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ABSTRACT 

The objective of this dissertation was three fold: (1) evaluate the potential of incremental 

oil recovery using low-salinity waterflooding in a specific carbonate reservoir, (2) develop the 

optimum water salinity to increase oil recovery from the reservoir, and (3) determine the 

underlying mechanisms of low salinity waterflooding.  

Five low-salinity waterflood experiments were performed on reservoir cores at reservoir 

conditions. A 1-D, two-phase, Buckley-Leverett model was developed to match experimental 

results and assess the wettability alteration due to the seawater and the low-salinity of injected 

brine. Ultimately, this model was used to history match the experimental results. 

Specifically, five seawater floods were conducted in several heterogeneous low-

permeability carbonate cores, one of which included adding surfactant to the low-salinity 

waterfloods. The sequence of flooding was: seawater flood, two different concentrations of low-

salinity waterflood, and in one experiment a final slug of surfactant diluted in low-salinity water. 

Core permeabilities were between 0.5 to 1.5 mD; porosity was in the range of 18 to 25%. Cores 

were aged in reservoir oil for eight weeks at reservoir pressure and temperature. Interfacial tension 

(IFT) measurements between oil-brine were conducted using pendant drop method. Captive oil-

droplet contact angle measurements were made at different brine salinities.  

The carbonate core flood results show that removing NaCl from seawater and diluting the 

seawater twice and four times yielded about 8% incremental oil. An additional 5% oil recovery 

was obtained after the subsequent flood of surfactant diluted in low-salinity water. Oil-brine IFT 

increased with decreasing salinity both in presence and in absence of 1,000-ppm surfactant. From 

the captive oil-droplet contact angle measurements, it was observed that cleaned un-aged carbonate 

core discs began water-wet, and became more water-wet as salinity decreased (both in presence 

and in absence of 1000-ppm surfactant). The wettability of crude-aged carbonate core discs altered 
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from oil-wet to intermediate-wet as salinity decreased. The wettability changed from intermediate-

wet to water-wet with decreasing salinity in presence of 1,000-ppm surfactant. Moreover, addition 

of small amount of surfactant alters the wettability of crude-aged or cleaned un-aged carbonate 

core slabs towards water-wet. The degree of water-wetness achieved by surfactant solution 

depends on salinity level. 

To investigate the wettability alteration effect, a numerical 1-D, two-phase Buckley-

Leverett model was used to mathematically simulate oil recovery during the experimental process 

of seawater and low-salinity waterflooding. The mathematical model matched the oil recovery 

with the adjustment of relative permeability functions to account for wettability alteration effects.  

Coreflooding, interfacial tension (IFT), and contact angle measurements were conducted 

to determine the possible mechanisms for improved oil recovery in carbonate reservoirs using low-

salinity waterflooding after primary seawater injection. The following are the main conclusions: 

 Low-salinity waterflooding, after seawater injection, improves oil recovery in cores from 

facies 5 and 6, not with facies 3 because of burrows.  

 Diluting the seawater by a factor of two (LS1) is enough to achieve additional oil recovery. 

 The wettability of crude-aged carbonate core slabs alters from oil-wet to intermediate-wet 

with decreasing salinity. 
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CHAPTER 1 

INTRODUCTION 

 

This chapter introduces the reader to the background, motivation, problem statement, 

objectives, method of study, and the organization of the thesis. 

1.1 Background  

This dissertation is part of an integrated effort between the geology and petroleum 

engineering departments at Colorado School of Mines (CSM). Figure 1.1 shows the top structural 

map of Formation A, and a sector of the field.  

Jobe (2013) described the geology of Reservoir I, while Teklu et al., (2014) studied CO2 

injection experimentally using Reservoir I cores, formation brine, and crude oil. For my research, 

I studied several low-salinity flooding schemes as potential means of enhanced oil recovery (EOR) 

for Reservoir I. The entirety of the projects aimed at technical collaboration between the Petroleum 

Institute in Abu Dhabi and Colorado School of Mines (CSM) with emphasis on improving oil 

production from the lower Shuaiba reservoir unit of Reservoir I (Figure 1.2). Shuaiba unit is highly 

fractured with an average permeability of 1.5 mD and an average porosity of 0.24. The average 

thickness of Shuaiba unit is 43 ft, with reservoir production controlled by matrix to fracture flow.  

Production from the field began in 1983 with water injection starting in 1984. The first 

observation of water breakthrough was noted in 1991 (seven years later). Water cut increased from 

5% in early 1990s to 24% in 2006. Reservoir thickness is about 300 ft, with a water injection rate 

of 800 MBW/day and a total oil production of 560 MSTB/day from the entire reservoir units 

(Reservoir I, II, and III). Currently, most of the oil production is from Reservoir II and Reservoir 

III reservoirs. These reservoirs have high porosity and permeability. 



2 

 

 

Figure 1.1: structure map of Formation A top and the high density of wells in two major sectors 

(red and black) (taken from: Shibasaki et al., 2006). The black sector of the field (64 wells) has 

been extensively studied in various joint projects between Colorado School of Mines and the 

Petroleum Institute, Abu Dhabi. 
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Figure 1.2: A geological model of Formation A showing lithology, gamma ray, porosity, and 

permeability for various layers (taken from: Strohmenger et al., 2006).  

 

1.2 Motivation  

Oil production enhancement by low-salinity waterflooding in carbonate formations has 

been the subject of intense speculation. Several mechanisms are attributed to enhanced oil recovery 

by low-salinity waterflooding in carbonate formations. The main mechanism revolves around 

wettability alteration by interaction of Na+, Cl-, Ca2+, Mg2+, SO4
2-, and RCOO- carboxylic group  

in the electrical double layer (EDL) near the surface of carbonate pores. In this research, low-

salinity core flooding experiments are conducted to evaluate the EOR potential on Reservoir I 
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formation. Jobe’s geologic study (2013) indicates the current oil production from Reservoir I is 

from water flushing the dolomitize burrows located near the fractures/channels. The water has 

difficulty entering the matrix to sweep the adjacent matrix.  

1.3 Problem Statement 

This project is an evaluation of oil recovery in a low-permeability fractured carbonate 

formation by low-salinity waterflooding using laboratory cores. Specifically, investigating 

whether low-salinity waterflooding after seawater injection can improve oil recovery from 

Reservoir I. The research includes experimental and numerical modeling. The numerical model 

tracks oil recovery in the effluent and salt concentration in the core. All coreflooding experiments 

were performed using the FRT 6100, a High Pressure-High Temperature (HPHT) system 

developed by Chandler (FRT 6100).   

1.4 Objectives 

Objectives of this research are:  

1. Evaluate oil recovery potential by low-salinity waterflooding in Reservoir I. 

2. Determine the optimum water salinity to produce the most amount of oil from Reservoir I.  

3. Determine the underlying mechanisms of low-salinity EOR. 

1.5 Methodology 

1. Conducted five diluted synthetic seawater experiments to determine low-salinity EOR in 

Reservoir I cores. Initially, CMS-300 (Core Measurement System) apparatus was used to 

estimate porosity and permeability values of the carbonate cores. Then, a centrifuge 

(Centrifuge Plus ACES 200) was used to saturate the cores with Formation A water. These 

experiments were operated under reservoir conditions. Moreover, I conducted interfacial 

tension (IFT) and contact angle measurements to determine parameters affecting low-

salinity waterflooding. 
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2. A mathematical code for 1-D, two-phase, Buckley-Leverett model to confirm the 

wettability alteration effect by seawater followed by low-salinity water injection is 

developed. Ultimately, the mathematical model was used to history match the performance 

of the experiments. 

1.6 Organization of the Thesis 

This thesis has eight chapters: 

Chapter 1 discusses the research, motivation, and background.  

Chapter 2 is the literature review and focuses on the work done by other investigators on 

low-salinity waterflooding of carbonate reservoirs and numerical studies.  

Chapter 3 presents laboratory protocols which includes core cleaning and preparation, 

porosity and permeability measurement, core saturation, IFT measurements, crude oil 

filtration, fluid preparation, and coreflooding experiments procedure. 

Chapter 4 presents experimental equipment: coreflooding apparatus (FRT 6100), 

centrifuge (ACES200), permeability measuring apparatus (CMS 300), and drop shape analysis 

(DSA100) for contact angle measurement. 

Chapter 5 presents a surfactant flooding experiment.  

Chapter 6 presents the details of all low-salinity coreflood experiments. 

Chapter 7 presents numerical modeling.  

Chapter 8 presents conclusions and recommendations. 
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CHAPTER 2 

LITERATURE REVIEW 

 

This chapter reviews the relevant literature to the main objectives of the dissertation in five 

sections. The five sections are the following: overview of low-salinity mechanisms in carbonate 

formations, effect of low-salinity on oil recovery, low-salinity waterflooding and wettability in 

carbonate reservoirs, numerical studies on low-salinity waterflooding, and surfactant study.  

2.1 Overview of Low-Salinity Mechanisms in Carbonate Formation 

The carbonate (CaCO3) rock surface has a positive charge when the pH is less than 9.5. In 

waterflooding, pH is a measure of the concentration of H+ ions and OH- ions in brine, which is 

defined as logarithm (base 10) of the reciprocal of hydrogen ion concentration in moles per liter. 

Water splits into hydrogen ions (H+) and hydroxyl ions (OH-), and when there are equal parts of 

H+ and OH-, pH is 7 which is defined as pH = -log[H+] for water. If the pH<7 it is acidic; if the 

pH>7 it is basic. The positive charge on the rock’s surface is due to the dissolution of the carbonate 

in formation water, Eq. 2.1. Equation 2.2 indicates that pH increases, beyond the neutral point 

(pH>7) as the quantity of OH- ions increases in the carbonate dissolution process. 

Carbonate dissolution: 

 
2 2

3 3CaCO Ca CO               (2.1) 

Formation bicarbonate HCO3
- ion: 

 
2

3 2 3CO H O HCO OH                (2.2) 

The dissolution renders the carbonate rock surface positive. When oil and water occupy a 

pore, the negative charge of the component of oil attracts RCOO- molecules to the carbonate rock 

surface to make the rock oil wet. Moreover, the charge at the interface between oil and water is 

negative because of carboxylic acid (organic materials-RCOO-) available at this interface. On the 
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contrary, the charge at interface between the rock and water is positive because of the high content 

of Ca2+ in the formation water. Both the interface between oil-water and rock-water create 

instability for the water film (rock-oil) as the carboxylic acid (negative charge) adsorbs on the rock 

surface (positive charge).  

Acid number (AN) is another factor that should be considered. It can be studied in order to 

change or alter the wettability of the carbonate rock surface. This is because the initial wetting 

condition for a carbonate rock depends on the stability of the water film between the rock and oil 

(Ravari 2011).  

The process of wettability alteration during low-salinity flooding is also dependent on 

temperature. The efficiency of low-salinity flooding increases when the temperature is above 

100oC.  Higher temperatures increase the interaction energy between the low-salinity waterflood 

ions (SO4
2-, Ca2+, Mg2+) and the rock surface. This helps desorb the carboxylic organic material 

(RCOO-) from the rock surface and ultimately increases the oil recovery due to the desorption 

process between low-salinity flooding and the carboxylic organic material. Moreover, sulfate is 

soluble with the hydrogen bonds in water, and by increasing the temperature, less hydrogen bonds 

are available (less layer of hydrogen bonds around the sulfates). Therefore, more reactions exist 

between sulfates (SO4
2-) and the positive chalk surface instead of hydrogen bonds at high 

temperature. 

Previous studies presented in the literature on low-salinity waterflooding in carbonate 

reservoirs indicated that that SO4
2-, Ca2+, and Mg2+ (divalent ions) played a vital role (key ions) in 

the wettability alteration procedure (Austad et al., 2012). Based on experimental results, a chemical 

mechanism was discussed regarding the interactions between Ca2+ and SO4
2-, and also between 

Mg2+ and SO4
2- at chalk surface (carbonate formation), causing to desorb the carboxylic organic 
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materials. As a result of that on the chalk surface, the positive charge of the chalk surface will 

decrease, and more Ca2+ from the low-salinity waterflood will compensate for the decrease on the 

chalk surface. This explains the motivation behind keeping SO4
2- and Ca2+ in the low-salinity 

flooding treatment (Figure 2.1). Mg2+ only has a strong impact on the low-salinity waterflood 

process when temperature is high. Since Mg2+ ion has strong hydration in water at low 

temperatures; its ability to react with other minerals at low temperature decreases. As the 

temperature increases, most parts of the concentration of Mg2+ will be dehydrated and the Mg2+ 

ion reactivity increases (Figure 2.2).  

The adsorption ability of Ca2+ is stronger than Mg2+.  However, Mg2+ is more active and 

can react with more Ca2+ at the chalk surface; hence Ca2+ will be displaced from the chalk surface. 

In other words, when Mg2+ and SO4
2- work as wettability alteration mechanism, Mg2+ will be able 

to displace both, Ca2+ that is connected to the carboxylic organic material and Ca2+ ions from the 

surface of the chalk. This reaction of Mg2+ is supported initially by SO4
2- (initially react with Ca2+ 

from the chalk surface).  

Mono-valent ions are present in low-salinity waterflood due to the original presence of Na+ 

and Cl- in the water. These mono-valent ions do not contribute positively to the oil recovery 

mechanisms discussed in the low-salinity waterflood process. However, both Na+ and Cl- ions 

present in water can hinder the reactions of the active ions and reduce recovery. The reduction of 

Na+ and Cl- in water will expand the electrical double layer; hence a reduced amount of NaCl in 

the water will increase recovery chances and contact (better access) between the active ions (SO4
2-

, Ca2+, Mg2+) and the surface rock.  
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Figure 2.1: The effect of low-salinity waterflooding when SO4

2- and Ca2+ interact with the surface 

of the rock in a carbonate formation (taken from: Fathi et al., 2010). The interface between oil and 

water is negatively charged because of the carboxylic acid (organic materials) availability in the 

interface. On the contrary, the interface between the rock and water is positively charged because 

of the high content of Ca2+ in the formation water. 

 

 

 

 

 
Figure 2.2: The effect of low-salinity waterflooding when SO4

2- and Ca2+ interact with the surface 

of the rock in a carbonate formation (taken from: Fathi et al., 2010). Mg2+ is more active and react 

with more Ca2+ at the chalk surface, hence Ca2+ will be displaced from the chalk surface. In other 

words, when Mg2+ and SO4
2- work as wettability alteration mechanism, Mg2+ will be able to 

displace both, Ca2+ that is connected to the carboxylic organic material and Ca2+ ions from the 

surface of the chalk. 
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2.2 Effect of Low-Salinity on Oil Recovery 

Al-Harrasi et al., (2012) conducted several low-salinity waterflood experiments using 

different carbonate cores. The objectives of this study was to examine the increase in oil recovery 

using low-salinity flooding (LSF) in carbonate reservoirs and study the factors that lead to the 

increase in oil recovery. In this paper, carbonates cores were used during both coreflooding and 

spontaneous imbibition experiments at 70oC. Synthetic brine was mixed with distilled water in 

four ways making varying concentrations (dilution brine was mixed twice, 5 times, 10 times, and 

100 times). From these experiments, Al-Harrasi et al., (2012) reported an increase of 16-21% in 

oil recovery with coreflooding and spontaneous imbibition. 

Zahid et al., (2012) also experimentally investigated additional oil recovery using low-

salinity waterflood in carbonate reservoirs. After saturating carbonate core plugs with seawater, 

crude oil was injected to determine the connate water saturation. Following this, seawater was re-

injected to determine the residual oil saturation. All the experiments were conducted at both 

ambient and high temperatures (90oC). Zahid et al., (2012) observed no effect of low-salinity 

waterflooding at ambient temperature but an increase in pressure drop was observed. However, an 

increase in oil recovery was observed with runs at high temperatures (90oC), also with an increase 

in pressure drop. Live oil was used in these experiments. His conclusions show that the low-salinity 

effect was not detected with runs at room temperature, while at 90oC an increase in oil recovery 

was noticed. Moreover, due to the increase in pressure drop, migration of fines or dissolution 

effects may have occurred and may contribute to the increase in oil recovery. 

