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It is well established that reservoir simulation studies are very subjective and varies from simulator to simulator. How-
ever, reservoir simulation, as practiced in the oil industry, is well recognized and is the standard tool for solving reservoir
engineering problems. Unfortunately, almost all the existing simulators and their mathematical models are based on the
conventional approach. It is also well-known that this approach comprises inherent assumptions which result the lin-
earization of the model and solution. In contrary, the concept of engineering approach allows to bypassing linearization
during the development of model equations. To avoid the hidden misconceptions and uncertainty in formulation, en-
gineering approach is becoming more popular as long as it is more easily understandable. The present study critically
reviews the inherent shortcomings of the conventional approach and analyzes the hidden assumptions behind the con-
ventional approach and identifies the limitations of engineering approach. The strengths and weaknesses of the both
approaches are outlined. The comprehensive modeling of complex petroleum phenomena will help researcher and indus-
try to rethink and revisit their contribution in reservoir simulation. It will also help to build a new rigorous simulator
using the noble concept.
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1. INTRODUCTION

In this informationage,almostall phase®f reseroir en-
gineering problemsare solved by reserwir simulators,
ranging from a simple decisionthroughwell testingto
predictionof enhanceail recovery. For every application
thereis aseparateiserfriendly andcustom-designesim-
ulator. Even though, quite often, “comprehensie; “all-

purposé, and other denominationsare usedto describe
acompaly simulator every simulationstudyis a unique
processstartingfrom the reserwir descriptionto the fi-

nalanalysisof theresults.Thereforereseroir simulation
is the art of combiningscience(i.e., physics, chemistry
etc.), mathematicsresenoir engineeringand computer
programmingto develop a tool for predictinghydrocar

bonreserwir performanceindervariousoperatingstrate-
gies. The first stepof simulationis to develop a model
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flow equation, inherent assumptions, grid block, critical review

equationwhich shouldbe the true representatiomf the
realscenarioof the problem.In mostcasesit is obsened
thatthe model equationis not the true representatiomf
the naturalphenomenalueto spuriousassumptiongnd
somebuilt-in limitations of the corventionalmathemat-
ical equationsAlso thereare otherimmensechallenges
thatlay behindthe formulationof the model.Dueto the
built-in shortcomingof the corventionalapproachgcur-
rentlytheentirereserwir simulationprocesss facingsig-
nificantdisagreement§hisresearcltaptureghosemys-
teriousandunrealisticconsiderationsf the corventional
simulationapproachOn the otherhand,the engineering
approachshawvs how to bypassthe cornventionalformu-
lation of the model equationsThe model equationsare
writtenfor agivengridblockin spaceatagiventimelevel.
Theseequationgeflecttheflow equationsn analgebraic
form. The mostimportantfeaturesof the model equa-
tionsarethe bypassingscopeof the formulationprocess,
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NOMENCLATURE
ft+At) afunction of time(t + At) At time step, [day]
Ma Marangoni number Az size of control volume in the
R universal gas constant, z direction, ft [m]
[kJ/mol — K] u fluid viscosity, cp [Pa s]
P pressure, psia [kPa] o surface tension, [N/m]
Di pressure of gridblock, psia [kPa] &p thermal diffusivity, [n¥/s]
e pressure of gridblock at time, Wy fluid dynamic viscosity at
psia [kPa] temperaturd’, [cp]
?*1 pressure of gridblock at Lo fluid dynamic viscosity at a reference
timet"*1!, psia [kPa] temperature]y, [cp]
Di_1 pressure of gridblock — 1, psia [kPa] o fractional order of differentiation
Py pressure of gridblock— 1 at 0] porosity of fluid media, [Ym?]
timet™, psia [kPa] Tr shear stress at temperat(re[Pa]
il pressure of gridblock— 1 at & dummy variable for time, i.e.,
timet"*1!, psia [kPa] real part in the plane of the integral, [s]
Dit1 pressure of gridblock+ 1, psia [kPa] Po density of the fluid, [kg/m]
D1 pressure of gridblock+ 1 at n ratio of the pseudopermeability of the
timet”, psia [kPa] medium with memory to fluid viscosity,
P! pressure of gridblock+ 1 at [m? s'T%/kg]
timet"*!, psia [kPa] 0o/0T  the derivative of surface tensian
Qsc well volumetric rate at standard conditions, with temperature and can be positive
STB/D or scf/D [std mi/d] or negative depending on the substance,
Qse; well volumetric rate at standard conditions [N/mK]
in gridblocki, STB/D or scf/D [std m/d] ft+At) afunction of time(t + At)
sc;v,,  INterblock volumetric flow rates at
standard conditions between gridblock  Acronyms
i andg¥ direction, [m/s/m] PDEs partial differential equations
SPE Society of Petroleum Engineers
Greek Symbols REV representative elemental volume
e volume conversion factor = 5.614583 1D one-dimensional system
for customary units or 1 for SPE 2D two-dimensional system
preferred Sl units 3D three-dimensional system
Be transmissibility conversion factor LHS left-hand side
=0.001127 for customary units or RHS right-hand side
0.0864 for SPE preferred Sl units FVF formation-volume factor

consideratiorof fluid androck propertiesin a gridblock
form, anddiscretizatiorof thoseblocksinto thousandsf

blocks. The combinationof theindependenblock equa-
tionsresultsin arealisticpresentatiomf the modelequa-
tion of the reserwir without ary spuriousassumptions.

Thisis thecorestrengthof the engineeringapproach.

