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Abstract

This work completes the search for a generalized material
balance equation. No restrictions are placed on reservoir fluid
compositions. Unlike the conventional material balance equa-
tion, the new equation specifically accounts for volatilized-oil
and, therefore, is uniquely applicable to the full range of fluids,
including volatile-cils and gas-condensates. Equally important,
the new material balance equation retains the same simplicity
with which the conventional material balance equation has
become known. The new, generalized material balance equation
1s featured here by showing how it is used to predict reservoir
performance and estimate reserves in example volatile-oil and
gas-condensate reservoirs. In comparison, the conventional
material balance equation is shown to lead to erroneous results.
The new, generalized material balance equation leads to an
improved method of reservoir performance analysis.

Introduction

Material balance calculations are a useful method of reservoir
performance analysis. They are routinely used to estimate oil and
gas reserves and predict tuture reservoir performance.
Schilthuist), in 1936, was among the first to formulate and apply
material balances. Inherent in his and others’ use of material bal-
ances were the following assumptions: (I} at most, there are two
hydrocarbon phases: oil and gas, (2) at most, there are two hydro-
carbon components: stock-tank oil and separator (surface) gas, (3)
the reservoir oil-phase consisis of stock-tank oil and separator-
gas, (4) the reservoir gas-phase consists of only separator-gas and
no stock-tank oil, and (5} there are no compositional gradients
within the system. Assumptions 1 and 2 define the popular rwo-
hydrocarbon-component formulation. Assumption 3 effectively
accounts for the effects of dissolved- or solution-gas. Assumption
4 ignores the possibility of volatilized-oil and. therefore, restricrts
application to black-oils and dry-gases and precludes application
to volaiile-oils, gas-condensates, or wer-gases. Valatilized-oil is
the stock-tank oil content of the free reservoir gas-phase.
Assumption 5 means that the system is effectively treated as a
tank with no gradients; accordingly, Coats® and others have
sometimes referred (o this type of model as a tank or zero-dimen-
stona] model. Despite their apparent oversimplicity, early tank
modeis found widespread use in reservoir engineering applica-
tions(3-16),

As time progressed, more sophisticated marerial balance mod-
els evolved, each striving for greater penerality. Eventually, fol-
lowing the advent of digital computers, the material balance equa-
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tions were discretized and the first generation of multi-dimension-
al, black-oil, finite-difference reservoir simulators were developed
in the 1960's017-19. These models, like their zero-dimensional
counterparts, could effectively simulate black-ocil and dry-gas
reservoirs but could not madel volatile-oil and gas-condensate
reservoirs. To address this limtitation, Cook et al (30 in [974 intro-
duced a volatile-oil, finite-difference simulator. Their formulation
retained the simplicity of two hydrocarbon components, but
allowed for volatilized-oil. Consequently, their formulation was
applicable to the full range of reservoir fluids. The resulting for-
mulation was applicable to the full range of reservoir fluids.
Coats®D later, in 1986, verified the applicability of the black- and
volatile-oil approaches in reservoir simulation by showing agree-
ment with a fully-compositional, equation-of-state (EQS) reser-
voir simulator.

Though finite-difference reservoir simulators have evolved
from black- to volatile-oil models. zero-dimensional material bal-
ance models have not made commensurate advancements.
Application of two-hydrocarbon-component, zero-dimensional
material balance models is still restricted to black-oil or dry-gas
reservoirs. As volatile-oil and gas-condensate reservoir exploita-
tion increases, there is an increased need to address this limitation.
This work addresses this limitation and this paper is the first to
develop and apply a generalized maierial balance equation to treat
the full spectrum of reservoir fluids. This new approach is moce
general than previous approachest!-3-18), is simpler than alternative
approachest?>2%, and leads to a deeper and more unified under-
standing of reservoir performance.

Mathematical Development

As derived in Appendix A, the generalized material balance
equation ignoring the effects of warer influx is

N[Bai(1 - AuR) - (By - b} - (B - RgBi )]
N[ Bo (1~ AuPs) (R -R) By] = 0

3

(D
where N and NP are the original oil in-place (OOIP) and produced
oil (expressed in stock-tank md or stb), respectively, and R, is the
cumulative produced gas-oil ratio (expressed in std m¥/stock-
tank m? or scf/sth). See the nomenclature for a definition of the

remaining variables. The oil saturation as a function of the frac-
tional oil recovery N /N is given by:

ND
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TABLE 1: Fluid property data for example gas-condensate.

