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ABSTRACT 

The world continues to rely heavily on hydrocarbon resources for energy. While the demand for 

these resources is steadily rising, the discovery of new reserves is becoming more challenging. 

Therefore new ways of enhancing recovery from matured and producing reservoirs must be 

found in order to recover more oil from these reservoirs. Recently, there has been greater interest 

in enhanced oil recovery techniques that can improve overall recovery by increasing both the 

displacement efficiency and the sweep efficiency. 

This study seeks to investigate, at laboratory conditions, the improvement in ultimate oil 

recovery when immiscible water alternating gas (WAG) injection is use as an enhanced recovery 

method.  Synthetic brine simulating formation water from offshore Brazil was prepared and three 

WAG injection tests each preceded by either water or gas injection were carried out on three 

Wallace sandstone core plugs in the laboratory. The test runs were performed using the Benchtop 

Relative Permeameter. The results from the experiment shows that using WAG injection after 

secondary water or gas injection leads to additional recovery of up to 21% of original oil in place 

(OOIP). 
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NOMENCLATURE 

EOR                Enhanced oil recovery 

WAG              Water alternating gas  

CWG              Combined water and gas 

OOIP              Original oil in place 

    ,               Mobility of oil and water respectively [D/cP] 

k,    ,    ,      Absolute permeability, effective permeability to oil and water respectively [D] 

                  Relative permeability to oil and water respectively [-] 

    ,    ,         Viscosity of oil and water respectively [cP] 

M                   Mobility ratio [-] 

k                     Permeability [D] 

E,                  Recovery and displacement efficiency respectively, [%] 

      ,           Volumetric, areal and vertical sweep efficiency respectively [%] 

    ,               Initial and residual oil saturation respectively [fraction] 

                      Oil formation volume factor [bbl/STB] 

h                     height of displacement zone or oil in separator [cm] 

ϕ                     Porosity [-] 



 

xi 
 

                     Bulk volume of reservoir rock [cm
3
] 

                    Grain volume [cm
3
] 

gvR /               Viscous gravity ratio [-] 

                    Darcy velocity [m/s] 

 Q                  Fluid flow rate [cm
3
 /s] 

A                   Cross sectional area of the rock, [cm
2
] 

∆P                 Pressure head drop across media [atm] 

  ,   ,         Saturation of oil, gas and water respectively [-] 

min                minutes 

SWAG          Simultaneous water alternating gas 

WASP           Water alternating steam process    

FAWAG       Foam assisted water alternating gas  

IWAG           Immiscible water alternating gas 

D, I               Drainage and imbibition respectively 

PV,              Pore volume [cm
3
] 

Vf                  Fluid produced (Oil recovered) [cc] 

D                   Diameter of separator tube [cm] 
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CHAPTER 1: INTRODUCTION 

Substantial quantities of oil normally remain in the reservoir after primary and secondary 

recovery. A significant portion of this residual oil can be economically recovered through Water 

–Alternating-Gas injection (Shahverdi, Sohrabi, & Fatemi, 2013). Water alternating gas injection 

(WAG) also referred to as combined water and gas injection (CGW) is an enhanced oil recovery 

(EOR) method where water and gas injection are carried out alternately in a reservoir for a 

period of time in order to provide both microscopic and macroscopic sweep efficiencies and 

reduce gas override effect (Mahli & Scrivastava, 2012). The alternate injection of gas and water 

slugs increases mobility control and stabilizes the displacement front (Stenby, Skauge, & 

Christensen, 2001). Displacement of oil by gas has better microscopic efficiency than by water 

and displacing oil by water has better macroscopic sweep efficiency than by gas. So WAG 

injection improves oil recovery by taking advantage of the increased microscopic displacement 

of gas injection with the improved macroscopic sweep efficiency of water flooding. 

Compositional exchanges between the oil and gas during WAG process can also lead to 

additional recovery (Stenby et al., 2001).  

WAG injections are mainly divided into miscible and immiscible processes and the gases used 

are divided into two types; namely hydrocarbon and non-hydrocarbon gases. The hydrocarbon 

gases are the paraffins of lower molecular weight (e.g. methane, ethane, propane, and butane) 

and the non-hydrocarbon gases are carbon dioxide and nitrogen. If the gas injection happens 

above minimum miscibility pressure (MMP), the process will be miscible WAG and injection of 

the gas below MMP is called immiscible WAG. Both miscible and immiscible WAG injections 

have been successfully applied with different gases worldwide particularly in USA, Canada, 
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Russia and North Sea. WAG injection results in improved oil recovery in the range of 5% to 

10% (OOIP) but recovery increases of up to 20% have been reported in some fields (Stenby et 

al., 2001). Despite this widely successful application of WAG injection, the actual displacement 

mechanism of oil involved in the process is still not fully understood (Righi et al., 2004). This 

has led to numerous laboratory experiments, modelling and numerical simulation on the WAG 

recovery method.  

The main factors that affect WAG injection are reservoir wettability, reservoir heterogeneity, 

reservoir rock properties, fluid properties, injection techniques and WAG parameters (WAG 

ratio, slug size, and cycles) (Righi & Pascual, 2007). The WAG process has been applied to 

reservoirs with high permeability as well as those with very low permeability (Stenby et al., 

2001). This study is carried out on very low permeable Wallace Sandstone core samples which 

are rich in silica. The study’s main focus is to investigate, under laboratory conditions, the effect 

of immiscible WAG injection method as an EOR technique on ultimate oil recovery in this type 

of low permeability sandstone reservoirs.  

 

1.1 Objective 

The objective of this project is to investigate the improvement in ultimate oil recovery by using 

combined water and gas injection. Water and gas slugs were alternately injected at laboratory 

conditions into three Wallace sandstone core plugs saturated with oil (kerosene) and synthetic 

brine. The recovery of the oil through gas injection, water injection and WAG injection was 

measured and the results plotted against time. 
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CHAPTER 2: FUNDAMENTAL CONCEPTS 

  

2.1 Darcy’s law 

Darcy’s law, which was developed by a French engineer-Henry Darcy, is the fundamental law 

used to describe the flow of fluids in a porous media. It describes the relationship between flow 

rate and pressure differential when an incompressible fluid flows through a porous medium of 

length, L, and cross sectional area, A. The flow rate depends on the area and length of the porous 

medium, viscosity of the flowing fluid and pressure drop. Darcy’s law is expressed 

mathematically as: 

L

pkA
Q



                                                                                                                                (2-1) 

Where: 

Q = Flow rate through the porous medium, [cm
3
/s]  

k = Permeability, [D] 

μ = Viscosity of the flowing fluid, [cP]  

ΔP = Change in pressure over the media, [atm]  

L = Length of the porous media, [cm]  

A = Cross-sectional area across which flow occurs, [cm
2
] 

 

It can be seen from the equation that the flow rate is directly proportional to A and ΔP and 

inversely proportional to μ and L. The k which is defined as the permeability is a proportionality 

constant which is a property of the porous medium. 

Darcy’s law applies only when certain conditions exist (Tarek, 2001). These conditions are: 

 Laminar (viscous) flow 
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 Steady-state flow 

 Incompressible fluids 

 Homogeneous formation  

Water is an incompressible fluid and gas is a compressible fluid. However gases can behave as 

liquid at high pressures and as a result become incompressible fluids. 

 

2.2 Multiphase flow in porous media 

Multiphase flow refers to the flow of more than one fluid in a porous medium at the same time. 

In multiphase flow, the pore spaces in the porous medium are shared by the different fluids 

flowing through the medium or reservoir. The flow of the fluids through porous media can be 

divided into steady state and unsteady state. In steady state flow, all macroscopic properties are 

time invariant at all points while in unsteady state, the properties changes with time. Multiphase 

flows are affected by factors such as saturation, wettability, capillary pressure, surface and 

interfacial tension, and relative permeability. Multiphase flows can either be two-phase or three-

phase flow. A common example of two-phase flow is associated with the oil recovery processes 

which may involve oil and gas, oil and water or oil and solution of surfactants or polymers. 