While Societyof PetroleumEngineers(SPE)bench-
marking has helpedto acceptdifferencesin predicting
petroleumreserwir performancetherehasbeenno sci-
entific explanationbehind the variability that has frus-
tratedmary policymakers,operationsnanagersandpuz-
zled scientists/engineersiossainand Islam (2010a)ex-
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plained a newv approach,namely a “knowledge-based”
approactwherethey considere@ddingtheknowledgedi-
mensionto the problem.They shavedthatreserwir sim-
ulationequationshave embeddedariability andmultiple
solutionsthat arein line with physicsratherthan spuri-
ous mathematicakolutions.With this clear addition of
knowledgein reserwir simulation,a freshperspectie in
this areais neededUnlike the majority of reserwir sim-
ulation approachesvailabletoday the knowledge-based
approachdoesnot stop at questioningthe fundamentals
of reserwir simulationbut offers solutionsand demon-
stratesthat properreseroir simulationshouldbe trans-
parentin orderto empaver decisionmakersratherthan
creatinga black box. In this regard, the engineeringap-
proachis the properanalyticalmethodto empaver the
planners decisionbecausdt no longer createsa black
box simulatordueto its inherentstrengthin formulation.
As mathematicablevelopmentsof new governing equa-
tions occur basedon in-depthunderstandingf the fac-
tors, theseequationsnfluencefluid flow in porousme-
dia under different flow conditions,which is again the
strengthof the engineeringapproach.Behavior of the
flow-through matrix and fracturedsystemsin the same
reseroir, heterogeneityand rock/fluid propertyinterac-
tions, Darcy andnon-Darg flow, andvariablerock/fluid
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searcherdried to linearize the natural and chaotic be-
havior through spuriousassumptionsCurrentliterature
shows thatthe formulationof fluid flow equationsn dis-
cretizedform (nonlinearalgebraicequations)anbe ob-
tainedby either the corventionalapproachor the engi-
neeringapproach(Ertekin et al., 2001; Abou-Kassenet
al., 2006).Both of theseapproachemake useof thesame
basicprinciplesandbothapproachesliscretizethereser
voir in gridblocksor gridpoints. Both approacheyield
the samediscretizedflow equationsfor modeling ary
reservir-fluid system(multiphasemulticomponentther
mal, heterogeneoureserwir) usingary coordinatesys-
temin one-,two-, or three-dimensiona[lD, 2D, or 3D)
reserwoirs (Abou-Kassenet al., 2006). Both approaches
considerDargy’s law asthe constitutve equationthatde-
scribegherateof fluid movementinto or out of thereser
voir elementAt this point, theengineeringapproactcon-
sidersonly the assumptiondehindDargy’s law asvalid.
RecentlyHossainet al. (2009a)modified this shortcom-
ing of the engineeringapproachby using the memory
conceptalongwith it. The presenttudyis limited to the
corventionalandthe engineeringapproactonly.

2.1 Conventional Approach

propertiesareamongtheissueghoroughlyneedingto be
addresseduringthe developmentof acommerciakimu-
lator.

It is worth mentioning that the researchers need to ad-
dress the core issues and the existing nature of reservoir
simulation that lead to spurious and uncertain results and
conclusions. The first step is to identify the most inher-
ent shortcomings of the existing developmental features
toward the reservoir simulator. Odeh (1982) is proba-
bly the researcher who initiated and depicted the major
steps involved in the development of a reservoir simula-
tor. To characterize the reservoir simulator, this approach
is developed using major steps such as formulation, dis-
cretization, well representation, linearization, solution,
and validation. In the conventional approach (Fig. 1), the
algebraic flow equations are derived in three consecu-

Numerical Validation &
solution application

2. THE FUNDAMENTAL NATURE OF
RESERVOIR SIMULATION

It is difficult to capturethe natural phenomenaand its
behaior over time. Sometimeit is not possibleto ex-
plain the featuresof reality dueto the highly nonlinear
andchaotichehaior of the naturalprocessUndeground
reservir behaior is not a differentcaseexceptthe true
presentatiorof naturalphenomenaln mostcaseghere-

Discretization

Formulation Linearization

- - Nonlinear Linear Pressure, Reservoir
Ef;g‘s’:" ggréllsnear algebraic ¥ algebraic saturation simulation
equation equation & well rate process
distribution

Well representation

FIG. 1: Major stepsusedto developreserwir simulatorshasednthe corventionalapproach{modifiedfrom Hossain
etal.,2010b).
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tive steps:(i) derivation of the partial differential equa-
tions (PDEs) describingfluid flow in the reseroir us-
ing the threebasicprinciples(massconseration, equa-
tion of state,constitutve equations)(ii) discretizationof
the reserwir into gridblocksor gridpoints,and (i) dis-
cretizationof theresultingPDEin spaceandtime (Abou-
Kassem,2008). The formulation step outlinesthe basic

assumptionsmherentto the simulator Theseassumptions

in precisemathematicatermsapply to a control volume
in thereserwir (Fig. 1).

Newton’sapproximatioris usedo renderthesecontrol
volume equationdnto a setof coupled,nonlinearPDEs
that describefluid flow through porousmedia (Ertekin
et al., 2001). ThesePDEs are then discretized,giving
rise to a setof nonlinearalgebraicequationsTaylor se-
ries expansionis usedto discretizethe governing PDEs.
Even thoughthis procedurehasbeenthe standardn the
petroleumindustryfor decadesin 2006 Abou-Kassenet
al. pointedout that this is unnecessarylhey introduced
anew discretizatiorprocedurecalledan“engineeringap-
proach. By settingup the algebraicequationsdirectly,
onecanmake the processsimpleandyet maintainaccu-
racy (Mustafizandlslam, 2008). The PDEsthat are de-
rived during the formulation step, if solved analytically
would give reseroir pressurefluid saturationsandwell
flow ratesascontinuougunctionsof spaceandtime. Be-
causeof the highly nonlineamatureof the PDEs,analyt-
ical techniquesannotbe usedandsolutionsmustbe ob-
tainedwith numericalmethods.n contrastto analytical
solutions,numericalsolutionsgive the valuesof pressure
andfluid saturationonly at discretepointsin the reser
voir andat discretetimes.Discretizationis the procesof
convertingPDEsinto algebraicequationsSeveralnumer
ical methodscanbeusedo discretizehePDEs.However,
the mostcommonapproachin the oil industry todayis
thefinite-differencemethod.To carryoutdiscretizationa
PDE s written for a given pointin spaceat a giventime
level. The choiceof time level (i.e., old time level, cur-
renttime level, or theintermediatdime level) leadsto the
explicit, implicit, or Crank-Nicolsorformulationmethod.
Thediscretizatiorprocessesultsin asystenof nonlinear
algebraicequationsTheseequationgenerallycannotbe
solved with linear equationsolvers, and linearizationof
suchequationdecomes necessargtepbeforesolutions
canbe obtained.Well representatiolis usedto incorpo-
ratefluid production/injectionnto thenonlinearalgebraic
equationsLinearizationinvolves approximatingnonlin-
eartermsin both spaceandtime. Linearizationresultsin
asetof linearalgebraicequationsAny of the severallin-
earequationsolverscanthenbe usedto obtainthe solu-
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tion. Thesolutioncomprisegpressureandfluid saturation
distributionsin the reserwir andwell flow rates.Valida-
tion of areserwir simulatoris thelaststepin developinga
simulator afterwhich the simulatorcanbe usedfor prac-
tical field applications.The validation stepis necessary
to make surethatno errorwasintroducedin the various
stepsof developmentandin computemprogramming.

