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ABSTRACT 

Water is present in every oil field and it is the most abundant fluid in the ground. No operator 

wants to produce water but certain amount of water comes with main stream. Today oil  

companies produce an average of three barrels of water for each barrel of oil from their depleting 

reservoirs. So reduce water production is an important goal for the oil industry in both 

environmental and economic reason.  

New Techniques are being proposed and tested to deal with this challenge. Among these 

methods, Disproportionate Permeability Reducers (DPR) is one of them. The success of DPR 

treatment is based on reducing water relative permeability without altering the oil. Polymers in 

the form of either solutions or gels are being used to control water production. Xanthan Gum 

Polymer does not viscosify when it comes in contact with hydrocarbons as the polymer does in a 

water environment. In this study, the effect of xanthan gum on water reduction was petro 

physically characterised by using capillary pressure and relative permeability data. 

The relative permeability of air and water, displacement pressure and pore size distribution index 

were also obtained during this study using Brooks-Corey model. The results obtained support 

other research material; thus providing more information about the effect of xanthan gum 

polymer. 
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1 CHAPTER 1: INTRODUCTION 

The traditional primary recovery method can recover one third of the original oil in place 

(OOIP); this method depends on the hydrocarbon and reservoir drive. Secondary recovery is 

usually water flooding; recovers 20-50% of the original oil in place (OOIP) (Ali & Thomas, 

1996). Enhanced oil recovery usually implies recovery beyond the secondary stage. As a 

consequence, enhanced oil recovery (EOR) processes have gained interest from the research and 

development phases to the oilfield implementation stage. This interest has been also furthered by 

current high oil prices, maturation of oilfield and uncertainty about the future oil supply. EOR 

processes are generally implemented in the case of heavy viscous oils and oil sands with no 

primary and secondary productivity. 

The efficiency of the enhanced oil recovery (EOR) methods greatly depends on the reservoir 

characteristics and the nature of the displacing and displaced fluid (Latil, 1980). These reservoir 

characteristics include petro physical properties like capillary pressure, relative permeability, 

wettability of the rock and degree of reservoir homogeneity etc. (Latil, 1980). In order to reduce 

the negative effect of some of these reservoir properties like relative permeability, surface and 

interfacial tension of the reservoir fluids, some new polymer flooding methods are available to 

reduce water production. These polymers reacted with the reservoir porous media and formed 

thick adsorbed layers minimizing water production and maximizing oil production. Another 

major advantage of using polymer is that it can be preferably placed without need of zonal 

isolation and designed according to the reservoir condition (Chauveteaau et al, 2004).  
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1.1 Objectives 

The main objective of this project work is to petro-physically characterise the effect of 

disproportionate permeability reducers, such as xanthan gum polymer, to determine the 

effectiveness of these polymers in petroleum industry. Accordingly, the following are the project 

objectives: 

 Preparing the synthetic unconsolidated sandstone core plugs 

 Fitting of capillary pressure data with Brooks-Corey model equation 

 Comparison before and after xanthan gum polymer treatment 

 Petro-physical interpretation of experimental results  
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2 CHAPTER 2: BACKGROUND 

Oil is recovered from reservoirs by primary, secondary and enhanced oil recovery methods. 

Traditional primary and secondary recovery methods only produce one third of oil in place while 

two third left behind in the reservoirs (Lake, Schmidt & Venuto, 1992). For recovery of this 

remaining oil in the reservoir, EOR methods or techniques are used.  

2.1 Primary oil recovery 

Primary recovery is extraction of crude oil from reservoirs utilizing the natural energy available 

in the reservoirs and pumping methods. Primary production is done at initial level due to its 

natural flow. The oil flows to the surface naturally due to existence of energy in reservoirs. This 

natural drive source varies with producing mechanism and can be grouped into six types (Lyons, 

2010). They are: 

 Rock and Fluid expansion  

 Depletion drive  

 Water drive 

 Gas cap drive 

 Combinational drive  

 Gravity drainage drive 

 

When the reservoir pressure decreases, oil production rate starts to decline. Then artificial lift 

systems (sucker rod, pumps etc.) are used for production of oil. The primary methods normally 

recover (10-25) % of original oil in place until the well is abandoned (Lake et al, 1992). 
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2.2 Secondary oil recovery  

The initial reservoir pressure declines due to oil production from the reservoir. Therefore, to 

increase the pressure and force into the wellbore; a technique is needed to supply extra 

displacement energy to produce the remaining reservoir oil. The method applied to increase the 

reservoir pressure is known as secondary oil recovery. Secondary recovery method is generally 

used to re-pressure the reservoir and drive out the remaining oil. In this method water or gas is 

injected into the reservoir to give artificial pressure to trapped oil. Most of the time water is used 

due to its easy availability and lower cost. The technique or method in which water is used for 

recovery is known as water flooding. The water flooding technique is generally applied for light 

or medium crude oil displacement. Water displaces oil drops from the pores of rock and pushes 

them towards the production well. In this way both water and oil come to the surface from the 

producer well. Then water is separated from oil and re-injected into the reservoir (Lake et al, 

1992). 

Another type of secondary recovery method is injection of hydrocarbon based gas into the 

reservoir. In first method, Gas is injected over a considerable period of time up in a year while 

producing wells are shut in to restore the reservoir pressure. Another method is injection of gas 

to uphold pressure during production. The main criteria in gas injection process require a nearby 

source and sufficient amount of inexpensive gas. 
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2.3 Enhanced oil recovery 

Enhanced oil recovery methods are selected where primary and secondary recovery become 

uneconomic. The conventional oil reserve in USA and Canada declines therefore EOR is gaining 

much importance in both countries (Ali & Thomas, 1996). In EOR, oil is removed by various 

techniques. The operation of EOR is expensive and amount of activity in EOR depends on the oil 

price, royalty and tax advantages. Enhanced oil recovery (EOR) process includes thermal, 

miscible, and chemical methods. Each EOR process is usually selected for a particular type of 

reservoir. 

 

 

Figure 2.1  Oil Recovery mechanisms (Lake, Schmidt, & Venuto, 1992) 
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2.3.1 Thermal methods 

 

In Thermal methods, heat energy is used to reduce viscosity of immobile or viscous oil from the 

reservoir. The reduction of viscosity makes crude oil mobile. Several methods can be used to 

heat the reservoir crude oil by injecting steam, hot water and in situ combustion. Steam injection 

is most commonly used for heating heavy or viscous oil because steam has higher temperature 

compared to hot water and provides sufficient heat to the reservoir. There is some variation of 

steam methods which are Steam assisted Gravity Drainage (SAGD) and Cyclic Steam 

Stimulation (CSS). In SAGD method, steam is pumped into the reservoir by horizontal wells and 

bitumen is displaced in production well lying just few meters below the injection well.  SAGD 

method is successful and most common method used for recovery of bitumen and heavy oil in 

Alberta, Canada (Ali & Thomas, 1996). 

Cyclic Steam Stimulation (CSS) is also a successful and effective thermal method. In CSS 

technique single vertical well is used for injection and production of oil. The mechanism of CSS 

is simple. The injected steam mainly bypasses the oil around the wellbore. When the well is set 

for production that time mobilized oil flows into the wellbore and driven by reservoir pressure, 

gravity, compaction or other forces (Ali & Thomas, 1996). 

Fire flooding method is another important and attractive in situ method. The method is thermally 

more efficient than steam. In this method there is no depth restriction and it is well suited for 

relatively thin reservoir sand. Several problems are associated with this method such as high 

capital cost, complex design and corrosion. For these limitations, this method is not very 

common in oil fields. However research is going on fire flooding method to make it more 

feasible in practical application (Lake, Schmidt, & Venuto, 1992). 
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2.3.2 Chemical methods 

 

Many chemicals are used for injection in reservoir to increase oil recovery. The main chemicals 

used for such flooding are polymer, surfactant, and alkali. The principle behind of chemical 

flooding is to reduce surface and interfacial tension in reservoir. As interfacial tension and 

viscosity decreases more oil is recovered from the reservoir. 

2.3.2.1 Polymer flooding 

 

In this technique, water and high molecular weight polymers are injected into the reservoir to get 

improvement of the volumetric sweep efficiency in an enhanced oil recovery process. Xanthan 

gum polymers and partially hydrolyzed polyacrylamide both reduce water mobility by increasing 

viscosity. However, polymer action does not affect the permeability of oil. In polymer flooding, 

a small amount of (200 to 1000 mg/l) high molecular weight water soluble polysaccharide 

(biopolymer) is added to water during operation (Ali & Thomas, 1996). The selections of 

polymer and concentration amount are crucial steps in polymer flooding operation. The main 

goal in the polymer flooding is lower the mobility of flood water. Polymer increases the viscosity 

of water and also decrease in the relative permeability of water. Polymer does not lesser the 

residual oil saturation but increases oil recovery. 

Several drawbacks are associated with the use of polymer. The main drawback cost of polymer is 

high. Polymer degradation due to high salinity interstitial water, temperature, aging of the 

polymer and high share rates (Ali & Thomas, 1996). 
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2.3.2.2 Surfactant flooding 

 

Surfactant flooding is one kind of chemical flooding in which surfactant or detergents are used to 

reduce the interfacial and surface tension of oil. The surfactant flooding is also named as 

micellar–polymer or micro emulsion flooding. In this technique, water and surfactant are mixed, 

and then fed into the reservoir. The use of surfactant gives several advantages because it reduces 

interfacial tension and gives excellent mobility to reservoir crude oil (Taber & Martin, 1983). 

