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MEMORANDUM

Date: October 3, 1985

To:

George Patey
Bob Beamish

From: Richard Brekke

Re:

1985 Waskada Reservoir Model Study
Lower Amaranth A Pool

The purpose cof this memo isﬂhighlight some of the important points comn-

tained in the 1985 Waskada Reservoir Model Study report.

1Y)

Model Input Data

- the inverted nine spot pattern surrounding well 13A-24-1-26 WPM was
chosen to represent the reservoir.

- in order to obtain good reservoir definition a 15X15%4 grid system
was used.

- the model study area contained 25 wells which allows a more realistic
representation of the boundary conditions around the injection pattern.

- ¢ and h values were calculated by the Exploration Department.

- kiy values were obtained from a field average @/k crossplot.

- ky values were assumed to be 0.1 X kg

- three different rock types were used assuming Swirr = 37%, 50%Z, 60%
and Sor = 20%, 15%, 15%Z respectively.

- initial water saturations were determined from capillary pressure
data.

The differences in . input data between this stuly and the previous model
study consist of a different study area, an updated $/k crossplot and
three rock types instead of a single rock type. A comparison of average
reservoir properties used in the two studies indicates that the initial
water saturation in the reservoir is greater than the irreducible water
saturation in both cases.

1985 Model Study 1983 Model Study
Sw 0.37 -.0.60 0.44
So%RR 0.15 - 0.20 0.15
Average ¢ 0.15 0.13
Average k 2.96 3.7
Average Sw 0.61 0.71
00TP (km3) 1423.0 836.1

The significance of this facter is that 1f it is true the OQ0IP in the
Lower Amaranth is less than has been previously calculated. Since, the
initial water saturation values are dependent on the calculation method
used (logs, capillary pressure, oil base core) it is essential that the
best method be used. Therefore it has been recommended that several oil
base cores be obtained.
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2)

3

History Match

individual well histories were adequately matched for all the wells.
the error in total study area oil and water production was essentially
zZero.

the total study area gas producticon has an error of 12% which can be
explained by the inaccuracy of field gas measurments during the early
life of the pool.

in order to achieve the final history match, modifications to the

rock compressibility, relative permeability curves and several grid
block transmissibilities were required.

Figures 19, 21 and 23 i1llustrate the adjustments made to the oil/water
relative permeability curves; the effect of the adjustments tend to
increase the mobility of oil at higher water saturations.

Figures 20,22 and 24 illustrate the adjustments made to the gas/oil
relative permeability curves; the effect of the adjustments tend to
increase the mobility of gas over the full range of liquid saturations.
Figure 39 contains a schematic diagram of the permeability modifications
incorporated intoc the model; these modifications confirm that the
reservolr is heterogeneous in nature.

The failure of the gasflood in Waskada Unit No. 4 may be explained by the
previously mentioned history match modifications. Increased gas mobility
as well as the increased grid block transmissibilities usually accelerate
gas channelling which eventually results in premature gas breakthrough.

Predictions

all o0il recovery values shown are based on actual recoveries (less
influx) inside an inverted nine spot pattern with a given 00QIP;

thus fieldwide scaling is accomplished by simply using an original

oil in place ratio .

during each grediction a well was shut in if it had a3migimum oil
rate < 0.5 m”/d, a watercut of 99% or a GOR of 2500 w”/m”.

three different prediction cases were run; primary depletion (avg k)
waterflood (avg k) and waterflood (low k)

Figures 57 to 60 contain graphical comparisions of the three cases.
These figures show that waterflooding definitely improves ultimate
recovery; a small increase in total oil production can be expected
following the implementation of a waterflood; typical waterflood
characteristics should consist of stable oil rates, a slowly increasing
WOR and a low GOR; the ultimate oil recovery in low permeability areas
may be similar to the higher permeability areas but will require much
more time to produce.

when calculating company reserves 20 year oil recoveries should be
used due to inherent inaccuracies in the assumptions beyond this
point.

A comparison of prediction results obtained from the current study and the
previous study indicates that the peak 0il rate will be lower, the reservoir
life will be longer and the ultimate 0il recoveries could be higher.
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Primary (Avg. k)

Waterflood (Avg. k)

Waterflood (Low k)

Gasflood (Avg. k)
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1985 Model Study

9.1%001P/6 yr. life

26.7%00IP/20 yr. life

38.2%00IP/41 yr. life

19.6%Z00IP/20 yr. life

36.5%00IP/58 yr. life
N/A

1983 Model Study

12.27%001P/10 yr. life
28.4%00IP/15 yr. life

N/A

22.3%00IP/12 yr. life

A preliminary waterflood prediction run was also run for a low permeability/

high viscosity oil case as seen in the NW portion of the reservolir.

of this run indicate very low oil rates and a lower ultimate recovery.
Due to the economic impact of these results an additional PVT study has

been initiated.

In conclusion, The 1985 Reservoir Model Study results support the existing

D & 8 Group recoverable reserve estimates for the Waskada Lower Amaranth pool,

however, it should be noted that the reservoir parameters used to arrive at

recoverable reserves are quite different.

As shown below, a difference in

initial water saturations combined with a difference in recovery factors

compensate for one another and result in a similar reserve estimate.

Sw
Primary RF

Waterflood RF (@ 20 yrs.)

Primary RF X (i1-Sw)
Waterflood RFx {l-Sw)

1985 Model Study

0.61
9.1% 00IP

0.035
0.076 - 0.104

19.6 - 26.7% 00IP

D & S Group

0.45

2.0 - 10.0% 00IP
10.0 - 20.0 OOIP
0.011 -~ 0.055
¢.055 - 0.110

It is essential that prior to the next reserve review we resolve the

question of initial water saturation in order that the company does not

overestimate its o0il reserves in Waskada.

c.c. T.J. Hall

Results



HYDROCARBONS LTD

1300 SUN LIFE PLAZA I
112 - 4th AVENUE S.W.
CALGARY, ALBERTA, CANADA T2P OH3

TELEPHONE (403) 261-0743

October 29, 1985

Manitoba Petroleum Branch
555 - 330 Graham Avenue
Winnipeg, Manitoba

R3C 4E3

Attention: Mr. Bob Dubrieul

Dear Sir:

Re: Waskada Lower Amaranth Secondary Recovery
1985 Reservoir Model Study

Enclosed are two (2) copies of the recently completed "1985 Waskada
Lower Amaranth Reservoir Model Study" for your review. We will contact
you in the near future to set up a meeting to discuss the waterflood
forecasts for the existing pressure maintenance areas which are still
outstanding.

Yours truly,

OMEGA HYDROCARBONS LTD.
- - . o / .
r'(_!/c'-'},.){ P o SR 4

R.A, Beamish, P. Eng.
Manager - Engineering

RAB:vb
Encl.

c.c. Waskada (LAm) Waterflocod
Approvals File
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SUMMARY




SUMMARY

The purpose of this study was to update the previous Lower Amaranth
waterflood predictions based on 3% years of production and injection history, and to
evaluate the sensitivity of several parameters on oil recovery.

The study area was restricted to Township 1, Range 26 W1M and Sections 23,
24, 25 and 26. It includes 9 wells defining the main pattern area (full 9-spot) in the
center, and 16 additional wells at the boundaries. The specific study area that was
chosen is considered representative of the reservoir, and has had the longest

production history.