2.2 Engineering Approach

Thefeaturesf the stepsforcetheresearcheranddevel-
opersof reserwir simulatorsto dependon mathematics
in the first two stepsof the corventionalapproacho ob-
tain the third stepof finding out the nonlinearalgebraic
equationsor finite-differenceequationgFig. 1). In con-
trast,it is possibleto bypasghe stepof formulationin the
form of PDEsanddirectly expressthe fluid flow equa-
tion in the form of a nonlinearalgebraicequation,as
pointedout by Abou-Kassem(2008).In fact, by setting
upthealgebraicequationglirectly, onecanmake thepro-
cesssimpleandyet maintainaccurag throughthe engi-
neeringapproachin theengineeringapproachthefinite-
differenceequationsare derived without going through
the severity of PDEsand discretization(Fig. 2). In this
approachthe derivation of the nonlinearalgebraicflow
equationis straightforvard.It isaccomplisheéh two con-
secutve stepsup to the derivation of nonlinearalgebraic
flow equationavherethe formulationprocesf the con-
ventionalapproachs absentFigure2 shows thesesteps
asadiscretizatiorof thereseroir into gridblocksor grid-
pointsto remove theeffect of thespacevariable. Thenext
stepis thenthe derivation of the algebraicflow equation
for gridblock: (or gridpoints) usingthethreebasicprinci-
ples,takinginto consideratiorthe variationof interblock
flow termsand the source/sinkerm with time within a
time step.Theapproximatiorof thetime integralsis then
consideredn the resultingflow equationto producea fi-
nite nonlinearalgebraicflow equationfor time ¢. The ba-
sic differencebetweenthesetwo approachess that one
hasroom for the time approximation(engineering)and
theother(corventional)doesnot have thatoption.Oncea
nonlinearalgebraicequations derived,thewell presenta-
tion is addedo includeproduction/injectiorwells. Using
theapproximatiorof time integral, theequationtruncates
to anintermediatestagewhereonecansolve theequation
numerically using differentnumericalschemesThe so-
lution canbe validatedusingan experimentalprocedure.
It is alsopossibleto compareit with otherexisting natu-
ral phenomenavhich hasreasonableesults.Finally, the
validatedmodelis beingusedto developa new simulator
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— ) Comparison

Discretize into Derivation Approximation Well representation of numerical
gridblock or of algebraic || ©f time integral solution
gridpoint equation —_——

Numerical Conduct Validation &

solution experiment — application

Nonlinear Pressure, Development

Natural »| algebraic ,| saturation Y,! of reservoir
reservoir equation & well rate simulator
process distribution

FIG. 2: Major stepsusedto developreserwir simulatorshasedn the engineeringapproach.

2.3 The Outlook of Both Approaches

Thereare three methodsavailable for the discretization
of ary PDE: (i) the Taylor seriesmethod, (ii) the inte-
gral method,and (iii) the variationalmethod(Aziz and
Settari,1979). The first two methodsresultin the finite-
differencemethod,whereaghe third resultsin the vari-
ational method.The “mathematicalapproach”refersto
themethodghatobtainthe nonlinearalgebraicequations
throughderiving and discretizingthe PDEs.Developers
of simulatorsrely hearily on mathematicsn the corven-
tional approachto obtain the nonlinearalgebraicequa-
tions or the finite-differenceequations However, some-
times they do not realize the inherentassumptionde-
hind this approach.Abou-Kassemet al. (2006) intro-
duceda new approachwhich is usedto derive the finite-
differenceequationswithout going throughthe rigor of
PDEsanddiscretization.This approactutilizesfictitious
wells to representboundaryconditions. They describe
this approachas an “engineeringapproach”becausdt
is closerto the engineers thinking and to the physical
meaningof the termsin the flow equations.Both ap-
proachegreatboundaryconditionswith the sameaccu-
ragy if the cornventionalapproachusessecond-ordeap-
proximations.The engineeringapproachis simple and
yet generaland rigorous—anotheistrengthof the en-
gineeringapproach.In addition, it resultsin the same
finite-difference equationsfor ary hydrocarbonrecor-
ery or reserwir processThe engineeringapproachs in-
dependenbf the mathematicalapproach.it reconfirms
the useof the central-diferenceapproximationin space
discretizationand highlights the assumptionsnvolved

in choosinga time level in the mathematicabpproach.

Thereforethe engineeringapproachdoesnot needthose
approximationswhich is the most significantcontriku-
tion of this approach.

Volume 15, Number 2, 2012

Abou-Kassen{2007)pointedoutthatbothapproaches
give identicalequationdor specifiedflow rate, pressure
gradientsandspecifiedpressuréoundaryconditionsfor
both the point-distritutedand block-centeredyrids. This
treatmentof boundaryconditionsis of second-ordeac-
curag. The engineeringapproachgives a more accu-
rate treatmentthan the corventional approachif first-
order approximationis usedin the treatmentof speci-
fied pressureboundaryconditionsin the block-centered
grid (Abou-Kassemand Osman, 2008). Using the en-
gineeringapproach Abou-Kassenet al. (2006) derived
the flow equationsandpresentedhe treatmenbof bound-
ary conditionsfor the casesof single-wellsimulationin
radial-g/lindrical coordinatesndmultidimensionalmul-
tiphaseflow in black-oil models.It givesthe samefinite-
differenceequationsfor ary formation processdue to
the scopeof bypassingthe whole formulation process
(Fig. 2). Sincethe engineeringapproachis free from the
conventionalapproachit providesjustificationfor useof
the central-diferenceapproximationin spaceand gives
allusionsof the estimatesOn the other hand, theseap-
proximationsusually use the corventional approachin
time discretization.

