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Summary stant. The general gas material balance as presented in this paper

This paper presents the derivation of a general gas material balafieines a cumulative effective compressibilifyp) as a function of
that has particular application to high-pressure gas reservoirs, [b8flgSsSure.
normal pressured and overpressured (geopressured)]. Its main ap- .
plication is to calculate original gas in place and assist in calculatifjterature Review
remaining recoverable reserves from pressure/production dataHarville and Hawkin and Hammerlindi attribute the concave

The form of the material-balance equationigz[1 — c (p)(p; downward shape op/z vs. G, curves obtained in abnormally
- p)l = (p/z)(1 — GJG), which includes a pressure-dependereressured gas reservoirs entirely to pore collapse and formation
cumulative effective compressibility tery(p) that is defined in compaction. No definition of pore collapse is given in Ref. 4, but
terms of the following reservoir parameters: pore compressibilitg, plot of backcalculated PV change indicated a system compress-
water compressibility, gas solubility, and total water associatéhility change from 28x 107° psi~* at initial pressure to about 6
with the gas reservoir volume. “Associated” water includes connate 10~ ° psi~* at low pressures. This magnitude of PV change
water, water within interbedded shales and nonpay reservoir rotkplies associated water volume. The decreasing “system” com-
and any limited aquifer volumeE, physically represents the cu-pressibility is expected for an overpressured reservoir with pres-
mulative change in hydrocarbon pore volume (PV) caused Isyre-dependent PV compressibility, and based on results presented
compressibility effects and encroaching water. in this paper pore collapse is not a necessary condition for such

High pressure gas reservoirs typically have concave downwdrghavior.
p/z vs. G, plots which may result in serious overestimation of The Anderson “L” reservoir performance presented by Dufgan
original gas in place and remaining recoverable reserves. T$lgows curvedp/z vs. G, field behavior which was primarily
proposed form of the gas material balance equation providesitiributed to shale water influx with no evidence of reservoir pore
method to linearize thp/zvs. G, plot, and thereby predict the true compaction. The water influx drive mechanism was supported by
original gas in place. A method is suggested to determine initial gii fact that several wells watered out. Wallaakso concluded that
in place by analyzing the behavior of cumulative effective conshale water influx is an important drive mechanism in abnormally
pressibility backcalculated from pressure/production data. Theessured gas reservoirs. Basscounts shale water influx, and
C.(p) function determined by this procedure, or estimated from log#tributes curve@/zvs. G, behavior to peripheral water influx from
and geological maps when sufficient production data is not ava#l-limited aquifer and formation compaction treated with a constant
able, is then used to forecast pressure/cumulative behavior. TR compressibilityc; . For a limited aquifer, Bass defines a teFiy
field examples are provided showing the application of the materia$ the ratio of peripheral water PV to the PV of gas-bearing rock.

balance equation to high pressure gas reservoirs. Roaclf and Ramagost and FarsHambth use the termp/41 —
c(p; — p)] for geopressured and abnormally pressured gas reser-
Introduction voirs. Both authors consider, a constant and they consider the

nderson “L” example.

Bernard® does not accept the rock collapse theory as the cause
qu overpressuref/zvs. G, behavior, concluding that water influx

IS the basic drive mechanism. He also usefl — c(p; — p)] where

§ is a “catch-all” term for treating the effects of rock and water
fppressibility, a small steady-state acting aquifer, and steady state
8416 water influx. He further states that the tecnis almost

High pressure gas reservoirs experiencing depletion drive typica
have downward curving/zvs.G, behavior. Incorrect extrapolation
of early depletion data may result in serious overestimation
original gas in place and remaining reserves.

Brunset al* work in 1965 was a result of a field study conducte
on alarge moderately overpressured gas reservoir in the Texas &
Coast area. Investments were made, and never needed, baseIm Nssible to quantify in terms of reservoir properties
linear extrapolation of the early fiellzvs. G, performance to an p q prop :

apparent original gas in place that was later found to be overstabe(%1 ggﬁggaﬁn?g’v:;tte;eﬁ%ggafsoaderar:gSRo?:f’gg?ev!;n%.?ngase d
by about 200 Bscf. Fig. 5 in Ref. 1 (Run 20) shows the conca 53 pres ua verpressured g voirs

downward curvature typical for the pressure response of a Iimitgg computer models. Refs. 11 and 12 trgaindg, as functions

external aquifer system that simulated the reservoir's respons pressure, including the effecF of squgon gas in the water.
This type of “limited” aquifer behavior, where pressure in th xternal water sources are also included in Refs. 12 and 13. The

reservoir and aquifer are virtually equal, led to the derivation Of%{fferentlal forms of the material balance used in these references

general material balance for high pressure gas reservoirs (ggérectlyapply|nstqntan¢9us compressmlllty]nahlstory-matchlng
Appendix, Ref. 2). The derivation includes pressure-depend proach to determine initial gasbln pIace.AdlrectEI%wmlbf
rock and water compressibility (with gas evolving from solution)(.:e ?i _dp)] vs. G, was not made because @eterm had not been
All water and rock volumes associated with the reservoir arftf, co- d Chéft lvzed | ab I d
available for expansion, including a limited aquifer volume, were ~0Ston an analyzed several abnormally pressured gas
included in a cumulative effective compressibility tetgp). Rock res_ielrvows,_ and rec_ognlz_ed that calcul_ated valuegbf30X 10

and water compressibilities were defined to account for cumulatifs! required 1o linearize the material-balance plot reflected the

changes in volume to be multiplied by the cumulative pressure dr g’g&ci O:]é"!;aé‘;mgﬂgrétes that reasonable values of shale per-
(p; — p); instantaneous compressibilities are not used at all. The 90y P

final form of the material balance is similar to that published b eability and compressibilities treated as a function of pressure can

Ramagost and Farshadxcept that they consideréd as a con- e used to match abnormal gas reservoir performance behavior. He
points out, however, that determinik@ndc; of the shale necessary
for modeling this behavior is practically impossible.
Ambastha®uses Bourgoyne’s general material-balance equation
Original SPE manuscript received for review 11 March 1997. Revised manuscript 0 develop a graphical matching technique based on a constant
received 24 November 1997. Paper peer approved 9 December 1997. Paper (SPE effective compreSS|b|I|txze. The example givenin that paper shows

22921) first presented at the 1991 SPE Annual Technical Conference and Exhibition X 3 ~= oo N
held in Dallas, 6-9 October. a lack of uniqueness in determining initial gas in place.
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General Material Balance 600

10000
The general form of the gas material balance is G . 1
n o\ (pi2) 500 - Gx  [1+{2x10-4 )(p;2)(cel]
E[l — PP - pl= <Z>i TG with pj {psia) & €¢ (1/psi)
< 400
5.615 = .
Go — Gy *+ WoRaw + —p —(WiBy — Wiy By — W) |, & 300 pi, =12000 psia
~
x
-------------------------- M e, p;. =10000 psia
which reduces to b, =8000 psia
P, P (plz 100 {. =6000 psi
- (%o, @ pi- 26000 poe
pPj, =2000 psia
when water terms and gas injection are neglected. The cumulative 0 | I I

effective compressibility terra(p) is pressure-dependent, consist- 50 100 150 200

ing of a cumulative PV compressibility(p), cumulative total water Copr 1076 1/psi
compressibilityc,,(p), and the total pore and water volumes asso-
ciated (i.e., in pressure communication) with the gas reservoir,

iCw(P) + T(p) + M[Cu(p) + T
Ce(p):SNc[(p) Cf(F;.)*SNi[C[ (p) cf(p)]. ......... @)

Fig. 1—Effect of p; and ¢, on overestimating G.

