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With further progress of Steam-Assisted Gravity Drainage (SAGD) technology, a growing number of oil sands or heavy oil
reservoirs were put into production in an efficient way. However, owing to the existence of muddy laminae within reservoirs,
there are challenges associated with the expansion of the steam chamber and oil drainage during the SAGD process. The
purpose of this study is to evaluate the adverse impact of muddy laminae on conventional SAGD performance and introduce
an improvement strategy with multilateral well patterns to reduce the adverse impact and improve the performance. In the
research reported here, the reservoir numerical simulation approach is applied to conduct the research. The analysis conducted
on a prototypical reservoir reveals that the steam chamber may expand slowly in some sections due to the poor capacity of
heat and mass transfer, and the expansion of the steam chamber is relatively uneven along the wellbore, when the muddy
laminae are existing in the formation. The influence level of the muddy laminae on conventional SAGD performance under
different distribution modes is different, but the adverse effect is mainly reflected in the delay of peak oil production, the
decrease in peak oil production, the decrease in steam chamber volume, and the increase in the cumulative steam oil ratio
(mainly in early and middle stages of the SAGD process). On the basis of aforementioned researches, the improvement
strategy with two different multilateral well patterns, planar multilateral well and upward multilateral well, is introduced to
improve the SAGD performance. The results indicate that the combination of a planar multilateral injector and planar
multilateral producer has the best performance. By adopting such kind of combination, the recovery factor can be increased
from 31.36% to 47.08%, and the cumulative steam oil ratio can be decreased from 5.29m3/m3 to 4.64m3/m3 under the
combined distribution mode of muddy laminae. It can be known that the branches of the planar multilateral well are very
helpful for the expansion of the steam chamber and oil drainage, once the heat connection between branches of the injector
and producer is well established. Overall results show that the multilateral well pattern is promising for SAGD applications at
oil sands or heavy oil reservoirs which are rich in muddy laminae.

1. Introduction

Oil sands or heavy oil reservoirs are considered to be the
important part of unconventional resources [1–3]. And SAGD
technology is widely used in the recovery process of aforemen-
tioned resources [4–8]. Over the past few years, SAGD tech-
nology has achieved great success in several large-scale
commercial projects all over the world, such as Mackay River

oil sands in Canada or Shuguang SAGD project of the Liaohe
oilfield in China [9, 10]. However, low-permeable shaly or
muddy barriers are commonly found in reservoirs where the
SAGD technology is adopted [11–13]. The existence of bar-
riers may affect the expansion of the steam chamber and the
recovery performance during the SAGD process.

In recent years, many scholars have carried out a series
of studies which are related to the influence of shale barriers
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during the SAGD process. Yang and Butler [14] studied the
effect of a horizontal interlayer on the SAGD process
through a two-dimensional physical experiment, and the
results indicated that a short interlayer does not have the sig-
nificant effect on the overall recovery performance, while the
oil production will be decreased if the long interlayer exists.
Shin and Choe [15] built different numerical simulation
models to study the impact of physical parameters and spa-
tial location of shale interlayers on the SAGD process and
found that the shale interlayer acts as a flow barrier. Wang
[16] employed the numerical simulation method to study
the influence of the muddy interlayer on the recovery perfor-
mance of the SAGD process, and the results show that the
thick muddy interlayer with low permeability has strong
blocking capacity. Xia et al. [17] considered the variation
of physical and thermal properties of interlayers and then
conducted the related numerical simulation runs, in order
to study the impact of interlayers on the steam chamber
and production profile of the SAGD process; the results
reveal that the length of the interlayer has the greatest influ-
ence on SAGD performance, while the thermal conductivity
of the interlayer has less impact than other properties.
Huang et al. [18] studied the influence of multiple shale
interlayers on the steam chamber and production profile of
the SAGD process by combining a physical experiment
method and numerical simulation approach; the results
show that the key factor is the length of the first interlayer.
Ma and Leung [13, 19] designed various distribution scenar-
ios of the shale interlayer including the variation of three-
dimensional spatial distribution and geological characteris-
tics and conducted the related numerical simulation runs;
the results indicate that the production rate decreases signif-
icantly when the steam chamber touches the interlayer, and
this phenomenon will last until the steam chamber extends
through the entire interlayer. In 2020, case studies of the
Fengcheng SAGD project in China were carried out by
Wang et al. and Liu et al. [20, 21], in order to compare the
SAGD performance under different distribution patterns
through a statistical analysis approach and numerical simu-
lation method; the results show that the flow capacity of
fluid is weak at the area where interlayers exist, and the
remaining oil zone with high oil saturation is formed above
the interlayer.

