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TRACT

This paper describes an effective methodology for accurate
evaluation of liquid recovery during the gas cycling of
condensaterwervoirs, First, the fluid flowproblcmis solvedby
potentialflow, whichis shownta be applicableto compressible
gas flowsalso, The masstransferand phasebehaviorwithinthe
potential flow strearntubescan then be calculated using onc
dimensionalreservoirsimulators,whichcan efficientlycontrol
thenumericaldispersionerrorsto anydesiredlevel. Anexample
illustratesthis method’sefficiencyand wxwacyadvantagesover
conventionalfiuite differencemethods,

Whilesomereservoirsareexploitedfor theiroil (oil reservoirs),
andsomefor theirgas (gas rwxwirs), there arc reservoirs which
canprcduccsubstantialamountsof gasandvaying quantitiesof
liquidsdependingon the deplehn practice, At discovery,these
condcnsa:creservoirsmaybe filledonly withrichgas, whichon
conditioning in the production separators yields liquid
condensate,or they maybc filledwithgas and small saturations
of rc,servoirliquidswhichcanb ~~ily vaporkwdandproducedas
separatorliquids or natural gas iiqtids throughsimilar surface
facilities. The amountof separatorliquidproducedper unit of
gas processed, the condensate yield, depends on both the
separatorconfigurationsandoperatingconditions,

If thesecondensatereservoirsare producedfor the gas reserves
oniy, the reservoirpressuredeclinecan often lead to retrograde

Rcfcrcnccsand illustrationsat eirdd—~r,

condensationof liquid range hydrocarboncomponents, This
buildupof liquid saturation,especiallynear the producingWCI1
region,may interferewith well productivi~j,or, at a minimum,
Icavc a valuable resource unexploited, Where economics
justifies the injection of either separator or other gases to
maintainthe reservoirpressureand liquid yield in the produced
gas, additionalliquidrecoveryresults, The injectedgas merely
acts as a earrimfor transportingthe volatilehydroearborrsfrom
thereservoirto thesurface,

Evaluations of this process often r@re mcrrccomplex and
preci,wtools than those used for other proecsscs because the
higher gas compressioncosts, deferred gas revenues, cost of
makeup foreign gases, and higher produced gas oil ratios
togetherrender!hcprojecteconomicssomewhatless favorable
than for typicaloil reservoirs, However,wherethe light set of
conditionsexist, gas cyclingcan be effectivelyused to pr(xiuce
hundredsof millionsof liquidbarrcls11213.

Thispapwdescribesaneffectivemethodologyforevaluatingthis
improved liquid recovery proecss through gas cycling. It is
computationally more cfficicnt than the conventional finite
diffcrcncc methods and gives very accurate answers, These
results can also be u,scdas benchmarksto validateO{estimate
the acmracy of other evaluationtechniques,such as numerical
finitediffcrcnccmodels,whicharc often plaguedby numwical
diqwsion errors,

llc methodconsistsof two steps, First, the fluid flowproblcm
is solved,andstrearntubesarc defined, ll~cn,the saturationand
compositional changes along the strcamtubes arc solved
preciselyby onc-dirncnsionalfullycam~sitional models,

In most instancesthis decouplingof Ihc fluid flow and phase
behavior computationsare justified for condensatercwrvoirs
btxausc tic gas is the only moving phase, who,semobility is
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insensitiveto the slowly changingliquid saturation. The one-
dimensionalmatureof the streamtubcmalel thenallowsforhigh
precisionestimatesof gas and liquidrecmerks moreefficiently
than higherdimensionalfinitedifferencemodelsof comparable
accurx!y.

Steamtube modelsare not new. popularizedby Muskat?,they
have been used for the evaluation of waterfloods and other
incompressibleflowsfordecades. Whatwe will showin section
2 is that the potential flow streamlinesthat are developedfor
incompressibleflows arc quady valid for compressible gas
flows. The derivation of the streamlines also points out the
high levelof accuracyaffordedby this method,and the few,not
veryserious,constraintswhichmaylimit its applicability.