Al-Attar et al., (2013) performed coreflood experiments involving low-salinity waterflood 

in carbonate reservoirs (cores from Bu Hasa field). They used various dilutions of seawater in 

order to examine the effect of low-salinity water based on brine salinity and ionic compositions. 

Moreover, they performed wettability alteration using contact angle measurements, and interfacial 
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tension measurements were also determined. Al-Attar et al., (2013) concluded an oil recovery 

increase using low-salinity waterflood. Increasing the sulfate concentration was found to be the 

main contributor for the oil recovery increase when low-salinity waterflood was performed. 

However, when the concentration reached a high level it had a negative effect on recovery. 

Aladasani et al., (2012b) studied the low-salinity waterflooding by using statistical analysis 

and core size simulation to examine the mechanisms of low-salinity in sandstone reservoirs. Four 

hundred and eleven simulations were discussed and combined with analysis such as residual oil 

saturation to chlorite and wettability index. Aladasani et al., (2012) concluded from this study that 

the increase in wettability index resulted in increasing oil relative permeability, which is the 

mechanism in strong water-wet and oil-wet system in increasing oil recovery. Low capillary 

pressures is the cause of incremental oil recovery in an intermediate water system.  

Morrow and Buckley (2011) performed experiments to investigate the effect of low-

salinity waterflooding (LSW) in Berea sandstone cores. During the experiments, several factors 

were noted. These included the clay content in the core, the connate water in the core (spontaneous 

imbibition), and the contact angles to the crude oil to determine the wettability conditions (oil or 

water-wet). Moreover, they focused on low-salinity waterflooding (LSW) at initial water 

saturation (Swi) and residual oil saturation (Sor). For LSW at Sor, LSW was injected after high 

salinity water (HS), with a recovery increase of about 25%. The LSW was experimentally used in 

Berea sandstone with permeability values ranging from 500 to 1,000 mD. During the experiments, 

an increase in the pH was noted, while the interfacial tension between effluent oil and brine was 

high. The main conclusion indicated that low-salinity flood works in laboratory conditions but 

further studies need to be performed when applied to field cases. 
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2.3 Low-Salinity Waterflooding and Wettability  

Aladasani et al., (2012a) conducted 214 experiments for low-salinity coreflooding in order 

to estimate the secondary recovery. A total of 188 experiments were conducted to evaluate the 

tertiary recovery for sandstone reservoirs. Using experiments and simulation, he concluded that 

wettability change or alternation is ideal when shifting the wetting state from oil-wet or water-wet 

to a maintained intermediate wetting condition regardless of the injected brine salinity (dilution). 

In addition, he stated that interfacial tension has a major effect on low-salinity waterflooding in 

carbonate reservoirs where also the contact angle is more considerable to the final oil recovery. 

In addition, Zekri et al., (2012) investigated various experiments changing contact angles 

as a function of time. He performed brine injection experiments using limestone and sandstone 

rocks. The core plugs samples used in these experiments were obtained from a Libyan oil reservoir. 

Several brine injection concentrations were used in the experiment to examine the effect of salinity 

in oil recovery, while different sulfate concentrations. Zekri et al., (2012) concluded that 

wettability alteration is the main mechanism increasing recovery in limestone and sandstone 

formations. 

Austad et al., (2010) discussed and confirmed through several experiments that seawater 

(after changing or modifying the ionic composition) is able to alter the wettability of the carbonate 

rocks (chalks) by spontaneous imbibition and forced displacement, both at high temperatures, 

hence increasing the oil recovery in carbonate rocks. Several studies and experiments investigating 

this have been performed using Valhall chalk cores under reservoir conditions (temperature and 

confining pressure). The main results of these experiments are seen through the change of the 

capillary pressure curve as a result of modifying the seawater composition compared to formation 

water. 
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2.4 Numerical Studies on Low-Salinity Waterflooding 

Al-Shalabi et al., (2013) investigated a mechanism which is believed to be the main 

contributor to oil recovery increase using low-salinity waterflooding. Published experimental data 

were matched using UTCHEM simulator (shifting the end point oil-water relative permeability 

curves) in order to get an indication of low-salinity waterflooding mechanisms. Al-Shalabi et al., 

(2013) concluded from history matching that wettability alteration is the main mechanism of low-

salinity waterflooding in carbonate formations.  

Alsofi and Yousef (2013) investigated two coreflooding experiments and studied the 

fractional flow using Buckley-Leverett solver. Moreover, they use a streamline based simulator to 

study the sets of relative permeability curves in order to history match the recovery and pressures 

obtained from Smart-Water flooding experiments. From the study, Alsofi and Yousef (2013) 

concluded that enhancing the Smart-Water recovery is explained through the curvature changes in 

oil relative permeability curves. Moreover, the explanation the incremental recovery increase 

obtained from Smart-Water flooding is due to the increase in oil flow capacity. From the results 

obtained, Alsofi and Yousef (2013) suggested that the incremental increase in oil recovery using 

Smart-Waterflooding is due to the dual wettability alteration in the reservoir. 

Al-Shalabi et al., (2013) explained the double electric layer expansion as a main contributor 

of oil recovery increase using low-salinity waterflooding. The study was accomplished using 

history matching (UTCHEM simulator) through published coreflood experiments data from 

carbonate formations. The history match results using the wettability alteration option in the 

simulator concluded that wettability alteration has no effect on water relative permeability. This 

also was confirmed with the double electric layer expansion. 

To have more potential ideas about the mechanism of low-salinity waterflood, Fjelde et al., 

(2013) investigated the cation concentrations in the effluent samples through different coreflood 
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experiments. This was tested during secondary and tertiary modes of low-salinity waterflooding 

experiments. Finally, the results of the study were used for history matching. From this study, 

Fjelde et al., (2013) concluded that low-salinity waterflooding (secondary and tertiary modes) 

depends on rock and brine compositions, and modeling the cation exchange can be helpful in 

evaluating the potential of low-salinity waterflooding. 

Dang et al., (2013) proposed a model involving low-salinity waterflooding through 

coreflood experiments for a North Sea reservoir and Texas reservoir. They concluded observations 

from the model and experiments including local pH increase, and a decrease in divalent ions 

concentration in the effluent samples. Moreover, Dang et al., (2013) achieved matching the model 

and the experiments used from Fjelde and Rivet based on the concentrations of the effluent ions.  

To evaluate the capability of building a mathematical model for low-salinity waterflood, 

Wu and Bai (2009) studied the flow and transport behavior of low-salinity waterflooding by 

developing a mathematic model. This mathematical model will include the mechanisms of low-

salinity waterflooding and quantify its processes. In their model, salt is transported within the 

aqueous phase by advection and diffusion. Moreover, the mathematical conceptual model that Wu 

and Bai (2009) accomplished is applicable to 1D, 2D, and 3D simulator to examine low- salinity 

waterflooding in fractured and unfractured reservoir. Wu and Bai (2009) also concluded that the 

model is capable for quantitative evaluation of low-salinity flooding.  

2.5 Surfactant Study 

Ethoxylation is a chemical process to make surfactants, which are defined as compounds 

that reduce the surface tension. Ethoxylation of an alcohol is a process of adding ethylene oxide to 

alcohol to produce products (such as ethoxylated alcohol). Moreover, in order to speed up the 

ethoxylation reaction, potassium hydroxide (catalyst) can be added with ethylene oxide. 

Ethoxylated alcohol is non-ionic surfactant that proved to increase oil recovery in carbonate 
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reservoirs of moderate salinity. Moreover, ethoxylated alcohol is a simple surfactant that increased 

the oil recovery using carbonate cores, and it is recommended to use instead of using expensive 

and complex other surfactants. Also, ethoxylated alcohol is used as a cleaning agent that can be 

seen in products such as toothpaste and shampoos, where it has the ability to remove dirty particles 

and the mechanism was proved to be lowering the interfacial tension. Moreover, surfactant in 

general can create emulsion, where the liquids that can’t be mixed will mix due to the surfactant 

behavior (Sheng 2013). 

Surfactant is a surface-acting agent, where it reduces the interfacial tension (IFT) between 

the rock grains and the organic materials (oil). Surfactants are classified according the ionic nature 

of the head group as anionic, cationic, and non-ionic. Anionic surfactants are mostly used in 

enhanced oil recovery for sandstone reservoirs. Non-ionic surfactants serve as co surfactants in 

order to improve the system phase behavior. Due to a better tolerance of non-ionic surfactant to 

salinity, anionic and non-ionic surfactants are sometimes used as a mixture of surfactant to enhance 

oil recovery. Carbonate reservoirs are usually oil-wet reservoirs, hence the recovery during 

seawater flooding is not efficient and requires surface-acting agents to alter the wettability and 

improve oil recovery. Cationic surfactants are sometimes used in carbonate reservoirs to alter 

wettability, but they are costly (Sheng 2013).  

  



16 

 

CHAPTER 3 

LABORATORY PROTOCOL 

 

This section details the lab procedure and methods used in the lab experiments. This 

includes the following: core cleaning procedure, CMS 300 measurements, oil filtration, synthetic 

seawater preparation, coreflooding experiment procedure, viscosity measurements, Huppler 

techniques, and cloud point measurements.  

3.1 Core Cleaning Procedure 

Prior to using the CMS 300, the cores were cleaned in order to get accurate values for the 

porosity and permeability. The following steps were followed to clean core samples: 

1. Cores from Reservoir I (facies 3, 5, and 6) were prepared for cleaning.  

2. Cores were placed in the Soxhlet extractor with toluene used as the solvent. The Soxhlet 

extractor was turned off for 2-3 days to let the cores soak in the toluene. Because the cores 

are tight, this allowed imbibition to occur. If more oil was observed during the last step, 

the Soxhlet extractor was turned on again. The process of turning on/off the Soxhlet 

extractor was repeated until no oil was observed. Methanol was then used to remove any 

salts contaminating in the cores. Finally, toluene was used again in case there was oil 

trapped behind the salts removed from the cores. The cleaning process was performed until 

no oil trace is noticed. The approximate time for the cleaning process with toluene was for 

2 weeks; then one day for methanol, and another one day for toluene.  

3. Cores were placed in the oven at 250oF for 24 hours. After drying, the cores were 

immediately sealed to avoid humidity.  

4. Porosity and permeability values of the cores were measured using CMS 300. 
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5. Since the cores are tight (1-10 mD), the centrifuge plus (ACES 200) equipment was used 

to saturate the cores with Formation A brine. The speed was set at 3,000-5,000 rpm for 3 

to 4 days to fully saturate the cores and minimize core breakage. The crude oil and 

formation brine were filtered at 1.0 and 0.5 microns respectively; and their viscosity value 

were measured at reservoir temperature of 195 oF as 3.0 cp and 0.535 cp; respectively. The 

API gravity of the reservoir oil at standard condition is 32o.  

6. A synthetic seawater was prepared using the following salts: NaCl, Na2SO4, CaCl2, and 

MgCl2 (Zhang and Sarma 2012). 

3.2 CMS 300 Procedure 

After the cores were cleaned, the CMS 300 was used to measure porosity and 

permeability measurements. The following steps were followed using the CMS 300: 

1. Preparatory Check Procedure: 

- Make sure that the nitrogen pressure is more than 4,000 psi. 

- The helium pressure should be almost 500 psi. 

- The oil tank inside the equipment must be full of oil with no leak observed.  

2. Initial Experiment Procedure: 

- Open N2 valves (clockwise). 

- Open He valves (clockwise). 

- Turn on the CMS 300 which is located in the backside of the equipment. 

- Check the side valves reading located inside the equipment with the equipment 

manual. 

- Turn on the computer and click on CMS 300 software. 

3. Calibration and diagnostics: 
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- Click on He leak test which is in the diagnostics tab. 

- After that, you will be asked to insert two standard steel samples in holder 1 and 2. 

- The steel sample with hole in the middle should be placed in holder #1, and the 

steel sample without hole in the middle should be in holder #2 (this was used for 

1.5 inch diameter core calibration). 

- Start the calibration will start and the results of the calibration should be in the range 

given in the output printed report, otherwise, the calibration must be repeated again. 

- Go to set parameters option which is located in the configuration tab. Then insert 

the specifications such as: the sample holder diameter, the required unit of pressure 

and length, and mode (choose extended if tight samples are used). Please note the 

number of confining pressure steps should be less than 10 steps and the range is 

between 800 to 8,000 psi. Then start the experiment.   

- At the end, close the He valve first, then the N2 valve, and lastly turn the machine 

off. 

3.3 Oil Filtration  

Because a large volume of crude is needed, Surtek, Inc filtered it, removing asphaltene and 

solid particles larger than 1.0 micron. Before the crude oil was filtered, a sample test of the crude 

oil was taken to test the level of the water content in the oil. The water content in the oil needs to 

be <1% in order to filter it. If the water content in the crude oil is >1%, then we first need to use 

the centrifuge to remove the water content from the crude oil.  

3.4 Synthetic Seawater Procedure (done at TIORCO) 

In order to make the synthetic seawater, the following components need to be used in order 

to prepare 1000 g/L brine synthetic seawater solution: NaHCO3, NaCl, Na2SO4, CaCl2*2H2O, and 
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MgCl2*6H2O. The composition of the seawater is given in Table 3.1, where One liter of synthetic 

seawater after adding deionized water (DI) has the following components: 

4.891g (Na2SO4) +1.915g (CaCl2) +13.550g (MgCl2) +30.99g (NaCl) +948.700g (DI). 

Weigh each ion concentration using 6x6 weighing paper on top of the scale weight and 

fold it in to half. This way of folding will ease moving the ion concentration to the glass beaker in 

the next step. Also, make sure to use individual plastic spoon every time you add different reagent 

to the scale weight. Place the reagents in a 1,000 mL glass beaker. Then add deionized water. 

Finally add a magnetic stirrer to the beaker and place it in the magnetic stirrer device. Wait for 

approximately 30-50 minutes till you see no dissolve particles in the solution. 

Table 3.1: Synthetic seawater (made at TIORCO) (Zhang and Sarma 2012) 

Component Na2SO4 CaCl2 MgCl2 NaCl TDS 

kppm 4.891 1.915 13.550 30.99 51.346 

 

3.5 Coreflooding Experiment Procedure  

After the cores were saturated with formation brine using the centrifuge equipment 

(Centrifuge Plus ACES 200), the following procedures were followed during the coreflooding 

experiment:  

1. Core was placed in the core holder (FRT 6100), and confining pressure, back pressure, and 

reservoir temperature (195oF) were applied to mimic reservoir conditions. Flow is vertical 

from bottom to top. 

2. Formation brine was injected at 0.1 cm3/min flow rate. This ensures the core is still 100% 

saturated with brine and no air in trapped in the pores and also to determine the air-water 

relative permeability of the core to brine. 

3. Oil was then injected at a 0.1 cm3/min flow rate until residual water saturation (Swi) is 

achieved. The oil-water relative permeability is also determined at this step. 
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4. To restore wettability, the cores were aged for two weeks (first two experiments); the next 

set of cores (the last three experiments) were aged for eight weeks to confirm wettability 

was restored. 

5. Prior to seawater injection, about four PV oil is injected to mimic oil saturated reservoir 

condition. 

6. Seawater was injected to displace the oil at 0.1 cm3/min flow rate. At this point, oil recovery 

during waterflooding and water relative permeability is determined.  

7. After establishing residual oil saturation to seawater flooding (Sorw), brines of different 

salinities were injected to study the effect of low-salinity on incremental oil recovery and 

wettability alteration. Oil production, flow rate, pressure drop were recorded and analyzed 

during the entire coreflooding experiment. 

3.6 Alternative Core Saturation Procedure 

When the ultra-high speed centrifuge (ACES 200) was not available, the following 

alternative protocol was applied using a desiccator and the coreflooding equipment (FRT 6100): 

1. The cores were placed in the desiccator and a vacuum was applied first for six hours to 

remove all the possible air inside the cores.  

2. Drops of formation brine was applied in the desiccator for a day until the formation brine 

covered the cores inside the beaker. 

3. The cores were left in the desiccator for two days where the vacuum was applied. 

4. In order to make sure that the cores are fully saturated with brine, we placed the cores in 

FRT 6100 and the following series of injection rate and pore volume (PV) were applied: 

0.05 cm3/min for twenty PV, 0.1 cm3/min for five PV, 0.5 cm3/min for five PV, and 1.0 
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cm3/min for five PV. The increase in injection rate was applied in order to access the small 

pores as much as possible. 

