicitly measure any changes in CA. Addition-

lly, recent experiments measured capillary pressure curves for a silicate

ample using a fluid pairing of supercritical CO 2 and brine ( Wang and

okunaga, 2015 ). Repeated drainage-imbibition cycles were performed

or 6 months, and a clear reduction in capillary pressure was recorded

or each subsequent drainage cycle. The authors also attributed these

eviations from the expected capillary curve to a change in wettability

f the rock sample over time due to CO 2 exposure, similar to aging. This

ypothesis was confirmed through observations of a wetting angle in-

rease from 0 ∘ to 75 ∘ after 6-months of exposure. It is also reported sim-

lar 𝑃 𝑐 − 𝑆 instability and deviation in dolomite/carbonate ( Wang et al.,

016 ), and quartz ( Tokunaga et al., 2013; Wang et al., 2016 ) sands for

cCO 2 -brine system. More literature on WA and 𝑃 𝑐 − 𝑆 measurements

an be found in ( Tokunaga and Wan, 2013 ). 

The above experiments reveal that capillary pressure curves are not

tatic for rocks that undergo WA, despite the fact they were performed

ollowing the standard multi-step procedure, i.e. where “equilibrium ” is

btained after each incremental step in pressure. Therefore, the standard

apillary pressure models cannot be readily applied without additional

ynamics to capture the long-term impact of WA. Capillary pressure dy-

amics due to WA are distinct from non-equilibrium flow dynamics (e.g.

assanizadeh et al., 2002; Dahle et al., 2005; Barenblatt et al., 2003 )

r from CA hysteresis generated by receding and advancing angles (e.g.

rumpfer and McCarthy, 2010; Eral et al., 2013 ). WA alteration is a

hemistry-induced pore-scale phenomenon that alters the capillary pres-

ure function separately from the flow conditions or other instabilities.

hat is, contact angle has the potential to change even when the sys-

em is at rest. On the other hand, NE models are formulated to address

ynamics in only for systems that are flowing, and therefore a new ap-

roach is needed to account for permanent and continual alteration of

apillary pressure functions for both flowing and non-flowing systems.

e 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-

stry that occurs instantaneously, which results in an immediate shift

n saturation functions ( Delshad et al., 2009; Lashgari et al., 2016; Yu

t al., 2008; Andersen et al., 2015; Adibhatia et al., 2005 ). This im-

lementation entails a heuristic approach that interpolates between the

wo end wetting states as a linear function of chemical agent concen-

ration. Lashgari et al. (2016) have derived an instantaneous WA model

rom Gibbs energy and adsorption isotherms. The proposed WA model

s coupled with 𝑃 𝑐 − 𝑆 relation through residual saturation. These mod-

ls neglect the impact of WA over longer timescales (months to years).

hey also do not capture pore-scale heterogeneity in wetting properties.

n the available literature, only one study ( Al-Mutairi et al., 2012 ) has

ncluded the effect of exposure time on WA and constitutive relations for

ore scale simulation. But this numerical study does not sufficiently in-

orporate or upscale pore-scale processes to core-scale constitutive laws.

To our knowledge, a rigorous mathematical upscaling of long-term

ynamics in 𝑃 𝑐 − 𝑆 functions introduced by exposure to a WA agent has

ot been previously performed. The focus of this paper is to propose a

ew dynamic capillary pressure model by upscaling the WA dynamics

rom the pore- to the core-scale. Section 2 describes our approach. We

tart with direct simulations of 𝑃 𝑐 − 𝑆 curves from a pore-scale model

epresented by a cylindrical bundle-of-tubes. WA is introduced at the

ore scale using a mechanistic model for CA change as a function of ex-

osure time to a reactive agent. This model is developed based on the in-

ights from laboratory experiments, giving the flexibility to incorporate

ther data as appropriate. We emphasize the CA model is only meant as

 basis on which to demonstrate the upscaling approach. In Section 3 ,

e present the resulting curves generated by the pore-scale model us-

ng two different pore-scale models for CA change. These curves are then

sed to correlate the dynamic term in the upscaled 𝑃 𝑐 − 𝑆 function. Fi-
ally, we analyze the link between pore-scale parameters and upscaled

orrelations. 

. Approach 

The extended 𝑃 𝑐 − 𝑆 relationship introduces a dynamic component

hat captures the changing wettability as measured by the deviation of

he dynamic capillary pressure from the equilibrium (static) capillary

ressure. This relationship can be described as follows: 

 𝑐 ( ⋅) − 𝑃 st, in 
𝑐 

∶= 𝑓 dyn ( ⋅) , (1)

here 𝑃 st, in 𝑐 represents the capillary pressure for the system given a

tatic initial wetting state, and f dyn represents the deviation from the

tatic state. The initial static curve can be described by the Brooks-Corey

odel, 

 

st, in 
𝑐 

= 𝑐 𝑤 

( 

𝑆 𝑤 − 𝑆 𝑤𝑐 

1 − 𝑆 𝑤𝑐 

) − 𝑎 𝑤 
, (2)

here c w is the entry pressure, 1/ a w is the pore-size distribution index,

hereas S wc is the residual water saturation. 

