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Abstract 

Seawater has been performing as a wettability modifier in chalk reservoirs and has been used 

for this purpose for a long time. This wettability alteration enhances microscopic then overall 

displacement efficiencies. Having the wettability-altering capability makes seawater possible 

to spontaneously imbibe into the chalk matrix and produce extra oil. Studies show that Ca+2, 

SO4
-2, and Mg+2, potential determining ions, can be chemically active and desorbs the organic 

oil acids from the chalk mineral surface. This release of organic oil acids provides more 

water-wet wetting conditions for the reservoir mineral surfaces hence allowing more oil to be 

produced.  

Smart Water is a designed injection brine that can modify reservoir wettability towards water 

wet. Knowing that seawater already functioning as a Smart Water in chalk reservoirs, to 

design the ideal Smart Water, seawater is considered as a base injection brine.  

Smart Water for chalk needs to be abundant in Ca+2, SO4
-2, and Mg+2 concentrations. It is also 

shown that low Na+ and Cl- concentrations help better displacement performance. 

The wettability alteration capability of Smart Water is directly related to reservoir temperature 

as well. Although slight Smart Water effect may be observed in low temperatures ~90 ºC, as 

temperature increases to ~130 ºC significant wettability alteration by Smart Water is 

observed. 

In this thesis, finding composition, concentration, and stable equilibrium conditions for Smart 

Water is aimed. Stevns Klint chalk cores were used for their analogical importance to Ekofisk 

Field. Experiment temperature was also chosen as reservoir temperature of Ekofisk, 130 ºC to 

provide a better resemblance.  

In total, four cores were cleaned with de-ionized water, restored 10% Swi with sulfate-free 

formation water, and 90% Soi with oil of AN:0.53 mgKOH/g. All cores aged for 14 days at 

130 ºC. After a batch test, Smart Water is decided to be prepared as a 10 M CaSO4 solution.  

Spontaneous imbibition test with formation water recovered 30% of OOIP; seawater 58% of 

OOIP and CaSO4 30% of OOIP in secondary mode. In tertiary mode, CaSO4 showed a slight 

wettability alteration and recovered an extra 8% of OOIP while seawater illustrated 

remarkable wettability modification and recovered 55% of OOIP after 30% of OOIP with 

formation water.   



Seawater also experimented in tertiary mode and recovered 54% of OOIP after 30% of OOIP 

with CaSO4 solution. This confirms the wettability alteration capabilities of seawater. 
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Symbols and Abbreviations 

Asample  The area between SO4
-2 and SCN- curves of the sample 

Aheptane  The area between SO4
-2 and SCN- curves completely water-wet reference core 

containing heptane 

𝐸  Total displacement efficiency, fraction 

𝐸𝐷  Microscopic displacement efficiency, fraction 

𝐸𝑣  Macroscopic displacement efficiency, fraction 

𝑔  Gravitational acceleration, 9.8 m/s2 

𝐻  Height of the fluid column, m 

Io  Amott index for oil, fraction 

Iw  Amott index for water, fraction 

𝐼𝑊
∗   Modified Amott water index, fraction 

𝑘  Permeability, m2 

𝑘𝑟𝑤  Relative permeability of water, fraction 

𝑘𝑟𝑜   Relative permeability of oil, fraction 

𝐿  Length of the capillary tube, m  

𝑀   Mobility ratio, fraction 

 J∗  Leverett dimensionless entry pressure  

PV   Pore volume, ml 

Pc  Capillary pressure, Pa 

PNW  The pressure of the non-wetting phase, Pa  

PW  The pressure of the wetting phase, Pa  



r  Pore radius, m 

𝑆𝑜𝑟  Residual oil saturation, fraction 

𝑆𝑤𝑖    Irreducible water saturation, fraction 

 𝑆𝑜𝑖  Initial oil saturation, fraction 

Swc  Connate water saturation, fraction 

𝑆𝐼𝐶   OOIP% after spontaneous imbibition of water in the core to be evaluated, % 

𝑆𝐼𝑊𝑊𝐶  OOIP% after spontaneous imbibition of water in the strongly water-wet core, 

% 

𝑢  Darcy Velocity, m/s 

WI   Wettability index  

𝑤𝑡𝑎𝑟𝑔𝑒𝑡 the weight of the core with Sw=10%, g 

𝑤𝑑𝑟𝑦  the weight of the dry core, g 

𝛥𝑃𝑔  Pressure difference over the oil-water interface due to gravity, Pa 

𝛥ρ   Difference in the density of the two phases, kg/m3 

𝛥𝑃   The pressure difference across the capillary tube, Pa 

ΔSws     Water saturation change due to spontaneous imbibition of water, fraction 

ΔSwf     Water saturation change due to forced injection of water, fraction 

ΔSos     Water saturation change due to spontaneous imbibition of oil, fraction 

ΔSof   Water saturation change due to forced injection of oil, fraction 

µ  Fluid Viscosity, Pa.s 

µ𝑤   Water viscosity, Pa.s 

µ𝑜   Oil viscosity, Pa.s 

𝜆𝑤   Mobility of water, m2/ Pa.s 



𝜆𝑜   Mobility of oil, m2/ Pa.s 

𝜆𝐷  Mobility of the displacing fluid, m2/ Pa.s 

𝜆𝑑  Mobility of the displaced fluid, m2/ Pa.s 

𝑑𝑃

𝑑𝑥
  Pressure gradient, Pa/m, 

σ  Interfacial tension, N/m 

φ  Porosity, fraction 

σ  Interfacial tension between wetting and non-wetting phase, N/m 

θ  Contact angle, degree  

𝓋𝑎𝑣𝑒  Average flow velocity in the capillary tube, m/s 

𝑟  Radius of the capillary tube, m 

𝓋o   Velocity, m/s 

σow  Surface tension between oil and water, mN/m 

𝜎𝑜𝑠   Oil-solid interfacial tension, mN/m 

𝜎𝑤𝑠   Water-solid interfacial tension, mN/m 

𝜌 𝑉𝐵0𝑆  The density of the VB0S Brine, 1.0224 g/cm3 

 

 

 

 

 

 

 



1 Introduction 

 

In a world that energy demand increases historically, petroleum still holds its economically 

important yet environmentally controversial place on the energy supply behalf.  

Petroleum extraction has never been uncostly. Furthermore, advanced improvements in 

technology that are used and extreme conditions that new fields are being sought, keep 

supporting the high cost of new explorations. Consequently, producing proven reserves more 

efficiently is getting more attention than ever. Increasing oil recovery in proven reserves is the 

essential way to accomplish that.  

Half of the world’s oil rests in carbonate reservoirs. Due to their special nature, carbonate 

reservoirs tend to have high residual oil saturation in fractured porous systems that cannot be 

produced easily with primal yet conventional recovery techniques.  

Just because of this, as a chemical enhanced oil recovery technique, Smart Water, has been 

researched carefully, observed, and experimented neatly. 

In this master thesis research study, Smart Water has been investigated experimentally to 

answer some questions risen and confirm or refute some of the answers given in the past. 

 

 

 

 

 

 

 

 



2 Objective 

 

This thesis study primarily aims to research an injection brine, Smart Water, that shows a 

wettability alteration effect for chalk carbonates at 130 ºC and compare its oil recovery 

performance to the oil recovery performance of seawater for the same conditions.  

The study also targets to find the ion composition and concentrations of the Smart Water that 

does not cause any precipitation in the pore water-rock-brine system and does function as a 

wettability modifier as a Smart Water is supposed to function. 

Moreover, the study interests the oil recovery performance of the Smart Water and seawater 

in both secondary and tertiary modes after formation water.  

 

Finally, the thesis aims to compare the oil recovery performance of Smart Water in the 

secondary mode after seawater; and the oil recovery performance of seawater in the secondary 

mode after Smart Water and analyze any possible wettability alteration. 

 

 

 

 

 

 

 

 

 

 

 



3 Theory 

3.1 Carbonate Reservoirs 

Carbonate rocks are sedimentary rocks that are made mostly of carbonate minerals. These 

carbonate minerals are originated from calcareous organisms and animal debris. Due to the 

diversity of composition, it is useful to classify carbonate minerals so that elemental 

compositions show. Calcite (CaCO3), Siderite (FeCO3), Magnesite (MgCO3), Dolomite 

(CaMgCO3) and Ankerite (CaFe(CO3)2) are the carbonate minerals that make different 

carbonate rocks (Puntervold, 2008; Puntervold et al., 2008). For instance, limestone is 

classified as carbonate rock with %50 or more Calcite minerals while carbonate rock with 

%50 or more dolomite minerals is classified as dolomite. 

Carbonate rocks, together with other necessary elements and processes, may constitute 

carbonate reservoirs and may host hydrocarbons. The carbonate reservoirs hold approximately 

50% of petroleum reserves Treiber and Owens (1972).  

 

3.2 Oil Recovery in Carbonate Rocks 

Oil production is conventionally being executed under three stages, primary recovery, 

secondary recovery, and tertiary recovery. Primary recovery is the stage that the reservoir is 

produced with the energy stored in it. This energy can be one or combinations of solution gas 

drive, gas cap drive, gravity drive, rock expansion, aquifer expansion, or fluid expansion 

(Green & Willhite, 1998).  

Secondary recovery is considered as supporting reservoir pressure against declining as 

production goes on. This support is typically in the practice of water and/or gas injection. 

Different fluids are being injected from injection wells to displace oil towards the production 

wells while supporting the reservoir pressure (Green & Willhite, 1998).  In the secondary 

recovery stage, the average hydrocarbon recoveries range between 20-40% of the original oil 

in place (Muggeridge et al., 2014). 

The tertiary recovery term is used to cover all recovery enhancement techniques that can be 

designed and performed in addition to secondary recovery methods. Although primary, 

secondary, and tertiary terms imply a sequential order due to their conventional applications, 



these stages are not necessarily in order. For instance, a secondary recovery method of water 

flooding can be performed starting from the first day of production. To clarify the 

misconception among the terms, enhanced oil recovery, EOR term is being more used and 

accepted by the industry (Green & Willhite, 1998)  and can be studied under categories of 

chemical methods, gas EOR methods, thermal methods, and emerging new methods.  

 

3.3 Enhanced Oil Recovery 

EOR focuses on extracting more oil from already existing oil fields that experience 

production declines. Being working on already existing fields gives EOR the chance to save a 

substantial amount of capital from exploration expenditures. In a world that oil has a 31.6% 

share of the total global energy supply as a source (IEA,2018),  EOR still holds its important 

place in an industry that is in decline in discovering new giant oil fields (Cook, 2013).   

