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Abstract

Completionof casedandcementedvells by shapedhage perforationcausests
own damageo the formation, potentiallyreducingwell productvity. In practice
it is found that underbalanceonditionscleanup the damagedzoneto someex-
tent, however, the mechanism®f theseprocessesre poorly understood.Most
hydrocodegypically usedto simulaterock responsé¢o shapedhagepenetration
do notprovide permeabilityestimatesFurthermorethetime scalesor formation
cleanup arepotentiallymuchlongerthanthe periodof jet penetration.

We have developeda simple,yet accuratenodelfor the evolution of porosity
andpermeabilitywhich caneasilybeincorporatednto existing hydrocodesising
informationfrom the history of eachcell. In addition,we have developeda code
that efficiently simulatesfines migrationduring the post-shotsuige periodusing
initial conditionstaken directly from hydrocodesimulationsof jet penetration.
Resultdrom aone-dimensionahodelsimulationarein excellentagreementvith
measuredinesandpermeabilitydistributions. We alsopresentwo-dimensional
numericalresultswhich qualitatively reproducesxperimentallyobtainedperme-
ability mapsfor differentvaluesof underbalance Although initial resultshave
beenpromising,furthercomparisorwith experimentis essentiato tunethe cou-
pling betweenthe hydrocodeand fines migration simulator Currently the per
meability modelis most appropriatefor high permeabilitysandstonegsuchas
Berea) but with little effort, the modelcanbe extendedo otherrock types,given
sufficientexperimentaldata.

1 Introduction

Shapeahageperforationis afield proventechniquefor completionof casedand
cementedvells. The perforatingprocesshowever, causests own damageo the
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formation,potentiallyreducingwell productvity. In practiceit is foundthatthis
damageaoneis someavhatcleanedupif the pressuren thewellboreis setlower
thanthe formationprior to perforation.However, the mechanismef the damage
andclean-upprocessearepoorly understood.

Optimizationof perforationperformancerequiresa capabilityto predictthe
influenceof variousshaped-chae parametergunderbalancegverbalanceand
liner and chage design)upon post-perforatiorpermeability Most hydrocodes
typically usedto simulaterock responseto shapedchage penetrationdo not
provide permeability estimatessince the rock permeabilitydoesnot effect the
progresof thejet. Hydrocodeslevelopedto simulatetheseeventstypically only
considerrock propertiesvhich directly relateto rock strengthandmechanicate-
sponsge.g.: porosity). Over the time scaleof a shaped-chae perforation,it is
assumedhatary fluid within therock hasnotime to move betweerpores hence
permeabilityis assumedrrelevant. Furthermorejet penetratiortypically ceases
afterafew hundredf microsecondandthe post-shosurge period,known to be
crucialin determiningthe final permeabilityof the perforation,occursover time
scalesmeasuringseconds.

While permeabilitydoesnot directly impactthe mechanicafresponsef the
rock, clearlythe permeabilityis expectedto changen responsédo porecollapse,
bulking, microfracturing,andfinesmigration. Many authorshave soughtto relate
final permeabilityto the stresshistory of a hostrock. Papamichostal.[1] used
poroelasticityto predictthestressedueto ashaped-chgejet. Theseresultswere
combinedwith estimate®f graincrushinganda simplepermeabilityrule to esti-
matethe extent of the reducedpermeabilityzone. McKeeandHanson[2]devel-
opedanexpressiorfor theradialdependencef permeabilityin rock createdby a
singlechage. Theirtechniquerelatedpermeabilityto estimate®f fracturingdue
to an explosion. Theseapproachesssumedelatively simple configurationsn
orderto obtaina descriptiorof thestressnducedin therock. ZhuandWong(3,4]
investigatedhe relationshipbetweenpermeabilityand deformationusing a net-
work modelandprovidedinsightinto theformationof connecteanicrocracksand
theirinfluenceuponpermeability

In previouswork[5], we developeda simpleyet robustmodelwhich hasbeen
incorporatednto existing, provenhydrocodesHowever, this approacheglected
theinfluenceof free fine particles,which reducepermeabilityby blocking pores
andareexpectedto beremoved by underbalanceDey[6] suggestshe migration
of clay particlesmay irreversibly reducepermeabilityby 30% after cyclesin ef-
fective meanstresof aslittle as30MPa (while porosityis obseredto beentirely
reversible). The perforationprocesss expectedto produceand mobilize mary

2



fine particleswhich subsequentlyeducepermeabilityandflow performance.it
may bereasonabléo assumehatmigrationof clay particlesdoesnot have a sig-
nificantinfluenceon the permeabilityduringthe shotof the shaped:hage. How-
ever, subsequenfiushingof the perforationand surroundingrock is expectedto
leadto substantiathangesn permeabilitydueto finesmigration.