The objective of this study is to characterize and quantify the dy-

amic term f dyn , the key term of interest in the 𝑃 𝑐 − 𝑆 model, for a sys-

em that undergoes WA. We propose an interpolation model to handle

he WA dynamics in 𝑃 𝑐 − 𝑆 relation. To obtain an interpolation model,

he dynamic component in Eq. (1) can be scaled by the difference be-

ween two static curves, each representing the initial and final wetting-

tate capillary pressure curves, to give a non-dimensional quantity 𝜔 we

all the dynamic coefficient , which is defined as follows 

 

(
𝑃 st, f 
𝑐 

− 𝑃 st, in 
𝑐 

)
= 𝑓 dyn , (3)

here 𝑃 st, f 𝑐 is the final wetting state capillary pressure. In the previous

tudies (e.g. see Delshad et al., 2009; Lashgari et al., 2016; Yu et al.,

008; Andersen et al., 2015; Adibhatia et al., 2005 ), the coefficient 𝜔 is

ssumed only chemistry dependent. Here, 𝜔 in Eq. (3) is assumed to be

 function of not only the chemistry but also the exposure time to the

A agent. 

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

ynamic interpolation model 

 𝑐 = (1 − 𝜔 ) 𝑃 st, in 
𝑐 

+ 𝜔𝑃 st, f 
𝑐 

. (4)

e note that in the model presented above, we have defined the “to-

al ” capillary pressure P c as simply the measured difference in phase

ressures at any point in time. In a reservoir simulation, this would be

apillary pressure in a given grid cell, whereas in a laboratory exper-

ment designed to measure 𝑃 𝑐 − 𝑆 data, it corresponds to the pressure

rop across the sample at equilibrium. For quasi-static displacement in

 bundle of capillary tubes, P c is the difference between boundary con-

ition pressures, i.e., 𝑃 𝑐 = 𝑃 𝑟𝑒𝑠 
𝑙 

− 𝑃 𝑟𝑒𝑠 
𝑟 

, (see Fig. 1 ). 

The exact nature of 𝜔 and its functional dependencies can only be

etermined from a full characterization of 𝑃 𝑐 − 𝑆 curves under different

onditions. These curves can be derived from laboratory experiments,

ut this approach is costly and time-consuming. Alternatively, one may

ake a more theoretical approach by simulating 𝑃 𝑐 − 𝑆 curves using a

ore-scale model that includes the impact of WA. 

For a system that undergoes WA, a significant change in CA could

ead to the wetting phase becoming non-wetting and vice versa. For clar-

ty, we will continue to use w subscript for the phase that was originally

etting and nw for the phase that is originally non-wetting regardless

f the actual state of wettability in the system. 

.1. Pore-scale model 

There are various choices of pore-scale models available. The easiest

o implement and analyze is the bundle-of-tubes (BoT) model which is

 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. 
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escribe the model and the approach for the implementation of time-

ependent WA. 

The BoT model is a popular approach due to the simplicity of im-

lementation and the ability to study the balance of energy and forces

irectly at the scale of interfaces ( Bartley and Ruth, 1999; Dahle et al.,

005; Helland and Skjæveland, 2006 ). The average behavior of a BoT

odel can then be used to construct better constitutive functions at the

acroscale ( Dahle et al., 2005; Helland and Skjæveland, 2006; 2007 ).

here are known limitations to this pore-scale approach, i.e. lack of

esidual saturation and tortuosity. We emphasize that this study is a

rst step at studying the impact of long-term WA from pore- to core-

cale, and as such these secondary aspects are beyond the scope of this

ork. 

In this paper, we consider cylindrical BoT having length, L, and is

hown in Fig. 1 . These tubes are designed to connect wetting (right)

nd non-wetting (left) reservoirs with pressures labeled as 𝑃 res . r and 𝑃 res . 
𝑙 

espectively. Let the reservoir pressures difference be defined as 

𝑃 = 𝑃 𝑟𝑒𝑠 
𝑙 

− 𝑃 𝑟𝑒𝑠 
𝑟 

. (5)

nitially, the tubes in the bundle are filled with a wetting phase. To

isplace the wetting phase fluid in the m 

th tube, the pressure drop has

o exceed the local entry pressure, P c,m 

, defined as ( Dahle et al., 2005 )

𝑃 > 𝑃 𝑐,𝑚 ( 𝑅 𝑚 , 𝜃𝑚 ) , (6)

here P c,m 

( R m 

, 𝜃m 

) is given by the Young’s equation 

 𝑐,𝑚 ( 𝑅 𝑚 , 𝜃𝑚 ) = 

2 𝜎 cos ( 𝜃𝑚 ) 
𝑅 𝑚 

, 𝑚 = 1 , 2 , ⋯ , 𝑁, (7)

here R m 

and 𝜃m 

are the tube radius and CA, respectively, for the m 

th 

ube, N stands for number of tubes, 𝜎 is fluid-fluid interfacial tension. 

As long as condition (6) is satisfied, the fluid movement across the

ength of tube m can be approximated by the Lucas-Washburn flow

odel ( Washburn, 1921 ), 

 𝑚 = 

𝑅 

2 
𝑚 
(Δ𝑃 − 𝑃 𝑐,𝑚 ( 𝑅 𝑚 , 𝜃𝑚 )) 

8( 𝜇nw 𝑥 
𝑖𝑛𝑡 
𝑚 

+ 𝜇w ( 𝐿 − 𝑥 𝑖𝑛𝑡 
𝑚 
)) 
, (8)

here, 𝜇nw 

and 𝜇w 

are non-wetting and wetting fluid viscosities, re-

pectively, the superscript int stands for fluid-fluid interface, and 𝑞 𝑚 =
𝑥 𝑖𝑛𝑡 
𝑚 
∕ 𝑑𝑡 is the interface velocity. The interface is assumed to be trapped

hen it reached at the outlet of the tube, thus 𝑞 𝑚 = 0 . A positive rate of

hange in 𝑥 𝑖𝑛𝑡 
𝑚 

is associated with an increase in non-wetting saturation

or tube m . From Eq. (8) , one can then determine the required time to

each a specified interface position. 