Aforementioned works reveal that low-permeable
zones in the reservoir, such as the shale interlayer, act as
flow barriers for the fluids within the reservoir (as
depicted in Figure 1). And it also affects heat transfer per-
formance in the steam chamber. Previous studies mainly
focus on extralow permeability or impermeable barriers
which are always continuously distributed [22, 23]. How-
ever, muddy laminae, such as muddy laminae in Mackay
River oil sands, are always distributed in a discrete way
within a certain range. Unlike the shale barriers in Long
Lake oil sands or Fengcheng extraheavy oil development
area, such kind of muddy laminae does not act as contin-
uous long flow barriers but block the flow of fluids in a
discrete way. Therefore, it is necessary to study the adverse
impact of muddy laminae on SAGD performance (includ-
ing the impact in the direction along the wellbore), which

is the cornerstone of the technical strategy to improve the
overall performance in the future.

To improve the performance and adaptability of SAGD
technology, scholars have proposed a variety of strategies
[24–28]. For the development of oil sands or heavy oil reser-
voirs, some operating optimization strategies and variants of
SAGD technology have achieved good results, but there are
still some limitations. For example, high-pressure SAGD
technology may destroy the shale barriers and caprock at
the same time; solvent-based processes are the promising
applications for enhancing heavy oil recovery [29], but the
solvent-assisted SAGD technology is very costly.

In this paper, the improvement strategy with multilateral
well patterns is introduced to minimize the adverse impact
of muddy laminae. With the development of horizontal well
completion technology and the popularization of 3D seismic
technology, multilateral well systems and their applications
have developed rapidly [30–32]. A multilateral well has a
vertical, inclined, or horizontal main wellbore, and there is
one or more branches connected to the main wellbore. The
connection point between the branches and the main well-
bore can be located at any position on the main wellbore.
It is a significant motivation to take advantage of the multi-
lateral well for reducing the risk of heterogeneity which is
brought by muddy laminae. Multilateral wells have been
widely used as production wells in various types of reser-
voirs, and several multilateral well patterns have been
designed for different purposes [33–37]. As for the steam
injection well, Liu et al. [38] proposed a kind of multilateral
well pattern to inject steam towards reservoirs.

This paper focuses on the research of adverse impact of
muddy laminae with different distribution modes on con-
ventional SAGD performance, and the suitable improve-
ment strategy with multilateral well patterns is proposed.
In the construction process of the reservoir models, the ran-
dom discrete distribution of muddy laminae in a certain
range is considered, in order to capture the characteristic
shown in real reservoirs. Thus, the influence of the muddy
laminae with different proportion of the distribution or per-
meability on conventional SAGD performance under differ-
ent distribution modes is studied, which is crucial to further
research. Under some certain distribution modes, the signif-
icant adverse effect could be brought by low-permeable
muddy laminae with high frequency. In these cases, it is
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Figure 1: Schematic of the shale interlayer acting as a flow barrier.
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necessary to put forward effective improvement measures.
On the basis of reservoir models under different distribution
modes of muddy laminae, the improvement strategy with
two different multilateral well patterns, planar multilateral
well and upward multilateral well, is introduced to improve
the SAGD performance. Overall results show that the multi-
lateral well pattern is promising for SAGD applications at oil
sands or heavy oil reservoirs which are rich in muddy lami-
nae. The findings of this study could help for better under-
standing of the adverse impact of muddy laminae on
conventional SAGD performance and illustrate the potential
for application of the multilateral well pattern to help reser-
voir engineers make better design of this significant thermal
recovery technology for oil sands or heavy oil reservoirs.

This paper is structured as follows: first, the prototype
reservoir is described; second, the reservoir numerical simu-
lation approach and related model are introduced; next, var-
ious numerical models are developed to investigate the
adverse impact of muddy laminae on conventional SAGD
performance; furthermore, on the basis of the numerical
models under different distribution modes of muddy lami-
nae, the improvement strategy with multilateral well pat-
terns is proposed and studied, in order to minimize the
adverse impact of muddy laminae and improve SAGD per-
formance; lastly, the key conclusions are summarized.

