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A B S T R A C T

Steam-assisted gravity drainage (SAGD) is one efficient and mature technology for recovering heavy oil and
bitumen resources. The key underlying mechanism is the growth of the steam chamber after injecting steam.
However, due to the complex geological environment, the thief zones exist and have a prejudicial effect on the
development of the steam chamber, thus impacting the ultimate heavy-oil recovery. In this work, our objective
is to investigate the effect of a top-water thief zone (i.e., water zone overlies the oil sand) on SAGD performance
and further to understand the crucial mechanisms that control the heat loss during steam injection. A large-
scale three-dimensional experimental apparatus is used to carry out the SAGD process with a top aquifer.
Based on the similarity criterion, the field-scale model is transformed into a laboratory elemental model.
To evaluate the SAGD performance quantitatively, the dynamic growth of the steam chamber is measured
using the thermal detectors and the production data is recorded. The results show that the steam chamber
exhibits three distinguished stages, that is, upward spread, lateral extension, and downward development in
the presence of top-water zone. The bottom-water zone has less impact on the steam-chamber growth. The
existence of a confined top-water zone, however, significantly affects SAGD performance, especially the lateral
expansion of the steam chamber. The lateral propagation of the steam front is hindered by the top thief zone
due to the heat exchange with the top water. Once the steam chamber reaches the boundary, the accumulation
of energy in the water thief zone, in turn, can reduce the remaining oil saturation along the topwater–oil
interface. This study provides us some key insights into the development of heavy oil resources with top thief
zones when implementing SAGD technology.
. Introduction

Heavy oil and bitumen account for 2/3 of the total crude oil
esources in the world. The effective development of these resources
s very significant to the world energy supply (Butler, 1991; Edmunds
t al., 1994). The viscosity of heavy oil or bitumen is sensitive to
emperature variations, a thermal process, therefore, is usually applied
o reduce the viscosity, thus improving the ultimate recovery. In prac-
ice, the hot steam is chosen and injected into the reservoir to heat
he fluids. Application of steam injection technology has been proved
o be the most commercially successful EOR technique for heavy-oil
eservoirs (Friedmann et al., 1994; Patzek, 1996; Gotawala and Gates,
008; Fatemi and Jamaloei, 2011; Lyu et al., 2018). Steam can be
njected in three types, that is, steam flooding, cyclic steam stimula-
ion (CSS) and steam-assisted gravity drainage (SAGD) with/without

∗ Corresponding author.
E-mail address: x.lyu@tudelft.nl (X. Lyu).

chemical agents (Butler, 1991; Speight, 2013; Pang et al., 2018; Dong
et al., 2019; Liu et al., 2019).

SAGD technique has been successfully and widely used to improve
heavy-oil recovery (Butler, 1991; Gates and Chakrabarty, 2006). This
technique was first proposed by Butler et al. (1981), and then was
extended by some researchers. The SAGD process contains two parallel
horizontal wells (e.g., for injection and production, respectively) in
reservoirs for oil recovery. The upper horizontal well is designed to
inject high-temperature steam, while the heated oil and condensate
water are produced from the bottom horizontal well (Gates et al., 2008;
Hashemi-Kiasari et al., 2014). The steam with high temperature and
low density rises upward and forms a steam chamber, leading to a
significant reduction of oil viscosity. Thus the oil mobility increases
by several orders of magnitude, then the oil drains down by gravity
to lower horizontal well.
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Some researchers have conducted numerous laboratory experiments
or field pilots to understand the performance and corresponding mech-
anisms of SAGD processes. The effectiveness of two different configu-
rations, i.e., horizontal-well-pair and the vertical-injection–horizontal-
production, was discussed in Rose and Deo (1995). They found that the
production of later scheme is around 40% of that of the horizontal-well-
pair. The oil–steam ratio (OSR) is also comparable between the two
strategies. Butler (2004) then investigated the effect of non-condensible
gas on the growth of the steam chamber and proved that the accu-
mulation of gas can be attractive because the lower heat conductivity
of non-condensible gas can reduce the heat loss between steam and
cap rock. The performance of SAGD strategy in a inclined oil-wet
reservoir with heterogeneities and fractures was discussed in Hashemi-
Kiasari et al. (2014) and the impact of operational parameters was also
investigated through numerical simulations. All these studies, includ-
ing theoretical, experimental, and numerical, have proved SAGD as a
promising EOR process (Reis, 1990; Ito and Suzuki, 1996; Chan et al.,
1997; Dusseault et al., 1998; Zhu et al., 2015).