2.3.2.3 Alkaline flooding 

 

Alkaline flooding consists of injecting aqueous solutions of sodium hydroxide (NaOH) and 

potassium hydroxide (KOH). The alkaline chemicals reacts with organic acids in certain crude 

oil and produce surfactant in situ that significantly lower the interfacial tension between water 

and oil. The alkaline agents also react with the reservoir rock surface to alter wettability such as 

oil wet to water wet or water wet to oil wet. Moderately low gravity oils (13-35  API) are usually 

the target for alkaline flooding (Taber & Martin, 1983). These types of grade oils are heavy 

enough to contain the organic acids. In carbonate formation often contains anhydrite or gypsum 

which reacts and consumes alkaline chemicals. Therefore sandstone reservoirs are ideal than 

carbonate reservoir in alkaline flooding. Several drawbacks are associated with alkaline flooding. 

The alkaline materials consumed by minerals, clays or silica. This consumption is high at 

elevated temperature beyond 200 . The main drawbacks of alkaline flooding is scale formation 

which can result block the production wells (Taber & Martin, 1983). 
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2.3.3 Miscible flooding 

 

The fastest growing and most promising EOR method is miscible flooding. In this process 

solvents are mixed fully with residual oil to overcome capillary forces and thus oil mobility is 

increased. Displacement efficiency is near about 100% where the solvent contacts the oil and 

miscibility occurs (Lake, Schmidt, & Venuto, 1992). Miscible displacement can be subdivided 

into three significant process that are miscible slug process, enriched gas process and high 

pressure leaned gas carbon dioxide (CO2) process as shown in figure 2.2. To achieve and 

maintain miscibility each of the process have their own depths, temperatures and oil gravities. In 

miscible slug process, a slug of liquid hydrocarbons about half of the reservoir pore volume is 

injected and mixes with the oil on contact. Then water or chase gas are used to push the slug into 

the reservoir. Carbon dioxide gas is also used as a high pressure miscible recovery. The gas is 

highly soluble in crude oil, swelling the oil and reducing viscosity of reservoir fluids (Lake et al, 

1992). 

                             

                      

 

  

 

                                             

 

Figure 2.2  Phase behavior and flow dynamics in miscible flooding (Lake, Schmidt, & Venuto, 

1992) 
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3 CHAPTER 3: FLUID FLOW IN POROUS MEDIA 

Fluid flow in a porous media is a complex phenomenon that is basically governed by the 

properties of the flow system. Substances that make up this system include the permeable 

material in which the fluid flows and the flowing fluid (in-situ or foreign) in this permeable 

medium. Amongst these properties, of which the medium’s permeability is key, are the porosity 

of the medium, its wettability, saturation, surface and interfacial tension, capillary pressure and 

nature of the material (homogenous or heterogeneous). The flow of single phase incompressible 

fluids is governed by Darcy’s law which is valid for laminar flow of fluids. The measure of the 

ability of a medium to transmit fluids is given by a transport coefficient which is known as 

permeability of the medium denoted as “k” (Abaci, Edwards, & Whittaker, 1992). If there is a 

single phase flow in the permeable medium, the transport coefficient is referred as absolute 

permeability. However when more than one fluid is flowing through the system then effective 

permeability to each fluid phase must be defined. In the multiphase fluid system, the ability for 

one fluid phase to flow is hindered by other fluids present in the system. Another important 

property governing the flow of fluids in a multiphase fluid system is the relative permeability of 

the medium. The relative permeability is defined as the ratio of the effective permeability of a 

fluid to the absolute permeability of the medium. It is used to describe quantitively the 

simultaneous flow of fluids in a multiphase fluid system and is dependent upon the fluid 

saturation in the porous medium (Abaci et al, 1992). 
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3.1 Multiphase flow 

In instances where we have more than one fluid phase present in a porous medium, the concepts 

of multiphase fluid flow and relative permeability come into play.  In multiphase flow, more than 

one fluid phase flows through a medium is a natural phenomenon encountered in subsurface 

reservoirs and it is more complex than single phase flow. In dealing with multiphase flow, 

certain factors must be considered. These factors included fluid saturation of the medium, 

capillary pressure, surface interfacial tension, relative permeability to each fluid phase and 

wettability. All these factors will be briefly discussed in this chapter, with more emphasis on the 

relative permeability theory and concepts. 

3.1.1 Saturation 

 

Saturation is defined as the fraction or percent of the pore volume occupied by a particular fluid 

(oil, gas, or water) (Ahmed, 2006). The saturation is mathematically expressed as; 

Fluid saturation  
                     

           
 (3.1) 

Applying the above mathematical expression of saturation to each reservoir fluid gives, 

Sg  
             

           
 (3.2) 

So  
             

           
 (3.3) 

Sw  
               

           
 (3.4) 

The sum of the saturation of various fluid phases is 100%, therefore; 

Sg+So+Sw=1.0                                                                (3.5) 

 



12 
 

               

Where; 

Sg = gas saturation 

So = oil saturation 

Sw = water saturation 

3.2 Wettability 

 

Wettability is a term used to describe the relative attraction of one fluid for a solid in the 

presence of other immiscible fluids. Wettability is the main reason responsible for the 

microscopic fluid distribution in porous media and it determines mainly the amount of the 

residual oil saturation, ability of a particular phase to flow (Honarpour, Koederitz, & Harvey, 

1986). However reservoir porous media can be water wet neutrally wet or oil wet depending on 

the relative attraction of the rock formation to hydrocarbon in the presence of water.  

Wettability of porous medium is determined by a combination of all surface forces where two 

liquids such as water and oil are in contact with a solid. The equation describing the balance of 

forces between three phases can be expressed by Young’s equation (Anderson, 1986). The 

equation for oil, water and solid system would be, 

                                                                                                                            (3.6) 
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Where,  

    = interfacial tension or interfacial energy between the oil and water 

     = interfacial energy between water and solid 

    = interfacial energy between the oil and solid 

θ = Contact angle 

Figure 3.1 shows a microscopic observation of the edge of a liquid that wets a solid surface. A 

knife edge shape indicates wetting while a beaded edge shape illustrate non wetting. The Figure 

3.1 shows a drop of water surrounded by oil and spreading on a solid surface. If an acute angle is 

formed by the edge of the drop (     ), this shows that the surface is water wet and when the 

angle is greater than 90 , the surface is oil-wet. For cases where oil and water phases have the 

same tendency to spread and cover the solid surface, the contact angle is almost 90  and the solid 

surface is said to be intermediate wet or neutral wet. 

                       

Figure 3.1  Wettability of oil, water and rock system (Anderson, 1986)               



14 
 

Wettability is the most important factor affecting the microscopic distribution of water and oil in 

rock pores. The wettability of sandstones generally ranges from neutral to strongly water wet. 

Some sandstone reservoirs are also found oil wet. However, carbonate reservoirs exhibit oil-wet 

tendencies ranging from neutral to strongly oil wet. Donaldson and Alam (2008) recognize four 

states of wettability. They are water wet, oil wet, fractional wettability and mixed wettability. A 

system (oil/water/rock) is considered to be water wet when more than 50% of its surface is wet 

by water. In an oil wet system, oil occupies the smaller pores to the exclusion of water and oil is 

in contact with the rock surface of the larger pores. In an oil wet system, oil is a continuous 

phase for all saturations equal to or greater than residual oil saturation (Sor.) (Donaldson & Alam, 

2008). Figure 3.2 shows different wettability of a porous media on a microscopic pore scale fluid 

distribution. In water–wet rock formation (left), oil stays in the centre of pores. If the pore 

surfaces are oil wet (right) that time water remains in the center of the pores. The three scenario 

illustrated in Figure 3.2 have similar saturations of oil and water (Abdallah et al, 2007). 

 

Figure 3.2  Wettability of rock formation on a pore scale fluid distribution (Abdallah, Buckley, 

Carnegie, Edwards, & Fordham, 2007) 
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3.3 Capillary pressure 

In petroleum reservoir, capillary forces are the result of the combined effect of the surface and 

interfacial tensions of the rock and fluids. Capillary pressure also depends on pore size, geometry 

and wetting characteristics of the system. Any curved surface formed between two immiscible 

fluids has a tendency to contract into the smallest possible area per unit volume whether the 

fluids are oil and water, gas and water, or oil and gas (Ahmed, 2006). Capillary pressure can be 

defined as the pressure difference between the non-wetting phase pressure and wetting phase 

pressure. Capillary pressure is mathematically expressed as;  

                                                                                                                                                                          (3.7) 

Where  

Pc   = Capillary Pressure 

    = Pressure of the non-wetting phase  

   = Pressure of the wetting phase 

Normally there are three type of capillary pressure .They are  

 Gas – oil capillary pressure 

 Gas – water capillary pressure 

 Water - oil capillary pressure  

Practically capillary pressure can be written as following equation (Ahmed, 2006), 

                                                         
 

   
                                                                       (3.8) 
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Where, 

   = Capillary pressure [psi] 

   = density difference [lb/ft
3
] 

h = Capillary rise [ft] 

Capillary pressure can also be expressed in terms of surface and interfacial tension 

   
        

 
                                                           (3.9) 

And 

                                                                 
        

         
                                                           (3.10) 

Where; 

Pc = Capillary Pressure [dynes/cm
2
] 

σgw = Gas-water surface tension [dynes/cm] 

r = Capillary radius [cm]    

ρw =density of water [gm/cm
3
] 

ρg  = density of gas [gm/cm
3
] 

θ =Contact angle 

g = acceleration due to gravity [cm/sec
2
] 

h = Capillary rise [cm] 
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Capillary pressure is one of the most important parameters characterizing the fundamental 

behavior of porous media containing two or more immiscible fluid phases. Reservoir rocks 

comprise of porous medium with different pore sizes. The pore structure model can be divided 

into two broad categories. One model consists of arrays of spherical particles and other models 

consist of arrays of capillary tubes (bundles of capillary tubes) (Dullien, 1979). Between these, 

bundles of capillary tube model are most commonly used. The Pores are represented by capillary 

tubes of different diameter and equal lengths. Every capillary has a uniform diameter along its 

entire length. The drainage capillary pressure curve can be interpreted in terms of this model by 

assuming that the threshold capillary pressure of penetration of the non-wetting fluid (Dullien, 

1979). 

