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Introduction 
The relationship between ultimate oil recovery and 
rate of oil production has been the subject of many 
investigations since 1924 when Cutler1 published a 
study of field data. Cutler concluded that higher oil 
production rates yielded higher ultimate oil recov
eries. Subsequent studies2

-
4 of performance from a 

variety of fields showed that factors other than pro
ducing rate caused so much variation in total oil 
recovered that no conclusion could be reached con
ceming the effects attributable to this single factor. 
Because of the impossibility of imposing different 
production histories on a given reservoir to observe 
the difference in ultimate oil produced, confirmation 
of any such relationship bad to depend on analytical 
studies and laboratory model tests. Analytical ap
proaches using simplified models, in which effects of 
capillary pressure and gravity forces were ignored, 6 • 

7 

led to the conclusion that any effect of production 
rate upon ultimate recovery was negligible. They did 
show gross differences in horizontal saturation dis
tributions imposed by production rate variations. 

In 1953 and 1954 the foundation was laid for solu
tion of the unsteady-state fluid flow equations by use 
of difference approximations and high-speed com
puters. 8• 9 The development of these techniques led 
to numerous mathematical model investigations of 
fluid displacement in one and two dimensions.10

-
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These works treated a range of fluid systems in one 
and two dimensions; generally they were confined to 

incompressible fluids, and included gravity and capil
lary .effects. When simulating compressible fluid sys
tems, gravity and capillary forces were ignored. 
Levine et al. 16 and Heuer et al. 5 studied the effects 
of production rate on u!timate oil recovery by so!u
tion gas drive, using these more sophisticated mathe
matical techniques. Both eff orts neglected the eff ect 
of gra vi ty, hut Levine included capillary forces. Both 
concluded that producing rate bad a negligible effect 
on ultimate recovery. Ridings et al.1' showed that 
performance of long horizontal laboratory systems 
coincided closely with performance calculated by 
numerical modeling techniques, with one exception. 
N oticeably increasing recovery was observed with 
increasing production rate in the laboratory system, 
whereas the numerical model showed no rate effect. 
Gravity was not a factor in either system. Since the 
production rate sensitivity was less on very long 
laboratory systems than for the shorter ones, it was 
concluded that the rate effect observed on the short 
laboratory system was, for reasons not specified, 
typical only of short systems. 

It has been recognized for some time that, under 
certain conditions, gravitational forces can be very 
important in the displacement of oil from natura! 
reservoirs. Muskat18

• 
19 treats exhaustively the per

formance of wells and reservoirs in which gravity is 
the sole driving mechanism. Also a considerable 
amount of attention has been given to methods of 

Ultimate oil recovery by solution gas drive can be greatly afjected by variations in 
production rates-in general, the higher the rate the higher the recovery. However, the 
quantitative relationship fora given field will be infiuenced by factors other than rate and 
vertical permeability: reservoir thickness, gas solubility, shrinkage factor, oil viscosity, 
relative permeability, and capillary pressure. 
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investigating the eff ect of gravity on performance oi 
reservoirs where gravity is a dominating factor - i.e., 
where high formation dips and high permeability 
cause gravity drainage effects to overshadow solution 
gas drive. 20-23 It is generally conceded that, in reser
voirs where gravity is the predominant drive mech
anism, oil recoveries will be higher than those attain
able by any other process and that the solution gas 
drive effects are almost negligible. 

Martin24 and Cook25 investigated, by analytical 
techniques, the effects of gravity forces on fluid move
ments in oil reservoirs subject to gas injection, water 
injection and a mechanism combining solution gas 
drive and gravity drainage. Capillary pressure effects 
were ignored in their work. Their efforts were largely 
directed toward explaining the performance of res
ervoirs in which solution gas drive effects were 
incidental to effects of gravity. Neverthless, Cook 
observed that even in substantially horizontal, low
permeability reservoirs, there should be a tendency 
for gas to flow to the top of the productive section. 
This would cause a zone of high gas saturation at the 
top and provide a channel for flow in the horizontal 
direction. Further, he observed that the gas saturation 
in the lower part of the section should remain at a 
relatively low value throughout the depletion period. 
Thus was explained the migration of gas between 
producing areas even in shallow dipping reservoirs. 
Also explained was the observed low gas-oil ratio 
(GOR) production from wells recompleted in the 
base of the producing section after producing at high 
GOR's from higher in the section. 

That gravity effects can cause at least some tend
ency for vertical segregation during depletion of an 
oil reservoir by solution gas drive is certain. In over 
90 percent of the reservoir volume, the vertical pres
sure gradients resulting from the difference in densi
ties of oil and gas are generally much greater than 
the horizontal pressure gradients imposed by flow. 
The only exception to this is in the immediate vicinity 
of producing wells, where horizontal pressure gradi
ents can exceed those in the vertical direction. The 
question that remains is the quantitative significance 
of gravity forces on solution gas drive. Intuitively it 
would seem that the accumulation of gas at the top 
of the producing section, whence it could flow easily 
to the producing well, would result in less oil recovery 
than if the gas remained uniformly distributed. Also, 
it seems reasonable that the degree of vertical segrega
tion should be sensitive to producing rate. At very 
low rates vertical segregation should be almost com
plete, and at very fast rates oil production would 
cease befare any substantial vertical segregation 
could occur. 