To improve the SAGD performance further, some additives, such as
solvent and air (or only nitrogen), may be added to mitigate the heat
loss or overcome the geological formation complexity. In Table 1, a few
studies on investigating the SAGD performance with different effects
are listed. The addition of solvent can significantly reduce energy
requirement, enhance produced oil quality, and improve oil recovery
as well (Mohammadzadeh et al., 2010; Al-Muayri, 2012). In addition,
noncondensable gases, such as carbon dioxide, nitrogen or methane,
injected with steam, had been proved to be an effective way to improve
the SAGD performance due to its low thermal conductivity, low inter-
facial tension, thermal expansion, low cost and availability (Canbolat
et al., 2004; Rahnema et al., 2011; Yuan et al., 2018; Li et al., 2019).
In these researches, a 2D physical model is usually used to study the
development of the steam chamber without the effect of water thief
zones.

Reservoir heterogeneity plays an important role in SAGD perfor-
mance, because it is sensitive to the geological structure. In the pres-
ence of lean zones, SAGD performance is limited in oil sands reservoirs
due to the increasing steam–oil ratio, leading to a reduction of the
amount of oil recovered (Fairbridge et al., 2012). Doan et al. (2003)
found that the existence of a water thief zone hinders the heavy-
oil recovery in the SAGD process and one bottom-water layer has a
less effect on recovery than the overlying water layer case through
a commercial simulator. Some researchers investigated SAGD perfor-
mance with the presence of thief zones, such as an overlying gas
cap and top-water thief zone, in lab- and field-scale through reservoir
simulations (Law et al., 2000; Pooladi-Darvish and Mattar, 2002; Nasr
et al., 2003; Law et al., 2003). These studies found that the existence
of those thief zones reduces the ultimate oil recovery significantly. Xu
et al. (2014a,b) carried out some numerical studies to investigate
how reservoir heterogeneity with lean zones affects SAGD performance
and hybrid CSS/SAGD process in Long Lake in Canada. Through a
scaling 3D experiment, Tian et al. (2016) analyzed the feasibility of
SAGD process within the high-pressure environment and found that
the high-pressure environment affect the SAGD process with a lower
oil recovery.

Even though there are numerous numerical studies and field pilots
on SAGD processes, relatively few efforts have been made towards the
experimental investigation in the presence of the top-water thief zone,
especially on a large scale, due to the difficulties in modeling the top-
water zone. In our study, we use a 3D apparatus to study the SAGD
process in the presence of a top-water thief zone and analyze the growth
of the steam chamber. This facility can be rotated 360 degrees along
the center axis, which simplifies the procedure to mimic the top-water
thief zone. The paper is structured as follows. First, we briefly describe
our experimental setup and the procedure to carry out the experiment.
Next, we analyze the experimental results with a top-water thief zone
in different periods. Then we compare and discuss the difference in the
growth of the steam chamber in different formations. We end the paper
2

up with a discussion and main conclusions.
2. Experimental setup

2.1. Apparatus

Fig. 1 shows the apparatus used in the experiment. It contains an
injection–production system, a 3D sand model, and monitoring system.
The injection–production system is used to generate and inject steam
by a steam generator and an ISCO pump. To control and measure the
rate of oil and water, a back-pressure regulator (BPR) and a hand pump
are deployed in the outlet. In order to offset the heat exchange in the
experiment, the injection lines are entangled by electric heating belts to
keep a higher temperature. The main section is the 3D reservoir tank,
which is made of stainless steel with an internal size of 40 cm in the
three dimensions and rotates about a horizontal axis. To reduce heat
loss, the internal wall is covered by insulated materials. The maximum
endurable pressure and temperature are 80 bar and 350 ◦C, respectively.
To maintain the reservoir temperature, the apparatus is placed into an
incubator and is heated during the experiment. The real time data,
such as pressure and temperature, are transmitted to the computer
by pressure and temperature transducers instantaneously, then we can
monitor and analyze the dynamic behavior of the steam chamber in the
SAGD process.

2.2. Experimental design

The SAGD process is performed in the experiment using the oil
sample (dead oil) from Long Lake region, Alberta, Canada. The initial
reservoir temperature is only 7 ◦C due to the shallow depth of the
deposit (300 m). The sand used in the experiment is 12 mesh quartz
sand with good abrasion except for the water thief zone (finer sand).
On the basis of the similarity criterion of thermal recovery (Law et al.,
1993; Pang et al., 2015), the field parameters are transformed into
laboratory parameters, as shown in Table 2. The detailed procedure
can be found in A. During the experiment, some similarity criteria are
relaxed, for instance, the length of a horizontal well. The designed
well length is 320 cm; however, the internal size of the tank is 40 cm.
Therefore, the length of wells is set as 40 cm, equal to the size of the
equipment, corresponding to 1/8 of the designed total injection rate.
Another one is the wellbore radius, which is scaled by controlling the
denseness of perforation.