.2. Pore-scale time-dependent WA model 

In this paper, we consider a WA mechanism at the pore-scale that

volves smoothly from an initial to final wetting state through exposure
ime. The initial and final wetting states can be arbitrarily chosen, i.e.

rom wetting to non-wetting or vice versa. 

The WA agent is defined as either the non-wetting fluid itself or some

eactive component therein. We consider an alteration process within

ny given pore, or tube, that continues until the ultimate wetting state is

eached locally in the pore. The alteration is permanent, but can also be

alted at some intermediate wettability state if the WA agent is displaced

rom the pore. If the agent is reintroduced to the pore at some later point,

lteration continues until the final state is reached. 

To this end, we introduce a general functional form of pore-scale WA

echanism by CA change, 

𝑚 ( ⋅) ∶= 𝜃𝑚, in + 𝜑 ( ⋅)ΔΘ, (9)

here ΔΘ = 𝜃𝑚, f − 𝜃𝑚, in , 𝜃m ,f and 𝜃m ,in are the ultimate and initial contact

ngles respectively. In Eq. (9) , 𝜃m 

decreases and increases based on the

hoice of the initial and final wetting conditions. The term 𝜑 ( · ) ∈ [0,

] (when 𝜑 ( ⋅) = 1 the CA attains its ultimate value and CA is fixed at the

nitial state when 𝜑 ( ⋅) = 0 ) in Eq. (9) is responsible for governing the

A dynamics. 

WA involves complex physical and chemical processes whose de-

cription is beyond the scope of this work. However, we provide a brief

ummary of the role of adsorption/desorption processes in CA change

 Blut, 2017; Du et al., 2019 ). Such a hypothesis has been supported

y experiment measurements. For instance, CO 2 -water core-flooding

xperiments show adsorption-type relations between CA and pressure

 Dickson et al., 2006; Jung and Wan, 2012; Iglauer et al., 2012 ), and

lso with exposure time ( Jafari and Jung, 2016; Saraji et al., 2013 ).

imilar CA evolutions as a function of surfactant concentration and ex-

osure time are reported in Davis et al. (2003) and ( Morton et al., 2005 )

or an oil droplet on a metal surface immersed in ionic surfactant solu-

ions. In Morton et al. (2004) , a Langmuir adsorption model is proposed

o predict the experiment observations in ( Davis et al., 2003 ). Given the

nsights above, we consider a CA model that evolves according to the

ate of adsorption of the WA agent on the surface of the pores. Follow-

ng McKee (1991) , van Erp et al. (2014) , the dynamic parameter 𝜑 in

q. (9) can be stated as, 

𝑑𝜑 

𝑑𝑡 
= 𝐽 + − 𝐽 − , (10)

here 𝐽 + and 𝐽 − represent rates of adsorption and desorption of a WA

gent respectively at the solid surface. In McKee (1991) , 𝐽 + is taken

o be proportional to the WA agent and the surface unoccupied by the

dsorbed WA agent, i.e., 

 

+ = 𝑘 1 𝜒𝑚 

(
1 − 𝜑 ∕ 𝜑 

)
, (11)

here k 1 is a rate constant, 𝜑 represents the maximum surface saturated

oncentration, and 𝜒m 

is a measure of the local exposure time of tube

 . The desorption rate can be related with the current surface concen-

ration and is defined as, 

 

− = 𝑘 2 𝜑 (12)

here k 2 is a rate constant for desorption rate. Combining Eqs. (10) –(12)

ould give us, 

𝑑𝜑 

𝑑𝑡 
= 𝑘 1 𝜒𝑚 

(
1 − 𝜑 ∕ 𝜑 

)
− 𝑘 2 𝜑. (13)

ssuming 𝜑 = 1 and following McKee (1991) , one can apply a perturba-

ion analysis to Eq. (13) to obtain a first-order approximation for 𝜑 in

erms of 𝜒m 

, 

 ≈
𝜒𝑚 

𝐶 + 𝜒𝑚 

, (14) 

here 𝐶 = 

𝑘 2 
𝑘 1 

is a parameter that controls the speed and extent of alter-

tion. 𝜒m 

is defined as the time-integration of exposure to a WA agent,

ere taken to be the local non-wetting saturation of tube m , 

𝑚 ∶= 

1 
𝑇 ∫

𝑡 𝑥 𝑖𝑛𝑡 
𝑚 

𝐿 

𝑑𝜏, (15) 
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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 max 
𝑐 

3: while Δ𝑃 < 𝑃 max 
𝑐 

do 

4: increase the non-wetting pressure, 𝑃 res 
𝑙 

5: calculate the pressure drop Δ𝑃 = 𝑃 res 
𝑙 

− 𝑃 res 
𝑟 

6: if Δ𝑃 > 

2 𝜎 cos ( 𝜃𝑚 ) 
𝑅 𝑚 

then 

7: drain the respective tubes 

8: calculate the elapse of time to drain tubes from Equation (8) 

9: calculate and store averaged quantities 𝑆 𝑛𝑤 and 𝜒

10: if non-uniform WA then 

11: calculate 𝜒𝑚 for invaded pores from Equation (15) 

12: calculate 𝜃𝑚 from Equation (9) and (15) 

