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ABSTRACT

Diffcrential depletion is the term ap-
plied to that phenomenon in sclution-gas drive
reservoirs in which large pressure and satu-
ration gradients develop as a result of high
production rates, high oil viscosities, or low
formation permeabilities, This paper des-
cribes an investigation to ascertain the degree
to which variations in the initial production
rate and in reservoir fluid properties cause
diffe rential depletion to occur in a low perme-
ability {10 md) reservoir, and the resultant
effect on recovery at a reasonable economic
abandonment rate,

The results of the rate-effect investi-
gation indicate that for the type of reservoir
modeled, i.e., thin, linear, horizontal,
homogeneous and isotropic, the recaovery at
economic abandonment is almost completely
independent of initial production rate. This
fact is true even though the rates investigated
varied three hundred fold and a large amount
of differential depletion was induced at the
higher rates, However, the producing gas/oil
ratio behavior and time to abandonment are
very definitely rate sensitive, From an eco-
nomic rate of return standpoint, it appears
that an operator can produce oil at a high
rate, and thus achieve a greater present
worth, while losing very little of the total

recoverable oil.

The results of the variable fluid property
investigation indicate that as the bubble point
pressure and the solution-gas increase at
constant API gravity, the amount of differen-
tial depletion decrecases. This decreasce is
accompanied by an increase in the amount of
total recoverable oil that had been recovered
at economic abandonment. For the case of
varying API gravity at constant bubble point
solution-gas, the amount of differential de-
pletion decreased slightly as the API gravity
increased. This decrease in differential de-
pletion was accompanied by the same trend as
above,

INTRODUCTION

The mathematical prediction of solution-
gas drive performance has been attempted for
more than three decades. Muskat and Meres
were some of the first to formulate the theory
of two-phase fluid flow, Although their equa-
tions are referred to as exact, rather gross
assumptions regarding such things as relative
permeability and phase behavior are made.

Muskat later? simplified the two non-~
linear, second order partial differential

References an' illustrations at end of paper.
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equalions Lo one non-linear, first order dif-
ferential equation giving an approximation
that could be solved quite easily by numeri-
cal means. Unfortunately for simplicity,
performance is characterized as taking
place at an infinitesimally small production
rate that does not induce pressure or satur-
ation contrasts within the reservoir, It is
postulated that an "average'' pressure and
saturation can be found that characterize the
cntire system. Under these assumptions,
recovery is entirely dependent upon the rela-
tive permeability characteristics of the
reservoir rock and the "P-V-T" properties
of the reservoir fluids.

Several other authors>' 43 have pro-
posed similar techniques for predicting
reservoir performance using this so-cilled
"steady-state' type of model. These tech-
niques have been exteézded or revised by
several investigators 7,8 Theoretical
investipgations using these techniques to study
the effect of relative permeability and fluid
propertics on recovery have been reported.

The first attempts to circamvent the
assumptions that limit the above techniques
were reported by Loper and Calhoun?!! and
Miller et. al, These techniques combine
some of the material balance ideas of the
previous mnethods along with radial flow
formulas to creat a ‘'succession of cteady-
states' analysis that allows calculations of
pressure and saturation profiles across the
reservoirr.

The rigorous sclution of the non-linear,
partial differential equations governing un-
steady-state solution-gas drive behavior did
not begin until the development of modern
digital computing equipment in the 1950's.
The classical unsteady-state paper describ-
ing solution-gas drive reservoirs was
published by West, Garvin, and Sheldon.}3
They, as did those who came later, replaced
the non-linear, partial differential equations
with finite diffeyence analogs and solved the
resulting system of equations numerically.
Their basic equations neglected caovillary
pressure and gravitational effects. While
these investigators presented no startling
results, their effect on future work in this
aresa is considerable,

Wallick!4 in reporting an attempt to
duplicate the results of West, et.al. discus-
sec aninteresting point. In an attempt to
verify that this technique is valid, he pre-
sents results from a series of three predic-
tions over which the initial production rate
was reduced by a factor of 10, As wouldbe
hoped, when the producing gas/oil ratic
curves were all plotted on the same graph,
they, as a group, approached that of a

9,10

Musxkat type preciction.

