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1. INTRODUCTION

Critical oil rate may be too low to be economically viable in many heavy oil reser-
voirs with bottom water, so their wells must produce oil with water. However, the unfa-
vorable mobility ratio between heavy oil and water usually causes early water break-
through and very high water cut, which leads to low oil recovery and massive produced
water in the field [1-4]. Ju et al. (2005) [5] reported that the H.K. heavy oil field in China
only recovered 1% original oil in place (OOIP) when the water cut was 90% [5]. Canada
has a large quantity of heavy oil reserves in Alberta and Saskatchewan, where many res-
ervoirs are underlain by large aquifers. Similar to the H.K. oil field, primary oil recovery
from those reservoirs is very low — from 1 to 5% when water cut approaches to 100% [6-8].
The same problem also troubles many offshore heavy oil fields located in the U.K. conti-
nental shelf, offshore Brazil, and Bohai Bay in China etc. [9-12]. Since the gravity differ-
ence is small between the heavy oil and produced water, it is difficult to separate them in
the limited volume of offshore facilities. As a result, both solids and water droplets to
remain in suspension, leading to heavy oil emulsions with water [13]. Horizontal wells
have been used to produce oil from these offshore heavy oil reservoirs, and many field
cases have demonstrated the advantages of the horizontal wells compared to the vertical
wells [14-18]. However, horizontal wells also face technical, environmental, and eco-
nomic challenges in oil-water treatment and water disposal caused by water cresting
problem [19-24].

Many different methods have been developed to control the water coning/cresting
problems in heavy oil reservoirs, however, few of them can solve the problem satisfactorily.

* Louisiana State University
** University of North Dakota

343



Operators tried to complete the wells as close to the top of the reservoir as possible to
delay water breakthrough, but in many cases, water still breakthrough to the wells quick-
ly due to the high mobility ratio between oil and water [10]. Downhole oil water separa-
tion can separate the water from the oil using hydrocyclones, lift oil to the surface, and
the excess water into a disposal zone. However, this technology requires a complex
downhole system in the well and a suitable water disposal formation under the reservoir,
which limit its application in field operations [25-30].

Many successful field cases indicated that heavy oil could be produced effectively
from reservoirs with bottom water by pumping water from the aquifer to reduce aquifer
pressure and reduce strength of water drive [31-33]. Similar mechanism is employed in
the DWS technology for local control of water coning [34]. Generally, a DWS well has
two completions: the top completion is installed in the oil pay zone to produce oil, and
the bottom completion is placed in the aquifer to keep the oil water contact (OWC)
beneath the top completion [35-40]. To date, various versions of DWS technique have
been developed by the Downhole Water Sink Technology Initiative (DWSTI) research
program at the Louisiana State University (LSU) — including Downhole Water Loop
(DWL), and Bilateral Water Sink (BWS) etc. to make the DWS technology applicable to
different types of reservoir-aquifer systems [41-48].

The objectives of this study is to investigate the feasibility of DWS for water coning
control and oil productivity improvement in a heavy oil reservoir with bottom water using
a field case data and reservoir simulation with the following objectives:

1. Efficiency of a simplified packer-less DWS well with fluid communication between
two well completions through gravel pack.

2. The effect and physical mechanism of temporary water sink completion shut-down.

3. Possible revival of “watered out well” — remediation of well productivity loss due
severe water coning.

4. Effect of the bottom aquifer strength (water drive) on DWS performance contribu-
tion of the bottom water drive (aquifer strength) to the restored productivity.

2. FIELD CASE BACKGROUND

The TB oil reservoir reported by Wojtanowicz and Qin (2010) [2] is a heavy oil reser-
voir with unconsolidated sands, where the T-sands of Paleocene age and of fluvial-estua-
rine to coastal marine of origin at average depths of 900 to 1200 ft. The T-sands consist of
vertically stacked sand bodies occasionally interbedded with clay and lignite. The sand
body pinches out to the South and forms a stratigraphic trap, while to the North it dips
about 1°. The thickness of the oil-bearing sands varies from 0 ft up to 45 ft and the sand
distribution is very irregular. The sands consist of mostly quartz (95%) and feldspar (5%).
The sands are strongly heterogeneous and unconsolidated: very fine to coarse grained
and poorly to well-sorted through the reservoir. The T-sand reservoirs comprise lower
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reservoir unit, the T-I sand, middle T-2 sand and an upper T-3 sand. The T-1 sand is
characterized by moderately to well-sorted, medium to coarse grain sands, and this sand
is the main pay zone (10-24 ft) addressed in this study. Due to an aquifer below the T-1
sand, water coning was identified as a severe problem in this reservoir. It was reported
that water cut increased quickly to 90% after water breakthrough to the producers.

