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Summary, Air@@ capilkwy pressw data obtained by &w different tibniques are repm’tgd as a function of saturation for several

Berea core-plug samples. The capillay pre.ssufs values rqed from abom” 0.67 to 9.5 MF@7 to 1,380 psi]. .Tbe corresponding brine

rations ringed from 10 to 3% PV. The techniques used were high-speed omtrhlge, porow plate,, and water-vapor desorption (WVD).

lhe restdti show that a plot of log P= VS: Iog S. is MW in tfw saturation range studied. ~ese data are believed to be the fust valid

“w- Pr=Jre *U rew~ fOr Ber= =TUF@ in the bigl-prektie, low-saturation region. .&o,. no comparable data appear to

have been publisb@ for any sedimentary .rcck in the permeability range above 1 md.

.,

Introduatlon .:

capillary presmm ckya are used in reseNOir engineering to &!er-

ndne the initial diqributicm of brine, oil, and gas in the reservoir.

Such a determination is particularly important in re3erv0irYtitb

vety large oil columns where low brine saturations and high tipil-

Iary pressures are encountered. fn me early published work on this

problem, however, the available experimental tsctudques were quite

lilllit@ ill the raIISe Of~p~ PEW&3 tbt could k. titi. 1

fn most instances, only the mercury-injection technique I@ tie ca-

P@V Of ~uti tbe Wett@-pba.w =Wration m vafues bslow about

15%. For this and orher reasons, the concept “iwose that rkervoir

recks are chamcterizt+d by a mininrti or irreducible water sahua-

tion wfue.

T&lay, each if the diiond m&Ws .us&f to measure capil-

fary pressnrs is capable Of reatbing.a much higher ~ge of capif-

.kry pressures. 1 As a mult of advances in experimental tdmique,

it is now clear that. the concept of an irreducible water saturation

is not valid. It is also recognizd that the porous-plate and cendifuge

tschniquss otlsn have been used in such a Way that ~e &ta ob-

tained do not correspond to. me equilibrium conditions. 2

In this paper, Wbrine capillary pressure data me reported for

three nptched sw@es of Be~ saodstcme. l%e &ta were obtained

in the cap filmy pressure range tlom abaut 0.67 to 9.5 MFa [97

to 1,380 psi]. The corre+mnding brine saturations ranged from 10

to 3 % PV. Three difTererd experimental techniques were uwk (1)

high-speed centrifuge, (2) porous plate, and (3) WWJ. To the best

of my knowledge, m previous’ work has ,@en reported in .wbich

three diffen@metbcd.3 ,wre wed with a set of m3tched samples

Also, the data obtained in this work are. IAievedto be the &t higfy

pressure data repmted for sandstone yrnples with perm@ilitie5

above 1 md. Portions of the w~rk Oiat have been previously

present.edl.3 am not covered in detail here.

Cora .Dat? ~nd Methods

Table 1 giver the initial dry-core &ta for the three matcb~ Berea

plug samples. These samples we~” nominaUy 3.8 cm [1.5 in.] in

diametsr and 5.1 cm [2 in.] in length. DrjJ weights averaged 117

g, w@iIe..the average PV was 11.0 cm3. Gas penneabtities were.

about 200 red,. and the average porosity was 20.0%. After clean-

ing by &xtmcti6n with a boiling methanolhcduene mixture, all three

samples were saturated with a 2.0 W% NaCl solution. Because ait

~ tie displacing phase in the capiUary pressure ex@meqt3 with

these. samples, a zero contact-angle value was believed to be main-

tained in m cases.

The following wquence of airibrine capillary presure experi-

ments was. followed. First, rbe three plugs were simultaneously

desam?.red by the porous-plate merhcd at a single capiflary pres-

sure Ievet of 2.24 ma [325 psi]. The plugs were then extracted,

drird, reweighed, ind maturated with the same NaCl soIution.

