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ABSTRACT 
Recent research suggests that injecting chemicals (a combination of surfactant and alkali) 
after a short waterflood can improve recovery of very viscous oils (of the order of 10,000 
cp) without excessive pressure drop. This research is aimed at the mechanistic 
understanding of these processes at the pore-scale. Several water floods, polymer flood 
and alkaline-surfactant floods have been conducted in a silicon micromodel. 
Visualization of the pore-scale displacement shows that viscosity ratio controls the finger 
structure. As the viscosity ratio increases, the number of growing fingers (or branches) 
before breakthrough decreases. At viscosity ratios of 103 or greater, the finger structure 
resembles DLA type fractal structures. Injection of alkaline-surfactant solution after 
waterflood lowers the interfacial tension and forms oil-in-water emulsion at the sides of 
previously established water fingers. The tertiary oil recovery due to alkaline-surfactant 
flood increases with the surface area of the water fingers.  

INTRODUCTION 
The increased global energy demand and the difficulty in finding new conventional light 
oil reservoirs have shifted the focus of the upstream petroleum engineering research 
towards heavy and extra heavy oil reserves. It is estimated that out of the total world oil 
reserves of 9-13 trillion barrels of oil in place only 30% is conventional oil, 40% is heavy 
and extra heavy oil, and the remaining 30% is oil shale and bitumen [1]. The thermal 
methods such as SAGD and cyclic steam stimulation [2] are traditionally applied for 
production of such heavy oil. However, these thermal methods become infeasible and 
uneconomical when the reservoir is close to the permafrost, relatively thin or off-shore 
with no steam generation facility. Thus it is imperative to develop a nonthermal EOR 
process for improved recovery for viscous oils.  

Cold heavy oil production with sand (CHOPS) is a nonthermal technique to produce 
viscous oil, but the ultimate recovery is between 5-8% [3]. Solvent processes can be 
applied to viscous oils, e.g., Vapex, but need high vertical permeability, availability of 
solvents and they are expensive [4]. Waterflooding can be applied but the high viscosity 
ratio leads to viscous fingering, early breakthrough, and low sweep [5]. There is a large 
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amount of published literature on immiscible displacement of viscous oils by water. 
Patterson [6] was the first to discuss the analogies of the (miscible) finger patterns with 
the fractal structures created by diffusion limited aggregation (DLA) models. In the DLA 
model, one starts with an occupied site (or seed) of a lattice located at the injection point. 
Random walkers are released, one at a time far from the seed site and are allowed to 
move randomly in the lattice. If a walker comes to an empty site adjacent to an occupied 
site, then the empty site is occupied and the aggregate of the occupied sites advances by 
one site. This walker is then removed and a new walker is released. The fractal dimension 
of a DLA cluster is 1.7 in 2D and 2.45 in 3D. DLA is applicable specifically for the case 
of infinite viscosity ratio.  

Chen and Wilkinson [7], Lenormand et al. [8], and Lenormand [9] have discussed 
fingering patterns in great details for different viscosity ratios and capillary numbers. At a 
low capillary number, the displacement is controlled by capillarity and the pore scale 
displacement pattern is described by invasion-percolation (IP) algorithms. In the 
invasion-percolation model, the lattice is first filled with the displaced fluid called the 
defender. Each site of the lattice is assigned a random number uniformly distributed 
between 0 and 1 (which can be related to the resistance the defender offers to the 
invading fluid at the site). Then the displacing fluid, or the invader, is injected at the 
injection port. At each time step, it displaces the defender from one site at the interface 
that has the smallest random number. This process simulates drainage process in porous 
media at low viscosity ratio and low capillary number. The fractal dimension of the 
invasion percolation cluster is 1.82 in 2D and 2.5 in 3D.  

The goal of this work is to develop chemical methods for viscous oil recovery which can 
improve upon waterfloods. Chemical methods include injection of polymers, surfactant, 
and alkali to improve the oil recovery. Polymers increase the viscosity of injected water 
and improve the sweep efficiency [10]. If the oil viscosity is below 1000 cP, it is possible 
to get high sweep and high enough injectivity. Polymer flooding should be applied as 
early as possible, e.g. as a secondary flooding technique. Surfactants reduce interfacial 
tension, mobilize oil and reduce residual oil saturation. This technique has been applied 
to many light oil reservoirs [11] and being considered for oil reservoirs of several 100 cP 
viscosity. The alkali can mix with acidic crudes to form in situ soap that can reduce 
interfacial tension, reduce surfactant adsorption, and increase the salinity [12]. Alkali-
surfactant-polymer processes can achieve high sweep efficiency as well as high 
displacement efficiency in light oil reservoirs.  