Therefore, oil production with conventional single-completed wells in the TB reser-
voir is very inefficient. Since 2008, several studies have been conducted and a pilot well
was drilled to test the applicability of DWS technology for improved production and re-
covery performance of wells located in the reservoir section with bottom water. Initial
testing of the pilot well determined that DWS was technically feasible.

3. PACKER-LESS DWS WELL

A DWS pilot well was drilled in the T-1 sand in 2011. Initially, the well was dual-
completed without isolation between the top and bottom completions as shown in Fig-
ure 1. Oil was produced from the top completion above OWC using an individual
production tubing. Water was drained via another production tubing from the bottom
completion below the OWC.

Water

4’ Tubing
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Top T-1 sand

OIL

OWC @ 1324’

WATER .

Cretaceous @ 1332
7' Bridge plug P

Fig. 1. Schematics of DWS well with packer-less dual completion
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Performance of water cut in the top completion and oil cut in bottom completion is
shown in Figure 2, which clearly indicates that draining water in the bottom completion
cannot continuously the water production in the top completion: the water cut at top
completion increased to 80% over the 5-month test period. As there was no isolation
between the top and bottom completions, fluid communication became unavoidable,
and also certain quantity of oil broke into the bottom completion due to the pressure
drawdown created by water drainage. The green line (2) in Figure 2 clearly shows that oil
cut was quite stable (3%) during the 5-month test. Although the test results demonstrat-
ed the functionality of DWS for water coning control, the problem of fluid communica-
tion between the two completions should have been solved.
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Fig. 2. Water and oil cuts in top and bottom completions of the DWS

4. PERFORMANCE OF DWS WELL WITH PACKER

Due to the high oil cut in the bottom completion, the DWS well was re-complet-
ed in with an isolation packer between the completions (see Fig. 3). Well perfor-
mance, prior to recompletion and after the recompletion is shown in Figures 4-8.
The recompleted well performance covers the time period from 44.3 to 57.5 months.
After installing the packer, oil production stabilized at about 18 bopd for almost
a year (Fig. 6) while water rate and water cut actually reduced from 10 to 5 bwpd
and 30% to 20%, respectively (Figs. 7 and 8, respectively). Unfortunately, after
over a year of stable production (month 57.5), the DWS well bottom (sink) water
drainage from the sink completion was stopped (for downhole pump maintenance) while
the top completion kept on producing, which lead to almost immediate water
cut increase to 100% so the well “watered out” and was, consequently, shut down.
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Fig. 3. Schematic of re-completed DWS in the T-1 sand
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Fig. 4. DWS well top completion liquid oil rate before and after re-completion
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Fig. 5. DWS well sink completion liquid rate before and after re-completion
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Fig. 6. DWS well top completion oil rate before and after re-completion
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The performance of the recompleted well clearly shows that even severe water coning
can be effectively controlled using dual-completed DWS well with isolating packer. It also
demonstrates detrimental effect of sole temporary cessation of water drainage from
the sink completion with continuing production from the top completion.

5. NUMERICAL ANALYSIS OF DWS WELL PERFORMANCE FAILURE

Numerical simulation was used to gain physical insight of the DWS well productivity
failure. The available DWS well’s production record was history-matched using reservoir
simulator.

