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ABSTRACT

A reservoir study of the Ship Shoal Area Block 229
Field located offshore Louisiana is presented. The primary
objective of the study was the estimation of oil reserves,
and the prediction of future performance of the centrally
located TP13-A Sand oil reservoir.

The original oil-in-place calculated by volumetrics and
by material balance was estimated to be 10.3 million STB.
There was an excellent agreement between the two methods of
determining oil-in-place.

The o0il recovery to date has been about 33 percent of
the stock-tank oil originally in-place, and it is estimated
that an ultimate recovery of 47 percent is attainable.

The drive mechanism is primarily solution-gas with
gravity segregation, although a finite aquifer contributes

to some pressure support.
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INTRODUCTION

The Ship Shoal Area Block 229 field is located offshore
Terrebonne Parish, approximately 85 miles south-southeast of
Morgan City, Louisiana at a water depth of apperimately 130
feet. Figure 1 shows fhe location of the field.

The field produces from Miocene unconsolidated sand de-
velopments on the west flank of a piercement-type salt dome.
The A Sand reservoir discussed in this report is not contin-
uous throughout the area. A combination of nor@al faulting
together with local shaling-out has divided the area into
three essentially closed reservoirs.

The major hydrocarbon accumulation is iocated in the
middle of the structure and will hereafter be referred to
as TP13-A Sand reservoir (Figure 2, Region 2). Productive
limits of the field are shown in Figure 2 which is contoured
on the top of TP13-A Sand.

The TP13-A Sand o0il reservoir was discovered in March,
1969, with the completion of the A-1 well by Kerr-McGee Cor-
poration. Development proceeded rapidly on approximately
20 acre spacing. Since discovery, 14 oil productive wells
have been drilled.

The field is a saturated black oil reservoir with an

initial gas-cap and aquifer. The reservoir oil rate reached
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Figure 1

Location Map Of The Ship Shoal Area Block 229
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its maximum in 1971 at 2,500 BOPD, with the completion of
field development.

The primary purpose of this study is the estimation of
original oil-in-place and the prediction of future perfor-
mance of TP13-A Sand oil reservoir. Required data was ob-
tained from conventional core analysis, well logs for each
well (spontaneous-potential and induction), and production
history from April, 1970, to November, 1982. Bottom-hole
shut-in pressure data were also available, which permitted

calculations using the material balance equation (MBE).
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REGIONAL AND FIELD GEOLOGY

Three parallel radial faults striking SW-NE (Figure 2)
control the vertical and horizontal extent of the flank
reservoirs in the Ship Shoal Area Block 229 field. 1In most
traps of this.nature, faulting has influenced the amount of
entrapped hydrocarbons (Halbouty, 1979).

The centrally located TP13-A Sand of Miocene age dips
at about 40 degrees away from the center of the salt in-
trusion, and like most traps on the flanks of piercement
dome it shales out before reaching the salt core (Halbouty,
1979).

This productive sand is encountered at an average depth
of 7,500 feet below mean sea level. It is closed on the
south by a normal fault, on the north and on the east by
sand shale out, and on the west by a water oil contact at
9,067 feet subsea. The dip of the fault is about 10 degrees

‘SE, and the strike is SW-NE. The hydrocarbon trap is formed
on the upthrown side of the fault.

Figure 3 is a typical electric log of this reservoir
which can be described as a very fine to fine-grained, gray,
soft sand with shale stringers. Core analysis of this zone
indicates good oil show with erratic values of permeability.

An examination of the TP13-A Sand oil-effective isopach
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Figure 3

TP13-A Sand Typical Electric Log, Well A-1
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map presented in Figure 4, shows that the sand thickness in
the middle of the field is fairly uniform; however, lateral-

ly to the north and east the sand shales out rapidly.
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Figure 4

TP13-A Sand Net Pay Isopachous Map
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DEVELOPMENT AND PRODUCTION HISTORY

The TP13-A Sand oil reservoir was discovered with the
completion of well'A-l in March, 1969, at an average depth
of 7,587 feet subsea for an initial potential of 432 BOPD
of 37.9 API gravity.

Development drilling began in May, 1970, and proceeded
until July, 1971. Wells were directionally drilled from two
platforms. Since most salt-dome reservoiré have active
‘water drives, development wells were located at the highest
structural position. A total of 20 wells, including 3
infill wells in 1982, were drilled. Of those, 14 were oil
productive (4 presently shut-in). The field was placed on
production during April, 1970. Initial production rates of
the wells varied from a minimum of 180 BOPD to a maximum of
432 BOPD. Figures 5 to 15 show the individual production of
the wells since their completion date.

The field production curves are shown in Figure 16. As
illustrated in this figure, the TP13-A Sand reservoir oil
production rate has varied from a maximum of 2,500 BOPD in
August, 1971, to a low of 140 BOPD in April, 1982, with an
average producing GOR of 880 SCF/STB, and 1,050 SCF/STB

respectively. The increase in oil production rate up to an
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Figure 5

Well A-1 Production History
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Figure 6

Well A-2 Production History
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Figure 7

Well A-3 Production History
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Figure 8

Well A-4 Production History
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Figure 9

Well A-7 Production History
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Gas-Oil Ratio
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Well A-9 Production History
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Figure 11

Well A-11 Production History
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Figure 12

Well A-16 Production History
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Figure 13

Well A-17 Production History
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Figure 14
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Figure 15

Well A-20 Production History

.19

.18

crr

N

5000

3000

0iled 1rOseo

1000

' 0400{ i

AEP/KAQ " U0J3INP0Jd




21

ER-2808

Figure 16

Field Production Curves
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average of 1,500 BOPD in the last months of 1982, is mainly
due to the completion of three infill wells.

