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Abstract

Steam-Assisted Gravity Drainage (SAGD) is a widely used technology for heavy oil and bitumen
recovery in Alberta, Canada. However, a SAGD conformance problem can arise due to the
heterogeneity of oil sands reservoirs, such as the presence of high permeability zones and high
water saturation zones. In particular, during a geomechanical dilation start-up process that has been
developed and applied in SAGD start-up operations, the dilation fluid tends to flow into the high
permeability zones, leaving the low permeability zones un-swept. Therefore, the high permeability
zones must be temporarily and selectively blocked off so as to more effectively dilate the low
permeability zones along a SAGD well-pair.

Laboratory permeability reduction tests in sandpacks using oil-in-water (O/W) emulsion injection
showed that a permeability reduction of up to 99.97% can be achieved. Results of emulsion
injection in parallel-sandpack tests demonstrated that good conformance control can be obtained
by a suitable combination of interfacial tension (IFT), emulsion quality, emulsion slug size, and
oil phase viscosity of an emulsion system. The reservoir simulation study was conducted to first
match the laboratory test results and then to optimize SAGD conformance control operations using
emulsion injection in heterogeneous oil sands reservoirs. A field-scale SAGD simulation model
was established to show that emulsion injection before the dilation start-up process can build up
communication between the injector and producer, resulting in more uniform steam chamber

growth, lower cumulative Steam-to-Oil ratio (cSOR), and higher cumulative oil production.
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Chapter 1. Introduction and Literature Review

1.1 Background

Canada has heavy oil and bitumen (oil sands) reserves of 1.7 trillion barrels, which makes
it the third-largest oil reserve country in the world, after Saudi Arabia and VVenezuela. Specifically,
the largest reserves of heavy oil and oil sands are located in Alberta, mainly in Athabasca, Cold
Lake, and Peace River (Nasr and Ayodele, 2005). The viscosity of oil sands in Alberta can reach
to million centipoise (cP), and it can be reduced to lower than 10 cP when the temperature is above
196°C (Gates and Chakrabarty, 2008). The Athabasca oil sands has highest in-situ viscosity, which
is about 5,000,000 cP, compared with 100,000 cP in Cold Lake and 200,000 cP in Peace River.
Because the oil sands are not mobile in the reservoirs due to such extremely high viscosity.
Therefore, viscosity reduction is the dominant mechanism for oil sands recovery. There are 2
common bitumen extraction techniques employed in the oil sands reservoirs: Mining and In-situ
methods. Bitumen can only be extracted in-situ if the oil sands deposit is more than 200 meters
below the surface, while mining operations are typically less than 75 meters below grade. Around
80% of bitumen is produced using in-situ method. Among the main thermal in-situ recovery
techniques, such as Steam-Assisted Gravity Drainage (SAGD), steam flooding, and Cyclic Steam
Stimulation (CSS), SAGD is recognized as a mainstream technology for producing oil from oil
sands reservoirs. Viable SAGD production strongly depends on the development of the steam
chamber since oil is essentially only produced from the heated zones. Therefore, a uniform and
stable development of the steam chamber can conduct more heat to the cold bitumen, which

eventually leads to higher cumulative oil production with less steam consumption.



1.2 SAGD Process

The concept of SAGD was introduced originally by Butler in the late 1970s, and the SAGD
process was proposed by Butler and his colleagues thirty years ago (Butler, 1998). In this process,
one injection well and one production well as a well pair are drilled in the pay zone, as shown in
Figure 1.2.1. The producer is located parallel below the injector, with a vertical distance of 5 to 10
meters (Butler 1981). After few months of nonproductive steam circulation to preheat the areas
between the well pair, steam is injected into the reservoir through the injection well and creates a
steam chamber to heat the cold bitumen. Heated oil and condensate fluid will be drained by gravity

force along the edge of the chamber to the producer (Butler 1987).

SAGD PROCESS

Reservoir

Figure 1.2.1. Schematic of SAGD Process (Courtesy of Canadian Centre for Energy

Information).
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Figure 1.2.2. Schematic of SAGD steam chamber.

The development and characteristics of the steam chamber are important to show a
successful SAGD production, because most of the oil is produced from the area near the vapor-
liquid interface at the boundary of the steam chamber as shown in Figure 1.2.2. The steam chamber
rises vertically at an early stage and begins to grow laterally once it touches the overburden of the
reservoir (Ito and Ipek, 2005). The latent heat from the injected steam was transferred to heat the
cold oil by both conduction and convection (Edmunds, 1999; Wang et al., 2012). The
heterogeneity of oil sands reservoirs has a significant effect on SAGD process (Shin and Choe,
2009). Many oil sands reservoirs are heterogeneous, containing high permeability zones and
generally at least one high water saturation zone. It is unlikely that there would be a uniform steam
chamber in a heterogeneous oil sands reservoir. Gotawala and Gates (2010) studied several
heterogeneous oil sands reservoirs and concluded that these reservoir heterogeneities cause
unequal steam chamber growth, resulting in some low mobility regions not being affected by steam

injection.



Before the normal SAGD production stage, a SAGD start-up process should be conducted
to build up inter-well communication by implementing steam circulation for both injection well
and production well (Parmar et al., 2009). Normally, duration time for the SAGD start-up process
is about 3 to 6 months. Once the desired temperature profile has been observed between the well
pair, it can be switched to the normal SAGD production stage (Vincent et al., 2004).

During SAGD production time, a steam trap control method should be used to prevent live
steam production from the steam chamber by maintaining a liquid pool above the producer as
shown in Figure 1.2.3, in order to reduce steam loss and cSOR (Doan et al., 1999). One control
strategy would be subcool control method, which keeps a temperature difference between steam
been injected and fluid been produced. Gotawala and Gates (2012) mentioned that it is important
to control the temperature difference in a moderate level, since if this temperature difference is
small, then the liquid pool above the injector is shallow and the ability of liquid pool to prevent
live steam production is limited. However, when the temperature difference is large, the injector
may be submerged by the liquid pool, and the gravity drainage would be interrupted. In simulation
models, the steam trap control method can be simulated by constraining the producer with

maximum steam rate (Gates and Chakrabarty, 2008).
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Figure 1.2.3. Schematic of SAGD steam chamber with a steam trap control.

The main cost of the SAGD process is the consumption of extensive steam injected into
the reservoir. The volume of steam required to produce one unit of oil can be measured by
cumulative Steam-to-Qil ratio, which is commonly abbreviated as cSOR. The cSOR varies from
2 to 10 m%/ m® (Butler, 1998). The lower the cSOR, the less steam used to produce oil. According
to Edmunds and Chhina (2001), the economics of the SAGD process are more sensitive to cSOR
than the oil production rate, which means cSOR is an important indicator of whether or not the

SAGD process is economical.

1.3 Dilation Start-up Process

A dilation start-up process has been proposed to achieve more uniform thermal
conformance along SAGD well pairs (Yuan et al., 2011; Yuan and McFarlane, 2009). Using a
short-period of high-pressure fluid injection, the dilation start-up creates high porosity zones
between the well pair that vertically connects the SAGD well pair and laterally becomes uniform
along the well length (Zhang et al., 2016). The dilation start-up process is applied before SAGD

start-up, and it aims to allow more convective heat transfer through the dilation zone (microcracks)



to the inter-well area, compared to conventional SAGD start-up. Finally, the dilation start-up
process can shorten the steam circulation (preheating) time and lead to less steam consumption
before converting to the normal production stage.

The dilation start-up process was applied in the Xinjiang oilfield beginning in 2013 and
expanded to include all SAGD wells in 2015. The field results demonstrated the dilation start-up
process could reduce 70-80% of steam circulation time. In addition, increased oil production rate
and reduced cSOR were the main parameters to illustrate the success of using the dilation start-up
process. (Zhang et al., 2016)

Yuan et al. (2013) implemented the dilation start-up process in Karamay, which worked
successfully on the one demonstration well. After three weeks of steam circulation, 80 to 90% of
the inter-well area was measured to have high temperature profiles, which showed the dilation

start-up process could assist thermal conformance between the well pair and along the well length.

1.4 Problem Statement

The difficulty with using the dilation start-up process is that the dilation fluid tends to
escape through the high mobility zones, making it challenging to dilate the low permeability zones.
Liu et al. (2010) indicated that water channeling is a big issue for waterflooding and chemical
flooding process. An early breakthrough of injected water and chemicals can be found in high
permeability channels/zones. Therefore, it is essential to temporarily block high permeability
zones and push the dilation fluid to flow into the low permeability zones, in order to enhance the

dilation start-up process in a heterogeneous oil sands reservoir.

1.5 Conformance Control Methods for Conventional Oil Reservoirs
Various conformance control methods to reduce fluid flow in high permeability zones have

been widely studied by researchers. For conventional oil reservoirs, the dominant technology that

6



has been used for water shutoff is the injection of plugging agents such as cements (Borling et al.,
1994), polymer combined with cross-linker (Liu et al., 2017; El-Karsani et al., 2014), resin (Kabir
2001), or other gel-like agents (Bai and Zhang, 2011; Imgam and Bai, 2015; Sang et al., 2014). As
Moradi (2010) mentioned, selection of the proper gel for the preparation of a plugging agent is a
complicated process because it is influenced by temperature, the hardness level of water, and
salinity as well as lithology, and the cost of such treatment should also be carefully considered.
The use of cement can give rise to potential formation damage (Kabir 2001), and it is not able to
elongate the gelation time as expected (El-Karsani et al., 2014). Dai et al. (2010) illustrated that
some polymers used for water shutoff are not suitable for large volume treatment, and most of the
injected polymers accumulate near the wellbore, which would not support deep propagation. These
uncertainties and disadvantages make conformance control methods used for conventional oil
reservoirs not easily applied to oil sands reservoirs. Especially when applying the dilation start-up
process in oil sands reservoirs, the injected conformance control substance should not permanently
block the high permeability channel/zone but needs to have sufficient strength to prevent dilation
fluid from fingering through high permeability channels/zones. However, an oil-in-water (O/W)
emulsion has been proposed as a promising method to reduce fluid flow in high permeability zones
during the dilation start-up process, based on its several advantages and successful implementation

in lab work and field tests.



