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SimulatingPerforationPermeabilityDamageandCleanup

J. P. Morris, I. N. Lomov, and L. A. Glenn

GeophysicsandGlobalSecurityDivision,
LawrenceLivermoreNationalLaboratory,

POBox 808,L-206,Livermore,CA 94551-9900,U.S.A.

Abstract

Completionof casedandcementedwells by shapedchargeperforationcausesits
own damageto theformation,potentiallyreducingwell productivity. In practice
it is found thatunderbalanceconditionscleanup thedamagedzoneto someex-
tent, however, the mechanismsof theseprocessesarepoorly understood.Most
hydrocodestypically usedto simulaterock responseto shapedchargepenetration
donotprovidepermeabilityestimates.Furthermore,thetimescalesfor formation
cleanuparepotentiallymuchlongerthantheperiodof jet penetration.

We havedevelopeda simple,yet accuratemodelfor theevolution of porosity
andpermeabilitywhichcaneasilybeincorporatedinto existinghydrocodesusing
informationfrom thehistoryof eachcell. In addition,we have developeda code
thatefficiently simulatesfinesmigrationduring thepost-shotsurgeperiodusing
initial conditionstaken directly from hydrocodesimulationsof jet penetration.
Resultsfrom aone-dimensionalmodelsimulationarein excellentagreementwith
measuredfinesandpermeabilitydistributions. We alsopresenttwo-dimensional
numericalresultswhich qualitatively reproduceexperimentallyobtainedperme-
ability mapsfor differentvaluesof underbalance.Although initial resultshave
beenpromising,furthercomparisonwith experimentis essentialto tunethecou-
pling betweenthe hydrocodeandfinesmigrationsimulator. Currently the per-
meability model is most appropriatefor high permeabilitysandstones(suchas
Berea),but with little effort, themodelcanbeextendedto otherrock types,given
sufficientexperimentaldata.

1 Introduction

Shapedchargeperforationis afield proventechniquefor completionof casedand
cementedwells. Theperforatingprocess,however, causesits own damageto the
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formation,potentiallyreducingwell productivity. In practiceit is foundthat this
damagedzoneis somewhatcleanedup if thepressurein thewellboreis setlower
thantheformationprior to perforation.However, themechanismsof thedamage
andclean-upprocessesarepoorlyunderstood.

Optimizationof perforationperformancerequiresa capability to predict the
influenceof variousshaped-charge parameters(underbalance,overbalance,and
liner and charge design)upon post-perforationpermeability. Most hydrocodes
typically usedto simulaterock responseto shapedcharge penetrationdo not
provide permeabilityestimatessince the rock permeabilitydoesnot effect the
progressof thejet. Hydrocodesdevelopedto simulatetheseeventstypically only
considerrockpropertieswhichdirectly relateto rockstrengthandmechanicalre-
sponse(e.g.: porosity). Over the time scaleof a shaped-charge perforation,it is
assumedthatany fluid within therock hasno time to movebetweenpores,hence
permeabilityis assumedirrelevant. Furthermore,jet penetrationtypically ceases
aftera few hundredsof microsecondsandthepost-shotsurgeperiod,known to be
crucial in determiningthefinal permeabilityof theperforation,occursover time
scalesmeasuringseconds.

While permeabilitydoesnot directly impact the mechanicalresponseof the
rock, clearlythepermeabilityis expectedto changein responseto porecollapse,
bulking, microfracturing,andfinesmigration.Many authorshavesoughtto relate
final permeabilityto the stresshistoryof a hostrock. Papamichoset al.[1] used
poroelasticityto predictthestressesdueto ashaped-chargejet. Theseresultswere
combinedwith estimatesof graincrushinganda simplepermeabilityrule to esti-
matetheextentof the reducedpermeabilityzone. McKeeandHanson[2]devel-
opedanexpressionfor theradialdependenceof permeabilityin rockcreatedby a
singlecharge. Their techniquerelatedpermeabilityto estimatesof fracturingdue
to an explosion. Theseapproachesassumedrelatively simpleconfigurationsin
orderto obtainadescriptionof thestressinducedin therock. ZhuandWong[3,4]
investigatedthe relationshipbetweenpermeabilityanddeformationusinga net-
work modelandprovidedinsightinto theformationof connectedmicrocracksand
their influenceuponpermeability.

