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ABSTRACT 

Low Salinity WaterFlood (LSWF) injection is an Enhanced Oil Recovery (EOR) 

method proven to be effective by extensive experimental studies. Correct implementation 

of this method in reservoir-scale simulations requires reliable estimation of relative 

permeability data. However, due to the ongoing debate regarding the dominant 

mechanism in this process and the inadequate understanding of complicated brine-oil-

rock interactions, only a few models have been suggested to estimate relative permeability 

associated with LSWF for either carbonate or sandstone rocks. Existing models simulate 

the impact of LSWF based on geochemical interactions; however, the fluid-fluid 

interaction has been overlooked. Some models depend on the cation-exchange capacity 

of clay which is not adequate for clay-free rock. In contrast, others are based on weighting 

factors such as the divalent ions desorption, which is case dependent.  

This study presents a novel semi-empirical model of LSWF relative permeability, after 

high salinity water flooding, based on incremental oil recovery measured during low 

salinity injection. Therefore, it can be applied to all rock types, fluid systems, and 

wettability conditions regardless of the active mechanism. The relative permeability at 

the high salinity water flooding, krHS and incremental oil recovery during low salinity 

injection were inputs to the model for predicting the low salinity kr curve, krLS and, 

consequently, this model can be used to assess the performance of LSWF. Well-known 

mechanisms in literature on the incremental oil recovery during LSWF are reviewed 

including micro-dispersion. In this work, correlation between the incremental oil recovery 

and the amount of micro-dispersion has been employed for sensitivity analysis, and 

evaluation of the new model's response among various levels of incremental oil recovery. 

This new model has been validated utilising 12 coreflood datasets obtained from core 

flooding experiments under both unsteady-state and steady-state flooding conditions or 

protocols. A new steady-state experiment has been performed in this study to produce the 

first reliable relative permeability data that is needed for validation. This dataset, along 

with the unsteady-state dataset obtained under tertiary and secondary mode by other 

researchers in our group at Heriot-Watt University, has been used to validate the new 

model and to quantify the effect of LSWF injection on the relative permeability. Five 

experiments have already been published in literature by other researchers from our 

group, while the other four experiments have not yet been published. Additional two more 

experimental data from other group researchers available in the literature were deployed 

for further verification. Due to its mechanism independence, the new model suggested in 



this thesis can be applied for efficient performance screening of all LSWF injection 

scenarios, which is invaluable for the oil and gas industry’s decision-making process. 

The results confirm the difference in relative permeability curves between high-

salinity and low-salinity injections caused a decrease in water relative permeability and 

an increase in the oil relative permeability. They also prove that low-salinity brine can 

shift the rock wettability from oil-wet or mixed-wet towards a more water-wet condition. 

The obtained relative permeability curves extend across a substantial saturation range, 

making this valuable information necessary for numerical simulations. To the best of our 

knowledge, the data from the steady-state experiment is a first in assessing the impact of 

low-salinity waterflooding at a steady-state condition using a reservoir live crude oil and 

long reservoir core sample at reservoir condition. The results of this study are of utmost 

importance for the oil and gas industry. 
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NOMENCLATURE 

 

CO2 Carbon Dioxide  

Ca2+ Calcium ion  

Mg2+ Magnesium ion 

SO4
2−  Sulphate ion 

Cl−  Chloride ions 

Na+ Sodium ion 

Swi Irreducible water saturation  

kro
∗  Endpoint oil relative permeability 

krw
∗  Endpoint water relative permeability 

Sorw Residual oil saturation 

 No Corey exponent to oil  

Nw Corey exponent to water 

Lo,Eoand To, LET exponent to oil  

Lw,Ewand Tw, LET exponent to water  

L,  E and T Exponent parameters of LET model  

Sw
trans a transition water saturation  

Sw water saturation of high salinity  

Swir  irreducible water saturation  

Swf
HS final point of water saturation for high salinity 

Swf
LS final point of water saturation for low salinity 

𝛼 a coefficient factor that is used as a multiplier to predict the residual oil saturation for 

LSWF 

Swi
HS is initial water saturation of HSWF  

OOIP is incremental oil recovery by LSWF  

Sorw
HS  Residual oil saturation of HSWF  

Sorw
LS  Residual oil saturation of LSWF 

𝑘𝑟𝑜
𝐿𝑆(𝑆𝑤

𝑡𝑟𝑎𝑛𝑠) is the predicted oil relative permeability of LSWF as a function of 

transition water saturation.  

kro
HS  is the oil relative permeability of HSWF.  

Bca0,Bmg0 the amount of calcium and magnesium, respectively in the initial 

condition bounded to the clay surface.   

r > 0 a specified constant  ,  



 

x 

H(Bca,Bmg) a weighting factor, H=1 means no desorption of calcium and 

magnesium 

 0 < H < 1 means desorption of divalent cations from the rock surface.  

 

Abbreviations 

  

EOR Enhanced Oil Recovery  

HSWF High Salinity Water Flood  

LSWF Low Salinity WaterFlood  

EIA US Energy Information Administration  

SWCTT Single Well Tracer Test  

PDIs Potential Determining Ions  

IFT Interfacial Tension  

MIE Multi-component Ionic Exchange  

CDC Capillary Desaturation Curve  

FW Formation Water  

DSL Desalinated Water  

WBT Water Breakthrough   

HS High Salinity  

LS Low Salinity  

RF oil recovery  

MD Micro-Dispersion  

HS-SS High Salinity displacement under steady-state condition  

HS-USS High Salinity displacement under unsteady-state condition 

FF High Salinity Water Fractional Flow  

LSFF Low Salinity Water Fractional Flow  

IEA International Energy Agency  

SPE Society of Petroleum Engineers  

CMG Computer Modelling Group  

CMOST Automated History-Matching Engine 

krHS High Salinity relative permeability  

krLS Low Salinity relative permeability  
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Chapter 1: INTRODUCTION 

1.1 Oil Demand  

Energy is crucial for economic growth since many manufacturers require energy as their 

primary input. According to the most recent outlook forecast from British Petroleum (BP), 

global activity will continue to expand as the population grows. The world’s population is 

expected to increase by more than 2 billion people over the next few decades, reaching 

approximately 9.6 billion people by 2050 (BP, 2020). The global energy markets will be 

affected by this growth rate. Figure 1-1 illustrates the predicted worldwide energy demand 

for the next two decades (ExxonMobil Benelux, 2019). Oil and gas play an essential role in 

the global energy supply. These two key energy sources will continue to provide most of the 

world’s energy demands for the next 20 years or more. 

Moreover, the US Energy Information Administration (EIA) reported that petroleum and 

other liquids would remain the primary fuel for industrial sectors (EIA, 2021). Based on their 

projections, petroleum and some other liquids are the most consumed fuels for energy in the 

US, as shown in Figure 1-2. As future energy supplies are linked to oil and gas, it is crucial 

to consider the associated investments required to meet future energy demands. Currently, 

mature fields still contribute significantly to global oil production, and the discovery of new 

sources has declined in recent years. Hence, the ultimately recoverable oil reserves must fulfil 

the continually rising oil demand and preserve a sustainable oil supply. Oil production can 

be sustained by exploring new oil reserves and/or optimising oil recoveries from known 

mature reservoirs through enhanced oil recovery (EOR) techniques. This can play a 

significant role in meeting the growing requirement for energy in the coming years.  
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Figure 1-1: The prediction of the global energy demand mix shifts to fewer carbon fuels (ExxonMobil Benelux, 

2019). 

 

 

Figure 1-2: 30-year projections of US energy consumption of different fuels (EIA, 2021). 

1.2 EOR Techniques  

Enhanced oil recovery (EOR) is a technique for increasing the amount of hydrocarbon 

recovered from a reservoir by alerting the physical and chemical properties of the reservoir 

rock or oil. The hydrocarbon is recovered using this technique by injecting a fluid or fluids 

into the reservoir that are not ordinarily there (Green and Willhite, 2018). According to Green 
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and Willhite( 2018), these fluids are injected to enhance natural energy or to react with the 

reservoir's fluid-rock system via mechanisms that promote oil recovery. These favourable 

situations could be obtained in various ways, including reducing the interfacial tension 

between the injected fluid and displaced fluid to raise the capillary number, injection of 

polymer into the fluid to increase its viscosity, increasing mobility-control by decreasing the 

viscosity of the resident oil through thermal injection, increasing oil swelling and decreasing 

oil viscosity through miscible injection and alerting wettability condition via low salinity 

injection.  

EOR processes were classified by (E.C. Donaldson and Chilingarian , 1989) into three 

primary categories: chemical, thermal, and miscible displacement. On the other hand, Lake 

(1989) noted that, with a few minimal exceptions, all improved oil recovery techniques were 

divided into three major groups: thermal, solvent-based, and chemical-based processes. His 

belief is also that some EOR techniques (for example, foam injection) could be classified as 

belonging to all three groups. Recently, the EOR methods have been classified into four 

categories including, Thermal EOR, gas-based EOR, chemical-based EOR, water-based 

EOR and hybrid EOR.  

Thermal EOR techniques involve injecting steam, hot water, or creating combustion in 

the reservoir to raise the temperature of the production zone, lowering oil viscosity and 

increasing oil recovery. Thermal EOR improves microscopic displacement efficiency by 

reducing interfacial tension and macroscopic displacement efficiency by reducing viscous 

forces. Other mechanisms include gas drive, oil/water emulsion, and thermal swelling 

(Ahmad et al., 2019).  

The gas EOR method is widely known for enhancing the oil recovery of light to moderate 

oil reservoirs. The gas can be injected into the reservoir in a mixture of hydrocarbon (HC) 

gas or nonhydrocarbon gases. A mixture of HC includes methane, ethane, and propane, while 

nonhydrocarbon gas such as nitrogen. Mass transfer between oil and gas phases is the primary 

mechanism of enhancing oil recovery in a gas flooding process. The gas injected into the 

reservoir can be either miscible or immiscible (Mahdavi and Zebarjad, 2018). Mass transfer 

increases under miscible conditions, resulting in the formation of a miscible slug in front of 

the gas phase. Miscible gas flooding has a higher efficiency than immiscible gas flooding 
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because of the greater mass transfer between the oil and gas phases, which reduces oil 

viscosity and increases oil swelling  

The Chemical EOR method involves injecting chemicals like polymer, alkaline, and 

surfactant to improve macroscopic and microscopic sweep efficiency. For instance, injecting 

surfactant and alkaline into the reservoir helps to lower the interfacial tension, while adding 

polymer into injected water increases the viscosity and reduces the mobility of the water, 

which improves the sweep efficiency  (Mahdavi and Zebarjad, 2018). 

The water EOR method consists of injecting modified water such as low salinity water 

flooding (LSWF) and carbonated water injection (CWI) into a reservoir to increase oil 

recovery. The LSWF involves intentionally injecting water with low concentrations of total 

salinity. It is known to enhance oil recovery by alerting the wettability conditions of the rock 

(this method is discussed in this thesis). On the other hand, the amounts of CO2 concentration 

are dissolved in water before injection into a reservoir, known as CWI. In this method, the 

dissolved CO2 can transfer to the oil phase to improve oil mobility and cause oil swelling, 

enhancing the sweep efficiency(Esene et al., 2019). 

Recently, the concept of merging two (or more) EOR methods, known as hybrid methods, 

has been investigated to enhance oil recovery. Hybrid methods including LSW/gas, 

LSW/polymer and LSW/surfactant can be optimized for different injection scenarios to 

achieve feasible recoveries. LSWF has been efficient when combined with gas injection, 

surfactant and/or polymer flooding, and hot water injection, each of which can increase the 

oil recovery through several mechanisms such as mobility control and wettability alteration 

IFT reduction (Pourafshary and Moradpour, 2019). 

The main focus of this thesis is on water-based enhanced oil recovery. Water-based or 

aqueous EOR methods include water as the main component of displacing the oil. In these 

methods, the physical properties of water are altered by adding chemicals or manipulating 

salinity, increasing the amount of oil recovered from the reservoir. 

1.3 Carbonate reservoirs  

Carbonate reservoirs hold over 60% of the world’s crude oil reserves and constitute a 

significant supply of global oil demand (Schlumberger, 2012). Generally, carbonate 

reservoirs have more complex geological properties than sandstone reservoirs and are highly 

heterogeneous; most have mixed-wet or oil-wet wetting characteristics (Frye & Thomas, 
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1993; Alhammadi et al., 2017; Ivanova et al., 2019). In terms of oil recovery, heterogeneity 

and wettability are vital parameters impacting fluid distribution, which, in turn, influence 

sweep efficiency and multiphase flow. Manrique et al., (2010) studied an international EOR 

project database of over 1,500 EOR projects and concluded that only 18% of the projects 

were applied to carbonates, as shown in Figure 1-3. Most EOR projects in carbonate 

reservoirs are gas-based EOR processes. However, heterogeneity and gravity override may 

affect the gas injection, resulting in low sweep efficiency. Masalmeh et al. (2014) suggested 

that mobility control is required for gas-based EOR methods to achieve better sweep 

efficiency. 

Additionally, chemical-based EOR methods, including polymer, surfactant and alkaline 

flooding, have a great potential to mobilise the remaining oil and improve oil recovery. 

However, these methods have some limitations and can be challenging due to the harsh 

conditions of reservoir temperature and salinity of such reservoirs in the Middle East. For 

example, in the surfactant technique, several challenges are associated with this method, such 

as the surfactant's adsorption on the rock and the surfactant's chromatographic separation 

during the injection makes it a difficult EOR technique (Ragab and M. Mansour, 2021). 

Hence, further investigations must be conducted to ensure the economic sustainability of 

proven EOR techniques and increase our understanding of the physical properties required 

to enhance oil displacement in carbonate reservoirs. Water-based EOR processes have 

received more attention as a result of previous challenges and difficulties in utilising EOR 

procedures in Middle Eastern reservoirs.  
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Figure 1-3: EOR applications by lithology, based on an international EOR project database containing 1,507 

projects (Manrique et al., 2010). 

1.4 Low Salinity water flooding  

Waterflooding is still widely used in the oil industry as a secondary oil recovery process 

and largely successfully maintains reservoirs’ pressure. Water is more favourable than other 

fluids as it is easily accessible, inexpensive, simple to inject, environmentally safe and highly 

efficient in displacing oil. Conventional waterflooding injects water with similar chemical 

compositions of the formation water to avoid formation damage issues that may arise due to 

fluid composition differences, but is known to achieve sub-optimal sweep efficiency and oil 

recovery (Elmasry et al., 2019). It has been known that the efficiency can be improved by 

modifying the salinity content of injected water either by dilution or softening ion 

composition, which is known as low-salinity waterflooding (LSWF). 

In the last couple of decades, this method has garnered attention in the oil industry due to 

its potential to produce more oil than conventional waterflooding. Numerous experimental 

studies and field pilot applications have shown the benefit of utilising LSWF for enhanced 

oil recovery. More than a dozen of mechanisms have been proposed to explain the additional 

oil recovery achieved with LSWF. Most of the mechanisms suggested in the literature are 

geochemical processes occurring in rock-brine interactions and the presence of oil phases; 

specifically, the role of fluid-fluid interactions (crude oil-brine) has been overlooked. Due to 
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the complexity of reservoir geology and geochemistry of rocks and fluids, different 

mechanisms are likely to occur simultaneously while the dominant mechanism may vary in 

time and space.       

Despite increasing interest in LSWF as an alternative other EOR techniques in industry, 

LSWF has rarely been used in the field due mainly to the following challenges. It is difficult, 

if not impossible, but certainly very costly, to design a comprehensive set of core flooding 

experiments to assess relative contributions of key underlying mechanisms to additional oil 

recovery by LSWF under both unsteady-state and steady-state flow conditions for given a 

specific reservoir. Although some existing reservoir simulation codes have been adapted to 

capture individual mechanisms for simulating LSWF processes and additional oil recovery, 

this mechanistic-specific approach to adapting simulation models is inflexible and 

impractical to account for collective contributions of different mechanisms. These hinder the 

development of a practical workflow for efficient screening of reservoirs for LSWF. 

Therefore, a general methodology or framework is required for LSWF assessment for a field 

but can only be achieved by addressing challenges above.   

1.5 The Problems with Modelling LSWF  

The mechanistic-specific approach to modelling LSWF has been widely adopted so far. 

Several models have been established based on the desorption of divalent ions as the primary 

mechanism of LSWF injection (Dang et al., 2013); however,  divalent ions such as calcium 

and magnesium are subjected to be adsorbed on the clay mineral during LSWF (Appelo, 

1994). In other words, the model is limited and not relevant to free clay rock. In addition, 

Austad et al. (2010) studies revealed no significant difference in the desorption development 

between high and low salinity water injection, which clearly contradicts this mechanism. 

Another example is that Evje and Hiorth, (2011) have developed a model based on calcite 

dissolution as the primary cause of LSWF injection; however, the investigations found no 

consistent association between mineral dissolution and incremental oil recovery with LSWF 

(Al-shalabi et al., 2014a). These instances demonstrate that the mechanistic-specific 

approach may not be appropriate for developing a model when and/or where a different 

mechanism may operate. So instead, a mechanistic-neutral approach to developing a model 

for simulating LSWF process is essential.  
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Despite various mechanisms explaining LSWF impact on oil recovery in literature, all 

studies agree that LSWF causes a change in wettability. Hence, it would be desirable and 

viable to capture the effect of LSWF without a need to model specific mechanisms of concern 

if one can develop a method to predict the relative permeability curve of ISWF, krLS, 

transiting through the HSWF process, characterised by HSWF relative permeability curve, 

krHS, to yields additional oil recovery from ISWF should it be estimated from core flooding 

experiments. A key part of this thesis work is devoted to developing such a method for 

predicting reliable krLS from krHS and measured or estimated additional oil recovery. Since 

krHS is determined routinely from the experimental work, such a model can be utilised for 

LSWF performance screening if additional oil recovery might be estimated easily and 

readily. Given a rock-fluid system with a known dominant mechanism, additional oil 

recovery may be found to correlate with characteristic quantities of that mechanism (e.g., the 

amount of calcites dissolution or micro-dispersion, see later discussion). Under this 

circumstance, one needs only to conduct minimal set of experiments to develop a correlation 

to model LSWF performance on additional oil recovery.   

krHS and krLS can be employed in existing simulators utilising a so-called salinity 

threshold strategy for simulating LSWF and its performance. The salinity threshold shifts 

krHS towards more water-wet conditions relative to krLS due to the wettability alteration. 

This leads to an increase in oil relative permeability and decreases in water relative 

permeability and residual oil saturation The salinity threshold has been demonstrated in 

commercial simulator CMG-GEM, CMG-STAR and Eclipse (Attar and Muggeridge, 2016) 

1.6 Problem Statement  

While LSWF is a promising method, the technology has significant practical challenges 

on a field scale. Due to the lack of several necessary factors, including the dominant 

mechanism, a well-established process to identify the best candidate reservoirs for LSWF 

and a generic model to predict the performance of LSWF.  

Lack of generalised methodology 

The available models in literature were developed for a specific mechanism. Several 

models have been developed by extending black oil models, and the low salinity effect has 

been modelled using a computational model of the geochemical process (Jerauld et al., 

2006b; Evje and Hiorth, 2011; Omekeh, Evje, et al., 2012; Al-shalabi et al., 2014a; Kazemi 
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Nia Korrani et al., 2014; Al-Shalabi, Sepehrnoori, and Pope, 2015; Qiao et al., 2016a; 

Awolayo et al., 2017).These models are often case-dependent or do not accurately reflect the 

main mechanisms. Several empirical models have been suggested in the literature; however, 

these models are either based solely on salinity or extended to a measurement of contact 

angle, which is not directly linked to incremental oil recovery by LSWF. Including the 

underlying mechanism in a commercial simulator consumes much computation on the 

simulator developer's part, and the primary mechanism must be well understood to avoid 

numerical errors or the mechanism being abandoned later. Further investigation may be time-

consuming, which, in turn, delays the implementation of LSWF in the field. Thus, for the 

time being, it is critical to have a comprehensive methodology for modelling the LSWF 

injection that can more accurately predict its performance. Furthermore, it is essential to 

develop a correlation to link laboratory findings through a semi-empirical model that utilises 

the physics of the actual mechanism.  

Laboratory studies and industrial demands  

Investigations have been conducted by various academic institutions focusing on the key 

effect of LSWF. Oil and gas companies are seeking a new methodology to assist them in 

quickly screening, designing and optimising the LSWF process in the field. In the previous 

stages of this project at Heriot-Watt University (HWU), the importance of fluid-fluid 

interactions in improving oil recovery by LSWF has been investigated by performing 

comprehensive core flood experiments and fluid-fluid contact tests (Emadi and Sohrabi, 

2012; Sohrabi, Emadi, et al., 2015; Farzaneh et al., 2017; M Alhammadi et al., 2017b; 

Mahzari and Sohrabi, 2014c). A robust screening method alongside with a correlation for 

LSWF was recently developed by demonstrating the fluid-fluid contact tests and incremental 

oil recovery ( Masalmeh et al., 2019). In this case, the semi-empirical model can be used to 

forecast LSWF performance using minimal laboratory work. 

Obtaining reliable data on relative permeability  

A commonly accepted concept contributing to the improved oil recovery by LSWF is the 

change in wettability towards more water-wet conditions. Many authors have reported this 

observation, and it has been indicated that LSWF has a clear effect on the shape of relative 

permeability curves (Masalmeh, 2002; Rivet, 2009; Fjelde et al., 2012; Sorop et al., 2015). 

This can be attributed to the changes in wettability conditions due to the fluid-fluid 
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underlying mechanism. Therefore, accurate data of two-phase relative permeability is needed 

in the reservoir simulation to provide a reliable prediction of the performance of low-salinity 

waterflood displacement.  

HSWF and LSWF experiments are performed in sequence but rarely done under steady-

state flow conditions but under unsteady-state flow conditions. A steady-state experiment is 

more complex and lengthier to conduct than its counterpart. Although several sets of 

unsteady-state experimental data have been reported in literature, they tend to overestimate 

or underestimate the effect of low-salinity waterflooding, after the steady-state flow 

behaviours prevail (e.g. when water breaks through) . Thus, the use of such experiments 

would lead to an incorrect estimation of the relative permeability krLS, then an erroneous 

prediction of LSWF and its performance, subsequently major prediction inaccuracies, 

especially in upscaling from core scale to field scale. Therefore, steady-state relative 

permeability data is required to investigate LSWF steady-state displacement behaviours and 

its performances on oil recovery. In this work steady-state HSWF and LSWF experiments 

are performed to produce a first reliable experimental dataset necessary for the purposes 

mentioned above.  

1.7 Research Objectives 

This PhD research aims at developing a methodology for predicting LSWF oil recovery 

performance and applicable for reservoir screening for LSWF development. It consists of a 

generic method, referred to as suggested method, for estimating krLS from krHS and 

additional oil recovery of LSWF estimated from consecutive HSWF and LSWF core-flood 

experiments, and a salinity-threshold-based simulation model for predicting LSWF and 

LSWF-induced oil recovery performance. This methodology does not require to explicitly 

account for the contributions of the underlying mechanisms to additional oil recovery and 

therefore can be applied to all reservoirs, regardless difference in fluid-fluid and rock-fluid 

interactions and operating conditions.     

The specific objectives of the work are as follows:  

• Discuss and review the applicability of various LSWF modelling methods available 

in the literature, considering specifically how the mechanism links to the model. This 

objective involves understanding how models mimic the parameters of LSWF and 

comparing them to recent laboratory observations. 
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• Examine existing methods for simulating LSWF in commercial reservoir simulators. 

The salinity threshold and ion exchange models are explored in terms of the effect of 

LSWF. This objective includes evaluating the salinity threshold model and 

determining how to use outcomes from this model to develop a new methodology.  

• Develop a new methodology to simulate LSWF by utilising laboratory observations, 

with a specific focus on the link between the effect of LSWF on oil recovery and the 

salinity threshold model in the commercial simulator. To the best of our knowledge, 

this is the first time that a semi-empirical model for LSWF injection has been applied 

to predict the performance of LSWF based on additional oil recovery  

• Demonstrate the applicability of the new methodology for modelling LSWF and 

validate it with data from actual core flood experiments in unsteady-state and steady-

state conditions. Validation involves different recovery modes, either tertiary or 

secondary, to investigate the method's capability in various scenarios. 

• Investigate the response of the proposed method to various micro-dispersion values 

and clarify the sensitivity of relative permeability parameters to the proposed method.    

• Investigate the effect of LSWF on the relative permeability curves in the steady-state 

displacement process. To the best of our knowledge, this is the first time that the low 

salinity effect has been investigated using a reservoir rock and fluids in steady-state 

conditions. This objective includes characterising the flow and modification 

underlying the relative permeability functions between high and low salinity.   

1.8 Thesis Structure and Outline  

The thesis is divided into eight chapters. This chapter has presented a general overview of 

global energy demand and the contribution of oil and natural gas to that demand. Then, an 

overview of the implementation of EOR technologies was discussed, including more 

affordable methods for carbonate reservoirs. A basic definition of LSWF was introduced, 

and its complexity concerning implementing numerical simulations for LSWF processes was 

discussed.   

Chapter 2 is divided into three sections: a review of the laboratory experiment, a 

discussion of LSWF mechanisms and a discussion of the existing methodology for LSWF. 

In the review of the laboratory experiment, I discuss evidence regarding LSWF in sandstone 
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and carbonate rocks. Section two discusses the micro-dispersion mechanism by providing a 

critical review. The final section of this chapter examines the current methodology for 

simulating LSWF. I discuss the limitations of these methods and their incapability to b 

e universal models for LSWF.  

Chapter 3 describes the design and experimental procedure of the two-phase steady-state 

core flood experiments. These experiments allowed us to demonstrate the effect of LSWF on 

the relative permeability curves, which was previously investigated under unsteady-state 

conditions in the literature.  

Chapter 4, a new methodology for modelling LSWF, is introduced, with specific attention 

to the processes involved in establishing the method.  

Chapter 5 and 6 The high-salinity waterflooding experiment was followed by a low-

salinity waterflooding experiment. Coreflood experiments using the HSWF technique are 

discussed in Chapter 5, whereas core flood experiments using the LSWF technique are 

discussed in Chapter 6. Also, Chapter 5 includes a discussion of the model and how the 

CMG-STAR simulator was utilised to simulate the HSWF coreflood experiments through 

the CMG-CMOST (automated history-matching engine) in which the obtained results in 

chapter 5 were used in Chapter 6 to validate the suggested method  

Chapter 7 covers the sensitivity analysis of the proposed method. This chapter is divided 

into three sections: an examination of the response of the proposed method on relative 

permeability parameters, an analysis of the response of oil recovery under different pressures 

and an investigation of the influence of the input parameter on the output findings.  

Chapter 8 discusses the underlying mechanisms of oil recovery under the two-phase flow 

steady-state conditions for the high-salinity and low-salinity displacement. Additionally, the 

relative permeability data of high and low salinity are discussed. Also, this chapter examines 

the suggested method in predicting the performance of low-salinity waterflooding and 

compare the measured low-salinity relative permeability against the predicted low-salinity 

relative permeability curve.  

Chapter 9 presents the key conclusions of this study, followed by recommendations for 

further research based on the work of this thesis.
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Chapter 2: Literature review  

Various laboratory experiments demonstrate a diverse range of results for low salinity 

waterflood (LSWF) due to different conditions of conducting the experiments. However, 

numerous experimental studies have clearly shown incremental oil recovery by LSWF, 

thereby confirming the potential of LSWF as an enhanced oil recovery (EOR) method. This 

chapter describes some essential experimental observations regarding sandstone and 

carbonate, reviews the critical mechanisms of LSWF and describes the existing methodology 

for modelling LSWF.   

2.1 Review of laboratory experiments  

Extensive experimental studies on LSWF have been conducted to investigate its potential 

for enhancing oil recovery in sandstone and carbonate reservoirs in both the tertiary and 

secondary injection processes. This section describes the coreflood experimental studies on 

sandstone and carbonate rocks. Only a general observation is presented in this section, while 

more data will be discussed in the mechanisms section.  

Sandstone rock  

Increased oil recovery by lowering brine salinity was first observed in a coreflood 

experiment on sandstone rock performed by Bernard (1967). In this study, freshwater and 

brines (high salinity) was injected into cores containing clays and investigated the 

effectiveness of salinity on oil recovery.  Bernard (1967) demonstrated that freshwater 

injection could increase oil recovery from sandstone cores containing clays due to the clay 

hydration. He also stated that freshwater injection is accompanied by a reduction in residual 

oil saturation and additional pressure drop. However, these observations were not 

acknowledged as a potential EOR method (via lowering the water salinity) until 1990.  

Comprehensive experimental studies (Jadhunandan and Morrow 1995; Morrow 1990; 

Tang and Morrow 1999; Yildiz, Valat, and Morrow 1999), including spontaneous imbibition, 

wettability index measurement and coreflood experiments, have been conducted to 

investigate the wettability and brine composition and their effects on oil recovery via water 

displacement. Within these experiments, the effects of water and oil composition on 

wettability and additional oil recovery were investigated using spontaneous imbibition tests 
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and coreflood experiments. They observed that the oil recovery increased with the injected 

brine salinity reduction. Conversely, changes in wettability and waterflood efficiency were 

observed for variation in crude oil composition by adding or removing light ends components 

(pentane, hexane, and decane). They observed that the waterflood efficiency decreased with 

the removal of the light ends component and increased with adding the light ends component. 

They concluded that crude-oil/brine/rock interactions are responsible for the additional oil 

recovery rather than rock/brine interaction alone.  

Lager et al. (2006, 2008) and Webb et al. (2008) conducted a series of coreflood 

experiments on sandstone core samples at full reservoir conditions on secondary and tertiary 

recoveries to investigate the potential of LSWF to aid oil recovery. They monitored the pH 

effluent and the concentration of divalent cations Ca2+and Mg2+ between the injected and 

produced brine. A drop in the concentration of effluent brine compared to the injected brine 

was observed. They explained the observation as being due to the adsorption of divalent 

cations by the rock surface. Further analysis by Lager and co-workers was carried out to 

study the effect of the brine with and without Ca2+and Mg2+. No additional oil recovery was 

observed using the two brines. This was the first time no improvement was observed in oil 

recovery while injecting low salinity water. Based on these observations, ionic strength is the 

main contributor to improving oil recovery, not Ca2+or Mg2+. In other coreflood 

experiments (Callegaro et al. 2015; Hosseinzade Khanamiri et al. 2016; Soraya et al. 2009), 

improvement in oil recovery was observed without divalent ions. These results suggest that 

improvement in oil recovery through LSWF is related to total brine salinity and not 

necessarily the concentration of divalent ions.  

Further analysis was carried out to evaluate the effect of salinity on wettability and oil 

recovery using two sets of coreflood experiments in secondary and tertiary modes (Agbalaka 

et al. 2009). This experiment investigated the effects of temperature and salinity during the 

waterflood. It was observed that the residual oil saturation changed with an increase in water 

temperature in which the wettability changed towards more water-wet conditions. Agbalaka 

et al. (2009) concluded that an increase in oil recovery during tertiary and secondary 

recoveries was obtained upon injecting low salinity water. Figure 2-1 shows an increase in 

oil recovery with increased temperature and a decrease in injected salinity.  
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Some recent experiments and laboratory studies involving coreflooding and contact angle 

measurement have been conducted by researchers to investigate the main factors affecting 

the improvement in oil recovery by LSWF (Austad, Rezaeidoust, and Puntervold 2010; 

Nasralla, Bataweel, and Nasr-El-Din 2011; Shehata, Kumar, and Nasr-El-Din 2016). Based 

on the experimental data and research work published, some conditions for the low salinity 

effect in sandstone have emerged, as follows: 

It is widely accepted that the following conditions are necessary for the LSWF to be 

observed in sandstones 

• The amount of clay plays a role and must be present in the core sample. However, the 

optimum amount of clay and the types are not clearly specified in the published 

papers.  

• The salinity range should be between 1000–2000 ppm, but the effect has been noticed 

up to 5000 ppm. 

• Presence of connate water: Tang and Morrow (1999) observed that when the initial 

water saturation was zero, the oil recovery from a high-salinity (HS) water injection 

was almost the same as that from a LS (1% of the HS) water injection. Zhang and 

Morrow (2006) observed that the oil recovery generally increased with initial water 

saturation for secondary recovery by injection of LS brine. In other words, to have 

the LS effect, the existence of connate water was needed. 

• Salinity shock, the injected water salinity, must be much lower than the highest water 

salinity.  

• Polar components must be present in the oil.  

These necessary conditions are qualitative; they are not sufficient to quantitatively predict 

the LSWF. Moreover, in some cases they appear to be necessary but not sufficient because 

experimental studies have been published that appear to meet these conditions but in which 

the LSWF was not observed. Thus they cannot be used to screen candidate reservoirs for low 

salinity water injection 

The literature has regularly stated that the clay content in the core plays a significant role 

in enhancing the oil recovery by LSWF, and the oil recovery has been found to increase with 

the increase in clay content. Austad et al. (2010) reported an incremental increase (from 5 to 

10%) in oil recovery by LSWF when the clay content of the core sample was 9%. Moreover, 
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a low clay content (less than 2% of the core sample) resulted in poor oil recovery (Thyne 

2011). However, Skrettingland et al. (2011) conducted coreflood experiments and a single-

well chemical tracer test (SWCTT) to evaluate the potential of LSWF at the Snorre field, and 

the coreflood results indicated that no substantial response to LSWF injection was observed 

in the Lunde cores, even though the total clay content of the field was in the range of 5%–

35%. In addition, the SWCTT results showed that no reduction in residual oil saturation was 

observed upon injecting LSWF. They attributed the results to the wettability conditions of 

the field, which meant that LSWF could not obtain any further improvement of oil recovery.  

The previous section noted that the results of the experimental work on sandstone core 

samples were inconsistent, and the conflict was on the role of clay and the divalent ions. It 

can be summarized as follows:  

• A higher fraction of clay does not mean more oil recovery 

• Divalent ions are not necessarily to improve oil recovery. 

 

 

Figure 2-1: The effects of salinity and temperature on oil recovery during a low salinity waterflood (Agbalaka 

et al. 2009) 

Carbonate rocks 

Improving oil recovery from a carbonate reservoir is challenging because carbonate rocks, 

in general, are complex pore structures and have lower permeability compared to sandstone. 

Moreover, the wettability in most carbonate reservoirs is a preferably oil-wet or mixed wet 
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condition so that the unfavourable wetting case decreases the spontaneous imbibition of 

water in the pore system and affects the residual oil saturation. Hence, wettability 

modification is needed to improve oil recovery from the carbonate reservoir. 

 Historically, the unexpectedly high oil recovery during a successful seawater injection 

into Ekofisk chalk reservoir in the North Sea developed an interest in LSWF in carbonate 

reservoirs (Hallenbeck et al. 1991). Since then, the investigation of LSWF effects has 

extended to the carbonate oil reservoir. Extensive research was carried out to explore the 

effect of LWSF on oil recovery in carbonate rocks by investigating the effect of temperature, 

oil composition and ionic composition of brine (Austad et al. 2005; Strand, Høgnesen, and 

Austad 2006; Zhang and Austad 2006; Zhang, Tweheyo, and Austad 2007). The wettability 

of carbonates was studied by conducting the chromatographic test, spontaneous imbibition, 

z-potential measurement tests and coreflood experiments. In addition, the impacts of the 

potential determining ions (PDIs) – Mg2+, Ca2+and SO4
2− – on altering the wettability of the 

carbonate sample were studied. Austad et al. (2005) attributed the increase in oil recovery to 

the concentration of sulphate in the seawater in which Ca2+ triggers the adsorption of SO4
2− . 

Furthermore, they reported that Mg2+ or Ca2+ are needed in the brines to obtain additional 

oil recovery. These results show that wettability alteration would not occur without the effect 

of Mg2+ or Ca2+.  

Another comprehensive laboratory study to investigate the effect of salinity and ionic 

brine composition on carbonate rock was reported by (AlGeer et al. 2016; Yousef et al. 2010, 

2012; Yousef, Al-Saleh, and Al-Jawfi 2011, 2012). The investigations were conducted by 

determining the IFT measurement contact angle and performing coreflood and NMR tests. 

Various diluted seawaters were used to quantify the effect of the ionic composition. They 

observed a reduction in the IFT when seawater contacted crude oil. However, the change in 

IFT was not enough to alter the wettability. Moreover, the contact angle measurement 

showed that the change from 90 to 80 degrees was observed for twice-diluted seawater, while 

the angle between the brine and crude oil decreased to 69 when the brine changed to ten times 

diluted. These observations were validated by performing coreflood tests (Yousef et al. 

2010). The results indicate that more oil is recovered by using twice-diluted and ten times-

diluted seawater. However, no further oil production was observed when the brine switched 

to 20 and 100 times-diluted seawater. These results confirm the observation of the contact 
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angle measurement, which demonstrated that there was no decrease in the angle for 20 and 

100 times-diluted seawater. It was concluded that the wettability of the rock surface could be 

determined by modifying the salinity and ionic composition of the injected brine.  

A further study on carbonate core was undertaken to demonstrate the potential of LSWF, 

which was based on modifying the injected water by adding and/or removing ions (Gupta et 

al., 2011). A series of modified/softened water was used to investigate the effect of ionic 

composition of the injected brines. In one coreflood experiment, the sulphate was removed 

from the injected seawater and replaced by either borate or phosphate salts. Figure 2–2 shows 

the oil recovery and pressure drop against pore volume injected of the formation water 

followed by seawater with borate ions instead of sulphate. The results show that modifying 

the seawater by adding borate or phosphate can provide an incremental oil recovery of 15% 

and 20% of the original oil in place (OOIP), respectively.  

The studies mentioned above show evidence that supports the efficacy of LSWF to 

enhance oil recovery in the carbonate cores. Based on the experimental data, different 

approaches have been discussed that can be used to increase oil recovery of the carbonate 

cores under LSWF flooding:  

• The presence of SO4
2− with Mg2+ or Ca2+ is necessary for the injection of water.  

• A reduction in the ionic strength of the injected water is required. 

• BO3
3− or PO4

3− can replace the SO4
2− in injected brine. 

• Dilution of seawater. 

Unlike sandstone, clay content does not appear to play a role in the low salinity effect 

in carbonates. The most important mechanisms for LSWF in sandstone and carbonate are 

discussed further in the next section.  
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Figure 2-2: The effect of borate ions on oil recovery during low salinity waterflood (Gupta et al. 2011). 

2.2 Review of low salinity waterflood mechanisms  

Numerous LSWF mechanisms have been proposed in the literature to explain the reasons 

behind the low salinity effect on oil production for sandstone and carbonate cores. LSWF 

mechanisms have been suggested according to the observations of extensive laboratory 

studies and field trials. More than seventeen mechanisms have been discussed in literature, 

including fine migration, mineral dissolution, limited release of mixed-wet particles, 

increased Ph effect, emulsification, saponification, surfactant-like behaviour, 

multicomponent ion exchange (MIE), double layer effect, particle-stabilized interfaces, salt 

in effect, osmotic pressure, wettability alteration, end effect, viscosity ratio and micro-

dispersion, reduced interfacial tension (Sheng, 2014). The debate continues in regard to one 

exact LSWF mechanism for sandstone and carbonate reservoirs, as no dominant mechanism 

or theory has been widely accepted among researchers. However, the idea that these 

mechanisms are correlated has been discussed. Hence, the effect of salinity could be 

attributed to a combination of more than one mechanism. This section briefly explains some 

of the mechanisms suggested in the sandstone and carbonate rocks sample. Moreover, the 

most promising mechanism that could be universal and reliable for the LSWF process in 

sandstone and carbonate reservoirs is discussed.  
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2.2.1 Mechanisms in sandstone rock  

Fine migration 

Based on laboratory observations, the fine migration mechanism is proposed to explain 

the increase in oil recovery by LSWF (Tang and Morrow 1999). Figure 2-3 shows the role 

of fine migration in crude oil/brine/rock interactions and the increase in oil recovery with 

decreasing salinity. According to the figure, (A) adsorption of polar components of crude oil 

to form mixed-wet fines; (B) partial stripping of mixed-wet fines from pore wall during 

waterflooding; and (C) mobilization of trapped oil. It was observed that the clean sandstone 

core showed less oil recovery during the LSWF injection than the core containing clay 

(kaolinite). The hypothesis suggests that presence of clay particles plays a significant role in 

increasing the tendency for the adsorption of crude oil to form mixed-wet particles at the pore 

walls of the core sample. Hence, the injected water’s ability to strip the mixed-wet particles 

from the pore wall increases. During the LSWF injection, mixed-wet particles detach from 

the pore walls of the core, leading to an increase in the oil’s mobility. Thus, more oil is 

produced during the LSWF injection when the oil mobility increases. However, some 

experimental findings contradict this theory. Lager et al. (2006) conducted a coreflood 

experiment that indicated incremental oil recovery by LSWF with no evidence of fine 

migration. Another study showed that incremental oil recovery by LSWF was not due to fines 

mobilisation and kaolinite clay content in the rock was not a mandatory condition to observe 

the effect of low salinity water (Soraya et al. 2009). Furthermore, a very positive result was 

obtained by LSWF using a free clay sandstone core, and a study by Farzaneh et al. (2015) 

showed considerable oil recovery by LSWF using clay-free cores.  
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Figure 2-3: The role of mobile fines in increased oil recovery during LSWF (Tang and Morrow 1999). 