This field is currently being produced by 10 wells. As
of November, 1982, the field cumulative production amounted
to 3,395,039 STB oil, 3,176,152 MSCF gas and 58,286 bbl
water.

The maximum gas-oil ratio for the TP13-A Sand reservoir
reached in July, 1977, was 2,400 SCF/STB as shown in Figure
16. Since that time, there has been a gradual reduction in
gas~-oil ratio to the most recent value of 1,060 SCF/STB.

The original solution ratio was 673 SCF/STB at a saturation
pressure of 3,631 psi.

The gas-oil ratio performance during the period Janu-
ary, 1973, to December, 1976, was relatively constant at
somewhat reduced value. |

The first significant water production occurred in 1974
in well A-3, and in 1977 in well A-7. These two wells were
watered out and shut-in in 1975 and 1980, with a cumulative
water production of 10,550 bbl and 42,899 bbl respectively.

It is believed that these wells were affected by me-
chanical problems rather than water encroachment, due to
the fact that well A-7 produced water before the lower
structure wells A-19 and A-1. With the exception of wells

A-3, and A-7, water production has not been serious.
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RESERVOIR PARAMETERS
A summary of the average reservoir rock and fluid
properties is presented in Table 1. The following section
briefly discusses how these parameters were estimated.

RESERVOIR ROCK PROPERTIES

Porosity

From an analysis of cores from 13 wells, with 112 core
samples, values of median porosity, and arithmetic mean
porosity were determined.

The arithmetic mean porosity was calculated from the

equation:

n
$a = ;qbi*m

i
where: ®a = arithmetic mean porosity, fractional
i = class mark of i-th class interval or range

number of class intervals

-
o)
i

Fi = frequency for i-th class interval, fractional

Table 2 shows the classification of porosity data, as

well as the arithmetic mean porosity value calculated using
the above equation. The value was found to be 27.7 percent.

Figure 17 is a porosity histogram and distribution for all
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TABLE 1

Summary Of The Average Reservoir Properties

ROCK PROPERTIES

Porosity, percent

Permeability, md

Connate water saturation, percent
Average thickness, ft

Average depth, ft

FLUID PROPERTIES

Reservoir temperature, deg F

Initial reservoir pressure a 7,500 ft, psi
Initial solution gas-oil ratio, scf/STB

0il formation volume factor at bubble point
pressure, bbl/STB

Viscosity at bubble point, cp
Gravity of stock-tank oil, deg API

Gas specific gravity, (air=1)

27
246
36
23

7,500

154
3,631

673

1.382
0.648

35
0.601

24
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TABLE 2

Classification Of Porosity Data

Porosity Mid-value Number of Frequency Pi*pi
Range of Range Samples Fragtion
% i Fi

Less than 20 19 3 0.0268 0.5089
20-22 21 3 0.0268 0.5625
22-24 23 2 0.0179 0.4107
24-26 25 21 0.1875 4.6875
26-28 27 33 0.2946 7.9554
28-30 29 22 0.1964 5.6964
30-32 31 21 0.1875 5.8125
32-34 33 7 0.0625 2.0625

Arithmetic mean porosity = ®i*Fi = 27.7
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Figure 17

Porosity Histogram For Samples Of TP13-A Sand
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samples from TP13-A Sand. From this figure, the value of
median porosity was found to be .27.0 percent.

Porosity was also calculated from neutron-density logs,
which were available for three infill wells drilled in 1982.
The following equation was applied (Davis, 1982):

$e = $d - Vsh*$dsh
where: e
¢4

$dsh= density porosity in shale

effective porosity

density porosity

Vsh= shale fraction
The shale fraction, Vsh, was determined by the following

equation:

$n - ¢g
Vsh=
$¢nsh - $dsh
where: ¢n = neutron porosity

$nsh= neutron porosity in shale
The calculated arithmetic mean porosity, weighted for
thickness, from the wells C-1, C-3, and C-4 was found to be
26.3 percent., This value verifies the median porosity value
of 27.0 percent used for all the calculations in the present
study.

Permeability

Using the same cores used for evaluation of porosity,

the arithmetic and geometric mean permeability were deter-
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mined by statistical analysis (Amyx, et al., 1960).
The geometric mean permeability was calculated from the
equation:

log Kg = Fj*log(Ka)j

where: Kg geometric mean permeability, millidarcies (md)

Fj = cumulative frequency of j interval, fractional

arithmetic average permeability of
logarithmic class interval j

(Ka) j

n = total number of classified intervals

Table 3 shows the calculation of geometric mean permea-
bility which was found to be 246 md. The arithmetic average
permeability was 339 md. This good value of permeability
plays very significant role in contributing to primary re-
covery, since together with the high degree of structural
relief and the low 0il viscosity of TP13-A Sand reservoir,
make oil and gravity segregation particularly effective.

