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SUMMARY

VARGOW, a variable gas-oil-water reservoir model, was developed by the
U.S. Geological Survey to provide recovery estimates suitable for assessing
various reservoir production policies and regulations. The purpose of this
study is to apply the model to actual reservoirs and to assess the model's
ability to describe and predict reservoir behavior.

To this end, data were collected for a number of reservoirs. From this
data base, three reservoirs approximating the model assumptions were selected
for model testing purposes. Each of these reservoirs has been simulated by
fixing as many of the input parameters as possible based on the data available.
The remaining parameters have been estimated statistically. The ability of the
VARGOW model to interpolate and predict certain observed reservoir data was
used to assess the validation status of the model.

For all three reservoirs, it has been possible to simulate the observed
pressures in both interpolative and extrapolative modes. Simulating the gas/
0il ratio (GOR) has not been as successful, however, even though reasonable
matches with the observed data at the end of the history match period have
been achieved. It has also been possible to extrapolate GOR's for a short
period of time beyond the history match period.

The VARGOW model will predict physically unrealistic results if the
reservoir being simulated is not initially at the bubble point pressure of the
reservoir fluid. If the discovery pressure is slightly above the bubble point,
adjustments to initial conditions can be made using é method that has been out-
lined in this report. If the discovery pressure is considerably above the bub-
ble point, it is recommended that an undersaturated reservoir model be employed
until the bubble point is reached. For simulating reservoirs whose discovery
pressure is below the bubble point, the VARGOW model must be modified in a sim-
ple manner also identified in this paper.
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NOMENCLATURE

a Intercept of the relative permeability ratio function
API API gravity of the stock tank oil, OAPI

b Slope of the relative permeability ratio function

C  Schilthuis water drive constant, ft3/year/psia

D Segregation damping factor, years

F 0il/gas entrapment factor (entrapment by the invading water)
G Initial gas/oil ratio, 1b-moles gas/1b-mole oil

KR Relative permeability ratio, K, = 10(a+bo)

M Molecular weight

N Amount of a substance, 1b-moles

P Pressure, psia

r Rate of broduction, 1b-moles/year

3

1bf-ft

R Ideal gas constant, 19.3166 5
in~-1b-mole-"K

S Gas segregation factor

T Reservoir temperature, OK

Vp 011 formation volume factor, RVB/STB

V. Volume, ft3

X Average absolute pressure discrepancy, psi

y Average absolute weighted pressure discrepancy, psi/psi

z Gas deviation factor
or average absolute GOR discrepancy, 1b-mole/lb-mole

Y Specific gravity
8 Time, years
o  Gas saturation, o= VFg/(VFGg+VL)

A Time constant in production model, 1/year

ix
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SUBSCRIPTS

DG Referring to dissolved gas

FG Referring to free gas

FGC Referring to free gas plus gas-cap gas

L Referring to reservoir liquid (oil plus dissolved gas)
OIL Referring to oil

R Relative value

wt  Weighted value

SUPERSCRIPTS

Y Referring to time equal to zero. An initial condition.
t Indicates partial derivative with respect to pressure

. Indicates partial derivative with respect to time



VALIDATION STATUS OF THE VARGOW
OIL RESERVOIR MODEL

D. W. Mayer, E. M. Arnold, W. M. Bowen, and P. J. Gutknecht

INTRODUCT ION

The reservoir model discussed in the following report is a variable gas-
oil-water (VARGOW) reservoir per se model. This model has been developed by
the U.S. Geological Survey (USGS 1976). "The purpose of the oil reservoir per
se model was to make estimates of recovery from reservoirs suitable for quanti-
tative assessments of policy alternatives related to production regulations"
(Lohrenz and Monash 1979).

The term "reservoir per se" indicates that the model considers only the
reservoir itself and does not consider individual wells drilled into the reser-
voir. The only influence that wells have on the reservoir is in determining
the rate of production.

The VARGOW model is a zero-dimensional tank-piston model. "Zero-
dimensional" indicates that spatial variations are not considered. "Tank-
piston" implies that the reservoir is modeled as a large tank with the
inflowing aquifer water forming a piston that pressurizes the reservoir. The
"piston" is modeled as a porous piston that allows entrapment of the reservoir
material (oil and gas) by the inflowing water.

The purpose of the following report is to discuss the results obtained
when the VARGOW model is used to simulate actual reservoirs. Three reservoirs
have been simulated:

e Empire Abo Pool, New Mexico
e Hawkins (Woodbine) Field, Texas
e A gas-cap drive reservoir, probably in Texas.



For each of these reservoirs, as many input parameters as possible were fixed
using available reservoir data. The remaining parameters have been estimated
statistically. The ability of the VARGOW model to predict certain observed
reservoir data is used to determine the validation status of the model.



CONCLUSIONS AND RECOMMENDATIONS

The VARGOW model as currently formulated requires that a reservoir simu-
lation be started at the bubble point pressure (the pressure at which gas
starts to come out of solution) of the reservoir fluid. Most reservoirs upon
discovery do not exhibit this characteristic, however: they either exceed or
fall below the bubble point pressure. The model further assumes that all of
the gas in the reservoir is in a dissolved phase - i.e., that neither gas-cap
gas nor free gas (gas in the oil zone) is present. This, also, is not a
realistic assumption unless the reservoir is at or above the bubble point

pressure.

Whenever these two assumptions or conditions are not met, the model will
erroneously calculate a negative value for the initial free-gas plus gas-cap
gas derivitive ﬁgGC ﬁch = d(NFGC)/dtIt - 0| This is an unrealistic result
if only dissolved gas is assumed to exist in the reservoir initially; there-
fore, the simulations for these cases are terminated.

For reservoirs at or above the bubble point pressure, it has been found
that the following criterion must hold in order for the initial gas derivative

to be positive:

Fec < 1

where

2
(1+G) G 1
G <1 - 1+G> <1 -V;>+ 1

FGC 0 p+0,/,0/0
NL RT /(VLP )




For reservoirs that are only slightly above the bubble point pressure, the
above criterion can be used as a guide to adjust the initial conditions. If
initially the reservoir is significantly above the bubble point, it is recom-
mended that an undersaturated reservoir model be used to simulate the reservoir
until the bubble point is reached. At that time the VARGOW model can be used
to continue the simulation.

For reservoirs that are below the bubble point at discovery, the VARGOW
model will also compute a negative value for N?GC' This occurs because

the model assumes that initially there is no free gas or gas-cap gas present in
0

FGC*

To simulate these reservoirs properly, it is recommended that the feasibility

the reservoir; this assumption eliminates terms from the equation for N

of a model modification allowing for an initial amount of gas-cap gas be inves-
tigated. At this time, it appears that this modification will also necessitate
the revision of the gas segregation equation. The proposed modification to the
gas segregation equation is as follows:

_ <0 =D/o o -6/D
where
s‘l’=sg=s° if Ngc >0

0 _ <O o_ : =
Sl - S . Sz— 0 1f NGC - 0

It has been found that when parameters that couldn't be determined from
available data were estimated statistically using the observed pressure, the
average absolute pressure discrepancy is around 40 psi. This is about 2% of
the average observed pressure. When the parameters are estimated using the
observed GOR, the average absolute GOR discrepancy is between 0.08 to 0.32 or
between 7% and 22% of the average observed GOR.



It is possible to fairly accurately match and predict observed pressures.
This is especially true for parameters established using the observed pres-
sures. Matching or predicting the observed GOR has been less successful
probably because of discrepancies in the observed data for the Empire Abo Pool
and problems in modeling an initial gas-cap for Hawkins Field and the gas-cap
drive reservoir.

The model's ability to match and predict reservoir data has been consider-
ably improved by modifying the code so as to allow simulations using the actual
0oil production rates.

Reservoir pressure may be extrapolated for a time span up to 50% of the
history match time span; GOR's have been extrapolated for up to 20% of the same
period.

Caution must be exercised when estimating certain parameters simulta-
neously. The concurrent estimation of C and F is a case in point: because C
and F have a counteracting influence on the magnitude of the reservoir pres-
sure, numerous parameter combinations may result in essentially the same pre-
dicted pressures, and lead to erroneous conclusions. A similar effect may be
observed when D and S° are estimated simultaneously.



INITIAL GAS DERIVATIVE

Application of the VARGOW model to certain reservoirs results in the gas
derivative (free gas plus gas-cap gas), ﬁgGC’ going negative at time equal
to zero. The model assumes that initially there is no gas-cap gas or free gas
(i.e., that the reservoir is in equilibrium at the bubble point pressure). As
it is not physically possible to have a negative initial-gas derivitive, all

simulations of this nature were terminated.