2. Prototype Reservoir

As shown in Table 1, typical reservoir characteristics of
MacKay River oil sands in Canada are applied in this study
to describe the prototype reservoir. In this area, the average
values of initial reservoir temperature and initial reservoir
pressure are 6°C and 220kPa, respectively. The mean value
of initial oil saturation is 0.8, while the average thickness of
MacKay River oil sands is 20m. The mean porosity and hor-
izontal permeability of formation with sand stone are 0.34
and 2600mD, respectively, while the anisotropy factor (ratio
of vertical permeability to horizontal permeability) is 0.3.
The formation compressibility is 2 × 10−6 1/kPa, and the
rock heat capacity is 2:39 × 106 J/ðm3 · °CÞ. The thermal con-
ductivity of rock, bitumen, water, and gas are 4:5 × 105,
8:04 × 103, 5:53 × 104, and 2:07 × 103 J/ðm3 · °CÞ,
respectively.

The properties of the crude oil in this area are listed in
Table 2. And the relation between bitumen viscosity and
temperature in MacKay River oil sands is shown in
Figure 2. It can be seen from Figure 2 that bitumen viscosity
decreases dramatically as the temperature increases. At the
temperature of the steam chamber, the viscosity is less than
10mPa·s.

3. Reservoir Simulation Model

In this study, a commercial thermal numerical simulator
(CMG STARS™) [39] is employed to do the related research.
A three-dimensional view of the basic reservoir simulation
model is shown in Figure 3.

As shown in Figure 3, two horizontal wells, steam inject-
ing well and producing well, are placed in a parallel manner

at the bottom of the model, and the vertical distance between
the two wells is 5m. The length in the X-direction of the res-
ervoir simulation model is 125m considering the actual dis-
tance between two adjacent SAGD well pairs in MacKay
River oil sands. And the Y-directional length of the reservoir
simulation model is 850m considering the actual wellbore
length in MacKay River oil sands. The height of the reservoir
simulation model is set as 20m according to the average
thickness of MacKay River oil sands. Eventually, the overall
size of the reservoir simulation model is 125m × 850m ×
20m, and the grid size is 5m in both X and Y directions
and 1m in the Z direction. In total, 85,000 grids are discre-
tized. The preheating period lasts 150 days, and the produc-
tion period lasts 20 years with the consideration of the
realistic SAGD project. In the production period, steam
(95% quality, 212.4°C, 2000 kPa) is continuously injected
into the steam chamber with an upper injector. And it is
noteworthy that the maximum steam rate of the production
well is constrained to 5.0m3/day CWE (cold water equiva-
lent), in order to mimic steam trap control at the production
well.

For multiphase flow in porous media, Darcy’s law can be
described as follows:
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In equation (1), potential can be described as follows
[40]:
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Conductive heat transfer in the reservoir obeys Fourier’s
law [41]:

Q = −kth∇T: ð3Þ

Then, the main governing equations of the reservoir
simulation model and equations of material balance and
energy balance for all phases are given by [42]
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Such set of coupled partial differential equations are

solved by the commercial thermal numerical simulator
(CMG STARS™) [39]. CMG STARS™ uses the finite volume
approach to solve the related governing equations which are
then solved by using Newton’s method with an implicit time
integrator to march through time [42].

4. Results and Discussion

4.1. The Impact of Muddy Laminae on Conventional SAGD
Performance. In this study, four different distribution modes
of muddy laminae are designed to investigate their impact
on conventional SAGD performance. The base model is a

homogeneous model, while the others contain the muddy
laminae under different distribution modes. As shown in
Figure 4, the first distribution mode is that the muddy lam-
inae are distributed above the injector and the muddy lami-
nae are close to the top of the formation. The second
distribution mode is that the muddy laminae are distributed
above the injector, but the muddy laminae are close to the
injector. And the third distribution mode is that the muddy
laminae are distributed between the injector and producer.
Lastly, the fourth distribution mode is a combined distribu-
tion mode which includes aforementioned three modes.

Muddy laminae, such as muddy laminae in Mackay
River oil sands, are always distributed in a discrete way
within a certain range (as depicted in Figure 5). To capture
such kind of characteristic, the random discrete distribution
of muddy laminae in a certain range was considered when
establishing the related model (as shown in Figure 6). Take
the second mode as an example (Figure 6), the red parts rep-
resent the sand stone whose physical parameters have been
mentioned before, while the blue parts represent the muddy
laminae with different permeability (the value is less than
that of sand stone) and thermal conductivity
(3 × 105 J/ðm3 · °CÞ). The concept of the proportion of the
distribution of the muddy laminae is introduced, which
refers to the ratio of the area of muddy laminae to the area
of the related defined zone.

