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Laboratory Studies of Gas Displacement from 

Sandstone Reservoirs having Strong Hater Drive 

by 

B.A o McKa:r 

ABSTRACT 

Bureau of Mineral Resources 
CANBERRA 

Investieations by the Petroleum Technology 

Section of . the .Bureau of Hineral ResoV+Q~13 h9,Y~ §ho\:m 

that a substantial residual gas saturation is trapp'ed ' 

behind the flood front in gas-})roducing reservoirs 

having a strong water-drive; the volume of gas trapped 

may be as high as 44 percent of pore space, and lies 

\vithin the same range as residual oil saturation in a 

flooded out oil reservoir. 

Core samples from gas productive reservoirs 

in three Australian sedimentary l)asins have been subjected 

to laboratory tests to measure this effect. The tests 

compriseo_ capillary pressure measurements, water-flooding 

by dynamic-displacement and imbibition at ambient and 

elevated ternperatu:res, and repeat gas recovery measure-

. ments in core samples exhibiting variations in irreducible 

uater saturation. 
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The results show a loose correlation botween 

porosity and residual gas behind the flood front in 

these samples. Temperature appears to have little effect 

on the res idual gas sa tura t iono Gas recovery, hO'tleVer, 

is strongly dependent on the irreducible water saturation 
1 

established prior to flooding. 

INTRODUCTION 

In the early history of natural gas development, 

it was assumed by most technologists that recove~J from 

natural gas reservoirs "lOuld generally be very high, 

largely because of the mobility of gas. This ""as supported 

by certain displacement phenomena such as the ease ""i th "lhich 

gas channelling occurred in oil reservoirs and the generally 
f 

101'1 equilibrium saturation at which gas flo",ed during gas-

oil or gaS-\'later relative permeabili ty tests~ It ",as 

therefore believed that \'1hen e,ras \'TaS the produced and/or 

displaced phase (as in a "Tater drive), recovery to gas ",ould 

be very high. 

Investigations since 1952 have sho\>l11 that high 

recovery from a natural gas reservoir does not generally 

prevail, particularly "Then the gas is in communication with 

a major aquifer. It has been sho\'In, both in laborator,y 

and field tests,that the VOlume of residual gas remaining 

behind in a flood.ed reservoir is substantial, and may equal 

) 
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or exceed the total volume of gas recovered o On the 

other hand, in gas reservoirs producing by expansion drive 

only, the recovery at depletion may approach 70 to 80 

percent of pore volume ,,(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 this paper -was carried 'out to study the 

gas recoveI:~/residua1 gas saturation characteristics of six 

of these reservoirs by total water displacement" 

The tests, which were carried out on selected 

core sa.:rn.p1es, can be grouped as fol10\,;"s: 

Gas recovery tests from core samples at ambient 

and elevated temperatures" 

The effect of variation in initial (interstitial) 

'\-later saturation on gas recovery. 

- Drainage-imbibition capillary pressure tests. 

- Comparison of residual gas and residual oil 

saturations at floodout .. 

The results of the tests enable a general 

appra,isa1 of gas recovery characteristics to be made 

under complete water displacement, considering such 

diverse reservoir parameters as porosity, permeability, 
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intersti tial ,-rater saturat1o~ and tempera.ture. A 

comparison can aleo be dra:tm between residual oil and 

residual gas saturation in similar types of reservoir 

rock at floodout condit1onBo 

DISCUSSION OF LABORATORY ~tETHODS 

Ao Core preparation 

Core samples ,'Sere selected from six gas 

reservoirs: the Ba.rracouta and T-1arl1n fields in 

the Gippsland Basin p the North Rankin9 Goodwyn, and 

Angel fields in the Dampier Sub-basinj·and the Walyering 

field in the Perth Basino 

Twenty-five test plugs, 113 inches in diameter, 

were drilled parallel to bedding planes from -these core 

samplaso The plugs were trimmed to approximately 1 inoh 

in length, then extracted and driedo After ooolingp porosity 

and permeability to nitrogen were measured, \,lheroupon each 

plug '>las saturated ''lith distilled water. 

