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ABSTRACT
Investigations by the Petroleun Technology

Section of the Bureau of Fineral Resources have shown
that a substantial residval gas saturation is trapped’
behind the flood front in gas-producing reservoirs
having a strong water-drive; the volume of gas trapped
may be as high as 44 percent of pore space, and lies
within the same range as residuai 0il saturation in a
flooded out oil feservoir.

N Core samples from gas productive reservoirs

in three Australian sedimentary basing have been subjected

to laboratory tests to measure this effect. The tests

compriséd capillary pressure measurements, water-flooding
by dynamic-displacement and imbibition at ambient and
elevated temperatures, and repeat gas recovery measure-
~ments in core samples exhibiting variations in irreducible

water saturation.
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The results show a loose correlation between
porosity and residual gas behind the flood front in
these samples. Temperature appears to have little effect
on the residual gas saturation, Gas recovery, however,
is strongly dependent on the irreducible water saturation
estéblished prior to flooding,

INTRODUCTION

In the early history of natural gas development,
it was assumed by most technologists that recovefy from
natpral gas regervoirs would generally be very high,
largely because of the mobility of gas. This was supported
by certain displacement phenomena such as the ease with which
gas channelling Qccurred in o0il reservoirs and the generally

f
low equilibrium saturation at which gas flowed during gas-

0oil or gas-vater relative permeability tests, It vas ’
therefore believed that when gas was the produced and/or
displaced phase (as in a water drive),recovery to gas would
be very high,

Investigations since 1952 have shown that high
recovery from a natural éas reservoir does not generally
prevail, particularly vhen the gas is in communication with
a major aquifer, It has been shown, both in laboratory

and field tests,that the volume of residual gas remaining

behind in a flooded reservoir is substantial, and may equal

A
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or exceed the total volume of gas recovered, On the
hotber hand, in gas reservoirs producing by expansion drive
only, the recovery at depletion may approach 70 to 80
percent of pore volumeﬂ(up to 90 percent of gas in place).
In Australia, notably in the Northwest Shelf and

in the offshore Gippsland Basin, large gas reservoirs are

in communication with extensive aquifers, The laboratory
work- described in thisg paper was carried'out'to'study the
gas recovery/résidual gas saturation characteristics of gix
of these reservoirs by total water displacement.
| The tests, which were carried out on selected
core samples,can be grouped as follows:
-~ Gas recovery tests from core samples at ambient
and elevatedltemperatureso
- The effect of variation in initial (interstitial)
water saturation on gas recovery.

~ Drainage-imbibition capillary pressure tests,

‘ saturations at floodout,
The results of the tests enable a general
appraiéal of gas recovery characteristics to be made
 under complete water displacement, considering such

diverse reservoir parameters as porosity, permeability,

l = Comparison of residual gas and residuval oil
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interstitial water saturation;and temperature, A
comparison can algo be drawvn between residual oil and
residual gas saturation in similar typea of reservoir

rock at floodout conditiona,

_ DISCUSSION OF LABORATCRY METHODS

/

A, 'Core praparation

Core saemples were selected from six gas
reservoirs: the Barracouta and Marlin fields in
the Gippsland Basin, the North Rankin, Goodwyn, and
Angel fields in the Dampier Sub-basin;and the Walyering
field in the Perth Basin,

Twenty-five test plugs, 1% inches in diameter,
were drilled parallel to bedding planes from these core
samplea, The plugs were trimmed to approximately 1 inch
in length, then extracted and dried, After cooling, porosiky
and permeability to nitrogen were meagured, vhersupon each
plug was maturated with distilled watex,

The plugs were then prepared for gas recovenyv
tests by flushing them to irreducible ﬁater aaturation
with humidified nitrogens this was carried out in a
Hassler cell (Figs 1), To obtain maximum gas contact
with the sample pore systems, the flushing was carried
out against a back pressure, Irredvcible water epaturation
values were obtained in each case from the results of
mercury injection capillary pressure tests of adjacent

2winch plugs at an . injection pressure of 1000 peig,
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B, Gas recovery tesits
Displacement by water imbibition at ambient temperature

Gas recovery testing was conducted by placing a
core sample (at irreducible water saturation) in contact
vith water at its base (Fig. 2). Water rising into the
sample pore system under the influence of capillary suction
displaced gas in the pores to a residual saturation.

