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SUMMARY

We presenta new techniquefor computingthe effective permeabilityon a coarsescale. It is
assumedhatthe permeabilityis givenatafine scaleandthatit is necessaryo reducghenumber
of blocksin thereserwoir model.

Traditionalupscalingmethodsdependon local boundaryconditions. It is well known thatthis

approachmayintroducdargeerrorsin thecoarsenodel. Thenew methods applicablevhenerer

theselocal methodsfail to producean acceptablgermeabilityfield, e.g. upscalingof blocks

closeto wells andcasesnvolving heterogeneitiesn the coarsegrid block scale.In suchcases,
it is impossibleto computean effective permeabilitybasedn local obsenationsof the pressure
andvelocity fields. The propertiesof the coarsereseroir modelwill simply depencheavily on

theglobalflow pattern.

The basicideabehindthe new methodis to try to minimisethe global errorsintroducedin the
pressureand velocity fields by the upscalingprocess. This approachto upscalingpossesses
several desirableproperties. More precisely the total massflux over eachcoarsegrid block
interfaceis preseredon the coarsemesh. This leadsto very accurateproductionandinjection
ratesin the wells for the coarsemodel. Moreover, the associatedninimisationproblemcanbe
solved very efficiently. Traditional,and computationakxpensve, optimisationalgorithmsare
not neededHowever, thesolutionof thefine scalepressurequations required.It turnsoutthat
the CPU-timeneededy the new globalschemas comparabldo thatneededy the traditional
local methods,provided that modernnumericalmethodsfor elliptic differentialequationsare
applied.

Finally, the performancef thenewv schemas illustratedby a numericalexperiment.

1. INTRODUCTION

Thelasttwo decadest hasbecomeusualto modelthe permeabilityin areserwir atavery fine
scale,a scalemuchfiner thanit is possibleto usein areserwir simulator Hence,|jt is necessary
to find effective propertieonacoarsescale.However, effective propertiesareonly well-defined
if theseparatiorof scaleconditionis satisfied.Thisis usuallynotthecase.Traditionalupscaling
methodscomputeblock effective valuesof the permeabilitypbasedbn local boundaryconditions,
cf. e.g. [1] and[2]. We will showv that theseblock effective valuesdependheaily on the
boundaryconditions.

In this papera differentapproachfor upscalingis studied. The upscalingproblemis formu-
latedasa minimisationproblem. The upscaledermeabilityis definedasthe permeabilitythat
minimisesthe differencebetweerthe pressureandthe velocity fields generatedy the fine and
coarsescalepressureequationsyespectrely. By applyingthis approachit is not necessaryo



male ary assumption®n local boundaryconditions. Moreover, we presentan effective algo-
rithm for solvingthe minimisationproblem.However, the approachrequiresthe solutionof the
fine scalepressureequation.Thesecomputation@arerepeatedachtime theratesor saturations
have changedonsiderably

The mostefficient linear equationsolverstoday usecomputertime proportionalto the number
of unknowns,seee.g. [3]. Thus,thecomputingtime neededor solvingonefine scalepressure
equation,definedon the entirereserwir, is comparablgo the time neededby local upscaling
methoddor solvingall of thefine scaleproblemsonthe coarseblocks.

The methodcalculateshe transmissibilitieansteadof the permeabilitiessincethis is a more
stableproblemandsinceit reduceghe problemwith irregulargrid blocksandfull permeability
tensors.

The methodis expectedto be applicablefor reseroirs wheretraditionallocal upscalingtech-

niquesfail. This is the casein reseroirs with large contrastsand barriersor high permeable
zonesat the size of the coarsescalegrid blocks. It hasalsobeenobsered thatlocal upscaling
methodgquite oftenfail to handlethe well blocksproperly

2. LOCAL UPSCALING METHODS; LACK OF UNIQUENESS

Definethe effective permeabilityfor the boundaryconditions in direction; to be

K <thp'ﬁL-ej>
I <V e >

(1)

where< . > denotesheaverageovertheblock, &, is thefine scalepermeabilityfield, p!, denotes
the solutionof the pressureequation

div(k,Vpi) =0, (2)
+ boundaryconditions,

in the coarseblock correspondingo boundarycondition: ande; denotesthe unit vectorin

directionj. Assumethat (2) hasbeensolved for two different Dirichlet boundaryconditions
pr = g' andp? = ¢% ontheboundary Let p} bethe solutionof (2) obtainedby applyingthe
boundaryconditionp? = a;g' + a2g? for someconstants:;; anda,. Thenalsothe solutionwill

satisfyp} = a1p} + asp insidethecoarsegrid block. Simplecalculationgives

K- K a < Vp}, - ej > LK as < Vpi -e; >
VA 1.e. 2.0, J 1. e. 2. e >
a1 < Vp, -e; > +ay < Vp; -e; > a1 < Vp; -e; > +as < Vp; -e; >

By varyinga, anda,, we maygetary realvaluefor K, providedthat K # K. Whenk;, is not
constanin the coarseblock, it is possibleto find two differentvaluesK} andK]?. This shavs
that the local upscalingproblemis not stable. More precisely for any non-constantine scale
permeabilityk;, andrealnumbere, it is possibleto find aboundaryconditionwherethe effective
permeabilitydefinedby (1) is equalto c.

