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Abstract

A novel process utilizing vertical wells to enhance heavy oil recovery during
steam assisted gravity drainage has been developed. In the vertical well steam
assisted gravity drainage (VWSAGD) process shown in Figure 1, the vertical
well includes two production strings which are separated by three packers
(one dual and two single packers): the short injection string (SIS) is attached
to the bottom of the annulus and completed in the top quarter of the perfo-
rated formation, while the long production string (LPS) is attached to the
bottom of the production tubing and completed in the bottom quarter of the
perforated formation. The new process (VWSAGD) requires an initial start-
up period (warm-up stage) where the steam is injected into both of the injec-
tion strings and production string for a specified period of time of about 14-30
days; then both strings are closed to injection for a specified time period of
approximately 7 - 10 days (soaking period). After the initial warm-up and the
soaking period, the long production string is opened for production, and the
short injection string is opened to continuous steam injection for the rest of
the specified simulation time. A commercial simulator (CMG-STAR Simula-
tor) was used to study the performance of the new VWSAGD process. A sen-
sitivity analysis was performed for the grid density, soaking time, steam qual-
ity, bottom hole producing pressure, steam injection rate, reservoir thickness,
reservoir area, and horizontal to vertical permeability anisotropy. The results
of this study have shown that the new VWSAGD process is more preferable
for reservoir conditions such as high horizontal to vertical permeability ratio
and thick reservoir oil zones.
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1. Introduction

Cyclic Steam Stimulation known as CSS, was developed and used in Western
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Venezuela in 1959. In Alberta, due to the low mobility of the in situ bitumen,
any fluid injection into the oil sands results in problems. This results in the in-
jection pressure having to be increased to a level which is sufficient to part the
formation. Denbina et al (1991) created a two-dimensional, radial, single well
numerical model in order to investigate the drive mechanisms of CSS in Cold
Lake. They found that the main drive mechanisms are formation compaction,
solution gas and fluid expansion. Gravity drainage showed a very small contri-
bution to the amount of oil produced during the first two cycles, but in the fol-
lowing cycles can provide a significant increase in oil production [1].

Beattie ef al (1991) created a reservoir deformation model in order to
represent the oil sands dilation and re-compaction which occurs during CSS at
Cold Lake [2]. This model can match the injection, production pressures, and
flow-back times within reason. The relative permeability hysteresis model pro-
vides a simple and effective way of modeling history dependent behavior. The
deformation was found to be dominated by pore pressure, rather than stress.
Vittoratos et al (1990) proposed a multi-well CSS process in order to better un-
derstand the inter well communication seen in the cold lake area [3]. The impact
of steaming strategy on bitumen production was shown by simulations to be in-
significant during the early cycles. Walter et al. (2000) performed a study on the
poroelastic effects which occurred in cyclic steam stimulation in the Cold Lake
deposit [4]. In order to understand the aquifer response, a geomechanical and
reservoir model was created (coupled model).

The conventional Steam Assisted Gravity Drainage known as SAGD for short
was a concept introduced by Butler et al, 1987/2001. Since gravity alone does
not provide an efficient drive to move the heated bitumen to a conventional ver-
tical or deviated well at an economical rate, a pair of horizontal wells are used in

addition. Two horizontal well pairs are used in SAGD process. The two are
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Figure 1. Schematic of vertical well steam assisted gravity drainage process.

398

K2
o5
“2:0

Scientific Research Publishing



M. Shirif et al.

drilled into the lower part of the formation (injector above a producer). Steam
circulation is used to heat the both of the wells, as well as the reservoir between
the wells. The steam injection continues once communication is established be-
tween the two parallel horizontal wells. This results in the formation of a steam
chamber, which grows above the injection well in the reservoir. The heated oils
and condensate are drained downward by gravity along the sides of the steam
chamber into the lower part of the production well. To keep the live steam inside
of the reservoir, a steam trap control is created in order to operate the producer
at a temperature which is lower than the steam injection temperature by a few
degrees which allows for the production of hot oil/bitumen and condensate
alone [5] [6] [7].

