CONFIDENTIAL

W
| COMUR MODELNG CROW




WASKADA MODEL STUDY
LOWER AMARANTH POOL

for

OMEGA HYDROCARBONS LTD.
by

J. Flores and W. Laurila

May, 1983



WASKADA MODEL STUDY

LOWER AMARANTH POOL

Prepared for

OMEGA HYDROCARBONS LTD.

by

J. Flores and W. Laurila

COMPUTER MODELLING GROUP

May, 1983

CALGARY, ALBERTA



| Compr MODHIRG RO

3512 - 3ASTREET NW @ CALGARY @ ALBERTA & CANADIS o T2 246 & PHONY 403 2B2-92B6 @ TELEX 03827545

83-05-27

Mr. G.E. Patey
Vice-President Production
Omega Hydrocarbons Ltd.
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Dear 8ir:

We are enclosing two copies of the Waskada model study which
shows the model performance predictions for the Lower Amaranth Pool.
The cases investigated the feasibility of gas injection and water
flooding in a representative area of the field defined by four nine-
spot patterns.

The three-dimensional, three phase Waskada mathematical model
predicts good incremental recoveries if a secondary recovery scheme is
implemented by October 1683, Specifically, based on a ten-year
forecast gas injection results in an incremental recovery of 66.2 km3
over the primary depletion case, whereas water flooding provides an
incremental recovery of 59.4 km3. The recovery factors are 12.2, 20.1
and 19.3% model O0IP for the primary, gas injection and water flooding
cases respectively. Extrapolated recoveries to an economic limit of
10 m3/d show expected ultimate recoveries of 12.2, 22.3 and 28.4%
model OOIP indicating that ultimate recovery under water flooding is
higher than recovery under gas injection.

It has been a pleasure to perform this reservoir model study for
Omega. If you have any questions I shall be most happy to discuss it
with you.

Yours truly,

J. Flores, Bh.D., P.Eng.
Manager - Applications

JF/cs
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SUMMARY




This model study examines the feasibility of a secondary recovery

scheme for the Waskada Field, Lower Amaranth Pool being developed by

Omega Hydrocarbons Ltd.

Three cases were studied:
. primary depletion;
. gas injection;

. water injection.

Results for the three cases are summarized below.

Primary

Recovery at ten years, %00IP 12.2
Extrapolated Ultimate Recovery,

% OOIP 12.2
Recovery at ten years, km3 102.1
Extrapolated Ultimate

Recovery, km3 102, 1
Peak 0il Rate, m3/d 64.1
Reservoir Life to Economic

Limit, yrs. 10.0

Gas

Injection
20.1

22.3
168.3

186.0

T4.0

11.8

Water

Injection
19.3

28.4
161.5

237.0
68.0

15.0

All simulations were run using CMG's three phase, fully implieit, three

dimensional black oil simulator BLAKO [1].
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CONCLUSIONS

Due to the lack of supplied reservoir energy the reservoir
pressure is declining at a dramatic rate of 1 250 kPa per year.
At this rate of decline the reservoir pressure will reach the
bubble point pressure of 4 220 kPa by June 1983.

Model predictions for a ten-year period show that gas injection
will recover an additional 6.8 km3 of oil, giving an incremental
recovery from 19.3 to 20.1% model OOIP over a water injection
scheme. However, extrapolation to an economic limit of 10 m3/d
indicates that the water flood ultimate recovery will be about
51 km3 higher than the gas 1injection giving an incremental
recovery from 22.3 to 28.4% model OOIP.

Gas injection gives an incremental recovery of 66.2 km3 over the
primary depletion case. This represents an increase in recovery
factor from 12.2 to 20.1% model OOIP based on a ten-year

forecast.

To carry out a gas injection scheme, a total of 7 350 km3 of
make-up gas will be required for each portion of the field equal
to the study area (four nine-spot patterns). The average rate of
make-up gas requirement is 5.76 km3/d over three and a half

years.

Water injection gives an incremental recovery of 59.4 km3 over
the primary depletion case. This represents an increase in
recovery factor from 12.2 to 19.3% model OOIP based on a ten-year

forecast.



RECOMMENDATIGNS



1.

-3 -
RECOMMENDATIONS

A secondary recovery project should be implemented as soon as
possible in the Waskada Lower Amaranth Pool to eliminate the
c¢ritical reservoir pressure decline observed in the field and

predicted by the reservoir model.

Although model predictions show the highest ultimate recovery
under water flooding, the final scheme to be implemented has to
be defined based on the relative economics of water injection vs
gas injection. A gas injection scheme has a good potential for
recovering additional hydrocarbon 1liquids through mass transfer

between the injection gas and the reservoir oil.