Next, a high-sp&d-centrifuge dwatumtim” run w carried out on

all @e samples 3.t five .2,9mifiJge SpAS fim 4,2@ to 13,6s0

revhiin. FoliOwing this experiment, the pIug3 were again ex~-

ed; dried, reweighed, and risaturated. ‘f@ tinal experiment tint

ipvolved csntrhige de.wturation at about 10,OOO revhnin. -
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this step, one of the centr&ge csfk did not seal properly. For this:

~ea$cm, the sample held in this cell was not used in t@ubsequenr

WVD exp+ment. A de!aifed description of this last ex

and the resufts obtained are given in a previoui paper.

pnt

Fig. 1 is a schematic illustrating the pmus-plate meowi A com-

mercially available prersuie-membrane apparatus was u3e&4 The

membrane fuqisbed with this apparatus was of @e cellulose type.

No specird means were used either to prepare the ends of tie plug..

samples or to enmrs contact with the membrane.” The maximum

CSpilhry pressure at which the equipment was-fated, with this par-

ticular membrane, was about 6.5 MPa [1,000 psi]. It was antici-’

pated that localized drying of the membrane might occur dtig

a desat@ion run of 1 month or more because of its large Iateial

are+. TbiS would lead to gas bmktbrcmgb at the @nt at which ~~

&ying @xrred. To avoid this possib~, a small open bmker.bf

brine was placed in the pressure chamber. No tltid production was

iietected tier 38 days. Saturation was dekrminerf gmvimetricaoy.

Tempera~ was maintained at 23 +0.5°C [73+0.9”FI

The centrifuge capillary prawpre expsrimeti wa.t carried out with

a Beckman L5-50P Rock Core fJltracentrifugem.5 A three-place

rotor (FIR-16.5), design~ for pIug samples with ihe nominal di-

mensions specified above, war used. The overall run rime for SW

five speeds wed w3321 days. The lahxatmy Wnperature w main-

t8@ed, as in the porous-plti’ experiment, ” at 23 AO.5°C

[73*0.9”C].

A ~jor contem m high-speed-centritige NW over an extend-,

ed time period is the possible failure of the so+kd Hassldxmnrf-

W, COJMMOL6J m &iIUIV &S WfI&II b diWWIU&t

pressure for a particular sample is exceeded in the pores leading

from the interior of the plug to the bounday at the $aitom ?nd-

face. fn the p%sent work, the sample penneabifity .@peirs not to

I@ve been sufficiently high for this problem to cccur. Fig. 2 shows

the capillary pressure value at which the Hassler botidary condi-..

tion is expectrxi to f.d as a.fumtion of pmn~ihty.c E the sam-

ple permeabifitie.:in the present work had exceeded about 4LM red,”

failure of the HassleI’ boundary condition might have cxcurre@ A

m&e &tailed distission of the boundary-condition problem has

been presented by O’Meara t-r af.s

~ rnethcds of rnessuring W* prms~ exert stresses on the

=Ples ~dergo~g -g. Obvimsly, errors would car if these

3tre3ses caused a signiticamt change in the internal @m structure.

The pbssiiility of aperrnanent, in mnlmt to a purely ebstic, change

was mcmitof+ by redete nnining the. sample weights and PV’s af-

ter each of the tit two methods w+ applied. The combined effect’

of the pemus-plate measurement (46 days) and the high-speed-

cemrifuge m (2.1 days) was to decma?,e the sample weight by atmur

0.2% and to increase tbemeamrcd PV by about 0.3 %. These ob-

3erWi0n3 indicate that Ole increase in pmosity was Oldy .Aut 0.4%

of the ini$al porosity.

As already suggested, each method of measuring capillary pres-

sure has an inherent fimitation with respect to the maximum value

of the capillary pressure that can be.reached. For the pomus.plate

rnethd, Ods Iimitadon,is determined by the size of the largest FOES

in the inembran.s material used. For the centrifuge metbcd, rhe limi-

tation is a resuk Of thefaibm of the wskr wundarj conditions
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TABLE 2-AIRMRINE POROUS-PLATE

CAPILLARY PRESSURE DATA.

Equilibrium Time”. SW

S2mple (i#a). (days) (%)

‘ E22-5 -zii 36 G&

B-22-2 2.24 38. . . e.2e

Q-wS-l 2.24 2s 6.13

%mPmWe-22ML50C, 20 wI% NaU .bflne.