Rock compressibility, well fractions, well skin factors, well block saturations,
transmissibility values at the grid block interfaces and the shape of the relative
permeability curves were adjusted on a trial-and-error basis to match the historical
average reservoir pressures, flowing bottomhole pressures, water-cuts and gas-oil
ratios. The history match error in cumulative oil and water production is minimal.
The cumulative gas production has an error of 12% which is good considering the
inaccuracy of gas measurements in the field during the early life of the pool. The
flowing bottomhole pressure, the water-cut and gas-oil ratio have also beén

adequately history matched for each individual well.

A watertlood prediction run as an extension of the history was performed.
The oil recoveries at 20 years and at the economic limit are 25.3% OOIP and 39.7%
OOIP, respectively. The total reservoir life for this case is estimated to be 42

years.

In order to apply the main pattern waterflood results to fieldwide predictions,
it is necessary to examine the effect on oil recovery by several important
parameters. For comparison a primary depletion run was made to analyze the
merit of waterflooding. Two waterflood cases were then studied. The first case
examined the effect of timing (the time at which water injection was initiated) and
the second case analysed the effects of lower permeability. An additional
sensitivity run using different PVT values will be made at a later date based on
actual data from an area of the reservoir which appears to have different oil
properties.
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Results for these three sensitivity cases are summarized below.

Waterflood
Average Low

Primary Permeability Permeability

Recovery at 20 years,
103 m3 40.4 118.6 6.8
% OQIP* 9.1 26.7 19.6

Extrapolated Ultimate Recovery,

103 m3 40.48 168.9 161.6

% OOIP 9.18 38.2 36.5
Qil Bank Peak Rate,

m3/d -~ 19.5 7.5
Reservoir Life to Economic Limit,

years 6 41 58

* OOIP = 443 x 103 m3

§ calculated ultimate recovery
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CONCLUSIONS

Some wells have shown a dramatic decrease in both oil and water production
rates indicating that the decrease in oil production rate is not related to high

water-cut or high producing GOR but to a complete loss of fluid productivity.
This loss of productivity may be explained by rapid primary depletion within a
small drainage area, fracture healing, plugging or other mechanical problems.

The current average reservoir pressure in the study area is about 5 000 kPa.

This pressure is only 780 kPa higher than the bubble point pressure.

The waterflood predictions indicate an extrapolated ultimate recovery of
38.2% OOIP, which is substantially higher than 9.1% OOIP as predicted for
primary depletion. This increased oil recovery is the result of a less severe
decline of oil rate.

The ultimate oil recovery under waterflood does not seem to depend on how
early waterflood is initiated as long as it is implemented before the reservoir
pressure drops below the bubble point. However, early waterflood
implementation will generate higher initial oil rates.

When the average reservoir permeability decreases from 3 mD to 1 mD, the
ultimate oil recovery is lowered from 38.2% OOIP to 36.5% OOIP and the
reservoir life is lengthened from 41 years to 58 years under waterflood.

The economic limit has a significant effect on the ultimate recovery {e.g. the
recovery for the average permeability case increases from 38.2% OOIP to
43.7% OOIP if the minimum oil rate for the main pattern is lowered from
4.0 m3/d to 1.1 m3/d).
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1.

2.

RECOMMENDATIONS

A continuous monitoring program should be implemented to ensure optimum
well productivity and to identify potential problems as early as possible.

To maximize ultimate oil recovery in this reservoir water injection should be
implemented before the average reservoir pressure drops below the bubble

point pressure.

Water injection pressures in this relatively low permeability reservoir should
be maintained just below the fracture pressure of 18 000 kPa (bottomhole) to
obtain an average reservoir pressure of about 9 000 kPa. This strategy will
help to maintain higher levels of oil productivity and to drain additional oil

from low permeability regions.

In order to better understand the performance of this reservoir the following

additional reservoir and fluid data should be obtained,

a) rock compressibility
b) a porosity/water saturation relationship using an oil base core
¢) a PVT analysis for the higher density oil areas

d)  residual oil, critical gas and irreducible water saturation values

To increase the reliability of the model predictions in terms of absolute
recoveries and reservoir lifes, an updated mode! study is recommended when
additional waterflood history becomes available.
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MODEL DEVELOPMENT
Grid System and Well Locations

The model study area was chosen because it is a representative portion of the
reservoir, and it has had the longest production history. The study area includes 9
wells defining the main pattern area (full 9-spot) in the center, and 16 additional
wells at the boundaries as shown in Figure 1. The extent of the main pattern area
is bounded by the broken line.

A three-dimensional reservoir model was developed for the study area. The
mode! study area which contains 256 ha, was first overlaid with a 15 x 15 grid.
Then based on geological divisions, 4 reservoir layers were used to give good
vertical definition. This grid system yields a total of 900 grid blocks. Block
dimensions in the Y direction are the same as in the X direction. The grid
locations of the 25 wells in the study area are listed in Table 1. Based on
symmetry, the wells at the boundary were initially defined as % or % wells,

depending on their locations.

Geology

The Waskada Field is located approximately 110 km southwest of the City of
Brandon, Manitoba in Township 1 and 2, Ranges 25 and 26 WIM. The model study
area is restricted to Township 1, Range 26 WIM and Sections 23, 24, 25 and 26.
The Waskada Lower Amaranth Pool is at a depth of about 900 m KB, The sand is
usually poorly developed with porosities and permeabilities uniformly low. The
sand contains abundant thinly interbedded tight stringers. Figure 2 shows a typical
well log of the Lower Amaranth formation. There is no gas-oil contact and the oil-
water contact is currently estimated at 465 m subsea. The sand dips very gently in
a southwesterly direction and the hydrocarbon traps occur independently of the
structure. The structure map on top of the Lower Amaranth formation for the
study area is shown in Figure 3.




Reservoir Rock Data

Cores and log data were analyzed by Omega for all the wells in the study
area to provide the required control points(l). These control data points provided
the basis for assigning depth, net pay and porosity distributions. Interpolation of
properties between wells was performed using a built-in routine in CMG's IMEX
adaptive implicit black oil simufator(2). Permeabilities were generated using a
permeability-porosity relationship. A summary of the average reservoir rock

properties for each layer in the study area is given in Table 2.

Porosities in the study area vary from 11 to 17%. Porosity distribution for
each of the layers is shown in Figures & to 7. Table 3 shows the initial porosity
values for each grid block in the model. For the wells where a layer was missing, a
0.0 value was input.

Net pay thicknesses for the layers in the study area vary from 0 to 12 m. The
net pay distribution for each of the layers is shown in Figure 8 to 11. Table 4
contains the net pay values for each grid block in the model.

From core samples taken throughout the field an average correlation of
permeability with porosity was developed using wells 16-18-1-25, 2-31-1-25,
15-8-2-25, 3-3-2-26, 5-24-1-26 WIM(3). This correlation is shown in Figure 12.
Due to the relative large amounts of shale and anhydrite present in the cores, the
correlation shows a large degree of scatter in the value of permeability at a given
porosity. The horizontal permeability distribution for each of the layers is
depicted in Figures 13 to 16. Table 5 shows the horizontal permeability values for
each grid block in the model.

Following a review of all the existing core data a Ky/Kp ratio of 0.1 was

incorporated in the model. Table 6 contains the vertical permeability values for
each grid block in the model.




Relative Permeability

Using the oil base core data reported for well 3-25-1-26 WIM(#), a relation-
ship between porosity and irreducible water saturation as a function of rock
permeability was constructed and is shown in Figure 17. The irreducible water
saturations, as estimated from Figure 17 for permeabilities ranging from 1 mD to
20 mD, vary from 37% to 60%. Based on this range of irreducible water
saturations three sets of relative permeability curves were developed for the model

area.