4.1.1. The Impact of Muddy Laminae Distributed above the
Injector. Under the first distribution mode, various scenarios
with different proportion of the distribution and permeabil-
ity of the muddy laminae are conducted. The simulation
results are shown in Figure 7. In Figure 7, a homogeneous
case refers to the reservoir without muddy laminae, while
the 10P-10mD means that the proportion of the distribution
and permeability of the muddy laminae are 10% and 10mD,
respectively, and the rest may be deduced by analogy. It is
noteworthy that if the denominator is the area of the whole

Table 1: Typical reservoir characteristics of MacKay River oil sands.

Item Value

Initial reservoir temperature (°C) 6

Initial reservoir pressure (kPa) 220

Initial oil saturation (fraction) 0.8

Thickness (m) 20

Porosity (fraction) 0.34

Horizontal permeability of sand stone (mD) 2600

Ratio of vertical permeability to horizontal permeability (fraction) 0.3

Formation compressibility (1/kPa) 2 × 10−6

Rock heat capacity (J/(m3·°C)) 2:39 × 106

Rock thermal conductivity (J/(m3·°C)) 4:5 × 105

Bitumen thermal conductivity (J/(m3·°C)) 8:04 × 103

Water thermal conductivity (J/(m3·°C)) 5:53 × 104

Gas thermal conductivity (J/(m3·°C)) 2:07 × 103

Table 2: Properties of the crude oil applied in this study.

Item Value

Density @15.6°C (kg/m3) 1005

API gravity 9.3

Viscosity @20°C (mPa·s) 9:53 × 105

SARA composition (wt%)

Saturates 18.1

Aromatics 39.4

Resins 32.4

Asphaltenes 10.1
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reservoir, the proportion of the distribution of the muddy
laminae is just 3% in the 10P case and so forth.

It can be seen from Figure 7 that performance indicators
change slightly under the first distribution mode, no matter
how the conditions change within the scope of the study.
With the increase in proportion of the distribution or the
decrease in permeability of the muddy laminae, the perfor-
mance indicators tend to become worse. But in general,
when the muddy laminae are distributed above the injector
(close to the top of the formation), they have no significant
impact on the conventional SAGD performance.

For the second distribution mode, several cases with dif-
ferent proportion of the distribution and permeability of the
muddy laminae are simulated. Taken as a whole, when the
proportion of the distribution of muddy laminae is relatively
low, the results are similar to those of the first distribution

mode. However, when the proportion of distribution is rela-
tively high, muddy laminae will have more prominent
impact on SAGD performance. The representative results
are selected for comparison (Figure 8).

As shown in Figure 8, when the muddy laminae are dis-
tributed above the injector (close to the injector) and pro-
portion of the distribution is 30%, if they have a high
permeability (such as 1000mD), their impact on the SAGD
performance is very slight; however, when the permeability
is lower than 50mD, the impact becomes relatively signifi-
cant (mainly in early and middle stages of the SAGD pro-
cess). And when the permeability of muddy laminae is
10mD, if the proportion of the distribution is relatively
low (less than 20%), their impact on the SAGD performance
is very slight; however, as the proportion increases, the
impact tends to become more prominent. Overall, when
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Figure 4: Schematic diagram of four different distribution modes.
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the muddy laminae are distributed above the injector (close
to the injector), the adverse effects are mainly reflected in the
delay of peak oil production, the decrease in peak oil pro-
duction, and the increase in the cumulative steam oil ratio
in early and middle stages of the SAGD process; however,
the recovery factor and final cumulative steam oil ratio are
very close.

4.1.2. The Impact of Muddy Laminae Distributed between the
Injector and Producer. For the third distribution mode, sev-
eral cases with different proportion of the distribution (rang-
ing from 0% to 30%) and permeability of the muddy laminae
(ranging from 10mD to 1000mD) are simulated. Some of
the results are shown in Figures 9 and 10. As shown in
Figures 9 and 10(a), when the muddy laminae are

(a) (b)

(c) (d)

Figure 5: Photos of cores from four observation wells in Mackay River oil sands (modified from [43]).
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distributed between the injector and producer, if they have
high permeability (such as 500mD or 1000mD), their
impact on the SAGD performance is slight, even in the con-
dition with high proportion of the distribution; however,
when the permeability is lower than 200mD, the impact
becomes relatively significant (in all stages of the SAGD pro-
cess). When the permeability of muddy laminae is 10mD,
the reduction of the recovery factor can be reached 20%
compared with that of the homogeneous case. And when
the permeability of muddy laminae is 200mD, if the propor-
tion of the distribution is relatively low (less than 20%), their
impact on the SAGD performance is slight; however, as the
proportion increases, the impact tends to become more
prominent. If the proportion of the distribution is higher
than 20%, the time related to peak oil production is signifi-
cantly increased and the peak oil production is significantly
decreased compared with that of the homogeneous case. So
do the recovery factor and the volume of the steam chamber.
The recovery factor of the 30P-200mD model is reduced by
7.5% compared with that of the homogeneous model.