Recently, a variety of mathematical models and 
solution techniques have been developed allowing cal
culation of fluid flow in three dimensions and account
ing for all known factors affecting flow in systems 
flowing one, two, or three phases. 26-34 Our aim here 
is to investigate t.lie quantitative eff ect of oil produc
tion rate on ultimate oil recovery by solution gas 
drive mechanism from horizontal, thin reservoirs in 
which regional migration of gas will be negligible and 
well completion effects will be minimized. 
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Mathematical Model 
Except for local effects around the producing wells, 
flow in an oil reservoir can be simulated by a linear 
system in which the total pressure difierential from 
production point to reservoir boundary is less than 
10 to 20 percent of total pressure. The limitation on 
pressure difierential is imposed by the radial nature 
of the producing wells and the immediately adjacent 
reservoir volume. In this zone, pressure gradients are 
very high but the fraction of total reservoir volume is 
small. The essentially linear nature of flow in a radial 
system beyond about 100 ft from a producing well, 
and the impossibility of imposing a pressure difier
ential of more than 20 percent of the reservoir pres
sure from 100 to 1,000 or more ft, even at capacity 
production rates, is well illustrated by the work of 
Muskat18· 19 and Levine. 16 

For this study the physical model chosen for 
mat.1lematical representation was a linear reservoir 
segment 25 ft high, 1,400 ft long, and 1 ft wide. 

Following are the equations describing the flow 
of fluids in a two-dimensional system of constant 
porosity, flowing gas and oil.19 

Oil Equations 

U"" = _ k kror{ 8pr \ 
--u• -- µ.

0 
\ 8x J (1) 

U = _ k krox( 8pp _ p ) 
0 

/Lo 8z 
0 (2) 

Gas Equations 

U = _ k krqr(~) 
g.r µ.g 8x (3) 

Ugz = - k k;;"( 8:; - Pv) (4) 

The continuity equations for each phase 

8 8 8~ 8X (Uo") + Tz (Uoz) - qo = - 8';- (5) 

8 8 _ 8Su Tx (Ug:r) + Tz (Ugz) - qg - - Be (6) 

As illustrated by Breitenbach,28 West, 9 and Rach
ford,11 combining these equations with other relation
ships between saturations and pressures in each phase 
results in simulation equations for each block of the 
form 

o-"tl.p-" + o-ztl.p-z + o+ ,.tl.p+" + 

O+ tl.p+ + A9 = A8 Pt1 - Pto (7) 
z z ti - to 

where the subscripts x and z designate horizontal and 
vertical directions and the superscripts + and -
designate positive and negative directions. This 
nomenclature is that of Breitenbach et al. 29 The co
effi.cients designated as o+ ;;, o-;;. o+ z and 0-z repre
sent the coefficients of flow in the various directions, 
A 9 represents gravitational, capillary, production and 
injection terms. For this study the pressures were 
determined at each step by an implicit solution of 
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Eq. 7 and saturations were then determined explicitly 
from the oil equation (combination of Eqs. 1 and 5) 
as outlined by Breitenbach. 28 The only sig!'ificant 
variations from this reference are indicated in the 
paragraph that follows. 

For the next calculation interval, Breitenbach used 
comoressibilities. relative oermeabilities. etc.. as de-- - --.i--------------, --- - a - - - - - -, , 

termined by pressure and saturation conditions at the 
start of that interval. In this investigation an attempt 
was made to use a hetter value for all factors by 
determining them at the average pressure and satura
tion for the calculation interval, with the throught 
that this would allow the use of !arger time intervals. 
Our technique was to estimate the oil pressure and 
saturation at the end of the next time interval by 
extrapolating from the values calculated at the end 
of each of t.iie thiee preceding th-ne steps. The pres
sure and saturation used to calculate the coeffi.cients 
for the interval were the arithmetic average of those 
at the start of the interval and those estimated for 
the end. These average properties were used in both 
the pressure and saturatic>n calculations, with the ex
ception that the estimated densities for gas and oil 
used in the pressure equation were those for the end 
of the interval. In the saturation calculation the 
values used for pressure diff erentials between blocks 
and those used for fluid densities were averages for 
the time interval. 

If the calculated pressures and saturations checked 
within the desired tolerance with those estimated, the 
caicuiated vaiues were accepted. if such agreement 
did not occur, the calculation procedure was repeated 
substituting the calculated values for those estimated 
on the first cycle. Recycling of the calculation for an 
interval was continued until a satisfactorily small dif
ference was observed between results of two succes
sive cycles or until a preset maximum number of 
cycles bad been finished. A variable time step was 
ncia..1 t1'at UTaa antnTTt!:lihriai llu i"r,.,.~:u.~,",-1 nP l'lørnaaC!,..rf 
~W Y•&&ll. T't'U~ U.Wll.V&&&UU...,u.&&J &&A'°'4""'Mg-...W. V& u,...,'°'.l.'"'M.,;iil"""6' 

depending on the check between initially estimated 
values for pressure and saturation and those finally 
accepted. For this particular problem, a block-by
block check was not made for each of these factors. 
Rather, the producing GOR was checked against that 
estimated from parabolic extrapolation of ratios cal
culated f Oi t.aie three previous time intervals. The net 
eftect of the above system for this study was that a 
complete depletion of a one-dimensional horizontal 
system couid be done in iess than 40 steps. Re
cycling was necessary on only two or three steps. The 
final oil material balance checked within 0.015 per
cent. By tolerating larger material balance errors the 
calculations could be reduced to less than 20 steps. 
For one-dimensional vertical systems or two-dimen
sional systems, it was still possible to calculate a com
plete depletion by solution gas drive with very little 
recycling and to maintain good final material bal
ances. In general, more steps were required for these 
systems than for horizontal systems, the steps varying 
from almost the same number at very high rates, to 
20 times as many for the lowest production rate. 

