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ABSTRACT

Laboratory data show that the gas-cil ratio
performance of non-uniform porosity limestones
produced by solution gas drive is sensitive to
producing rate and to fluid properties. Non-
uniform porosity limestones are those for whith
lsboratory solution and externsl gas drive tests
yleld conaldersbly different relative permeabllity
ratio characteristice,

The oil recovery performance by solution
gas drive depends directly on the number of gas
bubbles formed. Laboratory rates of pressura de-
cline, which are 100 to 10,000 times greater than
noresl fleld rates, csuse the formstion of. an un-
ususlly large number of gas bubbles. This results
in sbmormally high oil recovery efficiencles.
Since 1t is inpractical to reproduce the muber of
bubbles formed under field conditions, laboratery
solution gas drive data on non-uniform perosity
limestones are therefore not directly applicable
to fleld operations. However, certain laboratory
data can be nsed to make @ conservative estimate
of field performance.

The concepts presented in this paper

indicate the possibility that increased field oil
recovaries may be cbtained froz non-uniform

| Bafarencas and i)lustrations &t end of peper,.

poroaity limestones by rapidly reducing resservoir
pressure for a short interval of time., It has yet
to be established that significant improvements in
of]l recovery from such reservolrs can be realized
by varying the preasure decline rate within limits
possible in the fleld. However K the posaibility
thal recovery way be increased in this mannsr
warrents further study.

INTRODUCTION

Limestone reservoir rocks can be divided
into two general classes according to the nature
of their pore epace. One class has a compara~
tively wniforu pore system composed mainly of voida
between graina of the rock (intergranular type
porosity). Ths other class, in addition to having
1ntergmular porosity, hae 8 secondary pore .
systen composed of combinations of solution cavi-
ties, fractures, etc., and is conaidered to have
non-unttom porosity.

{t has been shown in & previous publi-
cation that the laboratory measured gas-oil {1
behavier of uniform type porosity limestones is 0’1
essentially the same for s test simulating a field
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solution gas drive as for ocae simulsting an exter-
nal gas drive. Por non-unifora porosity typs
limestones & significant difference in gas-oll
flow behavior was found on the sams rock, Kore
sfficient behavior was observed during s solution
gas drive test. Thlis differencs in oil displace-
ment behavior was attributed to the complex nature
of the pore apace and to the fact that the source
of gas in the two diaplacement operations is not
the saze, That is, in a solution gas drive the
gas 1is evolved from oil within the pores of the
rock itself, while in an extemal drive the gas 1is
injected from an outside source,

Expsrimental work bayond that previously
published shows that the laboratory solution gas
drive behavior of non-unifown porosity limestenes
is not unique, Differences in oil recovery up to
twofold, at the sams flowing gas-oil ratio, were
found by verying the test conditions. A variation
in results on uniform porosity type rocks was also
observed, However, the varistion in flow behavior
of ons core under different test conditions was
soall and of the sane magnitude as the observed
differences belwsen results of idsnticel tests on
separate corse of the same rock maberial,

Por the non-uniform porosity linestones,
the laboratory solution gas drive relstive perm~
esbility characteristics were found to be affected
byt

1, rate of pressure decline

2. original bubtble point pressure of ths
gas-oll solution

3. ol viscosity

4, gas solubllity characteristics,

Two examples of the variatien 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 livestone sample. 7The data for
curve B In each figure were obtained using a gas-
0il solution having an initial butble point press-
urs of 1000 pel, The initisl bubble point press-
ure for teats A was 200 psi. In addition, the
prassure decline rates for tests B were faster
for tests A,

The dats of Figures 1 and 2 are quite typ-
ical of those obteinad on non-uniform porosity
limestones, and no satisfactory explanation has
been heretofore published. The purpoes of the
studies reported in this paper was therefore:(1}) to
determine the reasen for the chaerved varistion in
reaults of laboratory solution gas drive iests;
{2) to design a laboratory test which would provid
data for predicting field performsnce; and {3} to
determine if special production practices in
certain oil fields could remlt in isprovements in
oil recovery. The answer to the first question hes
been obtained, These studies offer only an insight
into the poseible means for answering the second
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and third questions.