Three-phase flow involves the flow of gas, water and oil in the porous media.  

 

2.3 Mobility and mobility ratio 

The mobility of a fluid is the effective permeability of the fluid divided by the viscosity of the 

fluid (Tarek, 2001). This can be expressed as: 

   = 
  

  
 = 

    

  
                                                                                                                             (2-2) 

   = 
  

  
 = 

    

  
                                                                                                                           (2-3) 
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Where: 

   = mobility of oil [D/cP] 

   = mobility of water [D/cP] 

   = effective permeability to oil [D] 

   = effective permeability to water [D] 

    = relative permeability to oil [-] 

    = relative permeability to water [-] 

The mobility of the fluid (water, gas) injected during WAG affects the stability of the 

displacement front, which in turn determines the volume of the reservoir to be contacted. 

Adequate mobility control can lead to greater reservoir pore volume being contacted during 

flooding. Contacting more unswept zone of the reservoir will lead to greater recovery efficiency. 

 

The mobility ratio is the ratio of the mobility of the injecting fluid (e.g. water, gas) to the 

mobility of the fluid it is displacing, such as oil (Tarek, 2001). 

Mobility ratio = 
                           

                           
                                                                                     (2-4) 

In the case of water injection: 

M = 
   

  
 = 

   

   
 
  

  
                                                                                                                       (2-5) 

Where: 

M = mobility ratio [-] 

Favourable mobility ratio (M < 1) will optimize WAG displacement. Favourable mobility ratio 

can be obtained by reducing the relative permeability of the fluids (water, gas) or increasing the 

gas viscosity. 
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2.4 Microscopic and Macroscopic sweep efficiency 

The microscopic (displacement) efficiency and macroscopic (volumetric) sweep efficiencies are 

used to measure the success of any flooding system, be it water, gas or WAG (Speight, 2009). 

The fraction of oil that is removed from the pore spaces by the injected fluid is referred to as the 

displacement efficiency. Conversely the volumetric sweep efficiency is the volume of the 

floodable portion of the reservoir that has been contacted by the injected fluid (Tarek, 2001). 

These can be expressed mathematically as:                

oi

oroi
d

S

SS
E


                                                                                                                            (2-6) 

IAv EEE                                                                                                                                (2-7)                                                                                                                                     

Where: 

Ed = displacement efficiency [%] 

Soi = initial oil saturation, [-] 

Sor = residual oil saturation [-] 

Ev = volumetric sweep efficiency [%] 

EA = areal sweep efficiency [%] 

EI = vertical sweep efficiency [%]    

The areal sweep efficiency is the fraction of the area invaded or contacted by the injected fluid. 

The vertical sweep efficiency is the ratio of the sum of the vertical height of the reservoir 

contacted by the injected fluid to the total vertical reservoir height. The product of these two 
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(areal and vertical sweep efficiency) gives the volumetric sweep efficiency which is the fraction 

of the reservoir volume swept or contacted by the injected water. The total oil recovery 

efficiency is the product of the displacement efficiency, Ed and volumetric sweep efficiency, EV 

(Thakur & Satter, 1998). Mathematically, 

vd EEE                                                                                                                                 (2-8) 

Where:  

E = Total recovery efficiency [%] 
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CHAPTER 3: LITERATURE REVIEW: WATER ALTERNATING GAS INJECTION 

3.1 Background on primary, secondary and EOR 

Hydrocarbon is produced from the subsurface through primary, secondary and tertiary (enhanced 

recovery, EOR) methods. 

Primary recovery refers to the recovery of the oil by relying solely on the natural energy of the 

reservoir (Archer & Wall, 1986). The oil is pushed from the pore spaces into the wellbore 

through the natural reservoir pressure or gravity drive, combined with artificial lift techniques 

(such as pumps) which bring the oil to the surface. The natural driving mechanisms that provide 

the energy for recovery from the oil reservoirs are rock and fluid expansion drive, depletion 

drive, gas cap drive, water drive, gravity drainage drive and combination drive. When the natural 

energy of the reservoir is no longer sufficient to sustain the production rates, artificial means of 

injecting energy into the reservoir are introduced.  

Secondary recovery are recovery techniques used to augment the natural energy of the reservoir 

by artificially injecting fluid (gas or water) into the reservoir to force the oil to flow into the 

wellbore and to the surface (Speight, 2009). The main objective of a secondary recovery program 

is to sweep the oil towards the production wells for increased productivity. Secondary recovery 

is also used to restore and maintain reservoir pressure, which normally declines during the 

primary recovery phase. Due to its capital intensive nature, secondary recovery should only be 

employed when primary recovery is no longer economically viable to recover the oil (Latil, 

1980).  Water and gas injection are the secondary recovery methods. Water injection involves the 

injection of water into the reservoir in order to sweep the oil towards production wells or for 

pressure maintenance in reservoirs where the expansion of the fluid or gas cap is not enough to 

maintain the pressure. Gas injection is the act of injecting gas into an oil reservoir for the purpose 
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of effectively sweeping the reservoir for residual oil as well as maintenance of pressure. The 

injected gas into the oil expands and this expansion forces the oil to flow from the pores into the 

wellbore and to the surface (Zerón, 2012) 

Enhanced oil recovery also referred to as tertiary recovery is a sophisticated recovery technique 

that is applied to increase or boost the flow of fluid within the reservoir. It involves the injection 

of fluid other than just conventional water and immiscible gas into the reservoir in order to 

effectively increase oil production (Zerón, 2012). These methods go beyond primary and 

secondary recovery by reducing the viscosity of the fluid and increasing the mobility of the oil. 

Tertiary recovery is normally applied to recover more of the residual oil remaining in the 

reservoir after both primary and secondary recoveries have reached their economic limit. The 

methods includes: thermal, chemical, gas, and microbial (Speight, 2009). A flowchart of the 

three recovery methods is shown in Fig. 3.1. 

Water alternating gas injection (WAG), as shown in Fig. 3.1, is considered an enhanced recovery 

process. WAG injection involves drainage (D) and imbibition (I) taking place simultaneously or 

in cyclic alternation in the reservoir (Nezhad et al., 2006). It was initially proposed as a method 

to improve macroscopic sweep efficiency during gas injection. WAG injection is now applied 

widely to improve oil recovery from matured fields by re-injecting produced gas into water 

injection wells. Due to their low viscosities, gases have high mobility which results in poor 

macroscopic sweep efficiency (Hustad & Holt, 1992). The injection of water after gas helps to 

control the mobility of the gas and stabilizes the displacement front. WAG recovery techniques 

combine the benefits of both water and gas injection, i.e., improved macroscopic sweep 

efficiency of water flooding with the high displacement efficiency of gas injection in order to 

increase incremental oil production (Kulkarni & Rao, 2005). 
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Figure 3.1: Flowchart of oil recovery methods (Doghaish, 2009) 
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WAG can further improve oil recovery through compositional exchanges between the injected 

fluid and the reservoir oil (Stenby et al., 2001). The compositional exchange leads to oil swelling 

and oil viscosity reduction, thus making the oil more mobile. The reduction in residual oil 

saturation due to three phase and hyteresis effects and the reduction in interfacial tension (IFT) 

are also mechanisms through which additional oil recovery is obtain during immiscible WAG 

injection (Righi et al., 2004). The low interfacial tension of the gas-oil system compared to the 

water-oil system enables the gas to dispel oil from the small pore spaces that are not accessible 

by water alone. The injection of water in the presence of the gas phase leads to trapping of part 

of the gas. This can cause mobilization of the oil at low saturations and  an effective reduction in 

the three phase residual oil saturation. 