5. The weight difference (wet weight – dry weight), in conjunction with brine density was 

used to calculate the pore volume. It was also compared with the pore volume measured 

using CMS 300. A good match was observed in both approaches. 

3.7 Viscosity Measurements 

Oil viscosity was measured at different temperature (50oC, 70oC, 85oC, 91oC) using the 

Cannon-Fenske Viscometer. Alsumaiti (2011) reported that the API for the crude oil  

(Reservoir I) is 32o API; hence the oil specific gravity is 0.865 using the API standard equation: 
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The density of oil was calculated to be 0.865 using the following equation: 
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0.865oil  g/ cm3             (3.6) 

The oil density of 0.865 g/cm3 was experimentally confirmed. 

The Cannon-Fenske Viscometer was used in order to get accurate values for crude oil and brine 

viscosity. The steps followed are listed below: 
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1. Using the Cannon-Fenske Viscometer set at 91oC (195oF), the oil took 94.62 seconds to 

travel from a specific point to another (upper and lower points in the first bulb). For the 

second bulb, the oil took 109.82 seconds to travel from the first point to the second point.  

2. The travel times were then converted to kinematic viscosity. The constant in cSt/s = 

0.03757 for the first bulb, and 0.03249 for the second bulb.  

 94.62 0.03757 3.5549cst
cst

s
s

             (3.7) 

 109.82 0.03249 3.5680cst
cst

s
s

             (3.8) 

3. To convert from kinematic to dynamic viscosity (cp), multiply the kinematic viscosity (cSt) 

by the measured oil density in gm/ml. 

 3.5549 0.865 3cp
gm

cst
ml

              (3.9) 

 3.5680 0.865 3cp
gm

cst
ml

            (3.10) 

To make sure that we measured the oil and brine viscosity accurately, the oil and brine viscosity 

used in the experiments were measured experimentally at 195oF. Table 3.2 shows the brine and oil 

viscosity measured at 195oF. 

Table 3.2: Measurements of brine and oil viscosity at 195oF 

Fluid Type Crude Oil Brine 

Viscosity (cP)    3.0 0.535 

 

3.8 Huppler Techniques 

To minimize end effects and better represent reservoir conditions, multiple cores were 

stacked. Huppler techniques (Huppler 1969) are a method to determine how to stack multiple 

cores. Based on Huppler techniques, the cores should be selected so that the harmonic average 
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permeability is close to the average permeability of the composite used. The Huppler techniques 

are best explained with an example.  The procedure to determine the cores ordering is as follows: 

1. In the third experiment (as an example), we have three cores that have different 

permeability values of 3.38 (3V), 1.81 (5V), and 0.696 (7V) mD (Figure 3.1). It was noted 

that sample 7V has the lowest permeability where it would have the highest pressure drop; 

hence it should be placed at the end of the composite (outlet). This needs to be confirmed 

by calculating the average permeability and harmonic average permeability. Moreover, 

Huppler (1969) concluded that the core section with greatest pressure drop should be 

placed at the end of the composite (outlet). The average permeability was calculated to be: 
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2. Three options are available in stacking the cores in our experiment. Figure 3.1 shows the 

three options available using Huppler techniques. To determine the right order, we need to 

calculate Fmin, which is a value that estimate the ordering of composite sections starting 

from the outlet end, and it is calculated using the following equation: 
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           (3.14) 

Where nk is the outlet end core and fk is middle or inlet core. 
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The values of F for the available choices in stacking the cores are listed in Table 3.3, where 

option 1 was selected since it has the lowest F value. 

 
Figure 3.1: An example of the stacked cores options available using Huppler techniques. 

 

Table 3.3: The order of the core sections using Huppler techniques (Fmin) 

Option F value 

1 0.47 

2 0.69 

3 1.57 

 

3.9 Cloud Point Measurement Procedure 

The cloud point is the temperature when a surfactant become milky. Prior to using the 

coreflooding equipment (FRT6100) for surfactant injection, the cloud point needs to be measured 

to determine the maximum temperature for the surfactant in order not to be precipitated beyond 

the measured temperature that will be set in the coreflooding equipment. The procedure to measure 

the cloud point is as follows: 

Outlet Outlet Outlet 

7V 5V 3V 

5V 7V 5V 

3V 3V 7V 

Inlet Inlet Inlet 

Option 1 Option 2 Option 3 
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1. Place a 12,840 ppm salinity water (100 mL) in a 250 mL glass beaker. 

2. Then place 100 mL of the surfactant to the same glass beaker. 

3. Finally add a magnetic stirrer to the beaker and place it in the magnetic stirrer device. 

4. Add a thermometer to the glass beaker to measure the desired temperature and apply heat 

(around 200-300oF) to the magnetic stirrer device. 

5. Wait for approximately 10-15 min until you notice the mixture (low-salinity and surfactant) 

turns to a milky color. 

6. Immediately remove the beaker form the magnetic stirrer device after you notice the milky 

color while you the thermometer is inside the beaker. 

7. Leave the beaker out of the magnetic stirrer device until the fluid color turns back to the 

original color. At that point, record the temperature of the mixture and that will be the cloud 

point. The cloud points of different salinity and surfactant concentration were given in 

Table 3.4. 

Table 3.4: The Cloud points for different salinities and surfactant concentration 

Experiment # 
Salinity 

Concentration (ppm) 

Surfactant 

Concentration (ppm) 
Cloud Point (oF) 

1 12,840 10,000 165 

2 5,000 5,000 182 

3 3,000 3,000 186 

5 12,840 5,000 177 

6 1,027 5,000 185 

 

In this experiment, the surfactant was provided by Shell. From Table 3.4, experiment # 5 was 

selected for the surfactant coreflooding after low-salinity coreflood (details are in Chapter 5).  
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CHAPTER 4 

CRITICAL EXPERIMENTAL EQUIPMENT 

 

This chapter presents the critical experimental equipment used in this thesis. This includes 

the coreflooding equipment (FRT 6100), the Centrifuge Plus (ACES200), the Core Measurements 

System (CMS 300), and Drop Shape Analysis (DSA100). 

4.1 Coreflooding Experiment 

The coreflooding experiment is the Chandler Engineering FRT 6100 model (Figure 4.1). 

The equipment can be used to perform experiments under in-situ formation pressures and 

temperatures (max temp: 350 °F; max confining pressure: 6,000 psi; max injecting pressure: 5,500 

psi). It also allows for multiple injection and production directions and orientations of the 

experimental setup (e.g. vertical bottom to top or vice versa top). It features a mixer that can inject 

complex injection fluids (air/liquids, foams, etc) and continuously measures pressures along the 

length of the core. The FRT 6100 is fully computerized with simplified controls and outputs for 

the operator to understand and interpret. 

4.2 Centrifugal Experiments  

This ultra-high speed centrifuge can use up to 3 cups rotor. The speed range for drainage 

cycle is 16,500 rpm while the speed range for imbibitions cycle is 15,000 rpm. The core holder 

can handle a maximum core dimension of 1.5 inch by 2 inch. This equipment consists of computer, 

keyboard, camera, built in strobe light, and automatic and manual data collection (Figure 4.2). 
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Figure 4.1: Coreflooding equipment (FRT 6100) in Colorado School of Mines, Petroleum 

Department. This equipment can be used to perform experiments under in-situ formation pressures 

and temperatures (max temp: 350 °F; max confining pressure: 6,000 psi; max injecting pressure: 

5,500 psi). It also allows for multiple injection and production directions and orientations of the 

experimental setup (e.g. vertical top to bottom). 

 

 
Figure 4.2: The Centrifuge Plus equipment (ACES 200) in Colorado School of Mines, Petroleum 

Department (taken from: Alamdari 2011). 
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4.3 CMS 300 Equipment 

This is the Core Measurement System.  This instrument consists of four main parts which 

is N2 supply, He supply, a sample holder system and hydraulic oil pressure system (Figure 4.3). A 

computer and a printer are attached to this equipment to record the data obtained. This equipment 

is used for determining porosity, permeability, Klinkenberg factor, pore volume, Forchheimer 

factor, and pore volume compressibility. Helium (He) is injected to the core in order to estimate 

the permeability and porosity, while the nitrogen (N2) is used to apply a confining stress to the 

core. The net stress applied for the experiments was in the range of 500-3,000 psi. The pore 

pressure applied for our experiments was 500 psi. The helium is used in this equipment because 

of its low atomic number among the other elements in the periodic table. The ability of this system 

to handle permeability range of 0.1 micro Darcy to 5 Darcies. The range of the pore volume that 

can be obtained from this equipment is from 0.02 cm3 to 25 cm3. 

 
Figure 4.3: The Core Measurement System (CMS 300) (taken from: Core Lab). This instrument 

consists of four main parts which is N2 supply, He supply, a sample holder system and hydraulic 

oil pressure system. This equipment is used for determining porosity, permeability, Klinkenberg 

factor, pore volume, Forchheimer factor, and compressibility.  
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4.4 Drop Shape Analysis 

The fourth equipment used is Drop Shape Analysis System (DSA100) to measure IFT 

between fluids and contact angle between solid surface and fluid (Figure 4.4). DSA100 system 

includes high resolution camera, high precision dosing unit and software among other accessories. 

 
Figure 4.4: The Drop Shape Analysis System (DSA100) used to measure the IFT between fluids 

and contact angle between solid surface and fluid (taken from: KRUSS manual). DSA100 system 

includes high resolution camera, high precision dosing unit and software among other accessories. 

 

The contact angle measurements can be measured by placing a tiny drop on a sample located on a 

moveable table. The drop is illuminated from one side and a camera on the other side capture an 

image of the drop.  
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CHAPTER 5 

SURFACTANT STUDY 

 

Low-salinity water injected into carbonate reservoirs, which have undergone seawater 

injection for waterflooding, can economically produce additional oil if a low-concentration non-

ionic surfactant (ethoxylated alcohol) is added to the low-salinity water and injected as a chase 

fluid (Alameri et al., 2014). This chapter discusses one coreflood experiment performed to 

investigate the results of adding surfactant to low-salinity waterflooding on heterogeneous low-

permeability carbonate cores from facies 6 (F6).  

The geological description of F6 is Lithocodium-Bacinella wackestone with dolomitic 

burrows. The biotas presented in this facies are abundant oncoidal Lithocodium-Bacinella, and 

benthic forams (Miliolida and Textularia) (Jobe 2013). F6 also has heavy oil stain with 

micro/macro/fracture dominant porosity (Jobe 2013). The concentration of surfactant diluted in 

low-salinity water was chosen to be 1,000-5,000 ppm. A preliminary phase behavior study 

(including cloud point measurements) was performed prior to the surfactant coreflood. Cores were 

aged in oil for eight weeks at reservoir pressure and temperature in order to restore wettability (oil-

wet). The laboratory protocol for coreflooding procedure was described in Chapter 3 (section 3.5). 

Interfacial tension between fluids was measured. The sequence of flooding was: seawater flood, 

two different concentrations of low-salinity waterflood, and a final slug of surfactant diluted in 

low-salinity water. Based on the coreflood experiment, an ultimate oil recovery of up to 56% was 

obtained with the seawater and low-salinity waterfloods. An additional 5% oil recovery was 

obtained after the subsequent flood of surfactant diluted in low-salinity water.  
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5.1 Surfactant Phase Behavior 

The methodology used by Surtek, Inc. to determine the most effective surfactant was 

followed as shown in Table 5.1. A description of the phase types based on observations during the 

surfactant phase experiments was explained in Table 5.1. To determine the surfactant phase 

behavior, two glass tubes were prepared with equal volumes of crude oil and surfactant diluted in 

low-salinity water (Figure 5.1).  The first tube contained 10 cm3 of crude oil and 10 cm3 of 

surfactant (5,000 ppm) diluted in 12,840 ppm low-salinity water (Figure 5.1). The second tube 

contained 10 cm3 of crude oil and 10 cm3 of normal water. The two tubes were placed in a heater 

set to 177 °F to observe effects at reservoir conditions (refer to section 3.8). The main purpose of 

this experiment was to determine, prior to using the surfactant in the coreflooding equipment (FRT 

6100), if the surfactant would be effective in lowering the interfacial tension between the oil and 

water phases. As shown in Figure 5.1, with the two tubes at the same height, the tube on the left 

with the surfactant present shows a lower interfacial tension as the shape of the bottom of the crude 

oil phase is flat. Moreover, an emulsive intermediate crude oil layer between the main crude oil 

phase and the surfactant-water phase was created; hence three fluid phases exist in that tube; based 

on Table 5.1, type III was chosen for the left tube. 

Table 5.1: Phase types during the surfactant phase experiments (Surtek, Inc.) 

Phase Type Phase Type Description 

II 

No color is visible in the aqueous phase, no 

crude oil swelling, crude oil and aqueous 

phase volumes are equal 

II- 
The bottom aqueous phase is colored, the 

crude volume can be swollen 

III Three or more fluid phases exist 

II+ 
The bottom aqueous phase is clear, the crude 

oil phase is swollen 
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Figure 5.1: Surfactant phase behavior study performed to examine the effect of surfactant with 

crude oil (left tube) compared with crude oil and normal water (right tube), initially heated to 177 

°F. As noticed in the right tube a curvature was created signifying higher interfacial tension. The 

surfactant in the left tube lowers the interfacial tension between the oil and water phases as seen 

with the flat bottom shape of the crude oil. After heating, both tubes were left for 48 hours at room 

temperature.  

 

 

In a second phase experiment, two glass tubes of crude oil, surfactant diluted in low-salinity 

water, and normal water were prepared (Figure 5.2).  The first tube has crude oil and surfactant 

(5,000 ppm) diluted in 12,840 ppm of low-salinity water (left tube). The second tube has crude oil 

and normal water (right tube). This experiment was performed only at room temperature to 

examine the temperature effects of the surfactant, compared to the previous experiment where a 

temperature of 177 °F was initially applied to both tubes. Figure 5.2 shows that neither the 

surfactant water nor the normal water indicates significantly lower interfacial tension. The right 

tube containing the normal water has a slightly higher interfacial tension due to the curvature at 

the bottom of the crude oil phase.  
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Figure 5.2: Surfactant phase behavior study performed to examine the effect of surfactant with 

crude oil (left tube) compared with crude oil and normal water (right tube), at room temperature 

without additional heat. 

 

5.2 Experimental Procedure and Results 

Cores were prepared and cleaned using toluene and methanol according to the procedure 

listed in Chapter 3. Rock properties, such as permeability and porosity, were measured using the 

Core Measurement System (CMS300).  Table 5.2 is the list of rock properties of the three cores 

used in the experiment. An ultra-high speed centrifuge (ACES 200) was used to saturate the cores 

with formation brine. A composite core from F6 was formed by combining the three cores using 

the Huppler technique (Huppler 1969) shown in Figure 5.3.  

The composite core is placed in a high-pressure-high-temperature (HPHT) coreflooding 

equipment – the Formation Response Tester (FRT 6100). An additional three pore volumes of 

brine was injected into the composite core while placed inside the core flood equipment to ensure 

full brine saturation with no air trapped in the pores. Before the oil flood, a confining pressure of 

2,300 psi was applied to the core with a back pressure of 1,800 psi. The Hassler type core holder 
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unit was also heated to a reservoir temperature of 195 °F during the flooding and aging processes. 

The summarized experimental procedure applied in this study is shown in Figure 5.4 

Table 5.2: Rock properties for the three cores used in the experiment 

Core # 
L 

(inch) 

D 

(inch) 
Dry Wt (g) Wet Wt (g) 

PV 

(cm3) 
  (%) k (mD) 

1 1.95 1.5 113.38 126.65 13.27 25.4 3.38 

2 1.81 1.5 108.52 120.30 11.78 24.9 1.81 

3 1.51 1.5 95.91 103.45 7.54 17.7 0.70 

 

 
Figure 5.3: Composite core used in the experiment. Photo was taken at the end of the experiment. 

The total length of the composite core is 5.27 inch with a diameter of 1.5 inch. The stacking is 

performed using the Huppler technique (Huppler 1969). The flooding direction is from left to right.  