Connate Water Saturation

Shaly-sand evaluation was performed assuming that the
formation contains either laminar or structural shale. This
assumption is based on the results obtained from Figure 18,
which is a neutron-density frequency cross plot. As shown
in ‘this figure, most of the plotted points fall on the Sd-Sh
line or to the right of the line. This is an indication

that the shale present is laminar and mainly structural.
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TABLE 3

Calculation Of Geometric Mean Permeability

Perm, Average Number Fréquency Cunmulative Fij*
Range Perm,of of Fraction Frequency log (Ka) j
md. Range Samples Fj
(Ka) j
10.1-20 15 2 0.0179 0.0179 0.0210
20.1-40 30 4 0.0357 0.0536 0.0528
40.1-80 60 7 0.0625 0.1161 0.1111
80.1-160 120 20 0.1786 0.2946 0.3713
160.1-320 240 39 0.3482 0.6429 0.8288
320.1-640 480 26 0.2321 0.8750 0.6224
640.1-1280 960 10 0.0893 0.9643 0.2663
1280.1-2560 1920 4 0.0357 1.0000 0.1173
112 2.3910

Geometric mean permeability = antilog 2.3910 = 246 md.
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The average water saturation for TP13-A Sand was de-

termined from Simandoux equation (Davis, 1982):

1 Sw2 Sw*Vsh
Rt ) F*Rw* (1 - Vsh) ' E;E
where: Sw = water saturation
F = a*x¢™™M
a = 0.81
m = 2.0, cementation factor
Rw = resistivity of the virgin formation

water, ohm-m,
Vsh = shale fraction

Rsh

shale resistivity, ohm-m.

Formation water resistivity, Rw, was estimated from
well No.2 located in the southeast portion of Ship Shoal
Area Block 229 (Figure 2, Region 3). This well penetrates
the water oil contact.

An apparent water resistivity of 0.037 ohm-m was calcu-
lated from a water zone in well No.2 using the Archie equa-
tion. The average porosity was used in this calculation.
Using this resistivity value, initial water saturations
comparable to those reported in the literature (Frick, 1962
and Franklin, et al., 1975) for Miocene sands of Louisiana
Gulf Coast, were calculated from induction and porosity logs

available for the wells C-1, C-3, and C-4.
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An average initial water saturation, weighted by pore
volume, of 36.0 percent was obtained from wells C-1, C-3,

and C-4. Table 4 shows an example of log calculation.

Effective Pay Thickness

This parameter was determined for each well from the
induction, and spontaneous-potential logs. Core analysis
was also helpful in making the determination. No porosity
cut-off was used since porosity values within the gross
interval were always above 18 percent,

TP13-A Sand thickness varied from 17 feet in well A-9,
to 53 feet in well A-16. The average pay thickness for the

sand was determined to be 23 feet.

RESERVOIR FLUID PROPERTIES

Laboratory analysis of the original reservoir fluids
was not available; however, the presence of an initial gas-
cap indicates an initially saturated reservoir. The reser-
voir fluid characteristics were calculated based on reser-
voir performance and published correlations.

The following equations were used to determine the so-
lution gas~-o0il ratio, Rs, and the formation volume factor,

Bo (Vazques and Beggs, 1980):



ER-2808 33
TABLE 4
Example Log Calculations, Well C-1

Depth Rt ) $N Vsh $e Sw

7190-91 2.4 34 36 0.10 32 0.32
91-92 3.6 34 36 0.10 32 0.26
92-93 4.4 33 36 0.14 30 0.24
93-94 4.0 33 36 0.14 30 0.24
94-95 2.4 31 33 0.10 29 0.35
95-96 1.9 26 36 0.48 16 0.39

7224-25 1.4 34 34 0.00 34 0.44
25-26 1.7 35 30 0.00 35 0.39
26-27 1.5 31 31 0.00 31 0.46
27-28 1.3 24 36 0.57

7230-31 2.3 33 35 0.10 31 0.34
31-32 2.3 34 34 0.00 34 0.34
32-33 2.0 33 35 0.10 31 0.36
33-34 1.5 27 36 0.43 18 0.44

7241-42 2.0 34 34 0.00 34 0.31
42-43 3.4 34 35 0.10 32 0.28
43-44 3.9 35 36 0.05 34 0.25
44-45 3.2 34 36 0.10 32 0.27
45-46 2.1 34 34 0.00 34 0.36
46-47 1.4 30 38 0.38 22 0.43
50-51 1.2 28 35 0.33 21 0.51

7264-65 1.2 28 37 0.43 19 0.49
65-66 1.4 30 38 0.38 22 0.43
66—-67 1.5 31 39 0.38 23 0.40
67-68 1.4 27 39 0.57 15 0.44

7294-95 1.3 30 36 0.29 24 0.46
95-96 2.0 32 37 0.24 27 0.35
96-97 2.6 34 36 0.10 32 0.31
97-98 2.6 35 37 0.10 33 0.30
98-99 2.3 34 36 0.10 32 0.33
99-00 1.8 32 36 0.19 28 0.38

