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WD 2007/ 076044PCT/ US2006/ 049095 METHOD, SYSTEM AND
PROGRAM STORAGE DEVI CE FOR RESERVAO R SI MULATI ON
UTI LI ZI NG HEAVY O L SOLUTI ON GAS DRI VE 5TECHNI CAL

present invention relates general
‘ﬁgghqgéﬁgnd systens for reservoir srnulatron¥C&R$ﬂmwmwmb
predicting the flow of fluids in an underground
reservoir, and nore particularly, to enhancing
reservoir performance forecasting by accounting for
fluid 10 flow effects due to heavy oil solution gas

dri ve. BACKQQ@HH@OEF Eﬁﬁ@ﬁ?
simulation is used tc’?%(}?ﬂgt thﬁ? [ ow o §¥PUI ds in
an under gr ound NEYEE, §OR RESEREOIR SIMYLAAION

i ncl ude oi | ypASZARG WY CHCSOLEATONIFAS DRIVE
forecasting 1s inportant 1 n reservoir nanagenment and
estimating the potential recovery froma reservoir.
Reservoir simulation i staedniedgWhgrly oughout the oi
industry and in the scientifrc Irterature. A good
primer on the principles behind reservoir sinulation
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L SHergatigrRrpdiy tms\ﬂ@tfhér 7 TR oSl Fepeeair. ot more
s |pﬁiﬂoﬂiakl9nto| nhSIRRES Rkdtol PEFOIRL. E’cﬁe&@éﬁé bf Q&ohﬁ‘mng for ﬂuld

U@S géﬁtf No. 6,052,520 to Watts
& ug i heayyeil Salwtian g98 dEved by referdnce |n
their entireties. 25 The followi ng are general steps
taken in a conventlonal reservoir_ sinulation. First,
a reservoir i-s settehRQUND QI IVENTIONnd f1 ui d
propertres are to be nodeled and sinulated. The
servair, nodel ed and di scretized into a plurality
"’E"é’Y‘P'ES‘ iop tpused (g dist g legindifluidsdn ap enderground reservoir.

C TS Bdc B in PRk L 8hd andGRAGT ShdnredePydibordcQ5Meqd important in
finite difference iquatrons whi ch are representative

ofSSHV AranpeRnet apd estnating the Ratersial iseqvsey Bom a reservoir.
reservoir Exanpl es of rock properties include

osrt jllary essure and relative
?rlrfr@ﬂp S @5l Brraéléwar qut thepiligrpstrygprddn the scientific

ga&rz)tuﬁxﬁrgﬂioﬂ %m&fer foh lﬂhéjplﬂ{c‘i?gﬂ@sr Edh‘?rﬁi ﬂeQ&{rM@ SinRithtion is K. Aziz and
ctor and pressure
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éq%% U delolexm e Eaf A rBiion: EheAtART It Soirpe Publishers,
mnhdume(aememthemasb@lsmﬁau@w RESvEik Sink IS iis 264Lrhif,

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 selected 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
rcscrvpir. 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 (Bp), and pressure, temperature,
and saturation in each of the cells. Nonlinear terms in these equations are linearized to
-1-.



WD 2007/ 076044PC T/ US2006/ 049095 arrive at a set of

i near equations for each tinestep of the sinulation.

These |inear equations can then be solved to estinmate

sol utions for unknowns such as pressure and _

WO in the cells. From these val ues of CT/US2006/049095

pressure and saturation other properties can be

estimated including the overall production of oil,

gas and water fromthe 5 reservoir in a tinmestep. The

af orenmenti oned steps are repeated over nany such

timesteps to_sinulate fluid flow over.tine iin.th .

r SEEYS 8l # 5t hENGK ofl 'Ef’émﬂ%tj]’f ﬁ?ﬁb‘é‘i‘l‘fﬁ%%f’s"fr%é% gt Theso Jinear

][ le&i%g%g,rca? e 1 dobrRdits Féthﬂt@ eslovatsifbi anknotves suabcls pressure and
OW. solute perneability Ki.s a neasure of. :