 

After the setup, fifteen pore volumes (15 PV) of crude oil were injected at 0.1 cm3/min 

flow rate to achieve residual water saturation (Swi = 24.1%) and to determine the oil/water relative 

permeability end points where k*
ro is the oil relative permeability at minimum water saturation and 

k*
rw is water relative permeability at residual oil saturation (Table 5.3). The composite core was 

aged for eight weeks to restore wettability. After aging, four PV of crude oil were injected to ensure 

residual water saturation and to ensure oil is mobile. Ten PV of seawater were then injected at 0.1 

cm3/min to displace the oil and determine the residual oil saturation to seawater (51,346 ppm). 

This step also was used to determine the seawater relative permeability end point. Pressure and 
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temperature conditions of the coreflooding unit were kept constant throughout the setup and 

experimental process. A recovery factor (RF) of 48.9% was obtained during the seawater flood.  

 

 

 
Figure 5.4: Flow chart showing the summarized experimental procedure applied in this study. 

 

Table 5.3: The oil/water relative permeability end point for surfactant coreflooding experiment 

Brine Type k*ro k*rw 

SW 0.584 0.139 

LS1 0.584 0.185 

LS2 0.584 0.200 

LS3 0.584 0.232 
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Three sets of low-salinity waterfloods were performed following the seawater flood, each 

with five PV. The fluid for the first low-salinity flood (LS1) was created by diluting the seawater 

by a factor of two (25,679 ppm). Similarly LS2 contains diluted seawater by a factor of 4 (12,840 

ppm) and LS3 contains diluted seawater by a factor of 50 (1,027 ppm). Table 5.4 is composition 

of the seawater (SW) and three sets of low-salinity water (LS1, LS2, and LS3). The incremental oil 

recovery of the first two EOR low-salinity waterfloods are 6.2% and 1.1% respectively. No 

additional oil was recovered during the third low-salinity waterflood. A constant 0.1 cm3/min 

injection rate was applied to each of the three low-salinity waterfloods. Recall that pressure and 

temperature conditions of the core flood unit were kept constant. 

A final flood with ten PV of non-ionic surfactant mixed with the LS2 fluid was performed 

at 0.1 cm3/min. After this flood, an incremental oil recovery of 4.9 % was obtained. Figure 5.5 

shows oil recovery factor and pressure drop across the core (∆P) as a function pore volume injected 

during the different floods (seawater flood (WF), the three sets of low-salinity waterflood [LS1, 

LS2, and LS3], and the non-ionic surfactant flood diluted in LS2 fluid). 

 

Table 5.4: Composition of the synthetic fluids 

Brine/Compound 

(kppm) 
Na2SO4 CaCl2 MgCl2 NaCl TDS 

SW 4.891 1.915 13.550 30.99 51.346 

LS1 2.446 0.958 6.775 15.50 25.679 

LS2 1.223 0.479 3.388 7.75 12.840 

LS3 0.098 0.038 0.271 0.620 1.027 
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Figure 5.5: Oil recovery factor (RF) and pressure difference between injection and production end 

(∆P) as a function of pore volume injected (PV inj). During waterflooding (WF), 48.9% oil was 

recovered. During the three sets of low-salinity waterflood (LS1, LS2, and LS3) EOR process, 

additional 7.3 % oil was recovered. And finally during the non-ionic surfactant flood diluted in 

LS2, additional 4.9% oil was recovered.  

 

5.3 Contact Angle and IFT Measurements 

Contact angle and interfacial tension (IFT) measurements were performed with clean un-

aged samples, with brines of variable salinities, and brine with a 1,000 ppm ethoxylated alcohol 

surfactant for F6. Anderson (1986) classified wettability, based on contact angle: water-wet (0-

75o), intermediate (75-115o), and oil-wet (115-180o).  

As an example (Table 5.5) for F6 the un-aged core disc had a contact angle of 11.0 degrees 

which indicates strongly water-wet (the reservoir is oil-wet (Shibasaki et al., 2006). Cleaning the 

core changed it from oil-wet to water-wet (stage 1 in Figure 5.4). To restore wettability, the core 

disc was aged in oil for eight weeks (stage 4 in Figure 5.4). The core disc had a contact angle of 
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140.2 degrees when seawater was used as an injection fluid (strongly oil-wet), where it reduced to 

122.2 degrees when low-salinity (LS2) was used as an injection fluid (less oil-wet). Finally, 

surfactant diluted in LS2 (stage 9 in Figure 5.4) was used as an injection fluid, where the core disc 

had a contact angle of 51 degrees (water-wet).  The core disc used to measure contact angle was a 

cleaned un-aged carbonate core disc from facies F6 (Figure 5.6).  Table 5.7 shows the overall 

results of the contact angle for F6 when surfactant was used.  

 

Table 5.5: An example of contact angle for F6 (between cleaned un-aged/aged carbonate core discs 

and oil-droplets in variable salinity brine injection with/without 1,000 ppm surfactant) 

Contact angle, , in 

degrees, un-aged core 

disc 

Contact angle, , in 

degrees, aged core 

disc, seawater 

Contact angle, , in 

degrees, aged core 

disc, LS2 

Contact angle, , in 

degrees, 

LS2+surfactant 

11.0 140.2 122.2 51.0 

 

 
Figure 5.6: Cleaned un-aged carbonate discs of F5 and F6 prepared for contact angle 

measurements. 

 

The contact angles between the oil-droplet and the aged core disc were measured where 

the surrounding variable salinity fluid had a 1,000 ppm ethoxylated alcohol surfactant 

concentration for F6 and a 1,000 ppm ethoxylated alcohol for F5. F5 is heterogeneous with 

dominant micro/macro porosity and heavy oil stains, where F5 was used for low-salinity 

waterflooding and confirmed an incremental oil recovery (Chapter 6); hence surfactant flooding 
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might gives an incremental oil recovery using F5. Table 5.6 shows the overall results of the contact 

angle and IFT measurements. 

For F5 and as seen in Figure 5.7, the contact angle between the oil-droplet and the cleaned 

un-aged carbonate disc decreases from around 21 degrees for the case of 100,000 ppm salinity 

(surrounding fluid ‘A’- Figure 5.7 A) to as low as 4.8 degrees for almost zero salinity case 

(surrounding fluid ‘F’- Figure 5.7 F). Hence, it is evident that as the salinity decreases, the water-

wetness of a cleaned un-aged carbonate disc increases. It is also evident that the IFT measurements 

in the case of oil-brine with surfactant is lower and even more water-wet, than IFT measurements 

without surfactant of corresponding salinities (Figure 5.8), where the IFT values increased as 

brine’s salinity is reduced.  

 
Figure 5.7: Contact angle between cleaned un-aged carbonate core discs and oil-droplets in 

variable salinity brine with 1,000 ppm surfactant for F5.  
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       Figure 5.8: Measured IFT between oil-droplet and variable salinity brines without surfactant. 

 

 

Table 5.6: IFT (between oil and brine with 1,000 ppm surfactant), and contact angle (between 

cleaned un-aged carbonate core discs and oil-droplets in variable salinity brine with 1,000 ppm 

surfactant) for F5 

Brine with surfactant IFT between 

oil and brine 

(pendant drop 

method), 

dynes/cm 

Contact Angle, , 

(captive oil-droplet 

method), in degrees 

Volume of oil 

droplets beneath 

the core discs, 

micro liter 
Name 

Salinity

, ppm 

Surfactant 

concentration

, ppm 

A 102,692 1,000 1.84 20.9 1.08 

B 92,423 1,000 1.90 17.6 1.20 

C 51,346 1,000 4.14 15.0 3.36 

D 25,679 1,000 4.54 12.3 2.20 

E 1,027 1,000 4.86 5.4 1.55 

F ~0 1,000 5.11 4.8 3.65 
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Table 5.7: Contact angle between crude-aged carbonate core discs and oil-droplets in variable 

salinity brine with 1,000 ppm surfactant for F5 and F6 

Brine with surfactant F6 F5 

Name 
Salinity, 

ppm 

Surfactant 

concentration, 

ppm 

Contact 

Angle, 

degrees 

Volume of 

oil 

droplets, 

µl 

Contact 

Angle, 

degrees 

Volume of 

oil 

droplets, 

µl 

A ~100,000 1,000 72.4 2.0 95.0 2.0 

B 51,346 1,000 62.0 2.0 87.8 2.0 

C 25,679 1,000 56.0 2.5 77.0 2.5 

D 12,840 1,000 51.0 2.5 68.1 2.5 

E 1,027 1,000 47.0 2.5 60.2 2.5 

F ~0 1,000 41.7 3.0 53.1 3.0 

 

Figures 5.9, 5.10, and 5.11 and Table 5.7 show the results of the contact angle 

measurements for F6 and F5. These results show that as salinity of the surrounding fluid with the 

1,000 ppm surfactant decreases, the wettability alters from intermediate wet to water-wet. Also, 

we observed that the addition of a 1,000 ppm surfactant to the surrounding fluid alters the 

wettability of the aged carbonate core disc towards intermediate or water-wet (depending on 

salinity concentration). 

 

 
Figure 5.9: Contact angle between crude-aged carbonate core discs and oil-droplets in variable 

salinity brine with 1,000 ppm surfactant for F6. 
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Figure 5.10: Contact angle between crude-aged carbonate core discs and oil-droplets in variable 

salinity brine with 1,000 ppm surfactant for F6. The results show that as salinity of the surrounding 

fluid with the 1,000 ppm surfactant decreases, the wettability alters from intermediate wet to water-

wet. 

 

 
Figure 5.11: Contact angle between crude-aged carbonate core discs and oil-droplets in variable 

salinity brine with 1,000 ppm surfactant for F5. 
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5.4 Summary of Results 

Using the coreflooding sequence which included seawater, low-salinity water, and low-

concentration non-ionic surfactant diluted in low-salinity water, contact angle and IFT 

measurements, the following are observed: 

 Seawater and low-salinity waterflooding corefloods yielded ultimate oil recoveries of up 

to 56%. A 5% additional oil recovery was obtained from low concentration non-ionic 

surfactant diluted in low-salinity waterflood. 

 Cleaned un-aged carbonate core slabs became more water-wet with decreasing salinity 

(both in presence and in absence of 1000-ppm surfactant).  

 The wettability of crude-aged carbonate core slabs alter from intermediate-wet to water-

wet with decreasing salinity of brine in presence of 1,000-ppm surfactant.  

 Addition of surfactant alters the wettability of crude-aged or cleaned un-aged carbonate 

core slabs towards water-wet. The degree of water-wetness achieved by surfactant solution 

depends on salinity level. 

 The oil-brine IFT increases with decreasing salinity in presence of 1000 ppm surfactant. 
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CHAPTER 6 

LOW-SALINITY WATERFLOODING EXPERIMENTS 

 

 Low-salinity waterflooding in carbonate reservoirs is of great interest because of the 

potential for increased recovery of oil. However, the exact mechanism of low-salinity oil recovery 

is not well understood. It has been suggested that the main mechanism is wettability alteration 

resulting from the interaction of Na+, Cl-, Ca2+, Mg2+, SO4
2-, and RCOO- in the electrical double 

layer (EDL) near the surface of carbonate pores. In this chapter, we present low-salinity 

waterflooding laboratory experiments using Reservoir I cores to assess this assertion.  

In this chapter, five coreflood experiments were performed on facies 3 (F3), 5 (F5), and 6 

(F6) with permeability in the range of 0.5 to 1.5 mD and porosity from 0.18 to 0.25. Cores were 

aged for eight weeks at reservoir pressure and temperature. The IFT and contact angle 

measurements were performed at several brine salinities. The experiments yielded incremental oil 

recovery of 8%. Moreover, low-salinity waterflood increased the IFT and altered the wettability 

of several one-inch diameter, crude-aged, discs from oil-wet to intermediate-wet. 

6.1 Facies of Cores Used  

Jobe (2013) conducted extensive geological description of Reservoir I. The cores used in 

coreflood experiments were from three main facies - F3, F5, and F6 of Reservoir I reservoir (Figure 

6.1). Jobe's summary description is "F5 is heterogeneous with dominant micro/macro porosity and 

heavy oil stains, and the rock texture is Lithocodium-Bacinella boundstone. Abundant 

Lithocodium-Bacinella echinoderm, coral bivalve skeletal debris, and benthic forams are present 

in this facies. F3 is Rudist-Bivalve wacke- to pack-stone with plenty of vugs and burrows, and 

dominant micro/macro porosity. Abundant skeletal debris (rudist-bivalves, echinoderms, rare 

corals), benthic forams (Miliolida, Textularia, Orbitolina) with heavy oil stain are also present in 
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F3. F6 is Lithocodium-Bacinella wackestone with dolomitic burrows. The biotas presented in this 

facies are abundant oncoidal Lithocodium-Bacinella, and benthic forams (Miliolida and 

Textularia). F6 also has heavy oil stain with micro/macro/fracture dominant porosity". 

 

 
Figure 6.1: Petrography of geologic facies 5, 3, and 6 of cores used in the experiments (Jobe 2013). 

F5 is heterogeneous with dominant micro/macro porosity and heavy oil stains, and the rock texture 

is Lithocodium-Bacinella boundstone. Abundant Lithocodium-Bacinella echinoderm, coral 

bivalve skeletal debris, and benthic forams are present in this facies. F3 is Rudist-Bivalve wacke- 

to pack-stone with plenty of vugs and burrows, and dominant micro/macro porosity. F6 is 

Lithocodium-Bacinella wackestone with dolomitic burrows. The biotas presented in this facies are 

abundant oncoidal Lithocodium-Bacinella, and benthic forams (Miliolida and Textularia). 

 

6.2 Pore Size Distribution  

Jobe (2013) reported a description for pore size distribution for the five facies in Reservoir 

I, however the pore size distribution for only F3, F5, and F6 were emphasized in my research and 

cores were used from the three facies. This description was from mercury intrusion porosimetry 

experiments. For F3, the pore sizes are distributed from <5 µm to >70 µm (Figure 6.2), however, 

the significant volume percentage above 70 µm and below 10 um. For F5, the pore sizes are 

distributed between <5 µm to 70 µm with the majority is less than 10 µm. For F6, the pore sizes 

are distributed between <5 µm to 70 µm with primarily between 5 to 10 µm (Figure 6.2). 

F5 

F5 F3 F6 

0.1 ft 

0.1 ft 0.1 ft 0.1 ft 
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Figure 6.2: The pore size distribution for F3, F5, and F6. For F3, the pore sizes are distributed from 

<5 µm to >70 µm, however, the significant volume percentage above 70 µm, and below 10 um. 

For F5, the pore sizes are distributed between <5 µm to 70 µm with the majority is less than 10 

µm. For F6, the pore sizes are distributed between <5 µm to 70 µm with primarily between 5 to 

10 µm. 

 

6.3 IFT and Contact Angle Measurements 

 The Drop Shape Analysis system (DSA) was used to measure the interfacial tension (IFT) 

between the crude oil and the injected fluids at ambient temperature. Figure 6.2 shows the 

interfacial tension values measured between the crude oil and the injected fluids using pendant 

drop method. Table 6.1 presents the contact angle for F5 (captive oil-droplet method), pH level, 

and the interfacial tension (pendant drop method) measurements performed between different 

fluids and core samples.  

 As can be seen in Figure 5.8 and Table 6.1, the IFT values increased as brine’s salinity is 

reduced.  The increase in oil-brine IFT as the brine salinity decreases could possibly be due to the 

decrease in pH value of the brine as seen in Table 6.1 (except for the deionized water case). This 
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is not consistent with the improved oil recovery achieved by low-salinity waterflood. The contact 

angle between the crude oil and core in an environment of variable salinity brine at ambient 

conditions were measured. The contact angle between the oil-droplet and core disc, in variable 

brine salinity surrounding environments (captive oil-droplet method), was measured. The volume 

of oil droplets on the carbonate core disc (in the range of 1 to 15 micro liters) during captive oil-

droplet contact angle measurements was also reported to show the magnified scale. Figure 6.3 

shows the contact angle images between the crude oil and core disc at different salinity brine 

surrounding environments. We observed that the cleaned un-aged carbonate discs became more 

water-wet as salinity decreased. 

