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Abstract

The reiationship between p/: and cumulative gas pro-
duction for rvpical gas reservoirs was studied by calcu-
lating pressure response to various modes of gas produc-
tion and water encroachment. Water encroachment meth-
ods considered were Schilthuis. Hurst simplified and van
Everdingen-Hurst. In the method. the assumptions normai-
ly made in water encroachment caiculations were accepted.
Normally, pressures are measured and the gas reserves
and water encroachment found implicitly. Conversely, in
this work various encroachment factors. reserves and res-
ervoir-aquifer geometry were assumed and the pressures
solved implicitiy.

The resuits show the spectrum of p/z shapes that can
be expected for real reservoirs. With normal encroach-
ment rates for ciosed aquifers the p/z chart exhibits the
tvpical inflection at early times. This has sometimes been
interpreted as ali measurement error. These studies have
shown that a new look should be taken at interpretation.
It is rather dangerous to extrapolate ‘straight-line” p/z
charts if encroachment from an aquifer is suspected.

Introduction

A common method of predicting gas reserves is the
graphical solution to the gas material balance equation.
{\ special case of the material balance equation is linear
in p/z with cumuiative gas production (G,) which pre-
dicts the iniual in-place gas when p/z is extrapolated t0
zero. Derivation of this form is based on the equation of
state. corrected for compressibility (pV = znRT), and.
particularly, on the reservoir being closed (no water en-
croachment). A straight line on the p/z chart resuits when
these conditions hold. However, an apparent straight line
on the chart does not assure that the reservoir is closed.
Many of the curves show a rapid decline in the eariy stages
of production after which they fiatten out. Confusion arises
as to whether these characteristics are caused totally by
pressure measurements. To answer this question in part.
a series of controlled mathematical experiments was per-
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{ormed in which a typical gas field was produced subject
o various forms of water encroachment. These runs were
specifically designed to eliminate measurement errors by
calculating pressures at the inner boundary of the aquifer.
The resuitant p/z charts were thus made available for study
and direction in predicting reserves and to indicate the
curvature that can be expected in addition to that caused
by normal measurement error.

Solution of the Basic Equation for p/s

The basic equation solved for p and p/z is derived in
Appendix A, It is

IK.S(p.n
G'=G"_‘>B..—B.,,' R € |

G. and G. are the apparent and real values of original gas
in place and are derived by assuming a closed reservoir
for G.. and one open to an aquifer for G.. The function
S(p.r) is defined by three methods—Schilthuis. Hurst
simplified or van Everdingen-Hurst.™ The definitions of
these functions are given in Appendix B.

Eq. | is the linear function that is commoniy plotted
(G. vs S(p,1)/B—B.) with the intercept predicting the
original gas in place and. slope predicting the water en-
croachment factor.”* This is a graphical solution of Eq.
| when histories on pressure and cumulative productions
are known. In some cases the equation has been rear-
ranged so a plot can be made such that the encroach-
ment factor is predicted by the intercept and the reserve
by the siope.’

In the calculations presented in this paper, in-place
values, water encroachment factors, rock fluid properties.
and cumulative production were set. Eq. | was solved
implicitly for p/z.

The equivalent of Eq. | in terms of p/z is

pre=2 | T =T )
= T K300
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Setting IF.S {p,t) = Q0 (no water encroachment), pro-
f:lucg the linear form. Obviousiy, whether the p/z curve
is linear or not when K, S(p,r) %0 depends upon the
S(p.t) function.

Tl)e cumulative productions were determined from pro-
duction rates calculated from weilhead operating curves

§ubject to the maximum allowabies.” The wellhead curve
is defined by

g, = Clp...;=p,/)* . . . . . . . (3)
where q,

]

the production rate, Mscf/D

C = the performance coefficient
P.es = the weilhead shut-in pressure, psia
p.; = the tubing flowing pressure

n = the back-pressure exponent.

Shut-.in wellhead pressures were determined after the
reservoir pressure p was chosen by caiculating the static
head by the method of Cullender and Smith.” The statc
head was subtracted from p to give p, ...