Theexampleof gas cyclingin a cmhsatc reservoirin Section
3 illustrates this method, Conforrnal mapping is used to
generatethe exact streamlines,althoughother mtxhods,suchas
a conventionalfinitedifferencemcxkdof the fluidflowproblem,
will dc just as well, The compositionalmodellingof the stmarn
tubes then providesaccuratewimates of the wet gas, dry gas,
primary condensate, re-vaporized wndensate, and stripped
volatileoil recoveries.At rwonablc computational10MIs,these
one-dimensional model grids can be refined to control the
discretizationems to negligibleIcvcls.

The steamtube model results arc then compaii with finite
differencemodel results in section4, which also discussesthe
strengths and limitations of this methodology by way of
identifyingandassessingthe sourccaof crromin fmitcdiffcrcncc
andstrearntubemodels,

Finally,Section5 offexssomeconcludingremarksanddiscusses
possibleextensionsof this method.

To showthatstreamtubesdevelopedforhwomprwsibkpokmtial
flows are also valid for compressible gas flows, we will
establish in this section the formal quivalcncc of the
mathematicalequatiorksforthe twotypw of flows.

‘I%eincompressibleflowsarcgowned by Lapkc’s quation ftx
tlw prcssurt with the appropriateboundary conditions. ‘Ihc
governingequationsfor cwmptssiblc flows,in termsof the real
w pseudo-~ss~, willbc shownto haveidemicalstructures,
and therefore formally the same mathematicalsolutions. Of
course, the physical intcrprc@on of the solutions must take
intoaccountthediffemnccIMwceJtt’caland~~,

In this discussion,the mathematicalequationsam cxprcsscdin
dimensionlessforma to better rcvcaf the proper scahg of the
variousphysicalparametas,

For most reservoirs,the W thic.knwsis muchsmalk than the
lateral dimensions along the bedding plane w the distances
between wells. Under these conditions, the primary fluid
velocitiesarc along the bulding plane, and it is caanmon,end

well justified, practice in perturbation analysis to reduce the
problem to the two dimensions along the bed for the leading
order ap roximue solutions, The compressible flow is then

!govezwedby

Taln.vzm
at - (1)

is the rwdgaspseudo-prcmres, and

~ CL2
T=uK

0

o)

representsthecharwteristictransienttime scalefor the rearvoir
of characteristicdimensionL. Typically,signifwnt changesin
well rates of a gas cyclingoperationresult ffom the infrquent
In@orfacilitywiditionspwhile the transienttime scal~is at least
an order of magnitude smaller, Under these conditions,
transientsrapidlyd&out likeexp(-ctt/T),and thepsc4Weady-
statc solutionvalidmostof the time bctweai facilitychangesis
approximatcd6by the Iewlingtan in the scaicssohnionof q.
(l), i.e., by the solutionofi

V%n=o (4)

witha trrmcadonerrorof the orderof exp(-10J ‘l%is,of course,
is the familiar Laplacc quation for the incompressibleflow
potential,

Likewise, constant pressure or no flow boundary conditions
translate directly into similar expressions for the gas pscudo-
~.

a

Vmon . () (6)

Ontheboundwy,orportionsthwcof.

Ifhus,the governingquations of thegas pseudo-prcssumfor the
Cornprcwiblcgas flowproblcmarc formallyidenticalwiththose
fOSthe incompressiblepotcntid flOWpfobkm, ‘fllCPOtClttid
flow strwunlina arc therefore afso strcamlina for the gas
---

IWXeOver,fromCq.(2),WcSccthat

Vm=—
;Z ‘p m
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whichimpliesthat Wem-streamlinesare everywhereparallelto
the pressuregradients,and therefore~

. This importantobservationis what permits
us to use potentialflow streamtubs in our simplifiedapproach
to the two-dimensionalproblem.

It should be noted that due to the non-linearstretching factor
(YB*Z)in eq. (7), fheisobariccxmoursin thegas flowproblem
aredifferentfkomthosein thepotentialflowproblem,

Another useful result from the potentird flow problem is the
residencetime for each stmarntube. For the simple case of a
small number of injection sites, the distribution of residence
timescan be used to estimatethe pmluced gas cxnnposition,as
shownin Section3.