Table 6.1: IFT between oil and brine, pH of the brine, and contact angle between cleaned un-aged 

carbonate core discs and oil-droplets in variable brine salinity 

Brine IFT between oil 

and brine 

(pendant drop 

method), 

dynes/cm 

pH 

Contact 

Angle, , 

(captive oil-

droplet 

method), in 

degrees 

Volume of oil 

droplets 

beneath the core 

discs, micro 

liter 

Name 

Salinity, 

ppm 

Formation 

Brine 

>100,000  
8.26 7.17 33.3 6.50 

SW 51,346 16.62 6.60 21.0 10.66 

LS1 25,679 18.85 6.53 17.1 10.38 

LS2 12,840 20.75 6.31 14.8 13.17 

LS3 1,027 21.93 6.00 11.1 5.40 

Deionized 

Water 

~0 
22.09 7.06 6.7 10.10 

 

Contact angle measurements were repeated using crude-aged carbonate discs from facies 

F5 and F6 (Figure 5.6). The crude-aging was performed by keeping the carbonate discs inside 

crude oil at reservoir temperature and atmospheric pressure for three weeks for F5, and eight weeks 

for F6 to confirm wettability was restored. Figures 6.4, 6.5, 6.6, and 6.7 and Table 6.2 show contact 

angle measurement results between oil-droplets and crude-aged carbonate core discs at variable 
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salinity surrounding brine. These results show that, as salinity of the surrounding brine decreases, 

the wettability altered from oil-wet to intermediate-wet. The formation brine case is an exception 

to this conclusion, and this could be due to the fact that the pH of the formation brine is close to 

the deionized water case and the contact angle measurement of both cases are similar.  

 

 

Figure 6.3: Contact angle between cleaned un-aged carbonate core discs and oil-droplets in 

variable brine salinity for F5.  

 

Table 6.2: Contact angle between crude-aged (F5 and F6) carbonate core discs and oil-droplets 

in variable salinity 

Brine F5 F6 

Name Salinity, ppm 

Contact 

Angle, 

degrees 

Volume of 

oil droplets, 

µl 

Contact 

Angle, 

degrees 

Volume of 

oil droplets, 

µl 

Formation 

Brine 
~100000 110.9 4.2 102.2 4 

SW 51,346 133.6 3.19 140.2 4 

LS1 25,679 127.0 3.6 127.1 4 

LS2 12,840 117.0 4.91 122.2 4 

LS3 1,027 114.2 2.88 108.2 4 

Deionized 

Water 
~0 110.0 1.75 107.5 4 

Core slab

Oil-droplet

Formation 
Brine SW LS1

LS2 LS3
Deionized water

Θ
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Figure 6.4: Contact angle between crude-aged carbonate core discs and oil-droplets in variable 

salinity brine for F5. The results show that, as salinity of the surrounding brine decreases, the 

wettability altered from oil-wet to intermediate-wet. The formation brine case is an exception to 

this conclusion, and this could be due to the fact that the pH of the formation brine is close to the 

deionized water case and the contact angle measurement of both cases are similar.  

 

 

 
Figure 6.5: Contact angle between crude-aged carbonate core discs and oil-droplets in variable 

salinity brine for F5. 
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Figure 6.6: Contact angle between crude-aged carbonate core discs and oil-droplets in variable 

salinity brine for F6. The results show that, as salinity of the surrounding brine decreases, the 

wettability altered from oil-wet to intermediate-wet. The formation brine case is an exception to 

this conclusion, and this could be due to the fact that the pH of the formation brine is close to the 

deionized water case and the contact angle measurement of both cases are similar. 

 

 
Figure 6.7: Contact angle between crude-aged carbonate core discs and oil-droplets in variable 

salinity brine for F6. 

 

6.4 Coreflood Experiments: 

Five core flood experiments were performed. The first and second experiments were 

performed on a single core of about 1.8 inches long; whereas the third, fourth, and fifth experiment 

were each performed on three stacked cores. Table 6.3 shows the core facies, the rock properties, 
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and the permeability and porosity measurements of the cores used in the experiment. The 

composition of the synthetic seawater and low-salinity water are shown in Table 6.4. 

Table 6.3: Rock properties of the cores used for coreflood experiments 

Experiment # Facies 
L 

(inch) 

ρg 

(g/cm3) 

Dry 

Wt. 

(g) 

Wet 

Wt. 

 (g) 

PV 

(cm3) 

  

% 

kair 

(mD) 

1 5 1.81 2.69 109.71 120.93 11.22 21.0 10 

2 3 1.85 2.71 115.03 123.97 8.93 19.0 30 

3 5 

1.88 2.70 108.65 122.46 13.81 26.9 3.38 

1.82 2.70 114.18 123.88 9.70 21.1 1.16 

1.90 2.70 127.94 134.41 6.47 14.5 0.76 

 

4 

6 

 

1.95 2.70 113.38 126.65 13.27 25.4 3.38 

1.81 2.70 108.52 120.30 11.78 24.9 1.81 

1.51 2.70 95.91 103.45 7.54 17.7 0.70 

5 5 

1.70 2.70 106.45 115.29 8.86 21.1 1.49 

1.88 2.70 112.88 124.37 11.50 23.0 7.04 

1.88 2.70 105.70 120.22 14.52 29.2 3.81 

 

Table 6.4: Composition of the synthetic seawater 

Brine/Compound 

(kppm) 
Na2SO4 CaCl2 MgCl2 NaCl TDS 

SW 4.891 1.915 13.550 30.99 51.346 

LS0NaCl 4.891 1.915 13.550 0.0 20.356 

LS1 2.446 0.958 6.775 15.50 25.679 

LS2 1.223 0.479 3.388 7.75 12.840 

LS3 0.098 0.038 0.271 0.620 1.027 

 

 The first coreflood experiment was performed using the facies F5 core to assess the 

effectiveness of low-salinity water flooding on incremental oil recovery. The experiment was run 

using crude oil of 32 °API at a confining pressure of 1,120 psi with backpressure of 110 psi at 195 

°F. The end point relative permeability data measured is listed in Table 6.5. In this experiment, the 

low-salinity water was prepared by excluding the NaCl from the seawater composition (i.e. LS0NaCl 

as shown in Table 6.4). If the intersection between water and oil relative permeability curves is 

higher than 50%, the rock is water-wet. If the intersection between water and oil relative 

permeability curves is less than 50%, the rock is oil-wet. 
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  Omitting the NaCl from the synthetic seawater resulted in shifting the relative permeability 

to less oil-wet conditions as shown in Figure 6.8. In addition, omitting the NaCl from the synthetic 

seawater shifted the relative permeability to higher water saturation and more oil was recovered 

(Figure 6.8). After aging the core for two weeks and flooding at reservoir conditions, a decrease 

of mono-valent (Na+ and Cl-) ion concentrations resulted in an incremental oil recovery of up to 

8% as compared to seawater flooding. The connate water saturation of this experiment was 46%, 

and the residual oil saturation to LS0NaCl was 29.7%. Figure 6.9 shows the recovery factor and 

pressure drop of this experiment, where the recovery factor is 38% during seawater flooding with 

an additional incremental of 8% obtained from injecting a low-salinity waterflooding without 

sodium chloride (LS0NaCl). A constant injection rate of 0.1cm3/min was applied during oil, seawater 

and low-salinity water flooding. As shown in Figure 6.9, around 25 psi and 20 psi of pressure drop 

was noticed during seawater and low-salinity waterflooding respectively.  

Table 6.5: Data used in the first experiment for oil and water relative permeability 

Brine Type k*ro k*rw Sor Swr 

SW 0.48 0.15 0.336 0.46 

LS0NaCl 0.48 0.19 0.297 0.46 

 

 Similar to the first experiment, the second experiment was performed using the F3 core, 

the same oil of 32 oAPI at a confining pressure of 1,120 psi with backpressure of 110 psi and a 

reservoir temperature 195 °F. Low-salinity one and two waterflooding (LS1 and LS2) were applied 

following seawater flooding, with two weeks of aging. The results shows no additional incremental 

oil was obtained from the low-salinity waterflooding, after an initial recovery factor of 68% was 

obtained from the seawater flooding. Despite the fact that 20 pore volumes of oil were injected 

during the oil saturation process, the connate water saturation of this specific coreflooding 

experiment was found to be very high (66.4%).  
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 One possible reason for this high connate water saturation could be due to the abundant 

presence of interconnected burrows and vugs; hence, the oil injected into the core goes mainly to 

the burrows/vugs, hardly getting into the matrix, thus only the original water filled in the burrows 

is swept during the imbibition cycle. The abundant interconnected burrows of this facies were 

visible and can also be inferred from the low pressure drop (Figure 6.10) and higher air 

permeability measurement (Table 6.3) as compared to other facies considered in this study. Figure 

6.11 shows the relative permeability curves for this experiment where there is no shift in the oil 

relative permeability curves when switching to different brine salinity.  

 
Figure 6.8: Oil and water relative permeability curves used for the first low-salinity coreflood 

experiment. If the intersection between water and oil relative permeability curves is higher than 

50%, the rock is water-wet. If the intersection between water and oil relative permeability curves 

is less than 50%, the rock is oil-wet. Omitting the NaCl from the synthetic seawater resulted in 

shifting the relative permeability to less oil-wet conditions. In addition, omitting the NaCl from 

the synthetic seawater shifted the relative permeability to higher water saturation and more oil was 

recovered. 
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Figure 6.9: Oil recovery factor and pressure difference across core vs. pore volume injected for 

the first experiment. 

 
Figure 6.10: Oil recovery factor and pressure difference across core vs. pore volume injected for 

the second experiment. 
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Figure 6.11: Oil and water relative permeability curves for the second low-salinity experiment, 

where there is no shift in the oil relative permeability curves when switching to different brine 

salinity. This is due to the abundant presence of interconnected burrows and vugs; hence, the oil 

injected into the core goes mainly to the burrows/vugs, hardly getting into the matrix, thus only 

the original water filled in the burrows is swept during the imbibition cycle. 

 

The third experiment was performed using a composite of three cores from F5 with 

dimensions, permeability and porosity values listed in Table 6.3. In this experiment three low-

salinity waterflood phases (LS1, LS2, and LS3) were applied following the seawater flooding. As 

discussed earlier, Huppler techniques were used in stacking the cores (Figure 6.12). The cores 

were aged for eight weeks under a confining pressure of 2,300 psi, back pressure of 1,800 psi and 

at reservoir temperature. A decrease of mono-valent ion concentrations when the seawater was 

diluted by a factor of two (LS1) resulted in an incremental oil recovery of up to 6% as compared 

to seawater flooding, with another additional 1.1% incremental recovery during the second low-

salinity waterflooding (LS2). No additional recovery was obtained during the third low-salinity 

flood cycle (LS3). The connate water saturation of this experiment was 29.6%, and the residual oil 

saturation after producing the oil using the LS2 was 21.5%. Figure 6.13 shows the shift in relative 
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permeability curves due to the low-salinity waterflooding. Diluting the synthetic seawater by a 

factor of two and four (krow1 and krow2) resulted in shifting the relative permeability to less oil-

wet conditions (krow1 and krow2). LS1 and LS2 shifted the relative permeability to higher water 

saturation and more oil was recovered.  

 

 
Figure 6.12: Composite of three cores used in the third experiment, picture taken at the end of the 

experiment. The total length of the composite core is 5.60 inch and the diameter is 1.5 inch.  

 

  Figure 6.14 shows the recovery factor and pressure drop for the composite core, where the 

recovery factor is 57.1% during seawater flooding. A constant injection rate of 0.1 cm3/min was 

applied during all flooding cycles. Looking at Figure 6.14, a high pressure drop as compared to 

the previous two experiments was noticed during seawater and also low-salinity water flooding 

cycles. This is due to the fact that the composite core has a low permeability and is a longer core 

(composite of cores of about 3 times longer than experiment 1).  

For the fourth experiment (similar to the third experiment), three sets of low-salinity 

waterflooding phases were performed following the seawater flooding on stacked cores from 

facies F6 (Table 6.3). A composite core is formed by combining the three cores, again using the 

Huppler technique as in Figure 6.15.  The incremental oil recovery of the first two low-salinity 

water flooding EOR process are 6.2% and 1.1% respectively, with no additional oil recovery 

during the third low-salinity waterflood (Figure 6.16). A constant 0.1 cm3/min injection rate was 
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applied to pump five PV into each of the three low-salinity waterflood EOR processes. The relative 

permeability curve shifts were towards less oil-wet due to the induced wettability alteration with 

low-salinity waterflooding (Figure 6.17). Effluent water samples were tested at SURTEK 

laboratories to measure the concentration of Ca2+, Mg2+, Cl-, and SO4
2-. It was concluded that the 

concentration of these ions decreased during low-salinity waterflooding. In the literature, it is 

hypothesized possible multi ion exchange took place during low-salinity waterflooding. 

 

 
Figure 6.13: Oil and water relative permeability curves for the third low-salinity coreflood 

experiment. Diluting the synthetic seawater by a factor of two (LS1) and four (LS2) resulted in 

shifting the relative permeability to less oil-wet conditions (krow1 and krow2). LS1 and LS2 shifted 

the relative permeability to higher water saturation and more oil was recovered. There is no 

additional recovery was obtained during LS3; hence no additional shift in krow3. 
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Figure 6.14: Recovery factor and pressure difference across core vs. the pore volume injected for 

the third experiment. 

 

 

  
Figure 6.15: Composite of three cores used in the fourth experiment photo taken at the end of the 

experiment. The total length of the composite core is 5.27 inch and the diameter is 1.5 inch.  
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Figure 6.16: Recovery factor and pressure difference across core vs. pore volume injected for the 

fourth experiment. 

 

 
Figure 6.17: Oil and water relative permeability curves for low-salinity experiment 4. The relative 

permeability curve shifts were towards less oil-wet due to the induced wettability alteration with 

low-salinity waterflooding. LS1 and LS2 shifted the relative permeability to higher water saturation 

and more oil was recovered. There is no additional recovery was obtained during LS3; hence no 

additional shift in krow3. 
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For the fifth experiment, three sets of low-salinity waterflooding were performed following 

the seawater flooding on stacked cores of F5 (Table 6.3). The first low-salinity flood (LS1) is 

obtained by diluting the seawater by a factor of two, LS2 is made with four times diluted seawater, 

and LS3 is made with fifty times diluted seawater. A composite core is formed by combining the 

three cores using the Huppler technique as seen in Figure 6.18. The recovery factor from 

waterflooding is 51.2%. The incremental oil recovery of the first two low-salinity water flooding 

EOR process are 5.2% and 0.4% respectively. No additional oil was recovered during the third 

low-salinity waterflood. A constant 0.1 cm3/min injection rate was applied to pump 5 PV into each 

of the three low-salinity waterflood EOR processes. An increase of injectivity as witnessed by the 

reduction in pressure drop is observed during the low-salinity water flood as compared to seawater 

flooding (Figure 6.19). Pressure and temperature conditions of the coreflooding unit were kept the 

same as in the previous experimental runs. Similarly, the relative permeability curve shifts were 

towards less oil-wet due to the induced wettability alteration with low-salinity waterflooding 

(Figure 6.20). 

 

 
Figure 6.18: Composite of three cores used in the fifth experiment photo taken at the end of the 

experiment. The total length of the composite core is 5.46 inch and the diameter is 1.5 inch. 

 

Overall, the experiments yielded incremental oil recovery of 8%. Moreover, low-salinity 

waterflood increased the IFT and altered the wettability of several one-inch diameter, crude-aged, 

discs from oil-wet to intermediate-wet.   
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Figure 6.19: The recovery factor for composite and pressure difference vs. the pore volume 

injected (PV) for the fifth experiment. 

 

 
Figure 6.20: Oil and water relative permeability curves for low-salinity experiment 5. Diluting the 

synthetic seawater by a factor of two (LS1) and four (LS2) resulted in shifting the relative 

permeability to less oil-wet conditions (krow1 and krow2). LS1 and LS2 shifted the relative 

permeability to higher water saturation and more oil was recovered. There is no additional recovery 

was obtained during LS3; hence no additional shift in krow3. 
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6.5 Summary of Results 

Using the coreflooding sequence which included seawater, and low-salinity water, contact 

angle and IFT measurements, we observed the following: 

 Seawater and low-salinity waterflooding corefloods yielded ultimate oil recoveries of up 

to 56%. 

