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NOMENCLATURE 

Acronyms and Abbreviations 

1D  = One Dimensional 
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AN  = Acidic Number 

CMG  = Computer Modeling Group 
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dFW0.1 = 10 Times Diluted Formation Water 

DVLO  = Derjaguin-Landau-Verwey-Overbeek 

EOR  = Enhanced Oil Recovery 

FCM  = First-contact Miscible 

GEM  = General Equation of State Model 

HSWAG = High Salinity Water Alternating Gas 

ID  = Identification 

IFT  = Interfacial Tension 

IOR  = Improved Oil Recovery 

LFWF  = Low Salinity Waterflooding 

LS  = Low Salinity 

LSWAG = Low Salinity Water Alternating Gas 

MCM  = Multiple-contact Miscible 

MME  = Minimum Miscibility Enrichment 

MMP  = Minimum Miscibility Pressure 

OOIP  = Original Oil In Place 
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PHREEQC = abbreviated from PH (pH), RE (redox), EQ (equilibrium), and C 

(program) 

PV  = Pore Volume 

RF  = Recovery Factor 

SCR  = Surface Complexation Reactions 

STOIIP = Stock Tank Oil Initially In Place 

SW  = Seawater 

SWAG  = Simultaneous Water and Gas 

SWCTT = Single-well Chemical Tracer Tests 

UTCHEM = University of Texas Chemical Simulator 

UTCOMP = University of Texas Compositional Simulator 

WAG  = Water Alternating Gas 

WRAC = Workplace Risk Assessment & Control 

XRD  = X-ray Diffraction 

Symbols 

𝐴̂𝐴𝛽𝛽  = reactive surface area of mineral 𝛽𝛽, (m2) 

𝐴𝐴𝑘𝑘  = chemical symbol for the k-th aqueous component, (dimensionless) 

𝐾𝐾𝑒𝑒𝑒𝑒,𝛽𝛽  = chemical equilibrium constant for mineral reaction 𝛽𝛽, (dimensionless) 

𝑄𝑄𝛽𝛽  = the activity product of mineral reaction 𝛽𝛽, (dimensionless) 

𝑅𝑅𝑎𝑎𝑎𝑎  = number of reactions between aqueous species, (dimensionless) 

𝑘𝑘𝑟𝑟  = relative permeability, (dimensionless) 

𝑘𝑘𝛽𝛽  = rate constant for mineral 𝛽𝛽, (M/hr) 

𝑛𝑛𝑘𝑘  = number of kinetic reactions, (dimensionless) 

𝑛𝑛𝑝𝑝  = number of fluid phases, (dimensionless) 

𝑛𝑛𝑞𝑞  = number of equilibrium reactions, (dimensionless) 

𝑟𝑟𝑘𝑘  = rate of kinetic reaction, (mol/L/hr) 
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𝑟𝑟𝑞𝑞  = rate of equilibrium reaction, (mol/L/hour) 

𝑟𝑟𝛽𝛽  = rate for mineral 𝛽𝛽, (mol/L/hour) 

C  = stoichiometric coefficient, (moles of basic species) 

D  = dispersion tensor, (m2/s) 

P  = pressure, (Pa) 

S  = saturation (% or fraction) 

T  = temperature, (℃) 

T  = time, (day) 

X  = molar fraction (fraction) 

Z  = depth, (m) 

𝐴𝐴  = cross-sectional area, (m2) 

𝑓𝑓  = fugacity, (Pa) 

𝑘𝑘  = absolute permeability, (mD) 

𝑝𝑝  = phase, (dimensionless) 

𝑞𝑞  = flow rate, (m3/day) 

𝑢𝑢  = superficial velocity, (m/s) 

𝑥𝑥  = distance in the x direction, (m) 

Greek Letters 

𝛽𝛽𝑐𝑐  = unit conversion factor for the transmissibility coefficient, (0.0864 for 

SPE Preferred SI units) 

Ζ  = selectivity coefficient, (dimensionless) 

Φ  = fluid potential, (J/kg) 

𝛾𝛾  = fluid gravity, (SG) 

𝛾𝛾  = activity coefficient, (dimensionless) 

𝜇𝜇  = fluid viscosity, (cP) 

𝜌𝜌  = density, (kg/m3) 
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𝜑𝜑  = porosity (% or fraction) 

Metric Conversion Factors 

1 Darcy = 9.869 E-13 m2 

1 cP  = 0.001 Pa.s 
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ABSTRACT 

Low salinity waterflooding (LSWF) as a promising EOR technique has recently received a great 

attention by industry. Such recognition is based on the cost-effectiveness of implementation 

and the fact that it manages to provide incremental oil recovery. Recently, researchers started 

to cast an interest on the possible impairment of LSWF with other technologies such as polymer 

flooding, surfactant flooding, and many others to achieve even higher recovery factor. Thus, 

combining LSWF with other EOR technology such as CO2 flooding is suggested as a hybrid 

process than can possibly improve the overall performance. Injection of CO2 has advantages 

such as oil swelling and viscosity reduction which can further improve the oil recovery when 

combined with LSWF. In this research work, by combining the effects of low salinity water 

injection and CO2 flooding, a hybrid approach of Low Salinity Water Alternating Gas injection 

(LSWAG) is studied numerically. First, a model capturing the geochemical processes of 

aqueous and surface reactions, ion exchange, and wettability alteration is built at core and large 

scales. The model is then validated against coreflooding data conducted on sandstone cores 

obtained from the literature (Shaddel et al. 2014). Afterwards, a set of injection scenarios 

including, high salinity water injection, low salinity water injection, high salinity WAG, and 

low salinity WAG are studied and compared at core-scale. Next, an assessment to evaluate the 

impact of LSWAG on oil recovery in large scale is investigated using a heterogeneous sector 

model simulation. Results show that LSWAG, as compared to other injection strategies, leads 

to a higher incremental oil recovery outperforming other techniques at both core and three 

dimensional sector scales. That is, LSWAG displayed a higher oil recovery of 17% and 13% 

more than the conventional WAG and waterflooding, respectively. Moreover, a sensitivity 

analysis was conducted on operational parameters such as WAG ratio, cycling length, and start-

up date. Based on the analysis, it is drawn that WAG ratio of 1:1 showed better performance 

than the 1:5.  The cycling lengths of 3, 6, 9, and 12 were simulated in order to observe the 

impact on oil recovery. No relationship was found between the cycling length and recovery 

factor. In terms of start-up date of LSWAG, cases that imply injection of low salinity water for 

period of 2, 5, 7, 10 years consequently followed by LSWAG are presented. An analysis shed 

light on the observation that the later kick-off of WAG allowed to fully leverage the low salinity 

effect as it showed highest recovery of 57.6%. The preliminary results obtained from this study 

define LSWAG as a hybrid EOR approach that can provide additional oil recovery and supports 

its applicability in hydrocarbon reservoirs. However, additional research is needed on this 

hybrid process.  
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1. INTRODUCTION 

The first chapter of this thesis starts with a section on importance of EOR methods in sandstone 

reservoir with emphasis on CO2 flooding and Low Salinity Waterflooding (LSWF). Then, it 

follows with research problem definition and industrial relevance of the proposed research 

work. The following sub-section covers the objectives of this study. Finally, in the last section 

one can find the detailed organization of this thesis. 

1.1 Background 

Worldwide demand for hydrocarbon resources continues to grow as the global population and 

living standards are steadily increasing (IEA, 2006). Bjorlykke (2010) reports that 

approximately 60% of all hydrocarbon reservoirs occur in sandstones. Traditionally, only about 

10-20% of the liquid hydrocarbon held in the reservoir is extracted during primary oil recovery 

(Rackley, 2017). Considering their low initial RF, using IOR/EOR techniques is inevitable. The 

classical waterflooding can be explained as the injection of water designed to extract additional 

oil and maintain the reservoir pressure. There is no doubt that waterflooding is considered as 

one of the most successful viable technologies to succeed primary recovery stage. Authors such 

as Leverette (1941) and Welge (1952) are one of the first pioneers enlightening on the 

displacement mechanisms during movement of water in the porous media. Traditionally, as the 

secondary process becomes economically unfeasible, it is followed by the final stage – tertiary 

recovery that is also known as Enhanced Oil Recovery or EOR. The ultimate stage of 

production or tertiary recovery includes injection of chemicals, extrinsic materials (liquid or 

gas), or use of thermal energy to recover additional petroleum in place. An operational process 

that implies injecting the foreign material into the reservoir to produce additional oil called 

EOR. The objective of EOR is to extract the oil that cannot be extracted by conventional means 

reducing the original residual oil saturation. Advantageous environment for increased oil 

recovery is provided by the interrelation between injected material and crude oil, and mineral. 

As a result, various physical and chemical mechanisms such as oil swelling, decrease in oil 

viscosity, lowering interfacial tension, favorable phase behavior, and wettability alteration are 

induced (Green and Willhite, 1998). Low salinity waterflooding is an EOR technology that 

gained momentum among the scholars because of its impact on oil recovery and economic 

viability. The fundamental concept of LSWF is to inject the brine with lower salinity that the 

formation water in order to secure wettability alteration to a more favorable state. The CO2 

injection is an EOR technique which has been around for several decades and that is deployed 
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in medium to light oil reservoirs in both sandstones and carbonates. Flooding the reservoir with 

CO2 triggers such mechanisms as oil swelling and oil viscosity reduction. However, as the 

injected gas has low viscosity there is a problem of unfavorable mobility ratio. 

1.2 Problem definition 

Extensive experimental studies, numerical simulations, and field trials demonstrated that the 

application of low salinity water injection (LSWF) could provide incremental recovery by 

altering the wettability. On the other hand, CO2 flooding has always been a promising IOR 

method due to its advantages (i.e., pressure maintenance, permeability enhancement, swelling 

effect, and lowering oil viscosity). With the objective of improving both displacement and 

sweep efficiencies the idea to combine gas injection with low salinity water injection is 

proposed here. This process is known as Water Alternating Gas (WAG) injection although not 

well addressed in the literature. This research work focuses on the hybrid version of WAG – 

Low Salinity Water Alternating Gas injection. This technique allows to leverage the beneficial 

effects of both LSWF and CO2 flooding on oil recovery in hydrocarbon reservoirs. By 

combining the effects of low salinity water injection and CO2 flooding, modern approach of 

Water Alternating Gas (WAG) injection is formulated. Alteration of the wettability towards a 

water-wet system and improvement of volumetric sweep efficiency can mitigate the issue of 

low oil recovery in sandstone reservoirs. 

