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Discussion of Valid CapUiary Pressure Data
at Low We?thmmPhaseSaturation
A.M. Saldl, SPE, A,M, Said~& Assocs,

Melrose (Feb. 1990 SPERE, Pages95-99) presented the results
of water/air displacements on several Berea sandstones at low
wetting-phase saturation using a very-high-speed centrifuge irnd a
semipermeablemembranewith a high working differcntiiil pressure.
In theseexperiments, air invaded all the pores of the samplesafter
the applied pressure exceeded a cetlain value (say at most 1 bar).

My concern is the use of the term “capillary pressure” for the
differential pressure larger than the value at which all the pores
are invaded physically, The following discussion provides a basis
for saying that the reduction of wetting-phase saturation at isdif-
ferential pressure higher than that at the start of the sharp P, in-
crease is not a capillary pressure process; a shearing or tangential
force causes the reduction of the irreducible liquid saturation
thickness.

If the laboratory-measured differential pressuresat low wetting-
phase saturation are used as the prevailing capillary pressuresbe-
tween two phasesin any reservoir, while the irreducible wetting
phase is assumedto bc under hydrostatic conditions, one can cal-
culate a negativewetting-phasepressurewhen the reservoir pressure
drops below a certain positive value, This could cause a problem
when high-relief reservoirsare studiedwith a commercial simulator.

Capillary pressure [Pc =u(i/rl + l/r2), where rl and r2=
principal radii, and U= interracial tension] rcprcscnts the required
pressure difference to transform tho initial contact into a moving
interface during flow through a conduit initially saturatedby a pure
com~ncnt. I saya pure comporrcnt becausethe solid surface may
prcfcrcntially adsorb more of the more-wetting comporrcnt than is
present in a rnisciblc mixture.

In a capillary tube, the wctt ing phwc rcischcsthe’ ‘irrcduciblc”
saturation (adsortx!d film) when 40=P{.=2u/r (t?=O) is cxcrtcd on
the wetting phaseby the nonwctting phaseat the entry of the tube.
Kl\ssakov and Mckcnitskaya I measured a water-tihn thickness of
abo It 0, I Am in a capillary tube initially tilled with water and dis-
placed by air or hydrocarbons. When a capillary tabc is invaded,
it nwy seem that 4)= dr betwccn the wtrtcr til m surrounding the
mntwctting phase; the PC restriction for the nonwctting phaw to
flow through the tube is zero, If u prcssuru gradient lwgw thnn
the displacing pressure between the two ends of the capillary tuhc
is upplicd, the irrcducihle wti;cr llhn decreasesfurther. In this case,
the pressure diffcrcncc bctwccn tbc wutcr film imd cacti point in
the capillary tube will bc slightly Icss thitn cr/rbcciitts~ r is now
r+ c, thmrghthe pressurewithin the cupillisry tube, p, is much higher
than 2u/r. Thcrcforc, the PCrclutionship does not iipply 10a ~i\pil-
hsry tube ttt nr beyond the irrwhrciblc satunttion,

Similwly, the cupilhtry pressureof a sirturittw.fporous siunplc rcp-
rcscnts the entry pressure of different pores by the nonwctiing
phusc,2 After a pttrrm stimplc is disphwcd to its ‘ ‘irrcducihlc”
sausrutinn, the nonwcttiog phitsc tlows through the swnplc without
P,, restriction, This im!)lics that the iwcducihlc wmsrntion is part
of therock M fisr us P{, is conccrnwl,

Stwcral stutlics were made on diffwcnt wo.w.wet stindstoncout-
crops tu show hnw the wetting satunrtinn Chill.&JS whh incrwtsing
nonwctting-phuw prwsurc, A highly accurutcporous-plutcuppttrutus
dcvclopetl by the h)st, ilunqtris du lWrolc* wils used. In Iht cx-
pcrimcnts, thtwc (fiffrrcnl fluid pisirs were uswt in u Vuuge core
wsmplc, Aftcrwurd, the core sntnplc wusr.lividwl into twn ports iu]d
the P,. of both picccs wirs mcirsurcd by mercury injcctiott, Results
of the four cxperimtmts, shown in Fig.D-1,indicutcd the following.

