
VtMlM BRANCH. ASS 
Fidelity Union Building 
Dalits, texts 

PAPER 

mm 410 • G 
THIS IS A PftEPKlFtT ~ SU8JECT TO CMMfflOH 

The Role Of Bubble Formation In Oil Recovery 

By Solution Gas Drives In Limestones 

£. R, Stewart, Member AIME, E. B. Hunt, Jr . , Junior Hewber A IKE, 
~F. H. Schneider, T» H. Geffiw,' Junlor"*)tenber A IKE, and 
~ " ' y. J."Berry,~Jr», Junior Member AIME 

5tanollnd~OiI ancTOas Co., Research Cent«r, Tulsa, Okla. 

Publication Rights Reserved 

This paper is to be presented at the Fall Heating of the Petroleum Branca, American Institute of 
Mining and Metallurgical Engineers, ln San Antonio, Texas, October 17-20, 19ft, and ie considered the 
properly of the Petrols m* Branch. Penalasion to publish is hereby restricted to an abstract of not 
ware than 300 words, with no illustrations, unless the paper is specifically released io the press 
by the branch Publications Comtittee Chairman or the Executive Secretary on his behalf. Such abstract 
should contain appropriate, conspicuous acknowledgments. Publication elsewhere after publication 
in Journal of Petrolww Technology la granted on request, providing proper 'credit ia given that puhll-
cation and the original presentation of the paper* 

Discussion of this paper is invited. Three copies of any discussion should be sent to the Petro
leum Branch Office] it will be presented at the above meeting with the paper and considered for publi
cation in Journal of Petroleum Technology. 

ABSTftACT 

Laboratory data show that the gas-oil ratio 
performance of non-uniform porosity liaestones 
produced by solution gas drive is sensitive to 
producing rate and to fluid properties, non
uniform poroeity limestones are those for which 
laboratory solution and external gas drive testa 
yield considerably different relative pe™*ability 
ratio characteriatice. 

The oil recovery perforaanee by solution 
gas drive depends directly on the number of gas 
bubbles foroed. Laboratory rates of pressure de
cline, which are 100 to 10,000 times greater than 
normal field rates, cause the fomation of an un
usually large number of gaa bubbles. This re wilts 
in abnormally high oil recovery efficiencies. 
Since it i* iispractieal to reproduce the nusfeer of 
bubbles formed under field conditions, laboratory 
solution gas drive data on non-uniform poroeity 
limestones are therefore not directly applicable 
to field operationa. However, certain laboratory 
data can be need to make a conservative estimate 
of field performance. 

The concepts presented in thia paper 
indicate the possibility that Increased field oil 
recoveries may be obtained fros non-uniform 

porosity limestones by rapidly reducing reservoir 
pressure for a short interval of time. It has yet 
to be established that significant improvements in 
oil recovery froa such reservoirs can be realised 
by varying the pressure decline rate within limit* 
possible in the field. However, the possibility 
that recovery *ay be increased in this Banner 
warrants further study. 

Limestone reservoir rock6 can be divided 
into two general classes according to the nature 
of their pore space. One class has a compara
tively unifora pore system composed nainly of voids 
between grains of the rock (intergranular type 
porosity]. Ths other class, in addition to having 
intergranular porosity, has a secondary pore 
system composed of combinations of solution cavi
ties, fractures, etc., and is considered to have 
non-uniform porosity. 

It has been shown in a previous publi
cation 1 that the laboratory measured gas-oil flm 
behavior of uniform type porosity limestones ie 
essentially the sane for a test simulating a field 
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solution gas drive aa for one simulating an exter-
nal gas drive. Por non-unifora porosity typa 
limeatonse a significant difference in gas-oil 
flow behavior was found on tha sane rock. More 
efficient behavior was observed during a solution 
gaa drive teat. This difference in oil displace
ment behavior was attributed to the complex nature 
of the pore epace and to the fact that the source 
of gaa ln the two displacement operationa ia not 
the aaae. That it, in a solution gas drive the 
gas is evolved from oil within the pore* of the 
rock itself, while in an external drive the gaa i* 
injected from an outside source. 

