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Abstract 15 

In this work, we describe a dynamic pore network model that has been developed to investigate the 16 

effects of low salinity (LS) water injection on oil recovery under dynamic flow conditions. For the first 17 

time, we introduce a formulation whereby the evolving spatial distribution of brine salinity is 18 

explicitly tracked during unsteady-state secondary and tertiary LS floods. Phases are updated in 19 

capillary elements according to the relative balance between capillary and viscous forces, the former 20 

being correlated to salinity through a functional relationship between effective contact angle (i.e. 21 

wettability) and local brine concentration. 22 

We have investigated the impact of several key parameters on secondary and tertiary LS injection, 23 

including: injection rate, viscosity ratio, and salinity-induced wettability modifications. We have 24 

implemented a stochastic approach throughout in order to assess statistical variability in recovery 25 

outcomes. For the particular network architecture studied, simulations have shown a range of 26 

results for different induced wettability changes. When the contact angle variation shifted the 27 

system from strongly oil-wet to weakly oil-wet, most cases exhibited a small positive secondary LS 28 

effect but negligible tertiary benefit. Greater variation in LS outcome was observed when LS brine 29 

modified pores to close to neutral-wet conditions – a generally positive secondary LS effect was seen 30 

but there were several exceptions dependent upon frontal advance rate and viscosity ratio, where 31 

the displacement regime could switch from capillary-dominated flow to viscous fingering. Salinity 32 

modification of wettability to a water-wet configuration resulted in positive secondary LS 33 

displacement and a positive tertiary LS effect.  34 

The study shows that the impact of LS injection can often be difficult to predict a priori for any given 35 

combination of rock/fluid parameters and laboratory protocol, due to the complex way in which the 36 

underlying parameters interact. When compared against high salinity (HS) data, both positive and 37 

negative LS effects have been observed depending upon the prevailing system properties and the 38 

timing of LS initiation. However, by running a series of network modelling simulations, we are able to 39 

identify areas of parameter space that are more likely to elicit a positive LS response. In particular, 40 

we observe that a change in the dominant flow regime (capillary fingering, viscous fingering, frontal 41 

advance) may be induced by the injection of LS brine and this has been found to play an important 42 

role in determining LS efficacy. 43 

Keywords: pore network modelling, low salinity, secondary water injection, tertiary water injection, 44 

unsteady-state flow, contact angle modification. 45 

 46 

1. Introduction 47 

With ever-increasing energy demands across the world, new methods have been developed to 48 

maximise recovery from oil reservoirs. Exploiting only natural recovery mechanisms, such as 49 

depletion, would leave significant amounts of oil behind, and even secondary recovery processes, 50 

such as water injection or gas injection, might not be able to yield the desired recovery profiles 51 

(especially for high viscous ratios where viscous fingering can result in poor volumetric sweep). 52 

Tertiary recovery methods are often applied at this stage to mobilise some of the oil left behind and 53 

to yield additional oil recovery. These techniques are also referred to as Enhanced Oil Recovery 54 

processes (EOR) and generally involve the injection of one or multiple fluids to shift the reservoir 55 

conditions into a more favourable state that could result in further oil recovery. This could be 56 

achieved by decreasing the interfacial tension between oil and water (i.e. surfactant injection), 57 

shifting the wettability of the reservoir toward a favourable configuration (i.e. low salinity (LS) water 58 
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injection) or improving the mobility ratio to strengthen the viscous forces of the displacing phase 59 

and switch the flow regime from inefficient viscous fingering toward more favourable frontal 60 

advance (i.e. polymer injection). The current paper focuses on a number of issues affecting low 61 

salinity water injection. 62 

LS water injection has been examined in various works in the literature, and several experimental 63 

studies have reported additional recovery when fresh or LS water is used to displace oil in both 64 

secondary and tertiary modes (Ashraf et al., 2010 [1]; Webb et al,. 2005 [2]; Zhang and Morrow 65 

(2006) [3]; Yildiz et al., 1999 [4]; Tang and Morrow, 1997 [5]; Buckley and Morrow, 1990 [6]; 66 

Bernard, 1967 [7]). Today, LS water injection is becoming an increasingly popular EOR technique, 67 

and interest in its applications is growing. Some of the latest works in this area include the 68 

investigation of LS injection in both secondary and tertiary modes using coreflood data and history 69 

matching analysis for different wettability configurations (Xie et al., 2015 [8]). This study showed a 70 

significant increase in oil recovery and decrease in water production in both modes. Contradictory 71 

results have been reported by Zeiniijahromi et al (2015) [9], where negligible incremental oil 72 

recovery (less than 1%) has been achieved based on history data from 7 years of LS water injection in 73 

the Russian Zichebashskoe field. Combining LS water and polymer has been also investigated in 74 

recent years (Zhuoyan et al., 2015 [10]; Shiran and Skauge , 2013 [11]) and a positive synergetic 75 

behaviour has been reported compared to that obtained from polymer applied in HS water 76 

environments. 77 

In a review published in 2011, Morrow and Buckley [12] discussed the major advances in LS 78 

application and presented the various suggested mechanisms for the so-called Low Salinity Effect. 79 

Changing the wettability of the rock (by affecting the adhesion of oil molecules to the rock surface 80 

and/or changing the brine composition) is believed to be a key consequence of LS injection. This 81 

wettability change is associated with a shift in oil-water contact angle that may reduce capillary 82 

forces, mobilise trapped oil ganglia, and/or cause water fingers to swell and thicken. Recent 83 

experimental micromodel work by Song and Kovscek (2015) [13] has shown that LS water flooding 84 

can shift the system wettability towards a more mixed-wet configuration: the adherence of oil to oil-85 

wet clay particles led to increased oil recovery by 14% when these particles were mobilised after 86 

being exposed to LS water. Bartels et al. (2017) [14] have observed a modification of contact angle 87 

towards more water-wet values in response to LS water exposure in single-channel micromodels. 88 

The authors reported that contact angle change was a necessary but not sufficient condition for 89 

obtaining additional recovery in their systems, which they observed when trapped oil ganglia 90 

became reconnected with spanning oil clusters. However, it should be noted that the LS 91 

environment in their single-channelled micromodels could be expected to be rather different from 92 

that expected in the complex heterogeneous structure of many natural porous media – the contact 93 

angle responsiveness reported may, therefore, not be generally applicable. Recent microCT scans of 94 

in-situ oil-water contact angles have also revealed clear indications of a shift from weakly oil-wet 95 

towards weakly water-wet configurations. This has been shown in the work of Khishvand et al. 96 