'A ggnera} flow scheme of the caiculation technique is
given in Fig. |, and the field conditions are given in
Table 1.

Compressibilities were interpolated from the 1952 API

fab!eg;. Tables 2 and 3 list conditions that were varied for
individual runs.

Discussion of Resuits

The resuits of the calculations are shown in Figs. 2
through.9. All of the curves show p/z as a function of
cumulative gas produced and are labeled with the num-
bers corresponding to the data in Tables 2 and 3. Each
plotted point represents two years.

Fig. 2 gives the results when the aquifer was assumed
to be unlimited, or when original aquifer pressure was as-
sumed to remain constant at some outer boundary (Schii-
thuis). As the encroachment factor was increased the
pressure was maintained at a higher and higher levei. The
dotted line at the bottom represents no encroachment and
the top dotted line shows compiete pressure maintenance
by a very active water drive.

Fig. 3 shows the results of increasing the Hurst simpli-
fied encroachment factor from 2.5X 10" to 2.5X10* (cu ft)
In (mo)/ psi/ year.

The van Everdingen-Hurst encroachment factors were

DEFINE
Gr. Ke. ROCK
AND FLUID PROPS
A
APPROXIMATE P
- )
NERT CALCULATE
STEP ¢=Ga-gr - Ko -0
[ 8-8 APPROXIMATE
NEW P
BY NUMERICAL
TECHNIQUE

CALC P/
Fig. 1—Solution of Eq. A-12 for p/s.

2u8

-]

assumed for runs shown in Figs. 4 through 9. and the
aquifer was assumed closed and radial. Combinations of
three variations in reiative aquifer size, two water compres-
sibilities and nine aquifer permeabilities were represented
in the runs.

Curves with inflections. which have been observed in
practice, were produced for the closed aquifers.

In most cases the famiiies of curves appear to approach
a common slope at zero time. At zero time this siope
will represent the p/z line for no water encroachment.

Runs with the Schilthuis method and Hurst-simplified
method converge at or near a horizontal line as water
encroachment factors increase. This means that pressure
drops in the aquifer are approaching zero.

In the van Everdingen-Hurst runs the curves respond
to the mobility (k/p) and compressibility of the water,
and the relative size of the aquifer. For R./R. of 1.5,

TABLE 1—FIELD CONDITIONS

Area == 2,500 acres
Poy= 100 #
Porosity =0.25
Connate warer=0.3
Original 8MP=25.000 otia
Formatien temperstures = 250F
Deoth= 10,000 #
Gas Gravity =0.68 (No Nz, CO: or H:§)
(Radius)s = 34.7 X 10% sq #t
initial d shut-in o = 4,200 psia
Wellheod shut-i = {00F
Sock-pressure curve siope=0.7
Ovpen flow potential = 74.4 MM scf/D
ini ithood fowi = 100 psie
Maximum oilowabie field rare=247.2 MM sct/D

TABLE 2——VARIABLE CONDITIONS FOR RUNS | THROUGH 14

Troe
Ren Encroccnament Encreachment
MNeo. Facter Factor
1 T 5,900
2 18,000
3 Schilthvis 34.000
4 {cu ft/pni/year) 59,000
s Rodial infinite 100,000
(3 i 200,000
7 v 590,000
8 T 25,000
9 90,000
10 Hurst Simpiified 150,000
" {tu f+ In {(month)/osi/yeor) 250,000
12 Radial infinite 340,000
13 l 610,000
14 2,500,000