The newly developed Vertical Well Steam Assisted Gravity Drainage Process
(VWSAGD) optimizes the role of gravitational forces, viscosity reduction, and
viscous forces during the steam flooding of heavy oils. It is usually applied with a
single vertical well. The VWSAGD process is a similar concept to both the con-
ventional SAGD and CSS process. As steam is injected into the reservoir, it
causes the reservoir fluids and surrounding rock adjacent to the wellbore to heat
up, which allows hot oil and condensed water to flow and drain through by gra-
vitational and viscous forces to a single vertical injection/production well located
at the bottom of the formation. For VWSAGD process, heat is transferred into

the reservoir by conduction and convection.

2. Methodology

To develop an understanding of the new process, we built and compared various
simulation runs for VWSAGD process. For the sensitivity analysis, a base case
model run was compared against other runs where we varied the grid density,
soaking time, steam quality, steam injection rate, bottom hole flowing pressure,
reservoir height, reservoir area, permeability anisotropy, as well as the well com-
pletion. To achieve the stated objective, Computer Modeling Group’s (CMG)
STARS Thermal Simulator was used to perform all tasks proposed in this study.

2.1. Description of the Numerical Model

The numerical model data used for this study is based on CMG’s STARS release
2015 case study, stspe001.dat. The reservoir rock and fluid properties as well as
the thermal properties of rock/fluids represent a typical heavy oil reservoir of
Lloydminster in Alberta, Canada. The CMG’s stspe001.dat case study is a 2-D-
radial model used for simulating the CSS process. The reservoir radial geometry
was converted to a 3-D Cartesian model in order to simulate the horizontal and
vertical wells. The well operating conditions and well completion were also
modified substantially to develop additional cases for VWSAGD process.

The grid system and dimensions for simulating the VWSAGD process is
shown in Figure 2. The 3-D Cartesian grid models represent a homogeneous
reservoir with dimensions 49 x 49 x 20 with local grid refinement around the

wellbore.
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Figure 2. 3-D cartesian model grid system for simulating VWSAGD process.

2.2. Reservoir Properties

The relevant reservoir property data are taken from CMG’s stspe001.dat case
study. A summary of the reservoir model properties for all Runs are shown in
Table 1.

2.3. Relative Permeability

The reservoir model used is a water-wet sandstone media. The relative permea-
bility data which were used in this study are based on the CMG stspe011.dat case
study. The relative permeability is generated using correlations proposed by
Honarpour et al (1986) [8]. The two phase water oil relative permeability as a
function of water saturation and the two phase gas oil relative permeability as a
function of oil saturation are shown in Figure 3 and Figure 4 respectively. The

three phase relative permeability was generated using Stone’s model.

2.4. Heavy 0il Viscosity Model

The oil viscosity used for this study is generated by the experimental method.
The dependence of oil viscosity on temperature is shown in Figure 5.

2.5. Base Model

The 3D-Cartesian grid base model for VWSAG process has dimensions 49 x 49
x 20. The total number of grid blocks is 49020. The VWSGAD base models are
shown in Figure 2. The reservoir base model is homogenous with a single po-
rosity of 30%, horizontal permeability (ky = k, = k) of 1500 md, and vertical
permeability of 500 md. The connate water saturation is 45%, and initial oil sa-
turation is 55%. Initial oil in place is 2,897,500 ft* (516,028 bbl). Initial reservoir
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Figure 3. Two phase water oil relative permeability.
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Figure 4. Two phase gas oil relative permeability.
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Figure 5. Dependence of dead oil viscosity on temperature.

Table 1. Reservoir physical properties.