Bo Bg As Ay
P res m3 per res m? par std m® per slock-lank m? 19 ig
MPa stock-lank m? 107 std m® slock-tank m® | per 108 std m? mPa-s mPa-s
40 0 4.382 4.07 1077 928 0.0612 0.0612
38.3 4.441 4.12 1077 928 0.06820 0.0620
36.5 2.366 4.15 490 878 0.1338 0.0554
33.1 2.032 4.26 are 640 0.1826 0.0436
29.6 1.828 4.43 aos 499 0.2354 0.0368
26.2 1.674 4.77 253 366 0.3001 0.0308
22.7 1.554 5.33 210 271 0.3764 0.0261
192.3 1.448 6.11 171 196 0.4781 0.0222
i5.9 1.360 7.35 138 140 0.6041 0.0191
12.4 1.279 9.42 108 107 0.7746 0.0166
9.0 1.200 13.02 79 84 1.0295 0.0148
5.5 1.131 20.70 52 76 1.3580 0.0135

where 5, is expressed 0 fractional pore volume (PV) units. For
comparison, the conventional material balance (.,(JUﬂlel'[J:lr[H w
Equations {1y and (2) zre given by Equations (A-22) and (A-23) in
Appendix A or can be found in any slandard reservoir enginecring
textbook. Note thar Equations (1) and (2) are valid it and only if
the reservoir pressure is less than the saturation pressure. [f the
1eservoir pressure Is greater than or equal o the saturation pres-
sure, these equations can be simplified and the esulting simplifi-
cations are given in Appendix A. Equation (2} ignores the effect
ol a shrinking oil-leg due o either i lowering gas-0il contact
cuuxed by gas-cap expansion or a rising waler-oil contact caused
by water inllux. Though these and other more complicaled cases
huve been successfully treated. I opt not to consider these vases
here for the sake of brevity and simplicity

Kev 10 this develuopment is the use of the volatile oil-gas ratio
R.. expressed in umits of stock-tank mVstd m? or sthisct. This
viriable effectively describes the amount ol volatilized-oil n the
reservair sas-phasc. [t has been introduced and used hy
atherst-1-2% Cook et al'™ referred to R, as the “liquid contenl
of the gas". Coalst2b reterred to it as the “ail vapour in the gas.”
This variable is distinctly different from. but analogous to. 1he
dissalved gas-o1l ratio. R The volalile oil-gas rato varies s a
function of the reservoir fiuid composttion. [t also is a strong
function of the separaror configuration which seeks 1o maximize
liquid dropout, For heavy- and black-oils. the volatile nil-gzas rauo
al the sawration pressure typically ranges trom 0-60 siock-tank
105 std m¥ (=0-10 stbfmunsel): for volatile-oils, 10 ranges from
o0-1.200 stock-tank m*/ 10 std m* (~10-200 stb/mmsct): for near-
critical fluids. it reaches maximum values and ranges f1om
900-2.400 stock-tank md/ 10 <td m* (~150-400 q[h!mmsul) for
gas-condensates, it ranges from 300-1.500 stock-tank
m'/10" std m® 1=30-230 stb/mmsch): for wel-gases, it 1anges from

120-600 swock-tank mY10% sid m' (~20-100 sib/immsceh: and Tor
dry-gases. il upproaches zern.

The generalized material balance equation, like the convention-
al Iblack-oil) material bulance equation, has broud applicability
This paper illustrates 1wo of its uses: (1) predicting ulure reser-
voir perlormance and (2} estomiting oil and gas reseryes,

Reservoir Performance Predictions

An imporlant but less common application of material balance
caleulations is 1o predict future reservoir perfornunce. e.g., oil
and mas recoveries und producing GOR's as o Tunction ol tine o
reservoir depletion pressure. This application requires knowimg
the fluid properties B,,. B, R.. and R, and the phuse viscosiiies o,
and W, as a function ol reservoir pressure und knowing the gus-oil
relative permeability relationships. This lype of applhication using
the conventivnal (black-vil) materal balanee hias been presented
beforet®? 1112 Application using the generalized material balanee
differs only slightly.

The instantaneous producing GOR. R. iy related o the uil smu-
ration by

B_ko(S.)1,

Bk(S)g :

B kS,
Bk (S,

Y]

where K (S,) and k5,1 are the gas and ol relutive permeabilines
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FIGURE [: Conslant comipasition expansions. FIGURE 2: Gas-condensate peclormance predictions.
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TABLE 2: Reservoir material balance calculations for example gas-condensate.

PERFORMANCE PREDICTIONS QOIP ESTIMATES
Cumulalive
Producing GOR,| Producing GOR, Eq. A-22 Eq. 1
Qil Gas R. RAps. Gas Eslimated Eslimated
Pressure, | Aecovery | Recovery | 103 sld m?por | 10% sid m® per | Saturation, || OOIPfAclual | OOIP/Actual
" _MPa % Q0IP | % OGIP | slock-lank m? | stock-lank m® | %HCPY ofa]] QOIP
40.0 0.0 0.0 1.08 1.08 100.0
38.3 1.9 1.3 1.08 1.08 100.0 1.00 1.00
36.5 2.6 2.7 1.14 1.09 95.0 0.31 1.00
331 7.0 8.1 1.56 1.25 81.8 0.64 1.00
29.6 10.1 13.1 2.00 1.41 78.7 0.79 1.00
26.2 13.3 20.2 2.73 1.64 76.7 0.90 1.00
22.7 16.2 28.7 3.68 1.91 76.3 0.96 1.00
19.3 18.4 a7.8 5.07 2.21 76.6 0.98 1.00
15.9 2p.2 47.8 7.10 2.55 77.2 0.99 1.00
12.4 21.6 58.7 9.34 2.92 78.3 1.00 1.00
9.0 22.8 69.7 11.85 3.30 79.5 1.00 1.00
5.5 23.7 80.5 13.19 3.66 80.6 1.00 1.00