There are very few attempts of modelling LSWAG reported in the literature. Another 

equally important motivation for research arises from the fact that there is a gap in the literature 

about the contribution of interaction between carbon dioxide and low salinity water. Thus, 

developing a mechanistic model that accurately represents geochemical interactions in crude 

oil, brine, and rock system in the presence of CO2 plays a significant role during the numerical 

simulation. Further step implies a numerical simulation study of LSWAG in carbonate 

reservoirs based on the proposed mechanistic model to investigate the impact on oil recovery. 

1.3 Relevance to the industry 

At present, in Kazakhstan, sandstone reservoirs such as Uzen, Kalamkas, and Zhetybai make 

up for a vast number of oil and gas fields. Taking into account that these fields surpassed their 

primary recovery stage, it is to be admitted that further stages should be planned in advance 

because the proper forecast and right decision making (i.e., selection of appropriate IOR/EOR 

method) clearly will affect the production from these fields. Hence, extensive studies of 
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LSWAG in sandstone reservoirs are entirely relevant for the oil and gas industry of Kazakhstan 

and beyond. 

1.4 Objectives of the thesis 

To expand the current limits of knowledge on LSWAG based on developing a modeling study, 

the main objectives of this research work was: 

• To understand the fundamental science and the concepts behind the LSWAG. The 

accomplishment of this objective was of paramount importance, as it constitutes the 

cornerstone for developing a model and further coupling with the equation-of-state 

compositional simulator. 

• To develop a model of LSWAG under sandstone reservoir conditions. The dominant 

chemical and physical interactions are to be taken into account to acquire a 

representative model. 

• To assess and evaluate the impact of proposed EOR technique on oil recovery. 

• To deliver a sensitivity analysis study on performance of LSWAG from the operational 

point of view. 

1.5 Thesis organization 

The first chapter of the thesis is comprised of theoretical background and literature review that 

covers previously performed scientific work corresponding the topic of our research. The 

second chapter contains the project plan documentation. In Chapter 3, the methodology to 

achieve the research objectives is proposed. Chapter 4 represents results and discussions on the 

development of a model, numerical studies and case scenario analyses. Lastly, in Chapter 5, 

conclusions and recommendations for future work are presented.  
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2. LITERATURE REVIEW 

This chapter of the thesis includes fundamental concepts and the research reported by other 

scientists in the literature on various aspects of this research topic. First, a detailed description 

of the conventional WAG is presented. Then, the previous research on low salinity water 

flooding (LSWF) that encompasses experimental, modeling, and field trial studies is presented. 

Afterwards, it is followed by the enlistment and a brief explanation of the underlying 

mechanisms behind low salinity effect. The fundamental concepts and previous investigations 

on CO2 flooding can be found in the following sub-section, as well. Finally, the last sub-sections 

provides the reader with the both experimental and modeling research on LSWAG reported in 

the literature. In addition, it includes passages in the combined effects of CO2 flooding and 

LSWI, and behavior of carbon dioxide gas in the presence of low salinity water. 

2.1  Conventional Water Alternating Gas Injection 

During the traditional injection of gas, mobility ratio between gas and oil is unfavorable due to 

low viscosity of injected phase, and high density contrast between gas and the displaced oil 

bank. As a result, a considerable amount of oil is bypassed because of the processes such as 

early breakthrough, anterior instability of fluid, also known as viscous fingering leading to the 

poor volumetric sweep efficiency. 

Water alternating gas injection is considered as a technique developed to overcome the 

aforementioned issues. This method provides a decrease of mobility ratio of both phases in a 

porous medium by successive injection of gas and water as a ‘chase fluid’. According to 

Christensen et al (2001), an alternated injection of water and gas provides increased oil recovery 

promoted by improved volumetric sweep efficiency and better mobility control. Traditionally, 

hydrocarbon and non-hydrocarbon gases can be used as an injected agent coupled with water. 

Low molecular weight gases such as methane, ethane, propane, butane are hydrocarbon gases 

used during WAG. Generally, non-hydrocarbon gases are comprised of carbon dioxide and 

nitrogen. In terms of regime, if the reservoir pressure is higher than the minimum miscibility 

pressure of the injected gas, it is classified as a miscible water alternated gas injection process. 

As for the case when the downhole pressure is lower than the minimum miscibility pressure of 

the injected gas, it is denoted as immiscible water alternated gas injection. 

One of the early works on WAG was done by Caudle and Dyes (1958). Based on 

experimental studies, they found out that WAG exhibited 30% higher ultimate sweep efficiency 

than the traditional standalone gas flooding. Christensen et al. (2001) provided a first extensive 
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review addressing field-scale WAG experience. Authors claim that a common trend 

constituting improved oil recovery in the range of 5% to 10% was observed in the majority of 

60 field cases. 

The sound application of WAG ubiquitously depends on factors such as reservoir and 

fluid characteristics, injection pattern, and operational parameters, including slug size, ratio, 

and cycles. Christensen et al. (2001) presented that five spot-pattern is the most widely used for 

WAG. As per injected gas volume, the slug size was mostly in the range of 0.1 to 3 pore volume 

(PV). The WAG ratio is considered as one of the most crucial parameters during WAG 

injection. According to the Christensen et al. (2001), the optimal WAG ratio constitutes 1:1. 

2.2   Low Salinity Water Injection 

Interaction of different physical parameters and factors at microscopic and macroscopic levels 

plays a significant role in the understanding of oil recovery improvement. Thus, according to 

the recent studies (McGuire et al. 2005, Lager et al. 2006, Ligthelm et al. 2009), different 

attempts were devised to understand the complex oil/brine/rock system interrelationships 

during the low salinity water injection process leading to improved recovery of oil. That is being 

said, the low salinity water injection technique provoked great interest among researchers 

because of its beneficial impact on incremental oil recovery and cost-effective implementation. 

Numerous mechanisms have been proposed to explain the effect of low salinity water injection 

process on the increase in oil production; nevertheless, the constitutive elaborateness of this 

technique makes this topic to remain yet controversial. 

2.2.1 Experimental Studies 

Reiter (1961) first made experimental investigations on the effect of low salinity water injection 

by the method of water flooding through sand packs. Incremental oil recovery from Nacatosh 

sandstone oil-wet cores within two scenarios of low salinity water injection (25% of salinity of 

original Nacatosh connate water) and high salinity water injection (original Nacatosh interstitial 

water) were evaluated and compared. According to the results, less saline water injection had 

an average of 12.6% absolute recovery and 21.3% higher ultimate recovery than the high 

salinity water floods because of clay hydration phenomena. 

Bernard (1967) shed a light on the impact on oil recovery of both brine and freshwater 

that flooded synthetic and natural cores that have clay in their composition. As a result, 

additional oil recovery and increased pressure drop were observed when the NaCl concentration 
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was lowered from 1 to 0.1%. At the same time, there was no effect on oil recovery when the 

NaCl concentration was decreased from 15 to 1%. Buckley et al. (1989) based on the 

electrophoresis and adhesion tests, showed that wettability alteration is controlled by brine 

concentration and composition. 

Webb et al. (2004) developed an idea of the selection of optimal salinity of brine during 

waterflooding. Results demonstrate that modification of the composition of invading brine 

improves recovery factor of traditional waterflooding for 38%. A large body of experimental 

works (Tang and Morrow, 1997; Morrow et al., 1998; Tang and Morrow, 1999a, 1999b; Zhang 

and Morrow, 2006’ Loahardjo et al., 2010) confirmed advantages of low salinity effects on 

secondary and tertiary effects. 

Even if the topic of mechanisms underlying low salinity effect remains controversial, 

the effect of wettability alteration towards water wetness is considered as one of the most 

probable reasons for such positive impact on incremental oil recovery. Several authors 

performed laboratory studies on wettability modifications as a primary cause of additional oil 

recovery during low salinity effect (Jadhunandan and Morrow, 1995; Tang and Morrow, 1999a; 

Vledder et al., 2010; Austad et al. 2012). 

The set of coreflooding experiments (Patil et al., 2008; Rivet 2009) demonstrated the 

positive effect of low salinity water injection on oil recovery. In the work of Roberston (2010), 

the Minnelusa and Green river formation core samples were used in flooding test with the 

objective of identifying the low salinity effect. Results showed that, at elevated ageing 

temperatures, injection of low salinity water resulted in noticeable higher oil recovery than the 

formation brine. 

However, according to the literature, not every study support the positive effect of low 

salinity water injection on incremental oil recovery. Thyne and Gamage (2011) conducted 

studies on the same formation as Robertson (2010) and came up that there was no any beneficial 

effect on the oil recovery as the salinity of injected brine was reduced. Skrettingland et al. 

(2010) reported that based on the coreflooding and SWCTT low salinity effect was not observed 

as the original wettability of the reservoir was already favorable. 

Some review papers were published in order to revise and report on the state of the low 

salinity water injection from various perspectives. One of the latest reviews constitutes a work 

by Bartels et al. (2019) where framework based assessment of mechanisms of low salinity effect 

is addressed. Authors propose a holistic approach which further can assist in acquiring the 
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predictive ability and screening tool development. Chavan et al. (2019) produced a review that 

is mainly focused on the screening criteria for low salinity water injection. A summary of 

possible mechanisms for both sandstones and carbonates is addressed. It also briefly covers the 

synergistic approach of polymer aided low salinity waterflooding. A review by Hao et al. (2019) 

aims to put stress on the explanation of the various acting phenomena responsible for the low 

salinity effect, especially in carbonate reservoirs. Compared to other reviews, it gives a 

discourse on the flow driven occurrences such as fluid diversion and emulsification. Derkani et 

al. (2018) presented a review paper on low salinity waterflooding that embarks studies on 

carbonate reservoirs. Wang and Fu (2018) presented a comprehensive data-driven review on 

the experimental studies of low salinity waterflooding in sandstones. They stated that there is a 

solid relationship between wettability alteration caused by low salinity effect and incremental 

oil recovery. Sheng (2014) provided the reader with a comprehensive review on low salinity 

waterflooding. Namely, it covers such areas as history, experimental studies, field-scale cases, 

desired initial conditions, governing mechanisms, and simulation of low salinity water 

injection. 

2.2.2 Modelling and Simulation Studies 

One of the first attempts at modelling the low salinity waterflooding is presented by Jerauld et 

al. (2006). Authors documented that wettability results from the salinity dependent relative 

permeability functions of oil and water phases. They used the numerical dispersion technique 

to mimic the physical dispersion because of the interaction of the injected low salinity water 

and connate water. However, this work does not include any geochemical parameters dedicated 

to representing various reactions taking place during the low salinity water injection and model 

was based on the linear relation of salinity and residual oil saturation. 