The physical reservoir that was modeled is shown 
in Fig. 1. Exploratory calculations were made in 
which the 25-ft-thick reservoir was represented by 
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three, four, five and six segments of various thickness. 
Though subdivision beyond four segments caused mi
nor variations in the details of performance, such as 
slight shifting of the GOR peak, ultimate oil produced 
was negligibly affected. Hence, we decided that all 
comparative runs would be made with the system di
vided verticallv into onlv four blocks as shown in Fig. 
L Similarly, horizontal-subdivisions in excess of five 
yielded little discemible beneficial detail to the cal
cuhited performance. Early test runs with the two
dimensional model showed that the effect of hori
zontal permeability - in the range where total pres
sure diff erential across the system is held to less than 
20 percent of the absolute pressure - is negligible. 
Therefore, for the few two-dimensional runs, the 
horizontal permeability was arbitrarily fixed at a 
...... l"11- "i. ..... -·-nlll l'l"t.'l'IL'A " ...... T'\PAL'L'1'1PO ,.f~fl'-PAnhgl tn h
YCLl.U~ UIGL nuu1u. ""AUii>"" """" ..,, ..... "" •• 11. ..... Yu.&""' ........... ~ ""' '"'""" 
in the desired range for the producing rate chosen. 

Basic capillary pressure and relative permeability 
characteristics of the reservoir rock for all runs are 
shown in Figs. 2 and 3. As indicated in Fig. 3, 
hysteresis in gas relative permeability was included. 
At gas saturations below 30 percent of hydrocarbon 
pore space, any decrease in gas saturation causes a 
very rapid decline in gas relative permeability. 
Though there are only a few representative curves 
in the region of decreasing gas permeability, the pro
gram provides for continuous representation of rela
tive permeabilities in the region. Including relative 
permeability hysteresis is necessary only when the oil 
rate is deciining. As iong as a constant oil rate is main
tained during a solution gas drive, the gas saturations 
at all levels in the reservoir are increasing. As soon as 

Het pomity (llydr-bcln filled) • 30 -t 
Aøctt camprnsibility • 0 
Otiptai ~ pttiiUtt :: i';Si.40 P•ia 
Total initial rtock tanll oil in place • 1473.76 botNl1 

TWO-DIMENSIONAL MOQEL 

--------!400'---------1 

Tllidlntu • I fvol 
Vlrtical PlllNOllility as notwd on dato GfOplll 
Harimntlll PllftllGbilil)' wrin fram Ml to ..., to main1ain a nainun harilllnlal 

- diffeNntial .... tllan zo -" ol the abålft -
All willldlllwal from lell titr ol lllaclll in proportian ta oil lllllllililJ (" ll'o I 

ONE - DIMENSIONAL MQQEL 

--------1400' ----------l 
Vlrtical per!lllabilil)' as notlCI on data arapta 
Willldrawall unifonnly diltribufld hor~lly and in proportion to oil 

lllllllility in ~icol clirtclion 

Flg. 1-Diagrams of model reservoirs. 
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TABLE 1-FLUID CHARACTERISTICS 

Reservoir Voume Factor Density Gradient Gas Solubility Viscosity 
Oil Gas Gas Oil 

Pressure (reservoir bbl/ (Mcf/ (psi/ (psi/ (Mcf* I Oil Gas 
(psia) STB) reservoir bbl) ft height) ft height) STB) (cp) (cp) 

1800 1.270 i.lOii 00724 I'\ ~1t!i0 u . .;;i~;JO 0.5800 1.350 0.0170 
1500 1.235 0.9167 0.0599 0.3245 0.4980 1.400 0.0158 
1200 1.202 0.7161 0.0468 0.3290 0.4160 1.450 0.0145 
900 1.170 0.5093 0.0333 0.3334 0.3340 1.550 0.0137 
600 1.136 0.3135 0.0205 0.3387 0.2520 1.750 0.0126 
300 1.095 0.1409 0.0092 0.3459 0.1600 2.187 0.0116 
100 1.050 0.0414 0.0027 0.3555 0.0760 3.050 0.0111 
25 1.014 0.0098 0.0006 0.3646 0.0218 4.379 0.0105 

• Mcf = 1,000 cu ft at standard temperature end pressure (600F and 14.7 psia). 

the oil production rate starts to decline, some of the 
lower part of the producing section starts to increase 
in oil saturation at the expense of the upper part of the 
section. If gas relative permeability hysteresis is not 
considered during this time, the resaturation of the 
lower part of the producing section will increase too 
fast and go too far. For example, with hysteresis (and 
no pressure increase) gas saturation can increase only 
0 to 3 percent of pore volume in the range of 0 to 30 
percent gas saturation; without hysteresis, resatura
tion with oil could be complete. This would result in 
gross diff erences in performance during the period of 
declining oil rates. In general, calculated GOR's will 
be higher during this period if gas relative perme
ability hysteresis is ignored. The basic relative per
meability and capillary characteristics were calculated 
by the formulas suggested by Wyllie36 and Corey.37 

i 1.0 

i 

OL SATUWION-PEllCENT ~ PORE 9fW:E 

Fig. 2-Relationship between capillary pressure 
and oil saturation. 