In previouswork[5], we developeda simpleyet robustmodelwhich hasbeen
incorporatedinto existing,provenhydrocodes.However, this approachneglected
the influenceof freefine particles,which reducepermeabilityby blockingpores
andareexpectedto beremovedby underbalance.Dey[6] suggeststhemigration
of clay particlesmay irreversibly reducepermeabilityby 30%aftercyclesin ef-
fectivemeanstressof aslittle as30MPa(while porosityis observedto beentirely
reversible). The perforationprocessis expectedto produceandmobilize many
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fine particleswhich subsequentlyreducepermeabilityandflow performance.It
maybereasonableto assumethatmigrationof clay particlesdoesnot have a sig-
nificantinfluenceon thepermeabilityduringtheshotof theshapedcharge.How-
ever, subsequentflushingof the perforationandsurroundingrock is expectedto
leadto substantialchangesin permeabilitydueto finesmigration.

Themigrationof finesin porousmediain generalhasbeenstudiedin detailby
previousauthors(seeKhilar andFogler[7] for a review). Halleck[8] presenteda
simplemodelfor predictingthecleanupof thereducedpermeabilityzone.How-
ever, this modeldid not includedepositionof fines(andthus,couldonly predict
improvementsin permeabilitywith underbalance).ImdakmandSahimi[9] used
a Monte Carlo techniqueto predict the reductionin permeabilityof a network
of pores. Injectedparticlesmigratedaccordingto a randomwalk andblocked
tubesof smallerradii in the network, reducingthe network permeability. Their
approachdid not allow the possibility of finesbeingre-entrainedinto the flow.
Wennberg et al.[10] developeda two-dimensionalsimulatoremploying a simple
modelto investigatethegeneralbehavior of depositionprocesses.Their simula-
tions exhibited the formationof cloggedbandsboth parallel andperpendicular
to the flow direction, dependingupon the systemparameters.Gruesbeckand
Collins[11] performeda seriesof experimentswith syntheticsystemsand pro-
poseda setof equationsgoverningthe evolution of finesconcentration.Subse-
quently, theseequationshave formeda basisfor numericalstudies.For example,
Ochi andVernoux[12] developeda two-dimensionalnetwork modelthatutilized
evolution equationssimilar to thosedevisedby GruesbeckandCollins[11]. Ochi
and Vernoux[12] usedthe geometricpropertiesof the network to estimatethe
modelparameters(e.g.,entrainmentrateanddepositionrate).However, their ap-
proachdid not permitre-entrainmentof trappedparticles.In addition,in practice
it canbedifficult to translatethemacroscopicpropertiesof theformation(poros-
ity, permeability, damage)into network properties(poreradii, bondlengths).

In this work we presenta methodfor simulatingtheinfluenceof finesmigra-
tion employing amodelafterGruesbeckandCollins[11]. Theinitial permeability
field is obtainedfrom a hydrocodeusingthemodelpresentedby Morris et al.[5].
Resultsfrom aone-dimensionalmodelsimulationarein excellentagreementwith
measuredfinesandpermeabilitydistributions. We alsopresenttwo-dimensional
numericalresultswhich qualitatively reproduceexperimentallyobtainedperme-
ability mapsfor differentvaluesof underbalance.Furthercomparisonwith exper-
imentis essentialto tunethecouplingbetweenthehydrocodeandfinesmigration
simulator. Although,thepermeabilitymodelis mostappropriatefor high perme-
ability sandstones(suchasBerea),the extensionto other rock typesshouldbe
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straightforward,givensufficientexperimentaldata.

2 Review of Understanding of Perforation and Flow
Performance

Halleck[8] providesa review of experimentalandmodelinginvestigationsof the
influenceof perforationsuponflow performance.Halleck[8] observedthatmost
of the surge cleanupoccursin lessthan1 secondandsuggestedthat surge flow
volumeis not an importantfactor, providedsufficient underbalanceis used.Fur-
thermore,Halleck[8] claimedthat most of the cleanupwould occurduring the
initial, high-ratetransientflow. In thiswork weassumethatthecleanupprocesses
involvesan initial removal of low permeabilitydebrisfrom the tunnel,followed
by fines migration. For simplicity we have assumedthat fluid flow is Darcian
throughoutthefinesmigrationstage.Halleck[8] alsoobserved thatpermeability
damageextendsbeyond the visibly “crushedzone”. He interpretedthis asevi-
dencethat permeabilityreductionis morea function of finesmigration thanof
grain breakageitself. In this work we interpretthe permeabilitiespredictedby
thehydrocodeto bepermeabilitiesof the rock in theabsenceof fines. Finesare
introducedinto thesimulationasa functionof historydependentvariables.