RMATION OF GAS SATURATION IN POROUS MEDIA

During all leborstory solution gas drive
tests it has bieen obsgrvod that the oll is in a
supersatursted state. That 1s, the oil con~
talna wore dissolved ges than would be predicted
from PVT relstionships. In terws of pressure,
the degree of suparasturation is expresssd as the
dilference between the bubble point pressure of
the oil and the actual presmire. Sows degree of
supersaturation is always observed to exist
throughout the entire pressurs depletion life of
solution gas drive teats, It 1s noted, in fact,
that the supersaturation history of a test act-
ually is closely related to the measured flow be-
havior. In general, the higher the degree of
supersaturation, the greater is the displacement
efficiency of ofl by gas.

By experience, it is knowmn that super-
saturation resylts in the formation of bubbles in
& gas~oll solution, One might conclude, there-
fore, that the manner in which bubbles form and
eubsequently grow controls the displaceaent of
oil durlng any solution gas drive. Since not all
rocks sxhibit unusual laboratory solution gaa
drive performance, the pore geomstry probably
also plays an important rols,

A study of results such as are presented by
Figures 1 and 2, and visual studies of non-uni-
form porosity limestones indicate that only a
part of the total gas saturation is reaponsible
for the observed gas-oil ratio perfowmance. This
implies that part of the porosity of these non-
uniform rocks does not contribute to gas perm-
eability. Nevertheless, if the saturation exist~
ing only in the conductive regions could be cor-
related with the flowing gas-oil ratios, it is
belleved thet the differences exhibited in solu-
tlon drive behavior would be resolved into one
baslc flow relationship. At present no way of
obtaining such a correlation is apparent for
naturally occurring rocks.

The above considerations indicate the in-
fluence of (s} the formstion of gas bubbles, and
(b) the displacement of oil by expanding gas
bubbles on depletion characteristice ol non-
uniform porosity rocks.

A,  FORMATION OF GAS BUBBLES

Kennedy and Olscn{2) have shown that the
rate at which gas bubbles form in a gas-oil solu-
tion 48 a function of the supersaturations. This
in turn depends on the rate of pressure reduction.
The hipher the supersaturetion, the greater is th
rate at which ges bubbles form. Since in lsbor-
atory solution gas drive tests the supersaturati
historiea wers different, it was logical to con-
clude that the oil displacemsnt behavior was
affected by the rate of bubble formation, end
hence by the number of gas bubbles formed.




Information in the literature J.:45 | to-
gether with data cbtained at the Stenolind Ee-
search Center on gas bubble formation, were used
to predict the total nuzber of bubbles which might
form under varioue rates of pressure decline.
Although the dstails of this study sre beyond the
scope of this paper and will be covered in a
future publication, an example of the results csn
be shown bere, The predictions were made uaing
different assuaptions than were made by Kennedy
and Olson 2 ., Neverthaless, the agresment with
their predictions on the number of bubbtles formed
is estisfactory, considering that both methode
give only order of magnitude valuee,

The theoretical supersaturation history as
well as the cumulative number of bubbles formed

golng constant rates of pressure decline of 1000,
100, 10, 1, and 0,1 psi per day, These rates of
pressure decline cover the range of importance in
field and leboratory solution ges drives. It
must be emphanized that the results of Figure 3
apply only to & specific system. However, the
effect of rate of pressure decline on the nuber
of bubbles formed i3 the saze for all systems;
namely, an increase in the rate of pressure de-
cline by & factor of ten results in about ten
times as many bubbles being formed,

The significant information shown in
Figure 3 1s that the higher the rate of pressure
decline, the greater is the total musber of
bubbles formed in a aystem. Alsc, essentlally
all of the bubbles are formed throughout a rel-
atively short time interval during the pressure
depletion life, From Figure 3 it cen be eatimated
that in ususl laboratory tests the number of
bubbles formed is 100 to 10,000 times greater than
the number formed under normal fleld conditiens,

B. DISPLACEMENT OF 011, BY EXPANDIKG GAS BUBBLES

It is ressoned that the number of gas
bubbles formed during the pressure depletion of a
gas-oil solution in s porous material will have an
effect on tha oll displacerent behavior, In thie
type of recovery method, oil is pushed cut of a
pore by the evolution of a gas bubble within this
pore or ty the intrusion of gas f{rom another pore.

