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Motivation – Why well testing?
__________________________________________________________

Well Well testingtesting cancan identifyidentify reservoirreservoir complexitycomplexity ((e.ge.g. . reservoirreservoir boundariesboundaries)! )! 
Reservoir Reservoir complexitycomplexity usuallyusually isis unknownunknown in in thethe earlyearly stagestage of an of an investigationinvestigation
butbut knowledgeknowledge of of reservoirreservoir complexitycomplexity isis neededneeded to to renderrender numericalnumerical reservoirreservoir
simulationsimulation meaningfulmeaningful..

Well Well testingtesting directlydirectly providesprovides „„upscaledupscaled““ hydraulichydraulic parametersparameters ((neededneeded forfor
numericalnumerical flowflow simulationsimulation).).

Well Well testingtesting allowsallows to to identifyidentify reservoirreservoir leakageleakage ((importantimportant to to determinedetermine
reservoir/aquiferreservoir/aquifer integrityintegrity).).

Well Well testingtesting providesprovides well well productivities/injectivitiesproductivities/injectivities ((importantimportant to to determinedetermine
thethe economicaleconomical feasibilityfeasibility of of geothermal/hydrocarbongeothermal/hydrocarbon exploitationexploitation and and subsub--
surfacesurface storagestorage projectsprojects).).

ThisThis presentationpresentation showsshows: : VariousVarious displacementdisplacement well well responseresponse testingtesting allowsallows to to 
identifyidentify nonlinearnonlinear formationformation--controlledcontrolled flowflow..

-->>
 

supportssupports
 

an an identificationidentification
 

of of hydraulicallyhydraulically
 

conductiveconductive
 

fracturesfractures
-->>

 
relevant to relevant to capcap

 
rock rock tightnesstightness

 
characterizationcharacterization

-->>
 

relevant to relevant to fractured/karstifiedfractured/karstified
 

reservoirreservoir
 

characterizationcharacterization

WhyWhy
 

well well testingtesting??
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Status Quo - Classical linear slug test theories
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CCooperooper--BBredehoeftredehoeft--PPapadopulosapadopulos
 

(CBP) Model (1967):(CBP) Model (1967):
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The The rightright--handhand
 

sideside
 

isis
 

independent of Hindependent of H00

 

!!
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ClassicalClassical
 

normalizednormalized
 

headhead
 

responsesresponses
 

areare
 

convexconvex
 

oror
 

linear linear collapsingcollapsing
 ontoonto

 
a a uniqueunique

 
curvecurve

 
forfor

 
different Hdifferent H00

 

::
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TheThe
 

Problem:Problem:
 

WeWe
 

havehave
 

observedobserved
 

concaveconcave
 

normalizednormalized
 

headhead
 responsesresponses

 
notnot

 
collapsingcollapsing

 
ontoonto

 
a a uniqueunique

 
curvecurve::

0 200 400 600

Time (sec.)

0.001

0.010

0.100

1.000

N
or

m
al

iz
ed

 H
ea

d 
H

(t)
/H

0

Observed anomalies
__________________________________________________________

________________________________________________________________



FullyFully
 

nonlinearnonlinear
 

slugslug
 

test test modelmodel
 

forfor
 

finite finite diameterdiameter
 

wellswells
 ((ZennerZenner, 2008, 2009):, 2008, 2009):
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ExampleExample
 

No. 1:No. 1:
 

SlugSlug
 

test test analysisanalysis
 

at well at well 
BB--7004 (Berlin, 7004 (Berlin, 
Tempelhof Airport)Tempelhof Airport)

________________________________________________________________

Applications of the new nonlinear slug test model
__________________________________________________________
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11.40 Clay, sandy

Marl24.00

33.00

Medium sand,
fine sand

Medium sand,
coarse sand

45.00

42.76

24.00

27.00
28.70

14.00

0.40

Marl

10 m  thick clay sea

filter gravel pack
1 - 2 mm

45.00

Aquifer thickness



Slug Test Identifier rp (m) Lp (m) H0 (m)
B7004/1 0.025 1.774 3.96
B7004/2 0.025 1.774 1.35
B7004/3 0.025 9.774 4.15
B7004/4 0.025 9.774 1.35
B7004/5 0.014 1.774 4.12
B7004/6 0.014 1.774 1.33
B7004/7 0.0055 1.774 4.09
B7004/8 0.0055 1.774 1.33
B7004/11 0.014 9.774 4.21
B7004/12 0.014 9.774 1.36

Test Test designdesign
 

to to investigateinvestigate
 

packerpacker--relatedrelated
 

nonlinearnonlinear
 

headhead
 

lossloss
 componentscomponents::
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MeasuredMeasured
 

vs. vs. simulatedsimulated
 

responsesresponses
 

at well Bat well B--7004:7004:
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InferencesInferences
 

fromfrom
 

ExampleExample
 

No. 1:No. 1:

NonlinearNonlinear tubingtubing--controlledcontrolled flowflow causescauses concavityconcavity and and impliesimplies a a 
shiftshift of of normalizednormalized headhead responsesresponses towardtoward larger larger timestimes..