TABLE 3——VARIABLE CONDITIONS FOR RUNS 15 THOUGH 38

Ratio Aguifer Dimensioniess
Tyve of Aauifer Perme- Time to Real Weter
Run Encroachment Radivs te ability Time Ratio Compressibility
No Facter Field Rodivs (md) {1 /year} {1/psi}
15 1.5 ] 089 3.0x10¢
18 1.5 10 89 3.0x10-
17 J 13 100 8.9 3.0x10-*
18 5.0 1 08¢ 3.0x 10~
;9 von Everdingen s.g : ;g '.:9 g.g x :g
0 imi 5. X .
31 MHurt Radial Finite g 1000 #. 3.0x 10~
22 16350 o ft/esi 10.0 1 089 1.0%10-
21 10.0 10 .89 3.0x10
24 10.0 100 8.9 3.0X10-
28 d 10.0 1000 89. 3.0x10-
26 Y 1w 10000 290. 3.0x10
27 1.5 10 089 30 10
28 [ 1.5 100 29 30%10-¢
29 1 5.0 10 089 30 104
30 ! 5.0 18 16 30x10-¢
3; van Everdingen 5.8 gg.! gg gg; :g :
. X 1 -

33 Humt Radial Finitle 45 10 089 3% 10+
34 163.500 cv ft/oni 10.0 15.8 141 30x10°*
33 10.0 31.5 8 30X 10-%
36 6.0 100 89 30X 10+
7 J 10.0 1000 8.9 30x10-*
38 10.0 10000 89. 30X 10~
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determined as 70.5 percent. The trapped gas saturation is therefore,
29.5 percent.

In the depletion test, the pressure at the outlet face was lowered
from 218.8 to 58.0 psia [1.506 o 0.400 MPa]l. Table 4 shows the
pressure vs. the cumulative water production. From a pressure of
218.8 to about 188.5 psia[1.506 to 1.300 MPa], water was produced
in conjunction with traces of gas. In the pressure range of 181.2 to
152.2 psia [1.249 to 1.049 MPa], mainly water was produced with
some small gas production, then from 145.0 to 58.0 psia [1.000 to
0.400 MPa] gas was the dominant fluid produced. By the termina-
tion of the test the average water saturation was 49.2 percent.

In the third test (i.e., the reinjection test), water was injected at
a rate of 0.35 cm¥/hr. As a result, gas began to be produced from
the upper end that was kept at a constant pressure of 59.5 psia [0.410
MPal. Gas production continued for a cumulative water injection of
19.9 cm®, whereafter no gas was produced. The final water and gas
saturations were determined as 62.3 and 37.7 percent, respectively.
The third test, therefore, determines a mobilized gas saturation of
37.7 percent for Core A.

Core B - The first test for Core B started with an initial water
saturation of 19.5 percent. The water injection rate was 0.35 cm/hr
and the core outlet pressure was kept at 217.5 psia [1.500 MPa].
After a cumulative injection of 92.28 cm?, water breakthrough was
observed. No gas production was observed after the water break-
through. Water saturation at the end of the first test was 68.9 per-
cent, and therefore the rapped gas saturation was 31.1 percent.

The depletion test for Core B showed a production pattern simi-
lar to that of Core A. From a pressure of 217.5 to 195.7 psia [1.500
to 1.349 MPa], water in conjunction with a trace amount of gas was
produced, then down to a pressure of about 174.0 psia [1.200 MPal),
low gas production was accompanied by water production. In the
pressure range of 166.7 to 145.0 psia [1.150 to 1.000 MPa] both gas
and water phases were produced, followed by nearly all gas and little
water production from 137.7 to 58.0 psia [0.849 to 0.400 MPa].
Table 5 lists core outlet pressure and cumulative water production for
the depletion test. Average water and gas saturation measured at the
end of the second test were 53.7 and 46.3 percent respectively.

In the third test water was injected at a constant rate of 0.37
cm*hr in the lower end of the core. Gas producuon began as a
result of ‘gas injection. Dunng the course of injection, core outlet
pressure was kept at 60.9 psia [420 kPa]. Gas production showed a

pxstou—hke behavior. Water breakthrough occurred after a cumulative -

injection of 9.70 cm® of water. The measured water and gas satura-
tion by the end of the third test were 59.0 and 41.0 percent, respec-
tively.