 Omitting NaCl from seawater resulted in 8% incremental oil recovery in a relatively 

homogeneous core.  

 Diluting seawater sequentially by factors of two and four in a relatively homogeneous 

stacked core resulted in 6.0% and 1.1% incremental oil recovery, respectively. In the fourth 

and fifth experiments, we measured the change in the effluent ionic concentrations, and a 

decrease in Ca2+, Mg2+, Na+, and SO4
2- concentration was observed.  

 The oil-brine IFT increases with decreasing salinity. This is not consistent with the 

improved oil recovery achieved by low-salinity waterflood. 
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CHAPTER 7 

BUCKLEY-LEVERETT MODELING OF LOW-SALINITY  

 

To investigate the wettability alteration effect, a numerical 1-D, two phase Buckley-

Leverett model was used to mathematically simulate oil recovery during the experimental process 

of seawater and low-salinity waterflooding. The mathematical model matched the oil recovery 

with the adjustment of relative permeability functions to account for wettability alteration effects.  

7.1 Buckley-Leverett Model  

The 1-D Buckley Leverett numerical model was built to primarily track salt concentrations 

and mimic the low-salinity coreflood experimental results in the lab (five experiments). The 

Buckley-Leverett formulation was developed by the law of conservation of mass with the flow of 

two immiscible fluids in one direction (oil and water). In the Buckley-Leverett formulation, water 

and oil are considered incompressible, porosity is constant, oil and water densities are constant, 

and gravity and capillary effects are negligible.  

To obtain a good history match using the Buckley-Leverett model, saturations end points 

(Sor, Srw) were initially adjusted to be consistent with the coreflood experiments. Secondly, a 

numerical seawater flooding case was built with adjustments to the relative permeability to match 

the experimental seawater case. Subsequently, following the order of lab experiments, several low-

salinity waterflood cases were developed with parameters adjusted (saturations end points and 

oil/water relative permeability) to match the results of coreflood lab experiments. 

Numerically, salt concentrations in each node were tracked using the concentration 

equation (Eq. 7.9). The continuity equations presented below describe the flow of fluid and 

displacement through the numerical core (10 nodes). As low-salinity water is injected, the 

concentration equations simulate "mixing" and track concentration (ppm) of the various salts 
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through the 10 nodes. The salts tracked consist of mono-valent and divalent ions (such as MgCl2, 

Na2SO4, and CaCl2). The salt concentration is high initially with the seawater flood (due to the 

salinity of the injected seawater), but as low-salinity fluid is passed through the core, 

concentrations of the salts in the nodes decrease over time, as the overall salinity reduces.   

The general equations for Buckley-Leverett used to buid the model were derived as follows 

where the units used are English units: 

w w
t

f S
u

x t

 
 

 
             (7.1) 

Discretize Eq 7.1 
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                    (7.2) 

Multiply Eq. 7.2 by rock volume  VR x y z    , where ˆ inj

inj

q
q

VR
 . Since we are simulating a 

core plug in Cartesian 1-D, A y z   , and Eq 7.2 will be multiplied by VR A x  . 
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          (7.3) 

Knowing that tu (interstitial velocity) = 
t


, where t is Darcy velocity 
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Rearrange Eq. 7.5 
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Moreover, knowing that inj tq A , A y z   , and
t

tu



  

 inj tq u y z                 (7.8) 

To calculate the concentration, 
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          (7.9) 

7.2 Relative Permeability, Mobility, and Fractional Flow Calculations  

The following equations were used to calculate the oil and water relative permeability, and 

oil/water mobility (Corey, 1954). 
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7.3 Results and Discussions 

The first experiment consisted of 10 nodes. The length of the core is 1.81 inches (0.1508 

ft) with a 1.50 inch core diameter (0.125 ft). The other input parameters to model the first 

experiment are the following: 

 

m

0.1508
0.01508ft

I 10

core

ax

L
x                  (7.16) 

 
22 0.125

0.1108ft
4 4

D
y z


                (7.17) 

2 4 3

mI 0.01508 10 0.1108 0.2235 4.14 10 ftcore axPV x y z x    (7.18) 

3 3 3

3 3 3

1 1 24 60min ft
0.1 0.00508

min 2.54 12 day
inj

cc in ft hr
q

cc in day hr
        (7.19)  

During the first experiment, 0.47 PV was counted as part of the dead volume to get the 

exact water breakthrough. After estimating the water breakthrough (45o line seen in Figure 7.1), 

the data was applied with the Buckley-Leverett model, where a successful match was obtained 

(Figure 7.2). A total injection of 6.4 PV was performed and matched, with 2.9 PV of seawater 
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injection and 3.5 PV low-salinity injection (LS0). Table 7.1 shows the data used in the first 

experiment to calculate the oil and water relative permeability, and oil/water mobility. The end 

point oil/water relative permeability was obtained from the coreflooding equipment. In this 

experiment, the low-salinity water used in the lab was prepared by excluding the NaCl from 

seawater composition.  

Based on the conclusions and lessons learned from the contact angle measurements, where 

the wettability of crude-aged carbonate core slabs alter from oil-wet to intermediate-wet with 

decreasing salinity, we changed the parameters (k*ro and k*rw) to match the contact angle 

measurements. The adjusted data used in the numerical history matching is shown in Table 7.2, 

supporting the conclusion that wettability alteration occurs during low-salinity waterflooding. 

 

Table 7.1: Main data to be used in the first experiment to calculate the oil and water relative 

permeability, and oil/water mobility 

Brine Type k*ro k*rw now nw 

SW 0.48 0.15 3 2 

LS0 0.48 0.19 3 2 

 

Table 7.2: Data after matching the original data for the first experiment 

Brine Type k*ro k*rw now nw 

SW 0.30 0.15 2.0 1.1 

LS0 0.45 0.13 1.5 1.1 

 

For the second experiment, the number of nodes used was 10 nodes. The length of the core 

is 0.1542 ft with 0.125 ft diameter. Each grid block in the x, y, and z direction is 0.01542 ft x 

0.11078 ft x 0.11078 ft, respectively. The pore volume of the core was calculated to be 3.1547x10-

4 ft3. The injection rate is 0.1 cm3/min (0.00508 ft3/day) and the interstitial velocity is 2.845 ft/day. 

Table 7.3 showed the data used in the second experiment to calculate the oil and water relative 

permeability, and oil/water mobility.  In this experiment, seawater was flooded first and then 
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diluted by a factor of two and four to test the incremental oil recovery obtained from low-salinity 

flooding. 

 
Figure 7.1: The pore volume of oil produced vs. the pore volume injected for the first experiment. 

 

 

 
Figure 7.2: The recovery factor vs. the pore volume injected for the first experiment. 
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Table 7.3: Main data to be used in the second experiment to calculate the oil and water relative 

permeability, and oil/water mobility 

Brine Type k*ro k*rw now nw 

SW 0.75 0.13 3 2 

LS1 0.75 0.17 3 2 

LS2 0.75 0.20 3 2 

 

For the second coreflooding experiment, 0.46 PV was counted as part of the dead volume 

to get the exact water breakthrough. After estimating the water breakthough (45o line seen in Figure 

7.3), the data was applied with the Buckley-Leverett model, where a successful match was 

obtained (Figure 7.4). The following low-salinity waterflooding were tested in the second 

experiment, and the new data after matching the original data is shown in Table 7.4. No wettability 

alteration was noticed in this experiment. This is because the results shows no additional 

incremental oil was obtained from the low-salinity waterflooding, after an initial recovery factor 

of 68% was obtained from the seawater flooding. This due to the abundant presence of 

interconnected burrows and vugs; hence, the oil injected into the core goes primarily to the 

burrows/vugs, and not getting into the matrix. Thus only the original water filled in the burrows is 

swept during the imbibition cycle.  

For the third experiment, the number of nodes used was 10 nodes. The length of the cores 

(three stacked cores) is 0.4663 ft with 0.125 ft diameter. Each grid block in the x, y, and z direction 

is 0.01542 ft x 0.11078 ft x 0.11078 ft, respectively. The pore volume of the core was calculated 

to be 3.936 x 10-4 ft3. The injection rate is 0.1 cm3/min (0.00508 ft3/day) and the interstitial velocity 

is 1.99 ft/day. Table 7.5 showed the data used in the third experiment to calculate the oil and water 

relative permeability, and oil/water mobility.  In this experiment, seawater was flooded first and 

then diluted by a factor of two, four, and fifty to test the incremental oil recovery obtained from 

low-salinity flooding. 
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Figure 7.3: The pore volume of oil produced vs. the pore volume injected for the second 

experiment. 

 

 

 

 
Figure 7.4: The recovery factor vs. the pore volume injected for the second experiment. 

 
  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

P
V

 O
il

 P
ro

d
u

ce
d

PV Injected

Water Breakthrough

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 2 4 6 8 10 12

R
F

PV inj

Model

Experiment



71 

 

Table 7.4: Data after matching the original data for the second experiment 

Brine Type k*ro k*rw now nw 

SW 0.45 0.26 1.90 1.10 

LS1 0.45 0.28 1.90 1.10 

LS2 0.45 0.29 1.90 1.10 

 

 

Table 7.5: Main data to be used in the third experiment to calculate the oil and water relative 

permeability, and oil/water mobility 

Brine Type k*ro k*rw now nw 

SW 0.53 0.17 3 2 

LS1 0.53 0.25 3 2 

LS2 0.53 0.28 3 2 

LS3 0.53 0.30 3 2 

 

We changed the parameters (k*ro and k*rw) to match the contact angle measurements. The 

adjusted data used in the numerical history matching is shown in Table 7.6, supporting the 

conclusion that wettability alteration occurs during low-salinity waterflooding. In addition, the 

Corey exponents of oil on the relative permeability curve had an impact on matching low-salinity 

experiments. Decreasing the Corey exponent of oil (now) parameter to 1.1-1.2 enable the oil flow 

faster due to low-salinity waterflooding effect. The data was applied with the Buckley-Leverett 

model where a successful match was obtained (Figure 7.5). 

Table 7.6: Data after matching the original data for the third experiment 

Brine Type k*ro k*rw now nw 

SW 0.45 0.20 2.2 1.1 

LS1 0.47 0.12 1.2 1.2 

LS2 0.52 0.10 1.1 1.1 

LS3 0.52 0.10 1.1 1.1 

 

For the fourth experiment, the number of nodes used was 10 nodes. The length of the cores 

(three stacked cores) is 0.44 ft with 0.125 ft diameter. Each grid block in the x, y, and z direction 

is 0.044 ft x 0.11078 ft x 0.11078 ft, respectively. The pore volume of the core was calculated to 



72 

 

be 1.156 x 10-3 ft3. The injection rate is 0.1 cm3/min (0.00508 ft3/day) and the interstitial velocity 

is 1.93 ft/day. Table 7.7 showed the data used in the fourth experiment to calculate the oil and 

water relative permeability, and oil/water mobility.  In this experiment, seawater was flooded first 

and then diluted by a factor of two, four, and fifty to test the incremental oil recovery obtained 

from low-salinity flooding. 

 
Figure 7.5: The recovery factor vs. the pore volume injected for the third experiment. 

 

Table 7.7: Main data to be used in the fourth experiment to calculate the oil and water relative 

permeability, and oil/water mobility 
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LS1 0.584 0.185 3 2 
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We changed the parameters (k*ro and k*rw) to match the contact angle measurements. The 

adjusted data used in the numerical history matching is shown in Table 7.8, supporting the 

conclusion that wettability alteration occurs during low-salinity waterflooding. In addition, the 

Corey exponents of oil/water on the relative permeability curve had an impact on matching low-

salinity experiments. Decreasing the Corey exponent of oil (now) parameter to 1.2 enable the oil 

flow faster due to low-salinity waterflooding effect. The data was applied with the Buckley-

Leverett model where a successful match was obtained (Figure 7.6). 

Table 7.8: Data after matching the original data for the fourth experiment 

Brine Type k*ro k*rw now nw 

SW 0.20 0.278 2 1.5 

LS1 0.55 0.15 1.2 1.1 

LS2 0.65 0.1 1.2 1.1 

LS3 0.65 0.1 1.2 1.1 

 

 
Figure 7.6: The recovery factor vs. the pore volume injected for the fourth experiment. 
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For the last experiment (fifth), the number of nodes used was 10 nodes. The length of the 

cores (three stacked cores) is 0.46 ft with 0.125 ft diameter. Each grid block in the x, y, and z 

direction is 0.044 ft x 0.11078 ft x 0.11078 ft, respectively. The pore volume of the core was 

calculated to be 1.326 x 10-3 ft3. The injection rate is 0.1 cm3/min (0.00508 ft3/day) and the 

interstitial velocity is 1.68 ft/day. Table 7.9 showed the data used in the fourth experiment to 

calculate the oil and water relative permeability, and oil/water mobility.  In this experiment, 

seawater was flooded first and then diluted by a factor of two, four, and fifty to test the incremental 

oil recovery obtained from low-salinity flooding. 

Table 7.9: Main data to be used in the fifth experiment to calculate the oil and water relative 

permeability, and oil/water mobility 

Brine Type k*ro k*rw now nw 

SW 0.561 0.192 3 2 

LS1 0.561 0.250 3 2 

LS2 0.561 0.278 3 2 

LS3 0.561 0.292 3 2 

 

We changed the parameters (k*ro and k*rw) to match the contact angle measurements. The 

adjusted data used in the numerical history matching is shown in Table 7.10, supporting the 

conclusion that wettability alteration occurs during low-salinity waterflooding. In addition, the 

Corey exponents of oil/water on the relative permeability curve had an impact on matching low-

salinity experiments. Decreasing the Corey exponent of oil (now) parameter to 1.2 enable the oil 

flow faster due to low-salinity waterflooding effect. The data was applied with the Buckley-

Leverett model where a successful match was obtained (Figure 7.7). 

Table 7.10: Data after matching the original data for the fifth experiment 

Brine Type k*ro k*rw now nw 

SW 0.40 0.2 1.8 1.1 

LS1 0.48 0.1 1.2 1.1 

LS2 0.55 0.1 1.2 1.1 

LS3 0.55 0.1 1.2 1.1 
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Figure 7.7: The recovery factor vs. the pore volume injected for the fifth experiment.  

 

Overall, the matching parameters from most of the experiments are mainly Corey 

exponents of water/oil, and the water/oil end points on the relative permeability curve. 

7.4 Summary of Results  

The Buckley-Leverett numerical study using low-salinity waterflooding generated the 

following conclusion: 

 A 1-D two phase Buckley-Leverett model matched oil recovery obtained from 

coreflooding experiments. The matching parameters are mainly Corey exponents of 

water/oil, and the water/oil end points on the relative permeability curve.  
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CHAPTER 8 

CONCLUSIONS AND RECOMMENDATIONS 

 

The objective of this dissertation was to evaluate the potential of incremental oil recovery 

using low-salinity waterflooding, develop optimum water salinity to produce the most amount of 

oil from Reservoir I, and determine the underlying mechanisms of low-salinity waterflooding. One 

experiment was performed to investigate the results of adding surfactant to low-salinity 

waterflooding using cores from Reservoir I. All five experiments were performed using HPHT 

coreflooding equipment with diluted synthetic seawater to examine the effect of low-salinity 

waterflooding in the cores. A 1-D two-phase Buckley-Leverett model was developed to confirm 

wettability alteration due to seawater and low-salinity injection. Ultimately, this model was used 

to history match the experimental results. 

8.1 Major Conclusions 

Coreflooding, interfacial tension (IFT), and contact angle measurements were conducted 

to determine the possible mechanisms for improved oil recovery in carbonate reservoirs using low-

salinity waterflooding after primary seawater injection. The following are the main conclusions: 

 Low-salinity waterflooding, after seawater injection, improves oil recovery in cores from 

facies 5 and 6, not with facies 3 because of burrows.  

 Diluting the seawater by a factor of two (LS1) is enough to achieve additional oil recovery. 

 The wettability of crude-aged carbonate core slabs alter from oil-wet to intermediate-wet 

with decreasing salinity. 