The term in brackets is the slope of the chord from the initial
The formation and total water compressibility terjsand ¢, condition @, V,) to any lower pressure(V,), as shown irFig.
account for cumulative changes in volume from initial pressure & This implies that; is a function of both pressure and the initial
the current pressure. condition. The instantaneous PV compressibititys defined as
The interbedded nonpay volume and limited aquifer contribu-
tions to pressure support are quantified in terms of\theatio, 1V,
Mo et Vog (4)
ViR and is only a function of pressure. At initial pressure the two PV
An important aspect of the material balance for high-pressure ggdmpressibilities are equai{p) = c(p,). The instantaneous com-
reservoirs is that the gas in solution in the connate and associaégssibility functiore(p) should be used in reservoir simulation and
water provide both pressure support and additional gas available @ferential forms of the material balance, while the cumulative
production. The level of pressure support provided by the evolvé@mpressibility functionc(p) must be used with forms of the
solution gas depends on the level of depletion, and it is shown tHBgterial balance that apply the cumulative pressure dsop (),
this support is significant below about 1,500 psia. The solution gh§:: P/ZVs. G, plots. . _ _
available for production also depends on the level of depletion, i.e., 1 € pressure dependencecpis best determined by special core
how much of the original solution gas has evolveRl [p,) — analysis under appropriate reservoir conditionable 1 summa-
R..(p)] and the quantity of this gas that is mobile. rizes the calculation o as a function of pressure using I_aboratory
The termG is used for the initial free gas in place, and it is thiglata for a gulf coast sandstorféig. 3 shows howc; andc; vary
quantity that will be determined from the material balance pIGS & function of pressure for thJs_ overpressured reservoir rock.
given by Eq. 2 when extrapolated f#[1 — c(p, — p)] = 0. This In the absence of pore collapgas always greater than or equal
condition is reached at a pressure when &(p)(p; — p) = 0, and to c;. The cumulative PV.c.o.mpreSS|b|I|ty remains hlgher than the
not whenp = 0, i.e., additional gas may be produced afGy instantaneous compressibility because of an averaging effect that
reaches original free gas in plaGeAt pressures wher@, exceeds reduces the pressure dependencecotompared withc. An
G the correctegp/zterm E/2[1 — c(p, — p)] becomes negative. important consequence of this behawor is that a rock exhlbltlng
I reservoir pressure could be brought to standard conditipns ( !arge PV change because of a high level of overpressure will
p.) the total gas would b6 plus the total solution gas in placg, initially have and maintain a high cumulative compressibifity
G + GJ. as shown in Fig. 3.
The effect of connate water saturati§y andM are important
to the magnitude of,. With typical values of; = ¢; = 4 X 10°°
psi *andt,, = ¢,; = 3 X 10 ° psi * for a high-pressured gulf 4 g
coast sandstone reservoir, the cumulative effective compressibility
is initially ¢, = 7.5 X 10~ ® psi~* for §,; = 35% andM = 0; and 3.45 —
€. = 15 x 10 °for §,; = 35% andM = 1. Fig. 1 shows the ¢ . .|
3

Initial Reservoir Pressure A

percentage of true original free gas in place that would be oveg
estimated by extrapolating eagyzvs. G, data, indicating that the
overestimation is greater for larger initial pressure and higher g
values atinitial conditions. For an initial pressure of 10,000 psia argl 307
at, = 10 X 10 ° psi * the extrapolation of early data gives an® 5 zg5 |
estimate ofG that is about 25% higher than the true original freeg

gas in place. The sections below discuss the calculatigif)fand
Cu(p) functions.

3.35

3.20 —

Measur

3.15 —

Cumulative PV Compressibility ;. The material balance pre-  3.10 7
sented in this paper uses a cumulative PV compressikility

3.05
i I I I ]
defined as 0 2000 4000 6000 8000 10000
Cr( p) = i[w] (5) Pore Pressure, psia
Vpi p=p Fig. 2—Cumulative PV compressibility as a chord slope.
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TABLE 1—CALCULATION OF PORE VOLUME COMPRESSIBILITY FROM LABORATORY DATA
Reported Laboratory Data Calculations for p; = 9,800 psia

Po v, 5 ¢ P p;—p Vi = Vp Cr
(psia) (em?) (em?) (%) Cy (psia) (psi) (em?) Ea. 5

200.0 3.420 20.530 16.70 16.50 9,800 0 0.000 16.50
1,000.0 3.379 20.489 16.49 13.70 9,000 800 0.041 14.99
2,000.0 3.337 20.447 16.32 11.40 8,000 1,800 0.083 13.48
3,000.0 3.303 20.413 16.18 9.10 7,000 2,800 0.117 12.22
4,000.0 3.276 20.386 16.07 6.90 6,000 3,800 0.144 11.08
5,000.0 3.257 20.367 15.99 5.00 5,000 4,800 0.163 9.93
6,000.0 3.243 20.353 15.93 3.80 4,000 5,800 0.177 8.92
7,000.0 3.230 20.340 15.88 410 3,000 6,800 0.190 8.17
8,000.0 3.213 20.323 15.81 7.30 2,000 7,800 0.207 7.76
9,000.0 3.177 20.287 15.70 16.80 1,000 8,800 0.243 8.07
9,500.0 3.144 20.254 15.50 25.80 500 9,300 0.276 8.68
All compressibilities in 1076 psi’t
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Fig. 3—Cumulative and instantaneous c; vs. p for a sandstone  Fig. 4 —Cumulative and instantaneous c;, vs. p for a chalk with
with pore collapse. pore collapse.

) _ N ~ pressurefy,), wherep, equals the overburden gradient times depth
Pore collapse is defined as the condition when a rock’s instafinus reservoir pressure.

taneous PV compressibility starts to increase at decreasing reservoir

pressure. Pore collapse provides greater pressure support WR@fulative Total Water Compressibility ¢,,. The pressure sup-
collapse occurs at a high pressure. However, pore collapse is pgft provided by water is made up of two components. First, the
reflected by th&(p) function and will not therefore be seen on theyater expansion with decreasing pressure, and second, the release
p/zvs. G, plot at the pressure when pore collapse occurs. In faglf solution gas and its expansion. The total or composite com-
pore collapse may not be identifiable at all on the cumulativieressibility effect is expressed as
compressibility term. For example, the gulf coast sandstone in Fig.