Figure 13 shows the laboratory measured water-oil relative permeability
ratios for wells 16-22 and 3-25-1-26 WIM(5), The water-oil relative permeability
curves were constructed based on these relative permeability ratios, and they were
adjusted to reflect the overali well performances. Gas-oil relative permeability
curves were derived from laboratory determined values(5). These curves are shown
as broken lines in Figures 19 to 24. The curves have 37%, 50% and 60% as
irreducible water saturations, 20%, 15% and 15% as residual oil saturations, and 1%
as critical gas saturations, respectively. It is recommended that additional
laboratory measurements of residual oil saturations be obtained to improve the
modeling of fluid movement.

Capillary Pressure and Water Saturation

Using the available capillary pressure data(5) a set of fluid distribution curves
was developed and is shown in Figure 25. Water saturations were calculated as a
function of laboratory capillary pressure and the rock permeability(5). The
laboratory capillary pressure is determined from the depth-capillary pressure
relationship shown in Figure 26. Based on an estimated initial oil-water contact of
465 m subsea, the free-water level in the Lower Amaranth Pool is 468 m subsea.
Details of the development of the fluid distribution curves is given in the 1983
Waskada Model Study(7). The water saturation distribution for each of the layers is
shown in Figures 27 to 30.

The hydrocarbon pore volume distribution for each of the layers is depicted in
Figures 31 to 34. Figure 35 shows the composite hydrocarbon pore volume

distribution for the entire study area.




Fluid Properties

The Waskada Lower Amaranth reservoir fluid is an undersaturated hydro-
carbon system having a bubble point pressure of 4 220 kPa at a reservoir tempera-
ture of 4#5.00C(8), This bubble point pressure is about 4 700 kPa lower than the
initial reservoir pressure of 8 900 kPa.

Reservoir oil viscosities vary from a minimum of 1.3 mPa-s at the bubble
point pressure to a maximum of 2.9 mPass at atmospheric pressure. The initial
solution gas-oil ratio is about 44 m3/m3. Oil, water and rock compressibilities used
in the model were 1.2x 10-6kPa-l, 4.4 x 107 kPa-! and 1.34 x 10-6 kPa-i,
respectively, Water viscosity, determined from c0rre1ations(9), was input as 0.7
mPa-s at reservoir conditions. The water formation volume factor and density used
were 1.007 m3/m3 and 1000 kg/m3.

Table 7 shows the PVT data used in this model study. Average formation
volume factors and solution GOR were obtained from flash and differential
liberation data(10),

Initial Conditions

The initial pressure, determined from pressure build-up analysis, in the study
area is 8 900 kPa at a datum of 440 m subsea, and initial pressure, 0il and water
saturation distributions are shown in Tables 8 to 10. Since the reservoir fluid is
undersaturated, the initial gas saturation is 0.0. A summary of the fluids-in-place

in the model is as follows:

Study Area Main Pattern
Pore Volume, 103 res m3 4 186 1 347
Hydrocarbon Pore Volume, 103 res m3 1 659 508
Original Oil-In-Place, 103 m3 1 451 443
Solution Gas-In-Place, 106 m3 64 20

Water-In-Place, 103 m3 2 500 834




Flowing Bottomhole Pressures

Figure 36 shows a plot of flowing bottomhole pressure versus liquid
productivity. This correlation was developed from current fluid level
measurements taken at wells 9-23, 16-23, 11-24, 12-24, 14-24, 3.25, 4-25 and
1-26-1-26 WIM. The bottomhole pressures for those wells which were not
measured, are estimated from this correlation based on their current
productivities. The estimated and measured flowing bottomhole pressure for each

well are listed in Table {1.
History Match

The study area contains twenty-five wells. The first well was brought on
production in September 1981. The other 24 wells were drilled and put on
production or injection at later dates. To maintain reservoir pressure, water
injection was initiated in February 1983. Gas injection was initiated at wells 7-23,
5-24 and 7-24-1-26 WIM in May 1984. In this study historical production data up
to the end of March 1985 was used. In summary, the study area underwent one and
a half years of primary production, and was then followed by two years of

combined water and gas injection.

Figure 37 depicts the pressure decline for the study area. The production
history for the main pattern wells is shown in Figure 38. Based on production to
date the oil decline rate is found to be about 44% per year. One of the reasons for
the high decline rate is that there are currently high fluid levels in some of the
wells which suggests that the oil production has not been maximized.

To match the pressure decline of the study area while under primary
production, it was found necessary to use a rock compressibility of
1.3% x 10-6 kPa-1, which is two times larger than the value used in the previous
report(7). This value falls within the acceptable range of existing rock
compressibility correlations(?). It is recommended that rock compressibility data

be obtained for the Waskada Lower Amaranth formation to verify this change.
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Because of the heterogeneity of this reservoir, one should not expect that the
injection and production volume fraction for a well at the model boundary be
exactly equal to its geometrical value. The actual volume fractions for the edge
wells, instead, have to be derived using a trial-and-error method which honors the
production characteristics of the neighboring producing wells. Table 12 contain the

final history matched volume fractions for all the wells.

Well block saturations, transmissibility values at grid block interfaces, and
the shape of the relative permeability curves for oil, gas and water were also
adjusted in order to match the water-cut and gas-oil ratio performance of the
producing wells. The new sets of relative permeability curves for the oil-water,
and gas-oil systems are shown as solid lines in Figures 19 to 24. The changes in the
well block saturations were so small that the fluids in place remained the same.
Locations of transmissibility multipliers are depicted in Figure 39. A high
transmissibility path was required between injector 13-24 and producer 9-23 to
model the pressure response, and it is consistent with geologica! data. To match
the high GOR observed at 11-24, it was necessary to reduce the transmissibility
around producer 11-24, and channel the gas from injector 7-24 to 11-24 through
producer 6-24. The modified horizontal {(Tx, Ty) and vertical transmissibilities (Tz)
are presented in Tables 13 to 15.

The estimated flowing bottomhole pressures at the end of the history were

matched by adjusting the skin factors. Table 16 contains the history matched skin
factor for all the wells.

Table 17 summarizes the combined history match results for all the wells.
The errors in oil and water productions are minimal for the study area. The gas
production has an error of 12% which is good considering the inaccuracy of gas
measurements in the field during the early life of the pool. Figures 37 and 38
contain the history matched study area pressure and main pattern area production
history match. The individual well matches for all the wells contained inside the
main pattern area are displayed in Figures 40 to 48. It is felt that the trends of the

water-cut and gas-oil ratic are adequately matched. A high GOR due to gas
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breakthrough was measured at wells 8-23, 6-24 and 10-24. This behavior was
matched and the individual well matches are shown in Figures 49 to 51.

Reservoir pressure, oil, gas and water saturations at the end of the history
are presented in Tables 18, 19, 20 and 21 respectively.

Waterflood Prediction

A waterflood prediction was run assuming the continuation of water injection
after the existing production and injection history. Gas injectors 7-23, 5-24 and 7-
24 were converted into water injectors as has been done in the field. All the
injectors were allowed to inject water at their maximum capacity with flowing
bottomhole pressure of 18 000 kPa. The producers were allowed to produce at a
constant flowing bottomhole pressures of 690 kPa (100 psi} with a maximum total
liquid rate of 31.85 m3/d (220 STB/d). During simulation a producing well was
shut-in if any one of the following three constraints was violated,

(i) minimum oil rate of 0.5 m3/d (3 STB/d),
(ii) water-cut of 99%,
(iii)  gas-oil ratio of 2 500 m3/m3

Since oil from the surrounding area is also produced through the main pattern
wells, this amount of oil must be subtracted in order to estimate the amount of oil
actually produced from the main pattern area. An example of this calculation is
shown in Appendix A. These adjusted oil rates are referred to simply as the oil
rates in this report, unless otherwise stated.