 

 

Figure 3.3  Capillary rises, its contact angle with the solid surface and the curvature shape (Tiab 

& Donaldson, 2012) 
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3.3.1 Effects of wettability on capillary pressure 

 

The capillary pressure and saturation relationship normally depends on the interaction of 

wettability, pore structure, initial saturation and saturation history (Anderson, 1987). There is no 

simple relationship that relates the capillary pressure determined at two different wettabilities. 

Therefore most accurate measurements are made with cores that have native reservoir 

wettability. 

3.3.2 Drainage capillary pressure 

 

There are two basic types of capillary pressure processes. They are drainage and imbibition 

process. In a drainage process the non-wetting fluid displaces the wetting fluid. The reverse 

process is called imbibition. There is hysteresis in capillary pressure as the saturation is varied, 

which makes the drainage and imbibition curve different (Anderson, 1987). To establish a 

drainage capillary pressure curve, the wetting phase saturation is reduced from maximum to 

minimum irreducible by increasing the capillary pressure from zero to a large positive value.  

The three sections of the capillary pressure curve are shown in Figure 3.4 for a water wet system. 

Initially the capillary pressure is zero. The drainage capillary pressure is measured by slowly 

increasing the capillary pressure from zero to a large positive value that reduces the saturation of 

the wetting phase (water). Finally, when the externally applied capillary pressure is sufficiently 

high, all of the wetting phase of the core is disconnected and the capillary pressure curve is 

almost vertical.  
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Figure 3.4 Oil/water capillary pressure curve measured on a strongly water-wet Venago core 

(Anderson, 1987) 

 

3.4 Relative permeability theory and concept 

It has been concluded by numerous studies that effective permeability of any reservoir fluid is a 

function of the reservoir fluid saturation and wetting characteristics of the formation. So it is 

necessary to specify the fluid saturation when starting the effective permeability of any particular 

fluid in a given porous medium. The accepted universal symbol for absolute permeability is ‘k’ 

while ‘kw’, ‘ko’ and ‘kg’ are accepted symbols for effective permeability to water, oil and gas 

respectively (Ahmed, 2006). 
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Absolute permeability, which is a property of the porous medium, is the measure of the capacity 

of the medium to transmit fluids. When two or more fluid are present and flow at the same time, 

the relative permeability of each phase at a specific saturation is the ratio of the effective 

permeability of the phase to the absolute permeability, 

                                                                                                                                       (3.11) 

                                                                                                                                   (3.12) 

                                                                                                                                      (3.13) 

Where;  

kro = relative permeability to oil 

krw = relative permeability to water 

krg = relative permeability to gas 

ko = effective permeability to oil for a given saturation 

kg = effective permeability to gas for a given saturation 

kw = effective permeability to water for a given saturation 

k   = absolute permeability 
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Effective permeability may range from values of zero to k and therefore the relative permeability 

may have any value between zero and one, i.e. 

                                                       0                  

The sum of the relative permeability’s of the fluid phases present in a porous medium is always 

less than or equal to unity; i.e. if three phases (gas, oil and water) are present then; 

                                                       krg + kro+ krw       

3.4.1 Two phase relative permeability  

 

The wetting and non-wetting phase fluid flow together in a reservoir rock but each phase follows 

separate and distinct paths. According to Ahmed (2006), the distribution of these two phases 

depends on their wetting characteristics and has a great effect in wetting and non-wetting phase 

relative permeability. The wetting phase generally occupies the smaller pore openings at small 

saturations. These pore openings do not contribute materially to flow and presence of small 

wetting phase saturation has limited effect to the non-wetting phase permeability. On the other 

hand the non-wetting phase occupies the central or large pore openings which contribute 

materially to fluid flow through the reservoir (Ahmed, 2006). In porous media, fluid must 

develop a certain minimum saturation before the phase will begin to flow. This is obvious from 

the relative permeability curves shown in Figure 3.5. The saturation at which a fluid will just 

begin to flow is called the critical saturation. 
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                        Figure 3.5 Typical two phase flow behavior (Ahmed, 2006) 

       

3.4.2 Two Phase relative permeability models and correlations 

 

Direct experimental measurement to determine relative permeability of porous rock has long 

been recorded in petroleum related literature. However, empirical methods for determining 

relative permeability are becoming more widely used. The general shape of the relative 

permeability curves may be approximated by these equations: 

                                        krw=A (Sw)
 n 

and kro=B (1-Sw)
 m

                                                    ( 3.14) 

Where, A, B, m and n are constants. 
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Most relative permeability models may be classified under one of four categories (Honarpour, 

Koederitz, & Harvey, 1986). 

 Capillary Models: These models are based on the assumption that a porous medium 

consists of a bundle of capillary tubes of various diameters, with a fluid path length 

longer than the sample. Capillary models ignore the interconnected nature of porous 

media. 

 Statistical Models: Statistical models are based on modeling of porous media by a bundle 

of capillary tubes with varying diameters distributed randomly. These models also have 

the same deficiency of not being able to model the interconnected nature of porous 

media. 

 Empirical model: These models are based on proposed empirical relationships, describing 

experimentally estimated relative permeability. In general, these models have provided 

the most successful approximations. 

 Network Models: These are frequently based on the modeling of fluid flow in porous 

media using a network of electric resistors as an analog. Network models are one of the 

best tools for understanding flow in porous media. 

The hydrodynamic laws have little use in the solution of problems concerning single phase fluid 

flow through porous media. Actually they are used in multiphase fluid flow system, but they are 

very complex. One of the early attempts to relate several laboratory measured parameters to rock 

permeability was the Kozeny–Carman equation. The equation expresses the permeability of a 

porous material as a function of the product of the effective path length of the flowing fluid and 

the mean hydraulic radius of the channels through which the fluid flows (Honarpour, Koederitz 

& Harvey, 1986). 
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Purcell formulated an equation for the permeability of a porous system in terms of porosity and 

capillary pressure desaturation curve of that system by simply considering the porous medium as 

a bundle of capillary tubes of various sizes. The relations developed by Kozeny-Carman and 

Purcell (1949) were further adapted and modified by several authors who proposed models based 

on similar assumption. 

Two authors, Rapoport and Leas (1951), presented two equations for relative permeability to the 

wetting phase based on surface energy relationships and Kozeny–Carmen equation. The 

maximum and minimum wetting–phase relative permeability presented by Rapoport and Leas 

are expressed as follows: 

                                               
 
      
    

 
 
      

  
 

 
 

     
  
   

     
  
 

 
   
    

  
           

     
  
   

  

                                            (3.15) 

 

                                                 
      

    
 
      

  
 

           
   
 

  
 

                                       (3.16) 

Where, 

Sm = minimum irreducible saturation of the wetting phase from a drainage capillary pressure 

curve [fraction] 

Swt = saturation of wetting phase for which the wetting phase relative permeability is evaluated 

[fraction] 

Pc = Capillary Pressure [psi] 

  = porosity [fraction] 
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Based on Purcell’s model, Gates and Leitz (1950) developed an equation for wetting phase 

relative permeability expressed as; 

                                                                               
 

  

  
 

   
 

 
  

  
 

 

 

                                                          (3.17) 

Fatt and Dykstra (1951) developed an equation for wetting phase relative permeability. The 

equation of the wetting phase relative permeability krwt is expressed as; 

                                                                      
 

  

  
      

   
 

 
  

  
      

 

 

                                                    (3.18) 

Fatt and Dyksta (1951) established good agreement with observed data when   
 

 
 reducing 

equation to  

 

                                                                            
 

  

  
 

   
 

 
  

  
 

 

 

                                                           (3.19) 

Burdine (1953) established equations for calculating relative permeability for both the wetting 

and non-wetting phases. Burdine introduced a tortuosity factor, based on the fact that fluid flow 

in porous media follows an irregular path called tortuosity path. The equation for the wetting 

phase is expressed as; 

                                                                              
 
 

  

  
 

   
 

 
  

  
 

 

 

                                               (3.20) 

Where, 

                                                                              
      

    
                                                       (3.21) 
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And for the non-wetting phase; 

                                                                
  

 
  

  
 

 

   

 
  

  
 

 

 

                                       (3.22) 

 

                              Where 

                                                                               
       

       
                                                   (3.23) 

And, 

Sm = minimum wetting phase saturation from capillary pressure curve [fraction] 

Se = equilibrium saturation to the non-wetting phase [fraction] 

λrwt = Wetting phase tortuosity ratio 

λr nwt = Non wetting phase tortuosity ratio 

Corey combined the work of Purcell (1949) and Burdine (1953) into a form that has considerable 

utility. The Corey’s equation was widely accepted for its simplicity. Corey’s model requires 

limited input data and is fairly accurate for consolidated porous media with inter-granular 

porosity.   
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3.4.3 Brooks-Corey capillary pressure model 

 

Due to certain short comings of previous relative permeability models, Brooks and Corey (1966) 

modified Corey’s original drainage capillary pressure saturation relationship and combined the 

modified equation with Burdines equation to develop the expression that predicts drainage 

relative permeability for any pore size distribution. The Brooks –Corey capillary pressure model 

works satisfactorily in many cases and has been widely used for several decades in the petroleum 

and other industries. Brook and Corey (1966) conducted a number of drainage capillary pressure 

experiments and found out that log-log diagram of effective saturation and capillary pressure is 

linear when the data for water saturation above 0.85 are omitted. By extrapolating this line, the 

intercept indicates the breakthrough capillary pressure (Pb) and slope is the reciprocal of pore 

size distribution index. Based on their experiments, Brook and Corey (1966) developed an 

equation to determine relative permeability from capillary pressure and corresponding saturation 

data. The parameters introduced were the pore size distribution λ and the effective saturation Se. 