3 exhibits pore collapse at 4,000 psia (about 5,000 psi less tha, ) _ 1 Buw(p) — Bu(p)

..................... 7
initial pressurep;). Despite the increase iy from 4 to 25X 10°° Bu(p) pi—p ")
psi—* in the pressure range 4,000 to 1,000 psia, the changge in .
over the same pressure range is almost insignifidéigt.4 shows " terms of the total water formation volume facty,,

a North Sea chalk sample from a reservoir with initial pressure of [Rawi — Rew(P)1By(P)
7,000 psia exhibiting pore collapse at 6,000 psia. Here the effectBuw(p) = By(p) + 5615 e (8)

pore collapse is greater, causigygo increase from 6 to 26 10 °

psi~* in the pressure range from 6,000 to 2,000 psia. In general,Fig. 5 shows typical behavior foB,, andB,,, as a function of

however, pore collapse in and of itself does not have a significamtessure; the figure also shows the behaviot,gfp) where it is

effect on thep/zvs. G, plot. seen that little increase occurs before a pressure of about 1,500 psia,
In the absence of laboratory data, PV compressibilities can bad that, at pressures below 1,000 psia, there is a significant

estimated from correlations presented by Haihd by Von Gonten increase inc,, with a limiting relationshipc,, = 1/p at low

and Choudhary®Hall’s correlation (his Fig. 2) gives instantaneouspressures,

PV compressibility as a function of porosity, i.e., there is no 1 T R, 11

pressure dependence. Von Gonten develops correlations forinstar‘qw(p -0 = [7 Psc Fowi ], )

taneous PV compressibilitg; as a function of net overburden 5.615 Tsc PiBuwi

p
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a0 15 ) Associated Water Volume RatioM. The total compressibility
effect on the gas material balance depends on the magnitudes of
rock and total water compressibilities and on the total pore and
water volumes in pressure communication with the gas reservoir
(including connate water and the PV within the net pay).

< Associated water and PVs external to the net pay include nonnet
7 Bw pay (NNP) such as interbedded shales and dirty sands, plus external
20 — ) 10000 water volume found in limited aquifers. Including these water
Reservoir Pressure, psia volumes in reservoir simulation is referred to as using a “gross”
model. In the proposed material balance equations this associated
volume is expressed as a ratio relative to the PV of the net pay
reservoir,

M = Mynp + MAQs  + e evveeeee e (12)

Btw

SCF/STB

30 —

By & By, BBL/STB
Row -

-

106 1/psi

Ctw-

10 -

0 I T | | where
0 2000 4000 6000 8000 10000

Reservoir Pressure, psia Mynp = (13)

Fig. 5—Cumulative total water compressibility, ¢,,,, vs. p.

Specifically at standard conditionp.(), C,, is given by Vpao

1 T R 1]

CulPsd) = [5 5.615TpBui P In the simplest case whevi = 0, there will be pressure support

only from connate water and the net pay PV. This is equivalent in
imulation to building a net model. The cumulative effective
ompressibility ternt, will then be expected to have values ranging

7 to 15X 10°© psrlfor normal-pressure reservoirs, where

fre larger values will generally result from high connate water
aturation.

Net pay compressibility effects alone can cause noticeable cur-

ture in thep/zvs. G, plot with potential overestimation of initial

free gas in place@) (see Fig. 1).

To calculatec,,, values ofB,,, Ry, andB, are tabulated with
pressure as shown ifable 2. These properties can be obtaine
from correlations at pressures less than about 10,000 psia
300°F. At more extreme conditions of pressure and temperat
and for gases with high concentrations of nonhydrocarbong C
N,, and H,S, we have used the Peng-RobinStequation of state
with volume translation and binary interaction coefficients that are,
dependent on both temperature and saliffity.

Another approach for high pressures is simply to extrapdgte
linearly andR,,, with a flattening curvature toward a constant value. . .
Nonhydrocarbons can be treated by evaluafag of each com- Mnne: The nonnet pay water volume rathdyy, comprises in-
ponent separately at its partial pressure, and summing the valuedfpedded reservoir PV, including shales and poor quality rock, that

all soluble components, are assumed to be completely filled with water. With this definition
Munpe Can be written in terms of the net to gross rdiig; defined
[Reul P JrotaL = 2 [Ru(YP] oo (11) as
wherey; is the reservoir gas mole fraction of Compongntyp- Rue = o F hoee oot r e (15)
ically the only components with appreciable solubility are methane, RONNP TR
CO,, and HS. Accounting for different porosities in the net pay and nonnet pay
Munp IS given by
TABLE 2—COMPARISON OF ¢, FOR NORMAL PRESSURE M (dhAwe _ $uwe(1— Rue (16)
AND OVERPRESSURED CONDITIONS NNP = (d)hA)R bR \ R /0 7
N Normal Properties and thicknesses of the net pay and nonnet pay are readily
Initial ~ Pressure _ Over- available from log analysis.
Porosity Cs Pressured
Sample (%) (psi™")  cp(psiT) _ _ o N o
M- Aquifers with sufficient permeability and limited areal ex-
Gulf coast sandstones tent can be treated as part of the total cumulative compressibility
Sample 1 13 4.8 6.4 term. The water volume ratio of the aquitdr,, can be determined
Samole 2 20 44 165 using geological maps and well control to define areal extent, and
P ) ’ electric logs to define the gas/water contact. In genévaly, is
North Sea chalk defined as
Sample 9 (pore collapse) 32 18.3 7.9
Sample 10 (pore collapse) 30 20.1 7.4 _ (d’hA)AQ (17)
A - . P R R R IR R I I I IR
Von Gonten ° (ohA)R
Sample 9A 1 3.0 6.0 and for a radial aquifer geometry quantified in terms of the aquifer
Sample 4A 22 4.6 9.2 to reservoir radius, o/, the aquifer volume ratio can be expressed
Sample 7A 26 5.9 7.2 . )
Sample 3A 28 8.6 106 B (d)h)/-\Q{<rA7Q) B 1] 18
AQ — L P I R R R R ( )
Sample 6A 25 7.8 8.6 (Pph)r

Normal P 4 is 05 psi/ft % Deoth: O 4 is 0.8 bt x Deoth. Deoth Brunset al* show that limited aquifers with,/r ratios up to 5
o 000 e el 7 HepT ENETpressurectis B8 perit % Bepth. Bep have the samp/z vs. G, behavior for permeabilities 100 md and
higher. This implies that the transient effects in the aquifer have
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negligible effect on reservoir performance and the aquifer can be 100
treated as part of the cumulative effective compressibility term.
Values ofM, used in the definition ot, may be as high as 25,
[Mao =~ (rad/fR)® — 1], in reservoirs with moderate permeability. 807
With higher permeabilities, limited aquifers can includgy/rr ~ _
ratios greater than 5 and still be treated as part of the cumulatiie
effective compressibility term. S

When the aquifer is sufficiently large and requires treatment witfy
either superposition or the Schilthius infinite aquifer model,dhe ~
term should still be used, but it will only contain the effect of net 2
pay and nonnet pay volumes; i.84, = Mynp

B o
o s
| |
3 3 3 3
] I\ A\ A\Y
=3 o - ©
=) = =) ‘©

20 —
Cumulative Effective Compressibility .. Total cumulative ef- Sandstone with
fective compressibility represents all available pressure support Pore Collapse
from rock and water. The equation fog is 0 T T I T
_ _ _ _ 0 2000 4000 6000 8000 10000
_ SuiCu(P) + &(p) + M[Cu(p) + T(pP)] _ _
C(p) = 1-5, e (19) Reservoir Pressure, psia
i