1, The P#mhtrution rclutionship is proportiomti tu tlIc u of til~h
tluid intir up to u pressurehcfbrc the stutt of the shm’pnonwcuing-
p}usscptwssurc incrcusc, with u slight dcviution towmt the Iowcr
wetting suturution.
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2. The common laboratory and field observations of a higher
water/oil than watw/N2 ‘ ‘irrcduciblc” saturation (a= 36 dynes/cm
compared with u=71 dynes/cm), clearly demonstratesthat the ver-
tical part of thesemeasurementsdoes not obey the defined P, rela-
tionship,

3. The water/oil experiment, with a u about one-half that of
water/N2 and an irreducible saturation about twice that of
water/N2, indicdtes the invasion of nearly all the accessiblepores,
Therefore, the transition from the PC-related (flat portion) and the
vertical portion that does not obey the Pc relationship mainly rep-
resents further wetting-phase dcsaturation of the already invaded
pores with smaller throats by the nonwctting phase(end effect at
different pore levels),

Therefore, it is evident that an essentialdifference exists bc.tween
the minimum differential pressureleaving a residual saturation and
the prcsstue difference across the intcrfacc of the residual satura-
tion at either the same pressure or a higher differential pressure
at which the residual saturation is fvnhcr rcduccd. The microscopic
process of the last case is further discussed below.

Dcryagin ~ noted the prescnccof a relatively immobile water film
of 0,15 #m, or 0.075 ~m on each surface, bctwccn two horizontal
glass lenses under stationary conditi’ms. Bascom et al, ~ studic[i
both UpWdrdand dowrtwtird movements of sqwtlane (C30H50) on
polished vertical steel, They measureda fairly uniform film thick-
nessof more thitn 0.2 ~m during upward movement. I)eryagin and
Kussakov5 measured different film thicknwscs up to 2 km on
tnkii. These cxpcrirncnts seem to suggest that the adsorbed Iaycr
(irrcduciblc saturation) hasncgirtivc pressurethat incrcirscsin mag-
nitude with height, This obviously could not bc the case bccausc
ncgati~c liquid pressurewith no curviuurc in the caseof a flat plate
imd ii constiustAp =u/r in a capillary tube has no meaning. This
behavior is similar to that of porous mcdiisafter irreducible satura-
tion is established,

As the pores arc invaded. the f,. bctwccn two moving phases
is srnidlcr in each pore body thal~the pore’s throat entry pressure
hecausc the mcim curvature between two phases in cwh pore is
tlattcr than that of the throat. The cxpcrimcnts of Yuan and
Switnson(’ contirm thesestutcments, A fully invaded pore contains
pcnthtlar rings with adsorbed llhn covering the rcmisining surface
of tbc grains, As in the ciri]illary tuhc. it would bc hwd to conccivc
thiit after the P,. in ir pore dccrcased, it would jump to a higher
viiltt~ corresponding to the apparent avcrtigc pcndulisr curviiturcs
in thtit pore, Except for the pcrtnciibility reduction, ii fhlly invaded
silnlpl~ itllows th. wmwctting phase to Ilow in a manner sin)ililr
10 ttlt! W~ttlllg philSC-i.C, without P,. restriction, TIN reponcd
~ash)il gravity driiinuLw cxpcrimcnts7 with the prcwncc of irredu-
cible wirtcr saturation in wtnd-packed columns show that oil satu-
ration appronchcs zero, indicut ing the abscncc of P,. trupping
bctwccn water ond oil, ‘llcrcforc, the prcscmcwof pmtduhtr rings
with possihlc Sn)iill curvatures dots not constitute a P{. rcstrictiun
for tbc nonwcuing phusc, though lllicroscol}ic;~lly” there could bc
2 ptwssurc diffcrcnw itcross the stationary inwrfiicc.