Geffen et al. (1952) demonstrated the reliability of
the imbibition prccess for complete water flushing of natural
core'samples.: This was confirmed in our tests'by>using a
comparison dynamic displacement flooding process on four of
the plugse These plugs were waterflooded at an injection
rate of 10 ml/h to residual gas saturation after establishing
similar irreducible water in the manner already described.

The gas recoveries and residval gas saturations
obtained by imbibition for the 25 plugé ére shown in Table 1
Table 2 presents a comparigon befween the imbibition and )

dynamic displacement methods of waterflooding on four of the

samples while Figure 3 depicts gas displacement by the vater

"imbibition process in a core sample from the Goodwyn reservoir,

Displacement by water imbibition at elevated temperature
The effect of temperature on the recovery
efficiency of gas under water drive was studied in another

series of tests. These were carried out by water imbibition
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at a stabilized temperature of 7500, using the four
samples as prepared for dynamic displacement tests.
The results are shown in Table 2 in conjunction with

displacement at ambient temperature.

The effect of variation in initial water saturation
on the gas recovery
Four core plugs were gelected for thege tests,

one each from the Marlin, Goodwyn, North Rankin, and Angel
gas reservoirs, The samples were dried and saturated with
distilled water, then flushed with humidified nitrsgen to
an initial water saturation of 40 percent of pore volume,
Each of the four plugs was then tested for gas recovery at
this water saturation, using the imbibition displacement
process. Subsequently, the plugs were dried and again
prepared for separate gas recovery tests using initial
water saturations of 30, 20 and 10 percent of pore volume;
the final test was carried out on a dry core. The results
are shown in Table 3 and for the Goodwyn sample only in

Figure 4.

Drainage - imbibition capillary pressures
The initial preparation of sanples for gas recovery
tests included capillary pressure measurements for determination
of interstitial water saturations. As already mentioned, this
was done for all the samples adjacent to those included in

Table 1 by using the mercury injection method.
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By extending these tests to include both
injection and withdrawal (drainage and imbibition),_it'
is possible to define the tharacteristics so far measured
by water imbibition or dynamic water displacement, That
isy, in addition to determining irreducible water saturation
by mercury injection, hydrocarbon recovery and residual
hydrocarbon saturations can be measured by mercury with-
drawal, These factors are shown in the diagram in PFigure 5,

Capillary préésure tests caﬁ aléo définerthe o
effects of a variable initial water saturation on the
recovery/residual hydrocarbon saturation. This was
demonstrated on three §-inch diameter plugs cut adjacent to
the Goodwyn sample referred to in Table 2, Using different
final injection pressures for each plug, three values of
initial water saturation were established (45, 28, and 13
percent of pore volume); +the recovery and residual
hydrdbarbon saturations were then determined in each case
by cepillary withdrawal. The results of these tests are

~also shown in Figure 5,
Comparigon of residual gas and residual oil saturation at floodout

Three of the samples used in the gas recovery tests
in Table 3 (Marlin, Goodwyn, and Angel reservoirs) were
subjected to o0il recovery/residuval oil saturation measure-
ments, in order to directly compare residual oil and gas

saturations at floodout in similar types of sample material,
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The plugs were dried, saturated with diétilled
water, and then flushed in a Hassler cell with a refined
vigcous mineral oil to establish irreducible water
saturation., The mineral oil was displaced by a light
refined oil (Soltrol-C core test fluid),
A vwaterflood was carried out on each of the three

plugs at a pumping rate of 10 ml/h; the total o0il recovery

‘and residual oil saturation were measvred at floodout conditions

and the results of these tests are shown in Iigure 6.

