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ABSTRACT

Traditionally, the p/z plot has been used to describe the behavior of volumetric depletion gas reservoirs. Several
authors “?® have pointed out, that this technique can lead to serious misinterpretations of the drive mechanism and
overestimation of the original gas in place (OG I P) if the reservoir produces under the influence of an encroaching
aquifer; since the p/z plot may be straight line during the early life , but a non- linear flattening of the plot may
ultimately develop. Extrapolations are of little value. In this article the gas in-place, aquifer constant, aquifer to
reservoir ratio and the constant of the dimensionless time were determined. To determine the above mentioned
quantities; unsteady state calculation using the method developed in 1949 by Van Everdingen & Hurst® and then
modified by Jawad® and the material balance equation as a straight line developed by Havlena & Odeh® were
employed. Different Values were assumed for aquifer size to reservoir size ratio and the dimensionless time
constant; then multi regression analysis and the method of least square!” were used to determine the gas in-place
and the aquifer constant. To confirm the results and the conclusions of this method, an oil field example was taken
from reference (8).

INTRODUCTION

Material balance analysis is a standard reservoir engineering tool for the analysis of the performance of oil and gas
reservoirs. Applied to single , tank-type gas reservoirs, the material balance yields a characteristic relationship between the
ratio of pressure to z factor (p/z) and cumulative gas production. In the ideal case of volumetric depletion, i.e no changes in
the hydrocarbon pore volume during depletion, this relation simplifies to a straight line. For reservoir under water drive or
abnormal pressure there is no straight line relationship between p/z and cumulative gas production In this study It is
required to determine the gas in-place of the X field which is located in Sirte basin in Libya using the production data and
the PVT properties of the fluid.

The reservoir lithology is complex and having low porosity and permeability, the reservoir is associated with moderate
aquifer strength and the aquifer properties are not well known. This is merely because one rarely drills wells into an aquifer
to acquire the essential information about porosity, permeability, thickness and fluid properties. The basic objectives in
applying the material balance equation to the production-pressure history of a gas reservoir are to define the drive
mechanism (natural water drive or volumetric depletion) and estimate the OGIP.

Traditionally, two techniques have been used: the p/z*plot and the method of Havlena-Odeh®. The former, though the
most popular method in the industry, can be extremely insensitive in practice, leading to misjudgment of the drive
mechanism and a serious overestimation of the OGIP. Because of this, the method of Havlena-Odeh’® is recommended as
a means of checking the validity of the p/z plot Nonetheless, the simplicity of the p/z technique has resulted in its almost
universal application.

Should an encroaching aquifer support the reservoir pressure as production advances, an independent mathematical model
is required to describe the behavior of the aquifer-reservoir system

The unsteady —state equation developed by Van Everdingen & Hurst® and then modified by Jawad® and the material

balance equation as a straight line developed by Havlena & Odeh® , multi regression analysis and least square method™
were used to determine the gas in-place, aquifer constant, the constant of the dimensionless time and ratio of aquifer size to
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reservoir size. To confirm the results and conclusion an example (Oil reservoir) from reference (8) solved using this

procedure.

PROCEDURE

To perform the required calculations the following tables were prepared.

Table (1) shows the production data of the oil reservoir.
Table (2) shows the production data of the gas reservoir.

Table (3) shows the fluid and petrophysical properties for both reservoirs.

