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Abstract

This paper presents the derivation of a general gas material balance that
has particular application to high pressure gas reservoirs. The material
balance is valid for both normal-pressure and over-pressured (geo-
pressured) reservoirs. Its main application is to calculate original gas in
place and assist in calculating remaining recoverable reserves from
pressure-production data.

The form of the material balance equation is

(P2)[1-5,(p)(p,-P)] = (p/2)(1-G,/G)

which includes a pressure-dependent cumulative effective
compressibility term &,(p) that is defined in terms of the following
reservoir parameters: (1) pore compressibility, (2) water
compressibility, (3) gas solubility, and (4) total water associated with
the gas reservoir volume. "Associated” water includes connate water,
water within interbedded shales and non-pay reservoir rock, and any
limited aquifer volume. &, physically represents the cumulative change
in hydrocarbon pore volume caused by compressibility effects and
encroaching water.

High pressure gas seservoirs typically have curved p/z-G, plots
(concave downward). Incorrect extrapolation of carly data may result
in serious overestimation of original gas in place and remaining
recoverable reserves. The proposed form of the gas material balance
cquation provides a method to linearize the p/z-G, plot and thercby
predict the truc original gas in place. A method is suggested to
determine inatial gas in place by analyzing the behavior of cumulative
cffective compressibility backcalculated from pressure-production data.
The &,(p) function determined by this procedure, or estimated from logs
and geological maps (when sufficient production data is not available),
is then used to forecast prcssurc-cumuhtive behavior.

For most reservoirs &, is fairly constant through most of depletion.
The mwmde of &,(p) at initial pressure usually ranges from 15 to
100(10°) psi’, depending mostly on the volume of water associated
with the gas mervoir. As defined in this paper, all components of &,
represent cumulative volume changes; i.c., instantancous water and
rock compressibilitics are not used directly.

References and illustrations at end of paper.

We show that the effect of pore collapse on high pressure gas
reservoirs is generally positive, providing additional pressure support.
There is not a clear discontinuity in the behavior of p/z-G, where pore
collapse occurs, and pore collapse tends to flattea or increase p/z-G, at
lower pressures.

¢, may increase significantly at lower pressurcs because of gas
solubility cffects. An example is given for a large gas reservoir with
high-CO, content that requires an increasing &, term at lower pressures
to linearize the p/z-G, plot; the increasing &, behavior is substantiated
by calculations based on gas solubility effects.

The proposed gas material balance is applicable (and should be
applied) to any high pressure gas reservoir with an appreciable volume
of associated water. Numerous field examples are provided showing the
application of the material balance equation to high pressure gas
reservoirs.

Introduction

High pressure gas reservoirs experiencing depletion drive typically have
downward curving p/z-G, behavior. Incorrect extrapolation of carly
depletion data may result in scrious over cstimation of original gas in
place and remaining reserves. Bruns et al.! work in 1965 was a result
of a field study conducted on a large moderately overpressured gas
reservoir in the Texas Gulf Coast arca. Investments were made, and
never needed, based on linear extrapolation of the early ficld p/z-G,
performance to an apparent original gas in place that was later found o
be overstated by about 200 Bscf. Fig. 5 in Ref. 1 (Run 20) shows the
concave downward curvature typical for the pressure response of a
conventional Limited external aquifer system that simulated the
reservoir’s response.

This type of "limited” aquifer behavior where pressure in the
reservoir and aquifer are virtuaily equal led to the derivation in 1969
of a gencral material balance for high pressure gas reservoirs. The
derivation includes pressurc-dependent rock and water compressibility
(with gas evolving from solution). All water and rock volumes
associated with the reservoir and available for expansion, including a
limited aquifer volume, were included in a cumulative ecffective
compressibility term &,(p). Rock and water compressibilitics were
defined to account for cumulative changes in pore volume to be
multiplied by the cumulative pressure drop (p-p); instantancous
compressibilitics are not used at all. The final form of the material
balance is similar to that published by Ramogast and Farshad?, except
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that Ref. 2 considered &, as a constant. The 1969 derivation as
preseated in this paper defines a cumulative effective compressibility
&,(p) as a function of pressure expressed in terms of reservoir propertics
and volumes.

Literature Review

Harville and Hawkins® and Hammerlindl* attribute the concave
downward shape of p/z-G, curves obtained in abnormally pressured gas
reservoirs entirely to pore collapse and formation compaction. No
definition of pore collapse is given in Ref. 3, but a plot of
backcalculated pore volume change indicated a system compressibility
change from 28(10%) psi"! at initial pressure to about 6(10) psi at low
pressures. This magnitude of pore volume change implies associated
water volume. The decreasing "system” compressibility is expectad for
an overpressured reservoir with pressure dependeat pore volume
compressibility, and based on results presented in this paper pore
collapse is nor a necessary condition for such behavior.

The Andecrson "L* reservoir performance presented by Duggan®
shows curved p/z-G, ficld behavior which was primarily attributed to
shale water influx wath no evidence of reservoir pore compaction. The
water influx drive mechanism was supported by the fact that several
wells watered out. Wallace®, in a 1969 paper, also concluded that shale
water influx is an important drive mechanism in aboormally pressured
gas reservoirs. Bass? discounts shale waterinflux, and attributes curved
p/z-G, behavior to peripheral water influx from a limited aquifer and
formation compaction treated with a constant pore volume
compressibility ;. For a limited aquifer Bass defincs a term F, as the
ratio of peripheral water pore volume to the pore volume of gu-‘xaring
rock.
Roach® and Ramagost and Farshad?® both utilize the term p/z[1-
c.(ps-p)] for geopressuredand abnormally pressured gas reservoirs. Both
authors consider c, a constant and they consider only the Anderson "L"
cxample.

Bemard® does not accept the rock collapse theory as the cause for
overpressured p/z-G, behavior, concluding that water influx is the basic
drive mechanism. He also uses p/z[1-c(p;-p)) where c is a "catch-all®
approximation for treating the effects of rock and water compressibility,
a small steady-state scting aquifer, and steady state shale water influx.
He further states that the term c is virtually impossible to quantify in
terms of reservoir propertics.

Begland and Whitehead', Prasad and Rogers’!, and Wang and
Teasdale'? all present studies of overpressured gas reservoirs based on
computer models. Refs. 10 and 11 treat ¢, and ¢, as functions of
pressure, including the effect of solution gas in the water. External
water sources arce also included in Refs. 11 and 12. The differential
forms of the material balance used in these references correctly apply
instantancous compresspility in a history matching approach to
determine initial gss in place. A direct plot of (p/z)[1-¢,(p;-p)] versus
G, was not made because the &, term had not been defined.

