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Key Points: 11 

 A novel physically-plausible wettability alteration model that occurs during primary 12 
drainage involving small polar compounds from the oil. 13 

 Under certain conditions, the model enables the oil phase to achieve higher 14 
saturations (lower Swi) at fixed maximum capillary pressures. 15 

 The model presents a clear mechanism for the phenomenon of oil migration into the 16 
very small micropores in microporous carbonate rocks. 17 

 18 

Abstract:  19 

While carbonate reservoirs are recognized to be weakly- to moderately oil-wet at the core-20 
scale, wettability distributions at the pore-scale remain poorly understood. In particular, the 21 
wetting state of micropores (pores <5 µm in radius) is crucial for assessing multi-phase flow 22 
processes, as microporosity can determine overall pore-space connectivity. While oil-wet 23 
micropores are plausible, it is unclear how this may have occurred without invoking 24 
excessively high capillary pressures.  Here, we develop a novel mechanistic wettability 25 
alteration scenario that evolves during primary drainage, involving the release of small polar 26 
non-hydrocarbon compounds (e.g. alkylphenols, carbazoles) from the oil-phase into the 27 
water-phase. We implement a diffusion and adsorption model for these compounds that 28 
triggers a wettability alteration from initially water-wet to more intermediate–wet conditions. 29 
This mechanism is incorporated in a quasi-static pore-network model to which we add a 30 
notional time-dependency of the quasi-static invasion percolation mechanism. The model 31 
qualitatively reproduces experimental observations where an early rapid wettability alteration 32 
involving these small polar species occurred during primary drainage, preferentially near the 33 
inlet. Interestingly, we are able to invoke clear differences in the primary drainage patterns by 34 
varying both the extent of wettability alteration and the balance between the processes of oil 35 
invasion and wetting change. Combined, these parameters dictate the initial water saturation 36 
for waterflooding. Indeed, under conditions where oil invasion is slow compared to a fast and 37 
relatively strong wetting change, the model results in significant non-zero water saturations, 38 
even at high capillary pressures. This water trapping results from the removal of water 39 
wetting films in the corners of angular pores. On the other hand, for relatively fast oil 40 



2 
 

invasion or small wetting changes, the model allows higher oil saturations at fixed maximum 41 
capillary pressures, and invasion of micropores at moderate capillary pressures. 42 

Keywords: Pore Network Modelling; Wettability Alteration; Primary Drainage; Polar 43 
compounds; Carbonates; Micropores. 44 

1 Introduction 45 
Understanding the wettability characteristics of a porous medium is crucial in any effort 46 

to model carbon-dioxide trapping in aquifers or to optimize oil recovery in hydrocarbon 47 
reservoirs. Although wettability is known to be heterogeneous on a pore-to-pore scale [Fassi-48 
Fihri et al., 1995], current contact angle measurement techniques are unable to discriminate 49 
the pore-scale distribution of wettability in natural porous media. Imaging techniques such as 50 
Cryo-SEM [Al-Yousef et al., 1995; Fassi-Fihri et al., 1995] and Field-Emission SEM 51 
(FESEM) [Dodd et al., 2014; Knackstedt et al., 2011; Marathe et al., 2012] can, however, be 52 
used for qualitative wettability analysis and attempts to identify wetting patterns. 53 
Examination of the wetting state of micropores is particularly important, as these may 54 
dominate the connected pore system in many carbonate reservoirs [Cantrell and Hagerty, 55 
1999]. Moreover, although the contribution of the microporosity to both fluid flow and oil 56 
recovery has traditionally been thought to be unimportant, recent work has indicated that this 57 
may not be the case [Harland et al., 2015; Kallel et al., 2015]. 58 

We use the definition of micropores suggested by Cantrell and Hagerty [1999] as pores 59 
<5 µm in radius. There are common claims that micropores always maintain their strong 60 
affinity to water [Fassi-Fihri et al., 1995]. Yet oil has been detected within micropores in 61 
carbonate rocks, making oil-wet conditions plausible [Al-Yousef et al., 1995; Clerke, 2009; 62 
Clerke et al., 2014; Dodd et al., 2014; Fung et al., 2011; Knackstedt et al., 2011]. An oil-wet 63 
state may have developed either over geological time in large oil columns where high enough 64 
capillary pressures are reached, or as remnant distributions in initially larger pores, or if the 65 
micropores undergo progressive wettability changes. 66 

Wettability alteration is often said to be associated with asphaltenes, which have been 67 
cited as being major wetting alteration agents. Asphaltenes are high molecular weight polar 68 
aggregates occurring in many crude oils, coated by lower molecular weight molecules called 69 
resins. The large average size of ~0.6	  of the asphaltenes is thought to prevent them from 70 
accessing micropores of their own size [Al-Yousef et al., 1995]. In addition, asphaltenes have 71 
the characteristic of being insoluble in water (hydrophobic). This prevents them from 72 
penetrating protective water films and directly contacting the pore walls. However, if the 73 
protective stable water film breaks down to a molecularly thin film, for instance by reaching 74 
high enough capillary pressures, asphaltenes may then irreversibly adsorb onto the surface, 75 
hence rendering it oil-wet [Kovscek et al., 1993].  The thicker water films may initially be 76 
destabilized by the adsorption of smaller molecular weight polar components present in the 77 
crude oil.  According to Buckley and Liu [1998], several mechanisms may be responsible for 78 
the adsorption of components from the oleic phase: polar interactions, surface precipitation, 79 
acid/base interactions and ion-binding. 80 