. %lsl mm dim -43 day%. ,

Fig. l-schematic, capillary pmssk measurement by

pomu%plate methnd.

w ihatai previously. For tkWVD method, tie limitation arises

when the tensile smengtb Of the liquid phase is reached. The av2il-

zble experimenkd evidznw relating to this limitation IM2 been r+

viewed pr6vinu31y.3 Tbi2 evidmce indicates that tbz Iiudt is zt leazt

27.5 MPa [4,000 psi]. In the capillary pressure ~ge a’W’e ~ut

12 MFa [1 ,740 psi], however, wrk%ions to the ckw.sical form of

the Kelvin equation rosy.b+ required. Thus, in a previous Rwew!

of the imitations of each capillary prii$we methcd,, ~e value of

the limiting ziribrine capilfr+y prezzureindicatedti 12 MI% [1,740

psi]. It zhould be emphasized that this very -rvative _

of the Iimi@ig vzlue refe%” only to the uze of the uncorrected form

of the K&in equation. W&n the. more gmer~ fO~ Of ~

equation3 is used, the WVD methml is applicable over a much

Izrger rznge of capilky prezswe values.

Results

.Tzble 2 records the airibrine capillary pressure data obtained by

the pmus-plate mdnd at a single pm% level. ‘fheaverag6 briae.

saturation for the * plugs was 6.26%, with a stmdard d6vii-

tion of 0.09 satumtion %, or 3b0id 1 .5% of the aver3ge vzfue. Tbi3

deviation indicztes excellent 3gre6ment zmnng the tluw Z2mplez.

Thebng equilibration time of 38 days is obviously a serious dis-

advantage in the routine use of this metbnd. A snmewhat shoper

dmemightb2vebeenrequimdh2dtbo22mple2he.enPard2Uy@-

rated by another methnd before beiig placed $ the pressure cham-

ber of the equipment tied. OXI @e other hand, this procedure

probably wotdd.have redbxf m a farger stdard dev+tion because

zdditionzl sourcez of error would be involved.

1
,Jn Ttible 3, tbe prinmry &ta obtied from the bi@-,@-

centrifrrgz czrpiilm-y pm- measurement are given. A run time

of 6 days was used at each of the three highe+t speeds. IKI all cam,

e@iirium appred to be reached at a considerably shorter time

than the ti time zdnpted. The agreement zmong the avwzge satu-

rmicm ‘vaIu@” at a given _ waz lesz Wi2factory tbzn for the

porou.s-plzte experiment. On avemge, the ztmdard &v&ion, ~

a percent of the av3r2ge 3am@m vzloe, wmz abi?ut three tir&2

Iarger than in tbe Forous-PWe case. This dwr- in.* p~i-

sion no dnubt result$ bicaus.$ the saturation determined by a volu-

metric method k lezz zccumk than Omt detwmincd by a gmvimetdc

methnd. The deviadonz in the cenUMge speed v31ue2 over the

iourze of a run at zny one Z@ tiefe about i 10 revhdn.

The centrifuge sped d3ta ad the avenge 22tur2timi &ta were

conve@d to the corresponding top endface P. wd .$. v~ues.ti

rh+usud emlatiom U2ed in Om int6r!Jretati0n of PrinMrY KWrifW
@.6 T~~ 4 @,= @ avemg~ OF the t~ a c@@ pK2-

zure ad Wuradon vzks for the three plugs. The usual H2221er

zpproximmion w23 wed Ixc3use it involves only a smzll error in

the Iow-zatumtion rznge.$ ~lg. 3 is a plot, cm logarit@@ SIX&S,

of the endfiaw mpillmy presure m a timction of the avemge s2tu-

rztion in the core plug. The zlope of tbiz function is plott+l vs. the

endface capillary pressure in Fig. 4. TIE wdtres of Om SIOP6 shown

in Fig. 4 and given in Table 4 were used m Om calculation of the

H222fer endfzce zatumtiom

IU Fig. S/the rwults of the cenmifuge method me shown as a

plot of log P= vs. log SW. tNso shown is the pmus-plate result

obtained at a single pressure level. The line defined by the three

% WE Reservoir El12kdn& Febmay 1990



TABLE 3-PRIMARY DATA, AIR/BRINE CENTRIFUGE RUN.

Centrifugal S&d

(revlmin)

4,620

6,060

7,s40

11,130

13,680

Run fime

(days)

1
*..