Wu and Bai (2009) introduced a mathematical model to simulate the flow and transport 

behavior during the low salinity waterflooding in the fractured reservoirs. According to 

assumptions, a salt component is included in the aqueous phase and transported by means of 

advection and diffusion in the porous and fractured media. The multi-domain technique was 

adopted to capture the interactivity of salt between free and stagnant water zones, whereas 

discrete-fracture modelling was used to model the fractured rock. Wu and Bai’s conceptual 

model can be incorporated into the reservoir simulator to model low salinity effect in the 

fractured reservoirs. Andrianov and Nick (2019) demonstrated a numerical simulation of the 

low salinity water injection in the fractured chalk outcrop-based models. The Discrete Fracture 

Matrix (DFM) approach is utilized in order to introduce fractures as a low-dimensional finite 
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volume. The transport solver is accompanied by the PhreeqcRM of Parkhurst and Wissmeier 

(2015) in order to acquire thermodynamic equilibrium for the water phase whereas low salinity 

water injection was modelled as two-phase oil and water immiscible displacement. 

Sorbie and Collins (2010) proposed a semi-quantitative pore-scale physical model of 

the low salinity water injection effect. Their pore-scale model calculations highlight the origins 

of multicomponent ion exchange as a mechanism as well as the size of the effect and a number 

of predictions for further study. Another work by Wilmott et al. (2020) included the dynamic 

network model covering ion exchange mechanisms that provoke salinity-dependent slip 

constraints on the interface between oil phase and mineral surface. Their main assumptions 

include that thickness of a thin wetting film that dissociates oil and rock surface is reliant on 

the salinity of the water; porous medium is comprised of a number of pores and throats, and 

there is one phase that is adhered to the mineral surface and other two flowing through the 

pores. As compared to the study of Knudsen et al. (2002), a saturation of each phase is defined, 

and the conductivity of pore throat is calculated as a function of saturation. 

One-dimensional mathematical ion exchange model designed for examining low 

salinity waterflooding experiments was presented by Omekeh et al. (2012). Authors studied the 

dissolution and precipitation of carbonate minerals and the impact of multiple ion exchange 

mechanism on the flow characteristics of both water and oil phases. Further, the mechanistic 

model was validated against experimental work of Fjelde et al. (2012). It was investigated that 

improved relative permeability of oil phase was caused by the release of divalent cations from 

the mineral surface. The study of the effect of both multi-component ion exchange and mineral 

dissolution and precipitation on pH level, and release of Ca2+ and Mg2+ cations was addressed 

in this work. 

Al-Shalabi et al. (2015) designed a mechanistic model to capture the effect of low 

salinity water injection using UTCHEM simulator. According to the proposed model, 

wettability alteration is caused by the trapping parameter and contact angle value. Based on the 

results, the model showed good consistency with the laboratory studies. Korrani et al. (2013) 

also utilized UTCHEM simulator, but they coupled it with the Iphreeqc. They claimed that no 

matter what is the mechanism that induces wettability alteration the essential factor concerns 

ions. Thus, they connect the wettability of the rock with the geochemistry of the brine and 

mineral interfaces. They provide an algorithm of modelling solved by the implicit in pressure 

and explicit in the saturation method. However, there is no information on the validation of the 

proposed model with the existing experimental study. 
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The modelling study by Qiao et al. (2015) included a reaction network generated to 

track the surface reactions between a radical group, positively charged ions, and sulfate. Then, 

it was followed by experimental validations based on Stevns Klint chalk. Authors concluded 

that wettability alteration is governed by the surface-complexation reactions, and oil recovery 

is mainly reliant on the specific conditions but not from contact angle (Al-Shalabi et al. (2014)). 

Qiao et al. (2016) extended their previous model (Qiao et al. (2015)) and added mineral 

dissolution reactions to consider the presence of anhydrite within the mineralogy of the 

reservoir rock. As authors highly focus on the mineralogy, they incorporated both aqueous and 

surface complexation, dissolution and precipitation of the carbonate minerals such as CaCO3 

and CaSO4. Further, geochemical parameters, coupled with the multi-phase transport, are 

included in the in-house simulator. Effluent concentrations of sulphate anion, two divalent 

cations (Ca2+ and Mg2+) from the simulation results exhibited good agreement with the 

chromatographic wettability tests. 

An extensive study on mechanistic modelling of low salinity waterflooding was made 

by Dang et al. (2016). Firstly, the ion exchange model was validated using geochemistry 

software PHREEQC. Secondly, the proposed model was posed against laboratory studies of 

Fjelde et al. (2012) and Rivet (2009) for the North Sea and Texas reservoirs correspondingly. 

This model included various aspects such as both aqueous and mineral reactions, ion exchange 

and wettability alteration models. In terms of wettability alteration, authors’ observations 

indicate that the shift of relative permeability curves is caused by the adsorption of the Ca2+ 

divalent cation compared to the findings of Omekeh et al. (2012). A closed-loop systematic 

workflow that is able to consider critical geological effects during the low salinity water 

injection is designed to predict the field-scale performance. 

One of the latest works on the mechanistic modelling of low salinity water injection is 

presented by Korrani and Jerauld (2019). Authors used detailed colloidal science in order to 

model the wettability alteration by connecting the rock state (wettability) with the chemical 

properties of the injected water. Here, the work of Korrani et al. (2013) was further extended, 

and the wettability change model was improved. Results produced by UTCOMP-IPhreeqc 

coupled reservoir simulator were validated against a number of experimental works by Kozaki 

(2012), Shehata et al. (2014), Yousef et al. (2010), Zhang and Austad (2006), and lastly Fathi 

et al. (2010). 
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2.2.3 Field-scale trials 

A considerable amount of field pilot tests were run in order to evaluate the performance of low 

salinity water injection, and advantages of low salinity effects on secondary and tertiary effects 

were confirmed (McGuire et al., 2005; Lager et al., 2008). Single-well chemical tracer tests 

(SWCTT) and field trials in the North Slope reservoir indicated the drastic reduction of the 

residual oil saturation (MCguire et al., 2005). A secondary flood application of low salinity 

water injection in the Omar field provided a full alteration of wettability and exhibited 

additional oil recovery of 10 to 15% of the STOIIP (Vledder et al., 2010). However, Mahani et 

al. (2011) presented 2D conceptual models of low salinity water injection in Omar and Sijan 

fields in both secondary and tertiary modes. Field responses show that there was a possible 

wettability change due to low salinity water injection in Omar field compared to Sijan field that 

did not provide any clear response. 

2.3   Underlying mechanisms of Low Salinity Water Injection 

Due to complex rock, fluid, and brine interactions, the issue of defining underlying mechanisms 

of low salinity effect is still considered to have controversial ideas among researchers. Several 

mechanisms are proposed to explain the advantage of low salinity waterflooding compared to 

a conventional one. Nevertheless, according to the extensive studies in the literature, the 

following four of them are widely discussed. 

2.3.1 Fines Migration 

Tang and Morrow (1999) concluded from several experimental waterflooding that phenomena 

of increased oil recovery led by injection of low salinity water is primarily controlled by crude 

oil, rock, and brine interactions. Two types of oil were used: CS crude oil and refined oil. 

Synthetic reservoir brine, synthetic seawater, and their dilutions were used as the injected fluid. 

A positive effect was observed when low saline brine was injected through unfired and iron 

removed Berea sandstones fully saturated with reservoir oil. They documented that the 

mobilization of fines is considered as a mechanism behind low salinity effect. Incremental oil 

recovery is observed when the following conditions are met: initial water saturation, the 

presence of potentially movable clay particles, and adsorption of polar components of oil. 

Initially, oil components of oil are adsorbed on the interface of minerals and particles of 

heavy oil are adhered by clay minerals coating the rock grains. As the injected brine with lower 

ionic strength interacts with clay, the former one is destabilized. As a result, clays adhering oil 
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droplets are detached and released with the flow. This process is promoted and controlled by 

the balance between Derjaguin-Landau-Verwey-Overbeek (DVLO) and mechanical forces 

(Israelachvili, 1991). DVLO forces between clays are a function of the balance between Van 

der Waals attractive forces and electrostatic repulsion. Whereas, mechanical forces include: 

capillary forces created by oil adhered on fines and viscous forces. 

 

Figure 2-1. Polar components adhered by fines (Retrieved from Tang and Morrow, 1999) 

 

 

Figure 2-2. Detached fines (Retrieved from Tang and Morrow, 1999) 
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Figure 2-3. Mobilized oil (Retrieved from Tang and Morrow, 1999) 

 

Nonetheless, a number of experimental studies performed by Lager et al. (2006) demonstrated 

that incremental oil recovery by low salinity effect did not include any signs of fines migration 

nor significant permeability reduction. Other laboratory findings also contradict the theory of 

fines migration (Zhang and Morrow, 2006; Zhang et al., 2007). Reservoir scale experimental 

attempts to study low salinity effect by Lager et al. (2008) show that no side effects such as 

clay swelling and pore plugging prompted by mobilization of fines were observed. 

2.3.2 Increase in pH 

McGuire et al. (2005) claim that behavior of smart water injection on core scale including crude 

oil, brine, and rock interactions, wettability alteration effect is alike during alkaline flooding 

and surfactant flooding. According to the studies, generation of surfactants from trapped oil at 

increased pH levels considered as a major mechanism of low salinity effect. Interaction of low 

salinity water and reservoir rock minerals form hydroxyl ions and elevate pH from the 7 up to 

more than 9. 

Increased oil recovery during low salinity water injection is caused by IFT reduction 

between oil and water, change of wettability driven by elevated pH levels. Moreover, the in-

situ formation of surfactants during the interaction between oil and low saline water having 

high pH is observed (saponification of acid or polar components of oil). The process of 

saponification can be described by following formulas shown on Figure 2-6. 
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Figure 2-4. Saponification process (Retrieved from McGuire et al., 2005) 

 

Generally, in high salinity systems, decreased oil recovery is caused by precipitation of 

surfactants. This problem is solved by the introduction of low salinity water having a low 

concentration of divalent cations like calcium and magnesium. 

Two associated reactions causing elevation of pH level during low salinity effect: 

carbonate dissolution and cation exchange are presented by Lager et al. (2006). 

𝐶𝐶𝐶𝐶𝐶𝐶𝑜𝑜3 ↔ 𝐶𝐶𝑎𝑎2+ + 𝐶𝐶𝑂𝑂32− 

 

(2.1) 

𝐶𝐶𝑂𝑂32− + 𝐻𝐻2𝑂𝑂 ↔ 𝐻𝐻𝐻𝐻𝑂𝑂3− + 𝑂𝑂𝐻𝐻− 

 

(2.2) 

Amount of carbonate material present in the reservoir rock controls the relatively slow 

dissolution reactions. Ion exchange and excess of OH- during the interaction of injected brine 

and fines are caused by the dissolution of carbonates. Transfer of H+ present in the water phase 

and previously adsorbed cations on the mineral surface lead to the elevation of pH level. 