In-situ generation of surfactant 

It has been reported that the primary mechanism to improve oil recovery was the rise in 

pH due to the in-situ generation of surfactant upon injecting low salinity brine (Austad, 

RezaeiDoust, et al., 2010; McGuire et al., 2005). Figure 2-4 shows the t schematic description 

of pH increase mechanism during LSWF. Based on their study, they observed an increase in 

pH from 8 to 10 with a switch to low salinity water. Moreover, it was reported that enhanced 
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oil recovery by LSWF could be related to those of alkaline floods. The study explained that 

the surfactants are generated from the crude oil within a chemical reaction in which the acidic 

number of crude oils must be below 0.2 mg KOH/g. Based on this mechanism, the in-situ 

generation of surfactant reduces the interfacial tension IFT between the brine and oil, causing 

a shift in the wettability of the rock towards a more water-wet condition and improving oil 

recovery. Several researchers have argued this explanation, resulting in a counter 

experimental study. In general, the pH could be increased in most cases by 1 to 3 units, 

although a slight increase would be not enough for IFT reduction to stimulate the low salinity 

effects. Zhang et al. (2007) reported positive results regarding the low salinity effect using a 

reservoir sample. They observed a slight increase in pH for one case while there was a 

decrease in pH for another. It was concluded that the relationship between the pH and oil 

recovery was not clear enough to explain the low salinity effects. In another observation, 

which differs from this mechanism for the coreflood experiment, a significant increase in pH 

was observed without improved oil recovery (Cissokho et al. 2010). A high pH (exceeding 

10) is needed to observe the effect of LSWF, which is not the case in waterflooding and 

LSWF. Hence, the in-situ generation of surfactant cannot be employed to prove the low 

salinity effect.  

 

 

Figure 2-4: The schematic description of pH increase mechanism during LSWF (Austad, RezaeiDoust, et al., 

2010). 
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Multi-component ionic exchange  

Lager et al. (2006) observed a reduction in the concentration of Ca2+and Mg2+ compared 

to the concentration of Ca2+and Mg2+ prior to injecting into the core inlet. Figure 2-5 shows 

schematic description of multi-component ionic exchange mechanism between clay surface 

and crude oil. They attributed the change in the brine concentration to the adsorption of 

divalent cation onto the rock surface. Based on this explanation, a multi-component ionic 

exchange (MIE) was suggested as the mechanism of the salinity effects. Therefore, some of 

the crude oil's polar compounds are adsorbed to the clay surface, increasing the oil-wetness 

of the sandstone rock. When low salinity water is applied to the sandstone core sample, an 

MIE takes place in which the polar compounds (organic and organometallic complexes) are 

released and replaced by a divalent cation contained in the low salinity brine. This theory 

modifies the wettability state by promoting the change from an oil-wetness surface towards 

a more water-wet condition, thereby improving oil recovery. Conversely, new experimental 

studies from other research groups have revised these observations and suggestions. 

Cissokho et al. (2010) conducted a coreflood experiment using outcrop sandstone to study 

the response of LSWF. Two different brine compositions were used as low salinity for the 

tertiary displacement. In their experiment, oil recoveries of 11% and 10% OOIP were 

obtained, respectively, using 1g/L 100 % NaCl and 1g/L 95% NaCl + 5% CaCl2. They 

reported that the incremental oil recovery by LSWF in which the divalent cations were not a 

critical parameter and necessarily related to the presence of the divalent cation in the diluted 

water. These findings prompted the question of whether divalent cations were playing a 

significant role in MIE 
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Figure 2-5: Schematic description of diverse adhesion mechanism between clay surface and crude oil ( Lager 

et al. 2006)  

Electrical double-layer expansion  

An observation of the low salinity coreflood experiment was explained by Ligthelm et al. 

(2009), who introduced the mechanism of the double-layer effect, or DLVO theory. Figure 

2-6 shows Schematic description of the impact of electrical double-layer expansion 

mechanism during LSWF. They stated that lowering the total salinity of the injected water 

was sufficient to observe the low salinity effects, rather than just lowering the divalent ion 

present in the diluted water. The electrical double-layer expansion theory depends on the 

force-charged surfaces interacting via a fluid medium and is a combination of two effects: 

Van der Waals and electrostatic repulsion. A double layer forms due to the spread of ions 

around the negatively charged clay particles, where a layer surrounds the clay surface. When 

the low salinity brine is injected, the electric double layer expands due to the reduced clay-

clay attraction (Sheng 2014). The double-layer expansion causes the stability of the water 

film while injecting the low salinity brine, resulting in more oil detaching from the rock 

surface and causing more water-wetness. On the contrary, an inconsistent result was observed 

while an experiment was conducted by Filoco and Sharma (1998). In their experiment, the 

stability of water film at high salinity was better than at low salinity thus their observation 

conflicts with the electrical double-layer expansion theory.  
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Figure 2-6: Impact of salinity on electrical double layer( Ligthelm et al. 2009) 

 

Salting-in effect 

Changing the salinity of water disturbed the thermodynamic equilibrium (water, oil and 

rock). Two chemical mechanisms are related to the salinity effects: salting-in and salting-out. 

The salting-out effect is adding salt to the solution to decrease the solubility of organic 

material in water. However, the salting-in effect is removing salt from the solution to increase 

the solubility of organic material in water (RezaeiDoust et al., 2009). This means that the 

ionic composition and salinity could affect the solubility of organic compounds in the 

aqueous phase. RezaeiDoust et al. (2009) believe that some organic material is desorbed from 

the clay via a "salting in" process in which the wettability of the rock surface is alerted. They 

assumed that the increase of solubility in the aqueous phase corresponded to the hydrocarbon 

desorption from the clay surfaces. Further studies, however, did not significantly support the 

salting in mechanisms and argued that more experiments are needed to confirm the theory of 

salting in (Austad, Rezaeidoust, et al., 2010). For example, Austad et al. (2010) studies 
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revealed no significant difference in the desorption development between high and low 

salinity water injection, which clearly contradicts this mechanism.  

2.2.2 Mechanisms in carbonate rock  

As discussed in the previous section, several theories have been proposed to explain the 

improved oil recovery by LSWF in sandstone rocks. The clay content played a key role in 

describing the salinity effects and mechanisms of LSWF in the sandstone rock. However, it 

is well known that carbonate rock is generally different from sandstone rock in structure and 

mineralogy. In other words, the clay content of carbonate reservoirs is almost minimal, as 

the mechanisms proposed for sandstone reservoirs do not apply to carbonate rocks. Hence, 

other theories of LSWF in carbonate rocks have been suggested to explain the salinity effects, 

which are briefly described in the following section.  

Potential determining ions (PDIs) 

The potential ion-exchange mechanism is based on the adsorptions of PDIs 

Mg2+, Ca2+and SO4
2− onto a chalk surface (Zhang, Tweheyo, and Austad 2007). Zhang et al. 

(2007) believed that the organic compounds of crude oil with a negative charge adhered to 

the positive charge of the chalk surface. When seawater was injected, the potential ion SO4
2− 

significantly adsorbed onto the chalk surface, lowering the level of the positive charge of the 

chalk surface. As a result, the electrostatic repulsion decreased between the cation and chalk 

surface, allowing more Ca2+ to adsorb onto the surface of the chalk samples. The chemical 

reaction occurs to enable the release of organic carboxylic groups from the chalk surface. 

Figure 2-7 shows a systematic diagram of the potential ion-exchange mechanism.  

At high temperatures (exceeding 70−80 °C), a potential ion-exchange mechanism takes 

place by substituting Ca2+ with Mg2+ onto the positive charge of the chalk surface. The 

organic carboxylic material then reacts with the Ca2+They were causing a decrease in oil-

wetness on the rock surface. It was observed that the wettability condition on the chalk 

surface shifted towards a more water-wet condition. Moreover, a study conducted by 

(Boumedjane et al., 2019) indicate that the use of combined PDIs (Mg2+/SO4
2−) and 

(Ca2+/SO4
2−) is more effective to modify the rock’s wettability in which the presence of SO4

2− 

is mandatory.  
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On the other hand, a study performed by (Mohanty and Chandrasekhar 2013) could 

contradict the hypothesised potential ion-exchange mechanism. Spontaneous imbibition tests 

were performed by differing the PDIs, but no additional oil recovery was observed. In another 

study, Gupta et al. (2011) replaced the SO4
2− in the injected seawater with ions BO3

3− or PO4
3− 

and a significant increase in oil production was obtained for both types of ions. Indeed, the 

rich concentration of SO4
2− in the injected seawater would form local scale, as SO4

2− instantly 

interacts with Ca2+. As a result, the local scale formation would lead to oil displacement 

(Alhammadi, Mahzari, and Sohrabi 2017a). Zhang and Sarma (2012) revealed that reducing 

the total salinity of injected water was more effective than adding SO4
2− to enhance oil 

recovery. Moreover, Mahani et al. (2017) concluded that dilution of brine could be suitable 

for improving oil recovery by LSWF in which having PDIs in the injected brine is not 

necessary.  

Ultimately, the conflicting observations from different experimental studies increased the 

uncertainty concerning the role of SO4
2− in enhancing oil recovery by LSWF.   

 

 

Figure 2-7: The description of wettability alteration by PDIs at high and low temperatures (Zhang, Tweheyo, 

and Austad 2007). 

Mineral dissolution  

Pu et al. (2010) proposed a mineral dissolution theory for improved oil recovery by LSWF 

through anhydrite dissolution. In their experiment, a reservoir core was flooded with a NaCl 

solution. They observed the production of SO4
2− content in the effluent brine, which they 



 

28 

believed to be associated with anhydrite dissolution, considered a reason observed in the 

LSWF. Also, anhydrite and dolomite crystals in the SEM images were detected. In addition, 

the analysis of the effluent brine showed that anhydrite reduced upon high and low salinity 

displacement. The increase in SO4
2− is attributed to the detachment of ions from the rock 

surface and anhydrite dissolution. Other studies were performed to investigate whether the 

change in water chemistry could impact the rock surface charge and dissolve the rock 

minerals, prompting the construction of a numerical chemical model to establish the 

dominant mechanisms (Hiorth et al. 2010a). The experimental findings of the research were 

used to compare the results of the chemical model prediction (Hognesen et al. 2005; Zhang 

and Austad, 2006). The model studied the z-potential measurement tests of calcite and 

adsorption of sulphate onto the rock surface. Hiorth et al. (2010) concluded that the 

observations of the temperature-dependent oil recovery, which occurred due to the change of 

z-potential using water chemistry, were not fully described by the chemical model. Thus, 

they suggested that the mineral dissolution (calcite mineral) and ions adsorption (sulphate) 

could explain the temperature-dependent oil recovery upon LSWF. Based on the model 

results, seawater reaches equilibrium with CaCO₃ at low temperatures. As the temperature 

increases, Ca2+ reacts with SO4
2−, causing it to precipitate anhydrite and lose Ca2+. Thus, the 

calcite dissolution compensates for the loss of Ca2+. The calcite dissolution prompts the 

release of oil from the rock surface and shifts the wettability towards a more water-wet state.  

In contrast, other studies indicate that mineral dissolution is not the dominant mechanism 

by LSWF (Nasralla et al. 2014; Romanuka et al. 2012). Furthermore, Alhammadi et al. 

(2017) observed both mineral dissolution and increased pH in three coreflood experiments. 

However, they stated that two of the experiments did not respond to the salinity effects while 

one experiment did respond. Based on their experimental results, the geochemical reactions 

between brine/crude oil/ rock might occur during LSWF, but oil recovery was not associated 

with the geochemical process. Hence, it was concluded that this process was a by-product of 

the salinity effect and not ordinary. Recently, Uetani et al. (2019) performed a spontaneous 

imbibition test on different carbonate rock samples in which one sample contained anhydrite 

and another did not. Their study reported that anhydrite dissolution was not the key 

mechanism for improved oil recovery by LSWF in a carbonate reservoir.   
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Surface charge  

Mahani et al. (2015) investigated whether the improved oil recovery by LSWF was related 

to the dissolution of the carbonate surface or required a dissolution process at all. Figure 2-8 

shows the change of contact angle through effective surface charges. In their study, the zeta 

potential measurements (a measure of the charge on suspended particles) were quantified to 

investigate the impact of a carbonate surface charge on the water/crude oil/rock interface. A 

change in surface charge was observed when switching the brine injection from formation 

water (FW) to a lower salinity brine, resulting in the rock becoming more water-wet. 

Therefore, it was concluded that mineral dissolution was not the main mechanism, but the 

change in surface charge at the brine–rock interaction was the controlling mechanism that 

alters the carbonate’s rock wettability. Recently, Mahani et al. (2017) extended their original 

study to examine the effect of temperature on wettability alteration and observed that elevated 

temperature was likely an effective parameter for seawater and diluted seawater. However, 

wettability alteration can become more water-wet for certain core types and water at an 

ambient temperature. Based on this observation, they determined that the PDIs were not 

required to indicate the wettability condition of the carbonate rocks. However, a combination 

of surface charge changes and double-layer expansion was a reliable mechanism for 

wettability alteration in carbonate reservoirs.  

Conversely, some experiments have indicated a link between zeta potential and wettability 

alteration in carbonate reservoirs, but none of these studies has revealed a direct relationship 

between changes in wettability alteration, zeta potential and increased oil recovery upon 

LSWF injection (Alroudhan, Vinogradov, and Jackson 2016; Jackson and Vinogradov 2012; 

Strand, Høgnesen, and Austad 2006;). Moreover, Jackson et al. (2016) have reported that the 

zeta potentials of rock/brine would have less effect on oil recovery than crude oil–brine 

interactions. The investigation of the underlying mechanism has overemphasised rock–brine 

interactions via geochemical processes. None of these mechanisms would occur without the 

presence of crude oil. Hence, the role of oil polar materials has been overlooked, ignoring 

the fluid–fluid interactions.  
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Figure 2-8: The description of the change in contact angle to quantify the impact of LWSF (Mahani et al. 

2015) 

2.3 Micro-dispersion theory for EOR by LSWF 

Most of the previously suggested mechanisms have mainly focused on water–rock 

interactions as the key reason for improving oil recovery under low salinity waterflooding in 

sandstone and carbonate reservoirs. In contrast, the role of fluid-fluid interactions have 

attracted less attention and, thus, has been overlooked. Some previous studies highlighted the 

role of polar components in crude oil during the LSWF process but did not address the 

interaction between crude oil and brine. Perhaps this spotlight on the oil’s polar components 

prompted other researchers to investigate further the role of crude oil in the process of 

waterflooding. This section explains a recently suggested mechanism for EOR by LSWF, 

which is based on crude oil–brine interactions.  

2.3.1 Direct pore-scale visual investigation  

The visual investigation through the micromodel system provided numerous advantages, 

such as conducting low salinity waterflooding experiments using the features of visualisation 

that in turn led to monitoring the fluid flow and distribution in real time, analysing the 

displacement process and video recording the entire process of LSWF to help visually detect 

any possible interactions between the fluids. Knowledge of the pore-scale mechanisms, 

which are included in the additional oil recovery by LSWF, is thus enriched and helps 

establish the hypothesis of the dominant mechanism in the performance of LSWF. Moreover, 
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the observations obtained from the visualisation tests help to design a proper displacement 

experiment for verifying pore-scale mechanisms and explore the effects of mechanisms 

detected during the visual test. 

 A series of micromodel tests were carried out to investigate the mechanisms of improved 

oil recovery by LSWF. The details of these micromodel experimenters, procedures and the 

micromodel rig can be found in Sohrabi et al. (2001) and Emadi and Sohrabi (2012), 

respectively. In summary, Emadi and Sohrabi (2012) studied the salinity effects on 

improving oil recovery at pore-scale under reservoir conditions. In addition, wettability and 

fluid characterisation tests were used to support the micromodel test findings. For the sake 

of simplicity, only two micromodel experiments are discussed in this section to compare high 

and low salinity waterfloods and identify the effect of various salinities on crude oil.  

In the first experiment, a high salinity brine was used to establish the connate water and 

displacement process. The test started by saturating the micromodel with high salinity brine 

and then displaced it with crude oil to initialise the fluid distribution across the micromodel, 

as shown in Figure 2-9 (A). After that, high salinity water was injected into the micromodel 

for a period of time. Figure 2-9 (B) shows a magnified section of the micromodel for the high 

salinity waterflood. Based on the test results, no change was observed in fluid distribution 

and no more oil production was obtained after the water breakthrough.  

In the second experiment, the objective was to investigate the potential of LSWF in 

tertiary recovery. The system was saturated with high salinity water as the connate water and 

then flooded with crude oil until fluid distribution equilibrium was achieved in the system. 

Then, the micromodel was flooded with high salinity water as a secondary recovery followed 

by low salinity water as a tertiary recovery. Figure 2-10 shows a magnified section of the 

micromodel, which clearly illustrates the process of the second test. Then, in Figure 2-10 (C), 

a dark-coloured formation in the crude oil is observed at the early stage of injecting low 

salinity water, during which these dark-coloured particles were in contact with the water and 

near to the flowing path of water. As seen from Figure 2-10 (C) and 2–10 (d), the longer the 

low salinity water was injected into the micromodel, the more the black particles in the crude 

oil appeared to form relatively apart from the flowing path until they reached a stable state. 

Moreover, the oil returned to its original colour. The dark particles in the crude oil were not 
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observed when the high salinity water was injected into the system therefore the formation 

of the dark particles was only associated with the low salinity water injection. 

Figure 2-11 shows a clear picture of the dark particle formation in the crude oil during the 

LSWF. The results of these tests demonstrate a certain interaction between crude oil and low 

salinity brine that takes place during the LSWF. Emadi and Sohrabi (2012) believed that this 

interaction contributed to the improved oil recovery by LSWF. Based on their micromodel 

results, a new theory was developed to explain the improvement in oil recovery due to 

changes in salinity, known as micro-dispersion. They explained that the release of surface-

active components from oil/water interface and formation of water micro-dispersions could 

contribute to oil recovery through two processes: (1) wettability alteration and (2) swelling 

of –high salinity - connate water droplets. The coalescence of water micro-dispersions at high 

salinity (connate water)/crude oil interface causes swelling of water droplets and 

remobilization of trapped oil  

The assumption is that the micro-dispersion in the oil transport appears within the core 

sample, mobilising more oil from the rock surface and leading to wettability alteration, 

resulting in improved oil recovery.   

2.3.2 Fluid characterisation experiments 

Following the micromodel tests, a series of fluid characterisation experiments, including 

environmental scanning electron microscope (ESEM), Fourier-transform infrared 

spectroscopy and Karl Fischer titration, were performed to further investigate the interactions 

between the oil phase and brine (Mahzari and Sohrabi 2014). Five different crude oil samples 

were independently brought into contact with various salinity levels to demonstrate the 

formation of micro-dispersion. Based on the quantitative and qualitative analysis, it was 

reported that micro-dispersion formation relies on the crude oil’s characteristics upon contact 

with the low salinity brine. Hence, low salinity itself is not the only condition to form micro-

dispersions, but oil characteristics are also attributed to the separation of water-in-oil micro-

dispersions, which developed due to the interaction of the oil with the low salinity water. 

Figure 2-12 shows the image of ESEM for a sample where dark particles formed, appearing 

as white spots. According to the figure, the white spots are droplets of low salinity water 

surrounded by certain oil components. As further explained by the author, these white spots 

formed upon contact with low salinity brine and created a micro-dispersion. These formations 



 

33 

contain organic and inorganic components positioned in a water nucleus, which is covered 

by a layer of organic polar components transformed from crude oil.  

 

Figure 2-9: A magnified section of the micromodel of a) oil flooded and b) high salinity waterflood (Emadi 

and Sohrabi 2012). 

 

Figure 2-10: A magnified section of the micromodel showing the fluid distribution of a) oil flooded, b) high 

salinity waterflood, c) at the early beginning of LSWF and d) after a period of LSWF (Emadi and Sohrabi 

2012). 
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Figure 2-11: : A magnified section of the micromodel, which shows clear evidence of a formation of dark 

particles (water micro-dispersion) in the oil phase upon LSWF (Emadi and Sohrabi 2012). 

 

 

Figure 2-12: The image of ESEM shows the crude oil a) before contact with brines and b) after contact with 

brines, which forms a water micro-dispersion appearing as white spots (Mahzari and Sohrabi 2014) 

2.3.3 Fluid-fluid interaction test  

The experimental procedure to determine the amount of micro-dispersion formed upon 

contacting brine and crude oil has been described (Mahzari and Sohrabi, 2014; Alhammadi 

et al., 2017; Masalmeh et al., 2019). The fluid-fluid tests were designed to capture the mutual 

interaction between crude oil and brine in the interface oil film, irrespective of the influence 

of rock properties. During the preparation step, crude oil samples taken from the reservoir 

were filtered and centrifuged to make sure there were no particles or emulsions in the crude 
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oil samples. Since micro-dispersion quantifies the amount of water diffused into the oil, any 

excess water emulsion in the crude oil might contribute a substantial amount of inaccuracy. 

Figure 2-13 shows the stages of conducting the fluid-fluid test to determine the micro-

dispersion amount. As shown in the figure, the analytical tool (Karl Fischer Titration) is used 

to determine the quantity of micro-dispersion (see Masalmeh et al., 2019). Alhammadi et al. 

(2017) reported the screening process to identify the potential of crude oils in forming the 

micro-dispersion amount through a series of fluid-fluid contact tests. Figure 2-14 shows how 

the crude oils act potently at different salinity ranges to form micro-dispersion. According to 

the figure, the amount of micro-dispersion varies with different salinity ranges. Two different 

crude oils (M-2 and M-3) were used in their research to examine the formation of micro-

dispersion. When contacted to brine, crude M-2 has demonstrated a strong tendency to form 

micro-dispersion as the salinity decreases, but crude M-3 has a weak tendency to form micro-

dispersion when contacted to brine. Thus, crude oils have been classified into two categories: 

positive and negative crude oils. Positive crude oils are those with the potential to create 

micro-dispersions. On the other hand, negative crude oils did not show the formation of 

micro-dispersion upon contact with low salinity water. According to their analysis, micro-

dispersion is expressed as a ratio of contacted oil's water content to bond water, where ‘bond 

water’ refers to the original water content of the oil before the contact test in which the bond 

water could not be separated physically, for example, by centrifuging.  
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Figure 2-13: brine-crude oil interaction test processes 

 

 

 

Figure 2-14: The response of two different crude oils in forming micro-dispersion amounts at 

various salinity levels (Alhammadi et al., 2017) 
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2.3.4 Spontaneous imbibition and coreflood experiments  

Micro-dispersion theory is defined as a packet of water (micelles) covered by surface-

active components in the oil phase. The schematic diagram in Figure 2-15  shows the 

arrangements of the surface-active agent during high and low salinity flooding. A few studies 

have highlighted the significance of crude oil/brine contact in EOR by LSWF (Alvarado et 

al. 2014; Alvarado, Garcia-Olvera, and Manrique 2015; Alvarado, Wang, and Moradi 2011; 

Emadi and Sohrabi 2012, 2013; M. Sohrabi et al. 2015; Tetteh and Barati 2018; Tetteh, 

Rankey, and Barati 2017; Zahid et al. 2011; Zahid, Stenby, and Shapiro 2010). All of the 

studies are unanimous in regard to the importance of crude oil; however, the crude oil 

properties that affect its contact with low salinity brine have not been clarified yet. 

Nevertheless, these studies explain that the polar components in crude oil (resins and 

asphaltenes) interact with low salinity brines, causing a change in wettability conditions.  

Further investigations were carried out through a comprehensive study design, which 

included direct visualisation, fluid characterisation, spontaneous imbibition, and coreflood 

experiments (Sohrabi et al., 2015). These studies were employed to investigate the role of 

the fluid-fluid interactions involved in the process of LSWF. Sohrabi et al. (2015) first 

performed spontaneous imbibition tests followed by forced imbibition tests using sandstone 

reservoir cores. The clay-free core was used to further evaluate the micro-dispersion 

mechanism's importance. Their investigations show that the injection of low salinity brine 

disturbed the arrangement of the surface-active materials of the oil by displacing them from 

the interface. 

Moreover, they observed significant incremental oil recovery by LSWF even in the 

absence of clay in the core sample. The results revealed that the presence of clay in the rock 

was not mandatory for LSWF to work, which was also confirmed in another study by 

Farzaneh et al. (2015). These findings show that micro-dispersion plays a significant role in 

controlling oil recovery during low salinity injection and should work in sandstone and 

carbonate reservoirs. Mahzari et al. (2019) reported a relationship between the incremental 

oil recovery and the amount of micro-dispersion based on the results of extensive coreflood 

and fluid-fluid interaction experiments. The incremental oil recovery by low salinity 

increases as micro-dispersion increases. Notably, they performed the coreflood experiments 

on a sandstone core sample. As a result, sufficient data points have been collected to establish 



 

38 

a relationship between the micro-dispersion ratios and the results of tertiary LSWF injection, 

as depicted in Figure 2-16.  

Since the micro-dispersion mechanism succeeded in explaining the additional oil recovery 

by LSWF in sandstone rocks, including clay-free rocks, the mechanism was examined to see 

if it would predominantly control the efficiency of LSWF to improve oil recovery in 

carbonate rocks.  Alhammadi et al. (2017a, 2017b) performed coreflood experiments to 

investigate whether the micro-dispersion formation would occur during low salinity brine 

injection in carbonate core samples. Using three different crude oil types, which vary in 

propensity, to form micro-dispersion, the core was flooded with high salinity water followed 

by low salinity water. Here, the residual oil saturation during high salinity flooding was 

obtained prior to commencing the low salinity injection. Based on their experiments, the 

crude oil with a high propensity to form micro-dispersion provided a higher oil recovery than 

the crude oil with a low propensity to form micro-dispersion. They concluded that the oil 

characteristics were the main factor controlling the incremental oil recovery and tended to 

form micro-dispersion once brought in contact with low salinity brine. Subsequently, a series 

of coreflood experiments were carried out to investigate the role of micro-dispersion behind 

the efficacy of LSWF, which confirmed that the formation of micro-dispersion would take 

place regardless of whether the rock types were sandstone or carbonate (Farzaneh et al. 2017; 

Mahzari, Sohrabi, and Façanha 2019; Masalmeh et al. 2019; Mehraban, Farzaneh, and 

Sohrabi 2020).  

Previous investigations have established a relationship between micro-dispersion ratio and 

ultimate additional oil recovery for sandstone samples. Hence, the data of coreflood and 

fluid-fluid tests have been collected and analysed to establish the same relationship for the 

carbonate core sample (Masalmeh et al., 2019). Figure 2-17 demonstrates that the findings 

of fluid-fluid contact tests correlated with the oil recovery obtained by tertiary LSWF 

injection. A systematic approach has been employed to address the effect of micro-dispersion 

on oil recovery. An integrated process was implemented to relate the fluid-fluid contacts 

tests, which contacts various crude oils with a wide range of salinity levels (from high to low 

salinity water). Then, the amounts of micro-dispersion have been measured for each crude 

oil and categorized from low to high based on the formation of micro-dispersion values. The 

results showed that the high micro-dispersion ratio leads to extra oil recovery, while the low 
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micro-dispersion ratio gives less oil recovery. According to Figure 2-17  , it can be shown 

that there is a clear correlation between incremental oil recovery and the potential of oil to 

form micro-dispersion. It illustrates that the efficiency of LSWF injection becomes more 

noticeable as the amount of micro-dispersion increases. Moreover, it appears that the value 

of micro-dispersion has a maximum value beyond which the response of crude oil to low 

salinity brine does not significantly increase. It is critical to note that while a perfect trend 

cannot be expected due to the employment of multiple cores with potentially different 

features, the points in this analysis can establish the overall solid trend. 

2.3.5 Establishing a screening method 

        In spite of its simplicity, LSWF is one of the most challenging EOR techniques to screen 

for field application. In general, all reservoirs currently under waterflooding have a potential 

for LSWF. However, numerous studies in the literature have shown that not all reservoirs 

respond well to LSWF (Masalmeh et al., 2019). Thus, Masalmeh et al. (2019) have focused 

on developing a robust screening methodology to screen the potential of LSWF in a carbonate 

reservoir. In their study, more than 30 crude oils from different carbonate reservoirs have 

been selected to perform a fluid-fluid interaction test using formation brine and low salinity 

brine. There was a substantial correlation between core flooding results and fluid-fluid 

interaction tests, where the positive crude oils resulted in additional oil recovery in both 

tertiary and secondary experiments. In contrast, the negative crude oil resulted in no or slight 

additional oil recovery. The beauty of this methodology is the short time scale (couple of 

days) and robustness of the procedure for identifying suitable crude oils while coreflood 

experiments may take several months.  
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Figure 2-15: Two plots showing the arrangements of the crude oil’s surface-active components during a) high 

salinity waterflood and b) low salinity waterflood. (Sohrabi et al. 2016). 

 

 

Figure 2-16: Incremental oil recovery during LSWF injection under tertiary mode versus micro 

dispersion ratio (Mahzari et al., 2019)  
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Figure 2-17:Micro-dispersion ratio plotted against IOR by LSWF during tertiary coreflood 

experiments on carbonate reservoirs (Masalmeh et al., 2019) 

 

2.3.6 Micro-dispersion and wettability alteration  

Despite the numerous suggested mechanisms and conflicting opinions among researchers 

about the dominant mechanism based on different experimental observations, many have 

agreed that wettability alteration is a consequence during LSWF. Wettability alteration 

indicates the change in equilibrium between crude oil/brine/rock. Therefore, different 

parameters, including fluid characteristics, are mainly assumed to influence the wettability 

condition. Contact angle measurement is one of the methods used to measure the angle of 

wettability. Anderson (1987) classified the wettability characteristics with reference to the 

contact angle as water-wetness (0–75º), intermediate (75–115º) and oil-wetness (115–180º).  

As mentioned earlier, the micro-dispersion mechanism has been explained through two 

processes, including wettability alteration and swelling of water droplets. Facanha et al. 

(2017) studied the correlation between micro-dispersion formation and wettability alteration 

using the dynamic contact angle measurement method. The author concluded that the contact 

angle and zeta potential data confirm the coreflood tests in which the oil remaining after 

LSWF injection was less that after high salinity injection.  
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2.4 Effect of low salinity water flood on relative permeability curves 

The wettability of a core sample affects relative permeability to water and oil during the 

multiphase displacement (Anderson, 1987). In a water-wet system, water tends to dominate 

the small pores in which the initial water saturation is typically more than 20%, in which the 

oil phase is usually associated with the pore structure and has a high relative permeability at 

low water saturation. In the oil-wet system, the condition is reversed because the oil phase 

tends to occupy the smaller pores in which the relative permeability is high at high water 

saturation.  

In the last few decades, the effect of wettability on oil recovery efficiency and residual oil 

saturation has been extensively studied (Jadhunandan and Morrow, 1995b; Brownscombe et 

al., 1949). These experiments demonstrate that the effectiveness of oil recovery during the 

waterflooding process improves when residual oil saturation decreases and the reservoir's 

wettability shifts from oil-wet to intermediate wetting stages. 

On the other hand, lowering the injected brine's salinity shifts the rock's wettability 

towards a more water-wet condition regardless of the pore-scale mechanisms. The initial 

state of the core's wettability begins as oil-wet, mixed-wet or less water-wet; then, the 

wettability will be modified to more water-wet upon LSWF injection.  

Al-sofi and Yousef (2013) used fractional flow analysis to analyse the performance of two 

tertiary unsteady-state coreflood experiments. To evaluate the LSWF injection recovery, the 

authors' history matched the two corefloods to obtain a set of relative permeability curves 

examined in a 3D synthetic layered reservoir model. They discovered that injecting low-

salinity brine into the core sample changed the wettability of the rock, causing it to become 

more water-wet. According to their findings, two sets of relative permeability curves are 

required to represent the experimental results accurately. The wettability effect has been 

shown to cause a significant shift in the relative permeability functions with a decrease in 

residual oil saturation. 

Sorop et al. (2015) carried out an experiment under a steady-state condition to determine 

reliable relative permeability curves for high and low salinity cases. A significant shift in the 

relative permeability curves between the high salinity and low salinity modes was observed 

as a result of LSWF injection. The authors mentioned that the relative permeability to oil 

increases while the relative permeability to water decreases by LSWF injection. On the basis 
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of a steady-state coreflood experiment, Figure 2-18 depicts the relative permeability curves 

of the high salinity and low salinity injection modes. Their results confirmed that the 

wettability is changed to more water-wet because of LSWF injection.  

 

 

 

Figure 2-18: Relative permeability curves of high and low salinity obtained by steady-

state coreflood displacement (Sorop et al., 2015) 

 

2.5 Existing methodology in modelling LSWF  

The debate among researchers on the dominant mechanism for improved oil recovery by 

LSWF has been reflected in the development of a robust numerical simulation model of 

LSWF. However, to develop a numerical simulation model for LSWF, the underlying 

mechanisms of LSWF need to be fully understood. Hence, few models have been suggested 

to simulate the effect of LSWF upon which these models are based through several 

approaches. The attempt to model LSWF includes comprehensive geochemical reactions and 

empirical modelling of the LSWF mechanism, mainly wettability modification. For instance, 

some attempts were suggested to model the geochemical-based mechanism, such as MIE and 

simulate the historical results of laboratory studies, while other attempts focused on empirical 

and mechanistic approaches. 
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As discussed in the previous section, numerous mechanisms of LSWF have been 

formulated based on laboratory observations of sandstone and carbonate due to the 

mineralogical difference between the rocks. Some numerical simulations were developed to 

model LSWF on sandstone and did not apply to LSWF on carbonate. This section reviews 

the empirical modelling (without geochemistry) incorporating the mechanism of LSWF and 

mechanistic geochemical model (with geochemistry), which contribute to the proposed 

mechanisms of LSWF.   

2.5.1 Empirical model 

Several empirical models have been developed for modelling LSWF (Jerauld et al., 2006b; 

Yu et al., 2008; Wu and Bai, 2009; Al-shalabi et al., 2014a). They hypothesized that the 

dominant mechanism for improved oil recovery of LSWF is the wettability alteration. The 

wettability modification is the essential idea for developing the empirical models. The 

wettability alteration is modelled by modifying relative permeability and capillary pressure 

functions. The studies have adapted the empirical method to simulate the wettability 

alteration because of unclear predictive physics to explain the wettability modification. The 

key method for developing empirical models is based on the interpolation factor between 

high salinity and low salinity condition.  

Jerauld et al., (2006) developed an empirical model to simulate the increase in oil recovery 

by LSWF, assuming the wettability alteration is the underlying mechanism. The model has 

adapted the change in wettability condition by adjusting relative permeability and capillary 

pressure. The model assumes that salinity-dependent residual oil saturation is an interpolation 

factor to modify relative permeability and capillary pressure curves. In this model, two 

boundary curves of salinity thresholds are assigned to define the relative permeability for 

high and low salinity flooding. The residual oil saturation (Sorw) linearly depends on the 

salinity between high and low salinity thresholds and is constant beyond the threshold 

conditions as shown in Figure 2-19. Hence, the linear interpolation technique (salinity-

dependent residual oil saturation) is used to describe the switch from high to low salinity 

relative permeability flooding as follows:  
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krw = θkrw
HS(S∗) + (1 − θ)krw

LS (S∗) Eq. 2-1 

kro = θkro
HS(S∗) + (1 − θ)kro

LS(S∗) Eq. 2-2 

Pcow = θPcow
HS (S∗) + (1 − θ)Pcow

LS (S∗) Eq. 2-3 

θ =
Sorw − Sorw

LS

Sorw
HS −Sorw

LS  Eq. 2-4 

S∗ =
So − Sorw

1 − Swr − Sorw
 Eq. 2-5 

 

Where: 

krw and kro are relative permeability to water and oil.  

HS and LS represent high salinity and low salinity conditions, respectively.  

θ is the weighting factor. As θ = 1, it describes the high salinity condition. As θ = 0, it 

describes the low salinity condition. 

Pcow is capillary pressure.  

S∗ is normalize saturation.  

Sorw is residual oil saturation, So is oil saturation and  Swr is the connate water saturation.  

In this model, residual oil saturation is salinity-dependent, using normalised residual oil 

saturation to modify the relative permeability and capillary pressure between the high and 

low salinity conditions. Figure 2-20 shows the shifting of the relative permeability curve 

from high to low salinity. 

Following the same concept, Yu et al., (2008) developed a model that accounts for 

modelling the wettability alteration process during LSWF. Based on their model, sulphate 

ion is assumed to be a wettability alteration agent that will adsorb onto rock surface and alert 

the wettability towards water-wet. The relative permeability and capillary pressure are 

functions of the sulphate ion concentration, and they are dynamically changing due to 

sulphate ion concertation during the flooding. Therefore, the model is developed by including 

molecular diffusion, adsorption of sulphate ion, gravity and capillary pressure. The sulphate 

ion diffuses into the water, adsorb onto the rock surface and cause wettability alteration. 

Consequently, the relative permeability curves and capillary pressure shift to more water-wet 

conditions. In this model, the interpolation technique describes the shift from high to low 

salinity conditions as a function of the adsorption of sulphate ions onto the rock surface.  
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Subsequently, Wu and Bai (2009) suggested a model that accounts for molecular 

diffusion, salt adsorption, gravitational, and capillary forces for modelling the wettability 

alteration process. In this model, salt is treated as a component in the aqueous phase in which 

salt is transported only within the aqueous phase by advection and diffusion and subject to 

adsorption onto rock surface. The changes in both capillary pressure and relative permeability 

curves from high to low salinities were made dependent on the wettability alteration agent 

(salt concentration). Based on their model, the assumption was made as follows 1) liner 

relationship between residual oil saturation and salt 2) kro increases as salinity decreases 3) 

no change in krw.  

Like Jerauld et al. (2006) , Yu et al. (2008) and  Wu and Bai, (2009) model, the effect of 

wettability alteration during LSWF on relative permeability, capillary pressure and residual 

oil saturation was considered as a function of salinity. As described in the previous section, 

the low salinity brine leads to improved oil recovery; however, it is complicated and not 

directly proportional to the salinity. These models are deficient due to the residual oil 

saturation’s dependence on the salinity (Dang et al., 2013).  

 Al-shalabi et al., (2014a) developed an empirical model to simulate the coreflooding of 

LSWF for carbonate reservoirs. In this model, the effect of wettability alteration on the relative 

permeability and capillary pressure curves is a function of the contact angle. Based on their 

model, the contact angle was measured for the injected brine at either high or low salinity, 

and the residual oil saturation for both the high and low salinity was needed to history match 

the LSWF. According to their study, the model successfully calculated the change in the oil’s 

relative permeability parameters and residual oil saturation, but the relative permeability 

parameters for water remained unchanged. However, Nasralla et al. (2016)  used a numerical 

simulation to history match a coreflood experiment for a carbonate reservoir. They observed 

a change in the relative permeability functions, which showed that the oil’s relative 

permeability increased while the water’s relative permeability decreased. In addition, due to 

the model’s dependency on the measured contact angles, it was demonstrated to be a 

universal model for LSWF and only exceptional to situations where such correlations exist. 
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Figure 2-19: The schematic description of salinity dependence of residual oil saturation used in the empirical model 

(Jerauld et al. 2006) 

 

Figure 2-20: The change in the high salinity relative permeability curve during a low salinity waterflood 

(Jerauld et al. 2006).  

2.5.2 Geochemistry mechanistic model  

The LSWF has been modelled using several geochemical-based models (Omekeh et al., 

2012; Dang et al., 2013; Kazemi et al., 2014; Dang et al., 2016; Awolayo et al., 2017). In 

these models, geochemical reactions are used to govern changes in capillary pressure, relative 

permeability, and residual oil saturation 
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Omekeh et al. (2012) proposed a model based on their experimental observations of Berea 

sandstone cores, representing the ion exchange and dissolution/precipitation processes during 

the low salinity waterflooding process. The primary mechanism incorporated into the model 

is a multiple ion exchange (MIE) process, due to the presence of clay, will have an impact 

on the relative permeability curves. The model is built in which the entire release of divalent 

cations (calcium and magnesium) from the rock surface results in a change in the relative 

permeability functions, which in turn causes more oil to be mobilized. The model employs 

geochemical reactions of aqueous, mineral, and ion exchange to model the MIE mechanism. 

In terms of wettability alteration modelling, the model implemented a method following the 

MIE mechanism, which is assumed to modify relative permeability through the ion-exchange 

process. The injection of LSWF results in the detachment of divalent cations because of the 

ion exchange. The amount of the detachment linearly interpolates the relative permeability 

between threshold high and low salinity conditions. They defined the cation exchange as a 

mechanism for wettability alteration using the following equations  

𝑚(𝐵𝑐𝑎,𝐵𝑚𝑔) = max(𝐵𝑐𝑎0 − 𝐵𝑐𝑎,0) + max(𝐵𝑚𝑔0 − 𝐵𝑚𝑔,0) Eq. 2-6 

H(𝐵𝑐𝑎,𝐵𝑚𝑔) =
1

1 + r𝑚(𝐵𝑐𝑎,𝐵𝑚𝑔)
 

Eq. 2-7 

 

Where : 

𝐵𝑐𝑎0,𝐵𝑚𝑔0 are the amount of calcium and magnesium, respectively in the initial condition 

bounded to the clay surface.  

r > 0 is a specified constant  ,  

H(𝐵𝑐𝑎,𝐵𝑚𝑔) is a weighting factor, H=1 means no desorption of calcium and magnesium, 

while 0 < H < 1 means desorption of divalent cations from the rock surface.  