A recovery of 36.1% OOIP is obtained at the end of 35 years, and it
represents a total oil production of 160.0 x 103 m3 from the eight producers in the
main pattern area with average permeability (3 mD). In this waterflood prediction
case 475.4 x 103 m3 of water was injected to keep the reservoir pressure above the
bubble point.
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The reservoir performance for this prediction run is shown in Figure 52. The
reservoir pressure continued to rise steadily indicating that the instantaneous
voidage replacement ratio is greater than one. An oil bank, which peaked at
16.7 m3/d in the eleventh year, is observed in the oil rate curve. The oil rate then
declined gradually to 6.5 m3/d at the end of 35 years. In response to water
injection, the WOR increases with time but drops sharply as the high water-
producing well 9-23 is shut-in at the 21st year. The WOR curve drops again in the
28th year when well 16-23 is shut-in due to high water-cut. The maximum WOR
was about 3.0. The gas-oil ratio remained at the solution gas-oil ratio of 44 m3/m3
throughout the prediction due to a reservoir pressure greater than the bubble point

pressure.
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SENSITIVITY CASES

In order to apply the main pattern waterflood results to fieldwide predictions,
it is necessary to analyze the effect on oil recovery by several important
parameters. For comparison a primary depletion run was made to examine the
merit of waterflood. Two waterflood cases were then studied. The first case
examined the effect of timing (the time at which water injection was initiated) and

the second case analyzed the effects of lower permeability.

In these three sensitivity runs all the wells that were producing prior to
February, 1983 during the actual history were assumed to start producing at a
constant bottomhole pressure of 690 kPa (100 psi) at time zero. Waterflooding was
initiated, in the two waterflood cases, before the average reservoir pressure
dropped to the bubble point pressure of 4 220 kPa. At this time, all the remaining
producers were turned on and produced at a bottomhole pressure of 690 kPa, and
water was injected into all injectors at a bottomhole pressure of 18 000 kPa. A
maximum total liquid rate of 31.85 m3/d (220 STB/d) was also imposed on all the
producers as a realistic equipment limitation. During the prediction a producing

well was shut-in if any one of the following three constraints was violated,

(i) minimum oil rate of 0.5 m3/d (3 STB/d),
(ii) water-cut of 99%,
(i)  gas-oil ratio of 2 500 m3/m3

An additional sensitivity run using different PVT values will be made at a
later date based on actual data from an area of the reservoir which appears to have
different oi! properties.

Primary Depletion - Average Permeability
It took 9 months of primary production for the average reservoir pressure in

the average permeability reservoir (3 mD) to drop to near the bubble point pressure
of 4 220 kPa. At this point, all the remaining wells were opened and produced at a
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bottomhole pressure of 690 kPa. The main pattern area became uneconomical to
operate due to minimal oil rate after 6 years of continuous production. A recovery
of 9.1% OOIP is obtained, and it represents a total oil production of 40.% x 103 m3

from nine producers.

Figure 53 depicts the reservoir performance of this case. It is observed that
the gas-oil ratio rises sharply as soon as the reservoir pressure drops below the
bubble point pressure. The gas-oil ratio reaches 580 m3/m3 at abandonment
conditions. The oil rate, on the other hand, decreases monotonically. The water-
oil ratio increases slightly with time, but never exceeds 2.0. Reservoir pressure
decline is rapid in the first year. However, the decline becomes less severe as time

goes on due to the expansion of free gas in the reservoir.

The yearly and the cumulative fluid production forecasts for this case are
presented in Tables 22 and 23, respectively. Appendix B contains the detailed
pressure and saturation distributions at the end of the simulation.

Waterflood - Average Permeability

The purpose of this waterflood case, which injects the largest volume of
water at the earliest possible time, is to determine if the timing of water injection
affects the ultimate oil recovery. In the waterflood continuation prediction, water
was injected at less than maximum volumes during the first 3 % years of production
history. The results of the prediction are plotted as a dotted line shown Figure 54.
The waterflood - average permeability results are also presented for comparison.
It is observed that by extrapolating the oil rate curves, the cumulative oil
productions are 177 x 103 and 168 x 103 m3 for the continued prediction and
sensitivity cases, respectively, at the adjusted oil rate economic limit of 4.0 m3/d.
Since the oil recoveries do not differ significantly, this suggests that the
waterflooding strategy is not that critical as long as waterflooding is initiated
before the average reservoir pressure reaching the bubble point pressure.
Furthermore, these cumulative oil productions are very sensitive to the oil rate
economic limit (e.g. at an economic limit of 1.1 m3/d both curves give identical

recovery of 194 x 103 m3).
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In this case the average permeability reservoir model (3 mD) was produced
under primary production for 9 months. Water was then injected into all the
injectors at a bottomhole pressure of 18 000 kPa. This prediction was allowed to

run for 35 years.

A recovery of 35.2% OOIP is obtained at the end of 35 years, and it
represents a total oil production of 155.8 x 103 m3 from eight producers. In an
effort to maintain voidage and increase the model average pressure,
564,0 x 103 m3 of water was injected into the reservoir.

Figure 55 displays the oil, water and gas performance for this case. A
distinctive oil bank, an indication of a successful waterflood, appears in the oil rate
curve, The maximum oil rate was 19.5 m3/d. Note also that the oil decline rate is
much less severe when compared to the primary depletion case. The water-oil
ratio rose steeply at the end of the tenth year (i.e. the tailing end of the oil bank).
The water-oil ratio reached 6.8 after 35 years. The gas-oil ratio remained at the
solution gas-oil ratio of 44 m3/m3 throughout the prediction.

Tables 24 and 25 provide the yearly and the cumulative fluid production
forecasts, respectively. The detailed pressure and saturation distributions at the
end of simulation are shown in Appendix B.

Waterflood - Low Permeability

The Lower Amaranth Pool is a very heterogeneous reservoir of varying
porosity and permeability. In this sensitivity case a tighter portion of the reservoir
was selected. The porosity-permeability correlation for this case was taken from
well 16-18-1-25 WIM, and is expressed as

logig K = .1480 ¢ - 2.5241

With the new porosity-permeability correlation the average permeability of
the study area was reduced to 1.02 mD from 2.96 mD. Assuming that the initial
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water saturation does not change, the OOIP remained the same. Table 26 presents
the average rock properties for a low permeability area.

The adjusted model was able to produce for 13 months under primary
production before the reservoir pressure dropped to near the bubble point.
However, for the sake of consistency, the model was only allowed to produce for 9
months under primary. At this point in time, water injection was initiated into all
the injectors at a bottomhole pressure of 18 000 kPa. This prediction was allowed

to run for a total of 50 years.

A recovery of 34.3% OQOIP is obtained at 50 years, and it represents a total
oil production of 151.9 x 103 m3 from eight producers. Tota!l water injection
amounted to 468.9 x 103 m3.