(2017) [15], who injected low salinity water in miniature core samples where wettability had been 97 

restored to mimic reservoir conditions. The contact angle reduction led to increased oil recovery, 98 

which was explained by the reduction of pressure threshold required to displace oil from small 99 

capillaries. 100 

Other reports of possible LS mechanisms include: 101 
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• Fines migration (Tang and Morrow, 1999 [16]): clay components could detach from the rock 102 

surface when the water salinity is low. This might trigger partial mobilisation of residual oil 103 

attached to clay. 104 

• Microscopic diversion (Spildo et al., 2012 [17]): detached clay components could block small 105 

throats resulting in increased pressure gradients in other regions of the network. 106 

• Chemistry-related phenomena, such as pH variation, multi-component ionic exchange and 107 

double layer expansion (Xie et al., 2015 [8]). 108 

In light of the wide variety of studies reported to date, it is highly likely that the LS effect is a 109 

manifestation of several mechanisms acting synergistically (and goes some way towards explaining 110 

the contradictory results in some cases reported in the literature regarding additional recovery 111 

yielded by LS water injection). The design of robust experimental protocols consequently becomes 112 

difficult to achieve and laboratory results may exhibit large uncertainty. Network modelling can 113 

provide an alternative cheap approach to investigate the effect of several key flow parameters on LS 114 

waterflooding.  115 

 116 

2. Modelling Approach 117 

2.1 Pore Space Description 118 

In general, the pore network modelling approach seeks to approximate a given porous medium by 119 

means of a network of interconnected capillary elements, partitioned into nodes (pore bodies) and 120 

bonds (pore throats), with the nodes being linked by the bonds (Figure 3). To each network element 121 

(a node or bond) a range of geometric attributes can be attached (inscribed radius, length, volume, 122 

shape factor) that enables us to consider a number of different network modelling philosophies. At 123 

its most simplistic, we can use the framework to model the pore space as a simple scaffold of 124 

interconnected cylindrical bonds; an approach that is useful for obtaining rapid, qualitative results, 125 

as fewer pore-scale entities need to be considered. At the other extreme, we can also use the 126 

methodology to model multi-phase flow through networks that are topologically and geometrically 127 

complex, where the pore space is comprised of irregular pore elements with distributed 128 

connectivity. We will adopt the former approach here for simplicity (and restrict our study to 2D for 129 

the present) but note that more detailed geometries can be considered without adding a great deal 130 

of additional complexity to the modelling (See Boujelben, 2017 [18]). 131 

Regular networks are assigned pre-determined dimensions �� × �� × ��, where ��, ��, �� are the 132 

number of nodes in the x, y and z directions, and capillary entry radii can be assigned randomly to 133 

the constitutive elements from a realistic pore size distribution in order to approximate the porous 134 

medium under investigation. A more physical network can be generated through the use of a series 135 

of image processing operations conducted on 3D images taken from real rock samples (Silin et al., 136 

2003 [19]). A topologically equivalent network of capillary elements can then be built and loaded 137 

into our software with properties extracted from the original Micro-CT data (e.g. radius, volume, 138 

shape factor).  Investigations using these more complex systems – including explicit film-flow 139 

transport – is on-going and will be the subject of a future paper. 140 

2.2. Unsteady-state Flow Model 141 

The first flowing pore network model used to examine low salinity flooding was reported by Watson 142 

et al., 2017 [20], who developed a novel, steady-state approach in which LS brine was injected into a 143 

3D network following breakthrough of high-salinity brine. Their results highlighted two principal 144 
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effects of dynamic contact angle modification at the pore-scale: a “pore sequence” effect, 145 

characterised by an alteration to the distribution of displaced pore sizes; and a “sweep efficiency” 146 

effect, demonstrated by a change in the overall fraction of pores invaded. The assumptions made 147 

regarding contact angle modification in [15] built upon those presented previously in the pore-scale 148 

theory of Sorbie and Collins (2010) [14] and their study was an important foundation to the steady-149 

state work. The inclusion by Watson et al of explicit fluid transport within the pore network was able 150 

to identify phenomena that would have been difficult to predict using the percolation theory 151 

approach in [14]. Moreover, no viscous forces or transient behaviours were considered in these 152 

previous models – important aspects of the process that will be addressed by the unsteady-state 153 

model developed here, which builds upon the earlier formulation of Regaieg et al [18], who 154 

investigated waterflooding in heavy oil systems.  Details of the unsteady-state model are presented 155 

in the Appendix whilst excellent discussions of a wide range of pore network modelling approaches 156 

(both steady- and unsteady-state) can be found in the review articles of Blunt (2001) [21], Joekar-157 

Niasar and Hassanizadeh (2012) [22] and Blunt (2017) [23].  By modelling the effects of wettability 158 

alteration upon the evolving pressure field during injection, we are able to simulate different LS 159 

protocols and to quantify the resulting oil recovery at different stages of the water flooding. We 160 

note that the study presented here is limited to networks anchored to relatively homogeneous rocks 161 

(i.e. Berea sandstones) – LS transport in carbonates is under investigation but is far more complex 162 

due to wide variations in pore size and the presence of nano-porosity in many instances.  163 

The LS model developed in this work forms part of a more general pore network EOR simulator that 164 

has been implemented using the C++ programming language and Qt framework (Figure 1). This 165 

simulator package – numSCAL (numerical Special Core Analysis Laboratory) – includes several flow 166 

models that cover a wide range of pore-scale processes, including: 167 

• Quasi-steady state two-phase and three-phase flow  168 

• Three-phase pressure depletion 169 

• Unsteady-state waterflood  170 

• Unsteady-state ganglion migration 171 

• Unsteady-state EOR floods (low salinity brine, surfactant, polymer) 172 

A basic open source version of numSCAL is available online and can be downloaded from the public 173 

GitHub repository: https://github.com/ahboujelben/numSCAL_basic. 174 
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 175 

Figure 1 : numSCAL software showing two-phase displacement in a 3D network model 176 

2.3. Tracer Dynamics 177 

As discussed above, the LS model presented in this work builds upon the earlier steady-state 178 

approach described in Watson et al., 2017 [20]. In the current study, when modelling the flow of LS 179 

water in the network, the following conditions are considered: 180 

• LS water is injected into an initially oil-wet system. 181 

• LS water and HS water are miscible and mix instantly in a capillary element. 182 