Reservoir area, (Acre) 5-30 Initial oil saturation, (%) 55
Reservoir thickness, (ft) 20 - 200 Reservoir porosity, (%) 30
Initial water saturation, (%) 40 Oil viscosity at SC, (cp) 5780
Initial reservoir pressure, (psia) 17 Oil molecular weight 600
Initial reservoir temperature, (°F) 120 Oil mass density (Ib/cf) 60.678
Vertical permeability, (md) 100 - 1500 Standard pressure, (psia) 14.7
Horizontal permeability, (md) 1000 Standard temperature, (°F) 60
Formation compressibility, (1/psia) 5x10™*
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pressure of 75 psia, and a temperature of 125°F. The dead oil density and viscos-
ity are approximately 60.678 1b/cf and 5780 cp respectively. The base model op-

erating conditions and other relevant parameters are listed in Table 2.

2.6. Well Data

For the VWSAGD process, the single vertical well is located at the center of the
reservoir (25, 25, and 1) and goes through the entire reservoir thickness. The
short injection string (SIS) is assigned at top quarter of the perforation and the
long production string (LPS) is assigned at bottom quarter of the perforation.

A five year simulation time was chosen for all of the runs. The simulation
starts at 2015-01-01 and finishes at 2021-1-1. Before the start of the simulation
period for the base models, a period of 20 days was selected as the duration of
the startup period flowed by 10 days as the soak period. The reservoir tempera-
ture distributions at the end of simulation time for both processes are shown in

Figure 6.

3. Results and Discussion

3.1. Optimization of the Grid Density

For this study, we selected five grid sizes, and the simulation results are pre-
sented in Table 3. Based on the results, it is clear that the optimum grid size is
49 x 49 x 20.

Table 2. Base model properties description.

Reservoir area, (Acre) 5

Reservoir Thickness, (ft) 80

Vertical permeability, (md) 500
Horizontal permeability, (md) 1000

Initial reservoir pressure, (psia) 75

Steam quality 0.7
Steam injection rate, (cwe), (bbl/day) 1000
Maximum steam injection pressure (psia) 1000

Minimum bottom hole producing pressure, (psia) 17

Table 3. Optimization of grid block density.

Model Dimensions Cumulative Recovery at 1PV of Steam Injection, bbl
19 x 19 x 20 47,758
29 x 29 x 20 49,152
39 x39x20 51,865
49 x 49 x 20 52,255
59 x 59 x 20 52,261
69 X 69 x 20 52,265
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Figure 6. VWSAGD temperature distribution.

3.2. Optimization of Reservoir Perforation

For the base run in this study, the reservoir thickness was selected to be 80 ft,
and the question posed was what are the optimum perforation zone for the short
injection string, and the long production string. In order for us to optimize the
perforation of the 2 strings, 23 simulation runs were conducted to calculate the
optimum intervals which will give us the lowest steam oil ratio, lowest water oil
ratio and maximum cumulative oil recovery. Table 4 summarizes five of those
runs. It has been found that perforating the top quarter of the reservoir for the
short injection string, and the bottom quarter of the reservoir for the long pro-

duction string were the optimum perforations for this study.

4. Sensitivity Studies

1. Effect of Vertical Permeability

The effect of the vertical permeability for vertical well SAGD process is pre-
sented in Figures 7-10. Figure 7 shows the effect of the permeability on the
cumulative oil production. It is clear that as the vertical permeability increases,
the cumulative oil production decreases. The results show that the oil recovery is
driven by gravitational forces, as well as viscous forces. As the vertical permea-
bility increases and the reservoir oil is being heated enough so that the viscosity
is decreased, the gravitational forces become more dominant. As a result of the
increase in vertical communication, steam and condensed hot water will flow
more freely towards the production string. This results in low oil recovery. Fig-
ure 9 and Figure 10 shows that as the vertical permeability increases, the steam
oil ratio and water oil ratio will increase which support the conclusion stated
above.

2. Effect of Reservoir Thickness
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VWSAGD: Effect of Vertical Permeability
on Cumulative Oil Recovery
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Figure 7. Effect of vertical permeability on cumulative oil recovery.

VWSAGD: Effect of Vertical Permeability
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Figure 8. Effect of vertical permeability on oil production rate.
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Figure 9. Effect of vertical permeability on steam oil ratio.

Table 4. Optimization of penetration interval.