The Brooks-Corey equation is given by,  

                                                                           
  

  
 
 
                                                             (3.24) 

The Brooks –Corey equation can also written as: (Bloomfield, Goddy, Bright, & Williams, 2001) 

                                                          
                                                                  (3.25) 
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Where, 

    Capillary pressure [psi] 

    Break through pressure [psi] 

    Effective saturation [fraction] 

λ = Pore size distribution index 

Breakthrough capillary pressure (Pb) is the capillary pressure at which the non-wetting phase 

fluid (oil or gas) just begins to enter the porous medium containing the wetting phase fluid 

(formation brine). It also shows the diameter of the largest pore in the porous medium since 

capillary pressure is related to the pore radius and interfacial tension. 

Effective saturation is given by: 

                                                                     
      

     
                                                      (3.26) 

Where,  

Swi = Irreducible water saturation 

Sw = water saturation 

Theoretically pore size distribution index λ may have any value greater than zero. The value of λ 

depends on the pore structure of the media. Its value is small when the medium has a wide range 

of pore sizes and its value is large when the medium has relatively uniform pore size.  
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The Brooks and Corey’s (1966) model for calculating two phases relative permeability is: 

For the wetting phase: 

                                                                          
    

                                                (3.27) 

And the non-wetting phase: 

                                                                   
      

   

                                    (3.28) 

 

Where, 

krwt = Relative permeability of wetting phase 

krnwt = Relative permeability of non-wetting phase   
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3.5 Effect of wettability on relative permeability 

 

In the porous media when more than one fluid is present (oil, gas, water) the permeability of 

each phase is its effective permeability. The relative permeability of a specific fluid is the ratio of 

its effective permeability to the absolute permeability of the porous medium. A large number of 

factors has simultaneous effect on the absolute and relative permeability’s (Donaldson & Alam, 

2008). These are given below: 

 The composition of the porous media (shape and sizes of sand grain, enclosure of clay 

and minerals, degree of cementation, tortuosity of the paths for through the matrix) 

 Fractures in the matrix and lamination in the sediment. 

 Distribution of the fluids within the pores caused by preferential wetting throughout the 

matrix 

 The overall saturation of the fluids  

 Saturation history of the porous medium 

 Viscosities of the fluids  

Wettability affects the relative permeability through controlling the distribution of the 

immiscible fluids. The oil relative permeability increases while the water relative permeability 

decreases as wettability is varied from water wet to oil wet. When three phases are present in a 

core, the two non-wetting phases compete for the larger pores and thus they mutually obstruct 

with the movement of each other as they are displaced. Normally in water wet core, gas will 

reduce the relative permeability to oil. It is generally observed that the wetting phase relative 

permeability is a function of the wetting phase saturation while the permeability of the two non-
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wetting phase are the function of the fluid saturation distribution of the two phases (Donaldson & 

Alam, 2008). 

3.5.1 Relative Permeability curves in strongly wetted system 

 

In general, at a given saturation, the relative permeability of a fluid is higher when it is a non-

wetting fluid. Normally wetting fluid tends to travel through the smaller, less permeable pores 

while the non-wetting fluid travels more easily in the larger pores. Craig (1971) presented 

several rules of thumb (Table 3.1) indicate the difference in the relative permeability 

characteristics of strongly water wet and strongly oil wet cores. The difference in relative 

permeability measured in strongly water wet and strongly oil-wet systems are caused by the 

difference in fluid distribution. Pore geometry also has a strong effect on measured relative 

permeability curves including crossover points and the IWS (Anderson, 1987). 

   

 

Table 3-1  Craig’s Rules of thumb for determine wettability (Anderson, 1987) 
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Figure 3.6  Relative permeability for a strong water wet system (Anderson, 1987) 

 

                      

Figure 3.7  Relative permeability for a strong oil wet system (Anderson, 1987) 
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3.6 Disproportionate permeability reducers 

Reducing water production is an increasingly critical goal for the oil industry. One of the 

methods used to cut water production is the injection of disproportionate permeability reducers 

(DPR). Some authors distinguished DPR from relative permeability modifiers (RPM), although 

the effect is the same. Injecting soft, stable and size controlled micro-gel to reduce water 

production is a new concept for the oil industry beginning some years ago. DPR is normally 

designed for water shutoff (WSO) treatments and can be produced to be fully self-repulsive. 

Polymer adsorb in to rock pore surface by forming soft monolayer’s with a thickness equal to 

their size. Their size can be adjusted as desired during the manufacturing process (Chauveteau et 

al, 2004). 

3.6.1 Properties of water soluble polymer 

 

In the oil field use, the most important property of a DPR polymer solution is usually its 

viscosity. Polymer solutions normally exhibit non Newtonian pseudo plastic behavior. In this 

kind of fluid viscosity decreases with increasing shear rate. The choice of best polymer for a 

given application depends on both performance and economic condition. Polymer solution 

properties that affect performance include solution viscosity in the solvent to be used (sensi tivity 

of metal ions of various salts present in the mixing water), the influence of shear rate on 

viscosity, temperature, stability, the effect of solution pH and the tendency of the polymer to 

adsorb on the formation (Chatterji & Borchardt, 1981). Compatibility of the polymers with other 

solution additives and bacterial degradation are also important to select proper water soluble 

polymer. 
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3.6.2 Mechanism of the Disproportionate Permeability Reduction 

 

Scientific research continues to investigate the mechanism of Disproportionate Permeability 

Reducer (DPR) that influence water to flow. Several mechanisms have been proposed to explain 

this effect. Among those mechanisms, polymer adsorption and lubrication effects are being 

thought as the main reason for disproportionate permeability reduction. 

Klein and Kulicke (1980) performed the adsorption studies with quartz sand, suspended in 

polymer-brine solution. The adsorption of polymer on quartz sand occurred due to high affinity 

nature. No adsorption occurs while it reaches to the saturation level. Different series of 

experiments revealed that polymer retention increases with increasing polymer concentration and 

salinity. In the experiment, differential refractometer was used to estimate the polymer amount in 

the adsorption layer. Seright et al (2001) and his teams also characterized DPRs using 

synchrotron x-ray computed microtomography to understand its mechanism and found that 

distribution of water and oil saturations were substantially different before, during and after the 

polymer placement. In water wet core, polymer caused permeability reduction by trapping 

substantial volume of oil that remained immobile during water flooding. Then water was forced 

to flow through smaller pores and polymer gel.  

 Al-Sharji (2001) and his research team studied the effect of cationic polyacrylamide polymer 

(CPAM) injection on a single and two phase flow system (oil-wet and water-wet system) to 

understand the mechanism of DPRs. In the water wet model, they observed though a microscope 

(Figure 3.8) that some polymer layers built up on the crevices (along grain-grain contact) and 

blocking some pore throats. Comparing the visual observation with changes in the flow and 

pressure characteristics, their findings were validated. These changes were believed to be as a 
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result of polymer retention in water wet model. The mechanism behind the buildup of polymer 

on the pore surface was referred to as adsorption-entanglement. Adsorption is the dynamic 

growth of polymers adhering on the pore surface, thus forming a network which are completely 

replenished from the flowing polymer solution. This phenomenon is said to occur at the grain-

grain contact and along the walls of the cores. The research team also observed that adsorption 

entanglement layers preferentially build up along the lower flow velocity regions of the model 

thus restricting the flow of water (Shariji, Grattoni, Dawe, & Zimmerman, 2001). Oil flow does 

not affected by the polymers because oil resides in larger pore center. Therefore results from the 

water wet model demonstrated that dynamically formed polymer layer was found to be decrease 

the effective permeability of water without affecting oil flow. 

 

 

Figure 3.8 Polymer layers accumulated in the crevices close to the grain grain contacts (Shariji, 

Grattoni, Dawe, & Zimmerman, 2001) 
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3.7 Xanthan gum 

 

Water soluble polymers are vastly used in oil and gas wells. Xanthan gum is most commonly 

used polymers in enhanced oil recovery (Nashawi, 1991). Xanthan gum polymer is produced 

commercially in a fermentation process. The presently accepted structure of xanthan gum 

polymer is shown in figure 3.9 indicates that xanthan gum is highly branched compared to other 

polymers such as hydroxyethyl cellose and guar gum. The polymer repeat unit contains five D-

glucose rings as the polymer backbone and two side chains composed of a total of six-six 

membered rings (Chatterji & Borchardt, 1981). Therefore, molecular structure of the xanthan 

gum gives a degree of rigidity to the polymer molecule which provides excellent resistance to 

mechanical breakage. 