3. INHERENT MYSTERIES IN THE SIMULATION

The whole petroleumindustryis like a reseroir of risk
anduncertaintyAt presentjnvestorsplannersandexec-
utivesarein a situationwherethey do not feel secureto
investtheir capitalinvestmentin the petroleumindustry
dueto the probability of success:8—-12%in ary explo-
ration actvity (Hossainet al., 2010b). Unstableenegy
pricing is the otherfactorwhich mitigatesthe decisionof
theinvestor All this uncertaintyandrisk is directly or in-
directly relatedto thereserwir simulation.Thereforeit is
importantto identify the big challengesand uncertainty
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cloudingthe petroleumindustry Recently Hossainet al.

(2010b)demonstratethe chronologicalstepsand major
sourcesof uncertaintyandrisks of the entire petroleum
industry rangingfrom explorationthroughproductionto

enduser This researchdiscussesomeof the fundamen-
tal assumptionbehindthemodelingapproacheandtheir

mathematics.

3.1 Assumptions Behind Various Modeling
Appr oaches

Reseroir performanceis traditionally predicted using
three methods—(i) analogical, (i) experimental, and
(i) mathematicalThe following critical review is made
basedon their assumptionsnd ability to forecastreser
voir performance.

3.1.1 Analaggical Method

Theanalogicaimethodconsistof usingmaturereseroir
propertiesthat are similar to the target reserwir to pre-
dict the behaior of the reserwir. This methodis espe-
cially usefulwhenthereis a limited available data.The
datafrom the reserwir in the samegeologicalbasinor
province may be appliedto predictthe performanceof
thetargetreserwir. In this methodthe following two ap-
proachesretakento predictthefuture of thereserwoir.
Statisticalappmoad.—In the statisticalapproachthe
pastperformanceof numerousreserwirs is statistically
accountedor by derving the empirical correlations.In
general, these correlationsare used for future perfor
mancepredictionsof the reserwir. This approachmay
be describedas a “formal extensionof the analogical
method’ Statisticalmethodshave seseral assumptions
thatarelisted in Table1. Moreover, Zatzmanand Islam
(2007) questionedhe fundamentapoint of why the as-
sumptionof randomnessinywhereis an antinaturephe-
nomenonThe problemlurks in the characteof the very
definition of randomnessthat ary of a (potentially in-
finite) setof possibleoutcomesis equally likely. Since
outcomesof ary naturalprocessdependon the stateof
natureat somegivenpointsin spaceandtime, somepos-
sible outcomeswill be muchmorelikely andsomemuch
lesslikely at that samepoint in spaceandtime. Hence
naturecan never be “random” in the senserequiredfor
applyingthe theory of mathematicaprobability to com-
puteoutcomesMathematicatandomnesss justaspecial
binary-outcomesaseof ary functionor equatiorthatpro-
ducesa uniqueresult,whetherthat resulttakesthe form
of a single numberor the form of a setof valuesoccu-
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pying a uniquenesgi.e., fixed range).The questionthen
revolves aroundhow natureworks, sincea reseroir is

all aboutnaturalphenomenazZatzmanandIslam (2007)
addresgheissuevery well. In addition,they pointouta

more subtle,yet far more importantshortcomingof the
statisticalmethod.Practicallyall statisticalmethodsas-
sumethattwo or moreobjectsbasecn alimited number
of tangibleexpressionsnakesit legitimateto commenbn

theunderlyingsciencelt is equialentto statingthatif ef-

fectsshav areasonableorrelation thecauseganalsobe
correlated Accordingto them, this posesa seriousprob-
lem, asin theabsenc®f atime-spaceorrelation(a path-
way ratherthan end result), anything can be correlated
with arything, makingthewhole procesof scientificin-

vestigation spurious.They make their point by shaving

the correlationbetweenglobal warmingincreasesvith a

decreaseén the numberof pirates.The absurdityof the
statisticalprocessecomesvidentby drawing this anal-
ogy.

Declinecurveanalysis.—Fherateof oil productionde-
cline generallyfollows oneof thefollowing mathematical
forms—eponential, hyperbolic, or harmonic. The fol-
lowing assumptionsapply to the declinecurve analysis
(Mustafizandlslam,2008):(i) pastprocessesontinueto
occurin the future and (i) operationalpracticesare as-
sumedto remainthesame.

3.1.2 ExperimentaMethod

The needfor well-designedexperimentalork cannotbe
overemphasizeth orderto improve the quality of reser
voir simulatorsExperimentamethodsmeasurehereser
voir characteristicsn the laboratorymodelsand scale
theseresultsto the entirehydrocarboraccumulationThe
mostsignificantchallengedn experimentaldesignarise
from the determinationof rock/fluid properties.Even
thoughprogresshasbeenmadein termsof specialized
coreanalysisandpressure/olumeandtemperaturéPVT)
measurementsjumerousproblemspersistdue to diffi-
cultiesassociatedavith samplingtechniquesandcorein-
tegrity. In areserwir simulationstudy all relevantther
mal properties,including coeficient of thermal expan-
sion, porosity variation with temperature,and thermal
conductvity, needto be measuredn casesuch infor-
mation is not available. Experimentalfacilities suchas
double-difusive measurements;ansientrock properties,
andpoint permeabilitymeasurementsanbe very impor-
tantin fulfilling thetask.In thisregard,thework of Belhaj
etal. (2006)is notevorthy, wherethey useda 3D spotgas
permeameteto measurepermeabilityat ary spoton the
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TABLE 1: Assumptions behind different equations and techniques.

f'le) =
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hen no

level.