ColebrookColebrook and and BordaBorda CarnotCarnot--typetype headhead lossloss formulasformulas fromfrom steadysteady
statestate pipepipe hydraulicshydraulics areare sufficientlysufficiently accurateaccurate at at modelingmodeling tubingtubing--
controlledcontrolled transienttransient flowflow insideinside thethe well.well.
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ExampleExample
 

No. 2:No. 2:
 

SlugSlug
 

test test analysisanalysis
 

at wellat well
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Test Test designdesign
 

to to investigateinvestigate
 

thethe
 

flowflow
 

dynamicsdynamics
 

insideinside
 

thethe
 

fracturedfractured
 DevonianDevonian

 
limestonelimestone

 
formationformation::

Slug Test Identifier rp (m) Lp (m) C (sp/m3p-1 ) p (-) H0 (m)

Mue2/1Mue2/1 0.06250.0625 00 2350023500 1.61.6 -- 0.7150.715

Mue2/5Mue2/5 0.06250.0625 00 2350023500 1.61.6 -- 0.4750.475

Mue2/7Mue2/7 0.06250.0625 00 2350023500 1.61.6 -- 0.1290.129

Mue2/10Mue2/10 0.02500.0250 1.7741.774 2350023500 1.61.6 +7.470+7.470

Mue2/11Mue2/11 0.02500.0250 1.7741.774 2350023500 1.61.6 +2.420+2.420

Mue2/14Mue2/14 0.02500.0250 1.7741.774 2350023500 1.61.6 +1.020+1.020
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MeasuredMeasured
 

vs. vs. simulatedsimulated
 

responsesresponses
 

at well Mat well Müünstereifelbohrung B2:nstereifelbohrung B2:
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MeasuredMeasured
 

vs. vs. simulatedsimulated
 

responsesresponses
 

at well Mat well Müünstereifelbohrung B2:nstereifelbohrung B2:

Applications of the new nonlinear slug test model
__________________________________________________________

0 10 20 30 40 50
Time (sec.)

0.001

0.010

0.100

1.000

N
or

m
al

iz
ed

 H
ea

d 
H

(t)
/H

0

Data of test Mue2/1
Data of test Mue2/5
Data of test Mue2/7
Data of test Mue2/10
Data of test Mue2/11
Data of test Mue2/14
Simulations neglecting packer-related
wellbore-internal head losses



________________________________________________________________

Applications of the new nonlinear slug test model
__________________________________________________________

MeasuredMeasured
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MeasuredMeasured
 

vs. vs. simulatedsimulated
 

responsesresponses
 

at well Mat well Müünstereifelbohrung B2:nstereifelbohrung B2:
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Inferences
 

from
 

Example
 

No. 2:

NonlinearNonlinear formationformation--controlledcontrolled flowflow causescauses concavityconcavity and and impliesimplies a a shiftshift
of of normalizednormalized headhead responsesresponses towardtoward larger larger timestimes similarsimilar to to tubingtubing--
controlledcontrolled flowflow..

A A differentiationdifferentiation of of formationformation--controlledcontrolled and and tubingtubing--controlledcontrolled flowflow isis
possiblepossible butbut requiresrequires detaileddetailed knowledgeknowledge of of thethe geometricgeometric configurationsconfigurations
of of fittingsfittings ((e.ge.g. a . a packerpacker) ) usedused insideinside thethe wellborewellbore..

ParticularlyParticularly, , variousvarious--displacementdisplacement well well responseresponse testingtesting cancan identifyidentify
nearnear--wellwell nonlinearnonlinear flowflow in in fractured/karstifiedfractured/karstified rock!rock!

-->>
 

CombineCombine itit withwith productionproduction logginglogging oror highhigh--resolutionresolution boreholeborehole imagingimaging
 techniquestechniques likelike FMI, UBI, AT to FMI, UBI, AT to maximizemaximize structuralstructural and and hydraulichydraulic informationinformation

 on on investigatedinvestigated fracturedfractured systemssystems..
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ExampleExample
 

No. 3 (a No. 3 (a theoreticaltheoretical
 

considerationconsideration):):
 

CanCan
 

fractionalfractional
 

flowflow
 

accountaccount
 

forfor
 

thethe
 

observedobserved
 

headhead
 

responsesresponses? ? ConsiderConsider
 

thethe
 fractionalfractional

 
flowflow

 
modelmodel

 
of of BarkerBarker

 
(1988):(1988):
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Inferences
 

from
 

Example
 

No. 3:

FractionalFractional flowflow doesdoes NOT NOT provideprovide concaveconcave normalizednormalized headhead responsesresponses in in 
a a HvorslevHvorslev--stylestyle formatformat..

