Part 42

How to find performance and ultimate

oil recovery of a depletion-type pool

GIVEN: Table 1 shows the pro-
duction history from an initially un-
dersaturated lense-type oil reservoir
shaled out on all sides. Fluid prop-
erties for this pool are given in
columns 2 through 5 of Table 2.
Fig. 1 shows the variation of k./k,
with total liquid saturation. Other
data are as follows:

Interstitial water saturation, S, =
25.0% of pore volume.

Reservoir temperature, T =
91% B,

Bubble-point pressure, p, =
1,700 psia.

Average expansibility factors be-
tween original and bubble - point
pressures:

¢t = 4.0 X 10-® vol./pore vol./
psi. .
¢, = 8.2 X 10~ vol./vol./psi.

Cw = 3.1 X 10~® vol./vol./psi.

Original reservoir pressure =
2,110 psia.

Gas viscosity at reservoir condi-
tions remained about 0.02 cp. for
pressures between the bubble point
and 100 psia.

Initial oil in place = 500 x 10°®
st.-tk. bbl.

No water production or influx
W, =0, W, = 0).

Original oil formation - volume
factor = B.:. = 1.256.

FIND: Performance and ultimate
oil recovery for the reservoir using
the Tracy material - balance ap-
proach.!

METHOD OF SOLUTION:
Tracy’s form of the material-balance
equation for depletion-type pool is:

= an¢oa + Gpn¢zn (l)
and on an incremental basis
1_Np(n—1}¢u'—Gp(n—H¢K
AN, = : (2)
e + P [Ri+Ryn—11/2

Where
¢n - [(Bo/Bg) = R;]/x (3)

using the Tracy material-balance approach

Table 1—Production history for lense-type oil pool with depletion drive

Avg. reservoir

———Cum. production———

Average produc-
ing GOR,

Date press., psia. Qil, M. bbl. Gas, M.M.c.f.  s.cf./st.-tk, bbl.
1B . e : oo 2,180 i e
4-1-51 . ....... 15830 © 0 sl auma
1181 uivanis o 18,270 o

4152 1,472 21,730 13,005 830
10-1-52 ........ 1,450 23,505 G 860
10-1-53 ........ 1,435 25,330 e 925
41-54 ..ol 1,357 29,300 20,205 1,020
3-1-57 ........ 1,043 57,900 59,410 1,765

b = 1/X (4) cumulative recoveries are known

X = {[(Bo/By) — R,]
- [(BOI/BE) = Rsi]} (5)

Other equations required in the
solution are the liquid saturation
equation

S$1.=Sw+(1-8.) [(1-N,)/B.]B, (6)

and the instantaneous gas-oil-ratio
equation

Ri= R+ (ke/Ko) (o 11c)(Bo/By) (7)

Symbols N,, G,, Ry, B, By, Ry;
SL’ Sw- km kos Hos Hgs €ty Coy Cuy and
By are defined in Reference 2 and

B = initial oil formation-volume
factor,

n is subscript to designate any
particular point. i

1 is subscript to designate initial
conditions.

Ct, Ca, Cw are expansibility factors
for formation, oil, and water, re-
spectively.

In Equations 1, 2, and 6, N is
set equal to unity and all produc-
tion terms are expressed as a frac-
tion of the actual N. Normally the
solution is begun at the bubble-
point pressure. But any lower pres-
sure where cumulative gas and oil
recoveries are known can be used.
From. the beginning point pressure
decrements of 100 to 300 psi. are
used. At cvery pressure decrement

for the higher pressure end of the
decrement from previous cakula-
tions or measured data.

Equation 2 involves two un-
knowns, AN, and R;,. Once this
equation is solved, Equations 6, 7,
and 1 can be solved. For any se-
lected pressure Equations 3 and 4
can be solved since they involve
only fluid properties that are a
function of pressure.

SOLUTION:

1. Select a pressure decrement,
Ap, and for p = p,_; — Ap solve
Equation 2 for AN, by assuming R;.

The size of the decrement, A p, de-
pends on the rate of change of the
gas-oil ratio with pressure. The
greater the gas-oil ratio change with
pressure, the smaller the pressure
decrement must be chosen.

2. Solve Equation 6 using N, =
Ny (a—1) + AN,

3. Solve Equation 7 for R; after
obtaining k,/k, at S.

4. If the R; computed is not ap-
proximately equal (to within 50 to
100 s.c.f./st.-tk. bbl. depending on
the magnitude of R;) to the Ry esti-
mated in Equation 2, use the com-
puted R; and repeat steps 1, 2, and
3. The trial-and-error calculations
are continued until Ry, computed, is
about equal to R;, estimated.

5. As a final check at each pres-
sure, solve Equation 1, the right-
hand side of which must give a value
between 0.991 and 1.009. This will
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Table 2—Basic data and calculations
3)
m R, (4) (5) (6) ) (8) 9)
Py (2) s.c.f./ B, e B,/B, (B,/B,)—R, B,/B, (B,/B)— R, e
psia. B, st.-tk. bbl. Res. bbl./s.c.f. Cp (2) = (4) (6) — (3)  1.265 = (4) (8) — 540. (7) —
1,700 1.265 540 0.00132 119 958 418 958 418 o
1,500 1.241 490 0.00150 1.22 827 337 843 303 3.
1,300 1.214 440 0.00175 1.25 694 254 723 183 7
1,100 1191 387 0.00210 1.30 567 180 602 62 11
900 1.161 334 0.00262 1.35 443 109 483 - 57 16¢
700 1.147 278 0.00344 1.50 333 55 368 -172 22;
500 .17 220 0.00495 1.80 226 6 256 —284 29¢
300 1.093 160 0.00860 2.28 127 - 33 147 —393 36
100 1.058 84 0.02720 3.22 39 — 45 47 — 493 441
(25)
(1-5,)x(24)
B,, (26) (28)
21 (22) (0.75) % (24) S = (27) o/ 1)
(20) AN, N, (23) (24) - @25 +S,= k/k,from  (8,/B,):
A4+ (18)+120) 3 (21 1 — (22 (2) % (23) 1.265 (25) + 0.25 Fig. 1 (u,/0.02)>
28.293 0.0353 0.0353 0.9647 11972 0.710 0.960 0.0043 50,44
16.671 0.0338 0.0691 0.9309 1.1301 0.670 0.920 0.0165 43,37
12.621 0.0350 0.1041 0.8959 1.0670 0.633 0.883 0.0300 36,85
10.801 0.0306 0.1347 0.8653 1.0046 0.596 0.846 0.0495 29,90
8.842 0.0343 0.1690 0.8310 0.9532 0.565 0.815 0.0730 24,97
7.784 0.0315 0.2005 0.7995 0.8930 0.529 0.779 0.1130 20,34C
6.997 0.0302 0.2307 0.7693 0.8408 0.498 0.748 0.1670 14,478
4.862 0.0419 0.2726 0.7274 0.7696 0.456 0.706 0.2800 6,275
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ermine performance and ultimate oil recovery
(14)
R"'K:
an (12) [Ri+Ry il as) (16)
b, by + 2 NP1 o GPy_y oy a9
+ 10 1+ 00 (13) (3, + (22),_, (33),_, a”n (18) Recpds
1./bbl. bbl./s.c.f. R (13), _,]+2 % (1), x 12, (85408 1-07 Q4Hx(2
E] o 540
7.912 0.02941 710 625 ... 1.0000 18.381
3.577 0.01408 1,150 930 0.1263 0.3101 0.4364 0.5636 13.094
1.525 0.00847 1,470 1,310 0.1054 0.4534 0.5588 0.4412 11.096
0.657 0.00602 1,900 1,685 0.0684 0.6014 0.66%98 0.3302 10.144
0,242 0.00441 2,000 1,950 0.0326 0.6638 0.6964 0.3036 8.600
).021 0.00345 2,500 2,250 0.0035 0.7510 0.7545 0.2455 7.763
).092 0.00278 2,600 2,550 =0.0184 0.8074 0.78%0 0.2110 7.089
).100 0.00223 1,850 2,225 —=0.0231 0.8193 0.7962 0.2038 4,962
(31
vy Computed (37)

I_'J (30) Ruv (32) (33) (34) (35) (36) Np, st.-tk. bbl.
) R, [(30), ‘+(amn] AG, = G, G, by = Nypo= N=1.000= ' = (22)
. (28) from Eq. 7 - (2N x (3n 3 (32) (33) x (12) (22) % (11)  (34) 4 (35) x (497,036,000)
e 540 ... e Es | mEemd Fls Shmimae aece iien EEUE
17 707 624 22.027 22.027 0.6478 0.3499 0.9977 17,545,000
16 1,156 932 31.502 53.529 0.7337 0.2472 1.0009 34,345,000
06 1,493 1,325 46.375 99.904 0.8462 0.1588 1.0050 51,741,000
80 1,814 1,654 50.612 150.516 0.9061 0.0885 0.9946 66,951,000
23 2,101 1,958 67.159 217.675 0.9599 . 0.0409 1.0008 83,999,000
98 2,518 2,310 72.765 290.440 1.0020 0.0042 1.0062 99,656,000
18 2,578 2,548 76.950 367.390 1.0213 —0.0212 1.0001 114,666,000
58 1,842 2,210 92.599 459.989 1.0258 —0.0273 0.9985 135,492,000



be obtained at each pressure if R,
computed, and R,, estimated, are

about equal.

At 900 psi.

Ce
e @®)
1 B Sw

(1.161/0.00262) — 334

t [(1.161/0.00262) — 334 — (1.265/0.00262) + 540]

= 0.657

1

¢ =
‘ [(1.161/0.00262) — 334 — (1.265/0.00262) + 540]

= 0.00602 st.-tk. bbl./s.c.f.

Assume R; = 1,900 s.c.f./st.-tk. bbl,

1.0000 — (0.1041) (0.657) — (99.904) (0.00602)

‘AN, =

0.657 + [(1,900 4 1,470)/2] (0.00602)

= 0.0306

Ny = Npu—ny + AN,

0.1041 + 0.0306 = 0.1347

St = 0.250 + (1.00 — 0.25) [(1.0000 — 0.1347)/1.265] 1.161 = 0.846

From Fig. 1, k,/k, = 0.0495.

R, = 334 + (0.0495)
X (1.35/0.02) (1.161/0.00262)

= 1814 e, fstatk. Bhl,
~ 1,900

AG, = {[Rin-1) + R1)/2} AN,
= [(1,493 + 1,814)/2] (0.0306)
= 50.612

G, = Gpu_n, + AG, ¥ 99.904
+ 50.612 = 150.516

Solving Equation 1

1.0000 = (0.1347) (0.657)
+ (150.516) (0.00602) = 0.9946

To convert the values of column
22, Table 2, to barrels, it is neces-
sary to know the oil in place at bub-
ble-point conditions. Using Equa-
tions 1 and 2 from Page 1 of this
manual,

S.

Where:

c. = composite compressibility,
vol./pore vol./psi.

c. = {8.20 + [0.25/(1.00 — 0.25))
x 3.1 + [4.0/(1.00 — 0.25]} 10—¢
= 14,56 x 10—¢

NpBo == (wp G we)
N = 9
B ce (P = Pu)

500 x 10% =

900 psi. Fig. 2 shows that at 1,300
psia. the actual recovery was about
34,500,000 — 2,964,000 or 31,-
500,000 while the predicted recov-
ery was 34,345,000 bbl., as shown
in Table 2.

Discussion. The method used in
this problem to predict recovery
and performance of a depletion-
type oil reservoir involves an equa-
tion that is a rearrangement of the
Schilthuis* form of the material-bal-
ance equation.! Equation 2 can
easily be obtained from the Schil-
thuis material - balance equation.
Note that Equations 3 and 4 repre-
sent portions of Equation 2 that
are a function of pressure and tem-
perature. The factors ¢, and ¢, are
called pressure factors and data for
their calculation are obtained from
bottom-hole fluid analyses. When a
gas cap is initially present these
factors also involve the ratio of ini-
tial gas-cap volume to oil volume
in the reservoir.

To predict future performance of
a reservoir using the material-bal-
ance equation it is common prac-
tice to estimate incremental oil pro-
duction for each pressure decre-
ment in trial-and-error calculations.
Tracy’s method, used in this prob-
lem, better lends itself to estimat-
ing the instantaneous gas-oil ratio.
A solution is obtained with fewer
trial-and-error steps since the in-
stantaneous gas-oil ratio is less sen-
sitive to small inaccuracies.!

Table 2 shows the basic data and
calculations for determining per-
formance and ultimate oil recovery.

(Np) (1.265)

(1.256) (14.56 x 10-°) (2,110 — 1,700)

(500) (1.256) (14.56) (410)

p=

1.265

= 2,964,000 bbl. cumulative oil
production to bubble-point pressure.

Therefore, oil in place at the bub-
ble - point pressure is 500,000,000
— 2,964,000 = 497,036,000.

Stock-tank oil recovered to 900
psi. bbl. = (497,036,000) (0.1347)
= 66,951,000. Extrapolation of
the data in Table 1 gives an actual
recovery of 73,000,000 — 2,964,-
000 or 70,036,000 st.-tk. bbl. to

The first five columns give basic
data while columns 6 through 12
show the computation of the oil
and gas pressure factors. The pres-
sure factors given in columns 11 and
12 are plotted in Figs. 3 and 4.
Note that each of the pressure fac-
tors is very sensitive to pressure for
conditions near the bubble point.
The rapidly changing characteristic
of these factors near the bubble-
point pressurc and the fact that av-
erage reservoir pressure cannot be
precisely determined point out that



the material-balance equation can-
not be reliably used for conditions
near the bubble-point pressure. This
is characteristic of all estimates of
oil in place and other applications
of the material-balance equation.!
In Table 2, columns 13 through
21 solve Equation 2, while columns
22 through 26 solve Equation 6,
and columns 27 through 30 solve
Equation 7. A comparison of col-
umns 1 and 22 or 37 shows the
performance of the reservoir or re-
covery as the pressure declines.
The sample calculation shows that
cumulative oil recovery to the bub-
ble-point pressure was estimated to

be 2,964,000 bbl. This was subtract-
ed from the imitial oil in place to
get oil in place at the bubble point
and thus apply the material-balance
equation at the bubble point and
lower pressures. Table 1 and Fig. 2
show cumulative production and
other history data for this reservoir
down to a pressure of 1,043 psia.
Extrapolation of these data and tak-
ing into account oil produced above
the bubble point shows that the
actual recovery to a pressure of 900
psia. was about 70,000,000 bbl. The
value predicted from the material-
balance calculations was about 67,-
000,000 bbl, which is in good

agreement with the actual figures.
Similarly at 1,300 psia. the actual
recovery was about 31,500,000 bbl.
while the predicted value was 34,-
345,000 bbl.
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Part 43

How to reduce the depletion-drive per-

formance of a reservoir to a time basis

GIVEN: Predicted primary per-
formance, fluid property and rela-
tive permeability data (Fig. 1) for
a depletion-type reservoir as shown
in the first seven columns of Table
1. Other data for this pool are as
follows:

Allowable oil production rate,

B/D/well .. ... . ...... .. 50
Abandonment oil production

rate,- B/D/well ... ..o 5
Allowable producing days per

month . 15
Minimum sand face pressure,

AL, & sronon s s mune sm s 100
Penalty gas-oil ratio, cu. ft./

bbl. ; . 2,000
Bubble-point pressure, psia. 1,700

The field is divided into three
productivity-index areas as follows:

This gives the productivity index at
any pressure in the history of a res-
ervoir as a function of the initial

4. Schilthuis, R. J., “Active Oil and Res-
;;voir Energy”: Trans. AIME (1936), 118,
than 2,000
= Qum for Qum less than 24.7
and R; less than 2,000 (3)
. Qon(n) + Qaa(n—l)
Qo (avg) — (4)
2
AN', = (AN,/N) N (5)
AN,

t = § [
i=1

productivity index, relative oil per-
meability and fluid properties. Other
equations required are

Qom = (P s pmln) (Pl)
= (p — 100) (P) @)

The allowable producing ratc is 50
bbl. per day for 15 days per month
or 24.7 bbl. per day for 30.4 days
per month. Hence

Oil in place at

Productivity Number of
Area index, B/D/psi. wells 1,700 psia., st.-tk. bbl.
Y — R 0.10 100 83,300,000
B ; y i 0.50 350 291,700,000
e P 0.75 150 125,000,000

FIND: Convert the predicted pri-
mary performance to a time basis.

METHOD OF SOLUTION:
From the definition of productivity
index and the steady-state radial
flow equation it is possible to show
in Equation 1 below that:

Kro/Bopto

PI = (PI), (———— ) )
(Keo/ Bofioh

500,000,000

Q.. = 24.7 B/D/well for Q,,, equal
to or greater than 24.7 and
Ry less than 2,000
=247 x (2,000/R;) for Qom
equal to or greater than 24.7
and R; greater than 2,000
=(24.7 x 2,000)/R; or Qum
whichever is lower for Qum
less than 24.7 and R; greater

(Qo(avgy) (30.4) (number of wells)

] (6)
i
Where:

PI = productivity index at pres-
sure p, BPD/psi.

K., = relative permeability to oil

B, = oil formation volume factor

Mo = viscosity of oil

i = subscript indicating initial
conditions

10°R|luliu permeability to oil

0.8———— /
0.4)
0.4
02
20 0 60 80 100

Totol liquid soturation
% of pore volume

RELATIVE-PERMEABILITY data for prob-
lem solution. Fig. 1.

91
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P = reservoir pressure, psia.

Pwiv = minimum well flowing
pressure, psia.

Q, = rate of oil production, BPD

m = subscript for maximum
n = subscript for point under
study.

a = subscript fer actual
. R; = instantancous or producing
gas-oil ratio, SCF/STB
AN, = incremental oil produc-
tion, st.-tk. bbl.
N = initial oil in place, st.-tk. bbl.
= time, months.

SOLUTION: A complete solution
to this problem is shown in Table
1. Computations are similar for the
three areas. At 900 psi. for Area A:

R; = 1,814 SCF/STB

Therefore
Qs

Also

50/30.4 x 15
24.7 BPD

Qn[a\‘p) = 24.7 BPD
= (24.7) (30.4) (100) = 75,088

bbl./mo. for area

GRAPHICAL DETERMI-
NATION of cumula-
tive oil recovery.
Fig. -2

-« Oil production rots, Bp.d,

AN, = (0.0306) (83.3 x 10%)
= 2.5490 x 10° st.-tk. bbl.

At = 2,549,000/75,088
= 33.9 months

From the totals of columns 17, 25
and 33 ultimate oil recovery

= 132,810,000 bbl.
Or using the initial oil in place for

Cumulative recovary, hocton of initol oil in plocs »

SE Ll T Ter

! 030

|
|

15 - i e L]
0.460/(1.161) (1.35) ) '
PI = (0.10) = 0.0443
. 1.000/(1.265) (1.19) b 1 & (oM
Qua = (900 — 100) (0.0443) ; i , -
=
= 35.4 BPD V7 |
Lo | . | 3 :
At 900 pSia— ° ‘,é @ w 09 1000 1300 ;,lw 7 i
Arg meverve pretire, pug.
Table 1—Basic data and calculations |
m (2) (3) (4) (5) 6) (7) (8) 9)
Sy, % _ AN,/N R
P, Mo From depletion k. From depletion From depletion T ko/ B
psia. B, cp drive calc. From Fig. 1 drive cale. drive cale. (2)%(3) (5).-(8
1,700 1265 119 1000 1000 . 540 1.505 0.664
1,500 1.241 1.22 96.0 0.835 0.0353 707 1.514 0.552
1,300 1.214 1.25 92.0 0.690 0.0338 1,176 1.518 0.455
1,100 1.1 1.30 88.3 0.565 0.0350 1,493 1.548 0.365
900 1.161 1.35 84.6 0.460 0.0306 1,814 1.567 0.294
700 1.147 1.50 81.5 0.370 0.0343 2,101 1.721 0.215
500 1017 1.80 71.9 0.285 0.0315 2,518 2.011 0.142
300 1.093 2.28 74.8 0.230 0.0302 2,578 2.492 0.092
100 1.058 3.22 70.6 0.160 0.0419 1,842 3.407 0.047
” Area B
(20) 21 (22) (23) (24) (25) (26) (27)
an Qufm’ul
Pl Q. B/D/well Bbl./month At t
(P1);x(10) B/D/well Considering Q,(ava) for area AN, 10% bbl. months rn‘onrhl
(0.5) % (10) (20) % (12) allowable B/D/well (23) % (304) ¢ (350) (6)%291.7x 106 (25)=-(24) .3 (26
~0.5000 800.0 247 247 262,808 ... o o
0.4155 581.7 24.7 24,7 262,808 10.2970 39.2 39.2
0.3425 411.0 24.7 24.7 262,808 9.8595 37.5 76.7
0.2750 275.0 24.7 24.7 262,808 10.2095 38.8 115.5
0.2215 177.2 24.7 24.7 262,808 8.9260 34.0 149.5
0.1620 97.2 23.5 241 256,424 10.0053 39.0 188.5
0.1070 42.8 19.6 21.6 229,824 9.1886 40.0 228.5
0.0695 13.9 13.9 16.8 178,752 8.8093 49.3 277.8
0.0355 0 0 7.0 74,480 12,2222 164.1 441.9

79.5174



each area and recovery factors from
Fig. 2, ultimate oil recovery

Because of proration require-

= [(83.3) (0.218) + (291.7) (0.266) + (125.0) (0.275)] 10® = 130,130,000 bbl.

DISCUSSION: It is desirable to
relate recovery with time to aid eval-
uation studies and determine rate of
income. Although material-balance
calculations arc made assuming a
reservoir as uniform and using ay-
érage reservoir properties, the con-
version of recovery to a time basis
may be predicted better if attempts
are made to recognize some of the
variations in rock properties that
OCCUr Over a reservoir.

In this problem the reservoir was
divided into three areas having dif-
ferent productivity-index character-
istics. The variation of cumulative
oil recovery with pressure decline
was assumed to be the same in each
arca. Although the areas are in
communication, no oil migration was
assumed. This assumption is satis-
fied if the different areas are de-
pleted at about the same rate.

ments the different areas in this
pool were depleted evenly except
for pressures below 700 psi. Note in
columns 19, 27, and 35 that areas
A, B, and C will require 31, 37, and
33 years, respectively, to obtain ulti-
mate recovery. Ultimate recovery for
each layer can be obtained from
columns 17, 25, and 33 of Table 1
or by using initial oil-in-place fig-
ures for each area and recovery
factors obtained from Fig. 2. Varia-
tion of production rate for cach arca
with decline in pressure is shown in
Fig. 2. Also shown is variation of
cumulative recovery with decline in
average pressure. From these graphs
cumulative recovery for each arca
is read at the economic limit. On
this graph are shown plotted the
rates of columns 14, 22, and 30 of
Table 1. These rates were computed

Juce performance to time basis

at the pressures indicated in column
1. Note in Table 1 that average
rates were used for selected pressure
increments in finding time. Ultimate
recoveries from Table 1 and those
computed from data of Fig. 2 are
comparable.

Other methods to reduce deple-
tion-drive performance to time basis
involve average productivity index
and other data for the entire reser-
voir. Also, it is possible to divide
a reservoir into areas and plot pro-
duction rate variation with pressure
for each arca and develop a com-
posite productivity curve.! 2 From
this curve an average reservoir rate
can be obtained, from which time is
related to pressure and recovery,
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(10 an 12 (13) (14) (15) (16) a7 (18) a9
Qufng]
Q.. bbl./month AN,
/ Bolky) Pl Qo BPD/well for area 108 bbl. At t
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0.685 0.0685 1,200 82.2 24.7 24.7 75,088 2.8155 37.5 76.7
0.550 0.0550 1,000 55.0 24.7 24.7 75,088 2.92155 38.8 115.5
).443 0.0443 800 35.4 24.7 24.7 75,088 2,5490 33.9 149.4
0.324 0.0324 600 19.4 19.4 221 67,184 2,8572 42.5 191.9
).214 0.0214 400 8.6 8.6 14.0 42,560 2.6240 61.7 253.6
).139 0.01:39 200 2.8 *5.0 6.8 20,672 2.5157 1231.7 375.3
).071 0.0071 it i §  Nain EEE Sweswmn e s
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Area C “
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AN Q,, Bbl./month

Pl A7 Qu B/D/ well forarea AN, 108 bbl. At '
X(10) ,©* B/D/well Considering Qurave) (31)x(30.4) (6)%125.0 months months N,/N
)% (10) ! (28)x(12) allowable B/ D/ well x(150) % 108 (33)=-(32) 3 (34) 3 (6)
7500 1,200.0 247 24.7 N2ER o e : 2t o
5233 872.6 24.7 24.7 112,632 4.4125 39.2 39.2 0.0353
5138 616.6 24.7 24.7 112,632 4.2250 37.5 76.7 0.0691
4125 412.5 24.7 24.7 112,632 4.3750 38.8 115.5 0.1041
3323 265.8 24.7 24.7 112,632 3.8250 34.0 149.5 0.1347
2430 145.8 23.5 24.1 109,896 4.2875 39.0 188.5 0.1690
1605 64.2° 19.6 21.6 98,496 3.9375 40.0 228.5 0.2005
1043 20.9 19.2 19.4 88,464 3.7750 42.7 271.2 0.2307
)533 0 0 9.6 43,776 5.2375 119.6 390.8 0.2726
*Rounded to economic limit. 34.0750
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Part 44

How to find performance and ultimate oil recovery of
a combination solution gas, gas-cap drive reservoir

GIVEN: Well-test and log infor-
mation show that a new reservoir
has a gas cap with an initial size of
one half that of the oil column
(m; = 0.5). The reservoir pinches
out below the oil column so no wa-
ter encroachment will take place.
Initial reservoir pressure was 2,500
psia. and reservoir temperature is
180° F. Using the volumetric ap-
proach, initial oil in place was
found to be 56 X 10° st.-tk. bbl.
Average water saturation for the

pool is 20.0% and the permeability
ratio-total liquid saturation relation-

ship (kg/ko vs. Sp) is that shown by -
Fig 1 on Page 18. Other basic data

regarding the fluid properties are
shown in the first seven columns of
Table 1.

FIND: Performance and ultimate
oil recovery for the reservoir if the
rate of gas injection is one half of
the gas produced at pressure levels
below 1,500 psia. Also assume that

the gas-oil contact remains station-
ary and that the gas resulting from

o, expansion of the gas cap diffuscs

throughout the oil column.

METHOD OF SOLUTION:
This problem can be solved using
the material-balance, instantancous-
gas-oil-ratio, and total-liquid-satura-
tion equations. The Schilthuis ma-
terial-balance equation for incre-
mental oil production in a pressure
interval, taking into account injec-
tion into a gas cap, is

[(B:, — B.)/Bg] + my By [(I/Bzi) — (1/By)] + Gyn—1y — Npln—l] [(Bt/Bg) - Ray] — Gp(n—l]

(1)

(Bv/By) — Ry + (1 =D R,y

Table 1—Basic data and computation of gas cap-solution

m (0]} (3) (4 (5) ) ) 8 )} (10) an
8,—B,, 1 1
P R, B, X103, Res. He B,—B,, B, By B,
psia. B, s.cf./STB  Bbl./SCF p p B, (7)—1.498 1/8B, (8) % (9) 954.2(9)
2,500 1.498 721 1.048 0.488 0.0170 1.498 0 954.2 0 0
2,300 1.463 669 1.155 0.539 0.0166 1.523 0.025 865.8 21.6 88.4
2,100 1,429 617 1.280 0.595 0.0162 1.562 0.064 781.3 50.0 172.9
1,900 1.395 565 1.440 0.658 0.0158 1.620 0.122 694.4 84.7 259.8
1,700 1.361 513 1.634 0.726 0.0154 1.701 0.203 612.0 124.2 342.2
1,500 1.327 461 1.884 0.802 0.0150° 1.817 0.319 530.8 169.3 423.4
1,300 1.292 409 2.206 0.887 0.0146 1.967 0.469 453.3 212.6 500.9
1,100 1.258 357 2.654 0.981 0.0142 2.251 0.753 376.8 283.7 577.4
900 1.224 305 3.300 1.085 0.0138 2.597 1.099 303.0 333.0 651.2
700 1.190 253 4.315 1.199 0.0134 3.209 .71 231.7 396.4 722.5
500 1.156 201 6.163 1.324 0.0130 4,361 2.863 162.3 464.7 791.9
300 1.121 149 10.469 1.464 0.0126 7.109
(23) (24) (25) (26) (27 (28) (29) (30) @3N (32) (33)
Bo SI.n= Mo Bo
AN, N By/By  (1—Nj)— (1S5 (26) S§,+27) e 5 e
ol ; p,“/p,‘ B,/ B‘ e By k‘/ k,x(32)
(18)+(22) S$(23)  (2+1.498 [1—-(24)](25) (0.8)(26) 0.200+(27) k/k, (5)=(6)  @x(  (30)x(31) (29)% (32)
.......... 1.000 - o 1.000 0 28.71 1,429.4 41,038 0
0.0668  0.0668 0.977 0.912 0.730 0.930 0.0010 32.47 1,266.7 41,130 41
0.0555  0.1223 0.954 0.837 0.670 0.870 0.0294 36.73 1,116.5 41,009 1,206
0.0415  0.1638 0.931 0.779 0.623 0.823 0.0535 41.65 968.7 40,346 2,159
0.0324  0.1962 0.909 0.731 0.585 0.785 0.0840 47.14 832.9 39,263 3,298
0.0255 0.2217 0.886 0.690 0.552 0.752 0.1250 53.47 704.4 37,664 4,708
0.0353  0.3570 0.862 0.640 0.512 0.712 0.1980 60.75 585.7 35,581 7,045
0.0313  0.2883 0.840 0.598 0.478 0.678 0.2900 69.08 474.0 32,744 9,496
0.0220 0.3103 0.817 0.563 0.450 0.650 0.4050 78.62 370.9 29,160 11,810
0.0201  0.3304 0.794 0.532 0.426 0.626 0.5400 89.48 275.7 24,670 13,322
0.0195  0.3499 0.772 0.502 0.402 0.602 0.7100  101.85 187.6 19,107 13,566



o Reservolr prewswre, paio. i gow-oil ratio, stnd. cu. 1./ th. bbl. o

12,000

2,400 <

2 N \& 10,000

.
v Initial gas
Where: injection

AN, = oil production in pressure 1,600 - AN l 8,000
interval p,_, to p,, fraction of N ff

B, = two-phase formation-vol-
ume factor at p,

By = initial oil formation-vol-
ume factor Solution-gas L
B; = gas formation-volume fac- drive \ :
tor at p,, res. bbl./s.c.f. e

m; = ratio of initial reservoir

pore space occupied by gas to that A \t

occupied by oil 400 P < -
B = initial gas formation-vol- _{; \

/

for g Gas-cap drive

1,200

ume factor, res. bbl./s.c.f.

I = fraction of produced gas in- 0 o
i i ¥ ; 0.15 0.20 0.25 0.30 0.35 0.40
jected into gas cap ¢ e e Gl resdvary Waction ot N

Gp(a—1) = cumulative £48 pro= COMPARISON of solution-gas drive ond gas-cap drive (with injection) perform-

duction to p,_;, fraction of N ances. Fig. 1

as drive performance with gas injection into gas cap.

(12) (13) (14) (15) (16) a7 (18) a9 (20 21 (22)
B, (1004 012) 4 R,y
— =Ry Nyu_q)X(16) (14H-7)— Ry, 9 u_py+09, .
4By (1D Gpy_1)—Gpg Gypyy= B/B,= B, (24) (1) X (16) (37)(, 4, Estimated ————————— (1—DR,, (16)4(21)
7490 (1) (37),_1,—B7)y D3  DIxO (15—=721 2
0 R o e 1,429.4  508.4 0 0 721
66.2 ITI Ael i 1,318.6  597.6 0 87.8 71 716 716 1,314
129.5 Bprs N 1,220.4  499.4 33.4 98.3 1,830 1,271 1,271 1,770
194.6 ey i 1,124.9  403.9 49.4 111.8 2,750 2,290 2,290 2,694
256.3 aume al el 1,041.0  320.0 52.4 115.6 3,750 3,250 3,250 3,570
3171 Y . 0 - 964.5 2435 47.8 120.2 5,200 4,475 4,475 4,719
375.2 S il roalt 891.6 170.6 37.8 1171 7.380 6,290 3,145 3,316
432.5 222.8 ° 111.4 848.2 127.2 32.7 139.2 9,920 8,650 4,325 4,452
487.7 493.7" 246.9 786.9 65.9 19.0 122.0 12,000 10,960 5,480 5546
5412 734.8 367.4 743.5 22.5 7.0 129.8 13,690 12,845 6,423 6,446
593.1 994.5 497.3 707.8 —13.2 — 4.4 133.1 13,650 13,670 6,835 6,822
(34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44
Rln\-= ]
RintRyga—1) |
= = AG,= ) \
2 I'|
+B33) 34,4034, ;) R, AN= G, = SDI4+GDI=
)4-(33) (35)x(23) 3(36) (16)x(24) (38)4(37) SDI= G,,= GDI= 1.000=
2 L 00=(39) V44D (36) (12)4(41) (42)+-(39)  (40)+(43)
721 . : 0 0 0 00 SR Sera. | GEEen | ftems
710 716 47.8 47.8 39.9 87.7  0.2463 s 66.2 0.7548 1.0011
1,823 1,267 70.3 118.1 61.1 179.2 ' 0.2790 R 129.5 0.7227 1.0017
2,724 2,274 94.4 212.5 66.2 278.7 | 0.3029 g 53 194.6 0.6982 1.0021
3,811 3,268 105.9 318.4 62.8 381.2 0.3258 st g 256.3 0.6724 0.9982
5,169 4,490 114.5 432.9 54.0 ¥86.9 | 0.3477 317.1 0.6513 0.9990
7,454 6,312 222.8 655.7 43.8 699.5 0.3039  111.4 486.6 0.6956 0.9995
9,853 8,654 270.9 926.6 36.7 963.3  0.2945 246.9 679.4 0.7053 0.9998
2,115 10,984 241.6 1,168.2 20.4 1,188.6  0.2802 367.7 855.4 0.7197 0.9999
,575 12,845 258.2 1,426.4 7.4 1,433.8  0.2765 496.5 1,037.7 0.7237 1.0002

3,767 13,671 266.6 1,693.0 — 4.6 1,688.4 0.2752 630.6 1,223.7 0.7248 1.0000



Npw-1) = cumulative oil produc-
tion to p,y—1, fraction of N

Ry = initial solution-gas-oil ratio,
s.c.f./st.-tk. bbl.

Gi(n—-1) = cumulative gas inject-
ed to p,.y, fraction of N

Riv = (Ryu—1y + Rp) = 2 or
average instantaneous gas-oil ratio,
s.c.f./st.-tk. bbl.

N = initial oil in place, st.-tk. bbl.

below pn_s; (2) compute ANy; (3)
solve for Nps (Npa = Npa—1) + AN,);
(4) compute Si; (5) obtain k./k, at
Sis; and (6) solve Equation 3 for
Ry, This should check to within
about 5.0% or less with the esti-
mated Ry, or else the procedure is
repeated for another estimated Ry,
value. As a final check solve Equa-
tion 4.

Ay

(1.0000 — 0.3103) (1.224)

x [
1.498

= 0.20 4 (0.80) (0.6897) (0.817)
S. =020+ 0.45 = 0.65 or 65.0%

From Fig. l of Reference 1, k./k,
= 0.4050.

B — Bo)/Bg m,; By [(1/Bg) — (1/By)] + Gia
SDI + GDI = 1.000 = 4)
Npu [(Bt/Bg) - Rli] + Gpn an [(Bt/Bg = Rnl] + Gpn
Where:

Since it is assumed that the gas-
oil contact does not, move, the oil-
column size remains constant and
thus the total liquid saturation is
given by

SI_n = Sw + (l - S‘l')
X [(1 = an)/BM] Bo (2)

Where:
Spa = total liquid saturation at p,
Sw = interstitial water saturation
(a constant)

Ny, = cumulative oil production
to p,, fraction of N

The instantaneous - gas - oil - ratio
equation is
Rln = Rtn
+ [(ke/Ko) (to/pe) (Bo/Bp)la (3)

(2.597 — 1.498)

SDI = solution-gas-drive index
GDI = gas-cap-drive index

The trial-and-error calculations
are continued until Equation 4 is
satisfied to within 1% accuracy
(SDI + GDI = 0.99 to 1.01). Once
the correct AN, is computed for a
pressure increment p,_; to p,, a
new increment is taken and the cal-
culations are repeated. This pro-
cedure is continued to the abandon-
ment pressure to obtain the varia-
tion of recovery (N;) with pressure
(p) and ultimate oil recovery.

SAMPLE CALCULATION: The
computations at 900 psi. are as fol-
lows:

Assume R;, = 12,000
= (Riw-1) + Rpy) =2

(9920 + 12,000) + 2 = 10,960 Cof

R = 305 + (0.4050)

1.085
X X
0.0138

1.224
0.003300
=305 + (0.4050) (78.62) (370.9)

= 305 + (0.4050) (29,160)
= 305 + 11,810 = 12,115
R,y = (9,853 + 12,115) =2
= 10,984 ~ 10,960
Gpa = Gpia—1) + AN, R,y
= 926.6 + (0.0220) (10,984)

(99)

1 2.597
+ (0.5) (1.498) ( - ) + 246.9 — 0.2883 (— = 721) — 926.6
0.003300 0.001048  0.003300 0.003300

* 2.597

(——————721) + (1.0 — 0.5) (10,960)

0.003300

Where:

R;, = instantaneous-gas-oil ratio 333.0 + (0.749) (651.2) + 246.9 — (0.2883) (65.9) — 926.6

at p,, s.c.f./st.-tk. bbl.
R, = solution-gas-oil ratio at p,,

's.c.f./st.~tk. bbl.

ke/k, = permeability ratio, gas
to oil at Sy,

- Moy Mg = oil and gas viscosities
at p,, cp.

B, = oil formation-volume factor
at pn

PROCEDURE: In Equation 1 all
factors are either known or can be
determined independently except
Ry, in R,, and AN,. The recom-
mended procedure is: (1) estimate
Ry, at a pressure p,, about 200 psi.

65.9 + 5,480

333.0 + 487.7 + 246.9 — 19.0 — 926.6

N,. = 0.2883 + 0.0220
= 03103 -
Si = 0.20 + (1.00 — 0.20)

5,546

= 926.6 + 241.6 = 1,168.2 (.’

G = Gyo—1y + 1 AG,
= 246.9 + (0.5) (241.6)
= 246.9 + 120.8 = 367.7 (.’

§ oP. 8

(L. (34

LA/



SDI + GDI = 1.0000 =

(2.597 — 1.498) — 0.003300

2.597
(0.3103) (———— — 721) + 1,168.2
0.003300
1 1
(0.5) (1.498) ( = ) + 367.7
0.001048 0.003300
-
2.597
(0.3103) (——— — 721) + 1,168.2
0.003300
333.0 487.7 + 367.7
B (0.3103) (65.9) + 1,168.2 (0.3103) (65.9) + 1,168.2
333.0 855.4 o
= 0.2802 + 0.7197 = 0.9999 [/
1,188.6 1,188.6

DISCUSSION: The Schilthuis
material - balance approach used
earlier’ to solve depletion-drive per-
formance can be readily generalized
to cover gas-drive reservoirs initial-
ly overlain by gas caps, provided
the downdip gravity drainage of the
oil does not play a significant role
in the production mechanism.! 28 4

This assumes that the gas-oil con-
tact will not move into the oil zone
but rather that the gas expansion
from the gas cap will merely be dif-
fused through the oil column. Al-
though in practice some degree of
gravity drainage will be present, ex-
cept when there is oil migration into
the_gas cap due to excessive deple-
tion of the gas<ap gas, this prob-
lem considers: only the case where
the effect of the gas cap as a sim-
ple gas reservoir is evaluated.® This
is believed to closely assimilate
many gas-cap drives, particularly
those with low formation permea-
bility (less than 25 md. absolute
permeability).

Equation 1 is a modified version
of the Schilthuis material-balance
equation. Equations 2 and 3 are
the liquid-saturation and instanta-
neous-gas-oil-ratio equations. Equa-
tion 4 is the material-balance equa-
tion expressed as the solution-gas-
drive and gas-cap-drive indexes.

In Equations 1 and 4 it is as-
sumed that no gas is produced from
the gas cap (these equations could
be easily modified to take this into
account) but that the gas-cap gas
diffuses into the oil column and is

eventually produced in the oil wells.
Such a procedure further assumes
that the gas-oil contact remains
fixed and, thus, the oil column does
not shrink and has a constant pore
volume. The calculation procedure
used in these problems is similar to
that recommended by Tracy.®

Table 1 shows the basic data and
computations for this problem. The
first cight columns contain basic
data. Columns 8 through 23 are a
solution of Equation 1, while col-
umns 24 through 28 are a solution
of Equation 2. Columns 29 through
34 are a solution of Equation 3
and columns 35 through 44 are a
solution of Equation 4.

