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Executive Summary

Downhole oil/water separator (DOWS) technology is available to separate oil from
produced water at the bottom of an oil well. Produced water can be injected directly to
a disposal formation rather than lifting it to the surface, treating it there, and reinjecting
it. Because of a lack of detailed performance data on DOWS systems, the U.S.
Department of Energy (DOE) provided funding to secure DOWS performance data. A
large U.S. oil and gas operator offered to share its data with Argonne National
Laboratory. This report summarizes data from that DOWS installation in eastern Texas.

A REDA AQWANOT hydrocyclone-type DOWS was installed in the candidate well on
October 28,1998. Prior to installation of the DOWS, the well was producing 43 barrels
per day (bpd) of oil and 3,384 bpd of water to the surface. The initial performance of
the DOWS was encouraging. From October 29 to November 15, the well produced
43.1 bpd of oil and only 448 bpd of water to the surface. This represents an 87%
reduction in water to be handled at the surface, while maintaining the same volume of
oil. Atthe end of this period, the injection pressure had increased to undesirable levels
and the well was shut in and acidized.

Following acidization, the well was returned to service, but it produced limited quantities
of oil and water to the surface during the period of November 18, 1998 to February 17,
1999, at which time the DOWS unit was removed from the well. It is interesting to note
that although surface production was low, the oil cut was quite high (70%) during this
period

Upon inspection of the DOWS, it was apparent that the tubing below the DOWS unit
was badly corroded, presumably by the November acid treatment. The holes in the
tubing allowed fluids to return to the producing formation rather than being injected to
the disposal formation. Although the DOWS processed a large volume of fluids, little of
it was successfully injected or produced to the surface.

The DOWS was reinstalled on March 11, 1999 with new tubing. From that date until
December 10, 1999, the DOWS performed adequately. Oil production was erratic,
varying from 3 bpd to more that 20 bpd, but was still well below the pre-DOWS
production levels. Water production to the surface was much lower than it had been in
the pre-DOWS trial — about 250-350 bpd. During September 1999, the operator
conducted a dye tracer study to look for recycling of injected water to the producing
zone. The tracer study found that about 50% of the injected water was being recycled
rather than disposed. The DOWS trial was discontinued on December 11 and the
DOWS was removed from the well the following February.

The trial was not an economic success, but the operator was able to gain valuable
experience from the trial nonetheless. The Promore instrumentation package allowed
the operators to get a clearer idea of what was happening downhole. Problems with
injectivity, acidization, and recycling should lead to better designs, installations, and
operating practices on future DOWS.



Chapter 1 - Introduction

The U.S. Department of Energy’s (DOE’s) National Petroleum Technology Office (NPTO) is
interested in promoting new technologies that can produce oil and gas at a lower cost or with
enhanced environmental protection at a reasonable cost. Several years ago, DOE became
aware of a new technology for produced water management known as a downhole oil/water
separator (or DOWS). A DOWS system separates oil from water at the bottom of a production
well and injects the water directly to a disposal zone without lifting it to the surface. DOWS
technology offered three potential advantages over traditional pumping systems. First, DOWS
were reported to reduce the volume of produced water brought to the surface. Second, the
volume of oil produced often increased. Third, because large volumes of produced water were
not being lifted to the surface past drinking water zones and subsequently reinjected downward
past the same drinking water zones, there was less opportunity for contamination of those
zones.

DOE provided funding to Argonne National Laboratory (Argonne) to conduct an independent
investigation of the technical feasibility, legality, and economic viability of the DOWS
technology. Argonne, in conjunction with CH2M-Hill and the Nebraska Oil and Gas
Conservation Commission, issued a final report on that investigation in January 1999 (Veil et al.
1999). Although the report provides considerable general information about DOWS, most
operators were not willing to share the detailed day-by-day operating data on their systems. To
obtain more data to share with other interested operators and to better understand how DOWS
work, DOE made additional funding available to Argonne to collect detailed operating data from
up to six field trials of new DOWS installations.

A large U.S. oil and gas operator installed a DOWS system in a well in eastern Texas in 1998
and ran it for about 16 months. The operator did not initially participate in the Argonne/DOE
DOWS field trial program but later offered data on the well to Argonne in exchange for having
the data analyzed. This summary report examines the DOWS installation and operation and
associated well data.

Most of the data analysis provided in this report was performed by Bruce Langhus of Arthur
Langhus Layne-LLC. Dr. Langhus was formerly employed by CH2M-Hill when the DOWS
feasibility study (Veil et al. 1999) was prepared and was one of the principal investigators for
that study.






Chapter 2 - Description of DOWS
How a DOWS Works

The DOWS technology reduces the quantity of produced water that is handled at the surface by
separating it from the oil downhole and simultaneously injecting it underground. The two
primary components of a DOWS system are an oil/water separation system and at least one
pump to lift oil to the surface and inject the water underground. Two basic types of DOWS have
been developed — one type using hydrocyclones to mechanically separate oil and water and
one relying on gravity separation that takes place in the well bore.

Hydrocyclones use centrifugal force to separate fluids of different specific gravity without any
moving parts. A mixture of oil and water enters the hydrocyclone at a high velocity from the side
of a conical chamber. The subsequent swirling action causes the heavier water to move to the
outside of the chamber and exit through one end, while the lighter oil remains in the interior of
the chamber and exits through a second opening. The water fraction is then injected, and the
oil fraction is pumped to the surface. Hydrocyclone-type DOWS have been designed with
electric submersible pumps, progressing cavity pumps, and rod pumps. Most of the
development work on this type of DOWS was done through several joint industry projects by a
Canadian organization, CFER-Technologies.