Poston and Chen' analyzed several abnormally pressured gas
reservoirs, and recognized that calculated valuesof c, > 30(10°°) psi!
required to linamrize the material balance cquation reflected the
influence of water influx.

Bourgoyne!* demonstrates that rcasonable values of shale
permeability and compressibilitics treated as a function of pressure can
be used to match abnormal gas reservoir performance behavior. He
points out, however, that determining k and ¢, of the shale necessary for
modelling this behavior is virtually impossible.

Ambastha’® uses Bourgoyne’s general material balance equation to
develop a graphical matching technique based on a constant effective
compressibility c,. The example considered shows a lack of uniqueness
in determining initial gas in place.

General Material Balance

The general form of the gas material balance derived in Appendix A is:
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g[l - 5.(p)(p‘-p)] =
)

I2),
®l2), - S’é_): [G, -G +WR_+ _s.;nf_lﬁ(w,s, -W_B, - w,)]

which reduces to Eq. 1 when water terms and gas injection can be
neglected. The cumulative effective compressibility term &,(p) is
pressure dependent consisting of a cumulative pore volume
compressibility &(p), cumulative total water compressibility &.(p), and
the total pore and water volumes associated (i.c. in pressurc
communication) with the gas reservoir,

5.8.(P)+(p)+M[E,(p) +SP)] )

c(p) = s

The formation and total water compmsib.ility terms & and &, account
for cumulative changes in pore volume from initial pressure to the
current pressure.

The interbedded non-pay volume and limited aquifer contributions
to pressure support arc quantfied in terms of the M ratio,

V e (NON-NET PAY)+ V o (LIMITED AQUIFER)

4
V_, (NET PAY RESERVOIR) “

M=

An important aspect of the material balance for high-pressure gas
reservoirs is that the gas in solution in the connate and associated water
provide both pressure support and additional gas available for
production. The level of pressure support provided by the evolved
solution gas depends on the level of depiction, and it is shown that this
support is significant below about 1500 psia. The solution gas available
for production also depends on the level of depletion, i.e. how much of
the original solution gas has evolved [R,.(p.}-R..(P)] and the quantity of
this gas that is mobile.

The term G is used for the initial free gas in place, and it is this
quantity that will be determined from the material balance plot given by
Eq. 1 when extrapolated to (p/z)[1<5,(p;-p)}=0. This condition is
reached at a pressure whea &.(p)(p;-p)=0, and not when p=0, i.c.
additional gas may be produced after G, reaches original free gas in
place G. At pressures where G, exceeds G the correctsd p/z term
(p/2)[1-&,(p;-p)] becomes ncgative. If pressure could be brought to
standard conditions (p=p,,) the total gas produced would be G plus the
total solution gas in place G,, G,(@p,.)=G+G,.

The effect of connate water saturation S,; and M are important to
the magnitude of &, With typical values of &=c;=4(10%) psi' and
ée=cu=3(10"% psi' for a high-pressured Gulf Coast sandstone
reservoir the cumulative effective compressibility is initially & =7.5(10°
9 psi! for S,=35% and M=0; and §,=15(10% for §,,=35% and
M=1. Fig. 1 shows the percentage of true original free gas in place
that would be overestimated by extrapolating carly p/z-G, data,
indicating that the overestimation is greater for larger initial pressure
and higher &, values at initial conditions. For an initial pressure of
10,000 psia and a &, =10(10¥) psi the extrapolation of carly data gives
an estimate of G that is about 25 percent higher than the true original
free gas in place. The sections below discuss the calculation of &(p) and
&{p) functions.

Cumulative Pore Volume Compressibility &. The material balance
presented in this paper uses a cumulative pore volume compressibility
& defined as
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The term in brackets is the slope of the chord from the initial condition
(p‘,VE) to any lower pressure (p,V,), as shown in Fig. 2. This implies
that ¢, is a function of both pressure and the initial condition. The
instantancous pore volume compressibility ¢, is defined as

and is only a function of pressure. At initial pressure the two pore
volume compressibilitics are equal: S(p,)=c{p;). The instantancous
compressibility function c(p) should be used in reservoir simulation and
differential forms of the material balance, while the cumulative
compressibility function &(p) should be used with forms of the material
balance that apply the cumulative pressure drop (p;-p), i.c. p/z vs G,
plots.

The pressure dependence of & is best determined by special core
analysis under appmpmtc reservoir conditions. Table 1 summanizes the
calculation of & as a function of pressure using laboratory data for a
Gulf Coast sandstone. Fig. 3 shows how ¢, and &, vary as a function of
pressure for this overpressured reservoir rock.

In the absence of pore collapse & is always. greater than or equal
to ¢;. The cumulative pore volume compressibility remains higher than
the instantancous compressibility because of an averaging effect that
reduces the pressure dependence of & compared with ¢,. An important
consequenceof this behavioris that a rock exhibiting large pore volume
change because of a high level of overpressure (and consequently with
a high.initial ¢ value dropping rapidly to a "normal® value) will
initially .have -and maintain a high cumulative compressibility &, as
shown in Fig. 3.

Pore collapse is defined as the condition when a rock’s
instantancous pore volume compressibility starts. to increase at
decreasing reservoir pressure. Pore collapse provides greater pressure
support when collapse .occurs at a high pressure. However, pore
collapse is not reflected by the &,(p) function and will not therefore be
seen on the p/z-G, plot at the pressure when pore collapse occurs. In
fact pore colhpsc may not be identifiable at all on the cumulative
compressibility term. For example, the Gulf Coast sandstone in Fig. 3
cxhibits pore. collapse at 4000 psia (about 5000 psi less thm initial
pressure p)). Despite the increase in ¢ from 4 to 25(109 psi”! in the
pressure range. 4000 to 1000 psia, the change in & over the same
pressure range is almost insignificant. Fig. 4 shows a North Sea Chalk
sample from a reservoir with initial pressure of 7000 psia exhibiting
pore collapsc at 6000 psia. Here the cffect of pore collapsc is greater,
causing & to increase from 6 to 20(10°%) psi! in the pressure range from
6000 to 2000 psia. In general, however, pore collapse in and of itself
does not have a significant effect on the p/z-G, plot .