Only the hydrocarbon pore space was considered. It 
was assumed that water saturation was uniform and 
at the minimum value attainable by ftow. Hence, the 
irreducible oil saturation in the system should ap
proach zero and the "effective saturation" used by 
Corey will equal the actual saturation ( expressed as 
a fraction of the hydrocarbon pore space instead of 
the total pore space). The equations for relative 
permeabilities, then, become 

krg = {1 - So)2 [1 - (S0) 2] 

kro = (So)4 
• 

(8) 

(9) 

The oil and gas properties used for all calculations 
are shown in Table 1. From this information all data 
needed for the reservoir simulation program were 
obtained by parabolic interpolation to calculate every 
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pressure variable needed in the program at fixed pres
sure intervals of 25 psi. The simulation program used 
linear interpolation between the data at these fixed 
points to obtain required values for any specific pres
sure. Initial calculations were made with linear inter
polation between data at pressure intervals of 50 psi. 
Reducing the pressure interval to 25 psi caused no 
significant improvement in results. 

Two solution techniques, Gauss-Seidel iteration 
and Gaussian elimination, were used for calculating 
pressures by the equation system represented by Eq. 
7. For the iterative method, iteration was started from 
the pressure estimated for each block by extrapola
tion from the last three values. The number of itera
tions was greatly reduced from those necessary if 
iteiation were started fiom L'le piessure values at Lie 
end of the last interval. In fact, for this problem the 
solution times using the ordinary Gauss-Seidel tech
nique were only slightly different from those using 
an efficient Gaussian elimination technique. 38 Since 
the small size of the model resulted in very small 
round-ofl error, the Gaussian elimination method was 
used for most of the calculations. 

Final material balance errors on all runs were less 
than 0.015 percent of fluid originally present for oil 
and less than 0.4 percent for the gas. By accepting 
longer calculation times these errors could be reduced 
even further, but there was no significant change in 
the details of performance or in the ultimate oil re
covered. Total solution times varled from less than 
10 seoonds for hig..h-production-rate, one-dimensional 
runs to 2.6 minutes for the lowest-rate, two-dimen
sional runs. An IBM model 360-65 computer was 
used for the calculations. 

Discussion of Results 
Even for the thin (25-ft) horizontal reservoir section 
being simulated, early calculations showed that a 
significant difference in performance resulted, de
pending on whether production was withdrawn near 
the top or near the bottom of the section. For this 
study, one objective was to eliminate well effects; so 
the computer program was modified to distribute 
production, at every step, from each vertical section 
in such a way as to minimize the disturba..9lce to 
saturation distribution. This was effected by distribut
ing the total oil production in proportion to oil 
mobility in each vertical block at the end of the pre
ceding time step. That this technique resulted in 
negligible disturbance to vertical saturation distribu
tion is illustrated by the data of Tables 2 and 3. These 
tables show several pressure and saturation distribu
tions calculated for the two-dimensional model pro
ducing at rates of 0.1 and 0.5 STB/D. When the 
horizontal pressure diff erential was limited to less 
than 20 percent of the total pressure, the saturation 
gradients in the horizontal direction were very small. 
We concluded, therefore, that for this pressure differ
ential limitation a one-dimensional vertical model 
should yield identical over-all performance. Tables 
2 and 3 also include the vertical pressure and satura
tion for a one-dimensional mode! at about the same 
stage of depletion as for the two-dimensional system, 
using the same production rates. The data for the 
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two models are not for exactly the same depletion 
stage because of time-step variations between the 
calculations. The results show very close correspond
ence between details of saturation and pressure 
distribution. Figs. 4 and 5 show the complete GOR 
and production histories for these two comparative 
runs. The precise check between results from one
and two-dimensional models led to the conclusion 
that two-dimensional models were unnecessary for 
the problem under study. Also, these and other runs, 
in Which horizontal permeability was varled over 
a wide range below that necessary to maintain the 
desired maximum horizontal pressure differential, 
showed that only the vertical permeability is of sig
nificance to solution gas drives under the conditions 
of this investigation. A few depletion calculations 
were made, using two-dimensional models, in which 
horizontal pressure differentials were allowed to in
crease to as much as 90 percent of the total pressure. 
Under these conditions some details of performance 
were altered, mainly because of declining produc
tion rates. (This in turn causes increasing oil satura
tions in the lower part of the section.) Except for the 
points noted on Figs. 4 and 5, all the remaining 
calculations were made using the one-dimensional 
model. 