Over decades, although people from diverse backgrounds, suggested EOR solutions from a 

different point of view, EOR methods happen to aim at least one of mobility ratio reduction, 

interfacial tension reduction, and wettability alteration principles to increase oil recovery.  

Table 3.1 classifies these EOR methods under four categories (Torrijos et al., 2017).  

 

Table 3.1 Classification of EOR methods 

Chemical Methods 

Surfactant Flooding 

Polymer Flooding 

Alkaline Flooding 

Alkaline-Surfactant-Polymer (ASP) Flooding 

Gels for Water Diversion/Shut-off 

Solvent Flooding 

Gas EOR Methods 

Hydrocarbon Injection (Miscible/Immiscible)  

CO2 Flooding (Miscible/Immiscible) 

Nitrogen Flooding 

Flue Gas Injection (Miscible/Immiscible) 

Water Alternating Gas (WAG) 

 

Thermal Methods 

 

Steam Flooding 

Cycle Steam Stimulation 

In-situ Combustion 



Thermal Methods Hot Water Flooding 

Steam Assisted Gravity Drainage 

Emerging EOR Methods 

Smart Water 

Low Salinity Waterflooding 

Carbonated Waterflooding 

Microbial EOR 

Enzymatic EOR 

Electromagnetic Heating 

Surface Mining and Extraction 

Nano Particles  

 

 

3.4 Displacement Efficiencies and Forces 

3.4.1 Microscopic and Macroscopic Displacement 

The total displacement efficiency is defined as the product of microscopic and macroscopic 

displacement efficiencies. The total displacement efficiency is defined as follows, 

𝐸 = 𝐸𝐷𝐸𝑣 

Where 

 

3.1 

 𝐸 Total displacement efficiency, fraction 

𝐸𝐷 Microscopic displacement efficiency, fraction 

𝐸𝑣 Macroscopic displacement efficiency, fraction 

Equation 3.1 summarizes that the closer E gets to the 1, the higher the displacement efficiency 

of oil is. In Equation 3.1, 𝐸𝐷 represents mobilization of oil in pore scale and directly related to 

𝑆𝑜𝑟 while 𝐸𝑣 represents how well displacement progresses through the reservoir, 

volumetrically. 

EOR processes are often about decreasing the 𝑆𝑜𝑟 then increasing 𝐸𝐷.While 𝑆𝑜𝑟 is dictated by 

chemical and physical relations between oil, water, and rock; IFT and wettability alteration 



emerge as important concepts to decrease 𝑆𝑜𝑟 then increase 𝐸𝐷. Equation 3.2 shows how 𝐸𝐷 

and 𝑆𝑜𝑟 relates. 

𝐸𝐷 =
 𝑆𝑜𝑖 −  𝑆𝑜𝑟

 𝑆𝑜𝑖
 

 

3.2 

 Where 

ED Microscopic displacement efficiency, fraction 

 𝑆𝑜𝑖 Initial oil saturation, fraction 

 𝑆𝑜𝑟 Residual oil saturation, fraction 

Unlike ED, 𝐸𝑣 is resulted from macroscopic factors like reservoir geometry and structure, 

viscosity ratio, and density differences of displacing and displaced fluids. An unfavorable 

reservoir geometry, high density, and viscosity differences cause high mobility ratios and 

poor flooding performance hence early water breakthrough. But ideally, 𝐸𝐷 is being studied to 

be increased by creating a uniform flood front with a low mobility ratio to have a late water 

breakthrough. 

3.4.2 Fluid Flow in Porous Media  

Darcy’s fluid flow law constructs the relation between porous medium and fluid that flows 

through it. Darcy’s law, Equation 3.3 defines the permeability of the porous medium by 

measuring the flow rate and the pressure difference between flow inlet and outlet.  

𝑢 = −
𝑘

µ

𝑑𝑃

𝑑𝑥
 

 

3.3 

 Where 

𝑢 Darcy Velocity, m/s 

𝑘 Permeability, m2 

µ Fluid Viscosity, Pa.s 

𝑑𝑃

𝑑𝑥
 Pressure gradient, Pa/m, 

 



In a waterflooding case, water is displacing and oil is being displaced, viscosities of the fluids 

and the wettability determine the mobility of the phases in the presence of the other phase 

(Torrijos et al., 2017). Mobility of water and oil phases are defined as follows in Equation 3.4 

and 3.5 

𝜆𝑊 = (
𝑘𝑟𝑤

µ𝑤
) 𝑆𝑜𝑟

 3.4 

  

𝜆𝑂 = (
𝑘𝑟𝑜

µ𝑜
) 𝑆𝑤𝑖

 
3.5 

 

 

Where 

𝜆𝑤  Mobility of water, m2/ Pa.s 

𝜆𝑜  Mobility of oil, m2/ Pa.s 

𝑘𝑟𝑤 Relative permeability of water, fraction 

µ𝑤 Water viscosity, Pa.s 

𝑘𝑟𝑜  Relative permeability of oil, fraction 

µ𝑜 Oil viscosity, Pa.s 

𝑆𝑜𝑟 Residual oil saturation, fraction 

𝑆𝑤𝑖   Initial water saturation, fraction 

In addition to mobilities, the ratio of phase mobilities becomes practical to qualify how phases 

move together in co-existence with each other. 

The mobility ratio, M is defined as follows. 

𝑀 =
𝜆𝐷

𝜆𝑑
=

𝜆𝑤

𝜆𝑜
=

(
𝑘𝑟𝑤

µ𝑤
) 𝑆𝑜𝑟

(
𝑘𝑟𝑜

µ𝑜
) 𝑆𝑤𝑖

 

 

 

3.6 



 Where 

𝑀  Mobility ratio, fraction 

𝜆𝐷 Mobility of the displacing fluid, m2/ Pa.s 

𝜆𝑑 Mobility of the displaced fluid, m2/ Pa.s 

𝜆𝑤  Mobility of water, m2/ Pa.s 

𝜆𝑜  Mobility of oil, m2/ Pa.s 

𝑘𝑟𝑤 Relative permeability of water, fraction 

µ𝑤 Water viscosity, Pa.s 

𝑘𝑟𝑜  Relative permeability of oil, fraction 

µ𝑜 Oil viscosity, Pa.s 

𝑆𝑜𝑟 Residual oil saturation, fraction 

𝑆𝑤𝑖   Initial water saturation, fraction 

 

In fractured carbonate reservoirs, spontaneous imbibition rules the recovery mechanism, and 

the wettability of the mineral surface determines most of recovery efficiency. In an oil-wet 

system, due to having the capillary pressure working against the oil displacement, imbibing 

fluid needs to overcome a capillary entry pressure to the matrix. The Leverett J-function 

claims to calculate this capillary entry pressure as follows 

𝑃𝑐 = 𝜎√
𝜑

𝑘
 𝐽∗ 3.7 

Where 

Pc Capillary pressure, Pa 

σ Interfacial tension, N/m 

φ Porosity, fraction 

 J∗ Leverett dimensionless entry pressure ( J∗ ≈0.25 for completely water wet and) 



3.4.3 Capillary Forces 

Capillary pressure is the pressure difference between two sides of the interphase of two 

immiscible fluids. (Green & Willhite, 1998). Capillary force is the force determining the fluid 

distribution and displacement in a reservoir system. Capillary forces also are affected by 

geometry and dimensions of pore throats, wettability, and interfacial tension. Capillary forces 

can work in favor of oil displacement in a fractured reservoir while in a non-fractured 

reservoir it can cause oil trapping and increase residual oil saturation. Capillary pressure is 

defined as follows. 

𝑃𝑐 = 𝑃𝑁𝑊 − 𝑃𝑊 =
2𝜎𝑐𝑜𝑠𝜃

𝑟
 

3.8 

 Where 

Pc, Capillary pressure, Pa   

PNW, The pressure of the non-wetting phase, Pa  

PW, The pressure of the wetting phase, Pa   

σ, Interfacial tension between wetting and non-wetting phase, N/m 

θ, Contact angle, degree  

r, Pore radius, m 

 

3.4.4 Gravity Forces 

Gravity forces are the gravitational forces that are exerted on fluids. In the case of having 

large density differences between fluids, and low oil-water interfacial tension conditions, 

gravity forces become significant. Gravity force difference can be calculated as follows 

𝛥𝑃𝑔 = 𝛥𝜌𝑔𝐻 3.9 

  

Where 

𝛥𝑃𝑔 Pressure difference over the oil-water interface due to gravity, Pa 

𝛥ρ  Density difference of the two phases, kg/m3 



𝑔  Gravitational acceleration, 9.8 m/s2 

𝐻  Height of the fluid column, m 

 

3.4.5 Viscous Forces 

During fluid flow in porous media, flow faces resistance. The resistance depends on the 

properties of the porous medium and the flow itself. The viscous forces are reflected as a 

pressure drop (Green & Willhite, 1998). For the sake of simplification, the porous medium is 

regarded as a pack of many parallel capillary tubes that laminar flow happens to be in them. 

Pressure drop due to viscous forces is calculated as in Equation 3.10. 

 

Figure 3.1 The simplified porous medium as a  pack of parallel capillary tubes (Lindanger, 2019) 

 

𝛥𝑃 = −
8µ𝐿𝓋𝑎𝑣𝑒

𝑟2𝑔𝑐
 

3.10 

 Where 

𝛥𝑃  The pressure difference across the capillary tube, Pa 

µ Viscosity, Pa.s 

𝐿 Length of the capillary tube, m  

𝓋𝑎𝑣𝑒 Average flow velocity in the capillary tube, m/s 

𝑟 Radius of the capillary tube, m 

 



3.4.6 Capillary Number 

Capillary number,  N𝑐 is the dimensionless ratio of viscous forces to capillary forces that exist 

in the porous medium. If viscous forces dominate the porous flow, the capillary number 

increases leading the residual oil saturation to decrease. On the other hand, if capillary forces 

dictate the porous flow, the capillary number appears to be smaller. As the capillary number 

gets smaller, it might indicate that oil possibly can get capillary trapped and increase the 

residual oil saturation. The capillary number is calculated as in Equation 3.11 (Moore & 

Slobod, 1955) 

𝑁𝑐 =
µ𝑤𝓋𝑜

𝜎𝑜𝑤𝑐𝑜𝑠𝜃
 3.11 

Where 

µw Water viscosity, mPa.s 

 𝓋o  Velocity, m/s 

σow Surface tension between oil and water, mN/m 

θ  Contact angle, degree 

3.5 Wettability 

Wettability is described as being the tendency of a fluid to spread on a solid rock surface in 

the presence of other immiscible fluids. It is known to be one of the major factors affecting 

multiphase flow properties and fluid distribution in porous media (Craig, 1971; Kovscek et 

al., 1992). Aging, temperature, and the surface charge affect the wettability behavior of a 

mineral surface to a certain fluid (Strand, 2005). Wettability is also known for changing oil 

displacement efficiencies by affecting relative permeability curves, capillary pressure, and 

finally residual oil saturation (Anderson, 2013). Hence altering the wettability in a way that 

oil displacement efficiencies improve, is of great interest for those who aim to improve oil 

recovery. 