 

Figure 3.9 Structure of xanthan gum (Chatterji & Borchardt, 1981) 

 



37 
 

3.7.1 Properties of xanthan gum 

 

Xanthan is a free flowing powder soluble in both hot and cold water and gives viscous solution 

at low concentrations. Dissolving xanthan gum in a solution is a slow process that occurs in two 

stages. In the first stage, a gel is formed when the solvent molecules start to dissolve and to 

connect with the polymer chains. The second stage is strongly affected and depends on the kind 

of the mixing. A good dispersion is essential for screen factor data in the laboratory and 

important to avoid small pore plugging during field application (Nashawi, 1991). Different DPR 

polymers exhibit different properties during the mixing process. These variations are influenced 

by several factors such as shear rate, temperature and salt concentration. Various kind of salt 

presence in the reservoir, are given a special concern while the polymer flooding project is 

designed. 

 

Figure 3.10 Viscosity vs. time at 80  (Chatterji & Borchardt, 1981) 
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The viscosifying properties of xanthan gum and its rheological behavior are thought to be due to 

association of polymer chains in solution. Aqueous solution of xanthan gum polymer is highly 

pseudo plastic. In high shear condition such as pumping, xanthan gum solution have very little 

apparent viscosity. After release of shear, polymer viscosity recovery occurs quickly. Figure 3.11 

shows the effect of polymer concentration on xanthan gum solution viscosity. Higher polymer 

solution are more salt tolerant. At higher or lower pH values, the xanthan gum polymer appears 

to exist in a highly ordered conformation in which the acetal linkages are protected from 

chemical attack.  The xanthan gum polymer concentration of 1000 ppm range, normally used for 

enhanced oil recovery application (Chatterji & Borchardt, 1981).  

 

 

Figure 3.11 Effect of polysaccharide concentration on solution viscosity in fresh water (Chatterji 

& Borchardt, 1981) 
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4 CHAPTER 4: METHODOLOGY 

4.1 Synthetic core making procedure 

A core sample is a cylindrical section of a naturally occurring substance. Most core samples are 

obtained by drilling into the substance such as sediment of rock. Coring and laboratory core 

analysis provide important information for technical and economical estimation of oil recovery 

potential. The information is dependent on the kind of the analysis and condition of core material 

used in the laboratory (Hjelmeland, Tjetland, Ardo, Bolle, Scheie, & Venturini, 1998). Wallace 

sandstone core samples are normally used in different experiments at the Dalhousie Petroleum 

laboratory. One of major limitations of Wallace sandstone is low porosity and permeability. As a 

result, synthetic unconsolidated sandstone core plug are used in the experiment. 

4.1.1 Sand 

Sand is a naturally occurring granular material composed of finely divided rock and mineral 

particles. The term sand is applied to loose granular materials falling within a specified particle 

size range. Natural sand is eroded from mountain rock and it deposited in earth. The composition 

of sand is highly variable depends on the local rock sources and conditions. The host rock 

determines the exact mineral composition. The conventional use of sand without qualification 

implies granular materials composed of natural mineral particles among which quartz (SiO2) is 

abundant (Mclaws, 1971).  
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4.1.1.1 Sand size 

Sand is defined by its size. Particle size or grain size refers to the diameter of a grain of granular 

material. The particle size distribution of sand sample is conventionally determined by removing 

the clay size material and then passing the sand fraction through a series of sieves of 

predetermined mesh sizes. The amount of material retained on each sieve and the bottom pan is 

collected. The procedure known as mechanical analysis and procedure set out by American 

society of testing material (ASTM) (Mclaws, 1971). 

4.1.2  Cement 

 

Cement is a material that binds together solid bodies by hardening from a plastic state. Cement 

can be characterized either hydraulic or non-hydraulic. Hydraulic cement such as Portland 

cement solidify due to hydration and a chemical reaction between the anhydrous cement powder 

and water. 

4.1.2.1 Portland cement 

 

Portland cement is the most common type of cement used around the world. Portland cement 

clinker is produced by burning a mix of calcium carbonate (limestone or chalk) and an 

aluminosilicate (clay or shale) and then grinding the product with approximately 5% gypsum to 

produce cement (Bye, 1999). In Portland cement, the major components are tri and di calcium 

silicate. A paste of Portland cement increases strength mainly by the hydration of the di and tri 

calcium silicate it contains. The chemical reactions of these compounds with water are far more 

complex than the gypsum plaster (Bye, 1999).  
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4.1.3 Materials 

 

The materials used for making the synthetic sandstone core plug were natural sand, Portland 

cement and water. 

4.1.4 Equipment 

 

Sand dryer, set of sieves, auto vibrating sieve machine, plastic cylindrical core mould, plastic 

rammer, laboratory weighing scale, vacuum oven.  

 

 

Figure 4.1 Cylindrical core mould 
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4.1.5 Synthetic sandstone making 

 

 In the first stage, wet sand was placed in a dryer. Heated dry air was used for surface 

moisture evaporation. Dryer temperature was maintained at 80  for 24 hours. The sand 

was properly dried because it did not lose any weight. 

 After drying, sand grains were separated through a series of sieves of the following sizes: 

8mm, 4mm, 2.80mm, 2.36mm, 2.00mm, 1.70mm, 1.40mm, 1.00mm, 710 m, 500 m, 

250µm, 125µm. The sand grain separation was done by an auto vibrating sieve machine. 

After sieving, the materials retained in each sieve were weighted and kept in separate 

plastic bags. 

 The compositions of each core sample (Sand 74.0%, Cement 14.8% and Water 11.1%) in 

weighted amount were used in the experiment. Then sand sizes of 710 m, 500 m, and 

250µm were mixed with Portland cement and water in composition amounts. The slurry 

was then poured into a plastic cylindrical mould and stress was applied uni-axially into 

sand mixture (Thompson & Evans, 1999). Due to plastic mold high stress could not be 

applied into mixture. Then cylindrical mould was kept at rest for 1 day to increase the 

compressive strength of mixture.   

 The next day, plastic core mould was fully poured into distilled water beaker set for 50 

minutes. The core was then taken from water beaker and sent to heating oven and 

maintained 70                            After drying, the synthetic sand core was 

then removed by unscrewing the plastic mould.  

  Similar procedure were followed to make six synthetic sandstone (Figure 4.2) core 

plugs. 



43 
 

              
 

Figure 4.2 Synthetic sandstone core samples 

 

Assumptions: 

 All synthetic sand cores used for the experiments were made from one chunk of concrete 

sand therefore their petro physical properties are approximately the same 

 All experiment were done at experimental room temperature (Between 18  to 20  

temperature) 

4.1.6 Error and Accuracy of Equipment  

 

Measured property Apparatus Accuracy 

Length, diameter             Slide calipers  0.01 

           Weight or mass  Weighing scale       

            Specific gravity              Hydrometer        
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4.2 Petro physical measurement of core  

 

4.2.1  Pore volume and Porosity measurement  

 

Pore Volume is the volume occupied by the reservoir fluid. To calculate the core pore volume, 

the cores were first weighed dry. The cores were then saturated with distilled water in a Vacuum 

Oven of Model 281A. The cores were left in the oven for 24hrs for complete saturation. After 

taking the sand cores from the oven, the wet weight was determined. The pore volume of the 

cores then determined by following equation  

                                                            
     

 
                                                               (4.1) 

  ,        are weight of dry core, weight of wet core and density of water between respectively. 

Porosity can be calculated from the following equation:  

   
  

  
                                                                  (4.2) 

Where,  

   Porosity [fraction] 

    Pore volume [cm
3
] 

    Bulk volume [cm
3
] 
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4.2.2  Bulk volume determination 

 

The cores were cylindrical in shape, so the bulk volume of the core was estimated directly 

measuring the core diameter and length. Therefore bulk volume of the cores is estimated from 

the following equation 

                                                                  
   

 
                                                     (4.3) 

Where, 

L = Core length 

D = Core diameter 

A = Core area 

 

4.2.3 Absolute permeability measurement  

 

Permeability is an important property of the porous medium that measures the capacity and 

ability of the formation to transmit fluid. The permeability is influenced by the rock grain size, 

shape, size distribution, grain arrangement and extent of compaction. The permeability at 100% 

saturation of a single phase is called absolute permeability (Ahmed, 2006). 

