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Summary

The four chaptersthataredescribedin thisreport cover a varietyof subjectsthatnot
only give insight into the understandingof muhiphaseflow in fracturedporous met@ but
they provide also major contributiontowards the understandingof flow processes with in-
situphase formation. In the following a summaryof allthe chapterswill be provided.

Chapter I addressesissuesrelatedto water ti]ecdon in water-wet fiztu.red porous
media. There are two partsin this chapter. Part I covers extensiveset of measurementsfor
water injection in water-wetfiztured porous media. Both singlemati block and multiple
mairix blocks tests are covered. There are ~o major findings from these experiments: 1)
co-current imbibition can be more efficient thti counter-currentimbibition due to lower
residualoil saturationand higher oil mobility, and 2) tight fracturedporous media can be
more efficient than a permeable porous media when subjected to water ti]ection. These
findings are directlyrelatedto the type of tests one can perform in the laboratory and to
decide on the fate of waterinjectionin fiwtured reservoirs.

Part II of Chapter I presentsmodelling of water injection in water-wet &actured
media by modifying the Buckley-LeverettTheory. A major elementof the new model is the
multiplication of the transfer flux by the fractured saturationwith a power of 1/2. This
simple model can account for both co-current and counter-current imbibition and
computationallyit is very efficient. It can be orders of magnitudetiter thana conventional
dual-porosity model. Part II also presentsthe resultsof water injection tests in very tight
rocks of some 0.01 md permeability. Oil recovery from water imbibitiontests from such at
tightrock can be as high as 25 percent

Chapter11discussessolutiongas-drivefor cold production from heavy-oilreservoirs.
The impetus for this work is the study of new gas phase formation from in-situ process
which can be significantlydifferentfrom thatof gas displacementprocesses. The work is of
experimental nature and clarifies several misconceptions in the literature. Based on
experimentalresults,it is establishedthatthe main reason for high efficiency of solution gas
drive born heavyoil reservoirsis dueto low gasmobility.

Chapter III presentstie concept of the alterationof porous media wettabdityfrom
liquid-wettingto intermediategas-wetig. The idea is novel and hasnot been introduced in
the petroleum literaturebefore. There are significantimplicationsfkom such as proposal.

“ The most direct application of intermediategas wetting is wettabili~ alterationaround the
wellbore. Such an alterationcan significantlyimprove well deliverabilityin gas condensate
resemoirswhere gaswell deliverabilitydecreasesbelow dewpointpressure. Part I of Chapter
III studies the effect of grmity, viscous forces, interracialtension, and nettability on the
criticalcondensate saturationand relativepermeabilityof gas condensate systems. A simple
phenomenological nework model is used for this study, The theoreticalresultsrevealthat
nettability significantlyaffects both the criticalgas saturationand gas relativepermeability.
Gas relativepermeabditymay increaseten times as contact angleis alteredfrom 0° (sirongly
liquid wet) to 85° (intermediategas-wettiqzj. The results from the theoretical study
motivated the experimentalinvestigationdescribed in Part II. In Part II we demonstrate
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thatthe nettabilityof porous media can be alteredfrom liquid-wettingto gas-wetting. This
part describes our attemptto find appropriatechemicals for nettability alterationof various
substratesincludingrock matrix.

ChapterIV provides a comprehensivetreatmentof molecukw,pressure,and thermal
difhsion and convection in porous media Basic theoretical analysisis presented using
irreversiblethermodynamics. The developments presented in PartI are used to estimate
thermaldiffix+ionfactors and to calculatecompositional variationin hydrocarbon resemoirs,
both fractured and unfimtured media. The ultimate goal is to characterize fractured
reservoirsthroughanalysisof PVT data.

F&t II uses the concepts presentedin Part I to estimatethermaldiffhsion factors - a
key parameterfor the calculationof compositional variationin hydrocarbon reservoirs. For
the first time, we present a model for the estimationof thermal diffusion coefficients in a
ternaryand higher component mixtures. We were pleasantlysurprisedthat the estimated
coefficients describemeasureddatawell.

Part III presents featuresof convection and diffusion in porous media for a binary
mixture. It is interestingto note that permeabili~ affects the composition variation in
differentways.

Part W studies the compositional variation in a rectangulartwo-dimensional (x,$
fracturedporous medium. The work eramines the effects of various fractureparameters:
fracture permeability, fracture aperture, &acture intensi~, and connectivity. Numerical
resultsshow thatdue to high fracturepermeability,a pronounced convection motion within
the fbacturenetwork takesplace. As a resul~composition in the entiremedia can be very
uniform above a certainpermeability.

PartV is the studyof compositionalvariationin porous media for a multicomponent
mixture. Both binary and multicomponent mixtures are considered. The results include
compositional”variationcalculationin a field in Colombia which is in good agreementwith

-data. Various cross effects arerigorouslyaccounted for in our multicomponentstudy.
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Chapter I - Water Injection in Fractured Porous
Media

PartI - ExperimentalStudyof Water
Injection in Water-Wet FracturedPorousMedia

N4JZHNWPOOHDI-DARVISH AND ABBAS F’IILOOZABADI

Summary

Forpn&iing tbeperjonzancefwateritjiedon innatziral’fracturednmzwin-,scczkw@oftherecovery&@m immem%gan
oil-saturatedconintowateris common~used Oilnxovqfim someof thenatziraljvfracturtdm-m-n of theNotib Seahas
beenbetterthanwhatispred%tedusingtheimmemionLzborzztmyeq!xximenikIn $he$e@ thematnkb.kks donotbecome
stmvunded@ wateratonce;thg experienceanadvancingfmctzm+watwkvel(F#ZL).

In tbispq%q theresultsofexpen”mentsof wateriyktion infractiwtdpomzumediacomprisinga ntimberof water-wetmatnk
bZocksm zpotiedfor thej?rst time. The b.bcksiq%rz”encedan aakmtingfmctum-waz%r,kvel(FWL). lkzmen-ion-t@e
ey%+rnentswm pqlorzzedfw companion;the hminant recovegJmecbankmchangedfmm co-czmmtto comiti-cumnt
imbibitionwhenthe bozmakrycondtionschangedfmm advancingFWL to immm”on-zjpe. We pqlomnedsingk bhck
q!w”menfiofco-mnt andcounter-mrnmtimbibitionand>undthatco-mntimbih?ion Zeadsto mon ej%-ientrecovery;

IGmsaschak andBertasan&oneweminve.stzgatdA co.kmncfthtte bhcks @Bena sandrtone(~ =0.22, k=O.62 pn?,

pore volume(P~=8800xl@ ~) anda stuckLf12 bbcks (4 mwsand3 colvmns)ofan ontcnpIZhnsmcbak (~ =0.30,

k=O.002-O.005pm?,PV=13,900X7@ k) wen used Beaktbmgh ncovenkwm 0.2-O.4& theBereaand0.2-0.6 @
PVfor thechalkexpen”menti.Come.pond%gutimaterecoverieswerEarwmd0.5 and0.65 @PV; oil ncovayfmm LJw
penneabihtychak wasbettwthanthat@highpenzeabi&.tyBema.Fmture apertzmsin d theaboveexperz”mentiwenin the
rangeof 150-200pm.

An qbprvximatemathematicalmoddwasdevelopedfm counter-czmwtimbibition.It wasfoundthatthe tie-time matnk-
fracturetrang’irfunctionsiqtx&?esto ana@onentiaZf~nction.Hence,thepbysicaZsz@zj2cance@the enpiticaltransjiifinction
ofArvnofskyetal wasdimonstmtedThe~onential tnang%ffinaionwasinco@oratedina mode~whichwasxredto match
thewateri~ectioneq%rimentrpq%mzedona stack@vay lowpermeabikjAustin chalk(@ =0.05, k=O.00001-O.00005

pm?,PV=287Xl@ ~). Theseqbtiments wenabminatedbycounter-czmntimbibition.

Introduction

Water injectionis known as an importantmethod for oil recovery from some iiactured resemoirs. In water-
wet fracturedreservoirs,the capillarypressurecontrast between the fractureand the mamixmedia provides
the main driving force for water imbibition, which can be an efficient recovery mechanism. Field
application of water tilection in fizxtured reservoirs has been implemented since the earlYfiftiesz. M.ZUIY
k-s~es,however, rem~ unresolved

.,-,,-... . -.x..-m-. .r ,“. . . . . .. . . . . . . . . . . T.,..

. .
in the understandingof this process. Since the early studies, it was
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understood thatrecovery behatiour from a block totallycovered by water is differentthan the same block in
contact with water from some faces and with oil from other faces2. However, the majorityof studieshave
centred on immersion-we bound+ conditions. Intuitiv~y,if a block is surroundedby water, oil is forced
to flow in the opposite direction of water flow, hence by counter-currentirnbibition. If the block is partially
covered by water, water is imbibed into the rock and oiI can flow downstream of the water-front and
through the faces which are in contact with oil. In &e lattercase, water and oil might flow in the same
direction and the process is called co-current imbibition. Experimental’s and model.lingstudies’ have
indicated that boundary conditions other than immersion change the dominant flow mechanism from
counter-current to co-current irnbibition, and that the latter mechanism can be more efficient than the
former. In a detailedexperimentalstudy,Bourbiauxand Kalaydjian5reported thatthe half,recoverytime for
co-current imbibition was 7.1 hr., and that for counter-current imbibition was 22.2 hr. for one set of
experiments. In the modelling studiesof Pooladi-Darvishznd Firoozabadicitwas found thatrecovery by co-
currentimbibitionwas 4 to 8 times fmter thanthatby counter-currentirnbibition.

In a fracturedreservoir subjectedto water Mlection,the fixture ne~ork does not become flooded at once –
the fracture-waterlevel has an advancingbehaviour. Some of the earlystudieshave examined the recovery
performance of a matrix block under advancingfhcture-water leve17-9.Differences were obsemed between
risingwater level and, immersion experiments. These studies do not use a stack of blocks. Despite the
differencesobserved between behaviour of the imbibitionprocess with advancingikacture-waterlevel (F’WL)
and those with immersion boundary conditions, recent studieshave focused on the latterprocess. We are
unawareof any cxprirnental studyof water imbibitionin a stackof matrixblocks with advancingFWL.

In thiswork the resultsof waterti]ection in an aggregateof matrixblocks arereported. Berea sandstoneand
Kansaschalkoutcrops were used. In these laboratoryexperiments,the fixture-water level is advancingand
the matrixblocks experience the two types of boundmy conditions mentioned earl+r, i.e., partiallycovered
and immersion type. By increasingthe ti]ection rate,the velocity of the FWL is increasedand the effect of
changingthe contribution of each boundary condition is examined. Imrnersion+pe testsareperformed and
the resultsare compared with advancingFWL experiments.

The paper is presented along the following sequence. The qerimenial apparatusand procedure are first
described. Experimentalresultsand their interpretationfollow. Development of a mathematicalmodel for
counter-cturentirnbibition is then presente~ and a set of experimentaldata dominated by this process is
modelIed. A physical and math-tical basis for the empiricalmodel of Aronofsky eta~lo,i.e. exponential
transferfunction is also presented.

Apparatus
I

Figure 1 shows the schematic diagramof the apparatus. The central part is the visual core-holder that
houses the matrixblocks. Its body is made of 12-mm thick clearpolycarbonate sheet that is pushed against
the rocks using an externalframe. The rocks and the polycarbonate sheetsare sandwichedbetween two 25-
rnm thick akuniniumcaps. The inlet and outle~ aswell as vacuum and fluid charge fittingsare mounted on
the two caps. The application of cleaxpolycarbonate sheets permits measurementof fracture-waterlevel
da~ and identificationof the activeimbibition mechanisms,discussedlater.

In addition to the multi-block apparatus,which was used for advancingFWL experiments,two single-block
apparatuseswere built to studythe differences between immersion-type boundary condition and advancing
F’WL. The roughness of the rock surface createda smallgap of 150-200pm between the rock sutface and
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the body of core-holder and/or another rock surface that it came in contact with. These gaps act as
fractunx-. Hence, the column of Berea sandstoneshad four verticaland four horizontal fhctur-=~and the
multi-block chalk column had six verticaland five horizontal fractures. For the immersion tests, spacers
were used to allow a largerfracturewidth and to assurecomplete coverage of the matrixblock by water (see
Figurelb).

A unique feature of the apparatusused in our advancing FWL experimentswas small fixture widti, the
fracturePV was around O.5’%Oof the total fixture and matrixPV. The importance of smallfracturevolume
can be understood by realisingthat under a constant rate of water kjection, the rate of FWL advance is
determined by the rate of water imbibition inside the matrix. The smaller the fixture width the more
pronounced &e change in FWL, when the imbibition rate in the mati changes. In our qmriments,
measurementof the FWL rxovides the rateof water irnbibitionin the matrixblock. This was not Dossiblein
the previous studies} 8wh~re fracturewidthwas very large.

A

Rock and Fluid Data

Three matrix-fi-actureassemblieswere made, one comprising three blocks of Berea sandstone, another
twelve blocks of FQmsasch~ and the other a singleblock of Kansas chalk.The Kansas chalk blocks are
from the Upper Cretaceus Niobrara Formation, northern Ellis County, west-central IQmsas. The chalk
sample is white and appears homogeneous, lacking evidence of stratification. Analysis of the samples
indicate99°/0calciteand 1°/0quartz,which resemblesthatof “clean” North Seachalks,which lackssignificant
chert and clay minerals. Kansas chalkshows close similaritieswith reservoirchalkfrom some of the North
Seareservoirswith regardsto capillarypressurebehaviour. The maindifference between the two rock-types
is thatthe Kansas chalkdoes not show evidence of tectonic structuressuch as fixtures.

Figure2 shows the rock assembliesand the dimensions of the blocks. The permeabilityand porosi~ of the
Berea sandstone blocks were approximately0.620 pm2 and 22 percentli. The chalk permeabilityis in the
0.002-0.005pm2 rangewith porosity close to 30 percent

In order to estimatethe properties of verticalfixtures, the total permeabilityof the fracture-matrixmedia
was calculatedby measuringthe single-phaseflow rate of normal decane (nC1o)under gravi~ force. The
fracturepermeabilityand aperturewere calculatedknowing the matrix and total system permeability. All
fixtures were assumed to be of equalaperture,and the cubic lawwas assumedValidi’. Fractureapertures
were in the range of 150-200pm.

The totalvolume of the horizontal andverticalfixtures includingthe dead volumes was estimatedafter each
test by measuringthe volume of liquiddrainedfrom the systemduringa short period of time. Table 1 gives
the rock and fracturedata.

Deareated solution of 1 w’YoNaCl in distilledwater and normal decanewere the
respectively. In this paper,the term waterisused to referto the brine solution.

5b
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.Test Procedure

We firstremoved the in-situfluid and the adsorbed materialon the pore surfiiceby exertinga high vacuum “
for one to two weeks. The matrix-fracturesystemwas then saturatedwith normal decane, and a period of
two dayswas allowed for saturationat atmospheric pressure. The volume of nCIOwas recorded for pore
volume measurement. In the advancing FWL experiments,gravity driven single-phaseflow of nC1owas
performed for permeabili~ measurement

Each test s=ed by injection of the brine solution using a constant flow rate pump, and the mass of the
produced oil was measuredandwas continuouslyrecorded. The outletvalvewas at the same level as the top
of the bloti and was opened to the atmosphere. In our tests,the compressibilityeffect is negligibleand the
oil production ratebefore breakthroughis equalto the injectionrate. Before waterbreakthrough,the dataof
primary-importanceare the fracture-waterlevels. A fine interface curvaturewas detected at the water-oil
contact m the four edge fixtures, which was recorded as the fracture-waterlevel.

As the test progressed, the FWL rose to the top of the column. Breakthroughwas detected when water
appearedin the outlet tubingat the top of the column. The produced fluidwas then directed to a separator
and the water-oiI interfacein the separatorwas recorded by a video camera. Brine injection was continued
untilproduction rate dropped to very low values. The injection was then stoppe~ and was startedafier a
period of 24 to 48 hrs, to measure the oil produce~ if any. The collected data were FWL before
breakthroughand oil production dataat alltimes.

For the immersion-type tests,spacerswere used to increasethe fkxture apertureto about 0.01 ~ ensuring
complete coverage of the block by water. A& complete saturationof the matrix-fracturesystemwith nC1o,
water was flowed through the syst~ and the oil in the fracturewas displacedupward. Water flow was
continued until all the oil around the block was displacedand the water-oil interface rose to the top of a
graduatedcylinder-which was connected to the top of the core-holder using an acrylic pipe with large “
diameter(see Figurelb). At this@e waterflow was stopped. The total time requiredfor displacingthe oil
in the fixtures by waterwai approximatelyfour minutek As soon aswater came in contact with the bloclg
the irnbibitionprocess became active. However, almostallof the oil thatwas expelIedduringthis earlytime
remained attached to the rock surface. The total volume of oil separated from the rock before oil
production rate could be measure~ is estimatedto be lessthan O.l?AOof matrixpore volume and is neglected.

Oil production was measuredby monitoring the oil-water interface in the graduatedcylinder. The large
diameterof the connecting pipe permittedfree flow of produced oil blobs from the top of the core-holder
into the graduatedcylinder. At the end of the testwhen oil production.ratehad reduced to nearlyzero, air
was flowed through the fracturespacingto remove the oil blobs remainingon the surfaceof the block.

Scope of ExperimentalStudy

The objective of the experimentalstudy is the examinationof the effectiveness of oil recovery by water
injectionin water-wet fracturedporous media. A stackof multipleblocks with smallfiwture width is used to
representrealisticconditions. Berea sandstone (k = 0.620 prn~ and a Kansas chalk (k = 0.002-0.005 pm?
are employed. Water ti~ectionrate is changedfkom one run to the next. When the ti]ection rate increases,
the FWL rises fxter. This in turn createsa largersurface area between the mati and the water in the
fixture, and the rate of mafi oil production increases. As tilection rateis increasedtier, there will be
littletime for imbibition before the-blocks are covered by wate~.
through the two-phase region by counter-currentimbibition.
observation. An infinitelyhigh ti~ection rate is equivalentto

After blocks are covere~ oil-production is
In our tests, this is confined by visual

immersing a block in water. Immersion

6



experiments are performed on the singleblock set-up. In one tes~ by tiliingthe column of twelve chalk
blocks to an angleof 60 degreesfrom the verticalaxis,the gravi~ effects were evaluated.

k the fol.lowin~ first the test resultsperformed on Berea are presented. Then, the single-block and multi-
block chalktests follow.

Experimental Result andAnalysis

a- Berea Experiments (3 Blocks)
Test 1- Injection rate H 190x10~ m3/hr (0.022 PV/hr) A low flow ratewas chosen for the first test.
Upon tijection, oil production startedfrom the top of the column, andwater startedto rise in the fractures.
The rateof FWL risewas high for about half of the height of the first block- Once enough exchange area
between the matrixand the water in the fracturewas establishe~the rateof FWL advance declined. Figure
3 shows the FWL for Test 1 (as well as Tests 2 to 4). The horizontal lines show the location of the
horizontal fractures. The data for each test include multiplereadingsfrom different fixtures around the
column. Figure3 indicatesthat the FWL along the four edges of the column are nearlythe same. Careful
study of Figure 3 su~ests that the veloci~ of FWL seems to increase after the level passes a horizontal
fracture. (For example, see the changein the slope at 1.215 m.) When this happens and water covers the
lower block waterwill be imbibed into the rock from allthe facesand oil is produced through the two-phase
region by counter-currentirnbibition. At an earliertime some of the boundariesof the block are in contact
with the oil, and the oil production can be through the single-phaseregion, by co-current imbibition. One
explanationfor the increaseof the rateof FWL riseafter it passesa horizontal fractureis that oil production
by counter-currentimbibition is slower than thatby co-current ~bibition, leavingmore water to rise in the
fracture. This is in linewith the modellingstudiesof Pooladi-Darvishand FiroozabadiG.

Water breakthroughin Test 1 occurred at about 0.38 PV water ti]ected at t = 17.5 km, corresponding to an
averagevelocity of FWL 2.5 m/day. Figure4 shows the recovery data of Tests 1 to 4. ultimate recovery
after 66 hours was about 50?40.

Test 2 and 4- Injection rate = 380x10< m3/hr (0.043 PV/hr) Tests 2 and 4 were duplicatesand were
performed at the sameinjection rate. Fi~es 3 and 4 indicatethatthe two testsare in agreement.

At this flow rate,as the FWL was rising smallblobs of oil, comparable to the grainsize, could be observed
below the FWL on the rock surface. This oil flowed opposite to the &rection of water flow into the matrix.
Visual observation indicated that the contribution of this amount of oil to the total production was
negligible.

Figure3 shows that similarto Test 1, a fist risewas followed by a slower period althoughin Tests 2 (and 4)
the injection rate was double of that in Test 1, little difference between the recovery behaviour vs. l?V
ti]ected was observed (see Figure3, also Figure4). Recovery at breakthroughwas roughlythe same for the
threetestswhile FWL veloci~ doubles from Test 1 to Tests 2 (and4). For the ti]ection range of 190x104 -
380x104 m3/hr, the imbibition rate is high and the performance is not sensitiveto the ti]ection rate. Note
thatabout 20% of the recoverable oil for both ti]ection ratesis recovered afierwaterbreakthrough. Hence,
these two tests are performed above the criticalrate of Kleppe and Morses. The recovery performance is
no~ however, adverselyaffected by increasingthe tijection ratefrom 190x104 to 380x104 m3/hr.
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Test 3- Injection rate R 840x10+ m3/hr (0.095 PV/hr) The high injection rateresultedin a highvelocity
of the fracture-waterlev~ and littletime for oil production from the blocks before theywere immersed in
water. Extensive flow of discontinuousoil blobs was observed below the FWL. This was significantbefore
breakthroughand remainedaciive afterward. Oil recovery at breakthroughis only half of the other runs. It
is interestingto note that even at a high velocity of FWL of about 22 m/day imbibition is very efficien~ and
oil recovery at 1 PV injection is 45’%o. The high recovery is believed to be related to blocks with a small
width. The recovery at the end of allthe tesb was around 0.5 of PV (see Figure4).

b- Chalk Experiments (Single Block)
A single block of IGmsaschalk was placed in a visual core-holder. The biock was surrounded by top,
bottorq and four side-fktures. Five tes~ were performed. In three of the tests the H]ection rate was
variedand the last two testswere immersion experiments. The same core was used for all the tests,but the
core-holder for the immersiontestshad a much largerfracturewidth. The resultsarepresentednmt.

Test 5- Injection rate e 22x104 m3/hr (0.021 PV/hr) In the first test on the singlechalk blo~ water
was tijected at a low rateof 22x104 m3/hr. Figure5 shows the plot of oil recovery vs. PV of ti~ectedwater.
Before breakthrough,nCIOproduction andwater injection ratesare the same. Oil recovery at breakthrough
is 60 percent Very littleoil was produced afkerwaterbreakthrough.

Figure6 depicts the FW’Lin tie verticalfracturesbetweenthe chalkblocks and the polycarbonate sheets. As
the figureshows, the FWL moves fmter initiallyin two of the fi-actures.For PV of injectedwater >0.15, the
FWL in all four fkmturesadvanceswith the same speed. FWL reaches the top at PV = 0.6 at an average
velocity of 0.24 m/day, and afterwards only water is produced. Before breakthrough, except in the
beginningof the tes~waterwas observed to be moving on the surfaceof the matrixabout 0.005 m (0.5 cm)
above of the FWL. Before and after breakthrough,we did not observe any oil production below the FWL.
Both observationsimplythatthe imbibition is co-current.

Test 6- Injection Rate R 140x104 m3/hr (0.13 PV/hr) In Test 6, the rate of injection was increasedto
140x104 m3/hr, which resultedin an averageFWL velocity of 2.4 m/day. Figure5 depictsthe recovery da~
breakthroughoccurred at 0.39 PV injection. Oil production rate decreased continuouslyafter breakthrough
and recovery at 1 PV ti]ection was close to 60 percent. The FWL dataare shown in Figure6, which shows
thatsimilarto the previous tests,FWL moves Fastinitiallyand risesslowlyafterwards.

In this tes~ while the FWL was rising very smalldroplets of oil were visible forming on the matrixsurfhce,
and then flowing towards thewater-oil contact in the fhcture.

Test 7- Injection Rate= 276x104 m3/hr (0.26 PV/hr) The injection ratein this testwas set at twice the
ratein Test 6, which roughly quartopled the averagerate of FWL. Figure5 shows the recovery data. The
breakthroughoccurred at 0.20 PV irjection. Oil production rate decreasedcontinuouslyafter breakthrough.
ne ultimaterecovery is 60 percent – very similarto the previous two tests. Recovery is over 50°\0at 1 PV
irjeclion.

Figure 6 shows the FWL vs. PV k+ected. Initiallythe FWL moves very fm~ the level moves to 0.15 m
heightat 0.04 PV ti~ection. The FWL then moves at a lower speed. At this high tijection rate,very small
droplets of oil were visible, forming on the rock surface. We also observed oil production in the form of
smalldropletsunderneaththe block-flowing to the FWL. When the tilection rate-isincreasedthe FWL rises
f%t and water covers a large portion of %e block surface before much of the oil is produced.
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passes,water-front moves inwardand displacesthe oil. When the level is alreadyhigh in the ilacture,before
being able to displace the oil in the inner-lowerparts of the blo~ the capillarypressure drivingforce may
not be enough to push the oiI to be produced above the FWL. In turn,oil maybe produced below the FWL
in the opposite direction of water flow. This explainswhy in all of our testswith increased injection rate,
more oil was produced below the FWL. Detailed discussion and modelling of this phenomenon is given
elsewhere.

Tests 8 and 9- Immersed Block In these duplicatetests,the block was immersedin water in a short time.
Waterwas imbibed into the rock and oil was ~elled from allthe surfaces. Oil blobs formed and grew on
the rock surface. The process was verg similarto sweating. Once the blobs were largeenough they detached
from the surface and moved towards the oil-water contact. Figure7 shows the oil recovery vs. time for
Tests 6 to 9. The initialrate of imbibition for the immersion tests is very high. ‘His is due to the large
contact areabetween the block and the fracturewater. Later on, however, the production ratesfor Tests 8
and 9 is much slower than those of Tests 6 and 7 (see Figure 7). Immersion leads to counter-current
imbibition, whereas oil production under rising FWL is dominated by co-current imbibition. The low
production rateby counter-currentimbibitionas evidencedby Figure7 is an experimentalverificationof our
previousmodelling studyG,and is in linewith experimentaldataof Bourbiauxand Kalaydjian5.

Note thatif the dataof Test 5 were plotted in Figure7, theywould fdl below the recovery dataof the other
tests; alwaysa low enough injection rate can be chosen such that the oil recoverg rate from co-current
imbibition is less than counter-currentimbibition. Of course, such an injection ratewill not be operationally
attractive.

C- Chalk Experiments (I2-B1ocIcs)
We conducted five tests on a stack of 12 matrixblocks, which were placed in four rows and three columns
(see Figure2 and Table 1). The blocks were the same size and type as that in single-block tests. In the fmt
four tests the column was verticalandwaterwas i+ected from the bottom. Water injection ratewas varied
by more than one orer of magnitudefrom 0.011 to 0.16 PV/hr. In the last test water was injected at the
high rate of 0.16 PV/hr and the column was at 60 degreesangle from the verdcal axis. In the following
Tests 10 to 13 arepresentedcollectively,and then Test 14 is discussed.

Tests 10-13- Injection rates 151x104- 2200x104 m3/hr (0.011- 0.16 PV/hr) Test 10 was performed at
a low ti]ection rate of 151x104 m3/hr. The advance of FWL was very uniform in all the fractures at a
velocity of 0.49 m/day as depicted in Figure8. Before breakthrough,the rock surfacewas wet 0.005 to 0.025
m (0.5 -2.5 cm) above the FWL. The oil displaced by water is produced above the water level in the
i%acture,i.e., by co-current imbibition. Furthermore,itwas observed thatthe distancebetween the FWL and
the water-front on the block surfacereducedto about zero, when the water levelapproached the top of each
block. In other words, flow of water fi-om one block to the one above the horizontal fractureswas limited
duringthe time available.

At this low injection rate,the blocks had enough time for imbibition and after FWL reached the top of the
block atabout 64’%0recovery (matrixrecovery = 60’XO),therewas no more oil production (see Figure9).

For Test 11 the ti~ectionratewas increasedto 445x104 m3/hr, which resultedin an averageFWL veloci~ of
1.5 m/day. Similarto what was observed in Tests 1 and 2, increasingthe injection rate had littleeffect on
the recovery behaviourin the rangeof 151x104– 2200x104 m3/hr.
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In the stackedblocks, there are three blocks in each row, each block will see one third of the total ti~ection
rate,in average. This is neaxlyequalto the condition of Test 6 on the singleblock (Injection rate = 150x104
m3]hr)which resultedin about 40’?40oil recoveryat breakthrough,

Figure8 indicatesthat FWL reached the top of the first row of blocks at about 0.12 of total PV injection.
Accounting for the dead volume at the inle~and the &acturevolume, matrixrecovery at this time is about
40?40,equalto that of Test 6. Figyres8 and 9 indicatethat by the time of water breakthroughat the top of
the column, oil recovery is 0.63 (average matrix recovery of O.G). This indicates that before water
breakthrough,oil recovery behind the FWL increaseswith injected pore volume. It is interestingto note
thatthisbehaviour is different thanwhat is experiencedin the Buckley-Leverettsolution of oil displacement
in a homogeneous medi~ where averagewater saturationbehind the front is independent of injection
time. In water ti]ection in fracturedporous mea however, the rock lefi behind the FWL may continue to
imbibe water and to enhance recovery. This of course does not happen if the water ti~ection ratehas been
slow enough thatuliimaterecovery is achievedas the FWL advancespest 10).

In Test 11, some oil flow in the form of droplets patched between the rock surface and the body of the
core-holder below the FWL was observed. Contribution of this oil to the total produced oil was very small.
Oil production after breakthroughwas lessthan2’ZOof total recovery.

In Tests 12 and 13, the water ti~ectionratewas increasedto 1114x104 and 2200x104 m3/hr (0.08 and 0.16
IW/hr], respectively. Figure8 shows the FWL advancedfmt initiallyand slowed down subsequently. Figure
9 indicatesthat breakthroughrecovery for Tests 13 and 14was 0.55 and 0.45 at averageFWL veloci~ of 4.4
m/day and 11 mm/day, respectively. Ultimaterecovery for all the tests at 1.5 PV ti]ected and beyond was
around 0.64.

Test 14- Injection rate = 2200x104 m3/hr, tilted In Test 14 the stacked-block system was tilted 60
degreesfkom the verticalaxis;the effect of the gravitywas reduced by half. The tiltwas such that one of the
edges of the column was closest to the groun~ two of the edgeswere at the same height from the ground
andthe lastedgewas at the highestpoint. The outletat the top of the column was close to the highestedge
such thatthe volume of the rock at the verytop corner of the COIP, which was not contacted by water at
the end of the tes~ was very small. The waterti]ection ratein thistestwas equalto thatof Test 13. Figure8
shows very sirnilm recovery behaviour bemeen Tests 13 and 14. Breakthrough recovery was 0.43
(breakthroughrecovery of Test 13 was 0.44).

Figure10 depicts the FWL of Tests 13 and 14. For Test 14, the distanceof oil-watercontact in four edges
from the base is plotted. The behaviourof FWL in the middle edges is very similarto that of Test 13. FWL
in the lower edge showed a fmter advanceand thatin the high edge showed a sloweradvance. The recovery
andthe FWL dataclearlyindicatethatgravityeffects arenot important.’

Summaryof ExperimentalResults

The experimentalresultsrevealthat oil recovery by water tijeciion in the Berea and chalk tests reported in
this paper was governed by very efficient capillary-dominatedflow, and the effects of gravity and viscous
forces during the course of the tests were minimal. The negligible effect of’ viscous forces can be
demonstratedby calculatingthe pressure drop across the blocks knowing the permeabili~ of the vertical
fracturesand the veloci~ of the FWL.
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The testsshowed that depending on the irjection rate,both mechanismsof co-current and counter-current
irnbibition could be active. However before a block is fi.dlycovered by water, the dominant recovery
mechanismis co-current imbibition. As the injection rateincreases,the rate of matrixoil recovery increases
due to increased contact area be~een the matrix and the water in the fracture. Wkh further increase in
ti]ection rate,water breakthroughoccurs earlier,and the portion of oil to be recovered by counter-current
irnbibitionincreases. Tests 8 and 9 showed thatwhen tijection rateapproachesinfinity,(immersion case) oil
recovery is dominated by counter-currentimbibition and this is slower than oil recovery from Tests 6 and 7
which are dominated by co-current imbibition. The fact thatTests 6 and 7, in which contact areabe~een
the rock and the water was less than (or equal to) the contact area of Tests 8 and 9, resulted in a more
efficient recovery, suggeststhat for equalareaof water conta~ co-current imbibition is more efficient than
counter-currentimbibition, provided everythingelse is the same. Another interestingfeatureof the tests is
the high recovery efficiency of low permeabili~ chalkcompared with the high permeabilityBerea sandstone.
This is believed to be due to high imbibitioncapillarypressureof the outcrop chalk. The resultsof the tests
*O show that in con-t with the Buckley-Leverettdisplacementin homogeneous porous medi~ where oil
recovery behind the fi-ont is independent of the ti]ected PV, in &acturedporous medi~ oil recovery behind
the front increasesdth the ti]ected PV.

Mathematical Modelling

Recently,Terez and FiroozabadiZ presenteda mathematicalmodel thatwas based on an extension of the
Bucldey-Uverret solution for two-phase flow in fracturedporous media. A source termwas incorporated in
the.model to account for fluid transferbetween the mati and the fracture. Based on the experimental
results presented in this paper and fine grid simulation,the authors included two transfer functions to
account for co-current and counter-currentimbibition. The transfertermswere in the form of exponential
functionl”. The solutionwas based on the method of characteristics,and the model solved for fracturewater
saturation.

In the following the physicalsignificanceof the exponentialtransferfimction is demonstrated in terms of
late-time solution of the counter-current imbibition. The function is then incorporated in a simple
mathematicalmodel to calculatethe fracture-waterleveland the imbibition rate. The model is then used to
match a set of experimentaldata of water ti]ection in fracturedporous met@ which were dominated by
counter-currentimbibition.

Formulationand Approximate Solution

Counter-currentimbibition can be describedby a nonlineardiffusion equation*3,given in Appendix A. The
Heat IntegralMethod (HIM)i4is used to find an approximatesolution for saturation(see EquationsA-10 to
A-12,) The solution is obtained for a constantdiffiion coefficien~ i.e. the d.ifksion equationwas assumed
linear. Later,it is shown thatthe resultsfor the linearproblem may apply for the nonlinearproblem.

Usingthe saturationprofiles of EquationsA-10 to A-12, one can calculatewaterimbibitionrate,

11
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In the above equations, q~ and t~ are dimensionlessproduction rate and dimensionless time, respectively.
ParametersAr,Aa ~, and ~z are defined in appendixA.

The &rly-time production rate in the above finite systemis similarto that in a semi-infinitemedium. The

difference between *e exact solution for the semi-infiniteproblem for all times, 11~, and Equation 1 is

8.3?A0.UsingEquations 1 and 2 the dimensionlesscumulativevolume of waterimbibed can be calculatedas,

(4)
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The definition of Q is the sameas recoverywith respect’to total recoverable oil in place, ll(t~). By writing
the RH.S. of Equation 4 in conventionalunitsone obtains,

J3D t
wearly = ~ L2—— (’v

Equation 7 implies that recovery during the early-timeis proportional to the square root of time, and is
inverseIyproportional to the length. .In other words, the time corresponding to a specific recoveq is
proportional to the square of the length, which is in line with the results fkom the previous scaling
studies.igzo=

At the beginningof the late-timeregime,theratio of the firstexponentialfunction to the second &ponential
term in the RH.S. of Equation 5 is only 1/20, and decreasesvery rapidlywith time. Upon neglectingthe
firstexponentialfknction one obtains,

(8)

where for a linear problem Az and AZ are constant and do not depend on the length of the system.
Equation 8 has the same form as”Aronofsky et czl’sioexponential fiction. One can readily show from

.,
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Equation 8 and definitionof t~thab similarto the early-timebehaviour, the time corresponding to a specific
recovery is proportional to squareof the length.

Figure 11 shows a comparison between the exact and the HIM solutions of the lineardiffbsion problem.
Recoveries based on the one-term and two-term exponential fi.mctions, Equations 5 and 8, are shown.
Figure 11 indicates that the HIM solution is in agreementwith the exact solution, and that the one-term
exponentialfimction is a good approximatesolution.

EquationsA-10 to A-12 were obtained for a constant diffusion coefficient. When the HIM is used to solve
the nonlinear probl~ a similarsolution can be obtained,where parametersAl, AIa L,, ~z area function
of the shape of the difiision coefficient with respect to saturation. Of course, the solutionsareapproximate
and accoun~ only partially,for saturationdependency of the diffusion coefficient. However, if we do not
derive the solution but assume that the ti of the solutions does not change, the following hold for the
nonlinearcase.

1.

2.
3.

2 duringthe early-timeis a straightline, passingthrough the origin (seeThe plot of recovery vs. ~ri L

Equation 7).
The recovery atwhich the datadeviatefrom straightlineis independent of length.
The plot of (1- ll(t~)) at the late-timevs, t/L2 on a semi-log scale is a straightline with a negativeslope,
which will not necessarilypass throughthe point t GO, R = O(see Equation 8).

Model Verification

The exponential function proposed by Aronofslq et al has been widely accepted as an empirical
ecpation, which approximatesthe oil production due to spontaneous imbibition with a step change in the
boundary condition reasonablywell. Some authorsatiributea physicalmeaning to the solution and others
do noi?. In light of the discussion presented in the above section, here the physical significanceof the
exponential fimction is discussedas the late-timesolution of the nonlinear 1-D counter-currentimbibition,
and itsval.idi~for experimentaldatais presented.This is done by veri$ing the three conclusions we inferred
fkom our approximatesolution.

A one-dimensional mati block with absolutepermeabilityof 0.020 pm2 and length of 0.20 m is considered.
Oil and water viscosity are assumed to be 1 mPas. The relativepermeabilityand the imbibition capillary
pressurefunctions are expressedas

kro= ~(l-sD)m, km= AJD”W (9)

PC(SD)= -Cln(S~) (lo)

where $Dis defined by Equation A-7. The parametcmA@ A. Za n. and Care constant Table 2 gives the
values considered in this study. The detailedmethod of solution of the above problem is presented in
reference 6. Here, we presentthe results.

Figures 12 and 13 depict the behaviour of the numericalsolution of the counter-current problem at the

early-and late-times. Figure12 indicatesthatthe early-timerecovery is proportional to ~, and Figure13
shows that the late-time recovery may be approximated by an exponential fimction, especially that of
Equation 8 with 4 /2D2~1.
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This shows that items 1 and 3 suggestedabove, based on the HIM solution of the Iinearprobl~ might
apply to the nonlinear problem of counter-currentimbibition. In Figures12 and 13 the behaviour of the
exponentialfimction of Aronofs@ etall” is also shown,’where an exponent of ~ n 0.01was chosen. It can
be observed thatAronofsl#s solution, if selected to match the overallbehaviour, under- and over-predicts
the early-and late-timesolutions, respectively.

N- we use the counter-current data from references 20 and 21 to examine the validi~ of items 1 to 3
above. Figure14 shows of the early-timesolution. The experimentaldata follow a straightline,and deviate
from the straightline, independent of core length,at around 0.8 recoverable oil. The physicalproperties of
the rock and fluidsused in references 20 and 21 are differen~ leadingto ~o distinctlines in Figyres 14 and
15. These properties aregiven in Table 3. The lastrecovery datapoint reported in references20 and 21 was
considered as the ultimaterecovery. In Figure14 the datacorresponding to the 0.0248-m sarnple21is not in
agreementwieth”tie rest This could be due to the error in the oil production dataof a very smallsample.

Figure15 shows the plot of the above imbibition dab on a semi-log scale. It can be noted at latetime, each
data-setcan be approximated by a singlestraightline. Note that the straightline passhg through the late-
time dataof Figures15, if ~apolated to zero time, predictsanon-zero recovery. If an exponentialsolution
similarto that of Aronofs@ et a~iois chosen such that it predicts a zero recovery at the initialtime, a
behaviour similarto that in Figures12 and 13 will be observed an exponent luger than that obtained from
the slope of the semi-log straightline will be needed to predict the overall behaviour of the system. The
lattersolution, tien would under- and over-predict the early- and late-timebehaviour, respectively. Ma et
a.l~ also observed the same behaviourwhen they used an exponential fimction to match experimentaldata
of counter-currentirnbibition(see Figure9 of Ref. 22).

Modelling of Rising FWL of Counter-CurrentImbibition

In the previous section, oil production due to counter-currentimbibitionwith a step change in boundary
conditions was considered. It was found that the late-time recovery could be approximated by an
qonential function. In this section we use the following exponential function, to find oil production for
risingfracture-waterlevel.

R’(t)= R&(l-e”fi) (11)

wherea,
K =@(l-s., -Swc) (12)
and
k(t) = @(sW(t)-Swc) (13)

Parameter2. is a constant that determines the rate at which the recovery approaches its maximum value.
Similarto Parsons and Chaney7one can account for the effect of the risingwater level in a fractureadjacent c
to a singlematrixblo~

(14)
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whereQ@) is the cumulativeoil produced at time 4 An is the cross-sectionalareaof the matrixperpendicular
to the direction of water level rise, and if is the location of the water oil contact in the fracture, FWL.

Eq&tion 14 assumes that imbibition occurs transverseto the direction of water-levelrise in the fracture.
Hence, the effect of horizontal fracturesis neglected and a stack of mab blocks is assumed to behave
similarto a tallmatrixof equivalentheight

References 10 and 24 are based on the assumptionthat ~f k known in @ation 14. often kstead of Z,,

the ti~etion rateis known. In Appendix B, the materialbalanceequationfor the fizture water is combined
with Equation 14, and the solution for the oil production rateand the water level in the ilxture are obtained
for a known ti]ection rate,Equations B-6 and B-4, respectively. The above mod~ developed for counter-
currentimbibition, cannot be used for our experimentaldaq mainlybecause co-current imbibition had a
largecontribution. Instead we use our simplemodel to match the experimentaldata recently presented in
reference 25, where oil recovery was dominated by counter-current imbibition. Very tight Austin chalk
blocks were used. The cylindricalblocks stacked on top of each other had a permeabili~ of 0.00001 –
0.00005pm2 (0.01– 0.05 rnd)and porosity of about 5’%0.The totalPV was about 290x104 m3. As a resultof
imbibition, about 20 to 25 percent of the oil was produced over a period of two to four and half months.
Figure16 shows the cumulativeoil production as a function of time for one of the tests in reference 25.
After breakthrough,water tijection was stopped several times while imbibition proceeded. When water
injectionwas resume~ the oil in the fracturewas produced first until the next breakthroughoccurred. The
experimentaldatashow that the firstbreakthroughoccurred after a very short tie. Beyond this poin~ the
blocks are covered by water and oil production is due to counter-currentimbibition. We used the rising
fracture-waterlevel model with the counter-currenttransfer fiction developed above to match the oil
recovery data. Figure 16 shows the comparison between the experimentaldataand the model for Test “a”
of Terez and Firoozabadifi. ParameterI was used as a matchingparameterandwas found to be 0.053 day-i.
Maximum oil recovery was set equalto 23Y0. We did not try to use different k for different blocks. After
breakthroughall the matrix blocks contibute to oil production, znd an average2 was used to match the
tests.