In the absence of laboratory data, pore volume compressibilitics
can be estimated from correlations presented by Hall'® and by Von
Gonten and Choudhary”. Hall's correlation (his Fig. 2) gives
instantaneous pore volume compressibility as a function of porosity, i.c.
there is no pressure dependence. The Hall correlation is probably
adequate for normal pressured reservoirs. Von Gonten develops
correlations for instantancous pore volume compressibility ¢, as a
function of net overburden pressure (p,), where p, ecquals the
overburden gradient times depth minus reservoir pressure.

Table 2 gives examplevalues ofinitial pore volume compressibility
c(p) for overpressured and normal pressured reservoir conditions.
Typically there are not large differences in ¢, values for these two
conditions.

Cumulative Total Water Compressibility &,,. The pressure support
provided by water is made up of two components. First the water
expansion with decreasing pressure, and second the release of solution
gas and its expansion. The total or composite compressibility effect is
cxpressed as
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1 Btw(p) 'Br-(P-)
B,.,(P.) ’ PP

Em(p) =

in terms of the total water formation volume factor B,

R.:-R_(P)IB (P)

Bpp) =B )+ ——_ =t = ... (8)

Fig. 5 showstypical behavior for B, and B, as a function of pressure;
the figure also shows the behavior of &.(p) where it is scen that little
increase occurs before a pressure of about 1500 psia, and that at
pressures below 1000 psia there is a significant increase in &, with a
limiting relationship &,, = 1/p at low pressures,

Tp, R,
 (p~0) = [ 1 _TP_-:P ....]% SEEEERERPEPE ©)

Specifically at standard conditions (p,), &, is given by

- 1 T Ra 1
CwlPu) [S.GIST_‘piB__ EJ

To calculate - values of B,, R,,, and B, arc tabulated with
pressure as shown in Table 3. These propertics can be obtained from
correlations at pressures less than about 10,000 psia and 300°F. At
more extreme conditions of pressure and temperature, and for gases
with high concentrations of aon ‘vdrocarbons CO,, N,, and H,S, we
have used the Peng-Robmson equation of state with volume
translasion, and using binary iteraction cocfficients that are dependent
on both temperature and salinity'®.

Another approach for high pressures is simply to extrapolate B,
linearly and R, with a flattening curvature towards a constant value.
Nonhydrocarbons can be wreated by evaluating R, of each component
scparately at its partial pressure, and summing the values for all soluble
components

Ro®lrora = X RGP,
}

y; is the reservoir gas mole fraction of component j. Typically the only
componcnu with appreciable solubility are methane, CO,, and H,S.

Associated Water Volume Ratio M. The total compressibility effect
on the gas material balance depends on the magnitudes of rock and total
water compressibilitics and on the total pore and water volumes in
pressure communication with the gas reservoir (including connate water
and the pore volume within the net pay).

Associated water and pore volumes external to the net pay include
non-net pay (NNP) such as interbedded shales and dirty sands, plus
external water volume found in limited aquifers. Including these water
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 pore volume of the net-pay reservoir,

M = M“' + MAQ ......................... (12)
where
Mgy = Vm (INTERBEDDED NONNET PAY) (13)

V. (NET PAY)
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V o (AQUIFER)
"2V, (NETPAY)

In the simpiest case when M =0 there will be pressure support only
from connate water and the net-pay pore volume. This is equivalent in
simulation to building a net model. The cumulative effective
compressibility term &, will then be expected to have values ranging
from 7 to 15(10°%) psi' for normal-pressure reservoirs, where the larger
values will genenally result from high connate water saturation. Even
larger values can be obtained in some overpressured reservoirs (sec
Table 2).

Met-pay compressibility cffects alone can cause noticasble
curvature in the p/z-G, plot with potential overestimation of initial free
gas in place (G) (sce Fig. 1).

M,ap. The non-net pay water volume ratio My, is comprised of
interbedded reservoir pore volume, including shales and poor quality
rock, that are assumed to be completely filled with water. With this
definition My, can be written in terms of the net-to-gross ratio NGR
defined as

NGR = __h:_ = __h'_ .................... (15)
hy+he hoposs

Accounting for different porosities in the net pay and non-net pay My
is given by

M. = ®8Dwe _ ¢we[1-NGR 16)
i sl (o - INEECRERERERER

Properties and thicknesses of the net pay and non-net pay are readily
available from log analysis.

If the non-net pay pore volume is known to have an initial gas
saturation, albeit immobile, the material balance is readily modified to
account for this fact; the term Mye(é+3&,) is replaced by
M aolC¢+Suisartra] and the initial gas volume is included in the total
onginal free gas in place G.

M,o- Aquifers with sufficient permeability and limited areal extent
can be treated as part of the total cumulative compressibility term. The
water volume ratio of the aquifer M, can be determinad using
geological maps and well control to define areal extent, and electric
logs to define the gas-water contact. In genenal, M, is defined as

..........................

and for a radial squifer gcometry quantified in tcrms of the aquifer-to-
reservoir radius rag/ry, the aquifer volume ratio can be expressed

M, = % et -1]

Bruns et al.! show that limited aquifers with r,,/r, ratios up to S have
the same p/z-G, behavior for permeabilities 100 md and higher. This
implics that the transient cffects in the aquifer have negligible effect on
reservoir performance and the aquifer can be treated as part of the
cumulative effective compressibility term. Values of M., used in the
definition of &, may be as high as 25 [M ,=(r ra)*-1] in reservoirs
with moderate permeability. With higher permeabilities limited aquifers
can include r,/ry ratios greater than S snd still be treated as part of the
cumulative effective compressibility term.
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When the aquifer is sufficiently large and requires treatment with
cither superposition or the Schikthius infinite aquifer model, the &, term
should still be used but it will only contain the effect of net pay and
non-net pay volumes, i.c. M=Myup-

Cumulative Effective Compressibility &,. Total cumulative effective
compressibility represents al available pressure support from rock and
water. The equation for &, is

$.&u(P)+(P) + M (P) +E((P)] (19)

cp) = S

For a specific reservoir a family of &,(p) curves can be generated for
several M values. These curves will have specific characteristics
depending on the pressure dependence of rock and water
compressibilities. The &_(p) curves are relatively constant at high
pressure, increasing slightly as pressure dgcreases, then rising sharply
at low pressure around 1000 psia. Typically a constant pore volume
compressibility ¢; can be assumed and the &,(p) curves will then have
the same character as the & (p) curve. Fig. 6 illustrates an example of
&,(p) curves at various M ratios for a typical Gulf Coast reservoir with
pi-?l9m0 psia, T=20C°F, v,=0.7 (air=1), and a constant &=3.2(10%
psit.