The plugs were than prepared for gas recover,y 

tests by flushing them to irreducible water saturation 

with humidified nitrogen, this was carried out in a 

Hassler cell (Fig:. 1). To obtain maximum gas contact 

with the sample pore systems, the flushing was carried 

out against a back pressure o Irreduciblo water saturation 

values were obtained in each case from the results of , 

mercury injeotion oapillar,y pressure tests of adjacent 

~--inch plugs a.t an . injection pressure of 1000 pEligo 
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B. Gas recovers tests 

Displacement by "'later imbibition at ambient temperature 

Gas recovery testing ",as conducted by placing a 

core sa!!lple (at irreducible "later saturation) in contact 

vlith water at its base (Pig. 2) •. 1,'later rising into the 

sample pore system under the influence of capillcry suction 

displaced gas in the pores to a residual saturation. 

Geffen et a1. (1952 ) demonstrated the reliability of 

the imbibition precess for complete Hater flushing of natural 

core samples. . rrhis Has confirmed in our tests by using a 

comparison dynamic displacement flooding process on four of 

the plugs o These plugs 'Here waterflo..oded at an injection 

rate of 10 mllh to residual gas saturation after establishing 

similar irreducible \-later in the manner already described. 

1'he gas recoveries and residual gas saturations 

obtained by imbibition for the 25 plugs are ShovlD in Table 1 fI 

Table 2 presents a comparison between the imbibition and 

d;YllalJ1ic displacement methods of Vlaterfloocling on four of the 

sa.mples vrhile Figure 3 depicts gas displacement by the Hater 

imbibition process in a core sample from the Good~Jn reservoir. 

Displacement by Hater imbibition at elevated temperature 

The effect of temperature on the recovery 

efficiency of gas under Hater drive 'Has studied in another 

series of tests. 1'hese '-Jere carried out by water imbibition 
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at a stabilized temperature of 750 C, using the four 

samples as prepared for dynarilic displacement tests. 

The results are shown in Table 2 in conjunction \-li th 

displacement at ambient temperatvxe. 

The effect of variation in initial "later saturation 

on the .gas recovery 

}'our core plugs 'rJere selected for these tests, 

one each from the Harlin, GoodHyn, Horth Ran..1dn, and Angel 

gas reservoirs. The samples Here dried and sa tura ted ,·Ii th 

distilled Hater, then flushed Hith humidified nitrogen to 

an initial \"later saturation of 40 percent of pore volume. 

Each of the four plugs VIas 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 

\Vater saturations of 30, 20 and 10 pe:ccent of pore volume;"" 

the final test Has carried out on a dry core. The results 

are shmJn in 'rable 3 and for the GoodHyn sample only in 

Figure 4. 

Drainage - imbibition capillary pressures 

IJlhe ini tial preparation of samples for gas recovery 

tests included capillary pressure measurements for determination 

of interstitial Hater saturations. As already mentioned, this 

was done for all the samples adjacent to those included in 

Irable 1 by using the merClU'Y injection method. 
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By extending these tests to include both 

injection and ,-Ii thdrav/al (drainage and imbibition), it 

is possible to define the characteristics so far measured 

by "later imbibition or dynamic ,-rater displacement. That 

is, in addition to determining irreducible water saturation 

by mercury injection, hydrocarbon recovery and residual 

hydrocarbon saturations can be measured by mercury \'/ith-

dra\-Jal. These factors are shm·m in the diagram in Figure 5. 

Capillary pressure tests can also define ~he 

effects of a varia.ble initial v!ater saturation on the 

recoverJr/residual hydrocarbon saturation. This "Tas 

demonstrated on three -i-inch diameter plugs cut adjacent to 

the GoodvJYI1 sample referred to in Table 2. Using different 

final injection pressures for ea,~h plug, three values of 

initial ,·,ater saturation >\Tere established (45, 28, and 13 

percent of pore volume); the recovery and residual 

hydxocarbon saturations .. .rere then determined in each case 

by ca.pillary Hithdrawal. The results of these tests are 

.> also Shovlll in FiE>1.ll'e 5. 

Comparison of residual gas and residual oil saturation at flooclout 

Three of the s~nples used in the gas recovery tests 

in Table 3 (I'1arlin, GoodHyn, and Ancel reservoirs) were 

subjected to oil recovery/resid1.~"1.1 oil satu.ration measure-

ments, in order to directly compare residual oil and gas 

satu_t'ations at flooclout in similar types of sample material. 
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l.rhe plugs Here dried, saturated VIi th distilled 

water, and then flushed in a Hassler cell \-lith a refined 

viscous mineral oil to establish irreducible water 

saturation. The mineral oil \"las displaced by a light 

refined oil (Soltrol-C core test fluid). 