Since its first application in Canada in 1957, the WAG recovery techniques have been applied 

widely and have been effective in improving the recovery of oil. It has been reported that 80% of 

WAG projects in USA have been profitable (Sanchez, 1999). In a review of 59 fields, it was 

reported that WAG injection results in an increased average oil recovery of 5% to 10% OOIP  

(Stenby et al., 2001). According to the same review, the average improved oil recovery from 

miscible WAG injection and immiscible WAG injection is calculated to be 9.7% and 6.4% 

respectively. The use of CO2 gas  results in higher improved recovery than hydrocarbon gas. Fig. 

3.2 shows the process of WAG (CO2) injection. 
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Figure 3.2: Schematic representation of WAG injection (U.S Department of Energy, 2013) 

 

3.2 Review of WAG 

The first reported WAG injection was done in the North Pembina oil field in Alberta, Canada in 

1957 (Stenby et al., 2001). This pilot project which was reported to have been operated by Mobil 

did not report any injectivity abnormalities (Mirkalaei et al., 2011). Another early work 

involving WAG was conducted by Caudle and Dyes in (1958). They proposed and conducted 

laboratory experiments of simultaneous water and gas injection on core plugs and the results 
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showed an ultimate sweep efficiency of about 90% compared to 60% sweep efficiency of gas 

flooding alone.  

Since then, more WAG recovery methods have been studied in the laboratory, tested and 

implemented in many fields around the world. 

An extensive literature review of WAG field applications found in the literature was done by 

Stenby et al. (2001). They reviewed 59 WAG field cases both miscible and immiscible. The 

majority of the fields were reported to be successful. The fields reviewed showed an increased 

recovery of 5% to 10% OOIP but recovery increases of 20% OOIP were reported in some fields. 

The increased oil recovery was attributed to the improved microscopic displacement of gas 

flooding and improved macroscopic sweep by water injection as well as compositional exchange 

between the gas and the oil. In the North Sea, WAG injection leads to improved recovery 

through contact of the unswept zone of the reservoir, particularly the attic and the cellar oil 

through the exploitation of gas segregation to the top and accumulation of water at the bottom. 

Stenby et al. (2001) also explains how the horizontal (areal) sweep efficiency and vertical sweep 

efficiency contributes to the total recovery efficiency. The horizontal sweep efficiency depends 

on the stability of the displacement front which is defined by the mobility ratio. The mobility 

ratio during gas injection is given by: 

ro

o

g

rg

k

k
M




                                                                                                                           (3-1) 

Favorable mobility ratio (M < 1) is needed for stabilization of the displacement front and this can 

be obtained by reducing the relative permeability of the gas or increasing the viscosity of the gas. 

Stabilizing the displacement front enhances the horizontal sweep efficiency, thus improving the 



 
 

14 
 

overall recovery efficiency. The vertical sweep efficiency is important when there is gravity 

segregation of the fluids during WAG. The viscous gravity ratio, which influences vertical sweep 

efficiency, is given by, 





















h

L

kg
R o

gv



/                                                                                                                    (3-2) 

Where: 

 = Darcy velocity [m/s] 

o = viscosity [kg/ (m.s)] 

L = distance between the wells [m] 

k  = permeability [m
2
] 

g = gravitational acceleration [m/s
2
] 

h = height of displacement zone [m] 

∆  =density difference [kg/m
3
] 

The greater the height of the displacement zone, the lesser the viscous gravity ratio and also the 

greater the vertical sweep efficiency which means a higher recovery factor provided the other 

factors remain unchanged (Arogundade, Shahverdi, & Sohrabi, 2013). 

Righi et al. (2004) conducted an experimental study of tertiary immiscible WAG injection by 

flooding several 38 mm diameter core plugs with water and gas slugs. Their experimental results 

show that WAG injection significantly increases tertiary oil recovery efficiency, leading to final 
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residual oil saturations as low as 13% pore volume (PV). According to them, the higher oil 

recovery efficiency of IWAG over the water flooding was due to several mechanisms, one of 

which is the improvement in volumetric sweep by the water following gas. In this mechanism, 

the free gas present in the porous medium causes the relative permeability of the water in the 

three phase zone (gas, water and oil) to be less than that in pores occupied by only water and oil. 

This can lead to diversion of water to unswept areas, thus improving the macroscopic sweep 

efficiency. Another mechanism of recovery is the reduction in interfacial tension (IFT). The fact 

that gas-oil IFT is lower than water-oil IFT enables the gas to dispel more oil from the pore 

spaces that may not be accessible by the water. This improves the microscopic displacement 

efficiency. The trapping of gas following on imbibition cycle is another method through which 

oil recovery increases during WAG. The trapped gas causes oil mobilization at low saturation 

and as a result, the three phase residual oil saturation is effectively reduced. The improvement in 

recovery efficiency of WAG was also due to the compositional exchange between the oil and the 

injected gas. The injected gas can cause oil swelling and a reduction of the oil viscosity. 

Reduction in the viscosity makes the oil more mobile and therefore easier to flow. Reduction in 

oil viscosity also leads to favorable mobility ratio in under saturated reservoirs (Righi et al., 

2004). 

Kulkarni and Rao (2005) performed several laboratory investigations of miscible and immiscible 

WAG process performance. The experiments were carried out by flooding Berea sandstone core 

samples saturated with n-decane and brine with CO2 gas and two types of brine. In one 

experiment, 5% NaCl brine and in the other experiment Yates reservoir brine was used as the 

injected fluid. The results of the flooding test showed an increase in the recovery of oil by 9 cc 

(8.3% OOIP) and 11 cc (9.9% OOIP) for immiscible WAG and 41 cc (35.0% OOIP) and 29 cc 
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(25.4% OOIP) for miscible WAG. The graph of one of the core experiments is shown below in 

Fig. 3.3. 

 

Figure 3.3: Oil recovery during WAG injection for two different brines (Kulkarni & Rao, 2005) 

In an experimental study on the applicability of water alternating CO2 injection in secondary and 

tertiary recovery, Nezhad et al. (2006) demonstrated that WAG injection after secondary water 

or gas injection can be an efficient means of recovering additional oil. Several WAG injection 

cycles test runs were performed on sand-packed models using CO2 and sample oil from a 

southern Iranian reservoir. The results of these experiments as shown in Figs. 3.4 and 3.5 
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indicated that WAG injection improved oil recovery by 4.08% OOIP and 22.24% OOIP after 

water and CO2 injection, respectively. 

 

Figure 3.4: Oil recovery vs. time in WAG test after water flooding (Nezhad et al., 2006) 

Ramachandran, Gyani, and Sur, (2010) investigated hydrocarbon WAG in a western Indian 

onshore field. The study involved laboratory experiments as well as field application. WAG 

injection was proposed in the field because of the presence of natural gas in deep reservoirs of 

the field. Several WAG critical parameters were evaluated based on recovery of oil through 

laboratory work and simulation studies. The experimental investigation indicated that tertiary 

WAG injection results in 14.5% additional recovery efficiency over the water flood alone. The 
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simulation work conducted in the pilot area showed an estimated incremental oil recovery of 

9.5% OOIP. 

 

Figure 3.5: Oil recovery vs. time in WAG test after CO2 injection (Nezhad et al., 2006) 

In all the literature reviewed above, it can be stated that WAG results in additional recovery of 

oil after the conventional recovery methods are applied. WAG provides improved displacement 

efficiency and macroscopic sweep efficiency by controlling gas mobility, stabilizing the front of 

the flood and by contacting unswept zones of the reservoir. 

 

3.3 Types of WAG Injection 

WAG injection can be classified into different forms by the method of fluid injection. The most 

common classification is the difference between miscible and immiscible injection processes. 
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Miscible or immiscible injections are function of the properties of the displaced oil and injected 

gas as well as the pressure and temperature of the reservoir (Lyons & Plisga, 2005). Other less 

common classifications include: Hybrid WAG injection, simultaneous WAG injection (SWAG), 

Water Alternating Steam Process (WASP) and foam assisted WAG injection (FAWAG). 