Here again, the equations describing the compressible and
incompressibleflows are formally i&ntical. For example, a
cme-dimensionalincompressiblestreatntubeof lengthL withend
point pressuresfixedat P and P+APhas a residencetime of @
L2)/(K AP). The corresponding residence time for a
compressiblegas strearntubeis (~ L2)/(KAP),with a relative
ez?or of the order of (AP/d%)2. For high permeability
reservoirs, this relative error is very small, and tM potential
flow solution can be used directly, For low permeability
reservoirs where (AP/<P>) may not be negligible, the
streamtubesare still valid, but direct integrationis requiredto
estimatethe residencetime

We illustme the application of this technique to a model
problem. Simultaneouswith a continuous reservoir pressure
decline,drygas (me withall thecondensableIquids removedby
separationftwilities)is injectedinto a singleinjector(ora group
of injwtors in the same area) into the interior of a reservoir
whosearealdimemsiensare much_ thanits thicknrxw,and
*andassociatedccmdensatc arcpmIuccdinamw ofprodums
atone endof thereservoir(Figure2).

The reservoir is initially filkd mostly with original gas (wet
gas)containingintwmediatehydrodmns rccoverabkas liquids
in separators,and a small immobile saturadon of vaporizable
liquid,whichmaybe s&ippedby the injecteddry gas. The total
liquid recoveryassociatedwith the cycling process, therefore,
comes fromboth the reservoirvw and lquid phaws. In this
example, they are present in approximatelycqutdamounts. A
larger fraction of the fust type of liquid is expected to be
recoveredthanthesecOnd,becausethcgasdispiacunrmtproccss
recoveryis moreefficientthsn oil stdppingrecovery. Note tlm
this problem, although simplified somewhat to facilitate
illustration of the new technique, exhibits many complex
phenomenaassociatedwith the gas cycling process, including
the retrogradewmdensationof liquid from the wet gas under
pressure decline and its subsequent re-vaporizatkm by the
i@Xion gas,

This problem involves gas cycling in an essentially two-
dimensionaldomain. Sincemosthydrocarbonreservoirshavea
largearealextent in comparisonto their thickness,this doesnot
really limit the applicability of the method. In general, an
arbitrary number of point injectors and producers may be
modelled. Furthermore, a row of producing wells may be
approximatedby a constant pressureprmiucingboundary,and
faults by branchcuts in the complex domain for the potential
flow solution. Thus, a fairly complex reservoir may be
simuktcd using this technique,since it may be appliedas long
as it is possible to obtain a solution for 2-D potential flow
withinit, whethwnumericallyor analytically,

In general,the solutionfor 2-D potentialflow must be obtained
numerically. However,we will &monstrate and validate the
method on a simple model problem with one injector in a
uniformreservoirwhich has the shape of a half-ellipse, Since
one may vary its aspect ratio, an ellipsecan be tailoredto fit a
wik variety of boundary shapes. In addition, the analytical
solution technique for obtaining the potential flow solution is
straightforward. The rounded part of the half-ellipse is
ccmsideredto be impermeable, and the flat axis is made a
constantpresure PnXlucingbmmdary.

To begin with, we fnt obtain a solution for potential flow
within a circular boundary with a single injection well and a
cunstantpressure line at its diameterof symmetry(see Figure
1). Employingthe method of images in conjunctionwith the
superposition property of linear equations, we find that the
cumplexpotential results from a soume and a sink inside and
outside the circle. For a unit circle with a sourw on the
diameternormalto the constantpressureline and no flowacross
its boundary,the complexpotentialis given byq

wherethe sourcestrengthis 2nq (art#unit time),A is the source
to centerdistancewithin the circle, and z is the locationin the
COIIl@eX@UICo~ StfUUTlfUNXilMmy be Ob@lCdby taking
the imaginarypart. To obtain the correspondingresult for the
sourcebdng locatedat an arbitrarypositioninsidethetide, one
simplyrepkces A with A + iB (the new ~sition of the source
in thecomplexplane),yielding

~1.’’M?& + ~-l JMEIL
l-Ax+By I+A-By ‘ Q)