The oil sample is extra-heavy oil with super high viscosity, 500 ×104

mP s in reservoir condition. The oil sample has an API gravity of less
than 10.0◦. After the simulated distillation experiments, we found that
the asphaltene content of the crude heavy oil is around = 13.50 wt%
(n-hexane insoluble). The variation of oil viscosity with temperature is
measured (Fig. 2). The oil viscosity is sensitive to temperature changes;
therefore, once steam is injected, the reservoir temperature increases,
leading to a sharp reduction of oil viscosity (i.e., higher oil mobility).

2.3. Procedure

After transforming reservoir parameters with similarity criteria to
laboratory parameters, we carry out the experiments following two
main steps. The first one is model preparation (Fig. 3):

• Firstly, washing and drying the selected sands. Before that, the
porosity and permeability of the selected sands are already mea-
sured. Then the simulated oil and sands are mixed.

• Put the oil sand into the model step by step, and assemble pres-
sure detectors, thermocouples and wells in assigned positions. The
designed steam circulation well is similar to Tian et al. (2017).
The sands saturated with water is placed at the bottom layer
uniformly, then the model is filled with oil sands. Finally, we fill

the model using clays which can bear high temperature.
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Table 1
Laboratory researches on SAGD performance with different effects.
Author Purpose Model setup

Yang and Butler (1992) Reservoir heterogeneity on SAGD performance 2D model
Canbolat et al. (2004) Non-Condensable Gases on SAGD performance Small 3D model
Mohammadzadeh et al.
(2010)

Solvent-Aided SAGD process 2D model & pore-scale dimensions

Rahnema et al. (2011) Air injection in SAGD chamber 2D model
Al-Muayri (2012) Enhancing SAGD performance through solvent addition 2D partially-scaled physical model
Tian et al. (2017) SAGD performance with high pressure environment 3D model
Yuan et al. (2018) Nitrogen assisted SAGD 2D physical model
Li et al. (2019) Nitrogen assisted SAGD 2D visual model
Wang et al. (2019) Gas penetration through interlayer affects SAGD performance 2D visual model (Li et al., 2019)
Table 2
Conversion of field parameters to experimental parameters.

Parameter Field scale Laboratory scale

Basic parameters

Wellbore radius 0.1 m 6 mm
Well distance between injector and producer 10.0 m 4.0 cm
Horizontal length 800 m 320 cm (40 cm)
Distance between producer and bottom layer 3.0 m 1.2 cm
Oil-layer thickness 23.0 m 9.2 cm
Top water thickness 12.0 m 4.8 cm
Porosity of oil zone 0.33 0.33
Porosity of water zone – 0.103
Absolute permeability 5 μm2 20 μm2

Initial oil saturation 0.684 1.0
Oil viscosity at reservoir temperature 5 × 106 cp 5 × 106 cp
Reservoir temperature 7 ◦C 7 ◦C
Initial reservoir pressure 15 bar 15 bar
Saturated steam temperature 225 ◦C 225 ◦C
Saturated steam pressure 25 bar 25 bar
Steam quality 0.8 0.8

SAGD process
Injection–production pressure difference 5 bar 0.02 bar
Time 1 year 22.0 min
Steam injection rate 300 t/day 30.0 mL/min
Fig. 1. 3D gravity drainage experiment apparatus.
• After packing the model, the nitrogen is injected into the model to
check the hermeticity. After 24 h, if the pressure does not change,
we do a rotation of 180◦, then the bottom water layer moves
to the top to mimic the top thief zone. We repeat the pressure
checking process to guarantee the hermeticity.

• The 3D model is placed into the air bath. To keep the same reser-
voir condition, the temperature is set at reservoir temperature
(7 ◦C) and is aged for 48 h.
3

Once the preparation is done, the model is placed into the air
bath and the preheating process is carried out by using the steam
circulation method. This process is terminated until the temperature
between injector and producer exceeds 110 ◦C, which guarantees the
inter-well region is heated thoroughly. After that, steam is injected at a
constant rate continuously. Once the oil–steam ratio is below 0.1, the
injection is terminated. In the process, both temperature and pressure
data are recorded to monitor the development of the steam chamber.
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Fig. 2. Viscosity–temperature relationship of the oil sample used in the experiment.