3.3.1 Miscible WAG Injection 

In this type of WAG process, the reservoir pressure is maintained above the minimum miscibility 

pressure (MMP) of the fluids. MMP is the minimum pressure required for miscibility to occur 

between two fluids. Miscibility occurs when the two fluids mix in all proportions without the 

formation of interference between them (Donaldson, Chilingar, & Yen, 1989). If the pressure is 

allowed to fall below MMP, miscibility will be lost. In the real field operation, it is often difficult 

to maintain MMP and as a result there is back and forth between miscible and immiscible WAG 

injection. The majority of WAG injections have been classified as miscible and are mostly 

applied onshore, where wells are arranged in closed well spacing (Stenby et al., 2001). Miscible 

WAG injection gives better oil recovery than immiscible WAG injection. 

3.3.2 Immiscible WAG injection 

The purpose of this type of WAG injection is to stabilize the front and increase contact with the 

unswept areas of the reservoir. The displacement of oil by immiscible gas injection has higher 

microscopic sweep efficiency than by water. However, the very high mobility of gas due to its 

low viscosity results in poor macroscopic sweep efficiency and consequently poor recovery of 

oil during immiscible gas injection. So immiscible WAG injection is applied to overcome this 

problem because the water helps to control the mobility of the gas and increase macroscopic 
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sweep efficiency (Fatemi et al, 2011). This type of WAG injection has fewer records of field 

application. The experiment performed with this study is immiscible WAG injection.  

 

3.4 Factors affecting WAG  

The success of water alternating gas injection (WAG) as an enhanced oil recovery method 

depends on reservoir characteristics and fluid properties (Latil, 1980). Injection and production 

well arrangement, and WAG parameters are two other important factors that affect the WAG 

recovery process. 

3.4.1 Reservoir characteristics 

The reservoir characteristics that will impact WAG greatly include reservoir heterogeneity and 

petrophysical properties. 

3.4.1.1 Reservoir heterogeneity 

Reservoir heterogeneity is defined by Tarek (2001) as ‘a variation in reservoir properties as a 

function of space’. The effectiveness of recovering oil from the reservoir will depend on how 

well the layers communicate with each other. In order for effective communication to occur, 

barriers to fluid flow such as faults, lateral facies variation, lenses and unconformities should not 

exist. It is recognized that one of the main reasons for the failure of most EOR projects is due to 

reservoir heterogeneity (Donaldson et al., 1989). Therefore, before embarking on any EOR 

project, it is essential to have a better understanding of the reservoir size, shape and 

heterogeneity by conducting interference tests and pressure history analysis (Donaldson et al., 

1989). 
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In reservoirs with high stratification, the displacement fronts created will travel according to the 

permeability of each layer. The fronts in the most permeable layers will be located furthest 

because the injected fluid will traverse the more permeable layers easily while bypassing the less 

permeable layers of the reservoir. This will lead to lower recovery because the less permeable 

layers, which may have more residual oil, are not effectively swept by the injected fluid.  

Operators try to solve this problem by injecting plugs of resin or cement to temporarily plug off 

the most permeable parts (Latil, 1980). 

Random heterogeneity occurs in both carbonate and sandstone reservoirs. The reservoir consists 

of layers of different permeable zones separated by thin deposits of shale. This may occur in both 

the horizontal and vertical directions and the horizontal permeability may be better than the 

vertical permeability. Since the different layers have differing permeability, the advancement of 

the displacement front does not follow a regular pattern. The thin shale deposits that separate the 

layers aid the recovery process by preventing the injecting fluid from crossing over to the most 

permeable layers. This will enable the injected fluid to effectively sweep each stratified layer 

thus increasing the sweep efficiency and the overall recovery efficiency (Donaldson et al., 1989). 

3.4.1.2 Petrophysical properties 

Some of the petrophysical properties that affect the enhanced recovery process are porosity, 

permeability, saturation, and wettability. 

A. Porosity 

Porosity is defined as the ratio of the pore volume to the bulk volume (Tiab & Donaldson, 2004). 

It is a measure of the storage capacity of the rock. The higher the porosity, the higher the ability 

of the reservoir rocks to hold fluid (oil, gas, water). Porosity is expressed mathematically as: 
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                                                                                                                       (3-1) 

Where: 

  = porosity, [-] 

Vb = bulk volume of reservoir rock [cm
3
] 

Vgr = grain volume [cm
3
] 

Vp = pore volume [cm
3
] 

There are two types of porosity, namely: absolute porosity and effective porosity.  Absolute 

porosity is the ratio of total pore volume to the bulk volume while the effective porosity is the 

ratio of interconnected pores to the bulk volume. Since fluids can only flow through 

interconnected pores, the effective porosity is the porosity value of concern to engineers. 

Though the porosity values for petroleum reservoirs can range from 5% to 50%, the porosity in 

most cases is often in the range of 5% to 20%. The porosity of sediments are controlled by 

uniformity of grain size, degree of cementation, degree of compaction during and after 

deposition, and the methods of packing (Tiab & Donaldson, 2004). 

Reservoirs with higher porosity and higher residual oil saturation at the end of primary recovery 

are ideal candidates for enhanced recovery projects. 

B. Permeability 

Permeability simply refers to the ability of the reservoir rocks to transmit fluids (Tiab & 

Donaldson, 2004). For the reservoir to conduct fluid, it must be porous and permeable. The 
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permeability is influenced by the rock grain size, shape, size distribution as well as the grain 

arrangement and the extent of compaction. The permeability of 100% saturation of one fluid is 

called absolute permeability, while the permeability of one fluid at a specific saturation in 

relation to other fluids present is known as effective permeability. The ratio of the effective 

permeability to the absolute permeability gives the relative permeability. The permeability is 

given in a fluid flow equation developed by a French engineer called Henry Darcy. The Darcy’s 

law is given in Eq. (2-1). 

Permeability is important because it is a rock property that relates to the rate at which 

hydrocarbons can be recovered. The effectiveness of any enhanced oil recovery or primary 

recovery will depend greatly on the permeability of the reservoir rocks.  The primary recovery 

from highly permeable reservoirs is normally very high and such reservoirs are less viable option 

for EOR because most of the oil would have been produced already through primary drive. 

C. Saturation 

Saturation is defined by Tarik (2001) as that fraction or percentage of the pore volume occupied 

by a particular fluid (oil, gas, or water). This is given as: 

                 
                     

           
                                                                                 (3-3) 

The saturation of each reservoir fluid using the equation above gives 

   
             

           
                                                                                                                       (3-4) 

   
             

           
                                                                                                                     (3-5) 

   
               

           
                                                                                                                 (3-6) 
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Where 

  ,   ,    = Saturation of oil, gas and water respectively [-] 

As expressed above, all saturation values are based on pore volume and not on gross reservoir 

volume. The saturation of each phase ranges between zero to 100 percent. By definition the sum 

of the saturations is 100% and therefore: 

   +    +    = 1.0                                                                                                                    (3-7) 

D. Wettability 

Wettability is the tendency of a fluid to spread or adhere to a solid surface in the presence of 

other immiscible fluids. In the flow of two immiscible fluids in a porous media, wettability is the 

tendency of one fluid to adhere to the surfaces of the porous medium in the presence of the other 

fluid (Alam & Donaldson, 2008). It is important to note the wettability of reservoir rocks to the 

fluid because the way fluids are distributed in the porous medium depends on wettability. For 

instance, the wetting phase tends to filled up the smaller pores while the non-wetting phase 

occupies the bigger pores (Tarek, 2001). The distribution of the fluids will affect the recovery of 

the oil. When the surface of the rock is water wet in a brine-oil reservoir, the water will tend to 

occupy the smaller pores and wet the surface of the bigger pores. By occupying the smaller 

pores, the water will force the oil from those pores. If however the rock surface is oil wet, the oil 

will adhere to the smaller pores by displacing the water. In such a case, recovering the oil will be 

difficult (Tiab & Donaldson, 2004).  
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3.4.2 Fluid properties 

Viscosity is the single most important fluid property in EOR projects because it controls the flow 

of fluids in the reservoir. It is defined as the resistance of the fluid to flow (Tarek, 2001). The 

lower the viscosity of a fluid, the easier it can flow in porous media and vice versa. The viscosity 

of crude oil is highly dependent on temperature, pressure, oil gravity, gas gravity and gas 

solubility. If everything else remains the same, the higher the viscosity of oil, the higher the 

residual oil saturation (Latil, 1980). 

