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METHCOD, SYSTEM AND PROGRAM STORAGE DEVI CE FOR
RESERVO R SI MULATI ON UTI LI ZI NG HEAVY O L SOLUTI ON GAS

WORIOVE7ECHNI CAL FI ELD The present invention rRCHUSH06/049095

generally to methods and systens for reservoir
simulation predicting the flow of fluids in an
underground reservoir, and nore particularly, to
enhanci ng reservoir performance forecasting by
accounting for fluid flow effects due to heavy oi
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i ncl ude oi | UTIRIZENG MEWYY GUCHOLATEION GABIREGEL | Ng
1S | nport ant I n reservolr rranagerrent and estimati ng

the potential recovery froma reservoir. Reservoir
sinulation is well knowfpthn@olowisipe oil industry
and in the scientific ITterature. A good prinmer on the
principles behind reservoir sinulation is K Aziz and
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désulatipn |p®¢dl@fng‘tbwﬂ0®sd ﬂmds irsamuhdergonnd sesgever, ahtl ynore

@gﬁ&ﬁ%ﬁ? t!) %nlgﬁ%%ﬁ{ﬁq eseerv?lé grrfgc'%%nsce ?rec%k%}nggdy/ accbur%tmg for ﬂuld
iftroo effecta tee tdoleave fodl sibatéon gastdrizer entireties. The

followi ng are general steps taken in a conventi onal
reservoir sinulation. First, a reservoir is selected

for which the roBaAGKIROUND QFOIEE INYENTEONO be

nodel ed and sinul ated. The reservoir is nodel ed and

di scretized into a plurality of cells. Nonlinear
PSERBIrEBRHEA iscméd (3 Ere@ﬁ:ﬂ ﬁierﬂ{ﬁﬁ 8AN6RE iPAF Ind@hiound reservoir.

enerally in the formof finit
he fluid flow may include oil, gas and water Such reservoir forecasting is important in

reservoir management and estimating the potential recovery from a reservoir.

Reservoir simulation is well known throughout the oil industry and in the scientific
literature. A good primer on the principles behind reservoir simulation is K. Aziz and
A. Settari, Petroleum Reservoir Simulation, Elsevier Applied Science Publishers,
London (1979). Another description of how reservoir simulation is generally
performed is described in U.S. Patent No. 6,052,520 to Watts III et al. These

references are hereby incorporated by reference in their entireties.

The following are general steps taken in a conventional reservoir simulation. First, a
reservoir is seleqted for which the rock and fluid properties are to be modeled and
simulated. The reservoir is modeled and discretized into a plurality of cells. Nonlinear
governing equations are constructed for each cell, generally in the form of finite
difference equations, which are representat.ive of properties of rocks and fluids in the
reserv_oir. Examples of rock properties include porosity, capillary pressure, and
relative permeability for each phase of fluid (oil, water, gas.) Examples of fluid
properties include oil viscosity, oil formation factor (By), and pressure, temperature,
and saturation in each of the cells. Nonlinear terms in these equations are linearized to
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di fference equations, which are representative of
properties of rocks and fluids in the reservoir.
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capillary pressure, and relative perneability for each
phase of fluid (oil, water, gas.) Exanples of fluid
properties include oil viscosity, oil formation factor
(Bo), and pressure, tenperature, and saturation in
each of the cells. Nonlinear terns in these equations

Arfve WP 8 FFHeAORUBHNR fBF cathShediép bi MRaimeRUahi Tise linear
for each tinestep of the sinulation._ These |inea

cagvatPTERNGHPP b BolVBL ISP 1 UURHS (95 HBKRRYER TG &5 pessure and
L&%ﬁ%&fé‘ﬁg isn‘;‘tlﬁ‘é Qfﬁ@ RbGSRESafRY of %gééﬁ@:‘e'aﬁa shitrdtlt® &Béd Sroperties

val ues or pressure and satuqatlon ot her
praofberdsiimstarbincldingsthe pueral productian e oilhgasoand watpr from the

producti.on of oil r by |
FeRirHai a R hortna b ARl icasy s 3R bepBal ABRE LAy b
nexnystepecio simoiasd Apiel low sventine & feuesbridiow over tine
in the reservoir. One of the key properties needed in
reservoir simulation is the perneability of a rock to
f bavof ARIGyWreparat aRalikd i tesérviolr stmukaist iethefpeameatslitysof a rock
ability to transmt flow and can vgrﬁ r‘e% it flow and
tieriiRmyhdbiolute neemeshiiiy & i DERFBRANR %‘g‘fsoar '32‘8#@“5““ ow an
VRGN 53 Sredlyl thARGh YR LresdFOYie ahf 60Ginding Gtmationk, Wheegas, oil
do not” nove at equal velocities, Rather, the fl Ul ds

o%pc’es. Rather, the

cOMhwRiST WAV hiss SR BOTGHE TockRaNgH Ja/BOTIBP HedlifidRt Y
'ng}ntéllg?ﬁgﬁk{e%ﬁ ohbenghie Relat®e PeFNEMIityl LY is the ratiefMthe effective

one flurd is present, to the absolute -
ppemeability t&:, Whenbfrose thap enp Sluid isiresent; t ghe absplie permeability K.

PRESUE A DASIARRY ki £ XnOheRubaf icllBiliy!BE b Bofdi shdditl to one

en an resent. onsni p etmeen .
r Bt when mesthedibipéseyt. The slationship bativeen Slatbisamamenhility - and

the reseryvoir rock.and fl uid and

t Srnation e err s pRaCe ol B TG AR e ot Bes
Oforimigiohe! Alsb ViBe PE1ORQS parmrability halepbndsdm theasletive propertion of the
fluid saturatigns. FIG 1 illustrates a typical

r Bridsinresepb feHBid S24F2R97- ver sus saturation curve for

gas.

FIG. 1 illustrates a typical relative permeability ., versus saturation Sg curve for gas.
Gas cannot flow at any appreciable rate until gas saturation reaches a minimum

threshold value. Looking to FIG. 1, this threshold value is referred to as critical gas

saturation S:c and begins at a value of approximately 0.03 or about 3% saturation. At

the other end of the curve is an endpoint relative permeability kfgm which is the gas

relative permeability value kg at which movement of residual oil remaining in the
rock is minimal. As reservoir rock will always contain a minimal amount of residual

oil, gas saturation cannot reach 100%. The total percentage of saturation must add up

to 100%. In this case, there is a maximum 76% gas saturation S, and 24 % residual
oil saturation S, . As seen in FIG. 1, the maximum relative permeability, kfgm ,

occurs at a saturation of approximately 0.76 with &= 0.40. These values of ng and
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Gas cannot flow at any appreciable rate until gas
saturation reaches a mnimumthreshold val ue. Looking

W@ 200F0 @044, this threshold value is referred tPCHES2006/049095

critical gas saturation S c and begins at a val ue of
approximately 0.03 or about 3% saturation. At the
ot her end of the curve is an endpoint relative
perneability k ,ro which is the gas relative
permeabi lity value krg at which novenent of residual

ofd rsﬁﬂ?b@keﬁgrréé‘t& NeerldP6iat bselihg 'vﬁﬁ:les cﬁs%aﬁ %%Eavt@an and relative
r d&k wi always contain a mni mal anoun resid

qjehne;gﬂﬁtﬁ}a; uration cannot reach 100% The total
percent age of saturation nust add up to 100% In this
case, there is a maxi num 76% gas saturation Sg and 24

%IEAB), Qélaﬂlvé)%)émﬁﬁbﬂﬁﬁkuﬁgs areARvEIRREd oG abdratdH@xperiments on
maxi mum rel ati ve perneability, k g r >, occurs at a

§a>rwaawleﬁtaé§ﬁn Siopt eRprvaire fgr \Whivh rejervpiksinpilagipn ivfe e performed.
Rlrlg

{Skdinple, Brpuatil Shabloie SEHSS gy BAURGk ety
s yee sdjutaltlby Sk corves.dewhltests arevetll kreowre Maetadoilarly well known
curves are devel oped through | aboratory experinents on

c(b$ aceafpit koSt procedures aip deserdpaddn BsF £ fohnggn, dhPr Bewsleropnd
O hhin®n! é‘afc‘?clcgﬁnrﬂ%y gfa%‘?’QPeEi% cfﬁ %{yg&ﬁ z.évlac ment

d| spI acement tests may used to ative
p@meerawm, flyansr Jws . InSat\/umaglEingu@grsc MOJnerse 286cHP A% pp.s370-378 and

d
tagegf y\oﬁnres g‘e‘%ﬁy\?ﬁebs lg?seélll 1 Srap JBr\éay\% échgl % bg'tQJﬂmﬁl%l%ﬁélattve
Meﬁbglttﬁﬁﬂm\@@pld&aﬂwﬁkpe%e@m abiraakofiHctitédian iEmgmeermg,
rmeabj ity ment perinments
R,y S FLRPER R pisb R A8 duperibe i ity
?%@ﬁﬁct@d aﬂ?BﬁzSde@lHﬂloWrQes E@ﬁlfhérﬁmoﬁpﬁ@ﬁbﬁ%ﬂlmat pfermeablhty curves
echni qu e in el ati ve Perneabili{yfrom
(978 PR £ fide §<‘H{5P RERDE Tash 8o RAWS Sropeh FesPBigii rock.
Engi neering, Volume 30, pp. 807-817 (1978). These
di spl acenents experinments are_ usually conducted_at

shiemaaynlecf sprersappdesae pet gvailablenthsirglative epmesability k- versus
p&ﬁm{ lS'g LT b e theoreticially created. For example, the curves may be

developed from comparable analogue reservoirs.

Once relative permeability ., versus saturation S, curves have been obtained, then

the relative permeabilities %, to be used in a reservoir simulation can simply be

obtained from these curves assuming saturations S, in the cells of the reservoir model
are known. The saturations S, are generally known either from initial conditions

established at the beginning of a simulation, from the last timestep in the simulation

or else from calculations within an iteration in a timestep.

The production of heavy oil is initially driven primarily by oil pressure. Heavy oil
may be considered to include oil baving an API gravity 20° or less. Significant
quantities of gas are often entrained within the heavy oil while under high reservoir

pressures. After sufficient production of heavy oil from a reservoir, the pressure in
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are generally independent of how fast gas fl ows
t hrough reservoir rock. Alternatively, if core sanples

wae@7nod4avai | abl e, the relative permeability RE€HUS2006/049095

versus saturation Sg curves can be theoreticially

created. For exanple, the curves may be devel oped from
conpar abl e anal ogue reservoirs. Once relative

perneability krg versus saturation Sg curves have been

obtai ned, then the relative perneabilities krg to be
ysetonsofahe esservoi mag dmpl zéwrthecbubtdé ppiny phsswb! At ﬂﬁsﬂpressurc
fromthese curyv sum sat urati ons. S t.he ce

o P iy b S RO, PR R L Qo g s been
ackageniesml thy okﬁmwgaeistmlévéd fokfid dodltinGONIpRAsO BEA gas can flow

eggqa%&l ﬁ%&%g%%irﬁgl;ﬁﬁge%t g{:]th?} g%egr%lésa Hggn cal;ltrlg @nﬁalllied As
GatfdtcalabBis M4 tdhnatien ¢ tﬁrv%lcﬂ’ Ehéré‘ lsazamt infRRHoRRf ghd ﬁow is
production of heavy oil fis initially driven prlr%a l'y

b feRidd 1818 HldrficaliBavsat@hlioNBy sDe FIGN$i gﬁ‘é\ﬁgatgf—’aph of cumulative
i ncl ude oil having an API grawfy 20 or |less.