A gas bubble grows in two ways; nazely, hy
the addition of gas which diffuses from sdjacent
oll and by expansion due to pressure reduction,

As it grows it will invede the network of pores
which affers the least resistence. This bubble
will unite with othera, eventuslly foraming a con-
tinuous gas phase which extende to the exit uf the
porous body. After this occurs, ges flowing in
this cornected netwark of pores will be less off-
ective in displacing oll from other pores. How~
ever, isolated gas bubbles will still be present,
and will continue to displace oil with the maxi-
wum efficiency until they join the contlnuous gas
phase, The more bubbles present, the grester will

ars shown in Figure 3 for a gas-oil solution underi

be the diaplacement of oil from regions not in-
vaded by the conductive gas ssturstion, Figures 1
and 2 provide examples showing the effect of the
number of bubbles on recovery. The approximate
number of bubbles formed in each of these tests hag
been calculated using methods referred to in the
previous secticn. The calculations show that about:
ten times as meny bubbles were formed in the B
tests as were formed in the A teste reported in
sach of the figures, This is in egreesent with thd
concepts outlined above.

The amount by which bublble formstion end chﬂ
Eiowlia of bubbles affects flow behavicr in a solu-
tion gas drive on uniform porosity type rocke has
been found to be small, axcept in the early stages
of depletion, In this type of rock all of the
pores act as fluid conductors ae well as fluid
storsge spaces. Dlsplacement of ol]l from a spec~
ific pore or from a group of pores daes not re-
quire the formation of 3 gas bubble in it. The
resscn 1s that gas evelved upstream cen enter and
thereby displace oil from any pore.

This is not the situation in nop-uniform
porous materials as is suggested above. In thess,
sume pores act as fluid conductors as well as
storage spaces while others are essentially etor-
age spaces. In olber words, comparison of the oil
recovery performances calculated fron laboratory
solution and external gas drives indicates the
presence of pore space which is not entered by an
fwaiscible, non-wetting, displacing fluid (such as
gas) during an external drive. These pores, or
clusters of pores, have capillary pressure-satur-
stion characteristics which are different from the
"eonductor" pores comprising the rest of the pore
space, Recovery of oil from these "storage" pores
by an cxtermal gas drive ¢an 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
-ysfien is producing at s relatively low gas-oil
ratio,

The above discussion explains why & lavor-
atory solution drive recovers more oll than does
an extemal gas drive at comparsble flowing gas-cil
ratice, It aleo offers an explanation for the
varlations in oil recovery observed in solution
gas drives, To surmarize, recovery of oil from
these “storage™ pores can only result from the
formation of butbles therein. If the number of
botbles formed during a solution drive varies, the
recovery of oil from these pores will vary also.
Where the volume of these pores comprises a high
percentage of the total volume of the rock, these
variations will be significant.

It was shown previously that at [ield ratea
of pressure decline the number of gas bubbles
formed is small compsred to the number formed in
lsboratory testa, This can be tsken qualitatively
to mean that laboratory solution gas drivs tests
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will yield a higher oll displacement sfficlency

from & non-uniform 1imestone rock than should be
expected {n the fleld,

To confira further the iceas expressed
shove, several solution drive Leats wers conducted
under special conditions, The following eection
deacrites apparstus and genersl experimental tech-
niques used In thrse tests. A description of the
special test conditions employed is glven in s
later gection, together with a discussion of the
objectives of the experiments and of the results
obtained,

LESCRIPTION OF APPARATUS AND PROCEDURE

The core sanples used in this work were
selected from producing sectiona in oil reservoirs
and also from outcrop formations. All samples
were cylindrical in shape and ranged from 2-1/2 to
~1/2 inches in diameter. Theae samples varied
from 6 to 11 inches in length with one exception.
Thic exception wac & specially prepared 6-foot -
long core. The apparatus and technique of mount-
ing ard testing these samples {rom 6 to 11 inches
long have been described in a previous pub-
lication.l