3. Results and discussion

3.1. Preheating process

A preheating operation is required to establish thermal connec-
tion between the injector and producer before initiating the SAGD
process. This operation can guarantee that the area between wells
is heated thoroughly and oil can move to the bottom producer with
gravity drainage in the later SAGD process. Fig. 4 exhibits the pro-
files of temperature variations in the preheating process at different
times, i.e., different pore volume injection. Initially, the heating area
around wells increases due to heat conduction with an ellipse-shape
heating area (Fig. 4(a)). With increasing heat input, the heating area
grows gradually and becomes the shape of a pear (Fig. 4(c)). High-
temperature steam is injected from the bottom producer, as shown
in Tian et al. (2017). When the steam flows to the upper injection
4

well, the steam is cooled down to a relatively lower temperature. Then
two heat sources with different temperatures are heating the top and
bottom area. In a short period, the temperature around the bottom
well is higher. Once the heat front reaches the bottom boundary,
it expands laterally slowly and the area surrounding the producer
is heated completely. After that, much heat is carried to the upper
injector. With the increase of time, the injector and producer gradually
build up the thermal communication.

As shown in Fig. 4, after the preheating process, the minimum
temperature between the injector and the producer is above 110 ◦C,
which indicates a good thermal communication between wells due
to the significant reduction of oil viscosity compared to that under
reservoir temperature (cf. Fig. 2). Note that the heat front (110 ◦C) is
still far away from the top-water zone, then much oil is heated and
produced before the water invades the steam chamber. The gravity-
drainage process is activated with a designed steam injection rate
continuously if the thermal communication is established. This stage
is terminated once the oil–steam ratio is below 0.1.

3.2. Gravity-drainage process

Fig. 5 shows the variation of production data with time in the SAGD
process. Three different phases can be distinguished: the oil rate in-
creasing gradually, remaining stable with fluctuations, and decreasing
finally. From the growth of the steam chamber, three periods can also
be distinguished (Fig. 6 to 8), that is, upward spread, lateral growth,
and downward propagation.

Fig. 6 displays the temperature profiles when the steam chamber
expands upward. During this period, the steam chamber rises upward
and grow gradually due to the low density of steam, corresponding to
an increase of the oil rate (Fig. 5(a)) and oil–steam ratio (Fig. 5(b)).
The high-temperature steam chambers also heat the surrounding oil,
which causes the steam chamber relatively thinner. After 48 min (0.3
PV cold water equivalent (CWE)), the oil production rate reaches the
peak (Fig. 5(a)), with period recovery is 4.1%, which indicates that
the steam chamber arrives at the top-water zone (Fig. 6(c)). Fig. 5(a)
also shows that the water cut decreases slightly. The heated oil with
Fig. 3. Materials and the setup of the large-scale three-dimensional model.
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Fig. 4. Temperature profiles of preheating process at different time. The black solid lines are isotherm. The symbols with red colors are the measured points where the thermocouple
are located. The blue and black triangles are the injector and the producer, respectively. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
Fig. 5. Production dynamic curves of the SAGD process.
lower viscosity moves to the producer, opening more space for steam
expanding upward, thus less water is condensed.

Fig. 7 shows the lateral growth of the steam chamber. When the
front reaches the top-water zone, the steam chamber expands laterally
and heats the top water gradually. During this period, due to the high
heat capacity of water, the temperature of the top layer increases
slowly. It absorbs much heat and hinders the upward migration of
steam. The speed of lateral expansion is much faster than that of
vertical expansion, causing two triangles along the boundary of the oil
zone and the top thief zone (Fig. 7(c)). The heated water then floods
into the steam chamber, leading to a relatively lower-temperature
steam front. Overall, the heated area is expanded significantly until the
steam chamber front approaches the side boundary after 200 min (1.82
PV CWE).

The oil production rate and the oil–steam ratio remains stable
during this period (Fig. 5), although there are some fluctuations. How-
ever, due to the invasion of cold top-water, the oil production rate
slightly decreases, with increasing water-cut from 83.5% to 88.0%
(Fig. 5(a)). Once cold water invades the steam chamber, the oil–steam
ratio decreases because much steam is condensed to heat the top water.
Although the oil in the steam chamber is still heated thoroughly, the
total energy adsorbed by oil is reduced. The period oil recovery is
increased by 29.4%, up to 33.5%, before the steam front touches the
side boundary (Fig. 5(b)).
5

Fig. 8 demonstrates the downward propagation of the steam cham-
ber after its front touches the side boundary. The top-water thief
zone is heated further, leading to an increasing temperature there and
relatively low temperature in the oil zone. When the SAGD process
is terminated (oil–steam ratio below 0.1), the growth of the high-
temperature steam chamber is limited (Fig. 8(b)). In this period, the
oil rate and the oil–steam ratio decrease significantly, corresponding
to an increasing water cut. The ultimate oil recovery is increased by
10.6%, compared to it in the lateral expansion process.