In this model, the change from high salinity towards low salinity condition is controlled 

by the amount of desorption of calcium and magnesium from the rock surface. However, the 

presence of clay particles is a prerequisite for this model; therefore, this model is limited to 

sandstone rock and not applicable to free clay rocks.  

Nghiem et al. (2004, 2011) advanced the GEM software, developed by CMG, coupled 

with the comprehensive geochemical reactions. Later, Dang et al. (2013) extended this work 

by advancing the GEM to model the LSWF considering the geochemical reactions ( aqueous 

reaction, mineral dissolution and precipitation, and ion exchange) for sandstone reservoir. 
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First, the geochemical reaction modelling was validated by comparing it with PHREEQC 

software (comprehensive geochemistry software)(Parkhurst and Appelo, 1999). Then, the 

numerical model is validated using the laboratory data reported by Fjelde et al. (2012). To 

explain the LSWF, numerical simulations support the idea that ion exchange is responsible 

for a wettability change. Similar to other models, the interpolation method is used to model 

the wettability alteration by shifting the relative permeability curves as a function of the 

equivalent fraction of Ca2+ on the exchanger. This model is applied only for independent-

case experimental data.  

Recently, Awolayo et al. ( 2017) expanded upon Nghiem et al. (2004, 2011) model to 

capture the fluid–rock interaction in the carbonate reservoir. The model considered numerous 

reactions, including aqueous, mineral, ion exchange and adsorption reactions, as well as 

hydrocarbon solubility. Despite all the important reactions that might take place during the 

injection of LSWF, the wettability alteration was treated as a function of the equivalent 

fraction, implying ion exchange. The authors validated the model against published 

experimental data. Oil recovery was effectively matched, and differential pressure was not 

reported.  

Kazemi et al, (2013, 2014) developed a mechanist model by coupling IPhreeqc open-

source geochemical software to UTCHEM, an in-house chemical simulator, to be utilised in 

combination with the capillary pressure and relative permeability for modelling LSWF. The 

UTCHEM-IPhreeqc simulator can be applied to model the LSWF process in both sandstone 

and carbonate reservoirs where the wettability alteration is modelled as total ionic strength 

and multicomponent ion exchange. Their work was further extended by modelling the LSWF 

using two methodologies. The first method modifies the relative permeability parameters and 

capillary pressure as a function of the contact angle (Al-shalabi et al. 2014). Then, the model 

is extended to incorporate the salinity effect by coupling the contact angle and trapping 

number (Al-Shalabi et al. 2015). In this model, the capillary desaturation curve (CDC) is 

modified to calculate the residual oil saturation as a function of the trapping number. 

However, the CDC is affected by the petrophysical parameters (Garnes et al. 1990). It was 

found that the capillary number is correlated to the core’s permeability in which critical 

capillary number decreases at high relative permeability. Another study by Virnovsky et al. 

(1998) showed that the capillary number in a certain range would affect the relative 
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permeability curves and become rate-dependent. Based on the CDC curve, it is understood 

that when the capillary number increases, the residual oil saturation decreases. However, 

some studies on Alkali-Surfactant-Polymer (ASP) flooding and surfactant-polymer (SP) 

flooding report that the remaining oil saturation does not necessarily decrease with an 

increase in the capillary number (Guo et al. 2017). This controversy regarding the CDC curve 

might raise some questions about the effectiveness of the proposed model in simulating the 

effect of LSWF.  

Hiorth and Evje (2010) introduced a model that incorporates the effect of LSWF by 

including salinity composition and brine–rock interaction in the dissolution of calcite. Hence, 

the interpolation between the high and low salinity relative permeability and capillary 

pressure is based on calcite dissolution. When there is no dissolution, oil or mixed-wet 

conditions predominate. However, the low salinity brine disturbed the equilibrium state in 

the rock sample in which the calcite dissolution takes place, leading to a more water-wet 

condition. This model did not consider the role of oil composition and mainly focused on the 

water–rock interaction. As discussed in the previous section, some authors performed LSWF 

experiments, but the mechanism of calcite dissolution was not incorporated. 

Johns and his co-workers suggested a mechanistic model similar to the concept of Evje’s 

model (Qiao et al. 2014; Qiao, Johns, and Li 2016), using an in-house simulator to model the 

experimental data. The model was developed based on the role of mineral dissolution (calcite 

and anhydrite) to define the effect of LSWF, and the role of hydrocarbon was not considered. 

In addition, numerous laboratories experiments have not linked an improvement in oil 

recovery by LSWF to mineral dissolution (refer to the previous section). 

2.6 Methods for modelling LSWF injection in commercial simulator. 

The salinity threshold and ion exchange are the two main methods existing in current 

commercial simulators to simulate LSWF performance. The wettability alteration caused by 

LSWF injection is simulated by shifting the relative permeability curves in the two models. 

According to the salinity threshold model, a shift in the relative permeability curve occurs 

from the high salinity to low salinity curve when two or more salinity thresholds are set, and 

these values are used to determine which relative permeability should be used for modelling 

LSWF. In contrast, the ion exchange model is based on the exchange of ions between the 
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low salinity water and rock surface in which the relative permeability curve is shifted as a 

function of a chosen ion adsorbed on the rock surface.  

2.6.1 Salinity threshold model 

The effect of LSWF injection on oil recovery efficiency is reflected in the simulator model 

by changing the relative permeability curves from mixed or oil-wet systems toward more 

water-wet systems. In the salinity threshold model, the salinity is employed directly to 

estimate the relative permeability according to the specified threshold for upper salinity, 

which is allocated for high salinity waterflooding and lower salinity, which is allocated for 

low salinity waterflooding. According to this model, the high salinity relative permeability 

curve is utilized when the porous media’s salinity is more than the upper salinity threshold. 

However, the low salinity relative permeability is used when the salinity during the injection 

is lower than the lower salinity threshold. Moreover, in some cases the salinity is in between 

the upper and the lower salinity threshold. In such cases, the linear interpolation technique is 

employed to calculate the relative permeability curve. For instance, Jerauld et al. (2006) 

proposed this technique to account for LSWF injection while shifting the relative 

permeability curves from high to low salinity, as per the equations in the previous section.  

The model's validation was based on experimental data, and it was shown to agree with 

the results of oil production data, as shown in Figure 2-21. The threshold salinity model has 

been used to adjust the relative permeability curve and simulate the change in wettability 

caused by LSWF injection. Moreover, the model has been validated analytically using the 

Buckley Leverett solution, and the simulation results agree with those obtained analytically 

(Attar, 2017). While this model identifies wettability modification as the primary mechanism, 

resulting in increased oil recovery by LSWF injection and reduced residual oil saturation, it 

does not attempt to explain the pore-scale mechanism underlying this change in wettability ( 

Dang et al., 2013).  

2.6.2 Ion exchange model  

The ion exchange model has been developed mainly for sandstone reservoirs, which 

contain clay minerals and cations (Omekeh, Evje, et al., 2012). This model’s assumption is 

related to the multi-component ionic exchange mechanism introduced by Lager et al. (2006). 

In this model, the divalent cations such as 𝐶𝑎++and 𝑀𝑔++are engaged in the ion exchange 
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activity with the clay surface. As a result, the wettability alteration occurs during the LSWF 

injection, giving a change in the relative permeability curves. According to this model, three 

important reactions happen during LSWF injection: intra-aqueous reactions, ion-exchange 

reactions and mineral dissolution reactions (Dang et al., 2013). The ion exchange reaction is 

expected to occur in two steps throughout the LSWF injection, as shown by the following 

equations. 

𝑁𝑎+ +
1

2
(𝐶𝑎 − 𝑋2) ↔ (𝑁𝑎 − X) +

1

2
𝐶𝑎++ Eq. 2-8 

𝑁𝑎+ +
1

2
(𝑀𝑔 − 𝑋2) ↔ (𝑁𝑎 − X) +

1

2
𝑀𝑔++ Eq. 2-9 

 

Where:  

X: Clay mineral existing in the rock. The subscript of 2 in the clays describes the double 

positive charge ions such as 𝐶𝑎++ that attached in the clay, while the subscript of 1 means 

that the single positive charge like 𝑁𝑎+ is attached in the clay.  

The model considers the permeability curves based on a pore-scale mechanism that included 

ion exchange between the brine and the rock wall when injecting the low salinity brine. To 

describe ion exchanges on clay surfaces, the following selectivity coefficients are utilised. 

𝐾𝑁𝑎/𝐶𝑎
` =

ζ(𝑁𝑎 − X) [𝑚(𝐶𝑎++)]
0.5

[ζ(𝐶𝑎 − 𝑋2)]0.5 𝑚(𝑁𝑎+)
×

[𝛾(𝐶𝑎++)]
0.5

𝛾(𝑁𝑎+)
 Eq. 2-10 

𝐾𝑁𝑎/𝑀𝑔
` =

ζ(𝑁𝑎 − X) [𝑚(𝑀𝑔++)]
0.5

[ζ(𝑀𝑔 − 𝑋2)]0.5 𝑚(𝑁𝑎+)
×

[𝛾(𝑀𝑔++)]
0.5

𝛾(𝑁𝑎+)
 Eq. 2-11 

 

Where:  

𝐾𝑁𝑎/𝐶𝑎
`  and 𝐾𝑁𝑎/𝑀𝑔

`  are the selectivity coefficients  

ζ(𝑁𝑎 − X), ζ(𝐶𝑎 − 𝑋2) and ζ(𝑀𝑔 − 𝑋2) are the equivalent fractions.  

The method alters the rock's wettability, requiring the user to define two upper and lower 

relative permeability thresholds as functions of the equivalent fraction. Once the user has 

defined the thresholds, the interpolation technique will take place according to the correlation 

of the salinity threshold model. The only difference is that, in this case, the equivalent fraction 

represents the threshold rather than the salinity. The model has been validated against 
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experimental data, as shown in Figure 2-22. Despite the model's validation, the model is not 

relevant to free clay rock because the capacity of clays to exchange cations must be 

established prior to performing the simulator. Moreover, the multi-component ionic 

exchange mechanism has been discarded by other researchers (Soraya et al., 2009). 

Furthermore, the micro-dispersion idea is based on fluid-fluid interaction, which has been 

demonstrated through coreflood experiments utilizing sandstone and carbonate (free clay) 

reservoir rock. 

 

 

Figure 2-21: Additional oil recovery against injected pore volume of low salinity brine during a 

tertiary coreflood. The dashed line indicates the model's match (Jerauld et al., 2006). 
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Figure 2-22: Using the CMG-GEM simulator, the ion exchange model has been validated against 

experimental data  (Dang et al., 2013). 

 

2.7 Conclusions 

Lastly, it is clear from the literature that the low salinity waterflood has a positive effect 

on oil recovery, irrespective of the debate of the primary mechanism. This method has been 

proven through conducting extensive laboratory studies, including numerous coreflood 

experiments in sandstone and carbonate rock samples. On the other side, numerical 

simulation received some attention in which no robust was developed due to controversy 

about the underlying mechanism. However, the micro-dispersion mechanism is likely the 

dominant mechanism that controls the effect of LSWF regardless of the rock sample, either 

carbonate or sandstone. Based on that, a semi-empirical method based on incremental oil 

recovery is introduced in this thesis which is expected to be a universal simulation model to 

handle the LSWF.  

• The salinity threshold model uses salinity to identify relative permeability based on 

the specified higher salinity threshold for high salinity flooding and lower salinity 

threshold for low salinity flooding and claims that the increase in oil recovery by 

LSWF injection is attributable to wettability alteration and reduced residual oil 

saturation. 
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• Using the ion exchange model, the user must define the upper and lower permeability 

thresholds as a function of the equivalent fraction on the ion exchanger. In addition, 

the salinity threshold model and the ion exchange model have been validated 

analytically using the Buckley Leverett solution, and the simulation results agree with 

those obtained analytically (Attar, 2017). On the other hand, the ion exchange model 

was not applicable for free clay rock because the clay's capacity to exchange cations 

must be determined for model initialization.  

• Previous investigations have shown that the micro-dispersion ratio correlates with 

ultimate incremental oil recovery for sandstone samples (Mahzari et al., 2019). In 

addition, the results of the fluid-fluid contact tests were shown to be correlated with 

the oil recovery obtained by tertiary LSWF injection in a carbonate reservoir ( 

Masalmeh et al., 2019). Hence, the relationship between micro-dispersion and 

incremental oil recovery has been established successfully alongside with screening 

method.  

• Micro-dispersion has been shown to significantly affect the wettability of rocks; 

micro-dispersion would modify wettability so that the relative permeability curves 

would be altered. 
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Chapter 3: Experimental Set-Up, Design, Procedure and Considerations  

The nature of the experiment dictates the necessary preparation, including the design 

needed to attain the desired objectives and the components required to execute its purpose.  

The steady-state coreflood experiments of high salinity and low salinity displacement 

were conducted in this thesis. This chapter describes the experimental design, methodology 

and considerations in performing a two-phase steady-state coreflood experiment, while the 

results are addressed in detail in Chapter 8 of this thesis.  

3.1 Experimental Set-Up and Design 

3.1.1 Coreflood rig 

An existing core-flood rig, developed at EOR centre HWU, has been utilised in this 

research. The coreflood rig was designed to control high temperature and pressure, run the 

experiment under reservoir conditions and allow simultaneous injection of water and oil in a 

steady-state coreflood manner. All parts of the coreflood rig, including storage cells and core 

holders, were placed in the core oven at optimal temperature. Besides the storage cells, 

rocking cells of high-capacity volumes were needed to run the steady-state experiment as it 

is an open system (in and outflow) and conducted on a long core at a high injection rate. The 

rocking cells were set up at experimental pressure and temperature and connected to the 

coreflood rig in which lines were coated to avoid any temperature losses. The coreflood rig 

facility was equipped with a one-way valve in the core inlet to avoid any backflow and ensure 

that saturation variations are unidirectional to prevent hysteresis effects. Figure 3-1 shows 

the schematic of the coreflood rig facility.  

3.1.2 Core oven  

The oven was fitted to the core sample dimensions with the core placed in the core holder. 

All the lines and storage cells were fitted to allow the correct direction of the flow into the 

core inlet. The oven keeps the fluids, either oil or water, at the desired pressure and 

temperature – in our case, at reservoir conditions. The temperature was stable inside the oven; 

hence, fluids (water and oil), lines and storage cells were maintained at a constant 

temperature of 131 C.   
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3.1.3 Rocking cells  

Since the experiment was conducted in an open system, the rocking cells have provided 

sufficient fluid to the core. These cells are designed to store the fluids at high temperatures 

and pressure.  

3.1.4 Heated lines  

The lines used to connect the rocking cells to the core ovens were wrapped with heating 

tape to drive the fluids from the rocking cells to the core inlet inside the oven while 

maintaining the same temperature as the oven.  

3.1.5 Pressure transducers  

The coreflood rig was equipped with a pressure gauge to monitor pressure changes and 

confirm that the fluids were kept at experimental pressure before, throughout and after the 

displacement process. The pressure transducer was employed to monitor the whole system, 

including the core inlet, outlet and overburden pressure in every vessel of the three storage 

cells.  

3.1.6 Pumps  

Quizix pumps were utilised to operate the steady-state coreflood experiment by injecting 

the fluids into the core, which controlled the pump software program. The Quizix pump is 

designed to perform at high pressures, making it ideal for processing brines, hydrocarbons 

and highly viscous fluids like mineral oils. Moreover, the pump can function in several 

operational modes, such as constant-pressure mode, which effectively controls Back Pressure 

Regulator (BRP) at the core’s outlet and handles the overburden pressure. Several pumps 

were employed to perform the experiment, with a pump assigned to the rocking cell and a 

separate pump allocated for the overburden pressure and BRP. The facility provided more 

options to perform the simultaneous two-phase (water and gas) injection during the coreflood 

experiment.  

3.1.7 Centrifuge system  

A centrifuge separates fluids within a mixture by rapidly rotating the mixture and causing 

the constituent fluids to separate according to their different densities. The spinning motion 

creates a centrifugal force that triggers denser fluid to push radially outward while its less 



 

58 

dense counterpart gravitates to the centrifuge’s axis. The centrifuge is a very effective device 

for separating fluids in the laboratory, with denser fluid moving to the bottom of the tube and 

less dense fluid to the top. At Heriot-Watt University, the centrifuge is customised to handle 

different tube sizes, including typical test tubes and conical centrifuge tubes. In this 

experiment, the conical tubes were used to separate fluids because these tubes are ideal for 

centrifugation, facilitating the move of denser samples to the bottom.   

 

Figure 3-1: The schematic of the coreflood rig facility. 

3.2  Rock System  

A carbonate core sample from the Middle East was used in this work to investigate the 

performance of LSWF injection under steady-state displacement conditions. Figure 3-2 

shows the reservoir carbonate rock’s physical characteristics with dimensions, porosity and 

absolute permeability. The purpose of selecting a long core is to reduce any possible effects 

of experimental artefacts, including capillary end effects, on the coreflood results. Since the 

core sample is a reservoir core, physical properties such as porosity were provided with the 

sample’s report. However, the absolute permeability for the rock sample was measured as a 

brine base permeability. Thus, the core was fully saturated with brine, and brine was then 

injected through the core at different flow rates with the differential pressure across the core 
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recorded. At each flow rate, the brine permeability was measured in which the average value 

was calculated to represent the absolute permeability of the core sample.   

3.2.1 Characteristics of carbonate core  

Identifying the petrophysical parameters such as pore size distribution, porosity and 

permeability of fluid flow in porous media is crucial to better understanding displacement 

behaviour, especially for the LSWF injection conditions.  

Various methods may provide insight into the rock’s heterogeneity, such as the Mercury 

Injection Capillary Pressure test, X-ray scan analysis and the miscible tracer test. Since the 

focus of this thesis is predicting LSWF injection performance and not studying the effect of 

the heterogeneity, the miscible tracer test was adequate to determine the rock’s heterogeneity.   

 

Figure 3-2: Schematic diagram of carbonate core used in steady-state coreflood experiments presented in the 

thesis. 

3.3 Tracer test 

The tracer test was conducted on the same core sample by our researcher group at HWU 

(Masalmeh et al., 2019). The tracer test was employed to identify the reservoir core’s 

heterogeneity, a process that includes adsorption and desorption using a passive tracer 

(lithium chloride). Figure 3-3 shows the tracer test results plotted against the tracer’s 

normalised concentration (C/Co) during the adsorption and desorption process. According to 

the figure, the tracer’s breakthrough during the adsorption process occurred at about 0.6 pore 

volume of the injected tracer. This shows a degree of heterogeneity in the carbonate core 

sample. 

Moreover, it is believed that this heterogeneity is due to the nature of the internal pore 

structure. The other indication of heterogeneity is that the tracer concentration (C/Co) 

increased sharply during the adsorption process and approximately 1.5 PV of injected tracer 

k= 33 mD Porosity= 0.24 D= 5.012 cm 

L= 31 cm 
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was necessary to reach the maximin value of its concentration (C/Co). these two observations 

show that there is a scale of heterogeneity in the core sample. 

 

Figure 3-3: The tracer test results during the adsorption and desorption process plotted against the tracer’s 

normalised concentration (C/Co) (Masalmeh et al., 2019) 

3.4  Fluid System  

Fluids of the live brine and oil were prepared to perform high- and low-salinity steady-

state corefloods.  

3.4.1 Brine  

Two types of water were prepared to conduct two steady-state coreflood experiments. The 

formation water (FW) with the salinity of 203268 ppm was used as floodwater for the high-

salinity coreflood test and initial water saturation. Meanwhile, the desalinated water (DSL) 

with a salinity of 235 ppm was used as floodwater for the low-salinity coreflood test. It should 

be stated that the formation water represents the reservoir formation water of the Middle East 

Reservoir. The formation water was prepared by dissolving salt contents in distilled water, 

which was then placed in the stiller for about an hour to ensure that all salt contents were 

adequately mixed up. The formation water was degassed to ensure no gas was dissolved in 

the water. The exact process was followed to prepare the low-salinity brine in which the 

amount of salt contents was significantly less than the formation water. The brine was pre-
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saturated with methane to avoid any mass exchange during the injection. Table 3-1 illustrates 

the salt contents associated with the salinity concentration of high- and low-salinity brine.  

Table 3-1: The salt contents associated with the salinity concentration of high- and low-salinity brine used for 

steady-state coreflood experiment. 

Ion Field formation water (PPM) Desalination water (PPM) 

Na+ 57997 87 

Ca+2 17535 1 

Mg+2 1975 2 

SO4
−2 775 2 

Cl− 124986 143 

TDS* 203268 235 

*Total dissolved salts (TDS) 

3.4.2 Hydrocarbon fluids  

The live oil was prepared to represent the reservoir oil properties. Twelve gas components 

were mixed with the dead oil at the time when conducting steady-state coreflood 

experiments. The cell was pressurised to a certain level before mixing the gas with the dead 

oil. Then, the desired volume of prepared gas was transferred to the cell, and once the 

reservoir pressure was reached, the cell was kept for stabilisation upon starting the 

experiment.   

3.5  Experimental Procedure 

3.5.1 Rock’s wettability alteration   

To be able to investigate the effect of the LSWF on the wettability of the core sample, the 

core wettability was brought to an oil-wet or mixed-wet state during the ageing process. 

Various methods might provide insight into determining the rock’s wettability, such as 

contact angle; however, the effect of LSWF on the rock’s wettability in this research was 

investigated through two-phase steady-state displacement by measuring the relative 

permeability curves and comparing the high-salinity relative permeability with the low-

salinity relative permeability. Additionally, the displacement processes of two floodings were 

compared in terms of oil recovery and differential pressure.  
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3.5.2 Establishment of immobile water saturation  

The carbonate core sample was cleaned, dried and vacuumed before commencing the 

immobile water saturation. Then, the core was flooded with formation water to saturate the 

core with 100% water. Once the core was thoroughly saturated with formation brine, the 

injection rate was gradually altered to reach a different flow rate. The differential pressure 

was recorded at each injection rate to calculate the absolute permeability of the core sample. 

The core base permeability to the brine was about 33 mD. It should be mentioned that the 

flow injection rate was carefully changed to the following rate to ensure the stabilisation of 

pressure conditions at each rate. After measuring the brine permeability, a series of mineral 

oils were injected into the core to establish the initial water saturation (Swi). The same initial 

water saturation of 13 % was achieved in both experiments (high-salinity and low-salinity 

waterflood).  

3.5.3 Rock ageing for oil-wet state   

After achieving immobile water saturation, the mineral oils were fully discharged using 

chemical fluids. To restore the core’s wettability, dead crude oil was injected at a minimal 

rate for a period of 4 weeks to ensure a uniform distribution of the dead crude oil throughout 

the core sample. During this stage, the oil effective permeability was regularly measured for 

the core in the presence of initial water saturation. The endpoint relative permeability to oil 

(kro at Swi was 0.6) was calculated at initial water saturation. It is worth mentioning that the 

measured endpoint relative permeability to oil for both high-salinity and low-salinity steady-

state coreflooding were identical. It is believed that the core sample’s physical properties 

were unchanged during the first and second ageing periods. The same procedure of ageing 

the core sample used for the high-salinity test was repeated for the low-salinity test.  

3.6  Steady-State Coreflood Experiments 

The reliability of relative permeability measurements depends primarily on the accuracy 

of characterising the fluid saturation. There are two fundamental methods to define fluid 

saturation through the core sample: external and internal methods (Cense et al., 2014). The 

external method was employed to determine the fluid saturation in this study. The external 

techniques require fluid saturation to be inferred from the core outlet (fluid production). This 

method depends on the material balance calculation, in which the fluid saturation is 
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calculated based on a simple equation (fluid-preserved in core = fluid in-fluid out); the 

saturation obtained from this technique is an average amount for the core sample. The 

possible issues associated with the external method, which can influence the calculation of 

fluid saturation using the material balance, are dead volume and difficulty in separating the 

production fluids. In this experiment, the dead volume line’s length was shortened to 

diminish the uncertainty. Moreover, a compatible centrifuge was used to separate the fluids.  

On the other hand, the internal method, including X-ray imaging, is the most common 

technique to determine the in-situ fluid saturation in the core sample. X-ray measurements are 

often used to monitor the hydrocarbon saturations in the core. This is done as a function of the 

position in the core and as a function of time. X-ray scanning is based on the inferred from 

attenuation of X-rays when they pass through the core sample and fluids inside the core 

sample (Galiuk et al., 2012; Cense et al., 2014). The internal method was not used in this 

study due to not available of an X-ray tool.  

Since two steady-state tests are performed in this thesis, Darcy’s law is used to define the 

effective permeability for each stage at a particular saturation.   

3.6.1 High-salinity system   

The steady-state corflood experiment was conducted at reservoir pressure and temperature 

of 4440 psi and 131 C, respectively. Figure 3-4 shows a schematic diagram of a general 

coreflood experiment under steady-state conditions. The schematic diagram represents the 

example of the stages during the two experiments of HSWF and LSWF so that from injection 

ratio (A) to injection ratio (C), the water and oil were injected simultaneously. Then only 

water was injected at point D. In actual experiments for both HSWF and LSWF; the total 

injection fractional flow was twelve.  

The experiment was commenced by simultaneously injecting high-salinity brine and oil 

into the core at an initial brine and oil ratios of 1% to 99%, respectively. This fractional 

injection flow was continued until an equilibrium condition was achieved throughout the 

core. During this stage, the test tubes were continuously collected from the core outlet and 

then placed in the centrifuge to ensure the separation between the water and oil phases. The 

experiment condition reaches a steady-state once the differential pressure and fluid saturation 

throughout the core remain relatively constant. At this stage, the flow rate and differential 

pressure at the given saturation were measured, and the data were used in Darcy’s law to 
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estimate the effective permeability for each phase. The inlet injection ratio was then switched, 

and the measurement procedure was repeated until the experiment was accomplished. In this 

manner, the relative permeability functions for water and oil were successfully acquired. 

Eight injection ratios were employed to complete the steady-state condition in which further 

three bumping floods were performed by increasing the injection rate to eliminate any 

possible capillary end effect, and then the injection rate was switched to its regular rate. It is 

worth mentioning that the quantity of relative permeability points depends on the fractional 

flow rate and equilibrium levels reached for each injection ratio.  

3.6.2 Low-salinity system 

Following the same procedure of conducting the HSWF steady-state experiment, 

including establishing immobile water and aging process, the low-salinity steady-state 

experiment was executed with excepting low salinity brine in this experiment instead of high 

salinity brine. Like the HSWF steady-state experiment, the LSWF steady-state experiment 

was conducted using eight injection ratios followed by three bumping floods.  

In our system, the primary challenge is the injection of low-salinity brine at full reservoir 

conditions and bearing in mind the micro-dispersion assumes to form during the 

displacement. 



 

65 

 

Figure 3-4: Systematic diagram of a general steady-sate core flood experiment. 

3.7 Experimental Considerations  

Numerous technical issues are associated with coreflood experiments that might 

negatively affect the experimental results, such as laboratory artefacts, mass transfer, fluid 

segregation, and fluid separation. These problems affect the experimental data and increase 

the challenges faced in designing the flooding experiment and its operation process. In this 

study, these issues were accounted for before experimentation to ensure high-quality data 

acquisition during the coreflood experiments. Since experimental outcomes are used for 

predicting and upscaling purposes, it is worth minimising the consequences of problems 

related to measuring core data.  
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3.7.1 Experimental artefacts  

Capillary end effects and dead volume are the most common causes of laboratory errors 

associated with experimental measurement data from coreflood experiments. The issue with 

capillary end effects occurs because the wetting phase is higher at the inlet, while at the outlet 

of the core sample, the wetting phase tends to stay in the pore capillaries instead of going to 

a non-capillary space. On the other hand, dead volume is the amount of fluid occupying the 

line either before the core inlet or after the core outlet. Dead volume should be accounted for 

in designing the experiment and considered when analysing the laboratory data. In this 

experiment, the capillary end effect has been accounted for by selecting a two-inch long core 

to reduce the holding of oil at the core’s end. Moreover, the injection rate was rapid at the 

end of each experiment, reaching 100, 200 and 300 cc/hr and measuring the endpoint relative 

permeability to water. Increasing the injection rate aims to minimise the capillary end effect 

and displace any oil retention at the core outlet. Hence, an amount of oil is produced, and 

residual oil saturation is achieved.  

3.7.2 Fluid separation  

Since the volumetric method was used for determining the water saturation across the core 

sample, the proper process was followed to separate the fluids during the steady-state 

coreflood experiment. It is well-known that water saturation plays a fundamental role in 

measuring relative permeability curves. Several steps were followed to address fluid 

separation before placing the test tube in the centrifuge device. Oil and water are insoluble 

in each other; however, when a small drop of water exists within a large volume of oil, it is 

not identified. This was particularly the case with the first water fractional flow because the 

oil ratio was higher than the water. Conical test tubes were used to collect the production 

fluids and then placed in the storage oven at an appropriate temperature. The conical test 

tubes were sealed to ensure the fluid volume remained the same. Because heating functions 

as an enhancement mechanism to separate fluids from each other, temperature was 

manipulated to isolate the fluids by altering their density effectively. This process made us 

of the unequal density between oil and water. Thus, the oil becomes located in the upper layer 

while the water stays in the lower part of the test tube. The conical test tubes were then placed 

in the centrifuge devices to ensure a suitable separation between oil and water, for which the 
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centrifuge was run for two hours at an appropriate speed. Then, the tubes were placed for 

resting to confirm the layering between the fluids. When two layers of oil and water became 

stable, the volume of each fluid was measured.  

3.7.3 Mass exchange  

Mass exchange during waterflooding experiment processes, especially those performed 

using live crude oil and under reservoir conditions, can negatively influence the experimental 

findings. For example, a volume of fluids may properly change within the core, which causes 

the volume of a local fluid to expand. Consequently, the differential pressure across the core 

sample can be affected. A mass exchange is defined as any direct contact or reaction between 

two phases, either fluid-fluid or fluid-solid, including reaction, diffusion, absorption, 

adsorption and advection. While performing the steady-state coreflood experiment, the main 

concern was to ensure a piston-like displacement and avoid any possible mass exchange. 

Thus, both formation water and desalinated water were pre-equilibrated with methane to 

minimise the influence of the mass exchange during the waterflooding process.  

3.7.4 Gravity segregation  

The displacement efficiency within the core is affected by the gravity effect. The gravity 

effect occurs when the injected fluid is of a different density than the displaced fluid. Hence, 

the fluids align into various layers due to the forces of gravity. The highly dense fluid tends 

to fall near the bottom, while the less dense fluid tends to move upwards. Gravity segregation 

is one of the common issues associated with most gas injection processes. Although these 

mainly occur during gas injection displacement, it remains crucial to consider fluid 

segregation in the waterflood injection process. This phenomenon was accounted for prior to 

commencing the high and low steady-state displacement test. The core sample was vertically 

oriented to allow the injection direction to run from the bottom to the top of the core sample. 

Moreover, a proper total injection rate was chosen to ensure a stable propagate displacement. 

These procedures help to minimise the fluid segregation effect, resulting in more reliable 

experimental findings.  
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3.8 Conclusion  

This chapter explains the experimental design, preparation and process, along with the 

considerations made prior to performing the experiments, which have allowed us to achieve 

the experiment’s objective and obtain reliable results. The primary objective was to perform 

the coreflood experiment with minimal error, investigate the LSWF effect under steady-state 

conditions and acquire reliable relative permeability curves for high- and low-salinity 

processes. The main benefits of such a design and methodology were the reduction of (i) 

dead volume, (ii) capillary end effects, (iii) gravity segregation and (iv) mass exchange. Thus, 

the potential negative effects of these issues were accounted for during the setup of the 

laboratory experiment. Moreover, the experiment’s reasonable operating control while in 

process was confirmed by sustaining a stable displacement throughout the core sample. It is 

assumed that the laboratory data obtained have been accurately measured, including water 

saturation, differential pressure and relative permeability functions, using the aforementioned 

methods to eliminate any possible technical issues. Accurate experimental measurement data 

at reservoir conditions are needed to scale up from the laboratory to the reservoir scale. 

Finally, the external technique, including the volumetric method, is deemed practical for 

measuring fluid saturation across the core sample.   
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Chapter 4: A new approach to simulate low salinity waterflood based on 

additional oil recovery. 

Relative permeability curves can be routinely executed from various laboratory methods, 

including steady-state, unsteady-sate, and centrifuge. Prediction of low salinity relative 

permeability curves (krLS) from high salinity relative permeability curve (krHS) with 

minimum laboratory work is needed and essential for accelerating the implementation of 

LSWF. Thus, an empirical model (suggested mothed) has been developed to capture the 

effect of LSWF in which its parameters could be calibrated from additional oil recovery. This 

chapter aims to provide a detailed description of the development of the suggested method 

based on the additional oil recovery.   

4.1 Introduction  

Appropriate modelling of LSWF is becoming increasingly important in oil and gas 

industry to predict the potential of LSWF and implement this method in field-scale. As 

relative permeability has a significant impact on reservoir performance evaluation, the 

concept of relative permeability has been used to simulate the multiphase flow behaviour of 

coreflood experiments (Xu et al., 2013). As it is generally difficult to directly measure 

constitutive relations for a natural reservoir in the field, two kinds of laboratory measurement 

techniques, steady and unsteady-state methods, are commonly used to determine the relative 

permeability. However, predictions of krLS with minimum laboratory work would be 

considerable and significant to evaluate the potential of LSWF.  

In this thesis, the suggested method has been developed and validated against coreflood 

experiments in both steady-state and unsteady-state conditions. Since the critical parameter 

of the suggested method is additional oil recovery from LSWF, it can be applied to all rock 

types, fluid systems, and wettability conditions regardless of the active mechanism. The 

suggested method predicts krLS from krHS using the measurements of incremental oil 

recovery by LSWF.  

This chapter discusses the development of the suggested method for modelling LSWF 

injection, which benefits from additional oil recovery by LSWF. One key characteristic of 

the suggested model is its ability to handle any form of relative permeability, including both 
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Corey’s and LET model-generated permeability curves. This indicates that if the obtained 

krHS is in the form of a Corey or LET shape, the suggested model can modify it regardless 

of the shape of the relative permeability obtained. It has additional features, including the 

ability to handle LSWF injections such as secondary, tertiary, and slug injections without 

being limited to specific data.  The conclusion from this study is necessary to move the LSWF 

industry closer to dependable application models. 

4.2 Methodology  

The principle of the effect of LSWF on relative permeability is explained in chapter 2, 

where it is shown the shift of krHS towards more water-wet conditions. Figure 4-1 shows the 

effect of LSWF on relative permeability curves using the coreflood experiment under steady-

state conditions (Sorop et al., 2015). According to the figure, the krHS has been impacted 

because of LSWF, with the following characteristics being the most significantly altered: (A) 

the endpoint of oil relative permeability does not change, (B) there is an increase in oil 

relative permeability, (C) a decrease in water relative permeability, (D) a decrease in the 

endpoint of water relative permeability, (E) an expansion in water saturation and a reduction 

in residual oil saturation.  Hence, the suggested method has adapted these parameters to 

incorporate for modelling LSWF. Since LSWF provides additional oil recovery, the key 

parameter is reducing residual oil saturation during LSWF compared to HSWF. As part of 

developing the suggested method, the residual oil saturation has been linked directly to the 

increase in oil recovery by LSWF. A way to link these two parameters was employed by 

providing a coefficient factor that can be used as the multiplier and has an inverse relationship 

with additional oil recovery. The residual oil saturation of LSWF (𝑆𝑜𝑟𝑤
𝐿𝑆 ) is incorporated with 

expansion in water saturation to calculate the change in the water saturation due to the 

wettability alteration. Moreover, an equation has been developed to manage the increase in 

oil relative permeability. The krHS value was used to determine the krLS for water relative 

permeability without any modifications.  

Numerical simulators such as CMG and Eclipse require the krHS and krLS for rock curves 

to model HSWF and LSWF. The krHS can be obtained from the laboratory measurement or 

history matching. After obtaining the krHS, the suggested method can be used to modify the 

krHS according to the developed equations, which can then be utilized as input data in the 

simulator to model LSWF. The HSWF and LSWF can be managed using the simulator rock 



 

71 

curve options. The salinity thresholds (salinity values) must be established in which high 

salinity value is defined for krHS to model HSWF whereases low salinity value is defined 

for krLS to model LSWF. However, one input data (krLS) for the rock curve is required in 

the case of secondary LSWF. In addition to krHS, the incremental oil recovery by LSWF is 

necessary to apply the suggested method. The findings of laboratory tests are used in this 

work to determine the input parameters for the proposed approach. The incremental oil 

recovery by LSWF is determined using the results of fluid-fluid testing, whereas krHS can 

be determined by history matching HSWF or measured krHS.. Figure 4-2 shows the 

systematic process of implementing the suggested method for modelling the LSWF injection.  
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Figure 4-1: Relative permeability curves of high and low salinity obtained by steady-state coreflood 

displacement (Sorop et al., 2015) 

A 

B 

C 

D 

E 
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Figure 4-2: The process of the proposed methodology in modelling LSWF 

 

4.3 The suggested method to model LSWF injection. 

Data analysis aims to gain insight and acquire knowledge from available data in which 

analyzing data provides a convenient framework to develop a model. Hence, the model 

makes it easy to establish links between variables and determine how variables, functioning 

on their own and in combination, influence an overall model in which they are included.  

Extensive data from unsteady state coreflood experiments conducted in secondary and 

tertiary modes were analyzed in this study before developing the suggested method. 

Laboratory data of HSWF and LSWF related to relative permeability parameters were 

collected and analyzed, including endpoint relative permeability to oil, residual oil saturation 

and endpoint relative permeability to water. The relative permeability parameters for each 
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experiment have been analyzed, results from secondary HSWF and tertiary LSWF were 

compared to each other, followed by results from secondary HSWF and secondary LSWF, 

followed by results from tertiary LSWF and secondary LSWF, and finally results from 

tertiary LSWF and secondary LSWF. The main findings of this analysis were as follows: 

endpoint relative permeability to oil does not change in both HSWF and LSWF, reduction in 

residual oil saturation during LSWF, decrease in endpoint relative permeability to water 

during LSWF and increased in oil recovery during LSWF. These findings are generally 

consistent with a previously published work (Sorop et al., 2015) and Chapter 8 of this thesis. 

The residual saturation parameter, the most dependable of the parameters, was then chosen 

for further investigation. It has been categorized according to incremental oil recovery by 

LSWF. It was noticed that less reduction in residual oil saturation during LSWF results in 

minimum incremental oil recovery, whereas more reduction in residual oil saturation leads 

to more incremental oil recovery during LSWF. Typically, this describes the effect of LSWF 

on the rock’s wettability, which can be linked through an equation to shift krHS towards the 

more water-wet condition. The residual oil saturation and incremental oil recovery are 

specified in terms of unknown and known parameters: residual oil saturation of HSWF is 

known, residual oil saturation of LSWF is unknown and incremental oil recovery by LSWF 

is known. The model parameter is typically regarded as unknown, so it needs to be predicted 

from the data. For the suggested method to be realistic and hence more helpful, it is linked 

incremental oil recovery by LSWF through residual oil saturation equations. The equation of 

residual oil saturation of LSWF was systematically employed in other equations of the 

suggested method. 

A number of previously reported findings on the krLS (Sorop et al., 2015) and the results 

of this research (chapter 8) were taken into account to ensure that the predicted krLS through 

the suggested method follows the change in krHS due to LSWF. The following steps were 

taken into consideration to develop the suggested method: 

1. The investigations have proven that injecting a low-salinity brine causes a change in 

the wettability of the rock, which results in a change of relative permeability. 

a. The oil movement is accelerated. 

b. The relative permeability of oil is increased.  

c. The relative permeability of water decreases.  
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d. The water saturation profile expands.  

e. Residual oil saturation is reduced.  

f. The water relative permeability endpoint is reduced. 

2. In order to reflect the effect of wettability alteration on the saturation profile, it is 

necessary to develop the following equation: 

 

𝑆𝑤
𝑡𝑟𝑎𝑛𝑠 = (𝑆𝑤 − 𝑆𝑤𝑖𝑟) (

𝑆𝑤𝑓
𝐿𝑆 − 𝑆𝑤𝑖𝑟

𝑆𝑤𝑓
𝐻𝑆 − 𝑆𝑤𝑖𝑟

) + 𝑆𝑤𝑖𝑟 
Eq. 4-1 

 

Where:  

𝑆𝑤
𝑡𝑟𝑎𝑛𝑠 is a transition water saturation where krLS is a function of it.  