The 6-foot long core eample was prepared
from a piece of Cordova shellstone which ocutcrops
near Austin, Texas. This core sample had a uni-
{orm diameter of 4-1/2 inches for five feet of
length, The diameter was then reduced uniforuly
over 8 3-inch long section, and the remaining nine
inches of the core were shaped into a square cross
section, one inch on a side, The core was pre-
pared 1n this marner to minimize effects of bound-
ary conditions on flow test results, In the flow
tests this reduced section formed the downstraan
end of the core. At a point one foot from 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-sesled 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 samplas. The large core was first
gaturated with a gas-free relatively pure hydro-
carbon in the range of Cjg=Cyo. Next, methane gas
was injected and oil produco?i'z until the average
gas saturation reached approximately 30 percent
pore space. The injection pressures were very
close to the bubble point pressure of the methane-
€10-C)12 solution to be used in the [low tests,
After flow was temminated, methane gas was inject-
ed into the core through a regulstor set to operats
at the intended bubble point pressure. After
verious intervala of time the core was shut off
from the methane supply, and the gas phase pressuras
change with time was observed. When the gas phass
pressure drop becene negligible for an interval of
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severa} 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 ¢f 200 psi bubtle point oi}, first at an
injection pressure slightly above the bubble point
pressure, then later at an injection pressure of
500 psi. The extent of liquid sataration was
determined by both material balance and fluid coms
pressibility checks. It was found that two pore
volumes of oil were sufficient to remove Lhe gas
and thus coapletely aaturate the core,

In acdition to the previously 1 described
apparatus, s special constani rste puap was used
in the tests where a constant rate of pressure
decrease or increase was used. This puwp was
powered by 8 constant speed electric motor work-
ing through a machine laths gear train., The puap
was connected to a back pressure regulator. De-
pending on the manner of connecting the pump, the
pressure could be either incregsed or decreased
at a constant rate.

RESULTS AMD DISCUSSION
A. SHOBY CORE TESTS

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

The most direct method for reducing the
number of bubbles formed diring lsboratory 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 is also another serious objection to re-
ducing laberatory depletion rates. A.decrease in
the rate of pressure decline also means 3 de~
crease in the presgure drop across the system and
an increase in the Yend effect®, or liguid pile-
up at the downstream end of the core. If this
“end effect” is appreciable, it becomes impossible
to obtain reliable gas-oil relative psrmeability
data. These two factors militate against the
direct laboratory measurement of correct solution
drive gas-oil relative permesbility chiracter-
istics, Nevertheless, laboratory tests described
in the following paragraphs have besn made to
show the effect of bubble formation on 0il rec-
overy efficiency, These tests actually allowed
measurenent of the amount of oll produced eolely
as a result of the forcation and growth of gas
bubbles in the storage pores of a nen~unifornm
porosity limestone sample,

Two nearly identical tests were performed
on a single ressrvoir eample. The waln featurs of!




each test was Lhe executlon of a solution ges
drive after the initlal establishaent of 8 high
ges saturation (the necessity for the gas satur-
ation will be explsined later). The two solution
gas drives were perfotmed at greatly differem,
rates, 90 that in ons test few, if any, bubbles
would be formed, wheress 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 superssturation at a low value, such as
15 pai or less. The amount of supersstarstion
which will exiast in s core subjected to & givan
rate of pressure decline depends, of courss, on
how fast the dissolved gas can diffuse out into
the connected gas phaee, Sincs it was desired to
use reasonable rates of pressure decline in the
tests, it was therefore necessary first to estab-
lish & high gas saturation prier to the solution
gas drive,

Figure , is an example of results of dif-
fusfon tests on a ssmple of non-uniform porosity
limestone. Although these dats were not actually
obtained on the Reef sample, they serve as an
excellent example of the characteristics of such
rocks. As can be sesn from Figure 4, at high gas
saturations the maximum rate of pressure decline
which cen be maintained without exceeding a given
degree of supersaturation increases rapidly with
increasing ges saturation. A solution gas drive
in which no bubblea are formed cannot, therefore,
be carried out i reascnable laboratory rates un-
less a high gas saturation is first established.