4.1.3. The Impact of the Combined Distribution Mode. The
combined distribution mode infers that muddy laminae are
both distributed above the injector and between the injector
and producer. So if the denominator is the area of the whole
reservoir, the proportion of the distribution of the muddy
laminae is 9% in the 10P case and so forth. When the pro-
portion of the distribution is relatively low, the impact is
similar to that of the third distribution mode. However,
when the muddy laminae exist with a high proportion, even
if the muddy laminae have high permeability (such as
1000mD), they will have the certain impact on SAGD per-
formance (as shown in Figure 11).

When the permeability is lower than 200mD, the impact
on SAGD performance becomes very significant. The recov-
ery factor of the 30P-200mD model is reduced by 13% com-
pared with that of the homogeneous model. With the further
reduction of permeability of the muddy laminae, the recov-
ery factor is greatly reduced, even the daily oil production
curve is still “climbing” (it means that the oil production
does not reach the peak; see Figure 11(b)), and other

Muddy laminae

Sand stone

(a) Cross-sectional view

Muddy laminae

Sand stone

(b) Profile along the wellbore

Figure 6: Schematic diagram of the second distribution mode.
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performance indicators also significantly become worse (see
Figures 11(a), 11(c), and 11(d)).

Three-dimensional expansion of the steam chamber
with different cases is shown in Figure 12. It can be obvi-
ously seen from Figure 12 that the steam chamber
develops more unevenly along the wellbore as the pro-
portion of the distribution of the muddy laminae
increases.

4.1.4. The Comparison between Different Distribution Modes.
SAGD performance under different distribution modes is
shown in Figures 13 and 14. As shown in Figure 13, when
the permeability of muddy laminae is 10mD and the pro-
portion of the distribution is 10%, the SAGD performance
of the four distribution modes is very close; among them,

when the muddy laminae are distributed with the fourth
mode (combined distribution mode), the adverse impact of
muddy laminae on conventional SAGD performance is
greater than others, as the results of higher proportion of
the muddy laminae.

As shown in Figures 13 and 14, with the increase in pro-
portion of the distribution, the difference of SAGD perfor-
mance between the four modes becomes more prominent.
It can be seen obviously from Figure 14 that the influence
level of the adverse impact of different modes in descending
order is as follows: fourthmode > thirdmode > second
mode > firstmode.

When the muddy laminae are distributed above the
injector (close to the top of the formation), the steam cham-
ber expands well and develops relatively uniformly along the
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wellbore; under this distribution mode, the well-developed
steam chamber is formed before the steam reaches the loca-
tion of the muddy laminae, so the adverse blocking effect of
muddy laminae on fluid flow is relatively small. When the
muddy laminae are distributed above the injector (close to
the injector), the muddy laminae hinder the upward migra-
tion of steam and the drainage of crude oil, as soon as the
production stage of the SAGD process starts; therefore, com-
pared with the first mode, the development of the steam
chamber is worse.

When the muddy laminae are distributed between the
injector and producer, the steam chamber expands slowly
in many sections due to the poor capacity of heat and mass
transfer, and the expansion of the steam chamber is rela-
tively uneven along the wellbore. Comparing the simulation
results, it could be found that the muddy laminae distributed
between the injector and producer, especially which are
located at the middle part of the injector and producer, seri-
ously affect the preheating effect of the start-up stage.
Because the development of the steam chamber is delayed
and the muddy laminae seriously hinder the oil drainage,
the SAGD performance under the third mode is poor. When
the mode is the combined distribution mode (fourth mode),
the influence on SAGD performance shows similar charac-
teristics to those of the third mode. But owing to the higher
proportion of the muddy laminae, the influence degree is
greater.

4.2. Improvement Strategy with the Multilateral Well Pattern.
When the muddy laminae are distributed above the injector
(close to the top of the formation), the performance indica-
tors change slightly, no matter how the conditions change
within the scope of the study. Under this distribution mode,
the well-developed steam chamber is formed before the
steam reaches the location of the muddy laminae, so the
influence degree is lowest. SAGD performance of this distri-
bution mode is very close to that of the homogeneous case,

so that it is unnecessary to adopt the multilateral well
pattern.