The reservoir performance for the low permeability case (1 mD) is displayed
in Figure 56. Because of the lower permeability reservoir, the reservoir pressure
took longer to build up to 8 000 kPa (40 years compared with 10 years for the
average permeability case), and the average oil production rate was lower. The oil
bank is only slightly noticeable. The maximum oil rate of the oil bank was 7.5
m3/d. Between the second and sixth years the WOR rose sharply accompanying an
abrupt decline of oil rate. Both the WOR and the oil rate became relatively stable
thereafter. The WOR dropped abruptly from 4.3 to 1.0 in the 32nd year when well
9-23 was shut-in due to high water-cut. The maximum WOR obtained was 4.6. The
GOR reached a maximum at about 90 m3/m3 in the fifth year. As the pressure
around the producers rose above the bubble point pressure, the producing GOR
decreased gradually to the solution GOR of 44 m3/d.

Tables 27 and 28 present, respectively, the yearly and the cumulative fluid
production forecasts. The detailed pressure and saturation distributors at the end
of simulation are listed in Appendix B.
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Sensitivity Case Comparison

Figure 57 compares the oil rate vs cumulative oil production curves for all
three sensitivity cases. At the adjusted oil rate economic limit of 4.0 m3/d, the
extrapolated ultimate recoveries for the primary depletion, waterflood - average
permeability and waterflood - low permeability cases are &0.4 x 103 m3,
168.9 x 103 m3 and 161.6 x 10% m3, respectively. This comparison illustrates the
obvious need for pressure maintenance within the Waskada Lower Amaranth
reservoir.

The oil rate vs time curves for the three cases are shown in Figure 58. At
the adjusted oil rate economic limit of 4.0 m3/d, the extrapolated reservoir life for
waterflood - average permeability and waterficod - low permeability cases are 42
and 54 years, respectively. These results show how different the rate of oil

recovery will be depending on the permeability of the area under waterflood.

A comparison of the oil recovery vs time is presented in Figure 59. The oil

recoveries after 20 years for the waterflood - average permeability and waterflood
- low permeability cases are 26.7% OOIP and 19.6% OOIP, respectively.

The water injection rate profiles for the two waterflood cases are depicted in
Figure 60. The amount of water injection in the waterflood - low permeability

case is smaller because of the lower total fluid production volume.
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Figure 1

MODEL AREAL GRID AND WELL LOCATION
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Figure 2°
TYPICAL WELL LOG
Waskada Lower Amaranth Poo!
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Figure 2 (Continued)

TYPICAL WELL LOG
Waskada Lower Amaranth Pool

11-24-1-26 WIM

o . 90¢ T

! } f ] 1

H . i

; . § = 5

: ) | K

H \ A Sand ) - |

¢ / ' I I

: < {Top) 3 — j

: { | ]

: hY -

H B Sand 1

1 K ty |

s 4l f

N / ‘\ — i

s { f :

: ':';. ‘\\\ C Sand ‘ ‘

3 % i —— ;
D Sand { I
R R ‘
= o J
1 (Bottom) - ——
R T f 17
Y / % i T
-q’- Tension { i HES R 1 oo
. S 925 lﬁ,ﬂ.‘ih&_ljju P
L r thl s " o { [ ]
l—-_? ] > i
L /‘ .1’ .=|" : ?‘
L R <t 11 I
G- L1l
SR EEN

: LR o )

5 \ |
= =3 1 N
1" b —_— : ! N ] ‘ | tl

ln ==y 4ﬂ .*‘ { T




[00d YlUBIBWY JOMOT BPEXSEM

(0°1 = [eAISIU] JNOJUOD))

HINVIVYWY ddA0T dHL 40 dOL NO dVW Fd4NLONYLS
€ 2andrg




0.160

i e L i -y i i ' A J0°¥i

[00d YiUuBJeWY JIaMOT BpEXSEM
(10°0 = TBAIIIU] JNOJUDD))
(d0l1) dVIW ¥NOLNOD ALISOYOd ANVS uVu
gy 24n314




J0Od YiIUBJRWY JOMOT BPEMSEA
(10°0 = TeAJaIU] 1NOJUCD))

dVYW JNOINOD ALISOUOd ANVS .+8.
¢ aandiy




0 ot

S

« 0
rfl\\lI/// k\\\\ll!/////r o@( Il// 1

0 a21

1004 YlueJBWY JaMOT BpRYSeM
(1070 = [eAJ3IU] JNOIUOD))

dVW ANOLNOD ALISOAOd ANVS wDu
9 a.nd1y

0'¥L




[004 YlueJewy JamoT epelsep
(10°0 = [eAISIY] JNO3UCD))

{(WOLLOE) dVvW ANOLNOD ALISOHOd ANVS uQu
£ dandry




[00d YluelBWY 13MOT BpEMSEA
(Z°0 = [eAJIIY] JNOJUOD)

(dO1) d¥YIW VNOLNOD AVd LIN ANVS uVu
g 2an3iy



[00d YIueJBWY 1OMOT BpRYSEA

(2°0 = [BAI3IU] JNOJUOD))

dYW UNOLNOD AVd 1IN ANVYS «du
6 3n31y




[004 YluRiewWwY JAMO- BpEXSEM

(2°0 = [eAlaly] INOJUOD))
dYW 4NOLNOD AVd L3N ANVS «Du
01 94ndry




< <2
o
n
o
‘¥
)
)
R’
o
0‘e
<0*01
> JQINP
% R -
A @ »
.
i Il I n : \O.*P

[00d YIUBIBWY JamMOT epeysepm
(Z°0 = [PAI3IU] INOJUOD))

(WOLL0€) dVW dNOLNOD AVd L3N ANVS uCu
11 @andig




(AN 82°0 <0 20 9170 ¢t 0 80°0 00
S EUTY TRUN TN SO NN RN S S e S el b e

(£826°7 ~ gv96861°) 2173

o
Q
a =
"
E)
a
p
a —~
\\\\\
o \ 9z-1-¥2~6 ~ C
e 9z-z-£~€
gz-2-8~61
SZ-T-1€-2
B z-T-81-9T1 .
P sz-1-8 <
STIoM

_ | I

[00d YiURJBWY JaMO] BpEdSEM

NOILYT13d 0D ALISOUOd - ALI'IEVIWAEd 3DVYEIAY Q1314
Z1 aandiyg



[004 YIUBIBWY J3MO’] BPE3SEA

(0°1 = [BAJAIY[ JNOJUOD))

(dOL) dVIW BNOINOD ALITIGVIWYIA ONVS uVu
€1 omdry




L]

L)

o.

”/J %

n
N\ &

)

¢

e
mo.wp

-4

[00d YIURIBWY JIMOT EPRISEM
(0°1 = TRAJIIU] JNOJUOD))

dYW ANOLNOD ALITIGVIWYAd ANVS ul
41 231y




1004 YIURJIBWY JOMOT BpRSEA
(0°T = TeAIa1Y] JNOJUOD)

dVYW JNOLNOD ALITIAYIWAAD ANVS wDu
<1 aandiy




‘¥l 0 gt 0 -ai 08 g-2 (1]l 02

x L) T L L] Li L] L L L T LA
[+R3]
L o 40"
o 0o'e
o.m\/
LI
04
O n 10° ¥
o
_o.w
O 0o'e
o
X 0°01
o et
2-2
| ®
Q-T o-} 0T
N yanN i . N N M A N A 0°¥i

jood YlurieWY JaMOT BpRYSEA
(0°1 = [BAISIU] INOIUOD))

(WOL1108) dVW dNOLNOD ALITIGYIWYIAD ANVS uQu
. 91 din3rg




Figure 17
POROSITY-WATER SATURATION RELATIONSHIP
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Water-Oil Relative Permeability Ratio

Figure 18

AVERAGE WATER-OIL RELATIVE PERMEABILITY RATIO
Waskada Lower Amaranth Pool
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Figure 19 -

