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In“CapillaryPressureinFracturedPorous
Media”(June1990JPT,Pages784-91),
FiroozabadiandHaugereportinterestingex-
perimentsshowingtheeffectofdifferent
contactingmediaoncontinuitybetweentwo
similarrocks.Theyshowedthata better
continuitydevelopswhenthecontactingin-
terfacehasasimilargrainsizethdrrwhen
thegrainsarer ,arser.Theyalsoreported
simulatedresultsofthreel-ft[0.3-m]blocks
withdifferentfracturearrangementsantia
seriesofcentrifugeexperimentsofsma)ler
coresstackedinvariousforms.The;as-
sumedtheblocksorthecorestobediscon-
tinuousandusedfracturecapillarypressure,
P,f, andfracturerelativepermeability,
&,ofiwithoutexperimentallyverifying
them,to cafculatestackdrainage.They
simulatedapproximatelytheoverallrecov-
eryfromtheMockswithoutmatchingthe
liquiddistributionoftheupperblocks.

Thepurposeofthisdiscussionis(I) to
demonstratethatFiroozabadiandHauge’s
calculatedPc,isincorrect;(2)todiscuss
whytheywerenotabletomatchthefluid
saturationindifferentblocksandtherefore
whythePCf- krofapproachisnotapplica-
bleinsolvingcapillarycontinuitybetween
blocks;and(3)toshowhowtousethecon-
strictionconcept1‘310historymatchacor-
rectfluiddistributionindifferentblocksin
oneoftheexperiments,

Asliquidflowsfromanuppertoalower
block,theverticalpermeabilityo,0.007-in.
[0.18-mm]-diametersphereswithcubic
packing,as shownin Fir@zabadiand
Hauge’sFig.5,exceeds200darciesandis
no!ifltheIt)-to-20-darcyrange.Thetheo-
reticaldrainagethresholdpr(ssure,
Pcf=2u/r(0=0),wherer isthe~,ffective
radiusofthemovinginterfacethro~ghalay-
erofO.007-in.[0,Itl+runldiameterspheres
withcubicpackingbetweenparalIelplanes
(theirFig.5)saturatedwithanoilofo=24
dynes/cm[24mN/m],isaboutO.I psi[0.69
kPa],notOpsi[0kPa],whengasenters
fromthesideface.FirrozakadiandHauge
ignoredthefactthatthePcofasamplesatu-
ratedbyanonwettingphasehasadifferent
irreduciblesaturationandshapethanwhen
it issaturatedbythewettingphase.The
former~.hasmoreofanL-shapethanthe
latter.Therefore,theirEq.4hastobecor-
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rectedforsuchdifferencesbecausetheBerea
sandstoneiswater-wet.Afterthefractures
areinvaded,oilflowsverticallywithavery
lowoilSaturation.Therefore,theimbibition
P,f,whichisthemeanpressuredifference
acrossthemovingoilinterfaceflowingout
fromthematrixporesandthegasphasein
thefracturewithamuchsmallervaluethan
thedrainagePCfforthesamesaturation,is
applicable,notthedrainagePCf.Firoozaba-
di andHaugeusedpressuredifference
acrossthestagnantga.doilinterfacebetween
thegrainboundariestocalculate~f. fnthe
absenceofa horizontalfracturepressure
gradient,itisalsonotclearhowtheywere
abletouseaPCfofupto1psi[6.9kpal.
Whenthemaximumfracturepressurediffer-
enceApghisabout0.3 psi[2.07kPa].
Therefore,thefracturePc~,k,of, andkf
usedin theircalculationsarenotwell
founded.

Todemonstratewhytheycalculatedmuch
lessrecoveryfromthetopan~muchmore
fromthemiddlebIock,itisfirstnecessary
todemonstratehowsimulatorstreatf, and
~.f. Introducingfracturecapillarypressure
reducestheeffectofmatrixPCbynearlythe
nlaximumP,fvalue(Fig.D-1)becauseoil
saturationinthefracturebetweendraining
blocksdropstoaverysmallvalueasthe
drainageratefromtheblocksisreduced.At
thispint,1shouldmentionthattheduration
ofmaximumdrainagera:ewaslessthan10
hoursforExperiment2andabutI hourfor
Experiment4duringwhichthefractureoil
saturationremainedhigh.Thisisincontrast
withFiroozabadiandHauge’ssimulated
fractureliquidsaturationof0.7I after32
hourswherethedrainageratefromthe
blocksdroppedtolessthanone-thirdits
maximumvalue.Thiswasachievedbyas-
signingfracturefc~andk~,,fandusinga
fracturepermeabilityof 10darciesrather
than200darcies.