Experimental work beyond that previously 
published shows that the laboratory solution gaa 
drive behavior of non-unifora porosity limestones 
is not unique. Differences in oil recovery up to 
twofold, at the sane flowing gas-oil ratio, were 
found by varying the test conditions. A variation 
in results on uniform porosity type rocks was also 
observed. However, tbe variation in flow behavior 
of one core under different teat conditions was 
email and of the aaite magnitude as the observed 
differences between results of identical testa on 
separate cores of the same rock Material. 

for the non-uniform porosity liitestones, 
the Laboratory solution gaa drive relative perm
eability characteristics were found to be affected 
byi 

1. rate of pressure decline 
2. original bubble point pressure of the 

gas-oil solution 
3. eil viscosity 
4. gas solubility characteristics. 

Two examples of the variation observed on non
uniform porosity limestones are shown in Figures 1 
and 2. The data in Figure 1 were measured on a 
West Texas Reef sample and those in Figure 2 on a 
Mid-Continent liniestone sample. The data for 
curve B ln each figure were obtained using a gas-
oil solution having an initial bubble point prees-
ure of 10OO pel. The initial bubble point press
ure for tests A was 200 psi. In addition, the 
pressure decline rates for testa 6 were faster than 
for tests A. 

The data of Figures 1 and 2 are quite typ
ical of those obtained on non-unifora porosity 
limestones, and no satisfactory explanation has 
been heretofore published. The purpose of the 
studies reported in this paper waa therefore: (1) to 
determine the reason for the observed variation ln 
re aulte of laboratory solution gas drive tests; 
(2) to design a laboratory test which would provide 
data for predicting field performance; and (3) to 
determine if special production practices in 
certain oil fields could result in improvements in 
oil recovery. The answer to the first question has 
been obtained. These studies offer only an insight 
into the possible means for answering the second 
and third questions. 

TOffiUTIOH OF GAS SATURATION IM POROUS MEDIA 

During all laboratory solution gas drive 
tests it has been observed that the oil is in a 
supersaturated state.1 That is, the oil con
tains more dissolved gas than would be predicted 
from PVT relationships. In terms of pressure, 
the degree of superaaturetion is expressed as the 
difference between the bubble point pressure of 
the oil and the actual pressure. Some degree of 
enpersaturation is always observed to exist 
throughout the entire pressure depletion life of 
solution gas drive teats. It is noted, in fact, 
that tbe eupersaturation history of a test act
ually ia closely related to the measured flow be
havior. In general, the higher the degree of 
super saturation, the greater is the displacement 
efficiency of oil by gas. 

By experience, it is known that auper-
eaturation results in the formation of bubbles in 
a gas-oil solution. One might conclude, there
fore, that the manner in which bubbles form and 
subsequently grow controls the displacement of 
oil during any solution gaa drive. Since not all 
rocks exhibit unusual laboratory solution gaa 
drive perforaanee, the pore geometry probably 
also playa an Important role. 

A study of results such a* are presented by 
Figures 1 and 2, and visual studies of non-uni
form poroeity liaestones indicate that only a 
part of the total gas saturation ia responsible 
for the observed gaa-oil ratio performance. This 
implies that part of the porosity of these non
uniform rocks does not contribute to gas perm
eability. Bevertheleeo, if the saturation exist
ing only in the conductive regions could be cor
related with the flowing gas-oil ratios, it is 
believed that the differences exhibited in solu
tion drive behavior would be resolved into one 
basic flow relationship. At present no way of 
obtaining aueh a correlation is apparent for 
naturally occurring rocks. 

The above considerations indicate the in
fluence of (a) the formation of gas bubbles, and 
(b) the displacement of oil by expanding gaa 
bubbles on depletion characteristics of non
uniform porosity rocks. 

A,| JOHMATICW OF GAS BUBBLES 

Kennedy and Olson^2) have shown that the 
rate at which gas bubbles form in a gaa-oil solu
tion is a function of the supersaturations. This 
in turn depends on the rate of pressure reduction. 
The higher the supersaturation, the greater is the 
rate at which gas bubbles form. Since in labor
atory solution gas drive tests the svperaaturatioti 
histories were different, it was logical to con
clude that the oil displacement behavior was 
affected by the rate of babble formation, and 
hence by the number of gaa bubbles formed. 
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Information in th* literature 3,4,5 B to
gether with data obtained at tha Stanolind Re
search Center on ga* bubble formation, were used 
to predict tha total number of bubbles which might 
form under various rates of pressure decline. 
Although the details of this study ara beyond the 
scop* of thi* paper and will be covered in a 
future publication, an example of tbe results can 
be shown her*. The predictions were suae using 
different assumption* than were made by Kennedy 
and Olson 2 . Nevertheless, the agreement with 
their predictions on the nuaber of bubbles formed 
is satiafaotory, considering that both methods 
give only order of magnitude valttee. 