Core C - This core was completely saturated with the gas, and
then water was injected at a constant rate of 0.49 cm’/hr and a core
outlet pressure of 217.5 psia [1.500 MPa]. After a cumulative water
injection of 148.2 cm®, water breakthrough was observed. Similar to
experiments on Cores A and B, no further gas production was
observed after the breakthrough. The trapped gas saturation was
determined to be 28.0 percent for Core C.

In the depletion test, the core pressure was lowered from 216.2
to 50.5 psia [1.490 to 0.348 MPa]. From a pressure of 216.2 to
181.2 psia [1.490 to 1.249 MPa}, only water was produced, later on
gas and water production followed a pattern similar to depletion tests
for Cores A and B. At the termination of the test, the measured
water and gas saturations were 52.9 and 47.1 percent, respectively.
Table 6 gives the pressure and cumulative water production history
and average water saturation for this test.

In the reinjection test, water was m;ecned at a rate of 0.49
cmhr with a core outlet pressure of 50.5 psia [348 kPa]l. For a
cumulative water injection rate of 12.3 cm®, gas was produced at the
top face. Injection of water did not produce any more gas after a
water cumulative injection of 12.3 cm®. The measured water and gas
saturations at the termination of the third test were 58.9 and 41.1 per-
cent, respectively.

NUMERICAL MODELLING OF LABORATORY EXPERI-
MENTS

Numerical modelling of the experiments described above was
carried out to get an insiﬁh: into the tests. For this purpose, a com-
mercial model - Eclipse' was used. This model is a 3-D, three-
phase reservoir simulator of the implicit-type. To simulate the tests,
core length was divided into 40 equal grids. The simulation and the.
history matching process. for Core C will be presented first.

The first test of water flooding the core does not require numer-
ical simulation due to experimental evidence of piston-like displace-
ment. We will simulate the depletion tests in the following.

The relative permeability functions used in simulating the
second test has the form:!?

kn, = 0.3 (S,)° m
kg =038 (1-5,)" @

where
om [t ®

In Eqgs. 1 and 2 Corey exponent » is assumed to be 3. We also
assume S, =0.1. Other parameters of the above equations are
defined in the nomenclature. Fig. 2 shows the P, vs. the water
saturation. The expression for the relative permeabilities and the
capillary pressure function are believed to be representative of the
fluids/rock system of this stdy. In simulating the depletion test,
residual gas saturation (i.e., S,, of Eq. 3) was found to be the most
sensitive parameter. Variation of the water relative permeability
curve and the P, function had an effect of less than the residual gas
saturation. We used residual gas saturation of 28 percent as our first
guess for the history matching. Fig. 3 shows the measured core
outlet pressure and cumulative water production for the depletion
test. The same figure also shows the simulated results for three
different values of residual gas saturation. This figure indicates that
if we assume the mobilized gas saturation to be identical to the initial
trapped gas saturation of 28 percent, the pressure in the core will
drop very rapidly. Assuming a mobilized gas saturation of 35 per-
cent improves the history match of the depletion test. With a mobil-
ized gas saturation of 41 percent, the match between the measured
and simulated results for the pressure—cumulanve water production
history becomes excellent. It is mteresung to note that the value of
the mobilized gas saturation that is solely based on the history match
of the second test is almost the same as the residual gas saturation
measured from the third test. On the other hand, the average gas
saturation measured from the second test is 47.1 percent. Fig. 4
explains the reason for this difference. This figure shows the satura-
tion profiles along the core length for a residual gas saturation of 41
percent at various stages of depletion. Fig. 4a shows that after pro-
duction of some 16.6 cm’ of water, the saturation distribution along
the core is uniform, with a gas saturation of about 36 percent. For
this stage of depletion, the core outlet pressure from simulation is
166 psia [1.145 MPa), and no gas production is computed. After
producing 28.8 cm® of water when the core outlet pressure is 138
psia [951 kPa), gas saturation varies along the core length (see Fig.
4b). In the top four simulation blocks, gas saturation is around 50
percent, for the bottom half of the blocks gas saturation is about 41
percent and for the remaining blocks it varies from 42 to 43 percent.
Fig. 4c shows the gas saturation profile at a later stage of depletion
where the simulated water production and core outlet pressure are
34.1 cm® and 107 psia [738 kPa], respectively. The gas saturation in
this stage of depletion for the 5 top grid blocks varies from 50 to 57
percent. For most of other blocks gas saturation is around 41 to 42
percent. The gas saturation profile by the end of the depletion test is
shown in Fig. 4d. For this last stage, gas saturation of the top §
simulation blocks averages 60 percent while the gas saturation of the
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bottom blocks is about 41 percent. Qualitatively, the gas saturation
profiles of Fig. 4 indicate that gas saturation varies along the core
length and therefore the average gas saturation established from the
depletion test is higher than the mobilized gas saturation.

