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ABSTRACT 
In this paper, we discuss first steps towards an explicit numerical description of water-

based chemical IOR/EOR processes on the continuum scale. Low-salinity-water and 

alkaline flooding belong to this family of water based methods. The mechanism governing 

additional oil production during low-salinity-water flooding is believed to be a combination 

of several physicochemical processes like multicomponent ion exchange and double layer 

expansion. These processes are captured in a complexed mechanistic model implemented 

in the open-source flow and transport simulator DuMux. Explicit description, in this 

context, means to implement the change of wetting properties due to the composition of 

the injected water by a set of chemical processes linked to concentrations and the 

concentrations to measured and interpolated flow properties such as relative permeability 

and capillary pressure saturation functions. The developed models are intended to be used 

for the design and interpretation of core-flood experiments, and will serve as a basis for 

upscaling. 

 

INTRODUCTION 

Many studies indicate that recovery of crude oil by water flooding (in secondary and 

tertiary recovery mode) can often be improved by simple and cost effective means through 

modifying the ionic composition of the injection water. Low salinity water flooding 

(LSWF) and alkaline flooding belong to this family of low-cost, water-based improved oil 

recovery (IOR) and enhanced oil recovery (EOR) methods. The recovery mechanisms of 

both deviate: while low saline water flooding modifies the wetting state of the reservoir as 

a result of reactions between constituents of the injected water and mineral-fluid interfaces, 

in alkaline flooding, surface active components are generated in-situ by contacting alkali 

solutions with specific crude oil components such as fatty acids, lowering interfacial 

tension between brine and crude. Nevertheless, both methods are not independent of each 

other and deserve a common investigation, however, in the present study, we primarily 

focus on LSWF. 

 

The mechanisms governing low salinity effects are believed to be a combination of several 

physicochemical processes as in double layer expansion (DLE), multicomponent ion 

exchange (MIE), fine migration, emulsification and salting out among others. DLE and 
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MIE are the two most quoted phenomena extensively investigated in the past decades. 

Researchers investigated DLE on pore scale during LSWF and managed to accurately 

simulate the impact of electrical double layer on ionic diffusion behavior adjacent to a 

charged surface [1]. In another study [2], mass transfer equilibrium reactions characterizing 

ion exchange processes emerging during core flooding with diluted brine which was further 

confirmed by experimental evidence by a difference reported between divalent ion 

concentration of the injected brine and that of the effluent [3]. Their work has been further 

developed by several researchers [4, 5] through proposing equilibrium and kinetic reactions 

models to describe MIE during LSWF. 

 

Additional recovery through the mobilization of fine particles is discussed controversially 

among researchers. Partial stripping of mixed wet particles alongside incremental oil 

recovery was reported as core flooding experiments had been executed with chemically 

modified injection water [6]. On the other hand, during a different study no fines migration 

or permeability reduction has been observed, although numerous core flood experiments 

were performed by LSWF [4]. The same conclusion can be derived based on studies 

inspecting alkaline like behavior of LSWF: results published by Lager et al. [4] indicate 

that despite the observed alkaline like behavior (water-in-oil emulsification, interfacial 

tension reduction) due to carbonate dissolution and cation exchange in several studies [7, 

8], local pH increase in all probability is not the cause of incremental oil recovery. 

 

Surface electrical potentials are responsible for wetting properties. Charged mineral 

surfaces are screened to a certain extend by dissolved ions of the aqueous phase forming 

an electrical double layer resulting in an effective electrical surface potential (zeta-

potential). Lowering the ionic strength of the solvent, results in higher zeta potential 

yielding to an increase in the thickness of the double layer. If the double layer of two, 

similarly charged surfaces overlap, repulsive forces dominate over attractive forces, 

promoting desorption over adsorption. Under reservoir conditions, double layers form on 

the pore wall as a result of the charged mineral surfaces and the brine – crude oil interface 

caused by accumulation of polar organic components at the interface. Lowering the ion 

concentration of the brine yields a reduction in the ionic strength and gives rise to 

overlapping double layers. Therefore, electrical double layer expansion and as a 

consequence, desorption of polar organic compounds is a consequence of the interaction 

of Van der Waals forces in the crude oil – brine – rock system. [9] 