Effect of Production Rate 
Maintaining all other factors constant, a series of cal
culations was made in which the oil production rate 
was varied L11 six steps from 0.1 to 50 B/D. Gross 
pressure performance of the system at each of these 
conditions is shown in Fig. 6 as a function of oil re
covery. Also shown on this figure is the pressure 
performance of a horizontal, one-dimensional system 
producing at a rate of 0.1 B/D. The horizontal sys
tem performance is identical with that of the 50 B/D 
system in which gravitational effects were included. 
This indicates that, at this high rate, fluid segregation 
was a negligible factor in over-all performance. How
ever, at lower production rates, the oil recovery 
obtained at any pressure decreased substantially. 
Assuming an abandonment pressure of 100 psi, the 
ultimate oil recovery ranged from 13.5 percent at 
0.1 B/D to 20.9 percent at 50 B/D- a ratio of 
approximately 1.55. This production rate range is, 
of course, much wider than the possible range ofrates 
in the exploitation of any commercial reservoir. It can 
be seen from the curves that significant differences in 
ultimate recovery result from production rate ratios 
as small as 2 to 4. 

Fig. 7 is a graph of the GOR vs oil recovery data 
from the same series of calculations. Data for the 
12.5-B/D run were omitted to avoid undue crowd
ing. The reason for the more rapid pressure depletion 
at lower production rates is clear from the GOR 
curves. Increasing GOR's start progressively earlier 
at lower production rates and result in higher GOR 
peaks. Thus production of all the solution gas results 
in lower oil recoveries as production rate is decreased. 

The reason for such variation in performance must 
be, of course, the tendency of gas to migrate to the 
upper part of the producing section and of oil to flow 
to the lower part as production proceeds. Figs. 8 
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through 10 show the satura ti on history at various 
levels as a function of oil recovery from the system 
for high, intermediate, and low production rates. Fig. 
8 shows that even at the highest rate of 50 B/D there 
is some vertical variation in oil saturation during 
depletion. Saturations at all levels were identical until 
about 6 percent of the oil in place was recovered 
(pressure decline from original 1,791.4 psia to about 
1,400 psia), after which some differences developed. 
The maximum saturation difference between the top 

(5-ft-thick section) and the bottom (10-ft section) was 
approximately 5 percent and was relatively constant 
over the last half of the depletion life. Although not 
shown on the figure, the saturations of the other 
blocks fell between the two curves shown. This diff er
ence in oil saturation was not enough to cause a 
detectable diflerence in performance or in ultimate 
oil recovery from the horizontal system in which there 
was no fluid segregation. At 5 B!D (Fig. 9), the oil 
saturation diflerence between the top and the bottom 

TABLE 2-CALCULATED PERFORMANCE OF TWO-DIMENSIONAL AND ONE-DIMENSIONAL MOiJEi.S 
FOR AN OIL PRODUCTION RATE OF 0.1 STB/D 

Horizontal Permeability = 1,000 md 
Vertical Permeability 101 md 

Vertical Horizontal Distance from Left End of Model (ft) 

Distance One-
from Top Dimensional 
of Model Two-Dimensional Model Mode I 

(ft) 100 350 650 950 1,250 700 

DATA FOR AVERAGE OIL PRESSURE OF ABOUT 1,500 PSIA 
Oil Pressure, psia 

2.5 1498.57 1500.23 1501.73 1502.74 1503.23 1500.21 
7.5 1500.18 1501.84 1503.34 1504.34 1504.84 1501.82 

12.5 1501.79 1503.46 1504.96 1505.96 1506.45 1503.44 
20.0 1504.22 1505.88 1507.38 1508.39 1508.88 1505.86 

Oil Saturation, Percent Hydrocarbon Pore Space 
2.5 80.28 80.50 80.69 80.78 80.77 80.29 
7.5 96.67 96.71 96.72 96.71 96.72 96.74 

12.5 97.10 97.14 97.12 97.14 97.13 97.16 
20.0 97.48 97.52 97.50 97.51 97.52 97.52 

DATA FOR AVERAGE OIL PRESSURE OF ABOUT 1,000 PSIA 
Oil Pressure, psia 

2.5 Hl35.28 i037.27 i039.05 1040.24 1 n.AI'\ O""'S 
.lV'tV.~ 1052.49 

7.5 1036.77 1038.74 1040.52 1041.72 1042.31 1053.99 
12.5 1038.42 1040.39 1042.17 1043.37 1043.95 1055.63 
20.0 1040.89 1042.87 1044.65 1045.84 1046.43 1058.11 

Oil Saturation, Percent Hydrocarbon Pore Space 
2.5 48.80 48.41 48.38 48.40 48.40 49.14 
7.5 94.64 94.62 94.62 94.64 94.67 94.77 

12.5 95.74 95.76 95.77 95.77 95.77 95.80 
20.0 96.31 96.32 96.32 96.32 96.32 96.34 

DATA FOR AVERAGE OIL PRESSURE OF ABOUT 500 PSIA 
Oil Pressure, psia 

2.5 560.65 563.19 565.46 566.97 567.73 563.50 
7.5 561.49 564.03 566.31 567.82 568.57 564.35 

i2.5 563.17 565.il 56i.99 ~Jt!!t'\. ~I'\ 570.25 i::..i::.i::n? :;JQ:J,:;JV .,,...,...,."'"" 
20.0 565.70 568.24 570.52 572.03 572.78 568.56 

Oil Saturation, Percent Hydrocarbon Pore Space 
2.5 29.50 29.40 29.39 29.40 29.41 29.38 
7.5 87.40 87.38 87.40 87.43 87.45 87.40 

12.5 94.35 94.37 94.38 94.39 94.40 94.38 
20.0 95.11 95.13 95.14 95.15 95.15 95.14 