  



77 

 

8.2 Secondary Conclusions 

The experimental and numerical study of the potential of incremental oil recovery using 

low-salinity waterflooding generated the following additional conclusions: 

 Diluting seawater sequentially by factors of two and four in a vug-dominated core 

generated zero incremental oil recovery.  

 Facies five and six (F5 and F6) with heavy oil stain and no vugs are the most suitable 

candidates for low-salinity waterflooding. 

 The Buckley-Leverett numerical model confirms wettability alteration due to seawater and 

low-salinity injection. The numerical model matched oil recovery obtained from 

coreflooding experiments. 

8.3 Recommendations 

The following is recommended for additional work: 

 Use the data in this dissertation (cores from Reservoir I) to predict coreflood experimental 

behavior and build a CMG simulation model that takes into account the mechanisms and 

physics such as chemical interactions, IFT, and wettability alteration of low-salinity 

waterflooding in carbonate reservoirs.  

 Since Reservoir II and III are considered conventional reservoirs and have good response 

to waterflood, I recommend to use preserved cores from Reservoir II and III, and live oil 

to better model reservoir conditions and run experiments using HPHT coreflood 

equipment. Compare the results between cases when seawater is initially used for 

coreflooding, and when low-salinity initially used for flooding. 

 Use the centrifuge to get more accurate relative permeability and capillary pressure data. 

This data should support the data obtained from the coreflooding. In addition, applying the 

relative permeability and capillary pressure data obtained from the centrifuge to the CMG 
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model will enhance the understanding of the main mechanisms of low-salinity 

waterflooding in carbonate reservoirs. 

 Perform experiments for contact angle and IFT measurements under reservoir pressure and 

temperature and compare it with the results provided in this dissertation. 

 Testing the time dependent effect during low-salinity waterflood is recommended. Inject 

low-salinity and let it soak for a while, then re-inject low-salinity again. Wettability may 

change with time with, thus give additional oil recovery. 

 Changing the series of low-salinity waterflood is recommended for experimental work. 

Start flooding with LS3 after the seawater flood might give more additional oil recovery 

than injecting LS3 after LS2. 
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NOMENCLATURE 

 

A      Area 

C               Concentration 

D               Diameter 

DI       Deionized water  

EDL          Electrical double layer 

f                Fractional flow 

HPHT       High pressure high temperature  

I      Number of nodes 

krow           Oil relative permeability 

krw            Water relative permeability 

k*ro           Oil relative permeability at minimum water saturation 

k*rw          Water relative permeability at residual oil saturation 

L       Length 

LS0NaCl       Low-salinity with 0.0 NaCl 

LS1            Low-salinity with diluting the synthetic seawater by a factor of 2 

LS2            Low-salinity with diluting the synthetic seawater by a factor of 4  

LS3            Low-salinity with diluting the synthetic seawater by a factor of 50  

now       Corey exponent of oil  

nw       Corey exponent of water 

PV       Pore volume  

q        Flow rate  

RF             Recovery factor 
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S                     Saturation 

SG            Specific Gravity 

SW           Seawater 

VR      Rock volume  

 

GREEK 

              Mobility 

              Viscosity 

t        Interstitial velocity 

               Porosity 

 

SUBSCRIPTS  

inj             Injection 

o              Oil  

w        Water 

i                Initial 

max          Maximum 

r                Residual 
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Abstract 

Production enhancement by low-salinity waterflood in carbonate formations is a subject of intense speculation. 

Several mechanisms are attributed to enhanced oil recovery by low-salinity waterflooding in carbonate formations. 

Review of experimental data in the literature indicates that the main mechanism involves interaction of Na+, Cl-, Ca2+, 

Mg2+, SO4
2- and crude oil carboxylate ions (R-COO-) with the rock in the electrical double layer (EDL) near the surface 

of carbonate pores, leading to wettability alteration.  

In this study, we performed four seawater floods in heterogeneous low-permeability carbonate cores followed by low-

salinity floods. The core permeability is between 0.5 to 1.5 md, and porosity in the range of 18 to 25%. Cores were 

aged for eight weeks at reservoir pressure and temperature. We also conducted pendant drop oil-brine IFT 

measurement, and captive oil-droplet contact angle at different brine salinity, with and without the presence of 

surfactant. 

The carbonate core flood results show that removing NaCl from seawater or diluting the seawater twice and four times 

yielded about 8% incremental oil. In one experiment, the change in the effluent ionic concentrations was measured, 

and it was observed a decrease in Ca2+, Mg2+, Na+, and SO4
2-. Using pendant drop IFT measurements, oil-brine IFT 

increased with decreasing salinity both in presence and in absence of 1,000-ppm surfactant. From captive oil-droplet 

contact-angle measurements, it was observed that cleaned un-aged carbonate core slabs were water-wet, and became 

more water-wet as salinity decreased (both in presence and in absence of 1000-ppm surfactant). The wettability of 

crude-aged carbonate core slabs altered from oil-wet to intermediate-wet as salinity decreased. And, the wettability 

changed from intermediate-wet to water-wet with decreasing salinity in presence of 1,000-ppm surfactant. Moreover, 

addition of small amount of surfactant alters the wettability of crude-aged or cleaned un-aged carbonate core slabs 

towards water-wet. The degree of water-wetness achieved by surfactant solution depends on salinity level. 

Literature Review 
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In carbonate formations, the carbonate rock surface attains a positive charge in presence of formation brine.  The 

positive charge results from carbonate dissolution in brine, which also increases the solution pH (Navratil 2012). In 

presence of oil, the brine-soluble acidic components of the oil (carboxylate ions, R-COO-) are attracted to the 

positively charged carbonate rock surface. Some of these acidic oil molecules attach to the positively charged 

carbonate surface, which makes the surface oil-wet. This is why restoring core wettability is critical factor in any 

IOR/EOR experiments.  

In presence of brine, the positively charged carbonate surface is amenable to anion exchange, which might be the 

reason for wettability alteration by the seawater in seawater flooding. In the latter, the sulfate, calcium and magnesium 

ions (SO4
2-, Ca2+, Mg2+) compete with the carboxylate (R-COO-) ions (Austad et al., 2012) to partially alter the rock 

wettability from oil wet to water wet.  

Wettability alteration is a complex issue which, in addition to the brine ionic composition, also depends on reservoir 

temperature. Austad et al. (2005) conducted experiments using cores from Ekofisk, Valhall, and Yates fields to 

improve spontaneous imbibition of water into oil-saturated samples. They observed that the presence of SO4
2- 

improved the spontaneous imbibition regardless of the wetting conditions. Furthermore, studies on low-salinity 

waterflooding in carbonate reservoirs, with reduced Na+, indicate that Ca2+, Mg2+, and SO4
2- play a major role in the 

wettability alteration (Fathi et al., 2012, Austad et al., 2012, Awolayo et al., 2014).  

Gupta et al., 2001 reported an increase in oil recovery through experiments involving carbonate cores using Advanced 

Ion Management (AIMSM), where it adds/removes different ions from the injected water. Al-Harrasi et al., 2012 

conducted low- salinity waterflood experiments on different carbonate cores. In their study, carbonate cores were used 

for both coreflooding and spontaneous imbibition experiments at 70 oC. Synthetic brine was mixed with distilled water 

in four ways (diluted twice, 5 times, 10 times, and 100 times). From these experiments, it was reported an increase of 

16-21% in oil recovery.  

Study by Zekri et al., 2012 reported contact angle change with time with low-salinity brine, both on limestone and 

sandstone cores from Libyan oil reservoirs. Several brine injection concentrations were used in the experiment to 

examine the effect of salinity in oil recovery by varying sulfate concentrations. The study concluded that wettability 

alteration is the main mechanism to increase recovery in carbonate formations by low-salinity water flooding. Zahid 

et al., 2012 experimental results show improved oil recovery during low-salinity waterflood in carbonate reservoirs. 

Their experiments were conducted with live oil both at ambient and high temperatures (90 oC).  It was also observed 

no effect of low salinity waterflooding on oil recovery at ambient temperature. However, an increase in oil recovery 

was observed with runs at high temperatures (90 oC). Moreover, due to the increase in pressure drop, migration of 

fines or dissolution effects may have occurred and may contribute to the increase in oil recovery.  

Reservoir Description 

Several experiments were performed using cores from a low-permeability giant carbonate reservoir in the Middle 

East. The reservoir is subdivided into three main reservoirs: Reservoir I, II, and III.  In this paper we focus on Reservoir 

I, which is characterized as fractured with average matrix permeability of 1.5 md, average porosity of 24%, and 

average thickness of 43 feet (Figure 1). The three reservoirs have a combined thickness of about 300 ft and currently 

is undergoing water injection at 800 MB/day and oil production at 560 MSTB/day. Primary oil production began in 

1983 with water injection starting in 1984. The first water breakthrough occurred in 1991. Over the years, water cut 

has increased from 5% in the early 1990s to 24% in 2006 (Shibasaki et al., 2006). Currently, most of the oil production 

comes from Reservoir II and III. These two reservoirs have high porosity and permeability.  
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Figure 1: Petrophysical model of the reservoir showing gamma ray, porosity, and permeability logs for three 

formations (Strohmenger et al., 2006) 

 

Facies of Cores Used  

Jobe (2013) conducted extensive geological description of Reservoir I.  The cores used in coreflooding experiments 

were from three main facies A, B, and C of Reservoir I (Figure 2). Facies A is heterogeneous with dominant 

micro/macro porosity and heavy oil stains, and the rock texture is Lithocodium-Bacinella boundstone. Abundant 

Lithocodium-Bacinella echinoderm, coral bivalve skeletal debris, and benthic forams are present in this facies. Facies 

B is Rudist-Bivalve wacke- to packstone, has plenty of vugs and burrows, with dominant micro/macro porosity. 

Abundant skeletal debris (rudist-bivalves, echinoderms, rare corals), benthic forams (Miliolida, Textularia, Orbitolina) 

with heavy oil stain are present in facies B.  Facies C is Lithocodium-Bacinella wackestone with dolomitic burrows. 

The biotas presented in this facies are abundant oncoidal Lithocodium-Bacinella, and benthic forams (Miliolida and 

Textularia). Facies C has heavy oil stain with micro/macro/fracture dominant porosity. 
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Figure 2: Petrography of geologic facies A, B, and C of cores used in the experiments (Jobe, 2013). 

 

Experimental Equipments 

This study was carried out using three main equipment; coreflooding apparatus, ultra-fast centrifuge, and Contact 

angle apparatus. Figure 3 presents schematic diagram of the coreflooding apparatus, which is capable of running 

experiments at reservoir conditions.  Centrifuge equipment was used to saturate the core samples to residual water 

saturation. Finally, the contact angle system was used to measure IFT between different fluids and contact angles 

between solids and fluids.    

 

 

Figure 3: Schematic diagram of coreflooding experiment (Alameri et al. 2014). 
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Laboratory Procedure 

Core cleaning, fluid preparation, porosity-permeability measurement: 

Prior to using the coreflooding, cores were cleaned using the following steps:  

1. Cores from Reservoir I (facies A, B, and C) were prepared for cleaning.  

2. Cores were placed in the Soxhlet extractor. Toluene was used to clean the cores and remove all the 

hydrocarbons from the pores. Methanol was then used to remove any salts contaminated in the cores. Finally, 

Toluene was used again in case there was oil trapped behind the removed salts. The cleaning process was 

performed until no oil trace is noticed.  

3. Cores were placed in the oven at 250 oF for 24 hours. After drying, the cores were immediately sealed to 

avoid humidity.  

4. Porosity and permeability values of the cores were measured. 

5. Since the cores are tight (1-10 md), the centrifuge was used to saturate the cores with formation brine until 

initial water saturation is achieved. The speed was set at 3000-5000 rpm for 3 to 4 days to fully saturate the 
cores and minimize core damage. The crude oil and formation brine (from Reservoir I) were filtered at 1 and 

0.5 microns respectively; and their viscosity value were measured at reservoir temperature of 195 oF as 3.0 

cp and 0.535 cp, respectively. The API gravity of the reservoir oil at standard condition is 32o.  

6. Synthetic seawater was prepared using NaCl, Na2SO4, CaCl2, and MgCl2. The composition of the seawater 

is reported by Zhang and Sarma, 2012. 

 

Coreflood Experiments: 

After the cores were saturated with formation brine using centrifuge, the following procedures were followed during 

the coreflooding experiment:  

8. Cores were placed in the core holder, and confining pressure, back pressure, and reservoir temperature 

(195oF) were applied to mimic the reservoir conditions. 

9. Formation brine was injected at 0.1 cc/min flow rate. This is to make sure that the core is still 100% saturated 
with brine and no air is trapped in the pores and also to determine the relative permeability of the core to 

brine. 

10. Oil was then injected at 0.1 cc/min flow rate until residual water saturation (Swi) is achieved. The oil relative 

permeability is also determined at this step. 

11. To restore wettability, two weeks of aging was applied for the first and second experiments; whereas eight 

weeks of aging was applied for the third and fourth experiments.  

12. Prior to sea water injection, about 4 PV oil is injected to mimic oil saturated reservoir condition. 

13. Sea water was injected to displace the oil at 0.1 cc/min flow rate. At this point, oil recovery during water 

flooding, and water relative permeability was determined.  

14. After establishing residual oil saturation to sea water flooding (Sorw), brines of different salinities were 

injected to study the effect of low salinity on incremental oil recovery and wettability alteration. Oil 
production, flow rate, pressure drop were recorded and analyzed during the entire coreflooding experiment. 

 

Huppler (1969) technique was used in stacking a composite core that contains short cores for the 3rd and 4th 

experiments. The technique is simply based on ordering core samples using harmonic average permeability to be close 

to the average permeability of the composite used. Moreover, the section of the core used that has average permeability 

close to the overall average permeability should be located at the end of the composite.  

The following Corey type equations (Corey, 1954) were used to model the relative permeability curves using 

coreflooding experimental data. 
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Results and Discussion 

IFT and Contact Angle Measurements: 

The Drop Shape Analysis System (DSA) was used to measure the interfacial tension (IFT) between the crude oil and 

the injected fluids at ambient temperature. Figure 4 shows the interfacial tension values measured between the crude 

oil and the injected fluids using pendant drop method. Table 1 presents the contact angle (captive oil-droplet method), 

pH level, and the interfacial tension (pendant drop method) measurements performed between different fluids and 

core samples. As can be seen in Figure 4 and Table 1, the IFT values increased as brine’s salinity is reduced. . The 

increase in IFT of oil-brine as the salinity of the brine decreases could be possibly due decrease in pH value of the 

brine as seen in Table 1 (except for the deionized water case). Intuitively, this is not consistent with the improved oil 

recovery achieved by low-salinity waterflood. The contact angle between the crude oil and core in an environment of 

variable salinity brine at ambient conditions were measured. The core slab used to measure contact angle was cleaned 

un-aged carbonate core slab of facies A (Figure 5). The contact angle between the oil-droplet and core slab at variable 

salinity brine surrounding environment (captive oil-droplet method) was measured. The volume of oil droplets beneath 

the carbonate core slab (in the range of 1 to 15 micro liters) during captive oil-droplet contact angle measurements is 

also reported to show the magnification scale. Figure 6 shows the contact angle images between the crude oil and 

core slab at different salinity brine surrounding environments. We observe that the cleaned un-aged carbonate slabs 

became more water-wet as salinity decreased. 

 

 
Figure 4: Measured IFT between oil-droplet and variable salinity brines. 
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Figure 5: Cleaned un-aged carbonate slabs of facies A and B prepared for contact angle measurements.  

 

 

Table 1: IFT between oil and brine, pH of the brine, and contact angle between cleaned un-aged carbonate 

core slabs and oil-droplets in variable brine salinity 

Brine IFT between oil 

and brine (pendant 

drop method), 

dynes/cm 

pH 

Contact Angle, Θ, 

(captive oil-

droplet method), 

in degrees 

Volume of oil 

droplets beneath 

the core slabs, 

micro liter 
Name 

Salinity, 

ppm 

Formation Brine >100,000  8.26 7.17 33.3 6.5 

SW 51,346 16.62 6.6 21.0 10.66 

LS1 25,679 18.85 6.53 17.1 10.38 

LS2 12,840 20.75 6.31 14.8 13.17 

LS3 1,027 21.93 6.00 11.1 5.4 

Deionized water ~0 22.09 7.06 6.7 10.1 

 



92 

 

 
Figure 6: Contact angle between cleaned un-aged carbonate core slabs and oil-droplets in variable brine 

salinity. 