Table(1} Production Data For The Example

Time P Bo Np Rp Rs Bg
Year psia Bbl'Sth || MM-Sth | Scf'Stb | Scf/Sth | Bbl'Sct
(.00 2140 1.404 (100 630 630 (.00093
1.00 2500 1.374 7.88 760 592 0.00098
2.00 2290 1.349 18.42 8453 545 0.00107
3.00 2109 1.329 2815 920 507 0.00117
4.00 1545 1.316 40.65 975 471 0.00128
5.00 1818 1.303 50.14 1023 442 0.00139
6.00 1702 1.294 58.42 10635 418 0.00150
7.00 1608 1.287 65.39 1093 398 0.00160
§.00 1535 1.280 70.74 1120 383 0.00170
9.00 1480 1.276 74.54 1145 i 0.00176
10.00 1440 1.273 7743 1160 364 0.00182
Table(2} Production Data For The X- Field
Time P Z Bg Gp Wp. Bw
Year psia Ct'Sctf | BSef MBbl | BblBhl
(00 4263 LODS0 [ 0013431 (L) (O 1.0al
5.58 3997 1.0019 0.014147 [ 230517 | 1357400 1.080
673 3923 0.9987 [ 0.014368| 205040 | 1742.200 | 1.080
7.33 3886 0.9970 0.014480 [ 337.519 | 1986.900 | 1.080
3.83 3837 0.9951 0.014637 | 421.695 | 2482.800 | 1.080
G50 3795 0.9934 [ 00147741 459510 | 2707.500 |  1.080
10.41 3762 0.9920 [ 0.0148821 508420 | 2893600 1.080
11.41 37049 0.9900 [ 0.015064| 568138 | 3345.200| 1.080
12.24 3672 0.9888 0.015198 [ A02.276 | 3545800 |  1.090)
13.08 3646 0.987% [ 0.015292| A50.988 | 3832.000| 1.090
15.17 RET 0.9812 0.016000 [ 798.654 | 4702300 | 1.090)
17.00 3333 0.9763 0.016332 | 929.707 | 3473.700 | 1.090
19.00 3215 0.9725 [ 00170721 1071.868 | 6310.700 | 1090
19.75 3170 0.9712 [ 0.0172911 1125.064 | 6642.000 | 1090
20.58 3113 0.946599 0.017584 [ 1185.288 | 7020.900 | 1.090)
21.73 3045 0.96083 0017947 [ 1267.995 | 7449500 | 1.090)
22.66 2887 0.9667 | 0.018266| 1330.540| 8044.000 | 1.090
23.83 2887 0.9640 0018845 | 1406.141 | 8844100 | 1.090)
24.73 2824 0.9625 0019236 | 1454759 Q492700 | 1.090
25735 2772 09614 [ 001953741 1512137 | 10275400 1090
27.00 2685 0,959 [ 0020171 1584.244 | 11430.300] 1090
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Table (3) Fhnd and Petrophysical Prperties

Parameter |Of Field |Gas Field
kmd 00 0.7
hit 100

LW ,Cp (.55 0.21
ro.ft 0200 | 20000

g, fraction | 0.23 0.03

Cw.pst’-1 | 3.00E-06] 3

cf, pst'-1 | 4.00E-06 | 6.30E-06

Sw, traction|  0.03 0.44

odegree | 140 360

T.degree F 318

W 0.39 1.00

The following steps used:
1. Write the material balance equation in the form of :
Production Term =Expansion Term + Water Influx.

For the oil reservoir:

Ne[ Bo +( Re — Rs) By ] +Wp Bw = N[Bo- Poi +(Rsi — Rs) By +(Cw Swec +C)  Poi AP/(1- Swe) ] + W,

........................................ (1)

Or:

Z=NX +BYAP QD o (1a)
Z=N X + B S(Ap,tp,rp) OF (1b)
Z=NX +BY (1c)

For the gas reservoir:

Ggl?_g +Wp Bw = G[By_ Bgi + (Cw Swe +Co) Bgi AP/(1- Swe)] + We . ..., 2)
Z=GX +BY AP Qp o] S U SPI (2a)
Z=G X +BS(APIDSID)  OF e (2b)

Z=GX +BY

In equations (1c) & (2c) , Z is the production term and can be called Zobservea and the only unknown are N & B or G &
B

2. Since Qyp is a function of tp and rp ,where :

tp = 2.309 kt/ (Bp.Cre’) = Cp t (time in years)
I'p = relfo
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Both Cip & rp are unknown or there are some uncertainties in their values.
Start with equation (1c) :

A - Assume a value to rp, say =2

B - Assume a value to Cip (less  than what do you expect).

C - Call the subroutine to calculate Qi and then calculate Y.

D - Calculate N & B using multi regression analysis and least square Method.

E - With values of N & B, calculate Z¢,.

F - Calculate the square difference between ( Zgpserved - ZCa)2 =A

G — Increase the value Cip

H - Go to step C and repeat the calculations (50 times)

| - Find the standard deviation o: 6 = VY A/ng

J - At the minimum value of standard deviation & maximum value of correlation coefficient chose N & B.
K — Assume another initial value for Cyp in step B and repeat the calculations.
L - Go to step A with anew value  of rp and find another set of N & B.