DATA FOR AVERAGE OIL PRESSURE OF ABOUT 100 PSIA 
Oil Pressure, psia 

2.5 95.91 101.06 105.44 108.20 109.67 99.88 
7.5 96.61 101.76 106.15 108.90 110.39 100.59 

12.5 98.25 103.38 107.74 111.16 112.02 102.24 
20.0 100.88 106.00 110.39 113.73 114.87 104.88 

Oil Saturation, Percent Hydrocarbon Pore Space 
2.5 20.75 20.73 20.75 20.76 20.76 20.69 
7.5 60.18 60.08 60.60 61.97 58.50 60.49 

12.5 90.93 91.15 91.37 90.00 95.45 91.24 
20.0 92.71 92.86 92.99 93.28 92.49 92.82 
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of the producing section increased to slightly over 28 
percent. At 0.5 B/D (Fig. 10), oil saturation ranged 
from 22 percent in the top of the section to 84 per
cent in the bottom near the end of production. 

tion ranges from 20 percent at the top to over 90 
percent at the bottom of the producing section. Such 
very Iow oil saturation in the top of the section pro
vides a bypassing channel so gas can escape without 
displacing oil and must result in poorer ultimate oil 
recovery than if no segregation occurred. At first 
glance it seems remarkabie that the ultimate oil pro
duced is not more greatly affected by gravity segrega
tion than these results show. The saving feature is 

Summarized in Fig. 11 are the oil saturations vs 
height in the reservoir for all production rates studied 
and at the time of almost complete depletion of solu
tion gas. Final pressure was in the range of 30 to 40 
psia. For the 0.1 B/D calculation, the final oil satura-

TASLE 3-CALCULATED PERFORMANCE OF TWO-DIMENSIONAL AND ONE·DIMENSIONAL MODELS 
FOR AN OIL PRODUCTION RATE OF 0.5 STB/D 

Horizontal Permeability = 10,000 md 
Vertical Permeability 101 md 

Vertical Horizontal Distance from Left End of Mode! (ft) 

Distance One-
from Top Di mens iona I 
of Mode! Two-Dimensional Model Mode I 

(ft) 100 350 650 950 1,250 700 

DATA FOR AVERAGE OIL PRESSURE OF ABOUT 1,500 PSIA 
Oil Pressure, psia 

2.5 1477.82 1478.70 1479.49 1480.01 1480.28 1486.74 
7.5 1470.38 1480.26 1481.05 1481.57 1481.84 1488.31 

12.5 1480.97 1481.85 1482.64 1483.17 1483.43 1489.90 
20.0 1483.38 1484.26 1485.04 1485.57 1485.83 1492.31 

Oil Saturation, Percent Hydrocarbon Pore Space 
2.5 83.43 83.87 83.94 84.01 84.01 84.11 
7.5 94.46 94.55 94.56 94.56 94.56 94.72 

12.5 95.12 95.19 95.20 95.19 95.20 95.34 
20.0 95.74 95.80 95.82 95.81 95.81 95.94 

DATA FOR AVERAGE OIL PRESSURE OF ABOUT 1,000 PSIA 
Oil Pressure, psia 

2.5 1009.25 1010.37 1011.37 1012.04 1012.37 1012.64 
7.5 1010.47 1011.58 1012.58 1013.25 1013.59 1013.86 

12.5 1012.08 1013.20 1014.20 1014.86 1015.20 1015.47 
20.0 1014.53 1015.64 1016.64 1017.31 1017.64 1017.92 

Oil Saturation, Percent Hydrocarbon Pore Space 
2.5 52.59 52.54 52.54 52.54 52.54 52.55 
7.5 90.58 90.58 90.58 90.59 90.59 90.64 

12.5 92.89 92.89 92.90 92.90 92.90 92.93 
20.0 93.83 93.84 93.84 93.84 93.84 93.86 

DATA FOR AVERAGE OIL PRESSURE OF ABOUT 500 PSIA 
Oii Pressure, psia 

2.5 506.29 507.89 509.33 510.28 510.76 504.09 
7.5 506.96 508.56 509.99 510.95 511.42 504.75 

12.5 508.55 510.15 511.59 512.54 513.02 506.35 
20.0 511.04 512.64 514.07 515.03 515.50 508.84 

Oil Saturation, Percent Hydrocarbon Pore Space 
2.5 37.33 37.29 37.29 37.29 37.29 37.15 
7.5 79.31 79.29 79.29 79.30 79.31 79.22 

12.5 90.16 nn 10 
:#V • .LD 90.20 90.21 90.22 90.20 

20.0 91.64 91.66 91.67 91.68 91.68 91.67 

DATA FOR AVERAGE OIL PRESSURE OF ABOUT 50 PSIA 
Oil Pressure, psia 

2.5 45.12 49.39 52.95 55.21 56.32 48.25 
7.5 45.63 49.90 53.45 55.71 56.81 48.77 

12.5 46.91 51.18 54.78 47.07 58.18 50.22 
20.0 49.32 53.59 57.25 59.59 60.72 52.79 

Oil Saturation, Percent Hydrocarbon Pore Space 
2.5 28.34 28.35 28.37 28.38 28.38 28.24 
7.5 56.81 56.57 56.51 56.48 56.51 56.76 

12.5 80.95 81.43 81.94 82.30 82.45 81.77 
20.0 85.28 85.64 86.02 86.28 86.38 85.65 

Note: At average pressure of about 50 psi, produetion rate in the two·dimensional model had declined from 0.5 8/0, whereas the one. 
dimensional model still produced at that rate. 
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that, although gas can flow much easier in the segre
gated system, oil flow is also easier because of the 
high oil saturation in the base of the section. Un
fortunately, in the regime of solution gas drive, the 
ease of gas flow increases faster with gravity segrega
tion than does the case of oil flow. The net eflect is 
poorer performance at !ow production rates in sys
tems where gravity is a factor. 