The solutionfor flowin a circlemaybe transformedto onevalid
for another shape by means of cmformal mapping in the
canplex pkne. Such a kansfonnation preservesthe boundq
COlditiOllSand the StrengthOf the SOWWS.In addition, the
Iransfonnedsolutionbasedon eq. (2) still Sadsfm q. (4) from
the IKwkw.ssection(the qttath fm 2-I) po@ntislfkw). ‘l%e
trwkmadon required to-map the intak of an ellipse to a
circk, unfmtunately,is expressedin termsof cllipdcfunetiotu$.
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To avoid this complication,wc shalluse an approximation, To
this end,we’employthe rationalfiwion transformatkm9,

c z

‘I+ezz
(lo)

wherez is the domainwith the approximateellipseand{ is the
one with the circle. Here, e is a measureof the eccentricityof
the ellipticalcontourapproximated,where l+e is the kngth of
the semi-major axis and l-e is the length of the semi-minor
axis, Since this is an approximateformula, the xtual lengths
of the semi-majorand semi-minoraxes,whichmaybe foundby
setting~=landc= irespectively,aro

2
w=

2
1 + (1-48) bo = 1 + (l+4e)

(11)

Thus, we solve for thee for which i@o has the proper ratio
(dqxmdingon the shapeof the ?llipseto be approximated).The
mapping,eq, (10) is substitutedinto q. (8) to fti the complex
stream function valid in the near ellipse domain. Upon
differentiationof the imaginary~ one obtainsexpressionsfor
thevelocityin Cartesian(x,y)wordinates,

The velocitiesare tin used,as outlinedin swtion 1,to divide
the flow domain into discrete channels over which one-
dimensionrd(l-D) simulations accounting for phase behavior
may be carried out. To determine these flow streamlines, a
particle trajectory tracking method is used to integrate the
velocityfield. A mid-pointsecondorder explicit Runge-Kutta
methodis Usedl”. The resultsgivemby eqs. (9) - (11)aredue to
ProfessorMiltonVanDykeof StanfordUniversity.

If the channels are defined by the boundaries of streamlines
emanating at equal angular increments around the injector,
aroundwhich the flow is locallymdial, each channelwill have
the sameinjectionrate by symmelry(seeFigure2). Therefore,
the incompressible injected fluid breakthrough time is
proportionedto the volumefor a givenchannel. This providesa
means for computingthe individualchanw?.1volumesby using
the condition that their volumes sum to the total reservoir
volume, It is only newssary to insure that the volume in the
longestchannel (the one containing the stagnation point) is a
small fraction of V (say about 1%), since the exact
detemninationof the breakthroughtime is verydifficult(but not
rwssary) there,

Once the channelsare determined,the problemhas effedvely
beenchangedfroma 2-D simulationiato several1-Dproblems.
Each of these 1.D “reservoirs”has well defined shape and
geometry and can be treated rigorously using a I-D finilc
difference compositional model. Flow velocity, inter-phase
mass transfer, and well rates can all be computed precisely.
Injectionis allmxuedinto the fti cdl of eachof thesechannels
proportionalto the angularextent about the injectorsubtended
by theircorrespondingStlUJlltubes,ad productionamountsare
addrd up among them to obtain cumulative recovery and
fractional flow curves (for example, Figure 3) fw the entire
reservoiras a functionof time.

For high permeability reservoirs, the pressure gradients tue
small,and furthersimpl~lcationis possibk. In this example,a
linear pressuredrop is used across the lengrhof each channel
from injector to producer. Such a quantity may be readily
approximatedby consideringthe prtssure drop acrossa channel
withthe samelengthandaveragecrosssectionof a streamtulx,
Sincethepermeabilityand the flowrateareknown,the pressure
drop maybe obtained. This wasnot done to n$iie estimatesof
cross flow or residence time, but rather to approximate.the
effectsof pressuredrop on the phase split (i.e., retrogradingor
vaporization) of the hydrocarbon components in each
Strearntube,

For this example, results showed negligible smsitivity to the
particularformof any reasonablepressureprofile. In general,a
moreaccuratepressureprofilecan be obtainedby usinga finite
difference flow model for each channel. Alternatively, the
velocityakmg the streamlinescould be integratedback to the
injector to obtain m(x,y), and tlds in turn used to obtain the
pessure viaq. (’7).