In summary,Figures13 and 15 show that the late tie recovery data by counter-currentirnbibitioncan be
represented by an exponential function. In Figure 16, the exponential function was successfullyused to
match the experimentalresultsof water injection in a stackof matrixblocks, where recovery was dominated
by counter-currentimbibition. The importance of such a model is that once parameterA is estimatedby
matching the experimentaldata on smaUsamples, 1 czn be estimated for largerblocks. Comparison of
Equations8 and 11 suggeststhat a= I/Lz, which is in linewith previous scalingstudies.lg

Conclusions

We performed water injection experimentsin fracturedporous media composed of a stack of water-wet
chalkand Berea matrixblocks, where the matrixblocks were subjected to risingfixture-water level (FWL).
Singleblock tests of immersion-typeand risingFWL were performed for comparison. The unique features
of the experiments, in addition to implementationof a stack of blocks were low fracture pore volume,
quantitativedata on FWL prior to waterbreakthrough,and visualobsemations enhancing the identification
of the active imbibition mechanism. Based on the resultsof these tests, the following conclusions can be
made.
1. Water injection in water-wetfracturedporous media can be a very efficientrecovery mechanism.
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3.
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Depending on the injection rate, both mechanisms of co-current and counter-current imbibition can
contibute to recovery.
Before a block is fbllYcovered by water,the dominantrecovew mechanismcan be co-current imbibition;
thismechanism ofie~ leadsto m~re efficientoil recovem compared with counter-currentimbibition.
k approbte analydcalmodel was also developed f~r co~ter-current imbibition, which showed the

physical~~@cance of ke exponential transferfum%on. The model was successfhlly-
experirnentalresultsof water ti]ection in a stackof low permeabili~Austin chalk.

Nomenclature

liz?h Lettm
A Cross Sectionalfb~ z?
A Constant (seeEquations 9, A-18 and A-19) .
B Constant ~-’(see Equation B-5)
c Constan~IiPa(seeEquation 10 and Table 2)
D Diffusion Coeffkien~ z#/~
L Half Length, m
P Pressure,IV/n?

Production Rate, n?/~
$ CumulativeProduction, #

Recovery w.r.t, MaximumRecoverableOil (&=l)
R’ Recovery w.r.t. Total Volume, (R’_= @(l-SO,-SWC))
s Saturation

2 Height of Water Leve~ m
k Permeability,@
$ time, s

Gnek Le&m

4 Porosiqr
k l?xponen~ S-l .

P Viscosity, Pas
T Variableof Integration

Szbscnjzs
BT -

;

f
&y
i
lizte
ma
o
or
r
Iv

Breakthrough
Capillary
Dimensionless
Fracture
Early-Time
ti~ection
Late-Time
Ma&ix
oil
ResidualOil
Relative ,
Water

used to match the
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m Connate Water

Symbok
m InfiniteTime
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Appendix k Approximate Solutionof 1-D Counter-CurrentImbibition Problem

In an incompressible one-dimensionalsystemwith negligiblegravityforce, counter-currentimbibition
describedby the following nonlinearcliffbsionequation13,

$4’(SW)3=*
where,

(A-1)

(A-2)

can be

/Lokm

Consider a water-wet core of length L initiallyat connate water saturatio~ coated by an impermeable
materialsuch that only one face of the core is open to flow. When the open face is contacted with water,
continuityof capillarypressurerequiresP== Oat the inlet (see footnote). The other end is closed q.= Oat
x = L The initialand boundary conditions can be expressedas,

Sw=l–sw X=o ~>()

The diffhsion coefficient defined by Equation A-2 is a
temporarily we assume a constant diffixion coefflcien~
conditions A-3 to A-5 can be solved analyticallyi5,

where,

SD=
Sw–Swc

l-s., -Swc

Dt
tD‘—

~2

(A-3)

(A-4)

(A-5)

strong function of saturation. However, if
Equation A-1 with the initial and boundary

(A-6)

(A-7)

(A-8)

(A-9)

We use the Heat IntegralMethod (HIM)i4to provide an appropriatesolution to the above lineardiffusion
problem. The advantageof using the HIM is that its application can be extended to solve nonlinear
problems. The Heat IntegralMetho~ one of the variationsof the Method of Weighted Residualslc,was
previouslyused to solve diffiion-dominated problems in thermalrecovery processes’. In this method, a

1In simpleexperiments,we examinedoil expulsionfromrock,in counter-currentimbibitionby visualobservations.The
diameterof theproducedoilblobsontherecksurfacewasmuchlargerthantheporediameter.‘IMsobservationjustifiesthe
boundaryconditionof Pc = 018.
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trial fhnction is assurne~ which in addition to satisfyingthe~initialand boundary conditions, is forced to
satisfj the integratedform of the originaldifferentialequation. Hence, the method is an appropriate choice
for studyingthe problem of interest since the total water imbibed into the system,which is an integral
characteristicof the syst~ is obtained with high accuracy. For increasedaccuracyof the solution at early

. time, the concept of penetration depth is introduced which corresponds to the extent of the medium
beyond which there is no effect of the diffusionprocess. For a linear-ion probl~ any change at the
boundary is instantaneouslytmmsferredthrough the whole domain, where the effect is negligiblebeyond a
certainlimit. The penetration depth is analogousto the radiusof investigationin well-testing. Barenblattet
al’s showed that for the initialcondition of EquationA-3, the saturationat the front drops to connate water.
saturationand there is no effect of saturationchange downstream of the front. This tier justifiesusing
the concept of penetration depth.

Pooladi-Darvish et all’ solved Equation A-1 approximatelywith the initialand boundary conditions given by
Equations A-3 to A-5 using ~ where the diffusion coefficient was assumed constant and found the
following solution,

3

[1
SD= l–~

&
t~ <&

SD= l+b(tD)x~ + c(tD)x: o<x~<+ . tD2& \

2)()SD‘l+ b(t~)(-~+hD ‘X~ +C(t~) ‘++2XD –x;

~sxD <l2 tD>&
where,

b(t~)= -A1e-~”” -A2e-2”’r”

c(t~ ) =

1+3’-’D+[D5A2’5D2’-’D2’D

D, ‘$(5+3@A

.2= f(5-3@A

A _ 6-&e~
1 4

5-3fi
6+& —

A2 =Te 7

.

(A-1O)

(A-n)

(A-12)

(A-13)

(A-14)

(A-15)

(A-M)

(A-17)

(A-18)

Ecpations A-10 to A-12 areused in the text to studyimbibition.
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Appendix B: Solutionto Rising FWL Problem
By writingthe materialbalanceequationfor waterin the fracture,one obtains,

(!3-1)

where the left side is the total ‘volume of waterti~ecte~ and the right side representsthe volume of water in
the fracture,and the volume of water imbibed into the matrixrepresentedby Equation 14 of the text. The
water flow in the fractureis assumedto follow piston-likedisplacementwith zero residualsaturation,and the
i.wrinsicfractureporosi~ is assumedto be one. If ~ is lmown, ~f (t) is the only urdmown in Equation B-1,

and can be solved for usinga proper initialcondition.

DifferentiatingEquationB-1 with respectto t resultsin

By eliminatingthe rightintegralfrom EquationsB-1 andB-2, one obtains,

a~

[1

R:AW A
~+A l+—

J
=4i(t) : a r

at Af Zf Af Af O
qi(~)d~

(B-2)

(B-3)

For a constant ti~etion rateand initialcondition of if (t=O)=0, Equation B-3 can be integratedto obtain a

simple closed-form solution for the fracture-waterleve~

where,

[1R:Am ~
B= l-I——

Af

Equation B-4 is validbefore breakthrough.
, After breakthrough, the water level stays
expressedas,

(B-4)

(B-5)

During this interval,oil production rate is equalto irjection rate.
at the top of the blo~ and the oil production rate can be

F-6)

where tm is the breakthroughtie. For a variableinjection rate, Equation B-2 can be solved numerically,
similar~o thatproposed in r~ference23. Alternatively,”EquationB-3 ~anbe solved numerically,for example. .
usingthe Runge-Kuttamethod. Note thatEquationsB-2-andB-3 are validwhen injection rate is more h-an
the imbibition rate, i.e. water level is rising and also when the ti]ection rate is less than imbibition rate, i.e.
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. .

water level is dropping. The above solutions are used in the text to model water isjeciion in a stack of
Austin chalkmatrixblocks.
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Table 1: Rock and Fracture Data for Advanciwz FWL Tests
IBerea Sandstone I Chalk (U I Chalk (single

blocks) block)
Total Pore 8800 13900 1050
VolumeXIOG(m?
Tod Fracture 250 700 40
PVX1O’, (m?
Including dead
volumes
Fracture aperture I 155 I 190 170

(P )m
Effective 9.5 17 16
Permeability((pm?
Mairix Permeability 0.620 0.002-0.005 0.002-0.005
(Mm?
Matrix Porosity I 22 I 29.6 I 29
(Percent)
MMrix dimensions 0.1471X0.1471X0. 0.635x 0.1875x0. 0.635x 0.1875x 0.3
(m) 6047 3048 048

Table 2 Rock and Fluid Data for the Counter-Current
Studv

L 0.20 m s. 0.01
k 0.020 pm2 ?2; 4.0

1 mPas ?lW 4.0
1 mPas A. 0.75

4 0.3 AW 0.2
c 10 kl?a

Table 3: Counter-Current Imbibition Data
Reference Length, Permeability,

m
Grahamand Richardson 0.125 0.23&
(G-R)2i

Grahamand Richardsonzl 0.1008 0.236
! Grahamand Richardson’ I 0.0756 I 0.236 I

Grahamand Richard.son21 0.0502 0.236
Grahamand Richardson” 0.0248 0.236
Hamon and Vidal fH-~m 0.852 4.070
Hamon and Vidala 0.40 4.400
Hamon and Vidal” 0.198 3.200
a- Permeabili~was assumedconstant
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Figure 2. The rock assembly for SB and SS tests
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PartII - Water Injectionin Water-Wet FracturedPorous Media:
FurtherExperimentsand a New Model forWater Injectionin

Water-Wet FracturedPorous Media

IVAN E. TEREZ AND ABBAS ??IROOZABADI

Summary

ThisJYWJaxanzineswaterzkj%tionin water-wetfhzctmzdpomztsnzedaanditi mode~ngusingtheBuckky-Lam?~theory.
.Newtqberimerntal& on wateri~ecziimin Ben?aandAm-tincha&matrixblwk(.i)an pre~entedW* it$ectonin
Austinchak zitb apermeabilp@O.01-O.04nzdandpomsizjof5% resukrin about20% rwov~fmm themckmatrix

In thesecondpaitftbeptp~ weusetheBuck&y-Leven#tdhp.kcementina akal$omsitymodelto simukztethe&mture &kz
a wel m qberimenizd&a fmm thiswork A newmoddis dwiedfor thefi”mutionof wateriykdon infracturedpomus
mea?a.A mgibrekmentof thenewmodelh themu.l@Z&cztzonof the$nmg2rjkx by thefractzw-esatumtiknwithapowerof
1/2. Thisdmp.kmodelcanaccountfor bothco-cwnmtandcounter-amwztimbibitionandcozpukztzonaljit is my e~cient.
Therwuh fz!heprtposedmoddandtbej%e-gridsimu.ktionm ingoodag~ementwit..thee.xpm”mentaldniz.

Introduction

Water injection has been an efficient recovery process in some naturallyfractured hydrocarbon reservoirs.
Despite the success, the understandingof the true mechanisms and the numerical simulationhave to be
advanced further.In fac~ accuratesimulationof waterinjectionin fracturedporous media is a realchallenge.
Fine-gridsinmlationcan provide proper resultswhen fracturecapillarypressureand relativepermeabilityare
appropriately described, computationally,however, it is very eqxmsive. Dual-porosity models have the
advantageof computationalefficiency but may be less accurate.A third alternativewhich can be extremely
efficient is the use of the Buckley-Leverettdisplacementtheoryl in a dual-porosity model. Here, mati
blocks feed into the fracturenetwork througha transfert-, flow in the fkacturedmedia is representedby
the Buckley-Leverettdisplacement In an earlypaper, de Swaan2modeled water displacement in fixtured
porous media on the basisof the Bucldey-Leverettdisplacementtheory. De Swaan’swork is based on certain
assumptions; these include: 1) the fracturefractionalflow function is equal to the fracture saturation(i.e.,

f: = S;, see the Nomenclature),and 2) the effect of graviT is negligible.The assumption of f: = S: is
valid only whe,noil and water phases have equalviscositiesand the fixture relativepermeabilityis equal to

saturation.Later, Chen and Liu3relaxed the assumption of f: = S; . Kaze@ Gillman and Elsharkawy4

give examples for the Buckley-Leverettflow in a ID fiwcturedporous media using a model similarto de
Swaan’s.These authors reported good agreementwith experimentaldata using an empiricaltransfer term
beween the fractureand the matrix.Kazemietal, however, changed the oil viscosity born 4.6 to 0.25 cp to
match the laboratory data. The k. parameter of the empirical transfer term was based on the general
irnbibitionrecovery data(see Fig. 1 of Ref. 4).
The basic idea behind the transferterm in the literatureis the use of counter-currentimbibition data for a
singlematrixblock. Pooladi-Darvishand Firoozabadi5JGhave shown that counter-currentimbibition may not
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describerecovery from a matrixblock when the water leveladvancesin the fi-acture.The source term in the
flow equ&ions in the Budcley-Leverettexpression for a dual-porosity model is in fact based on a moving
fracturewater level with saturationchange (we will discussthe equations shordy). The moving water level
may implythat co-current imbibition shouldalso be considered.

The major goal of this study is to model water ti~ection in watm-wet fictured porous media considering
both co-current and counter-currentimbibition in the Buckley-Leverettflow. The model will be used to
analyzethe laboratory data. (A large portion of some fractured reservoirs in the North Sea are strongly
water-wetan~ therefore,water ti~ectionin water-wetfracturedmedia is of practicalinterest)

In thiswork we first report ~erimental dataon water injection in matrixblocks. Two types of rock were
used in the experiments: 1) Berea sandstone, and 2) Austin chalk. In the second p- we present
mathematicalformulation for flow in fixtured porous me~ water imbibition in a single mati block for
variousti]ection ratesis also examined.Usingthe transferterm from a singleblock water imbibition in an
aggregateof severalmatrixblocks is then predicted.

Experimental Results

An extensiveset of dataon water ti]ection in Berea sandstoneand Kansasoutcrop chalkfor an ~egate of
matrixblocks is presentedin Ref. 5. The rock assembliesused in those experiments~e shown in Figs. l% lb
and lc. In addition to the stacked block experiments,Ref. 5 also provides experimentaldata on imbibition
performance of a singlemak block of the Kansasoutcrop chalkshown in the rightside of Fig. la. In this
work we have performed water ti]ection experimentson 1) a singleBerea slab (see Fig. lb, the rightside), 2)
a singleBerea block (see Fig. lc, the right side), and 3) a stack of Austin chalk blocks (see Fig. id). The
experimentalsetup is similarto the one used by Pooladi-Darvish and Firoozabadis. The purpose of water
tijection tests in a singleslab or a block is to furtherimprove tie understandingof co-current and counter-
currentimbibition. For the tightAustin chalkof about O.0,1md permeability,the goal is to fmd out if any oil
can be recovered fi-om a very tightrock.

In all the experiments, l% brine was used as the ti)ection water, and the porous mediawas saturatedwith
normal decane (Austin chalk was saturated with normal hexane), and the water was injected from the
bottom. We did not establish initialwater saturationin our experinmnts. The effect of the initialwater
saturation(SWi) is, in gene@ as increasein the imbibition ratefor a water-wetporous medium at earlytime,

followed by a decreasein recovery at latestages. Extensiveset of testsshow thatthe variationof initialwater
saturationin the range of Oto 40 percent does not havea significanteffect on the imbibition performance of
stronglywater-wetBerea (The resultswill be publishedlater). Viskzmdet a17,also report a smallvariationin
the oil recovery with change in initialwater saturationfor Berea. For ch~ these authors report an overall
tendenq for irnbibitionrateto @t increasewith increasein SWiand then decreaseslightIywith increasein

SWiof about 34 percent. In view of the fact that in some of the water-wet ilactured reservoirswith a tight

rock matrix, the initialwater saturationis 10W,around 5 to 10 percent8,we have conducted all of our
experimentswithout initialwater saturation.In the following we present the results.
I?mmsamhtone.Two testswere conducted using the’singleBerea slab (dimensionsaregiven in Fig. lb): 1) an
immersiontesh and 2) an ti]ection test at a rate of 2.7 PV/day. The porosity of the matrixwas 22°\o,and the
matrixPV was ~84 mz3.The averageverticaland horizontal permeabilitiesfor the slabwere 630 and 730 md,
respectively.These values are based on minipermeabilitymeasurements.In the setup used for the single
matrixslab, the fractureaperturesurroundingthe slab was 4.7 mm,and the corresponding i%acturePV was

\
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880 d. The imbibition resultsare presented in Fig. 2. Note that the data in the figure are based on the .
matrixPV. Also note that the last datapoint in Fig. 2b and some other plots shows final recovery beyond
the timescaleof the plot.

Two testswere also conducted usingthe singleBerea block (dimensionsshown in Fig. lc): 1) an immersion
tes~ and 2) an injection test at a rate of 0.75 PV/day. The porosi~ of the rnati rock was 22!40,and the
matrixPV was 2860 w?. The averagepermeabilityfor the block was 650 md. In the setupused for the single
matrixblock the fractureaperturesurroundingthe slabwas 130 P and corresponding fracturePV was 46
m?. Fig.3 shows the oil recovery (i.e., normaldecane recoverj) in terms of PV of the matrixvs. time. For all
four tests,we performed duplicaterunswith excellentreproducibili~. Uniquefmtures of the immersion and
ti]ection tests are: 1) the residual oil saturationis higher for the immersion tests (i.e., counter-current
imbibition),and 2) unlikethe resultsffom the Kansaschalk (see Ref. 5), the rateof irnbibitionis slower for
water Mjection tests than for that of the immersion tests. The rate is relatedto the surface area of the
flooded matrix,and in the immersiontes$ the whole block is flooded instantaneously.The imbibition in the
immersiontest is only due to counter-currentwhile in the injection testboth co-currentand counter-current
contribute to imbibition. Residualoil saturationsfor the immersion tests were higher than that from the
ti]ection tests.Ref. 5 also reports higherresidualoil saturationfor the immersiontest for the Kansaschalk.
Amtif/c/M&.The setup used to perform waterinjection on the Austin chalkis shown in Fig. ld. Three water
injection tests were carriedout on the assembly of six cylindricalcores. The length, permeability,porosi~,
and PV of the cores are shown in Table L The diameterof each core was 8.54 m. The total PV of the
matrixwas around 287 m?. The space between the core and the coreholder provided the verticalfkacture.
Specialdesignallowed a hydraulicapertureof 38 Pm.The fracturePV around the matrixwas estimatedas 4
m?, and the effective permeabilityof the combined matrix/f&ture systemwas measuredas 150 md using
liquidZCG. Water injection recoveriesme presentedin Fig. 4. In the firsttwo tests,the cores were saturated
with nCdand then waterwas injected.In the third test about 1weight percent of a 35 API crudewas added
to ZCC,andthe cores were saturatedwith the mixture.When a smallamount of a crude is dilutedinto normal
alkanessuch as ZCGand z~, the waterflood performance may become essentiallythe same as that of the
originalreservoir crude (see Ref. 9). In all three tests, the imbibition ratewas so slow that water injection
was stopped severaltimes in order to allowwater imbibition into the tightmatrixblocks. The ti]ection rates
of 0.17 and 0.25 PV/day for the three test are close; therefore, the effect of rate on recovery performance
cannot be studied.Fig.4 shows thatwaterinjectionin the tightAustin chalkresultsin 19-23 0/0recovery.

,

Model Formulation

In the following we will present expressions for water displacementin fracturedporous media using the
Bucldey-I%nxett flow. Similarexpressionshave been derivedby Chen andLiu3.
Moa&edBncklgL.evmttModei(B~). We consider one-dimensionalflow with the verticalupward direction ~
Dar@s lawfor water and oil phasesin the fracturemedium is:

kfkf c?P
Uw.~(—+pwg) . . .. . .. . . . . . . ..0...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . ..(1)

~ (3Z

kfk: dp
U.=- ~(z+pog) . . .. . . . . . . . . . . .. . . . . .. . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . ...(2)

where ~ is

permeability

the velocity of water phase, pWis water density, ~ is water viscosity, k: is water relative

in the fracture,tiOis the velociq of oil phase, pOis oil densi~, POis oil viscosi~, k: is oil relative
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perrneabili~ in the fracture,} is the pressurein the fracturemedium, and g is the acceleration of gravity.
Note thatthe fhcture capillarypressureis assumed zero.

Continuityequation for waterphase is: ,
aUw—+gw ._@j*
az (3). . . . . . . . . . . . . . . . . .. . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . .. . . . . ..

where qwis the transferterm representingthe fluidexchangerateper unit matrixpore volume, and $J is the
effective ~cture porosity The effective fixture porositg is defined as the frac&re volume divided by the
bulkvolume of the total matrixand fracture.

The fluidsareassumedincompressible,therefore
Uw+ U. = in(t) . .. . . . . . .. . . . . . . . . . . . . . . . . .. . .. . . . . . . . . . . . . . . . . . . . . . . ... . .. 00. . .. . . . . .... . .. . . . . . . . . . . ..(4)

where i. (t) = i(t)/ A is.the ti]ection rate i(t) normalized by the cross-sectionalareaA of the matrix and

fracturemedia

Combining Eqs. 1 to 4, one obtains:
Jsf Jsf

[in(t)f’(s;)-(pw:Pow’(s; )l%+o: *+% =0 ........... ......................(5)

where

k:
F(S:) = f(S:)kf — .. .. . . . . . . . . . . . . . . . ..O. .. . . . . .. . . . . . . . . . . .. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . ....

1%
(9

and

f(sj) = Im+fg) . . . . . . . . .. . . . . . . . . . . . . . .. . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . ..... . .. . ...m
Orw

In Eq. 5, the symbol “‘” representsderivativewith respect to S:.

Next we discuss how to obtain the transf6rte~ qw. Aronofslq et. al10have shown that the cumulative
production per unit pore volume of the mati block for counter-currentimbibition can be expressed by

Wp(t)= I?pa(1- e-2z), where NP= is the ~tknate cumulativeproduction per unit pore volume, and 1 is an

imbibition parameter.In genera+prior to the time that a block is immersed in water, the oil recovery is a
result of both co-current and counter-currentimbibitionc.ATtera block is completely immersed in water,
counter-currentimbibition is the only imbibitionprocess. We may,therefore, need to modify the expression

-~t _ Rze-42 (i.e.,N~afor the cumulativeimbibition to WP(t)= ~P@- Rle = RI + R2). The first exponential
term may represent co-current imbibition and the second one can account for counter-current irnbibition.
This czq?ressionwith three empiricalparametersalso provides a better representationof the counter-current
irnbibitionand is similarto thatof Civanllexcept for the coefficients of the exponentialterms. (In thework
of Civan,the coefficients of the exponentialtermsare relatedto ~ and ~.) The transferrate is @en by

qW= dWP ldt, when the water saturationis kept at S~ =1. However, with a constant saturationless than

unity, qw is assumed to be (S; )~ dWP/ dt. In previous modelsV’4; it has been assumed that the transfer

term is proportional to the ilacture saturation(i.e. zz=l); the reasoning is that for a partiallysaturated
gridblock only the portion hat water has invaded can only contibute to imbibition (i.e., counter-current
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imbibition), As we will see later,the oil production from a matrixblock can be horn co-current imbibition;
there is no need for water to be in contxt with oil in the matrix for oil production from the block. We
performed various sensitivitycalculationsby assigningdifferent values to m in the range of O to 1. These
calculationsrevealedthatm=O.5mayappropriatelydescribethe transfti term. This particularchoice of mwill

be discussed shortly. Let us write the expression for the transferterm g. (z, t) for the variableficture

saturationusing Duhamel’s principle

qw(zj~) = [~w(z,to)lm~ l~e-~ti-’o) +([%(z$tl)lm – [~w(zyto)lm)~ 14 e-~(’-z’) +-

OOS+([~W(Z>~.-l)lm –[sW(Z, t._z)]m)l? ~~ e-~(t+”-’)+

[SW(Z,tO)]mll,~e ‘h(r-’”) + ([S; (Z, tl)]~ – [llW(Z,tO)]~ )Rz~e-k(’-t’) +....

OO”S([~W(Z>t.-l )]m‘[SW (Z,t._z)]m)l?z~ e-%(’-’)-’) . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . .. (8)

In the above and subsequentequations,the superscript~ is dropped for the sakeof brevity.The tie period
from to to tnisdivided into z parts.Letting n + ~ and usingthe definition of an integraland integrating

by parts,one obtains:

q. = %A([~W(Z,t)lm –~~[~W(z,Z)]m. e-~(r-z)d~) +
o

~z% ([~w(z,t)]m - +w(z>w oe-~@-%) . . .. . . . . . . . . . . .. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . (9)
o

The substitution of Eq. (9) into Eq. (5) completes the problem formulation. Eq. (5) is a quasi-linear
hyperbolic equation with a source fiction given by Eq. (9). It can be solved using the method of
characteristics.The systemof characteristicequationsare:

[

i

dz
= [i. (t)fj (Sw) - (Pw - PO)g~’(Sw)l@e

dt SW
.. .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ,.

dSW
(lo)

—=-%
dt $,

The boundary and initialconditions are

Sw(t, z=o)=s; =l

S~(t=O$Z)=S~i ‘O .... . . . . .. . . . . .. . . . . .. . . . . . . . . . . . . . .. . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . .(11)

Fracturerelativepermeabilitiesfor waterand oil phasesaregivenby

kw = k~S: .. . . . . . . .. . . . . ..... . . . . . . . . . . .. . . . . . . . .. . .. . .. . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . ..(l2)

k,0 =k;O(l–SW)n . . .. . . . . . . . . . . .. . .. . . . . .. . . . . . . . . . . . . . .. . . . . . . . .. . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . ...(13)

Model Results

In the following we will use fine-grid simulationto studyirnbibitionin a single block and to obtain matrix
relative perrneabilities.The fine-grid simulation is also used to study counter-current and co-current
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imbibition. The BLM is then used in order to examine the featuresof imbibition in a singleblock and to
predict water ti]ection in the multiblock systems.In all fine-grid simulations,we use the Eclipse simulator12
with the implicit option.

Kansas outcrop chalk. Firstwe perform fine-grid simulation of water injection in the single block of the
Kansasoutcrop chalk.The recovery datafor the threeti~eciion tes~ (atthe injectionratesof 0.5,3.2 and 6.3
PV/day) and the immersiontest areprovided in Ref. 5. The permeabilityand porosity of the IGmsasoutcrop
chalkare 2.5 md and 29’%0,respectively.Other relevent dataare also provided in Ref. 5. We use 51 unequal
gridblocks in the vdcal directionand 3 gridblocksin x and~ directions (~3x0.0022, 3 X 0.08,3 X 0.1667,
3X0.3333, 27X 1.0,3X 0.3333,3X 0.1667,3X 0.08,3 X 0.0022 c%’,Ay=9.0, 0.25,0.125 m; k–3.0, 0.137,
0.037 G@to simulateone half of the singleblock. Finergrids gave essentiallythe same results.The following
expressionsareused for the matrixcapillarypressureand relativepermeabilities:
Pc(sw) = –Bhl(sw) . ... . . . . . . . .. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . ...(14)

km = k;S~ . . . .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . .. . . . . . . . .. . .. (15)

k,0 =k;O(l– Sw)nO.. .. . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . .. . . . . . . . . . . .. . . . . . . . . . . ..... . . . . . . . . . . .. . . . . . . . . . . . . . .. . . . . .(1(5)

The parameterof the matrixcapillarypressureB =1.76 atmis estimatedfrom the measureddataon the chalk
from Ref. 13. The recovery of the singleblock was matched using nv==, 20=2, k; =0.1 and k~os1.0 for all

three injecdon rates. For the immersion tes~ the recovery was matched using 7tw=3,720=3,kfi =0.08 and

k~o=0.8. The oil relative permeability for counter-current irnbibition is less favorable for recovery
performancethan that for co-current imbibition.The difference in matrixrelativepermeablitiesfor counter-
currentand co-current imbibition has been observed by other authors13.The fracturerelativepermeabilities
are assumed to be proportional to saturation,and the fracture capillarypressure PC is assumed zero. The

intrinsic fracture porosity is assumed to be one. These assumptions continue throughout this study. The
empiricaltransfer fimction with two exponential terms described earlierwas used to match recovery. The
match was performed manuallyusing the eq?onentizl parameters 1$ and ~ for the first part of the
recovery curve, and then the tail portion was matched by varyingparameter~ (note that ~ = i’VP~- ~.).

Other procedures such as regression-based methods may also be used. We examined transfer fluxes of
individualgridblocks in the z direction usingthe fine-grid simulation.The transferfluxesare nearlythe same
for allthe gridblocks.The parameters~, ~, ~ znd ~ in the empiricaltransferfiction are: ~ =0.57, ~
=0.06, and ~-1=11 hr which are independent of the ti]ection rate.Only ~ varieswith the rate (see Table 2).
Note that the immersion test is also describedby the two exponenti. The parameters ~ and ~ represent
the imbibition rate of the matrixblocks. These pzxameterscan be estimatedusing fine grid-simulationof a
singlefield-sizeblock and then perform a fieldstudy.

SizgZeBbck. Let us now compare-the fine-grid simulationand the BLM resultsfor the single block and
examinethe contribution of co-current and counter-currentimbibition. In the fine-grid simulation,we use

~-’=2.4 hr for ~ *e tests;MS v~ue representsm average.The recovery resuks (not shown) from the BLM
and the fine-grid simulationshow good agreementwith the experimentalda~ as expected. The calculated
fixture saturationprofiles, and water and oil fluxesfrom the fine-grid simulationare shown in Fig. 5 at an
ti]ection rate of 0.5 PV/day. This figure shows that at both 0.1 and 0.3 PV tijection, most of the oil is

‘>4 the transfer term has been assumed to beproduced by co-current imbibition. In previous studies
proportional to the fracturesaturation,i.e. zz=l in expressingthe transferflux (seeEq.(9)). Usingm=l in the
B~ the fracture saturationprofiles are dified at the low tijection rate of 0.5 PV/day (see Fig. 6a). We
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carriedout severalcalculationswith differentvaluesof n pwameterin the rangeof 0.1 to 1.0. Using2z=0.5in
the BL~ we obtain fi-acturesaturationprofiles shown in Fig. 6b. (Note thatin the B~ the oil flux is not
calculated).At the low ii+ection rate (W’=0.5 PV/day), the BLM model provides fluid se~egation close to
the fine-gridsimulation. The water ~sfer flux also has the same featuresas in the fine-grid simulation.At
the injection rate of 3.2 and 6.3 l?V/day (experimentalresultsavailablein Ref. 5) and using ZV=l,the BLM
produces an unrealisticallyhigh saturationfront speed. Using m–l, the breakthroughtimes were orders of
magnitudeless than those measured in the experimentsand in the fine-grid simulation.Using m=O.5,the
position of the saturationfront is in good agreementwith the fine-gridsimulation.The shapes of the fracture
saturationprofiles andwater fluxesare,however, differentfrom that of the fine-gridsimulation.(The results
at 3.2 and 6.3 PV/day arenot shown.)

S’tickqf Bhcks. The Buckley-Leverettmodel and the fine-grid simulationare used to predict the recovery
performance of the Kansas chalk mukiblock experiments (reported in Ref. 5). The single block transfer
fictions obtained in the previous section me used to predict the results.Fig. 7 (left panel) presents the
predicted recovery performance at different injection rates; the predicted recovery performance from the
Buckley-Leverettmodel is in good agreementwith the experimentaldata and the fine-grid simulation.The
computation for the BLM is orders of magnitudefmter than the fine-gridsimulation.Here parameterRIwas
adjustedto match the predicted ultimateoil recovery with the experiments.In the experiments (see Ref. 5),
the ultimateoil recovery varied from 67’%to 63% depending on the water irjection rate. Fig. 7 (rightpanel)
shows the predicted fracturewater-oil contact position vs. PV injected. There is good agreementbeimeen
the experimentaldataand the predictedresultsusingthe modified Bucldey-Leverettmodel.

Berea sandstone.Similarto the I&msaschalkblo~ we use 51 unequalgridblocksin the verticaldirectionand
3 gridblocks in each of the horizontal directions (A ~ = 3X 0.0133, 3 X 0.0332, 3 X 0.133, 3 X 0.929, 27 X

1.99,3 X 0.929,3 X 0.1329,3 X 0.0332,3 X 0.0133 m, Ay=7.0, 0.45, 0.025 m, A x=7.0, 0.45, 0.025 m for the
singleslaband A &3 X 0.0133, 3 X 0.025,3 X 0.1, 3 X 0.7, 27X 1.6, 3 X 0.7, 3 X 0.1, 3 X 0.025, 3 X 0.0133 m,
Ay=7.0, 0.45, 0,025 m, Ax=2.0, 0.4, 0.045 m for the singleblock) to simulateone half of the singleblock
and slab.Eqs. 14 to 16 were used to representthe matrixcapillarypressure and relativepermeabilities.The
parameterof the matrixcapillarypressureB =0.098 az%Iis esiirnatedfkom the measureddataof Berea from
Ref. 14.The recovery of the singleslabwas matchedusing ZZV==,m=2, k; =0.19 and k; =0.85 both for the

immersionand the ti~ectiontest at a 2.7 PV/day rate (see Figs.2a and 2b). The simulatedrecovery of the
singleblock for the injectiontestwas alsomatchedwith the experimentaldatausingthe above parametersof
the relativepermeabilities. The immersion test for the Berea single block was matched using w=+ m=2,
k; =0.15 and k: =0.6 (see Fig 3a). Therefore, the difference between the counter-currentand co-current

imbibition relativepermeabilitiesfor Bereais insignificant.The parametersof the transferfunction are: RI=
, 0.47, &= 0.08, A-II= 5.0 hr, A-lzH 23.0 hr for the singleslab and RI= 0.53, & H 0.08, A-n = 4.5 hr, %Iz =

17,0hr for the singleblock These valuesare for the ti~ectiontests.

Sing.kShh andBlxk. The recovery performance data and the calculatedresultsof the single slab and the
singleblock of Berea are shown in Figs.2b and 3b, respectively.Results from the Buckley-lkerett model
and the free-gridsimulationare in good agreementwith the experimentaldatadue to the historymatch.

$tack~5’Mu-.The BLM is used to predict the recovery performance of the Berea multislabsystemreported
in Ref. 5, using the transfer fbnction from the single slab. Fig. 8 (left panel) presents the recovery
performance resultsat two ti~ection rates.The predicted recovery pefiorrnance from the BLM is in good
agreementwith the experimentaldati for the intermediate ti]ection rate of 1.0 PV/day. Fig. 8 (rightpanel)
shows the fi-acturewater-oil contact position at the intermediate (1.0 PV/day) and high (2.3 PV/day)

.,. . .---v---- --?:,7, ... , . ,. , -- —L., ---
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tijection rates. There is good ~eement between the calculatedresultsand the experimental data at the
injectionrateof 1.0PV/day. At the highinjectionrateof 2.3 PV/day, the model overestimatesbreakthrough
time and recovery performanc~ an appropriate ~ can improve predictions.

Stick #Bhcks. We use the transfer fiction for the singleblock discussedearlierto predict the imbibition
performariceof the multiblock system of Ref. 5. Fig.9 presents the recovery performance at three tijection
rates.The predicted recovery performance from theBLM shows good agreementwith the experimentaldata
for 0.5 and LOPV/day ti]efion rates.Fig.9 shows (therightpanel) the fracturewater-oil contict position at
three tijeciion rates.There is good agreementbetweenthe calculatedresultsand the experimentaldataat the
low (0.5 PV/day) and intermediate(1.0 PV/day) injection rates. Similarto the stack of slabs, the model
overestimatesbreakthroughtime and recoveryat the high ti]ection rateof 2.3 PV/day.

Discussion and Conclusions

We can now compare water ti]ecdon performance between the same size stacked blocks of Berea and
IGmsasoutcrop chalkusingthe BLM. Let us choose the agyegate sizecorresponding to the setup in Fig. lb
with corresponding porosity, permeabili~, capillarypressureand relativepermeabilitiesof Berea and Khnsas
chalk.Fig. 10 shows the recovery vs. the irjected PV usingthe BLM at an ti]ection rate of 2.3 PV/day. The
breakthroughrecoveries are.22 and 45’%0for Berea and Kansas ch~ respectively.As Fig. 10 shows, the
recovery p~ormance of IGmsasoutcrop chalkis very efficient IGmsasoutcrop chalkis more than 2 orders
of magnitudeless permeable than Berea.The efficient imbibition in Kansaschalk fracturedmedia makes it

an idealcandidatefor water ti]ection. The main reason for the high imbibition efficiency in Kansas chalkis
the stiong capillarityand favorableoil relativepermeability.Gravityhasa negligibleeffect. We have simulated
the case corresponding to an injection rate of 3.8 PV/day in the stackedblock system of Fig. la with 1)
normal gmity, 2) no gravity,and 3) an exaggeratedgravityterm with the densi~ difference between the oil
and water increased by a factor of 5. There is no difference between.the normal and no gravity cases.
Recovery performance is slightlybetter in the exaggeratedgravitgcase but the difference is very small.These
resultsarein agreementwith the experknentaldatafor the tiltedstackedblocks reported in Ref. 5. There is a
substantialdifference between co-current and counter-current imbibition performance of Kansas ch~
when co-current imbibition is more efficient. For Ber~ the data on the single slab and block shows the
converse. However, simulationresuks of a largeBereamatrixblock showed that the difference between the
immersionand injection processes becomes smallasthe matrixsize increases.

The main conclusions of thisstudyarc
1. The experimentaldataon Berea reconfirm that the residualoil saturationsfrom the counter-current and
co-current imbibition arenot the same.The residualoil saturationis higherfor counter-currentimbibition.
2. Water tijection in very tight fracturedmedia of Austin chalkwith a perrneabili~of 0.01 md and porosily
of 5°/0mayresultin about 20°/0recovery.
3. Water injection in fracturedporous mediais governed by both co-current and counter-currentimbibition.
The Buckley-Leverettdisplacementmodel can account for both processes.A major element of the BLM for
applicationto water injectionin fracturedporous mediais the exchangeterm.The multiplicationof this term
by i%acturesaturationwith a power of 1/2 drasticallyimproves the predictions.The computational time from
the BLM is orders of ma@tudeless thanthatof the fine-gridsimulation.
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Nomenclature

A = cross-sectionalareaof the matrixblock
~= fractionalflow

g = wvi~ component
2“= injection rate
i.= ti]ection ratenormalizedbyA

k = permeabili~, md
kr=relativepermeabili~
NP= ultimateoil recovery
> = pressure
PC= capillarypressure
q.= transferterm

qo= oil production rate
R = recovery parameter
~ = saturation
t = time, hours
H= velocity

WP= cumulativewaterproduced
< = coordinate, cm

A = irnbibitionparameter,hour-*

P = viscosity,cp
p = density
CT=matrixblock scalingparameter
@= porosi~

Subscripts
e = effective
m= matrix
o = oil
w = water
r = residual

Superscripts
~= fracture
o = endpoint value
z“= initial
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TABLE 1- AUSTIN CHALK CORE DATA

core L (cm) k (red) q)(%)

1 18.5 0.012 4.8

2 14.7 0.017 4.7

3 18.0 0.034 4.8

4 15.5 0.007 5.3

5 15.3 0.042 4.7

6 20.0 0.013 5.0

TABLE 2- FLUX PARAMETERS FOR THE KANSAS
CHALK SINGLE BLOCK

&= 0.06, A-’, = 11.0hr

A-’l (IX) &

W=O.50Pv/day 3.7 0.57

W=3.2 l?v/day 2.0 0.57

W=6.3 l?v/&iy 2.0 0.57

immersion 5.5 0.51
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a) Kansaschalk
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c=30.48cm

b) BereastackofSlsbs

a=l.89 cm

?)=1495cm
CA553 m“

(

b

Fig. 1- Rock assemblies for various experiments.

50



c)BereastackOfblo~

a=14071an
b=14.71cm
*0.47m

&a-

Fig. 1- Rock assemblies for various qxwinmnts (continued).

..-. . -----,71W Y-- -- --- .,. ., !<,- ---T-- . . .. . . :

51

.. . .-m.,,. ,-, ,-



—- ..- ._—

.1

.C

-8-

— fine grid. experiment

10 40
TI:E(HO:RS)

a) immersion

I
.6:.

n
w

oK .3
5QQ

experimentat 3.4PV
.0

:0 .2 .4 .6 .8 1.0 1.2 1.4
PV INJECTED

b) injection ( W2.7 PV/day)

Fig. 2 – Recovery performance of the Berea single slab.

52



r

TIME(HOURS)

a) immersion

.7.

.6 :

.6
n
I.u
g .4

no~.?l
>a~ ;

.0
.0 .5 1.0 1.5 20 25 3 I

PV INJECTED

b) injection (=0.75 PV/day)

Fig. 3- Recovery performance of Berea single block.

53

,-,,,,



—

● 0.17Pvlday
o

A
0.25 ~vhiy
0.17 PV/day with crud!

. .,U 1 4

PVZINJEC;ED

Fig. 4 – Recovery performance of Austin chalk.