OIL-WATER RELATIVE PERMEABILITY
Waskada Lower Amaranth Pool
Irreducible Water Saturation = 0.37
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Figure 20
GAS-OIL RELATIVE PERMEABILITY
Waskada Lower Amaranth Pool
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Figure 21

OIL-WATER RELATIVE PERMEABILITY
Waskada Lower Amaranth Pool
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Figure 22
GAS-OIL RELATIVE PERMEABILITY
Waskada Lower Amaranth Pool
Irreducible Water Saturation = 0.5
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Figure 23
OIL-WATER RELATIVE PERMEABILITY
Waskada Lower Amaranth Pool

Irreducible Water Saturation = 0.63
Rock Type 3
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Figure 24
GAS-QIL RELATIVE PERME-ABILITY
Waskada Lower Amaranth Pool

Irreducible Water Saturation = 0.63
Rock Type 3
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Figure 36
FLOWING BOTTOMHOLE PRESSURES VS LIQUID PRODUCTIVITY
Waskada Lower Amaranth Pool
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Figure 37
STUDY AREA PRESSURE HISTORY
Waskada Lower Amaranth Pool
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" Figure 38
MAIN PATTERN AREA PRODUCTION HISTORY
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Figure 39
LOCATION OF TRANSMISSIBILITY MULTIPLIERS IN THE AREAL PLANE
Waskada Lower Amaranth Poo]
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WELL PRODUCTION HISTORY
9-23-1-26 WiM

Waskada Lower Amaranth Pool
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Figure 41
WELL PRODUCTION HISTORY

Waskada Lower Amaranth Poo!
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Figure 43
WELL PRODUCTION HISTORY

Waskada Lower Amaranth Pool
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Figure 45
WELL PRODUCTION HISTORY

Waskada Lower Amaranth Pool
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Figure 46
WELL PRODUCTION HISTORY

Waskada Lower Amaranth Pool
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Figure 47
WELL PRODUCTION HISTORY

Waskada Lower Amaranth Pool
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Figure 49 .
WELL PRODUCTION HISTORY
Waskada Lower Amaranth Peol
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e 100=}——== ___ Measurement : = m—f_—,,—,,,_,,_, 7_ -
T —.-——f———— x Simulation : —— 31 N = :
————e=_ 1000

|
|
|
|
|
4

!
j
1

11
o
o.
]

11l

t
+
I
Gas-0i1 Ratio, m>/m
|| ’
i
i
g

H il
E -3
11O
it

ANEEEY RN

i
Q

T
T
T

To tals (March 31, 85)

1 LR e E e

Q .
Gas = 0.9 x 10" m" ——- e —
Water = 6 933 mg o = =T

. - - s
+
N

HLILHE I|I Il

T T
1983 __




Figure 50
WELL PRODUCTION HISTORY
Waskada Lower Amaranth Pool
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Figure 51
WELL PRODUCTION HISTORY
Waskada Lower Amaranth Poo!
10-24-1-26 WIM

e —— ____ Measurement = — i e T
EF— PO —=—— %  Ssimulation - e e

ke 4 U

Ty ] Ot BATE - .
b < : : -
S e —

- -..-_.«..._,m [—— = e SN — - = = =

Totals (March 31, 85) = STt Casr

0il = 2 02 3 —
ca - 3m 6 30—
s 0.2 x.10 m~=—=—=

— Water = 158 m3 P e b

|
|
|

I | h
I
l
IHMELE

i
Water-Cut,
!

1

I - T T
== . ———/—F . 1 e

' E oS =
— : S=—ime= Tl ————  start Gas Injection -




8JBOA QW]

0} 4
ONJ 0 L
x
]z i
o o
. o1 €- o
o © -
- 1a 2
A aH_ -
. 09—+ V- e
o ¢ 3
oL &
2 3 -
) 08 <48 9
A - I
- O -y
-
B
ot = 8oy os 02 ol ¢ %°
_.—.-_-..—_.p."—-.. Ooov
0
~ ®
- “
-3
- 0008 °
i x
N v
[ ]
— Q00Z2I

[00d YIURJBWY JIMOT EpENSEM
ALFIYVEIWHDd 3OVHEAY
NOLLDIQ3ud UOOT4¥ALYA QINNLLNOD FHL dOd4 HONVWIO4ddd dIOAYS3d
zZ¢ #ndid




gu/gw ‘oiymy |10-999

00¢ -

00F —

009 -

‘0138y |10-Y83}BM

uoi3}oedy

sJR9/k ‘Wi |

.
---------

0O

.
es®
ar
o

— 0C

— OF

]004 YlUBJRWY JIMOT BPEYSEM
ASYD ALIALLISNEAS

[ 0008

-t

_ ooozl

‘oy®y 110

p/gw

cs0y

se804y

® d

ALITIGYIWYId 3OVUIAY - NOLLITdAA AUVINIdd 04 JONYWIOAUId JIOANISTY

g dandi




cu CawQl ‘UOI}INPOSY {10 WD
002 09l ozl 08 o 0

—

ase) A3TATATSUSS AjFlrqesutad abeloAy - POOTIIIEM
UOTIOTPRId POOT3I93EM PINUTIUCD aen

— O

. 09

[004 YiurIRWY JaMOT BpEYSEM
ALITIGYIWA A dDOVIIAY

SIIOFLVULS GOOTJdILYA LNTYILAIQ FIANN AAFA0DHY TIO ALYWILTN O NOSIIVAWOD
4 @4nd1g

‘e38y 110

P/gw




10138y | I1D-8R9

gu/pw

8408/ 0wl |

Ov
0g — 0 L1
- X
e ‘ ]
o
-~ o
o 4 2
19
4 =
= ] ]
1 ~d :
[+ ] . .
0S 1+ ¥ HOM - e
1o /.\.\ < :
- = i o\ -u
1= - (- oF
4 7 ",
09 Ha 9 - P
1+ r
- M. i wad ™
- 2
0L—= 8gy o 0z ol o 09
m 1 1 [ L — L [ L 1 — i i i i — L L L '] DOO*
- 0009
— 0008
P
T
L. 00001

1004 YiUeJEWY JIMOT BpENSEA
dSYD ALIALLISNGS

ALITIGVAWHEEd 3OVUIAY - GOOTJEILYA HOd IDNVINBOJHId BIOAYASTY
¢ a3

110

‘ojmy

p/gw

*80

treedy

g




<0138y |10-999

gu/ew

gJ@ef ‘ouw| |

0¢
b
T 0
f o ol
[ ]
o 47
C
A
a
09 ~
[ -]
1
3
08 4 9
-
le
2
001 -
—--——.-_-_-—m-—-.—-——-_-P ooo¢
- 0009
L
— 0008
— 00001

[00d YIURJIBWY JIMOT] BPR)SEM
dASVO ALIALLISNGS

ALITIGVINYEd AOT - QOO T4UILVA HOd JONVWAOAAEd JIOAYISHY
9¢ a4n31yg

‘e3ey 110

P/gw

ce0y

te80J4

& d




CW Cww()] ‘UOi}OnNpody |IQ *wWnQ
00c

09! ocl 08 (0] 4 0
L
— 0¢
A3TTITqEsuIag MOT - POO[3IajeM -"- \ H
A3T1TTqesuisd Sbeisay - poOTFISIEM — \ ... I
A31TIqeewaag abexsay - uotyatdag Azewtid " ./. .
NS
V3
\
L — Ot
11
, 1
¥
Vi
[
v
1
- 09

