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ABSTRACT

A comprehensive reservoir simulation study was prepared
for the Sralla Road Vicksburg field, a multi-layered, partial
water drive Texas Gulf Coast o0il reservoir. The study
included pressure transient analysis, inconclusive material
balance calculations, determination of rock properties, and
reservoir simulation. The simulation study began with a fine-
grid study to scale-up correlated laboratory oil-water
relative permeability to field-scale pseudo relative
permeability.

A good simulator history match was obtained by introducing
a flow boundary into the model, creating a free gas
accumulation in contact with the aquifer, reducing the size of
the top layer of the reservoir, and adjusting directional and
relative permeability.

Fourteen cases of different future operating methods were
evaluated using simulator forecasts. The forecasts show that
0il recovery can be increased by 80,000 barrels by injecting
water into the top sandstone member of the reservoir. Other
changes in operating methods yield very similar future oil
reserves, with the best case further increasing oil recovery
by only 6 percent, or 67,000 barrels above the 1.15 million
barrels expected from continuing current operations. Further
development drilling does not increase o0il recovery enough to
justify the cost of drilling.

" The simulation forecasts do indicate significantly higher
oil producing rates and shorter remaining field life can be
obtained with only nominally-higher investments. The most
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favorable economic results are obtained by re-pressuring the
reservoir to maintain flowing production throughout remaining
field 1life. The best economic case increases discounted
future net revenue by 35 percent from the current method of
operation.

The study includes recommendations for unitization, and
changes to the current operating methods to implement the most
economically attractive forecast case.
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Chapter 1
INTRODUCTION

There are two goals for this study. The first goal is to
develop an understanding of the physical conditions in the
Sralla Road Vicksburg oil reservoir. The second goal is to
determine operating strategies to economically maximize future
0il recovery from the field.

The study has three parts. The first part consisted of
gathering, analyzing, and correlating data available for the
reservoir. This phase included: i) geologic structure and
isopach sand thickness mapping; ii) analysis of pressure
buildup tests and open-hole well logs; iii) coring and special
core tests and fluid sample analysis; iv) preparation of
material balance calculations for original oil-in-place; and
v) correlations to assign rock properties to reservoir 2zones.

The second phase was to create a reservoir simulation
model and modify it through history matching. This step
included: i) preparation of a fine-grid simulation study to
determine pseudo oil-water relative permeability shapes for
large model blocks; ii) creation of a 3-dimensional model of
the reservoir; and 1iii) multiple model test runs and
modifications to match simulator predictions to actual
production and pressure performance.

The third part of the study was investigation of various
future operating methods using the model. In this final
phase, the model was used to forecast future reservoir
performance under a variety of operating constraints.
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Chapter 2
GENERAIL, RESERVOIR DATA AND HISTORY

2.1 Location and Trap

The Sralla Road Figure 1, Location Map
Vicksburg oil field is
located in the Texas Gulf
Coast geologic basin, on the

northeast city limits of
Houston, Texas, as shown in
Figure 1. Surface elevation
averages 46 feet above sea
level. The field is a
structural trap on the

downthrown block of a major 5
SRALLA ROAD VICKSBURG FIELD

down-to-the-coast fault Harris County, Texas

striking generally north 45°

east (the Main fault) which forms the northwest boundary of
the trap. The southwest end of the trap is created by a
southeast-trending sealing crossfault (the Main crossfault)
intersecting the Main fault, with the productive area on the
upthrown block of the crossfault. The northeast and southeast
edges of the trap are water-oil contacts or pinchouts. Figure
2 is a structural contour map of the top of the Vicksburg
sandstone. The map is based on mapping by Mr. Jim Norton,
geologist for Columbus Energy Corp (CEC), from a limited
number of seismic lines, formation tops in wellbores, and
missing-section analysis. Adjustments were made to account
for wells drilled after Mr. Norton’s map was prepared, and to
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Figure 2, Structure Map
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remove a fault southwest of well Davis 2V which simulation
indicates is not present in the interpreted southeast striking
direction.

Mr. Norton’s subsurface structural mapping of faults is
based on.miésing—section analysis applied to the shale section
overlaying the Vicksburg sand. The shale interval contains
characteristic resistivity and sonic travel time anomalies
which can be traced from well-to-well. In missing-section
analysis, the complete un-altered section is compared with
that for an individual well, and missing portions in the well
interpreted as faulted-out. Missing footage and elevation of
the faults are used to compute location and throw of faults in
the lower sandstone section. Accurate computation of both the
strike and dip of a fault requires observations of the fault
in three different wells. Where only one or two observations
are available, either one or both of the strike and dip must
be assumed, introducing uncertainty in fault positions.

The water-oil contact (WOC), as defined to be 80 percent
water saturation, is at a subsea elevation of -8370 feet. The
original water-oil contact was penetrated in a sandstone by
only one weil, the Holmes-Elliott No. 1V. 1In this well, the
WOC is observed in the Vicksburg C sandstone. It has been
assumed that a common water-oil contact exists for all of the
Vicksburg sands, and that the depth is -8370 subsea for all
sands.

The field is developed on an official spacing of 80 acres

per well. However, the operator has the option to locate
wells anywhere within an 80-acre unit subject only to minimum
standoff distances from unit boundaries. The locations

selected for the three Vicksburg wells producing from the B
and C sands are on an effective spacing of 40 acres.
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There are two other nearby Vicksburg producing traps.
Southwest across the Main crossfault is a one-well Vicksburg
gas field. Approximately 1.2 miles northeast is another one-
well Vicksburg gas trap. Both of these traps are separate
from the Sralla Road Vicksburg oil trap, each containing only
gas and exhibiting gas-water contacts at subsea elevations
different from the oil reservoir WOC. However, the two gas
traps are in pressure communication with the oil trap through
the common aquifer.

2.2 Producing Formation

The producing formation for the field is the Cenozoic Age,
Tertiary System, Eocene Series Vicksburg formation at a subsea
elevation approximately -8250 feet at the crest of the
structure. This formation is also called Frio within the
Texas Gulf Coast basin. The producing Vicksburg formation is
divided into four sandstones named A through D from the top
down. Within the field, sands A, B, and C are productive of
oil. The D sand is at or below the water-oil contact in all

wells.

2.1.1 Sand Subdivision

In preparing this study, the Vicksburg A, B, and C
sandstones were further sub-divided at persistent higher-clay
bedding planes which can be correlated from well-to-well in
the vicinity of the field.

The A sand is sub-divided into four zones named, from the
top down, Al, A2, A3, and A4. The Al has the best net
thickness and porosity, and is perforated in four wells. The
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A2 and A3 produce only in two wells near the crest of the
structure. The A4 is tight and does not produce in the oil
trap. The A zones are normally separated by two or more feet
of shale.

Theyvicksburg B sandstone is also sub-divided into four
zones with top-down naming of B1l, B2, B3, and B4. The Bl zone
is the thinnest and has the poorest pay quality. Both
sandstone quality and thickness generally increase downward,
with the B4 displaying the best thickness and quality. The
shaly or clay-filled interfaces between the B zones are thin,
and sometimes appear only as small blips on gamma ray or
shallow resistivity log traces. The interfaces may have
sufficient vertical permeability in some places to permit flow
between zones.

The Vicksburg C sandstone is sub-divided into the C1l and
C2 zones, with the C2 showing the better sandstone quality and
thickness. The interface between the zones is clear in some
wellbores, but only faintly evident in others.

The Vicksburg D sand is not productive and has not been
sub-divided for this study.

Considering the thinness of the interfaces between zones
within the B and C sands, it is likely that the interfaces
were breached in some places during deposition, joining the
adjacent sand zones. The joining permits some degree of
pressure and water-influx communication between all the zones
in the B and C sands.

Within this report, the terms ’‘sand’ or ’sandstone’ will
be used to identify the first level of division, i.e., A sand,
B sandstone. The term ‘zone’ will refer to the sub-divisions
within a sandstone, i.e., Al zone.
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Appendix A contains log sections of the Vicksburg
formation for seven Vicksburg wells showing sands and zone
subdivisions.

2.2.2 Stratigraphy

The reservoir characterization study of a core from a
field well, describes the depositional characteristics of the
producing formation as follows:

The cored Vicksburg sandstone sequence is comprised
of fluvial channel or point bar sandstones overlain
by marginal marine or estuarine sandstones and
underlain by marine shelf shales. The fluvial or
point bar sandstones have sharp, erosional lower
contacts succeeded by large-scale planar and trough
cross-stratified, medium-to-fine-grained sandstone.
These sandstones fine upwards where beds become
thinner and sandstones are interbedded with clay
drapes.

The reservoir characterization study also contains detailed
descriptions of each sand, petrography, slabbed core
photographs, thin section microphotographs and scanning
electron microphotographs.

2.2.3 Average Sand Properties

Table 1 shows average thickness, petrophysical properties,
and volumetric original oil-in-place (OOIP) for each sand.
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Table 1
Average Properties of Vicksburg Sands
Property A Sand B _Sand C Sand D Sand
Gross thickness, ft. 34 37 23 10
Net thickness, ft. 7.1 18.0 12.6 9.2
Porosity, % 20.7 25.2 26.0 23.1
Permeability, md 64 700 1107 412
Water saturation, % 42.5 27.1 28.0 100.0
Productive area, ac. 135.5 144.1 80.5 0
Productive Acre-feet 1926.6 2675.9 1051.8 0
Volumetric OOIP, MSTB. 1,280.0 2,726.9 1,098.9 0

Total volumetric OOIP for the B+C sands is 3,825.8
thousand stock tank barrels (MSTB), and total field OOIP is
5,105.8 MSTB.

2.3 Producing Mechanism

The producing mechanism for all three sands is partial
water drive and solution gas drive. Gravity drainage (also
called gravitational segregation), is also occurring, causing
the down-structure flow of o0il and up-structure flow of
evolved solution gas. The up-structure flow of gas is
creating secondary gas caps in the A and B sands on the crest
of the structure, and is responsible for lower producing GOR’s
in wells at lower structural positions.

The relationships between measured pressures and
cumulative withdrawals indicate water drive is significantly
weaker in the A sand than the B and C. The weaker A sand
influx results from smaller aquifer size, and absence of
vertical communication between zones.
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Solution gas drive has become an important part of the
drive mechanism in the Al zone where average pressure has
declined over 50 percent. In the B and C sands where average
pressures have declined only 20 percent below the bubble
point, solution gas drive is a lesser contributor to total
drive energy.

2.4 Development History

Five producing wells, one dry hole, and one water disposal
well have been drilled in the Sralla Road Vicksburg oil
reservoir. The history of each well is summarized in the
following sections. Note that reported gas producing rates
appearing in this section are measured at the sales meter at
the separator, operating at the gas pipeline pressure of
approximately 600 psig. After primary separation at 600 psig,
0il still contains 172 cubic feet of dissolved gas per barrel.

2.4.1 CEC Davis 0il Unit B No. 1V well

The Sralla Road Vicksburg oil reservoir was discovered in
August, 1991, at the CEC Davis 0il Unit B No. 1V well (herein
called the Davis Bl). The well was drilled as a development
well for the deeper (9,970’), over-pressured Jackson sandstone
volatile o0il and gas-condensate field. The wellbore
penetrated the Vicksburg on the southeast flank of the
structure at a subsea elevation of -8301 feet. A log suite
run before setting intermediate casing indicated oil
saturation and adequate porosity in the Vicksburg B2 through
B4 zones. The Al through A4 and the Bl zones are thin and
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tight, and the C and D sands are below the WOC. Sidewall
cores and a wireline DST confirmed log shows. The well was
dual-completed as a Vicksburg B oil well and Jackson formation
gas well.

The Davis Bl was tested at a flowing rate of 210 BOPD, 130
MCFD (GOR:619), no water through a 9/64 inch choke on
September 5, 1991, without acid or stimulation. Tubing
flowing pressure was 1320 psig. A bottom-hole fluid sample
and pressure buildup test were taken prior to initial
production on September 6. The well began producing September
29, 1991.

2.4.2 CEC Brewer No. 1 well

The CEC Brewer No. 1 well (herein called Brewer 1) was the
first Vicksburg development well drilled. A high structural
position was desired in anticipation of ehcountering
productive Vicksburg C. Based on subsurface geologic
interpretation, the location was selected as close as possible
to both the Main fault and the Main crossfault to obtain the
highest structural position. The well encountered the
Vicksburg at a subsea elevation of -8256 feet and found
productive Vicksburg Bl through B4, Cl and C2 zones. The Al
through A4 2zones are porous but fairly shaly, probably not
capable of significant flow. The top of the Vicksburg D sand
at the wellbore is in the water-oil transition zone. The B
and C sands in the Brewer 1 were tested on November 15, 1991,
flowing 388 BOPD, 212 MCFD (GOR:546), no water through a 10/64
inch choke, with tubing flowing pressure of 1220 psig. The
well began producing on December 15, 1991.
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The Brewer 1 was worked-over on October 22, 1993, adding
perforations in the Al, A2 and A3 zones. After perforating,
producing rate, GOR and flowing pressure were unchanged. The
A sands are not believed to materially contribute to
production.

2.4.3 CEC Holmes-Elliott No. 1V well

The CEC Holmes-Elliott No. 1V (herein called Holmes-
Elliott 1) was drilled and completed under the name Davis B
Unit 2vV. The name was changed when production started. The
well is located due north of the Davis Bl and approximately
due east of Brewer 1, at a structural subsea elevation at the
top of the Vicksburg of -8282 feet, midway between Brewer 1
and Davis Bl. The Holmes-Elliott 1 well was perforated in the
Al through A3, Bl through B4, and Cl zones. On January 3,
1992, the well tested 336 BOPD plus 165 MCFD (GOR:491), no
water through an 11/64 inch with tubing flowing pressure of
1320 psig.

The Holmes-Elliott 1 was the first well to experience
water breakthrough with water first appearing in mid-November,
1993. Water cut rose to 9 percent in two weeks. On November
27, 1992, a production log was run and interpreted showing all
the water, 39 BWPD and only 1 BOPD entering the wellbore from
below the top of the Cl zone at 8415 feet KB. On 12/5/93 a
bridge plug was set above the top of the Cl zone at 8415 feet.
In the next 3 producing days, water rate increased from 22 to
44 BWPD. On 12/12/92 the plug was drilled-up, a cement
retainer set at 8415 feet, and the Cl 2zone was squeeze-
cemented with 25 sacks. After the squeeze job, producing rate
was 327 BOPD and 132 BWPD, a water cut of 28.8 percent.
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The Holmes-Elliott 1 was then produced until January 28,
1993, with water cut increasing to 37.4 percent. On 1/29/93
a diverting agent was pumped into the open A and B sand
perforations followed by 22 sacks cement squeezed to 2200 psig
surface pressure. The diverting agent was formulated to
temporarily plug-off the oil-producing perforations, diverting
cement into water-producing zones. Plug back depth was
measured at 8393 feet, leaving the Bl, B2, and the top 2 feet
of the B3 zones and all of the A sand perforations above\the
cement top. The well was returned to production on 1/30/93 at
a rate of 247 BOPD, 209 MCFD (GOR:846) and no water with a
tubing flowing pressure of 970 psig.

On 2/15/93, after 17 days of production, the Holmes-
Elliott 1 GOR had more than doubled to 2157 scf pér barrel.
A bailer was run and found a sand bridge at the base of the A3
zone at 8371 feet, indicating all production had been coming
out of the A sand. The well was cleaned-out to 8395 and re-
perforated in the A2 and A3 zones from 8359 to 8371 feet. Two
days of production had GOR’s of 1550 scf/bbl. During the next
10 days until March 5, 1993, cement was drilled-out from 8377
(note this cement top depth does not match the reported
2/15/93 plug-back TD of 8395 feet) to 8410 feet, swabbed and
bailed (recovering formation sand and green cement which had
not set-up in over 30 days), and re-perforated in the B3 zone
from 8396 to 8404.5 feet. The well was returned to production
on 3/6/93 flowing 213 BOPD, 122 MCFD (GOR:573) and no water.

After 10 producing days, oil rate had decreased to 187
BOPD and water rate was 35 BWPD (cut:16%). One final attempt
was made to shut off water on 3/17/93 by dumping cement on top
of sand fill at 8404 feet, five 3-gallon dumps each displaced
with one barrel of lease crude, leaving a plug-back depth of
8399 feet. The well was returned to production from the A
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sand and the Bl through B3 zones, flowing 160 BOPD and 57 BWPD
(cut:26.3%). ‘

The Holmes-Elliott 1 continued producing until April 15,
1993, when producing rate was 200 BOPD, 27 BWPD (cut:11.9%)
and 113 MCFD (GOR:565) with tubing flowing pressure of 700
psig. The well was shut-in 4/16/93, at which time the
replacement unit well Holmes-Elliott 2 began producing. All
perforations were squeeze-cemented, but casing remains in the
hole so that the wellbore may be used in the future if
desired.

It is now clear that the water produced from the Holmes-
Elliott 1 after squeezing the C1l perfs was B4 zone water. By
coincidence, the B4 began producing water at approximately the
same time as the Cl. B4 water production at Holmes-Elliott 1
is confirmed by water production at completion from the B4
zone in the Holmes-Elliott 2.

The preceding extensive discussion of water shut-off
attempts has been included to demonstrate the difficulty in
squeezing-off water-producing 2zones, particularly after
formation sand has been produced. An inability to squeeze, if
it exists, will have a material impact on future well

operating methods.

2.4.4 CEC Davis 0Oil Unit No. 2V well

The CEC Davis 0il Unit No. 2V well (herein called Davis
2V) was drilled in March, 1993, as a stepout located 1900 feet
northeast of the Holmes-Elliott 1. The Davis 2V is the lowest
producing well in the field, encountering productive Vicksburg
Al at a subsea elevation of -8314. The A2, A3 and Bl are
above the water-o0il contact but too clay-filled to be
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productive. The B2 was perforated, briefly swab tested oil
and water at water cuts of 50 to 70 percent, and was
abandoned. The Al was perforated and tested on April 25,
1992, at a rate of 213 BOPD plus 130 MCFD gas (GOR:610), no
water, through an 11/64 inch choke with tubing flowing
pressure of 1200 psig. Production began on May 8, 1992.