To increase the reliability of model predictions with regard to
the level of absolute recoveries, an update model study is
recomnended when more reservoir rock data and production history
from additional development wells become available, At that time
a three dimensional compositional model study may be required to
predict total hydrocarbon 1liquids recovery including those
recovered from the separator gas.

Gas availability in the area should be investigated to examine
the feasibility of a fieldwide gas injection project. If not
enough gas is available, some patterns could be converted to
water flood after a period of gas injection. A model study may
be necessary to examine the performance of gas injection for a
certain period followed by water flooding.

The set of fluid distribution curves developed as part of this
study (Appendix B) should be used to determine more accurately
the water saturation profile in the Waskada Lower Amaranth Pool.



/—’
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DISCUSSION

MODEL DEVELOPMENT

The 1location of the Waskada Field, shown in Figure 1, 1is
approximately one hundred and ten kilometers southwest of Brandon,
Manitoba in Township 1, Ranges 25 and 26 and Township 2, Ranges 25 and
26, The model study area is restricted to Township 1, Range 25,
Sections 30 and 31 and Township 1, Range 26, Sections 25 and 36. This
study area includes four nine-spot patterns with each pattern having
one injector. Details on the development of the Waskada three-
dimensional, three phase mathematical model is presented in Appendix
A,

Reservoir Description and Fluid Properties

Data from the Waskada Field indicated that the reserveir to be
modelled was very heterogeneous with wide variations in net pay,
porosity and permeability. The reservoir fluid 1is an
undersaturated low viscosity oil. The reservoir pressure is about
4 400 kPa higher than the bubble point pressure.

Field Geology

The Waskada Lower Amaranth sand is at a depth of about 900 m KB.
The traps are controlled by pinchouts of porosity and
permeability in all directions. The sand is usually poorly
developed with porosities and permeabilities uniformly low. The
sand contains abundant thinly interbedded tight stringers. There
is no gas-0il contact and the oil-water contact is currently
estimated at U465 m subsea. The sand dips very gently in a
southerly direction and the hydrocarbon traps occur independently
of the structure. A typical log from the 13-30-1-25 WiM well is
shown in Figure 2.



Reservoir Rock Data

Net pay values in the Lower Amaranth Pool (study area) vary from
3 to 12 m and depths to the top of the sand from 425 to 438 m
subsea. Porosity values range from 2 to 20%, with an average of
13% and permeability values from .02 to 100 mD with most common
values in the range of 0.5 to 10 mbP. Computer generated contour
maps for depth, net pay and porosity corresponding to the four
pseudo layers in the model are presented in Figures A-2 through
4-10.

Permeability wvalues for each grid block in the model were
calculated using a functional relationship between permeability
and porosity as indicated in Figure A-11. Tables A=-1 through A-6
show the reservoir rock input data for the three-dimensional
model,

An average capillary pressure curve corresponding to a
permeability of 3.7 mD and a porosity of 13% was used in the
model. This resulted in an irreducible water saturation of 44%.
Figure A-12 shows the average oil-water capillary pressure curve.

The gas-oil ecapillary pressure was input as zero.

Data from five core samples were used to determine the average
capillary pressure curve that would give a water saturation
profile consistent with water saturations seen in a special core
obtained with an oil base drilling fluid [2]. The average water
saturation was about 63%.

Due to the high degree of heterogeneity observed in the Waskada
Lower Amaranth Pool, a set of fluid distribution curves was
developed to provide an accurate estimate of the expected water
saturation levels for new wells. The development of the fluid
distribution curves and a procedure to calculate the water
saturation profile is presented in Appendix B.
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Average sets of oil-water and gas-oil relative permeabilities
were obtained using the available relative permeability data [2].

Figures A-13 and A-14 in Appendix A show the representative
curves after slight adjustments performed for consistency with
capillary pressure data and for improvement of history match. A
three phase o0il relative permeability was calculated using
Stone's equation which combines data from the two-phase systems,

i.e. oil-water and gas-oil.
The model c¢an be rapidly updated as new field data becomes
available. This 1is done through a set of FORTRAN routines

written in conjunction with a surface graphics package [3].

Fluid Properties

The Waskada Lower Amaranth Pool is an undersaturated hydrocarbon
system having a bubble point pressure of U4 220 kPa at a reservoir
temperature of 45,0°C. This bubble point pressure is about 4 400

kPa lower than the initial reservoir preasure of 8 672 kPa.