[00d YIurlewy 1amoO‘] epPEMSEM

NOSIIVdWOD dSVYD ALIALLISNITS
NOLLONAOUd TIO FALLYTINWND SA H1VA 110

£§ Indig




489 ‘2w |

|lol.l'.ll

0c
L
Ky1TIqeswIad a0l - POOTIIIjeM —"-, t
A3 TTTIqeswiag obeiaay - POOTIIIIEM - >
A3771qeaurag obezsay - uorizarded Azewyig * -
— OF
-
m
'
~ 09

[00d YIUBJRWY 1OMOT EPRSEA
NOSIHdVdAWOD dSVD ALIALLISNAS

AWLL SA ALVY TIO
8¢ a3y

{10

so3ey

p/gw




SJEBIA -.CE—-_-

AyrTrqesuiag abeasay - uorjardeg AxewTid n%
/L.. ...\
[ n\
4
o
-
o’
-
.-
v
o
o
| \.\
AyTTTqesutad Mo - poOOTIIa3EM Lo
III% Pre
-
-
-
o
-
N
e
o
-
.
o
-
”~

A3TTTqeomIag abviaay - POOTIASIEM

J0Od YIUBJRWY JIMOT BPENSEA
NOSIdYdWOD FSVD ALIAILISNIS

FWLL SA AUIA0DIA TIO
6 dan31y4

ol

0¢

og

0} 4

d100 % “4A40n0dey |1Q




eJBOA ‘0w )

0S (014 o¢ (oA 0l 0
__..__.____._____.___.._._O
._.i
!
if+
!
!
!
“ — Q¢
...../., i
.f -—
S s g S ey u e 'ltlllllnllul.l.'ulln'il.ll lllll . ‘-_ _
A3TTTqRRWIag MOT - vooﬁuuonms.\\x
— Of
A3TTTqQeswIag obeIsAY - POOTFIdjeM —
L 09

]o0d Yluridwy JomoOT] epexsem
'NOSIIVYJWOD 3SVD ALIALLISNIS
AWIL SA LYd NOLLDACNI dILVA

09 andry

p/gw ‘e3ey uoj3oefu] Jo3eM




TABLES

L




Table

o W £ W N

10
11
12
13
14
15
16
17
18
19
20
21
22

23

LIST OF TABLES

Producers and Injectors in the Study Area
Summary of Average Reservoir Rock Properties
Porosity, Fraction

Net Pay

Horizontal Permeability, mD

Vertical Permeability, mD

PVT Functions

Initial Reservoir Pressure

Initial Oil Saturation

Initial Water Saturation

Flowing Bottomhole Pressures at End of History
Well Volume Fractions after History Match
Transmissibility TX

Transmissibility TY

Transmissibility TZ

well Skin Factors after History Match
Summary of History Match

Reservoir Pressure at End of History

Oil Saturation at End of History

Gas Saturation at End of History

Water Saturation at End of History

Yearly Fluid Production Forecast for Primary Depletion - Average
Permeability

Cumulative Fluid Production Forecast for Primary Depletion - Average
Permeability



Table

24

25

26

27
28

Yearly Fluid Production Forecast for Waterflood - Average
Permeability

Cumulative Fluid Production Forecast for Waterflood - Average
Permeability

Summary of Average Rock Properties for Waterflood - Low
Permeability

Yearly Fluid Production Forecast for Waterflood - Low Permeability

Cumulative Fluid Production Forecast for Waterflood - Low
Permeability



Table |
PRODUCERS AND INJECTORS IN THE STUDY AREA
Waskada Lower Amaranth Pool

Well Location

Well No. Field Model (x,y) Remarks
1 7-23-1-26 WIM (1,1) Surrounding gas injector (% well)
2 8-23 (4,1) Surrounding producer (% well)
3 9-23 (4,4) Main pattern producer
4 10-23 (1,4) Surrounding producer (% well)
5 15-23 (1,8) Surrounding water injector (% well)
6 16-23 (4,8) Main pattern producer
7 5-24 (3,1) Surrounding gas injector (% well)
8 6-24 (12,1) Surrounding producer (%2 well)
9 7-24 (14,1) Surrounding gas injector (% well)
10 10-24 (14,4) Surrounding producer (% well)
11 11-24 (12,4 Main pattern producer
12 12-24 (8,4) Main pattern producer
13 13A-24 (8,8) Main pattern water injector
14 14-24 (12,8) Main pattern producer
15 15-24 (14,8) Surrounding water injector (% well)
16 2-25 (14,12) Surrounding producer (% well)
17 3.25 (12,12) Main pattern producer
18 4-25 (8,12) Main pattern producer
19 5-25 (8,1%) Surrounding water injector (% well)
20 6-25 (12,14) Surrounding producer (% well)
21 7-25 (14,14) Surrounding water injector (% well)
22 I-26 (4,12) Main pattern producer
23 2-26 (1,12) Surrounding producer (% well)
24 7-26 (1,14) Surrounding water injector (% well)
25

8-26 (4,14) Surrounding producer (% well)



Table 2
SUMMARY OF AVERAGE RESERVOIR ROCK PROPERTIES
Waskada Lower Amaranth Pool

Model Net Pay, Porosity, Permeability, = Water Saturation, OO0IP,
Layer _ m fraction mD fraction 103 m3
1 or A (top) 2.1 0.151 2.89 0.56 312
2orB 3.0 0.151 3.19 0.59 411
3orC 3.9 0.152 3.32 0.59 529
4orD 2.0 0.161 1.99 0.72 _in
Total 11.0 1 423

Average 0.150 2.96 0.61




Table 3
POROSITY, FRACTION

Waskada Lower Amaranth Pool
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Table 3 (Continued)
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Table 5 (Continued)
HORIZONTAL PERMEABILITY, mD

Waskada Lower Amaranth Pool
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Table 6
VERTICAL PERMEABILITY, mD

Waskada Lower Amaranth Pool
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Table 6 (Continued)
VERTICAL PERMEABILITY, mD

Waskada Lower Amaranth Pool
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Table 7
PVT FUNCTIONS
Waskada Lower Amaranth Pool
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Table 8
INITIAL RESERVOIR PRESSURE

Waskada Lower Amaranth Pool
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Table 9
INITIAL OIL SATURATION

Waskada Lower Amaranth Pool
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Table 10
INITIAL WATER SATURATION

Waskada Lower Amaranth Poo!

n.0 (days)
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Table 11
FLOWING BOTTOMHOLE PRESSURES AT END OF HISTORY
Waskada Lower Amaranth Pool
(March 31, 85)

Measured Liquid Prod. FBHP, kPa
Location Rate, m3/d Measured  Correlation
7-23-1-26 - - -
8-23 9.3 - 1 300
9-23 26.1 4 250 4 050
10-23 9.1 - 1 300
15-23 - - -
16-23 22.2 3 173 3 400
5-24 - - -
6-24 2.2 - 650
7-24 - - -
10-24 0.5 - 600
11-24 1.9 642 640
12-24 6.2 1 036 ! 000
13-24 - - -
14-24 2.1 667 670
15-24 - - -
2-25 10.7 - 1 700
3-25 9.3 1 322 1 300
4-25 6.6 638 640
5-25 - - -
6-25 20.7 - & 600
7-25 - - -
1-26 6.4 738 750
2-26 7.7 - 1 200
7-26 - - -
8-26 17.2 - 3 600




Table 12
WELL VOLUME FRACTIONS AFTER HISTORY MATCH
Waskada Lower Amaranth Poo!