Gravity separator-type DOWS are designed to allow the oil droplets that enter a well bore
through the perforations to rise and form a discrete oil layer in the well. A gravity separator tool
has two intakes, one in the oil layer and the other in the water layer. The gravity separator-type
DOWS use rod pumps. As the sucker rods move up and down, the oil is lifted to the surface
and the water is injected. The most common gravity separator-type DOWS is the dual-action
pumping system (DAPS) developed by Texaco.

Advantages of a DOWS System

The costs of lifting, treating, and disposing of produced water are important components of
operating expenses. DOWS can save operators money by reducing produced water
management costs. In all of the 29 DOWS installations examined by Veil et al. (1999) for which
both pre- and post-installation data were available, DOWS reduced the volume of water brought
to the surface. The percent reduction of produced water ranged from 14 to 97%, with most
installations exceeding 75% reduction.

In over half of the North American wells in which DOWS have been installed, the oil production
rates increased following the installation. The percent increase ranged from 11% to over
1,100%, although a few wells lost oil production (Veil et al. 1999). In some cases where surface
processing or disposal capacity for produced water is a limiting factor for further production
within a field, the use of DOWS to dispose of some of the produced water may allow additional
production in that field.

DOWS provide a positive but unquantifiable environmental benefit by minimizing the
opportunity for contamination of underground sources of drinking water through leaks in tubing
and casing during the injection process. Likewise, DOWS minimize spillage of produced water
onto the soil at the surface because less produced water is handled at the surface.



Economic Considerations

Nearly all of the DOWS installations to date have been made as retrofits to existing wells with
standard pumps. Conversion of a well from a regular pump to a DOWS is a relatively expensive
undertaking. Total costs include the cost of the DOWS tool itself and well workover expenses.
Veil et al. (1999) provide some information on costs, but many of the operators polled by the
authors did not provide detailed cost information.

Costs for the hydrocyclone-type DOWS are high. For example, the cost of an electric
submersible pump-type DOWS system is approximately double to triple the cost of replacing a
conventional electrical submersible pump and is often in the range of $90,000-$250,000. In
addition, the associated well workover costs can often exceed $100,000. Costs are somewhat
lower for the gravity separator-type DOWS, ranging from $15,000-$25,000. The cost of one
complete gravity separator-type DOWS installation was $140,000 Canadian (Veil et al.1999).

Summary Statistics on North American Installations of DOWS

As of 1999, fewer than 50 DOWS had been installed worldwide. Veil et al. (1999) provide
information on the geology and performance of 37 of those installations. Some of the key
findings are summarized below:

¢ More than half of the installations have been hydrocyclone-type DOWS (21 compared with
16 gravity separator-type DOWS).

¢ Twenty-seven installations have been in Canada and 10 have been in the United States.

o Of the 37 DOWS trials described, 27 have been in four producing areas — southeast
Saskatchewan, east-central Alberta, the central Alberta reef trends, and East Texas.

e Seventeen installations were in 5.5-inch casing, 14 were in 7-inch casing, 1 was in 8.625-
inch casing, and 5 were unspecified.

o Twenty of the DOWS installations have been in wells located in carbonate formations and
16 have been in wells located in sandstone formations. One trial did not specify the
lithology. DOWS appeared to work better in carbonate formations, showing an average
increase in oil production of 47% (compared with an average of 17% for sandstone
formations) and an average decrease in water brought to the surface of 88% (compared
with 78% for sandstone formations).

¢ The rate of oil production increased in 19 of the trials, decreased in 12, stayed the same in
2, and was unspecified in 4. The top three performing hydrocyclone-type wells showed oil
production increases ranging from 457% to 1,162%, while one well lost all oil production.
Production in the top performing well improved from 13 to 164 barrels per day (bbl/d). The
top three gravity separator-type wells showed oil production increases ranging from 106% to
233%, while one well lost all oil production. In terms of percent of increase, the top
performing well in this group improved from 3 to 10 bbl/d.

e All 29 trials for which both pre-installation and post-installation water production data were
provided showed a decrease in water brought to the surface. The decrease ranged from
14% to 97%, with 22 of 29 trials exceeding 75% reduction.



What Problems Have Been Experienced

Although most of the DOWS installed to date have worked well, some of the installations have
experienced problems. The problems can be broken down into several major categories, as
summarized below:

e Some installations were poorly chosen or designed. Some operators didn’t want to risk
damaging good performing wells with a new device, so they selected less than optimal
candidate wells. Particularly in the earliest installations, many of the system design flaws
had not been worked out. Subsequent models avoided some of these flaws.

e Some installations did not allow a suitable difference in depth between the producing and
the injection interval. If isolation between the intervals is not sufficient, the injectate can
migrate back into the producing zone and then short-circuit into the producing perforations.
The result will be recycling of the produced water, with oil production rates dropping to
nearly zero.

* Two installations suffered from low injectivity of the receiving zone; in both cases,
incompatible fluids contacted sensitive reservoir sands, which plugged part of the
permeability.

s Several installations suffered from corrosion or scaling. This problem may be a resuilt of

incompatible chemistry between the producing and injection formations.

» Several other installations had problems with excessive sand collection that either clogged
or eroded the DOWS.






Chapter 3 - Description of the Well and DOWS Installation

A DOWS system was installed in a well in a large oil field in eastern Texas that has produced
over 485 million barrels (bbl) of oil since its discovery in 1929. Most of the production has been
from the Woodbine Formation, although minor production occurs in both deeper and shallower
formations. The petroleum occurs in the Cretaceous Woodbine sands, which extend across a
broad, faulted anticline that seals and traps the crude oil. The Cretaceous-age reservoir is a
clean, very porous, and permeable sand that averages 29% porosity and 1,000 millidarcies
(md) permeability (Galloway et al. 1983). Several fluvial and deltaic sands contain oil across the
trap. Initial water saturations were extremely low (9%). Oil gravity was medium — approximately
34°.