Siagpréducad frogu aBbiet daplOverg@stime én afihetes €Tte reslgdint in the curve
within the heavy oil while under high reservoir

PRy fhere TePIESS Suf-f i ci ent production of heavy oil

froma reservoir, the pressure inportions of the

reservoir my drop bel ow t he bubbl e point pressure. At

thésss lpveshowa thaggabe adathil of odloresyedyfroni a hiehwit bid Fesbivoin is

t he hea oil,. Once ficient gas has_heen, rel eased
(RSt U ey el OB o Pis or T Qe 31 HeH FAtpL o depletion

PRABRad RFlardaversd enhdiRdd b rEe3B . P8 the SRICKRhiIEm3 Y hEJV%l oil solution
rate of production of gas is significantly enhanced

Fepsidaiye @xe eet wigbvederstned.gatany @it Fisrpigers brpiaally etiliee siatic gas
'x%lafme Phﬁéa%'il'l %, ‘Uetrsqg%a{u'ra‘%@ o %F‘f@&f &ihéé’th@%né'@?e%m FIG. 1,

gas sattration or

oweum ﬁhey&]dgaﬁom&awof &&ﬂétﬁ)rﬁ%& @ﬁﬁé’h{%sé/&!ix%%are
time in mnutes. The breakpoint the curve shown

tdrelored fRrasenacliveimes Ofm@flwab @resdenﬁﬁ%lpd,tth@ curves will

arrer%%% th%fsar%lel(l L. egrg) por11¥ts o% %m cIP ?c?g)iyre?rllalm %()e(gg)r tYuoughout the

reservoir simulation regardless of the rate of flow through the reservoir cells. Such
assumptions that permeability curves are static for general reservoir simulation of
hydrocarbon bearing subterranean formations containing non-heavy oil are generally

satisfactory.

However, in the case of heavy oil, non-equilibrium solution gas drive ("Foamy Oil")

is a significant production mechanism affecting critical gas saturation S, and oil

recovery. Currently, understanding of heavy oil solution gas drive at all scales (pore,
core and field) is limited. Conventional reservoir simulators fail to accurately account
for this solution gas drive in forecasting fluid flow in a reservoir. This is a significant
shortcoming often resulting in forecasts which underestimate heavy oil production.
The present invention overcomes this shortcoming by accounting for the effects of

heavy oil solution gas drive.



dependent upon the rate of depletion of the reservoir.
Often higher rates of depletion will lead to an
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heavy oil solution gas drive are not well understood,
reservoir sinmulators typically utilize static gas
relative perneability krg versus saturation S curves,
such as the one seen in FIG 1, which are independent
of fluid flow or depletion rates. Once these curves
are devel oped for KeMIREARYSO! YPASINPTENGFSNAI Ch are
to be nodeled, the curves Wil remain the sane (i.
endpoints of S c and k ro remain fixed) throughout the
r j j at i t
ARl b Blefle i ualobSRF L4 Tt Bhe HOR B3 Sl il feservoir
peanieiaing epyy eil epbgingd avitht gasiis discloserh ﬁ@r gkampketheqiroperty might
S [ bterranean
i'gr'arygt@tt%égé]vég%l%FYQ%hgﬁgﬁ ?gﬂu gg{?n{]%el r%%err\émé, Qite rOé} lgys and water. The
seredistian iompde Humgaecservmr slhmlzctaswhcdh Lh;eaayeserdqu model having a
I um sol t|o as drive !
P B bl et R e Pl PP s o g s and for
gasleasabmrhabf dfe: ifsgaticndohd rec@@OMRintulatith, @Rkt Mtive permeability kg
er st andi ng of heavy, oil solution gas drive at all
s‘é eB%“‘%BBP%On @sﬂ%caiﬁ&meéwsles & i tietegls: convent i onal
reservoir simulators fail to accurately account for
this solution gas drive in forecasting fluid flowin a
r@sepm&rred ehbcglimenteofghignhéthodyrit basblnie wmlaitg)rolfstd‘weloped for gas

TP e o B £ oo giiséélé'%&éga Fhpd diplacements

shortc b 0 in ef { ct h oi |
R pE SR AT Se AR Do oy gt A3 ditpncient

O orRl AU 4B Ge18p e RREELY afbadonk %?sdtndq{?@stfp}'éﬁ&blw b@th of critical
subt erranean reservolir contalnin eavy oi ntrain
vgastyagastians Sgi ael @gdthry Eomben(aﬁplaed endtmnmmf@swlaﬁvg ht

i nclude the overall Froducti on of fluids fromthe

resseegbility K ,.eand edpillagyauimhed MyatMon-liftiing examples of how this

correlation may be expressed include, by way of example and not limitation, using a

mathematical equation which describes a curve or by creating a corresponding

look-up table.

These experimentally derived capillary number N, dependent correlations can then

be used, in conjunction with reservoir simulation, to capture the effects that heavy oil
solution gas drive and depletion rates have on the production of heavy oil and gas

entrained therein. Capillary numbers N, are calculated for a plurality of cells in the
reservoir model representative of the subterranean reservoir for which fluid properties
are to be simulated. S, and/or k., values are selected from the capillary number
dependent correlations based upon the capillary numbers N_ calculated for the cells.
Adjusted baseline correlations are then developed. For example, the original

endpoints of the baseline curve, i.e. S, ° and k,g,,, » are replaced with the new capillary

number dependent S, and k,,, values and the curve therebetween adjusted, such as
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prediction is made using a reservoir simnulator which
uses a reservoir nodel having a plurality of cells
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the cells and for at |east sone of the iterations of
the reservoir sinmulation, gas relative perneability
krg i s dependent upon the local fluid velocities vo in
the cells. In a preferred enbodi nrent of this method, a
basel ine correlation is devel oped for gas relative

PBY MBa& dehlivg. WIG. ¥ @nSttstsOhs anaddiisdéd BateBfe curly¥ Phs BE d¥veloped by
based on di spl acenents test Bﬁf)erformed at sl ow

delmngingiherogiginal ehdpaint velesspb . laadyk pu b ethengalues of S, and £,
dependent correlation is devel oped between at | east

e are bagedissparpruppe thepysjocipoeteiby, Bewitheoagh gagscells.
saturation S e and capillary nunber Nca and endpoi nt
of gas relative perneability Krgro and capillary

NP e¢lafieperniNabiliiics ), ifowgthe mh@&fc&lmm deldcged from
correl ation may be express | nc

eKempIPOnding adbistad aseling %ﬂﬁre‘fmqrﬁg Skt HiabeRgebilties kg are then

eqsRt inOre W6 sHRSIGTIbP ﬁdﬁt‘ﬁ Pophtyldf o fst ér{&ﬂ\ﬁd ina
corresponding | ook-up ta ese éxperimental

dévlrtv’é@le@agmqrmlycwme}g hqaw Od@@@ﬁﬁ@ﬁtm@bgm This refﬁélcted
g?,nmn;eger}n gjroéln:ti%g léﬂc ecto\é"'g%{: Fé'b:f)& orn.cf saturation S, in

uret

sqlg gfl 195%%@2? gx{%¥§teﬁﬂg d;‘?t‘ida@ Bad ?z&@n%tl@ﬁ“{se el Rfe current

product | avy ol gas entrai ned ttherei’n.

H%ulsiearﬁésélﬁmmla'ﬁoﬁ fﬁlaihﬁtlée'ﬂ Bdixearfothelremhalning/sigfulation
s in the reservoir ﬁresent ative of t

s umea%% ddws fueiag of &peraciﬂwed/dpﬂse ng FW%la‘é?fbﬁ%“retgaég’egF’é to flow
{ Qsdis mékrﬁélﬁﬁgrsﬁﬂﬁh gtﬁé MG BEfhed ﬁeﬁxetl)ie&%ﬁfi'ons

fromthe capi y nu ependent corre atlo ased
upwrdeling thearss¢rivairy nunbers N cal cul ated for the cells.
Adj usted baseline correlations are then devel oped. For
exanpl e, the original endpoints of the baseline curve,

| (fhe S?UWotiRBEtHE dApillady Gepe@BéAGOEreMitibRs bhE hewkgapiahltarused in
adjusting the baseline correlation to come up with an adjusted baseline correlation.
These adjusted baseline correlations, through the use of the capillary numbers N,

capture the effects that the depletion rate/fluid velocity flow and viscosity have on
relative permeability during heavy oil production under heavy oil solution gas drive.

Preferably, depletion experiments are performed at various depletion rates to develop

the capillary number dependent correlations for the S,, and k,,,, . However, if

necessary, it is possible to theoretically predict what such capillary number dependent

correlations should be.

Relative permeabilities %, can be selected which are dependent upon capillary

numbers N, calculated at the beginning of a time step in a reservoir simulation.
Alternatively, the capillary numbers N, can be repeatedly calculated throughout

iterations in a timestep to provide constant updating of relative permeability curves

during the simulation. Again, this updating of a capillary number N, for relative
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devel oped by changing the original endpoint values S c

and k rfirn to other values of S and kr m which are

based, in part, upon the velocity of oil Vn flow

through the cells. Gas relative perneabilities krg for

the plurality of cells are selected from correspondi ng
ageustabdith auetes nf acell iepafirably . stofiped encethetsas@ation S ¢ inacell
perneabilities krg are then used in a reservoir

s Ferodias ploer gbovp thedériticabgay epeatign of,, deribgsistulatiomn. f | ui d

in a subterranean reservoir containing heavy oi

entrained with gas. This predicted property nmay be the

p ' : f I once .
DICEUE AR s R 0 S 05 s
c bettdr@atoupting art fiuidifloonefBgts dueve lheatihall saloti@ngas drive than in

agj ine.correlatign for t.hat, cell. s fixed.

£ S0 RO R s e o wa e Pl papr iy of
ofestiveiraithulations inaskiingitcacp biidlont inlibeieac g riReERSvhich can
tgakaMIassiits in.naintaining?stability during the

s SPHET BAPGY ] FECR U TBHAgPmERYERISSIRS: nodel i ng t he

reservoir. One or both of the capillary dependent

correl a ioqri)s of S c or krgro-can be used in adjusting

t HeS BRRLBET Qhaet &t panesimentrlly sletesminc yrlugstipr eriticalipasseayations
basel Lak! ' d Jbasgl i
e ey B GEEABH: o B SIESE oRMURIRY oo for-APye semmls pLo mumber

NoPadi eféS{Pgé‘é}gﬁiérhfate%f%n?%%ﬁefag:at‘\eéer\ﬁal%%%lg iél%/tgcr%%lary numbers N, to

rate oclt Oow and VI SCOSI

I eleafel o4pillaey ARABEr dep¥ndbul HEINRMNY TIRsE cRSASYSHntHer N,, dependent
under, heavy oil solution gas drive. Preferably,
dEPFRLRtiQNS can Be Lssrkinconmstion Mitharssrryeir ndelbard caleulated capillary
d gk Brds A chRbRSed QirfRVEle@ivoil SinhARidd, gJ %ﬁlowmﬁfately estimate
dependent correlations for the Sgc an rgro .
Hesktiverper eaidtiesdagioybe used jnsthp sessivsiisimolative of beavyadil. y
predi ct what such capillary nunber dependent
correl ations should be.

' BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects, features and advantages of the present invention will become
better understood with regard to the following description, pending claims and

accompanying drawings where:
FIG. 1 shows a conventional gas relative permeability £, versus saturation S, curve;

FIG. 2 depicts adjusting the conventional curve of FIG. 1 by modifying the endpoints

0 0 . . .
of S, and k,,, to coincide with values of S, and &

selected from capillary

rgro

number dependent correlations of S, versus N, and k,,,, versus N,,;

ro



Rel ative perneabilities krg can be sel ected which are
dependent upon capillary nunbers N c cal cul ated at the

whe@roniong of a tinme step in a reservoir simulBCT/O82006/049095
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Alternatively, the capillary nunbers N c can be
repeatedly cal cul ated throughout iterations in a
tinmestep to provide constant updating of relative
pernmeability curves during the sinulation. Again, this
updating of a capillary nunber Nc for

r el@1 3 VIR 4BeRthart ¥f stepyRRein Apetirted EmPodifrehfbf the present
stopped gnce the saturation S.ip a ¢ emai ns at, or

ell . .
aHFBUOREPTCRIY AU FERSTYOI Hatian %@@Lwﬁlﬁﬁ?ggas relative
SEQHIII i1 4] twhith AR @dYefint @boh MseaPYE186# s W1 \E Huid®RAow in cells;
t 0 enhance ré€servoir performance forecasting by better
accounting for fluid-flow effects due to heavy oil
sol ution gas drive than in conventional reservoir )
sFHY! Bk 4 F&@ag@yq FBY e qf@nﬁxeewsaﬁaLf%%%uﬁféﬁaﬁeque gas
OkathRHRh %2 FonS Edle ladll s@fhab B ¥ahpleBd heavy oil flow in
subt erran&an formati ons which can |ead to i npr oved
reservoir managenent strategies. It is another object _

t
t @r8x -nent ] I :
o F S R EE AR of PR IR A S ol okl b i ential versus
p &inmmecino dsiat sanétpaciirsamipde inca fast depdetiml expatimgntiunber of
di fferent depletion rates and correl ate these val ues
agai nst capillary nunbers N ca to create capillary
nFiGeé illiepardadragioof almiblativsoil he gas madiitddainythe tasbdepletion
Nca dﬁgendgﬁl cgirrel ations can be used in conjunction
WEEPPTNPRIOL HIG: P5 nodel , and cal cul ated capil | ary
nunbers N cal cul ated during a reservoir sinulation, to
nore accurately estimate relatjve perneabilitjes kf .
t 51e7 shews p grapheofavemey éwdpéplﬁa@raﬂedaﬁe%flr%ﬁéﬁ\&fﬁa?frt%msﬂy fora
BRI abfictidil EHefhda; THE DRAWNGS These and ot her
obj ects, features and advantages of the present
invention wll beconme better understood with regard to
thegf Qldleei\é‘csrbq%rqgﬁ OF h%r\%ﬁ@san@ﬁé@é Do ik BtTBurd3dd cumulative oil
acconpanyi ng draw ngs ere:

produced for a slow depletion experiment;

FIG. 9 shows a graph of oil recovery as a function of average pore pressure for

sandpack experiments at depletion rates of 0.3 and 0.03 cc/min.;

FIG. 10 is a graph of oil recovery as a function of average pore pressure for core

experiments at depletion rates of 0.082, 0.08, and 0.002 cc/min, respectively; and

FIG. 11 is a graph of cumulative gas produced (measured) and cumulative solution

gas produced (calculated) vs. time.



FIG 1 shows a conventional gas relative perneability
krg versus saturation Sg curve; FIG 2 depicts
wa@eadjoastdomyg t he conventional curve of FIG 1 byPCT/US2006/049095
nodi fying the endpoints of S c and k mto coincide
with values of S c and krmi selected fromcapillary
nunber dependent correl ations of Sgc versus N ca and
krgro versus Nca ;FIG 3 shows a flowchart of steps
taken in a preferred enbodi nent of the present
i nvention forDERAIKVERIOBRCRIPFEIN @F THEMNVENIHON ch
utilizes gas relative perneabilities krg which are
dependent upon | ocal velocities v,, of fluid flowin
Cel | s; Idtkdducioshows a schemati c drawi ng of an
experinmental setup used to determ ne gas saturation Sg
fromcore and sandpack sanples; FIG 5 depicts a graph

5 ofrhawsamnsaﬂ%womt@wa@eﬁ@&s Bf‘ ﬁéawdh &nuﬁi&{ ERtdrle, and
versus tinme across a sandpack sanpl e

derepagisularlyefor thmeffeqt tat thejrples of ﬂatde@epéetgmatpﬂve@m heavy oil
CHhRlibY evé??éxgﬁ&dd%"f’e? i é@g&eggna&t fréfisnéegi s&h gﬁ baﬂes kg are

experinment o hows a
suhilizralcik adwapy eilpessveir sinaratiaf fol previde d@rmpteyadcoratareservmr
SLI%I&?CHJ f(‘)tré %gts Mﬁee{rl ”gﬂleVeci: wﬁ'h c%nde lorxalS e cf‘rgmr SLmﬁlfatlon

verage sandf preéssure and cuiru
10 produced for a sI ow depl etl on experinent; FIG 9 shows

f f f
o B ohsat bl Rrabes e Sl 8 et o
rettnled st A ettt Dot S Bhete v, oo e
dﬁst@&@&fﬁe‘%ﬁﬁﬁe PerASRifl/ 9 efafi'foﬁ§ tcpgc&gu%si%r 1 \oeffocuy or

cc/mn, ‘respectively;
gd@ﬂihﬂm ragqpififiecas Ow eclafiee paroga léldy (frgdasthxsem?feand embodlment

15 Cclzja}r% %%I'PX%E%% ]%Eé%ﬂf’%%nﬁ%[ &aliced %tcal Sul edl)ld/or éndpoint relative

permeabilities &

correlations are first developed, preferably based on laboratory

rgro

experiments. Then values of S, and/or &k corresponding to the capillary number

rgro 3
N, calculated for a cell, are used to adjust the baseline relative permeability
correlation for that cell. Relative permeability %, values are then selected from these

20  capillary number adjusted baseline relative permeability correlations based upon the

saturations S in the cells.

FIG. 3 provides an exemplary flowchart of steps which may be used to implement the
heavy oil solution gas drive reservoir simulation of the present invention. In step 100,

25  abaseline correlation is created between k., and Sg, Correlations are then developed

between S, and N, and/or &, and N, instep 110. For a number of cells ina

)‘&f”
reservoir model, capillary numbers N _are calculated in step 120. For each of these
cells, adjusted baseline correlations between £, and S, are established in step 130
which are dependent upon N, and the correlations developed in step 110. Gas

30  relative permeabilities &, are then selected in step 140 for each of the cells from the

adjusted baseline correlations between £, and S, using saturation Sg values from the
-9-



| . Introduction The present invention accounts for
the effects of heavy oil solution gas drive, and nore
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depl eti on have on heavy oil production. Velocity or

depl etion rate dependent relative perneability val ues

krg are utilized in a heavy oil reservoir sinulation

to provide for nore accurate reservoir sinulation

forecasts than are achieved with conventiona

r exdlsr ¥bese cspilaranimber dependent pbaneabilitestpdiretien, used in step 150 in
capll).asy.. . ' d ndent on oil.
VEPbseh R IReEn o g ot b et SoOTRRAT e PPy air mode.
These capillary nunbers N 1 are used to adj ust

baseline.rel ative rmeabi |1t orre|l ations tq account

£ rdeserbtinn ofan Wsﬁﬁ%}% ;S?Séfffféﬁlévdr i e~tablishipg celramnsheyween Sge
per bili qﬁy krg. In this preferred enpbodi nent, . )
c%‘ﬁﬂ?\ﬁ«af‘?d BivsER A é“‘?jéY)eﬁﬂélrhe @ﬁ?‘i*l?e@afrh@lbénﬁlﬁcatlons will be

satur.atio shS gc nd/ or endpoint relative .

oSespBE] PRishA ads 1o 2 gRYeINapA LSS TP Silafor to incorporate the
d a o i: ) .
TP PG AR S SURIRLOL Y, RURSHAERY IR scecing
t Rtatbaienhaabilifen g ivhbie c@l&ibﬁ:ﬂh?faﬁésdcr%ir dinfi@htion.ar e

used to adjust the baseline relative perneability
correlation for that cell. Relative perneability krg

VAl ues EgfaBliIAR Coelepiiogd from these capillary number
adj uste asel1ne relative perneability correlations
based upon the saturations Sg in the cells. FIG 3
POV dﬁ%gé%e%@élgﬁye pLANGHAED kO s SSRRSHANISC LolRaiifs
used toO | Nt tne nheavy OfT sof uttom gas drrve
reservoir sinulation of the present invention. In step

LB R ST RSB BT o e b
. lj > i t 1 I

8 UL A e e P PRl e

capanLikmdvatsataradbRpvdldés SEom celBcdt ofeséveiranodel. Ideally, these

=

correlations are experimentally developed from core samples from the reservoir for
which the reservoir simulation is to be performed. Alternatively, representative sand
packs and/or synthetic oil may also be used to develop the correlations. The preferred
methods to establish these baseline correlations are the methods of Johnson, Bossler,
and Naumann or else the method Jones and Roszell, which were cited above in the
background section and are well known to those skilled in establishing permeability
curves. Alternatively, there are many other well known schemes for establishing gas

relative permeability kg versus saturation S, curves for reservoir rocks and fluids.
Typically, k,; is going to be a function of §, . For practical reasons, one often

normalizes the gas saturation used in the %, correlation. One such normalization is
described in Eqn.12. Such normalization allows the simulator to readily evaluate %,

for changing end-points (e.g., §,. and S,,,)

If core samples are not available, then the correlations between relative permeability

k-¢ and saturation S, can be theoretically estimated. As a non-limiting example, an
-10- ‘
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Gas relative perneabilities krg are then selected in

step 140 for each of the cells fromthe adjusted

basel i ne correl ati ons between krg and Sg using

saturation values fromthecells. These capillary

nunber dependent perneabilities krg axe then used in
shefloddfd formatidiemayb®iudedsb Mnitially edtablishibaeélinet curves. Non-limiting
properties of fluid flowin the reservoir nodel.