Recently, Bryan & Kantzas [13] and Kumar & Mohanty [14] have extended chemical 
flooding techniques to heavy oils (about 10,000 cP). They show that water breaks 
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through early (less than 10% PV) in sand pack waterfloods, but a significant amount of 
oil is recovered after the breakthrough. Waterflood recovery is about 20-30% PV in about 
3 PV injection and it increases as the flow rate decreases. Injection of alkali-surfactant 
solution after 3 PV of water injection recovers another 20-40% PV of oil. As the salinity 
of the brine increases, oil recovery due to surfactant coreflood increases. Both oil-in-
water and water-in-oil emulsions were produced in these core floods. A hydrophilic 
surfactant was used in these experiments, as these surfactants are expected to produce oil-
in-water emulsions [15]. The mechanisms of alkaline-surfactant flood and even high 
viscosity ratio waterfloods are not clear from these core-scale experiments. The objective 
of this work is to better understand these mechanisms by conducting these floods in a 
visual micromodel. 

In this paper, we conduct micromodel studies to understand high viscosity ratio 
waterfloods and subsequent alkaline-surfactant (AS) floods. The micromodel setup and 
fluids used are described in the next section.  The results from these studies are discussed 
in the following section. The last section summarizes our conclusions.  

METHODOLOGY 
The experiments were conducted in a two-dimensional porous medium (micro-model) 
etched on a silica plate. Such micromodels have been extensively used in pores scale 
petroleum engineering research as a surrogate porous medium [16-17]. The etched 
pattern on the micromodels covered 5cm X 5cm area and the pores were approximately 
25 µm deep. The average pore throat size was estimated to be about 50 µm. The etched 
surface of the model was covered by a piece of glass. This enables us to visualize the oil 
and water movements using a reflection microscope. Figure 1(a) below shows a picture 
of the pores of the micromodel and Figure 1(b) shows the micromodel inside the flow 
cell. To prepare the micromodel for the water flooding experiment, we followed the 
procedure conventionally followed for a core flooding experiment as closely as possible, 
keeping in mind the pressure and force limits of our system. The micromodel was first 
vacuumed by pumping the air out with a syringe. Once the piston of the syringe can no 
longer be drawn further, the valve on the other end of the flow cell was opened. The 
synthetic reservoir brine rushed in and saturated the system. Oil was then injected to the 
system to displace the brine leaving behind some connate water. This oil saturated system 
was used for final water flooding experiments. The fluids were injected at the top left 
corner and produced from the bottom right corner. There was a wide flow channel on the 
top to distribute the fluids across the width (and a similar channel at the bottom). The 
experimental setup has been shown in the Figure 2. A microinjection pump was used to 
pump the liquid in the model at a constant rate of 5µl/min. This rate corresponds to be 
approximately 2.5 ft/d for our micromodel.  
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Table 1: List of materials 
Materials  Properties 

Heavy oils Viscosity of 10000 and 1000 cP  
Light oil Viscosity of  6 cP  
NaCl brine for flooding 20000 ppm NaCl  
3000 ppm of 3630S HPAM in water Viscosity of 100 cP  

Alkaline-surfactant slug 0.1% TDA-nEO, 2% NaCl, and 1.5% 
Na2CO3    

50% glycerol and 50% water Viscosity of 6 cP 
 

Figure 1(a). Microscopic view of the 1.8 mm X 1.3 
mm section of the micromodel showing the etched 

pore pattern. 

Figure 1(b). Micromodel inside the flow cell 

Figure 2. Experimental setup, micromodel, flowcell integrated with the image acquisition system. 
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Table 2: List of experiments 
No.  Description of the Experiment  Recovery Mode 
1  10,000 cp oil  displaced with brine  Secondary  
2  AS flood of 10000 cp oil after Exp. 1  Tertiary  
3  10,000 cp oil  displaced with 100 cp HPAM 

polymer
Secondary  

4  AS flood of 10000 cp oil after Exp. 1  Tertiary  
5  1000 cp oil with water  Secondary  
6  6 cp oil displaced with 6 cp glycerol water  Secondary  

 

Table 1 presents the list of materials used for our experiments. Six experiments were 
conducted and they are listed in Table 2. The experiments were recorded using a normal 
video camera. However, when higher resolution and pore level details were required, the 
setup was shifted under the microscope. The microscope had the capability to capture still 
images at high resolution. All the results and conclusions presented in this paper are 
derived from observations made during the course of the experiment. The analysis has 
been qualitative so far.  