We point out that this scheme is susceptible to numerical
dispersion in the same way that the usual fwst order upwind
finite difference technique is, but the numericaldispersion is
constrainedto act in only one dimension. Therefore,to show
that high levels of accuracy in these 1-D simulations maybe
attainedat rwsonable computingcos4 it is necessaryto assess
the effect of Weamwi* numericaldispersionintruduc.edupon
discrdzing eachchannelakng thedirectionof fkW.

The proftle in Figure 4 is compwd with 15 cells in the flow
directionat 0 = 0° (the strearntubeemnating from the injector
in the direction opposite to the constant pressure producing
boundary). It is evident that there is a typical symmetric
Fickian concentration profile indicative of numerical
dispersionll. As the numbetof gridMocksincreases,the semi-
analytic model (SA) final recovery value approaches that
obtainedfrom a directmass balancecalculation(whichsimply
uses the amount of injected gas to calculate the wet gas
remaining and is independent of streamwise discmtization),
indkatingtheapppriate levelof griddingrequired.

One advantageof this method is that the impactof smarnwise
numericaldispxsion on the total effluent profile is not very
severebecauseh mqjorityof the channelsare either far from
wet gas breakthroughor they are fully swept, Only the few
channelsthat are nearbreakthroughare affected. In this study,
30 cells per strearntube were used. This number appears
sufficientto insurethatgriddingarors in gas and liquidrecovwy
present in the SA resuks we well below 1%(see Table 1)and
that the latter may be conzideti canparable to thoseobtahed
from a finitedifferencesolutionat vanishinggridsize,

In con- the conventionalfinite differencemodelsgrids are
not aligned with the flow directions,so that at any instan$ the
dispmion ernm affwt a large proportionof the model grids,
GridorientationeffectsW~ compoundtheprobkms further.
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‘l%ewet gas recoveryis givenin Figure5. Note that it is nearly
1(M)%.This is due to the large throughyt of injectedgas. The
final cumulative liquid recovery, shown in Figure 6, is
substantiallylower. The masonfor this is that not all the liquid
is remved with the wetgas. F* the liquidsthat residein the
reservoirgas phasetwforethe startof productioncan retrograde
due to the decliningprewre. Althoughsomeof this retrograde
condensate may be stripped later by injected gas behind the
displacement front, not necessarily all of it is produced, In
addition,the initial saturationof residual immobileoil is made
up of manydifferentcomponents,of widelyvaryingmolecular
weigh~ ‘k Iightexcomponentsare readilystrippedby injected
gas, but the remaining resource, composed mainly of high
molecular weighthydrocarbons,becomesincreasinglydifficult
tobevapcdzedand recovertxk

Through this model problem,we have shown that the SA is a
reliable and accurate tool for simulating the gas cycling
prowxes in which there is no rapid changesin reservoirliquid
saturations. The approach is not without approximation,
However,unlike in conventionalfinite differencemodels, the
errorsarereadilyemimatedandbounded. It wasshownthat the
SA can account for the complex phase behavior of the gas
cycling process including retrograding and subsequent
vaporizationof condensedliquids,as well as pressuredepletion
and stripping of reservoir oil. Therefore, for 2-D problems
involvinggas cycling with effectively single phase, near unit
mobility flow, the SA can give accurate compositional
predictionswhichare not subjectto W griddingeffectsnormally
associatedwithconvcmhnal resenoir simulators.

The SA can now be used to assess the effects of gridding on
finite difference model (F’DM)results. To check the FDM
against the 5A in a meaningfulway, it is necessaryto operate
them under similar conditions. To this end, we setup a 2-D
areal grid with a half.ellipse no-flow boundary, A singie
injector was placed in “de grid block corresponding to the
injectorlocationin the SA.