FractionalFractional flowflow doesdoes NOT NOT yieldyield shiftedshifted--inin--timetime normalizednormalized headhead
responsesresponses whenwhen usingusing differingdiffering initialinitial displacementsdisplacements HH00..

ConsequentlyConsequently, , fractionalfractional flowflow isis NOT NOT thethe physicalphysical processprocess causingcausing thethe
headhead responsesresponses observedobserved at well Mat well Müünstereifelbohrung B2.nstereifelbohrung B2.



An An exampleexample
 

of of characterizingcharacterizing
 

a a hydraulichydraulic
 

barrierbarrier

Waterworks
 

Beesen
 

at Halle, Saxony-Anhalt
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HeadHead
 

responsesresponses
 

areare
 

convexconvex
 

and and reproduciblereproducible
 

forfor
 

thethe
 

weatheredweathered
 sandstone/mudstonesandstone/mudstone

 
unitunit; ; howeverhowever, , responsesresponses

 
do do notnot

 
collapsecollapse

 
ontoonto

 
a a 

uniqueunique
 

curvecurve
 

forfor
 

different Hdifferent H00

 

. . ThisThis
 

maymay
 

potentiallypotentially
 

bebe
 

duedue
 

to to pseudopseudo--
 plasticplastic

 
flowflow..
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SummarySummary

NonlinearityNonlinearity isis evident evident fromfrom well well responseresponse testingtesting eithereither byby concaveconcave oror byby
convexconvex normalizednormalized headhead responseresponse curvescurves, , whichwhich areare significantlysignificantly shiftedshifted
againstagainst oneone anotheranother whenwhen usingusing varyingvarying displacementsdisplacements HH00. . FractionalFractional flowflow
doesdoes notnot implyimply thisthis headhead--dependentdependent behaviorbehavior..

NonlinearNonlinear formationformation--controlledcontrolled flowflow characteristicscharacteristics cannotcannot bebe inferredinferred fromfrom
corecore analysesanalyses ((poroporo--permperm datadata) ) butbut maymay inexpensivelyinexpensively bebe estimatedestimated byby
variousvarious displacementdisplacement well well responseresponse testingtesting..

VariousVarious displacementdisplacement well well responseresponse testingtesting maymay especiallyespecially bebe promisingpromising at:at:
--

 
hydraulichydraulic characterizationscharacterizations of of fracturedfractured and and karstifiedkarstified formationsformations envisionedenvisioned forfor

 drinkingdrinking waterwater supplysupply and and geothermalgeothermal energyenergy exploitationexploitation,,
--

 
tightnesstightness characterizationcharacterization of of fracturedfractured reservoirreservoir capcap rocks and rocks and hydraulichydraulic barriersbarriers,,

--
 

and and potentiallypotentially also also forfor nuclearnuclear wastewaste repositoryrepository analysesanalyses..
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MechanicalMechanical
 

energyenergy
 

balancebalance
 

of of thethe
 

waterwater
 

insideinside
 

thethe
 

wellborewellbore::
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TheThe
 

basicbasic
 

aquiferaquifer
 

responseresponse
 

((awayaway
 

fromfrom
 

thethe
 

well) well) isis
 

assumedassumed
 

to to 
bebe

 
DarcianDarcian

 
and and cylindricallycylindrically

 
convergentconvergent

 
towardtoward

 
thethe

 
well:well:
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NoteNote: : TheThe
 

assumptionassumption
 

of of cylindricalcylindrical
 

flowflow
 

convergenceconvergence
 

towardtoward
 

thethe
 

testedtested
 

well well mightmight
 

notnot
 bebe

 
correctcorrect

 
forfor

 
fracturedfractured

 
rock rock settingssettings

 
in in generalgeneral. . AnyAny

 
otherother

 
((fractionalfractional) ) flowflow

 
modelmodel

 
couldcould

 bebe
 

usedused
 

insteadinstead
 

butbut
 

a a profoundprofound
 

identificationidentification
 

of of thethe
 

„„truetrue““
 

modelmodel
 

governinggoverning
 

formationformation
 flowflow

 
mightmight

 
bebe

 
difficultdifficult

 
fromfrom

 
slugslug

 
testingtesting

 
alonealone..
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DeviationsDeviations
 

fromfrom
 

DarcianDarcian
 

aquiferaquifer
 

flowflow
 

existexist
 

forfor::

dominant dominant electroelectro--molecularmolecular forcesforces ((prepre--linearlinear laminarlaminar flowflow))

dominant dominant inertialinertial effectseffects duedue to to flowflow pathpath curvaturecurvature, , e.ge.g. . fracturefracture flowflow
channelingchanneling

 
oror

 
flowflow

 
in in karstifiedkarstified

 
rock (postrock (post--linear linear laminarlaminar

 
flowflow))

large large flowflow ratesrates in in porousporous formationsformations (Re > 100) (Re > 100) resultingresulting in turbulentin turbulent
flowflow