Equations | Assumptions
Statistical 1) Reserwir propertiesarewithin thelimit of thedatabase.
method 2) Reservir symmetryexists.
3) Ultimate recovery is independent of the rate of production.
Material 1) Rockandfluid propertiesdo notchangen space.
balance 2) Hydrodynamicsf thefluid flow in the porousmediais adequatelylescribedy Dargy’s law.
equation 3) Fluid segregationis spontaneouandcomplete.
4) Geometricatonfigurationof thereserwir is known andexact.
5) PVT dataobtainedn thelaboratorywith the samegas-liberatiomprocesgflashvs differential)
arevalid in thefield.
6) Sensitive to inaccuracies in measured reservoir pressure. The model breaks down w
appreciable decline occurs in reservoir pressure, as in pressure maintenance operations.
Momentum | 1) Thefluid is homogenoussingle-phaseandNewtonian.
balance 2) No chemicalreactiontakesplacebetweerthefluid andthe porousmedium.
equation 3) Laminarflow conditionprevails.
4) Permeabilityis apropertyof theporousmedium whichis independentf pressuretemperature,
andtheflowing fluid.
5) Thereis no slippageeffect, e.g.,Klinkenbeg phenomenon.
6) Thereis no electrokineticeffect.
7) It is valid for the slow flow of a Newtonianfluid with rigid solid matrix (i.e., inertial effectsare
neglectedandmostof the porousmediafluids arenon-Nevtonianin nature(Hossairetal., 2007).
8) No-slip boundary conditions are assumed at the fluid—solid boundary on the microscopid
Taylor 1) All pointsof thefunctionareassumedaontinuouson aninterval containingz andx for limited
series numbersandtheresultantproductexistson thisinterval.
expansion | 2) The plotting of function[e.g., f(z)] in a certaininterval of f, truncatethis to a polynomial
P(x), andplot this polynomialwith theunderlyingassumptiorthat f (z) =~ p (z) in thisinterval.
3) Taylor series expansion based on the mean value theorem, i.e.,
[f () — f (z0) /x — x0], wherec is anumberbetween: andzy.
4) The validity of the formularestson the assumptiorthatthe function[e.g., f] is differentiable
to all ordersandis shaving thattheremaindetermtendsto zeroasthe denominatoof the series
[i.e., k] tends to infinity forc in a suitable interval.

Sources:Bear (1972); Hassanizadelnd Gray (1979a,1979b, 1980); Whitaker (1986a,1986b); Mustafizand Islam (2008);

ZatzmanandIslam (2007).

surfaceof the sample regardlessof shapeandsize.De-
spite making greatadwances(Tharanvasanet al., 2004;
YangandGu, 2005)in the experimentalmethod,proper
characterizationf complex phenomenaontinuedo bea
formidablechallenge.

3.1.3 MathematicaMethod

In the mathematicainethod basicconserationlaws and
constitutve equationsreappliedto formulatethe beha-
ior of fluid flow andothercharacteristicen mathematical
notationsand formulations.The two basicequationsare
the materialbalanceand momentumbalanceequations.
The materialbalanceequationis one of the mostwidely
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usedmathematicatepresentationfor the reserwir. This
equatiordescribeshefundamentaphysicsof theproduc-
tion schemeof thereserwir. It is well known thatDargy’s
law hasbeenusedin the petroleunmindustryfor centuries.
As aresult,practicallyall reserwir simulationstudiesin-
volve the useof this law asa momentumbalanceequa-
tion. However, theseequationshave several inherentas-
sumptionsthat might raise questionsin the researches
mind. Thereforeit is importantto understandheassump-
tions behindthis equation. The assumptiongrelistedin
Tablel.

Thesetwo equationsareexpressedor differentphases
of fluid flow in the reserwir andare combinedto obtain
a singleequationfor eachphaseof the flow. However, it
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is necessaryo apply other equations/levs for modeling
to enhanceoil recorery. As an example,the enegy bal-
anceequations necessaryo analyzethereseroir beha-
ior for steaminjection or in situ comlustion reserwirs.
The mathematicaimodel traditionally includesmaterial
balanceequationsdeclinecurves, statisticalapproaches,
andalsoanalyticalmethodsIn mostcasesthemathemat-
ical modelsfor fluid flow throughthe porousmediaare
extremelydifficult to solve analytically Analytical meth-
odscanonly be appliedto linear equationsThesemeth-
odscanapply to somesimplified models.However, this
solutioncanbe appliedasthe benchmarksolutionto val-
idatethe numericalapproachesrhe numericalcomputa-
tionsof thederivedmathematicamodelaremostlybased
onthefinite-differencemethod.All thesemodelsandap-
proachesre basedon several assumptionsind approxi-
mationsthatmaycauseerroneousesultsandpredictions.
Thefollowing sectiondescribeheinherentassumptions
behindthoseequationsaandtechniques.

Taylor seriesexpansion.—Faylor seriesexpansionis a
very importanttool in numericalanalysis.If we usethis
expansiortechniquethemostwell-behaedfunctionsare
convertedto simplepolynomials.Whenthe Taylor series
expansionis carriedout for afinite numberof termsand
if theremaindeis ignored theseriesbecomesanapprox-
imationof thefunction. This approximatiorgeneratethe
truncationerror during numericalcomputation.Further
more,it is adirecteffectof thelocaltruncatiorerroror lo-
cal discretizatiorerror The assumption®ehindthe Tay-
lor seriesexpansionarelistedin Table 1. Thereforeit is
importantto look for someimprovementin simulation.

Finite-difference approximation.—Finite-difference
calculusis usedto approximatevaluesof functionsand
their derivatives at unknovn discretepoints. Newton’s
formula suffers from the approximationthat the magni-
tudeanddirectionchangendependentlyvith eachothet
Thereis no problemin having separatederivatives for
eachcomponenbf the vectoror in superimposingheir
effects separatelyand regardlessof order That is what
mathematicianamean when they describe or discuss
Newton’s derivative being usedas a “linear operatof
Following this, it comeson Newton'’s difference-quotient
formula. This methodreliesimplicitly on the notion of
approximatinginstantaneousnomentsof curvature, or
infinitely smallsegmentspy meanf straightlines. This
alone should have tipped everyoneoff that this deriva-
tive is a linear operatompreciselybecauseandto the ex-
tent that, it examineschangeover time/distancewithin
analreadyestablishedunction (Islam,2006).This func-
tion is applicableto an infinitely small domain, making
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it nonistent. Whenintegrationis performed,however,
this noneistent domainis assumedo be extendedto
a finite and realistic domain, making the entire process
guestionableDuring thesemathematicabperationsall
confusionsarisedueto the assumptiongehindthefinite-
differenceapproximatiorwhich arelistedin Table2.

By examining the first assumptionsnvolved, Zatz-
man and Islam (2007) were able to characterizeNew-
ton’'slaw asaphenomendbr threereasons(l) it removes
time consciousnesg$?) it recognizesherole of “external
force”; and(3) it doesnotincludetherole of first premise.