Two different gridding orientations were tied in order to
investigatetheireffecton the FDMresults. The fitst involveda
tifm~x~-ti ~witimofiw=wdw witi
the semi-minoraxis of the half-ellipse. This grid imposed a
constantpressureboundaryconditionby acting the transvc.me
permeabilityof the producingbmmdarygridblocksmuchhigher
than the permeabilityof the rest of the reswvoir. The second
schemeinvolvedsuperimposingthe half-ellipsecontourof the,
SA on a tilted 27 x 54 cylindrical polar 2-D grid with non-
uniformgridblockporevolurrm,thensettingthe porevolumes
of ttllygrid blockslocatedoutsidethe contourto zero, The fw
MethodW= chosenfor the find COm@SOn,althoughWCpoint
out that liquidrecoverimfromthe two schemesmatchedclotwly,
showingrwonable in@atdcwc &omgridOrie#admeffects,

hitidy, the FDM W&$run to obtain injectcx-pf’oducapressure
drops for the SA. Themboth modclawere run with the same
injectionand productionrates. ‘Ike last two !wtsof runs were

thencompanxl(seeFigures5-6). This procedureimposedequal
throughputs(injectionandproductionrates)on the SAandFDM
in thecomparison, In an averagew*, thepressurehistoriesof
themodelsmustalsofolloweachotherbecauseof massbalance.
‘Ile lcxxdprwwues,however,werenot identicalbetweenthe two
modelsat all times.

Throughcomparisonagainst a finite differencemodel (FDM),
the effects of gridding associated with the FDM can be
estimated. In addition, differencesin predictionsbetween the
two modelscanbring to light mechanisticeffectsbroughtabout
by theinteractionbetweengriddingandtransportof hydrwarbon
componentsbetweenthe liquidandvaporphases

~is comparisonshowedthat both wetgas and liquidrecoveries
were lower for the FDM than they were for the more accurate
SA. Recoveryprofilesof wet gas indicatehowwellthe injected
gas sweepsthe reservoir,while thoseof liquidrecoveryalw are
affected by throughput of stripping gas as well as pressure,
Figure 5 shows, for a test case, the behavior of the wet gas
recoverywith time. Figure 6 gives the comparison between
the final liquid recoveriespredictedby the two models. ‘he
liquid recoveriesare lower than the gas recovdes becausethe
original reservoir liquid saturation cannot be produced as
efficientlyas the vaporphasecomponents.Notealso thatat late
times, although the SA curve had leveled off, the FDM
cumulativewet gas recovery continuedto rise, This was due
partlyto streamwisenumwicaldispwsioncausingthe right side
of the reservoir to remain partially unswep~ with wet gas
fractionsas high as SO%.The regionwith significantamounts
of wetgas remainingappeami to coincidewith the shapeof the
unsweptregionas predictedby the SA at late times (SCCFigure
7). Here,thecontoursareplottedm a functionof dimensionless
time, which for this system is 0.125 per unit pore volume of
gasinjected.

Ultimateliquidrecoveriespredictedby theFDMwereabout4%
lowerthan thosefkomthe 5A. At the levelof griddingused(40
x 40), coarseningit to 20 x 20 did not greatlyaffect the results,
which decreased only by about another 0.7%. The wet gas
recovery, in all cases, was so close to 100% that the actual
magnitudeof thediffatmcesin recoveryWweea the twomodels
was small. The wet gas rrwveries in the SA are actuallyuppw
bounds since they do not reflect the holdup of wel gas at the
stagnation poin~ The reason is that after enough time, the
longeststreamtube in the SA wiUbe complaely sweptand no
wetgas will remain. In reality,however,therewill alwaysbs a
tiny region associated with the stagnation point which is
unswept. Nonetheless,as was tested by fmr disc@zation of
the stream tubes with minimal effec4 the r~ovcries are
sufficientlyxmrste, since the siu of this regionmaybe made
negligiblysmall.

It is clear that the lower wet gas recoveries @icted by the
FDM are primarily due to numerical dispcxsion, since the
displacementof wet gas by injected dry gas is strictly a plug
flowprocessin the absenceof physicaldispcnion. This is also
evident from Figure 5, where prcmture injected dry gas
Imalahrough causes the FDM to predict Iowcr recoveriti at
earlier times than the SA. At long times, however, the
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additionalthroughputwill evcmtuallyrecoverthe remainingwet
gas (left behind the front by numerical dispersion) from the
mWIVOU,andthereforethe tWOmodda’predictionswillapproach
eachother.