Stone and Garder!® presented a some-
what different formulation of the linear gas-
drive mecnanism, Their equations include
gravitv effects but neylect capillary pressure
and are written in such a manner as to allow
a solution techni jue that is more straight-
forward and computationally faster than taat
used by West, et.al, They apply these
eqnations in a limited study of complete
pressure maintenance, solution-gas drive,
and gas~cap expansion drive,

Using a mathematicdl formulation al-
most identical to the radial system of
West, et.al., Levine and Prats 10 perfo m-
ed a study of the effect of absolute perme-
abilitv, well spacing, and, to a certain
extent, production rate on solution-gasdrive
performance. The effect resulting from
varjations in these three parameters upon
recovery at econornic abandonment {2 bbl/
day) was determined,

Using one fairly ‘typical” set ol
"P-V-T" properties they found that spacings
ranging from 10 to 80 acres had very little
effect on economic recovery. As would e
expected the closer spacing wdas slightly
more favorable. However, the effect of
permeability was much more pronounced,
an increase of permeability from .5 md,
to 25 md. increasing the recovery anout
1.8 times. With regard to spacing they
mention that for a four-fold increase in
rate the recovery at economic abandonment
is almost completely unaffected.

One factor causes some doubt to be
shed on their permeability variation experi-
ments: they held everything constant ex-
cept permeability, It is known from petro-
physic:s17 that a basic relationship exists
between absolute permeability, porosity,
and connate water saturation., Consequently,
pe rmeability can not be varied, at constant
connate water saturation, without also
varying the ’forosity. Also, as shown by
Felsenthall?, relative permeability to oil
and gas is related to absolute permeability,
Unfortunately, das yet, no investigation has
been carried out to obtain an analytical
expression relating the two,

Levine and Prats mention one further
point that is hard to accept; using a graph,
they show that the gas/oil ratio data for all
their runs fall along the same curve., They
conclude that GOR behavior is independent
of spacing, rate, etc. This seems fairly
unlikely.

Also using a model almost identical to
that of West, Garvin and Sheldon, Heuer,
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Clark and Dew!? studied the effect on economic
recovery of well spacing, permeability con-
structions, and production rate. Their con-
clusion concerning spacing (40-80 acres)
concurs with that of Levine and Prats, How-
ever, they do point-out that the time to
abandonment is directly proportional to the
spacing; this fact should be the main consi-
deration, For the permeability constricted
model they found little effect on economic
recovery even though their system contain
two rather severe permeability variations,
They, also, did not varv porosity or rela-
tive permeability with changing absolute
permeability. With regard to rate variations,
their results more or less substantiate those
of Levine and Prats: for a two-fold increase
in rate, the recovery at economic abandon-
ment was virtually unaffected,

Ridings, Dalton, ct.g_l.zo present the
most rigorous mathematical model yet des-
cribed in the literature purely for solution-
gas drive behavior. Their model considers
capillary pressure and gravity and is appli-
cabhle to either a linear or radial system
through proper definition of terms, Also,
they uce a dii?ct solution technique proposed
by Richmyer®™ ' as opposed to the iterative
and semi-iterative methods used by other
workers. These investigators concluded
that ultimate recovery is independent of pro-
duction rate and spacing but that gas/oil
ratio behavior is dependent upon both pro-
ducing rate and spacing of wells.

As can ne seen from the above discus-
sion, considerable work has been done in
unsteady-state solution-gas drive perform-
ance prediction, but much more needs to be
done., Almost all oi the above mentioned
papers cover only a small range of data;
i.e., most of them use only one set of rela-
tive permeability curves, one set of fluid
properties and rarely more than one or two
producing rates, Consequently, a complete
investigation of this mechanism is needed,

With this need in mind, the present
study was undertaken. In order to keep
involvement with mathematical problems
low and allow more effort to be used in
investigative studies,this investigation was
restricted to a onc-dimensional analysis of
a low permeability, thin, homogeneous and
isotropic, horizontal sandstone reservoir
producing by solution-gas drive. The
mathematical model was otherwise com-
pletely rigorous in the one dimension; i.e.,
full unsteady-state and capillary pressure
effects were included.