 

Other than to double layer expansion, divalent ions contribute to multi-component ion 

exchange simultaneously. Polar organic compounds adsorb to charged solid surfaces by 

virtue of indirect bonds functioning as ion or ligand bridges. Upon injecting water with 

reduced divalent ion concentration, adsorbed carboxylic aggregates are stripped from the 

pore wall as ion and ligand bridging, and ion exchange processes emerge. [10] 

 

 

 

STRATEGY 
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The objective of the here presented research is to develop the numerical capability for an 

explicit description of low-saline water flooding processes on the continuum scale. In this 

context, explicit description means that the change of wetting properties is linked to 

measured and interpolated flow properties. The developed model will be used for design 

and interpretation of core flood experiments and will serve as a basis for upscaling from 

the continuum-scale to field scale applications. 

 

For these purposes, the relevant chemical mechanisms governing LSWF are coupled in a 

complex mechanistic model based on the work of Kuznetsov et al. [11]. In this work the 

physicochemical processes causing a change in the wetting state are described by a set of 

chemical reactions. Due to the complexity of the proposed mechanistic model, it is 

decomposed into three, superimposed problems in a manner that in each sub-model a new 

feature is introduced as shown in Figure 1. 
 

Figure 1: Strategy of the mechanistic model construction 
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A core sample saturated with oil and brine is flooded with chemically modified water 

characterized by a lower salinity of the injection water with respect to the initial brine 

phase. Due to the change in the total dissolved solids in the brine phase, the thermodynamic 

equilibrium between the crude oil, brine and rock is disturbed resulting in a new wetting 

state expressed by modified relative permeability and the capillary pressure saturation 

function. 

 

Figure 2: Basic model description 

 

The first phenomenological model is illustrated in Figure 2. The salinity of the brine is 
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Figure 3: Interpolation scheme applied in the phenomenological models 
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into equation (1) – (3), which is executed in every cell and each time step during the 

simulation: 

 𝑘𝑟𝑤(𝑆𝑤) = 𝐹(𝑥𝑠𝑎𝑙𝑡)𝑘𝑟𝑤
𝐿𝑆 (𝑆𝑤) + (1 − 𝐹(𝑥𝑠𝑎𝑙𝑡))𝑘𝑟𝑤

𝐻𝑆(𝑆𝑤) (1) 

 𝑘𝑟𝑜(𝑆𝑤) = 𝐹(𝑥𝑠𝑎𝑙𝑡)𝑘𝑟𝑜
𝐿𝑆(𝑆𝑤) + (1 − 𝐹(𝑥𝑠𝑎𝑙𝑡))𝑘𝑟𝑜

𝐻𝑆(𝑆𝑤) (2) 

 𝑝𝑐(𝑆𝑤) = 𝐹(𝑥𝑠𝑎𝑙𝑡)𝑝𝑐
𝐿𝑆(𝑆𝑤) + (1 − 𝐹(𝑥𝑠𝑎𝑙𝑡))𝑝𝑐

𝐻𝑆(𝑆𝑤) (3) 

 

Model 2: Adsorbed saline tracer 

As the next step, adsorption is introduced by relating the wettability alteration to the total 

amount of adsorbed ion concentration. As low saline water enters the pore, polar 

hydrocarbon components bound to the rock surface desorb as ions dissolved in the brine 

adsorb to the mineral surface. Desorption of organic components, and hence, the 

concentration of adsorbed organic components, is proportional to the concentration of 

inorganic ions adsorbing from the aqueous phase. In the present model, the source of 

adsorption is not studied at this stage; therefore, the process is controlled by an isotherm 

coefficient relating the concentration of salt ions dissolved in brine to the adsorbate 

concentration. As a result of coupling adsorption with the low salinity displacement, it is 

necessary to adjust the interpolation function. For this adsorbed tracer model, the 

interpolation coefficient correlates with the adsorbate concentration. 