Subsequent investigation of this problem indicated that by adjusting
certain parameters, ﬁgGC could be made positive. As it turns out, the
parameters that influenced ﬁgGC could be determined from the published
reservoir data.

Parameters typically estimated by statistical techniques (a, b, C, F, D,
So) seemed to have no influence on ﬁgGC' The derivation of the model
equations has been subsequently reviewed with special emphasis on the equation

for N In the model, &FGC is calculated as follows (USGS 1976):

FGC~

b, (@Y-BY) - b, Y+ b, B
. B 1 2 3
Nege = W (1)

where

_ CF (1+n)(P°-P)
by = “TroTAL ~ T @ ¥ ¢n (2)

o
i]

~C(1+F)(P°-P) (3)
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1 1, P
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Vr r P0
kg = 10(&+09) (13)
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o= (14)
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The other variables have been defined in the nomenclature section.

In conjunction with the assumption that initially gas-cap gas and free
gas are not present in the reservoir (i.e., N?GC = 0 and V?G = 0),
an analysis of Equation 1 (Appendix A) results in the following equation for

o .
Negc:
vO pO\] | vO pO
0 (2 -1)(1- 1yl102 =5 )| .| s 1+ 10 =
FGC 1- .8 1 NORT®
A - 0p0
v, 146 a2l L2 W

Since NE, VE, T°, Po, G, and r81L are always positive, and V. is always
greater than one, it is apparent that the numerator for Equation 16 is always
?egative. Therefore, to avoid a negative value for &?GC and to avoid

N?GC becoming infinite, the denominator must be less than zero. We can

define a criterion as follows:



2
G - oy - do
r
F = <1 (17)
FGC NERTO
0,0
VLP

This criterion must be met if a negative value for &gGC is to be avoided.
Notice that FFGC is a function of parameters that are typically available or
can be computed from data that are available for a given reservoir. This cri-
terion has proven useful for investigating the cause of a negative initial-gas
derivative.

Typically, reservoirs are not initially at the bubble point as assumed by
the model. Therefore, certain adjustments to the initial conditions are neces-
sary. If it is assumed that the values for G and v, are reasonably close,
then Equation (17) indicates that 1ncreas1ng NL’ increasing T°, decreasing
VE, and/or decreasing PO are the proper adjustments to make if the criterion

for FFGC is to be met.

If initially the reservoir is slightly undersaturated (i.e., if the dis-
covery pressure is s]ight]y above the bubble point pressure), then it will be
necessary to adjust NL’ T° VE, and/or PO if the reservoir is to
be simulated. If initially the reservoir is below the bubble point pressure,
free gas will have evolved and Equation 17 will no longer be valid. Experience
with the VARGOW model indicates that &?GC will still be negative for these
conditions. This is not due to physical reasons, but due to the fact that
terms are deleted from Equation 1 by the assumption that there is no free gas

or gas-cap gas (NFGC) initially present (see Equation 6).

In summary, the initial-gas derivative can be negative if the reservoir is
above or below the bubble point pressure. In the first case, a negative N?GC
is physically reasonable from the standpoint that, if gas were present under
these conditions, it would be condensing. Consequently, the initial conditions
need to be slightly adjusted using the criterion for FFGC as a guideline. The
second case, however, causes N?GC to be negative since it is assumed that NFGC



is initally zero. To overcome this problem, we have made a temporary change
to the code that allows us to initialize NFGC at a value that corresponds to
the original amount of gas in the gas cap. This change allows us to simulate
certain kinds of reservoirs, at the cost of creating problems in the model
development where the ""?ec equals zero" assumption has been used.

It would be desirable to couple the present VARGOW model with an under-
saturated reservoir model. By doing this, initially undersaturated reservoirs
could be simulated down to the point at which the pressure is equal to the bub-
ble point pressure, at which time the present VARGOW model could be used to
continue the simulation. Furthermore, it would be beneficial to slightly
modify the model so that an initial amount of gas-cap gas and free gas can be
accounted for. This modificaton is not expected to require extensive revision
to the model derivation since the VARGOW model, as currently formulated, can
account for the free gas and gas-cap gas at all times greater than zero. In
other words, it should be possible to simulate reservoirs that have an initial
amount of gas-cap gas and free gas if the model is changed such that the con-
ditions at the start of the simulation correspond to the time (in the model as
currently formulated) where the amount of free gas and gas-cap gas matches the
actual data.

10



PARAMETER ESTIMATION METHODOLOGY

When using the VARGOW model, one must describe the physical characteris-
tics and rates associated with simulation of the reservoir. The purpose of
the VARGOW statistical parameter estimation is to use statistical methodology
to give optimal estimates of these parameters, which may include a, b, C, F,
D, and S°.

The basic strategy is to: 1) define a set of possible values for the
unknown parameters; 2) to use this set of parameter values in the VARGOW model
to predict the pressure and gas-oil ratio (GOR) for specific points in time;
and 3) to then compare the predicted quantities with quantities actually
observed for a given reservoir. The objective is to find a set of values for
the unknown parameters that minimizes the discrepancies between the predicted
and observed quantities.

The chosen measures of discrepancy between the predicted and observed
quantities are given by:

n
X =‘V/2: (0P, - P,)%/n (18a)
t=1
2
n /oOP, - P
y = Z top t /n (18b)
t=1 t
and
dl 2
z= éz% (06, - 6.)/n (19)

11



where the index t ranges over n specified times, and where
oP

observed pressure at time t

t

Pt = predicted pressure at time t
OGt = observed gas-o0il ratio at time t
Gt = predicted gas-oil ratio at time t.

To conduct this search for a set of parameter values that will minimize x, y,
and z, we used concepts from statistical response surface methodology. An
excellent reference on this subject is Myers (1976).

This study was conducted using a six-step approach:
1. Value ranges were specified for the unknown parameters.

2. An orthogonal central composite design (Myers 1976, p. 127) was con-
structed based on five equally spaced levels of each unknown para-
meter spanning the ranges specified in Step 1. For example, this
design defines 25 distinct combinations of values whenever four para-
meters are being estimated.

3. Each of the parameter value combinations was used in the VARGOW model
to predict the pressure and GOR quantities for the specified times.

4. The results from Step 3 and the observed pressure and GOR quantities
were used to compute x, y, and z from Equations 18a, 18b, and 19 for
each of the parameter value combinations.

5. A second-order response surface (i.e., a second-order polynomial
regression model with linear, pure quadratic, and mixed quadratic
terms) was fitted by letting x, y, or z be the "response variable"
and by letting the unknown parameters be the so-called "independent .
variables."

6. The fitted response surface was then analyzed via canonical analysis
and ridge analysis (Myers 1976) to determine which parameter value
combination(s) within the ranges specified in Step 1 will minimize
X, ¥y, Or z.

The results of this analysis indicate that either:

12



a. A stationary point exists on the fitted surface within the
specified parameter ranges where x, y, or z is an absolute mini-
mum. This combination of parameter values, when used in the
VARGOW model, will yield predicted pressure or GOR gquantities
that are closer to the observed quantities than the predicted
quantities using any other parameter value combination on the
present parameter ranges.

or

b. There is no stationary point of absolute minimum on the present range
of parameter values. However, the analysis does identify the most
promising region to explore next and, thus, gives guidance in respec-
ifying ranges for the parameter values (see Step 1). The search con-
tinues by returning to Step 1 with this additional information.

These six steps are carried out repeatedly until no further decrease in x,
Yy, or z can be attained. The resulting parameter values are then retained as
being the "best" set of values to use in the VARGOW model to predict the pres-
sure or GOR.

13



RESERVOIR SIMULATIONS

During the course of the research program, three reservoirs have been
simulated. The reservoirs were selected on the basis of a Reservoir Data Sum-
mary that was performed during the early phases of research (Appendix A). Of
the eleven reservoirs surveyed, the following three reservoirs were selected:

e Empire Abo Field, New Mexico
e Hawkins (Woodbine) Field, Texas
® a gas-cap drive reservoir, probably in Texas.

The selection of these reservoirs was based on the availability of sufficient
data to perform a simulation and on reasonable agreement with the model assump-
tions. (For a listing of the model assumptions, see Appendix A.)

Preparation of the reservoir data for input to VARGOW frequently requires
the conversion of volume-based units to mole-based units. Since information dn
the molecular weight and density is infrequently reported, the following rela-
tionships have been used to obtain the specific gravity (YOIL) and molecular

weight (MOIL) of the stock tank oil:

s

YoIL = APT + 1315 (20)
6084

MolL = ®PT - 5.9 (21)

where API is the API gravity of the stock tank oil (Craft and Hawkins 1959,
p. 67). When information on the gas phase is required, the ideal gas law modi-
fied by the gas deviation factor z has been used:

PV = zn RT (22)

14



The gas deviation factor has been determined from pseudocritical temperature
and pressure charts in conjunction with a compressibility factor chart (Craft
and Hawkins 1959, pp. 19-21). The value z has been assumed to be unity at
standard conditions.