Davis 2V began producing water in April, 1993, and by
September 1, 1994, ceased flowing at a GOR of 2608 scf/bbl
when reservoir pressure declined to 1406 psia and water cut
increased to 77.83 percent. Daily total fluid production
averaged 212 BFPD in August, 1994. A sucker rod pump was run
to a depth of 7385 on September 21, 1994, and immediately
sanded up.s After several cleanouts, the well was gravel-
packed on 10/14/94. The pump was eventually lowered to 8109
feet in November, 1994. Producing rate stayed at 7 BOPD plus
70 BWPD, a 65 percent reduction from the total fluid rate of
August, 1994.

The well was acidized twice in December, 1994, but neither
job produced lasting increase in oil or total fluid rate. By
January 22, 1995, producing rate had declined to 3.2 BOPD plus
70 BWPD (cut:95.6%) when the pump failed. The well is now
shut-in.

2.4.5 CEC Holmes-Elliott No. 2V well

The CEC Holmes-Elliott No. 2V well (herein called Holmes-
Elliott 2) was drilled in April, 1993, as a replacement well
for the Holmes-Elliott 1, at a location 400 feet north of the
Holmes-Elliott 1. As discussed in section 2.4.3, the Holmes-
Elliott 1 was believed to be producing water from the Cl zone
through a behind-casing channel. The replacement well was
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expected to produce water-free B sand oil. Subsurface
structural interpretation prior to drilling indicated the
Holmes-Elliott 2 location would be structurally higher than
the Holmes-Elliott 1.

The Holmes-Elliott 2 penetrated the Vicksburg at a subsea
elevation of -8283 feet, 1 foot lower than the Holmes-Elliott
1. Holmes-Elliott 2 was completed in the Al through A3, and
Bl through B4 zones. Logs and sidewall cores indicated the Cl
contained only residual oil saturation. The C2 2zone and D
sand are below the WOC. Prior to completing for production,
the well was perforated at the top on the Cl zone at 8434
feet, and squeeze-cemented to insure no water would
communicate up into the production perforations. The well
began producing on April 24, 1993, at a rate of 340 BOPD, 178
MCFD (GOR:524), no water, flowing through a 13/64 inch choke
with tubing flowing pressure of 1000 psig.

After only four days of producing, water production
started on April 28, 1993, at 10 BWPD. By June 1, 1993, with
oil rate of 241 BOPD, water rate had increased to 50 BWPD
(cut:17.2%). On June 22, 1993, a production log was run. The
log is believed to be invalid since it indicates that: 1) only
a small volume of water plus gas produced from 18 feet of the
most porous and permeable B3 and B4 zones; 2) 250 barrels per
day water entering from the 3-foot thick B2 zone; and 3) 275
to 300 barrels oil per day entering from the 2-foot thick Bl
zone at 8384 feet. The high indicated flow rates from thin
zones does not appear reasonable.

No remedial work has been attempted to shut-off or reduce
water flow. The well continues to flow with water cut
gradually increasing.

In early Novembér, 1993, a workover was performed to stop
suspected crossflow into the Al zone. Production packers were
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set above and below the A zones, and dual tubing strings run
to produce the A and B sands separately. After the workover,
the A zones were tested on November 24, 1993, at 100 BOPD, 280
MCFD (GOR:2800), no water, with a tubing flowing pressure of
1200 psig. The B zones tested 140 BOPD, 68 MCFD (GOR:485),
and 164 BWPD (cut:53.9%), with a tubing flowing pressure of
550 psig. After the dual completion, the B sand tubing
flowing pressure fell below pipeline pressure of 600 psig, and
produced gas has been used for lease operations or vented.

After the dual completion, Al zone pressure dropped
rapidly and GOR increased to about 5000 scf/b.; evidence that
crossflow had been occurring. Pressure drop and GOR increase
were also observed at the offset Davis 2V Al zone well. The
amount and timing of crossflow is unknown, complicating
analysis of both the A sand and B+C sand performance.

After dual-completing the A and B sands, oil produéed from
the two completions was commingled after primary separation.
The performance of each completion has been estimated by
allocation based on reported test rates.

2.4.6 CEC Willits Unit No. 1V well

The CEC Willits Unit No. 1V well (herein called Willits
1) was drilled in March, 1993, as a stepout to test the
Vicksburg A sand at a location 1000 feet east of Davis Bl.
The Vicksburg A was encountered at a subsea elevation of -
8340, 30 feet above the WOC. However, the A zones are clay-
filled and tight. The B and C sands are well-developed but
lie below the WOC.

The entire Vicksburg sand was cored. Six full-diameter
cores were cut in the interval 8395 feet to 8498 feet KB.
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Routine plug analysis, special core tests, and reservoir
characterization studies were performed.

2.4.6.1 Injection History

The Willits 1 was cased and completed as a water disposal
well in the Vicksburg C2 zone from 8484 to 8494 feet KB.
Water injections began in September 18, 1993, at rates
averaging 82 BWIPD with surface injection pressure ranging
from vacuum to 1900 psig. Despite very high core permeability
in the C2 zone, surface injection pressure steadily increased
to around 2400 psig in less than a month, with injection rates
averaging 220 BWIPD.

A 24-hour shut-in bottom hole pressure was obtained on
October 11, 1993, using an Amerada-type pressure bomb. A
pressure of 3306 psig at a depth of 8489 feet was recorded.
Corrected to a datum of -8250 feet, the pressure is 3228 psia,
which compares closely to the -8250 foot datum pressure of
3210 psia measured at Holmes-Elliott 2 on 11/13/93.

In late December, 1993, the Willits was treated with
surfactant, acetic acid and biocide. Injection pressure was
unchanged. On December 30, 1993, the Willits 1 was treated
with 500 gallons of 7.5% acetic acid. Injection pressure was
reduced to around 2800 psig. On February 4, 1994, the well
was perforated with an abrasive jet at four depths between
8484 and 8494 feet, and treated with clay stabilizer.
Thereafter, small amounts of acetic acid crystals have been
routinely added to injected brine to keep injection pressures
from rising above 2,800 psig at the surface, or approximately
6,550 psig at the sandface.
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Migrating formation fines are the most likely cause of
high injection pressures. The C sand appears to have a higher
fraction of clay at the Willits 1 than at producing locations.
However, if the Willits injection performance proves to be the
norm for entire field, anticipated higher future produced
water volumes will be difficult to reinject.

2.4.6.2 Willits 1 Tracer Tests

For five days beginning March 22, 1994, two quarts per day

of a special dye were injected daily into the Willits 1.
On the sixth through tenth days, dye shows were reported 1,800
feet away at the Holmes-Elliott 2. Total injected volume
between the start of dye injection and the first report of
produced dye was only 1,523 barrels. The appearance of dye in
produced water occurred so rapidly that some sort of
‘malfunction or backflow of injected water was suspected.
However, field reports insisted mechanical arrangements
prohibit backflow. The tracer test appeared to indicate
injected water was channeling directly to the Holmes-Elliott
2,

As a precautionary measure, injections into the Willits
1 were ceased on April 10, 1994. After two months of
curtailed injection, no material change in the performance of
the Holmes-Elliott 2 had . occurred. Injection was resumed on
June 15, 1994, and continues to the present.

After injections were resumed, two more dye-injection
tracer tests were performed, using different dyes. No dye
from either of the additional tracer tests has been detected
in any well. It is believed that the initial tracer test
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which indicated channeling was invalid. However, no plausible
explanation is known for the initial test results.

2.4.7 CEC Ferguson No. 1V well

The CEC Ferguson No. 1V well (herein called Ferguson 1)
was drilled in March, 1993,'as a north stepout well to test
the Vicksburg A sands at a location approximately 2000 feet
northeast of the Davis 2V. The wellbore penetrated the
Vicksburg A at a subsea elevation of -8381 feet, 11 feet below
the WOC. All three Vicksburg sands are well developed but
wet. The well was cased for possible future use as an
injection well.

2.4.8 Other Wells

A total of 10 additional wells have been drilled to at
least Vicksburg depth on the downthrown side of the Main
Sralla road Vicksburg oil reservoir. These wells include four
producing Jackson formation wells, two Vicksburg gas wells
producing from separate traps, and four dry holes. Open-hole
well log and available sidewall core data from these wells has
been incorporated in structure and isopach net sand thickness

mapping.

ARTHUR LAKES LIBRARY
COLORADO SCHOGL OF MINES
. GOLDEN, CO. 80401
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2.5 Production History

Historical monthly production was taken from the records
of CEC, the operator of all the wells. As each well has its
own individual separator, treater, and tank battery, accurate
measured production values were available for each well.
Allocation of production was necessary only for the two
completions in the Holmes-Elliott 2 well after November 1,
1993.

Until September, 1994, all casinghead gas produced was
sold, resulting in accurate produced gas volumes for most of
the history. Produced water volumes have been gauged and
reported monthly. Injected water volumes are accurately
measured and reported since payment is made to the owners of
the Willits 1 well on a per-barrel basis for water injected.

2.5.1 Correction of Gas Volumes

As noted in section 2.4, field natural gas measurements
from wells in the Sralla Road Vicksburg oil reservoir have
been sales volumes from primary separators operating at 600
psig. O0il leaving the separators at 600 psig still contains
172 cubic feet of dissolved gas per barrel. Forward from this
point in the text, all gas volumes which appear have been
corrected to account for this dissolved gas, so that gas
volumes more accurately reflect total reservoir voidage.

Corrections were applied to monthly gas sales volumes
based on two criteria: o0il leaving the separator still
contains 173 cf/b solution gas; and monthly GOR cannot be less
than solution GOR. Adjustments were made as follows. First,
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gas volume equal to .173 Mcf per barrel oil produced was added
to gas sales volumes to account for gas in solution after
primary separation at 600 psig. If the resulting gas volume
computed a GOR lower than the solution GOR for the monthly
average formation pressure, then monthly gas was computed from
the solution GOR.

2.5.2 Allowables

Producing rates for oil and gas wells in Texas are subject
to regulation by the Texas Railroad Commission. Allowables
are based on onshore or offshore location, well spacing, and
depth of producing formation. A higher discovery allowable is
initially permitted.

In the event a well produces more than its allowable in
any month (overproduced), the well’'s rate must be curtailed
within the succeeding 60 days until the overproduction is made
up. In the event a well is unable to produce its allowable
during any month (underproduced), make-up is not permitted.

The Sralla Road Vicksburg oil reservoir had a discovery
allowable of 340 BOPD per well, based on its classification as
onshore, 80-acre spaced, and 8000-9000 foot depth bracket.
The discovery allowable expired on September 30, 1993, and
allowable was reduced to 215 BOPD for all wells.

The Davis Bl and Brewer 1 have been capable of producing
allowable rates throughout life. Producing rate for these
wells has not declined, leaving only GOR, water cut, and
flowing pressure as the characteristics with a changing
pattern over time. The operator initially elected to operate
the Davis 2V at less than allowable. After March, 1993,
producing rate for the Davis 2V declined as water cut and GOR



ER-4754 22

increased. The Holmes-Elliott 1 and 2 wells show oil
production rates declining with increasing water cut,

2.5.3 Cumulative Production

Through December 31, 1994, the Sralla Road Vicksburg oil
reservoir has produced a total of 1,051,434 barrels oil,
940,045 Mcf natural gas, and 176,594 barrels water. Re-
injected water totals 111,106 barrels. Individual well
cumulatives appear in the following Table 2.

Table 2
Well Cumulative Production as of 1/1/95

Well 0il, bbl. Gas, Mcf Water, Bbl.
Davis Bl 350,006 249,245 1,131
Brewer 1 318,266 280,874 0
Holmes-Elliott 1 138,574 105,678 6107
Holmes-Elliott 2:

Un-allocated 37,848 33,884 16,634

A sand 23,257 90,331 7,401

B sand 55,809 37,935 98,478

Total Well 116,914 157,479 122,513
Davis 2V 127.674 146,769 _46,843
Total Production 1,051,434 940,045 176,594
Willits 1 (Injections) (111,106)

Figures 3 through 10 contain graphs of monthly production
and injection for individual wells and the total field.
Figures 13 and 14 are graphs of approximate total A sand and
B+C sand production histories.
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Figure 3: Davis B No. 1 Production History Graph
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Figure 4: Brewer No. 1 Production History Graph
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Figure 5: Holmes-Elliott No. 1 Production History Graph
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Figure 6: Holmes-Elliott No. 2V Production History Graph
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Figure 7: Holmes-Elliott No. 2V A Sand
Allocated Production History Graph
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Figure 8: Holmes-Elliott No. 2V B Sand
Allocated Production History Graph
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BOPD and BWPD
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Figure 9: Davis

Unit No. 2V Production History Graph
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Figure 10: Willits Unit No. 1 Injection History Graph
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Figure 11: Sralla Road Vicksburg Field
Total Production and Injection History Graph
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Figure 12: Sralla Road Vicksburg Field
Total Fluid and Production Ratio Graph
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Figure 13: Sralla Road Vicksburg Field
Approximate A Sand Production History Graph
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_ Figure 14: Sralla Road Vicksburg Field
Approximate B+C Sand Production History Graph
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Chapter 3
FLUID PROPERTIES

3.1 Reservoir 0il and Gas Properties

Properties of the reservoir oil and gas for the Sralla
Road Vicksburg oil reservoir were measured in a Reservoir
Fluids Study prepared by Core Laboratories, Dallas, Texas, on
a bottom-hole fluid sample collected in September, 1991, from
the DaVis Bl.

Differential liberation best reflects the change of state
for o0il which occurs in the reservoir when pressure is
gradually decreased. The differential liberation test
determined that stock tank oil has a gravity of 34.2° API,
with a solution gas-o0il ratio of 757 cubic feet per barrel at
the bubble point pressure of 3761 psia. Evolved gas has a
specific gravity (at the bubble point) of 0.669. Differential
formation volume factor, B,, is 1.39 reservoir barrels per
STB. Saturated oil compressibility, C,, at the bubble point
is 11.29 x 10°® v/v/psi. Saturated oil viscosity, u,, ranges
from 0.606 centipoise at the bubble point, to 1.638 cp. at
stock tank conditionms.

Flash liberation mimics the behavior of saturated oil
passing through a separator. The separator test performed is
a flash liberation from reservoir bubble-point conditions to
separator pressure and temperature of 600 psig and 85°F, and
then to stock tank conditions of 0 psig and 60°F. Flash
liberation releases 559 cubic feet per barrel to separator
conditions, and an additional 172 cf/b at stock tank

conditions.
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The fluid study also contains a table of Differential
Vaporization Data Adjusted to Separator Conditions. This
table combines the differential and flash liberation tests.
The adjusted differential data is often used as the best
estimate of overall fluid properties.

Graphs of fluid properties appear in Appendix D.

3.2 Water Properties

Reservoir water properties were correlated using the NaCl
content of 45,153 ppm reported in the analysis of a water
sample collected April 24, 1992, from the Davis 2V well.
Correlations use a reservoir temperature of 191° F measured by
several bottom-hole pressure gages.

The water formation volume factor, B,, and water
viscosity, u,, were correlated over a range of pressures from
zero to 5000 psia using the methods of Numbere, Brigham and
Standing (Numbere, Brigham and Sﬁanding, 1977) which compute
B, and pu, for pure water at a specified temperature and
pressure, and adjust the values for salinity and natural gas
in solution. The correlated value of B, at the bubble point
of 1.02988 changes with pressure at -1.302x10"° per psi. The
correlated value of u, at the bubble point is 0.3572 cp., with
a slope of 9.4602x10°° per psi.

Water compressibility, C,, was calculated using Mehan's
extensions (Mehan, 1980) to the correlations of Numbere,
Brigham and Standing (Numbere, Brigham and Standing, 1977).
Values of C, were computed over a range of pressures from zero
to 5000 psia. At the bubble point, C, is 3.11x107°.
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Chapter 4
PRESSURE MEASUREMENTS AND ANALYSIS

4.1 Pressure Measurement Quality

Six pressure buildup well tests, one multi-rate drawdown
test and 35 single-point pressure measurements have been taken
in Sralla Road Vicksburg wells. RFT sampler pressures were
taken at the Brewer 1 and Davis Bl. Four of the buildup
tests, one on each well, used quartz crystal pressure gages
yielding accurate data for analysis. Seventeen of the single-
point pressure measurements, the remaining two buildup tests
and the drawdown test were taken with Amerada-type gages.
Amerada gages are, if properly calibrated, accurate to +0.25%
of full scale, or approximately 12.5 psi for the 5000 psi
gages used.

Both the Amerada buildups, and at least two of the single-
point measurements taken with Amerada gages suffered
calibration or chart reading errors. The two buildups (Davis
Bl 9/4/91 and 10/25/91) showed patterns of initial increase,
flattenihg and then decreasing pressure, indicating either
bourdon tube leak or inaccurate baseline. Correction of these
two tests was attempted by adding a constant increment of
pressure per hour. The increment of pressure added was.
selected so that the resulting Horner line would compute
permeability equal to that obtained from the quartz crystal
gage buildup. This procedure should correct a baseline
problem. However, the average pressures resulting from
correction appeared abnormal, and were not used. Instead, the
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maximum pressure recorded was taken as a lower limit of
average pressure.

The multi-rate drawdown test taken with an Amerada gage
shows abnormal pressure patterns. Analysis has not been
attempted.

The single-point pressure measurements at Brewer 1 and
Holmes-Elliott 1 taken 6/20/92 with Amerada gage No. 46867
yielded pressures 73 to 83 psi lower the quartz crystal
pressure measured simultaneously at Davis Bl, too large a
pressure difference for the high-permeability reservoir.
Further, both the 6/20/92 Amerada pressures were 4 to 5 psi
lower than quartz crystal pressures taken on the two wells
9/3/92. The most reasonable explanation is that the 6/20/92
Brewer and Holmes-Elliott pressures are in error. These
pressures have been discounted.

Similarly, the Davis Bl single-point Amerada gage pressure
of 9/3/92 was somewhat high compared with Brewer and Holmes-
- Elliott. This pressure was not used in analysis.

4.2 Pressure Data Smoothing

The McAllister quartz crystal gage has a precision of
approximately 0.01 psi and records pressure measurements 15
times per minute, yielding approximately 21,600 readings in a
24-hour buildup. To obtain a manageable number of pressure
and time points, and to improve the accuracy of pressures at
the selected time points, the raw buildup data was processed
through a smoothing program. The smoothing program outputs
the raw pressure if the rate of pressure change exceeds 0.25
psi per minute. If the rate of pressure change is less than
0.25 psi per minute, the program performs a log-log least
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squares fit over the readings from one minute on either side
of the selected time, and outputs a computed pressure. Output
time is selected so that all very early time readings are
output. Thereafter pressures are output when total time has
increased by 1%.