Reservoir oil viscosities vary from a minimum of about 1.3 mPa-s
at the bubble point pressure to a maximum of 2.9 mPa-s at
atmospheric pressure. Initial solution gas-oil ratio is 51.1
m3/m3. Water, oil and rock compressibilities used in the model
are 4.4 x 10-7 kPa-1, 1.2 x 10-6 kPa-1, and 6.7 x 10-7 kPa-1,
respectively.

Table A-10, "PVT Functions", outlines the reservoir fluid
properties obtained from a PVT study [4].

Grid System and Well Locations

The grid system consists of four slices (A,B,C,D) corresponding
to the four pseudo layvers to model the Lower Amaranth Pool. A 15
by 15 areal configuration (Figure A-1) gives a total of 900 grid
blocks.,
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A set of twenty five-well locations (Figure A-1) in Township 1,
Range 25, Sections 30 and 31 and Township 1, Range 26, Section 25
and 36 were selected to model the behaviour of a symmetric
pattern in the field. One of the quarter wells (9-36-1-26 WiM)
did not find the Lower Amaranth Pool and therefore was removed
from the model. The symmetric pattern Iincorporates fifteen and
three quarters effective wells.

Initial Conditions

The following are the initial conditions for the study area:

Reservoir Pore Volume : 3 370 km3
Original Oil-In-Place : 836.1 km3
Original Gas-In-Place : 42 900 km3

{solution gas)

Original Water-In-Place : 2 310 km3

Initial conditions are <calculated automatically using the
gravity-capillary equilibrium feature of the simulator.
Reservoir pressure, oil saturation and water saturation
distributions are shown in Tables A-7, A-8 and A-9 respectively.
The initial reservoir pressure of 8 620 kPa at = datum of 420 m
subsea was obtained from a build-up test 5 .

History Matching

A satisfactory match was obtained for the overall twenty four-
well locations in the model. Due to somewhat erratic field
production data available at this early stage in the field
development, no additional runs were done to refine the match of
production history and flowing bottomhole pressures on a well by
well basis. Details to carry out the history match are presented
in Appendix B.
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After obtaining a satisfactory history match the model was used
to predict reservoir performance under primary depletion, gas

injection and water injection. Analysais of these predictions are

discussed next.

ANALYSIS OF MODEL PREDICTIONS

Model predictions show that implementation of a secondary
recovery scheme by injecting gas or water will approximately double
the predicted oil recovery under primary depletion. The highest
ultimate recovery under water injection (extrapolated value) amounts
to 28.4 % OOIP. This compares with an ultimate recovery of 22.3%
under gas injection. Recoveries for the ten-year forecasts, however,
show gas injection giving a recovery of 20.1% OOIP which compares with
the lower recovery of 19.3% under water injection.

Figure 3 and Table 1 show the recoveries obtained at the end of a
ten-year forecast and the expected ultimate recoveries at an economic
1imit of 10 m3/d. Predicted oil production rate forecasts for primary
depletion, gas injection and water injection are presented in Table 2.
In all three cases the limiting flowing bottom hole pressure was
500 kPa.

Model predictions also show a very high rate of reservoir
pressure decline during primary depletion due to lack of supplied
reservoir energy. Under the current expected production rates the
bubble point pressure of 4 220 kPa will be reached by June 1983.

At the end of the production history matching in November 1982,
some sequential development was simulated during 1983 and 1984. The
number of effective wells in the symmetric pattern increased from 9 to
a total of 15 3/4 wells. Table A-11 in Appendix A shows the wells on
production during the history match and the expected sequential
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development until October 1984, Gas or water injection commenced in
October 1983 with injectors defined by the 5-31, 7-31, 13-30 and 15-30

wells corresponding to the four nine-spot patterns in the study area.

Recoveries

Figure 3, "Percentage Recovery Original 0il-in-Place vs
Percentage Expected Ultimate Recovery", shows the 1long term
highest recovery of the water injection case over both the gas
injection and the primary depletion cases. Using an economic
limit of 10 m3/d the extrapolated expected ultimate recoveries

for primary depletion, gas injection and water injection are

12.2, ©22.3 and 28.4% OO0IP, respectively. Remaining oil
saturations for the three cases are shown in Tables A-15, A-18,
and A-19.