EMPIRE ABO FIELD

The Empire Abo pool is located in southeastern New Mexico and was dis-
covered in November 1957. Upon discovery, this pool was slightly undersatu-
rated; the discovery pressure was approximately 6% higher than the reservoir
bubble point pressure of 2231 psia referenced to -2264 ft. The data set for
this reservoir is fairly extensive, having been compiled from reports by
Killough and Foster (1979); Christianson (1977); and from the Annual Reports
published by the New Mexico 0il and Gas Engineering Committee (1958-1978).
Based on the data contained in these reports, it has been possible to arrive
at reasonable values for all of the model input parameters except for C, F, D,
and S° (Table 1). Set No. 1 contains the data as originally developed for
the simulation.

When the initial reservoir simulations were conducted with data set No. 1,
it was discovered that the initial gas derivative, ﬂ?ec’ was negative.
Substitution of the appropriate values into Equation 17 indicates that:

F = 1.074 ¢ 1. (23)

FGC

Therefore, a negative value for ﬁ?ec is expected. By reducing VE by

7%, it was possible to perform the simulations. Therefore, Set No. 2 was
adopted for the first parameter estimation series. For this set, the oil
production curve designated by Model = 3 (Figure 1) has been used. When
Model = 3, the instantaneous oil productioﬁ is calculated by:

_ .0
YoiL © ToIL

15



TABLE 1. Empire Abo Input Data

Set

Parameter 1 2 3 4

a ~2.849 --(a) - --

b 6.275 -- - --

C est.(b) - - -

D est.(b) -- -- --

F est, (P) -- -- --

G 1.945 -- -- --

NO 1.95410° - - -

PB 2359 -- 2231 2231
L 1.053-107 - 4.251-10° nalc)
58 est.(b) -- - --

70 315.9 -- 332 332

v 3.455-107  3.2.10° - -
M w0 e e
AOIL NA NA -0.09998 Actual Production
Model 3 3 2 Data Used

(a) A1l parameters the same as for Set 1 except for the indicated changes
(b) These values estimated statistically '
(c) Not applicable

This o011 production curve was selected because the actual cumulative oil pro-
duction matches the predicted cumulative oil production. The resulting oil
production rate is too high initially and too low near the end of the simula-
tion, however.

The parameters for Set 2 were estimated based on the observed pressure,
using Equation 18a for the first 7.6 years of data. Since there are eight
observed values, n = 8 in Equation 18a. The parameter values which minimize x
are:

16
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0i1 Production Rate, 10° BOPY

12. t .® - January and July
Monthly Production Data

10.

HModel 3
8. 4 re .. = 1.053.107 moles/year

6.
=2
4 = 4.25].]06 moles/year
= -.,09998 1/year
2.
| O]
0 B
1/58 1/60 1/62 1/64 1/66 1/68 1/70 1/72 1/74
Date

FIGURE 1. Empire Abo Pool - 0il Production Data Used for Sets 1, 2 and 3



47500 + 2500 K
2.75 + 0.75 K
D = 100
s% = 0.5

where -1 £K <« 1. The value of x is 36 psi for any value of K within the
indicated range.

The predicted and observed pressures and GOR have been plotted in

Figures 2 and 3. The observed pressure is the average of observed pressures
from individual wells, and the observed GOR is based on the annual oil and gas
production (Annual Reports 1958-1978). In these and subsequent plots, the his-
tory match period is the time span over which the actual data have been used

to statistically estimate certain parameters. The extrapolation region is the
period of time following the history match. During this time, the parameters
are fixed at the values indicated by the parameter estimation performed during
the history match period.

Figure 2 shows that the predicted pressure curve matches the observed
data very well at the end of the history match period. The predicted pressure
curve has an initial slope that is too steep. This has caused the simulation
to underpredict the pressure initially and to overpredict in the extrapolation
region (time >7.6 years). This phenomenon was attributed to the constant oil
production rate used for the simulation. Since the reservoir is overproduced
initially, the predicted pressure will drop faster than the observed values.
Conversely, near the end of the simulation the reservoir is being underpro-
duced, causing the pressure to drop more slowly than the observed values. This
explanation is verified by the results from Set 3, in which the 0il production
rate was modeled as an exponentially increasing function. Set 3 is discussed
in detail later in this section.

Figure 3 is a plot of the observed and predicted GOR. The range of pre-
dicted and observed values appears reasonable, although they exhibit different
trends. The observed data increase with time and then start to level off,
while the predicted values decrease with time and then start to increase.

18
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The apparent discrepancy between the observed and predicted GOR can pos-
sibly be explained by one or all of the following:

e A laboratory analysis error may have been made in the initial mea-
surement of the GOR

e The gas produced early in the reservoir's history may have been
flared and consequently not reported

e Early gas production data may have been based on well test data and
not metered until the gas plant came on line. Hence, the gas pro-
duction data may not truly reflect the actual gas produced

e Strong gravity segregation may be causing the producing GOR to be
less than is typical for the reservoir.

To test the hypothesis that the oil-production-rate model was contributing
to the mismatch between the observed and predicted pressures, a new parameter
estimation series was initiated. For this set (No. 3), it was decided that a
more viable means of avoiding the problem, with ﬂgGC being negative, was
to reduce the starting pressure to the bubble point value (one of the model
assumptions is that the reservoir is initially at the bubble point), to use the
original liquid volume as calculated, and to increase the reservoir temperature
until ﬁ?GC becomes positive. This action resulted in an increase of 70 by 5%.
In addition, the o0il production rate model was modified to more qualitatively
match the actual production history. An exponentially increasing oil rate
curve was used. This curve (Figure 1) is designated by Model = 2. The instan-
taneous oil rate, when Model = 2, is given by:

801,70 (25)

The parameter estimation for this set has been carried out for the entire
15.6 years and is based on the pressure and on the GOR ratio. There were
fifteen specified times, so that in Equations 18a and 19, n = 15. The
starting ranges for the parameter values were based on the results of Set 2.
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Looking first at the results for pressure, the parameter values which
minimize x (as given by Equation 18a) are:

C = 11,000

F=4.8

D = 95 (26)
s® = 0.5

The value of x at this parameter combination is 95 psi. This means that the
average absolute discrepancy between observed and predicted pressure quantities
for the fifteen specified times will be 95 psi, if the parameter combination
given by (26) is used in the VARGOW model.

Looking now at the GOR results, the parameter values which minimize z (as
given by Equation 19) are:

C = 25,000

F=0.8

D = 95

s® = 0.5 (27)

The value of z at this parameter combination is 0.2523. In other words, the
average absolute discrepancy between observed and predicted GOR quantities for
the fifteen specified times will be 0.2523 if the parameter combination given
by (27) is used in the VARGOW model.

In this case, there is no single combination of parameter values which
minimizes both x and z simultaneously. Therefore, a compromise must be made.
Table 2 summarizes the parameter sets given by (26) and (27), and the corre-
sponding values of x and z. Since D = 95 and s% = 0.5 for both (26) and
(27), these values are not displayed.
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TABLE 2. Parameter Set Summary

Average Absolute

Value Parameter Values Discrepancies
Minimized C F X Z
X 11,000 4.8 95 0.274
z 25,000 0.8 124 0.252

At first glance, it would appear that the consequences of minimizing z
and ignoring x would be much more severe than if x were minimized and z were
ignored. However, closer examination on a relative basis shows that the con-
sequence of minimizing x or z is nearly the same.

The range of observed pressure quantities is:

1243 < OPt < 2184, (28)

while the range of observed GOR quantities is:

1.2197 < 06, = 1.8067. (29)

Thus, the observed pressure quantities are roughly 1000 times larger than the
observed GOR quantities.

Looking at Table 2, the difference in the x values for the two parameter
combinations is 124 - 94 = 30. Similarly, the difference in the z values is
0.274 - 0.252 = 0.022. Thus, the difference in the x values for the two para-
meter combinations is roughly 1000 times larger than the difference in the z
values. Therefore, on a relative basis, either of the parameter sets in
Table 2 could be used. The choice would depend entirely on whether it is more
desirable to minimize x or z. For this study, it was decided that the observed
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pressure quantities were more reliable than the observed GOR quantities, so
that the parameter values given in (26) were the logical choice.

The simulation results using the parameter values in (26) are plotted in
Figures 4 and 5. If Figure 4 is compared with Figure 2, it is apparent that
changing the oil production rate and estimating the parameters for the full
15.6 years leads to a better fit of the observed pressure data. The initial
slope of the predicted pressure curve is not nearly as steep, and at points in
time near the end of the simulation, the pressure curve tails down to better
match the data. The GOR curve (Figure 5) has a more pronounced upsweep during
the last few years of the simulation, however.