4.3 Pressure Buildup Analysis

The initial step in each analysis was preparation of a
wellbore storage (WBS) plot of log AP vs. log at to determine
when afterflow ends (Earlougher, 1977). On this plot,
pressures during afterflow will fall on a slope of 1:1. As
would be expected for high pressure flowing wells, afterflow
ends in a few seconds to a few minutes for all wells. This
information helps identify where a type-curve match should
occur.

The second step in analysis was preparation of type-curve
analysis using the Agarwal, et. al. (Agarwal, Al-Hussainy and
Ramey, 1970) dimensionless pressure solution for a single well
in an infinite system including wellbore storage and skin.
The type curve match yields the correct order of magnitude for
the permeability and skin, an indication of the time interval
where a Horner solution should exist, and the time when
pressure response departs from infinite-acting.

Using the results of type-curve analysis, the final
analysis for permeability and skin was prepared by Horner
analysis (Horner, 1951, Earlougher, 1977). MBH (Matthews,
Brons and Hazebroek, 1954) average pressure calculations were
prepared using the constant pressure boundary formulation.
For the Brewer 1 and Holmes-Elliott 1, average pressure was
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also computed from specially-constructed dimensionless aP
solutions created for multiple boundaries using superposition.

The results of pressure buildup analysis are summarized
on Table 3.

Table 3
Summary of Pressure Buildup Analysis Results

Holmes-
PROPERTY Davis Bl Davis 2V Brewer 1 E1ll. 1
Test date 6/20/92 6/20/92 9/3/92 9/3/92
Permeability, md. 237.1 69.1 1056.8 1088.0
Skin factor 4.46 .367 .479 9.887
Skin pressure drop, psi 47.1 10.8 0.35 6.88
Radius Investigated, ft 353 412 697 758
Number flow boundaries 0 0 3 3

Average pressure, psia 3573.5 3677.2 3494.2 3505.0
24-hr shut-in pressure 3552.1 3651.9 3488.3 3492.9

Differential
24-hr to average 21.4 25.3 5.9 12.1

4.3.1 Davis B No. 1 Test 6/20/92

The Davis Bl test shows the non-communicating layer effect
wherein pressure response creates a Horner line reflecting the
average transmissibility of both layers, then flattens as the
higher permeability layer reaches its near-wellbore pressure
and crossflow occurs out of the low-perm into the high-perm
layer. Subsequently, a second Horner line develops which
reflects both buildup effects of the lower permeability layer
and crossflow effects. The second Horner 1line cannot be
analyzed unless the rate and volume of crossflow are known.
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The false pressure P* from the second Horner line yields a
better estimate of average reservoir pressure.

The non-communicating layer effect in Davis Bl is probably
caused by the shaly streak at log depth 8400 - 8402’ which is
the interface between the B3 and B4 zones. The test
performance indicates the shaly streak is persistent
throughout enough of the reservoir to cause a pressure
difference of about 18 psi between the two =zones. The
pressure difference is estimated as the difference between the
extrapolated P' of the initial and the shifted Horner lines.

The 353-foot radius of investigation for this buildup test
is not deep enough to be effected by any boundaries. Figure
15 and 16 are WBS and Horner Plots for the Davis Bl Buildup.

4.3.2 Davis 2V Test of 6/20/92

The Davis 2V also shows the non-communicating layer
effect, although it is completed only in the Al zone. Close
inspection of the density log indicates a streak of 1low
porosity at 8386 feet KB. From the response of the buildup
test, it is 1likely that the tight streak is an effective
barrier to vertical flow and persists far enough into the
reservoir to cause a difference in average reservoir pressure.

Flow boundaries were not detected on the buildup for the
Davis 2V. Figure 17 is a wellbore storage plot of the Davis
2V buildup showing afterflow ending in three minutes. Figure
18 is a Horner plot of buildup data.:
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Figure 17: Davis 2V Wellbore Storage Plot
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4.3.3 Brewer 1 Test of 9/3/92

The Brewer 1 test of September 3, 1992, used dual quartz
crystal gages. The more accurate lower gage failed after 6.75
hours. Pressures after 6.75 hours were taken from the less-
accurate backup gage, adjusted by adding 3.88 psi to fit the
pattern of the lower gage.

At the date of the test, the Brewer was completed in both
the B and C sands. The test shows the non-communicating layer
effect at .13 hours (see Figure 20), but indicates the
pressure difference between zones is negligibly small, about
0.1 psi. The small pressure difference is taken to indicate
that the interface between the B and C sands is breached near
the wellbore, or has sufficient vertical permeability to
permit equalization of sand pressures.

Three boundaries to flow are indicated on the Brewer test.
Pressure buildup theory (Earlougher, 1977) indicates each
boundary to flow will cause a doubling of the prior slope.
That is, the first boundary slope will be twice the initial
Horner slope, the second boundary slope twice the first
boundary slope (four times initial), and so on for further
boundaries. Pressure response will be a smooth curve between
slopes on a Horner plot. The distance from the wellbore to a
boundary can be computed using the time where the
extrapolations of slopes intersect (see Figure 21). The
calculation of distance is sensitive to the value for the
total compressibility. The distance calculations are based on
the total compressibility for computed water, rock and
apparent oil compressibility. Distances calculated with this
compressibility appear realistic compared with subsurface
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Shut in Bottom Hole Pressure, psig

Figure 19: Brewer 1 Wellbore Storage Plot
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geologic mapping. The three boundaries for the Brewer are the
Main fault, the Main crossfault, and the drainage boundary
between the Brewer and Holmes-Elliott 1.

The second and third boundaries in the Brewer test show
very definite straight line segments. The first boundary is
less definite, with some curvature. The first boundary line
on Figure 21 is calculated at twice the initial Horner slope
and fit onto the pressure-time pattern. It is possible that
the first boundary is not at 117 feet, but rather two
boundaries (one and two) occur at nearly equal distances from
the wellbore. 1If this is the case, the distance to the two
boundaries would be computed from the intersection of the
initial Horner slope and the second boundary slope at 190
feet. As subsurface geologic interpretation based on fault-
cut depths from several well logs has placed the Main fault
with reasonable certainty at approximately 250 feet from the
Brewer 1 wellbore, it is probable that the correct
interpretation is three distinct boundaries at 117 feet, 241
feet, and 532 feet from the wellbore. These boundaries would
be the Main fault at 250 feet, the Main crossfault at 117
feet, and the flow boundary between Brewer 1 and Holmes-
Elliott 1 at 532 feet.

4.3.4 Holmes-Elliott 1 Test of 9/3/92

The Holmes-Elliott 1 was completed in 8 zones, Al-A3, Bl-
B4, and Cl. There is a shaly streak in the C sand at log
depth 8424 - 8426’ which is the interface between the Cl1l and
C2 zones. This shaly streak probably inhibits vertical flow
and coning of water up from the water-saturated C2 zone, eight
feet below the C1l zone perforations. Theoretically, the
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pressure buildup should show multiple occurrences of non-
communicating layer effect, the partial penetration effect in
the C sand, and a mobility increase (i.e., flattened Horner
Slope) from the water-bearing C2 zone. Up to four boundaries
may be seen: the Main fault and three drainage boundaries,
one each for the three offsetting producers.

The partial-penetration effect on a pressure buildup is
caused by a vertical flow pressure drop from spherical rather
than radial fluid flow (Earlougher, 1977). Normal pressure
buildup equations are derived assuming the complete zone is
perforated and all flow is horizontal. When only a portion of
the zone is perforated, there is an additional pressure drop
from vertical flow. Theoretically, partial penetration on a
Horner plot will have two effects: (a) an artificially high
skin factor; and (b) a second Horner slope in later stages of
the buildup. The first Horner slope is analyzed for the flow
capacity (KH) of the perforated interval, and the second for
the total formation KH. The second Horner slope should be
flatter than the first.

Horner analysis of the Holmes-Elliott shows a skin factor
of 9.89 compared with skins of less than 5.0 for the other
three wells. This high skin factor is taken as evidence that
the partial penetration effect is occurring. There are also
two apparent instances of the non-communicating layer effect.
The slope at the end of the test is eight times the initial
Horner slope indicating the existence of three flow
boundaries. Figures 22 and 23 show WBS and Horner plots for
the Holmes-Elliott 1 buildup analysis.

The distances to possible boundaries have been calculated
using the intersections of tangent lines with slopes of
2,4,and 8 times the initial Horner slope as shown in Figure
24. These intersections result in boundary distances of 177
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Shut In Bottom Hole Pressure, psig

Figure 22: Holmes-Elliott 1 Wellbore Storage Plot
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feet, 371 feet and 596 feet. If boundaries 1 and 2 are at a
common distance, they are at 292 feet. If all three
boundaries are equidistant, they are at 444 feet. If boundary
1 exists at 177 feet and boundaries 2 and 3 are equidistant,
their distance is 510 feet.

For the Holmes-Elliott 1 buildup analysis, the computed
boundary distances should be used only as confirmation of
boundary locations indicated by other methods. The
complexities introduced by the combination of partial
penetration, non-communicating layer and mobility increase
create substantial uncertainty in boundary distance
calculations. The boundary distance of 596 feet is about
right for the flow boundary between Holmes-Elliott 1 and
Brewer 1. The other computed boundary distances do not appear
to conform to subsurface mapping.

4.3.5 Reservoir Pressure History

From analysis of RFT pressures and early pressure trends,
the virgin reservoir pressure at subsea elevation of -8250
feet was estimated to be 3843 psia.

Using the results of pressure buildup analysis for each
well, average reservoir pressure for the 35 single-péint 24-
hour shut-in pressure measurements were estimated by adding
the difference between computed average pressure and the 24-
hour pressure from the buildup. Individual measurements of B
sand and C sand pressures are only available from several
Repeat Formation Tests (RFT) run with open-hole well logs.
Since completion, all C sand production has been commingled in
the wellbore with B or A and B sands. There is not sufficient
data to adequately estimate individual B and C zone pressures.
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Figure 25: A Sand Reservoir Pressure Measurements
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Figure 26: B and C Sand Reservoir Pressure Measurements
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However, it is possible to estimate formation pressure by
assuming that the B and C 2zone pressures are nearly equal.
This assumption is reasonable considering the high reservoir
permeability, commingled production, and probability that the
sands communicate at some places.

Pressures from wells were grouped as A sand or B+C sand
to determine the pressure history as shown on Figures 25 and

26. After eliminating the most questionable pressures,
pressure was smoothed to form the B/C sand history shown on
Figure 27. The weighted average field total pressure was

prepared by weighting pressures by the proportion of
volumetric OOIP for the A and B+C sands shown in Table 1. A
weighting factor of 0.2507 was used for the A sand, and 0.7493
for the B+C sands. The weighted average A+B+C sand pressure
history is shown on Figure 28.

The A sand pressure history shows an initial 3-month
decline which is interpreted to be a period when both the
Holmes-Elliott 1 and Davis 2v, the two wells then completed in
the Al, zone were producing oil. The flattening of pressure
decline which occurs between July, 1992, and November, 1993,
was caused by crossflow of o0il into the Al in the Holmes-
Elliott 1 and later the Holmes-Elliott 2 wells, where bottom-
hole flowing pressure exceeded the Al zone pressure. The
rapid pressure decline after November, 1993, coincides with
the séparate A sand completion in from the Holmes-Elliott 2.
At that time, not only did crossflow end, but A sand net
withdrawals increased as the Holmes-Elliott 2 produced A sand
oil and gas.

The B+C sand pressure history shows a pattern of
continuing reduction in the rate of pressure decline with
time. A portion of the flattening can be explained by a
reduction in total fluid rate, and by increasing withdrawals
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of less compressible water. Reinjection of produced water
also contributes to flattening. An additional cause of
flattening is believed to be an accumulation free gas in
contact with the aquifer.
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Figure 27: B and C Sand Average Reservoir Pressure
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Chapter 5
MATERIAL BALANCE

5.1 Reservoir Complexities

There are an number of characteristics of the Sralla Road
Vicksburg which complicate material balance calculations.
While both the A and B+C sands have partial water drives, the
strength of the influx is significantly different as indicated
by the different rates of pressure decline shown on Figures 25
and 26. Also, the substantially lower permeability of the A
sands should cause more non-linear aquifer influx than in the
B+C sands. An unknown magnitude of crossflow into the Al zone
results in overstated net A sand withdrawals and understated
B+C sand withdrawals. The geometry. of the aquifers is
complex, neither linear nor radial, and is cut in places by
faults which may permit partial communication. The degree of
communication between both the sands, and the zones within the
sands is unknown. The cumulative production when bubble point
was reached is not accurately known. The reservoir has no gas
cap, but may behave as if a gas-cap exists. Free gas in
contact with the aquifer will create pressure behavior similar
to that of a gas cap, with pressure transmitted to the oil
zone through the aquifer.

Conventional material balance and water influx equations
were not derived for the complex conditions which exist in the
Sralla Road Vicksburg field. As much as possible,
formulations of the material balance equations were modified
to account for unusual conditions. However, a degree of
uncertainty will still exist in the calculations.
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Two material balance calculations have been prepared. The
initial calculation was prepared after approximately one year
of production, and the second after three years.

5.2 Initial Material Balance Calculation

In the absence of sufficient accurate pressures to
determine the cumulative at which the bubble point was
reached, there is uncertainty in the cumulative production
below the bubble point. As the bubble point is the initial
point for conventional material balance calculations, the
material balance formula must be modified to account for both
above and below bubble point performance.

Above the bubble point, the material balance formulation

is:
N B,; C, AP = N, B,- W, (eq. 5-1)
or
NB_ . C, AP + W;
N, = of ¢ -2 (eq. 5-1a)
BO
Where: B,; = Formation volume factor at initial pressure
N = Original oil-in-place (OOIP)
C. = Total compressibility
N, = Cumulative oil produced
AP = Initial pressure minus ending pressure
B, = Formation volume factor at pressure

W; = Water influx, barrels
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Below the bubble point, the effect of gas saturation and
gas voidage must be taken into account. The formulation
becomes (in the absence of significant water production)

N, [B,+B, (R,-R,;)] - W,

N = (eq. 5-2)
B.-By;
Where:
B, = Total formation volume factor = B, + Bg(R;; - R,)
R, = Cumulative gas-o0il ratio
Ry; = Bubble point gas-o0il ratio
B, = Bubble point total formation volume factor
N, = Cumulative oil produced below the bubble point

Equations 5-1 and 5-2 cannot be solved independently since
each has three unknowns - OOIP N, Np (since the bubble-point
cumulative is unknown) and water influx at the date of the
pressure and cumulative.

Since the Vicksburg reservoir has very high permeability,
the aquifer will respond to pressure changes in the oil zone
virtually immediately. An example of this is the Holmes-
Elliott pressure buildup test which measured pressure response
758 feet from the wellbore in 24 hours. Therefore, water
influx which is usually expressed in barrels per day per psi
can be simplified to barrels per psi. This simplification can
be written:

W; = WIP C,, AP (eq. 5-3)
Where:
WIP = Aquifer water-in-place
C., = Aquifer total compressibility
AP = Change in oil zone pressure
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As both WIP and C,, are effectively constant, equation 5-3
states that water influx W; is proportional to the pressure
change in the oil zone, that is:

dw, dw
W, = —2 AP where Tpi = WIP C,, (eq. 5-4)

Observing that cumulative o0il equals cumulative from above
the bubble point plus cumulative below the bubble point,
then:

N B,;C,AP+W,

Ny, below bubble point=Np total ~ B (eq. 5-5)

o

Substituting equation 5-5 for N, in equation 5-2, and
replacing d

W; = d;;i AP (eq. 5a)

the final material balance equation becomes

dw;
[Nptotal—N BOiCtAP+ TE: (P_i = ng) 1 dWl
B, [B.+Bg(Ry~Ryy) -—5 (Pgp= P) ]
N= 'BP
B, - By
(eq. 5-6)

Equation 5-6 contains two unknowns, OOIP (N), and the
water influx coefficient dw,/dP, which must be solved for
simultaneously. As both N and dW,/dP are constants, they
should have the same value when the equation 5-6 is solved at
each pressure and cumulative point. The trial-and-error
solution technique is to assume a value for OOIP, and compute
the associated value for dw;/dP at each known pressure-
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cumulative point. 1In the calculations, the OOIP value which
yielded the minimum standard deviation in dW;/dP was the final

estimate of OOIP.
The simultaneous solution of equation 5-6 for the combined
B and C reservoirs is shown in the following Table 4.

Table 4
Combined B+C Initial Material Balance Results

Original daw, Water

Pressure Oil-In-Place dp Influx

Date psia STB bbl/psi STB

2/4/92 3717.25 9,499,000 250.19 31,390

6/16/92 3573.50 9,499,000 259.14 69,766

9/3/92 3503.38 9,499.000 245 .26 83,234
Average 251.498
Standard Deviation 5.739

For the Vicksburg A reservoir, where permeability is in
the order of 70 md. and net pay appears lenticular, the
assumption that water influx is a function of pressure change
alone is probably not valid. Further, the 9/3/92 pressure
point is suspect since it is a 24-hour single-point taken with
an Amerada-type gage. As water influx should not be occurring
rapidly, the material balance OOIP computed for the bubble
point should be very close to correct value. The value for
OOIP which causes zero water influx at the bubble point is
taken as the best estimate. The pressure taken from the Davis
2V is assumed to be the average reservoir pressure, and Davis
2V production is taken as an estimate of total A sand
withdrawals. The results of the A sand material balance
calculations are shown in Table 5.
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Table 5
Initial A Sand Material Balance
Cumulative Original
Pressure 0il Oil-in-Place
Date psia STB STB
6/19/92 3672.50 12,741 1,682,000
9/3/92 3566.18 28,509 1,714,259

If the 9/3/92 pressure is correct, water influx is
occurring. The effect of neglecting water influx on
conventional material balance calculations is to give larger
values for OOIP as more oil is produced. Assuming a linear
change in computed OOIP with pressure, the two points of Table
5 extrapolate to OOIP at virgin reservoir pressure of
1,630,000 STB.

The A sand material balance OOIP is 27 percent greater
than volumetric, and the B+C approximately 2.5 times larger.
The initial material balance oil-in-place for both A and B+C
sands are suspected to be inaccurate.