For the oil reservoir the assumed values for rpare:  2,4,5,5.1,5.2,5.25,5.3,5.5,6.
For the gas reservoir the assumed values for rp are : 2,2.25,2.5,2.75,3,4,6,8,10

RESULTS & INTERPRETATIONS
Table (4) & (5) show the values of Cip , omin , N or G, & B for each value of rp of the oil and gas reservoir respectively.

Table: 4

Ro=2 Ro=4 Ro=3
CtD | StDev. [NMM STB| B.Bblpsi | CtD | StDev. [NAIM STB| B.Bblpsi | CtD | StDev. [NMM STB| B.Bblpsi
0225 | 01909 | 33288 | 4480326 | 2250 | 0.7285 | 28440 | 1181438 | 4500 | 0.5042 | 286.06
0225 | 01909 | 33287 | 4480517 | 2565 | 01023 | 31518 | 997409 | 48935 | 01617 | 31734
0203 | 03237 | 28927 | 5614140 | 2565 | 01023 | 3151 997442 || 43950 | 01616 | 31373
0270 | 06529 | 40136 | 2828874 | 2610 | 01252 | 32243 | 959200 | 4850 | 01616 | 31373
0225 | 0.1909 | 33287 | 4480517 | 2.587 | 0.1091 | 31884 | 978221 | 4995 | 0.1617 | 31731 62
0270 | 06529 | 40136 | 2828874 | 2565 | 0023 | a15ae | 997377 | 4882 | 04779 | 30837 65
0315 | 08608 | 43548 | 2038541 | 2520 | 0261 | 0806 | 1035308 | 4860 | 01875 | 30662 §639.55
0360 | 09770 | 45414 | 1616455 | 2520 | o261 | os0s | 1035308 || 4860 | 01875 | 3062
0405 | 03237 | 46560 | 1361905 | 2.633 | 0.1467 | 32610 | 940483 | 4850 | 01616 | 31371 §394.19
1275 | 01607 | 31614 | 603633 | 4500 | 01635 | 31251 | 383014 | 4500 | 03436 | 29245 6341.04
1253 | 04612 | 31403 | 612548 | 4500 | 0635 | 31251 | se3nas | 4500 | 02281 | 30140 §166.04
4230 | 01648 | 31190 | 619539 | 4523 | 01609 | 31449 | 386859 | 4.658 | 0.1610 | 31437 5756.91
1275 | 01607 | 31611 | 605701 | 4500 | 01635 | 31247 | 393217 | 4680 | 0.1608 | 316.3¢
1320 | 01679 | 32033 | 591844 | 4500 | 0635 | 31247 | 393217 | 4725 | 01674 | 32018 557868
1253 | 01612 | 31404 | 612512 | 45%0 | 01682 | 32047 | 568171 | 4725 | 01674 | 32019 557847
4320 | 01679 | 32039 | 591844 | 4567 | 0634 | 31846 | 574415 | 4725 | 01674 | 32018 5578.68
$253 | 01612 | 31404 | 612521 | 4500 | 01635 | 31251 | 393119 | 4680 | 0.1608 | 31631 5696.99
$275 | 01607 | 31611 | 605701 | 4455 | 01767 | 30859 | 605595 | 4658 | 01610 | 31437 5756.90
Rp=3.3 Ro=3.3 Ro=
£500 | 03436 | 20245 | 634104 | 4500 [ 0s3t0 | 29745 | 599238 0248 14771 sssas | 512273
1793 | 01612 | 31408 | 563305 | 5535 | 02067 | aoe07 | se1san | o248 | 14771 | osssas | siom3
1770 | 0ass0 | 31221 | s7i0a0 | s4s0 [ o208t | 0223 | 552379 | o4 | 14778 [ ssesr | -2s15an
1838 | 01624 | 31788 | 553901 | 5513 | 02066 | 30415 | 547086 | 6.615 | 04635 | 27484 5294 07
1860 | 01662 | 31873 | 5483357 | 5535 | 02067 | 30600 | 341971 | 7380 | 0.1%67 | 28598 192397
4882 | 04718 | 32163 | s427.00 | 5512 | 02066 | a04as | 547076 | 7425 | 00969 | 28938 1847.34
1860 | 01662 | 31977 | 548251 | 5580 | o2nis | 0983 | 531485 | 7425 | 00969 | 28940 184691
1860 | 01662 | 31976 | 548282 | 5468 [ 02113 | 30033 | ss7642 | 7402 | 0963 | 28771 1885.08
725 | 01769 | 30853 | 582292 | 5625 [ 02210 | 31369 | 521000 | 7380 | 0a967 | 2859 1924 80
