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Abstract 

Spontaneous imbibition is the main driving mechanism for obtaining high recovery from the 

naturally fractured reservoirs with low permeable matrix.  

The present thesis presents the results of a simulation study of one-dimensional, co-current 

spontaneous imbibition in a strongly water-wet sample. Experimental data used for this work 

was taken from Haugen et al. (2014, 2015). The circumstances of the experiments were 

characterized by one end face of the core to be open to brine (an inlet) and the other end face to 

be open to oil (an outlet). Under this Two-Ends-Open (TEO) boundary condition both co- and 

counter-current flow can take place at the same time, in other words, the inlet can be produced 

counter-currently and the outlet - co-currently.  

The simulation program IORCoreSim was used in this thesis to model the system. The water-

oil flow was developed by using Corey relative permeability type and J-function capillary 

pressure correlation.  The experiments were matched by establishing relative permeability and 

capillary pressure curves. After the match was obtained, the saturation functions were used to 

perform the sensitivity analysis. It was done by varying several parameters: mobility ratio by 

holding one of viscosities fixed while changing the other, then both viscosities at fixed mobility 

ratio, and furthermore capillary back pressure. The last two cases were performed at M=0.01 

and M=11. 

With increased oil viscosity at fixed water viscosity, the imbibition rate was observed to be 

lower with decreasing co-current recovery, while counter-current recovery was increased. The 

breakthrough time was delayed. With increased water viscosity at fixed oil viscosity, the trends 

for inlet and outlet recovery were similar with increased imbibition time. The breakthrough time 

was also delayed.  

For fixed mobility ratio with varying both viscosities, the trend showed that increased viscosity 

ratio has no impact on total production and co-current recovery was reduced as M increased 

whereas counter-current increased.  

The capillary back pressure influenced essentially the system at M=11 when compared with 

M=0.01. Counter-current recovery decreased with increasing capillary back pressure at values 

beyond the threshold capillary pressure.  
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1 INTRODUCTION 
This chapter describes the motivation behind the simulation study of co-current spontaneous imbibition. 

It includes a background section which starts from a broad perspective and challenges of naturally 

fractured reservoirs and follows by the motivation for the essence of co-current spontaneous imbibition in 

carbonates. The specific goals of the present study are also presented herein. 

1.1 Background 

In a fractured reservoir, the matrix blocks that contain most of the oil are bounded by a fracture network 

with higher permeability than that of the matrix. It leads to injected fluids channelling through the fracture 

system readily and limiting their entry into the matrix structure to displace oil towards the producing wells. 

This causes early water-breakthrough and minimizes the efficiency of the recovery process by 

waterflooding. In the 1950s, Brownscombe et al., (1952) studied the Spraberry formation and noted that 

conventional recovery by gas or water injection would not be suitable due to the high degree of fracturing, 

but substantial self-uptake of water was observed to take place. In the years that followed, their findings 

initiated the investigation of water imbibition displacement processes with reports in the literature and 

field observations confirming spontaneous imbibition (SI) of the injected fluid as a chief mechanism to 

yield high recovery in fractured rocks (Wade, 1974; Austad et al., 1997; Akin et al., 1998; Zhou et al., 

2000). Up to 1992 Zhou et al., (2000) compiled a comprehensive summary of some experimental studies 

geared towards the study of imbibition. Today, this phenomenon, which describes the spontaneous uptake 

of injected fluid continues to receive attention from other researchers that study it in order to better 

understand the underlying principles governing it.  

Capillary pressure is regarded as the main driving force for SI, since imbibition is driven by surface energy. 

However, the degree of its impact and the extent to which oil is displaced from the matrix of the fractured 

reservoirs depends on the Crude Oil/Brine/Rock (COBR) interactions, which depend on wetting and two-

phase flow, and is governed by the inter-related complexities of the chemistry and physical properties of 

all three COBR components, the fracture geometry and pore structure of the rock (Morrow et al., 2001). 

In a two-phase oil/water fluid system, positive capillary pressure favours the SI of the wetting fluid into 

the porous medium. Seeing as oil is the target fluid for production, SI of injected brine is the desired goal 

and thus water-wetness of the matrix is imperative to yield high recovery (Anderson, 1987; Austad & 

Milter, 1997; Frida, 1998). A schematic representation of water imbibing into a fractured oil-saturated 

rock is shown in Figure 1.1 

 

Figure 1.1: Schematic representation of displacement 

process in fractured medium (Frida, 1998). 
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Co-Current Spontaneous Imbibition (COCSI) and Counter-Current Spontaneous Imbibition (COUCSI) 

are the two spontaneous imbibition types that can arise, based on the flow direction of the wetting and 

non-wetting phases (Mattax et al., 1962; Pooladi-Darvish & Firoozabadi, 2000; Karpyn et al., 2009; 

Standnes, 2004; Cai et al., 2010). For counter-current imbibition, the wetting and non-wetting phase flow 

through the same face in opposite direction whilst for co-current imbibition, the wetting and non-wetting 

phase flow through the different faces in the same direction. A simplistic representation of these two 

processes are illustrated in Figure 2.  

 

Figure 1.2: Illustration of Co-current and Counter-current SI (modified from 

Haugen, et al., (2014)). 

 

It is clearly noticed from Figure 1.2 that the specific mechanism that will dominate, depends on the sections 

of the sample where impermeable boundaries exist. Hamidpour et al., (2015) points out that COUCSI will 

occur when all the permeable faces of a matrix block are brought into contact with a wetting phase, whilst 

COCSI occurs when only a portion of the permeable surfaces is in contact with wetting phase and the 

remaining permeable surfaces are covered by nonwetting phase. On a more realistic field-scale 

environment, the prevailing type of SI during water drive will be dictated by the degree of fracturing 

(Qasem et al., 2008), strength of gravitational forces (Schechter et al., 1994) and the degree of capillary 

forces and magnitude of capillary to gravity forces (Bourbiaux, 2009). It is asserted by Karpyn et al., 

(2009) that both co- and counter-current SI may coexist during waterfloods in fractured reservoirs, but the 

flow of each phase is different in the two SI modes. The flow mode will depend on which phases surround 

the block. Pooladi-Darvish & Firoozabadi, (2000) pointed out the crucial influence of wetting phase 

injection rate into the fracture network of the rock and Standnes (2004) through experimental study of the 

impact of different boundary conditions on each SI process revealed that the relative position of matrix 

blocks with respect to the injection well or aquifer (source of non-wetting fluid) will also play a role in 

determining the prevailing SI process. If the block is surrounded symmetrically by water, COUCSI 

dominates. Whereas, if the block has water on one side and oil on the other, COCSI can dominate. It is 

noteworthy that countercurrent production at the side covered by water can still occur during COCSI. 

Different authors have reported different magnitudes of contribution to recovery from each SI type, with 

many authors (Morrow & Mason, 2001; Schmid & Geiger, 2011; Mason & Morrow, 2013) originally 

focusing on COUCSI as the most prevailing process. It is worthy of note, however, that as the two 

processes are dependent on several factors as outlined, above, the dominance of any single mode will be 

dictated by the dominant factors imposed on the rock sample.  
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Bourbiaux & Kalaydjian (1990) performed an experimental study on co- and counter-current flows in 

natural porous medium and reported the ultimate recovery and rate of co-current oil production to be much 

faster than for counter-current production. Also, experimental and numerical work of COCSI and COUCSI 

conducted by Pooladi-Darvish & Firoozabadi, (2000) on stacks of matrix blocks of Berea and Kansas 

chalk indicated that co-current flow can be faster and attain higher ultimate recovery than for dominant 

counter-current flows. Similar results to these findings were reported by other authors, (Standnes, 2004; 

Karimaie et al., 2006; Unsal et al., 2009; Fernø et al., 2014; Hamidpour et al., 2015).   

Most of the aforementioned results were made by considering strongly water-wet rock samples. However, 

as reported by Treiber et al., (1972) and further emphasized by Chilingar et al., (1983), carbonates are 

generally fractured and exhibit mix-or oil-wet tendencies. Owing to this huge potential for improved 

recovery from these formations, some authors (Austad et al., 1998; Gupta & Mohanty, 2010) have also 

given attention to SI under these wetting conditions. Also, since water-wetness is the preferred state for 

higher SI influence, the methods of wettability alteration in carbonates to facilitate oil recovery is also an 

active area of research and findings of such methods are covered in the literature (Austad & Milter, 1997; 

Strand et al., 2007; Puntervold et al., 2016). 

Laboratory imbibition experiments, just like several other experimental investigations usually span over 

long periods of time, and usually performed on rock samples that cover a minute fraction of the vast 

reservoir framework. Thus, analytical and numerical studies are usually conducted in a bid to fit 

mathematical models to mimic the result of experimental findings. This way, the acting parameters can be 

varied to investigate their effect and modified to upscale laboratory imbibition experiments to field-scale 

dimensions. These numerical models are the backbone of simulation tools used to study SI processes on 

the large scale. Various boundary conditions (BC) have been applied in the experimental investigation of 

SI; All Faces Open (AFO) (Mason et al., 2009; Fernø et al., 2014), One End Open (OEO) (Akin et al., 

1998; Li et al., 2003), Two Ends Closed (TEC) (Fischer et al., 2006), Two Ends Open (TEO) (Bourbiaux 

& Kalaydjian, 1990; Yoldiz et al., 2006; Mason et al., 2010) and a special form of the TEO boundary 

condition, TEOFSI, introduced by (Haugen et al., 2014) where one end face of the core is exposed to brine 

and the other end face is exposed to oil. This new BC has further been explored by other authors (Haugen 

et al., 2015; Hamidpour et al., 2015; Meng et al., 2017) 

Regarding numerical models, In the 1960s, Handy (1960) successfully developed an analytical model to 

calculate the imbibition rates of water into a porous media. He described a 1D water-gas COCSI based on 

the assumption of piston-like displacement and showed that gas recovery was varying linearly with square 

root of time. Several other authors (McWhorter et al., 1990; Li et al., 2006; Fischer et al., 2006; Li, 2007; 

Bourbiaux, 2009; Schmid et al., 2011; Andersen et al., 2013; Haugen et al., 2014) have contributed to 

enhancing the model, proposing new and improved schemes and incorporating more complexities to better 

define the complexity of the process. A recent contribution to this learning published by Standnes & 

Andersen, (2017) introduced a new dimensionless time as likened to the expressions of Ma et al., (1997), 

and Mason et al., (2010). The new parameter which allows for better accuracy for upscaling laboratory 

COUCSI experiments that cover a wide range of viscosities incorporates the curvature and end-point of 

the relative permeability functions as well as fluid-fluid interaction parameters and deemed universally 

valid, in principle, for estimating fluid mobilities at counter-current flow for all fluid viscosities and all 

relative permeability shapes.  
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These mathematical models, however, do have limitations as to their abilities to capture all the factors 

dictating the output of SI processes, especially since the porous media is hugely complex with 

characteristics that are not yet fully understood. There is therefore a continual need to study both COCSI 

and COUCSI in the laboratory to progressively understand the effects of different factors influencing the 

process.  