5.3 Second Material Balance Calculation

A second attempt to compute material balance OOIP was
undertaken in August, 1994, At that time, most of the
complexities of the Sralla Road Vicksburg oil reservoir were
recognized, and the material balance equations and approach
were modified as possible to minimize distortions. Since
there is no reliable method for calculating crossflow into the
Al zone, calculations were performed for the total A+B+C sands
using weighted average reservoir pressures.
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5.3.1 Derivation of Material Balance Equations

Classic material balance equations assume any existing gas
cap is in contact with the oil zone, which dictates that oil
is at the bubble point at original pressure. Further,
calculations require the value of m (the ratio of gas cap
volume to oil zone volume) be calculated independently. The
value of m is normally calculated using volumetric methods.
Since gas is highly compressible, small errors in the
magnitude of m will magnify into large errors in the computed
value of OOIP.

5.3.1.1 Total Field and B+C Sand Egquation

For the Sralla Road Vicksburg reservoir, both water influx
and m are unknown. Havlena and Odeh (Havlena and Odeh, 1963)
showed the material balance equation can be manipulated to
eliminate m, thereby permitting calculation of OOIP in the
presence of free gas. Using the same techniques, the further
manipulation herein also permits calculations without
requiring a bubble-boint equal to initial pressure.

By defining accumulation terms of:

F = N, [B,+ B, (R-R,y)] + W, B,

(C.+S.C.)
E = B, - B,; + B -—-—-fS”"' (P,-P)
[
B,
b = EE
B

gi
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the complete material balance equation becomes:

for N = Original Oil-In-Place

gas cap volume

and m = -
oil zone volume

F=NE+Nmb+ W (eq. 5-7)

Differentiating equation 5-7 with respect to pressure,

p-% g _d and b'= 22

dp’ ~ ap’ dp

creates the equation:

F' =NE' +Nmb' + W' (eq. 5-8)

Combining equations 5-7 and 5-8 permits the elimination
of m, resulting in the equation

Fb - PF b b/aP - b '
= - N- 28873 (eq 5-9)
EDb - E' b Eb - E' D d

Making the substitutions:

Fb -F'b
y= —— (egq. 5-10)
EDb' -E'D
b/ (P; -P) - b
X = (e - 5"'11)
Eb - E D g
creates the equation: y =-N- WC;x (eq. 5-12)

Equation 5-12 is the equation of a line with intercept
negative OOIP and slope equal to original water-in-place times
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total compressibility. This equation should apply to the
total reservoir and to the B+C sands.

Although equation 5-12 is algebraically correct, it
introduces difficulties in its application due to the
derivatives, particularly of F and E, with respect to
pressure. Small errors in pressure or cumulative will tend to
be magnified in the derivatives. To reduce this sensitivity,
F, b, and E were smoothed using 3rd order fitting equations,
and both the values and their derivatives were calculated from
the fit equations.

Once OOIP and water influx have been calculated, m can be
determined by the formulation

F-W,

= 5 -E, (eq. 5-13)
B .E
x=trg (eq. 5-14)
Bﬁ
creating the equation: y =mx (eq. 5-15)

In equation 5-15, m is the ratio of gas-cap size to oil-
zone size. A plot of y versus x data pairs should result in
a straight line through the origin, with a slope equal to m.

5.3.1.2 A Sand Equation

For the A sand, where no gas cap exists, m is zero and the
material balance equation becomes:
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- F -
y = F (eq. 5-16)
x=(C,+ Cg) * (P; - P) (eq. 5-17)

creating the equation: y=N- WX (eq. 5-18)

For equation 5-18, when the quantity y is plotted against
the quantity x, OOIP is the intercept and initial water-in-
place is the slope.

5.3.2 Results of Calculations

Figures 29 and 30 show plots of the x and y data points
as calculated with equation 5-12 for the total reservoir, and
for the B+C sands. The total reservoir plot shows a linear
trend through the points on both ends, which come from the
latest data. However, early data points which should be the
most accurate are off trend. The fit line shown indicates
OOIP of 11.4 million STB. This OOIP is much larger than the
volumetric OOIP, indicating one or more of the complexities is
preventing an accurate solution.

The B+C sand plot on Figure 30 shows a reasonably good
linear trend for early pressure points, but begins to deviate
in later preésure points. The deviation may be caused by the
crossflow volumes which are not included in cumulative
production. The B+C solution indicates OOIP of 5.45 million
STB, and water-in-place (for C,+C, equal to 1.49x107°) of 20.2
million barrels. This OOIP is 1.42 times volumetric OOIP.

The plot for m using equation 5-15 is shown on Figure 31.
As was the case for the OOIP plot, a good pattern is shown by
early data points, with later data departing from the line.
The fit line indicates a value for m of 0.401. The fit line
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Figure 29: A+B+C Sand Material Balance Solution Plot
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Figure 30: B+C Sand Material Balance Solution Plot
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Figure 31: B+C Sand Material Balance Solution
Plot for Gas Cap to 0Oil Zone Ratio m
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‘also has an intercept very close to zero, as equation 5-15
indicates it should be.

The material balance plot for the Al zone is shown on
Figure 32. The plot is surprisingly good considering the Al
has experienced crossflow. The fit of all data points
indicates an OOIP of 515 MSTB. If the gentle curvature is
extrapolated to x=zero, a value for OOIP of approximately 528
MSTB would be indicated. The Al zone contains 62 percent of
the A sand volumetric OOIP, or 0.79 million STB, reasonably
close to the material balance solution.

5.3.4 Conclusions From Material Balance

In all cases except the Al zone, material-balance
calculated OOIP is significantly higher than volumetric OOIP.
Considering the relatively close control of reservoir
boundaries from existing wellbores, it is not possible to
construct a reservoir volume large enough to contain the
material balance OOIP. It is therefore believed that the
complexities in the Sralla Road Vicksburg reservoir prevent
reliable estimation of OOIP using material balance methods.
The best estimate of OOIP is from volumetric calculations.
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Chapter 6
ROCK PROPERTIES

For each zone, rock properties of porosity, permeability,
saturation endpoints (Sy;, Sgws S¢, and S,,), capillary
pressure and rock compressibility were estimated using open-
hole well logs, core analysis, and special core tests.
Properties from the Willits 1 whole core analysis and special
tests were correlated to the Willits 1 open-hole logs. These
correlations were then applied to the remaining wells.

All wells have dual-induction/sonic/GR/SP open-hole well
logs available. Wells drilled as Vicksburg tests also have
neutron-density porosity logs. Several wells have micrologs.
Well log tracks of deep induction, sonic travel time, gamma
ray API units, and spontaneous potential, and, where
available, density porosity, neutron porosity, and caliper
were digitized at intervals of 1 foot or % foot using a
digitizing tablet. Bulk density calculated from density
porosity was corrected for borehole size. Normalization of
gamma ray was not necessary, but readings were corrected for
formation density using the formula

GR, = GRyog pi_'_pﬂa; (eq. 6-1)

ma ~ Pshale

Preliminary log calculations were performed using neutron-
density porosity, GR V.,,, and the Archie equation with Poupon
and Leveaux (Poupon and Leveaux, 1971) clay corrections. Log
sections of the Vicksburg interval for all producing wells,
plus the Willits 1, Ferguson 1, and Cedar Bayou 1 appear in
Appendix A.
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6.1 Core analysis

A full-diameter core was cut in one well, and sidewall
cores taken from five wells. The sidewall core analyses have
been used primarily to locate water-oil contact depths and for
indications of pay-quality rock. The explosive force applied
by percussion sidewall core devices usually alters the rock
sample, rendering porosity measurements inaccurate. The
fracturing and crushing of sidewall samples is so severe that
actual measurements of permeability are not performed.
Instead, the permeability wvalues reported on sidewall core
analysis reports are estimated from porosity and a ’'texture’
value from visual examination. As actual measured
_permeability values are available from the whole core,
sidewall data has not been used.

6.2 Porosity Correlations

Calculations for porosity began with correcting Willits
1 core laboratory-condition porosity measurements to in-situ
reservoir loading conditions using the porosity versus
confining pressure data from three compressibility tests. (See
figure 47). The in-situ core porosity was then used in
correlating the core analysis footage to log depths. Since
core recovery for each of the six cores was less than 100%,
the sections missing had to be identified. Correlation was
based first on cored interval for each core. Within the
interval of each core, the core-gamma trace was compared with
well log gamma ray track to match similar patterns. (see
Figure 33.) Finally, core plug porosity trends were compared
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with porosity logs. The final core to log depth correlation
is shown on Figure 34,

In-situ core porosity was correlated to a variety of
Willits 1 log porosity readings, including bulk density, sonic
transit time, neutron porosity, neutron-density crossplot, and
clay-corrected neutron-density. The best correlation was
obtained from the bulk density readings and neutron-density
Vilay indexr USing the formula:

2.5503 - p,

eq. 6-2
1.5503 (eq )

¢d=

- 0.05 Vclay index

The correlation of corrected density porosity compared
with in-situ core porosity is shown on Figure 34.

Since neutron-density logs are not available on all wells,
and some wells show the excavation effect caused by gas
saturation, a correlation of neutron-density Veiay index from
gamma ray was prepared as shown on Figure 35. For
consistency, correlated V.., ineex Was used for all logs, even
where neutron-density logs were available, using the
correlation:

174 =b, -, = 10(-0.13877 + 0.014774 GR)  (eq. 6-3)
n

clay index

Porosity from Willits 1 sonic transit time was correlated
from in-situ core porosity for use in wells without neutron-
density logs. The final correlation equation is

¢ - _55.5-at 100
¢ '188.7 - 55.5 107

Computed sonic porosity and core porosity are shown
graphed on Figure 36.
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Figure 35: Willits 1 Correlation of Log Gamma Ray
to Log Neutron-Density Porosity Difference
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6.3 Permeability Correlation

Laboratory core air permeability measurements were
correlated to both log porosity and 1og V., index-
Conventionally, permeability is correlated from porosity only,
employing the often-observed linear pattern when the log of
permeability is plotted against porosity. There is also some
theoretical basis for correlating to porosity. Intuitively,
higher porosity in intergranular porosity is coupled with a
larger mean pore throat diameter. It is larger mean pore
throat diameter which actually correlates with higher
permeability. At equal porosities, permeability tends to vary
directly with mean particle size. Smaller particles when
packed have smaller pore throats.

Including V.., ineex in the permeability correlation is an
indirect method for including a particle size component in the
calculation. A higher v,, will cause a reduction in the mean
particle size, and therefore the pore throat diameter, but not
necessarily a proportional decrease in porosity.

6.3.1 Correlation Procedure

First, core laborétory K,;; values were corrected to
reservoir overburden conditions using the permeability
reduction versus confining pressure results from three
compressibility tests. The reported ratios of confined K,;, to
un-confined K,;,, are identical to the porosity ratios shown on
figure 47. A linear optimizer was then used to estimate
optimum constants for several hypothesized equation forms.
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The equation which yielded the minimum standard deviation
between core and calculated permeability was selected.

The final permeability correlation was prepared using the
equation

K, = 0.737 * 10 (1-09812 + 0.99738 & - 6.69893 Voray sndex) (eq.6-5)

Figures 37 and 38 contains a graph of in-situ core K,;, and
calculated K,;, plotted against log porosity. Although
individual measurements show divergence, the general pattern
and spread of computed permeabilities closely matches that of
the lab data.

Using equations (6-1) through (6-5), porosity and
permeability were calculated for each foot of digitized log
readings. '

6.3.2 Permeability to 0il Calculation

Using the ratio of K, /K,;, at irreducible water saturation
from the four oil-water relative permeability tests, a
correlation of K,/K,,, versus K,;, was prepared as shown in
Figure 39. This correlation was applied to the log-calculated
K,;» Vvalues at elevations above the WOC to estimate effective
permeability, K,. Log feet below the WOC were not corrected
since in the presence of water only, K,, is the correct
permeability.
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Figure 37: Willits No. 1 Core Permeability and
Permeability Computed from Log Porosity
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Figure 39: Ko/Ka Permeability Correlation Plot
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In the four wells with permeability calculated by pressure
buildup analysis, correlated K, was factored so that the
harmonic average of feet in perforated zones equaled buildup
permeability using the relationship:

(M) (eq. 6-6)

no. feet -
10 = Kbuildup

The average correction factor ¢ for neutron-density porosity
logs was 0.6073, and 1.071 for the one sonic log. These
average correction factors were applied to all other wells.

6.3.3 Vertical Permeability Estimate

The routine core analysis included three vertical
permeability measurements. A correlation was estimated
between the ratio of K,/K, and V., jnex @5 shown on Figure 40.
This correlation was applied to all log feet to estimate a
vertical permeability. The lowest permeability near the
interface of each zone was used to estimate the effective
permeability between the zones. This procedure recognizes
that the minimum inter-zone permeability rather than the
average throughout the zones dictates flow. An example of
this principle is when the minimum is zero. Regardless of the
K, in the remainder of the two zones, inter-zone permeability

is zero.

6.4 Capillary Pressure

The special core test included three air-oil capillary
pressure tests. Capillary pressure versus saturation was
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averaged by normalizing from zero to 1.0, where zero equals
minimum and 100% equals maximum. The normalized scale then
represents a fractional change in saturation. Air-oil P, was
corrected to reservoir-condition oil-water P, using estimates
of laboratory contact angle © of 0°, and an interfacial
tension & of 24 dyne/cm, resulting in a value for &cos © of
24. For reservoir conditions, estimates of ©=30° and 6=30
dyne/cm for water-oil (&8cos ©=26), and 0=0° and 6=50 dyne/cm
for water-gas (8cos ©=50). Correction to reservoir conditions
was performed using the equation Pc¢,,=Pc,,(8cos 0O.,)/(8cos
©,) - As shown on Figure 41A, the three P, curves on a
normalized S, scale have very similar shapes and values across
a wide range of permeability. The average P_., versus
normalized saturation curves were used throughout the
reservoir, with end points of normalized 100% S, =1-S,, and
normalized 0% S,=S,,. Similarly, gas-liquid P, has normalized
100% S,=1-S5,;-S.yy, and normalized 0% S,=S,.. Gas-oil capillary
pressure is shown on Figure 42.

6.5 Correlation of Residual and Irreducible Saturations

Data for S,,, S.y, and S, was taken from the end-points of
the three oil-water and gas-oil relative permeability tests.
However, data for S, was taken from capillary pressure tests.
Use of capillary pressure S, is necessary to preserve the
consistency between relative permeability and P.. In
addition, the method of creating and measuring S, is more
rigorous in the capillary pressure tests.
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CAPILLARY PRESSURE, psig
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6.5.1 Correlations from Permeability

Correlations for end-point saturations are prepared from
permeability rather than porosity. Permeability and capillary
pressure are 'brother-in-law’ properties, both functions of
mean pore throat diameter. Research (Ma, Jiang, and Morrow,
1991, swanson, 1981) has shown that permeability can be
calculated from the curvature characteristics of a capillary
pressure curve. It follows that S, , as the end-point of the
capillary pressure curve, should also vary with permeability.
Observation of data patterns supports this postulation. The
core analysis for Vicksburg rock samples with porosity as high
as 18% (good rock in some formations) show permeabilities
usually 1less than 1 md. The low-permeability samples
invariably have no residual oil saturation, indicating they
were 100% water saturated in the reservoir.

The small pore throats which cause low permeability and
high irreducible water saturation may also tend to retain a
larger fraction of initial oil saturation when pores are
invaded by water. A smaller pore throat would require a
proportionally smaller volume of water to be fully water-
filled, at which time o0il or gas flow would cease. This
implies residual saturations varying inversely with mean pore
throat diameter, and therefore with permeability.

6.5.2 End-Point Saturation Calculation

Since data for end-points are not available in the low
range of permeability, estimates have been necessary. For S,
a 100% end point was estimated at 1.5 md. based on the absence
of residual oil in core samples at that permeability.
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Accurate estimates for S,, and S,, at low permeabilities are
not critical, since the rock will contain nearly all water.

Figures 43 and 44 show the correlation from permeability
of S, and S,,, and Figures 45 and 46 shows correlations for
Sorg and S,.. These correlations were applied to each log foot,
and zone values estimated as the arithmetic average of all
zone feet.

6.6 Compressibility

Compressibility data was taken from the three pore
compressibility tests performed in the special core test
suite. Sample compressibilities were corrected from uniaxial
to triaxial loading using a factor of 0.74. Corrected
compressibility was correlated to sample in-situ K,;, as shown
on Figures 47, 47A, and 48. Correlations were prepared from
K,;, rather than the conventionally-used porosity since a
better pattern of C, variation is obtained using K,;,. This
correlation basis also intuitively follows from the
correlation of permeability from both porosity and V.., index-
Clean sand feet should have a compressibility derived from
sandstone compressibility patterns. As the sand becomes more
clay-filled, formation compressibility will be increasingly
dependent on the compressibility of clay. Since permeability
is calculated using both porosity and V., jneex,» cOrrelations of
compressibility from permeability include components of both
porosity and grain size.

The compressibility correlation was applied to each log
foot, and 2zone average compressibility calculated as the
arithmetic average of all zone feet.
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Figure 43: Swi from Permeability Correlation Plot
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Figure 44: Sorw from Permeability Correlation Plot
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Figure 45: Sorg from Permeability Correlation Plot
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Figure 46: Sgc from Permeability Correlation Plot
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CORE TRIAXIAL POROSITY RATIO, PHI/PHi(zero)

Figure 47: Porosity Ratio
versus Confining Pressure
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6.7 Relative Permeability

The Willits special core analysis included three unsteady-
state oil-water and gas-0il relative permeability tests. The
test were reported to be affected by mobile fine plugging.
during displacement. The testing company suggested that
problems with core preservation or incompatible water may have
caused clay particles to become dislodged. Other
possibilities include mechanical vibration during coring or
cutting of sample plugs, or the use of high-viscosity
synthetic oil and high flow rates in the tests. Whatever the
cause, the test results are not believed to be reliable.

All three oil-water relative permeability test results are
shown plotted on Figure 49. The end point K., values are
unusually low, and are bending flat or downward instead of
increasing. Rather than employing the test data, oil-water
relative permeability was correlated using the equations of
Honapour (Honapour, Koederitz, and Harvey, 1981). The
correlated K, and K, are included in the graph in Figure 49.