Relative Permeability Ratios 
Calculated from Performance 
Basic to the prediction of reservoir perf ormance by 
solution-gas drive or extemal gas drive is knowledge 
of the relationship between oil saturation and the 
ratio of gas permeability to oil permeability (k11/ko). 
Knowing the amount of oil in place, fluid pressure
volume relationships, and the amount of oil produced 
to a given time, the remaining average oil saturation 
can be calculated. Also the "apparent kg/ ko" can be 
calculated at any time using the producing GOR, 
reservoir pressure, and pressure-volume relationships 
for the reservoir fluids. This apparent kg/ ko vs oil 
saturation relationship is used by reservoir engi
neers, 39

• 
36 extrapolated by various techniques to 

predict reservoir performance. Laboratory measure
ments of the relative permeability relationship to oil 
saturation seldom give results approximating the field 
observations. Usually the apparent kul ko from field 
performance is two to 10 times the laboratory
measured value at a given oil saturation. The usual 
reservoir engineering procedure for a performance 
prediction is to use a curve extrapolated from field 
performance in a direction generally parallel to the 
laboratory data. To determine the efiect of observed 
vertical segregation of oil and gas, during depletion 
by solution gas drive, calculations were made of the 
apparent kg/ k0 at frequent intervals during the deple
tion. Fig. 12 summarizes these calculations. The basic 
rock flow characteristics derived using t.he relation
ships of Fig. 3 are shown for reference. Apparent 
k 9/ko values calculated for the 50-B/D run including 
gravity, and the 0.1-B/D run with no gravity, coin
cide exactly with the true rock characteristics. Values 

Fig. l~Relationship between oil saturation and oil 
recovery for various levels in the model (oil production 

rate = 0.5 B/D; vertical permeability = 101 md). 
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calculated for the 12.5-B/D run were very slightly 
above the true ftow properties curve. Note that this 
comparison provides a much less sensitive measure 
of performance than pressure or GOR history. The 
apparent k9 / k 0 curve for the other rates diverged 
progressively more from the true characteristics curve 
at lower production rates, except that all converge to 
a common point at about 37.5 percent gas saturation. 
At the farthest point from the basic rock character
istics curve, the apparent kg/ka for the 0.1-B/D rate 
was approximately 10 times the true value. Hence 
it is readily apparent that fluid segregation is a major 
factor in the lack of coincidence of laboratory- and 
field-derived relative permeability ratios. Also it is 
clear that it would be highly coincidental if any 
scheme for extrapolation of any of the low produc
tion rate curves from field performance should accu
rately predict future performance. 

At production rates approaching zero the system 
should be at capillary equilibrium at all times. Com
plete oil saturation should exist below t..1le gas=oil 
contact, and saturations above the contact will be 
determined by the static capillary pressure curve of 
Fig. 2. Under these conditions a calculation of the 
over-all kg/ k 0 is simply a matter of summing the gas 
and oil relative permeabilities at each level at various 
stages of depletion, and hence, at various average oil 
saturations. The apparent kg/ k 0 curve shown for zero 
gas production rate was thus calculated. The apparent 
k9 / ko relationships for all producing rates should lie 
between this curve (where fluid distribution is com
pletely controlled by gravity-capillary pressure equi
librium) and the true ftow characteristics curve (where 
no gravitational effects are present). Fig. 12 shows 
this to be true. Also the zero rate curve intersects the 
common point of all other curves at 3 7.5 percent gas 
saturation. It is important to note that, beyond this 
intersection, performance with gravity segregation 
should be hetter (lower k 9/ko and hence lower GOR's) 
than would be indicated by the true rock character
istics and uniform saturations. This improved be
havior is not observed during depletion by solution 
gas drive because all the solution gas is produced 
before this point is reached. However there is ample 
evidence of such low k 9 / ko performance over wide 
ranges of oil saturation from reservoirs in which low
pressure gas drive has been successful. A notable 
example of such performance is that of the Cook 
Ranch field. 20 