Figure 3 shows that at the end of ten years the o0il recovery
under water injection is only about 70% of its expected ultimate
recovery, whereas under gas injection the recovery is about 90%
of its expected ultimate recovery. The reservoir life to produce
the ultimate reserves under gas injection is estimated at 11.8
years and for water injection is estimated at 15 years. The
corresponding predicted recoveries at the end of a ten-year
forecast are: 12.2, 20.1 and 19.3% OOIP. Reservoir performance
predictions are summarized in Tables 3 to 5 and recoveries for

the individual wells are summarized in Table A=-12,
0il Rate

Figures 4, 5 and 6 graph oil rate vs time, vs cumulative oil
production and vs percentage expected ten year recovery,
respectively. Gas injection gives the maximum oil rate of T4
m3/d after six and a half years when cumulative production is
about 94 km3, representing 52% of the ten year expected recovery.
During the first six and a half years of gas or water injection,
it is seen that the water injection case predicts lower oil rates
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than the gas injection case due to high water saturation levels.
However after this period, due to high gas-oil ratio, the oil

rate decline under gas injection is much faster than the decline
observed under water injection. This results in a higher
ultimate recovery for water flooding when extrapolated to an

economic limit of 10 m3/d.

Gas-0il Ratio Performance

As observed in Figure 7, "Instantaneous Producing Gas-0il Ratio
vs Time", gas injection causes the producing GOR to continuously
increase with time to 2 000 m3/m3 at the end of ten years. Water
injection, effectively controlled the producing GOR bringing it
down to levels corresponding to the initial solution GOR.

Also, gas injection causes substantial increase in gas production
to a maximum of about 102 km3/d after nine years of production
(Fig. 8). Under water injection the maximum gas production rate
is only about 5 000 m3/d which is lower than the maximum gas rate

of approximately 10 000 m3/d predicted under primary depletion.

Water-Cut Performance

Figure 9, "Instantaneous Water Cut vs Time", shows water cut
levels ranging from U40% to 72%, peaking at T72% for the water
injection case at the end of the tenth year.

In Figure 10, "Instantaneous Water Production Rate vs Time", it
is seen that water production increases substantially in the
water injection case and peaks at 120 m3/d at the end of ten
years, Under gas injection, the water production rate is
approximately constant at an average of about 55 m3/d. Under
primary depletion due to loss in well productivity and due to
solution gas expansion the water production peaks only at 50 m3/d
in June 1984 and continuously decreases to a minimum of about 15
m3/d at the end of ten years.
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Gas Injection Case - Gas Production and Injection Rates

Figure 11, "Gas Production and Injection Rates vs Time", shows
that make-up gas in the amount of 7 350 km3 is required to
increase the reservoir pressure to an average of 6 000 kPa. The
average make-up gas rate was 5.76 km3/d for a period of three and
a half years. Thereafter, only the separator gas production is
put back into the reservoir to maintain the reservoir pressure at
an average of about 5 000 kPa. The peak gas injection rate was
102 km3 after nine years of production. The gas injection rates
in this study were developed without considering the reduction in
gas volumes that will occur due to fuel requirements and liquid
shrinkage. The remaining gas-in-place (free plus solution gas)
at the end of the ten-year forecast is about 49 Mm3.

The reservoir pressure response to fluid injection is discussed

under the Reservoir Pressure section.

Water Injection Case - Water Production and Injection Rates

A maximum water injection rate of 240 m3/d for a period of three
months brought the average reservoir pressure to a level of about
6 000 kPa. This increase in reservoir pressure is achieved in
approximately three months. After this period, the water
injection rate was reduced to an average of 150 m3/d to maintain
the reservoir pressure at about 5 000 kPa.

The reservoir pressure response under fluid injection is
discussed below.

Reservoir Pressure

Figures 13, 14 and 15 show reservoir pressure vs time, vs
cumulative o©il production, and vs percentage expected ten-year

recovery, respectively.
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Due to lack of external reservoir energy; the rate of reaervoir
pressure decline under primary depletion is extremely high and

amounts to 1 250 kPa/yr (Figure 13). Under primary depletion,
the average reservolr pressure will reach the bubble point
pressure of 4 220 kPa by June 1983. At this time the cumulative
0il production is about 9 km3 (Figure 14) equivalent to
approximately 8% of the primary reserves in the model (Figure
15).