7301-02 1.6 32 39 0.33 25 0.38
02-03 1.5 32 37 0.24 27 0.42
03-04 1.4 32 37 0.24 27 0.42
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TABLE 4 (Continued)
Depth Rt $D N Vsh de Sw
7325-26 1.6 27 37 0.48 17 0.42
26-27 2.6 32 36 0.14 29 0.22
27-28 3.1 32 35 0.14 29 0.29
28-29 2.8 34 34 0.00 34 0.31
29-30 2.0 30 38 0.38 22 0.34
7366-67 1.2 27 38 0.52 16
67-68 1.4 26 40 0.67 12
68-69 1.5 33 38 0.24 28 0.40
69-70 1.3 33 37 0.19 29 0.44
Rsh = 0.7
Rw = 0.037
$Nsh = 42
$Dsh = 21
h = 41
Pe = 28
Sw = 36.5
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Rs. = Cl*(ygs)*(P)C2*exp C3*(yo)/(T+460)

where: Rs dissolved GOR, scf/STB

Cl 0.0178

C2

1.1870
C3 = 23.9310

Ygs = gas gravity (air=1) that would result from
separator conditions of 100 psig

P = pressure, psia
Yo = oil gravity, API degrees
T = temperature, degrees F

Bo = 1 + Cl*Rs + C2(T-60) (¥Yo/Ygs) + C3*Rs(T-60) (Yo/7gs)

where: Bo oil FVF, bbl/STB

Cl = 4.670*1074
C2 = 1.100*10-5
€3 = 1.337*1072

0il viscosity was calculated from the equation (Beggs

and Robinson, 1975):

p0 = A*poDB

where: po viscosity of gas-saturated oil at T, cp

>
I

10.715 (Rs+100)—0.515
5.440 (Rs+150) ~0-338

or]
"
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poD = 10x - 1
Xx = y*7-1.163
y = 10%
z = 3.0324 - 0.02023*Y0o

poD = viscosity of gas-free oil at T, cp

Figures 19 to 21 illustrate the solution gas-oil ratio; the
0il formation volume factor; and the oil viscosity as a
function of pressure.

The gas deviation factors for various pressures were
calculated (Hall and Yarborough, 1964); they are shown in
Figure 22.

The gas formation volume factor was evaluated from the
equation:

0.00515*Z2*T

Bg =
P

where: Bg gas formation volume factor, Bbl/SCF

Z = deviation factor
T = reservoir temperature, degrees R
P = reservoir pressure, psia

Figures 23 and 24 show a plot of gas formation volume

factor and gas viscosity versus pressure, respectively.
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Figure 21

0il Viscosity vs Pressure
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Figure 22

Gas Deviation Factor vs Pressure
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Figure 23

Gas Formation Volume Factor vs Pressure
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Figure 24
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VOLUMETRIC DETERMINATION OF ORIGINAL OIL-IN-PLACE

From structure maps drawn on the top and on the base of
TP13-A sand (Figures 25 and 26), isopachous maps (Figure 4)
of the net o0il and net gas sand, contoured on 5 feet sand
thickness were constructed (Bankhead and McCord, 1970). The
sand count was based upon consideration of core data and
electric logs.

A total net productive o0il sand volume of 10,596
acre-ft was'planimetered from the net pay isopachous map.
The productive sand encompasses an area of 468 acres and has
an average thickness of 23 feet.

Figure 27 shows the approximate structural distribution
of the net 0il productive sand volume as determined by su-
perimposing the isopachous map upon the structure, and com-
puting the sand volume between structure contours.

The size of the gas—cap is minor in relation to that of
the o0il reservoir., The net gas sand volume was calculated
to be 206 acre-ft.

Tables 5 and 6 show the calculation of the net oil and
net gas sand volumes from isopachous maps.

The original oil-in-place was obtained using the reser-
voir properties summarized in Table 1, and the following

equation:
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Figure 25

Top Of TP13-A Sand Structure Map
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Figure 26

Bottom Of TP13-A Sand Structure Map
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Figure 27
Structural Distribution Net Productive Sand
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TABLE 5

47

Calculation Of Net Oil Sand Volume From Isopachous Map

Productive Planimeter Area Ratio Interval Equation V
Area Reading¥* Acres Areas ft Acre-ft
0 4.080 468.3
5 3.484 399.9 0.85 5 Trap 2,171
10 3.088 354.4 0.89 5 " 1,886
15 2.691 308.8 0.87 5 " 1,658
20 2.295 263.4 0.85 5 " 1,431
25 1.904 218.5 0.83 5 " 1,205
30 1.303 149.6 0.68 5 " 920
35 0.897 102.9 0.69 5 " 631
40 0.512 58.8 0.57 5 " 404
45 0.241 27.7 0.47 5 Pyr 211
50 0.044 5.1 0.18 5 " 74
0.000 0.0 0.00 3 " 5
10,596
* For a map scale of one inch = 500 ft

Constant: one square inch = 5.74 Acres
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TABLE

6

48

Calculation Of Net Gas Sand Volume From Isopachous Map

Productive Planimeter Area Ratio Interval Equation V
Area Reading* Acres Areas Acre-ft
0 0.1290 29.6
5 0.0760 17.4 0.59 Trap 118
10 0.0360 8.3 0.48 " 63
15 0.0088 2.0 0.24 Pyr 24
0.0000 0.0 0.00 " 1
206
* For a map scale of one inch = 500 ft

Constant: one square inch = 5,74 Acres
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N = 7,758*V*$* (1 - Swi)/Boi

where: N = stock-tank oil initially in-place, STB
v = net bulk volume, acre-ft
$ = porosity, fractional

Swi = average initial water saturation, fractional

Boi= o0il formation volume factor at
initial pressure, bbl/STB

7,758= conversion factor, Bbls/Acre-ft

The initial stock-tank oil-in-place was calculated to
be 10.3 million bbl, or 970 STB per acre-ft.