All the results of the four different distribution models
show that the adverse impact of muddy laminae is insignif-
icant, when the proportion of the distribution of muddy
laminae is relatively low (<20%) (note: for the three distribu-
tion modes except the combined distribution mode, when
the proportion of the distribution of muddy laminae
accounts for 20%, it is equivalent to 6% if the denominator
is the area of the whole reservoir). Meanwhile, when the per-
meability of muddy laminae is high (e.g., 500mD and
1000mD), the adverse impact of muddy laminae is insignif-
icant. Under such situations, it is unnecessary to adopt the
multilateral well pattern. So the worst situations
(permeability = 10mD and proportion = 30%) for each dis-
tribution mode are considered in this study, when evaluating
the performance of multilateral well patterns.

In this section, two kinds of multilateral well patterns are
designed to improve the performance, as shown in
Figure 15. One is the planar multilateral well which has 10
branches (length: 100m, spacing: 75m, and included angle
between the branch and main wellbore: 30°) connected to
the main wellbore. The second is the upward multilateral
well including 10 branches (length: 100m, spacing: 75m,
included angle between the branch and main wellbore in
the X-Y plane: 30°, and included angle between the branch
and horizontal plane in the X-Z plane: 42°) which are
upward and out of the X-Y plane.

Firstly, keep the producer as a conventional horizontal
well and change the injector into a multilateral well, in order
to enhance the performance of steam injection. Record the
combination of the planar multilateral injector and horizon-
tal producer as type A, and record the combination of the
upward multilateral injector and horizontal producer as type
B. The results show that the performance of two multilateral
well patterns is similar. For example, in the fourth distribu-
tion mode (permeability = 10mD and proportion = 30%),
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Figure 8: Recovery factor and peak oil production with different permeability and proportion of the distribution of the muddy laminae
(second distribution mode): (a) different permeability (proportion = 30%) and (b) different proportion (permeability = 10mD).
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Figure 9: Average daily oil production with different proportion of the distribution and permeability of the muddy laminae (third
distribution mode): (a) proportion = 10%, (b) proportion = 20%, and (c) proportion = 30%.
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Figure 10: Recovery factor and peak oil production with different permeability and proportion of the distribution of the muddy laminae
(third distribution mode): (a) different permeability (proportion = 30%) and (b) different proportion (permeability = 200mD).
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the recovery factor of type A and type B is 32.95% and
33.12%, respectively, and the cumulative steam oil ratio of
type A and type B is 5.22m3/m3 and 5.15m3/m3, respec-
tively. Such kinds of well patterns increase the contact area
between the injector and reservoir, which is helpful for the
expansion of the steam chamber, so the performance is bet-
ter than that of the conventional SAGD well pattern (recov-
ery factor: 31.36%, cumulative steam oil ratio: 5.29m3/m3).
The end part of the branch of the injector is beyond the
muddy laminae when type B is adopted, so the performance
is slightly better than that of type A.

Next, keep the injector as a conventional horizontal well
and change the producer into a multilateral well, in order to
enhance the performance of oil drainage. Record the combi-
nation of the horizontal injector and planar multilateral pro-
ducer as type C, and record the combination of the

horizontal injector and upward multilateral producer as type
D. The results also show that the performance of two multi-
lateral well patterns is similar. For example, in the fourth
distribution mode (permeability = 10mD and proportion =
30%), the recovery factor of type C and type D is 36.39%
and 36.38%, respectively, and the cumulative steam oil ratio
of type C and type D is 4.89m3/m3 and 5.19m3/m3, respec-
tively. Such kinds of well patterns increase the contact area
between the producer and reservoir, which is helpful for oil
drainage, so the performance is better than that of the con-
ventional SAGD well pattern. But the performance of type
D is worse than that of type C, mainly because the risk of
steam channeling is greater once type D is adopted.

Then, the researches on the combination of the multilat-
eral injector and multilateral producer are conducted.
Record the combination of the planar multilateral injector
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Figure 11: SAGD performance with different permeability of the muddy laminae (fourth distribution mode and proportion = 30%): (a)
cumulative oil production, (b) average daily oil production, (c) steam chamber volume, and (d) cumulative steam oil ratio.
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and planar multilateral producer as type E, and record the
combination of the upward multilateral injector and planar
multilateral producer as type F. The results show that the
performance of type E is better than that of type F. For
example, in the fourth distribution mode
(permeability = 10mD and proportion = 30%), the recovery
factor of type E and type F is 47.08% and 40.36%, respec-
tively, and the cumulative steam oil ratio of type E and type
F is 4.64m3/m3 and 4.69m3/m3, respectively. By adopting
such kinds of well patterns, the channels of steam rising
and oil drainage are increased simultaneously, so the perfor-
mance is improved significantly. For type F, however, the
heat connection between far ends of the branch within the
injector and producer is difficult to form in the early stage
of the SAGD process, due to the long distance between them.
So the performance of type F is worse than that of type E.