• No meniscus is considered between LS water and HS water.  183 

• LS water cannot mix with oil or flow through the oleic phase. 184 

• Fines migration during LS injection is not considered. 185 

To capture the effect of LS water at the pore-scale, we adopt a highly pragmatic methodology 186 

whereby we model the central manifestations of the LS mechanism instead of tracking the complex 187 

chemistry underlying the interaction between LS water molecules with the rock surface. We 188 

therefore assume that LS water primarily affects the oil/water contact angles and mathematical 189 

relationships are used to couple local salinity to the degree of contact angle modification.  Of course, 190 

this cannot hope to capture all of the intricate LS mechanisms proposed to date, but we consider 191 

this a useful foundation for the development of a more comprehensive modelling framework. 192 

Moreover, from a physical standpoint, our assumption of effective contact angle modification 193 

appears reasonable, since wettability alteration is a phenomenon commonly believed to accompany 194 

LS flooding in a variety of reported coreflooding studies. 195 

 196 

The workflow of the unsteady-state LS model is shown in Figure 2. The effective contact angles 197 

(affecting directly the capillary pressure in pore elements) are correlated with LS brine 198 

concentrations. The unsteady state model is then called to solve the pressure field in the network 199 

and to update the phase saturations in all capillary elements. Finally, the concentrations of LS water 200 
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are updated according to mass conservation laws, and the next time step is taken until a user-201 

defined number of pore volumes have been injected. 202 

 203 

Figure 2 : LS model workflow 204 

LS water is modelled as a tracer with dimensionless concentration ranging from zero to one. It can 205 

flow from the inlet pores either immediately the simulation starts (secondary mode) or after some 206 

period of HS water injection (tertiary mode). In both cases, we use a mass conservation law to 207 

update tracer concentrations according to the pressure field in the network. Note that the term 208 

“tracer concentration” or “LS concentration” refers to the concentration of LS water and is 209 

equivalent to (1-salinity). 210 

Considering the configuration shown by Figure 3, and denoting the LS water concentration in each 211 

pore � by ��	,�, the flow ��  in each pore � is determined after solving the flow equations in the 212 

network, and the new volumetric water fractions �,��� are updated accordingly in all pores. Next, a 213 

new tracer concentration ��	,���� in pore 1, after a timestep ∆� is computed after updating 214 

elementary water fractions in the network, and we calculate it as follows: 215 

��	,���� = �,�����,���� ��	,���� + �
�������,� ��	,����,�� � − ��	,�"�#$�%�&� ∆�

�,���� × '�&								(1) 
 216 

where '� is the volume of pore 1 and �����,� corresponds to the total volumetric flow into node 1. 217 

��	,����,�� � refers to the mass flux of LS water entering the node and is calculated as: 218 

��	,����,�� � = �,��	,,��� + �-��	,-��� 																			(2)  219 

We assume that the LS water is partitioned among the downstream pores in proportion to their 220 

individual flows. Thus the mass flux of tracer entering pore 1 is given by  
/0

/1�2�,0 ��	,����,�� �. The mass 221 

flux of tracer leaving pore 1 is calculated as: 222 

��	,�"�#$�%� = ����	,���� 									(3) 
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 223 

Figure 3 Phase configuration for four connected pores in a 2D network (left) at the start of a timestep (right) at  224 
 the end of the timestep. 225 

 226 

 227 

 228 

2.4. Coupling the LS Effect to Tracer Concentration 229 

Although the precise cause of any LS effect may be related to a wide variety of pore-scale 230 

phenomena, we assume in this work that wettability alteration is the main consequence of the 231 

underlying chemistry and hence of any LS effect. This occurs when the initial contact angle 232 

attributed to a capillary element changes when it comes into direct contact with LS water. If the 233 

contact angle change shifts the network wettability towards a less oil-wet configuration, a reduction 234 

of the resisting capillary forces is expected, which could affect recovery. 235 

When an oil-filled pore is being invaded with LS water (or is adjacent to LS water-filled pores), we 236 

assume that its initial oil-water contact angle can change according to its salinity (or the average 237 

salinity corresponding to adjacent water-filled pores). The new contact angle is calculated as: 238 

4���,� = 4�����56,� + ∆4 ×Ψ(��	)											(4) 
where ∆4 is a parameter that corresponds to the maximum contact angle change when the 239 

concentration of LS water is equal to one and Ψ is a Hill function (Atkins, 1973) [24] given by: 240 

Ψ(C:;) = ��	� (1 − Γ�)
��	� (1 − 2Γ�) + Γ� 														(5) 

Γ refers to the concentration at which half of ∆4 is reached, whilst n is the Hill function exponent 241 

that determines the rate of change. In this model, we set n equal to 30 and Γ equal to 0.88 (Figure 242 

4), meaning that the local salinity must be relatively low for a significant contact change to occur. 243 

This results in a naturally delayed wettability alteration on a timescale of tens of minutes (as the 244 

salinity gradually reduces as the LS brine permeates the system). The timescale associated with 245 

wettability alteration has been a topic of some interest in the past and LS waterflooding has 246 

encouraged renewed research in this area. Whilst some studies have observed very rapid wettability 247 
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modification (Al-Anssari et al., 2015 [25]), others have described contradictory behaviour – for 248 

example, Mahani et al. (2015) [26] have recently reported a time constant of hours to days for some 249 

wettability changes to occur for a specific glass/clay/fluid system (although data exhibited a wide 250 

degree of scatter). Whilst an additional delay term could be readily included in (4) for any rock/fluid 251 

system of interest, the timescale for wettability alteration is affected by a wide range of physico-252 

chemical properties – including brine composition, clay type, clay orientation, pH, and oil 253 

composition – hence, we choose to exclude this refinement at this stage. Furthermore, under certain 254 

flow conditions and viscosity ratios, delayed wettability modification could also result in the 255 

premature termination of LS floods caused by topological limitations of our 2D system: the absence 256 

of the third dimension means that a network could reach residual oil saturation before any contact 257 

angle modification had had time to occur (whilst in 3D there would be cases where some oil 258 

remained connected to the system outlet following water breakthrough). Note that this issue could 259 

also have important implications for LS micromodel experiments characterised by long wettability 260 

modification timescales – the 2D nature of such experiments means that any LS effect could be 261 

underestimated as far as displacement of bulk oil is concerned.  262 

 263 

Figure 4 Hill Function is used to relate the tracer concentration to LS effect. 264 