𝑆𝑤 is water saturation of high salinity  

𝑆𝑤𝑖𝑟  is irreducible water saturation  

𝑆𝑤𝑓
𝐻𝑆 is the final point of water saturation for high salinity 

𝑆𝑤𝑓
𝐿𝑆  is the final point of water saturation for low salinity, which can be obtained via Eq. 4-3 

𝛼 = [1 − (1 − 𝑆𝑤𝑖
𝐻𝑆)  ×

𝑂𝑂𝐼𝑃 

100
]2 

Eq. 4-2 

Where:  

𝛼 is a coefficient factor that is used as a multiplier to predict the residual oil saturation for 

LSWF 

𝑆𝑤𝑖
𝐻𝑆 is initial water saturation of HSWF  

𝑂𝑂𝐼𝑃 is incremental oil recovery by LSWF  

As explained earlier, the coefficient factor 𝛼 is a fundamental equation in the suggested 

method. The primary function of this equation is to link incremental oil recovery by LSWF 

and residual oil saturation, in which the results can be used in the transition water saturation 

equation and relative permeability equations of LSWF. A multiplication factor that can be 

multiplied by the residual oil saturation of HSWF (𝑆𝑜𝑟𝑤
𝐻𝑆 ) to produce a result that is less than 

the residual oil saturation of HSWF was the idea to develop this equation. If oil recovery is 

increased, the multiplier should decrease; hence the predicted residual oil saturation of LSWF 

will be lower than the (𝑆𝑜𝑟𝑤
𝐻𝑆 ). 
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Several attempts have been made to obtain the current equation by solving the trial-and-error 

method problem. Since the 𝑂𝑂𝐼𝑃 by LSWF, 𝑆𝑤𝑖
𝐻𝑆 and 𝑆𝑜𝑟𝑤

𝐻𝑆  are known, the equation is 

developed by involving 𝑆𝑤𝑖
𝐻𝑆 and 𝑂𝑂𝐼𝑃 by LSWF as known parameters to find output 

parameter ( 𝛼)  that should have an inverse relationship with 𝑂𝑂𝐼𝑃 by LSWF. If additional 

oil recovery by LSWF increases, the output parameter decreases, and this parameter 

multiplied with the known parameter, 𝑆𝑜𝑟𝑤
𝐻𝑆 , would provide a value smaller than  𝑆𝑜𝑟𝑤

𝐻𝑆 . This 

equation was initially verified by comparing the results of predicted LSWF residual oil 

saturation and measured LSWF residual oil saturation. Since the predicted findings were 

quite similar to the measured data, the suggested method was developed.  

 

𝑆𝑤𝑓
𝐿𝑆  = 1- 𝑆𝑜𝑟𝑤

𝑙𝑆  Eq. 4-3 

 

Water saturation is a significant determinant of wetting behaviour; for example, if the 

sample is fully saturated with water and has no contact with oil, the sample is classified as 

water-wet. Increasing access of oils to the rock surface is enabled by decreasing water 

saturations, resulting in increasing the potential for wetness change. Given that water 

saturation is a critical aspect that affects wettability, it is critical to correctly estimate the 

saturation profile to be used to determine rock wettability. Eq. 4-3 can be used in Eq. 4-1 and 

Eq. 4-6 after estimating the value of 𝑆𝑜𝑟𝑤
𝐿𝑆  via Eq. 4-4 

3. Developing an equation that represents the decrease in residual oil saturation (Sor): 

𝑆𝑜𝑟𝑤
𝐿𝑆 = α ×  𝑆𝑜𝑟𝑤

𝐻𝑆  Eq. 4-4 

SorwHM
HS  is the high salinity residual oil saturation, determined by history matching secondary 

HSWF coreflood experiment under unsteady-state or a measured value from laboratory such 

as coreflood under steady-state condiation.  

Residual oil saturation relies on various factors, including. In the laboratory, residual oil 

saturation is mainly affected by several factors: the type of rock, wettability condition,  the 

type of test, the test conditions, and capillary end effects. Moreover, wettability is an essential 

factor for the functioning of residual oil saturation. Thus, residual oil saturation strongly 

affects oil recovery efficiency, which is consistent with the laboratory observations upon 
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LSWF injection. In the suggested method, it is critical to accurately estimate the residual oil 

saturation at the end of the secondary HSWF. The estimated residual oil saturation of low 

salinity condition is thus strongly dependent on two key input parameters.; oil recovery by 

LSWF and the residual oil saturation at the HSWF. 

4. Developing an equation to account for the increase in oil relative permeability. 

As the saturation of oil fluid phase falls and approaches residual values, the relative 

permeability reduces from the highest value to zero. Relative permeability is a non-linear 

function of fluid saturation for immiscible fluid flow through porous media. Gravity, viscous, 

and capillary forces in the porous media compete and provide a non-linear relationship 

between relative permeability and saturation. Because the curvature is not projected to 

change significantly from the prior condition of krHS, the equation for the estimated relative 

permeability has been related to the high salinity relative permeability. 

Since the oil relative permeability for HS is known in full with equation and, the oil 

relative permeability for LS can be calculated using the following equation.  

𝑘𝑟𝑜
𝐿𝑆(𝑆𝑤

𝑡𝑟𝑎𝑛𝑠) = 𝑘𝑟𝑜
𝐻𝑆 (𝑆𝑤

𝑡𝑟𝑎𝑛𝑠∗) +  (𝑆𝑤 − 𝑆𝑤𝑖𝑟)3(𝑘𝑟𝑜
𝐻𝑆 ) + (𝑘𝑟𝑜

𝐻𝑆 ) 
Eq. 4-5 

Where:  

𝑘𝑟𝑜
𝐿𝑆(𝑆𝑤

𝑡𝑟𝑎𝑛𝑠) is the predicted oil relative permeability of LSWF as a function of transition 

water saturation.  

𝑘𝑟𝑜
𝐻𝑆  is the oil relative permeability of HSWF.  

𝑆𝑤
𝑡𝑟𝑎𝑛𝑠∗ =

𝑆𝑤
𝑡𝑟𝑎𝑛𝑠 − 𝑆𝑤𝑖𝑟

𝑆𝑤𝑓
𝐿𝑆 − 𝑆𝑤𝑖𝑟

 Eq. 4-6 

 

As part of the process of establishing the equation to reflect the increase in oil relative 

permeability, I made sure the end point of permeability was kept constant. This assumption 

is consistent with the experimental observations and the typical context of the low salinity 

permeability. 

5. Developing an equation to account for the reduction in relative permeability of water 
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𝑘𝑟𝑤
𝐿𝑆 (𝑆𝑤

𝑡𝑟𝑎𝑛𝑠) = 𝑘𝑟𝑤
𝐻𝑆(𝑆𝑤) 

Eq. 4-7 

This phase of the equation's development is crucial because the decrease in water relative 

permeability was observed in many cases throughout the literature; however, some published 

results indicate that oil relative permeability increases while water relative permeability stays 

the same (Aladasani et al., 2014). This has been taken into consideration; thus, the change in 

water relative permeability is a function of expanding the water saturation profile. In this 

stage, 𝑘𝑟𝑤
𝐻𝑆(𝑆𝑤) is the high salinity water relative permeability value.  

4.4 Discussion  

The following calculation explains how to find the relative permeability endpoint using 

the above methods. This example presupposes that the core has been flooded with high 

salinity brine until residual oil saturation is achieved, followed by the injection of LSWF. 

The high salinity relative permeability is required before implementing the steps for 

obtaining the low salinity relative permeability. Table 4-1 shows the assumed values for the 

acquired high salinity relative permeability function with increment oil recovery by LSWF 

injection. 

Table 4-1: An example of assumption parameters for implementing the equation of the suggested method. 

Cases 𝐒𝐰𝐢𝐫 𝐤𝐫𝐨
𝐇𝐒∗ 𝐒𝐨𝐫𝐰𝐇𝐌

𝐇𝐒  % 𝐚𝐬𝐬𝐮𝐦𝐞𝐝  

𝐎𝐎𝐈𝐏 𝐛𝐲 𝐋𝐒𝐖𝐅 

1 0.15 1 0.50 7 

2 0.15 0.8 0.50 5 

3 0.15 0.6 0.50 4 

4 0.15 0.4 0.50 3 

 

As a first step, the factor α must be calculated in order to determine the predicted residual 

oil saturation of the LSWF injection. As a result, Eq. 4-2 is applied in all scenarios. 

α_1 = [1 − (1 − Swi
HS)  ×

OOIP 

100
]2 =  [1 − (1 − 0.15) ×

7 

100
]2 =   0.885 

α_2 = [1 − (1 − Swi
HS)  ×

OOIP 

100
]2 =  [1 − (1 − 0.15) ×

5

100
]2 = 0.917 

α_3 = [1 − (1 − Swi
HS)  ×

OOIP 

100
]2 =  [1 − (1 − 0.15) ×

4 

100
]2 = 0.933 
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α_4 = [1 − (1 − Swi
HS)  ×

OOIP 

100
]2 =  [1 − (1 − 0.15) ×

2 

100
]2 = 0.966 

The residual oil saturation for low salinity conditions can be estimated using Eq. 4-4, as 

follows:  

𝑆𝑜𝑟𝑤_1
𝐿𝑆 = α ×  𝑆𝑜𝑟𝑤

𝐻𝑆 = 0.885 × 0.50 = 0.44 

𝑆𝑜𝑟𝑤_2
𝐿𝑆 = α ×  𝑆𝑜𝑟𝑤

𝐻𝑆 = 0.917 × 0.50 = 0.46 

𝑆𝑜𝑟𝑤_3
𝐿𝑆 = α ×  𝑆𝑜𝑟𝑤

𝐻𝑆 = 0.933 × 0.50 = 0.47 

𝑆𝑜𝑟𝑤_4
𝐿𝑆 = α ×  𝑆𝑜𝑟𝑤

𝐻𝑆 = 0.966 × 0.50 = 0.48 

It is worth noting that, in the calculations mentioned above, the factor α  has an inverse 

relationship with the amount of additional oil recovered, i.e. α  decreases as the incremental 

oil recovery increases. Figure 4-3 depicts the relationship between factor α  and the various 

oil recovery scenarios associated with residual oil saturation. According to these findings, 

the proposed equation is valid within the physics of associated oil recovery in relation to 

residual oil saturation. The factor α  plays a crucial part in the proposed technique, as its value 

is required to obtain residual oil saturation transition saturation of water (𝑆𝑤
𝑡𝑟𝑎𝑛𝑠)  and relative 

permeability to oil and water. 

In the laboratory, the endpoint oil relative permeability is determined during the ageing 

period of the core sample at the original water saturation level. Once the high salinity water 

enters the core inlet during the waterflooding, the water saturation increases, and the oil 

saturation decreases. As a result, relative permeability to water increases, but relative 

permeability to oil declines until the residual oil saturation point is reached. The procedure 

is followed by switching immediately to LSWF injection in the tertiary mode so that the core 

is not subjected to the ageing process. Hence, the low salinity permeability endpoint to oil is 

identical to the high salinity permeability endpoint (refer to chapter 7).  

To analyse the response of the equation, four different endpoints of relative permeability 

of oil will be examined in this example, as shown in Table 4-1. First, the 𝑆𝑤
𝑡𝑟𝑎𝑛𝑠 is needed to 

calculate 𝑆𝑤
𝑡𝑟𝑎𝑛𝑠∗.  

The following steps are used before applying Eq. 4-1 

1- The water saturation following LSWF injection is to be calculated below. 

𝑆𝑤𝑓
𝐿𝑆 _1 = 1- 𝑆𝑜𝑟𝑤

𝐿𝑆 = 1 − 0.44 = 0.56 

𝑆𝑤𝑓
𝐿𝑆 _2 = 1- 𝑆𝑜𝑟𝑤

𝐿𝑆 = 1 − 0.46 = 0.54 

𝑆𝑤𝑓
𝐿𝑆 _3 = 1- 𝑆𝑜𝑟𝑤

𝐿𝑆 = 1 − 0.47 = 0.53 
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𝑆𝑤𝑓
𝐿𝑆 _4 = 1- 𝑆𝑜𝑟𝑤

𝐿𝑆 = 1 − 0.48 = 0.52   

2- Calculate the increase in the saturation profile's expansion. 

𝑆𝑤
𝑡𝑟𝑎𝑛𝑠 = (𝑆𝑤 − 𝑆𝑤𝑖𝑟) (

𝑆𝑤𝑓
𝐿𝑆 − 𝑆𝑤𝑖𝑟

𝑆𝑤𝑓
𝐻𝑆 − 𝑆𝑤𝑖𝑟

) + 𝑆𝑤𝑖𝑟 = (0.15 − 0.15) (
0.56 − 0.15

0.50 − 0.15
) + 0.15 = 0.15 

 

The same results will be repeated for all cases as the subtraction of the first product 

(𝑆𝑤 − 𝑆𝑤𝑖𝑟) is equal zero.  

3- The normalised water saturation profile can be calculated as follows  

 

𝑆𝑤
𝑡𝑟𝑎𝑛𝑠∗ =

𝑆𝑤
𝑡𝑟𝑎𝑛𝑠 − 𝑆𝑤𝑖𝑟

𝑆𝑤𝑓
𝐿𝑆 − 𝑆𝑤𝑖𝑟

=
0.15 − 0.15

0.56 − 0.15
= 0 

4- Calculate the endpoint oil relative permeability functions.  

 

𝑘𝑟𝑜
𝐿𝑆(𝑆𝑤

𝑡𝑟𝑎𝑛𝑠)1 = 𝑘𝑟𝑜
𝐻𝑆 (𝑆𝑤

𝑡𝑟𝑎𝑛𝑠∗) +  (𝑆𝑤 − 𝑆𝑤𝑖𝑟)3(𝑘𝑟𝑜
𝐻𝑆 ) + (𝑘𝑟𝑜

𝐻𝑆 )                                                           

= 1 (0) + (0.15 − 0.15)3 + 1.0 = 1 

 

𝑘𝑟𝑜
𝐿𝑆(𝑆𝑤

𝑡𝑟𝑎𝑛𝑠)1 = 𝑘𝑟𝑜
𝐻𝑆 (𝑆𝑤

𝑡𝑟𝑎𝑛𝑠∗) +  (𝑆𝑤 − 𝑆𝑤𝑖𝑟)3(𝑘𝑟𝑜
𝐻𝑆 ) + (𝑘𝑟𝑜

𝐻𝑆 )                                                           

= 0.8 (0) + (0.15 − 0.15)3 + 0.8 = 0.8 

 

𝑘𝑟𝑜
𝐿𝑆(𝑆𝑤

𝑡𝑟𝑎𝑛𝑠)1 = 𝑘𝑟𝑜
𝐻𝑆 (𝑆𝑤

𝑡𝑟𝑎𝑛𝑠∗) +  (𝑆𝑤 − 𝑆𝑤𝑖𝑟)3(𝑘𝑟𝑜
𝐻𝑆 ) + (𝑘𝑟𝑜

𝐻𝑆 )                                                        

= 0.6 (0) + (0.15 − 0.15)3 + 0.6 = 0.6 

 

𝑘𝑟𝑜
𝐿𝑆(𝑆𝑤

𝑡𝑟𝑎𝑛𝑠)1 = 𝑘𝑟𝑜
𝐻𝑆 (𝑆𝑤

𝑡𝑟𝑎𝑛𝑠∗) +  (𝑆𝑤 − 𝑆𝑤𝑖𝑟)3(𝑘𝑟𝑜
𝐻𝑆 ) + (𝑘𝑟𝑜

𝐻𝑆 )                                                  

= 0.4 (0) + (0.15 − 0.15)3 + 0.4 = 0.4 

 

The equation concludes that the end-point relative permeability to oil in low salinity 

conditions remained the same as the end-point relative permeability to oil in high salinity 

conditions in all cases, which is consistent with laboratory-based measurements. More 

investigations into the suggested method are explained in greater depth in Chapter 7. 
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Figure 4-3: The relationship of additional oil recovery and estimated residual oil saturation 

by LSWF plotted against factor 𝛼 

 

4.5 Conclusion  

• A process-based method was developed that empirically includes incremental oil 

recovery by LSWF, which changes the wettability towards the water-wet condition.  

• A novel method for modelling and quantifying the impacts of the LSWF process has 

been successfully introduced.  

• The suggested method has been developed to provide suitable models based on 

reliable laboratory data, estimate low salinity relative permeability appropriately, and 

predict LSWF performance. This model is more generalized than other models 

because it is based on additional oil recovery, which is applicable in modelling LSWF 

in carbonate and sandstone reservoirs. 

 



 

82 

Chapter 5: Numerical Simulation of Unsteady-State Secondary High-

Salinity Water Displacement  

 

A typical numerical simulation model is designed to provide a high degree of accuracy in 

modelling fluid flow processes that occur in the porous media and provide a meaningful 

measure of certainty when predicting the model’s future performance. A reservoir simulation 

model is developed to utilise and anticipate oil recovery and bottom-hole pressure across the 

reservoir’s lifespan. Hence, the basis for numerical simulation is crucial for incorporating the 

laboratory’s reservoir core characteristics and fluid properties into the overall simulation 

model. For the sake of simplicity, the numerical simulation studies were based on the process 

of the reservoir simulation model to enable history matching of oil recovery, water 

production and differential pressure in the secondary HSWF. It was crucial to develop an 

accurate method for modelling the HSWF displacement to enable the proposed method to 

better predict the performance of LSWF.  

Our group, the Heriot-Watt University Centre for Enhanced Oil Recovery and CO2, 

conducted a comprehensive set of secondary HSWF experiments to collect reliable data for 

investigating the impacts of tertiary LSWF. This chapter summarises the secondary HSWF's 

core flood experiments and discusses in detail the results of the history matching. The 

coreflood experiments were simulated using commercial simulation software available from 

the Computer Modelling Group (CMG). Hence, two CMG packages were used to provide 

the results: CMG-STAR was used to build the model to represent the core flood experiments 

in the simulator, while CMG-CMOST was used to perform a history matching of the HSWF 

experiments in terms of oil recovery and differential pressure. 

Nine secondary coreflood experiments at high salinity were simulated to estimate the high 

salinity relative permeability curves. It was crucial to conduct core flood tests using a variety 

of different core parameters, including absolute permeability, starting water saturation, fluid 

viscosity and injection rate scenarios. These results allowed for the generation of numerous 

relative permeability curves under a variety of situations and validation of the proposed 

method in different contexts. Moreover, LET and Corey’s model were employed to history 

match the HSWF which, in turn, further validated the proposed method. This chapter aims 
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to provide a method that accurately history matches the secondary HSWF and extracts 

realistic relative permeability functions for each core flood experiment. These results were 

used as input parameters for the proposed method in chapter 6.  

5.1 Introduction 

Waterflooding is a well-known technique for improving oil recovery from oil reservoirs. 

Water injection to the reservoir pressure above the bubble point pressure to provide a better 

sweep efficiency on the macroscopic scale has been implemented for years as a secondary 

oil-recovery mode. However, conventional waterflooding can still leave a significant amount 

of hydrocarbon in the reservoir. Consequently, it is crucial to assess the conditions of the 

reservoir following the secondary waterflood mode to determine the feasibility of 

implementing a new injection technique such as LSWF to improve overall oil recovery. The 

prediction of production performance under the secondary waterflooding injection method is 

crucial in numerical simulation modelling regarding the influence of many characteristics 

such as wettability, pore geometry, permeability, and fluid saturation distribution. 

The role of wettability in influencing oil recovery efficiency has been published in 

numerous laboratory reports (Anderson, 1987; Jadhunandan and Morrow, 1995a; Yildiz et 

al., 1999). As previously noted in Chapter 4, the wettability conditions of the core have a 

significant impact on waterflood behaviour and relative permeability curves. This is because 

wettability is the most critical component controlling flow and fluid distribution in the 

system. As a result, the sweep efficiency of a waterflood is governed by the relative 

permeability of the water and oil in a porous medium and by the viscosity ratio of the water 

and oil. Concerning the core scale, the flow at the outlet of the core is likewise affected by 

capillary end effects (Anderson, 1987). However, this experimental artefact can be 

eliminated by implementing several scenarios (see chapter 3). All the above factors were 

considered when performing the simulation.  

The practice of changing the model of a core or reservoir to closely reproduce its historical 

behaviour is commonly referred to as history matching. This is a typical approach in the oil 

and gas industry to provide a reliable estimate of a reservoir’s performance. For decades, 

history matching has been utilised as a strong tool for reproducing historical data with 

acceptable accuracy  (Kruger, 1961; Jacquard, 1965; Chavent and Dupuy, 1975). Generally, 

though particularly in laboratory core-scale analyses, the quality of the history matching is 
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determined not only by the method used to change the parameters but also by the quality of 

the data acquired during the experimental study. Hence, the CMG-CMOST engine provided 

an optimum solution for the core flood experiments under secondary HSWF. The history 

matching is needed to obtain krHS from secondary HSWF under the unsteady-state condition 

as krHS is required by the suggested method. Residual oil saturation, oil relative permeability 

curvature and water relative permeability curvature are the most tuning parameters to history 

match the secondary HSWF.  

Using a reservoir carbonate core and an Indiana limestone outcrop, seven unsteady-state 

core flood experiments of secondary HSWF were conducted by HWU researchers, followed 

by tertiary LSWF experiments. These experiments were designed to study the influence of 

low salinity on oil recovery performance and the dominant mechanism involved in altering 

wettability. Additionally, these experiments aimed to evaluate the potential for tertiary low 

salinity. Hence, the main aim of this chapter is to history match the secondary HSWF using 

an automation engine for better results. This is because accurate modelling methodology is 

required to adjust the necessary parameters of the model and regenerate the experimental 

data with acceptable accuracy. For instance, the automation engine CMG-CMOST can 

manage thousand runs in one time to provide an optimum solution of krHS. Since the 

proposed method relies on the high salinity relative permeability, the findings of the history 

match are crucial.  

5.2 Methodology  

Generally, history matching is a promising strategy for addressing the difficult challenge 

of reliable reservoir characterisation. By history matching, the parameters of a model are 

updated so it can reinforce historical data with reasonable accuracy under a variety of 

scenarios. The procedure of history matching the corefloods experiments in the 1-D model 

begins with the construction of initial static geological data on grid blocks and the attributes 

of fluid phases. The matching quality is based on comparing the results with the main 

important parameters such as differential pressure, oil recovery and water production. 

Differential pressure and oil recovery are examined in this thesis to assess the accuracy of 

the history matching. 

It has been standard practice to manually tune the parameters of a simulated reservoir until 

the simulated model accurately reproduces the historical data. This method is time-
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consuming and associated with a variety of uncertainties as the quality of this approach is 

primarily dependent on the reservoir engineer’s prior knowledge and experience. 

Consequently, CMG-CMOST assisted history matching and optimisation was applied to give 

an acceptable history match for HSWF coreflood experiment under unsteady-state. Prior to 

utilising the CMOST, the CMG-STAR reservoir simulator was used to generate the model, 

which were then used as input data in the CMG-CMOST. Starting with defining the variables 

of the relative permeability parameters, the history matching procedure completed a history 

matching process where the objective functions (differential pressure and oil recovery) were 

sequentially employed in the CMG-CMOST.  

Two different models of relative permeability (Corey and LET) were used to obtain a 

proper history match of the experimental data, including differential pressure and oil 

recovery. The Brooks-Corey model (Brooks and Corey, 1966) was used to estimate relative 

permeability functions at any saturation between the endpoints, as below: 

𝑘𝑟𝑜 = 𝑘𝑟𝑜
∗ (

1 − 𝑆𝑤 − 𝑆𝑜𝑟𝑤

1 − 𝑆𝑜𝑟𝑤 − 𝑆𝑤𝑖
)𝑁𝑜  Eq. 5-1 

𝑘𝑟𝑤 = 𝑘𝑟𝑤
∗ (

𝑆𝑤 − 𝑆𝑤𝑖

1 − 𝑆𝑜𝑟𝑤 − 𝑆𝑤𝑖
)𝑁𝑤  Eq. 5-2 

 

where 𝑆𝑤𝑖 is the irreducible water saturation and 𝑘𝑟𝑜
∗  is the endpoint oil relative permeability; 

these were used as fixed input parameters. 𝑘𝑟𝑤
∗  is the endpoint water relative permeability, 

𝑆𝑜𝑟𝑤 the residual oil saturation, 𝑁𝑜 Corey the exponent to oil and 𝑁𝑤 Corey the exponent to 

water; these were used as tuning input variables. The LET model was used to calculate the 

relative permeability curve as it provides more degrees of freedom for adjusting the shape of 

the relative permeability function than the Corey correlation. It also ensures that the proposed 

method is compatible with a variety of alternative relative permeability models. The 

following is how the LET correlation is defined: 

𝑘𝑟𝑜 =
𝑘𝑟𝑜

∗ (1 − 𝑆𝑤𝑛)𝐿𝑜

(1 − 𝑆𝑤𝑛)𝐿𝑜 + 𝐸𝑜𝑆𝑤𝑛
𝑇𝑜

 Eq. 5-3 

𝑘𝑟𝑤 =
𝑘𝑟𝑤

∗ 𝑆𝑤𝑛
𝐿𝑤

𝑆𝑤𝑛
𝐿𝑤 + 𝐸𝑤(1 − 𝑆𝑤𝑛)𝑇𝑤

 Eq. 5-4 
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𝑆𝑤𝑛 =
𝑆𝑤 − 𝑆𝑤𝑖

1 − 𝑆𝑤𝑖 − 𝑆𝑜𝑟𝑤
 Eq. 5-5 

 

Where 

 𝑆𝑤𝑖 is the irreducible water saturation  

𝑘𝑟𝑜
∗  is the endpoint oil relative permeability; these were used as fixed input parameters.  

𝑘𝑟𝑤
∗  is the endpoint water relative permeability, 

 𝑆𝑜𝑟𝑤 the residual oil saturation.  

The parameters L, E and T to oil and water were used as tuning parameters.  

It should be noted that the endpoint of oil relative permeability was included in the simulator 

as a fixed parameter as it was measured during the ageing process of the core flood.  

Finally, the use of an automatic assisted history matching engine provided a better 

approach for obtaining an appropriate high-salinity two-phase relative permeability 

function for each experiment, compared to previous methods. 

5.3 HSWF Core Flood Experiments  

A brief description is provided in this section of the seven secondary high-salinity core 

flood experiments performed in unsteady-state flow conditions, which were conducted by 

our research group. Additional experiments from the literature conducted under various 

conditions are also described in this section ( Yousef et al., 2010; Tetteh and Barati, 2018). 

All these experiments began with secondary HSWF which was followed by tertiary 

LSWF. This chapter focuses on the secondary HSWF; the following chapter focuses on the 

tertiary LSWF. The water formation used in the secondary HSWF was brine, which included 

all of the experiments performed at HWU.  

5.3.1 Fluid Samples  

Fluids, oil samples and cores from a carbonate reservoir in the Middle East were used to 

conduct the experiments of this study. Different crude oils were selected based on how they 

react to generate a micro-dispersion when in contact with brine of low salinity. The secondary 

HSWF was conducted using a total of six different reservoir crude oils; some of these oils 

had a high degree of micro-dispersion and others a moderate degree of micro-dispersion.  
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Table 5-1 indicates the specified concentrations of salt for the water formation used for 

the studies performed at HWU. The brine was prepared to be representative of field fluids. 

In the laboratory, to avoid mass transfer during waterflooding, all brines were pre-

equilibrated with methane (live brine) for those experiments where live oils were involved. 

However, for the experiment that used dead crude oil, normal brines (not saturated with 

methane) were prepared.  

Yousef et al. conducted their experiment in reservoir conditions with a pressure of 4500 

psi, and a reservoir temperature of 212 F. Synthetic seawater was injected for the secondary 

high-salinity injection followed by four different salinity slugs for the tertiary low-salinity 

injections (Yousef et al., 2010). Tetteh and Barati, (2018) performed their experiment at a 

pressure and temperature of 1000 psi and 40, respectively. A brine salinity of 164,473 ppm 

was used for the secondary HSWF followed by various dilutions of the original brine for the 

tertiary LSWF (Tetteh and Barati, 2018) 

5.3.2 Core Samples  

Table 5-2 shows the properties of the nine core flood experiments used for numerical 

simulation.  Different cores were used for the core flooding experiments in this study. All 

experiments held by our group were conducted using a long core from different reservoirs.  

Yousef et al., (2010) used composite rock samples from a carbonate reservoir. Tetteh and 

Barati, (2018) used Indiana limestone outcrop-core plugs.  

 

Table 5-1: Salt concentrations in the water formation utilised for the secondary HSWF injection. 

Experiments Ion  Field water formation (PPM)  

H
W

U
 

Na 57997 

Ca 17535 

Mg 1975 

SO4 775 

Cl 124986 

TDS 203268 
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Table 5-2: The properties of the core flood experimental data used for history matching. 

Experiments  Data sources 
Length 

(cm) 

Brine 

Permeability 

mD 

Porosity 

% 
Crude Oil 

Oil 

conditions 

Core’s 

types 

Exp.1-HS HWU data 

(Masalmeh et 

al., 2019) 
 

29 34 24 C 

Live oil Carbonate Exp.2-HS 26 0.787 16 D 

Exp.3-HS 30 1.6 18 D 

Exp.4-HS 

HWU data 

bank 

29.9 55.8 19 A 

Dead oil 

Indiana 

limestone 

outcrops 

Exp.5-HS 29.9 75.7 20 Q 

Exp.6-HS 29.9 71.7 19 W 

Exp.7-HS 29.9 77.5 19 L 

Exp.8-HS 
Yousef et al., 

2010 
16.24 39.6 25 Y Live oil Carbonate 

Exp.9-HS 
Tetteh & 

Barati, 2018 
7.42 88.94 18.8 T Dead oil 

Indiana 

Limestone  

 

5.3.3 Experimental Procedure and Results   

In this section, I discuss nine different core floods, seven of which were conducted by our 

group at HWU and two other experiments were taken from the literature. It should be noted 

that the core flood tests using live oil were conducted vertically to avoid gravity segregation. 

Moreover, it should be noted that the core and crude oil samples were provided by the 

company to conduct the experiment, thus there is a confidentiality about disclosing the flow 

rate, pressure, viscosity and temperature.  

Secondary HSWF experiment-EXP.1-HS 

In this experiment, the water formation was injected as secondary HSWF which was 

followed by tertiary LSWF. The long carbonate core sample was used with live crude oil in 

full reservoir conditions. The experiment began with establishing an initial water saturation 

of Swi = 11%, after which the core was aged for 4 weeks to restore the rock’s wettability. 

The high-salinity formation brine was injected for a total of 2.2 pore volumes (PV), with the 

water breakthrough (WBT) occurring after 0.32 PV of water injection. At the time of the 

WBT, the oil recovery factor was 37% of the initial oil in place. It was decided to change the 
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injection rate of 2.2 PV since no further oil was produced. Oil recovery at this point was 

approximately 43% of the original oil in place. 

Then, three bumping cycles were performed, increasing the injection rate to eliminate the 

capillary end effect. Oil recovery after the bump floods had increased to 46%. Figure 5-1 

shows the oil recovery and differential pressure of the EXP.1-HS experiment.  

Secondary HSWF experiment-EXP.2-HS 

The core flood experiment and fluid preparation procedures were identical to those used 

in the preceding experiment (EXP.1-HS); however, the crude oil and core properties were 

different when utilising core sample D1 and crude oil D, as illustrated in Table 5-2. Firstly, 

the saturation of the water was established at Swi = 10%, after which the core sample was 

aged for 4 weeks to restore the core’s wettability. Secondary HSWF was conducted using the 

water formation, followed by tertiary LSWF (see chapter 5 for further detail regarding the 

low-salinity conditions.). The WBT was detected at 0.60 injected PV with a recovery factor 

of 64%; the recovery factor was then calculated. Due to the heterogeneity and wettability 

conditions of the sample, the WBT was observed later than with the EXP.1-HS experiment. 

The flooding of the high-salinity water formation was sustained until no further oil was 

produced. The oil recovery was approximately 79%, with a total injection volume of 

approximately 3.2 PV. Then, bumping floods were used to overcome the capillary end effect, 

which resulted in approximately 1% of additional oil recovery, as shown in Figure 5-2 

Secondary HSWF experiment-EXP.3-HS 

The core sample employed to perform the EXP.3-HS experiment was different from the 

one used for EXP.2-HS; however, the same crude oil D used in EXP.2-HS was utilised for 

EXP.3-HS. After cleaning the core sample, an initial water saturation level of Swi = 12% 

was established, and the core was aged with the same crude oil for a total of 4 weeks. The 

flooding experiment began once wettability had been restored by injecting the brine for the 

secondary HSWF experiment. Figure 5-3 indicates oil recovery and pressure drop 

performance during this experiment. The WBT occurred at 0.50 PV of brine injection, which 

resulted in a recovery factor of 52% of the original oil in place. It appears that heterogeneity 

had a role in determining the time required for the breakthrough to occur. The oil production 

ceased after 2.2 PV of water injection, at which point the oil recovery was 67% of the original 

oil in place. One bump cycle was followed by raising the injection rate to overcome the 
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capillary end effect and achieve residual oil saturation. The incremental oil recovery 

following the bumping flood only increased the overall oil recovery by 1%. 

Secondary HSWF experiment-EXP.4-HS  

EXP.4-HS, EXP.5-HS, EXP.6-HS and EXP.7-HS, were conducted using dead crude oil 

and Indiana limestone outcrops. Before the flooding operation, the connate water was 

brought up to a saturation level of Swi = 13% and aged for 3 weeks. Figure 5-4 illustrates the 

oil recovery and pressure drop performance during the HSWF experiment. The recovery 

factor was 26% of the original oil in place after the WBT occurred at 0.22 PV of injected 

brine. Injection of the brine was ceased at 2.31 PV as oil production had ceased; at this point, 

overall oil recovery was 38.54% of the original oil in place. Subsequently, the experiment 

included four additional bumping floods for approximately 1 PV in which the oil recovery 

rose by barely 1%. 

Secondary HSWF experiment-EXP.5-HS 

Connate water saturation levels of Swi = 12% were established in the core during the 

initial water establishing process; the core was subsequently aged for 3 weeks. The oil 

recovery and pressure drop efficiency during the HSWF experiment is shown in Figure 5-5. 

As indicated, when the WBT occurred at 0.27 PV of injected brine, the recovery factor was 

30% of the original oil in place. Following the WBT, a further 4.3 PV of water injection was 

pumped into the core until no further oil exited the core outlet. Oil recovery was 

approximately 49% of the original oil in place at this stage, which later increased by 1% as a 

result of bumping floods.  

Secondary HSWF experiment-EXP.6-HS 

The initial water saturation was established at Swi = 16%, after which the core sample 

was aged for 3 weeks to restore wettability and represent the reservoir’s wettability 

conditions. Figure 5-6 depicts the results of the HSWF experiment, which included oil 

recovery and pressure drop efficiency measurements. The data indicates that the injected 

brine broke through the core sample when 0.25 PV of brine injection was flooded, at which 

point the oil recovery factor was 32% of the original oil in place. It should be noted that the 

WBT time in this experiment was nearly identical to that of the EXP.5-HS test and the oil 

recovery at the WBT in this experiment was approximately 2% higher than in the EXP.5-HS 

experiment. It took a long time for the oil to cease flowing, which happened after 6 PV of 
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water injection, at which point, the total oil recovery had reached 54% of the original oil in 

place. Three bumping cycles were performed to reduce the capillary end effect; however, the 

oil recovery was only approximately 55% of the original oil in place after the bumping floods.  

Secondary HSWF experiment-EXP.7-HS 

A secondary high-salinity water injection followed by a tertiary low-salinity water 

injection was used in this experiment. At the start of this experiment, the initial water 

saturation was the same as in the EXP.6-HS experiment. The core was then aged for 3 weeks 

to allow the rock’s wettability to be restored. The findings of the HSWF experiment are 

shown in Figure 5-7, which includes measurements for oil recovery and pressure drop 

efficiency. In this experiment, 3.38 PV of high-salinity brine were injected; however, the 

WBT occurred at 0.23 PV. The oil recovery factor at the time of the WBT was approximately 

28% of the original oil in place. When the oil recovery had reached 47%, oil production had 

ceased at the core outlet. Hence, three bumping cycles were performed to reduce the capillary 

end effect, although the oil recovery increased by less than 1%.  

Secondary HSWF experiment-EXP.8-HS 

Yousef et al. performed a core flood experiment using composite rock samples from a 

carbonate reservoir to investigate the effect of different brine salinities on oil recovery. The 

experiment was conducted under reservoir conditions with a pressure of 4500 psi and a 

reservoir temperature of 212 F. In this experiment, field connate water with a salinity of 

213,000 ppm was used to establish irreducible water saturation. In contrast, seawater with a 

salinity of 57,600 ppm was employed to conduct the secondary high-salinity displacement. 

Live crude oil from the reservoir field with viscosity and density of 0.716 cp and 45.7 lb/ft3, 

respectively, reflect reservoir conditions. The rock’s wettability had been restored by ageing 

the composite core sample for 2 weeks. The secondary HSWF was maintained at a rate of 2 

cc/min for approximately 9 PV of water injection. At this stage, the oil recovery factor was 

approximately 70% of the original oil in place. When no further oil production was detected, 

multi-injection rates were performed to overcome the capillary end effect. Figure 5-8 

indicates the oil recovery, differential pressure and flow rate plotted against injected PV.  

Secondary HSWF experiment-EXP.9-HS 

Tetteh and Barati conducted a core flood experiment to examine the role of fluid-fluid 

interactions in improving oil recovery in LSWF (Tetteh & Barati, 2018). An Indiana 
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Limestone outcrop-core plug was managed to perform the flooding experiment. The core 

sample plug was aged with LKC crude oil to achieve the wettability conditions of LKC 

reservoirs. At 40 °C, the reservoir crude oil had a viscosity of 5.86 cp and a density of 0.84 

g/cm3. The experiment was conducted at a temperature of 40 °C, which corresponded to the 

LKC reservoir conditions. The secondary HSWF was conducted using brine with a salinity 

concentration of 164,473 ppm. To avoid the capillary end effect, a high flow injection rate 

of 2 cm3/min was employed throughout the core flood experiment. The sample of core plugs 

was flooded with high-salinity brine for approximately 5 PV of brine injection in the 

secondary HSWF, resulting in a 39.75% recovery of the original oil in place. The oil recovery 

and differential pressure are depicted in Figure 5-9.  
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Figure 5-1: A) Oil recovery and B) differential pressure across the core plotted against PV for 

secondary HSWF at different injection rates in the EXP.1-HS experiment. 
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Figure 5-2: A) Oil recovery and B) differential pressure across the core plotted against PV for 

secondary HSWF at different injection rates in the EXP.2-HS experiment 
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Figure 5-3: A) Oil recovery and B) differential pressure across the core plotted against PV for 

secondary HSWF at different injection rates in the EXP.3-HS experiment. 
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Figure 5-4: A) Oil recovery and B) differential pressure across the core plotted against PV for 

secondary HSWF at different injection rates in the EXP.4-HS experiment. 
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Figure 5-5: A) Oil recovery and B) differential pressure across the core plotted against PV for 

secondary HSWF at different injection rates in the EXP.5-HS experiment. 
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Figure 5-6: A) Oil recovery and B) differential pressure across the core plotted against PV for 

secondary HSWF at different injection rates in the EXP.6-HS experiment. 
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Figure 5-7: A) Oil recovery and B) differential pressure across the core plotted against PV for 

secondary HSWF at different injection rates in the EXP.7-HS experiment. 
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Figure 5-8: A) oil recovery B) pressure drop of seawater injection at different dilution ranges plotted 

against injected pore volume injected of water (Yousef et al., 2010). 
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Figure 5-9: Oil recovery and pressure drop of secondary high salinity water flood followed by 

tertiary SWS and LSW (Tetteh and Barati, 2018).  

5.4  Model Description  

As previously stated, the model was constructed so that the numerical simulation model 

was capable of acquiring an accurate history match of two critical parameters: oil recovery 

and differential pressure. Hence, the model was constructed using the thermal and advanced 

processes simulator CMG-STAR, low-salinity water injection.   

1. The 1-D simulation model was developed using the basic physical dimensions of each 

core flood experiment. The model assumed that the direction of flow was in the same 

order as in the core flood studies. For example, in some core flood studies undertaken 

at HWU, the injection was directed from bottom to top. The 100 grid blocks between 

the injector and producer to control the numerical dispersion were in the X-direction 

with a single grid in the Y and Z directions in a cartesian orientation. The physical 

dimensions of the laboratory core were calculated based on core measurements taken 

in a laboratory using the following equations: 

2. The cross-sectional flow area through the core 

a. A = πr2 

3. The simulation model cross-sectional area 

a. DJ * DK, where DJ and DK are assumed to be the same 

b. DJ2 = DK2 

4. The square root of the cross-sectional area 
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The model for the rock was assumed to be homogeneous over the entire core sample as 

the porosity and absolute permeability of the rock was assessed for the whole core sample. 

Thus, it has been assigned to use a single value for the I-, J- and K-axes for setting up the 

simulation model for the rock parameters. Figure 5-10 shows an example of a schematically 

1-D model for the core sample. Numerical simulation played a supporting role in this analysis 

by acting as an integrator of the rock and fluid properties. In a 1-D simulation scale, however, 

it is not feasible nor practicable to represent rock heterogeneity; hence, the rock heterogeneity 

was excluded from the history of waterflooding in high-salinity conditions. The crude oil 

employed in this study varied from experiment to experiment and was sourced from a variety 

of different reservoirs. For the sake of simplicity, a black oil simulator was employed to 

prevent any complexity in accounting for mass transfer during HSWF and LSWF and to 

demonstrate the independence of a newly developed approach.  