which are a function of the oil sawration. Equation (3) 1s derived
in Appendix A, The producing GOR is expressed in surface units
(std m3/stock-tank m? or scf/sth) and is defined by

=%

di, i)

where G, is the std m* or scf of cumulative produced gas and dG,
is differential change in the cumulative produced gas, The frac-
tional gas recovery G./G is related to the fractional oil recovery
by

G N
Ep - (ﬁp) Fes (g) OO )

where G is the OGIP expressed in std m3 or scf. [f the differentials
in Equarion (4) are approximaied by finite-differences, then
Equations {[)-(5) represent a system of five equations and five
unknowns (N, G, R, R, and 5) which can be solved iteratively.
This systern of equations is solved using Tamer'st!) solution pro-
cedure. Application of the generalized material balance is illus-
trated by presenting performance predictions for an example gas-
candensate and volatile-oil.
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FIGURE 3: Gas-oil relative permeability data.

Gas-condensate Example

Table | shows the fluid properties as a function of pressure for
a gas-condensate.” This data closely simulates a Western
Overthrust Belt rich gas-condensate!29.30, The fluid propenties for
this fluid were generated by developing a Redlich-Kwong equa-
tion-of-state (EQS) description for the reservoir fluid and then
carrying out numerical experiments. The initial reservoir pressure
is 40.0 MPa (5,800 psia) and temperature is 102°C (215°F). The
dew point of the fluid is approximately 37.7 MPa (3,400 psia).
Figure | shows the EOS-predicted constant composition expan-
sion (CCE) for this fluid at 102°C (215°F). The CCE reveals ret-
rograde condensation and shows a maximum 25% liquid volume
at about 26.5 MPa (3,800 psia). The data in Table 1 were generat-
ed by carrying out a numerical differential vapourization experi-
ment. The fluid properties derived from the differential vapouriza-
tion experiment were then adjusted for the effects of multi-stage
separation by carrying out numerical multi-stage separation exper-
iments o optimize separator pressure. The initial producing GOR
is 1,269 std m¥/stock-tank m? (7,117 scffstb) using single-stage
separators and 1,077 std m¥stock-tank m3 (6,042 scf/stb} using
two-stage separation with a high pressure separator set at 4.1 MPa
(600 psia). Notice that the oil-phase properties B, R, and p, are
identical or equivalent to the gas-phase praperties B,, R, and p, at
pressures greater than the dew point pressure. This is because a
single hydrocarbon phase condition exists at these pressures. At
these pressures B, and R, are related to B, and R, by the follow-
ing equalities: B,=B /R, and R ;=I/R,.

Figure 2 and Table 2 summarize the generalized malertal bal-
ance predictions. The results are given in terms of the oil and gas
recoveries, lnstantaneous producing GOR, cumulative producing
GOR, and gas saturation as a function of reservoir pressure. The
gas saturation is expressed as a per cent of the hydrocarbon pore
volume (HCPV). Given the necessary reservoir parameters. these
production results can easily be converted to oil and gas rates as a
function of time; however, for the sake of brevity, these results are
purposely omitted. The calculations assume the gas-oil relative
permeability in Figure 3 apply. The material balance equations
predict a final oil recovery of about 24% and a final zas recovery
of about 80% at the abandonment pressure of 5.5 MPa (800 psia).
The initial producing GOR starts at 1.077 std m¥/stock-tank m3
(6,042 scf/stb) and monotonically increases to about
13,191 std m3/stock-rank m3 (74,000 sci/stb). The gas saturation is
initially 100% HCPV and, once below the samration pressure. it
decreases to 2 minimum of 76% HCPV at 22,7 MPa (3.300 psia)
and then increases slightly to abour 81%% HCPV at abandonment.
This saturation history reflects the retrograde condensation noted

™ The reader s referred to the original preprini for a presenianion of the figures and tables 1n Imperial units. See Paper No. CIM/AQSTRA 93-03, pre-
sented at the 44th Annual Technical Meeting of The Petrolenm Society of CIM. Alberta, Canada. May 9-12, 1993,
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FIGURE 4: Comparison of generalized and conventional (black-
0il) material balance calculations for gas-condensate.

in the constant composition expansion. A condition of simultane-
ous gas-oil flow is realized at pressures between abour 9.0-29.6
MPa (1300-4300 psia). The fact thac this work allows simultane-
ous ras-oil flow af reservoir conditions gives it greater generality
than alternative approaches which neglect condensate mobility!3!.