A complementary theory suggests that the thin water films may initially be destabilized 81 
by the adsorption of polar components with smaller molecular weight that are present in the 82 
crude oil [van Duin and Larter, 2001; Bennett et al., 2004]. Indeed, crude oils are usually rich 83 
in smaller polar non-hydrocarbon compounds, for instance the aromatic oxygen compounds 84 
such as alkylphenols (e.g. phenol	 ) [Lucach et al., 2002; Taylor et al., 1997]. 85 
Alkylphenols are characterized by their high solubility in water (hydrophilic, unlike 86 
asphaltenes) and high surface activity.  Indeed, Huang et al. [1996] induced wetting changes 87 
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in a laminated rock using a “synthetic crude oil” containing a number of candidate smaller 88 
polar molecules such as cresols, phenols, carbazoles, methylquiniline, etc.  van Duin and 89 
Larter [2001] used molecular dynamics simulations to suggest a wettability alteration process 90 
involving these small water-soluble polar non-hydrocarbon compounds. First, they penetrate 91 
the water films coating water-wet mineral surfaces. They then rapidly adsorb onto the surface 92 
and render it more hydrophobic. As a result, the water film is disrupted and the disjoining 93 
pressure is lowered thus making the film prone to collapse at the existing local oil/water 94 
capillary pressure.   This water film collapse then allows direct contact with the surface by 95 
heavier compounds, such as asphaltenes. As a result, the surface is rendered oil-wet.  96 

Bennett et al. [2004] confirmed this wettability alteration process in a core-flood 97 
experiment on a sandstone, where they observed an early rapid wettability alteration that 98 
occurred during primary drainage involving alkylphenols. Indeed, these small polar species 99 
were absent from the eluted oils at the end of the experiment. The non-appearance of polar 100 
compounds is mainly due to their high interaction with the surface, which decreased across 101 
the length of the core. This resulted in a significant wettability alteration, preferentially near 102 
the inlet, confirmed by an ESEM (Environmental SEM) examination of the core after wetting 103 
alteration. Additionally, the authors pointed out the relative speed of the process, which may 104 
happen in a reservoir over a time-scale from days to months.  Thus, the timescale of wetting 105 
alteration in such a mechanism would depend on the slowest step in the process from 106 
diffusion of the polar organics into the water films, the adsorption of these smaller polar 107 
molecules to the rock surface, the lowering of the disjoining pressure of the water film and its 108 
subsequent collapse and finally the adhesion of larger polar compounds such as asphaltenes 109 
onto the rock surface. 110 

In a previous paper, we examined a physically-based wettability alteration model to 111 
describe wettability distributions and their consequences in pore network models [Kallel et 112 
al., 2015].  This earlier work described in a simple manner the rule-based wetting change 113 
mechanism that strictly occurs following ageing in crude oil due to the surface adsorption of 114 
such species as asphaltenes. This corresponds to the traditional approach that mimics the 3-115 
stage process experienced by an initially water-wet reservoir: primary drainage, ageing and 116 
waterflood. 117 

In this work, we present a more mechanistic physically-plausible model for the initial 118 
stages of wetting change from water-wet to more intermediate-wet conditions, which may 119 
occur during primary drianage (PD). We implement the model in a quasi-static pore network 120 
model to explain and numerically simulate the wettability alteration mechanism suggested by 121 
Bennett et al. [2004] involving small polar compounds from the oil.  We have added a 122 
“scaled” time-dependency to the common oil invasion-percolation algorithm to be able to 123 
incorporate a time-dependent transport model for polar compounds. The time scaling referred 124 
to incorporates the balance between the oil invasion/migration timescale and the timescale of 125 
diffusion of small polar species and their adsorption which triggers a wetting change. The 126 
physical and chemical processes in this model will affect the final phase distributions and 127 
initial water saturations in the oil column after oil migration. Particularly, the model provides 128 
a clear and precise mechanism of how oil can migrate into micropores, without necessarily 129 
reaching the excessively high capillary pressures that would be required for oil invasion into 130 
strongly water-wet micropores. However, the current model stops short of the full “ageing” 131 
change associated with asphaltenes and the resulting oil-wet conditions, but this further 132 
process and its effect on subsequent imbibition will be considered in a forthcoming paper.  In 133 
Section 2, details are given of how small polar non-hydrocarbon molecules diffuse from the 134 
oil into and through the water phase within the pore network, thus leading to wettability 135 
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alteration which can progress as the primary drainage process occurs. In Section 3, we 136 
present the resulting fluid distributions at the pore level (pore occupancies) and the 137 
consequences of these changes on the phase saturation profiles within the oil column during 138 
primary drainage.  These calculations are based on two networks with distinct pore-139 
structures; the first is based on the digital pore network of a relatively simple Berea sandstone 140 
[Jiang et al., 2007] and the second is a multi-scale network of macro- and micro-pores 141 
generated from a carbonate rock sample [Jiang et al., 2013]. 142 

2 Model Description 143 
The model developed in this work is an extension of the quasi-static two-phase flow 144 

network modelling tool that has been described previously by Ryazanov et al. [2014] and 145 
Kallel et al. [2015]. The model starts with initially water-filled and perfectly water-wet pores, 146 
with the initial oil/water contact angle, 0°. Commonly in quasi-static pore network 147 
modelling simulators, oil invasion occurs pore by pore at discrete invasion percolation (IP) 148 
events. These are assumed to happen instantaneously, hence time is not explicitly taken into 149 
consideration. In this work, we separate these invasion events in time, based on an assumed 150 
flow rate , corresponding to a charge time for an oil reservoir by oil migration, as illustrated 151 
in Figure S1. 152 

In fact, we assume that the invading volumes of oil,	  linearly increase over time: 153 
V ∗ 	,	where s  is the migration time; 	is the flow of hydrocarbons 154 
invading a reservoir rock. 	is chosen low enough to remain in the capillary-dominated 155 
regime i.e. the capillary number satisfies the following condition [Blunt and Scher, 1995]: 156 

 10   (2.1) 

where	  is the viscosity and  the oil-water interfacial tension, and / , with 157 
 the total cross-sectional area at the system inlet. We effectively replace a discrete 158 

process which occurs in steps by a continuous process described by a straight line. 159 

At time	 	during instantaneous oil invasion of pore , we consider the polar compounds to 160 
be transported through the oil phase. The details of this process are provided in Section 2.1. 161 
Additionally, during the period of time 	separating two successive pore invasion 162 
events, a diffusion/adsorption model for polar compounds is applied using discrete time steps, 163 
∆ . In fact, we assume that the polar compounds diffuse to - and adsorb in - the oil-filled 164 
pores, as well as in the water-filled pores due to their high solubility in water  [Bennett et al., 165 
2004], as detailed in Section 2.2. The initial conditions for the diffusion/adsorption process 166 
are related to the oil/water configuration and their relative concentrations at time . 167 