1.0

-.5

F
+

oilflux ~,,.
:: -,.-...- ..%.; 3 .,,,

,,+.,,,,.,.,....). -$”-,?, %,,.,!lll!:...,.”.,.,”,,,,,
%.,,, ..-

,... s’
-,- ::::3~-

water fluxf

I I I $ I I

051015202S3

HEIGHT(cm)

Fig. 5 – Fracture water saturation, water and oil fluxes from tine-grid simulation.

54



1.0

— t=o.1 Pv
““-”-””””t=o.aPv

.s.

~
~-

.0

-CCL-l
0510152025S4

HEIGHT(cm)

a) m=l.O

— t=(l.1F
‘“”’’””o’-”W.3F

.s-

~
$-

1“ water flux

I t t I ! ! I
05101520

HEIGHT(cm)

b) m=o.5

Fig. 6 – Fracture water saturation and

2s 30

water flux from BLM.

.7

s

s

❑
— hegzid

.4
.

... .. .. SW-t
3

2

.1

.0
.Osl.O1s 20=3.0354.0

wlNJEcTm

a) ~0.26 ,PV/day

;, . ,.,,.,,..... .,~~-’~,-. .-7777 ----—- -,, . . .. .

55



a

n

.*

.0

.7m.6s
0 — lh,~
y

. .Gwillmn
------- SW

:3
;2
.1

.0 . . . . . . .
.0 s 1.0 1.s 2.0 2.S 30 35 4.0

Pv Ui.mxm

b) =0.77 PV/day

T
.....—Gllzgrid.

. ......” EKi’”-

. . . . . ,
5t6t52.0253.63s

Fv lNJEcrEo

733

m

mr;q..;.“....-”si-;
‘3
46I
aJ-

0 . . . . . . . . .
0 2 .4 .6 d LO :2 1.4 M M

Pv I,NJECTEO

c) W-1.9 PV/day

01 ..,.,.. J
.0.5t61 .52025303543

W UUECEO

I-L-
.6.2 .4.6 .EI.0121.4!.6 M:

w IN.JECEO

d) F3.8 PV/day

Fig. 7 – Recovery performance of stacked blocks of the Kansas chalk recovery (left
panel), fracture water level (right panel).

56



a) ~1.O PV/day

4

❑
......--- ... .

5
. .. . .

/.:>

J“”
nA ..%

g ;.” .. .......
0s .:.. si%-~:
;2[

.1

.0
451 S1SU253.O

w m.JEclED

a) =2.3 PV/day

Fig. 8 – Recovery performance of stacked slabs of the Berea: recovery (left panel), fracture water
level (right panel).

57

., ..___,,,-,7,, -.,.,.. ., ,,+~ j ~-,J . ...— .-, .—. . ..—..., ,.f



—. — —.

(El fF~.............................

.0 s 1.0 Is 20 25 2.0
PV INJECTED

.0.2 .4.6 .81. 0121 .4! .61.820
w INJECTED

a) J%O.5 PV~day

[m [m
.0 s >.0 15 2.0 25 2.0 .02.4 .6.81.012 ;.41S38 20

w INJECTED W INJECTED

b) W=l.O pV/day

T-—————

40*

:

:[ . . . . . . . . .

.0 2 .4 .6 d 1.012 1.4 t6 M z
PV INJEcTED

c) V-2.3 PV/day ,

Fig. 9 – Recovery performance of stacked blocks of the Berea: recovery (left panel),
fractkre water level (right panel).

,

58



.6

~s
og .4
0un. .3
>n

2

.1

.

1 ........................./

.0~
.0 2 .4 .6 .8 1.0 1.2 1.4 1.6 1.0 2

PV INJECTED

Fig. 10- Recovery performance of stacked blocks of the BeIea and IQmsas chalk (%2.3 PV/day).

.,::;,... -.?-— ,.,



Chapter II - Solution-Gas Drive in Heavy-Oil
Reservoirs

MEHRAN POOLADI-DARVISH AND ABBAS FIROOZABADI

Summary

Dijimntb~otbeseshavebeenmadeto ojbhintheb@.Jfatmzbh behationr#some @the heavyoilnserwh zmdersoZntion-ga
ddve, Themainnwsonshowevernmiwinunckan Usingo@n”menfiin anunconso.labtedsand~ack,weexaminedtheso,&ion-
gas driveprocessin a hghtmodeloiZanda beay oi~ Prwsm-eandwhine mea.wmmentiabnguith uiwalobservation@the
$xuingj%idat thein-sitzij!nwsurej%thehay oilsysti nweakdthat titicalgussatumYonwas.h.v(5% or less),thegas
pbme wasnotmah ofmicmb~bbikrj%tingwiththeoilstream,bquidmobility&dnotiqbmve@on eithernack~”onorgmwth
of thegasbfibbks,andnoneqzihbrium@e& wewnotdominant.It seemsthatthemainreasonfor thedesimbkperjirvmnce@
suchsystemsis hw mobibyoftbegarphaseinthehay oil

Introduction

Production from some of the heavy oil resemoirs in Canadaand Venezuelahas led to unexpectedly high oil
ratesand recoveries under solution-gasdrive. In an earlypaper, Smith*reported this behaviour in the heavy
oil reservoirsof the Lloydminsterare%Canada. Analysisof the field datashowed production ratesmuch in
excess of ihat predicted by the Darcy lasvi. .%niku-ly,Loughead and %kuldarogluzand Metwallyand Scdanki3
reported solution-gas drive oil recoveriesas high as 140/0and flow ratesof one order of magnitudelargerthan
the predictions of the Darcy radialflow. These and other authorsreported coproduction of largevolumes of
sandand the delayedliberationof gas from the wellheadcrude samplesin open vessels. More recently,similar
behaviourwas reported in some of the heavyoil reservoirsin Venezuek Mirabalet al: presented examplesof
high flow ratesunder solution-gasdrive from one of the heavyoil reservoirsof the Orinoco Belt. In addition
to the unexpectedlyhigh production rates,the reservoirpressurewas nearlymaintainedduringthe 12 yearsof
production history.

The economic advantagesof the initialdevelopment of many of these reservoirsunder solution-gas drive are
clem, the high costs involved in the traditionalthermalmethods areavoided~’.

To explainthe above behaviour,a number of mechanismshave been suggestedwhich can be divided into two
main categories;geomechanicaleffects such as sand dilationand development of wormholes comprise the first
category. The second category, which is the subject of the current research, suggests that the special
properties of the flowing fluids, the gas and the heavy oil, are the main reasons for high production
petiormance.
The effect of many of the pressure maintenance mechanisms, such as an active aquifer and reservok
compaction, have been found smallin thesereservoirsi24.Due to production, the pore pressuredrops below
the bubblepoint pressureto a criticalsupersaturationpressure,and then gas evolves in the reservoir. If the
evolved gas is retained in the reservoir,two-phase compressibilitywill be highl~,and the reservoir pressure
declines slowly4. A number of mechanismshave been proposed to explainthe gas holdup in the reservoir.



Kraus, McCa.ffkey,and Boyds proposed that below bubblepoin~ the evolved”gas is retained in the porous
media until the pressurereduces to a lower pressurecalledpseudo-bubblepoint pressure. Below the pseudo-
bubblepoint pressure,some of the evolved gas forms a conkuous gas phase as in the conventional view of
solution-gas drive. Claridgeand Pratsgin a similaranalysissuggestedthat all of the evolved gas below the
bubblepoint pressure is kept in the form of small bubbles in the porous media and does not form a
continuous free gas phase. Formation of a “semi-rigid coating” of asphaltenecomponents at the gas-oil,
inte&ce was proposed to explainthe discontinui~ of the gasphase.

k contrast to the above reasoningin relationto the press&e-dependent properties of the o~ Sheng et al~”
proposed a model for time-dependent physicalproperties of the fluids. The authors used their proposed
model to match the volume behaviour of a live oil samplewhen its pressurewas reduced fkom 700 psi to 350
psi. Smithiand other authorshavereported thatthe volume of the produced crude in the tankat the well site
reduces considerablywith time. Huetra et al.ii discussedtime-dependent behaviourwhen they increasedthe
volume of a live oil samplein a cylinderin discretesteps. Following each expansioq it took twenty four hours
before the pressure increasebecame negligible. The time-dependent behaviour under field conditions with
time-scalesmuch largerthan those pertaking to laboratory experimentshas not been filly addressedyet. It
seems unlikely,however, that time-dependentproperties,with time-scalesof the order of a few hoursioto 24
hoursll are the primaryreasonsfor the unusualperformance of heavy oiI reservoirsunder solution-gasdrive.

Smithl suggested that the evolved gas below the bubblepoint pressure forms very tiny bubbles which are
carriedwith the flowing oil phase these bubbles do not coalesce to forma continuous gas phase. The idea of
microbubble generationand flow with the oil throughthe pore space has been reiteratedin a number of other
papers on the subject. _ S- and Georg#2 suggesteda somewhat differentmechanism to explainhigh
gas saturationin the porous media. The authorsperformed steadystatesolution-gasdrive experimentsin a 1-
D sandpa&, the inlet pressurewas kept at the bubblepoint pressureand the outlet pressurewas dropped in
steps of 48 psi. The authors observed production of gas-oil mixture in the form of foam at the outlet and
suggested that a non-aqueous foam is generatedinside the porous medi~ in which the oleic phase is the
continuous phase. The foamy behaviourwas used to explain the existence of high gas saturationin their
experiments. Fixoozabadi and Andersoni3 performed solution-gas drive experiments in an 8“ long Berea
sandstonehoused in a transparentcoreholder. Presence of an open window at one end of the core permitted
visualizationof the producing fluid at the flowing pressure. The authors observed appearanceand growth of
the gasbubbles on the core sw+ace. A discreteflow of gas streamsinto the window, which was accompanied
with large pressure fluctuations,was observed. Based on this observation, they rejected the notion of
simultaneousflow of tiny gas bubbles with the oil stream. The gas saturationatwhich gas flow occurred, i.e.,
criticalgas saturationwas 2.5-3°/0for two tests on an 11-API crude. It was concluded that the criticalgas
saturationfor heavy oil systemsmay be in the range of light crudes. Upon tier expansion, more oil was
recovere~ until gas saturationsas high as 10°/0were developed in the core. Based on this observation, the
authors sugested that gas mobility may remain low in a heavy oil system. Huerta et al.li used a heavy-oil
saturatedsand-packand performed solution-gasdriveexperimentsat a constantproduction rate. The authors
reported a “mobile gas saturation”of 10°/0,apparentlyinferred from the plot of GOR vs. pressure. In a
recent study,Bo~ - and Chakma14reported solution-gasdrive experimentsin a micro-model. They did
not observe simultaneousflow of a largenumber of microbubbles with the oil stream.

The emphasisof the majorityof the above studiesis on the gas phase its behaviour and interactionwith the
heavyoil we used to ecplainthe high production performance of heavy oil reservoirsunder solution-gasdrive.
In contras~ some other authors have su~ested that improved liquid phase mobility may lead to unusual
p~ormance of solution-gas drive in heavy oiI reservoirs. Claridge and Pr&s9 proposed that asphaltene
components of the hea~ oil semrate from the oil and concentrate at the zas-oil interface the amhahenes. . . 0- –.– ~.
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separation from oil leads to a much lower oil viscosity and enhanced oil mobility. Shen and Batycl#5
suggested that lubrication effects due to the presence of the nucleated gas at the pore walls enhances oil
mobility. They proposed an equationfor the effective viscosity of the foamy oil incorporatingthe lubrication
effe~ which was used to match the erprirnental dataof Mainiet al?z To addressthe issueof liquidmobility
below bubblepoint pressure,Huerta et al}i used a 6 m long sIirntube for solution-gas drive under constant
production rate;no significantchange in pressuredrop was observed until the w saturationapproached the
criticalsaturation. Close to the criticalgassaturation,pressuredrop increasedgraduallyby as much as 40-700/0,
indicatingno improvement in the oil phasemobility.

The above review indicatesthat there are many umesolved issues concerning the dominant mechanisms in
heavy oil reservok under solution-gasdrive. Specifically,therearedifferent opinions on criticalgassaturation,
existence of microbubbles, and liquid-phasemobility improvement In thiswork we measurethe criticalgas
saturationin an unconsolidated sandpacksaturatedwith a light model oil and a heavy crude. We define the
criticalgassaturationas the minimumw saturationatwhich gas flow can be sustaine~which differs from the
definition by Maini et al.i2based on continuingof the gas phase. We also studygas evolution in a heavy oil-
saturatedunconsolidated sand and examinethe natureof the
they flow into a visualwindow at the outlet of the sandpack.
liquidphase mobiIitybelow the bubblepoint pressure.

flowing fluids at the qxri.mental pressure, as
Another objective of thiswork is to study the

Experimental

Figure 1 shows the schematic diagram of the qxrimental setup. The main component is the visual
coreholder. An ISCO pump is used for saturatingthe porous medium and producing the oil during the
depletion. Other components ar~ a high pressurecylinderused for preparationof the live o~ pressure and
temperaturesensors,and a video camerafor detefig the onset of gas flow. All of the above components are
housed in an airbathwhich is controlledwithin 0.1 F of the experimentaltemperatureof 75 F. Acquisition of
the pressureda~ and control of the temperatureof the bath is performed by a PC, and the video image is
stored usinga recorder.

The body of the coreholder is made of an acrylictube with a wall thicknessof 12 mm. The top components
of the coreholder were especiallydesignedto provide the sealwhile exertingpressure on the sandpack. This
would ensurethat the sealdisplacesthe space from the compaction of the sand duringdifferent stagesof the
experiment. The top components aretwo stainlesssteeldiskswith a 12-mm thick rubber sandwichedbeisveen
them (see the exert in Figure1). The lower diskwhich sits on the sand has a stainlesssteel screen to avoid
sand flow, and a set of groves to facilitateproduction of the fluids. A 6-mm OD stainlesssteel tubing welded
to the lower disk passesthroughthe rubber and the upper disksand ends in a window made insidean acrylic
rod. The fluid produced fi-om the sandpackenters the window and flows out through a 3-mm hole drilled
through the acrylic rod. The window is graduatedto measure the gas volume. Connections be~een the
coreholder, the pressuretransducersand the pump are made of 3-mm OD stainlesssteel tubing. The total
dead volume at the top of the ISCO pump, in the tubings,and transducersis about 16 cm3.

Rock and Fluid Datz CleanOttawa sandwith a grainsize of 212-355 ?m comprised the porous medium.
The top of the sandpackwas covered with 6-mm layerof coarse sandgrains(600 -800 ?m). The openin~ of
the screen at the top of the sandwere 425 ?m. This configurationwas used to avoid sand flow through the
screen, and to prevent gas holdup below the stainlesssteel screen. The sandpackwas prepared by pouring
smallbatches of clean sand into the coreholder and pounding on it The thin layer of the coarse sand was
then added to the top of the pack and the components were assembled. By tighteningthe screwsat the outlet
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cap, a uniaxialpressurewas exerted on the sand column. The pressurecausedexpansionin the rubber diskto
provide the seal. Some of the relevantdab areproyided in Table L

Methanewas used as the gasphase in allof the experiments. Normal decaneand an 11-API crudeiGwere used
for the light model oil and hemy oil runs, respectively. Table 2 gives some of the physicalproperties of the
fluids. A smallamount of waterwas presentin the heavy crude. The GOR for the lightand heavyoilswas 13
and 6.5 vol/voJ respecdvely.

Test Procedure: The live oil was preparedin a high pressurecylinderby mixingthe gas and the dead oil. For
the preparationof the heavyo~ heatingat 120 F and mixingwas applied for many days. The GOR of the live
oil was used as a measureof uniformity of the fluidin the cylinder. The coreholder,which was assembledon a
frame that could roate 180 degrees,was put under vacuum. The syringepump was then filledwith the dead
o% and the entire systemwas saturated.The remainingoil in the pump was removed and the pump was filled
with the live oil at a pressuretwice of the bubblepoint pressure. The.dead oil in the linesand in the core were
then displacedwith at least1.5 PV of live oil. This took about five hours for the lightoil and about three days
for the heavy oil. The lowest pressurein the systemwas at least30% above the bubblepoint pressure. The
systemwas allowed to stabilizefor at leastone daybefore the depletion testwas initiated.

Depletion startedby operating the pump at a constant rate of withdrasval.The pressuredecreasedto below
the bubblepoint pressur~ at the criticalsupersaturationpressuregas evolved in the porous media. The onset
of gas-bubble nucleationwas evidenced from the pressurebehaviouras will be discussedlater. Expansion of
the gas bubbles were observed on the surface of the sandpack. Pressure da~ total production and gas
production datawere recorded. The gas production was readfrom the graduationsof the window at the top
of the coreholder. After the window was fille~ the additionalvolume of the gaswhich had enteredthe pump
was estimatedby measuringthe compressibilityof the fluidmixturein the pump. It took only a few minutes
to isolate the core from the pump and measurethe compressibilityand returnthe system to the conditions
prior to isolation.

With the completion of one experirnen~the ~ gas in the pump was release~ the coreholder was rotated
180 degrees and oil from the pump was ihjected into the core. The gas in the window, now at the botto~
was displaced into the core and was dissolvedin the oil. When the singlephase fluid was establishedin the

‘ core, the pump was filledwith fresh live oil and the fluid in the core was displacedagainwith at least1.5PV of
the live oil.

Results

Two lightmodel oil runswere ptiormed usinga C1/CIOmixturein which the mole fraction of CIOwas 0.905.
These tests were performed under similarconditions as duplicateruns. The coreholder was in the vertical
position with the window at the top. We also performed three heavy oil runs. In two of the runs, the
corehcdder was in the vertical position with the window at the top. The third experiment was run in a
horizontalposition. In the following the resultsof one of the lightmodel oil experiments,and the horizontal
heavyoil run are discussedin de@ and the differencesfrom the other runsarepointed out

Light-Model Oil Experiments: Figures2 and 3 show pressurevs. expansionfor tAelightmodel oil nui. The
pressureis from the readingsof the bottom transducer. Expansionwas startedfrom an initialpressureof 302
psig. The rate of expansionwas 0.432 cm3/day, corresponding to 1’% of PV every 6.25 days. The rate of
pressure drop in the single ph~e liquidwas about 48 psi/day. Due to the low viscosity of the oil, the
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differentialpressuretransducerdid not detecta pressuredifference. The resolutionof the differentialpressure
~sducer was about 0.02 psi and that of the main ixansducersabout 0.5 psi. Upon exp~sion, the liquid
pressure decreased to a value of 272 psig at 0.28 cm3 expansion, when the pressure trend reversed. The
pressureincreasedto a maximumof 280 psig in about 10 hours. At this time, the pressurestartedto decrease
at a much lower rate compared to the singlephase region. The criticalsupersaturationpressuresof the two
runswere 2-3 psi apart

During the course of the experimen~ the rate of withdrawalwas increasedat two different times. The data
with other relevant information are given in Table 3. Every time the rate of expansion increased the P-V
curve became steeper, indicatingan increaseof 1 to 2 psi in supersaturation.This is estimatedby comparing
the extrapolationof the pressurecume, for a fixv hours after the rate increase,with the actualpressuredata.
Despite this temporary increasein supersaturation,the steepnessof the P-V curve has a reducingtrend born
the beginningto the en~ suggestinga reductionin supersaturation.

Gas evolution in the ~ack and recovem oerformancc At a gas saturationof O.lO/O(0.5 cm3 expansion), two
smallbubbles were observed in the lower half of the core. Each bubble covered a few grains. The number
and the size of the bubbles increased during the 10 days of depletion. For -ample, at 1.67 and s.7 ~3
expansion (g-assaturationof 0.6 and 1.6’Yo),7 and 16 bubbles were visible on the core surface, respectively.
Some of these bubbles may have been connected from within. By the end of the qeriment 20 ~ bubbles
could be observed, when some of them had grown to about 3 cm in height.

At a gassaturationof 1.5’Yo,50 smallbubbles flowed within2 minutesinto thewindow and occupied a volume
of about 0.5 cm3. The saturationatwhich gas flow occurred is considered as the criticalgas saturation.At this
stage,gas flow into the window continued at a frequency of 2 to 4 times per day. Hence the criticalgas
saturationwas 1.5°/0. The criticalgassaturationof the duplicaterunwas 1.3°/0. Figure4 shows the increaseof
gas saturationin the core. Wkh fbrtherexpansiongas saturationincreasedto a maximum of 2.9°/0,when gas
was the only producing fluid for three days. The maximumgas saturationfor the duplicaterunwas 2.60/o.To
obtain the gas volume in the core, the gas volume in the window and pump was subtracted i%omthe total
expansion beyond bubblepoint pressure. Errors due to the expansion of the coreholder, and the effect of
hydrostaticpressure are insignificant Since the changes in formation volume factor are negligible,the gas
saturationin the core is equalto oil recovery.

Although not identic~ the data of the two runs and the observed behaviour are close enough to provide a
basisfor comparison between the lightoil and heavyoil experiments,which is discussednext.

Heavy Oil Experiments: The heavy oil runswere performed at a constant expansionrate of 0.984 cm3/day,
corresponding to 1°/0of PV every 2.5 days. The rate of pressure drop in the single liquid phase was 130
psi/day. Figures 5 and 6 show the variationof pressurevs. volume expansion for the horizontal run. In
addition to the pressure, the pressure drop across the core is also shown. At the onse~ the pressue
differentialincreasedfkom zero to about 0.1 psi. The pressuredataclearlyshow that the transienteffects due
to inkiationof flow die out in a short”time,and a-constantdifferentialpressureof about 0.1 psi is registered.

Criticalsupersaturationpressurewas detectedat an expansionof LO cm3and 305 psig pressure. Subsequently,
the pressureincreasedto 343 psig. Figure5 shows thatupon evolution of the gas phase in the porous medi~
the differentialpressure increased slightly,and then stayed constant In none of the runs did we obseme a
liquidmobility enhancementsuggestedin the literatureby some authorsgals.
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After formation of gas in the porous me% inferred from the pressurerise,a fm gas bubbles were observed
on the surface of the sandpack. The size znd the number of the bubbles increasedwith time. For example,
for one of the verticalruns,at 1.9,2.9,3.6, and 10.6 cm3expansion,1,2,6, and 40 to 50 bubbles were visible on

“ the core surface,respectively. Generally,the bubble densityfor the heavy oil runswas largerthan that of the
light oil runs. Later in the experimen~some of the gas bubbles close to the outlet had grown in length and
had many branches.

At a gas saturationof about 3.5’%0(9 cm3expansion),some pressurefluctuationswere observed in the readings’
of the differentialpressuretransducer(see Figure6). While in the two verticalruns, the pressurefluctuations
corresponded to the detection of the gasin the window, the gasphasewas not detectablein the window until
a saturationof 4.80/owas establishedin the core. At that time, the volume of. the gas in the window was
estimated0.5 crn3. Criticalgas saturationof 4.8’?40is more in linewith those obtained from the two vertical
runs. The criticzlgas saturationof the two verticalrunswere 4.8 and 5°/0.

The observations pointed out above, can be used to reject the argumentof simultaneousflow of gas in the
form of microbubbles with the oil through the pore space. Our obsimations are; an enlargement of gas
bubbles in the form of patcheswhich cover manygrainson the stiace of sandpac~ and an accumulationof
gas in the window only aftergas saturationin the core had buildup to 4.8 to 5’%0.

Another point is that the pressuredrop aaoss the core at the criticzlgas saturationis more than the single
phase pressure drop. The data for the three runs suggestthat the end-point oil relativepermeabilityunder
solution-gasdriveis around 0.6 to 0.8.

Upon further expansion, the gas volumeincre&ed in the window. Figure 7 shows the vwiation of the gas
saturationin the sandpackvs. expansion. Gas saturationincreasedto a maximum of 6.670at expansion of 30
cm3. In this intervalthe readingsof the differentialpressuretransducerare dominated by oscillations. Figp-e
8 shows the detailof the pressurefluctuationsduringone day of expansion. The readingsdecrease to a value
between 0.0 and 0.10, before returningto 0.15 to 0.25 psi everyone and half hours or so. The oscillationsare
believed to relate to the intervalsof gas flow, when very small pressure drops are sufficient. Later in the
experiment the freqyency of the fluctuationsincreased to as many as 3 to 5 cycles per hour during some
intervals. The frequency of the pressureoscillationsin the verticalrunswas much smaller,and they were of a‘
lzrgermagnitude.

At the end of the experiment the pump was stopped, and the core was isolated from the pump. The readings
of the differentialpressure transducerreduced from 0.1 psi to zero within about 10 minutes. In the next
twenty hours, no increasewas detectablein the readingsof the main transducers. This indicates that by the
end of experiment the initialsupersaturationhad nezxlyvanished. In other words, in the course of one
month of the eq?erimenb with an averagetwo-phase rateof pressuredrop of 4.5 psi/day, the time-dependent
behaviour had ceased. It is expected that under fiqld conditions, with lower rates of pressure drop, the
importance of nonequilibriumeffectswould be even smaller.

In the above experimen~ some segregationon the core surFacewas noticed. However, this was not of
importance as the results of the other two vertical experiments were nearly the same; a maximum gas
saturationof 6.5- 70/0at the end of the experimentand no detectablesupersaturationat 30 cm3~pansion.
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Discussion

Let us assumethatwe were to simulateour experiments,andwere to use the samerelativepermeabili~ mums
and capillarypressurefunction (accountingfor the effect of surfacetension) for the heavy oil and light model
oil systems. During the singlephase flow period, the oil phase pressuregradientin the heavy oil experiments
is four to five “ordersof magnitudelargerthan that in the light oil experiments(based on the flow ratesand
viscosities). If the liquidphasepressuregradientwere to translateto gasphasepressuregradientusing capillary
pressurefunction, as it does in the conventionalformulationof multi-phaseflow, the ratio of the gas flow rate
to the liquidflow ratein the heavyoil runshad to be roughlyfour to five orders of magnitudelargerthan that
of the Ii&t oil experiments The experimentalobservation are in clear contradiction to what the above
numericalsimulatorwould have predicted.

One flaw in the above scenario and usageof the relativepermeabilityconcept is that at low gas saturations,
the gas phase is not continuous. The experimentalobservations indicate that gas flow is intermittent and
during the intervalsof gas flow, pressuredrop across the core decreasesdrastically. One way to force the
sirn@ator to predict more realisticresults is to reduce the gas mobility. In fa~ the gas phase, when
discontinuous,has a lower mobility. This behaviouris commonly seen in foam flow, where the mobility of
the gas phase, which is discontinuous because of the liquid lamell~ is much lower than the mobility of
continuousgas phase. The mobility of the gasphase in the foam is a direct function of number of lamellaper
unitvolurnel’.

To obtain a tangiblepicture of the effect of the number of Iatnellaon gas mobili~, and to examinethe effect
of viscosi~ on the low mobility of gas in the heavyoil systems,testssimilarto those reported by Sheng et al?”,
were performed. A silicone oil of viscosi~ of 30,000cp was saturatedwith methaneat a GOR of 6.5. Usinga
needle valve, about 42 g of the live oil was expanded into a graduatedcylinderat atmospheric pressure. The
same ~periment was repeated for the heavy oil. In the silicone oil tes~ gas bubbles formed and coalesced
very quickly, creating larger and larger bubbles which floated to the surface and broke away. Wkhin 30
minutesvirtuallyall of the gas had escapedthe silicone oil. The behaviour of heavy oil was different. It took
about two orders of magnitudelonger, 50 hours, for the volume of the oleic phase (oil and the dispersedgas
phase) to decreaseto its finalvalue. Figure9 shows the apparentvolume of the oleic phase for the silicone oil
and the heavyoil.

Close observation of the surface of the graduatedcylinderindicatedthat in the case of the heavy o~ the gas
bubbles were very small (smallerthan 1 mm), and the rate of coalescence (if any)was much smallerthan the
silicone oil. Gas mobility in the graduatedcylinderis mainlygoverned by the liquidviscosi~ and the bubble
size,and is a balancebetween the buoyancyand the dragforces (Stoke’s law). Usingthis criterion,the limiting
velocity of 100 ?m and 1 mm gas bubbles in a 30,000cp liquidis 1.6 cm/day and 6.5 cm/hr, respectively.

These simple experimentsshowed that the gas bubbles in the heavy oil sample remained smaller,and their
mobiJitywas much lower thanthatin the siliconeoil.

The presence of stiace active materialand high viscosi~ of the liquid are often su~ted m reasons for
stabilityof gas bubbles in heavy oil systems. The above experimentsshowed tha~ at least in the graduated
cylinder,the high viscosity of the silicone oil was not enough for stabilityof the liquid lamella, It should be
noted, that the forces acting in porous media are not limited to drag and buoyancy, and the effect of
geometry-capi.llaritymay alterthe governingmechanism. Resultsof these experimentsshould be used mainly
for designingmore realisticexperiments,similarto those presentedin thispaper.
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Conclusions

1.

●

●

●’
●

1.

2.

In our experiments in a sandpa~ many of the previously proposed mechanisms for describing cold
production of heavyoil were examinedandwere found absent. It was found tiafi
Criticalgas saturationwas low (5!40or less)

#

Oil phase mobilitywas not improved upon formation of the gas phase in porous media
Gas flow was not in the form of simultaneousflow of gasrnicrobubbles;it flowed intermittently
Wkhi.n30 daysof the qmrirnen~ time-dependen~i.e. nonequihbriumeffects had nearlyvanished

Gas mobility in the heavy oil systemmay remainlow. This could be explainedby the presence of a large
number of liquidlamellaper unit vohune.

Ass&ring thatthe heavyoil viscosity did not changeupon liberationof the gasphase in the porous medi~
oil relativepermeabilityat criticalgas saturation(end-point oil relativepermeabdi~) was in the rangeof 0.6
to 0.8.

68



Table 1. %mdpack and coreholder data

I ILight oil Heavy Oil
I

run
Porosity, ‘XO 36
Diameter,cm 6.36
Height cm I 23.5
Pore Volume. crn3 I 270
Volume of the 3.9
window, cm3

Table 2. Fluid da~

-

I GO~ vO1/VOl I 13

Table 3. Data of the lbzht and hea

a36
6.35

%+-l

7455-468”
56000”

v oil exlxrimmts

Second rateof I 0.054 (at I

drop in ‘tie single
liquidphase,
mi/dav
criticalgas 1.3- 1.5 4.8-5
saturation,0/0
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Chapter III - Intermediate Gas-Wetting and Its
Significance for Gas Condensate Reservoir

PartI - Phenomenological Modeling of CriticalCondensate
Saturationand RelativePermeabilitiesin Gas Condensate Systems

ICEWENLI AND ABBAS ~OOZABADI

Summary

The gem of gratip, tisrozsfomes, izterjatialtension,andwetibihjv on the cziticcz?con&nsatesaturationandrebtive
pezweabilp#gas condawtesystemsarestudiedwingaphenomenokgicalsi~k networkmodelTherwuksfmmthesi~k
rnoddshowthatwe~bikzj fignij7cant~@ectsbothm“ticalconakwtesatmztionandgaspb~edativepmzeabihty.GasPhase
rtktivepemeabibyat somesaturationsmq incrwe tentimesm contictanghis akemdfmm0 (@m@ fiquid-we~to 85’
(?ntenwea%te~gas-we#.Theresuh suggestthatgaswek?dklvmabifityin conakwzztenmmwhcanbe enhancedby wetibilp
ahmthn nearthewe?l$om

Introduction

Much attention has been paid to the study of in-situ liquid formation and fluid flow mechanisms in
condensate systemsin recentyears.When gas condensate reservoirsare developed by pressuredepletion,-g=
well deliverabilityis affected‘by the amo-kt and the distribution of the co;den;a;e formed &ound the
wellbore. The understandingof the parametersthat affect the distributionand the amount of condensate
saturation(SJ in the wellbore and the effect of these parameterson gas and liquid flow are important
towardsthe development of the methods for increasedgasdeliverability.

There are numerous field examples of gas condensate reservoirsthat experience a sharp drop in gas well
deliverabilityat high pressuresdue to the condensation near the wellbore.*-3There are examples that the
condensation may even kilIgas production.2The sharp reduction in gas deliverabilitymay be due to the
shape of gas phase relativepermeability(kJ; the mechanisms of gas productivi~ impairmentare not yet
clear.Two main parametersaffect condensaterecovery and gaswell deliverability.These two parametersarc
1) criticalcondensate saturation(f=), and 2) gasphase relativepermeability.

Various authors+ghave measuredf= and a wide range of observations are reported. The measuredvaluesof
5’=are generallyin the rangeof 10 to 50!/0.Gravier et al: (1986) measured~=in carbonate low permeabili~

.cores with permeabilkyin the range of 0.5 to 40 md and interfaciaItension (d) variationsfrom 0.5 to 1.5
dynes/cm. $=varied flom 24.5 to 50.57’0with an averageof 35.07’o.These measurementswere conducted in
the presence of connate water.Morel et al? (1992) reported a criticalcondensate saturationof less than l%
for 0 = 0.05 dynes/cm and connate water saturationof 2070. The critical condensate saturationwas
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measured in a vertical dolomite core.
gravityand interfatii tension.

Some authors have accounted for the
and verticaldirections. Danesh et al?”

The measured 5’. is apparentlyrelated to various effects including

effect of gravityby conducting flow experimentsboth in horizontal
(1991) studiedthe effect of ~vity on S. in water-wet rnicromodels-.

and sandstone cores. They found that$: in a verticalcore was lower thanthatin a horizontal core; theirtests
showed that gravityreduced the criticalcondensate saturation.These authorsalso examinedthe dependence
of criticalcondensate saturationon ~. As expected, Se increaseswiti an increase in 6. Ali et al?i (1993)
observed an improved condensate recovery of 17.2’?40in a verticalgas injection compared with that in a
horizontal ti~ection.Their experimentswere conducted with a high interracialtension for gas condensates (a
e 0.92 dynes/cm). Sandstonecores and a syntheticsix-component fluidwere used by these authors. When
c was decreased to 0.04 dynes/cm, condensate recovery improved to 27.5?40with vertical injection.
Henderson et al~z (1993) also reported a significantreduction of the criticalcondensate saturationin long
verticalcore samples in comparison to those in horizontal cores. Munkerud’ (1989), however, did not find
significant difference in condensate recovery and saturation be~een horizontal and vertical pressure
depletion.He used Berea cores and a syntheticsix-component fluid.

A number of authors have studied~ phase relativepermeabilityof gas condensate systems.Gravier et al:
(1986) found an abrupt decreasein kg close to Sd Chen et al: (1995)measuredk=at reservoirpressureswith
reservoirrock and reservoirfkids from ISVONorth Seagas condensate reservoirs.The interracialtension a
varied from 0.01 to 0.42 dynes/cm. The resultsshowed that leareduced about ten-fold due to condensation
when S=reached 20°/0for ReservoirA core and fluid.Reduction of kgwith the increaseof SCfor ReservoirB
core and fluid is less pronounced but an abrupt decreaseof AZclose to S=was also observed. Chen et al.s
(1995) showed that k%is rate dependen~ it increaseswith the increase of flow rate. Henderson et al?’
measuredgas-condensate relativepermeabilitiesusing a long Berea core and a 5-component synthetic gas
condensate fluid, G varied from 0.05 to 0.40 dynes/cm. They found bat the relativepermeabilitiesof both
gas and liquid phases decreasedwith the increase of o and increasedwith the increase of flow rate. Gas
relativepermeabilitywas more sensitiveto o and flow ratethan Iiquidrelativepermeability.The resultsfrom
the work of MunkerudG(1989) and Haniff et al.14(1990) differ from the other authors.They did not observe
the abrupt decrease of kg.

The brief review above points out that there are many unresolvedissuesin the study of critical condensate
saturationand gas-condensaterelativepermeability.The sharp decreasein gas relativepermeabilityclose to
S=thatwas observed experimentallyhasnot yet been studiedtheoretically.The dependence of S. kw and k%
on interracialtension, viscous force, and gravi~ are not clear from the experimentalda~ The question
remainshow to measure S@ &@and k%in the laboratory and how to scale them to field conditions. The
conclusions drawn from the experimentalresultsare sometimesnot consistent.A theoreticalunderstanding
of the effect of c, gravity,viscous force, andnettabilityon S= Ae and kmhelps give insightinto the recovery
of liquidcondensate from rich gas condensate reservoirs,and gaswell deliverabilityfi-om both rich and lean
~ condensate reservoirs.

Theoreticalwork on the criticalcondensate saturationand relativepermeabilitiesof gas condensate systems ‘
is very limited.Mohammadi et al}5 found thatthe relativeperrneabilitiesin gas condensate systems follow the
conventional displacement process. These authors used percolation theory in their work for horizontal
porous media. The effect of interracialtension, viscous force, ~vhv, and wettabilitvon criticalcondensate
saturationand gas-condensate
Fang et al:” (1996) developed

relativepermeabili~ was not ‘b-clud~din the work if Mohammadi et a.1.i5.
a phenomenological network model for criticalcondensate saturation.The
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mainresultsfrom this model are that criticalcondensate saturationis a function of 1) interracialtension, and
2) contact angle in gas-oil-rock systems.The model of Fang et al.iGis based on the resumption of negligible
viscous forces and limitedtube length.

In thiswork we first modifj the J= model of Fang et al?Gfor predicting criticalcondensate saturationto
include the effect of viscous forces and to relax the assumption of large tube length. We then develop a
relativepermeabilitymodel (k. model) for gas condensate systemsusing a renormalizationtechnique. Using
the model, the effects of interracialtension, flow rate,and contact anglehysteresison the criticalcondensate
saturationand gas or condensate relativeperrneabilitiesare investigated.The resultsfrom the modified f=
model and the A.model show that5’=and A.are significantlyaffected by interracialtension, gravity,flow rate,
andnettability.Wettabili~ mayhave the most pronounced effect on both $. and k%.
Network Model for Condensation in Porous Media

The porous medium used in this study is representedby a simple 2D pore network with circularcapillary
tubes of the length L and cubic intersectionsof side width ~ we assume b to be equal to the maximum
diameterof the capillarytube in the network.There are four tubes connected to each intersection;therefore,
the coordination number is four. A log-normalsize distributionis assumedwith a standarddeviation of 5.74
and an averageradius of 23 pm for the capillarytubes. The size distributionof the network with 20>20
intersectionsis sketched in Fig. 1. In this sketch, the tube diameteris proportional to the thickness. The
total pore volume of the network with a tube length of 6000 pm is 8.93 mm3; the total volume of the
intersections in the network is 0.03 mm3and the estimatedpermeabili~ of the network is about 1 darcy.
Note thatthe simple network justdescribedis basicallyselectedfor some sensitivi~studies.

Critical Liquid Height and Critical Condensate Saturation in a
Single CapillaryTube

Fanget al.*Gdeveloped a phenomenological model for the criticalcondensatesaturationin a porous medium
representedby a network. Their model is based on two assumptions:1) viscous forces are negligibleand 2)
the criticalliquidheight (fie)fkom liquidformed in-situin the capillarytubes is lessthan the tube length (the
criticaIheightis the maximumlengthbefore the liquidcolumn becomes mobile). In thiswork we extend the
modeI of Fang et al.*Gto include the effect of viscous forces, and provide the option for ~=> L When a
liquidis first formed in a capillarytube,we assumethat it appearsin the middle part of the tube in the form
of a liquidbridge. During its growth, interracialtension, gravity,contact angle hysteresis,viscous force and
the size of capillarytubes are the main factorsthataffect the stabilityof the new liquidphase.

The criticalheight haof liquid formed in-situin a circularcapillarytube of radiusr is ecpressed as (see Fig.
2a):lc

h ‘(CO@~ – cd.) - ‘~;;
c’= Apgr

(1)

wherep~is the pressureat the top andp~the pressureat the bottom of the liquidcolumn; (3Ris the receding

contact angleand 8Athe advancingcontact angle;Ap is the densitydifferencebetween gas and liquid phase.
The equation above is derived on the basis of the balance between capilIarypressure, viscous force and
gravity.In this study, for simpkity it is assumedthat the gas densityp~is equalto zero (that is, Ap = p).
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Liqyid will flow downward to the bottom of the tubewhen the height of the liquidcolumn exceeds A&The
advancing contact angle will then change to 90°. At this time, the criticalheight of the Ii@d column will
increaseand can be calculatedfrom Eq.1. Once ~=is determined the criticalcondensate saturationin a single
capillarytube is calculatedas fi=/L -

Process of CondensateFormation,Growthand F1OWforhcc>L

Liquid condensation may takeplace in capillarytubes of smallerdiametersbased on the thermodynamicsof
cumed interfaces}7The condensation process in a network is representedby discretesteps?GWhen pressure
decreasesbelow dewpoint pressure,the gas in those tubes with radius r < ~ is allowed to condense. The
process of in-situcondensate formation, growth and flow when AC> -Lis presented in Fig. 3. For the study
of viscous effe~ it is assumedthatgasis injectedfrom the top of the network.

As the pressure in the system decreases below the dewpoint pressure, liquid condensate is assumed to
condense in the middle of tube 3 (~ < @ in the form of a liquidbridge as shown in step 1. The top receding
contact angle (3R(measuredthrough the liquidphase)will be less thanthe bottom advancingcontact angle e~
due to gravityand viscous effects. ~

Continuous condensation increasestie liquidheightin tube 3. Assumingthe criticalliquidheight~~~> ~ the
advancingcontact anglewill incretie and reach90°. This is shown in step 2. Wkh further condensation, the
advancingcontact anglewill exceed 90°.The recedingcontact angleat the top will also increaseand reach 90°
(see step 3).

If both the advancingand the recedingcontact anglesreach 90° at the same time, the Iiqyidcolumn becomes
unstable and will flow downward. The advancingcontact angle will then exceed 90°. The receding and
advancingcontact angleswill continue to increasewith furthercondensation in tube 3 (see step 4). Given rz
< Min (rq,~, ~), the condensate formed in-situwill contact the corner point “A” shown in step 5. The
interfacehas the maximumradius,r- At this stage,the condensate becomes unstableand forms two new
interfaces, one in tube 2 and another in the intersection as shown in step 6. Because the radius of the
interfacein tube 2 is smallerthanthatin the interse~on, the liquidpressurein the intersectionis higher than
that in tube 2. The liquidwill be pulledinto tube 2 asa result The new configuration.isshown in step 7.

Now, the Liquidinterfacein tube 2 servesasa new condensation site.After tube 2 is filled by the condensate,
the contact angle at the left end of tube 2 will increaseuntil it reaches 90° (i.e. flat interface); then fiere will
be no fhrthercondensation.However, the condensationwill continueat the right end of tube ~ as a resul~a
new liquidinterfacein the intersectionwill develop.The liquidinterfacewill touch the comer point “D” with
fhrthercondensation (seestep 8).