Fig. 7—Cumulative effective compressibility vs. p for a sand-
For a specific reservoir a family af,(p) curves can be generatedstone w/pore collapse.
for severaM values. These curves will have specific characteristics
depending on the pressure dependence of rock and water com-
pressibilities. Thet,(p) curves are relatively constant at high
pressure, increasing slightly as pressure decreases, then rising
sharply at low pressure around 1,000 psia. Typically, a constant PV gg _|

compressibilityc; can be assumed and tgp) curves will then
have the same character as tg(p) curve.Fig. 6 illustrates an -
example oft,(p) curves at variouM ratios for a typical gulf coast 60 —
reservoir withp, = 9,000 psiaT = 200°F,y, = 0.7 (air= 1), and .
a constant; = 3.2 X 10 ® psi~*. ° i
For overpressured reservoirs exhibiting a pressure-dependegt 40— Vm=2_0
Cdp), the family of c(p) curves at high pressures will tend to '®
decrease with depletion. In the absence of pore coll@pe? \ m=1.0

100
Chalk with

Pore Collapse

0'61/p5|

decreases to a constant value at lower pressure aggd(f)eurves 20 — m=0.5

at lower pressure are dominated by the increasjp@) function. m=0.0

If pore collapse occurs, but not early in depletion, the pore collapse

is almost insignificant because tlegp) function does not start 0 T 1 | 1

increasing until low pressures because it represents a cumulative 0 2000 4000 6000 8000 10000

PV change, and, when ttg(p) function finally starts to increase
it will be masked by th&,,(p) function which is increasing asg/
Fig. 7 illustrates this point for a gulf coast overpressured reserv
with p; = 9,000 psiaT = 300°F, andy, = 0.71 (air= 1). Although
pore collapse occurs at approximately 3,500 psia (Figc:3Joes
not start increasing until 2,000 psia. The increase is insignificant

relative to the increase iq,,(p) at lower pressures. pressures for this example, tidgg,(p) function still dominates the

The next example is a North Sea chalk (Fig. 4) that shows pasehavior ofc(p) at pressures less than 1,500 psia.
collapse at a pressure only 1,000 psi below initial pressure of 7,000

Reservoir Pressure, psia

Fig. 8 —Cumulative effective compressibility vs. p for a chalk
(WIpore collapse.

psia. Thec(p) function increases almost simultaneously withegiimating Gas-in-Place. A method is proposed for estimating
instantaneous;, and the effect o€(p) onc(p) is shown inFig. 8.

Although ¢(p) has an impact ort(p) at moderate and high cymylative data. The procedure also determines the water volume

100

80 —

106 1/psi
[-2]
[=]
|

Ce.
FS
=3

|

20—

¢ ¢ with Constant Rock Compressibility, ¢

333
[N
co=
one

Fig. 6 —Cumulative effective compressibility vs. p at various M

ratios.

2000

4000 6000 8000 10000

Reservoir Pressure, psia
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the initial (free) gas in places based on historical pressure/

ratioM and thec(p) function. First, a plot op/zversus cumulative

gas productiorG, should have the characteristic concave down-
ward shape of a high-pressure reservoir influenced by associated
water and PV compressibility.

A range of values fo6 should then be assumed, with the largest
value based on an extrapolation of the early depletion data, and the
lowest value being somewhat larger than the cur@ptFor an
assumed value dB, calculate for each measuretz andG, data
the T, value from the rearranged material balance, Eq. 2,

TR
! (p/2)<1 ¢l (20)

At this point, a plot can be made of backcalculaidas a
function of pressure given the assunt&dJsing reservoir rock and
water properties, a family di(p) curves at varioud/ values can
be generated independently to match against the backcalcalated
values. The data should honor the shape and magnitude of(@ye
curve, where this match yields, theM value, and &,(p) function
that can be used to forecast futupéz vs. G, behavior. This
procedure gives a sound physical significance to the estimation of
G as opposed to a pure statistical best fit that may lead to unrealistic

(Ce) backcalculated— [
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solutions. The Field Examples section discusses criteria for match- 7000

ing field data, and the expected behaviorcgp). m=0 A\

6000 —|

Characteristics of p/z vs. G, Plots for
High-Pressure Reservoirs 5000 —

PV reduction, water expansion, and solution gas evolution, exs
pressed in terms dfy(p) in the general material balance equation,&
provide pressure support for all reservoirs during depletion. The
reservoir does not have to be overpressured or geopressured. Phe
termCy(p)(p; — p) determines whether the conventiopétvs. G,
plotyields a straight line. For most low-pressure reservoirs this term
is small and is often neglected because a straighiplines. G, plot
is obtained. Reservoirs undergoing depletion with initial pressure
exceeding 5,000 psia are automatically candidates for being treated
with the complete material balance equation. I ! I f
Fig. 9 presents three generatettvs. G, curves for a gulf coast 0 20 40 60 80 100
overpressured sandstone reservoir using O (i.e.,C.(p) = [C(p) Gp/G, %

T SuGwP/(1 — Sy). Curve A accounts for PV reduction, 'r:i’% 10 —Effect on p/z vs. G, with and without pore collapse,

4000 —

X ¢; with Pore Collapse

¢ without Pore Collapse > A
]

3000 —

2000 —|

1000 —

including pore collapse at about 4,000 psia. Curve B uses the sal Ik
€«(p) function as Curve A down to 4,000 psia (where pore collaps? alK.
occurs) and thereafter uses a constant instantaneous compressibility
of 4 X 107 ° psi~*. Plots ofp/zvs. G, for A and B are almost observed. The reservoir has produced about 3.1 Tscf, and currently
identical, showing only a slight separation at pressures less thass an average fieldwide bottomhole pressure of approximately
3,500 psia. This clearly shows the limited effect of pore collapse dn000 psia. Thep/z vs. G, plot shows a characteristic concave
thep/zvs. G, plot when collapse occurs late in depletion. Curve @ownward behavior, with an initial gas in place estimate of more
assumes that the initial PV compressibility of ¥3107° psi™*  than 4.4 Tscf using early dat&ig. 11). Thep/zvs. G, data at low
remains constant throughout depletion. The difference between gressures has started flattening.
two p/zvs. G, Curves A and C is a result of the actual decrease in The procedure outlined earlier for determining initial free gas in
PV compressibility. Including an external water volume quantifieflace G was used for this reservoiFig. 12 shows a plot of
with M = 2 produces more curvature in th&zvs. G, plots, but the  backcalculated, vs. pressure for a range 6ffrom 3.0 Tscf to 3.6
separation between curves with and without pore collapse is sliscf. Another plot of,(p) was generated independently from rock
very small (not shown). and fluid properties by use of an equation of state for several values
Another example relates to a North Sea chalk reservoir wheseM with S,; = 0.35,¢ = 6.5 X 10 © psi * (from Hall*"), and
pore collapse occurs just below initial pressufey. 10 presents ¢, (p). Fig. 13shows the best-fit of data on tieg(p) curve forM =
generategh/zvs. G, plots forM = 0 with pore collapse (Curve A) 3.3, corresponding to an initial free gas in pla@e= 3.15 Tscf.
and with no pore collapse (Curve B). The effect of pore collapse The total water volume including connate and associated waters
is more significant than in the previous example because it occussgiven by

at a relatively high pressure.
e igh pressy 1 GBy(Sy+M)

Field Examples WoB615B,, (1-S,) ' "~ (1)