 

Model 3: Mechanistic model 

In the next development phase, the mechanisms acting behind the organic component 

desorption were analyzed. At this stage, low saline effects are assumed to result from the 

double layer expansion and multi-component ion exchange. On this account, the number 

of salt components in the brine phase is increased: instead of a single salt component, 

monovalent ions are represented by Na+ compound, whereas divalent ions are denoted as 

Ca2+ component. 

 𝑁𝑎+ + 𝑆̂ ⇌ 𝑁𝑎̂                  ~ 𝐾𝑒𝑞1 (4) 

 𝐶𝑎2+ + 2𝑆̂ ⇌ 𝐶𝑎𝑉𝑑𝑊̂       ~ 𝐾𝑒𝑞2 (5) 

 𝐶𝑎2+ + 𝑆̂ ⇌ 𝐶𝑎𝑋̂               ~ 𝐾𝑒𝑞3 (6) 

 

The adsorption of monovalent and divalent ions is described by equilibrium reactions given 

in equation (4) – (6) between the dissolved ions (Na+, Ca2+) and the solid surface (𝑆̂) 

resulting in adsorbed monovalent (𝑁𝑎̂) and divalent (𝐶𝑎𝑉𝑑𝑊̂, 𝐶𝑎𝑋̂) ions. These chemical 

reactions are linked to the wetting properties through the total adsorbate concentration 

which determines the interpolation coefficient used to adjust multi-phase flow properties. 

The relative contribution of multi-valent ions to DLE and MIE [12], in addition to the 

impact of these two mechanisms on each other [13] are incorporated by an adjustment in 

the equilibrium constant of the chemical reactions capturing these phenomena. 

 

 

 

Implementation 
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The introduced model concept was implemented into the numerical framework of the open-

source porous media flow and transport simulator DuMuX. DuMuX can be applied to multi-

phase, -component, -scale and -physics fluid flow problems using continuum mechanical 

approaches. This software is a module of DUNE (Distributed and Unified Numerics 

Environment) that consists of several grid management, finite element shape function and 

iterative solver libraries resulting in fast computational performance, yet high flexibility 

and adaptivity [14]. 

 

The work presented here is based on a coupled, fully implicit 2-phase-N-component (2pnc) 

model capable to handle the number of components present in the fluid system with high 

flexibility, and solution-dependent flow properties. One of the extended versions of the 

2pnc model coupling mineralization and evaporation processes to porous media flow 

providing a good foundation to realize organic compound ad- and desorption processes as 

well [15]. 

 

RESULTS 
In the following section, simulation results are illustrated for the complex mechanistic 

model (Model 3), as during the development phase, Model 1 and 2 produced nearly 

identical results as Model 3. 

 

Figure 4a illustrates saturation profiles for a secondary water flood scenario, when low 

saline water is injected into a core at connate water saturation. Simulation results (blue 

curve) were compared with analytical solution (red curve) based on the Buckley-Leverett 

fractional flow theory. The numerical results show a smearing out effect on the shock fronts 

leading to slight deviation from the analytical solution which is caused by numerical 

dispersion. This dispersion is amplified as a consequence of the linear interpretation 

implementation that is well illustrated in Figure 4a as one may observe more significant 

smearing out on the low saline shock front than on the high saline shock front. Since flow 

properties are functions of salinity, the salinity change across the core (green curve) has a 

severe impact on the flow profile: a gradual change in salinity results in high dispersion on 

the low saline shock front. 