The figures show that water injection more effectively replaces
fluid withdrawals from the reservoir. With water injection the
maximum pressure level of 6 000 kPa is obtained after three
months of injection when 20% of the reserves has been produced.
With gas injection, however, the same pressure level is obtained
after three and a half years of injection when 50% of the
reserves under gas injection is produced (Figure 15).
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Figure 1
LOCATION OF THE WASKADA FIELD
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Figure 2

TYPICAL WELL LOG
13-30-1-25 WIM
Waskada Lower Amaranth Pool
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Figure 3

% RECOVERY OOIP VS % EXPECTED ULTIMATE RECOVERY
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Cage

Primary Depletion
Gas Injection

Water Injection
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Table 1
SUMMARY OF RECOVERIES

Waskada Lower Amaranth Pool

10 Year Forecast Economic Limit of 10 m3/d
km3 4 Model OOIP km3 % Model 0OIP
102.1 12.2 102.1 12.2
168.3 20.1 186.0 22.3
161.5 19.3 237.0 28.4
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Table 2

SUMMARY OF OIL PRODUCTION RATE FORECASTS

Waskada Lower Amaranth Pool

Primary Depletion

Gas Injection

Water Injection

Cum. Qil Cum. 0il Cum. 0il

Year Rate, m3/d km3 Rate, m3/d km3 Rate, m3/d km3
1980 0.41 .088 0.41 .088 0.41 .088
1981 1.10 489 1.10 U89 1.10 U489
1982 16.7 6.6 16.7 6.6 16.7 6.6
1983 46.9 23.7 44.1 22.7 4y.9 23.0
1984 51.3 42.4 59.5 Ly y 60.2 45.0
1985 59.2 64.0 68.0 69.2 67.1 69.5
1986 39.7 78.5 71.0 95.1 63.8 92.8
1987 30.1 89.5 73.0 121.9 59.0 114.3
1988 17.8 96.0 60.8 143.9 54,2 134.1
1989 11.5 100.2 6.6 160.9 50.1 152.4
1990 10.2 102.1 40.4 168.3 9.9 161.5
Extrapolated

Ultimate Rec. 102.1 186.0 237.0
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FORECAST, WATER INJECTION
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Table A-8
INITIAL OIL SATURATION (continued)
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Table A-9
INITIAL WATER SATURATION (continued)
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Table A-11
SEQUENTIAL DEVELOPMENT
Waskada Lower Amaranth Pool

Total Number of Wells

Date on Production Well Names

80-06-02 1 11-30

B80-12-02 0 _—

81-01-02 1 11-30

82-02-15 2 Previous well plus:
9"'25 .

82-03-04 ] Previous wells plus:
9'30: 3'31.

82-08-13 5 Previous wells plus:
4-31,

82-08-27 6 Previous wells plus:
13-300

82-09-11 7 Previous wells plus:
14-30.

82-09-14 8 Previous wells plus:
6-31 L]

82-09-16 10 Previous wells plus:
15-30 ] 16-30-

82-10-15 1 Previous wells plus:
2-31-

82-10-25 12 Previous wells plus:
16-25-

82-12-18 13 Previous wells plus:
1 1"'31 -

83-10-02 20 Previous wells plus:

1-31, 5-31, 7-31, 8-31
9-31, 10-31, 12-31.

84-10-02 24 Previous wells plus:
10-30, 12-30, 1-36, 8-36.
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Table A-12
TEN-YEAR RECOVERY BY WELLS

Waskada Lower Amaranth Pocl

Recovery, m3

Well No. Well Name Primary Gas Inj. Water Inj. Well Type
1 g-30 486.9 1 341.2 1.341.2 1/4
2 10-30 2 119.3 4 961.6 4 995.2 1/2
3 11-30 857.8 1 759.6 1 759.6 1/2
4 12=30 2 002.1 3 270.4 § 761.7 1/2
5 13-30 3 062.9 661.6% 661,6%% 1
6 14-30 6 521.1 13 164.4 11 394.4 1
7 15-30 4 731.6 1 382.6% 1 382.6%% 1
8 16-30 3 889.6 5 979.6 5 985.3 172
9 1-31 2 Ub6.7 5 516.6 5 528.4 1/2

10 2-31 10 988.8 21 398.4 19 268.3 1
11 3=31 5 274.5 8 904.2 8 904.,2 1
12 4.3 8 933.4 16 207.3 14 596.8 1
13 5-31 4 950.1 - ¥ - * 1
14 6-31 12 315.7 19 613.4 20 039.8 1
15 7-31 7 256.8 - % - Lbd 1
16 8-31 3 139.0 5 459.5 5 514.9 1/2
17 §g-31 1 848.0 T 057.2 T 17T7.7 1/4
18 10-31 3 311.5 8 009.7 T 834.5 1/2
19 11=31 5 931.2 14 767.9 12 588.4 1/2
20 12-31 2 503.0 5 125.0 5 173.8 1/2
21 9~-25 2 600.3 7 292.3 7 183.8 1/4
22 16=-25 3 859.2 6 691.5 6 756.9 1/2
23 1-36 1 552.7 5 427.2 4 358.1 1/2
24 8-36 1 523.4 y 303.8 4 287.3 1/2
TOTAL 102 125.6 168 295.0 161 494,5