In brief, Newton’s law ignores albeitimplicitly, all intan-
gibles from natural science.Zatzmanand Islam (2007)
identifiedthe mostsignificantcontribution of Newton in
mathematicend shaved how the derivative works with
its limitations. Indeed,it took anothercenturyfollowing
Newton’s deathbefore mathematiciansvould work out
the conditions.Theseconditionsarethe requirements$or
continuity of the function to be differentiatedwithin the
domainof values.In sucha domain,its deriative (the
namegiven to the ratio quotientgeneratedy the limit
formula)couldbeappliedandyield reliableresults Kline
(1972)detailedthe problemsinvolving this breakthrough
formulationof Newton’s. However, noonein thepasthas
proposedanalternatve to this differentialformulation,at
leastnot explicitly.

Figure 3 illustrates the above-mentioned difficulty. In
this figure, the economic index (it may be one of many
indicators) is plotted as a function of time. In nature, all
functions are very similar. They do have local trends as
well as global trends (in time). One can imagine how the
slope of this graph, on a very small timeframe, would be
quite arbitrary and how devastating it would be to take
that slope to a long term. One can easily show that the
trend emerging from Newton'’s differential quotient would

Economic Index

0 50 100

No. of years

FIG. 3: Economicwellbeingis known to fluctuatewith
time (adaptedrom Zatzmaretal., 2009).
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TABLE 2: Assumptions behind the finite-difference approximation.
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Equation | Assumptions

Finite- 1) Therelationshipbetweerderivative andthefinite-differenceoperatorss establishedhrough
difference| theTaylor seriesexpansion.

methods | 2) Therelationshipinvolvestruncationof the Taylor seriesof the unknovn variablesafter few

terms.Suchtruncationleadsto accumulatiorof error.

a. Theforward differenceandthe backward differenceapproximationsarethe first-orderap-
proximationgto thefirst derivative.

b. Although the approximationto the secondderivative by a central-diferenceoperatorin-
creasesccurag becausef a second-ordeapproximation,t still suffersfrom the truncation
problem.

c. As the spacingsizereducesthetruncationerrorapproachegeromorerapidly. Thereforea
higherorderapproximatiorwill eliminatethe needof samenumberof measurementsr discrete
points. It mightmaintainthesamdevel of accurag; however, lessinformationatdiscretepoints
mightberisky aswell.

3) Thesolutionsof thefinite-differenceequationsareobtainedonly atthediscretepoints.

4) The solutionsobtainedfor gridpointsarein contrasto the solutionsof the continuousequa-
tions.

5) Thelocal truncationerroror local discretizatiorerroris not readily quantifiablebecausehe
calculationinvolvesboth continuousanddiscreteforms.

6) The computational operation increases, which eventually increases the round-off erro

[

SourcesZatzmanandlslam (2007); Mustafizandlslam (2008).

be diametricallyoppositeto the real trend.Zatzmanand
Islam (2007) provided a basisfor determiningthe real
gradientratherthanthe local gradientthatemegesfrom
Newton’s differential quotient.In that formulationit is
shavn thatthe actualvalue of At, over which a reliable
gradienthasto be obsered, needsto be several times
greaterthanthe characteristidime of a system.The no-
tion of REV, asfirst promotedby Bear(1972),is useful
in determininga reasonable/alue for this characteristic
time. The secondprinciple is that at no time can At be
allowed to approachO (Newton’s approximation),even
whenthe characteristiwalueis very small(e.g.,phenom-
enaat nanoscale)According to Abou-Kassem(2008),
useof theengineeringapproachurnsout suchanapprox-
imation becausehis approachbypasseshe recastingof
governingequationsnto Taylor seriesexpansioninstead
of relying on directly transforminggoverning equations
into a setof algebraicequationsFinally, theinitial anal-
ysisshouldinvolve the extensionAt to oo in orderto de-
terminethedirection,whichis relatedto thesustainability
of aprocesgZatzmaretal., 2008).

4. AN EXAMPLE OF COMPLEXITY

Finally, anexamplecanbe dravn for which the elimina-

tion of oneassumptiorhelpscapturenaturalphenomena.
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Hossainetal. (2007)developeda fluid rheologicalmodel
that had eliminatedNewton’s assumptiorregarding vis-
cosityandshearstressinsteadof resortingto a so-called
nonlinearelationshipamemoryfunctionwasintroduced
as a continuousfunction of time. The model equations
areshavn in Egs. (1) and(2). With the inclusion of the
memoryfunction, new governing equationsbecomefar
more complex thanthoseof the corventionalapproach.
Oneimmediateconsequences the possibility of having
multiple solutions Becauseheexactform of thememory
is never known, this depictionwould give onean oppokr
tunity to refinethepredictionernveloperatherthanputting
too muchemphasion asinglesolution.This modeof re-
castingthegoverningequationropensup opportunitiesor
finding solutionsthatare closerto the real solutionsof a
naturalphenomenon:

T = pu[(dug)/(dy)], 1
t —a [ %
=D (aTchM) I'(l-«
L0 [ 6Kuon 1% gy dus
. [(am/(azJ dy @
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5. STRENGTHS AND WEAKNESSES OF
DERIVED FLOW EQUATIONS

The nonlinearalgebraicequationdor fluid flow through
porous media can be obtained by either the tradi-
tional approachor the engineeringapproach.The same

basic principles are used for both these approaches.

Both approachesdiscretize the reserwir into grid-
blocks/gridpointsand yield the same discretizedflow
equationgor modelingary reserwir-fluid system(mul-
tiphase,multicomponentthermal, heterogeneouseser
voir) usingary coordinatesystem(Cartesiangylindrical,
spherical)in 1D, 2D, or 3D reserwirs (Abou-Kassenet
al., 2006). Thereforethe presentatiorhereis limited to
only single-phasegompressibldluid in a horizontal, 1D
resenoir usingirregularblock sizedistribution in rectan-
gular coordinatesThis researchtakes advantageof this
simple caseto demonstratéhe strengthof the engineer
ing approach.