AsmaybenotedfromFig.D-1,thePC
oftheuppertwoblocksshouldbereduced
considerablybecausethemajorportionof
eachmatrixblockiswithinthecapillav
holdupandthetopblockproducesnearly
downtotheresidual.Thisiswhy~ >1.0
psi[6.9I&a]isnecessarytodisplacethetop
matrixPCtoareasonablevalueforExperi-
ments2and4.However,asshowninFig.

D-1a,afterthematrixPCisdisplacedtoa
sizablebreakthrough,muchmorePC.isre-
quiredtodisplacethePcfurthertohavethe
correctresidua!oilinthetopblock.Inother
words,ifP,fwereincreasedto2psi[13.8
kPa],forexample,theupperblockcould
haveproducedavolumeclosertotheactuaf,
butthemiddleblockwouldhaveproduced
proportionallymore,whichmeansgoingin
thewrongdirection.Therefore,thereisa
P,fthatmakestheexcesscalculatdrecov-
eryfromthemiddleblockcompensatefor
thelowercalculatedrecoveryfromthetop
block.Thus,itisobviousthattheseexperi-
mentscannotbesimulatedproperlybyvary-
ingtheabovearbhraryparametersandre-
quireadifferentapproach.

Thefollowingunpublishedexperiment
furtherdemonstratesthattheaboveapproach
cannotbeusedtomatcheventheover-d]his-
tory.Severalgravity-drainageexperiments
weremadeunderanNItXYShelljointre-
searchprojectin Rijswijk(1975-78)on
differentcores.Time/recoveryofeachcore
wasfirstmeasuredforaspecifiedgas/liquid
system.Thecores,oneofwhichwasdivided
diagonallyintotwoparts,werethenfrac-
turedbyapplyingverticalstress.Thisin-
clinedfractureplaneextendedfromapproxi-
matelymidheighttojustabovethebottom
ofthecylindricalcore.Thisfracturedcore,
amongothers,wasresaturatcdandallowed
todrain,similartotheunfractured-coreex-
periments,Thefracturedcoreproduceda
maximumof2%lessthantheunfractured
experimentduringthefirst15%ofdrainage
time.Thisdifferencewasreducedtoabout
O.I%towardtheendofdrainagetime,Ths
experimentshowednearlyfillcontinuitybe-
tweenthetwopieces,theupperpiecehaving
nearlytheentireinitialheight.IfFiroozabadi
andHaugesimulatethebehaviorofsuchan
experimentusinganyhypotheticaldataand
aPcfsimilartoanyofthoseusedintheir
experiments,theywillfindafinalrecovery
muchhigherthanthemeasuredvalue,be-
causetheupperpiecewillreachitsmaxi-
mumrecoverywithPCf=0.Therefore,the
problemofpartiaforfullcontinuitybetween
blockscouldnotbesolvedcorrectlybythe
P,f–kmfapproach,

Duringthemaximumdrainagerate,an
excesscontinuitythroughliquidbridgescan
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Ffg.D.2-Measuredandmatchedrecoveryve.time(CrIae2experiment).

existbetweenblocksthatdisappearsasthe matrixholdutrhei~httoone-halftheaver-
drainageratefromtheblocksdrops.There-
after,contimtitybetweenblinksremains
throughmorepermanentliquidcontacts
coveringthesurfaceofthesolidsincontact
betweentheblcwks.Continuityresulting
fromtheliquidbridgeisafunctionmainly
offractureapertureandthesizeofliquid
dropletsfallingfromtheupperblocks,
whichisa functionofinterracialtension.
Continuitythroughpermanentliquidover
solidcontactsisafunctionoftheratioof
theaveragecontactareatotheaveragearea
betweenthecontactsandtheratioofthe
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agedistancebetwecnthecontactpoints.1,2

Asmaybenoted,thecontactareadevel-
opedthroughliquidbridgesandliquid
coveringthesolidcontactsisnotphysically
measurablebyadirectmethod,However,
becausetheconstrictionfactorisequivalent
totheeffectivepermeabilityoverthematrix
permeability,itsvaluecanbecalculatedby
historymatchingtherecoverycurve.This
wasdoneforExperiment2 usingkm=
~3.5,where~i5theno~ali~edOi}Satljra.
tionwithmS.,=0.35.AsimplematrixP=
withaconstantthresholdheightof0.567psi

[3.91kPa]wasfoundtogiveasgoodare-
sultasamorecomplexPcfunctionandthe
analyticalequati‘1givenpreviously.1,2

WithFiroozabadiandHauge’sfluidand
reckdata,recoverywithcompletecontinuity
betweentheblockswascalculatedandis
giveninFw.D-2.TheExperiment2reeov-
cf] curvewasthenmatchedperfectlybycal-
culatingtheconstrictionfactoror the
effectivepermeabilityratio.Thisfactoris
0.666?~(ingthefirst3 hours,reducesto
0.5fromabout3to7hours(transition),and
staysat0.4until96hours.Themainreason
forusingalarger,earlierconstrictioncoeffi-
cientisthepreserreeofliquidbridges,asdis-
cuswdearlier.Themeasuredrecoverycurve
isthereforeconstructedbymultiplyingthe
timesc~leofthecalculatedcurvebythein-
verseconstrictioncoeffici:nt.