The phenomenon defined earlier as
differential depletion was investigated and
ite effect on recovery at economic abandon-

ment was determined. The independent
parameters, initial production rate and
fluid properties, were varied in an attempt
to induce varying degrees of differential
depletion. Pressure and saturation be-
havior within the reservoir and fluid pro-

duction were monitored as a function of time.

THE INVESTIGATIVE STUDY

Since, as noted above, differential
depletion (DD} can be a result of low reser-
voir permeability, high production rate, or
adverse fluid properties (high viscosity)
working separately or together, represent-
ative values for these various parameters
had to be selected for use in the study, Al-
though it ig true that relative permeability
characteristics are a function of absolute
permeabilityln, the relationships have not
been generally developed: consequently, it

was decided to hold the absolute permeability

constant at a low value and systematically
vary the other two parameters. To this
end, a series of production rates and a -
group of fluid prope rties were chosen for
use that were believed to span a large
amount of those conditions found in oil {ield
producing operations.

As mentioned in the introduction,
several authors have indicated that ulti-
mate recovery in a solution-gas drive field
is independent of such parameters as well
spacing, producing rate, etc, However, it
has been shown that recovery at some nor-
mal economic abandonment rate {say 2-8
bbl/day) is affected by certain of these
factors. Consequently, for this study it
was decided to use recovery at some eco-
nomic abandonment condition as an indi-
cation of the effect of the two subject
parameters on solution-gas drive perform-
ance,

The mathematical model used in this
study is presented in Appendix A, A pro-
posed method for correlating the production
rate for the linear system used in this in-
vestigation with that for a more real, radial
system is presented in Appendix B,

The Rate Effect Study

For this study, the fluid properties
for a fairly "typical" reservoir oil shown
in Figures la and lb were used. The
capillary pressure curve used {s shown
in Figure 2, and the reservoir and produc-
tion parameters are presented in Table 1.
The relative permeability correlation used
is presented in Appendix C.

All calculations made in this study
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were constant terminal rate (CTR) until the
production point pressure declined to 70 psi.
At that time, the change was made to con-
stant terminal pressure (CTP) production
and the producing rate was allowed to decline
according to the conditions at the production
point, In an attempt to keep "extraneous’
variations from effecting the results, the
initial time step length was adjusted so as

to keep the amount of oil produced per time
step as constant as possible,

The initial linear system rates and
their corresponding initial time step lengths
are shown in columns (1) and (2) of Table 2.
Columns {3) and (4) give an indication ofthe
ultimate fractional recovery of oil and gas
for all rates. As can be seen there, the
general feeling that ultimate recovery is
fairly independent of producing rate was
verified, Columns {3) and (6) show the ratio
of the recovery of the various rates to the
reccovery at the highest rate, 30 bbl/day,
and it can be seen that the greatest devia-
tton arc approximately . 7% for the oil and
.2% for the gas.

An interesting point is apparent when
the oil rcecoveriecs are viewed beginning witn
the highest rate and proceeding to the lowest.
Upon doing this, it is apparent that the
recovery increascs slightly as the initial
rate is decreased to 2.0 bbl/day; thereafter
the recovery decreases to its minimum
value at the lowest rate. The oil recovery
predicted for the .} bbl/day case is very
close 1o that of a steady-state prediction
(0.273] at 70 psi). As far as the gas reco-
very is voncerned, it generally decreases
very slightly as the rate decreases,

In order to ascertain the degree to
whnich DD is inGuced in the reservoir by the
various initial rates, Figures 3 through 6
siould he inspected, For these {igures,
four of the producing rates -~ ,1, 1.0,
10.0, ane 30.0 bbl/day -- were selected
along with six representative stages of
reservoir depletion. These six stagesare
at cumulative fractional recoveries of:
.00, 0.045, 0,10, 0.15, 0.20, and 0,275,
Eacn figure shows the reservoir profiles,
pressure and saturation, for the various
stages of depletion for a particular initial
rate.