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

The two nearly ldentical experiments were
performed on a single sample of the previously
mentioned Reef limestons, In each of the two
tests, the mample was saturated with gas-free {0
Cyp. Following this, the initisl extemal gas
drzvc was spplied with a pressure differential
sufficlently high to overcome end effect, This
drive was terminated at 57 parcent pore space
avergge gas saturation, After establishing the
gas saturatlon, the core was pressured to 1000
psig with gas until the residual oil was sub-
stantially at equilitrium at this pressure. At
this point the core was depregsured at a controll-
ed rate of pressure decline. At the end of the
pressurs depletion a finsl externsl gas drive was
applied at the same pressure conditions as were
used for the initial external drive,

The two series of experiments were ident-
fcal except for the rate of pressure decline dur-
ing the depletion process, The two rates used

duting the solution drives were 38 and 2100 ped
per hovr, The (8 psi per hour rate was chosen on
the basis of a calculation shich indicated that
the degree of supersaturation attained at this
rate would not exceed 13 psi, and thus no bubbles
would form. The 2100 psl per hour rate was the
nacimum rate attainable. 4 spscial bubble (orn-
stion calculation indicated that even at the
existing hizh gas saturation (57 percent), many
bubbles would be formed at this rate of pressure
decline,

The resulis of these tests are given in
Figure 5. The data are presented as the flowing
gas-oll ratio for the external drives versus the
oil recovery as perzent pore space. The effact of]
btubble forsatian on oil recovery for this non-
uvniform porosity limestone sazple can be measured
by comparing the performance of the two final
external gas drivea, The shift to the right for
the gas drive which followed the yaplid rate of
pressure decline shows the increase in oll rec-
overy due to bubble formation. This increase is
appreciable in spite of Lhe initiasl high gas
saturation, The gas drive following Lhe slow
rate of presaure decline shows no significant
increass in oil recovery. Identical tests on a
sandatone core saanple (uniform porosity) showed no
effect of tubble formation on oll recovery.

The significant difference between Lhe
limestone core tests, therefore, is the increased
oi) recovery resulting from tne foraation of a
large number of bubbles during the 2100 psi per
hour pressure decline solution gas drive. For
the other case, where very few bubbles were formed

the performance is a continuation of the normal
external pas drive behavior. On the basis of the
above results, there is reason to belfeve that
siailar behavior should be cbserved at lower gas
saturations. This would mean that in the field,
where a small number of bubbles are formed, the
oil recovery perfornance under & solution gas
drive might approach that predicted from the flow

characteristics messured in the laboratory by an
external gas drive,

B COKE T3

The preceding Lests substantiate the theory
concerning the role of bubble formation on the
recovery of oil from non-uniform porosity lime-
stones. Howevar, a field begins its producing
history with no gas saturation, and the previous
tests began with a comected gas saturstion
initially much greater even than the finsl gas
saturation in a depletad reservoir, This differ-
ence 18 belisved Lo be irrelevent with respsct to
the conclusions already reached. On the other
hind, the actual estgblishment of the initial
flowing gas ssturstien in a reservoir is ¢ complex
process. To bridge this gap between field




conditions and the tasta described to tals point,
experiments have been mads in which no inivtial gae
saturation was present, and in which babble form-
ation rates approsched those for reservoir cond-
itiona.

The firest consideration in selecting Lhe
operating conditions for such a test was to docidaﬂ
on the minimum practical rate of pressure decline,
Obviously, a rate of 0.1 to 1 pai per dey was un-
aatisfactory from the time stendpoint alone, A
decline rate of 10 pal per day was selected. This]
value was not conaldered too high, and it probably
repregents the maximua rate under which a reser-
u;ir ;:gbt be produced even for a short interval
of time,

The sslection of a 10 psi per day rate of
pressure decline presented a resl problem with
regard to end effect., At suach a low rate of de-
cline the pressure drop across a core is usually
negligible, and end effect renders zas-oll rel-
ative permeabllity data meaningless, However, by
8 speclal core design this difficulty could be
obviated, By incressing the flow resistance of
the aystem, it was possidle to operate at higher
differential pressures with the sane rate of
prosgure detline, The incresse in the flow
resistance of the syastem was accomplished in two
ways. First a practical maximw length of core
was used; namely, six feet, Secondly, edditional
resistance without a change in lgportant capi-
llary characteristice was abtained by reducing the
cross~-sactional ares of the downstream end of the
core, Because it was impractical to obtain an oi)
field core of the desired size, en outcrop
{Cordova shellstone), was selected for these
tests. The manner in which the core was shapad
has already been described,

An external gas drive and two solution gas
drives at widely different rstes of pressure de-
¢line were performed on this large core sample,
fThe results of these tests are presented by Fig-
ures 6 through 8. Figure 6 shows for these three
teats the relationship between the gas-oll rel-
ative permeabllity ratis, o¢ and the gas
paturation in percent pore spaca, The divergence
noted betweon the laboratory external and solution
gas drives indizates that this rock bas a non~
unifora porosity.