2.1 Transport through oil invasion 168 

Throughout this section, we will consider a single pore  and define t 	  and 169 

t 	  as the mobile concentrations of polar compounds in the oil phase and water 170 

phase, respectively, and t 	  as the corresponding adsorption level of polar 171 

compounds per unit area in pore  at time . Note that we assume perfect mixing within each 172 
phase. 173 

If pore  is water-wet and has corners, water remains in the pore corners, as well as in a 174 
thin film lining the pore wall following oil invasion [Kovscek et al., 1993]. When polar 175 
compounds are transported into the oil phase of pore , either through oil invasion or through 176 
diffusion, we assume that they instantaneously partition between the oil and water phases 177 
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within the same pore, since they are highly soluble in water, and that they instantly adsorb 178 
onto the surface from the water phase. These are reasonable assumptions given the timescales 179 
of diffusion and adsorption with the relatively slower migration of oil. An illustration of the 180 
partitioning and adsorption within an angular oil-filled pore is shown in Figure S2. We also 181 
assume that the concentration of polar compounds in the water phase, t 	, is linearly 182 

related to the oil phase concentration, , as follows: 183 

 
t t , ∀ 0  (2.2) 

where  is the partitioning coefficient, input to the model (0 1 .  184 

During oil invasion of pore 	at time , we consider the polar compounds to be carried 185 
by the oil phase. Hence, we assume that	 	 is equal to the concentration at the oil 186 

invasion front, computed as an average of the oil phase concentrations in the adjacent oil-187 
filled pores: 188 

 
∑

∑
 

  
(2.3) 

We define  and  as the volumes of the oil phase and water phase of pore , 189 

respectively, satisfying . Besides, 	is the number of oil-filled pores adjacent 190 

to pore , , where  is the total number of pores connected to pore ;  is equal to 2 for 191 
a bond, corresponding to its two connecting nodes ( 1 for a boundary bond) and 1 for 192 
a node, corresponding to its coordination number (number of neighbouring bonds).  193 

Immediately after oil invasion of pore  at time , the total mass within the pore, 194 
, is equal to ∗ ∗ ∗ , where 	  is the total 195 

surface area of the pore. Since both the partitioning and adsorption are instantaneous, this 196 
mass is supposed to instantaneously distribute between the phases within the same pore and 197 
to adsorb onto the surface in accordance with a Langmuir isotherm. This happens straight 198 
afterwards (at ), as follows: 199 

 

1
 

∗ ∗ ∗  

 (2.4) 

where 	  and 	  are the Langmuir maximum adsorption level per unit 200 

area and adsorption constant, respectively.  201 

By combining Equations (2.2) and (2.4), we obtain a single quadratic equation that we solve 202 
for , knowing , ,	and : 203 

 
. 1 . . 0 (2.5)

Afterwards,	  and  are directly derived from Equations (2.2) and (2.4), 204 

respectively. 205 
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2.2 Transport through diffusion 206 
As previously stated, polar compounds diffuse into both oil-filled and water filled 207 

pores during the period of time separating two successive pore invasions at discrete time-208 
steps ∆ 	. 209 

2.2.1 Mass balance equations 210 
a) Oil-filled pores 211 

The material balance of the polar compounds within pore  is described by the 212 
diffusion-adsorption equation in the following from, discretized along the network structure: 213 

 ∆ 	

∆

∆

∆
1
∆

∆ ∆  

∆ 	

∆

∆

∆
1
∆

∆ ∆  

 

 

(2.6) 

where ∆ , ∆ 	and ∆ 	  are the masses of polar compounds that diffused into the 214 

bulk-phase (here oil), that exchanged between the oil and the water phases and that adsorbed 215 
onto the surface, respectively, in pore  during time increment ∆ ;  Additionally, we 216 
assume that the diffusion occurs only through the bulk-phase, neglecting any mass exchanged 217 
with the neighboring pores through the corner water phase. Since ∆  is the same mass 218 

exchanged between oil and water, the two Equations in (2.6) lead to a single equation: 219 

 
∆ ∆ ∆ ∆  (2.7) 

b) Water-filled pores 220 

Additionally, due to their supposedly high water solubility, polar compounds are 221 
assumed to diffuse into the water-filled pores where they also adsorb onto the surface. Since 222 
the pore only contains a water phase, the material balance for the polar compounds is simply 223 
provided by the following equation:  224 

 ∆ 	

∆

∆

∆
1
∆

∆ ∆   (2.8) 

2.2.2 Diffusion model 225 
We apply a discretized form of Fick’s diffusion equations for the diffusion of polar 226 

compounds within pore  (Equation (2.9)), with the diffusion front only advancing to the 227 
directly adjacent pores ahead at each time-step ∆ . 228 

 
∆ ∆ .min ,  

 

(2.9) 

where	  is the number of pores connected to pore  (as defined above); 	  is the 229 

diffusion flux from pore  to pore , which occurs across the minimum bulk-phase cross-230 
sectional area, 	 , between the two adjacent pores; 	  is the distance between the 231 

centre of pore  and center of pore ; 	 	is the diffusion coefficient. Note that at fixed 232 
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physical diffusion coefficient , we should carefully choose a low ∆  in order to avoid 233 
instabilities that arise from the discretized diffusion model. Indeed, unless every pore satisfies 234 
the condition below, mass conservation fails: 235 

 
∆ 0 (2.10)

where  corresponds to the pore’s bulk phase, through which the diffusion occurs; and 236 
	is the mass in the bulk phase at the beginning of the time step (initial), defined as 237 

. 238 

As for the boundary conditions, the concentration at the inlet is taken as constant over 239 
time, equal to . At the outlet, a “no flow" boundary condition is assumed. 240 

We model the diffusion between two pores sharing the same bulk phase using the 241 
bulk-phase concentrations i.e. the diffusion from oil- to oil-filled, and water- to water-filled 242 
pores is computed in Equation (2.9) using 	and 	respectively. 243 