Since it is an un-consolidated heavy oil reservoir with considerable bottom water
drive, high oil/water mobility ratio results in a buildup of water cone close to the well.
In such case, radial grid model is a better option to capture the local coning profile.
In this study, we built a simplified model with radial grids to conduct history match and
reduce the uncertainty in parameter evaluation. The model, Figure 9, was constructed
with 308 logarithmic radial grids (11*1%28) — the smallest grid, 0.54 ft is next to the well,
and the grid size at the aquifer’s outer boundary is 20,000 ft. The large grid size is used
for aquifer only and it is disabled in the oil zone. The grid sizes in vertical direction
vary from 1 ft to 60 ft. The horizontal permeability for the oil zone and the first 7 ft of
the aquifer (including the possible transition zone) is set as 10,000 md, and the vertical
permeability is 7,000 md. The remaining 93 feet of the aquifer has horizontal and vertical
permeabilities of 100 md each. Since there is no detailed data on aquifer properties, we
estimate its permeability based on the well logs and available core data. The total thick-
ness of the aquifer is set at 100 ft in the model.

In DWS wells, reverse coning (i.e. oil cones to the aquifer) is usually possible when
the water drainage rate is high enough to suppress the pressure drawdown in the oil
zone. Therefore, two sets of relative permeability with capillary pressure curves are used,
one for the oil zone and another for the aquifer. In fact, curves in aquifer may be impact-
ed more by oil invasion since residual oil saturation is induced in the aquifer sand satu-
rated with only water originally. The gravel pack is simulated with high permeability
within the innermost cylindrical grid with both the horizontal and vertical permeability
values equal to 120 Darcy. Oil viscosity is set as 300 cp at 344 psi and 1395 at 50 psi based
on the PVT report and production rate/pressure relationship.

The history match was performed for all periods of different DWS well opera-
tion shown in Figures 4 —8. The first period covers production with the packer-less com-
pletion for 5.4 months and the well’s idling until 44.3 months. The second production
period of the re-completed well (with a packer) took place from 44.3 months through
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57.5 months followed with a one-month well shutdown that was also considered
in the history match. Since the available production rate record was quite scattered
and there was no record of bottom pressure, we only matched well production history.
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Fig. 9. Radial- grid model of DWS well

The well’s re-completion (at 44.3 months) involved another gravel packing opera-
tion and installation of an isolation packer between the top and bottom completions.
Therefore, history matching involved adjustment of gravel pack size and permeability
and addition of impermeable grids between the two completion intervals. Moreover,
a considerable adjustment of the relative permeability and capillary pressure curves,
shown in Figures 10 and 11, had to be made to match the production history after
the well’s re-completion — particularly within the aquifer zone.
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Fig. 10. Relative permeability plots in the oil (a) and water (b) zones
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Fig. 11. Capillary pressure plots in the oil (a) and water (b) zones

Since the T-1 sand is unconsolidated, the flow properties — permeability, relative
permeability and capillary pressure, may change during production due to the change of
fluid saturation and pressure. This change would also occur in consolidated reservoirs,
but is more severe in un consolidated reservoirs. High water drainage rate at the bottom
completion and the resulting pressure drawdown may cause sand grains re-sorting,
re-distribution of pore size, and permeability change of the sand in the near-wellbore
region, where the relative permeability and capillary pressure curves may be altered.
Another possible reason may be the impact of production in the nearby wells, which
could also change the pressure and saturation profile around the well.

The DWS well simulation model is used to demonstrate physical mechanism
of rapid water cut increase and watering out the DWS well after bottom completion shut-in
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at 57.5 months. As depicted in Figure 12, there is a very prompt and severe water inva-
sion into the oil pay zone around the well. It follows that a conventional single — complet-
ed well in this reservoir would not produce any oil but water. Thus the DWS dual com-
pletion becomes essential for oil recovery in this reservoir. Moreover, potential
restoration the well’s oil productivity might require a resting time period after the shut-in
of the oil leg — so no more water is produced. During the resting time period, gravity forces
could reduce the water saturation around the top completion due to the re-balanced dis-

tribution of oil and water in the water coning area.