A ",aterflood Has carried out on each of the three 

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

and residual oil saturation Here measured at floodout conditions 

and the results of these tests are shO\-/ll in It'igure 6. 

DISCUSSIon OF L.fl.BORA'l'ORY Rr!;SULTS 

Gas recovery tests 

l!'looding by "rater imbi bi tion 

11'he :casul ts of the tests listed in Table 1 sho\-/ 

gc:s recoveries in the range 37 to 60 percent of pore 

volwne, I:li th gas saturations varJring from 44 to 24 

percent of pore volwne remaining at floodout. In general, 

the amount of gas d.isplaced by \<Jater from the samples 

considerably exceeds the gas remaining in the reservoir; 

this is particularly noticeable \-!here high porosj.ties 

(> 20 percent) are present. Conversely, when lower 

porosi ties are encountered, tile ratio of recovered. to 

residual gas approaches or exceeds one. 
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This suggests a relation be~leen porosity 

and recovery characteristics; a plot of residual 6dS 

satul'ation against porosity Vias therefore made (Fig.7). 

This plot shoHs increasing residual gas saturation ,·Ii th 

decreasing porosity, although divergence from this 

relation is apparent in some samples. No obvious 

relation exists between permeability and gas saturation. 

'l'hese characteri stics have also been examined 

by other investigators (Chierici et a1., 1963; Katz et a1., 

1966)'; data derived by Katz et al. are also shovrn in 

Figure 7. 

Flooding by dynamic displacement 

Dynamic displacement has generally been a 

standarcl laboratory teclmique for \o!aterflooc1ing of core 

samples. In particular this method expresses the 

characteristics of \Vater injection (secondary recove!"J) 

into a permeable medium vThere oil is the displaced phase. 

HO\'Tever, in the case of large reservoirs where movement 

of the \vater-table is comparatively sloH, displa.cement is 

dominantly controlled by capillarity, and \-later advance is 

probably equal to or less than the natural imbibition rate. 

Therefore, labo:r-atory imbibition displacement should adequately 

define the flooding characteristics in reservoirs of the latter 

type. 
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In the case of gas reservoirs, hO':rever, it 

seems to be immaterial which displacement tecb.nique is 

used. Crowell et ale (1966) have suggested that gas 

recovery by \<lo.ter displacement is essentially insensi ti ve 

to flooding over a broad range of rates. The results in 

Table 2, showing dynamic displacement (at 10 ml/h) and 

imbibition flood.ing char2.cteristics in the same sample, 

also confirm this. Although minor variations in irreducible 

\Vater saturation occurred Hithin each group of tests, the 

recovery characteristics at floodout for each plug Here 

essentially the same by either technique. 

During dynamic displacement flooding, it is 

interesUng to note that significant tHo-phase (gas-liquid) 

floH from the effluent rarel;), occurred after flooding 

water rea ched th'e outflo\-l 1'8.ce. Apparently, in this type of 

displacement the flood front is extremely short, and 

transition from irredv.cible \.;ater saturation before the 

front to final .... 1 a ter and residual gas sa tura tion behind the 

front is abrupt. Although not as obvious, this condition 

Hould also be expected to prevail during \>later imbibition 

into a gas reservoir. 

Imbibition at elevated temperatures 

'1'he ambient concli tions in \'/hich most laboratory 

core testing is carried out do not t ake into aCCOUl1.t all 

the factors vJhich may have an influence on 11,ydrocarbon 
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production ttnder reservoir conditions. Certain of these, 

(such as Hetting properties) may be difficult to interpret 

and duplicate. The effects of other parameters such as 

temper9.ture and pressure can often be closely simulated 

in the laboratory, with direct application to the reservoir. 

Table 2 presents gas recoveries by Vetter 

displacement at ambient and eleva teo. temperatures. - \-lith 

one exception, the four test samples indicate that temperature 

does not affect the recovery characteristics \-li thin the range studied. 