3.5.1 Wettability in Porous Media 

For the scope of petroleum studies, in the co-existence of two immiscible fluids, oil, and 

water; wettability is conceptualized between two extremes of being strongly oil-wet and being 

strongly water-wet. All porous sedimentary medium is known to be originally water-wet due 

to lack of oil presence. After oil migrates into the sedimentary medium, factors that determine 



the wettability state change and reach an equilibrium at which the initial wettability state of 

the reservoir establishes. 

 The wettability behavior of the mineral surface is not necessarily homogenous for all across 

the reservoir. The rock happens to have a heterogeneous wettability if specific mineral surface 

regions have a specific affinity to water or oil. In this fractional wetting condition, rock is 

considered as partially oil-wet and partially water-wet for the different parts of the rock 

surface.  

In a strongly oil-wet porous system, the oil covers most of the rock surface creating a thin oil 

film on the mineral surface of the rock. Oil fills small pore spaces and forces water to be in 

the middle of the larger pores. During water flooding, as shown in Figure 3.2(a) water does 

not reach these small pores and flows mainly through the larger pores. This causes poor oil 

displacement efficiencies and high residual oil saturation. 

Contrarily, in a strongly water-wet porous system, water covers most of the rock surface and 

fills small pores, leaving oil in the larger pores. During water flooding, oil volumes in the 

larger pores might get trapped in Figure 3.2(b) (Strand, 2005). 

 

 

Figure 3.2 Displacement of oil by waterflooding for (a) oil-wet, and (b) water-wet mineral surfaces (Strand, 

2005) 

 

Among many factors determining the wettability profile of a porous system, crude oil 

components and mineral composition can be named as two of the most important factors. 



Asphaltene and resin groups in crude oil are known to be affecting wetting due to the polar 

molecules in them that show acidic or basic character by nature (Anderson, 1986; Buckley, 

1996). 

Mineral composition interaction with polar components differs from sandstone to carbonate 

rocks. (Buckley & Liu, 1998; Denekas et al., 1959). The carbonate mineral surface is 

generally positively charged below pH 8-9 and attracts negatively charged surface-active ions. 

If the mineral surface adsorbs negatively charged acidic oil components it becomes more oil-

wet (Pierre et al., 1990). Sandstone mineral surface, on the other hand, charged negatively 

above pH 2 (Menezes et al., 1989) and adsorbs basic oil components and positively charged 

surface-active ions. (Cuiec, 1984; Kowalewski et al., 2003; Torsæter & Silseth, 1985). If basic 

oil components get adsorbed to sandstone mineral surface, it becomes more oil-wet. 

3.5.2 Effects of Wettability 

Understanding wettability in a porous system is important due to its critical effects on 

multiphase flow, fluid distribution, and phase trapping. Wetting is also found in direct relation 

to the capillary pressure, relative permeability, electrical properties, irreducible saturation, and 

many EOR processes (Strand, 2005). 

3.5.3 Wettability in Carbonates 

Most of the reservoir minerals are originally strongly water-wet due to the absence of polar 

components in the porous system. However, with oil intrusion along with the other factors, 

the wettability profile changes to set the initial wettability of the rock mineral to oil or water.  

Due to their mineral characteristics, carbonate rocks tend to be neutral to oil-wet (Chilingar & 

Yen, 1983; Treiber & Owens, 1972). Along with being oil-wet, carbonate reservoirs are also 

known to be challenging due to their fractured nature. In an oil-wet reservoir, high permeable 

fracture networks dominate fluid flow through the medium while tight matrix blocks are flow-

wise partially isolated, and keeping the oil within them with strong capillary forces. This 

results in the injection water not being able to imbibe sufficiently to the oil-bearing rock 

matrix. In these reservoirs, water injection does not function as efficiently as it does so in 

water-wet reservoir systems. (Strand, 2005). 

Wettability is being determined depending on many factors and parameters (Standnes, 2001). 

Functional polar components in the crude oil, and solubility of polar oil components in the 

water, surface charge and mineral composition of the rock (Anderson, 2013; Buckley et al., 

2013), brine salinity, and concentration of potential determining ions (Buckley, 1996), 



capillary pressure and thin-film forces, disjoining pressure (Hirasaki, 1991), the ability of the 

oil to stabilize heavy components (Al-Maamari & Buckley, 2013), temperature, pressure (Al-

Maamari & Buckley, 2013), initial water saturation (Jadhunandan & Morrow, 2013) are major 

factors and parameters that determine the wettability state. 

 

3.6 Wettability Measurement 

Being such an important parameter for petroleum reservoirs, makes wettability measurement 

crucial as well. There are many different approaches developed over the years to measure 

wettability. Three of them are presented as follows.  

3.6.1 Contact Angle Measurement 

The main approach to determine the wetting state and quantify it is by contact angle 

measurement (Yuan & Lee, 2013). In a model wetting environment, rock is cut, the rock 

surface is smoothened then exposed to two immiscible fluids of interest. After fluids settle on 

the rock surface, the contact angle is measured through the denser phase as in Figure 3.3.  

 

Figure 3.3 Contact angle measurement (Lindanger, 2019) 

The static equilibrium in Figure 3.3 can be defined by Young’s equation, Equation 3.12 which 

was developed on a thermodynamic basis stated by Gibbs (Letellier et al., 2007). 

 

𝜎𝑜𝑠 = 𝜎𝑤𝑠 + 𝜎𝑜𝑤 𝑐𝑜𝑠 𝜃 3.12 

 Where 

𝜎𝑜𝑠  Oil-solid interfacial tension, mN/m 

𝜎𝑤𝑠  Water-solid interfacial tension, mN/m 



𝜎𝑜𝑤 Oil-Water interfacial tension, mN/m 

 𝜃  Contact angle measured through the denser phase, degree 

 

Wettability states that can be interpreted by contact angle measurement ranges are presented 

in Table 3.2. 

Table 3.2 Wettability states for the range of contact angles 

Contact angle, degree Wettability 

0-30 Strongly water wet 

30-90 Water wet 

90 Neutral wet 

90-150 Oil wet 

150-180 Strongly oil-wet 

 

Although contact angle theory is fundamental to understand wettability, contact angle 

measured on model surfaces is not representative to practice it for real reservoir rock oil-brine 

systems. Moreover, contact angle measurement is not easily applicable in reservoir rock pore 

space due to large fluid droplets that will not fit into nanometer or micrometer diameter pores. 

Also analyzing images taken to measure contact angle is not applicable even by using micro 

CT. These problems bring the need for other methods to measure wettability. 

3.6.2 Amott Harvey Method 

Amott proposed a quantitative method to calculate the average wettability of a core by 

measuring water saturation and capillary pressure through five imbibition and drainage 

processes (Amott, 1959). 

As presented in Figure 3.4, the measurement starts with the primary drainage of oil which is 

oil injection into a core (arrow 1) that is entirely saturated with water. In the beginning, oil 

enters through the widest pores at the injection inlet after overcoming the capillary entry 

pressure and then oil finds a connected pathway through the system with an invasion 

percolation like flow. As oil occupies smaller pores it needs to pass through smaller pore 

throats hence faces larger capillary pressure. At the end of the injection, the core still has 

some water (Swc) that cannot be displaced by oil injection. 



Measurement continues with spontaneous imbibition of water (arrow 2) where water fills the 

water wet regions of the pore space preferentially till capillary pressure becomes zero. Then 

forced water injection (arrow 3) occurs where water displaces the oil until water saturation 

becomes 1-Sor. Later, oil spontaneously imbibe (arrow 4) into the core, displaces the water till 

capillary pressure reaches zero. Lastly, secondary drainage (arrow 5) takes place and oil 

displaces water till water saturation becomes Swc. Along with all the imbibition and drainage 

processes, water saturation values are recorded where capillary pressure becomes zero. Hence 

Amott index for water, Iw and oil, Io are defined and calculated as in Equation 3.13 and 

Equation 3.14. 
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𝐼𝑤 =
𝛥𝑆𝑤𝑠

𝛥𝑆𝑤𝑠 + 𝛥𝑆𝑤𝑓
 3.13 

 Where 

Iw  Amott index for water, fraction 

ΔSws   Water saturation change due to spontaneous imbibition of water, fraction 

ΔSwf   Water saturation change due to forced injection of water, fraction 

 

𝐼𝑜 =
𝛥𝑆𝑜𝑠

𝛥𝑆𝑜𝑠 + 𝛥𝑆𝑜𝑓
 3.14 

  

Where 

Io  Amott index for oil, fraction 

ΔSos   Water saturation change due to spontaneous imbibition of oil, fraction 

ΔSof   Water saturation change due to forced injection of oil, fraction 

Swc  Connate water saturation, fraction 

Sor   Residual oil saturation, fraction 

The Amott Harvey Index is defined as in Equation 3.15  using Amott indices as defined above 

 

IAH = Io − Iw 3.15 

  

 The Amott Harvey index ranges between -1 and 1 for the extremes of wettability states. 

Ranges for the Amott Harvey index are presented as follows (Cuiec, 1984). 

 

 



Table 3.3 Amott Harvey index for different wetting states 

𝐈𝐀𝐇 Wettability state 

−1 ≤ 𝐼AH ≤ −0.3 Oil-wet 

−0.3 < 𝐼AH < 0.3 Mixed-wet 

0.3 ≤ 𝐼AH ≤ 1 Water-wet 

 

3.6.3 Spontaneous Imbibition 

Spontaneous imbibition is a simplistic and qualitative way of measuring wettability in 

comparison to a reference wetting, preferentially a strongly water-wet or a strongly oil-wet 

core. The application starts with a core with initial water saturation. The core is immersed in 

imbibing water. The produced oil volume is recorded as a function of time. The production 

rate is compared to a strongly water-wet reference core. If spontaneous imbibition of water 

does not occur then similarly, the core at residual oil saturation is immersed in imbibing oil, 

and produced water volume is recorded as a function of time. The production rate is compared 

to a reference strongly oil-wet core. 

 

 

Figure 3.5 Illustration of spontaneous imbibition of water 

 



The degree of wettability compare to the reference core can be calculated by using the 

modified Amott water index as follows (Zhou et al., 1996). 