 

Figure 4b demonstrates the water and oil relative permeability curves for the high saline 

(dashed lines) and low saline water (dotted lines). The solid lines represent the relative 

permeability of Model 3 including the linear interpolation symbolized by the shift from the 

high saline permeability curve to the low saline lines. In the analytical solution, high saline 

flow properties change to low saline flow properties along a linear trend as a result of the 

abrupt change in the salinity on the interface of low saline and high saline water. In contrast 

to this, variation in the salinity and as a consequence, in the adsorbate concentration is a 

gradual change caused by a mixing zone between the high saline and low saline water. 

 

The relative contribution of the dissolved ions to the different adsorption mechanisms are 

represented by the adsorbate concentration curves shown in Figure 4c. As all reactions are 

assumed to be in equilibrium, the initial adsorbate concentration values, which strongly 
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depends on the brine ionic composition, must be specified under equilibrium conditions. 

These values are not easy to measure and have a strong dependency on the equilibrium 

constants and the total surface site available for the ions to react. Currently the surface site 

is a prescribed value, thus providing a good foundation for further development by linking 

this value to pore surface area per volume ratio and shape factors characterizing the oil-

brine-mineral contact area. 

 

  
Figure 4a: Secondary water flood simulation from 

Model 3 compared with analytical solution 

Figure 4b: Transition of relative permeability 

curves in secondary water flood 

 
 

Figure 4c: Adsorbed ion concentrations expressed 

in mole fraction in secondary water flood  

Figure 4d: Tertiary water flood simulation from 

Model 3 compared with analytical solution 

 

A tertiary recovery scenario was also simulated in order to evaluate the capability of the 

implemented model. In this case, a core with higher initial water saturation than connate 

water is flooded with the low saline water (Figure 4d). Similarly to the secondary water 

flood scenario, deviation between the analytical and the numerical results were observed 

due to the previously mentioned smearing out effect. Contrary to the secondary water flood 

scenario, where shock front heights determined by the simulation are identical to the 

analytical solution, in the case of the tertiary recovery, a difference was noted between the 

manner how oil bank forms based on the simulation and the analytical solution. Based on 

the Buckley-Leverett solution, oil bank height is constant, whereas in the model, oil bank 

height increases over time yielding to underestimation of the oil bank height at early 

simulation time, and overestimation at later simulation time caused by the fact that in case 
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of the analytical solution, constant injection rate is assumed, whereas in the simulation, due 

to current code limitations, constant pressure difference is applied over the core. 

 

Low salinity water flood is believed to cause economical increase in the recovery factor, 

only in cases where significant shift in the wettability condition is achieved. Literature 

states an optimum salinity value for this in a range of 4000 – 5000 ppm. [11, 16] This effect 

is accounted for by an optimal adsorbate concentration (or salinity in the earlier models) in 

the interpolation function, where adsorption rate is the fastest. Related to the interpolation 

function, it means that low salinity effects are enhanced if adsorbate concentration 

(salinity) is at this optimum value or below. Figure 5a shows the saturation profile for the 

same secondary low salinity water flood scenario with different linear interpolation 

function definition. In one case, a linear interpolation is applied neglecting this optimal 

salinity value (blue line): amplified smearing out effect on the low saline shock front. In 

the second case, where an interpolation considering this optimal value is used (Figure 5b – 

red line), the smearing out of the low saline water front is weakened, an oil bank forms and 

a spreading wave forms between the oil bank and the high saline water shock front. 

 

 
 

Figure 5a: Secondary water flood in Model 3 Figure 5b: Interpolation function 

 

CONCLUSION 
In the presented work a complex mechanistic model is proposed that implements low 

salinity effect by correlating the change in the wetting conditions with salinity controlled 

flow properties. The obtained simulation results are in good agreement with analytical 

solution. Deviations are caused by numerical dispersion. The simulation model exhibits 

high sensitivity to the captured phenomena as well as to the realization of the interpolation 

function. 

 

A combination of experimental research and the explicit numerical description could 

provide essential information on the equilibrium constants, total surface site concentration 

and finally to the interpolation function, leading to an accurate model description for 

LSWF. 
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