The Woodbine consists of the lower Dexter Member and the upper Lewisville Member. The
Dexter sands are more laterally extensive and more productive than the Lewisville. (In the
subject well, only the Dexter “C” and “B” sands were perforated. The lower “C” serves as
injection zone and the “B” as producing zone.)

The DOWS unit was installed in the subject well in 1998. However, it was not the first well to be
equipped with a DOWS. In the past few years, four wells in the adjacent East Texas field have
been recompleted as DOWS wells using gravity separators. The East Texas wells were all low
flowing, averaging 8 barrels of oil and 226 barrels of water per day. Results with the gravity
separator-type DOWS units in the East Texas field have been generally good (averaging 112%
increase in oil and 41% decrease in water production) but not uniform. The field in which the
subject well is located produces from a similar sand but is a structural rather than stratigraphic
trap. The subject well is the first well in the eastern Texas area to use a hydrocyclone-type
DOWS. It is the highest producing well in the area to be converted to DOWS; it produces the
most water and most oil per day.

A REDA AQWANOT™ hydrocyclone-type DOWS unit was installed in the subject well. The unit
was equipped with a REDA model DN4000, 150 hp pump with variable speed drive. No added
production pump was used. The installation included a Ya-inch coiled capillary sample tube and
full downhole instrumentation. The DOWS equipment was engineered to fit inside the 5.5-inch,
15.5-pound casing with 2 7/8-inch tubing. The unit was fitted to a 5.5-inch Seal Bore packer at a
depth of 2815 feet. Production perforations were located at 2,633 to 2,635 ft and 2,756 to 2,762
ft; approximately 8 feet of the reservoir was perforated at eight shots per foot.

A full Promore™ downhole instrument package has been run in the well with excellent results,
except for damage to the capillary tube during a work-over. Pressure sensors read the annulus
pressure, as well as the pressure before the fluids enter and after they exit the hydrocyclone.
This latter value is presumed to equal the injection pressure. The sensors have functioned well
since the first day the bottom-hole assembly was installed (June 19, 1998). In addition, surface
production records are available for oil and water production since start-up. These data can
easily be compared to the data obtained from the downhole instrument package to complement
the interpretation of performance and production. The subject well was thoroughly tested both
before and after installation of the DOWS equipment.






Chapter 4 - Well Performance before DOWS Installation

Information provided by the operator indicated that before the DOWS installation, the producing
zone had a static pressure of 955 psi and a maximum fluid rate of 27,261 barrels per day (bpd).
Production on October 27, 1998, totaled 3,383 bpd of water and 43 bpd of oil. Thus, the oil
production (or oil cut) amounted to 1.27% of the fluids produced. The injection zone
perforations were from 2,822 to 2,834 ft, with a static reservoir pressure of 905 pounds per
square inch (psi) and a pre-DOWS injectivity index of 7.6 bpd/psi. Oil measured 34.5° API
gravity. Reservoir temperature was 144°F. These data were supplied by the operator to REDA
to provide the basis for design of the DOWS unit. However, when the unit was actually installed,
the well conditions were somewhat different, as measured by the downhole instruments:

1. Producing zone was found to have static pressure of 830 psi instead of 955 psi.
2. Injection zone was found to have static pressure of 910 psi instead of 905 psi

3. Injectivity was measured in a step-rate test as being between 3.4 and 4.8 bpd/psi
instead of the 7.6 bpd/psi as reported.






Chapter 5 - Well Performance Following DOWS Installation

Production rates were highly variable in the subject well during the months of operation
following DOWS installation. As indicated by the selected history summarized below, the
operation with the DOWS in place was less than optimal: :

1. April 1, 1998: Pre-installation step-rate injectivity test

2. June 19, 1998: Start-up test of DOWS installation (2 hours duration)

3. June 19, 1998: Fall-off test conducted after shut-down of DOWS
equipment

4. October 29, 1998: Sampled injectate at DOWS system restart; system
operates for 17 days until injection pressure builds to
undesirable levels.

5. November 15, 1998: Well shut-in for acidization of injection zone.

6. November 18, 1998: Well resumes operations, injectivity values appear to be
extremely high and production rates to the surface were
very low.

7. February 17, 1999: DOWS unit was shut-in, tubing found to be corroded.

8. March 9, 1999: DOWS unit was re-run in the hole with new tubing;
operation shows significant oil and water production to the
surface and injectivity values similar to pre-DOWS levels.

9. September 8-12, 1999: Tracer survey documented significant fluid movement
behind production casing.

10. February 2000: DOWS unit is pulled from the well.

Table 1 shows a daily compilation of production and DOWS parameters derived from downhole
instrumentation. Figure 1 is a graphical depiction of the production data. Production and
operating parameters are discussed in detail below for specific periods of operation.

Operations Data: Start-up — October 29 to November 18, 1998

Although a 2-hour test of the DOWS setup was conducted on June 19, 1998, full-scale
operation of the unit did not began until October 29. During the start-up period, the following
downhole data were collected every 5 seconds: borehole pressure, upstream pressure,
injection pressure, and injection rate. In addition, injectivity can be computed for every 5
seconds, and surface production rates were recorded once per day. During this portion of the
field trial, the downhole instruments provided good data.

Summary Interpretation: The available downhole data and surface production data for this
period provide considerable information relative to gross production, oil cut changes, injection
zone plugging, possible injection zone fracturing, and possible recycling of water behind
production casing. Volumes of proprietary data were reviewed to develop the interpretations
discussed here.

Downhole and surface data show deterioration in injectivity as operations continue, indicating

gradual plugging of the injection zone. The data indicate a steady increase in borehole
pressure, indicating possible circulation of injectate behind the casing into the producing zone.
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Good data on sustained decay of injectivity were seen between October 29 and November 5,
as shown in Figure 2. The graph shows five cycles of injection separated by pump shutdown.
Each cycle begins with relatively low injection pressure and high injectivity and ends with high
injection pressures and low injectivity values. As the cycles progress, starting and ending
pressures increase and injectivity values decrease.