𝐼𝑊
∗ =

SIC

SIWWC
 

 

 

3.16 

 Where 

𝐼𝑊
∗    Modified Amott water index, fraction 

SIC   OOIP% after spontaneous imbibition of water in the core to be evaluated, % 

SIWWC  OOIP% after spontaneous imbibition of water in the strongly water-wet core, 

% 

In the interpretation of the modified Amott index results, 𝐼𝑊
∗ =1 indicates evaluation core is 

strongly water wet, while 𝐼𝑊
∗ = 0 hints that the evaluation core is neutral wet. 

 

3.6.4 Chromatographic Wettability Test 

A recent method has been proposed to measure the wettability of carbonate cores (Skule 

Strand et al., 2006). Unlike Amott’s and spontaneous imbibition methods, the 

chromatographic wettability test focuses on mineral surface chemistry. The method relies on 

water flooding a core with known concentrations of SO4
-2 and SCN-. Flooding effluents are 

analyzed later to see SO4
-2 and SCN- concentration. The method is designed upon SO4

-2 ions 

are getting adsorbed on water-wet carbonate mineral surfaces where SCN- being a non-

absorbing ion as a tracer. 



 

 

 

 

Figure 3.6 Typical chromatography wettability result for 

a water-wet carbonate core 

Figure 3.7 Illustration of SCN- and SO4
-2 ions around 

water-wet carbonate mineral surface. 

 

 

 

 

Figure 3.8 Typical chromatography wettability result for 

an oil-wet carbonate core 

Figure 3.9 Illustration of SCN- and SO4
-2 ions around 

the oil-wet carbonate mineral surface. 

 

 The wettability index is calculated as follows regarding the ratio of the area between SO4
-2 

and SCN- curves of the tested sample. The area representing the sample core is compared to 

the water-wet reference core containing the only heptane. The degree of wetness is 

determined as follows. 

𝑊𝐼 =
𝐴𝑠𝑎𝑚𝑝𝑙𝑒

𝐴ℎ𝑒𝑝𝑡𝑎𝑛𝑒
 

3.17 

  

Where 

WI   Wettability index  

Asample  The area between SO4
-2 and SCN- curves of the sample 



Aheptane  The area between SO4
-2 and SCN- curves completely water-wet reference core 

containing heptane 

In interpretation, 

 WInew = 1.0 represents a completely water-wet system 

WInew = 0.5 represents an intermediate water-wet system 

WInew = 0.0 represents a completely oil-wet system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 Water-Based EOR in Carbonates 

4.1 Waterflooding 

Waterflooding has been widely accepted and practiced as a recovery technique for a long time 

to provide pressure support to the reservoirs to slow down the production decline. Being 

studied and applied vastly made waterflooding possible to investigate its strength and 

weaknesses. For example, it is shown that (Alvarez & Sawatzky, 2013) waterflooding is not 

as efficient for heavy oil reservoirs as it is efficient for light oil reservoirs. It is due to the low 

macroscopic displacement efficiency that occurs between the water and heavy oil phase. On 

the other hand, Wade studies (Wade, 1971) 53 waterflooding cases statistically and shows that 

waterflooding results in an average oil recovery of 23.3% off total pore volume while the 

average primary oil recovery was 9.4%. This shows that oil recovery can be largely increased 

by applying waterflooding.  

In addition to efficiencies, drawbacks that waterflooding designs might face also are studied 

and seen that formation water-injection water compatibilities, scaling issues, corrosion 

control, sand production troubles are some of the problems to be considered prior to the 

waterflooding planning. 

Moreover, waterflooding is researched also concerning injection water composition after 

seeing the results that not all water sources lead to similar oil displacement results. Hence, 

different injection waters have been studied to see their displacement efficiencies and finally 

recovery results in flooding cases.  

In carbonate reservoirs, seawater has been used in its availability as injection water and a vast 

improvement in oil displacement is observed. Being a natural displacement enhancer in 

carbonate reservoirs attracts lots of research attention to seawater and its composition. 

 

4.2 Wettability Alteration in Carbonate by Modifying 

the Ionic Composition of Water   

After being accepted and used as proper injection water for carbonates, seawater was 

researched regarding the mechanism that affects oil displacement. Knowing that seawater 

does not provide any significant macroscopic displacement efficiency improvement on its 



own, researchers focused on properties of seawater that affect microscopic displacement 

efficiency, namely the wettability of the rock-brine-oil system.  

Studies show that (S. Strand et al., 2006; Zhang & Austad, 2006; Zhang et al., 2007a) wetting 

state in the porous medium can be enhanced by flooding with water that ionic composition of 

which is selected or modified in the favor of flooding efficiencies. In fractured chalk 

reservoirs, seawater was discovered to be wettability-altering flooding water that improves oil 

displacement (Strand et al., 2008). In Figure 4.1, Strand et al. experiment sequential 

spontaneous imbibition and viscous flooding with two equally restored chalk cores at 120 ºC. 

The Core C#6 was initially spontaneously imbibed with FW and recovery resulted in around 

12% of OOIP. Next, SI brine changed from FW to SW and resulted in 18% of OOIP extra oil 

recovery. Having this recovery improvement shows that SW is a valid wettability modifier 

and acts as a Smart Water for chalk at 120 ºC. 

 

Figure 4.1 Oil recovery at 120 ºC by successive spontaneous imbibition and forced displacement (Strand et al., 

2008) 

 

Zhang also studied (Zhang et al., 2007a) the similar effect by using equally restored chalk 

cores, and showed how different injection brines affect the oil displacement differently. In the 

study, as a base case FW with no sulfate was spontaneously imbibed into a core and around 

18% of OOIP was recovered. To see the SW effect on the oil recovery, SW was used in the 

spontaneous imbibition experiment and resulted in around 38 % of OOIP, giving an extra 20 

% of OOIP compare to FW. This shows how SW acts as a Smart Water in chalk cores at 90 

ºC and modifies wettability (Figure 4.2). 



 

Figure 4.2 SI tests on equally restored chalk cores at 90 ºC. Modified SW as Smart Water imbibing brines 

(Zhang, 2006) 

After experimenting with how SW affects the oil recovery positively in chalk cores 

repeatedly, studies have been focused on the factors that could affect SW and its wettability 

modifying capabilities. Factors such as ionic composition, ionic concentrations, and 

temperature have been studied in this regard to understand their contribution to the 

wettability-altering effect of SW. 

4.2.1 Na+ Effect 

Zhang's (Zhang, 2006) study experiments how Na+ affects oil recovery. Zhang has done this 

by removing Na+ from the injection brine of SW. A core is then spontaneously imbibed at 90 

ºC with Na+ removed SW and around extra 10% of OOIP oil is recovered compare to such by 

SW (Figure 4.2). This indicates that removing Na+ from SW enhances the wettability 

alteration capability of SW at 90 ºC. 

4.2.2 SO4
-2 Effect 

In the same study (Zhang, 2006), Zhang also tests SO4
-2 effect. Zhang uses a SW with zero 

Na+ and SO4
-2 concentration is spiked to four times of the original SW as an imbibing brine. A 

core is spontaneously imbibed with the brine and it is seen that SW with zero Na+ and spiked 

SO4
-2 brine recovers an extra 18% of OOIP compare to SW with zero Na+, giving an ultimate 

recovery of 62% of OOIP (Figure 4.2). This confirms that SO4
-2 is an important ion for 

wettability alteration and increasing SO4
-2 concentration from zero to four times spiked to 

original SW, improves the wettability alteration capability of SW remarkably at 100 ºC. 



Zhang additionally tests the SO4
-2 effect separately (Figure 4.3) by experimenting 

spontaneous imbibition with different brines with different SO4
-2 concentrations. In his study 

(Zhang, 2006), Zhang uses SW as a base brine and prepares 5 SW with changing SO4
-2 

concentrations. Recovery results confirm that as SO4
-2 concentration of SW affects and 

increasing the SO4
-2 concentration enhances the wettability modification capability of SW at 

100 ºC. 

 

 

Figure 4.3 SI test results on equally restored chalk cores at 100 C 

 

4.2.3 Ca+2 Effect 

The Ca+2 effect also has been researched by Zhang (Zhang, 2006). In the study, equally 

restored chalk cores have experimented with SI using five imbibing brines with different Ca+2 

concentrations at 70 ºC. Imbibing brines are prepared based on SW. SI oil recovery results in 

Figure 4.4 show that an increase in Ca+2 concentration affects the wettability alteration 

potential of SW significantly and results in better oil displacement hence better oil recovery. 



 

Figure 4.4 SI on equally restored chalk cores at 70 C. SW brines with increasing Ca concentration as imbibing 

brine. 

4.2.4 Mg+2 Effect 

Zhang states (Zhang et al., 2007b) that another important ion for wettability alteration in 

carbonates is Mg+2. In the study, equally restored chalk cores are tested with SI with different 

brines, and oil recovery results were presented in Figure 4.5.   

CM-1 core was spontaneously imbibed at 100 ºC with a brine SW0 (no Ca+2, no Mg+2, 1x 

SO4
-2) and resulted in around 12% of OOIP, and then on day 43, SW amount of Mg+2 was 

added to the SI brine and resulted in extra 20% of OOIP compare to the SW0. This result 

shows that Mg+2 has wettability altering properties in chalk at 100 ºC. 

In the same study, Zhang also shows an interesting effect of Mg+2. As shown in  Figure 4.5, at 

100 ºC, SI shows similar results for CM-2 and CM-4 cores that were being imbibed with 

brines SW0-0S (no Ca+2, no Mg+2, no SO4
-2) and SW0-4S (no Ca+2, no Mg+2 4xSO4

-2) 

respectively and giving around 12% OOIP until the day 53. This shows in the absence of Ca+2 

and Mg+2, SO4
-2 loses its wettability modifying capability at 100 ºC for chalk. Later in the 

same experiment, on day 53, SW amount of Mg+2 was added to both of the imbibing brines to 

see the combined Mg+2-SO4
-2 effect on both of the brines. Adding Mg+2 to SW0-0S, resulted 

in an extra 10% of OOIP while adding Mg+2 to SW0-4S brine, resulted in an extra 30% of 

OOIP. Even though adding Mg+2 to the brine enhances wettability alteration for both of the 

brines, a significant recovery difference is reported with the brine involving 4xSO4
-2. It is 

concluded that the SO4
-2 effect is very limited if Ca+2 and Mg+2 are not present in the brine. 



 

Figure 4.5 SI tests done at 70 ºC, 100 ºC, and 130 ºC. Modified SW without Ca+2 and/or Mg+2 was used as initial 

imbibing brine and later on Mg+2 and Ca+2 were added with the same concentrations in SW 

4.2.5 Temperature Effect 

Strand et al. (Strand et al., 2008) study and show the effect of temperature on wettability 

alteration for chalk core by using seawater sequentially with spontaneous imbibition and 

viscous flooding. As presented in Figure 4.6, seawater at 90 ºC, has a very weak wettability 

modification capability showed by a slight increase in oil recovery. SI results show an oil 

recovery increase of 2% of OOIP.  