Therefore, take type A, type C, and type E as examples for
further analysis.

SAGD performance with different combinations of well
patterns under different distribution modes of the muddy
laminae is shown in Table 3. As shown in Table 3, if the
muddy laminae are distributed above the injector (close to
the injector), the improvement of SAGD performance is
slight when the planar multilateral well pattern is adopted.
So it is unnecessary to adopt the multilateral well pattern.
However, if the muddy laminae are distributed between the
injector and producer or the distribution mode is the com-
bined distribution mode, SAGD performance will be signif-
icantly improved once the appropriate well pattern is
adopted. For instance, the recovery factor can be increased
by up to 15.72% and the cumulative steam oil ratio can be
reduced by up to 0.65m3/m3.

Homogeneous case Producer 10P-10mD case

20P-10mD case 30P-10mD case

Temperature
Producer

ProducerProducer

213.00 200.00

150.00

100.00

50.00
6.00

Figure 12: Three-dimensional expansion of the steam chamber with different cases (fourth distribution mode, after 8 years).
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Figure 13: SAGD performance under different distribution modes (permeability = 10mD and proportion = 10%): (a) average daily oil
production and (b) cumulative steam oil ratio.
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Figure 14: SAGD performance under different distribution modes (permeability = 10mD and proportion = 30%): (a) average daily oil
production and (b) cumulative steam oil ratio.

(a) (b)

Figure 15: Schematic diagram of two multilateral well patterns: (a) planar multilateral well and (b) upward multilateral well.

Table 3: SAGD performance with different combinations of well patterns under different distribution modes of the muddy laminae
(permeability = 10mD and proportion = 30%).

Distribution modes of the muddy laminae
Different combinations of well

patterns
Recovery factor

(%)
Cumulative steam oil ratio

(m3/m3)

Muddy laminae are distributed above the injector (close
to the injector)

Conventional well pattern 65.92 4.45

Type A 66.84 4.41

Type C 67.76 4.33

Type E 68.54 4.49

Muddy laminae are distributed between the injector and
producer

Conventional well pattern 48.87 4.52

Type A 49.66 4.50

Type C 56.14 4.07

Type E 63.98 4.04

Combined distribution mode

Conventional well pattern 31.36 5.29

Type A 32.95 5.22

Type C 36.39 4.89

Type E 47.08 4.64
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Take the worst situation (combined distribution mode,
permeability = 10mD, and proportion = 30%) as the exam-
ple to analyze; SAGD performance with different combina-
tions of well patterns is shown in Figure 16. It can be seen
from Figure 16 that type E has the highest daily oil produc-
tion and lowest cumulative steam oil ratio almost in the
entire SAGD process. Comparing the temperature profiles
after 10 years (as shown in Figure 17), it can be known that
the branches of the planar multilateral well are very helpful
for the expansion of the steam chamber under type E, once
the heat connection between branches of the injector and
producer could be well established. Unlike type A and type
C, the steam chamber of type E expands significantly faster
than that of the conventional well pattern. For type A and
type C, the SAGD performance is better than that of conven-
tional well pattern, but the improvement is not significant,
because the heat connection between branches within the
injector or producer and the other well is not formed at
the early stage of the SAGD process. Therefore, the increase
in the expansion rate of the steam chamber is limited.

Figures 18(b) and 18(d) show that the existence of
muddy laminae greatly hinders the expansion of the steam
chamber and the oil drainage. But from Figures 18(a) and
18(c), it can be seen that the area of the steam chamber
and the oil drainage zone are bigger at the same time step,
due to the effective utilization of the planar multilateral well.
Figure 19 shows the comparison of oil saturation profiles
after 15 years in the direction along the wellbore. Under type
E, although not every section has a great performance of oil
drainage, the significant improvement can be seen compared
with the conventional well pattern. The utilization of the
planar multilateral well increases the contact area between
the well and reservoir, especially the sand stone part within
the reservoir. Therefore, the adverse effect brought by reser-
voir heterogeneities could be reduced effectively. Eventually,
the more oil could be recovered from the reservoir, and the
cumulative steam oil ratio is lower than that of the conven-

tional well pattern, as the result of efficient utilization of
injected steam.