Injectivity decreased from approximately 3.0 bpd/psi to less than 0.8 bpd/psi. This injectivity
trend was a recurring phenomenon and was most likely due to partial plugging of the reservoir
near the borehole by fines contained in the injectate. The presence of fines and crude oil in the
injectate was documented by the operator during the April 1998 injectivity test and the June 19
start-up test of the injectate recovered via the capillary tube. Assuming a 175-ppm combined
load of fines and oil in the injectate and a variable injection rate between 4,000 and 1,600 bpd,
the weight of plugging material injected during that time varied from 94 to 235 Ib/day. About
80% of the fines exceeded 10 ym in diameter and were composed primarily of quartz. It is likely
that these silt-sized particles plugged pore-throats near the borehole. Although the injection
reservoir appeared to be plugging off, the rate of decrease flattened at approximately

0.70 bpd/psi, compared with injectivity values that dropped below 0.40 bpd/psi during the

June 19, 1998, short-lived test of the DOWS unit. Whether injectivity would have continued to
decline or would have stabilized at 0.70 bpd/psi is unknown. During the period graphed in
Figure 2, the injectivity curve showed no signs of fracturing, even though injection pressures
were very high.

Fracture pressure was determined to be approximately 1,800 psi (surface pressure) during the
April 1, 1998, step-rate injectivity test. During that test, injection pressure reached 1,871 psi with
a rate of 5,760 bpd. An unknown section of the injection zone (Woodbine “C”) was used for the
step-rate injection test. After installation of the DOWS equipment, surface injection pressures
reached a plateau during the June 19 trial at approximately 2,500 psi with no signs of fracturing.
Later, after the well was worked over and the DOWS equipment reinstalled, injection pressures
increased as shown in Figure 3.

Injection pressures regularly exceeded the estimated fracture pressure of the receiving interval
(Figure 3); however, no sign of fracturing is seen until November 5. This situation is further
evidence of plugging of the injection zone - the significant pressure drop across the sand face
protected the formation and prevented fracturing. Late on November 5, 1998, injection broke
through to the producing zone either through a hole in the injection tubing below the
hydrocyclone or behind the casing to connect the injection zone and the producing zone. The
immediate effect was elevation of the annulus pressures above the static reservoir pressure of
approximately 830 psi. Injectivity did not appear to change after the breakthrough, suggesting
that the path between the injection and production zones was tortuous and restricted, such as a
microannulus in the cement behind the casing. This condition continued until November 15,
when the injection zone was acidized.

When interpreting the data around November 5, one must keep in mind that annulus pressure
is caused by the following factors:

1. Static reservoir pressure communicating through the perforations,
2. Withdrawal rate as controlled by the DOWS pumping from the annulus,
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3. Leakage of injectate from the tubing into the annulus, and
4. Recycling of injectate from the injection zone into the production zone in the vicinity of
the borehole.

The pressure/oil cut plot (Figure 4) also shows daily production figures; these numbers do not
show the clear correlation between low borehole pressure and higher oil cuts that would be
expected. Pre-DOWS production stood at a total oil cut of 1.27% (43 bpd of oil and 3,384 bpd
of water). That oil cut was exceeded throughout the DOWS start-up test, although produced oil
was often less than 43 bpd. The high oil cut level at the beginning of the DOWS trial was very
likely due to draw down of accumulated oil in the borehole. The similarly high initial oil cut
following the restart of the pump early on November 2, 1999, may also have been due to
production of oil that had accumulated in the borehole. The lack of correlation between
borehole pressure and oil cut may be due to intermittent recycling of salt water from the
injection zone into the producing zone. '

Detailed Operational Parameters: An expanded set of operational parameters covering the
period from October 29 to November 18 provides a nearly complete data set. While the DOWS
unit was operating, downhole parameters stabilized so that injection pressures held at
approximately 2,520 psi and injectivity stabilized at approximately 0.54 bpd/psi. However,
beginning on November 5§, mechanical problems caused injection pressure to drop to
hydrostatic levels while the injection rate dropped to zero for varying periods of time. During this
operating period, increased injection pressure was transmitted to the borehole above the
packer, suggesting a degree of connection either across the packer or behind the production
casing.

Injection pressures (Figure 3) fluctuated from well above fracture pressure (stabilizing at 2,556,
2,528, and 2,544 psi) to near the formation pressure of the injection zone (approximately

910 psi). Injection pressure cycling was a function of intermittent pump shutdown due to an
unknown cause. On November 15, the well was shut-in to acidize the injection zone; an acid
treatment of unknown volume was poured into the annulus of the well. Immediately after
acidizing, injection pressure dropped to static except during a brief, moderate-pressure pump
off. From after acidization through the end of the period, injection pressure never exceeded
fracture pressure.

The injection rate data documented gradual plugging of the injection zone; this situation was
further indicated by the cyclic changes in injectivity as operations continued (Figure 5). Injection
rates stabilized at approximately 1,478, 1,446, 1,385, and 1,331 bpd as injection progressed in
cycles. As was pointed out above, the fracturing noted on November § is barely discernable on
the injection rate graph. During pump-off operations on November 18, 5-second rates as high
as 7,652 bpd were measured.

Injectivity was measured prior to the DOWS installation at between 3.4 and 4.8 bpd/psi.
Relatively stabilized injectivity during this period of operations (Figure 5) declined from

0.61 bpd/psi to 0.51 bpd/psi; apparently as a result of continued plugging at the sand face. The
acid slug was placed in the hole at 8:00 a.m. on November 15 and remained there until 9:00
a.m. on November 18, when the DOWS pump was run for approximately one hour at very high
speeds to pump away the acid. The period of erratic high-rate injection on November 18 was
the only example of injectivity displaying evidence of fracturing of the injection formation. During
that short period, injectivity increased to over 8.0 bbl/psi from its stabilized (pre-acidization)
value of less than 0.6 bbl/psi. Throughout the November 18 episode, however, injection
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pressures never exceeded the fracture pressure. In summary, it seems most likely that
fracturing was not occurring during November 18, but rather that the very high injectivity rates
were due to acid corrosion and perforation effects upon the injection zone and upon the tubing
above the packer.