F e §elFoFmame YA PR B i othor properties

Or@ateestimmad Ghdiding tHeasefallgiroduaion ofivil Geas divdhgrater from the

formati ons. \Wen oi | apd

" . . S, er _npve ugh

5 pOIFERTEOIF ek HmeRey %ﬁ%fﬁ%‘i}%’e%&@aﬂléﬁre%eeﬁtte?c‘ﬁ}té?‘e“s‘i‘?‘y such
Rath8ftepstth QirfiklbicGEri€ SoRaiver it In iaeesaneiter . Rel ative
perneability, k,, is the ratio of the effective

permeability, Ice, when nore than one fluid is .
Pr@ssot the ky bhspheis @ketled ip essapalyi sirtilytivh isEhé poteniglity of a rock

perneability ke is the asured perneabi |l ity of .
DTSV rfakRolF Bermisabih e Es §HEHBAL AT AP g © tbemit flow and
10 Pr&senty giagy febadtoans Risprvbiztane enrrseldity foemations. When gas, oil

perneabi l'it r and saturation depen . ih
r e, yAEF mOke ﬁxrg ;qualilsoroglﬁ é\q%én r\llgg rzc)n/ov%éag \g\@gtrl] U@locmes. Rather,' g
f ofiaE bemPete Alitioonet dndthee [Ratdtive ppanewbdlsy. 4-tiy therratio of the effective

depends, on the .relative propeLtion of f1 Ui Titv K
or BBisRbiEsY, o e S P it s sy b g b3 permeabiit
| | Bffsddvatpesmeatiliii; & the eleaturedpgercalsiity ¢fi a porkus pedivgdo one
safuration sq curve f as..: . .

15 SR e e e D A0 Lt b £ o
M Qitiidioh Sriesdiols dnvihd seeervhio addkrgd tfmid-ar@ mdy variibstween

threshqld value is . referred t.o as, crifi . .
S atoRRAP o A T 1 PrEap 8y St dsiofidhe #five proportion of the
0. fidideprabmyi.c.3%is edtuadbnon. At the other end of the
curve is an endpoint relative perneability kg,' a
which is the gas 25 relative perneability value kg at
20 WhFIh IndieetiEed a ofpidab sdlativelpeohéabiligmdicrvicrsys saturatien Soeyeve for gas.

is.mnimal., AS.reservoi.r..r ool [ :
o R P Bt 6FY PR PEE pitl dos SutiilEn FARRA! i i

r efieéshbiDdalud Reokinizab Fp@r k alis shyeshotd winais axfened fpstcritical gas
add up to 100% .In this cas there is X of 0% rntz
gagatgrgpap aﬁ:I:t aﬂglg@gné%ﬂ aﬂ?? oq%'ggpxa)&gpatslpfloé?%gt?ruarba : 07|91 @fﬁn’atlon. At
S'.1, . As seen in FIG |, the Xi fal Ve _yeon s
el AT e 5 gt ireogs PR B ki whiohis th gas

appaX] ey AR 5t % ResHRLLIGIS refaiSng in th
25 ang&%’@%@%%ggd%i\ggﬁh?ﬁ%%%%ﬁ 82%%85 ) kés shal | ’ ea N

b .
r efaskrie thinignahsAerapryPH okl alvays coptds 2 pupingl groount of residual
Sabir sl ARrARM Jafh@Mrkith 10054THRE kdthllpercbntage of saturation must add up

to 100%. In this case, there is 2 maximum 76% gas saturation .S, and 24 % residual
oil saturation S, . As seen in FIG. 1, the maximum relative permeability, &5, »

i ) o
30  occurs at a saturation of approximately 0.76 with k= 0.40. These values of Sg, and
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Ideally, relative perneability curves are devel oped
t hrough | aboratory experinments on 5 core sanpl es
taken fromreservoirs for which reservoir sinmulati on
is to be performed. For exanple, displacenent test
WRPHE0¥ed to devel op the relative perneabi IPCFWSR‘}WO“%%
vS. saturationSs curves. Such tests are well known.
Particularly well known displacenent test procedures
are described in E. F..Johnson, D.P. Bossier, and V.OQO
Naurrann Cal cul ati ons of Relative Pernmeability from