 265 

3. Results and Discussion 266 

3.1 Simulation Protocol  267 

In order to study the effect of LS water on oil recovery, we have run a large number of simulations 268 

covering a wide variation of injection protocols. Note that all simulations reported here are 2D in 269 

nature and only bulk oil displacement has been considered (the impact of layer flow and 3D 270 

implementation of the model in realistic rock architectures will be reported in a forthcoming paper). 271 

Two different injection scenarios are reported here: 272 

• LS-sec: This refers to the injection of LS brine in secondary mode – injection of the tracer 273 

occurs at the very beginning of the waterflood. 274 

• LS-ter: This refers to the injection of LS brine in tertiary mode. Once a spanning HS water 275 

cluster forms following a period of HS water injection, a drop in pressure is observed at the 276 

system outlet, and no further significant recovery is usually observed. It is at this point that 277 

we start the injection of LS brine. 278 
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To simulate the LS effect on contact angle, we consider three scenarios. As described earlier, we 279 

correlate the LS concentration to the contact angle change assigned to capillaries in direct contact 280 

with the LS brine. Initially, all the capillary elements are considered oil-wet and assigned a contact 281 

angle equal to 140°. As the concentration of LS water starts to build up in a capillary element, the 282 

associated contact angle starts to decrease until it reaches a minimum value corresponding to a 283 

tracer concentration equal to one (i.e. a salinity of zero). The three scenarios studied here are as 284 

follows: 285 

• OWOW: This corresponds to a change from a strongly oil-wet configuration to a weakly oil-286 

wet configuration. The contact angle change is ∆4=30° and a maximum shift from 140° to 287 

110° is allowed in the contact angles of the capillaries in direct contact with low salinity 288 

brine.  289 

• OWNW: This corresponds to a change from a strongly oil-wet configuration to a neutral-wet 290 

configuration. The contact angle change is ∆4=45° and a maximum shift from 140° to 95° is 291 

allowed in the contact angles of the capillaries in direct contact with low salinity brine.  292 

• OWWW: This corresponds to a change from a strongly oil-wet configuration to a weakly 293 

water-wet configuration. The contact angle change is ∆4=60° and a maximum shift from 294 

140° to 80° is allowed in the contact angles of the capillaries in direct contact with low 295 

salinity brine.  296 

The additional oil displaced by LS processes can be greatly affected by the flow rate and the initial 297 

viscous ratio. We have therefore considered three different values for each, enabling us to 298 

investigate a vast range of experimental parameter combinations. 299 

• Viscosity ratio M=1 , 10, 100: the HS and LS water viscosity are fixed at 1cP and oil viscosity is 300 

varied according to the value of M of interest (for M=100, oil viscosity is equal to 100cP). 301 

• Frontal advance rates of V=1m/day (Ca=3.85
-7

), 5m/day (Ca= 1.93
-6

) and 10m/day (Ca=3.85
-6

) 302 

(>�5��$=1cP , >��6=10cP). Here, we have defined the macroscopic capillary number (Ca) as 303 

�? = @1�A�B2��C
D   (Blunt, 2017 [23]) where > and E are the viscosity of the injected fluid and the oil-304 

water surface tension, respectively. 305 

 306 

3.2. Base Case Parameters 307 

For the simulations carried out in this work, 200x100 statistically generated networks are used to 308 

examine the LS effect – this corresponds to a physical sample size of (2cm x 1cm). We consider the 309 

networks to be initially oil-wet with contact angles equal to 140°. The initial viscosity ratio is equal to 310 

10 (>�5��$=1cP, >��6=10cP), and water is injected at a rate that is consistent with an average frontal 311 

velocity V equal to 5m/day (see Appendix for more details about water injection at constant flow 312 

rate). LS brine gradually shifts the contact angles from 140° to 95° (OWNW). The initial water 313 

saturation is set to 0 for the simulations undertaken here – this allows us to examine the impact of 314 

contact angle modification on displacement efficacy without introducing the additional confounding 315 

factor of LS brine mixing with HS Swi (although this is an important issue to address in future work, as 316 

it could introduce an additional delay in wettability alteration and any LS effect). 317 
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 318 

Figure 5  Right: Network description. Left: corresponding steady-state mercury injection capillary pressure curves  319 
 (primary  drainage and spontaneous imbibition) 320 

For ease of interpretation, we restrict our simulations to relatively simple geometric networks that 321 

have an average connectivity and range of pore sizes that are consistent with a generic sandstone. 322 

The inscribed radii are sampled from a Truncated Normal distribution (Figure 6) and the networks 323 

are distorted to generate a range of pore lengths. We reiterate that irregular network topologies 324 

obtained from image data pertaining to real rocks can be accommodated by the model and these 325 

will form the focus of a future publication. 326 

 327 

Figure 6: Pore size distribution of the statistically generated networks used in the thesis: Truncated Normal (μ=9, σ=6) 328 

The geometrical properties of the statistically generated networks are given by Table 1. These 329 

parameters result in network porosities and permeabilities of F = 7.56% and K = 208NO 330 

respectively. 331 

Table 1 : Geometrical properties of the statistically generated networks used in the scope of this work. 332 

Coordination number 3.65 

Average Pore Length 100 >N 

Maximum Inscribed Radius 30 >N 

Minimum Inscribed Radius 1 >N 

Pore Size Distribution Truncated Normal (NP?Q	(>) = 9, SO(E) = 6) 

 333 
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3.3 Stochastic Variability 334 

The 2D statistically generated networks used in this study are distorted and pore radii are sampled 335 

from a predefined pore size distribution. During the sampling operation, it is important to be able to 336 

reconstruct exactly the same network in order to make valid comparisons between different 337 

simulations when certain rock/fluid properties and injection protocols are varied. We therefore use 338 

a unique random number seed when we generate a given network – this can be seen as a parameter 339 

that ensures that every time we sample a sequence of numbers from a random distribution, we 340 

always end up with the same sequence. Therefore, two networks generated with the same seed 341 

would share identical microscopic and macroscopic properties. Two statistically generated networks 342 

built from two different seeds, however, would share the same macroscopic properties (i.e. average 343 

coordination number, pore size distribution) but they would have completely different spatial 344 

distributions of pores: although the radii of both networks are sampled from the same distribution, 345 

they evolve different phase structures due to their different seed numbers. 346 

This is clearly apparent in Figure 7, where HS water injection is simulated on two networks 347 

generated from two different seeds. Although both networks share the same properties and the 348 

same flow parameters have been used, the final water distributions are spatially rather different 349 