13: else if uniform WA then 

14: update each 𝜃𝑚 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 𝑃 min 
𝑐 

21: while Δ𝑃 > 𝑃 min 
𝑐 

do 

22: decrease the non-wetting pressure, 𝑃 res 
𝑙 

23: calculate the pressure drop Δ𝑃 = 𝑃 res 
𝑙 

− 𝑃 res 
𝑟 

24: if Δ𝑃 > 

𝜎 cos ( 𝜃𝑚 
𝑅 𝑚 

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 𝑛𝑤 and 𝜒

29: if non-uniform WA then 

30: calculate 𝜒𝑚 from Equation (15) 

31: update 𝜃𝑚 from Equation (9) and (15) 

32: else if uniform WA then 

33: update each 𝜃𝑚 identically from Equation (9) and (16) 

34: end if 

35: end if 

36: end while 
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here T is a pre-specified characteristic time. In this paper, the charac-

eristic time is set as the time for one complete drainage displacement

nder static initial wetting conditions, which can be pre-computed ac-

ording to Eq. (8) . 

As an aside, detailed laboratory work would be needed to further

nrich the pore-scale CA model by fitting C to experimental data. This

xercise is beyond the scope of this paper, and we consider the under-

ying CA change in Eq. (14) a reasonable basis for which to perform the

pscaling aspect of our study. 

Herein, we consider two models for exposure time at the local scale.

or first we take the case where CA modification based on Eq. (14) is

trictly dependent on local exposure time 𝜒m 

and leads to CA variation

rom tube to tube, hereafter referred to as the non-uniform WA mecha-

ism. We note that wettability gradients within individual tubes are not

onsidered in this model, and thus there is no variation in CA along the

ube. This is due to the flow model in Eq. (8) , where the CA only affects

he entry pressure of the tube. 

The second is referred to as uniform WA , which is based on the as-

umption that the WA agent dissolves into the wetting phase from the

on-wetting fluid and affects all tubes simultaneously. In this case, all

ubes have the same properties that are governed by the bulk exposure

ime across the entire bundle (i.e. REV). We can define 𝜒

∶= 

1 
𝑇 ∫

𝑡 

0 
𝑆 𝑛𝑤 𝑑𝜏. (16)

s the bulk or average, exposure time as a function of average saturation.

he uniform model is implemented into Eq. (14) by taking 𝜒𝑚 = 𝜒 . 

In summary, we introduce two types of WA mechanisms, uniform

nd non-uniform, that serve as end members of possible WA mecha-

isms at the pore-scale. On the one end, non-uniform WA restricts al-

eration to only drained pores and excludes any interaction of the WA

gent between pores. This leads to significant heterogeneity in CA from

ne pore to another. At the other end, the uniform case assumes the WA

gent can alter all pores simultaneously. In reality, WA will lie some-

here in between, but we have chosen simpler end members to aid in

urther analysis of simulated data in the next section. 

.3. Simulation approach 

The uniform and non-uniform approaches are coupled into the BoT

odel following Algorithm 1 for a single drainage-imbibition cycle. The

bjective is to perform simulated experiments that mimic laboratory-

erived capillary pressure curves, i.e. the pressure is adjusted incremen-

ally up or down after each step depending on if the bundle is under

rainage or imbibition, respectively. Contact angles are updated contin-

ously throughout the flow processes in a step-wise manner once the

isplacement is completed for each pressure increment. That is, contact

ngles that have been altered according to the uniform or non-uniform

echanism, are updated before the next pressure increment. This is a

easonable approximation given that it is only entry pressures in indi-

idual tubes that are affected by CA change. 

We control the pressure drop ΔP in the way that the WA process

s completed within a few numbers of drainage-imbibition cycles. In

he first drainage-imbibition cycles, the ΔP increment is such that tubes

rain/imbibe one at a time with a pressure drop close to the next tube

ntry pressure. In the last drainage-imbibition cycle, every ΔP increment

s reduced by two and three orders of magnitude for the non-uniform

nd uniform case, respectively. Consequently, the flow slows down by

he same magnitude irrespective of whether the tube drains or imbibes.

t the completion of the numerical experiment, we obtain a set of 𝑃 𝑐 − 𝑆

data points ” that can be plotted in the usual way. 

Once the capillary pressure curves are generated for both the uniform

nd non-uniform approaches, the resulting curves are used to quantify

he dynamic coefficient in the interpolation function in Eq. (4) . The goal

s to develop a correlation model that involves only a single parameter,
nd this parameter should have a clear relation with changes in the

ore-scale WA model parameter C . 

. Results 

In this section, we present the simulated capillary pressure and as-

ociated results for each WA case. We formulate a correlation model,

hich is then fit to the simulated data. Finally, we investigate the sen-

itivity of the correlated model to the pore-scale WA parameter. 