Themigrationof finesin porousmediain generahasbeenstudiedin detailby
previous authors(seeKhilar andFogler[7] for areview). Halleck[§ presentec
simplemodelfor predictingthe cleanupof the reducedoermeabilityzone. How-
ever, this modeldid not includedepositionof fines(andthus,could only predict
improvementsn permeabilitywith underbalance)imdakmand Sahimi[9 used
a Monte Carlo techniqueto predictthe reductionin permeabilityof a network
of pores. Injectedparticlesmigratedaccordingto a randomwalk and blocked
tubesof smallerradii in the network, reducingthe network permeability Their
approachdid not allow the possibility of fines being re-entrainednto the flow.
Wennbeg et al.[10] developeda two-dimensionakimulatoremploying a simple
modelto investigatethe generalbehaior of depositionprocessesTheir simula-
tions exhibited the formation of cloggedbandsboth paralleland perpendicular
to the flow direction, dependingupon the systemparameters. Gruesbeckand
Collins[1]] performeda seriesof experimentswith syntheticsystemsand pro-
poseda setof equationggoverningthe evolution of finesconcentration.Subse-
guently theseequationhave formeda basisfor numericalstudies.For example,
OchiandVernoux[12 developeda two-dimensionahetwork modelthat utilized
evolution equationssimilar to thosedevisedby GruesbeclandCollins[11]. Ochi
and Vernoux[123 usedthe geometricpropertiesof the network to estimatethe
modelparameterge.g.,entrainmentateanddepositiorrate). However, their ap-
proachdid not permitre-entrainmenof trappedparticles.In addition,in practice
it canbedifficult to translatethe macroscopigropertiesof the formation(poros-
ity, permeability damage)nto network propertiegporeradii, bondlengths).

In this work we presenta methodfor simulatingthe influenceof finesmigra-
tion employing amodelafter GruesbeclandCollins[1]]. Theinitial permeability
field is obtainedfrom a hydrocodeusingthe modelpresentedby Morris et al.[5].
Resultdrom aone-dimensionahodelsimulationarein excellentagreementvith
measuredinesandpermeabilitydistributions. We alsopresentwo-dimensional
numericalresultswhich qualitatively reproducesxperimentallyobtainedperme-
ability mapsfor differentvaluesof underbalancer-urthercomparisorwith exper
imentis essentiato tunethe couplingbetweerthe hydrocodeandfinesmigration
simulator Although,the permeabilitymodelis mostappropriatdor high perme-
ability sandstonegsuchas Berea),the extensionto otherrock typesshouldbe

3



straightforvard, givensufficientexperimentaldata.

2 Review of Understanding of Perforation and Flow
Performance

Halleck[8] providesa review of experimentalandmodelinginvestigationof the
influenceof perforationsuponflow performance Halleck[8] obseredthat most
of the sulge cleanupoccursin lessthan 1 secondand suggestedhat suige flow
volumeis not animportantfactor provided sufficientunderbalancés used.Fur-
thermore,Halleck[§ claimedthat mostof the cleanupwould occur during the
initial, high-ratetransientlow. In thiswork we assumehatthecleanupprocesses
involvesaninitial removal of low permeabilitydebrisfrom the tunnel, followed
by fines migration. For simplicity we have assumedhat fluid flow is Darcian
throughoutthe finesmigrationstage.Halleck[8] alsoobsened that permeability
damageextendsbeyond the visibly “crushedzone”. He interpretedthis as evi-
dencethat permeabilityreductionis more a function of fines migrationthan of
grain breakagatself. In this work we interpretthe permeabilitiespredictedby
the hydrocodeto be permeabilitiesf the rock in the absencef fines. Finesare
introducednto the simulationasa function of historydependentariables.