It is important to note, also, that experiments performed in a particular lab is hardly reproducible in a 

different lab when standard boundary conditions are not complied with during the process. A typical 

example is the 1D experimental work performed by Hatiboglu & Babadagli, (2010) regarding water-air 

co- and counter- current SI tests on Berea sandstone at two different temperatures. They observed that at 

low temperature the displacement rate and final recovery by the COCSI were faster and higher than the 

COUCSI counterpart. However, at the higher temperature even though the ultimate recovery by the 

COCSI was higher, the COUCSI displacement was faster than the COCSI test. They also reported doing 

water-oil COCSI tests. However, as later pointed out by Hamidpour et al., (2015), both boundary 

conditions used were not in accordance with common pure COCSI boundary conditions. In one case, water 

was in contact with the bottom face of the oil saturated porous medium which was free to atmosphere 

through the top face. In another case, both bottom and top faces of the 1D medium were in contact with 

water. As mentioned in the previous text, dominant COCSI occurs when only a portion of the permeable 

surfaces is in contact with wetting phase and the remaining permeable surfaces are covered by nonwetting 

phase.    

Haugen et al., (2014) conducted 1D water-oil COCSI experiments on consolidated Portland Chalk and 

Bentheimer Sandstone with setup like Figure 1.2 (TEOFSI). Oil production by counter-current flow only 

occurred in the very early stage of imbibition, and for their nine tests, an average of 96% of total recovery 

was produced by COCSI. They further used sensitivity analysis to discuss the impact of viscosity ratio on 

the production rates and concluded that counter-current imbibition progresses for almost the entire 

imbibition period when the oil viscosity is increased relative to the water viscosity. They noted, also, that 

increasing the fluid viscosities slowed production. They also showed that the relative permeability to oil 

behind the front increased as the oil was made more viscous. Meng et al., (2015) studied COCSI by 

applying the TEOFSI on unconsolidated glass bead and quartz sand porous media to analyze the impact 

of increasing non-wetting phase viscosity and reported that the magnitude of oil entrapment and relative 

permeability to brine behind the imbibition front had no significant changes when glass beads are used. 

However, the magnitude of entrapment increases, and the relative permeability decreases enormously with 

increase in the viscosity when quartz sand packs are used. Meng et al., (2016) applied the same system of 

porous media to investigate the effect of wetting phase viscosity on COCSI and found that the residual oil 

saturation was independent of the wetting-phase viscosity for both systems but rather on the pore geometry 

and pore size distribution of the porous media. They also noted rapid decrease in the rate of oil production 

by COCSI with increasing wetting phase viscosity.  

The surveyed literature suggests that that the parameters controlling imbibition into oil-filled cores are 

complex and elusive to ascertain and further investigation into the impact of any single factor deemed 

relevant in the dynamic displacement aspects of the SI process is vital and could contribute to the current 

knowledge of the subject matter.   
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1.2 Objectives 

The main goal of this thesis is to explore 1D co-current spontaneous imbibition process and to develop a 

model using the IORCoreSim simulator, that can be applied to match and interpret the experimental data 

reported by Haugen et al., (2014, 2015). Throughout this study, the following tasks will be performed: 

 

 Establish relative permeability and capillary pressure curves for a reference case by history 

matching the experimental data with the simulation tool.  

 

 Once a match is successfully obtained, use the optimized saturation function curves to perform 

sensitivity analysis that studies the response of co-, counter- and total production by varying the 

following key parameters: 

• Mobility  ratio by holding one viscosity fixed while changing the other  

• Equal scaling of the fluid viscosities at fixed mobility ratio 

• Capillary back pressure  
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2 THEORY 
This chapter is intended to introduce the fundamental aspects of spontaneous imbibition and how the 

various concepts discussed explain the subject matter covered in this study. The idea is to build a 

rudimentary foundation that will present definitions to terminologies applied in this study and serve as a 

pivotal basis to adequately comprehend the complex systems and mechanism analyzed in this thesis work. 

For simplicity, all concepts are outlined by assuming a two-phase oil/water system within the fractured 

reservoir material. Also, imbibition is used in this work to mean the increase in water phase saturation 

whereas drainage means reduced water saturation. 

2.1 Wettability  

Wettability defines the tendency of one fluid to spread on or adhere to the surface of the reservoir rock in 

the presence of another immiscible fluid (Craig, 1971; Tarek, 2006). This tendency is referred to as the 

wetting characteristics of the fluid for the rock surface and the system can be water-wet, oil-wet, 

fractionally wet, or mixed-wet (Salathiel, 1973; Anderson, 1987). The present literature (Chilingar & Yen, 

1983; Anderson, 1986; Cuiec, 1991; Rao, 1996 ; Donaldson & Waqi, 2008) reveals how that the prevailing 

wetting state of any reservoir system will influence the distribution of reservoir fluids, flow of fluid phases 

and directly impact the driving forces in the hydrocarbon system. Of key essence is its effect on the flow 

functions (relative permeabilities to oil and water) as well as its interplay with capillary pressure. Figure 

2.1 presents an illustration of this inter-connection for a water-wet system. Knowledge of the wetting 

characteristics is important to properly understand the behaviour of any reservoir system and to interpret 

experimental and numerical results accurately.  

In water-wet conditions, if the water saturation is reduced to its irreducible saturation (Swi), water remains 

as a continuous phase in the small pores throughout the rock structure and the oil is reserved to larger 

pores with high enough saturation to exist as a continuous phase. A rock under such wetting state will 

spontaneously imbibe water (the wetting phase) to expel the oil (which is non-wetting) until a state of 

static equilibrium is reached between the capillary and surface energy forces (Donaldson & Waqi, 2008). 

As the water saturation increases, the oil phase experiences a snap-off effect, becoming discontinuous and 

existing as globules in the center of the larger pores. During oil recovery by spontaneous imbibition, the 

wetting state of a porous medium is important since the matrix must be able to draw in the water 

spontaneously. If the matrix is non-wetting, it will resist automatic water uptake. 

 
Figure 2.1: Capillary pressure and relative permeability for water-wet conditions (Abdallah et al., 

2007) 
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2.2 Saturation functions 

2.2.1 Capillary Pressure 

When two immiscible fluids are in contact in the interstices of a porous medium, a pressure discontinuity 

exists across the curved interface separating the two fluids (Torsæter & Abtahi, 2003). This difference in 

pressure is the capillary pressure (Pc), which is pressure in the nonwetting phase (PNW) minus the pressure 

in the wetting phase (PW). Mathematically, capillary pressure for an oil-water system (water-wet) can be 

expressed as  

𝑃𝑐 = 𝑃𝑁𝑊 − 𝑃𝑊 = 𝑃𝑜 − 𝑃𝑤      (2.2.1) 

where NW phase is oil, W phase is water, 𝑃𝑜  & 𝑃𝑤 are the oil and water phase pressures across the interface 

respectively. Since oil is the non-wetting phase in a water-wet system, the capillary pressure value is 

positive.  

An expression relating the capillary pressure with the radius of a capillary tube and the interfacial tension 

is defined as  

𝑃𝑐 =
2𝜎𝑐𝑜𝑠𝜃

𝑟
    (2.2.2) 

where  𝜎 - interfacial tension (IFT), 𝜃 - contact angle, r - pore channel radius. 

Clearly, Equation 2.2.1 reveals the Pc as the excess pressure in the non-wetting fluid relative to the wetting 

fluid’s pressure, whilst Equation 2.2.2 tells that higher Pc is required to invade the smaller pores in the 

reservoir. The capillary pressure that exists within a porous medium between two immiscible phases is a 

function of the interfacial tensions and the size distribution of the capillaries, which, in turn, control the 

curvature of the interface. In addition, the curvature is also a function of the saturation distribution of the 

fluids involved (Tarek, 2006).  

This intricately makes the Pc a function of fluid saturation.  Bear & Verruiit, (1987) described the empirical 

relationship between capillary pressure and saturation in the form: 

𝑃𝑁𝑊
𝑎𝑣𝑔

 – 𝑃𝑊
𝑎𝑣𝑔

 =  𝑃𝑐 =  𝑓(𝑆)      (2.2.3) 

where 𝑃𝑁𝑊
𝑎𝑣𝑔

- the average pressure of non-wetting phase, 𝑃𝑊
𝑎𝑣𝑔

– the average pressure of wetting phase, 𝑃𝑐– 

capillary pressure, 𝑆 – the wetting phase saturation.    

Typical illustration of laboratory experiments to simulate the displacing forces in a reservoir to determine 

the magnitude of the capillary forces and thence, determine the fluid saturation distributions and connate 

water saturation, Swc (the maximum water saturation at which the water phase will remain immobile) is 

shown in Figure 2.2.  