.1. Bundle of tubes model set-up 

The pore scale is described by a BoT model (see Section 2.1 ).

ach tube in the BoT is assigned a different radius R, with the radii

rawn from a truncated two-parameter Weibull distribution ( Helland

nd Skjæveland, 2006 ) 

( 𝑅 ) = 

[
𝑅 − 𝑅 min 

𝑅 av 

]
𝜂−1 𝜂

𝑅 av 
exp 

(
− 

[
𝑅 − 𝑅 min 

𝑅 av 

]
𝜂
)

1 − exp 
(
− 

[
𝑅 max − 𝑅 min 

𝑅 av 

]
𝜂

) (17)

here 𝑅 max , 𝑅 min , and R av are the pore radii of the largest, smallest, and

verage pore sizes, respectively, and 𝜂 is a dimensionless parameter. The

verage is obtained by the mean of 𝑅 max and 𝑅 min . The rock parameters

nd fluid properties are listed in Table 1 . 
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Fig. 2. Simulated 𝑃 𝑐 − 𝑆 data for the initial and final wetting states compared 

to a Brooks-Corey model with calibrated parameters given in Table 2 . 
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.2. Static capillary pressure for end wetting states 

A starting point for the dynamic capillary-pressure models presented

n Section 2 ( Eqs. (1) and (4) ) is characterizing the capillary pressure

urves for the end wetting states. Given the same tube geometry and

uid pairing described above, the capillary pressure–saturation data are

imulated under static conditions for both the initial and final wetting

tates. 

Only a single drainage experiment is needed in the static case to fully

haracterize the capillary pressure curve. This is due to the lack of resid-

al trapping in a BoT model. We emphasize that hysteresis is not possible

or a BoT if the contact angles in the tubes (and other parameters) are

eld constant. 

The simulated static curves are then correlated with the Brooks-

orey model (2) . The resulting correlations can be found in Fig. 2 , while

tted parameters for the Brooks-Corey model can be found in Table 2 .

ote that the Brooks-Corey model is undefined at zero irreducible wet-

ing phase saturation. Thus, we left a few pores undrained to allow for

omparison between the Brooks-Corey model and the simulated 𝑃 𝑐 − 𝑆

ata. 

Fig. 2 compares the Brooks-Corey formula (2) and the capillary pres-

ure curves associated with static contact angles (initial and final wet-

ing states). 

The Brooks-Corey correlation gives an excellent match to the sim-

lated 𝑃 − 𝑆 data under static conditions. We observe that the pore-
𝑐 

Table 1 

Parameters used to simulate quasi-static fluid displacement in BoT. 

parameters values unit parameters values unit 

𝜎ow 0.0072 N/m no. radii 500 [-] 

𝑅 min 6 μm 𝑅 max 40 μm 

𝜃f 80 degree 𝜃in 0.0 degree 

𝜇w 0.0015 Pa.s 𝜇nw 0.0015 Pa.s 

R av 23 μm L 0.001 m 

𝜂 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 

c w 360 [Pa] c w 56 [Pa] 

a w 0.2778 [-] a w 0.2778 [-] 

R 2 1 - R 2 1 - 
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a  
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f  

u  
ize distribution index a w for the initial and final wetting states are the

ame, which is expected since the same distribution of tube radii is used

n both cases. On the other hand, the coefficient c w decreases by a fac-

or of 0.85 from the initial to the final wetting state corresponding to

 decrease in a core-scale capillary entry pressure. The Leverett-J scal-

ng theory ( Xu et al., 2016 ) predicts that entry pressure scales by cos 𝜃,

hich agrees nicely with the reduction in cos 𝜃 by a factor of 0.83 for a

A change from 0 to 80 degrees. 

We reiterate that for the static case where no WA occurs, the Brooks-

orey model describes both drainage and imbibition for the BoT. 

.3. Simulated capillary pressure data 

We present the simulated capillary pressure data (see Fig. 3 ), com-

aring the results of the uniform and non-uniform approaches described

reviously. The uniform data are generated with the pore-scale WA pa-

ameter 𝐶 = 0 . 005 , while for the non-uniform data 𝐶 = 5 × 10 −4 . A total

f two and four drainage-imbibition cycles carried out for the uniform

nd non-uniform cases, respectively. 

For both cases, we observe a steady decrease in capillary pressure

ver time. In the end, a complete wettability change has evolved from

he initial to final prescribed states, whose static curves are plotted in

ig. 3 for reference. Having reached the final wetting state, any addi-

ional drainage-imbibition cycle would follow along the static curve for

he final wetting state. We remark that wettability-induced dynamics

lso introduces an apparent hysteresis in the 𝑃 𝑐 − 𝑆 data. This effect

s unique to the cylindrical BoT model, which we recall cannot exhibit

ysteresis under static wettability conditions. However, a real porous

edium may exhibit capillary pressure hysteresis with static wettabil-

ty. 

There are notable differences between the two sets of curves. For the

niform case ( Fig. 3 a), there are distinct curves for each drainage and

mbibition displacement. The capillary pressure begins to decrease im-

ediately and in a continuous manner over time. This is because the CA

 Fig. 4 a) is changing for all tubes simultaneously based on the average

xposure time over the entire bundle. The uniformity results in the CA

n smaller tubes being altered significantly at an early time (at the same

ate as the larger tubes), and thus the capillary pressure is decreased

ven at low average wetting saturation in the first drainage curve. The

ast dynamics in CA change lead to a non-monotone capillary curve at

n early time. 

In comparison, the non-uniform case ( Fig. 3 b) has a delay in exhibit-

ng the effects of WA. The initial drainage curve is identical to the initial

etting static curve and all subsequent drainage curves follow along the

revious imbibition curve. This is a result of the restriction on CA change

o only tubes that are drained. In other words, at the tube-level, there

s no change in entry pressure from the initial state (or the state after a

ingle drainage-imbibition cycle) until that tube is drained. In contrast

o the uniform case, the capillary pressure at low S w is drawn towards

he initial state. This can be described by examining the CA per tube ra-

ius in time, shown in Fig. 4 b. Larger tubes that drain first and imbibe

ast, resulting in longer local exposure time, and thus more extensive CA

hange, compared to the smaller tubes that drain last and imbibe first.

herefore, the initial wetting state persists in the smaller tubes. 