As can be seen {rom these profiles
tne amount of DD induced increased
tremendously as the initial rate varied
over the range covered. The presasure
appears to be more responsive in this re-
gard, but the effect is much in evidence in
the saturation profiles at the higher rates.
It can be noticed that the saturation near
the production point continues to decline

after the boundary condition change from
CTR to CTP production,

Incidently, bv examining the reservoir
profiles for the V.1 bbl/cay case shown in
Figure 3, it is quite evident why this case
predicted a recovery extremely close to
that of a steady-state prediction. It is evi-
dgent.that for this case the assumption
explicit in the steady-state prediction
technigue that no pressure or saturdtion
difference exists across the reservoir wds
quite closely approximated.

With these onservations concerning
tne profiles for the various cases in mind,
let u - examine Lthe averdge reservoir pres-
sure and prouucing pas /o1l rdatio curves
for certiin of these tests tnat are shown in
Fipures 7 and 8, rcspectively, The aver-
dye rescrvoir pressure values are on a
volume weighteu basis. For reference thne
curves from a steadv-state prediction are
also inluded. As can be secen the averdge
reservolr pressure is not unduly affected
by the large variations in rate and amount
of DB. As would be expected {from exami-
nation oi ‘he profliles, the greatest devid-
tion from a steady-state performance
occurred for the nigher rates. However,
the producing GOR behavior is tremen-
dously affected by the initia} producing
rate and amount of DD. This behavior is
of course a reflection of the pressure and
saturation values in ceffect at the preoducing
point. As can be observca in Figures 3
tiirough 6, the value of these variables at
thdat point for a particular time in the pro-
ducing history is very much affected by
the initial rate,

The "'V' shape characterized minimum
point in the GOR curves is a reflection of
the change from CTR to CTP production.
The rise and resultant hump in the GOR
curve after this change is easily explained,
As the well bore pressure is drawn down
to a minimum by fluid production, the GOR
curve takes on a fair approximation to a
steady-state curve shape (although it may
be shifted considerably}. After the change
from CTR to CTP, the pressure at the
producing point remains constant, but the
oil saturation continues to decline. This
declining oil saturation allows the GOR to
increase (relative permeability consider-
ations). However, later in the perform-
ance the oil saturation reaches a minimum
value and slowly increases, This increase
in saturation decreases the relative perme-
ability to gas, and thus the GOR decreases
to a final value fairly close to that of a
steady-state prediction at approximately
the same average reservoir abandonment
p-essure.
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An interesting point concerns the amount
of gas that is produced (and thus must be
handled) during various stages of reservoir
depletion. By examining Figure 8 it can be
seen that as the initial producing rate in-
creas. . the producing GOR curve rises much
higher initially hut doee not reach as large a
value later Consequently an operator pro-
ducing a reservoir at a "high' rate will
initially experience a need for much larger
gas handling facilities than would be pro-
portionally necessary if producing at a
lower rate, Later in field life when the
lower initial oil rate GOR curves have
higher values than those for the higher initial
oil rates, the lower oil producing rates keep
the actual amount of gas produced per day
from ever exceeding that for the higher
initial rates.

Now, to consider the focal point of this
variable rate section: the effect of rate on
recovery at some economic abandonment,
In this regard attention is directed to Fig-
ure 9, Here the producing rate is shown as
a function of cumulative fractional recovery.
It is readily apparent that initial producing
rate has little effect on the producing rate
at some later time, and thus the recovery
at some economic abandonment rate is
virtually unaffected by initial producing
rate, However, by examining Figure 10
which shows the producing time for various
initial rates as a function of cumulative
recovery, it can be seen that the time re-
quired to achieve a particular amount of
production is very definitely rate sensitive,
This last observation is, of course, to be
expected.

To bring these two points clearer into
focus, two values for abandonment radial
system equivalent rate (RSER} were chosen
and the recovery and time at those points
were examined, Referring to Table C-1,
if a value of "h" between 25 feet and 30 feet
is used, a value of 0.05 for R, is permis-
sible, Therefore, if values of 3 and 40
bbl/day are selected for use as abandon-
ment (RSER}, the linear abandonment rates
are .15 and 2,0 bbl/day.