For overpressured reservoirsexhibitinga pressure-dependent&(p),
the family of &,(p) curves ar high pressures will tend to decrease with
depletion. In the absence of pore collapse &(p) decreases to a constant
value at lower pressure and the &,(p) curves at lower pressure are
dominated by the increasing &._(p) function. If pore collapse occurs, but
not early in depletion, the pore collapse is almost insignificant becsuse
(a) the &(p) function does not start increasing until low pressures
because it represents a cumulative pore volume change, and (b) when
the &(p) function finally starts to increasc it will be masked by the
&.(p) function which is increasing as 1/p. Fig. 7 illustrates this point
for a Gulf Coast overpressured reservoir with p,=9000 psia, T =30C°F,
and v,=0.71 (air=1). Although pore collapse occurs at 4000 psia (Fig.
3), & does not start increasing until 2000 psia. The increase is
insignificant relative to the increase in &,.(p) at lower pressures.

The next example is a North Sea chalk (Fig. 4) that shows pore
collapse at a pressurc only 1000 psi below initial pressurcof 7000 psia.
The &{p) function increases almost simultancously with instantancous
¢y, and the cffect of &(p) on &,(p) is shown in Fig. 8. Although &(p)
has an impact on &,(p) at moderate and high pressures for this example,
the &.(p) function still dominates the behavior of &,(p) at pressures less
than 1500 psia.

Estimating Gas-In-Place. A mecthod is proposed for estimating the
initial (frec) gas in place G based on historical pressurc-cumulative
data. The procedure also determines the water volume ratio M and the
&(p) function. First, a plot of p/z versus cumulative gas production G,
should have the chanacteristic concave downward shape of a high-
pressure reservoir influenced by associated water and pore volume
compressibility.

A range of values for G 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 current G,. For an
assumed value of G, calculate for each measured p/z and G, data the &,
value from the rearranged material balance equation (Eq. i),

_®2), . _G, 1
CIucxearcvam [1 o) a _G-)] i B (20)

At this point, a plot can be made of backcalculated &, as a function
of pressure given the assumed G. Using reservoir rock and water
propertics, a family of &,(p) curves at various M valucs can be
genenated to match against the backcalculated &, values. The data should
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honor the shape and magnitude of one &,(p) curve, where this match
yiclds G, the M value, and a &,(p) function that can be used to forecast
future p/z-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 solutions. The Field Examples section
discusses criteria for matching field data, and the expected behavior of
&.(p)-

Characteristics of p/z-G, Plots for High-Pressure
Reservoirs

Pore volume reduction, water expansion, and solution gas evolution,
expressed in terms of &,(p) in the general material balance equation,
provide pressure support for all reservoirs during depletion. The
reservoir docs not have to be overpressured or geopressured. The term
&,(P)(pi-p) ddermines whether the conventional p/z-G, plot yields a
straight line. For most low-pressure reservoirs this term is small and is
often neglected because a straight-line p/z-G, plot is obtained.
Reservoirs undergoing depletion with initial pressure exceeding S000
psia are automatically candidates for being treated with the complete
material balance equation.

Fig. 9 presents three generated p/z-G, curves for a Gulf Coast
overpressured sandstone reservoir
&, (P)=[2dp) +SEAP))/(1-S,;). Curve A accounts for pore volume
reduction including pore collapse at about 4000 psia. Curve B uses the
same &4(p) function as Curve A down to 4000 psia (where pore collapse
occurs) and thereafter uses a constant instantancous compressibility of
4(10% psi'. p/z-G, plots for A and B are almost identical, showing
only a slight separation at pressures less than 3500 psia. This clearly
shows the limited effect of pore collapse on the p/z-G’ plot when
collapse occurs late in depletion. Curve C assumes, unrealistically, that
the initial pore volume compressibility of 13(10%) psi'! remains constant
throughout depletion. The differcnce between the two p/z-G, curves A
and C is a result of the actual decrease in pore volume compressibility.
Including an external water volume quantified with M=2 produces
more curvature in the p/z-G, plots, but the ion between curves
with and without pore collapse is still very small (not shown).

Ancther exampie relates to a North Sea chalk reservoir where pore
collapse occurs just below initial pressure. Fig. 10 presents generated
p/z-G, plots for M=0 with pore collapse (curve A) and with no pore
collapse (curve B). The effect of po re collapse is more significant than
in the previous example because it occurs at a relatively high pressure.

Field Examples

ENenburger Gas Reservoir. This field example is for a normal
pressured (0.5 psi/ft) 1600-foot thick, dry gas reservoir with initial
reservoir pressure of 6675 psia at 200°F. Average porosity is about
5.0% with connaic water saturation in the pay of about 35%.
Permeability is high because of an extensive microfracture system that
results in a high degree of interwell pressure communication and almost
instantancous pressure buildup to static conditions. Inital CO,
concentration was about 28 mol-%, and a gradual increase in CO,
concentration to 31 mol-% has been observed. The reservoir has
produced about 3.1 Tscf and currently has an average fieldwide
bottomhole pressure of approximately 1000 psia. The p/z-G, plot shows
a characteristic concave downward behavior, with an initial gas in place
cstimate of more than 4.4 Tscf using carly data (Fig. 11). The p/z-G,
data at low pressures has started flattening.

The procedure outlined carlier for determining initial free gas in
place G was used for this reservoir. Fig. 12 shows a plot of
backcalculated &, versus pressure for a range of G from 3.0 Tscfto 3.6
Tscf. Another plot of &,(p) was gencrated for several values of M using
S.,=0.35, &=6.5(10") psi! (from Hall'¥), and &.(p) calculated from
equation of state results. Fig. 13 shows the best-fit of data on the &,(p)
curve for M =3.3, correspondingto an initial free gas in place G=3.15
Tscf.

using M=0 (i.e.
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The total water volume including connate and associated waters is
given by

1 GB,(S,+M)
© S6IS B, (1-S_)

which yields 8.45(10%) STB. The initial solution gas in place G, is equal
to W times the initial solution gas-water ratio R,

G, = WR,

Because of the high CO, concentrasion in this reservoirthe solution gas-
water ratio (R,;=67.5 scf/STB) is about three times larger than for
hydrocarbon gas systems. This yiclds a solution gas in place of
G,=0.55 Tscf and a total initia] gas in place of G+G,=3.70 Tscf. g
11 shows the p/z-G, forccast using the M value determined from the
match to calculate the &,(p) function from Sy, M, &, and &.(p). Also
shown on this figure is the plot of (p/z)[1-,(pXp:-p)] versus G, for
historical performance data and for the forecast, where it is scen that
the current cumulative gas produced equals the original free gas in

lace.
P The associsted water volume given by M=3.3 consists of non-net
pay and an external limited aquifer. Log analysis indicates a net-to-
gross ratio NGR=0.5, $,=0.05, and ¢, =0.03, yielding M,»=0.6.
External water is nown to exist but has not been mapped due to lack
of well control. The calculated aquifer water volume ratio M, ,=2.7
(3.3-0.6), or an equivalent r, o/ry=1.9, scems reasonable for a imited
aquifer.