RESULTS 
This section has been divided into two different categories of experiments, namely 
secondary flooding and tertiary flooding. In the secondary flooding section, we discuss 
the case of water or polymer injection into the porous media saturated with oils of 
different viscosity. In the tertiary flooding section, we describe the effect of injection of 
alkali surfactant solution on the already water flooded medium.  

Secondary Floods 
6 cP Oil Displaced by 6 cP Glycerol Water Solution (µr = 1) 

 

Figure 3. Water saturation front for unit viscosity ratio displacement after the injection of 7µl and 25 µl. 
Water injected at top left corner and producer at the bottom right corner. 

5 cm
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This experiment was conducted just to illustrate stable flow through the micromodel. In 
this experiment, the micro-model was first saturated with a light reservoir oil of viscosity 
about 6 cP.  The oil was then displaced by a glycerol water solution of about the same 
viscosity. The viscosity ratio (µr) between the displaced and the displacing fluids was 
one. The water distribution is shown in Figure 3 at two different times.  As expected the 
displacement front is very stable and moves through the micromodel from the left top 
corner to the bottom right corner. Viscous fingering or any kind of instability due to the 
non-homogeneity in the micro-model was not observed.  

10000 cP Oil Displaced with 1 cP Water (µr = 10,000) 
2% NaCl brine was injected into a micro-model that was saturated with a 10,000 cp oil. 
Figure 4 shows the fingers formed after 80 µl of brine was injected into the system. The 
fingering is at the pore scale. The finger has a structure like the ones modeled by 
diffusion limited aggregation (DLA). Side branches form during the growth of the finger, 
but side branches do not grow much. Water takes the shortest path (path of least 
resistance) from the inlet to the exit channel. A large portion of the micromodel remains 
unswept and hence, the recovery is poor. The water injection was stopped after about 2.1 
ml of water was injected. Figure 5 shows the final picture of the micromodel at the end of 
the water flood. A lot of water resides in the side branches of the finger which do not 
contribute to flow. Only the flowing fraction (a small part of the water saturation) 
contributes to the flow and hence the water relative permeability tends to be lower than 
those for light oil displacement for the same porous medium. The oil in pores next to the 
side branches of the water is also immobile. Therefore the oil relative permeability is 
lower than those of the light oils at similar saturations [15]. The fractal pattern formed in 
the process of viscous fingering justifies the observed decrease in both oil and water 
relative permeability in the case of viscous oils.  

 
Figure 4. Fingers during water flood with µr  = 10,000; 80 µl injected 
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Figure 5. Final state of the micromodel after 2.1 ml of injection, µr = 10,000 

10000 cP Oil Displaced by 100 cP Polymer Solution µr = 100 
The same 10000 cp oil saturated micromodel was flooded with a 100 cp polymer solution 
(3000 ppm of HPAM in 2% NaCl). Figure 6 shows the image of the fluid distribution 
after 80 µl of injection. It shows a main finger and a side branch growing simultaneously. 
The other side branches of the main finger appear smaller than those at a viscosity ratio 
of 10,000. After the main branch and the side branch breakthrough in the exit channel, 
other fingers grow and sweep more oil out. Figure 7 shows the picture of the final state of 
the model after 2.1 ml of polymer solution has been injected. It is clear that many side 
branches have grown and interconnected water channels have formed all along the 
model. The viscosity of the polymer increased the stability of the flood but the fractal 
structures still formed. However, it was noticed that the side branches of the fractal 
fingers contributed more to the flow in this case. In Expt. 5, a 1000 cp oil was displaced 
by water at viscosity ratio of 1000. The behavior of the displacement front was in 
between the cases of 100 and 10,000 viscosity ratios. 