Halleck et al.[13] found that 3000 psi effective overturdenstresscanbe suf-
ficient to reducepenetratiorby 50% in BereaSandstondalthough20%is more
typical). King et al.[14] studiedthe effect of post-perforatioracidizingon well
productvity. They proposedhatacidizingleadsto increasedvell productvity for
thosecasesvherethe underbalancevasinsufficient. They obsened that higher
underbalanceressuresvereneededor lower permeabilityrocks.

Core-flav efficiency (CFE) provides a standardmeasureof the perforation
flow performance.The CFE is the ratio of measuredost-shotflow rateto an
ideal rate basedupon pre-shotpermeability Core-flav efficiency only provides
a bulk descriptionof the net effect of the perforator For simplicity, mary au-
thorsassumehatthe damagedoneis of constanthicknesgtypically about0.4
inches)andconstantreducedoermeability In this work we seeka detailedmap
of the permeabilityfield surroundingthe perforation. Several authorshave di-
rectly measuredhe permeabilityfield, usinga variety of techniques.Rochonet
al.[15 measuredheradialdistribution of permeabilityin a perforatedcoreusing
pressurdransientanalysis. They found that the permeabilityfields had a more
comple structurethanoftenassumedwith a zoneof high permeabilitynearthe
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Figurel: Parallel pathway modelof finesentrainmentanddeposition.

perforationwall anda minimum severalmillimetersinto therock. Unfortunately
this approachinvolveschangingthe stressconditionsof the rock beforeperme-
ability can be measured.More recently Karacanand Halleck[1§ usedX-ray
CT to provide a directdeterminatiorof flow velocity in samplesvhile maintain-
ing post-shotstressconditions. Their results(for 350 psi underbalance3hov a
gradualreductionin permeabilityapproachinghe perforation(seeFigure4a). In
contrastwith Rochon[13, KaracanandHalleck[1§ do not obsere a region of
high permeabilitynearthetunnelwall.

Several other studieshave investigatedhe influenceof the perforationupon
therock microstructure AsadiandPreston[17JusedSEM andimageanalysisto
mapthe damagedzone. They deducedbermeabilitiesusingan empiricalmodel
calibratedto the undamagedock sample. Particle size analysiscan provide a
directmeasureof the distribution of finesandlarger particleswithin a post-shot
sample Halleck[1g investigatedhedistribution of fines(particlesof diameterl0
micronor less)underbalancedconditionsandwith underbalancén BereaSand-
stone. Theseresultsindicatethat the shotbreaksmineralgrainsnearthe tunnel,
producinga large numberof fine particles. For the balancedshot,the finescon-
centrationgenerallyincreasedowardsthe tunnelwall, peakingat the wall itself.
Theunderbalancetestresultsindicatedthatfineshadbeenremovedfrom there-
gionsurroundinghetunnel. However, betweerD.5andl1” from thecenterlinethe
finesconcentratiorwasobsenedto be higherthanthatof the balancedshot. This
suggestshatfinesmigrateduringthe transientsuige phasenducedby underbal-
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3 Modéd for Entrainment and Deposition

We employ amodelafterGruesbeckandCollins[11]. Theirapproactassumethat
theporousmediummaybemodeledocally by parallel-pathvays(seeFig.1). Ina
givenrepresentate elementalolume(REV) of the porespacat is assumedhat
thefluid pathway hastwo continuing parallelbranchesoneof smallsizein which
finescanform plugs,andtheother of largerporesize,in which only surfacenon-
pluggingdepositsoccur Finestrappedin the pluggingporescannotbe released,
while finesin the non-pluggingporescanbe re-entrainedy thefluid. Theratio
of thefinessizeto the poresize determinesvhat fractionsof flow pathwaysare
pluggingor non-plugging.
Within eachREV we divide thefinesinto threeconcentrations:

C  concentratiorof freefines,carriedin suspensioty thefluid

Oonp concentratiorof finesonwalls of non-pluggingpores

op concentratiorof finesonwalls of pluggingpores

All concentrationsre expressedn termsof volume of solid per unit volume of
fluid (m3/m?3). In particular Onp and g, are volumesof solid per unit volume
of fluid in non-pluggingand plugging poresrespectiely. Within eachREV it
is assumedhe pore volume can be divided into a fraction f which consistsof
pluggablepathwaysanda fraction 1 — f which is non-pluggable.The value of
f will dependuponthe local distribution of porediametersandthe particlesize
distributionsof fines.In theapplicationsonsideredy GruesbeclandCollins[1]]
f wasconstanthroughouspacehowever, for otherapplications f canvaryfrom
pointto pointto modelvariationsin poreor particledistributions.