1.6 O/W Emulsion as a Conformance Control Method

1.6.1 Mechanism of O/W Emulsion Blockage

An O/W emulsion can easily be prepared from oils, alkalis, and surfactants. Alkali and
surfactant are first added into water and then mixed with oil to generate O/W emulsion (Sagitani,
1981). In-situ O/W emulsion can be formed by the synergy between alkali and surfactant when the
IFT is reduced between oil and water during alkaline-surfactant flooding (Liu et al., 2006). The
pore throats blocked by the oil droplets contained in the O/W emulsion can be treated as the
mechanism for O/W emulsion to reduce fluid flow. The blockage mechanism can be explained
based on the size comparison between oil droplets contained in O/W emulsion and pore throat.
As shown in Figure 1.6.1, the oil droplet in emulsion deformed to pass through the pore throat,
which gives resistance to the fluid flow when the oil droplet size is larger than the pore throat. This

phenomenon is also called “Jamin” effect (Jamin, 1860; McAuliffe, 1973a).

Flow direction

Figure 1.6.1 Oil droplet flows through pore throat.



Soo and Radke (1984) proposed that oil droplet, which size is smaller than the pore throat,
can also have plugging ability. The diameter of pore throat is decreased when the smaller oil
droplets starts to crowding and captured by the wall of pore throat, as shown in Figure 1.6.2. A
decrease in diameter of pore throat can cause flow path reduction. Therefore, the fluid flow is

reduced.

Flow direction

Figure 1.6.2. Oil droplets captured by the wall of pore throat.

1.6.2 Lab and Field Tests of Using O/W Emulsion

Romero et al. (1996) demonstrated that an O/W emulsion can be easily transported to the
oilfield and injected into the formation because its viscosity is comparable to that of water.
Injection of an O/W emulsion can block high permeability zones and improve oil recovery due to
trapped emulsions (Dong et al., 2012; Wang and Dong, 2010). McAuliffe (1973a) also concluded
that the injection of a prepared O/W emulsion was able to have a deep penetration distance and to
decrease flow in high permeability porous media, and thereby improving fluid distribution. It has
been shown that the technology of oil-in-water (O/W) emulsions deployed in sandpacks can

improve sweep efficiency and increase the effectiveness of oil recovery (Mandal et al. 2010).
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Jennings et al. (1974) did coreflood tests on heavy oils, and the experimental results showed that
the water channels could be blocked by the injection of in-situ O/W emulsion, thereby diverting
the flow to improve the total sweep efficiency. The O/W emulsion is not a permanent plugging
agent since it can be removed by de-emulsification, which leads to less damage to the formation.
Experimental results show the O/W emulsion is a good plugging agent to block high permeability
core/sandpack, and it also been proved that using O/W emulsion flooding in field tests can improve
sweep efficiency and increase oil recovery.

According to McAuliffe (1973b), a field test was conducted in section 5K of the MidWay-
Sunset Oilfield near Taft, California. The sands in the formation are the Top oil sands and the
Kinsey oil sands. Waterflooding was started in September 1962, and the water cut was found to
increase from approximately 25% in 1962 to approximately 92% in 1965. The O/W emulsion was
injected into three wells in April 1967. An increase in oil production and a decrease in water cut
can be observed after the emulsion injection. A favorable change in flood patterns was also
observed after emulsion injection. Sweep efficiency was also improved by obtaining more
produced formation water after emulsion injection, and an increased salinity can be observed in
the produced water. According to Zhou et al. (2019), the in-situ O/W emulsion helped to decrease
the water cut from 96.9% to 80.7% for the Xing-V well in the Daging Oilfield, China. The water
cut decreased from 100% to 50.7%, and increased oil recovery of more than 20% for the Xing-II
well in the Daging Oilfield was also observed.
1.6.3 Key Parameters Affecting Plugging Ability of O/W Emulsion

Yu et al. (2017) conducted experiments to investigate the effects of IFT and emulsion
droplets size on permeability reduction. The results showed that a greater IFT caused greater

permeability reduction because the capillary resistance force created by the emulsion when it
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passing through the pore throats was proportional to IFT. In the other word, it is difficult for the
subsequent water to push an emulsion with higher IFT flow through pore throats. Therefore,
greater permeability reduction occurred. The results also indicated that larger emulsion droplets
were more easily trapped in the pore constrictions, which could cause larger resistance force to the
fluid flow. Thus, an emulsion with a larger droplet size has strong plugging ability that leads to
greater permeability reduction.

Yu et al. (2018a) conducted permeability reduction tests in single sandpack, and the
purpose of these tests was to determine the permeability reduction caused by plugging strengths
of O/W emulsions by observing the pressure drop curves at different properties, such as oil quality,
sandpack permeability, injection flow rate, and emulsion slug size. Oil quality is also called
emulsion quality represents the concentration of an O/W emulsion. As shown in Figure 1.6.3, the
emulsion with an oil quality of 10 wt% contains more oil droplets than with an oil quality of 5
wt%. The injection process for this permeability reduction test included an O/W emulsion injection
stage, and the extended water injection stage. The results for each emulsion property are described

as follows:

(a) (b)

Figure 1.6.3. Microscopic pictures of emulsions with different oil qualities:
(@) 5 wt%, (b) 10 wt%
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For oil quality, the highest permeability reduction of sandpack was 99.95 % when using
emulsion with an oil quality of 10 wt%, and the permeability reduction decreased to 99.47% when
using emulsion with an oil quality of 2.5 wt%. Even after the sandpack was flooded by 2 PV of
extended water, the permeability reduction was still around 99.92% and 98.99%, respectively. This
indicated that the plugging ability of emulsion increased as oil quality increased and a good
plugging performance of emulsion in the subsequent water flooding process was also observed.

For emulsion slug size, the largest permeability reduction was observed around 99.97% at
the largest emulsion slug size, and it decreased to 99.34% at the smallest emulsion slug size. The
permeability reduction remained effective even after the emulsion was flooded by 2PV of extended
water. The results also mentioned that the largest pressure drop for injection of larger emulsion
slug size started to decline due to the breakthrough of emulsion front. And for the injection of
smaller emulsion slug size, a decrease in the largest pressure drop caused by the breakthrough of
displacing water from the emulsion zone in the sandpack.

For sandpack permeability, as sandpack permeability increased, the largest permeability
reduction and highest pressure drop decreased. High permeability sandpack contains pore throats
with larger diameters than in low permeability sandpack, that makes oil droplets in the O/W
emulsion difficult to trapped in the pore constriction, and leads to a decrease in plugging strength.
Therefore, a decrease in permeability reduction caused by the O/W emulsion was observed as
sandpack permeability increased.

For injection flow rate, a slight change in permeability reduction was observed at different
injection flow rates during different injection stages. The largest permeability reduction decreased
as the injection flow rates increased. The largest permeability reduction at the lowest flow rate was

99.87%, and it at the highest flow rate was 99.85%. After 2PV of extended water injection, the
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permeability reduction decreased to 99.79% for the emulsion with lowest injection flow rate and
it decreased to 99.70% for the emulsion with highest injection flow rate.

Yu et al. (2018b) conducted conformance control tests in parallel-sandpack models to
investigate the effect of IFT on conformance control performance of O/W emulsions by observing
the fractional flow curves of the high permeability sandpack and the low permeability sandpack
during the emulsion injection stage and extended waterflooding stage. When an ideal fractional
flow (50:50) can be reached, a good conformance control in the parallel-sandpack was achieved.
It was found that injection of an O/W emulsion with moderate IFT can achieve good conformance
control performance because the emulsion with moderate IFT not only have sufficient plugging
strength to block the high permeability sandpack, but also have favorable deformability and
flexibility to move deeply into the parallel-sandpacks. The result also illustrated that larger
emulsion slug size could improve conformance control performance at moderate IFT. An
improved oil phase viscosity and IFT can assist the plugging ability when injecting O/W emulsion
into a severely heterogeneous sandpacks (greater permeability ratio). Ding et al. (2019) also
indicated that a carefully designed O/W emulsion with moderate IFT, oil phase viscosity, and
droplet size can plug the high permeability sandpack effectively and penetrate deeply int both the
high permeability sandpack and the low permeability sandpack, thus achieving good conformance

control performance.

13



1.7 Objectives
The objectives of this thesis are as follows:

(1) To build a simulation model using the STARS module in the Computer Modelling Group
(CMG, 2015) simulator to simulate the permeability reduction test in the single sandpack
experiments conducted by Yu et al. (2018a) and to match the pressure drop curves from
the experimental results.

(2) The history-matched simulation model can then also be used to investigate the effect of the
combination of IFT, emulsion oil quality, emulsion slug size, and oil phase viscosity on
conformance control performance by first matching the experimental results conducted by
Yu et al. (2010b), and then a sensitivity tests are conducted to find optimal combination of
different emulsion properties to achieve good conformance control performance.