Anderson "L". This reservoir has been studied by several authors and
it is perhaps the best recognized example of a high-pressure gas
rescrvoir with concave downward p/z-G, behavior (Fig. 14). The
rescrvoir was sbandoned after producing s5 Bscf, but pressure tests of
public record were discontinued after 40 Bscf had been produced.

Different analyses by other authors have indicated original free gas
in place between 65 to 75 Bscf. Fig. 15 showsbackcalculated &, versus
pressure for values of G equal to 6S, 72, and 90 Bscf. The 72 Bscf
volume is chosen based on a best-fit match with the &,(p) function
calculated using M=2.25, S;=0.35, &=3.2(10% psi’, and a &.(p)
function from equation of state results. Although the first four data do
not fall on the slightly-increasing &,(p) curve, data at pressures below
this value do follow the trend down to the last pressure data near 3000
psia.

The 90 Bscf estimate produces unrealistically low &, values, lower
than would be calculated using the net reservoir pore volume and
connate water compressibilitics. The lowest estimate of 65 Bscf gives
a shape for &,(p) that cannot be accounted for using normal &{p) and
&.(p) functions.

The forecasted p/z-G, performance (Fig. 14) is calculated using the
match determined above. Total gas in place of 76 Bscf which includes
72 Bscf of original frec gas plus 4 Bscf of solution gas.

Cajun Field. This reservoir was ox'igimll{'s reported by Stelly and
Farshad® and recently analyzed by Ambastha®. Initial pressure is 11450
psia at 13,300 ft (0.86 psi/ft). Connate water saturation is reported as
22%. Production data is reported to a pressure of 6850 psia and a
cumulative of 145 Bscf.

Using the p/z-G, data shown in Fig. 16, backcalculated values of
&, are shown in Fig. 17. The range of values for G are the same as
consideredby Ambastha: 410 to 760 Bscf. The 760 Bscf cstimate yiclds
unacceptably low &, values, less than 2(10¥) psi'. Values lower than
565 Bscf produce &,(p) functions that increase more steeply than would
be expected from &.(p) behavior. The expected magnitude and shape
of cumulative ecffective compressibility is exhibited by the
backcalculated &, values for an assumed G of 650 Bscf. This



6 APPLICATION OF A GENERAL MATERIAL BALANCE FOR HIGH PRESSURE GAS RESERVOIRS

corresponds to M=0.2 using S,,=0.22, &=4(10% psi’, and &.(p)
from correlations.

Gulf Coast Reservoir C. This example is taken from Bernard (his Fig.
1) and represents a high-pressure, overpressured gas reservoir taken to
a low abandonment pressure. The p/z-G, plot (Fig. 18) shows
significant concave downward character with an extrapolation of carly
data giving an initial free gas in place of 380 Bscf. Depletion from
P;=11500 psia to about 1200 psia produced 180 Bscf, verifying that the
carly-data extrapolation of 380 Bscf was incorrect.

Fig. 19 shows backcalculated &,(p) for values of G from 160 to
240 Bscf. The only curve that produces an approximately constant &, at
high pressures is G=160 Bscf, a value 30 Bscf lesa than the volume
already produced. The curve for G =240 Bscf has a downward sloping
&,(p) that becomes negative, also an unrealistic solution. The G=200
Bscf curve has a downward sloping &,(p) function that can be explained
by a pressuredcpendant pore volume compressibility. A highly
overpressured formation can readily have a pressure-deprndent &(p)
funcion, i.c. one that decreases with depletion.

Reservoir data was not presented by Bernard® for this field
cxample, but making some assumptions about typical Gulf Coast
reservoir properties we matched the &,(p) backcalculated behavior using
G =185 Bscf, and a &{p) function that decrcased linearly by a factor of
about 2 from initial conditions to abandonment pressure. The
backcalculated &,(p) behavior at 2000 psia started increasing, indicating
that pore collapse could have occurred earlier in depletion.

Duck Lake Field. Casor® presents production performance data from
the Discorbis 1 reservoir in the Duck Lake ficld of southern Louisiana.
This high-pressure gas reservoir was waterflooded for more than 10
years after first being depleted to about 1000 psia. Fig. 20 shows the
p/z-cumulative plot for data prior to the waterflooding project, showing
typical concave dowanward curvature.

Cason reports an initial gas in place of 680 Bscf using traditional
water influx analysis. Based on the high reservoir permeability
(k=1,750 md) we established that the reservoir performance could be
analyzed with the general material balance where the external aquifer
was treated as part of the &, term. Using G=680 Bscf, &,(p) was
backcalculated from the general material balance as shown in Fig. 21.
The &,(p) behavioris flat throughout depletion. This behavior should be
compared with the dashed line representing the expected &,(p) behavior
based on Eq. 3 using a constant &;=3.4(109) psi?, M=4.8, and an
appropriate & (p) function. The dashed curve has significant increase
in &(p) already at 2000 psia, and the morc-or-less constant &,(p)
behavior backcalculated from production data can not be readily
explained. It is expected, however, that conventional water influx
analysis which assumes constant water and pore volume compressibility
will yield an estimate of initial gas in place that reflects a constant &,
when backealenlated from the general gas material balance.

Using a smaller extimate of G=62S Bscf yiclds backcalculated
€,(p) behavior that is very similar to &,(p) calculated from Eq. 3 using
a constant &=3.4(109 psi!, M=6.5, and &,(p) function. Cumulative
production at abandonment was about 650 Bscf, indicating that about 25
Bscf of the total produced gas came from solution. Based on G =625
Bscf, R,,=20.6 5c{/STB, S;=0.18, and M=6.5 the initial solition gas
in place is G,=6S Bscf.