It is well to note that two checks
are used in these calculation pro-
cedures. In column 19 the instan-
taneous-gas-oil ratio at the end of
the pressure increment is estimated
and subsequently computed in col-
umn 34, The estimated and com-
puted values should agree within
about 5.0%. The subsequent cal-
culation of Equation 4 serves as an
additional and more accurate check.,
The sum of the solution-gas-drive
and gas-cap-drive indexes should be
within =1% or less of 1.000.

In Table 1, columns 13, 14, and
41 take into consideration the re-
injection of gas into the gas cap. No
values are shown in these columns
until the pressure falls below 1,500
psia. since injection was initiated
at this pressure. Columns 20 and
21 remain identical from initial res-
ervoir pressure to 1,500 psia. for

the same reason.

The same data were used in this
problem as were used to solve a
solution-gas-drive problem earlier.
In addition, however, a gas cap was
assumed one-half the size of the ini-
tial oil column and injection of one-
half of the produced gas was as-
sumed to take place starting at
1,500 psia. Fig. 1 shows a com-
parison of the performance reported
for the solution-gas drive and that
obtained in this problem. The pres-
ence of a gas cap and the injection
of gas resulted in more than a 50%
increase in recovery over that of a
solution gas drive. Also, the peak
gas-oil ratios were much higher for
the former. The more rapid initial
decline in reservoir pressure caused
higher initial gas-oil ratios in the
solution-gas-drive case than in the
gas-cap-drive case. It can be seen
in Fig. 1 that the initiation of gas
injection caused a decrease in the
rate of decline of cumulative recov-
ery with reservoir pressure.

Calculations similar to those pre-
sented in this problem can be per-
formed for gas injection at other

“points in the history of a reservoir

or using larger or smaller fractions
of gas injection. Such computations
can be made and compared with
each other to select the most ad-
vantageous operating procedure.
Usually such studies also include a
thorough consideration of econom-
ics.

Proper exploitation of a reservoir
with an initial gas cap requires that
the pressure in the gas cap always
remain higher than that in the oil
column. Otherwise migration of oil
into the gas cap will occur and the
ultimate oil recovery could be less
under such conditions than that by
solution-gas drive.
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Part 45

How to find cumulative water

influx by material balance

... by using production, fluid property,

and related data

GIVEN: Production and pressure
histories for a limestone reservoir
are given in the first five columns
of Table 1. Columns 6, 7, and 8
give fluid-property data for this
pool. Other data are:

Initial reservoir pressure, p, =
3,640 psia.

Initial oil in place, N = 39.5 x
10® st.-tk. bbl.

Ratio of initial reservoir free-gas
volume to initial reservoir oil vol-
ume, m; = 0.644.

Reservoir temperature, T, =
211° F.

Initial oil formation volume fac-
tor, B, = 1.464.

FIND: Water - influx history of
this pool.

METHOD OF SOLUTION: This
problem involves a pool that has an
initial gas cap and water drive. It
can be solved with the generalized
material-balance equation, which is
commonly expressed as!

N {B: — By + mBy; [(Bg/Bgy) — 11}
= Np [Bt + Bg (Rp - Rul)]

or solving for W,
W, = Nv [B: + Bs (R, — Ry)]
+ wp — N {Bl - Bo! + ijni
X [(Be/Bgy — 11} (2)

Where:
R,; = initial solution gas-oil ratio,
s.c.f. per st.-tk. bbl.

B, = initial oil formation volume

factor.

B, = initial gas formation vol-
ume .factor, reservoir bbl. per s.c.f.

We, Ny, By, B, Ry, Wy, N, and B,
are standard AIME symbols.?

STB = stock tank barrels.

SCF = standard cubic feet

SAMPLE CALCULATION:
Solving for the cumulative water in-
flux for 1956 using Equation 2 gives

W, = 1,210,700
x[1.476+(0.000918) (4,688 —888)]
+ 261,260 — 39.5 x 10°
X [1.476 — 1.464 + (0.644) (1.464)
X (0.000918/0.000892) — 1]

— 1,556,300
= 4,714,875 or 4,715,000 bbl.

DISCUSSION: Performance of
an oil reservoir i$ controlled by the
producing mechanism which de-
pends on the nature of the enecrgy
available for oil expulsion and the
manner in which this energy is used.
One of the major types of reservoir
energy is the energy of compres-
sion of contiguous waters in mobile
communication with the oil column.

Within the oil column, energy of
compression of oil and water is of
minor importance. An exception
to this is found during the early
phases of production from reservoirs
containing highly undersaturated
crudes and before water encroach-
ment develops enough to be effec-
tive in decreasing the rate of pres-
sure decline.

A reservoir is controlled by water
drive if a large part of the volu-
metric withdrawals are replaced by
entry of water into the oil column.
Water intrusion may be predomi-
nantly lateral (along the bedding
plane), as an edge-water encroach-
ment, or water may invade the oil
zone as a bottom-water drive. In
such reseryoirs, rate of pressure de-
cline may be higher at first than
later when a pressure differential is
established between the oil zone and
aquifer that induces water intru-
sion sufficient to replace a large
portion of the fluid withdrawals,?

The ratio of fiuid-withdrawal rate
to inflow capacity of the aquifer
affects the quantitative aspects of
this behavior. Furthermore, pres-
sures will rise if the field is shut in.

Under an effective water drive,

- (W, — Wp) (1) = 6,009,915 + 261,260 producing gas-oil ratios will not

Table 1-basic data and calculations for

(1) 2) 3) (4) (&) (6) ) (8) 9) (10) (11)

! Bex10? R;
) res. R., s.cf./STB R,—R,,

Date P, psia. N,, STB Gy, M.cf. W;, bbl, bbl./s.cf. s.cf./STB B (4)=(3) (9)—888 Bex(10)

1952 3,640 0 0 0 0.892 888 1.464 . . .

1953 3,625 65,850 491,200 0 0.895 284 1.466 7,459 6,571 5.881

1954 3,610 364,700 2,311,450 990 0.899 880 1.468 6,338 5,450 4.900

1955 3,585 791,810 4,115,260 83,110 0.905 874 1.469 5,197 4,309 3.900

1956 3,530 1,210,700 5,675,800 261,260 0918 860 1.476 4,688 3,800 3.488

1957 3,460 1,541,670 7,004,920 412,175 0.936 846 1.482 4,544 3,656 3.422

1958 3,385 2,080,400 8,405,270 601,360 0.957 825 1.491 4,040 3,152 3.016

1959 3,300 2,575,710 9,706,110 924,675 0.982 804 1.501 3,768 2,880 2.828

1960 3,200 3,401,420 11,615,300 1,375,705 1.014 779 1.519 3,415 2,527 2.562
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< Pressure, psia.

capacities of the producing  37%

wells will remain substantial-

ly constant, or decline slowly.

Such conditions retard the
growth of the free-gas phase
in the oil zone.?

It is characteristic for res-

3,600

Pressure
|

crvoir pressures to be higher
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near the region of water en-
croachment and to fall off

toward the interior of the
pool if the reservoir is uni-
formly produced.?

When the initial oil and

3,400
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k 3,300
free gas in place are known,

application of Equation 2 in
future reservoir-performance

Cumulative water influx

T
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predictions requires knowl- 3200

edge of future oil and water
production rates, and pro-

ducing gas-oil ratios in addi- 5,49
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tion to the behavior of the
fluid properties. Its use re-
quires the assumption of fu-

14__

— Cumulative oil production— 1

X\

Cumulative oil production, millions of bbl.

Cumulative water influx, millions of bbl.

T
L

ture producing gas-oil and .

water - oil ratios. However,
when sufficient past produc-
tion - performance data are
available, this equation affords a
direct means for determining
the magnitude of water encroach-
ment. It is also a valuable aid in
establishing the production mech-
anism.®

These applications are demon-
strated with this problem. Table 1
gives the basic data and calcula-
tions for water influx using Equa-
tion 2. In this case the initial oil
and free gas in place are known
along with 9 years of pressure and
performance data. In addition, the
variation of fluid properties with
pressure is also known. Thus all the
factors in Equation 2 are known
except the cumulative water influx.
Under such conditions the solution
of Equation 2 is readily performed
and does not require any trial-and-

*/‘

1952

1954 1955 1956

Time

1953

error calculations. In Table | the
solution of Equation 2 has been
performed in columns 8 through 21.

Fig. 1 shows pressure, cumula-
tive water influx, and cumulative
oil production plotted versus time.
These graphs show that pressure de-
clined at a lower rate in the early
years compared with the later years
of production. Rate of oil produc-
tion was fairly constant throughout
the entire history. Conversely, the
rate of water influx was greater in
the first 3 years of production than
later.

It appears that the reverse should
have been the case to be in accord
with the pressure behavior. It is
possible that the aquifer in contact
with this reservoir is also in con-
tact with other pools, the produc-

rater-influx history of limestone reservoir

0
1957 1958 1959 1960

PERFORMANCE HISTORY of a limestone reservoir with water drive. Fig. 1.

tion from which has had an effect
on pressure behavior. If such were
the case, the pressures used are low
and cumulative water-influx deter-
minations are in -error.

Irrespective of this, the perform-
ance data and water-influx calcula-
tions show a strong water-drive con-
dition. Reservoir pressure dropped
only 440 psi. in 9 years of produc-
tion in which 3,400,000 st -tk. bbl
of oil were produced.
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(12) (13) (14) (15) (16) (17 (18) (19) (20) (21)
Nx(19)

N, x(12) W,+(13), (Bas) (my) (16) 39.5x10* W,
(11) (3)x(12) (5)+(13) Be/Bei (By/Byi)—1.000 (1.464) (0.644) B.—B., x(19) (14)—(20),

)+(11) STB bbl. (6)/0.892 (15)—1.000 % (16) (8)—1.464  (18)4+(17) bbl. bbl.
i I et 1.0000 . .... ... R
7,347 483,800 - 483,800 1.0034 0.0034 0.0032 0.002 0.0052 205,400 278,400
6.368 2,322,410 2,323,400 1.0078 0.0078 0.0074 0.004 0.0114 450,300 1,873,100
5.369 4,251,228 4,334,338 1.0146 0.0146 0.0138 0.005 0.0188 742,600 3,591,73¢
4.964 6,009,915 6,271,175 1.0291 0.0291 0.0274 0.012 0.0394 1,556,300 4,714,875
4.904 7,560,350 7,972,525 1.0493 0.0493 0.0465 0.018 0.0645 2,547,750 5,424,775
4.507 9,376,363 9,977,723 1.0729 0.0729 0.0687 0.027 0.0957 3,780,150 6,197,573
4.329 11,150,249 12,074,924 1.1009 0.1009 0.0951 4.037 0.1321 5,217,950 6,856,974
4.081 13,881,195 15,256,900 1.1368 0.1368 0.1290 0.055 0.1840 7,268,000 7,988,900
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Part 46

How to predict time required for reservoir

pressure to reach bubble point at a well

GIVEN: A well is located in an
oil field producing by liquid and
rock expansion. Well has been pro-
ducing through 6-in. casing at a
ratc of 190 bbl. per day since . its
discovery. Initial reservoir pressure
was 3,100 psi. and can be consid-
ered fixed at the outer limits of the
radius of drainage. Other physical
properties of the reservoir were
found to be as follows:

pP» = initial sand face flowing
pressure = 1,500 psi.

Mo = viscosity of oil at average
reservoir conditions above bubble-
point pressure = 1.8 cp.

p» = bubble - point pressure =
1,450 psia.

B, = oil-formation volume fac-
tor at p, = 1.321.

po = specific gravity of oil =
0.85.

ce = effective compressibility of
oil, water and rock for average res-
ervoir conditions above bubble-
point pressure = 1.1 X 10—* vol./
vol./psi.

h = net sand thickness = 29 ft.

¢ = porosity, fraction = 0.26.

ks = permeability = 10.4 md.

r. = estimated radius of drain-
age = 800 ft.

FIND:

1. Whether the system can be
considered steady-state or unsteady-
state.

2. Time from discovery when
reservoir pressure will fall to the
bubble point if present rate of pro-
duction is maintained constant.

METHOD OF SOLUTION: The
following equations provided by
Muskat,! Chatas,?, and Van Ever-
dingen and Hurst® are used to solve
this problem:

Va/ Vi

1.173 X 10® g, 1y In (re/ry)
= (N
ko (pe e pw) ‘ P.ce

Solutions of Equations 1 and 2
A (1.173 x 10%) (1.8) (0.25). In (800/0.25)

\73 - (10.4) (3,100 — 1,500) ¥ (1.1 x 10™) (0.85)

4.256 x 10
_1.6_’0_5.}?.__
(158.1) (0.26) (1.1 X 107%) (800).2 (1.8) 5,207.4

= 2,645,000

t|=

(4) (10.4)

= 125 days
41.6

b Ce Te? o
t.= 158,] —4m8 — (2)

887.4 o Boy Q, Pr
Pi— P = (3)
2wk, h

T 2
- @ PoCe T @

k, 6.33 X 103

Where: po, o, Pvs Bov, Co, h, &,
ko, Pw, and r, were defined with the
data and

v, = speed of propagation of dis-
turbance.

v¢ = maximum speed of fluid
movement.

I = radius of well, ft.

p. = pressure at radius of drain-
age, psi.

t, = time required for readjust-
ment after pressure disturbance,
days.

p: = initial reservoir pressure, psi.

Q, = rate of oil production, bbl.
per day.

Py = dimensionless pressure-
change term.

t = time, days.

T = dimensionless time.

SOLUTIONS:

Solutions of Equations 1 and 2
(see box) are used to tell if the sys-
tem is steady-state or unsteady-state.

For steady-state flow the ratio given-
by Equation 1 must be large (greater
than 10,000) and the time for re-
adjustment obtained with Equation
2 must be small (less than 10 days).

Although the ratio v,/v; is large,
the time for readjustment is also
large and consequently the system
is unsteady-state.

Using Equation 3:

3,100 — 1,450
(887.4) (1.8) (1.321) (190) Py

(2) (3.14) (10.4) (29)

400,900 Py
1,650 =

1,894
Pr = 7.795

In this problem thé pressure is
constant at the external boundary
and:

800
T Ty = = 3,200 or
0.25
about 3,000

From Table 5 of Reference 2 or
Table 4 of Reference 3:

T = 2,807,700
Solving Equation 4:



(2,807,700) (0.26) (1.8) (1.1 x 107) (0.25)2

(10.4) (6.33 x 10-3)

9,033.8

= —— = 137 days

65.83

DISCUSSION: Flow of fluids
through porous media is inherently
of a time-varying nature. Frequently
the degree of time-variance is insig-
nificant and may be considered as
independent of time. Systems in
which the flow of fluids is independ-
ent of time are considered as steady-
state while systems in which the
fluid flow is dependent on time are
nonsteady-state.

Ability to differentiate between
these two extremes of fluid flow,
where time variations are negligible
and where time variations are pre-
dominant, is essential in reservoir
engineering work.! Two principles
can assist in determining whether a
system is steady-state or nonsteady-
state. Equations 1 and 2 are forms
of these principles.

Equation 1 involves the ratio of
the speed of propagation of dis-
turbances in a porous media to the
maximum speed of fluid movement.
This ratio is a measure of time, rela-
tive to fluid movement, required
for pressure variations at the bound-
aries of a system to be transmitted
to internal points.? For steady-state
conditions the ability for a disturb-
ance to be transmitted through a
porous media must be great com-
pared to the ability of the porous
media to transmit fluids. In steady-
state flow the mass at-any point in
the porous media remains constaat
with time. Thus rapid propagation
of a disturbance, relative to fluid
movement, assists in maintaining
the mass constant at all points. Such
conditions are approached in the
single-phase flow of slightly com-
pressible fluids.

While the ratio given by Equa-
tion 1 assists in defining the type
of flow, it is necessary rather than
a sufficient condition for the exist-
ence of steady-state.? A better cri-
terion is the ratio of the rate of
change in the fluid-mass content of
a porous media caused by pressure
variations at its boundaries to the
steady-state mass flowability of the
same media.! * A simplified version
of this ratio is given by Equation
2 where t, is obtained from Equa-

tion 4 in Reference 2 and represents
change in mass divided by mass rate
of flow.

Thus a measure is obtained of
the time required for the readjust-
ment of the internal-pressure distri-
bution in a reservoir to a steady-state
distribution when pressure variations
occur at the boundaries. The ratio
determines the extent that a system
deviates from strictly steady - state
conditions.

By considering the ratio simply
as the change in fluid-mass content
to the steady-state mass flow, the
type of readjustment given by Equa-
tion 2 is obtained. Equation 2 shows
the significant physical properties
that determine the extent of non-
steady - state behavior in porous-
media systems. When a pressure
change occurs at a boundary of a
porous-media system, the time re-
quired for the system to achieve a
steady-state internal-pressure distri-
bution is directly proportional to
the volume of contained fluid and
to the fluid compressibility, and in-
versely proportional to the mobility.
A system is steady-state when the
time of readjustment given by Equa-
tion 2 is small (less than 10 days).
Thus steady-state conditions are ap-
proached in small reservoirs con-
taining fluids of low compressibility
and high mobility. Such conditions
are approached in pattern water-
flooding operations after fillup has
occurred.

In this problem a large ratio of
the speed of propagation of the dis-
turbances to the speed of sound in
the fluid was obtained with Equa-
tion 1 indicating possible steady-
state conditions. However, the time
necessary for readjustment to steady-
state conditions computed with
Equation 2 was also large, indicat-
ing nonsteady-state behavior. Since
the latter is a more comprehensive
and stringent condition, the system
must be considered as unsteady-
state.

Van Everdingen and Hurst® have
solved the diffusivity equation for
linear and radial systems of infinite
and finite extent. Their finite bound-

ary systems include solutions for a
closed exterior boundary and solu-
tions for fixed constant pressure at
the exterior boundary. The mathe-
matical developments and final so-
lutions are given in References 2
and 3. These solutions can be used
to predict pressure behavior from
assumed or known rates of flow and
cumulative fluid influx from as-
sumed or known pressure histories.
Assumptions involved in the devel-
opment of these equations include:
(1) the effects of gravity on the fluid
flow is negligible; (2) flow through
porous media is macroscopically lam-
inar and governed by Darcy’s law;
(3) the systems are ideally radial or
linear; and (4) a single-phase, slight-
ly compressible fluid exists between
the boundary surfaces of the sys-
tem. An additional limitation of
these equations is that values for
the pressure change and fluid influx
terms are available only for a few
specified boundary conditions. In
spite of the rigid assumptions and
limitations of these solutions many
reservoir systems have been encoun-
tered to which this method can be
applied.

Equation 3 defines the drop in
reservoir pressure resulting with
time while production is kept con-
stant. The dimensionless pressure
term, Py, is defined by Equations
19, 20, 21, or 22 in Reference 2.
These complex equations have been
solved for various ratios of exterior
to interior radii.? 3

Results are reported with the
pressure - change term, Pr, versus
dimensionless time. Thus in this
problem the pressure-change term is
computed with Equation 3, which,
in turn, gives the corresponding
dimensionless time, T.

Equation 4 relates dimensionless
time and actual time. Since the other
factors are known, Equation 4 can
be solved for the time necessary
for the pressure to decrease from
initial conditions to bubble - point
conditions.
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Part 47

How to predict future pressure of
a water-drive reservoir

. . . from known production-rate history

GIVEN: A reservoir system is
comprised of an oil field located in
an aquifer. This field has produced
oil for the past 2 years under a
complete water drive. The produc-
tion-rate history is as follows:

Qil-production

Time, days rate, st.-tk. bbl.
O e SR 9,800
| 19,900
181 ... 30,100
b . R G 39,700
Y, e 50,050
455 . 40,200
SAE caccaspreiiiiEa 59,500
L T 69,800
30 .. 80,400

Other data for this reservoir sys-
tem are:

Initial reservoir pressure, p; =
4,100 psia.

Current reservoir pressure, p =
3,475 psia.

Absolute permeability, k = 210
md.

Area of oil poo,, A, = 2,100
acres.

Area of aquifer, Ay, = 4,900 sq.
miles.

Net sand thickness, h = 86 ft.

Porosity, ¢ = 21.9%.

Compressibility of water at aver-
age reservoir conditions (assumed
constant), ¢y = 5.0 X 10-° vol./
vol./psi.

Qil formation-volume factor at
average reservoir conditions (as-
sumed constant), B, = 1.16.

Viscosity of water at average res-
ervoir conditions (assumed con-
stant), p. = 0.32 cp.

FIND: Reservoir pressure 10
years hence if the oil-production rate
is maintained constant at 80,400
st.-tk. bbl./day.

METHOD OF SOLUTION: Un-
steady-state equations have been
derived! 2 to define the pressure
change at the interior boundary of

: -
Table 1—Computation of 3 @, — Qy_1)) Pry_z_1)
) 1=

linear or radial systems with infi-
nite exterior boundary, finite closed
exterior boundary, and finite ex-
terior boundary with constant pres-
sure. Thus it is necessary to deter-
mine the nature of a reservoir’s
boundary to select the proper so-
Iution. A reservoir system may be
considered infinite if the ratio of
the aquifer pore volume to the pool
pore volume is on the order of
1,000 or greater.!

In this problem

Aquifer pore vol. Azhd
Pool pore vol. Ahd
640 x 4,900
= —— = 1,493
2,100

Hence the system is infinite, radial
in nature, and is approximated by
the equation’

03) %)

m @ (5) Qavg.  Qu—Quy_1 (8) (9)
Actual T (4) Q,  stetk.bbl/day stotk.bbl/  Pu oy (Qy—Quy_1))
time, 1, =030t (3 T,—Ty_ ;= Stk bbl/ [(5),_y, + (5] day Table 1 S 3
doys =0.130x() j 569.40—T, ,  day 53 6);—(6)y_yy  Ref. 1 7)x(®

0 0 0 —_— 9,800 0 0 e m—
90 11.70 1 569.40 19,900 14,850 14,850 3.5811 53,179

181 23.53 2 557.70 30,100 25,000 10,150 3.5710 36,246

273 35.49 3 545.87 39,700 34,900 9,900 3.5603 35,247

365 - 47.45 4 533.91 50,050 44,875 9,975 3.5489 35,400

455 59.15 5 521.95 40,200 45,125 250 3.5374 884

546 70.98 6 510.25 59,500 *50,600 5,475 3.5262 19,306

638 82.94 7 498.42 69,800 64,650 14,050 3.5147 49,382

730 94.90 8 486.46 80,400 75,100 10,450 3.5022 36,598
4,380 569.40 9 474.50 80,400 80,400 5,300 3.4897 18,495

y=
2 Qg — Qpy_yy) Prap_1)) = 284,737
1=1

*Raised from 49,850 to 50,600 to moke areas 6 in Fig. 1 equal.



» Oll preduction rate, st. tk. bl 2
80,000
e Application
of superposition
’ theorem to oil-
‘°‘°°°H production history
H Fig. 1
20,000 _:_E'l
#
ol
887.4 u,B, p = reservoir pressure of interest,  Thus
Ph—p= = psia. (887.4) (0.32) (1.16)
2 7 kh Py = dimensionless pressure 4.100-p =

[Qo1 P + Qo2 Pro—mi — Quy Prpy—my
|- 003 PTn—T2 - Oo?PTn—T2 +.o..4
Qo{n—l] PTu—Ttn—-2] -

Oo[n—2) PTn—T(n—zj] (1)

887.4 B,
ph—p= X
2w kh

[Qul PTn + (002 - Qui) PTn_Tl +
(003 e 002) PTn—T2 + ...+

.(Qorn—n = Qon—-2)) X
Pro—min—2] (2)
887.4 u.B,
p—p=————X
27 kh

I=tn-1}

3 1(Qu=Quy-1) Pra—rg-n] (3)

Py is a dimensionless pressure
change term that is a function of
dimensionless time. Dimensionless
time is related to actual time by the
relation '

6.33 X 103 kt
T = (4)
O plw Cw T2

Where:
AQq = increment of oil-produc-
tion rate, st.-tk. bbl./day.

change function defined by Equa-
tions 13, 14, or 15 of Reference 1.

T = dimensionless time.

t = actual time, days.

I = radius of interior boundary
(represented by radius of oil pool
in this application).

SOLUTION: To solve the prob-
lem it is necessary to convert actual
time to dimensionless time, using
Equation 4,

(6.33 X 10-3) (210) t

-(2) (3.14) (210) (86)
X (284,737)
(329.403) (284,737)

(6.28) (18,060)

= 4,100 — 827 = 3,273 psia.

DISCUSSION: The most exact

form of Equation 3 is given as
Equation 23 in Reference 1. This
equation gives the cumulative pres-
sure drop at the interior boundary
if, starting at zero time, the aver-
age rate of production over an in-
terval of time has some constant

i (0.219) (0.32) (5.0 x 10-%) (5,400)*
1,329,300 t
B (0.3504) (29,160,000)
=0.130 t
Where: o
Iv=Y A/m

=\ (2,100) (43,560)/(3.14)
=\ 29,132,500
= 5,400 ft.

Table 1 shows the computation pro-

cedure for the evaluation of

j==
lgl (QOJ - Qﬂ(!—ll) (PTn—TU—z})
in Equation 3.

value Q. The fluid and rock prop-
erties are assumed to remain con-
stant throughout the time of flow.
The equation applies to the un-
steady-state flow of a single slightly
compressible fluid. In actual prac-
tice the rate of production rarely
remains constant but varies with
time. If the production rates vary
and their values at discrete time in-
stants T, T3, T2 ..., T, are known,
then the cumulative pressure drop
at the interior boundary of this sys-
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tem over the total period of interest
is given by Equation 3. Equation 3
represents a linear combination of
solutions or step functions. It in-
volves a constant term and a group
of functions derived from the diffu-
sivity equation.! ? Since the diffu-
sivity equation is a linear homo-
geneous differential equation then
the sum of any number of solutions
each multiplied by a constant is
also a solution.®* This represents
an application of the superposition
theorem.® 4

It can be noted in Fig. 1 that the
variation of oil production rates has
been represented by nine constant
rates, each applicable over a cer-
tain time interval. Theoretically, the
shorter the time interval selected,
the better should be the accuracy;
however, consideration of other fac-
tors involved may not warrant
smaller time intervals than those
chosen in this problem.

In this problem oil produced in
the vicinity of the well bore is re-
placed by oil flowing toward the
well bore ‘which in turn is replaced

by edge-water encroachment across
the oil-water contact. Since Equa-
tion 3 applies to the unsteady-state
flow of a single slightly compressi-
ble fluid, it must be assumed that
the compressibility of the oil is
equivalent to the compressibility of
the water. This, of course, is not
true and some error is introduced.
This is further complicated by the
fact that the rock also expands as
pressure declines. Addition of the
rock expansibility factor to that of
the slightly compressible fluid under
study tends to take rock expansion
into consideration. In spite of the
assumptions involved and approxi-
mations made, useful results are ob-
tained.

In solving Equation 3 it is nec-
essary to convert actual time to di-
mensionless time which, in turn, is
used to obtain the dimensionless
pressure change functions from Ref-
erence 1. Equation 3 is a simpli-
fied form of Equation 2. Equation
2 essentially states that rate one is
in effect from time zero to time one;
rate two is in effect from time one

to time two; rate three is in effect
from time two to time three, etc.
Another way of obtaining the same
answer is to assurne thtat rate one
is in effect from time zero on; the
difference between rate two and
rate one is in effect from time one
on; the difference between rate three.
and rate two is in effect from time
two on, etc. This latter type of
solution was used in this problem,
as is shown in Table 1.
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Part 48

How to determine cumulative water influx

by the unsteady-state method

GIVEN: An oil pool is sur-
rounded by an aquifer and has
produced oil for 3 years under
combined gas-cap expansion and
water drives. The pressure history
of this pool is as follows:

: Avg. reservoir
Date

pressure, psia.
July 1, 1957 osovaiinia 6,000
Jan. 1, 1958 .......... ... 5960
July 1, 1958 5,900
Jan, 1, 5,805
July 1, 5,620
Jan, 1, 5,510
July 1, 5,390

Other properties of this reservoir
are:

Area, A = 7,000 acres

Area of aquifer, A’ = 1,000 sq.
miles

Net sand thickness, h = 24 ft.

0Oil formation - volume factor at
avg. reservoir conditions (assumed
constant), B, = 1.25

Water compressibility factor at
average reservoir conditions (as-
sumed constant), ¢, = 4.1 X 10—
bbl./bbl./psi.

Viscosity of water at average res-
.ervoir conditions (assumed constant),
pw = 0.25 cp.

Absolute permeability, k = 255
md.

Porosity, 8 = 23.0%

Rock compressibility factor, c,
=-3.5 X 10~° pore volume per unit
pore volume per psi.!

FIND: Cumulative water influ-)-c to
January 1, 1960.

Method of solution: To select the

* appropriate equation for the solution

of this problem it is necessary to
establish whether the reservoir sys-
tem is finite or infinite. A reservoir
system may be considered infinite if
the ratio of the aquifer pore volume

to the oil-pool pore volume is on the
order of 1,000 or greater.? For this
problem

]

aquifer pore vol. 640 A’ ¢ h
oil pool pore vol. N Adh
(640) (1,100)
= = 101
7,000

-

where 640 represents acres per
square mile. Thus the reservoir sys-
tem is finite in extent.

Geologic evidence further indi-
cates that the aquifer is surrounded
by an impermeable shale. Hurst and
Van Everdingen® developed an
equation for the determination of
cumulative water influx using the
diffusivity and Darcy equations:

W, = 2w coreth ApQr (1)



Table 1—Computation of 2 [Pu-1 = PJ Qra_ra-1)]

neglecting rock compressibility
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m (2) (3) (4) (5) (6) 7 (8) 9
Dimension- Avg. Ap,
less Qpp—mii—1) Ap psi.
time, t, pressure, Time, T From Table 3 psi. (D)4 D)y 1) APQrg_m(1—1)
Date days p, psia. = 0.0705t T —T, 4 Ref. 2 (3), — (3, _, -+ (8) X (6)
7/1/57 0 6,000
1/1/58 182 5,960 12.8 77.2 30.98 40 20.0 619.60
7/1/58 365 5,900 25.7 64.4 27.86 60 50.0 1,393.00
1/1/59 547 5,805 38.6 51.5 2418 95 77.5 1,873.95
7/1/59 730 5,620 51.5 38.6 19.87 185 140.0 2,781.80
1/1/60 912 5,510 64.3 25.7 14.82 110 147.5 2,185.95
7/1/60 1,095 5,390 77.2 12.8 8.98 120 115.0 1,032.70 M
1=s L
l:“: (P—1y — P Qra—rii—1) = 9,887.00 5
LS
20 IR
;’1 The B ‘B) ‘ oD
= {5
Table 2—Computation of %[Pw-1n —P)@r-ra-nl  considering rock compressibility ~ ~
m S @ ) (4) (5) (6) (7) (8) (9 2
Dimension- ' Avg. Ap,
less Qpn—mi1—1) Ap psi.
time, 1, pressure, Time, T From Table 3 psi. (7417 1) APQry_1(1—1)
Date days p.psia. =0.0380¢t T, —T,_, Ref. 2 (3), — 3, _, - _ (8) x (6)
7/1/57 0 6,000 . \ len s
1/1/58 182 5,960 6.9 L6~ 20.93 40 20.0 418.60
7/1/58 365 5,900 13.9 T 347 18.42 ° 60 50.0 921.00
1/1/59 547 5,805 20.8 - v 277 15.66 25 77.5 1,213.65
7/1/59 730 5,620 27.7 20.8 12.68 185 140.0 1,775.20
1/1/60 912 5,510 34.7 13.9 92.91 110 147.5 1,461.73
7/1/60 - 1,095 5,390 41.6 6.9 6.28 120 115.0 722.20
oA ! 01 1o
(o€ /! E; (P—1) — PP Qra—mii—1) = 6,512.38 g
1 > il A 'y ) 1l (3% ¢,
T § _’_\,‘(I:: i ! /"".‘ ' -.6/
ST ]u_-}___-';- , __..,5. & }, . 253
T.h's tauatiom 13 applicableiaver an W, = 15516 pce Ah = (p_1,—p)  of Reference 1 for infinite and finite
dimensionless time T for the con- 1= reservoir systems. Values given by
stant pressure drop Ap. In practice Qru-Ti1-1) (4)  these equations have been com-
tl??.?‘_-essl_"c. drop varies with Time, puted® ® for essentially all ranges of
S}ﬂCQ {_Lhc,dzﬂuswny_ cquation is. Where 7 r* = dimensionless time and exterior
linear* the superposition theorcm radii of drainage encountered in
can. be applied to Equation 1 and W, = cumulative water influx,  practice. These values arc available
the actual pressure history simulated bbl. : in graphical and tabular forms.??
with a series of constant pressure c. = water compressibility at
drops as shown in Fig. 1. average reservoir conditions (as- SOLUTION: To obtain Qr values
T ' sumed constant), bbl./bbl./psi. from Reference 2 it is necessary to
W, = 27} culw’ h{(po — P1) Qma + p = pressure, psi. define t.he r:?tio of t'hc exterior radius
(p1 — P2) Qra—m1 + (P2 — P3) ~ Qq = total volume of fluid pass- 1o the interior radius (r./ry) and to
Qrazz + « - - + (Pa—t) — Pa) ing a unit thickness ‘?‘ the interior co‘nvgrt actual time, t, to dimension-
Q @) boundary of a reservoir system over less time, T.
Fo Ry a period of time t and caused by a
_ < unit pressure drop at this boundary [ /r = \/TA7/7)/(A 7)) = /(A7A)
W, = 27 curo?h 2 (Piay — P n = time point at which cumula- = \/(640)(1,100) /7,000 _—
T om tive water influx is desired e 0 ' i,
Qro—T(1=1) (3) i = computation step points - \/61.2315 - 1]0_3 Kt
or using units of barrel, psi., acres The Qy functions are defined by P .
Equations 25, 26, 27, 28, and 29 O phw Cow Tu” (5)

and feet.
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APPLICATION OF SUPERPOSITION THEOREM to pressure history. Fig. 1.

Where:

T = dimensionless time

t = actual time, days

I = radius of interior boundary
(represented by radius of oil pool in
this application)

=V A/m

=/ (7,000) (43,560) = 3.14
= 9,855 ft.

(6.33) (10-%) (255) t

T =
(0.23)(0.25) (4.1 x 10—9)(9,855)*
=0.07051t

Table 1 shows the computation of

i=n
lil(pu_l, =pJ Qpa-Ti-1y

for Equation 4. Thus
W. = (15,516)(0.23) (4.1 X 10~9)
X (7,000) (24) (9,887.00)
= (3,568.68) (0.0287) (237,288)
= 24,303,000 bbl, not taking
rock expansion into consideration.
Since water is slightly compressible

(the compressibility of rock will be
significant by comparison) it is good
practice to consider rock compres-
sibility in developing the effective
systemn compressibility (or expan-
sibility) factor, c,. This is done by
adding the water and rock compres-
sibility factors.

Ce = Cw + € (6)
Where:
¢, = rock compressibility factor
pore vol./unit pore vol./psi.
ce=41x10"%+3.5x 10—

= 7.6 x 10-9
Thus
(6.33%x10-3)(255) t
T =
(0.23)(0.25)(7.6 X [0-%)(9,855)*

= 0.0380t

lable 2 shows the computation of

le=n
2 (pii=1) = PV Qra—11i—1)
=1

for Equation 4 when rock com-
pressibility is included. Thus

Wn'rmrr.l = (15,5 16) (0.23)
X 7.6x10-%) (7,000)
X (24) (6,512.38)
= 29.674,000 bbl.

DISCUSSION: This problem il-
lustrates the computation of cumu-
lative water influx, W, from a
known pressure history and known
or estimated aquifer area, rock, and
fluid properties. The unsteady-state
flow equations of Van Everdingen
and Hurst were used in the compu-
tations.

Most of the assumptions underly-
ing the development and application
of these equations were given on
Page 39. In addition it should be
noted that Equation 4 assumes con-
stant vatues for ¢, cw, A, and h. It
gives the cumulative water influx at
the interior boundary or initial oil-
water contact. The method further
assumes uniform thickness and



100% water saturation at the oil-
water contact and all points in the
aquifer.

The procedure was originally de-
veloped taking into consideration
only the compressibility of the sat-
urating fluid. Since Hall'V has
shown that rock expansion .with
reservoir-pressure decline can be
significant compared with water ex-
pansion, the problem was solved by
both neglecting and taking the
changes in rock volume into con-
sideration. It is seen that taking rock
expansion into consideration results
in 22% more water influx than
when neglecting it. This is a result
of the expansion of rock matrix into
the pore volume displacing water.

The problem has been solved
taking rock expansion into consider-
ation by assuming that the effects
of rock and water expansibilities can
be taken into consideration with a
hypothetical or effective compres-
sibility factor having a value equal

to the sum of the water and rock
compressibility factors. This ap-
proximation represents a correction
which should yield better estima-
tions of water influx. It is perhaps
as valid as the equations used since
the latter are also approximations
and involve many restricted assump-
tions, i.e., uniform rock properties,
radial or linear reservoir geometry.
ete.(®

Although the effective compres-
sibility factor is 85% larger than
the water compressibility factor, the
water influx obtained using the ef-
fective compressibility factor was
only 22% larger than that obtained
using the water-compressibility fac-
tor. As the compressibility increases,
the actual time required to reach a
certain reservoir pressure for a con-
stant production rate increases. Or
the dimensionless time obtained with
Equation 5 for a certain actual time
decreases.

This latter trend affects the sum-

mation term of Equation 4 as indi-
cated by Tables 1 and 2. As fluid
compressibility increases, the trans-
mission to the aquifer ‘of pressure
disturbances occurring at the oil-
water contact is retarded. This af-
fects the amount of water influx
that takes place and offsets to some
degree the water displacement from
the aquifer into the oil pool that
takes place due to rock expansion.
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Part 49

How to predict future performance of a

reservoir with partial edge-water drive

GIVEN: Production, rock, and
fluid data for an initially undersat-
urated black-oil reservoir with a
partial edge-water drive. These data
were reported in Table 1. columns
1 through 10, Page 8.

FIND: Using the results from the
problem starting on Page 7' com-
pute average reservoir pressures for
future successive time increments of
91, 182, 273, and 365 days if pro-
duction rate is kept constant at
3,000 b/d of stock-tank oil. Esti-
mate average producing GOR as
2,000 scf/st tk bbl and average pro-
ducing WOR as 0.10 bbl of water/
st tk bbl of oil.

SOLUTION: A recommended
method® 3 4 for predicting perform-
ance of an oil reservoir with edge-
water drive is by the simultancous
trial-and-error solution of the ma-
terial-balance and unstead y-state
water-influx equations. The general-

ized material - balance equation
when neglecting expansion of inter-
stitial water, rock, and gas in solu-
tion with the water (these factors
are negligible compared to expan-
sion of evolved solution gas, water
influx, etc.) is written as

be computed with the unsteady-
state equation of Van Everdingen
and Hurst? which is

J=n
Wr‘ _— B ,E [(P.i—l ez pJ) x
=1
Qpa—7 1j—1)] 3)

W.=N, [Bi+B; (Rp—R)]+ W, —N {B.—Bo+m;B,, [(B;/B) — 1]} (1)

Since an initially undersaturated res-
ervoir is involved in this problem,
m; = 0. Thus, writing the material-
balance equation for application at
and below the bubble-point pressure
(bubble - point pressure represents
original conditions in this applica-
tion) gives

W. - Np [Bg + Bg (R'g\ - Rxh}].
+ W, = N [B, — Bal (2)

Cumulative water influx can also

Where:

W. = cumulative water influx,
bbl

N, = cumulative oil production,
st tk bbl

B. = two-phase formation-vol-
ume factor

B, = gas formation-volume fac-
tor

R, = cumulative gas-oil ratio,
scf/st tk bbl

R,, = initial or bubble-point so-
lution gas-oil ratio, scf/st tk bbl
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W, = cumulative water produc-
tion, bbl

N = initial oil in place at bubble-
point conditions, st tk bbl

B,y = initial or bubble-point oil
formation-volume factor

B = 15,516 ¢ c.Ah = propor-
tionality factor to convert reduced
units into bbl 2 4 (assumed constant)
¢ = -porosity, fraction (assumed
constant)

c. = effective fluid compressibil-
ity in aquifer vol/vol/psi

A = area of oil reservoir, acres

h = net sand thickness in aqui-
fier, ft

p = average reservoir pressure,
psia (in Equation 3, p represents
the pressure at the oil-water con-
tact)

j = computation step points

n = time point at which cumula-
tive water influx is desired

o+ = dimensionless total volume
of slightly compressible fluid pass-
ing a unit thickness of the interior
boundary (oil-water contact) of a
reservoir system over a period of
time t and caused by a unit pres-
sure drop at this boundary.