. A
HESATPISE PR FPTERIo AT SRt G A5 FaPTS FHRLPSI Gy ves, miathematical
egk@eldicdyl HHKCEY f28iedf dtons bet ween Sgc and N and

between k rgro'and N w Il be described. Then,

nodi fications will be described which are nade to a

C @y el AN H4941ined QJrrelifid PUERT bility %,
depl et |¥Son rae?{é’?%gé’u ?1: anryur%gn@gr ITeptendenal g{{c an%tgygjrea 1y forg
kvgRucsitiation NN bavelinevslat fngSE ek ahowe at about 0.03 or 3%.
perneabilities krg when conducting a reservoir
sibovathinmaluel it issstpabled siwt ggs Goll begiatto dlow feclBaatber then being
Gas._Rel ati ve Per i ity k z vs. Saturati.on S . .
PP o T E iy s Rertiel ey A0S B i pbees seturation S, is
pe b 1k rq.and s ration S & 6st-abl i SO q, :
tﬁé‘%@?%egl/!’a iltééh%%rbr%n ??Jli#’ys'dvuéqb%nscg&rggﬁgglnmg%t ur?fi&lq‘;@ﬁ ftis
DY RAEENLQE VerS! 1HE g&&an&%t&'@fw tH8 QWi SR! Wk Bl ARSimum gas
values Sg in cells of a reservoir nodel. ldeally,

t barmtioars e+ A6%o0rte maeinaxpgad weinivalpeymelbikityopfd if approximately
core sanples fromthe reservoir for which the

r@s¥bvoir sinmulation is to be perforned.

Al ternatively, representative sand packs and/ or

synthetic oil may al so be used to devel op the

cq.rel WdrsionsBerRes] 81 ed Netheds t asedt abl i sh these
baseline correl ati ons afe t he—net heds of —fehnson,

Bossi er, and Naumann or el se the nethod Jones and

Roszel |, which were cited above in the background )
s éabpugirry sdpenimmenie Merk Aendicted at yegeussdenletian saies to establish

bl i shi Il Al aati.vel
R R cob iR omcHRir AP 1 PO el b o e

described below. N_, is calculated using Eqn. (8) below. From the experiments and

history matching using reservoir simulations on core or sandpack samples, values of

S, krgroand N, for each depletion rate were obtained. Then correlations between

S, and N, and between k,,, and N, were obtained by curve fitting the S ., koo

rgro

and N_, data. History matching of production data on the core samples may be used

to enhance the accuracy of the correlations,

1. Live Qil Preparation

Live oil was prepared by combining unfiltered dead oil and methane. The water
content of the oil was negligible. PVT (Pressure, Volume, and Temperature)
data: Gas-Oil-Ratio (R,), Oil Formation Volume Factor (B,) and Gas Formation

Volume Factors (By), were determined through a combination of experiments

-11-
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relative perneability krg versus saturation Sg curves
for reservoir rocks and fluids. Typically, krg is

w@eiong7doat be a function of Sg . For practical PEHBESW86/049095

one often normalizes the gas saturation used in the

krg correlation. One such normalization is described

in Eqn.12. Such normalization allows the sinulator to

readi |y evaluate krg for changing end-points (e.g., S

11 and Sari, ) If core sanples are not avail able, then

t (Fenstant @irgiosBion ebr@awéem ﬂaeh,aieinvﬁy pmasmamieht)tayxd kurgng ofl equation

S i,Q eor aI I t i mat ed
nt?)itr#{‘t?%ﬁ%l?% g SCOS’B' arr?ae'ﬁa “E X%p STt o r%?fk%ﬁus%gs in) at
tmsémbiritahbgraﬁﬁé ahibﬂa hlibsselevine peoperdss ofNhe live Wiltat N1g8° F.

exanpl es of correlations may take several forns such
as curves, mathematical expressions, |ook-up tables,

etc. FIG 1 is RBuEHePAR Prodiare(Psiag CU[ VE390
correlation of OG8§uliBhWONEHEHTEAD! TTTY KBF Ver sus
saturation Sg .[B ROSELEIDPHAPEsLE . © ¢ 1.60m319wWn at
about 0.03 or 3/1“/;}%"&{, TSRy V) UE: Tt SWE(Ft ed

that gas will begmmn y—t-at-he yat bei ng
primarily trapp Cﬁ%ﬁl :XISP?*.Sétyt(ﬁEj Petr-oHS "%—%' qj*r The

maxi mum gas saturation Sg is about 76%vv|th t here
being a 24% saturation of ilﬁfﬁfa' oil saturation S
org . It is assuned there [ I|ttIe presence of
water for this exanple. Praperii as saturation
SR= 76% the maxi num gas rel ative perrreabi lity krgro
is approximately 0.4% B Correl ati ons Between Sgc vs.
‘ca aESPJSﬂgﬂE_WM Laborat ory experinents were
conducted at various depletion rates to establish S c
vs. Nca and k r%nvs. N ca correlations. SCis
obBepletien experingnts weork ¢camdbeted at constant depletion rates in either a

horizontal 80-cm long sandpack or in a 29-cm horizontal composite core (4 plugs).

The sand used in the sandpack experiments was clean Ottawa sand ranging in size
from 75 to 125 pm. The sand was packed in a specially made Viton sleeve equipped
with pressure ports. The sandpack and composite core porosities were measured with

a helium porosimeter. Sandpack and composite core properties are listed in Table 2:

Sandpack Composite

core
Temperature, °F 178 178
Length, cm 80 29
Diameter, cm 5.04 5.04
Overburden Pressure, psia 2050 2050
Porosity 0.33 0.27
Pore Volume, cm’ 560 162
Live Oil Permeability, md 2000 1850
Range of Depletion Rates, cm’/min 0.002 t0 0.3 0.0003 to 0.03

TABLE 2

Sandpack And Composite Core Properties

-12 -
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values of S gc k and Nca for each depletion rate were
obt ai ned. Then correl ati ons between S gc and N ca and
bet ween krgro and N ca were obtained by curve fitting
the S gc, k rgra and Nca data. H story matchi ng of
production data on the core sanples may be used to

erThaaeslctitieraa€ s aﬁﬁtr(ﬂfedtlﬁ%g’)&{ercﬁ"t%l ISCD) pﬂmpé—by&a&é in a refill
Preparation Live oil igrgre pared by conbinin

LR ¢ G Shaxth egioherRic AbtR sHecTimaalgaiup. DoRingthe dgplotion, the

t BRsQirk (i@ &ﬁﬂ:‘t aﬁh'd@t §eve?é(50§rﬁ§ ﬁﬁﬁxggﬁ‘e céf@* YRR prodiftion of oil and
Tenperature) d Rati o Fof mat T on

Vet gad Fla?cde@nsnr Bﬁt,sheaafﬂu@swasammtqr% 'Rl@l agnehodgrtvrseplaced in a
( §%en\§&§o?n &rneﬁlg %c&g{e? Wﬁxoﬂltspyé'ng%dcﬂ%ng{oggﬁas saturation.

exper1 nent s(const nposi t1 on expansi on
density neasurenent) and tuni ng of equation of states.

Live oiy Vvi.scosity was neasured in a capillary

v:‘?"scorrgtgércr‘ﬁ% = 0.05 in) at reservoir tenperature.

Table 1 lists relevant properties of the live oil at

1 E. TA 2. | et

A Be Fn by RGeS PP REHS TGierGinAaEr B 4 eservoir

C emdlﬂmsd@ eR Ilzmﬂemermrea: StFesE ahdar teﬂuilefutmw T co26 walthen
ng san or in cm ntal conpo core

( ﬁi %P @)tf? %ﬂ?e e%a&Hﬂtea §Bg S?‘H“tt H‘&H&ER" %%E‘?‘iﬂﬂﬂﬁi%‘re of

VR$660 SAH. fﬁet @dpaRer E&Hﬁbﬁﬁ do%)%ﬂe%ﬁeiﬁlﬁig) was @askded with

mm The sand was pac in a specially Viton

s ker@e@rwea}@bwebﬂwmeprB@éW@epwatyratqd@ar@aml@wek algp T-scanned.
Ceyp gac’ﬁl%p%clg BB%aﬁg fAas 'ctcﬂcﬁg‘xté’@ﬁs‘?n Wt%ﬁd‘@r% sk LHICT number

por osi ter ack COfT'pO te core operties
apgair jand kdrqsmeTa}g‘#eeon was then slowly injected into the core to displace the

kerosene. Permeability of the sandpack was also measured with live oil at several
flow rates. The live-oil injection rate was then reduced so that the differential pressure

across the core was less than 2 psi.

The live-oil sanﬁated sandpack was CT-scanned to record initial conditions.
Depletion was started at a pressure of ~1500-1700 psia (about 150-350 psi above the
bubble point pressure). The inlet valve was closed and the downstream Isco pump A
was operated at a constant withdrawal rate. After a given depletion time, the pumps
were switched and Isco pump B withdrew fluids while Isco pump A delivered oil and
gas into the collection system. The pump cycle was repeated until the outlet pressure
decreased to about 200 psia. Pressures, temperatures and fluid accumulation in the
collection system were continuously recorded using conventional data acquisition
software. The density of the produced fluid was continuously measured using an
in-line density meter. The sandpack was also periodically scanned to determine

directly gas saturation, S,, as a function of time and position.

-13-
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schematic of the experinmental set-up. During the

depl etion, the pressure (inlet, outlet, and at severa
poi nts along the core), the production of oil and gas,
and the density of the effluent was nonitored. The
corehol der was placed in a Sienmens Somatom Hi Q CT

sganneCT-Scafipid or spatial and tenporal gas
saturation. 3. Procedure The dry sandpack was

initially CT (Conputer Tonography) scanned at

I asGEMehs S6RAMIM HRQSCT keddner WASIRIcdQY %&ﬁf&%ﬁatﬁl 88 $emporal gas
and at tenperature). The core was then

c@uraéoacljlaﬁ dairdhgenesatian GT seanier Rak & bstatienasy dﬁt%@éfkand a
pf&ﬁﬁ?ﬁ% B&IQQOS&%'S @vereT @&1&1@5&9%@ EB Q(Qir artdHR g§ér{ ffime was

Tty was neasure ker osene at
sé\’iaeadmdsL e waxésuze‘r'\h@ doprodmately 01626 amd fcsramsqaaahwkness of

\é\gﬁ Endfl Ce]gjlreulzllgc%g a{nn% in pa[?uratagrg ﬁ‘%%&ﬁ%&segg\’r\{éy “g turation units.
n8edrethicknesdes ofhd nkaraadns. mioi werecmctlum then slowy
injected into the core to displace the kerosene.
Perneability of the sandpack was al so neasured with

| sve OiResalis several flow rates. The live-o0il injection
rate was then reduced so that the differentia

pressure across the core was less than 2 psi. The

| DiPmBithe S@irYE 8f SeheSiANERAGK s RS iR RNNEShd Delc@EDARH at the
initial conditions. Depletion was started at

pelosed perednlet ambopenzeye putlel hassauni shoitapd gg? Py, the
angu?ﬁg@%%v\z%lﬁ ab Eé?cﬁxsalt'lﬁﬁ)(vm-m@ C’Iﬂéc%hnéﬁ‘lv\)é?e $@fuiel 0P RS typical

stream lsco punp A was operated at a
cmpoasqs olwseried during amexperiment areashgvrein &S Standid. FIG. 5 shows

he ) {-%% @H@a%légﬁés%u%v‘%tdg}?%\t}gé:@ df‘e?’aﬁ%a?&%ﬁsﬁh@”s&%a@ﬁvdurmg a

fast depletion experiment. FIG 6 illustrates the cumulative oil and gas produced

during a fast depletion experiment.

