principle of superposition
As there will usually be many of pressure drops occurring throughout the prediction period, it is necessary to analyze the procedure to be used where these multiple pressure drops are present.
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Figure 1 Shown boundary pressure versus time.
 
Consider figure above, which illustrates the decline in the boundary pressure as a function of time for a radial reservoir-aquifer system. If the boundary pressure in the reservoir shown in previous figure is suddenly reduced at time t, from pi to p1, a pressure drops of (pi – p1) will be imposed across the aquifer. Water will continue to expand and the new reduced pressure will continue to move outward into the aquifer. Given a sufficient length of time the pressure at the outer edge of the aquifer will finally be reduced to p1.
If some time after the boundary pressure has been reduced to p1, a second pressure p2 is suddenly imposed at the boundary, and a new pressure wave will begin moving outward into the aquifer. This new pressure wave will also cause water expansion and therefore encroachment into the reservoir. This new pressure drop, however, will not be pi – p2, but will be p1 – p2. This second pressure wave will be moving behind the first pressure wave. Just ahead of the second pressure wave will be the pressure at the end of the first pressure drop, p1.
Since these pressure waves are assumed to occur at different times, they are entirely independent of each other. Thus, water expansion will continue to take place as a result of the first pressure drop, even though additional water influx is also taking place as a result of one or more later pressure drops. This is essentially an application of the principle of superposition. 
The superposition principle asserts that the total pressure change at a point in the reservoir is a linear sum of the changes in pressure due to each well in the reservoir. The superposition principle implies that a pressure disturbance will propagate through the reservoir even if the source of the disturbance changes or disappears.
In order to determine the total water influx into a reservoir at any given time, it is necessary to determine the water influx as a result of each successive pressure drop that has been imposed on the reservoir and aquifer.
In calculating cumulative water influx into a reservoir at successive intervals, it is necessary to calculate the total water influx from the beginning. This is required because of the different times during which the various pressure drops have been effective.
The van Everdingen-Hurst computational steps for determining the water influx are summarized below in conjunction with following figure:

[image: ]
Figure 2 Illustration of the superposition concept.


Step 1. Assume that the boundary pressure has declined from its initial value of pi to p1 after t1 days. To determine the cumulative water influx in response to this first pressure drop, Δp1 = pi – p1 can be simply calculated from following equation:
[image: ]
Where We is the cumulative water influx due to the first pressure drop Δp1. The dimensionless water influx (WeD)t1 is evaluated by calculating the dimensionless time at t1 days. This simple calculation step is shown in section A of previous figure.
Step 2. Let the boundary pressure decline again to p2 after t2 days with a pressure drop of Δp2 = p1 – p2. The cumulative (total) water influx after t1 days will result from the first pressure drop Δp1 and the second pressure drop Δp2, or:

[image: ]
Where
[image: ]
The above relationships indicate that the effect of the first pressure drop Δp1 will continue for the entire time t2, while the effect of the second pressure drop will continue only for (t2 – t1) days as shown in section B of Figure 2. 
Step 3. A third pressure drop of Δp3 = p2 – p3 would cause an additional water influx as illustrated in section C of Figure 2. The cumulative (total) cumulative water influx can then be calculated from:
[image: ]
Where
[image: ]
The van Everdingen-Hurst water influx relationship can then be expressed in a more generalized form as:
[image: ]
The authors also suggested that instead of using the entire pressure drop for the first period, a better approximation is to consider that one-half of the pressure drop, ½ (pi – p1), is effective during the entire first period. For the second period, the effective pressure drop then is one-half of the pressure drop during the first period, ½ (pi – p2) which simplifies to:
[image: ]
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Figure 3 Sketch showing the use of step pressure to approximate the pressure-time curve.
Similarly, the effective pressure drop for use in the calculations for the third period would be one-half of the pressure drop during the second period, ½ (p1 – p2), plus one-half of the pressure drop during the third period, ½ (p2 – p3), which simplifies to ½ (p1 – p3). The time intervals must all be equal in order to preserve the accuracy of these modifications. As shown below the effective pressure drops for use in the calculations for the next periods:
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4.4.2 Bottom-Water Drive
The van Everdingen and Hurst model discussed in the previous lectures is based on the radial diffusivity equation written without a term describing vertical flow from the aquifer.
correctly noted that in many cases reservoirs are situated on top of an aquifer with a continuous horizontal interface between the reservoir fluid and the aquifer water and with a significant aquifer thickness.  that in such situations significant bottom-water drive would occur.
The proposed solution technique (van Everdingen and Hurst model ), however, is not adequate to describe the vertical water encroachment in bottom-water-drive system. Coats (1962) presented a mathematical model that takes into account the vertical flow effects
[image: ]
Figure 4 Sketch of bottom-water drive reservoir.
Coats and, later, Allard and Chen added a term to Eq. below to yield the following:

[image: ]



to be as following
[image: ]
They suggested that it is possible to derive a general solution that is applicable to a variety of systems in terms of the dimension-less time tD, dimensionless radius rD, and a newly introduced dimensionless variable ZD.
[image: ]
Where:
ZD = dimensionless vertical distance.
h = aquifer thickness, ft.
where
Fk is the ratio of vertical to horizontal permeability,
or:   
Fk = 
where
kv = vertical permeability
kh = horizontal permeability
Using the definitions of dimensionless time, radius, and pressure and introducing a second dimensionless distance, zD, last Eq. becomes as following:

[image: ]
The authors developed a solution to the bottom-water influx that is comparable in form with that of van Everdingen and Hurst.
[image: ]
[image: ]
They defined the water influx constant B identical to that of Equation in van Everdingen and Hurst ,
[image: ]
where
We = cumulative water influx, bbl
B = water influx constant, bbl/psi
Δp = pressure drop at the boundary, psi
WeD = dimensionless water influx
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd
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1230 32788 327.46 3235 31589 30613 20505 28807

1240 33019 32077 32554 3813 30832 207.16 20014
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd

S
o 005 01 03 05 07 09 0

1,460 38065 38017 375.39 367.02 35591 3327 33531
1470 38292 38244 377.64 36922 358.06 34535 33735
1,480 38519 38471 379.88 7102 36020 347.43 33938
1,490 387.46 38698 38213 37362 36234 34950 Ene)
1,500 38973 38925 38437 37582 36448 35158 34345
1525 39539 39490 389.9 38131 369.82 35676 34852
1550 40104 40055 395.55 38678 7516 36193 35359
1575 406.68 406,18 a2 39225 38049 367.09 35865
1,600 41232 aa 406.69 30771 38580 37224 36370
1625 41794 w17.42 41224 40316 o011 37739 36874
1,650 42355 42303 a17.79 408,60 396.41 38253 37377
1675 42015 42863 a3 41404 0170 38766 37880
1,700 43475 322 4285 41946 406.99 39278 8382
1725 41033 43979 437 42487 41226 397.89 38883
1750 41591 4537 43989 43028 41753 403.00 39384
1775 45148 45093 41539 43568 2279 408,10 39884

1,880 45704 45648 45088 a4107 42804 a13.20 40383
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd

S
o 005 01 03 05 07 09 0

2350 577.46 57678 569.92 557.90 50191 52365 s1212
2375 58285 8217 575.6 s63.14 547.02 52861 51698
2400 58824 56755 580.59 56837 ss212 53356 52183
2425 59363 59293 58591 57360 s57.22 53850 52668
2450 59901 59831 59123 57882 56231 s43.45 5153
2475 60438 60368 59655 58404 567.39 54838 53637
2500 60975 609,04 60185 58925 57247 55331 54120
255 62047 61975 61245 599.65 se262 56316 55086
2600 117 63043 62308 61004 59275 57299 56050
2650 64184 6110 63359 62040 60286 s82.80 57013
2700 65250 65174 sz 63075 61295 59260 57973
2750 66313 66237 65464 6107 62302 60237 s89.32
2800 67375 67297 66514 65138 63307 612,13 598.90
2850 68434 68356 7561 66167 4311 62188 60845
2900 69492 69412 686.07 67194 5312 63160 617.99
2950 705.48 70467 69651 68219 66313 64132 o752

3,000 71602 71520 70694 692.43 67311 65101 637.03
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd

S
o 005 01 03 05 07 09 0

4100 94386 94282 93230 91382 88916 6090 84299
4150 95406 95301 942,39 92373 9884 87030 s222
4200 96425 963.19 952.47 93363 90850 87969 86144
4250 7442 97335 962.53 94352 91816 889,08 87065
4300 98458 983,50 07258 953.40 927.80 89845 87985
4350 99473 99364 m2.62 963.27 937.43 90781 859.04
4400 1,0049 10038 9927 o731 971 072 982
4450 10150 10139 10027 9830 956.7 9265 o074
4500 1,025 10240 10127 9928 966.3 9359 9166
4550 10352 10341 10227 10026 o759 9152 9257
4600 10453 10442 10527 10124 9855 9545 9349
4650 10554 10542 10026 10222 9950 9635 9140
4700 10655 10643 10526 10320 10046 9731 9531
4750 10755 10784 10626 10418 10141 9824 9622
4800 10856 10844 10725 10516 10237 9917 o714
4850 10956 10944 10824 10614 10332 1,000 9805