SOLUTION: Cumulative produc-
tion data are known for 1,460 days.
(Table 1, Page 8'). In predicting the
performance 91 days into the fu-
ture, the total actual time is 1,551
days (1,460 + 91). The dimension-
less time is 240 + 15 = 255. Let
the estimated average reservoir
pressure be 3,218 psia. From the
estimated future oil-production
rates, gas-oil ratios, and water-oil
ratios and the cumulative oil, gas,
and water-production figures given
in Reference 1 for a time of 1,460
days, cumulative recoveries to 1,551
days, and future time points, can be
determined. Thus at 1,551 days

N, = 3.004 x 10° + (3,000)
(91) = 3.277 x 10° st tk bbl

G, = 3,052.1 x 10° + (2,000)
(3,000) (91) = 3,598.1 x 10° scf

Where! 3,052.1 x 10® = N, R,
= (3,004,064) (1,016) at 1,460
days

W, = 0.380 x 10° + (3,000)
(91) (0.10) = 0.407 x 10° bbl

G,  3,598.1 x 10°
Rp = — =

N, 3.277 X 10°
= 1,098 scf/st tk bbl.

The two-phase oil formation vol-
ume factors, By, and the gas forma-
tion volume factors, By, were ob-
tained from Table 1 (Part 1) of Ref-
erence 4. The average reservoir
pressure of 3,178 psia shown in this
table is in error and was changed
(by interpolation) to read 3,138
psia. Substitution into Equation 2
gives

1093
W, = 3277 x 108 /'
%x[1.6113+0.0009623 (1,089-900)]
+ 0.407 x 10° ¢,
— 24,567,500 [1.6113 — 1.5385]

W, = 4,523,000 bbl

Procedure for solving Equation 3
was given in the problem starting on
Page 7.! To obtain cumulative wa-
ter influx from bubble-point pres-
sure, this equation is solved for total
time, and cumulative water influx to
the bubble point is then subtracted.
Data in colmuns 17 and 19, Table 1
Page 8! are used along with the data
of columns 18 and 20, Table 1 of
this problem. In the earlier problem,
pressure drops, (p;—1 — py), for each
time increment were determined for
the oil-water contact, while in the
predictions of the present problem it
was assumed that the pressure drops
at the oil-water contact are equiva-
lent to the average pressure drops of
the reservoir. Modifying Equation 3
to conform to this actual condition
of the problem gives

J=n
W.=B 121 (Ps—1—p3) Qra—ris—1)

=t
—B 2 (pPj—1—pPy) Qri—1i3—-1) (4)

=1

j=n

In this equation B X (py—1 — py)
j=1
X Qpa-rg-1)

gives total water influx from original

Je=u
reservoir conditions while B X

j=-1
(py—1 — PY Qrs-rs-n givc§ cumu-
lative water influx from original res-
ervoir condition to the bubble point.
There are four time increments
from original reservoir conditions to
the bubble point and consequently
the limit of j = 4.

For 1,551 days

W, = 184[(2.5)(92.589) + (9.5)
(88.062) + (20.0) (83.497) +
(32.5) (78.886) + (34.0) (74.226)
+ (33.0) (69.512) + (42.5) (64.737)
+ (48.0) (59.895) + (38.5) (54.976)
+ (31.0) (49.968) + (40.5) (44.858)
+(34.5) (39.626) + (29.0) (34.247)
+(29.0) (28.691) + (20.5) (22.897)
+ (14.5) (16.742) + (37.5) (9.949)]
— 184 [(2.5) (28.691) + (9.5)
(22.897) + (20.0) (16.742) +
(32.5) (9.949)]

W, = 184 [25,505.526] — 184
[947.432]
W, = 4,519,000 bbl

This value of cumulative water
influx is nearly the same as that ob-
tained with the material-balance
equation and thus the estimated av-
erage reservoir pressure of 3,218
psia is correct.

DISCUSSION: The prediction of
future performance for a water-
drive reservoir is more difficult than
that for solution-gas, or gas-cap
drives. Instead of solving two equa-
tions for instantaneous gas-oil ratio
or incremental oil recovery, two
equations are solved for cumulative
water influx. Also, time is now di-
rectly involved in the calculations.

In this problem cumulative wa-
ter influx was computed for esti-
mated constant values of oil-pro-
duction rate, producing gas-oil ra-
tio, and producing water-oil ratio.
Similar calculations could be per-
formed for other combinations of
these estimated factors. The oil-
production rate is normally set by
practice or conservation regulations
and can be assumed constant for all
calculations. Of the remaining fac-
tors the water-oil producing ratios
can best be predicted from past
performance history. Thus, for fixed
estimated values of oil-production
rate and producing water-oil ratios,
groups of cumulative water-influx
calculations can be made for vari-
ous constant values of producing
gas-oil ratios. In this way limiting
values for the reservoir pressure
can be obtained.

Although more tedious than the
procedure used, another method
eliminates the necessity of estimat-
ing the producing gas-oil ratio. For
the estimated pressure Equation 3
(or 4) is solved for W,. Then the
oil saturation is computed in the



oil-producing area with the equa-
tion

(W. == wp)

[N o Np = (SOr/Bo)

1B,

(1 - Slrl. - Sur - er)

(5)

NBoh

W, — W,

l"sul

Where:

S, = oil saturation, fraction

Sors Sge = residual oil and gas sat-
urations, fractions

B, = oil formation-volume factor

Sy = interstitial-water saturation
in uninvaded portion of oil column

With this value of S, and a rep-
resentative k;/k, plot the instan-
taneous gas-oil-ratio equation can
be solved for the producing (instan-
taneous) gas-oil ratio. This gas-oil
ratio is averaged with the gas-oil
ratio at the beginning of the pres-

1-— Swl = Snr == Stl‘

sure decrement and the result used
to determine R,. The material-bal-
ance equation can then be solved
for W,.. If the cumulative water in-
flux obtained with the material-bal-
ance equation does not equal the
water-influx value calculated by the
unsteady-state-flow equation, a new
pressure is selected and the pro-
cedure is repeated.

Table 1 shows the data and cal-
culation of performance for the
problem. Three to four estimates
of reservoir pressure normally need

to be made at each time increment
to obtain the proper values. A study
of Equations 2 and 3 shows that
an increase in reservoir pressure
decreases the cumulative water-in-
flux calculations by the unsteady-
state-flow equation and increases
those given by the material-balance
equation. This behavior can be used
1o obtain a reasonable value for the
estimated pressure from a plot of
pressure versus cumulative water in-
flux computed by the two equations.
The correct pressure is that where
the two plots intersect. Such trial-
and-error calculations are readily
adaptable for solution by digital
computers.

Columns 3-17 of Table 1 are a
solution of Equation 2, while col-
umns 18-23 are a solution of Equa-
tion 4. The correct estimated res-
ervoir pressure gives equivalent
values of cumulative water influx
in columns 17 and 23. In the prob-
lem solved no initial free gas cap

Table 1—Calculation of performance for water-drive reservoir

Oil production rate = 3,000 st tk b/d
Producing GOR = 2,000 scf/st tk bbl, Producing WOR = 0.10 bbl water/st tk bbl oil

(n (2) (3) (4) (5) (6) (7) (8)
Actual = Estimated
time, T,_1+AT= avg. reservoir N, G, R, w,
days To1+15 pressure, psia 109 bbl MM scf scf/st tk bbl 109 bbl B,
1,460 240 3,277 3.004 3,052.1 1,016 0.380 1.6005
1,551 255 3,218 3.277 3,598.1 1,098 0.407 1.6113
1,642 270 3,168 3.550 4,144.1 1,167 0.435 1.6209
1,733 285 3,126 3.823 4,690.1 1,227 0.462 1.6292
1,825 300 3,090 4.099 5,242.1 1,279 0.490 1.6366
(9 (10) (am (12) (13) (14) (15) (16)
B+ N, x(12)
B, x 103 R,—Ry= (R,—R,)B, B, (R,—R,) =(4)x(12) (134w, B,—B,,= N(B,—B,)
Res. bbl/scf (6)—900 =010 x(®) =(B)4(11) 108 bbl =(13)+(7) (8)—1.5385 108 bbl
0.9469 116 . S vEs w _awmws
0.9624 198 0.1906 1.8019 5.905 6.312 0.0728 1.789
0.9760 267 0.2606 1.8815 6.679 7.114 0.0824 2.024
0.987¢9 327 0.3230 1.9522 7.463 7.925 0.0907 2.228
0.9983 379 0.3784 2.0150 8.259 8.749 0.0981 2.410
(17) (8) (19) (20) (21) (22) (23)
. Apy= - W.= W, from
W, = Qs (Py_1—P)= Avg. Ap= Fai Bx(21)= bubble point?
(14)—16) Table 2 3),_1—@), [P, +4P,)+2 X APQr,_7(-1) 184x(21) (22)—-0.174
109 bbl Ref. 3 psi [, _+09,1+2 1= 109 bbl 109 bbl
88.062 16 : i
4.523 92.589 59 37.5 25,505.526 4.693 4.519
5.0%90 97.081 50 54.5 28,604.462 5.263 5.089
5.697 101.540 42 46.0 31,919.625 5.873 5.699
6.339 105.968 36 39.0 35,391.614 6.512 6.338

From Page 9, N = 24,567,500 bbl, AT = 15.0, B = 184,
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‘that approximate

was involved. The same procedure
can be used for a reservoir initially
containing a free gas cap. The size
of the gas cap must be determined
independently.

The application of Equation 4 to
define water-drive reservoir per-
formance is restricted to reservoirs
ideal linear or
radial geometry. The Qg terms of
Equation 3 have been computed for
infinite-boundary conditions and for
finite-boundary conditions with con-
stant pressure or with no flow
across the interior boundary.?# Ge-
ometry and boundary-condition re-
strictions can be eliminated by fol-
lowing calculation procedures sug-
gested by Hutchinson and Sikora.®
They developed an equation which
relates pressure at the water-oil con-
tact 1o the water-influx rate as a
function of time by a factor called
the resistance function. This resist-
ance function covers the composite
effect of the aquifer geometry and
flow-resistance distribution.?

In solving the problem by the
method of Van Everdingen and
Hurst,! 4 it was necessary to use
the Superposition Theorem. Such
calculations are tedious when the
work is done without using a digital
computer. Carter and Tracy® have
developed a method for computing
water influx based on the work of
Hurst!® that eliminates the superpo-
sition calculations.

Other analytical methods of pre-
dicting water - flood performance
have been suggested by Schilthuis®
and Hurst.” ® Stewart et al.® madc a
comparison of results obtained with
these and other methods and the
method used in this problem. These
authors found that the Van Ever-
dingen-Hurst method used in this
problem gave the best results along
with an electric-analyzer approach.
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How to predict future pressure

performance of two reservoirs
located in a common aquifer

umns 1 and 2 of Tables 1 and 2
and in Figs. 2 and 3. Field A has
been producing 4 years while Field
B has been producing 2 years. Pro-
duction rate of Field A has re-

GIVEN: A reservoir system com-
prised of two ficlds, A and B, lo-
cated in an extensive (assumed in-
finite) aquifer. The distance be-
tween the centers of the fields is

7.98 miles. Other data (average) mained constant at 75,000 b/d
for the pools and the aquifer are as
follows:
Field A Field B Aquifer

A= GTEO, GCTEY: [ o on s HeamiaE St e diEr 2,000 8,000
p; = initial reservoir pressure, psi ... .. 4,000 4,000
p = current reservoir pressure, psi ... 3,220 3,220 ——
ki = permeability, mdiuaas sun b s sam S G 212
¢ = porosity, fraction ... . ... ... A o 0.22
h = net sand thickness, ft ... .. ... ... ... .. — —— 84
¢, = effective compressibility, vol/pore vol/psi 5%x10—-8
[, = viscosity of water at average aquifer

conditions, cp . . . 0.30
B, — average oil-formation volume foclor 1.15 1.15
= produchon time to date, years LR b 4 2

Oil-production-rate histories for
the two reservoirs are shown in col-

since the beginning of the third
year.

FIND: Pressure in both fields 4

Aquifer years hence if Field A is produced
at 75,000 st tk bbl/d and Field B
1s produced at 120,000 st tk bbl/d.
7.98 .
A miles Method of solution. This prob-
B lem can be solved using the un-
2,000 acres

steady-state equations developed by
8,000 acres Van Everdingen and Hurst.! 23 Fig.
" 1 shows a schematic diagram of the

SCHEMATIC DIAGRAM of fields and  ficlds and aquifer system. For such
aquifer system. Fig. 1. conditions:




(Pi =P = (@i —Plar + (P — Plar (1)
887.4 py B, -,
P — Phan = ———————— 3 [Qy — Quy=n]a [Pru—rg-nlasx ()
2wkyh i=1
8874 pu. B, -,
(Pi — Phan = Z [Qy-— Qug-nln [Pro—rg=nlas  (3)
2w ke h =1
Therefore:
887.4 uy B, .
(pi —pha = { 2 [Qy— Quy-nla [Pra—rii—nlaa
2a7kyh
J=n
Gz E_l [Qu = Qois—1)]s [Pra—mi—1)]ant (4)
Similarly .
887.4 u, B, -
(pi—pe = { 2 [Qy— Quis-nls [Pra—ri—1)]en
27ksh i=1
J=u
+ JE} [Quy = Qos5—1)]a [Pracm—1)Inal (5
Where:

(pi — p)a = total pressure drop
at A from initial conditions due to
production at A and B, psi

(pi — p)aa = pressure drop at A
from initial conditions due to pro-
duction at A, psi

(pi — p)as = pressure drop at A
from initial conditions due to pro-
duction at B, psi

(pi — p)» = total pressure drop
at B from initial conditions due to
production at B and A, psi

pi = initial reservoir pressure, psi
p = pressure, psi
Q, = oil-production rate, b/d

Pr = dimensionless pressure
change at dimensionless time T and
radius r

j = computation step points

n = time point at which cumula-
tive pressure drop (pi — p) is de-
sired

Symbols A, pi, p, ke, &, h, ¢, pus
B,, and t are defined with the data.

SOLUTION: The solution to this
problem is shown in Tables 1 and
2. To solve Equations 4 and $ ac-
tual time must be converted to di-
mensionless time and actual radii
to dimensionless radii. Dimension-
less time is related to actual time
by the relationship of

633 X 103k, t

= = 8.0
5,265
Twn

Ry = =1.0
Twe

Tan (7.98) (5,280)

RBA = —]
T'wn 10,535
42,134
10,535
Where:

f'wa, Twa = radii of pools A and
B respectively

rag = distance between centers
of pools.

R4, Rp = dimensionless radii of
pools A and B.

Rp = dimensionless distance be-
tween centers of oil pools in mul-
tiples of ry.,.

Rgps = dimensionless distance be-

T= (6) tween centers of oil pools in mul-
¢ Pw Ce rwz tiPIES Of rw]].
For Field A o e
A (2,000 acres) (43,560 sq ft/acre)
Twa = -\’/_" - \/ q
ar 3.14
= 5,265 ft
(6.33 x 10-3) (212)t 1,342 t
= — — 0.1467 t
(0.22) (0.30) (5 x 10-9) (5,265)* (0.33) (27,720)
For Field B
8,000 acres) (43,560 sq {t/acre)
ae Y 2 = 10,535 ft
3.14
(6.33 x 10—%) (212)t 1,342 t
T = = = 0.0366t
(0.22) (0.30) (5 x 10—9%) (10,535)> (0.33)(110,986)
887.4 p. B, (887.4) (0.30) (1.15) 306.15
= = = 0.002738

2m K« h

The dimensionless radii are

Twa
R,\ = = 1.0

Twa

Tan (7.98) (5,280)
Ry = =

Twa 5,265

(2) (3.14) (212) (84) B 111,834.24

Values for P p,_r—1) in Equa-
tions 4 and 5 can be obtained! 24
using dimensionless time and radius.

The solution of this problem in-
volves the use of the superposition
theorem.? 3 ¢ Column 8 of Table 1
is obtained as follows:
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:E° [Qes = Qo (3-1)]a [Pru—r g—-1y]an = (14,000) (3.44) + (10,000) (3.42)
-1

+ (5,500) (3.41) + (10,500) (3.39) + (12,000) (3.37) + (—500) (3.36)
+ (15,500) (3.34) + (4,000) (3.32) + (4,000) (3.30) = 253,720.
Thus, substituting in Equations 4 and 5 gives
(pi — P)a = 4,000 — p, = (0.002738) [253,720 + 141,370]
4,000 — p, = (0.002738) (395,090) = 1,082
pa = 2,918 psi
(pi — p)n = 4,000 — py = (0.002738) [305,510 + 98,905)
4,000 — ps = (0.002738) (404,415) = 1,107
ps = 2,893 psi

DISCUSSION: This problem shows
a method for computing the inter-
ference of two oil fields located in

a common aquifer. The computa- ; Production rate, thousands stock-tank b-d

neering calculations. Use and fur-
ther development of such methods

may prove them more valid than the
method used in this problem.
The solution of Equation 6 and
887.4 p. B,
the factor = C (as-
2 7 kyh
sumed constant) involve uncertain-
ties, particularly with regard to k,,
Ce, and ry. If reliable past pressure
and production-rate histories are
available, it is possible to determine
values for C.and (nAT = T)

6.33 X 108 k,, At
AT =

¢ pw CoTy?
using a procedure similar to that
used in the problem starting on Page
7. Either of Equations 4 and 5 can
be used. These equations become

(P —pa=CX (7

Pressure, psig «

Water-drive oil fields sharing a 100} -
common aquifer are in hydrody-
namic communication. Fluid pro-

problem starting on Page 41.
%_- | N
s =

Total pressure drep | —

4.000

Initial aquifer pressure ¥

|
Pressure drop due fo d 3.600

| ""+—--....

A’s production

o —— | |

duction from one of the oil fields B80f——-
results in a pressure loss trans-
mitted through the aquifer to the

|
. _
oy A
—

|

|

60

..... i

—
—
~ !

LT
—

T T T e e e e =19 900

-

et 2800

tion procedure was described in the 120

other pool or pools and is mani-
fested as pressure interference. This
behavior can result in pressure re- 1l

—— ——
Pressure drop due to
Yai B’s production

2,400

duction many miles away from a ' g
producing pool. ’

o -|
Production from several Wood- 20 Mgy | Deleioy

bine-sand pools caused the initial j
reservoir pressure in Hawkins pool

1——1—12,000

I 1,600

to be 280 psi below the initial value Py
in the aquifer.* This indicates that
the pressure-interference effect may
be significant and should be con-
sidered in predicting the pressure-
production behavior of pools in a
common aquifer.

Analytical procedure used in this
problem assumes (1) circular geom- 100 S _LI T

3 4 5 6

AIME. Fig. 2.

etry of the pools, (2) uniform res- T
ervoir rock and fluid properties, (3)
effective compressibilities of oil 80
pools and aquifer are equivalent, r
and (4) infinite aquifer conditions. 60

Time, years
POOL “A" reservoir performance history and prediction. After Moriada.* Courtesy

g —— o ——

1 8 5 10 11 12

Pressure, psig -

Initial aquifer pressure

— 14,000

_ Pressure drop due fo 3,600

. ".-
\fi-,,___.__ sl i |
"o, Tolal pressure drop
e 4

In”attempts to account for the non-
uniform behavior of aquifer prop-
ertics, Hurst” and Mortada® have
presented different equations for r

treating pressure interference in an History | Prediction

40 H__F ?

B’s production
-

------ bl —————1{3.200

---------

-----

=== e e ‘E‘—"—“t """ aaibd LT Rl Trrrmm 2,800

Pressure drop due fo
1300 A’s production

infinite aquifer consisting of two 20
permeable zones in series. Neither of
their equations was used in this 0

12400

problem. The complications which 1 7 3 4 5 6
result from use of the more exten-
sive equations are not considered

warranted for most reservoir-engi- AIME, Fig. 3.

Time, years
POOL “B" reservoir performance, history and prediction. After Mortada.t Courtesy

! 2,000
1 8 9 10 11 12



Table 1—Calculation of dimensionless pressure changes in Fields A and B due to production from Field A

e

©)

()] (2) (3) (4) (5) (6) (7) (8)
Qy—Q,(;—3) —Dimensionless time— Pp,_q_1) Pru_7(-1) [Q=Q-nla  [Roy=Qogy—1)]a
Time, ! Q; 2),—(2), 4 7= Ry=1.0 Ryp=8.0 X[Pra—m(s;—1)]aa Tn—T(3—1)]BA
days b/d b/d 0.1467 ¢ To=Ty 4 (*) 1) (3)x(6) (3)X(7)
0 14,000 14,000 o 428.7 3.44 1.36 48,160 19,040
90 24,000 10,000 13.2 415.5 3.42 1.35 34,200 13,500
181 29,500 5,500 26.6 402.1 3.41 1.34 18,755 7,370
273 40,000 10,500 40.0 388.7 3.39 1.33 35,595 13,965
365 52,000 12,000 53.5 375.2 3.37 1.32 40,440 15,840
455 51,500 — 500 66.7 362.0 3.36 1.30 — 1,680 — 650
546 67,000 15,500 80.1 348.6 3.34 1.28 51,770 19,840
638 71,000 4,000 93.6 3351 3.32 1.26 13,280 5,040
730 75,000 4,000 107.1 321.6 3.30 1.24 13,200 4,960
2,922 428.7
s =253,720 S = 98,905

*From Toble 1, Ref. 2. f{From Fig. 3, Ref. 4.

Table 2—Calculation of dimensionless pressure changes in Fields B and A dve to production from Field B

(1 (2) (3) (4) (5) (6) (7) (8) (9)
Qu—Qqy—1) ~—Dimensionless time— Pp, _q5-1y  Ppa_m—1)
Time, t Q, (). ~2) 5 1= Rg=1.0 Rpa=4 [ Qs—nls  [Quy=Q_1]e
days b/d b/d 0.0366 t T Tya ™) ) X[Pra—rg—1y)es  X[Pra—my—1)]an
0 20,000 20,000 it 80.2 2.62 1.24 52,400 24,800
90 38,000 18,000 3.3 76.9 2.59 1.22 46,620 21,960
181 52,000 14,000 6.6 73.6 2.57 1.21 35,980 16,940
273 71,500 19,500 10.0 70.2 2.55 1.19 49,725 23,205
365 90,000 18,500 13.4 66.8 2.53 117 46,805 21,645
456 84,000 — 6,000 16.7 63.5 2.50 1.14 — 15,000 — 6,840
547 111,000 27,000 20.0 60.2 2.48 1.1 66,960 29,970
639 119,000 8,000 23.4 56.8 2.45 1.08 19,600 8,640
731 120,000 1,000 26.8 53.4 2.42 1.05 2,420 1,050
2,192 80.2
3,=305,510 3,=141,370
*From Table 1, Ref. 1. {From Fig. 3, Ref. 4.

(p—pe=CY (8)

where X and Y represent the por-
tions in parenthesis of Equations 4
and 5. These relations represent
equations of straight lines having
the same slope C. Thus trial-and-
error calculations would be in-
volved to select the AT that would
result in straight-line correlations.
It should be noticed that the AT’s
for the two pools are related by a
constant

(rwﬂ)2
AT, = ATy ———
(fwn)z

Even if such a procedure is not
followed, usable results can be ob-
tained if reasonable estimates can
be made of ks, h, c., and ry since
Mw, B, and ¢ are normally avail-
able.

In applying the procedures de-
scribed for this problem, it must be
remembered that infinite aquifer

&)

conditions are assumed. The pres-
ence of nearby faults would cause
erroneous results. Also, erroneous
results would be obtained if one or
more other pools were located (in
the same aquifer) nearby and were
not taken into consideration. The
effects of interference can often be
significant enough to warrant tak-
ing them into consideration in spite
of the limitations of the methods
discussed. Figs. 2 and 3 show the
performances of Pools A and B as~
computed by Mortada* These
graphs show the pressure drop in
each of the pools caused by inter-
ference. Over a 10-year period the
production of Pool B will cause a
pressure drop of more than 400 psi
in Pool A while the production of
Pool A will cause a pressure drop
of about 300 psi in Pool B.
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Part 51

How to estimate oil recovery from
a gravity-drainage pool

When the pressure is maintained constant at gas-displacement front

GIVEN: Data on the Elk Basin
field gas pressure-maintenance proj-
ect in the Embar-Tensleep reservoir
as reported by Stewart et al., as
follows:?

‘Average porosity, ¢ =_10.7%.

Average absolute permeability,
k, = 91 md. :

Interstitial-water saturation, S,
= 8.0%.

Initial reservoir pressure
(—400 ft), p;, = 2,234 psia.

Bubble-point pressure, p,, =
1,250 psi at crest = 500 psi at low-
est elevation.

Reservoir pressure at start of
pressure maintenance = 1,200 psi.

Average reservoir fluid properties
at start of pressure maintenance:

Viscosity of oil, u,, = 2.24 cp.

Oil gradient, gp,, = 0.351 psi/ft.

Gas gradient, gp, = 0.026 psi/ft.

Oil formation-volume factor, B,
= 1.161.

Gas viscosity, p, = 0.0177 cp.

Average formation dip, « = 30°
positive for downdip flow of gas
and negative for updip flow of gas.

Average effective oil permeabil-
ity, ko, and average permeability

Average flow:path area, A =
5.78 x 10° sq ft.

FIND: Estimated ultimate oil re-
covefy if oil-production rate is kept
constant at 19,000 st tk b/d and
reservoir pressure is maintained
constant at the gas-oil contact and
in the secondary gas cap.

METHOD OF SOLUTION: This
problem can be solved using an
equation originally presented by
Leverett and Buckley.??

1.000 — 0.001128

Eis=

kA
Q¢ o

Q. = total fluid production rate
in reservoir b/d. In this prob-
lem no free gas or water is pro-
duced so that total fluid production
rate is oil-production rate.

P. = capillary pressure, psi.

L = length in the direction of
flow, ft.

gAp = (po — py) g, psi/ft.

g = gravitational constant.

Po = density of oil at reservoir
conditions.

Pe = density of gas at reservoir
conditions.

9 P,
— — gApsin «
oL 5

Where:
fe = fraction of gas flowing at any
point, ie., (gas flow rate) - gas
flow rate + oil flow rate.

Ko, A, po, 8, «, ke, and p, are
defined with the data.

Welge* has developed a simpli-
fied method for determining oil re-
covery that includes the use of
Equation 1 with the capillary pres-
sure term deleted. Thus

kA
1.000 — 0.001128 —— gAp sin o

ratios, k;/k,, are shown in columns § i Quo @)
2 and 3 of Table 1. * ke p
Maximum oil-productive closure 1.000 4 — —
= 2.330 1t ke
Table 1—Calculation of fractional flow equation
m (2) (3) (4)
kA (5) (6) 7) (8)
0.001128 X S e ko g
Gas . Effective oil Qq p, —= 1.0004— — =
saturation, permeability, Permeability gAp sin o« = k' o k‘ o f‘
sl % k, md ratio, k‘/k° 0.02144 k, 1.000—(4) 0.0079=(3) 1.0004(6) (5)=(D
30.0 29.8 0.14 0.639 0.361 0.056 1.056 0.342
40.0 15.5 0.42 0.332 0.668 0.019 1.019 0.656
50.0 6.7 1.70 0.144 0.856 0.005 1.005 0.852
60.0 1.9 12.99 0.041 0.959 0.001 1.001 0.958
70.0 0.1 33.33 0.002 0.998 0.000 1.000 0.998
80.0 0.0 -] 0.000 1.000 0.008 1.000 1.000



SOLUTION: The solutions of
Equation 2 for various gas satura-
tions are given in Table 1. For a
gas saturation of 40.0%.

Q. = (19,000) (1.161)
= 22,059 b/d

gap = (po—pe) &
= 0.351 — 0.026 = 0.325 psi/ft

and

or gas-oil contact is given at the
point of tangency while the average
gas saturation behind the displace-
ment front or gas-oil contact is
given at fg = 1.0. The latter gas
saturation closely represents the av-
erage residual gas saturation at de-
pletion.! Thus, from Fig. 1

S‘ av, — 58.0%

Since no gas saturation existed at

(0.001128) (15.5) (5.78 x 109) (0.325) (sin 30°)

1.000 —

(19,000) (1.161) (2.24)

1.000 + (

=)

0.0177 )
2.24

(0.01748) (939,250)

1.000 —

49,412

= 0.656

1.000 + (2.381) (0.0079)

Fig. 1 shows a plot of fractional
flow of gas (column 8, Table 1),
versus gas saturation (column 1,
Table 1).

It has been proven*? that this
plot can be used to determine oil
recovery by gravity drainage if a
tangent is drawn to the curve from
the point represented by the aver-
age displacing fluid saturation (zero
for this problem) and the fractional
flow of the displacing fluid (zero
for this problem) existing at the
start of injection and pressure-
maintenance operations. The gas
saturation at the displacement front

start of pressure-maintenance oOp-
erations

Qil recovery, (per cent initial oil in place)

- S.

].00 s S' 1.00 ""‘S‘ Av.

The product of 0.63 and the ini-
tial stock-tank oil in place gives the
recovery in barrels.

Discussion. Because of the high
oil-gas viscosity ratios and the gas-
oil relative-permeability ratios at
low gas saturations, oil recovery by
gas displacement is generally much
lower than oil recovery by water
displacement.® This is not true if
the gas displacement is accom-
panied by substantial gravitational
segregation. Gravity drainage gen-
erally occurs under conditions of
high permeability (20 md or more),
low oil viscosity, and high structural
dip (10° or more) or great closure.
The gravitational segregation effects
are normally less significant for
water-drive reservoirs than for gas-
drive reservoirs because of the
much lower oil-water density differ-
ences.

In solving Equation 1, é P.,/d L
can be written as (0 P./dS;) X
(@ Sg/0 L). For high-relief reser-
voirs and above the front
(gas - oil contact), these
terms are not significant
and can be neglected.

Bni Bo

This is true because cap-
illarity has an appreci-

1.00 — S«

B
Since B, =~ B,

oil recovery, (per cent initial oil in place)

58

S 100[

Sg av,
1.00 — S, ] 092

fg volume fraction of gas flowing /

GRAPHICAL method
for finding average
L gas saturation in a

0 20 10 60

Sg qos saturation, % pore volume

80 100 depleted area.
Fig. 1.

= 63.0%

able effect on recovery
over only the stabilized
zone which represents a
very limited portion of
the gas cap.!'” The gas-
cap portion affected by
capillarity is that im-
mediately adjacent to the
gas-oil contact. This ex-
plains the use of Equa-
tion 2 instead of Equation 1 in the
solution.

In this problem oil recovery was
obtained by determining the change
in gas saturation that occurred in
the oil column at gas breakthrough
in the structurally lowest row of
wells. Since pressure maintenance
was assumed, the change in gas
saturation represents change in oil
saturation and oil recovery. Actual-
ly, slightly more recovery may occur
after gas breakthrough. Determina-
tion of this additional recovery and
the performance of a gravity-drain-
age reservoir will be considered in
a subsequent problem.

The fractional flow equation used
in the solution of this problem was
originally derived by Leverett® and
later used by Buckley and Leverett®
to develop theory on the displace-
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ment of oil by water or gas. It is
derived using the generalized Darcy
equations for oil and gas and the
equations defining capillary pres-
sure and fractional flow.® Its appli-
cation in the form of Equation 2
assumes that reservoir pressure

changes so little that the gas can

be considered incompressible, that
all of the flow is parallel to the
bedding planes, and that the in-
fluence of capillary forces is neg-
ligibly small.

A study of Fig. 1 shows that any
behavior that causes the fractional
flow curve to move to the right will
increase oil recovery and vice versa.
A change that reduces f; for the
same S; causes the fractional flow
curve to move to the right. In Equa-
tion 2 the gravity term, gAp sin «,
is positive for down dip flow of gas
and thus subtracts from 1.000 to
reduce f;. This effect can be maxi-
mized by making Q. (oil production
rate) small (if economics permit).

Thus as Qq is made smaller, oil
recovery would increase. Also in
this case high structural dip acts
favorably to increase recovery. The
gravity forces tend to maintain the
gas above the oil. For gas flow
updip the gravity term is negative

and would add to 1.000 to increase
f; and decrease oil recovery. Under
such condition Q, (oil production
rate) should be maximized to re-
duce the gravity effects. In this
case the gravity forces are tending
to cause the gas to bypass the oil
and thus decrease the efficiency of
displacement.
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Part 52

How to find the performance of

a gravity-drainage reservoir—

assuming average rock properties and pressure-

maintenance operations at gas displacement front

GIVEN: Data reported by
Stewart, et al.! on the Elk Basin
field gas pressure-maintenance proj-
ect in the Embar-Tensleep reser-
voir as follows:

f, vs. 8§ relationship (Fig. 1)

Average porosity, ¢ = 10.7%.

Average flow path area, A =
5.78 x 10° sq ft

Interstitial water saturation, S.
= 8.0%.

Maximum oil-productive closure
= 2,330 ft

Reservoir pressures, psia: Initial

(—400 ft), p, = 2,234; Bubble point,
py = 1,250 at crest, = 500 at lowest
elevation. At start of pressure main-
tenance = 1,200 at —400 ft. .

QOil formation-volume factor, B,
= 1.161.

Oil-production rate (constant), Q,
= 19,000 stock tank b/d.

Average formation dip, « = 30°.

Maximum length in the direction
of flow, L maximum = 4,400 ft.

Cumulative oil production, N, =
32,000,000 stock tank barrel.

Total injection rate, Q, = 22,060

reservoir b/d.

FIND: Performance of the pool
and saturation distributions as a
function of position of the gas front.

METHOD OF SOLUTION: For
conditions at the displacement front
or gas-oil contact, the Buckley-
Leverett® frontal-advance equation
can be written as

LA ¢ (I s Sw)
Ot = (n
5.615 (df,/dS’);

The advancement of saturations
behind the gas-oil contact are de-
fined by

5615Q¢t [ df,
= (2)
Ad(1-S) \ d,

‘Where X = h +=sin e« (3)

X

When the position of the front

*(gas-oil contact) is specified, the

cumulative reservoir voidage term
Q:t in Equation 3 can be replaced
by Equation 1 to give!

. L sin « (dfg/dS%)
h= (4)
(dfg/dS’p)e

In these equations

t = time, days

x = distance traveled along
bedding plane by a plane of satura-
tion, ft

df,/dS’; = derivative of the frac-
tional flow equation evaluated for
the saturation corresponding to X

(df,/dS’)e = derivative of the
fractional flow equation for the gas
saturation which exists at the dis-
placement front or gas-oil contact

h = vertical distance correspond-
ing to distance along bedding plane
X, or L ft .

§’; = gas saturation, fraction of
hydrocarbon pore volume

L = distance traveled along
bedding plane by the gas-oil con-
tact

Q. A, ¢. S., and « were defined
with the data.

SOLUTION: The solution of this
problem using Equations 1, 2, and



4, and Figs. 1 and 2 is given in

Tables 1 and 2.

For L = 1,000 ft and S, = 60.0%
(1,000) (5.78 x 10%) (0.107) (1.00 — 0.08)

Qt =
(5.615) (1.587)
568,983,200
= - = 63.852 x 10° bbl
8.911

63.852 x 10° 63.852 x 10°

t= = = 2,894 days
(19,000) (1.161) 22,060
= 7.93 years
(1,000) (sin 30°) (0.92) (500) (0.92)
= = = 290 ft
1.59 1.59

DISCUSSION: All of the ex-
pansive forces prevalent in reservoir
systems that cause oil displacement
can essentially be described by the
fractional flow and frontal advance
cquations.® The fractional flow equa-
tion was discussed in the pre-
vious problem. The frontal-advance
equation is derived assuming that
the quantity of displacing fluid flow-
ing during a small increment of iime
into a small volume of homogene-
ous, uniformly saturated sand minus
the quantity of the same fluid flow-
ing out is equal to the increase in
displacing fluid content of the sand
If the displacing fluid is a gas, ihen
the total pressure is assumed io be
large compared with pressure drop

between the pas-oil contact and the
first row of producing wells so that
the gas can be considered incom-
pressible.

Also steady-state flow in a linear
system is assumed.® In its derived
form, Equation 2 expresses the
linear advance of a surface of con-
stant saturation during an increment
of time, t, under the application of
a constant displacing fluid injection
rate, Q,. Displacement of fluids by
frontal advance creates stabilized
saturation distribution conditions at
the front and nonstabilized satura-
tion distribution conditions behind
the front.®

In applying the frontal-advance
flow theory to Elk Basin field in

this problem, it was necessary to
estimate the maximum length, L, in
the direction of flow; cumulative oil
production; total hydrocarbon pore
volume; and actual hydrocarbon
pore-volume distribution (assumed).
Therefore, in some respects the
problem is hpothetical.

Although the total injection rate
in reservoir barrels is nearly equal
to the reservoir-oil production rate
and the two rates are assumed equal,
the method can also be applied
where free gas and water are also
produced. In this case it is neces-
sary to know or be able to predict
the quantities of free gas and water
production. Such conditions result
in less oil production over a period
of time since the injection fluid is
also displacing free gas and water.

Table 1 shows solutions of the
problem assuming uniform and ac-
tual hydrocarbon pore volume distri-
butions as given in Fig. 2. The two
cases are solved to show the dif-
ferences that exist when using actual
hydrocarbon pore volume distribu-
tion as compared to the ideal case of
uniform hydrocarbon pore volume
distribution. Fig. 3 shows that al-
though the ultimate recovery and
variation of recovery with time are
the same for the two cases, signifi-
cant variations occur in oil recovery
with position of the gas-oil contact.

Table 2 shows the computation
and Fig. 4 the graphical results of
saturation distribution as a function
of gas-front position. Here can be

1.0 500
fg gos flow rote = total flow rate Hydrocorhon pore volume, millions of bbl
08 w00k
0.6 100
/
04t P 200 -
,/
1.0 i
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02k / b 100}
/ '4
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r
L a®
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FRACTIONAL FLOW of gas as a function of gos satura-

tion, Fig. 1.
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HYDROCARBON pore-volume distribution with depth, Fig. 2.
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Table 1—Computation of t gas-cap posi

~——Uniform hydrocarbon pore volume dmnbuhon-—curve A, Flg 2

a (2) (3) (4) (5) (6) (7)
Hydrocarbon
Elevation pore vol, = Qt =
from sea LA (1 =S5+ (4)+-(df,/dS )= t N, =
L h, level, ft 5615 (4) = 1.587 days 0.019 x (6) -
it ft + 500 — (2) MM bbl MM bbl (5) = 22,060 MM bbl
i 4500 : e P 132.000
100 50 450 10.13 6.383 28¢ 37.491
300 150 4350 30.40 19.156 868 48.492
600 300 + 200 60.80 38.311 1,737 65.003
1,000 500 0 101.33 63.852 2,894 86.986
1,500 750 =250 152.00 95.778 4,342 114,498
2,000 1,000 - 500 202.67 127.706 5,789 141.991
2,500 1,250 —750 253.33 159.628 7,236 169.484
3,000 1,500 —1,000 304.00 191.556 8,683 196.977
3,500 1,750 =1,250 354.66 223.478 10,130 224.470
4,000 2,000 -=1,500 405.33 255.406 11,578 251.982
4,440 2,220 =1,720 449.92 283.503 12,851 276.169

seen the stabilized saturation por-
tion between S’; of 0 to 50% and .
‘She f"ggSfabégZ;d _l;;-:f“"hﬂ b”“;’“ﬁ“ Table 2—Computation of saturation distribution as a function
= of 50 to ©. The shape of the Z tge

nonstabilized portion changes with of gas-front position

time and advance of the front. —
The theory and derivation of the m @ 3 o {:’, . (S)f ‘:’f f:}f
frontal advance equation assume (df,/dS')+ A for Ah for Ah for
. . § = f (df /dS’B) (df,/ds’), L=100 L=1,000 L=3,000
that flow occurs only in one direc- S .08 Fiasd Fo 1t @ % .80 f f i
tion.” This implies that this method LA ¥ ¥ — e
cannot be applied to gravity-drain- 50.0 0.787 1.59 1.00 50.0 500 1,500
age conditions where segregation of 60.0 0.913 0.92 0.58 29.0 290 870
fluids (gas flowing up and oil down) 70.0 0.982 0.42 0.26 13.0 130 3%0
is occurring. Such a condition is 80.0 0.998 0.07 0.04 2.0 20 60
often prevalent for reservoirs having 87.0 1.000 0 0 0 0 0
high permeabilities and high struc-
tural dips and at pressures below the
Pesition of gas.oil contact from sea level, fi Time from start of pressure mointenonce, years  Depth below original gas—oil contact, ft Elevation from seo level, ft
_ +500 50 0 e +500
L1001
Hydrecarben pore volume distributions
[ 40 0
. Lt L#1,000 #
-l A - vniform 430 1000} ~ _500
B 32 X 10° bbl produce d to start —20 B ik |7
1.000 of pressure mointenonce 1.500 | L=3,000 it 000
I
f be— $; @ front
1,500} 1 2,000} -|-1.500
-z.nnulo  y— _._';.0 s o ol 2,500 b s a’n, : % & 72,000
Cumulative oil recovery S“ = %_sw

MM st tk bl

VARIATION of oil recovery with position of gas-cil contact and SATURATION DISTRIBUTION aos a function of gas frent
time, Fig. 3. position, Fig. 4.



ymulative oil production

sumed actual hydrocarbon pore volume distribution, curve B, Fig. 2——

bubble point. Such a case, using an
alternate method of solution, will
be treated at a later date,

g (9) (10) an
bon HYTi References
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B (upf (8)-1.587 days (0.019) x (10) 4 32 Inert-Gas Injection in the High-Relief Elk
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Part 53

How to determine rate of gravity drainage

and time needed for oil column to become saturated with oil in a reservoir

in which segregation of oil and gas occurs

GIVEN: Most of the following
data on a steeply dipping southern
Oklahoma reservoir were reported
by Essley and coauthors.! Other
data were assumed and/or estimated
from Reference 2.