However, at 120 ºC, seawater shows a powerful wettability modification for both spontaneous 

imbibition and viscous flooding as presented in Figure 4.7. At 120 ºC, core C#6 is 

spontaneously imbibed with formation water recovering 12% of OOIP and then imbibing 

brine was changed from FW to SW, giving a total recovery of 30% of OOIP. This extra 18% 

of OOIP oil recovery confirms that only by switching from formation water to seawater 

without any changes in the viscous forces, Smart Water EOR effects are present.  

Hence, wettability alteration in chalk cores by using seawater exists and is related to the 

temperature. The wettability modification increases as temperature increases. (Strand et al., 

2008) 

 



 

Figure 4.6 Oil recovery at 90 ºC by successive 

spontaneous imbibition and forced displacement 

 

Figure 4.7 Oil recovery at 120 ºC by successive 

spontaneous imbibition and forced displacement 

   

 

4.3 Smart Water 

An optimized Smart Water composition for chalk has previously been studied. Seawater 

behaves as a Smart Water at high temperatures. At lower temperatures, the efficiency of 

seawater could be improved by optimizing ionic composition. 

 

Figure 4.8 Suggested wettability alteration mechanism with seawater 

Figure 4.8 illustrates the suggested (Torrijos et al., 2017) wettability alteration mechanism in 

chalk by seawater (A) when Ca+2 and SO4
-2 are active and (B) when Mg+2 and SO4

-2 are active 

at high temperatures. 



Design of Smart Water for carbonates roughly relies on: 

• Reduced concentration of NaCl 

• An optimum concentration of SO4
-2, Ca+2, and Mg+2 

• The optimum concentration should be considered as high enough to provide maximum 

wettability alteration and low enough not to cause any salt precipitation for the 

temperature of interest. 

• The Smart Water effect of Mg+2 should also not be overlooked and should be 

considered in the availability of Mg+2 such as Smart Water designs for dolomite 

reservoirs. 

In the case of having access to pure water, a low concentrated sulfuric acid solution can be 

prepared to produce an injection brine with the desired SO4
-2 concentration. By injecting 

this brine into CaCO3 reservoirs, the desired Ca+2 concentration can be achieved due to 

CaCO3 dissolution in the near-wellbore of the injection well. Therefore, it is suggested 

that a Smart Water with selected Ca+2 and SO4
-2  concentrations can be produced in-situ by 

injecting H2SO4 into the chalk reservoirs. 

In the next part, the efficiency of a sulfuric acid-based Smart Water is evaluated for chalk 

and compared with the efficiency of seawater at 130 ºC that provides an analogy to the 

Ekofisk field.                                                                      

 

 

 

 

 

 

 

 

 



5 Experimental Work 

5.1 Materials 

5.1.1 Oil 

A base oil, Res-40, was prepared by diluting Heidrun crude oil with n-heptane in a volume 

ratio of 60:40. Res-40 oil was treated with silica gel to remove surface-active components 

from it. After being treated with silica gel, Res-40 was centrifuged and filtered through a 0.5 

µm Millipore filter. This treated oil was called Res-40-zero, implying it having very low 

surface-active components. Res-40 and Res-40-zero mixed regarding Equation 5.1 to obtain 

Oil-A with the acid number (AN)= 0.53 mgKOH/g and base number (BN)=0.31 mgKOH/g. 

Oil-A was used throughout the experiment. 

𝐴𝑁𝑇𝑎𝑟𝑔𝑒𝑡 = 𝐴𝑁𝑅𝑒𝑠−40𝑥
𝑉𝑅𝑒𝑠−40

𝑉𝑅𝑒𝑠−40 + 𝑉𝑅𝑒𝑠−40−𝑧𝑒𝑟𝑜
+ 𝐴𝑁𝑅𝑒𝑠−40−𝑧𝑒𝑟𝑜𝑥

𝑉𝑅𝑒𝑠−40−𝑧𝑒𝑟𝑜

𝑉𝑅𝑒𝑠−40 + 𝑉𝑅𝑒𝑠−40−𝑧𝑒𝑟𝑜
 

5.1 

  

 

Table 5.1 Measured Oil Properties 

Oil Name 
Density 

(g/cm3) 

AN 

(mgKOH/g 

oil) 

BN 

(mgKOH/g 

oil) 

Viscosity 

(cP) 

Res-40 0.82 1.85 0.67 2.7 

Res-40-zero 0.81 0.01 0.03 2.4 

Oil-A 0.81 0.53 0.31 2.5 

 

5.1.2 Core Material 

All cores that have been used in this research study, obtained from Stevns Klint outcrop chalk 

in Sjælland, Denmark. Cores were drilled in the same direction and from the same rock block. 

Cores were then shaven and cut into desired dimensions. The cores used in this research study 

are presented in Table 5.1. Core #1; Core #2; Core #4; Core #6 were used for the oil recovery 

test while Core #5 was crushed into chalk powder to be used in the CaCO3-H2SO4 batch test.  



Table 5.2 Measured Core Properties 

Core 

Name 

Length 

(cm) 

Diameter 

(cm) 

Bulk 

Volume 

(ml) 

Pore 

Volume 

(ml) 

Porosity 

(fraction) 

k 

(mD) 

 

Swi 

(%) 

 

OOIP 

(ml) 

 

Core #1 7.21 3.79 81.34 38.86 0.4778 4.08 10 34.97 

Core #2 7.02 378 78.78 37.87 0.4807 4.00 10 34.08 

Core #4 7.22 3.79 81.45 38.61 0.4741 3.61 10 34.75 

Core #5 7.10 3.79 80.10 35.32 0.4410 3.77 - - 

Core #6 7.27 3.78 81.58 38.40 0.4707 3.93 10 34.56 

 

5.1.3  Brines 

Brines used in this research study were prepared synthetically in the laboratory regarding the 

compositions in Table 5.3 Brine Compositions and Properties. To avoid possible 

precipitations during brine preparation, salts involving CO3
-2, Cl-, and SO4

-2 dissolved 

separately in de-ionized water. After visual assurance of having no salt precipitation in the 

mixtures, mixtures combined to obtain individual brines. Brines then were filtered through 

0.22 µm Millipore filters.   

5.1.3.1 Valhall brine  

Valhall brine, the formation water characterized from the Valhall field located in the southern 

North Sea, was chosen in this research study to be studied with as formation water. Moreover, 

to see the possible effects of SO4
-2 on wettability and oil recovery, Valhall brine was prepared 

without any SO4
-2 in it and this brine was called Valhall brine zero sulfates (VB0S). VB0S 

was used as imbibing fluid for spontaneous imbibition tests for Core #1 and Core #6 besides 

being formation water as in initial water saturation for all cores studied. 

5.1.3.2 Sea Water 

Sea Water was prepared to be used as the imbibing fluid for the spontaneous imbibition test 

for Core #2 and Core #6. 

5.1.3.3 CaSO4 Solution-Smart Water 

CaSO4 solution was prepared regarding CaCO3-H2SO4 batch test results to be used as the 

imbibing fluid for the spontaneous imbibition test for Core #4 and Core #1. 



Table 5.3 Brine Compositions and Properties 

 

Ions 

FW 

(mM) 

SW 

(mM) 

Smart Water 

(mM) 

HCO3
- 9 2 0 

Cl- 1066 525 0 

SO4
-2 0 24 10 

Mg+2 8 45 0 

Ca+2 29 13 10 

Na+ 997 450 0 

K+ 5 10 0 

Density, g/cm3 at 20 ºC 1.041 1.022 0.999 

TDS, g/l 62.83 33.39 1.72 

Ca+2/SO4
-2 N/A 0.540 1 

5.2 Methodology 

5.2.1  Core Cleaning 

Cores were cleaned with a procedure characterized by Puntervold (Puntervold et al.2007). 

Cores were flooded with 5 PV of de-ionized water with a flow rate of 0.1 ml/min at room 

temperature. Effluent samples were collected to test both qualitatively to see SO4
-2 presence in 

the effluent samples if there were any and quantitatively to confirm cleaning of easily 

removable salts from the rock surface. Qualitative tests were performed by adding BaCl2 to 

effluent samples to see any probable BaSO4 precipitation. Quantitative tests performed by Ion 

Chromatography. Both quantitative and qualitative SO4
-2 test results are presented in the 

Appendix.   

5.2.2 Porosity Measurement 

Cores dried at 90 ºC to a constant weight. Dried cores weighted to measure wdry. Cores then 

were saturated in a vacuum cell with de-ionized water. Porosity, 𝜑, in fraction was calculated 

by using wdry and wsaturated, in g, ρDI, in g cm3⁄  and V bulk in cm3  of the core as shown in 

Equation 5.2 

 



𝜑 =

𝑤𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑

𝜌𝐷𝐼 

𝑉 𝑏𝑢𝑙𝑘
 5.2 

  

Where, 

𝜑,  the porosity of the core, fraction  

𝑤𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑,     the weight of the saturated core, g 

ρ𝐷𝐼,  density of de-ionized water at 20 ºC, g cm3⁄  

 𝑉 𝑏𝑢𝑙𝑘, the bulk volume of the core, cm3 

 

5.2.3 Permeability Measurement 

Permeability measurements were performed in a flooding setup at room temperature with 8 

bar of backpressure to ensure control over pressure difference, Δ𝑃, between inlet and outlet. 

Each core flooded with de-ionized water with flow rates of 0.1 ml/min, 0.3 ml/min, and 0.5 

ml/min. Pressure differences were recorded for corresponding flowrates and permeability, k in 

mD was calculated according to Equation 5.3 

𝑘 =
𝑄 µ 𝐿

𝛥𝑃 𝐴
    

5.3 

  

where: 

𝑘, the rock permeability, D 

 Q,  the flowrate, ml/s  

 µ,  viscosity of flooding fluid, cP,  

 𝐿,  the length of the core, cm 

 𝐴,  the cross-sectional flow area, cm2 

 Δ𝑃,  the pressure difference between inlet and outlet, atm 

 



After the permeability measurement, the core dried at 90 ºC to a constant weight. 

5.2.4 Establishing Initial Water Saturation 

Knowing the dry weight of the core, target weight of the core with water saturation, Sw=10% 

were calculated as in Equation 5.4. The cleaned and dried core was fully saturated in a 

vacuum cell with 10 times diluted Valhall brine (d10VB0S) (Springer et al. 2003). A fully 

saturated core was placed in a desiccator with silica gel at the bottom to absorb water from the 

core. Core weight was measured frequently until it reached the target weight. Once the core 

reached the target weight, the initial water saturation of 10% with VB0S was ensured to be 

established. After establishing initial water saturation, the core was secured in a sealed 

container to rest for 3 days to let the introduced brine diffuse all over the core. 