Fig. 5 shows the core outlet pressure vs. the cumulative gas
production for Core C. This figure indicates that except in the early
period of gas production, a good match between the measured data
and the simulation results for a S,, of 41 percent exists.

The depletion tests for Cores A and B were also simulated in
the same manner as for Core C. Fig. 6 compares simulation of the
depletion test and the measurements for Core A. Unlike Fig. 3
which shows a good match between measured data and simulation
results, Fig. 6 does not show a close agreement. The best possible
match which is shown in Fig. 6 is based on a residual gas saturation
of 42 percent. The measured residual gas saturation for Core A from
the reinjection test is 37.7 percent.

Fig. 7 compares the measured and simulated values of core
outlet pressure and cumulative water production for Core B. The
agreement between measured data and simulation results is excellent
when a residual gas saturation of 41 percent is assumed. This value
of residual gas saturation is identical to the value of the residual gas
saturation measured from the reinjection test.

CONCLUSIONS

1. The effect of initial water saturation on the trapped gas satura-
tion for the sands examined in this paper is small. The trapped
gas saturation increases as the initial water saturation increases.

Two distinct values of residual gas saturation have been
observed for the sands. The lower value corresponds to the
initial entrapment, and the higher value to the gas saturation to
be mobilized under expansion. These values for the sand of
Table 3 are about 30 and 40 percent of pore volume, respec-
tively.

The depletion test, when the trapped gas is expanded to be
mobilized may provide an average gas saturation that is higher
than the mobilized gas saturation. A reinjection test could pro-
vide proper value of the mobilized gas saturation. Numerical
simulation of the depletion test could also assist in proper esti-
mation of mobilized gas saturation.

An important consequence of the difference between the initial
entrapped and final mobilized gas saturations is the delay of
entrapped gas migration from the water invaded region to the
gas zone. Both classic material balance relationships and simu-
lation have to account for this.

NOMENCLATURE

= water relative permeability

= gas relative permeability

= Corey exponent

= capillary pressure

= water saturation, fraction or percentage

= gas saturation, fraction

= irreducible water saturation, fraction

= residual gas saturation, fraction or percentage
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Table 1 - RESIDUAL GAS SATURATION OF UNCONSOLIDATED AND
CONSOLIDATED POROUS MEDIA OF CHIERICI, et al?

Unconsolidated Samples Sandstone Samples

Core Designation A B C D a b ¢ d

Diameter, cm 11.1 11.1 1L1 11.1 10.0 100 10.0 10.0
Length, cm 274 283 255 255 22.6 260 22.1 18.8
Porosity, %PV 494 328 328 M9 20.7 18.9 22.1 212
Permeability, md 6,170 3,710 12,140 12950 1602 63.1 1126 913
Irreducible Water Saturation, %PV~ 26.5 218 238 19.0 35.5 40.0 335 37.0
Flooding Pressure, psia 3,000 2,886 2,886 2915 2,872 2900 2915 2872
S;r at Flooding Pressure, %PV 19.5 223 24.5 21.6 438 38.7 38.9 34.8

S, at the end of Depletion, %PV 326 243 215 4.1 40:9 37.8

Table 2 - RESIDUAL GAS SATURATION MEASUREMENTS
OF FISHLOCK, et al’