Due to the constraint of standard size core, Bench Top Permeameter was not used to measure the 

core’s absolute permeability. A conventional cross plot of porosity verses Permeability displays 

both a strong exponential and power law fit. The power law equation was chosen because it  

shows more realistic permeability, approaching zero as porosity lowers (Holtz, 2002). Absolute 

permeability was calculated from the following equation: 

 

                                                                                                                                  (4.4) 
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Table 4-1 Petro physical data of core samples used in the experiment 

 

Cores Length 

(cm) 

Diameter 

(cm) 

Bulk 

volume 

(cm
3
) 

Dry 

weight 

(gm) 

Wet 

weight 

(gm) 

Pore 

volume 

(cm
3
) 

Porosit

y 

(%) 

Absolute 

Permeabi

lity 

(mD) 

W11 2.83 2.53 14.21 24.8 28.8 4.0 28.14 352 

W33 3.7 2.52 18.44 32.3 37.1 4.8 26.03 167 

W44 4.80 2.52 23.92 42.1 48.5 6.4 26.75 215 

W66 5.35 2.5 26.24 47.5 54.5 7.0 26.67 208 

W77 4.95 2.52 24.67 43.6 50.5 6.9 27.96 329 

W88 4.44 2.52 22.13 37.6 44.0 6.4 28.92 461 

 

4.3 Experimental preparation and setup 

4.3.1 Brine composition and preparation 

 

The sand core cannot be saturated in fresh water because this could result in dissolution of its 

clay content. In order To be realistic in the brine composition, a reference reservoir basin was 

selected. The synthetic brine used simulates the formation water composition from offshore 

Brazil. The salinity of the brine was calculated according to the equivalent NaCl determination 

from ionic concentrations by Desai & Moore (1969). Based on the salinity of 80,358 ppm as 

documented by Bezerra et al. (2004), the equivalent NaCl concentration was calculated to be 

78.7 g/L NaCl. The brine was prepared by dissolving 78.7 g of NaCl in a 1000 ml measuring 

beaker with distilled water. The solute was dissolved in the de ionized water with the help of 

magnetic stirrer. The brine viscosity was measured using an Ubbelohde type U – tube viscometer 

.This equipment measured the effluent time, i.e. time taken for the brine to fall between two 
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mark points in the viscometer tube due to the force of gravity. The product of the effluent time 

with a viscometer constant of 0.1024 mm
2
/s

2 
gives the kinematic viscosity. The dynamic 

viscosity was obtained by multiplying the kinematic viscosity with the density of the brine. The 

density was measured using a hydrometer which is calibrated cylindrical tube. In order to obtain 

the density, the hydrometer is gently lowered the brine and tube floats due to buoyancy force. 

The level at which the brine surface torches the hydrometer gives the density reading of the 

brine. 

Table 4-2 Brine petro - physical properties 

SALINITY (g/l) DENSITY (g/cc) VISCOSITY(cp) 

78.7   1.052 1.18 

 

4.3.2 Xanthangum polymer preparation  

 

 

The DPR polymer used in this experiment were xanthan gum that supplied by Bebbington 

industries, Canada. The xanthan gum polymer was powdered in nature. In this experiment 700 

ppm (0.7 gm) of xanthan gum polymer was measured and poured gradually into 1 litre of brine. 

While it was poured gradually into the beaker containing brine, the solution was stirred. The 

Hamilton beach blender was then used for proper mixing to achieve good dispersion of the 

polymer. The polymer solution was allowed to mix for 12 minutes in blender and then filtered 

using a filter paper of 5-10 µm. The polymer solution was filtered due to prevent core pore 

plugging all through the experiment. After making the polymer solution then it was pour into 

bottom flask and seal to prevent evaporations and concentration alteration. The density and 



48 
 

viscosity of xanthan gum polymer were determined in the same manner as brine. Figure 4.3 is a 

picture showing the filtration system. 

 

Table 4-3 Xanthan gum Polymer Properties 

DENSITY (g/cc) VISCOSITY (cp) 

1.054 4.13 

 

 

 

             

              Figure 4.3 Filtration of xanthan gum-brine solution using a vacuum filter 
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4.3.3 Saturating core with brine 

 

Among total six sandstone core plugs, three cores (W11, W33 and W44) were saturated with 

synthetic brine using a vacuum oven of model 281A. The cores were placed in the vacuum for 24 

hours to ensure 100% saturation. During the saturation a gauge pressure (-27) in Hg was 

maintained in the vacuum oven.  

4.3.4 Saturating core with xanthan gum and synthetic brine solution 

 

After completing the brine capillary pressure measurement, the three other cores (W66, W77 and 

W88) were saturated with xanthan gum and synthetic brine solution. Similarly the cores were 

placed in the vacuum oven for 24 hours to ensure 100 % saturation with polymer and brine.  

4.3.5 Gravimetric capillary pressure system (TGC-764)  

 

The primary use of capillary pressure data is to relate permeability and porosity in a reservoir to 

water saturation at different heights above the water-oil contact. Capillary pressure data is also 

use to calculate saturation, drainage capillary pressure and relative permeability characteristics. 

 

The Gravimetric capillary pressure system has two components. They are the gas pressure 

control panel and humidifier unit. Normally de-saturated gas has a tendency to evaporate water 

vapour from the porous medium to attain saturation. So there is a high possibility to alter the 

saturation of core. As a result, a humidifier unit is provided to ensure that the de-saturation is 

wholly a function of the capillary pressure and not a function of evaporation. In gravimetric 

capillary pressure system de saturated gas (air or nitrogen) are entered in humidifier unit before it 
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finally goes to the core holder. The pressure control module is used to regulate the injected air 

pressure. 

There are some other units of the capillary pressure system are core holder, ceramic plate and a 

spacer. The ceramic plate is one of the main components of capillary pressure system. The 

selection of ceramic plate is depends on the permeability of the core. There are three types of 

ceramic plates that come with the TGC-764 gravimetric capillary pressure system. They are 1 

bar, 3 bar and 15 bar ceramic plate. The bar rating refers to the threshold pressure of the ceramic 

plate. The 1 bar ceramic plates is used for the high permeability samples above 500 milidarcies 

(mD). The 3 bar ceramic plate is also used for good permeability samples between 50 and 500 

milidarcies (mD). The maximum pressure that can be safely placed on 3 bar ceramic plate is 30 

psi in air/water system. The 15 bar ceramic plate is utilized for less permeable samples and 

maximum pressure that can be applied is 200 psi in air/water system. 

Saturation can be defined as the ratio of the total fraction volume of a particular fluid to its pore 

volume. The initial saturation of the core sample should be measured before the start using the 

capillary pressure system. The initial saturation is calculated from the following equation: 

                 
 
     

ρ 
 

  
                                                            (4.5) 

Once the saturation of the core has been determined 100% or (between 98% -102%) range then 

the experiment can begin. The ceramic plate is first saturated with the same liquid that 

experimental core saturated. After that, core is ready to be loaded into the core holder. The top of 

the core holder is closed and tightened properly to prevent air leakage. The compressed air (main 

source) is set 80 psi and de-saturated pressure is initiated in Gravimetric capillary pressure 

system. Normally minimum six pressures are needed to determine capillary pressure verses 

saturation curve. Any suite of pressure can be utilized depending on the permeability of the core 
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sample. Volumetric pipette is used to monitor volume being displaced from the core sample. 

With this, the saturation of the core sample is calculated and recorded against the corresponding 

pressure. The pressure is increased and procedure is repeated for each incremental pressure. 

Figure 4.4 shows the schematic of the gravimetric capillary pressure unit (TGC-764). 

 

 

                    Figure 4.4 Schematic of the gravimetric capillary pressure unit 
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4.4 Capillary pressure measurement 

The capillary pressure measurement (Figure 4.5) was carried out in two segments. In first stages, 

capillary pressure and saturation measurement on core saturated with only synthetic brine. In 

second stages; same procedure was followed for the core saturated with xanthan gum and brine 

solution. During the experiment, synthetic sand core plugs were 100% saturated and 2 ply 

tissues; l mm layer of diatomaceous earth was placed underneath the core. Then, the sand core 

was placed gently into the core holder. After that, low pressure compressed air was introduced 

into the core holder. 

The capillary pressure-saturation data was used to calculate effective water saturation, threshold 

pressure, pore size distribution index and the relative permeability of air and water. The Brooks- 

Corey equation will be used to calculating these parameters. 

 

Figure 4.5 Gravimetric capillary pressure systems (TGC-764) 
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5                    CHAPTER 5: RESULTS AND DISCUSSIONS 

5.1 Capillary pressure measurement of cores saturated with synthetic brine only 

The cores (W44 and W11) were saturated with synthetic brine in a vacuum oven for 24hours. 

The saturation of the core W11 was confirmed .The following are the measurement details:  

Dry weight of core,                                        Wet weight of Core,            

Pore volume,    
         

     
                               Saturation, Sw = 

    

    
           

 

With the 100% saturation of the core W11 confirmed, the core was placed in the core holder. 

After the cap was properly sealed, compressed air was injected into the core. The displaced brine 

was collected in a graduated cylinder. From this, the saturation at each incremental pressure was 

calculated and recorded. Brooks-Corey equation was used to calculate effective saturation. With 

this a log-log plot of capillary pressure and effective water saturation was made. After that, pore 

size distribution index and displacement pressure were calculated.  

 

Figure 5.1 Drainage capillary pressure curve (W11) 
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Figure 5.2 Log-Log plot of capillary pressure against effective saturation (experimental Data) 

  

The pore size distribution Index and displacement can be estimated from the graph shown in 

figure 5.2:  

Taking the logarithm of both sides of the equation 3.25, we have  

             
 

 
                                                                                                  (5.1) 

The graph log Pc verses log Se will have a slope =  
 

λ
 , therefore λ  

 

      
 =1.49 

            , therefore the displacement pressure is Pd =1.40 psi 
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The relative permeability of the wetting phase and the non-wetting phase (water and air) can be 

calculated using the Brooks - Corey equation stated in equation 3.27 and 3.28. With this 

equation, a graph (Figure 5.3) of water and air relative permeability was obtained. 