Originally, when oil invaded the reservoir rock, it was saturated with water. The pore size distribution will 

define the equilibrium saturation distribution after oil has migrated from source rock into the water filled 

pore space. This process is known as drainage, which occurs when the pressure in the oil phase exceeds 

the pressure in the water phase by a specific value. This value is called the reservoir threshold pressure Pd 

(see Figure 2.2), which is the pressure needed for oil to enter the largest pores in the distribution 

(Szymkiewicz, 2012). Furthermore, as the capillary pressure increases, the water saturation will approach 

irreducible water saturation Swir, in which no more water will be displaced. The drainage process 
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described (and shown in Figure 2.2) corresponds to the so-called primary drainage curve. This drainage 

process establishes the fluid saturations, which are found when the reservoir is discovered.  

 
Figure 2.2: Typical Capillary Pressure Curve (Tarek, 2006) 

A different principal flow process occurs when the oil saturated reservoir, upon discovery, is produced by 

displacing the oil with the wetting phase, water. imbibition process and the resulting curve is termed the 

capillary pressure imbibition curve. These two Pc curves follow different paths and is termed as capillary 

hysteresis. McCardell, (1955) attributed this phenomenon to the variations in radius along the tortuous 

pore length of the reservoir medium and proposed a mechanism known as the ink-bottle effect. 

Capillary forces are a decisive influence on oil recovery efficiency and could act against or in favor of the 

production depending on the formation framework. Displacement in fractured reservoir systems, like 

carbonates is only supported by positive capillary forces (Cuiec et al., 1994), which is substantial when 

the formation is preferentially water-wet. The strong capillary forces incited will encourage self-uptake of 

water through spontaneous imbibition to eject oil. This interplay of wetting state and capillary driving 

forces is noteworthy when considering oil displacement by SI. This spontaneous imbibition process will 

proceed until Pc = 0. In strongly water-wet systems, this happens until 1-Sor (where Sor represents the 

residual oil saturation). In mixed wet systems, Pc = 0 occurs as Sw < 1-Sor and so less oil is recovered by 

SI in such systems. Under such conditions, the extra oil can be produced by force imbibition, often 

achieved through injection of displacement fluid. 

2.2.2 Relative Permeability 

The tendency of a fluid to flow through a porous media is hugely dependent on the ability of the formation 

to transmit the fluid. This property is referred to as absolute permeability, represented as k. The 

simultaneous flow of oil and water causes each phase to interfere with the flow of the other and thus 

relative permeabilities are frequently used to represent the permeability of the phases by:  

𝑘𝑟𝑤 =
𝑘𝑤

𝑘
≤ 1  , for water          (2.2.4) 

𝑘𝑟𝑤 =
𝑘𝑜

𝑘
≤ 1  for oil                (2.2.5) 

𝑘𝑤 and 𝑘𝑜 are the effective permeabilities (i.e when the sample is 100% filled with the phase).  
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These flow parameters are unique functions of saturation. Thus, for a porous medium, the fluids are only 

mobile within a specific saturation range, which defined over the water phase is 𝑆𝑤𝑖𝑟 ≤ 𝑆𝑤 ≤ 𝑆𝑤
𝑚𝑎𝑥. The 

water relative permeability will vary from 𝑘𝑟𝑤(𝑆𝑤 = 𝑆𝑤𝑖𝑟) = 0  to a maximum value,  

𝑘𝑟𝑤(𝑆𝑤 = 𝑆𝑤
𝑚𝑎𝑥 = 1 − 𝑆𝑜𝑟) =  𝑘𝑟𝑤

𝑚𝑎𝑥 . Over the same range of saturation, the oil relative permeability will 

vary from a maximum value, 𝑘𝑟𝑜(𝑆𝑤 = 𝑆𝑤𝑖𝑟 𝑜𝑟 𝑆𝑜 = 𝑆𝑜
𝑚𝑎𝑥) =  𝑘𝑟𝑜

𝑚𝑎𝑥   to 𝑘𝑟𝑜(𝑆𝑤 = 𝑆𝑤
𝑚𝑎𝑥 = 1 −

𝑆𝑜𝑟 𝑜𝑟 𝑆𝑜 = 𝑆𝑜𝑟 ) =  0. This relationship is more conveniently represented by relative permeability 

curves, depicted in Figure 2.3.  

 
Figure 2.3: Typical oil/water flow behaviour (Tarek, 2006). 

2.3 Spontaneous Imbibition 

Imbibition is the process of absorbing a wetting phase into a porous rock. It is a key mechanism in water 

drive recovery from fractured reservoirs because it can hinder or advance water movement, affecting the 

recovery efficiency. The resident crude oil in the matrix has no inherent ability to drive itself out of the 

pores but rather is ejected by the accumulation of water in the pore spaces (Bourbiaux, 2009). This can the 

thought of as an elimination of crude oil out of the rock, by substitution with water; a phenomenon that 

would occur much more readily if the rock matrix has a preferentially higher affinity for the water than 

for oil (Anderson, 1987). The term spontaneous imbibition (SI), then, is when the absorption process 

occurs without any external force driving the water phase into the rock. Such uptake of wetting fluid into 

a porous medium is driven by capillary action and resisted by viscous forces. The relative magnitude of 

the interaction between these forces primarily dictates the imbibition rate (Morrow & Mason, 2001; 

Andersen et al., 2018a; Mason & Morrow, 2013). The SI process can be summarized in one illustration as 

presented in Figure 2.4. 

 
Figure 2.4: Imbibition of water into a water-wet core filled with oil (Kleppe, 2014) 
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2.4 Boundary Conditions 

Standnes (2004) defined SI as the process where fluids are sucked into a porous medium by the action of 

capillary forces. During such fluid replacement process the relative direction defining the movement of 

the two fluid phases defines the ensuing mechanism.  

These mechanisms are generally categorized into two main forms: Co-Current Spontaneous Imbibition 

(COCSI) and Counter-Current Spontaneous Imbibition (COUCSI). In COCSI, both Wetting (W) and Non-

Wetting (NW) phases flow in the same direction, whereas flow for both phases is in the opposite direction 

during COUCSI (Li et al., 2003; Andersen et al., 2018a). In experimental investigations of SI, the 

distribution of fluid around the available permeable portions of the porous sample stipulates the resulting 

spontaneous mechanism. The exposure of different portions of the porous medium is usually referred to 

as the boundary condition (BC) and is a vital aspect that needs proper capturing during mathematical or 

numerical considerations of any SI experiment.  

In laboratory SI experiments, different standard boundary conditions are applicable. The typical BCs 

implemented are: All Faces Open (AFO) (Mason et al., 2009; Fernø et al., 2014), One End Open (OEO) 

(Akin et al., 1998; Li et al., 2003), Two Ends Closed (TEC) (Fischer et al., 2006), Two Ends Open (TEO) 

(Bourbiaux & Kalaydjian, 1990; Yoldiz et al., 2006; Mason et al., 2010) and a special form of the TEO 

boundary condition (see Figure 2.5), Two Ends Open – Free Spontaneous Imbibition (TEOFSI), 

introduced by (Haugen et al., 2014).  

 

Figure 2.5: Illustration of the TEOFSI system introduced by (modified by Haugen et al., 2014). 

In this thesis work, only the standard Two-End-Open-Free Spontaneous Imbibition (TEOFSI) boundary 

condition is considered, as in relation to the experimental data under study. In the TEOFSI boundary 

condition, all sides of the porous medium are impenetrable to fluids, except two opposite end sides, where 

one end face of the core is exposed to the W phase and the other to the NW phase. The wetting phase 

(which is the imbibimg fluid) can only enter the core through the end face exposed to it (usually termed 

the inlet) whereas the  non-wetting phase (which is pre-saturated into the core) can be produced at the inlet 

phase or at the opposite end face exposed to it (usually termed the outlet). Production of the NW phase at 

the inlet, then, becomes COUCSI and the outlet ejection occurs through COCSI. Foley et al., (2017) 

revealed that NW phase can only be produced co-currently, when its phase pressure exceeds the capillary 

back pressure (CBP). However, as pointed out by Haugen et al., (2014), during TEOFSI, several factors 

exercise control on when, or if, counter-current production stops (Andersen et al., 2018a). The CBP has 

been defined as the resistance for oil to be produced as droplets into the water phase at the inlet side 

(Andersen et al., 2017).  

Fluid flow by TEOFSI progresses in 1D, which is less complex and easy to model mathematically, using 

established differential equations. 
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2.5 Mathematical Model 

When water displaces oil spontaneously under the influence of capillary forces, a diffusion-advection 

equation model may be used to present an analytical solution for flow of immiscible fluids under both 

counter-current and co- current imbibition in strongly water-wet porous medium. Simplification is 

possible by considering a 1D horizontal formulation where gravity forces are negligible (relative to 

capillary forces) and fluid phases assumed to be incompressible. 

The transport equations for oil (o) and water (w) in porous media are given by:  

𝜑
𝜕𝑆𝑙

𝜕𝑡
= −

𝜕𝑣𝑙

𝜕𝑥
           (2.5.1) 

where 𝜑 - porosity, 𝑆𝑙- phase saturation and 𝑣𝑙- Darcy velocity of each phase.                        

Considering two-phase flow and the simplifications outlined, the generalized Darcy law is formulated as:  

𝑣𝑤 = −
𝑘𝑘𝑟𝑤

𝜇𝑤
 (

𝜕𝑃𝑤

𝜕𝑥
)            (2.5.2) 

𝑣𝑜 = −
𝑘𝑘𝑟𝑜

𝜇𝑜
 (

𝜕𝑃𝑜

𝜕𝑥
)               (2.5.3) 

where 𝑣w/o 
– water/oil flux, 𝑘 - absolute permeability, 𝑘𝑟𝑤- relative permeability to water, 𝑘𝑟𝑜- relative 

permeability to oil, 𝜇𝑤/𝑜- viscosity for water/oil, 𝑃w/o- water/oil phase pressure.   