The reservoir under study ini-
tially contained a 4,200-ft oil col-
umn. For 12 years, production oc-
curred by pressure depletion and
gravity drainage, and the average
reservoir pressure (at middle of oil
column) fell from 1,850 to 600 psi.
At this point gas-cap pressure-main-
tenance operations werc initiated.
Other average data used on this
reservoir are as follows: (Top of
oil column was assumed to be 2,000
ft below the surface, or middle of
oil column is at a depth of 4,100
ft. All average pressures and fluid
properties apply at this depth.)

Equilibrium gas saturation in oil
column = 4.0% pore, volume

Dip, a = 45°

Interstitial - water  saturation. S,
= 14.0%

Pore volume, V, = 672,000.000
bbl

Pore volume of top 250 ft of oil
column = 22,200,000 bbl

Ficld-test data show the gas-oil

contact 250 ft below top of oil col-
umn at start of pressure - mainte-
nance operations.

Initial oil formation volume fac-
tor, B, = L.16

Average residual-oil saturation in
top 250 ft of oil column at start
of gas cap pressure maintenance op-
erations, S,, = 29.0%

Arca pressure gradient, p, =
0.45 psi/ft

Absolute permeability, k = 175
md

Average cross-sectional area per-
pendicular to bedding plane, A =
3.550,000 sq ft

Cumulative oil recovery at start
of pressure-maintenance operations,
N, = 27.000,000 st tk bbl

Average reservoir fluid proper-
ties from discovery to initiation of
pressure maintenance operations:

Oil viscosity, p, = 5.5 ¢p

Gas gradient. gp, = 0.03 psi/ft

Oil gradient. gp, = 0.35 psi/ft

Fig. | shows the variation of po-
rosity, absolute permeability, and
interstitial - water  saturation with
depth.!

Fig. 2 shows the average rela-
tive-permeability  properties of the
pool.!

Average reservoir fluid properties
at 600 psi:

Oil viscosity, p, = 6.5 cp

Gas gradient, gp. = 0.03 psi/fit

Oil gradient, gp, = 0.38 psi/ft

Change in pressure with depth in
oil column, dp/dD = 0.10 psi/ft
(this actually represents a combined
oil and gas gradient)

Oil formation-volume factor, B,
= 1.07

Constant oil-production rate dur-
ing gas pressure-maintenance oper-
ations, Q, = 7.000 st tk b/d. This
rate of oil production can be main-
tained until the gas-oil contact falls
below 2,000 ft from top of pro-
ducing formation. Assume that be-
low this point each of the remain-
ing producing wells can produce the
same amount of oil and the pro-
ducing wells go to gas uniformly
as the gas-oil contact moves down
with time.

FIND: 1. Rate of gravity drain-
age during first ycars of pressure-
maintenance operations.

2. If resaturation of oil column
occurs. time for this resaturation to
take place down to S; = 4.0% of
pore volume.
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VARIATION of permeability, porosity, and water saturation with depth
for a southern Oklahoma reservoir. Fig. 1.

METHOD OF SOLUTION:
Equations used are those recom-
mended by Essley et al.! These
equations are the gencralized Darcy
equation

qo = 1.127 (k,A/p)
X (dp/dl — p,g sin &) (1)

A material-balance equation

GOC
E (AS.; X Avp)i = O«:Bu At

GOCH

+ ASgoe Vioe (2)

and a displacement equation

(dedt)Hﬂ
= (6.33 k sin® a/p, ¢) ghp
X (dkrn/dst) (3)

Where:

A1 #u gpul nga al V]J! Qor BO!
and k were defined with the data
and

q, = oil-production rate, reser-
voir b/d.

k., = effective oil permeability,
darcies.

dp/dl = change in pressure with

distance along bedding plane in oil
column.

S, = reservoir-oil saturation,
fraction of pore volume.

t = time, days.

Sgec = reservoir gas saturation in
oil column, fraction of pore volume.
oc = subscript for oil column.

GOC = gas-oil contact position
or depth.

i = subscript for initial.

(dD/dt)s, = change in depth
with time for a given oil saturation
above gas-oil contact.

¢ = porosity, fraction.

gap = g (po — py), psi/ft.

k., = relative oil permeability.

D = depth, ft.

Since k, = k X k,, and

dp/dl = (dp/dD) sin «

Equation 1 can be written as

Qo = 1.127 k X (keo A/pt0)
X [(dp/dD) — gp.] sina  (4)

SOLUTION: The average oil sat-
uration in the oil column (gas-oil
contact has advanced 250 ft into oil
column) at the start of pressure-
maintenance operations is given by

100-s,
Se Ve = I( ) Vi Vs
ol
1.00 — 8, S
+ (‘_ } vpm' S —— Vpl;(‘
Hul Bn
5= Nl‘] Bn
Where:

Ve = pore volume in oil col-
umn below gas-oil contact, barrels.
Visc = pore volume in portion

-

Table 1—Calculations to determine distribution of reservoir fluids at start of pres:

(m (2) (3) (4) (5) (6) (7) (8) 9) (10)
Depth* from Avg. ———————From Fig. 1 — |
Time interval, At previous AD depth Sy
S, calculation, Est. est. ft k, QS Fraction of S,
Years Days % ft ft (4)+% (5) darcies fraction pore vol, (3)4+(9)
12 4,380 25 0 70 35 0.380 0.215 0.088 0.338
30 0 142 71 0.380 0.215 0.088 0.388
35 0 228 114 '0.380 0.215 0.088 0.438
A 40 0 328 164 0.380 0.215 0.088 0.488
6.5 2,373 25 71 36 89 0.380 0.215 0.088 0.338
30 142 71 178 0.380 0.215 0.088 0.388
35 228 114 285 0.380 0.215 0.088 0.438
40 . 250 164 332 0.380 0.215 0.088 0.488
45 250 272 386 0.380 0.214 0.088 0.538
50 250 446 473 0.380 0.213 0.088 0.588
55 250 640 570 0.380 0.213 0.088 0.638
60 250 900 700 0.377 0.212 0.089 0.68¢

“Expressed os feet from top of oil column.

m

dK,./

fro



of original ¢il column now above
gas-oil contact, barrels.

Thus B
1.00 — S, (31 0.29
[(—————) 2222 x 10 —(—) (22.2 x 10%) — 27 x 10%] 1.07
B 4,16 1.07
S, = _
649.8 %X 108 = (3L - 92.%)x 10
S, = 0.767

Therefore S, = 1.000 — 0.767
— 0.140 = 0.093.

Rate of gravity drainage is com-
puted with' Equation 4. To obtain
k., for this equation requires knowl-
edge of the average total liquid sat-
uration (S, + Sy), Sy.. For this com-
putation let it be assumed that oil
resaturation of the oil column will
take place (gas saturation will de-
crease to 4.0%) during the first few
years of pressure-maintenance op-
erations. Thus S, will be (0.767 +
0.093 — 0.040) or 0.82.

So(.‘-g] = (0.?67 + 0-820)
+ 2= 0,794
Sy = 0.794 + 0.140 = 0.934

and from Fig. 2, k., = 0.85.
Solving Equation 4 gives
q. = (1.127) (0.175) (0.85)
(3.55 x 10%) (0.10 — 0.38) sin 45°
= 6.5

= 18,120 reservoir b/d rate of
gravity drainage.

The current production rate is
7,000 X 1.07 = 7,490 reservoir b/d.

Thus the oil column resaturates
with oil at the rate of 18,120 —
7,490 = 10,630 reservoir b/d.

Resaturation will take place be-
low the gas-oil contact and as re-
saturation takes place the gas-oil
contact will move downstructure,
To determine the time necessary for
resaturation, trial-and-error compu-
tations are performed to satisfy
Equation 2, where Q, = 7,000 st
tk bbl/d and AS, = 0.093 — 0.040
= 0.053. The calculation procedure
is as follows:

1. Compute the saturation-depth
profile using Equation 3 at the end
of a 12-year pool life (period from
discovery to start of pressure-main-
tenance operations). This is shown
in Table 1.

2. Estimate the pool-life interval,
At, (pool life = 12 years + At) re-
quired for resaturation of oil col-
umn to occur.

3. Compute the saturation-depth
profile using Equation 3 for this At.
This is shown for At = 6.5 years in
Table 1.

4. Solve Equation 2. Table 2

tenance and at a pool life of 18.5 years

(15) e

12) (13) (14)

Ap sin? o AD Calculated

— . (dD/dt)g, Computed depth, ft Life of
o 7xO1)x(12)=(8) (2)x(13) (4)4-(14) pool, years
184 0.0163 71 71 12
184 0.0325 142 142 .
184 0.0520 228 228

184 0.0748 328 328 i 3
170 0.0150 36 107 18.5
170 0.0300 71 213 S
170 0.0481 114 342

170 : 0.0691 164 414

170 0.1147 272 522

170 0.1880 446 696

170 0.2699 640 890

170 0.3779 897 1,147

shows the computation of the left
portion of Equation 2.

5. Plot the sum of each side of
Equation 2 versus depth from top
of oil column. This is shown on
Fig. 3.

6. Determine the position of the
gas-oil contact from the point of in-
tersection (1,170 ft) of the two
curves in Fig. 3 and compute the
pore volume, V.., in the oil column
below this point. By summing col-
umn 5 in Table 2 and interpolating
between the depths of 1,100 and
1,200 ft (Vpi070 = 169.8 x 10°
bbl).

Vpoe = 672.0 x 10® — 169.8 X
10® = 502.2 x 10° bbl

7. Compute the time required
for resaturation to occur in V. at
the existing resaturation rate of 10,-
630 reservoir b/d.

At = Vi, AS;,/10,630
= (502.2 x 10" (0.053)/10,630
= 2,504 days or 6.86 years.

8. The time interval computed
in step 7 should agree with the time
interval estimated in step 2. Trial-
and-crror calculations are continued
until agreement within the desired
accuracy is obtained. In this case
6.86 years is considered sufficiently
close to the estimated time interval
of 6.5 years.

Steps 1 and 3 require solution of
Equation 3 for time intervals of 12
and 6.5 years. The procedure for
solving this equation is as follows:
(See Table 1 for illustration).

1. Estimate change in depth, AD,
to occur for a particular saturation
over the time interval.

2. Compute the average depth of
the saturation over the time interval
as the previous depth plus ¥2 AD.

3. Read absolute permeability
(k), porosity (¢), and water satura-
tion (S,,) for the average depth from
Fig. 1.

4. Compute the total liquid sat-
uration using the oil and water sat-
urations.

SL - Su + Sw

5. Read (dK,./dSy) from Fig. 2.

6. Solve Equation 3 for
(dD/dt)g, noting that for pressure-

maintenance operations (6.33 k x

sin a) gAp/p, is a constant and
equal to

(6.33) X (sin 45°)* x (0.38 - 0.03)
+ 6.5-=0.170
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RELATIVE PERMEABILITY PROPERTIES for a south-

100 GRAPHICAL SOLUTION of Equation 2. Fig. 3.

ern Oklahoma reservoir. Fig. 2.

7. Multiply the (dD/dt)s. com-
puted by At to obtain AD. This
value of AD should check with the
value estimated in step 1. If it does
not check within about 5% then
another AD is estimated and the
computations are repeated until the
check is satisfied. As an example let
the calculations be performed for a
time increment of 6.5 years and a
saturation of 45% where:

Depth from previous calculation
= 250 ft (cannot be greater than
depth to gas-oil contact).

AD estimated = 272 ft.

Average depth = 250 + ('2)
(272) = 386 ft.

« Elevation from top of oil column, ft

For this depth (from Fig. 1)

k = 0.380

¢ = 0214

S« = 0.088

Thus S, = 0.450 + 0.088 =
0.538 and (dK,,/dS;) = 0.38 from
Fig. 2.

Thus, substituting into Equation
3 gives

dD/dt
= (0.170) (0.380) (0.38)/0.213
='0.1147
AD = (0.1147) x (6.5 years)
X (365 days/year) = 272 ft

The computed value of AD agrees
with the value estimated. The cal-

0 Gas-oil contact ot ¥
b.g'i:ning of injection o ?_
-500 AN T
P4
1,000 Sl
Nof 18.5 years 1
1,500 3 I |
oil / SATURATION -time-
.2.000 Water|] depth profiles for a
0 20 40 60 80 100 southern Oklchoma
Saturation, % reservoir. Fig. 4.

culated depth of the 45% oil satur-
ation at the end of 18.5 years. (12
+ 6.5) is

250 + 272 = 522 ft

from the top of the initial oil col-
umn. In Tables 1 and 2 the calcu-
lated depth values of column 15 are
plotted versus the oil - saturation
values of column 3 to give the sat-
uration-time-depth profiles for pool
lives of 12 and 18.5 years. These
plots are shown in Fig. 4. For the
data of Table 1 the gas-oil contact
was placed at 250 ft from the top
of the oil column based on field
tests. To locate the gas-oil contact
at the end of 18.5 years requires
the solution of Equation 2.

Since both sides of this equation
are functions of pore volume, each
side of the equation is solved for
various values of oil-column pore
volume (assuming different posi-
tions of the gas-oil contact) and
each set of results (volumes of oil
drainage) plotted versus depth from
the top of the oil column. The com-
putations for thé left portion of
Equation 2 are shown in Table 2;
those for the right portion are not
shown but can readily be obtained
using cumulative pore volume incre-
ments from column 5 of Table 2.
For example, at a depth of 600 ft
from the top of the oil column,

vp{;rm == (7-8 -+ 9.1 + 10.5 + 11.9
+ 13.3 4 14.8) 10
= 67.4 X 10° bbl



Table 2—Computation of gravity drainage and displacement of oil by movement of gas-oil contact for time

interval of 12 to 18.5 years (At = 6.5 years)

m (2) (3) (4) (5) (6) (7)
Avg. oil saturation, fraction of Pore vol.
Depth from pore vol., from Fig. 4 Pore vol. AV, voided
top of oil 7 A 5 AS, from Fig. 5 AS, X AV, I AS, AV, =
column, ft At 12 years At 18.5 years (2) — (3) Ref. 1, MM bbl  (4) x (5) 108 bbl X (6), 108 bbl
0-100 0.239 0.222 0.017 7.8 0.13 0.13
100-200 0.307 0.268 0.039 9.1 0.35 0.48
200-300 0.363 0.314 0.049 10.5 0.51 0.99
300-400 0.819 0.360 0.459 1.9 5.46 6.45
400-500 0.819 0.417 0.402 13.3 5.35 11.80
500-600 0.819 0.45%9 0.360 14.8 5.33 1713
600-700 0.819 0.487 0.332 16.4 5.44 22.57
700-800 0.818 0.516 0.302 18.3 5.53 28.10
800-9200 0.817 0.542 0.275 18.3 5.03 33.13
900-1,000 0.816 0.566 0.250 18.3 4.58 37.71
1,000-1,100 0.816 0.583 0.233 18.3 4,26 41.97
1,100-1,200 0.815 0.602 0.213 18.3 3.90 45.87
1,200-1,300 0.813 0.619 0.194 18.3 3.55 49.42

Viee = Vp = Vygoo = 672 X 10°
— 67.4 x 10% = 604.6 X 10° bbl

and since Q, = 7,000 st tk bbl/day,

B, = 1.07,

At = (365) (6.5 years) = 2,373 days,
AS,,. = 0.053

Qo Bo At + ASpc Vioe

= (7,000) (1.07) (2,373)

+ (0.053) (604.6 x 10°)
= 49.8 x 10° bbl

DISCUSSION: A solution-gas-
drive reservoir derives most of its
energy from the expansion of gas
that evolves from solution as the
reservoir pressure falls below the
bubble point. Initially at low gas
saturations the expanding gas effi-
ciently drives the oil to the produc-
ing wells. However, as the reservoir
pressure continues to decline and
the gas saturation increases, perme-
ability to gas rapidly develops and
the gas energy is dissipated without
displacing most of the oil. Gravity
has the effect of tending to cause
segregation of the gas and oil. It
is most effective under conditions
of high permeability (20 md or
more), low oil viscosity, and high
structural dip (10° or more). If the
forces, created by production and
acting on unit volumes of oil and
gas, are small compared with the
gravitational forces also acting on
the oil and gas, segregation will oc-
cur with oil moving down and gas
up to a gas cap or to form a sec-
ondary gas cap. When gravity drain-
age is effective in a steeply dipping
pool, gas usually flows to and ac-
cumulates at the crest.!

Gravity drainage results in a sit-
uation where oil saturations are
high at the lower part of a reservoir
and gas saturations are high at the
crest of a structure. The additional
recovery resulting from gravity
drainage is oil that is replaced by
gas in structurally high positions.
The effect of gravity drainage on re-
covery can be computed by deter-
mining the rate at which oil is mi-
grating downdip from a secondary
(or cxpanding primary) gas cap or
by determining the rate at which
gas is accumulating and expanding
in the cap.

In the previous problem gravity-
drainage performance was com-
puted for a reservoir where segre-
gation does not occur; oil moves
down but gas does not flow to a
gas cap. For the problem under
discussion a more general solution
procedure is required since scgrega-
tion does occur. This solution can
be achieved with Equations 1, 2, 3,
and 4. The solution is facilitated
by pressure maintenance at the gas-
oil contact and in the gas cap. Be-
low the gas-oil contact some varia-
tion in pressure occurs due to grav-
ity alone. Thus steady-state theory
can be applied.

Equations 1 and 4 are forms ot
the generalized Darcy equation that
is used here to compute the rate of
gravity drainage. Average values
for the various factors in the equa-
tion were used to compute the rate
of drainage. This rate of drainage
is more than twice the oil-produc-
tion rate and results in resaturation
of the oil column to an equilibrium
gas saturation of 4% in about 62

years after initiation of pressure-
maintenance operations, Fig. 4.
After resaturation of the oil column
(to Sg = 4%), segregation of gas
ceases and oil moves down at a rate
comparable to oil-production rate.
Equation 2 states that the amount
of drainage from within the gas cap
plus the volume of oil displaced at
the_gas-oil contact are equal to the
volume of oil produced from below
the gas-oil contact plus the decrease
in pore volume occupied by gas in
the oil column (zero after resatura-
tion to Sg = 4%). This is a ma-
terial-balance equation used to lo-
cate the position of the gas-oil con-
tact with time. Its solution requires
knowledge concerning the variation
of oil saturation with time at all
points within the expanding gas cap.
This information is obtained with
Equation 3 which defines the dis-
tance traveled by an oil saturation
during time increment, At. Its solu-
tion requires the use of average
rock properties over the distance
AD. Since AD is sought, the solu-
tion is trial and error as shown.
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Part 54

How to determine performance of a

gravity-drainage reservoir in which segregation of

oil and gas occurs

GIVEN: Data on a steeply dip-
ping southern Oklahoma reservoir
as reported by Essley and co-
authors,' and in previous problem.

FIND: 1. Compute the satura-
tion-time-depth profiles for 27, 50,
and 70 years of history.

2. Determine the variation of oil-
recovery rate and cumulative oil re-
covery with time.

METHOD OF SOLUTION:
This problem is a continuation of
the previous one where performance
solutions were presented for pool
lives of 12 and 18.5 years. Since
resaturation of the oil column has
occured, the AS,... V.. term, shown
in Equation 2 of the previous part, is
not included in Equation 1 of this

problem. This indicates that no
further gas segregation is occurring
and that the total of oil displace-
ment at the gas-oil contact and
gravity drainage behind the gas-oil
contact cannot exceecd the total
amount of oil produced under pres-
sure maintenance operations. The
procedure! used includes a material-
balance equation.

Goc
% (AS, X AV,);=Q,B,At (1)

GOct

and a displacement equation

(dD/dt)s, = (6.33 k SinZa/ o ¢)
X gAp (dk,o/dSy) )

Where:

GOC = gas-oil contact position
or depth,

1 = subscript for initial.

Se = reservoir oil saturation in
oil column, fraction of pore volume.

V, = pore volume.

Q, = oil production rate, st tk
bbl/day.

B, = average oil formation vol-
ume factor.

t = time, days.

A = symbol for “increment.”

D = depth, ft.

k = absolute permeability, dar-
cies.

«a = dip, degrees.

Mo = average reservoir oil viscos-

ity, cp.
¢ = porosity, fraction.
g4p = g (po — py).

Table 1—Calculations to determine distribution of reservoir flu

(M (2) (3) (4) (5) (6) (7 (8) (9 a
Depth* from Avg. ———————From Fig. 1, Ref. 2——
Time interval, At previous AD depth Sy
i 8o calculation, est,, est., k ] Fraction of S
Years Days % ft ft (4)- V2 (5) darcies fraction pore volume  (3)-
8.5 3,103 25 107 47 131 0.380 0.215 0.088 0.3
30 213 93 260 0.380 0.215 0.088 0.3
35 342 150 417 0.380 0.214 0.088 0.4
40 414 217 523 0.380 0.213 0.088 0.4
45 522 362 703 0.377 0.212 0.089 0.5
50 696 572 982 0.367 0.210 0.090 0.5
55 890 802 1,291 0.337 0.205 0.096 0.6-
60 1,147 990 1,642 0.253 0.196 0.114 0.7
23 8,395 25 154 126 217 0.380 0.215 0.088 0.3:
30 306 252 432 0.380 0.214 0.088 0.3¢
35 492 432 708 0.377 0.212 0.089 0.47
40 631 600 931 0.368 0.210 0.090 0.45
45 888 996 1,386 0.321 0.203 0.099 0.54
50 1,268 1,220 1,878 0.190 0.189 0.132 0.63
55 1,312 1,550 2,087 0.149 0.182 0.148 0.6%
20 7,300 25 280 110 335 0.380 0.215 0.088 0.33
30 560 220 670 0.378 0.212 0.089 0.38
35 924 360 1,104 0.358 0.209 0.092 0.44
40 1,231 518 1,490 0.298 0.201 0.104 0.50
45 1,881 670 2,216 0.132 0.178 0.158 0.60
50 11,930 915 2,388 0.114 0.172 0.169 0.66

*Expressed as feet from top of oil column. tDepth of gas-oil contact,
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gpo = reservoir oil gradient or
density, psi/ft. 0

gpe = reservoir gas gradient or
density, psi/ft.

kro = relative oil permeability. |

S, = total liquid saturation, frac- 500 AL R .
tion of pore volume.

Original gas-oil contacl

12

GOC at beginning of injection

e
T

6.5

SOLUTION: Mechanics of solu-

tion to this problem are shown in 1,000 f— : e t |
Tables 1 and 2. Table 1 gives the \\ \ 18.5 years
| J
1

solution of Equation 2 for time in- @| 21 years
crements of 8.5, 23, and 20 years,
which correspond to pool lives of

Years

ft

23 —i8.5be

-~ -1,500 =

27, 50, and 70 years. Similar cal- £ ’
culations were given for pool lives 2
of 12 and 18.5 years in the previous v @ S0years 4
problem which also showed the trial- 3 -2,000 s I
and-cerror procedure for solving o | i -
Equation 2. For example, this equa- a. ll ' b
tion is solved as follows for a time = i @ 10yeass
increment of 8.5 years and at an © ~2.500 1 e
oil saturation of 45%: E=
L
At = (8.5 years) (365 days/year) [
= 3,103 days & -3,000 R
6.33 Sin? @ gAp/u, )
= (6.33) (0.500) (0.35)/6.5
= 0.170 _3.500
Where (from Part 53):
a = 45° Qil Gas Waler
gAp = 0.35 psi/ft
Mo = 6.5 cp -4,000 !
0 20 40 60 80 120
In this illustration the position is Total liquid saturation, %
- SATURATION -time - depth  profiles
yol lives of 27, 50r and 70 years southern Oklahoma reservoir. Fig. 1.
) 12) (13) (14) 5) 16)
Sy, 522 ft. It is estimated the 45% oil
- 633 ApSinfa (dD/dg, AD Calculated saturation will move 362 ft in 8%
-’ —_—— (Nx01)x(12) computed depth, ft Life of years., The average depth of this
) - Mo =(8) (2)x(13) (4)+(14) pool, yeo_rs saturation will be
) 0.170 0.0150 47 154 27 .
) 0.170 0.0300 93 306 : 5227(-;- (f362) (%) = 7103Pﬂ' .
: 0.170 0.0483 150 492 . A 103 1, using Fig: 1; Fart 53
: 0.170 0.0698 217 631 k = 0.377 darcies
: 0.170 0.1179 366 888 . ¢ = 0.212
' 0.170 0.1842 572 1,268 . Sy = 0.089 or §;, = 0.450 +
i 0.170 0.2599 806 1,696 s 0.089 = 0.539
: 0.170 0.3204 994 2,141 ; From Fig. 2, Part 53 (dk,/dSy)
i 0.170 0.0150 126 280 50 = 0.39.
l 0.170 0.0302 254 560 5 tuti - : 3
, 0170 650474 432 Pt o ’ Substituting into Equation 2 gives
1 0.170 0.0715 600 1,231 (dD/dt)so
l 0.170 0.1183 993 1,881 = (0.170) (0.377) (0.39)/0.212
. 0.170 0.1453 1,220 2,488 . = 0.1179 ft/day
l 0.170 0.1851 1,554 2,866
. 0.170 0.0150 110 390 70 AD = (0.1179 ft/day)
» 0.170 0.0303 221 = 781 . X (3,103 days) = 366 ft
] 0.170 0.0495 361 1,285 .. .
| 0.170 0.0706 515 ]',746 . Thc value Of. 366 ft checks suffi-
L 0.170 0.0920 672" 2,553 . ciently well with the estimated value
0.170 0.1251 913 2,843 . of 362 ft. The position of the 45%

oil saturation at the end of the 814
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Table 2—Computation of gravity drainage and displacement of oil by movement of gas-oil contact for time interval
of 27 to 50 years (At = 23 years)

()] (2) 3) (4) (5) (6) 7)
Avg. oil saturation, fraction of Pore vol.
Depth from pore vol. from Fig. 1 Pore vol. AV, voided,
top of oil r A N AS, from Fig. 5 AS, x AV, ZASAV,=
column, ft At 27 years At 50 years (2) — (3) Ref. 1, MM bbl  (4) x (5), 108 bbl ¥ (6) 108 bbl
0- 100 0.211 0.209 0.002 7.8 0.02 0.02
100- 200 0.247 0.227 0.020 2.1 0.18 0.20
200- 300 0.281 0.245 0.036 10.5 0.38 0.58
300- 400 0.313 0.263 0.050 11.9 0.60 1.18
400- 500 0.346 0.279 0.067 13.3 0.89 2.07
500- 600 0.374 0.294 0.080 14.8 1.18 3.25
600- 700 0.402 0.312 0.090 16.4 1.48 4,73
700- 800 0.425 0.328 0.097 18.3 1.78 6.51
800- 900 0.443 0.343 0.100 18.3 1.83 8.34
900-1,000 0.460 0.358 0.102 18.3 1.87 10.21
1,000-1,100 0.472 0.372 0.100 18.3 1.83 12.04
1,100-1,200 0.486 0.386 0.100 18.3 1.83 13.87
1,200-1,300 0.498 0.399 0.099 18.3 1.81 15.68
1,300-1,312 0.504 0.404 0.100 2.2 0.22 15.90
1,312-1,400 0.863 0.409 0.454 16.1 7.31 23.21
1,400-1,500 0.859 0.419 0.440 18.3 8.05 31.26
1,500-1,600 0.853 0.427 0.426 18.3 7.80 39.06
1,600-1,700 0.846 0.434 0.412 18.3 7.54 46.60
1,700-1,800 0.840 0.442 0.398 18.3 7.28 53.88
1,800-1,900 0.832 0.449 0.383 18.3 7.01 60.89
1,900-2,000 0.825 0.458 0.367 18.3 6.72 67.61
2,000-2,100 0.816 0.466 0.350 18.3 6.41 74.02
2,100-2,200 0.806 0.475 0.331 18.3 6.06 80.08

Using data in this table, and Equation 1, gas-oil contact is located at 1,930 ft from fop of reservoir.

years (life of 27 years) will be
522 + 366 = 888 ft

The position of each saturation at
the start of a pressure increment
(depth from previous calculation) is
obtained by referring to column 15,
Table 1, of the previous time-in-
crement calculations. This is true
for all saturations above the gas-oil
contact. However, as pointed out
earlier in the computation for sat-
urations within the gas-oil contact,
a two-step method is used. First it
is assumed that the saturation-depth
relationships as computed for con-
ditions above the gas-oil contact ex-
tend -below the gas-oil contact.
These saturations are then adjusted
through use of a material-balance
equation. This is illustrated for an
oil saturation of 55% in the calcu-
lations for the time increment of 23
years. The previous calculations
showed a position of 1,696 ft; how-
ever, since an oil saturation of 55%
falls in the gas-oil contact zone in
Fig. 1 (at 27 years), the position of
the gas-oil contact (1,312 ft) is used.

The data of column 3, Table 1,
are plotted versus the data of col-
umn 15 for each time increment on
Fig. 1. This gives the position of
each oil saturation that lies above

the gas-oil contact at each time in-
crement but not the position of the
gas-oil contact. Data corresponding
to the beginning of pressure-main-
tenance operations and 18.5 years
are shown in Fig. 1 as obtained
from the previous problem. To ob-
tain the position of the gas-oil con-
tact for time increments of 814, 23,
and 20 years, Equation 1 is solved
for each corresponding set of data.
This type of calculation is shown in
Table 2. The data for column 2 are
obtained from the complete curve
for a pool life of 27 years. Data for
column 3 are obtained from a plot
of column 3 vs. column 15 of Table
1 for a time increment of 23 years.
Most of these data are shown plotted
on Fig. 1 for a time of 50 years. The
last data point shown is for S, =
45% . The depth of 2,488 ft for S,
= 50% was plotted and used in
establishing the position of the gas-
oil contact but is not shown on Fig.
1. The data for column 5 of Table
2, were obtained from Fig. 5 of

Reference 1. Pore volume voided

shown in column 6 represents the
volume of gravity-drainage oil and
oil displaced at the gas-oil contact
for each increment of pore volume
over the time increment under con-
sideration. In Table 2 gravity drain-

age occurs above a depth of 1,930
ft and oil displacement occurs be-
low this depth.

In the previous problem it was
stated that the constant oil-produc-
tion rate would be maintained until
the gas-oil contact fell below a
depth of 2,000 ft from the top of
the producing formation. Below this
depth it was assumed that the re-
maining producing wells would go
to gas uniformly as the gas-oil con-
tact moved down with time.

For At = 23 years

Q, B, At = (7,000 b/d
X (1.07) (23 years) (365 days/year)
= 62.88 X 10°® reservoir bbl

This sum occurs in column 7, Table
2, at a depth between 1,900 and
2,000 ft or

Position of gas-oil contact = 1,900
(62.88 — 60.89) 10°

G x 100 ft
(67.61 — 60.89) 105
= 1,930 ft

This information completes the
curve for 50 years in Fig. 1.

To locate the gas-oil contact for
a pool life of 70 years a trial and
error procedure was used. Between
pool lives of 27 and 50 years, the

-
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GRAVITY DRAINAGE performance of a southern Oklahoma reservoir. Fig. 2.

pas-0il contact moved (1,930 —
1,312 = 618 ft) 618 ft. By extra-
polation of this trend it will take
2.6 years more.

Time for gas-oil contact to reach
depth of 2,000 ft =

(2,000 — 1,930)

+ 50.00
618 ft/23 years
= 52.6 years

or the gas-oil contact to reach a
depth of 2,000 ft below the top of
he initial oil column. Below this
oint the oil producing capacity is
issumed equal to that fraction of
7,000 st tk bbl/day given by the
atio of the pore volume of the re-
naining oil column to the pore vol-
ime of the oil column below a depth
f 2,000 ft. The position of the gas-
il contact is assumed and an av-
rage oil producing rate is computed
etween this position and 2,000 ft.
il recovery for the 20-year time
ncrement is then computed, and the
osition of the gas-oil contact is
ound as shown in Table 2. As-
umed and computed gas-oil-contact
ositions should check, otherwise
nother position is assumed and the
rocess repeated.

DISCUSSION: In this problem
1e maximum rate at which oil can
ow downdip limits the rate of oil
isplacement at the gas-oil contact

and the rate of movement of the
gas-oil contact. Since the residual-
oil saturation in the gas cap is a di-
rect function of time, conditions
causing rapid movement of the gas-
oil contact down dip result in high
residual oil saturation and low oil
recovery at gas breakthrough down
structure.® Conversely, when the rate
of oil displacement at the gas-oil
contact is relatively small compared
to the gravity drainage from the gas
cap, a well-defined gas-oil contact
or stabilized zone will exist.
Procedures in this and the pre-
ceding problem are applicable only
when reservoir pressure is essentially
maintained through gas - injection.
Pressure differences in the oil col-
umn are due to gravity.
Calculations for gravity drainage
where reservoir pressure’ declines
are more complex and have not yet
been solved. A method developed
independently and similar to that
used in this problem has been pre-
sented by Shreve and Welch.*
These authors suggest dividing
the reservoir into a series of as-
sumed isotropic segments of dif-
ferent volumes. Such a procedure
eliminates trial-and-error solution
but introduces saturation discon-
tinuities across the segment bound-
aries.
The procedure used in this prob-
lem for computing the average oil-
producing rate when the gas-oil con-

tact dropped below a depth of 2,000
ft from the top of the initial oil col-
umn did not take into account vari-
ations in oil saturation.

Other methods could be used to
compute this oil-production rate. A
pool map showing structure and
well locations could be used most
effectively since for any assumed
position of the gas-oil contact, the
average oil-producing rate could
readily be determined by summing
the rates of the producing wells.

The predicted performance of the
pool under study is shown in Figs.
1 and 2. Fig. 1 gives the saturation-
time-depth profiles for five time in-
crements. These profiles show the
advancement of oil-saturation planes
with time, and the changes of oil
saturation with time and position.
Note that the water saturation in-
creases with depth, as was indicated
by Fig.'1 of the preceding problem.

The gas saturation remains con-
stant after 18.5 years since resatura-
tion of the oil column to an
equilibrium gas saturation of 4%
occurred about this time. Fig. 2 was
plotted with data obtained from
Table 2, and calculations for other
time increments. Oil-production rate
and performance curves shown are
not complete. Similar calculations
are needed, to abandonment condi-
uons, to obtain the entire perform-
ance curves.
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Part 55
How to predict performance of a

gravity-drainage reservoir in the stripper stage

GIVEN: Ten years of past per-
formance for a lease (columns 1
and 2 of Table 1) that has been
producing during this time in the
stripper stage by gravity drainage.

FIND: Performance (remaining
life and reserves) of the lease if
abandonment occurs at an oil-pro-
duction rate of 200 bbl/month.

investigators found that if lease life
to abandonment is 25 years or less
and n is less than 1.0 or if lease life
is greater than 25 years and n is
greater than 1.0, suitable predic-
tions can be made with

12Q,
y(1 —n)
X[A+pp—r-1] @

N, =

If lease life to abandonment is

Q, 1 greater than 25 years and n is less
METHOD OF SOLUTION: = (1) than 1.0, better predictions are ob-
Equations recommended by Lefko- Qui (L4900 tained with
vits and Matthews! will be used in
the solution of this. problem. These
Table 1—Past performance and computations
(§)] (2) (3) (4) (5) (6) (7} (8)
X=1t= Avg. rate of Yovservea = (Qu/ Q178 = (3)1/n
time, oil production, Q,/Q, ‘ A S,
years Q, bbl/month 1,000 = (2) n = 0.50 n =075 n = 1.00 n=1.25 n=09
o 1,000 1.000 1.000 1.000 1.000 1.000 1.000
1 900 L 1.234 1.151 an 1.088 1.124
2 805 1.242 1.543 1.336 1.242 1.189 1.272
3 735 1.361 1.852 1.509 1.361 1.280 1.408
4 680 1.471 2.164 1.674 1.471 1.362 1.536
5 638 1.567 2.455 1.840 1.567 1.433 1.647
6 598 1.672 2.796 1.986 1.672 1.509 1.771
7 560 1.786 3.190 2.168 1.786 1.591 1.905
8 528 1.694 3.587 2.344 1.894 1.667 2.034
o ) 498 2.008 4.032 2.534 2.008 1.745 2.168
10 470 2.128 4.528 2.738 2.128 1.830 2.313
55 28.381 20.280 17.240 15.694 18.178
(15) (18) (7) (18) (19) (20) (21) (22)
Y Computed [Yobservea — Ymmpmm] x 103
r A N r A ~
n=0.75 n= 0290 n=1.00 n=1.25 n=0.75 n = 0.90 n=1.00 n=1.25
Eq. 8 Eq. 9 Eq. 10 Eq. 11 (5) — (15) (8) — (16) (6) — (17) (7) — (18)
T 0986 . 1.005 1ol 1.019 14 -5 -1 T =te
1.157 1.134 1.122 1.100 -6 -10 -1 —-12
1.329 1.264 1.234 1.182 7 8 8 7
1.500 1.393 1.345 1.263 9 15 16 17
1.672 1.523 1.456 1.345 2 13 15 17
1.844 1.653 1.567 1.427 —4 -6 0 6
2.015 1.782 1.678 1.508 - 29 -1 =6 1
2,187 1.912 1.790 1.590 =19 -7 -4 1
2.358 2.041 1.901 1.671 - 14 -7 -7 -4
2.530 217 2.012 1.753 4 -3 -4 -8
2,702 2.301 2.123 1.835 36 12 5 -5
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Where: :

Q, = oil-production rate at time
t, bbl/month

Q. = initial or oil production
rate at zero time, bbl/month

¥ = a constant in years—!

for factors n and vy

n = exponent

t = time, years

b, ¢, d = constants in Equations
3 and 4 (obtained from Table 1 of
Reference 1)

N, = oil recovery at time t, stock-
tank barrels

METHOD OF SOLUTION: To
solve this problem, first compute
values for y and n based on past
history, using Equation 1 which
can be written as

Quw/Q)" =1+t (5)

This form of the equation indicates
that the correct values of n and ¥y
give a linear plot when (Qq/Qo)'/™
is plotted versus t. The slope of
such a plot is . Table 1 gives most
of the computation steps involved
in the determination of n and 7.
These steps are: .

1. Compute (Qu/Q,)'/* with time
for various values of n; 0.50, 0.75,

(9 (10) an 12) (13) (14)
XY
‘Xz n = 0.50 n =075 n = 1.00 n=1.25 n = 0.90
1)2 (M x (4) (M x (5 (n x (6) mx @ (1 x (8)
1 1.234 1.151 an 1.088 1.124
4 3.086 2.672 2.484 2.378 2.544
9 5.556 4.527 4.083 3.840 4.224
16 8.656 6.696 5.884 5.448 6.144
25 12.275 9.200 7.835 7.165 8.235
36 16.776 11.916 10.032 9.054 10.626
49 22.330 15176 12.502 11.137 13.335
64 28.696 18.752 15.152 13.336 16.272
81 36.288 22.806 18.072 15.705 19.512
00 45.280 27.380 21.280 18.300 23.130
85 180.177 120.276 98.435 87.451 105.146
(23) (24) (25) (26) (27) (28)
{Yohserved - “'lznmpuwd"'2 x 100
= 0.75 n = 0.90 n= 1.00 l'h:'l.2.‘i1
192 (20)2 (21)2 (22)2 AN, N,
196 25 121 361 o
36 100 121 144 11,400 11,400
49 64 64 49 10,230 21,630
81 225 256 289 9,240 30,870
4 169 225 289 8,490 39,360
16 36 0 36 7,308 46,668
841 121 36 1 7,416 54,084
361 49 16 1 6,948 61,032
196 49 49 16 6,528 67,560
16 9 16 64 6,156 73,716
1,296 144 25 25 5,808 79,524
3,092 991 929 1,275 79,524

0.90, 1.00, and 1.25 in this case as
shown in columns 4 through 8 of
Table 1.

2. Plot (Q.,/Q.)'/® versus time
for cach value of n (Fig. 1) and se-
lect the cases that appear to be
linear.

3. For the cases selected develop
the equation of each linear plot
using the least-squares method. This
gives the values of y for each case.
In this problem approximately lin-
ear plots were obtained for n =
0.75, 0.90, 1.00, and 1.25. Col-
umns 9 through 14 in Table 1 show
calculations needed for the least-
squares method.