Ellenburger Gas Reservoir. This field example is for a normal hich yields 8.45(18) STB. The initial solution gas in plad@, is
pressured (0.5 psi/ft) 1,600-ft-thick, dry gas reservoir with initi - o ; _ s
reservoir pressure of 6,675 psia at 200°F. Average porosity is ak?g&tual towtimes the initial solution gas/water ratiy,

5% with connate water saturation in the pay of about 35%. Per-Go=WRyi.  « .ottt (22)
meability is high because of an extensive microfracture system that ) o ) .
results in a high degree of interwell pressure communication aRgcause of the high C{zoncentration in this reservoir, the solution
almost instantaneous pressure buildup to static conditions. Init@as/water ratioR,,,; = 67.5 scf/STB) is about three times larger
CO, concentration was about 28 mol%, and a gradual increasetif@n for hydrocarbon gas systems. This yields a solution gas in

CO, concentration to 31 mol% at the present time has bed@ce ofG; = 0.55 Tscf and a total initial gas in place 6f+ G,
= 3.70 Tscf. Fig. 11 shows th®zvs. G, forecast using th#l value

determined from the match to calculate &) function fromS,,,

2000 M, €;, andc,,(p). Also shown on this figure is the plot gp{z)[1 —
m=0
7000 — 7000 7000
_ Ellenburger Gas Reservoir
6000 = °t ° 6000 O Historical Performance Data - 6000
5000 —| 2 5000 - 5000
- Sandstone = Forecast Line m=3.3
g 00 = 4000 — S g oV — 4000
. 4000 — » L 45g O B L
\:. Ef without Pore Collapse > < £ 30007 Material Balance Line 3000 d
— 8 c¢=Constant = _ N L N
3000 f=oon £ 2000 \ — 2000 §
2000 — T 1000 "o ® — 1000
_ AN 0 0
1000 — c¢ with Pore Collapse » a
A -1000 — - -1000
G G+Gs
0 I I | I -2000 i i e -2000
0 20 40 60 80 100 ° 1 2 3 4
Gp/G, % Gp, tscf

Fig. 9 —Effect on p/z vs. G, with and without pore collapse, Fig. 11—Pressure vs. cumulative production, Ellenburger gas
sandstone. reservoir.
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Fig. 12—Backcalculated C, vs. p at various original gas in place  Fig. 14 —p/z vs. cumulative production, Anderson “L” reservoir.
(OGIP) values, Ellenburger gas reservoir.

100
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. o
> ™
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- o
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Fig. 15—Backcalculated ¢, vs. p at various OGIP, Anderson “L”
Fig. 13—Matching backcalculated ¢, to generated ¢, curves, (agervoir.

Ellenburger gas reservoir.

connate water compressibilities. The lowest estimate of 65 Bscf

CP)(p; — P)] vs. G, for historical performance data and for thegives a shape fo?ce(p) that cannot be accounted for using normal
forecast, where it is seen that the current cumulative gas produ&g@®) andc,,(p) functions.
equals the original free gas in place. The forecasteg/z vs. G, performance (Fig. 14) is calculated

The associated water volume given by = 3.3 consists of With the match determined above. Total gas in place of is 76 Bscf,
nonnet pay and an external limited aquifer. Log analysis indicat@&ich includes 72 Bscf of original free gas plus 4 Bscf of solution
a net-to-gross ratidRyg = 0.5, pg = 0.05, andpynp = 0.03, 9as.
yielding Mnyp = 0.6. External water is known to exist but has not
been mapped because of lack of well control. The calculated aqui@enclusions

water volume ratiMq = 2.7 (3.3~ 0.6), or an equivalent,o/rr 1. A general form of the material balance equation for gas
= 1.9, seems reasonable for a limited aquifer. reservoirs has been presented. This equation has particular appli-
cation to high-pressure reservoirs. A cumulative effective com-
Anderson “L”. This reservoir has been studied by several authopsessibility termcTy(p) has been defined in terms of pressure-
and itis perhaps the best recognized example of a high-pressuredgrsendent PV and total water cumulative compressibiliigp)
reservoir with concave downwapdz — G, behavior Fig. 14). The  andc,,(p), and the total volume of water associated with the net pay
reservoir was abandoned after producing 55 Bscf, but pressure tesgervoir expressed as a rakib
of public record were discontinued after 40 Bscf had been pro-2. The general material balance equation applies to all high-
duced. pressure reservoirs, both normal pressured and abnormally pres-
Different analyses by other authors have indicated original freseired (overpressured and geopressured).
gas in place between 65 to 75 BsEfg. 15 shows backcalculated 3. The effect of a limited aquifer can be included as part of the
C. vs. pressure for values @ equal to 65, 72, and 90 Bscf. TheM term for most depletion-type reservoirs. Using the water volume
72 Bscf volume is chosen based on a best-fit match witlcif® ratio M in the cumulative effective compressibility term, together
function calculated usiniyl = 2.25,S,; = 0.35,& = 3.2 10°° with normal values of; and¢,,, explains the “large’c, values
psi—*, and &&,,(p) function from equation of state results. Althoughcommonly reported for high-pressure gas reservoirs when linear-
the first four data do not fall on the slightly increasiagp) curve, izing the material balance equation. In fact, large value€.of
data at pressures below this value do follow the trend down to thackcalculated from field performance data indicate that associated
last pressure datum near 3,000 psia. water influx is a dominant drive mechanism.
The 90 Bscf estimate produces unrealistically loywvalues, 4. Only cumulative compressibilities;(andc,,) can be used in
lower than would be calculated using the net reservoir PV aitde general gas material balance equation because they are applied
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against the cumulative pressure drgp { p) in p/zvs. G, plots.
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Nomenclature
A = area, ft [m?]
B = formation volume factor, reservoirperstandardvolumes_ Bass. D.M.:
¢ = instantaneous compressibility, 1/psi [1/kPa] X
€ = cumulative compressibility, 1/psi [1/kPa]
G = original free gas-in-place, Bscf [stdn 15-16 May.
G, = cumulative gas production, Bscf [std®m
G, = initial solution gas in place, Bscf [std ¥h
G, = early overestimate o6, Bscf [std n7]
Gi,, = cumulative gas injection, Bscf [std
h = thickness, ft [m]
M = volume ratio, dimensionless
Rus = net to gross ratio, dimensionless
p = reservoir pressure, psia [kPa]
p; = initial reservoir pressure, psia [kPa]
p, = net overburden pressure, psia [kPa]
re = radius of reservoir, ft [m]
rag = radius of aquifer, ft [m]
R., = solution gas water ratio, scf/STB [std*im?]
S+ = initial water saturation, fraction
T = reservoir temperature, °R [K]
V = volume, f [m?]
V, = PV, cn? and ff' [m?]
V, = bulk volume, crmi [m?]
W = total water in place, bbl [Aj
W, = cumulative water influx, bbl [
W,,; = cumulative water injection, bbl [Fh
W, = cumulative water production, bbl ffn
z = gas compressibility factor, dimensionless March.
¢ = porosity, fraction
(1990) 3, 305.
Subscripts
A = associated water
AQ = limited aquifer
e = effective
f = PV (“formation”) 198,309.
g = gas
t = gross interval thickness
i = initial
inj = injection
NNP = nonnet pay
R = reservoir
sc = standard conditions
tw = total water
w = water

10

Equilibria (1992) 77, 217.
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Appendix A—Derivation of General Gas represents “free” water production and not the water condensed out
Material Balance of solution from the produced gas wellstream.