5. Summary and Conclusions

(1) When the muddy laminae are existing in the forma-
tion, the steam chamber may expand slowly in some
sections due to the poor capacity of heat and mass
transfer, and the expansion of the steam chamber is
relatively uneven along the wellbore. The influence
level of the muddy laminae on conventional SAGD
performance under different distribution modes is
different, but the adverse effect is mainly reflected
in the delay of peak oil production, the decrease in
peak oil production, the decrease in steam chamber
volume, and the increase in the cumulative steam
oil ratio (mainly in early and middle stages of the
SAGD process).

(2) The influence level of adverse impact of different
modes in descending order is as follows: combined
distribution mode > muddy laminae are distributed
between the injector and producer > muddy laminae
are distributed above the injector (close to the injec-
tor) > muddy laminae are distributed above the
injector (close to the top of the formation). The
muddy laminae distributed between the injector
and producer, especially which are located at the
middle part of the injector and producer, seriously
affect the preheating effect in the start-up stage.

(3) When the muddy laminae are distributed above the
injector (close to the top of the formation), the per-
formance indicators change slightly, no matter how
the conditions change within the scope of the study.
For other modes, if the permeability of muddy lam-
inae is high or the proportion of the distribution of
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Figure 16: SAGD performance with different combinations of well patterns (combined distribution mode, permeability = 10mD, and
proportion = 30%): (a) average daily oil production and (b) cumulative steam oil ratio.
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muddy laminae is relatively low, the influence degree
is also small.

(4) If the muddy laminae are distributed above the injector,
it is unnecessary to adopt the multilateral well pattern.
If the muddy laminae are distributed between the injec-
tor and producer or the distribution mode is the com-
bined distribution mode, SAGD performance can be
significantly improved once the combination of the pla-

nar multilateral injector and planar multilateral pro-
ducer is adopted. Under the combined distribution
mode of muddy laminae, the recovery factor can be
increased by 15.72% and the cumulative steam oil ratio
can be reduced by 0.65m3/m3.

(5) It can be known that the branches of the planar
multilateral well are very helpful for the expansion
of the steam chamber and oil drainage, once the
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Figure 17: Temperature profiles after 10 years (K layer: 13; unit: °C): (a) conventional well pattern, (b) type A, (c) type C, and (d) type E.
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heat connection between branches of the injector
and producer is well established. Overall results
show that the multilateral well pattern is promising
for SAGD applications at oil sands or heavy oil reser-
voirs which are rich in muddy laminae. In our study,
two different multilateral well patterns with certain
design parameters are selected to improve SAGD per-
formance. However, there are still many types of mul-
tilateral well patterns, and the design parameters, such
as length and spacing, also have a variety of combina-
tions. In the future, more research works which are

related to the design and optimization of the multilat-
eral well pattern should be done, in order to further
improve the SAGD performance at oil sands or heavy
oil reservoirs which are rich in muddy laminae.

Nomenclature

ui: Velocity of phase i (m/s)
Ki: Effective permeability tensor of phase i in porous

media (m2)
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Figure 18: Temperature profiles after 15 years (J layer: 39; unit: °C): (a) conventional well pattern and (b) type E. Oil saturation profiles after
15 years (J layer: 39; unit: fraction): (c) conventional well pattern and (d) type E.
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Figure 19: Oil saturation profiles after 15 years (along the wellbore; unit: fraction): (a) conventional well pattern and (b) type E.
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∇Φi: The potential gradient which includes pressure and
gravity

z: The elevation above the datum location (m)
g: Acceleration of gravity (m/s2)
P: Pressure (kg/(m·s2))
ρ: Density of fluid (kg/m3)
kth: Thermal conductivity tensor (W/(m·K))
T : Temperature (K)
Kabs: Absolute permeability of reservoir rock (m2)
Kro: Relative permeability of the oil phase
Krw: Relative permeability of the water phase
Krg: Relative permeability of the gas phase
Bo: Volume factor of the oil phase
Bw: Volume factor of the water phase
Bg: Volume factor of the gas phase
Rso: Solution-gas ratio in oil phases (m3/m3)
Rsw: Solution-gas ratio in water phases (m3/m3)
So: Saturation of the oil phase
Sw: Saturation of the water phase
Sg: Saturation of the gas phase
qo: Flow rates of the oil phase (m3/s)
qfg: Flow rates of free gas (m3/s)
hi: Enthalpy of each phase (J)
Mr: Volumetric heat capacity of the reservoir rocks

(J/(kg·K))
Tref : Reference temperature (K)
Uo: Specific internal energies of the oil phase (J/kg)
Uw: Specific internal energies of the water phase (J/kg)
Ug: Specific internal energies of the gas phase (J/kg)
QI: Input energy (J/(m3·s)).
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