The initial gas-in-place was estimated with the use of

the following equation:

G= 43,560*V*$* (1 - Swi)/Bgi

where: G = original gas—-in-place, SCF
\Y = net bulk volume, acre-ft
¢ = porosity, fractional

Swi = average initial water saturation, fractional

Bgi = gas formation volume factor at initial
pressure, cu.ft/SCF
43,560 = conversion factor, cu.ft/Acre-ft

The volumetrically estimated original free gas-in-place
was 356 MMSCF,

Assuming the rock in the gas-cap and that of the oil
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zone to be essentially the same, the ratio of the initial

gas-cap volume to the initial oil volume is 0.02.

50
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MATERIAL BALANCE
PAST PERFORMANCE CALCULATIONS

Input data for material balance calculations is shown
in Table 7. The field performance history of the TP13-A
Sand showing the daily oil production, cumulative oil and
water production, and the instantaneous and cumulative GOR
is presented in Figure 16.

The initial pressure recorded in the discovery well A-1
corrected at 7,500 feet subsea datum, was assumed as the
original reservoir pressure. The average reservoir pressure
at any time after initial production, was estimated from 24
hour bottom-hole shut-in pressures measured at various time
intervals. These data are presented in Table 8.

Because of the large teservoir pressure gradient from
north to south, a volumetric averaging technique was used
to obtain the average reservoir pressure, Volumetric
weighted pressures were determined by superimposing the iso-
baric map on an isopach map, and determining the sand volume
between successive pressure contours (Amyx, et. al., 1960).
Average reservoir pressure versus cumulative production, and
versus time, are plotted in Figures 28 and 29 respectively.

P-V-T data was calculated from published correlations
(Vasquez and Beggs, 1980).

The straight-line material balance method was used to
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TABLE 7

Input Data For Material Balance Calculations

Date BHP (psi) CUMULATIVE
April, 1969 3,631 OIL (STB) GAS (MSCF) WATER (STB)
1]

Jun, 1970 3,610 546 388 0
Dec, 3,490 137,336 96,426 0
Jun, 1971 3,330 340,331 256,907 0
Dec, 3,260 675,035 652,604 0
Jun, 1972 3,230 997,876 1,028,768 0
Dec, 3,155 1,302,778 1,305,318 68
Jun, 1973 3,110 1,555,546 1,488,001 68
Dec, 3,094 1,795,851 1,666,849 875
Jun, 1974 3,040 1,990,484 1,820,195 2,110
Dec, 2,995 2,132,529 1,941,726 6,284
Jun, 1975 2,968 2,251,771 2,018,099 9,105
Dec, 2,935 2,365,165 2,101,641 11,359
Jun, 1976 2,907 2,480,382 2,164,319 11,547
Dec, 2,875 2,594,904 2,244,674 11.581
Jun, 1977 2,840 2,693,253 2,360,371 25,417
Dec, 2,807 2,772,079 2,474,231 25,522
Jun, 1978 2,783 2,841,968 2,551,884 25,742
Dec, 2,756 2,912,733 2,644,617 28,997
Jun, 1979 2,732 2,968,456 2,715,848 38,757
Dec, 2,715 3,012,874 2,841,441 45,191
Jun, 1980 2,700 3,061,083 2,876,801 55,292
Dec, 2,680 3,093,779 2,970,284 55,906
Jun, 1981 2,650 3,185,723 3,057,003 56,673
Dec, 2,634 3,231,999 3,176,152 57,896
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TABLE 8

Bottom-Hole Pressure Data
(Datum = -7,500 feet)

Well: A-1 A-3 A-7 A-1]1 A-16 A-17 A-19 A-20

3-69 3,631

11-70 3,545

3-71 3,132

5-71 3,457

6-71 2,720 2,160
9-71 3,473

11-73 3,300

4-74 3,155 2,234 3,177

9-75 2,440
11-75 3,014 2,680
4-76 2,340

4-77 2,420

7-79 2,077 2,574 2,140 2,020
7-80 3,040

8-80 3,046 2,350
9-80 2,283

1-81 2,020
4-81 3,030 2,305

10-81 2,219

11-81 3,064

2-82 3,080

9-82 3,043
11-82 2,996
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confirm the volumetric original oil in place. This method
uses a plot of expansion per unit pressure drop, versus
withdrawals per unit pressure drop (Bass, 1982).

The material balance equation is written in both sides
with a pressure difference, and arranged algebraically to
obtain a linear equation. The original oil-in-place is the
slope of the straight line; it has also been shown that from
the intercept, the aquifer radius to the reservoir radius
ratio could be calculated.

Some water influx was known to exist, particulary along
the southwest flank; however, it was not believed to be the
dominant producing mechanism of TP13-A Sand reservoir.