The one exception (Harlin), \·:hich is a highly 

permeable core sample, ind.icated a Im1er gas recovery 

at sirmllated reservoir temperatures than thc1.t measured 

under ambient conditions. This could be attributed to a 

lm,;er interfacial tension at increased temperature, \vhich 

in this particular sample resulted in reduced \'later 

saturation and a greater residual gas. A further study 

of this effect with additional equipment for flooding 

by dynamic displacement would be \-lar.ranted. 

Geffen et a1. (1952) and Chierici et ale (1963) 

studied both the factors of temperc.b..re and pressure on 

gas recovery in laboratory samples and in field conditions 

under the influence of water drive. They concludecl that 

nei.ther factor aPI)8cu.'S ta alter the gas saturation 

characteristics, and that recovery can generally be 

simulated in simple la.bora.tory dispb .. cer!lent tests on small 

core saJ!lplcs at al!lbicnt temperature and pressure. 
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Gas recovery I'Ti th 2. variable initial ivater saturation 

Various gas recovery tests in the Petroleum 

Technology Laboratory have "shovffi that, vTi th a reduction 

in initial "rater saturation, a nearly corresponding 

increase in gas recovery occurred, with only minor 

changes in residual gas saturation. Data in Table 3 

present additional confirmation of this effect over 

a measured range of irreducible vTater saturations bet''-1een 

o and 40 percent of pore volume. In each of the namples 

tested, the greatest increase in residual gas saturation 

occurred vrhen irreducible water '-las less than 20 percent of pore 

volume 0 

Crm.Jell et al (1966) have also reported on this, 

but vlith a more constant increase in residual gas saturation 

vIi th decreasing irreducible "later. They have also suggested 

that in waterflooded gas reservoirs the irreducible "Tater 

occupies the finest-size pore 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 ,.,e have carried (lut have shown that the 

residual gas volume remained essentially constant (Table 

3) when the samples ,.,rere vlaterflooded at the three 

ini tial ,.,rater saturations of 40, 30 parld 20 percent of pore 
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volume. In effect, th~ residual gas in these tests is 

'locked' ",ithin the same intermediate pore system, while 

the increased production of gas and saturation by 

flooding water is at the expense of the (decreasing) 

irreducible 'o1ater in the coarse pores • 

As irreducible Hater decreases belo"l 20 

percent saturation, the residual gas increases to a 

maximum value which occurs "Then a dry core is water­

floodedo 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 

"later under the prevailing capillary pressure conditions .. 

Drainage - imbibi tion capil~ary pressLJre curves 

In this series of tests, a range of irreducible 

"rater saturations bet ... reen 13.4 and 44.4 percent of pore 

v0.lume was established by mercury injectiono The 

subsequent "lithd.ra"Tal (or imbibition) curve showe 

recovery characteristics similar to those measured by 

water displacement (Good't'lYIl, Table 2). However, mercury 

withdrawal does indicate a trend tOl-lards lower residual 

gas at higher initial ",ater saturations than those shown 

in Table 2. 

The mercury injection method of determining these 

capillary relationships is extremely simple, and in the case 

of clean homogeneous sands such as the sample tested, the 

recovery results appear to correlate reasonably well with 

those of other techniques. 



I 
I 
I 
I 
I 
I 
I 
I 

D 'b/s '-/ I ' / 

I 
I 
I 
I 
I 
I 
I 
I 
I, 

I 
I 

-14c-

Unfortunately, mercury injection-",i thdra"lal test 

results are not always reliable; differences in residual 

gas saturations of the order of 20 percent of pore 

volume have been experienced between the mercury , 

withdraHal and the standard water displacement method in 

some , instanceso IThe reason may be differences ' in \-retting, 

for" particularly "'hen clays are present in a sample, 

mercury may no lon~r represent a non-wetting fluid. ~1ere 

clays are present, it would therefore be advisable to 

use drainage-imbibition data determined',by mercury injection 

with some cautionD 

Residual oil and gas satu:rat;i.on at floodout 

Waterflood displacement tests (Fig. 6) shO'vled 

similar residual hydrocarbon saturations when either oil 

or gas was used as the saturating (non-wetting) phase. 