 

Figure 5-10: An example of a 1-D model used to represent the core sample in the numerical 

simulation. 

5.5 Results and Discussion  

This section presents the results of history matching the secondary HSWF for the 

unsteady-state core flood conducted at the Heriot-Watt University Centre for Enhanced Oil 

Recovery and CO2 and two further experiments from the literature. This procedure entails 

modifying the undefined parameters until the estimated simulation model closely matches 

the measured experimental historical data.  

The relative permeability curve of water and oil has been fine-tuned over time to 

correspond to oil production and differential pressure. As a result, using the LET-correlation 

and Corey model, relative permeability functions were generated to be employed as inputs 

in CMG-CMOST for history matching the secondary HSWF injection. Although CMG-

COMST was used for tuning the relative permeability parameters, the endpoint oil relative 
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permeability was used as a fixed input parameter as it was measured during the ageing 

process. The oil was injected during the ageing process in which the Darcy’s law was used 

to calculate the endpoint to the oil. Additionally, the water relative permeability endpoint 

was calculated using Darcy’s law, considering the stabilisation of differential pressure at the 

end of HSWF. However, the value was varied with each bumping flood, therefore, it was 

used as a range parameter in the simulator. 

Modelling secondary HSWF experiment-EXP.1-HS 

 To match the secondary HSWF cycle, LET parameters such as 𝑆𝑤𝑖 (the irreducible water 

saturation) and 𝑘𝑟𝑜
∗  (the endpoint oil relative permeability) were measured and used as fixed 

input parameters in the CMOST simulator, whereas the LET exponents of the oil 

(𝐿𝑜,𝐸𝑜and 𝑇𝑜,) and water (𝐿𝑤,𝐸𝑤and 𝑇𝑤,), residual oil saturation (𝑆𝑜𝑟𝑤 and 𝑘𝑟𝑤
∗ ) and 

endpoint water relative permeability were tuned. As described earlier, three bumping floods 

with multi-high rates were performed after HSWF. Accordingly, at each stage of bumping 

fluids, 𝑘𝑟𝑤
∗  was calculated to offer a reliable point as an input parameter in the simulator and 

extract a reliable relative permeability curve. Thus, the input range in the simulator ranged 

from 0.06 to 0.20 to provide a flexible tuning option. According to the results of this 

experiment, the 𝑆𝑤𝑖 and 𝑘𝑟𝑜
∗  were 0.11 and 0.6, respectively. This indicates that the oil 

saturation was approximately 0.89 at the beginning of the experiment. As the experiment 

progressed, water saturation increased while oil saturation declined; there was a piston-like 

displacement of a single-phase up until the WBT. Thus, the estimation of relative 

permeability occurred after the water had broken through. Figure 5-11 illustrates the relative 

permeability curves obtained by history matching the data from EXP.1-HS.   

When utilising the numerical simulation model, it was estimated that the residual oil 

saturation was 0.40, whereas, when using an experimental measurement, the residual oil 

saturation was determined to be 0.46. The difference between the two values was 0.06 as a 

range of 0.40 to 0.46 was used as the input data for residual oil saturation in the CMOST 

simulator to increase the accuracy and dependability of the history matching results. In this 

work, the input parameters in the CMOST were relative permeability curves in terms of 

ranges which, in turn, the simulator reproduce the curve to match the experimental data. 

Although the input parameter of the endpoint relative permeability to water was in the range 

of 0.06 to 0.20, the estimated value given by the simulator was equal to the measured value. 
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As a result, the modification of the LET exponents, relative permeability parameters and 

residual oil saturations provided the best fit for the oil recovery and differential pressure data. 

Figure 5-12 shows that the simulated oil recovery and pressure drop given by the model were 

in good agreement with the experimental data.  

 

 

 

 

 

 

 

 

Figure 5-11: The estimated relative permeability functions used when simulating the secondary 

high-salinity core experiments of EXP.1-HS. 

 

 

 

 

 



 

105 

 

 
Figure 5-12: A comparison of the experimental and simulated A) oil recovery and B) differential 

pressure during secondary HSWF in the EXP.1-HS experiment. 

 

Modelling secondary HSWF experiment-EXP.2-HS 

In contrast to the final displacement test, only the brine that was injected remained the 

same. However, the live crude oil, rock characteristics and operation parameters, such as 

injection rate, were all different. At the end of the secondary HSWF period, only one 

bumping cycle for approximately 1 PV of injected water at a high rate was performed. It 

should be noted that oil production was modest during the bumping flood. The capillary end 

effect should not affect the calculation of the relative permeability curve. The residual oil 

saturation was 0.31% following the bumping flood and after injecting 3.3 PV. For the 

CMOST simulator, this number was used as a starting point for the input parameter. Corey’s 
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model was used to match the experimental data, including oil production and differential 

pressure, which, in turn, allowed the simulator to match the data accurately. Using Corey's 

model in this experiment ensures that the suggested method is not limited to a single sort of 

relative permeability model.  

As discussed earlier, variables such as initial water saturation and endpoint relative 

permeability to oil were used as fixed inputs in the simulator. The coefficients associated 

with Corey’s exponents (𝑁𝑜 and 𝑁𝑤) and the variables relating to the endpoints were used 

as tuning parameters. In this case, 𝑆𝑤𝑖 and 𝑘𝑟𝑜
∗  were 0.10 and 0.8, respectively. However, 𝑘𝑟𝑤

∗  

and  𝑆𝑜𝑟𝑤 were given a range from 0.18 to 0.30 and 0.15 to 0.31, respectively. As a result, 

the numerical simulation model estimated 𝑘𝑟𝑤
∗  and 𝑆𝑜𝑟𝑤 to be 0.28 and 0.17, respectively, to 

ensure that unsteady-sate secondary HSWFs had the greatest possible history match. Figure 

5-13 depicts the relative permeability curve that was obtained to match the oil recovery and 

differential pressure during secondary HSWF. The figure indicates that the core sample was 

likely water-wet as the Corey’s exponents (𝑁𝑜 and 𝑁𝑤) were less than 3 and the intersection 

of the two curves occurred at a water saturation level of over 60%. This validates the 

experimental observation, which stated that the breakthrough occurred at 0.60 PV of water 

injection. Figure 5-14 shows the experimental data and the simulated results from the model. 

The simulation model reproduced oil recovery and differential pressure during piston-like 

displacement which continued from the WBT to the end of the bumping floods.  

 

Figure 5-13: The estimated relative permeability functions used when simulating the secondary 

high-salinity core experiments of EXP.2-HS. 
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Figure 5-14: A comparison of the experimental and simulated oil recovery and differential pressure 

during secondary HSWF in the EXP.2-HS experiment. 

 

Modelling secondary HSWF experiment-EXP.3-HS 

As with the previous core flood experiment, all operating parameters remained unchanged 

except for porosity, absolute permeability and injection rate. As previously stated, the initial 

water saturation level was 12%, whereas the oil saturation level was 88%. As with the 

preceding displacement test, water saturation increased as oil saturation decreased until the 

residual oil saturation was reached. At the end of the experiment, the residual oil saturation 

level was approximately 0.20. 

The Corey correlation was utilised to simulate the experimental data for oil recovery and 

differential pressure in which the tuning parameters of Corey’s model were controlled 

following the experimental results. For instance, the endpoint of water relative permeability 

was calculated using Darcy’s law, yielding a value of 0.28 at the highest flood. As a result, 
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the CMOST input parameters for endpoint relative permeability to water were set at a range 

of 0.18 to 0.30. The simulator estimated an endpoint for water relative permeability of 0.20, 

which is within the range of the measured data. This indicates that the simulator assigned 

appropriate values to the experimental data and did not overstate them to establish a match. 

Figure 5-15 shows the estimated relative permeability curve obtained by history matching 

using the CMG-CMOST simulator. It should be noted that the shape of the relative 

permeability curve acquired in this experiment was similar to that achieved in the EXP.2-HS 

experiment. The cross point between the oil and water relative permeability curves occurred 

at a water saturation of 60%, which is consistent with laboratory observations that the WBT 

took some time to occur (at approximately half the PV of the injected water).  

Figure 5-16 demonstrates the experimental data and the model’s simulated results. 

According to the figure, the model agreed with the experimental data, including for oil 

recovery and differential pressure. Residual oil saturation, as given by the numerical 

simulation, was 0.18, which was almost the same as the value that was experimentally 

measured following the HSWF. 

 

 

 

Figure 5-15: The estimated relative permeability functions used when simulating the secondary 

high-salinity core experiments of EXP.3-HS. 
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Figure 5-16: A comparison of the experimental and simulated oil recovery and differential pressure 

during secondary HSWF in the EXP.3-HS experiment. 

 

Modelling secondary HSWF experiment-EXP.4-HS 

CMOST, the process flow simulator, employed the LET model as an input function to 

simulate the HSWF. As with the previous steps, LET parameters such as 𝑆𝑤𝑖  and 𝑘𝑟𝑜
∗  were 

measured and used as fixed input parameters in the CMOST simulator, whereas the LET 

exponents of the oil (𝐿𝑜,𝐸𝑜and 𝑇𝑜,) and water (𝐿𝑤,𝐸𝑤and 𝑇𝑤,), 𝑆𝑜𝑟𝑤 and 𝑘𝑟𝑤
∗  were tuned. 𝑆𝑤𝑖 

was 0.13 when the connate water was established in the core sample, while 𝑘𝑟𝑜
∗  was 0.575, 

which was measured during the ageing process. Furthermore, 𝑘𝑟𝑤
∗  was calculated before and 

during each bumping flood; the values range from 0.16 to 0.48. Figure 5-17 depicts the 

estimated imbibition relative permeability curve using history matching for the EXP.4-HS. 

The point at which the oil and water relative permeability curves cross was frequently 

indicative of whether the core sample was water- or oil-wet. According to the figure, the 
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interaction points between the oil and water relative permeability curves occurred at a water 

saturation of less than 0.5, suggesting an oil-wet system. A comparison of the measured 

experimental data, with the simulated value of 𝑘𝑟𝑤
∗ , revealed that the simulated value was 

identical to one of the measured values. Furthermore, the estimated residual oil saturation 

was found to be 0.05 lower than the experimental measurement. Figure 5-18 shows the 

experimental data from EXP.4-HS and the model’s simulated results following history 

matching. The oil production and pressure drop estimated by the model were in agreement 

with the experimental data, including the bumping floods.  

 

 

 

 

Figure 5-17: The estimated relative permeability functions used when simulating the secondary 

high-salinity core experiments of EXP.4-HS. 
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Figure 5-18: A comparison of the experimental and simulated oil recovery and differential pressure 

during secondary HSWF in the EXP.4-HS experiment. 

 

Modelling secondary HSWF experiment-EXP.5-HS 

The same relative permeability correlation that was employed in the prior experiment was 

applied in this experiment. When the connate water was established in the core sample, the 

𝑆𝑤𝑖  value was 0.12 and the 𝑘𝑟𝑜
∗  was 0.587 (its maximum value). Oil relative permeability 

declined as imbibition progressed but water relative permeability grew until no further oil 

was displaced by the brine. Additionally, the was calculated prior to and during each bumping 

flood, with values ranging from 0.25 to 0.65. However, as 𝑘𝑟𝑜
∗ was at its greatest value at 

0.587, it was chosen to calculate the average value of 𝑘𝑟𝑤
∗  , which was 0.53. As a result, the 

input parameter for the 𝑘𝑟𝑤
∗  was set to a value between 0.25 and 0.55 to prevent exceeding 

the maximum value of 𝑘𝑟𝑜
∗ . Figure 5-19 shows the imbibition oil-water relative permeability 

curve that was estimated by the numerical simulation for EXP.5-HS. The shape of the relative 
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permeability curve, as depicted in Figure 5-19, suggests that the core sample was most likely 

an oil-wet system. It should be noted that the residual oil saturation value was set between 

0.35 and 0.44 for the first trial of history matching, based on the determined value throughout 

the experiment. However, the simulator was unable to reproduce the experimental data 

accurately, particularly the differential pressure. Consequently, the ranges were modified by 

reducing the minimum value to 0.25. In this experiment, as illustrated in Figure 5-20, a 

satisfactory match between the experimental data and model results was obtained. The oil 

recovery data was effectively matched, although there was a discrepancy in the differential 

pressure data, which was particularly noticeable before the WBT occurred. This is because 

relative permeability was not taken into consideration as part of the responsibility before the 

water breakthrough occurred.  

 

 

 

 

Figure 5-19: The estimated relative permeability functions used when simulating the secondary 

high-salinity core experiments of EXP.5-HS. 
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Figure 5-20: A comparison of the experimental and simulated oil recovery and differential pressure 

during secondary HSWF in the EXP.5-HS experiment 

 

Modelling secondary HSWF experiment-EXP.6-HS 

The LET correlation was used to mimic experimental data of oil recovery and differential 

pressure, with the tuning parameters of the LET model being adjusted according to the 

experiment results. In this experiment, the endpoint relative permeability to oil was 0.72 at a 

connate water saturation of 16%, which was considered as a fixed input parameter. However, 

Darcy’s law was employed to calculate the endpoint of the relative permeability of water, 

resulting in values ranging from 0.29 to 0.60, including the bumping floods. Furthermore, 

the residual oil saturation was measured as 0.38 following HSWF, which was performed in 

the simulator with a range of 0.25 to 0.38. Figure 5-21 depicts the imbibition oil-water 

relative permeability curve for EXP.6-HS, which was calculated using a numerical 

simulation. According to the figure, the value of 𝑘𝑟𝑤
∗  was 0.63, which was somewhat higher 
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than the maximum value determined by the experimental data. The estimated residual oil 

saturation determined by the model was 0.28, which was 0.10 lower than the measured 

amount. Figure 5-22 indicates the oil recovery and pressure drop for the simulation model 

and core flood experiment. The findings of this experiment and the previous one were 

identical in terms of matching the pressure drop at the first period of injection. The results 

from the model and the experiment were generally in agreement. 

 

 

 

 

Figure 5-21: The estimated relative permeability functions used when simulating the secondary 

high-salinity core experiments of EXP.6-HS. 

 

 

 



 

115 

 

 
Figure 5-22: A comparison of the experimental and simulated oil recovery and differential pressure 

during secondary HSWF in the EXP.6-HS experiment. 

 

Modelling secondary HSWF experiment-EXP.7-HS 

As in the previous experiment, the same relative permeability correlation was utilised in 

this experiment. A fixed input parameter for this experiment was the endpoint relative 

permeability to oil, which was 0.67 at a connate water saturation of 16%. Using Darcy’s law, 

the endpoint relative permeability of water was calculated, with values ranging from 0.24 to 

0.34, including the bumping cycles. A further finding was that the residual oil saturation was 

measured as 0.45 after HSWF, which was conducted in the simulator with a range of 0.32 to 

0.45. The obtained water-oil relative permeability curve from history matching the 

experimental data, considering the bumping floods, is illustrated in Figure 5-23. The results 

show that the value of 𝑘𝑟𝑤
∗   was 0.25, which is within the acceptable range of values 

determined by the experimental data calculations. Additionally, the model anticipated the 
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residual oil saturation to be 0.35, which was 0.10 less than the measured value. Figure 5-24 

shows the oil recovery and pressure drop in the simulation model and core flood experiment. 

As illustrated in the figure, the numerical simulation successfully matched the oil recovery 

and pressure drop data. 

 

 

 

 

 

  

 

Figure 5-23: The estimated relative permeability functions used when simulating the secondary 

high-salinity core experiments of EXP.7-HS. 

 

 

 

 

 

 



 

117 

 

 
Figure 5-24: A comparison of the experimental and simulated oil recovery and differential pressure 

during secondary HSWF in the EXP.7-HS experiment. 

 

Modelling secondary HSWF experiment-EXP.8-HS 

In this experiment, the relative permeability functions were calculated using the Corey 

model. The same process used to match the previous experiments was implemented in this 

experiment. However, the connate water saturation was used as a fixed input into the CMOST 

while other Corey’s parameters were tuned to accurately match the experimental data results 

as the value of  𝑘𝑟𝑜
∗  was not reported in their work. Furthermore, when Darcy’s law was used 

to determine the endpoint of relative permeability of water, it yielded values ranging from 

0.25 to 0.35, which included numbers for multi-bumping floods. Figure 5-25 shows the 

obtained water-oil relative permeability curves from history matching the experimental data, 

considering the bumping floods. The carbonate composite core was considered to be in an 
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oil-wet state, based on the shape of the water-oil relative permeability curve. Moreover, 𝑘𝑟𝑤
∗  

reached its maximum value of 0.34 at the residual oil saturation of seawater injection.  

Although multi-bumping floods were applied following seawater injection, no further oil 

was obtained, confirming that the oil remaining in the core composite was residual oil that 

cannot be recovered with conventional seawater (Yousef et al., 2010). This is supported by 

the numerical modelling results, which indicate that the residual oil saturation was 0.26, 0.03 

less than the experimental value. The final history match of the oil recovery and pressure 

drop obtained by the numerical simulation are shown in Figure 5-26. 

 

 

 

Figure 5-25: The estimated relative permeability functions used when simulating the secondary 

high-salinity core experiments of EXP.8-HS. 
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Figure 5-26: A comparison of the experimental and simulated oil recovery and differential pressure 

during secondary HSWF in the EXP.8-HS experiment. 

 

Modelling secondary HSWF experiment-EXP.9-HS 

The Corey model was used to estimate the relative permeability functions in this 

experiment. The oil saturation of the core plugs in the pre-imbibition stage was 0.69 and the 

study reported a value of 0.27 for the endpoint water relative permeability. However, the 

study did not specify the endpoint relative permeability of oil and the brine viscosity was also 

not included in the dataset; as such, it has been estimated based on the salinity. Hence, the 

estimated relative permeability may be affected by those parameters. In this experiment, a 

high injection rate was used to conduct the displacement process, therefore, no bumping 

floods were applied at the end of the injection. Although the water endpoint relative 

permeability was calculated, the value was tuned with the experimental results. The water-

oil relative permeability curve obtained from history matching the experimental data is 
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illustrated in Figure 5-27. The value of  𝑘𝑟𝑤
∗   was 0.27, similar to the measured data. However, 

the residual oil saturation estimated by the simulation was 0.43, less than the measured value. 

As illustrated in Figure 5-28, the cumulative oil recovery and differential pressure were 

successfully matched to the core flood data. 

 

 

 

 

  

 

Figure 5-27:  The estimated relative permeability functions used when simulating the secondary 

high-salinity core experiments of EXP.9-HS. 
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Figure 5-28: A comparison of the experimental and simulated oil recovery and differential pressure 

during secondary HSWF in the EXP.9-HSexperiment. 

5.6 Conclusion  

A series of core flood experiments using secondary HSWF has been reproduced by several 

history matching attempts to obtain reliable water-oil relative permeability curves. The 

following are the most important outcomes of this chapter: 

• The essential physical dimensions of each core flood experiment were used to build 

the 1-D simulation model, involving 100 grid blocks between the injector and 

producer to control numerical dispersion, which was then used to run the model using 

a STAR simulator.  

• By employing intelligent automated history matching to the historical data, CMG-

CMOST assisted history matching and optimisation was used to provide an 

appropriate history match for the core flood experiments. This was accomplished by 

adjusting the residual oil saturation and Corey or LET exponents as a function of 

tuning the relative permeability curvature.  
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• The relative permeability determined after the WBT in an unsteady-state core flood 

experiment was reliable in this situation since the data regarding oil productions 

collected following the breakthrough were adequate. 

• The simulation was conducted using two different correlations of relative 

permeability (Corey and LET), both of which were capable of producing accurate 

water-oil relative permeability curves for the experimental data. 

• The residual oil saturation achieved via simulation differed from the experimental 

value, which is acceptable given that actual residual oil saturation is not feasible in 

such experiments for several reasons discussed previously.  

• According to the relative permeability shape, some studies were conducted in oil- or 

mixed-wet conditions. Others, such as the EXP.2-HS and EXP.3-HS experiments, 

were conducted in a water-wet state.
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Chapter 6: Predictions of the Performance of Tertiary and Secondary 

LSWF Under Unsteady-State Displacement Conditions 

In recent years, comprehensive experimental research has been conducted to investigate 

the potential to improve oil recovery. Numerous aspects, including the type of crude oil used, 

affect the performance of LSWF. Chapters 2 covered the role of crude oil and the effect of 

the micro-dispersion mechanism in detail.  

At the Heriot-Watt University Centre for Enhanced Oil Recovery and CO2, our group 

conducted a series of core flood experiments to investigate the effectiveness of secondary 

and tertiary LSWF on long carbonate rock, utilising a variety of crude oils under reservoir 

conditions. The long core samples were employed to reduce the presence of laboratory 

artefacts, such as the capillary end effect, as the results were crucial in obtaining valid relative 

permeability curves. The findings of the unsteady-state core flood experiments using 

different crude oils revealed that a larger amount of micro-dispersion resulted in higher 

efficiency and better recovery performance than a lower amount of micro-dispersion. 

Additionally, the crude oil that formed a high level of micro-dispersion produced more oil in 

the secondary and tertiary LSWF. The ultimate oil recovery of the secondary LSWF was 

higher than that of the tertiary LSWF. For instance, the oil recovery was higher in the 

secondary mode of the EXP.10-LS experiment than in the tertiary mode of the EXP.1-LS by 

11.5%.   

To test the prediction of the proposed method, the experimental core flood data was 

analysed and compared with the results of the proposed method. The aim was to investigate 

the method using actual experimental data and quantify the proposed method’s ability to 

anticipate realistic core flood experiment results. Additionally, extra data from the literature 

was used to support the findings for further verification. These data were used to ensure that 

the proposed method’s consistency was not limited to available experimental data from HWU 

but also applicable to the literature’s experimental data. The findings support the proposed 

methodology’s ability to determine the injection performance of LSWF in both tertiary and 

secondary core flood displacement modes. 

The suggested model has been employed in a STAR simulator to predict the impact of 

LSWF. The model presented in this work provides further insight into the role of a fluid-fluid 
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effect either in tertiary or secondary flooding. The proposed methodology, based on 

additional oil recovery, provides a quick evaluation of LSWF performance, which is 

invaluable for the oil and gas industry’s decision-making process.  

6.1 Introduction  

Waterflooding, which helps to increase oil recovery from carbonate and sandstone 

reservoirs by using low-salinity water under secondary and tertiary modes, is becoming an 

interest of the oil industry. Conventional waterflooding techniques have been used over the 

last decade to maintain reservoir pressure and improve oil recovery from hydrocarbon 

reservoirs. However, these methods still leave a significant amount of oil remaining in the 

reservoir. The possibility of extracting a significant amount of oil remains viable using the 

LSWF technique. As mentioned in chapter 2, numerous researchers have investigated the 

feasibility of LSWF as secondary and tertiary recovery methods by conducting core flood 

experiments.  

While the significant mechanism is still being debated, it has been commonly documented 

that low-salinity brine shifts the rock’s wettability towards a more water-wet state. As 

discussed earlier, crude oil/water interaction (micro-dispersion) has been regarded as the 

mechanism behind the effect of LSWF, where wettability alteration occurs during the low-

salinity brine process due to the influence on the rock’s surface (Mahzari and Sohrabi, 2014b; 

Sohrabi et al., 2016; Facanha et al., 2017; M Alhammadi et al., 2017c; Tetteh and Barati, 

2018). In an oil- or mixed-wet system, the injected brine affects the core’s wettability, 

causing an interaction between the crude oil and brine and shifting the wettability state 

towards a more water-wet state. Since it is widely accepted that the wettability alteration is a 

consequence of LSWF, implementing the proposed method through the link between extra 

oil recovery and a micro-dispersion mechanism has become more reasonable. The findings 

of the core flood experiment demonstrate that the recovery efficiency of LSWF improves 

when there is a large quantity of micro-dispersion. Masalmeh et al. (2019) examined 

numerous tests on low-salinity core flooding, including fluid-fluid experiments performed 

on carbonate rock. According to their research, the fluid-fluid test was an effective method 

for identifying and screening the potential of LSWF. The use of the proposed method, in 

combination with these results, had the additional advantage of accurately predicting the 

performance of LSWF. 
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Twelve unsteady-state core flood experiments using tertiary and secondary LSWF are 

briefly discussed in this chapter. This number of experiments provides sufficient actual data 

to be compared with the predictions of the proposed method. Furthermore, since two core 

flood experiments using LSWF were performed in secondary mode, it would be interesting 

to test the proposed method in tertiary and secondary modes to ensure its effectiveness. 

The effect of LSWF on oil recovery performance has been predicted in this study by 

employing the suggested approach 

6.2 Methodology  

We hypothesised that micro-dispersion is the active mechanism during LSWF, which 

increases oil mobility and thus oil production through a decrease in residual oil saturation. 

This mechanism is known to shift the initial wettability of the rock towards more water-wet 

conditions. In this work, the effect of LSWF is modelled by predicting krLS using the 

suggested method.  

The previous chapter used the CMOST simulator to successfully obtain the high-salinity 

relative permeability curves for nine secondary HSWF experiments. Predictions of the low-

salinity relative permeability curves were conducted using the proposed method. Hence, 

LSWF performance was predicted in terms of oil recovery and differential pressure using the 

low-salinity relative permeability curves obtained by the proposed method in the STAR 

simulator. Before implementing the suggested technique, the established relationship 

between micro-dispersion and additional oil recovery was used as the initial screening 

method to determine the amount of additional oil recovery that may be expected (see Figure 

6-1). This relationship was previously covered in chapter 2. The additional oil recovery 

method of choice was integrated into the proposed method for prediction targets. The details 

of how to apply the suggested technique are described in detail in chapter 4. 
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Figure 6-1: The micro-dispersion ratio plotted against IOR by LSWF during tertiary core 

flood experiments on carbonate reservoirs( Masalmeh et al., 2019). 

 

6.3 LSWF Core Flood Experiments  

This section summarises the findings of a comprehensive set of nine tertiary low-salinity 

core flood experiments and two secondary low-salinity core flood experiments performed by 

our research group in unsteady-state flow conditions. Additionally, two tertiary low-salinity 

core flood experiments under unsteady-state displacement from the literature were conducted 

at different conditions and included in this study (Yousef et al., 2010; Tetteh and Barati, 

2018). The secondary high-salinity core flood experiments were addressed in chapter 5; this 

chapter focuses on the LSWF process.  

6.3.1 Fluid and Core Samples   

It should be noted that the desalinated brine was employed as an injection brine in tertiary 

and secondary LSWF for all of the experiments conducted at HWU. Table 6-1 presents the 

desalination water and the specified concentrations of salt for studies performed at HWU. 

The live brine prepared by pre-equilibrated with methane to perform the core flood 

experiments with live crude oils. The method of pre-equilibration was employed to avoid 

mass transfer during injection, which was applied to all of the experiments conducted at the 

Heriot-Watt University Centre for Enhanced Oil Recovery and CO2.  
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Two tests from the literature were conducted using multiple slugs of low-salinity brine 

following an injection of high-salinity brine. Yousef et al. (2010) used four slugs of salinity 

to investigate tertiary LSWF. Several dilutions of seawater with a salinity of 57,000 ppm 

were prepared for the LSWF. Tetteh and Barati (2018) performed tertiary LSWF by injecting 

two slugs of different with a salinity of 32,895 ppm and 2,006 ppm, respectively.  

Table 6-2 shows the properties of the 11 core flood experiments used to validate the 

proposed method.  

 

 

Table 6-1: Salt concentrations in the desalinated water utilised for secondary LSWF. 

Experiments Ion  Desalinated water (PPM) 

H
W

U
 

Na 87 

Ca 1 

Mg 2 

SO4 2 

Cl 143 

TDS 235 
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Table 6-2: The properties of core flood experimental data used for predictions.  

No. 
Data 

sources 
Injection 

mode 
Length 

(cm) 
kBrine 

mD 
Porosity 

% 
Crude 

Oil 
Oil 

status  
Core’s types 

Exp.1-LS HWU ( 
Masalmeh 

et al., 
2019) 

Te
rt

ia
ry

 

29 34 24 C 

Live oil Carbonate Exp.2-LS 26 0.787 16 D 

Exp.3-LS 30 1.605 18 D 

Exp.4-LS 

HWU data 
bank 

29.9 55.8 19 A 

Dead 
oil 

Indiana 
limestone 
outcrops 

Exp.5-LS 29.9 75.7 20 Q 

Exp.6-LS 29.9 71.7 19 W 

Exp.7-LS 29.9 77.5 19 L 

Exp.8-LS 
Yousef et 
al., 2010 

16.24 39.6 25 Y Live oil Carbonate 

Exp.9-LS 
Tetteh & 

Barati, 
2018 

7.42 88.94 18.8 T 
Dead 

oil 
Indiana 

limestone 

Exp.10-LS HWU ( 
Masalmeh 

et al., 
2019) 

Secondar
y 

29 34 24 C 

Live oil Carbonate Exp.11-LS 
30 1.605 18 D 

 

Experimental Procedure and Results 

The explanation of the core flood experiments is separated into two sections: the first 

describes the nine experiments’ tertiary LSWF and the second part discusses the secondary 

LSWF experiments. 

6.3.2 Tertiary LSWF 

HSWF was followed by tertiary LSWF. Tertiary core flood experiments were conducted 

to evaluate LSWF performance and validate the results of the fluid-fluid interaction tests. 

Tertiary LSWF experiment-EXP.1-LS 

A crude oil (C) that tested positive using a fluid-fluid test was chosen for this experiment 

(more information in chapter 2).Thus, incremental oil recovery was expected under tertiary 

LSWF, based on the micro-dispersion theory. Notably, the oil recovery achieved by 

secondary HSWF was 46%, after which the water flooding shifted to low-salinity 

displacement. The oil recovery factor and differential pressure values for the EXP.1-LS 

experiment under the tertiary LSWF are illustrated in Figure 6-2. Oil production remained 

constant for approximately 0.65 PV of low-salinity water injection before steadily increasing. 

LSWF was maintained until no further oil was produced from the core’s output. At this point, 
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the injection rate was increased rapidly using three bumping floods to overcome the capillary 

end effect where an increase in oil recovery of 6% was achieved using the tertiary LSWF 

method. The core flood experiment confirmed the fluid-fluid test in which the crude oil (C) 

created a significant amount of micro-dispersion upon contact with the low-salinity brine. 

Tertiary LSWF experiment-EXP.2-LS 

The result of the fluid-fluid test indicated that the crude oil (D) was positive due to the 

formation of a considerable amount of micro-dispersion. Thus, the increased oil recovery 

associated with tertiary low-salinity displacement was likely to be consistent with a moderate 

level of micro-dispersion.  The tertiary low-salinity water injection was commenced after the 

secondary high-salinity water injection had been completed. Figure 6-3 shows the oil 

production and pressure drop under tertiary LSWF plotted against the injection of PV. As 

low-salinity brine entered the core, oil was expected to be produced at the core outlet, 

however, oil production was not observed during the first 0.73 PV of water injection. As 

explained earlier, this is attributed to the mixing between the high- and low-salinity brine, 

where the reduction in salinity was not sufficient to form micro-dispersion and produce oil 

at the core outlet. However, after passing over the mixing area, a modest increase in oil 

recovery was noted, and LSWF was continued until no further oil was produced, at which 

point the oil recovery factor was approximately 82% of the original oil in place. There was 

then an additional 3% of oil recovery following tertiary LSWF. The difference in brine 

viscosity between high- and low-salinity brine, the differential pressure of tertiary LSWF 

reduced by just 2 psi compared to secondary HSWF. 

Tertiary LSWF experiment-EXP.3-LS 

The crude oil used in this experiment was the same as the prior core flood experiment, 

and the core sample was different. This study aimed to determine whether or not the crude 

oil was responsible for improving oil recovery using a different core sample. When the oil 

recovery factor by secondary HSWF reached 68% of the original oil in place, the 

displacement process was switched by injecting low-salinity water. Figure 6-4 shows the oil 

production and pressure drop under tertiary LSWF plotted against PV injection. As shown in 

the graph, almost 0.614 PV of the low-salinity brine was injected through the core until its 

effect could be observed. Oil production increased steadily as the low salinity was exposed 

during the injection time, with oil recovery reaching 71% of the original oil in place by the 
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end of the tertiary LSWF phase. Like the EXP.2-LS experiment, 3% additional oil recovery 

was achieved by tertiary LSWF. However, although the core samples had distinct 

characteristics, this indicated the importance of the crude oil and micro-dispersion 

mechanism during LSWF.  

Tertiary LSWF experiment-EXP.4-LS 

As a result of the fluid-fluid test, it was determined that the crude oil (A) was positive, 

owing to the formation of a significant amount of micro-dispersion in the oil. Following 

secondary HSWF, LSWF was performed by injecting 3.62 PV of water. The oil production 

and pressure drop under tertiary LSWF are depicted in Figure 6-5 as a function of PV 

injection. As demonstrated by the graph, over 0.543 PV of low-salinity brine was injected 

through the core until its effect could be observed. After crossing through the mixing zone, 

a substantial increase in oil recovery was observed, and the LSWF was extended until no 

further oil was produced. The oil recovery factor increased by about 7% of the original oil 

under tertiary LSWF.  

Tertiary LSWF experiment-EXP.5-LS 

It was expected that increased oil recovery would be consistent with the fluid-fluid contact 

test since there was a minor decrease in the amount of micro-dispersion of crude oil (Q) in 

comparison to the amount of crude oil (A). Secondary HSWF increased oil recovery to 50% 

of the original oil in place, enabling the waterflooding to be switched to low-salinity injection 

displacement. Figure 6-6 shows the oil production and pressure drop under tertiary LSWF 

plotted against PV injection. According to the graph, oil production remained stable for 

approximately 0.67 PV of low-salinity water injection before increasing significantly after 

that point. A total of 6.3 PV was injected into the core during tertiary LSWF, which increased 

oil recovery by 5.8%. By the end of this injection phase, the total oil recovery had reached 

approximately 56% of the original oil in place. The core flood experiment verified the results 

of the fluid-fluid test, which showed that when the crude oil (Q) came into contact with the 

low-salinity brine, a considerable amount of micro-dispersion occurred. 

Tertiary LSWF experiment-EXP.6-LS 

The crude oil (W) used in this experiment was analysed and found to be a positive oil with 

a moderate quantity of micro-dispersion. Following secondary HSWF, approximately 56% 

of oil recovery was achieved, and the waterflooding was switched to low-salinity injection 
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displacement. The oil production and pressure drop under tertiary LSWF is illustrated in 

Figure 6-7 as a function of PV injection. The graph shows that oil production remained steady 

with approximately 0.38 PV of low-salinity water injection before gradually increasing. 

LSWF was maintained for approximately 7 PV of water injection until no further oil was 

produced from the core’s output.  At this point, the injection rate was increased rapidly using 

three bumping floods for approximately 1 PV, in which an increase in oil recovery of 3.6% 

was achieved under tertiary LSWF. The experiments revealed that the amount of micro-

dispersion had a direct relationship with incremental oil recovery.  

Tertiary LSWF experiment-EXP.7-LS 

Although the crude oil (L) originated from a different reservoir, the tendency to develop 

the micro-dispersion was the same for crude oil (W). 47% oil recovery was achieved with 

secondary HSWF, at which point, the waterflooding was switched to LSWF. Figure 6-8 

shows the recovered oil and pressure drop under tertiary LSWF. In this experiment, the 

micro-dispersion effect occurred after approximately 0.39 PV of water injection, as indicated 

in the graph. The period required to observe an increase in oil production in this experiment 

was the same as that of the EXP.6-LS experiment. However, although the effect of micro-

dispersion was observed earlier in this experiment, the additional oil recovery was only 

approximately 3.2% of the original oil in place. The total oil recovery obtained by completing 

tertiary LSWF was approximately 50.4% of the original oil in place. 

Tertiary LSWF experiment-EXP.8-LS 

It should be noted that, in contrast to the earlier experiments conducted at HWU, Yousef 

et al. (2010) explored the influence of salinity at various stages by diluting seawater. Figure 

6-9 illustrates the oil production, injection rate and pressure drop at various stages of salinity. 

The oil recovery from secondary HSWF was approximately 74% of the original oil in place. 

The first slug confirmed the potential to modify the rock’s wettability, where 7% of the oil 

recovery was achieved. The second cycle was commenced by injecting 10-times-diluted 

seawater, which increased oil recovery by 9%. Furthermore, no oil recovery was observed in 

the final injection slug of 100-times-diluted seawater. The authors concluded that lowering 

the salinity of seawater had a substantial impact on the wettability state of rock, which 

improved the efficiency of oil recovery. 
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Tertiary LSWF experiment-EXP.9-LS 

As with the previous experiment, Tetteh and Barati (2018) conducted a core flood 

experiment to demonstrate the effect of LSWF by implementing various slugs of salinity 

injection. The secondary HSWF required approximately 5 PV of brine injection to reach a 

recovery factor of 39.75% of the original oil in place. Figure 6-10 illustrates the oil 

production and pressure drop at various stages of salinity. According to the figure, after 

approximately 1 PV of water injection, the effect of low-salinity injection could be observed. 

Under the first slug of LSWF, an additional 4.4% of the original oil in place was generated 

as additional oil. When the brine was adjusted to 82-times dilution, an increase in oil recovery 

of 3.59% of the original oil in place was observed. This additional oil recovery increased the 

recovery factor to 47.74%. The authors claimed that the improvement in oil recovery during 

the first cycle of the injection period could be partly attributed to a change in rock wettability. 

Additionally, they concluded that fluid-fluid interaction contributed to oil recovery during 

LSWF. 

  

Figure 6-2: A) Oil recovery and B) differential pressure across the core plotted against PV for 

tertiary LSWF at different injection rates in the EXP.1-LS experiment. 
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Figure 6-3: A) Oil recovery and B) differential pressure across the core plotted against PV for 

tertiary LSWF in the EXP.2-LS experiment. 

  

Figure 6-4: A) Oil recovery and B) differential pressure across the core plotted against PV for 

tertiary LSWF in the EXP.3-LS experiment. 

  

Figure 6-5: A) Oil recovery and B) differential pressure across the core plotted against PV for 

tertiary LSWF in the EXP.4-LS experiment. 
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Figure 6-6: A) Oil recovery and B) differential pressure across the core plotted against PV for 

tertiary LSWF at different injection rates in the EXP.5-LS experiment. 

  

Figure 6-7: A) Oil recovery and B) differential pressure across the core plotted against PV for 

tertiary LSWF at different injection rates in the EXP.6-LS experiment. 

  

Figure 6-8: A) Oil recovery and B) differential pressure across the core plotted against PV for 

tertiary LSWF at different injection rates in the EXP.7-LS experiment. 
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Figure 6-9: A) Oil recovery and B) differential pressure across the core plotted against PV for 

tertiary LSWF at different salinities, (Yousef et al., 2010). 

 

Figure 6-10: A) Oil recovery and B) differential pressure across the core plotted against PV for 

tertiary LSWF at different salinities in the EXP.9-LS experiment (Tetteh and Barati, 2018). 

6.3.3 Secondary LSWF 

Two core flood experiments were undertaken to assess the potential of LSWF and confirm 

the results of the fluid-fluid interaction test under the secondary LSWF displacement process. 

EXP.10-LS and EXP.11-LS are the secondary LSWF experiments described in this section, 

as illustrated in Table 6-2.  

Secondary LSWF experiment-EXP.10-LS 

It should be noted that this experiment utilised crude oil C and the same core sample as 

the EXP.1-HS experiment. Given that more oil recovery was achieved with tertiary LSWF 

in EXP.1-LS, it was believed that secondary LSWF might also result in additional oil 
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recovery. The core sample was aged for 4 weeks to restore the rock’s wettability. Figure 6-11 

shows the oil recovery and pressure drop under secondary LSWF as a function of injected 

PV.  

The displacement was commenced at a constant injection rate, and the WBT was 

identified at 0.31 PV of water injection, with a 37.7% oil recovery factor. It should be noted 

that the WBT of the secondary EXP.1-HS experiment was similar to that of this experiment. 

This indicates that the wettability returned to its original state in each experiment. Oil 

production ceased at the core outlet after approximately 3 PV of water injection, at which 

point, oil recovery had reached 57% of the original oil in place. Following that, four bumping 

floods with a high injection rate were completed, resulting in an additional 3% of oil being 

recovered. Under the secondary LSWF injection, the oil recovery factor was approximately 

60%, 11.5% higher than the oil recovery factor under the secondary HSWF and 6.5% higher 

than the oil recovery factor under the tertiary LSWF.  

Secondary LSWF experiment-EXP.11-LS 

Waterflooding with secondary LSWF was performed in this experiment using crude oil 

(D) and a core sample of EXP.3-HS. The oil production and pressure drop under secondary 

LSWF is illustrated in Figure 6-12 as a function of PV injection. WBT was observed at the 

core outlet after flooding approximately 0.68 PV of brine, with an oil recovery factor of 67% 

of the original oil in place. The injection was continued for 1 PV, at which point no further 

oil production was observed at the core outlet. Following the recovery of approximately 76% 

of the original oil in place, the injection rate was raised without further oil. The ultimate oil 

recovery during secondary LSWF was higher than the ultimate oil recovery for secondary 

HSWF and tertiary LSWF by approximately 8% and 5%, respectively. Thus, the core flood 

experiment proved the efficiency of LSWF in either the tertiary or secondary mode, and the 

fluid-fluid contact experiment results were confirmed in both flooding situations. 