The theoretical superaaturetion history as 
well as the cumulative number of bubbles formed 
ar* shown ln Figure 3 for a gaa-oil solution 
going constant rates of pressure decline of 1000, 
100, 10, 1, and 0.1 psi per day. These rates of 
pressure decline cover th* range of Importance ln 
field and laboratory solution ges drives. It 
must be emphasised that the results of Figure 3 
apply only to a specific system. However, the 
effect of rate of pressure decline on ths nuaber 
of bubble* formed is the same for all systems; 
namely, an increase in the rate of pressure de
cline by a factor of ten result* in about ten 
tints as many bubbles being formed. 

The significant information shown ln 
Figure 3 is that the higher the rate of pressure 
decline, the greater is the total number of 
bubbles formed ln a system. Also, essentially 
al l of the bubbles are formed throughout a rel
atively short time interval during the pressure 
depletion life. From Figure 3 It can be estimated 
that in usual laboratory tests the number of 
bubbles formed is 100 to 10,000 time* greater than 
the number formed under normal field conditions. 

S. DISPLACEHEKT OF OII. BK EXPAHDIKG CAS BOBBLES 

The amount by which bubble formation and th< 
growth of bubbles affects flow behavicr is & solu
tion gas drive on uniform porosity type rocks has 
been found to be small, except in the early stages 
of depletion. In this type of rock al l of the 

underj-pore* act as fluid conductors a* well as fluid 
storsge spaces. Displacement of oi) from a spec
if ic pore or from a group of pores does not re
quire the formation of a gas bubble in i t . The 
reason is that gas evolved upstream can enter and 
thereby displace oil from any pore. 

It is reasoned tbat the nuaber of gas 
bubbles formed during tbe pressure depletion of a 
gas-oil solution in a porous material will have an 
effect on the oil displacement behavior. In this 
type of recovery method, oil is pushed out of a 
pore by the evolution of a gaa bubble within this 
pore or by the intrusion of gas from another pore. 

A gas bubble grows in two ways; namely, by 
the addition of gas which diffuses from adjacent 
oil and by expansion due to pressure reduction. 
As it grows it will invade the network of pores 
which offers the least resistance. This bubble 
will unite with others, eventually forming a con
tinuous gas phaae which extends to the exit vt the 
porous body. After this occurs, gas flowing in 
this connected network of pores will be less eff
ective in displacing oil from other pores. How
ever, isolated gas bubbles will s t i l l bs present, 
and will continue to displace oil with the maxi
mum efficiency until they join the continuous gas 
phase. The more bubbles present, the greater will 

be the diaplacement of oil from regions not in
vaded by the conductive gas saturation. Figurts 1 
and 2 provide examples showing th* effect of the 
number of bubbles on recovery. The approximate 
number of bubbles formed in each of these teste bai 
been calculated using methods referred to in the 
previous secticn. The calculations show that about 
ten times as many bubbles were formed ln the B 
tests aa were formed in the A teats reported in 
each of the figures. This is in agreement with thi 
concepts outlined above. 

Thia is not the situation in non-uniform 
porous materials as is suggested above. In these, 
some pores act as fluid conductors as well as 
storage spacea while others are essentially etor-
age spacea. ln other words, comparison of the oil 
recovery performances calculated from laboratory 
solution and external gae drives indicates the 
presence of pore space which is not entered by an 
immiscible, non-wetting, displacing fluid (such aB 
gas} during an external drive. These pores, or 
clusters of pores, have capillary pressure-satur
ation characteristics which are different from the 
"conductor" pores comprising the rest of the pore 
space. Recovery of oil from these "storage" pores 
by an external gas drive can be accomplished only 
at high gas-oil ratios. However, in this type of 
pore, or clueter of pores, the formation of a gas 
bubble during a solution gas drive can result in 
the displacement and recovery of this oil when the 
aystem is producing at a relatively low gas-oil 
ratio. 