Summaries of the results obtained when
production is terminated at these three rates
are shown in Tables 3 and 4, respectively,
Columns (6), (7), and (8) of these tables are
the most important. In these columns the
ratios of the oil and gas recoveries and pro-
ducing time for each rate to those of the
highest rate (30 bbl/day) are presented. By
obgerving these columns the percentage in-
crease in oil and gas recovery gained by
using a lower initial rate can be weighed
against the extra producing time involved,

First for an abandonment RSER of 3,0
bbl/day, Table 3 indicates that using an
initial linear rate of 2.0 bbl/day in prefer-
ence to one of 30.0 bbl/day, will increase
oil recovery by about !% but will increase
the producing time by about 62%. This
long, extra producing time obviously is not
justified, Also very interesting is the fact
that for an initial linear rate of 0.5 bbl/day
the amount of oil recovered is actually
lower than that for the 2.0 bbl/day case
eventhough the producing time almost triples.
The lower recovery at that rate is a reflec~
tion of the closeness of the reservoir pro-
files to steady-state conditions,

In order to determine whether or not
the abandonment RSER of 3.0 bbl/day is
too low to be meaningful, the other value
was investigated. Here, however, the
same general trend was observed; i.e.,
the extra recovery gained by using a lower
initial production rate was drastically
over-shadowed by the additional recovery
time needcd. Table 4 indicates that by
using the 2,0 bbl/day linear rate instead
of the 30.0 bbl/day rate, the oil recovery
is increased only 6% while the producing
time increased about 360%.

The two points just made should be re-
emphasized: (1) Recovery at a reasonable
economic abandonment rate is essentially un-
affected by initial producing rate even though
rates used varied three hundred fold and
the amount of DD induced changed tremen-
dously. However, the time to achieve this
abandonment rate is very definitely depen-
dent on initial rate. (2) The extra recovery
attained by using a lower producing rate is
definitely overshadowed by the additional
producing time necessary.

The ramifications of these observations
in the industry are obvious, While it must
be remembered that the reservoir modelea
in this study was quite ideal -- linear, hori-
zontal, homogeneous and isotropic -- these
results cast considerable doubt on the be-
lief held by many people within the industry
that the initial producing rate of a solution-
gas drive reservoir should be curtailed to
conserve reservoir energy in order to
recover more oil later, The results of
this study indicate that from an economic
standpoint (present worth of money) this
practice is false,

The Fluid Property Effect Study

To characterize the various sets of
fluids used, the API gravity and the bubble
point solution GOR were used as the identi-
fying factors. Using this system, an oil
designated by 22-600 indicates an API
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gravity of 229 and a bubble point solution

GOR, Rgh, of 600 scif/bbl.

For this study two groups of fluid pro-
perties were developed for testing: (1) oils
with API gravities of 159, 22°, 30°, and
40° all with an Rgy of 600 scf/bbl; (2) olis
with an API gravity of 409 and having Rgp's
of 200, 600, 1000 and 1400 scf/bbl. This
data was taken from informatior. given in
the dissertation of Bullock®? and Abib23,
The information presented by these two
authors was taken from various correlations
in the literature.

Graphic presentation of the fluid data
is shown in Figures 11 through 20. In
Table 5 the value of the properties for the
various oils at the bubble point {initiation
of the reservoir prediction) are shown,
Also shown are the initial oil and gas con-
tents of the reservoir (see Table 1 for
rescervoir dimensions, porosity, etc.).

For the Rgb= 600 oils the initial B,'s are
quite similar and this is reflected in the
close similarity of the reservoir contents,
The main distinguishing characteristic of
this set of crude oils is the wide variation
in the oil viscosities, For the API = 40°
oils, the main distinguishing characteristics
are the initial values of Rg, and consequently
of Bo. The B,y values range from 1,10 to
1.87 as the corresponding Rgp values range
from 200 to 1400 sci/bbl, The wide

ranging B, and Rgp values are reflected

in the widely varying amounts of oil and

gas originally in-place: progressing from
the 40-200 oil to the 40-1400 data the oil-
in-place decreases from 14, 330 bbl to

10, 310 bbl, but the gas-in-place increases
from 3, 351, 000 scf to 14, 245, 000 scf.