 
(post(post--linear turbulent linear turbulent flowflow))

significantsignificant fracturefracture face face roughnessroughness and and sufficientlysufficiently large large flowflow ratesrates
(Re > 2400) (Re > 2400) resultingresulting

 
in turbulent in turbulent fracturefracture

 
flowflow

 
(post(post--linear turbulent linear turbulent 

flowflow))

NonNon--NewtonianNewtonian flowflow
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FractureFracture
 

flowflow
 

channelingchanneling
 

((fromfrom
 

KolditzKolditz, 2001):, 2001):

LeftLeft: : fracturefracture
 

roughnessroughness
 

patternpattern
 

(b = (b = fracturefracture
 

apertureaperture).).
RightRight: : simulatedsimulated

 
channelizedchannelized

 
velocityvelocity

 
fieldfield..

by

 

courtesy

 

of Emerald Group Publishing

 

Limited, 2012________________________________________________________________



FormationFormation--relatedrelated
 

NonlinearitiesNonlinearities::
 

A A generalizedgeneralized
 

raterate--dependentdependent
 

skinskin
 

effecteffect
 

isis
 

assumedassumed
 

to to accomodateaccomodate
 nonnon--DarcianDarcian

 
aquiferaquifer

 
flowflow

 
closeclose

 
to to thethe

 
well:well:
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NoteNote: : TheThe
 

aboveabove
 

raterate--dependentdependent
 

skinskin
 

formulaformula
 

projectsprojects
 

additional additional headhead
 

losseslosses
 

associatedassociated
 withwith

 
thethe

 
nonlinearitynonlinearity

 
of of formationformation

 
flowflow

 
in an in an empiricalempirical

 
mannermanner

 
ontoonto

 
thethe

 
wellborewellbore

 
face. face. 

ThereforeTherefore, , oneone
 

cannotcannot
 

telltell
 

fromfrom
 

an an applicationapplication
 

of of thethe
 

aboveabove
 

formulaformula
 

howhow
 

far far intointo
 

thethe
 formationformation

 
nonlinearnonlinear

 
flowflow

 
wouldwould

 
bebe

 
significantsignificant..
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NonlinearitiesNonlinearities::
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A A HvorslevHvorslev--stylestyle
 

variantvariant
 

of of thethe
 

nonlinearnonlinear
 

slugslug
 

test test modelmodel
 ((ZennerZenner, 2006):, 2006):
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Validation Validation againstagainst
 

thethe
 

modelmodel
 

of Dougherty & of Dougherty & BabuBabu
 

(1984)(1984)
 ((fullyfully

 
penetratingpenetrating

 
casecase, , withwith

 
skinskin):):

0.01 0.1 1 10 100 1000

kr*t*B/rc/rc

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 H
ea

d 
H

(t)
/H

0

       α = 2(rD/rc)2*S  =  0.0002

a)   Sw = 0                B2 = 0

b)   Sw = 10               B2 = 3978.873577

c)   Sw = 120             B2 = 47746.48293

Symbol s: Model  of  Dougher t y & Babu ︵1984 ︶

Sol i d l i nes: Nonl i near  Sl ug Test  Model
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Validation Validation againstagainst
 

thethe
 

MLUMLU--modelmodel
 

of of HemkerHemker
 

(1999)(1999)
 ((oneone

 
layerlayer, no , no skinskin):):
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a)   α = 0.018432

b)   α = 7.3728*10-6

c)    α = 5.12*10-14

Leff =  H0 + z0 + [3/8*B + D](rc/rs)2  ≅  0

Symbol s: MLU- Model  of  Hemker  ︵1999 ︶

Sol i d l i nes: Nonl i near  Sl ug Test  Model
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Validation Validation againstagainst
 

thethe
 

MLUMLU--modelmodel
 

of of HemkerHemker
 

(1999)(1999)
 ((oneone

 
layerlayer, , withwith

 
skinskin):):
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       α = 2(rD/rc)2*S  =  0.001

a)   Sw = 0                B2 = 0

b)   Sw = 25               B2 = 1989.436788649

c)   Sw = 100             B2 = 7957.747154595

Symbol s: MLU- Model  of  Hemker  ︵1999 ︶

Sol i d l i nes: Nonl i near  Sl ug Test  Model
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