The above discussion explains why a labor
atory solution drive recovers more oil than does 
an external gas drive at comparable flowing gaa-oil 
ratios. I t alec offers an explanation for the 
variations in oil recovery observed in solution 
gas drivea. To summarise, recovery of oil from 
these "storage" pores can only result from the 
formation of bubbles therein. If the number of 
bobbles formed during a solution drive varies, the 
recovery of oil from these pores will vary also. 
Wtere the volume of these pores comprises a high 
percentage of the total volume of the rock, these 
variations will be significant. 

It waa shown previously that at field ratea 
of pressure decline the number of gas bubbles 
formed is small compared to the number formed in 
laboratory testa. This can bs taken qualitatively 
to mean that laboratory solution gas driv* tests 
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vi l l yield a higher oil displacement efficiency 
froa a. non-unifora limestone rock than ahould be 
expected in the field. 

To confirm further the ieea* expressed 
above, several solution drive tests were conducted 
under special conditions. Tho following section 
descrites apparatus and general experimental tech
niques used in these tests. A description of tbe 
special test conditions employed is given in a 
later section, together with a discussion of the 
objectives of the experiments and of the results 
obtained. 

EESCaiPTIOH OF APPHftATl'S AKD PfiOCEDUBE 

The core aamplea used ln this work were 
selected from producing sections ln ol) reservoirs 
and also from outcrop formations. All samples 
were cylindrical ln shape and ranged from 2-1/2 to 
4-1/2 inches in diameter. These samples varied 
from 6 to 1) Inches in length with one exception. 
This exception wee a specially prepared 6-foot 
long core. The apparatus and technique of mount
ing and testing these samples from 6 to 11 inches 
long have been described in a previous pub
lication. 1 

The 6-foot long core sample was prepared 
from a piece of Cordova shellstone which outcrops 
near Austin, Texas. Tbis core sample had a uni
form diawter of 4-1/2 Inches for five feet of 
length. The diameter was then reduced uniformly 
over a 3-ineh long section, and the remaining nine 
inches of the core were shaped into a square cross 
section, one inch on a side. The core waa pre
pared in this manner to minimize effects of bound
ary conditions on flow test results. In the flow 
tests thia reduced section formed the downstream 
end of the core. At a point one foot froa the 
downstream end of the core a small diameter tube 
was attached for pressure measurement. Fluid 
gathering plates were attached to each end of the 
rock and the assembly was surrounded by a thermo
setting plastic. The plastic-seeled core was then 
placed in a steel cell , and the space between the 
inside of the cell and the outside of the core was 
pressured to 400 psi. 

The technique of saturating the 6-foot long 
Cordova shellstone core differed from that used on 
the smaller samples. The large core was first 
saturated with a gas-free relatively pure hydro
carbon in the range of C I Q - C I J . Next, methane gas 
was injected and oil produced until the average 
gas saturation reached approximately jO percent 
pore space. The injection pressures were very 
close to the bubble point pressure of the methane-
C1O-C12 solution to be used in the flow tests. 
After flow was terminated, methane gas was inject
ed into the core through a regulator set to operate 
at the intended bubble point pressure. After 
various intervals of time the core was shut off 
from the methane supply, and the gas phase pressure 
change with time was observed, when the gas phase 
pressure drop became negligible for an interval of 
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several hours, the residual oil was considered to 
be substantially at equilibrium with the gas 
present. 

The gas phase was then removed by the inj
ection cf 200 psi bubble point oil , first at an 
injection pressure slightly above the bubble point 
pressure, then later at an injection pressure of 
_>00 psi. The extent of liquid saturation waa 
determined by both material balance and fluid com
pressibility checks. I t was found that two pore 
volumes of oil were sufficient to remove Wis gas 
and thus completely saturate the core. 

In addition to the previously * described 
apparatus, a special constant rate pump was used 
in the tests where a constant rate of pressure 
decrease or increase was used. This pump was 
powered by a constant speed electric motor work
ing through a machine laths gear train. The pump 
was connected to a back pressure regulator. De
pending on the manner of connecting the pump, the 
pressure could be either increased or decreased 
at a constant rate. 