Conclusions

1. A gencral form of the material balance equation for gas reservoirs
has been presented. This equation has particular application to high-
pressure reservoirs. A cumulative effective compressibility term &,(p)
has been defined in terma of pressure-dependent pore volume and total
water cumulative compressibilities, &,(p) and &.(p), and the total
vo!umh: of water associated with the net pay reservoir expressed as a
ntio M.
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2. The general material balance equation applies to alf high-pressure
reservoirs, both normal pressured and abnormslly pressured

(overpressured and geopressured).

3. The effect of a limited aquifer can be included as part of the M term
for most depletion-type reservoirs. Using the water volume ratio M in
the cumulative effective compressibility term, together with normal
values of & and &,, explains the “large” &, values commonly reported
for high-pressure gas reservoirs when lincarizing the matenal balance
equation. In fact, large values of &, backcalculated from field
performance data indicate that associated water influx is a dominant
drive mechanism.

4. Only cumulafive compressibilities (G and &,) can be used in the
general gas material balance equation because they are applied against
the cumulative pressure drop (p.-p) in p/z-G, plots. A method is given
for calculating cumulative total water and pore volume compressibility

E~(p) and EAp). »

5. A method is proposed for estimating the original free gas in place
from production data. This mecthod uses backcalculated cumulative
cffective compressibility & which is plotted versus pressure and
compared with expected &,(p) behavior calculated from rock and water
properties for a range of values of the associated water volume ratio M.

6. In licu of laboratory data for pore volume compaction we
recommend Hall’s'é correlation for normal-pressured reservoirs, and
Von Gonten’s"? correlation for abnormally-pressured reservoirs.

7. Pore collapse in and of iself does not contribute significantly to
pressure support in overpressured gas reservoirs. In fact, pore collapse
has little effect unless it occurs early in depiction at a relatively high
pressure. The effect of pore collapse, if present, is a positive effect and
tends to flatten the p/z-G, curve, not bending the curve downward as
has been implied by others.

8. Gas found initially in solution in the connate and associated water is
an important component of pressure support late in deplesion (below
1500 psia) and may conaribute additional producible volumes of gas.
Typically the solution gas in place G, represents 2 to 10 percent of the
original free gas in place, the value depending prisnarily on total water
volume (M +85,)/(1-S,,) and the initial solution gas-water ratio R . Gas
reservoirs with high CO, concentration (> 20 mol-%) can have even
higher solusion gas in place, G,.

Nomenclature

= area, ft* [(m?]

formation volume factor, rescrvoir per standard volume
instantaneous compressibility, 1/psi [1/kPa)
cumulative compressibility, 1/psi [1/kPa)
original free gas-in-place, Bscf [std m’]
cumulative gas production, Bscf [std ar')
initial solution gas in place, Bscf [std nr')
carly overestimate of G, Bscf [std m’]
cumulative gas injection, Bscf [std °)
thickness, ft [m)

volume ratio, dimensionless

net-to-gross ratio, dimensionless

reservoir pressure, psia [kPa)

initial reservoir pressure, psia [kPa)

net overburden pressure, psia (kPa)

radius of reservoir, ft [m]

radius of aquifer, ft [m]

solution gas water ratio, SCF/STB [std m¥m°)
initial water saturation, firaction

reservoir temperature, *R [K]

FEFPPOZZT000n 0 w>
~
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\Y = volume, #* [m’)

\ = pore volume, cm’ and f* [m?)

V{ = bulk volume, cm® [m?)

w = total water in place, bbl [m°]

W, = cumulative water influx, bbl [m’]
W, = cumulative water injection, bbl [m®]
w, = cumulative water production, bbl [m®)
z = gas compressibility factor, dimensionless
¢ = porosity, fraction

Subscripts

A = associated water

AQ = limited aquifer

e = effective

f = -pore volume ("formation”)

g = gas

GROSS = gross interval thickness

i = initial

inj = injection

NNP = non-net pay

R = reservoir

sc = standard conditions

tw = total water

w = water
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Appendix A _ Derivation of General Gas Material

Balance
The derivation that follows is based on the following assumptions:

1. Any pressure change caused by production or injection
into the reservoir will be felt immediately throughout the total system
including:

a. Net Pay Reservoir ("R").

b. Non-Net Pay ("NNP") including interbedded shales and poor
quality rock assumed to be 100% water saturated.

e. Limised Aquifer ("AQ"), whean present, also assumed to be water
saturated.
The non-net pay and aquifer volumes are referred to as “associated”
water volumes and both contribute to water influx during depletion.

2. Simple modifications to the matcrial balance equations
can be made to generalize for non-net pay that has an initial free gas
saturation.

3. All water in the system is initially saturated with solution
gas.

Fig. 22 shows a schematic of the reservoir/associated water system.

Practically, the assumption of equal pressure throughout the
system is reasonable, and any transients ecffects caused by a large
aquifer may be reated by a conventional water influx term (W) as
shown below.

For the sake of brevity we have chosen to omit explicit
reference to pressure depeadence - i.c. §,, &, and &, should actually
read &,(p), ¢Ap), and &.(p).
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Derivation. The volumetric balance at any pressure states that the total
pore volume (V5 +V,,) equals the net reservoir pore volume occupied
by gas and water (V3+V,,) plus the associated (non-net pay and
lqulfcr) pore volumc which also is occupied by gas and water

(Vo +Va):

(VarVo) = (VasVo) + (VaeV )
The net-pay reservoir pore volume V, is given by the initial volume
V,a; less the change in pore volume A‘l,,

V= Va8V, e (A2)
=Va+V
GB.  rtrrereeeceseaeiecaaan (A3)
=GB+ _sL S,
AV - = P Spp) ; S =Py - (A4)
yielding
V=GB, + GB, S - 2& S PP ... (AS)

s, ~ T1-s,

Pore volume of the associated rock is given by the initial pore volume
less the change in pore volume,

v” = vw - Av” ......................... (A6)

\4 w = .i.G:;!-.M ........................... (A7)

av,, = T‘s ZMSpP) ;T =@y - (A8)
yielding

V= lG-_Z:_.M - lG-Bs: MS(p-p) - -ceeei. (A9)

The net reservoir gas volume is given by the sum of unproduced free
gas, gas released from solution, and any injected gas,
)

Va = (vﬂ)"n:'&." + (V,.);A_—-h Vi - (A10)
(V)umesms = [G=(G,-W,RDIB, ... .......... (Al1)
2% 3w g o L 2
Vet * 15, 5, ®RIBiggm - A2
(Ve it * Gy B, oot (A13)
resuking in
V, = [G~(G,-W,R B,

GB‘ S, B 00 rreeeeeeean (Al4)

* 5t = RuRI + G, B,
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PVT properties B, and R,, arc cvaluated at current reservoir pressure.
G, for a gas condensate 18 the wet gas volume calculated by adding
scparator gas to liquid condensate converted to an equivalent surface
gas volume. Also, the two-phasc Z-factor must be used to calculated B,
for gas condensate rescrvoirs. Swrictly speaking the cumulative water
production term W, represents “free® water production and not the
water condensed out of solution from the produced gas wellstream.