®Converted to gas injectors
*#Converted to water injectors
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PRIMARY DEPLETINN - RUN TIME SUMMARY

Waskada Lower Amaranth Pool

[ION/PRODUCTION SUM
zzxzrx=zzzxazT

ENJECT
=r==xz

RATE
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PRODUCTION
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Table A-13
PRIMARY DEPLETION - RUN TIME SUMMARY {continued)

Waskada Lower fAmaranth Pool
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Table A-124
PRIMARY DEPLETION - CUMULATIVE INJECTION/PRODUCTION SUMMARY
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Table A-14
PRIMARY DEPLETION - CUMULATIVE INJECTION/PRODUCTION SUMMARY {continued)

Waskada Lower Amaranth Pool
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Table A-13
PRIMARY DEPLETION - OIL SATURATION AT THE END OF THE FORECAST

Waskada Lower BAmaranth Pool
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Table A-15
PRIMARY DEPLETION - OIL SATURATION AT THE END OF THE FORECAST (continued}

Waskada Lower Amaranth Pool
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Table A-16
GAS TNJECTION - RUM TIME SUMMARY
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Table A-16
GAS INJECTION - RUN TIME SUMMARY (continued)
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Table A-16
GAS TNJECTION - RUN TIME SUMMARY (continued)
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Table A-17
GAS INJECTION - CUMULATIVE INJECTION/ PRODUCTION SUMMARY
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Table A-18
GAS INJECTION -~ OIL SATURATION AT THE END OF THE FORECAST
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Table A-18
GAS INJECTION - OIL SATURATION AT THE END OF THE FORECAST {continued)

Waskada Lower Amaranth Pool

TR
CODOOODODDOOD0

ey of 7= PR IR W OO
P ta. o}

U 1N R Pl BRI Pabi P
[EREENEER RN NN
CSCOOOO OO OO0

Pat et A e OB EN YO
3

= = it D el o e

TR R
CODGOCOCOEo000

PO F P g WD) B PRV e O
WD S o o AP o B P
o S o G o 8 P Pl D DN
D el D P PRy O T

:T!T.I!...l'|l:
OOOOOO00 OO

IR AR NI EEN X
oK oo

O DD D WU A I N S
P P D= B ) - o O
i O Oy NPT ED Sl 8
P e EEM P oD D O
N O IR ATl gy r=fo
KX EEEREXIEERE]
CODOODOOL

A-54

DO O D WU R BB Y )
Pl O WO WO P 0 o0 e
WA ot = P SN Sl P
o Pe I P DD 0 DOt I D
Cupral P R P

X EEXEENA AR N
CO0OOODD QOO0 OO0

AP o o= @R e 0w
AT o o= e B v RSO
»> Ll ol

"'QI"IUI.O:;;

el PP v VD A = N =
N ]

S CIH P WO = O
e el O Ve e OO0
B L e ]

1 £ RPN I I RE T NS

OODODODOOOOODD

P P S PR oD D Pl P
Lgrinnid

R NN
BOODODDOOOOOCOn D

O P OB NP of 5= W O
Pl BB CHIDEN Do WD Pl P
Do SBED o W AT i Wy
AT P P Pt B O D OO
- ———

L it s ah i o
(A ERNERRERERER SN
SOSOODOOoOO OO0 0

SO Wt O Dt v A e O
AP W Pl o= O AHEDED B
AORLES of S B0~ PSS B of v (R
O-E. 67 e DA 7 P O DD
TP IOSPIRIIM T o v o=
I E AR NN AN
CORDOODDODODO0 D0

SR il W WP O O

ARG GO o= o= 3 O Sl “FPONNﬂmﬁﬂummﬁ
AT ol P o B B v B VDD o e S0 e SR O O
Wit DO Oad 28 PG 0 v D OV g # o F W o
APy 7 = Py o= IR OISRy

EEEREIEENEERA NN [ EEREIREE IR NN
ﬂﬂﬂﬂaﬂﬂﬂﬂﬁ

PP TP P v DO Wl v WA SN AT A M Pl T

P‘Fﬂﬂ'.r‘ﬂﬂﬂﬂﬁh
‘ﬁ'ﬂ‘N'ﬂP““.ﬁ

0!!...:';?&!;

PPl 00 Pyl ol Qo P
=g S0 S ORI V-

~-uono~=—4oonoun
AIOFONIO- B PO

!'l.!.li.!'-'!ﬁ
SO OO0 OO0

" oo ol P el g
L

PR DO

P oo P - O
= D D EIID Nﬁ‘ﬂﬁn v ey
e SN o O S v= O Pl BRI "ﬂ"—hih“w—dhvh
- Tl
D o L L