We recall that both the uniform and non-uniform cases are selected

s end members of possible WA mechanisms in real porous media. In

eal systems, WA in different sized pores may occur in a more complex

anner. 

We have observed above that capillary pressure curves in Fig. 3 a and

 are not a unique function of saturation, that is, they exhibit hysteresis

or this simple BoT geometry. We note that the 𝑃 𝑐 − 𝑆 data points are

olor-coded according to time evolved at each data point. This motivates

 transformation of the data into the time domain by plotting against

, as shown in Fig. 5 for both cases. In doing so, we obtain a unique

unction with respect to exposure time for both the uniform and non-

niform cases. We note that the curves in Fig. 5 show that the capillary
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ressure increases and decreases with each drainage-imbibition cycle.

n addition, the transformation reveals the separate drainage curves for

he non-uniform case that were hidden in Fig. 3 b. 

.4. Dynamic capillary pressure model development 

Following the approach discussed in Section 2 , we applied Eq. (3) to

alculate the dynamic coefficient 𝜔 for both the uniform and non-

niform cases. The resulting coefficient is plotted in Fig. 6 as a function

f both S w (top panels) and 𝜒 (bottom panels) for both WA cases. We

ecall that 𝜔 is a coefficient that interpolates between the capillary pres-

ure at the initial and final wetting states at any given saturation, where

 = 0 gives the initial capillary pressure and 𝜔 = 1 gives the final 𝑃 𝑐 − 𝑆

urve. 

For the uniform case, 𝜔 is a non-unique function of wetting-phase

aturation, see Fig. 6 a, but with values that are continuously increas-

ng as the dynamic capillary pressure moves towards the final wetting

tate. For the non-uniform case, the dynamic coefficient in Fig. 6 b also

xhibits non-uniqueness with respect to saturation. Reflecting the 𝑃 𝑐 − 𝑆

ata, the capillary pressure persists at the initial state at low saturation.

his means that the value of 𝜔 decreases with decreasing S w along the

rainage path and increases only along imbibition paths. The complex

elation of 𝜔 in saturation space makes it challenging to propose a func-

ional form for 𝜔 − 𝑆 𝑤 relation in both cases. 

Figs. 6 c and 6 d show that 𝜔 exhibits different behavior as a function

f average exposure time. For the uniform case, Fig. 6 c, 𝜔 is smoothly

ncreasing and uniquely related to 𝜒, mimicking the functional form of

he pore-scale model in Eq. (9) . On the other hand, the coefficient 𝜔 in

he non-uniform case, Fig. 6 d, is not monotonically increasing in 𝜒 but

ontinues to rise and fall with time despite the transformation to the

emporal domain. 

The curves in Fig. 6 give us important insight into the form of 𝜔 best

uited to each WA case. We take each case in turn: 

.4.1. Uniform case 

The smoothly varying functionality of 𝜔 and 𝜒 in Fig. 6 c motivates

n adsorption-type model: 

 = 

𝜒

𝛽1 + 𝜒
, (18)

here 𝛽1 is a fitting parameter obtained from the best fit to the simu-

ated data in Fig. 6 c. For this particular case, the calibrated parameter

s estimated to be 𝛽1 = 0 . 01 . 
The form of the dynamic 𝑃 𝑐 − 𝑆 model for the uniform case is ob-

ained by substituting Eq. (18) into Eq. (4) to give: 

 𝑐 = 

𝜒

𝛽1 + 𝜒

(
𝑃 st , f 
𝑐 

− 𝑃 st , in 
𝑐 

)
+ 𝑃 st , in 

𝑐 
. (19)

.4.2. Non-uniform case 

The non-trivial behavior of 𝜔 in Fig. 6 d makes it challenging to pro-

ose a functional relation between the dynamic coefficient 𝜔 and 𝜒 di-

ectly as we did for the uniform WA case. Instead, we observe that 𝜔 in

ig. 6 b has a well-behaved curvature for each drainage-imbibition cy-

le along the saturation history. Further, the curvature of each cycle is

ncreasing with increasing exposure time. Given these insights, we pro-

osed a model for the dynamic coefficient that has the following form,

 ( 𝑆 𝑤 , 𝜒) = 

𝑆 𝑤 

𝛼( 𝜒) + 𝑆 𝑤 

, (20)

here 𝛼 controls the curvature of the 𝜔 − 𝑆 𝑤 curve for each drainage-

mbibition cycle. Since 𝜔 is increasing function of exposure time, 𝛼

hould decrease along the averaged variable 𝜒 . 

The function form of 𝜔 in Eq. (20) is then matched with the 𝜔 − 𝑆 𝑤 

ata to analyze the dynamics of 𝛼 along 𝜒 . The obtained 𝛼 − 𝜒 relation

s decreasing as hypothesized and in particular has the follwing form, 

( 𝜒) = 𝛽 ∕ 𝜒, (21)
2 
here 𝛽2 is non-dimensional fitting parameter. For this particular simu-

ation the parameter 𝛽2 is estimated to be 0.004 for the four of drainage-

mbibition cycles. 