However, experimental studies of Lager et al. (2006) cast doubt on increased oil 

recovery prompted by low salinity effect due to pH increase. Authors claim that coreflooding 

experiment on North Sea reservoir having the best result of 40% increase in oil recovery during 

low salinity waterflooding had the crude oil with the acidic number (AN) of 0.05 that is 

definitely very low. As stated by Ehrlich and Wygal (1977), cut off value of AN>0.2 is required 

to form surfactants inducing wettability alteration and generation of emulsions. Furthermore, it 

is reported that a pH level of 7 is enough to observe the low salinity effect. That is why an 

increase in pH cannot be considered as a major mechanism of low salinity waterflooding. 
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2.3.3 Multicomponent Ion Exchange 

Lager et al. (2006) reported evidence of multicomponent ion exchange mechanism during a 

geochemical analysis of the effluent after the coreflood of North Slope sample. Although 

injected brine had the lower salinity than the residual one, results demonstrated a drastic fall of 

concentration of divalent cations (Mg2+, Ca2+) as it is shown in Figure 2-7. Mentioned 

phenomena can be explained by the notion that Mg2+ and Ca2+ are adsorbed by the surface 

minerals of the rock. Traditionally, all the ions of injected brine undergo a competition for the 

surface mineral exchangers as it exhibits particular affinity for positively charged ions. The idea 

of ion exchange within the means of tertiary recovery was first introduced by Pope et al. (1978), 

Lake and Helfferich (1978), Hill et al. (1978). Valocchi et al. (1981) documented the field-scale 

trial evidence of ion exchange. Studies included the injection of freshwater into the saline 

aquifer. As a result, observations on the control wells showed the low concentration of divalent 

cations compared to the invaded brine and residual water. 

 

Figure 2-5. Concentrations of Mg2+ and Ca2+ at the effluent during low salinity waterflooding (Retrieved from 
Lager et al., 2006) 

 

Eight various mechanisms of attachment of organic particles on top of clay surfaces 

were proposed by the extended theory of colloids (Amarson and Keil, 2000) and Sposito (1989). 

Lager et al. (2006) claim that only four of them are affected by ion exchange during low salinity 
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water injection. As it is shown in Figure 4.6, these are cation exchange, ligand bonding, and 

cation and water bridging. 

 

 

Figure 2-6. Mechanisms of ion exchange during low salinity water injection (Retrieved from Lager et al., 2006) 

 

Wettability alteration towards oil-wetness is achieved by generation of organometallic 

complexes as multivalent cations are bonded to the heavy compounds of oil. Simultaneously, 

oil-wetness is enhanced when polar components adhere to the mineral surface and then the most 

unstable cations are displaced. At this stage, monovalent cations replace heavy compounds and 

organometallic complexes, and they are released from the rock surface. Correspondingly, 

incremental oil recovery will be prompted by wettability alteration towards water-wetness 

achieved by stripping of polar oil particles. 

2.3.4 Double Layer Effect 

Ligthelm et al. (2009) proposed the idea of double-layer effect as a possible mechanism behind 

low salinity effect. The theory of double layers is about forces between charged interacting 

surfaces within the presence of a liquid phase (Sheng 2014). 

Traditionally, the electrical double layer is generated when negatively charged clays 

attract the multivalent metal cations (Ca2+, Mg2+), then fines are connected with negatively 

charged oil components. The inner layer is composed of adsorbed positive ions, whereas the 

outer one is made of negative ions. The degree of so-called “width” of the electrical double 

layer is controlled by the electrolyte content of the water situated around the double layer. If 
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water has high salinity, the double layer is compact. On the other hand, if the surrounding water 

has low salinity, which consequently means low ionic strength, the double layer is expanded.  

Screening potential of the cations is reduced by lowering the ionic strength through 

decreasing the salinity of the brine and lowering the concentration of the bivalent cations in the 

solution. The interaction of low ionic strength brine with double layer leads to the expansion of 

the former one. As a result, fines are destabilized, and increase of zeta potential is observed. At 

this stage, monovalent cations such as Na+ displace the multivalent ones. Afterwards, an 

increase of repulsive forces between fines and oil is observed. As the repulsive forces overcome 

the binding forces owing to the multivalent cation bridges, adhered polar components of oil are 

detached from the surface of mineral leading to the alteration of the wettability to the water wet 

(Myint et al., 2015, Hiler et al., 2015). Further increase in repulsive forces leads to formation 

damage, as the clays are detached from the rock surface it blocks the pore throats (Ligthelm et 

al.,2009). 

 

Figure 2-7. Interaction of COBR system at the presence of low and high salinity water (Retrieved from Xie et al., 
2016) 
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Figure 2-8. Process of detachment during electrical double layer effect (Retrieved from MSc thesis of Cotterill, 
2014) 

2.4  CO2 Injection 

The success of CO2 injection was proved by years of research and field implementations 

(Ghedan, 2009, and Grigg and Schechter, 2018). Favourable incremental oil recovery 

conditions are created during CO2 injection. As gas is injected into the reservoir, it interacts 

with the rock and crude both chemically and physically. Following mechanisms are induced 

during this process: elimination of interfacial tension between oil and injected fluid, reduction 

of oil viscosity, oil swelling, and favorable change of phase behavior (Bon et al., 2005). 

Depending on the reservoir and operational conditions, CO2 injection can be subdivided into 

miscible (Holm, 1986) and immiscible displacement (Danesh, 1998 and Jarrel et al., 2002). 

CO2 becomes miscible with crude oil under specific pressure and temperature 

conditions. The pressure needed to establish miscibility is called minimum miscibility pressure. 

The value of minimum displacement pressure is governed by the composition of the crude oil 

and injected gas, also is it a function of reservoir parameters such as pressure and temperature. 

According to the development stage, miscibility displacement processes are traditionally 

classified as first-contact miscible (FCM) or multiple-contact miscible (MCM). During the 

FCM, as gas interacts with the crude oil; a single phase is formed. When it comes to MCM 
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process, miscibility is achieved by compositional alteration of both gas and crude oil along the 

movement through porous media (Green and Willhite, 1998). 

As long as geologic conditions and extremely low reservoir permeability dictate that 

application of waterflooding is not viable, incremental oil recovery can be provided by 

immiscible CO2 injection. Even if the injected gas is not miscible with the crude oil and MMP 

is not reached, mechanisms such as oil swelling and decrease of oil viscosity are triggered. 

Another application of the immiscible CO2 flooding is to maintain the reservoir pressure (Perera 

et al., 2016). 

2.5   Low Salinity Water Alternating CO2 Injection 

Beneficial effects of the synergistic approach of LSWAG were proved by several laboratory 

studies (Aleidan et al., 2010; Jiang et al., 2010 Zolfaghary, 2013; Teklu, 2016; Al-Quraishi et 

al.,2017; Al-Abri et al., 2018).  It has been well documented that reduction of residual oil 

saturation by wettability alteration towards favorable wetness is caused by low salinity effect 

(Jadhunandan and Morrow, 1995; Tang and Morrow, 1999a; Vledder et al., 2010). At the same 

time, alternating water gas (WAG) has been widely implemented in the industry to control the 

mobility of both crude oil and injected gas for an extensive period of time. Combined effects 

of both techniques create desirable conditions for incremental oil recovery. 

2.6   CO2 in the presence of Low Salinity Water 

Studying the behavior of carbon dioxide in the presence of low saline brine is crucial as the 

developing representative mechanistic model is one of the focuses of research. A number of 

experimental investigations, correlations and models (Caroll et al., 1991; King et al., 1992; 

Chang et al., 1998; Duan and Sun, 2003; Duan et al., 2005; Portier and Rochelle, 2005; Tawfiq 

et al., 2010) were developed to determine the impact of brine salinity on the CO2 solubility. 

Theoretical models proposed by Duan et al. (2003, 2005) and Chang et al. (1998) in the list of 

widely used ones. The common concept implies that solubility of carbon dioxide increases as 

the salinity of the brine decreases. However, there is not any concordance within the literature 

in terms of the impact of low saline brine during CO2 flooding. One may consider that as more 

gas is prone to be diffused into the water phase, the less amount of gas will in contact with the 

oil so that recovery is reduced. On the other hand, Stalkup (1970) reported that molecular 

diffusion of gas into the brine could possibly recover stagnant oil blocked by a water barrier. 
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Do and Pinczewski (1992) discussed how carbon dioxide diffused into the water phase and 

reached out stuck oil. 

2.7   Combined effects of CO2 and Low Salinity Water Injection 

The combined impact of LSWAG includes wettability alteration effect delivered by low salinity 

water flooding mechanisms such as multicomponent ion exchange and electrical double effect, 

whereas the presence of CO2 provides oil swelling and reduced oil viscosity. Moreover, an 

increase in the magnitude of CO2 solubility and diffusion is achieved during the interaction of 

low saline water with CO2. Compared to conventional WAG, LSWAG may solve the issue of 

delayed oil production (Dang, 2014). Another point is improved volumetric sweep efficiency 

achieved by the reduced absolute permeability during stripping of clay minerals. 

2.8   Experimental studies on Low Salinity Water Alternating CO2 Injection 

One of the first attempts to investigate the salinity effect during the WAG process on 

heterogeneous carbonate cores with Texas oil was made by Aleidan and Mamore (2010). 

Experimental studies evaluated the effects of invading water with 20 wt. % and 6 wt. % salt 

concentration during both simultaneous water and CO2 injection (SWAG) and water alternating 

CO2 injection (WAG) operations. As a result, low salinity water injection demonstrated greater 

oil recoveries of 9 and 12.5% than high salinity brine.  The key mechanisms underlying such 

positive impact on oil recovery were the following: increase in CO2 solubility led by a decrease 

in salinity and wettability alteration effect towards favorable wetness during low salinity effect. 

An experimental study performed by Jiang et al. (2010) shows that incremental oil 

recovery was attained as the salinity of invading brine increased. Such controversial results are 

because strongly water-wet sandstone core with low clay content was deployed. It is known 

that original wettability of the reservoir rock and content of clay minerals play a significant role 

during low salinity effect. 

Zolfaghary et al. (2013) presented results of core flooding experiments on both 

secondary and tertiary modes performed to study the effect of low salinity water during the 

WAG process on sandstone cores with heavy oil. Ultimate recovery from low salinity WAG 

was 18% greater than high salinity WAG. 