 

137 

  

Figure 6-11: A) Oil recovery and B) differential pressure across the core plotted against PV for 

secondary LSWF at different injection rates in the EXP.10-LS experiment. 

  

Figure 6-12: A) Oil recovery and B) differential pressure across the core plotted against PV for 

secondary LSWF at different injection rates in the EXP.11-LS experiment. 

6.4  Modelling LSWF  

The modification of wettability and reduction in residual oil saturation was observed in 

many low-salinity core flood experiments. It was necessary to use two sets of relative 

permeability functions to characterise the regions of high- and low-salinity brine in the 

simulation to underline the influence of LSWF displacement. In this study, injection slugs of 

high- and low-salinity brine were each assigned a salinity-dependent threshold to indicate the 

strength of their salinity levels. Further, implementing the shift from high- to low-salinity 

relative permeability was conducted utilising the STAR simulator’s interpolation technique.. 

The study indicated that LSWF caused a change in the wetting conditions of the core from 

an oil- or mixed-wet condition to a water-wet condition. When this alteration was 

implemented, the permeability curves changed, leading to modifying the water and oil 

relative permeability curves. 
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The proposed method aimed to estimate the relative permeability for different types of 

LSWF. I propose a technique that simulates the LSWF effect in the tertiary and secondary 

modes by predicting the low-salinity relative permeability curves.  

6.5  Results and Discussion  

This section seeks to validate the effectiveness of the proposed methodology in estimating 

the low salinity relative permeability curve (see krLS in Table 6-3) and the increased oil 

recovery and differential pressure driven by LSWF. The proposed method was validated 

against actual core flood data under tertiary and secondary LSWF from HWU and the 

literature. Investigating more data can better understand how the proposed methodology will 

work with various types of trials and ensure that the approach is not overly affected by a 

particular core flood dataset. Table 6-3 includes a series of core flood experiments used for 

validating the proposed method.  

A realistic method was used to match the history matched core flood secondary salinity 

tests in chapter 5 to obtain representative relative permeability curves. To estimate the 

influence of LSWF in the tertiary and secondary modes, the acquired high salinity relative 

permeability curves were used as input for the proposed methodology to predict low salinity 

relative permeability curves 

 

Table 6-3: The core flood experimental data used to validate the proposed method. 

History Match 

 

LSWF experiments Prediction 

Test Name CMOST Test Name 
Incremental oil 

recovery by 
LSWF (%) 

Proposed 
method 

EXP.1-HS 

krHS 

EXP.1-LS 6 

krLS 

EXP.10-LS 11.5 

EXP.3-HS 
EXP.3-LS 3.4 

EXP.11-LS 8 

EXP.2-HS EXP.2-LS 3 

EXP.4-HS EXP.4-LS 6.88 

EXP.5-HS EXP.5-LS 5.84 

EXP.6-HS EXP.6-LS 3.6 

EXP.7-HS EXP.7-LS 3.2 

EXP.8-HS EXP.8-LS 7-9 

EXP.9-HS EXP.9-LS 4 -3 
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6.5.1 Predictions of Tertiary LSWF Performance 

 

Prediction of tertiary LSWF experiment-EXP.1-LS 

Figure 6-1 demonstrates that increasing the micro-dispersion quantity to 23 related to an 

approximately 6% increase in oil recovery, which was also the case in this experiment.  

The suggested method is utilized to estimate the krLS, which can then be used as an input 

parameter in the simulator to predict the LSWF performance and validate the findings against 

the coreflood experiment. The developed equations from Eq. 4-1 to Eq. 4-7, described in 

chapter 4, can be utilized to estimate the krLS. Error! Reference source not found. shows 

the estimated relative permeability for tertiary LSWF extracted by the proposed method. The 

endpoint to kro-LS always remained constant and was the same as the endpoint to kro-HS. 

Once the displacement process of LSWF had begun, the kro-LS continued to rise until a final 

value at residual oil saturation was reached. The krw-LS, however, decreased until reaching 

its maximum value. For the sake of validation, experimental data was used to determine the 

tertiary LSWF water relative permeability endpoint, which was then compared with the 

proposed method. The calculated and predicted endpoint values differed by 0.02, whereas 

the calculated and predicted endpoints values were 0.12 and 0.14, respectively. Residual oil 

saturation of approximately 0.36 was estimated following tertiary LSWF. Implementing the 

proposed method revealed a clear separation between the high and low salinity relative 

permeability, which, in turn, worked within the context of common observation on relative 

permeability by LSWF.   

The oil recovery and pressure drop performance of the predicted tertiary LSWF are shown 

in Error! Reference source not found. compared to the experimental results. According to 

the figure, oil recovery by the proposed method was more likely to the experimental data. 

Both the experiment and the suggested method yielded the same pressure drop results. 
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Figure 6-13: A comparison between high and low salinity relative permeability for tertiary LSWF 

extracted from history matching and the proposed method, respectively. 

 

Figure 6-14: A comparison of experimental and predicted oil recovery and pressure drop during 

tertiary LSWF for the EXP.1-LS experiment using the proposed method. 
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Prediction of tertiary LSWF experiment-EXP.2-LS 

According to the results of this experiment, the micro-dispersion ratio was 4.2, which 

resulted in less incremental oil recovery than the EXP.1-LS test. The proposed method was 

implemented and used the data to predict the low salinity relative permeability curve 

accurately. Figure 6-15 shows the shift of the relative permeability function by the proposed 

method from high to low salinity due to the effect of the low salinity injection. The following 

changes in the relative permeability curve were observed as a result of employing the 

proposed method: residual oil saturation decreased from 0.17 to 0.16, the relative 

permeability curve of oil increased, and the relative permeability curve of water decreased. 

As a result of the high salinity relative permeability, the core was more likely to be in a water-

wet condition (Craig, 1971). The relative permeability of oil was significantly higher at a 

lower water saturation as the oil occupied large pores. However, when there was a significant 

concentration of water, the oil appeared as unconnected particles filling the centres of pores. 

Hence, the oil saturation was expected to reduce slightly since tertiary LSWF produced only 

3.4% of the incremental oil recovery. A comparison of the experimental data and the 

prediction results for oil recovery and pressure drop under tertiary LSWF are shown in Figure 

6-16. The oil recovery and differential pressure during tertiary LSWF were successfully 

predicted using the proposed method. 
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Figure 6-15: A comparison between high and low salinity relative permeability for tertiary LSWF 

extracted from history matching and the proposed method, respectively. 

 

Figure 6-16: A comparison of experimental and predicted oil recovery and pressure drop during 

tertiary LSWF for the EXP.2-LS experiment using the proposed method. 

 

Prediction of tertiary LSWF experiment-EXP.3-LS 

The micro-dispersion ratio in this experiment was 4.2, the same as in the previous 

experiments, resulting in less incremental oil recovery. Figure 6-17 depicts the shift in the 
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relative permeability function from high to low salinity due to the effect of low salinity 

injection. The apparent shifts in relative permeability curves caused by LSWF can be 

observed from this data. Although the oil relative permeability of the EXP.2 and EXP.3 

increased, the difference between the two was not significant. The high-salinity permeability 

was essentially identical for both experiments throughout their history in terms of the 

curvature. Furthermore, the most significant reason for this outcome is the similar rock 

heterogeneity and crude oil used for both experiments, which lead to the same oil recovery 

and pressure drop behaviour. However, the decrease in water relative permeability in this 

experiment was similar to that of the previous experiment. There was a 1% reduction in the 

predicted residual oil saturation at the end of the secondary HSWF. 

Data comparison between experimental oil recovery and pressure drop outcomes and the 

predicted results under tertiary LSWF is presented in Figure 6-18. Predictions for oil recovery 

and pressure drop were in good agreement with the experiment results. 

 

 

 

Figure 6-17: A comparison between high and low salinity relative permeability for tertiary LSWF 

extracted from history matching and the proposed method, respectively. 
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Figure 6-18: A comparison of experimental and predicted oil recovery and pressure drop during 

tertiary LSWF for the EXP.3-LS experiment using the proposed method. 

 

 

Prediction of tertiary LSWF experiment-EXP.4-LS 

The crude oil (A) formed a high amount of micro-dispersion, resulting in 6.88% of 

additional oil recovery. The proposed method caused a shift in the relative permeability 

function from high to low salinity due to the effect of low salinity injection, as illustrated in 

Figure 6-19. According to the figure, the oil relative permeability increased, the water relative 

permeability decreased, and the residual oil saturation at high salinity was reduced from 0.36 

to 0.32. The proposed method showed a clear difference between high and low salinity 

relative permeability.  

Figure 6-20 shows the predicted oil recovery and pressure drop of tertiary LSWF against 

the experimental data in the EXP.4-LS experiment. According to the figure, the proposed 

methodology predicted oil production that was slightly greater than the actual data; 

nonetheless, the percentage error for this case was determined, and the average error for the 

entire production was approximately 1.2%. The pressure drop was accurately predicted by 

the proposed method.  
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Figure 6-19: A comparison between high and low salinity relative permeability for tertiary LSWF 

extracted from history matching and the proposed method, respectively. 

 

 

Figure 6-20: A comparison of experimental and predicted oil recovery and pressure drop during 

tertiary LSWF for the EXP.4-LS experiment using the proposed method. 
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Prediction of tertiary LSWF experiment-EXP.5-LS 

The crude oil (Q) was categorised as a positive oil because it had a significant amount of 

micro-dispersion, resulting in an additional 5.84% of oil recovery. Figure 6-21 illustrates the 

shift in the relative permeability function under tertiary LSWF. There was a shift in the 

relative permeability function towards more water-wet conditions, consistent with all 

previous findings. According to Eq. 6-1, the predicted residual oil saturation was 0.22 for the 

tertiary LSWF. Figure 6-22 demonstrates the predicted oil recovery and pressure drop of 

tertiary LSWF against the experimental data in the EXP.5-LS experiment. The experiment 

results agree with the predictions for oil recovery and pressure drop, as indicated in Figure 

6-22.  

 

 

Figure 6-21: A comparison between high and low salinity relative permeability for tertiary LSWF 

extracted from history matching and the proposed method, respectively. 
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Figure 6-22: A comparison of experimental and predicted oil recovery and pressure drop during 

tertiary LSWF for the EXP.5-LS experiment using the proposed method. 

 

Prediction of tertiary LSWF experiment-EXP.6-LS 

The crude oil (W) was classified as a positive oil, but the potential to produce micro-

dispersions was modest, resulting in low additional oil recovery with tertiary LSWF. Figure 

6-23 demonstrates the shift in the relative permeability function implemented by the 

proposed method. As predicted, relative permeability increased for oil, decreased for water, 

and reduced residual oil saturation to 0.27. A comparison of the experimental data and 

prediction results for oil recovery and pressure drop under tertiary LSWF is shown in Figure 

6-24. When the proposed method was applied, the results showed the oil production to be 

higher than in the actual data; however, the error was less than 1%. The pressure drop was 

accurately estimated using the proposed method. 
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Figure 6-23: A comparison between high and low salinity relative permeability for tertiary LSWF 

extracted from history matching and the proposed method, respectively. 

 

Figure 6-24: A comparison of experimental and predicted oil recovery and pressure drop during 

tertiary LSWF for the EXP.6-LS experiment using the proposed method. 

 

Prediction of tertiary LSWF experiment-EXP.7-LS 

Compared to prior studies, the micro-dispersion ratio in this experiment was low, which 

resulted in less incremental oil recovery. Only 3.2% of the original oil in place was recovered 

in this experiment under tertiary LSWF. Figure 6-25 shows the effect of LSWF on the relative 
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permeability curve during LSWF. Otherwise stated, compared to high salinity relative 

permeability, LSWF induced a change in the relative permeability function which was higher 

in kro and lower in krw. Additionally, residual oil saturation by HSWF was 0.35, as history 

matched, whereas residual oil saturation after LSWF was 0.33. Figure 6-26 demonstrates the 

predicted oil recovery and pressure drop of tertiary LSWF against the experimental data for 

EXP.7-LS. The proposed method provided an accurate prediction of the tertiary oil recovery 

factor. However, the predicted pressure drop was larger, particularly at the bumping floods, 

than the actual pressure drops compared to the experimental data. This was because more 

bumping floods were applied during tertiary LSWF than secondary HSWF. 

 

Figure 6-25: A comparison between high and low salinity relative permeability for tertiary LSWF 

extracted from history matching and the proposed method, respectively. 
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Figure 6-26: A comparison of experimental and predicted oil recovery and pressure drop during tertiary 

LSWF for the EXP.7-LS experiment using the proposed method. 

Prediction of tertiary LSWF experiment-EXP.8-LS 

The core flood experiments were chosen from the literature to assess the influence of 

LSWF at various salinity levels. The injection techniques were the primary difference in 

comparing the effect of low-salinity brine to our experimental findings. Figure 6-27 

illustrates the change in relative permeability curves following the application of the 

proposed method. 

According to the figure, the low salinity relative permeability curve was predicted using 

an experimental process that involved injecting low-salinity brine into two slugs. Thus, the 

proposed method was followed to estimate the two injections of LSWF separately. 

Determining the first slug of injection was essential to estimate the first relative permeability 

curve. This was done using data from the first slug of twice-diluted seawater which was 

injected for approximately 10 PV, with 7% incremental oil recovery. LSWF resulted in 

increased oil recovery during the first slug of the injection in this experiment, which is 

comparable to the EXP.1-LS experiment. 

After HSWF, the estimated residual oil saturation was 0.26. However, after using the 

proposed method, it was reduced to 0.23. When comparing the reduction in residual oil 

saturation of both experiments using the proposed method, the results were identical. In both 

cases, the residual oil saturation decreased to three or four values lower than the residual oil 
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saturation at the high salinity phase. These results correspond with the systematic prediction 

of residual oil saturation. The additional oil recovery from the second slug was approximately 

9% of the original oil in place, with a total of 16% of incremental oil recovery from the two 

slugs. This caused a further reduction in the residual oil saturation, which decreased to 0.19 

to accommodate the 10-times-diluted seawater injection. There was an additional increase in 

oil relative permeability and a decrease in water relative permeability during the second slug. 

Figure 6-28 demonstrates the predicted oil recovery and pressure drop of tertiary LSWF 

against the experimental data (Yousef et al., 2010). The figure demonstrates that the 

developed approach successfully predicted the performance of LSWF displacement, despite 

the difference in injection processes. 

 

 

 

Figure 6-27: A comparison between high and low salinity relative permeability for tertiary LSWF extracted 

from history matching and the proposed method, respectively. 
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Figure 6-28: A comparison of experimental and predicted A) oil recovery and B) pressure drop during tertiary 

LSWF for the EXP.8-LS experiment using the proposed method (Yousef et al., 2010). 

Prediction of tertiary LSWF experiment-EXP.9-LS 

This prediction followed the prior one, using the proposed method to predict the low 

salinity relative permeability curve following the experimental application of low-salinity 

brine. As discussed regarding the EXP.8-LS experiment, with LSWF of two or more slugs, 

the proposed method was implemented at more than one stage, shifting the relative 

permeability curves in sequence based on incremental oil recovery. The first and second slugs 

of LSWF improved oil recovery by 4.4% and 3.5% of the original oil in place, respectively. 

As a result and according to 6-2, the first incremental oil recovery was used to predict the 

first decrease in residual oil saturation, while the subsequent increase of approximately 3.5% 

of the original oil in place was used to anticipate the second decrease in residual oil saturation. 

Figure 6-29 indicates the shifting in relative permeability curves after using the proposed 

method to predict the performance of the two slugs of LSWF.  

The obtained residual oil saturation from HSWF was 0.38. With the effect of LSWF, the 

reduction in residual oil saturation for the first and second slugs was 0.36 and 0.34, 

respectively. As shown in Figure 6-29, the movement in the relative permeability of oil and 

water in the second slug of injection was only slightly more significant than in the first slug, 

mainly due to the small change in oil recovery, which moved the curve towards more water-

wet conditions. The estimated oil recovery and differential pressure during LSWF are 

depicted in Figure 6-30. This method successfully predicted both the incremental oil recovery 

and pressure drop for the two slugs. 



 

153 

 

 

 

 

 

Figure 6-29:  A comparison between high and low salinity relative permeability for tertiary LSWF extracted 

from history matching and the proposed method, respectively. 
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Figure 6-30: A comparison of experimental and predicted A) oil recovery and B) pressure drop during 

tertiary LSWF for the EXP.9-LS experiment using the proposed method (Tetteh and Barati, 2018). 

6.5.2 Prediction of Secondary LSWF Performance 

LSWF caused the wettability of the sample to change from mixed-wet to less water-wet. 

The following example demonstrates how LSWF can reduce Sorw:  

In a tertiary mode flooding experiment, the rock is first flooded with formation water, then 

with low-salinity water. After that, the residual oil saturation was estimated using the initial 

wettability of the sample. When low-salinity water was injected, and the wettability changed 

to a more water-wet state, residual oil saturation could only reduce or remain constant since 

the oil trapped in the pores of wet rock had already been produced.  

Secondary LSWF affected the portion of the rock that came into contact with low-salinity 

water, causing it to become more water-wet, which could only occur when the water had 

displaced the moveable oil from that portion of the rock. Invading pores with low-salinity 

water first displaced mobile oil from the invaded pores, and then a portion of the trapped oil 

was mobilised as a result of the wettability alteration. Thus, this may explain why the LSWF 

effect is more commonly observed in the secondary mode than in tertiary mode tests and why 

a greater decrease in residual oil saturation is observed in secondary injection experiments 

than in tertiary mode experiments. 

Prediction of secondary LSWF experiment-EXP.10-LS 

It should be noted that the high salinity relative permeability curve obtained by history 

matching the EXP.1-HS was used to predict this experiment. However, the incremental oil 

recovery by the secondary LSWF injection was higher than the secondary HSWF by 
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approximately 11.5 %. Figure 6-31 illustrates the change in relative permeability curves 

following the application of the suggested approach. Using this data, it was possible to 

observe the alterations in relative permeability curves induced by LSWF . 

Aside from increases in the kro-LS and decreases in the krw-LS, the residual oil saturation 

decreased from 0.40 to 0.32 due to the wettability alteration. In the secondary modes, the 

Sorw reduction was four times lower than in the tertiary modes. The Sorw was established 

via secondary HSWF before conducting the tertiary displacement, which occurred in areas 

with low oil mobility and high water mobility. Figure 6-32 compares the predicted relative 

permeability curves under tertiary and secondary LSWF. There was a further shift in the 

relative permeability from the tertiary to the secondary modes. This is because incremental 

oil recovery under the secondary mode was larger than under the tertiary mode, causing a 

further movement towards a more water-wet state. A comparison of the predicted oil 

recovery and pressure drop of secondary LSWF to the experimental data are shown in Figure 

6-33. The predicted oil recovery agreed with the experimental data while the proposed 

method incorrectly predicted the pressure drop, particularly during the bumping floods. The 

difference in bumping floods employed in this experiment compared to the secondary HSWF 

may have caused this result. 

Prediction of secondary LSWF experiment-EXP.11-LS 

Notably, the high salinity relative permeability curve acquired by history matching the 

EXP.1-HS was employed to predict the outcomes of this experiment. The incremental oil 

recovery by secondary LSWF was approximately 8% higher than that by secondary HSWF. 

Figure 6-34 demonstrates the shift in the relative permeability function from high to low 

salinity caused by the wettability alteration implemented using the proposed method. The 

high salinity relative permeability curve changed towards more water-wet conditions in 

which the residual oil saturation approached 0.13. Figure 6-35 compares the predicted 

relative permeability curves under tertiary and secondary LSWF. Following the intersection 

point, the separation between the tertiary and secondary curves became more obvious. Figure 

6-36 compares the predicted oil recovery and pressure drop of secondary LSWF to the actual 

experimental data. The results indicate that the proposed method predicted the oil recovery 

and pressure drop correctly and agreed with the experimental data.  
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Figure 6-31: A comparison between high and low salinity relative permeability for secondary LSWF 

extracted from history matching and the proposed method, respectively. 

 
Figure 6-32: A comparison between tertiary and secondary low salinity relative permeability functions in a 

semi-log scale, extracted from the proposed method. 



 

157 

 

Figure 6-33: A comparison of experimental and predicted oil recovery and pressure drop during secondary 

LSWF for the EXP.10-LS experiment using the proposed method. 

 

Figure 6-34: A comparison between high and low salinity relative permeability for secondary LSWF 

extracted from history matching and the proposed method, respectively. 
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Figure 6-35: A comparison between tertiary and secondary low salinity relative permeability functions in a 

semi-log scale, extracted from the proposed method. 

 

Figure 6-36: A comparison of experimental and predicted oil recovery and pressure drop during secondary 

LSWF for the EXP.11-LS experiment using the proposed method. 
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6.6 Comparison of suggested method and numerical simulation model.  

As mentioned in Chapter 2, STAR-CMG has two models to simulate the performance of 

LSWF. The wettability alteration based on the salinity threshold model was used to adapt the 

suggested method. On the other hand, the salinity threshold model was employed to history 

match the low salinity core flood tests, the results of which were compared to the suggested 

technique. In this section, two experiments are provided for the sake of simplicity. The results 

of the suggested method and the history match of EXP.6-LS using the salinity threshold 

model are shown in Figure 6-37. When it comes to oil recovery, the model displays a good fit 

with the actual data; nonetheless, the discrepancy between the suggested method and the 

model was minimal in this case. On the other hand, the salinity threshold model 

overestimated the pressure drop, notably in the region with bumping floods, where the 

suggested method, in this case, provides a better fit to experimental data. The results of the 

suggested method are shown in comparison to the salinity threshold model for the EXP.7-LS 

in Figure 6-38. In the figure, it can be demonstrated that the suggested method and model have 

a perfect match with the actual data on oil recovery. As for pressure drop, both the suggested 

method and model conform to matching the experimental data where the bumping floods 

were overestimated. Based on these findings, it appears that both models were capable of 

simulating the performance of LSWF, although to some differences. However, the suggested 

method provides quick prediction with minimal laboratory work and without turning the 

parameters for modelling LSWF.  
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Figure 6-37: A comparison of Suggested method and salinity threshold model in terms of oil recovery and 

pressure drop during tertiary LSWF for the EXP.6-LS experiment.  

 

 

Figure 6-38: A comparison of Suggested method and salinity threshold model in terms of oil recovery and 

pressure drop during tertiary LSWF for the EXP.7-LS experiment. 
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6.7  Conclusion  

The semi-empirical model for LSWF modelling has been employed and validated against 

coreflood experiments. Moreover, eleven core flood experiments in tertiary and secondary 

LSWF injection were analysed to determine the applicability of the proposed approach for 

prediction. By comparing the prediction results with the core flood data, it can be determined 

that the suggested method can accurately reproduce the oil recovery and pressure drop of the 

experimental results. Furthermore, the accuracy of data matching is high, especially in 

predicting the tertiary LSWF.  

The following are the main conclusions that have been drawn from this chapter: 

• The findings support the proposed methodology’s ability to determine the injection 

performance of LSWF in both tertiary and secondary core flood displacement 

modes and are not limited to available experimental data from HWU but also 

applicable to the literature’s experimental data. 

• Although the suggested approach did not match the pressure drop data obtained 

from the EXP.10-LS experiment, the overall prediction was acceptable. 

• The suggested methodology based on incremental oil recovery by LSWF allows for 

a quick evaluation of LSWF performance, which is extremely useful for the oil and 

gas business decision-making process. 
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Chapter 7: Quantification of suggested method impact on the relative 

permeability functions: Sensitivity studies 

Sensitivity analysis is an appropriate method to develop an essential role in simulation 

modelling. Reservoir simulation modelling is commonly employed to plan reservoir field 

scale and evaluate oil production’s current uncertainty. Different characteristics impact the 

quality of the reservoir simulation prediction, including geological and reservoir engineering 

parameters such as relative permeability curve. In the reservoir simulation model, relative 

permeability plays a significant role in predicting the flooding method’s performance. In 

some cases, the relative permeability is obtained using inadequate existing data, which affects 

the prediction of the oil recovery performance. While all coreflood experiments performed 

for this thesis were sufficient for extracting the relative permeability, the classification of 

effective parameters and the reduction of uncertainty for these parameters are critical 

variables in improving predictions. As a result, the most significant variables involved in the 

development of the suggested method will be examined to determine the impact of each 

variable on the prediction of the suggested method. 

Predicting low-salinity relative permeability functions and LSWF injection performance 

are the primary aims of the method proposed in this thesis. In this chapter, a sensitivity 

analysis of the suggested method will be presented with particular emphasis on the 

classification of effective parameters and applying the method using comprehensive analysis, 

including relative permeability parameters and Sobol and Morris sensitivity analyses. In each 

case, the suggested method’s response to the relationship between the micro-dispersion and 

additional oil recovery has been evaluated by performing more than 30 simulation runs with 

different combinations of chosen parameters. Using the micro-dispersion amount ranging 

from 1 to 30, it was possible to analyse the effect of the suggested method on oil recovery 

and differential pressure. As a consequence of the findings, the method was found to be 

capable of adapting to all micro-dispersion values in which the response was consistent with 

the relationship between micro-dispersion and increased oil recovery. 

Moreover, Sobol and Morris’ sensitivity analysis is employed to evaluate the significance 

of each relative permeability parameter in the quality of the prediction. This part of the 

sensitivity study concludes that residual oil saturation and oil exponent are essential in 
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determining a good history matching quality and performance prediction. Furthermore, this 

study successfully demonstrated that the suggested method was developed based on the more 

effective parameters within the relative permeability function and indicated the ability to 

predict low salinity waterflooding performance. Performing a sensitivity analysis is critical 

for evaluating the proposed technique since it considers all possible scenarios that would 

otherwise go unconsidered when validating the method based on the experimental data. 

7.1  Introduction  

In the simplest definition, sensitivity analysis relates the output to its input and how these 

influence the overall results to actual data. The system is programmed using computer 

software to simulate actual data in the most general mathematical or empirical models. For 

instance, the statistical model is a mathematical model that directly maps inputs to outputs 

(Engelbrecht et al., 1995; Rodríguez et al., 2010). The other mathematical model is a process-

based model governed by a set of differential equations intended to understand the model 

behaviour and assist the influential parameters (Haghnegahdar et al., 2017). On the other 

hand, an empirical model is a common approach employed to develop a direct relationship 

between input and output data, specifically when it is difficult to derive an equivalent 

mathematical model (Cugnet et al., 2009). The empirical model links the experimental data 

through a correlation using regression analysis or curve fitting, which reveals all 

experimental data mathematically. Moreover, the empirical model has become a valuable 

alternative to mathematical models when a mathematical model is too complex to predict a 

system’s behaviour.  

The sensitivity analysis addresses several fundamental uncertainties within reservoir 

simulation modelling to identify the most influential parameters. It can be performed 

manually in a numerical simulation model by creating several runs in which specific 

parameters are tuned while others remain unchanged. On the other hand, CMG’s CMOST 

tool provides an automated process to conduct sensitivity analysis by simulating the 

parameters based on user input. CMOST integrates experimental design procedures to attain 

as much information in an optimum quantity of runs, improving accuracy while minimising 

time. Various analysis methods are available in CMOST, including the Sobol and Morris 

analyses.  
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The Sobol method is a variance-based sensitivity analysis used to quantify the importance 

of input parameters (Sobol, 1993). Sensitivity in the Sobol method is based on three orders 

of index: first-order, higher-order and total order. In the first order, the main effect is the 

contribution of each input parameter to the output variance in which the result is used to 

determine the importance of the parameters. The higher-order index represents the interaction 

of the input parameters with other parameters to determine the relative importance of factors 

to one another. At the same time, the total-order effect consists of the sum of the first- and 

higher-order indices. The appeal of this type of analysis is that the sensitivity measures are 

performed across the entire input factors, and they can measure the influence of the 

interactions within the input parameters.  

The Morris method is another sensitivity analysis methodology available in the CMOST 

tool. As with other sensitivity analysis methods, the methodology proposed by Morris screens 

sensitivity analysis to indicate the relative importance parameters in the models among all 

input parameters (Morris, 1991). This method aims to identify the influence of the input 

parameter on the outputs, in which the measurement is based on two common analyses, 

including mean and standard deviation. These two measures are analysed to categorise the 

input factors in terms of importance (Campolongo et al., 2007). As a rule of thumb, a high 

mean analysis shows a component with a significant overall effect on the output, while the 

standard deviation reveals if either of the components is interacting with other components.  

The method suggested in this thesis, a semi-empirical model, benefits from the physics of 

the micro-dispersion mechanism and requires fluid-fluid tests to simulate the impact of 

LSWF injection. Additionally, incorporating the results of fluid-fluid experiments with the 

equations for predicting residual oil saturation resulted in an equation that captures the effect 

of wettability alteration on the saturation range. Consequently, relative permeability curves 

and residual oil saturation can be adjusted according to the measured micro-dispersion–

additional oil recovery curve based on the micro-dispersion mechanism. Despite validating 

the suggested method against tertiary and secondary coreflood experiments, sensitivity 

analysis was performed to ensure the response in different scenarios. Using various micro-

dispersion values helps to avoid numerical issues in the suggested method. Several 

significant relative permeability characteristics were considered in the research, including 
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residual oil saturation, endpoint relative permeability to oil and relative permeability 

exponents. 

It should be noted that the proposed approach used the krHS as an input to estimate krLS. 

Hence, the Sobol and Morris sensitivity analysis methods were employed as indicators to 

identify the most critical input parameter in simulating the high-salinity waterflood. The 

purpose of implementing these two approaches was to determine the most influential 

variables affecting the quality of history matching, as these factors impact the prediction of 

the proposed methodology. Another objective was to confirm that the technique’s 

development was based on the most influential factors in which prediction uncertainty is kept 

minimum. The results demonstrate that the proposed approach can respond to a wide range 

of micro-dispersion levels. 

This study examines the response of the proposed method to a variety of micro-dispersion 

values that were not examined during the prediction of the experimental data to avoid any 

potential numerical errors with the equation during the prediction process. 

7.2  Methodology  

The suggested method was used to predict the low-salinity relative permeability and then 

validated with 12 coreflood experiments, including unsteady-state and steady-state tertiary 

and secondary LSWF injection. However, sensitivity analysis was necessary to ensure the 

method’s reliability when using different additional oil recovery values beyond the oil 

recovery obtained by laboratory work. Thus, the first stage of the sensitivity analysis was 

conducted using the correlation between micro-dispersion and increased oil recovery. The 

data obtained indicate that micro-dispersion is associated with an increase in oil recovery of 

between 3% and 6%, which corresponds to a micro-dispersion amount of 4 and 23, 

respectively. More data has been derived from the relationship between micro-dispersion and 

additional oil recovery, in which the suggested method is tested on more data points of micro-

dispersion.  For example, the micro-dispersion range is estimated to be between 1 and 30, 

corresponding to an additional 0.20% and 12% oil recovery, respectively. Table 7-1 shows the 

assumption of micro-dispersion values against the incremental oil recovery used to perform 

the sensitivity analysis. 
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Table 7-1: The amount of micro-dispersion used to evaluate the response of the suggested method. 

 

As a part of testing the response of the suggested method, the data in the above table is 

used to employ the sensitivity analysis. In this case, additional oil recovery from 0.20 to 12 

in the above table is used in Eq. 4-2 and then estimate krLS for each incremental oil recovery. 

The sensitivity analysis is tested the response of the suggested method to the different 

exponent to oil, low endpoint relative permeability to oil and water relative permeability 

curve. Then, the output of the suggested method was used as input parameters in the STAR 

simulator to evaluate the response on the oil recovery and differential pressure.   

The second part of the sensitivity analysis was carried out using the Sobol and Morris 

methods. These two methods are available in CMG-COMST, which can provide helpful 

information of the influence parameters in history matching the coreflood experiment.  

Although these two methods were used to analyse the relative permeability parameters of 

high-salinity waterflooding, the results helped understand the most critical parameters 

involved in history matching. This is directly reflected in the suggested method, which 

prioritised the influential parameters in its development.  

7.3  Sensitivity analysis of the suggested method  

The first section of the sensitivity analysis ensures that the suggested technique is free of 

any numerical problems by incorporating the data in Table 7-1.  

7.3.1 Residual oil saturation   

As mentioned in Chapter 4, the high-salinity residual oil saturation  𝑆𝑜𝑟𝑤
𝐻𝑆  is determined by 

history matching the secondary high-salinity waterflood. The primary assumption in this 

MD RF MD RF MD RF

1 0.20 11 3.70 21 7.50

2 0.55 12 4.05 22 8.00

3 0.90 13 4.40 23 8.50

4 1.25 14 4.75 24 9.00

5 1.60 15 5.10 25 9.50

6 1.95 16 5.45 26 10.00

7 2.30 17 5.80 27 10.50

8 2.65 18 6.15 28 11.00

9 3.00 19 6.50 29 11.50

10 3.35 20 7.00 30 12.00
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example is that the residual oil saturation is 0.40 at the end of the secondary high-salinity 

waterflood injection, while the coreflood is performed at initial water saturation 𝑆𝑤𝑖
𝐻𝑆 of 0.12. 

To predict the true residual oil saturation of LSWF injection, a new factor is defined based 

on the experimental observation of additional oil recovery at the end of the injection period, 

defined as “𝛼.”   

𝛼 = [1 − (1 − 𝑆𝑤𝑖
𝐻𝑆)  ×

𝑂𝑂𝐼𝑃 

100
]2 

Eq. 7-1 

It is known from Chapter 2 that there is a correlation between micro-dispersion and 

incremental oil recovery. For this reason, the analysis begins by looking at how well Eq. 7-2 

responds to the association between various micro-dispersion values and increased oil 

recovery. Figure 7-1 illustrates the response of factor 𝛼 to the different micro-dispersion 

values. According to the figure, as the micro-dispersion amount increases, factor 𝛼 decreases. 

This means that the factor 𝛼 decreases with an increase in additional oil recovery. The result 

is consistent with the correlation between the micro-dispersion and the oil recovery of LSWF 

injection.  

Next, the low-salinity residual oil saturation 𝑆𝑜𝑟𝑤
𝐿𝑆  is expected to decrease during the 

LSWF experiment and is obtained by using the reduction factor 𝛼 in the following equation 

to estimate the reduction of residual oil saturation: 

𝑆𝑜𝑟𝑤
𝐿𝑆 = α ×  𝑆𝑜𝑟𝑤

𝐻𝑆  Eq. 7-3 

The assumed 𝑆𝑜𝑟𝑤
𝐻𝑆  is multiplied with all obtained factor 𝛼 results. Figure 7-2 shows the 

response of low-salinity residual oil saturation with additional oil recovery. According to the 

figure, the increase in oil recovery affects the residual oil saturation during LSWF injection. 

As can be seen, the reduction in residual oil saturation continues with the increase in oil 

recovery. For instance, additional oil recovery at a micro-dispersion of 9 is 3% (𝑂𝑂𝐼𝑃), in 

which the residual oil saturation is 0.38. On the other hand, when the micro-dispersion 

increased by twenty magnitudes, the additional oil recovery reached 11.5% (𝑂𝑂𝐼𝑃), in which 

the residual oil saturation was reduced to 0.32. The result confirms that the equation has no 

mathematical error because it follows the relationship between the oil recovery and the 

reduction in residual oil saturation.  
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Figure 7-1: The reduction of factor 𝛼 against the increase in the micro-dispersion amount. 

 

 
Figure 7-2: The reduction in low-salinity residual oil saturation at different additional oil recovery (OOIP%). 
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7.3.2 Oil relative permeability curvature  

The suggested method was examined for its response to the curvature or shape of the oil 

relative permeability using low and high oil exponent. Thus, two oil exponents (No) were 

employed to perform the sensitivity study on the shape factor. For simplicity, the Corey 

model was utilised to analyse the effect of the exponent to oil on the suggested method. When 

the Corey model is used to estimate the oil-water relative permeability, two types of 

parameters, Corey’s exponents and endpoints must be considered. In general, the wettability 

of the rock controls the curvature of the relative permeability curve (Morrow, Cram and 

McCaffery, 1973; Masalmeh, 2002; Bennion and Bachu, 2007) and fluid-fluid interaction in 

terms of IFT (Faerstein et al., 2011). The exponents play a significant role in influencing the 

characteristics of the relative permeability curve. According to the review of Corey 

exponents, the range of exponent to oil phase (No) for water to the oil-wet system ranged 

from 1.3 to 5. Table 7-2 shows the variation of Corey exponents for various wettability 

systems.  

Table 7-2: Corey exponent values for different wettability systems. 

 
The first oil exponent was selected based on data from the literature to represent the value 

of the mix-wet system and not exceed the Corey exponent to the oil phase of 5. In this study, 

the oil exponent (No) of the high-salinity relative permeability curve was chosen as (No=4) 

to evaluate the response of the suggested method to the high oil exponent. The sensitivity 

analysis began with micro-dispersion values 1–10, 11–20 and 21–30. In micro-dispersion 1–

10, the shift of the predicted oil relative permeability curve at micro-dispersion of 1 was 

notable; however, the range of change in oil relative permeability curve at micro-dispersion 

2–10 was minor. Figure 7-3 shows the response of the suggested method to oil exponent 

(No=4) at micro-dispersion 1–10.  

The following verification tested the response of the suggested method to micro-

dispersion 11–20. Figure 7-4 shows the response of the suggested method to micro-

dispersion 11–20. As shown in the figure, the response of the suggested method was 

Nw No Nw No Nw No

Morrow et al. (1973) 3.0 1.3 1.8 1.7 1.4 3.3

Masalmeh (2002) 4.5 2.5 3.5 3.5 3.0 5.0

Faerstein et al. (2011) 4.0 3.0 3.0 4.0 2.5 5.0

Mix-wet Oil-wet
Authors

Water-wet
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consistent with the change of the micro-dispersion value as the micro-dispersion increased; 

the oil relative permeability shifted to be more water-wet.  

The validation of the suggested method to high oil exponent was continued with higher 

micro-dispersion values. For the micro-dispersion, 21–30, the separation between high-

salinity oil relative permeability (kroHS) and the predicted oil relative permeability increased 

compared to the split at micro-dispersion 1–10, as shown in Figure 7-5. The predicted oil 

relative permeability curves changed as the micro-dispersion (residual oil saturation) was 

altered.  

After verifying the suggested method to high Corey’s exponent to oil, low Corey’s 

exponent to oil was used to validate the suggested method further. In this part of the 

investigation, the oil exponent value was chosen according to literature data where the range 

of low Corey’s exponent to oil is from 1.3 to 3.3. Thus, Corey’s exponent to oil (No) was set 

as 1.7 to conduct the sensitivity analysis for the low oil exponent. As in the previous 

sensitivity analysis, the study began with micro-dispersion values 1–10. The suggested 

method captured the gradual increase in micro-dispersion values at low Corey’s exponent to 

oil, as shown in Figure 7-6. As in the previous investigation at the high oil exponent, the first 

shift of the curve at the micro-dispersion value of 1 effectively compares with the high-

salinity relative oil relative permeability. Then, the shifting in the curve systematically 

increased following the increase in the amount of micro-dispersion. The second verification 

was on the intermediate values of micro-dispersion. The suggested method thus demonstrated 

its ability to capture the change in micro-dispersion with no issue in predicting for low No. 

Figure 7-7 displays the response of the suggested method to low Corey’s exponent value at 

intermediate micro-dispersion. The following validation of the suggested method was 

performed with the micro-dispersion value of 21–30. Figure 7-8 illustrates the response of 

the suggested method at a high micro-dispersion value. According to the figure, the oil 

relative permeability curve at a steeper exponent continued to shift towards the more water-

wet condition, in line with the fluid-fluid interaction test. It is worth mentioning that the 

equation of the oil relative permeability does not function independently but is integrated 

with other equations, including the residual oil saturation and water saturation expiation.  

The suggested method successfully handled the variation range of micro-dispersion values 

and proved its ability to capture change in micro-dispersion values whether the Corey 
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exponent to oil is high or low. The change in the shape factor of predicted oil relative 

permeability functioned consistently with the expansion of the water saturation profile with 

no numerical issues.   

  

Figure 7-3: The response of suggested method to No of 4 at micro-dispersion 1–10. 

 

  

Figure 7-4: The response of the suggested method to No of 4 at micro-dispersion 11–20. 
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Figure 7-5: The response of suggested method to No of 4 at micro-dispersion 21–30. 

  

Figure 7-6: The response of suggested method to No of 1.7 at micro-dispersion 1–10. 

  

Figure 7-7: The response of suggested method to No of 1.7 at micro-dispersion 11–20. 
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Figure 7-8: The response of suggested method to No of 1.7 at micro-dispersion 21–30. 

7.3.3 A low endpoint relative permeability to oil  

Once the suggested method successfully predicted the relative permeability to oil using 

high or low oil exponents at various values of micro-dispersion, it was validated using the 

low endpoint of oil relative permeability. We intended to verify the suggested method using 

a low oil relative permeability endpoint because the values of oil relative permeability 

endpoints in all coreflood experiments conducted to verify the method were higher than 0.4. 