However, thelocal effective permeabilitydefinedby (1) is stablewith respecto smallchanges
in theboundarycondition. Thisis animplicationof thatthe pressuresolutionandhencealsothe
gradientof thepressures a continuoudunctionof theboundarycondition,cf. e.g.[4].



3. GLOBAL UPSCALING

Let k£, andp, beasdefinedin theprevioussectiongxceptthatthefieldsaredefinedin theentire
reservir andthe boundaryconditionsaredefinedby the wells in additionto flux or pressureat
the borderof thereserwir. The gravity forcesareneglected. The associateddarcgy velocity is
definedby v, = —k;, Vpp,.

In this paperwe considerthe problemof finding a coarsescaledescriptionof the permeability
kx suchthatthe correspondingoarsescalepressure; andvelocityvy = —ky Vpy aregood
approximation®f p, andv,, respectrely. Here,py is definedasthe solutionof the coarsescale
pressurequation

wherewe applythesameboundaryconditionsasin (2). More preciselyfor asuitablenorm|| - ||,
we wantto find kg thatminimises||p, — pu(ky)|| and||v, — v (kg)|| (we write py (kg) and
vy (ky) to emphasizéhatthesefieldsarefunctionsof k).

Thecoarsescalepermeabilityky, definedby thisapproachwill depencheavily onthenorm||-||
we chooself theenegy norm

oy — pll% = / V(pn — pu)knV(pr — pu) dx
Q

or inverseenegy norm(WOLS scheme)
lvn — ve||%-1 = /(Uh — vk, (vp — vg) dz
Q

is applied,thenit turnsout thatit is not necessaryo solve the fine scalepressuresquation(2)
in orderto computek, cf. [5, 6]. However, asdiscussedn [6], the enegy norm seemsto
generateesultscloseto thearithmeticmeanof the permeabilityandthe WOLS schemdendto
overestimateheinfluenceof thelow permeableoneson thecoarsdevel.

A reasonablembitionon the coarsegrid for an accurateupscalingmethodshouldbe thatthe
pressuren eachcoarseblock €); is closeto the averagefine scalepressure,. in €);, andtheflux
over eachcoarsegrid block interfacel’; is agoodapproximatiorof the averagefine flux ¢, over
[';. It turnsoutthatminimisingthe L, norms

lon = P (k)2 = / (o — pi)? da @)
and
o — s (k) 2, = / (v — vgr) - )? da 5)

give solutionsthatarecloseto p, = {p.};, andq, = {¢*’}, ;, respectiely. Here,I" represents
theunionof all theboundarie®f the coarsescalegrid blocks,n is the outwardsdirectednormal
vectorto theseboundariesandi, j areblock indices(p:. is the pressurén block: andg®’ is the
flux from block: to block j).



In orderto minimise the functionalsgiven in (4) and (5), with respectto &k, it seemso be
impossiblgo avoid computinghefine scalepressureThisleadso alargelinearequatiorsystem
wherethe numberof unknavnsis the numberof fine scaleblocks. However, the mostefficient
linearequatiorsolverstodayusecomputetime proportionako thenumberof unknovns,seee.g.
[3]. Recallthatif local upscalingtechniquesareappliedthena fine scaleproblemis solvedon
eachcoarseblock, seee.g. [2]. Thus,the CPU-timeneededor solvingonefine scalepressure
equation,definedon the entirereserwir, is comparablgo the time neededby local upscaling
methoddor solvingall of thefine scaleproblemsonthe coarseblocks.

In afinite differencereserwir simulatorthe permeabilitieareonly usedfor calculatingthetrans-
missibilities. Thus,wewill focusoncomputingtransmissibilitiesnsteadof permeabilitiesn the
algorithmpresentedbelow. Clearly, p’. andg’’ arereproducean the coarsegrid if thetransmis-
sibilities satisfytheequation

Ty (b — pl) = ¢, (6)

where; andj areneighbourblocksandT};j representthetransmissibilityof theassociatetlock
interface.Thisfollows easilyfrom conserationof massandthediscretizedine andcoarsescale
pressurequationg2) and(3), cf. [6].