Teklu et al. (2016) evaluated effectiveness of LSWAG on two low-permeability 

carbonate, and medium permeability Berea sandstone cores. Core flooding experiments 

included typical seawater injection, followed by low salinity water injection, followed by CO2 
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flood. Results show that each of these operations yielded the incremental recovery of 14, 25, 

and 38%, respectively.  

The work of AlQuraishi et al. (2017) demonstrates that low salinity water miscible 

WAG exhibited greater ultimate recovery of 18% than high salinity water miscible WAG on 

Berea sandstone. 

Laboratory studies to investigate applicability and performance of LSWAG on 

sandstone reservoirs were made by Al-Abri et al. (2018). Results demonstrate that residual oil 

mobilization was prompted by wettability alteration aided with IFT reduction and mobility 

control during LSWAG process. Three low saline brines were tested to study the effect of 

cationic composition on oil recovery. The highest incremental oil recovery was achieved by 

5000 ppm NaCl solution compared to MgCl2×6H2O and KCl solutions with the salinity of 5000 

ppm. 

2.9   Modelling and Simulation of Low Salinity Water Alternating CO2 Injection 

Dang et al. (2014) proposed a one-dimensional simulation model to mimic the process of 

LSWAG. Simulation study included the application of scaled ion exchange equivalent fraction 

to generate a wettability alteration effect in the heterogeneous 1D model. At the same time, 

considering ion exchange and properties of clay, realistic relative permeability curves were 

generated. These four aqueous and mineral reactions taking place during the simulation of 

LSWAG process: 

𝐶𝐶𝑂𝑂2(𝑎𝑎𝑎𝑎) + 𝐻𝐻2𝑂𝑂 ↔ 𝐻𝐻+ + 𝐻𝐻𝐻𝐻𝑂𝑂3− 

 

(2.3)  

 

 

𝐻𝐻+ + 𝑂𝑂𝐻𝐻− ↔ 𝐻𝐻2𝑂𝑂 

 

(2.4) 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻+ ↔ 𝐶𝐶𝑎𝑎2 + 𝐻𝐻𝐻𝐻𝑂𝑂3− 

 

(2.5)  

 

 

1
2
𝐶𝐶𝑎𝑎2 + 𝑁𝑁𝑎𝑎 − 𝑋𝑋 ↔

1
2
𝐶𝐶𝐶𝐶 − 𝑋𝑋2  + 𝑁𝑁𝑎𝑎+ 

 

(2.6) 
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A series of simulation scenarios of high salinity water injection, low salinity water 

injection, HSWAG, and CO2 flooding were compared with the performance of LSWAG. The 

highest recovery of approximately 75% was indicated during LSWAG process. 

 

Figure 2-9. Oil recovery factor at different scenarios (Retrieved from Dang et al., 2014) 

 

With the objective of studying the effect of LSWAG on incremental oil recovery on the 

larger extent, Dang et al. 2014 performed field-scale modelling and simulation of LSWAG 

operation. Brugge field was introduced as a typical North Sea sandstone reservoir in order to 

evaluate and assess LSWAG. Critical geochemical processes such as ion exchange and 

wettability alteration effect were incorporated into the model. Simulation study included 

sensitivity analysis and preliminary uncertainty evaluations. Incremental oil recovery of 4.5% 

of OOIP during LSWAG was observed compared to HSWAG. 

Extensive studies of LSWAG injection in carbonate reservoirs were performed by 

Awolayo et al. (2019). A reactive transport model was adopted to predict the series of low 

salinity water alternating CO2 flooding experiments on carbonate rocks. It included the 

application of surface complexation reactions (SCR) with a transport equation to describe the 

dynamic balance between mineral exchange sites and monovalent ions of injected brine. During 
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the simulation examinations, it was investigated that thermodynamic parameters mentioned in 

the literature were not suitable for carbonate rocks. 

Model results demonstrated incremental oil recovery of 28% greater than formation 

water flooding whereas simulation data showed that such advantageous impact on recovery 

factor was prompted by the reduction of IFT during the in-situ formation of carbonated water 

led by high solubility of CO2. Afterwards, the model was applied to assess different injection 

scenarios on the field scale. LSWAG injection showed significantly higher injectivity and 

greater oil production. 

Naderi and Simjoo (2019) carried out another numerical study of low salinity water 

alternating gas injection. EOR potential of LSWAG was investigated by the joint analysis of 

both geochemical and fluid flow modelling. Results indicated that the contrast of ionic strength 

between formation and injected brine resulted in multicomponent ion exchange between 

injected water and rock surface, which consequently led to the wettability alteration effect. 

Increased oil recovery of LSWAG accounted for 10% greater value than high salinity 

alternating gas injection. 
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3. PROJECT PLAN 

3.1 Project schedule 

Below Gantt chart is presented. It was developed to ensure that the project will be delivered on 

time. 

 

Figure 3-1. Thesis schedule 

 

ⵝ - milestones 

3.2 Resource requirements 

The necessary resources for project completion are identified and listed. 

Table 3-1. Required resources 

Device/material Function 
Laptop or PC My PC or notebook from computer lab 

is used to conduct the research 
Printer To print out articles or papers 

Access to the internet To download essential materials related 
to my thesis 

Research Journal Subscriptions Research articles for the literature 
review 

Experimental Data Validation of the model 
CMG Software Package To perform modelling and simulation 

3.3 Risk management 

Risk is a measure of the probability of not achieving the expected outcome, and it can be 

avoided or mitigated through well thought out planning. The risk mitigation plan was developed 

for this thesis to identify the possible risks and ways of preventing or controlling them. One of 
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the standard risk assessment tools is WRAC analysis that uses a 5x5 likelihood-consequence 

matrix. Table 1 illustrates the risk rating from low to extreme cases. Risk ranking matrix 

Table 3-2. Risk ranking matrix 

 

3.3.1 Physical hazards 

A physical hazard is a factor that can harm a person’s mental or physical condition without the 

need for physical contact. The possible physical dangers that can occur during the thesis work 

and the ways of avoiding them are given in Table 3. 

Table 3-3. Physical hazards 

Physical Hazard Description Risk 
rating Risk Control 

Eye-strain 

Fatigue of the eyes due to 
a prolonged presence in 
front of the computer 
screen 

7 
High 

Regular exercise for eyes, regular 
breaks while using the computer 

High stress Irritation from the 
overwork 

5 
Medium 

Good study/relax balance, proper 
time management 

Illness Disease from mild colds 
to flu 

5 
Medium 

Maintain immunity of the body, 
dress warmly at cold conditions 

3.3.2 Project hazard 

Project hazards are the factors that can affect to the provision of the thesis on time due to 

unexpected situations. 
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Table 3-4. Project hazards 

Project hazard Description Risk 
level/rating Risk control 

Sudden 
computer crash 

Accidental fall to the 
floor 

3 
Low Obligatory carrying in a bag 

Thesis related 
documents loss 

Sudden failure of the 
hard drive, computer 
crash due to viruses, 
not saving the thesis 
files 

5 
Medium 

Use cloud services like google 
drive, do not forget to save, 
installation of anti-virus software 

Change of thesis 
supervisor 

A supervisor may be 
unable to continue 
student supervision 
due to some 
circumstances 

5 
Medium 

Advice with co-supervisor or 
another professor competent in 
student’s thesis topic 

Software 
inaccessibility Access to CMG 5 

Medium Contact support center 

Lack of 
experimental 
data 

No experimental data 
to validate the model 

5 
Medium 

Reach out another technical paper 
containing information needed for 
the validation of the model 

  



26 

26 

 

4. METHODOLOGY 

As it was highlighted in the previous chapters of this thesis (refer to the Chapters 1 and 2), there 

is a clear scarce of research in the field of numerical simulation of LSWAG. Thus, setting a 

representative model of the LSWAG process and exploring the influence of the proposed hybrid 

EOR technique on oil recovery are the main concerns of this research. To do so, we should 

review the key mechanisms of low salinity effect and analyze the behavior of each component 

of the crude oil, rock, and brine system within the presence of CO2. Based on these studies, we 

propose a model that takes into account all the related geochemical reactions, a mechanism that 

provides wettability alteration, and relative permeability modification induced by wettability 

alteration phenomenon. Once a model is built in the CMG GEM then, a one-dimensional model 

is built and validated against existing coreflooding experiments. Finally, the 1D model was 

extended to a heterogeneous sector model to track the effect of LSWAG on oil recovery in a 

larger extent. 

 

Figure 4-1. Methodology 

 

4.1 CMG Model 

4.1.1 CMG-GEM 

General Equation of State Model (GEMTM) is a compositional reservoir simulator platform 

which is provided by a Computer Modeling Group Ltd. This simulator’s capacity encompasses 

but not limited to the wide range of application areas such as modelling conventional recovery 

stages, sophisticated chemical EORs, and geo-mechanic factors as well as horizontal and multi-

lateral wells. That’s being said, the main reason to utilize CMG GEMTM is the ability to capture 

Reviewing the 
key mechanisms 

and COBR 
interrelations

Setting the 
representative 

model
One dimensional 
coreflood model

Validation of the 
1D model based 
on experimental 

work

Extending the 
validated model 

to 
sector/reservoir 

model 
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and simulate complex geochemical reactions and take into account phase behavior of all related 

components. All the fundamental equations incorporated into the CMG GEMTM can be found 

in the studies of Nghiem et al. (1989, 2004a, 2004b, 2009, 2011), Nghiem (1999), and Thibeau 

et al. (2007) and presented in the following sections. 