The gas volume in the associated pore volume is a function
of the amount of gas that bas come out of solution,

GB,
Va= _T .r(R R")‘5615 ........... (A1S)

The water volume in the net-pay reservoir equals the unproduced initial
water plus injected water plus water encroachment from an external
aquifer,

Vi ® Vedvaes * Vehomms + [(Vad pa] . (A16)

Vot = .ﬁ%& B, - w’B'Tlls ....... (A17)

(Vediooans = S-61SW_ B, oo (A18)

Vedeaan = S6ISW, e (A19)
yielding

v, = B, Sup . S.615(W_ B +W,-WB) ..... (A20)

1-s_ B,

The aquifer encroachment term W, represents any external water
volume that is not alrcady included in the "M" term. Later in the
derivation we show the coaditions required so that water encroachment
(treated rigorously by the method of superposition) can be included as
part of the M term used in the cumulative effective compressibility &,.

The water volume in the associated pore volume is given by
simple expansion,

GB
= -_' M_B
- 1-s_, B,

\/

Combining terms gives

GB GB, GB GB,
A 5S. - —23{p-p) + —EM - £ MT(p-
GB, + . T Su 1-s‘°’(p' P+ = s, dp;-P)
GB, S, (R_-R_B
[ ] - Lo [ 3
- GB, - (G, "W,R B, + GuB, + Tg" 5=~y
, OBy, 1 (R.-RJB, GBS,
15, B, sels 15,8, ~
GB,
v S61S(WyBoW,-W,B) + MBLB,
e P (A22)

Changing signs and grouping terms yields
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B *(R_‘.—R")B‘
GB, v T 35815 _ B, -
- 51Ss. - -
G(B. Bi) * 1-8, S« B, B, * &poP)
-~R_)B
B.#.___._..__(R'; 61.;) s B. (A23)
M| TS S MEpp)

= (G,-W,R.-G)B, + 5.615 (w,-w._i-%v.'] B,

Defining the total water-gas formation volume factor B,_,

B, = B_+ E'_"_:_R_")_B' ................... (A24)
5618
and noting that B,=B,; givea
GB, B.-B..| -
G(B,-B,) + 1-3:_ [s-\'[ B ]’CKP;‘P)
+ M Bwfﬁ] . ME{(});‘P)] ..... (A2S)
w
= (G,-W,R-G,)B, + 5.615 [w,-w_,-.?:] B,
Defining the cumulative total water-gas compressibility &,
som BeBd 1 (A26)
B. (:-p)
gives
$.S+C;
G(B,-B,) + GB, [ = ="T(p=p)
M (A27)
+ —T-T‘-—(Pi P)]
w.
= (G,-W,R_-G_)B,+5.615 W'-Wi‘.-s_. B,
Defining an cumulative effective compressibility <.,
g, m SuEwtE M@ (A28)
. 1I-s,
gives
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G(B,-B,) + GB,[,(p,-p)]
. (A29)
=B, [G, -G+ WR,+ 25 wp -wp, -wg]
3

Dividing through by GB and expressing B, =(p/T.)(zT/p) gives the
final form of the materia] balance

@1 -5pp) -

®/2), {1 - é [G, -G, +WR,+ % B, -W_B, - w')] }
8
¢ (A30)

The p/z-cumulative plot including all terms would consider (p/z)[1-S,(p;-
p)] versus the entire production/injection term Q

@®2(1-8,p-P)] = Pl2), - (pg) PQ e (A31)
with
Q=G,-G +WR +>Bw B -w_ B -w) ...

Bt

where the intercept is given by (p/z), and the slope cquals (p/z),/G.
Setting G=W,=W,=W,=0 gives the common form of the gas
material bal N

@1 - soep)] = @/, [1—%‘.]

Treating Limited Aquifers in ‘¢, Term. The material balance thus far
has considered any associated water volume expressed in terms of the
M parameter. In fact M may include a limited aquifer with up to 25
times the reservoir pore volume for a system permeability greater than
about 100 md, and cven larger aquifer volumes for higher
permeabilities. The condition that determines when a limited aquifer can
be treated as part of the &, term is outlined below. We start with the
general material balance equation including a water encroachment term
W, and a &, term that considers only non-net pay.

G w
—3(o-p) = _S, oo (A34)
@1 -3(p-p)] = /), [1 E.¢s.615@_‘_
v
_ St - Cused (A35)
c =
. =S,

The water encroachment term calculated by superposition is expressed,

W, =B E Qy(4t), Ap,
]

where Qy(tp) is the dimensionless cumulative influx given as a function
of dimensionless time t;, and aquifer-to-reservoir radius 1, =r,4/ry. Ap;
is given by p-p;; (in the lima for small time stcps), and Ay =t-t ;.
Assuming that permeability is reasonably high and the ratio r,/ry is not
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too large, Qp for the smallest time step will approach the limiting value
QB5. and the summation can be closely approximated by

Y QA Ap = QTP . (A37)
1

giving a simple expression for W, which is independent of dme and
only dependent on reservoir pressure,

W, =BQo(p-p) ; W,@mb) .................. (A38)
B = 2x ¢r1h(5 +3)
3615 o~

..................... (A39)

- - 1 rAQ 2.
Qb -2-[(-&-) 1]

Expressing W, in terms of aquifer pore volume V.o,

W, = 7 (de-riBhE «S)pp) ; W,

= V,.Q(E..*EI)(P;'P)
The matcrial balance equation can then be written:
- G w
1-<.(p.-p)) = (p/2). |1 -2 X <. (A
2 [1-3,@-p) = (pla), [ 2 ] “@gg S5 - (A

and simplified in a form where the & term includes the aquifer
contribution to pressure support,