(3) A conceptual field-scale model is proposed to investigate the effects of an O/W emulsion
treatment on improving the dilation start-up process to achieve better SAGD conformance
control by observing steam chamber growth, cumulative oil production, and cSOR

reduction.
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1.8 Thesis Outline

This thesis consists of four chapters, as follows:
Chapter One: In this chapter, the mechanism and main parameters of the SAGD process are
described. The dilation start-up process is introduced, and the difficulty of using this process
because of reservoir heterogeneity is also described in detail. The main technology used for water
shutoff for conventional oil reservoirs and its uncertainty in application as a conformance control
method in oil sands reservoirs is stated. The O/W emulsion is proposed to be a promising plugging
agent that can assist the dilation start-up process.
Chapter Two: This chapter summarizes the experimental details conducted by Yu et al. (2018a)
and Yu et al. (2018b).
Chapter Three: In this chapter, First, a mechanism of establishing the simulation model is
introduced. The retention factor and capture coefficient are two parameters used in the simulation
model. The simulation model matches the experimental results of permeability reduction in a
single sandpack. Second, the optimal combination of emulsion quality, slug size, IFT, and oil phase
viscosity can be found to achieve good conformance control for parallel-sandpack tests. A
sensitivity test using O/W emulsion with a high oil phase viscosity is simulated to find a critical
combination of emulsion properties, in order to obtain good conformance control. Last, conceptual
field-scale models are established to demonstrate the results of applying an O/W emulsion
treatment before the dilation start-up process by observing steam chamber growth, cSOR, and
cumulative oil production.
Chapter Four: This chapter summarizes the main conclusions and introduces recommendations for

future study.
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Chapter 2. Experiments Summary

2.1 Emulsion Permeability Reduction Tests in single Sandpack Model (Yu et al., 2018a)

According to Yu et al. (2018a), O/W emulsions were injected into the sandpack with a
diameter of 2.5 cm and a length of 30 cm at different oil qualities, sandpack permeabilities,
emulsion slug sizes and flow rates. The purpose of these experiments was to investigate the
permeability reduction during the O/W emulsion injection stage and subsequent water injection
stage. In this experiment, a 0.1 wt% concentration of surfactant (Span 60 and Tween 80) combined
with 0.025 wt% NaOH were used to make a heavy crude oil with viscosity of 1200 mPa.s at 60°C
emulsify in water by using mulser (T25, IKA, Germany) at a specific stirring speed for a specific
stirring time. The O/W emulsions were characterized by their stabilities, droplet sizes and
rheological properties. The stability of O/W emulsions was tested by observing the creaming ratio.
The creaming ratio can be obtaining by using height of the creamed emulsion divided by the whole
emulsion system. The droplet size distribution of emulsions was measured by a laser particle size
distribution analyzer (Bettersize 2000, Dandong better, China). The bulk viscosity of O/W
emulsion at different shear rate, and the relationship between shear stress and shear rate were
measured to demonstrate the rheological properties of O/W emulsions.

The experimental apparatus used for this permeability reduction tests consisted of a
displacement pump (Teledyne ISCO, USA) used to inject water and O/W emulsions holding in
the cylinders into the prepared sandpack (uniform permeability). A pressure transducer was
connected at the inlet of sandpack to measure the pressure drops at different injection stages. A
graduated measuring cylinder was connected at the outlet of sandpack which can collect the
injected fluid. The flow resistance and permeability reduction for the O/W emulsion with different

properties at different injection stages are listed from Table 2.1 to Table 2.4.
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Table 2.1. Flow resistance and permeability reduction for O/W emulsions with different oil

qualities.
Flow Flow resistance at Largest Residual
Oil quality, | resistanceat | the (rjeadug:ap\)/resfsure permeability | permeability
wit% the largest ex:grl? d(e q Wa(ier reduction, reduction,
pressure drop injection) % %
2.5 189.8 99.3 99.47 98.99
5.0 759.3 464.3 99.87 99.78
7.5 1684.6 751.3 99.94 99.87
10 2111.7 1298.2 99.95 99.92

Table 2.2. Flow resistance and permeability reduction for O/W emulsions with different
sandpack permeabilities.

Flow Flow resistance at Largest Residual
Permeability, | resistance at | e :jemdu;lpp\)/res:ure permeability | permeability
mD the largest ex[grl? d(e q wa(t)er reduction, reduction,
pressure drop injection) % %

700 940.7 520 99.89 99.81
980 759.3 464.3 99.87 99.78
1630 334.8 162.5 99.70 99.38
2450 127 90.2 99.21 98.89
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Table 2.3. Flow resistance and permeability reduction for O/W emulsions with different injection

flow rates.
Flow Flow resistance at | L argest Residual
Flow rate, resistance at the reS|dduaI permeability | permeability
mL/min the largest pressure drop reduction, reduction,
(2PV of extended ) o
pressure drop | \yater injection) %0 %0
0.1 786.3 473.7 99.87 99.79
0.2 775.5 569.5 99.87 99.79
0.3 759.3 464.3 99.87 99.78
0.5 660.7 334 99.85 99.70

emulsion slug sizes.

Table 2.4. Flow resistance and permeability reduction for O/W emulsions with different

Flow F|0Vr\: resis_t;mcle at | Largest Residual
- the residua o o
. resistance at permeability | permeability
Slug size, PV the largest (Zgr\ssggggr?ge q reduction, reduction,
pressure drop | \yater injection) % %

0.3 152.3 473.7 99.34 99.00
0.5 759.3 464.3 99.87 99.78
0.7 1609.2 906 99.94 99.89
1.0 3087.4 2010.7 99.97 99.95
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Figure 2.1.1 shows a linear relationship between flow resistance created by O/W emulsion
and oil quality. The flow resistance increases as the oil quality increases because the O/W emulsion
with higher oil quality can create higher plugging strength. The oil quality of O/W emulsion is an

important factor to explain the permeability reduction caused by the blockage of emulsion droplets.
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Figure 2.1.1. The relationship between flow resistance and oil quality.

Figure 2.1.2 shows an exponential relationship between flow resistance created by O/W
emulsion and sandpack permeability. The flow resistance decreases as the sandpack permeability
increases because the O/W emulsion can easily pass through the sandpack with a higher
permeability. It indicates that the emulsion property such as oil quality or slug size needs to be

adjusted to a higher value if the high permeability sandpack is desired to be blocked.
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Figure 2.1.2. The relationship between flow resistance and sandpack permeability.

Figure 2.1.3 shows a linear relationship between flow resistance and injection flow rate.
The slope of this curve is quite smooth, which means the flow rate has little impact on the change

of flow resistance.
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Figure 2.1.3. The relationship between flow resistance and flow rate.
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Figure 2.1.4 shows a linear relationship between flow resistance and slug size of emulsion
injection. Injecting O/W emulsion with a larger slug size can create higher plugging strength to
block the sandpack compared with injecting emulsion with a shorter slug size. The change of

emulsion slug size can be used to block the sandpack with different permeabilities.
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Figure 2.1.4. The relationship between flow resistance and slug size.
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2.2 Emulsion Conformance Control Tests in Parallel-sandpack Models (Yu et al., 2018b)
Yu et al. (2018b) conducted conformance control tests in parallel-sandpack models. The
high permeability sandpack (sandpack 1) and low permeability sandpack (sandpack 2) used in this
experiment had the same diameter and length, which was 2.5 cm and 30 cm, respectively. The
experiments were conducted to investigate the effect of IFT, slug size of emulsion, permeability
ratio of sandpacks, and oil phase viscosity on the performance of conformance control by
measuring pressure drops and fractional flow curves. In this experiment, Sand (Jiangsu Haian
Petroleum Chemical Factory, China) with 40-60 mesh was used to make high permeability
sandpacks, and sand (Jiangsu Haian Petroleum Chemical Factory, China) with 100-120 mesh was
used to make low permeability sandpacks. The sandpacks were saturated with water via imbibition
method. 0.5 wt% of Span40 combined with 0.5 wt% of EL-80, 1 wt% of Triton X-100, 0.5 wt%
of Triton X-100, and 0.5 wt% of Span40 combined with 0.5 wt% of Tween80 were used as
emulsifiers to form an emulsion with an IFT of 0.04 mN/m, 0.15 mN/m, 0.92 mN/m, and 5.2
mN/m, respectively. The apparatus installed for this experiment was kept the same as the apparatus
conducted in the permeability reduction tests, but connected another sandpack with different
permeability and its corresponding graduated mearing cylinder into the whole setup system. The
pressure drops at each injection stage were measured using a pressure transducer. The fractional
flow changes were measured by the effluents collected from the two sandpacks. The established
parallel-sandpack simulation model will be simulated to match these pressure drops curves, and
the results will be discussed in the next Chapter. The results of fractional flow curves from this

conformance control tests will be demonstrated in the next Chapter.
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Chapter 3. Results and Discussion

3.1 Simulation for Permeability Reduction Tests in Single Sandpack
Yu et al. (2018a) generated O/W emulsions with different oil qualities (2.5 wt%, 5.0 wt%,

7.5 wt%, and 10 wt%), an IFT of 0.44 mN/m and an average droplet size of 3.0 um. They
conducted single sandpack tests to investigate how oil quality, sandpack permeability, slug size of
emulsion, and injection rate affect plugging strengths. Observation of pressure drop profiles during
O/W emulsion injection and extended water injection were recorded. According to Yu et al.
(2017), the plugging ability of an O/W emulsion primarily depends on retention of emulsion
droplets in the porous media rather than on the bulk viscosity of the emulsion. Similarly, Soo and
Radke (1984, 1986) illustrated the permeability reduction caused by the retention and capture of
emulsion droplets in their examined cores. Accordingly, the filtration model is accepted as the
most appropriate model for simulating the flow of diluted emulsions; the model considers emulsion
droplets trapped by rock in porous media, which cause irreversible permeability reduction.
According to Demikhova et al. (2016), the filtration model was successfully used to match the
experimental emulsion effluent profiles and enhanced oil recovery profiles. The simulation model
developed in this study was established based on the mechanisms of the filtration model as follows:

(1) Entrapment of emulsion droplets is represented by retention;

(2) Emulsion buck viscosity is constant;

(3) Flow diversion depends on resistance caused by captured emulsion droplets;

(4) Phases are incompressible.