4. Compute the standard devia-
tion for each case selected using the
observed values of (Q,/Q)'/® and
corresponding values of (Qu/Qo)*/*
computed with the equations devel-
oped. These calculations are shown
in columns 15 through 26 of Table 1.

5. Plot standard deviation and ¥y
versus n, Fig. 2, to obtain the best
values of n and y at the lowest
standard deviation,

6. The values of n and vy ob-
tained in step 5 and the initial and
abandonment oil-production rates

are used in Equation 1 to compute

total lease life.

7. If total lcase life to abandon-
ment as computed with Equation 1
is 25 years or less and n is less than
1.0 or if lease life is greater than 25
years and n is greater than 1.0,
‘Equation 2 is used to compute the
lease reserves.

8. If total lease life to abandon-
ment as computed with Equation 1
is greater than 25 years and n is
less than 1.0, Equations 3 and 4
are used to obtain better predic-
tions. The constants b, ¢, and d are
obtained by interpolation, if neces-
sary, from Table 1 of Reference 1
for the n determined.

In step 3,7 (slope) and the ordi-
nate intercept of the linear plots are
computed with?

z2X XY - 2XXY

o (6)
z3iX* — RX)?
ZXIY - ZXZIXY
fi= 7
zI X2 - (ZX)?
Where:
y = slope
z = number of data points
X =t = time

Y = (QM/Q.;)”“
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f = ordinate intercept which ac-
tually is 1.0000 but must be com-
puted in the least-squares method.

For n = 0.90 and using the data
of columns 1, & 9, and 14 of
Table 1

40

10 |

Time, years

12

PLOT to determine behavior of (Qui/ Q)" with
time in the evaluation of n and ¥. Fig. 1.

= Qil-production rate, bbl/month

«# Standard deviation 7T e
0018 % 018
0016 — "i'ﬁ'} e R S i . _.._._...o|6

’%g(‘r{-
0014 1 014
pY
0012 012
0.010] \ 010
Lowest value of , tre,
0.008(— standard deviation - 000915 - r ot 008
for which n-105 and ¥- 01038 I|
|
wod | | | G
07 08 09 10 11 12 13 14

VARIATION of standard deviation and factor y with n. Fig. 2.

Cumulative oil recovery, bbl <

200,000
|l_‘|‘nu|ql"“
v et !
'..mv”.n" .M! l - 'w'm
i
i |'
e oo
|
R R e P
.. Abandonment rate
mmmm-'ﬂmuulumucrl‘.o ‘
o l‘ll‘lllll ‘—‘wfm
Prediction "
0
25 0 v

LEASE PERFORMANCE predicted on the basis of Equations 3 and 4. Fig. 3.

(11) (105.146) — (55) (18.178)
‘y —

(11) (385) — (55)2

= 0.1296
(385) (18.178) — (55) (105.146)
f=

(11) (385) — (55)*
= 1.0045

The equations obtained were:

(Qo1/Q,)1/0-8

= 0.9856 + 0.1716t  (8)
(Ool/ Qn) 1/0.90

= 1.0045 + 0.1296t  (9)

(Qui/Qu)

= 10111 + 0.1112 ¢ (10)
(in/Ou)l” e

= 1.0185 + 0.0816t (11)

These equations were used in the

computations shown in columns 15,

16, 17, and 18 of Table 1. Standard

deviations (actually standard errors
of estimate?) o, are computed with
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(12)
z
for n = 0.9 200 3 1
\/ 0.000991 1,000 1.000 + (0.325) (6.65)
Dy == — = 0.00949
11 1 (0.325) (6.65)
. . x
Similarly { (0.1038) t (6.65) (0.1038) t
o, = 0.0168 for n = 0.75 [1.000 + ———]* [1.000 + 12
925 9.25
= 0.00919 for n = 1.00 y g "o |
=0. =1.2 0.200 = [ +
0105 fhen . 3.161  (1.000 + 00112t  (1.000 + 0.0746 t)?
These values and the slopes (y) of
Equations 8, 9, 10, and 11 are plot- 1 2.161
ted versus n in Fig. 2. This plot 0.6322 =

shows the lowest standard deviation
to be 0.00915 for which n = 1.05
and y = 0.1038 year—!. Thus solv-
ing Equation 1 for the abandon-
ment and initial oil-production rates
of 300 bbl/month and 1,000 bbl/
month gives

200 1

1000  (1.000 + 0.1038 )95

(1,000/200)1/1-95 — 1,000
t=

0.1038
= 35.0 years

or the remaining lease life = 35.0
—10.0 = 25.0 years.

Solving Equation 2 gives
(12) (1,000)

Ny = {[1.0000 + (0.1038) (35.0)]*-°°—1-%5 — 1.0000}

® " (0.1038) (1.00 — 1.05)
12,000

= — —— [(4.633)—%% — 1.0000] = 170,174 bbl

+
(1.000 + 0.01121)>  (1.000 + 0.0746 1)*
Trial-and-error solution of this question shows that for t = 38.5 years

1 2.161
0.6322 = + = 0.6324
(1.4312)*  (3.8721)*

The remaining lifc is 38.5 — 10.0 = 28.5 years.
With Equation 4
(1,000) (12) (38.5) 1
1.000 + (0.325) (6.65) [ 1.000 + (0.1038) (38.5)/9.25
(0.325) (6.65)
1.000 + (6.65) (0.1038) (38.5)/9.25]
= 183,616 bbl

The remaining reserves are

= 183,616 — 79,524 = 104,092 bbl or 104,000 bbl

In this particular case the per-
formance of the lease is obtained
by substituting selected values of t
(i.e.. 15, 20, 25, 30, 35 years) into
either Equations 1 and 2 or Equa-

0.00519 tions 3 and 4. The results obtained
or the remaining lease reserves are using Equations 3 and 4 are shown
in Fig. 3.
) = 170,174 — 79,524 = 90,650 bbl i M
The value of 79,524 bbl (column At t =758 vears
27 of Table 1) represents cumula- l 3 years. 1.000 i

tive oil recovery at the end of 10
years. This value was obtained by
using average oil-production rates
for each year of history (i.c., for the
first year recovery = [(1,000 +
900) + 2] 12 = 11,400 bbl).
Since the lease life to abandon-
ment as computed with Equation 1
is greater than 25 years and n is

Q =

[
1.000 + (0.325) (6.65) (1.000 + (0.1038) (25)/9.25)*
(0.325) (6.65)

(1.000 + (6.65)(0.1038) (25)/9.25)*

] = 276 bbl/month

and

about 1.0, Equations 3 and 4 are (12) (1,000) (25) [ 1
also used in this problem to com- &
sars peedicaonm, Troa! Tuble: 1 ¢ 1.000 + (0.325) (6.65)  1.000 + (0.1038) (25)/9.25

Reference 1 for n = 1.05 and by
interpolation b = 0.325, ¢ = 6.65,
and d = 9.25. Thus

(0.325) (6.25)
1.000 + (6.65) (0.1038) (25)/9.25

] = 145,740 bbl
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DISCUSSION: Experimental
work with models and theoretical
considerations have shown that
wells having a free surface (contain
gas-oil contact) in a homogeneous
reservoir producing by pure gravity
drainage (reservoir pressure is de-
pleted) have a performance that fol-
lows a hyperbolic decline with the
exponential factor n = 2.2 Lefkovits
and Matthews performed this initial
work and later extended the ideal
homogeneous reservoir behavior to
actual field cases.!

Both the initial and extended
procedures assume that the reser-
voir pressure has been depleted and
that oil moves to the well bores by
gravity drainage. In the study of
actual field cases, it was found that
the decline was hyperbolic in many
cases, but that the exponent n was
normally not equal to 2 and often
was less than 1. For leases and res-
ervoirs the exponent is affected by
the number of wells containing and

not containing free-surface layers
and the uniformity of the pay sand.

Performance of leases can be

predicted for time periods up to 25
years using a hyperbolic decline
(Equations 1 and 2) where the ex-
ponent n is based on past perform-
ance of about 7 years or more. This
procedure can be satisfactory for
time periods greater than 25 years
when the exponent n given by past
performance is greater than 1.
. When the exponent n is less than
1, the time to the economic limit
may be much greater than 50 years
and better predictions are obtained
by using the best-fitting two-layer
curve (Equations 3 and 4).! In this
problem, n = 1.05, and nearly sim-
ilar results were obtained by both
the hyperbolic and best-fitting two-
layer procedures. For both the hy-
perbolic and best-fitting two-layer
methods, the procedure for comput-
ing ¥ and n is the same.

The performance and ultimate re-
covery of a reservoir declining hy-
perbolically have been determined
by using the loss ratio and graphi-
cal methods.! Although more tedious,
the methods used in this problem
(Equations 1, 2, 3, and 4) are con-
sidered more rigorous and reliable.
The disadvantage of many trial-and-
error calculations can be eliminated
when a computer is used.

References

1. Lefkovits, H. C., and Matthews, C. S.,
“Application of Decline Curves to Gravity-
Drainage Reservoirs in the Stripper Stage”
Trans. AIME Vol. 213, 1958, pp. 275-%80.

2. Richardson, C. H., “An Introduction
to Statistical Analysis”: revised edition, Har-
court, Brace & Co. 1944, p. 218.

3. Matthews, C. S., and Lefkovits, H. C.,
“Gravity-Drainage Performance of Deple-
tion-type Reservoirs”: Trans, AIME Vol.
207, 1956, p. 265.

4. Guerrero, E. T., Reservoir Engineering
Part 38, “Performance and Ultimate Re-
covery of a Reservoir Declining Hyperboli-
cally”: The Oil and Gas Journal, Vol. 59,
No. 29, July 17, 1961, pp. 94-96.

Table 1—Calculations for
()] (2) (3) (4) (5) (6)
Pressure,
p‘ R- Bg Fo ¢u
psia B, scf/st-tk bbl . Res. bbl/scf cp bbl/bbl
900 1.161 334 0.00262 135 0.657
700 1.147 278 0.00344 1.50 0.242
500 1.117 220 0.00495 1.80 0021
300 1.093 160 0.00860 2.28 -0.092
100 1.058 84 0.02720 3.22 —-0.100
(13) (14) (15) (18) (17 (18)
N;I =
¢o + (12) Np(ll--'l] ¢n Gp{n—l] ¢: ANp Nptn-—l] + (17)
6) 4 (12) (18),_, X (6) (33,1 X @ 1—(14) —(15) 16) - (13) Fraction of N
............ B 0.1347
4.7843 0.0326 0.6638 0.3036 0.0635 0.1982
5.5065 0.0042 0.7439 0.2519 0.0457 0.2439
5.6348 —0.0224 0.8032 0.2192 0.0389 0.2828
4.2708 —0.0283 0.8245 0.2038 0.0477 0.3305
(25) (26) 27) (28) (29) (30)
Spe = (/). (/Ko (eo ) Rie =
S, + (24) from Fig. 1 Mol By = X (B,/B) = R, + (28) = Computed R, .
= 0.25 4 (24) of Ref. 1 (5) = 0.02 (26) x (27) x (B) (3) + (28) [(29), _,4(29),]+2
............ 67.5 ; 1,900 T
0.775 0.118 75.0 2,947 3,225 2,563
0.722 0.225 90.0 4,577 4,797 4,011
0.6381 0.375 114.0 5,429 5,589 5,193
0.634 0.670 161.0 4,207 4,291 4,940



Part 56

How to find dispersed gas-drive

performance taking conformance info account

GIVEN: Production history, rock
and fluid properties, and depletion-
drive performance as shown and
computed earlier' (OGJ, Nov. 27,
1961, p. 106, and Practical Reser-
voir Engineering, Vol. 2, p. 26).
Data from this problem are shown
in columns 1-7 of table 1. Other
data arg:

1. Gas viscosity (p.) at reservoir
conditions remains about 0.02 cp
for pressures between the bubble
point and 100 psia.

2. Initial oil formation - volume
factor, B,y = 1.265.°

3. Interstitial water saturation,
Sy = 25.0% of pore vol.

FIND: The dispersed gas-drive
performance for the reservoir if
60% of the produced gas is rein-
jected after reservoir pressure has
declined to 900 psia. Assume a con-
formance factor of 0.5.

SOLUTION: The Tracy form of
the material-balance equation for
conditions of no water drive and
dispersed gas injection is

AN, * = depletion oil recovery for
pressure decrement, Ap, st-tk bbl
e = conformance factor

N = [Nyw—ny + AN* (1—¢)] ¢o+ G, ¢, 1
Where: o b, = oil pressur'c*l'actor (see Ref-
N = initial oil in place, st-tk bbl  erence 1)
Npw—1) = cumulative oil produc- G, = cumulative gas production,
tion to beginning of pressure decre-  scf

ment, st-tk bbl ¢, = gas-pressure factor, bbl/scf

lispersed gas-drive performance

@ ¢} 9) . (10) an (12)
Rytn—1)+Pre v Rypn—ny+Ry.
( ) ¢,

s B,/B, 2 2 a—nan
bbl/scf @ = (4) Ri i (9, _y+®),]+2 (10) x (7) ©.4 1)
0.00602 443 1,900 o B o
0.00441 333 3,250 2,575 11.3558 4.5423
0.00345 226 4,700 3,975 13.7138 5.4855
0.00278 127 5,600 5,150 14.3170 5.7268
0.00223 - 39 4,200 4,900 10.9270 4.3708

a9 (20) 2n (22) (23) (24)

Np‘

fraction of N N,* (1 —e) N,—Ny* (1 —e) B,/eB,, e — (21) (1 —§,)(23) (22)
from Ref, 1 (19) x (0.5) (18) — (20) (2) = (0.5) (1.265) 0.5 — (21) (0.75) (23) (22)
0.1347 e . e 1.836

0.16%0 0.0845 0.1137 1.813 0.3863 0.525

0.2005 0.1003 0.1436 1.766 0.3564 0.472
0.2307 0.1154 0.1674 1.728 0.3326 0.431
0.2726 0.1363 1.1942 1.673 0.3058 0.384

(31) (32) (33) (34) (35) (36)

. Gp 3
AG, AG, (1 — ) = Gty 4+ 102) G, ¢, = N, o N = 1.000
(17) x (30) (31) X (0.4) multiples of N (33) % 7) (18) x (&) (34) 4 (35)

: S e A .150.516 e T T
162.751 65.100 215.616 0.9509 0.0480 0.9989
183.303 73.321 288.937 0.9968 0.0051 1.0019
202.008 80.803 369.740 1.0279 —0.0260 1.0019
235.638 94.255 463.995 1.0347 - 0.0331 1.0016
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in this problem the conformable
portion of the reservoir is that frac-
tion of the net effective pore space.
¢, contacted or flushed by the in-
jected gas. Here performance is de-
termined by a combination of de-

- pletion and gas-drive energies. The

nonconformable portion of the res-
ervoir is that fraction of the net ef-
fective pore space, 1 — e, that is
not contacted or flushed by the in-
jected gas. Here a straight deple-
tion-drive performance occurs. It is
assumed in the solution that oil from
the nonconformable portion flows
into the conformable portion and
thence to the producing wells. Oil
from the nonconformable portion
of the reservoir does not flow di-
rectly to the producing wells.
In Equation 1

Gy =G +8G, (1 = 1) (2)
and when production occurs into the

boreholes only from the conform-
able portion of the reservoir

Rim—n + Ry,
AG, =

2

X [AN,* (1 —¢) + AN, (3)
Thus

(1 - Su) {C - [Np - Np‘t (lhe)]} Ba

(5)

Rl.-: R~A+(k;/ ku)r(,u'u/#u)(Bu/ BB} (6}

Where:

Si. = total liquid saturation in
conformable portion of reservoir at
Pu

S. = interstitial water saturation,
a constant

N, = cumulative oil production
from conformable and nonconform-
able portions of reservoir at p,, frac-
tion of N

Ny* = cumulative oil production
from reservoir by straight depletion
(primary) drive at p,, fraction of N

Bui, B, = initial and current (at
pressure p,) oil formation-volume
factors

s+ = solution gas-oil ratio at p,,

scf/st-tk bbl

(ke/Ko)e = permeability ratio for
conformable portion of reservoir

Moy te = oil and gas viscosities i.t
Pas centipoises

B, = gas formation volume factor
at p,, bbl/scf

ANP:A‘NN +AND‘ (lL=¢) =

In Equation 4, N = 1.0 and AN,,
ANpe, AN,*, Nyio—1) and G, are ex-

- Nptn—-l: ¢'o = Gp(n—-l!(f’g
: 4)
Rim-1) + Ry,
¢u+(1"'l}( 2 )¢L’
AN, = [

pressed as fractions or.multiples of
N. Also

Pin—1) = Pn = reservoir pressure
decrement, psi

Pin—1, = beginning of pressure
decrement, psi

P. = end of pressure decrement,
psi

AN, = oil recovery in pressure
decrement, pi,_y, — p,

AN,,. = oil recovery from con-

formable portion of rock in pressure
decrement, p,_1) — p.
I = fraction of produced gas re-

injected

Riw-1, = instantancous gas-oil
ratio at p,, ,. scf/st-tk bbl

Ry = instantancous gas-oil ratio

at p,. scf/st-tk bbl

Equations 1 and 4 are used in the
solution of this problem along with
the total liquid saturation and in-
stantancous gas-oil ratio equations.

€ Bol

functions of pressure refer to p,.

A recommended solution proce-
dure is as follows:

1. Equation 4 contains two un-
knowns, AN, and R,,; estimate R,
and solve for AN,.

2. Solve for N, =N (,_1, + AN,

3. Solve Equation 5 for S;. and
with this Sy, read (k./k,). from Fig.
1 of Reference 1.

4. Solve Equation 6 for R,,.. This
instantaneous gas-oil ratio value
should check with the value esti-
mated in step 1 (within 50 to 100
scf/st-tk bbl depending on the mag-
nitude of Ry,). If it does not, repeat
steps 1, 2, and 3, using the com-
puted Ry for the next estimated
gas-oil ratio,

5. The trial-and-error calcula-
tions are continued until R,,, com-
puted, is about equal to Ry, esti-
mated.

6. As a final check at cach pres-
sure, solve Equation 7, the right-
hand side of which must give a value
between 0.991 and 1.009. This will
be obtained at each pressure if R,
computed, and R, estimated, are
about equal,

For a pressure of 500 psia (pres-
sure decrement from 700 to 500
psia) assume R;, = 4,700 scf/st-tk
bbl and

1.000 — (0.1982) (0.021) — (215.616) (0.00345)

0.021 + (1.00 — 0.60) (

Finally Equation I can be writ-
ten for conditions at the end of the
pressure decrement as

10=Ny . + Gy . (7)

Where:
Ny = Npe + Np* (1 — e), and
N;. = cumulative oil recovery at
P from conformable portion of res-
crvoir, fraction of N

SOLUTION: This problem is

solved by trial-and-error solution of

Equations 4, 5, 6, and 7. In these
equations I, S, e, N, and B, are
constants. For calculations F -
formed for a pressure decrement,
(p(ﬂ—ll - pn)y Nprn—lln Gpln.. 1 and
Ri(n—1y refer to the pressure at the
beginning of the decrement, Pin-1)s
while the remaining terms that are

]
3,250 + 4,700

) (0.00345)

1.000 — 0.0042 — 0.7439

0.021 + (0.40) (3,975) (0.00345)

0.2519

0.021 + 5.4855

0.2519
= ——— = (.0457
5.5065

N, = 0.1982 4 0.0457 = 0.2439



(1.00 — 0.25) {0.5000 — [0.2439 — 0.2005 (1.0000 — 0.5000)]} (1.117)

(0.5000) (1.265)

= 0.250 +

(0.75) [0.5000 — 0.1436] 1.117

(0.75) (0.3981
= 0.250 + ) ¢ )

0.6325

= 0.250 + 0.472 = 0.722

0.6325

From Fig. 1 of Reference 1, k;/ko
for Sp. = 0.722 is 0.225

Ri. = 220 + (0.225) (1.80/0.02)

X (1.117/0.00495)
= 220 + (0.225) (90) (226)
=220 + 4,577 = 4,797

Since the computed R, is close to
the estimated value (4,797 com-
pared to 4,700), the final check is
made

N = 1.000 = (0.2439) (0.021)

+ (288.937) (0.00345)

= 0.0051 + 0.9968
= 1.0019
This checks within the accuracy de-
sired of 0.991 to 1.009 for the
right-hand side of Equation 7.

DISCUSSION: Procedure used
to solve this problem assumes that
the injected gas disperses evenly
throughout the conformable portion
of the oil column and that no frontal
displacement effect is present. This
is equivalent to assuming that the
portion of the produced gas, equiv-
alent to the injected gas, (I), was
never produced.

When the entire oil column is
believed contacted (¢ = 1.0), then
Equation 4 reduces to the more fa-
miliar form? of dispersed gas-drive
equations. The writer believes that
in most reservoirs injected gas will
not contact all the rock because of
location of injected wells, hetero-
geneous rock properties, and struc-
tural characteristics of the forma-
tion.

Two major difficulties in applying
the method used in this problem
are (1) determination of the value
of e and (2) determipation of wheth-
er the nonconformable portion of
the formation is producing directly
into the well bores or into the con-
formable portion. In this problem
the latter conditions were assumed.
If reservoir conditions were such
that both the conformable and non-
conformable portions of the forma-
tion predominantly produccd into

o e

i - T

e

e

the well bores, then Equation 4
would need to be modified to

ditions of Equation 4; the noncon-
formable portion produces into the
conformable and all production into
the well bores comes through the
latter.

This method is believed to be
particularly applicable in reservoirs
containing 10% or more gas satura-
tion. Where the free gas saturation
is below 5%, frontal advance may
take place and this method would
predict a conservative recovery. Un-

1 — ¢o Npn—1) — &5 Gpn—1j

AN,,

Ria—1) + R

¢o+(1_l)(

mv‘(l‘e)[¢o+¢z(1 - I (

)e b¢

Riw—1 + Ru
)a

(8)

Ria-1 + Rm

¢o+(l'_n(

where the subscripts d and e refer
to the nonconformable (depletion
drive) and conformable portions re-
spectively.

It is difficult to state that any
particular reservoir will entirely con-
form to the conditions of either
Equation 4 or Equation 8. The
writer believes that most reservoirs
would more closcly follow the con-

« Reservoir pressure, psia

)e be

der such conditions the conformance
factor increases with time and ap-
proaches a stabilized value.

There is no reliable method avail-
able for finding the conformance
factor, e. It must be estimated from
core analysis, logs, and other sources
or by solving Equation 6 for
(kg/Ko)e, using ficld test data to ob-
tain R;.. Having a value for (k;/k.).,

Instantaneous gas-oil ratio, scilst tk bbl &
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1.250——— \ 5,000
i
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COMPARATIVE PERFORMANCES of a depletion-type pool under depletion
drive and under dispersed-gas drive. | = 60.0%, e = 0.5. Fig. 1.
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Si. can be read from the kg/k,
curve and Equation 3 can be solved
for e.

In Table 1, columns 9 to 17 solve
Equation 4, 18 to 25 solve Equa-
tion 5, 26 to 29 solve Equation 6,
and 30 to 36 solve Equation 7.

culations are required at each pres-
sure. The final results are plotted
on Fig. 1 and compared with the
depletion-drive performance ob-
tained from Reference 1.
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Part 57

How to determine pressure distribution
for steady-state and semisteady-state conditions

GIVEN: A well is producing un-
dersaturated oil from a formation
with a net sand thickness of 31 ft.
Other data pertaining to the well
are: '

Diameter of well = 8 in.

Estimated radius of drainage, r.
= 660 ft

Flowing sand face pressure, py
= 2,240 psia

Bubble point pressure, p, =
1,250 psia

Oil viscosity at average reservoir
conditions, p, = 1.35 c¢p

Oil formation volume factor at
average reservoir conditions, B, =

"1.44

Effective permeability to oil, k,
= 10 md

Oil production rate, Q, = 150
st tk b/d.

FIND: Steady-state pressure dis-
tributions for radial flow of an in-
compressible liquid (constant pres-
sure at r,) and a compressible lig-
uid (no flow across r,).

SOLUTION: Equations for the
solution of this problem can be de-

Table 1—Calculation of steady state pressure distributions for incompressible and com

rived from the diffusivity equation
2%p
or* r Oor 6.328k ot

and Darcy’s law (neglecting gravity
forces)

v = (=1.127) [(k/p)] (dp/dr)(2)

For incompressible liquids, ¢ = 0
In Equation 1, and!

Q, p. B, In (r/re)
7.08 k.,h

3)

P=Pps+

In equation 3 the rate of flow at
every circumference from r. to r.
is a constant. In the system for a
compressible liquid no flow occurs
at r, and 2p/et in Equation 1 is
constant. Thus! 2

P = Pw
Qu o Ba [Il'l (r/rw)__(fg/zrrz)]
+ 4)
7.08 kh

Where:

Pws Ies Mo Bm ko aDd Qo are de'
fined with the data and

r = radial distance from well
bore to point of interest, ft

p = pressure at r, psi

¢ = porosity, fraction

¢ = fluid compressibility

t = time

rv = well radius, ft

h = net sand thickness, ft.

In such a system the pressure
falls everywhere at the same rate.

Substitution of the known param-
eters into Equation 3 gives

p = 2.240
[(150) (1.35) (1.44)
+

(7.08) (0.010) (31)
In (r/0.333)
p = 2,240 + 132.86 In 3r (5)

Similarly Equation 4 becomes

m (2) (3) (4) (5) (6) 7
——— Incompressible liquid ————
Q, . By In(r/ry)

Radius, r/re= In(r/ry) 7.08 ko h p. psia 11.48 X107 r*= In(r/r)—11.48x 1072
r, fi 3r In (2) 132.86 x(3) 2,2404-(4) 11.48 ¢ 10-7x(1)? (3) — (&)
0.333 1.0 0 0 2,240 0.000 0.000
2.5 7.5 2.015 268 2,508 - 0.000 2.015
5 15 2.705 359 2,599 0.000 2.705
10 © 30 3.400 452 2,692 0.000 3.400

30 90 4.500 598 2,838 0.001 4.499
50 150 5.005 665 2,905 0.003 5.002

100 300 5.700 757 2,997 0.0 5.689

200 600 6.400 850 3,090 0.046 6.354

300 900 6.800 903 3,143 0.103 6.697

400 1,200 7.095 943 3,183 0.184 6.911

500 1,500 7.310 971 3,21 0.287 7.023

600 1,800 7.495 996 3,236 0.413 7.082

660 1,980 7.580 1,007 3,247 0.500 7.080




p = 2,240 + 132.86
(In 3r — 11.48 x 10-7 1] (6)

At radius of 400 ft and for
steady-state conditions

P = 2,240 + 132.86 In (3) (400)

P = 2,240 + 943 = 3,183 psi

For the succession of steady
states case

p = 2.240 + 132.86
[In (3) (400)—(11.48 X 10~ 7) (400)]

p = 2,240 + 918 = 3,158 psi

DISCUSSION: Steady - flow oc-
curs when the fluid mass remains
constant at every point within the
radius of drainage. For an incom-
pressible liquid this also means that
pressure remains constant at every
point. Although not strictly steady
state, flow is considered steady state
‘when the fluid mass changes at a
constant rate at every point within
the radius of well drainage.

To maintain this condition the
pressure must decline at the same
rate at all points in the reservoir,
The curves of pressure versus radial
distance at successive times are all
parallel. Each unit volume of reser-

essible liquids
® (9)
Compressible liquid —————

Po B, [In (r/r)—(r2/2r,2)]

7.08 kh P. psia

132.86x1(7) 2,240--(8)
0 2,240
268 2,508
359 2,599
452 2,692
598 2,838
665 2,905
756 2,996
844 £ 3,084
890 > 3,130
e18 3,158
033 3,173
241 3,181
241 3,181

= Pressure, psia
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STEADY-STATE pressure distributions for incompressible and compressible

liquids. Fig. 1.

voir fluid (oil and water) expands
at the same rate.

Before a well is placed on pro-
duction the pressures at all points
within the drainage area are the
same. Lowering of the pressure at
the sand face during production
causes a pressure disturbance that
is rapidly transmitted through the
reservoir fluid to points away from
the well bore. A system approaches
steady-state flow when such disturb-
ances are transmitted nearly instan-
taneously. This requires a fluid of
very low compressibility and/or the
transmission of the disturbances
over short distances (r. is small).

Solution of this problem is shown
in Table 1 with results plotted in
Fig. 1. Pressure distributions are
similar out to a radius of 200 ft. Be-
yond this radius deviation occurs
and the incompressible liquid
(steady - state flow) shows higher
pressures than the compressible lig-
uid (semisteady-state case). In the
former case the pressure distribu-
tion would be maintained for all
time while in the latter case the
pressure distribution obtained is ac-
tually applicable for only a short
period of time. A succession of
steady states is used to represent un-
steady state flow (which is affected

T TP T e T ST

L

by time) over a short period of
time.

Conditions for the strict applica-
bility of Equations 3 and 4 are
rarely encountered in subsurface
reservoirs. The conditions repre-
sented by the equations (constant
flow at r. and no flow at r.), how-
ever, encompass most steady-state
applications. These equations serve

“as approximate solutions in cases

such as flow of oil above bubble-
point pressure in a small reservoir,
flow of oil and water in a water
flood after fillup, and flow of water
from a small aquifier. In applying
these equations, conditions at or
near the external boundaries are not
too significant since the major part
of the pressure variation occurs near
the sandface.

Fig. 1 shows that two-thirds of
the pressure change occurs over a
radius of 50 ft from the sandface.
It will be shown in subsequent prob-
lems that this pressure drop 1s even
larger when the formation is dam-
aged through drilling. well comple-
tion, or other practices.

References

l. Craft, B. C.,, and Hawkins, M, F.:
Applied Petroleum Reservoir Engineering™:
Prentice-Hall, Inc, 1959, Chap, 6.

2. Brownscombe, E. R., and Collins, F.:
“Pressure Distribution in Unsaturated 01l
Reservoirs™: Trans, AIME Vol. 189, 1950,
P 3.

a

Y e T e i L e ——

13/



Part 58
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How to find pressure distribution
for unsteady-state flow conditions

... using the point-source solution and constant
pressure at an infinite external boundary

GIVEN: A well has been com-
pleted in a recently discovered pool.
It is being produced at a stabilized
rate of 100 st-tk b/d. Other data

are as follows:

METHOD OF SOLUTION: It
can be shown that the radial, un-
steady-state flow of a slightly com-
pressible fluid is given by the dif-
fusivity equation?

Where:

pll Bu! Haos ko: h’ Swu Cws Cty Co aﬂd
¢ are defined with the data and

Initial reservoir pressure, p; = o*p I 2p p = reservoir pressure at radius
3,500 psia r, psi
Oil-formation volume factor, B, 2r? r or
= 1.415 3 .
. ) = radius, ft
Reservoir-oil viscosity, p, = 0.38 " ppc op (1)
P 6.328k ot S, = oil saturation, fraction of

Effective permeability to oil, k,
= 19 md '
Net sand thickness, h = 32 ft
Interstitial water saturation, S, =
24.0% .
Reservoir - water compressibility,
¢ = 3.4 X 10— vol/vol/psi
Rock compressibility, ¢, = 3.6 X
10~% pore vol/pore vol/psi
Reservoir-oil  compressibility, c,
= 12.5 x 10~% vol/vol/psi
Porosity, ¢ = 22.0%

FIND: Pressure distributions for
~ 0.1, 1.0, 10, and 100 days, assum-
ing an infinitc external boundary.

To solve Equation 1 the boundary
conditions must be designated.

A boundary is considered infi-
nite when, over the time of interest,
pressure disturbances caused by
fluid production have not reached
the outer limits of a system. A sys-
tem can be composed of an oil res-
ervoir surrounded or flanked by an
aquifer. For infinite-boundary con-
ditions, several exact solutions are
available for Equation 1 in stand-
ard mathematical references. How-
ever, because of its simplicity the
“point-source” solution is widely
used.! ?

pore volume

¢, = ¢S, or hydrocarbon (oil)
porosity

B = viscosity, cp

¢ = compressibility, vol/vol/psi

c. = effective compressibility,
vol/vol/psi

= permeability, darcies

t = time, days
Q, = oil production rate, st-tk
b/d

QI.I,H'OB"

—_— (2)
14.16 koh

N r2¢op-oce )
P=p —

25.31 kot

E.(—

Table 1—Calculations for infinite-boundary unsteady state

(8 )] (2) (3) (4) (5) (6) 7) (8) ()
— t = 0.1 days S = 1 day
E, (—24.16 E (—2.416

Radius, r % 10—6r2) 6.245x(3) P, Psi X 10—=6¢2) P, P3i
ft 24161062 From Fig. 1* psi 3,500+ (4) 2.41610—062 From Fig. 1*  6.245%(7) 3,500+ (
1 2416 x10—¢ —10.04 —-62.7 3,437.3 2.42%10—¢ - 12.34 -77.1 3,422.9
5 60,40 10— — 6.82 — 42.6 3,457 .4 6.04x 105 - 9.12 —357.0 3,443.0
10 2416 % 10—+ — 5.44 —34.0 3,466.0 2.42% 104 - 7.74 — 48.3 3,451.7
50 60.40% 103 - 2.30 —14.4 3,485.6 6.04% 103 v o= 4.52 —28.2 3,471.8
100 24.16x 102 — 1.06 - 6.6 3,493.4 2.42x 102 - 315 —-19.7 3,480.3
250 1.51 — 0.096 0.6 3,499.4 0.151 — 1.46 - 9.1 3,490.9
500 6.04 0 0.0 3,500 0.604 = 0.44 - 2.7 3,497.3
750 13.5¢9 0 0.0 3,500 1.36 = 0.13 - 0.8 3,499.2
1,000 2416 0 0.0 3,500 2.42 - 0.027 - 0.2 3,499.8

2,500 151.00 0 0.0 3,500 15.10 ] 0.0 - 3,500

5,000 604.00 0 0.0 3,500 60.40 0 0.0 3,500

10,000 2,416.00 1] 0.0 3,500 241.60 ] 0.0 3,500

r2 r? '2.416 x 10-ny
*When ] is less than 0.02, E, [ —2.416 X 10—0 —u ] = In (-—-—-——--—— ) + 0.577
t 1 t

I —2.416 x 10—n



In Equation 2

$o = (22.0) (1.00 — 0.24) = (22.0) (0.760) = 16.7%

Cw S' Cf
Ce = Co + 4+ 3)
l e S' ] - S'
(3.4 x 107°) (0.24) 3.6 x 10-¢
= 12.5 x 10-¢ +
: 1.00 — 0.24 1.00 — 0.24

= 12.5 X 10-% 4 1.07 X 10~°® 4 4.74 x 10-°

= 18.31 x 10—8 vol/vol/psi

Thus

p = 3,500

(100) (0.38) (1.415)

(r?) (0.167) (0.38) (18.31 X 10-9)

E.[—

(14.16) (0.019) (32)

(25.31) (0.019) t ]

= 3,500 + 6.245 E; [—2.416 X 10~8 r?/1]

For t = 10 days andt = 250 ft

p = 3,500 + 6.245 E, [— 1.51 X 10~7%]

From Fig. 1
E [- 1.51 x 10-7]
=In1.51 — In 100 + 0.577

= — 3.6l
Thus
p = 3,500 + (6.245) (— 3.61)
' = 3,477.5 psi
DISCUSSION:

Equation 1 defines the variation

sweeping assumptions regarding the
reservoir and the fluids contained
within the rock pores.! 22 The res-
ervoir is assumed to be homogene-
ous, horizontal, and of uniform
thickness throughout. The flowing
fluid is assumed to obey Darcy’s
law, to be present in one phase only,
to have a compressibility and vis-
cosity that remain constant over the
range of temperature and pressure

is the one that requires the pres-
ence of only a single phase of res-
ervoir fluid. Both the compressi-
bility and permeability are sensitive
to changes in fluid saturation and
pressure below the bubble point.
Although theoretically the equation
is not supposed to, it often is found
to be useful for conditions below
the bubble point.

Several exact solutions of Equa-
tion 1 are given in the litera-
ture 34567 for various boundary
conditions. Most of these solutions
involve complex integrals and Bes-
sel functions which make them un-
wieldy for calculation purposes.

The point-source solution used in
this problem is the simplest and is
applicable for many reservoir-engi-
neering problems. It assumes an in-
finite external boundary or radius
of drainage with constant pressure,
pi; and a vanishing internal bound-
ary (well radius) with a constant
flow rate, Q,, across it. This latter
assumption introduces an error which
is negligible when r is much greater
than r, (r/r, greater than about 25)
and for times greater than about |
minute.

Table 1 gives the calculation of
Equation 2 at various radii and for
time periods of 0.1, 1.0, 10, and
100 days. The results are given in
columns 5, 9, 13, and 17. Note in
Fig. 18 that E,; functions for

of pressure with position and time.  variation encountered. r2doptoCe

Derivation of this equation for its Of these basic assumptions it e

application to porous media requires ~ would appear that the most critical 25.31 k.t
essure distributions at 0.1, 1.0, 10, and 100 days

(10) an (12) (13) (14) (15) (16} a7

= 10 days N t = 100 days —
E, (—0.2416 E, (—0.02416
% 10—6r2) P, Psi X 10— 6r2) p. psi

2416 % 10~6¢2 From Fig. 1*  6.245x(11)  3,500+(12)  0.02416x10-%2  From Fig. 1*  6.245x (15  3,500+(16)
2.42x10-7 —14.64 —-91.4 3,408.6 2.42x10—% —16.94 —105.8 3,394.2
6.04x 106 —11.42 -71.3 3,428.7 6.04%10-7 -13.72 - 857 3,414.3
2.42x10-3 —10.04 —-62.7 3,437.3 242106 —12.34 - 771 3,422.9
6.04x 1014 —- 6.82 —42.6 3,457.4 6.04%10-5 - 9.12 - 57.0 3,443.0
2.42x10-3 — 5.44 —34.0 3,466.0 2.42% 104 - 7.74 — 483 3,451.7
1.51 102 - 3.8 —-22.5 3,477.5 1.51 103 - 591 - 36.9 3,463.1
6.04x 102 .= 229 —14.3 3,485.7 6.04% 103 - 4.52 - 28.2 3,471.8
1.36x 10! - 1.56 - 9.7 3,490.3 1.36X10-2 - 372 - 232 3,476.8
2.42x 10! - 1.07 -~ 6.7 3,493.3 2.42x10—* - 3.15 - 19.7 3,480.3
1.51 - 0.096 - 0.6 3,499.4 1.51x10-1 — 1.46 - 9. 3,490.9
6.04 0 0.0 3,500 6.04% 101 — 0.44 - 27 3,497.3
24.16 0 0.0 3,500 2.42 - 0.027 - 0.2 3,499.8
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UNSTEADY-STATE pressure distributions about a well at
four time intervals after start of production. Fig. 2.

less than about 0.02 are computed
with

2 ¢hofhoCe
B ( - )
25.31 k.t

I PoftoCe
=In (-—-————-—) + 0.577
25.31 kot

Results from Table 1 are plotted
on Fig. 2 and show pressure dis-
tributions at the four time intervals.
If these data were plotted on a co-
ordinate graph, they would show
about 75% of the pressure drop
occurring within a few feet of the
sand face.

Since available reservoir energy
causes the flow of fluids to pro-
ducing wells, an understanding of
pressure distributions is basic to de-
fining fluid-flow behavior and pre-
dicting pressure - buildup behavior
after a well is shut in. After a well
is shut in, the reservoir-pressure
behavior is an opposite image of
what occurred before shut-in if the
well had been produced at a sta-
bilized rate.
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Part 59

How to calculate short-term shut-in

effect on subsequent pressure-bui

GIVEN: A well is located in a
field under development with 80-
acre spacing. . Since completion the
well has produced at a constant rate
of 80 st tk b/d. At the end of 10
days the well was shut in and pres-
sure-buildup data taken, columns 1
and 2, Table 1. Other data .at res-
ervoir conditions were viscosity of
oil, p, = 1.6 cp; oil-formation-vol-
ume factor, B, = 1.42.

FIND: Determine the effect on
the pressure-buildup-test results of
shutting the well in for 3 hours, at
6 hours (1, = 237, t, = 234), 12
hours, (t; = 231, t, = 228), 24
hours, (t» = 219, t; = 216), and 5
days (t. = 123, t; = 120) prior to
the test and for 12 hours at 24 hours
{t. ' = 228, t, = 216) prior to the
test. The short-term shut-in is de-
picted in Fig. 1.