Hallecket al.[13] found that3000psi effective overburdenstresscanbesuf-
ficient to reducepenetrationby 50%in BereaSandstone(although20%is more
typical). King et al.[14] studiedthe effect of post-perforationacidizingon well
productivity. They proposedthatacidizingleadsto increasedwell productivity for
thosecaseswherethe underbalancewasinsufficient. They observed that higher
underbalancepressureswereneededfor lowerpermeabilityrocks.

Core-flow efficiency (CFE) provides a standardmeasureof the perforation
flow performance.The CFE is the ratio of measuredpost-shotflow rate to an
ideal ratebaseduponpre-shotpermeability. Core-flow efficiency only provides
a bulk descriptionof the net effect of the perforator. For simplicity, many au-
thorsassumethat thedamagedzoneis of constantthickness(typically about0.4
inches)andconstant,reducedpermeability. In this work we seeka detailedmap
of the permeabilityfield surroundingthe perforation. Several authorshave di-
rectly measuredthepermeabilityfield, usinga varietyof techniques.Rochonet
al.[15] measuredtheradialdistributionof permeabilityin a perforatedcoreusing
pressuretransientanalysis. They found that the permeabilityfields hada more
complex structurethanoftenassumed,with a zoneof high permeabilitynearthe
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Plugging deposit

Surface deposit

Figure1: Parallelpathwaymodelof finesentrainmentanddeposition.

perforationwall anda minimumseveralmillimetersinto therock. Unfortunately,
this approachinvolveschangingthe stressconditionsof the rock beforeperme-
ability can be measured.More recently, Karacanand Halleck[16] usedX-ray
CT to provide a directdeterminationof flow velocity in sampleswhile maintain-
ing post-shotstressconditions. Their results(for 350 psi underbalance)show a
gradualreductionin permeabilityapproachingtheperforation(seeFigure4a). In
contrastwith Rochon[15], KaracanandHalleck[16] do not observe a region of
highpermeabilitynearthetunnelwall.

Several otherstudieshave investigatedthe influenceof the perforationupon
therock microstructure.AsadiandPreston[17]usedSEM andimageanalysisto
mapthe damagedzone. They deducedpermeabilitiesusingan empiricalmodel
calibratedto the undamagedrock sample. Particle size analysiscan provide a
directmeasureof thedistribution of finesandlarger particleswithin a post-shot
sample.Halleck[18] investigatedthedistributionof fines(particlesof diameter10
micronor less)underbalancedconditionsandwith underbalancein BereaSand-
stone.Theseresultsindicatethat theshotbreaksmineralgrainsnearthe tunnel,
producinga largenumberof fine particles.For thebalancedshot,thefinescon-
centrationgenerallyincreasedtowardsthetunnelwall, peakingat thewall itself.
Theunderbalancedtestresultsindicatedthatfineshadbeenremovedfrom there-
gionsurroundingthetunnel.However, between0.5and1” from thecenterlinethe
finesconcentrationwasobservedto behigherthanthatof thebalancedshot.This
suggeststhatfinesmigrateduringthetransientsurgephaseinducedby underbal-
ance.
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3 Model for Entrainment and Deposition

Weemploy amodelafterGruesbeckandCollins[11]. Theirapproachassumesthat
theporousmediummaybemodeledlocally by parallel-pathways(seeFig.1). In a
givenrepresentativeelementalvolume(REV) of theporespaceit is assumedthat
thefluid pathwayhastwocontinuing,parallelbranches:oneof smallsizein which
finescanform plugs,andtheother, of largerporesize,in whichonly surfacenon-
pluggingdepositsoccur. Finestrappedin thepluggingporescannotbereleased,
while finesin thenon-pluggingporescanbere-entrainedby thefluid. Theratio
of thefinessizeto theporesizedetermineswhat fractionsof flow pathwaysare
pluggingor non-plugging.

Within eachREV wedivide thefinesinto threeconcentrations:

C concentrationof freefines,carriedin suspensionby thefluid
σnp concentrationof finesonwalls of non-pluggingpores
σp concentrationof finesonwalls of pluggingpores

All concentrationsareexpressedin termsof volumeof solid per unit volumeof
fluid (m3/m3). In particular, σnp and σp are volumesof solid per unit volume
of fluid in non-pluggingand plugging poresrespectively. Within eachREV it
is assumedthe porevolumecanbe divided into a fraction f which consistsof
pluggablepathwaysanda fraction 1 � f which is non-pluggable.The valueof
f will dependuponthe local distribution of porediametersandtheparticlesize
distributionsof fines.In theapplicationsconsideredbyGruesbeckandCollins[11]
f wasconstantthroughoutspace,however, for otherapplications,f canvaryfrom
point to point to modelvariationsin poreor particledistributions.