5 cm

5 cm
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Figure 6. Fingers during polymer flood with µr  = 100, 80 µl injected 
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           Figure 7. Final state of the micromodel after 2.1 ml of injection, µr = 100 

Tertiary Floods 
Alkali Surfactant Flooding in the Water and Polymer Flooded Model 
An alkali surfactant mixture was prepared as per the composition shown in Table 1. This 
composition produces an oil-in-water emulsion when mixed in 1:9 ratio of oil to brine, 
but the emulsion changes to water-in-oil as the oil-water ratio increases [14]. Figure 8(a)  
shows the state of the micromodel after 2 ml of AS formulation was injected at the end of 
the waterflood at 10,000 viscosity ratio (Experiment 1). The clear region shows the swept 
oil region. The water fingers grew and extra oil was recovered. Figure 8(b) shows the 
state of the micromodel after 2ml of alkaline solution was injected at the end of the 
polymer flood (Experiment 3).  The oil recovery was much higher in the case of polymer 
flood, because of the highly interconnected network of water channels and higher water 
oil contact area. This suggests that an alkaline-surfactant flood following a polymer flood 
would recover more oil than that following a waterflood for a 10,000 cP oil. The pressure 
drop and production rate may put economic limits to this process. 
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Figures 8(a) and (b) show broadening of fingers during alkaline-surfactant flood which 
suggests that oil is pulled out from the sides of the fingers. The alkali surfactant flow was 
also observed under the microscope to visualize the phenomenon occurring at the pore 
scale. Figure 9 shows the sequence of pictures that show a blob of trapped oil being 
pulled out from the sides of flow channels. The structures in white are the sand grains and 
the trapped oil can be seen as the black patch around the grains. As alkaline-surfactant 
solution flows through the channel and we see the black oil blob being pulled out into the 
flow channel. Oil droplets flow through the alkaline-surfactant solutions. These droplets 
form oil-in-water emulsions. 

 

 

            

 

 

 

 

Figure 8(a). Micromodel at the end of AS flood 
after water flood 

Figure 8(b). Micromodel at the end of AS flood after 
polymer flood 

Figure 9. (a-f) Sequence of images showing a blob of trapped oil being pulled out with the alkaline-surfactant 
solution. (a) Trapped oil left behind after the water flood. (b-c) Trapped oil gets mobilized in contact with the AS 
slug. (d-e) The mobilized blob of oil is pulled into the flow channel forming a microscopic oil bead. (f) The 
microscopic oil bead gets dislodged and is washed away by the flow current. 

(a) (b) 

(c)
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(e)
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Based on our experimental observations at the pore-scale and the macro-scale, we can 
propose the following mechanisms for viscous oil displacements. If water (or a polymer 
solution of viscosity lower than oil) is injected into a viscous oil reservoir, it will finger 
through the porous medium breaking into the production well. The fingering pattern is 
fractal, the branching is dependent on the viscosity ratio. The fingers have many side 
water channels which are immobile surrounded by oil which is also immobile. Wang et 
al. [18] had reported that the water and oil relative permeabilities of viscous oils were 
lower than that of those of light oils. This depressed relative permeability originates from 
these immobile water side branches and the surrounding immobile oil. The depressed 
relative permeability also keeps water-oil ratio depressed for a long time after the water 
breakthrough in viscous oils [14]. The oil recovery scaled as the square root of time 
during waterfloods after finger breakthrough in corefloods [14]. We observe in pore-scale 
models that the fingers grow by co-current imbibition of water.  

As shown in the Figure 10, when the formulated alkali-surfactant slug is injected into the 
medium it starts interacting with the trapped oil it comes in contact with. The injected 
surfactant and the in-situ soaps formed by the alkali produce low interfacial tension. The 
oil drops deform and get pulled into the flow channels causing the fingers to grow in the 
lateral direction. The oil recovery by this mechanism depends on the amount of oil-water 
contact area available for the chemical interaction. The polymer flood produces more 
surface area than the waterflood. Thus the tertiary alkaline-surfactant flood recovers more 
oil in the case of the polymer flood.  

 

Figure 10. Pore-scale diagram showing the blobs of oil being pulled out in AS flood 

After water flood During AS flood
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CONCLUSIONS 
1. When water displaces viscous oils, fingers form at all scales (pore scale to sample 

scale). The viscosity ratio controls the finger structure. As the viscosity ratio 
increases, the number of growing fingers (or branches) before breakthrough 
decreases. At high viscosity ratios of about 103 or more, the fingers formed are 
not completely random but follow a structure of DLA type fractal pattern.  

2. The pore-scale fluid distribution of viscous fingers is very different from the 
invasion-percolation fingers of stable displacements. The branched structure of 
the pore-scale fingers leads to a decrease in both oil and water relative 
permeabilities.  

3. Injection of alkaline-surfactant solution after waterflood lowers the interfacial 
tension and forms oil-in-water emulsion at the sides of previously established 
water fingers. 

4. The tertiary oil recovery due to alkaline-surfactant flood increases with the 
surface area of the water fingers. The tertiary flood after the polymer flood 
recovers more oil than the tertiary flood following the water flood. 
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