DISCUSSION OF LABORATORY RuSULTS
Gas recovery tests
Flooding by water imbibition
The results of the tests listed in Table 1 show
ges recoveries in the range 37 to 60 percent of pore
volume, with gas saturations varying from 44 to 24
percent of pore volume remaining at floodout. In general:-
the amount of gas displaced by water from the samples
considerably exceeds the gas remaining in the reservoir;
this is particularly noticeable where high porosities
(> 20 percent) are present. Conversely, when lower

porosities are encountered, the ratio of recovered to

residual gas approaches or exceeds one,
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This suggests a relation between porosit&
and recovery characteristics; a plot of residual gas
saturation against porosity was therefore made (Fig.?).
This plot shovs increasing residual gas saturation with
décreasing porosity, although divergence from this
relation is apparent in some samples. No obvious
relation exists between permeability and gas saturation,
These characteristics have also been examined
by other investigators (Chierici et al., 1963; Katz et al.,
1966); data derived by Katz et al. are also shown in
Pigure 7.
Flooding by dynamic displacement
Dynamic dispiacement has generally been a
standard 1aborat9ry technique for waterflooding of core .
samples. In particular this method expresses the
characteristics of water injection (secondary recovery)
into a permeable medium where oil is the displaced phase,
However, in the case of large reservoirs where movement
of the water-table is comparatively slow, displacement is
dominantly controlled by capillarity, and water advance is
probably equal to or less than the natural imbibition rate.
Therefore, laboratory imbibition displacement should adequately
define the flooding characteristics in reservoirs of the latter

type.
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In the case of gas reservoirs, however, it
seems to be immaterial which displacement technigue is
used. Crowell et al, (1966) have sugzested that gas
recovery by water displacement is essentially insensitive
to flooding over a broad range of rates. The results in
Table 2, showing dynamic displacement (at 10 ml/h) and
imb%bition flooding characteristics in the same sample,
als; confirm this. Although minor variations in irreducible
water saturation occurred within each group of tests, the
recovefy characteristics ét floodout for each plué were
essentially the same by either technique., .

During dynamic displacement flooding, it is
interesting to note that significant two-phase (gas-liquid)
flow from the efflﬁent rarely occurred after flooding
water reached the outflow face. Apparently, in this type of
displacement the flood front is extremely short, and
transition from irreducible water saturation before the
fronf 1o final water and residual gas saturation behind the
front is abrupt. Although not as obvious, this condition

would also be expected to prevail during water imbibition

into a gas reservoir.

Imbibition at elevated {temperatures
The ambient conditions in which most laboratory
core testing is carried out do not take into account all

the factors which may have an influence on hydrocarbon



=
production under reservoir conditions. Certain of these,
(such as wetting properties) may be difficult to intervret
and duplicate., The effects of'other parameters such as
temperature and pressure can often be closely simulated
in the laboratory, with direct application ﬁo the reservoir,
'Table 2 presents gas recoveries by water
displacement at ambient and eievated temperatures, = With
one exception, the four test samples indicate that temperature
does not affect thé recovery éhéfacteristics within the ranée studiéd,
The one exception (Marlin), which is a highly |
permeable core sample, indicated a lowver gas recovery
at simulated reservpir temperatures than that measured
under ambient conditions. This could bhe attributed to a
lower interfacial tension at increcased temperature, which
in this particular sample resulted in reduced water
saturation and a greater residual gas, A further study
of this effect with additional equipment for flooding
by dynemic displacement would be warranted,
Geffen et al. (1952) and Chierici et al. (1963)
studied both the factors of temperature and nressure on
gas recovery in laﬁoratory samples and in field conditions
under the influence of water drive., They concluded thét
neither factor appears to alter the gas saturation
characteristics, and that recovery can generally be
simulated in simple laboratory displacement tests on small

core samples at ambient temperature and pressure,
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Gas recévery with & variable initial water saturation
Various gas recovery tests in the Petroleum

Technology Laboratory have shown that, with a reduction
in initial water saturation, a nearly corresponding
increase in gas recovery occurred, with only minox
changes in residual gas saturation., Data in Table 3
pregent additional confirmation of this effect over
a measured range of irreducible water saturations between

O and 40 percent of pore volume, In each of the samples

tested, the greatest increase in residual gas saturation

occurred vhen irreducible water was less than .20 percent of pore

volume,

Crowell et al (1966) have also reported on this,
but with a more constant increase in residual gas saturation
with decreaging irreducible water. They have also guggested
that in waterflooded gas reservoirs the irreducible water*
occupies the finest-size poré spaces, residual gas the
intermediate ,and the flooding water the coarsest pores.