The results based on (27) are plotted in Figures 6 and 7. The pressure
curve is essentially the same as that shown in Figure 4. The GOR curve, shown
in Figure 7, is a much better fit to the observed data than in Figure 5. This
is expected since this curve is based on a minimization of the GOR discrepancy.

Based on these results, it was felt that a better match with the observed
data could be obtained if the VARGOW model was modified so that the actual
monthly o0il production rate data could be used. This modification has been
completed. Now the production rate data can be input as a step function (i.e.,
at a constant rate until the time at which a new rate is in effect), or the
rate will be linearly interpolated between rates specified at given points in
time. Linearly-interpolated rates have been used for this study, because the
code can run approximately three times faster than if step functions are used.
In addition, the parameters have been estimated by minimizing the weighted
pressure discrepancy, y (Equation 18b), as well as the pressure and GOR dis-
crepancy, x and z. Data Set 4 (Table 1) has been used for this final series
of parameter estimations on the Empire Abo Field. This data set is essentia]]y
the same as Set 3, except that the oil production rate is linearly interpolated
between the actual data points. Figure 8 is a plot of the 0il production rate
used for this set.

The parameters are estimated using the first 10 years of observed data.
The final 5.6 years of this case are used to test the model's extrapolative
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capabilities. The parameters are also estimated using the observed data for
the entire 15.6 years to allow testing of the model's interpolative capabili-
ties.

The results of the parameter estimation, when z is minimized for the first
10 years of the reservoir data, are shown in Figures 9 through 12. When only
the first 10 years are considered, the parameter values (which minimize z) are
given by:

2000 = C « 12000

D =81
F=2.2
s = 0.5

The value of z for this set of parameters is 0.323.

The parameter estimation indicated that C could range between 2000 and
12,000 with negligible influence on z. The simulation results for C = 2000
are shown in Figures 9 and 10, and the results with C = 12,000 are shown in
Figures 11 and 12. By comparing Figure 9 with Figure 11 and Figure 10 with
Figure 12, it is apparent that varying C has had only a minor influence on the
predicted pressure and GOR curves.

Looking at the pressure results in Figures 9 and 11, it is apparent that
the model matches the observed pressures quite well in both the history match
region and in the extrapolation region. The GOR results (Figures 10 and 12)
don't match as well. It should be remembered that the observed data, initially
at least, may have been somewhat inaccurate. It appears that the initial value
for G used in the reservoir simulation is too large. This value is based on
data reported by Christianson (1977) and Killough et al. (1979), while the
observed values are based on the annual production data (Annual Reports
1958-1978). The initial value used for G was felt to be more reliable than the
initial values based on the production data.
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The consequence of starting the simulation with G higher than the observed
values has been to force the simulated GOR to drop toward the observed data.
This drop results in the predicted GOR slightly undershooting the observed data
and then starting to climb. At the end of this history match, the predicted
GOR matches the observed data quite well. The curvature, however, is opposite
that of the observed data and causes the extrapolation to deviate fairly
rapidly from the observed values. The predicted value two years beyond the
history match is still reasonably close to the observed value, which indicates
that it may be possible to extrapolate GOR values for a time span that is
roughly 20% of the history match period.

The next two plots, Figures 13 and 14, show the results of estimating the
parameters by minimizng the pressure and weighted pressure discrepancy (x and
y) for the first 10 years of reservoir data. We attempted to weight the para-
meter estimation by dividing the pressure discrepancy by the observed pressure,
as this should force the predicted curve to better match the Tower pressure
region. The effect of weighting is negligible, however, and the estimated
values for the parameters are essentially the same. The set of parameter
values which minimize x and y are:

60,000
75

5.2
0.5

SO

The values for x and y for this set of parameters are 29.7 psi and 0.015,
respectively.

The predicted pressure matches the observed data quite well through the
history match region (Figure 13). The extrapolated pressure, however, starts
to deviate significantly after about 5 years. This indicates that it may not
be advisable to extrapolate pressures for a period of time longer than 50% of
the history match time. This is probably due to the high values estimated for
F in conjunction with the estimated value for C. Since F and C are large, the
lower pressures will result in a large influx of water and a correspondingly
large entrapment of reservoir liquids. This causes the reservoir to head
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towards depletion at a fast rate, a phenomenon indicated by the large pre-
dicted GOR and by the steep negative slope of the predicted pressure curve at
the end of the simulation.

An interesting phenomenon was noted during the estimation of this para-
meter set. It appeared that by increasing C and F simultaneously, the absolute
discrepancy could be minimized further. Subsequent investigation indicated
that if C and F were increased beyond the values indicated in Figures 13
and 14, the value of x and y would be slightly decreased. This means that the
fit of the data is improved during the history match. Problematically however,
the pressure dives towards zero even sooner and the GOR increases even faster
in the extrapolation region. This tendency points out a potential problem in
estimating certain parameters simultaneously. In the case of C and F, an
increase in C will cause the pressure to drop more slowly, while an increase
in F will tend to make the pressure drop more quickly. This indicates that it
may not be possible to home in on reasonable values for C and F.

For the Empire Abo Pool, Christianson (1977) found it was necessary to
allow an average water influx rate of 1950 bb1l/day so that his numerical simu-
lation would match the observed data. If it is assumed that this influx occurs
at the median observed pressure of the present simulation, a value of C equal
to ~7500 ft3/yr/psi is computed. This is roughly one order of magnitude
smaller than the estimated value. In addition, a value of F equal to five may
be unreasonable. If F is equal to five, then for every barrel of water that
invades the reservoir, five barrels of the reservoir material (oil and gas) is
trapped. This may be unreasonably high although no data have been located to
determine a reasonable range for F. If a reasonable value or range of values
can't be specified for either F or C, then caution must be exercised when esti-
mating these parameters. A similar phenomenon may occur when estimating D and
s° simultaneously. Larger values of D result in slower migration of the free
gas to the gas cap, while larger values of Solcause more of the available
free gas to migrate toward the gas cap.

The final parameter estimation conducted on the Empire Abo Pool consists
of minimizing x, y, and z using all 15.6 years of available data. The purpose
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of this treatment is to test the model in a purely interpolative mode. The
parameter values which minimize z, when all 15.6 years of data are considered,
are given by:

26,000
13

1.5
0.5

So

The value of z for this set of parameters is 0.287.

The parameter values which minimize x and y when all 15.6 years of data
are considered, are given by:

C = 34,077
78 4D < 88
F=3.34
s® = 0.5

The value of x for this set of parameters is 39 psi, and the value of y is
0.023. Figures 15 and 16 show the results when z is minimized, and Figures 17
and 18 are the results when x and y are minimized. As in the previous para-
meter estimation, weighting the pressure discrepancy has had a negligable
influence.

Looking at Figures 15 and 17, it is apparent that the interpolative capa-
bilities of the code for pressure are quite good. It seems to make little dif-
ference on the predicted pressure curve whether the parameters are estimated
by minimizing x and y or by minimizing z. As expected, when x and y are mini-
mized, the predicted pressures match the data slightly better.

The interpolative capabilities for GOR are not as good. Figure 16 is the
best possible fit to the GOR data. The predicted GOR still exhibits the char-
acteristic undershoot followed by an overshoot. As previously mentioned, this
is probably due to the initial discrepancy between the observed data and the
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initial value used for G. When the parameters are estimated by minimizing x
and y, the fit is not nearly as good. The overshoot occurs early and increases
rapidly.

HAWKINS (WOODBINE) FIELD

The Hawkins field is located in the Woodbine basin of Texas, approximately
100 miles east of Dallas. The field is comprised of an Eastern and a Western
segment. The Western segment contains approximately 80% of the field's oil
reserve (King et al. 1976) and is separate from the Eastern segment (Wendlandt
et al. 1946). The present simulation has been performed on the Western segment
only. The data for performing the simulation are fairly complete and have been
gathered from reports by King et al. 1976, Bell et al. 1951, and Wendlandt
et al. 1946. Based on the data contained in these reports, it has been possi-
ble to calculate reasonable values for all of the model input parameters except
a, b, D, F, and 50 (Table 3). The o0il rate used during the reservoir simula-
tion is shown in Figure 19.

The initial simulations on this reservoir were unsuccessful. The initial
gas derivative &gGC was negative, which conflicts with the model assump-
tion that initially there is no free gas or gas-cap gas. Substituting the
initial conditions data into Equation (17) indicated that N T°, VE, or

L] L’
P would need to be adjusted by up to 45% to avoid N?GC being negative.