Di spl acement 10 Experipents, Trans. % I nst. "M ni ng .
Enfgen gy tvt-"ﬂr@ﬁéo mﬂdpméaseaae valyes B9y gagrgratien S, and relative
Jqone O Roszell e, G aphical Techniques for :

gﬁerﬁ%nrhﬁﬁ Rel ative Perneability from D spl acenent

Experl ments Journal of Petrol eum Engi neering, Vol une
39&&@&? rc::i3 Q} e g)%é%ai)ﬁgt? )ctu'vlp Sig?ée}gﬁ%?t%gt{%} ‘%’é’ﬁ?‘%ﬁ e&:Rcriments on
r abwaamlasnak&s- fccnmmi'vpn‘a cfazreﬂueld rashavbirpgnniation isi tb e performed.
c er fast gas. i
F ISt ERoctpls 5 AEAE s 3SR Pl Slon YRR rlBBeabitiy
S atpyprlsemnantmnﬂ;tcumea.l Smhltests drbevellddnatiny Bagtienlasg vicllikngwn
kg versus saturation Ss curves can be theoreticially
c Wisplasgmentdest pregegines arerieseihedds Bdh Johsoneld d1. Bgader, and

f nog, NQHEQ:E@@ﬁc;ﬁ&%r&%ﬁefaﬁﬁwﬁhéﬁ:zgﬁzﬁag‘ﬁﬁpia@&ﬂéﬁtVe
pernmeability lcrg versus saturation curves

bdeRerdmernans. PerntthMipigg dngipseisel awans 116 1 2%, éPgVQ 378 and

_b% @S.l%ﬁeé dhdWl @Sl%éé@!lé Cﬁ‘aﬂk&bé‘ﬁi’&ﬂniﬁ% ﬁi' mkeym%n Relative
0 bt ai ned from these curves assumi ng saturations gS

i A ermesbéldyonDisphrcepesidinpstimensdiauog of Eﬁwﬂwnﬁ@émeenng,
Saldiut BONS. B07-31 ¢ (LRSI Alby kPRI &itd B&fenHeﬁm are usually
initial conditions 25established at the begi nning of

a ceRdugteskat slew derbrHiontater asit iy sovpgerly apeeptaskthat permeability curves
SiaPAlbckta®R ifdepSh&@it bf RE% Gt gall AW OMSouMhtrBictv@Prock.
iteration in a timestep. The production of heavy oil
isinitially driven primarily by oil pressure. Heavy

Oi A 1tehRhYiv g% FRBfd dhelidh 4OnbiNShitsife, thd rdlailicRGrAELARY £, versus

gravity or less. Significant
saturation §, curves can be theoretzmally created. For example, the curves may be

developed from comparable analogue reservoirs.

Once relative permeability k., versus saturation 5, curves have been obtained, then

the relative permeabilities k. to be used in a reservoir simulation can simply be

obtained from these curves assuming saturations 5, 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 AP 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

-3-
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30 quantities of gas are often entrained within the

heavy oil while under high reservoir pressures. After

suf ficient production of heavy oil froma reservoir,

the pressure in WD 2007/ 076044PCT/ US2006/ 04 .
%%FQ“%BF@‘%]‘ the reservoir may drop bel owthe%g'ﬁﬁ_giwémmwws
poi nt pressure. At this pressure, gas readily cones

out of solution fromthe heavy oil. Once sufficient

gas has been released fromthe oil, the gas is

believed to forma continuous phase and gas can flow .
t A bR pAR O Gk i

g SHIEBL dr i LBSL Ry B R b kD g i pressure,
t hessgeadily spines o@gpfaplien diem the heavyscih @rica istifigidnd pasdfas been

gas, f ' ef:er t; h GlbAimdRS

SRR AL ALY R0y IR £ i s o con D
c uirtnugh theeresgazoip padi theaete fof pradactiarad g8 tplignifiesntlyenhanced. As
tisoms i Ut 8s. - brea | . .
Bk THL B o SRR ol RGNS, o i
anREMedqb aOibk cHBEAVERE YathiaBBh 8r REAYYG.0 1l sHOSR R M of hmulative

“dependent upon the Tate of depl&tion of the

I ggR py@duced Phinecdit girgple vadsesting ideplueds. The Wdakpdistad the curve
to_an overall enhapced oil recovery. As the

7% 109FE TPreN5BE\ e 0i | sol ution gas drive are not
wel |- understood, reservoir simulators typically
utilize static gas relative perneability kg versus
s atastsshave shasep that thesmaypdf Abrecdvsrpremgrheavy wilppervolr is
1 i i - of i . > i .
- Selhdh 6 R AP EPUERL i o e iri o D Bl PR TP dopletion
t yywidklead toramofverdti ahanged diloctvenp deltheimeehpmismg efdwavy oil solution
Wil . e . e _
e O e VBBt “oper AP B Uil R il s
r eghutistt persneabilith & verses afurdticonS| dwroesgénchipe thewwrseen in FIG. 1,
cells. Such assumptions that perneability curves are
st which aregpdependentof fluidefiems pr deplstpndptes Pfe thepe curves are

hySHeRAEP R rEPREEROy SHUIREIARERA afclb MR R Eed, the curves will
cont ai ni ng non-heavy oil are generally satisfactory.