In practice, the interstitial (irreducible) water occupies
a position in all the pore samples but only coats the walls
of the coarse and intermediate pores, while completely
saturating the finer pores,

Tests we have carried out have shown that fhe
reéldual gas volume remained essentially constant (Table

3) when the samples were waterflooded at the three

initial water saturations of 40, 30,and 20 percent of pore
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volume, In effect, the residual gas in these tests is
'locked! within the same intermediate pore system, while
the increased production of gas and saturation by
flooding water is at the expense of the (decreasing)
irreducible water in the coarse pores,

As irreducible water decreases below 20
bercent saturation, the residual gas increases to a
maximum value which occurs vhen a dry core is water—
flooded, This suggests a movement of the residual
gas from the intermediate to the finer pores, where
less of the pore space is contacted by the flooding

water under the prevailing capillary pressure conditions.

Drainage - imbibitioﬁ capillary pressure curves

In this\series of tests, a range of irreducible
water saturations between 13.4 and 44.4 percent of pore
velume was established by mercury injection. The
subsequent withdrawal (or imbibition) curve shows
recovery characteristics similar to those measured by
water displacement (Goodwyn, Table 2), However, mercury
withdrawal does indicate a trend towards lower residual
gas at higher initial water saturations than those shown
in Table 2,

The mercury injection method of determining these
capillary relationships is extremely simple, and in the case
of cleanhomogeneous sands such as the sample tested, the
recovery results appear to correlate reasonably well with

those of other techniques,
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Unfortunately, mercury injection-withdrawsl test
results are not always reliable; differences in residual
gas saturstions of the order of 20 percent of pore
volume have been experienced between the mercury .
withdrawal and the standard water digsplacement method in
somefinstanceso The reason may be differences in wetting,
forz:particularly vhen clays are present in a sample,
mercury may no longer represent a non-wetting fluid, Where
clays are present, it would therefore be advisable to
use drainage-imbibition data determined. by mercury injection
with some caution,

Residual oil and gas saturation at floodout

Waterflood displacement tests (Fig. 6) showed
gimilar residual hydrocarbon saturations when either oil
or gas was used as the saturating (non-wetting) phase,
However, a marked difference between the oil and gas
displacement characteristics at water breakthrough vas
shown in the same sample, The displacement of oil by
water was generally characterized by significant production
of oil after water breakthi'ough° As noted previously, gas
production essentially ceases when the floodfront reaches
the gample outlet face,

Crowelllet al (1966) have observed that production
of trapped gas into the flooding water can occur by

diffusion, after the passage of the floodfront. However,
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most investigators agree that this effect is essentially
a laboratory phenomenon which may be recognized in
particular froman imbibition displacement curve, It
is generally conceded that diffusion probably does not
play a significant role in gas production by water drive
under reservoir conditions.

2 CONCLUSIONS

.The foregoing tests have demonstrated that a
complete water drive mechanism does not necessarily result
in the efficient displacement of gag from a reservoir,

The tests have also demonstrated that =

(1) Residual gag saturation at floodout shows a
general relation to porosity, but none to
permeability,

(2) Temperature does not zlter the recovery -

characteristics of a natural gas reservoir
producing by water drive,

(3) The recovery characteristics of a gas reservoir
under water drive can be determined equally
well by water imbibition or by dynamic displace=
ments drainage imbibition capillary pressure
tests can also be used for this purpose but with
less reliable results,

(4) The initial (irreducible) water saturation has
greater control over gas recovery than over residual

gas saturation at floodout,
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(5) A% floodout, residual saturations are similar
when either oil or gas is the initial
 satureting medium,
(6) The foregoing studies lead to a consideration
for improving the recovery of certain large

i gas reservoirs producing under water drive,

' by increasing the gas withdrawal rate, This
may convert a 100 percent water d;ive»to a
partial water drive, thereby retarding pressure
maintenance and water advance while enhancing

gos expansion within the reservoir,
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Table 1

Gas recovery characteristics by water displecement

Sample fluid saturation

Permeability  Porosity (% pore volume) Lithology
'Field Sample to nitrogen (% bulk
(md,) volume) Irreducible Ges Residual -
water recovery ga.a
i'racouta 1 212 23.6 21.2 53,0 25,8 Sats f.gr. slty
g * ) ca.l'b, mi°o
. 2 527 3009 1308 6005 2507 as above.