RESULTS AMD DISCUSSION 

A. SHOBT COfiB TESTS 

The usual laboratory solution gas drive test 
involves a pressure depletion time of hours com
pared with years for an actual reservoir. The 
Laboratory pressure decline rates are accordingly 
orders of magnitude greater than field rates. 
Under such conditions the number of gas bubbles 
formed in a laboratory test is likewise much 
greater than the number formed in tbe reservoir. 

The most direct method for reducing the 
number of bubbles formed during laboratory tests 
is to use slower rates of depletion. However, it 
is impractical from the standpoint of time alone 
to perform laboratory tests at field rates. 
There ie also another serious objection to re
ducing laboratory depletion rates. A.decrease in 
the rate of pressure decline also means a de
crease in the pressure drop across the system and 
an increase in the "end effect", or liquid pile-
up at the downstream end of the core. If this 
"end effect" ie appreciable, it becomes impossible 
to obtain reliable gas-oil relative permeability 
data. These two factors militate against the 
direct laboratory measurement of correct solution 
drive gas-oil relative permeability character
istics, Nevertheless, laboratory tests described 
in tbe following paragraphs have been made to 
show the effect of bubble formation on oil rec
overy efficiency. These tests actually allowed 
measurement of the amount of oil produced solely 
as a result of the formation and growth of gas 
bubbles in the storage pores of a non-uniform 
porosity limestone sample. 

Two nearly identical tests were performed 
on a single reservoir sample. The main feature of 
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each test was tha execution of a solution gas 
drive after tht Initial ettebllshient of a high 
gas saturation (the necessity for tbe gas satur
ation will be explained, later), the two eohtion 
gaa drives were performed at greatly different 
rates, ao that in one test few, lf any, bubbles 
would be formed, whereas in the other test, many 
bubbles would be formed, 

In order to form essentially no bubbles 
during a depletion test, it is sufficient to main
tain aupersaturation at a low value, aueh as 
15 pal or less. The amount of superseUiratlon 
which will exist in a core subjected to a given 
rate of pressure decline depends, of course, on 
how fast the dissolved gas can diffuse out into 
the connected gas phase. Since it was desired to 
use reasonable rates of pressure decline in the 
teste, it was therefore necessary f irst to estab
lish a high gas saturation prior to the solution 
gas drive. 

Figure 4 Is an example of results of dif
fusion tests on a eample of non-uniform porosity 
limestone. Although these data were not actually 
obtained on the Reef sample, they serve aa an 
excellent example of the characteristics of such 
rocks. As can be seen from Figure 4, at high gas 
saturations the maximum rate of pressure decline 
which can be maintained without exceeding a given 
degree of super saturation increases rapidly with 
increasing gas saturation. A solution gas drive 
in which no bubbles are formed cannot, therefore, 
be carried out at reasonable laboratory rates un
less a high gas saturation is first established. 

A further reason for initially driving the 
cores to a high gas saturation was to insure that 
any oil produced during the subsequent depletion 
test could come only from pores not normsliy 
emptied during an external gas drive, i .e . , from 
the storage pores. Actually, the solution drives 
were also followed by final external gas drives to 
recover any newly released oil which might have 
been held back by end effect during the depletion 
process. 

The two nearly identical experiments were 
performed on a single sample of the previously 
mentioned Reef limestone. In each of the two 
tests, the sample was saturated with gas-free Cy>-
C J J . Following this, the Initial external gas 
drive was applied with a pressure differential 
sufficiently high to overcome end effect. This 
drive was terminated at 57 percent pore space 
average gas saturation. After establishing the 
gas saturation, the core was pressured to 1000 
psig with gas until the residual oil waa sub
stantially at equilibrium at this pressure. At 
this point the core was depressured at a controll
ed rate of pressure decline. At the end of tbe 
pressure depletion a final external gas drive was 
applied at the same pressure conditions as were 
need for the initial external drive. 

The two series of experiments were ident
ical except for the rate of pressure decline dur
ing the depletion proceas. The two rate* used 
during the solution drivea were }6 and 2100 pel 
per hour. The _>8 pel per hour rate waa chosen on 
the basis of a calculation which indicated that 
the degree of supersaturation attained at this 
rate would not exceed 15 psi, and thus no bubbles 
would form. The 2103 psi per hour rate was the 
maximum rate attainable. A special bubble form
ation calculation indicated that even at the 
existing high gas saturation (5? percent), many I 
bubblea would be formed at this rate of pressure 
decline. 