GruesbeckandCollins[11] performeda seriesof experimentswith synthetic
systemsand proposeda setof equationsgoverningthe evolution of C, app, and
op. If we assumehefinesoccupy arelatively smallfractionof theavailablepore
volume,themasshalanceof finescanbe stated:

o =l g2 (1)
ot 0X ot
Heregis the porosity u is thevolumeflux density(gq/A) ando is total concentra-
tion of depositedines:
0= fop+(1—f)onp (2)
u= fup+(1—f)unp (3)

Hereu, andunp arethe volumeflux densitiesn the pluggingandnon-plugging
poresrespectiely.
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Figure2: Differentzonesof fineserosionanddeposition.

In the non-pluggingpathways, entrainmentand depositioncan occur and
Gruesbeckand Collins[1]] proposedhe following form to fit their experimen-
tal results:

00np
Here,uc, denoteghecritical volumeflux densityrequiredto entrainparticlesand
o andp areconstantsand

0, ifx<O,
(x) = { X, otherwise. (%)
Thepluggingpathwaysonly permitparticledeposition:
00
— = (3+p0p) uC (6)

Hered andp areconstantsGruesbeckandCollins[11] arguedthisform is appro-
priatesincepluggingdepositioncannotoccurfor zerouy,.

GruesbeckandCollins[1]] usedDar¢y’s law to describeflow diversionphe-
nomenan termsof thepermeabilitie®f theplugging(Kp) andnon-pluggingKnp)
paths. The permeabilitieswere assumedo be functionsof the depositedfines
fraction.



4 Application of Theory to Permeability Damagedue
to Shaped Charge Perforation

In this work we considera cylinder of rock, discretizedinto a regular cylindri-
cal co-ordinatesystem.Within eachcell we apply the equationgor evolution of
C, onp, andop andcalculatefluxesof particlesbetweencells usingfluxesbased
uponDargy’s law. Thepressurdield ateachtime stepis obtainedusinga Poisson
solver. To demonstratéhe suitability of the modelof GruesbeclandCollins[11],
we first considera modelone-dimensiongproblemwhich captureghe key fea-
turesof the experimentallyobsenedresults.

Permeabilitymeasurementebtainedby Karacanand Halleck[19] (seeFig-
ure 4a) for 750 psi underbalancén BereaSandstonexhibit a reducedperme-
ability zoneat a radiusof 2 cm from the tunnel axis. Halleck[18] investigated
the distribution of fines(particlesof diameterl0 micron or less)underbalanced
conditionsand with underbalancdor BereaSandstone.For the balancedshot,
thefinesconcentratiomenerallyincreasedowardsthetunnelwall, peakingatthe
wall itself. The 1500 psi underbalancéestresultsindicatedthat fineshad been
removed from the region surroundingthe tunnel. However, between0.5and1”
from the centerthe finesconcentratiorwasobsenedto be higherthanthatof the
balancedshot. This suggestghat fines migrateduring the transientsuige phase
inducedby underbalance.

Theseresultsalsosuggest modelin which therearefour zoneswherediffer-
entfineserosionanddepositionprocesseareat work for sufficientunderbalance
in BereaSandstonéseeFigure?2). The balancedinesconcentratiorpeaksin re-
gion |, closestto the tunnelwall. Underbalancehowever, removesmostof the
finesfrom region . In region Il, permeabilityreductionis obsenedfor sufficient
underbalancéseeFigure4a), suggestingineshave migratedhereandhave been
deposited.Region Il exhibits a slight reductionin fines concentratiorwith un-
derbalancendis the probablesourceof thefinesdepositednto region Il. Region
IV shaws relatively little changen finesconcentratiorbetweerbalancecandun-
derbalancedonditions.