The reservoir properties and produc-
tion parameters for this group of tests are
much the same conditions as those of the
previous section, but with three notable
exceptions: (1) the initial producing rate
was 3,0 bbl/day and the initial time step
length was set at 5.0 days for all tests;

{2) the well bore pressure was allowed to
decline to 50 psi before the change was
made from CTR to CTP boundary conditions;
angd {3) the equilibrium gas saturation was
reduced to 0,035 after examining several
{field relative permeability curves in refer-
ence 18,

Considerable insight into the results of
these tests can be gleaned from Tables 6
and 7. In Table 6 the total recovery of oil
and gas on both a volumetric and fractional
bagis are presented along with a notation
of the average (volume weighted) oil satu-
ration at reservoir abandonment. Notice
should be made that the ultimate oil recovery

increased as the API gravity increased for
the Rgp = 600 oils, but the gas recovery de-

creased. These observations are true on
both a volumetric and fractional basis, For
the 409 API oils, it is seen that although the
gas recovery increased on both a fracticonal
and volumetric basis as the Rgy, was in-
creased, the oil shows a somewhat different
trend. The ultimate oil recovery increased
on a fractional basis as the Rg} increased,
but due to the rapid corresponding increase
in B,y, the actual volumetric recovery de-
creased. This is true since 34% of the ST
oil contained in a reservoir {illed with a
fluid of B, = 1.87 is considerably less than
26% of the ST oil contained in the same
reservoir filled with a fluid of Bo = 1. 10,
The trend in increasing fractional oil
recovery as a function of Rgy, and API
gravity is in line with those reported by
Arps and Robertsl0, and by Bullock4, As
would be expected, the oil saturation at
ultimate abandonment decreased as the
fractional oil recovery increased.

With regard to the amount of DD induced
in the reservoir, Table 7 should be examined,
Columns (2) and (4), respectively, show the
maximum pressure and saturation contrasts
developed for each oil. Columns (3) and (5)
contain the "normalized' equivalents of these
“absolute' values, '"The normalized"
values were calculated using the following

formula:
Maximum AF

[lnitial (maximum)] _ [’Minimum value ]
value of F tof F (1]

where F is either pressure or saturation,

For the Rgp = 600 oils, the maximum
Ap values varied quite widely, but when these
values are '"mormalized", no clear pattern is
discernable, With the exception of the 15-600
data, the values, on this basis, are rather
close. For the saturations, a more obvious
trend is present: as the API gravity in-
creased, the maximum saturation contrast
decreased somewhat on both an absolute and
mormalized" basis, These two trends indi-
cate that although the amount of DD induced
appears to be about the same on a ''norma-
lized' pressure basis, it decrecases some-
what as the APl gravity increases. This is
most likely a reflection of the decreasing
viscoaity.

For the 409 API oils a somewhat reverse
situation exists in the pressure contrasts,
i.e., the absolute maximum contrasts are
all about the same, but when these values
are ''normalized'" a very definite trend de-
velops, The amount of DD obviously 18 very
high for the 40-200 oil and decreases to 2
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manner as to Cecrease the amount of dif-
ferential depletion, the fraction of total
recoverable oii that will be recovered at
economic abandonment will increase.

CONCLUSIONS
AND RECOMMENDATIONS

Reviewing the work discussed in this
paper the following conclusions can be
reached.

1. Differential depietion (DD) is a real
phenomonon capable of being modeled with
an unsteady-state analysis of the {luid flow.

2, Differential depletion can be caused
by a high producing rate or by adverse fluid
properties.

3. 3pecifically with regard to producing
rat2, the following observations are valid:

a. Increasing the= initial pro-
ducing rate, increasecs the amount
of DD and thus causes reservoir
conditions to be entirely different
from that indicated by a steady-
state analysis.

b. The deviztion of the pro-
ducing GOR curve from that of a
steady-~state prediction is a mea-
sure of the amount of DD induced.

c. The DD induced deviation
of the producing GOR behavior
will cause the producing gas rate
to be higher than would be propor-
tionally expected from the in-
creased oil production rate.

d. While high initial pro-
ducing rates cause a large amount
of DD to occur, their effect on the
producing rate later in the pro-
ducing history is relative small,

e. Due to the phenomenon de-
scribed in d. the cumulative frac-
tional recoverv at some reasonable
economic abandorment rate is es-
sentially the same for all initial
rates,

f. The producing time required
to reach the above abandonment
rate is very definitely rate sensitive,

g. Considering points e and f,
the belief held by many in the indus-
try that the initial production rate of
a solution-gas drive field should be
curtailed in order to obtain greater
recovery later is not only wrong but

very damaging {rom a oresent
worth of money ztandpoint.