When a small aquifer is connected to an oil reservoir,
the aquifer can be treated not only as a finite system, but
as a large storage tank. The MBE as an equation of a
straight line for saturated reservoirs with water drive,
original gas-cap, and without water or gas injection can
then be written as:

Y = a + b*X
where:

NPj Btj+(Rpj-Rsi)Bgj -NPk Btk+ (Rpk-Rsi)Bgk +WpjBwj-WpkBwk
Y=

Pk-Pj

N Bti
a= (—————) (Cw Swi+Cf)+(ra2/ro2 -1) (Cw+Cf)
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b=N

Btj-Btk+ (mBti/Bgi) (Bgj-Bgk)

The derivation of this equation is presented in Appendix A.

This approach permits the generation of (n-1)+(n-2)..+1
data points having n pressure data, while with the conven-
tional MBE it is possible to obtain only (n-1) data points.

A computer program written to perform the calculations
using the above equation is presented in Appendix B.

Three hundred values for X and Y were generated from 25
pressure points, which are plotted in Figure 30. Figure 31
is a plot of 24 X, Y values calculated with the conventional
MBE using values of 0.01, 0.02, and 0.03 for the ratio of
the initial gas-cap volume to the initial oil volume, m.

In these plots, the original oil-in-place is the slope
of the line, and it was found to be 10.0 million STB.

The intercept of the line with the Y axis was found to
be 4,598, From this value and using water compressibility,
Cw, equal to 2.8*10-6 1/psi (Dobson and Standing, 1944),
and formation rock compressibility, Cf, equal to 14.1*10-6
1/psi (Newman, 1973), the aquifer radius to the reservoir
radius ratio was found to be equal 3.5. This value confirms
the assumption of a small aquifer associated with the TP13-

A Sand reservoir.



8

wn

ER-2808

220000

NOISNVdXd

1

1

47000°0

i

1

maoood

1

dVO—SVD ANV '110 LINN

!

0625

000¢

00001

dodd d¥dNSS3I¥Yd LINN ¥dd

pues y-£Idl @0eTd-UI-TI0 TRUIbTIQ JO uUOT3lETNOTED

0€ @inbtg

000¢1

dOVAIOA VLIT4dd



59

ER-2808

NOISNVdXH dVDO—-SVD (ONV 110 LINN

970000 £7T000°0 010000 hOOOO.OOA
1 i | ; 1 - + O
A
O
5
] Hmo
’ x YHWH
£00:w v B=2sv)
200:w x W<
—— S
100w @ -3
JVnu
oZ
%X 0w ﬁml
i X 9 e
L o
-S Fg
) Y ) omNerH
1ot ”wg
0619 Aw%
e
”mH
s
3
=
@)
"o

W JO sSSNTRA jU31333JTd 104
pues V-€Idl 9°eTd-UI-TTQ0 TeUIbTiIQ JO uOoT3zERTNOTED

1€ aanbig



ER-2808 60

The difference between the volumetric (10.3 MMSTB) and
the material balance (10.0 MMSTB) determinations of original
oil-in-place, represents a deviation of only 3 percent; this

is considered an excellent agreement.
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/
FUTURE PERFORMANCE CALCULATIONS

Having determined the slope, b, and the intercept, a,
from the material balance equation into a Y=a+bX format, the
future performance of TP13-A Sand reservoir was estimated by
extrapolation of this straight line. The X,Y plot (Figures
30 and 31) is one of the few plots that can be extrapolated
to predict the future (Bass, 1982). This approach does not
imply a trial and error solution.

A computer program written to perform the calculations
is presented in Appendix C. The following steps summarize
the calculation procedure:

(a) A pressure value was assumed by extrapolation of

past performance data (Figure 29), and a value of

X was calculated from the equation:
X=[Bt-Bti+ (mBti/Bgi) (Bg-Bgi)] (Pi-Pn)
(b) Using this value, Y was estimated from the equation:
Y = a + b*X

where:
a

4,598
b= N= 10.3 MMSTB
(c) Since Y is function of cumulative production and

pressure, Y was solved for cumulative production:
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Y (Pi-Pn)-Wp
NPn=

Bt+ (RP-Rsi)Bg
For future predictions, water production was assumed
negligible.
(d) The cumulative gas production at the end of the

prediction period was calculated from the equation:
GPn=GPn-1+ (NPn-NPn-1) (RPn-RPn-1)/2

where:

Kg*no*Bo
RPn= (Rs+——————)n
Ko*tg*Bg

The first calculation requires that RPn=RPn-1 in order
to calculate the oil saturation in the producing portion of
the reservoir.

To calculate the instantaneous gas-oil ratio, RP, a
plot of Kg/Ko vs So is required. This plot is presented in
Figure 32, and was determined from production and PVT data
(Smith, 1966).

The o0il saturation in the uninvaded zone was calculated

from the following equation (Slider, 1976):

(N-NP)Bo- (SOBY (We~Wp) / (1-SoBY-Swi))

Soun=
(NBoi/ (1-Swi)) =~ ( (We-Wp)/ (1-SoBY-Swi))

This equation neglects the gas-cap expansion, and it

does not account for the solution gas migration to the
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Figure 32

Gas-0il Relative Permeability Ratio vs Oil Saturation
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gas—-cap. As a result, the predicted GOR perormance of TP13-
A Sand reservoir will be somewhat higher than it would be if
these factors were taken into account. In a more refined/
study the gas-cap expansion and the solution gas migration
to the gas-cap must be considered.