The liquid interfacewill then break into ~o new kquid interfaces,one in tube 1 and another in tube 4 as
shown in step 9. Given that q is less than ~, the lipid in tube 4 will be pulled into tube 1. The condensation
will continue in tube 1 until it reaches the criticalheight (lIEz).The liquid formed later in tube 1 will flow
downward into tube 4. The liquid height in tube 1 remains the same. The criticalheight bl~=is calculated
fiorn
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After tube 4 is !iilk@ the contact angleat the rightend of tube 4will increaseuntilit reaches90° (dashedline
shown in step 9). Then, the contact angleat the left end of tube 2 will startto increase.Because r~is larger
than rz the condensate will flow into the intersectionconnecting tubes 4, 8,9, 10 (see step 10). The contact
angleat theieft end of tube 2 will erceed 90°with furthercondensation.

When in-situcondensation continues (seestep 10), if r~is lessthan qO,the liquidinterfacein the intersection
will touch the corner point F. ‘I’he liquidintetiacewill also breakinto two new interfaces,one in tube 8 and
another stillin the intersectionafier the interfacecontacts point F. The configurationof the liquid interface
in the intersection near point F wilI change and adjust itself as shown in step 11. At the same time, the
contact angle at the lefi end of tube 2 will decrease. Because the radius of the liquid interface in the
intersectionis largerthanthat in tube 8, the liquidpressurein the intersectionis higherthan that in tube 8,
and the liquidwill be pulledinto tube 8.After the force balanceis establishedbelmeenthe capillaryforce and
the gravityin the liquid column in tube 8, the liquid in tube 8 will reach critical height. With further
condensation, the liquidformed in tubes 1 and 8 will flow downward and the liquid in the intersectionwill
touch the comer point G.

The liquidinterface in the intersectionwill break after it contacts the comer point G. If ~ < rlO,the liquid
formed in tubes 1 and 8 will be pulledinto tube 9 until it is filled (see step 12). Wkh tier condensation,
the liquidformed in tubes 1 and 8 will flow downward into tube 10. Assuming the criticalliquidheight AIO~in
tube 10 is less than the tube length,the li@d will flow downwardwhen the liquidheight> lIIOeAt the same
time, the liquidin tube 8willalso flow downwardinto tube 10.The configurationdeveloped is shown in step
13. With further condensation, the liquidformed in tube 1 will flow downward through tube 4 to tube 10
and then to the next element.When the liquidinterfacein the intersectiontouches point G, the liquidwill
first enter tube 10, insteadof tube 9 if rg> rlo.When the liquidheight in tube 10 is equalto or largerthan
J,O@the liquidin tube 10 flows downward(see step 14).

If ~ > qO,the liquidinterfacewill form two new interfacesafter contacting the corner point G, one in tube
10 and another in the intersection.Becausethe radiusof the liquidinterfacein the intersectionis largerthan
in tube 10, the liquidwill be pulled into tube 10. The liquid formed laterwill also enter tube 10 instead of
tube 8. &suming 410e< ~ the configurationshown in step 15 is establishedafterthe liopidheight in tube 10
reaches criticalheight. Wkh tier condensation in this elementliquidwill flow downward through tube 4
to tube 10 and then to the next element.

As statedpreviously,the process of in-situcondensateformation, growth and flow when A=< L is described
in Ref. 17.

Calculationof S==

The first step for the estimationof J’=is to determinethe differentialpressurein each tube. The pressure
distributionin the entirenetworkis calculatedas follows. At everyintersectionone canwrite

~Q O.=
1

i=l
(3)

whereQ. is the flow rateof fluidin tube i. The flow ratein a circularcapillarytube can be calculatedfrom
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Qi=$(*+ pg) ‘ (4)

provided that the fluid is incompressible. In the above equation,P is fluidviscosi~, p is fluid density,A#iand
z are differentialpressure(inlet-outlet)and radiusof tube i, respectively.

Once the pressuresat inletand outlet sides of the ne~ork Me provide~ Eqs.3 and 4 can be used to obtain
the pressure distributionin the network. Gauss iteration method can be used to solve the set of linear
equations. Note that for every tube i with A=< AmQ =0, as we will discusslater.5’=in each tube can be
calculatedwith the known pressure distributionaccording to Eqs.1 and 2. ‘I’hen the value of the total 5’=in
the ne~ork is readilycalculated. .

Calculation of Fluid Conductance

Consider a single-phaseflow in a capillarytube of radiusq and length-L.According to Darcy’s lasv,the flow
rateacross the tube isQ. a (ki/@)~~2(A}~ + pgl--),where kik the permeabilityof tube i. An alternativeform
of the Darcy equation is Q ‘ Gi (A>i+ pgL), where Gi is the conductance of tube i. Comparison of the
Darcy equationwith Eq. 4 provides the expressionfor the fluidconductanceof tube i

(5)

where GYand $ are the conductance and the saturationof fluid~”in tube i, respectively ~j is the viscosity of
phasej. Prior to ~. when there is some liquidsaturationin the tube, gas may not flow, and therefore,~.=0.
The effe~ve conductance of fluid phasej in tube i, which is relatedto the effective permeabilityof phasej,
can be calculatedusingthe following eqpationwhen S6< ~;

Now consider a tube with some liquidsaturationS=(seeFig. 2b) which is largerthan S&In this case, liquidis
located at the bottom of the tube and both Iiquidand gas may flow. The equation for calculatingthe gas
conductance Ga of tube i is

Gig=~[1- sic +;s,.]-’, (se> SJ
8pgL 8

0)

where &and p=are the gi.sand liquidcondensateviscosi~, respectively.S’ is the liquidcondensate saturation
in tube i. Derivation of Eq.7 is provided in Appendix A. Similarly,the liquid conductance of tube i can be
cakulatedas:

Gic‘*[si. ‘~(l-si~)l-* , (Se> Se) (8)
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where GUis the conductance of the liquidphase for caseS=> Se

The next step is to calculatethe effective conductance of both gas and liquidphases in the entirenetwork
based on conductance of individualtubes. Once the effective conductance of both gas and liquidphases in
the network is calculate~ gas and condensate relative permeabiIitiescan be readily calculated.In the
following we will use the renormalizationmethod18to calculatethe effective conductance of the network
from conductance of individualtubes.

RenormalizationMethod and RelativePermeabilities

A usefultechnique to studytransportin disordered systemsis real-spacerenorn-dizationgroup method that
arisesin condensed-matter physicsls.King19-20(1989,1993)hasapplied thistechniqueto single-and two-phase
fluid flows. Filippi and Toledo2i (1993) also used the method for heterogeneous and highly anisotropic
systems.The renormalization method is accurate and computational.lycost-effective in comparison with
directnumericalsimulation.

For a givenphase and a known saturationdistribution,the effective phase conductance is calculatedin small
regions, the so-called renormalizationcells, and then in larger scales. Fig. 4 shows the grid units with
differentrenormalizationcell number z~for a 2D network. In this figyre, renormalizationcell number varies
fi-om2 to 5. The effective conductance of one phase in thewhole systemcan be obtained from the repeated
applicationof the renormalizationprocedure.

Fig. 5 shows the renormalizationprocedure for z&‘ 2. The primarynetwork is comprised of four cell units
of z~= 2. After the first step of renorrndization,the network reduces to one cell unit of nj = 2. b the last
step, the primary network is converted to ISVOunits, one in the horizontal and the other in the verdcal
direction. Let us consider a cell unit with eight tubes (that is, ~~= 2) sketched in Fig. 6a. The effective
networks in the verticaland horizontal directionsare shown in Figs. fi and 6c, respectively.The effective
conductance, G&in the verdcal directionfor Zj n 2 is calculatedfrom

~ = G8G4G6+G8G4G7+ G8G6G7+ G8G3G7+ G6G7G3-I- G4G6G3-!-G4G3G7 +G6G8G3
z G6G7+ G4G6I-G6G8+G4G,+ G4G8-?-G3G,+G3G4+ G3G8

(9)
The effective conductance, G. in horizontaldirection for Z&= 2 can be calculatedby

G = G4G3G2 -I-G4G3G1+G4G2G1 -I- G4G5G, +G2G1G5 +G3G2G5 -f-G3G5G, + G2G4G5
%

G2G1 + G3G2 -t G2G4 +G3G1 +G3G4 + G5G, + G5G3+ G5G4

(lo)
where Gl, G= ... . G8representthe phaseconductance of eachtube,which are shown in Fig. 6. Derivation of
Eq.9 is provided in Appendix B. Relativepermeabilitiesfor the network presented in Fig. 1 are calculated
according to the following procedures: (1) Calculatethe absolutegas conductance in the vertical direction,
GA. for the whole network first saturated completely with gas. This is realized by repeating the
renormalizationsteps at differentscalesasshown in Fig. ~ (2) Calculatethe effective conductance of gas G=
or liquidphase, G@ at a given condensate saturationS=in the verticaldirectionwhen liquid is formed in the
network due to the pressuredecreasebelow the dewpoint pressur~ (3) Calculategas relativepermeabilityk%



by Gz / GA ~d liquid relativepermeabilitykmby (pCGv)/@.. G&j. kg and kmdata at different S, provide
relativepermeabilities.

Results

The models described above are used to calculateJ’. .k&and AH The results and the sensitivityof the
calculationto variousparametemaredescribedin the following.

Critical Condensate Saturation. Criticalcondensate saturationis calculatedusing the modified S’CCmodel.
The resultsshow that criticalcondensate saturationis a function of intdacial tension, flow rate,gravity,and
Eontactanglehysteresis.

ZHiect of .Zirtdackzl ?km.ioa and Gravity The effect of G and gravityon S. is shown in Fig. 7 for two
differentvalues of the viscous force, 4, across the network The resultsarebased on a tube length of 6000
~ 0~G 00 and 00< e~ <90”. Fig. 7 shows thatSCincreasesas cincreases (O< a< 4.0 dynes/cm). Fang
et al?6 (1996) made the same observationfor a in the rangeof Oto 0.45 dynes/cm. The figureshows that S%
decreaseswith an increaseof Ap. When ois largeenough, J. reaches the same maximumvalue for difftient
Ap values,which impliesthatthe effect of gravityon S=becomes negligibleat highvaluesof cr.The resultsin
Fig. 7 are consistent with the cxperirnentaldata by Danesh et a3?0(1991), Chen et al? (1995), Ali et al~i
(1993) and Henderson et al,” (1993). These authorshave observed that S=increasesas a increases and the
increasedgravityeffect lowers S&Various calculationsfrom the model show that as long as e~ is not zero
(0. > O),the criticalcondensatesaturationis not affected by the mz@tude of 6A

Comparison of Figs: 7a and 7b revealsthat Se decreaseswhen Ap increases.The effect of gravity on SC
becomes negligible at high Ap when a variesin the range of O to 2 dynes/cm (see Fig. 7b). The results
presentedin Fig. 7 demonstratethatgravi~ may or may not affect Se When A> is small (thatis, at low flow
rates),S=is affected by gravitywhereas for high A}, the effect of graviiyis less pronounced. The results in
Fig. 7 explainthe effect of gravityon Seand revealsthat there maybe no ~consistency in the experimental
datareported by variousauthors.The effect of viscous forces is discussedin more detailn-

l?ffect ofl?ZowRate. The effect of viscous force (thatis, flow rate} on S=is shown in Fig. 8 for Ap = 0.1
and 0.5 g/ml. Other parametersare the same as those used previously.Ap varies in the range of 0.05 to 0.4
psi in Fig. 8. This figure shows that the criticalcondensate saturationdecreaseswith the increase of the
viscous force (thatis increasein pressuredrop). Comparison of Figs. 8a and 8b revealsthat the effect of AZ
on S=is more pronounced at lower gravitywhen o varies~ the rangeof Oto 2 dynes/cm (see Fig. 8a). The
effect of zIP on S= is reduced at high CT(cT> 3 dynes/cm). The calculatedresults shown in Fig. 8 are
consistentwith the experimentaldataof Chen et al.swho found thatS. decreasesas flow rateincreases.

-Effect of Contact Angle Hjwteresis. In a gas-oil-rock system, oiI phase is considered as the wetting phase
and gas is the non-wetting phase.It is often assumedthat the contact angIethrough the liquidphase is zero.
The assumptionof Ii@d-wetness in a gas-liquidsystemis validbut the assumptionof 6s 0° may be invalid.
If the nettability of the fluid-rock systemin a gas condensate reservoirnear wellbore could be altered to
intermediategas-wetnessby some chemicals,Se and kg may also change. Fig. 9a presents se vs. c for 0~ =
85° and 85°< f3~<90°. Other parametersare the same as those used in Fig. 7. This figure shows that S.
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becomes very smalland variationsof CTor Ap have very littleeffect on S’.when the receding contact angle
increasesto 8Y. Fig. 9b shows the effect of receding contact angle; $. decreasesas the receding contact
angleincreasesfkom Oto 85° at a fixed CXThis fi~e demonstratesthatwettalihtyalterationto the gas phase
has the most pronounced effect on Se

The observation that there may be no effect of a on $C for intermediategas-wettability(see Fig. 9) is
interesdng.The criticalcondensate saturationis sensitiveto o if the fluid-rocksystemis stronglyliquid-wetas
was shown in Fig. 7. However, for an intermediatelygas-wet systeq the critical condensate saturation
becomes smalland does not increasemuch even atveryhigh oas Fig. 9 shows.

Effect of iVetworli She. We calculatedS=with different network sizes in order to study the sensitivi~ of
our S=model to the ne~ork size. The resultsshowed that for o = 0.01 dynes/cm with or without viscous
force, Se becomes approximatelyconstantwhen the network size is largerthan 15F 15. This demonstites
thatthe network size chosen for this study,20F 20, is appropriate.

Relative Permeabilities. The major theme of this work is the study of relative permeability in gas
condensate systems.In the following we will presentthe reydts from the model.

Features of Gas Rektive Permeddity. Fig. 10a depicts a sketch of the measured gas-phase relative
permeabilitycurve for low permeabilitycarbonate rocks in gas condensate systems4.Fig. 10b presents the
calculatedgas phase relativepermeabilitycurve from our model. This figure shows that the model results
reproduce the f~tures of the experiment data. Both the model resul~ and experimentaldata show an
abrupt drop in gas phase relativepermeabilityat condensatesaturationclose to S&When gas phase relative
permeabilitydecreasesabruptly,the gaswell deliverabilityreducessharply.

Effect of Ihtedaa”d Tmsiom.The effect of cron gas-condensaterelativepermeabilitiesis plotted in Fig.
11.The saturationintervalis selected to be for SC> Se to compare model resultswith experimerwd data. a
varies in the range of 0.01 to 0.50 dynes/cm. Fig. llshows that both gas and liquid phase relative
perrneabilitiesdecreasewith the increaseof 6. Liquidphaserelativepermeabilityis lesssensitiveto a than gas
phase relativepermeability.The model resultsare in agreementwith the experimentaldata of Henderson et
al~3.These authors found that the relativepermeabilitiesof both phases to decreasewith the increase of U.
The gasrelativeperrneabili~reductionwas, however, more pronounced.

Effect ofl?low.l?ate. The effect of flow rateon gasand condensaterelativepermeabilitiesis graphed in Fig.
W This figure shows that both kg and k= increase with the increase of A]. Our model results are in
agreementwith the experimentalwork by Chen et al: who found thatw relativepermeabilityincreased as
the flow rate increased.The liquid phase relativepermeabilitiesshown in Fig. 12 are much less sensitive to
viscous forces than the gas phase relativepermeability.The model resultsof relativepermeabilitiesare also
consistent with the experimentalobservation of Henderson et al.gThese authors found that the relative
permeabilityof both phases increasedwith the increase of flow rate but that liquid relative permeability
increasedless tian gasrelativepermeabili~.

Effect of ContactAngle Hjnste.resi...If the nettabilityof a fluid-rock systemin a w condensate reservoir
nearwellbore can be alteredflom stronglyliquid-wetto intermediatelygas-web the gas-condensate relative
permeabilitiesbehavior mayalso change.Fig. 13 depictsthe model resuk.sfor k=and kmat different receding
contact angles. This figureshows thatboth k%and kmincreaseas the wettabiii~ to liquiddecreases ((3~= O,
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40, 80° and f3~< e~ = 90°, c = 0.4 dynes/cm). There is a significantincrease in the gas phase relative
permeabilityover the whole saturationrangewhen receding contact angle increasesfkom zero (completely
liquid-wet)to 8(T (intermediatelygas-wet).These resultssuggestthat if the rock nettabilityaround wellbore
can be alteredfrom liquid-wetto intermediatelyor preferentiallygas-we~ gaswell deliverabilitymay increzke
significantly.Gas phaserelativepermeability,k@ reducesvery rapidlyfor the stronglyliquid-wetcondition (OR
= 0“) and approaches zero when S=increasesto 22Y0.Fig. fi gives a clear indication of the significanceof
wettabili~ and contact anglehysteresison gaswell deliverability.

To our knowledge, the effect of wembility on relativepermeabtitiesin gas condensate systemshasnot been
studied before. We have embarked.on an experimentalresearch program in order to measure the relative
perrneabfities of gas condensate systemsunder varyingwettabili~ conditions. Some preliminarydata on
relativepermeabilitiesarepresented in Ref. 22.

Blocking Effect Due to In-situ Condensation. In some gas reservoim, a gas well may be blocked
completely and the gasproduction may stop4.The above phenomenon is a resultof in-situliquid formation
near the wellbore as reservoirpressure drops below the dewpoint. The liquid formed newly in the porous
medium blocks both smalland largepores and reducesthe effective permeabilityof gasphase significantly.

The distribution of the liquid condensate formed in-situ at different stages of condensation in the pore
network is presented in Fig. 14. Fig. 14a shows the condensate distribution at $= = 5.0°/0.The black
representsthe liquidcondensateand thewhite the gasphase.The condensateis first formed in the middle of
smaller tubes in the form of I.ic@d bridges. The capillarytubes that contain liquid bridges are blocked
completely. As a resul~ the number of tubes for ~ flow is reduced and the effective gas permeability
through the whole network is “decreased.The gas production wiU,therefore, reduce when pressure drops
below the dewpoint. With further pressuredecrease,more liquid drops out and condensate saturationS6
increases.Fig. 14b shows the Iicpid distributionat ~== 15.0 !40. The liquid occupies some large capillary
tubes. The number of capillarytubes availablefor gas flow is-furtherreduced. Fig. 14c shows the liquid
distributionat the criticalcondensate saturation,”f== 58.0 ?40;there are almost no continuous pathsavailable
for gas flow. The effective ~ permeabilityis almost zero; when this occurs, gas production may stop
completely. .

Conclusions
I

The major conclusions drawnfrom thework are:
The predictions from our simplemodel show thatgravitygenerallyreduces criticalcondensate saturatio~ but
as interficial tension increases the gravity effect becomes less pronounced. The effect of gravi~ is
pronounced when viscous forces aresrmdl.These resultsare in agreementwith experimentaldata
Viicous forced may have a pronounced effect on $@ especiallyat a low intefiacial tension. However, the
most important parameter is wetibility expressed in terms of the receding contact angl~ nettability
alteration to intermediategas-wetness reduces critical condensate saturation dramaticallyirrespective of
gravityand interracialtension.
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The model predicts a significant effect of interracialtension and viscous forces on gas phase relative
perrneabilities.These predictionsarein linewith experimentaldata.



Model resultsshow thatthereis a very significanteffect of gas-wetnesson gasrelativepermeabili~,gas phase
relativepermeabili~ may increaseorders of magnitudeas the receding contict angleincreasesfrom Oto 80°.
The resultsimply thatthe most effectivemethod for increasinggaswell deliverabilitymay be the alterationof
nettabilityaround the wellbore.

Nomenclature

G~, z gasconductance of the networkat single-phasestate
Ga’ effective gas conductance of the networkat ~o-phase state
G? z effective liquidconductance of the network at two-phase state

b. c height of liquidcolumn
4.= criticalheightof liquidcolumn

1” total electricalcurrentthroughthe ne~ork in the verticaldirection
~s electriccurrentthroughthe conductance Gi (i = 3,4,6,7, 8)

k=s gas-phaserekitivepermeability
k%s liquid-phaserelativepermeabili~
L c capillarytube length

~~ z pressureat the bottom
]~= pressureat the top
P== capilIarypressurebetween gasand condensate

A>= totalpressuredifferent
AfCs pressuredifftientialacross condensatephase

A}~s pressuredifferentialacrossgasphase
~, G pressuredifferentialbetween two ends of the capillarytube i
~= flow rate of gas
Q‘ flow rateof fluidthroughthe capillarytube i
Qs flow rate of condensate

rs radiusof a capillarytube
q= radiusof the capilky tube i
~s threshold radius

$=G condensate saturation
Se n criticalcondensate saturation

VOc the voltage at the top of the effectivenetwork
IZl G voltage at point A
Vz G voltage at point B
V, c voltage at the bottom of the effectivenetwork

6“ z advancingcontact an~e
OR” receding contact aryje
p,s condensate density
p,’ gas density
Ap H densitydifference between condensateand gas
0 s interracialtension
~ = fluidViSCOSi~

/l.. ” gasviscosity
Pts condensate viscosity
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Appendix k Gas Conductancein a Single CircularTube

When both gas and liquidphases flow in a circulartube (see Fig. 2b), the gas flow rate can be calculatedby
the Poiseuilleequation:

m4Apg
Q,-=

8p,(L-hJ ‘
(A-1)

where 11~~is the differentialpressureacross gas phase, and 4=is the liquidheight. The effect of gravityand
compressibilityareboth neglected. The expressionfor the liquidcondensate flow rateis:

Q. _ ~4 (4PC—+ Peg)3

W. h
(A-2)

where ❑. is the condensate viscosi~ and ❑p=the differentialpressure across the condensate phase. The
differentialpressure@between the two ends of a tube is given by:

AP=AP8+APC+PC, (A-3)

where P, is the capilkxypressurebetween gas and condensatephase. The gas flow rate is equalto the liquid
flow ratewhen the fluid compressibilityis neglected.That is:

Q, =Qc (A-4)

Combining the above eqpations@qs.A-l to A-4), the gasphase differentialpressurecan be obtained
I

Apg =
1

(AP-P. + pcghJ > (A-5)
~+vc h.

~

Pg L–hc

SubstitutingEq. (A-5) into Eq. (A-l): .
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Q,= “ 1
(AP – ~ + Pcghc) >

8/,tJL-hC) l+h~

/.t8L-hC

The gas conductance is then determinedas:

G=m’
1

‘“ 8pJL-hC) I+&& ‘
P, L-hC

(A-6)

(A-7)

For tube z’in the neimor~ the condensatesaturationis given by:
s.= h=/ ~ (A-8)

Equation (7) in the text can be provided by SubstitutingEq. (A-8) into Eq. (A-7).
Appendix B: Effective Conductance in VerticalDirection for n~”2
The effective network in vertical direction for z&”2 is shown in Fig. 6c. One can write the following
equationsbased on the theory of electriccircuits:

I~=G~(V..-~), (B-1)

14= G4(V..-VI), @-z)

%= G6V0-V2)> (B-3)

17= G7Wo-V), (B-4)

18= G8(y-~), (B-5)

At pOilltSA and B

~Ii =0, (atpoint A i=4,7,8) P-9

~1, =0, (atpoint B: i=3,4,6) F-7)
i

The total elemic currentthroughthe syst~ 1 = lG+ 17, isgiven by

I= GzwO–Vt), (B-8)

In the above equations,~ (i= 3,4, 6,7, 8) is the electriccurrentthrough the conductance Gi (i H 3,4, 6,7,
8); V. and Vj are the voltagesat the top and the bottom of the effectivenetwork respectively VI and vz are
the voltages at points A and B, respectively.G? is effective conductance of the ne~ork in the vertical
direction.

Combining Eqs.(B-1) - (B-7):

v = ‘4(G6V0 + Wr) + (Gq + G. + G6)(G7V0 + G8~)
1 (-B-9)

(G4 +G7 +GJ(Gg +G4+GG)–G; ‘
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~ _ G4(G7~o + GsV,) + (G4 + G, + GJ(GJLO + G3~)
2—

(G4 +G7 +GJ(G3 +Gq +G6)– G; ‘
@-lo)

SubstituteEqs.(13-3)and (B-4) into Eq.(J3-9):

G = (G6 + G7)Vo – (G6V2 + G7~)
z -. -. >

v~ – Vt

Equation (9) in the text can be

(B-11)

obtainedby SubstitutingEqs@-9) and (B-1O)into Eq.(B-11).
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Fig.1 Size distribution of the 20x20 network
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(a) Liquid bridge b a circular tube after formation
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(b) Liquid bridge at the bottom of a chcular tube

Fig.2 Liquid configurationin a single circulartube
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Fig.3 Condensationin a network, hcc > L
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Fig.3 Condensationin a network, hCc> L (Continued)
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Fig.4 Schematic of renonmdizationfor different cell numbers
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Fig.10 Gas-phaserelativepermeability in gas-condensatesystems
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Fig.14a SaturationdistributionatSC= 5 %
(0=0.5 dynes/cm, Ap =0.02 psi, Ap = 0.1 g/ml, f3R=00,00 e 6Ae 900)
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Fig.14b Saturationdistributionat SC= 15 %
(0=0.5 dynes/cm, Ap =0.02 psi, Ap = 0.1 g/ml, 19R=0”, 00< 8A< !XIO)
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Fig.14c SaturationdistributionatSC= 58 %
(u=O.5 dynes/cm, Ap =0.02 psi, Ap = OJ1ghnl, 6’R=00,00< (3J< 900)
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PartII - ExperimentalStudyof NettabilityAlterationto
PreferentialGas-Wetting in PorousMedia and its Effects

=WEN LI AND &3BAS ~OOZABADI

Abstract

In a rtcenttheoreticalstut$,.LJ’andFimo~abaoYshowedthatf the we~bihy ofporvm med’acanbe
akervdfmmjmjhzntia~ .lquid-wettoprg%rentialjgawwe~theng~ welldeliverabilpingcu condensate
rwecvoinam be z’ncnzxedIn thispqbw, wepwsentthenmzlt.rthatthewetibihy ofporousmeda can
indeedbea&ndfmmp@%ntia.@ lquid-wetto@j2rentia@gas-wet.In thepetnxlwmhtenatum,it k oj%n
a.mvmedthatthecon@t angktbro~gbhquidphaseOis equalto 0’forgar-lquidsystemsinporousme~a.
As thtipaper wZ?show,wbik $ b alwayssmaa it maynot alwgvsbe ~emas k openamumedIn
Zaboraw @en”men&,we alteredthewe.ltubilzjofpomusmeo?ato@j%tntiaZJvgas-wetby utingtwo
cbemicak,FC754 andFC722. Resdtsshowthatin thecqhilhytube6’ changesjivmabout50 to 90’
andfmm 0’ to 6P g% wettabifityahmtion by FC754for water-ai?andnonzaldecane-airystems,
napectiveb.WbiZezmtmztedBertasatwutednitbai}hasa 60% imbibihonofwatw,ifi imbibitionof water
g?ercbemicaltrzatmentisakvost~emanditiimbibition@normal&caneb substintidym?ucedFC722
bara mort?prvnounced#ect onthewetibi@ ahmztz”ontopmj%vntiizlgas-wetting.In agkss c@”Zhy tube
(3changesfmm 50’ to 12P andfmmP to 6P jr wat~-airandnozwal&cane-airsysttms,rwpeczlveJv.
Similz@,becausecfwetibihty akmtzonwithFC722, thereis noimbilztion@eitheroilorwaterin both
Benaandchalksanipkswithoruitboutinitialbnkemturdon.Entrycapikrypwsnn measurementin
Benaandchalkgivea cZeardemonstmlionthatthewettabihyofpomusmedacanbepemnanent~akervd
topnfmntialgas-wetihg.

Introduction

In a theoretical workl, we have modeled gas and liquid relative permeabilities for gas
condensate systems in a simple network. The resuh imply that when one alters the
wettabili~ of porous media from strongly non-gas-wet to preferentially gas-wet or
intermediatelygas-we~ there may be a substantialincrease in gas well deliverability.The
increase in gas well deliverabilityof gas condensate reservoirsis our main motivation for
alteringthe nettabilityof porous mediato preferentiallygas-wet.

Certaingas condensate reservoirsexperiencea sharpdrop in gaswell deliverabilitywhen the
reservoirpressuredrops below the dewpoin~~. Examplesincludemany rich gas condensate
reservoirsthathave a permeabili~ of less than 100md. In these reservoirs,it seems that the
viscous forces alone cannot enhance gas well deliverability.One may suggest removing
liquidaround the wellbore via phase behavior effects through COZ and propane injection.
Both have been tried in the field with limitedsuccess; the effect of fluid injection around
thewellbore for the removal of the condensateliquidis temporary.Wettabili~ can be a very
important parameter for the enhancementof gas well deliverabili~.If one can alter the
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wettabfity of the wellbore region to intermediategas-wetness,gas may flow efficientlyin
porous media.

As earlyas 1941, Buckley and Leverett5recognized the importance of wettabili~ on water ~
flooding performance. Later; many authors studied the effect of nettability on capillary
pressure, relativepermeabili~, initialwater saturation,-residualoil saturation,oil recovery,
electricalproperties of reservoir rocks, and reservesG1laI>ls. In 1959, Wagner and Leach’
reported that it might be possible to improve oil displacement efficiency by wettabili~
adjustment during water flooding. In 1967, Froning and Leachg reported a field test in
Cl&ork and Gallup reservoirs for improving oil recovery by nettability alteration.
Kamathgthen reviewednettabilitydetergentflooding. He noted thatitwas difficultto draw
a definite conclusion repyd.ingthe successof detergentfloods fkom the dataavailablein the
literature.Penny et al?2presenteda techniqueto improve well stimulationby changingthe
wettabili~ for gas-water-rocksystems.They added a surfactantin the fracturingfluid. This
yielded impressive results; the production following cleanup after fracturingin gas wells
generally was 2 to 3 times greater than field averages or offset wells treated with
conventional techniques. Penny et al.i2believed that increased production was due to
wettabili~ alteration.However, they did not demonstratethatwettabili~ had been altered.

Recently,Wardkzwand McKellar17reported that only 11’?Aopore volume (W) waterimbibed
into the Devonian dolomite samples with bitumen. The water imbibition test was
conducted verticallyin’a dry core (saturatedwith air).Based on the imbibition experiments,
they hypothesized that some gas reservoirsin the western Alberta foothills of the Rocky
Mountains were partially dehydrated and their wettabilitg altered to a somewhat
hydrophobic condition due to bitumen deposits (thatis, weaklywater-wet or strongly oil-
wet).

All the studies described above, except those in Refs 12 and 17, were conducted on oil-
water-rock systemsinstead of gas-liquid-rocksystems (gas-oil- or gas-water-rock systems).
Refs 12 and 17 do not provide a direct measurement of wettabili~. In the petroleum
Iiteratur~gas is often assumedto be the non-wetting phaseand liquidthe stronglywetting
phase. For gas-liquidsystems in porous rned& it is commonly assumed that the contact
angle, 0 equals (Y and COS61equals1 (contact angle is measuredthrough the liquid phase).
we the contact anglefor gas-liquidsystemsmaybe sm~ it may not be zero as is often
assumedin the literature.When a small amount of liquidis put inside a capillarytube and it
k held in the verticalposition,
usingthe following equation

lzl==-(coseR –coseA) ,
Apgr

reveals that ihe contact angle

the liquiddoes not fl~w. An~ysis of this shpl~ experiment

(1)

is not zero. Eq.1 is derived from the balance between the
gravityand capillaryforces. The symbols are: blthe liquidheight in a circularcapillarytube
of radius~ (3Kthe recedingcontact angleand (3Athe advancingcontact angle,Ap the density ‘
di&erence between the gas and liquid phase, and o the surface tension. There are also
indicationsthat in porous media the contact anglemay not be zero in gas-liquidsystems; it
is of the order of severaldegrees or more but not intermediatelygas-wet. A1-Siyabiet al~a
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mm.suredthe gas-oil contact anglesof four binarymixtures (Ci/zC1, C~/fi*, C1/zCIO,and
Cl/zCIA,)at reservoirconditions. Their resultsshowed that the gas-oil contact angleswere
about 20° for surface tension values greater than about 0.2 dynes/cm. It is also often
understood fiat the contact anglefor a gdiquid systemmay not be alteredsubstantiallyin
rocks. In this paper,we present the resultsfor the wettabili~ alterationto preferentialgas-
wetnesswith or without initialwatersaturationand studyits effect on the characteristicsof
liquid (oil and water) imbibition, oil drainage,permeability,and relativepermeability.We
also studythe thermalstabilityand longevityof the rock inwhich wettabili~was altered.

Theory

To ihe best of our knowledge,nettabilityalterationto preferentialgas-wetnessin rocks has
not been s~ested in the petioleum literature.Consider the sketches in Fig. 1 When the
contact angle (9<90° the liqyidwillrise in the circularcapillarytube insertedverticallyin the
liquid,as shown in Fig. la. If 8 a 90°, therewill not be liquidrise,and the ~-oil interface
will be flat (that is, P.=0, see Fig. lb). When 6> 9V, the liquid level will go down in the
circularcapillarytube as sketchedin Fig. lc. The riseand MI of the liquidlevel aregiven by

~ = 20c0se
1

Apgr ‘
(2)

Eq. 2 can be used to estimate0 in a capillarytube, once AA6, Ap, and rare known.

According to Eq. 2, for a gas-liquidsyste~ one may define preferentialliquid-wettingwhen
(1< 90°, and preferentialgas-wettingwhen 13>90°. However, this definitionis relatedto the
geometry of the substrate.Let us consider a capillarytube with an equilateral&ngle cross
section. The gas-liquidinterfacewill be flatwhen 0 R 60° for this geometry (Fang et al.i~.
Therefore, one may define preferentialliquid-wettingwhen 0<60° and preferentialgas-
wetting when @ >60°. For a capillarytube of squarecross section, the gas-liquidinterhce
will be flat when @ = 45°, which implies preferential liquid-wetting for 0 < 45° and
preferentialgas-wettingfor 0>45°. When the capillarytube assumes triangularcurved
interfacesand roughwall stiaces, other complicationsariseso that the contact angle looses
some of its significance.The contact angle for the gas-liquid-rocksystem due to complex
geometry and surface roughness may have a qualitativedefinition. A simple definition is
adopted here from the expressionfor capillarypressure

(3)

where k and @arepermeabilityand fictional porosi~, respectively.

One can measure entry capillarypressure (that is, threshold capillarypressure), and then
infer 6 from Eq. 3, when 6, k and @are available.The contact angle calculatedfrom Eq. 3
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may not have the same
emphasize the difference,
pseudo contact angle.

Experimental

physical meaning as the contact angle in Eq. 2. In order to
we will representthe contict angle in Eq. 3 by OPand calIit the

In the experimentalwork brine, distilledwater,and norrnal-decanewere used as the liquid
phase, airas the gas phase, and glasscapillarytube, Ber~ and chalk (from IGmsasoutcrop
and from a North Seareservoir)as the substrate.Two types of chemicalswere employed to
alter the wettabiliq- of the substrates. The experiments were conducted at a room
temperatureof around20”C.

Phrids: Normal-decane was used as the oil phase its specific gravityand viscositg are 0.73,
0.95cp at 20°C, respectively.The surbce tension of air-normaIdecane is 23.4 dynes/cm at
20”C. Brine of 1.0 percent (w$ NaC1was used as the water phase in the Berea and chalk
experiments;its specd3cgravityand viscosityare 1.01 and l.Ocp at 20’C. Distilledwaterwas
used as the water phase for the experimentsin the capillarytub% the stiace tension of air-
distilledwater is 72.1 dynes/cm at 20”C.

Core and Capillary Tube In order to studythe alterationof nettabilityto preferentialgas-
wetting we used tio different substrates:1) capillarytube, and 2) rock @erea and chalk).
The glasscapillarytube used in our work has an internaldiameterof 0.23 mm. The relevant
datafor Berea and chalksamplesaresummarizedin Table 1.

Chemicals: In our work mo chemicalswith brand natnes,FC754 and FC722,were used to
alter the nettability 1) FC754 (inexpensive)and 2) FC722 (more expensive). FC754 is a
cationic surfactantand is water-soluble.Its specific gravity(at 25”C) and flashpoint are 1.15
and 23”C, respectively. FC722 is a polymer with molecularweight of about 100,000; it is
neitherwater nor oil soluble. FC722 can be dissolved in a fluorocarbon-type solvent in a
wide temperaturerange,the specificgravityof the solvent is around 1.7 at 25”C.

Procedunx The chemicals FC754 and FC722 were dissolved in water, and the solvent in
various concentitions, respectively,and the glasscapillarytube, Ber~ and chalkwere aged
in them. The aging period depends on temperature~d can vary from severalminutes to
severalhours. After saturationwith the chemic~ the capillarytube, the Bere~ or the chalk
was evacuated for a certain period and then dried in order to remove the extra liquid
chemicals.A very smallamount Iingetsin the substrateas an adsorbed laye~ as a result of
adsorption the surface energy decreasesand the solid surface is rendered to prefwentially
gas-wet /

Prior to wettabiliq alteration,we measuredthe capillaryriseof liquid(both oil and water) in ‘
the tube and the imbibition of waterand oil into the air-saturatedBerea and chalk samples.
We repeated the same measurementsafterwettabiktyalteration,and performed oil gravity
drainagetests on the Berea cores with and without nettabilityabation. After nettability
alteration,we also measuredthe entrycapillarypressureof oil and water in the air-saturated
Bereaand chalksamplesin order to demonstratethe preferentialgas-wetting.
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The following describes the procedure for establishinginiiia.1water saturation.FirsGBerea
was saturatedwith water (1.OYowtNaCl brine) and initialwater saturationwas establishedby
wet air displacement We used wet air instead of dry air because it was found that the
distributionof initialwater saturationestablishedby dry airmay not be uniform.Wet airwas
prepared by forcing air to pass through a l. O!lOwtbrine before enteringthe core sample.
The initialwater saturationwas determined by direct weighing. Since it is difficult to
establishlow initialwater saturation(say 100/o)in Berea by only wet air Cli.splacemen&we
used dry air displacement following wet air displacementin order to establisha low initial
water saturation. Then, wet air displacement was implemented again and the water
saturationin the core increasedslowly.The displacementdirectionwas changedfrom time
to time in order to make the distributionof initi water saturationmore uniform. We
stopped airdisplacementonly afterthe desiredinitialwater saturationhad been established.
Following that the core was saturatedwith FC722 in the presence of initialwatersaturation.
A&a certainagingperio~ the chemicalwas removed by wet airdisplacementat a veloci~
less than that for establishingthe initialwater saturation.Care was taken to avoid water
production. The imbibition testswere then performed usingthe apparatusshown in Fig. 3.

For measuringgasphase relativepermeabilitybefore and afterwettabili~ alteration,the core
was first saturatedwith oil (normal decane). The absolute permeabili~ of the core was
measured.The airdisplacementin the core without the chemicaltreatmentwas then carried
out in the verticaldirection at room temperaturewith a confining pressureof 500psi. The
airwas passed through the oil before enteringthe core sampleand its pressureat the inlet
was kept at 3.Opsiwhile the outletwas open to the atmosphere. Oil recovery, residualoil
saturation,and end-point value of gas phase relativepermeabilitywere measured.The oil
relativepermeabili~ was also calculatedat low oil saturations.After the air displacement
without chemical treatmeng the core was cleane~ dried, and treated by 2.0?40v.ctFC722.
Following tha~ the core was saturatedwith oil. Air displacementwas performed again.Oil
recovery, residualoil saturation,andgasphaserelativepermeabilitywere thenmeasured.

Imbibition and Drainage Traditionally,spontaneous imbibition tests are conducted by
immersing the core samples saturatedwith one liqy.id in another one. This type of
irnbibition is countercurrent imbibition. For water imbibition in oil-water systems, the
traditionalmethod for performing imbibition has an unavoidable disadvantage;one may
have to remove the produced fluid on the rock surfacefrom time to time.Berea and ch~
without chemical treatment are strongly liquid-wet in gas-liquid systems. The early
spontaneous imbibition may also be too rapid to record the data accurately.This classic
method is difficultto implementin gas-liquidsystemsdue to the limitationdescribedabove.
The schematic of the apparatus used in our study for the measurement of liquid
spontaneous imbibition into an ai.i-saturatedrock (Bereaor chalk) is shown in Fig. 2. The
core sample was kept in a verticaldirection. When the bottom of the rock touched the
liquid (oil or water), the liquidwas spontaneously imbibed into the rock. The scale tlmn
recorded the change in weight of liquidwith imbibition time. The averageliquidsaturation
in the rock was caldated using the data from the scale.After the imbibition test the core
sample is weighed and the final averageliquid saturationin the core can be obtained from
the weight of the core. The experimentalimbibition data recorded by the scale was in
agreementwith the final liquid saturationdetermined by weighing. The readabilityof the
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scalewas O.Olg.When the nettabilityof the rock is alteredto neutral-wetor preferentially
gas-weg there should be no imbibition of liquidinto the rock.

In order to avoid errors due to evaporation,especiallyfor water imbibition measurements,
in the setup shown in Fig. 2, we developed a different approach to perform liquid
imbibition into the air-saturatedcore samples;the schematic is depicted in Fig. 3. The core
samplespressed stronglyby the heat shrinktubingwere kept vertically.The liquid level in
the containeris about 2 mm higherthanthe bottom of the core. The tubing from the valve
to the container is filledwith liqyidwhile the section from the valve to the bottom of the
core is empty. The liquid (oil or water) will rise and touch the bottom of the rock and
imbibe into the rock spontaneouslyafterthe valveis opened. The time when liquid touches
the rock bottom can be identifiedflom the plot of the weight change of the container vs.
time an abrupt changein the reductionrateof Iiquidweight occurs when liquidtouches the
rock bottom due to Liquidimbibition into the rock. The average liquid saturationand the
amount of liquid imbibed into the core is readilycalculatedthrough the data recorded by
the scale.

The equipment used to measureair permeability,liquid permeabti~, end-point gas phase
relativepermeability,and gravi~ drainageperformance is shown in Fig. 4. A confining
pressure of up to 3000psi may be applied in the Hassler type core holder. For air
permeabilitymeasurementin Ber~ the differentialpressurebetween top and bottom ends
is measuredusing a U-shape tube. A Validyne differentialpressure transducerwas used for
the chalk with an accuracy of tO.25’?40FS. Both draihage and imbibition tests may be
performed in the same setup. A pump is used to apply a confining pressure to the core
holder.