We expectthe porevolumesto be mostrestrictedin region |, sincethis cor
respondgo the mostdamagedock. The underbalancedesultssuggesthateven
with thesesmall pores,the finescanstill be flushedout. This impliesthatthere
areno pluggingporesin region | (sincethesecould be expectedto permanently
capturea fraction of the fines). In this work we assumehat the rock contains
non-pluggingporesthroughoutandthatfinesmaybere-entrainedtary location,
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Figure 3: Radialvariationsin uc canleadto alternatingregions of erosionand
deposition.

givensufiicient flow velocity.
If we assumehe flow duringthetransientsuige resultingfrom underbalance
is radially symmetric(no axial flow) thenthelocal flow velocityis:

Q

T omw

(7)

whereQ is therateof flux into thetunnelfrom thereserwir. Clearlyregion | will
have the highestflow velocity, possiblygreatly exceedinguc, and consequently
extensve fineserosionoccurs.Region |l will have alower flow velocity, possibly
belowv ug, leadingto a netaccumulatiorof fines. However, we obsenre thatfines
areremovedfrom region lll, wheretheflow velocityis evenlower. This suggests
thatu; may have a lower valuein region Ill thanin region | or Il. In this work
we assumehat a and 3 are uniform throughoutthe flow domainand that the
critical flow velocity, uc, variesdependingiponthedamagesustainedy therock.
Figure 3 demonstratefiow variationsof u; with radiuscanleadto alternating
zonesof fines erosionand deposition. In Figure 3 we have taken the simplest
approactwith u; having a constaninitial, undamagedalueandassume higher
constantaluein thedamagedone.



We have exercisedthis simplemodelwith our finesmigrationsimulator Our
simulatoris fully two-dimensionalput for this simple problemwe constructed
a one-dimensionaproblemby consideringa cylinder of rock of radius4.5 cm,
length1 cm, discretizednto squarecells of dimension0.75mm with a tunnelof
radius0.75 cm alongthe axis. We assumehat the rock containsnon-plugging

poresonly:
f=0 8)

For themodelproblemwe assume simplelineardependencef thepermeability
in theabsenc®f fines:

r —0.007
KO:{ 300mD(0.1+0.9W , for0.0075m <r<0015m, o

300mD, otherwise.

Therewasno variationin permeabilityin the axial direction, thusthe resulting
flow is radially symmetric. We usethe following valuesfor the entrainmentand
capturerateconstants:

a = 1700nT* (10)
B = 1i1st (11)
We alsoassume simplelineardependencef permeabilityuponlocal concentra-

tion of trappedineswhichapproximatelymapsthemeasuredinesconcentrations[1]8
to themeasuregbermeabilitiegFigure4a)

K = Ko (1— 30np) (12)

Thecritical flow rate,uc, is assumegiecavise constantwith alargervaluein a
damagedonewithin 2.5cm:

~J 0.0375m/s forr < 0.025m, (13)
€7 ] 0.0113m/s otherwise.
Thevolumeof freefinesperfluid volumewasinitially setto:
C= % [(o.oos/r)2+o.1 (14)

The initial trappedfines concentratiorwas zero. Pressurdoundaryconditions
representing 50 psiunderbalancevereappliedto thetunnelandoutersurfaceof
the problem,with no-flow boundariest eitherend. The resultsobtainedby the
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finesmigrationsimulatorafter 1 seconf flushingarecomparedvith experiment
in Figure4. Theresultsaregenerallyin goodagreementwith the simulationex-
hibiting theobseredalternatingzonesof fineserosionanddeposition.The simu-
lationsof 750psiunderbalancehon accumulatiorof finesbetweeraboutl.5¢cm
and2.5cmwith removal of fineselsavhere. Theshapeof thefinesprofile between
1.5cmand2.5cmis determinedy therelatve valueof a andf. A largervalue
of B resultsin morefinesaccumulatinghear2.5cm. In thefollowing section,we
applythis sameapproacho the clean-upprocessn afully two-dimensionaper
meability field obtainedfrom a separaténydrocodesimulationof the penetratar