The above equation also assumes that all production
takes place from the uninvaded zone, and that the fractional
pore volume of oil prassed, SoBY, is a constant. Since
laboratory data was not available, SoBY, was determined by
using the reported oil saturation from conventional core
analysis. A value of 18.0 percent was used in the calcu-
lations.

(e) The cumulative water influx for the assumed pres-

sure was éalculated with the following equation,
which assumes the aquifer is behaving like a large

storage tank:

Wen= W*h*f*$*Ce(ra2-r02)(Pi-Pn)/S.Gl
The 0il reservoir radius was calculated by assuming
that the total reservoir area was in thé shape of a quarter
circle. Since an aquifer radius to reservoir radius ratio
of 3.5 was found, the aquifer radius, ra, was determined to
be 17,832 feet, from a reservoir radius, ro, of 5,095 feet.
(f) The volume of the reservoir that has been invaded

by water, PVIn, was estimated as follows:
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PVIn=5.61 (We-Wp)/ (L-SoBy-Swi)

(g) The location of the o0il water contact assuming an
even water encroachment, was found from the above
equation, and from Figure 33, which is a plot of
cumulative pore-volume versus depth.

Steps (a) to (g) were repeated down to a reservoir

pressure of 1,000 psi.

Since relative o0il permeability measurements on cores,
initial producing capacity, and capacity distribution with
pore-volume were not available for TP13-A Sand, future pro-
duction rates were estimated from decline curve analysis.
Figure 34 is a decline curve plotted for the last several
years in the producing life of the field.

Assuming an economic limit for oil production of
60 BOPD, the cumulative production at the end of each year
was calculated. Table 9 lists the results of the decline
curve analysis for TP13-A Sand.

Once the cumulative o0il production at the end of each
year was obtained, the corresponding pressure was determined
from Figure 35 which is a plot of predicted pressure versus
cumulative o0il production.

Table 10 provides the summary of the prediction calcu-
lations., Figures 35 and 36 show the predicted pressure-

production and pressure-time for TP13-A Sand reservoir,.
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TABLE 9
Results Of Decline Curve Analysis TP13-A Sand

Year 0il Rate 0il Production Cumulative
End BOPD STB STB
1983 957 410,358 3,810,358
1984 699 299,774 4,110,132
1985 511 218,990 4,329,122
1986 373 159,977 4,489,099
1987 273 116,866 4,605,965
1988 199 85,373 4,691,338
1989 145 62,367 4,753,705
1990 106 45,560 4,799,265
1991 78 33,284 4,832,549
1992 57 24,313 4,856,862
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TABLE 10

Summary Of Future Predictions-TP13-A Sand

Year Cumulative Cumulative Cumulative Pore- Pressure
End 0il Gas Water Volume

Production Production Influx Invaded

(MMBbls) (BSCF) (MMBbls) MM cu.ft (psia)
1983 3.81 3.60 3.29 39.4 2,470
1984 4.11 4.10 3.72 44.7 2,330
1985 4.33 4.48 4.01 48.2 2,230
1986 4.49 4.70 4.22 50.8 2,155
1987 4.61 5.00 4.47 53.7 2,070
1988 4.69 5.18 4.55 54.8 2,040
1989 4.75 5.36 4.72 56.9 1,980
1990 4.80 5.42 4.79 57.8 1,955
1991 4.83 5.51 4.87 58.6 1,930

1992 4.86 5.57 4.89 59.0 1,920
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The ultimate primary recovery was estimated to be
4.86 million STB of o0il, or 47 percent of the original oil-
in-place. Reservoir pressure will decline to 1,920 psi, and
the producing gas-oil ratio will raise to 2,406 SCF/STB.
The cumulative water influx calculated amounted to
4.89 million barrels, and the pore-volume invaded at aban-
donment pressure of 1,920 psi amounted to 59 miilion cu, ft.
Figures 37 and 38 are plots of producing GOR, and water

influx versus cumulative oil production, respectively.
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CONCLUSIONS

From the results of the reservoir study, of TP13-A Sand

reservoir, the following conclusions can be made:

1.

The original oil-in-place based on pore-volume cal-
culations, and based on material balance equation is
estimated to be 10.3 million STB.

The size of the gas—-cap is minor in relation to that
of the o0il reservoir. The initial free gas-in-place
is estimated to be 356 MMSCF.

The aquifer radius to the reservoir radius ratio is
estimated to be 3.5.

The o0il recovery to November, 1982, has been about
33 percent of stock-tank oil originally in place.
Some water was produced from downdip wells located
in the southeast portion of the field (wells A-1,
A-3, and A-7). Probably mechanical problems rather
than water encroachment is the source of the water
produced.

Water influx was quite limited, and its effects were
not sufficient to maintain pressure thoughout the
entire reservoir; however, at abandonment pressure
of 1,920 psia, the net water influx will replace

approximately 48 percent of the pore volume, having
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noticeable effect on the over-all pressure-produc-

tion performance of TP13-A Sand reservoir.