SOLUTION: The unsteady-state
pressure behavior early in the life
of a well can be computed with the
point-source solution to the diffusiv-
ity equation.! * For pressure-draw-
down conditions

dup test

162.6 OoﬂoBo [ ¢o,u'ncerw2
Pt = P + ——— E *-——-—-——-] (1)
k.h L 0.02531 k.t
while for pressure-buildup conditions
162.6 Q,pofs
Pwst = Py + —888 ™ X
- koh
(i’oﬁocerwz (i’n#ucerw?
Bij— : ] — By = --—] )
0.02531 (t + Ay 0.02531 At

When the well is shut in a short period before the pressure-buildup test:

Duration of short-term shut-in

162.6 Q,p08,
Pwst = P + —————— X
koh
¢¢>F'Ucerw2 ’ ¢Up'°c(‘r“2
Eg - — E] o +
0.02531 (t+Av) 0.02531 (t+At—ty)
tf)up.,cerw"’ ¢o;u-ucerwﬂ
E | - — By [— (3)
0.02531 (t+At—t») 0.02531 At
[ONTHR &
For values of less than 0.02
0.02531t
PophoCelw? PopraCol
El[———-—]ﬁ-ln[— + 0.577
0.02531t 0.02531t
Thus Equation 3 becomes
162.6 Q,u.B, t + At t+ At —t,
Pm=pl——-————-——-[ln( )( )] 4)
k.h t+At—t
= SHORT-TERM shut- Where p, and B, are defined with
Beginning of in before pressure- the data and: _
preSSIi:;;bUIIdup buildup test can be pwt = sand-face pressure at time

} represented dia-

N

gramatically as

shown here. Fig. 1.

QOil-production rate

t, psia ) .
p: = initial reservoir pressure, psia

Q. = oil-production rate, st tk
b/d
k, = interwell effective permea-

bility to oil, md

h = net sand thickness, ft

¢. = hydrocarbon porosity =
¢ (l s Sw)

¢ = porosity

S. = interstitial-water saturation

c. = effective reservoir oil com-
pressibility, vol/vol/psi

r. = well radius, ft
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Table 1—Calculations for short-time shut-in effect on

() (2) (3) (4) (5) (6) {7} (8)
t 4 At '
, {t 4 At — 1) = (t 4 At — 1)) .
At 1, — 237 t, = 231 t, =219 t, = 123 t, = 228
240 + (2) b =234 t, = 228 ty = 216 1, =120 1, =216
Sand-face Shut-in time, ——— (34+a1/ (94 at)/ (21 4-A1/ (117 441/ (124 atl/
pressure, psia At, hrs (2) (6441 (124 a0 (24 4 A1) (1204 A1 (24 4- A1)
2,775 4 61.0 0.700 0.813 0.893 0.976 0.571
2,845 7 35.3 0.76%9 0.842 0.903 0.976 0.613
2,915 10 25.0 0.813 0.864 0.912 0.977 0.647
3,030 17 15.1 0.870 0.897 0.927 0.978 0.707
3,065 20 13.0 0.885 0.906 0.932 0.979 0.727
3,135 26 10.2 0.906 0.921 0.940 0.979 0.760
3,158 41 6.85 0.936 0.943 0.954 0.981 0.815
3,170 55 5.36 0.951 0.955 0.962 0.983 0.848
3,180 70 4.43 0.961 0.963 0.968 0.984 0.872
3,185 82 3.93 0.966 0.968 0.972 0.985 0.887
3,300, T

i
I

£
T
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1?, ’ } I 3 [ H i

S - SR, £ buildup curve is al-

b 1 i n L tered by the length of
St ”'""i . T the short-term shut-in
v ] | H w1 I1 period, and the length
o { i._' HH EREE 1 of time between
S | b H L short-term shut-in and

6080 100 300 400

L) trat o t+AL .a??? 600 800‘000 the actual buildup
Al [ Al )(l*-ﬁl l.) test. Fig. 2.
= time since initial completion 5 represent straight lincs on semi- From Fig. 1 for no short-time

of well, days log graphs. The necessary calcula- shut-in
Puse = sand-face pressure after  tions are shown in Table 1 and the m = 112 and
At shut-in time, psia results for three sets of conditions 29.554 )
At = shut-in time, days are plotted on Fig. 2. It is noted - e — 264 .
: P4 % == md-ft
1, = time from initial completion  that for small values of At the curves 112

of well to beginning of short-term
shut-in period, days

t, = time from initial completion
of well to end of short-term shut-in
period, days

As was true for Equation- 3,
Equation 2 can be written as

Pwst = P +
) (3)

162.6 Q,1t.B, t 4+ At
In (
k.,h At

In Equations 4 and 5 other units
of time, e.g. hours, can be used in
place of days.

Since py, Q.. poy By, ko, and h are
assumed constant, Equations 4 and

are not straight lines, This is caused
by the after-flow period following
shut-in.*4 .l

In Equations 4 and §

162.6 Q.1.B.
Slope = m = (6)
k.h
162.6 QuuB.
or k.h =
m

(162.6) (80) (1.6) (1.42)

m
29,554

m

For 3 hours shut-in at 6 hours
before test

m = |18 and
29,554
k.h = —— = 250 md-ft
118
(264 — 250) 100
% error = =

250

For 12 hours shut-in at 24 hours
before test



ressure-buildup-test results

(®)

DISCUSSION: Applicability of
the theory for pressure-buildup anal-
ysis requires that a well be produced
at a constant rate for several days.' ?
In operations, however, it often hap-
pens that before a pressure-buildup
test is made, it is necessary to shut
the well in for a short period to
change a valve, because of a short-
age of tankage, or due to another

(10) (n (12) (13)
t4+ At —t,
| L=y
t, = 237 t, = 231 ty = 219 t, = 123 t, = 228
1, = 234 1, = 228 =216 t, =120 f = 216
(3) X (4) (3) x (5) (3) x (6) (3) x (@) (3) x (8)
42.7 49.6 54.5 59.5 34.8
27.1 29.7 31.9 34.5 21.6
20.3 21.6 22.8 24.4 16.2
13.1 13.5 14.0 14.8 10.7
11.5 11.8 121 12.7 9.45
9.24 9.39 9.59 9.99 7.75
6.41 T 6.46 6.53 6.72 5.58
5.10 5.12 516 5.27 4.55
4,26 4.27 4.29 4.36 3.86
 3.80, 3.80 3.82 3.87 3.49
i = 1% aid reason. This short-term shut-in is
followed by placing the well back
29,554 on production at the same rate as
kh = = 233 md-ft before. This problem shows the ef-
127 " fect of such interruptions on the re-
sults of a pressure-buildup test.
% error = (264 — 233) 100_ 13.3 Computations show that a 3-hour
233 - shut-in followed by 3 hours of pro-

duction before testing results in an
error of 5.6% in capacity (kh) while
a 12-hour shut-in followed by 12
hours of production before testing
results in an error of 13.3%. Thus
the error depends not only on the
ratio of duration of short term shut-
in to flowing time following short
term shut-in but also on the actual
duration of short-term shut-in.

The results given by conditions

of columns 10, 11, and 12 of Table
1 are not shown on Fig. 2. These
conditions would give errors below
5.6%.

Note on Fig. 2 that the effects of
a short-term shut-in are greater in
the early part of the test and de-
crease to zero for large values of
At. Although under many condi-
tions the effects of short-term shut-
in may be negligible, it is recom-
mended that calculations described
by Equation 4 be made.

This problem shows the effect of
a short-term change (from a con-
stant rate of production to zero rate)
in production rate on pressure-build-
up-test results. Other less-drastic or
minor variations in oil-production
rate would have much less effect.
For the case of finite boundary con-
ditions the effect would be cquiv-
alent or less.
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Part 60

Two ways to find sand-face pressures

\

at small times and infinite boundary conditions for unsteady-

state flow of a slightly compressible liquid.

GIVEN: A well is located in a
field under development with 80-
acre spacing. The well has been
produced at a constant rate of 50
st-tk b/d. Other data are as follows:

Average permeability, k,=25 md
Porosity, ¢ = 22.0%
Net sand thickness, h = 35 ft

Initial reservoir pressure, p; =
2,500 psi _

Interstitial water saturation. S,
= 26.0%

At reservoir conditions

Effective oil compressibility. c.
= 15 x 10~¢ vol/vol/psi

Oil formation-volume factor, B.
=132

Oil viscosity, p, = 0.7 cp
Radius of well, ry, = 4 in.

FIND: Sand-face pressures at
0.00017, 0.0167, 1/6. 1/2, 1, 5,
10, 20, 30, and 60 minutes using
the Van Everdingen-Hurst ' and
Horner equations. *
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METHOD OF SOLUTION: In
the development of a reservoir,
newly completed wells behave as if
other wells were not present or as
if their radius of drainage were in-
finite. Pressure distributions created
by production can be computed with
the Van Everdingen-Hurst equa-
tion. !

887.4 1, B, Q,
P Pl ety {1
2w ko h
and the Horner equation *
70.6 Q, u, B,
PE=PeF
) koh

Mo arc defined with the data and

4 o (1 —c¥dw

PT=

r,, = well radius, ft

w = function of a complex vari-
able

k = wit

Ji(w) = Bessel function of the
first kind and order one

Y:(w) = Bessel function of the
second kind and order one

Solution of Equation 3 for Py is
complex and tedious. Fortunately
useful solutions have been made
and are available in tabular and
graphical forms.!'® The solutions
are given as functions of dimension-

2 o o Ce
' ( 0.02531 k, t
Where: ko, ¢, h, p;, S« c., B,, and

= W [J 2 (w) + Y2 (W)

Py = dimensionless cumulative
pressure drop

r = radius, ft

Q, = oil - production rate, st-tk
b/d

p = pressurc at r or interior ra-
dius, psi

¢, = 8.4 = hydrocarbon porosity
= (1 — 0.26) (0.22) = 0.1628 or
16.3%

t = time, days

) (2)

p = 2,500 + 3.728 E, [-

Solution. For a time of 1 minute,
T = 578.6.

From Table 1 of Reference 3, Py

= 3.5891, and using Equation 5§
p = 2,500 — (7.461) (3.5891)

= 2,500 — 27 = 2,463 psi.

Using Equation 6

0.300 x 10"
1 =+ 1440 ]

= 2,500 + 3.728 E, [—4.32 x 10-1]

From Fig. 1 of Reference 4

3)

Thus

less time (T) which for this problem
is computed with

6.33 x 103 k.t
= (4)

Po o Ce Tw?
Substitution of known parameters
into Equations 1 and 4 gives

(887.4) (0.7) (1.32) (50)

p = 2,500

(6.28) (25) (35)

p = 2,500 — 7.461 Py

(5)

The second method of solution, using the Horner equation involves sub-

stitution of parameters into Equation 2:

(70.6)(50)(0.7)(1.32) E
(25) (35)

p=2,500+

e 0.300 x 10~

= 2.500 + 3.728 E, [ —

Substitution into Equation 4 gives

(6.33x 109 (25) t

T=

(0.333)2(0.1628) (0.7) (15x10—%) ]
(0.02531) (25) t '

] (6)

=8332x10%t (7N

| (0.1628) (0.7) (15x10-°%) (0.333)*

where t is in days or

8.332x10%t

1440
where t is in miputcs.

(8)

E [-4.32x 10-*] = In (4.32 x 10—*) + 0.577

= -=17.16

p = 2,500 — (3.728) (7.16) = 2,463 psi

DISCUSSION: Equation 1 repre-
sents an exact solution of the dif-
fusivity equation. Its derivation in-
volves complex integrals and Bessel
functions which make calculations
tedious and difficult. Some practical
solutions have been made for linear
and radial systems and both infinite
and finite boundary conditions. '
Equation 2 is the point source solu-
tion to the diffusivity equation for
infinite external boundary condi-
tions. An error is introduced in its
development when the well radius
is assumed infinitely small. How-
ever, this error is considered to be
negligible in pressure drawdown
and_pressure-buildup-test analy-
sis. *

Equation 2 has the advantage of
ease of solution. In fact, adequate
solutions are available ® or can be
developed. Another criticism of
Equation 2 is that when

rP¢pc
————— is less than 0.02
0.02531 kt
rr¢puc

0.02531 kt

e | -

rféuc |
=ln[—-—-— +0.577 (9)
0.02531 kt




Table 1—Calculation of sandface pressures at small times
using Van Everdingen-Hurst and Horner solutions

m (2) (3) (4) (5)
————————Van Everdingen-Hurst Solution! ——Mm vy
Dimensionless Py

Time time Table 1 7.461 Py p. psi
minutes Eq. 8 Ref. 3 psi Eq. 5
0.00017 0.1 0.3144 2 2,498
0.0167 9.7 1.6373 12 2,488
0.167 96.6 2.7058 20 2,480
0.5 289.3 3.2437 24 2,476
1 578.6 : 3.5891 27 2,473
5. 2,893.0 4.3871 33 2,467
10 _ 5,786.0 4.7296 35 2,465
20 ¢ 11,572.0 5.0796 38 2,462
30 17,358.0 5.2846 39 2,461
60 34,716.0 5.627 42 2,458

()] 7) (8) (?)
— Horner Solution? -~

0.300 x 10-6/¢
(-

0.300 x 108 E, (—0.300 x 10-4/1) 3.728 x (7) p. psi
1,440 Fig. 1 of Ref. 4 psi Eq. 6
2.54 - — 0.024 ) 0 2,500
2.59x10-2 - 3.07 1 2,489
259 x 103 -~ 537 20 2,480
8.64 x 104 — 6.47 24 2,476
4.32x10-4 - 7.16 27 2,473
8.64 x 10-6 - 8.77 33 2,467
4.32 x 108 - 9.46 35 2,465
216 x 108 - 10.15 38 2,462
1.44 x 100 —10.56 39 2,461
7.20x 100 —=11.25 42 2,458

.\\

|/ \

\ f

= N

T R e R ., S S et e, s~

This solution is used extensively in
pressure-buildup-test analysis which
means that for constant values of
r, ¢, i, c, and k, t cannot be too
small.

For the conditions of this prob-
lem Equations 1 and 2 gave identi-
cal results (columns 5 and 9 of
Table 1) for times of 10 seconds
and greater. This verifies Horner’s
contention that Equation 2 is satis-
factory within a matter of seconds
after closing in a well.

For a much smaller permeability,
the necessary time for both methods
to give comparable results would be
about a minute.
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Part 61

How to find pressure distributions for unsteady-

state flow conditions for finite external boundary

; —using the Van Everdingen-Hurst and Horner solutions

GIVEN: A well completed in a
Kansas pool has been produced at
a constant rate of 100 sttkb/d.
The pool was developed rapidly
after initial discovery. Data pertain-
ing to the well and pool are as fol-
lows:

Radius of drainage for well, r, =
1,320 ft

Radius of well, r,. = 4 in.

Average effective oil permeabil-
ity, k, = 25 md

Porosity, ¢ = 22.0%

At reservoir conditions:

Water compressibility, ¢, = 3.0
X 10-% vol/vol/psi

Oil -compressibility, ¢, = 8.0 X
10—% vol/vol/psi-

Rock compressibility, ¢, = 3.5 X
10-8 vol/vol/psi

Oil formation-volume factor, B,
= 135

Oil viscosity, p, = 0.4 cp

Net sand thickness, h = 45 ft

Initial reservoir pressure, p; =
3,000 psi

Interstitial-water saturation, S, =
25.0%

Bubble - point pressure = 1,450
psi

FIND: Pressure distributions in
the well drainage area at S, 100, and
365 days.

Method of solution: Exact and
approximate solutions, based on the
diffusivity cquation, have been de-
veloped! 2 for computing the effect
of production and time on reservoir

pressure behavior. The approxi-
mate solution
70.6 QB
p=pit [Ei (—

o

was developed by Horner? while a
more exact solution

887.4 1oB,Q,
27 k.h

was presented by Van Everdingen
and Hurst.! In these equations

r = radius, ft

Py = dimensionless cumulative
pressure drop

Q, = oil-production rate, st tk
b/d

P=p— Pr (2)

—-u

p = reservoir pressure at radius
r and time t

Coy = average compressibility,
vol/vol/psi

t = time, days

Pis fws Bos ko, h, @, 1y and 1, are
defined with the data.

In Equation 2, Py is solved with
Equations 16 and 17 of Reference
3. The solutions of these equations
arc rather complex and tedious.
Fortunately some solutions have
been made and are available in tab-

Ei(—x) = — f du ular and graphic forms.* * Solutions -
*ou are available for r./r, values be-
1 tween 1.5 and 10 and dimensionless
Y (u) = E; (—u) + e~ times from 6.0 X 10—2 to 70.0. For
u larger values of dimensionless time*
B A
10 1.0
. 8 .8 i
“6} .6 i S
st .S}— .
4 .‘% i F— J ” 4
3t .3 G ____. o
‘h i
2l 2 N £ 5 Scole B j
' I s N
N & i SN
i | | N | | Py
s 1l N — T~
8 .08} —t I\ : : -
whos——— 1 b LN ‘ |
5¢ .05 Scn!e |A . t ~ l L1 4
| i N Y
31.03 . e 1 b == —4—— e R B
2}.02 | 1 i Ll ; '
| | N y (e L eV +Eiu)
). l | | i B e
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y(u) ——=

EVALUATION GRAPH for y (u) function. Fig. 1.

¢'F-uc" r¢2 ¢F’ocu

) — Y (

(1)

0.02531 kit 0.02531 kt




0.5 + 2T 3 (re/Tw)* — 4 (re/1e)* In (te/Tw) — 2 (re/te)? — 1
Pr = - (3)
/1) =1 4 [(Ie/l‘,,)z = 1]2
In order to arrive at pressure dis- Pressute, psi I PRyt
tributions using the Py concept, the ; m
external radius in Equation 3 was b Emdmgen(a;ﬁ HsSE MDA Sassssesnanrr ;
held constant and r, allowed to  3,000p— Homer method == 2,430
vary. This introduces minor errors
in the calculations. Dimensionless =
time T is given by 2,990 .._...- -12,480
365 duys R ...u-.'}_" / o
6.33 X 1073 kot 2,980 R 2,470
T = (4) ..0"‘.. .n'.--.
¢' Mo Cay Tw® '.-"'. s
2,970t o 2,460
In Equation 1 values for E; (—u i L3
whcrcEq o=, > 5 doys
2,960 - . = 2,450
1% o Car
T 0.02531 kt 2,950 2,440
are obtained from Fig. 1 on p. 14 2,94 2,430
(also reference 5), and values of 1 10 100 1,000

Y (u) are obtained from Fig. 1.

In the oil pool

Radius, ft

UNSTEADY-STATE pressure distributions for no flow at finite boundary

conditions. Fig. 2.

Cav = Coav = SoCo + SwCw + € = [(0.75) (8.0) + (0.25) (3.0) + 3.5] 10-¢ = 10.25 x 10~° vol/vol/psi (5)
Substitqlion of known factors into Equation 1 gives
(70.6) (100) (0.4) (1.35) (r2) (0.22) (0.4) (10.25 X 10—9)
p = 3,000 + Tl i
!l (25) (45) (0.02531) (25) t
" [ (1,320) (0.22) (0.4) (10.25 X 10-9) "
| =¥
; (0.02531) (25) t
|
| 1.426 x 1092 2.48
fr"l p= 3,000 + 3.39 [E, ( ) =Y ( )] (6)
t
/
Equation 2 becomes
(887.4) (0.4) (1.35) (100)
p = 3,000 — Pr = 3,000 — 6.78 Pr (D
(6.28) (25) (45)
Similarly
(6.33 x 10-3) (25)t t
= = 1.754 x 10° (8)
(0.22) (0.4) (10.25 x 10-9) ry? |

Detailed calculations and results arc shown in Table 1.

Discussion. This problem illus-
trates the computation of pressure
distributions for a finite boundary
case by two methods. The Horner
method is approximate while the
Van Everdingen and Hurst method
is more mathematically rigorous.

Horner considered an exact so-

e e b

lution for finite boundary conditions
to be too complicated for other than
theoretical interest. He derived an
approximate solution by reasoning
that the pressure drop caused by a
well in an infinite reservoir is less
than that of an identical well in a
finite reservoir by an amount de-

pendent on the quantity of fluid
which flows across the external ra-
dius. It can be said that this quan-
tity of fluid, if produced from the
finite reservoir, would cause an ad-
ditional pressure drop.

His solution is expressed by
Equation 1 which, knowing the
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Table 1-Calculation of pressure distribution for finite boundary

(1 (2) (3) (4) (5) (6) 7)
- 1= 5 days "
1.426 X 10-6 ¢2 —1.426X10—6r2
radius, E[—] Y (2.48/1)
r T/ ry = t t =Y (0.496) p=3,00043.39x(&)
ft 1,320 = (1) =0.2852 X 10-6 X (1)2 Ref. 5 Fig. 1 (4) — (5) psi, eq. 6
YA 3,960 0.0317 x 106 —16.671 0.66 -~17.33 2,941
1 1,320 0.285 x10-%¢ —14.476 0.66 —15.14 2,949
5 264 7.13 X106 —11.258 0.66 —11.92 2,960
10 132 28.52 x 10—8 — 9.873 0.66 —-10.53 2,964
50 26.4 713 X 10—+ — 6.658 0.66 - 7.32 2,975
100 13.2 2.85 x10-3 — . 5:275 0.66 — 5.94 2,980
250 5.28 1.78 x10-2 — 3.44 0.66 — 4.10 2,986
500 2.64 7.13 x10-2 - 2.14 0.66 — 2.80 2,991
1,000 1.32 0.285 — 0.94 0.66 - 1.60 2,995
1,300 1.015 0.482 — 0.57 0.66 - 1.23 2,996
a3 (14) (15) (16) (a7 (18)
365 days \
1.426 X 10-6¢2 —1.426X10—6r2
_— E, [ 1 Y (2.48/1)
t t =Y (0.00679) (r/re)?
= 3.907 X 10—9 X (1)2 Ref. 5 Fig. 1 (14) — (15 p = 3,000 + 3.39 X (18) (2)°
0.434 X 109 —20.956 145 —165.956 2,437 1.568 x 107
3.907 x 109 —18.761 145 —163.761 2,445 1.742 X 108
9.768 X 10-8 —15.548 145 —160.548 2,456 69,696
3.907 x 10-7 -—14.161 145 —159.161 2,460 17,424
9.768 X 10—¢ —10.948 145 —155.948 2,471 697.0
3.907 X 103 — 9.561 145 —154.561 2,476 1742
2.442 X 104 - 7.731 145 —152.731 2,482 27.88
9.768 X 10—+ — 6.348 145 —151.348 2,487 6.97
3.907 x 10--3 — 4,961 145 —149.961 2,492 1.74
6.603 X 10-3 — 4.436 145 —149.436 2,493 1.03
(24) (25) e T (26) (27) (28) 29
P ~f = 5 days —_— -
T=28.770 X 105/(1)2 [0.5 + 2T] p = 3,000 — 6.78 Py
Eq. 8 + [(18) — 1] P, = (25) — (23) Eq.7 T=1.754 X 107/(1)® [0.5 + 271 = [(18 — 1]
7.893 x 106 1.007 8.517 2,942 15.786 x 107 20.135
8.770 X 103 1.007 7.457 2,949 1.754 X 107 20.128
3.508 X 104 1.007 5.828 2,960 7.016 x 10° 20.133
8.770 X 103 1.007 5.137 2,965 1.754 X 10° 20.134
3.508 x 10° 1.009 3.537 2,976 7.016 % 103 20.162
87.70 1.016 2.870 2,981 1.754 > 108 20.257
14.03 1.063 *2.08 2,986 2.806 x 10* 20.897
3.508 1.259 .72 2,988 7016 23.588
0.877 3.046 *1.60 2,989 17.54 48.081
0.519 51.27 10.38 708.67

*Obtained from Fig. 9 and Table 4 of Reference 3.

rock and fluid properties, can be
solved for any radius at a certain
time or for any time at a certain
radius. Its principal advantage is
its flexibility of solution for virtual-
ly any set of conditions.

- The more rigorous method of
Van Everdingen and Hurst can also
be easily applied in those cases for

which solutions are available. For
dimensionless-time values greater
than 100, Chatas recommends
Equation 3 in solving for the di-
mensionless cumulative pressure-
drop values, Pr. As can be seen for
365 days in Table 1 (for r = 250
and 500 fu) this equation is not ul-
ways applicable. Solution with this

equation here would have resulted
in a decline in pressure (with in-
crecasing r) instead of an increase as
No P; solutions
were available for the other sets of
conditions that are left unsolved in

should be true.

Table 1.

Generally the two methods gave
comparable results at 5 days and



nditions by the Horner and Van Everdingen-Hurst methods

occurred at 365 days. Some of the

results are shown plotted in Fig. 2.

It can be seen that the Horner

method gives slightly lower pressure

values. This comparison tends to-
indicate that for times exceeding

100 days the more rigorous meth-

od should be used.
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A

(8) ) (10) (1) (12)
t = 100 days \
1.426 X 10—6r2 —1.426X10-8 r2
E, [ ] Y (2.48/1)
t t =Y (0.0248)
= 1.426 X 10—8 X (1)2 Ref. 5 Fig. 1 (9)— 00 p = 3,000+ 3.39 X (11)
0.1584 X 10-8 —19.664 36.5 —56.164 2,810
1.426 X 10-8 —17.468 36.5 —53.968 2,817
3.565 X107 —14.253 36.5 —50.753 2,828
1.426 x 10—¢ —12.868 36.5 --49.368 2,833
3.565 x 10-8 — 9.653 36.5 —46.153 2,844
1.426 X-10—+4 — 8.268 36.5 —44.768 2,848
8.213 x 10—4 — 6.438 36.5 —42.938 2,854
3.565 X 10-3 — 5,053 36.5 —41.553 2,859
1.426 X 10-2 — 3.668 36.5 —40.168 2,864
2.410 X102 — 3.150 36.5 -39.650 2,866
ae: (20) (21) (22) (23)
(r/r ) 4(r/r ) In(r/ry) [3 x (19) — (22)
(18)2 In(r/r,) 41(r/r )2 —112 = 4% (19) x (20) -2 X018 —1]1+(21)
{59 X 1014 8.26 9.836 x 1014 81.245 X 1014 —~7.510
)35 x 1012 7.20 12.140 x 1012 87.408 X 1012 —6.450
358 X 109 5.57 19.428 X 10° 10.824 x 1010 —4.821
036 X 108 4.88 12.144 x 108 59.263 x 108 —4.130
858 X 109 3.27 19.376 X 105 63.543 X 10 —2.528
035 X 104, 2.58 12.000 X 104 31.321 X 104 —1.854
7773/ 1.66 2,890 5,161 —0.999
48.58 f.-" 0.97 142.6 188.5 —0.405
3‘028i f.'" 0.28 2.19 3.39 0.554
1.061 | { 0.015 0.0036 0.064 16.39
(30) \ (31) (32) (33) (34) (35)
——— t = 100 days X t = 365 days —
(33 [3L]
-=(29)--(23) p=3,000— 6.78 X (30) T=6.402 X 107/(1)2 0.5+ 211 = [(18)—1] Py =}}4%~(23} p = 3,000 — 6,78></(}61
27.645 2,813 57.618 x 107 73.492 81.002 2,451
26.588 2,820 6.402 X 107 73.502 79.952 2,458
24.954 2,831 2.561 % 108 73.492 78.313 2,469
24.264 2,835 6.402 X 103 73.489 77.619 2,474
22.690 2,846 2.561 X 104 73.593 76.121 2,484
2211 2,850 6.402 X 103 73.929 75.783 2.486
21.896 2,852 1.024 % 103 7E209 0 e aaa
..... 2.561 x 102 85.879
64.02 17370 .
37.88 . ?542 000 Jumes vumaw
100 days. A deviation of 5 to 6% References 25, No. 5, May 1953, p. B42, Pt. 2, Vol. 25,

No. 6, June 1953, p. B3§; Pt 3, Vol. 25,
No. 9, August 1953, p. B44.
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ural Gas Engineering”: McGraw-Hill Book
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No. 24, June 17, 1963, pp. 99-101.
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Part 62

How to find pressure distribution for a

gas reservoir in infinite system

GIVEN: A gas well completed in
a field under development has pro-
duced at a constant rate, Q,, of 4
MMscfd for 5 days. Other data per-
taining to this well are as follows:

Initial reservoir pressure, p; =

..using steady-state and unsteady-state methods

so that initially the pressure is uni-
form, the Cornell and Katz solu-
tions were simplified to facilitate
computations. Fig. 1 gives these re-
sults in a generalized chart for res-
ervoir pressure gradients in terms

3,000 psia of dimensionless groups. Values ob-
Estimated average flowing pres- tained from this graph apply for a
b, g b 2 p? regular, homogeneous, horizontal

— i e s Pae = 2,739 = (1)  producing formation without water
> nr » 0.00633 k;p 2t drive and with gravity effects neg-

psia Under conditions (e.g. in a gas-cy- legted, Josmation PISSOIS, Dy I

At average flowing pressure
Viscosity of gas, u. = 0.022 cp
Gas-compressibility factor, Z

= 0.87
Reservoir temperaiure, T, =
150° F. or 610° R.
Net sand thickness, h = 32 ft
Effective permeability to gas, k.

cling project) where time is not an
important factor (steady-state flow)
the right-hand side of Equation 1
is zero. For such conditions Equa-
tion 1 can be solved and the results
combined with Darcy's law to give

0.000703 kb (ps® — p:?)

1,000 psi; well radius is 6 in.; and
the production period, m = 0.010.
Values obtained from Fig. 1 can be
adjusted for other conditions with

(pr/pr)gcorr =1.00-
[1.00 — (p./Pe)rie. 1] 100m  (3)

= 11 md Q.= )

Porosity, ¢ = 19.0% o : where

Well radius, ry = 4 in. £%: b Ine1) 1,424 4. Z T, Q,

Interstitial water saturation, S« = ¢ m= (4)
26.0% P = k. h p

FIND: The pressure distribution Q. Z T, py In (r./1) To read (p,/py)? from Fig. 1 dimen-
away from the well using steady- p* = ) sionless time is required.

state and unsteady-state methods.

Method of solution. The relation-
ship among pressure, position, and
time for the flow of gases through
porous media is given by

o2 PE I 2 p3
ar

: +
or? r

0.000703 k;h

For unsteady-state flow condi-
tions Cornell and Katz'??# devel-
oped a graphical solution of Equa-
tion | to define pressure distribu-
tions.

For infinite boundary conditions
or conditions where a well or res-
ervoir has been shut in long enough

6.33 % 1073 k; pax 1
ty = g (5)
[ ¢ 1’

In Equations 1 through 5 pi, Pav,
Fis Z, T;, h, ks.'! ¢| Lwy Ql! are de-
fined with the data and

p = p. = pressure at radius T,
psia

Table 1—Computations for steady-state and unsteady-state pressure distributions

r Steady-state flow 5 P Unsteady-state
(4))] T2 3) (4) (5) (6) 7) (8) (?)

r r.J/r= In(r/r) = P, psia r/r, = (p/pP?= 1.00 —(p/p)"= 100m X (8) =
ft 233 +(1) In (2) 188,695 % (3) Eq. (5) & 3 X () Fig. 1 1.00 — (7) 2.1 X (8)

Ya 2,799 7.94 1,498,222 2,739 1 0.922 0.078 0.1638

1 933 6.83 1,288,773 2,777 : 3 0.932 0.068 0.1428

10 93.3 4.53 854,779 2,854 30 0.956 0.044 0.0924
100 9.33 2.23 420,785 2,929 300 0.978 0.022 0.0462
300 KRR 1.134 213,978 2,904 $00 0.98%9 0.011 0.0231
600 1.56 0.444 83,780 2,986 1,800 0.995 0.005 0.0105
900 1.037 0.036 6,793 2,999 2,700 0.997 0.003 0.0063
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GENERALIZED CHART for natural-gas-reservoir pressure gradients for constant - rate production periods with m
= 0.010. (After Katz et al.!. Courtesy McGraw-Hill Book Co.) Fig. 1.

t m: time, days i . (4,000) (0.87) (610) (0.022) In (933/1)
psi];,’;’l = initial reservoir pressure, p:2 = (3,000)* — S G5 Bh

re = external radius of drainage
for steady-state solution, ft (3,480) (13.42) In (933/r)

pr = stabilized formation pres- = 9,000,000 —

sure = initial rc_servoir pressure in

this problem, psia = 9,000,000 — 188,693 In (933/1) (6)
m is defined by Equation 4
tp = dimensionless time

0.2475

. (1,424) (0.022) (0.87) (610) (4,000) (31.33) (2,122,800)
r = radius, ft m = -
: (11) (32) (3,000)* (352) (9,000,000)
Solution: Substitution of known
values into Equations 2, 4, and 5, 66,507,324
and assuming r. = 933 ft (80-acre = = 0.021
spacing) gives 3,168,000,000
. -3
or gas well - (633 X 10-9) (1) (pu) () 3433 pe —
Tow 5 (0.022) (0.19) (1/3)* 0.00418
(10) an a2
{pr/pl]n-rt =
‘-g"‘ (9) ' Pr By substituting % ft for r in Equa-  tp = (749.5) (2,870) = 2.15 x 10
g0k (Pe/ Pelcore Psi9  tion 6, an estimate for sand-face
0.8362 0.9145 2,744 flowing pressure is computed as .
0.8572 0.9259 2,778 2,739 psi. Therefore For r = 100 ft p, from Equation
0.9076 0.9527 2,858 6is X
0.9538 0.9766 2,930 3,000 + 2,739 p.* = 9.000,000
0.9769 0.9884 2,965  p. = = 2,870 psi — 188.693 In (933/100)
0.9895 0.9947 2,984 2

0.9937 0.9969 2,991 thus, = 9,000,000 — (188,693) (2.23)

S s T e i R R TREE, S SR R T

o
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PRESSURE DISTRIBUTION for gas well in infinite system. Fig. 2.

= 8,579,215
p: = 2,929 psia

Using tp computed above and Fig. 1
(r/re = 100/1/3 = 300)

(p:/P)*ric.1 = 0.978
From Equation 3

(Pr/pf)2cnrr = 1.00 —
[1.00 — 0.978] (100) (0.021)

= 1.00 — (0.022) (2.1)
= 1.00 — 0.0462
= 0.9538
pe/pe = 0.9766

pr = 2,930 psia

Discussion. In their initial work
Cornell and Katz!' ? used Equation
2 to evaluate the slope of the pres-
sure gradient at r.. A means was
also devised for correcting for tur-
bulence if desired. At points away
from the well bore pressures are
computed with Equation 6.

1 Ar -
plepae=—[(1——)pl e+
2 2r !,-
.J

Ar e
(1 + —)pserd (6)
2r

Here pressures are related to posi-
tion, r, and times, t and t + At
Ar is related to time increment, At,

by
Ar? pg d
At = ——— 0
2 KgPav

Equation 6 is difficult to apply at
the initial time points or until
pressure gradients are developed
throughout the reservoir. With this
approach unsteady - state pressure
distributions can be determined for
both infinite and finite boundary
conditions.! The presentation of the
infinite boundary solution in Fig. 1
against the parameters tp and 1/Tw
considerably simplifies this method
for these boundary conditions.

In this problem the pressure dis-
tribution for a gas well is computed
by two methods. It is felt that tran-
sients in gas reservoirs can be ap-

proximated by the steady-state ap-
proach.* ® To solve Equation 2 the
average pressure [psy = (pw + pv
-+ 2] must be estimated to evaluate
Z and p,. Use of these values at p,
is sufficiently accurate for most of
the calculations. The major prob-
lem is estimation of a reliable value
for r.

If the radius of drainage has a
value of scveral hundred feet, error
in the estimated value will not be
critical since In (r./r) is involved.
Actually, r. is a variable represent-
ing a fictitious radius since fluid
may move toward a producing well
from points farther away.* The re-
cession of this radius cannot con-
tinue indefinitely; its upper limit is
the radius of the reservoir or the in-
terference with similar parameters
from other producing wells. Jenkins
and Aronofsky* have found that
after 5% of the gas originally in
place ‘has been produced, r, stops
receding and becomes constant at a
value of about one-half its maximum
possible value.

The results of this problem are
shown in columns 5 and 12 of
Table 1 and graphically in Fig. 2.
It can be seen that similar pressure
distributions were obtained by the
steady and unsteady state methods.
More than one-half of the pressure
drop necessary for the flow condi-
tions occurs within a few feet of the
well bore.
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Part 63

How to find pressure distribution for a

gas well in a finite system

GIVEN: A natural-gas reservoir
was developed on 80-acre spacing.

After 4 years of production, the res--

ervoir pressure declined from 3,500
to 2,600 psia. Other data on this
reservoir are as follows:

Porosity, ¢ = 19.0%

Estimated average flowing pres-
sure, o = 2,200 psi

Gas viscosity, p. = 0.027 cp (at
p. and T,) '

Gas-deviation factor, Z = 0.89
(at p,v and T,)

Reservoir temperature, T, =
140° F. or' 600° R.

Net sand thickness, h = 31 ft

Effective permeability to gas, k.
= 16 md

Radius of drainage. r, = 933 ft
(80-acre spacing)

Radius of well bore. r, = 3 in.

Interstitinl-water saturation. S, =
25.0%

FIND: Pressure distribution
about a well in this reservoir if it
is produced (after shut-in and pres-
sure stabilization) for 22 days at a
rate of 10,000 Mcfd.

METHOD OF SOLUTION: The
unsteady-state flow of natural gas
through porous media is defined by

_the diffusivity equation

o%p? i 2p?
+ —
or? r or

pub op*

6.33 X 10-*k,p 2t

Where:

p = pressure at r. psia

r = radius, ft

4. = TESETVOIr gas viscosity, cp

¢ = porosity, fraction

k. = effective permeability to gas.
md

t = time. days

(N

For determining unsteady -state
pressure distributions in a finite sys-
tem, Bruce et al.! developed a stable
numerical procedure of solving
Equation 1. A portion of their solu-
tions is shown on Fig. 1.
graphs may be used to calculate the
pressure at any point in a gas res-
ervoir for the given dimensionless
parameter mt;, which represents the
product of dimensionless rate and
dimensionless time.

m =

.. using steady-state and unsteady-state methods

Where:

Z. T, pg T, k. and h are given
with the data and

p: = formation pressure, psia

Q. = rate of gas production.
Mscfd

Other equations required for the
solution are*

1,424 u, Z T, Q,

m = (3)
kg h pe?
and
6.33 X 1072 kg par t
These ty = (4)
pg P 1.2
Where:
m = dimensionless flow rate
t;, = dimensionless time
SOLUTION:
(1.424) (0.027) (0.89) (600) (10,000)
= 0.061
(16) (31) (2,600)*
On Fig. 1, Q" = 2m = 0.122
(6.33 x 10-9) (16) (2,200) (22)
= 1.098

In =

In a discussion of the work by
Bruce et al.!, Aronofsky and Jen-
kins' made the observation that,
after some time interval, the effec-
tive drainage radius will stabilize at
one-half the outer radius and that
it is possible to calculate, with a
revised steady-state formula. the
pressure distribution for any later
time. Thus

P’ = prf —
Q. Z T, py In (0.5r,/r)

b= 1 (2)
0.000703 k;h

(0.027) (0.19) (933)*

mt, = 0.061 x 1,098 = 0.0670

The abscissa of the graphs on
Fig. | can be reduced to
1 200r
—— log
log 200 Ty

1 r
= [In 200 + In —]
In 200 T,

r
y(n—)  (5)
5.30 Ty

=1+ (

Substitution of known parameters
into Equation 2 gives
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GRAPHS for calculation of pressure distribution of radial gas-reservoir system. t, is based on exterior
radius (r. = ry,). After Bruce et al.’, courtesy AIME. Fig. 1.

0.5r, Assuming Z, = Z,,
(10,000) (0.89) (600) (0.027) In (
r Pavi1 — Pav 2
p* = pe* =
(0.000703) (16) (31) Ps
= [220 x 10® — T,Z]
467 T,
p? = pi® — 413,493 In (6)
r ' + A¢h (1-8y)
To obtain representative results
P: in this equation must be adjusted ) Ps 10.73
for 22 days of production at a rate Noting that Sie——
of 10,000 Mcfd.? Let the adjust- T 379
ment be based on a volumetric hy-
drocarbon material balance. Thus Pressure, psia . . - . v . r
p T, 1 00 2 Stobilized formation pressure ot start of 22-doy production period = i
W i ANV IR RO | §
PROE R S o R S T ¥ ] 152 psi
P T: Z Ziﬁlpsi | 2
Adh (1-8,) Pz To 1 it | l Pf adj~2,448 psio
" e T Za |
2,200
=220 x 10° |
Where: — - o
p. and T, = pressure and temper- o :
ature at standard conditions e Steady slate
S« = interstitial-water saturation 1,803 - Q  Unsteady state |
A = 80 acres, E i I
Pav 2 = average pressure in drain- !
age area after production of 220 1,600 .
X 10° scf of gas 0 100 200 300 100 500 ' 600 700 800 360 1,000
P.,; = average reservoir pres- Radus 1 1L

sure of 2,600 psia. PRESSURE DISTRIBUTION for well in developed gas field. Fig. 2.