5 Mappingthe Hydrocode Resultsto the Fines Sim-
ulator

We seekto mapthe resultsfrom the end of the hydrocodesimulationof perfo-
ration into suitablevaluesfor finesconcentrationpermeabilityin the absencef
fines,anduc. Theinitial conditionsobtainednustbeconsistentvith theavailable
experimentaldataand yet be simple to implementwith a minimum numberof
assumptionsLomov etal.[20] discusghe hydrocodewne usedto simulatethe dy-
namicbehaior of BereaSandstoneThepermeabilitynodelemployedby thehy-
drocodeis baseduponafit to quasistatiexperimentaldataof ZhuandWong([2]]
andis discussedhn detailby Morris etal.[5]

Figure5 shavs a permeabilitymapasa function of distancefrom the tunnel
wall anddistancefrom the entrancefor BereaSandston@erforatedwvith 350 psi
underbalancegbtainedby KaracanandHalleck[19]. Theseresultsshowv reduced
permeabilitynearthetunnelwith particularlylow permeabilitiesreartheentrance
andtowardstheotherendof thetunnel.Figure6 and7 shov thepermeabilityfield
predictedby the hydrocodesimulationwith and without fines, respectiely, for
balancedconditions. Although exhibiting significantvariability, the hydrocode
permeability predictionsalso shav reducedpermeability nearthe tunnel wall,
with permeabilityreductionlargestnearthe opening. The axial variationin per
meability predictedoy simulationis in contrastwith theinterpretatiorof Karacan
andHalleck[19]. They attribute the axial variationin permeabilityto variations
in the pre-shotpermeabilityof therock becausehe outermosipermeabilitymea-
surementsipproacha constannearthe openingandat the otherendof thetunnel
(indicatingthe permeabilityis independentf radiusbeyond 1.5cm attheseoca-
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tions). However, the outermosipermeabilitieaneasuredetweerb cmto 10 cm
from the tunnelentrancediffer, castingsomedoubton this interpretation.Nev-
erthelessdespitethesequalitative differencesetweerhydrocodesimulationand
experimentit is possibleto achiere a globalfit of post-finegnigrationpermeabil-
ity to experiment.By varyinga, (3, anduc throughoutthe problem,permeability
canbeenhancedr decreaseth orderto reducethedifferencedetweermeasure-
mentand simulation. However, giventhe limited experimentaldataavailableto
matchagainstjt is unclearthatsucha globalfit would beinformative. For exam-
ple, givenonepermeabilitymapit is unclearwhetherit is the hydrocodgparame-
tersor thefinesmigrationparametersvhich shouldbemodifiedto achieve abetter
fit. In thiswork, thereforewe attemptedo matchtheobseredclean-upatcertain
locationsalongthe perforation,assuminghata and3 wereconstanthroughout,
andrelatedu, directly to hydrocodehistorydependentariables.Oncemoremea-
suredpermeabilitymapsare available (both for a wider rangeof underbalances
andfor multiple coresat eachlevel of underbalanceif will be possibleto deter
mine whatparametersre neededvithin the hydrocodeandthe functionalforms
for a, 3, anduc in termsof hydrocodehistory dependenvariables.

We assumehat the permeabilityobtainedfrom the hydrocode[$ represents
thepermeabilityof therockin theabsencef fines. The experimentadataof Zhu
andWong[2]] (uponwhich our hydrocodepermeabilitymodelis based)provide
no insightinto the role of fines migration. We assumethat the shockloading
accompaning perforationreleasesnorefinesandthatit is appropriaté¢o consider
thehydrocodepermeabilitiesasanupperlimit in theabsencef fines.

Ourfinesmigrationsimulatorcannotsimulatethe obsenedremoval of debris
from thetunnel,sowe needto make someassumptionsegardinghow muchmate-
rial is removed. FurthermoreHalleck[g claimedthatmostof the cleanupwould
occurduringtheinitial, high-ratetransientflow, at which point the pressuregra-
dientwill behighestacrosdow permeabilityregions. We assumehatall material
with permeabilitylower than6 mD is removed. The removal of this materialis
simulatedby replacingit with materialwith a permeabilityof 270000mD.