The rates of pressure decline for the two
solution gas drive runis were 10 psl per day and
230 psi per day. The reliability of the
data from the standpoint of end ¢ffect can
evaluated from the history of the pressure drop
across the reduced section of the core and from
gas-oll capillary pressure data. Capillary press-
ure characteristics indicated that end effest
would be negliglble as long as the pressure drop
scross the reduced section exceeded 1 pal. Fige
ure 7 pregsents the pressure drop history for the
10 psi per day run and shows that the test was not
detrizentally infloenced by end offect, The

amount of end effect was, of course, sven less
with the fast dacline rate,

The results of the two individual solution
Zas drive tasts show a difference in recovery
efficiency. At preassure depletion, the 10 psi pen
day decline rate test resulted in sn 0il 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, This &4 percent
incresse in oil recovery is atiributed to an in-
crease in the number of bubbles foymed during the
faster run,

Figure 8 shows the wide variation in superd
saturation which exieted for the twoe individua)
solution gas drive tests, A calculation of the
nuaber of bubbles formed indicates thet st the
fast rate of pressure decline test thers were
about 100 times more bubbles than at the alower
rate. The eflect which this increased number of
bubbles had on the efficiency of oil recovery was
not apparent until an average gas saturation of
approxizately 17 percent pore space was reached,
Beyond this saturation the difference in oil dis-
Placeaent efficiency for the two tests increased
as deplcted by the positicn of the separate ko/k,
curves,

The incressed number of bubbles formed durd
ing the rapid decline test does not explain the
relative positions of the two solution drive
curves of Figure & in the range from 0 to 17 per-
cent gas saturation. Their relative positions
can, however, be explained by visualizing the
variation in extent of the connected gas satur-
ation a8 a function of time. Since tha pressure
is slvays lowest at the downstreasz end of the
core, the gas phase develops to s greater extent
and becomes connected [irst in this pari of the
systes. The connected portion of the gas phase
then progresaes upstrean. This will reeult in
the measurament of higher kg/“o valueg at a given
aversge gas saturation than would exist if the
comnected portion ¢f the gas phase was distribut-
od uniformly throughout the core. This result is
also evident at low gas saturations as cen be seen
in Figures 1 and 2,

The differences in the deptetion rates and
the messured pressurs drops across the system for
the two runs 6f Figure 6 show that the above
explanstion is probably correct. For the teat
carried out with e pressure decline rate equal to
1O psi per day there was no measursble pressure
drop (0.5 psi could have been detected) scross
the 4-1/2 inch diwmster section, and ¢ maxigun
pressure drop across the radum& section of 12
psi. For the fast rate of pressure degline the
pressure drops were 4 to 6 psi and 220 psi, res-
pectively., This indicates a definite pessibility
of progressive gas phase development during the
fast pressure decline test. If the rate of pro-
gression of canductive gas saturation had been thy
sans in the two tests, it can be repsoned that th
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measurod relative permeablility curve for the
faster test would be to the right of the curve for

saturation,

. SIGNIFI OF DY TN REGARD 1O RVOIR

One objective of this study was to design &
leboratory test which would give results appli~
cable to the prediction of field solution gas
drive performance. Figure 3 shows that the number
of bubblea foraed under fleld rates of pressure
decline (0.1 to 1 psi/day) would be less than 100
bubbles per cubic foot of repervelr rock, The
exact number of bubbles would depend upon the rock
and the fluids involved. Neverthelesa, the value
{s an order of uwagnitude leas than the nuaber of
bubbles calculated to have been formed in the
10 psi per day test discusgsed above,

On this basis it may be concluded that the
results obtalned from the above test do nol re-
present normel field solution gas drive perfora-
ance. It may be contluded from the shove tests,
however, that a decrease in the rate of pressure
decline (at least throughout the range invest-
1gated in the laboratory) results in a lower
efficiency of ol displacement f{rom non-unifors
porosity limeatones. It may be proposed szain
that s lisiting valus on reservoir performance
would be that predicted by the laboratery exter-
nal kg/ko relationahlp, with the posaibility that
the fJeld solution drive behavior would be scame-
what more efficient, At least, the use of the
external gas drive characteristics should give &
conservative estimate of regservoir solutisn drive
behavior.