(even though the same flow regime is evident in this case). 350 

 351 

Figure 7  HS water distribution in two 2D networks after 4PVs. Base case network properties and flow parameters  352 
 are used to build and simulate the networks but using two different seeds. Water is coloured in white,  353 
 oil in black. 354 

The sensitivity to the seed might present some issues when trying to quantify a LS effect on 355 

additional oil recovery. As the oil produced can sometimes be affected by the available pathways 356 

and the random topology of the underlying networks, it is possible to observe two different EOR 357 

outcomes when we simulate the same experiment on two similar networks generated with two 358 

different seeds. To illustrate this point, we simulated HS water injection and secondary LS water 359 

injection (LS-sec) on two networks with two different seeds. This particular case lies at the crossover 360 

between capillary-dominated flow and modest viscous fingering. Figure 8 shows a small positive LS 361 

effect for the first network whilst a negative effect is observed for the second. 362 
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 363 

Figure 8 : Oil recovery during HS and LS-sec injection for two different seeds. Although a positive LS effect was observed for 364 
the first seed (left), a negative effect was seen in the second case (right). 365 

These results highlight the fact that deploying one single simulation using one seed (or one single 366 

experiment) should not be considered as a reliable approach to quantify the effect of the underlying 367 

EOR process. To address this, we run multiple simulations for each scenario on several networks 368 

generated with multiple different seeds. In this work for instance, every single scenario has been 369 

carried out on ten different networks which share the same average properties but which are built 370 

with different random structures. The results are presented as statistical distributions rather than 371 

single curves. If we consider again the HS water injection versus secondary LS water injection, case 372 

shown in Figure 8, the range of final recoveries after injecting four pore volumes for different 373 

network realisations is illustrated in Figure 9. 374 

 375 

Figure 9 : Simulated final oil recovery after 4 PVs for HS and LS-sec processes using ten seed values. A statistical dispersion is 376 
used to quantify the LS effect instead of referring to a single simulation values. 377 

Using this approach it is apparent that, for this particular parameter set, secondary LS injection 378 

yields, on average, a slightly negative effect on recovery compared to HS injection. When looking at 379 

the simulated results individually, however, a positive LS effect might be observed for some cases. 380 
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The average shift in recovery can best be determined by looking at the Interquartile Range (IQR) 381 

(depicted by the grey area in Figure 9), which shows the middle 50% of the simulated final 382 

recoveries.  Of course, using ever larger networks should help reduce the observed variance in 383 

results but some degree of scatter will always be present. 384 

In the following section three wettability scenarios, three viscous ratios and three flow rates will be 385 

considered for three injection protocols. For each case, ten networks were constructed with 386 

different seeds and the final oil recovery after four pore volumes of injected water were measured. 387 

This sums to a total of 210 simulations carried out in this study 388 

3.4 LS Water Effect 389 

3.4.1 Base Case 390 

We will begin by considering the 2D network and flow parameters described in Table 1. Both 391 

secondary and tertiary LS water injection are simulated, and final oil recovery is compared to the 392 

recovery obtained via HS water injection alone (Figure 10). The contact angles of the pores in direct 393 

contact with LS water are allowed to change from 140° to 95° (OWNW case). 394 

 395 

Figure 10 : Final oil recovery after 4 PVs for: HS, LS-sec and LS-ter processes. Ten seeds are considered for each case. 396 

Results show that LS water injection in secondary mode yields, on average, a slightly poorer recovery 397 

when compared to recovery due to HS water injection. Whilst this might appear counter-intuitive 398 

(the capillary pressures are expected to be reduced at the entry of pores due to the shift of contact 399 

angles towards a neutral-wet value and so to the reduction of TUV4), this effect can be explained by 400 

examining the final water distribution for each case (Figure 11). 401 
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 402 

Figure 11 : Final water distribution after 4PVs of HS water injection (left) LS water injected in secondary mode (middle) and 403 
LS water injected in tertiary mode (right). Wettability configuration: OWNW. HS water is coloured in white, LS water in light 404 
blue and oil in black. 405 

Whilst the water invaded the network following a capillary fingering pattern during HS water 406 

injection, viscous fingers emerged during LS injection in secondary mode. The contact angle 407 

modification has changed the ratio of viscous to capillary forces and shifted the flow regime from 408 

capillary fingering to viscous fingering (which resulted in thin fingers breaking through the network). 409 

Although smaller oil-filled pores might be available at this stage to the invading water, the change of 410 

flow regime (and thus the elongation of the water clusters) has had a detrimental effect on the final 411 

oil recovery. 412 

Tertiary LS water injection has no positive effect on oil recovery for the base case parameter set. 413 

This can be explained by the drop in pressure gradient observed after water breakthrough. Indeed, 414 

although the capillary entry pressures have been reduced due to LS-induced contact angle 415 

modification, the pressure gradient across the network and at the tips of water clusters are not high 416 

enough to displace any additional oil and the LS brine simply flows through the well-established HS 417 

backbone. 418 

3.4.2 Effect of Wettability Modification  419 

The effect of each wettability modification scenario is now studied. We now include both OWOW 420 

and OWWW cases alongside the OWNW scenario, where the contact angles of the capillary 421 

elements in direct contact with LS water shift from 140° to 110° and 80° respectively. Final recovery 422 

results are presented in Figure 12. 423 
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 424 

Figure 12 : Final oil recovery after 4 PVs for: HS, LS-sec and LS-ter processes. Three wettability configurations are 425 
considered: OWOW, OWNW and OWWW. Ten seeds are considered for each case. 426 

For the OWOW configuration, the effect of LS water is positive but relatively small for secondary 427 

mode. In addition, no LS effect is observed when LS water is injected in tertiary mode. The reduction 428 

of contact angle from 140° to 110° corresponds to a drop of the capillary pressures by a factor of 2 429 

(
WXY�-Z
WXY��Z)  which is not sufficient to trigger significant additional oil displacements for this particular 430 

pore size distribution. In contrast, when the wettability of the network is shifted toward a more 431 

water-wet state (OWWW), a marked increase in oil recovery is observed for both secondary and 432 

tertiary modes. For instance, approximately 33% of the original oil in place (OOIP) is recovered for 433 

the LS-sec scenario compared to an average of 27% after HS water injection.  434 

 435 

Figure 13 : Final water distribution after 4PVs of HS water injection (left) LS water injected in secondary mode (middle) and 436 
LS water injected in tertiary mode (right). Wettability configuration: OWWW. HS water is coloured in white, LS water in light 437 
blue and oil in black. 438 
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The final water distribution for the OWWW case is displayed in Figure 13. For the secondary LS 439 

water process, the invasion pattern is similar to a stable displacement. Note that this case 440 

corresponds to an imbibition process and although the network appears to be fully saturated with 441 

water, most of the large pores remain oil-filled and trapped. For the tertiary LS injection case, the 442 

wettability modification removes the capillary pressure barrier at the oil-water interface, which 443 

make it possible for fingers to swell transverse to the global pressure gradient. 444 