GruesbeckandCollins[11] performeda seriesof experimentswith synthetic
systemsandproposeda setof equationsgoverningthe evolution of C, σnp, and
σp. If weassumethefinesoccupy a relatively smallfractionof theavailablepore
volume,themassbalanceof finescanbestated:

φ
∂C
∂t
� � u

∂C
∂x
� φ

∂σ
∂t

(1)

Hereφ is theporosity, u is thevolumeflux density(q
�
A) andσ is total concentra-

tion of depositedfines:
σ � f σp ��� 1 � f � σnp (2)

u � f up ��� 1 � f � unp (3)

Hereup andunp arethevolumeflux densitiesin the pluggingandnon-plugging
poresrespectively.
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Figure2: Dif ferentzonesof fineserosionanddeposition.

In the non-pluggingpathways, entrainmentand depositioncan occur, and
GruesbeckandCollins[11] proposedthe following form to fit their experimen-
tal results:

∂σnp

∂t
� � α � unp

� uc � σnp � βC (4)

Here,uc, denotesthecritical volumeflux densityrequiredto entrainparticlesand
α andβ areconstants,and 	

x 
 ��� 0  if x � 0,
x  otherwise.

(5)

Thepluggingpathwaysonly permitparticledeposition:

∂σp

∂t
��� δ � ρσp � upC (6)

Hereδ andρ areconstants.GruesbeckandCollins[11] arguedthis form is appro-
priatesincepluggingdepositioncannotoccurfor zeroup.

GruesbeckandCollins[11] usedDarcy’s law to describeflow diversionphe-
nomenain termsof thepermeabilitiesof theplugging(Kp) andnon-plugging(Knp)
paths. The permeabilitieswere assumedto be functionsof the depositedfines
fraction.
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4 Application of Theory to Permeability Damage due
to Shaped Charge Perforation

In this work we considera cylinder of rock, discretizedinto a regular cylindri-
cal co-ordinatesystem.Within eachcell we apply theequationsfor evolution of
C, σnp, andσp andcalculatefluxesof particlesbetweencellsusingfluxesbased
uponDarcy’s law. Thepressurefield ateachtimestepis obtainedusingaPoisson
solver. To demonstratethesuitabilityof themodelof GruesbeckandCollins[11],
we first considera modelone-dimensionalproblemwhich capturesthe key fea-
turesof theexperimentallyobservedresults.

Permeabilitymeasurementsobtainedby KaracanandHalleck[19] (seeFig-
ure 4a) for 750 psi underbalancein BereaSandstoneexhibit a reducedperme-
ability zoneat a radiusof 2 cm from the tunnelaxis. Halleck[18] investigated
thedistribution of fines(particlesof diameter10 micronor less)underbalanced
conditionsandwith underbalancefor BereaSandstone.For the balancedshot,
thefinesconcentrationgenerallyincreasedtowardsthetunnelwall, peakingat the
wall itself. The 1500psi underbalancetestresultsindicatedthat fineshadbeen
removed from the region surroundingthe tunnel. However, between0.5 and1”
from thecenterthefinesconcentrationwasobservedto behigherthanthatof the
balancedshot. This suggeststhat finesmigrateduring the transientsurge phase
inducedby underbalance.

Theseresultsalsosuggestamodelin which therearefour zoneswherediffer-
entfineserosionanddepositionprocessesareat work for sufficientunderbalance
in BereaSandstone(seeFigure2). Thebalancedfinesconcentrationpeaksin re-
gion I, closestto the tunnelwall. Underbalance,however, removesmostof the
finesfrom region I. In region II, permeabilityreductionis observedfor sufficient
underbalance(seeFigure4a),suggestingfineshave migratedhereandhave been
deposited.Region III exhibits a slight reductionin finesconcentrationwith un-
derbalanceandis theprobablesourceof thefinesdepositedinto region II. Region
IV showsrelatively little changein finesconcentrationbetweenbalancedandun-
derbalancedconditions.