For the case of cross-phase diffusion i.e. from water-to oil-filled pores and vice-versa, we use 244 
the difference in water concentrations: . Indeed, we assume that the polar 245 

compounds partition first from the oil to the water phase at the interface between two 246 
adjacent pores, then they diffuse within the water phase. In this particular case,  is taken as 247 

only half the length of the water-filled pore. An illustration of the diffusion mechanism is 248 
provided in Figure S3. 249 

2.2.3 Adsorption model 250 
The adsorption of polar compounds is assumed to occur from the water phase 251 

instantaneously. However, since the polar compounds concentration changes through 252 
diffusion at discrete time-steps ∆ , adsorption is only computed at each ∆ . It is described 253 
by a Langmuir isotherm which has the following form:  254 

 ∆ ∆  

∆
∆

1 ∆
 

 
(2.11)

2.2.4 Equations summary 255 
a) Oil-filled pores 256 

To summarize, in an oil-filled pore 	at ∆ , we have ∆ ∆  and 257 

∆ ∆ 	, ∆ , ∆ . Knowing  ,	 	and 	from the 258 

previous time-step, we combine Equations (2.7), (2.9) and (2.11) to obtain a single quadratic 259 
equation that we solve for ∆ : 260 

 
. ∆ 1

.
. ∆ 0 (2.12)

where 	
∆ .

. 261 

Afterwards, ∆  and ∆  are directly derived from Equations (2.2) and 262 

(2.11), respectively.  Since the concentration of polar compounds in the inlet is constant, 263 
equal to , 	and increase from 0 to  and , respectively, following the transport 264 

model. 265 
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b) Water-filled pores 266 

Similarly, for a water-filled pore , we combine Equations (2.8), (2.9) and (2.11), and 267 
solve for the unknown ∆ :  268 

 
. ∆ 1

.
. ∆ 0 (2.13)

where 	
∆ .

.  269 

∆  is directly derived from Equation (2.11). Besides, increases from 0 to  270 

following the transport model. 271 

2.3 Wettability Alteration 272 
Due to the polar species adsorption, the pore surface undergoes a wettability alteration 273 

[Bennett et al., 2004]. In the absence of any comprehensive model that links the adsorption of 274 
polar compounds to the wettability change, we simply assume that the cosine of the contact 275 
angle changes as a linear function of the adsorption level of polar compounds:  276 

 
cos 1 1  (2.14)

While 0, the initial contact angle remains unchanged i.e. cos 1. Note that  is an 277 
input parameter ranging between 0 and 1, and corresponds to the limiting contact angle value 278 
where . However, in accordance with the Langmuir adsorption isotherm Equation 279 
(2.11), the actual maximum value 	_ 	that  can reach as the transport model is 280 
carried out is: 281 

  
_ 1

 (2.15)

Hence, by combining Equations (2.14) and (2.15), cos 	decreases during the simulation 282 
from 1 to a minimum value, related to a maximum contact angle :  283 

 1
1

 (2.16)

Consequently,  can be defined as → ∞  at finite  (or 284 
as	 → ∞  at finite ). We identify two distinct effects of the wetting change in 285 
the oil-filled and water-filled pores. 286 

a) Oil-filled pores 287 

Due to the uniform contact angle change in any angular pore , the amount of water in 288 
the corners decreases if the water is connected to the outlet. Water may be completely 289 
expelled from the pore if it satisfies condition (2.17), as illustrated in Figure S4. 290 

 

2
 (2.17)

where	  is the half-angle of the angular cross-sections. 291 

A direct consequence of this mechanism is that water may get surrounded by oil in the 292 
vicinity of the water films collapse, which generates trapping of water in the network. In fact, 293 
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the water phase connectivity may drop significantly at this stage due to large contact angle 294 
changes.   295 

b) Water-filled pores 296 

As the adsorption levels increase during the transport process in a water-filled pore  297 
adjacent to the oil front, the contact angle increases. Consequently, the pore entry 298 
pressure,	 , decreases, which makes the pore more prone to oil invasion. Oil may then 299 
spontaneously invade pore  when its wettability has changed enough for its entry pressure, 300 
, to decrease below the current capillary pressure value .  301 

The simulation is stopped when no more invasions are possible at a predefined 302 
maximum capillary pressure,  and the adsorption steady-state is reached. The adsorption 303 
steady-state is defined as the condition where all the remaining accessible and non-trapped 304 
water-filled pores have adsorbed their maximum capacity of polar compounds, i.e. their 305 
contact angles have reached a final value equal to  (Equation (2.16)). The ultimate water 306 
saturation obtained at the predefined 	will simply be referred to as 	(corresponding 307 
to an oil saturation	 1 	 ), which is reached at a final time denoted as .  We refer 308 

to the newly developed model of Primary Drainage during which a Wettability Evolution 309 
occurs as PD/WE.  An example of the first steps of the simulation is carried out on a regular 310 
2D network and shown in Figure S5. It illustrates the various processes involved in the 311 
PD/WE model. 312 

3 Results and discussion 313 

The simulations are performed on the two networks presented and used by Kallel et 314 
al. [2015]: a fairly homogeneous Berea sandstone network [Jiang et al., 2007], and a 315 
heterogeneous network derived from a microporous carbonate dataset [Jiang et al., 2013]. 316 
The Berea and carbonate networks are characterized by total numbers of pore elements equal 317 
to 22,251 and 26,349, average coordination numbers of 3.7 and 3.5, overall porosities of 19% 318 
and 21%, and absolute permeabilities of 1576 and 59 mD, respectively. As described by 319 
Kallel et al. [2015], each network consists of pores with different cross-sectional geometries 320 
including regular n-cornered polygons and stars. Note that the 5-cornered star shapes are 321 
predominant in both networks, with their corresponding half-angle  ranging between 5 and 322 
54°. The latter value corresponds to the pentagon shape. 323 

In this work, we link the pore-scale simulations to the reservoir scale. In fact, we 324 
associate each  reached locally in the network with a corresponding height, , in the oil 325 
column: 326 

 
∆ .