The results of these tests are given in 
Figure 5- The data ar* presented as the flowing 
gaa-oil ratio for the external drives versus the 
oil recovery as percent pore space. The effect of 
bubble formation on oil recovery for this non
uniform porosity limestone sample can be measured 
by comparing tbe performance of the two final 
external gas drives. The shift to the right for 
the gas drive which followed the rapid rate of 
pressure decline shows the increase ln oil rec
overy due to bubble formation. This increase is 
appreciable in spite of the initial high gas 
saturation. The gas drive following the slow 
rate of pressure decline shows no significant 
increase in oi l recovery. Identical tests on a 
sandstone core aanple (uniform porosity) showed no 
effect of bubble formation on oil recovery. 

The significant difference between the 
limestone core tests, therefore, la the increased 
oil recovery resulting froa tne formation of a 
large number of bubbles during the 2100 psi per 
hour pressure decline solution gaa drive. For 
thg .other case, where very few bubbles were formed 
the performance is a continuation of the .normal 
external gas drive behavior. On the basis of the 
above results, there is reason to believe that 
similar behavior should be observed at lower gas 
saturations. This would mean that in the field, 
where a small number of bubbles are formed, the 
oil recovery performance under a solution gas 
drive might approach that predicted from the flow 
characteristics measured in the laboratory by an 
external gas drive. 

B ± . LOMO COME TEjSTS 

The preceding tests substantiate the theory 
concerning the role of bubble formation on the 
recovery of oil from non-uniform porosity lime
stones. However, a field begins its producing 
history with no gas saturation, and the previous 
tests began with a connected gas saturation 
Initially much greater even than the final gas 
saturation in a depleted reservoir. This differ
ence i s believed to be irrelevant with respect to 
the conclusions already reached. On the other 
hand, the actual establishment of the initial 
flowing gas saturation in a reservoir is a complex 
process. To bridge this gap between field 
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conditions and tho Ueta described to this point, 
experiment! have been made in vhich no initial g*« 
saturation was present, and in which babble form
ation rates approached those for reservoir cond
itions. 

The first consideration in selecting the 
operating conditions for such a teet waa to decide 
on tbe •Inlaw* practical rate of pressure decline. 
Obviously, a rat* of 0.1 to 1 pai per day was un
satisfactory from the time standpoint alone. A 
decline rate of 10 pai per day waa selected. This 
value w»e not considered too high, and it probably 
represents th* maximum rate under which a reser
voir might be produced even for a short interval 
of time. 

The selection of s 10 psi per day rate of 
pressure decline presented a real problem with 
regard to end effect. At suoh a low rate of de
cline the praesure drop across a core is usually 
negligible, and end effect readera gas-oil rel
ative permeability data meaningless. However, by 
a special core design this difficulty could be 
obviated. By increasing the flow reaiatance of 
the system, it was possible to operate at higher 
differential pressures with the same rate of 
pressure decline. The increase in the flow 
resistance of the system was accomplished in two 
ways. First a practical maximum length of core 
waa used; namely, six feet. Secondly, additional 
resistance without a change in important capi
llary characteristics was obtained by reducing the 
croes-seetlonal area of the downstream end of the 
core. Because it was impractical to obtain an oil 
field core of the desired size, an outcrop 
(Cordova shellstone), was selected for these 
tests. The manner in which the core was shaped 
has already been described. 

An external gas drive and two solution gas 
drives at widely different rates of pressure de
cline were performed on this large core sample, 
the results of these tests are presented by Fig
ures 6 through 61. Figure 6 shows for these three 
tests the relationship between the gas-oil rel
ative permeability ratio, kg/k0l and the gas 
saturation in percent pore apace. The divergence 
noted between the laboratory external and solution 
gas drives indliates that this rock has a non
uniform porosity. 