At the startof the finesmigrationsimulationit is assumedhat all available
fines are shalen looseinto suspension.The following was found to give good
agreementvith the experimentallymeasuredinesfraction[18]for balancedton-

ditionsasa functionof radius:
1 ———

o, = 0 (16)
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Heregp, is thelocal plasticstrainin therock predictedoy the hydrocode.
Thecritical velocity, ug, is akey parametewhich determinesvherefinesero-
sionanddepositionwill occur We foundthat

Ue = 0.025min (22Cep, 1.0)° (18)

workedwell in reproducinghe captureof finesat a radiusof about2 cm.
For simplicity the othermodelparametersvereassumeaonstant:

a = 1120nT*t (19)
B = 22551 (20)

Theseparametersleterminethe timescaleover which cleanupoccurs. The value
of theseparametersvasfoundto belesscrucial, providedthereis sufficienttime
to flushthefines. This reflectsHalleck’s[8] obsenationthatsuige flow volumeis
not animportantfactorprovided sufficient underbalancés used.It maybe more
appropriateo varytheseparametersvith position,howeverinsuficientdatawere
availableto provide arationalefor a functionalform for a and.

As with the modelproblem,we assumedh simplelinear dependencef per
meabilityuponlocal concentratiorf trappedineswhichapproximatelymapsthe
measuredinesconcentrationso the measureghermeabilities:

This approachwasusedto simulatethe penetratiortestsperformedby Kara-
canandHalleck[19. Figure8 shavs atwo-dimensionamapof the permeability
enhancemenfor the 750 psi simulation. The simulationpredictspermeability
enhancement the vicinity of the tunnelwall with a reductionin permeability
(dueto finesaccumulationeyond 6 cm from thetunnelentrancebetweerabout
2 and3 cmradius. KaracanandHalleck[19 do not provide a permeabilitymap
for 750 psiunderbalancehut provide detailedradial permeabilityprofilesonly at
3.4cm (750 psi case)and 2.8 cm (350 psi case)from the tunnelentrance.Fig-
ures9 and10 compareexperimentandsimulatedresultsasa function of distance
from the tunnelwall to remove the effect of variationsin tunneldiameter The
radial profilesfrom KaracanandHalleck[19]weremadeto be a function of dis-
tancefrom thetunnelwall usingtunneldiametersof 1.3cm (750 psi)and1.2cm
(350 psi). The bestfit to the obsered clean-upandfinesmigrationwasat a dis-
tanceof 9.5cmfrom theentrancgseeFigure9). Closerto thetunnelentranceghe
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Figure 5: Permeabilityversusdistancefrom entrancehole and from tunnel
wall for 350 psi underbalancén BereaSandstones measuredy Karacanand
Halleck.[19

hydrocodesimulationpredictsgreaterpermeabilityreduction,and consequently
the flux densityis lower andrelatively little finesremoval occurs. Toward the
tip of the penetrationat a distanceof 13.2 cm from the entrancethe simulated
permeabilityprofile is similar to that obsened by Karacanand Halleck[19] at
3.4 cm althoughthe simulatedpermeabilityis highercloseto thewall. In addi-
tion, Figure10 showvs thatthe highersimulatedpermeabilityat this distancefrom
the entrancepermitsremoval of fine particleswithin about0.25cm of the tunnel
wall evenfor 350 psi underbalance.
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Figure 8: Two-dimensionalmap of the fractional permeabilitychangedue to
750 psi underbalancerersusbalancedconditions. Gray regionsindicatean in-
creasdn permeabilityof 5% or morewhile blackindicatesa reductionof 5% or
more. Thecrosshatchegion indicateshe extentof thetunnel.

6 Discussion

We have presentedn approactfor predictingthe detailsof permeabilitydamage
and cleanuparoundperforationtunnels. Resultsobtainedusing a model one-
dimensionalsimulationof the clean-upprocessarein excellentagreementvith
experiment. We alsopresentea fully two-dimensionabpproachnvolving two
steps:

e Calculatedamagendpermeabilityin theabsencef finesusingahydrocode.
e Estimatecleanupusingafinesmigrationsimulator

