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Steam-assisted gravity drainage (SAGD) has been used to develop the “super heavy” oil reservoirs in Canada. The viscosity can
reach more than 30,000 cp at 50°C. Moreover, owing to their continental deposit origin, the reservoirs have a low porosity and
permeability. Because of these challenges, the conventional steam circulation start-up process takes 6 to 12 months before the
well pair can be switched to production. Solvent has been used to start-up SAGD with success. But now, low price of oil and
high cost of solvent make solvent-assisted start-up process limited. This paper applies experimental schemes, such as viscosity
reduction rate evaluation, core ﬂooding, and 3D physical simulation, tests solvent performance, optimizes process parameters,
and designs process solutions. Apply numerical simulation to test solvent-assisted SAGD start-up eﬀect and calculate the cost.
This paper researches a unique low-cost solvent compare with xylene. The basic properties and core ﬂood experiment show that
the two solvents are similar with viscosity reduction rate, asphalt dissolution rate, and injection pressure, and the price of
solvent is 18% lower. The 3D model experiment shows that the average start-up time is reduced by 15%, and steam injection
volume is reduced by 21.4%. The numerical simulation results show that without solvent, it will take 180 d for start-up process,
and with solvent, the time has reduced by 50% and takes 90 days. Cost calculation results show that the cost will reduce 18% by
solvent compared to xylene. Moreover, the production rate has been improved in production stage. This paper applies a 3D
physical model to simulate the solvent-assisted SAGD start-up process. Research conclusions show the start-up mechanism of
solvent and the process of temperature change of steam chamber.

1. Introduction
Oil sands of NEXEN are rich in reserves and good reservoir
properties, suitable for SAGD technology development. By
the end of 2015, there were 121 production wells in 15 PADs,
and the average single well production that has been put into
production is 60~70 m3/d. The gasoline ratio is 4-5, high
recovery rate [1–3]. However, at present, the cost of SAGD
development of barrel oil is about 70 US dollars. In the case
of low oil prices, the high-cost problem is prominent [4].
On the other hand, low-yield and low-eﬃciency wells
account for about one-third of the total, resulting in unsatisfactory development of oil sands [5].
This paper takes Longlake oil sand in southwest Canada as
the target block. The average recoverable thickness of the reser-