5.1 Conventional Approach

The corventionalapproachollows the stepsoutlinedin

Fig. 1 duringthe developmentof the algebraidlow equa-
tions. Theseequationsare derived in three consecutie

steps: (i) derivation of the PDE describingfluid flow

in the reserwir using the three basic principles men-
tionedearlier;(ii) discretizatiorof thereserwir into grid-

blocks/gridpointsand(iii) discretizationof theresulting
PDEin spaceandtime. Finally, the flow equationcanbe
obtainedby combiningthe continuity equationtheequa-
tion of state,andDargy’s law as(Abou-Kassem2007)

k, Op 1 (¢
oz <B°wax> * o O () ®)

Equation(3) is a PDEthatdescribesingle-phasdow in
a 1D rectangulaccoordinatesystem.The aborve equation
canbediscretizedusingforward-differencediscretization
andobtainedas(Abou-Kassem2007)

dsc

7

e (PR = PF) + T, (PR — PF) + i,
* (1), 007 ) @
where
Tens = <BC U'Bix>ii1/2 and
((b)’ _ (&/B)" — (¢/B)}
B/ (pi™ = py)
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5.1.1 Limitationsand Observatiorof Equation(4)

The interblockflow termsand production/injectiorrates
on the LHS of the equationis datedat time level n for

the explicit flow equation Onthe otherhand,the RHS of

the flow equationrepresent@an accumulationover time

step At. This meansthat the accumulationterm in the

RHS of the flow equationdoesnot take into considera-
tion thevariationof interblockflow termsandthe produc-
tion/injectionrate(source/sinkerm)within atime step.

A closeinspectionof the flow termson the LHS of
thediscretizedflow equationrevealsthatthesetermsare
nothingbut Dargy’s law describingvolumetricflow rates
atstandaretonditionsys., , , ., betweergridblocki andits
neighboringgridblock (i — 1) or (i + 1) in thez direction,
which meanghatall theassumptiondehindDargy’s law
arebeingincorporatecere.

The interblock geometricfactor [B.(k. A.)/(Ax)] is
constantindependentf spaceandtime.

The pressure-dependeterm (uB),, , ,, of transmis-
sibility usessomeaverageviscosityandFVF of thefluid
containedn blocki andneighboringblock (i+1) or some
weightat ary instantof time ¢. In otherwords,theterm
(uB), 41,2 is nota function of spacebut a function of
time asblock pressureehangeswith time.

The transmissibility factor 7, , , betweenblock i
andneighboringblock (i + 1) is afunctlon of time only;
it doesnotdependon spaceat ary instantof time.

5.2 Engineering Approach

The engineeringapproachfollows the stepsoutlined in
Fig. 2 duringthe developmentf the algebraidlow equa-
tions. Theseequationsare developedin three succes-
sive steps: (i) discretizationof the reserwir into grid-
blocks/gridpointgo remove the effect of the spacevari-
ableasmentionedn obsenations3, 4, and5 above; (ii)
derivation of the algebraicflow equationfor gridblock
or gridpoint: usingthe threebasicprinciplesmentioned
earlier taking into consideratiorthe variation of the in-
terblockflow termsandsource/sinkermwith time within
atime step;and(iii) approximationof the time integrals
in theresultingflow equatiorto producethe nonlinearal-
gebraicflow equationsThereforethe flow equationcan
bewritten as(Abou-Kassem2007)

tn+1 tn+1
/I:Tri—l/Z (pi—l )] dt+/[ Tit1/2 (pl-‘rl pl)] dt
tn yn+1 tn

_ ‘/b7 ¢) ' n+1
+ / qs‘(,ldt - o(c <B) (pz

tn

—p}). (5)
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This equationis rigorous and involves no assumptions

otherthanthevalidity of Dargy’s law to estimatethefluid
volumetricvelocity betweergridblock: andits neighbor
ing gridblock (i — 1) and(z + 1).

5.2.1 Strengths/\Waknesseand Observatiorof
Equation(5)
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The nonlinearalgebraicequationsof arny processin
ary coordinatesystemcanbe obtainedin arigorousway
by the engineeringapproachwithout going throughthe
severity of obtainingthe PDEsdescribingthe processn
spaceandtime for reserwir simulation(Abou-Kassenet
al.,2006).

The corventional approachderives the nonlinearal-
gebraicequationsby first deriving the PDEs, followed
by discretizingthe reserwir andfinally discretizingthe

The accumulatiortermin the RHS of the flow equation PDEs.On the otherhand,the engineeringﬁpproach‘irst
doestake into consideratiorthe variation of interblock discretizeghe reserwir, thenderivesthe algebraicequa-
flow terms and production/injectionrates (source/sink tijons with time integrals, and finally approximateshe

term)within atime step.

A closeinspectionof the flow termson the LHS of
the discretizedflow equationrevealsthatthesetermsare
nothingbut Dargy’s law describingvolumetricflow rates
at standardconditionsg., ., ,, betweengridblock i and
its neighboringgridblock (¢ — 1) or ( + 1) in the z di-
rection;i.e., all the assumptiondehindDargy’s law are

time integralsto obtainthenonlinearalgebraicequations.
6. GUIDELINES TO MEET THE RESEACH
CHALLENGES

Themostimportantaspecof eliminatingthe spuriousas-
sumptionsandconsideratiorof the appropriateapproach

beingincorporatechere.However, it is atime-dependent is thatit leavesopenthechoiceof multiple solutions gen-

functionwithin thetime integral t*+1 andt".

The interblock geometricfactor [B. (k. A.)/(Ax)] is
atime-dependenfunctionwithin thetime integralst™+*
andt™.

The pressure-dependeterm (uB),, , ,, of transmis-
sibility usessomeaverageviscosityandFVF of thefluid
containedn block: andneighboringblock (i+1) or some
weight at time integral t"*+! and¢". In otherwords, the
term(uB), ., s, is notafunctionof spacebutit is afunc-
tion of time asblock pressurehangesith time.

The transmissibility factor 7, , , betweenblock i
and its neighboringblock (i + 1) is a function of time
only. However, it dependon the time integral t**! and
t".