The saturation parameters for water and oil are constrained by volume conservation: 

𝑆𝑤 + 𝑆𝑜 = 1      (2.5.4) 

Whereas the assumption of phase pressure equilibrium constrains the pressure parameters through the 

expression for capillary pressure: 

𝑃𝑐(𝑆𝑤) = 𝑃𝑜 − 𝑃𝑤     (2.5.5) 

Then, the total Darcy velocity 𝑣𝑇 can be written in the following form:  

𝑣𝑇 = 𝑣𝑤 +  𝑣𝑜 =  − 𝑘𝜆𝑜
𝜕𝑃𝑐

𝜕𝑥
 −  𝑘𝜆𝑇

𝜕𝑃𝑤

𝜕𝑥
       (2.5.6) 

where the mobilities (𝜆𝑤), (𝜆𝑜) and (𝜆𝑇) are defined as:  𝜆𝑤 =  
𝑘𝑟𝑤

𝜇𝑤
  ;  𝜆𝑜 =  

𝑘𝑟𝑜

𝜇𝑜
  ;  𝜆𝑇 = 𝜆𝑤 + 𝜆𝑜. 

For co-current flow, equation 2.5.1 through 2.5.3 can be transformed into a standard equation as 

presented by Andersen et al., (2017): 

 Pw is eliminated with equation 2.5.5 since 𝑃𝑤 = 𝑃𝑜 − 𝑃𝑐(𝑆𝑤)      

 The So is replaced by 1-Sw, using the saturation constraint in equation 2.5.4 

 The total velocity in 2.5.6 is introduced to eliminate the oil pressure Po 

Applying this procedure, the water transport equation can be written as a standard expression below 

(Chen et al., 2006):  

𝜑
𝜕𝑆𝑤

𝜕𝑡
+

𝜕

𝜕𝑥
(𝑣𝑇𝑓𝑤 + 𝑘𝜆𝑜𝑓𝑤  

𝜕𝑃𝑐(𝑆𝑤)

𝜕𝑥
) = 0         (2.5.7) 

where 𝑓𝑤 =
𝜆𝑜

𝜆𝑤+𝜆𝑜
 is the water fractional-flow function.  
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A pressure equation given below, must be solved together with equation 2.5.7 to obtain a solution to the 

system  
𝜕

𝜕𝑥
(− 𝑘𝜆𝑜

𝜕𝑃𝑐

𝜕𝑥
 −  𝑘𝜆𝑇

𝜕𝑃𝑤

𝜕𝑥
) = 0            (2.5.8) 

It is worthy of note that in co-current imbibition, the flow of oil and water in the same direction will imply 

that the pressure gradients of the two phases are oriented in the same direction. As a result, the 

displacement of the fluid with higher Darcy velocity will contribute positively to the flow of the other 

fluid. This interplay is commonly referred to as viscous coupling or Yuster effect (Babchin et al., 1998) 

and has a positive effect on co-current flow.  

For counter-current imbibition, the fluids move in opposite direction of each other. This will generate a 

negative viscous drag on the interface between the two fluids and give a lower total velocity of the 

displacement process (Rose, 1988). Consequently, viscous coupling has a negative effect on counter-

current flow in terms of fluid mobility. 

The equations 2.5.7 and 2.5.8 are solved by specifying boundary and initial conditions for water and 

pressure distribution (see Figure 3.3). It is the proper definition of the boundary conditions that controls 

the mathematical derivation and conforms it to a TEOFSI system. The implemented conditions are 

presented later in this report under subsection 3.6. 

2.6 The Buckley- Leverett Flow Theory  

Buckley & Leverett , (1942) investigated the mechanism of fluid displacement and developed the Buckley-

Leverett (BL) theory , which estimates the rate at which an injected water bank moves through a porous 

medium. The BL flow theory is based on the law of mass conservation during forced displacement process 

by the development of a fractional flow equation  (Leverett, 1941) for oil and water.The fraction of water 

present in the advancing front during the displacement process is given by:  

𝑓𝑤 =
𝑞𝑤

𝑞𝑤+𝑞𝑜
             (2.6.1) 

Where 𝑓𝑤 = fraction of water in the flowing stream; 𝑞𝑤,𝑜= flow rate of the individual fluid phases 

When the flow rate expression 𝑞𝑤 = 𝑣𝑙 ∗ 𝐴 (see Equation 2.5.2) is implemented with the assumption of 

linear and horizontal flow through a core of cross-sectional area ‘A’, where gravity and capillary forces 

are neglected, Equation 2.6.1 can be written in the form (Tarek, 2006):  

𝑓𝑤 =
1

1+
𝑘𝑟𝑜𝜇𝑤
𝑘𝑟𝑤𝜇𝑜

       (2.6.2) 

The dependency of krl on saturation makes fw a sole function of saturation when the fluid viscosities are 

constant. The fw function is typified by an S-shaped curve and the saturation front that is formed can be 

determined by the tangent line of the fractional flow curve that extends to the initial water saturation.  

Since Sw is a function of both time and position, classical mathematical computations performed on 

Equation 2.5.7 when the capillary diffusion term is set equal to zero and the inclusion of a shock front can 

allow for the construction of the water saturation profile (Sw versus distance along the core). The fractional 

flow curve and a typical saturation profile are depicted in Figure 2.6.  

 

The effect of water and oil viscosities on fw is clearly indicated by examining Equation 2.6.2. Regardless 

of the system’s wettability, a higher 𝜇𝑜 results in an upward shift (increase) in the fractional flow curve 

whereas  higher 𝜇𝑤 results in an overall reduction in fw (downward shift of the curve) (Tarek, 2006).  
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The front saturation, therefore, is controlled by the Mobility ratio of the displacement process (this is 

presented in section 2.6).  

In relation to the nomenclature used in Figure 2.6, Swf is the front saturation, Swc is the connate water 

saturation, Swbc is the average water saturation at breakthrough. The saturation profile (Figure 2.6b) is 

depicted at a fixed time and it shows the maximum water saturation (Sw = 1-Sor) to have moved a distance 

X1 whiles the front saturation, Swf is located at position X2 measured from the inlet side. 

 

 

Figure 2.6: Illustration of the BL-theory showing a fractional flow curve (a) and a typical profile of water 

saturation distribution as a function of distance before breakthrough (b) (Tarek, 2006).  

 

The imbibition of water into a core during TEOFSI has similarities to BL flow and the imbibition process 

can be assumed to progress according to a distorted Buckley-Leverett (BL) profile. This assumption is has 

been approved by some authors (Morrow & Mason, 2001; Andersen et al., 2018a; Andersen et al., 2018b) 

and was implemented in this thesis to interpret experimental data and to derive saturation functions used 

in the history match process. 

 

 

a 

b 
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2.7 Mobility ratio 

The mobility of any fluid is the ratio of the effective permeability of the fluid to its viscosity (𝜆𝑙 =  
𝑘𝑟𝑙

𝜇𝑙
  ). 

During the displacement of oil by water, the ratio of water mobility to oil mobility is defined as the 

Mobility ratio, M and given mathematically as (Muskat, 1946):  

𝑀 =
𝜆𝑤

𝜆𝑜
=

𝑘𝑟𝑤

𝑘𝑟𝑤
 

𝜇𝑜

𝜇𝑤
        (2.7.1) 

Muskat, (1946) points out that kro must be evaluated at initial water saturation because the displaced oil is 

moving ahead of the water front in the noninvaded zone, whereas krw will takes forms primarily dependent 

on the average water saturation in the invaded zone (which increases after water breakthrough). Relating 

Equations 2.7.1 and 2.6.2 expresses the influence of M (which is a saturation function) on the fractional 

flow function and the saturation profile.  

In this study, by looking on the Corey-like correlation (see section 3.4) used to express the relative 

permeability function, M is computed by applying the maximum kr values, 𝑘𝑟𝑤
𝑚𝑎𝑥  and 𝑘𝑟𝑜

𝑚𝑎𝑥  and M takes 

the form 𝑀 =
𝑘𝑟𝑤

𝑚𝑎𝑥

𝑘𝑟𝑜
𝑚𝑎𝑥  

𝜇𝑜

𝜇𝑤
. By such definition of the mobility ratio, M can be altered simply by changing the 

viscosity ratio, 
𝜇𝑜

𝜇𝑤
.  
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3 EXPERIMENTAL DETAILS AND NUMERICAL INVESTIGATION 

This chapter presents the laboratory work considered as a basis for this thesis (physical model) and further 

reveals the concepts applied in the numerical study performed. Herein, the simulation tool used is 

presented together with the input data and grid information as well as the mathematical correlations used 

to match experimental data. 

3.1 Experimental details 

The simulation studies performed in this work is based on laboratory work performed by Haugen, et al., 

(2014, 2015). The experiments were performed using outcrop cylindrical chalk core plugs obtained from 

Ålborg, Denmark. The chalk composition was mainly calcite with permeability ranging 3 - 6 mD. During 

preparation of the cores it was ensured that only the end faces were open and penetrable to fluids. This 

ensures closure of all radial boundaries and the system can be considered as 1D.  

 

 

 

 

Figure 3.1: (a) Schematic diagram of the experimental setup. (b) Boundary conditions and direction of 

flow during the experiment (Haugen, et al., (2014) 

Synthetic brine was used as the wetting phase and refined oil devoid of surface active components was 

used as the non-wetting phase. The boundary condition applied (Figure 3.1b) was the TEOFSI and 

Figure 3.1a shows how the inlet end of the core was kept in contact with the imbibing brine and the 

outlet end in contact with oil by means of an oil-filled void end-piece. Properties of the core material and 

fluid properties are presented in Table 3.1. The brine viscosity is fixed at 1.09cP while the oil viscosity is 

varied from 1.47cP to 137cP.  

Table 3.1: Core Material and Fluid Properties 

Core 
Length 

(cm) 

Diameter 

(cm) 

Porosity 

(fraction) 

Brine Mineral Oil 

ρ (g/ml) µ (cP) ρ (g/ml) µ (cP) 

CHP2 16.6 3.79 0.460 1.05 1.09 0.74 1.47 

CHP11 3.1 3.81 0.466 1.05 1.09 0.87 137 

CHP25 5.75 3.70 0.458 1.05 1.09 0.84 83.3 

 

The core was initially 100% saturated with the oil and fully submergerd horizontally in the brine, to initiate 

spontaneous imbibition at the inlet end. Under such experimental set-up, co-current SI behavoiur is 

a b 
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favoured, with minor counter-current production. They termed the imbibition behaviour with this set-up 

as Two End Open Free Spontaneous Imbibition (TEOFSI).  