Two main parameters used in the simulation model and developed based on the mechanism

of the filtration model are retention factor (RF) and capture coefficient. Retention factor describes

resistance to emulsion flow caused by plugged droplets in the porous media. Capture coefficient
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is another critical parameter in determining the number of emulsion droplets that are trapped at
pore throats in the porous media. The maximum capture coefficient (at highest oil quality) can be
determined based on the fact that 60% of emulsion droplets can be flushed out from the sandpack;
that value is 5.55x10°®. In the experiment, the O/W emulsion behaves as a Newtonian fluid, since
shear stress shows a linear relationship with respect to shear rate at different oil qualities (i.e., the
bulk viscosity of emulsion remained stable at increasing shear rate). Therefore, no matter how the
injection flow rates changed, the bulk viscosity of emulsion was set to 1.4 mPa.s, based on the
experimental result for the simulation model. In this study, the number of grid blocks and the size
of each block were determined by conducting sensitivity analysis of grid block size when injecting
5 wt% of emulsion with 0.5 PV slug size into a 980 mD sandpack. As shown in Figure 3.1.1, the
pressure drop curves overlapped with each other when using 100 and 150 grid blocks, and the
experimental result was also matched, which means the simulation results would not be affected
by the size of grid blocks when using 100 grid blocks. Therefore, a 100 x 1 x 1 O/W emulsion
flood model (one-dimensional) was built using CMG STARS (CMG, 2015), and each block was
0.3 cm long. The length of the simulation model was 30 cm. The cross sectional-area and pore
volume of this model were 4.9 cm? and 60 cm?, respectively. The purpose of this simulation study
was to determine retention factor and capture coefficient by matching the highest blocking pressure
and residual pressure (after 2 PV water injection) from experimental results with different
scenarios, such as different concentrations of O/W emulsion (oil quality), slug sizes of injected

emulsion, permeabilities, and injection flow rates.
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Figure 3.1.1. Sensitivity analysis on grid blocks for the simulation model.

The single sandpack simulation model was first conducted to match the pressure drops for
injection of a 0.5 PV emulsion with different oil qualities into a 980 mD sandpack. The retention
factor at each oil quality was calculated using the highest pressure drop for each emulsion during
the extended waterflooding stage divided by the pressure drop at the initial emulsion flooding

stage, and was calculated using the following equation:

CAPyiocr = 2% + CAPyyqx (1)

max

where CAP,;,.x 1S the capture coefficient at each oil quality, RFy,;, . IS the retention factor at each
oil quality, RE,,,, is the maximum retention factor obtained at the highest oil quality, and CAB,, 4,
is the maximum capture coefficient, which is 5.55x10° as mentioned before. Input of the capture

coefficient into the simulation model automatically resulted in calculation of the value of RFs at
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each value of oil quality entered. Once the highest pressure drop was matched, the residual capture
coefficient was determined to match the pressure drops after 2 PV of extended water injection.

This value can be obtained using the following equation:

RF
CAPresigual = ﬁ * CAPpax (2)

where CAP,.siquai 1S the capture coefficient after 2 PV of waterflooding at each oil quality, and
RF,py is the retention factor after 2 PV of waterflooding at each oil quality, which can be obtained
from experiments. All parameters mentioned above for matching pressure drops are listed in Table
3.1

Table 3.1. Parameters for matching variations of pressure drops at different oil qualities

Oil quality, RF CAPpiock RFpv | CAPresidual
wit%
2.5 181 5.21x10°7 91 2.62x1077
5.0 758 2.18x10° 421 1.21x10°®

7.5 1682 4.84x10® 768 2.21x10°®

10 1929 5.55x10° | 1123 3.23x10°

Figure 3.1.2 shows the simulation and experimental results for variations of pressure drops
for emulsion injection with four oil qualities into a sandpack with a permeability of 980 mD at a
flow rate of 0.3 mL/min. The solid lines in this figure demonstrate simulation results. The
experimental results were collected from experiments (Yu et al., 2018a) and plotted as symbols.
Pressures increase during the emulsion injection stage, especially for the emulsion with highest oil
quality (10 wt%), which attains the highest pressure drop. This can be explained by the “Jamin”
effect (Jamin, 1860). Since the pore throats are blocked by the trapped emulsion droplets, an

increase in pressure is needed for emulsion droplets to move further. For emulsion with higher oil
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quality, it contains more emulsion droplets and these droplets tend to create larger resistance force
to the fluid flow, which requires higher pressure gradient to make it to pass through the pore
throats. It is also observed that the pressure drops still increase in the early stage of the following
water injection process, indicating deeper movement of emulsion droplets in the sandpack.
However, once the emulsion front breaks through and flows out from the sandpack, the pressure
drops decrease gradually. The highest permeability reduction of about 99.95% occurred with the
highest oil quality emulsion (10 wt%). After 2 PV of waterflooding, permeability reduction
decreases to 99.92%, which shows that the emulsion with 10 wt% oil quality still maintains
outstanding plugging strength during the waterflooding stage. It can be observed that the pressure
drops increased faster for the simulation result than it for the experimental result during the
emulsion injection stage, this is caused by an experimental error when preparing the sandpack.
The loose sand with a higher permeability occupied at the inlet area of the prepared sandpack,
however the permeability value for the simulation model is uniform. Therefore, the pressure drops
for the experimental result increased much slower than it for the simulation result when injecting

the emulsion at the same injection rate.
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Figure 3.1.2. Variation of pressure drops of emulsions with different oil qualities.

Figure 3.1.3 shows the emulsion concentration profiles at the outlet of the simulation model
during the emulsion injection stage and the subsequent water injection stage, which indicates the
changes of emulsion concentration before and after the emulsion breakthrough occurred. Before
the emulsion breakthrough occurred, no emulsion content can be observed at the outlet of the
model. An increase in the emulsion content can be observed after the emulsion breakthrough

occurred, and it starts to drop and to become zero once it has reached to its peak value.
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Figure 3.1.3. The changes of emulsion concentration at the outlet of the simulation model.

Figure 3.1.4 demonstrates simulation and experimental results for variations of pressure
drops with emulsion injection for sandpacks with four permeabilities at an injection flow rate of
0.3 mL/min with 0.5 PV of emulsion slug size and oil quality of 5.0 wt%. In this figure, injection
pressure drop reached its highest value of 3.8 MPa when emulsion was injected into the sandpack
with the lowest permeability of 700 mD. Of course, the diameters of the pore throats were much
larger in the higher permeability sandpack than in the lower permeability sandpack, which makes
emulsion droplets more likely to be trapped in low permeability porous media. The trapped
emulsion droplets restrict the injecting fluid from penetrating deep into the sandpack. Therefore,
higher pressure is required to push the O/W emulsion further along in a low permeability sandpack.
Table 3.2 shows that retention factor increases as permeability of a sandpack decreases due to
resistance to fluid flow when O/W emulsion is injected into lower permeability sandpacks.
However, note that the residual capture coefficient remains the same for all examined
permeabilities.
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Figure 3.1.4. Variation of pressure drops of O/W emulsions with different permeabilities.

Table 3.2. Parameters for matching variation of pressure drops at different permeabilities

Permeability, RF CAPresidual
mD
700 2450
980 1929
1630 730 | 1.21x10°
2450 300

Figure 3.1.5 demonstrates simulation and experimental results for variations of pressure
drops for emulsion injection with four slug sizes at a flow rate of 0.3 mL/min with oil quality of
5.0 wt% into a sandpack with permeability of 980 mD. The pressure drop increased as emulsion
slug size increased. When 1.0 PV of O/W emulsion was injected into the sandpack, it was expected
that the front of the emulsion slug had already reached the outlet of the sandpack. Emulsion

breakthrough had in fact occurred, corresponding to pressure reduction at the onset of the extended
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water injection stage. However, when less than 1 PV of emulsion was injected, at the onset of the
following extended waterflood, the injected water would push the emulsion slug further along the
sandpack, meaning that the resistance effect could proceed deeper into the sandpack. As a result,

a pressure increase, before its final reduction, could be observed once extended water injection

was initiated.
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Figure 3.1.5. Variation of pressure drops of emulsions with different slug sizes.

Table 3.3 illustrates the values of retention factor and residual capture coefficient obtained
from matching simulation results with experimental results. Note that larger slug sizes of emulsion

injection result in greater retention factors and residual capture coefficients.

31



Table 3.3. Parameters for matching variation of pressure drops at different slug sizes

Slug SiZC, RF CAPresidual
PV
0.3 800 5.5%x107
0.5 1929 1.2x10°
0.7 3100 1.8x10°
1.0 5200 2.2%10°

Figure 3.1.6 shows simulation and experimental results for variations of pressure drops
with emulsion injection at four injection rates with 0.5 PV of emulsion slug size and oil quality of
5.0 wt% into a sandpack with a permeability of 980 mD. When emulsion was injected at higher
flow rates, greater pressure drops were needed to push the emulsion droplets move through the
pore throats. Table 3.4 illustrates that the values of retention factor and residual capture coefficient

are the same for matching pressure drops at different injection flow rates.
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Figure 3.1.6. Variation of pressure drops of O/W emulsions with different injection flow rates.
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Table 3.4. Parameters for matching variation of pressure drops at different flow rates

Flow rate, RF CAPesidual
mL/min

0.1

0.2

0.3 1929 1.21x10°®

0.5

The correlations of main parameters between different emulsion properties were obtained
by matching the experimental results. When changing the emulsion properties, the values of two
main parameters can be correlated. Matching the results of single sandpack tests was an important
step to allow the feasibility of sensitivity tests conducted on the simulation models of parallel-

sandpack.
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3.2 Simulation for Conformance Control Tests in Parallel-sandpack Models

A simulation model was established with the objectives of matching the experimental
results of conformance control tests in parallel-sandpacks, and subsequently investigating the
effects of the combination of IFT, emulsion quality, slug size of emulsion injection, and oil phase

viscosity on the performance of conformance control.