We expectthe porevolumesto be mostrestrictedin region I, sincethis cor-
respondsto themostdamagedrock. Theunderbalancedresultssuggestthateven
with thesesmall pores,the finescanstill be flushedout. This implies that there
areno pluggingporesin region I (sincethesecouldbe expectedto permanently
capturea fraction of the fines). In this work we assumethat the rock contains
non-pluggingporesthroughoutandthatfinesmaybere-entrainedatany location,
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Figure3: Radialvariationsin uc can leadto alternatingregionsof erosionand
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givensufficientflow velocity.
If we assumetheflow duringthetransientsurgeresultingfrom underbalance

is radially symmetric(no axial flow) thenthelocal flow velocity is:

u � Q
2πr

(7)

whereQ is therateof flux into thetunnelfrom thereservoir. Clearlyregion I will
have the highestflow velocity, possiblygreatlyexceedinguc, andconsequently
extensivefineserosionoccurs.Region II will havea lowerflow velocity, possibly
below uc, leadingto a netaccumulationof fines. However, we observe thatfines
areremovedfrom region III, wheretheflow velocity is evenlower. Thissuggests
that uc may have a lower valuein region III thanin region I or II. In this work
we assumethat α and β are uniform throughoutthe flow domainand that the
critical flow velocity, uc, variesdependinguponthedamagesustainedby therock.
Figure 3 demonstrateshow variationsof uc with radiuscan lead to alternating
zonesof fines erosionanddeposition. In Figure3 we have taken the simplest
approachwith uc having aconstantinitial, undamagedvalueandassumeahigher,
constantvaluein thedamagedzone.
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We have exercisedthis simplemodelwith our finesmigrationsimulator. Our
simulatoris fully two-dimensional,but for this simpleproblemwe constructed
a one-dimensionalproblemby consideringa cylinder of rock of radius4.5 cm,
length1 cm, discretizedinto squarecellsof dimension0.75mm with a tunnelof
radius0.75 cm alongthe axis. We assumethat the rock containsnon-plugging
poresonly:

f � 0 (8)

For themodelproblemweassumeasimplelineardependenceof thepermeability
in theabsenceof fines:

K0
��� 300mD � 0 � 1 � 0 � 9r � 0 � 0075

0 � 0075 �  for 0.0075m � r � 0.015m 
300mD  otherwise.

(9)

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

α � 1700m� 1 (10)

β � 11s� 1 (11)

Wealsoassumeasimplelineardependenceof permeabilityuponlocalconcentra-
tionof trappedfineswhichapproximatelymapsthemeasuredfinesconcentrations[18]
to themeasuredpermeabilities(Figure4a)

K � K0
� 1 � 3σnp� (12)

Thecritical flow rate,uc, is assumedpiecewiseconstant,with a largervaluein a
damagedzonewithin 2.5cm:

uc
� � 0 � 0375m/s for r � 0 � 025m,

0 � 0113m/s otherwise.
(13)

Thevolumeof freefinesperfluid volumewasinitially setto:

C � 1
3 � � 0 � 005

�
r � 2 � 0 � 1� (14)

The initial trappedfinesconcentrationwaszero. Pressureboundaryconditions
representing750psiunderbalancewereappliedto thetunnelandoutersurfaceof
theproblem,with no-flow boundariesat eitherend. The resultsobtainedby the
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finesmigrationsimulatorafter1 secondof flushingarecomparedwith experiment
in Figure4. Theresultsaregenerallyin goodagreement,with thesimulationex-
hibiting theobservedalternatingzonesof fineserosionanddeposition.Thesimu-
lationsof 750psiunderbalanceshow accumulationof finesbetweenabout1.5cm
and2.5cmwith removalof fineselsewhere.Theshapeof thefinesprofilebetween
1.5cm and2.5cm is determinedby therelative valueof α andβ. A largervalue
of β resultsin morefinesaccumulatingnear2.5cm. In thefollowing section,we
applythis sameapproachto theclean-upprocessin a fully two-dimensionalper-
meability field obtainedfrom a separatehydrocodesimulationof thepenetrator.

5 Mapping the Hydrocode Results to the Fines Sim-
ulator

We seekto mapthe resultsfrom the endof the hydrocodesimulationof perfo-
ration into suitablevaluesfor finesconcentration,permeabilityin theabsenceof
fines,anduc. Theinitial conditionsobtainedmustbeconsistentwith theavailable
experimentaldataandyet be simple to implementwith a minimum numberof
assumptions.Lomov et al.[20] discussthehydrocodeweusedto simulatethedy-
namicbehavior of BereaSandstone.Thepermeabilitymodelemployedby thehy-
drocodeis basedupona fit to quasistaticexperimentaldataof ZhuandWong[21]
andis discussedin detailby Morris et al.[5]