Howenay the same fe..ccasipoints diey podith,, moaingdixad) tiypngheit the
sol ution gas drive ("Foa i.gni ficant

( ( al").is as
orIGHILPT SRR IREEHIca Pkt ra\’i@f’%ﬁl?‘f frgpetpih reservoir cells. Such
S adstirablicR tRAiperri&abilegRUEEY are GLitic €6 deyierall REefvoiratigulagon of
of heavy oil sol ution %gs drive at all. scal gs ‘{VDO{' e, 1
c IPEragEbon heptye PEPPTRCER PrIESRFAIPIAGHES NPREEFNY it e senerally
sidak@beRs fail to accurately account for this
solution gas drive in forecasting fluid flowin a
reservoir. This is a significant shortcom ng often
I ek veRdinithe 36 @€ Bedvs dlhhebequiiehan soloHbR ghwdiwe (BFdamy Oil")
production. The present inventigon overcones this .
s HE PELBWHAag! wdg@mmwﬁﬁaww?%eeﬂ%g griales SR hiafpd ol
ol Jecév(%lr)lﬂtdu%n ?,Sun%ra'rSYaeﬁding%%Yoi%lm é%%la% 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.



In a first aspect, there is provided a nethod of

predicting a property of at least one fluid in a

subt erranean reservoir containing heavy oil entrained

with gas, the nethod conprising: a) utilizing a

baseline correlation of gas relative perneability krg

versus gas saturation 8, in a reservoir sinulator; b)

utilizing a capid,lh orrel ation

bet ween at Ieasté Tﬁ? Hg' bNPurations Sg,

and capillary nunbers N' and endpoint gas relative

perneabilities 1c/ 7,0 and capillary nunmbers N' in the |
In p dise rymct, tirerid provided & mothidcaf| paedistnecapPpararsf a lgapems fluid
in N shRkr eintl %@r&#iy c%rltaﬁ”n- Sich?y il BRELNQ HitROgR! the method

repfesentative of the subterranean reservoir; d) -
corapijiamsd:i ng t he baseline correlation to conport with at

leagt ongefi,o9 ba%ﬂqe ﬁalé'genl%tio?l o185k @ ali ¥ OB B ility (kﬁ”) Versus gas

e
ca | ary nurtbe epe .correlation of ste

uspkg thé“W%EWWﬁanBﬁﬁﬁ%ﬁ?mNPEggfcu:ated i; s?ep (¢c)

to B{ Oduﬁtﬁiﬁn§+ UL % beCRLERRRORH dMioR BeHwkf dt least one of

basel i ne correl atl on e), select.j;hg relati .
per meabi ?ri‘tf‘iaLga W) h@néfﬁﬁlgﬁ”?tnymé’? ISc%?lil gng grgpoint gas
the corrgspRodicigedmdiust #d  hab ebpitaycamitetaty gnsthef reservoir
step (d); and running a reservoir sinulation
utilizi ngmukatorsel ected rel ati ve perneabilities krg of
st ep) (&) cAiuiRiedipiiiady Ru@BEsT W Ofor atplir@Bst ofodedls fih Wi @servoir
~in the subterranean reservoir containing heavy oi
~ent r ai nechodltrbprgastativeobths edvertnggpwstryolt;here i s
pr oyj deda@udidkhieebiselinsidittlaionng cohport ki aofeabtaameyof S, and
oil in a subterranean reservoir, the nethod .
conpri si fgo Elegtad i ﬁ‘erC@B‘@PWoﬁ‘qm%ggﬁ’e“ﬁ% ,Dglgglﬁtf%t ep ()
of a subpghs ARRMIESSRMERE IV f @llcuMiECR stepyt)hophaied § plurality
to be sinulated,” thé reservoir nodel including a
pl ur al i t yf @krespsdingaidjusted base)ind edreglationsng
vel oci ty-dependent. rel ative. nerneahilities:{o h
¢ esthvoy R Spst PehistRioRp U R b} shirgud e (S from ine
fluid fl owrdspordirghadjdsedriesdinegbrreladdisof stapirandni ng a
reservoir simulation utilizi 1.he v i ent .-
ot 1 verRinteBerl blddbhinig meRReE KanER TR G ites
oi | in theoBsb &) rapedivt n pswenpiof at ledshore il nthe subterranean
aspect, there is .provi - f. imul ating the
f1 ow of ﬁ%%@?rS?t%P%géggﬂ%@é%?%ﬁgﬂhmﬁgﬁgvvoir, t he
system conprising: a program storage device carrying
conputer instructions to performa method of _ o
In p setond gbpect tharp at profitded aanehedb S sia fting teflaygf hegyy ol in a
subtXEREkd RedBE, 6O %oﬁrco&ﬂﬁi‘st {r]lgc Eﬂetﬁ’tﬁh}%déjife]gérb&r RloQ8I8pfesentative
met had o '