 (3.1) 

where ∆  denotes the difference between the fluids volumetric mass densities 327 
(here chosen as	0.2	 / ); 	denotes gravity (9.81	 / ).  328 

Actually, two main effects will be demonstrated in our simulations, both of which 329 
dictate the initial water saturation for waterflooding, : 330 

 The effect of the contact angle,  on : while ,  and 	are kept 331 
constant, 	is varied to induce changes in the contact angles (Equation 332 
(2.16)). We either assign a unique  throughout the network, corresponding to 333 
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a single  for all the pores, or uniformly distribute  among the pores, 334 
generating a range of contact angles .	 335 

 The effect of the balance between oil invasion and wettability alteration on 336 
: while we keep the oil flow rate, , constant, we vary the maximum 337 

adsorptive capacity, . Hence, the polar compounds adsorption level 338 
required to reach the fixed maximum contact angle  is changed (Equation 339 
(2.14)). This induces changes in the balance between the processes of oil 340 
invasion and wettability alteration. 341 

Note that for the latter sensitivity study at fixed , two limiting cases arise: 342 

 In the case of an extremely fast wettability alteration relative to flow rate, a 343 
full wetting change within every pore precedes its invasion by oil. Hence, we 344 
can simply model it as a conventional PD with an initial contact angle equal 345 
to	 . We call this special case the Fast Wetting Boundary (FWB). 346 

 If the oil flow rate is much faster than the wetting change, all invasions are 347 
supposed to happen instantaneously.  The oil invasion process is carried out 348 
until the imposed maximum capillary pressure, , is reached. Only after 349 
this point the wettability alteration takes effect, starting near the inlet, resulting 350 
in subsequent spontaneous oil invasions. We refer to this limiting case as Slow 351 
Wetting Boundary (SWB). 352 

3.1 Berea sandstone Network 353 

We simulate the above PD/WE model on the homogeneous Berea network. The base-case 354 

parameters of the simulations are: 6600	 ; 	 5e 13	 ; 		355 

500	 ;	∆ 0.007	 ; 		 0.01; 		 1e 5	 ; 		 1	 ;356 

0.3	 ; 	 0.0083.	Note that the chosen , ,  and  parameters correspond to 357 

80° (Equation (2.16)). Although our base case parameters have not been derived 358 
from a particular  experiment,  they  are physically  realistic,  chosen  in order  to  scan all  the 359 
possible outcomes of our model during the sensitivity analysis that will follow. 360 

We first start with the case where polar compounds remain in the oil phase (no 361 
partitioning, 0), hence they do not react with the surface i.e. 0 (Equation (2.16)). 362 
This corresponds to a conventional PD simulation at a predefined . The pore 363 
occupancies are shown in Figure 1. Note that in the absence of wetting changes, the water 364 
saturation reaches 0.2, after which no more invasions are possible at fixed . 365 

We now run the PD/WE model for the base-case parameters. Two effects are 366 
opposing each other in terms of changing  following the PD/WE model. On the one hand, 367 
the corner water collapse in oil-filled pores due to the contact angle change, as described in 368 
2.3(a), results in a loss in water phase connectivity. This effect, that we call “trapping”, tends 369 
to increase	 . On the other hand, the decrease of entry pressures, , due to the contact 370 
angle change as described in 2.3(b), results in a gain in entry pressure accessibility. This 371 
effect, that we call “enterability”, tends to counterbalance the “trapping” effect by 372 
decreasing	 . It follows from the definitions that both the “enterability” and “trapping” 373 
effects increase with	 .  374 
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The pore occupancies and wettability change following PD/WE at intermediate-wet 375 
conditions ( 80°  are shown in Figure 2. The PD/WE at 80° results in a 376 
slightly higher 0.22 compared to the PD	 0.2, meaning that the “trapping” effect 377 
is slightly dominating in this case. Note that for 	 80 ,	the majority of the remaining 378 
corner water at t  (shown in Figure 2(b)-upper) must be trapped. Indeed, most of the corner 379 
half-angles 	are larger than 10°, thus according to Equation (2.17), the corner films should 380 
have been expelled if there was any outlet connection. It is clear from the transition Figure 381 
2(a)-lower to Figure 2(b)-lower that the wettability change occurs preferentially near the inlet 382 
at the beginning of the simulation, with the contact angle values, , ranging from 0 to 383 

.	This qualitatively reproduces the early wetting alteration observed by Bennett et al. 384 
[2004] using FESEM imaging on surfaces near the inlet. Eventually, the adsorption steady-385 
state is reached at t 	where a single contact angle  governs the pore space. 386 

a) Effect of  on  387 

The pore occupancies and wettability change following PD/WE at water-wet 388 
conditions ( 30°  are shown in Figure 3. Note that at this relatively low	 	,	corner 389 
water mostly persists and is not trapped. This is shown in the pore occupancies (Figure 3-390 
upper). Consequently, the “trapping” effect is inhibited in this case, which leaves the 391 
“enterability” effect. Thus, quite a modest change in wetting in the PD/WE model in this case 392 
has led to the value of 0.14 i.e. the invasion of an additional ∆ 0.06	above the PD 393 
oil saturation. Note that the pore occupancies at t 16762s (S 0.14 at P  are 394 
similar to the 0°	case shown in Figure 1, and the wetting change is analogous to that 395 
showed in Figure 2(b)-lower. 396 

The pore occupancies shown on the pore-size distribution (PSD) in Figure 4 397 
demonstrate quite clearly that the PD/WE model enables the oil to reach the smallest pores 398 
that would not have been accessible following the conventional PD ( 0° 	at the same 399 
fixed .  400 

b) Effect of  on  401 

We now keep  as the base-case value (80°) and increase 	from 0.3 to 1.5	  402 

i.e. induce a slower wetting change relative to oil invasion by requiring a higher polar 403 
component adsorption level to alter the contact angle. It is clear from the pore occupancy and 404 
wettability change in Figure 5(a) that, during the PD/WE process, the oil front is well ahead 405 
of the wettability alteration front in the direction of flow. This behavior is different from that 406 
shown for the base-case in Figure 2(a) where the two processes are clearly more 407 
synchronized. This higher	  results in the “trapping” effect being delayed and its effect 408 
being weaker. Since the “enterability” effect is insensitive to	 , only depending on , 409 
this results in 0.09		being significantly lower than the base-case value (0.22). Note that 410 
the final wettability distribution at t  is similar to that shown in Figure 2(b)-lower. 411 