Figure5 shows a permeabilitymapasa functionof distancefrom the tunnel
wall anddistancefrom theentrance,for BereaSandstoneperforatedwith 350psi
underbalance,obtainedby KaracanandHalleck[19]. Theseresultsshow reduced
permeabilitynearthetunnelwith particularlylow permeabilitiesneartheentrance
andtowardstheotherendof thetunnel.Figure6 and7 show thepermeabilityfield
predictedby the hydrocodesimulationwith andwithout fines, respectively, for
balancedconditions. Although exhibiting significantvariability, the hydrocode
permeabilitypredictionsalso show reducedpermeabilitynear the tunnel wall,
with permeabilityreductionlargestneartheopening.Theaxial variationin per-
meabilitypredictedby simulationis in contrastwith theinterpretationof Karacan
andHalleck[19]. They attribute the axial variationin permeabilityto variations
in thepre-shotpermeabilityof therock becausetheoutermostpermeabilitymea-
surementsapproachaconstantneartheopeningandat theotherendof thetunnel
(indicatingthepermeabilityis independentof radiusbeyond1.5cmat theseloca-

11



0.5 1 1.5 2 2.5 3 3.5 4
0

0.2

0.4

0.6

0.8

1

N
or

m
. P

er
m

. (a)

Sim. no fines       
Sim. 350 psi undblnc
Sim. 750 psi undblnc
Exp. 350 psi undblnc
Exp. 750 psi undblnc

0.5 1 1.5 2 2.5 3 3.5 4
0

0.05

0.1

0.15

F
in

es
 fr

ac
tio

n (b) Sim. 350 psi ub
Sim. 750 psi ub

0.5 1 1.5 2 2.5 3 3.5 4
0

0.02

0.04

0.06

0.08
(c)

r (cm)

u 
(m

/s
)

Sim. u 350 psi
Sim. u 750 psi
Sim. u

c
      

Figure4: A comparisonof experimentallymeasuredpermeabilityevolution with
resultsfrom the finesmigrationsimulatorfor a simple,one-dimensionalmodel
problem. The vertical gray line indicatesthe position of the tunnel wall. (a)
Normalizedpermeabilitymeasuredby KaracanandHalleck[19] comparedwith
simulation.(b) Simulatedfinesfraction.(c) Calculatedvolumeflux density(u) as
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tions). However, theoutermostpermeabilitiesmeasuredbetween5 cm to 10 cm
from the tunnelentrancediffer, castingsomedoubton this interpretation.Nev-
ertheless,despitethesequalitativedifferencesbetweenhydrocodesimulationand
experimentit is possibleto achieveaglobalfit of post-finesmigrationpermeabil-
ity to experiment.By varyingα, β, anduc throughouttheproblem,permeability
canbeenhancedor decreasedin orderto reducethedifferencesbetweenmeasure-
mentandsimulation. However, given the limited experimentaldataavailableto
matchagainst,it is unclearthatsuchaglobalfit wouldbeinformative. For exam-
ple,givenonepermeabilitymapit is unclearwhetherit is thehydrocodeparame-
tersor thefinesmigrationparameterswhichshouldbemodifiedto achieveabetter
fit. In thiswork, therefore,weattemptedto matchtheobservedclean-upatcertain
locationsalongtheperforation,assumingthatα andβ wereconstantthroughout,
andrelateduc directly to hydrocodehistorydependentvariables.Oncemoremea-
suredpermeabilitymapsareavailable(both for a wider rangeof underbalances
andfor multiple coresat eachlevel of underbalance)it will bepossibleto deter-
minewhatparametersareneededwithin thehydrocodeandthefunctionalforms
for α, β, anduc in termsof hydrocodehistorydependentvariables.

We assumethat the permeabilityobtainedfrom the hydrocode[5] represents
thepermeabilityof therock in theabsenceof fines.Theexperimentaldataof Zhu
andWong[21] (uponwhich our hydrocodepermeabilitymodelis based)provide
no insight into the role of fines migration. We assumethat the shockloading
accompanying perforationreleasesmorefinesandthatit is appropriateto consider
thehydrocodepermeabilitiesasanupperlimit in theabsenceof fines.

Our finesmigrationsimulatorcannotsimulatetheobservedremoval of debris
from thetunnel,soweneedto makesomeassumptionsregardinghow muchmate-
rial is removed.Furthermore,Halleck[8] claimedthatmostof thecleanupwould
occurduring the initial, high-ratetransientflow, at which point thepressuregra-
dientwill behighestacrosslow permeabilityregions.Weassumethatall material
with permeabilitylower than6 mD is removed. The removal of this materialis
simulatedby replacingit with materialwith apermeabilityof 10000mD.