4.1.2 Governing Equations 

The cornerstone of the reservoir simulation, Darcy’s law, comprises a linear relationship 

between the rate of the fluid flow within the porous media and potential gradient. Following 

differential equation expresses the single-phase, one-dimensional flow as follows (Lake, 1989): 

 

 𝑞𝑞
𝐴𝐴𝑥𝑥

= 𝑢𝑢𝑥𝑥 = −𝛽𝛽𝑐𝑐
𝑘𝑘𝑥𝑥
𝜇𝜇
𝑑𝑑Φ
dx

 
(4.1) 

Where, 

𝑞𝑞 = flow rate 

𝐴𝐴 = cross-sectional area 

𝑢𝑢 = superficial velocity 

𝛽𝛽𝑐𝑐 = unit conversion factor for the transmissibility coefficient 

𝑘𝑘 = absolute permeability 

𝜇𝜇 = fluid viscosity 

Φ = fluid potential 

𝑥𝑥 = distance in the x direction 

Following assumptions and limitations are to be taken into account when using 

aforementioned form of Darcy’s law: 

1. Homogenous, single-phase, Newtonian fluid 

2. Fluid and the porous medium are not in the chemical interaction 

3. Laminar-flow conditions 

4. Permeability is not the function of pressure, temperature, and the fluid that flows 

5. Klinkenberg’s phenomenon is ignored 

6. The electrokinetic effect is ignored 

Extended form Darcy’s law for the multiphase flow is shown below: 
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𝑢𝑢𝑝𝑝����⃗ =  −𝛽𝛽𝑐𝑐

𝑘𝑘𝑘𝑘𝑟𝑟𝑟𝑟
𝜇𝜇𝑝𝑝

 (∇��⃗ 𝑝𝑝𝑝𝑝 − 𝛾𝛾𝑝𝑝∇��⃗ 𝑍𝑍) 
(4.2) 

Where subscript 𝑝𝑝 stands for the water, oil, gas phases and 𝑘𝑘𝑟𝑟𝑟𝑟, 𝜇𝜇𝑝𝑝,𝑝𝑝𝑝𝑝, 𝛾𝛾𝑝𝑝 = relative 

permeability, viscosity, pressure, fluid gravity for phase 𝑝𝑝.  

The key constraints of compositional modelling include but not limited to mass 

conservation, fugacity equalities, and chemical reaction equations. The primary assumption is 

that phase equilibrium exists within all related fluid phases. Oil, water, both organic and 

inorganic gases, ions, and dissolved reliable components are taken as a fluid species. Mineral 

components, adsorbed cations are in the list of solid species. The universal mass conservation 

equation for fluid component 𝑎𝑎 and solid component 𝑚𝑚 looks as follows (Lake, 1989, and 

Steefel and MacQuarrie, 1996): 

 𝜕𝜕
𝜕𝜕𝜕𝜕 �

��𝜑𝜑𝑝𝑝𝑗𝑗𝑆𝑆𝑗𝑗𝑋𝑋𝑎𝑎𝑎𝑎�

𝑛𝑛𝑝𝑝

𝑗𝑗=1

� + 𝛻𝛻 ∙��𝑝𝑝𝑗𝑗𝑋𝑋𝑎𝑎𝑎𝑎𝑢𝑢𝑗𝑗 − 𝑝𝑝𝑗𝑗𝜑𝜑𝑆𝑆𝑗𝑗𝐷𝐷𝑎𝑎𝑎𝑎𝛻𝛻𝑋𝑋𝑎𝑎𝑎𝑎�

𝑛𝑛𝑝𝑝

𝑗𝑗=1

+ 𝑞𝑞𝑎𝑎𝑊𝑊

= �𝑣𝑣𝑎𝑎𝑎𝑎𝑟𝑟𝑘𝑘 + �𝑣𝑣𝑎𝑎𝑎𝑎𝑟𝑟𝑞𝑞

𝑛𝑛𝑞𝑞

𝑞𝑞=1

𝑛𝑛𝑘𝑘

𝑘𝑘=1

 

(4.3) 

 𝜕𝜕𝐶𝐶𝑚𝑚
𝜕𝜕𝜕𝜕

= �𝑣𝑣𝑚𝑚𝑚𝑚𝑟𝑟𝑘𝑘 + �𝑣𝑣𝑚𝑚𝑚𝑚𝑟𝑟𝑞𝑞

𝑛𝑛𝑞𝑞

𝑞𝑞=1

𝑛𝑛𝑘𝑘

𝑘𝑘=1

 
(4.4) 

Where, 

𝑡𝑡 denotes time; 𝑛𝑛𝑝𝑝 stands for a number of fluid phases; 𝜑𝜑 is porosity; 𝑝𝑝𝑗𝑗 and 𝑆𝑆𝑗𝑗 are density and 

saturation of phase 𝑗𝑗; 𝑋𝑋𝑎𝑎𝑎𝑎 is the molar fraction of fluid species 𝑎𝑎 in phase 𝑗𝑗, 𝑢𝑢𝑗𝑗 is Darcy velocity 

for corresponding phase 𝑗𝑗, 𝐷𝐷𝑎𝑎𝑗𝑗 is the dispersion tensor for component 𝑎𝑎 in phase 𝑗𝑗, 𝑞𝑞𝑎𝑎𝑊𝑊 is the 

rate of well for component 𝑎𝑎, solid component concentration is expressed as 𝐶𝐶𝑚𝑚, stoichiometric 

coefficients of component 𝑎𝑎 in kinetic reaction 𝑘𝑘 are described as 𝑣𝑣𝑎𝑎𝑎𝑎, 𝑣𝑣𝑎𝑎𝑎𝑎 are the 

stoichiometric coefficients in equilibrium reaction 𝑞𝑞, rates for kinetic reaction k and equilibrium 

reaction q are denoting as 𝑟𝑟𝑘𝑘 and 𝑟𝑟𝑞𝑞, numbers of kinetic and equilibrium reactions are 𝑛𝑛𝑘𝑘 and 

𝑛𝑛𝑞𝑞.  

The phase equilibrium and composition limitations for gas-liquid phase thermodynamic 

equilibrium are expressed below: 
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 𝑓𝑓𝑎𝑎𝑎𝑎 − 𝑓𝑓𝑎𝑎𝑎𝑎 = 0 (4.5) 

 

 
�𝑋𝑋𝑎𝑎𝑎𝑎 − 1 = 0

𝑛𝑛𝑓𝑓

𝑎𝑎=1

 
(4.6) 

Where, 𝑓𝑓𝑎𝑎𝑎𝑎 and 𝑓𝑓𝑎𝑎𝑎𝑎 are fugacity values of fluid species 𝑎𝑎 in the gas and liquid phases. 

These fugacity values can be obtained using Henry’s Law or the Peng-Robinson equation of 

state. 

4.1.3 Geochemical Modeling 

According to Nghiem et al. (2004) coupled system of equations that handles both flow and 

chemical reaction simulation are solved in two ways. These are sequential and simultaneous 

solution methods. The simultaneous method, also known as a fully coupled approach handles 

equations using Newton’s method. This approach is used in order to model the fluid transport 

of reactive components in the aqueous phase. General Equation of State Model (GEMTM) 

provides adaptive-implicit multiphase multicomponent flow simulator that takes into account 

geochemical reactions based-on previously described fully coupled approach. 

4.2.3.1 Intra-Aqueous Reactions 

Nghiem et al. (2004) reported that reactions of the components within the aqueous phase can 

be expressed by the following stoichiometry: 

 
�𝑉𝑉𝑎𝑎
𝑛𝑛𝑎𝑎𝑎𝑎

𝑘𝑘=1 𝑘𝑘𝑘𝑘

𝐴𝐴𝑘𝑘 = 0,𝛼𝛼 = 1, … ,𝑅𝑅𝑎𝑎𝑎𝑎 
(4.7) 

Where, 𝑅𝑅𝑎𝑎𝑎𝑎 is the number of reactions between aqueous species and 𝐴𝐴𝑘𝑘 is the chemical 

symbol for the k-th aqueous component. 

It is to bear in mind that mineral dissolution and precipitation reactions are slower than 

the reactions between the species taking place in the aqueous phase. Thus, latter ones can be 

expressed by chemical-equilibrium reactions, whereas former ones considered as a rate-

dependent reaction. 



30 

30 

 

As the chemical equilibrium reactions can be modelled with chemical equilibrium 

constants (Tanaka et al., 1995) the following equations considered as governing ones for the 

chemical equilibrium reaction: 

 𝑄𝑄𝛼𝛼 − 𝐾𝐾𝑎𝑎𝑎𝑎,𝛼𝛼 = 0,𝛼𝛼 = 1, … ,𝑅𝑅𝑎𝑎𝑎𝑎 (4.8) 

 

 
𝑄𝑄𝛼𝛼 = �𝑎𝑎𝑘𝑘

𝑣𝑣𝑘𝑘𝑘𝑘  

𝑛𝑛𝑎𝑎𝑎𝑎

𝑘𝑘=1

 
(4.9) 

4.1.3.2 Mineral Dissolution and Precipitation Reactions 

The rate law for the mineral dissolution and precipitation reactions is expressed as follows 

(Koide et al., 1995): 

 
𝑟𝑟𝛽𝛽 = 𝐴̂𝐴𝛽𝛽𝑘𝑘𝛽𝛽 �1 −

𝑄𝑄𝛽𝛽
𝐾𝐾𝑒𝑒𝑒𝑒,𝛽𝛽

� ,𝛽𝛽 = 1, … ,𝑅𝑅𝑚𝑚𝑚𝑚 
(4.10) 

Where, 𝑟𝑟𝛽𝛽 is the rate, 𝐴̂𝐴𝛽𝛽 is the reactive surface area for mineral 𝛽𝛽, 𝑘𝑘𝛽𝛽 is the rate constant 

of mineral reaction 𝛽𝛽, 𝐾𝐾𝑒𝑒𝑒𝑒,𝛽𝛽 stands for the chemical equilibrium constant for mineral reaction 

𝛽𝛽 and 𝑄𝑄𝛽𝛽 is the activity product of mineral reaction 𝛽𝛽. The activity product 𝑄𝑄𝛽𝛽 is identical to 

the activity product for aqueous chemical equilibrium reactions. 

4.1.4 Ion Exchange and Wettability Alteration Models 

A critical condition to trigger the ion exchange mechanism is to inject water with different ion 

concentration than the formation brine. Modelling ion exchange phenomena is one of the crucial 

parameters to take into account during the simulation of low salinity waterflooding. The 

following reversible reactions are the most common ion exchange reactions: 

 𝑁𝑁𝑎𝑎+ +
1
2

(𝐶𝐶𝐶𝐶 − 𝑋𝑋2) ↔ (𝑁𝑁𝑁𝑁 − 𝑋𝑋) +
1
2
𝐶𝐶𝑎𝑎2+ (4.11) 

 

 𝑁𝑁𝑎𝑎+ +
1
2

(𝑀𝑀𝑀𝑀 − 𝑋𝑋2) ↔ (𝑁𝑁𝑁𝑁 − 𝑋𝑋) +
1
2
𝑀𝑀𝑔𝑔2+ (4.12) 
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Where X stands to express clay mineral in the reservoir rock. Modelling ion exchange 

mechanisms requires introducing selectivity coefficients that are governed by Gaines-Thomas 

convention (Gained and Thomas, 1953): 

 
𝐾𝐾
�𝑁𝑁𝑁𝑁𝐶𝐶𝐶𝐶�
′ =

ζ(Na − X)[m(Ca2+)]0.5 
ζ(Ca − X2)[m(Na+)]

[𝛾𝛾(𝐶𝐶𝑎𝑎2+)]0.5

𝛾𝛾(𝑁𝑁𝑎𝑎+)  
(4.13) 

 

 
𝐾𝐾
�𝑁𝑁𝑁𝑁𝑀𝑀𝑀𝑀�
′ =

ζ(Na − X)[m(Mg2+)]0.5 
ζ(Mg − X2)[m(Na+)]

[𝛾𝛾(𝑀𝑀𝑔𝑔2+)]0.5

𝛾𝛾(𝑁𝑁𝑎𝑎+)  
(4.14) 

 

Where equivalent fractions 𝑁𝑁𝑎𝑎+, Ca2+, Mg2+ on the exchangers are expressed as 

ζ(Na − X), ζ(Ca − X2), ζ(Mg − X2), m is molality, 𝛾𝛾 is an activity coefficient. 