𝑤𝑡𝑎𝑟𝑔𝑒𝑡 = 𝑤𝑑𝑟𝑦 + (0.1𝑥𝑃𝑉𝑥𝜌 𝑉𝐵0𝑆) 5.4 

  

where: 

𝑤𝑡𝑎𝑟𝑔𝑒𝑡, the weight of the core with Sw=10%, g 

𝑤𝑑𝑟𝑦,  the weight of the dry core, g 

PV,   pore volume, ml 

𝜌 𝑉𝐵0𝑆,  density of the VB0S Brine, 1.0224 g/cm3 

 

5.2.5 Establishing Oil Saturation 

Core with Sw=10% was placed in a Hassler core holder in a heating set-up. The air in the pore 

space of the core was vacuumed before oil injection to provide an air-free oil saturation. After 

the vacuum was completed, 1 PV of Oil A was injected from both sides of the core with an 

injection rate of 0.165 ml/min. 2 PV of Oil A then was injected in direction of from right to 

left. Later 2 PV of Oil A was injected in direction of from left to right. After oil injection and 

flooding, the saturated core was weighted to confirm aimed oil saturation, So=90%. 



5.2.6 Aging Phase 

Core with initial water and oil saturations wrapped in PTFE film tape to protect their 

constituents. Cores then were left aging at 130 ºC for 14 days with a support cell filled with 

Oil A and pressurized to 10 bars to avoid evaporation or volatilization of the fluids. 

5.2.7 Spontaneous Imbibition Test 

Aged core placed in a steel imbibition cell filled with imbibing fluid connected to a piston cell 

filled with imbibing fluid and pressurized at 10 bar to provide pressure support. 10 bar of 

pressure support was important to keep fluids in the imbibition cell and core in the liquid 

phase at 130 ºC of imbibing temperature. Produced oil was collected and oil volume was 

recorded to calculate Original Oil in Place, %OOIP. 

5.2.8 CaCO3-H2SO4 Batch Test 

The batch test was performed to determine what maximum Ca+2 and SO4
-2 concentrations are 

possible without any precipitation in the pore water- H2SO4 - CaCO3 system. The test was 

performed at 110 ºC, 120 ºC, and 130 ºC and by adding 1 g of powdered rock into differently 

concentrated, 6mM; 8mM; 10mM; 12mM, H2SO4 solutions. Later samples were placed in a 

rotator setup in a heating system and let chemically equilibrate. After rock-acid interaction 

stabilized, samples were centrifuged and liquid phase filtered through a 0.2 µm Pall Acrodisc 

filter. Filtered samples were analyzed in ion chromatography to determine ion concentrations, 

higher focus was done on Ca+2 and SO4
-2 in the samples. After determination maximum, 

possible concentrations were used to prepare the CaSO4-Smart Water Brine. 

 

 

 

 

 



6 Results 

6.1 Core Cleaning 

The results confirm that the ion concentration in effluents from Core #1 is rather low (Figure 

6.1), reaching a minimum concentration of ions after about 3.5 PV injection of DI water. The 

concentration of Mg+2 and K+ is low, while the concentration of Ca+2 and SO4
-2 steadily 

declines and reaches a minimum after about 3 PV injected. SO4
-2 is retained more strongly 

than Ca+2.  

With a low Mg+2 concentration, the salts present in the core material most likely have an 

origin of Gypsum/Anhydrite and not seawater.  

 

Figure 6.1 Core cleaning results for all ions for Core #1 

 

The results from all the core cleaning experiments are summarized in Figure 6.2-Figure 6.7, 

confirming reproducible trends from Core #1. 

 



 

Figure 6.2 Ion chromatography results for core cleaning 

for [SO4
-2] 

 

 

Figure 6.3 Ion chromatography results for core cleaning 

for [Ca+2] 

 

Figure 6.4 Ion chromatography results for core cleaning 

for [Mg+2] 

 

 

Figure 6.5 Ion chromatography results for core cleaning 

for [K+] 

 

  

 

Figure 6.6 Ion chromatography results for core cleaning 

for [Na+] 

 

Figure 6.7 Ion chromatography results for core  

cleaning for [Cl-] 

 



6.2 Porosity and Permeability Measurement 

6.2.1 Porosity Measurement 

Rock porosities of the cores are measured according to Equation 6.1  and results are presented 

in Table 6.1 

 

𝜑 =

𝑤𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑

𝜌𝐷𝐼 

𝑉 𝑏𝑢𝑙𝑘
 6.1 

 Where, 

𝜑  the porosity of the core, fraction  

𝑤𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 the weight of the saturated core, g 

ρ𝐷𝐼  density of de-ionized water at 20 ºC, g cm3⁄  

 𝑉 𝑏𝑢𝑙𝑘  the bulk volume of the core, cm3 

Table 6.1 Porosity Measurement Results 

Core 

Name 

Porosity 

(fraction) 

Core #1 0.4778 

Core #2 0.4807 

Core #4 0.4741 

Core #5 0.4410 

Core #6 0.4707 

6.2.2 Permeability Measurement  

Rock permeabilities in this study were measured with a flooding setup. Cores were flooded 

with formation water with flow rates of 0.1 ml/min, 0.3 ml/min, and 0.5 ml/min. 

Corresponding pressure differences were recorded to calculate permeabilities according to 

Equation 5.3. Recorded pressure differences for corresponding flow rates and permeabilities 

are presented in Table 6.2. 

𝑘 =
𝑄 µ 𝐿

𝛥𝑃 𝐴
        

5.3 

 



Where: 

 𝑘 the rock permeability, D 

 Q  the flow rate, ml/s  

 µ  viscosity of flooding fluid, cP 

 𝐿  the length of the core, cm 

 𝐴  the cross-sectional flow area, cm2 

 Δ𝑃  the pressure difference between inlet and outlet, atm 

Table 6.2 Permeability Measurement Results 

 
Q, ml/min Δ𝑃, mbars k, mD 

Average k, 

mD 

Core #1 

0.1 235 4.14 

4.08 0.3 722 4.05 

0.5 1200 4.06 

Core #2 

0.1 239 3.99 

4.00 0.3 719 3.98 

0.5 1182 4.04 

Core #4 

0.1 267 3.63 

3.61 0.3 813 3.59 

0.5 1349 3.60 

Core #5 

0.1 258 3.77 

3.77 0.3 773 3.78 

0.5 1290 3.77 

Core #6 

0.1 251 3.94 

3.93 0.3 757 3.92 

0.5 1263 3.92 

 

Table 6.3 summarizes the porosities and permeabilities of the cores. The porosity values of 

the cores range between 0.4410 and 0.4807 while permeabilities of the cores range between 



3.61-4.08 mD. Results present that all the cores have similar porosity and permeabilities that 

can be considered high porosity and low permeability. 

Table 6.3 Porosity and Permeability Summarized Results 

Core 

Name 

Porosity 

(fraction) 

k 

(mD) 

 Core #1 0.4778 4.08 

Core #2 0.4807 4.00 

Core #4 0.4741 3.61 

Core #5 0.4410 3.77 

Core #6 0.4707 3.93 

 

6.3 CaCO3-H2SO4 Batch Test 

 A batch test was performed to determine the maximum possible SO4
-2 and Ca+2 concentration 

without causing precipitation. Maximum possible concentrations were used to prepare the 

CaSO4-Smart Water brine. The batch test was performed at three different temperatures, 110 

ºC, 120 ºC, and 130 ºC.  

Acidification reaction Equation 6.2 states that as 𝐻2𝑆𝑂4 concentration increases, equilibrium 

moves towards the right, and yields more products. After a critical value of sulfuric acid 

concentration, Equation 6.3 takes place in the right direction and 𝐶𝑎𝑆𝑂4 starts to precipitate. 

 

𝐶𝑎𝐶𝑂3 (𝑠) + 𝐻2𝑆𝑂4 (𝑎𝑞) ⇋  𝐶𝑎2+ + 𝐶𝑂3 (𝑎𝑞)
2− +  2𝐻(𝑎𝑞)

+ + 𝑆𝑂4 (𝑎𝑞)
2−  6.2 

  

𝐶𝑎 (𝑎𝑞)
2+ + 𝐶𝑂3 (𝑎𝑞)

2− + 2𝐻(𝑎𝑞)
+ + 𝑆𝑂4 (𝑎𝑞)

2− + 𝐻𝐸𝐴𝑇 ⇋ 𝐶𝑎𝑆𝑂4 (𝑠) + 𝐶𝑂2 (𝑔) + 𝐻2𝑂(𝑙) 6.3 

   

 

Due to the endothermic nature of the reaction Equation 6.3, as temperature increases, 

equilibrium moves towards the right and yields more products meaning Equation 6.3 produces 

more reaction product in other words, causes 𝐶𝑎𝑆𝑂4 precipitation. 

Results of the batch test are summarized in Table 6.4. The bold figures indicate the conditions 

that 𝐶𝑎𝑆𝑂4 precipitation happen. 



Table 6.4 Ion Chromatography Analysis of the equilibrated CaCO3-H2SO4 solutions 

 T=110 ºC T=120 ºC T=130 ºC 

H2SO4
-2 

[mM] 

SO4
-2 

[mM] 

Ca2+ 

[mM] 

SO4
-2 

[mM] 

Ca2+ 

[mM] 

SO4
-2 

[mM] 

Ca2+ 

[mM] 

5.72 5.29 4.68 5.13 3.31 4.54 3.36 

7.70 7.27 6.32 6.84 4.84 8.67 9.21 

9.23 8.85 6.86 8.59 7.08 10.25 12.92 

13.5 12.08 9.94 7.17 5.83 6.98 7.68 

 

 

Figure 6.8 shows how non-associated SO4
-2 concentration in the effluent samples changes as 

SO4
-2 concentration in bulk acid increases. As the figure illustrates, SO4

-2 concentration in the 

effluent samples increases as SO4
-2 concentration in bulk acid increases expectedly until a 

critical value of SO4
-2 concentration in bulk acid. After this critical value, even though SO4

-2 

concentration in bulk acid continues to increase, SO4
-2 concentration in the effluent samples 

begins to decrease. This decrease indicates precipitation of SO4
-2 salts after the critical bulk 

acid concentration regarding dissolution reaction Equation 6.2. 

 

 

Figure 6.8 Free SO4
-2 concentration in CaCO3-H2SO4 solutions. 