Table 5-1 Relative permeability data gotten from Brook Corey’s equation (W11) 

Pc (psi) Sw (%) Se Krw Krg 

2 0.77 0.65 0.157276 0.08 

4 0.67 0.50 0.048843 0.20 

8 0.50 0.23 0.001661 0.58 

12 0.42 0.11 7.82E-05 0.78 

16 0.37 0.04 5.46E-07 0.93 

25 0.35 0.00 0 1.00 

 

 

Figure 5.3  Relative permeability of air and water (W11) 
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In the similar procedure, Capillary pressure and saturation measurement for core W44 saturated 

with synthetic brine. 

 

Figure 5.4 Drainage capillary pressure curve (W44) 

 

The next step was the determination of the pore size distribution index. Figure 5.5 shows log-log 

plot of capillary pressure versus effective saturation. 

 

 

  Figure 5.5 Log-Log plot of capillary pressure against effective saturation (experimental Data) 
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 In the figure 5.5 slope is -0.427, therefore pore size distribution index, λ = 1/0.427 = 2.34 and 

displacement pressure Pd =1.66 psi         

Table 5-2 Relative permeability data gotten from Brooks- Corey equation (W44) 

Pc (psi) Sw (%) Se Krw Krg 

3 0.75 0.59 0.131154 0.104765 

5 0.66 0.44 0.042393 0.244931 

8 0.52 0.21 0.002458 0.589318 

12 0.43 0.07 3.58E-05 0.858585 

16 0.4 0.02 2.88E-07 0.959709 

25 0.39 0 0 1 

 

   

Figure 5.6  Relative permeability of air and water (W44)                                                 
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5.2 Capillary pressure measurement of cores saturated with brine and xanthan 

gum solution 

Capillary Pressure measurement was carried out on the core (W66, W77 & W88) after it has 

been saturated for 24 hours with brine and xanthangum polymer solution. 

     

Figure 5.7  Drainage capillary pressure curve (W77)    

         

Figure 5.8 Log-Log plot of capillary pressure against effective saturation (experimental data) 
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Applying equation 5.1, a pore size distribution index of 3.29 and a displacement pressure of 

2.11psi was obtained from the Figure 5.8.  

Table 5-3 Relative permeability data gotten from Brooks-Corey equation (W77) 

Pc(psi) Sw(%) Se Krw Krg 

3 0.93 0.8 0.447841 0.01201 

5 0.87 0.63 0.189507 0.071535 

8 0.74 0.26 0.007833 0.484152 

12 0.69 0.11 0.000354 0.768926 

16 0.66 0.03 3.29E-06 0.937457 

25 0.65 0 0 1 

  

 

Figure 5.9 Relative permeability of air and water (W77)                                    
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In the similar procedure, capillary pressure and saturation measurement of core W88 saturated 

with brine and xanthangum polymer solution 

           

Figure 5.10  Drainage capillary pressure Curve (W88) 

 

          

Figure 5.11 Log-Log plot of capillary pressure against effective saturation (experimental data)      
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From the Figure 5.11, got pore size distribution index, =3.01 and displacement pressure =2.06 

psi                           

Table 5-4 Relative permeability data gotten from Brooks-Corey equation (W88) 

Pc (psi) Sw (%) Se Krw Krg 

3 0.94 0.8 0.441885 0.01 

5 0.89 0.63 0.184326 0.07 

8 0.78 0.26 0.007224 0.49 

12 0.73 0.1 0.000219 0.79 

16 0.71 0.03 2.67E-06 0.94 

25 0.70 0 0 1.00 

 

 

Figure 5.12  Relative permeability of air and water (W88) 
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5.3 Comparison before and after xanthangum polymer treatment 

 

Figure 5.13 Combined drainage capillary pressure curves 

       

Figure 5.14 Relative permeability of air before and after xanthangum treatment 
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Figure 5.15 Relative permeability of water before and after xanthangum treatment 

 

 

5.4 General discussion 
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data for capillary pressure and saturation, the effect of xanthangum polymer has been 
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the polymer treatment. With the help of Brooks- Corey model, the relative permeability graph 
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In the first stage, the results obtained from the two drainage experiments with brine shows that 

irreducible water saturation of 0.35 (Figure 5.1) and 0.39 (Figure 5.4) was remained on the W11 

and W44 core sample which was tested at maximum capillary pressure of 25 psi. Anderson 

(1987) stated that in water wet system when the externally applied capillary pressure is 

sufficiently high, all of the wetting phase remaining in the core will be disconnected and 

capillary pressure curve almost vertical. The saturation where hydraulic continuity of wetting 

phase is lost is the irreducible wetting phase saturation. 

In the second stage, two drainage experiments with xanthangum-brine illustrated irreducible 

water saturation were 0.65 (Figure 5.7) and 0.70 (Figure 5.10) on W77 and W88 core samples at 

maximum capillary pressure 25 psi. Comparing with brine graphs, a significant amount of 

irreducible water saturation increases in xanthangum-brine core samples due to the polymer 

retention. Klein & Kulicke (1980) conducted a polymer-solid interaction experiment and 

observed polymer deposition in a porous matrix by using Scanning Electronic Microscopy 

(SEM). They stated, polymer retained in the sand matrix due to adsorption and other 

mechanisms. 

The relative permeability curves for sample W11 (Figure 5.3) and W44 (Figure 5.6) shows that, 

the cross over point at which relative permeability of the core sample to both fluid phases are 

equal, occurs at approximately 74% and 73% water saturation respectively. The cross over point 

indicates after which the flow of the non-wetting phase (air) is more preferred than that of the 

wetting phase (water). 

After using the xanthan gum polymer, the relative permeability curve for the sample W77 

(Figure 5.9) and W88 (Figure 5.12) shows that, cross over point occurring at approximately 84% 
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and 86% of the water saturation. The changes of cross over point occurred in brine-xanthangum 

graph due to the xanthangum interaction with the rock surface which changed cores wettability. 

According to Sanni Olatunde (2013), who performed an experiment to study the effect of 

xanthangum-brine on spontaneous imbibition into Wallace sandstone and concluded that 

polymer enhanced the production of oil by changing the wettability of the core to be more water 

wet. This change was observed from the Amott-Harvey wettability index measurement. The 

xanthangum polymer adsorbs onto pore walls. The layers formed hinders the flow of water as 

water will be forced to flow through the thin film layers thus reducing water permeability. 

Therefore, more water will be retained in the smaller pores.  

An increase in pore size distribution index was observed for the cores saturated with brine and 

xanthangum polymer. After using xanthangum polymer pore size distribution for W77 and W88 

core sample were 3.29 and 3.01 respectively. The combined drainage capillary pressure curves 

(Figure 5.13) illustrate that after xanthangum treatment, capillary pressure curves move to right 

and upward due to decreasing water permeability. Crain (2006) stated that the pore size 

distribution index increases with decreasing permeability, poor grain sorting, and smaller grain 

size and usually with lower porosity. This kind of effect causes a shift in the capillary pressure 

curve upward, to the right and results in higher irreducible water saturation.  

In water wet systems, polymer had no harmful effect on non wetting phase relative permeability. 

Non wetting phase relative permeability (Figure 5.14) increased in a favorable amount. 

According to Ahmed (2006) non-wetting phase occupies the central or large pore openings 

which contribute materially to fluid flow through the reservoir and small non-wetting phase 

saturation can drastically reduce the wetting phase permeability. Sandiford (1964), in his 
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laboratory and field studies found that polymer solution lead to an increase in oil recovery by 

improving sweep efficiency and oil microscope displacement efficiency .  

Most of the existing experimental work on DPR polymer compares the flow behaviour of the 

water (solvent) before and after adsorption of polymer. In experimental core plug (W77 & W88), 

xanthangum polymers were placed into different layers around the wells and reduce water 

permeability. Shariji et al (2001) stated polymer retention in a fully saturated core generally 

decreases the permeability of water and that reduction occurs at pore level. The adsorption 

entanglement layers also depend on the physical and chemical nature of solid surface. The DPR 

effect in the water wet case is due to the spatial distribution of the retained polymer and water. 

The polymer is permanently retained in crevices between grains, reducing the effective area for 

the water to flow. In this experiment, the xanthangum effect was found significant under water 

wet conditions. The Figure 5.15 shows that the presence of polymers had consistent effect 

lowering water relative permeability over the entire saturation range. Chauveteau et al (2004) 

stated that attractive interaction between microgels and pore surface of the rocks determine the 

effective adsorption under reservoir condition and thus their capability of reducing water 

permeability. Therefore, strong adsorption energy is an important factor for field applications. 
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5.5 Limitations 

 In the Gravimetric capillary pressure system 3 bar ceramic plate was used. As a result, 

maximum pressure that can be applied into the core sample was 25 psi. 

 Insufficient time available to allow liquid displacement to get an equilibrium point. 

 High stress could not be applied to make synthetic core because there would be a 

possibility of cracking in plastic mould. 

  The entire core was not uniform thus variable size of synthetic core samples were used. 

 Lack of standard size cores, empirical relation was used to measure the absolute 

permeability of core samples. 
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6 CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Conclusions 

This study set out to petro-physically characterize the effects of this xanthan gum polymer by 

measuring the drainage capillary pressure and saturation. The following are the major 

observations from the study: 

 The relative permeability of water and air obtained from the capillary pressure data 

shows similar shape and pattern with those obtained by other research work.  