It is known that the consequence of low salinity effect is wettability alteration. A CMG 

GEM provides wettability alteration model based on the shift of relative permeability curves 

(Figure 4-2). A low salinity modeling package embedded in the compositional simulators offers 

relative permeability interpolation methods such as ion exchange, mineral volume fraction, and 

simple relative permeability interpolation of an aqueous phase component. The proposed 

mechanistic model utilizes ion exchange based relative permeability interpolation model. 

Traditionally, two set of relative permeability curves from both high salinity and low salinity 

waterfloods are needed to conduct the modelling. These data is taken from existing 

experimental work that included coreflooding study. 
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Figure 4-2. Relative permeability curves during high and low salinity waterflood 

 

4.1.5 Modeling of CO2 flooding 

The WinProp software package, which is included in the CMG, allows modeling the behavior 

of fluids. Shortly, WinProp’s scope includes EoS characterization, reservoir fluid 

characterization, miscibility prediction, and thermodynamic calculations. Miscibility prediction 

is based on the condensing, vaporizing, and condensing-vaporizing drives. Also, ternary 

diagrams can be generated in order to observe the graphical representation miscibility 

mechanisms. Methods such as cell to cell, multiple mixing cell, semi-analytical are used to 

determine the MMP and minimum miscibility enrichment (MME) values. During CO2 flooding, 

carbon dioxide, besides swelling the oil phase, can also partition into the water phase. Thus, 

Henry’s model is used to simulate the solubility of CO2 gas in the water. On top of that, 

WinProp allows to account for the salinity of brine during the diffusion of the CO2 gas. 

4.2 Validation data 

Shaddel et al. (2014) presented a set of corefloods on sandstone cores to study the impact of 

low salinity effect on relative permeability curves and wettability of the reservoir rock. The set 

of brine injections with seawater (SW) as high salinity water, ten times diluted formation water 
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(dFW0.1), and hundred times diluted sea formation (dFW0.01) as a low salinity water were 

performed separately in a secondary mode in order to observe the impact on the oil recovery, 

residual oil saturation, and relative permeability curves in sandstone cores. This experimental 

work contains sufficient data to generate a one-dimensional model designed to validate the 

proposed mechanistic model against laboratory results. 

4.2.1. Experimental Materials 

4.2.1.1 Cores 

The core samples used during the experiments were taken from Iranian sandstone reservoir. 

The composition of cores looks as follows: quartz, clay, albite, and a minimum amount of 

calcite and dolomite. The core properties and mineralogy are presented in Table 4-1 and Table 

4-2. Mineral composition of the core was defined by XRD (Moore, 1989) whereas porosity was 

acquired by weighing difference method (Amyx, 1960). 

Table 4-1. The core properties (Shaddel et al., 2014) 

Core 

ID 

Length, cm Diameter, 

cm 

Porosity, 

% 

Permeability, 

mD 

Swi (HS) Swi (LS) Ageing 

Time, 

day 

A2 4.94 3.8 14.6 20.9 0.221 0.207 30 

A3 4.90 3.8 14.9 27.1 0.214 0.202 30 

A4 4.91 3.8 15.8 23.7 0.212 0.205 30 

 

 

Table 4-2. The mineral composition of cores (Shaddel et al., 2014) 

Quartz Albite Kaolinite Muscovite Calcite Dolomite 

0.7 0.21 0.04 0.02 0.02 0.01 
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4.2.1.2 Crude oil 

Two different oil types were used in these experiments. Oil sample A with the viscosity of 3.15 

cp and acid number (AN) of 0.842 KOH/g. Oil sample B with the viscosity of 4.27 cp and acid 

number (AN) of 2.683 KOH/g. The information on oil samples is presented in the Table 4-3. 

 

Table 4-3. Oil composition (Shaddel et al., 2014) 

Oil Sample Density, g/cc Viscosity, cp AN, KOH/g 

A 0.855 3.15 0.842/0.21 

B 0.920 4.27 2.683/0.39 

 

4.2.1.2 Brine 

The salts alike of reservoir formation brine were used in dissolving it in distilled water to 

prepare synthetic formation water (FW).  Whereas seawater was utilized as high salinity water 

the pre-set dilutions of formation water such as ten times diluted formation brine, 100 times 

diluted formation brine. The summary of formation and sea waters is presented in Table 4-4. 

Table 4-4. The injected brine composition (Shaddel et al., 2014) 

Ion Components Formation Water (ppm) Sea Water (ppm) 

Na+ 57332 11778 

K+ 5872 985 

Ca2+ 13600 382 

Mg2+ 2673 1424 

Cl- 127436 22120 

SO42- 500 3118 

Total Dissolved Salts 207413 39807 
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4.2.2. Experimental Procedure 

Soxhlet apparatus was used to clean the core with toluene and methanol at 115°C. Afterwards, 

the core was dried at 60°C and then was saturated with the formation water with the objective 

of determining pore volume. Ionic equilibrium between the formation water and mineral surface 

was achieved by ageing the core with the formation water for 15 days at 70°C. After that core 

was aged for 30 days and mixed-wet wettability was established. The permeability value was 

measured by variating the flow rates in the core holder. As the first set of injection was done, 

the core was again cleaned by Soxhlet apparatus to check whether the same petrophysical values 

were obtained after the second set of low salinity water injection. The test oil was used in 

flooding until the irreducible water saturation of the core sample in order to get initial water 

saturation. 

A typical core holder apparatus was used during the experimental study. Core holder 

had a confining pressure of 140 bar and a back pressure of 10 bar. The injection rate of 2 PV/day 

at 70°C as set during flooding sets. First, the core was flooded with the formation water then 

with the low salinity water. Fractional collector allowed to measure produced oil and define oil 

recovery factor. The effluent data and pH were recorded. A summary of experimental work is 

demonstrated in Table 4-5. 

Table 4-5. Experimental results (Shaddel et al., 2014) 

Exp. No. Core ID RF, % LS Flood RF, % T, °C Oil Type 

1 A4 46.5 SW 50.8 70 B 

2 A3 50 dFW0.1 54 70 B 

3 A2 49 dFW0.01 56.7 70 B 
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5. RESULTS AND DISCUSSION 

This chapter presents results and discussion that were drawn after the numerical study on the 

LSWAG. Firstly, the results on the validation of the one-dimensional model are demonstrated. 

The validation of the model implies comparison of simulation results with the existing 

experimental study in order to understand in what order the proposed model is representative 

and valid. Secondly, one-dimensional model was generated to see the impact of LSWAG on oil 

recovery in core dimensions. Thirdly, as the behavior of LSWAG was investigated in 1D model 

it is to extent it further to the sector model. The next sub-section exhibits the sthree dimensional 

simulation results of the LSWAG. Lastly, sensitivity analysis that includes investigation on the 

impact of operational parameters such as WAG ratio, cycling length, and start-up date is 

presented. 

5.1 Validation of the model 

5.1.1 Description of One-Dimensional Model 

The CMG GEM compositional simulator was used to simulate the core flooding experiments 

A2, A3, A4 done by Shaddel et al. (2014). A one-dimensional model with the identical 

properties used in the experimental work included two vertical wells: injector and producer 

(Figure 5-1). The dimensions of the 1D model and the input data used for the generation of the 

model are presented in Tables 5-1 and 5-2. The case of low salinity water injection at 2 PV/Day 

(1.632e-005 m3/day) with the same composition as in laboratory study was used. All the 

geochemical reactions embedded in the model are shown in Table 5-3. 



37 

37 

 

 

Figure 5-1. The view of one-dimensional model 

 

 

 

Table 5-1. Dimensional specifications of one-dimensional model 

Grid Dimension 50x1x1 

Number of grids 50 

X-direction grid size 0.000988 m 

Y-direction grid size 0.03295 m 

Z-direction grid size 0.03295 m 
 

Table 5-2. Input data 

Parameter Value Unit 

Porosity 14.6-15.8 % 

Permeability 20.9-23.7 mD 
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Pore Volume ≈8e-006 m3 

Temperature 70 C 

Pressure 14000 kPA 

Bottom Hole Pressure 12950 kPA 

Perforation Size 0.002 m 

Injection Rate 1.632e-005 m3/day 

 
Table 5-3. Geochemical reactions 

Aqueous Reactions 

𝐻𝐻+ + (𝑂𝑂𝑂𝑂)− → 𝐻𝐻2𝑂𝑂 

(CaHCO3)+ = Ca2+ + (HCO3−)  

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3 + 𝐻𝐻+ = 𝐶𝐶𝑎𝑎2+ + (HCO3−)  

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂4 = 𝐶𝐶𝑎𝑎2+ + 𝑆𝑆𝑂𝑂−4 

𝐾𝐾𝐾𝐾𝐾𝐾 = 𝐶𝐶𝑙𝑙− + 𝐾𝐾+ 

𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 = 𝐻𝐻+ + (𝐻𝐻𝐻𝐻𝑂𝑂3−) 

Mineral/Solid Reactions 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3) + 𝐻𝐻+ = 𝐶𝐶𝑎𝑎2+ + 𝐻𝐻𝐻𝐻𝑂𝑂3− 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝑀𝑀𝑀𝑀𝑀𝑀𝑂𝑂3) + 𝐻𝐻+ = 𝐻𝐻𝐻𝐻𝑂𝑂3− + 𝑀𝑀𝑔𝑔2+ 

𝐶𝐶𝐶𝐶(𝑂𝑂𝑂𝑂)2(𝑐𝑐) + 2(𝐻𝐻+) = 𝐶𝐶𝑎𝑎2+ + 2𝐻𝐻2𝑂𝑂 

5.1.2 Validation Results 

The Figures 5-2, 5-4, 5-6 exhibit the results of simulations compared to the original 

experimental data for each coreflooding test. The relative permeability curves (Figures 5-3, 5-