 

Similarly, Figure 6.9 illuminates how Ca+2 concentration in the effluent samples changes as 

SO4
-2 concentration in bulk acid increases. The figure clarifies how Ca+2 concentration in the 

effluent samples builds up as SO4
-2 concentration in bulk acid increases till it reaches a critical 

value of SO4
-2 concentration in bulk acid. After the critical value, Ca+2 concentration in the 

effluent samples starts to decrease rapidly. This rapid decrease shows precipitation of Ca+2 

salts after the critical bulk acid concentration. 

 

 

Figure 6.9 Free Ca+2 concentration in CaCO3-H2SO4 solutions. 

 

The precipitation of both SO4
-2 and Ca+2 salts can affect the porous system negatively not only 

due to damaging porous flow by decreasing porosity and permeability but also due to 

decreasing concentrations of potential determining ions like SO4
-2 and Ca+2 which are critical 

for wettability alteration by Smart Water processes in carbonates. Hence, determining 

maximum SO4
-2 and Ca+2 concentration that does not cause precipitation is important for 

Smartt Water design. 

The batch test results confirm that a maximum of 10 mM SO4
-2 could be present in the 

solution without significant precipitation. Therefore a sulfuric acid based Smart Water is 

designed for chalk at 130 °C based on injection of 10 mM sulfuric acid solution into chalk.  



6.4 The Efficiency of a Sulfuric Acid Based Smart 

Water 

The efficiency of the sulfuric acid based smart water has been evaluated by spontaneous 

imbibition experiments at 130 ºC.  

4 cores have been restored with initial water saturation, Swi of 10%, and exposed to the same 

amount of crude oil with AN = 0.53 mgKOH/g and BN=0.31 mgKOH/g, to achieve the same 

initial core wettability. 

The cores have then been spontaneously imbibed with different brines. FW was used to 

evaluate the initial core wettability after core restoration.  

SW was used as an imbibing brine to evaluate the efficiency of SW for wettability alteration.  

H2SO4 based CaSO4 solution was used as an imbibing brine to evaluate if it could be used as a 

Smart Water injection brine for chalk at 130 ºC.   

 

6.5  Spontaneous Imbibition 

6.5.1  Initial core wettability 

Spontaneous imbibition of the restored Core #1 and Core #6 was performed using FW as 

imbibing brine. The imbibing brine has the same composition as the one initially presented 

into the restored cores to avoid any chemically induced wettability alteration during the 

experiments. 

The results from the spontaneous imbibition of Core #1 and Core #6 are shown in Figure 6.9 

and Figure 6.10 respectively. The SI results confirm an ultimate recovery of 31 %OOIP for 

Core #1 reached after 11 days, and the ultimate recovery of 30 %OOIP for Core #6  reached 

after 6 days. 

 



 

Figure 6.9 Oil Recovery with Spontaneous Imbibition by FW-Core #1 

 

  

 

Figure 6.10 Oil Recovery with Spontaneous Imbibition by FW-Core #6 

 

The SI experiments with FW confirm that recovery trends between the individual core 

experiments were reproducible. Slightly water-wet wettability was expected in all restored 

cores that had been used in this work.  

 



6.5.2 Smart Water EOR Effects in Tertiary Mode 

After spontaneous imbibition by FW in Core #6, the imbibing brine was changed to SW. The 

oil recovery result is presented in Figure 6.11. 

 

Figure 6.11  Oil Recovery with Spontaneous Imbibition by FW/SW-Core #6 

Figure 6.11 illustrates that after changing imbibing brine from FW to SW, extra oil was 

produced. Ultimate recovery of 55% OOIP is reached in 14 days. This additional oil recovery 

indicates that SW can change the initial wettability conditions towards more water-wet.   

The efficiency of CaSO4 brine as a Smart Water has been tested in tertiary mode by changing 

the imbibing brine of Core #1 from FW to 10 mM CaSO4 brine. 

SI results for Core #1 in tertiary mode are shown in Figure 6.12. 

 

Figure 6.12 Oil recovery with spontaneous imbibition by FW/CaSO4-Core #1 



Figure 6.12 shows that a slight increase in oil recovery is observed after changing imbibing 

brine from FW to CaSO4 brine. An ultimate oil recovery of 40% OOIP is reached after 15 

days. This slight increase in oil recovery indicates that CaSO4 brine has a weak wettability 

alteration capability. Comparing Figure 6.11 to Figure 6.12 reveals the efficiency differences 

between SW and CaSO4 brine when used following FW. Hence the comparison suggests that 

SW is significantly more efficient than CaSO4 brine.  

 

6.5.3 Smart Water EOR Effects in Secondary Mode 

The restored Core #2 was spontaneously imbibed by SW in secondary mode. Oil recovery 

results are presented in Figure 6.13. 

 

Figure 6.13 Oil recovery with spontaneous imbibition by SW-Core #2 

Spontaneous imbibition of Core #2 by SW resulted in an ultimate oil recovery of 58% of 

OOIP after 13 days, confirming that SW is extremely efficient as a Smart Water in chalk at 

130 ºC. 

An additional experiment using the CaSO4 brine after SW in tertiary mode was planned but 

the experiment failed. The restored Core #4 was spontaneously imbibed with CaSO4 brine in 

secondary mode. The results are presented in Figure 6.14 



 

Figure 6.14 Oil recovery with spontaneous imbibition by CaSO4 

 

The ultimate recovery in this experiment gave a result of 30% OOIP after 8 days, close to the 

results achieved with FW in Core #1 and Core #6, confirming that CaSO4 brine did not 

behave as a Smart Water in secondary mode at 130°C. 

SW was then introduced as Smart Water in tertiary mode. A rapid and significant increase in 

recovery was observed, reaching an ultimate recovery of 54%OOIP after 8 days, validating 

that SW acts as Smart Water in chalk at 130°C, Figure 6.15. 

 

 

Figure 6.15 Oil recovery with spontaneous imbibition by CaSO4/SW 



6.5.4 Wettability Measurement  

To quantify the water wetness of the cores used, spontaneous imbibition test results on the 

same SK Chalk were used (Andreassen et al., 2019). The test was performed on a pre-cleaned 

SK Chalk core with 10% Swi. The core was saturated with heptane then spontaneously 

imbibed by FW at 23 ºC. The test results are presented in Figure 6.16, showing an ultimate 

recovery of 75% of OOIP. 

 

 

Figure 6.16 SI test results performed in a strongly water-wet SK Chalk core 

The core has a strongly water-wet behavior giving an ultimate recovery of 75% of OOIP that 

was reported reaching in the first 30 minutes. The results confirm strong capillary forces 

available.  

Modified Amott Indices for Core #1 SI by FW  can be solved as in Equation6.4 

 

𝐼𝑊−𝑆𝐼−𝐶𝑜𝑟𝑒#1
∗ =

31.7

75
= 0.42 

6.4 

  

Modified Amott Indices for the other cores similarly calculated as above and presented in 

Table 6.5. 

 



Table 6.5 Oil Recovery by Spontaneous Imbibition on Secondary and Tertiary Mode at 130 ºC 

 
Secondary Mode Tertiary Mode 

Imbibing Fluid 𝐼𝑊−𝑆𝐼
∗  Imbibing Fluid 𝐼𝑊−𝑆𝐼

∗  

Core #1 FW 0.42 CaSO4 0.54 

Core #6 FW 0.41 SW 0.73 

Core #2 SW 0.78 CaSO4 Failed 

Core #4 CaSO4 0.39 SW 0.72 

 

Table 6.5 shows the water wetness of the cores in terms of Modified Amott Indices. Initial 

water wetness of the cores is and reproduced around 0.4. The results confirm that seawater 

modifies wettability towards more water-wet states in both secondary and tertiary modes. 

Also, although CaSO4 brine can change wettability towards water wet, it does not show a 

strong modifier effect. 

 

 

 

 

 

 

 

 

 

 

 



7  Discussions 

All SK outcrop cores were pre-cleaned before the experiments to avoid ion pollutions in the 

outcrop material affecting core restoration.  

The results confirm that quite similar porosity and permeability properties exist in all cores 

used. 

Core restorations were performed with Swi of 10% and by exposing the cores to equal 

amounts of crude oil, Oil A, with AN of 0.53 mgKOH/g and BN of 0.31 mgKOH/g. The SI 

experiments with FW confirmed reproducible wettability results. 

SW behaves as a Smart Water at high temperatures in chalk. Ca+2 and SO4
-2 ions are the main 

ions contributing to the wettability alteration process.  

A Smart Water EOR brine, involving Ca+2 and SO4
-2 ions, could easily be designed by using 

low concentrations of sulfuric acid in freshwater and using it as an injection brine for the 

chalk. Such a brine was tested and compared to SW as an injection brine. It is confirmed by 

the batch test that the CaSO4 brine can have a maximum of 10 mM concentration of SO4
-2 in 

the solution at 130 °C. 

The results in this work also validate that SW is a Smart Water in Chalk at 130°C and very 

efficiently changes the core wettability towards more water-wet conditions.  

The designed CaSO4 brine did not behave as a Smart Water, neither in secondary nor in 

tertiary mode after FW. The reason for this is not clearly shown with these results. However 

considering Ca+2 and SO4
-2 ions have strong impacts on wettability modification capacity, 

having a lower Ca+2 (10mM) and SO4
-2 (10mM) concentrations than SW ([Ca+2]=13 mM and 

[SO4
-2]=24 mM) is an important factor that might be responsible for the low wettability 

modification performance of the designed CaSO4 brine. 

Knowing that SW has more SO4
-2 than CaSO4 brine and performing well without causing 

significant precipitation, to be able to increase SO4
-2 concentration of CaSO4 brine with no 

precipitation, other ions present in SW should be researched and considered to be added to 

CaSO4 brine. 



If increasing SO4
-2 concentration in a CaSO4 brine is targeted, Mg+2 ion likely is needed to be 

added to the brine composition. Mg+2 ion is most likely to stabilize the ionic environment in 

the brine and avoid CaSO4 precipitation by complexing SO4
-2 with Mg+2, Mg+2:SO4

-2. 

Mg+2 concentration in SW is 45 mM, but could probably be significantly reduced, i.e. 24 mM 

which is equal to the SO4
-2 concentration in SW. The optimal Mg+2 concentration in a brine 

involving Mg+2, Ca+2, and SO4
-2 needs to be experimentally investigated in further studies. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 Conclusion 

The main conclusions observed from this study are as follows. 

Table 8.1 Oil Recovery by Spontaneous Imbibition on Secondary and Tertiary Mode at 130 ºC 

 
Secondary Mode Tertiary Mode 

Imbibing Fluid %OOIP Imbibing Fluid %OOIP 

Core #1 FW 31.7 CaSO4 40.1 

Core #6 FW 30.7 SW 55.0 

Core #2 SW 58.1 CaSO4 Terminated 

Core #4 CaSO4 29.6 SW 53.8 

 

• The Smart Water concentration was decided after the CaCO3-H2SO4 batch test 

to contain maximum Ca+2 and SO4
-2 without causing any precipitation. 