The oil produced from each end was monitored using calibrated imbibition cells and presented as volume 

produced versus time. At the onset of imbibition, oil was produced from both end faces, counter-currently 

at the inlet face and co-currently at the outlet face. Oil production at the inlet phase ceases after a short 

period of time and the imbibition process is therafter, purely COCSI. The recorded recovery and fractional 

oil production during the SI are presented later in chapter 4.  

3.2 IORCoreSim 

The simulations studies conducted were run using IORCoreSim (Version 1.277), a development of 

BugSim. It is a combined EOR and SCAL simulator developed at the IOR Centre of Norway. The 

program, as outlined by Lohne (2017) is a three dimensional, rectangular or radial grid model that handles 

multi-component flow with up to three phases (water, oil and gas).  

Previously, some authors (Andersen et al., 2017; Andersen et al., 2018a; Andersen et al., 2018b) have 

performed simulation studies using this simulator. In this thesis, the water and oil phases were considered 

as immiscible and incompressible, this was applied to model the system during spontaneous imbibition of 

brine. The simulator solves the four variables (oil and water saturations and pressure) within each matrix 

domain. In the program, the main flow fields are computed from a finite-difference discretization, using a 

sequential solution method (Watts, 1986) for both pressure and saturations (Andersen et al., 2018b).  

In accordance to standard procedure, at any timestep, the pressure field is calculated first, using linear 

pressure equation by keeping the saturation-dependent variables fixed at the values form the previous 

timestep. Next, the phase velocities are updated by solving an additional saturation equation formulated 

in terms of the water fractional-flow function. The fractional flow equation is solved implicitly with 

respect to relative permeability and capillary pressure whilst keeping the oil pressure and total flowrate 

from the pressure solution constant.  

The required input for all the simulations run are summarized below: 

 Core dimensions and properties (diameter, length, porosity, permeability) 

 Fluid properties (viscosity, density, oil/water interfacial tension) 

 Saturation functions (relative permeability, capillary pressure) 

 Boundary conditions (pressure, contacting fluid at the end faces) 

Majority of the required input were measured and presented in the experimental work as shown in Table 

3.1. The input saturation functions were obtained through correlations and are presented in sections 3.3 

and 3.4.  

3.3 Capillary Pressure Correlation 

For numerical investigations of the displacement processes, it is convenient to express the Pc as an 

analytical function defined in terms of its controlling parameters. Leverett (1929) used a parallel bundle 

of tubes of equal radius, r, to define a microscopic radius in terms of permeability, k, and porosity, φ. 

𝑟 = √
8𝑘

φ
              (3.3.1) 
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He further derived a relation between the Pc and a dimensionless parameter known as the Leverett J-

function (Leverett, 1941) which could be employed to upscale laboratory data to classify the capillary 

state of a whole reservoir.  He defined the J-function as: 

𝐽(𝑆𝑤) =
𝑃𝑐

𝜎
√

𝑘

𝜑
        (3.3.2) 

where 𝐽(𝑆𝑤) − scaled Leverett function, 𝑃𝑐 − capillary pressure, (bar),  𝜎 − interfacial tension, (mN/m),  

𝑘 − permeability, (mD), 𝜑  − fractional porosity. 

The capillary pressure curve, in dimensionless form, is included as an input for the numerical model using 

the IORCoreSim, as tabulated values for corresponding water saturations. Consequently, it was decided 

to use the correlation proposed by Andersen et al., (2017) which is generally given as 

𝐽(𝑆) =
𝑎1

(1+𝑘1𝑆)𝑛1
−

𝑎2

(1+𝑘2(1−𝑆))
𝑛2 + 𝑎3        (3.3.3) 

Where S is scaled water saturation defined by : 

𝑆 =
𝑆𝑤−𝑆𝑤

𝑚𝑖𝑛

𝑆𝑤
𝑚𝑎𝑥−𝑆𝑤

𝑚𝑖𝑛        (3.3.4) 

where 𝑆𝑤
𝑚𝑖𝑛 and 𝑆𝑤

𝑚𝑎𝑥 are the initial saturation and maximum saturations (taken as 1-Sor) respectively 

obtained during the imbibition process such that the entire correlation is defined over the range                     

0 ≤ 𝑆 ≤ 1.  

Such that 𝐽(𝑆 = 0) = 𝐽𝑚𝑎𝑥 , and 𝐽(𝑆 = 1) = 𝐽𝑚𝑖𝑛 . Here, 𝐽𝑚𝑎𝑥 is the maximum dimensionless pressure 

which is obtained at the lowest considered water saturation and 𝐽𝑚𝑖𝑛 is the minimum dimensionless 

pressure which is obtained at the highest considered water saturation.  

If the curve parameters [ 𝑎1, 𝑎2 , 𝑘1 , 𝑘2, 𝑛1 , 𝑛2]  > 0 the correlation is monotonously decreasing for any 

value of 𝑎3 and thus the parameters can be chosen to fit experimental data for all wetting conditions with 

ease and high accuracy. Several other correlations exist in the literature (Brooks & Corey, 1964; Bentsen 

& Anli, 1977; O'Carrol et al., 2005; Skjæveland et al., 2000; Lomeland et al., 2008; Neshat & Pope, 2017), 

but this particular correlation proposed by Andersen et al., (2017) was selected especially due to its 

flexibility and accuracy for strongly wet media. 

For strongly water-wet system, as considered in this thesis work, Equation 3.3.3 is simplified by setting 

𝑎2 = 0 and defining the constant term 𝑎3 in such a manner that the relevant threshold value is obtained.   

𝑎1 =
(𝐽𝑚𝑎𝑥−𝐽𝑚𝑖𝑑)(1+𝑘1)𝑛1

(1+𝑘1)𝑛1−1
 , 𝑎2 = 0 , 𝑎3 = 𝐽𝑚𝑎𝑥 −

(𝐽𝑚𝑎𝑥−𝐽𝑚𝑖𝑑)(1+𝑘1)𝑛1

(1+𝑘1)𝑛1−1
           (3.3.5) 

Substitution into Equation 3.3.3 yields the final relation applied in this study; 

𝐽(𝑆) =  {
(𝐽𝑚𝑎𝑥−𝐽𝑚𝑖𝑑)(1+𝑘1)𝑛1

(1+𝑘1)𝑛1−1
}

1

(1+𝑘1𝑆)𝑛1
+ {𝐽𝑚𝑎𝑥 −

(𝐽𝑚𝑎𝑥−𝐽𝑚𝑖𝑑)(1+𝑘1)𝑛1

(1+𝑘1)𝑛1−1
}          (3.3.6) 

By assuming the capillary pressure to scale according to the Leverett expression, the obtained values are 

used as direct input for the simulation run. The scaled J-function is assumed to be independent of inherent 

fluid and rock properties.  
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3.4 Relative Permeability Correlation 

The relative permeability functions are implemented as tabulated values when applying the IORCoreSim 

tool. Several correlations are available in the literature for prediction of two-phase water/oil relative 

permeability. The most common correlations are summarized in a study published by (Siddiqui et al., 

1988; Baker, 1988). The correlation used in this study was adapted as a linear form of the Corey correlation 

(Corey, 1954) which was developed as a power law in the water saturation.  

 

The Corey relative permeability equations for water and oil phases are:  

𝑘𝑟𝑤 = (𝑆∗)𝑛𝑤            (3.4.1) 

𝑘𝑟𝑤 = (1 − 𝑆∗)𝑛𝑜     (3.4.2) 

where the exponents are termed as core exponents and the normalized saturation given as; 

𝑆∗ = (
𝑆𝑤−𝑆𝑤𝑖𝑟

1−𝑆𝑤𝑖𝑟
)       (3.4.3) 

The Corey-like functions as used by (Andersen et al., 2018a) was applied in this thesis to model the 

relative permeabilities for water and oil with slight variation of the mobile saturation range for the two 

phases. The functions are given as;  

𝑘𝑟𝑤 = 𝑘𝑟𝑤
𝑚𝑎𝑥 ∗ 𝑆𝑤

𝐸𝑤      and    𝑘𝑟𝑜 = 𝑘𝑟𝑜
𝑚𝑎𝑥 ∗ 𝑆𝑜

𝐸𝑜         (3.4.4) 

Where the exponents were computed to vary linearly according to  

𝐸𝑤 = 𝐸𝑤,0(1 − 𝑆𝑤) + 𝐸𝑤,1𝑆𝑤   and  𝐸𝑜 = 𝐸𝑜,0𝑆𝑜 + 𝐸𝑜,1(1 − 𝑆𝑜)         (3.4.5) 

The normalized saturations in Equations 3.4.4 and 3.4.5 are given as;  

𝑆𝑤 = 𝑚𝑎𝑥 (0,
𝑠𝑤−𝑠𝑤𝑟

1−𝑠𝑜𝑟−𝑠𝑤𝑟
)  and    𝑆𝑜 = 1 − 𝑆𝑤          (3.4.6) 

By such analytical notations, both phases have mobilities defined over the same saturation interval.  

 

3.5 Numerical Grid  

The numerical model was built using the Cartesian coordinate grid. A 1D Cartesian model was constructed 

and subdivided into 100 grid cells, where Nx:Ny:Nz equals 100:1:1 in the cartesian x, y and z-directions 

respectively.  

The experimental set-up is a Two End Open Free Spontaneous Imbibition (TEOFSI) system and thus fluid 

flow into and out of the core is along the same horizontal axis (1D flow). It is somewhat justified to 

simulate in Cartesian 1D so as to capture the details in the fluid distribution that will give better detail of 

the saturation profile along the core during imbibition. 