3.4.3 Injection Pattern 

For the WAG injection to be successful, an appropriate injection pattern must be chosen.  The 

regular five-spot injection pattern with close well spacing is often used in onshore locations 

(Stenby et al., 2001). This injection pattern results in a square of four injection wells located at 

the corners with a producer well in the middle. Selecting the right injection pattern offshore often 

poses a challenge due to the high cost associate with drilling additional offshore wells and so 

well locations are mostly determined by geological factors. Therefore careful consideration of 

economical and geological factors is made before choosing the injection pattern offshore.  

3.4.4 WAG parameters 

These parameters refer to WAG slug size, WAG ratio and WAG cycles. For effective recovery 

efficiency to be achieved, the slugs of water and gas injected must be controlled. Too much of 

water will negatively impact the microscopic efficiency and too much gas will result to poor 

macroscopic sweep efficiency. The number of cycles in the WAG injection affects the recovery 

of oil from a core or reservoir. If everything else remains the same, the more WAG cycles 
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applied, the higher the recovery of the oil from the core or reservoir. In field application, WAG 

ratio of 1:1 is the most popular (Stenby et al., 2001).                  
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CHAPTER 4: EXPERIMENTAL SET UP AND PROCEDURE 

4.1  Objective  

The aim of these experiments was to investigate the improvement in oil recovery that can be 

achieved when water alternating gas injection (WAG) is employed as an enhanced recovery 

technique at the laboratory scale. Secondary water or gas injections were performed on Wallace 

sandstone core plugs W25, W16 and W26 before a single cycle alternate water and gas injection. 

Core flooding was conducted using the Benchtop Relative Permeameter (BRP). The recovery of 

the oil versus time is plotted on a graph for a better understanding of the oil recovery trend.   

4.2 Experimental Set up 

This section explains the preparation of the core, and a brief description of the equipment and 

fluids used in the experiments.  

4.2.1 Core preparation 

The Wallace sandstone core plugs used were drilled from the Wallace quarry. The chemical 

analysis of this sedimentary rock was done by the Mineral Engineering Center (MEC) of 

Dalhousie University. The results are given in Table B-1 of Appendix B. 

The core plugs were first cleaned in the following manner before being used in the experiments. 

The dry weights of the cores were measured. The cores were then immersed in methanol and 

placed in a vacuum until saturated with the methanol. The methanol dissolves all the mineral oil 

that comes in contact with the cores while drilling them to cylindrical shapes. The cores were 

then placed in the fume hood to evaporate the methanol. The weights of the cores are then taken 

to confirm that the initial weights are restored before being saturated in de-ionized water. Finally 

the cores were dried until the dry weights were restored. The weights were measured by a 
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measuring scale with an accuracy of 0.01 g. The petrophysical properties of the cores are 

summarized in Table 4.1. 

Table 4.1: Physical Properties of core samples used in the experiment 

Core Length 

(mm) 

Diameter 

(mm) 

Dry 

weight 

(g) 

Wet Weight 

(g) 

Pore 

Volume 

(cc) 

Porosity 

(%) 

Permeability 

(mD) 

W25 76.2 38.0 199.8 211.8 12.0 13.9 0.48 

W16 76.2 37.9 200.8 211.5 10.7 12.4 0.36 

W26 76.0 38.0 198.0 210.0 12.0 13.9 2.14 

 

 

4.2.2 Fluids  

The fluids used in the experiment were water (synthetic brine), oil (Kerosene) and gas (nitrogen). 

The synthetic brine was to simulate the formation water composition from offshore Brazil. The 

salinity of the brine is 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 1000 ml measuring cylinder filled with 

deionized water. The solute was dissolved in the deionized water with the help of a magnetic 

stirrer. The brine viscosity was measured using an Ubbelohde type U-tube viscometer with error 

margin of ± 0.17%. This equipment measured the effluent time, i.e. time taken for the liquid to 

fall between two mark points in the viscometer tube due to the force of gravity. The products of 

the effluent time with a viscometer constant of 0.05283 mm
2
/s

2
 gives the kinematic viscosity. 

The dynamic viscosity is obtained by multiplying the kinematic viscosity with the density of the 
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brine. The density was measured using a hydrometer which is a calibrated cylindrical tube. The 

brine was poured in a conical flask and allowed to cool to 20
o
C by placing it in a bath of cold 

water. In order to obtain the density, the hydrometer was gently lowered in the brine and the tube 

floats due to buoyancy force. The level at which the brine surface torches the hydrometer gives 

the density reading of the brine. The viscosity is 1.003 cP at 23.2 
o
C and the density was 1.052 

g/cc. 

The oil used in this experiment is kerosene. Kerosene was selected due to its availability, ease of 

use with the equipment and for being a good substitute for other types of oil. Kerosene was also 

selected because it can be easily cleaned from the equipment after the experiment. The viscosity 

and density of kerosene were determined in the same manner as the brine. The viscosity and 

density of the kerosene are 2.5505 cP at 23 oC and 0.8 g/cc respectively.  

Nitrogen was used as the injecting gas. 

4.2.3 Apparatus 

The Benchtop Relative Permeameter (BRP) was used for the core flooding experiments. The 

apparatus was used to conduct tests on core samples to determine monophasic permeability, and 

core flooding. The BRP system consists of a liquid delivery system, two piston accumulators, a 

core holder, a back pressure regulator, a confining pressure system, a pressure measurement 

system and a data acquisition system (applilab software). A video tracker is also used to monitor 

the interface and the gas meter is used to measure the gas produced from the separator. Brine was 

injected into the core by a positive displacement pump which is connected to the accumulators 

containing the process fluids (oil and water). The nitrogen gas was injected from a gas cylinder. 

Figs. 4.1 and 4.2 show the diagram of the BRP equipment and monitoring of the interface level 

respectively. 
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 Figure 4.1: The BRP equipment used for core flooding 

 

Figure 4.2: Acquisition of the data from BRP and monitoring of the interface  
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4.3 Experimental Procedure 

This section explains the various steps taken in the experiment.  

4.3.1 Establishment of irreducible water saturation 

All core plugs (W25, W16, and W26) were cleaned according to the procedure explained in 

section 4.2.1. The dry weights of the cores were measured, and then saturated in 78.7 g/L NaCl 

synthetic brine for two days under a vacuum in order to allow for complete saturation of the core 

with the brine. After saturating the cores in the brine, the wet weights were measured before 

placing them in the BRP for the fluid injection. A monophasic permeability test was first 

conducted on the cores in order to obtain the absolute permeability of the core plugs. During this 

test, brine was injected into the saturated cores by the pump at an initial flow rate of 0.10 cc/min. 

The absolute permeability was determined automatically in the excel sheet after six readings of 

flow rate versus differential pressure are taken.  

The monophasic permeability test was followed by oil injection into the cores until irreducible 

water saturation was reached. This process creates a model reservoir condition in the core plugs. 