7. In absence of a strong water drive, and due to the
great structural relief of TP13-A Sand reservoir,
it is believed that the drive mechanism is primarily
solution-gas with gravity segregation.

8. 0Oil and gas segregation has been effective in main-
taining a high o0il saturation in down flank wells,
This is evidenced by the GOR performance of the
individual wells, as noted from declines in GOR of
down structure wells,

9. The pronounced dip and the favorable sand and fluid
characteristics, make gravity segregation particu-
larly effective.

10. The study indicates that the ultimate o0il recovery
by primary depletion methods will amount 4.86
million STB or 47 percent of the original oil-in-
place, and that the remaining life of the reservoir

‘will be 10 years.
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NOMENCLATURE

total o0il formation volume factor, bbi/STB
cumulative gas produced, SCF

effective permeability to gas, mD
effective permeability to oil, mD

ratio of initial gas-cap-reservoir volume to initial

reservoir oil volume

Initial oil-in-place, STB

cumulative o0il produced, STB

initial reservoir pressure, psia

reservoir pressure at time n, psia
producing gas-oil-ratio at time n, SCF/STB
solution gas-oil-ratio, SCF/STB

initial solution gas-oil-ratio, SCF/STB

average oil saturation in the uninvaded zone,
fraction of pore volume

average oil saturation in the invaded zone, fraction
of pore volume

initial water saturation, fraction of pore volume
cumulative water influx, Bbl

cumulative water production, Bbl

gas viscosity, cP

oil viscosity, cP

time interval
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APPENDIX A

DERIVATION OF THE MATERIAL BALANCE EQUATION AS
AN EQUATION OF A STRAIGHT LINE (Bass, 1982)
The material balance equation for saturated reservoirs
with water drive, original gas-cap and without water or gas
injection, written in both sides of the equation with a

pressure difference is:

Bti Bti
N(Btj-Bjk) +N——— (Cw Swi+Cf) (Pk-Pj)+N m (Bgj-Bgk)+
1-Swi Bgi
Wej-Wek = NPj Btj+ (RPj-Rsi)Bgj -NPk Btk+ (RPk-Rsi)Bgk +
Wpj Bwj - Wpk Bwk (1)
where: N = initial oil-in-place, STB
Bt = total oil formation volume factor, bbl/STB
Swi = average initial water saturation, fractional
Cw = water compressibility, vol/vol/psi
Cft = formation rock compressibility, vol/vol/psi
m = ratio of initial gas-cap reservoir volume to
initial reservoir oil volume
Bg = gas formation volume factor, bbl/SCF
We = cumulative water influx, Bbl
NP = cumulative o0il produced, STB
RP = cumulative GOR, SCF/STB

Rsi = initial solution gas-oil ratio, SCF/STB
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Wp =

Bw =

n =

Bt

81

cumulative water production, Bbl

water formation volume factor, bbl/STB
initial conditions

0, n-1

j+1, n

number of pressure data

Boi + (Rsi-Rs)Bgi (2)

For a radial system the water influx can be approxi-

mated by the use of unsteady state water influx equation:

2*7*f*p*h*Ce n

Wen = S [Q(tDn-tDj-1) A Pj] (3)
5.61 j=1
0.006328*k*t
where: tD = (4)
p*u*Ce*ro?
t = time, days
k = permeability, md
K = viscosity, cp
Ce = CwiCf, vol/vol/psi
ro = reservoir radius, ft
f = encroachment angle/360

APj =(P0 - P1)/2

APj =(Pj-2 - Pj)/2 for j 2 2

Q(tD)

dimensionless water influx function,

(Van Everdingen and Hurst, 1949).
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Series of influx calculations have shown that when a
small aquifer is connected to an oil reservoir the aquifer
can be treated not only as a finite system, but like a large
storage tank. In this case, the Q(tD) term becomes a
constant, equal to:

1

-~ ra2/ro2 - 1 (5)
2

and AP becomes(Pi - Pn) such that,

w*h* f*¢*Ce (ra2 - ro2) (Pi-Pn)
We = (6)
5.61

If N is defined as:

$*Txro2%h (1-Swi)

N = (7)
Bti
N*Bti
Wen = (————) (Cw+Cf)(ra2/ro2 - 1)(Pi ~ Pn) (8)
1-Swi

The material balance equation can then be written as,

Bti NBti
N (Btj-Btk)+m—- (Bgj-Bgk) + ————— (Cw Swi-Cf) +
Bgi (1-Swi)

(ra2/ro2 - 1) (Cw+Cf) (Pj-Pk) = NPj Btj+ (RPj-Rsi)Bgi -

NPk Btk+ (RPk-Rsi)Bgk + Wpj Bwj-Wpk Bwk (9)



ER-2808 83

This equation is arranged algebraically, resulting in a

linear equation as follows:

Y = a + b*X (10)
were:
AVOIDAGE
Y =—
(Pk - PjJj)
N*Bti
a = (———) (Cw Swi+ Cf) +(ra2/ro2 - 1) (Cw+Cf)
1-Swi
b=N
Btj-Btk+ (m Bti/Bgi) (Bgj-Bgk)
X =

(Pk - P3j)
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