WO O P SRS of v= NP0

e

HﬂﬂN
CI;!.!lgttlliiﬂ

Nés-ﬂbiﬂﬂggghdﬂh

= SO
—ﬂﬂ&hﬁ'i-‘ﬂﬂﬂﬂﬂ

Pomdt v e DD O ) D O
8 N D DO o TG
- QWG o o SV A

....I.Il':l.".
M 3

SO gy B e o) e i DO
it o P O3 o o I DD e v 2 o

o B 00 O

.l"."l!.';"t
DOOOOCRO0

WAGRP of FWAR-f o ruuh ey

P-‘:;—nmnﬂ‘.“cu
PGNP o P e o=y
e

e e T ]
I EEEXNEREEESERE RN N}
[ - = DD

563;"!""."'

P 3O P P SR i
BLI o Py ST
-dh’.ﬁhﬂﬂhﬂ-rq-‘
A e F PSS SR

|l|l'll.'l'l...
]

o W CE - A PV
-

(AR R RN ARERLRD NN
T T o B B B e e B I B D

W M g O T P
e g ——

(IR NNRRRSNRD J N
e e e e e B B B B B D

slang 3v &

e

'i};'."""édd

L — e il
o B SRR SR O B
e O Sree w
- O o P
e )
I I AR
Y ESOOCNSOOEO OO
L ]
=

Wy Py S S R PR
v ————

L EIRRERRRNRNRNN]
T BT I T B 3 B

i S o P v PR AP N

—cnn.ﬂi¢c~v000—~
PP = PP T o PPN
grr ey e eNe by

WA M B F Ve
-

SREANARAPREEONERD
o B, o T B T D B P T B T B



Table A-19
WATER INJFCTION - RUN TIME SUMMARY

Waskada Lower Amaranth Pool
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Tabhle A-19
WATER INJECTION - RUN TIME SUMMARY (continued)

Waskada Lower Amaranth Pool
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Table A-19
WATER TNJECTION - RUN TIME SUMMARY (continued)

Waskada Lower Amaranth Pool
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Table A-27
WATER INJECTION - CUMULATIVE INJCCTION/PRODUCTION SUMMARY
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Table A-20
WATER INJECTION - CUMULATIVE INJFCTION/PRODUCTION SUMMARY {continued)
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Table A-21
WATER INJECTION - OIL SATURATION AT THE END OF THE FORECAST
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APPENDIX B

Development of Fluid Distribution Curves.

To develop this set of curves the following steps are

required:

. Convert the laboratory initial displacement pressure,
observed in the 1laboratory capillary pressure curve, to
equivalent reservoir initial displacement pressure. The relevant

expression is given by

(Yow)R
(Po)p = (Pelp, *
(Yow)L
where
(Palg is the reservoir capillary pressure
(Po)L is the laboratory capillary pressure
{(Yow!R is the interfacial tension of the reservoir fluid
system, i.e. oil-water (= 28 dynes/cm)
(YowlL is the interfacial tension of the laboratory fluid

system, i.e. air-water (= 72 dynes/cm)

Using the laboratory capillary pressure data, the reserveoir
capillary pressure for the observed initial laboratory
displacement pressure is calculated as follows:
(PaJp = 4.35 psi x 28 _ 1.69 psi
¢/R 72
. Convert the reservoir capillary pressure to height using the
following expression:

hip = ————
(Py - Po)

or
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14 x 1.69
hip = = 10.7T ft = 3.3 n
. Calculate the free water level (FWL) or zero capillary

pressure level to have the same initial conditions as in the

laboratory.
FWL = -I0WC - 3.3

where IOWC is the estimated initial field oil-water contact, i.e.

-465 m subsea. Therefore,
FWL = 465 = 3,3 = -468.3 m

. Determine a relationship between depth and laboratory
capillary pressure as shown in Figure B=1. This is done using

the following expression:

h (pw - Do)

(Po)R = s h = FWL - Depth subsea
144
and
(Yaw)L
(Poly = (Pe)R X ~——
(Yow)R
. Plot the laboratory capillary pressure for different core

permeabilities to obtain the fluid distribution curves shown in
Figure B-2.
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Procedure to Calculate Water Saturation

. Locate the depth of interest in Figure B-1 and read the

corresponding laboratory capillary pressure.

. Using the porosity value, determine the expected
permeability applying the best available porosity-permeability

relationship.