Annulus pressure and injection pressure were closely correlated during most of this period
(Figure 3); initial pressure was drawn down by production, but pressure soon increased as
injection rate decreased. This is the expected behavior of pressure in the borehole — initial static
value followed by low drawdown pressure that gradually increases as borehole fiuid level
stabilizes at a higher and higher value, always below the static level and pressure. The
borehole pressure displayed expected behavior during two cycles of zero injection: (1) pressure
was stabilizing at values in excess of 824 psi in the operational cycle from October 29 to
November 2 (approximately 14-foot fluid-level drop); and (2) pressure stabilized at 827 psi
during the cycle from November 2 to November 6 (approximately 7-ft fluid-level drop). The
productivity index can be calculated by relating withdrawal rates to pressure drops in Table 2.
The average productivity index was 442 bpd/psi.

The data summarized in Table 2 are for the period when the DOWS installation was operating
correctly — injection was not connected with the annulus above the packer. Later, on

November 6, borehole pressure began to exceed static values, reaching a high of about 833 psi
on November 15, when injection pressure had stabilized at approximately 2,540 psi. When the
injection rate went to 0 for an extended period of time, the borehole pressure decreased to
approximately 828 psi, suggesting a close connection between the borehole above the packer
and the injection zone. When injection pressures and rates increased briefly, borehole
pressures spiked at the same time, further supporting the idea of communication between the
injection zone and the annulus.

Oil and water production during the period October 29 to November 15 totaled 6,723 bbl water
and 647 bbl oil brought to the surface during 15 days of DOWS operation and 18 days total
elapsed time. Production statistics shown in Table 3 compare pre-installation and post-
installation conditions. The DOWS production data are presented in two ways — (1) production
to the surface only and (2) total production (oil and water to the surface plus water injection).
Total production is a measure of the ability of the reservoir to give up fluid, while surface
production is a measure of separation efficiency. The increased total oil cut produced with
DOWS may have been caused by the idle time prior to start-up that allowed oil to collect near
the borehole. Increased pumping efficiency with DOWS equipment usually translates to
increased fluid production, but because of decreased injectivity, less total fluid was produced
into the borehole, and that factor reduced oil production. The average decrease in water to the
surface was 87%, very similar to historical field trials elsewhere in the United States and
Canada.

Acidization of Injection Zone: November 16, 1998

Sustained, cyclic plugging of the injection zone between October 29 and November 15 was
obvious in the Promore data. In an effort to alleviate the problem, the well was acidized down
the annulus with the DOWS assembly in place. No records of the acidizing procedure were
maintained, but acid was not flushed for an extended period of time, which caused corrosion
and perforation of the tubing. This damage was not seen until February 17, 1999, when the
DOWS bottom-hole assembly was pulled from the well.
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Operations Data: November 19 and November 20, 1998

Data from operations during the two days following the acidization showed hydrostatic pressure
on the injection zone and stable pressure on the producing zone. The ability of the injection
zone to accept salt water after that period was apparently greatly increased, although no fluids
were lifted to the surface.

Injection pressure (Figure 6) during these two days was significantly less than sustained rates
experienced before. Except for instantaneous excursions, pressures stabilized at approximately
878 psi, which is about 32 psi below the static reservoir pressure measured in falloff tests and
seen in no-flow points during operation of the DOWS unit. The acidization of the injection zone
could explain the drop in reservoir pressure at the borehole if communication was established
with another zone. A much more likely explanation is that tubing was corroded by the acid,
allowing the injection stream to communicate with the annulus above the packer. In this
scenario, the produced fluids would exit the hydrocyclone and be pumped back into the top of
the hydrocyclone, with relatively little fluid being pumped into the injection zone. Apparent
injection rates (rates measured by the instrumentation package) stabilized at levels much
higher than seen previously during the DOWS ftrial. Rates varied from approximately 4,550 to
4,800 bpd, however, part of the water was likely injected back into the producing formation.
Injection and recycle rates can be estimated from annulus pressures during operation.

Annulus pressure (Figure 7) remained stable at approximately 827 psi except for a short time
when the pressure held at approximately 823 psi. These pressures most likely represent
drawdown of the producing zone and injection of a portion of the fluid. A dynamic reservoir
pressure of 827 psi represents a pressure drop of 3 psi from static pressure. Using the
productivity index calculated above, this equates to a withdrawal of approximately 1,300 bpd. It
would seem then that the remaining 3,250 to 3,500 bpd of produced fluid was being recycled
into the producing formation. No fluids were produced to the surface during these two days
because of the very low operating pressures.

Operations Data: November 20 to December 1, 1998

Operations during the period November 20 to December 1, 1998, included apparent low
pressure-high injection rates. Injectivity and the injection rate were extremely high,
demonstrating that the tubing had been damaged by the acidization. Because injection
pressures were low, very little water or oil was produced to the surface throughout this period.

Injection pressure remained in the range 860 to 920 psi. Pressure rose from approximately
880 psi at the beginning of the period to approximately 910 psi on November 27. The pressure
then dropped and varied from approximately 860 to 890 psi.

Injection rates varied from 4,400 to 4,900 bpd during this period of operation. The rates do not
appear to depend on injection pressure during this period. Indeed, in several periods, the rate
actually decreased as pressure increased (e.g., November 20 through November 24).