The experimental core geometry is cylindrical and thus the cross-sectional area transforms into the height 

and breadth of the rectangular grid model with the length corresponding exactly to the core length. This is 

depicted in Figure 3.2.  
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Figure 3.2: Illustration of transformation from a cylindrical to a coordinate layout 

 

3.6 Initial and Boundary Conditions 

The derivations that follow are presented with reference to Figure 3.3 which represents the geometry of 

the experimental set-up considered in this thesis. In the Figure, * and ** represent Equations 3.6.2 and 

3.6.4 respectively. 

 
Figure 3.3: Geometry of the TEOFSI system representing a water-wet core 

of length L. modified from Andersen et al., (2018) 

The laboratory data considered in this thesis used porous media fully saturated initially with oil as the non-

wetting (NW) phase. The initial state of the system (see Figure 3.4) then follows as presented by Andersen 

et al., (2018a): 

𝑆𝑤(𝑥, 𝑡 = 0) = 0  ; (0 < x < L)           (3.6.1) 

The conventional TEOFSI boundary condition is applied to define the system, as in accordance to the 

laboratory setup. The relevant boundary conditions defined below are implemented by considering x = 0 

as the water exposed end face (inlet) and x = L as the oil exposed end face (outlet). 0- 

BC at inlet:      𝑃𝑛𝑤(𝑥 = 0−, 𝑡) = 𝑚𝑖𝑛(𝑃𝑛𝑤(𝑥 = 0+, 𝑡), 𝑃𝑐𝑏,𝑛𝑤)            (3.6.2)* 

𝑃𝑤(𝑥 = 0, 𝑡) = 0,               (3.6.3) 

𝑃𝑐𝑏,𝑛𝑤 = 𝜎√
𝜑

𝐾
∗ 𝐽𝑏,𝑛𝑤        (3.6.4)** 

The inlet BC modelled after this fashion will allow for counter-current production of the NW phase at the 

inlet if the internal NW phase pressure, 𝑃𝑛𝑤, exceeds the NW phase capillary back pressure, 𝑃𝑐𝑏,𝑛𝑤. 

However, if it is lower, the system switches to a no flow condition for the NW across the inlet.  

BC at outlet:   𝑃𝑛𝑤(𝑥 = 𝐿, 𝑡) = 0,            𝑃𝑤(𝑥 = 𝐿+, 𝑡) = 0           (3.6.5) 

Here, the outlet, which is in continuous contact with the NW phase is defined as having zero external 

pressure in both phases. Across the outlet, the wetting (W) phase flux is set equal to zero by defining the 

W phase pressure discontinuous across the end phase until its pressure exceeds the external NW phase 
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pressure. As pointed out by Andersen et al., (2018a), this restrictive flow of the W at the outlet face does 

not occur in a strictly homogeneous, purely-capillary-driven TEOFSI system. Rather, 𝑃𝑤(𝑥 = 𝐿−) is 

computed from 𝑃𝑛𝑤(𝑥 = 𝐿) and the capillary pressure. 

3.7 History Matching 

It was adopted a method characterized by repeated and varied attempts which were continued until 

reaching satisfactory results to history match the experimental data. Here, the data to be matched was run 

with the same defined input and changes rendered according to observed deviation of the simulated result 

from the experimental data until an acceptable match is obtained. Variations in the input parameters (see 

subsection 3.2) are done based on the knowledge of how the different parts of the simulated curve-fit are 

affected by any specific input.  

The imbibition of water into the core during TEO SI can be assumed to progress according to a distorted 

Buckley-Leverett (BL) profile, where the mobility ratio of the two phases controls the saturation front and 

a smearing that occurs due to capillary pressure gradient within the core. Generally, the saturation 

functions outside the BL shock front defines the characteristics of the displacement process. Specifically, 

the saturation interval between the front saturation, Sf, and the maximum saturation, 1-Sor, and the interval 

between Sf and the saturation value at initial water saturation, Swi. 

The experiments to be modelled were conducted with varying NW phase viscosities, where CHP11 

contained the highest oil viscosity and CHP2 the lowest. By the assumption of a BL saturation profile, SI 

in CHP11 will therefore have lower front saturations and would require the largest saturation interval to 

properly define the displacement process. This experiment was therefore considered as the base to 

determine the saturation functions between Sf and 1-Sor. In the case with low NW phase viscosity, the 

displacement process develops sharp fronts with high front saturations and the behaviour is mainly 

dependent on the end-point values of the saturation functions and not necessarily the intermediate 

saturations since these occur in a limited fraction of the system. The experiment in CHP2 is therefore used 

to determine the end-point W phase relative permeability and the threshold Pc. 

Notably, in the system with high oil viscosity (water mobility high comparable to oil), the front advance 

of the system is controlled both by the level of the relative permeability and the capillary pressure. 

Variations in the imbibition rate will be dependent more on the saturation distribution as dictated by the 

total mobility and the capillary pressure curve. Therefore, the case with high NW phase viscosity is 

expected to be sensitive to larger parts of the Pc and kr curves whereas the case with lower NW viscosity 

will be affected only by the last part of the krw and Pc curves. These principles were applied in tuning the 

input parameters.  

The experimental results also had low variance is the Sor thus this parameter was kept constant in the 

history match process.  A residual water saturation was also assumed to account for the logicality of some 

water accumulation before water can advance. The representative functions for Pc and kr were made 

flexible enough to allow for variations in specific parts of the curve during each trial of the run. The 

correlations used allowed for specific tuning of the curves at specific saturation ranges (low, mid or high 

saturation values) to properly incorporated the known principles of the system’s behaviour into the 

matching process. The extent of counter-current oil production is sensitive to the capillary back pressure, 

Pcb and increases with increasing NW phase viscosity; this is accounted for in the matching as well. The 

boundary Pcb is set to zero for the outlet boundary, to prevent production of water in the present 

simulations. A boundary Pcb was specified at the inlet boundary. The value, on dimensionless form, was 
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Job = 0.08 in all the simulations. The value was not varied because it had very little effect on the production, 

since it was lower that the threshold Pc. Since the considered experiments were conducted under similar 

conditions and the Portland chalk reported as dominantly homogeneous, the same relative permeability 

and dimensionless capillary pressure curves were used to model each experiment.  

This assumption will imply that the effect of viscous coupling on the relative permeability through its 

influence on the flow regime is neglected in the simulation process to history match the experiments. The 

applied matching procedure has been successfully implemented in previous numerical studies (Andersen 

et al., 2017; Andersen et al., 2018a; Andersen et al., 2018b) to match saturation functions in low permeable 

chalk experiments.  
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4 RESULTS AND DISCUSSIONS 
This section presents the results of the simulation study with an attempt given to analyze the observed 

trends during sensitivity analysis of the system. The discussion is conducted in relation to the established 

literature. In the presentations that follow (especially for the plots), inlet refers to the side of the core 

exposed to water whereas outlet refers to the side exposed to oil (see Figure 3.1b).  

4.1 History matching 

The relative permeability functions krw , kro and scaled capillary pressure J-function were deduced from 

manual history matching of all experimental data and resulted in a reasonably good match to experimental 

observations for all experiments (CHP2, CHP11 and CHP25). The final optimised relative permeability 

and J-function curves applied to model the experiments are depicted in Figure 4.1, with the equivalent 

parameters in relation to the applied correlations shown in Table 4.1. The generated numbers are available 

in Appendix A1. 

The J-function was adapted to finite values in the lower saturation range where mainly the magnitude 

could be determined from matching. At Sw =1-Sor the input capillary pressure was set equal to zero to 

establish a threshold J-value of 0.09. Such an adaptation of the Pc curve at 1-Sor was implemented to 

capture the Pc behaviour at the inlet end during counter-current production, where the NW phase is forced 

as droplets through the pores filled with water. Under such phenomenon, there is often a finite capillary 

pressure necessary to force the NW phase out.  Similar adaptation was implemented successfully by 

Andersen et al., (2018b).  

  
Figure 4.1: Optimized relative permeabilities (left) and Dimensionless imbibition capillary pressure used in 

history matching of experiments. 

Table 4.1: Key input parameters used to generate Pc and kr curves used in all simulations (all 

parameters are dimensionless). 

Relative Permeability Parameters Capillary Pressure 

Parameters 

End-Point Saturations 

𝑘𝑟𝑤
𝑚𝑎𝑥  0.16 J 

max 0.8 Swi 0 

𝑘𝑟𝑜
𝑚𝑎𝑥  1 J 

min 0.09 Swir 0.04 

Ew,0 5 n1 0.8 Sor 0.34 

Ew,1 2.3 k1 3.3   

Eo,0 0.38 a1 5.0097   

Eo,1 1.3 a3 0.9097   
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4.1.1 History Matching CHP 2 

The experiment on CHP2 was conducted with the lowest NW phase viscosity (µo=1.47) and represented 

the case with the lowest viscosity ratio µo /µw equal to 1.35. The simulation was performed at ambient 

conditions with the specified TEOFSI boundary condition and the result is depicted in Figure 4.2.  

 
Figure 4.2: History match of test CHP2 (µo=1.47cP) comparing experimental (markers) and simulated 

recovery factor versus time. The figure shows both counter current (inlet) and co-current recovery (outlet). 

By comparing, it is clearly seen how that the experimental recovery trend is well captured by the numerical 

model. The co-current production of oil at the initial stages is captured together with the observation of its 

abrupt no-flow, after which the oil is produced by pure co-current process.  The predicted breakthrough 

(BT) time is slightly delayed (simulated 1120 min compared to measured 1000 min). Breakthrough here, 

refers to the arrival of water at the core outlet. In classical sense, the water does not flow through the outlet 

end and can be inferred to as the time when Sw takes a non-zero value in the last grid cell. Thereafter, Sw 

simply rises as more water accumulates and is captured in the recorded data as a change in production 

trend by a reduction in co-current production rate. 

The model underestimates the total countercurrent RF by a value which represents a deviation of 0.1% 

whereas the co-current RF is overestimated by 2.9%.   