In prttcticc, ‘,9 the rwfuction of the irreducible Sillllratiotl is us-
sociulcd with exponentially incrwtsing tlw rtonwctting phase pres-
sure, Mimscopicully spcuking, for the (cm /’(, to bc used for the
prncm of mhrcing the irrutuciblc silturation in CilCh pore, it also
should correspond to tin cxponcntiul reduction in the rirdius of cur-
vature bctwwm Ihc two phasw+,Assuming that the pcnsfulirr rings
~otltilin the mujor purt of the irreducible saturiltion, wium the nOU-
wctting phaw pressure is inmcascd from n value of alxwt irreduci-
ble to ii pressure, suy, tbrcc times grcirtcr, the ct’thctivc ritdius of
asrwrturc dc~rci~s~sby ubuul tbc sumc factor, us shown in Fig. I)-
2, Such rcduclion of tile rudius of curwtturc should correspond to
u suturittiotl tlccrcusc by the ttbovc-mcntionwl rutiu to the Ix)wcr
of ubout I,7 (31? =5 tinws) when LV<20” (SCCRef. 10) if it t’ol-
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Fig, D.1-Meaeured poroue-plate and mercury.injection capll.
Iary prosisures for different wetting. and nonwotting.phase
Iluldo (RTEP projoct),
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JOWSi5e PC relationship, whereas it uctutdly decrcirscs by the
square rrm df the satura~on, asseenin Fig, D.~. That is, the _small
chtmge in saturation owing to the large pressure change represents
a very small difference in the curvature, and therefore the change
in the curvature does not follow the PC relationship.

Dcryagin 1l.1~ derived the following relationship for the film
thickness, h, on the solid rod as~’is pulled out at a very low veloc-
ity, v, from a bulk liquid with isaensity &, viscosity K, and a sur-
face tension between the two phases a:

/l=o,93(#\’)’~/( &g) fiuY6.

The parameters used in the experiments shown in Fig. D-1 irrc
Ao(w,N) = 1.0, Ap(w,o) =0,25 g/cm~, U,,,N= 70.5 dynes.’wn,
u,,,, =36 dynes/cm, U(,N=25 dynes/cnl, and K,,= 1,53 cp. The the-
oretical wotcr/N2 to water/Sohrol’rM film thickness rirtio is 2,27,
which is very close to the measured irreducible si~turationratio of
25/ 11,2=2,32, The thcoreticirl ratio of Soltrol/N2 to water/N2
gives 1,82, cornparcd with tb? measuredvalue of 16,3/1 1,2= 1,46.
The smaller Soltrol/N2 iwcragc film thickness is mainly a result
of ttw sionplc wctttrbility, which is not oil-wet, The reported tnci\s-
urcd irreducible saturation 1~ of 8,3% whwr irir disphrccs wistcr
with rJ=7 1,2 dync+crn imd p,,,= 1cp und of 8% whcn,uir displuccs
nwtbinrol with u =22 dynes/cnl, Ap =0,792 g/cm 3 and K,,,=0,64
cp gives the theoretical rutio of 0.986, which is also CIOSCto the
nwasurcd rutio of 1,038, Dcryugin’s equation suggeststhat uftcr
the film-ring saturations are cstublishcd, the udsorbctf film thick-
ness is u function of the wetting-phusc viscosity, TIN Birscom vt
cJ/.4 cxpcrimcms show that the longer molcculcs develop u thick-
Vr fillll On thC fklt vcrtictd walls, which is UIWin line with th~ mcas.
urcd wutcr.tilm thickrwss, 1,3

To futthcr demonstrate thut the low wetting-phase saturation (bc-
Iow irrcduciblc) is propurtionol to the udsorbed film thickness,
Dcryagin’s equutionand the measuredsaturationVS,pressurereport-
ed by Mclrose (his Fig. 5) wc used UIMI the results shown in Fig,
D-3, In this cidculution, the measured saturation ( 11,6%) at 6 bur
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Fig. D.2—Schematic croea aectlon of a pore ahowhtg the ra.
tlo of effective radll to the radll of the areaa below the menled,

was usedasa rcfercncc ~oint and f was assumedto be nrouortion
alto the applied prcssur;. The neis~y identical calculat~ aid meas-
ued values show the applicability of the concept discussed above,
That is, the volume of the wetting phase heId in a pendular form
is related to the adsorbed film thickness approximately by a simple
relationship h= f(S) =uAP - M when other parametersarc constant.