The rates of pressure decline for the two 
solution gas drive runs were 10 psi per day and 
230 psi per day. The reliability or the kg/Kr, 
data from the standpoint of end effect canoe 
evaluated from the history of the pressure drop 
across the reduce! section of the core and from 
gaa-oil capillary pressure data. Capillary press
ure characteristic* indicated that end effect 
would be negligible as long as the pressure drop 
across the reduced section exceeded 1 pel. Fig
ure 7 presents the pressure drop history for the 
10 psi per day nm and shows that the test was not 
detrimentally influenced by end effect. Tbe 

amount of end effect Mae, of course, even leas 
with the faat decline rate. 

The results of the two individual solution 
gas drive teats show a difference in recovery 
efficiency. At pressure depletion, the 10 pai per 
day decline rate test resulted in an oil recovery 
of 22 percent pore space. This may be contrasted 
with the 36 percent recovery achieved in the test 
carried out at the higher rate. Thia 64 percent 
increase in oil recovery is attributed to an in
crease ln the number of bubbles formed during the 
faster run. 

Figure 8 shows the wide variation in super- \ 
saturation which existed for the two individual 
solution gaa drive tests. A calculation of the ' 
number of bubbles formed indicates that at the 
fast rate of pressure decline test there were 
about 100 times more bubbles than at the slower 
rate. The effect which this increased number of 
bubbles had on the efficiency of oil recovery was 
not apparent until an average gas saturation of 
approximately 17 percent pore apace waa reached. 
Beyond this saturation the difference ln oil dis
placement efficiency for the two tests increased 
as depicted by the position of the separate kg/k̂  
curves. 

The increased number of bubbles formed dur
ing the rapid decline test does not explain the 
relative positions of the two solution drive 
curves of Figure 6 in the range from 0 to 17 per
cent gas saturation. Their relative positions 
can, however, be explained by viaaalielng the 
variation in extent of the connected gas satur
ation as a function of time. Since the pressure 
is al*ays lowest at the downstream end of the 
core, the gas phase develops to a greater extent 
and becomes connected first in this part of tbe 
system. The connected portion of the gas phsse 
then progresses upstream. This will result ln 
the measurement of higher kg/kg. values, at a given 
average gas saturation than would exist if the 
connected portion cf the gas phase was distribut
ed uniformly throughout tbe core. This reeult la 
also evident at low gas saturations as can be seen 
in Figures 1 and 2. 

Tbe differences in the depletion rates and 
the measured pressure drops across the system for 
the two runs of Figure 6 show that th* above 
explanation ie probably correct. For the test 
carried out with a pressure decline rate equal to 
10 psi per day there waa no measurable pressure 
drop (O.J psi could have been detected) across , 
ths 4-1/2 inch diameter section, and a maxisma i 
pressure drop across the reduced sectioa of 12 
psi. For the faat rate of pressure decline the 
pressure drops were 4 to 6 pal and 220 psi, res
pectively. This indicates a definite possibility 
of progressive gas phase development during the 
fast pressure decline test. If the rate of pro
gression of conductive ga* saturation had been the 
same in the two teste, it can be reasoned that the 
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measured relative pera«ability curve for tho 
faatar teat would be to the right of the curve for 
the slower teat throughout the entire range of gaa 
eaturation, 

c. sicwmcmcs or STUM IH REGARD TO I$3ERTOIR 

One objective of this atudy waa to design a 
laboratory teat which would give results appli
cable to the prediction of field solution gas 
drive performance. Figure 3 shows that the number 
of bubbles formed under field rates of pressure 
decline (0.1 to 1 pal/day) would be less than 100 
bubbles per cubic foot of reservoir rock. The 
exact number of bubbles would depend upon the rock 
and tha fluids involved, nevertheless, the value 
ia an order of magnitude less than the number of 
bubbles calculated to have been formed in the 
10 psi per day test discussed above. 

On this basis it may be concluded that tbe 
results obtained from the above test do not. re
present normal field solution gas drive perform
ance. I t may be concluded from the above tests, 
however, that a decrease in the rate of pressure 
decline (at least throughout the range invest
igated in the laboratory) results ln a lower 
efficiency of oil displacement from non-uniform 
porosity limestones. It may be proposed again 
that a Hitting value on reservoir performance 
would be that predicted by the laboratory exter
nal k»/k0 relationship, with the possibility that 
the field solution drive behavior would be some
what more efficient, at least, the use of the 
external gas drive characteristics should give a 
conservative estimate of reservoir solution drive 
behavior. 