While not wishing to be held to a particular theory, it is believed that at an early time,
production is through oil and formation expansion only (there is no free gas in the
system) and the pressure falls rapidly. At the (apparent) bubble point pressure, gas
bubbles start to nucleate. As the pressure decreases below the bubble point pressure,
gas bubbles slowly grow in size and oil production is dominated by gas expansion. As
can be seen from FIG. 5, the rate of pressure decrease was significantly reduced. Oil
was the only moving phase and the gas collected was by liberation of dissolved gas in

the collection system. At the critical gas saturation S, , gas bubbles are connected

throughout the sandpack and gas starts to flow freely. Note that there is a significant
increase in gas production while the oil production tapered off (see the sharp break in

the cumulative gas production plot at ~ 270 minutes).

For the slower depletion rate experiments in the sandpacks and for the core

experiments, the ¢ffluent density was also measured. FIGS. 7 and 8 show typical
-14 -
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accunul ation in the collection systemwere

conti nuously recorded using conventional data

acqui sition software. The density of the produced

fluid was conti nuously nmeasured using an in-line

density neter. The sandpack was al so periodically

S mnmS tvdnde‘wermbﬁermd rveitht thys gasumatt FEG] D ﬂlusﬁ@tes tBSaverage

nd, posi.ti.o
?r’g%ﬂ s ran“ﬁrﬂe 651 v ey dor %Aégwb%eé’iéw& W%P{"GF“ FIG. 8
S patlcta Itham@brh@mﬂﬁhclg&ﬁs@gi ld’aﬁhhldﬁiﬂ'e onrSgﬁJHdr(gollected 151 the
ner tion can S tionary detectors an
OSRGEA S oS RR o8 e inem s dhp elovt enle Aaonperiment,
kV and the scan tine was 2.7 seconds. The voxel size
S apgroxi&gtely 0.625 m®B for a scan thickness of 10
and ertainty in saturation neasurenent was
+/- 1.5 saturation units. Scan thicknesses of 10 mMm

and/or 5 nmwere acgui'r ed. 5. Results During the
c bbe seimeffest pbserved tiuripg Besigpletionfeapeniments vedsaha dihe

C%@vé}pqs ﬁ%h&hgengit%etg tl’?ﬁo(feglééfg)ln%tateaxf"gx Jg-%gor%g%%n was observed with
eb‘ﬂh d@ﬁ? S@!@d]@lck gxpertmeas (Rlst. @) ahd sma(l‘cbfb éxdperiments (FIG. 10).

I ui red |cal responses
TS S0 oY a5 LS 5 PGS e
6¢xpl§h®enfs S rams-— Oifcaral/@ 02 ge/nsiay) FIEC kO BEOSS un eea'mgry as a function

£ssure differenti across the sandpack during
%Ve&aegﬁl FEYT B S@XFel AR ATPCTEIRELS 5 13ies Gh 082 808 n@d 0.002 cc/min.)
cunulatlve oi | and gas produced during a fast

pIetLone eri Wiile not wishing to be held to
“paﬂdt‘?%ﬁoéﬁg fae g%ct netejthatihy pesraly otlvaeovery abseavad ip these

t éxRrinf¥h @iy Q]f.lit@ '15:%@ (hpHoRuU Q@%C{Dbﬂ%n §ué}9f1féﬁtr59cﬂ/ery and this
expansi on on ere is no free’gas In
dependency on depletlon rates can not be readily explamed by traditional physics.

Moreover, this phenomenon is not modeled properly with current commercial

simulators.

7. Data Analysis — S, And S, Determination

The critical gas saturation S, is the saturation at which the cumulative gas produced

starts to increase significantly. FIG. 11 shows the cumulative gas produced
(measured) and cumulative solution gas produced (calculated) vs. time. The critical

gas saturation S, can also be determined based on the effluent density.

With the set-up described in FIG. 4, there are several ways to determine the gas

saturation:

€5 direct in situ measurement with the CT-scanner;
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system) and the pressure falls rapidly. At the
(apparent) bubble point pressure, gas bubbles start to
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poi nt pressure, gas bubbles slowy grow in size and

oi | production is dom nated by gas expansion. As can

be seen fromFIG 5 the rate of pressure decrease was
significantly reduced. G| was the only noving phase

and the gas collected was by liberation of dissolved

985 | Nnidd@il BhlagEd hsﬁﬁ% Sesdredant BF fluliz colleéted &b tigasllection system;
saturation Ssc , gas bubbles are connected throughout

t he saﬁﬂ%ack and gas starts to flow freely. Note that

there is a significant increase in gas production

while the oil production tapered off (see the sharp

btPak irateried belancd wsing thedensivy ofithetafBrerdisteamt ~ 270

m nutes). For the slower depletion rate experinments in

t he sandpacks and for the core experinents, the

eMdthaht? gehnd rdquireabe atesef RWE dateddampBlydsrmtiemuolgmsHggor and
tﬁg%calre%ﬁogses NMich re observed with this

i AR RS R UNEIRE OPTFI Ut r at es the average sandpack

pressure and effluent density for a slow depletion
eﬁggqugpi. FIG 8 depicts the average sandpack

prESSIFH P2180GRu| ati ve oil produced (collected in the
separator and inferred based on the effluent density)

for a slow depletion experinment. 6. Rate Effect The

mai n effect observed during the beghetion experinents (1)
was that oil recovery is highly sensitive to the

depl etion rate. This phenomenon was observed with both

| arge sandpack experiments (Fl @y Sy 3rgsnall core .
experinents (FIG 10). BLG ' -l recovery 2
as a function of average poVé&fwi&ssufrelisamdpack

experiments -rates = 0.3 and 0.03 cc/mn). FIG 10

shows oil recovery as a function of average pore

PRraRssiNas tHeCsll By SUQE(sthYRn tise beghimsg of he@BPeriMetBndaigressure P,
0.002 cc/mn.) In addit%gn to the raggjfffect NQL e the
t WGtis theecusyulatiyq oib produged (EN\Pt BERSEIG oS fiffESHred Wi

collection system), B, and B,; are the oil formation volume factors at P and P,

respectively and cyis the rock or sandpack compressibility (1/psi).

Above the bubble point, oil is produced through oil and formation expansion only.

That is

B
Np=(ca+cf)><(P,.-—P)—Bﬁ><N 3)

where the oil compressibility is given by

_ By — Boi (4)
0 =B, x(Pi—P)

With ¢, known, the sandpack and composite core compressibility are calculated using

Eqn. (3).
-16 -



experinments is quite large (up to ~ 30% OO P). Such
hi gh recovery and this dependency on depletion rates
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Mor eover, this phenonmenon is not nodel ed properly with
current commercial simulators. 7. Data Analysis -S. .
And S..r Determnation The critical gas saturation Sg
is the saturation at which the cunul ati ve gas produced
starts to increase significantly. FIG 11 shows the
currul ative gas produced (rreasured) and cumnul ative

SHaalog8E B ARt BB T e ion e, Aot e
b@ﬁl%@npé‘f &ib srﬁhté@@aﬂbeowm b the¥itibehtRnSiey, - p% :

described in FIG 4, there are several ways t

determ ne the gas saturatlon (1) direct in situ

neasurenent with the CT- scanneﬂr (Z% rraterlal bal ance

usi ng the anmoynt_ d kectred, wp the gol | ection
system and (g &% éér’}ézﬂ 'Swél;gr)@e-y;@l ngptIBa dgﬁ’smy of )
the effl uent stream Met hods and 3 require the use

of PVT data (namely formation voI umre factor and

S50kl o0 B0 RSP s ) SRR oo

bgttenrsyng of the experi nent and at pressure P Np is

the cunul ative oil produced (stb) at pressure P (Np is
measured with the collection system), BO and Bo are

the oil formati'on volume fagctors Sy at Pcand P1,

respectively and c/is tHe= — t (6)
conpressibility (1/psi). lig

where CTsaurated core 18 the CT number for the sandpack saturated with kerosene (at
initial pressure), and C7 4, core is the CT number of the sandpack saturated with gas.

CT}ig and CTg,s are the CT numbers for kerosene and air, respectively.

Similarly, the gas saturation is obtained with the following equation:

CTp ~ CTsaturated _core D

& CTdry core =~ CTsaturated _core

where CT, is the CT number measured during the depletion (at pressure P),
CT sarurated_core i the CT number for the sandpack saturated with live oil (at initial
pressure), and CTyp, coreis the CT number of the sandpack saturated with air and at

initial pressure.

8. Data Analysis — Capillary Number Calculation

For each experiment, the average capillary number (V) was calculated using the

pressure differential recorded during the depletion. The capillary number can be
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Above the bubble point, oil is produced through oil
and formation expansion only. That is Np (c cf )x(Pi -

WOR00I0(6d¥4 where the oil conpressibility is gi vROI/Dg2086049095
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BAO Cn = (4) Boi x(Pi-P) Wth co known, the sandpack
and conposite core conpressibility are cal cul at ed
using Eqn. (3).As noted above, Np is neasured through
the collection system Alternatively, the anount of
oi | produced can be based on the effluent density, p
edaflculatid in eeapratways. In thistpgeferred-enbodEheBothe fphowhig fprmula was
é%ngas saturation can be cal cul ated using the

-Scanner. Porosity is given by CTF =at r tore -C
Tdry or CT-CT (6) where C Tsa Urated _core is the
CT nunber for the sandpack saturated wth kerosene (at
initial pressure), and is thg C& r of the ®)
sandpack saturated with gas. &T/iocanll CTgas are the CT
nunbers for kerosene and air, respectively. Simlarly,
the gas saturation is obtained with the follow ng
eqbeatifois: thp pefhekbility [ofitle at br sardpagk,-o is the gadroll surface tension

C@Et?mgtea% Be %bed(ifrdcn(): %rethe oil used in the experiment), L is the sandpack

length, and AP is the pressure differential observed before the gas is becomes mobile.

9. Data Analysis — S, and &

—

as a functionof NV,

rgro

Based on the above analysis, S, is plotted as a function of N, for all the available

experiments. The data is then curve fit, preferably, using an exponential function
(Eqn. (9)) to interpolate/extrapolate the missing data. The coefficient "a" and

exponent "b" values are specific to each oil/rock system.