The derivation that follows is based on the following assumptions: The gas volume in the associated PV is a function of the amount
1. Any pressure change caused by production or injection into tEgas that has come out of solution,

reservoir will be felt immediately throughout the total system

including (a)net pay reservoi(R); (b) nonnet payNNP), includ- _ GBy, 1

ing interbedded shales and poor quality rock assumed to be 100%9 ~ 1 — 5, M E(Rﬁwi — R By 5615 "~ (A-9)

water-saturated; and (d)mited aquifer(AQ), when present, also

assumed to be water-saturated. The nonnet pay and aquifer volumegse water volume in the net-pay reservoir equals the unproduced

are referred to as "associated” water volumes and both contribyi@ia| water plus injected water plus water encroachment from an
to water influx during depletion. external aquifer

2. Simple modifications to the material balance equations can be
mettde tt_o generalize for nonnet pay that has an initial free gasvwR — (Vardunprodusect (Vardmecied+ [(Vardencroachmerb
saturation.
3. All water in the system is initially saturated with solutongas. (A-10)
Practically, the assumption of equal pressure throughout the
system is reasonable, and any transient effects caused by a '%ﬂgfding
aquifer may be treated by a conventional water influx te¥vp) @s
shown below. GB, Su W,B,
For the sake of brevity we have chosen to omit explicit referencey, . = ( ALY S > + 5.615M\,B,, + 5.615N.
to pressure dependence—i.g,, ¢;, andc,, should actually read 1-SiBy 5.615

Co(P), C(p), andt,(p). (A-11)

Derivation. The volumetric balance at any pressure states that th
total PV (V& + V,,») equals the net reservoir PV occupied by gag
and water Y, + V,,5) plus the associated (nonnet pay and aquife
PV which also is occupied by gas and wateép{ + V,,):

®rhe aquifer encroachment tefiv, represents any external water
olume that is not already included in ti\ term. Later in the
erivation, we show the conditions required so that water encroach-
ment (treated rigorously by the method of superposition) can be

(Vor + Vou) = (Vgr + Var) + (Vga + Vaun) -« vovoeen e (A-1) included as part of th&/ term used in the cumulative effective
compressibilityC,.
The net-pay reservoir PVis given by the initial volume/, The water volume in the associated PV is given by simple
less the change in PXV g, expansion,
VPR = VpRi - AVpR, ............................ (A'2) GBg| 1
Via = Mo—By. oo A-12
Vori = Vori + VieRis  + o e v eeee oo (A-3) »~1-5,MB, a-12)
Voo = GB. 4+ GBy; Inserting the appropriate equations above in Eq. A-1, rearranging,
ori = GByi 1-Su S and grouping terms yields,
and GBy [ [(By+ (Rwi— RwBy/5.615 By
G B - B i + i EE——
GBgi _ _ _ ( ? g) 1_SNilSN[ Bui Bwi:|
AV = i-s, Gp—P; G=@Cry e (A-4)
— (BW + ((sti - st) Bg)/5615 BWi
yielding +C(p—p+M B, ~B,
GBy, GBy,
Vg = GB,; + - &P —p. . A-5

PV of the associated rock is given by the initial PV less the
change in PV, i.e., W,
= (G, — W,Rsw — Girj) By + 5.615<WID - W, — —) B, .

Vor = o M= P ng(p —p) (A6) >
PATl-8 1-8 LT T (A-13)
The net reservoir gas volume is given by the sum of unproduced_ . )
free gas, gas released from solution, and any injected gas, Defining the total water/gas formation volume facgy,,
Vor = (Vo2 g™t (VorRomeition ™ Vordnjecteas - - - - (A7) B, = B, + (Rowi = Raw) By (A-14)
L 5.615
resulting in
Vyr =[G — (G, — W,R.)]B, Noting thatB,,,; = B, and defining the cumulative total water/gas
compressibilityc,,,
GBy Sui By
tiz S, *i(sti - st)ﬁ+ (G = A (A-8) o - (By — Byi) 1 A 15)
w B, (=)

pressure/volume/temperature properBgandR,,, are evaluated at

current reservoir pressure. ValGg for a gas condensate is the wet Now, defining a cumulative effective compressibiliy,
gas volume calculated by adding separator gas to liquid condensate ~ "’ '
converted to an equivalent surface gas volume. Also, the two-phase Syt + & + M(Ey + )

Z-factor must be used to calculat& for gas condensate reser- ¢ — iCw G wr& (A-16)
voirs. Strictly speaking the cumulative water production takim 1-S,i
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gives summation can be closely approximated by

G(By — By)) + GBy[C.(p — p)] ,E Qo(AYLAD = Q5(P =Py «veveieaa (A-25)

5.615 o . . L .
= By| Gy — Giyy + WoRew + —5—(W,B,, — WiyBy, — We) | giving a simple expression fal/, that is independent of time and
By only dependent on reservoir pressure,

------------------------- (A-17) W, =BQ5(p —p); Wabbl) ....................(A-26)
Dividing through byGB; and expressinB, = (ps/Ts)(zT/p gives T, ~
the final form of the material balance = & 15¢MRN(Cw + T,
B ¢ P 1 1] (Ta0)?
Ly S o= (" e -G - Q
L= Clp = p)] <Z>i{l G[Gp Ginj + WoRsw Q= 5[(?) - 1]. ......................... (A-27)
5.615 ; ; ;
+ 5, (W,B,, — W,,B, — We)]}- ExpressinglV, in terms of aquifer PW ao
W, = 7(rfq — rR)ph(Cuw + C)(p — P);
......................... (A-18)
and
Thep/zvs. cumulative plot, including all terms, would consider 3 _ ~ N :
(p/A[1 — TAp, — P)] vs. the entire production/injection/encroach- WE(ft) = VoagCw + (R = D) oo (A-28)
ment termQ The material-balance equation can then be written
[ _(P\ (P2 P P G, p\ W,
J1-tp—pl= (Z>i G Qe (A19)  J1-t(p-pl= <Z>i<l — E) + <Z>i ca, 5.615
With (A-29)

5615 and simplified in a form where thg, term includes the aquifer
Q=G, — Gp + W,Ry + B—(WpB\,v = WBy — Wo), contribution to pressure support,
9

......................... (A-20) <p) We (p) We Tee p_p We

z) GB,  \z), G P Tz zGBy’
where the intercept is given bp/p); and the slope equalp/p),/G. 5 B
SettingG;,; = W,,; = W, = W, = 0 gives the common form of the GB, = Voul—S,) = P Voao(Cuw + S(Pi — P)
gas material balance, By PR vz Vpr(1 — Sy)

p _ (P Go\ (A-30)
E[l - Ce( P~ p)] = E 1- E e .(A-Zl)
i Rearranging, we arrive at the general form of the material

balance (without water production and gas/water injection terms):
Treating Limited Aquifersin T, Term. The material balance thus G
far has considered any associated water volume expressed in term$y _ ¢ (p — p)] = (E) (1 — J>, ______________ (A-31)
of the M parameter. In fack may include a limited aquifer with  Z Z/, G
up to 25 times the reservoir PV for a system permeability greater
than about 100 md, and even larger aquifer volumes for high&here
permeabilities. The condition that determines when a limited aqui- - _
fer can be treated as part of thgterm is outlined below. We start ¢ = SuiGw + G+ ((Vonel Vor) + (Voad Vo)) (G + @)
with the general material-balance equation including a water en- 1-5,
croachment termiV, and ac, term that considers only nonnet pay.