The gas-o0il relative permeability tests are also suspect
since tests were performed on the same rock samples used for
K., tests. Laboratory gas-oil relative permeability data have
been replaced with Honapour correlations. Figure 50 is a
graph of all lab gas-o0il relative permeability tests and
Honapour-correlated K., and Kg4.
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Figure 49: Willits 1 Special Core Analysis
and Correlated Oil-Water Relative Permeability
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Chapter. 7
RESERVOIR SIMULATION

7.1 Reservoir Simulation Studies

Two simulation studies have been prepared. The initial
simulation was completed in November, 1993, matching
historical producing rates through August, 1993. The initial
simulation used the Franlab FRAGOR computer program, a three-
phase, three-dimensional, fully-implicit, 9-point, black-o0il

simulator. The initial simulation results will not be
presented since they have been supplanted by the second
simulation. The results of the initial simulation history

match were used as starting points for the second simulation.

The final simulation was prepared using the Intera
Information Technologies, Ltd. ECLIPSE simulator. ECLIPSE is
a fully-implicit, three-phase, three-dimensional, 5-point,
black-0il simulator. The second simulation is an update and
extension of the initial simulation, and matches history
through the end of December, 1994. Unless otherwise
specified, further references to simulation study refer to the
second simulation.

7.2 Reservoir Model Construction

At the beginning of the study, Mr. Norton furnished
structure maps, isopach net sand maps, and cross-sections of
zones between producing wells. From the indications of
complexity from pressure buildup analysis, material balance
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uncertainty, and upstructure water production, a decision was
made that the reservoir model would need to include layers for
each zone within the A, B, and C sands. The D sand was also
included since it is likely to be a part of the aquifer. The
model contains 11 layers, one for each zone, and one for the
D sand.

7.2.1 Zonation and Mapping

The log-correlation of zones was extended to all wells in
the vicinity of the field, and net sand isopach maps of each
zone were constructed. The isopach maps appear in Figures 51
through 60. The isopach maps are oriented in the same manner
as the simulation grid described in the following section
7.2.2.

7.2.2 Gridding

The simulation grid was laid out as with the top row of
model cells paralleling the Main fault, or rotated 45° degrees
counter-clockwise so that the y-axis is orientated north 45°
west. Maximum grid size was selected to encompass most of the
mapped sand zones. Grid dimensions are 21,000 feet in the x-
direction, and 6,500 feet in the y-direction.

Location of interior grid block boundaries considers
location of mapped faults, producing wells, and distance from
the WOC. 1Inside the WOC, grid blocks average approximately
275 feet by 275 feet. Using a process called refinement, grid
blocks containing wells are sub-divided into nine 100-foot by
100-foot blocks, except for the Davis 2V well cell which
contains 12 radially refined sub-grid blocks. The Cl1 zone
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Figure 51: Al Zone Net Sand Isopach Map
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Figure 53: A3 Zone Net Sand Isopach Map
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Figure 55: B2 Zone Net Sand Isopach Map
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Figure 59: C2 Zone Net Sand Isopach Map
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layer in the grid block containing the Holmes-Elliott 1 is
sub-divided into three refined layers to improve water
breakthrough calculations. The simulation grid is diagrammed
on Figure 61, and refined grids are shown in Figufes 62a and
62b.

7.2.3 Grid Block Properties

Grid block properties of elevation and net sand thickness
were computed from contour maps. The map contours were
digitized and used in a computer program which samples the
maps every 10 feet to compute average grid block values.
Porosity, and horizontal and vertical permeability were
computed by interpolation between the closest three wells or
zone zero-thickness boundaries. Interpolations were also
performed every 10 feet and averaged for the grid block value.
Averaging was performed harmonically for permeability and
arithmetically for porosity. From the horizontal permeability
value, each grid block was assigned a table number from 1 to
10 to identify the appropriate set of relative permeability,
capillary pressure, and compressibility tables to be used in
cell calculations.

7.3 Fine Grid Stu

Prior to full-field simulation, a fine-grid simulation of
one zone in a ten-foot wide slice of the field was performed.
The purpose of the fine-grid study was to determine the
appropriate shape of the oil-water relative permeability
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Figure 61: Simulation Grid
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curves for use in the main grid. The main grid curves are
called pseudo relative permeability.

7.3.1 Pseudo Relative Permeability

Pseudo relative permeability is needed since the scale of
the simulation grid blocks is many orders of magnitude larger
than the size of the core plug samples used to measure
relative permeability. In conducting relative permeability
tests in the laboratory on plugs around one inch long, it is
assumed that oil and water saturations are equal throughout
the sample, including both ends. That is, there is no
saturation gradient. This is not an unreasonable assumption
for so small a sample. However, a 300-foot grid block will
have a saturation gradient, possibly having high water
saturation at one end while the opposite end has only
irreducible water saturation. The pseudo relative
permeability curve describes how the grid block behaves.

7.3.2 Fine Grid Data

The fine grid study used a ten-foot wide strip of the B4
zone between Holmes-Elliott 1 and Willits 1. Each grid block
is one foot thick, and 10 feet long. As the B4 is about 10
feet thick, the fine grid model has 10 layers. The 1,500 feet
between the two wells requires 150 grids in the horizontal
direction, making a total of 1,500 cells. At the ends, each
layer is assigned the vertical and horizontal permeability,
and the porosity of the corresponding log foot at the well.
Between the wells, values vary linearly in each layer. The
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Honapour correlation relative permeability curves are used,
and initial water saturations are calculated using capillary
pressure, cell depth, and WOC depth.

For the fine-grid simulation runs, the producing well was
specified at a producing rate of 20 BOPD, approximately the
contribution to total well producing rate of a 10-foot wide
section of B4 zone reservoir. After water breakthrough, total
fluid rate was limited to 200 BFPD. The Willits 1 was treated
as an injector, with injection rate computed as a percentage
of total voidage so that average reservoir pressure decline
was similar to historical patterns. Forecast runs used 90-day
time steps.

7.3.3 Fine Grid Pseudo Relative Permeability

The output from the fine-grid simulation runs was used as
input to the ECL, Inc. PSEUDO computer program. This program
takes input of block o0il, gas, and water flow rates, block
dimensions, block saturations and pressures, and fluid
properties directly from simulator output. The user specifies
the edges of larger blocks for which effective relative
permeability curves are to be generated. For the Sralla Road
PSEUDO runs, a large block size of 300 feet was specified,
beginning at the injection well. This spacing creates half-
blocks containing wells at both ends, and three full blocks
in-between.

At each time step, the PSEUDO program computes the
downstream block face relative permeability to oil and water,
and average block water saturation. Output results are in the
form of a tables of K_, and K, versus saturation.
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The pseudo relative permeability curves created by the
PSEUDO program are shown on Figure 63. The curves have a
shape similar to those shown by Hearn (Hearn, 1972) computed
for non-communicating layers using frontal-advance methods.
However, rather than showing Hearn’s higher K,, at low water
saturations, the fine-grid study indicates delayed water
breakthrough and an extended saturation zone of high K,_,.
This type of pseudo relative permeability curve results from
a horizontally-short oil-water interface region.

The curve from block 3 was selected as the initial
simulator oil-water relative permeability for all sands.
Figure 64 shows the initial model pseudo oil-water relative
permeability and the fine-grid input K.

The PSEUDO program is apparently not configured to create
gas-o0il relative permeability curves, probably failing to
"account for evolved gas within each cell. The program output
for K, was greater than 1.0 for all except the injector cell.
Gas should evolve at nearly the same rate throughout a
simulation block, creating a uniform gas saturation. As the
uniform saturation approximates the laboratory tests, a pseudo
gas-0il relative should not be necessary. Initial simulator
gas-0il relative permeability curves were taken from
correlations discussed in above section 3.7.

7.4 History Match

For the Sralla Road Vicksburg simulation history match,
individual well total reservoir voidage rates equal to actual
monthly-average history were specified. The period matched
began with initial production on September 28, 1991, and ended
December 31, 1994. Using this rate-specified technique,
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Figure 63: Fine Grid Simulation Study
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adjustments are made to cause a simulator match to actual
monthly GOR, water cut, and average reservoir pressure. A
large number of test runs were prepared varying permeability,
relative permeability, skin factors, and flow boundaries to
observe the effect of changes on simulator forecasts.

7.4.1 Modifications to Obtain History Match

Nine significant modifications to input reservoir
properties were required to obtain a satisfactory history
match. The modifications and reasons for changes are
discussed 'in the following sections 7.4.1.1 through 7.4.1.7.

7.4.1.1 Flow Boundary Near Davis Bl

The most significant modification required was the
creation of a no-flow boundary down-structure from the Davis
Bl well. This well is the lowest B sand producer on the
structure but experienced first water production only at the
end of the history match period after 3 years or production.
Initial simulator runs predicted water breakthrough after only
a few producing months. The only modification which prevented
early water production at Davis Bl was a flow boundary in all
the B sands beginning in the aquifer at the Main crossfault
southeast of Davis Bl, then running between Davis Bl and
Willits 1, and extending into the o0il 2zone southeast of
Holmes-Elliott 1. The boundary must have nearly zero
permeability below Davis Bl. If the boundary does not extend
into the o0il 2zone, the simulator will predict water flow
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around the boundary in the aquifer, causing early Davis Bl
water production.

Extending the boundary down into the C sand helps the
simulator predict early C sand water production at the Holmes-
Elliott 1 well. If C sand water encroachment is permitted all
along the water-oil contact, the simulator predicts first C1
zone water production at Holmes-Elliott 1 nearly a year later
than it actually occurred. By extending the B sand boundary
through the C sand, C sand water influx occurs primarily from
the northeast, and C1 zone water breakthrough is forecast at
the date it actually occurred.

Creating a single boundary in both the B and C sands is
a less intrusive change than creating two separate flow
restrictions. For the boundary to penetrate both sands, it is
likely to be a fault. Since the Vicksburg is cut by a number
of indicated faults, a sealing fault at the postulated
location is not unreasonable.

7.4.1.2 Free Gas SW of Main Crossfault

In a number of test runs with different aquifer sizes,
permeabilities, and compressibilities, the simulator was
unable to predict the pattern of measured pressure decline
unless a gas accumulation in pressure communication with the
0il reservoir was included. The second material balance
solution in section 5.2.3 indicated the B+C sands are in
contact with a free gas saturation. Since the Brewer is at
the top of the structure and is oil-saturated, the free gas
must be in contact with the aquifer. The possible locations
for free gas are at the Cedar Bayou 1 location northeast of
the o0il reservoir, or southwest of the oil reservoir across
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the Main crossfault, or both. Both locations have recorded
gas production from the Vicksburg. However, only a location
southwest of the Main crossfault has sufficient reservoir
volume using the existing subsurface geologic interpretation
to contain the necessary quantity of gas.

A gas-water contact at subsea elevation -8359 feet was
created in the Vicksburg southwest of the Main crossfault.
This GWC depth creates an accumulation of 2,513 MMcfE.
Pressure communicates with the o0il reservoir through the
aquifer southeast of the Main crossfault.

7.4.1.3 Removal of Fault at Davis 2V

The original subsurface structural interpretation had a
fault just upstructure from the Davis 2V, separating that well
from the Holmes-Elliott 1 and 2 wells. The fault is indicated
by missing section in the Davis 2V. Since only the Davis 2V
penetrates the fault, the southwest dip and southeast strike
of the fault were assumed.

Field observations, pressure measurements, and the rapid
depletion of Davis 2V when Holmes-Elliott 2 was dual-completed
indicate communication between these two wells. Also, the GOR
performance of both wells indicates up-structure migration of
gas. During simulation, the Al zone performance at both the
Davis 2V and Holmes-Elliott 1 cannot be matched if a sealing
fault exists between them. The interpreted fault has been
removed.
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7.4.1.4 Relative Perm. Adjustments

Adjustments were needed in both oil-water and gas-o0il
relative permeability in order to match pressure, GOR, and
water cut history. For the B and C sands, both K., and K.,
were adjusted to allow for increased water rates at lower S,.
K,,; was increased and K,,, was decreased in order to match the
GOR performance in the three B and C sand wells.

In the A sand, K., and K, adjustments similar to those
made for the B and C sands were necessary. In addition, the
best history match was obtained using a higher end-point K,,.
To match the low-GOR performance of Davis 2V and high GOR
performance of the Al in the two Holmes-Elliott wells, two
gas-oil relative permeability curves were needed. For the
lower-permeability Al zone at Holmes-Elliott 2, an increase in
K.o Was necessary for the model to match high rates of gas
production. At the Davis 2V, a low K,, similar to the B and
C sands was necessary to match GOR performance.

Final history match relative permeability curves are shown
on Figures 65 through 68.

7.4.1.5 Directional Permeability

The GOR performance of all wells indicates relatively
rapid upstructure migration of evolved gas. Lower wells have
shown histories of low GOR while the Brewer at the top of the
structure has shown GOR increase. Test runs using higher K.,
create the required gas migration rates but also increase GOR
in the producing wells. Gas migration is best matched by
creating directional permeability in all sands parallel to the
Main fault and Main crossfault. Directional permeability
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Figure 65: History Match Model A Sand
Oil-Water Relative Permeability
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Figure 66: History Match Model A Sand
Gas-0il Relative Permeability
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Figure 67: History Match Model B and C Sand
Oil-Water Relative Permeability
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Figure 68: History Match Model B and C Sand
Gas-0il Relative Permeability
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would be consistent with the geologic postulation that faults
were active at the time of deposition.

Directional permeability was created in all three sands
by applying factors of 1.5 to permeability in the direction
parallel to the closest fault, and .667 to permeability in the
direction normal to the fault. No directional permeability is
created at the crest of the structure in the vicinity of
Brewer 1.

The introduction of directional permeability into the
model creates good simulation of GOR performance. In
addition, the forecasts of early Cl and B4 water production at
the two Holmes-Elliott wells, and water cut performance at
Davis 2V are improved using directional permeability. The
improved forecast of water influx is taken as confirmation
that directional permeability is correct.

7.4.1.6 Vertical Perm. Reductions

The absence of communication between the A and B sands is
apparent from the pressure difference between the two sands.
However, there is uncertainty in the magnitude of vertical
communication between the B and C sands, and between the zones
within the B and C sands. In the Willits 1 core, the B and C
sands are separated by four feet of dark gray silty claystone,
but it is suggested that the B channel may have locally
incised into the C, creating vertical communication. In the
model, vertical communication between the B and C sands is
zero except in the regions southeast of Willits 1.

The non-communicating layer effect observed in the Davis
Bl buildup analysis (section 4.3.1.1) provides evidence that
at least some of the zone interfaces in the B sand do not
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permit vertical communication. In the slabbed-core
photographs, the interfaces between zones in the B and C sands
can be seen. Interfaces are Cl to C2 at core depths 8468-
8468.8 feet, B3 to B4 at 8441 to 8442 feet, B2 to B3 at
8434.5-8435.5 feet, and Bl to B2 at 8430.8 to 8433 feet. The
interfaces are described as ripple laminated siltstones to
silty claystone beds interbedded with fine-grained sandstones.
The interfaces described would have no vertical permeability.
The interfaces are much thinner than the claystone separating
the B and C sands, suggesting they are more likely to be of
limited areal extent, and more likely to be locally-incised.
In the model, the zone interfaces are assumed to have zero
vertical permeability above the WOC except above the Brewer 1.
In the aquifer and above Brewer 1, model vertical permeability
is one-tenth of the K, estimated by correlations.

The above-described vertical permeabilities were tested
in numerous simulation runs, and found to best describe the
GOR performance at Brewer 1 and water cut at Holmes-Elliott 1
and 2. Any significant vertical permeability between the B
sand zones creates very high GOR at Brewer 1, higher GORs at
Davis Bl and Holmes-Elliott 1 and 2, and much slower water cut
increase at Holmes-Elliott 2.

7.4.1.7 Al Zone Permeability Reductions

Substantial difficulty was incurred in matching the Al
zone performance at Davis 2V and Holmes-Elliott 2. Simulation
runs using the input descriptions of Al zone properties and
structure failed to predict GOR, water cut, or reservoir
pressure measured at Davis 2V, and did not predict the high Al
zone GOR at Holmes-Elliott 2. The best match was obtained by
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reducing A sand net pay thickness and permeability in areas
southeast of Davis 2V and southwest of Holmes-Elliott 1. The
reductions on permeability create higher S, and S,, through
the correlations of these parameters to permeability, thus
reducing both original oil-in-place and moveable oil.

The changes to A sand properties result in a narrow band
of productive A sand approximately 1200 feet wide paralleling
the Main fault, beginning several hundred feet southwest of
Holmes-Elliott 1 and extending to the WOC northeast of Davis
2V. This configuration indicates the A sands will not produce
at Brewer 1. The current low pressure in the Holmes-Elliott
2 A sand completion indicates no material crossflow is
occurring in the Brewer 1 wellbore. The absence of crossflow
corroborates the interpretation that the A sands are non-
productive at Brewer 1.

7.4.2 Final History Match Results

Using the adjustments described in section 7.4.1, a very
good final history match was obtained. Predicted average
reservoir pressures closely follow the trends of measured
pressures in both the A and B+C sands. Good agreement in GOR
is obtained for all wells, even the Brewer 1 where GOR rises
and then falls. Both water breakthrough times and water cut
histories are matched at all three well which produced water
during the matched period. The total field history match
rates and pressures are shown graphed on Figures 69 and 70.
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Figure 69: Field Total Actual and
Model History Match Producing Rates
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7.4.2.1 Davis Bl History Match

The primary producing characteristics of the Davis Bl well
have been a decreasing GOR and delayed water production. As.
shown on Figure 71, predicted GOR has closely matched history.
At Davis Bl, evolved gas in the B sand is migrating away from
the wellbore toward Brewer 1, contributing to the higher
Brewer GOR. Water breakthrough is predicted in late 1994, at
the same time as observed in the field.