5. Specifically with regard to fluid pro-
perties, the following cbservations are valid:

a. The absolute amount of pres-
sure contrast induced in a reservoir
decreases as the API gravity in-
creases at constan: Rg},. However,
8P BD HAarealkets’ basin il wmeunt
fected by changing API gravity, The
saturation contrasts indicate that the
DD decreases somewhat with in-
creasing API gravity,

b. For consiant API gravity with
varying values cf Rgy, the absolute
amount of pressure draw down is es-
sentially the same; however on a
"normalized' basis, it is obvious
that the amount of DD decreases as
the Rgy, increases. The saturation
contrasts indicate that this conclusion
is true.

c. The deviation of the pro-
ducing GOR curve fo. an unsteady-
state prediction from that of a steady-
state prediction {s again a good indi-
cator of the amount of DD induced.

d. The fract:on of total recover-
able oil and gas that had been re-
covered at economic abandonment
increased with increasing API gra-
vity at constant Ry,. and increased
with increasing By, at constant API
aravity.

e. Combining a, b, and d, it
seems evident that as the reservoir
fluid properties change in such a
manner as to decrease the amount
of DD the fraction of total recover-
able o0il that will be recovered at
some reasonable economic abandon-
ment rate will increase.

While the results of this study offer many
interesting and informative insights into
solution-gas drive behavior, several aspects
need further investigation. Consequently, it
is recommended that the following steps be
taken:

1. Expand the present system into a
radial geometry and, then, two and three
dimensions. Using these expanded models,
investigate the validity of the basic conclu-
sions reached here concerning initial pro-
ducing rate in a more '"'real' system.
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2. Expand the range of fluid data v QOil Velocity, feet/day
covered, and in conjunction with #1, develop °
a general discussion of the producing charac- Di £
teristice of solution-gas drive reservoirs. x stance, leet
NOMENCLATURE
[ Porosity, fractional
B Gas Forjnation Volume Factor,
g res., ft.”/sct, ug Gas Viscosity, centipoise
B Qil Formation Volume Factor, A . ,
o rels. bbl/S'IEB. me ctor ) Oil Viscosity, centipoise
Bob Bubble Point Bo' res, bbl/STB,
3 Partial Differential Operator
CTP Constant Terminal Pressure
d Total Differential Operator
CTR Congtant Terminal Rate
DD Differential Depletion A Delta, Change in a Quantity
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gas
v Rov wn
_ a g + 8 O q
Bx 2 Eo o
5
e | Se, Reo (A-2)
& |8, -

Darcy's law for each phase --

oil:
6.328 k k 3p
v = ro o (A-3)
o] u ox
o]
gas:
6.328 k k 3p
v =~ g 8 (A-4)
B ng ax

Capillary pressure equation relating
P, and p8 --

P (S5} = pg—p, (A-5)

And, the saturation surn egquation --

Sot8yc+Sg = 1.0 (A-6)

By rearranging A-5 and applying the
chain rule while differentiating the result
with respect to ''x" the result is:

3p, Bpg dp, BSO

TR WS, e (A-T)

Expanding the time derivative on the right
hand side of the equations that result when
equations A-~1, A-2, A-3, A-4, A-6 and

A-7 are combined, the following are obtained:

oil:

{6.328kkr0 3p , [6.328 KK R,
—Bx\ Bouo x |~ Tox Eou

(A-9)

These two non-linear, partial dif-
ferential equations have nine dependent

variables: SO' pg, IJO. ngp Rsl BO' Bgv

kro’ and krg’ The auxilary equations

necessary to make a consistent set are:

Bo = Bo(po)' Ho = uo(po)'
B =B 3 = H
g = Bylrg) Hg = HylPy)
R, =R, (p ) (A-10)
and:
krg = krg(so)' krc = kro(so);
(A-11)
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Along with the definitions of A-10 and A-11,

equations A-8 and A-9 constitute a system in
essentially two unknowns, Pg and So'

In the present formulation the production
terms, qg and q R in the differential equations,
are used to take care of fluid flow out of the
system, therefore, a no-flow condition must
be imposed at the boundaries of the reservoir,
This is accomplished by setting the distance
derivative of pressure to zero; i.e.,

—B -0

o {A-12)

Also, we must either specify the produc-
tion rate or the pressure at the well bore,
These two conditions can be represented as
follows:

Constant terminal rate (CTR) case --

q, = constant (A-13)

Constant terminal pressure {CTP) case --

pgl = constant {A-14)

In either case, CTP or CTR, when one quantity
is set the other must vary and becomes an
unknown in the solution.