Frec = 1-444 4 1

This was felt to be an unacceptably large adjustment to the model parameters.
Upon discovery in 1940, the reservoir had a substantial gas cap. The data in
Table 3 indicate that initially the amount of gas-cap gas was equal to approxi-
mately one-half of the reservoir liquid, on a mole basis. Such a condition
obviously does not meet the model assumption of no free gas or gas-cap gas, and
is believed to be the cause of the negative &gGC problem. The model was

temporarily modified to allow the initialization of N?GC'
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TABLE 3. Hawkins Field Input Data

Parameter Value

a est. a

b est. ()

C 3.556+10°
D est. (3)

F est. (2)

G 1.016

0 .10
Ngec 4.081 109
Nb 8.764+10
P 1985

oL nal(b)

8 (a)

S est.
T° 345
Ve 3.122 1010
vR ' 1.223
AOIL (b)
Model NA

(a) These values estimated statistically
(b) Not applicable

While the modification has allowed the simulation of reservoirs with an
existing gas-cap at discovery, it has also created difficulties in predicting
the GOR. These difficulties probably arise because the assumption N?GC =
0 is used elsewhere in the model. Specifically, the equation that determines
whether the gas is in the o0il zone (free gas) or in the gas-cap zone can't
handle a non-zero value for N?GC' The equation that determines the
fraction of gas-cap gas to free gas is as follows:

Ngc/Neg = Sg/(1-S¢) (30)
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where

s = s%("0/0) (31)

It is apparent that at time (6) equal to zero, SE will be zero, implying that
there is no gas in the gas-cap. This is unrealistic for reservoirs that have
an existing gas-cap when discovered. Upon discovery, these reservoirs are
probably near equilibrium conditions. Consequently, it is expected that most
of the free gas will have migrated to the gas-cap (except for pockets of gas
trapped in the reservoir medium). Initially, at least, and relative to NGC’
NFG is probably quite small. Equation (30) forces all of the free gas to
remaiq initially in the oil zone, however, resulting in unrealistic values for
the relative permeability ratio Kp [see Equations (13) and (14)], which
influences the production of free gas from the reservoir and thereby influ-
ences the predicted GOR. The values estimated for a, b, D, and SO are
unlikely to be physically realistic for these reservoirs, especially when the
observed GOR is used to estimate these parameters. It is felt that relatively
minor changes to the VARGOW model would correct this problem and significantly
enhance the generality of the model. A possible modification may be to ini-
tialize the amount of gas-cap gas Ngc and change the equation for SE as
follows:

sp = 89 /0 4 59 om0 (32)
where
sﬁ = sg =50 if Ngc >0

0 _ <0 0 _ e N0 _
S1=5%55=0 ifN. =0



This causes the segregation of gas-cap gas and free gas to be at the equili-
brium value S° at discovery and as time goes to infinity for reservoirs with

an initial gas-cap. Time did not permit investigation of this solution; hence,
0

the following parameter estimations were performed by simply initializing NFGC

to the appropriate value computed for the reservoir.

Since the results when y is minimized for the Empire Abo Pool are essen-
tially the same as the results when x is minimized, only the minimization of x
and z has been used for the Hawkins Field Reservoir. The parameters have been
estimated by minimizing either x or z for the first 21 years of reservoir data.
Therefore, the first 21 years serve as a check on the interpolative capabili-
ties of the model, while the remaining 7 years of data demonstrate the extrapo-
lative capabilities of the model.

The results from the parameter estimation when z is minimized are shown in
Figures 20 and 21. The parameter values which minimize z are:

] 1
[S 2 B |
. w
(8]

The value of z for this set of parameters is 0.08. Figure 20 shows that the
set results in a poor prediction of the observed pressure, while Figure 21
indicates a fairly good prediction of the GOR through the history match period.
The deviation from the observed GOR starts to become relatively large about

3 years into the extrapolation.

When the parameters are estimated by minimizing x, the following values
are obtained:
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a= -2
b=7
D=15
34£F £7
SO0 = 0.5
The value of x for this set ranges from a high of 47.1 psi when F equalis 5 to
a low of 43.2 psi when F equals 7. When F equals 3, x has a value of 43.9 psi.
Figures 22 and 23 are the observed and predicted pressure and GOR when F = 7,

while Figures 24 and 25 are the observed and predicted pressure and GOR when F
equals 3. When F equals 3, the history match and the extrapolation are good
(Figure 22). When F equals 7, the history match is somewhat better, since the
value of x is smaller; however, the extrapolation is not as good. Unfortu-
nately, this is the combination of parameters that would be selected if the
parameter estimation is based purely on a minimization of x. The predicted

GOR doesn't match the observed data (Figures 23 and 25). As mentioned pre-
viously, this probably occurs because the model is not intended to model reser-
voirs that initially have a gas cap.

GAS-CAP DRIVE RESERVOIR

The actual location and name of the gas-cap drive reservoir used for the
following simulation is unknown. It is presumed that the reservoir is located
somewhere in Texas since the authors of the reports, from which data were
taken, work for Humble 0il1 and Refining Company, Houston, Texas (Kirby et al.
1957 and Stone et al. 1961). Time constraints did not permit the completion
of the formal parameter estimation on this reservoir. Therefore, the results
are preliminary in nature.

The input data used for the simulation are listed in Table 4, and the oil
production rate is shown in Figure 26. As in the Hawkins Field simulation,
this reservoir had an initial gas cap; hence, the simulation has been performed
in essentially the same manner as Hawkins Field. The effect of initializing
NEGC is the same as discussed for Hawkins Field. The data contained in the
source reports allowed the specification of all the parameters except D and s°.
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TABLE 4. Gas-Cap Drive Reservoir Input Data

Parameter Value

a -1.481

b 8.011

C 0

D est.(2)

F 0 (since C = 0)

G 0.9803

N 1.98-108
gec 8
N5 4.,202+10

P 2715

ro NA(b)

glL (a)

S est.

10 356

Ve | 9.142.108
vR 1.355

AQIL (b)

Model NA

(a) These values estimated statistically
(b) Not applicable

The parameters for this reservoir have been estimated by running the
VARGOW model with 21 combinations of D and S°. The value of D ranged between
0 and 18.75, and s° ranged between O and 1. The terms x and z were examined
for each of the 21 combinations. The combination that resulted in the lowest
value of x was:

[¥2]

(@]

" n
o
s
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For this combination, x had a value of 43 psi. The results for this combina-
tion (Figures 27 and 28) are not entirely satisfactory: the predicted pressure
is reasonable, but the predicted GOR is not acceptable. None of the 21 combi-
nations resulted in a small value for z. The value of z ranged from 10 to 280.
Obviously, none of the combinations would have resulted in a reasonable match
to the GOR data.

Based on the results from Hawkins Field, the term a was allowed to be -3.
The results were computed with a = -3, D = 0 and s® = 0.4 (Figures 29 and
30). The match to the observed pressure is not as good as was achieved in
Figure 27, but it is still reasonably close. The predicted GOR looks much
better, however, as shown in Figure 30.

Better results on this kind of reservoir can probably be obtained once the
VARGOW model has been suitably modified to handle an initial amount of gas-cap
gas.

58



65

PSIA

PRESSURE,

3000.

2500.

2000.

1500.

1000.

500.0

GAS-CAP RESERVOIR

Terrv

P

111‘|lj'l'll'lll"‘l'l'Tl'l"lllljl'lllj'lj"ij'TT'1'7T"11ll|lrl'l'l"ll‘llll"'l"l’l’lj

.
-

"l"""l"‘["l'llrri'l’l(lr'[[f"l’tl'l’l'l'l'l’lil'llT’

(c]

G
€]
€]
Q
U‘;lllllllll

History Extrapolation
Match

Predicted
Observed
0

[eRw N ¢ ]
It ou

0.4

LILJllllllLLLllLlLJJlLJllJLLJlLlllllllllllllllllllllllllllllllLLLlAllllllllllllllLLllllll

A

Illlllll‘llllIlllllllllllllllllllllll

Al A A Lt b i)l

1.000

2.000 3.000 4.000 5.000 6.000 7.000 8.000

TIME. YERRS

TIME- 2@:03:59 DATE: 27-AUG-80

FIGURE 27.

Predicted and Observed Pressure (x Minimized for First 7 Years)

9.000



09
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VALIDATION STATUS

The VARGOW reservoir model has been used to successfully simulate three
reservoirs. For all three reservoirs, it has been possible to simulate the
observed pressures in both an interpolative and an extrapolative mode. Simu-
lating the GOR has not been as successful, although reasonable matches with
the observed data at the end of the history match period have been achieved.
It has also been possible to extrapolate GOR's for a short period of time
beyond the history match period.