7.4.2.2 Brewer 1 History Match

The Brewer 1 history is characterized by a pattern of
rising and then falling GOR, as shown in Figure 72. The
simulator indicates that the initial GOR rise is caused by Cl
zone production from both Holmes-Elliott 1 and Brewer 1. When
Holmes-Elliott 1 waters-out in the Cl, Brewer GOR decreases.
The second GOR rise is caused by both decreasing B and C sand
pressures and upstructure migration of B sand gas. The second
decrease in GOR results from pressure response to water
injections in the C sand at Willits 1. The pressure increase
is larger in the C sand, increasing C sand contributions to
total well production, and reducing higher GOR production from
the B sands. The model predicts the overall higher and then
lower Brewer 1 GOR trend, but not the GOR decrease in early
1993.
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Figure 71: Well Davis B 1 Actual and
Model History Match Producing Rates
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7.4.2.3 Holmes-Elliott 1 History Match

The history match correctly predicts the breakthrough of
water in the Cl1 zone in October, 1992, and B4 water in
January, 1993, The simulator also shows good agreement with
the flat GOR trend through January 1993, and the high GOR in
February, 1993, when only the A sands were producing. The
simulator predicts crossflow into the Al zone beginning in
July, 1992, causing the flattening of pressure decline in that
zone. The Holmes-Elliott 1 history match is shown on Figure
73.

7.4.2.4 Holmes-Elliott 2 History Match

The history match correctly predicts both B4 2zone water
production from the Holmes-Elliott 2 well as shown in Figure
74. The simulator also reasonably predicts the gradual
increase in B4 2zone water cut, and the rapid increase in A
sand GOR after November, 1993, when the A and B sands were
dual-completed. During the period from completion until
November, 1993, the simulator calculates crossflow into the Al
zone at rates up to 60 BOPD, with a total of 11,400 barrels
oil, 6,600 Mcf gas, and 2,160 barrels water entering the Al
Zone in the Holmes-Elliott 1 and Holmes-Elliott 2 wellbores.

The A and B sand history match for the Holmes-Elliott 2
after dual-completing are shown in Figures 75 and 76. The
simulator reasonably predicts the increasing B4 zone water cut
and flat GOR. The prediction for the A sands shows rapidly
increasing GOR, although lower then test rates indicate. The
history match indicates the water production in the A sand-
completion is from the A3 zone.
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BOPD and BWPD

BOPD and BWPD

Figure 73: Well Holmes-Elliott 1 Actual and
Model History Match Producing Rates
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BOPD and BWPD

BOPD and BWPD
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Figure 75: Well Holmes-Elliott 2 A Sand Actual

Model History Match Producing Rates
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Figure 76: Well Holmes-Elliott 2 B Sand Actual
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7.4.2.5 Davis 2V History Match

The history match for the Davis 2V is shown on Figure 77.
The simulator reasonably predicts water breakthrough in April,
1993, and the rapid increase in water cut after November,
1993, when Al zone crossflow ended in the Holmes-Elliott 2.
The simulator shows that crossflow was preventing water influx
at the Davis 2V wellbore, but that influx was occurring in a
horseshoe shape to the northeast of the well location. When
crossflow stopped, water converged on the Davis 2V wellbore
from three directions, causing the rapid water-out.

The simulator predicts the high ending GOR at Davis 2V,
but the increase occurs three months earlier than measured in
the field. The simulator shows the extra gas cusping down
from the up-structure secondary gas cap formed northwest of
Holmes-Elliott 2. The history match for the Davis 2V is shown
on Figure 77.
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Figure 77: Well Davis 2V Actual and
Model History Match Producing Rates
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Chapter 8
SIMULATION FORECASTS

Using the model modified by the history matching
procedure, fourteen forecast cases were prepared for a variety
of potential future operating scenarios. The preparation of
forecasts included estimation of well operating methods and
calculations of forecasted recoveries.

8.1 Forecast Well Operating Limits

In order for simulation forecasts to be realistic, the
controls for well and total field operation must be reasonable
and close to the actual operations likely to occur. The
simulator controls include specifications of wells to be
produced or converted to injection, maximum and minimum
permitted rates of production and injection, minimum producing
bottom-hole pressures, maximum injection pressures, allocation
of field production among wells, and the methods for shutting-
in layers which exceed maximum cut or GOR restraints. For the
Sralla Road Vicksburg simulation forecasts, future operating
methods were estimated based on discussions with Mr. Tracy
Stogner and Mr. Clarence Brown of CEC, from review of
‘historical practices, and from the author’s experience.

Unless specified otherwise, the well and field controls
appearing in Table 6 apply to each forecast case.
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Table 6
Summary of Simulator Forecast Controls

Maximum well oil rate, BOPD . . . . . . . +. « « « . . . 216
Maximum well gas rate, Mcfd . . . . . . . . . . . . No limit
Maximum well total fluid pumping rates, BFPD
Well Brewer 1 et e e e e e e e e e e e e e e eo.o923
Well Davis Bl e VX |
Well Holmes-Elliott 2v . . . . . . . . . . . . . . 923
Well Davis 2V - 1 1)
Maximum field water rate, BWPD . . . . . . . . . . . . 1000
Allocation of total field water rates . . . . . WOR-Weighted
Maximum A, B, or C sand water cut . . . . . . . . . . . 97%
Maximum well water cut . . . . . . . . . . . . . . . . 97%
High water cut shut-in . . . . . . . . . by A,B, or C sand
Well economic limit producing rate, BOPD . . . . . . . . 17
Conversion to pumping date . . . . . . . . . . . Calculated
Maximum bottom-hole water injection pressure, psig . 4,000
Well minimum producing bottom-hole pressure, psig . . . 150

The maximum oil rate is the current well allowable rate.
The water cut maximum and economic limit oil rates were
calculated from fixed and variable operating costs for an oil
price of $18.00 oil price. The pumping total fluid rates are
calculated for API 640 sucker rod pumping units and 2-inch
insert pumps, except for Davis 2V which has an API 456 unit
and a 1.75-inch pump. The maximum total field water rate is
an estimate of the upper limit of existing water injection

facilities.
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Based on the difficulties experienced in attempting to
squeeze-cement the Holmes-Elliott 1V (see section 4.2.3), the
production from zones in each sand are combined for economic
limit shut-in calculations. When the sand total water cut
exceeds 97%, all zones in the sand are shut-in.

The field brine has gradient of 0.452 psi per foot. At
a depth of 8300 feet, a full column of water will create a
bottom-hole pressure of 3756 psig. As the B and C sand
average reservoir pressure has declined to 3000 psi, wells
will cease to flow at some future date as water cut increases
and reservoir pressure continues to decrease. Dates of
conversion to pumping for each well were estimated from
computed future producing bottom-hole pressure, water cut, and
GOR using vertical flow performance (VFP) tables. Tubing
sizes and lengths, fluid properties, and flowing tubing-head
and bottom-hole pressures from pressure buildup tests were
entered into the Intera Information Technologies, Ltd. VFP
computer program. The VFP program performs detailed
calculations for vertical flow over a range of GOR'’s, water
cuts, and flowing tubing pressures, including the effects of
gas liberation and expansion, friction, and fluid density.
VFP program results were tuned to equal the actual well rates
and pressures measured during pressure buildup tests.

Output from the VFP program was used in the ECLIPSE
simulator to compute the time when wells would cease flowing.
For cases with declining reservoir pressures, each forecast
case was proceeded by a test run to compute the date each well
ceases to flow. In final runs, wells are converted to sucker-
rod pumping at the dates flowing is computed to cease.

When the sum of the well water producing capacity rates
exceeds the total field water rate limit, each well is
allocated a portion of the total field water rate on the basis
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of a formula which penalizes high water cut. The allocation
formula used is as follows:

Gr = __FOT
1 + WOR
where:
GR = Guide Rate, BWPD.

POT = Well Potential Maximum Water Rate, BWPD.
WOR Water 0il Ratio, bbl water per bbl oil.

In each time step when the total field water producing
capacity exceeds the maximum allowed field water rate, the
water rate for each well is limited to the product of the
total field water rate and the well’s proportional share of
the sum of all well guide rates. Note that as WOR increases,
the well’s guide rate diminishes.

8.2 Forecast Case Descriptions and Results

A total of fourteen forecast cases were prepared, varying
total field water producing and injecting rates, injection
sites, and infill well locations. Despite relatively major
differences in these variables, remaining oil reserves for the
field are nearly equal for all the cases. The similarity in
total remaining reserves indicates that oil recovery
efficiency does not vary significantly with producing rate,
and that high permeability in the aquifer distributes injected
water in similar patterns regardless of injection location.
The timing and rate of remaining reserve recovery does vary
among the cases, as does natural gas recovery. The results of
the simulation cases are summarized in Table 7, and discussed
in sections 8.2.1 through 8.2.14.
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Summary of Simulator Forecast Results

ER-4754
Life
Case years
1 20.2
2 17.2
3 12.2
4 12.2
5 11.0
6 15.6
7 15.9
8 8.7
9 9.7
10 9.5
11 11.2
12 10.7
13 8.2
14 8.7

Cumulative,

and water for each case appear in Appendix B,

8.2.1 Forecast Case 1

Case 1 is a primary depletion estimate,

1,153
1,152
1,124
1,102
1,104
1,232
1,235
1,147
1,181
1,265
1,299
1,299
1,226
1,246

Remaining from January 1, 1995
Produced
Oil, MB

Produced
Gas, MMcf

3,771
1,428
1,426
1,428
1,429
1,092
1,071
9717
1,016
1,149
1,284
1,164
1,455
1,132

Produced
Water, MB

6,665
5,933
5,339
3,991
4,535
6,440
6,744
4,514
5,343
6,047
6,333
6,575
5,234
5,804

116

remaining, and ultimate recoveries of oil, gas
Tables B-1
though B-14. Appendix B also contains graphs of field total
and well producing or injecting rates for each forecast case.

assuming water

injection into the Vicksburg sands ceases on March 1, 1995.
There are no other changes to the basic well and field

controls.
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The gas recovery of Case 1 is the highest of all cases.
With reservoir pressure declining to 500 psia at the end of
life in January, 2015, some of the natural gas which stays
dissolved in residual oil at higher pressures is liberated and
recovered. Oil and water recoveries are near the average for
all cases. Pumping units will be required for all wells: at
Davis 2V in May, 1995; at Holmes-Elliott 2V in the third
quarter of 1995; at Brewer 1 in mid-1997; and at Davis Bl in
early 1998.

Graphs of Case 1 forecast producing rates appear in
Appendix B, Figures B-11 through B-6. The total field oil
rate in Figure B-1 shows a pattern which is repeated to some
degree in Cases 2 through 6. Beginning in 1999, there is a 3-
year period of low o0il production rate, followed by an
increase. The low rate of field o0il production is caused by
the prolonged production at Holmes-Elliott 2V at high water
cuts. Water will not flow from the aquifer past the Holmes-
Elliott 2V location in the Bl, B2 and B3 zones, delaying the
sweep of oil in these zones to wells Davis Bl and Brewer 1.

8.2.2 Forecast Case 2

Case 2 forecasts the continuation of current operations.
All produced water is reinjected into the Willits 1 C sand.
Field total water producing rate is limited to 1000 BWPD.

Case 2 suffers from a 9-year delay in Bl, B2, and B3
production at Brewer 1 and Davis Bl since water is not
injected directly into the B sand, but instead must migrate in
from the C sand. Case 2 predicts the highest remaining oil
reserves for well Holmes-Elliott 2V. Total field remaining
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oil reserves are equal to Case 1. Reservoir pressure is 2,100
psia at the end of life in January, 2012.

Due to the difficulties previously experienced injecting
water in the Willits 1 C sand (see section 2.4.6.1), injecting
the required 1000 BWPD into that well may not be mechanically
possible. Case 1 demonstrates that the Willits 1 C sand is
not a satisfactory sole injection location, even in the
absence of mechanical problems.

8.2.3 Forecast Case 3

In Case 3, total field water production and re-injection
rate are increased to 1,500 BWPD. Water injection into the B
sand at Willits 1 is added. Case 3 shortens field life by
five years relative to Case 2, but recovers 27,000 barrels
less 0il. Case 3 confirms that use of the Willits 1 as the
sole injection well will not yield optimum oil recovery.

8.2.4 Forecast Case 4

Case 4 substitutes Davis 2v for Willits 1 as the injection
well. In July, 1995, the Willits 1 is shut-in, and water is
injected are into the B and C sands in Davis 2v. Maximum
field water producing and re-injection rate is 1,000 BWPD.

Case 4 shows the lowest remaining o0il recovery of any
case. The reduction occurs in the B2 zone, which was above
the original WOC. Injection into the oil zone pushes some
moveable B2 zone oil away from the three producing wells. 1In
other forecast cases, the B2 o0il is recovered by producing
Davis 2V.
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8.2.5 Forecast Case 5

The controls for Case 5 are identical to Case 4, except
field total water production and injection rates are increased
to 1,500 BWPD. Water is injected into the B and C sands at
Davis 2V.

Case 5 shows virtually no improvement in o0il recovery
compared with Case 4. Despite the 50% increase in total field
water rate, the remaining life for Case 5 is only 1.2 years
shorter than Case 4.

8.2.6 Forecast Case 6

In Case 6, a water supply well is drilled and produced at
1000 BWPD. The supply well water is added to produced water
and injected into the Willits B and C sands, and the Ferguson
1 B and C sands beginning July 1, 1995. Field total water
production rate is increased to 1,500 BWPD. Sandface water
injection pressures are limited to 3,900 psia at Willits 1 and
3,800 psig at Ferguson 1. The pressure limits reduce the
make-up water volume in later years as reservoir pressure
increases. Average B and C sand reservoir rise to 3,700 psia
over a six-year period. The rate of pressure increase is not
sufficient to maintain flowing production at all producing
wells. Pumps will be required at Davis 2V in May, 1995; at
Holmes-Elliott 2V in the first quarter of 1996; and at Davis
Bl in the first quarter of 1999.

The 1000 BWPD of make-up water injected in Case 6
significantly reduces the period of low field oil producing
rate discussed in section 8.2.1. Remaining oil recovery is



ER-4754 120

increased by 130,000 barrels, but the remaining field life is
extended by 5.7 years compared with Case 5. 0il recovery is
slightly higher in the B4 through C2 zones, slightly lower in
zone B3, and significantly higher in the Bl and B2 2zones.

8.2.7 Forecast Case 7

Case 7 uses the Case 6 injectors Willits 1 and Ferguson
1, and increases water supply well make-up water rate to 2,000
BWPD. Maximum field water production rate is increased to
2,000 BWPD. The maximum water producing rate is achieved only
briefly at the end of 1988. B and C sand reservoir pressures
increase to 3,700 psia in 18 months. All wells maintain
flowing production throughout the remaining field life.

Case 7 removes the period of low production, but does not
shorten remaining field 1life. The Brewer 1 continues
producing until January, 2011. Remaining o0il recovery is
unchanged from Case 6.

8.2.8 Forecast Case 8

Forecast Case 8 has 2,000 BWPD make-up water added to
produced water and injected into the Willits 1 B and C sands,
and the B sand only in Davis 2V. All producing wells are
limited to a maximum of 400 BWPD until July 1, 1996.
Thereéfter, the maximum field water producing rate is
increased to 2,000 BWPD, and Brewer 1 maximum water producing
rate is increased to 1,500 BWPD.

Case 8 reduces remaining life to 8.7 years, but recovers
less future oil than the Cases 6 and 7. Oil recovery is
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similar to Cases 1 and 2, but about 50,000 barrels higher than
Cases 4 and 5 which also use Davis 2V as the injector. Case
8 future water production is the lowest of all the cases.

8.2.9 Forecast Case 9

Case 9 is identical to Case 8, except that Ferguson 1 is
substituted as an injector for Davis 2V, Ferguson 1
injections are into the B and C sands. Davis 2V is produced.

Compared with Case 8, oil recovery is increased by 34,000
barrels, and life is lengthened by one year to 9.7 years.
Most of the o0il recovery increase is from Davis 2V,

8.2.10 Forecast Case 10

Case 10 adds A sand water injections in the Ferguson 1.
The A and B sands in Holmes-Elliott 2V are commingled in the
third quarter of 1995. All other controls are identical to
Case 9.

Compared with Case 9, Case 10 o0il recovery is increased
by 84,000 barrels, of which 78,000 barrels is from the A sand
in Holmes-Elliott 2V. Since the A sand has much lower
permeability than the B and C sands, a pumping unit will be
required on Holmes-Elliott 2V in the first quarter of 1998.

8.2.11 Forecast Case 11

Case 11 uses the same controls as Case 10, but adds infill
wells Holmes-Elliott 3 and Davis B2. Both wells are assumed
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to be drilled in the first quarter of 2002 when the existing
spacing-unit wells are depleted. The Holmes-Elliott 3
location is 400 feet northwest of Holmes-Elliott 2V adjacent
to the Main Fault. The Davis B2 is adjacent to the Main
crossfault midway between Davis Bl and Brewer 1. The Holmes-
Elliott 3 will be a legal location. The Davis B2 falls on a
lease line and would require an exception location permit.

The Holmes-Elliott 3 infill well does not produce at
economic water cuts from any zone. If drilled, the simulator
controls predict the well will be shut-in during the first
month of production.

Under the Case 10 production and injection controls, the
Davis B2 location is predicted to recover 94,500 barrels of
oil over a 4.3 year life from the Bl and B2 zones. Water cut
starts at 75% and rises to 90% at the end of the first
producing year. Well water production totals 1.3 million
barrels.

Production at the infill Davis B2 location causes the
Brewer 1 to water-out 2.3 years earlier than in Case 10,
reducing Brewer oil recovery by 62,000 barrels. Compared with
Case 10, field total oil recovery is increased by only 34,000
barrels, and water production by 287 MB. These values are the
net incremental additions to recovery.

No other forecast case includes infill wells.

8.2.12 Forecast Case 12

Case 12 is a test for adding the Davis Bl as an injector
after it waters-out in the first quarter of the year 2001.
The rate controls and injection wells are the same as in Case
10. The Davis Bl is converted to injection in the B and C
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sands, injecting 40% of the total field water injections, with
a limiting bottom-hole injection pressure of 3,800 psia.
Case 12 has the highest remaining o0il recovery of all the

cases. Compared to Case 10, o0il recovery is increased by
34,000 barrels, and life is extended by 1.2 years to 10.7
years. Case 12 also has one of the highest future water

production totals.

8.2.13 Forecast Case 13

Case 13 uses the controls of Case 10, but ceases injection
into the Vicksburg on January 1, 2000. After that date,
disposal of produced water is into other 2zones. This case
permits reservoir pressure to fall, increasing natural gas
production at the end of life. A pumping unit will be
required at Brewer 1 in the third quarter of the year 2000.
The Case 13 remaining life of 8.2 years is the shortest of all
the cases.