At the startof the finesmigrationsimulationit is assumedthat all available
finesareshaken looseinto suspension.The following was found to give good
agreementwith theexperimentallymeasuredfinesfraction[18]for balancedcon-
ditionsasa functionof radius:

C � 1
3 � εp

�
0 � 3 (15)

σp
� 0 (16)
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σnp
� 0 (17)

Hereεp is thelocal plasticstrainin therockpredictedby thehydrocode.
Thecritical velocity, uc, is akey parameterwhichdetermineswherefinesero-

sionanddepositionwill occur. We foundthat

uc
� 0 � 025min � 220εp  1 � 0� 2 (18)

workedwell in reproducingthecaptureof finesat a radiusof about2 cm.
For simplicity theothermodelparameterswereassumedconstant:

α � 1120m� 1 (19)

β � 22� 5s� 1 (20)

Theseparametersdeterminethetimescaleover which cleanupoccurs.Thevalue
of theseparameterswasfoundto belesscrucial,providedthereis sufficient time
to flushthefines.This reflectsHalleck’s[8] observationthatsurgeflow volumeis
not animportantfactorprovidedsufficient underbalanceis used.It maybemore
appropriateto varytheseparameterswith position,howeverinsufficientdatawere
availableto providea rationalefor a functionalform for α andβ.

As with themodelproblem,we assumeda simplelinear dependenceof per-
meabilityuponlocalconcentrationof trappedfineswhichapproximatelymapsthe
measuredfinesconcentrationsto themeasuredpermeabilities:

K � K0
� 1 � 3σnp� (21)

This approachwasusedto simulatethepenetrationtestsperformedby Kara-
canandHalleck[19]. Figure8 shows a two-dimensionalmapof thepermeability
enhancementfor the 750 psi simulation. The simulationpredictspermeability
enhancementin the vicinity of the tunnelwall with a reductionin permeability
(dueto finesaccumulation)beyond6 cm from thetunnelentrancebetweenabout
2 and3 cm radius. KaracanandHalleck[19] do not provide a permeabilitymap
for 750psiunderbalance,but provide detailedradialpermeabilityprofilesonly at
3.4 cm (750 psi case)and2.8 cm (350 psi case)from the tunnelentrance.Fig-
ures9 and10 compareexperimentandsimulatedresultsasa functionof distance
from the tunnelwall to remove the effect of variationsin tunneldiameter. The
radialprofilesfrom KaracanandHalleck[19]weremadeto bea functionof dis-
tancefrom thetunnelwall usingtunneldiametersof 1.3cm (750psi) and1.2cm
(350psi). Thebestfit to theobservedclean-upandfinesmigrationwasat a dis-
tanceof 9.5cmfrom theentrance(seeFigure9). Closerto thetunnelentrancethe
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Figure 5: Permeabilityversusdistancefrom entrancehole and from tunnel
wall for 350 psi underbalancein BereaSandstoneasmeasuredby Karacanand
Halleck.[19]

hydrocodesimulationpredictsgreaterpermeabilityreduction,andconsequently
the flux densityis lower and relatively little fines removal occurs. Toward the
tip of the penetrationat a distanceof 13.2 cm from the entrancethe simulated
permeabilityprofile is similar to that observed by Karacanand Halleck[19] at
3.4 cm althoughthe simulatedpermeabilityis highercloseto the wall. In addi-
tion, Figure10shows thatthehighersimulatedpermeabilityat this distancefrom
theentrancepermitsremoval of fine particleswithin about0.25cm of thetunnel
wall evenfor 350psiunderbalance.
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Figure 6: Permeabilityat the end of the hydrocodesimulationversusdistance
from entranceholeandfrom tunnelwall with no fines.
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Figure 7: Permeabilityat the end of the hydrocodesimulationversusdistance
fromentranceholeandfrom tunnelwall with finesaddedandbalancedconditions.
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Figure 8: Two-dimensionalmap of the fractional permeabilitychangedue to
750 psi underbalanceversusbalancedconditions. Gray regions indicatean in-
creasein permeabilityof 5% or morewhile black indicatesa reductionof 5% or
more.Thecrosshatchregion indicatestheextentof thetunnel.

6 Discussion

We havepresentedanapproachfor predictingthedetailsof permeabilitydamage
and cleanuparoundperforationtunnels. Resultsobtainedusing a model one-
dimensionalsimulationof the clean-upprocessare in excellentagreementwith
experiment. We alsopresenteda fully two-dimensionalapproachinvolving two
steps:�

Calculatedamageandpermeabilityin theabsenceof finesusingahydrocode.�
Estimatecleanupusingafinesmigrationsimulator.