At this time, it appears that the difficulty in achieving suitable matches
to the observed GOR data occurs for two reasons. For the Empire Abo pool,
there are discrepancies in the observed data which have resulted in parameter
estimates that may not be realistic. The other two reservoirs, Hawkins Field
and a gas-cap drive reservoir, had gas-caps when they were discovered. Since
this condition does not agree with the model assumptions, unrealistic GOR's
have been predicted. These problems are minor. Slight revision of the model
will enable it to handle reservoirs that initially have gas caps.

For all of the reservoirs simulated, the parameters that could be deter-
mined from the available reservoir data have been fixed. The remaining para-
meters have been estimated statistically using data on the observed pressure
and GOR. We obtained a set of parameters that minimizes the absolute pressure
discrepancy and a set of parameters that minimizes the absolute GOR discrep-
ancy. For the reservoirs simulated, these parameter sets are not the same
possibly because of previously discussed problems in simulating the GOR's.

In summary, the VARGOW model has been applied to three reservoirs. It has
been possible to obtain predicted results that agree with the observed data.
Typically, the pressure data can be matched quite well, while the predicted
GOR's don't match the observed data satisfactorily. It is clear that the
VARGOW model can simulate important features of these reservoirs. Certain
modifications are necessary to improve the ability of the VARGOW model to
simulate these and other reservoirs.
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Refer

Note:

where

ence: U.S. Geological Survey, SAD Section Report No. 77-10.

DERIVATION OF THE INITIAL GAS DERIVATIVE CRITERIA

APPENDIX

A

Equation numbers in [ ] refer to the equation numbers in the source

report.

The initial gas derivative is given by:
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The remaining variables have been defined in the nomenclature section.



Since we are interested in deriving a criterion for the initial gas
derivative, analyze equation (Al) at time equal to zero.
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Since r%OTAL’ VE, P°, NE, T°, R, and G are always greater than zero and Ve is
always greater than one, it can be determined that the numerator in

Equation (A28) is always negative. Therefore, if a negative initial gas
derivative is to be avoided, W% must also be negative. This means that the
following inequality must hold for ﬁgGC to be positive:

FFGC < 1 (A28)

where

A.4



0 0
G

A.5

(A29)






APPENDIX B

RESERVOIR DATA SUMMARY




APPENDIX B

RESERVOIR DATA SUMMARY

Certain reservoir data are necessary for operation and validation of the
variable gas-oil-water (VARGOW) reservoir model. These data are divided into
three groups: 1initial reservoir conditions, reservoir fluid characteristics,
and performance history data. The initial conditions such as reservoir pres-
sure, temperature, and gas in solution provide a starting point for the numer-
ical solutions. Reservoir fluid characteristics such as the oil's specific
gravity and chemical composition are necessary for the assignment of certain
model parameters. Performance history data are used to evaluate the model pre-
dictions of pressure and production patterns.

The VARGOW model is based on 17 assumptions. Five of the assumptions can
be directly evaluated for a given reservoir. This allows an assessment of the
suitability of each reservoir data set for model operation to be made. Result-
ing information and the data types available are tabulated in Section 5.

The reservoir data for the Empire Abo pool in New Mexico have been found
to be the most complete and should allow for good model operation and vali-
dation. The other data sets reviewed are not as complete. A gas-cap drive
reservoir in Texas provided sufficient data for model operation with the excep-
tion of the oil's molecular weight or chemical composition. Data for the
Hawkins (Woodbine) Field in Texas were lacking chemical and relative
permeability characteristics.

It is expected that during the remainder of the year, the VARGOW model
will be applied to the Empire Abo pool and to the Hawkins (Woodbine) Field.
In addition, the model will be tested on the gas-cap drive reservoir in Texas
if the remaining required data can be located. It may be difficult to obtain
these data, since the source document is nearly 20 years old, and the report
did not mention the pool by name.
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1. INTRODUCTION

This report is a summary of available oil reservoir data of eleven pools
reviewed for use in validating the variable gas-oil-water (VARGOW) reservoir
model. The report is organized into six major sections. Following the con-
clusions, required reservoir data are given in Section 3. This is a list of
the initial conditions, reservoir fluid characteristics, and performance his-
tory data necessary for a complete data set. Following the 1list, we discuss
the types of data usually available. The model assumptions are listed and dis-
cussed in Section 4. The data summary of Section 5 is made up of three tables.
The first two show the types of data found for each reservoir reviewed, includ-
ing specific items for initial conditions, fluid reservoir data, performance
history, and the years of data available without enhanced recovery. Also
included is a column for the rating of agreement of the reservoir with model
assumptions. The third table indicates which assumptions were matched by each
of the seven best reservoirs reviewed. These reservoirs are reviewed in detail
in Section 6 with respect to their individual data sets.

2. CONCLUSIONS

The reservoir data reviewed to date have revealed much information for use
in operation and validation of the variable gas-oil-water (VARGOW) reservoir
model. Additional data sources are continually being sought to improve on the
quality and quantity of data used for these activities. In particular, data
from the New Mexico Annual Report (1958-1978) have added much detail to the
performance history data of one reservoir in particular, the Empire Abo Field.
This reservoir provides the most complete data set.

Several conclusions were made in the report:

e Reservoir field case histories usually provide sufficient data on
initial conditions on which to base computer simulations.

e If available at all, information on a reservoir's relative permeabil-
ity, water influx, and fluid characteristics is not always presented
in a desirable form.
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The relative permeability of the oil and gas versus gas or liquid
saturation is a function of the reservoir material. It is possible,
then, to approximate this function for reservoirs on which data are
not available. A number of relative permeability relationships for
different types of reservoir rocks have been identified (Arps, 1955).
A plot of this information on semi-logarithmic paper will give the
constants needed for model operation.

Chemical analysis or molecular weight of the stock tank oil is
required for unit conversion. Several input parameters have mole-
based units, thus creating a great need for the chemical information.

Field case histories usually present performance data in smoothed
curves, which are not as desirable as data reported monthly (found
in the recently located annual reports of the state of New Mexico).

Data on the amounts of gas-cap gas, free gas and reservoir liquid
remaining in the reservoir versus time would aid in model validation.
This information was not found for any reservoir. Reservoir pressure
history seems to be the only model "solution" variable readily avail-
able for model validation purposes. For certain reservoirs, however,
we can check the validity of simulations using information on the
time varying gas/oil ratio or on the gas and oil production.

Five of the 17 assumptions employed in the VARGOW model can be used
to evaluate a reservoir data set for its suitability in model opera-
tion and validation. The remainder are accepted as a means of sim-
plifying the modeling process.

The Empire Abo field case history and the information in the New
Mexico annual reports provide the most complete data set for use in
model operation and validation. The gas-cap drive reservoir and
Hawkins field data are the next best, although chemical analysis
information would greatly increase their usefulness. These three
reservoirs will be used for model validation purposes. Difficulty
in obtaining the additional data for the gas-cap drive reservoir is
expected, since the source document is nearly 20 years old and the
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reservoir is not named. The balance of the reservoirs reviewed lack
certain other data as shown in Tables 1 and 2. The data missing
include water production history, water influx rates, and oil forma-
tion volume factors.

3. RESERVOIR DATA

The variable gas-oil-water (VARGOW) reservoir mode1(a) must be operated
and verified with actual oil reservoir data. An initial period of historical
data is required to do interpolative model testing and to estimate certain
model parameters. Extrapolative model testing can then be done to evaluate the
model's predictive capabilities.

The data have been divided into three groups as follows: initial reser-
voir conditions to start numerical solutions, reservoir fluid characteristics
for model operation, and performance history data for model output evaluation.

The required data on the initial reservoir conditions are:
e reservoir discovery pressure
e gas-oil ratio or gas in solution
e 0il in place
e o0il formation volume factor

e relative permeability of the oil and gas in the reservoir media as a
function of gas or liquid saturation

e reservoir temperature
® initial oil production rate
o water influx rate versus the aquifer-reservoir differential pressure.

Certain reservoir fluid characteristics must be known for model operation,
and for computing the initial oil production rate and reservoir liquid present

(a) Information obtained from a December 8, 1976 memorandum to the Chief of
the Conservation Division, U.S. Geological Survey, from Systems Analysis
and Development Section Staff. USGS, Lakewood, Colorado. Subject: SAD
Section Report No. 77-10.
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on a mole basis. Also, the gas-oil ratio or gas in solution has volume units
which must be converted to moles of gas per mole of oil as required by the
model. The necessary data are:

specific gravity of the oil
chemical analysis of the reservoir liquid
e chemical analysis of the casinghead gas.