Entry Capillary Pressure The schematic of the setup for measuring entry capillary
pressure is shown in Fig. 5. When entry capillarypressure is small, it is measured by
adjustingthe height of the liqyid level referencedto the bottom of the core samplq in this o
case compressed air is not requiredto pressurizethe liquid. Otherwise, the entry capillary
pressure is measured-by applying air pressure to the liquid (see Fig. 5); the pressure is
determinedusinga Validynedifferentialpressuretransducerwith an accuracyof *0.25’XOFS.
Other components in Fig. 5 aresimilarto those in Fig. 4.

Results

We have conducted differenttestsin a capillarytube aswell as in Berea and chalk samples.
Following text discussesour experimentalresults.

CapiUaryTube Tests: Fig. 6a shows liquidrisevs. the concen~tion of FC754 (from the
treatmentprocess) for both the gas-oiland gas-watersystems;the liquidrise in the capillary
tube decreases with an increase of the concentration and then stays constant when the
concentration reaches around 0.2?Aowt.The reduction in the water rise due to wettabili~
alteration is much more pronounced than that of the oil. The contact angle can be
calculatedusing Eq. 2, Fig. 6b plots the computed contact angle vs. the concentration of
FC754 for the gas-oiland gas-watersystems.Note that the contact angleprior to treatment
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is about 50° for the gas-watersystemand about 0° for the normal decane-airsystem. This
figyre shows that the contact angle increaseswith the increase of the concentration; the
contict angleof the gas-watersystemsincreasesto about 90°ata concentration of about 0.1
percent. This implies that nettability of the gas-water-glasssystem has been altered to
intermediategas-wettingby FC754.The contact angle of gas-oil increasesto about 60° at a
concentration of 0.1 percent The wettabilhyalterationin the gas-watersystemby FC754 is
more pronounced thanthatin the gas-oil system.

The effect of the concentration of FC722 on the liquidlevel is shown in Fig. 7a for both
the gas-oil and gas-watersystems;liquidlevelin the capillarytube decreaseswith an increase
of the concentration.The effect of the chemicalconcentrationon the liquidlevel is reduced
when the concentrationis higherthanabout 0.1 percent The interestingobservation in this
figure is the fd of tie water level to negativevaluesin the capillarytube, which confirms
the nettability alterationinstead of the decrease of the surface tension. It is definitely
determined from Eq. 2 that the liquid height in a circularcapillarytube shown in Fig. 1
cannot be negativeby reducingthe surface tension. The only means to have a fall of the
liquid level is to alternettability from preferentialliquid-wetness(8 <909 to preferential
gas-wetness(0 E 900).Fig. 7b depicts the computed contact anglevs. the concentration of
FC722 for both gas-oil and gas-watersystems;the contact angle is calculatedusing Eq. 2.
This figure shows that the contact anglesof both gas-oil and gas-waterin the capillarytube
increaseswith the increaseof the concentration.The contact anglesof gas-waterand gas-oil
increase to about 118° and 60° at LO percent concentration, respectively.The wettabili~
alterationin the gas-watersystemby FC722 is much more pronounced than that in the gas-
oil system.

Berea Imbibition Tests: We measuredboth irnbibitionof oil and imbibition of water into
a Berea core saturatedwith air.The measurementsincludedBerea before and after chemical
treatment with FC754 and FC722, and with or without initial water saturation. We
conducted the testsin the setup shown in Fig. 2.

Fig. 8 plots the gas recovery by both oil and water spontaneous imbibition in an air-
saturatedBerea before and after treatmentwith FC754 and FC722 chemicals, respectively.
The gas recovery is representedby the fraction of GOB? (’gasoriginallyin-place). Note that
the residualgas saturationto oil is not the same as the residual~ saturationto water for
the untreatedBerw, the residualgas saturationto oil is about 38V0,and to water is about
44% (see Fig. 8). The residualoil saturationof Berea from water irnbibition is about 45
percentzo. The properties of the rock samples (Berea) used here are about the same.
Therefore, the main factor that influencesgas recovery by spontaneous liquid imbibition is
nettability.There is no relatedliteratureon the effect of wettabili~ on recovery in gas-liquid
systems. Oil recovery in oil-water-rock systems may increasewhen the nettability varies
from oil-wetting to water-wetfing in uniformly-wet porous media as summaxized by
Andersonzl. Other experimentalresultsfor rocks with heterogeneousnettability show that
oil recovery in weaklywater-wet reservoirrocks is sometimes greaterthan that in stiongly
water-wet rocksz. Compared with oil-watersystems,it seems reasonableto assumethat the
gas recovery by liquid spontaneous irnbibitionis greaterwhen rocks are more liquid-wet.
Based on the above analysis,one possible explanationfor the lower residualgas saturation
to oil is that the oil wettabili~ in gas-oil-Berea(GOB) systemsis stronger than the water
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wettabili~ in gas-water-Berea(GWB) systems.This hypothesis seems to be consistentwith
the previous contact angle measurementsin jp-oil and gas-watersystemswith capillary
tubes. Our resultsshowed that the contact anglethrough liquidphase in gas-oil systemsis
less thanthat in W-water systems.

Gas recovery by water irnbibitionin Berea treated (sample No.1) by FC754 is much less
than that in Bereawithout the chemicaltreatment(see Fig. 8). The spontaneousimbibition
is relatedto wettabili~, gasrecoveryby spontaneouswaterimbibition decreasesfrom l@id-
wetting to preferential~-wetness. Therefore, Fig. 8 demonstratesthat the wettabil~ of a
GWB system has been altered from strong liquid-wettingto somewhat intermediategas-
wetiess by FC754. The gas recovery by spontaneous oil imbibition in Berea (sampleNo.1)
when treatedwith FC754 is also less than that without the treatmentfor a GOB systq
demonstiting thatthe we~bility of the ~-oil-rock (&ma) systemhas been alteredto less
liquid-wetafter treatmentby FC754. Similarto the glasstube, the nettability alterationby
FC754 in a GWB systemis more pronounced thanthatin a GOB system.

Neither oil nor water imbibes into Berea (sample No.2) when treated by FC722 due to
nettabilityalteration.It can be seen from Fig. 8 that thenettabilityin both GOB and GWB
systemshas been alteredfrom strong liquid-wettingto intermediatewetting or preftiential
~-wetting by FC722. We will soon confirm that the nettabilitywas alteredto preferential
gas-wettingby measuringthe entrycapillarypressure.It can be seen from the resultsshown
in Fig. 8 that FC722 is more effective than FC754 for altering@e wembiliq in gas-li@d-
Berea systems.

The rate of spontaneous imbibition for both oil and water in gas-oil and gas-watersystems
is shown in Fig. 9 in units of GOB? per minute.It can be seen from this figurethat the rate
of spontaneous oil imbibition is somewhat higher than that of water imbibition in Berea.
The process shown in Fig. 9 maybe because of the strongerliquid-wettingin GOB systems
thanin GWB systems.We willdiscussliquidimbibitionratesin more detailkiter.

As described above, the Berea cores were treatedwithout initialwater-saturation.In order
to examine the influence of initialwater saturationon nettabilityalteration,we treated the
core after establishingdifferentinitialwatersaturations.The ~erimental resultsdepicted in
Fig. 10a show that there is no water imbibition in Berea (sampleNo.3) after wettabiliq
alteration by FC722 with initialwater saturationranging from O to 40.1 percent. The
imbibition process was completed after approximately20 minutes. The same irnbibition
resultswere obtained when we extended the test time to about 1000 minutes. Fig. 10a
shows that FC722 could alterrock wettabili~ in the presence of initialwater saturationin
gas-watersystems.

Gas recovery by water imbibition decreaseswith the increaseof inh.1 water saturationas
shown in Fig. 10a.The effect of initialwater saturationon imbibitionrateswas also studied.
Fig. 10b shows that imbibition rateincreaseswith the increaseof initialwater saturationat
an early stage of imbibition. We did not find literaturedata on the effect of initialwater
saturationon imbibition recovery and rate in gas-liquidsystems.Viksun~ et aLZ reported
that the rate of spontaneouswaterimbibition in stronglywater-wetrocks saturatedwith oil
migJt increase or decreasewith an increasein initialwater saturationfor sandstones and
chalks;the trend depends on the rangeof initialwater saturation.Our experimentalresults,
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as discussed above, show a consistent increase of initialrate with increasinginitialwater
saturation(see Figs. 10 and n). Oil and water imbibition testsat the initialwater saturation
of 50°\0were also performed without chemical treatment The same phenomenon as
describedabove was found (resultsarenot shown in Figs. 10 and 11).

Fig. lla shows that there is no oil imbibition in Berea (sample No.4) after nettability
alterationby FC722when initialwatersaturationrangesfrom Oto 40.5 percent This implies
that FC722would also alterrock wettabili~in the presence of initialwater saturationin gas-
oil systems.

Gas recovery by oil imbibition also decreaseswith the increaseof initialwater saturationas
shown in Fig. ha. The effect of initialwater saturationon oil imbibition rate is shown in
Fig. llb. The relationshipbetween oil imbibitionrateand initialwatersaturationat the early
and latestageof oil imbibition in gas-oilsystemsis the same as in gas-watersystems.From a
comparison of Figs. 10b and llb, it seems that in Berea the water irnbibitionrate is more
sensitiveto the initialwatersaturationthanthe oil irnbibitionrate.

Chalk Imbibition Tests: In order to verifj thatFC722 can alterthe nettabilityof different
rock types, Kansas chalkwas used to perform liquid (oil and water) imbibition tests with
and without chemical tremnent using the setup shown in Fig. 2. The gas recovery by
spontaneous oil and water imbibition in Kansas chalk (sample No.5) with and without
chemical treatmentby FC722 is shown in Fig. 12. Neither oil nor water imbibes into
Rums chalkdue to the wettabili~ alterationafterthe treatmentwith FC722. It can be seen
from this figure that the wettabili~ in a gas-water-chalk(GWC) or a gas-oil-chalk (GOC)
systemhas been alteredfrom strongwater-wetnessto intermediatewetness or preferential
gas-wetnessby FC722. The stateof nettabilityalterationwill be determinedmore precisely
later.

The imbibition characteristicsof oil and water in Kansas chalk is different from that in
Berea as shown in Fig. 13 (see also Fig. 9). Gas production rate by spontaneous water
imbibition in a GWC system is higherthan that by spontaneous oil imbibition in a GOC
systemat the earlystageof irnbibition.The process observed in Fig. 13 may be due to the
pore sttuctureof the chalk.The f6atureof oil and water,imbibition is opposite at the late
stage. It can also be seen from Fig. 12 that the ultimategas recovery by spontaneous oil
imbibition in a GOC system is greaterthan thatby the spontaneouswater imbibition in a
GWC system.This maybe due to the difference in wettabili~ of liquidphase in GOC and
GWC s@ns.

The comparison of gas recovery by spontaneous water imbibition in Berea with that in
Kansaschalkis shown in Fig. 14a.This figuredemonstratesthat the residualgas saturation
by the spontaneous water imbibition in Kansaschalkis about four times less than that in
Berea. Fig. 14b shows that the water imbibition rate in Berea is greaterthan that in chalk
duringthe earlyimbibitionprocess.

The residualgas saturationby spontaneous oil imbibition in Kansas chalk is about three
times less than that in Berea as shown in Fig. 15a, which has a similarcharacteristicsto
those of water imbibition in Bereaand chalk(see Fig. 14). Fig. 15b illustratessimilarresults
for oil irnbibitionrate as in Fig. 14b. It is note~ however, that the difference in oil and
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water imbibition rates is greaterin IGnsas chalkthan in Berea. Our residualgas saturation
,datain chalkreveala unique featurewhich has not been reported in the literature.

Berea Drainage Tests: The effect of nettability alteration on oil production by grati~
drainagewas studied using the apparatusshown in Fig. 4. The core sample was first
saturatedwith oil (normal decane).The absolute permeabilitywas then measured.A gravity
drainagetest was p~ormed without the chemical treatment at a confining pressure of
500psi.The production outletwas located 23cm below the bottom of the core because the
thresholdheight is about 35cm. After 5vity drainagewithout chemicaltreatment the core
was cleane~ drie~ and then treatedwith FC722. The gravity drainagetest was repeated
afterthe core was saturatedwith oil following tie chemicaItreatment Two sandstonecores
were used in the drainagetests. One (sample No.6) was treatedwith a low concentration
(0.18%wt) of FC722. The oil production by gravitydrainagein this core with and without
treatmentwith FC722 is presented in Fig. 16a. The incremenmloil recovery (OOIP) was
around 15 percent in the core treatedwith 0.18’10wt FC722 due to nettabilityalteration.

Another core (sampleNo.7) was tieated by a high concentition (2.O’YOW$of FC722. The
oil production by gravi~ drainagein this core with and without treatmentwith FC722 is
shown in Fig. Mb. The incrementaloil recovery due to the nettabilityalterationin the core
with the treatmentof 2.0 O/OWtFC722was around35 percent.

Oil production can be enhanced by treatmentwith FC722 (see Fig. 16). Incremental oil
recovery by grmity drainageincreaseswith the increase in concentration of FC722. Not
much analysiscan be made on the state of gas-wettingfrom the drainagetests due to
breakthroughof the gas at the core outlet The results,however, show that drainageand
imbibition processes have differentfeaturesfrom chemicaltreatment.

Preferential Gas-Wetting The zero imbibitionof oil or water in an air-saturatedcore after
wettabiliq alterationshown in Fig. 8 for Bere~ and in Fig. 12 for chalk does not establish
the ectent of wetibility alteration.A more precise test is the entry capillarypressure
measurement. Any positive pressure on a liquid entering an air-saturatedcore would
establishthe degree of preferentialgas-wettingof a tieated core. Entry capillarypressures
for both GOB and GWB systemswere measured after the treatnient of Berea sample
(sampleNo.9) with 2.O%wt FC722. The porosity and permeabili~ of this core are 19.5?40
and 616.7md, respectively.The en~ capillarypressureafler the chemical tieatment in the
GWB systemwas measuredby using the equipmentshown in Fig. 5; it is about 35cm of
water column. The pseudo contact anglecalculatedusingEq. 3 is around 95°.The measured
entry capillarypressurein the GOB systemis about 12cm oil column; the pseudo contact
anglecalculatedusingEq. 3 is around93°.

The entry capillarypressure in a North Sea chalk (sample No.1O) after treatmentwith
2.0?40wtFC722 in both GOC and GWC systems was also measured; the porosi~ and
permeabilityof this North Sea chalkwere 29.0’% and L47m~ respectively.The measured
entrycapillarypressurewas about 10.28 psi in the GWC system.The pseudo contact angle
calculatedusing Eq. 3 was around 94°. The water phase used in the measurementwas the
lYowt NaCl brine. The measured entrycapillary pressure in the GOC system was about
1.49ps~the pseudo contact angle calculatedusing Eq. 3 was around 92°. Note that these
two pseudo contact angles in both gas-oil- and gas-water-rocksystems, unlike the more
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direct measurementsestablishedbefore and the new one that will be discussed nq are
physicallylessrealistic.

We can also study nettability alterationby placing a droplet of water or oil on an air-
saturatedcore. Fig. 17 shows the fate of a droplet of water on the surface of an air-
saturatedBerea core before and after tieatment Fig. 17a shows that a droplet of water
imbibes into the rock instantaneouslyas soon as it is placed on a Berea core (sampleNo.1)
before chemical treatment An oil droplet also imbibes. On the other hand when a droplet
of water is placed on an air-saturatedBerea (sampleNo.2) which has undergonenettability
alteration with 2.O’YOwtFC722, the droplet forms a shape that is compatible with its
nettability. Fig. 17b shows that a water droplet forms a contact angle of about 12Y
indicatingstrong preferentialgas-wetdng.When a water droplet is placed on a Berea treated
with 0.18’?40wtFC722, the contact angle is around 120° (see Fig. 17c). & expected the
treatedBerea does not imbibe anywater.Fig. 17d shows a droplet of oil on an air-saturated
Berea (sample No.2) treated by 2.0?40wtFC7Z, od does not imbibe into the rock. This
figureshows that the contact anglethrough the oil phase is less thanthat in gas-wat~-rock
systm, the measuredcontact anglethroughthe oil phase is around 60°.

Fig. 18a shows a droplet of water (or od) on the top of an air-saturatedchalk (sample
No.8) without chemicaltreatmentwater (or oil) imbibes into the rock instantaneouslywhen
it contacts the rock. After the treatmentwith 2.0°/owtFC722, water does not imbibe into
the rock (sampleNo.8) as shown in Fig. 18b; the contact angleis around 120°through the
water phase. Fig. 18c shows a droplet of oil on the chalk (sampleNo.8) treatedby 2.0°\0wt
FC7~, oil does not imbibe into the rock. It can be seen in Fig. 18c that the contact angle
in GOC systemsis less than that in GWC systems;the measuredcontact anglethrough the
oil phase is also around 60°.

The resultsof the simple tests shown in F@. 17 and 18 also provide a strong evidence
of wettabili~ alterationto preferentialgas-wetting.

Thermal Stability of Chemicak To demonstrate the thermal stabilityof FC722, a Berea
was saturatedwith FC722 at room temperature.After removing the liquid chemic~ the
core was dried and then heated to a temperatureof 21O”Fand maintainedfor around two
hours. Neither water nor oil imbibes into this core when saturatedwith ti, the imbibition
testswere then peformed at room temperature.Therefore, FC722 appearsto possess good
thermalstabilityunder these conditions.

Longevity of Chemicak The longevi~ of FC722 was studied by oil displacementand gas
displacement in the treated core. One Berea sample was treated by FC722 and saturated
with oil after itwas dried.The core was driedagainfollowing 100PV of oil displacementin a
single phase state.Then both water and oil imbibition testswere performed. It was found
that there was neitherwater irnbibitionnor oil imbibition in the core after 100PV of oil
displacement The same procedures were repeated after about 10,OOOPVof gas
displacement Neither water nor oil imbibed into the air-saturatedcore. The core was then
left in the air for approximately4 months; there was stillno liquidimbibition. The above
resultsshow thatFC722 tight be suitablefor permanentnettabilityalteration.

Effect of Chemical on PerrneabiliqcIn order to studythe effect of chemicaltreatmenton
rock prope~, the permeabilitiesof both Berea and chalk samples before and after the
treatment with FC722 were measured using file. The setup used to measure the rock
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permeabilityis shown in Fig.4. The permeabilitiesof two Berea cores (samplesNo.7 and 9)
without chemical treatmentwere 975 and 616md, respectively they varied to 938 and
592md afier it was treatedby 0.18’?40wtFC722, respectively.The permeabili~ of the North
Sea chalk (sampleNo.1O) changed from 1.47md to 1.18md after it was treatedby 2.OYOwt
FC722. The above experimental results show that there is no significant permeability
reduction in Berea or chalksamplesaftertreatmentwith FC722.

All the tests describedabove confirm that the nettabilityof porous media can be zilteredto
preferen&dlygas-wet and the wettabili~ alterationis permanent Furthermore,there is no
significantreduction in permeabilityafter the wettabili~ of porous media is altered. In the
followin~ we will discussthe measurementof gas and liquid relativeperrneabilitiesof the
treatedand untreatedBerea to confirm the resultsflom our theoreticalwork presented in
Re~ 1.

Effect of WettztbilityAlteration on Relative Permeability Gas well deliverabilityin gas-
condensate reservoirsis relatedto the relativepermeabilities.If the relativepermeabilities
can be increasedby wettabili~ alteration,the gas well production may be enhanced. Berea
(sampleNo.11) with lengthof 17.85cmand diameterof 2.48cm was used to studythe effect
of nettability akerkon on oil and gas phase relativepermeabili~, the permeability and
porosky of this core sampleare632.3mdand 20.5’Yo,respectively.

The measured fird oil recovery (OOIP) by gravitydrainageincreased fi-om 83.8 to 91.9’?40;
residual oil saturation decreased from 16.2to 8.1°\o;and end-point gas phase relative
permeabili~ increasedfrom 0.54to 0.95after the core was treatedwith 2.O’?40wtFC722.

Gas relativepermeabilityat an oil saturationof about 16.2’?40increasedfrom 0.54 to 0.89 and
oil relativepermeabilityat an oil saturationof about 27.1°\0increased from 0.025 to 0.030
after it was treatedwith 2.OYowtFC722. It seems that the effect of wettabili~ alterationon
oil and gas relativepermeabilitiessupports the network modeling predictions by Li and
Firoozabadil. An extensive effort to measure gas and liquid relativepermeabilitiesin the
entiresaturationrangeis currentlyplanned.

Conclusions

In addition to new data on residualgas saturationto oil and water imbibitio.nin strongly
liquid-wetch~ the following conclusion relatedto nettabilityalterationcan be drawn from
the work
L

2.

3.

4.

The wettabdity of gas-water-rocksystems can be alteredfrom stiong water-wetting to
intermediategas-wettingby FC754 and can be altered from strong water-wetting to
preferentialgas-wetdngby FC722.
The wettabili~ of gas-oil-rocksystemscan be alteredfkom strong oil-wettingto less oil-
wetting by FC754 and can be alteredfkom strong oil-wettingto~preferentialgas- wetting
by FC722.
The oil recovery and gas phase relative permeability in gas-oil systems could be
increasedby the treatmentof FC722 due to the wettabili~alteration.
FC722 is tiedy stableand seemsto altergaswettabili~permanently. ‘

122

_——. .——.—.—.



5.

6.

The gas recovery by spontaneous oil imbibition is greater than that by spontaneous.
water imbibition in both Bereaand Kansaschalk.
The gas recovery by both spontaneous oil and water imbibition in a Kansas chalk is
laxgerthanthatin Bere~

Nomenclature

D = diameterof core
blG height of liquidcolumn
k = permeability
L G length of core
P.= capillarypressure
PV c pore volume of core
r H radiusof a capillarytube
~ z porosity
0 c contact angle
0~ ‘ advancingcontact angle
OPG pseudo contact angle
0~= receding contact angle
6 n surfacetension
P G fluidviscosity
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Table k Data on Core Samples
Sample Permeability, Porosity, Length, Diameter, Pv, Rock type
No. md Yo cm cm ml
1 * 20.6 5.05 5.02 20.55 Berea
2 * 21.8 5.06 5.02 21.82 Berm
3 * 22.8 4.93 5.00 22.07 Berea
4 * 22.2 5.00 4.98 21.65 Berea
5 * 25.0 5.30 3.71 14.32 IGmsaschalk
6 1089 21.9 18.9 2.64 22.65 Berea
7 975 21.3 18.9 2.64 22.03 Berea
8 * 24.8 5.11 5.02 25.06 Kansaschalk
9 616 19.5 18.15 2.53 17.81 Berea
10 1.47 29.0 12.55 5.03 72.47 North S= chalk
11 632 20.5 17.85 2.48 17.67 Berea
*: k = 500m~ k: k = 5md
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(a) Strongliquid-wet (0c900)

(b) Intermediate gas-wet (&90°)

Fig.1: Liquid

(c) Gas-wet (tb900)

level rise or fall in a capillary tube
atvarious nettability conditions
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Fig. 2: Instantsurfacecontact method for measuring

liquid imbibition into an air-saturatedrock
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Berea and chalk sampleswithout chemicaI treatment’
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(b) 2.0% FC722 (k=975md)

Fig.16: Oil recovery by gravity drainagewith andwithout
treatmentof Berea with FC722
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(a) Water (withoutchemical treatment)
-.

(b) Water (treatmentwith 2.0% FC722, 6=1250)

Fig. 17: Liquid dropletson the surface of the air-saturatedBerea
before andaftertreatmentwithFC722
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(c) Water (treatmentwith 0.18% FC722, f3=1200)

(a?)Oil (treatmentwith 2.0% FC722, &600)

Fig. 17: Liquid dropletson the surfaceof the air-saturatedBerea
before andaftertreatmentwith FC722(continued)
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(a) Water (withoutchemical treatment)

(b) Water (treatmentwith 2.0% FC722, (3=120”)

Fig. 18: Liquid dropletson the surface of the air-saturatedchalk
before andaftertreatmentwith FC722

142



(c) Oil (treatmentwith 2.0% FC722, &600)

Fig. 18: Liquid dropletson the surface of the air-saturated;halk
before andaftertreatmentwith FC722 (continued)

143

-.. .. ..7-.—,.,,, ;,:,,., ;-...-,.,.-..=.=. . ,.~-=,->-.-----=Tzz- ~. .T7?r



Part I - Molecular, Pressure, and Thermal
Diffusion Flux in Non-Ideal
Multicomponent Mixtures

KASSEM GHOmYEB AND ABBAS FIROOZABADI

1 Summary

A formalism based on powerful concepts of thermodynamics of irreversible processes is
derived for calculating multicomponent diffusions flux both at the critical point and away
from the critical point. The derivations are based on the entropy balance expression
combined with the phenomenological equations and the Onsager reciprocal relations. The
formalism results in a clear expression for the thermal contribution in the diffusion flux for
non-ideal multicomponent mixtures. An analysis of the diffusion flux at the critical point is
also performed. This analysis reveals that unlike isothermal and isobaric conditions where
molecular dif7usion flux is zero, molecular difhsion flux is iinite and nonzero at the critical
point. The thermal contribution in the diflusion flux is also finite at the critical point in
multicomponent mixtures. This analysis shows that at non-isothermal conditions, dso at
non-isothermal and non-isobaric conditions, the composition gradient reaches idinity at
the critical point; therefore,
point.

the mole fraction plot vs. spatial coordinates has an inflection

2 Introduction

Multicomponent dfisions (molecular, pressure, and thermal) are important in a variety
of disciplines including oceanography, geology, metallurgy, material science, geophysics,
chemical engineering, and hydrocarbon resemoir engineering [1, 2, 3, 4, 5, 6]. The share
of molecular, pressure, and thermal difYusionto the total difEusionflux depends on the
non-ideality of the fluid mixture aud the imposed boundary conditions. Our motivation
for the study of the subject is the understanding of irreversible phenomena in hydrocarbon
reservoirs (cavities). An understanding of thermal, pressure, and molecular difhsion is
required to determine the distribution of various species of a hydrocarbon fluid mixture in
cavities with dimensions of the order of hundreds of meters and more. The fluid mixture
contains a number of components each having a significant amount; it can be at the
critical region in certain parts of a large cavity.

There is a vast literature on the subject of multicomponent molecular diffusion, pres-
sure diffusion (sometimes referred to as gravitational effect) and thermd,l diffusion (often
referred to as the Soret effect). The literature on thermal diffusion is, however, mainly
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limited to two-component mixtures. To the best of our knowledge, there are no reported
measured thermal diflusion factors (which are a measure of thermal diffusion) for a single
ternary mixture or higher mixtures. This may be due to the lack of proper formulation
of thermal diffusion flux in multicomponent mixtures.

Multicomponent molecular diffusion flux has been established to be zero at the critical
point for both binary and muhicomponent mixtures at isobaric and isothermal conditions
[7, 8,9,10, 11] (throughout the study our focus is gas-liquid critical point). One purpose
of this work is to establish the formulation that allows the determination of molecular
d.iflision flux at the criticzd point for 1) isothermal and non-isobaric, 2) non-isothermal
and isobaric, and 3) non-isothermal and non-isobaric conditions. We are also interested
in determining thermal difFusionflux”at the critical point for multicomponent non-ideal
mixtures.

The behavior of the thermal difhxs.ioncoefficient for binary mixtures in the critical
region has been subject of several studies in the three last decades [12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28]. It has been shown using the mode-mode
coupling analysis [24, 25] that thermal diffusion coefficients of a binary mixture have a
finite value at the critical point. It is of interest to examine the finiteness of thermal
difhsion at the critical point for multicomponent mixtures. In this work we show, by
simple analysis of the difFusionflux for non-ideal binary mixtures, that the compositional
gradient becomes infinity at the critical point. We extend our analysis to mu.lticomponent
non-ideal rr+xtures and show, for the first time, that the composition gradient of all the
components undergo an inflexion point.

The cross effects characterize molecular difhsion ahd to a larger extent thermal difEu-
sion in multicomponent mixtures. When those effects are signticant, concentration gradi-
ents may change radically. To be specific, consider binary mixtures of methane(C1)/ethane((
methane(C1)/propane(C’3) and methane(C1)/n-butane(nC4), where experimental thermal
diffusion data are available [21, 27, 28]. In aIl those methane binaries of C1/C2, CI/C3,
and C1/nC4, methane segregates to the hot side at isobaric conditions. On the other
hand, in a ternary mixture of C1/C2/nC4, methaue may segregate to the cold side [29].
The segregation of methane in binary mixtures to the hot side and in a ternary mixture
to the cold side implies that one may not use effective thermsl diffusion factors to study
thermal diflnsion in ternary and higher mixtures in a non-isothermal process.

Cross-molecular diffusion coefficients have also been shown to be important in some
ternary and higher mixtures. Lsme et al. [30] investigated the stabili~ of a horizontal
layer heated from below iilled with a water-isopropanol-ethanol mixture. The authors
neglected the cross-molecular diffusion coefficients and assumed that the thermal diffusion
factor of a given component could be expressed as the sum of the therrmd diffusion
factors of the binaries consisting of this component and the two others, respectively. The
model results do not, however, agree with the experimental data. A similar conclusion
has been reported by Krupiczka and Rotkegel [31] who investigated mass transfer in
ternary mixtures of isopropanol-water-air and isopropanol-water-helium. Considerable
discrepancies between experimental data and theoretical predictions were observed when
cross-difFusion terms were neglected.

The main goal of this paper is to present a consistent and clear formulation of difhsion
flux expression for multicomponent mixtures. We include difFusion processes due to 1)
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molecular, 2) pressure, and 3) thermal effects for complex near-critical mixtures, The
derivations are based on the powerful concepts of irreversible thermodynamics. Part of
our derivations are somewhat similar to those of de Groot and Mazur [32] and Haase
[7]. However, these authors have not attempted to present a complete formulation of
multicomponent diffusions. We will repeat some aspects of the work of these authors for
completeness in advancing concepts.

3 Phenomenological Equations

In a mixture consisting of N components (N ~ 2), where there is no heat generation,
viscous dissipation, or chemical reaction and where the only external force ~ is the gravity,
the entropy production strength CT(entropy production per unit time and volume) can be
written as (see de Groot and Mazur [32])

(1)

where ~q is the heat flux, T is the temperature, and ~k, fik, & are the molecular weight,
the chemical potential, and the diffusion mass flux relative to the mass average velocity
of component k, respectively. A different form of the entropy production can be obtained
by using

(2)

(3)

where n - (?z~,?zZ,....nk,....n~), nkis the number of moles of component k, and ~ is the
pressure. The subscript T implies that the gradient is calculated at constant temperature.
The Gibbs free energy G is given by

(4)
k=l

and, the Gibbs-Duhem relation reads

where S and V are the entropy and the
Eq. (5)

= –SdT + VdP, (5)

total volume of the mixture, respectively. From

6’/@Sk = ‘~ , k =1, .... N,
n,P
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where ~~ is the partial molar entropy of component k. The partial molar enthalpy of
component k can be expressed by

Hk = pk _-!_TSk, k = 1, .... N. (7)

From Eqs. (6) and (7)

@kHk= /.4k-T~ , k =1, .... N.
n,P

Eqs. (l), (3) and 8 imply that

(9)

~#=l(~k/~~)~ is the tr~sfer of heat due to diffusion. By introducing a new heat flux
expression defined as

. . Eq. (9) becomes

(lo)

(11)

~om ~~=1 ~k = O, one can write the entropy production strength as a function of the
diffusion mass flux of only N – 1 components. Eqs. (11) then reads

The phenomenological
Groot and Mazur [32])

(12)

equations for heat flux and diffusion flux are, therefore, (see de

(13)

respectively. b Eqs. (13) and (14), L~q, Lqk, L~q, and Lik are the phenomenological
coefficients (see Onsager [33, 34]). The fact that the entropy production strength o is
>0, puts conditions on the sign of some, and on the relationships between some other
phenomenological coefficien~s. The main theme of this study is the diffusion flux and,
therefore, we wiIl focus on Ji.
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4 Diffusion mass flux expression

Let M, n and xj denote the total molecular weight (M = m/n, where m is the total
mass), the total number of moles (n = Zfl=l n~), and the mole fraction of component j
(Zj = nj/n), respectively. The Gibbs-Duhem expression given by Eq. (5) can then be
written as

Let Xj and x denote
Xj - (Z,, ...,Zj_~,~j+~,...}~l)l)

and
X - (~~, ...,~N-~) ,

respectively. Then @TPk can be written as

(15)

(16)

ST (Pk/k?k – /JN/MN)which appears in Eq. (14) can be expressed as (using Eqs. (15)
and (16))

By combining Eqs. (14) and (17), the diffusion mass flux becomes

‘;~Lik~(M:zN+~)y ~ Tp+zi
k–l j 1=1 xl, ,

~ N-1

[

1 apk N–1
Xj apj M 19P+ E MNxN ap

“T

_T ~ Lik Mk ap
X,T j=l

—— — —
k-l MNXNp

i=l>..., l–l.

Terms (api/~~j)xj,T,P and (@@P)xj,T can be written aS (see F~oozabadi [6])

(17)

(18)

(19)

(20)
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where $i, and ~ are the i%gacity and the partial molar
tivel~ they can be obtained using an equation of state.
using Eqs. (19) and (20) is

{

.hLfiX~kfNXNL& VT’
$ = – ‘mii

~i$i~NxN _kf.l!?L.i.i F

volume of component
The new form of Eq.

i, respec-
(18) after

-,
i=l, ...7 N–L

Let

DiN =
M3RLii

i=l, ....1.l,
pM~kf~xixN ‘ ,
.kfixi&fN%N.L~q

hi = MRTLii . = ‘TixixN’
i=l, .... N–1,

where hi and ~T~ denote the thermal difFusion ratio and the thermal diflusion

(21)

(22)

(23)

(24)

factor

of component i, respectively. An important results of this work is the simple expression
for the thermal diffusion factor of multicomponent mixtures given by Eq. 24 (that is,

hi = ~~i~i~”). For a binary mixture, the coefficient a12 is equal to M’1M2/ll@ and
?@l = ~Tl~l (1 – Zl). The expression hi = ~~i~i(l –~i) has been used erroneously in the

literature (35. 361 to remesent the thermal diffusion ratio in multicomponent mixtures.. . .

For an idea binary mixture, the molecuIar diffusion coefficient reduces to a12D12;the non-
ideali~ could, however, be incorporated into U12D12by multiplication with ~ in $1/~ in Z1;
that is, the molecular difFusioncoefficient is equal to a12D12(~ in fl/6’ lnzl).

From Eqs. (21) to (24),

~lRfj
t3xl

+Xl +
X1,T,P

i=l, .... N–1.

We define the following column vectors and matrices

(25)

.
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[Lij]s -hj ij = 1, .... N – 1,

[%]sai~%&j i j = 1, .... N – 1,

[Mu]~ *&j ij =1, .... N – 1,

~jxj f &fNzN6~j
[W~j] ~ ~ ~>~=1~ ““”>N–13

~

[Fij] ~ ~ i,j=l, .... N-1,
j Xj,T,P

[V=] - @x, i =1, .... N-1,

hi
[KTi] ~ ~ i =1, .... N-1,

[v,] = &
[
~Xj~+”~xN~-~ 1 i=l, ....1. l,
j=l i

to write the expression for diffusion fhm in the vector form

J = –p (D.M.L.W.F.VX+msT W + Dmm.v 5P).

Let

DM = D.M.L.W.F,

DT = D.KT,

and

Dp = D.M.L.V;

then the expression for diffusion flux in a compact vector form is

J = –p (D”.VX +DT ~Z’+ Dp 5P) .

(26)

(27)

(28)

(29)

(30)

On the right side, the first term represents molecular diffusion, the second term represents
thermal diffusion, and the third term represents pressure diflusion. The elements D,#,
D? and D: are given by,

“. -

i,l=l, .... N—1, (31)
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‘l’he dithsion flux of component i, i = 1, .... N – 1, in a mixture of N components is
a function of the composition gradients of N – 1 components and of temperature and
pressure gradients as well. The moIecular diffusion coefficients .D#, i, 1 = 1, .... N – 1
(including D#) are functions of the phenomenological coefficients Li~, k = 1, .... N – 1
and of the quantities (6’ in ~j/6’zz)Xl,~,P, 1= 1, .... N– 1, as well as the mole fractions. The
molecular diffusion coei%cient DZ~cannot be generally assumed to be the binary molecular
diffusion coefficient measured in binary mixtures of components i and N. Likewise, the
thermal difEusionratio ~;, for component i is not the same in binary and ternary mixtures,
even at the same pressure, temperature, and mole fraction of component i.

From Eq. (27) one can deduce the relation between the phenomenological coefficients
and the moleculaz diffusion coefficients, which reads

L = (D.M)-’ .D”. (W.F)-’ . (34)

Using the reIation [A.B]T = BT.AT (AT is the transpose of A) and the fact that L is
symmetric (the Onsager reciprocal relations [33, 34]) and that D.M is a diagonal matrix
([D.M]T = D.M; D and M are both a diagonal matrix), one obtains the following

relationship between DM amd DMT

DMT=( W.F)T .D”. (W.F)-l . (35)

Eqs. (34) and (35) are valid provided det (W.F) # Owhich implies that det (W) # Oand .
det (F) # O (det (W.F) = det (W). det (F) ). From Eqs. (34) and (35),.

L.W.F = D-1. M-1.DM (36)

and

DMT.W.F = (W.F)T .D”, (37)

respectively. One thus obtains the equations relating the phenomenological coefficients to
the molecular diffusion coefficients (horn Eq. (36))

and those relating the diffusion coefficients to each

ij=L -~ N—L (38)

other (horn Eq. (37))

!5!5‘kxk‘p6’k y D~, i,j = 1, .... N– 1. (39)
1=1 ‘4 ‘i xi3T3P

The (N – 1)2 relations appearing in Eq. (39) are not all independent. For i = j the ‘
two members of the equali~ are identical.. This means that the number of independent
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relations reduces to (N – 1)2 – (N – 1). Furthermore, by replacing i with j and j with
i in Eq. (39), one obtains the same equations. Thus, the number of independent equa-

tions relating the molecular difEusioncoefficients reduces to [(N – 1)2 – (N – I)] /2, and

then the number of independent molecular diffusion coefficients reduces to (N – 1)2 –

[(N-1)2- (N-1)] /2= N(N-1)/2.

4.1 Exa.rnple I : binary mixtures

For binary mixtures, Eq. (30) reduces to (after substitution a12= lkf1A42/&f2)

The above equation appears in Bird et al. [37].

4.2 Example II : ternary mixtures

We focus now on a ternary mixture since it is the simplest mixture for which the Onsager
reciprocal relation (that is, Eq. (39)) can be applied. Multicomponent mixtures with more
than three components are logical extensions of a ternary mixture, differing primarily in
algebraic complexity. Let

Mlxl + M3X3
c1 =

Ml
f12 + x2f22>

‘M2X2+ M3Z3
Q = Xlflz +

M2 f22,

MIZ1 -!-M3X3
C3 =

Ml
fll + x2f21,

M2X2+ M3XS
C4 = Zlfll +

M2 f21,

(41)

(42)

(43)

(44)

where fij s (~~ f~/8zj)xj,T,Po For ternary mixtures, Eqs. (31-33) then read (Lii > O;

this results from the fact that the entropy production o a O, see De Groot and Mazur
[32]).

DE = a13D13
%HC3+C42)

DE = a13D13
%%+%),

D: = a23D23
%F(C4+C%)

DE = a23D23
%%+%)

D? = a13D13~,

kTz
D; = aBD23F,
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(49)
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[

Mlxl Mlxl + M3X3 -
‘Df’ = a13Dl~m V1+Z2V2–; +

Ml

(M2X2+ iU?3x3-

)1

M Llz

M2
V2+X1V1– — —

p Lll ‘
(51)

[

M2X2 M2X2+ M3X3-
D: = a23D23m

Mz
V2+X1V1–$+

(

Mlxl + M3x~ -

.)1

M $21
/ Ml

V1+X2V2– — —
p L22 “

(52)

Eqs. (38) and (39) imply

(Mlxl + M3X3

)(

M2X2+ M3X3

Ml flj + x2f2j Lli + xlflj + M2 fzj) Lzi

i,j = 1,2,

and

(MIZ1 + M3X3

Ml flj+x2f2j)D~+(x’ flj+M2x2;?x3f2j)D$ =

(

MIX1 + M3X3

Ml fli+x2f2’)D$+(xl f’i+M2x2;?x3f2i)D:

i1~=~32j

respectively. From Eq. (53),

pM3x3D~
C3L11+ C4L21 =

R 119

CIL1l+ C2L21 = PM3x3 M
~D12 ,

pM3x3 *
C3L1Z+ C4LZZ = ~D21 ,

C1L12+ C2L22 =
pM3x3 M

~ D22,

Provided that det (W) # O and det (F) #O, one obtains

Lll =
pM3x3

( )c2D~ —c4D~ ,
R (C2C3– C1C4)

L21 =
–pM3x3

R (C2C3– C1C4)( )clDfl —c3D~ ,

L12 =
pM3x3

R (C2C3 – C1C4) ( )
c2D#f —c4D~ ,

L22 =
–pM3x3

R (C2C3– C1C4) ( )
c1D2~—c3D~ >

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(W3 – C1C4 = det (W) det (F)). For i = j the two members of Eq. (54) are identical,
Furthermore, by repalcing i by j and j by i in Eq. (54), one obtains two identical
equations. Eq. (54) thus reads
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Similar relations between the molecular WYusion coefficients have been reported by de
Groot and Mazur [32] and Haase [7]. Eqs. (60), (61) and (63) are not independent. By
combining Eqs. (60) and (63) one obtains Eqs. (61) (that is, L12 = L21).

5 Critical point

Let us present features of multicomponent diffusion at the critical point. We start by
presenting the problem in the general case of N components. Then, we discuss in more
detail the case of binary mixtures. One of two criticality conditions reads [6,8] det (F) = O;
which implies

det (D”) = O (64)

at the critical point. Eq. (64) provides the well known result that in a binary mixture the
molecular dtiion coefficient D~ vanishes and that for a mixture of N >3, and that
the diffusion coefficient determinant vanishes at the critical point. From Eq. (64),

()ra~ DM ~N–2. (65)

Let us discuss the case of equality in Eq. (65) (the same reasoning applies in the general
case); at isothermal and isobaric conditions, one has only N—2 independent difhsion mass
fluxes: $, i =1, .... N – 2; ~~.l and ~N are linear combinations of the N – 2 remaining
independent diffusion mass fluxes. This implies that there exist constants cq, .... &N–z
such that

= ~~jD~,qL)i j_l i=l, . . . . N–1. (66)

Therefore, at isothermal and isobaric conditions

(67)

(Let Di = D#f, ....
)‘z$ii-z) , ~= ~, .... N – 2; and A = (al, .... ~N_z). Eq. (66) reads

‘/K-l)i = A.D~, i=l, ....l–l. (68)

Let D~_l =
(D&_ql> .... )‘~–l)(N-2) I [1and, D? = DZ~ )~~~=L.,.yN-2.

det (D~) # Osince rank (D~) = N – 2. One thus obtains

A = (D~)-l .DN_l
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which allows the determination of A knowing the molecular difFusion coefficients. For
i = N -1, Eq. (68) reads

q!$-l)(iv-1) = A . D~_l.