Figure 4 shows the predictions if the conventional {black-oil)
material balance equations (MBE) [Equations (A-22) and (A-23)]
are employed insiead of using the generalized matenal balunce
equations [Equations (1) and (2)]. Using the conventional (black-
oil) material balance equations is equivalent to using the general-
ized matenal balance equalions and assuming R, is identically
zero, Figure 4 compares the generalized and conventional material
balance predictions. At pressures greater than the dew point pres-
sure, lhe generalized and conventional (black-oil) material bal-
ances predict identical results. This is expected inasmuch as the
generalized and conventional material balance equations reduce tw
identical relations under these conditions. See Appendix A.
However. al pressures less than the dew point, the latter vields
erroneous results. as evidenced by: (1) the lack of additional il
recovery below the dew point. (2) the underpredicted ultimate ail

TABLE 3: Fluid property data for example volatile-oil.

recovery. and (3) the predicted non-phiysical disconunuiy in the
oil and gas recoveries and gas saluration at the saluration pressure,

Volatile-otl Example

Table 3 shows the [Tuid properties as a [unctivn ol pressure [or
a volatile-oil. This data closely simulutes a volaule-oil {from the
Smackover limestone in north-central Louisiana22, The [luid
properties were generaled by modeling the phase behaviour using
an EOS. The initial reservorr pressure is approximately 34.5 MI%)
(3,000 psin) and 1emperature is 119°C (246°F). The hubble point
of the fluid is approximately 331 MPa (4800 psia). Figuie |
shows the EOS-predicled constant contposilion expansion {CCLE)
for thus uid ar 119°C. The CCE shows a monotonically
increasing volume per cent liquid. This behaviour v characteristic
of vils. The gas-phase exhibits a volatile oil-gas ratio of AY0
stock-tank m¥/10% std m3 (123 stb/mmscl) at a pressure
immediately below the saluration pressure. This value 15 much
greater than that for black-nils but less than that Tor the pus-
condensate in the previous example. The mitial producing GOR s
596 std mi/stock-tank mt (3,344 sctfsib) using single-siape
surfuce separalors and 519 std m¥slock-tank m' (2909 selfsib)
using two-stage separation with a high pressure separaton set
3.4 MPa (500 psia). The EOS-predicled stock-tank Muid gravity is
39.6° APL

Figure 5 and Table 4 summarize the material balance predic-
tions. The calculations assume the gas-oil 1elative peomeabality in
Figure 3 apply. The material bulance equations predict u final oil
recovery of about 23% and a final gas recovery ol about B2% at
the abandonment pressure ol 4.1 MPa (600 paia). These values are
very similar to those in the gas-condensate example. The inital
praducing GOR starts al 519 s1d mYstock-tunk m* (2,908 scl/sth)
and monotonically increases to abowr 5,760 sid mYsock-tank m*
(32.313 sctisthy a1 6.9 MPa (1,000 psia) and then decreases slight-
Iy at lower pressures. The decrease in the producing GOR s char-
acteristic of und due (o the low depletion pressure, The gas saturi-
tion monotonically increases below the saturation pressure and
eventually reaches aboul 66% HCPV mt abandonment. The Tinal
gas saturation for volalile-oil reservoirs is charactenstically lower
than thal [or gas-condensate reservowrs. Notice there is no ret-
grade condensation for the volatile-oil. A condition ol simultane-
ous gaus-oil fow is reahized al virtually all pressures less thim the

Bo Bg RAg Ay

P res m? per res m per sldm®per | slock-lank m? per o g
MPa stock-tank m? 103 std m? stock-lank m? 108 std m? mPa-s mPa-s
34.5 2.712 5.22 519 1924 0.0735 0.0735
33.1 2.739 5.27 519 1924 0.0716 0.0716
31.7 2.546 4.71 461 690 0.0769 0.0381
30.3 2.341 4.77 402 589 0.0845 0.0350
29.0 2.201 4.88 as5g9 522 0.0912 0.0327
27.6 2.087 5.05 324 466 0.0977 0.0306
26.2 1.985 5.22 293 415 0.1050 0.0287
24.8 1.903 5.44 267 370 0.1118 0.0270
23.4 1.826 5.67 242 331 0.1194 0.0254
221 1.756 6.00 220 303 0.1274 0.0240
20.7 1.694 6.34 200 268 0.1358 0.0227
19.3 1.638 6.73 182 247 0.1445 0.0214
17.9 1.581 7.18 164 218 0.1555 0.0203
16.5 1.538 7.74 150 202 0.1642 0.0193
15.2 1.489 8.41 134 185 0.1763 0.0184
13.8 1.448 9.20 120 168 0.1878 0.0176
12.4 1.412 10.21 108 157 0.1988 0.0168
11.0 1.374 11.44 96 1486 0.2128 0.0162
9.7 1.332 12.96 82 140 0.2307 0.0155
B.3 1.304 15.09 72 135 0.2432 0.0150
6.9 1.271 17.90 61 134 0.2606 0.0146
5.5 1.238 21.88 50 137 0.2798 0.0141
4.1 1.205 28.16 33 147 0.3013 0.0136
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TABLE 4: Reservair material balance calculations for example volatile-oil.