The pendular rings, which probably contain the major part of
the irreducible saturation, in an idealized form are the volume un-
der nodoid or hyperboloid surface around the Iincs connecting the
center of two contacting spheres (grains) surrounded by the con-
tinuous nonwetting phase. If the pendular rings are assumedto be
isolated (i.e., they arc not in pressureequilibrium with the adsorbed
film in a porous column), an incrcasc in the nonwetting phasepres-
sure would not alter the shapeof the rings. This is contrary to the
measurementsmade at high nonwctt ing phasepressure, Therefore,
the pendular rings arc in pressure equilibrium through a disjoining
pressure with the adsorbed film, as proposed by Dcryagin l?; i.c,,
the adsorbed film is F~lling the pendular ring from all sides,

The force per unit contact area with which the thinner film pulls
the thicker pendular ring, the disjoining pressure,1~ is given by
II/t =.@, where his the film thickness at elevation H from the bulk
liquid, ll=disjoining pressure, and Ap =prcssurc drop across the
boundary, This concept ;dso also suggeststhat the wetting phase
exerts a pressure on the solid that is a function of h, At irreducible
saturirtion, the thin film pulls the surrounding pendular rings, de-
veloping disjoining pressuresthat exert an equivalent pressure on
the solid grains. This is analogous to an elastic membrane cover-
ing u solid sphere, As the elustic membrane is puilcd from a point,
its thickness is rcduccd, it exerts normal pressureon the soli:l, and
the resulting frictional forcescounterbalancethe membrane’s weight
(it bchuves as if the mcmhrarw is pun of the solid),

The number of water rnolcculcs, 1,3 for cxisnsplc, within a di-
ameter of about 2,5x 10’~ cm extending out of a water-we[ solid
is ubout 10‘s/2,5x 10’~ =400, As the nonwctting phasepressure
is increasedto u value Gfabout or below the !wcduciblc saturiition,
the oulcr molecules mrrrc Iooscly adhered to the solid grains arc
removed, This causestile readjustment of all film-ring thicknesses
in the porous column, developing a krrgcr disjoining pressure und
thus cxcrling ii higher pressureon the solid surface, Thcrcforc, tbc
wetting molcculcs below the irrcducihle saturtrtionin a Vcrtkiil plutc,
cupillary tube, or porous medium urc not under hydrost;itic condi-
tions, They arc Iirwd up horizontally owing to the diffcrwnt forces,
und their weight is not added in the vertical (lircction, In a scns!
they arc Iikc v facadethat is attuchcd to the solid wall, TO scpisratc
eachmolecular layer from the wish requires irn exponentially higher
shcuring pressure diffcrcntiul ucross the udsorbcd Iaycrs,

An importunt issue in this process is thcrcforc the contact points
betwerm the porous plate und u draining porous sample. The cx-
iwrimcnts of Firoosiibadi and Huugc 1A clcurly show that two
porous bodies with closer gruin sizesdevelop better continuity thun
two with grain sizes thut arc fiil~hcr upurt, Review of u Iurgc num-
her of sandskmcand Iimcstonc corm of known specific surfircc arcu
with large permeability and porwity variations gives an average
film thicknesscf about 2 x 10’s cm tit their irreducible saturations,
An example is given by Suidi, 2
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S1Motrlc Conversion Factors
bar x 1,f)* E+ 65 = Pn
Cp x 1.()* E-03 = Pans

tJyncs/cm x 1!O* E +.00 = n~N/m
in, x 2,54* E+fJ(l = Cttl

ml x 9.869233 E-04 = I.Lm~

.Convorslon factor 18 0X3CI.
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