 

Additional contact angle and IFT measurements were performed using brines with variable salinities and including 

1,000 ppm ethoxylated alcohol surfactant. Table 2 shows the experimental measurements of the contact angle and 

IFT. As can be seen in Figure 7, the contact angle between oil-droplet and cleaned un-aged carbonate slab decreases 

from around 21 degrees for the case of 100,000 ppm salinity (surrounding fluid ‘A’) to as low as 4.8 degrees for almost 

zero salinity case (surrounding fluid ‘F’). Hence, it is evident that as the salinity decreases the water wetness of cleaned 

un-aged carbonate slab increases. Coreflooding experiments of low-salinity followed by ethoxylated alcohol 

surfactant solution in low-salinity brine in carbonate cores performed by Alameri et al.(2014) also show additional oil 

recovery that is consistent with the experimental results presented in Figure 7 and Table 2. Comparing the IFT and 

contact angle measurements in presence and absence of surfactant (Tables 1 and 2, Figures 6 and 7), it is evident 

that the oil-brine IFT with surfactant case is lower, and even more water-wet, than IFT measurement without surfactant 

of corresponding salinities. 

 

 

 

  

Core slab

Oil-droplet

Formation 
Brine SW LS1

LS2 LS3
Deionized water

Θ



93 

 

Table 2: IFT (between oil and brine with 1000-ppm surfactant), and contact angle (between cleaned un-aged 

carbonate core slabs and oil-droplets in variable salinity brine with 1,000-ppm surfactant) 

Brine with surfactant IFT between oil 

and brine 

(pendant drop 

method), 

dynes/cm 

Contact Angle, Θ, 

(captive oil-droplet 

method), in degrees 

Volume of oil droplets 

beneath the core slabs, 

micro liter Name 
Salinity, 

ppm 

Surfactant 

concentration, 

ppm 

A 102,692 1000 1.84 20.9 1.08 

B 92,423 1000 1.9 17.6 1.2 

C 51,346 1000 4.14 15 3.36 

D 25,679 1000 4.54 12.3 2.2 

E 10,270 1000 4.86 5.4 1.55 

E ~0 1000 5.11 4.8 3.65 

 

 
Figure 7: Contact angle between cleaned un-aged carbonate core slabs and oil-droplets in variable salinity brine 

with 1,000-ppm surfactant.  

 

Contact angle measurements were repeated using crude-aged carbonate slabs of the same facies A. The crude-aging 

was performed by keeping the carbonate slabs inside crude oil at reservoir temperature and atmospheric pressure for 

three weeks. Figure 8 and Table 3 show contact angle measurement result between oil-droplets and crude-aged 

carbonate core slabs at variable salinity surrounding brine. These results show that, as salinity of the surrounding brine 

decreases, the wettability altered from oil-wet to intermediate-wet. The formation brine surrounding environment case 

is an exception to this conclusion, and this could be due to the pH of the formation brine is close to the deionized 

water case and their contact angle measurement of both cases are similar.  
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Table 3: Contact angle between crude-aged carbonate core slabs and oil-droplets in variable salinity brine. 

Brine Contact Angle, Θ, 

(captive oil-droplet 

method), in degrees 

Volume of oil droplets 

beneath the core slabs, 

micro liter Name Salinity, ppm 

Formation Brine >100,000  110.9 4.20 

SW 51,346 133.6 3.19 

LS1 25,679 127.0 3.60 

LS2 12,840 117.0 4.91 

LS3 1,027 114.2 2.88 

Deionized water ~0 110.0 1.75 

 

 
Figure 8: Contact angle between crude-aged carbonate core slabs and oil-droplets in variable salinity brine. 

 

Similarly, the contact angle measurement between oil-droplet and aged core slab were measured where the 

surrounding variable salinity fluid has 1,000 ppm ethoxylated alcohol surfactant concentration. Figure 9 and Table 4 

show the contact angle measurements. These results show that as salinity of the surrounding fluid with 1,000 ppm 

surfactant decreases, the wettability alters from intermediate wet to water wet.  Also, we observed that addition of 

Formation Brine SW

LS1 LS2
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1,000 ppm surfactant in the surrounding fluid alters the wettability of the aged carbonate core slab towards 

intermediate or water wet (depending on salinity concentration). 

Table 4: Contact angle between crude-aged carbonate core slabs and oil-droplets in variable salinity brine with 

1000-ppm surfactant 

Brine with surfactant 

Contact Angle, Θ, 

(captive oil-droplet 

method), in degrees 

Volume of oil droplets 

beneath the core slab, 

micro liter Name 
Salinity, 

ppm 

Surfactant 

concentration, 

ppm 

A 102,692 1000 95.0 2.0 

B 92,423 1000 87.8 2.0 

C 51,346 1000 77.0 2.5 

D 25,679 1000 68.1 2.5 

E 10,270 1000 60.2 2.5 

E ~0 1000 53.1 3.0 

 

 
Figure 9: Contact angle between crude-aged carbonate core slabs and oil-droplets in variable salinity brine 

with 1,000-ppm surfactant. 
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Coreflooding Experiments: 

Four core flood experiments were performed. The first and second experiments were performed on a single core of 

about 1.8 inch long; whereas the third and fourth experiment was performed a stacked three cores each. Table 5 shows 

the core facies, the rock properties, the permeability and porosity measurements of the cores used in the experiment. 

The composition of the synthetic seawater and low salinity water are shown in Table 6. 

 

Table 5: Rock Properties of the cores used for coreflood experiments.  

Experiment # Facies L(in) 
D 

(in) 

ρg 

(gm/cc) 

Dry Wt. 

(gm) 

Wet Wt. 

(gm) 

PV 

(cc) 

Ø 

 % 

Kair 

(md) 

1 A 1.81 1.490 2.69 109.708 120.926 11.22 21 10 

2 B 1.85 1.497 2.71 115.032 123.965 8.933 19 30 

3 A 

1.880 1.5 2.70 108.647 122.461 13.81 26.9 3.38 

1.820 1.5 2.70 114.181 123.881 9.70 21.1 1.16 

1.896 1.5 2.70 127.940 134.408 6.47 14.5 0.76 

 

4 C 

1.950 1.5 2.70 113.383 126.650 13.267 25.4 3.38 

1.810 1.5 2.70 108.522 120.30 11.778 24.9 1.81 

1.510 1.5 2.70 95.908 103.45 7.542 17.7 0.70 

 

Table 6: Composition of the Synthetic Seawater. 

Brine/Compound 

(kppm) 
Na2SO4 CaCl2 MgCl2 NaCl TDS 

SW 4.891 1.915 13.550 30.99 51.346 

LS0NaCl 4.891 1.915 13.550 0.0 20.356 

LS1 2.446 0.958 6.775 15.50 25.679 

LS2 1.223 0.479 3.388 7.75 12.840 

LS3 0.098 0.038 0.271 0.620 1.027 

 

The 1st core flood experiment performed using facies A core to assess the effectiveness of low salinity water flooding 

on incremental oil recovery. The experiment was run using crude oil of API 32 at a confining pressure of 1120 psi 

with backpressure of 110 psi and 195oF. The end point relative permeability data measured are listed in Table 7. In 

this experiment, the low salinity water was prepared by excluding the NaCl from seawater composition (i.e. LS0NaCl 

as shown in Table 6). Omitting the NaCl from the synthetic seawater resulted in shifting the relative permeability to 

less oil wet conditions as shown in Figure 10. After aging the core for two weeks and flooding at reservoir conditions, 

a decrease of monovalent ion (Na+ and Cl-) concentrations resulted in an incremental oil recovery of up to 8% as 

compared to seawater flooding. The connate water saturation of this experiment is 46%, and the residual oil saturation 

to LS0NaCl was 29.7%. Figure 11 shows the recovery factor and pressure drop of this experiment, where the recovery 

factor is 38% during seawater flooding and an additional incremental of 8% was obtained from injecting a low salinity 

waterflooding without sodium chloride (LS0NaCl). Constant injection rate of 0.1cc/min was applied during oil, seawater 

and low salinity water flooding. As shown in Figure 11, around 25 psi and 20 psi pressure drop was noticed during 

seawater and low salinity waterflooding respectively.  

 

Table 7: Data used in the first experiment for oil and water relative permeability 

Brine Type K*ro K*rw Sor Swr 

SW 0.48 0.15 0.336 0.46 

LS0NaCl 0.48 0.19 0.297 0.46 
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Similar to the first experiment, the 2nd experiment performed using facies B core, the same oil of 32 oAPI at a confining 

pressure of 1120 psi with backpressure of 110 psi and a reservoir temperature 195oF. Low salinity 1 and 2 

waterflooding (LS1 and LS2) were applied following seawater flooding. Two weeks of aging was applied. The results 

shows no additional incremental obtained from the low salinity waterflooding, where the recovery factor obtained 

from the seawater flooding is 68%. Despite the fact that 20 pore volume of oil was injected during oil saturation 

process, the connate water saturation of this specific coreflooding experiment was found to be very high, i.e. 66.4%. 

One main possible reason for this high connate water saturation is due to the abundant presence of interconnected 

burrows and vugs; hence, the oil injected into the core goes mainly to the burrows/vugs and hardly get into the matrix, 

and eventually the original water that filled the burrows was only swept during imbibition cycle. The abundant 

interconnected burrows of this facies were visible and also can be inferred from the low pressure drop (Figure 12) 

and higher air permeability measurement (Table 5) as compared to other facies considered in this study. Figure 12 

shows the recovery factor and pressure drop for the second experiment, where the recovery factor is 68% from 

seawater flooding with no additional oil recovery in the subsequent two low salinity water floods. Figure 13 shows 

the relative permeability curves for this experiment where there is no shift in the oil relative permeability curves when 

switching to different brine salinity.  

 

 
Figure 10: Oil and water relative permeability curves used for low-salinity coreflood experiment 1. 
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Figure 11: Oil recovery factor and pressure difference across core vs pore volume injected in Experiment 1.  

 

 
Figure 12: Oil recovery factor and pressure difference across core vs pore volume injected in Experiment 2.   
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Figure 13: Oil and water relative permeability curves for low-salinity experiment 2. 

 

The 3rd experiment was performed using a composite of three cores of facies A with dimensions, permeability and 

porosity values listed in Table 5. In this experiment three low salinity waterflood (LS1, LS2, and LS3) were applied 

following the seawater flooding. As discussed earlier, Huppler techniques were used in stacking the cores (Figure 

14). Eight weeks of aging was applied under confining pressure of 2300 psi, back pressure of 1800 psi and at reservoir 

temperature. A decrease of monovalent ion concentrations when the seawater was diluted twice (LS1) resulted in an 

incremental oil recovery of up to 6% as compared to seawater flooding with another additional 1.1% incremental 

recovery during the second low salinity waterflooding (LS2). No additional recovery was obtained during the third 

low salinity flood cycle (LS3).The connate water saturation of this experiment was 29.6%, and the residual oil 

saturation after producing the oil using the LS2 was 21.5%. Figure 15 shows the shift in relative permeability curves 

due to the low salinity waterflooding. Figure 16 shows the recovery factor and pressure drop for the composite core, 

where the recovery factor is 57.1% during seawater flooding. A constant injection rate of 0.1 cc/min was applied 

during all flooding cycles. Looking to Figure 16, a high pressure drop as compared to the previous two experiments 

was noticed during seawater and also low salinity water flooding cycles. This is due to the fact that it has low 

permeability and also longer core (composite of cores of about 3 times long compared to experiment 1).  

 
Figure 14: Composite of three cores used in the 3rd experiment, picture taken at the end of the experiment. The 

total length of the composite core is 5.596 inch and the diameter is 1.5 inch.  
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Figure 15: Oil and water relative permeability curves for low-salinity coreflooding experiment 3. 

 

 

 
Figure 16: Recovery factor and pressure difference across core vs the pore volume injected for Experiment 3. 
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For the fourth experiment, similar to the third experiment, three sets of low-salinity waterflooding were performed 

following the seawater flooding on stacked cores of facies C (Table 5). A composite core is formed by combining the 

three cores using again Huppler technique as in Figure 17.  The incremental oil recovery of the first two low-salinity 

water flooding EOR process are 6.2% and 1.1%, respectively with no additional oil recovery during the third low-

salinity waterflood (Figure 18). A constant 0.1 cc/min injection rate of 5 PV was applied in each of the three low-

salinity waterflood EOR processes. The relative permeability curves shift were towards less oil wet due to the low 

salinity waterflooding induced wettability alteration (Figure 19). Effluent water samples were tested at SURTEK 

laboratories to measure the concentration of Ca2+, Mg2+, Cl-, and SO4
2-. It was concluded that the concentration of 

these ions decreased during low salinity waterflooding. This is caused by possible multi ions exchange that took place 

during low salinity waterflooding, but that will be confirmed with further experimental and numerical modeling that 

takes into account the multi ions exchange during low salinity waterflooding in carbonate reservoirs. 

 

  
 

Figure 17: Composite of three cores used in the 4th experiment photo taken at the end of the experiment. The 

total length of the composite core is 5.27 inch and the diameter is 1.5 inch.  
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Figure 18: Recovery factor and pressure difference across core vs pore volume injected for Experiment 4. 

 

 
Figure 19: Oil and water relative permeability curves for low-salinity experiment 4. 
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Conclusions 

We conducted coreflooding, IFT and contact angle measurements to determine the possible mechanisms for improved 

oil recovery in carbonate reservoirs using low-salinity waterflooding after seawater injection. The following presents 

our observations and conclusions: 

Coreflooding 

Using seawater flood as the base case, followed by different low-salinity protocols, we observed the following: 

 Omitting NaCl from seawater resulted in 8% incremental oil recovery in a relatively homogeneous core. We 
speculate that the electrical double layer (EDL) expansion contributes to extra oil recovery.  

 Diluting seawater sequentially by factor of two and four in a vug-dominated core, no incremental oil recovery 

was obtained.  

 Diluting seawater sequentially by factor of two and four in a relatively homogeneous stacked core resulted 

in 6.0 % and 1.1% incremental oil recovery, respectively. In one experiment, we measured the change in the 

effluent ionic concentrations, and a decrease in Ca2+, Mg2+, Na+, and SO4
2- concentration was observed.  

 

IFT measurements 

Using pendant drop IFT measuring apparatus, we arrived at the following conclusions:  

 The oil-brine IFT increases with decreasing salinity. Intuitively, this is not consistent with the improved oil 
recovery achieved by low-salinity waterflood. 

 The oil-brine IFT increases with decreasing salinity in presence of 1000 ppm surfactant. 

 

Contact angle measurements 

Using captive oil-droplet in contact-angle measuring experiments, we concluded the following: 

 Cleaned un-aged carbonate core slabs were water-wet. 

 Cleaned un-aged carbonate core slabs became more water-wet with decreasing salinity (both in presence 

and in absence of 1000-ppm surfactant).  

 The wettability of crude-aged carbonate core slabs alter from oil-wet to intermediate-wet with decreasing 

salinity. 
 The wettability of crude-aged carbonate core slabs alter from intermediate-wet to water-wet with decreasing 

salinity of brine in presence of 1,000-ppm surfactant.  

 Addition of surfactant alters the wettability of crude-aged or cleaned un-aged carbonate core slabs towards 

water-wet. The degree of water-wetness achieved by surfactant solution depends on salinity level. 

 

 

Nomenclature 

IFT                       Interfacial tension 

LS0NaCl   Low salinity with 0.0 NaCl (other salt concentrations are present) 

LS1  Low salinity with diluting the synthetic seawater 2 times 

LS2                       Low salinity with diluting the synthetic seawater 4 times 
LS3  Low salinity with diluting the synthetic seawater 50 times 

Sor  Residual oil saturation 

Swi  Initial water saturation 

SW  Seawater 

kro                         Oil relative permeability                 

krw                        Water relative permeability 
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