Note that when the network wettability changes to a water-wet configuration, additional pore filling 445 

mechanisms might begin to play a role following exposure to LS brine, such as film swelling, layer 446 

flow, and snap-off events. Although a basic film flow mechanism has been included in the current 447 

model (mainly to define the trapped fluid clusters), additional mechanisms need to be added in the 448 

future to assess the effect of LS water on film and layer behaviour. This is currently being 449 

implemented in the model and is discussed in the Conclusions section of the paper. 450 

 451 

3.4.3 Effect of Viscosity Ratio M 452 

To study the effect of viscous ratio, we consider three oil viscosities: 1cP, 10cP, and 100cP whilst 453 

maintaining the water viscosity equal to 1cP and the frontal advance rate at 5m/day (Ca= 1.93
-6

). 454 

This results in three viscosity ratios: 1, 10 and 100. Both secondary and tertiary LS water processes 455 

are considered alongside HS water injection, and final oil recovery results are presented in Figure 14 456 

and Figure 15.  457 

The viscous ratio is found to have a significant impact on additional oil production following LS 458 

injection. Whilst a negative secondary LS water effect has been observed for M=10 (base case), both 459 

M=1 and M=100 yield a positive LS effect in secondary mode compared to HS injection. This 460 

incremental recovery is higher for M=1 (42% total recovery compared to 34% for the HS case), as the 461 

viscous forces in the aqueous phase are close to those in the oleic phase. Thus higher pressure 462 

values are expected to be maintained in the network and more oil displacements are expected when 463 

the capillary pressures are reduced for this viscosity ratio. This also explains the small positive 464 

tertiary LS effect, with oil recovery increasing by an average of 2%. Note also that at this viscous 465 

ratio, no change of the flow regime is expected (in contrast to the M=10 case), and the growth 466 

pattern is expected to remain similar to capillary fingering. 467 
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 468 

Figure 14 : Final oil recovery after 4 PVs for: HS, LS-sec and LS-ter processes. Three viscous ratios are considered:1, 10 and 469 
100. Ten seeds are considered for each case. 470 

 471 

Figure 15 : Final water distribution after 4PVs of HS water injection and LS water injected in secondary mode for different 472 
values of viscous ratio. Wettability configuration: OWNW. HS water is coloured in white, LS water in light blue and oil in 473 
black. 474 

For M=100, the regime is expected to revert to viscous fingering, and secondary LS water injection 475 

results in additional recovery (an average of 15% compared to 12% for HS water injection) due to the 476 

reduction of capillary entry pressures. No tertiary LS injection effect is observed, however, due to 477 

the weak viscous forces in the aqueous phase (which make it difficult to displace more oil after the 478 

reduction in contact angles, especially after the decrease in global pressure following breakthrough). 479 

 480 

3.4.4 Effect of Flow Rate 481 

We finally study the effect of LS water injection in both secondary and tertiary modes for three 482 

frontal advance rates: 1m/day, 5m/day and 10m/day. An OWNW system is used for all three cases 483 
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and the viscosity ratio is fixed at M=10. Simulated final recovery results are presented in Figure 16 484 

and Figure 17. 485 

These results show that the flow rate also plays a key role in determining the efficacy of LS injection 486 

in secondary mode. As discussed earlier, the change of regime from a capillary growth pattern to 487 

viscous fingering results in a negative LS effect for V=5m/day (Ca=1.93
-6

) (base case). This behaviour 488 

is magnified for V=10m/day (Ca=3.85
-6

)  where the fingers are expected to be thinner, and thus the 489 

final oil displacement is, on average, 5% less that the that achieved during HS water injection. In 490 

contrast, when the flow rate is low enough to prevent any regime change – as is the case for 491 

V=1m/day (Ca=3.85
-7

)   – a positive LS effect is observed (an increase of approximately 4% compared 492 

to the HS case). No tertiary LS effect was obtained for the three cases studied. 493 

 494 

Figure 16 : Final oil recovery after 4 PVs for: HS, LS-sec and LS-ter processes. Three frontal advance rates are considered: 495 
1m/s, 5m/s and 10m/s. Ten seeds are considered for each case. 496 

 497 

Figure 17 : Final water distribution after 4PVs of HS water injection and LS water injected in secondary mode for different 498 
values of flow velocity. Wettability configuration: OWNW. HS water is coloured in white, LS water in light blue and oil in 499 
black. 500 
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Note that all of the results reported so far relate to one particular network architecture and one 501 

particular pore size distribution. It is highly likely that rock structure and variance in pore size will 502 

both play important roles in determining the outcome of a LS flood – these issues will be presented 503 

in forthcoming papers. 504 

 505 

4. Conclusions   506 

In this paper, we have introduced for the first time a new formulation to study the effect of low 507 

salinity brine injection using an unsteady-state pore network model. LS injection has been 508 

considered by adopting a simplified, pragmatic approach, whereby the manifestations of the 509 

underlying complex chemistry have been implemented through various modifications to effective 510 

contact angle (i.e. wettability alteration). A statistical approach has been introduced where, instead 511 

of relying on a single simulation for each parameter combination, a range of statistically similar 512 

networks have been used and the full distribution of results presented. This has necessitated the  513 

running of a large number of simulations (in excess of 200) in order to study the effect of LS brine 514 

injection on oil production from 2D networks in secondary and tertiary modes. For brevity, not all 515 

results have been shown here but the full range of simulations can be found in Boujelben (2017) 516 

The study shows that impact of LS brine on oil displacement can be affected by several key 517 

parameters, including – but not restricted to – viscosity ratio, injection rate, and the extent of LS-518 

induced wettability modification. It is consequently extremely difficult to predict a priori any 519 

outcome without running a range of suitably-anchored network modelling simulations. Both positive 520 

and negative secondary LS effects have been observed and a change in the flow regime has been 521 

found to be a key mechanism by which LS injection can affect additional oil recovery. Results show 522 

that tertiary effects are less significant but are more likely to occur for low viscous ratios and 523 

wettability changes that shift the network to a water-wet configuration.   524 

More specifically, for the particular network configuration studied (pore size distribution, average 525 

connectivity), the following was observed for each LS-induced wettability change: 526 