6.

.6

6

7wnv#@m -23* 0,5-C, 2.0 W% NaC1 brim,

Te.m $h.tdwn caused by F+w, outage that cawed alter 7 day

at this SW@.

TABLE 4–AIR/BRINE HIGH-SPEED-CENTRIFUGE

CAPIIJJV7Y PRESSURE DATA.

(If;a)

G
1.37

2.2s

4.60.

6.95

<Sw >

(%)

.16.7

, 13.4

10.6

. . .“8.1

6.6

0.452

0.466

.Avwa& dale for three PIW $amP!e%

. .Delermin,d from ,mcathed @at ,1 In P. vs. 1“ <Sw >

ho. .dfae3 9sl”raum. waster am,aml.”m,

(s$& t

10.1

7.9

6.2

4.4
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Fig. 5—Endface capillary pr.assura vs. endfaceaafuraflon.

TABLE 5–COMPARISONS OF AIR/BRINE CAPILLARY

PRESSURES BY DIFFERENT METHODS

“ Sw (%)

(($.) Centrifuge Porous Plate WVD
— —

G 10.1 — —.

7.37 7.9 —

1.24 6:7

2.24 6.3

2.2e :2

4.60 4.4 —

6.37 — 3.9

6.95 3.5

9.36 — 3.3
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WVD values reported previous1y3 is included io Fig. 5 for com-

parison. The ex@3ent agreement betw03n the porous-plate result

and the high-spwed-cenhifug~ data is wident.

Tattfe 5 mmmafizes the dats obtained by alf three methods. Also

shown in Fig. 5 are the individual data points obtziwdby the WVD

method. Note that the WVD data represent the average results for

two samples, whereas the pmus-plzte and cetige data are aver-

ages for three samples. The agreement among ao three metbcxls,

along with the small standard deviations of the values for individu-

al SZIIIP1OZ when tested by any one of the methods, provides sting

evideoce that the data are valid.

Dlecusdott

Previoiw ziudies of reservoir-rock samples in the high-pressure, low-

saturation region of the capillary pressure corve have been ~i$

liited in scope. In the fist such study, by Calhoun er al m

1949, WVD data were obtained on four zzsnples of artiticiaily con-

soli&ted sandstone. Obviousfy, clay mioemls were noi present in

these samples. On the other hand, the consoli&ting material may

have been zufficiendy porous to affect the rezultz. Por0u3-pMe capil-

lary pressure data were rcqmqed, but these data were r-tricted to

the low-capiOmy-presmre nmge-i.e., below 4C0 Wa [58 psi]. The

WVD data were restricted to the range al-we 7 Mpa [1,W3 psi].

Consequently, verification of the WVD &tz by comparkon with

a second method was not possible.

A second study that used water-vapm adsorption as well as

desorption was reported by Hsieh and RaIOey10 in 1983. The BeM

sandstom samples used in that work were similar to those med in

the present study. However, the capillafy pre.szurm computed from

the Kelvio equation were in excess of 40 MPa [5,800 psi]. fn this

range, a method bawd on va~r adsorptionldosorption is clearly

the ordy idetld applicable. As pointed out previously, however,

in 0d2 moge, the goneml rathef thao the approximate form of the

Kelvin equation must be used.

A more recent study by Ward and Mormwll apprs to be the

first iowbich WVD data were actually compared with data. obtained

by a second method. It was found that over the range of airibrine

capillary pressures from 1.4 to 5.5 MPa [2W to 8@l psi], indepen-

&nt bigh+pezkenuifuge data were in appmximak agteemem with

WVD &@. Tbe8e dsta were obtsioed on a set of five different core

plugs taken from various low-pemueabtity (<0.1-md) gas sands.

The range of overlapping capillary pre3sure3 genendly correqmded

to brine saturations ~.mging ikom 25 to 45%.

A final study relevant to this work is that of DuOien et CZ1.2 With

a calcined Berea smdztone zarople, m oilibrine pomus-pkde capil-

Iary pressore of 100 kpa [14.5 psi] was found to reduce the brine

saturation to about 10%. This capillary pressure is approximately

eqoivzdont to zn &/b&e capilluy pressure of 200 kpa U9 psi].