The form of the dynamic 𝑃 𝑐 − 𝑆 model for the non-uniform case is

hen obtained by substituting Eqs. (20) and (21) into Eq. (4) : 

 𝑐 = 

𝜒𝑆 𝑤 

𝛽2 + 𝜒𝑆 𝑤 

(
𝑃 st, f 
𝑐 

− 𝑃 st, in 
𝑐 

)
+ 𝑃 st, in 

𝑐 
. (22)

The calibrated dynamic capillary pressure models in Eqs. (19) and

22) are compared with the simulated capillary pressure data in Fig. 3 ,

ith the results presented in Fig. 7 for each WA case. We observe that

he proposed dynamic models agree well with simulated dynamic cap-

llary pressure curves. The correlation coefficient for this comparison

s 𝑅 

2 = 0 . 9921 and 𝑅 

2 = 0 . 98 , for the uniform and non-uniform case, re-

pectively. Thus, we have obtained a single-parameter model in both the

niform and non-uniform WA cases that describe the evolution of dy-

amic capillarity over multiple drainage-imbibition cycles rather than

sing a model consisting of multiple parameters that change with each

ycle (or hysteresis models). 

.5. Model sensitivity to pore-scale model parameter 

We hypothesize that parameters 𝛽1 in Eq. (19) and 𝛽2 in Eq. (22) are

ependent on the parameter C in Eq. (9) that controls the dynamics of

ettability alteration at the pore-scale. We investigate this sensitivity by

epeating the capillary pressure simulations for different values of the

ore-scale parameter C and determine the correlated value of 𝛽1 and 𝛽2 

n each case. 

For the uniform WA case, Fig. 8 a shows that the interpolation model

arameter is linearly proportional to the pore-scale model parameter,

ith a proportionality constant of 2. Thus, the relationship 𝛽1 = 2 𝐶 can

e used to predict the upscaled parameter directly from knowledge of

he pore-scale process. In contrast, the non-uniform case in Fig. 8 b shows

 power law model, where 𝛽2 = 𝑏 1 𝐶 

𝑏 2 is correlated with estimated pa-

ameters of 𝑏 1 = 3 . 3 × 10 6 and 𝑏 2 = 1 . 8 . 
The general form of dynamic capillary pressure model can now be

btained for the uniform WA by incorporating the relationship for 𝛽1 in

q. (19) : 

 𝑐 = 

𝜒

2 𝐶 + 𝜒

(
𝑃 st, f 
𝑐 

− 𝑃 st, in 
𝑐 

)
+ 𝑃 st, in 

𝑐 
. (23)

imilarly, we obtain a general non-uniform model by substituting 𝛽2 in

q. (22) 

 𝑐 = 

𝜒𝑆 𝑤 

𝑏 1 𝐶 

𝑏 2 + 𝜒𝑆 𝑤 

(
𝑃 st, f 
𝑐 

− 𝑃 st, in 
𝑐 

)
+ 𝑃 st, in 

𝑐 
. (24)

In their final form, the dynamic capillary pressure models in

qs. (23) and (23) are dependent on two variables, saturation and time,

nd a single wettability parameter, C . The latter must be determined by

tting Eq. (9) with parameter C to laboratory experiments for a given

ample exposed to a WA agent. 

.6. Applicability to arbitrary saturation history 

We note that the saturation history used to generate the 𝑃 𝑐 − 𝑆

urves for the two WA cases in Figs. 3 a and 3 c can be thought of in

ach case as a single arbitrary path within an infinite number of possi-

le paths. If a different path had been chosen, such as a flow reversal at

ntermediate saturation or a prolonged exposure time at a given satura-

ion, it would result in entirely different capillary pressure dynamics. 

In order to test the dynamic models developed in Eqs. (19) and

22) for any arbitrary saturation history, we generate many different

 𝑐 − 𝑆 curves by taking numerous different paths in the saturation-time

omain. The resulting simulated data forms a surface with respect to

aturation and exposure time as shown in Fig. 9 a and b 
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Fig. 3. Simulation results for WA-induced dy- 

namics of capillary pressure as a function of 

wetting saturation given uniform (a) and non- 

uniform (b) WA at the pore-scale. The color of 

each data point indicates the time elapsed in 

months, with elapsed time equal to 7 months 

for the uniform case and 20 months for the non- 

uniform case. The data points are obtained fol- 

lowing Algorithm 1 . The static 𝑃 𝑐 − 𝑆 curves 

for the end wetting states, 𝜃in and 𝜃f , are plot- 

ted as a reference with dotted and dashed line, 

respectively. 

Fig. 4. CA, 𝜃, for the uniform case (a) and non- 

uniform case (b). Uniform CA, which is identical 

across the bundle, is shown as a function of av- 

erage saturation. The CA data show the drainage- 

imbibition fluid history paths. Non-uniform CA is 

shown as a function of tube radius and time. The 

color scale in both figures indicates time elapsed in 

months. 

Fig. 5. Capillary pressure data plotted as a 

function of 𝜒 for the uniform (a) and non- 

uniform (b) WA case. The color of each data 

point indicates the time elapsed in months. 

The inset plot in (b) is the resolution of the 

capillary pressure for the first three cycles. 
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We then apply the calibrated dynamic models to the same saturation-

ime paths used to generate the 𝑃 𝑐 − 𝑆 − 𝜒 surface. The difference be-

ween the calibrated model and the simulated data is shown in Fig. 9 c

nd d for the uniform and non-uniform cases, respectively. A good com-

arison of the dynamic models to simulated data demonstrates that

odel calibration to a single saturation-time path is robust enough to

e applied to any possible path. 