......................... (A-32)
P _(p G We Vo + Voro
AL~ —pl= (z).(l G T>05gg ) (A22) gy = Tewwe T ¥eao _ Yea (A-33)
i VpR VpR
and and
SNié[W + (_:f + (VpNNP/VpR)((_:tw + (_;f) _ S/viétw + (_;f + M(étw + éf)
C.= e A-23 Ce = e A-34
e 1-— S/vi ( ) ¢ (1 - Sm) ( )
The water encroachment term calculated by superposition is &t Metric Conversion Factors
pressed, °F  (°F—32)/1.8 =°C
_ in. x 1.638 706 B-01 = cn?®
W, =B Z Qo(AYDAP, e (A-24) 43 % 2,831 685 E02 —
psi X 6.894 757 B-00 = kPa
SPEJ

where Qp(tp) is the dimensionless cumulative influx given as a
function of dimensionless timg and aquifer to reservoir radiug
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Discussion of Application of Materidl
Balance for High-Pressure Gas Reservoirs

M.P. Waish, SPE, Consultant

Introduction last resortE; can be approximated from

| enjoyed reading “Application of a General Material Balance for E =c(p—p)
High-Pressure Gas Reservoirs” by Fetkovathal® They did an G TPL

excellent job of e;,ta_b_llshl_ng the I!mltatlons of conve_ntlonal IS herec; is the rock compressibility that is obtained from correlation
thermal compressibilities in material-balance calculations and fd is treated as a constant Application of Eq. D-7 is not preferable
need to account for the pressure-dependent effects of rock Fetkovichet al. point out, inasmuch as it ignores the pressure
water compressibilities in high-pressure gas reservoirs. They a(: endence of the rock isothermal compressibility

dressed this limitation by |ntroduq|ng a new, prgssure-dependgn otice that no isothermal compressibilities—neither instanta-
partarlne(tjer, ?amgly, thilcumﬂftg’e cotmprgssmlllt)g t'[l;hey Ultheous nor cumulative—are needed in our development. Instanta-
mately developed a viable method, centered around the New gy, q compressibilities are avoided because they limit the gener-
mulative compressmlllty, to estimate effectively the original gasii lity. Cumulative compressibilities are not needed because the more
place (OGIP) in gas reservoirs where the effects of rock and wa pular two-phase FVF or expansivity can be used alternatively.

compressibility are obviously important. Eq. D-1 requires sliaht manioulation before it can it i
I compliment the authors on their interest in this problem anfﬁnaquorm ?ﬂg silsst?er?] ;V?S pulation before it can be cast into its

their ingenuity. My associates and I, too, have examined this

problem; however, we routinely use a slightly different solution v, = GBy + WByi. .. ovovvvviieininnn. (D-8)
technique. Our method is analogous to the popular work of Havlena

and Odeh and, attractively, does not require the use of anW is related toGy; andM by

isothermal compressibilities. Those familiar with the work of

Havlena and Odeh will find our development straightforward, \,, _ GigiByi(Swi + M) (0-9)
tractable, easy to implement, and possibly preferable. 1-S)B, ' oty
Mathematical Development whereM is V,4/Vor EQ. D-9 assumes the system is divided into

l{l%servoir and associated segments, the associated PV is saturated
with water, and the reservoir PV contains gas and water at an
average water saturation §f;. Substituting Egs. D-8 and D-9 into
F=GyEy +WE, + VB +W,. ..., (D-1) Eq. D-1yields

Our approach is based on the linearized form of the applical
material-balance equation,

Our nomenclature purposely follows Havlena and Odelis F=GgBE +We o (D-10)
minimize the introduction of new variables and terminology. The ) o )
rock expansivity,E;, is expressed in units of pore volume (PV)whereE, is the total expansivity defined by

change per unit PV. For the case of a strictly undersaturated gas in
a system containing gas-saturated wakeis given by E =K [%] + E{W} _____ (D-11)
F =GBy + WyBy — RuBg)e v (D-2) ' ' '

o ) Eqg. D-10 agrees with Eq. A-13 in the authors’ paper if Eqs. D-3,
The expansivities are measured directly from laboratory expansigg and D-7 apply and; is replaced by, In the absence of water

tests or can be evaluated from the following expressions: encroachment from outside the system, Eq. D-10 reveals that a plot
E =B. — Boi oo (D-3) ©of Fvs.Eyields a straight line that emanates from the origin and
¢ e whose slope i€y The F-vs.E plot is analogous to th&-vs.-
By =B = Burir v v v (D-4) (MEB./By) plot described by Havlena and Odeldnce Gy; is
v determinedW is given by Eq. D-9 and the total OGIP is
and E = plv,,i S (D-5)  G=Gig + WRu e (D-12)

where Subscript denotes the initial condition. The expansivitiesvhere the produdtVR,,; represents the solution gas,. [Note that
are, of course, functions of pressure. More general expressiond§fuseG andGy; to denote the OGIP and original free gas in place

Egs. D-1 through D-3 can be found elsewhefe. (GIP), respectively, whereas Fetkoviehal. useG to denote the
B, in Eq. D-4 is the two-phase water/gas formation volumeriginal free GIP.] o _ _
factor (FVF) and is related tB, andR, by Because material balance demands a straight line, this require-
ment yields a very simple criterion to determile namely,M =
B =By + By(Ruwi =Raw)- - (D-6) the value needed to obtain a straight line. This solution procedure

£ D-4 and D id . d reliabl is completely analogous to the method used by Havlena and Odeh
gs. D-4 and D-6 provide a convenient and reliable means {9 jetermine the gas-cap size in initially saturated oil resenvuirs.

estimatet,, andB,, without direct measurement beca@&endRs,  atects the shape of the-vs. £, plot becausé, is a weak function

can be reliably obtained from correlation alg is invariably of M (see Eq. D-11)Fig. 1 schematically shows hoM affects the

known. _— . shape of &-vs.E plot. If M is too low, the data curve upward; if

If laboratory rock compressibility tests are conductéd,is ;g toq high, the data curve downward. The accuracy of the routine

evaluated from Eq. D-5. The quantity{ — V,)/V,, is invariably 5 pe enhanced by measuring the departure from linearity in terms

available from such tests, as illustrated by Fetkowthl* As @ ot grandard linear regression quantities, such as the correlation
coefficient, standard error, or root-mean-square error. Our experi-
ence with this routine reveals it to be fast, reliable, and unambiguous.