High Permeability Core  Low Permeability Core

Diameter, cm 45 45
Lenth, cm 167.6 84.1
Porosity, %PV 20.0 11.6
Permeability, md 1280 240
Irreducible Water Saturation, %PV - -
Flooding Pressure, psia 3,960 4,075
Sg» at Flooding Pressure, %PV 354 41.5
Sy at the end of Depletion, %PV 49 455

Table 3 - CORE DIMENSIONS AND PROPERTIES OF THIS STUDY

Core Length,cm Diameter, cm  Porosity, %PV Pemeability, md
A 45.00 3.5 349 1,915
B 5095 375 332 1,445
C 5425 375 344 1,792
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Table 4 - EXPERIMENTAL DATA OF PRESSURE DEPLETION TEST FOR CORE A

Core Outlet Pressure. psia  Curnulative Water Production, cm® Average S, %

218.8 0.0 70.5
2105 242 69.1
203.0 4.85 61.7
1957 7.28 66.3
188.5 9.88 648
181.2 12.65 63.2
1747 1543 61.6
166.7 18.20 60.0
159.5 2132 582
1522 2427 56.5
1450 26.00 555
138.0 2791 544
130.6 28.10 54.3
1232 28.10 543
116.0 28.10 543
1015 28.25 542

873 31.20 525

726 3190 521

58.0 34.15 508

Table § - EXPERIMENTAL DATA OF PRESSURE DEPLETION TEST FOR CORE B

Pressure, psia  Cumulative Water Production, cm? Average S %

216.5 0. 689
2104 225 61.7
201.8 4.67 66.4
195.7 6.35 65.5
187.6 8.59 64.3
1813 10.84 63.1
1724 14.01 614
166.7 16.44 60.1
159.4 19.05 58.7
1524 22.60 56.8
145.0 24.09 56.0
137.7 24.09 56.0
1305 2446 558
1233 2540 553
116.0 25.59 552
107.6 25.59 552
1015 25.76 55.1

870 26.71 546

725 2839 53.7

58.0 28.39 537

Table 6 - EXPERIMENTAL DATA OF PRESSURE DEPLETION TEST FOR CORE C

Core Outlet Pressure, psia  Cumulative Water Production, em’ Average S, %

2162 0. 720
203.0 3.10 70.5
195.7 5.56 69.3
188.5 7.83 68.2
1812 10.30 67.0
1734 13.40 65.5
166.6 16.08 64.2
159.5 18.97 62.8
1522 2227 612
1450 247 60.0
1375 27.00 589
130.5 30.09 574
123.8 3277 56.1
1160 nn 56.1
107.9 33.39 558
101.6 35.66 547

854 3587 54.6

69.6 39.37 529

50.5 39.37 529
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(a) Water production, 16.6 cm® (b) Water production, 28.8 cm?

Gas saturation,
fraction of pv

0.57 - 0.63
1 0.51 - 0.57
0.46 - 0.51
0.40 - 0.46
0.35 - 0.40
0.28 - 0.35

(c) Water production, 34.1 cm® (d) Water production, 39.0 cm®

Fig. 4—Simulated gas saturation profiles at various stages of depletion of Core C.
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Fig. 2—Curves of p/s for gas reservoirs with water influx,
Schilthuis method.
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Fig. 3—~Curves of p/z for gas reservoirs with water influx.
Hurst simplified method.
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Fig. +—Curves of p/s for gas reservoirs with water influx.
van Everdingen-Hurst, finite, R,/R, = 1.5.

e/ LU PS A}
'
%000 AGUFER
PERMEABILITY
RUN NG SYMBOL  (MiLLIBARCIES)
4000
1] o §
1] Y 1]
20 a 100
3000 2 . 1000

WATER coup=30xi0¢ 1/psi
POROSITY=Z0.25
VISCOSITYZ1.0 CPS

RES RADNSZ5880 FT

PAY 100 FT

2000

1000

0 100 200 300 400 300 600 100 800 300 1000
CUMULATIVE GAS PRODUCED (BSCF)