In laboratory solution gas drives on non
uniform porosity limestones, oil recovery effi
ciency is seen to be improved appreciably by in
creasing rates of pressure decline. In the field 
the usual rates of pressure decline are 100 to 
10,000 times slower than are practical in the 
laboratory. I t has yet to be established that 
significant differences in oil recoveries from 
non-uniform porosity limestone reservoirs can be 
realized by varying the pressure decline rate 
within thia lower range. 

However, we cannot discount the possibility 
that unconventional production practices might be 
devised to yield recoveries approaching those 
obtainable ic the laboratory. To achieve this 
goal would require ft pressure decline rate of at 
least several psi per day. Ker*rtheless, i t is 
possible that sueh a rate would need to be main
tained for only a few days. The reason ia that at 
any particular rate of pressure decline, the 
majority of bubbles are formed in a short time. 
For example, at about 10 psi per day pressure de
cline rate nearly a l l the gas bubbles are formed 
within three days. Of course, the most suitable 
time to subject the reservoir to such a fast 

decline rate would be when the reservoir pressure 
is near the bubble point. At thla atage of de
pletion the gaa-oil ratio ia low, permitting max
imum liquid withdrawal rates. Since the product
ivity of the wells would control pressure decline, 
the use of deep penetrating fractures would 
probably be Indicated. Although these Latter con
clusions must, at present, be classed as specu
lative, their significance la great enough to 
demand further study. 

CONCLUSIONS 

1, The laboratory solution gas drive oil 
recovery efficiency of non-uniform porosity lime
stones increases with an increase in the number of 
gae bubbles formed. Pressure decline rate is the 
important factor in establishing tht number of gae 
bubbles formed. 

2. Mo practical test is available to 
measure in the laboratory the solution gas driv* 
oil recovery perforaanee at field rates of press
ure decline. I t i s postulated that laboratory 
external gaa drive data can be used to make a 
conservative prediction of field solution gas 
drive performance for non-uniform porosity lime
stone reservoirs. 

'}. The concepts presented in this paper 
indicate the possibility that Increased field oil 
recoveries may be obtained from non-uniform 
porosity livesUnee by rapidly reducing reservoir 
pressure for a short Interval of time. It has yet 
to be established that significant Improvement* in 
oil recovery from such reservoirs can be realized 
by varying the pressure decline rate within Units 
possible in the field. However, the possibility 
that recovery may be increased in this manner 
warrants further study. 

ACKWOWLKDCH£MT 

The authors wish to express their apprec
iation to Mr. Herman Teel for his assistance in 
gathering tbe data for this paper. 

REFEREMCES 

1. Stewart, C.R., Craig, F.F. Jr . , and Horse, 
S.A.: "Determination of Limestone Performance 
Characteristics by Model Flow Tests," Trans. 
AIHE, (1«3) 328, 93. 

2. Kennedy, H.T., and Olson, C.R.: "Bubble For
mation in Supersaturated Hydrocarbon Mixtures," 
Trans* AIME, (1952) 195. 271. 

3. Bema'th, L.t "Theory of Bubble Fa nation in 
liquids," Ind. Bjg. Chem., (1952) hh, 1310, 

Ii, Epstein, PTS7, and flesset, H.S.i "fti the 
Stability of Gas Bubbles in Liquid-Gas Solu
tion," Jour. Chew. Phy»., (1950) 18, 150$. 

5. Wood, J . s . JJr.( ^Bubble Fommtionln Rangely 
Field, Colorado,1* H«S. Thesis, Texas A. and H. 
College, (unpublished). 





TIME, DAYS 
u m OT WSWI KCUB. 

nuam m m «K>lr to «nj w i n , • m-KU u n m 
In M i *f ) m m 4KMM MMIU ia • W-feU licmH ln 
U» w*er ot W M H (tcaol. 







- j . - n i j f i ' i - u S ; 

too 

0 10 20 30 
OAS SATURATION, PERCENT PORE VOLUME 

PIG. 8 • iABOHATORY SUPERSAWUTlOH PERFORSANCE OF CORDOVA SHEUSICNE. 

Initial babble point pressure In each t«st was 300 psig 
using a solution of as thane and C J Q - C ^ 