Fig. 9 illustrates the propagation of steam chamber in different
directions. Once the high-temperature steam is injected into oil sand,
it migrates upward and heats the heavy oil. With the injection of
steam, the steam chamber rises gradually. Once the steam front reaches
the water–oil interface (SAGD 48 min), the temperature gradient in
the vertical direction starts to decrease (Fig. 9(a)). In this particular
experiment, the rising rate of the steam chamber may be higher that in
practice, because it stands for an overall average rise rate (Nasr et al.,
2003). During this period, the heat of top-water zone is dominated
mainly by heat conduction, corresponding to a small temperature gradi-
ent, as is illustrated in Fig. 9(a). The temperature of the top-water zone
is around 120 ◦C. The lateral temperature along the water–oil interface
is lower (Fig. 9(b)). The temperature around the steam chamber is
relatively high, which causes a sharp change of temperature profile
along with the water–oil contact.
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Fig. 6. Temperature profiles of the SAGD process when the steam chamber rises upward. The black solid lines are isotherm. The symbols with red colors are the measured points
where thermocouples are located. The blue and black triangles are the injector and the producer, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 7. Temperature profiles of the SAGD process when the steam chamber expands laterally. The black solid lines are isotherm. The symbols with red colors are the measured
points where thermocouples are located. The blue and black triangles are the injector and the producer, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 8. Temperature profiles of the SAGD process when the steam chamber expands downward. The black solid lines are isotherm. The symbols with red colors are the measured
points where thermocouples are located. The blue and black triangles are the injector and the producer, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 9. The temperature profile in vertical and horizontal directions at different time. (a) The temperature profile right above the injector, and the black dashed line is the
boundary of the top-water zone and oil zone. (b) The temperature profile along the water–oil contact (black line in (a)). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
After 72 min of steam injection, the high-temperature steam pen-
etrates into the top-water zone at a distance of around 3.5 cm. The
top-water zone is heated by the steam front, and due to heat dissipation
with heat conduction, the front temperature is relatively low. Mean-
while, this process continues with continuously injecting hot steam.
When the high-temperature steam front reaches the side boundary, it
penetrates the whole top layer. However, the lateral heated area of the
top-water zone is limited (Fig. 9(b)). The temperature of the margin is
relatively low compared to that in the middle of the model. Following
450 min of steam injection, the steam chamber does not propagate
upward significantly; instead, the margin of the model is gradually
heated in both the top-water zone and oil sand zone.

3.3. Growth of steam chamber in different water thief zones

Considering the complexity and time cost of this large-scale exper-
iment, we simply compared our results with some previous researches
qualitatively. Tian et al. (2016, 2017) already carried out a similar 3D
experiment to investigate the effect of bottom water on the growth of
the steam chamber. This is a good reference for the comparison, even
though some parameters are different. Fig. 10 shows the propagation
of the steam front at different times with the presence of bottom
water. There are also three distinguished stages, i.e., upward expansion,
lateral expansion, and downward expansion. Some visible differences,
however, are existent in these two cases.

Fig. 10(a) and Fig. 6(c) show the temperature profile when the
steam-chamber front reaches the top layer and oil–water contact, re-
spectively. Both cases show similar behavior. During this period, the
injected steam migrates upward and the heat loss into the top-water
thief zone is dominated by the conduction; the top-water thief zone,
therefore, has less impact on the growth of the steam chamber. Mean-
while, the top water mitigates the heat transition of steam and the
caprock, which is beneficial to the lateral growth of the steam chamber.
However, due to the higher conductivity of the caprock compared to
the top-water, much heat is transferred into the caprock, leading to a
relatively limited heated area.