Fig. 5—Curves of p/z for gas reservoirs with water in

flux.
van Everdingen-Hurst method, finite, R./R, = 3.
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Fig. 6—Curves of p/z for gas reservoirs with water influx,
van Everdingen-Hurst method, finite, R /R, = 10.
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Fig. 7—Curves of p/z for gas reservoirs with water influx,
van Everdingen-Hurst method, finite, R,/R, = 1.5.
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Fig. 8—Curves of p/z for gas reservoirs with water influx.
van Everdingen-Hurst method, finite, R,/R, = 3.
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Fig. 9—Curves of p/z for gas reservoirs with water influx.
van Everdingen-Hurst method. finite, R,/R, = 10.
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the effect of the aquifer is negligible for a given water
compressibility regardiess of the permeability (Fig. 4).
However. for a higher water compressibility an effect is
felt for comparable mobilities ( Fig. 7).

In general the pressure is maintained at higher leveis as
. the water compressibility, aquifer size or water mobility
is increased. Yet. even with increases in mobility an ex-
treme curve was approached for the ciosed aquifers (Runs
25 and 26. Fig. 6). In these cases pressure drops in the
aquifer were small and the shapes were controlled by the
water compressibilities.

Conclusions

Fig. 10 illustrates the increasing error that cccurs if a
p/z curve is ex.rapolated wita no regard for water en-
croachment. As the relative size of the aquifer increases
from R./R. = 1.5 to 10, the error increases from a negli-
gible amount to an estimate of over 100 per cent of the
actual initial gas in place. This estimate would be made
after 65 per cent of the initial gas in place is produced.

This leads to the principal conclusion that it is danger-
Cus to extrapolate psz cnarts on a straight line witnout
considering the possibility of water influx.

Runs performed here eiiminated measurement error and
the curved portions were produced under realistic produc-
tion schedutes. Thus, curved porticns at the start of pro-
duction history can be caused by the unsteady-state nature
of the aquifer and not solely by measurement errors. So.
these curved portions shauld not be negiected, but ought
t> be 1egarded as an indication cf possibie water en-
croachment.

These resuits make a case for accelerated eariy pro-
duction so that the inflections will be accentuated, per-
mitting better early estimates of gas in place.
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APPENDIX A
Derivation of the Basic Equations

The apparent reserves for a gas field are those deter-
mined when no water encroachment is assumed. or.

V,=V,., . . .« . « « . . . . (AD
where V,, is the original pore voiume. cu ft.

V, is the pore volume containing gas at some later time.

V., = (G.—G,)B, (A-2)
V..= G.B,.. (A-3)
where G, = the apparent original gas in place, scf

G, = cumulative gas produced, scf

B,. and B, are the gas formation volume factors, cu
ft/scf.

p.T. 2,

B, = T (A-4)
p.. Tz

B, = Y, (A-5)

Substituting Eqs. A-2 and A-3 into Eg. A-1 and solving
for G. gives

B
¢.= a.(5=5)

When water encroachment is considered. Eq. A-1 is re-
placed by

V, = V,..’—'W«

to account for the water influx W..

(A-6)

(A-T)

Under these conditions, G, in Egs. A-2 and A-3 is de-
fined as G, (real initial in place gas), or,

V, = (G.—G,)B., (A-8)
and

V.. = G.B,. (A-9)
Substitution of Egs. A-8, A-9. and

W, = K.S(pt) (A-10)
into Eq. A-7 gives

G.B K.S(pt)
- Sl .
G- =18,-5,) (B.—B,.) (A-1D)

where K. is the water encroachment factor and S(p.t)
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Stabilized