(220 x 10°) (10.73) T. Z

Par1 — Parz = Q)
379 A¢h(1-Sy)
or
(220 x 10°%) (10.73) (600) (0.89)
Pav:r — Parz = = 216 psi
(379) (80 x 43,560) (0.190) (31) (0.75)
Pavz = 2,600 — 216 = 2,334 pSl
This pressure is the average value 1
for the drainage area after produc- 14 ( ) In 10 ) =0.15
tion of 220 x 108 scf of gas, Fig. 2. 530 933

It is necessary to estimate py 4ay for
this time at the external radius of
drainage (see Fig. 2). It can be
shown that the difference between
average pressure and pressure at the
external boundary for a gas in a
bounded system is given by3

(Pt aa)? — (Par 2)?
Qe Z T, g 3
~0.000703 ke h o
which from Equation 6
(Praap)? — (Pav 2)?
= 413,493 x 0.75 = 310,120

(Pt aay)?* = (2,384)* + 310,120
= 5,993,576

Pt aas = 2,448 psia

®

Thus Equation 6 becomes

467
p? = (2,448)% — 413,493 In(—)
r
p2 = 5,992,704
467
- 413493 In (—) (9

4

Both unsteady and steady-state
calculations are shown in Table 1.
At a radius of 10 ft and using
Equation 5

Reading parts (b) and (c) of Fig. 1
for mty, = 0.0670 and an abscissa
value of 0.15 and interpolating for
Q =2m=0.122

Pr
— = 0.800

Pt

pr = 0.800 x 2,600 = 2,080
psia (unsteady-state value)
Using Equation 9

p: = 5,992,704 — 413,493 In
(467/10) = 4,404,891
pr = 2,099 psia (steady state)

DISCUSSION: The unsteady-
state method used to solve this
problem applies for the production
of gas at constant rate from linear
and radial systems. Bruce, et al’
solved Equation 1 using a computer
to perform the numerical integration
with an implicit form of an approxi-
mating equation. Fig. 1 gives a
portion of their solutions. Other
solutions can be obtained from Ref-
erence 1. Since the solutions are
presented in graphical form, the
method is convenient to apply.

Results obtained with this meth-
od are compared with computations
using the steady-state equation. A
comparison of columns 6 and 11 of
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fairly well, particularly at large
radii.

Boundary conditions for the
Bruce, et al. method have been se-
lected such that this method does
not apply for values of r,/r greater
than 200. It is seen in Table 1 that
no computations were made for the
first two radii. Since there is rapid
establishment of steady-state flow in
the region near the well bore, the use
of the radial steady-state equation is
recommended. Similarly, the modi-
fied steady-state radial-flow formula
(Equation 2) recommended by Aro-
nofsky and Jenkins' does not apply
forr > % .

To solve Equation 4 the average
flowing pressure, P, is required.
Column 11 of Table 1 shows the
average flowing pressure, to be
about 2,070 psi [(1,698 + 2,434)
+ 2]. This is sufficiently close to
the estimated value of 2,200 psi.
In this case use of a more correct
average pressure would not affect
mtp, enough to cause different read-
ings from Fig. 1.

Fig. 2 gives the computed pres-
sure distributions of the well. The
behavior is similar to that for
slightly compressible fluids (oil and
water). More than two-thirds of the
pressure drop occurs within a few
feet of the well bore. The region
near the well bore exhibits a plug-
ging effect, or a point of high re-
sistance to flow, due to its smaller
cross-sectional area.
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Table 1—Computation of unsteady-state and
steady-state pressure distributions
4] (2) (3) (4) (5) (6) (7) (8) 9 (10 amn
) - Unsteady state N Steady state \
: 1+(1/5.30) Py =
n/r XInte/r)=  p/py (5)%2,600 413,493 X [ Pr
r, ft r,=933f Intr/ry)  14(3)/5.30 Fig. 2 psia 467/r In(467/r) In (467 /1) Eq. 9 psia
174 3,732 —821 =055 1,868 752 3,109,467 2,883,237 1,698
1 933 —6.83 - 0.29 il & i 467 6.14 2,538,847 3,453,857 1,858
10 93.3 — 4.53 +0.15 0.800 2,080 46.7 3.84 1,587,813 4,404,891 2,099
100 9.33 —-2.23 +0C.58 0.881 2,29 4.67 1.54 636,779 5,355,925 2,314
200 4.67 —1.54 +0.71 0.908 2,361 2.34 085 351,469 5,641,235 2,375
400 2.33 —0.85 +0.84 0.933 2,426 1.17 0.16 66,159 5,926,545 2,434
600 1.56 —0.44 +0.92 0.940 2,444 .. .. .. S oW B rano e § g
933 1.00 0 +1.00 0.945 DA8T  civeseme wowwm sy wpome (e BEE
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Part 64

How to find reservoir pressure
using Muskat, and Arps and Smith methods

GIVEN: The following data were
obtained during a pressure-buildup

p.g = density of oil or oil gradi-
ent at avg. reservoir conditions,

test of a West Texas oil well: psi/ft
¢ = 708 k,h/[p,B,In (r,/1.)] b/d/
Shut-in time, Well pressure, psi
Al s Puwsv PSia At = shut-in time, hours
? :'g;g Where: . _ . A = well-bore entry area, sq ft
3 2,038 P. = reservoir pressure in drain- In a study of the behavior of
7 2,067 age arca, psia bounded reservoirs composed of
10 2,079 Py = well pressure at shut-in - stratified layers, Lefkovits et al’
20 2,102 time At, psia recommend the following equation
30 2,116 s = well pressure at zero shut-in  for finding average reservoir pres-
40 . 2,124 time, psia sure in the drainage area:
50 2,131
60 2,136 — 1 — heC
70 2140 Pest = P — be®
o s Well pressure, pw Ay Psia
g0 2,146 : !
100 2,148 22000 e et ] L
110 2,150 = S ek
130 2,153 : 1
~16 -+ =
FIND: Reservoir pressure in the = 52

SRRES
=t
.. Dota vied fo
> determine resers
T woir pressure

drainage area of the well using the
(1) Muskat’ method and (2) the
Arps and Smith® method.

METHOD OF SOLUTION: By 2,080} -
assuming that during the buildup :
period the fluid entry into a well :
bore is a succession of steady-state 2,040~
operations and the fluid has a uni- :
form density, Muskat derived the
equation (shown here in oil-field 2,000/~
units) ' '

]Og (pe ol Pw-ll) - lOg (Pe oo pi) 1,9600 71200

1 2 3 4 6 B10 20 30 40 &0 80100 A
pugCAt Shut-in time, A1, hours
0.1 — (1)
A BOTTOM-HOLE PRESSURE build up curve. Fig. 1.
Table 1—Calculations for determination of reservoir pressure by (1)
() (2) (3 (4) (5) (6) 7)
Shut-in time Well pressure # Muskat method (p, — pyay ——
At, hours Pyap PSiO P. = 2,160 P. = 2,165 P, = 2,170 p.= 2,175 p. = 2,155
40 2,124 36 41 46 51 N
50 2,131 29 34 39 44 24
60 2,136 24 29 34 39 19
70 2,140 20 25 30 35 15
80 2,143 17 22 27 32 12
90 2,146 14 19 24 29 9
100 2,148 12 17 22 27 i
110 2,150 10 15 20 25 5
2

130 2,153 7 12 17 22
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=3 e

90 100
Shut-in time, A 1, hours

DETERMINATION of reservoir pressure by Muskat

method!. Fig. 2.

or
log (pe — pwa) = b + CAL (2)
where b and C are constants.
This equation is applicable to the
section of the buildup curve subse-
quent to the straight-line section
(see Fig. 1), provided the well has
been producing long before shut-in.
Equations 1 and 2 are similar if

b = log (p. — pi) and

0.1 p,gc
C= — ——
A

If on entry into the well bore,
through an area A, the fluid has a
uniform density p., the rate of flow
may be expressed as’?

A dp

p.g dt

Q, = (3)

1

T1i0

method'. Fig. 3.

Also from Darcy’s law

Qo = ¢ (p. — Pwsd) 4)

Combining Equations 3 and 4 gives

dp  pgc

dt A

(pv = pwﬁl)

or in oil-field units

dp 0.23 p,ge
— = ————— (Pe — Pwat) (5)
dt A

Integration of Equation 5 (with
Pwar varying from p; to pys) would
give Equation 1.

Equation 1 is used in the Muskat
method and Equation 5§ in the Arps
and Smith method. Since p.g, c,
and A are assumed constant, Equa-

he Muskat method and (2) the Arps and Smith method

(8) (9) (10} (an
Arps and Smith method "
ap At Avg. Py
2)n — (2)n—1 (1n = (1)n—1 Ap/ At [2)n + (2}n—1]+ 2
psi hours (8) + (9 psia
7 10 0.70 2,128
5 10 0.50 2,134
4 10 0.40 2,138
3 .10 0.30 2,142
3 10 0.30 2,145
2 10 0.20 2,147
2 10 0.20 2,149
3 20 0.15 2,152

RSP .

I
2,160

Well pressure, psia

DETERMINATION of reservoir pressure by Arps and Smith

tion 1 represents a straight line
(Pe — Pwst V. At) on a semilog plot.
In applying the Muskat method,
estimate a value for p. and plot
" (pe — pwsd) vs. At. If a straight line
is obtained, the correct value of p,
was used. However, if the curve ob-
tained is concave downward, the
estimated value of p, is too small.
Conversely, if the curve is concave
upward, the estimated value of p,
is too large. Thus a trial-and-error
procedure is involved until a straight
line is obtained.

Equation 5 represents a straight
line (dp/dt vs. pys) on a coordinate
plot. Here when dp/dt = 0, pya.
= p.. Thus this equation is a modi-
fication of the Muskat method to
eliminate the trial-and-error pro-
cedure.

SOLUTION: Columns 4 through
7 of Table 1 show computations
necessary for the Muskat method.!
Each of these columns is plotted vs.
column 1 in Fig. 2. For p, = 2,160
psia a straight line is obtained
showing this to be the correct res-
ervoir pressure.

Columns 8 through 11 of Table
1 show computations necessary for
the Arps and Smith methcd. Here
increment of pressure, Ap, and
time, At, are used to approximate

dp Ap
'—— =~ ——. These values are

dt At )
plotted in Fig. 3 against the average
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pressure, pys for each respective
increment.

DISCUSSION: The two methods
used in this problem to determine
reservoir pressure from pressure-
buildup data differ from the Horner
and Miller, Dyes, and Hutchinson
methods.* > ¢

Muskat’s method is applicable
for equal or unequal time intervals.
It is only valid when there is steady-
state flow into the well bore so that
the productivity index is constant.
Use of data from the latter portion
of the pressure-buildup curve (Fig.
1) tends to assure such conditions
provided the well has been produc-
ing long enough before shutin for
the pressure waves to reach the ex-
terior boundary (interference with
surrounding wells or the sealed
boundary of the reservoir). Note on
Fig. 1 that this is the section of the
buildup curve following the straight
line portion.®

Arps and Smith have attempted
to use the simpler relationship,

Equation 5, to obtain a linear rela-

tionship and eliminate the neces-

sity of trial-and-error calculations.

The intervals of pressure, Ap and

time, At, must be made small so
Ap dp

=

At dt

constant when larger time intervals
are used.

In this example comparable re-
sults were obtained with the two
methods (2,160 psia with Muskat
method compared to 2,157 psia with
Arps and Smith method.) Since both
methods are based on the same the-
ory, they should be equally appli-
cable, Lefkovits ct al.® recommend
similar procedures (Equation 2) for
determining the average reservoir
pressure in the drainage area of
wells for stratified (multilayer) res-
ervoirs, fractured dolomite reser-
voirs, and hydraulically fractured
reservoirs. In these reservoirs the
initial portion of the pressure build-
up curve (following the afterflow
period) is linear on a plot of Py

that or At must be

vs. log At. Next a slight flattening
of the curve may occur, then a rise,
and, after a long time, a final flat-
tening.®
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Part 65

How to find average reservoir

pressure of a well-drainage area
by the Matthews et al. method

GIVEN: A pressure-buildup test

-on a Kansas well yielded the fol-

lowing data:

1o+ At
Buildup time, ——— Well pressurs,

At, hours At Pa Psia
0 1,534

1 769 1,942

2 335 1,966

4 193 1,992

6 129 2,005

8 97.0 2,015

10 77.8 2,024

14 55.9 2,036

20 39.4 2,048

30 26.6 2,062

40 20.2 2,072

50 16.4 2,080

80 10.6 2,083
120 7.4 2,085

Other data for this well in a finite
syslcm are.

Net sand thickness, h = 8.5 ft

Porosity, ¢ = 0.09

Avg. oil compressibility, c,, =
50 x 10~ "% vol/vol/psi

External radius of drainage, r, =
1,000 ft

Well radius, ry, = Y4 ft

Oil-producing rate prior to shut
in. Q. = 95 st-tk b/d.

Oil-formation volume factor, B,
= .31

Rescrvoir oil viscosity, p, = 0.7
tp

Qil produced since last pressure
survey. N, = 3,040 bbl

t. = N,/Q, = 3,040/95 = 32
days or 768 hours

FIND: Average reservoir pres-
sure in the drainage area of the well
using the Matthews et al. method.

METHOD OF SOLUTION: The

basic theory of the Matthews et al.
method is similar to thc Horner
method.? To calculate the average
pressurc in a well-drainage area, a
correction is applied to the extrapo-
lated pressure, p* obtained by ex-
trapolating to infinite time
At t.+At
( or =
t.+ At At

the proper linear portion of the
eraph of

1.0)

At
psi vs. log (———)
t. + At

The correction, which is a func-
tion of t.. is presented in Fig. 1 for
different shapes of the drainage
area. These graphs are based on
solutions of the diffusivity equation
similar to those of References 2, 3,
and 4.
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The reservoir pressure sought is
the equalized pressure that will exist
in the reservoir after sufficient time
has passed (large or infinite time),
that flow of fluid to the depleted
arca has ceased, and that for prac-
tical purposes, no pressure gradients
exist in the reservoir. The method
is applicable to pases as well as
liquids. The abscissa of Fig. 1 for
an oil well is

tp/7R* = (0.0000838 k, t.)/ (o ¢ Cay 12) (1)

while the ordinate is
2.3 (p*—p)/m (2)
Permeability, k.. is obtained with
the equation®
k, = 162.6 Q..B./mh (3)

Where:

M By i T O B N and h
are defined with the data and
t,, = dimensionless time =

2.634 X 104 k.t
" o Cav P I

R = r/rw

k, = effective permeability to oil
in interwell area, md
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te = N,/Q, = time well has pro-
duced from last pressure survey

p* = pressure at log [At/(t.+At)]
= 1.0 on plot of p. vs. log [At/
(t. + At)], psia

p. = average reservoir pressure
in drainage area, psia

m = slope of proper portion of
pressure-buildup curve, psi/cycle

t = time, hours

re = well radius, ft

The procedure is to compute
Tyn/mR? (from Equation 1) and read
the value of Equation 2 from Fig. 1.
Since p* and m can be obtained
from the pressure-buildup plot, p,
can be computed.

SOLUTION:
From Fig. 2

Pz — Pi 2,097 — 2,015
Slope = = = 82
t. + At t. + At log 100 — log 10
log (————)2 — log (————)
At At
Solving Equation 3 for effective permeability to oil,
(162.6) (95) (0.7) (1.31)
= = 20.3 md
(82) (8.5)
Solution of Equation 1 gives
tp (0.0000838) (20.3) (768)
mR? (0.7) (0.09) (50 x 10-%) (1,000)*
Well pressure, p, o\, PSia
p* » 2,180 psio
Rl
2,150 —nr
™~
'\._"\
2,100 n =
o bl
'ﬂ*\
By
2,050}
b\“‘
2,000 \‘-\
e
1,950 = =R
]
|
1,900
1,850 1
1.0 10.0 100 1,000
lg+al
At

PRESSURE BUILDUP curve; slope = B2, Fig. 2.
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From Fig. 1 using the curve for
hexagon and circle

23 (p* - pr)

m

Thus
(2.3) (2,180 — p,)

82
p: = 2,087 psia

DISCUSSION: The method used
to solve this problem assumes that
the reservoir is horizontal, homo-
geneous, isotropic, and of uniform
thickness. The reservoir fluid is as-
sumed to be in a single phase, to
have small and constant compressi-
bility, and to have constant viscos-
ity. In spite of these limitations the
method is believed applicable! to
many bounded rescrvoirs and res-
ervoir fluids. The presence of for-
mation damage at the well bore does
not affect the determination of aver-
age pressure by this method.

The pressure-buildup behavior of
a single oil well in the center of a
circular reservoir is given by

Qo#oBo

At
+Y(t+A) —Y(@A)] @)

Pr = P1 -} []1‘1

4 7k,h
Where:
pw = buildup pressure
p: = initial reservoir pressure
t = time since wéll was initially
put on production

Based on a modification of this
equation the graph for the hexagon
and circle, Fig. 1, was developed.
The graphs for a well located in the
center of a square, equilateral tri-
angle, rthombus, and right triangle
were obtained by the method of
images.*

Fig. 1 shows that in a symmct-
rically located well, the shape of
the surrounding boundary has little
cffect on the pressure correction
function, (p* — p,)/m. The graphs
differ little, regardless of whether
the outer boundaries form a hexa-
gon, squarc, rhombus, equilateral
triangle, right triangle, or circle.
This tends to support the often-
used assumption that the behavior
of a circular drainage area may be
used to represent the behavior of a
square drainage area.

t 4 At

References

1. Matthews, C. S., Brons, F., and Haze-
broek, P., “A Method of Determination of
Average Pressure in a Bounded Reservoir™:
Trans. AIME, Vol. 201, 1954, p. 182.

2. Horner, D. R, “Pressure Buildup in
Wells": Proc. Third World Petroleum Con-
gress, Section 1I, W. J. Brill, Leiden, Hol-
land (1951).

3. Mil'er, C. C., Dyes, A. B, and
Hutchinson, C. A., Jr., “The Estimation of
Permeability and Reservoir Pressure from
Rottom-Hole Pressure-Buildup Characteris-
tics”: Trans. AIME Vol. 189, 1950, p. 91.

4. Muskat, M., “The Flow of Homogene-
ous Fluids Through Porous Media": Mec-
Graw-Hill Book Co., Inc., New York, 1937,

5. Guerrero, E. T., and Stewart, F. M.,
Reservoir EnFinceri.ng Part 14d, “How to
Determine Effective Permeability from Pres-
sure-Buildup Data Under Finite Boundar
Conditions”: The Oil and Gas Journal, VoK
57, No. 41, 1959, p. 167,

'—?\\ }.‘..
‘\\

Part 66

How to find static
reservoir pressure for gas well

in infinite system with adaptation of the Horner ! 2 method

GIVEN: A pressure-buildup test
was performed on a well located in
a gas field under development on
640 - acre spacing. The data ob-
tained arc shown in Table 1.

Other data were as follows:

Net sand thickness, h = 22 ft.

Reservoir gas viscosity, u, =
0.025 cp.

Reservoir temperature, T, =
125° F. or 585° R.

Gas-deviation factor at reservoir
conditions, Z = 0.87.

Producing rate, Q. = 9,500
Mscfd.

Cumulative gas production, G,
= 75,212 Mscf.

FIND: (1) Initial reservoir pres-
sure assuming infinite boundary
conditions. (2) Effective permeabil-
ity to gas in interwell area.

METHOD OF SOLUTION:
Aronofsky and Jenkins®* have

shown that the performance of a gas
well producing at constant rate is
similar to that for an oil reservoir.
Based on this work and that of Van
Everdingen and Hurst,® Tracy® has
shown that for infinite boundary
conditions and an oil reservoir, the
pressure at time t and radius ry is
related by

OuFmBn i ku t(‘ )
P =py — In + 0.80907 (n
417 k"h | (i)l“'#ncln’rl'z
while for a gas reservoir
a 2 eru':Tr Z [ kr. Lepy
p’ = pif = ————— | In {———— ) + 0.80907 2,
2w khT @ por?
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Yable 1—Data obtained on pressure-buildup test

te + At 190 4 At
Build-up time Well pressure 2 =
At, hours Pyaq PSia Puat at At
0 ..o 1,597 2,550,400 cen
W oLisieiaiia 1,650 2,722,500 381
| PR ER 1,720 2,958,400 191
2 eemmensessnes 1,805 3,258,000 96
d s geenes 1,852 3,429,900 48.5
8 iiiiveiemanas 1,896 3,594,800 24.8
b 1,922 3,694,100 16.8
16 vvivandiiie 1,939 3,759,700 12.9
SRR B 1,963 3,853,400 8.92
A R 1,987 3,948,200 6.28
L IS S 2,004 4,016,000 4.96
7 AR 2,021 4,108,700 3.64
Where: cept that in Equation 2 (1) p, has

Pr = reservoir pressure, atm

pi = initial reservoir pressure,
atm

Q, = oil-production rate, cc/sec
(st-tk conditions)

o = reservoir-oil viscosity, cp

B, = oil formation-volume factor

k, = effective permeability to oil,
darcies

h = net sand thickness, cm

t, = apparent time well produced
before shut-in, seconds

¢ue = hydrocarbon porosity,
fraction

¢ = porosity, fraction

oo = effective oil-compressibility
factor, vol/vol/atm

r« = well radius, cm

Q, = gas-production rate, std cc/
second

e = TESEIVOoIr gas viscosity, cp

T, = reservoir temperature, °R.

T, = standard temperature, °R.

k, = effective permeability to gas,
darcies

Z = pas-deviation factor

Equations 1 and 2 are similar ex-

been replaced by p,* and p; by p/,
(2) in the denominator of the co-
efficient of the bracket, 4 has been
replaced by 2, (3) Q,B, has been
replaced by Q.Z T,/T, and (4) the
compressibility factor c,. has been
replaced by the reciprocal of p,.
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Following this analogy the pro-
cedures used for oil reservoirs' can
be adapted for gas reservoirs.* Thus
the sand-face pressure for At time
after shut-in is given by the equa-
tions grouped in Table 2, below.

The method of obtaining the ini-
tial reservoir pressure is the same
as that for oil reservoirs'® except
that the pressure-buildup data are
plotted as pua® vs. log (t. + A)/A L.
Such a plot for this problem is Fig.
1. For infinite shut-in time
(t. + At)/At = 1/0, pus® is read
and its square root is the initial
reservoir pressurc.,

The effective permeability to gas
for the area away from the well bore
is computed with Equation 5. The
slope m is obtained from Fig. 1.

Another cquation recommended
by the API" for determining effec-

Table 2—Equations showing determination of sand-face pressure

1.637 Omu'rTrz- t. + At _
Pust® = P = log ) 3)
k:h At
Where:
24 G, (24) (75,212)
te = = = 190 hours 4)
Q. 9,500
1.63? O\:#,;T,z. (pw_‘ll‘-')2 —_ (p‘“'z)l .
n= = (5)

k.h

" Jogl(te+At/At), —logl(te +At/At].

The parameters arc as defined above except the units are now p;, psia; Q,,
Mscfd; pe, cp; T, °R; ke, md; h, ft; Gy, Mscf; t., hours; and

pwst = well sand-face pressure for At time after shut-in, psia
At = time well has been shut in, hours
m = slope of proper portion of pressure-buildup curve, psi®/cycle

Al

INITIAL RESERVOIR PRESSURE of a gas field can be
found by using same procedure usually applied to
oil reservoirs, with slight modifications. Fig. 1.

DzwAl 106 psia. Well pressure, Pyat, Psia
6.0 2,050 l l
[ 4 i /
s 55—
5.0 Initiol reservoir pressure = V4.4 x 10° 1,950 137 PSi/CI"C\I:/
‘. = 2,107 psio - - J b
"‘ll " /
4.0 “\"-'h , " L~
._! : e \\\{. S[opg.m ‘élo'm PSizr"Cycla 1,350 . /
3.5 \"'\- 1,800 p 11
3.0 SN / |
, 3 \\L 1,750
2.5 1,700
10 20 4.0°60 100 200 060010002000 0.0 10 20 40 6080100 20 40 60 80100

Buildup time, Al, hours

PRESSURE BUILDUP DATA for gas wells, plotted in the
same manner as is done for oil wells. But applicability is
less broad than in Fig. 1. Fig. 2.
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tive permeability to gas from pres-
sure-buildup data is

815 Quu, T, Z
k= m—— (6)
m, h p,

where m, = slope of proper portion
of pressure-buildup curve (psi/cycle)
when pyaq is plotted vs. log A t. This
equation is obtained from Equation
3 which can be written as

can be applied to gas reservoirs
(Fig. 1). In fact, Fig. 2 shows the
pressure-buildup data for a gas well
plotted in the same manner as is
done for oil wells. Here applicability
is less broad than in Fig. 1. The
plot is based on Equation 7 which
applics when the reservoir pressure
changes little from point to point
during production or when the res-

1,637 Qu, T, Z

(pi — Pwat) (pi + Pwat) =

pr|+p‘-“m2pr: zpl
and log (t. + A t) = log t,
then

8180, u, T, Z

Pwst = py —

[log (t. + At) — log At] /

k.h p;

9
( log ) )
At

Equation 7 shows that plotting pys vs. log At (Fig. 2) results in a

straight line with the slope

m, =

818 O,,- i T 7 (Puwst): — (Pwsth

k. hp

= (8)
log At. — log At,

SOLUTION: from Fig. 1, pes® is read at infinite time (t. + At)/At
= 1.0 and p?* = \ 4.44 X 10" = 2,107 psia.

Using abcissa values of 1.0 and 10.0 and Equation §

4.44 x 10° — 3.83 x 10"

m=

= 610,000

log 10 — log 1.0

Also using Equation 5

(1.637) (9,500) (0.025) (585) (0.87)

= 14.7 md

(610,000) (22)

Using the slope obtained on Fig. 2 (m = 137 psi/cycle) and Equation 8

(818) (9,500) (0.025) (585) (0.87)

{1

= 15.6 md

(137) (22) (2,107)

Discussion: This problem shows
that with slight modifications the
procedure used to obtain initial
reservoir pressure of an oil reservoir

ervoir pressure is high (more "than
1.000 psia). Also, the apparent pro-
ducing time before shut-in, 1, must
be large compared to shut-in times,

At. This latter assumption is not
too critical since time is treated as
a logarithmic function in Equation
7. As an example, at a buildup time
of 72 hours, log (t. + At)/At = log
(190 + 72)/72 = 0.56, while log
to/At = log 190/72 = 0.42.

Figs. 1 and 2 show that the pres-
sure-buildup performance of a gas
well is similar to that of an oil well.
At small shut-in times the buildup
behavior is influenced by gas after-
flow into the well and differences in
formation permeability near and
away from the well bore. Tracy? re-
ports that studies made to determine
the duration of time that gas-well
pressure-buildup data are affected
by fillup of the well bore show that
the afterflow effect cannot be con-
sidered negligible until 60 minutes’
buildup time has elapsed. This does
not include the effects of formation
damage which may result in even a
longer time required to reach the
straight line or proper buildup por-
tion of the data.

For gas wells whose pressure dis-
turbances have reached a boundary
or interfered with pressure disturb-
ances from adjacent wells, the
straight-line portion of the pressure-
buildup data is followed with the
curve tending to level off. This
tendency is less prevalent in gas
wells than” oil wells because of the
larger spacings (320 and 640 acres/
well) used in gas ficlds.
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Part 67

How to find static

‘reservoir pressure for gas well
by adaptation of Miller, Dyes, and Hutchinson method' **

GIVEN: A pressure-buildup test
was run on a gas well in a field on
640 - acre spacing. The following
data werc obtained:

Shut-in time  Well pressure,

At, hours . Pwats PSiQ (pya)?
1 1,847 3,411,400
) N 1,970 3,880,900
< A R 2,084 4,343,100
& L 2,128 4,528,400
0 ... 2,159 4,661,300
) 3 2,184 4,769,900
22 e 2,207 4,870,800
L |7 2,233 4,986,300
45 2,246 5,044,500
65 = e 2,260 5,107,600

Other data were as follows:

Approximate reservoir pressure,
p. = 2,430 psia.

Net sand thickness, h = 27 ft.

FIND: Compute the reservoir
pressure_assuming finite boundary
conditions.

METHOD OF SOLUTION: For
gas reservoirs dimensionless time is
defined by the equation:

. 0.000528 k.t
tp = - (1
b Cgav, Py T”

considering t equivalent to At then:

1,900 tp ¢ Cg av. Mg I

Reservoir temperature, T, = 145° At = y @)
F. or 605° R. ¥
Gas deviation factor at reservoir . »
conditions, Z = 0.85. letting Cear, = 1/pr
Producing rate, Q; = 10,000 1,900 ty ¢ p 1.7
Mscfd. At = (3)
Porosity, ¢ = 18%. kep:
pTwM' MM psia?
P L] s perree: stostemn uerm promt oom v

60

50

log 100 - log 10

[ ———

1 610,000 psi’fcycla

R LR
50 70

Shutin time Al hr

PRESSURE-BUILDUP CURVE for gas well. Fig. 1.

also

1,900ty ¢ o2 mh

At =

ke pr wh
Q. T,21,637
X ——— = 1,900ty (7r.*) bd
Q. T, Z1,637
1,637 Q, T: Z pg
k. h

+20Q, T.Zp. 1,637 m

X

since
43,560 A = 7 r.* and

1.6370: T Z 1t

@)
k¢ h

Ah¢d m
Q: TiZp:

At = 1,900 tp

X (43,560)

1,637 w
Ahd m
Q T.Zp.

At = 16,090 tp (&)

Where:

psh, Te, Z, Q. and ¢ are defined
with data and

tp = dimensionless time

k, = effective permeability to
gas, md

t = time, hours

At = shut-in or buildup time, hours

Cg v, = average compressibility to
gas at rescrvoir conditions, 1/psi

ftg = TCSCIVoir gas viscosity, cp

r. = radius of drainage, ft

A = area in acres

m = slope of proper portion of
pressure buildup curve.

If the dimensionless time, tp, nec-
essary for a well to reach static
reservoir pressure can be estimated,
then Equation 5 can be used to com-
pute the actual time, At. For condi-
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tions of no flow across the exterior
boundary, r., the tp necessary for
pressure buildup to static conditions
is about 0.1 while for conditions
of constant pressure at the exterior
boundary, the value to ty, is 0.445,

The pressure - buildup data are

plotted as (pwa)® vs. log At, and

the proper straight-line portion of
the plot is extrapolated to the At
value computed by Equation 5. At
this point the static reservoir pres-
sure is read. This method is trial
and error, since p, must be esti-
mated to solve Equation 5. The
value estimated should be within
1% of the value obtained through
computation of At, otherwise the
procedure is repeated.

For gas-well spacings of about
320 acres or greater, the static
reservoir pressure can be determined
assuming a constant pressure at the
external boundary, or t;, = 0.445,
For such conditions Equation 5 be-
comes:

Ahe¢ m
Og T,Zp,

where A is now well spacing in
acres per well.

SOLUTION: The pressure-build-
up data for this problem are plotted
on Fig. 1. The slope, m, of the
straight-line portion of the curve
is 610,000. Reservoir pressure has
been approximated as 2,430 psia.
Thus with Equation 6

At = 7,160 (6)

(640) (27) (0.18)
10,000

At .=-7,160

610,000
(605) (0.85) (2,430)

X

= (7,160) (0.311) (0.488)

f = 1,088 hours
From Fig. 1
(Pwst)? at At = 1,088 hours
= 5,900,000
Pwst = 2,429 psia

DISCUSSION: The method used
to solve this problem is based on
ability to compute the time needed
for pressure to build up to static
reservoir conditions. Equation 5 is
developed from the equation for
dimensionless time (Equation 1).
Fig. I-2 in Reference 2 gives
dimensionless pressure drop versus
dimensionless time for conditions of
(1) no flow across the drainage
radius, and (2) constant pressure
at the drainage radius.

This plot indicates that at dimen-
sionless times of 0.28 and 0.75 for
the two cases, complete pressure
buildup has occurred (dimension-
less pressure drop equals zero). That
is, on a plot such as Fig. 1, the
curve would become horizontal at
shut-in times equivalent to these
dimensionless times, respectively.
The tailoff portions of most pres-
sure-buildup curves are not suffi-
ciently defined for rcliable extrap-
olation and thus cannot be used in
reservoir-pressure determination.

The straight-line portions of the
curves on Fig.1 -2 of Reference 2

are equivalent to the proper pres-
sure-buildup portions of pressure-
buildup curves. Extrapolation of
these straight-line portions shows
that a dimensionless pressure drop
of zero occurs at dimensionless times
of 0.1 to 0.445, respectively.

These data are useful since inter-
pretation of pressure-buildup curves
requires that the proper pressure-
buildup portion be measured and de-
fined. This portion of the pres-
sure-buildup curve can easily be
extrapolated to the times given by
Equations 5 or 6.

This method has the limitation
that it must be decided if a particu-
lar well best fits the case of “no
flow across the drainage radius,”
or “constant pressure at the drain-
age radius.” For gas fields where
well spacings normally exceed 300
acres per well, the latter case is
most applicable. In addition to this
limitation, the method requires
knowledge of net sand thickness,
porosity, reservoir temperature, and

‘gas deviation factor.
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Part 68

s

How to find static reservoir

ressure for gas well in finite system

by Horner' * and Matthews et al.” methods

GIVEN: A pressure-buildup test
was performed on a well located in
a gas field on 640-acre spacing.
Data obtained were as follows:

.+ At Well
Shut-in pres-
time, At sure,
At, (1,=2,400 py,,
hours  hours) psia Pwat?
1,742 3,034,564
1 2,401 1,865 3,478,225
3 801 1,979 3,916,441
6 401 2,023 4,092,529
10 241 2,054 4,218,916
15 161 2,079 4,322,241
22 110 2,102 4,418,404
34 71.6 2,128 4,528,384
45 543 2,145 4,601,025
65 37.9 2,170 4,708,900
126 20.0 2,190 4,796,100

Net sand thickness, h = 54 ft

Reservoir temperature, T, = 145°
F. or 605° R.

Gas-deviation factor at reservoir
conditions, Z = 0.85

Producing rate, Q; = 10,000
Mscfd

Porosity, ¢ = 18.0%

Cumulative gas production since
last pressure survey, G, = 1,000,-
000 Mscf

Well radius, rp, = 1/3 ft

Estimated reservoir pressure, p:
= 2,320 psia

Reservoir gas viscosity, p, =
0.12 cp

t. = G,/Q; = 1,000,000 + 10,-
000 = 100 days or 2,400 hours

Reservoir pressure at last pressure
survey, p1 = 2,390 psia

FIND: Compute the reservoir
pressure in the drainage area of the
well assuming finite boundary con-
ditions: (1) using the Horner meth-
od, and (2) using the Matthews ct
al. method.

METHOD OF SOLUTION: In
the problem starting on p./34 it was

(60

shown that the pressure - buildup
analysis techniques developed by
Horner! for liquids could easily be
adapted for gases. The nccessary
equations for finite-boundary-condi-
tion cases are

p*? =p2 — (m/23)y () (1)
p2=p2— (m/23p) (2
Where:
t. + At

p* = pressure at log (—————)

At

= 1.0 on plot
te + At

of pwat® V8. log
At

p1 = reservoir pressure at last
pressure survey, psia

m = slope of proper portion of
pressure-buildup curve, psi?/cycle

Fvl = (l'e2 ¢ P-g)/(4 kg tc pr)

y(u) = independent variable =
(1/p) e+ + E, ()

pr = Teservoir pressure, psia

k. = effective permeability to gas,
darcys; and r., ¢, g and t. are de-
fined with the data. Here, these fac-

 tors are expressed in c-g-s units,

while in the solutions they are ex-
pressed in oil-field units.

The solution procedure for the
Horner method is

1. Plot pyae® vs. log [(t. + At)/At]
(Fig. 1) and extrapolate the proper
pressure-buildup portion to (t.+At)/
At = 1.0.

2. Read p*? at (t.-At)/At =
1.0.

3. Determine the slope, m, from
the proper portion of the pressure-
buildup curve.

2 .
P YAt MM psio
3.8 | '
'Sa | P 2F 5.64 x 106
5.4 e
3 \\-\.
5.0 hi. N
X
4.6 \
4.2 \‘\,\—.—\—“—"
N _ N.\
3.4
1 e 3 5 10 20 30 50 100 200 300 500 1,000
fc+ At
At

PROBLEM SOLUTION depends on data from this pressure-buildup curve,

Fig. 1.
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4. Compute y (u4) using Equa-
tion 1.

5. Read p, from Fig. 1, p. 20
(see also reference 6).

6. Compute p, using Equation 2.

The use of the Matthews et al.

method for liquids was covered on
\9,32 (see also reference 5). Fig. 1,
p. 33 shows that the method is also
applicable for gases. The abscissa
of this figure for a gas well is

tp 0.0000838 k, p: t.
= ( )zas (3)
K b1

while the ordinate is

(2.3 (p**—p*)/mlgs  (4)

wR?

Permeability k, is obtained with
the equation’

ke = (1,637Q, T, Z u,)/mh (5)

Where te, u,, ¢, 1, Qp, Ty, Z, 1y
and h are defined with the data and

tn = dimensionless time

R =r/re

re = external radius of drainage,
ft

ke = ecffective permeability to
gas, md

The procedure is to compute
Equation 3 for t,/7R? using an es-
timated value for p, and read the
ordinate value from the proper
curve of Fig. 1, p. 33 Since p*
and m can be obtained from the
pressurc-buildup curve, Equation 4
can be solved for p,. The computed
value of p, should be within 0.5%
of the estimated value of p,. Other-
wise use the computed value as an
estimate of p, and repeat the cal-
culations adjusting Z and p, to this
value,

nn

SOLUTION:

Horner’s method
From Fig. 1, p** = 5.64 x 108
and

(Pwuz)-x - (Pwar_ﬂ):’

5.05- X 10% — 4,45 x 10¢
log 100 — log 10
= 600,000

Equation 1 can now be solved
for y(p.)

5.64 x 10° = (2,390)? —
[0.6 X 10° y(u)]/2.3

y(py) =
(5.71 X 10°—5.64 x 10%)2.3
= 0.27
0.60 x 10°

From Fig. 1 of Part 61,% u, =
0.80.

Now solving Equation 2
pf = 571 X 108 —

(0.60 x 10°)/(2.3)(0.80)
=5.71 x 10° — 0.33 x 108
= 5.38 x 10¢

p: = 2,320 psia

Matthews et al. method
To solve Equation 3, Equation 5
must first be solved for k,.

2.3 (5.64 x 10° — p,*)/600,000
=085
5.64 X 10° — p,2
= 510,000/2.3 = 222,000
p:2 = 5.418 x 10
Pr = 2,327 psia

This value compares well with
that (2,320 psia) obtained with the
Horner method.

DISCUSSION: the Horner meth-
od for a finite system has been ap-
plied to an oil reservoir.” A com-
parison of that problem with this
problem shows that the equations
and the procedures used are similar
except that for gases, pressures are
used as square functions in the
equations and plots.! The theory
supporting such usage was discussed
in the problem starting on p. 34
(see also reference 4). '

Similar principles are involved in
a comparison of the equations for
liquids (Page 32) and gases (Equa-
tions 3 and 4) of the Matthews et
al. method. Equation 4 contains the
pressures as square functions where

(1,637) (10,000) (605) (0.85) (0.12)  (990,385) (0.102) 101,019

(600,000) (54)
= 31 md
Alsor? =
[(43,560 ft2/acre) (640 acres)]/ar
= 27,878,400/3.1416 = 8,873,900

or

r. = 2,980 ft

Substitution into Equation 3 gives

3,240 3,240

the analogous equation of the earlier
problem uses the pressure to the
first power. Also in Equation 3 the
average compressibility of the gas
has been replaced with the recipro-
cal of reservoir pressure.

The two methods used in this
problem and the method in the im-

tp (0.0000838) (31) (2,320) (2,400) (25.98) (556.8)

wR?

(0.12) (0.18) (8,873,900)

191,676

ms= (6)
t. + At t. +At
(log ————); — (log ————),
At
for (t. + At)/At = 10, 14.466
Pwa2 = 5.05 x 10° and = — = 0.075
191,676
for (t. + At)/At = 100, . 459
From Fig. | on p.33  using
Pwar® = 4.45 X 10° tp/7R? = 0.075, the ordinate is
Thus read as 0.85 and thus

mediate preceeding problem® repre-
sent three methods for determining
reservoir pressure from gas wells
in finite systems with pressure-
buildup data. Although less mathe-
matically rigorous, the Horner
method gives equally good results
for most field applications. It should
be used when sufficient data are not
available for application of the two
other methods.

In addition to pressure-buildup
data, the Horner method requires



knowledge of gas-production rate
prior to shut-in, cumulative gas pro-
duction since last pressure survey,
and reservoir pressure at last pres-
Surc survey.

Except for reservoir pressure at
last survey, the Matthews et al.
method requires the same data plus
gas viscosity, porosity, radius of
dralg'agc, reservoir temperature, and
net sand thickness. Considering data
required, ~the principal difference
between the Matthews et al. method
and the adaption of Miller, Dyes,
and Hutchinson® method is that the
latter does not require knowledge
of cumulative gas production since

last pressure survey.