By way example, and not limitation, the preferred mathematical correlations between

S,. and &, as functions of N, are as follows:

rgro

S-Sk =a-log(N,, )+b (9)
and
iif"’ =c (¥, ) (10)

S;’L. and £ are "conventional” critical gas saturation and end-point of gas relative

rgro
permeability values, respectively, as described above in the background and as shown
in FIG. 1.
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where C TP is the C T nunber neasured during the
depletion (at pressure -P), ClTsaturated core is the C

wa2manterd f or the sandpack saturated with |ivePOi/USZ086/049095

10
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25

initial pressure), and CT ,g_core i the CT nunber of

the sandpack saturated with air and at initia

pressure. 8. Data Analysis -Capillary Nunber

Cal cul ation For each experinent, the average capillary

nunber (N ca was cal cul ated using the pressure

dRet@vein tsimuhlatiexsorahddctdd ohRgre samplephtetarions ddpletion rates are used
capillary nunber .can becal cul ated in several ways. In .

t 1 detprmeing thevplusfioaikrent or eaeh SiBMlationTyns be eritigalges saturation
used: where K is the perneability of the, core or )

s andpKERWNSSq it ¢RdpgHY 08ia eas uslp e PETEMEPHHY feyeryigseyration S,
to be 80_dyn/cmfor the oil used in the experinment), L )

i & knowvTs Yifdions kstimaatge Are made for the ether gdpeyiof the curve £, . A trial
differential observed before the gas is becones

nepd prEor wethogdtis thenaisgd fadetergring ndigd estimaiedy valup of ikgn, matches the

of N ¢ Based on t he above anal ysis, 1is plotte S,
YRR TO PPt Trone ik Sbmaleds s ar P Sepfigion rate.
dahas Histohyh@Rtchip/sf dxiperimhfil gfcﬁﬂhﬁ@n EssUlt9 with simulated runs is used
exponential function (Eqn. (9)) to

i i detpmbine &, goat aaponber of titretions sitesy wWikichacorfdgspond to N, values.
coefficient "a" and exponent "b" val ues are specific

t dhesecralwislofr gk versss @Yy, aBytheayuescafiftoeyrienat nodpillary number
limtation, the preferred mathematical correl ations

béeRgadantsogrelatioa. Masgpesierablyy s eareaiagn i ia shexfosmeef Eqn. (10)
{ QhthVihses G, and e O8Nimindd (9) and K rgro S C

rO are "conventi o ritical gas saturation
and end-point of gas relative

I11. Reservoir Simulation Utilizing Heavy Qil Solution Gas Drive

Functional forms of S, and %,,,, vs. N, , obtained from experimental data,
are implemented in this exemplary embodiment, preferably, using a modified implicit
algorithm in a reservoir simulator. By way example, and not limitation, the preferred

forms for S, and k,,,, are input as functions of N, using Eqns. (9) and (10) from

rgro

above. The parameters a, b, ¢ and d are user's input to the reservoir simulator. Note in

FIG. 2, that S, is a function of a, b, and capillary number N, . Similiarly, &, isa
function of ¢, d, and N, . In the preferred embodiment of this invention, the

following are default values: a = 10*; b= 1.0; ¢ = 10% and d = 1. Ideally, the

calculated S, and £,,,, values are limited to user's specified maximums and

rgro

minimums, respectively. For example, maximum S, = 0.1 and minimum value of

kpero = 10" may be used. Since N, is directional, S, and k,,,, are calculated for each

rgro

cell face and thus are directional too.

To reduce oscillation and convergence problems, a modified implicit algorithm of the
preferred embodiment is implemented to calculate S, and £ When the gas-phase

-19-
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permeabi lity val ues, respectively, as described above
in the background and as shown in FIG 1. Reservoir

wa@ealhatosons conducted on core sanpl es at variPCBEUS2006/049095
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depletion rates are used to determ ne the val ues for
kr m. For each sinulation run, the critical gas
saturation is known, so this endpoint on a gas
relative perneability krg versus saturation Sg is
known. Various estimates are nmade for the other

eRGOhivbilefi.d hanguive sk < SA 1S ahd and &t kalul®éd) sk dadmple,

rgro

then used to deterni newhi &h €Stimated val ue of kr gro
NedigHBgns. f@) QA 0, Fedpeativdly OWleh RN ALIHAYE 1sfﬂ1(§WintghS' and k
core sanple at a particular depletion rate. This
hbelonteyinirial i-1@ithér ibxfeasd maricateaps. aduﬁtvmsraes valtslated using

W th sjmul ate ns is used to term ne rqro at a
nit5apiligry %Bg%rt# thespagloning, PEheare @Baﬁtfn%e gagphase becomes
VabURS and RRSEfHFAIUBHatfinK liffe-3t&¥ssUs Nca are then curve

fit to arrive at a capillTary nunber dependent

correlation. Most preferably, this correlation is in

tRe fo%}c%ian%gg_)g den@p,%ggmaﬂt&ﬁsyf L
lation Utilizing

Fbavy Ol Solution Gas Drive Functional forms of Sgc

and krgpi vs. Nca , obtained from experinental data,

ah)ethi&m‘ﬁ@mdteadmiplary lnindodinasns aamdé'mdmﬁpn@ﬁbp for capillary number

pr fera usin di.fi.ed inplicit orit kN2 -
gewzs%?’a?mcs fhoPertEha i et SuRie” Rt 1R liching

LatdPen, the preferred fornms for Sgc and krgro are

in ut as functions of N ca using Egns. (9) and (10)

from above. The paranmeters a, b, c and d are user S

i nput to the reservoir simlator. %E%g in Flg , that

Sgc is a function of ay bXa¥®P.ca N ca . (11)

Simliarly, k rgmis a funcwipn of c, dg,and Nca . In

the preferred enbodi nent of this |nvention, t he ’

follow ng are default values: a = 104; b =1,0; c =

10 d = | h I c
v ?i%rg:n,&r 15 (1"1 %gi.s mgr ac1a¥ ent51.01e1 15 (r-’\u egl%rer%(l?ﬁgqgo K

spec
oil-phase potential, P, is the change in pressure across a face of a cell, p, = density of

rgro

oil, g= gravitational constant, and D = change in depth from a datum.

This modified definition of N, leaves out oil relative permeability in the equation.

Since N, is ideally computed implicitly, this greatly simplifies the calculation of

derivatives for gas relative permeability (%,, ) as a function of primary variables

during Jacobian generation. Also, the potential gradient in the N, calculation is
directional and is based on the gradient across the face of the two adjacent grid
blocks. For each Newton iteration, a capillary number N, is calculated for each
grid-block face. In a 3-D model, there will be six directional N, for each grid block.
Each N, corresponds to one of the six values at the cell faces. The use of directional
N_results in a Jacobian that can be easily solved by conventional linear equation
solvers. For wells, in this preferred embodiment, an averaged N, from all grid-block

faces is calculated.
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m ni nuns, respectively. For exanple, maximum Sgc 0.1
and m ni mum val ue of krgm = 10"4 may be used. Since Nc

WO g00diore®es | onal , Sgc and krsro are cal cul at ed POF/US061049095

i0

15

20

25

cell face and thus are directional too. To reduce
oscillation and convergence problens, a nodified

inplicit algorithmof the preferred enbodinent is

i npl enented to calculate S c¢c and k rgro . Wen the

gas- phaseis not nobile, i.e., saturation < Sgc , Sg

aiBd kr gidjustirez Badelind Rtlatlve Pormenbaling| Gorralstiory Eqns. (9)

and (10), respectively. Wen the gas-phase is flow ng,

S and krgro becone invariant -neither increase nor
dBacleasitis abbighed ¥ phitieGlan feckogpe ot ficRA. BSEHEF thB&: rock types or
capillary nunber N at the beginning of the tinme-step )
whrsiest paregpRnds i partisulas haseling gps eelafing parmeabifiy ka| vs. saturation
remaining tine-s A. Calculation of Cell Capillary

Nepeb@H¥ge.Nech as thﬁit@ggh@we iR EHC eleethssarsppestysdiaseline cugves are
SRR 3SRt S0 AL ol BERT B i v arinins e
DR} R,0LE S0, PRt Oy pof edli il or . s
s SRERRR 0 (6 o8 1 QAR BARL o b Akl v,

deaiglilayedofor @hdh regﬁecgb@&én.altﬂeocfa@émfeocnﬁb@mmeeﬁﬁl% ese endpoints is
change in depth froma datum This nodified definition

oPraferabbisadiusted by saling ebelingof pleg rebatbie nermeabilityreould be done
equati j | Sl I Wy icitly,

t %Fﬁg@;r@g%r? %E@?%&ﬁ%@g%ﬁ?ﬁ% Sggf’g%?gﬁh?f& derivatives

for gas relative perneability kr ) as a function of

primary variabl es during Jacobiian generation. Al so,

the potential gradient Krrn__.tpg;ﬁanﬁg_’E.ul)ati on is (12)
directional and is based on theSgra¥i.ent across the

face of the two adjacent grid

Eqn. (12) simply states that k,, is a functionof S,, §,. and §,, . (For gas saturation

arg
greater than Sy the oil phase is immobile —i.e., Ky, = 0). The function F could be (but

is not limited to) a simple power law:

K = Korgro( Sg — Sgc

n —E &)’ (13)
¢ I—Sgc .‘Sorg

In the conventional treatment of gas relative permeabilities, Sy in Eqn. 12 or 13 is

equal to Sgc . However, with this formulation, Sg: in Eqns. 12 and 13 isnow a

function of the capillary number,

Additionally, if the endpoint of gas relative permeability %, is decreased by 10%

rgro

0
rgro

relative to the original %, of the baseline curve, then all gas relative permeability

values on the correlation or curve will be decreased by 10%. Those skilled in the art

will appreciate that many other ways of adjusting the baseline curve to reflect changes
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bl ocks. For each Newton iteration, a capillary nunber
Nc is calculated for each grid-block face. In a 3-D

wore@el7eoshere will be six directional NO for eRCHUS200E049095
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bl ock. Each Nc corresponds to one of the six val ues at

the cell faces. The use of directional Nresults in a
Jacobi an that can be easily solved by conventiona

| i near equation solvers. For wells, in this preferred

enbodi nent, an averaged Nc fromall grid-block faces

| & he |u'gbl£t@3 elBs oABhdpRintd$ Bas@bi e, Relnd WRd and are within the
Perneability Correl ati ons Bach cel [*i s assigned a

pecdpe f e invedkohwpevellr faci es. Each of these rock

types or facies corresponds to particul ar baseline gas
relative perneability krg vs. saturation S curve, such

ag. t he senetifif G4 Relutive Perrheablitifések,f BEPREbiptRatRiASRId MBe Reservoir
curves are adjusted for each respective cell. This is
acconpSHBHEEOIf or each cell by replacing the origina

values of S c and krmw th capillary nunber dependent

values of Sgc and k r r | cal culated using Egns. (9)
aRatutat®n valebst fempnreeme dloar initagdiconditipng whss thersservoir simulation
cal cul ated for each respective cel|. The baseline

c isrfirst garerd dram gha previous Hensaian, St plse fiom ualyps galculated during
aﬁ&éﬁ&ﬁgﬁ%ﬁf& ﬁlr{ [}gfg)é i};}@ S0tk $NGe Eftj,hlalre’sé{'@%lr gell is then examined

per meabi one usi ng %Severa

Egﬁ@fﬂe%n@}@ cﬁﬁ%ﬁ’é@at%%nﬁeiﬁﬁwg iskeBbcled(frétn tRECadjhsted baseline
(12) S or Si states that kr is a

f coreelpiaon. o"FS @scrlls)ectaMG, 155, 52 S (- Hean Gasonslagioattiom the previously
greater th an Sorg the oil phase is imopbile - i.e.