4.1.2 History Matching CHP 11 

The experiment on CHP11 was conducted with the highest NW phase viscosity (µo=137) and represented 

the case with the highest viscosity ratio µo /µw equal to 125.7. A comparison between the experimental 

data and the model is shown in Figure 4.3. In general, the simulation closely approximates the recovery 

output very well, especially in the early times (until 1000min) and towards the production plateau (2500 

– 5900 min). The time duration between 1000 to 2500 min represent the section with a well-defined 

variance (up to a maximum underestimation of 0.03 in RF) between the match for the inlet production.  
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The overall co-current recovery is satisfactorily matched with a negative deviation of 0.03% whereas 

production at the inlet is underestimate by 3%. The match at early time is shown in Figure 4.4 to detail on 

the match-fit before 1200min. Here, it is observed how that the curve shape is well reproduced at the early 

stages. The breakthrough is not easily ascertained from the curves, but the simulated results depict an 

earlier breakthrough (~690min) as compared to the measured data (~860min). 

 
Figure 4.3: History match of test CHP11 (µo=137cP) comparing experimental (markers) and simulated 

recovery factor versus time. The figure shows both counter current (inlet) and co-current (outlet) RF. 

 
Figure 4.4: History match of test CHP11 showing recovery factor versus time until 1200min..  
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4.1.3 History Matching CHP 25 

The experiment on CHP25 was conducted an NW phase viscosity intermediate to the two prior 

experiments (µo=83.3) and represented the case with an intermediate viscosity ratio µo /µw equal to 76.42. 

Figure 4.5 presents the comparison of the numerical results and the experimental data. 

 
Figure 4.5: History match of test CHP25 (µo=83.3cP) comparing experimental (markers) and 

simulated recovery factor versus time. The figure shows both counter current production (inlet) and 

co-current production (outlet)  

The model is seen to match the experimental data to an acceptable degree. The total co-current production 

is overestimated by 4.1% whereas the production at the inlet face is underestimated by 3.2%. The 

breakthrough time seems to be well approximated by the simulation (~530min as compared to the 

measured data~540min). The inlet production is nearly uniformly overestimated (ranging ~0.05 to ~0.02 

difference in the RF). It is observed that the loss in outlet production depicted by the model is captured as 

an increase in the production at the inlet. Overall, the model overestimates the total recovery (inlet + outlet) 

by 1%.  

The numerical model, therefore can be regarded as a good fit for the experimental data investigated and 

seeing as history matching is in itself subjective, it is possible that other matching parameters may exist 

that could also match the experimental results examined herein. 

In principle, the cases with higher NW viscosity are sensitive to larger parts of the capillary pressure and 

relative permeability curves and thus the overall match can be further improved by further modifying these 

curves. However, this may require enormous efforts since the matching was done manually.  The 

assumption that kr is not influenced by viscous drag could be one issue to look upon as well. A comparison 

of the history match results are depicted in Figure 4.6. 
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Figure 4.6: Comparison of spontaneous oil production in experiments and simulations. The figures 

show co-current recovery (outlet) and counter-current recovery (inlet). 

 

4.2 Sensitivity analysis 

A sensitivity analysis on the results was performed to better understand how the system works under 

different conditions. The established history match for the experiment conducted with CHP2 was used as 

the reference case for making the sensitivity analysis.  

4.2.1 Varying Oil Viscosity at fixed water viscosity 

The experiment conducted on CHP2 yields a Mobility Ratio, M = (
𝑘𝑟𝑤

𝑚𝑎𝑥

𝜇𝑤
⁄ ) / (

𝑘𝑟𝑜
𝑚𝑎𝑥

𝜇𝑜
⁄ ) ≈ 0.2. The 

water and oil viscosities used were 𝜇𝑤
𝑟𝑒𝑓

=1.09cP and 𝜇𝑜
𝑟𝑒𝑓

=1.47cP respectively, with an established 

viscosity ratio µo /µw equal to 1.35. In Figure 4.7, model simulations conducted with varied oil viscosities 

(µo=1, 32 and 1000 cP) at fixed water viscosity are presented. This is recognized as an increase in the 

viscosity ratio 
𝜇𝑜

𝜇𝑤
 . 

The recovery trends are different, with µo=1cP resulting in the longest breakthrough time (~1000min, 

Figure 4.7a) followed by the run with µo=32cP  (~2500min, Figure 4.7b) and µo=1000cP produicng the 

earliest BT time (~12600min, Figure 4.7c). These approximate BT times are inferred from the point on 

the RF versus time curve where the co-current production rate decreases (Figure 4.7 b & c) or flattens 

(Figure 4.7a). For the same system, increasing only the oil viscosity will cause more oil to be trapped 

behind the imbibing front. This reduces the relative permeability to water behind the front, causing a slow 

imbibition rate and delaying the breakthrough time.  
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Figure 4.7: Simulated RF versus time of CHP2 at fixed µw=1.09cP and varying µo=1cP (a), 32cP (b) 

and 1000cP (c). The figures show counter-current (inlet), co-current (outlet) and total RF. 
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From Figure 4.7a-b, the co-current production plateau is decreasing with oil the increase in oil viscosity 

(0.61 > 0.41 > 0.26) whereas the counter-current production shows a reverse trend (0.03< 0.14 < 0.18). It 

is also observed that the counter-current imbibition time is relatively longer when the oil viscosity is 

increased. The total recovery factor decreases with increasing oil viscosity (0.65 > 0.56 > 0.43) and depicts 

that more oil is entrapped when oil viscosity is increased at a fixed water viscosity. Similar observation 

has been reported by Meng et al., (2015).  

In Figure 4.7b, co-current recovery proceeds linearly until a time of nearly 2400min A similar uniform 

trend is observed in Figure 4.7c but terminates after approximately 5000min where the recovery suddenly 

increases with time till about 12600 where it declines towards a possible plateau. There appears to be a 

delay in the imbibition process that results in an S-shaped profile between times 5000min and 15000min. 

Delay in the onset of imbibition has been reported in published studies (Zhou et al., 2000; Morrow et al., 

2001; Mason et al., 2013; Andersen et al., 2018b). The observed probable induction occuring with 

µo=1000cP (Figure 4.7c) is not seen in the other systems. It is likely that as water saturation builds up at 

the outlet, the oil mobility at the outlet is reduced and the whole system appears to have a high overal 

mobility. 

A noticeable remark is the trend in recovery after the breakthrough time is reached. It appears that 

increasing the viscosity lowers the chance of reaching a production plateau and thus, though the water 

reaches breakthrough at an earlier time, production continues much longer afterwards. Haugen et al., 

(2014) made a similar observation and asserted that counter-current imbibition may progress for almost 

the entire imbibition period when the oil viscosity is increased relative to the water viscosity. 

In Figure 4.8, the water saturation distribution along the core for the systems of increasing oil viscosity is 

presented. It is worthy of note that the front arrival at the outlet captured by the saturation profiles is 

captured at an earlier time that that observed in the plot of recovery factor versus time. The breakthrough 

time seen for Figure 4.7a is ~1000min but the actual arrival at the outlet occurs at ~700min (Figure 4.8a). 

The saturation profile reported in Figure 4.8 captures the time when the water saturation is non-zero in the 

outlet grid cell. This arrival time is however not immediately captured in Figure 4.7 since noticeable 

change in the co-current production rate is rather observed later, when water saturation builds up at the 

outlet to cause a substantial reduction in the mobility of oil at the outlet. Nonetheless, the possibility to 

approximate breakthrough time from recovery data is remarkable since this is impossible to observe in 

experimental proceedings conducted in a closed system. 

The plots presented in Figure 4.8 reveals the behaviour of the system at times equal to half BT and twice 

the BT. It is observed that the system with µo=1cP (Figure 4.8a) initially progresses with a piston-like 

displacement front until a quarter of the core length is passed, where the water saturation at the front 

declines with time as more oil is bypassed. There is much smearing of the saturation profile and reduction 

in the water saturation at the front as oil viscosity is increased relative to water viscosity.  
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Figure 4.8: Water saturation profile for CHP2 at fixed µw=1.09cP and varying µo=1cP (a), 32cP (b) 

and 1000cP (c). Each figure shows the saturation distribution at time equal to half BT (bottom, blue), at 

BT (middle, orange) and twice the BT (top, grey). 
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4.2.2 Varying water viscosity at fixed oil viscosity 

The impact of keeping the oil viscosity fixed while varying water viscosity was examined by running the 

model for CHP2 at water viscosities, 𝜇𝑤=1cP, 32cP and 1000cP.  The water viscosity was held constant 

at 𝜇𝑜
𝑟𝑒𝑓

=1.09cP. In Figure 4.10, results of the simulations conducted are presented as recovery factor 

versus time. This is recognized as an increase in the viscosity ratio, 
𝜇𝑜

𝜇𝑤
. 

The observed trends are similar, with increased imbibition time as water viscosity is increased. The 

breakthrough times occur at approximately 1000, 25000 and 800000 mins for the cases with relation to 

increasing water viscosities respectively. Through Figure 4.10 a-c, it is evident how that recovery by co-

current imbibition gradually increases as 𝜇𝑤 is increased. It is also noticed that counter-current recovery 

reduces with increased water viscosity with almost zero counter-current RF at 𝜇𝑤 = 1000𝑐𝑃 (COUCSI 

RF = 0.006, Figure 4.10c) and co-current recovery responsible for about 98% of the total recovery. 

It is noteworthy that the behaviour of recovery by co-and counter -current imbibition are in converse when 

the system where oil viscosity is changed at fixed water viscosity is compared to the reverse system of 

increasing water viscosity at fixed oil viscosity. In the former (Figure 4.9 a1-c1), recovery by COCSI 

decreases while recovery by COUCSI increases whereas COCSI recovery increases while COUCSI 

decreases for the latter system (Figure 4.9 a2-c2). 