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Table: 5
Rp=2 Rp=225 Rp=2.3
CtD | StDex G, BSCF B.bbLipsi CtD | StDer. | G, BSCF Bblpsi CD | seDew. | G.BSCF | Biblpsi
0.080 | 00876 308792 354210.10 0.120 | 0.083% 298736 18648740 || 080 | 00847 | 2832339 | 23105600
0150 | 0.0876 366242 204076.40 0.160 | 0.0938 332221 2467230 || 0480 | 00847 | 2832339 | 25105600
0240 | 01004 377982 176798.20 0.240 | 0.0836 362124 13801850 || o220 | oos37 | 3318347 | 18868130
0320 | 01078 381346 159283.10 0.320 | 0093 373336 ;e300 || 032 | ooser [ 335188 132043.40
0400 | 01119 382413 16653360 0.400 | 0.1010 378284 13003620 [ o200 | 0088 | 3888313 | 11378510
0480 [ 01142 3827.80 156138.10 0.480 | 0.103 3806.19 12620380 || o480 [ ooss7 [ 3713231 107204.20
0360 | 01158 382806 16380530 0560 | 0.100 381766 12433480 |[ osa0 | oosss | 3760436 | 10234100
0640 | 01164 382030 16381320 060 | 01116 382347 12330510 || o0& | o107 [ 3700045 | cessTED
072 | 01169 382033 16377880 0.720 | 013 382640 1220240 || 0720 | 01058 | 380587 | o7se7st
080 | o171 382030 153760.90 0.800 | 0114 382706 12267500 | osw [ o8t [ 3siass7 [ ossland
Rp=2.75 Ro=2 Ro—t
0240 | 0.0848 280271 189843.70 0.320 | 0.0847 2880.10 15857260 || 0840 | 00825 | 2m4030
0240 | 0.0848 280271 189843.70 0.320 | 0.0847 880,04 158578.00 || osso | 00835 [ 300097
0240 | 0.0848 280271 189843.70 0.360 | 0.0863 303142 103500 [ osso | oosas [ 2s4083
0320 | 00817 323422 14142140 0320 | 0.0847 288004 138578.00 || osm0 | oos37 [ 288240 8532213
0400 | 00878 346215 11500630 0.400 | 0.0890 316193 12383190 || osw | oo0s37 [ 288240 8332213
0480 | 0.0848 338575 101789.40 0.480 | 0.0930 333698 034070 || 0720 | oosss | 274788 BLO2833
0550 | 0.0876 366301 9323281 0.560 | 0.0366 348682 92821.34 05840 | 00823 | 2949359 8102316
0640 | 00817 371348 §7736.84 0.600 | 0.0847 337564 84446.85 0060 | 00874 | 311963 7042342
072 | 00856 374750 84183 34 0.720 | 00863 363860 7868427 0720 | 00868 | 274788 4078 33
0800 | 00090 377105 8173056 0.800 | 0.08%0 368421 74602.12 0800 | 00837 | 288240 8532213
| Ro=6 Ro=8 Rp=10
1320 | 0.0863 2704.19 13536.92 2400 | 01515 333893 22830.01 0600 | 01833 | 5008.83 1480413
1920 | 00863 170398 1359158 1800 | 00914 264233 2472122 L5800 | 01334 | 335395 1184054
1920 | 00863 170403 43590.34 5.000 | 0.0847 287039 20293.01 720 | 01107 | 266357 1697823
1920 | 00863 170402 1359061 5.920 | 0.0847 85349 20569.44 9600 | 00871 | 2708.70 1473728
2000 | 00877 270737 1207603 6.000 | 0.0847 287043 2020251 | 11000 | oo0sa7 | 288638 1285360
1920 | 00853 170403 43540.34 6.000 | 0.0847 870,30 2020181 | 1140 | 00847 | 287102 12807.14
2240 | 0.0880 179689 39430.68 5.880 | 0.0847 284511 2070862 | 10820 | 00847 | 285737 1304939
1920 | 00863 170391 4359303 6.080 | 0.0847 788734 2002025 | 10880 | oos47 | 285271 1309800
2160 | 0.0882 174690 1104182 6.120 | 0.0847 280562 1983758 || 11.160 [ 00847 | 288486 1276532
2000 | 00877 270744 07453 6000 | 00847 287061 2020055 | 10800 | 00847 | 284360 1310437