Generalization of Calculated Performance 
Studies of the criteria for scaling laboratory models 
to simulate oil reservoirs40 indicate that for the sys
tem under study the performance of the system should 
be controlled by the ratio of oil production rate to 
vertical permeability. To demonstrate the validity of 
this hypothesis, three sets of cakulations were made 
in which the oil production rates were 12.5, 1.25, and 
0.125 B/D and the vertical permeability of the sys
tem was set at 100, 10, and 1 md to maintain a con
stant ratio of production rate to vertical permeability. 
The results of this series of calculations are shown in 
Fig. 13. Every detail of the performance was identical. 
This allowed extension of the applicability of the re-
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sults from the system having 101 md permeability to 
systems of any permeability. Fig. i4 presents curves 
of the previously discussed data, showing the relation
ship between fraction of oil in place produced per year 
per millidarcy vertical permeability vs oil recovered 
by solution gas drive from the original pressure to 
various final pressures. For example, if a reservoir 
(having the rock and fluid characteristics of the 
model) with a vertical permeability of 10 md were 
produced at an oil rate of 10 percent of the oil in 
place per year, recovery to 30 psi reservoir pressure 
would be 20.5 percent of the oil in place. Total pro
ducing life would be over 2.0 years. Producing that 
same field at one-tenth the rate (total field life just 
over 20 years), would result in an ultimate recov
ery of 17 percent, or 82 percent of that produced at 
the higher rate. Similar comparisons can be made for 
any combination of producing rate and vertical per
meability. For most combinations likely to occur in 
real fields, even twofold changes in producing rate 
wi!! resu!t in significant changes in the oil ultimately 
recovered by solution gas drive. 

It must be emphasized at this point that Fig. 14 
is not quantitatively applicable to all reservoirs but is 
only a qualitative guide. The exact relationship be
tween rate and oil recovery by solution gas drive will 
be affected to a marked degree by fluid properties -
such as gas solubility, viscosity, and shrinkage - as 
well as by the relative permeability and, probably to 
a lesser degree, by the capillary pressure character
istics of the reservoir rock. It is conceivable that any 
particular reservoir could exhibit either greater or less 
sensitivity to producing rate in a given range than the 
reservoir modeled in this investigation. 

Summary and Conclusions 
Numerical model simulations have been made of 
soiution gas drive performance covering a 500-fold 
range of oil production rates. By scaling theory, 
confirmed by calculation, these results have been 
extended to all levels of vertical permeability. Two
dimensional simulations were made in which the 
maximum total horizontal pressure drop was held to 
less than 20 percent of the average absolute pressure. 
These tests showed such small horizontal saturation 
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gradients that comparative one-dimensional tests were 
made for the same producing rates. In every detail 
of performance the one-dimensional model results 
were almost identical with the two-dimensional runs. 
Hence, most of the results reported are from one
dimensional simulations. The model simulated was a 
linear reservoir segment 1,400 ft long, 25 ft high and 
1 ft thick, For the 101-md model the oil production 
rates ranged from 0.1 B/D to 50.0 B/D. Horizontal 
permeability does not affect performance as long as 
the horizontal pressure differential is limited to 20 
percent of the average reservoir pressure. The pro
duction rates simulated correspond to a range of 2.48 
to 1,280.0 percent of the oil in place produced per 
year. These same production rates would correspond 
to 0.248 to 128 percent of oil in place produced per 
year fora system having 10 md vertical permeability. 
At the lowei production rates t'1e gas and oil show 
marked vertical segregation during production. This 
gravity segregation very significantly affects the GOR 
and pressure performance, resulting in large differ
ences in ultimate oil recovery by solution gas drive. 
At high production rates there is same slight gravity 
segregation, but the effect on performance is negli
gibly different from that of a gravity-free system. 

Conclusions of this work are: 
1. Ultimate oil recovery by solution gas drive can 

be greatly affected by variations in production rates 
within the range of rates possible in normal field 
operations. In general, higher production rates result 
in higher oil recoveries. The quantitative relationship 
for a given field will be infl.uenced by factors other 
that rate and vertical permeability- namely, reser
voir thickness, gas solubility, shrinkage factor, oil 
viscosity, relative permeability, and capillary pressure 
characteristics. Also it should be emphasized that 
selective well completion can importantly affect per
formance in some field situations. 

2. The underlying reason for the variation in oil 
ultimately produced by solution gas drive is the verti
cal segregation of oil and gas during depletion. 

3. Although vertical fluid segregation causes gen
erally poorer performance (higher kuf k0 ) than does 
uniform saturation in the range of solution gas per
formance, the performance of the segregated system 
is much better than the uniform system at high gas 
saturations. This is confirmed by very high recoveries 
obtained in fields where low-pressure gas drive has 
been economically feasible. 

4. In horizontal producing reservoirs one-dimen
sional numerical models are adequate for determin
ing the relationship between production rate and 
performance by solution gas drive. 

Nomenclature 
A 8 = factor including all compressibility terms 
A 9 = factor including terms for production, 

injection, gravity and capillary pres
sure forces 

g =gas 

k = single-phase permeability 

k,g = relative permeability to gas, fraction of 
single-phase permeability 

1t..f A·v· 10i() 

kru.r = relative permeability to gas in the x 
direction 

o = oii 
0 = coefficient of pressure differential be

tween blocks 
O+ :r = coefficient of pressure diff erential be

tween the element under considera
tion and t.'1e adjacent block in the 
direction of increasing x 

p = pressure 
Lip = pressure differential between adjacent 

elements 
Po = oil pressure 
q = fl.ow rate at reservoir conditions 

qg = gas fl.ow rate 
S = saturation, fraction of total hydrocarbon 

pore space 
S9 = gas saturation 
So = oil saturation 
to = time at start of calculation interval 
t1 = time at end of calculation interval 
u = fluid flow rate per unit area 

Uo = oil ftow rate 
p. = viscosity 

µ.g = gas viscosity 
p = fluid density 

p0 = oil density 
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