The fluid injections were conducted at ambient temperature and the confining pressure and back 

pressure of the BRP equipment were set at 700 psi and 200 psi respectively. The irreducible 

water saturation and the OOIP are calculated and shown in Table 4.2.  
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Table 4.2: Condition of the cores before the flooding experiment 

core PV (cc) OOIP (cc) Irreducible water saturation 

(%) 

W25 12.0 6.43  46.4 

W16 10.7 5.44 49.2 

W26 12 6.10 49.2 

 

 

4.3.2  Water flooding (I) and WAG injection (DI) for core W25 

Core W25 was subjected to secondary water flooding followed by single cycle gas and water 

injection (WAG). During the secondary water flooding, brine was injected into the core at an 

average injection rate of 0.30cc/min to displace the kerosene to residual oil saturation. This 

imbibition test was run for 65 minutes. The confining pressure on the core was built up to 700 

psi and the back pressure was set at 200 psi. The kerosene produced during the injection was 

collected in the separator. The separator was initially filled with brine and kerosene and the 

initial interface level was noted. During the injection period, the production of kerosene into the 

separator was monitored by observing the interface between the kerosene and the brine using the 

video tracker. The injection was carried out until no more kerosene was produced (i.e. no change 

in the interface level). At this point, the residual oil saturation is reached in the core. The volume 

of oil (kerosene) produced from the core into the separator is calculated by: 

hDV f

2

4

1
                                                                                                                               (4-1) 

Where: 
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fV = Volume of fluid produced (recovered) [cc] 

D = Internal diameter of the separator tube [cm] 

h = Change in interface level (height of oil produced in the separator) [cm]. 

The difference between the initial and the final interface level gives the value of h. The diameter 

of the separator was determined to be 1.60 cm. The volume of oil recovered was calculated at 

different time intervals and plotted on a graph of Volume vs. time in Fig. 5.1.  

At the end of the initial brine flooding, WAG injection was initiated on the same core to recover 

the residual oil from the core. This time, the separator was only filled with brine. Nitrogen gas 

was first injected into the core from a nitrogen cylinder at a constant pressure of 200 psi with a 

confining pressure and a back pressure of 700 psi and 100 psi respectively. This was followed by 

brine injection at a rate of 0.30 cc/min. Each injection cycle (D and I) was carried out until no 

more kerosene was produce from the core. Both kerosene and brine were produced into the 

separator with the kerosene settling above the brine. The height (h) of the kerosene produced into 

the separator was measured at different time intervals using the video tracker. This height was 

used in Eq. (4-1) to calculate the volume of oil recovered which is plotted against time in Fig. 

5.2.   

4.3.3 Gas injection (D) and WAG injection (ID) for core W16 

The same experiment was repeated on core sample W16 with a different sequence. The core was 

first subjected to nitrogen gas injection for 75 minutes before single cycle brine and nitrogen 

slugs were injected for 120 minutes. The confining pressure was again built up to 700 psi for 

both nitrogen and brine injection and the back pressure were set at 200 psi and 100 psi for brine 
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and nitrogen injection, respectively. Each injection cycle was carried out until no more oil was 

produce. During the whole injection period, the separator was filled with brine and the oil 

produced settled above the brine in the separator. The volume of kerosene produced (recovered) 

from the core during the nitrogen gas and WAG injection was calculated using Eq. (4-1). The oil 

recovered in nitrogen injection and WAG injections were plotted against time in Figs. 5.3 and 

5.4.  

4.3.4 Gas injection (D) and WAG injection (ID) for core W26 

Core W26 was subjected to the same sequence of flooding as W16. Nitrogen gas was first 

injected into the core before a single cycle WAG injection. The nitrogen was injected into the 

core for 75 minutes. This was followed by brine injection for 50 minutes before finally injecting 

nitrogen again for 70 minutes. The volume of oil produced (recovered) from the test was 

calculated using Eq. (4-1) and the results plotted as a function of time in Figs. 5.5 and 5.6. Table 

4.3 summarizes the experiments presented in this study.  Fig. 4.3 shows a graphical illustration 

of the experiments, showing the duration for each injection phase. 
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Table 3.1 Summary of core flood experiments presented in this study 

Experiments Core Flooding type Direction 

1 W25 Water injection Imbibition (I) 

2 W25 WAG injection DI 

3 W16 Gas injection Drainage (D) 

4 W16 WAG injection ID 

5 W26 Gas injection D 

6 W26 WAG injection ID 

 

 

Figure 4.3: Injection phases vs. time showing duration for each phase 
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CHAPTER 5: RESULTS AND DISCUSSION 

The results are tabulated and analyzed in this chapter. The tabulated values from the experiments 

are provided in the Appendix A on Table A-1 to A-6. The results of the tests are shown in Table 

5.1 and Figs. 5.1 to 5.7. 

The results of the experiments are reported with the error found in the volume of oil recovered. 

The volume of oil produced from the cores during the injections is a function of the height of the 

oil produced into the separator. This height (h) is obtained by tracking the interface with the help 

of the video tracker. The cursor is moved to the interface at different time intervals in order to 

obtain the height reading. So the source of the error is the ability to properly place the cursor at 

the appropriate interface level.  

The error of the height of the oil produced in the separator was ± 0.05 cc. The propagation of 

error for the volume of oil produced (recovered) for both water and tertiary WAG injection was 

calculated to be ± 0.10 cc for core W25. The propagated error for the total oil recovery for the 

same core was determined to be ± 0.14 cc. For gas and WAG injection on core W16, the 

propagated error was also calculated to be ± 0.10 cc. The error for the total oil recovery was 

determined to be ± 0.14 cc. Calculation of the error propagation for core W26 gives the same 

result as W25 and W16. 
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Table 5.1 Results of the Tests 

Tests Ultimate oil recovery (cc) Ultimate oil recovery 

(%OOIP) 

Secondary Water Flooding 2.25 ± 0.1 35.02 ± 1.56 

Tertiary WAG Injection 1.35 ± 0.1 21.04 ± 1.56 

Total Recovery   3.60 ± 0.14 56.06 ± 2.18 

   

Secondary Gas Injection(W16) 1.42 ± 0.1 26.13 ± 1.84 

Tertiary WAG Injection 0.49 ± 0.1  9.02 ± 1.84 

Total Recovery   1.91 ± 0.14 35.15 ± 2.57 

   

Secondary Gas Injection(W26) 3.74 ± 0.1 61.24 ± 1.64 

Tertiary WAG Injection 1.16 ± 0.1 19.05 ± 1.64 

Total Recovery   4.90 ± 0.14 80.29 ± 2.30 

 

 

5.1 Water flooding and WAG injection results for core W25 

Secondary water injection followed by WAG injection was conducted on core W25. Figs. 5.1 

and 5.2 show the plots of oil recovery as a function of time for core W25 during the water 

flooding and tertiary WAG injection, respectively. As it can be seen from the figure of secondary 

water flooding, there was a steady rate of production (recovery) of oil from the core for certain 

period before it declined and then stabilized. At this point, no more oil recovery was observed 
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even though the flooding was continued for some time. When the secondary water flooding 

ceased, 35.02 % OOIP was recovered after 24 cc (2 pore volume-PV) of brine was injected into 

the core.  