Cumulalive
Preducing GOR,] Producing GOR, Eq. A-22 Eq.1
Qil Gas R, . Gas Eslimaled Eslimaled
Pressure, || Recavery | Recovery | 109sldm®per | 10° stldm® per | Salurallon, || OOIF/Aclual | OOIP/Aclual
MPa 2t QOIP 2. OGIP | slock-tank m® | elock-lank md o HCPY [e]e]]:] [s]e]]2)
34.5 0.0 0.0 0.52 0.52 0.0
33.1 . 1.0 1.0 0.52 0.52 0.0 1.00 1.00
31.7 3.0 2.9 0.49 0.51 14.2 0.80 1.00
303 5.3 5.2 0.53 0.51 25.6 0.80 1.00
20.0 7.4 7.6 0.62 0.53 325 0.84 1.00
27.6 9.5 10.3 0.80 0.57 37.5 0.88 1.00
26.2 11.1 13.3 . 1.05 0.62 41.5 0.91 1.00
248 12.6 16.6 1.35 0.68 44.4 0.93 1.00
234 13.7 19.8 1.62 0.75 46.9 0.95 1.00
221 14.9 23.8 1.91 0.83 49.2 0.97 1.00
207 15.8 27.6 2.25 a.,90 51.1 0.98 1.00
19.3 16.7 31.5 2.61 0.98 52.8 0.98 1.00
17.9 17.4 35.6 3.09 1.06 54.4 0.99 1.00
16.5 1841 39.3 3.51 i.14 558.7 0.99 1.00
15.2 18.7 44.3 3.95 1.23 57.2 - 0.99 1.00
13.8 19.3 48,7 4.38 1.31 58.4 1.00 1.00 .
12.4 19.8 53.3 4.73 1.40 58.5 1.00 1.00 T
11.0 20.3 58.0 5.12 1.48 60.6 1.00 1.00
87 20.7 62.7 5.45 1.57 €1.9 1.00 1.00
8.3 21.2 67.4 5.64 1.65 62.8 - 1.00 1.00
6.9 21.6 72.2 576 1.73 63.8 1.00 1.00
5.5 22.1 77.0 5.69 1.81 64.9 1.00 1.00
4.1 22.5 g2.2 5.40 1.89 56.0 1.00 1.00

saluration pressure.

Figure 6 compares the generalized and conventional material
balance predictions. In general, the error incurred by the conven-
tional material balance equations is not as great for volatile-oils as
for pas-condensates. This 15 because volatile-oils do not exhibit
retrograde condensation in their saturation history and they have
lower volatile oil-gas ratios than gas-condensates. The conven-
tional material balance equations slightly overpredict the oil
recovery at pressures immediately below the saturation pressure
because they overpredict the oil rate at reservoir conditions due to
an underpredicred gas saturation. At lower pressures, the conven-
tional material balance equations underpredict oil recovery
because they neglect oil production due to liquid dropout from
praduced gas, i.e., they assume R =0. Although the error in the oil
and pas recoveries by the conventional material balance equations
is relatively small, the error in the producing gas-oil ratio is large.
As shown in Figure 6, the conventional material balance equations
greatly overpredict the GOR. at moderate and low pressures.

In general, the error caused by using the conveational (black-
oil) material balance equations tends to be greatest for rich gas-

condensates and less for volatile-oils and wet-gases. Though the
error may be less for volatile-oils and wet-gases, [ do not, in gen-
erial, recommend neglecting it.

Oil and Gas Reserve Estimation

A second and perhaps more commeon application of the materi-
al balance equations is to estimate oil and gas reserves based on
early production data. In this application Equation (1) is solved
for the OOIP (N) and then the OOIP (N) is computed for each
pressure in which the fluid property data B,, By, R,, and R, and
production data N, G,. and R are known. If the proper marterial
balance equation is used, this method will yield an accurate esti-
mate of the OOIP {N} for each pressure. If, on the other hand, the
conventional {black-oil) material balance equation is mistakenly
used to estimate the OOIP and OGIP for cither a volatile-oil, gas-
condensate, or wel-gas reservoir, it will yield erroneous OOIP
estimates. To illustrate the magnitude of this error, gas-condensate
and volarile-oil examples are considered.
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FIGURE 5: Volatile-oil performance predictions.
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FIGURE 6: Comparison of generalized and conventional (black-
01l) material balance calculations for volatile-oil.
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Gas-condensate Example