We now aim to link the simulations to the behavior observed by Bennett et al. [2004] 412 
in their core-flood experiment. To do so, we focus on the evolution of the average mobile 413 
concentration of polar compounds in the oil phase at the outlet bonds, depending on the 414 
system’s adsorptive capacity, as described by Figure 6(a). For the “No partitioning” case, 415 
describing a conventional PD process where polar compounds do not partition from the oil 416 
into the water phase, these polar species naturally emerge at the outlet at their maximum 417 
concentration and exactly when oil breaks through ( 707 ). Besides, when the adsorptive 418 
capacity, , increases, we observe a clear delay in the appearance of polar compounds at 419 
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the outlet due to a higher surface activity. Note that the high concentration at which they 420 

appear for the 0.03 	case is mainly a contribution of the oil invasion process which 421 

carries polar compounds all through the network in the absence of any substantial surface 422 
activity, as described in Section 2.1. For higher , when the adsorptive capacity of the 423 
system is significant, the oil phase appears at the outlet depleted of polar species, which are 424 
then resupplied from the inlet through a diffusion process, as described in Section 2.2. The 425 
simulations qualitatively reproduce the experimental trends provided in Figure 6(b), with the 426 
polar species “fluoren-9-one”, “carbazole”, “benzocarbazole” and “p-cresol” corresponding 427 
to an increasing surface activity (i.e. higher ), in order.  Note that each curve’s endpoint 428 
in Figure 6(a) corresponds to the adsorption steady-state being reached. At the latter, all the 429 
pores in the network have reached maximum adsorption levels, hence maximum wetting 430 
change, regardless of the final mobile concentrations. Ultimately, the average mobile 431 
concentration of polar compounds in the oil phase at the outlet bonds (normalized by ), 432 

, will reach its maximum value, equal to 1, but this will not affect the final contact 433 
angles and initial water saturation attained. 434 

The pore occupancies shown on the pore-size distribution in Figure 7, combined with 435 

Figure 4(d) (for	 0.3 ), reveal that a slower wetting change relative to oil invasion 436 

i.e. higher  at intermediate-wet conditions leads to a larger volume of small pores being 437 
invaded following PD/WE as the invasion process is driven further due to a weaker 438 
“trapping” effect. 439 

c) Combined effect of  and 	 on  440 

The combined effects of  and 	on  at fixed 	are summarized in 441 
Figure 8. Note that the case 0°, corresponding to the conventional PD, is shown for 442 
comparison purposes, as the notion of  is not applicable in the absence of adsorption. 443 
The results are clearly non-monotonic with regard to , which can be interpreted by the 444 
competition between the two opposing effects: “enterability” and “trapping”, as follows: 445 

 For intermediate-wet conditions ( 80°), where both the “trapping” and 446 
“enterability” effects are significant,  monotonically decreases with faster 447 
oil invasion relative to wetting change i.e. higher . Indeed,  decreases 448 
from a value of 0.41,	significantly higher than the 0° case (0.2), to a 449 
value as low as 0.09. This, as explained above, is due to the “trapping” effect 450 
getting delayed at higher .  451 

 Switching to weakly water-wet conditions ( 60°), leads to much lower 452 
, with the gap narrowing at high . In fact, while both the “enterability” 453 

and “trapping” effects get weaker, the loss in “enterability” is lower than the 454 
decrease in “trapping”, meaning that the former dominates.  455 

 For water-wet conditions ( 30°) where “trapping” is inhibited,  is 456 
not sensitive to . This is reasonable since by slowing down the wettability 457 
alteration compared to the oil invasion, only the pore-filling sequence is likely 458 
to change due to the wettability alteration. And in the absence of any 459 
generated trapping, this does not affect the final .  460 

 Finally, by uniformly distributing ∈ 0,80° , the resulting “  vs. “ 461 
curve lies between the 60 and 80° cases. 462 

Note that  for both 60 and 80° reside between their respective slow and 463 
fast wetting boundaries (SWB and FWB, respectively), as expected. Moreover, while the 464 



13 
 

FWB increases with higher  due to a more important “trapping” effect, the SWB 465 
coincides for the two contact angles considered. 466 

The predicted effects of the PD/WE model on conventional calculations of the oil 467 
column saturations are now described.  The  vs. height, ,  above the oil water contact 468 
(OWC) is traditionally calculated using the PD curve, and this is shown in Figure 9 (denoted 469 

0°).  A series of simulations of the PD/WE model were carried out by varying the 470 
main pair of parameters ,  at different  values, each corresponding to a 471 
different height,	 , in the oil column (Figure 9). Note that 3.3m corresponds to the base-472 
case 	(6600	 ) used for previous simulations.  By applying the PD/WE model 473 
( 0° , significant changes in phase saturations occur within the oil column, depending 474 
on	  and . This is a generalization of the discussion related to Figure 8 in essence, 475 
where it would apply in the oil column as the oil charges the reservoir and the process of 476 
wettability evolution occurs. 477 

 For 80°, the curves for the different chosen  lie between the 478 
boundaries FWB and SWB, with higher  leading to monotonically lower 479 

. Additionally, the model may result in significant non-zero water 480 
saturations, even high in the oil column. In fact, for a relatively fast wetting 481 
change	 0.03 , we observe a vertical curve. This is due to the 482 
significant amount of water trapping being created at a relatively early stage 483 
that inhibits any further displacement, independent of how high the attained 484 

 (or ) becomes. 485 
 The 60° curves follow the same behaviour as the 80° case, 486 

but with a narrower gap between these curves as FWB is shifted to the left. 487 
Indeed, a less important “trapping” effect compared to the previous case leads 488 
to  being lower all along the oil column. Note that the two slow wetting 489 
boundaries (SWB) for 60 and 80° coincide. 490 