Performance history data required to evaluate and verify model capabili-
ties are:

e pressure history

® 0il production history

® gas production or gas-o0il ratio history

® history of the amount of gas existing as free gas and in the gas cap

® history of the amount of liquid (o0il plus dissolved gas) remaining
in the reservoir. ‘

Most of these data are usually given in the field case history of a reser-
voir, which includes the initial values of reservoir pressure, temperature,
gas/oil ratio or gas in solution, oil in place, the oil-formation-volume-
factor, and o0il production rate. Relative permeability and water influx data
are presented in various ways, some more useful than others. These modes are
discussed in the following two paragraphs.

The best form of relative permeability data for model operation purposes
is a graph (on semi-logarithmic paper) of the ratio of the relative permeabil-
ity of gas to that of oil versus gas saturation. This form was only found for
the Payoa Basil Reservoir (Clinton 1967). The VARGOW model requires as input
the slope and intercept of the best-fitting line to the data. Christianson
(1977) presents the Empire Abo reservoir data in the form of relative perme-
ability versus oil saturation. Stone (1961) shows two curves for a gas-cap
driven reservoir: one pertaining to gas relative permeability and another per-
taining to o0il relative permeability, each versus liquid saturation (100% minus
0il or liquid saturation percent equals gas saturation percent). Since the
relative permeability data are a function of the reservoir material, it is
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possible to approximate the curve for reservoirs without these data if the
types of reservoir media are known. A number of relative permeability rela-
tionships for different types of reservoir rocks have been published (Arps
1955).

Water influx data were not found in the most desirable form in most cases.
A constant (developed in the Schilthuis model) is needed for the VARGOW model
to describe the water influx rate as a function of the differential aquifer-
reservoir pressure. This constant is given for the Hawkins Field (King 1976)
and Marg Tex Reservoir (Lowe 1967) only. The gas-cap driven reservoir (Stone
1961) and the Umm Karud Field (Allen 1969) are noted as having no water drive
that would allow the constant to be set at zero. The balance of the reservoir
case histories reviewed give no water influx constants, although some accounts
mentioned that an effective or limited water drive exists. The exception is
the Empire Abo data (Christianson, 1977) which include a numerically estimated
water influx rate over the 1ife of the field.

Reservoir fluid characteristics are used primarily to make unit conver-
sions to fit the VARGOW model's input format. The o0il's specific gravity is
easily found, although chemical analyses of the reservoir fluids are not
readily available. This unavailability is unfortunate because the molecular
weight of the stock tank oil is required to convert the units of certain para-
meters to mole-based units (e.g., to turn initial reservoir liquid into moles,
oil production history into moles per year, and gas-o0il ratio into moles of
gas per mole of 0il). To obtain chemical data for the Empire Abo Field, an
employee of the Arco 0il and Gas Company was consulted.

Performance history data cover such areas as reservoir pressure; oil, gas
and water production; the amount of gas-cap and free gas present in the réser-
voir; and the amount of liquid remaining. Smoothed curves of pressure and oil
production histories are found without difficulty in the field case histories.
Gas and water production curves are not consistently available. Annual pro-
duction reports for Texas and New Mexico were recently located and should
supply more useful data for model operation and validation. The types of
information found in the New Mexico report are monthly values for oil, water,
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and gas production rates and cumulative amounts by pool, well, and county.
The Texas report gives yearly values for reservoir oil and casinghead gas
produced.

In the field, it is difficult or impossible to measure the amounts of gas-
cap and free gas, and reservoir liquid that remain versus time. No calculated
or measured values are given in any of the reservoir case histories.

4. MODEL ASSUMPTIONS

To assess the suitability of using a given set of reservoir data to verify
the model, it must be determined how well the assumptions of the VARGOW reser-

(a)

voir model match the reservoir. The assumptions are as follows:
1. The reservoir is homogeneous with respect to pressure.
2. The gas is ideal.

3. The water influx rate is proportional to the aquifer-reservoir pres-
sure difference (follows the Schilthuis model).

4. The reservoir is a two-component system of o0il and gas, and there is
no oil in the gas phase ("black 0il1" assumption).

5. The o0il and gas withdrawal rates are defined as functions of pressure
and/or time.

6. The volumetric ratio of gas and oil entrapped behind the invading
water to the volume of water is constant.

7. The gas and oil is entrapped behind the invading water at the current
reservoir pressure and has no effect on the reservoir after entrap-
ment.

8. The reservoir is isothermal.

9. The reservoir is not adiabatic.

(a) Information obtained from a December 8, 1976 memorandum to the Chief of
the Conservation Division, U.S. Geological Survey, from Systems Analysis
and Development Section Staff. USGS, Lakewood, Colorado. Subject: SAD
Section Report No. 77-10.
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10. The reservoir is initially at the bubble point.

11. The gas cap, which is time dependent, forms from the reservoir gas in
the 0il zone and migrates to the "top" of the reservoir.

12. The liquid phase volume is linear with pressure between the original
bubble point volume and the stock tank volume.

13. The relative permeability ratio forms a straight line with gas
saturation on semilogarithmic paper.

14. The amount of gas and oil trapped at any time by the invading water
is directly proportional to the amount present at that time.

15. Production of gas and 0il ceases when the pressure becomes some low
pressure or the volume becomes some low volume, or the withdrawal
rate becomes some low rate, whichever occurs first.

16. The phase equilibrium ratio between dissolved gas and o0il is directly
proportional to the pressure.

17. There is no enhanced recovery.

It is assumed that the reservoir is homogeneous with respect to pressure
and temperature. Slightly inhomogeneous reservoirs, therefore, should be char-
acterized by average values. A very inhomogeneous reservoir might be better
handled by a multi-dimensional grid model.

The gas is assumed to be ideal and to migrate from the oil zone to the top
of the reservoir to form the gas cap. The "black oil" assumption holds that
there is no oil in the gas phase, and that the reservoir is a two-component
system. The volumetric ratio of o0il and gas entrapped by the invading water
is assumed to be constant. It is assumed that the amount trapped is direét]y
proportional to the amount present, and that entrapment occurs at the current
reservoir pressure, causing no effects thereafter. The reservoir is assumed
to be nonadiabatic. The 1iquid phase volume is assumed to be linear with pres-
sure, and the phase equilibrium ratio of dissolved gas to o0il is assumed to be
directly proportional to pressure. A1l of these assumptions cannot be readily
evaluated for a reservoir and are accepted here as a means of simplifying the
modeling process.
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The assumptions numbered 3, 5, 10, 13 and 17 are most easily employed for
the evaluation of the suitability of a reservoir for model operation and vali-
dation. A rating system has been devised to check these five assumptions with
actual reservoir conditions. If four or five assumptions hold true, the reser-
voir data set is rated good. Two or three matched assumptions constitute a
fair rating and less than two is poor. The results of this evaluation are
shown for seven reservoirs in Table 3 in Section 5.

5. DATA SUMMARY

Field case histories found in the literature were reviewed for o0il reser-
voir data. Eleven of these are included in this data summary showing the types
of information given for each. Table B.l covers initial-condition data, and
Table B.2 includes reservoir fluid characteristics and performance history
data. Years of performance data available without enhanced recovery are also
listed in Table B.2. Table B.3 indicates the assumptions that hold true for
each of the seven best reservoirs reviewed. These seven, discussed separately
in Section 6, are considered the best because of the amount of data available
and the agreement of the reservoir with model assumptions. The remainder of
the eleven reservoirs reviewed were rated poor relative to the first seven with
respect to evaluation of data and assumptions.
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. Empire Abo Field, New Mexico

(Christianson, 1977)

. Gas-Cap Drive Reservoir, Texas

(Stone, 1961)

. Hawkins (Woodbine) Field, Texas

(King, 1976)

. West Edmond 0il Field, Oklahoma

(Littlefield, 1947)

. Marg Tex 0il Reservoir, Louisiana

(Lowe, 1967)

. Payoa Basal Reservoir, Columbia

(Clinton, 1967)

. Coldwater 0il Field, Michigan

(Criss, 1953)

. Auk Field, North Sea

(Buchanan, 1979)

. Bell Creek Field, Montana

(Hadenhorst, 1968)

Tensleep Reservoir, Wyoming
(Willingham, 1965)

Umm Farud Field, Libya
(Allen, 1969)

TABLE B.1. Data Summary - Initial Conditions
) Constant
Gas-oil Relat1ve Given for
Ratio 0il Permeability Water Influx
or ] Formation versus Initial 011 Versus Agreement
Reservoir Gas in  0il in Volume Gas or Liquid Reservoir  Production Differential with Model
Pressure  Solution Place Factor Saturation Temperature Rate Pressure Assumptions
X X X X X X X x(1) G
X X X X X X X x{(2) G
X X x(3) X x(4) X X G
X X X x(4) X F
X X X X X X X F
X X X X X X X F
X X X X X F
X X X X X p
x(5) X x(3) X X X p
X X X x(6) X X p
X X X x(2) p

Estimated from pressure history with numeric modeling.