 

Figure 5.1: Oil recovery vs. time during secondary water injection (I) for core W25 

 

When the WAG injection was initiated on core W25, gas injection was carried out for 65 

minutes followed by water flooding for another 65 minutes. From Fig. 5.2, it can be seen that oil 

was initially recovered at a faster rate.  Then oil recovery increases gradually in stages until no 

further recovery was recorded. The tertiary WAG injection resulted in additional oil recovery of 

21.04 % OOIP which is considered a very good tertiary recovery. The volume of fluid injected 

was 18 cc (1.5 PV) and 147.33 cc (12.3 PV) of brine and gas, respectively.  
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Figure 5.2: Oil recovery vs. time during tertiary WAG Injection (DI) for core W25 

 

5.2 Gas injection and WAG injection results for core W16 

Core W16 was subjected to nitrogen gas injection prior to tertiary WAG injection. These results 

are illustrated in Figs. 5.3 and 5.4. During the gas injection, the oil was recovered gradually until 

residual oil saturation was reached (i.e. no more oil recovered). At the end of nitrogen injection, 

maximum recovery of 26.13% OOIP was attained. The volume of gas injected was 818.49 cc 

(76.5 PV). A large volume of gas was injected during the secondary gas injection. This is due to 

the fact that in the initial gas injection, the model reservoir created in the core contains more oil 

and given the poor macroscopic sweep efficiency of gas, more gas needed to be injected into the 

core in order to reach the residual oil saturation. 
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Figure 5.3: Oil recovery vs. time during gas Injection (D) for core W16 

 

The tertiary WAG injection begins with water flooding for 60 minutes followed by gas injection 

for another 60 minutes. Fig. 5.4 shows that the oil was recovered at a higher rate at the initial 

stage of the WAG flooding than at the later stages. At the end of the tertiary WAG injection, 

maximum improved recovery of 9.02% OOIP was attained from the core after 20 cc (1.9 PV) of 

brine and 40.53 cc (3.8 PV) of gas were injected.  
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Figure 5.4: Oil recovery vs. time during tertiary WAG Injection (ID) for core W16 

 

5.3 Gas injection and WAG injection results for core W26 

Core W26 follows the same sequence of flooding as W16. Fig. 5.5 shows that a secondary gas 

injection yields a maximum recovery of 60.24% OOIP. The oil was recovered initially at a 

higher rate. The recovery later continues at lower rate before it finally reaches the maximum 

recovery. 
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Figure 5.5: Oil recovery vs. time during gas injection (D) for core W26 

 

The single cycle WAG injection on core W26 after the gas injection lasted for 120 minutes. The 

maximum additional recovery of oil attained at the end of the test, as indicated in Fig. 5.1 is 

19.05% OOIP. The trend of the recovery indicates that the oil was recovered steadily for 35 

minutes during the brine injection. Then it almost remains constant for 15 minutes and then 

increases when the nitrogen gas injection was initiated. The rate of recovery was low during the 

nitrogen gas injection which lasted 70 minutes.  
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Figure 5.6: Oil recovery vs. time during WAG injection (ID) for core W26 

Figure 5.7 shows the WAG injection for all three cores on the same graph for comparison.  

 

Figure 5.7: Oil recovery vs. time during WAG injection for the three cores 
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5.4 Discussion 

During the experiment, the test runs were carried out on each core only once. Repeated test runs 

on each core plug was not attempted because restoring the cores to their initial states after one 

experiment is  a very lengthy process and this was not possible in view of the limited time.  

The result of the additional oil recovery (21.04% OOIP) from WAG injection on core W25 is 

quite high. This additional oil recovery due to WAG is significantly higher than the average 

recovery range of 5% to 10% OOIP reported in WAG injection projects reviewed by Stenby et al 

(2001) or WAG experiments by Kulkarni & Rao, (2005). The higher recovery is due to an 

increase displacement efficiency of gas injection coupled with the improved volumetric sweep 

by water flooding following gas injection. It is believed that the higher viscosity of the injected 

water helps to create a favorable mobility ratio which stabilizes the displacement front and 

therefore optimizes the WAG displacement. The improved recovery during WAG could also be 

attributed to the gas trapping effect stated by Righi et al. (2004) as a mechanism of improving 

recovery during WAG. Trapping of the gas during the imbibition cycle can cause mobilization of 

some of the residual oil, thus leading to the improved recovery of the oil in the core. As the gas is 

trapped during imbibition, its flow is restricted. This means that more of the pore spaces are now 

available for the oil to flow within the pore spaces, thus leading to more oil recovery. 

The WAG recovery result from core W16 is within the 5% - 10% OOIP, which is a similar 

recovery range reported in most WAG field application (Stenby et al., 2001). The increased oil 

recovery from the core during the WAG injection is attributed to the contact of unswept zones of 

the core by the water as well as the improved displacement efficiency by the gas following water 

injection. Due to the low interfacial tension between gas and oil, the gas injection that followed 

the water flooding is able to displace more of the oil from the small pore throats that may not be 
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accessible by the water. This greatly enhances microscopic sweep efficiency, thus improving the 

overall recovery efficiency.  

The maximum additional oil recovery of 19.5% OOIP recorded for core W26 was quite 

significant considering the fact that it has the highest secondary recovery (61.24% OOIP) among 

the three cores. The high oil recovery attained from this core is attributed not only to the improve 

displacement and volumetric sweep efficiencies of gas and water respectively but also to the 

higher permeability (2.14 mD) of the core. During the flooding test for this core, it was observed 

that the inlet pressure equalized with the outlet pressure and the back pressure very early during 

the test. As a result oil displacement from the core started much earlier for this core than the 

other two cores. This indicates that a high permeability streak could exist inside the core. 

Therefore the oil flows easily in the core. 

Observation of the recovery trends of the tertiary WAG injections for the three cores show that it 

generally agrees with the trend of oil recovery of WAG experiments reported by Kulkarni and 

Rao (2005) and Nezhad et al. (2006). These graphs can be seen in section 3.2 of this work on 

Figs. 3.3, 3.4 and 3.5. 

Fig. 5.7 shows the additional oil recovery during WAG injection for all three cores on the same 

graph. It can be seen that all the three WAG experiments recover additional oil from the cores 

after the secondary water or gas injection. Consequently, the ultimate recovery of oil is improved 

in all three cases. 

The maximum additional recovery was observed when water injection preceded WAG injection 

(DI). This could be due to the fact that the water that follows the gas injection during WAG was 

able to control the high mobility of the gas and stabilizes the displacement front. As a result the 
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macroscopic sweep efficiency of the gas is improved.  Therefore more oil was recovered from 

the core.  

The two other tests where the WAG injection was preceded by secondary gas injection show a 

great disparity in recovery between them despite being subjected to the same sequence of 

flooding (nitrogen then brine and nitrogen). This could be explained by the high permeability of 

one core compared to the other core.  Both experiments however attained a satisfactory recovery 

percentage.  

From Fig. 5.7, it can be seen that the rate of recovery in WAG is higher at the initial stages of 

injection. This is to be expected because at the initial stages of injection, the core plugs have 

more residual oil. As the WAG injection continued, the rate of recovery decreases due to the 

reduction in the residual oil saturation. Comparing recovery rates from core W25 and W16 

whose permeability’s are closer, it can be seen that the DI cycle gives a higher rate of recovery 

than the ID cycle. The high rate of recovery from core W26 is attributed to its high permeability.   

The results from these experiments cannot be generalized due to its limitations. These 

experiments are performed at ambient temperature and at low pressure conditions. However, 

most WAG injections in the field are performed at high pressure and temperature conditions. 

Moreover, most WAG injections particularly at onshore locations aim to achieve miscibility 

between the gas and the oil. Most of these cases use CO2 which can be pressurized before 

injection to achieve miscibility with the reservoir oil. The temperature at which the CO2 is 

injected in these cases is above its critical temperature of 87.8 oF. It becomes beneficial when the 

CO2 is at its supercritical temperature because the CO2 can behave as a liquid with respect to 

density and as gas with respect to viscosity. This can help improve recovery of the oil. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

Laboratory experiments are an important prerequisite for the effective planning and 

implementation of WAG injection in the field. The following are the major observations from 

this study. 

6.1  Conclusions 

 Both the secondary water and gas injections yield good recoveries of oil with a minimum 

recovery of 26.13% OOIP and a maximum recovery of 61.24% OOIP. 

 An improvement in ultimate oil recovery of 9.02%, 19.05% and 21.04% OOIP was 

observed as a result of applying WAG injection.   

 The additional oil recovered due to WAG injection was 12% OOIP higher when WAG 

(DI) injection was preceded by water flooding than when WAG (ID) injection was 

preceded by gas injection. So WAG cycle of (DI) gives higher recovery than (ID). 

 High permeability is a major factor in the high recovery of oil from core W26. 

 

6.2  Recommendations 

The oil recovery data obtained from this laboratory experiment is not sufficient to make 

predictions about reservoir performance at the field scale because the experiment was conducted 

at ambient temperature.  