Compared with Case 10, o0il recovery is reduced by 39,000
barrels, and gas recovery is increased by 411 MMcf. Future
water production is reduced by 813 Mbbl.

8.2.14 Forecast Case 14

Case 14 is a test of using the Davis 2V as an injector
after it has watered-out in the fourth quarter of 1997. The
Davis 2V is converted to water injection in the A and B sands,
injecting 35% of the total field water injections. All other
controls are identical to Case 10.
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Remaining oil rec'overy for Case 14 is lower than that of
Case 10 by 19,000 barrels. Remaining life of 8,7 years is 0.8
years shorter than Case 10, and remaining water production is
243 MB lower.
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Chapter 9
ECONOMIC CALCULATIONS

Economic calculations as of January 1, 1995 were prepared
for each simulation case using the forecasts of producing and
injecting rate together with estimates of investments and
operating expenses. Economic calculations were prepared using
the Ensyte, Inc. PROPHET computer program, The PROPHET
program computes revenues, costs, operating income, cash flow,
and discounted cash flow monthly, with monthly compounding of
the discount factor. In the discounted cash flow
calculations, revenues from the sale of oil and natural gas
produced during any month, and costs of operation or
development incurred during the month are assumed to be
received or paid on the last day of the month.

All economic calculations use constant future prices and
costs, with no provision for future inflation. The oil price
of $18.00 per barrel is the received field price, FOB stock
tanks. Natural gas price of $1.75 is the received price for
gas delivered at the prevailing pipeline pressure of 600 psig.
Natural gas sales volumes are computed from produced gas
volumes by deducting 35% for lease fuel and surface losses.
When compression is required, the cost of compression is
deducted from the gas sales price.

Calculations are prepared for an ownership of 100% working
interest, and 80.3% net revenue interest. There is no
provision for Federal or state income taxes.

Severance taxes are State of Texas levies on the first
sale of o0il and natural gas. Severance taxes of 4.6% of the
gross monthly receipts from the sale of oil, and 7.5% of the
gross monthly receipts from the sale of natural gas are
deducted monthly. Ad valorem taxes are county taxes levied on
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the appraised value of reserves. Ad valorem taxes are
computed using an estimate of 3% of gross receipts. Ad
valorem taxes are shown accrued in the month of production,
but will be payable in the next succeeding calendar year.
There is no provision for ad valorem taxes incurred before
January 1, 1995.

The PROPHET computer program computes economic limits
monthly, and automatically ceases calculations at the end of
the last month which increases cumulative cash flow. The
seven BOPD economic limit estimated for the simulation assumes
each well must produce sufficient revenue to cover its own
cost of operation, plus a share of water injection expense.
In the economic runs, the last well producing must support all
of the field water injection expenses, resulting in a higher
economic limit for that well. 1In all of the forecast cases,
economic limit occurs earlier than in the simulation.
Remaining reserves shown in the economic forecasts are
therefore lower than simulator remaining reserves.

9.1 Estimates of Costs

Costs for the future operation of the Sralla Road
Vicksburg field will be the recurring operating cost for
producing, water supply, and water injection wells, plus the
one-time (non-recurring) costs for any necessary workovers,
artificial 1lift equipment, and infill development drilling.
Operating cost estimates are divided into three parts: the
base monthly cost of operation; the cost for lifting water;
and the cost for injecting water. Mr. Clarence Brown of CEC
assisted in estimating the costs used in economic
calculations. The estimates used in calculations are shown in
Table 8.

The estimate for water injection cost is intended to be
the actual out-of-pocket costs of operation. For accounting
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purposes, the Willits 1 is currently allocated a fee of $0.65
per barrel water injected. This fee results in a net profit
for the Willits 1, re-allocating revenues between the wells
producing water and the Willits 1. The economic calculations
herein are for the entire field, and do not reflect transfers
between the working interest owners.

Table 8
Estimates of Costs

Description Cost

Convert 1 well to injection . . . . . . . . . . . . $50,000
Convert 1 well to sucker rod pumping . . . . . . . $120,000
Drill and complete 1 infill producing well . . . . $450,000
Set or pull 1 retrievable bridge plug . . . . . . . §$15,000
Base monthly operating expense for 1 well . . . . . . $2,000
Cost to lift 1 barrel water, producing well . . . . . $0.30
Cost to lift 1 barrel water, water supply well . . . $0.10
Cost to inject 1 barrel of water . . . . . . . . . . $0.25
Cost to compress 1 Mcf of natural gas . . . . . . . . §$0.33

9.2 Ssummary of Economic Calculations

Economic calculations were prepared for both the total
revenue for each case, and the incremental change from Case 2,
the current operations case. The results of economic
calculations are shown summarized in Tables 9 and 10.
Complete annual forecast details for each case are shown in
Appendix C, Tables C-1 through C-26. |

As shown in the tables 9 and 10, the application of
economic calculations changes the desirability of the cases.
High water handling costs will significantly increase field
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operating expenses in future years. The most favorable
economic cases (Cases 10,12, and 13) are those in which make-
up water is added to injections to maintain reservoir pressure
high enough for flowing well production, and injections
include the A sand. Flowing production avoids both the cost
of pumping units, and the water lifting expense portion of
operating cost. These cost reductions more than offset the
investments and operating costs for the water supply well and
high-volume water injection. Cases 10, 12, and 13 also have
the shortest remaining lives, which increases the discounted
value of future cash flow.

Average annual rate-of-return (ROR) is not an appropriate
method for analyzing the economic cases since future
investments for most cases are either 1less than or only
marginally higher than the base Case 2. Calculated ROR’s are
greater than 1000%, a level at which they become meaningless.
Ratios of cash flow-to-investment (also called profit-to-
investment, or PI) and discounted cash flow-to-investment
(also called discounted PI) are inappropriate since they
should be applied to incremental economics. Where the
incremental cash flow is positive for a lower investment, the
ratios become negative, and are no longer meaningful.

Future cash flow discounted at 10% (also called present
worth at 10%, or PW10), has been used to rank the cases on the
basis of economics. Rankings are shown on Table 10.
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Chapter 10
CONCLUSIONS and LIMITATIONS

10.1 Conclusions from Economic Calculations

The following conclusions are drawn from analysis of the
economic calculations of simulator forecasts:

1. Continuing current operations (Case 2) will yield the
lowest future cash flow ($10.8 million) and
discounted cash flow ($7.7 million) of all the cases
tested.

2. Infill drilling (Case 11) is not recommended since it
decreases both cash flow and discounted cash flow.

3. Discounted cash flow is increased by $1.3 million by
injecting in the Davis 2V well instead of the Willits
1 well (Case 3).

4. Increasing water producing rate to 1,500 BWPD (Cases
4,and 5) does not increase discounted cash flow over
that of Case 3.

5. Adding 1,000 BWPD of make-up water to injections
(Case 6) is not sufficient to increase discounted
future cash flow.
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Adding 2,000 BWPD of make-up water to injections and
curtailing producing rates to raise reservoir
pressure (Cases 7, 8, and 9) increases discounted
cash flow by up to $2 million above base Case 2.

Adding injections in the A sand, together with adding
2,000 BWPD of make-up water to injections (Cases 10,
12, and 13) increases discounted future cash flow by
up to $2.67 million, 35 percent more than the base
Case 2.

10.2 Recommendations

Based on the results of this study, the following is

recommended :

1. The working interest owners of the Sralla Road Vicksburg
0il reservoir should meet and select a plan for the future

operation on the field, and consider unitization.

2. If unitization can be accomplished, then forecast Case 12

should be implemented as follows:

A,

A water supply well should be drilled and equipped to
produce 2,000 BPD water for re-injection into the
Vicksburg.

The Ferguson 1 well should be completed for water
injection in the Vicksburg A, B, and C sands.

The Willits 1 well should be completed for injection
in both the Vicksburg B and C sands.

Well producing rates should be temporarily limited to
400 BFPD. Curtailments should end when the reservoir
is re-pressured to at least 3,400 psigf
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E. Upon depletion, the Davis Bl well should be converted
to water injection in the Vicksburg B and C sands.
3. If the working interest owners do not unitize the field,
then, if not prohibited by liability or correlative rights
issues:
A. The Willits 1 well should be completed for injection
in both the Vicksburg B and C sands.

B. The Ferguson 1 well should be converted to injection
in the Vicksburg A, B, and C sands.

10.3 Limitations

This study has been prepared for the express purpose of
fulfilling certain of the requirements for the degree of
Master of Engineering (Petroleum Engineering) from the
Colorado School of Mines. This study should not be used,
circulated, or quoted for any commercial purpose without the
prior written consent of the author, except as required by
law. The author expresses no opinions and makes no
representations as to questions of legal interpretation,
accounting interpretation, or as to the sufficiency of the
procedures undertaken in preparation of the study for any
purpose other than the above-stated intent.

In the conduct of this study, the author has relied,
without independent verification, upon the accuracy and
completeness of certain information and data furnished by the
operator of wells, commercial data services, and public
records with respect to ownership interests, production
histories, completion operations, formation logging and
testing, fluid properties, costs of operation and development,
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product prices, geologic interpretations, and various other
matters. On-site physical inspection of the Sralla Road
Vicksburg field was not undertaken in the course of the study.

Subject to the foregoing, it is the author’s opinion that
this study and its conclusions are, in the aggregate
reasonable and have been prepared in accordance with generally
accepted petroleum engineering and evaluation principles.
Please be advised that petroleum reservoir engineering and
petroleum reservoir simulation forecasts are by nature
inherently imprecise, and subject to future adjustment based
on changes in well performance, methods of operation, costs of
operation, product prices, taxes, and/or Acts of the
Government which may affect profitability. Discounted future
net revenue is shown to indicate the time value of receipts,
and is not intended as an estimate of the fair market value of
the field.
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APPENDIX A

Open Hole Well Log Sections

Well Page
Davis B Unit No. 1 Open Hole Well Log . . . . . . . . 138
Brewer No. 1 Open Hole Well Logs . . . . . . . . . . 139
Holmes-Elliott No. 1V Open Hole Well Logs . . . . . . 140
Davis 0il Unit No. 2V Open Hole Well Logs . . . . . . 141
Holmes-Elliott No. 2V Open Hole Well Logs . . . . . . 142
Willits No. 1V Open Hole Well Logs . . . . . . . . . 143
Cedar Bayou No. 1V Open Hole Well Logs . . . . . . . 144

Ferguson No. 1V Open Hole Well Logs . . . . . . . . . 145
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Figure A-1: Davis B Unit No. 1 Open Hole Well Log

ATLAS

WIRELINE
SERVICES

DUAL INDUCTION
FOCUSED LOG

BHC ACOUSTILOG

H 4 L, it " ALY
M Y it "
A 1
(4 ) €3]
L 'I [ Z
L O
N
Y 4 H
- v A r )
A L ]
2 1 Y
A ]
L T
) 4 I u
Al J X u
X v
- -
b | A
] t 1) A1
7 A (<4
== < z
L ] { A2
\ |
yd \_, A
3
{ 3
N [
v b)
<
- '\ " A4
b 4
N [l
Y 81
A
- 2 FHS ~
Lo
L4 +
. [ vl B3
4 ° 1. N
WA -] \
u 77, J
< P B4
M
P 1 M
1 I‘ {
= r
\ -
\ { 7 C1
VAW L\
1V
e
Y ¢
g 1
3
T I c2
Pz H {
10 mE l‘
7 - ‘\ L}
. 1
M 1 :: 113 D
'l
\
T
u 1T §
I { i
T - AY |
- 1M, "
° GR & 6P (10 mv) 160 0.1 RESISTIVITY 0 160 TRAVEL TIME

NEUTRON-DENSITY LOG NOT RUN ACROSS VICKSBURG

138



ER-4754 139

Figure A-2: Brewer No. 1 Open Hole Well Logs
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Figure A-3: Holmes-Elliott No. 1V Open Hole Well Logs
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Figure A-4: Davis 0Oil Unit No. 2V Open Hole Well Logs
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Figure A-5: Holmes-Elliott No. 2V Open Hole Well Logs
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Figure A-6: Willits Unit No. 1V Open Hole Well Logs
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Figure A-7: Cedar Bayou No. 1V Open Hole Well Logs
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Figure A-8: Ferguson No. 1V Open Hole Well Logs
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APPENDIX B

Simulation Forecast Results

Name Page
Simulation Case 1 . ' 147
Simulation Case 2 . . 152
Simulation Case 3 . 157
Simulation Case 4 . 162
Simulation Case 5 . 167
Simulation Case 6 . 172
Simulation Case 7 . 177
Simulation Case 8 . 182
Simulation Case 9 . 187
Simulation Case 10 192
Simulation Case 11 197
Simulation Case 12 203
Simulation Case 13 208
Simulation Case 14 213
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Table B-1, Case 1 Recovery Summary

Cumulative Remaining Ultimate | Recovery
Zone or Well to 1/1/95 |After 1/1/95 for Life {Efficiency
0il Al Zone 134,871 - 8,026 142,897 17.07%
Produced A2 and A3 Zones 23,748 4,168 27,916 7.79%
STB Bl, B2 and B3 Zones 156,385 581,846 738,232 39.82%
B4 Zone 438,051 322,390 760,440 52.58%
Cl Zone 138,700 144,116 282,815 50.94%
C¢2 Zone 159,679 92,627 252,306 43.43%
Davis Bl Well 350,006 301,185 651,191
Brewer 1 Well 318,266 625,646 943,912
Holmes-Elliott 1 Well 138,574 0 138,574
Davis 2V Well 127,674 31,257 158,931
Holmes-Elliott 2 Well 116,914 195,078 311,992
Field Total 1,051,434 1,153,165 2,204,599 38.52%
Gas Al Zone 198,646 17,881 216,527 35.34%
Produced A2 and A3 Zones 45,252 19,176 64,428 24.55%
STB Bl, B2 and B3 Zones 126,400 1,510,987 1,637,387 120.65%
B4 Zone 315,302 1,838,448 2,153,750 203.44%
¢l Zone 120,470 201,527 321,997 79.23%
C2 Zone 133,973 183,045 317,018 74.55%
Davis Bl Well 249,245 866,651 1,115,896
Brewer 1 Well 280,874 2,556,041 2,836,915
Holmes-Elliott 1 Well 105,678 0 105,678
Davis 2V Well 146,769 39,825 186,594
Holmes-Elliott 2 Well 157,479 308,539 466,019
Field Total 940,044 3,771,058 4,711,101 70.29%
Water Al Zone 43,361 0 43,361
Produced A2 and A3 Zones 6,119 3,458 9,577
STB Bl, B2 and B3 Zones 0 1,676,786 1,676,786
B4 Zone 124,222 4,189,096 4,313,318
C1l Zone 2,539 329,069 331,608
C2 Zone 0 466,249 466,249
Davis Bl Well 1,131 1,149,515 1,150,646
Brewer 1 Well 0 4,074,366 4,074,366
Holmes-Elliott 1 Well 6,107 7,708 13,815
Davis 2V Well 46,843 198,775 245,618
Holmes-Elliott 2 Well 122,160 1,234,240 1,356,400
Field Total 176,241 6,664,604 6,840,845
Water Willits 1 Well 111,106 52,267 163,373
Injected |Ferguson 1 Well 0 0 (1]
STB Davis Bl Well 0 0 0
Davis 2V Well 0 0 0.
Field Total 111,106 52,267 163,373

Remaining Life: 20.2 Years
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Figure B-1: Field Total Simulation Forecast
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Figure B-2: Field Total Fluid and Production Ratios
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Figure B-3: Well Davis Bl Simulation Forecast
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Figure B-4: Well Brewer 1 Simulation Forecast
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Figure B-5: Well Holmes-Elliott 2 Simulation Forecast
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Figure B-6: Well Davis 2V Simulation Forecast
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Figure B-7: Well Willits 1 Simulation Forecast
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Figure B-8: Well Ferguson 1 Simulation Forecast
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Table B-2, Case 2 Recovery Summary
Cumulative Remaining Ultimate Recovery
Zone or Well to 1/1/95 |After 1/1/95 for Life |Efficiency
0il Al Zone 134,871 5,939 140,810 16.82%
Produced A2 and A3 Zones 23,748 2,590 26,339 7.35%
STB Bl, B2 and B3 Zones 156,385 607,224 763,610 41.19%
B4 Zone 438,051 262,064 700,115 48.41%
Cl Zone 138,700 162,822 301,522 54.31%
C2 Zone 159,679 111,621 271,300 46.70%
Davis Bl Well 350,006 318,225 668,231
Brewer 1 Well 318,266 485,611 803,877
Holmes-Elliott 1 Well 138,574 0 138,574
Davis 2V Well 127,674 28,526 156,200
BEolmes-Elliott 2 Well 116,914 319,892 436,806
Field Total 1,051,434 1,152,253 2,203,687 38.51%
Gas Al Zone 198,646 7,967 206,613 33.72%
Produced A2 and A3 Zones 45,252 11,915 57,168 21.78%
STB Bl, B2 and B3 Zones 126,400 805,392 931,792 68.66%
B4 Zone 315,302 321,777 637,079 60.18%
Cl Zone 120,470 153,882 274,352 67.50%
C2 Zone 133,973 127,216 261,189 61.43%
Davis Bl Well 249,245 215,467 464,712
Brewer 1 Well 280,874 871,808 1,152,682
Holmes-Elliott 1 Well 105,678 0 105,678
Davis 2V Well 146,769 27,886 174,655
Holmes-Elliott 2 Well 157,479 312,981 470,460
Field Total 940,044 1,428,143 2,368,186 35.33%
Water Al Zone 43,361 0 43,361
Produced A2 and A3 Zones 6,119 2,716 8,835
STB Bl, B2 and B3 Zones 0 765,068 765,068
B4 Zone 124,222 3,717,988 3,842,210
C1l Zone 2,539 587,844 590,383
C2 Zone 0 859,651 859,651
Davis Bl Well 1,131 579,882 581,013
Brewer 1 Well 0 3,094,592 3,094,592
Holmes-Elliott 1 Well 6,107 7,708 13,815
Davis 2V Well 46,843 151,829 198,672
Holmes-Elliott 2 Well 122,160 2,099,205 2,221,365
Field Total 176,241 5,933,215 6,109,456
Water Willits 1 Well 111,106 5,908,645 6,019,751
Injected |Ferguson 1 Well 0 0 0
STB Davis Bl Well 0 0 0
Davis 2V Well 0 0 0
Field Total 111,106 5,908,645 6,019,751