3 1146 29,9 17.6 57.9 24,5 Satg f.gr., slty
] 4 412 2703 1505 5309 30_96 Sstﬂ fogro Elty
:I i . carb., arg.
Marlin 1 5400 2106 2003 5403 2504 Sst’ cogroto T

8T
I 2 5600 19,7 21,1 54.4 24,5 Sstsy m.gr. to
VeColTH

3 105 9.2 18,9 37.2 43,9 Sstg v.f.gr. to
I VoCo8T0
I\T'*th Renkin 1 1050 23,8 12,0 49,0 39,0 Ssts m.gr. to

Co8x0

2 476 2105 12,8 5297 34,5 Sstﬁ MeZre to v.

. Co8Te
I 3 757 19,3 15,0 48,0 37,0 Saty m.gr. to e

= . gr. 81, pyT.

4 187 25,7 21.7 49,0 29,3 Sats v.f.gr, 8li
l 5 724 1507 1500 4505 3905 Ssts MeZTo Blty
; 6 445 14,8 20,7 515 27.8 Congl,

Gl)dwyn 1 239 24.9 10,5 54,0 35,5 Ssts f.gr. to
Mo &0 @

2 43 21.8 12,8 55.2 32,0 Sats f.gr. to m.

gr. slty

I 3 18 20,1 25.7 46.8 27,5 Ssts f.gr. to m,
gr. s8l, carb,

I 4 140 22,0 1600 4904 3406 SBt’ Me8T0 to ¢c.
8T

5 2700 22,5 . 16,0 47.9 . 34,1 Ssty v.c.g8T.
Il;el 1 198 19.6 12.0 49,0 39,0 Sstj m.gr. glauc

2 397 19.1 15.8 48,2 3690 Ssty m.gr. to c.

gr, glauc,
l 3 235 13.7 19,5 50.0 30,5 Sst; f.gro.to v.c
gr. glauc,

4 370 18,4 19.4 47.2 © 33.4 Ssts m.greto c.z

» glauc,

5 359 1508 23.8 4600 30'2 Sst, fo@o to m,
= gr. glauoc,
;lyering 1 T.1 113 _20.2 37.8 42,0 Ssts f.gr. to

» c.@‘
| 1,0 12,0 32,0 4531 24,9 Sats f.gr. to m.

8T




Table 2

Flooding characteristics at ambient and elevated temperatures

Sample £fluid saturation

(% pore volume)

Permeability Porosity
Pield Semple to nitrogen (% bulk Water imbibition Dynanic displacement Water imbibition
(md) volume) (ambient temp,) (ambient temp,) (elevated temp = 75°C)
Irreducible Gas Regidual | Irreducible Gas Regidueal | Irmeducible Gas Regzidual
vater Tegovery ges water recovery  g23 water Tecovery  gas
Marlin 2 5600 1967 21,1 54.4 24,5 20,0 52,9 27.7 20.8 41,8 374
North Renkin 3 757 1903 15,0  48.0 37.0 14,7 49,2 36,1 14.7 49,0 3643
Goodwyn 2 43 21,8 1268 55.2 32,0 13.7 56,3 30,0 10.8 5561 34,1
Angel 2 397 19,1 15.8 48,2 36,0 14,7 47,0 38.3 16.3 48,5 35.2




Table 3
Flooding charactefistica with variéble initial water saturation

Approximate initial water gsaturation

(% pore volume)

40 %0 20 10 (Dry core)
wield Sample Recovery characteristics - % pore volume -
Initial Gag Residuall Initial Gag Regidual] Tnitisl Gas Regidusall Initial Gag Repiduall Gas  Residuzal
wvater recovery g&a8 water recovery ges yater recovery gas | water recovery ges Tecovery gas
saturation saturation saturation Fatura,tion , .
Marlin 1 40,6 36.8 22,6 28.4 45,5 . 26,1 20,3 5403 25.4 3.1 65.5 30,4 66,7 22,3
North Rankin 1 3600 3207 3103 3002 3809 3001 1907 4790 3303 ) 1009 5008 3803 5402 4508
GOOdW.YB 1 4001 2902 3007 3204 3608 3008 1709 4904 3207 1005 5490 3505 6500 3500
Angel 1 3961 25,0 3509 3005 3569 33.6 19.4 45.7 34.9 12,0 45.0 39.0 56,6 - 43.4
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Figure 6: O0il saturation characteristics a.fter waterflooding samples
from the Goodwyn, Angel, and Marlin reservoirs.
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