Since this experiment was conducted at ambient condition, I therefore recommend future work of 

the same experiment to be conducted at reservoir condition (i.e. high pressure and high 

temperature condition) provided the equipment in the laboratory can tolerate it.  
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APPENDIX A 

 

Table A-1: Water flooding oil recovery results for core W25 

Time (mins) Oil recovery (cc) Oil recovery (%OOIP) 

0 0 0 

5 0.17 2.64 

10 0.54 8.40 

15 1.23 19.13 

20 1.60 24.9 

25 1.97 30.6 

30 2.19 34.1 

35 2.21 34.4 

40 2.22 34.5 

45 2.25 35.02 

50 2.25 35.02 

55 2.25 35.02 

60 2.25 35.02 

65 2.25 35.02 
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Table A-2 Tertiary (WAG) oil recovery result for core W25 

Time (mins) Oil recovered (cc) Oil recovered % OOIP 

0 0 0 

5 0.16 2.56 

10 0.28 4.41 

15 0.39 6.03 

20 0.52 8.07 

25 0.70 10.91 

30 0.78 12.10 

35 0.81 12.54 

40 0.82 12.73 

45 0.83 12.95 

50 0.84 13.01 

55 0.85 13.19 

60 0.85 13.23 

65 0.86 13.45 

70 0.95 14.73 

75 0.95 14.82 

80 0.95 14.82 

85 1.05 16.32 

90 1.08 16.82 

95 1.10 17.10 
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100 1.12 17.42 

105 1.22 18.92 

110 1.25 19.39 

115 1.27 19.82 

120 1.30 20.29 

125 1.34 20.89 

130 1.35 21.04 
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Table A-3 Gas injection oil recovery results for core W16 

Time (mins) Oil Recovery (cc) Oil Recovery (%OOIP) 

0 0 0 

5 0.09 1.70 

10 0.27 4.99 

15 0.34 6.25 

20 0.43 7.95 

25 0.49 9.09 

30 0.60 11.01 

35 0.68 12.49 

40 0.81 14.86 

45 0.93 17.04 

50 1.05 19.33 

55 1.27 23.32 

60 1.33 24.43 

65 1.39 25.58 

70 1.42 26.13 

75 1.42 26.13 
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Table A-4 Tertiary (WAG) oil recovery results for core W16 

Time Oil Recovered (cc) Oil Recovered (%OOIP) 

0 0 0 

5 0.03 0.59 

10 0.05 0.96 

15 0.09 1.66 

20 0.16 2.88 

25 0.24 4.40 

30 0.28 5.06 

35 0.28 5.14 

40 0.28 5.21 

45 0.29 5.40 

50 0.32 5.84 

55 0.33 6.10 

60 0.34 6.21 

65 0.39 7.10 

70 0.43 7.91 

75 0.43 7.98 

80 0.44 8.09 

85 0.46 8.46 

90 0.46 8.46 

95 0.46 8.50 
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100 0.47 8.61 

105 0.48 8.76 

110 0.49 9.02 

115 0.49 9.02 

120 0.49 9.02 
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Table A-5 Gas injection oil recovery results for core W26 

Time Oil Recovered (cc) Oil Recovered (%OOIP) 

0 0 0 

5 0.53 8.77 

10 1.17 19.18 

15 1.81 29.63 

20 2.46 40.28 

25 2.69 44.07 

30 2.92 47.86 

35 3.29 53.96 

40 3.38 55.47 

45 3.42 56.00 

50 3.6 59.03 

55 3.62 59.30 

60 3.66 60.05 

65 3.69 60.55 

70 3.72 61.04 

75 3.74 61.24 
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Table A-6 WAG injection oil recovery results from W26 

Time Oil Recovered (cc) Oil Recovered (%OOIP) 

0 0 0 

5 0.05 0.86 

10 0.10 1.62 

15 0.25 4.05 

20 0.45 7.38 

25 0.66 10.75 

30 0.73 12.03 

35 0.77 12.56 

40 0.77 12.62 

45 0.78 12.76 

50 0.87 13.22 

55 0.94 14.83 

60 0.98 16.05 

65 1.02 16.65 

70 1.04 17.01 

75 1.05 17.21 

80 1.06 17.34 

85 1.08 17.63 

90 1.08 17.73 

95 1.10 18.03 
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100 1.11 18.16 

105 1.11 18.19 

110 1.12 18.36 

115 1.15 18.79 

120 1.16 19.05 
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APPENDIX B 

Table B-1: Results of mineral analysis carried out by Dalhousie University (Mineral Engineering 

Center) Halifax, Nova Scotia. February 19th, 2001 

Name of Mineral Chemical Formula Percentage 

Silicon Dioxide (silica) SiO2 82.00 

Aluminium Oxide (Alumina) Al2O3 8.12 

Ferric Oxide (Hematile) Fe2O3 3.19 

Sodium Oxide Na2O 1.67 

Potassium Oxide K2O 1.13 

Magnesium Oxide MgO 0.72 

Calcium Oxide CaO 0.81 

Titanium Oxide TiO 0.29 

Manganese Oxide MnO 0.10 

Loss on Ignition L.O.L 2.59 
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APPENDIX C : CALCULATIONS 

Error calculation for core W25 

Water injection: 

 h = 11.2mm = 1.12cm 

Volume produced = 2.01± 0.0 × 1.12 ± 0.05 

                              = 2.25cc 

Error = 0446.0
12.1

05.0

01.2

0
2

1
22






























 

Error = 2.25 ×0.446 = 0.10 

Error (% OOIP) = [(0.10/6.43) × 100] = 1.56 

WAG injection: 

h = 6.73mm = 0.673 

Volume produced = 2.01 ± 0.0 × 0.673 ± 0.05 

                          V = 1.35cc 

Error = 0743.0
673.0

05.0

1.2

0
2

1
22































o
 

Error = 1.35 × 0.0743 = 0.10cc 

Total recovery = 2.25 ± 0.10 + 1.35 ± 0.10 
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Error =      14.010.010.0
2

1
22

  

Error (% OOIP) = [(0.14/6.43) × 100] = 2.18 

 

Error calculation for core W16 

Gas injection: 

h = 7.07mm = 0.707cm 

Volume produce =2.01 ± 0.0 × 0.707 ± 0.05 

                        V = 1.42cc 

Error = 0707.0
707.0

05.0

01.2

0
2

1
22






























 

Error = 0.0707 × 1.42 = 0.10cc 

Error (% OOIP) = [(0.10/5.43) × 100] = 1.84 

WAG injection: 

H = 2.44mm = 0.244cm 

Volume produced = 2.01± 0 + 0.244 ± 0.05 

                          V = 0.49cc 

Error = 2049.0
244.0

05.0

01.2

0
2

1
22
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Error = 0.49 × 0.2049 = 0.10cc 

Total recovery = 1.42 ± 0.10 + 0.49 ± 0.10 

Error =      14.010.010.0
2

1
22

   

Error (% OOIP) = [(0.14/5.43) × 100] = 2.58 

 

Error calculation for core W26 

Gas injection: 

H = 18.58mm = 1.858cm 

Volume produced = 2.01± 0.0 × 1.858 ± 0.05 = 3.73cc 

Error = 02691.0
858.1

05.0

01.2

0
2

1
22






























 

Error = 0.0269 × 3.73 = 0.10 

Error (% OOIP) = [(0.10/6.10) × 100] = 1.64 

WAG injection: 

H = 5.78mm = 0.578cm 

Volume produced = 2.01 ± 0.0 × 0.578 ± 0.05 = 1.16cc 

Error = 0865.0
578.0

05.0

01.2

0
2

1
22
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Error = 0.0865 × 1.16 = 0.10 

Total recovery = 3.73 ± 0.10 + 1.16 ± 0.10 

Error for total recovery =   14.010.010.0
2

1
22   

Error (% OOIP) = [(0.14/6.10) × 100] = 2.30 