.7. Discussion 

We investigated the potential of the interpolation-based model to

redict the WA induced dynamics in capillary pressure–saturation re-

ations. In the interest of completeness, we also explored other types

f models to capture capillary pressure dynamics, including the mixed-
et model of Skjæveland et al. (2000) . For brevity, we do not report the

esults of that separate study herein. We found that although other mod-

ls could be calibrated with reasonable accuracy, they all involved more

han one calibration parameter (up to four) that need to be adjusted in

ach drainage-imbibition cycle. Therefore, the single-parameter single-

alued interpolation model presented in this study is the preferred

odel due to its reliability for replicating the simulated BoT data. 

The proposed interpolation model is an upscaled model that allows

or a change in capillary pressure as a function of upscaled variables,

aturation, and exposure time, to a WA agent. We recall that exposure

ime is simply the integration of saturation history over time. The model

onsists of three main components – two capillary pressure functions at

he initial and final wetting state and a dynamic interpolation coefficient

hat moves from one state to the other. The initial and final capillary
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Fig. 6. Plot of the dynamic coefficient 𝜔 against wetting phase saturation (top) and 𝜒 (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. 

Fig. 7. Comparison of the dynamic models in Eqs. (19) and (22) with the simulated 𝑃 𝑐 − 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. 
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ressure functions can be determined a priori from static experiments

sing inert fluids. In this study, the initial and final states are represented

y classical Brooks-Corey functions. The dynamic coefficient is thus the

nly variable correlated to dynamic capillary pressure simulations. In

his study, we have shown that the coefficient can be easily correlated

o saturation and exposure time via a single parameter. 

We have observed that the form of the dynamic term is dependent on

he underlying mechanisms for WA. We employed two models, uniform

nd non-uniform, that represent two end members of real systems. One
nd member is identical CA throughout the REV, while the other results

n severely heterogeneous CA from small to large pores. The differences

n the two WA mechanisms changes the complexity of the resulting cap-

llary dynamics. In the uniform case, the dynamic coefficient can be cor-

elated to exposure time through a sorption-type model, which seems to

e a natural result given the CA change at the pore scale is also based on

 sorption model. This is an interesting observation that requires more

nalysis in future work. In the non-uniform case, the dynamic coeffi-

ient has no similar sorption form with increased exposure time, but
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Fig. 8. The relation between pore-scale wettability parameter C and the correlation parameters 𝛽1 and 𝛽2 in Eqs. (19) and (22) for the uniform (a) and non-uniform 

(b) WA cases, respectively. 

Fig. 9. Top : Simulated capillary pressure obtained by taking multiple paths in the 𝑆 𝑤 × 𝜒 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 max 
𝑐 
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ariable. The additional complexity is needed to draw the capillary pres-

ure curve back to the initial wetting at low saturation (a region of the

 𝑐 − 𝑆 curve dominated by smaller pores where the CA takes longer to

hange). 

An important result of this study is quantifying the link between the

ore- and core-scale. We showed that by varying the parameter that al-

ers the speed and extent of CA change in each individual pore, we could

redict the resulting impact on dynamic capillary pressure. In fact, in

oth the uniform and non-uniform cases, there is a very simple scaling

rom the pore-scale and macroscale parameters. In the uniform case,
he two parameters are directly proportional, while in the non-uniform

ase, the macroscale parameter scales with the pore-scale parameter via

 power law. The implication of this result is that by knowing the mech-

nism that controls CA at the pore-scale, which can be obtained by a rel-

tively simple batch experiment, we can quantify a priori the macroscale

ynamics without having to perform pore-scale simulations. This is an

mportant generalization and valuable for making use of experimental

ata to inform macroscale constitutive functions. 

We have quantified the ability of the interpolation model to cap-

ure underlying WA at the pore-scale for a simple BoT. This result is a

atural development from previous studies that incorporate the interpo-
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ation model directly into reservoir simulation of wettability alteration.

n those studies, the model was matched directly to core-scale data in

 heuristic manner. The contribution of this study is to quantify the

ore-scale underpinnings to the interpolation model through a direct

nd systematic manner, thus providing additional evidence to the valid-

ty of this type of model for use in macroscale simulation. 

Despite the satisfactory and relatively straightforward correlation of

he interpolation model to simulated 𝑃 𝑐 − 𝑆 data, the exact quantifica-

ion of the dynamics is ultimately restricted by the simplicity of the BoT

odel. We chose this simple approach in order to isolate the WA process

rom other complexities associated with real pore networks, and thus be-

in to assess the mechanisms linking the pore- and core-scales. Though

eyond the scope of the current work, further study is needed to deter-

ine whether the fundamental nature of dynamic behavior we observe

ill hold when additional complexity is added. Further advancements

an be made by adding complexity to the porous media (i.e. converging-

iverging throat diameters or tortuosity) or to the pore-scale WA model.

heoretical work using pore-network models should also be combined

ith laboratory investigations to further calibrate the underlying WA

echanisms. 

. Conclusions 

In this paper, we designed a framework to upscale the impact of

ime-dependent WA mechanisms at the pore scale on the dynamics in

apillary pressure-saturation functions at the Darcy-scale. We found that

n interpolation-based dynamic model can predict the change in capil-

ary pressure due to underlying WA. The form of the dynamic interpo-

ation coefficient is dependent on exposure time to a chemical agent,

ith a different mathematical form depending on the pore-scale WA

echanism. The correlated dynamic capillary pressure model shows an

xcellent match with simulated Pc-S data and reliably predicts capillary

ynamics independent of the saturation-time path. More importantly,

he model relies on a single interpolation parameter that has a clear and

imple relationship with the pore-scale WA parameter. 
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