Thus, at equivalent cipilhy pressures, the saturation reported by

Dulli.m et al is significantly less tbao woold be espectti from an

exhapolation of the &h obtained in fhe presem work. 2’fds differ-

ence in saturation, however, can be amibuted3 to the deshucdon

of surface area and micmpormity by the procedure used to ensure

watmwet conditions. This procedore involved heating the samples

at 6013°C [1,112”FI for 2 days. Despite the lack of agreement in

the observed saturation, the work of DuIlim et al. 2 clearly shows

that the concept of a limiting or imeducible wetdng-phase satura-

tion in sandstones is not suppmted by carefully conducted ex-

periments.

Another metlwd of obtaining capiflary pressure data in the bigh-

pressure region iz mercury injection into an evacuated sample. This

method was not attempted in this simdy for two reasons. First, a

si@fic2m uncertainty existz about the proper method of scaling

the effect of differing conti-angle values. Because the pore walls

in the low-saturation region are predominantly converging imfead

of parallel-i. e.,cyliidricaf or slit-shaped-the factor cm 8 clear-

ly is not an appropriate scaling factor. ff this factor is adopted to

wale the capillary pressure ccurdinate, an additive correction to

tbe saturation measured by merctuy tijecdoo is required. Mcdel

calculations show that this converging pore-wall correction is faf

from negligible. 12 Second, mercmy-injection data indicate satu-

rations in the high-pressure region that are tti low because of the

absence of a contribution to the smuration from vmtdng fb. Model

cafcoIatioDs again show that this is by no means a negligible con-

tribution. 12

An important point to emphasize is”tbat esch method of oMain-

ing @OW pressure data has its own advaotzges, limitations, and

special problems relatiqg to the interpretation of the primary data

obtained. In attempdng to extend a padculm medwd into tbe high-

-pressure region, all these factors obviously require careful consid-

eration. However, the limitations and s~ial problems encountered

with a given methcxl are not always clearly defied and self-evident.

Therefore, the only way of establishing the ~ditj!of the datg b ,.

tied is to use moro than one independent method, which is the

approach taken in this work. The gmd agreement among the th~e

techniques us~ greatly enhances the probability that the results are

valid. Each of the techniques used awears to b+. free from si@-

cant systematic errors over the capilkuy Wessum range studied.

A final point refztes to the form of the capiflary pwssure curve

in the high-pressure, low-saturation region. me data in Fig. 5 in-

dicate that log P< is linearly related W, log Sw in tie re@n in qua-

tion. This linear relationship WY be a cbarwtaistic feature of the

micmpmsity associated with the assemblage of cIay minerals pres-

ent in Berea 3and2tone. Further stodies of the Idgh-apilfay-presmre

region in other sandstons” are Ckdy !-.

Concluslcms

1. New experimental capabilities have extended the traditional

limits for measuring capilkwy pressures on reservok-reck core-plug

SZmples.

2. 3iI the low-watez-satumtion region, the prom-plate,” high-‘

-+en~ti!ze. and WVD measurements afl give concordant re-

&lts when pr;p&ly used.

3. Theme of more than one independent rnedmd appears to be .

thc otiy way tO establish the validity of r+ts obtained in the higb-

capilkwy-pressure rznge became the eqmimenttd difkofties aris-

ing in this range are not ahv.zys easily recognized.

4. For Berea samples with permealdfities of about 200md, tie

plof of log P= vs. log SW is linear in the Iow-sahuation rc+w, no

evidence for a minimum or irreducible mtgratirm is found.

5. At the 9.5-MPa [1,380-psil airh’ine capifkmy pressore level,

the brine saturation for Berea sampleswos found to be about 3 %

Pv at 670 kpa [97 psi], Me saturation was about 10%.

Nomenclature

Pc = capillary pressure, MPa @sil :

&’c)H = capifla-y pressure calculated with Hassler

approximation, MPa Ipsi]

(P,)I = top endface capillary pre.%ure,. MPa [psi]

(Pc)l,cnt = critical value’ of (Pc)I,MPa @si]

SW = brine saturation

T = tenqwature, ‘C ~m”

@ = contact angle, depees

Acfmowledgmenis.

Appreciation is expressed to Mobil R&D”Corp. for tie release of
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