(i) Oil-Wet pores becoming less Oil-Wet (OWOW): almost all cases studied exhibited a positive 527 

secondary LS effect, but no significant tertiary LS effect was observed; 528 

(ii) Oil-Wet pores becoming close to Neutral-Wet (OWNW):  this scenario showed greater variation 529 

in LS outcome (a generally positive secondary LS effect was seen but there were several exceptions. 530 

One parameter combination (M=1, V=10m/day) also showed a positive tertiary LS effect; 531 

(iii) Oil-Wet pores becoming Water-Wet (OWWW): all cases gave a positive secondary LS effect and a 532 

smaller positive tertiary LS effect (the latter supplemented by clear-out of capillary end effects). 533 

At fluid-fluid interfaces, the relative drop in viscous pressure gradients versus capillary entry 534 

pressures plays a central role in determining the potential for additional displacement via LS flooding 535 

and this balance is controlled through synergies amongst various system parameters (Figure 18). It is 536 

therefore not surprising that some floods could switch flow regime under LS conditions. 537 

Or course, the results presented here correspond to a single pore size distribution (and other 538 

network properties associated with a generic sandstone) and changing such parameters could be 539 

expected to yield different outcomes from those shown in this work – both in direction and 540 

magnitude. Furthermore, note that we have chosen to neglect explicit models for corner and layer 541 

flow at this stage of the modelling and these could be important complementary displacement 542 
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mechanisms. Corner flow could be important as a transport mechanism for the injected LS brine, for 543 

example, and there is also potential drainage of oil layers from oil-wet pores in response to local 544 

changes in brine salinity.  Considering an angular pore in which HS water and oil layers remain in the 545 

corners following HS flooding, the extent of the oil layer will depend on the local capillary pressure – 546 

subsequent LS invasion could then produce additional oil as menisci push further into the pore 547 

corners and corner water swells to maintain consistency with the modified capillary pressure. 548 

Depending upon the precise pore geometry and fluid properties of the system, the contribution of 549 

such oil drainage to the overall recovery could be important. Additional mechanisms could also be 550 

added to improve the modelling of LS transport: for example, diffusion could be implemented in 551 

future work and this might be relevant at very low flow rates. 552 

It should be highlighted that the simulations carried out in this work used 2D networks and, although 553 

these networks provide valuable insights into the impact of the mechanisms studied, we stress that 554 

the third dimension is also an important factor that should be examined. The trapping 555 

characteristics, for example, differ between 2D and 3D systems, as water clusters have more space 556 

to swell in 3D space and oil clusters have more escape routes to the system outlet. Furthermore, the 557 

presence of an initial high salinity (HS) water saturation could also be important and so 3D 558 

simulations at non-zero initial water saturations are needed to consolidate the conclusions reported 559 

here (this work is currently on-going).  560 

It should also be noted that the scale of the simulations could affect the degree of additional 561 

recovery due to LS water injection. The work of Regaieg et al. (2013) [27] has previously 562 

demonstrated the impact of network length on the thickening of viscous fingers after breakthrough 563 

(due to its impact on the balance between the final pressure gradient across the network and the 564 

capillary forces across oil-water interfaces), and so it is reasonable to conclude that the size of the 565 

system undergoing LS water injection could be an important determinant of LS efficacy. 566 

Although the simplified approach presented here does not yet include a number of complementary 567 

mechanisms, our results nevertheless emphasise the complexity of phenomena occurring at the 568 

pore-scale (even in the absence of explicit chemical modelling and layer flow). Pore network 569 

modelling is a valuable tool with which to examine scenarios that can be challenging to realise 570 

experimentally.  Indeed, by running a series of network LS simulations, we are able to identify key 571 

areas of parameter space that are more likely to elicit a positive LS response than others. 572 

 573 

 574 
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 575 

 576 

Figure 18 : Schematic showing how various system parameters could interact to affect the local balance between viscous 577 
and capillary forces during a LS waterflood. 578 
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Appendix: Unsteady-State Model Description 664 

The unsteady-state flow model developed in this work is based upon an earlier model by Regaieg et al., 2013. [27] Like any 665 
other pore network model, a number of underlying assumptions are made when implementing the basic unsteady-state 666 
drainage model.  667 

• The flow inside the capillary elements is considered to be laminar – the meniscus between two fluids is assumed 668 
to be always perpendicular to the axis of the pore.  669 

• The fluids inside the capillaries are incompressible and immiscible. 670 

• Film flow is not modelled explicitly at this stage (although it is taken into account in the context of phase 671 
trapping). 672 

• Counter-current imbibition is not considered. 673 
• Ganglia mobilisation is neglected. 674 

• Gravity forces are not considered significant. 675 

To simplify the model description, we will consider a waterflooding simulation where water displaces oil in an oil-wet 676 
network. The workflow of the model is described by Figure 19. At each timestep, (1) the network is explored to look for 677 
trapped clusters; (2) a capillary pressure term is calculated in each capillary element containing an oil-water meniscus; (3) a 678 
pressure gradient is coupled to the chosen flow rate; (4) mass conservation is applied at every node, the pressure field in 679 
the network is calculated, and elementary flows in each capillary element are derived; (5) pores exhibiting counter-current 680 
imbibition behaviour are temporarily frozen, and the pressure solution is iterated (step 3), until a consistent pressure field 681 
with no counter-current imbibition flow is attained; (6) phase saturations are updated according to mass conservation. This 682 
sequence is repeated until a desired number of pore volumes has been injected. 683 

 684 

Figure 19 : Unsteady-state model workflow 685 

1. Capillary Force Calculation 686 
Inlet and outlet pores are assigned, and the network is filled with oil. Every pore is assigned two fluid flags at the end of its 687 
two extremities. These flags signal the existence of either oil or water at each end of the capillary element and determines 688 
whether a capillary pressure term should be included in the pressure solution. The simulation begins with water flowing 689 
into the inlet pores – the fluid flags on the upstream extremities of these pores are consequently instantaneously switched 690 
to “water” (Figure 20). 691 