Figures (1) through (9) shows the plot of 6iin , N & B vs. Cip.

For the oil reservoir the values of Cyp, rp, and B are 5.67, 5, 6446 bbl/psi and the calculated value for N is 312 MMSTB (as
shown in reference 8).

Figures (1) through (3) show no trend for the minimum standard deviation and non of the N or B values become constant;
so the values of rp are not correct.

Figures (4) through (6) show that rp value is between 5 & 5.25

Figures (7) through (9) show that rp value is between 5.1 & 5.2.

Finally the value of rp is between 5, 5.1 & 5.2 and the exact value corresponding to the minimum value of the standard
deviation which is 5.1 and the values of Cip , N, B are 4.275, 316.MMstb, 6057 Bbl/psia respectively.

Figures (10) through (18) shows the plot of 6yin , G & B vs. Cip.

Figures (11) through (14) show no trend for the minimum standard deviation and non of the G or B values become
constant; so the values of rp are not correct.

Figure(10) shows an indication that rp almost correct; so another values of rp were assumed (2.25,2.5,2.75,3.0) to be close
to the correct value. Figure (15) (rp=2.25) shows a smooth trend like the trend of rp =2., therefore rp is between 2.0 &2.25;
choose the one with minimum standard deviation , in this case rp =2.25 and hence the values of C,p ,G, and B are 0.24, 3.62
TSCF,158.018 Mbbl/psia.

CONCLUSION

1. Results of this field and the example study show the modified approach by Jawad, unsteady —state equation to be a
powerful tool in the prediction of the water influx especially in case of trial & error on value of rp.

2. The accurate data on aquifer and reservoir geometry and fluid are not required to predict the values of N,G, and B.
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It is necessary to get the minimum of the minimum values of the standard deviation to determine values of N,G,
and B.
It is not enough to start with one initial value of Cyp.

Nomenclature :

B = Aquifer Constan, bbl/psia

C: = aquifer compressibility ,psi™*
C,, = Water compressibility, psi™

Ct = Ci+Cy

G =gasin-place, TSCF

G, = Cumulative gas produced, Scf

h = aquifer thickness, ft

k = permeability, md

N = Oil in-place, MMstb

N, = Cumulative oil Produced, Stb

Rs = Initial gas solubility, Scf/Stb

Rp = Cumulative Gas Qil ratio,Scf/Stb
r, =reservoir radius ,ft

re = aquifer radius, fr

rp = dimensionless radius = r¢/ r,

t =time, year

tp = dimensionless time

W, = Cumulative Water Influx, Bbl
AP = Pressure drop, (P, —Pus), psia

P, = Initial Reservoir Pressure, psia
AP; = (Po *P|)/2 fori=1,2

AP; = (P| *Pi+2)/2 fori>=3

@ = porosity ,fraction

W = Water viscosity , cp

B, = Oil formation volume factor, Bbl/Stb
By = Gas formation volume factor Bbl/Scf
o = Standard deviation

Y = Shape Factor.

i isinitial.

[1].
[21.

[3].
[4].

[5].
[6].

[71.
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SI Metric Conversion Factors:

Bbl x 1.589873 E-01 =m®

ft x3.048 E-01 =m

ft®x 2.831685 E -02 = m*®

md x 9.869233 E-04 = m?

psi x 6.894757 E+00 = kpa

scf/Bbl x 1.801175 E-01 = m¥/m?(st)
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