5, 5-7) used in the model are digitized from the existing laboratory data. Based on the graphs 

(Figures 5-4, 5-6), it is clearly seen that simulations show consistent concordance with the 

physical studies. However, the figure 5-2 shows that there is a moderate level of mismatch 

between experimental and modeled values at the initial values of pore volume injected. Namely, 

it constitutes root mean square error of 8.37. In addition, one can observe that a decrease in the 

salinity of the injected water provided additional incremental oil recovery (Jadhunandan and 

Morrow (1995),Yildiz and Morrow (1996)). It is important to mention that reducing the salinity 

of the injected brine promoted the shift of relative permeability curves to more water-wet as it 

was found in a number of studies (Suijkerbuijk et al., 2012, Mugele et al., 2014). 
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5.1.2.1 Coreflooding Experiment A4 – Low salinity waterflood using SW 
 

 
Figure 5-2. Validation of the low salinity water coreflood using SW 

 

 

 
Figure 5-3. Relative permeability curves for A4 experiment (Shaddel et al. 2014) 
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5.1.2.2 Coreflooding Experiment A3 – Low salinity waterflood using dFW0.1 
 

 
Figure 5-4. Validation of the low salinity water coreflood using dFW0.1 

 

 
Figure 5-5. Relative permeability curves for A3 experiment (Shaddel et al. 2014) 

 

5.1.2.3 Coreflooding Experiment A2 – Low salinity waterflood using dFW0.01 
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Figure 5-6. Validation of the low salinity water coreflood using dFW0.01 

 

 

 
Figure 5-7. Relative permeability curves for A2 experiment (Shaddel et al. 2014) 

 

5.2 One Dimensional Simulation of LSWAG 

To see the impact of LSWAG on oil recovery, the validated one-dimensional homogenous 

model with the same grid specifications, geochemistry, and input values except for reservoir 

pressure and bottom hole pressure are utilized (65 and 64.75 MPa respectively). The flooding 
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is to note that water and gas injection wells are located on the same grid and have identical 

perforations (Figure 5-8). From now and on, seawater (SW) and 100 times diluted formation 

water (dFW0.01) addressed in Chapter 3 are denoted as high and low salinity water. The 

number of injection scenarios (Case 1 – high salinity waterflooding (SW) Case 2 – low salinity 

waterflooding (dFW0.01), Case 3 – high salinity water alternated CO2 injection, and Case 4 – 

low salinity water alternated CO2 injection) were set with the objective of comparing LSWAG 

with other conventional pressure maintenance and IOR technologies. Throughout the 

simulation, there were three cycles of WAG with the WAG ratio (ratio of water flow rate to gas 

flow rate) of 1:1 and period of 14 hours (Figure 5-11). Compositions of the injected brines can 

be found in Chapter 3. 

 

Figure 5-8. One-dimensional model of LSWAG 

Comparison of Case 1 and Case 2 is presented in Figure 5-9. It is clearly noticeable that low 

salinity water injection outperforms high salinity water injection by approximately 7% in terms 

of recovery factor. This advantage is explained by the wettability alteration phenomena during 

injection of low salinity water that is addressed in Chapter 2. 
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Figure 5-9. Comparison of Case 1 (HSW) and Case 2 (LSW) 

 

As there is a need in order to achieve even more oil recovery, the alternated injection of water 

and CO2 gas is introduced along with other injection modes (Figure 5-10). LSWAG leaves 

behind other cases with the recovery factor of 59%. The effect of LSWAG on oil recovery 

based on simulation results is consistent with the numerous laboratory studies (Aleidan et al., 

2010; Zolfaghary, 2013; Teklu, 2016; Al-Quraishi et al., 2017; Al-Abri et al., 2018). In addition, 

results demonstrate concordance with other laboratory-scale simulations (Al-Shalabi et al. 

2014; Dang et al. 2014; Naderi and Simjoo, 2019). The interesting thing is that HSWAG 

resulted in the lowest oil recovery value of 45.8%. Such number might be contradictory, but 

this is in line with the modelling study of Inaloo et al. (2014). Taking into account that the 

proposed model is homogenous, then the WAG should clearly perform better than the 

conventional waterflooding. Nevertheless, such kind of inconsistency might be because of the 

fact that WAG is commissioned at the start of the simulation date. Traditionally, WAG is 

considered as a tertiary oil recovery technique that is used to recover stagnant oil that was not 

extracted during primary and secondary stages of the oil recovery. 
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Figure 5-10. Case scenarios 

 

Operational characteristics of the WAG plays crucial role in measuring the success of the 

implementation. These parameters include WAG ratio, WAG slug size, cycling duration, and 

the start of the WAG. The WAG ratio of 1:1 (Figure 5-11) is selected as it is considered as the 

most frequent ratio (Christensen et al. 2001). 

 

Figure 5-11. Ratio of WAG 

 

5.3 Sector Model Simulation of LSWAG 

As one-dimensional simulation showed that LSWAG surpassed other technologies in terms of 

oil recovery, there is a motivation to observe its potential to a larger extent. Thus, we propose 

a 3D heterogeneous model with the previous case scenarios (Figure 5-12). As an 

injection/production pattern, typical five-spot of four injection and one producer wells is 

utilized. The grid and operational specifications are shown in Table 5-4, and input parameters 
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except for porosity and absolute permeability values remain unchanged as one dimensional-

model is scaled up to represent sector model characteristics. Compositions of the injected brines 

can be found in Chapter 3. The relative permeability curves for the injection of dF0.01 are 

deployed in this model. 

 

Figure 5-12. 3D view of heterogeneous sector model 

 
Table 5-4. Dimensional, operational, and petrophysical specifications of the sector model 

Grid Dimension 11x11x5 

Number of grids 605 

X-direction grid size 11*50 m 

Y-direction grid size 11*50 m 

Z-direction grid size 5*10 m 
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Water Injection Rate 600 m3/day 

Gas Injection Rate 600 m3/day 

Reservoir Pressure 65 MPa 

Bottom Hole Pressure 64.75 MPa 

Perforation radius 0.0762 m 

Porosity 0.102-0.202 

Permeability I-J-K 24-74 mD 

 

Based on the simulation results it was revealed that use of LSWAG provided recovery of 57.2% 

of original oil in place (OOIP) which is higher than low salinity water injection for about 13.7% 

(Figure 5-13). This result aligns with the field-scale simulation in Norther Sea reservoir 

performed by Dang et al. (2014). The lowest recovery factor corresponds to both high salinity 

water injection and HSWAG constituting 38% of OOIP. Moreover, one should put attention to 

the level of water cut for all cases. It is seen from Figure 5-14 that the first rocketing of water-

cut value is observed during high salinity waterflooding, whereas low salinity waterflooding 

shows the latest increase of water cut. However, the LSWAG demonstrates considerably low 

water cut and the latest breakthrough throughout the simulation period compared to the other 

scenarios. 

 
Figure 5-13. Oil recovery comparison for all cases 
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Figure 5-14. Water cut comparison for all cases 

 

As it was previously mentioned, there are specific parameters that affect the performance of 

WAG. Chen et al. (2010) documented that WAG ratio plays a vital role in the design of WAG. 

The WAG ratio of 1:1 is chosen in the sector model simulation of LSWAG as Christensen et 

al. (2001) reported that the most regular field WAG ratio is 1:1 (Figure 5-15). However, further 

sections include a sensitivity study on oil recovery, including WAG ratio, WAG cycle length, 

and WAG kick-off date. 

 
Figure 5-15. WAG ratio for both LSWAG and HSWAG 

 

5.4 Sensitivity Analysis on LSWAG 

To optimize the LSWAG technology, a sensitivity analysis, that includes a study on the 

operational characteristics such as ratio, cycling length, start-up date of WAG, is presented in 

this section.  

 



48 

48 

 

 

Figure 5-16. Sensitivity of recovery factor on WAG ratio 

It is seen that there is an extremely small difference in terms of oil recovery between the WAG 

ratio of 1:1 and 1:5 (Figure 5-16). However, a lower ratio of WAG results in a higher oil 

recovery factor (Belazreg et al., 2019). 

 

Figure 5-17. Sensitivity of recovery factor on length of cycling period 

 

Figure 5-17 exhibit the various scenarios of WAG with cycling periods of 3, 6, 9, 12 months. 

Until the curves reach a plateau, it is possible to infer that cycling length of 12 months shows 

the highest oil recovery as opposed to the length of 9 months where recovery factor accounts 

for the lowest possible value among other cases. Wu et al. (2004) documented that the higher 

amount of OOIP is produced at shorter cycling lengths. Nonetheless, simulation results indicate 

that there is no such a relationship between oil recovery and WAG cycling length. 
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Figure 5-18. Sensitivity of recovery factor on start-up date of WAG 

 

Figure 5-18 presents a sensitivity analysis based on alteration of kick-off time for LSWAG. All 

the cases imply injection of low salinity water for period of 2, 5, 7, 10 years consequently 

followed by LSWAG. It is plain that the later LSWAG is commissioned, the better oil recovery 

is observed. Namely, kick-off of LSWAG after 10 years of LSWF showed the highest recovery 

factor of 57.6%. The reason may lie in the fact that it is more convenient to fully leverage the 

benefit of low salinity waterflooding and only after that switch to alternating mode. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

In this research work, modeling and simulation study of LSWAG as a hybrid EOR method, has 

been performed using CMG software package in order to track the effect of proposed synergetic 

technology on oil recovery from sandstone reservoirs. The following 7 conclusions based on 

the results of this modelling and simulations study can be drawn: 

1. Positive effect of LSWAG on oil recovery both in 1D and sector model dimensions was 

observed. 

2. It demonstrated highest recovery factor of 59% and 57.2% on the coreflood and sector 

model scales. 

3. The model is validated against 3 coreflooding experiments. 

4. The impact of operational parameters such as WAG ratio, cycling length, start-up on 

recovery factor was investigated. 

5. The results indicated that the WAG ratio of 1:1 provides higher oil recovery than the 

1:5. 

6. No relationship was found between the cycling length and recovery factor in this 

preliminary study. 

7. Later kick-off of WAG allows to leverage the low salinity effect as it showed highest 

recovery of 57.6%. 

From the simulation results, it is possible to infer that LSWAG triggered a considerable amount 

of incremental oil recovery compared to other EOR technologies. Nevertheless, to better 

understand the impact of LSWAG, the following recommendations are suggested for further 

study: 

• Set of corefloods of LSWAG in both sandstones and carbonates 

• Set of contact angle measurements to observe wettability alteration during LSWAG 

• A laboratory study of assessing the solubility of CO2 in low salinity water 

• Full field-scale simulation of LSWAG 
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