Equations A-8 and A-9 are non-linear,
second order partial differential equations for
which no analytical solution exists; conse-
quently a numerical scheme had to be de-
veloped. To this end, a time-distance solu-
tion grid was adopted and finite difference
analogs to the basic equations were written,
An iterative scheme was developed for solving
these equations to predict the reservoir
performance. A complete description of this
technique can be found in Chapter 3 of refer-
ence 25.

APPENDIX B,
DERIVATION OF THE
"RADIAL-SYSTEM-EQUIVALENT-RATE"
(RSER) EQUATION

Since the mathematical model used in
this study is for a linear system, there
exists the problem of correlating producing
rates for this eystem with those for a more
real model: a radial system. In an at-
tempt to resolve this conflict the following
"radial-eystem-equivalent-rate' {RSER)
equation was derived., While it is realized
that this technique and the resulting equa-
tion are rather idealistic, it is at least
a first attempt at a correlation.

From single phase, steady-state fluld
flow, the producing rate {s given by --

Linear system:

1.127 A k Ap

9 = ulL (B-1)
Radial system:
_ 7.07hk Ap
r - T (B-Z,
M oIn g
wW
where: q = flow rate (bbl/day)
A = area (feet squared)
h = thickness ({eet)
k = absolute permeability (darcys)
Ap = pressure drop (psi)
= viscosity (centipoise)
L = length (feet)
r, = reservoir radius (feet)
T = well bore radius (feet)
Now, let us define: r
9 1.127Akﬁpulnr
R_= = A {B-3)
T 9, 7.07hk Adpu L

If we assume that the viscosity and per-
meability values are equal, and, also, that we
wish the pressure drop in the two systems to

be the same, we get: r

e
.1595 A In =

R = w
¥ Lh

(B-4)

Equation B-4 expresses the ratio of the
producing rates for a linear and a radial single
phase, steady-state system.

As shown in the text, the predictions in
this study were made with a reservoir length
of 1000 feet and a cross-sectional area of 1000
feet squared. To keep a reasonable similarity
between our radial and linear systems we
should use r, = 1000 feet and pick a reason-
able value for ry, say .333 feet. Substitu-
ting these values into B-4 we obtain:

1000
. 1595 (1000) lnE-gg-g—] 1.275

1000 h h
(B-5)

R =
T
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While the choice of , 333 for ry, may seem
rather arbitrary, notice that if ry, = .5, the
numerator of equation B-5 would only change
to 1.211. Obviously R, is rather insensitive
to the value of r,

Using equation B-5, Table B-1 was gener-
ated showing the relation between Ry, and h.

Table B-1
h Rr
5 . 255
10 L1275
15 . 0875
20 . 06375
25 .510
30 . 0425
35 ,03643
40 .031875
45 .02833
50 .0255

APPENDIX C.

RELATIVE PERMEABILITY
CORRELATION USED

In the basic equations to be solved the
terms ki, ky.., and k,.,/k,.5 appear. Since
this study wasgto approxgimate a "typical"
sandstone reservolr, the decision was reached
to forego using the relative permeability
characteristics for any particular reservoir;
it was decided to use some of the general
correlations available in the literature.

To obtain krg/kro the following was used:
{after Wahl, Mullins, and E:lfrink26)

k
.RLE. = ¥(0.0435 + 0.4556%) (C-1)
ro
where
1.0-5,,. -Sge -5,
w: S -5 (C“Z)
o oir

For obt
P1rson

When k

3_71

ning k

was used

-

oxr ]

an equation proposed by

(C-3)

;o 18 needed separately it is obrained
as the pxgoduct of the resulting values from
C-1 and C-3.
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