Middte Range of 3 8-10--A C State Vaives

Atd, Abeve the

Ra/R, From To Ay Az An Ay As Middile Ronge

1.5 1206 0.7 —~ 0.03255975 —0.02485001 0.03179495 0.007970778 0.8164517 0.6235899
2.0 418 .5 0.3852062 ~0.09626595 ~0.05244533 ~0.004754153 1.281475 1.509915
2.5 315 6.0 0.7919653 0.05396428 ~0.06348801 ~0.01234595 1.534877 2.634689
3.0 1.33 1.0 1.046089 0.2388103 ~0.08575203 —0.008445356 1.574667 3.994681
1.5 St 25.0 0.4178854 1.292179 ~0.4404957 0.03704949 1.630682 5.450575
40 2.08 340 ~ 2.231652 3.177286 ~0.8411667 0.06444676 2.779082 7.499222
45 2.62 46.0 — 6.108747 5.413047 ~1.266439 0.09235701 4.890919 9.619498
5.0 3.06 0.0 ~ 6.429505 4.822608 ~0.8503674 0.03632684 5.599347 11.97866
6.0 5.85 110.0 ~24.90336 12.44925 ~2.042113 0.1044283 20.58242 17.48006
7.3 3.48 160.0 ~43.33130 17.84979 ~2.486980 0.1043855 39.95260 23.95055
1.0 < 29 240.0 —51.48727 19.26185 ~2.365595 0.08228036 50.46776 31.66351
9.0 .96 280.0 - 31.97360 8.612722 ~0.05276312 ~0.08174990 33.52328 39.96676
10.0 14.52 340.0 -~ 20.55106 0.6903452 1.759464 —0.2079732 37.02882 49.14654

1s a function of pressure and time and describes the un- Infinite Radial System
steady-state water influx. .
; (0.01 < A, < 10N
Subtraction of Eq. A-11 from Eg. A-6 resuits in the gAt,, = e tAindtr - Az it = da(indtai 1 = 4y (Indtai) 4+ 4s)

basic equation
where 4, = 0.647692

K.S(p.n
G, = G,+m (A-12) A. = 00177318
= - 273
Definition of S(p./) A, = —0.4318125 ~ 107
Schilthuis Method A, = 0.4506432.
Stpry = £ Ap.At. . . . . . . . (B-l) .
i=2 Finite Radial Systems
(p. + p..) The finite radial systems are defined by the infinite
where Ap, = p, — 3 .o . .. . . (B2) radial Eq. B-10. where Az, > 0.01 and less than the mid-
dle range defined in Table 4. In the middle range the
and M= =t . . . . . L. . . . (B3) dimensionless flow is defined by an equation of the same
wh _ b ¢ . form as Eq. B-10. but with constants shown in Table 4.
eren = num Fr Ol pressure points Table 4 also gives the steady-state values applicable above
fi = time in years the middle range. * % %
p = aquifer pressure (inner boundary) psia.
Hurst-Simplified Method
®Ap AL
Sy = ¥ =2 (B-4)

2 In(12:.) '

where Ap, and Ar, are still defined bv Egys. B-2 and B-3

van Everdingen-Hurst Method

»—1
<

S(p.1) = ) AP Gags - - . . . . . (B-5)
=
where
Pia™pi
A | T e -
P 3 (B-6)
fori =1, and J. R. BRUNS (left) is a senior mathematical engineer in
Ap, = .p__"_;_’l;‘_ g - B the Phillips Petroleum Co.’s Computing Dept. For the past

- seven vears he has worked in reservoir engineering com-
puter applications. He has a BS in chemical engineering
from the U. of Missouri. an MS in chemical engineering

fori=2ton — 1.

qat,, is the dimensionless flow rate and is a functicn of

At (the dimensionless time increment) and aquifer geome-
try.

from lllinois Institute of Technology, and a Master of Gas
Technology degree from the Institute of Gas Technology.
M. J. FETKOVICH (right) is a reservoir engineering and gas
technology analyst in the Reservoir and Production Project

Az, = 2.309 (_._f.__‘il__ . . . (B-8) Group of Phillips. He graduated from the U. of Pittsburgh
ouCu(R,)- ] in 1954 with a BS degree in petroleum and natural gas en-

with % in millidarcies. ¢ in years, ¢ a fraction. p in cp.
Cw in 1/psi, R, in ft.

gl is defined under the following conditions. All A, <
0.01. or the linear system

qat, = 2/Awd /=, . . . . . . . . (B9)
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