 The 30° curve, which is insensitive to , is shifted to the left as 491 
compared to the conventional PD curve. In other words, PD/WE at water-wet 492 
conditions leads to lower water saturations all along the oil column. In fact, 493 
even at the highest point of the curve where all the pores are prone to invasion 494 
at 0°,  is slightly lower due to the shrinking of water in the corners. 495 
 496 

3.2 Carbonate Network 497 

In this section, we consider calculations of the type presented above, but now for the 498 
more complex multi-scale carbonate. The base-case parameters of the simulations are: 499 

11713	 ; 	 5e 13	 ; 		 500	 ; 	∆ 0.007	 ; 		500 

0.01; 		 1e 5	 ; 		 1	 ; 0.47	 ; 	 0.0083.	Again, the 501 

chosen , ,  and  correspond to 80° (Equation (2.16)). Note that we chose the 502 
	 base case value for the carbonate network to be significantly higher than that for the 503 

Berea network.  Indeed, the carbonate network has far smaller pores, thus requires higher 504 
capillary  pressures  to  achieve  water  saturations  comparable  to  those  presented  for  the 505 
Berea network. The   base case value was slightly adjusted accordingly. 506 

a) Effect of  on  507 
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The pore occupancies shown on the pore-size distribution after the application of 508 
PD/WE at different  are shown in Figure 10. The PD/WE model at higher 	enables 509 
the oil to reach higher oil saturations and to invade smaller pores. In particular, it allows oil 510 
migration into micropores (first bin of the PSD) for high enough  (60 and 80°). Indeed, 511 
these micropores were not accessible otherwise ( 60°) at the same fixed . As 512 
shown in Figure 10(e), the filling of micropores at 80° occurred early in the process 513 
at 	lower than 0.5, which coincides with 	for the conventional PD (Figure 10(a)).  514 
Indeed, at the same water saturation, the filling pattern when applying PD/WE at 515 
intermediate-wet conditions compared to the conventional PD is different as the oil invasion 516 
is more spread over the PSD. This is due to the dramatic decrease in entry pressures 517 
following the increase in contact angles from 0° to 80° (Figure 10(f)), which changes 518 
the filling sequence to become less dependent on pore size and more linked to the adsorption 519 
level of polar compounds and the resulting wettability alteration. 520 

b) Effect of 	 on  521 

In this section, we keep  as the base-case value (80°) and induce a slower 522 

wetting change relative to oil invasion by increasing 	from 0.1 to 1.4	 . The pore 523 

occupancies shown on the pore-size distribution in Figure 11, added to the information from 524 
Figure 10(d), confirm the earlier findings that a slower wetting change relative to oil invasion 525 
at intermediate-wet conditions results in monotonically decreasing S  at the same predefined 526 

. Besides, according to Figure 11(d), although the wettability alteration was delayed for 527 
a higher 	(compared to Figure 10(f)), the invasion of micropores still occurred at 528 

0.5 (Figure 11(d)). Indeed, those invaded micropores experienced enough wettability 529 
alteration for their  to sufficiently decrease at a relatively early stage. Eventually, oil 530 
migrates further into micropores for higher . 531 

c) Combined effect of   and  on  532 

We summarize the combined effects of  and 	on  at fixed 		in 533 
Figure 12. The results are qualitatively similar to those for the Berea network (Figure 8). 534 
However, the dependency of S 	on the balance between the oil invasion and wettability 535 
alteration processes at fixed 	is weaker for the carbonate network because the “trapping” 536 
effect is less significant. This pattern is attributed to the particular topology of the multiscale 537 
carbonate network where the microporosity joins up the otherwise disconnected larger pores. 538 
Indeed, the largest pores are naturally invaded first during PD, and many lose their corner 539 
water generating a loss in the water phase connectivity. However, because their contribution 540 
to the overall network connectivity is low, water remains largely connected early on, leading 541 
eventually to lower S . 542 

More generally, by varying  	, we obtain the oil column distributions for the 543 
different pairs of parameters ,  shown in Figure 13. Note that 6	m 544 
corresponds to the base-case 	(11712	 ) utilized for all previous simulations. Again, 545 
the results of the PD/WE model follow the same qualitative trends exhibited by the Berea 546 
network in Figure 9, but the gap between the curves at fixed 	 60	or	80°  is narrower 547 
since the fast wetting boundary, FWB, is shifted to the left. This is again due to the weaker 548 
“trapping” effect. 549 

4 Conclusions 550 

In this paper, we have developed a novel pore-scale model where the wetting state 551 
evolves during primary drainage, referred to as the Primary Drainage/Wettability Evolution 552 
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(PD/WE) model. The model involves small polar species from the oleic phase with high 553 
solubility in water and important surface activity (e.g. alkylphenols, carbazoles). The PD/WE 554 
model qualitatively reproduced experimental observations reported by Bennett et al. [2004] 555 
where an early rapid wettability alteration occurred during primary drainage, preferentially 556 
near the inlet, due to the adsorption of these polar species. 557 

The PD/WE model is proposed as a physically well-founded plausible model using all 558 
the pore-scale physics of fluid displacements and wetting alteration that we currently 559 
understand. We are applying this to generate understanding and explanations of how the 560 
complex range of parameters interact in the primary drainage and wetting change process that 561 
occur when crude oil invades a porous rock. The possible fluid configurations and wetting 562 
states that can occur and how these give rise to the post-drainage oil column are considered 563 
and explained. Furthermore, we also intended to show that it is straightforward for oil to 564 
invade very small water-filled, initially water-wet pores with both reasonable and minimal 565 
physics-based assumptions. 566 

Upon the application of the wettability alteration model, we highlighted that two 567 
effects were competing to determine the water saturation following primary drainage, , at 568 
fixed maximum capillary pressure,	 : 569 

 “Trapping”: loss in water phase connectivity due to corner water removal 570 
following the wettability alteration in oil-filled pores, which tends to increase 571 

. Compared to the Berea network, this effect was generally weaker in the 572 
carbonate network due to its particular connectivity dominated by its 573 
microporosity. 574 