Eqs. (69) and (70) imply

qJLl)(N-1)= [(JWIDN-:]DN-l;

(70)

(71)

at the critical poir$, in addition to the results from the reciprocal relations in Eq. (39),
there exists one more relationship between the diffusion coefficients. This means that, for a
ternary mixture for example, two molecular diffusion coefficients, say the mutual difFusion
,coefiicients, describe molecular difhsion flux. For ternary mixtures, (Dz~D2~ —D~D2~)
vanishes at the critical point. Experimental support can be drawn from the work of
Vitagliano et al. [38] for a water-chloroform-acetic acid ternary mixture. Analysis of
difFusionin ternary mixtures at the critical point has also been made by Taylor and Kr-
islnan [8]. The authors show that the criticality condition establishes a relation between
the molecular diflmion coefficients. The combination of the criticali~ and the Onsager re-
ciprocal relation implies that, for a ternary mixture at the critical point, only two difision
coefficients axe independent.

If we consider a multicomponent mixture at isotherrmd conditions and neglect the
pressure gradient, at the steady state one obtains D“.VX = O, which implies Vx = O
unless det (D”) = O. This means that at isothermal and isobaric conditions at the
critical point, the steady state may be reached with compositional gradients in the system.
However, away fi-om the critical point the mixture is, in principle, homogeneous. At
isothermal and non-isobaric conditions at steady state, Eq. (30) reduces to

D“.VX + Dp~P = O. (72)

The solution of this equation can be written as

+Xi= ‘9P
det @i]

det (D”)”
(73)

where Bi, i = 1, .... N– 1 is the matrix DM with column i replaced by column vector Dp.
Dp~P is, in principle, different from zero at the critical point; so is det (Bi). From Eqs.
(64) and (73), one may deduce that Vx reaches infinity at the critical point. The mole
fraction plot vs. the vertical coordinate for each co~ponent ~as an inflection point at
critical conditions. The same reasoning applies when VP and VT are both diiferent from
zero. This is discussed in more detail, for binary mixtures, in the following subsection.

5.1 Binary mixtures

One of the two criteria of criticality reduces to (~ in ~1/8 lnz&P = Ofor binary mixtures.
The coefficient D12 = (~3&l) / (p~M~zIzz) has, generally, a ilnite value at the
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critical point [II]. The molecular diffusion coefficient D~ = a12D12(0 in fl/~ in zl)~ ~
thus vanishes at the critical point which has been established by various authors; ‘it
decresses asymptotically when one approaches the critical state (see, for example, Haase
[7], Taylor and Krishna [8], Ackerson and Hanely [10], Kiselev and Huber [15], Luettmer-
Strathmann and Sengers [18], Cheng et al. [20] and Sakonidou et al. [21]). With regard
to the thermal d.iflusion coefficient, it is well established, using the mode-mode coupling
theory that this coefficient has a finite value at the critical point [24, 25, 17]. In the
following, we discuss the behavior of diffusion in a binary mixture at the critical point for
1) isothermal and non-isobaric, and 2) non-isothermal and isobaric conditions.

For a binary
state reduces to

mixture at isotherm~ and isobaric conditions, Eq. (40) at the steady

(74)

which is valid for any value of the composition gradient ~Z1.
Let us now consider a binary mixture at isothermal and non-isobsric conditions. It

should be mentioned that the contribution of the pressure gradient in the diffusion mass
flux has often been neglected in the studies treating diffusion in multicomponent systems.
At steady state, Eq. (40) reduces to

(75)

Since ~-p # O (say horn gravity), and since (VI – Ml/p) has generally a finite value

different from zero, (a in jl/a in Z1)~,P ~Z1 must have a finite value. The fact that

(a b ~@.@*p vanishes at the critical point, implies that ~Z1 should be iniinity at this
point. Fig. 1 sk&ches the compositional variation in the critical region in a one dimen-
sional vertical medium with a critical point at height Z“. Although @in f@ in ~1)=,~ ~ O

and ~Z1 ~ M when one approaches the critical point, their product is a iinite value.
The same reasoning can be applied at non-isothermal and isobaric conditions. In that

case, at the steady state, Eq. (40) reduces to

(76)

The product (a in ~l/a in ~&,p ?z1 can be tite and non-zero at the critical point where

(aln jl/a ln~l)~,p = O; this may occur when @zl + cm. Therefore, at the critical
point for a finite temperature gradient, klT may also have a finite value. Note that this
analysis is provided on very simple terms. Next, we discuss in more detail the finiteness
of the thermal difhsion ratio klT in view of some results presented in the literature
[12, 13,14,15,16,17,18,19, 20,21,22,23,24,25,26, 27, 28].

Away fkom the critical point, the transport properties of a mixtures vary generally
slowly with temperature and composition. However, when the critical point is approached,

157

. . ..— .. -.. ---- .. . ..... . . .... -, ----—- --- .---- ..-. --- ... -—.--—. .-, .



—— .—.— _ .——

the transport properties exhibit singular behavior. The diflWion flux for a binary mixture
can be written as

(77)

where p = P1/~1 – ~z/~z. Eq. (77) can be readily obtained from Eq. (14) (for N =
2) by replacing .LI1 and L~~ by –TCY and ~ (@ – a (Op/~)Zl,P), respectively. In the
critical region, coefficients a and ~ can be separated into background values and critical
enhancements [24, 25]

where kB, $, and ij are the Boltzmann constant, the correlation length divergent at the
critical point [17], and the shear viscosity, respectively; The subscript b denotes the part
of the transport coefficient which is not affected by criticality (the. so-called background

- value); da and d~ are the critical enhancements of a and ~, respectively. Away from the
critical point, the transport coefficients are described by their background values. The
behavior of the transport properties in the region close to the critical point, has been
investigated by extending the concept of the critical point universali~ [17] to binary mix- ‘
tures (generalized isomorphism approach) [12, 14, 15, 17, 19, 20]. In the intermediate
region where the transport properties can not be described either by their background
values or by the the generalized isomorphisrn approach, the transport properties are inves-
tigated using a crossover approach [13, 15, 16, 18, 21]. Mode-mode coupling calculations
have ,been performed by Gorodetski [23] and Mistura [24, 25] to investigate the transport
properties in the critical region (see the summary in Anisimov et al. [17]). Rom Eqs.
(77), (78) and (79) one obtains

()ap
(h=– ~ dp.

P,p
(80)

It is shown [17, 23, 24, 25] that a and ~ diverge at the critical point. Furthermore,
those coefficients have the same power law when approaching the critical point [17]. The
coefficients a and @ are not directly measurable. To relate those coefficients to some
experimentally accessible properties (the diffusion coefficients), the dfision flux ~1 has
been expressed in terms of the diffusion coefficients as [17, 25]

z=-pD+xl+k’T3(81)

where D#
deilned by

is the molecular dif?ision coefficient and k~Tis the thermal difFusionratio (as
some authors [18, 21]); D: = D~k~T is the thermal diffusion coefficient. a, ~,
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DK, and k~~ are related by

(82)

(83)

It should be mentioned that Eq. (81) for the diffusion flux can not be extended to
multicomponent non-ideal mixtures.

Eqs. (78) and (82) imply that the diffusion coefficient Dff vanishes at the critical point
as ~-1. The thermal diflusion coefficient ,Df, however, has a finite value at the critical
point since the critical enhancementscompensate each other according to Eq. (83); the
coefficient k~T = Df/D~, therefore, diverges as & towards the critical point. This has
been supported by experimental data by Haase et al. [26].

Haase et al. [26], fi-om experimental data, claim that the thermal diffusion factor
@’ and the related quantities approach infinity in the critical state for binary mixtures.
However, the expression these authors use for the diilusion mass flux is not appropriate
for non-ideal systems. At steady state, by representing the gradients of temperature and
mole fraction by AT and AZ1, respectively, Haase et al. provide the following relation,
from which they calculate the thermal &ion factor using the experimental data

(84)

This expression ignores the thermodynamic factor (~ In ~1/~ in Z&,P which approaches
zero when one approaches the critical state. Thus, the coefficient ~T used by Haase et al.
[26] is in reality the thermal difEusionfactor divided by the thermodynamic factor.

In their investigation of the crossover behavior of the transport properties in the critical
region, Luettmer-Strathmann and Sengers [18] and Sakonidou et al. [21] used Eq. (81) -
to express the diffusion flux. Eq. (81) can be also written in the following form

(85)

From the comparison of Eq. (85) and Eq. (40) (for isobaric condition), one deduces that
the appropriate expression for the thermal diffusion ratio is klT = @~.fl/a~~l)~,P k~~.
Luettmer-Strathmann and Sengers [18] and Sakonidou et al. [21] used the mode-mode
coupling analysis to calculate the molecular diffusion and the thermal dif3!usioncoefficient
by fitting the crossover equation of the thermal conductivity to thermal conductivity data
in the vicinity of the critical point. These authors concluded that D#k~T reaches a finite
value at the critical point [18, 21]. Since D12 has generally finite value at the critical point,
the thermal diffusion ratio, kl~ should also have a finite value. Luettmer-Strathmann and
Sengers [18] conclude that D# vanishes at the critical point and that k~~, on the other
hand, diverges at the critical point. This conclusion is in agreement with our simple
analysis of Eq. (76)
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One could summarize then that at the critical point, 1) the molecular diflusion co-
efficient vanishes, 2) the thermal diilusion ratio reaches a finite value, and 3) the mole
fhction gradient reaches infinity with either temperature or pressure gradient or both;
that is, the mole fraction has an infiexion point when plotted vs. depth.

6 Concluding Remark

A general formalism is provided to describe multicomponent moleculsr, pressure, and
thermal diflision flux for non-ideal mixtures. The treatment is within the framework of
thermodynamics of irreversible processes. The formalism alIows us to evaluate thermal
difFusion factors for ternary and higher mixtures which has not been attempted in the
past (Firoozabadi et al. [39]). The general expression also allows the determination of
various difYusionprocesses at the critical point. One main conclusion of this study is that
molecular diffusion is ilnite at the critical point for non-isothermal, and for isothermal,
non-isobaric conditions.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

J. S. Turner, Ann. Rev. Fluid. Mech. 17, 11 (1985).

J. S. Turner, Buoyancy l?~ects in Fluids, (Cambridge Univ. Press, 1973).

J. S. Turner, Ann. Rev. Fluid. Mech. 6,37 (1974).

H. E. Huppert and J. S. Turner, J. Fluid Mech. 106,299 (1981).

W. R. Wilcox, Prog. Crystal Growth and Charact., 26,153 (1993).

A. Firoozabadi, Thermodynamics of Hydrocarbon Reservoirs, (McGraw-Hill, Blew
York, 1998).

R. Haase, Thermodynamics of Irreversible Processes, (Dover Edition, New York,
1990).

R. Taylor and R. Krishna, Multicomponen-t Mass Transfer, (John Wiley and Sons,
1993).

E. L. Cussler, Multicomponent Diffusion, (Elsevier Sci. Pub. Co., 1976).

B. J. Ackerson and H. J. M. Hanelyj J. Chem. Phys. 73,.3568 (1980).

“A. S. Myerson and D. Senol, AIChE J. 30, 1004 (1984).

P.C. Hohenberg and B.I. Halperin, Rev. Mod. Phys. 49,435 (1977).

J.V. Sengers and J.M.H. Levelt Sengers, Ann. Rev. Phys. Chem. 37, 189 (1986).

M.A Anisimov and S.B. Kiselev, Int. J. Therm. 13, 873 (1992),

160



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

..-.

S.B. Kiselev and V.D. Kulikov, Int. J. Therm. 15,283 (1994).

J. Luettmer-Strathmann and J. V. Sengers, Int. J. Therm. 15,1241 (1994).

M.AAnisimov, E.E. Gorodetskii, V.D. Kulikov, A.A. Povodyrevand J.V. Sengers,
Physics A. 220,277 (1995).

J. Luettmer-Strathmann and J. V. Sengers, J. Chem. Phys. 104 (8), 3026 (1996).

S.B. Kiselev, Fluid Phase Equilibria 128,1 (1997).

H. Cheng, M. Anisimov and J. V. Sengers, Fluid Phase Equilibria 128,67 (1997).

E. P. Sakonidou, H. R. van der Berg, C. A. Ten Seldam and J. V. Sengers, J. Chem.
Phys. 109, 717 (1998).

S.B. Kiselev and M.L. Huber, Fluid Phase Equilibria 142,253 (1998).

E.F. Gorodetski and M.S. Giterman, Sov. Phys., JETP 30,348 (1970).

L. Mistura, Nuevo Smento B 12,35 (1972).

L. Mistura, J. Chem. Phy. 62,4571 (1975).

R. Haase, K. H. Duckerj H. Buchner and J. Schwinum, Zeitschrift fur physikalishe
chemie 186, 113 (1994).

R. Haase, H. W. Borgmann, K. H. Duker and W. L. Lee, Z. Naturforschj Teil A. 26,
1224 (1971).

W. M, Rutherford and J. G. Roof, J. Phys. Chem. 63, 1506 (1959).

K. Ghorayeb and A. Firoozabadi, SPE paper 51932, also submitted to Society of
Petroleum Engineers Journal, January 1999.

J. P. Larre, K. K. Platten and G. Chavepeyer, Int. J. Heat Mass Trans. 40, 545
(1997).

R. Krupiczka and A. Rotkegel, Chem. Eng Sci. 52, 1007 (1997).

S. R. de Groot and P. Mazurj Non-Equilibrium Thermodynamics, (Dover Edition,
New York, 1984).

L. Onsager, Phys. Rev. 37,405 (1931).

L. Onsager, Phys. Rev. 38,2265 (1931).

L. J. T. M. Kempers, J. Chem. Phys. 90, 6541 (1989).

S. Van Vaerenbergh and J. C. Legros, Entropic 198/199,77 (1996).

R. B. Bird, W. E. Stewart and E. N. Lightfootj Transpoti Phenomena, (John Wiley
and Sons, New York, 1960).

161

.-. ----- .-—-... . .—,.,---- 7..*. ---- ----- - -. .,,>



I

I

[38] V. Vitagliona, R. Sartoria, S. Scala and D. Spaduzzi, J. Sol. Chem. 7,605 (1978).

[39] A. Firoozabadi, K. Ghorayeb and K. Shukla, submitted to J. Chem. Phys., April
1999.

I

162



x

-y

.--------------------- ----

----------

I t

I I1 tI 1I II t, I
, t

Figurel: Sketch of thecomposition vs.
isobaric process in the critical region.

~o
z

height for a binary mixture in an isothermal non

163

.. /–., -- -,-—,T7. ),, ,. -:- -T-K’..-..3:.::.s’.!!>: -’- ,j:,:>~: ; -. . ..—. ..-,



Part II - Theoretical Model of Thermal
Diffusion Factors in Multicomponent

Mixtures

ABBAS FIROOZABADI, KASSEM GHORAYEB

and KESHAWA SHUKLA

1 Summary

Unlike molecular diffusion, where expressions are avtilable for molecular diffusion co-
efficients in multicomponent mixtures, there are surprisingly neither measured thermal
diffusion coefficients, nor theoretical fhrnework for the estimation of thermal difhsion
coefficients in non-ideal multicomponent mixtures. In this work, we derive a theoretical
model for thermal diffusion coefficients in ideal and non-ideal multicomponent mixtures
(number of components> 3). Our model is based on the thermodynamics of irreversible—
processes and the molecular kinetic approach incorporating the explicit effects of non-
equilibrium properties, such as the net heat of transport and molecular diflusion coeffi-
cients, and of the equilibrium properties of the mixture. The equilibrium properties of
the mixture are determined from the Peng-Robinson equation of state. The net heat of
transport is expressed in terms of equilibrium properties and viscosity. h interesting
feature of the proposed model for the estimation of thermal diffusion coefficients in non-
ideal multicomponent mixtures is the dependency on molecular diffision coefficients. For
binary mixtures, such a dependency does not occur. The model successfully describes
thermal difFusion factors of binary mixtures for which experimental data are available,
even those in extreme non-ideal conditions and close to the critical point. Since ex-
perimental data for thermal difEusionfactors in multicomponent hydrocarbon mixtures
(number of components > 3) are not available, we are unable to test the accuracy of
our model in multicomponent mixtures at this moment. However, the model has been
found to be successful in predicting the experimental data of spatial variation of compo-
sition in a ternary mixture of n6’zg/nClfj/nClz, providing an indirect verification. The
model is used for predicting the thermal diflusion factors in a sti-component mixture of
C1/C3/nC5/nCIO/nC16 /C’2. The results show significant dependency of the thermal diffu-
sion factors on the distance to the critical point. Another interesting feature of the model
is that it demonstrates for the first time that there is no need to adopt a sign convention
for thermal diffusion coefficients in binary and higher mixtures. From thermodynamic
stabili~ analysis, it is shown that when the thermal diffusion coefficient is positive, the
component should go to the cold region in a binary mixture.
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2 Introduction

ThermaI diffusion or the Soret effect is important for the study of compositional varia-
tion in hydrocarbon reservoirs [I] and for separating isotopic mixtures [2], zunong others.
In this process, in a convection-fkee mixture a temperature gradient develops the cor-
responding composition gradient of the mixture constituents. Previous studies indicate
that thermal diffusion factors are sensitive to the details of intermolecular interactions,
size and shape of the moIecules, and their magnitude are governed by thermodynamic
conditions [3, 4]. In many mixtures, accurate measurement of thermal diffusion factors
is diflicult to perform because of the obscuring effect of natural convection. Experiments
in microgravity (10-5 of normal gravi~ g) have been proposed to alleviate the diiliculties
with convection [5]. Thermal MFusion factor data are sparse; they are available for some
binary mixtures only [6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17]. Recently, Zhang et al.
[18] have presented a detailed anslysis of the d.iilerent methods for measuring thermal
diffusion factors. Again, only binary mixtures have been considered.

Several theoretical approaches have been suggested in the literature to describe thermal
diffusion factors in binary mixtures with varying degrees of success. Important among
them are the models based on the kinetic theory of irreversible thermodynamics [19], the
phenomenological theory of irreversible thermod”jmunics [20], and the mtimization of the
partition function of two idealized bulbs [21]. These models were found to describe thermal

~ diffusion factors in some binary hydrocarbon mixtures only qualitatively because of the
several approximations involved in their formulations and calculations. In fact, thermal
diffusion factors from the above models incorporate only equilibrium properties and ignore
the dependence on the non-equilibrium properties. It is known that the thermal diffusion
factor is a non-equilibrium property, and its proper formulation requires the knowledge
of both the equilibrium and non-equilibrium properties.

Recently, Shukla and Firoozabadi [22] developed a new theoretical modeI for the pre-
diction of thermal diffusion factors in binary hydrocarbon mixtures using irreversible
thermodynamics. Unlike the previous models, their work incorporates both equilibrium
and non-equilibrium properties of mixtures. In that model, equilibrium properties are ob-
tained from the volume translated Peng-Robinson equation of state, while non-equilibrium “
properties are determined using the energy of viscous flow estimated from viscosity data.
The Shukla and Firoozabadi [22] model has been applied for the prediction of binary
thermal diffusion factors of several mixtures consisting of hydrocarbon species (C1/C3,
C’1/C4, CT/C12, CT/CIG), non-hydrocarbon species (Ar/COz, N2/C02, H2/N2, H2/COz),
and hydrocarbon and non-hydrocarbon species (C1/C02), for which experimental data
were available. Comparisons of theoretical resuhs with experimental data showed a good
performance of the model, except in the near-critical region (in the critical region due to
factoring the term (~ In~1/6’ in Z1)P,~ out in accord with the practice of the experimen-
talists, the model should not be applied in the fogn presented in Ref. [23]). The model
was also found to offer a significant improvement over the earlier models [19, 20] and was
able to predict the sign of thermal diffusion factors of the above mixtures to be consistent
with experiment.

The variation of thermal diffusion factors in three- and multicomponent non-ideal mix- ‘
tures may significantly differ horn those in binary mixtures. For example, experimental
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data of thermal difksion factors in binary mixtures CJC2, C1/C~ and Cl/CA show that
methane segregates toward the hot region [23, 24, 25], leading to a negative value of the
thermal diffusion factor of the first component, Cl (we will later show that there is no
need to adopt a sign convention for thermal diffusion factors). In contrast, in hydrocar-
bon reservoirs more methane has often been seen in the cold region (top of the reservoir)
[26, 27] (experimental data for thermal. diffusion factors in multicomponent mixtures are
not available). These results show that the segregation of methane in a non-ideal mix-
ture with more than two components for a non-isothermal process cannot be determined
using the binary results, and the sign of thermal difEusionfactors is immaterial in deiin-
ing the direction of component segregation in the hot and cold regions. Consequently,
a detailed quantitative study of thermal diflusion factors in multicomponent mixtures is
needed for a proper understanding of the thermal diffilsion process not only of industrial
interest but also of academic interest to investigate the size and shape of the molecules
and intermolecular interactions taking part in the mixture.

Our literature survey shows that the study of thermal diffusion factors in multicompo-
nent mixtures has not been performed previously in a systematic way, probabIy, because
1) equations of mass flux in multicomponent mixtures become too complicated to be eval-
uated analytically and require a special effort, and 2) no experimental data are available
for thermal diffusion factors in multicomponent mixtures (more than two components)
for testing the models.

The goal of this work is to derive a model for thermal difFusionfactors in multicompo-
nent non-ideal mixtures. The mode~ is derived from the thermodynamics of irreversible
process% where the effects of both equilibrium and non-equilibrium properties are incor-
porated.

3 Thermal diffision factors

We consider a mixture consisting of ~ components at a given temperature, T, and pressure,
.P, where the only external force, l?, is the gravity. If we assume that there is no heat
generation, viscous dissipation, or chemical reaction, the entropy production strength can
be written as [28]

(1)

where ~q is the heat flux, ~k, ~k, Pk, and ~k are the molecuhr weight, the partial
molar enthalpy, the chemical potential, and the molar dfision flux relative to the molar
average velocity of component k, respectively. ~~=1 (~k/Mk) ~k is the transfer of heat due
to diffusion. By introducing a new heat flux expression, ~~, defined as

~ = &-g$&, (2)

and using z;:~ & = O, Eq. (1) becomes

k=l \lVlk lvl~/
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Another method of expressing the heat flux, 7*, is based on combining the concept of
tieversible thermodynamics and molecular kinetic theory involving the heat of transport
[29, 30]

(4)

where Qk is the heat of transport of component k. The expression for ~~then becomes

(5)

where Q;= Qk - ~k is the net heat of transport of component k. Consequently, Eq. (3)
can be expressed in terms of the net heat of transport as

(6)

Using Eqs. (3) and (6) of the entropy production strength, one can write the phenomeno-
logical equations for the diffusion flux in the two following forms

and

>

(8)

-respectively; L& and L~kare the phenomenological coefficients [31, 32]. Eqs. (7) and (8)

fi=l, ....1.l,

(7)

imply

(9)

At steady state, the difksion flux vanishes and Eq. (8) imp~es (Lik’s, i, k = 1, .... n – 1
are independent)

4

Qg
+ ?Tfik ,= O, i=l, ....1.l, (lo)

-b

Q;? + tiT& = O. (11)

From the Gibbs-Duhem relation under isother&J and isobaric conditions

(12)
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Substituting the above Gibbs-Duhem relation in Eq. (11) for the isobaric condition one
obtains

and from Eq. (10) one obtains for the isobaric condition

n-1

x~
.~T .— 1k~ + vT,Ppk Xk = O.

k=l

Eqs. (13) and (14) imply that

(13)

(14)

~xkQ; = O, (15)
k=l

which is valid only under isobaric conditions. From the following matrix and column
vectors

L ~ [Lij] ~ Li~ i, j = 1, .... n– 1,

Lq - [L;q] i=lj ....n —1.

Q “ [%-%1
i=l, ....l.l;

Eq. (9) can be written in a compact form as

Lq = L.”. (16)

Using Eq. (7), the difision flux vector J = (z, .... ~~-1) reads [33]

J = –c (D”.VX + DT@Z’ + Dp~P) , (17)

(whereDM - [Dij], DT = D~, .... D#_l), Dp = (D;, .... Df_l) , and ~ = (~Xl,....~x.-l].
The molecular &fFusioncoefficients Dij (rn2s-l), the thermal d.ifF&ioncoefficients D? (m2 ‘
s-l K-l), and the pressure diffusion coefficients Df (m2 s-l Pa-l) are expressed by

ij=l~ -.7 n—~, (18)

D: hi
z ainDinM—

T’
i=l, ....1.l, (19)

i=l, ....l)l. (20)
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respectively. ~, ~i, and M are the partial molar volume of component i, the fugacity of
component i, and the totaI molecular weight, respectively; vi and fi can be obtained using
an equation of state [34]. The subscription xj is defined by (Z1, ..., zj-l, zj+l, )....z~-l .
The coefficients ~., Din and hi are given by

i=l, .... n–l,

Din =
M3RLii

i=l, .... n–l,
pI@~XiX~

MixiMnxnL~~
bi, =

.MRTLii
= @i,xixn > i=l, .... n–l;

(21)

(22)

(23)

hi and ~Ti are the thermal diffusion ratio, and the thermal diffusion factor of component
i, respectively. For binary mixtures, the diflision flux of component 1 can be obtained
from Eq. (17);

kTl is equal to Zl(l – ~l)~T~. From Eq. (24) at steady state, under isobaric conditions,
when kT1 >0, thermal diffusion causes component 1 to segregate towards the cold region
(from stability analysis [34] (8h~l/~ln~l)pT > O). Note that there is no need for—
adopting a sign convention for &in a binary &ture despite the practice in the literature.
In a non-ideal multicomponent mixture, the sign of hi in general may have no relation
with the segregation of a particular component to the hot or cold regions. At steady state
under isobaric conditions, Vxi = –VT det (Bi) / det (D”), where Bi is the matrix DM

with column i replaced by column vector DT; therefore, the sign of D; (and thus hi)
alone may not determine the sign of VZ;. From Eq. (23) one obtains

L:q =
MRTLii

MixiMnx~
k’1’i. (25)

When one adopts the following definitions

D-

M-Z

w=

KT z

then DM and Lq read

[Dij] s ainDin~ij 4 j = 1, .... n-1,

[“ijl ~ ?dij ~,j = 1, .... n – 1,

M~xj + Mnxn6ij
[Wij] S M. !,ij=~) ...7 n—~,

[K~i] = kTi = ~i~n@i fi=l, .... n–1;

DM = D.M.L.W.F, (26)
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and

MRT
Lq = ~M-l.KT,

nn

respectively. Eqs (16) and (27) give

KT =
M.z.
WM.L.Q,

which can be written as

I

(27)

(28)

(29)

Under isobaric conditions, using Eq. (15), Eq. (29) becomes

n-l n-l

hi= ‘ix’ x (z

Mjxj + M~ZNbkj

MRTLii j=l ~=1
L~k

Mj )
Q;, ii= 1, .... n– 1. (30)

We propose to use Eq. 29 (Eq. 30 for isobaric systems) for the estimation of thermal
diffusion ratios in multicomponent mixtures. For binary mixtures, Eq. (29) reduces to

(31)

which, from Eq. (15), can be written as

kl = ~Q;. (32)

Eq. (32) was used by Shukla and Firoozaba& [22] for thermal difEusionratio in binary
mktures (with the sign convention and the definition of the thermal diffusion factor from
Ref. [22] ).

Eq. (29) (30 for isobaric systems) allows the determination of the thermal diffusion
factors for a given composition having, 1) the net heat of transport of all the components
in the mixture, and 2) the phenomenological coefficients (which can be readily obtained
from the molecular diffusion coefficients). It should, however, be mentioned that, if cross-
molecular diffusion coefficients are neglected, that is, the phenomenological coefficients
Lij = O for i # j, then the expression for thermal
mixtures simplifies to

hi =
‘%x” C%%)

diffusion ratios in multicomponent

i=l, ....l–l (33)

Thus, like in binaries, for a multicomponent mixture where the cross-molecular difFusion
coefficients are negligible, the thermal diffusion ratios do not depend on molecular difFu-
sion coefficients; they are functions of temperature, composition, molecular weight and
the net heat of transport. However, even in this case, thermal diffusion factors for mul-
ticomponent mixtures are difEerentfrom those for binary mixtures, since the net heat of
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transport of each component differs from bina~ to multicomponent mixtures. Further-
more, for non-idezd mixtures where the cross-molecular difksion coefficients are important
in comparison with the mutual diffusion coefficients, they significantly affect the thermal
diffusion factors. In the remaining part of this section we explain how the net heat of
transport Q; and the phenomenological coefficients Lij can be obtained.

The get heat of transport for the ith component in an n component mixture can
be determined by generalizing, for n components, the expression used by Shukla and
Firoozabadi [22]

(34)

where A~i is the partial molar internal energy departure of component i and Tj =
A~p/AU~; A~p and AU~ are the energy of vaporization and the energy of vis-
cous flow of pure component i, respectively [35].

Fkom Eq. (26), one obtains the expression relating the phenomenological coefficient
matrix L to the molecular diflision coefficient matrix DM

L = (D.M)-’ .D”. (W.F)-’ ; (35) ,

which can be written as [33]

?? “X’ ;~xndzk
1=1‘=1

~y~ = 1, .... n–l. (36)

Thus, having the molecular diffusion coefficients, one can readily obtain the phenomeno-
logical coefficients. It should be mentioned that the measurement of the molecular difk-
sion coefficients is less complicated than that of the thermal diffusion coefficients since the
existence of the temperature gradient in the latter normally generates convection within
the system which can cause erroneous results for the thermal diffusion factors. This may
not be the case for the measurement of the molecular diffusion coefficients where the
experiment can be performed in isothermal cavities. The molecular diffusion coefficients
used in the next section have been calculated using the model proposed by Kooijman
and Taylor [36]. Reference [37] provides a complete procedure for the estimation of the
molecular difhsion coefficients.

4 Results ,~d discussion
.

We start by studying our model for some binary mixtures near and far from the critical
point; then we present results for ternary and higher mixtures. El Ma&aoui [38] reports
compositional data for the ternary mixture of nCzA/nCIG/n& in a thermogravitational
column [39, 40, 41]; our model is used to indirectly compare the results. Recently, we
incorporated [37] the molecular diflusion coefficients’ using Kooijman and Taylor’s cor-
relation [36] and those of the thermal diffusion factors from this work into a numerical
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model for a thermogravitational column filled with a porous medium [3’7]. This was our
only comparison for mixtures with more than two components.

In order to obtain the thermal difFusionratios using Eq. (28), equilibrium properties
such as partial molar volumes, partial internal energies and fugacities were determined
using the Peng-Robinson equation of state (PR EOS) [42] with or without volume cor-
rection [43] along with the van der Waals mixing rules. For most of the cases we studied,
we found that the effect of the volume translation on the thermal difFusionfactors was
insignificant. However, for heavy components, the volume correction was found to be
important to match the experimental volumetric data and had significant effect on the
thermal diffusion factors. In the following, all the results we present for thermal diflu-
sion factors are obtained without volume correction unless mentioned otherwise. The
binary interaction parameters used in the PR EOS are taken from Katz and Firoozabadi
[44]. Table I presents the critical temperature, critical pressure, accentric factor, and the
molecular weight of the components considered in this study. The value of the parameter
Ti is assumed to be the same for all the components; Ti = 4. This value is based on the
observation that at the normal boiling point, in q, where q is the liquid viscosity, varies
linearly with 1/2’ over a wide range of temperature; Ti variations are in the range [35]
of 3 to 5. Moreover, the universal value of Ti = 4 gave satisfactory results for thermal
diflusion factors for binary mixtures ss was shown by Shukla and Firoozabadi [22] and is
shown in this study.

4.1 Binary mixtures

Here we further test our thermal diffusion factor model with binary mixture data of
C02/C’2 [45], CT&/nGT (toluene/n-hexane) [17, 8, 46], and nC24/nC12 [38]. In order to
make the comparison as clear as possible, we keep, as long as it does not create confusion,
the same parameters that were obtained in the experimental work. The Soret coefficient,
ST, for binary mixtures used by some authors is defined by ST = D:/ (DX Zlo(l – Zlo)),

where Zlo is the initial mole fraction of component 1.
Fig. 1 presents the thermal diffusion ratio &l vs. the molar density for the binary

mixture C02/C2 (Zcoz = 0.60, ZCZ = 0.40) in the critical region. The predictions are
in agreement with data of Walther [45]. The figure also shows that as the critical point
approaches, the predicted thermal diiYusion factor increases, as expected. Note that,
deperiding on the molar densi~, C02 can segregate to the hot side (~1 < O) or the cold
side (~1 > O)

Fig. 2 shows the Soret coefficient in the binary mixture toluene/n-hexane. An excellent
agreement between experimental data of Li et al. [46] and Kohler and Miiller [17] and
our theoretical results is obtained. The Soret coefficients reported by Ecenarro et al. [8]
using the thermogravitational column are almost half of those obtained by Li et al. [46]
using the small angle Rayleigh scattering method, and those of Kohler and Miiller [17]
using the forced Rayleigh scattering method.

El Ma5taoui [38] reports the measured Soret coefficient in a binary mixture of nC24/nC12
at the initial composition 8.1570 nC24; 91.8570 nC12. The average temperature for the
measurements is To = 321.5. The value of ST reported by El MaMaoui under these con-
ditions is ST = 0.90 K-l. The results from our model are in excellent agreement with the
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experimental data-of El Ma~taoui; we obtain ST = 0.85 K-l. This value is obtained by
taking into account volume correction in the PR-EOS.

Various authors have used the mode-mode coupling an~lysis showing that thermal
diffusion coefficients in binary mixtures exhibit a finite enhancement in the critical region
[48, 49, 50]. Fig. 3 depicts a plot of -TDf ,VS. (T - TC)/T near the critical point
for an equimolar mixture of C1/C2 (at the critical pressure). This figure shows that
our theory gives reasonable results in the critical region for this binary, in view of the
deficiency in the PR-EOS predictions in the critical region [34]. The results obtained by
Sakonidou et al. [24] (by fitting the crossover equation of the thermal conductivity to the
thermal conductivity data which allows to calculate the molecular and thermal difision
coefficients .in the vicinity of the critical point) ad those from our model show the same
trend when we approach the critical point; TD~ reaches a finite value at the critical point.

Luettmer-Strathmann and Sengers [47] investigated, using the mode-mode coupling
calculations, the transport properties in a C02/C2 binary mixture (25%/75%) in the
critical region. They reported that Dl~ decreases asymptotically towards zero when one
approaches the critical point. They also reported that &l/Dfi diverges at the critical
point. However, these authors reported that Dfl vanishes as ~-2 (~ is the correlation <
length divergent at the critical point), and kT1/D# diverges as &2when one approaches
the critical point. Consequently, their”product, kT~, is finite at the critical point. The
results from our model for the thetial diffusion ratio, ~1, near the critical point (at the
critical pressure) is depicted for this mixture in Fig. 4.

4.2 ‘Ternary mixture

The main goal of this work is to present a model for thermal difision facto~s of multicom-
ponent mixtures. However, there are no expetiental data for multicomponent thermal
diffusion factors in the literature to the best of our knowledge. There are, however, spa-
tial concentration data in ternary systems that can be used to verify the validity of our
proposed model.

For the ternary mi@ure nC2A/nCIG/nC12, the experimental data by. El Ma5taoui [38]
show hC’24 segregates towards the bottom of the column. The data” also show no signif-
icant compositional variation across the column for nCIG. There is excellent agreement
between the measured compositional data and the results obtained using our model where
volume correction is taken into account (see Table II). The maximal relative error between
predictions and measurements is less that 107o. For this mixture, the predicted Soret co-
efficients of components 1 (nC24) and 2 (nCIG) from our model are ST1 = 0.1552 x 10-2
and 15’Tz= 0.8695 x 10-4, respectively.

4.3 Six-component mixture “

We used our model to predict thermal diffusion factors of a mixture of C~/C~/nC~/nC~O/nC~G/Cz
for the composition 40/12/5/2/1/40 mole % at different temperatures and pressures. The
magnitude and the sign of the thermal diffusion factors depend obviously on the choice of
the nth component (component 6 in this example). In the following, Cl, C3, nC5, nC1o,
and nCIG represent components 1, 2, 3, 4, and 5, respectively; (7z represents component
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6. Fig. 5 depicts thepredicted saturation pressure ofthis mixture. We performed two
sets of thermal difFusionfactors calculations; first, we fixed the temperature equal to the
critical temperature and varied the pressure. Then, we fied the pressure equal to the
critical pressure and varied the temperature. The dashed lines on the figure represent
the above two sets of calculations. The volume correction was taken into account. The
predicted results are presented in Tables III and IV. Note that for heavier components,
the thermal diffusion factor is larger than for lighter components.The thermal difEusion
factor a~l of the lightest component, Cl, in the mixture is negative; the others are pos-
itive. In an isobaric system where cross-molecular diffusion can be neglected, this may
imply that methane may segregate toward the cold region which may not be always true.
Similarly, component 2, C3, may not segregate to the hot side. Tables III and IV also
show that, the closer the system is to the critical point the larger is the absolute value
of the thermal difhsion factors. Far from the critical point, the chzmge of temperature
(pressure) at fixed pressure (temperature) does not tiect the thermal difFusionfactors as
it does near the critical point. The distance
which affects the thermal difFusionfactors in

5 Concluding remark

to the critical point is the main parameter
multicomponent mixtures.

We have formulated a model for thermal diflusion’ factors for non-ideal multicomponent
mixtures. The model shows explicit dependency of the thermal diffusion factors in non-
ideal mixtures of more than two components on molecular diffusion coefficients. The
single validation of the model for a ternary mixture shows success. The results for a six-
component mixture show that the thermal di.ffmion factors in multicomponent mixtures
are mostly affected by the ,@istanceto the critical point. The model presented in this paper,
combined with the formalism of diffusion flux in multicomponent mixtures presented in our
earlier paper [33], provide a comprehensive theoretical framework for future experimental
investigation of thermal diifusion factors in multicomponent mixtures. We believe the
model also enjoys simplicity for practical applications.
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Table 1: Properties of pure components used in this study

Component T. (K) PC(x105 Pa) w M
c1 190.60 46.00 0.008 16.04

305.40
369.80
469.60
507.40
617.60
658.30
717.00
845.00
304.20
591.70

48.83 0.098
41.90 0.152
33.30 0.251
29.30 0.296
20.80 0.490
18.00 0.562
14.00 0.742
10.50 0.995
72.80 0.225
41.14 0.257

30.07
44.09
72.15
86.18
142.28
170.34
226.45
338.63
4.01
92.14

Table 2: Composition at the top and bottom of the thermogravitational column of the
ternary mixture nCzA/nCIG/nClz; initial composition 12.67 (n@), 37.41 (nCIG), and
49.92% (nC12); TO = 321.5 K, AT = 25, Column height = 120 cm, permeabihty =
6.1 x 10-11 m2.

(?’t&)~.tt.~ (?Zc2&Op (~(71&y~o~ (?2@j)~op
experiment 0.240 0.140 0.415 0.380
model 0.265 0.135 0.408 0.389
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Table 3; ThermaI diffusion factors for the mixture C1/C3/nCS/nCIO/nC16 /C2
(40/12/5/2/1/40%, mole); P = 1.24 X 107 Pa. Cl, C3, nC5, nclo, and nC~Grepresent
components 1, 2, 3, 4, and 5, respectively; C2 represents component 6.

TK
225 -0~380 0.;;12 1.;;17 2.~12 3.;;69
235
245
255
265
275
285
295
305
315

-0.8655
-0.8990
-0.9393
-0.9869
-1.0424
-1.1060
-1.1773
-1.2538
-1.3301

0.6107
0.6341
0.6619
0.6942
0.7315
0.7738
0.8206
0.8702
0.9184

1.3181
1.4049
1.5032
1.6147
1.7407
1.8823
2.0386
2.2059
2.3740

2.6466
2.8774
3.1377
3.4323
3.7656
4.1415
4.5602
5.0147
5.4825

3.6192
4.0236
4.4777
4.9901
5.5699
6.2248
6.9581
7.7607
8.5987

Table 4: Thermal diffusion factors for the time C1/Cs/nCS/nCIO/nC16 /C2
(40/12/5/2/1/40%, mole); T = 318 K. Cl, C3, nC5, nClo, and nCIGrepresent components
1, 2, 3, 4, and 5, respectively; Cz represents component 6.

P x 10-5 Pa
125 –1;511 0.;;12 2.221 5.;;21 8.;;48
135
145
155
165
175
185
195
205

–1.2524
-1.1720
-1.1049
-1.0480
-0.9988
-0.9558
-0.9177
–0.8838

0.8647
0.8105
0.7653
0.7267
0.6935
0.6644
0.6387
0.6157

2.2319
2.0771
1.9478
1.8379
1.7430
1.6599
1.5864
1.5208

5.1504
4.7669
4.4472
4.1756
3.9412
3.7361
3.7361
3.3929

8.0713
7.4349
6.9049 ~
6.4549
6.0666
5.7271
5.7271
5.1588
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Figure 1: Thermal diffusion ratio vs. molar density at 2’ = 305.15 K for the binary
mixture C02/C2 at composition 60/40 mole %.
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Figure 2: Soret coefficient in a toluene/n-hexae binary mixture vs. composition (of
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Pa.
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Figure 4: Thermal difision ratio vs. (2’ – TC)/T at the critical pressure for the binary
mixture COz/C2 at composition 25/75 mole %.
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Figure 5: P – 2’ diagram for the mixture C1/Cz/Cs/nCs/nCIO/nCIG at the composition
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Part III -
Diffusion

Features of Convection and
in Porous Media for Binary

Systems.

KASSEM GHORAYEB AND ABBAS FIROOZABADI

1 Summary

Compositional variation in a vertical rectangular porous medium containing a two-component
single phase fluid in the presence of a prescribed linear temperature field is considered.
We investigate by using a finite volume method, the effects of convection, thermal diffu-
sion and pressure diffusion on the compositional variation. Calculations show that, for
high permeabilities, convective mass transfer overrides both thermal snd pressure dif-
fusion; it is the main phenomenon affecting compositional variation within the porous
medium. In this case, the permeability increase makes the composition variation less
pronounced. For low permeabilities, compositional variation is mainly affected by the
ratio (—@Z’’)/(CP.P..) where C’p, ~, F“ and 2“ are the pressure and thermal difEusion
coefficients and the vertical pressure and thermal gradients, respectively. When this ra-
tio is > 1, thermal difhmion is the main phenomenon tiecting compositional variation
and the horizontal composition gradient reaches a maximum at some permeability. For
(-@!’.’.)/(CZ)’Z) <1, compositional variation is mostly fiected by pressure diffusion and
the horizontal compositional gradient decreases monotonically with permeability increase.