The main strengthof the engineeringapproacHies in
beingcloseto the engineers thinking. It givesthe phys-
ical interpretationof the approximationsnvolved in the
forward, backward, and central differenceof the first-
ordertime derivative usedin the corventionalapproach.
In addition,thealgebraicequationganbe easilyattained
withoutgoingthroughtheseverity of theconventionalap-
proach.In reality, the developmentof a reserwir simu-
lator requiresthe appropriatenonlinearalgebraicequa-
tions for the processbeing simulated.The majority of
theavailablecommerciateserwir simulatorsveredevel-
opedwithoutevenlookingatanalysisof truncationerrors,
consistenyg, convergenceor stability. On the otherhand,
the scopeof bypassinghe PDEsmakesthe engineering
approachstrongerthan the presentapproachwhere the
above limitationsareabsent.
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eratinga setof cloud pointsratherthana single-pointso-
lution. In addition, a more accuraterangeof predicted
valueswill reducethe uncertaintyto a greatextent. In
the past, multiple solutionswere obsened decadesago
but not with nonlinearsolvers (Islam and Nandakumar
1986; 1990). Without nonlinear solvers, this amounts
to reducingthe issueinto an initial-value problem. For
petroleum engineeringapplications, multiple solutions
were obsered as early asthe 1950sand were correctly
dubbed‘spurious” by the groundbreakingvork of Buck-
ley and Leverett (1942). Thesemultiple solutions oc-
curredbecausehe capillary pressurgerm was dropped
from the governingequation.In orderto avoid this prob-
lem, the notion of shockwasintroducedin placeof are-
alistic transitionof the saturationprofile. Even thoughit
was recognizedthat the needfor introductionof shock
is eliminatedwith the introductionof the capillary term
decadesgo,only recentlyhasit beensolvedwith anon-
linearsolver (Mustafizetal.,2008b).As elaboratedy Is-
lam etal. (2009),thesesolutionswithout linearizationre-
vealeda numberof key obsenations,suchas(i) thereis a
wide rangeof operatingparametergor which thenonlin-
earsolverspredictresultsremarkablydifferentfrom those
predictedby linearsolvers,(ii) the possibility of multiple
solutionsis inherentto thereserwir simulationproblems,
and (iii) linearizationof governingequationss likely to
penert subsequentesults, biasing the decision-making
processrreversibly.

Recentstudiesshow thatlinearizedandnonlinearized
equationsproducedifferent results.If this linearization
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is eliminated, the accurag of the resultscan improve
asmuchas30% (Hossainand Islam, 2010a).Futurere-
searchwill explorethe possibility of introducingnonlin-
ear solversin reserwir simulations.The existing simu-
lators (suchas Eclipse,etc.) andlinear solversare un-
ableto handlethenonlinearityandchaoticbehaior of the
naturalreseroir phenomenaMost importantly recently
the memoryconceptwasintroducedfor the first time in
the petroleumindustry to capturethe continuousalter
ation of reseroir rock and fluid properties(Hossainet
al., 2007;Hossainet al., 2008; HossainandIslam, 2009;
Hossainet al., 2009b, 2009c). This pioneeringconcept
can also be incorporatedto develop a new knowledge-

basedmodel which will capturethe naturalphenomena

of formation. The developmentof new governing flow
equationghoroughlyaddresse-depthunderstandingf
fluid flow in a heterogeneouseseroir andinteractionof
rock/fluid properties Superiormathematicahnd numer
ical techniqueshave beenrecentlydevelopedthat allow
oneto systematicallytrack multiple solutionsinherentto
nonlinearequationg{Mousaizadeyanet al., 2007,2008;
Mustafizetal., 2008a;Mustafizetal., 2008b;Islametal.,
2009). This will help develop a knowledge-basedech-
nique for producingthe numericalsimulationresultsin
theform of a clusterof points,ratherthana setof single-

point solutions.With this approachthe risk assessment

will bebasedn sciencehatdepend®n thedynamicsof
the reserwir and not an arbitrarily setcoeficient thatis
misleadingat the very least. The solution schemeis ac-
curateand simple to implementbut is computationally
time-consumingThatis why this solutionschemedorms
anidealcasefor parallelcomputingwhichis bothneces-
saryandcomplimentaryWith parallelcomputing,a pro-
tocolis neededo establishtrackingfor multiple solutions
with the speedof corventionalreseroir simulatorsbut
with unprecedentedccurag. In summarythe combina-
tion of memoryor continuougime functionandtracking
of multiple solutionswill develop the protocolof atruly
knowledge-basedimulation(HossainandIslam,2010a).
As statedearlief theresultsandsuccessemeportedby
Mousaizadeyan et al. (2007, 2008) and Mustafiz et al.
(2008a, 2008b) in solving equationswithout lineariza-
tion promisethe future successf the engineeringap-
proach.EvenHossairetal. (2009a)shavedthefuturere-
searchtrendon reserwir simulation,wherethe engineer
ing approachhasbeenincorporatedo bypassheassump-
tions. Theknowledge-basedpproactdevelopedby Hos-
sainandlslam (2010a)canbe coupledwith theengineer
ing approacho developnew models.The benefitsof the
proposedesearclaretwofold. For a specificstudy if the
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resultsshawv significantdifferencedetweerthesolutions
of thelinearizedandnonlinearizednodels the stagewill
be setto seriouslyconsiderthe new approachn reserwir
simulation.If, however, theresultsshaw insignificantdif-
ferencedor a givenrangeof parametricvalues,thenthe
proposedesearcheafirmsthatthecurrentmethodof lin-
earizationof modelequationss appropriatdor the given
rangeand,therefore delineateghe rangefor which fine
tuning of the currenttechniquess necessaryThis line of
computinghastremendousmplicationson petroleumen-
gineeringpracticesn particular andfarreachingimpact
on otherengineeringlisciplines.

7. CONCLUSIONS

In this study acritical review anddetailedcomparisorare
madebetweencorventionaland engineeringapproaches
for the developmentof a new reserwir simulator The
strengthsaaindweaknessesf theengineeringapproactare
also recognized.The currentmisconceptionsand inher
entassumptiongreidentifiedwith elaboratediscussions
thataredirectly or indirectly relatedto reserwir simula-
tion. Suchdistinctionwasnot possiblewith corventional
modeling techniques Proposalsare madeto overcome
a numberof challengessncounteredluring modelingof
petroleumreserwirs basedon the engineeringapproach.
It is shovn that with the engineeringapproach results
would be significantly differentfor mostof the solution
regime. This finding would helpto determinea moreac-
curaterangeof risk factorsin petroleumreseroir man-
agementThis new eraof reserwoir simulatorswill opena
doorfor describinghenaturalphenomenan abetterway
andwith greaterunderstanding.
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