 “Enterability”: decrease in pore entry pressure  following the wetting 575 
change of water-filled pores, which tends to decrease . 576 

We invoked clear differences in the PD behavior by varying both the level of 577 
wettability alteration (through the imposed maximum contact angle reached, 	) and the 578 
balance between the oil invasion and wetting change processes (through the system’s 579 
adsorptive capacity, ). These two parameters proved to dictate  following PD/WE as 580 
they vary the competition between “trapping and “enterability” as follows: 581 

 For intermediate-wet conditions ( 80°), where both the “trapping” and 582 
“enterability” effects are significantly strong,  monotonically decreased 583 
with faster oil invasion relative to wetting change (higher ) due to the 584 
resulting delay in “trapping”. In fact, depending on , the model may end 585 
up with either lower or significantly higher  throughout the oil column 586 
compared to the traditional PD simulation. This change in  was less 587 
dramatic for the carbonate network than for the Berea network because of the 588 
“trapping” being weaker in the former. 589 

 For weakly water-wet conditions ( 60°), although the behaviour was 590 
similar to the 80° case, 	was generally lower. In fact, while both the 591 
“enterability” and “trapping” effects get weaker with lower contact angle, the 592 
loss in “enterability” is compensated by a stronger decrease in “trapping”, 593 
meaning that the former generally dominates. 594 

 For water-wet conditions 30°) where “enterability” dominates in the 595 
absence of “trapping”,  was independent of 	and was lower all along 596 
the oil column compared to the traditional PD. 597 



16 
 

The PD/WE model provides a physically-plausible scenario to explain the 598 
phenomenon of oil invasion into micropores. Indeed, we demonstrated that in the cases of 599 
relatively fast oil invasion or small wetting changes, the oil was able to reach significantly 600 
higher saturations at fixed .	Particularly in the carbonate network, oil did invade the 601 
micropores at moderate capillary pressure values following their wetting alteration. In fact, 602 
these micropores were not accessible otherwise following the conventional PD at the same 603 
fixed .  The model may also be used to describe carbon-dioxide storage and NAPL 604 
contamination in aquifers. In the latter application wetting changes are expected to play an 605 
important role due to adsorption of various compounds. 606 

 607 

List of Figures: 608 

Figure 1: Pore occupancies for the Berea network shown on the x-axis (parallel to flow, from 609 
inlet (left) to outlet (right)) following PD (i.e. PD/WE at θ 0°). The simulation reached 610 
S 0.2 at P  after time 53	 . 611 

Figure 2: Pore occupancies (upper) and wetting change (lower) for the Berea network shown 612 
on the x-axis (parallel to flow, from inlet (left) to outlet (right)) following PD/WE for the 613 

base-case parameters after (a) t / 31	min (at which S )	and (b) t 315	min 614 

(S 0.22 at P . 615 

Figure 3: Pore occupancies (upper) and wetting change (lower) for the Berea network shown 616 
on the x-axis (parallel to flow, from inlet (left) to outlet (right)) following PD/WE at θ617 

30° and Γ 0.3	 		after t / 29	min (at which S ). 618 

Figure 4: Pore occupancies for the Berea network shown on the pore-size distribution 619 

following PD/WE at Γ 0.3	 	for (a) θ 0° (S 0.2); (b)  θ 30° (S620 

0.14); (c)  θ 60° (S 0.05) and (d) θ 80° (S 0.22). 621 

Figure 5: (a) Pore occupancies (upper) and wetting change (lower) for the Berea network 622 
shown on the x-axis (parallel to flow, from inlet (left) to outlet (right)) following PD/WE at 623 

θ 80° and Γ 1.5	 	after t / 32	min (at which S )	and (b) Pore 624 

occupancies (only) at t 433	min (S 0.09 at P . 625 

Figure 6: (a) Simulated evolution in time of the average mobile concentration of polar 626 
compounds in the oil phase at the outlet bonds (normalized by C ), C ,  for the different 627 

Γ 	 	  imposed, compared to the “No partitioning” case, for the Berea network; (b) 628 

experimental plot of the normalized concentrations of polar compounds in the produced oil 629 
(mobile) function of the elution time [Bennett et al., 2004]. 630 

Figure 7: Pore occupancies for the Berea network shown on the pore-size distribution 631 

following PD/WE at θ 80° for (a) Γ 0.03 (S 0.42) and (b)  Γ 1.5	  632 

(S 0.09). 633 
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Figure 8: The effect of Γ 	on S  for different θ  values for the Berea network. FWB and 634 
SWB are the limiting fast wetting and slow wetting boundaries, respectively. 635 

Figure 9: Distribution in the oil column following the application of the PD/WE model for 636 

different combinations of θ  and Γ 	  values in the Berea network. FWB and SWB 637 

are the limiting fast wetting and slow wetting boundaries, respectively. 638 

Figure 10: Pore occupancies for the carbonate network shown on the pore-size distribution 639 

following PD/WE at Γ 0.47  for (a) θ 0° (S 0.5); (b)  θ 30° 640 

(S 0.46); (c)  θ 60°	(S 0.32);(d) θ 80° (S 0.22) and (e) θ641 
80° stopped at a predefined S 0.5. (f) represents the wettability alteration shown on the 642 
pore-size distribution corresponding to (e). 643 

Figure 11: Pore occupancies for the carbonate network shown on the pore-size distribution 644 
following PD/WE at θ 80° for (a)	Γ 0.1 (S 0.26); (b) Γ 1.4	(S645 

0.13) and (c)	Γ 1.4	 	stopped at a predefined S 0.5. (d) represents the wettability 646 

alteration shown on the pore-size distribution corresponding to (c). 647 

Figure 12: The effect of Γ 	 	on S  for different θ  values for the carbonate 648 

network. FWB and SWB are the limiting fast wetting and slow wetting boundaries, 649 
respectively. 650 

Figure 13: Distribution in the oil column following the application of the PD/WE model for 651 

different combinations of θ  and Γ 	 	values in the carbonate network. FWB and 652 

SWB are the limiting fast wetting and slow wetting boundaries, respectively. 653 
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