Original History Matched
Well Name Well Fraction Well Fraction
7-23-1-26 WIM 1/4 1/2+
8-23 1/2 3/4*
9-23 1 1
10-23 1/2 1/2
15-23 1/2 1/2
16-23 I ' 1
5-24 1/2 3/4
6-24 1/2 34
7-24 1/4 3/5+%
10-24 1/2 1/2
11-24 1 1
12-24 1 1
13A-24 1 1
14-24 1 1
15-24 1/2 1/4%
2-25 1/2 1/2
3-25 1 1
4-25 ! !
5-25 1/2 2/5%
6-25 1/2 1/2
7-25 1/4 1/4
1-26 1 1
2-26 1/2 1/2
7-26 1/4 1/4
8-26 1/2 1/2

* history matched well fraction # original well fraction



Table 13
TRANSMISSIBILITY TX
Waskada Lower Amaranth Pool
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Table 13 {(Continued)

TRANSMISSIBILITY TX
Waskada Lower Amaranth Pool
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Table 14
TRANSMISSIBILITY TY
Waskada Lower Amaranth Pool
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Table 14 (Continued)
TRANSMISSIBILITY TY
Waskada Lower Amaranth Pool
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Table 15
TRANSMISSIBILITY TZ

Waskada Lower Amaranth Pool

n.n (days)
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" Table 15 (Continued)
TRANSMISSIBILITY TZ
Waskada Lower Amaranth Pool
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Table 16
WELL SKIN FACTORS AFTER HISTORY MATCH
Waskada Lower Amaranth Pool

Well Name Skin Factor
7-23-1-26 47.98 (-4.09)+
8-23 -5.26

9-23 -5.00

10-23 -5.73

15-23 1.93

16-23 -5.07

5-24 76.13 (-4.76)*
6-24 -3.70

7-24 67.31 (-4.63)+
10-24 2.70

11-24 -2.32

12-24 ~4.68

13A-24 -2.34

14-24 1.23

15-24 -4.78

2-25 4.41

3-25 -4 .89

§4.25 -4.07

5-25 -4.13

6-25 -4.48

7-25 -3.65

1-26 -4.48

2-26 1.47

7-26 ~4.80

8-26 -5.70

+ skin factor used when the gas injector is converted
to water injection in the prediction runs
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Table 18
RESERVOIR PRESSURE AT END OF HISTORY

Waskada Lower Amaranth Pool

(March 31, 85)
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Table 18 (Continued)
RESERVOIR PRESSURE AT END OF HISTORY

Waskada Lower Amaranth Pool

(March 31, 85)
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Table 19
OIL SATURATION AT END OF HISTORY

Waskada Lower Amaranth Pool
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Waskada Lower Amaranth Pool
(March 31, 85)
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Table 21
WATER SATURATION AT END OF HISTORY

Waskada Lower Amaranth Pool

1307,0 (days)

(March 31, 85)
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Table 24
YEARLY FLUID PRODUCTION FORECAST FOR WATERFLOOD - AVERAGE PERMEABILITY

SENSITIVITY CASE
Waskada Lower Amaranth Pool
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Table 25
CUMULATIVE FLUID PRODUCTION FORECAST FOR WATERFLOOD - AVERAGE PERMEABILITY -

SENSITIVITY CASE
Waskada Lower Amaranth Pool
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Table 26
SUMMARY OF AVERAGE ROCK PROPERTIES FOR WATERFLOOD - LOW PERMEABILITY
SENSITIVITY CASE
Waskada Lower Amaranth Poo!

Mode! Net Pay, Porosity, Permeability, Water Saturation, OOQIP
Layer m fraction mD fraction 103 m3
I (top) 2.1 6.151 1.06 0.56 312
2 3.0 0.151 1.06 0.59 411
3 3.9 0.152 1.12 0.59 529
4 2.0 0.140 0.74 0.72 _171
Total I1.0

Average 0.150 1.02 0.61 1 423




Table 27
YEARLY FLUID PRODUCTION FORECAST FOR WATERFLOOD - LOW PERMEABILITY

SENSITIVITY CASE
Waskada Lower Amaranth Pool
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Table 28
CUMULATIVE FLUID PRODUCTION FORECAST FOR WATERFLOOD - LOW PERMEABILITY

SENSITIVITY CASE
Waskada Lower Amaranth Pool
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Appendix A

SAMPLE CALCULATIONS OF THE ADJUSTED OIL RATES
FOR THE MAIN PATTERN AREA

Material Balance Equation for the main pattern area is:
INFLUXF = FIP + PE - I - OFIP  F=o,g,w (A.1)

where
INFLUXF is the cumulative infiux of fluid F, which may be oil, gas or water;
FIP is the current fluid-in-place within the main pattern area;
Pg is the cumulative fluid production from the eight producers;
I is the cumulative fluid injection through well 13A-24;
and OFIP is the original fluid-in-place within the main pattern area.

Assuming all the influx is produced immediately, the fluid production rate
can be calculated by the following equation

(P - INLUG)" - (P - INFLUX,) "

At

(A.2)

Q&

where the superscript n represents the time level, and At denotes the time interval
between time levels n and n-1.




A-2

Example: Waterflood - Timing - Average Permeability

OOIP = 443.3x 103 m3

Io = O m3

Time level Time, days OIP, 103 m3 P,, 103 m3
0 0.0 443.3 0.0
1 365.0 424.8 33.1

INFLUX - 0.0 m3

INFLUXJ = (426.8 + 331 - 0.0 - 443.3) x 103 = 14.6 x 103 m?

_(33.1 - 14.6) x 10% - (0.0 - 0.0
365

%

50.7 m>/d
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Appendix B

RESERVOIR PRESSURES AND SATURATIONS AT THE END OF SIMULATION

Table
B-1

B-2
B-3
B-4
B-5
B-6
B-7
B-8
B-9
B-10

List of Tables

Final Pressure Distribution for Primary Depletion - Average
Permeability

Final Oil Saturation for Primary Depletion - Average Permeability
Fina! Gas Saturation for Primary Depletion - Average Permeability
Final Water Saturation for Primary Depletion - Average Permeability
Final Pressure Distribution for Waterflood - Average Permeability
Final Oil Saturation for Waterflood - Average Permeability

Final Water Saturation for Waterflood - Average Permeability

Final Pressure Distribution for Waterflood - Low Permeability

Final Oil Saturation for Waterflood - Low Permeability

Final Water Saturation for Waterflood - Low Permeability



Table B-1
FINAL PRESSURE DISTRIBUTION FOR PRIMARY DEPLETION - AVERAGE PERMEABILITY

SENSITIVITY CASE
Waskada Lower Amaranth Pool
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Table B-2
FINAL OIL SATURATION FOR PRIMARY DEPLETION - AVERAGE PERMEABILITY

SENSITIVITY CASE
Waskada Lower Amaranth Pool
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FINAL GAS SATURATION FOR PRIMARY DEPLETION - AVERAGE PERMEABILITY

SENSITIVITY CASE
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Table B-8
FINAL PRESSURE DISTRIBUTION FOR WATERFLOOD - LOW PERMEABILITY

SENSITIVITY CASE
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Table B-9
FINAL OIL SATURATION FOR WATERFLOOD - LOW PERMEABILITY

SENSITIVITY STUDY
Waskada Lower Amaranth Pool
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Tabie B-10
FINAL WATER SATURATION FOR WATERFLOOD - LOW PERMEABILITY

SENSITIVITY STUDY
Waskada Lower Amaranth Pool
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