4,900 11056 11045 10924 10711 10028 10102 9895
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd

S
o 005 01 03 05 07 09 0

7,000 15191 15175 15015 14734 14358 13925 13650
7,100 15385 15369 15207 14923 14542 14104 13826
7200 15578 15562 15398 15111 14726 14283 1,4002
7300 15771 15755 15590 15299 14910 14462 1478
7400 159.4 15948 15781 15486 15093 14641 14353
7500 16157 16140 15971 15674 15276 14819 14528
7,600 16349 16332 16162 1,586.1 15459 14997 14703
7,700 16541 16524 16352 16048 15642 15175 14878
7,800 16733 16716 16542 16235 15825 15353 1,503
7,900 16925 16907 16731 16422 1,6007 15530 15227
5000 17116 17099 16921 16608 16190 15708 15401
8100 17308 17290 17110 16794 16372 15885 15576
8200 17499 17481 17299 16980 16553 16062 15749
8300 17689 17671 17488 17166 16735 16239 15923
400 17880 17862 17677 17352 16916 16415 16097
8500 18070 18052 17865 17537 17098 16592 16270
8600 18260 1822 18054 17722 17279 16768 16443

8,700 18450 18432 18242 17907 17460 16944 16616
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd

450 x 10°
500 x 10°
600 x 10°
7.00 x 10°
800 x 10°
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd
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TABLE 103 Dimensionless Water Influx, Weo, for Infinite Aquifer (Permission to publish by the SPE)—cont'd
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TABLE 10-4 Dimensionless Water Influx, Wep, for ' = 4 (Permission to

publish by the SPE)
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‘TABLE 10-4 Dimensionless Water Influx, Wep, for r'p = 4 (Permission to

publish by the SPB—cont'd
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TABLE 10-5 Dimensionless Water Influx, Wep, for r'p = 6 (Permission to

publish by the SPB)
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TABLE 105 Dimensionless Water Influx, Wep, for ' = 6 (Permission to

publish by the SPH—cont'd
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TABLE 10-6 Dimensionless Water Influx, Wep, for r'p = 8 (Permission to

publish by the SPB)
w005 o1
9 63 6278
10 6828 6807
1o 7250 7229
12 775 7700
1B s 1
14 610 854
15 9058 9032
16 945 9458
17 9907 9870
18 1032 1029
19 1072 1069
0 na2 s
2 nss 186
4 1263 1260
% 1336 1332
% 1406 1402
0 1473 1469
3 1601 1597
B a7
w0 1780 1775
45 1015 1900
50 2042 2036
55 246 2139
0 240 234
0 397 192
80 2520 2523
%0 2639 2633
100 2730 2725

120

28561

2857

03
6088
6574
7026
7477
7919
8355
8783
9202
9613

1001

1041

1080

nss

1227

1297

1365

1430

1554

1670

1726

1856

1976

2080

2075

236

un

2585

2681

219

ES
0s
575
6205
6650
7086
7515
7937
8351
75
9153
9537
9920
1030
s
sy
1240
1306
1368
1188
1599
1652
1776
1891
199
2091
255
2304
2512
2013
2763

07
5350
5783
6204
e
7029
7432
7828
8213
8504
8961
9328
9.687

1038

1105

0

1233

1293

1407

1513

15.64

1683

17.93

18.97

19.93

258

501

2024

2.9

2690

09
4924
5336
5732
6126
6514
6895
7270
7634
7997
8343
8691
9031
9686

1032

1098

nss

1210

1318

1418

1466

1577

1680

1783

1878

2044

29

218

229

2601

0
4675
s072
5456
583
6210
6578
6940
7203
7682
7979
8315
8645
9.280
989
1049
nor
ne2
1267
1365
1412
1521
1624
1724
1819
1986
032
261
574
551




image52.png
TABLE 10-6 Dimensionless Water Influx, Wep, for r'

publish by the SPH—cont'd
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TABLE 10-7 Dimensionless Water Influx, We, for ro = 10 (Permission to

publish by the SPE)
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TABLE 10-7 Dimensionless Water Influx, Wep, for o
publish by the SPB—cont'd
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TABLE 10-7 Dimensionless Water Influx, Weo, for ro = 10 (Permission to
publish by the SPH—cont'd
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We = water influx due to Ap; + water influx due to Ap,

VVe = (VVe)Apl + (VVe)Apz
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(VVe)APl = BAp, (WeD)tz
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