As stated earlier, the endpoint values of relative permeability to oil were measured during 

the ageing stage of the core sample. In all our coreflood experiments, the measured endpoints 

were in the range of 0.8 to 0.6.  (Masalmeh, 2002) conducted a study to assess the effect of 

wettability on various parameters, including relative permeability endpoints. The study 

reported a very low oil endpoint, about 0.2 in a highly oil-wet system, while the water 

endpoint was very high. This is the only core with such a characteristic as per their 

explanation. Other published data reported a history match of a coreflood experiment using 

a low oil endpoint (0.26) and a high water endpoint (0.8) (Al-Shalabi et al., 2013). Reviewing 

data in the literature, we found that it is not a standard characteristic of a carbonate core in 

either oil-wet or mixed-wet states to have a very low oil endpoint; however, the equation for 

predicting low-salinity relative permeability was tested using a very low endpoint value.  

In typical low-salinity oil relative permeability, the endpoint should go unchanged and be 

the same as the high-salinity oil relative permeability value. In this part of the study, we 

aimed to ensure the response of the suggested method to a very low value of oil relative 
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permeability endpoint at various micro-dispersion amounts. The exact process used in the 

previous section for the sensitivity analysis was repeated in this part of the analysis. In this 

example, all oil relative permeability parameters remained unchanged except the endpoint. 

Verifying the suggested method began by testing the method at micro-dispersion values 1–

10, where the endpoint relative permeability to oil was assumed to be 0.2. As shown in the 

previous section, the oil relative permeability shifts with the increase in micro-dispersion 

amount. 

Moreover, the very low oil endpoint did not scatter the calculation process of the equation. 

Figure 7-9 shows the predicted oil relative permeability using a very low oil endpoint. Next, 

micro-dispersion values 11–20 were used to evaluate the suggested method further. The 

results show that the method successfully captured the rate of change in the micro-dispersion 

amount. Figure 7-10 shows the response of the suggested method to the low endpoint value 

at a micro-dispersion range of 11 to 20. Finally, a high formation amount of micro-dispersion 

was used to analyse the response of the oil equation, as shown in Figure 7-11. The result 

demonstrates that the shifting in oil relative permeability using micro-dispersion values 21–

30 is not affected by changing the oil endpoints. This confirms the correspondence between 

the systematic change of oil relative permeability and the reduction in residual oil saturation 

and expansion in water saturation. The suggested method can predict the oil relative 

permeability curves at a very low endpoint of oil relative permeability.  

  

Figure 7-9: The response of the suggested method to very low oil endpoint at micro-dispersion 1–10. 
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Figure 7-10: The response of the suggested method to very low oil endpoint at micro-dispersion 11–20. 

  

Figure 7-11: The response of the suggested method to very low oil endpoint at micro-dispersion 21–30. 

7.3.4 Water relative permeability  

The sensitivity study examined the response of the suggested method to the relative water 

permeability by verifying the technique on a range of micro-dispersion values from 1 to 30. 

As mentioned earlier, the water relative permeability curve can be predicted by using the 

following equation:  

𝑘𝑟𝑤
𝐿𝑆 (𝑆𝑤

𝑡𝑟𝑎𝑛𝑠) = 𝑘𝑟𝑤
𝐻𝑆(𝑆𝑤) Eq. 7-4 

As apparent in the equation, the high-salinity water relative permeability function with an 

expansion of the water saturation profile is used to estimate the low-salinity water relative 

permeability. The sensitivity study analysis was limited to evaluating the suggested method’s 
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response at different micro-dispersion values. Corey’s or LET’s exponent to water was not 

analysed because the proposed equation for predicting low-salinity water relative 

permeability (𝑘𝑟𝑤
𝐿𝑆 ) takes the exact values of high-salinity water relative permeability (𝑘𝑟𝑤

𝐻𝑆). 

In this study, the endpoint of high-salinity water relative permeability was assumed to be 

0.4. The first verification of the water equation was performed using the micro-dispersion 

values 1–10. The results show that the shape of (𝑘𝑟𝑤
𝐿𝑆 ) is identical to the shape of (𝑘𝑟𝑤

𝐻𝑆) in 

which the shifting in the water relative permeability curve increases with an increase in the 

micro-dispersion values. This means that the exponent of high salinity water is the same as 

the exponent of low salinity. Moreover, the equation confirms that it mainly relies on 

expanding the water saturation profile. Figure 7-12 shows the response of the water equation 

to the micro-dispersion values 1–10. The second validation was executed by testing the 

suggested method with the intermediate micro-dispersion values. As expected, the suggested 

method captured the increase in oil recovery by following the rate of change in micro-

dispersion amounts, as shown in Figure 7-13. The equation was also evaluated using high 

micro-dispersion values. Figure 7-14 presents the predicted water relative permeability 

response to micro-dispersion values 21–30. In this part of the investigation, the high-salinity 

water relative permeability curve decreased as the micro-dispersion increased, confirming 

the expected shift of water relative permeability from high salinity to low salinity. However, 

the relative permeability endpoint was predicted to be the same as the endpoint relative 

permeability of high-salinity flooding. It can be observed that the split between the high-

salinity curve and the predicted curve of low salinity increased in conjunction with the micro-

dispersion. For micro-dispersion values 1–30, the equation predicted that the water relative 

permeability function corresponded to additional oil recovery. 
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Figure 7-12: The response of the suggested method to water relative permeability at micro-dispersion 1–10. 

  

Figure 7-13: The response of the suggested method to water relative permeability at micro-dispersion 11–20. 

  
Figure 7-14: The response of the suggested method to water relative permeability at micro-dispersion 21–30. 

7.4  The response of the suggested method to oil recovery and differential pressure 

After confirming the response of the suggested method to Corey’s exponent to oil 

(high/low shape factor), high/low oil relative permeability endpoint and expansion of the 
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saturation profile, the response of the method was verified in terms of oil recovery and 

differential pressure. The verification was performed using micro-dispersion values 1–30, as 

shown in Table 7-1 

Figure 7-3, Figure 7-4, Figure 7-5, Figure 7-12, Figure 7-13 and Figure 7-14 show the 

relative permeability curves used to perform the sensitivity study in this section. In this study, 

the displacement process was initiated by injecting high-salinity water as secondary mode, 

after which the simulator resumed to inject low-salinity water as secondary mode. 

7.4.1 Oil recovery 

The secondary high-salinity waterflood resulted in an oil recovery of around 46%. 

Following the high-salinity injection, low-salinity brine was injected, and ten simulations run 

were employed to account for the different micro-dispersion amounts. Figure 7-15 illustrates 

the response of the suggested method in oil recovery at the micro-dispersion range 1–10. As 

can be seen, the oil recovery gradually increased with the micro-dispersion value. According 

to Table 7-1, the oil recovery was about 3% at a micro-dispersion of 10. The same result was 

obtained using the suggested method in which the oil recovery was about 49%, confirming 

that the increase in oil production corresponds to the amount of micro-dispersion. 

As in the previous investigation, micro-dispersions 11–20 were employed to verify the 

response of the suggested method to oil recovery at intermediate micro-dispersion amounts. 

Since relative permeability functions are one of the main parameters that control the recovery 

factor of the coreflood, the suggested method was expected to predict the LSWF performance 

correctly. There was a further increase in the oil recovery factor at micro-dispersions 11–20 

with an incremental oil recovery of 3.7–7. Figure 7-16 shows the response of the suggested 

method to oil recovery at intermediate micro-dispersion values.  According to the figure, oil 

recovery continued to rise with the increase in the micro-dispersion value, taking into account 

that the difference widens with the oil recovery factor of the high-salinity waterflood. The 

oil recovery was about 53% at a micro-dispersion value of 20, showing a rise of 7% compared 

to the high-salinity waterflood. The suggested method had already been validated against 

coreflood experimental data to this incremental oil recovery.  

Hence, further investigation was performed by testing the method using very high micro-

dispersions with a maximum oil recovery of 12%. Figure 7-17 shows the response of the 

suggested method to oil recovery at micro-dispersions 21–30. At this stage, oil production 
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reached the maximum, in which the oil recovery was about 58%. This means that the shifting 

in relative permeability functions towards more water-wet conditions was achieved with an 

additional reduction in residual oil saturation compared to the previous stage. The suggested 

method enabled the change in the micro-dispersion amount from 1 to 30 to increase the oil 

recovery factor.  

  

Figure 7-15: The response of the suggested method to oil recovery at micro-dispersion 1–10. 

  

Figure 7-16: The response of the suggested method to oil recovery at micro-dispersion 20–21. 
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Figure 7-17: The response of the suggested method to oil recovery at micro-dispersion 21–30. 

7.4.2 Differential pressure  

It is necessary to history match the production data (oil recovery and water production) 

and the differential pressure to obtain a reliable relative permeability curve. Therefore, the 

suggested method was developed to predict the oil recovery and pressure drop.  This study 

validated the suggested method against different micro-dispersion values following the same 

process employed in the previous section. The sensitivity analysis began by verifying the 

suggested method against the micro-dispersion values 1–10. Figure 7-18 illustrates the 

response of the suggested method to pressure drop at low micro-dispersion values. As seen 

in the figure, the reduction in the differential pressure under LSWF injection is evident 

compared to HSWF injection. By introducing low salinity into the system, the differential 

pressure was reduced by nearly one magnitude unit. The pressure drop was reduced due to 

salinity modification, which led to a reduction in the viscosity of the injected brine. In this 

example, the viscosity of low-salinity brine was lowered by half compared to high-salinity 

brine. 

Moreover, the water relative permeability decrease affected the pressure drop across the 

core sample. The following step examined the response of the suggested method using micro-

dispersion values 11–20. The differential pressure decreased when the amount of micro-

dispersion was increased. However, the change in the differential pressure was minimal 

compared to micro-dispersions 1–10, as shown in Figure 7-19. 
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Additionally, when comparing the result to the pressure drop of high salinity, the 

difference is almost the same even with the increase in the micro-dispersion amount. The 

verification was continued by increasing the micro-dispersion value range to 30, in which the 

additional oil recovery increased by 12% more than the HSWF injection. The decrease in 

differential pressure continued with the micro-dispersion increased to 30, with only a 0.025% 

difference compared to the differential pressure at high-salinity waterflood. Figure 7-20 shows 

the response of the suggested method to differential pressure at the micro-dispersion values 

21–30. The suggested method can thus predict the differential pressure at various micro-

dispersion values with the reliable trend of the pressure drop. 

  

Figure 7-18: The response of the suggested method to pressure drop at micro-dispersion 1–10. 

 
 

Figure 7-19: The response of the suggested method to pressure drop at micro-dispersion 11–20. 
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Figure 7-20: The response of the suggested method to pressure drop at micro-dispersion 21–30. 

7.5  Sobol sensitivity method 

The Sobol method was employed to define how the input parameters influence the output. 

For instance, each input factor X contributes to the unconditional variance of output Y, in 

which the Sobol method classifies the variance of the model output into fractions that can be 

attributed to inputs. For example, in a given model M with two input factors, X and D, and 

one variance output Y, 70% of the output may be caused by the input factor X, 20% by the 

input factor D and 10% by the interaction between the variance X and D. These percentages 

are directly evaluated by the importance of the input variance and used to measure the 

sensitivity of each factor. The Sobol method was used to quantify the most influential 

parameters of the relative permeability curve in history, matching the secondary high-salinity 

coreflood experiments. Since the suggested method mainly focuses on the oil relative 

permeability, oil exponent and residual oil saturation, the Sobol analysis was needed to 

confirm that the suggested method had fundamentally considered the influential parameters. 

In particular, we needed to discover how each of our history matching factors influences the 

oil recovery and pressure drop. This means that the most influential parameters should be 

predicted carefully when using the suggested method. 

Less effective parameters would not have a significant effect on the results. In this 

particular case, the sensitivity analysis was performed on relative permeability parameters, 

including exponent to oil and water, residual oil saturation and endpoint to water, while the 

endpoint to oil was measured in the lab. These parameters were automatically tuned using 
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the CMG-CMOST optimiser to acquire an applicable history match for the coreflood 

experiments. As mentioned in Chapter 5, Corey’s and LET’s models have been used to 

history match nine coreflood experiments under the secondary HSWF injection. For the sake 

of simplicity, one example for each method is shown from two different experiments (EXP.1-

HS and EXP.3-HS).  

Figure 7-21 shows the influential parameters of the LET model in history matching the 

oil recovery of EXP.1-HS. The results clearly show that residual oil saturation (Sorw) has 

the greatest effect of all the parameters. It is the most influential parameter in history 

matching the oil recovery as the impact of the Sorw factor reached 95%, followed by relative 

permeability exponents to oil. Regarding pressure drop, endpoint relative permeability to 

water and its exponents contributes more than relative permeability to oil in history matching 

the pressure drop of the EXP.1-HS, as shown in Figure 7-22. Meanwhile, residual oil 

saturation and relative permeability exponents' impact in obtaining an appropriate match for 

differential pressure was almost 19%. Figure 7-23 shows the critical factors of the LET model 

in history matching the oil recovery and pressure drop of EXP.1-HS. Based on the results 

obtained for the total oil recovery and pressure drop, water relative permeability parameters, 

including endpoint and exponent, seem to have less sensitivity in matching EXP.1-HS . On 

the other hand, residual oil saturation impacted the matching by 60%. These results are 

consistent with those published by (Al Shalabi et al., 2014), who found that the oil relative 

permeability parameters are more influential in modelling the LSWF injection than the water 

relative permeability factors.  

EXP.3-HS experiment was simulated using Corey’s model through which an appropriate 

history match for oil recovery and differential pressure was obtained. Figure 7-24 shows the 

influential parameters in Corey’s model for history matching the oil recovery of EXP.3-HS. 

As seen in the figure, the oil exponent is the major contributing factor to match the oil 

recovery of the experiment. Based on the results, on average, 49% of the output (oil recovery 

factor) can be minimised if the oil exponent can be fixed. This is followed by residual oil 

saturation, contributing 33% of Corey’s parameters. 

At the same time, there are interaction effects on the two parameters. The results indicate 

a 10% interaction effect on oil exponent, while a 6% interaction affects residual oil saturation. 

On the other hand, water relative permeability parameters have less impact on modelling the 
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oil recovery with a total contribution, including primary and interaction effects, of only 12%. 

The Sobol analysis for pressure drop is shown in Figure 7-25. Like the oil recovery, the oil 

exponent has a significant impact on the result of history matching the differential pressure, 

with a contribution of 40% excluding the effect of the interactions. This is followed by 

residual oil saturation, water exponent and endpoint to water. These three parameters 

contributed equally to the history matching process. Based on the results, 6% interaction 

effects, on average, were distributed for each parameter. 

In particular, I aimed to identify the influential primary factors and the degree to which 

each factor impacts the overall history matching process. Figure 7-26 shows the Sobol 

analysis of Corey’s factors for modelling EXP.3-HS. The most sensitive parameters in 

modelling the experiment were the exponent to oil (No) and the residual oil saturation (Sorw). 

According to the results, 42% of history matching the experiment depends on the No, while 

34% goes to the Sorw. This means that the oil relative permeability parameters significantly 

impact the simulation of EXP.3-HS compared to water relative permeability parameters. 

They contribute 74% to obtaining an appropriate match, while the contribution of water 

relative permeability parameters was approximately 36%. Based on the Sobol analysis of 

these two experiments, the oil relative permeability parameters have greater control over oil 

recovery, while the water relative permeability parameters control the differential pressure 

through interaction with oil relative permeability. Overall, the oil relative permeability 

parameters are the leading contribution in matching the two experiments.  

 

Figure 7-21: Influential parameters of LET’s model by Sobol analysis for oil recovery of EXP.1-HS . 
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Figure 7-22: Influential parameters of LET’s model by Sobol analysis for pressure drop of EXP.1-HS . 

 

Figure 7-23: Influential parameters of LET’s model by Sobol analysis for oil recovery and pressure drop of 

EXP.1-HS . 
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Figure 7-24: Influential parameters of Corey’s model by Sobol analysis for oil recovery of EXP.3-HS. 

 

Figure 7-25: Influential parameters of Corey’s model by Sobol analysis for pressure drop of EXP.3-HS. 
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Figure 7-26: Influential parameters of Corey’s model by Sobol analysis for oil recovery and pressure drop of 

EXP.3-HS. 

7.6  Morris sensitivity method 

Like the Sobol method, the Morris analysis method is used to assess the impact of the 

input parameters on the output parameters. In our case, the LET and Corey models were used 

as an input factor to simulate the oil recovery and pressure drop as output. As mentioned 

earlier, the Morris method uses standard deviation to measure the interaction effects of the 

influential parameters, while the absolute mean measures the overall impact of the parameters 

on the output. Figure 7-27 shows an example of the Morris sensitivity analysis. Based on the 

graph, X1 is a less sensitive parameter on the output, X10 is an influential parameter with the 

most significant effect on the results, and X5 is an influential parameter with interaction 

effects with other parameters. In this example, we study unsteady-state coreflood 

experiments under secondary high-salinity waterflood (EXP.1-HS and EXP.3-HS). As with 

the previous analysis method, the Morris method is used to evaluate the sensitivity of an input 

parameter, confirming the Sobol method’s results.  

Figure 7-28 shows the Morris analysis results for oil recovery in EXP.1-HS . Based on the 

Morris method results, residual oil saturation (Sorw) plays a significant role compared to 

other parameters in modelling the oil recovery, consistent with the Sobol analysis. This 

means that the residual oil saturation is the most influential factor with a linear effect on the 
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matching process. On the other hand, water relative permeability parameters impact the 

pressure drop simulation, followed by oil exponent (Lod) and residual oil saturation, as 

shown in Figure 7-29.  According to the figure, the endpoint to water and water exponent 

(Twd) have a linear effect on history matching the differential pressure. In particular, the aim 

was to determine influential parameters of the LET model to provide a reliable relative 

permeability and history match the oil recovery and pressure drop together. Figure 7-30 

shows the Morris analysis results for oil recovery and pressure drop in EXP.1-HS . According 

to the Morris method, consistent with the Sobol method, residual oil saturation affects history 

matching the oil recovery and pressure drop of the coreflood EXP.1-HS ; hence, it is the most 

influential parameter in the modelling process. At the same time, oil exponent (Lod), water 

exponent (Twd) and endpoint relative permeability to water appear to be less impactful in 

the modelling process.  

Figure 7-31 shows the critical parameters of Corey’s model in simulating the oil recovery 

for EXP.3-HS. According to the Morris analysis, oil exponent No, with the highest absolute 

mean and standard deviation value, is the most crucial parameter, supported by residual oil 

saturation. Since these two parameters have the highest value in the X and Y axis, the 

influential parameters are non-linear (interaction effect on the output). The relatively low 

values obtained for oil recovery on the Morris chart were the water exponent (Nw) and 

endpoint relative permeability to water. This means that the Morris method supports the 

results of the Sobol method. The Morris analysis shows that oil exponent (No) is still the 

most influential parameter in the model regarding pressure drop, as shown in Figure 7-32. 

Meanwhile, the residual oil saturation (Sorw), water exponent and endpoint to water 

contributed uniformly to history, matching the differential pressure with a similar interaction 

effect. Figure 7-33 illustrates the influential parameters matching the oil recovery and 

pressure drop using the Morris analysis method. Based on the findings, the relatively high 

values obtained for absolute mean and standard deviation in the Morris plot for oil recovery 

and pressure drop suggest that interactions between parameters occur in the history matching 

process, and the factors have a roughly non-linear effect on the results. Oil relative 

permeability parameters play a more significant role in matching the oil recovery and 

differential pressure, particularly oil exponent and residual oil saturation. The analysis 

indicates that the water relative permeability parameters have less impact on matching the 
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oil production and pressure drop. However, differential pressure is more strongly affected by 

water relative permeability parameters. Overall, the Morris analysis results for oil production 

and pressure drop are consistent with the Sobol analysis results.  

 

 

Figure 7-27: The Morris chart sensitivity analysis with example of result analysis.(CMG), (Morris, 1991) 

    

 

Figure 7-28: Influential parameters of LET’s model by Morris analysis for oil recovery of EXP.1-HS . 
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Figure 7-29: Influential parameters of LET’s model by Morris analysis for pressure drop of EXP.1-HS . 

 

Figure 7-30: Influential parameters of LET’s model by Morris analysis for oil recovery and pressure drop of 

EXP.1-HS . 
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Figure 7-31: Influential parameters of Corey’s model by Morris analysis for oil recovery of EXP.3-HS. 

 

Figure 7-32: Influential parameters of Corey’s model by Morris analysis for pressure drop of EXP.3-HS. 
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Figure 7-33: Influential parameters of Corey’s model by Morris analysis for oil recovery and pressure drop 

of EXP.3-HS. 

7.7 Conclusion  

This chapter has focused on evaluating the suggested method by performing detailed 

sensitivity analysis and has discussed the most influential parameters in history matching the 

secondary HSWF. The key conclusions of this chapter are:  

• The suggested method has shown the ability to accommodate a range of micro-

dispersion values in which the results were consistent with the change in oil 

recovery.  

• Whether with high or low oil relative permeability exponents, the suggested method 

could maintain systematic change corresponding to the amount of micro-dispersion, 

and the results were extended to a very low endpoint of oil relative permeability.  

• Oil recovery and differential pressure changed according to the correlation between 

micro-dispersion and increased oil recovery.  

• Sobol and Morris analysis in both LET and Corey correlations show that the 

residual oil saturation and oil relative permeability curvature are the most influential 

parameters.  
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Chapter 8: An experimental investigation of two-phase flow (water-oil) of 

high-salinity and low-salinity waterflood displacement under steady-

state condition  

The two-phase (water-oil) coreflood of high-salinity and low-salinity brine experiments 

were performed on a carbonate reservoir rock sample under steady-state conditions. In the 

two-phase steady-state of high-salinity injection, the displacement into the core began by 

simultaneously injecting high-salinity brine (formation water) at a very low fraction and 

crude oil at a very high ratio. The shift of water fractional flow was made precisely when the 

differential pressure across the core sample became steady with no further change in the 

average fluid saturations. After achieving equilibrium conditions, the water fractional flow 

was increased gradually. The exact process was repeated for all water fractional flows until 

the experiment was complete. In the two-phase steady-state of low-salinity displacement, the 

injection through the core began by simultaneously injecting desalinated brine with a salinity 

of 200 ppm at a very low fraction and oil at a very high ratio. Performing the steady-state 

coreflood experiment for low-salinity waterflooding was challenging, particularly in a long 

carbonate core sample. In our case, we aimed to measure the imbibition relative permeability 

curves; therefore, the water fractional flow of desalinated brine was at a very low rate. This 

means a long injection time is required to achieve equilibrium conditions in the first ratio. 

The experiment was completed with a good saturation profile and relative permeability data. 

To the best of our knowledge, this is the first experiment that quantified the effect of low-

salinity waterflooding by two-phase steady-state flow in a reservoir crude oil and reservoir 

rock sample. The same strategy and procedures used in the high-salinity steady-state test 

were used to conduct the low-salinity steady-state experiment.   

Reliable relative permeability functions are essentially needed to better predict the 

efficiency of the high-salinity and low-salinity waterflood injection and then quantify the 

effect of the low-salinity waterflood under steady-state conditions. In addition, reliable 

experimental data are necessary to confirm the impact of LSWF on relative permeability.   

The findings of the steady-state experiment for the high/low salinity system that measured 

the oil relative permeability and water relative permeability values were both expected for a 
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mixed-wet system. The results confirm the change in relative permeability between high-

salinity and low-salinity modes due to the LSWF effect, where the water relative permeability 

is decreased, and the oil relative permeability is increased. These findings demonstrate that 

low-salinity brine affects rock wettability, shifting it from an oil-wet or a mixed-wet 

condition to a more water-wet condition. 

This chapter discusses the coreflood experiment under the two-phase flow steady-state 

conditions for the high-salinity and low-salinity conditions. Another objective is to evaluate 

the suggested method in predicting the performance of low-salinity waterflooding and 

compare the measured low-salinity relative permeability against the predicted low-salinity 

relative permeability curve. Additionally, the relative permeability curves are presented, and 

the impact of the low-salinity waterflood on the trends of the measured relative permeability 

curve is discussed. Following a discussion of the comparison, I  examine how the proposed 

method underestimates the significant shift in the relative permeability of the water.  

8.1 Introduction  

During the displacement of one fluid by another in an immiscible two-phase flow system 

through the imbibition process, different flow phenomena such as oil and oil ganglia snap-

off can occur at the pore-scale level. Different parameters, such as the viscosity ratio and 

capillary number, have been found to influence the behaviour of these events. The capillary 

number is defined as a dimensionless number that explains the relative importance of the 

viscous pressure drop to capillary pressure drop throughout the process of an immiscible two-

phase system. Hence, the capillary number is a critical parameter that governs differential 

pressure and saturation distribution during the two-phase steady-state and unsteady-state 

injection processes. During a steady-state coreflood experiment (e.g., oil-water), the flow 

grows more complex due to the involvement of two fluids injected simultaneously. This 

means the two viscous forces of oil and water coupled with the capillary force control the 

saturation distribution and the flow. As a result, the capillary number of either oil or water is 

associated with saturation profiles and flow changes within the core at each water fractional 

flow. This is the main difference between the unsteady-state condition, where just one 

capillary number drives the displacement, and the steady-state condition, where two capillary 

numbers control the process. As mentioned earlier, during waterflooding through the 
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displacement of oil by water, oil remains trapped in the core sample and becomes 

discontinuous in the form of oil ganglia due to capillary pressure resistances. 

Several authors have investigated this phenomenon experimentally and theoretically 

(Egbogah et al., 1981; Payatakes, 1982, 1995; Morrow et al., 1988; Avraam and Payatakes, 

1999; Johannesen and Graue, 2007). Egbogah et al., (1981). reported that the mobilisation of 

residual oil is controlled by the three most significant factors of pore geometry, wettability 

and capillary-viscous forces. According to their study, the dimensionless capillary number 

can be used to evaluate the efficiency of mobilising residual oil ganglia. Avraam and 

Payatakes performed an experiment in a glass model network to study the relative 

permeabilities and the pore-scale flow mechanisms under steady-state flow conditions 

(Avraam and Payatakes, 1999). In their study, two cases were observed to classify the two-

phase flow regime during steady-state displacement. They found that when the capillary 

number values are relatively high, oil flows in a connected pathway along with the porous 

media, and the relative permeability of the oil and water are not significantly affected by the 

flow rate. The second observation found that when the flow regime is ganglion dynamics, 

the oil phase is trapped in the pores with a disconnected pathway and the oil-water relative 

permeability. They determined that the oil-water relative permeabilities are a function of 

water saturation and based on several other factors such as the wettability, flow rate, capillary 

number, and viscosity ratio (Payatakes, 1995; Avraam and Payatakes, 1999). These 

mechanisms and the observations in the literature were kept in mind when analysing and 

discussing the results of the two-phase oil-water steady-state relative permeability 

experiment. 

The relative permeability of rock to a fluid (water, oil or gas) is a useful concept in 

explaining the flow of a multiphase system, and it is described as the ratio of the effective 

permeability of the respective fluid to the absolute permeability of the rock. Thus, it is crucial 

to obtain representative relative permeability data as it plays a critical role in reservoir 

simulations and fluid-flow prediction, particularly in estimating the performance of 

hydrocarbon reservoirs. However, relative permeability is a complex function in multiphase 

flow systems because it is a function of unique fluid saturation and depends on fluid 

distribution. This means the relative permeability data can be influenced by saturation history 

and flow rate (Glover, 2000). High-salinity oil-water relative permeability has been 
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investigated experimentally under steady-state condition (Watanabe et al., 2012; Johnson et 

al., 1959; Braun and Blackwell, 1981; Heaviside et al., 1987; Virnovsky et al., 1995; Seddiqi 

et al., 2016). The result of steady-state displacement can be calculated using Darcy’s law, an 

empirical equation that describes the flow of an incompressible single-phase fluid through a 

homogeneous medium. The equation has been modified for a situation where more than one 

fluid flows in porous media to characterise the complex fluid transport throughout reservoir 

rocks (Hanarpour and Mahmood, 1988).  

Steady-state low-salinity displacement, on the other hand, has received less attention than 

steady-state high-salinity displacement, possibly due to disagreement over a specific 

mechanism for improved oil recovery by LSWF. Another reason for this situation is that 

steady-state experiments with low salinity are challenging and time-consuming. Sorop et al. 

( 2015) performed a low-salinity coreflood experiment under the steady-state condition to 

improve understanding of the effect of LSWF and extract reliable relative permeability 

functions for numerical simulation and upscaling to field scale. It is worth mentioning that 

their experiment was conducted using a reservoir plug, synthetic formation brine and dead 

crude oil with high viscosity. Unlike our experiment conducted using a long reservoir core 

sample, reservoir fluids (live oil and brine) were at full reservoir condition pressure and 

temperature.  

8.2 Two-phase flow of high-salinity steady-state coreflood experiment   

The high-salinity steady-state coreflood experiment was performed on a carbonate core at 

reservoir conditions. The aim of conducting this experiment was to obtain a reliable 

imbibition high-salinity relative permeability curve to predict low-salinity relative 

permeability curves and validate the suggested method further. This research project also 

explores oil recovery by employing the results of the relative permeability curves in 

numerical simulation.  

Before commencing this experiment, the core was prepared by establishing an immobile 

initial water saturation (Swi) of 13% (refer to Chapter 3 for further detail).  The injection of 

water and oil into the core was carried out by fractional co-injection at selected water and oil 

injection ratios of 1% and 99%, respectively. The fractional flow sequence used to complete 

the high-salinity steady-state displacement is shown in Table 8-1. The total fluid injection 
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rate was kept high enough to eliminate the impact of capillary end effects on the flow 

behaviour.  

Table 8-1: Injection ratio of water and oil during high-salinity steady-state coreflood experiment. 

 

1st water fractional flow (FF-1) 

The experiment began by injecting 1% of water and 99% oil simultaneously at a constant 

injection rate. As mentioned earlier, the initial water saturation was established at 13%, with 

87% oil in the core. To reach a state of equilibrium, around 32 PV of water and oil were 

delivered via the core at steady rates until equilibrium was achieved. Figure 8-1 shows the 

oil recovery at the first fractional flow against the co-injected pore volume of water and oil.  

At the first water fractional flow, when the co-injections began with 1% water and 99% 

oil, only oil was produced at the core outlet because the oil ratio was about the same as the 

total injection rate. After 60 hours of water and oil injections, the pressure drop dramatically 

increased. However, as soon as equilibrium conditions were established, the pressure drop 

remained constant for approximately 4 hours of co-injection. At this phase, the average water 

saturation was around 28%, while the average oil saturation was 72%. When the water 

saturation level was raised to 28% inside the core, the average viscosity increased, causing a 

higher flow resistance within the core and more significant differential pressure.  

The oil recovery ended instantly, and the pressure drop was observable until the injection 

period ended. This indicates that the hydraulic continuity channel inside the core had been 

established by water; hence part of the oil was trapped in disconnected from inside the core 

Water Oil

FF-1 1 99

FF-2 5 95

FF-3 15 85

FF-4 50 50

FF-5 85 15

FF-6 95 5

FF-7 99 1

FF-8 100 0
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(Egbogah et al., 1981). One possible explanation for this experiment’s findings is that under 

steady-state conditions, each phase tries to compete with the other phase, in which case the 

water might invade new pores. At the end of the first fractional flow, the oil recovery reached 

17% of the original oil in place (OOIP%).  

2nd water fractional flow (FF-2) 

After obtaining equilibrium conditions in the first fractional flow, the second water 

fractional flow began immediately with water and oil fractional flows of 5% and 95%, 

respectively. The ratio of water and oil was kept constant for the entire injection duration, 

and for about 58 hours, water and oil were co-injected to accomplish the FF-2. With reference 

to Figure 8-2, the oil recovery is displayed against the times in hours that the water and oil 

were injected. 

As the water level increased throughout the core sample, the saturation level reached 34% 

for the duration of the second water fractional flow. At the start, when the water and oil were 

entering the core, no further oil was observed. However, the oil production gradually 

increased, and the water breakthrough occurred after 6.24 hours of fluid injection. Following 

the water breakthrough, oil production remained constant, and the pressure drop stabilised 

until the end of this fractional flow phase. According to this fractional flow ratio, the water 

fractional flow increased while the oil fractional flow decreased. As a result, fluid viscosity 

began to play the dominant role at this time. More water was then added to the core so that 

the water viscous force slightly increased. 

Meanwhile, the oil viscous force decreased with a tiny reduction in the oil ratio. This 

means that the oil fronts were displaced by water, either from trapped pores or from the 

connection path. After the FF-2, an increase in oil recovery of 6.8% was obtained. 

3rd water fractional flow (FF-3) 

In the third stage, the water and oil fractional flows were at 15% and 85%, respectively. 

As in the previous phase, the injection of water and oil began, with both liquids being injected 

at a constant rate for approximately 32 hours. At this stage, the water saturation inside the 

core increased to 39%, while the oil saturation inside the core decreased to 61%. Figure 8-3 

depicts the recovered oil as a function of the co-injection pore volume of water and oil during 

the FF-3.  

It was anticipated that no oil production would be seen at the start of the injection; 

however, oil production steadily increased until the water breakthrough was detected. The 
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water breakthrough happened after 2.64 hours of water and oil co-injection, after which the 

oil recovery and pressure drop remained stable until the end of the injection ratio. It was 

noted that the water breakthrough during the FF-3 occurred sightly earlier than in FF-2, and 

the oil recovery was 5.7% (OOIP%) at the end of FF-3, which is less than the oil recovery 

achieved at the end of FF-2. This can be explained by the fact that a small amount of oil had 

been displaced by the waterfront as the water saturation in FF-2 was about 34%, with only a 

5% increase in water saturation in FF-3. This indicates that the oil had already been displaced 

by water in the prior fractional flow, as the subsequent fractional flow was only slightly 

higher than the prior fractional flow.  

4th water fractional flow (FF-4) 

Following the achievement of the steady-state in the third injection ratio, the fourth 

injection ratio was commenced immediately, with constant injection ratios of 50% for both 

water and oil. At this stage, the co-injected water and oil took about 14.64 hours, with the 

average saturations of brine and oil inside the core being 51% and 49%, respectively. Figure 

8-4 shows the oil recovery at FF-4 against the time period of injection.  

The oil recovery and pressure drop continued to increase until reaching the water 

breakthrough at 1.92 hours of co-injection of water and oil. Like the previous phase, the water 

breakthrough happened slightly earlier than the FF-3. Increasing the amount of water 

injection caused an increase in oil recovery in the carbonate core sample. Comparison of the 

performance of FF-4 with FF-3 shows that the water injection ratio increased by 35% in FF-

4 compared to FF-3. After the injection period, 13.73% of the oil had been recovered, 

whereas 5.7% further oil recovery was attained by using FF-3. 

5th water fractional flow (FF-5) 

The fifth injection ratio proceeded using the same strategy, with the water fractional flow 

increasing to 85% while the oil fractional flow was reduced to 15%. At this stage, the average 

fluid saturation changed so that the water and oil saturation was 57% and 43%, respectively. 

It took around 12.24 hours of injection into the core to reach the equilibrium for this injection 

ratio. Figure 8-5 depicts the performance of oil recovery in the fifth fractional flow as a 

function of time in hours.   

According to the graph, the oil production was increasing until the water breakthrough at 

1.44 hours of water and oil injection. On the other hand, the pressure drop decreased until 

reaching the equilibrium condition at which the oil recovery in the core outlet ceased. At this 
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moment, more water was occupying the large pores, while the oil was occupying the small 

pores. The reduction in the pressure drop can be attributed to the viscosity force competition 

between the two phases; here, the competition was far lower than previous stages due to more 

water than oil having invaded the pores. It was observed that the oil recovery was less during 

this injection ratio than the injection ratio of FF-4. Despite the 35% increase in water 

fractional flow, the water saturation increased by just 6%. As discussed earlier, the water 

flow established its own connected path in which a water fractional flow of 85% was not 

enough to displace more oil than the FF-4. This injection ratio resulted in a 6.95% oil 

recovery, which was expected. 

6th water fractional flow (FF-6) 

After achieving the steady-state condition at the end of FF-5, the new fractional flow of 

95% water and 5% oil was begun. Water and oil were injected into the core at their injection 

ratios for about 13.2 hours. The water amount driven into the core was increased based on 

the injection ratio, resulting in an increase in water and a decrease in oil saturations compared 

to the FF-5. Figure 8-6 illustrates the effectiveness of oil recovery for the FF-6 as a function 

of time in hours.   

Based on the graph, it can be observed that oil production was gradually increasing until 

water breakthrough occurred at 2.88 hours of injection. An oil bank, which was ahead of the 

waterfront, had been displaced in the previous ratios in which only 9.1% of the oil was 

recovered at the end of the FF-6. Compared to the FF-5, the oil recovery in the FF-6 was 

higher by 2.15%. This can be explained by the fact that the water injection ratio had increased 

by 10% compared to the previous stage. In addition, the water was anticipated to displace the 

oil left behind. The water breakthrough was also delayed during this stage compared to the 

FF-5, allowing more oil to be produced before achieving the steady-state condition. 

Additionally, the differential pressure continued to drop as more water was driven into the 

core. 

7th water fractional flow (FF-7)  

Once the steady-state condition was attained in the FF-6, water and oil were immediately 

co-injected into the core in the FF-7 at steady injection ratios of 99% and 1%, respectively. 

In this injection ratio, the water and oil saturations were 74% and 26%, respectively, at which 

time the total pore volume injected into the core was about 17.61 PV of water and oil 

injection. Figure 8-7 shows the oil recovery efficiency corresponding to the FF-7.  
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Oil production increased steadily until the water breakthrough was observed at the outlet 

of the core after 8.16 hours of water and oil injection. The oil recovery increased by 1% in 

the FF-7 as compared to the FF-6. The pressure drop, on the other hand, declined as expected 

until the steady-state condition was reached. 

8th water fractional flow (FF-8) 

After all the other ratios had been completed, the FF-8 injection ratio was the last ratio 

needed to accomplish the steady-state coreflood experiment. In this case, the carbonate core 

was flooded with only water; hence, the FF-8 accurately reveals the conditions associated 

with unsteady-state injections. For about 8 hours of water injection, a constant rate of 100% 

water injection ratio was employed. Figure 8-9 shows the oil recovery efficiency 

corresponding to the eighth water fractional flow.  

As can be seen from the figure, oil production gradually increased until the water 

breakthrough after 3.36 hours of injected water, at which point the oil production reached its 

maximum level. Comparing the performance of this injection ratio with the FF-7 revealed 

the FF-8 to have far lower efficiency in terms of recovered oil than the FF-7. This can be 

explained by the fact that most of the oil left behind was displaced during the previous 

injection ratio. In addition, the injection ratio of FF-7 was 99% water, so the injection ratio 

of FF-8 increased by only 1%. As more water invaded the core with a constant flowing rate, 

the differential pressure continued to decrease until achieving the equilibrium status.  

The capillary end effect can be overcome by various techniques, including a higher 

injection rate, a long core, bumping cycles and reduced IFT. Hence, three bumping cycles 

with high injection rates of 100, 200 and 300 cc/hr were employed in this experiment to 

eliminate the capillary end effect and reach an optimum residual oil saturation (Sorw). The 

remaining oil saturation at the end of FF-8 was about 0.22%; however, a further reduction 

was observed after performing the bumping cycles.  
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Figure 8-1: Recovered oil during high-salinity steady-state coreflood at 1st fractional flow (FF-1). 

 

Figure 8-2: Recovered oil during high-salinity steady-state coreflood at 2nd fractional flow (FF-2). 
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Figure 8-3: Recovered oil during high-salinity steady-state coreflood at 3rd fractional flow (FF-3). 

 

 

Figure 8-4: Recovered oil during high-salinity steady-state coreflood at 4th fractional flow (FF-4). 
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Figure 8-5: Recovered oil during high-salinity steady-state coreflood at 5th fractional flow (FF-5). 

 

 

 

 

Figure 8-6: Recovered oil during high-salinity steady-state coreflood at 6th fractional flow (FF-6). 
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Figure 8-7: Recovered oil during high-salinity steady-state coreflood at 7th fractional flow (FF-7). 

 

Figure 8-8: Recovered oil during high-salinity steady-state coreflood at 8th fractional flow (FF-8). 
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8.3 Results and Discussion – Part 1 

8.3.1 Performance of HS oil recovery and pressure drop under steady-state 

displacement 

Figure 8-9 displays the effect of oil recovery and pressure drop (DP) under steady-state 

conditions corresponding to co-injected water and oil recovery PV. According to the figure, 

the first fractional flow (FF-1) resulted in the maximum oil recovery, which was around 

17.2% (OOIP%) of total recovery. A specific recovery ratio was established and followed 

for the first injection and was then incrementally raised throughout fractional flows FF-2 to 

FF-8, with varying magnitudes. The change in injection ratios is likely the cause of the rise 

in oil recovery, which has been attributed to the remaining oil that was left behind following 

each fractional flow. About 80 pore volume of co-injection of water and oil was injected into 

the carbonate core by all ratios. The subsequent injections recovered around 70% (OOIP%) 

by high-salinity steady-state displacement as ultimate oil recovery. 