Figure 3.2.1. lllustration of parallel-sandpack model.

Figure 3.2.1 depicts the schematic of the parallel-sandpack flow tests by Yu et al. (2018b).
Each sandpack of the model was 30 cm in length, with a cross-sectional area of 4.9 cm? and pore
volume of 60 cm®. There was no connectivity between two sandpacks. One injection line
connected both sandpacks, and the two production lines were for the two separate productions
from the sandpacks. Both sandpacks were saturated with water before emulsion injection. The
simulation model was first used to match the experimental results which illustrated the variation
of pressure drops of O/W emulsion injection with different IFTs into sandpacks with permeabilities
of 820 mD and 2770 mD (so the permeability ratio is about 3.4:1). The injection process for the
parallel-sandpack test included an initial waterflooding stage, an emulsion injection stage, and an
extended water injection stage. The changes of fractional flows of parallel-sandpacks were also
matched for injected emulsions with IFTs of 0.04 mN/m, 0.15 mN/m, and 5.2 mN/m. The

propagation fronts of the sandpack 1 and sandpack 2 were plotted by the simulator to illustrate the
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effect of emulsion penetration distance on the performance of conformance control. The retention
factor and residual capture coefficient for each sandpack used in the simulation model can be
calculated by the following steps and equations:
(1) Plug different permeabilities into the following equations to obtain RF for each sandpack
(the correlation between RF and permeability were obtained from Table 3.2):
RFpign = 5966.7 x exp(—0.0012 * Kp;gn k) (3)
RFiop 1 = 5966.7 * exp(—0.0012 * K,y 1) (4)
(2) Use the following equations to correlate the calculated RF for the high permeability and
low permeability sandpacks from the previous step, based on the slug size of emulsion
penetrated into each sandpack:

6285.7 * Lhighk —1171.4

6285.7 * Lygy . — 1171.4

where RFy., nign k 1S the final retention factor for the high permeability sandpack after correlation
of slug size, and Ly;4p,  is the slug size of emulsion moved into the high permeability sandpack,
and RFy;4n i is the retention factor for the high permeability sandpack as calculated from Equation

3. L, is the base slug size, which is 0.5PV, and the value of RF at L;, is 1929. Similar definitions
can be used for RF,..y 10w ks Liow k» @and RFiou k-
(3) Determine the CAPresiqual for each sandpack by the following equations:

CAPyesigual high k * 10° = 1.40 * ln(l‘high k) + 2.23 @)

CAPresidual lowk * 106 = 1.40 * lrl(Llow k) +2.23 (8)
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where CAPyesiqual nign i 1S the residual capture coefficient for the high permeability sandpack,
Lpign x has the same definition as mentioned in the previous step, and CAPyesiquai iow k 1S the
residual capture coefficient for the low permeability sandpack. L;,,,  has the same definition as
specified in the previous step.

Figure 3.2.2 shows experimental and simulation results of pressure drops at different
injection stages for 0.5 PV emulsion injection with four IFTs and oil quality of 15 wt%. The
experimental results were collected (Yu et al., 2018) and plotted as symbols. The solid lines show
the simulation results. In this figure, the pressure drop for O/W emulsion injection with an IFT of
5.2 mN/m was largest during the extended water injection stage due to its large capillary resistance
to fluid flow. However, emulsions with higher IFTs do not have good deformability, and this
explains why pressure drops for the IFTs of 0.92 mN/m and 5.2 mN/m decreased rapidly once they
reached peak values. For emulsions with a moderate IFT of 0.15 mN/m and a low IFT of
0.04 mN/m, the pressure drops gradually decreased because the emulsion droplets are flexible

enough to deform and are able to penetrate deeply into the sandpack.
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Figure 3.2.2. Pressure drops of O/W emulsion with different IFTs.
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The performance of conformance control cannot be fully illustrated by observing only
pressure drop curves. Thus, fractional flows for high permeability sandpack (sandpack 1) and low
permeability sandpack (sandpack 2) were plotted to investigate the conformance control ability.
Figure 3.2.3 shows the fractional flow experimental (left) and simulation (right) results for O/W
emulsion injection with different IFTs. The fractional flow of the sandpack 1 is much higher than
the sandpack 2 during the extended waterflooding stage for an emulsion with IFTs of 0.04 mN/m
and 5.2 mN/m, indicating poor conformance control ability. For the emulsion with a moderate IFT
of 0.15 mN/m, the fractional flow ratio decreased from 77:23 during initial water injection to 65:35
during emulsion injection, and it remained the same during extended waterflooding stages, which
means the plugging strength of emulsion still existed. Flow diversion occurred at the end of
extended waterflooding and demonstrated better conformance control ability. Figure 3.2.4 and
Figure 3.2.5 show the propagation front of the injected emulsion in the parallel-sandpack which

can provide a better understanding of flow pattern changes.
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Figure 3.2.3. Fractional flows at different IFTs of experimental results (left) and simulation

Remembering that retention factor represents flow resistance, Figure 3.2.4 (a) shows that
only a small amount of emulsion enters the sandpack 2 because, for an emulsion with an IFT of
5.2 mN/m, it is difficult to push emulsion droplets through the pore throats due to their low
deformability. Thus, the emulsion droplets tend to accumulate near the inlet of the sandpack 2, and
that accumulated emulsion created a large resistance to fluid flow. Figure 3.2.4 (b) illustrates that
the retention factor is much higher in the sandpack 2 than in the sandpack 1 after about 1 PV of

extended waterflooding. Thus, more fluid tends to enter the sandpack 1, resulting in limited
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conformance control ability. Consistently, the fractional flow curves show no flow diversion
during the following extended water injection stage because the sandpack 2 is sufficiently blocked

by the trapped emulsion droplets, as Figure 3.2.4 (c) indicates.
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Figure 3.2.4. Retention factor profiles for emulsion with an IFT of 5.2 mN/m at different stages:
(@) 0.596 PV (b) 0.875 PV (c) 1.5 PV.

Figure 3.2.5 (a) demonstrates that retention factor in the sandpack 1 is slightly larger than
in the sandpack 2 for an emulsion with an IFT of 0.15 mN/m. This indicates that a moderate IFT
emulsion has readily deformable emulsion droplets that can thereby pass through the pore throats
and move further along in both sandpacks. Once the flow resistance in the sandpack 1 is higher
than in the sandpack 2, as shown in Figure 3.2.5 (b) and Figure 3.2.5 (c), promoting more injected
fluid to enter into the low permeability sandpack, flow diversion occurs during the extended water

injection stage to show a good performance of conformance control.
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Figure 3.2.5. Retention factor profiles for emulsion with an IFT of 0.15 mN/m at different stages:
(@) 0.596 PV (b) 0.875 PV (c) 1.5 PV.

Figures 3.2.6 and 3.2.7 show the change of fractional flow at different emulsion slug sizes
in the experimental and simulation results. According to simulation results, fractional flow at the
initial waterflooding stage is 77:23; it decreases to 65:35 during 0.5 PV of emulsion injection, and
to 56:44 during 0.8 PV of emulsion injection, demonstrating that better conformance control
performance can be achieved by increasing the emulsion slug size. For a larger emulsion slug size,
more emulsion droplets flow into the high permeability zone and are trapped at pore throats, which
can restrict fluid flow due to increased capillary resistance force. Thus, with a larger emulsion slug
size, more fluid flow can be diverted to the low permeability sandpack, improving overall sweep

efficiency.
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Figure 3.2.6. Experimental results of fractional flows at different emulsion slug sizes:
(@ 0.5PV (b) 0.8PV.
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Figure 3.2.7. Simulation results of fractional flows at different emulsion slug sizes:
(@ 0.5PV (b) 0.8PV.

In addition, as demonstrated in Figure 3.2.8, the simulation results well match the

experimental results and indicate that the pressure drops increase as emulsion slug sizes increase.

43



0.2
Simulation results

0.7 £l
O 08PV [m}

0.6 ® 05PV o

o
n

Pressure drop, Mpa
o o
w =

0.2

0.1

1.4 16 18

Figure 3.2.8. Pressure drops for emulsion slug sizes of 0.5 PV and 0.8 PV.

When injecting O/W emulsion into a weakly heterogenous parallel-sandpack with a
permeability ratio of about 2:1 (1810 mD:920 mD), the IFT and oil quality can be adjusted using
the simulation model to achieve similar conformance control performance. By way of example,
Figure 3.2.9 shows that good conformance control can be obtained in both Case (a) (experimental)
and Case (b) (simulated), as the fractional flow ratio reaches 50:50 at the extended waterflooding
stage. Because the heterogeneity of the sandpack is not severe, slightly decreasing oil quality and
increasing IFT can make the emulsion in Case (b) achieve a similar flow pattern as in Case (a).
Figure 3.2.10 demonstrates that the pressure drops for Case (a) and Case (b) are almost the same,
meaning that the plugging strength caused by the blockage effect of these two emulsions is

essentially the same.
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Figure 3.2.9. Fractional flow of different combinations of IFT and oil quality:
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In the previous experiments and simulations, the sandpack was initially saturated with
water, but the following modeling is for a sandpack that has been initially saturated with 40%
water and 60% immobile oil. This change resulted in an increased pressure drop, as the existing
oil (immaobile oil) in the sandpack increased flow resistance when injected with O/W emulsion. A
parametric simulation study was conducted to find the optimal combination of oil quality and slug
size that can achieve good comformance control performance. The assumption made for this
simulation model is that the free oil in the sandpack is immobile and therefore cannot be flushed
out. Figure 3.2.11 below shows the flow pattern when injecting 0.5 PV emulsion slug with
emulsion quality of 2.5 wt% and IFT of 0.44 mN/m. The flow pattern is slightly different compared
with the flow pattern in Figure 3.2.9 (b), but still shows good conformance control performance.
It was found that decreasing the oil quality of emulsion could enhance the injectivity of emulsion.
The pressure drops approached 2.6 Mpa, which is five times higher than that of the comparable

sandpack test with 100% water saturation as shown in Figure 3.2.10.
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Figure 3.2.11. Fractional flows (left) and pressure drops (right) of emulsion injection in the
sandpack with a permeability ratio of 2:1 and with 40% initial water saturation.