Ho,"!ever, a marked difference betl-leen the oil and gas 

displacement characteristics at "rater breakthrough "TaS 

shown in the same sample o The displacement of oil by 

water was generally characterized by significant production 

of oil after Hater breakthrougho As noted previously, gas 

production essentially ceases when the floodfront reaches 

the sample outlet face e 

Crowell at al (1966) llave 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 "Thich may be recognized in 

particular from an imi;Jibi tion displacement curve. It 

is generally conceded that diffusion probably does not 

playa significant role in gas production by water drivo 

under reservoir conditions c 

CONCLUSIONS 

The foregoing tests have demonstrated that a 

complete "Tater drive mechanism does not necessaril.Y result 

in the efficient displacement of gas from a reservoir. 

The tests have also demonstrated that -

(1) Residual gas saturation at floodout shows a 

general relatiorJ' 

permea.bili ty. 

to porosity, but none to 

(2) Temperature does not alter the recovery 

characteristics of a natural gas reservoir 

producing by '<later drive. 

(3) The recovery characteristics of a gas reservoir 

under "later drive can be determined equally 

well by water imbibition or by dynamic displace­

ment; drainage imbibition capillary pressure 

tests can also be used for this purpose but ,,,i th 

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) At floodout, residual saturations are similar 

when ai ther 011 or gas is the initial 

saturating mediums 

(6) The foregoing studies lead to a consideration 

for improving the recovery of certain large 

gas reservoirs producing tmder ,.,rater drive, 

by increasing the gas "'ithdra:~7a.l rate.. This 

may.convert a 100 percent water drive · to a 

partial waterdrive p thereby retarding pressure 

maintenance and \'later advanoe '-ThUe enhancing 

gas expansion \'li thin the reservoirs 
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Ta.ble 2 

Flooding characteristics at ambient and elevated temperaturea 

Sa.mple r 1 u i d saturation 
. (% pore volume) 

Permeability Porosity 
Field Sample to ni trogan (% bulk Water imbibition Dynamic displacement Water imbibition 

(md) volume) (ambient tamp.) (ambient temp.,) (elevated temp ~ 750 0) 

Irreducible Gat!) Residual Irreduoible GaB Residual IXl!'aduoibla Gas Residua: 
vlater reoovery gas \ola.ter reoovery gas wa.ter recov~:t'Y gas 

Marlin 2 5600 1907 2101 54.4 2405 20,,0 52,,9 27.,7 2008 41 08 37,,4 

North Rankin 3 757 1903 15.,0 . 48 .. 0 37,,0 14 .. 7 49.2 36 .. 1 14.7 49 0 0 :56 5 ; 

Good.\'lyn 2 43 21,,8 12.8 55.2 32.,0 13.7 56.,3 30.,0 10.8 5501 34 .. 1 

Angel 2 397 1901 15 .. 8 48.2 36,,0 14.7 47,,0 38.3 16.3 48 0 5 35.2 

, . 



. _____ - - - - - _ - - __ iIII ___ _ 

Sample . 

Initial 
\·;a.ter 

saturation 

'''!arlin 1 40.6 

!'Tonh Rankin 1 36,,0 

Goodwyn 1 40.1 

fulgel 1 39.-1 

Table 3 

Flooding characteristics with variable initial water saturation 

40 

Gas Residual 
recovery gas 

36.8 22 0 6 

-;2.7 -;1., 

2902 3007 

25.0 35.9 

Approxima.te initial '\-Ta.ter satuz-ation 
( % pore volume) 

30 20 10 

Recovery characteristics ~.% pore ' volume, 
" .. , 

Initial Gas ReSidua1 Initial Gas Residual ,Initial Gas Residual 
\'later recover! gas . ';Tater recovery. gas ;!lats:r recovery gas 

saturation 'fpaturation ' ' ',sa turation 

28.4 45.5 26.1 20., 54.3 25,,4 3,,1 65 .. 5 300 4 

30.2 38.9 30.1 19.7 47 .. 0 33.3 , 10.9 50.8 38 0 3 

32.4 36,,8 :;0.,8 1709 4904 32.7 10.5 54.0 35,,5 

30.5 35.9 33.6 19.4 4507 34.,9 12,,0 4900 39.0 

(Dry core) 

-

Gas Residual 
recovery gas 

66,,7 32 .. 3 

54 .. 2 45e 8 

6500 35.0 

56.6 ' 43,,4 
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