The liquid recoveries,on the other hand, behave differently.
Figute 6 shows that the FDM liquid recoveriesapproximately
follow the SA ones until ncur breakthrough. The two curves
then diverge “beforefinally approaching different ultimate
recoveriesat late times. Since the differemccbetweenthe two
models’results in this case is higher than the corresponding
differencein the wet gas recoverks, and since it persists, the
mechanismshouldbe diff-~

These differences can bc explained by a mechanism which
accountsforbothnumericaldisperskmand its resultanteffecton
phase behavior. The relatively coarse gridding in the FDM
causes numerical dispersion which in turn allows dry gas to
overrunthe displacementfroit This dry gasmixeswi’~the wel
gasaheadof rhetlont causingthe liquidyield (STBof liquidw
MSCF of gas produced) to dccrcae, Moreover, the richer
reservoirgas which has lagged behind the front &xx not have
enough intermediates to stabilize the comparatively heavy
liquidsbehindthetlont andthereforecompensatefortheeffectof
the leanergasaheadof i~

In general, the ultimatecumtdativeoil recoveryis rover IN%
because yield approaches zero and an economically non-
vaporizable residual oil saturation is left behind. Numerical
dispersion simply accelerates this prows. This effect of
numericaldispersionon the yield is nonlinearbecausethe dry
~l*hgtiefmt~ wW*HhyieMtitiw~
gas laggingthe frontdoes to incrwweit. This is a consequence
of the negative curvature of the yield versus pore volume
throughputcurve at early times. In other words, its negative
curvaturecauses the average yield to always be less than the
actual yield, clearly showing the indirecteffect of numerical
dispersion smearing out the displacement front towards
decreasingfti liquidl’CCOVCZkS.

In this comparison, it is not unus’ualthat the FDM results did
notappear to approachthe SA ones. There are severalfactors
whichcould explainthis. The cment levelof gridding,even in
therefinedcase,is still relativelycoarse. In addition,the flowis
inherently2-D,and theeffectsof numaical dispersionaremore
complicatedin l-D. Shorter strearnlhw$have more throughput
and shouldbe affectedless, as would the largerones whichare
not yet past breakthrough at the end of the project.
Furthermore,the vaporizationand retrogmdingof volatileoil is
much more complicated mwhanistkally than the simple
propagation of a miscible front. Thus, it would not be
surprisingthatgridding~ffectswouldactdiffwent.lyunderthese
circumstances than it would in a simple 1-D piston-like
displaccmcn~

We have shown that the potential flow streamlines are

E applicableto comprcissiblegas flows,andsteamtube modds are

accuratemethodsfor evaluating gas cycling of condensate
rmervoifs.

The comparison with finite difference model highlights the
utilityof the semi+malytical(SA) modelas an alternatemeans
of approachinga gas cycling simulationproblem. Althoughit
has manystrengths,suchas its absenceof numericaldkpwsion
and other gridding effeas, it also has some limitations, The
major one is the restriction to 2-D flow. Sometimes,due to
reservoir heterogeneity, it is necessary to carry out a 3-D
simulation. For this case,pendingthe developmentof a true3-
D streamhbe model, it is necessaryto resort to a convemlional
finite difference calculation. In addition, the presence of
stagnation points in the flow complicates the division of the
reservoirdomain into channels,each havinga finite residence
time,

Despite these limitations, the SA modelprovidesan efticient
tool whichcan help increase the confidencein predictionsof
reservoir performance, giving recovery estimates that would
otherwise require a much higher grid resolution in a
wnventional finite difference model. It gives :J accurate
accountingoi ilcw profiles. Thus, mass transfer is confined
within the stream tubes, limiting the extent of transverse
dispersion. In addition, it is possible to model the complex
phasebehaviorassociatedwith the gascyclingprocess, Finally,
the SA has control over its approximations. Emors can be
readilyapproximatedand then bounded. In summary,the SA
represents a viable alternative to conventional reservoir
simulationof the gas cycling process, as well as a bemchmark
againstwhichfinitedifferencecalculationsmaybe tested.
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Fig. 1 -- Unit circle in the complex plane showing
location of A.

Fig. 2 -= Strt?amllnes emanat!ng at equally spaced
angles from the Injector.
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