This example uses the [Tud property data B, B, R, und R,
given in Table 1 and assumes the oil recovery and cumulauve pro-
duced gas-oil ratio dara reported in Table 2 apply. [f the general-
izcd material balance equation, Equation (1), is wsed to estimee
the OOIP (N). it will yield an accurale estimate of the QOIP. I[L
however, the conventional rblack-0il) matenal balance equation.
Equation tA-22). is used w estimate the OOIP, it will underpredict
the QOIP ut pressures less than the saturation pressure. Table 2
includes a summary the OOIP estimales as a tunction of pressure
using the cunveniional material balance equation. The QOIP esti-
mittes are expressed ay a fracuon of the actual OOIP. Figure 7
shows Lhe error as o function of pressure. Nouce that there 1s oo
error al pressuies greater than the saturation pressure. This is
expected inasmuch as the conventional and generahzed material
balance equations are equivalent at pressures abuve Lthe sawration
pressure. However. at pressures below the saturation pressure, sig-
nificant ecrors e incurred. For enxample. the ervor by the conven-
tienal material balance equation is as much as 69 at a pressute
immediately below the sataration pressure. Ay the pressure is lur-
ther reduced below the saturation pressure, the error magnitude
decreases, until it is negligible ar pressures below about 17.2 MPa
{2.500 psia). Note. however, thal the error in estimating the QOIP
15 greatest at early times (high pressures) when reservoir engineers
are most interested in obtaining accurale QOIP estimutes.

Volatile-oil Example

This example uses the fluid property data B, B, R.. and R,
given in Table 3 and assumes the oil recovery and cumulative pro-
duced gas-oil rauo dawa reported in Table 4 apply. Tuble 4 and
Figure 7 suumnanize the OOIP estimates a5 a function of pressure
using the conventional material balance equation. Nortice that, hike
the gas-condensate example, there is no error at presasures grealer
than the satuaton pressure. Howevel. ab pressures less than the
siluration pressure significant erors are incurred The etror mag-
nitude is greatest at the saluration pressute and decreases as the
pressure decreases. The ercor in estimating the OQOIP is 2045 at the
suturation pressure. The error magnitude is less for volatile-oils
than that tor gas-condeusales because the Former acl more like
hlack-vils than the later,

As an alternative to solving Equauon (1) directly 10 estimate
the OOIP, simple graphical methods akin to those popularized by
Havlena and Odeh' me possible. See the recent work by Ansah.
Walsh. and Rughavapt 3%,

Summary and Conclusions

This paper presents o new. generalized marterial balance equa-
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tion which is applicable 1o the ull range ol reservoir Muids.
including volatile-cils and gas-condensites, The new eguation
retaing the simplicity of the two-hydrocarbon-component formula-
lion popularized in earlier developments s application is illus-
truted for an example gas-condensate and volatle-uoil
Misapplication of the conventional (black-oil) muterial balince
equation is shown 1o lead w erroneous 1eservoir perforntnce pre-
dictions and erroneous oil and gas reserves estimiates Applicaton
ol the generalized material balance equation is recommenced lo
reservoir luids having a volatile oil-gas ralios greater than about
60 stock-tank m¥y10¢ sid m* (~10 sth/mmac]).
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NOMENCLATURE

B, = Oil formation volume faclor (FVF),
res mY/stock-tunk m” (rb/sth}

B, = Imual oil FYF, res mVYstack-tank ' (rb/sib)

B, = Gas FVF. res m¥/sid m? (rb/fsct)

B, = [niual gas FVF, res mYsd m? (rb/sch

B, = Waler FVF, res mVYstock-tank m* irb/stby

G = Original gas in-place OGIP, std m* (scl)

G, = Produced wellhead gas. std m' (scf)

G, = Gas in [ree gas-phasc. sk m' (sef)

AG = Definition. see Appendix A

k., = Qil relative permeubility

k. = Gas relative permeability

N = QOIP. stock-tank m* (s1b)

N, = Produced oil. stock-tank m' (sthy

N, = Oilm free oil-phase. stock-tank m7 (s1h)

AN = Definilion. see Appendix A

P = Pressure. MPa (psia}

( = Gas flow rine at reservoir (hottombhwle) conditions.
tes m/dav (rb/day)

4. = Gas flow rate at surfoce conditions, m¥day (elfday)

d,. = Oil How rate at reservoir (baottmmhole) conditivns.,
tes mYday (rb/day)

q,. = Oil How ate al surtface conditions. mYday tel/day)

Solution zas-oil ratio. std n/Astock-tink int (sel/sim
= Initial solution zas-o1l ratio.
std mdfstoch-tank m* (sclfslb)