The resultsof the simulationsarein qualitative agreementwith availableexper-
imental results. The predictedpermeabilityand fines distributionsare in good
agreementwith experimentat certainlocationsalongthecore.However, theper-
meabilityfield predictedby thehydrocodeexhibitssignificantvariabilityalongthe
core,with greatlyreducedpermeabilityat theentranceandrelatively little reduc-
tion towardsthetip. Thepermeabilitymapsobtainedby KaracanandHalleck[19]
alsoshow similar variation in permeabilityparallel to the tunnel. Karacanand
Halleck[19] arguethatwhennormalized,thisvariationis reduced,however, more
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Figure9: A comparisonof experimentallymeasuredpermeabilityevolution with
resultsfrom the fines migrationsimulatorusing initial conditionsfrom the hy-
drocode. (a) Normalizedpermeabilitymeasuredby Karacanand Halleck[19]
comparedwith simulation. (b) Simulatedfinesfraction. Closerto the tunnelen-
trance,thehydrocodeoverpredictsthereductionin permeability, leadingto lower
flow ratesandminimal cleanup.
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comparedwith simulation.(b) Simulatedfinesfraction.
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resultsfor multiple coresare requiredto confirm this interpretation. Beyond a
distanceof 7 cm from thetunnelentrance,thesimulationsshow similar zonesof
fineserosionanddepositionto thoseobservedexperimentally. Closerto thetunnel
entrancethepredictedpermeabilityis lowerandlessfinesmigrationoccurs.

Given the limited experimentaldataavailableto matchagainst,it is unclear
whetherit is the hydrocodeparametersor the finesmigrationparameterswhich
shouldbemodifiedto achieve a betterfit. Althoughα andβ areexpectedto vary
with damage,in thiswork weattemptedto matchtheobservedclean-upatcertain
locationsalongtheperforation,assumingthatα andβ wereconstantthroughout,
andrelateduc directly to theplasticstrainpredictedby thehydrocode.Oncemore
measuredpermeabilitymapsareavailable (both for a wider rangeof underbal-
ancesandfor multiple coresat eachlevel of underbalance)it will bepossibleto
determineappropriateparameterswithin the hydrocodeandthe finesmigration
simulator. In particular, a morecomprehensive seriesof measuredpermeability
mapswill enablefunctionalformsfor α, β, anduc in termsof hydrocodehistory
dependentvariables(damage,strain,porosity)to bedetermined.

In thiswork weconsideredonly thebehavior of BereaSandstone.BereaSand-
stonediffersfrom many othersandstonesin that is is bothhighly permeableand
hasa substantialclay content.Consequently, BereaSandstonemaybemoresus-
ceptibleto the release,migration,andsubsequentdepositionof finesthanmost
otherrocks[18]. Experimentallymeasuredpermeabilitymapsfor a wider range
of rocksarerequiredbeforethemodelpresentedin this work canbeusedto pre-
dict thebehavior for otherrocks.

In thiswork wehavenotconsideredtherate of thecleanupprocess(governed
by α andβ). A morecomprehensive study, addressingthe role of flow volume
during the post perforationsurge, and employing more measuredpermeability
maps,would provide stricter boundsupon the model parameters.In addition,
we have not addressedthe processeswherebyvery low permeabilityrubble is
removed from the tunnel, but have useda cutoff to determinewhat materialis
removed. A separatemodelcouldbedeveloped(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 relatethedamagepredictedby thehydrocodeto the initial finescon-
centrationandcritical volumeflux within the core. A moreversatileapproach
would employ a damagevariabledirectly associatedwith theevolution of pore-
scaleproperties,suchas the interstitial area. This would be moreamenableto
physicalargumentsregardingfinesproduction,permeability, andcritical volume
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flux. It would alsobe morecapableof predictingthe responseof otherrocksor
theeffect of differentporefluids.

Weexpectthemethodsdevelopedin thispaperto leadto moreefficientcleanup
of perforations. For example,oncesufficient dataare obtainedto characterize
model parameters,it shouldbe possibleto substantiallyreducethe numberof
testsrequiredto obtainbestresults. Computersimulationwill help identify the
optimumbalanceconditionsandsurge ratefor a given perforatorandoperating
conditions,andalsoperhapsallow explorationof new conceptssuchaswhether
multiplesurgesmight improvecoreflow efficiency.
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