 The displacement pressure and pore size distribution index of sandstone core plugs were 

obtained. This agrees with the expected range of pore size distribution index obtained by 

different researchers for other formations.  

 In water wet system, xanthan gum polymer had no harmful effects in non wetting phase 

relative permeability. 

 In water wet system, xanthan gum polymer reduced water relative permeability over the 

entire measured saturation range. 

 The result also gives evidence that disproportionate permeability reducers interacts with 

the rock formation and thus modify wettability. 
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6.2 Recommendations 

Based on the findings of this study, the following recommendations for future research are: 

 In making synthetic sand cores, high stress should be applied into the cores up to 30 

MPa (i.e. reservoir pressure level). 

 Mild steel mold can be used. 

 During the experiment, same dimension and standard size core samples should be 

considered. 

 It is also recommended that conduct an x-ray of the core plugs in only brine and 

brine-polymer to have a better understanding of the DPR mechanism and pore size 

distribution. 
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APPENDIX 

APPENDIX A 

CAPILLARY PRESSURE DATA FOR W11& W44 SATURATED WITH ONLY 

SYNTHETIC BRINE 

Core Sample W11 

Pore volume = 3.99 ml 

Capillary pressure and Brine saturation data (W11) 

Capillary 

pressure 

(psi) 

Initial 

brine 

volume in 

burette 

(ml) 

Final brine 

volume in 

burette (ml) 

Volume of brine 

displaced (ml) 

Volume of brine 

remaining in 

core (ml) 

Brine 

saturation 

(%) 

2 1 1.9 0.9 3.09 0.77 
4 1 2.3 1.3 2.69 0.67 
8 1 3 2 1.99 0.50 

12 1 3.3 2.3 1.69 0.42 

16 1 3.5 2.5 1.49 0.37 
25 1 3.6 2.6 1.39 0.35 

 

Log of Capillary pressure and Effective saturation (W11) 

Pc(psi) Sw (%) Se Log Se Log Pc 

2 0.77 0.65 -0.19 0.30 

4 0.67 0.50 -0.30 0.60 

8 0.50 0.23 -0.64 0.90 

12 0.42 0.11 -0.95 1.08 

16 0.37 0.04 -1.44 1.20 

25 0.35 0.00  1.40 
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Core Sample W44 

Pore volume = 6.46 ml 

Capillary pressure and Brine saturation data (W44) 

Capillary 

Pressure (psi) 

Initial brine 

volume in 

burette (ml) 

Final brine 

volume in 

burette (ml) 

Volume of brine  

displaced (ml) 

Volume of 

brine 

remaining  

in core 

(ml) 

Brine 

saturation (%) 

3 1 2.6 1.6 4.86 0.75 

5 1 3.2 2.2 4.26 0.66 

8 1 4.1 3.1 3.36 0.52 

12 1 4.7 3.7 2.76 0.43 

16 1 4.85 3.85 2.61 0.40 

25 1 4.9 3.9 2.56 0.39 

 

Log of Capillary pressure and Effective saturation (W44) 

Pc (psi) Sw(%) Se Log Se LogPc 

3 0.75 0.59 -0.23 0.48 

5 0.66 0.44 -0.35 0.70 

8 0.52 0.21 -0.67 0.90 

12 0.43 0.07 -1.18 1.08 

16 0.4 0.02 -1.79 1.20 

25 0.39 0.00  1.40 
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APPENDIX B: 

CAPILLARY PRESSURE DATA FOR W66, W77 & W88 FOR SATURATED WITH 

SYNTHETIC BRINE AND XANTHANGUM SOLUTION 

Core Sample W66 

Pore volume = 6.73 ml 

Capillary pressure and Brine saturation data (W66) 

Capillary 

Pressure 

(psi) 

Initial 

brine 

volume in 

burette 

(ml) 

Final brine  

volume in 

burette (ml) 

Volume of  brine 

displaced (ml) 

Volume of 

brine 

remaining in 

core (ml) 

Brine saturation 

(%) 

3 1 1.5 0.5 6.23 0.93 

5 1 1.9 0.9 5.83 0.87 

8 1 2.9 1.9 4.83 0.72 

12 1 3.3 2.3 4.43 0.66 

16 1 3.5 2.5 4.23 0.63 

25 1 3.6 2.6 4.13 0.61 

 

Log of Capillary pressure and Effective saturation (W66) 

Pc (psi) Sw (%) Se logSe logPc 

3 0.93 0.82 -0.09 0.48 

5 0.87 0.67 -0.18 0.70 

8 0.72 0.28 -0.55 0.90 

12 0.66 0.13 -0.89 1.08 

16 0.63 0.05 -1.29 1.20 

25 0.61 0.00  1.40 
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Core Sample W77 

Pore volume = 6.83 ml 

Capillary pressure and Brine saturation data (W77) 

Capillary 

Pressure 

(psi) 

Initial 

brine 

volume in 

burette(ml) 

Final brine 

volume in 

burette(ml) 

volume of brine 

displaced (ml) 

Volume of 

brine 

remaining in 

core (ml) 

Brine saturation 

(%) 

3 1 1.5 0.5 6.33 0.93 

5 1 1.9 0.9 5.93 0.87 

8 1 2.8 1.8 5.03 0.74 

12 1 3.1 2.1 4.73 0.69 

16 1 3.3 2.3 4.53 0.66 

25 1 3.4 2.4 4.43 0.65 

 

Log of Capillary pressure and Effective saturation (W77) 

Pc (psi) Sw (%) Se Log Se Log Pc 

3 0.93 0.8 -0.10 0.48 

5 0.87 0.63 -0.20 0.70 

8 0.74 0.26 -0.59 0.90 

12 0.69 0.11 -0.94 1.08 

16 0.66 0.03 -1.54 1.20 

25 0.65 0  1.40 
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Core Sample W88 

Pore volume = 6.26 ml 

Capillary pressure and Brine saturation data (W88) 

Capillary 

Pressure 

(psi) 

Initial 

volume in 

burette 

(ml) 

Final brine 

volume in 

burette (ml) 

Volume of brine 

displaced (ml) 

Volume of brine 

remaining in 

core (ml) 

 Brine 

saturation (%) 

3 1 1.4 0.4 5.86 0.94 

5 1 1.7 0.7 5.56 0.89 

8 1 2.4 1.4 4.86 0.78 

12 1 2.7 1.7 4.56 0.73 

16 1 2.8 1.8 4.46 0.71 

25 1 2.9 1.9 4.36 0.70 

 

Log of Capillary pressure and Effective saturation (W88) 

Pc (psi) Sw (%) Se Log Se Log Pc 

3 0.94 0.80 -0.10 0.48 

5 0.89 0.63 -0.20 0.70 

8 0.78 0.27 -0.57 0.90 

12 0.73 0.10 -1.00 1.08 

16 0.71 0.03 -1.48 1.20 

25 0.7 0.00  1.40 
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APPENDIX C: CALCULATIONS 

Error calculation for core W11 

Bulk volume = 14.21 cm
3 

Error    
    

    
 
 
  

    

    
 
 
 

 

 

 0.0053 

Error =14.21 0.0053 = 0.075 

Error (%) =0.53 

Again, 

Pore volume =4.0 cm
3 

Error =   
    

    
 
 
  

    

    
 
 
  

     

    
 
 
 

 

 

  0.0033 

Error =4.0 0.0033 =0.0133 

Error (%) =0.33 

Error Calculation for core W44 

Bulk volume = 23.92 cm
3
 

Error =   
    

    
 
 
  

    

    
 
 
 

 

 

= 0.0044 

Error = 23.92 0.0044 = 0.107 

Error (%) = 0.44 

Again, 

Pore volume = 6.4 cm
3
 

Error =   
    

    
 
 
  

    

    
 
 
  

     

    
 
 
 

 

 

 = 0.00254 

Error = 6.4   0.00254 =0.0162 

Error (%) = 0.25 



79 
 

Error calculation for core W66 

Bulk volume = 26.24 cm
3 

Error =   
    

    
 
 
  

    

   
 
 
 

 

 

 = 0.0044 

Error = 0.0044   26.24 = 0.115 

Error (%) = 0.44 

Again, 

Pore volume = 7.0 cm
3
 

Error =   
    

    
 
 
  

    

    
 
 
  

     

    
 
 
 

 

 

= 0.00243 

Error = 7.0 0.00243 = 0.017 

Error (%) = 0.24 

Error calculation for core W77 

Bulk volume = 24.67 cm
3
 

Error =   
    

    
 
 
  

    

    
 
 
 

 

 

= 0.0044 

Error = 24.67  0.0044 = 0.109 

Error (%) = 0.44 

Again, 

Pore volume = 6.9 cm
3 

Error =   
    

    
 
 
  

    

    
 
 
  

     

    
 
 
 

 

 

= 0.0025 

Error = 6.9  0.0025 =0.0173 

Error (%) = 0.25 
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Error calculation for core W88 

Bulk volume =22.13 cm
3
 

Error =   
    

    
 
 
  

    

    
 
 
 

 

 

 = 0.0045 

Error = 22.13   0.0045 = 0.099 

Error (%) = 0.45 

Again, 

Pore volume = 6.4 cm
3
 

Error =   
    

    
 
 
  

    

    
 
 
  

     

     
 
 
 

 

 

= 0.0026 

Error (%) = 6.4   0.0026 = 0.0166 

Error (%) = 0.26  
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