46



It was found that injection of an O/W emulsion with a low oil phase viscosity into a
severely heterogenous parallel-sandpack with a permeability ratio of about 4.6:1 (3520 mD:770
mD) had limited conformance control performance (Yu et al., 2018b). Therefore, for a severely
heterogenouos model, an O/W emulsion with higher plugging strength is desired, which can be
achieved by increasing oil phase viscosity and/or IFT. An experiment was conducted (Yu et al.,
2018b) using the emulsion with an increased oil phase viscosity of 1200 mPa.s at 60°C and an
increased IFT of 0.24 mN/m showed good performance of conformance control when other
emulsion properties were kept the same as before (0.5 PV of emulsion injection with quality of 15
wt%). As shown in Figure 3.2.12, the fractional flow ratio decreased during the emulsion injection
stage, and flow diversion can be observed during the following extended waterflooding stage.
Figure 3.2.13 shows the pressure drops during the different injection stages. The highest pressure

drop approached 500 KPa, which is higher than when using a low viscosity oil-in-water emulsion.
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Figure 3.2.12. Fractional flows of higher viscous oil-in-water emulsion injection:
(a) Experimental results (b) simulation results.
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Figure 3.2.13. Pressure drops of higher viscous oil-in-water emulsion injection.

The previous parallel-sandpack simulation result showed that when injecting 0.5 PV of an
O/W emulsion (low oil phase viscosity) with emulsion quality of 10wt% and IFT of 0.44 mN/m
into the heterogeneous parallel-sandpack with a permeability ratio of about 2:1 (1810 mD:920
mD), good conformance control performance can be achieved, as shown in Figure 3.2.9 (b). What
will be the results if an O/W emulsion with a high oil phase viscosity at the same emulsion slug
size, emulsion quality, and IFT is injected into the sandpacks with the same permeability ratio. As
shown in Figure 3.2.14, the diversion of fractional flow curves can be observed during the extended
waterflooding stage, which means the O/W emulsion can block the high permeability sandpack
and divert more water to flow into the low permeability sandpack. However, the fractional flow
for the low permeability sandpack at the extended waterflooding stage is much higher than for the
high permeability sandpack at the initial waterflooding stage which means the injected O/W

emulsion creates too much flow resistance in the high permeability sandpack. Obtaining good
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conformance control performance is not as likely if the high permeability sandpack is permanently
blocked by the O/W emulsion. In order to determine when the fractional flow ratio will reach 50:50
at the extended waterflooding stage, more simulation models of O/W emulsion injection at

different emulsion quality and slug size need to be conducted.
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Figure 3.2.14. Fractional flows of O/W emulsion with a high oil phase viscosity injection in the
sandpack with a permeability ratio of 2:1-emulsion quality of 10wt%.

Because good conformance control performance can not be obtained when injecting an
O/W emulsion (high oil phase viscosity) with emulsion quality of 10wt%, the emulsion quality
will be decreased to 5wt% to see the changes in fractional flow curves. Figure 3.2.15 shows better
conformance control performance compared with the result shown in Figure 3.2.14, as the
fractional flow ratio tends to approach 50:50 at the extended waterflooding stage. However, flow
diversion occurred and the fractional flow for the low permeability sandpack is higher than for the
high permeability sandpack, which means the emulsion quality still needs to be adjusted to a

smaller value.
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Figure 3.2.15. Fractional flows of O/W emulsion with a high oil phase viscosity injection in the
sandpack with a permeability ratio of 2:1-emulsion quality of 5wt%.

Figure 3.2.16 shows the fractional flow curves when adjusting the emulsion quality to
2.5wWt%. No flow diversion occurred at the extended waterflooding stage, which indicates the
injected emulsion does not have enough plugging strength to block the high permeability zone.
The fractional flow for the low permeability sandpack at the extended waterflooding stage is lower
than at the initial water injection stage, which indicates that the emulsion remaining in the low
permeability sandpack prevents water flowing into it at the extended waterflooding stage. The
result demonstrates that the emulsion quality of 2.5wt% for emulsion injection is too small to have
an effect on conformance control. Therefore, the fractional flow ratio can reach 50:50 when
injecting an O/W emulsion with emulsion quality between 2.5wt% and 5wt%. After conducting
several simulation models, 4wt% was found to an appropriate emulsion quality to perform good

conformance control, as shown in Figure 3.2.17.
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Figure 3.2.16. Fractional flows of O/W emulsion with a high oil phase viscosity injection in the
sandpack with a permeability ratio of 2:1-emulsion quality of 2.5wt%.
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Figure 3.2.17. Fractional flows and pressure drops of O/W emulsion with a high oil phase
viscosity injection in the sandpack with a permeability ratio of 2:1-emulsion quality of 4wt%

In Figure 3.2.17, the fractional flow ratio reaches 50:50 at the subsequent waterflooding
stage, which indicates promising conformance control performance can be obtained. The highest
pressure drop approached around 230 kPa. Figure 3.2.18 shows the changes in pressure drops for
emulsion injection with different emulsion qualities. In this figure, the highest pressure drop for

10wt% of emulsion injection reached around 1000 kPa, and this value is higher than for injection
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of emulsion with a low oil phase viscosity which is 520 kPa, as shown in Figure 3.2.13. This
highest pressure drop comparison indicates that the injection of emulsion with a high oil phase
viscosity can create higher plugging strength, and it needs more pressure to push the blocked

emulsion out of the sandpack during the extended waterflooding stage.
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Figure 3.2.18. Variation of pressure drops of emulsions (high oil phase viscosity) with different
emulsion qualities.

As shown in Figure 3.2.19, when decreasing the emulsion slug size from 0.5 PV t0 0.3
PV, fractional flow for the low permeability sandpack increased more rapidly at the extended
waterflooding stage and, finally, the fractional ratio reached 50:50, which means the captured
emulsion droplets in the low permeability sandpack can be easily flushed out and the plugging
strength created in the high permeability sandpack is strong enough to stop injected water from
flowing through the high permeability sandpack. However, no flow diversion occurred when
injecting emulsion slug size of 0.2 PV into the parallel-sandpack, observed in Figure 3.2.20.

Therefore, the injection of O/W (high oil phase viscosity) with 4wt% of emulsion quality and 0.3
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PV of emulsion slug size can be treated as a critical combination to achieve good conformance

control performance.
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Figure 3.2.19. Fractional flows and pressure drops of O/W emulsion with a high oil phase
viscosity injection in the sandpack with a permeability ratio of 2:1- emulsion quality of 4wt%
and emulsion slug size of 0.3PV.
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Figure 3.2.20. Fractional flows and pressure drops of O/W emulsion with a high oil phase
viscosity injection in the sandpack with a permeability ratio of 2:1- emulsion quality of 4wt%
and emulsion slug size of 0.2PV.
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3.3 Field Scale Simulation Models

The field scale simulation was performed with a three-dimensional heterogeneous model
containing 30,000 grid blocks. This 3D model is a half size model because it is symmetrical on
each side of the well pair, so only one side of the model needs to be simulated. The model
dimension is 50 m in width with 50 grid blocks, 1000 m in length (along the horizontal wells) with
20 grid blocks, and 30 m in height with 30 grid blocks. The heterogeneity of the simulation model
can be created by adding high permeability zones between the injection well and the production
well (case 1) and by placing the same size of high permeability zones right above the injection
well (case 2). This section, investigates the effects of reservoir heterogeneity on steam chamber
development, cumulative oil production, and cSOR for case 1 and case 2. Figure 3.3.1 (a) and (b)
show the reservoir model in I-K direction and J-K direction for case 1, respectively. Figure 3.3.2
(@) and (b) show the reservoir model in I-K direction and J-K direction for case 2, respectively. In
these figures, the blue area represents a permeability of 1000 mD, and the red area represents a
high permeability zone of 3000 mD with 100m in length, 3 m in width, and 6 m in thickness. One
injector and one producer as a well pair are perforated along the J direction and are operated for a
duration of five years. The injector and producer are parallel to each other, and the vertical distance

between them is 5 m.
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Figure 3.3.1. Reservoir model for case 1: (a) I-K direction (b) J-K direction.
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Figure 3.3.2. Reservoir model for case 2: (a) I-K direction (b) J-K direction.
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Reservoir properties and input parameters used in the simulation model are listed in Table

3.5. The O/W emulsion can be treated as an aqueous phase with extremely low bulk viscosity and

it can also be mixed with injected water. Therefore, only one pair of the water-oil relative

permeability curve and liquid-gas relative permeability curve is used in the field scale simualtion

models as shown in Figure 3.3.3 and Figure 3.3.4 (Nasr et al., 2000).
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Table 3.5. Reservoir properties and input parameters for SAGD simulation

Reservoir properties and input parameters

Parameters Value Parameters Value
Grid top, m 500 High permeability I and J, mD 3000
Layer thickness, m 1 High permeability K, mD 2400
Porosity, fraction 0.33 Initial temperature,°C 12
Permeability | and J, mD 1000 Initial pressure, kPa 3000
Permeability K, mD 800 Reference depth, m 500
Bitumen viscosity at 10°C, 5.24x10° Initial water saturation, % 20
cp
Initial oil saturation, % 80 Porosity Reference Pressure, kPa 3100
Formation Compressibility, 1.0x10® Volumetric Heat Capacity, 2.3x10°
1/kPa J/(m3*°C)
Thermal Conductivity of 2.7x10° Thermal Conductivity of Water | 5.4x10*
Reservoir Rock, Phase, J/(m*day*°C)
J/(m*day*°C) ' y
Thermal Conductivity of Oil 1.2x10* Thermal Conductivity of Gas 4.0x10°
Phase, J/(m*day*°C) Phase, J/((m*day*°C)
Overburden Volumetric Heat 2.3x10° Overburden Thermal 1.5x10°
Capacity, J/(m3*°C) Conductivity, J/(m*day*°C)
Underburden Volumetric 2.3x10° Underburden Thermal 1.5x10°

Heat Capacity, J/(m**°C)

Conductivity, J/(m*day*°C)
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Figure 3.3.3. Water-oil relative permeability curves.
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Figure 3.3.4. Liquid-gas relative permeability curves.
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A dilation start-up process was applied to build up inter-well communication along the well
length before steam injection and to shorten the preheating period, which leads to developing a
more uniform/robust steam chamber, thereby reducing the cumulative SOR. However, due to the
appearance of heterogeneity in the reservoir, it was necessary to investigate how this heterogeneity
could affect the efficiency of the dilation start-up process and to demonstrate the advantages of
using O/W emulsion treatment. Therefore, two models for each case were established to separately
compare steam chamber growth, cumulative oil production, and cumulative SOR, one employing
only a traditional dilation start-up process, and the other utilizing an O/W emulsion treatment
before a dilation start-up process.