At every timestep during the simulation, the network is explored to look for menisci in capillary elements. A meniscus is 692 
taken into consideration when water is displacing oil from an oil-filled pore. This is reflected in the corresponding code by 693 
the presence of two different fluid flags. If the pore being considered is untrapped, we calculate the capillary pressure term 694 
corresponding to the meniscus separating the two fluids. 695 
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In the case of a cylindrical bond, the capillary pressure [\ is given by the Young-Laplace equation: 696 

[\ = 2ETUV4
] 																			(6) 

where E is the interfacial tension, ] is the pore radius and 4 is the oil/water contact angle. 697 

 698 

Figure 20 : Fluid flags at the extremities of pores. Inlet pores are assigned a water flag at their inlet extremities to trigger 699 
the creation of a meniscus and a capillary pressure (a). Water starts to invade the network from the inlet pores (b). 700 

2. Computing the Pressure Field Across the Network 701 
Computing the nodal pressure field throughout the simulation is an essential component of the simulation process and is 702 
used to update the network state at each time step. In this section, we describe the methodology used to determine the 703 
pressure field in the network under consideration. 704 

We set a fixed injection rate for the flood (although constant pressure drop simulations can also be readily considered), 705 
which is effectively used as a boundary condition to determine the nodal pressure distribution and elementary flows within 706 
the system at each time step. We assume that for a single element of shape factor ^, length _ and cross section `, the flow 707 
� is given by a Poiseuille-type law: 708 

� = a∆[	, a = b `c^> 																					(7) 
where a is the element conductance, > is the fluid viscosity in the element and ∆[ the pressure difference acting across 709 
the element. 710 

By applying a pressure gradient across the network (we choose to set a zero pressure at the inlet and a negative pressure 711 
at the outlet to ensure we have a phase flow towards to outlet), the pressure field inside the network can be obtained by 712 
applying the mass conservation law at each node i: 713 

d��e = 0
�

																																				(8) 

where ��e is the flow between node i and node j. When a capillary pressure is present across the curved interface between 714 

oil and water in a pore, a capillary pressure term should be included in the set of equations to obtain a consistent pressure 715 
solution. To do so, whenever a fluid-fluid interface is present in a capillary element, the elementary flow equation 716 
becomes: 717 

��e = af[� − [e g [\h																									(9) 
The sign of [\ is determined based on the direction of flow from i to j. As we are treating a drainage case, the capillary 718 
pressure would always be resisting the advancing water flow. For instance if the water is flowing from i to j ([� i [e), the 719 

sign of [\ would be the opposite of [� − [e, and vice versa. 720 
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Applying the mass conservation law at for every node yields a system of linear equations where the nodal pressures 721 
constitute the unknowns. The system can be written schematically as: 722 

^	 × 	[ = � + �									(10)	 
where ^ is the conductivity matrix, [ is the vector of unknown nodal pressures, � is the vector describing the flow at the 723 
boundaries, and C is the vector capturing the capillary forces. The boundary conditions are provided by the pressure values 724 
in the inlet and the outlet pores.  725 

We solve this system using Cholesky factorisation when dealing with 2D networks. This method can become considerably 726 
slow for 3D networks, and the simulator switches automatically to the bi-conjugate gradient method. 727 

3. Coupling the Pressure Gradient Across the Network to the Flow Rate 728 
To compute a consistent pressure field corresponding to the target flow rate, we need to apply the appropriate pressure 729 
gradient between inlet and outlet pores. To solve this problem, we begin be assigning a null pressure at the inlet, and an 730 
initial approximation to the outlet pressure resulting in an initial pressure gradient equal to ∆[Z. We then compute the 731 
pressure field corresponding to ∆[Z, which then allows us to calculate the elementary flows. By summing flows from the 732 
outlet pores, we obtain the total outlet flow �(∆[Z) corresponding to the initial approximation ∆[Z. We then apply an 733 
iterative Secant Method to find a \Delta P value satisfying the desired target flow. The computed pressure gradient at the 734 
(b + 1)�j  iteration is given by: 735 

∆[kl� = ∆[k − (∆[k − ∆[km�) �(∆[k) − ��5$n���(∆[k) − �(∆[km�)																			(11) 
Once the Secant method has converged, we apply the resulting pressure gradient to the network, finalise the pressure 736 
value at each node, and go on to determine the new flow in each capillary element. 737 

4. Closing Pores with Counter-current Flow 738 
If we consider the configuration described by Figure 21, it is possible to conceive a scenario where the calculated 739 
elementary flow is directed from node 2 to node 0. This case would correspond to an imbibition process where oil 740 
displaces water in our oil-wet network. The model does not allow this in order to conserve the mass of the aqueous phase 741 
(although it will be modelled in the ganglion module described later), and thus, all the pores where an imbibition process is 742 
taking place become “closed” temporarily (this is achieved by assigning them a null conductivity). The pressure field is 743 
computed again until we reach a configuration where no imbibition flow is occurring (Figure 21, right). The pressure field is 744 
then consistent with all the elementary flows and mass is conserved when updating the phase fractions. 745 

 746 

Figure 21 : When the flow in a pore is directed from the defending phase to the invading phase, the pore is closed and the 747 
pressure field is solved calculated again. Q4+Q3+Q2=Q1 (left) Q4'+Q3'=Q1' (right) 748 

5. Multiple Pore Filling Algorithm 749 
Once the elementary flows are known for all the capillary elements, we loop over all the untrapped pores where the water 750 
flow is positive, and we update the water fractions �5��$,�  in all of these pores according to: 751 
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�5��$���,� = �5��$��� ,� + ��∆�'� 										(12) 
where '� is the pore volume, �� is the pore elementary flow, and ∆� is the time step used in the current iteration.  752 

The time step is calculated at each iteration to ensure mass conservation when updating phase fractions. Thus, the 753 
timestep chosen corresponds to the shortest time required to fill entirely an oil-filled pore hosting an oil/water meniscus. 754 
∆� is therefore calculated as follows: 755 

∆� = o�Q�∈ℵ '��� �5��$,� 															(13) 
where ℵ is the set of untrapped pores with an oil/water interface. 756 
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Highlights 
• A new pore network model is proposed to simulate low salinity water flooding, where tracer 

dynamics are coupled with the degree of wettability alteration. 

• A stochastic approach is adopted to assess statistical variability in recovery outcomes. 

• A change in the dominant flow regime (capillary fingering, viscous fingering, frontal advance) 

is found to play a major role in determining LS efficacy. 

• LS effect is shown to interact non-linearly with the prevailing system properties (i.e. flow 

rate, viscous ratio). 

 