Annulus pressure varied between approximately 828 and 821 psi and appeared to be inversely
related to injection (Figure 8) in that high apparent rates of injection occurred during periods of
low pressure within the well bore. Annulus pressure can be used to calculate estimated
volumes of fluid injected and recycled, as shown in Table 4.
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Production rate includes salt water injected into the injection perforations and salt water
recycled into the annulus through corroded tubing. Annulus pressure drawdown is related to
production through the productivity index calculated in Table 2. As shown in Table 4, annulus
pressure as measured by the Promore unit determines net production. The recycled volume is
calculated by subtracting net production from the total production. Actual injection volume was
not, therefore, related to injection pressure, and recycling was apparently variable.

Production of fluids to the surface was insignificant. Because of the very low operating
pressures, a total of only 49 bbl of oil and 38 bbl of salt water were produced to the surface
during this period of operation.

Operations Data from December 1, 1998 to January 8, 1999

Operations continued with varying amounts of recycling through perforations in the tubing
above the packer. Only small amounts of fluid were produced to the surface during the period
December 1, 1998, to January 8, 1999 (14.2 bpd of oil and 2.0 bpd of water), but the oil cut
from these fluids was quite high (87%). Large volumes of fluid were processed in the
hydrocyclone, but only part of the output was injected into the disposal zone.

Injection pressures varied between approximately 870 psi and 940 psi; the majority of the
period was spent injecting at pressures less than the static reservoir pressure of the injection
zone. During several periods of pump shutdown, the injection zone showed a static pressure of
approximately 919 psi (December 21-31 and January 3); this value is approximately 9 psi over
the static reservoir pressure measured as late as November 18 during the acid job. Injection
reservoir pressure was measured at 909 psi on March 11, 1999; this measurement was taken
after less than 5 minutes of shut-in, and the true static reservoir pressure may be different.

Measured injection rates (Figure 9) followed a common pattern during the period - the rate
typically began at a low level, gradually increased, stabilized, then finally fell off. The rates
ranged from about 4,400 to 4,800 bpd. A typical cycle is noted in Figure 9 between December 5
and 6, 1998. These cycles were repeated numerous times during the period. The sharp drop in
injection rate at the end of each cycle was perhaps due to changes in power to the electric
submersible pump, but information is not available to confirm this possibility. Injection pressure
did not show similar cycles, but the pattern was repeated in the annulus pressure data

(Figure 9).

Apparent (measured) injectivity (Figure 10) was in a limited range, most of the time from 5.0 to
5.40 bpd/psi, slightly higher than measured prior to installation of the DOWS unit and
approximately 10 times the levels seen during the early part of the DOWS trial before
acidization of the injection zone. However, true injectivity (as calculated in Table 4) varied from
3.3 to 4.1 bpd/psi, almost identical to that measured prior to the DOWS installation (3.4 and
4.8 bpd/psi).

Annulus pressure ranged between 820 and 833 psi during this period of operation. This range
represents approximately 3,000 to 3,500 bpd that was actually injected, the remainder of the
fluid (approximately 1,500 bpd) being recycled into the producing formation through holes in the
tubing.
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Operations Data from January 9 to February 17, 1999

Production from January 9-25 continued to be very low with high oil cuts. The oil produced to

the surface averaged 14.9 bpd and the water produced to the surface averaged 7.3 bpd. The

oil cut was 67%. However, after January 25, no more oil was produced during this period. The
water produced to the surface ranged from 2 to 3 bpd.

DOWS Unit Down from February 17 to March 9, 1999

The DOWS unit failed on February 17, 1999, and was pulled from the well the same day. At
that time it was discovered that the tubing below the DOWS assembly was corroded and
perforated. A new DOWS unit was installed on March 9 and began operations on March 11.

Operations Data from March 11 to March 22, 1999

The new DOWS unit functioned stably from March 11 to March 22, 1999. Injection pressures
and rates were moderate, while volume of oil and water produced was at low. On March 15,
injection was stepped up. Although the injection rate was raised, there was no influence on fluid
production.

Injection pressures gradually declined from about 1,600 psi on March 11 to about 1,560 psi on
March 15. During most of this period, pressures varied back and forth between a gradually
declining pressure and an alternate pressure drop of about 40 psi (Figure 11). The plot of
pressure against time shows a bimodal distribution, with the majority of the points scattered
along the 1,600 to 1,560 psi trend, and the rest plotting about 40 psi less. Very few points were
outside that bimodal pattern. After pump speed was increased, pressures increased to
approximately 1,620 psi and continued at about that value until the end of the period. Pressure
was not consistent, varying from 1,600 to 1,650 psi; minor fluctuations in injection pressure
were not reflected in the injection rate, which remained on a consistent trend. In addition,
pressures continued to switch between trends approximately 40 psi apart, even after pump
speed was increased. The 40-psi variance between pressure readings is most likely an artifact
of the functioning of downhole sensors.

The injection rate remained fairly constant at approximately 2,720 bpd from March 11 to
March 15. On March 15, the increase in injection pressure raised injection rates to about
3,000 bpd. The injection rate continued to climb during the period to about 3,020 bpd.

As shown in Figure 12, injectivity increased from about 1.7 to 1.9 bpd/psi during the period. This
magnitude of injectivity is only half the pre-DOWS rate, half of the calculated injectivity from
December 1 to January 8 (see above), and one-third the apparent injectivity rate measured in
that period.

The borehole pressure sensor did not function after the reinstallation.

Operating Data from March 23 to December 10, 1999

Detailed Promore downhole data were not saved for the period March 23 to December 10,
1999, nor was the borehole pressure sensor working. Injection and production parameters were
stable during the period, and water production to the surface was consistent, although oil
production was low.