Remaining Life: 17.2 Years
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Figure B-9: Field Total Simulation Forecast
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Figure B-10: Field Total Fluid and Production Ratios
Case 2
3500 100%
-90%
3000
-80%

: ®
3 2500 L 70% 2
5 3
- -60% =
S 2000 &

- (33
§ -50% 8
o 1500 g
g -40% [+

[+ 4
g i
& 1000 -30%  fo
3
-20%
500
-10%
0 -y T T T T T T T T 7T T T T T T T T P
Jan-91 Jan-g5 Jan-99 Jan-2003 Jan-2007 Jan-2011
Jan-93 Jan-97 Jan-2001 Jan-2005 Jan-2009 Jan-2013
DATE

[* TOTAL FLUID -~ % WATER -&4- GOR




ER-4754 154

Figure B-11l: Well Davis Bl Simulation Forecast
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Figure B-12: Well Brewer 1 Simulation Forecast
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Figure B-13: Well Holmes-Elliott 2 Simulation Forecast
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Figure B-14: Well Davis 2V Simulation Forecast
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Figure B-15:

Well Willits 1 Simulation Forecast
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Figure B-16: Well Ferguson 1 Simulation Forecast
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Table B-3, Case 3 Recovery Summary
Cumulative Remaining Ultimate | Recovery
Zone or Well to 1/1/95 |After 1/1/95 for Life |Efficiency
oil Al Zone 134,871 7,113 141,984 16.96%
Produced A2 and A3 Zones 23,748 3,541 27,289 7.61%
STB Bl, B2 and B3 Zones 156,385 607,860 764,245 41.22%
B4 Zone 438,051 255,947 693,997 47.99%
Cl Zone 138,700 150,504 289,204 52.09%
C2 Zone 159,679 98,901 258,581 44.51%
Davis Bl Well 350,006 346,171 696,177
Brewer 1 Well 318,266 539,889 858,155
Holmes-Elliott 1 Well 138,574 0 138,574
Davis 2V Well 127,674 35,929 163,603
Holmes-Elliott 2 Well 116,914 201,870 318,784
Field Total 1,051,434 1,123,858 2,175,292 38.01%
Gas Al Zone 198,646 13,523 212,169 34.63%
Produced A2 and A3 Zones 45,252 16,373 61,626 23.48%
STB Bl, B2 and B3 Zones 126,400 789,864 916,264 67.51%
B4 Zone 315,302 314,320 629,621 59.47%
Cl Zone 120,470 159,621 280,091 68.92%
C2 Zone 133,973 132,539 266,512 62.68%
Davis Bl Well 249,245 267,956 517,201
Brewer 1 Well 280,874 904,805 1,185,679
Holmes-Elliott 1 Well 105,678 0 105,678
Davis 2V Well 146,769 37,830 184,599
Holmes-Elliott 2 Well 157,479 215,643 373,122
Field Total 940,044 1,426,234 2,366,278 35.31%
Water Al Zone 43,361 0 43,361
Produced A2 and A3 Zones 6,119 3,197 9,316
STB Bl, B2 and B3 Zones 0 1,420,920 1,420,920
B4 Zone 124,222 2,941,533 3,065,755
Cl Zone 2,539 447,710 450,249
C2 Zone 0 525,485 525,485
Davis Bl Well 1,131 1,836,669 1,837,800
Brewer 1 Well 0 2,241,796 2,241,796
Holmes-Elliott 1 Well 6,107 7,708 13,815
Davis 2V Well 46,843 256,442 303,285
Holmes-Elliott 2 Well 122,160 996,178 1,118,338
Field Total 176,241 5,338,793 5,515,034
Water Willits 1 Well 111,106 5,314,231 5,425,337
Injected |[Ferguson 1 Well 0 0 0
STB Davis Bl Well 0 0 0
Davis 2V Well 0 0 0
Field Total 111,106 5,314,231 5,425,337

Remaining Life: 12.2 Years
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BOPD, BWPD and MCFD

BFPD and GOR, scf per bbl.

Figure B-17: Field Total Simulation Forecast
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Figure B-19: Well Davis Bl Simulation Forecast
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Figure B-20: Well Brewer 1 Simulation Forecast
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Figure B-21: Well Holmes-Elliott 2 Simulation Forecast
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Figure B-22: Well Davis 2V Simulation Forecast
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Figure B-23: Well Willits 1 Simulation Forecast
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Figure B-24: Well Ferguson 1 Simulation Forecast
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Table B-4, Case 4 Recovery Summary
Cumulative Remaining Ultimate Recovery
Zone or Well to 1/1/95 |After 1/1/95 for Life |Efficiency
oil Al Zone 134,903 9,544 144,446 17.26%
Produced A2 and A3 Zones 23,761 5,213 28,974 8.08%
STB Bl, B2 and B3 Zones 156,416 577,885 734,301 39.61%
B4 Zone 438,058 255,885 693,943 47.98%
Cl Zone 138,635 152,701 291,336 52.47%
C2 Zone 159,661 100,818 260,479 44.84%
Davis Bl Well 350,006 265,320 615,326
Brewer 1 Well 318,266 645,816 964,082
Holmes-Elliott 1 Well 138,574 0 138,574
Davis 2V Well 127,674 10,593 138,267
Holmes-Elliott 2 Well 116,914 180,311 297,225
Field Total 1,051,434 1,102,039 2,153,473 37.63%
Gas Al Zone 198,669 25,043 223,712 36.51%
Produced A2 and A3 Zones 45,263 23,390 68,653 26.16%
STB Bl, B2 and B3 Zones 126,411 769,307 895,718 66.00%
B4 Zone 315,308 317,000 632,309 59.73%
Cl Zone 120,452 159,838 280,290 68.97%
C2 Zone 133,941 133,081 267,021 62.80%
Davis Bl Well .249,245 189,336 438,580
Brewer 1 Well 280,874 1,022,592 1,303,466
Holmes-Elliott 1 Well 105,678 0 105,678
Davis 2V Well 146,769 7.884 154,653
Holmes-Elliott 2 Well 157,479 207,838 365,318
Field Total 940,044 1,427,650 2,367,694 35.33%
Water Al 2one ‘43,368 .0 43,368
Produced |A2 and A3 Zones 6,103 3,818 9,922
STB Bl, B2 and B3 Zones 0 489,696 489,696
B4 Zone 124,245 2,480,371 2,604,617
Cl Zone 2,524 455,433 457,958
C2 Zone 0 561,695 561,695
Davis Bl Well 1,131 551,642 552,773
Brewer 1 Well 0 2,667,786 2,667,786
Holmes-Elliott 1 Well 6,107 7,703 13,810
Davis 2V Well 46,843 19,957 66,800
Holmes-Elliott 2 Well 122,160 743,889 866,049
Field Total 176,241 3,990,977 4,167,218
water Willits 1 Well 111,106 77,474 188,580
Injected |Fergquson 1 Well 0 0 0
STB Davis Bl Well 0 0 0
Davis 2V Well 0 3,841,319 3,841,319
Field Total 111,106 3,918,793 4,029,899

Remaining Life: 12.2 Years
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Figure B-25: Field Total Simulation Forecast
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Figure B-26: Field Total Fluid and Production Ratios
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Figure B-27: Well Davis Bl Simulation Forecast
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Figure B-28: Well Brewer 1 Simulation Forecast
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Figure B-29: Well Holmes-Elliott 2 Simulation Forecast
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Figure B-30: Well Davis 2V Simulation Forecast
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Figure B-31: Well Willits 1 Simulation Forecast
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Figure B-32: Well Ferguson 1 Simulation Forecast
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Table B-5, Case 5 Recovery Summary
Cumulative Remaining Ultimate Recovery
Zone or Well to 1/1/95 |After 1/1/95 for Life |Efficiency
0oil Al Zone ‘ 134,871 7,621 142,492 17.02%
Produced A2 and A3 Zones 23,748 4,004 27,752 7.74%
STB Bl, B2 and B3 Zones 156,385 579,987 736,373 39.72%
B4 Zone 438,051 261,886 699,936 48.40%
Cl Zone 138,700 150,566 289,266 52.10%
C2 zZone 159,679 99,532 259,211 44.62%
Davis Bl Well 350,006 340,661 690,667
Brewer 1 Well 318,266 574,777 893,043
Holmes-Elliott 1 Well 138,574 0 138,574
Davis 2V Well 127,674 15,755 143,429
Holmes-Elliott 2 Well 116,914 172,395 289,309
Field Total 1,051,434 1,103,588 2,155,022 37.66%
Gas Al Zone 198,646 15,961 214,607 35.03%
Produced A2 and A3 Zones 45,252 18,232 63,484 24.19%
STB Bl, B2 and B3 Zones 126,400 784,443 910,843 67.11%
B4 Zone 315,302 317,888 633,190 59.81%
Cl Zone 120,470 159,439 279,909 68.87%
C2 Zone 133,973 132,570 266,543 62.68%
Davis Bl Well 249,245 264,844 514,089
Brewer 1 Well 280,874 962,170 1,243,044
Holmes-Elliott 1 Wwell 105,678 0 105,678
Davis 2V Well 146,769 12,582 159,351
Holmes-Elliott 2 Well 157,479 188,931 346,411
Field Total 940,044 1,428,528 2,368,572 35.34%
Water Al Zone 43,361 0 43,361
Produced |A2 and A3 Zones 6,119 3,351 9,470
STB Bl, B2 and B3 Zones 0 506,695 506,695
B4 Zone 124,222 3,048,884 3,173,106
C1l Zone 2,539 438,353 440,892
C2 Zone 0 537,765 537,765
Davis Bl Well 1,131 1,111,040 1,112,171
Brewer 1 Well 0 2,495,147 2,495,147
Holmes-Elliott 1 Well 6,107 7,708 13,815
Davis 2V Well 46,843 16,344 63,187
Holmes-Elliott 2 Well 122,160 904,757 1,026,917
Field Total 176,241 4,534,996 4,711,237
wWater Willits 1 well 111,106 73,541 184,647
Injected |[Ferguson 1 Well 0 0 0
STB Davis Bl Well 0 0 0
Davis 2V Well 0 4,374,612 4,374,612
Field Total 111,106 4,448,153 4,559,259

Remaining Life: 11.0 Years
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Figure B-33: Field Total Simulation Forecast
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Figure B-34: Field Total Fluid and Production Ratios
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BOPD, BWPD, MCFD and BWIPD

BOPD, BWPD and MCFD

Figure B-35:

Well Davis Bl Simulation Forecast
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Figure B-36: Well Brewer 1 Simulation Forecast
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Figure B-37: Well Holmes-Elliott 2 Simulation Forecast
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Figure B-38: Well Davis 2V Simulation Forecast
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BWIPD

BWIPD

Figure B-39:
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Well Willits 1 Simulation Forecast
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Figure B-40: Well Ferguson 1 Simulation Forecast
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Table B-6, Case 6 Recovery Summary
Cumulative Remaining Ultimate | Recovery
Zone or Well to 1/1/95 |After 1/1/95 for Life |Efficiency
0il Al Zone 134,871 8,021 k v142,892 17.07%
Produced A2 and A3 Zones 23,748 4,158 27,906 7.78%
STB Bl, B2 and B3 Zones 156,385 675,486 831,872 44.87%
B4 Zone 438,051 273,000 711,050 49.16%
Cl Zone 138,700 161,297 299,997 54.03%
C2 Zone 159,679 109,966 269,646 46.42%
Davis Bl Well 350,006 398,393 748,399
Brewer 1 Well 318,266 648,383 966,649
Holmes-Elliott 1 Well 138,574 0 138,574
Davis 2V Well 127,674 37,185 164,859
Holmes-Elliott 2 Well 116,914 147,961 264,875
Field Total 1,051,434 1,231,921 2,283,355 39.90%
Gas Al Zone 198,646 17,852 216,498 35.34%
Produced A2 and A3 Zones 45,252 19,126 64,378 24.53%
STB Bl, B2 and B3 Zones 126,400 598,018 724,418 53.38%
B4 Zone 315,302 237,815 553,117 52.25%
Cl Zone 120,470 128,403 248,873 61.24%
C2 Zone 133,973 90,831 224,804 52.87%
Davis Bl Well 249,245 259,813 509,058
Brewer 1 Well 280,874 663,430 944,304
Holmes-Elliott 1 Well 105,678 0 105,678
Davis 2V Well 146,769 29,853 176,621
Holmes-Elliott 2 Well 157,479 138,943 296,422
Field Total 940,044 1,092,039 2,032,083 30.32%
Water Al Zone 43,361 0 43,361
Produced A2 and A3 Zones 6,119 3,451 9,570
STB Bl, B2 and B3 Zones 0 1,410,925 1,410,925
B4 Zone 124,222 3,874,714 3,998,936
Cl Zone 2,539 543,653 546,192
C2 Zone 0 607,490 607,490
Davis Bl Well 1,131 1,288,651 1,289,782
Brewer 1 Well [ 3,994,334 3,994,334
Holmes-Elliott 1 Well 6,107 7,708 13,815
Davis 2V Well 46,843 248,884 295,727
Holmes-Elliott 2 Well 122,160 900,604 1,022,764
Field Total 176,241 6,440,180 6,616,421
Water Willits 1 Well 111,106 4,963,290 5,074,396
Injected Ferguson 1 Well 0 4,171,537 4,171,537
STB Davis Bl Well 0 0 0
Davis 2V Well 0 0 0
Field Total 111,106 9,134,827 9,245,933

Remaining Life: 15.7 Years
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BOPD, BWPD and MCFD

BFPD and GOR, scf per bbl.

Figure B-41:

Field Total Simulation Forecast
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Figure B-42: Field Total Fluid and Production Ratios
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Figure B-43: Well Davis Bl Simulation Forecast

Case 6
900 4000
-~
800+ -3500
g 700- Laooo &
o 600 &
= 2500 3
g 500~ ﬁ
s -2000 &
o 400+ E)'
g I
2 1500
. 300+ o]
£ E
8 200- -1000 Q
100 =500
c L) T v L Bl ' L] Ll . Ll LA v L) Ll v Ll O
Jan-91 Jan-95 Jan-99 Jan-2003 Jan-2007 Jan-2011
Jan-93 Jan-97 Jan-2001 Jan-2005 Jan-2009
DATE
A BHP —— MODEL BOPD -3} MODEL MCFD
-5 MODEL BWPD -8l MODEL BWIPD
Figure B-44: Well Brewer 1 Simulation Forecast
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BOPD, BWPD and MCFD

BOPD, BWPD and MCFD
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Figure B-45: Well Holmes-~Elliott 2 Simulation Forecast
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Figure B-46: Well Davis 2V Simulation Forecast
Case 6
400 4000
350 R 3500
- .
EN > 3
300 3000
- - -
250 " T Lasa 2500
200- b 4 hy 2000
‘i‘r i T
150 w - -1500
1004 1000
50 --500
** - =
o pt—— e ——— " 0
Jan-91 Jan-95 Jan-99 Jan-2003 Jan-2007 Jan-2011
Jan-93 Jan-97 Jan-2001 Jan-2005 Jan-2009
DATE
A BHP —— MODEL BOPD -&3 MODEL MCFD

-€ MODEL BWPD -~ MODEL BWIPD

BOTTOM HOLE PRESSURE, psia

BOTTOM HOLE PRESSURE, psia



ER-4754 176

Figure B-47: Well Willits 1 Simulation Forecast
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Figure B-48: Well Fergqguson 1 Simulation Forecast
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Table B-7, Case 7 Recovery Summary
Cumulative Remaining Ultimate | Recovery
Zone or Well to 1/1/95 |After 1/1/95 for Life |Efficiency
0oil Al Zone 134,871 7,912 142,783 17.06%
Produced A2 and A3 Zones 23,748 4,197 27,945 7.79%
STB Bl, B2 and B3 Zones 156,385 683,706 840,091 45.31%
B4 Zone 438,051 269,309 707,360 48.91%
Cl Zone 138,700 160,058 298,758 53.81%
C2 Zone 159,679 110,141 269,820 46.45%
Davis Bl Well 350,006 467,928 817,934
Brewer 1 Well 318,266 613,462 931,728
Holmes-Elliott 1 Well 138,574 o 138,574
Davis 2V Well 127,674 19,442 147,116
Holmes-Elliott 2 Well 116,914 134,484 251,398
Field Total 1,051,434 1,235,315 2,286,749 39.96%
Gas Al Zone 198,646 17,351 215,997 35.25%
Produced A2 and A3 Zones 45,252 19,081 64,334 24.51%
STB Bl, B2 and B3 Zones 126,400 591,087 717,487 52.87%
B4 Zone 315,302 227,418 542,720 51.26%
Cl Zone 120,470 128,409 248,879 61.24%
C2 Zone 133,973 87,486 221,459 52.08%
Davis Bl Well 249,245 321,014 570,258
Brewer 1 Well 280,874 608,606 889,480
Holmes-Elliott 1 Well 105,678 0 105,678
Davis 2V Well 146,769 15,605 162,373
Holmes-Elliott 2 Well 157,479 125,603 283,083
Field Total 940,044 1,070,828 2,010,872 30.00%
Water Al Zone 43,361 0 43,361
Produced A2 and A3 Zones 6,119 3,417 9,536
STB Bl, B2 and B3. Zones 0 1,302,594 1,302,594
B4 Zone 124,222 4,265,908 4,390,130
Cl Zone 2,539 557,412 559,951
C2 Zone 0 614,845 614,845
Davis Bl Well 1,131 1,563,627 1,564,758
Brewer 1 Well 0 4,169,785 4,169,785
Holmes-Elliott 1 Well 6,107 7,708 13,815
Davis 2V Well 46,843 37,258 84,101
Holmes-Elliott 2 Well 122,160 965,744 1,087,904
Field Total 176,241 6,744,123 6,920,364
Water wWillits 1 Well 111,106 5,441,867 5,552,973
Injected Ferguson 1 Well 0 3,989,934 3,989,934
STB Davis Bl Well 0 0 0
Davis 2V Well (1] 0 0
Field Total 111,106 9,431,801 9,542,907

Remaining Life: 15.9 Years
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Figure B-49: Field Total Simulation Forecast
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Figure B-50: Field Total Fluid and Production Ratios
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Figure B-51: Well Davis Bl Simulation Forecast
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Figure B-52: Well Brewer 1 Simulation Forecast
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