  

  

  
Figure 4.9: Simulated RF versus time of CHP2 at fixed µw=1.09cP and varying µo=1cP (a1), 32cP (b1) 

and 1000cP (c1) compared to the system at fixed µo=1.47cP and varying µw=1cP (a2), 32cP (b2) and 

1000cP (c2) . The figures show counter-current (inlet), co-current (outlet) and total recovery factor. 
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Figure 4.10: Simulated RF versus time of CHP2 at fixed µo=1.47cP and varying µw=1cP (a), 32cP (b) 

and 1000cP (c). The figures show counter-current (inlet), co-current (outlet) and total (co- plus counter- 

current) recovery factor. 
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4.2.3 Varying Viscosity at fixed mobility ratio  

The initial Mobility Ratio of the experiment with CHP2 is M = (
𝑘𝑟𝑤

𝑚𝑎𝑥

𝜇𝑤
⁄ ) / (

𝑘𝑟𝑜
𝑚𝑎𝑥

𝜇𝑜
⁄ ) ≈ 0.2. Figures 

4.11 and Figures 4.12 presents analysis run for two cases: low mobility ratio (M << 1) and for a high 

mobility ratio (M >> 1). The desired mobility ratios achieved were 𝑀 ≈ 0.01(20𝜇𝑤
𝑟𝑒𝑓

) and 𝑀 ≈

11(50𝜇𝑜
𝑟𝑒𝑓

) where the parenthesis indicates the applied increase of water or oil viscosity compared to the 

initial reference values.  

In each case, the influence of increasing the viscosity ratio is investigated by increasing the water and oil 

viscosities by factors of three (3) and nine (9). It is observed by comparing the general trend in Figures 

4.9, 𝑀 ≈ 0.01(20𝜇𝑤
𝑟𝑒𝑓

), and Figures 4.11, (𝑀 ≈ 11(50𝜇𝑜
𝑟𝑒𝑓

), to that presented earlier in Figure 4.2 𝑀 ≈

0.2 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒) that the imbibition rate is noticeably reduced in both cases where M is modified. At M 

= 0.01, water viscosity is increased, and the imbibing water will have low mobility. The total mobility of 

the system will therefore reduce as time progresses and this yields a decreased imbibition rate. In the other 

system, an increase in the oil viscosity (resulting in M = 11) lowers the oil mobility as compared to that 

of water and the reduced total mobility yields a decreased imbibition rate. However, the imbibition rate at 

M =11 is relatively higher than at M = 0.01. This can be attributed to the effect of increased water 

imbibition in the former system as compared to the latter.  A similar observation has been reported in a 

simulation study by Andersen et al., (2018), where increasing the viscosity of water or oil from a reference 

case reduced the observed imbibition rate. 

It is also observed that co-current recovery is reduced as the mobility ratio is increased from M = 0.01 

(COCSI RF = 0.64) to M = 11 (COCSI RF = 0.40); whereas counter-current recovery is increased as the 

mobility ratio is increased from M = 0.01 (COCSI RF = 0.01) to M = 11 (COUCSI RF = 0.16).  For the 

system at M = 0.01, the increased water viscosity reduced counter-current production, but did not have 

huge impact on the residual oil saturation when compared to the reference case (with RF = 0.60). Thus, 

the total amount of oil recovered remained nearly the same (Total RF for both = 0.65). This is consistent 

with the observations reported by Hamidpour et al., (2015) and Meng et al., (2017) on the influence that 

viscosity ratio increase at constant M has on the final recovery. 

Considering plots a – c in Figures 4.10 and Figures 4.12, the same trend is observed respectively for the 

cases of increasing both water and oil viscosities by the same factor. It has been confirmed in a previous 

study by Fischer and Morrow, (2006) that increasing the viscosity ratio in this manner merely extends the 

overal imbibition time but has no influence on the recovery factor. The RF is principally controlled by M, 

and thus by increasing both phase viscosities by the same factor, M is constant except for the individual 

viscosities which increase and result in systematic reduction of the recovery rate. This phenomenon is well 

observed in the results presented in Figures 4.11 and Figures 4.12. 

The saturation profile along the core for M = 0.01 and M = 11 are presented in Figure 4.13. The saturation 

distribution is plotted for the cases a – c at the same time, t = 1490. It is observed that the profile looks the 

same for each system of fixed M though the viscosities of water and oil are increasing (by the same factor). 

In essence, as peculiar to the Buckley-Leverett solution, the fronts are simply the same solutions but 

present at different positions. The smearing of the profile occurs as a result of capillary diffusion. It can 

be said, probably, that the only thing changing is the velocity of the front, as can be inferred from the slope 

of the profile. In the same BL-solution for each case, if the points of one profile plot was to be migrated 

to the position of the other by the same amount, a complete superposition will be obtained. Table 4.2 

presents details on the modifications conducted on the viscosities as outlined her as well as the recovery 

values.  
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Figure 4.11: Simulated RF versus time of CHP2 at fixed M=0.01 (a) but varying both µo and µw by the 

same factor of 3 (b) and 9 (c). The figures show counter-current (inlet), co-current (outlet) and total (co- 

plus counter- current) recovery factor. 
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Figure 4.12: Simulated RF versus time of CHP2 at fixed M=11 (a) but varying both µo and µw by the 

same factor of 3 (b) and 9 (c). The figures show counter-current (inlet), co-current (outlet) and total  RF. 
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Figure 4.13: Water saturation profile of CHP2 at fixed M=0.01 (a) and M =11 (b). Each figure shows the 

saturation distribution along the core at the same time, t=1490 for the systems representing the reference M 

(bottom, grey) and that obtained by varying both µo and µw by the same factor of 3 (middle, orange) and 9 (top, 

blue).  

 

Table 4.2: Comparison of imbibition behaviour when µw and µo  are increased by same scale (using 

factors 3 and 9) at fixed mobility ratio.  

 M=0.01 M=11 

 µw (cP) µo (cP) µw (cP) µo (cP) 

Reference  21.8 1.47 1.09 73.5 

Case 1, (3*µ) 65.4 4.41 3.27 220.5 

Case 2, (9*µ) 196.2 13.23 17.44 1176 
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4.2.4 Impact of capillary back pressure on imbibition recovery at M=0.01 and M=11 

The cases at M = 0.01 and M = 11 were further studies to evaluate the influence of capillary back pressure 

(Pcb) on the recovery trend. The results are depicted in Figure 4.14. Originally, the model at these Mobility 

ratios are run at Pcb = 0 and then further explored with values of 0.15, 0.25 and 0.4 in dimensionless values. 

It is worthy of mention that the threshold capillary pressure used for the successful history match of the 

experimental data was ~0.09.  

The behaviour of the system is more or less the same for M =0.01 (Figure 4.14 a1- d1) as compared to that 

at M =11 (Figure 4.14 a2- d2); in that counter current reduces as Pcb is increased and the imbibition time 

scales are constant throughout all four cases considered. However, the impact is minimal for M = 0.01 

relative to M = 11.  

In the system at 𝑀 ≈ 11(50𝜇𝑜
𝑟𝑒𝑓

), the effect of Pcb is prominent. It is observed that increasing Pcb reduces 

the counter current recovery appreciably, with very little COUCSI production at Pcb = 0.4 (Figure 4.14 

d2). Meng et al., (2015) reported low counter-current production in experimental TEOFSI studies, which 

was attributed to the presence of a semi-permeable filter at the inlet side that increased the capillary back 

pressure.  

The nature of imbibition recovery by co- and counter- current imbibition are separately presented in Figure 

4.15 as well as the total recovery factor. It is interesting to observe that the recovery curves at Pcb = 0 and 

0.15 nearly overlap. The co-current recovery curves (Figure 4.15b) for all cases are linear and overlap 

until after t =1500, where the curves become easily distinguishable with the imbibition rate seen to 

decrease with increased Pcb and a final co-current RF that is higher at higher Pcb values. Breakthrough is 

also observed to be delayed when Pcb is increased. 
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Figure 4.14: Simulated RF versus time of CHP2 at fixed M=0.01 (left, index 1) & M=11(right, index 2) by 

using Pcb values 0 (a), 0.15(b),0.25(c) and 0.4(d). The figures show counter-current (inlet), co-current (outlet) 

and total RF. 
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Figure 4.15: Simulated RF versus time of CHP2 at fixed M=11 and using Pcb values 0 (a), 0.15(b), 

0.25(c) and 0.4(d) The figures show counter-current (inlet-a), co-current (outlet-b) and total RF. 
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5 CONCLUSIONS AND FURTHER STUDIES 

The simulation study was aimed at investigating the influence of certain key parameters on co-, counter- 

and total oil recovery under experimental conditions employing the Two-Ends-Open Free Spontaneous 

Imbibition boundary condition.  

Based on this study the following conclusions can be made:        

 Imbibition of water into a core originally filled with oil exhibits co-current production at the side 

exposed to oil and counter-current production at the side exposed to water in a manner. The 

boundary condition is more favourable for co-current production. 

 

 The experimental data was matched satisfactorily using saturation functions obtained by manual 

history matching and employing a one-dimensional numerical model with the IORCoreSim. 

 

 When the oil viscosity is increased at a fixed water viscosity, imbibition rate is lower with 

decreasing co-current production whereas counter-current recovery is increased. The breakthrough 

time was observed to be delayed during such evaluation. 

 

 When water viscosity is increased at fixed oil viscosity, the individually observed trends for co- 

and counter-current recovery are similar with increased imbibition time noticed as well. The 

breakthrough time is also observed to be delayed during such evaluation. 

 

 The viscosity ratio is scaled by a factor of 3 and 9 at fixed mobility ratios of M = 0.01 and M =11. 

Higher imbibition rates are attained for M=11 as compared to M=0.01. The general trend moreover 

shows that increasing viscosity ratio does not influence the total production. It was noted that co-

current recovery reduces as M increases from 0.01 to 11 whereas counter-current production 

increased. The saturation profile along the core exhibited similar trend for the cases examined. 

 

 The impact of Capillary Back Pressure (CBP) on imbibition recovery at fixed M=0.01 and M=11 

was studied. It is observed that the CBP exercises a huge impact on the system at M=11 compared 

to M=0.01. The general observed trend was a reduced counter-current recovery as the CBC was 

increased at magnitudes beyond the threshold capillary pressure. 

 

The following are suggested for further studies: 

 Further sensitivity analysis can be performed that investigates the influence of the shape of the 

saturation functions on the imbibition recovery using TEOFSI boundary conditions. 
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