Injection pressure (Figure 13) gradually declined from a starting value of about 1,600 psi to
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1,400 psi. The injection rate gradually varied from a starting value of about 3,150 bpd to about
3,400 bpd at the end of the period. Injectivity (Figure 14) rose gradually from about 2.0 bpd/psi
to about 2.4 bpd/psi. These injectivity values represent a significant drop from the calculated
injectivity values of 3.3 to 4.1 bpd/psi between December 1, 1998, and January 8, 1999, as well
as from the pre-DOWS values of 3.4 to 4.8 bpd/psi. The decrease could be due to plugging of
the injection zone as was noted in the initial DOWS run.

Surface water production during this period varied from approximately 250 to 350 bpd. Oil
production was erratic, typically varying from approximately 3 to more than 20 bpd (Figure 15).
Total oil cuts were quite erratic, varying from 0.1% to 0.8%. The decrease in oil production and
in oil cut from pre-DOWS operation (43 bpd of oil, 1.25%) and the initial DOWS run (43.4 bpd
of oil, 1.68%) is significant.

Tracer Survey September 8-12, 1999

A tracer survey was conducted on the well September 8-12, 1999, in an attempt to document
recycling of injectate behind the casing into the production zone. The survey results are shown
graphically in Figure 16.

The tracer survey followed a spike of lithium-charged water added to the borehole. This survey
was conducted at a time when the well was averaging 3,304 bpd total production - 252 bpd to
the surface and 3,052 bpd injected. During the time represented in Figure 16, the well averaged
6.2% oil in the produced fluid, but this rate varied in detail during the survey from nearly 0% to
almost 100%.

Only trace amounts of lithium were seen until 60 minutes after injection of the lithium solution.
(Sixty minutes was the time required for the lithium to travel down the annulus, through the
DOWS system, and up the tubing to the surface). The spike that began at 60 minutes was the
dominant feature in lithium recovery, although the lithium continued to appear even in the last
sample taken at 6,100 minutes. Of the total 16.715 kg of lithium placed in the well, 15.44 kg
was injected underground, and approximately 1.27 kg (7.6%) should have been brought to the
surface along with the produced fluids. However, 8.14 kg (48.7%) was actually recovered.
These numbers strongly suggest that significant recycling of injectate was occurring, beginning
with the 90-minute sample. In fact, the data indicate that 6.87 kg of lithium brought to the
surface was from recycled injectate. This means that 44.5% of the injected lithium was
eventually recycled and produced to the surface. Most of this recycling happened 30 minutes
after the initial lithium spike came to the surface. These findings can be interpreted as meaning
that nearly 50% of the injectate was being recycled during the operational history of this DOWS
well. A further extrapolation is that the oil/water mixture brought to the surface was
approximately 50% recycled fluid, and the oil was being diluted by previously extracted fluid.

Total oil cut (the percent of oil in the total volume of produced fluids) varied during the entire
DOWS test from October 29, 1998, to December 10, 1999 (Figure 17). Total oil cut can be a
measure of the reservoir's performance. Surface oil cut, defined as the percentage of the fluid
produced to the surface that is oil, also is shown in Figure 17. Surface oil cut is a measure of
the separation efficiency of the DOWS assembly. During the lithium survey, the well averaged
0.48% total oil cut, but this figure actually represents 50% reservoir fluids and 50% recycled
fluid. The virgin reservoir fluid, therefore, had a total oil cut of approximately 0.96% compared to
the pre-DOWS level of 1.25% and the initial DOWS test rate of 1.68%. Most of the time during
the second DOWS test (from March 11 to December 10), the total oil cut was approximately
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0.20%; assuming a 50% dilution factor, these values are significantly below the pre-DOWS
levels. The decrease from 1.25% total oil at pre-DOWS to approximately 0.40% during an
extended DOWS test suggests that recycling of injectate may actually have been more
extensive than indicated during the tracer survey.

Production Summary

The volumes of oil and water produced to the surface during DOWS operation are listed in
Table 5. Except for the first 18 days after start-up, oil production was well below baseline
(before installation of the DOWS). Total fluid withdrawal from the producing zone remained
approximately the same throughout the test as during pre-installation conditions. The first 18
days of DOWS operation was much like forecast for production with a DOWS in place — drastic
reduction in water production while maintaining oil production, indeed oil cut actually increased.
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Chapter 6 — Conclusions

The examination of the details regarding the installation, testing, and operation of the DOWS
unit, as well as the associated problems, lead to a number of conclusions regarding the specific
operation and the DOWS technology in general. Some of the more relevant conclusions are
itemized below:

1.

The DOWS system was not an economic success, except for a short period at the start
of the field trial.

Less oil was brought to the surface during the DOWS test than before the test when the
well was equipped with a conventional electric submersible pump. The most serious
problem was the corroding of the tubing below the hydrocyclone that allowed injectate to
recycle into the annulus. The corrosion problem might have been due to mechanical or
electrical problems at the well and may have been unavoidable, but the presence of this
problem could have been seen almost immediately on the downhole sensor data. In
addition, the lack of significant volumes of oil and water at the surface could have been
a warning of irregular DOWS performance.

Very early in the field trial, downhole sensors in the well showed breakthrough between
the injection and the production zones. Although minor when it began, by the time of the
tracer survey, communication was approximately 50% of the injected volume.
Communication appeared to be happening intermittently, demonstrating that bypass is
not always a catastrophic failure of the confining zone. Failure of the confining zone may
be due to fracturing or may be less sudden. Without the help of reliable downhole data,
however, it may be impossible to detect fracturing or partial bypass. The problem could
probably have been avoided by using lower injection pressures below the fracture
pressure of approximately 1,800 psi.

Downhole instrumentation is vital for interpreting the results of a DOWS installation.
Without the detailed information supplied by the Promore™ pressure instruments, the
surface production data would have been meaningless. The pressure and flow data
from the subject well were reliable, repeatable, and comparable to pre-DOWS test data.