In lsboratory solution gas drives on non-
unifora porosity limestones, oll recovery effi~
clency 13 seen to be improved appreciably by in-
creasing rates of pressure decline. In the field
the usus)l rates of pressure decline are 100 to
10,000 times slower than are practical in the
laboratory. It has yet to be established that
signilicant differences in oll recoveries from
non-tniform porosity limestone reservoirs can be
realized by varying the pressure decline rate
within this lower range.

However, we cannot discount the posaibility
that unconventional production practices aight be
devised to yleld recoveriss approaching those
obtainable i the laboratory. To achieve this
goal would require g pressure decline rate of st
least several psi per day. Kevertheless, it is
possible that such & rate would nead to be main-
tained for only a few days. The reason ia that at
any particular rate of pressure decline, the
majordty of bubbles are formed in a short time,
For exsmple, at sbout 1D psl per day pressure de-
cline rate nesrly 21l the gas bubbles are formed
within three days. Of course, the most suitable
time to subject the reservolr to such s fast

the slower test throughout the entire range of gasl
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decline rate would be when the reservolr pressure
18 near the bubble point. At this stage of de-
plotion the gas-oil ratio is low, permitting max-
1mse 1iquid 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, st prement, bs classed as specu-
lative, their siznificance is great enough to
demand further study.

CONCLUSTONS

1, The laboratoery solutiocn gas drive oil
recovery efficlency of non-uniform porosity lime-
stones increases with sn increase in the number of]
gas bubbles formed. Pressure decline rate is the
dmportant factor in establishing the number of gae
bubbles formed.

2. W¥o practical test is avajlable to
measure in the laboratory the solution gas drive
oll recovery perforasnce at field rates of press-
ure decline. It is postulated that laboratory
external gas drive data can be used to make a
conservative prediction of field solution gas
drive performznce for non-uniform porosity lima-
stone reservairs,

3. The concepts presented in this papsr
indicate the possibility that increased field oil
recoveries may be obtained from non-uniform
porosity livestones by rapidly reducing reservoir
pressure for a short intarval of time, It has yet|
to be established that significant lwmprovemants i
0il recovery from such regervoirs can be realized
by varying the pressure decline rate within lisjt
possible in the field. However, the possibility
that recovery may be increased in this manner
warrante further study.

ACKNOWLEDGHENT

The suthors wish to express their apprec-
iation to Mr, Herman Teel for his assistance in
gathering the data for this paper,

REFERENCES

1. Stmtart, C|Rc, Oraig, F.F. Jr-, and Nﬁrse,
R.Aet "Dotermination of iimsstone Performance
Characteristics by Model Flow Tests," Trams,
AIME, (1953) 198, 93.

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

3. Bﬁmg, L.t "Theory thbt(:le” Fgaﬁtion in

i ’" Ind, . G‘.eﬁ., 1952 ;» 1320,
bi. Epstein, P5,, % Plésset, H,S.: Ton the
i{abll.ity of Gas Bubbles 11(11%31;1:5&:5 gglu-
on,® Jour, Chem. 7} L

S. Wood, JWTer%E' Formation In Rangely
ﬁeld, Golorldo,“ HeSe 'ﬂwsis, Texas A. and H,
College, (unpublished).




*5794 00T ¢ sdanreaxd AuTod e1Qang .N...olgw e ool LR AR
Fied ooz = samessad wnod atqang ‘TI0~0ly pun sumyier Y Baam)

“Sred 0007 * sdnmenad juted etuang ‘T15-0T pus susian ! sadnd 3308 - ogod i - opaming
Fynd o0z « somsenad Iwtod olaanq ‘T1a-0T5 puv stmyaen (Y aAdad » @ = s e T An
wecand of =~ £sCI0g iTspm [ @ LyjlIRvemded "EHOD INCISIATT 433 SYYAL IF3Y 40 63 LISTNIIOVEYHD ZATIIOVOW3d ZAMYIEE ~ T ‘I

CEHCGD  TOISTAT] JAMLIWROTH 40 FOLISTHLLOMIVICT AII1ISYENEd AAIIVERR ~ T "%4

3NRNTIOA 3¥0d LNIADYUID ‘NOILVENLYS SVYO
oL o9 os op oE oz ol o ) (o] -] [ -] oy [+14 o2 or o)

YA R
] "

JANTIOA BHOd AINIJYAE “NOMVUNLVYS $VH

100°

\\
\
e
1
\ o

™~

-
...