Incidentally, it may appear that there is an even better way to
(SPE 51360) solve this problem upon close inspection of Eq. D-1 and the
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t Fig. D-2—F-vs.-E; plot for Anderson L reservoir.
Fig. D-1—Effect of M on shape of F-vs.-E; plot.
TABLE D-1—COMPARISON OF RESULTS
supplemental equations. Substituting Eq. D-8 into Eq. D-1, assups
ing no water encroachment, and rearranging yields Fetkovich,
F (E, + ByE) Walsh et al.
gi = -
= p =+ A -
E, ¥ B.E)  C9E, 1B,E) TV ©19) 1 6, ot 73.1 72
. - G, Bef 15 4
This equation reveals that a plot &/(E, + ByE) vs. € +
ByEn/(Ew + BuEy) yields a straight line whose slope @, andy G, Bef 74.6 76
intercept isW. This is obviously a superior approach because |it W, MMSTB 46.0 137
solves forGy andW simultaneously. This approach is analogous Associated water, MMSTB 27.3 118
to Havlena and Odeh’s plot 67E, vs.E/E, to determine OGIP and | 0.51 205
original oil in place in a gas-cap reservoir simultaneously. This was

how we initially approached this problem. Unfortunately, because
the net expansion of the initial water phase is so much less than the

net expansion of the initial free gas phase, this method is not always . . L .
reliable. ethod involves a trial and error optimization of two variables,

We have also successfully solved Eq. D-10 directly with multipl¢hereas our method requires optimization of only one variable.
nvergence is less ambiguous in our case. Notice, for instance,

regression analysis. This approach is equivalent to finding the b . ) o .
plane through the data points in three-dimensional space, where %/ Well the straight line matches the data in Fig. 2, and then notice
the scatter of the open circles with the curve in Fig. 15 of the

Zé:(;g Is/(f ' _y'si?)}?t{eE:g;/Fgﬁ (1b_y %i)]++EIVEV%§g[E—;WI(SlNi)},SaMrZ]d ; authors’ work. Because the goal is to estimate the OGIP, we do not
respectively. This more sophisticated approach allows us to sof"Sider this difference a material shortcoming in the authors’
for M and Gy, simultaneously. Indeed, this approach is mathemaiork. T_he Ilne_arlty of the data in Fig. 2 gives us confidence that the
ically preferable: however, it departs from the popular straight-lif@°del is applicable and the OGIP estimate is good.

techniques of Havlena and Odeh. Also, it is more complicated,

requires a more lengthy mathematical development, and does Rfmmary

appreciably improve the accuracy of the OGIP estimates. Accoild- summary, the advantages of our method are as follows:

ingly, its presentation is purposely omitted. 1. No range of OGIP estimates needs to be presumed.
2. No family of backcalculated.-p curves as a function of the
Example OGIP needs to be computed.

To illustrate our method and to make direct comparison with the 3- NO family of C-p curves as a function ol needs to be
authors’ work, we purposely consider the Anderson “L” reservoffomputed. . .

as an example. This example was studied by the autigs2 ~ 4- NO subjective matching di.-p curves is necessary.

shows the plot of vs. E. E, andE, were evaluated frorg,, B,, 5. Itis completely analogous to the popular work of Havlena and
andR, data given by Fetkovickt al8 E; was computed with Eq. Odeh. .

D-7 with ¢ = 3.2 X 10°° psi’, as assumed by the authors. We 6. Only one plot E vs. E) instead of two plotsffz vs. G, and
purposely used the same data as the authors so that a difedfS: P) IS required. . _ .
comparison of the two methods could be made. The straightest lind*\n0ther advantage of our method is that its extension to gas-
was obtained wittV = 0.51. A least-squares fit of the data yielded:ondensate systems is trivial if one adopts more general definitions
a line with a slope of 73.1 Bcf. The least-squares line is includél F @ndE, (see Walstet als.* and Walshk~). .

in Fig. 2. Table 1summarizes the results. The comparison in Table Although we believe our method is simpler, we openly admit that
1 reveals that both methods yield very nearly identical result§!€re is nothing wrong with the method of Fetkovietal As our
except our method estimates less associated water than the auth§f@MmPple illustrates, both methods yield comparable OGIP esti-
Most importantly, the OGIP estimates are very close (74.6 vs. F&t€s; thus, the choice is purely a matter of preference.

Bcf). We suspect our method may be slightly more accurate

because it is easier to find the straightest line while varying bhly Nomenclature

than to find the best match of twi-p curves—one of which is a B, = gas FVF, res bbl/1,000 scf

function of M and the other of which is a function &—while B,, = two-phase water/gas FVF, res bbl/STB

varying bothM and G simultaneously. Simply put, the authors’ B, = water FVF, res bbl/STB
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C. = cumulative effective isothermal compressibility?t, References

psit 1. Fetkovich, M.J., Reese, D.E., and Whitson, C.H.: “Application of a
¢ = instantaneous rock (formation) isothermal compress-General Material Balance for High-Pressure Gas Reserv@RE Jour-
ibility, Lt%/m, psi?t nal (March 1998) 3.
G = cumulative rock (formation) isothermal compressibility 2. Havlena, D. and Odeh, A.S.: “The Material Balance As an Equation of
Lt/m, psi* a Straight Line,"JPT (August 1963) 896Trans., AIME, 228
E; = rock (formation) net expansivity, res bbl/res bbl 3. Walsh, M.P., Ansah, J., and Raghavan, R.: “The New, Generalized
E;, = gas phase net expansivity, res bbl/1,000 scf Material Balance as an Equation of a Straight Line: Part 1—Applications
E, = total net expansivity, res bbl/1,000 scf to Undersaturated, Volumetric Reservoirs,” paper SPE 27684 presented
E, = water phase net expansivity, res bbl/STB atthe 1994 SPE Permian Basin Oil and Gas Conference, Midland, Texas,
F = total fluid withdrawal, 5, res bbl 16-18 March.
G = OGIP, L3, 1,000 scf 4. Walsh, M.P., Ansah, J., and Raghavan, R.: “The New Generalized
G = original free GIP, E, 1,000 scf Material Balance as an Equation of a Straight-Line: Part 2—Applications
G, = cumulative net gas produced?, 11,000 scf to Saturated and Nonvolumetric Reservoirs,” paper SPE 27728 presented
G, = original dissolved GIP, 1, 1,000 scf at the 1994 SPE Permian Basin Oil and Gas Recovery Conference,
M = ratio of associated and reservoir PV’s, dimensionless mMidland, Texas, 16-18 March.
p = pressure, m/I psia 5. Walsh, M.P.: “A Generalized Approach to Reservoir Material Balance
R., = dissolved gas/water ratio, 1,000 scf/STB Calculations,”J. Cdn. Pet. Tech(January 1995) 55.
Sy = reservoir initial water saturation, dimensionless 6. Walsh, M.P.: “New, Improved Equation Solves for Volatile Oil and
V, = system (reservoirt associated) PV, 1. res bbl Condensate Reservesil & Gas J. (22 August 1994) 72.
Vs = associated PV, 1, res bbl 7. Walsh, M.P.:Petroleum Reservoir Engineeringetroleum Recovery
Vor = reservoir PV, E, res bbl Research Inst. Press, Austin, Texas (1996).
W = original water in place, {, STB 8. Fetkovich, M.J., Reese, D.E., and Whitson, C.H.: “Application of a
W, = encroached water,’/.res bbl General Material Balance for High-Pressure Gas Reservoirs,” paper SPE
W, = cumulative net water produced?,LSTB 22921 presented at the 1991 SPE Annual Technical Conference and
Exhibition, Dallas, 6—9 October.
Subscripts
A = associated SI Metric Conversion Factors
g 2 popinaton (rockd bbl X 1.589 873 EO01 = md
i = initial condition ft' x2.831 689 E02-m
R — reservoir psi X 6.894 757 B-00 = kPa
w = water SPEJ
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