With this notationat handour minimisationproblemcanbe formulatedasfollows; Let T” and
T} begivenupperandlower boundsfor 7.

L, minimisation problem

For eadh pair 4, j of neighbouringoarsegrid blocksfind T}/ € [T}7, T;7] suchthat||vy, — vy (Tw)| 5,
is minimised,and of all solutlonsthatm|n|m|seth|sfunct|onal minimise||p, — pa (Tw)||z,. I
casebothfunctionalsare invariantfor a transmissibilityl’;;’, setTs’ = (T3 T;7)1/2.

In view of thediscussiorpresente@dbove, anapproximatesolutionto this problemcanbe com-
putedby algorithm1.

Algorithm 1

1. Findthesolutionp, of thefine scalepressureequationandcomputethe associatedarcy
velocity vy,.

2. Computethe Ly-projectionsp, andg, of p, andg;, ontothecoarsegrid.

3. For all pairsof neighboumblocksi, j:
(@) 717 = ¢/ (b} = p}),
whereq"’ representthe massflux from block: to block ;.
(b) SetT} e [TV, T3] suchthat|T};’ — T} | is minimised.

Hence,in step3 we try to find T}/ € [TE’J,T”’] satisfying(6). If we cant find ary T} e
(T3 T”’] satisfying(6) thenT} is setequalto T” orT”

For furtherdetails,moreaccuratelgorithmsandanalyse®f their performanceve referto [6].

The calculatedransmissibilitiesare continuouswith respecto the boundaryconditions. How-
ever, in the caseof large changesn the globalboundarycondition,it is necessaryo recalculate
the effective transmissibilities.



It is possibleto generaliséo multiphasdlow by interpretingk;, astheproductof thepermeability
andtherelative permeability see[6]. However, if large changesn the saturation®ccurit may
be necessaryo updatethe effective transmissibilities.

4. A NUMERICAL EXPERIMENT

In this sectionwe will illustratethe performancef the upscalingtechniquepresentedbove by

a numericalexperiment. The fine scalepermeabilitydatain this examplewasgeneratedy the
programpackages$-LUVIAL [7] and CONTSIM [8], developedat the Norwegian Computing
Center Thesecommercialsoftware packagesusedby several oil companiedo modelfluvial

reservirs, producerealisticinput datasuitablefor flow simulators.

We considerafluvial reserwir containingl8 channels3 wells (oneinjectorandtwo producers),
andasandgrossof approximatel\30%. For simplicity, thepressuren theinjectorandproducers
wassetequalto 1 and0.5, respectiely.

Thepermeabilitydatawasscaledup from a20 x 20 x 20 uniformgridtoa10 x 10 x 10 uniform
mesh.In additionto the globalupscalingalgorithmdefinedabove, we appliedthe classicalocal
method,introducedby WarrenandPricein [1], to computeupscaledoermeabilitydataon the
coarseagrid.

In the tablesbelaw, the resultsobtainedby our global schemeand the classicalmethodare
referredto as Global upscalingand Locale upscaling respectrely. Next, Projectionrefersto
the L, projectionof the fine scalepressurgor velocity) onto the coarsegrid. Recall,thatthe
projectionof the pressure/glocity is the bestapproximatioron the coarsescaleof thefine scale
pressurekelocity. Hence,the error introducedin the pressurdield andthe velocity field by
ary upscalingschemewill alwaysbe largerthanthe projectionerror Furthermorean optimal
upscalingechniqueshouldgeneraterrorscomparabléo the projectionerror Thereadeishould
keepthisin mind throughouthis section.

Tablel containghe projectionerrorsandthe errorsintroducedn thepressureandvelocity field
by the upscalingmethodsdiscusse@bove. Clearly, the globalschemeprovidesalmostoptimal
results,n the sensahattheerrorsarecloseto the projectionerrors.We obsene thattheerrorin
the pressurdield is unacceptabléor thelocal method.

: or.—pHI 2 [or —vEl 2
Algorithm Bl bl

Projectionerror | 0.0266725 | 0.650512
Globalupscaling| 0.0278723 | 0.733493
Localeupscaling| 0.0466163 | 23.5491

Tablel: Relatve errorin the pressur@andvelocity field.

Theseobsenrationsare confirmedby Table2. Only relatvely small errorsare introducedin
the productionandinjectionratesby Algorithm 1, whereaghe local methodfails to solve this
problem.

Similar resultshave beenobsenredin a seriesof testproblems. Furtherdetailsand numerical
experimentanbefoundin [6].



Algorithm well 1 well 2 well 3

Finescale 2.300 —1.261 —1.040
Globalupscaling| 2.262 —1.292 —0.970
Localeupscaling| 42.9372 | —42.1198 | —0.817261

Table2: Productiorandinjectionratesin thewells.
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