LA
(p/z i‘G—B': P )i? F::l:(P/z)
)i—=— (/Z)w' ; GB, = V_(1-S Ad2
®/2); GB, p G—B: » GB, a1-8) ... .. (A42)
w Vo€t Xpi-p)
s . /z) pAQ e T VAL
®2); 8, = PV i

Rearranging we arrive at the general form of the material balance
(without water productiqn and gas/water injection terms):

(/2) (13 (pi-p)] = (pl2); [1_%] .............. (A43)
where
V. V
S-'*84> 2 . "i](a"C)

- . A i D (Add)

* 1-5,

A\ +V \"}

Ma B M, M (A4S5)

Vi Va
3 - St M@ (A46)



TABLE 1 - CALCULATION OF PORE VOLUME COMPRESSIBILITY FROM LABORATORY DATA

Reported Laboratory Data Calculations for p,=9800 psia
Po \A Vi ¢ p PP V-V, &
(psia) (cm®) (cm (%) C (psia) (psi) (cm’) Eq. 5
200.0 3.420 20.530 16.70 16.50 9800 0 0.000 16.50
1000.0 3.379 20.489 16.49 13.70 9000 800 0.041 14.99
2000.0 3.337 20.447 16.32 11.40 8000 1800 0.083 13.48
3000.0 3.303 20.413 16.18 9.10 7000 2800 0.117 12.22
4000.0 3.276 20.386 16.07 6.90 6000 3800 0.144 11.08
5000.0 3.257 20.367 15.99 5.00 5000 4800 0.163 9.93
6000.0 3.243 20.353 15.93 3.80 4000 5800 0.177 8.92
7000.0 3.230 20.340 15.88 4.10 3000 6800 0.190 8.17
8000.0 3.213 20.323 15.81 7.30 2000 7800 0.207 7.76
9000.0 3.177 20.287 15.70 16.80 1000 8800 0.243 8.07
9500.0 3.144 20.254 15.50 25.80 500 9300 0.276 8.68

All compressibilities in 10 psi.




TABLE 2 - COMPARISON OF ¢, FOR NORMAL
PRESSURE AND OVERPRESSURED CONDITIONS

Normal Over-
Sample Initial Pressure | Pressured
Porosity Ca Ca
(%) (psi”) (psi)
Gulf Coast Sandstones
Sample 1 13 4.8 6.4
Sample 2 20 4.4 16.5
North Sea Chalk
Sample 9 (pore collapse) 32 18.3 7.9
Sample 10 (pore collapse) 30 20.1 7.4
Von Gonten
Sample 9A 11 3.0 6.0
Sample 4A 22 4.6 9.2
Sample 7A 26 5.9 7.2
Sample 3A 28 8.6 10.6
Sample 6A 25 7.8 8.6

Normal Pressured is 0.5 psi/ft x Depth ;

Overpressured is 0.8 psi/ft x Depth. Depth Used is 10,000 ft.




TABLE 3A - EXAMPLE CALCULATION OF TOTAL WATER CUMULATIVE COMPRESSIBILITY
FOR THE ANDERSON "L" RESERVOIR

Pressure B, R,, B, B.. Cow
psia bbl/STB scf/STB Z, ft3/scf bbl/STB 10 psi!
9510 1.0560 31.8 1.4401 0.00282 1.056 2.40
9000 1.0569 31.0 1.3923 0.00288 1.057 2.43
8000 1.0586 29.2 1.2991 0.00303 1.060 2.51
7000 1.0604 27.2 1.2072 0.00322 1.063 2.65
6000 1.0621 25.0 1.1176 0.00347 1.066 2.78
5000 1.0638 22.5 1.0325 0.00385 1.070 2.98
4000 1.0654 19.6 0.9562 0.00446 1.075 3.28
3000 1.0669 16.1 0.8977 0.00558 1.083 3.86
2000 1.0681 11.8 0.8744 0.00815 1.097 5.19
1500 1.0686 9.3 0.8832 0.01098 1.113 6.69
1000 1.0691 6.5 0.9078 0.01693 1.145 9.95

750 1.0692 5.0 0.9258 0.02302 1.179 13.30
500 1.0693 3.3 0.9472 0.03533 1.249 20.24
250 1.0694 1.6 0.9708 0.07242 ' 1.459 41.20
100 1.0694 0.5 0.9835 0.18341 2.092 104.23

14.7 1.0694 0.0 1.0000 1.26860 8.254 717.86

B, and R,, were calculated from the Peng-Robinson EOS with volume translation using binary interaction parameters that are functions of
temperature and salinity (28,000 PPM for this example); the gas Z-factor was calculated from the Standing-Katz correlation.




TABLE 3B - EXAMPLE CALCULATION OF TOTAL WATER CUMULATIVE COMPRESSIBILITY

FOR THE ELLENBURGER RESERVOIR WITH INITIAL 28% CO, CONCENTRATION

Pressure B, R,. B, B.. Cow
psia bbl/STB scf/STB ZL ft3/scf bbl/STB 106 psi?
6675 1.0761 67.5 1.0464 0.00292 1.076 2.75
6000 1.0765 64.5 0.9962 0.00310 1.078 2.83
5000 1.0768 59.5 0.9262 0.00345 1.082 3.12
4000 1.0770 53.5 0.8732 0.00407 1.087 3.84
3000 1.0767 46.1 0.8493 0.00528 1.097 5.24
2500 1.0764 41.5 0.8513 0.00635 1.106 6.61
2000 1.0758 36.1 0.8638 0.00805 1.121 8.89
1750 1.0754 33.0 0.8742 0.00932 1.133 10.67
1500 1.0749 29.6 0.8872 0.01103 1.149 13.15
1250 1.0743 25.8 0.9028 0.01347 1.174 16.83
1000 1.0735 21.6 0.9208 0.01717 1.214 22.56

750 1.0727 16.9 0.9408 0.02339 1.284 32.53
500 1.0716 11.7 0.9621 0.03588 1.428 52.99
250 1.0704 5.8 0.9833 0.07335 1.876 115.75
100 1.0695 1.9 0.9946 0.18548 3.236 305.33
14.7 1.0689 0.0 1.0000 1.26860 16.319 2126.80

B, and R,, were calculated from the Peng-Robinson EOS with volume translation using binary interaction parameters that are functions of
temperature and salinity (50,000 PPM for this example); the gas Z-factor was calculated from the Standing-Katz correlation.
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