Water Saturation

Fig. 12. Water invasion at DWS well after shutdown of sink completion (57.5 month)

6. PREDICTION OF DWS WELL PERFORMANCE

After a reasonable history match is achieved, a set of predictive cases is designed
to assess long-term productivity performance of the DWS well in this reservoir by
considering different strength of the bottom aquifer. One of geological uncertainties
about the T-sand is the bottom aquifer size (strength) that closely relates to the reservoir
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pressure and well production performance. Two aquifer sizes: 20,000 ft and 200,000 ft,
are used to represent weak and strong aquifers in the model. For each aquifer case,
three scenarios for the future operation of the DWS well, starting at 57.5 months,
are considered:

(a) After watering out at 57.5 months, the well is rested for one month (no production)
and, then, it is converted to a conventional well with the top completion producing
at 20 bpd liquid rate for 25 years.

(b) After watering out at 57.5 months, the well is not rested but returned to DWS opera-
tion with both completions opened and operated at 20 and 2500 bpd liquid rates in
the top and bottom completions, respectively, for 25 years.

(c) The bottom (sink) completion is not shut down at 57.5 months so the DWS well
continues production from 57.5 month onwards with both completions open
and operated at 20 and 2500 bpd liquid rates in the top and bottom completions,
respectively, for 25 years.

Oil production forecasts for the weak (Fig. 13) and strong (Fig. 14) cases clearly
demonstrate inability to produce this reservoir with conventional wells that practically
become water wells. The DWS well does restore oil production but would produce about
10 percent less oil due to accidental shutdown of the sink completion (case b) comparing
to operation without the accident (case c). Moreover, when aquifer is small and water
drive is weak oil production rate cannot be maintained over the project life, as shown
in Figure 13, since the average reservoir pressure drops steadily due to the high water
drainage rate and aquifer depletion. Also, when reservoir pressure drops below the
bubble point, oil viscosity increases quickly, so less oil could be produced with the same
pressure drawdown. In contrast, pressure support from the aquifer would be enough to
maintain the oil production rate when the aquifer is large (strong) as shown in Figure 14,
therefore higher oil recovery factor could be possible as shown in Figure 15. The reason
why constant oil rate value is maintained with large aquifer case is that water drainage
from the bottom (sink) completion generates enough pressure drawdown to control
water coning around the top completion as shown in Figure 16. Comparison of the water
saturation maps in Figure 16 and Figure 14 clearly demonstrates effective removal
of water saturation beneath the well pumping water at the sink completion. Water
saturation in the coning area could be somewhat reduced due gravity by shutting down
the oil leg and letting the well rest for some time with no production. However, the effect
is much smaller than draining water in the water leg. In all, restoration of oil producti-
vity in the watered-out well can only be achieved if water coning is reversed hydro-
-dynamically by the bottom water drainage that effectively removes water saturation
from around the well.
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Fig. 13. A 25-year oil production forecast with weak bottom aquifer
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Fig. 16. Water saturation maps after 25 years for case (b)
with weak and strong aquifer

CONCLUSIONS

The simulation study demonstrates the modeling and simulation process to mimic

the water coning problem and its control by DWS well in the TB heavy oil reservoir.

DWS could help to produce more oil in the top completion by draining water in

the bottom completion. However, the effects of water coning control and oil production

improvement strongly relate to the reservoir properties and aquifer size due to the large

oil/water mobility contrast in this heavy oil reservoir. Based on history match and produc-

tion forecast in different time frames, the findings are summarized as follows:

1.
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A radial-grid-based simulation model has been developed for the DWS wells in
the T-1 sand using the reservoir and production data. The model is able to match
the production history with a reasonable accuracy.

The results show that DWS operation would make the well productive comparing
to conventional (single completed) well that would produce only water.

. DWS could control water coning using sufficient water drainage rate in the bottom

completion, the oil production rate at the top completion is sensitive to the bot-
tom rate.

Severe water coning promptly develops around the DWS well when only water sink
completion is shut-in- resulting in total loss of well’s productivity.

. 25-year forecasts have been conducted for a few DWS operational scenarios

and different aquifer sizes. Results show that DWS performs better when aquifer is
strong and there is no interruption during the operation.



6.

DWS recovers more oil in reservoir with strong bottom water drive. This study
shows 19-22% recovery and 16.5-18.5% recovery with strong and weak aquifer.
It also shows recovery about 10% recovery reduction for a DWS well that has been
accidently mismanaged by temporary cessation of water sink drainage and continu-
ing production from the well’s top completion.
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