Once the top-water penetrates into the steam chamber, with the
continuous steam injection, the top-water significantly affects the prop-
agation of the steam front (Fig. 10(b) and Fig. 7(c)). Heat exchange
between the high-temperature steam and low-temperature top-water
reduces the energy for heating the heavy oil, thus the lateral spread
of the steam front is restricted. However, in heavy-oil reservoirs with
the presence of bottom-water aquifer, the development of the steam
chamber follows the conventional mode (Butler, 1991), i.e., the bottom
7

water only adsorbs the energy by conduction.
There are big differences when the steam front arrives at the side
boundaries of the model (see in Fig. 10(c) and Fig. 8(b)). The bound-
aries hinder the lateral expansion of the steam chamber. In the bottom-
water reservoir, the steam chamber expands downward gradually and
heats the oil region continuously. However, the top-water thief zone
allows the steam to penetrate into the aquifer first. Due to the gravity
override, the steam chamber starts to grow downward until the high-
temperature steam fills in the top-water zone. Therefore, the presence
of the top-water thief zone changes the shape and size of the steam
chamber. With the same pore volume injection, the ultimate oil recov-
ery in case where the top-water thief zone is present is around 44.1%,
decreased by 8.7% compared with that of the bottom-water zone.

Fig. 11 schematically shows the final state of the steam chamber.
In the presence of the top-water thief zone, once the steam front
heats the oil–water interface, the water starts to flood into the steam
chamber, further flows into the producer. This process prolongs the
time of lateral expansion. Due to the confined volume of the aquifer, the
steam gradually invades and occupies the whole thief zone, which, in
turn, heats the remaining oil at the boundaries. Therefore, the heating
area beneath the top-water thief zone is relatively larger and does not
exhibit the conventional shape (Fig. 8(b)). However, the steam chamber
shows a triangular shape in the bottom-water reservoir. This triangular
steam chamber cannot heat the boundary thoroughly, leaving much oil
at the boundaries (Fig. 10(c)).

4. Summary and discussion

In this work, we investigate and analyze the effect of different
water thief zones on SAGD performance through a large-scale 3D
model. By monitoring the temperature data during the experiment, the
development of the steam chamber and the effect of water thief zones
can be tracked and evaluated successfully. However, there are still some
limitations which need to be resolved in future research:

(1) A relatively small pressure difference between overlying thief
zone and the steam chamber can be distinguished in this experi-
ment. This operation does not limit the migration of oil into the
top-water zone (Nasr et al., 2003). However, it is a challenging
task to quantitatively measure the oil loss into the top thief zone.

(2) During the preparation process, the location of these thermo-
couples and pressure sensors may change, which adds some
uncertainties to the results. This issue is not easy to avoid
because once we start to carry out the experiment, it is not
possible to re-open the apparatus and change thermocouples. We
need to find a flexible way to reduce the effect of this manual

factor.
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Fig. 10. Temperature profiles of the SAGD process in the presence of bottom aquifer. The black solid lines are isotherm and the black dashed line is the water–oil contact. The
symbols with red colors are the measured points where thermocouples are located. The blue and black triangles are the injector and the producer, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 11. Schematic diagram of the steam chamber with different water thief zones.
(3) When we clean the model after the experiment, we found that
the water exists in the gap between the oil sands and the inner
wall of the tank, which indicates that the condensate water can
migrate downward along this gap once the steam front reaches
the boundaries. It may affect the final temperature distribution.

Although there are some uncertainties in this experiment, we strictly
follow the designed procedure to complete all the steps and eliminate
the possible errors in the experiment. Therefore, this is a good reference
to help us design the SAGD applications with complicated thief zones.

In addition, to inhibit the breakup of the top-water zone, non-
condensable gases, for instance, nitrogen, can be injected together
with steam because these gases experience no apparent condensation
phenomena and then exist stably above the steam chamber. It plays a
role as an insulating layer that can reduce the heat conduction between
the steam chamber and top-water zone. Considering the thickness of the
top-water zone, another feasible technique, in theory, is the separate
layer production where the top water is extracted firstly and afterward
the steam is injected into the bottom layer to heat the heavy oil.
However, this approach may increase the amount of steam because the
steam needs to fill the empty water zone when it reaches the interface.
8

5. Conclusions

Based on the experimental results, we compare and analyze the
effect of different water thief zones on the propagation of the steam
chamber, and the following conclusions can be made:

• The whole SAGD process can be separated into three different
stages, i.e., upward expansion, lateral expansion, and downward
expansion, both within the presence of bottom- and top-water
zones.

• Compared to the bottom-water zone, the existence of a confined
top-water zone has a detrimental effect on SAGD performance and
significantly affects the development of the steam chamber.

• The top water can reduce the remaining oil saturation along
with the water–oil contact once the steam chamber reaches the
boundary due to the high-temperature top water.
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Appendix A. Study of scaling criterion for SAGD process

A.1. Fundamental equations

In order to simulate the horizontal well reasonably in physical ex-
periments, the fluids flow in porous media and in horizontal well needs
to be considered together. The detailed description for horizontal-well
scaling can be found in Pang et al. (2015). In this work, we describe
the scaling process for SAGD process.