7 \

b

\g

- u..:mo\
SYO NCILATCS

Vv 3AIHG SVD NOWNIOS

v 3AIBG SYO NCILNIOS
4

4

x g 1

3NyQ SVO zoz.b_JQn

3A1HQ SVD IVNYALXE

~.

9%/0% '0ILvd ALITiIGYIWE3d FALLYIEY UO-SV9

! 3AI¥0 SVO TVYNHALXI

Ol o1

ON ¢ By ‘ONVH ALITIGVINUEL BALVIIN U0 ~ SVO



CUMULATIVE NUMBER OF BUBBLES PER CU. FT. OF ROCK

60

45

30

15

109
1000 PS1/DAY
104
—— 100 PSI/DAY
A St
e
103 A
| 4| 10 PSI/DAY
| ‘\ i
|
||
| | PS1/DAY
' | -
/ A e
/ L \
ro
\—
/ /o\ \ R 0.1 PS1/DAY
/ / AT h—
f y / / ) A
/ / / /
LS / ~
1oOt==7 _[ -a// 7
1072 fon 100 10! 102
TIME, DAYS

Pi6. 3 = CALORATED SPOSIVMTION D SUSELE \{
IR PORUATION AESTOR MSTH WANTED

Taloes shawa adply Lo & Mypoidetics) aystem, bowever, (be
relative viloes apply to any syatem, o.g., & 1D-faM taeresss
a

o

SUPERSATURATION, PSIi



2 0@ oL 09
— - o ) ) ‘INOISTIRHG TAOGHUD BOd WHIIVEICM TiBUOS
w & 1 b OGN LIVHIMYY WY D R LLVR ART N30 AYOSSENd NERWTE JIHENOLIYTRN ~ % Ol
i . | i
{ 4 g i TTHATA A TMOC TRNTNMH R NI WR IYR Gy
s ! | /o e ! ' !
i A, ﬂ ¢ i . ' ; O g G o%, o o] &
i { » i / SIAEG j ) A T 1 10
i i P S TINRBLXT TYILING : ! i\x\\\%\ll !
aandos s3vegns [ /| | = { , o
" anvw- anosze T { LA m ; ~
3PNSSAMe 40 Fawd -/ : 1 ! ES : : E §
[Bn/i5d 0CIZ AAMOT0d | | ] | i i i Z [ | - ! ! { §
¥ S . . . ! o ¥ F
b i { [2)
| @ | /) “
- /
, g )
o
N F L ol
S 5
>
-
\ M< o A
I 5 /
I N gawses T
$3768N6 ON- INIIDI0 <
_ ” AHACEIM 4 0 Dowy © ’
! i D i , P ; { . i ;,
' i ' r 4 : 1 ) i
b i ﬁ xw m ] I i | = ; ) I i i | :
R : t i + ; * ize & ! Ced  EnUyHALTTHYans) !
i U FINTT j | PE ¥ _ | | : { i
f i TYNMIAAKT TUNa B { , { m .v |
" | _, , - oy

|
1
{

!
. h : | ! h
P ,” : i
: | o M, q |
| |

i

63

2UNSS3¥d 40 JivH

“3NITD3G



TE N ey (YR MO (AL e STt S iy

AT Y

—— el -

Pt et Pl .

Vorey

“WROLFIIIS YANRKD 40 KOTSRS CTONUER BPONDY LNNECINY d08C BUOSTRM - 4 "1

14

18¢ ‘NOILD3IS 0300038 S$SOUDY JO¥G JUNSSIHd

p=d
mn
4
=
o
TQ\IIO ~
- 0
a Py
e
O
\\\ w
z
-3
o [
w
nﬁ o
W
[
b4
/ brd o
/ w -
o
a
T
/ <
w
=
-«
/ =
[79’
Q
o (=] © @« < ~ o

AVERAGE GAS SATURATION, PERCENT PORE VOLUME
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FIG, 8 ~ LABOBATORY SUPERSATURATION PERFORMANCE OF CORDOVA SHELLSTONE.
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