The analytical dilation recompaction model in CMG STARS module was used to simulate
the dilation start-up process, which works for an unconsolidated oil sands reservoir. The porosity
and permeability for this model can be altered by a change in pressure only. Figure 3.3.5 shows
the schematic of dilation-recompaction model. The corresponding input parameters used in this

model are listed in Table 3.6.

Start
recompaction

pressure

Elastic

Porosity
2
0
%

Dilatian

Reference Elastic

pressure Start dilation

pressurea

Pore pressure

Figure 3.3.5. The dilation-recompaction model in STARS.
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Table 3.6. Input parameters for dilation start-up simulation

Parameters Value Parameters Value
Reference pressure, kPa 3100 Dilation Rock Compressibility, 2.0x10*
1/kPa

Residual dilation fraction 0.77 Start dilation pressure, kPa 3900

Start recompaction pressure, 3000 Maximum allowed proportional 1.2
kPa increase in porosity
Permeability Mutiplierin I, J 3
and K

For this dilation start-up model, the dilation process will be initiated when injection
pressure exceeds 3900 kPa. The porosity can be increased to its maximum value of 0.396, and the
change in permeability is based on porosity change. The value of dilation rock compressibility
determines the speed of an increase in porosity. The rock starts recompaction at a pressure of 3000
kPa, and this value can be obtained from the product of residual dilation fraction and start dilation
pressure.

A traditional dilation start-up process operates with an injection of high pressure hot
dilation fluid (60°C) into the formation at 5000 kPa and an injection rate of 300 m®/day for half a
month. A dilation start-up process with emulsion treatment added a half month of a 2.5 wt% O/W
emulsion injection with injection temperature of 60°C and injection pressure of 3500kPa prior to
the traditional dilation start-up process. The producer for these two models is shut-in during the
emulsion injection stage and dilation stage. After dilation, both models were set up with one month
of preheating period and with identical well constraints for injection and production wells. The
well constraint applied to the injection well was 4,000 kPa (maximum bottom-hole pressure), with
a steam temperature of 250.3°C and steam quality of 0.8. The injection well was constrained by a

maximum surface water rate of 600 m®day in cold water equivalent (CWE). The production well
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was constrained by a maximum liquid rate of 1200 m%/day, and a maximum steam rate of 10
mé/day to prevent the production of live steam. The reservoir models were preheated, both injector
and producer, for one month before oil was extracted. Duration of the normal SAGD production

process is five years.

3.3.1 Results for Case 1 Simulation Model

Due to the heterogeneity of the reservoir, the steam chamber growth was uneven when only
applying dilation start-up process, which can be observed in Figure 3.3.6 below. In this figure, the
high permeability zones located between the well pair shows the height of the steam chamber in
the high permeability zones grows faster than for the low permeability zones, because the injected
steam tends to pass through the high permeability zones. The uneven steam chamber can affect

cumulative oil production and cSOR.

Temperature (C) 2011-01-01 | layer: 50

.,
g
a
g

T T T T T T T E
20 500 a00 700 800 00 1,000 [

8
8
g
=
8

e
3
8
8
B
|

Figure 3.3.6. Temperature profile in J-K direction at one year and ten months of production time
for case 1- without O/W emulsion treatment.
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Uniform steam chamber growth can be observed in Figure 3.3.7, compared with Figure
3.3.6. This phenomenon shows that the combination of emulsion treatment with traditional dilation
start-up process can improve steam chamber growth. In order to observe the boundary and size of
steam chamber development, the temperature profiles for case 1 model in I-K direction were

plotted as needed.
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Figure 3.3.7. Temperature profile in J-K direction at one year and ten months of production time
for case 1- with O/W emulsion treatment.

Figure 3.3.8 (a) shows that, compared with the traditional start-up process without
emulsion treatment depicted in Figure 3.3.8 (b), the start-up process with emulsion treatment has
a more uniform temperature profile between the injector and producer, which means that inter-
well communication has been successfully achieved at ten months of SAGD production time. After
one year and ten months and four years and ten months of SAGD production time, better
development of the steam chamber for the model with emulsion treatment can be observed in
Figure 3.3.9 (a) and Figure 3.3.10 (a) as the steam chamber are larger than without emulsion

treatment, as shown in Figure 3.3.9 (b) and Figure 3.3.10 (b).
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Figure 3.3.8. Temperature profiles at ten months of production time for case 1: (a) with emulsion
treatment (b) without emulsion treatment.
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Figure 3.3.9. Temperature profiles at one year and ten months of production time for case 1: (a)
with emulsion treatment (b) without emulsion treatment.
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Figure 3.3.10. Temperature profiles at four years and ten months of production time for case 1:
(a) with emulsion treatment (b) without emulsion treatment.
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Figure 3.3.11 shows a reduced cumulative SOR (cSOR) with emulsion treatment and, no
matter in what stage of the SAGD process, the cSOR for the model with emulsion treatment was
always lower than with the traditional dilation start-up process. Better steam chamber growth and
reduced CSOR show that the high permeability zones between the injector and the producer (case
1) can be blocked by O/W emulsion and dilation fluid can be diverted to the low permeability
zone. Clearly, in the presence of reservoir heterogeneity, O/W emulsion treatment can improve the
traditional dilation start-up process. After the high permeability zone is blocked, an increase in
fractional flow capability of the low permeability zone will assist steam chamber growth during
the preheating and normal SAGD production stages and, finally, will lead to higher cumulative oil
production, as shown in Figure 3.3.12. The model with emulsion treatment produced around
79,626 m? of oil at the end of the production time which is much higher than the cumulative oil

production for the model without emulsion treatment (about 63,355 m? of produced oil).
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Figure 3.3.11. The cSOR profile for the dilation start-up process with and without emulsion
treatment-Case 1.
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Figure 3.3.12. The cumulative oil production profile for the dilation start-up process with and
without emulsion treatment-Case 1.
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3.3.2 Results for Case 2 Simulation Model

Figure 3.3.13 shows how high permeability zones located above injectors can affect steam
chamber growth. In this figure, the steam tends to flow into the high permeability zones; as we can
see, steam chamber growth is uniform for the high permeability zones above injectors. As long as
the steam heats the reservoir through the high permeability zones, the low permeability zones
under injectors still can not be heated well, which is not good for building up inter-well
communication. Therefore, the dilation start-up process can not assist building uniform steam

chamber growth when heterogeneity occurs.
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Figure 3.3.13. Temperature profile in J-K direction at one month of production time for case 2-
without O/W emulsion treatment.
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Figure 3.3.14 demonstrates that, compared with the traditional start-up process without
emulsion treatment, illustrated in Figure 3.3.13, the start-up process with emulsion treatment has
a more uniform temperature profile between the injector and producer, which means that the
emulsion treatment is effective in decreasing the effects of reservoir heterogeneity on steam

chamber growth.
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Figure 3.3.14. Temperature profile in J-K direction at one month of production time for case 2-
with O/W emulsion treatment.

Figure 3.3.15 shows the temperature profile in J-K direction at one year of production time
without O/W emulsion treatment. In this figure, steam chamber growth for the whole reservoir
model is not uniform. Since inter-well communication can not be built up during the start-up
process, the oil becomes more difficult produce from the zones which are unheated. However,
O/W emulsion treatment can assist the dilation start-up process in building good communication
between the injection well and the production well. More uniform steam chamber growth can be

observed in Figure 3.3.16.
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Figure 3.3.15. Temperature profile in J-K direction at one year of production time for case 2-
without O/W emulsion treatment.
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Figure 3.3.16. Temperature profile in J-K direction at one year of production time for case 2-
with O/W emulsion treatment.
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Figure 3.3.17 (a) demonstrates that, compared with the traditional start-up process without
emulsion treatment depicted in Figure 3.3.17 (b), a more uniform temperature profile between the
injector and producer can be achieved via the start-up process with O/W emulsion treatment, which
means that inter-well communication has been successfully built up at one month of SAGD
production time. After one year and three months of SAGD production time, better development
of the steam chamber and much larger size of the steam chamber for the model with emulsion
treatment can be observed in Figure 3.3.18 (a). Figure 3.3.18 (b) shows that inter-well
communication is just achieved after one year and three months of production time, which is much

slower than for the model with emulsion treatment.
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Figure 3.3.17. Temperature profiles at one month of production time for case 2: (a) with
emulsion treatment (b) without emulsion treatment.
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Figure 3.3.18. Temperature profiles at one year and three months of production time for case 2:
(a) with emulsion treatment (b) without emulsion treatment.