As shown in Fig. A.12, the reservoir thickness is ℎ with the initial
temperature 𝑇𝑅. The length of horizontal well is 𝑤, and the steam
temperature is 𝑇𝑠. The hot steam condensates along the interface with
an angle 𝜃 between the interface and horizontal line. The temperature
of the interface is 𝑇𝑠. In SAGD process, the heat is transferred from
steam chamber to the reservoir where temperature is relatively low.
With the loss of energy, the temperature decreases in the reservoir.
Assuming that the oil viscosity is 𝜇 and the kinetic viscosity is 𝛾𝑜(𝛾𝑜 =
𝜇𝑜
𝜌𝑜
) in a distance 𝑑𝑙 from the interface, the oil flux based on Darcy’s

law is then expressed as:

𝑑𝑞 =
𝐾𝑔(𝜌𝑜 − 𝜌𝑔)𝑠𝑖𝑛𝜃

𝜇𝑜
𝑑𝑙 =

𝐾𝑔𝑠𝑖𝑛𝜃
𝛾𝑜

𝑑𝑙, (A.1)

where 𝐾 and 𝑔 are absolute permeability and gravity acceleration; 𝜌𝑜
and 𝜌𝑔 are oil and steam density, respectively.

The phase potential is (𝜌𝑜 − 𝜌𝑔)𝑔𝑠𝑖𝑛𝜃, and compared to 𝜌𝑜, 𝜌𝑔 is
very small and can be ignored. Assuming that only heat conduction
is present along the interface with a velocity 𝑈 , the temperature of
interface front under steady displacement is expressed as:
𝑇 − 𝑇𝑅
𝑇𝑆 − 𝑇𝑅

= 𝑒−
𝑈𝑙
𝑎 . (A.2)

After derivation on both side:

𝑑𝑙 = − 𝑎
𝑈

𝑑𝑇
𝑇𝑆 − 𝑇𝑅

, (A.3)

where 𝑇𝑅 and 𝑇𝑆 are initial reservoir temperature and steam tempera-
ture. 𝑈 is the velocity of interface, and 𝑎 is the rock heat conductivity.

If the reservoir is not heated, the flux can be expressed as:

𝑑𝑞𝑟 =
𝐾𝑔𝑠𝑖𝑛𝜃

𝛾𝑅
𝑑𝑙. (A.4)

Combining Eq. (A.1) and (A.4), the increased flux caused by the heat
is:

𝑑𝑞ℎ = 𝑑𝑞 − 𝑑𝑞𝑟 = 𝐾𝑔𝑠𝑖𝑛𝜃( 1
𝛾
− 1

𝛾𝑅
)𝑑𝑙, (A.5)

𝑞ℎ = 𝐾𝑔𝑠𝑖𝑛𝜃 ∫

∞

0
( 1
𝛾
− 1

𝛾𝑅
)𝑑𝑙, (A.6)
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Fig. A.12. Schematic vertical section of the interface between steam chamber and
reservoir.

where 𝑞, 𝑞𝑟, 𝑞ℎ are total flux, reservoir flux and increased flux, respec-
tively.

If 1∕𝛾𝑅 ≈ 0:
𝛾𝑠
𝛾

= (
𝑇 − 𝑇𝑅
𝑇𝑆 − 𝑇𝑅

)𝑚, (A.7)

where 𝛾𝑠 is the oil kinetic viscosity with steam temperature, and 𝑚 is
the dimensionless coefficient of the viscosity–temperature relationship.

Integrating Eq. (A.3) and (A.7):

∫

∞

0
( 1
𝛾
− 1

𝛾𝑅
) = ∫

∞

0
( 1
𝛾𝑠

𝑇 − 𝑇𝑅
𝑇𝑆 − 𝑇𝑅

)𝑚 − ( 1
𝛾𝑅

)𝑑𝑙

= ∫

𝑇𝑆

𝑇𝑅
( 1
𝛾𝑠

𝑇 − 𝑇𝑅
𝑇𝑆 − 𝑇𝑅

)𝑚 − ( 1
𝛾𝑅

) 𝑎
𝑈

𝑑𝑇
𝑇𝑆 − 𝑇𝑅

= 𝑎
𝑈

1
𝑚𝛾𝑠

. (A.8)

A.2. Oil flow rate

Based on material balance, the relationship between oil flow rate 𝑞
and the front velocity in a tiny volume can be expressed as:

(
𝜕𝑞
𝜕𝑥

)𝑡 = 𝜙𝛥𝑆𝑜(
𝜕𝑦
𝜕𝑡

)𝑥, (A.9)

where 𝜙 is the porosity and 𝛥𝑆𝑜 is the mobile oil saturation. The
velocity along the interface is:

𝑈 = −𝑐𝑜𝑠𝜃(
𝜕𝑦
𝜕𝑡

)𝑥, (A.10)

𝑞 = −
𝐾𝑔𝑎𝑠𝑖𝑛𝜃

𝑚𝛾𝑠𝑐𝑜𝑠𝜃(𝜕𝑦∕𝜕𝑡)
, (A.11)

∫

𝑞

0
= ∫

ℎ−𝑦

0

𝜙𝛥𝑆𝑜𝐾𝑔𝑎
𝑚𝛾𝑠

𝑑𝑦, (A.12)

𝑞 =

√

2𝜙𝛥𝑆𝑜𝐾𝑔𝑎(ℎ − 𝑦)
𝑚𝛾𝑠

. (A.13)

At the bottom of the steam chamber (𝑦=0), the oil rate is
√

2𝜙𝛥𝑆𝑜𝐾𝑔𝑎ℎ
𝑚𝛾𝑠

which is a function of the height of steam chamber. It is
not dependent on the shape of interface and the lateral growth of steam
chamber.

A.3. Lateral velocity of the interface

The lateral velocity is defined as:

( 𝜕𝑥
𝜕𝑡

)𝑦 =
−( 𝜕𝑦𝜕𝑡 )𝑥

( 𝜕𝑦𝜕𝑡 )𝑡
, (A.14)

( 𝜕𝑥 )𝑦 =

√

𝐾𝑔𝑎
. (A.15)
𝜕𝑡 2𝜙𝛥𝑆𝑜𝑚𝛾𝑠(ℎ − 𝑦)
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Table A.3
Dimensionless scaling groups for SAGD process design.
Scaling groups Physical significances Prototype

𝐵3 =
√

𝐾𝑔ℎ
𝑎𝜙𝛥𝑆𝑜𝑚𝛾𝑠

SAGD dimensionless parameter Key parameter for SAGD similarity

𝑡𝐷 = 𝑡
ℎ

√

𝐾𝑔𝑎
𝜙𝛥𝑆𝑜𝑚𝛾𝑠ℎ

Dimensionless time Production time

𝑞𝑠 = 𝜔
√

2𝐾𝑔𝑎𝜙ℎ
𝑚𝛾𝑠

Ratio of steam injection rate Steam injection rate
The lateral velocity is a function of vertical depth, and not depends
n time. Assuming that the shape of the steam chamber is a vertical
lane above the producer, the lateral moving distance of the steam
hamber is a function of time 𝑡 and height 𝑦:

𝑥 = 𝑡

√

𝐾𝑔𝑎
2𝜙𝛥𝑆𝑜𝑚𝛾𝑠(ℎ − 𝑦)

. (A.16)

Finally we can obtain the moving distance of the steam chamber in
ertical direction:

= ℎ −
𝐾𝑔𝑎

2𝜙𝛥𝑆𝑜𝑚𝛾𝑠(ℎ − 𝑦)
( 𝑡
𝑥
)2. (A.17)

A.4. Steam injection rate

To maintain a stable steam chamber, the steam injection rate of
prototype and model should be exactly same. Assuming that after
𝑑𝑡, the interface between the steam chamber and reservoir moves a
distance 𝑑𝑥 from the injector, and the total steam injection volume is:

𝑄𝑠 = 2ℎ𝜔𝜙𝑑𝑥, (A.18)

where 𝑄𝑠 is the steam injection volume, and 𝜔 is the perforation length
of the horizontal well.

The steam injection rate is:
𝑄𝑠
𝑑𝑡

= 2ℎ𝜔𝜙𝑑𝑥
𝑑𝑡

. (A.19)

Then the velocity of hot fluids can be obtained:

𝜕𝑥
𝜕𝑡

)𝑦 =

√

𝐾𝑔𝑎
2𝜙𝑚𝛾𝑠(ℎ − 𝑦)

. (A.20)

At the bottom of the steam chamber where 𝑦=0:

𝑄𝑠
𝑑𝑡

= 2ℎ𝜔𝜙

√

𝐾𝑔𝑎
2𝜙𝑚𝛾𝑠ℎ

, (A.21)

𝑞𝑠 = 𝜔

√

2𝐾𝑔𝑎𝜙ℎ
𝑚𝛾𝑠

. (A.22)

Therefore, to keep the similarity of steam-chamber growth, the
team injection rate should satisfy the scaling criteria, as shown in
able A.3.
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