In accordance with the rise in the water fractional flow inside the core, the pressure drop 

(DP) level developed gradually over time. The DP increased during the first 42.4 PV of co-

injected water and oil, associated with the injection ratios FF-1 to FF-4. On the other hand, 

the DP tended to gradually fall after the FF-4 injection ratio. The water saturation inside the 

core reached 51% at the end of the FF-4, which may have impacted the total average weighted 

water-oil viscosity within the core sample. As a result, the oil saturation decreased, creating 

less resistance to the injected water, which in turn reduced the differential pressure 

throughout the core sample. Hence, the pressure drop continued to decrease from the FF-5 to 

FF-8, approaching the minimum value of an average of 6.7 psi in the FF-7 and FF-8. The 

pressure drop then significantly increased due to the high injection rates with different 

increases in each cycle. However, the differential pressure fell again when the injection rate 

changed to the experimental flow rate.  
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Figure 8-9:  Cumulative oil recovery and differential pressure of HS steady-state displacement. 

8.3.2 Performance of HS steady-state coreflood on average saturation fluids  

Figure 8-10 shows the change in the average water and oil saturation across the core 

sample during the steady-state displacement process. Based on the figure, the immobile water 

saturation and oil saturation were 13% and 87%, respectively. At the start of FF-1, water 

saturation increased almost linearly with the reduction in oil saturation until the water 

breakthrough. The oil production increased with each injection ratio; consequently, the water 

saturation gradually increased in the subsequent fractional flows (FF-2 to FF-12).  

The highest reductions in the average oil saturation were observed in the FF-1 and FF-4. 

Comparing Figure 8-9 with Figure 8-10 reveals that the reduction in oil saturation is 

associated with the fluid’s saturation level. After the interaction of the saturation (Sw = 50% 

and So = 50%), the reduction in the oil saturation varied between 4% and 9%. At the end of 

HS steady-state displacement, the water saturation increased to about 86%, while the residual 

oil saturation dropped to 14%, including the bumping cycles. 
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Figure 8-10: Average fluid saturations profile during the HS steady-state displacement. 

 

8.4 Two-phase flow of low-salinity steady-state coreflood experiment  

1st LS water fractional flow (LSFF-1) 

This experiment began as a high-salinity steady-state experiment by simultaneously 

injecting 1% water and 99% oil at a total constant injection rate. The first water saturation 

was established at 13% water in the core, with 87% of the core containing oil. In order to 

achieve equilibrium, roughly 35.17 PV of water and oil were injected into the core at constant 

rates until the appropriate level of balance was achieved. It took a long time for the initial 

ratio of LSFF-1 to reach equilibrium than it did for the FF-1. The oil recovery obtained by 

the first ratio of injection as a function of time is shown in Figure 8-11. 

The oil recovery and pressure drop were increased during the injection process until the 

water breakthrough occurred after approximately 115 hours.  By this point, the average water 

saturation to average oil saturation was approximately 40%. After the breakthrough, the oil 

production continued at a constant rate, resulting in 33% of the OOIP being recovered. 

Compared to the FF-1, the oil recovery in this fractional flow was more than 16%.  
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2nd LS water fractional flow (LSFF-2) 

Following the achievement of equilibrium conditions in the first fractional flow, the 

second water fractional flow commenced immediately with water and oil fractional flows of 

5% and 95%, respectively. A constant water-to-oil ratio was maintained during the injection 

period, and about 16.01 PV of water and oil were co-injected to accomplish the LSFF-2. 

Figure 8-12 shows the oil recovery obtained by the second water fractional flow of low-

salinity injection.  

The saturation level reached 61% in the second water fractional flow as the water level 

increased throughout the core sample. The oil production gradually increased, and the water 

breakthrough occurred after 20 hours of fluid injection. Similar to the LSFF-1 to FF-1, when 

comparing LSFF-2 and FF-2, the breakthrough took significantly longer to occur. This can 

be explained by the fact that the wettability alteration  happens during the injection period, 

and more oil is produced with this injection ratio compared to FF-2. It was determined that 

an increase in oil recovery of 22% had been achieved following the completion of the LSFF-

2. 

3rd LS water fractional flow (LSFF-3) 

The water and oil fractional flow rates were 15% and 85%, respectively, in the third stage 

of the process. The injection of water and oil continued in the same manner as the previous 

phase, with both liquids pumped at a steady rate for roughly 31 hours. The oil recovery as a 

function of time is shown in Figure 8-13.  

As illustrated in the figure, the water breakthrough occurred approximately 2 hours after 

the injection began, and oil production increased to reach 7% of OOIP. By this point, the 

water saturation inside the core had increased to 68%, while the oil saturation inside the core 

had been reduced to 32%. It should be noted that the oil recovery during this ratio is lower 

than that of the LSFF-2 ratio. The two previous fractional flows were more easily accessible 

to the oil in the large pores. At this stage, the low salinity brine was targeting the oil adhering 

to the wall of the tiny pores, and a higher ratio of water was needed to move more oil. 

4th LS water fractional flow (LSFF-4) 

In the fourth stage, it was decided to begin constant 50% water and oil injection ratios 

immediately after reaching a stable state in the third injection ratio. At this point, it took 

approximately 25 hours for the co-injected fluids to achieve stabilisation, during which time 

the average saturations of brine and oil inside the core were 76% and 24%, respectively. 
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Figure 8-14 shows the performance of oil recovery in the fourth fractional flow as a function 

of time in hours.   

As shown in the figure, the breakthrough time during this fractional flow occurred after 

1.44 hours of injection, and the oil recovery after the breakthrough was sustained until the 

end of the injection period. The oil recovery at the end of the LSFF-4 was 8.9% of OOIP, 

which is almost 2% greater than the preceding ratio. As the water injection rate increased, 

more water entered the core sample, increasing the average water saturation.  

5th LS water fractional flow (LSFF-5) 

Following the same technique, the water fractional flow increased to 85%, while the oil 

fractional flow decreased to 15%. The fluids were injected into the core for around 25 hours 

to reach the equilibrium for this injection ratio. By this time, the average fluid saturation had 

changed, and the water and oil saturations were 76% and 24%, respectively, of the total fluid 

saturation. Figure 8-15 shows the oil recovery performance during the LSFF-5 as a function 

of time.  

As seen in the graph, oil production increased until the time of water breakthrough at 2.13 

hours after the start of the experiment. In this injection ratio, the pressure drop decreased and 

then stabilised until the end of this injection period, which is consistent with the pressure 

drop observed during the high-salinity steady-state experiment. This can be explained by the 

fact that more water had invaded the pores than oil, resulting in establishing a connected 

pathway throughout the core. The oil recovery was lower during this injection ratio than in 

the LSFF-4 injection ratio. 

6th LS water fractional flow (LSFF-6) 

LSFF-5 was completed with the establishment of a steady-state condition. Next, a new 

fractional flow of 95% water and 5% oil commenced. The water amount driven into the core 

was increased based on the injection ratio, resulting in an increase in water and a decrease in 

oil saturations, reaching 88% and 12%, respectively. Figure 8-16 shows the oil recovery 

performance during the sixth injection ratio of low salinity as a function of time.  

It can be seen in the graph that oil production increased gradually until water breakthrough 

occurred after 3.12 hours of injection, at which point the oil production was 7% of OOIP. 

However, despite the fact that more time was needed to reach the equilibrium condition in 

this injection ratio compared to the LSFF-5, the amount of oil recovered at this stage was 



 

 

211 

 

practically identical to that obtained in the previous phase. Furthermore, it is essential to note 

that the differential pressure decreased as more water invaded the core. 

7th LS water fractional flow (LSFF-7) 

After the steady-state condition was achieved in the LSFF-6, water and oil were 

immediately co-injected into the core during the LSFF-7 at steady injection ratios of 99% 

and 1%, respectively. When using this injection ratio, the water and oil saturations were 93% 

and 7%, respectively, and the overall time required for the injection was around 62 hours. 

Figure 8-17 demonstrates that the oil recovery efficiency corresponded to the LSFF-7. 

The oil production rose gradually until the water breakthrough was attained at 4.6 hours 

of water and oil injection, at which point the oil recovery was 4.8% of OOIP, which was 

sustained until the end of the LSFF-7. It can be noted that the amount of oil produced during 

this ratio was less than the amount of oil produced during the prior fractional flow, which 

can be attributed to the fact that the majority of the oil had already been displaced by other 

ratios earlier in the process. 

8th LS water fractional flow (LSFF-8) 

The LSFF-8 injection ratio was the final ratio to be executed in the steady-state coreflood 

experiment. The LSFF-8 displayed the conditions that result from unsteady-state injections 

since, in this case only water was injected into the carbonate core. 6 hours of 100% water 

injection achieved the equilibrium condition. Figure 8-18 shows the oil recovery efficiency 

corresponding to the eighth water fractional flow.  

As can be observed in the figure, a progressive increase in oil output was achieved until 

the water breakthrough occurred 0.24 hours after injection, at which point the oil production 

reached its maximum level. In order to avoid the capillary end effect and achieve an optimal 

residual oil saturation in this experiment, three bumping cycles with high injection rates of 

100, 200 and 300 cc/hr were used in the experiment (Sorw). Approximately 0.7% of the 

remaining oil saturation was recorded at the conclusion of LSFF-8; however, a further 

reduction was noted after executing the bumping cycles. 
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Figure 8-11: Recovered oil during low-salinity steady-state coreflood at 1st fractional flow (LSFF-1). 

 

 

Figure 8-12: Recovered oil during low-salinity steady-state coreflood at 2nd fractional flow (LSFF-2). 
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Figure 8-13: Recovered oil during low-salinity steady-state coreflood at 3rd fractional flow (LSFF-3). 

 
Figure 8-14: Recovered oil during low-salinity steady-state coreflood at 4th fractional flow (LSFF-4). 
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Figure 8-15: Recovered oil during low-salinity steady-state coreflood at 5th fractional flow (LSFF-5). 

 

 
Figure 8-16: Recovered oil during low-salinity steady-state coreflood at 6th fractional flow (LSFF-6). 
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Figure 8-17: Recovered oil during low-salinity steady-state coreflood at 7th fractional flow (LSFF-7). 

 

 
Figure 8-18: Recovered oil during low-salinity steady-state coreflood at 8th fractional flow (LSFF-8). 
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8.5 Measurement of high and low-salinity relative permeability  

The two-phase high- and low- salinity steady-state relative permeability curves were 

measured using the steady-state imbibition injection ratio as shown in Table 8-2 and Table 

8-3, respectively. The injection process in the water-oil steady-state experiment is 

characterised as imbibition in which the water fractional flow increases gradually during the 

experiment. However, this is not a general term for the displacement process during the 

water-oil steady-state experiment because the process can be defined as drainage when the 

water fractional flow decreases. This means the injection process is dependent on the increase 

or the decrease of the water fractional flow. In our displacement process, the water fractional 

flow began with a minimum injection ratio of 1% and increased to 100%. In comparison, the 

oil injection ratio started with a maximum value of 99% and dropped correspondingly until 

the steady-state experiments were completed. The same displacement process was performed 

in the high-salinity steady-state and low-salinity steady-state experiments.  

Darcy’s law was used to generate the relative permeability for the two-phase high-salinity 

and low-salinity steady-state experiments. Darcy’s law can be expressed as follows: 

𝑞𝑤 =  −
𝑘𝐴

𝑢𝑤

𝑑𝑃

𝐿
 Eq. 8-1 

𝑞𝑂 =  −
𝑘𝐴

𝑢𝑂

𝑑𝑃

𝐿
 Eq. 8-2 

 

Where, 𝑞 is the volumetric flow rate, 𝑘 is absolute relative permeability, 𝑢 is the viscosity 

of a given fluid, 𝐴 is the area of the core, 𝑑𝑃 is the differential pressure at water fractional 

flow throughout the experiment and 𝐿 is the length of the core sample. In the above equation, 

the 𝑤 stands for the water phase while 𝑜 stands for the oil phase. Eq. 8-1 and Eq. 8-2 were 

employed to determine the permeability at each water fractional flow. In our case, the water 

and the oil were injected simultaneously at different injection ratios; thus, the permeability 

obtained from the above equations is the effective permeability of the phase fluid. It must be 

noted that the effective permeability of any reservoir fluid is a function of the fluid saturation 

and the wetting phase of the rock. Therefore, the fluid saturation in a given porous medium 

must be defined correctly to reach an accurate, effective relative permeability.  
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The absolute permeability (k) is a property of the porous medium and can be described as 

the ability of the rock to transmit fluids. In our experiment, the absolute permeability of the 

carbonate rock was measured before beginning the steady-state coreflood experiment.  

Since the relative permeability is defined as the ratio of the effective permeability to the 

absolute permeability, the high/low salinity relative permeability curves of the two-phase 

water and oil at given saturation stages are calculated as follows:  

𝑘𝑟 =  
𝑘𝑒𝑓𝑓

𝑘
 Eq. 8-3 

 

As mentioned previously, the total injection rate was kept constant and unchanged during 

the steady-state coreflood experiment, and the injection ratios of water and oil were 

calculated based on the fractional flow at each level of the experiment as follows: 

𝑞𝑡 = 𝑞𝑤 + 𝑞𝑜 Eq. 8-4 

𝑓𝑤 =  
𝑞𝑤

𝑞𝑡
 Eq. 8-5 

𝑓𝑜 =  
𝑞𝑜

𝑞𝑡
 Eq. 8-6 

  

Where,  𝑞𝑡 is the total injection rate, 𝑞𝑤 is the injection flow rate of the water phase, 𝑞𝑜 is the 

injection flow rate of the oil phase, 𝑓𝑤 is the water fractional flow and 𝑓𝑜 is the oil fractional 

flow.  

Table 8-2: HS oil-water relative permeability and fluid saturations corresponding to fractional flow at 

steady-state conditions. 

HS Relative Permeability at SS conditions 

Test No. 
Fractional flow Fluid Saturations 

HS Relative 
Permeability 

fo (%) fw (%) So (%) Sw (%) krw-HS kro-HS 

1 100 0 87 13 0 0.5974 

2 1 99 72 28 0.0011 0.1254 

3 5 95 66 34 0.0046 0.1002 

4 15 85 61 39 0.0106 0.0686 

5 50 50 49 51 0.0315 0.0359 

6 85 15 43 57 0.084 0.0169 

7 95 5 35 65 0.1273 0.0076 

8 99 1 26 74 0.2251 0.0026 

9 100 0 22 78 0.2579 0 

10 100 0 20 80 0.3528 0 
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11 100 0 18 82 0.4108 0 

12 100 0 14 86 0.4329 0 

13 100 0 14 86 0.4346 0 

 

 

Table 8-3: LS oil-water relative permeability and fluid saturations corresponding to fractional flow at steady-

state conditions. 

LS Relative Permeability at SS conditions  

Test No. 
Fractional flow Fluid Saturations 

LS Relative 
Permeability 

fo (%) fw (%) So (%) Sw (%) krw-LS kro-LS 

1 100 0 87 13 0 0.5974 

2 1 99 60 40 0.0003 0.0567 

3 5 95 39 61 0.0006 0.0245 

4 15 85 32 68 0.0014 0.0169 

5 50 50 24 76 0.0063 0.0137 

6 85 15 19 81 0.0291 0.0112 

7 95 5 12 88 0.0513 0.0059 

8 99 1 7 93 0.1238 0.0022 

9 100 0 7 93 0.1282 0 

10 100 0 6 94 0.1376 0 

11 100 0 6 94 0.1677 0 

12 100 0 5 95 0.2603 0 

13 100 0 5 95 0.2604 0 

8.6 Relative permeability curves of high-salinity under steady-state displacement  

Figure 8-19 presents the water-oil relative permeability curve produced under the 

condition of high-salinity water-oil steady-state displacement. The wettability of the system 

can be characterised using general differences between oil-wet and water-wet relative 

permeability curves (Morrow, Cram and McCaffery, 1973; Masalmeh, 2002; Bennion and 

Bachu, 2007). However, these are only general observations on the shape of high-salinity 

relative permeability curves. The first observation is that the initial water saturation is less 

than 15% which might refer to an oil-wet system, as the irreducible water saturation for a 

water-wet system is normally more than 25%. The second observation is that the intersection 

point of the oil relative permeability and water relative permeability curves are at a water 
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saturation of 50%. This means that the wettability of the system is more likely to be an oil-

wet system because the water saturation at the intersection of water and oil relative 

permeabilities for water-wet systems is generally greater than 50%. The last observation is 

that the water relative permeability endpoint at the maximum water saturation is 0.43. In 

water-wet systems, the water relative permeability endpoint is less than 0.3, and in oil-wet 

systems, more than 0.5. In our system, the water relative permeability endpoint is between 

the 0.3 and 0.5 range, marking the endpoints for water-wet and oil-wet systems.  

A summary of these observations about the relative permeability curve leads to the 

conclusion that the wettability of the system is either oil-wet or mix-wet. However, it should 

be noted that there are more accurate methods for classifying the wettability of the system in 

terms of wettability indices (Amott index, Amott-Harvey index and USBM wettability 

index). The level of the wetting phase is decided by a balance of cohesive and adhesive forces 

in terms of contact angles; however, the wettability measurement through the contact angle 

is not within the scope of this thesis. As can be seen in the graph, the measured values of oil 

relative permeability and water relative permeability change within a water saturation range 

of about 50% (excluding the immobile water saturation Swi = 0.13%). In a mixed-wet system 

such as this case, the oil phase was expected to occupy the smaller pores first, followed by 

the larger pores inside the core, while the water established a good conductivity path through 

less resistant pores. However, some oil remained inside the core sample after the water 

bypassed it. In this case, the saturation levels within the core were adequate to obtain a full 

function of relative permeability. Hence, the curve obtained for oil-water relative 

permeability has reliable values compared to typical oil-water relative permeability curves.  
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Figure 8-19: Measured HS oil-water relative permeability curves as a function of water saturation.  

 

 

8.7 Relative permeability curves of low-salinity under steady-state displacement  

Figure 8-20 illustrates the measured water-oil forced imbibition relative permeability 

functions under the steady-state displacement process. The purpose of measuring these data 

was to better understand the influence of the low-salinity brine on the shape of the relative 

permeability curves. It should be noted that irreducible water saturation and endpoint relative 

permeability to oil were identical to those in HS relative permeability data. As Figure 8-20 

indicates, attribution of oil phase to flow at endpoint relative permeability and immobile 

water saturation of 0.5974 and 0.13, respectively. According to the figure, the oil phase starts 

to flow when the water saturation level is relatively low. On the other hand, since the low-

salinity water displaces the oil phase, the relative permeability to the oil phase is described 

by a fast drop in value for a major decrease from the initial oil saturation. The oil phase 

continued to produce as the relative permeability to oil decreased. The intersection between 

the water relative permeability and oil relative permeability occurred at a high water 

saturation of about 76%. On the other hand, the water relative permeability increased after 

the intersection, approaching the maximum value of 0.26.  
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In conventional waterflooding, the relative permeability to oil phase generally approaches 

zero at relatively low water saturation. However, the effect of low-salinity brine mobilises 

the oil phase through the wettability, allowing the oil relative permeability to approach zero 

at high water saturation. The oil saturation at this point refers to the residual oil saturation 

(Sorw), which in this case is 5%. This is a significant achievement as it determines the 

maximum oil recovery.  

 

Figure 8-20: Measured water-oil relative permeability curves obtained by low-salinity steady-state 

displacement. 

 

8.8 Results and Discussion – Part 2 

8.8.1 Performance of LS oil recovery and pressure drop under steady-state 

displacement 

The impact of oil recovery and pressure drop in steady-state conditions corresponding to 

the injection period is shown in Figure 8-21. In this experiment, the first fractional flow 

(LSFF-1) produced the most significant overall recovery percentage, which was roughly 33% 

OOIP. Immediately following the first injection ratio, the fractional flows of LSFF-2 through 

LSFF-8 were carefully increased, increasing total oil production. The oil recovery increased 

as a result of the water fractional flow rate and the amount of oil left behind at each injection 

ratio. The subsequent fractional flows recovered approximately 59% of OOIP, resulting in 
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total oil recovery by LSWF steady state of 92% of OOIP. When comparing the results of this 

experiment to the high-salinity steady-state experiment, it is apparent that more oil was 

recovered during this experiment. This is due to the effect of low salinity on the wettability 

of the rock, causing it to become more water-wet in nature.   

Pressure drop (DP) level increased steadily over time in response to the increase in water 

fractional flow within the core. This rise was observed during the injection ratios LSFF-1 to 

LSFF-3, with the maximum pressure drop occurring at LSFF-3. This can be explained by the 

fact that at these times, water was gradually invading the core, resulting in a competition 

between each fluid phase to establish its path across the core sample. On the other hand, the 

pressure drop gradually decreased following LSFF-3, as each phase now followed its own 

path. As a result of the decreased oil saturation, the resistance to the injected water decreased, 

lowering the differential pressure throughout the core sample. When comparing the two 

conditions, it is clear that the pressure drop during LSWF steady state is substantially higher 

than the pressure drop during HSWF steady state. The same pressure behaviour has been 

observed by other researchers (Sorop et al., 2015).  

8.8.2 Performance of LS steady-state coreflood on average saturation fluids 

Figure 8-22 shows the change in the average water and oil saturation across the core 

sample during the LS steady-state displacement process. A single-phase (water) is injected 

into the core during the unsteady-state displacement. The viscous force is the most important 

element in controlling the flow and saturation distribution.  In contrast, the process grows 

more complicated during steady-state displacements because coupled viscosity forces (water 

and oil) are involved in the displacement process. As a result, the flow and saturation 

distribution are influenced by three forces: capillary force, the viscous force of water, and 

oil. Considering that water and oil developed their own paths through the core during 

injection, the capillary number may vary from phase to phase. This means that the capillary 

number fluctuates in each fractional flow in which two capillary numbers control the flow 

instead of just one, in terms of an unsteady-sate experiment. For instance, the capillary force 

is more significant when the water fractional flow (LSFF-1) is very low. Additionally, as in 

the case of LSFF-5, viscous and capillary forces is predominate at medium flow rates. 

Furthermore, when the water fractional flow is increased to a high rate, as in the case of 

LSFF-8, the viscous forces become the primary driving forces in the system. 
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Figure 8-21: Cumulative oil recovery and differential pressure of LS steady-state displacement. 

 
Figure 8-22: Average fluid saturations profile during the LS steady-state displacement 
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8.9 Comparison of measured high- and low-salinity relative permeability under 

steady-state displacement  

8.9.1 Oil relative permeability 

Figure 8-23 shows high- and low-salinity oil relative permeability curves (kro-HS and 

kro-LS) in linear and semi-log plots as measured from the forced-imbibition steady-state 

process. The data demonstrate a considerable difference in oil relative permeability between 

HS and LS curves, attributable to the low-salinity effects. As the semi-log plot reveals, a 

tendency to increase the relative permeability to oil occurs when advancing low salinity into 

the core sample. When performing the LS injection, the first measured kro-LS was 0.0567 at 

LSFF-1 in which the water saturation was 40%; this corresponds to the FF-3 of HS injection 

where the kro-HS was slightly higher at almost the same water saturation. Next, the gap 

between the HS and LS cases substantially increased until the injection procedure was 

completed. When examining the relative permeability behaviour of HS and LS, the gap 

between the two curves begins immediately after the critical water saturation and extends 

over the whole saturation range. This demonstrates the benefit of the SS method since it 

explores the maximum range of saturation, while the USS method would have missed the 

effect because it investigates the range of saturation after water breakthrough. For situations 

with significant water breakthroughs, the influence of the LSWF will be underestimated in 

the USS method. Another important observation regarding the wettability alteration is that 

the residual oil saturation of the HS case reduces from 14% to 5% after switching from HS 

to LS. 

8.9.2 Water relative permeability  

Figure 8-24 illustrates high- and low-salinity water relative permeability curves (krw-HS 

and krw-LS) in linear and semi-log plots as measured from the forced-imbibition steady-state 

process. The data demonstrate a significant change in water relative permeability between 

HS and LS curves, attributable to the low-salinity effects. Compared to the change in oil 

relative permeability, it is essential to mention that the shift in relative permeability to water 

seems to be greater. While there is a lack of LS steady-state experiments in the literature, 

Sorop et al. found that the change in relative permeability to water is much greater than in 

relative permeability to oil (Sorop et al., 2015). The findings can be explained by the effect 
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of LSWF being either a common phenomenon or merely an exception in a given core 

reservoir. The graph illustrates that the krw-LS increases progressively as the fractional flow 

proceeds from the LSFF-1 to the LSFF-8 during which a clear increase occurs at the LSFF-

7, corresponding to the FF-6 in krw-HS. This confirms the effect of low-salinity brine, where 

the relative permeability curves shifted towards a more water-wet condition. Comparing the 

endpoint of HS water relative permeability to the endpoint of LS water relative permeability 

shows that the endpoint relative permeability to water during LS flooding has dropped by 

about half compared to the HS flooding.  

 

 
 
Figure 8-23: Comparison of measured oil relative permeability function under steady-state displacement for 

high- and low-salinity conditions. 
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Figure 8-24: Comparison of measured water relative permeability function under steady-state displacement 

for high- and low-salinity conditions. 

 

8.10 Comparison of measured and predicted low-salinity relative permeability curves  

Figure 8-25 shows the predicted relative permeability curves using the suggested method 

against low-salinity oil-water relative permeability curves measured by steady-state 

displacement process. As previously stated, the relative permeability data for high salinity is 

necessary for the proposed approach to estimate the low-salinity curves. The HS relative 

permeability indicated in Figure 8-19 is employed in this case to predict the LS relative 

permeability curve and compare it to the data in Figure 8-20. The endpoint kro of low salinity 

in oil relative permeability was accurately predicted by the suggested method with the same 
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value. The suggested method was able to track the trend from high salinity to low salinity 

correctly, and it also achieved a good approximation of the low-salinity permeability curve 

by coming close to the measured LS relative permeability curvature. Another interesting fact 

is that the measured residual oil saturation, as determined by the LS, was 5%, while the 

estimated residual oil saturation, as calculated by the suggested method, was 8%. This 

indicates that the suggested method successfully captured the change in wettability caused 

by the effect of LSWF. 

On the other hand, the method was used to predict the LS relative permeability to water. 

The suggested method effectively predicted the first value of LS relative permeability; 

however, the value corresponds to the third value predicted by the suggested method. The 

difference between the values calculated using this method and the measured relative 

permeability begins to widen significantly in the following points. It should be noted that the 

steady-state displacement process is entirely different from the unsteady-state flooding 

process. Moreover, the LS relative permeability has shown great variation under steady-state 

flooding at each fractional flow compared to the HS relative permeability data. As discussed 

earlier, the separation between krw-HS and krw-LS significantly increased, which raised the 

question of whether this observation reflects a general trend of the low-salinity effect on the 

relative permeability or is an independent case of a specific reservoir. Since the suggested 

method mainly drives the data from the HS relative permeability, the trend of the curve is 

expected to follow the original data with a shift in the saturation profile.  

It was decided to utilise numerical simulation to compare the actual and predicted data 

outcomes in terms of oil recovery and pressure decrease. The oil recovery factor of the LS 

steady-state experiment and the prediction of LS performance by the suggested method were 

plotted against the injected pore volume, as shown in Figure 8-26. As seen in the graph, the 

oil production increased, and the suggested method was consistent with the experimental data 

up to the 3 PV of water injection. In the experimental data, the water breakthrough took a 

longer time to occur compared to that of the suggested method. Hence, the oil recovery in 

the steady-state experiment significantly increased, approaching 82% of OOIP at about 5 PV 

of injected water. 

On the other hand, the predicted oil recovery at 5 PV of injected water was about 75% of 

OOIP. Several factors may have contributed to this, including the crossing point between the 
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kro and the kw in the measured case at a higher water saturation than the predicted kr, which 

allowed for more oil to be produced before the water breakthrough. However, the mean 

absolute percentage error (MAPE) was employed to determine the accuracy of the suggested 

method, which is calculated as:  

𝑀𝐴𝑃𝐸 =  
1

𝑛
∗ ∑ |

𝐴 − 𝑃

𝐴
| ∗ 100 Eq. 8-7 

 

Where 𝑛 is the number of iteration time, 𝐴 refers to the actual value (experimental data) 

and 𝑃 stands for the predicted value. MAPE calculations revealed that the largest discrepancy 

between the experimental and predicted values occurred from 3 PV to 11 PV of water 

injection, with a maximum of 8% difference. Subsequently, the degree of difference 

significantly declined to less than 1% at the ultimate oil recovery in which the recovered oil 

in the LS steady-state experiment was 90.9% of OOIP, while the predicted oil recovery was 

90% of OOIP. 

Figure 8-27 shows the comparison of differential pressure between the LS steady-state 

experiment and the suggested method against pore volume injection. The graph shows that 

pressure increased to the maximum value just before the water breakthrough and 

subsequently decreased until it reached its constant value. The suggested method followed 

the same trend as the actual data. The gap between the experimental data and the suggested 

method is 3 psi, and a further reduction was obtained, approaching less than 1%. Despite 

some differences in the forecasts, the suggested method could accurately estimate the 

performance of low salinity by using steady-state displacement data. 
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Figure 8-25: Comparison of measured and predicted low-salinity relative permeability functions. 

 

Figure 8-26: Comparison of oil recovery obtained by implementing measured and predicted low-salinity 

relative permeability. 
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Figure 8-27: Comparison of pressure drop obtained by implementing measured and predicted low-salinity 

relative permeability. 

8.11 Conclusions  

The findings of the two-phase steady-state coreflood experiments with high and low 

salinity were presented and analysed in this chapter. It also included a discussion of the 

measured and predicted water-oil relative permeability of high and low conditions. The 

conclusions taken from this chapter are classified into two categories: performance of steady-

state experiment and measurement of relative permeability.  

High- and low-salinity steady-state coreflood experiment under the steady-state condition:  

• In the high-salinity, steady-state coreflood experiment, an overall oil recovery of 

around 72% of OOIP was accomplished, with the fractional flow of FF-1 and FF-2 

accounting for about 24% of the total OOIP recovered. In the low-salinity steady-

state coreflood experiment, on the other hand, an overall oil recovery of 92% of OOIP 

was achieved, with the fractional flow of LSFF-1 and LSFF-2 accounting for more 

than 50% of OOIP.  

• The pressure drop behaviour of both experiments was identical, with the pressure 

decreasing after the third fractional flow in both cases. 
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• More oil recovery was observed in the low-salinity steady-state displacement than in 

high salinity. This contributes to the effect of low salinity through the wettability 

alteration process. 

Relative permeability function using steady-state displacement:  

• Both the measured oil and water relative permeability values of high- and low-

salinity conditions were expected, and the saturation range was within a 

reasonable range of profiles. 

• The oil relative permeability of low salinity increased, while the water relative 

permeability of low salinity decreased, confirming the effect of LSWF in 

modifying the wettability condition of the rock.  

• The steady-state method is accurate even though the tests to obtain the relative 

permeability of a two-phase fluid system are time-consuming. 

• In spite of underestimating the water relative permeability, the oil recovery and 

pressure drop predictions of the suggested method were reasonable.
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Chapter 9: Conclusions, discussions, and recommendations 

Numerical simulation models are the most widely used technique to aid reservoir 

engineers and management in determining the most efficient methods to optimise oil 

recovery in a given reservoir. Unless they are updated, the current abilities of reservoir 

simulators are insufficient to simulate the essential mechanisms of EOR by LSWF. As a 

result, reliable numerical simulation is required to assist the future development and 

implementation of LSWF in reservoir fields. The methodology was developed by reviewing 

the existing techniques for modelling LSWF injection and simulating extensive coreflood 

experiments. Each chapter of this thesis has addressed a different aspect of the methodology. 

In this final chapter, a summary of the conclusions reached through the extensive numerical 

coreflood experiments is presented, which were used to determine the effectiveness of the 

method by implementing it in multiple injection scenarios for several key LSWF parameters. 

These parameters include displacement types such as tertiary and secondary mode under 

unsteady-state conditions and the attainment of a reliable relative permeability curve from 

steady-state coreflood. Following the analysis of the findings from the studies described 

above, recommendations for future studies are offered.  

Chapter 4: A new approach to simulate low-salinity waterflooding based incremental 

oil recovery  

The consequence of LSWF injection is typically associated with a change in the wetting 

condition of the rock sample. It is crucial to link wettability to the physical processes 

occurring on the rock surface to develop a reliable model for wettability alteration. This 

chapter discussed the development of the suggested method based on incremental oil 

recovery during LSWF injection. A process-based method was developed that empirically 

incorporates the effect of LSWF which in turn modifies the rock's wettability. The suggested 

method has been developed to provide suitable models based on reliable laboratory data, 

appropriately estimate low-salinity relative permeability, and predict LSWF performance. 

Compared to existing models, this model is more generalized because it is no longer limited 

to one specific pore-scale mechanism. 
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Chapter 5: Numerical simulation of unsteady-state secondary high-salinity water 

displacement 

Nine secondary core floods at high salinity were simulated to estimate the high-salinity 

relative permeability curves. It was crucial to conduct coreflood tests using various core 

parameters, including absolute permeability, initial water saturation, fluid viscosity and 

injection rate scenarios. By employing intelligent automated history matching to the 

historical data, CMG-CMOST assisted in history matching, and optimisation was used to 

provide an appropriate history match for the coreflood experiments. This was accomplished 

by adjusting the residual oil saturation and Corey or LET exponents to tun the relative 

permeability curvature. In this chapter, nine different relative permeability curves for 

secondary high-salinity waterflooding have been extracted, with successful history matching 

obtained for all coreflood experiments. However, the residual oil saturation achieved via 

simulation differed from the experimental value, which is acceptable given that actual 

residual oil saturation is not feasible in such experiments for several reasons discussed 

previously. 

Chapter 6: Predictions of the performance of tertiary and secondary LSWF under 

unsteady-state displacement conditions 

The previous chapter used the CMOST simulator to successfully obtain the high-salinity 

relative permeability curves for nine secondary high-salinity waterflood experiments. In 

these nine experiments, the secondary HSWF was followed by low-salinity waterflooding as 

tertiary displacement. In addition, two coreflood experiments using LSWF were performed 

in secondary mode. The effect of LSWF on oil recovery performance and pressure drop were 

predicted in this study by employing the suggested approach. This number of experiments 

provides sufficient real data to be compared with the predictions of the suggested method. In 

tertiary mode, the suggested method could shift the high-salinity relative permeability 

towards a more water-wet condition, which in turn demonstrated its capability to track 

change in wettability. The oil recovery and pressure drop were successfully predicted in 

tertiary mode with less than 2% acceptable error in the EXP.4-LS experiment. Secondary 

mode showed a greater shift towards a more water-wet condition than tertiary mode, which 

also had lower predicted residual oil saturation and greater movement towards more water-

wet. Due to the fact that oil recovery during secondary mode was higher than the oil recovery 
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during the tertiary mode, the suggested method was related to these incremental increases in 

oil recovery during the secondary mode. The results concluded that the suggested method 

was capable of predicting the oil recovery in both experiments, except the bumping floods 

period in EXP.11-LS experiment. Overall, the proposed methodology, based on incremental 

oil recovery, provides a quick evaluation of LSWF performance, which is invaluable for the 

oil and gas industry’s decision-making process.  

Chapter 7: Quantification of suggested method impact on the relative permeability 

functions: Sensitivity Analysis  

This chapter discusses the sensitivity of uncertainty characteristics such as relative 

permeability curvature and residual oil saturation, as well as their relationship to the 

simulation model and the suggested approach. More than 30 simulation runs with various 

parameter combinations were generated, and the prediction by the suggested method was 

analysed using a micro-dispersion value ranging from 1 to 30 to determine the effectiveness 

of the suggested method and its effect on relative permeability, oil recovery and pressure 

drop. This range covered various micro-dispersion values that were not examined in the 

experimental data prediction process in order to rule out any possible numerical error in the 

equation. For instance, several cases were used, including the extremely low endpoint of oil 

relative permeability, to cover all possible scenarios that could not be verified 

experimentally. The results indicated that the proposed method was capable of adapting to 

all micro-dispersion values where the response was consistent with the link between micro-

dispersion and increased oil recovery. Furthermore, the suggested method demonstrated the 

ability to assimilate all relative permeability parameters with systematic responsiveness to 

parameter changes. Additionally, the sensitivity analysis of Sobol and Morris was used to 

assess the impact of each relative permeability parameter on the quality of the prediction of 

permeability. The analysis showed that the Sobol and Morris techniques agreed on the 

relative permeability, such as residual oil saturation and exponent, as the most influential 

parameters in matching the experimental data. This confirmed that the prediction quality of 

the suggested method was based on the most important parameters.  
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Chapter 8: An experimental investigation of two-phase flow (water-oil) of high-salinity 

and low-salinity waterflood displacement under steady-state conditions 

A reliable estimation of the performance of high-salinity and low-salinity waterflood 

displacement requires an accurate dataset of two-phase relative permeability. As a result, 

accurate relative permeability functions are required to first improve the prediction of the 

efficacy of high- and low-salinity waterflood injection and then to quantify the influence of 

low-salinity waterflood in steady-state conditions. In this chapter, experiments with high- 

and low-salinity brines were conducted on a carbonate reservoir rock sample under steady-

state conditions. To the best of our knowledge, this is the first experiment in which the 

influence of a low-salinity waterflood was evaluated using a reservoir crude oil and a 

reservoir rock sample. The underlying mechanisms involved in the oil recovery under the 

two-phase flow steady-state conditions for high-salinity and low-salinity displacement have 

been discussed in this chapter. When a single-phase (water) is injected into the core during 

the unsteady-state displacement, the viscous force is the most critical factor determining the 

flow and saturation distribution. During steady-state displacements, on the other hand, the 

process becomes more complicated since the force of viscous coupling (water and oil) 

involves both in the displacement process at the same time. As a result, three factors influence 

the flow and saturation distribution: capillary force and the viscous forces of water and oil. 

However, during the low-salinity flood, the wettability alteration has an impact on saturation 

distribution across the core sample.  

According to the results of the steady-state experiment for a high/low salinity system, the 

relative permeability functions were expected for a mixed-wet system. The findings show 

that the water relative permeability decreased, but the oil relative permeability increased as 

a result of the LSWF effect. These experiments lead to the conclusion that the presence of 

low-salinity brine affects rock wettability, shifting it from an oil-wet or a mixed-wet 

condition to a more water-wet condition. This leads to increased oil recovery in the case of 

low-salinity steady-state displacement, compared to the high-salinity displacement. The data 

were used to validate the suggested method; in spite of underestimating the water relative 

permeability, the method’s oil recovery and pressure drop predictions were reasonable. 
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9.1 Discussions 

It is essential to experimentally analyse the potential of candidate reservoirs to apply the 

LSWF at the field scale in which the numerical simulation model is required to assist the 

performance of the LSWF. To date, however, the majority of current numerical simulation 

methodologies aid the effect of LSWF by using only a specific mechanism, which limits their 

use to that mechanism. In this thesis, the suggested method has been developed to provide 

suitable models based on reliable laboratory data, appropriately estimate low-salinity relative 

permeability, and predict LSWF performance. A further advantage of the suggested method 

is that it was developed based on incremental oil recovery during LSWF, allowing it to be 

universal in modelling the LSWF and not limited to a particular mechanism.  

Moreover, a correlation between micro-dispersion and incremental oil recovery has been 

established in a previous study (Masalmeh et al., 2019).  In general, if a correlation between 

the micro-dispersion amount and incremental oil recovery by LSWF is provided as in this 

study or any other correlation that provides the information of incremental oil recovery by 

LSWF, the suggested method can be implemented with a minimum amount of laboratory 

work. It should be noted that the correlation was not employed to develop the suggested 

method, but it can be used as a quick method for implementing LSWF via the suggested 

method. 

Since the suggested method requires krHS and incremental oil recovery by LSWF, it can 

benefit from such correlation with minimum laboratory work. As a result, the suggested 

method for predicting LSWF performance if krHS is available does not require performing 

a low salinity coreflood experiment to know the additional oil recovery. Even if the krHS is 

unavailable, the only additional laboratory effort is to do a coreflood experiment with high 

salinity. Therefore, the suggested methodology can benefit the screening method for a quick 

evaluation of the LSWF injection performance, which is invaluable for the oil and gas 

industry’s decision-making process. 

9.2 Recommendations  

• The relationship between the amount of micro-dispersion and incremental oil 

recovery has been established earlier for a tertiary mode (Masalmeh et al., 2019). 
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More investigation is recommended to develop a similar correlation for secondary 

mode.  

• For the sake of simplicity, the suggested method in this research was validated using 

an actual reservoir data in 1D model. It is recommended to check the findings with a 

sector model and then with reservoir scale.  

• The CMG-STAR black-oil models were utilised in the simulation work presented in 

this thesis. It is recommended to evaluate the suggested method with other black-oil 

models such as ECLIPSE-100.  

• Based on the experimentally observed difference between high- and low-salinity 

displacement under steady-state conditions, the change in water relative permeability 

between high and low salinity was significant. Further experimental investigations 

are needed to identify the reason behind this considerable change in water relative 

permeability.  

• The proposed method can be further improved by quantifying the influence of a low-

salinity waterflood in a steady-state condition. 
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