Themeasuredrecoveric,after196hours
andafterapplyingstressontheblockswere
0.581(top)and0.151+0.042=0.193(mid-
dleandbottom).Thecalculatedvaluesafter
1%hourswithoutstressare0.577and0.188
forthetopandthetwolowerblocks,respec-
tively,whichareextremelyclosetotheac-
tual values.FiroozabadiandHauge’s
simuIatcdrecoveryfromthetopblockafter
%hoursis0.581–0.406=0.175lowerand
thatfromthemiddlebiotkis0,29–0.151=
0.139higherthanthemeasuredvaluesafter
196hours.Amuchlargerrecoverydiffer-
enceshouldbeseeninthemiddleblockif
theauthorsextendtheirsimulatedrecovery
to1%hours.Theynotedtheabovemajor
differencesin theirsimulatedexamples:
however,insteadofreconsideringthepos-
sibleproblemintheirapproach,theycmr-
chrdedthatthedifferenceiscausedbyan
unknownmechanism.

TheirArrangements2and3ofcentrifuge
experimentsshownearlya fullcontinuity
belweenthecoreswhentheyarecorrected
forthedifferenceintheirtotallength.That
is,recoveryhistoriescanbesimplyrepro-
duced,withacorrectfluiddistribution,by
consideringeachstackasonecontinuous
block,ratherthanusingarbitrary~.f and
kr(,f,Forexample,FiroozabadiandHauge
useda drainage~.f of40psi1276kpal
whilethemaximumoil/airpressurediffer-
enceinthebottomfractureisaboutI I.5psi
[79.3kPa].Notethat(I)Arrangement2of
bothcaseswithk=1.8mdgavealmostex-
actlythesamerecoveryhistoryasArrange-
ment1withk=3.I md;(2)thebottomcore
ofArrangements2(k=1.8md)and4 (k=
3.I md)withonly0.09cmdifferencein
lengthgavethesamerecoveryfittheendof
theexperiment;and(3)the3.27-cmcorein
Arrangement4 hasamuchbetter~. than
the3.17-emcorebecauseitproduced8.4%
morethanthelatterunderthesamecondi-
tionswhenathresholdof1.4cmisdeducted
fromeachsample.It thereforeshowsthat
thecoresusedintheseexperimentsareex-
tremelyheterogeneousandthatthe6.5%
reeove~differencebetweenthetwoAr-
rangements4 iscausedmainlybythe9%
extralengthofCaseI andchangingofthe
positionofthetopcoreinCaseI tothebot-
tomcoreinCase2.Fromtheabovefacts,
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, itwouldnotbeappropriatetousetherecov- Iiquidfilrrrisforcedtoflowthroughthecon- R*fiisroncos*E 21892
etydifferenceofArrangements4todraw
anyconclusions.

Itappears4thatthemaincauseofblock-
to-blockinteractionisstillnotclear.The
confusionarisesfromaccidentallycalculat-
ingacorrectresultwhensimulatingastack
ofblockswithhorizontalfractures.Thisre-
sultsbecausethereisnochoiceregarding
drainingliquidintoa horizontalfracture,
withnohorizontalpressuregradient,except
toflowthroughthelowerblockwhenthe
rateislessthanthemaximumrate.Experi-
mentsI showthatthesameprocessexists
whenliquidispouredoveratiltedfracture
associatedwithafullysaturatedblocksbe-
causethedrainingliquiddevelopsa film
overtheblocksurface,whichissurround-
edbyg?;,Aslongastheliquidfilmiscov-
eredbygasphasesurroundingtheblock,the

tattingmatrix.Thedrivingforce(Fig.D-l)
isthehighergaspressurethanoilpressure
whentheblockis fullyliquid-saturated.
Whenthematrixgadoilcontactisadvanc-
ing,thegas/liquidpressuredifferencede-
creaseswhilethe imbibitioncapillary
pressurebecomesactive,To simulatethis
prrxess,onemustsubgridthetiftadfracture
thicknesssothatliquidflowsrapidlytothe
fracturegridincontactwiththematrix,Be-
causethepressuregradientinthevertical
directionislargerihanthatalongthetilted
fractureandIheaveragefilmlengthcover-
ingtheblocksismuchlargerthanitsthick-
ness,theliquidfilmflowsthroughthe
matrixratherthanthetiltedfracture.The
liquidinfiltrationintoa blockowingto
gas/oilpressuredifferenceand/orcapillary
pressureisdiscussedinRef.I (Page637)
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