Theresultsof the simulationsarein qualitatve agreementvith available exper
imental results. The predictedpermeabilityand fines distributions arein good
agreementvith experimentat certainlocationsalongthe core. However, the per
meabilityfield predictedby thehydrocodesxhibits significantvariability alongthe
core,with greatlyreducedoermeabilityat the entranceandrelatively little reduc-
tion towardsthetip. The permeabilitynapsobtainedoy KaracarandHalleck[19
alsoshow similar variationin permeabilityparallelto the tunnel. Karacanand
Halleck[19 arguethatwhennormalizedthis variationis reducedhowever, more
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Figure9: A comparisorof experimentallymeasuregermeabilityevolution with
resultsfrom the fines migration simulatorusinginitial conditionsfrom the hy-
drocode. (a) Normalizedpermeabilitymeasuredy Karacanand Halleck[19
comparedwvith simulation. (b) Simulatedfinesfraction. Closerto the tunnelen-
trance thehydrocodeover predictsthereductionin permeability leadingto lower
flow ratesandminimal cleanup.
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resultsfor multiple coresare requiredto confirm this interpretation. Beyond a
distanceof 7 cm from the tunnelentrancethe simulationsshav similar zonesof
fineserosionanddepositiorto thoseobsenedexperimentally Closerto thetunnel
entrancehe predictedoermeabilityis lower andlessfinesmigrationoccurs.

Giventhe limited experimentaldataavailableto matchagainst,it is unclear
whetherit is the hydrocodeparameter®r the finesmigration parametersvhich
shouldbe modifiedto achiese a betterfit. Althougha and[3 areexpectedo vary
with damagein thiswork we attemptedo matchthe obseredclean-upat certain
locationsalongthe perforation,assuminghata and3 wereconstanthroughout,
andrelatedu directly to the plasticstrainpredictedoy thehydrocode Oncemore
measuregermeabilitymapsare available (both for a wider rangeof underbal-
ancesandfor multiple coresat eachlevel of underbalanceif will be possibleto
determineappropriateparametersvithin the hydrocodeandthe fines migration
simulator In particular a more comprehensie seriesof measuregermeability
mapswill enablefunctionalformsfor a, 3, andu in termsof hydrocodehistory
dependenvariablegdamagestrain,porosity)to be determined.

In thiswork we considereanly thebehaior of BereaSandstoneBereaSand-
stonediffersfrom mary othersandstonem thatis is both highly permeableand
hasa substantiatlay content.ConsequentlyBereaSandstonenay be moresus-
ceptibleto the release migration, and subsequentdlepositionof finesthan most
otherrocks[18]. Experimentallymeasuregermeabilitymapsfor a wider range
of rocksarerequiredbeforethe modelpresentedn this work canbe usedto pre-
dict thebehaior for otherrocks.

In thiswork we have not consideredherate of the cleanupprocesggoverned
by a and3). A morecomprehensie study addressinghe role of flow volume
during the post perforationsuge, and employing more measuredermeability
maps,would provide stricter boundsupon the model parameters.In addition,
we have not addressedhe processesvherebyvery low permeabilityrubble is
removed from the tunnel, but have useda cutoff to determinewhat materialis
removed. A separatenodelcould be developed(possiblysimilar to thatusedby
Halleck[8]) to simulatethis process.

The permeabilityobtainedfrom the hydrocodeemployed a damagevariable
which is not definedin termsof pore-scaleproperties. However, we have at-
temptedto relatethe damagepredictedby the hydrocodeto theinitial finescon-
centrationand critical volume flux within the core. A more versatileapproach
would employ a damagevariabledirectly associateavith the evolution of pore-
scaleproperties,suchasthe interstitial area. This would be more amenableo
physicalargumentsregardingfinesproduction,permeability andcritical volume
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flux. It would alsobe more capableof predictingthe responsef otherrocksor
theeffect of differentporefluids.

We expectthemethodglevelopedn thispaperto leadto moreefficientcleanup
of perforations. For example,once sufficient dataare obtainedto characterize
model parametersijt shouldbe possibleto substantiallyreducethe numberof
testsrequiredto obtainbestresults. Computersimulationwill help identify the
optimumbalanceconditionsand suige ratefor a given perforatorand operating
conditions,andalsoperhapsallow explorationof new conceptsuchaswhether
multiple sugesmightimprove coreflow efficiengy.
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