voir is 27.8 m, eﬀective porosity is 32.2%, and oil saturation is
71.7%. The horizontal permeability is 5.94 μm2, and the vertical
permeability is 4.74 μm2. The reservoir temperature is 6-8°C, the
pressure is 750-950 kPa, and the crude oil viscosity is 6 × 107 cp
at 10°C. It is a typical oil sand reservoir in Canada.
This paper takes the SAGD start-up phase as a research
entry point, and physical simulation and numerical simulation studies were carried out for a series of problems such
as less oil production, large steam consumption, low energy
utilization rate, and diﬃculty in handling the produced liquid
during the SAGD warm-up start-up process. By adopting the
solvent composite steam cycle method [6–8], the cycle of
SAGD start-up phase is shortened, the steam injection
amount is reduced, the mining cost is reduced, and the
mining eﬃciency is improved [9–11].
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2. Physical Model Experimental Study
Physical simulation experiments include injection performance studies and 3D physics simulation experiments.
The injection performance includes the following: application of one-dimensional physical simulation device
(Figure 1), system injection capability experiment, injection
capacity change experiment after solvent injection to water
ﬂooding, and inﬂuence of injection speed on injection capacity. Through the injection performance study, the injection
performance of the solvent and the eﬀect on the steam cycle
after solvent injection are analyzed to provide theoretical
data for the process scheme.
The three-dimensional physical simulation experiment
(Figure 2) compares the steam cycle with the solvent+steam
cycle two kinds of preheating methods to analyze the eﬀect
of adding solvent to the steam cycle preheating. Verify the
feasibility of solvent-assisted SAGD fast start technology.
A sand pipe of 30 cm long and 2.5 cm diameter was ﬁlled
with river sand, and three groups were ﬁlled, with a permeability of 6000 mD and a porosity of 32%. The ﬁlled sand ﬁlling tube was vacuumed, saturated water and saturated oil
were injected into water, solvent and xylene were at a rate
of 0.5 mL/min, and the changes of injection pressure of the
three systems were analyzed (Figure 3).
This paper compares the three system injection capabilities, and the pressure of the breakthrough sand pipe model of
xylene is the lowest, indicating that the injection performance
of xylene is the best, and the breakthrough pressure of solvent
and xylene is not much diﬀerent. The injection performance
of the two is equivalent, far better than the water. Injection
performance: after the breakthrough of xylene and solvent
system, the injection pressure decreased rapidly, indicating
that the seepage channel was formed in the model, and the
injection pressure in the simple water injection process was
slow, indicating that the water seepage ability in the model
was very poor after the water injection broke the model.
The one-dimensional model was ﬁlled in the same way,
and the solvent was injected at a rate of 0.5 mL/min. After
the pressure was broken, the water ﬂooding was started,
and the change of the injection pressure was analyzed. As
shown in Figure 4, after the solvent breakthrough, the water
ﬂooding did not increase signiﬁcantly, indicating that the
solvent breakthrough exceeded the formation of the seepage
channel, which signiﬁcantly increased the injection capacity
of the subsequent water ﬂooding.
Three groups of one-dimensional models were ﬁlled in
the same way, and solvent hydrocarbons were injected at a
rate of 0.1 mL/min, 0.3 mL/min, and 0.5 mL/min to analyze
the change of the injection pressure diﬀerence. As shown in
Figure 5, as the injection speed increases, the breakthrough
pressure increases. When the speed is 0.5 mL/min, the breakthrough pressure is 13 MPa. When the speed is 0.3 mL/min,
the breakthrough pressure is 10 MPa and the velocity is 0.1
mL/min, and the breakthrough pressure is 4 MPa. As the
injection speed increases, the breakthrough time decreases.
When the speed is 0.5 mL/min, the breakthrough time is 58
min. When the speed is 0.3 mL/min, the breakthrough time
is 76 min. When the speed is 0.1 mL/min, the breakthrough
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time is 210 min. Once the solvent breaks through the model,
the pressure is immediately reduced by less than 1 MPa,
indicating that the percolation channel is established inside
the model by injecting the solvent, which greatly reduces
the injection pressure.
This paper is a detailed study of SAGD 3D physics simulation experiment, and a three-dimensional proportional
physical model simulating the ﬁeld of the oil ﬁeld was established in the experiment. The key to physical simulation is
the similarity between experimental physical models and oilﬁeld reservoir prototypes. The degree of similarity between
the experimental physical model and the reservoir prototype
is an important criterion for the success of the simulation
experiment. Therefore, physical simulation experiments
must follow the similarity criterion theory. In the SAGD
experimental physical model, the eﬀects of gravity and
thermal eﬀects on the recovery of heavy oil are mainly considered. The experimental physical model was designed based
on the similarity criteria, and the SAGD initiation experimental parameters were calculated, as shown in Table 1.
The SAGD physical simulation experiment ﬂow is shown
in Figure 6. The three-dimensional model has a size of φ40
× 40 cm and 351 temperature test points inside to realize
real-time monitoring of the temperature ﬁeld. The threedimensional physical simulation of SAGD is to arrange
double horizontal wells at the bottom of the model. The
horizontal well length is 30 cm, and the horizontal well
spacing is 10 cm. A row of 5 temperature measuring points
is distributed in the middle of the double horizontal wells.
Parallel to the horizontal wells, the temperature of diﬀerent
positions of the horizontal wells is measured. Field changes:
horizontal wells are connected to the steam generator to
achieve steam injection and circulation. This experiment is
the start-up phase of SAGD. The experimental content is
the steam injection cycle to heat the horizontal well oil layer,
and the steam cycle start time and period are calculated by
the temperature ﬁeld change. The eﬀect of preinjection
solvent on steam cycle time and steam volume was veriﬁed
by comparing the temperature ﬁeld changes between the
individual steam cycle and the solvent+steam cycle.
Comparison of the time required for the temperature rise
between the two horizontal wells to 80°C is shown in Table 2,
and the eﬀect of the preinjection solvent on the steam injection cycle time of SAGD is obvious. The steam cycle time
required to reach 80°C in the middle of the injectionproduction well is greatly reduced. The cycle of the horizontal well injection end is reduced by 42.86%, the horizontal
well tip position is reduced by 6.25%, and the full horizontal
section is reduced by 15%. The closer to the injection end, the
more obvious the decrease. By calculating the cycle time
variation, it can be concluded that the steam injection
amount can be reduced by 21.4%, achieving the purpose of
saving steam injection cost.
Through the changes of the temperature ﬁeld of the injection wellbore in Figures 7 and 8, it can be seen that the
preinjection solvent starts to change the heating rate of the
steam-ﬁlled injection well. The steam cycle is 1 hour, the
solvent+steam circulation injection well can reach 70°C, the
steam cycle is used alone, and the temperature between the
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Figure 2: Three-dimensional physical simulation device.
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Figure 5: Eﬀect of injection speed on injection pressure.
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is 80°C. The solvent-assisted SAGD start-up mode increases
the start-up rate and improves steam utilization eﬃciency.
The injection capacity of the solvent is higher than that of
the water ﬂooding. After the solvent is transferred to the
water ﬂooding, the seepage channel formed by the solvent
can improve the seepage capacity of the water phase and
increase the heat convection capability of the steam and the
reservoir. The higher the solvent injection speed, the stronger
the injection capacity. In the constant pressure injection
experiment, the higher the pressure, the stronger the solvent
injection capacity. It indicates that the greater the pressure of
the on-site solvent injection process, the stronger the solvent
entry ability. The steam injection time required to reach 80°C
in the middle of the injection-production well is analyzed.
The eﬀect of the preinjection solvent on the temperature is
obvious, the average cycle time of the full-level section is
reduced by 15%, and the steam injection amount can be
reduced by 21.4%. The results of comprehensive physical
simulation studies show that the solvent has a stronger
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Figure 3: Comparison of three system injection capabilities.