R, = Volatile vil-gas ratio. stock-tank m¥sd m* (sib/se)
R, = [Initial pil-gas rativ, stock-tank mYstd m* (\b/sely
R, = Cumulalive produced wellhead gas-oil ratio,
std m¥/stock-tiink m* {sthfsel)
R = Cumulative produced sales gas-oil ralio,
std m¥Ystock-tank m? (sclfsib)
1. = Fraction of produced gas reinjected
Su) = Imual water sauratnon. leaction PV
S, = Oil sawration. fraction PY
S, = Gay sawation. fraction PV
W, = [nfluxed water, stock-tank ' (stb)
W, = Produced water, stock-lank m? {1l
AW = Delinition. see Appendia A
v, = Reseivoit pore volume. 1es m(rh)

Greek Svmboly

K, = Ol viscosily. mPass «cp)
M, = Gus viscosily. mPass (ep)
Corrversion Factors

L m = 3251 fu

lm? = 6.299hbl

lm* = 353dcf

IMPa = 1450 pst

I mPass= 1l cp
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Appendix A: Derivation of the Generalized
Material Balance Equation

Assumptions

The mathematical development in this paper is based on the
following assumptions or idealizations-

1
2

n

g

10.
L1

12

13.

14,

. The reservoir is an isothermal system.
. The reservoir is comprised of, at most, four components:

rock, water. stock-tank oil and surface-gas.

. The reservoir is comprised of, at most, four phases: rock,

water (aqueous). oil, and gas.

The surface gas component exists only in the oil- and gas-
phases and does not partition into the water- or rock-phases.
This assumption allows for dissolved-gas.

The stock-tank oil component exists only in the oil- and gas-
phases and does not partition into the water- or rock-phases.
This assumption allows for volatilized-oil.

The water component exists only in the water-phase and
does not partition into either the oil-, gas-, or rock-phases.
The rock component exists only in the rock-phase.

The water- and rock-phases are incompressible, This
assumption implies the reservoir pore volume is constant.
The reservoir pressure 15 uniform throughout the reservoir,
i.e., no pressure gradients exist vertically or horizontally.
The reservoir fluids are in thermodynamic equilibrium.
Waler may enler the reservoir, i.e., water influx may occur.
Water, stock-tank oil, and surface-gas components may be
produced.

The produced gas component may be re-injected into the
reservoir.

The porosity and initial water saturation are uniform
throughout the reservoir.

Many of the above assumptions are routinely invoked in reser-
voir engineering calculations: [ include them only for complete-
ness. Nore that Assumptions [-14 make no statement as to the ini-
tial or later distribution of free oil- and gas-phases. Unique to this
development is Assumption 5, which allows one to account for
volatile-oil and gas-condensate systems as well as black-cil sys-
tems. To consider only black-oil systems, Assumption 5 is
replaced by: the stock-tank oil component exists only in the oil-
phase and does not partition into the water-, gas- or rock-phases.

Many of the listed assumptions can easily be relaxed to consid-
er more general or realistic conditions. However, for the sake of
brevity and simplicity, [ purposely restrict myself to the above
assumptions.
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Volume and Matierial Balances

A volume balance demianlds:

V= (volume of free oil-phase) + (volume of free gas-phase)
+ (volume ol waler-phase) .......cocoovnncces vcvecece cee A1
where V|, denoles the reservoir pore volume 1 Equation (A-1) 13
applied for some time afler initial production, it yields

Vp = NBg + GBy + (W, - W)B,, + S,V e s e (AC2)
where N, is the stock-tank m? or stb of remaining free oil-phase.
G, is the std m* or scf of free gas-phase. and the remaining vari-
ibles here and elsewhere are defined 1n the nomenclature. A mate-
rial balance on the oil component demands:

(stock-tank m? of il component in oil-phase) =
(initial stock-tank in? of oil) -
(produced stock-tank m' of oil) -
(stock-tank m* of oil component in gas-phase)
or

Ni= NN - GR e s e e A1)
where N 15 the stock-tank m3 or stb of original oil in-place
{OOIP). N, ts the stock-tank m' or stb of praduced oil, and R,
describes the stock-tank m? or stb of volatilized-oil in the free gas-
phase per sid m? or sef of pas?®. A material balance on the gis
component demands

{std m* of gus component in gas-phase) =
(initial »4d m* of gas) - (produced std m? of gas) -
(std m! uf gas component in oil-phase)

or

Gi=G-Gy1-rg)-NiR, el A

where r, is the {raction of the total produced gas which is reinject-
ed. Substituting (A-3) into 1 A-4) and solving for Gy gives

G = AG-AN Fls

R . o

where the above expression is simplified by defining AG=G-G(1-r,)
and AN=N-N. Substiuting 1A-3} inio (4-2) gives

Vo=(aN-G(R,)B + GBg+aW+V Sy

q SR - W .3

where AW=(W-W_)B,,. Substwuting {A-3) inta (4-6) and simpli-
fying pives

(Bo " RSBQ)"'\N*'(BQ ) HvBo) AG
(1-RA,)