The size of the steam chamber at four years and ten months of production time is much
larger as shown in Figure 3.3.19 (a) than as shown in Figure 3.3.19 (b), which means the model
with emulsion treatment can assist steam chamber growth by building up earlier inter-well
communication compared with the model without emulsion treatment. The achievement of earlier
inter-well communication can result in an earlier reduction of CSOR and an earlier cumulative oil

production, which can be observed in Figure 3.3.20 and Figure 3.3.21.
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Figure 3.3.19. Temperature profiles at four years and ten months of production time for case 2:
(a) with emulsion treatment (b) without emulsion treatment.
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In Figure 3.3.20, the cSOR for the model with emulsion treatments drops earlier than for
the model without emulsion treatment, and it remains a lower value during the whole production
time. The lower cSOR means the model with emulsion treatment uses less steam to produce oil.
The less steam consumed, the better the economics of SAGD production. In Figure 3.3.21, the
model with emulsion treatment can start producing oil about seven days earlier than the model
without emulsion treatment and, finally, results in more cumulative oil production. The cumulative
oil production curve for the model without emulsion treatment has two slopes because the
heterogeneity of the reservoir is not overcome at the beginning of production. Once inter-well

communication is achieved, the model shows easier production of oil starting in April 2012.
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Figure 3.3.20. The cSOR profile for the dilation start-up process with and without emulsion
treatment-Case 2.
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Figure 3.3.21. The cumulative oil production profile for the dilation start-up process with and
without emulsion treatment-Case 2.
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3.3.3 Sensitivity Tests on Permeability Ratio for Case 1

For the case 1, the high permeability zones are located between the injection well and
production well. The permeability ratio of the high permeability zones and the low permeability
zones is 3:1. In this section, the permeability ratio will be altered to 4:1 (4000 mD:1000 mD) and
5:1 (5000 mD:1000 mD) in order to investigate the effects of higher permeability ratio on steam
chamber growth, cSOR, and cumulative oil production for case 1 simulation model with and
without emulsion treatment. As shown in Figure 3.3.22, the heights of steam chamber decrease as
the permeability ratio increases. And the temperature profiles between well pair become more non-
uniform as the permeability ratio increases. The dilation fluid and injected steam tend to enter high
permeability zones, leaving low permeability zones un-dilated and unheated. As permeability for
the high permeability zones increased to 5000 mD, more dilation fluid and injected steam escape
from these high permeability zones. Therefore, the steam chamber growth becomes more uneven

for the model with higher permeability ratio.
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Figure 3.3.22. Temperature profile in J-K direction at one year and ten months of production
time for case 1- without O/W emulsion treatment: (a) permeability ratio of 4:1 (b) permeability
ratio of 5:1.

Figure 3.3.23 shows the temperature profiles for the models with emulsion treatment at
different permeability ratios. In this figure, an improved steam chamber growth can be observed
as the heights of steam chamber increased comparing with Figure 3.3.22. However, the steam
chamber growth for the model with a permeability ratio of 5:1 is not promising because the
plugging strength created by emulsion droplets is not strong enough to block this high permeability
zones (5000 mD) to create more dilation zones between well pair, which indicates that the ability
of emulsion to block fluid entering into the high permeability zones is reduced as the permeability

ratio increases to 5:1.
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Figure 3.3.23. Temperature profile in J-K direction at one year and ten months of production
time for case 1- with O/W emulsion treatment: (a) permeability ratio of 4:1 (b) permeability ratio
of 5:1.
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As shown in Figure 3.3.24, the cumulative oil production decreases as the permeability
ratio increases. Because the steam chamber developed more uneven for the model with a higher
permeability ratio than for the model with a lower permeability ratio, the less amount of oil is
produced for more severely heterogeneous model. The earliest cSOR curve drops can be observed
for the model with a smallest permeability ratio (3:1) as shown in Figure 3.3.25, since less amount

of injected steam is required to produce oil when the reservoir heterogeneity is not severe.
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Figure 3.3.24. The cumulative oil production profile at different permeability ratios for case 1
without emulsion treatment.
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Figure 3.3.25. The cSOR profile at different permeability ratios for case 1 without emulsion
treatment.

Figure 3.3.26 shows the cumulative oil production difference between the models with a
permeability ratio of 3:1 and with a permeability ratio of 4:1 is small. However, the cumulative oil
production difference between the models with a permeability ratio of 3:1 and with a permeability
ratio of 5:1 is large, which means the effectiveness of emulsion treatment is reduced due to more
severely heterogeneity. Table 3.7 demonstrates the increasing rate in cumulative oil production
when using emulsion treatment. The increasing rates for the models with permeability ratio of 3:1
and 4:1 are around 20%. The increasing rate for the model with a permeability ratio of 5:1 is about

13%, which is lower than the models with smaller permeability ratios.
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Figure 3.3.26. The cumulative oil production profile at different permeability ratios for case 1
with emulsion treatment.

Table 3.7. The cumulative oil production at different permeability ratios for case 1 without and
with emulsion treatment.

Cumulative oil production, m3
Permeability ratio 3:1 4:1 5:1
Without emulsion 63355 58366 53758
treatment
With emulsion treatment 79626 75417 61061
Increasing rate 20% 23% 13%
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As shown in Figure 3.3.27, the cSOR increases as the permeability ratio increases because
the injected emulsion is not able to provide sufficient plugging strength to block the high
permeability zones (5000 mD), and leads to less dilation fluid flowing into the low permeability
zones. If the low permeability zones are un-dilated, then it will take a longer time to build up an
inter-well communication and thereby causing an increase in cSOR. The size of high permeability
zones is not large enough can be concluded as a reason to explain the cSOR curves has a little
difference between injecting the O/W emulsion into the simulation models with a permeability

ratio of 3:1 and 4:1 at the post stage of SAGD normal production.
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Figure 3.3.27. The cSOR profile at different permeability ratios for case 1 with emulsion
treatment.
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3.3.4 Sensitivity Tests on Permeability Ratio for Case 2

For the case 2, the high permeability zones are located above the injection well. The
permeability ratio of the high permeability zones and the low permeability zones is 3:1. In this
section, the permeability ratio will be changed to 4:1 (4000 mD:1000 mD) and 5:1 (5000 mD:1000
mD) in order to investigate the effects of higher permeability ratio on steam chamber growth,
cSOR, and cumulative oil production for case 2 simulation model with and without emulsion
treatment.

As shown in Figure 3.3.28, the cumulative production profile does not have a big change
at different permeability ratios, which means the effectiveness of dilation start-up process does not
affected by this type of reservoir heterogeneity (higher permeability zones placed above the
injection well).
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Figure 3.3.28. The cumulative oil production profile at different permeability ratios for case 2
without emulsion treatment.
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The cSOR curve for each case is almost same which can be observed in Figure 3.3.29. The
cSOR curve for the model with a permeability ratio of 3:1 drops earlier to reach its final value than
the models with greater permeability ratios, which can be observed as the only difference between

these cSOR curves.
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Figure 3.3.29. The cSOR profile at different permeability ratios for case 2 without emulsion
treatment.

Figure 3.3.30 shows the cumulative oil production curves at different permeability ratios
are almost same, because the injected O/W emulsion has sufficient plugging ability to block the
zones with higher permeability (4000 mD and 5000 mD) and can divert the dilation fluid to dilate
the low permeability zones. All in all, as the permeability ratio increased for case 1, it reduced the
plugging strength caused by O/W emulsion to block the higher permeability zones, which leads to

uneven steam chamber growth, cumulative oil production reduction, and increase in cSOR.
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However, a greater permeability ratio tested in the case 2 model did not affect the performance of

O/W emulsion treatment, which leads to similar cumulative oil production.
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Figure 3.3.30. The cumulative oil production profile at different permeability ratios for case 2
with emulsion treatment.
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Chapter 4. Conclusions and Recommendations

The simulation model was established based on the mechanism of a filtration model and
can successfully model the experimental results of permeability reduction obtained in single
sandpack tests and of conformance control obtained in parallel-sandpack models. Retention factor
and capture coefficient were used in the simulation model. The correlations between the two
parameters and different injection conditions were obtained through matching the results of
emulsion injections in single sandpack tests at different oil qualities, sandpack permeabilities,
emulsion slug sizes and injection flow rates. The obtained correlations were used to build up
simulation models and successfully matched the fractional flow curves and pressure drops from
parallel-sandpack tests.

It was found that good conformance control in the parellel-sandpack models can be
achieved at moderate IFT and larger emulsion slug size. The injectivity needs to be taken into
account when injecting O/W emulsion in sandpacks saturated with water and oil, due to the low
effective permeability to water phase caused by the existing immobile oil. A simulation model was
tested under this circumstance and it was found that a decrease in oil quality not only achieved
good conformance control performance but also ensured the O/W emulsion can be injected into
the sandpacks without creating tremendous increase in pressure drops. A critical combination of
oil quality and emulsion slug size was determined by conducting sensitivity analysis on the
parallel-sandpack simulation model using the O/W emulsion with a high oil viscosity.

In the conceptual field scale model, injection of O/W emulsion can effectively block high
permeability zones and divert dilation fluid to low permeability zones, resulting in better steam

chamber growth, lower cSOR, and higher cumulative oil production. This proved that O/W
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emulsion treatment can improve the performance of the dilation start-up process used for SAGD
conformance control in heterogeneous oil sands reservoirs.

The emulsion droplet size can be considered to use in the simulation model to investigate
the effect of droplet size on conformance control performance for the future work. The economic
analysis of applying O/W emulsion treatment for SAGD conformance control is recommended to

be conducted before the start of a real SAGD field work.
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principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms
set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

The licensing transaction described in the Order Confirmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
Jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state courtIf you have amy
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to support@copyright.com.
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