injection and production wells is 40°C. The steam cycle is 3
hours, the solvent+steam circulation injection well can reach
80°C, the steam cycle is used alone, and the temperature
between the injection and production wells is 70°C. The
steam cycle is 7 hours, the solvent+steam circulation injection well can reach 95°C, the steam cycle is used alone, and
the temperature between the injection and production wells
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Table 1: 3D model experimental parameters.

Parameters

Data

Parameters

Data

Total capacity/L
Pore volume/L
Porosity/%
Horizontal permeability/mD
Vertical permeability/mD
Model temperature/°C
Irreducible water saturation/%

50.3
18.8
37.5
6000
6000
30
12.5

Initial water content of model/L
Original oil saturation/%
Original oil in place/L
Steam injection speed/(mL·min-1)
Steam injection temperature/°C
Well type
Well spacing/cm

2.35
87.5
16.5
10
300
Double horizontal well
10

Constant temperature oven

3D physical model

Injecter

Piston container

Producer

Weighing

Pump
Steam
generator

Weighing

Steam
generator

Pump
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Figure 6: Schematic diagram of SAGD physical simulation experiment.
Table 2: Comparison of the time required for the temperature between the two horizontal wells to rise to 80°C.
Temperature test point number
Distance from the injection, cm
Steam cycle time, h
Solvent+steam cycle time, h
Cycle time reduction, %
Average cycle time reduction, %
Steam injection reduction, %

1
6
7
4
42.86

injection capacity than water, and after being injected into
the oil sands reservoir, it can be miscible with the oil sands,
reducing the viscosity of the oil sands, making steam and
oil sands. The enhanced thermal convection is more conducive to heat transfer between steam and oil sands. At the same
time, the heat transfer between the subsequent steam and the
oil sand is enhanced, the steam heat eﬃciency is improved,
and the cycle is shortened.

3. Numerical Simulation Study
This paper studies numerical simulation for the start-up of
SAGD, and the solvent-assisted SAGD quick start process

2
12
4.5
3.5
22.22

3
18
6
5
16.67
15
21.4

4
24
7
6
14.29

5
30
8
7.5
6.25

scheme was designed. A numerical model was established,
and numerical simulation studies were applied to analyze
the eﬀect of solvent-assisted SAGD start-up technology.
The design process and process scheme are shown in
Table 3. The reservoir geological and ﬂuid physical parameters in the numerical model are shown in Table 4.
Using the CMG numerical simulation software STARS
module, oil, water vapor, and solvent are taken as independent components, respectively, and the parameters related
to oil layer temperature and pressure, such as gas-liquid equilibrium constant, gas density, gas viscosity, chemical solvent
density, and solvent viscosity, are input. The simulated
chemical solvent assists the SAGD warm-up process.
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Figure 7: Temperature ﬁeld perpendicular to the injection well proﬁle changes with time (steam).
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Figure 8: Temperature ﬁeld perpendicular to the injection well proﬁle changes with time (solvent+steam).