Lack of produced fluid to the surface can be caused by many problems that may be
difficult to diagnose without downhole instrumentation. In the case of the subject well,
the cessation of fluid was caused by corrosion through the tubing resulting in lack of
pressure from the pump.

Injection zone plugging-off from formation fines is a significant problem, especially with
clastic reservoirs. Downhole data will identify plugging and alert the operator to
upcoming problems. The subject field trial demonstrated that well treatments can be
accomplished while the DOWS unit is in place. However, the acidization job also
highlighted some of the problems that can occur downhole.

Durability of the DOWS tools is highly variable, depending on many factors. In the case

of the subject well, operation of the well created a significant amount of formation fines,
but the hydrocyclone was not harmed after 16 months of use.
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Table 2 — Production and Productivity Index

Annulus Pressure Drop

Total Production Pressure from Static® Productivity

Date (bpd) (psi) (psi) (bpd per psi)
10/29/98 3,780 818 12 315
10/30/98 3,265 822 8 408
10/31/98 2,834 822 8 354
11/2/98 2,401 825 5 480
11/5/98 2,298 825 5 460

Average Productivity Index 442 bpd/psi

2 Static pressure was 830 psi.

Table 3 — Production Summary: October 29 to November 15, 1998

Average
Average | Water Average Average
Oil Produced Water Total Water
Production | Produced | to Surface Injected Produced Average
Period {bpd) (bpd) (bpd) (bpd) Qil Cut (%)
Pre-
Installation 43 3,384 0 3,384 1.25
30-Day Test
DOWS Test: 8.7 (surface)
10/29/98 to 43.1 448 1,815 2,263 1.90 (total)
11/15/98
Table 4 — Calculated Injection and Recycled Volumes
Annulus
Pressure
Drawdown Net Production
(830 - (Drawdown x
annulus Productivity Index | Recycled | Injection
Production | pressure) | =Injected Volume) | Volume | Pressure
Date | Rate (bpd) |  (psi) (bpd) (bpd) (psi)
11/21/98 4690 1 442 4,248 880
11/23/98 4510 1 442 4,068 887
11/26/98 4571 2 884 3,687 899
11/29/98 4708 4 1768 2,940 880
11/30/98 4678 8 3536 1,142 881
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Table 5 - DOWS Production Statistics

Average
Water
Produced to Average
Surface (bpd) Average Total
Average Oil | and Percent Water Water
Production | Production | of Pre-DOWS Injected Produced Average
Period (bpd) Volume (bpd) (bpd) Qil Cut (%)
Pre- 43 3,384 0.0 3,384 1.25
Installation
30-Day Test
DOWS 43 .1 448 1,815 2,263 8.7 surface
Test: 13% 1.90 total
10/29/98 to
11/15/98
11/16/98: Acidize Injection Zone to Improve Injectivity
11/29/98 to 10.4 4.5 4,500 4,500 70 surface
2/17/99 1% 0.2 total
2/17/99 to 3/10/99: Tear Down and Replace Corroded Tubing
Reinstalled 16 270 3,004 3,274 5.6 surface
DOWS 8% 0.5 total
3/11/99 to (1.0 undiluted)
3/22/99
3/23/99 to 11.4 253 3,053 3,306 4.5 surface
9/15/99 8% 0.3 total
(0.6 undiluted)
9/16/99 to 9.0 260 3,439 3,699 3.5 surface
12/10/99 8% 0.2 total
(0.4 undiluted)
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Figure 1 - Oil and Water Production During DOWS Trial
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Figure 2 - Injection Parameters 10/29/98 - 11/18/98
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Figure 4 - Pressure and Oil Cut Data 10/29/98 - 11/18/98

20

16

12

840

835

830

48

825
820

86/SL/L1L

86/v1/LL

86/EL/L1

86/ci/LL

86/L1/L1L

86/04/L1

86/6/11

86/8/L1

86/L/L1

86/9/L1

86/G/1 1

86/v/L1

86/€/t L

86/¢/L1

86/L/L1

86/1€/01



Figure 5 - Additional Injection Parameters 10/29/98 - 11/18/98
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Figure 6 - Injection Parameters 11/19/98 - 11/20/98
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Figure 7 - Annulus Pressure 11/19/98 - 11/20/98
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Figure 8 - Injection Rate and Annulus Pressure 11/20/98 - 12/1/98
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Figure 9 - Injection Rate and Annulus Pressure 12/1/98 - 12/7/98
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Figure 10 - Apparent Injectivity 12/1/98 - 12/7/98

5.8

5.7
5.6
55
54

54

4.8

4.7

4.6

4.5

<
<

86/./21

86/9/C1

86/9/cl

86/9/C|

86/9/C1

86/S/CL

86/S/C1

86/S/cl

86/¥/Cl

86/¥/Cl

86/¥/cl

86/V/ICL

86/€/C1

86/€/C|

86/E/C1

86/¢/cl

86/L/cl



008

006

000l

0oL

oozl

00€l ¢

oovi
oowv
0091
0041

008}

@ o @ @ @ @ @ @ @ @ @ @ @ @ @ @
s » @2 & @& =& & & ©® ® @ 8 N =2 = =3
© © © ) © < 2] © © © © © ) %) %) S
© © © © © © © © ©0 © © © © © © ©
L L i) I} 1 J. | A L L L I} 1 (| | OOON
paseatoul
B
paads dwing + 0022

0oce

¢ 00vE

009¢

008¢

66/9L/S - 66/1L/S S19)oweled uonoaful - || 8inbi4

000

55



Figure 12 - Injectivity 3/11/99 - 3/16/99
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Figure 14 - Injectivity 3/11/99 - 12/2/99
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Figure 15 - Oil and Water Production to the Surface 3/11/99 - 12/2/99
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Figure 17 - Oil Cut During DOWS Installation
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