There is no water drive.

Calculated from geometry and porosity.

Inferred from reservoir depth.

Inferred from pressure given at a shallower depth.

Given at bubble point pressure.

G
F
p

[U

good
fair
poor
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TABLE B.2. Data Summary - Reservoir Fluid Characteristics and Performance History

Years
Chemical Chemical Gas Gas Cap Reservoir of Data
0i1 Analysis of  Analysis 0il Production Water and Free Liquid Without
Specific  Reservoir of Casing- Pressure Production or Gas Ratio Production Gas Amount  Amount Enhanced
Reservoir Gravity Liquid head Gas  History History History History vs. Time vs. Time . Recovery
1. Empire Abo Field, New Mexico X x(1) x(1) X X X X 16
(Christianson, 1977)
2. Gas-Cap Drive Reservoir, Texas X x(2) X x(2) 8
(Stone, 1961)
3. Hawkins (Woodbine) Field, Texas X X X X X 29
(King, 1976)
4. West Edmond 0il Field, Oklahoma X X X X X 3
(Littlefield, 1947)
5. Marg Tex 0il Reservoir, Louisiana X X X X 15
(Lowe, 1967)
6. Payoa Basal Reservoir, Columbia X X X X 2
(Clinton, 1967)
7. Coldwater 0i1 Field, Michigan X X X X X 3
(Criss, 1953)
8. Auk Field, North Sea X X X X 2
(Buchanan, 1979)
9. Bell Creek Field, Montana X X x(3) X X 2
(Hadenhorst, 1968)
10. Tensleep Reservoir, Wyoming X X X 10
(Willingham, 1965)
11, Umm Farud Field, Libya x(2) X 2
(Allen, 1969)
(1) Information obtained from A. W. Johnston of Arco 0il and Gas Company, Midland, Texas, April, 1980
(2) values given as a function of another value with known time function
{3) Inferred from pressures given at a shallower depth
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TABLE B.3. Reservoir Agreement with Model Assumptions

Water Influx 0il, Gas Relative
Proportional Withdrawals Permeability
to Pressure Given Versus Initial Pressure = Given Versus No Enhanced
Reservoir Differential Pressure or Time Bubble Point Pressure Saturation Recovery{l) Rating
1. Empire Abo Field, New Mexico X X x(4) X X good
(Christianson, 1977)
2. Gas-Cap Drive Reservoir, Texas x(2) X X X X good
(Stone, 1961)
3. Hawkins (Woodbine) Field, Texas X X X X good
(King, 1976)
4. West Edmond 0il Field, Oklahoma X x(4) X fair
(Littlefield, 1947)
5. Marg Tex 0il Reservoir, Louisiana X x(3) X fair
(Lowe, 1967)
6. Payoa Basal Reservoir, Columbia X X X fair
(Clinton, 1967)
7. Coldwater 0il Field, Michigan x(3) X X fair

(Criss, 1953)

This means that there is performance data available without enhanced recovery (See table 2, last column for number

of years). -

It is stated that there is no water drive: C = 0.

Only the oil production history is given.

The initial reservoir pressure is slightly above the bubble point pressure.



6. RESERVOIR DISCUSSIONS

The first three reservoirs listed in the data summary are rated highest
with respect to agreement with model assumptions. The next four are rated
fair. Each of these pools will be reviewed below for its agreement with
assumptions, available data, and usefulness in model validation.

6.1. Empire Abo Field

The Empire Abo pool fits quite well into the group of assumptions used by
the variable gas-oil-water reservoir model (Christianson, 1977). Although no
water influx data are given, Christianson (1977) has estimated a value for
total influx rate over the life of the reservoir. His numerical model studies
showed that this rate was necessary to sustain actual reservoir pressures.

The water influx constant may then be estimated by assuming that the influx
rate occurred at an average reservoir pressure and that no water influx occur-
red at the initial reservoir pressure.

Christianson (1977) shows pressure and oil, gas, and water production on
a small graph versus the years in production, beginning in 1958. The recently
located New Mexico annual report gives production data for each month begin-
ning in 1958 and bottom hole pressures for each year, beginning in 1960. The
annual report data are more desirable than the smooth curves given in the field
case history.

The Empire Abo reservoir discovery pressure is very close to the bubble
point pressure, as assumed by the VARGOW model. The relative permeability
ratio of o0il and gas is presented by Christianson (1977) as a function of oil
saturation, which is a desirable form for model input purposes. 0il recovery
was not enhanced for 16 years of performance, thus providing substantial data
for model validation.

Gas-cap gas, free gas, and reservoir liquid remaining in the reservoir
versus time were not given in the field case history of Empire Abo or any of
the pools reviewed. To date, the chemical composition of the reservoir liquid
and the casinghead gas has been established for the Empire Abo field only.
This information is highly desirable because it eliminates the need for
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statistical estimation of certain model parameters. Overall, the Empire Abo
reservoir lends the most information for model validation purposes.

6.2 Gas-Cap Drive Reservoir

An unidentified gas-cap driven reservoir, most likely in Texas, is
addressed in an article discussing a numerical method of predicting reservoir
behavior (Stone 1961). Compliance with model assumptions is good, as shown in
Table 3 of the data summary. There is no active water drive, which means that
the water influx constant required by the model is set at zero. The oil pro-
duction rate is given in a smoothed curve of data versus time in years. Bottom
hole and gas-cap pressures are shown as smoothed functions of cumulative oil
production. A table of fluid properties lists solubility (gas/oil ratio) ver-
sus pressure to allow rough calculation of the gas production history. The
original and saturation pressures are the same. Relative permeabilities of oil
and gas are shown as functions of liquid saturation. Eight years of perform-
ance data are available and no enhanced recovery is mentioned.

Water production data and chemical analysis information are not given,
although the remainder of the required data is available. Aside from not list-
ing the molecular weight of the oil, this data group should be fairly adequate
for model operation purposes.

6.3 Hawkins (Woodbine) Field

The Hawkins Field is located in the Woodbine basin of Texas (King 1976).
A rating of good is given to this reservoir for its agreement with model
assumptions. The water influx rate, shown as a function of differential
pressure, is approximated as a straight line which provides influx constants
for model input. O0il production, gas/oil ratio, and the pressure and percent
of water produced are given as smoothed functions of time. Original and satu-
ration pressures are very close. Although no relative permeability or chemical
analysis information was available for this data group, there are 29 years of
performance data shown without enhanced recovery. The remainder of the neces-
sary data is available for use in model operation and validation.
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6.4 West Edmond 011 Field

The West Edmond pool is located in Central Oklahoma (Littlefield 1946).
The reservoir agrees fairly well with model assumptions, although some data
are missing. Water invasion is considered very small. No water influx rate
information is given except for a total water influx estimate. 0il, gas, and
water production and reservoir pressure are given as smoothed functions of
time. Initially, the reservoir was slightly undersaturated. No enhanced
recovery is mentioned for the few years of performance data available when the
field case history was written.

In addition to a paucity of relative permeability and chemical analysis
data, data on the oil formation volume factor are missing. The data group is
therefore less desirable for model operation than the previous ones mentioned.

6.5 Marg Tex 0il Reservoir

The Marg Tex oil reservoir in Louisiana is highly undersaturated (Lowe
1967). This opposes the VARGOW model assumption that the initial reservoir
pressure is at the bubble point. Yearly values of cumulative oil and water
production are given, but not for gas. The field case history is lacking in
relative permeability and chemical composition information, although a water
influx constant is given. The 15 years of performance data available are with-
out enhanced recovery. A rating of fair is given to the Marg Tex reservoir.

6.6 Payoa Basal Reservoir

A case history of the Payoa field Eocene reservoir in Colombia gives no
water influx or water production information (Clinton 1967). A small gas cap
existed initially in this undersaturated reservoir. Relative permeability
versus gas saturation is given for the pool. Chemical analysis data were not
available in this field case history, and only two years of performance are
shown prior to enhanced recovery by gas injection. Performance histories of
the Payoa field are shown as smoothed curves of pressure, gas/oil ratio, oil
production and accumulated oil versus time. This data group is rated fair.
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6.7 Coldwater 0il Field

The Coldwater reservoir in Michigan has a natural water drive, although
no influx rates are given. Smoothed data are given for reservoir pressure,
water production, and daily and cumulative oil production. Chemical analysis
is given only for the casinghead gas. Original oil in place and relative
permeability data are missing in this data set. Overall, the Coldwater data
are only fair with respect to suitability for model validation.
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