Top Injection Interval/Bottom Production Interval, ft Steam Oil Ratio ~ Water Oil Ratio
10/10 10.22 10.63
20/20 6.25 5.95
30/30 17.45 18.86
40/40 66.35 68.69
50/50 413.48 319.14
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VWSAGD: Effect of Vertical Permeability
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Figure 10. Effect of vertical permeability on water oil ratio.

Figure 11 shows the effect of increasing the reservoir thickness on the cumu-
lative oil recovery. It is clear that as the reservoir thickness increases, the cumu-
lative oil recovery increases as well. Figure 12 and Figure 13 shows that the oil
production increases as reservoir thickness increases. This increase in oil recov-
ery is supported by the increase in the initial oil in place due to the increase in
reservoir thickness, as well as due to a decrease in the steam oil ratio and water
oil ratio As the reservoir thickness increases, it requires more steam injection
into the reservoir, and the amount of liquid produced will increase as well.

3. Effect of Reservoir Area

As the reservoir area increases, the initial oil in place will increase as well. The
amount of steam injected is constant for all area sizes. This means that the same
amount of steam is injected for a reservoir with an area of 5 acres, and a reser-
voir with an area of 30 acres. In Figure 14, the cumulative oil recovery decreases
as the area increases. This reduction is due to the limited amount of steam in-
jected in all areas. Figure 15 supports the previous results, and shows that the oil
rate decreases as the reservoir area increases. Figure 16 and Figure 17 show that
the steam oil ratio and the water oil ratio increase as the reservoir area increases.
This finding supports the previous fact that a decrease in the oil recovery rate
results in an increase in the steam and water produced.

4. Effect of Heating/Soaking period

The effect of the Heating/Soaking period on the oil recovery is shown in Fig-
ures 18-21. Figure 18 shows the effect of the soaking period on the cumulative
oil recovery. It is clear from Figure 18 that as the soaking period increases, it has
no effect on the cumulative oil recovery. This is because when steam is injected
in the start-up period in order to heat the formation, the entire area surrounding
the production and injection string are heated evenly, and the communication
between the production and injection string were instantaneous. This pheno-
mena opposes the conventional SAGD process, which requires a heating period
of up to two months in order to establish communication between the two hori-
zontal wells (injector and producer). Figures 19-21 show the effect of the heat-
ing period on oil rate, steam oil ratio and water oil ratio. It is clear that the heat-
ing period has minimal effect on the cumulative oil recovery, steam oil ratio and

water oil ratio.
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Cumulative Qil, bbl

Figure 11. Effect of reservoir thickness on cumulative oil recovery.
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Figure 12. Effect of reservoir thickness on oil production.
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Figure 13. Effect of formation thickness on steam oil ratio.
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Figure 14. Effect of reservoir area size on cumulative oil recovery.
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VWSAGD: Effect of Reservoir Area Size on
Oil Production Rate

160
140
120
100
80
60
40
20

=== A =20 Acre

= = = A=30Acre

Oil Rate, bbl/day

0 1000 2000 3000
Injection Time, days

Figure 15. Effect of reservoir area size on oil production rate.
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Figure 16. Effect of reservoir area size on steam oil ratio.
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Figure 17. Effect of reservoir area size on water oil ratio.
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Figure 18. Effect of heating/soaking period on cumulative oil recovery.
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VWSAGD: Effect of Heating/Soaking

Period on QOil Production Rate
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Figure 19. Effect of heating/soaking period on oil production rate.
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Figure 20. Effect of heating/soaking period on steam oil ratio.
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Figure 21. Effect of heating/soaking period on water oil.

5. Conclusions

Based on this research study, we can conclude the following:

1) A new process (VWSAGD) for steam assisted gravity drainage utilizing ver-
tical wells has been presented. The process was optimized and tested. This
new process has shown very promising results.

2) As the reservoir thickness increases, the new process is more suitable and
gives better results.

3) As the reservoir vertical permeability decreases, the vertical well SAGD is

more shown better oil recovery.
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