. Identify in Figure B-2 the capillary pressure curve to be
used for the required interval in the well. Each individual
permeability value should be close to one of the curves shown in
Figure B-2,

. Using the laboratory capillary pressure obtained from Figure
B-1 for each subsea depth and the corresponding permeability
value, the water saturation for each interval is obtained
directly from the fluid distribution curves, Figure B-2.

The tabular set up would be as follows:

Subsea Curve No. Water

Depth, m (Pa)y, kPa (Figure B-2) Saturation, %
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Calculation of Flowing Bottom Hole Pressures

A series of fluid level and well rate tests were conducted on
wells 9-30, 13-30, 14-30, 15-30, 16-30, 9-25, 16-25, 2-31, 3-31, 4-31,
6-31, and 11-31 as shown in Table C-1.

L

To calculate flowing bottom hole pressures, the following

procedure is used: (Calculations are shown for well 9-30)

. from Table C-1, read fluid level (oil column), i.e. o0il column =
940 m = 3080 ft.

. from Table C-1, read oil and water rates
oil rate 1.24 m3/d
water rate = 0.25 m3/d

. calculate water cut on 83-01-12

0.25

Fo, oz
YT 0.25 + 1.24

= .17 = 17%. This water cut is very much

different from the 48.2% corresponding to the 1982 average. This
suggests a somewhat erratic production data for this initial

period. Similar differences were calculated for the other wells.

. calculate average pressure gradient Pavg

1.24 x 0.28 + 0.25 x 0,433
1.24 + 0.25

Pavg = = .305 psi/ft

With a bottom hole depth of 3080 ft, flowing bottom hole pressure
3080 x 0.305

939 psi

6479 kPa



History Match Results

Table B-2 shows the history match of water-cut and flowing

bottomhole pressures for twelve wells currently drilled in the model

area (no data was taken in the 11-30 well). Considering the somewhat

erratic initial production data for the water-cut measurements, which

are also required in calculating the average fluid gradient, the match

shown in Table B-2 was considered satisfactory.

To get a history match the following procedure was followed:

all wells in the model were fractured to increase their flow
capacity and to provide a reasonable 1level of flowing
bottomhole pressures. This simulated the actual fracturing of
the wells in the field. Fracturing in the model was performed
by multiplying by a factor of 10 or 30, the permeabilities of
the grid blocks containing well elements, and their
corresponding adjacent grid blocks.

the water relative permeability curve was adjusted to bring
predicted water cuts more ¢losely in line with the observed

distribution of water<cut values.
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Table B-1

FLUID LEVELS AND WELL TEST RESULTS

Waskada Lower Amaranth Pool

Test Results
Well Location | Fluid Level Date 0il [Water | Gas Hours Date
(m) (m3)| (m3) | (km3)
9-30-1-25 WiM 940 83-01-12 1.24] 0.25 { N/A 24 83-01-12
13-30 585 83-01-11 7.941 1.98§0.30 | 24 83-01-02
14-30 350 83-01-11 7.95{ 2.65( 0.30 | 24 83-01-03
15-30 192 83-01-12 2,501 4,09 ) 0.04 | 24 83-01-06
16-30 532 83-01-12 4.11| 4.11| 0.15 | 23% |83-01-05
9-25-1-26 912 83-01-11 0.38] 0.2110.05 | 24 81-01-04
16-25 917 83-01-11 0.98] 0.05}0.22 | 24 83-12-22
2-31-1-25 250 83-01-15 N/A | N/A | N/A IN/A N/A
3=31 922 83~01=15 N/A | N/A I N/A |N/A N/A
4-31 922 83-01-12 N/A | NJA | N/A [N/A N/A
6-31 269 83-01-15 N/A | N/& | N/A |N/A N/A
11-31 355 83-01-15 N/& } N/&A | N/A |N/A N/A
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Table B=2

HISTORY MATCH RESULTS

Waskada Lower Amaranth Pool

Field Measurements Model Predictions
Flowing Bottom Flowing Bottom
Water Cut, % |Hole Pressure, kPa | Water Cut, %| Hole Pressure, kPa
Well (1982 average)| (83-01-12) (83~-01=14) (83=01-14)
9-30 48,2 6479 33.1 5414
11-30 50.0 N/A 66.6 4321
13-30 78.0 106 66.6 3563
14-30 38.0 2520 64.9 2542
15-30 31.0 1630 47.8 1438
16-30 46.0 4350 40,3 3902
2=31 33.0 N/A 4.0 2413
3=-31 50.0 N/A 43.4 Leu6
4-31 30.0 N/A 39,1 3112
6-31 30.0 N/A 21,1 4620
9-25 9.6 7014 46,0 3626
16=25 36.0 5840 78.1 500