Kegculagyl curyreisiised 9 dhiemmiBefled be (but is not |imited

to) a sinple power law. In the conventional treatnent

of gas relative permeabl lities, Sc |n Eqn 12 or 13

i ©. equRunnineReservaipfimpdationsingtSels , selative Parmeabilities k,,
in Eqns. 12 and 13 is now a

Finite difference equations are solved to determine unknowns, such as pressure P or

saturation S, . These finite difference equations rely upon the latest updated relative

permeabilities %, including the capillary number dependent gas permeabilites £, for
the reservoir cells. Such finite difference equations are well known those skilled in the
art of reservoir simulation. Examples of well known solution methods for such
equations include: (1) Fully Explicit; (2) Implicit Pressure, Explicit Saturation
(IMPES); (3) fully Implicit; (4) Sequential Implicit (SEQ), Adaptive Implicit (AIM);
and Cascade. In the preferred embodiment, a fully Implicit method is used to solve

these equations.

If the solutions to a state variable, i.e. pressure or saturation, are within a satisfactory
tolerance' range during an iteration, then final fluid properties will be established for a
timestep. Volumes of production of gas, water and oil during the timestep can be
established from these fluid properties, as is conventionally done with reservoir
simulators. The reservoir simulator may then run over many more timesteps until a
predetermined length of time is met. The cumulative production over these timesteps

provides an estimation of the production from the subterranean formation.
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function of the capillary nunber. Additionally, if the
endpoint of gas relative perneability krgro is

walewrea®ed by 10%relative to the original KkrspPCr/of200é1e49095

10

baseline curve, then all gas relative perneability

val ues on the correlation or curve will be decreased

by 10% Those skilled in the art will appreciate that
many ot her ways of adjusting the baseline curve to

refl ect changesin the updated val ues of endpoints Sgc
and/ or krgro can be used and are within the scope of
this_invention. well . .C. Selecting Gas Rel ative
pAbFRiPR by SioR eS8 FTPE: 0B RUTYG vl brebSe vservoir
Skiulaiar ustad tol@iveqiersaBiRGed By haoaR deperdednubblepletion
condltlonﬁ?mhen the reservoir simulation is first

stAF/flat valed andeviprasties o8 cridgwiks Fupher thepregent imipntion also
VR cHRRes 6 Progthat 86ragd ﬁéﬂge %?d’k@édrﬁ&%n‘ﬂrﬁ&i&sgfo{ i:em‘:ymg out this
step. Theé saturation each reservoir ce I’s

t FSprveRsimplagion nlamtgﬁbué U?lloélib deptindgnt rsladivie\psrmeabilities.
perneability krg is selected fromthe adjusted

baseline correl ation. As described above, if Sg S .

t Mériletin éhquwmwm $popification thireinpergicndus Ibgerc déscribed iactelation to

B L MG T AT —

1% iﬂ:lluﬂﬂrdtﬁ)ndltfvﬁﬁ berappareniitatthase skiled 11$ tHevetithborhe @hvention &

S ch as ur tio , These
¢ PRPSHT ratBnRR B TET FhTun oltey Bt deabedbiicin can vary
upstaidethbl e wathoireddpartimgaiunh e mlclgnncim@é &ftthe ehviehion.
capil l ary nunber dependent gas perneabilites krg for

the reservoir cells. Such finite difference equations
are well known those skilled in the art of reservoir
simul ati on. Exanpl es of well known sol ution nethods
for such equations include: (1) Fully Explicit; (2)
Inmplicit Pressure, Explicit Saturation (I MPES); (3)
folly Inplicit; (4) Sequential Inplicit (SEQ,
Adaptive Inmplicit (AIM;

-23.



and Cascade. In the preferred enbodinent, a fully
Inplicit nethod is used to solve these equations. If

W bh@79ndowd i ons to a state variable, i.e. pressPCEUS06/049095

10

15

20

25

30

35

40

saturation, are within a satisfactory tol erance range
during an iteration, then final fluid properties wl|l
be established for a tinmestep. Vol unmes of production
of gas, water and oil during the tinmestep can be
establ i shed fromthese fluid properties, as is
CDivwsdnlciabiial | y done with reservoir sinulators. The
reservoir sinmulator may then run over many nore

t hest epsoepfiticht Br B416@atisE ™ ned length of time is net.
The cunul ati ve uctj.on over these tinesteps

ro

provi d?sexéWnE%ttfgﬁ‘éac FYALRE Seiie production from the

sBbt er r-avié fornfatiomyblume Foeerpt €sent i nvention al so

i Bgl ude= @il $oraiatioh fvolunsafacyirnag Pout t he above reservoir
sipgul at+ g4y fashabr WdlaineVfectpeatn®abi lities krg that are
dependent  4ROEnAePLALLIRRANE &t €/;f  uid vel ocity and
viscosities of crude oil. Fdfther, the present

i rrent i=orocilos cotenvahpie sorapesabiliayn Epg)age devi ce whi ch
cayri es bihsampletcoanpsedsibiliyailfpgi)ng out this reservoir
siamy,at,. e CTaumberd dfy Ampdd saridayeddeprigdgnt rel ative
PEMBRARL .= €F.nuifbel ef h Bahpl shairsgdiwith lsqresknti(atinitinh pressure);
tig®s | Rvemtdpibdatcabed diciag depletion at prebairé Bn to
C@'ﬁ’h{ili n= prafuenbee dorcdrosngent s t hereof, and many

detal | s= bavinkiR@fosaE; forth for purpose of

il dstratjo i ) parent to those skilled in
tﬁ‘e art %ﬁ%ﬁeﬁh%r%l\%lélﬁpﬁ%%eﬁms’ susceptible to

all? er atT ehrogadn derth feom egPW®t her details descri bed
her ei n Ta&mwiatignal 6ABI¥E; abl y wi t hout departing from

t e bast effentivapepheadiléy; t he i nventi on. Nomencl ature a =
cdef f i cf mlativeqrermattilityadimeps®rdess; b = exponent for
cahcul at gagrefhtiye permd@ibilitypdimensiombgssion vol ume f act or
atk,g} ; BPas Ridtivk perBédbaity Woiltl FEnin@&h e¢sidiial Bil; dimensionless;

k,‘_’gm = endpoint gas relative pemeability with minimum residual oil, dimensionless;
ko = oil relative permeability, dimensionless;
K = rock permeability;
K = slope of the solution-gas curve, psi”! .
N, = capillary number calculated for a particular cell of a reservoir model;
N,  =capillary number;
A = change in pressure (psi);
L = length of test chamber (inches);
N = oil in place (stb) at initial conditions;
N, = cumulative oil produced (stb) at pressure P (em®);
®, = oil-phase potential,
P; = pressure at time i, psi;
4P, = the change in pressure across a face,
py = effective density;
= density of gas;
Pq yolg
Lo = density of oil;
R = Gas-to-oil ratio;
S = saturation, dimensionless;
Sg = gas saturation, dimensionless;
S, = critical gas saturation, dimensionless;
So = oil saturation, dimensionless;
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Bg = gas formation volune factor at P; c =

coefficient for calculating k rgm; c s = rock or core
w@ aplwosonpressi bility (1/psi); Co -oil sanplBCT/US2006/049095

conpressibility (1/psi); CIdry_Core-CT nunber of a

sanpl e saturated with gas; C Tsalurale core-CT nunber

of a sanple saturated with kerosene (at initial

pressure); CIp = CT nunber neasured during depletion

at pressure P; C Tuq = CT nunber for kerosene; CIg as

:&;T nla:rdmelpon‘nmbriaéerl,gadsa%uﬁﬁpﬁﬂﬁﬁienh@ﬁle@éﬂ culating k

rgm r = . .

o] ¢ e el il gl 7 Ball Ry e painn, disgensignicss:

—Stlbel afi Seckepkdasel i ty, di nensionl ess; krg = gas

ré’fatl\remﬁﬁé Biosiony . di mensi onl ess; k rgro = gas

5 retati veoipgaminsdrfdcial yensicnhand ni num residual oil ;

dlvnen5|_o,yélgaﬁ,oml endpoi nt gas relative peneability
m ni numM’r esi dual oi |, dinmensionless; kro -oil

reI at ive perneability, dinmensionless; K = rock

perneability; K - slope of the solution-gas curve, psi

1 Nc capillary nunber calculated for a particul ar

cell of a reservoir nodel; N ca = capillary nunber;
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DP = change in pressure (psi); L -length of test
chanmber (inches); N ~ oil in place (stb) at initial

w@oemwditdoans; -cunul ative oil produced (stb) atP@EI/ESH06/@49095
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P (cnB) ; Fo -o0il-phase potential, P i -pressure at

time /, psi; D PO -the change in pressure across a

face, p eff = effective density; = density of gas; g

PO -density of oil; Rs Gas-to-oil ratio; S

-saturation, dinmensionless; S8 gas saturation,

dWRATI ISICIeARVED ES:-criti cal gas saturation,

di mensionless; S O = oil saturation, dinensionless;S c
=endpoi,nt critical .gas saturatian, dinensjonless; Sor
Tesi afametior areiditeh Progegus’ rbleast BRI 4 phgRican
regi oNresdvBRNEdritAhRipSica®y Bil enrhidel witdasPiieBéthod comprising:
=interfacial tension; sog =oil-gas interfacial

tension; and vO = velocity of oil.WHAT IS CLAIMED I S:

1. A gy hod @iz R84kl ROcGrdtaRest YasQEladle bE@PdabARS k., versus
fluid inh a subterranean :

gas saturation S, in a reservoir simulator;

b) utilizing a capillary number dependent correlation between at least one

of critical gas saturations S, and capillary numbers ¥, and endpoint

of gas relative permeabilities %,,,, and capillary numbers N _, in the

rgro

reservoir simulator;

c) calculating capillary numbers N, for a plurality of cells in a reservoir

model representative of the subterranean reservoir;

d) adjusting the baseline correlation to comport with at least one of S,

and k&, selected from the capillary number dependent correlation of

rgro
step (b) using the capillary number N, calculated in step (c) to

produce a plurality of corresponding adjusted baseline correlations;

e) selecting relative permeabilities & for the plurality of cells from the

corresponding adjusted baseline correlations of step (d); and
) running a reservoir simulation utilizing the selected relative

permeabilities &, of step (e) to predict a property of at least one fluid

in a subterranean reservoir containing heavy oil entrained with gas.
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reservoir containing heavy oil entrained wth gas, the
nmet hod conprising: a) utilizing a baseline correlation

wo@Roogasonel ati ve perneability krg versus gas sSBCT/US100€649095
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Sg in a reservoir sinmulator; b) utilizing a capillary
nunber dependent correlation between at | east one of
critical gas saturations S c and capillary nunbers N a
and endpoint of gas relative perneabilities kr n >and
capillary nunbers N ca mi the reservoir simulator; c)
cal cul gthergetbedof tlaimy 1nuideeins N ¢ for a plurality of
cells in a reservoir nodel representative of the

subt erranean reservoir; d) adjusting the baseline
correl ghd 88 bPUGIPARE Entcaﬂi'llbﬂf ﬁlmb&aﬁbeﬁkﬂ@lt ebrrél@omtéludes utilizing
krgro selected fromthe ca | ary nunber dependent
cor r el atqoFslasipndebyeqnns: Ngz the capillary number N c
calculated in step (c) to produce a plurality of
correspondi ng adjusted baseline correlations; e)

sél ect iThy mahed plelaperneldseini ties krg for t he
plurality of cells fromthe correspondi ng adj usted
baseline correlations of step (d); and f) running a

r eser vdite ssapnefl wilizong mtéﬂillmiym}]mtﬂ% depdrelehiecbrradatan ineludes
permeabi]ities qu of step 2 r‘a‘?;:){‘ﬁedi ct a property
of at |Whginggeerraltion ‘Peﬁwﬁe% bt-et'dhean reservoir

cont ai ni ng heavy oil entrained with gas.2. The nethod
of claim1l wherein: the step of utilizing a capillary
nénber Tepaadedbf claimdl whérein: i ncl udes utilizing a
correl ation between Sgc and NG 3. The nethod of claim
1 wherein: The step of utilizing a capillary nunber

dependeqft s bF 8liRLingRA dapllawdBember dependent correlation includes utilzing

a correlation between S, and N, and utilizing a correlation between k,,,

and N_,.

5. The method of claim 4 wherein:

the step of adjusting the baseline correlations comports with values of S,
selected from the correlation between S, and N, and with values of £,

selected from the correlation between k,,,, and N, .

6. The method of claim 1 wherein:
the step of utilizing a capillary number dependent correlation includes

conducting depletion experiments on core samples from the subterranean

reservoir.
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utilizing a correlation between krgmand Nca . 4. The
met hod of claim 1 wherein: the step of utilizing a

weapiita@ny nunber dependent correl ati on i ncl udeGT/US2006/049095
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utilzing a correl ation between 5 .and N ui and
utilizing a correlation between krgro and o . 5. The
nmet hod of claim4 wherein: the step of adjusting the
baseline correlations conports with val ues of Sgc
sel ected fromthe correlation between S and Nea and

Wyt h vahuesetabd §f dlaint Fwikediact ed fromthe correl ation
between kr mand Nu-. 6. The nmethod of claim1l

wherein: the step of utilizing a capillary nunber

dependgny sté;p{)f' ghiRlihoR cﬁﬁ?éié@?ﬁnﬁ&%ﬂ@ﬁdeﬂgc&% h@dr BRludes

experiments on core sanpl e rom t he subterranean
r eser vprediqiingThe comelgtion grithepheonductipgdenletion ¢pegimspts on a core

of Ut Ll 2b G AnGAPLIthAL AN HRFiependent corr el ati on
Bre icting t ' [

i ncl udés ( e correlation wthout conducting
depl etion experinents on a core sanple fromthe
sybt err.anean, reservoir. 8. .The nethod of claim1l

er ej :efﬂgh@$8gd8Fn&énggBing a capillary nunber
dependent correl ation includes conducting depletion

experiments on sandpack sanples. 9. The hod .of .
cl B m G HEP G e SIHunG & SAPHERS THORSEPRIER GRiFRipy includes
cal cul abgfudiRiy debRtiBhWkpbiit¥n®oncahdick eamphes.

9. The method of claim 1 wherein:

the capillary number N, which is calculated for the plurality of cells remains

fixed in a time step iteration.
10. The method of claim 1 wherein:

the capillary numbers which are calculated for the plurality of cells are

updated during iterations of a time step conducted in the reservoir simulation.
11.  The method of claim 1 wherein:

the capillary number dependent correlation is a look-up table.
12. The method of claim 1 wherein:

the capillary number dependent correlation is a mathematical function.
13. The method of claim 1 wherein:

the reservoir simulator uses a fully implicit method to solve equations.
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fixed in a time step iteration. 10. The nethod of
claim1l wherein: the capillary nunbers which are

w@adocr@sed for the plurality of cells are updedEUS2006/049095

during iterations of a tine step conducted in the
reservoir sinmulation. 11. The nmethod of claiml
wherein: the capillary nunber dependent correlation is
a |l ook-up table. 12. The nethod of claim 1 wherein:

. the capillary nunber dependent correl.ation is a
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mayhensf twhod £67 6irh @Bting the fI0Ve ofBédV9hibin wdudtdrahean reservoir, the
wherein: the reservoir sinulator uses a fully inplicit

met hod Behed FOBPE#EEL i ons. 14. A nethod for sinul ating

the flow of heavy oil in a subterranean reservoir, the

met hod conprising: creating a reservair nodel ) i

r epr es exeating\aresdrvair sugsled Fapspreaintive o6 # yRblerrppgan gseryoir for which

fluid fﬁlﬁ&’fiog\f §sQo 88 séﬁ%ﬁ?{cgéﬁ@'regep@oif ARAEVRLTudRES blurality of cells;

i ncluding a uralit s; determ ning
vel oci ty-dependent relative perneabilities for the

reservoir cells: ne. rynni e | [1:She ' : .
b B A RSB RF B k peservorcas
si mul atamdt he fl ow of heavy oil the subterranean

reservoir. 15. A program storage device which contains
instruction for carrying out a nethod of reservoir

si mul atju@fingtad¥@sdrobi Snwlan®s uslizgg tiee vaogtybdepentehitgpermeabilities
carrying conputer instructions for a nethod for,

reser vaPsimplin Geifloy ebhgry Silie sredarasa referveyy

utilizing a baseline correlation of gas relative

permeabi lity krg versus _ o i _
15. A program storage device which contains instruction for carrying out a method

of reservoir simulation, the method comprising:

a tangible media carrying computer instructions for a method for reservoir

simulation comprising the steps of

a) utilizing a baseline correlation of gas relative permeability k¢ versus

gas saturation S, in a reservoir simulator,-

b) utilizing a capillary number dependent correlation between at least one

of critical gas saturations S, and capillary numbers N, and gas

relative permeabilities £, and capillary numbers N, into the

reservoir simulator;

c) calculating capillary numbers N, for a plurality of cells in a reservoir

model representative of the subterranean reservoir;

d) adjusting the baseline correlation to comport with at least one of S,

and k., selected from the capillary number dependent correlation of
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gas saturation Sg in a reservoir simulator,- b)
utilizing a capillary nunber dependent correl ation

whedioreasn4at | east one of critical gas saturati PCEUSP06/049095
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and capillary nunbers Nca and gas rel ative

perneabilities k ro and capillary nunbers N ca into

the reservoir sinmulator; c) calculating capillary

nunbers N for a plurality of cells in a reservoir

nodel representative of the subterranean reservoir; d)

adj usting t hecp@3 akingehcapiltdramuatbet di; caleplardd nistdp @) to produce

| east one of c.and.k rgro selected fromthe S
capillary n 8?1‘%8%%5%90‘&%% 3$Jélf‘iegﬁ’a§)¥]§’tee°|8n(el?f1°ns’
using the capillary nunber Nc calculated in step (c)

to produce a plurality of correspondi_ng, adjusted
basel i §& corseering ﬁg@veegerglgplé@ ‘F%g gtﬁFP ality of cells from the

¢ Q¥
per meabi | i t ic%%egﬁscqldw adjiQe@bieihé tyrrohtis® dSstdy gtjae%nﬁ

correspondi ng adj usted baseline correl ati ons of

(d); and f) running a reservoir sinmulation utilizing

the seleecte | gt i hiid ot LSS K &N

to predict aUbFsRa Ereropt FEAIM LRI P SielBle
subt er r anearpermsahilivey kg ofistap (6)rig phashieiye operenof atilpasd one fluid

with gas. 16. A tem for oyl 0 :
| east one fI'Gi® ulﬁ%é%gng urbﬁeg?xgéﬁ%gﬁ{aﬁrgg rﬁf‘/%{yr‘ﬁg%’ﬁ?aéﬁ%} ﬁ%th 8as:
heavy oil entrained with gas, the system conpri sing:

a) .means for inputting a baseli orrel ati.gn_of S
Ao | VeSO maREiel T A prors & 3 Sl G huin § sfffrancan
i Nt 0 a réRSVIiV drltaimidplhedl Pl ddjraffiRaneitl gds, theyblehn¢maprising:
capi |l l ary nunber dependent correl ati on between at

| east one of critical gas saturation (Sgc) and

capi | I ghy nupbgfs f¥ %@Lﬁﬁ&d@@s@ﬁn@éoﬁ@l&idr%%és\félative permeability
pernmeability krgro) and capillary nunber (Nca
k, versus gas saturation Sg into a reservoir simulator;

b) means for inputting a capillary number dependent correlation between
at least one of critical gas saturation (S.) and capillary number N, and
endpoint of gas relative permeability (k) and capillary number (Ncq)

based upon a plurality of depletion rates into the reservoir simulator;

c) means for calculating capillary numbers N, for a plurality of cells in a

reservoir model representative of the subterranean reservoir;

d) means for adjusting the baseline correlation to comport with at least
one of S, and K, selected from the capillary number dependent
correlation of step (b), the at least one of the Sg. and kygro
corresponding to the capillary numbers N, calculated in step (c) to

produce a plurality of corresponding adjusted baseline correlations;

€) means for selecting relative permeabilities k. for the plurality of cells

from the corresponding adjusted baseline correlations of step (d); and
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based upon a plurality of depletion rates into the
reservoir sinmulator; c) neans for cal cul ating

w@apirioteny nunbers Nc for a plurality of cell SPCTUS2006/049095
reservoi r nodel representative of the subterranean
reservoir; d) neans for adjusting the baseline
correlation to conport with at | east one of Sgc and
Krgro selected fromthe capillary nunber dependent
correlation of step (b), the at least one of the Sgc
and kr gPé 0 CORLESRABP RIS Qrésgﬁoﬁas‘?ﬂnhla@iﬁﬂ dﬁ%@ﬁ%"tﬁe Btlected relative
calculated in step (c) to produce a plurality of
cor r espondi r@r@@pbmxeﬁ ki af steb f®) tegreditta pr@ﬁgfty &f aileasione fluid
for selecti NQd %Ib%g'#a\ﬁgaxp ﬁ%@i%ﬂi ) lﬁEQvJ of eﬁﬁ'ﬁned with gas.
plurality of el e correspon I ng “adj ust ed
basel i ne correlations of step (d); andneans for
running a reservoir sinulation utilizing the selected
relative perneabilities krg of step (e) to predict a
property of at least one fluid in a subterranean
reservoir containing heavy oil entrained wth gas.
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