Table 3: Comparison of the time required for the temperature between the two horizontal wells to rise to 80°C.
No.

Process program

Process plan

1

Steam circulation well
washing

2

Prestage plug solvent

3

Solvent soaking

4

Steam cycle

5

Pre-SAGD and ﬂuid
connectivity test

Inject steam to circulate and displace the remaining drilling ﬂuid and washing
ﬂuid in the well. The cycle time is 1 d.
Injecting wells and production wells simultaneously with 35 m3 of solvent at the
maximum allowable bottomhole pressure
12 days oﬀ, let the solvent soak and mix in the formation
Bringing a ﬂuid that can be ﬂowed after being soaked in a solvent, the steam is further
circulated at a high injection amount until it can be injected into SAGD production.
Injecting steam into the well, producing wells, monitoring the bottom temperature and return
conditions of the production well, and determining whether the ﬂuid between the two wells is connected

Simulated steam injection cycle preheating start parameters are as follows: steam cycle speed 150 m3/d, preheating
dryness 95%, steam cycle temperature 220°C, and solvent
injection volume 35 m3; judging criteria for preheating
eﬀect are as follows: the average temperature between horizontal wells is 80°C, and the connection rate is 75%.
According to the viscosity-temperature curve, the viscosity
of crude oil is 1371 cp at 80°C in Figure 9. The simulation

starts from January 1, 2018, and compares the preheating
eﬀect of adding two kinds of chemical solvents in the
double well steam cycle preheating and the double well
steam cycle preheating process, as shown in Figure 10. It
takes 114 days to reach 80°C without adding solvent, and
it takes 60 days to reach 80°C with adding solvent. After
adding solvent, the heat loss during SAGD is less than that
without solvent.
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Table 4: Reservoir geology and ﬂuid physical parameters.

Parameter

Numerical value

Reservoir top depth (m)
Eﬀective thickness (m)
Initial reservoir temperature (°C)

243
40
7

Rock compressibility (1/kPa)

7:0 × 10−6

Speciﬁc heat capacity (J/(m3·°C))

2:04 × 106

Thermal conductivity of rock (J/(m·day·°C))

4:60 × 105

Thermal conductivity of oil (J/(m·day·°C))

1:18 × 104
4:0 × 103

°

Thermal conductivity of gas (J/(m·day· C))
Thermal conductivity of water (J/(m·day· C))

5:35 × 104

Thermal conductivity of upper and lower caprocks (J/(m·day·°C))

4:6 × 105

Heat capacity of upper and lower caprocks (J/(m3·°C))

2:04 × 106

°
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Figure 9: Viscosity-temperature curve of oil sand.
180
Temperature (°C)

160
140

higher the solvent injection speed, the stronger the injection capacity. In the constant pressure immersion experiment, the higher the pressure, the stronger the solvent
injection capacity.
The prestage plug is injected into the solvent+steam
circulation mode, which is 15% shorter than the single steam
cycle start-up period, and the steam injection amount can be
reduced by 21.4%. The solvent is injected into the formation,
dissolves the oil sand to reduce the viscosity, enhances the
heat conduction and heat convection between the steam
and the formation, and achieves the purpose of shortening
the cycle period.
It takes 114 d to reach 80°C without adding solvent, and
60 d is needed with adding solvent. After the addition of the
solvent, the start-up time was reduced by 47%. The numerical simulation results are consistent with the physical model
results, indicating that the solvent can eﬀectively reduce the
steam cycle and improve the steam eﬃciency.
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Figure 10: Interwell temperature change during SAGD production.

4. Conclusions
The injection capacity of the solvent is higher than that of
the water ﬂooding. After the solvent is transferred to the
water ﬂooding, the seepage channel formed by the solvent
can improve the seepage capacity of the water phase. The
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