2 Introduction

Composition variation in hydrocarbon reservoirs has been a mystery until very recently.
Measured data indicate several trend of compositional variation. There is mainly vertical
compositional variation of the hydrocarbon components in some reservoirs [1]. Some
other reservoirs show pronounced horizontal compositional variation [2]. In some other
reservoirs there is very little compositional variation with depth [3].

There are four distinct mechanisms that affect the variation of composition in a single-
phase hydrocarbon reservoir. These mechanisms are: 1) molecular diilusion, 2) pressure
difl?usion,3) thermal difFusion, and 4) natural convection. Molecular diffusion is the ten-
dency to mix due to concentration gradient. Pressure diflusion (gravitational segregation)
is the separation by pressure gradient; it is negligible in the horizontal direction even when
there exists natural convection, but may be pronounced in the vertical direction due to
high vertical pressure
in heavy components

gradient. Because of the pressure difFusion,the bottom fluid is richer
than the top. Thermal diffusion is the tendency of a convection-free
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mixture to separate under a thermal gradient. Natural convection is the convective cir-
culation due to density gradient. Density gradient is established due to temperature and
concentration gradients. Steady state convection in hydrocarbon reservoirs is caused by
horizontal temperature gradient.

A considerable amount of investigations of compositional variation in hydrocarbon
reservoirs exist in the literature [4 – 10]. Those studies consider mainly the gravitational
effect in a lD convection-free system [4 - 7] where it has been shown that gravitational
effect causes the heavier components to segregate towards the bottom of the reservoir.
From Reili. [8 – 10] one concludes that thermal diffusion may have the same order of
magnitude and may have an opposite effect than pressure diffusion. However, the above
studies [4 – 10] neglect the effect of convection on compositional variation and do not
consider horizontal compositional variation.

There are very few studies that combine the effect of convection and difFusion on the
compositional variation in binary and muhicomponent mixtures in porous media that
take into account pressure diffusion. These studies include the works of Jacqmin [11],
and Riley and Firoozabadi [12]. Both studies address compositional variation in homoge-
neous porous media. Jacqmin neglects thermal diffusion and uses a perturbation analysis
where approximations are made to the governing equations. Based on his study, Jacqmin
concludes that, under certain conditions the fl~d composition reorients itself in such a
way as to inhibit convection. Riley and Firoozabadi [12] studied the effect of thermal,
pressure and molecular diflusion and natural convection on compositional variation in a
cross-sectiord reservoir with a prescribed linear temperature field. The behavior is inves-
tigated using.a method of successive approximations which iterates on Poisson’s equation.
At high permeabilities certain difficulties were encountered in the calculations [12]. They
incorporated the features of the solution flom the Poisson’s equation in a simplified per-
turbation solution which provides accurate results for horizontal composition variation.
Riley and Firoozabadi [12] show that a smaIl amount of convection can cause the hori-
zontal composition gradient to increase until a maximum is reached and then decays as
l/k. One purpose of this work is to iind out if this conclusion has general VaI.idity.

This work investigates the steady state spatial compositional variation in a vertical
rectangular reservoir using a numerical model. The main goals of the work are to in-
vestigate features of compositional variation in a porous medium for a binary mixture of
methane/normal-butane by including all basic four mechanisms and reasonable variations
of the coefficients of difhsion. Compositional variation of methane in a multicomponent
mixture (the case of hydrocarbon reservoirs) may drastically diifer from that in binary
mixtures [13]. The study of compositional variation of methane in binary mixtures, how-
ever, provides a basis for a better understanding of more realistic situations in which the
mixture consists of more than two components.

3 Mathematical Formulation

We consider a two-dimensional porous medium with width W and height H (Fig. 1)
saturated by a binary mixture of C1/nC’4. We assume that the Oberbeck-Boussinesq
approximation is valid in the range of temperature, pressure and composition expected so
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that the density p is constant except in the buoyancy term (pgz) where it varies linearly
with the temperature 2’ and the weight fraction w:

p(z’, w)=po[l -@T(z-’ -To@ w(w(wo)]j]j (1)

where p., & = (-1/po) (~p/8T)W and @W= (–l/po) (~p/~w)~ are the density at temper-
ature To and weight fraction Wo,the thermal expansion coefficient, and the compositional
expansion coefficient, respectively. The coefficients A and ~Ware calculated for the sys-
tem C1/nC4, using the Peng-Robinson equation of state (PR EOS) [14]. The validity of
Eq. 1 has been demonstrated by Ghorayeb and Firoozabadi [15] for the same range of
temperature and pressure considered in this study.

The unsteady state conservation equations of mass and species are:

V.v = o, (2)

PO% + Pov” (Wv) + V“J = 0, (3)

where v and J are the velocity and the diffusive mass flux for component 1, respectively.
The bulk velocity, v, is given by Darcy’s law:

v -~[vP+Po(l –fi(T-To)-/3w (lu-wo))9zl,
= 4P

(4)

where P, g, k, p and @ are the pressure, the acceleration due to gravity, the permeability,
the viscosity and the porosity, respectively. The unit vector z points upwards. The
substitution of Eq. 4 into Eq. 2 and the assumption that (k/@p) is constant lead to the
pressure equation:

( aT aw
)

V2P = pog h% +pw~ . (5)

The above equation will be used later in the numerical solution to the problem. The
reservoir is assumed to be bounded by an impervious rock that has constant temperature
gradients TZ and 2“ in horizontal and vertical directions, respectively. We also assume
that the conductive flow of heat is much greater than the convective flow and that thermal
diffusivity is very large compared with compositional diffusivity. With these assumptions,
the solution of the energy equation will have roughly the same temperature gradients as
the bounding rock. In the following, the temperature field is assumed to be a linear
function of x and z: T = TZZ + ‘TZz+ a, where a is a constant. If we set the temperature
atz=W/2andz= lZ/2 equal to To, then,

T = Tz (z – w/2) + 2-”(z – H/2) +To. (6)

The difhive mass flux is given by the expression (see Bird et al. [16]):

J = CUVW + CPVP -+ CTVT, (7)

where Cw, C’p and @ are the
thermal difFusion, respectively.

coefficients of molecular diffusion, pressure difEusion and
These coefficients are described in Refs. [12, 16]. The

187

.: ..- .,.--. . ...... ...,,.p.-, .,~,,,,,---:~,;7*<, >
.. , ~- .3. >,,. ,.7



difhsiveflux, J, results fkom the deviation inthevelocity of component one from the
velocity of the buIk fluid. Since, in the case of a two-component system, the diflisive flux
of component two is equal to –J and the weight fraction of component two is equa~to
1 – ZU,the equation expressing conservation of mass of component two will be a linear
combination of Eqs. 2 and 3. The coefficients Cv, C’P and @ are the result of the
phenomenoIogical Iaws, the Gibbs-Duhem re~ation, and an equation of state (see Bird et
al. [16], de Groot and Mazur [17], and Firoozabadi [18]); they generaIIy depend on the
concentration, temperature and thermo-physical properties of the mixture. In this work,
those coefficients are assumed, for convenience, to be constant in the whole reservoir. In
the range of parameters we consider in this study, this assumption has only a small effect
on the results as we will discuss later.

3.1 Boundary Conditions

The boundary conditions for Eqs. 2, 3 and 4 are that the fluid does not cross the outer
boundaries (Fig. 1): .

J.n = O z=O, W and z= O,H, (8)

v.n = o z=O, W and z= O,H, (9)

where n is the unit normal vector. Eqs. 8 and 9 imply that:

C“aw
8P aT

~+c* ~+ez =0, and VZ=() Z=o, w,

C“aw~+c
p aP m’

~+fl~ =0, and VZ=() Z= O,H.

(lo)

(11)

From Eq. 4, we obtain the boundary conditions required for the integration of Eq. 5:

ap o= Z=o, w, (12)

:;

z
= –p@--&(T-T o)- Pw(u)–t.uo)) Z= O,H. (13)

With the above Neumann boundary conditions, weight fraction and pressure must be
assigned at one point of the medium. In this work we set w (lV/2, H/2) = W. and
P (w/2, H/2)= Po.

4 Numerical Scheme

boundary conditions given by Eqs. 10 to 13 areEqs. 3, 4 and 5 together with the .
integrated numerically using finite volume method (see Patankar [19]) with a nonuniform
rectangdm grid system. The spatial discretization is performed using a second-order
centered scheme. A semi-impIicit first-order scheme is used for the temporal integration.
We seek the steady state solution and iterate on the unsteady system until the steady
state is reached. In this work convergence to the steady state is assumed when the
absolute relative error of concentration is found to be less than 10-7 between the two
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successive iterations at each grid point. In all simulations, we used 301 mesh points in the
horizontal direction and 41 mesh points in the vertical direction. To study the effect of
grid size, numerical runs were performed with different mesh grids; we found that using
finer grids than those above do not significzmtly improve the accuracy of the results. We
also verified the numerical results from our model with the analytical work presented in
Ref. [12]. Fig. 2 depicts the horizontal gradient of mole fraction in the center of the
reservoir vs. permeability; the agreement, as shown in this figure, is good.

5 Results and Discussion

First, calculations were performed using the PR )30S, instead of the Boussinesq approxi-
mation, to predict the fluid density. This was done for two reasons: 1) to justify the use
of the Boussinesq approximation in the range of temperature, concentration and pressure
expected in this study; and 2) to estimate the variation of the coefficients C“, CP and
@’in the Z-Z plane. We calculated C’w, C’p, and @’ using the expressions presented in
Ref. [12] where the density, figacity and partial molar volume are calculated using the
PR EOS and where the molecular diffusion coefficient and the thermal diilusion ratio are
given by Sigmund [20] and Rutherford and Roof [21], respectively. Fig. 3 presents C“,
CP, and @ contour lines for k = 1 md. This figure shows that, the variation of C“,
Cp, and @ in the whole medium is less than 21% for C“ and Cp, and less than 7% for
~. The same results (not depicted) are valid for other permeabilities. We compared the
numericaI results obtained using C“, Cp, and @ in Fig. 3 to those obtained using the
average values of CW, Cp, and @’ (CW = –2.91 x 10-7 kg/m.s “K, Cp = –l.I5 x 10-15
kg/m. Pa.s, @ = 2.68 x 10-10 kg/m.s) and the Boussinesq approximation. The results
show that by taking CW, C’p, and @ as constants equal to their average and using the
Boussinesq approximation, has only a small effect on the compositional variation in the
reservoir. In this work we are rather concerned with the understanding of the fluid be-
havior trend when the physical parameters of the problem vary, and we present all the
results using the Boussinesq approximation with constant values of CW, Cp, and ~. The
data used in our simulations are presented in Table 1. The choice of data used in this
work is motivated by the earlier study (Riley and, Firoozabadi [12]). We start with the
investigation of the thermal diilusion effect on composition variation. Toward this end,
calculations are performed using @ = O, 1.5X 10-10, 2.0X 10-10, 2.5X 10-10, 3.0X 10-10,
3.5 x 10-10 kg/m.s “K, and Cp = –1.15 x 10-15 kg/m. Pa.s. Then, pressure diffusion
effect on compositional variation is investigated using Cp = –2.0 x 10–15, –1.15 x 10-15,
and Okg/m. Pa.s, and @’ = 2.5 x 10-10 kg/m.s “K. The permeabilities considered in this
work vary between O (convection-free) and 100 md. Note that when k = O, the convective

-velocity is also zero; therefore by assigning zero to perrneabili@ we model convection-free
case. We did not perform calculations for k >100 md because the reservoir composition
becomes homogeneous in this range of permeability. Although @ and Cp are not inde-
pendent, their effect on compositional variation is studied by assuming one constant and
varying the other. C“ is set equal to –2.88 x 10-7 kg/m.s.
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5.1 Thermal d&sion

Fig. 4 shows a~icalbehatior ofmethane mole fraction contomlties for~erent per-
meabilities. For k = O (convection free), mole fkaction varies linearly in both horizontal
and vertical directions. Note that the verticaI compositional gradient is much more pro-
nounced than the horizontal gradient for convection free systems. Also note that since
methane segregates to the hot region, -its concentration is higher in the bottom than in the .
top of the reservoir. When k increases, the Iinear horizontal variation of the mole fraction
still occurs except for a very thin region near the verticaI boundaries. Fig. 5 depicts the
mo~e fraction at z = W/2 vs. x for k = O, 1, 10 and 100 md (similar behavior occurs at
other values of z). This figure clearly shows the linear horizontal variation of mole fraction ●

I

mentioned above. Furthermore, Figs. 4 and 5 show that more compositional variation
occurs for k = 1 md than k = O and k = 10 md. This behavior has been observed by
Riley and Firoozabadi [12]. They report that compositional variation reaches a maximum
when the permeability increases and then decays as l/k. This maximum occurs in the
neighborhood of k = 0.5 md.

Fig. 6 depicts the horizontal gradient of mole fraction (at z = .H/2 and z = W/2) VS.
k for three values of thermal difhsion coef.licient~. Since the horizontal variation of the
moIe fraction is linear, this gradient does not depend on Z. Results show that, in the range
of permeabilities studied, the behavior reported by Riley and l?iroozabadi [12] (maximum
segregation for a permeability of about 0.5 md) occurs only for high values of@ (for the
specific vaIue of the pressure diffusion coefficient Cp = –1.15 x 10-15 kg/m.Pa.s). For
@’ = 1.5 x 10-10 kg/m.s ‘K, for instance, such behavior is not observed; the horizontal
gradient of mole fraction decreases monotonically with k (Fig. 6). The change of trend
of the behavior of the horizontal compositional gradient occurs for a critical value, @,
of the thermal dfilon coefficient 1.5 x 10-10< @ <2.0 x 10-10 kg/m.s ‘K. Thermal
diffusion effect on compositional variation becomes less significant for high permeabilities
where mass transport due to natural convection overrides that due to difFusionphenomena.
As permeability increases, the reservoir composition becomes almost homogeneous. This
is clearly shown in Fig. 4 for k = 100 md. Similar behavior is observed for different
values of ~. Figs. 7 to 10 show mole ikaction contour lines for different values of@ for
permeabilities from Oto k = 100 md. Those figures show that, the increase of @ results in
more compositional variation. I%om Fig. 7, one observes that, at k = O (convection-free),
the mole fraction contour lines are straight lines; the slope of those lines changes with
@. For@= O,for instance, the mole fraction contour lines are horizontal. The slope of
the mole fkaction contour lines is negative for @ = 1.5 x 10-10 kg/m.s OK but becomes
positive at @ = 2.0 x 10-10 kg/m.s ‘K. For @’ > ~, the slope remains positive.

5.2 Pressure diffusion

For the two-component hydrocarbon mixture of C1/nC’4, thermzd diffusion and pressure
diffusion fiect compositional variation in opposite directions. Pressure diffusion causes
the bottom richer in heavier component while thermal diffusion results the segregation
of the heavier component to the cold boundary at the top. The resulting effect of those
two diffusion phenomena depends mainly on-the ratio ~–@’Tz)/(CPP~), where PZ is
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the vertical pressure gradient (which is nearly constant). Numerical results show that,
for @ = ~, this ratio reaches 1; that is ~ = –Cp.PZ/Z’Z. Given that the reservoir
height considered in our simulation is H = 150m and that the pressure at the cen-
ter is assigned the value 1.103 x 107 Pa, F“ is roughly equal to –4.829 x 103 Pa/m
and then F’./Z” - 1.325 x 105 Pa/”K; thus @ s –(1.325 x 105 Pa/”K)xCp. For
G@ = -1.15 x 10-15 kg/m. Pa.s, one obtains: ~ x 1.523 x 10-10 kg/m.s. ‘K, which
is in good agreement with the results reported above. Compositional variation closely
depends on (–@Z’’)/(CpPz); thermal diffusion overrides pressure diffusion when this
ratio is larger thai 1 whereas pressure diffusion is the main phenomenon which ailects
compositional variation when (-@?7’’)/(CpPZ) < 1. The horizontal variation of mole
fraction behaves differently when (–@TZ)/(CpPz) >1 and (–@’’Tz)/(CpF’Z) <1. For
(–@TZ)/(CpF’Z) >1, the horizontzd gradient of mole fraction reaches a maximum around
k = 1 md. For (–@Z’Z)/(CpPZ) <1, the horizontal gradient of mole ilaction decreases
monotonically when the permeability increases.

Figs. 11, 12 and 13 show the mole fraction contour lines for Cp = O, –1.15 x10-15, and
–2.0 x 10-15 kg/m. Pa.s, respectively. Since pressure and thermal difFusionhave opposite
effects on vertical compositional variation, we observe that, for impermeable media, as
well as low permeability media, more vertical composition variation occurs for Cp = O
than C’p = –1.15 X 10-15 and Cp = –2.0 x 10–15 kg/m. Pa.s, that is the mole fraction
contour lines are near vertical for Cp = –1. 15 x 10-15 and Cp = –2.0 x 10-15 kg/m.Pa.s
than Cp = O. When the permeability increases, the two approach each other (in terms of
reservoir composition) both in horizontal and vertical directions. This maybe due to the
fact that, at high permeabilities, natural convection overrides both diiilhsion phenomena
and composition becomes homogeneous. Nevertheless, for all permeabilities (up to 100
md), more compositional variation occurs when pressure difksion is neglected.

Fig. 14 depicts horizontal gradient of mole fraction vs. permeability at three different
values of Cp. For k = O,the same horizontal gradient of mole fraction realizes for different
values of Cp and the horizontal pressure gradient is identically zero. For Cp = O and
Cp = -1.15 x 10-15 kg/m.Pa.s the horizontal composition gradient reaches a maximum
for some permeability of say k = 1 md and then decays. Furthermore, when Cp varies
at constant permeability, the horizontal gradient of mole fraction reaches a msxinmrn for
Cp = O. For Cp = –2.0 x 10-15 kg/m.Pa.s, the horizontal gradient of mole fraction
decreases monotonically when the permeability increases; for this value of Cp, C$ x
-(1.325 x 105 Pa/”K)xCp = 2.65 x 10-15, whereas @ = 2.0 x 10-10 kg/m.s “K. As
mentioned above, when @ < ~, pressure difEusionoverrides thermal difIuAon and the
above trend of horizontal compositional gradient occurs.

6 Conclusions and Remark

This work investigates the compositional variation of a single phase two-component sys-
tem due to combined effects of natural convection and diffusion. We studied the effect of
permeability, thermal difision and pressure difhsion on the compositional variation by
using a numerical model. From the results presented we conclude that convection can en-
hance or weaken the horizontal composition variation depending on the magnitude of the
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. .

thermal dihsiona ndpressured fiioncoefficients. Forthespecific exaple presented
in this work, the horizontal gradient of mole fraction reaches a maximum iwthe neighbor-
hood of k = 0.5 md for (–@2’’’Z(CpPZ)Z) >1, whereas it decreases monotonically when
k increases for (–@’T’)/(CP.P=) <1. However, for high permeabiIities (k >10 red),
natural convection is the main phenomenon which tiects compositional variation within
the reservoir and results in nearly homogeneous system.

We iiml.ly mention that, due to the cross-diffusion effects, compositional variation in
multicomponent mixtures may drastically differ fkom that in binary mixtures [13].
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Nomenclature

coefficient of molecular diffusion in J
coefficient of pressure difksion in J
coefficient of thermal difision in J
cri{ical value of the coefficient of thermal diffusion
gravity acceleration
reservoir height
difFusivemass flux
permeability
normal vector
pressure
pressure at the reservok center
temperature
temperature at the reservoir center
horizontal thermal gradient
vertical thermal gradient
time
horizontal velocity
vertical velocity
velocity vector
reservoir width
weight fraction
weight ffaction at the reservoir center
coordinates
upward vertical unit vector

Greek symbols
Pw compositionalexpansion,coeficient
@r thermalexpansioncoefficient
x molefraction
# porosity
P dynamicviscosity
P density
PO density at W. and To
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3000 m
150 m
0.2
1.10 X 107 Pa
338.5 ‘K
495.3 kg/m3
–2,88 x 10-7 kg/m.s
+1.82°K/ 1000 m
–3.65°K/ 100 m
0.25
200 kg/m.s
0.58 X 10+3
2.05 X 10-2 ‘K-l

Table 1: Relevent Data.

I

-,:,<



.— .-

VZ=O, JZ=O

Figure 1: Geometry

2.Oe-05

1.5e-05

1.Oe-05

5.Oe-06

O.Oe+OO

Vx=o
JZ=O

7X

---- w ml (Um71yfw
— Thiswork(-”d)

1’
1’

1.

;

,’
,’

,’t’
,’

.’
,,’

‘\
‘.

10-1, 10° 10’ i
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Figure 3: C’w, C’p, and @ contour lines for k = lmd.

197

..-. - —.~. - -— -—.- . ------- ., ,>..,,,.”=—. ., - <,. T.. m ‘....m->t. $1.- , ~ . . . 2.?- -- ----



k=() (Convection-ilee)

k=lOmd

$,””j j’ $“j “f “j

k = 100 md

Figure 4: Mole fraction contour lines for different permeabfities: @ = 2.5 x
10-10 kg/m.s. “K.
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Figure 11: Mole fraction contour lines for different permeabilities: C* = O kg/m. Pa:
@ = 2.0 x 10-10 kg/m.s. ‘K
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Figure 12: Mole fraction contour lines for different permeabflities: Cp = -1.15 x
10-~5 kg/m.Pa.s: @ = 2.0 x 10-10 ,kg/m.s. “K
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Part IV - Natural Convection and Diffusion
in Fractured Porous Media

KASSEM GHORAYEB AND ABBAS FIROOZABADI

1 Summary

Compositional variation in a rectangular two-dimensional (z, z) iiactured porous medium
containing a two-component single phase fluid in the presence of a prescribed linear tem~
perature field is considered. The work examines the effect of the fracture parameters:
fracture permeability, fracture aperture, fkacture intensi~ and tiacture connectivi~ on
the fluid composition variation. Numerical results reveal that, due to high fracture per-
meability, a pronounced convective motion within the fracture takes place, whereas the
composition is only affected beyond a certain fracture permeabili~. Numerical results
also show that the flow velocity within the fracture increases as the fracture aperture
decreases; the compositional variation, however, decreases with the increased fracture
apedmre. The effect of connected and discrete fractures on composition variation was
also studied; connected fractures influence the compositional variation much more than
discrete ftactures as expected. The convection cells are mainly loops which develop within
the connected fkactures.

2 Introduction

Examination of the compositional variation of reservoir fluids in hydrocarbon reservoirs
reveals various trends. In some reservoirs there is substantial variation of composition in
the horizontal direction (Hamoodi et at. [1]). In many other reservoirs, there is a large
variation of composition. in the vertical direction (Neveux and Sathikumar [2]). There are
also reservoirs that have no variation of composition in the entire reservoir; such reservoirs
may have an oil cohunn thickness of 1.5 km and a horizontal extension larger than 10 km
(Saidi [3]).

The purpose of this work is to understand composition variation in fkactured hydro-
carbon reservoirs and to relate the composition variation to reservoir characterization.

There are four distinct mechanisms that afFect the variation of composition in the
single phase in a hydrocarbon reservoir. These mechanisms are: 1) thermal difbion, 2)
pressure diffusion, 3) molecular difhsion, and 4) natural convection. Thermal fision is
the tendency of a convection flee mixture to separate under a thermal gradient. Molecular
*sion is the tendency to mix due to concentration gradient. Pressure diffusion is
separation by pressure gradient; it is negligible in the horizontal direction even when
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there exists natural convection, but may be pronounced in the vertical direction due to
high vertical pressure gradient. Natural convection is the convective circulation due to
density gradient. Densi~ gradient is established due to temperature and concentration
‘gradients. A pronounced effect of natural convection on compositional variation may
occw in homogeneous media [5].

There are very few studies that combine the effect of convection and difhsion on the
compositional variation in hydrocarbon reservoirs. These studies include the works of
Jacqmin [4], and Riley and Firoozabadi [5]. Both studies address compositional varb
tion in homogeneous porous media. Jacqmin’s study is concerned with a wide variety of
conditions, sloping reservoirs, and even two phases but does not include thermal diflu-
sion. He uses a perturbation analysis where approximations are made to the governing
equations. Based on his study, Jacqmin states that, under certain conditions the fluid
composition reorients itself in such a way as to inhibit convection. Riley and Firoozabadi
[5] studied the effect of thermal, pressure and Fickian diffurion and natural convection on
compositional variation in a cross-sectional reservoir with a prescribed linear temperature
fieId. The behavior is investigated using a method of successive approximations which
iterates on Poisson’s equation. This behavior is then incorporated in a simp~ed per-
turbation solution which provides accurate results for horizontal composition variation.
Riley md Firoozabadi [5] show that a smsJIamount of corivection can cause the horizontal
composition gradient to increase until a msximum is reached and then decays as I/k.

The work of Jacqmin, and Riley and Fixoozabadi is limited to homogeneous porous
media. This work is concerned with ‘a numerical study of convection and fision in
fractured porous media. The conservation equations of mass and species and Darcy’s

“ law, together with the boundary conditions and the matching conditions at the matrix
block/fracture interface, are numerically integrated in the whole cross section (in both
matrix blocks and fractures). The numerical investigations were carried out for fracture
perrneabilities varying by six orders of magnitude. The fracture aperture was varied horn
0.1 to lrnm. However, in view of the large number of parameters, no attempt was made
to present a complete parametric study.

3 Mathematical Formulation

We consider a two-dimensional fractured porous media with width W and height H (Fig.
1) saturated by a’ binary mixture of C1/nC4. The fractured porous media are comprised
of matrix blocks and fractures of perrneabilities km and kf, respectively. The matrix and
fracture porosities are assumed to be the same. We assume that the Oberbeck-Boussinesq
approximation (Chandrasekhar [6]) is valid in the range of temperature, pressure and
composition expected so that the density p is constant except in the buoyancy term (pgz)
where it varies linearIy with the temperature 7’ and the weight fraction w:

P(z’jw) =Po[l-A’ (2r”-To) -/3w(zLHfJo)], (1)

where p., & = (–1/Po) (~P/~)W and Bw= (–1/po) (Op/6’w)~ are the density at temper-
ature To and weight iiaction Wo,the thermal expansion coefficient, and the compositional
expansion coefficient, respectively. The coefficients ~ and ~Ware calculated for the sys-
tem C1/nC4, using the Peng-Robhson equation of state [7]. Fig. 2 depicts the density p

210



vs. temperature and mole iiaction x of methane. This figure clearly shows the validity of
the assumption of linear variation of p vs. T and x in the range of temperature, pressure
and composition expected; & and ~Ware thus the slopes of those lines.

The unsteady state conservation equations of mass and species are:

V.v = o, (2)
al.)

PO= + Pov. (WV) + V“J = U (3)

where v and J are the velocity and the diffusive mass flux for component 1, respectively.
The difiisive mass flux is given by the expression:

J = CWVW+- CPVP + G%T, (4)

where Cw, C’p and @ are the coefficients of molecular diffusion, pressure diffusion and
thermal difision, respectively. These coefficients are described in Ref. [5]. They are
assumed constant in this work. Their variation can be readily accommodated by the
numerical model. The diffusive flux, J, results from the deviation in the velocity of
component one from the velocity of the bulk fluid. Since, in the case of a two-component
system, the diffusive flux of component two is equal to —J and the weight fraction of com-
ponent two is equal to 1 – w, the equation expressing conservation of mass of component
two will be a linear combination of Eqs. 2 and 3.

The bulk velocity, v, is given by Darcy’s law:

v –~[VP+po(l -&(T-To)–~w (w–wo))gzl,
= 4P

(5)

where P, g, k, ~ and ~ are the pressure, the acceleration due to gravity, the permeability,
the viscosity and the porosity, respectively. The unit vector z points upwards. The
substitution of Eq. 5 into 2 and the assumption that (k/@p) is constant in each medium
Iead to the pressure equation:

( m 8W )V2P = pl)g p~~ +pwz . (6)

The above equation will be used later in the numerical solution to the problem. The cross-
sectional reservoir is assumed to be bounded by an impervious rock that has constant
temperature gradients TZ and TY in horizontal and vertical directions, respectively. We
also assume that the conductive flow of heat is much greater than the convective flow and
that thermal diffimivity is very large compared with compositional diflusivity. With these
assumptions, the solution of the energy equation will have roughly the same temperature
gradients as the bounding rock. In the following, the temperature field is assumed to
be a linear function of z and z: T = Tzz + TZZ+ a, where a is a constant. If we set
the temperature at x = W/2 and z = H/2 equal to To, then, 2’ = 27=(z – W/2) +
T= (Z – H/2) + To.
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3.1 Boundary Conditions

The boundary conditions for Eqs. 2, 3 and 5 are that the fluid does not cross the outer
boundaries (Fig. 1):

J.n = O z=O, W and z= O,H, (7)

V.n = o z=O, W and z= O,H, (8)

where n is the unit normal vector. Eqs. 7 and 8 imply that:

C“aw 8P m
~+cp ~+o~ =0, and VZ=O Z=o, w, (9)

C“aw~+c
paP #T=o ~d ~~+c T& , .=0 z= O,H. (lo)

From Eq. 5, we obtain the boundary conditions required for the integration of Eq. 6:

aP

Z“”
X=o, w, (11)

8P

x
= –po(l–&@-To )-Pw(?W–ZUo)) Z= O,H. (12)

With the above Newnmn boundary conditions, weight fraction and pressure must be
assigned at one point of the medium. In this work we set w (W/2, .H/2) = W. and
P (W/2, H/2)= Po.

3.2 Conditions at the matrix-fracture interface

The matching conditions at the matfix-fracture interface are given by the continui~ of
the normal component of the total mass flux, the normal component of the diffusive mass
flux, the pressure and the mole fraction. Because of incompressibdity assumption, the
total mass flux across the interface reduces to the normal velocity. Let us designate by
“ 1“ and “2” the matrix zmd fracture media which are separated by an interface. The
matching conditions can thus be expressed by:

(v.n)l = (vOn),

u’), = (P)2

(w), = (w),

Note that the matching conditions are not required for the tangential velocity
interface. This is because we use Darcy’s law to calculate the bulk veloci@ v.

(13)

(14)

(15)

(16)

at the

4 Numerical Scheme

Eqs. 3, 5 and 6 together with the boundary conditions given by Eqs. 9 to 12 and the
matching conditions given by Eqs. 13 to 16 are numerically integrated using the finite
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volume method (see Patankar [8]) with a nonuniform rectangular grid system. The spatial
discretization is performed using a second-order centered scheme. A semi-implicit iirst-
order scheme is used for the temporal integration. We seek the steady state solution and
iterate on the unsteady system until the steady state is reached. In this work convergence
to the steady state is assumed when the absolute relative error of concentration is found
to be Iess than 10-7 between the two successive iterations at each grid point.

The dncretization of Eqs. 3 and 6 gives rise to large sparse systems of linear equa-
tions. The matrices corresponding to those equations are pentadiagonal and are amenable
to solution by iterative methods. However, the integration of those systems is a major
task. The matrices are highly ill-conditioned because of 1) the spatial discontinuity in
permeability of matrix and fractures, and 2) the small fracture thickness in comparison
to the matrix size, Thus, iterative methods may not be suitable unless special robust pre-
conditioners are used. For such problems, direct methods are commonly used in reservoir
simulation. In this work, the direct method of J)4 Gaussian Elimination is used. Details
about the D4 algorithm can be found in Price and Coats [9], and Stringer et al. [10].

In this work, we use eight different configurations of fractured porous media to study
the effect of fracture parameters on the variation of composition. These configurations
are sketched in Fig. 3. Four configurations relate to connected fractures; the four other
configurations relate to discrete fractures (Fig. 3). Calculations are performed using gird
sizes of 309 x 159, 313 x 161, 325 x 125, 345 x 135, 345 x 135, 345 x 135, 41 x 135,
and 345 x 41 to model configurations 1, 2, 3, 4, 5, 6, 7 and 8, respectively. Three mesh
points are used to model the flow in the fracture. The remaining points are distributed in
the matrix blocks. To study the effect of grid size, numerical runs were performed with
different mesh grids either in the matrix blocks or in the fractures. We found that using
finer grids than those above do not significantly improve the accuracy of the results. The
nodal points are uniform.Iy distributed in the fractures, while a nonuniform grid is used
in the matrix blocks. Fig. 4 shows the grid for configurations 1 and 3 with the zooms in
and around fractures (The dashed liies represent the ilacture-matrix interface).

5 Results

We first verified the numerical results from our model with the analytical work presented
in Ref. [5] for unfractured media. The agreement was excellent. The main goal of this
study is, however, the investigation of the effect of fracture parameters on compositional
variation in hydrocarbon reservoirs. We assume that the reservoir consists of matrix
blocks of permeability km = lmd (constant in all the calculations) md horizontal and/or
vertical i!kacturesof permeability kf = 1 to 10Gmd and aperture ~a = 1 to O.lmm. All
the fractures of a given configuration are assumed to have the same permeability and
aperture. The fractures may or may not be connected. All the numerical investigations
are performed for a 30 x 15m cross section (W = 30m and H = 15m). The fracture
parameters considered in this study are:

1) fkacture permeability,

2) fracture aperture,



3) fracture intensity and

4) ftacture connectivity.

Fracture permeabili@ and fracttie aperture are related through the cubic law. How-
ever, in this study we treat them as independent parameters. Con&uration 1 shown in
Fig. 3 consists of a large matrix surrounded by one fracture. This configuration is used to
investigate the effect of fracture permeability and fracture aperture on the compositional
variation. Con&urations 2, 3 and 4 consist of a network of 2 x 2, 8 x 4 and 10 x 5 matiix
bIocks, respectively all surrounded by fractures (see Fig. 3). Those con&urations are
considered to study the effect of fracture intensity. Configurations 5, 6, 7 and 8 represent
fractures that are not connected. Configuration 5 is similar to configuration 1 aside horn
the fact that the surrounding fracture is blocked by a rock with the matrix permeability.
In configuration 6, four rocks of equal permeabilities block the surrounding fracture, one
rock in the middle of each side of the fracture. Coni@ration 7 consists of 6 horizontal,
equidistant, fractures separated by 5 matrix blocks. Configuration 8 consists of 11 vertical,
equidistant, fractures separated by 10 matrix bIocks. The data used in all the simulations
are presented in Table 1. The coefficient of pressure diffusion term is the same as the
one that was used in Ref. [51;the coefficients of molecular diffusion and thermal diffusion
are different. The effect of fracture permeabili~, fracture aperture, fracture intensity and
fracture connectivity on the compositional variation is presented next.

5.1 Fracture permeabili~

The tiacture aperture f=is set to lmm. The calculations are performed for kf = 1 (that is,
kj = km), 10, 102, 103, 104, 105 ad 106md. Mole fraction contours are presented in Fig.
5. This figure shows that with the increase in fracture permeability, the composition stays
constant but beyond a certain fracture permeability the mole fraction contours become
affected and tend to be vertical (in Fig. 5, the distance between the contours is set 0.002).
Fig. 6 depicts the horizontal variation of mole fraction vs. x at z = lT/2. This figure
reveals the same trend as in Fig. 5. It also shows that the composition varies linearly vs.
x aside from the region close to the vertical boundaries. For kf > 104md, the variation is
linear across the whole distance. The implication of this linear behavior is that, at high
fracture permeabilities the composition variation is not affected by vertical boundaries.
Consequently, the results obtained for a small cross section could be applicable to a total
reservoir with a large width. Fig. 7 presents the horizontal mole fraction gradient (at
x = lV/2 z = lY/2) vs. kf. As was shown above, up to k~ s 103md, the horizontal mole
fraction gradient ‘decreases slightly with kf. For kf > 103md, the horizontal mole fraction
gradient decreases sharply (Fig. 7).

The velocity field corresponding to this configuration consists mainly of a loop within
the fracture. The velocity in the matrix is very small compared with that in the ffacture
even near the matrix-fracture interface. This is in part due to the use of Darcy’s law, where
no continuity conditions are required for the tangential velocity at the interface. Darcy’s
law allows for slip-flow at the matrix-fracture interface. The no-slip flow conditions affect
only a thin boundary Iayer at the interface, while the flow in the remaining part of the
matrix is not appreciably affected by the assumption of” slip” conditions. Fig. 8 shows the
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velocity field for kf = 105md; to facilitate the visutization of the velocity field, fracture
aperture ~a, which is equal to lmm is enlarged. Fig. 9 shows a plot of the maximum
horizontal velocities in the fracture vs. kf. Note that unlike the composition gradient,
fracture velocity increases with fracture permeability over the entire range.

5.2 I?racture aperture

Configuration 1 is also used to study the effect of fracture aperture on the compositional
variation for constant fracture permeability. Calculations are performed for ~c = 1, 0.75,
0.5, 0.25 and O.lmm. Results for mole fraction contours and horizontal compositional
variation for ~= = O.lrnm are presented in Figs. 10 and 11, respectively. By comparing
results depicted in these two figures with the corresponding results for ~Q= lmrn in Figs.
5 and 6, we find that compositional variation is much less affected for j= = O.lmm than
for ~a = lmm for the same value of fracture permeability.

Figs. 12, 13 and 14 present mole fraction contours, horizontal compositional variation
and horizontal mole fraction gradient for various fracture apertures. It is seen that the
increase in iiacture aperture results in the homogeneity of composition (see Figs. 12 and
13). Fig. 14 (right) shows that in a log-log graph, the horizontal gradient of mole frac-
tion varies nearly linearly with ftacture aperture; this behavior implies that the function
describing the variation of the horizontal gradient of mole fraction with ~a takes the form
A(~a)~. By linear regression, we find the expression 0.0199 (~a)-0”48G.

Figs. 15 and 16 show the fracture horizontal velocity and the maximum fracture
horizontal velocity, VZM=,respectively. It was intuitively expected that the fracture ve-
locity would decrease with a decrease in $=; for& calculations, we find that, the velocity
increases when f= decreases. The trend, however, should reverse when ~a becomes very
smalI, of the order of microns. Similarly to the behavior of the horizontal gradient of mole
fkaction, the function describing the
Fig. 16 right). By linear regression,

5.3 I?racture intensity

variation of vZ~=zwith f~ takes the f~rm
we iind the expression 0.00377 (fa)-0”541.

A(f=)B (see

In all the previous calculations, only configuration 1 is studied. Here, three other config-
urations (Fig. 3) with different fracture intensities are investigated.

Figs. 17 and 18 present the mole fraction contours, and horizontal composition vari-
ation vs. z at z = H/2, respectively, for k~ = 105md and j’. = lmm. Compositional
variation is almost the same in con.figurations 1 and 2. In both configurations, mole frac-
tion contours are almost vertical, and the horizontal mole fraction gradient is constant.
However, some difference on compositional variation occurs between these two configura-
tions and configurations 3 and 4. When the number of fractures increases, mole fraction
contours loose their vertical shape as seen in Fig. 17. No substantial difference, however,
is noticed for the horizontal mole fraction gradient. Fig. 18 clearly shows that there is no
significant effect of interior fractures on the overaIl horizontal compositional gradient.

The above behatior could be explained by observing the velocity fields of configurations
1 to 4 (see Fig. 19) for kf = 105md and f= = lmm. This figure shows that, the flow
veloci~ in the interior fractures is small compared with the flow velocity in the main
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surrounding fracture. The flow mainly occurs in the loop of the main fracture. Smaller
loops occur in the interior core but fluid movement in these loops is relatively slow. Fig.
20 depicts, in more detail, the horizontal fracture velocity (top) and the vertical fracture
velocity (bottom) of configurations 1, 2, 3 and 4. This figure shows that horizontal
(vertical) velocity increases or decreases because of incoming or outgoing flow in the
vertical (horizontal) fractures. The negative vertical fracture velocity in Fig. 20 indicates
that the veloci~ is in the downward direction.

5.4 I?ractme Connectivity

In configurations 1 to 4 studied above, the connected fractures form a network
fluid circulates without being stopped by a rock matrix of low permeability.
now consider .coniigurations with discrete fractures to study the influence of

~d the
Let us

fracture
discreteness on compositional variatiori. Configurations 5,6,7 and 8 (Fig. 3) are studied
toward this end. The results are presented in Fig. 21 for k$ = 105md and t. = lrnm.
This figure shows the effect of blocking the surrounding fracture by a 6m long porous
medium of low permeability (k = lmd) for configuration 5. Fig. 21 also shows that
discrete horizontal and vertical ilactures have less influence on compositional variation
than connected fractures. Furthermore, the composition is more fiected by horizontal
ikactures than by vertical fractures. Composition in configuration 6 is more homogeneous
thaa in configuration 7 although the number of fractures in configuration 7 is twice the
number of horizontal fractures in configuration 6.

The fracture velocity fields of configurations 1, 5,6 and 7 are depicted in more detail in
Fig. 22. This figure shows that the maximum horizontal fracture velocity in configuration
1, for instance, is more than twice those in configurations 5,6 and 7 for the same value of
kf and f=. The same behavior occurs regarding the maximum verticaI velocity; VZ.==in.
configuration 1 is more than twice those in configurations 5, 6 and 8 for the same’ value
of kf and f=.

6 Conclusions

This study centers on the features of composition variation in fractured porous media.
The numerical results show that fracture permeability above a certain value influences the
composition ~iation, whereas the fracture convective velocity increases with an increase
in fracture permeability. Other conclusion fi-om-this study are:

1) The fluid flow consists mainly of a loop within the surrounding fracture. Smaller
loops occur in the interior connected fractures. The flow velocity within the rock matrix
is negligible in comparison to fracture velocity.

2) The fracture flow velocity increases when the fracture aperture decreases. On the
other hand, with larger fractures, the compositional variation is less significant.