Vp(1 -5;)=AW+
e d AT

For the sake ol simplicity and brevity, I further assume:
13. The reservoir initially contains only one hydrocarbon phase.
This assutnption implies the initial reservoir pressure is above
the satutation pressure. [t follows from Asswmption 15 that the
OOIP, N, 15 related to the system pore volume V by

Vp(‘l _Swi)z\"’p(-I 'Svn)Hvi
B.. B

ot o

R V. .|

where N is wnitten either in terms of B, if the original in-place
Muid is wreated as an oil or in terms of B, and R, if the ariginal in-
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place fluid is treated as o gas. The OGIP. G. is related 10 the
OOIP, N, by

It the initial flud is treated a5 an oil. and Equution (A-R) is
solved for Vi and this result and Equation (A-9) arc substituted
intu Eqquation (A-7), one obtains

N [Bdﬁ -RR.)-(B,-RB,)A,- (BD-HSBQ)]

+ Np[Bn(1 - R\Rps) +(Hps- Rs) Bgl = AW“ h HVHS}

e AL
where [ have used G(1-r)=R N and R, is the cunwulative sales
gas-01l ralio expressed in units of std mY/stock-tank mY ur scit/sth
Since gas reinjection may oceur and not all the produced wellliead
gus results in sules gas. the cumulative wellbead GOR, R . is relat-
ed to Ry, by Ry =R (1-1,). AL pressures greater tin Lhe sutunLLion
pressure, Equalion (A-10) reduces o

N(BDI - Bo)'" NpBo =‘5W e e e AT

Saturation Eqguation

The reservair oil saluration can be evaluated il the lollowing
additional assumplions or idealizitions are invoked:

16, [f gas is re-injected, a secondary pas-vap does not lorm, This
implies that the re-injected gas is dispersed unilvimly
throughout the oil-leg.

17. No water influx oceurs.

18. The phase saturations are unmlorm throughout the odl-leg.

The oil saturation is related 1o the stoch-tank m* or stb of Iree
vil-phase N, by

= TR ¥ A B B |

The gas suuration 1~ related o the std m? or sel ol [Tee pas-
phase by

G=VPSQ

B
PO 7 C I}

where all saturations are expressed in fractional {reservoin) pore
volume units. Substituting (A-121 and (A-13) into (A-3) mives

N-N - 25
P B

a q

v, S,
e e LA D)
If Equation (A-¥) is solved Tor V. and thisx result and

§.=1-5,,-8, are substituted into (A-14), und the resubting expres-
sion 15 snlved for S,, one oblains

Ny
1-ﬁ B.,B,-B, R, B,
BG(BQ'H\’BO)

So=(1 - Sm)
AR

AL pressures greater than the sauration pressure, the aingle hydio-
catbon phase saturation is equal 1o (1-5,,).

Equations (A-10). (A-11), and (A-15) have been arbitiurly
wrilten in terms of B, und R,,,,. Allernatively, these cquations cin

i
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Tearh .

be written in terms of By, and R,; by substituting the following
equalities: B;;=B,/R,;and R,=1/R,.

Producing GOR
The instantaneous producing GOR is defined by

R =g :

where q,; and g, are the instantaneous oil and gas volumetric
flow rates at the surface. The produced stock-tank oil originates
from either the stock-tank oil in the free reservoir oil-phase or the
condensable liquids (stock-tank oil) in the free reservoir gas-
phase. Accordingly, il rate art the surface is given by

i + q_g R
B B "
e g TP PPUPIOTIN ¢ O I )

Qos =

where g, and g, are the instantaneous oil and gas flow rates at the
reservoir (bottomhole) conditions. Similarly, the produced sur-
face-gas originates from either the dissolved-gas in the free oil-
phase or the surface-gas in the free gas-phase. Accordingly, the
gas rate at the surface is given by

q :q_oFl +?.g
gs B £ B

e L OO ¢ T3 -} |

Substituting Equations (A-17) and (A-18) into (A-16) and simpli-
fying gives

9,8, A
R =5
B
9. A, + 1
q, B, 7 W 1)

The reservoir oil and gas rates are given by Darcy's law and the
ratio of g,fq,, is given by

9 Kt
94, k. u

Substituting Equation {A-20) into (A-19) gives

B, Kol SJ)H,
IO
Bk (S ), *

+ 1
N . 07 )

Black-oil Reservoir

For the special case of a black-oil reservoir. i.e., R, = 0.
Equations (A-10) and (A-15) reduce to

N [Boi - Bo - (Hm - Rs) Bg] + Np[Bu"' (Hps - Hs) Bg]
= AW reeremnens (A-22)

January 1995, Volume 34, No. 1

N
5o =(1 -s\.ﬂ)(1 - _P) Bo

Equation (A-22) is the conventional (black-oil) material balance
equarion.

Dry-gas Reservoir
For the special case of a dry-gas reservoir, Equarion (A-10)
simplifies to:

By G=By G- G Bg+ AW e (A2
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