Therefore the study suggested a 10 mM CaSO4 solution as a Smart Water that 

can alter wettability in chalk carbonate at 130 ºC.  

• The Smart Water was tested as the spontaneous imbibition fluid to see any 

possible wettability altering effects. For Core #1, Smart Water was used in 

tertiary mode after formation water and resulted in extra oil recovery of 8.4% 

of OOIP. This extra oil recovery indicates that the wettability-altering 

capability of the Smart Water is not powerful but exists. 

• Seawater also was tested as a spontaneous imbibition fluid to observe any 

possible wettability modifying effects. For Core #6, seawater was used in 

tertiary mode after formation water, and extra oil recovery of 24.3% of OOIP 

was reported. This extra oil recovery confirmed that seawater can alter 

wettability in favor of oil displacement. 

• Smart Water was used as a spontaneous imbibition fluid in the secondary mode 

as well. The experiment resulted in 29.6% of OOIP oil recovery.  

• Seawater also was used as a spontaneous imbibition fluid in the secondary 

mode and the experiment resulted in 58.1% of OOIP oil recovery. 

• Seawater was used as an imbibing fluid in tertiary mode after Smart Water to 

see if seawater can alter wettability in a Smart Water imbibed core. Core #4 

was spontaneously imbibed with Smart Water and resulted in 29.6% OOIP oil 



recovery. Then imbibing fluid was changed to seawater and 53.8% of OOIP oil 

was recovered in total. This extra 24.2% of OOIP oil recovery indicates that 

seawater is a wettability modifier even after Smart Water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendixes 

 Spontaneous Imbibition Data 

Table 0.1 Spontaneous Imbibition Data for Core #1 

Time, Days Oil Volume, mL Oil Recovery, % 

0.00 0.0 0.00 

0.04 1.2 3.43 

0.25 5.5 15.73 

1.25 8.8 25.16 

2.25 9.5 27.16 

3.21 9.9 28.31 

4.21 10.2 29.17 

5.21 10.4 29.74 

6.21 10.6 30.31 

7.21 10.7 30.59 

8.21 10.9 31.17 

9.21 11.0 31.45 

10.21 11.0 31.45 

11.21 11.1 31.74 

12.21 11.1 31.74 

13.21 11.1 31.74 

14.00 11.1 31.74 

14.04 11.1 31.74 

14.29 11.1 31.74 

15.29 11.3 32.31 

16.29 11.9 34.03 

17.29 12.1 34.60 

18.29 12.3 35.17 

19.29 12.7 36.31 

20.29 13.0 37.17 

21.29 13.2 37.74 

22.29 13.3 38.03 



23.29 13.5 38.60 

24.29 13.7 39.17 

25.29 13.7 39.17 

26.29 13.7 39.17 

27.29 13.8 39.46 

28.29 14.0 40.03 

29.29 14.0 40.03 

30.29 14.0 40.03 

31.29 14.0 40.03 

32.29 14.0 40.03 

Time, Days Oil Volume, mL Oil Recovery, % 

 

Table 0.2 Spontaneous Imbibition Data for Core #2 

Time, Days Oil Volume, mL Oil Recovery, % 

0.00 0.0 0.00 

0.08 3.4 9.98 

0.23 4.8 14.08 

1.25 11.2 32.86 

2.25 14.0 41.08 

3.25 15.5 45.48 

4.25 16.5 48.41 

5.25 17.4 51.05 

6.25 18.1 53.11 

7.33 18.6 54.57 

8.33 19.1 56.04 

9.33 19.4 56.92 

10.33 19.5 57.21 

11.33 19.7 57.80 

12.33 19.8 58.09 

13.33 19.8 58.09 

14.33 19.8 58.09 

Time, Days Oil Volume, mL Oil Recovery, % 

 



Table 0.3 Spontaneous Imbibition Data for Core #4 

Time, Days Oil Volume, mL Oil Recovery, % 

0.00 0.0 0.00 

0.08 3.0 8.63 

0.23 4.0 11.51 

1.25 6.9 19.86 

2.25 8.0 23.02 

3.25 8.9 25.61 

4.25 9.5 27.34 

5.25 9.8 28.20 

6.25 9.9 28.49 

7.33 10.2 29.35 

8.33 10.3 29.64 

9.33 10.3 29.64 

10.33 10.2 29.35 

11.33 10.3 29.64 

12.33 10.3 29.64 

13.33 10.3 29.64 

14.33 10.3 29.64 

14.50 11.1 31.94 

15.50 14.7 42.30 

16.50 16.2 46.62 

17.50 16.3 46.91 

18.50 16.4 47.20 

19.50 16.5 47.48 

20.50 17.7 50.94 

21.50 18.5 53.24 

22.50 18.6 53.53 

23.50 18.6 53.53 

24.50 18.7 53.81 

25.50 18.7 53.82 

Time, Days Oil Volume, mL Oil Recovery, % 

 



Table 0.4 Spontaneous Imbibition Data for Core #6 

Time, Days Oil Volume, mL Oil Recovery, % 

0.00 0.0 0.00 

0.04 2.6 7.52 

0.25 6.3 18.23 

1.25 9.5 27.49 

2.25 10.3 29.80 

3.21 10.4 30.10 

4.21 10.4 30.10 

5.21 10.5 30.38 

6.21 10.6 30.67 

7.21 10.6 30.67 

8.21 10.6 30.67 

9.21 10.6 30.67 

10.21 10.6 30.67 

11.21 10.6 30.67 

12.21 10.6 30.67 

13.21 10.6 30.67 

14.00 10.6 30.67 

14.04 10.6 30.67 

14.29 10.6 30.67 

15.29 12.0 34.72 

16.29 13.5 39.06 

17.29 14.4 41.66 

18.29 14.8 42.82 

19.29 15.5 44.85 

20.29 15.7 45.43 

21.29 15.9 46.01 

22.29 16.2 46.88 

23.29 16.5 47.74 

24.29 16.6 48.03 

25.29 16.7 48.32 

26.29 17.0 49.19 



27.29 17.6 50.93 

28.29 18.4 53.24 

29.29 18.9 54.69 

30.29 18.9 54.69 

31.29 19.0 54.98 

32.29 19.0 54.98 

Time, Days Oil Volume, mL Oil Recovery, % 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Core Cleaning Data 

Table 0.5 Core Cleaning Data for Core #1 

PV of DI 

Flooded 
[SO4

-2] [Ca+2] [Mg+2] [K+] [Na+] [Cl-] 

0.5 0.514885 0.725449 0.152282 0.105360 1.902213 1.663671 

1.0 0.631663 0.569839 0.085589 0.210719 2.188085 1.793518 

1.5 0.580705 0.36382 0.047797 0.052680 0.722770 0.436206 

2.0 0.332286 0.190677 0.032235 0.116812 0.825251 0.580256 

2.5 0.170921 0.075613 0.042239 0.048099 0.458473 0.202887 

3.0 0.169859 0.135885 0.034458 0.153459 1.046397 0.809518 

3.5 0.043526 0.051505 0.010004 0.027485 0.266094 0.097386 

4.0 0.054143 0.067942 0.014451 0.151263 1.921991 1.756999 

4.5 0.033972 0.033971 0.006669 0.084746 0.668831 0.227233 

5.0 0.023272 0.023171 0.004549 0.135135 2.216851 4.455392 

 

 

Table 0.6 Core Cleaning Data for Core #2 

PV of DI 

Flooded 
[SO4

-2] [Ca+2] [Mg+2] [K+] [Na+] [Cl-] 

0.5 0.365197 0.574222 0.082255 0.018323 0.595116 0.306359 

1.0 0.489406 0.440529 0.056689 0.059551 0.713780 0.271868 

1.5 0.539302 0.349574 0.04335 0.038937 0.569945 0.257666 

2.0 0.320609 0.188485 0.023343 0.004581 0.307447 0.129847 

2.5 0.158181 0.075613 0.038904 0.087036 0.706588 0.521419 

3.0 0.055204 0.056984 0.014450 0.020614 0.350597 0.176511 

3.5 0.035033 0.052601 0.010004 0.032066 0.463867 0.227233 

4.0 0.027602 0.069038 0.010004 0.022904 0.420716 0.310417 

4.5 0.026540 0.044930 0.007781 0.018323 0.404535 0.282013 

5.0 0.038218 0.051505 0.005558 0.029776 0.604106 0.417947 

  

 



Table 0.7 Core Cleaning Data for Core #4 

PV of DI 

Flooded 
[SO4

-2] [Ca+2] [Mg+2] [K+] [Na+] [Cl-] 

0.5 0.321670 0.36382 0.104486 0.059551 0.517805 0.344907 

1.0 0.450126 0.324370 0.060024 0.057261 0.474654 0.231291 

1.5 0.423586 0.299165 0.038904 0.043518 0.219348 0.148107 

2.0 0.236741 0.149035 0.017785 0.013743 0.246317 0.071010 

2.5 0.143318 0.111776 0.014450 0.020614 0.280478 0.142021 

3.0 0.076437 0.077805 0.011116 0.020614 0.273286 0.121732 

3.5 0.040341 0.058080 0.007781 0.018323 0.321830 0.107530 

4.0 0.028664 0.058080 0.007781 0.018323 0.291265 0.133905 

4.5 0.027602 0.049313 0.006669 0.006871 0.244519 0.099414 

5.0 0.014863 0.051505 0.006669 0.006871 0.257105 0.095357 

 

 

 

Table 0.8 Core Cleaning Data for Core #6 

PV of DI 

Flooded 
[SO4

-2] [Ca+2] [Mg+2] [K+] [Na+] [Cl-] 

0.5 0.322732 1.094748 0.244541 0.036647 0.818060 0.902846 

1.0 0.449064 0.593948 0.105597 0.041228 0.827050 0.501130 

1.5 0.528686 0.415325 0.063358 0.038937 0.309245 0.243464 

2.0 0.271774 0.234511 0.03557 0.020614 0.235530 0.186656 

2.5 0.128456 0.132597 0.016673 0.011452 0.115068 0.105501 

3.0 0.061574 0.059176 0.008892 0.009162 0.347001 0.109559 

3.5 0.039280 0.044930 0.005558 0.020614 0.352395 0.164338 

4.0 0.059451 0.070134 0.013339 0.006871 0.237327 0.125790 

4.5 0.032910 0.044930 0.012227 0.004581 0.285871 0.095357 

5.0 0.029725 0.062463 0.010004 0.052680 0.544774 0.486928 
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