3) The main effect on compositional variation is due to the surrounding fcactures. The
interior fractures affect the shape of the mole iiaction contour lines, but the horizontal
compositional variation is not significantly affected by those fractures.
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Nomenclature
Cw

Cp
o
fa.
9
H
J
k
kf
km
n
P
PO
T
TO
T=
T=
t
v~
VZ
v
w
w
WQ

coefficient of molecular diffusion in J
coefficient of pressure diffusion in J
coefficient of thermal diffusion in J
fracture aperture
gravity acceleration
reservoir height
difl!usive mass flux
permeability
fracture permeability
matrix permeability
normal vector
pressure
pressure at the reservoir center
temperature
temperature at the reservoir center
horizontal thermal gradient
vertical thermaI gradient
time
horizontal velocity
vertical velocity
velocity vector
reservoir width
weight fkaction
weight Iiaction at the reservoir center

x, z coordinates
z upward vertical unit vector

Greek symbols
~W compositional expansion coefficient
fi thermal expansion coefficient

x mole fraction
@ porosity
p dynamic viscosity

P density
p. density at VJoand To
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w
H

Xo
PO
TO

Po
c“
Cp
@
TZ
T=

4
P
km

30 m
15 m
0.2
1.10 x 107 Pa
338.5 ‘K
495.3 kg/m3
–1.55 x 10-7 kg/m.s
–7.85 x 10-IG kg/m.Pa.s
+1.71 x 10-9 kg/m.s. “K
+O.l°K/ 30 m
–l°K/ 15 m
0.25
200 kg/m.s
1 md

Table 1: Data used in this work.
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Figure 2: Density variation vs. mole fraction (top) and temperature (bottom) obtained
by the Peng-Robinson equation of state for the binary mixture C1/nC4.
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Figure 3: Sketch of the fractured porous media configurations.
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Figure 7: Horizontal gradient of mole fraction vs. fracture permeability at z=W/2, z=H/2
for ~a=lmm: Configuration 1.
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Part V - Modeling of Multicomponent
Diffusions and Convection in Porous Media

KASSEM

1 Summary

Numerical investigations

GHORAYEB AND ABBAS FIROOZABADI

of diffusion and convection in multicomponent hydrocarbon
mixtures in 2D cross-sectional (z, z) porous media are performed using the finite vol-
ume method with nonuniform rectangular grids. Spatial discretization is performed by a
second-order centered scheme. It is shown that methane, unlike in binary hydrocarbons
where it segregates towards the bottom hot of the porous media, may be at higher con-
centration at the cold top in ternary and mixtures and multicomporient reservoir fluids.
This behavior, which is in line with oil field data, is due to various cross effects which
have not been properly accounted for in the past. It is also demonstrated that convection
may significantly effect the compositional variation in a hydrocarbon reservoir; depend-
ing on temperature and pressure, a weak convection may drastically change compositional
variation,

2 Introduction

Field observations show several trend of compositional variation; there is mainly vertical
compositional variation of the hydrocarbon components in some reservoirs [1]. Some other
reservoirs show pronounced horizontal compositional variation [2]. In some reservoirs,
there is very little compositional variation with depth [3]. One may even observe a decrease
of heavy components such as C7+ with depth [4]. It is believed that multicomponent
difksions and convection effect the distribution of various components in hydrocarbon
reservoirs [5, 6]. In a multicomponent hydrocarbon fluid, the total mass flux of a given
component consists of two parts: 1) the convective flux from the velocity of the bulk
fluid, and 2) the diilusive flux as a result of the difference between component velocity
and bulk velocity. The molecular difhsive flux of a given component depends not only on
its composition gradient (mutual diflusion), but also on the composition gradient of all
the other components in the mixture (cross-molecular diffusion). The diffusive flux also
depends on pressure and thermal gradients- the so-called thermal diffusion (Soret effect)
and pressure diflusion (gravitational segregation), respectively [7]. AU these effects can
be modeled using thermodynamics of irreversible processes.

The compositional variation of a component in multicomponent mixtures (more than
two components) in a porous medium may radically differ from that in bimwy mixtures.
The cross effects (cross-molecular diffusion and thermal dfiion)
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for a radical variation. The primary goal of this work is to model the compositional
variation of multicomponent mixtures in porous media, taking various cross-effects into
account, and to show that alI the trends in field data (from Refs. [1] to [4]) can be
predicted.

Methane in binary mixtures of Cl/C’z, C1/C3 and Cl/nCA, where experimental data
are available, segregates to the hot side [8, 9, 10]. On the other hand, in hydrocar-
bon reservoirs, there is generally more methane on the cold side (top of the reservoir)
[4, 5]. Those facts imply that one may not use’ effective thermal diffusion factors to
study the segregation of methaue in mixtures with more than two components in a non-
isothermal medium. Cross-molecular diffusion has also been shown to be important in
some ternary and higher mixtures. There is no claim in the literature for having studied
the combined effect of thermal difhMon, molecular diffusion and convection in ternary and
higher mixtures. Larre et al. [11] investigated the stability of a horizontal layer heated
ffom below filled with a water-isopropanol-ethanol mixture. The authors neglected the
cross-molecular diffusion coefficients and assumed that the thermal diffusion factor of a
component could be expressed as the ‘sum of the thermal difbsion factors of the binaries
consisting of the given component &d the two others, respectively. The model results do
not, however, agree with the experimental data. A sirriilarconclusion has been reported
by Krupiczl& and “Rotkegel [12] who investigated mass transfer in ternary mixtures of
isopropanol-water-air and isopropanoI-water-heIium. Considerable discrepancies between
experimental data and theoretical predictions were observed when cross-difhsion terms
were negIected [12].

There is a vast body of literature on molecuhir diffusion coefficients in binary systems
[13, 14, 15, 16, 17, 18,19, 20]. A sizable amount of binary data on hydrocarbons is also
available [13, 16, 17]. However, molecular diffksion data for mixtures consisting of three or
more components, especially for hydrocarbon mixtures at reservoir conditions, are scarce.
Reviews of the available data in ternary mixtures with summaries of the measurement
methods are presented by Cussler [21] and hell and Harris [22]. Kooijman and Taylor
[23] summarized the existing models for predicting the molecular difTusioncoefficients in
multicomponent mixtures and presented a correlation based on the Vignes correlation [24]
for binary systems. Compared with experimental data for ternary systems, Kooijman and
Taylor’s correlation [23] provides better results than do the other available correlations.
In this work, we adopted Kooijman and Taylor’s correlation to calculate ,the molecular
diffusion coefficients.

Surprisingly, no experimental data for ternary and higher mixtures exists in the liter-
ature for thermal diffusion factors, a necessary requirement for the calculation of thermal ,
diffusion in a multicomponent mixture. Firoozabadi et al. [25] have recently developed a
theoretical model to estimate thermal difEusionfactors for ternary and higher mixtures.
The new modeI accurately predicts the thermal difFusionfactors of binary mixtures. Fur-
thermore, using the thermal difhMon factors obtained by this model, we where able to
successfully simulate the compositional variation in a thermogravitational porous column
containing a tern~ time as reported by El Maiitaoui [26]; that was an indirect vali-
dation, and the only source of verification, of the model in multicomponent mixtures. In
this work, we use the thermal diffusion factors from the work of Firoozabadi et al. [25]
(see appendix C).

242



Several attempts have been made in the last 20 years to model compositional variation
in hydrocarbon reservoirs. The earlier studies considered the gravitational effect on com-
positional variation in a ID convection-free system [27, 28, 29, 30]. The main conclusion
from those studies is that gravitatiomd effect causes the heavier components to segregate
towards the bottom of the reservoir. Thermal diffusion in a ID convection-free system
has been accounted for in both binary and multicomponent mixtures in some studies
[31, 5, 32]. From those studies one can mainly observe that thermal diffusion may have
the same order of magnitude and may have an opposite effect than pressure diffusion.
The above studies neglect the effect of convection on compositional variation (although it
may be very important) and have been performed in a ID vertical system; they do not,
therefore, allow for investigating areal compositional variation. Furthermore, no appro-
priate model for thermal diffusion has been considered in the studies which considered
thermal diffusion effect in compositional variation [5]. For multicomponent systems, Bel-
ery and da Silva [5] investigated the compositional variation in the Ekofisk field using a
one dimensional modeL They took into account molecular, pressure and thermal diffu-
sion and assumed a convection-free system. Their model is based on effective molecular
difl?usioncoefficients and effective thermal diffusion factors. The results iiom the work of
Belery and da Silva show roughly the same qualitative trend of compositional variation
of methane as in the field data; methane is more concentrated at the top of the reservoir.
However, significant discrepancies between field data and predictions exist. This may be
due to the fact that the authors neglected: 1) convection, and 2) certain cross-effects.
The combined effect of convection and pressure diffusion has been considered by Jacqmin
[6]. This study shows the mixing effect of convection; the more convection occurs in
the reservoir, the more homogeneous is the composition. However, neglecting thermal
diffusion may mask an inverse role that convection may play on compositional variation
in hydrocarbon reservoirs in some range of permeability as it has been shown in recent
studies [33, 34]0

Compositional variation of methane in a C1/nC4 single-phase binary mixture has been
studied by Riley and Firoozabadi [33] and Ghorayeb and Firoozabadi [34] in the same
range of thermophysicd and geometrical conditions as in this study. For a particular
example, it has been shown that, at low permeabilities (k < 1 md), methane goes to-
wards the hot side (the bottom of the reservoir). When the permeability increases, due
to convection, there is only horizontal compositional variation. For high perrneabilities
(k >10 red), convective msss transfer overrides both thermal and pressure difision;
it is the main phenomenon effecting compositional variation within the porous medium
for this specific binary mixture. The increase of permeabili~ reduces the compositional
variation. In a typical hydrocmbon binary mixture, for low perrneabilities, compositional
variation is mainly effected by the ratio (D~Tz)/(D~pZ) where DP, DT, pZ and TZ are the
pressure and thermal difhsion coefficients (see Riley and Firoozabadi [33]) and the ver-
tical pressure and thermal gradients, respectively. When this ratio is >1, the horizontal
compositional variation is more pronounced than the vertical variation. The horizontal
compositional gradient reaches a msximum value for k = 1 md and then decays as l/k
[33]. A small amount of convection can cause the horizontal compositional gradient to
increase. A similar phenomenon has been experimentally and numerically observed in
vertical columns (separation by therrnogravitational effect) where there exists an optimal
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value of k leading to the maximal separation [26, 35]. For (D?’Z”)/ (DPpz) < 1, com-
positional variation is effected mostly by pressure diffusion; the vertical compositional
variation is more pronounced than the horizontal variation. .

The main goal of this paper is to provide a sound basis for the study of compositional
variation in hydrocarbon reservoirs; both multicomponent diffusions and convection are
taken into account. The results for a ternary system are presented in detail to show “the
effect of cross-molecular diffusion and thermal difhsion on the compositional variation of
methane, and to explain the discrepancies occurring between field observations and results
in binary systems. Furthermore, the modeling of compositional variation in a field case
is presented. The paper is organized as follows; first we briefly present the mathematical
formulation of the problem. Then, an overview of the nume~cal method is presented.
Results obtained under several conditions of composition, temperature and pressure are
discussed together with a comparison with previous results obtained in the binary mixture
Cl/nCd.

3 Mathematical Formulation

We consider a two-dimensional porous medium with width W and height H (Fig. 1)
saturated by a single-phase mixture of n components. We assume that the Oberbeck-
Boussinesq approximation is valid; the density p-is assumed to be constant, except in
the buoyancy term (pgz), where ii varies linearly with the temperature T’ and the mole
fractions z~, i = 1, .... n – 1: “

where

and

[ 1
p=p~ l–fi(T- To)-n~l Pzi(zi-zio) ,

i=l

PT=-;!$’ >q,i=l,....?2-1

@ ‘1* “=
G = ‘— ,% 1, .... n–l

PO ‘xi T,zj, j=~, n-l, j#i

(1)

are the thermal expansion coefficient and the compositional coefficients of component i,
respectively; p. is the density at temperature To and mole fractions ZiO. The validity of
the Oberbeck-Boussinesq approximation has been demonstrated by Ghorayeb and Firooz-
abadi [36]. The coefficients ~ and /3Ziare calculated using the Peng-Robinson equation
of state (PR EOS) [37].

The unsteady state conservation equations of mass and species are:

5.7 = o,

[

~Xi

.1
‘+~’(~iti) +S.$ “ O, ‘i= 1,

Cti
.... n – 1,

(2)

(3)

where c, Z, and ~ are the total molar density, the bulk velocity, and the molar diffusive
flux relative to molar average velocity for component ‘i (i = 1, .... n – 1), respectively.
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The bulk velocity, C, is given by Darcy’s law:

k
?7=——

4P
(+P + P9Z) , (4)

where p, g, k, p, and # are the pressure, the acceleration due to gravity, the permeability,
the viscosity, and the porosity, respectively. The unit vector z points upwards. Substitu-
tion of Eq. 4 into Eq. 2 and the assumption that (k/#p) is constant lead to the pressure
equation:

( W - ti’x~)Wp = p~g &z+ ‘~1 pziz .
i=l

(5)

The above equation will be used later in the numerical solution to the problem. The
reservoir is assumed to be bounded by an impervious rock that has constant temperature
gradients TZ and TV in horizontal and vertical directions, respectively. In the following,
the temperature field is assumed to be a linear function of x and z: T = TZZ + T.’.z+ a,
where a is a constant. Field data support this form of the temperature expression. If we
set the temperature at z = W/2 and z = H/2 equal to To, then,

T = Tz (z – w/2) +2-” (z – H/2) +To. (6)

The diffusive fluxes are given by the expression (see Appendix A):

(7)

where Dz&, D: and D? are the coefficients of molecular diffusion, pressure difFusion and

thermal diffusion, respectively. The diffusive flux, ~, results from the deviation in the
velocity of component i from the velocity of the bulk fluid. Sinc~, for an n-component
mixture, the diffusive flux of the nth component is equal to – ~~~. Ji and the mole fraction
of the nth component is equal to 1—~~~f ~i, the equation expressing conservation of mass
for component n will be a linear combination of Eqs. 2 and 3.

3.1 Boundary conditions

The boundary conditions for Eqs. 2, 3 and 4 are based on no-fluid fluxes across the outer
boundaries (Fig. 1):

~.R=Oj i=l, ....n–1. z=O, W and

ti.fi = o, z=O, W and

where ii is the unit normal vector. Eqs. 8 and 9 imply that:

z= O,H, (8)

z= O,H, (9)

and VZ= O Z=ojw,

and VZ=O Z= O,H.
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F!rom Eq. 4,weobtah the bomd~conditions that ~erequired forthetite~ationof
Eq. 5:

@_. ~=ow

6’X
>>

(12) .

ap

[

72-1

––po l–fi(T- To)- ~@zi(zi-zio)zE– &l 1
z= O,H. (13)

With the above Neumann boundary conditions, mole fractions and pressure must be
assigned at one point in the medium. In this work we set xi (W/2, lZ/2) = x~~, i =
1 1 and p (~/2, H[2) = po.

. . . . ,
, .... n —

4 Numerical Scheme

Eqs. 3, 4 and 5, together with the boundary conditions given by Eqs. 10 to 13, are inte-
grated numerically using the fite volume method (see Patankar [38]) with a nonuniform
rectangular grid system. The spatial discretization is performed using a second-order
centered scheme. A semi-implicit first-order scheme is used for the temporal integration.
We seek the steady state solution and iterate on the unsteady state until the steady state
is reached. In this work, convergence to the steady state is assumed when the absolute
relative error of mole &actions is less than 10-7 between the two successive iterations at
each grid point.

5 Model Validation “

In a previous work (Ref. [34]), the spatial variation of C1/nC4 with the measured molec-
ular diffusion coefficient and thermal diffusion coefficient was calculated for a given con-
dition. In this work these coefficients are estimated from the procedures outlines in
Appendix B and C. The results are very similar; provided the non-idealities are properly
accounted for (see Ref. [39]).

El Ma5taoui [26]measured species separation by thermogravitationaI effect in n-alkane
mixtures (see Furry et al. [40] and Lorenz and Emery [41] for details about the thermo-
gravitational effect). He mainly investigated the binary mixture nC24/nC12. He also
reported results for the ternary mixture nCzA/nC~G/nClz. We simulated, using our nu-
merical model, some of those experiments with the same thermophysical parameters. The
main difference occurring between the experiment paraxrietersand those used in our nu-
merical simulations is that, in the former, a cylindrical column was used (two concentric
cylinders, the inner one heated and the outer one cooled), though, in the latter, a rectan-
gular column is used (which has the same height as the cylindrical column and a width
equal to the difference of the radii of the two cylinders). Since the difference of the radii
is small compared with either radius, we may proceed as if the convection were taking
place in a thin flat slab as we assume in this study [40].
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Table 1 presents, for different values of permeability, nC24 composition in the bot-
tomand the top of thecohunn (both experimental [26] and numerical results) and the
separation factor g = (%lc2,/~nc,2)btim / (Z~C2,/Z~C,,)~@ ~ well; q is also depicted vs.
k in Figure 2. The comparison between experimental data and numerical results shows
good agreement. The maximal relative error is less that 20%. With regard to the optimal
value of the permeability, kqt, leading to a maximal segregation, experimental data and
numerical results show 2.9 x 10-11 < kwt < 4.9 x 10–llm2 md k~t x 2.5 x lo–llmz,
respectively. There is excellent agreement between measured and predicted value of the
Soret coefficient ST = D~/ (D: X~~(l – S1.)); El Ma5taoui [26] reported ST = 0.90 K-l;
from our model [25] we obtain ST = 0.85 K-l.

For the ternary system nC24/nC’lG/nC12 which is an ided mixture for the given com-
position, the experimental data reported by El Ma5taoui [26] show that no qualitative
change occurs between the ternary and binary systems for the compositional variation of
nC’24;nC’24segregates towards the bottom of the column. The cross-difFusion coefficients
are very small in comparison with the mutual difhion coefficients and that D: has, in
this example, the same order of magnitude in both binary and ternary systems. Fhther-
more, no significant composition variation is observed for nCIG which is mainly due to
the fact that. the thermal difFusion coefficients D; is much smaller that D~; molecular
diffusion prohibits any significant segregation of nC12. Table 2 shows the measured and
predicted results; the maximal relative error between numerical and experimental values
is less than 10%.

6 Results

6.1 Ternary systems

In this study we focus on a non-ideal ternary mixture of C1/C2/nC’4. Two set of calcu-
lations were performed; the compositions at the center of the reservoir were fixed at (1)
Xlo = 0.25, X20 = 0.25, X30 = 0.50, and (2) Zlo = 0.35, Z20 = 0.35, z~o = 0.30. Several
conditions of temperature and pressure were considered. The mixture in all investigations
is in single phase. Table 3 presents the data used for this ternary mixture. To study the
effect of grid size, numerical runs were performed with diiferent mesh grids; we found
that using iiner grids than those mentioned in Table 3 did not significantly improve the
accuracy of the results.

Figs. 3 and 4 show the p – T plots for those mixtures, as weIl as the temperatures and
pressures at which the calculations were performed. For every mixture, at each composi-
tion, three combinations (T, p) were selected. Tables 4 and 5 present, in detail, the data
used in this work. The molecular dfiion coefficients are obtained using Kooijman and
Taylor’s correlation (see Appendix B). Appendix B also shows how the pressure diffusion
coefficients are obtained using the molecular difksion coefficients and the thermodynamic
properties of the mixture. The thermal difFusionfactors are horn Firoozabadi et al. [25].
The cross-molecular diffusion coefficients D# and D# may be <0 or >0. As tempera-
ture increases, D~ and Dfl become significant in comparison to Dfl and D~. Thermal
diffusion coefficients and pressure difision coefficients show a similar trend. Figs. 5
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to 10 show composition contour plots for C’l and C2 for permeabilities in the range of O
(convection-free) to 100 md. Let us first discuss, according to those figures, compositional
variation for the convection-free csses, and then proceed with the effect of convection as
permeability increases.

First, from Figs. 5 to 10 it can be seen that, in ahnost all the cases we studied,
component 2 (C2) is more concentrated at the top of the reservoir. Therefore, the sign of
the thernd difhsion factor in a non-ideal mixture with more than two components does
not imply the segregation to the hot or cold side. Let us now discuss the compositional
variation of methane (component 1). At high temperatures (the point denoted by “ 3“ in
FQs. 3 and 4), there is more methane at the top of the reservoir. This can be seen in Figs.
9 and 10. The behavior is reversed at low temperatures for the same range of pressure
(the point denoted by “1” in Figs. 3 and 4); there is more methme at the bottom of the
reservoir. Figs. 5 to 6 clearly show this behavior, which is similar to the compositional
variation of methane observed in the binary mixture of C1/nC’4 [33, 34]. In most cases
we studied, there is no significant vertical compositional variation of Cl for intermediate
values of temperature at higher pressures. This can be seen in Figs. 7 and 8.

The methane mole fraction contour lines have a slope >0 for low temperatures. The
slope incresses when one increases temperature. For some combinations of (T, p) (in the
neighborhood of the point “ 2“ ), the mole fkaction contour lines becomes ahnost vertic~,
there is no verticaI compositional variation of methane in the reservoir. When one keeps
increasing temperature, the slope of the mole fraction contour lines becomes < O;methane
in this case is more concentrated at the top of the reservoir.

Points “ 1“, “ 2“ and “3” differ also in terms of the effect of permeabili~ on composi-
tional variation. The same trend as reported by Riley and Firoozabadi [33] is observed
for C’1/nC4 when the permeability increases at point” 1“. The horizontal gradient of mole
fraction of methane is almost constant; it reaches a maximum value for k = 1 md then
decays with the increase of permeability so that, at k = 100 md, no significant compo-
sitional variation is observed. For point “ 3“, the composition in the reservoir changes
drastically when the permeability increases from k = O to k = 1 md. Fig. 11 shows
the mole &action contour lines of methane and ethane in this range of permeability. At
k = O (that is, convection-free), methane is more concentrated in the top left corner of
the reservoir. The slope of the mole fraction contour Iines is <0. At some permeability
between 0.05 and 0,1 md, those contour lines become horizontal and then, their sIope
becomes >0. When one increases k, there is always more methane at the top of the
reservoir. For permeabilities > 1 md and up to 100 md (the end of our computational
domain), there is almost no effect of permeability on compositional variation. At point
“ 2“, for k >10 md, the whole reservoir has a homogeneous composition. The ternary
mixture encompasses the features of compositiorial variation in Refs. [1, 2,3, 4].

6.2 Field example

Recently, Lee et al. [3] presented data horn a gas condensate reservoir with some unex-
pected behavior. We adopted this field example. The temperature data are not provided
by the authors. Therefore, we assign them arbitrarily. Tables 6 and 7 present the data
used in this field example and the composition at the center of the reservoir.
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Figs. 12, 13 and 14 show the mole fraction contour lines of all the components in the
mixture for three values of permeability: k = O,k = 1 and k = 10 md. At convection-free
conditions (k = O red), one can see from Fig. 12 that Cl, Cz, COZ, Nz segregate toward
the top of the reservoir; the inverse trend is shown by the other components. One can
also observe that the mtium segregation occurs for Cl, CT– Clg, and C20+. However,
no significant compositional variation is observed for the hydrocarbon components in
between: C2 and C~– C4. Figure 12 also reveals that there is no significant compositional
variation for COZ.

When the permeability changes from k = O to k = 1 md, one observes by comparing
Figs. 12 and 13 that there is less compositional variation for all the components at k = 1

than k = O md. Furthermore, methane, which was more concentrated in the right top
corner of the reservoir for k = Omd is more concentrated in the left top corner for k = 1
md. The compositional variation changes between k = O and k = 1 md are similar to
that for the ternary mixture C1/C2/nC4 depicted in Fig. 11.

As the permeability increases, the compositional segregation becomes less pronounced.
For k = 10 md (average value for the field), for example, no significant compositional
variation occurs for most of the components. The mtium compositional variation
occurs for Cl and C20~; even though, compositional variation for these components at
k = 10 md is insignificant comparing with that occurring at k = Omd. The results are in
agreement with the iield data.

7 Remark and Conclusions

The use of general expressions for molecular, pressure, and thermal diffusion in multi-
component non-ideal hydrocarbon mixtures combined with natural convection allow the
calculation of species distribution in hydrocarbon reservoirs. Since steady state con-
vection is governed by horizontal temperature gradient, the measurement of horizontal
temperature variation is a key factor. Without horizontal temperature variation, there
is no convection at steady state. Specific conclusions from this study are drawn in the
following.

Compositional variation in a single-phase ternary system of C1/C2/nC4 under a wide
range of pressure, temperature and composition and for a reservoir fluid have been numer-
ically studied. For the ternary mixture at low permeabilities (k <1 md), the calculations
show that, in the same range of pressure, methane is more concentrated at the bottom
of the reservoir for low temperatures. However, when the temperature increases, this
trend is reversed; more methane segregates towards the top of the reservoir. For inter-
mediate temperatures, no significant vertical compositional gradient is observed. When
the permeability increases (up to k = 100 md), one may either have a reservoir with a
homogeneous composition or very little convection effect on compositional variation. For
some cases, at low permeabilities, the permeability increase results in a reversal of the
compositional gradient of methane. The fieId example reconfirms the effect of convection
on spatial variation of various species.

.—. .
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Nomenclature

total moIar density
molecular diffusion coefficient
Msxwell-Stefan diffusion coefficient
infinite dilution diffusion coefficient
pressure, diffusion coefficient
thermal ‘difFusioncoefficient
fugacity of component i
acceleration of gravi~
reservoir height
difFusivemass flux of component i
permeabili~
thermal difIusion ratio of component i
totaI molecular weight
molecular weight of component i
number of components
normsl vector
pressure
pressure at the reservoir center
temperature
temperature at the reservoir center
horizontal thermal gradient
vertical thermal gradient
time
horizontal velocity
vertical velocity
velocity vector
reservoir width .
moIe fraction of component i
mole fraction of component i at the reservoir center
upward vertical unit vector

Greek symbols
~~i thermal diffusion factor of component i

Px, compositional coefficient of component i
k thermal expansion coefficient
@ porosity

P viscosity

P density
PO density at Zio and To

I
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Appendix A–Diffusion mass flux

Ghorayeb and Firoozabadi [7] have used: 1) the entropy production expression [42]; 2)
phenomenological laws of the thermodynamics of the irreversible processes; 3) Onsager’s
reciprocal relations [43, 44]; and 4) equilibrium thermodynamics at a local level to derive

the diffusive flux vector J = ( g, .... ~.-l) in a non-ideal fluid mixture of n components.
The flux reads

“J = –c (D”.VX + DT.~T + Dp.f@ . (A-1)
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The molecular diffhion coefficients, thermal difEusioncoefficients and pressure diffusion
coefficients Dt#, D; and D?, i, j = 1, .... n – 1, are expressed by

(A-4)

respectively, where Mi) fi and ~. are the molecular weight, the fugacity, and the partial
molar volume of component i, respectively. In the above equations, .Lij, i, j = I, 2
are the phenomenological coefficients (.Li$= Lji) [42]. ~ ~d fi Cm be obtained ustig
an equation of state [39]. The coefficients ai~, Di. and hi (thermal diflision ratio of
component i) are given by

MiMn
@n=— M2 ‘ i=l, ....1.l,

Din =
M3RLii

i=l, .... n–l,
p~M~xixn

(A-5)

(A-6)

MixiMnznL~q
ki =

MRTLii
= o!Tix.ixn, i=l, .... n–l; (A-7)

~~i is the thermal difFusionfactor of component i. Let

=Zl ahfl + M2X2+ M3X3 aln f2
c2—

axz P, T, Z~ M2 8X2 P, T, Z, ‘

MIZ1+ iW3x3 a b jl abf2C3=
Ml 8X1 P, T, Z,

+z2—
8X1 P, T, Z, ‘

=Zl ahfl + M.-X2+ M3z~ ah fz
C4 —

8X1 P,T, Z,
M2 axl P,T, X2

.

For a ternary mixture, Eqs. A-2-A-4 then read

D: =
a13D13Mlxl(c3+Q2)

DE
= “3D’3M’x’(’’+c22)
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D% =
““D’’%x’( ’’+”*)

D% =
““D’’M’x’( ’’+”*)

(A-1O)

(A-n)

[

Mlxl iwlz~ + M3X3 -
~ = a@l~=

M

Ml
V1+Z2V2–T+

(
M’x’ + M3X3-

)1

&f L12

MS
V’+XJ71”7 —

L1l ‘

[

ik12x2 M2X2+ M3Z3 -
~ = a23D23F

M’
v’+xlvl–~+

(

Mlxl -I-M3X3-

)1

M L21

~Ml
Vl+z’v’– — —p L22 “

(A-13)

(A-12)

I

D? = a13D13Mh1, (A-14)

D? =. a23D23Mh2, (A-15)

From Eqs. A-8-A-11 the phenomenological coefficients read (provided that QC3-CIC4 # O)

Lll =
CM3Z3

(QD~ – )e4D~ ,
R (C2C.3– C1C4)

L12 =
—CM3X3

(CID: — )c3D~ ,
R (C2C3”–C1C4)

L21 =
CM3X3

(c2D2~— )c4D~ ,
R (C2C3– C1C4)

L22 =
—CM3X3

( )clD~ —C3D27 .
R (C2C3– CIC4)

(A-16)

(A-17)

(A-18)

(A-19)

Suppose the molecular diffusion coefficients are known say by experimental measurements
or from a correlation (see Appendix B for the correlation we wed in this work); the phe-
nomenological coefficients can be obtained using Eqs. A-16-A-19. Note that C2C3— C1C4
(appearing in Eqs. A-16 to A-19) vanishes at the critical point because of the critical-
ity condition [39]. Once the phenomenologiczd coefficients are calculated, the pressure
diffusion coefficients are readily obtained from Eqs. A-12 and A-13.

Appendix B–Molecular diffusion coefficients

There are a number of attempts in the literature to predict multicomponent molecular
diffusion coefficients for liquid systems (Krishna [45], Wesselingh and Krishna [46]). Kooi-
jman and Taylor [23] summarized the existing equations and proposed a correlation for
the MaxwelI-Stefan diffusion coefficients ~ij for multicomponent mixtures based on a gen-
eralization of the Vignes [24] equation for binary systems. For a mixture of n components,
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this correlation reads [23]

‘~j=(%)”(%)x’ii (Dwk)’k”k=l
k#i, j

(B-1)

where ~~ are the coefficients at infinite dilution. The Mzmwell-Stefan snd the Fickian
expressions for”the molar difhx+ve fluxes for non-ideal mixtures are

J = –c B-l. I’.~z (B-2)

and

J = —c D“.@z, (B-3)

respectively [23]. In the above equations’ DM denotes the Fickian diflision coefficients
matrix, B is a square matrix (order n – 1) with elements given by

i#k

. ‘ij = -Zi(i--a
and, I’ is the matrix with elements given by

(B-4)

(B-5)

(B-6)

where Xj denotes xj = (Zl, .... ~j_l, ~j+l, .... Z._l). Thus, the Mmrwell-Stefan diffusion
coefficients are related to the Fickian diffusion coefficients by the following relationship

DM = B-1.r. (B-7)

Several attempts have been made to estimate the infinite dilution diffusion coefficients
(Wilke and Chang [47], Tyn and Calus [19], Bandrowski and Kubaczlm [48], and Hayduk
and Minhas [18]). Review and evaluation of those correlations have been made by Siddiki
and Lucas [20], and Reid et al. [49]. After comparing the results obtained by those cor-
relations, Siddiki and Lucas [20]recommended using the correlation proposed by Hayduk
and Minhas [18] for liquid mixtures of normal paraflins

B; = 13.3(10-8) T1.47#”2/~-o”791)K-o.71, (B-8)

where qj and Vi are the viscosity and the molar volume at the normal boiling point of
component i, respectively.

Eqs. B-1 and B-8 allow us to predict the Maxwell-Stefan difhsion coefficients. Fol-
lowing this calculation, the Fickian diffusion coefficients can be obtained using Eq. B-7,
The fugacities $i are calculated using the PR EOS [37]. We used the viscosi~ and the
normal boiling point data reported in Refs. [50, 52, 53, 54] and [55], respectively. We have
also performed an independent evaluation of the above correlation for some new binary
diffusion coefficients such as the C1/nC1o mixture at high pressures and temperatures
[17], which yielded satisfactory results.

.. ,- .-~--~,~— --- --Y.V:T .<:.. $ .
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Appendix C–Thermal diffusion coefficients

Thermal difl?usioncoefficients in multicomponent mixtures has been studied by Firooz-
abadi et al. [25]. Here, we summarize the model reported by the authors for the sake of
completeness. The difi?usionflux ~ of the ith component in a mixture of n components
can be written in the two following forms

i=l, ....n—1.

$= [W?y?2+qp)]-~~lLik (M, Mn T

kd

i=l, ....1.l,

(c-1)

(G2)

where Q~ is the net heat of transport, and Ljq and Lik are the phenomenologicd coeffi-
cients. Eqs. C-1 and C-2 imply

L;q = ~Lik($-$),
i=l, ....l–l.

k=l

Let

Eq. C-3 can be then written in a compact form as

Let

L~ = L.Q.

[Dij] s %nDin&j i, j = 1, .... n -1,

Using Eqs. A-l–A-4 DM and L~ read

DM = D.M.L.W.F,
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respectively. Eq. C-6 can be written as

hi

The net heat
been determined
Firoozabadi [56]

(G6)

i=l, ....l–l (G7)

of transport for the ith component in an n component mixture has
by generalizing, for n components, the expression used by Shukla an

(G8)

where A~i is the partial molar internal energy departure of component i, ri = A~p /A17~;
A~p and AU~ are the energy of vaporization and the energy of viscous flow, respec- “
tively [57].

13komEq. C-5, one obtains the expression relating the phenomenological coefficients
matrix L to the molecular diffusion coefficients matrix D M [71

L = (D.M)-’ .D”. (W.F)-’ ;

whichcan be titten = [7]

?? “X’ ~yd’k y Lli =
~M~X” ~

~ Dij ,
1=1‘=1 j Xj,TJJ

ij=~,-1n—~”

Thus, having DM and Q, the calculation of DT becomes straightforward

.,
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(G9)

(G1O)

from Eq. A-3.
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TabIe 1: Predicted and experimental composition in a thermogravitational column for a
binary mixture of nC14/nC12. Initial composition: 8.15% nC24; 91.85% nC12. TO= 321.5
K, AT= 25. Column height =40 cm.

Data of EI Maiitami [26] I Model Results
k(mz) (?ZCZ4)~.ttO~[ (?ZC’Z4)*0.I U I (nC~4)6.fromI (nC7.h.mI ~

2.90X10-11 0.200 0.09! I 2.44
4.90x 10-11
6.10X 10-11
1.18X10-10
1.79x 10-10
2.69 X 10–10
4.75x 10-10

0.230
0.205
0.188
0.169
0.151
0.165

..r
5--

0.109
0.116
0.133
0.140
0.136
0.148

Zxr
2.44
1.96
1.51
1.25
1.13
1.13

. --- --------
0.202
0.193
0.187
0.171
0.164
0.160
0.156

. -., -”F

0.094
0.105
0.111
0.128
0.135
0.140
0.144

2.03
1.83
1.41
1.26
1.17
1.09

Table 2: Predicted and experimental composition in a thermogravitationd column for
a tern~ IIIhdwe Of nCzA/nCIG/nC12; fitial Composition 12.67% nCzA; s’i’.Al~o ?@16;

49.92% nC12 . TO= 321.5 K, AT= 25. Column height = 120 cm. k = 6.1 x 10-11 m2.

(nc24)bottona (nC24)tOP (nc:j:5tt0m (n~3~;~

Measureddata (Ref. [26]) 0.240 0.140
Modelresults 0.265 0.135 0:408 0:389
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Table 3: Relevant reservoir and fluid prope@ data for the ternary mixture.

Reservoir Width 1500 m
Reservoir Height 150 m
Porosi@ 0.25
Viscosity 0.2 Cp
Permeability 0-100 md
Vertical thermal gradient 3.5 K / 100 m
Horizontal thermal gradient 1.8K / 1000 m
Mesh 301 x 41

Table 4: PhysicaI and transport properties for the C1/C2/nC4 mixture: ZIO = 0.25, ~
Z20 = 0.25 and X30= 0.50.

I Physical and transport

I @z,
BZ2

~11 x 10+9 m2/s
D12x 10+9m2/s
D21 x 10+9 m2/s
DZ2 x 10+9 m2/s
D: x 10+16m2.Pa
Df x 10+16m2.Pa
D: x 10+12m2/s K
D?’ x 10+12m2Is K

PO = 7.0x 106Pa I ~o = 7.8X 10sPa
To = 315 K

450.35
–0.52X10–2
–1.25
–0.72
+3.14
-0.77
–0.32
+4.68
+0.32
+0.14
-5.13
–1.35

TO= 345 K
374.41
–0.86 x 10-2
-2.17
–1.25
+3.52
–1.68
–0.83
+6.43
+0.87
+0.47
–8.94
–2.71

Po = 7.4x 106 Pa
To = 395 K

175.36
–1.43 x 10-2
–3.98
-2.44
+3.96
–3.24
–1.87
+8.76
+4.54
+2.86
–11.8
–4.36

Table 5: Physical and transport properties for the C1/C2/nC4 mixture: ZIO = 0.35, ,
Zzo = 0.35 and Z30= 0.30.

Physical and transport
properties

POKg/md
P= K-l
&
A2

Dll x 10+9 m2/s
Dlz x 10+9m2/s
D21 x 10+9 m2/s
D22 x 10+9 m2/s
D~ x 10+16m2.Pa
D: x 10+16m2.Pa
D? x 10+12 m2/s K
D$’ x 10+12m2/s K

P. = 8.5x 106Pa
To= 290 K

423.20
-0.51 x 10-2
–1.71
-0.97
+2.51
–1.14
+0.06
+4.87
+0.43
+0.12
–6.94
+0.32

PO= 9.3x 106Pa
TO=315K

358.66
–0.86 x 10-2
–2.48
–1.44
+2.26
–2.03
–0.74
+6.10
+0.98
+0.43 “
–10.0
+0.11

13i= 8.8x 106 Pa
TO= 365K

178.58
–1.26 X10-2
-3.98
–2.44
+3.11
–3.89
–0.56
+9.67
+4.87
+2.75
–13.2
–0.76
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Table 6: Relevant reservoir and fluid property data for the field example.

Reservoir Width 10 km
Reservoir Height 1.5 km
Porosi@ 0.20
Viscosity 0.05Cp
Permeability 10 md
Vertical thermal gradient 2.0 K/ 100 m
Horizontal thermal gradient 1.5 K / 1000 m
Mesh 501 X 81

Table 7: Composition at the center of the reservoir for the field example.

.

Component mole % Component mole %
co~, 4.230 C3 – C4 9.120
Nz 5.000 c~ – Cfj 3.630
cl 53.40 C7–Clg 6.345
c~ 10.95 c~fJ+ 7.325
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VZ=o

J1. = O

J2Z= O

v= =0, JIZ=O, -J2Z=0

?&=o

v= =0, JIZ=O, J2Z=0 1 r
x

Figure 1: Geometry

.



2.5

— l’heory
● Dat~ El Mahtaoui

1.0 1 ,
10-11 10-’0 10-g

Permeabili~ (m’)

Figure 2: Predicted and measured separation factor q
(Z?@X/ZTZ@)*oti / (%m,,/~~c,,),~. kitial composition: 8.15% nC,,; 91.85% nC’l~
To = 321.5 K, AT= 25. Column height = 40 cm.

80”0 ~

78.0

1

76.0 -

3
-$ 74.0 -
~

Q
72.0 -

70.0 -
1%

3*

68.0 I , 1, , t ,
300 320 340 360 380 400

T(K)

Figure 3: p – T diagram for the ternary mixture C’l/C’z/nCA: Zlo = 0.25, Zzo = 0.25 and
Z30 = 0.50, . denotes the critical point.
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Fig$re 4: p – T diagram for the ternary mixture
Z30 = 0.30. . denotes the critical point.
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k = Omd (convection-free)

k=lOmd

\
0.2 05

1

0.

/

/00

J-
o. 495

k = 100 md

Figure 5: Composition contour plots for the C1/Cz/nC4 mixture: .P = 7.0 x 106 Pa,
T = 315 K. Zlo = 0.25, Z20 = 0.25, Z~o= 0.50.
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k = Omd (convection-free)

.

k=lmd

k=lOmd

k = 100 md

\
0.3 0

J

—

iz

o.

_L—

C’2
Figure 6: Composition contour plots for the C1/C2/nC4 mixture: P = 8.5 x 106 Pa,
T = 290 K. Zlo = 0.35, Z20 = 0.35, z~o = 0.30.
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IG= Omd (convection-free)

k=lmd

k=10

0.’50

I

k = 100 md

D 020 J2-.2!5
Figure 7: Composition contour plots for the C1/C’z/nC4 mixture: P = 7.8 x 106 Pa,
T = 345 K. ~1~= 0.25, Z20 = 0.25, ZaO= 0.50.
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k = Omd (convection-free)

-0.351

0.350

0.349

cO.348— “

k=

O 352

/

o 350

/- -

1 md ,

I.

k=lOmd

k = 100

0. 50

?

/

Figure 8: Composition contour pIots for the
T = 320 K. ZIO= 0.35, ZZO= 0.35, Z~O= 0.30.

md

C1/CZ/nC4 mixture: P = 9.4 X 106 Pa,
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k = Omd (convection-free)

0.24
\

0.24

1 md

k=lOmd

k=
k

.256

/

100 md
/

.256

Q?
Figure 9: Composition contour plots for the C’1/C2/nCA mixture: P = 7.4 x 106 Pa,
T = 395 K. ~11)= 0.25, Z20 = 0.25, Z30= 0.50.
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k = Omd (convection-free),

-0.354

0.353

0.352

0.351

0.350

0.349

0.348

o.347—
0.345= -0.346

1 md
-
_o.35

k=lOmd
0.369- /
~.36 g.35

k = 100 md

,

c’~ C2

Figure 10: Composition contour plots for the C’1/C2/nCA mixture: P = 8.8 x 106 Pa,
T’= 365 K. Zlo = 0.35, Z20 = 0.35, Z30= 0.30.
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k = Omd (convection-bee)

k = 0.01 md

k=
Y

‘O .260~

-
‘0.25

‘0.238

‘ k=

~0.254

~0.252

—0.250

PO.248

0.246

.240 4

0.24

.0.24

ua~

0.05 md

0.1

0.254

0.252

0.250

0.248

0.246

CO.244

md
0.254

.246
i

cl c~

Figure 11: Composition contour plots for the C1/C2/nCA mixture: P = 7.4 x 106 Pa,
T = 395 K. ZIO= 0.25, Z20 = 0.25, Z30= 0.50.
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cl C7–Clg

C’2 (&+

c~– C4 C07,

c5–c(j N2

Figure 12: Composition contour plots for the field example k = Omd (convection-free) I
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c1 C7– Clg

C2 c~l)+

c~–cd Coz

c5–c6 Nz

Figure 13: Composition contour plots for the field example: k = 1 md
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C21J+

C02
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Figure 14: Composition contour plots for the field example: k =10 md
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