References

1. Tracy, G. W., “Diagnosing Productiv-
ity Problems in Gas Wells": ninth oil-recov-
ery conference, TPRC, Mar. 26, 1956; also
The Oil and Gas Journal, Aug. 6, 1956,
p. 84.

2. Horner, D. R., "Pressure Buildug in
Wells": Proc. Third World Petroleum Con-
gress, Section 111, E. J. Brill, Leiden, Hol-
land, 1951.

3, Matthews, C. S, F. Brons, and P.
Hazebrock, "A Method of Determination of
Average Pressure in a Bounded Reservoir':
Trans, AIME Vol, 201, 1954, p. 182,

4. Guerrero, E. T., “Reservoir Engincer-
ing, Part 66—How to Find Static Reservoir
Pressure for Gas Well": The Oil and Gas
Journal, Vol. 62, No. 15, Apr. 13, 1964, pp.
101103,

167

5. Guerrero, E. T., “Reservoir Engineer-
ing, Part 65—How to Find Average Reser-
voir Pressure of a Well-Drainage Area™:
The Oil and Gas Journal, Vol. 62, No. 10,
Mar. 9, 1964, pp. 101-102,

6. Guerrero, E. T., “Reservoir Engineer-
ing. Part 61—How to Find Pressure Distri-
butions for Unsteady-State Flow Conditions
for Finite External Boundary™: The Oil and
Gas Journal, Vol. 61, No. 42, Oct. 21, 1963,
pp. 92-95.

7. Guerrero, E. T., and Stewart, F. M,,
“Reservoir Engineering, Part 14d—How to
Determine Effective Permeability from Pres-
sure-Buildup Data Under Finite Boundary
Conditions”: The Qil and Gas Journal, Vol.
57, No. 41, Oct. 5, 1959, pp. 167-169.

8. Guerrero, E. T., “Reservoir Engineer-
ing, Part 67—How to Find Static Reservoir
Pressure for Gas Well": The Oil and Gas
Journal, Vol. 62, No. 20, May 18, 1964, pp.
137-139.

Part 69

How to find capacity,
ratio, and skin effect

for oil well from pressure-buildup data

GIVEN: A well is located in an
oil field with 40-acre well spacing.
Production since last pressure sur-
vey was 4,270 st-tk bbl. These pres-
sure-buildup test data were obtained
on this well;

Shut-in time At Well pressure,

hours Puwst, Psia
0 ' 1,570
1 2,199
3 2,238
5 2,256
9 2,276
15 2,293
25 2,310
35 : 2,320
45 2,328
60 2,336
80 2,343
100 2,348
130 2,353

Other data for the well are:

Porosity, ¢ = 0.16

Reservoir oil viscosity, p. =
cp

Average oil compressibility at res-
ervoir conditions, ¢,., = 17.9 X
10~% vol/vol/psi

Oil formation-volume factor, B,
= 1.29

Well radius, re = 3 in.

Stabilized production rate prior
to shut-in, Q, = 50 b/d

Net sand thickness, h = 21 ft

Static well pressure, p. = 2,362
psia

0.7

T A Y e

24 N, (24) (4,270)
i = -] )
Q. 50
= 2,050 hours

t. = time well has produced from
last pressure survey, hours

N, = oil produced since last pres-
sure survey, st-tk bbl

FIND: Compute the capacity,
productivity ratio, and skin cffect
for the well.

- A'G
0

productivity

METHOD OF SOLUTION: The
capacity of a well is computed with
the equation

kch = (162.6 Q.u.B,)/m (1)
For an infinite system, m is ob-
tained from a plot of puae vs. log
[(te 4+ At)/At], while for a finite
system, m is obtained from a plot
of puse vs. log At *

Pressure behavior of a well lo-
cated in a finite system, (producing
well surrounded by other producing
28
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wells) will be the same as if the sys-
tem were infinite until the pressure
disturbances rcach the boundaries
or interfere with similar d sturbances
of surrounding wells.

Time required for pressure dis-
turbances to reach the exterior
boundary can be computed with the
dimensionless time equation.

t,=3,800 Pu, ¢, o 1% Ti/k, (2)
where h, Q., po, B, ¢, and ¢, a0
were defined with the data and

k,=effective permeability to oil,
md

m = slope of proper buildup por-
tion of pressure-buildup curve, psi
par cycle.

t, — time for pressure disturb-
ances to reach the exterior bound-
ary, r,, hours

r.=radius of exterior boundary, ft

Ty=dimensionless time for pres-
sure disturbances to reach exterior
boundary

Pressure behavior of the finite
system with constant pressure at the
exterior radius, curve B of Fig. 17
can be used to compute T,,.

The straight-line portion of this
curve applies for an infinite system,
and its extrapolation to an ordinate
value of zero shows that complete
pressure buildup would occur at
T = 0.445. or that it would take
this much dimensionless time for a
disturbance to be transmitted to r,.
Thus T, = 0.445 and Equation 2
becomes

t = (1,690 ¢p.. c. i r.5)/k (3)

With an estimate of k., solve
Equation 3. and if 1, is less than t,,
obtain m from plot of p.. vs. log
At, if t,, is greater than t. (indicating

_pressure disturbance has not reached

r.) obtain m from plot of p..a vs. log
[(t. + At)/At].

The ratio of k,h from PI data to
k.h from pressure-buildup data is
defined as the productivity ratio.!
Thus

Q, Ho B, In (re/1w)
0.00708 (p—pn)

162.6 Q, p, B,

(koh)e:
(keh)ert

m

m In (r./ry)

1.15 (pr'—'pw)

2m log (r./r«)
S 4)
(pe'_ pl)

Where.

p. = pressure at radius r., psia

pw = sandface pressure before
shut in, psia

ry = well radius, ft

Pressure drop for flow into a well
per unit rate of flow is controlled
by the resistance of a formation, the
viscosity of the fluid, and the resist-
ance (formation damage or skin ef-
fect) concentrated about the well
bore resulting from drilling, well
completion, and production prac-
tices.

where S is dimensionless and

Pw 1 8- = pressure at 1 hour shut-
in on straight-line portion of pres-
sure-buildup curve with slope m.

SOLUTION: Fig. 2 shows the
pressure-buildup data plotted as
Pwat Vs. log At. Using Equation 1

k, = (162.6) (50) (0.7) (1.29)/
(76) 21) = 7,341.4/1,596
= 4.6 md

r. = Y (40) (43,560)/3.14 = 745 ft

Solution of Equation 3 gives

t, = (1,690) (0.16) (0.7) (17.9 X 10~°) (745)?/4.6 = 409 hours

Since t, (409 hours) is smaller than t, (2,050 hours) m is obtained from a
plot of pya. vs. log At as shown on Fig. 2. Thus k.h=4.6x21=97 md ft, and

: (2) (76) log (745/0.25)

Productivity ratio = = 0.67
2,362 — 1,570

and
2,202-1,570
§= 1151 (—m )
76
(50) (1.29)
— 1.151 log [ ] = 4.58.

(10.4) (76) (21) (0.16) (17.9 X 10-9) (0.25)*

This latter effect is not considered
in any of the solutions of the dif-
fusivity equation for pressure distri-
bution or pressure buildup. Since the
effect is concentrated at or near the
well bore, Van Everdingen® uses a
modification of the infinite-source
solution of the diffusivity equation
for pressure distribution to account
for formation damage.

DISCUSSION: The procedures
given for determination of capacity,
productivity ratio, and skin effect
are simple to apply after determina-
tion of manner to plot the pressure-
buildup data. For infinite systems
and finite systems where pressure
disturbances have not reached the
boundaries, best results are ob-
tained from plots of pea Vvs. log

Q, po Be kt.
Pe = Pi— [In ( ) + 0.809 + 28] (6]
4ar k,h Pho Co nv Tw®
where all units in this equation are in the c-g-s system and
p: = initial reservoir pressure
S = skin effect
It has also been shown® that when t. is much larger than At
Q. Hao B, te
Pese = P = ———— In (—) (6)
47 k.h At
By subtracting Equation 5 from Equation 6
Q, 1o B k,
Pwst — Pw = ——— [In At + In ( ) + 0.809+ 28] (7)
4mkh | PHoConr I’

Here Q.u.B./4mkh=m and
ko=Q, po B,/47 m h. By making
these substitutions into Equation 6,
converting to oil-ficld units, letting

.At = 1 hour, and solving for S, an

API committee* obtained for an oil
reservoir Pe i i—Pw

S = 1.151
m

= 1.151 log (

(t. + At)/At?

For finite systems where the pres-
sure disturbances have reached the
boundaries, plots of pua vs. log At
should be used. When h is not avail-

Q. B,
104mh ¢ Co v

8)




able to allow computation of t, then
an estimate is made on the type of
prevailing system. Even if the wrong
plot is selected, useful results are
obtained, since the slopes, m, from
the two types of plots tend to ap-
proach each other in value.

Productivity ratio represents the
ratio of actual productivity of a well
to the productivity that would exist
if the permeability in the vicinity of
the well bore were the same as that
in drainage area. This ratio is also
called by various other names: con-
dition ratio, improvement ratio,
damage factor.

Equation 4 shows that produc-
tivity ratio is also the ratio of theo-
retical pressure drop, with no for-
mation damage, to actual pressure
drop. Low values of these ratios
(less than 0.8) indicate formation
damage or that the permeability near
the well bore is less than that away
from the well bore.

Values of 0.8 to 1.2 indicate lit-
tle or no damage, and larger values
indicate that the permeability near
the well bore is higher than that
away from the well bore. These fea-
tures make productivity ratios use-
ful in evaluating well - stimulation
treatments. The value of the ratios
before and after the stimulation
treatments indicates the success
achieved.

In the computation of productiv-
ity ratios, the effective radius of
drainage must be estimated, and
thus the well must have been pro-
ducing at a stabilized rate long
enough so that the logarithm of the
ratio of drainage to well radius
(re/ty) is practically constant.

Skin effect, S, is another method
of expressing the restriction to flow
in the vicinity of the well bore. A

positive value of S indicates a re-
striction (skin) exists, while a nega-
tive value indicates that the skin has
been removed. A value near zero

Well pressure, PwAL PSIa

Wells”: Proc. Third World Petroleurn Con-
ress,” Sec. II, E. ). Brill, Leiden, Nether-
ands, 1951.

2. Miller, C. C., Dyes, A. B, and Hutch-
imson, C. A., Jr, “The Estimation of Permea-
bility and Reservoir Pressure from Bottom-

2,400
2,350 |-
230
2,250 Slope=m- 2,355-2.719 .74 psi/cycle
log 100-log 10

2,200 Pyw 1 he* 2,202 psia
2,150 |-
2,100 1 l | | | 1 |

] 2 4 7 10 20 40 70 100 200 400

Shut-in time, At, hours
PRESSURE-BUILDUP behavior of oil well in a finite system. Fig. 2

(0.5 to —0.5) indicates little or no
skin and that the permeability near
the well bore is the same as that
away from the well bore.

Two advantages of the skin-effect
method are: (1) an estimate of the
fully builtup pressure is not required
and (2) the drainage radius, r., need
not be determined. However, poros-
ity, net formation thickness, and
effective fluid compressibility must
be known, although their effect is
dampened by their being grouped
in a logarithmic term.
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Part 70

How to find capacity, productivity
ratio, and skin effect

for gas well from pressure-buildup data

GIVEN: The following pressure-
buildup data wecre obtained on a
gas well in the Oklahoma Pan-
handle area.

Shut-in Well
time - pressure,
At Pwats
hours psia Pust®
0 1,693 2,866,200
1 1,925 3,705,600
2 2,165 4,687,200
5 2,215 4,906,200
13.6 2,260 5,106,600
21.5 2,281 5,203,000
35.0 2,301 5,294,600
45.0 2,312 5.345,300
60.0 2,323 5.396,300

Other data for this well are:

Stabilized gas production rate
prior to shut-in, Q, = 5,000 Mscfd

Reservoir temperature, T,=175°
F.or 635° R.

Net sand thickness, h = 63 ft

Static reservoir pressure. p,=
2,374 psia

Reservoir gas viscosity., p.=0.02
cp

Gas deviation factor ai reservoir
conditions, Z = 0.83

Radius - of drainage, r. = 2,100
ft (well spacing is 320 acres per well)

Well radius, ry = 4 in.

Porosity, ¢ = 18.4%

Cumulative gas production since
last pressure survey, G, = 900,000
Mscf

t. = 24 G,/Q, = (24) (900.000)/
5,000 = 4,320 hours

FIND: Determine the flow capac-
ity, productivity ratio, and skin ef-
fect for the well.

METHOD OF SOLUTION: The
flow capacity of a gas well is de-
termined with the equation

1,637 Og,uug Z Tr
kh=- ()
m

For an infinité system, or a finite
system in its early life when it be-
haves like an infinite system, m is
obtained from a plot of pys* vs. log
(t- + At)/A L.

For finite systems in which the
pressure - disturbance waves have

pzwm, MM psmz
6.0
5.5 /
Lo—""]
/'ﬂ’
5-0 =y § 5 -
Puihe 8 %104~ | ™\ slopem=5:500,000 - 5,045,000
/ %/ log 100 — log 10
4.5 e = 455,000 psi®/cycle
4.0
/
3.5
3.0
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Shul-in time, At, hours

PRESSURE-BUILDUP curve for an Oklahoma Panhandle gas well,
with pressure plotted as a squared function. Fig. 1.
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OKLAHOMA PANHANDLE gas-well pressure-buildup curve, with
pressure plotted as a linear function, Fig. 2.

reached the exterior boundary m is
obtained prom a plot of p,i* vs.
log (At). Exterior boundaries are
represented by the reservoir limit
(pinchout or fauit) or the point of

interference with pressure-disturb-
ance wave from adjacent wells.
Time needed for pressure dis-
turbances to reach the exterior
boundary determines which plot to



use in obtaining m. This time is
computed with the dimensionless-
time equation which, for gas wells, is

1900 ¢ p. r.2 T,

tlz -

(2)
Ke Pr

- Where:

$, pes Ty Pr, h. Q.. Z, and T,
were defined with the data and

kg = effective permeability to gas,
md

m = slope of proper buildup por-
tion of pressure-buildup curve, psi?
per cycle

t, = time required for pressure
disturbances to reach the exterior
boundary, r., hours

T\, = dimensionless time for pres-
sure disturbances to reach exterior
boundary '

t. = apparent time well has pro-
. duced since last pressure survey,
hours

From the precceding problem!
Ty = 0.445 and Equation 2 becomes

845 ¢ p.r.2
b= (3)
ke pr

With an estimate of k., Equation
3 is solved. If t,, is less than t., then
obtain m from plot of py.® vs. log
(A ); if t, is greater than t. (indicat-
ing pressure disturbances have not
reached r,), obtain m from plot of
Pwsi® vs. log (. + A t)/At.

Tracy? has defined PI for gas
wells as

Q
g (4)

_ P = pu*
Where:
Pl = productivity index
pw = flowing sandface pressure,
psi

QT Zp:
- 1.151 log (~—————) (6)
m 1.033 mhéor,*

Pwi1 hr2 = pwn

SE = 1.151

Where SE = skin effect. _ ) _
If M is the slope of proper portion of pressure-buildup curve in psi per
cycle from plot of pya vs. log (A t), then using M instead of m, PR could -

be computed with*

4M p, log (r./ry)

PR (7)
(P = pu?)
and SE from
pwlhr—pw QgTrz
SE = LLIS] ———— — 1151 log ( ) (8)
M 20/Mhdr,*
and k.h from -
8 18 Og,u; Tr Z
kh=—ouou---— )]

Mp,

SOLUTION: Solving Equation 1 where m is obtained from Fig. 1 gives
(1,637) (5,000) (0.02) (0.83) (635)

hi= = 189.6 md fi
455,000
or
189.6 1896
ki=——=——=3md
h 63

Using Equation 9 and obtaining M from Fig. 2

(818) (5.000) (0.02) (635) (0.83)

k:h = = 181.8 md ft

(100) (2.374)

Now that a value of k. has been computed. Equation 3 can be solved
to determine if the proper plot of the pressure-buildup data has been used.

The ratio of k,h from PI data to k.h from pressure-buildup data (Equa-

tion 1) is defined as the productivity ratio (PR). Thus

Q. s Te Z In (r,/14)

(845) (0.184) (0.02) (2.100)*
:. g
' 3) (2.374)

min(r,./ry) 2mlog(r.ry)

(k;h)pr  0.000704 (p,* — pu”)

= = = (5)
(kehdny 1,637 QuuTWZ LIS (p* = pi®)  p# = pu* (3.11) (4.410,000)
m 7.122
The previous problem' (p. 41) showed that the formation damage, or
skin effect, resulting from drilling, well-completion, and production practices
can be evaluated for an oil well using an equation developed by Van ‘Ever-
dingen’ and modificd by an APl committee.' The same principles can be 13,715,100
applied to gas wells. The equation for computation of skin effcct in gas = = 1.926 hours

wells! is: 7,122

m



112

t, is less than t. (1,926 hours compared to 4,320 hours) and thus pwad®
should be plotted vs. log (A t) as shown in Fig. 1.
For productivity ratio, Equation 5 gives

(2) (455,000) log (2,100/0.333)
R=

= 1,25

(2,374)* — (1,693)°

Or using Equation 7

PR =

(4) (100) (2,374) log (2,100/0.333)

= 1.30

(2.374)* — (1,693)*

Skin effect is computed with Equation 6 where py 1 is obtained from

Fig. 1
4.58x10%—(1,693)*
SE = 1.151 [ ] — 1.151 log
455,000
(5.000) (635) (0.83) (2,374)
[ ] - —028
(1.033) (455,000) (63) (0.184) (1/3)?
Or using Equation 8 and data (py 11 and M) from Fig. 2
2,146—1,693
SE = 1.151 (————)— L.I15] log

[ (5,000) (635) (0.83)
= 0.61
(2.07) (100) (63) (0.184) (1/3)* ]

DISCUSSION: A comparison of
the procedures used in this problem
for determination of flow capacity,
productivity .ratio, and skin effect
of a gas well with the procedures
used in the previous problem’ for
an oil well shows much similarity.
As discussed in the problem starting
on p. 34 (see also reference 5), the
equations for oil wells were modi-
fied and adapted to gas wells. The
primary modification involved al-
lowance for gas compressibility. Al-
so the modifications are such that

for gases, computations can be made
with slope, m, obtained from a plot
of pws® vs. log (At) or a plot of
Pwar Vs. log (A t). _

Although the former plot is
mathematically more rigorous, both
plots give satisfactory results. This
is supported by the similar results
obtained for flow capacity with
Equations 1 and 9, productivity
ratio with Equations 5 and 7, and
skin effect with Equations 6 and 8.

A value of unity for productivity
ratio, and of zero for skin effect,

indicates no formation damage.
That is, the permeability ncar the
well bore is the same as that away
from the well bore. Values of pro-
ductivity ratio greater than one, and
values of skin effect less than zero
(negative values) indicate favorable
well conditions. That is, the per-
meability near the well bore is
higher than that in the interwell
area.

Conversely, values of productivity
ratio between zero and one and
values of skin effect greater than
zero indicate formation damage.

Within the accuracy of the data
involved and equations used, the
results of this preblem indicate no
formation damage even though one
method gives a slightly positive
value for SE, and the other method
gives a slightly negative value for
SE. The permeability near the well
bore is about the same as that away
from the well bore.
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Part 71

How to find injection capacity

and skin effect

from pressure-falloff data from water-injection wells

GIVEN: A water-injection well
with a stabilized injection rate
(Qu1) of 525 b/d was shut in for a
pressure-drawdown test. The follow-
ing data were obtained:

Well
Shut-in  pressure At
time At, (bottom-hole)
hours  pg ., psia At + 708
0 5,240 . ...
Ya 3,960 0.000353
14 3,850 0.000706
1 3,685 0.00141
3 3,062 0.00422
5 2,750 0.00701
7 2,535 0.00979
10 2,288 0.0139
15 2,012 0.0207
20 1,815 0.0275
25 1,683 0.0341
30 1,577 0.0407
35 1,495 0.0471
40 1,435 0.0535
45 1,389 0.0598
50 1,351 0.0660

Other data arc as follows:

At reservoir conditions,

Water formation - volume factor,
B. = 1.03

Viscosity of water, g, = 0.9 cp

Compressibility of water, ¢y =
3% 102 psi—

Compressibility of oil, ¢, =
8 X 108 psi—!

Compressibility of formation. ¢,
=4x10~¢psi—?

Porosity, ¢ = 0.17

Water-injection rate prior to shut-
in, Qx; = 525 b/d

Cumulative water injected, W, =
15,500 bbl

Net sand thickness, h = 27 ft

Well radius, ry = 3 in.

Residual-gas saturation, S;; = 0

Residual-oil saturation, S, =
30%

Apparent time of injection, t. =
W,/Qu = 15,500/525 = 29.5 days

Staticreservoir pressure, p, =
1.240 psia

FIND: (1) Injection capacity and
(2) Skin effect

METHOD OF SOLUTION: The
fluid-flow equations that have been

developed for producing wells are
applicable to injection wells if modi-
fications are made for direction in
flow and properties of the fluids.?
For an extensive reservoir of uni-

70-6 le Bw ,u-u

form thickness and permeability, the
theoretical injection pressure at the
well bore as a function of injection
time for a given constant injection
rate is given by:

948.2 1y ¢ phw Cay

Pw =P« + [—Ei(~ )] (D
ko h ket
948.2 1y* ¢ pw Cay
Since is small for the case of a well bore. then
kyt
162.6 Q. By pu 1,689 ry? ¢ pw Cuv
Pw = P. + [log t — log ( )] (2)
ke h Ky

Where Q.;, By, tw, h, ¢, and r, are defined with the data and
p. = sand-face pressure at time t, psia

p. = static reservoir pressure, psia

k, = effective permeability to water, md

C.. = average reservoir-water compressibility facior, psi—!

t = time from start of injection, hours

Pw ar = sand-face pressure at shut-in time At. psia.

For a well in which injection has taken place for apparent time. t., that
is then shut in for At time, the pressure drawdown can be expressed by

162.6 Oy By py t + At
log
kv h At
This equation is derived from Equation 2 using the superimposition theorem.
A similar equation was developed by Horner® for pressure buildup.
Equation 3 can also be written as

162.6 O, By ft. At

Puwat = Ps — log
ky h

(3)

Pwat = ps +

(4)

to + At

This equation indicates that a plot of p. .. vs. At/(t, + At) on a semilog
graph gives a linear relationship with

162.6 Qu; By iy
kv h

(5)

Slope =m =

Or injectivity capacity = ky h = (162.6 Q. By pw)/m (6)

Fig. 1 gives the pressure-drawdown curve for the problem. A large

portion of the curve is linear. .
Nowak and Lester! determine skin effect for a water-injection well

following a procedure similar to that used by Van Everdingen® for oil wells.

The difference between the observed injection pressure and the theoretical -

injection pressure is a measure of the skin effect. Thus

Skin effectyowax and Lester = Pw Observed — puic )

Pwtc is computed with Equation 2 using t = t.. Using similar theory and
procedures Arps* defines the skin effect as a completion factor, CF:
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theoretical drawdown

CF = x 100
actual drawdown
m kt.
= ] [log ( )] % 100 (8)
Pw = Ps 1,689 ¢ How Cav Tw®

Groeneman and Wright® define the skin effect of an injection well with

‘an cquation similar to that used in Part 69° for an oil well. The following is

a slight modification of their equation, which is believed to be more exact:

Pw — Pw 1 hour Qwi B'
SE = 1.151 — 1.151 log [ ] O
m 104mh ¢ Cav r‘l’2
Another similar form of the skin-effect equation has been given by Arps:*
Pw — P Ku:t
SE = 1.15] —— ~ 1,151 log (10)
m 1,689 r,? ¢ Hw Cas
where pw = sand-face pressure at time of shut-in = 5,240 psia.
SOLUTION: From Fig. 1, m = 1,570 psi/cycle. With Equation 6,
(162.6) (525) (1.03) (0.9)  (85,365) (0.927)
T 1,570 - 1,570
79,133 \
= ————=50.4 md ft &
1,570 Jé 4
ky h 50.4 e
or kw= = = 1.9 md
h 27
The lheorgtical injection pressure is computed with Equation 2 where
Cav = Co S + Cw Sw + ¢; S, + ¢ (11

= [(8.0x107°) (0.30)+(3 x 10-¢) (0.70)+4 X 10-%] = 8.5x 10 psi—?

Thus,
(162.6) (525) (1.03) (0.9)

50.4
(1,689) (V4)? (0.17) (0.9) (8.5x 10~9)
x {log 708 — log [ y 1}

Pute = 1,240 +

= 1,240 + 10,970 = 12,210 psia
And

Sk-in cffECtHuw:h and Lester — 5:240 — 12,210 = —6,9?0 pSl
According to Equation 8,

1,570 (1.9) (708)
SR ] {log [ 1} 100
5,240 — 1,240 (1,689) (0.17) (0.9) (8.5x10-%) (14)2
= 274%
" With Equation 9, skin effect, ) APr . 13940~ 9t0 .
| 5240 —3,830 | UF: =—=Xlogs 25" 21" = 234 )
SE = 1.151 (——) AVg 240-42%
1,570
(525) (1.03)
— 1.151 log [ )= =392

(10.4) (1,570) (27) (0.17) (8.5%10-°) (V4 )?
For t = t. in Equation 10, p, = 5,240 psia. Thus, _
5,240 — 1,240 (1.9) (708)

1,570 (1,689) (¥4)2 (0.17) (0.9) (8.5x 10-9)
=294 —8.04 = —5.10 .
Conversion of this skin effect to a pressure-drop equivalent gives
2mSE  (2)(1,570) (—5.10)
= = —6,963 psi
23 - 2.3
which is the same as Skin effect Nowak aod Lester

SE =1.151 —1.151 log

Pwat Psia (thousands)

|l

' .~ Pw 1 hour = 3,830 psio
~
“\- \\

Portion of
curve affected
3ty aftertiow
and well leﬁects

]

Slope =1,570 psi/cycle

1
0004 001 .02 004 01 .02
At

t. + At

PRESSURE DRAWDOWN CURVE for
a water-injection well. Fig. 1.

DISCUSSION: An analysis of
pressure-falloff curves involves con-
sideration of two distinct phenom-
ena: pressure rise during water in-
jection” and pressure decline after
shut-in, In the first of these proc-
esses, pressure rises analogous to
pressure decline of producing oil
wells. In the second process pressure
declines analogous to pressure
buildup in a shut-in oil well.

The principal assumptions of
equations used are the same as when
these equations were applied for
pressure-buildup analysis of oil
\xé_l_ls.l ze

Equation 1 is the point-source - -~

solution to the diffusivity equation.
From it can be developed Equa-
tions 2, 3, 4, 8, 9, and 10. These
equations can also be applied when
immobile fluids are present in the
rock in addition to the flowing fluid.

Under such conditions effective
permeability and average compres-
sibility of the flowing fluid are used.
The latter allows for expansion of
rock and immobile fluids present.

This problem illustrates four
methods for obtaining a measure of
formation damage. The method of
Nowak and Lester! (Equation 7) is

“the same as that of Equation 10, ex-

cept that the former gives the pres-
sure drop required to overcome the
skin effect while the latter is a di-
mensionless measure.

The method of Equation 9 is



similar but not identical nor as
rigorous as ‘these two methods. In
its development it has been assumed
that the shut-in time, At, is small
compared to t..

The method of Arps* (Equation
8) is based on the same theory as
the other methods but represents a
ratio of drawdowns rather than a
pressure drop. A ratio of 100% in-
dicates no formation damage, while
one less than 100% indicates dam-
age with the damage increasing as
the ratio decreases,

Under conditions where the per-
meability near the well bore is
higher than that away from the well
bore, the completion factor would
be greater than 100%.

For the other methods, positive

results indicate formation damage
while negative results indicate higher
permeability near the well bore than
away from it. A value of zero or
near zero, for skin effect, indicates
no formation damage. In this prob-
lem all the methods show favorable
conditions near the well bore.

. The formation has low permea-
bility (1.9 md) and apparently the
well has been fractured. Thus the
permeability near the well bore is
much higher than in the interwell
area. The permeability obtained
with Equation 5 is that of the inter-
well area.

The method of Equation 9 has
the advantage over the other meth-
ods that static reservoir pressure is
not required. Nowak and Lester!
claim that extrapolation of the
proper straight-line portion of the
pressure-drawdown curve to (At)/
(t. +At) = 1.0 gives the static res-
ervoir pressure.

This is true under conditions
where interference with adjacent
wells or impermeable reservoir
boundaries has not occurred or
where the average fluid compressi-
bility is high (i.e. greater than
30 X109 psi—?).

In this problem the static reser-
voir pressure obtained from Fig. |
would be —630 psi which, of course,
is not possible. Fig. 1 shows the
pressure tending to level out at about
1,250 psia. In spite of the evidence
of interference, the slope of the
drawdown curve is valid and can be
used as shown in the problem.

Pressure-drawdown curves are
similar 16 pressure-bu.lldug curves
in that there exists an afterflow_ef-
fect after shut-in. This effect is
shown on Fig. 1. The proper
straight-line portion.-of--the curve
normally occurs some period of time
after-shut-in. The condition.of-the
well bore can be studied from the
initial le’thﬂ of the drawdown
curve. o

linear portion, then formation dam-
age exists and vice versa. In Fig. 1
the initial portion of the pressure-
drawdown curve lies below the
extrapolated linear poruon and thus
rather, the permeability neé'r_ the
well bore is higher than that in Tn the
interwell area.
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Skin effect and static pressure

GIVEN: The condititons and data
for the preceding problem are used
in this problem. Pressure-drawdown
data are shown in Table 1, and
other data are given below.

Depth from surface to middle of
sand face = 6.500 ft

Water injection rate prior to shut-

in Q. = 525 b/d

from pressure falloff data

Mobility ratio = 2.5

At reservoir conditions,

Water formation volume factor,
B. = 1.03

Viscosity of water, u, = 0.9 ¢p

Compressibility of water,
3 x 10-¢psi—?

Compressibility of oil, ¢, =
6 x 10~ psi—!

Gy ==

e e S e B L e S W e

Compressibility of formation, ¢,
=4 x 10-%psi—!

Density of water, p, = 1.0 gm/cc
= (.43 psi/ft

Porosity, & = 17%

Cumulative water injected, W, =
15.500 bbl

Net sand thickness, h = 27 ft

Well radius, ry = 3 in.
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Gas saturation at start of flood-
ing, S, = 16%

Residual-gas saturation, S,, = 0

QOil saturation at start of flood-
ing, S, = 48%

Residual-oil saturation, S.,=30%

Static reservoir pressure, p, =
1,240 psia

Pressure at wellhead, p,—which
at time of closing in = 2,445 psia

Sand-face injection pressure at
time of closing in, ps, = 5,240 psia

Diameter of casing (no tubing in
well). d = 6.366 in.

Pressure at wellhead, p, did not
fall to zero soon after the well was
shut in.

FIND: (1) Injection capacity
(2) Skin effect and
(3) Static Reservoir pressure

METHOD OF SOLUTION:
Hazebrock ¢t al.! have developed
two procedures for determining in-
jection capacity and skin effect from
pressure-falloff data:

1. Physical constants of water
and oil are assumed equal.

2. Physical constants of water
and oil are assumed different.

For Case 1. solutions were de-
rived for two sets of conditions:
(A) Surface pressure decreases
slowly and well stays filled to top
for long closed-in times, and (B) sur-
face pressure drops to zero a short
time after closing in and fluid level
starts to sink.

Pn
Cy=—C, (8)
b,
pwo_Pl
C:s = b C, (9)
For both conditions A and B I
C: (1-Cy)
= (10)
2(1-C,-Cy)

Often for conditions A and B, C,;, C,, C3, and @ are small such that f (8)
can be taken equal to 181. Consequently

le. B« Few
b,

For Case 2, the equations' assume that after closing in, no water flows from
the well into the formation. Here injection capacity and skin effect are
obtained with

k.h =~ 181 (1n

20\\1 Bw How F

e T (12)
b,
’ 0.00708 kyh (pwo—ps) M-1 Ve I
SE.= — ——In[— 4+ 11— In(—) (13)
Qui By Fw 2 Vi Tw
where
Yo S.—S.r vol. oil bank
i, 5 = (14)
Vi S; =S¢ vol. water bank
F is obtained from Figs. 4, 5, and 6 of reference 1. On these figures
| 1
R, = = S (15)
\'r (V\,/V“) a3 1 V [(Su_sur)/(su'_sxrn 41
and y = c¢./c. (16)

In the above equations Q.. Bu. ptu.
Ci Co Wi By T 800 Sin Say 8 0,
Puws Pus Pwos and d are given with
the data and

k. = permeability to water, md

b, = constant obtained from plot
Of (Pust= Ps ext) Vs. At as shown on
Fig. 1, psi

For Case 1
QuiBype 1-C—C: _ Pwat = sand-face pressure at shut-
koh = ( ) ) [F(8)) (1) in time, At psia
by —Cy p, = slatic reservoir pressure, psia
] P vt = estimated static reservoir
e 0.00708 kyh (pwu—p.) i (_’L} @) pressure, psia
o Qui By e o f (0) = function for calculating
where _ k.h in Case 1
r. =\ (W) (5.615) B, )/[7 & (5.—S..) h] (3) S.E. = skin effect
For conditions A . r. = outer radius of oil bank, ft
C, = 0.0539 d* By by €« (Pw—pu) ) B: = constant given by slope of
P Q. B plot of (Pwst = Psew) V8. At as
MR Pe shown on Fig. 1, hours—!
Co=0 5 ¢, = water compressibility, psi—!
pw = sand-face injection pressure,
Pwo=Ps psia
G G (6) M = water-to-oil mobility ratio =
and for conditions B (ko o)/ (Ko pt) '
d? B, b, F = function for calculating kih
C, = 0.0539 ) in Case 2
Owi Bn' Pw Ru = l'..,/fp




1, = outer radius of water bank, Pwat ~Ps est.

ft 4,000

Static reservoir pressure is de-
termined following a procedure

similar to that used in the problem
on p. 30 (also reference 3). A value
of static pressure, P, IS as-
sumed, and a plot of log (Pwat —

by = 1,810 psi

/3, Jlog 1.810 - leg 102] 23

50
0.0574 hours”!

Ps et) VS. shut-in time, A t, in hours 1,000———
is made. If a straight line at large 800

times is not obtained, a new value

is plotted. The p, that gives a

for p, is assumed, and another curve 600
straight-line plot at large values of 490}*

x Statie reservoir pressure = 1,250 psio

time is the static reservoir pressure.
The intercept of this plot at At =0
gives b, and the slope is f,. Table

1 contains the calculations for static 20
reservoir pressure. Fig. 1 shows the
plotted data.

In this problem the static reser-

voir pressure was determined to be 100
1,250 psia. 80
SOLUTION: Hazebroek! et al. 60
recommend that Case 2 not be used
unless C,=0.1 and 0 is small (less 40
than 0.04). Thus for conditions A 0 10 2 M?ws 10 50 60

and obtaining b; = 1,810 psi and

B: = 0.0574 hours—' from Fig. 1 dota. Fig. 1.

(0.0539) (6.366)? (0.0574) (1,810) (3x10~°) (5,240-2,445)
C= =0.0035
(525) (1.03) (1.0)

Cg =0
5,240—1,250

Ci=( ) (0.0035) = 0.0077

1,810
According to Equation 10
(0.0035) (1-0.0077)

8= = 0.00174
2 (1-0.0035)

Thus the values of C, and @ verify that Case 2 is applicable. From Equa-
tion 15

1
R, = — — = 0.68
V [(48=30)/(16—0)]+1
6.0x10-°
Since y = —————— = 2.0 and using Fig. 5 of reference 1
3.0x10-°

F = 110. Thus with Equation 12

(2) (525) (1.03) (0.9) (110)

kh = =59.2md ft

1,810

or ky, = 59.2/27=2.2md
And from Equations 3 and 13 -

r. = V [(15,500) (5.615) (1.03)]/1(3.14) (0.17) (0.16—0) @n)=1971t
(0.00708) (59.2) (5,240—1 250) 2.5=1 48—-30 197
= = In[ +1]1—1In( )

(525) (1.03) (0.9) 2 16—0 V4

= -3.77

S.E.

DETERMINATION of static reservoir pressure from pressure drawdown

On many ‘occasions sufficient data
will not be available to apply this
method as recommended.! It may
still be possible to obtain approxi-
mate answers with Equations 11
and 2 which require fewer data than
the procedure used above. Thus

" (181) (525) (1.03) (0.9)
1.810
=48.7md ft

k, = 48.7/27 = 1.8 md

and
S.E. = —3.77+0.56 = —3.21

Table 2 compares these approxi-
mate results with those obtained
with the more rigorous procedures
using Equations 11, 12, and 13. The
results obtained by the two methods
agree within cngineering accuracy.

It is felt that the approximate method
is acceptable and much easier to
apply in many cases.

DISCUSSION: The same data
were used for this problem as for
the preceeding onc to afford a com-
parison of different methods for
finding injection capacity, skin ef-
fect, and static Teservoir pressurc.
Notc that the results are comparable:
for skin effect —3.72 and —5.10
compared to —3.77 and —3.21 in
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this problem; for injection capacity

Determination of static reservoir pressure

50.4 md ft compared to 59.2 and Table 1
48.7 md ft in this problem. Shut-in time BHP - Pusi =Puir) :

Static reservoir pressures do not At, hours Py Psic Pyest.=1,200 p,., =1,250 p, ., =1300
compare well because that obtained 3 3.685 2.485 2.435 2,385
earlier is not correct—th'e theory 3 3.062 1.862 1.812 1,762
there applies to a formation satu- 5 2,750 1,550 1,500 1,450
rated with a slightly compressible 7 2,535 1.335 1,285 1,235
fluid. It can be used for water in- 10 2,288 1,088 1,038 988
jection wells when the residual gas 15 2,012 812 762 712
saturation in the oil bank and water 20 1,815 615 565 515
bank is nearly zero, and the com- §g :ggg ;:; ;gg :g;
pressibilities of the oil and water 55 1495 4 by ias
are nearly the same. _ 40 1,435 235 185 135

It is only appl:caple for times be- 45 1,389 189 139 89
fore interference with oil banks of 50 1,351 151 101 51

adjacent wells or for a sealed reser-
voir boundary. This theory is usable
as long as infinite boundary condi-
tions prevail before interference of
oil banks. Note in Fig. 1 of the pre-
ceeding problem that at large shut-in
times, At the pressure is beginning
to level out, indicating that inter-
ference has occurred.

In spite of interference, the pro-
cedures used earlier can be used
for determination of injection capac-
ity and skin effect assuming the
proper straight-line portion of the
drawdown curve can be reliably de-
fined.

On many water-injection wells,
it is difficult or impossible to de-
termine this portion of the draw-
down curve. Such behavior is often
encountered in waterfloods with
close well spacing or where average
waler compressibility is low. An ad-
vantage of the method used in this
problem is that it does not require
the conventional pressure-drawdown
slope. Also it is more rigorously ap-
plicable for such conditions than
the methods used in the previous
problem.

Conversely it has the disadvan-
tage of being more complex and
requiring more different types of
data. It may often be difficult to de-
terminc whether Case 1 or Case 2

Comparison of capacity, permeability,
and skin effect determined by rigor-
ous and approximate methods

Table 2
Rigorous Approximate
Factor method method
k,.h 59.2 md ft 48.7 md ft
ke 2.2 md 1.8 md
S.E. —-3.77 —3.21

should be used.

Reliable relative permeability
data (or cffective permeability data)
are seldom available for determina-
tion of mobility ratio. It is also
doubtful if reliable oil and gas-
saturation data can be obtained.

In spite of these limitations. the
Hazebreek et al. method! can be
as reliable or more reliable than
the methods used earlier, It is ap-
plicable to infinite-boundary condi-
tions (before fillup or interference)
and believed applicable to finite-
boundary conditions (after fillup or
interference).

It can be simple to apply when
mobility ratio is taken equal to unity
and only Equations 11 and 2 are
used. It is believed that this simpli-
fication often will give satisfactory
results, and that a more reliable
value of static reservoir pressure is
obtained with the procedures used

in this problem.

The method of Hazebroek et al.
is based on steady-state, succession
of steady states, and unsteady-state
flow solutions of the diffusivity
equation. It assumes that: (1) the
formation is horizontal, homogene-
ous, of constant thickness, and con-
tains oil, gas, and water; (2) an oil
bank is built ahead of the water
with oil replacing expelled gas;
(3) fluid saturations within each
bank are constant; (4) the water
and oil bank boundaries are circu-
lar and concentric with the well; and
(5) the pressure at the outer oil
boundary remains constant and
equal to the static reservoir pres-
sure.
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