‘storage device to performthe nt of reservoir
of giswibrsarican reserveimiet Mbirhofiuid dipwt roprbesiimuplge B reservoir model

inchidffRy iaSiﬂTQrah@rf oft R8I calyt Hétleﬁﬁiﬂﬂiﬁ?v@@@i%l-iléﬂﬁndem relative

correl ati on gas relative perneability krg versus .
pergeebitiieufoatheotes@yoir aells thatiaseount éeps Yalepy of thiepld flow through
thedBREVAP :Etells‘f 2hd %%n?ﬁih?  R&LVse @inﬁf]atlo%alfttlizﬁigethé)Rielocity-deplendent

critical gas saturations 890 and capillary nunbers N
relafive pernaigsbilities gragmulatetbe flewpd hseainil inghewibferiagean ggsgrvoir.
capillary nunbers N';



c) calculating capillary nunbers N, for a plurality
of cells in a reservoir nodel representative of the
subt erranean reservoir containing heavy oil; d)

adj usting the baseline correlation to conport with at
| east one of Sig, and kselected fromthe capillary
nunber dependent correlation of step (b) rgm using

| the capillary number. Ne cal culated .in ste c).to ..
1o prBET APt 1% B PEYB cOPEa forndnHg e Gar g or hévy ol in a
sul@sRlchi @cfpfoig| the | f8in SemPatihggar gbadainy &torage device carrying

perneabilities k or the plurality of cells fromthe _ .
co BB o SBBHING dfHErE s Bosbrd RE Esre HFiEnG PR reffervoir
sintfdtor &stdeskiitgathenerifigerf inottuciont € the avygram| stomgd kevice to

ubteFranegn reservoir utihizinq t he gJe ted oo
Derf P (15 A BRXS 1P P RIS i TTRO0 (6 B fmulation
codpRaed thekRps 6f: 1 s provided a method for predicting a
property of .at st one, f.

| e fluid in a.subterranean
resét voi Ft?ltzb‘?jgtaal?aﬁaﬂﬁ’ CI‘?EFSWO%:O gg@ﬁf’l?té\?eurpee&n Sﬁl}%ﬁyg‘ﬁ’s}' Crsus gas
the met hesduralép¥i'si ng: a) inputting a baseline

qasbEac s S soabHeuBRBRE Syt i<t Kt one of
i nput ti ngritieakagsi Fwrgonsuberd aaPEHY awmbEsr Nea_’ a@% ghdpoint gas
and " capi [ E PRI K b R T ve

per lBPab: &dlélﬂat?l'ggsapflﬁﬁﬁf qapbklsaNy fmw‘paﬁaiw diasdd inpofeservoir
2 i ﬁuluraiJl ollﬁlggelgﬁpr e]%@g}t/%gﬂhé ?lg}g%’f E#E%]? g?g%‘zﬂ%g‘?@glﬁlg rh]e%vry oil;

a pHur al adjystiog tesehasslinerccaretation ty 6pnPerbYEh at least one of .5, and
representat 's\él%gtgfi Aloffms l‘é%ﬁlé{yalﬂﬁ%r il %Hé’lﬁ'cf)frelg‘?i?nhog %tep (b)

adj usti ng®fhe baseli1 ne correlation to conport w
| east ongsiRd thSQapiad dinther € lcaictiardfin o@p (§)ao pagiukd aburality
nunber dependent correl ation_ of st ,gb , the at
| east on ‘@ﬂeﬁW@dﬁéﬁd@ﬁGdkﬁﬁﬂm€8wpggﬁ’ﬁding to the
capp) | ar \elRuAbeEativeApdimeaBlITieh & efbrithe ;ﬂlﬁ@m@caf téls from the
produce a plurality_of correspondi ng adjusted
basel i necUEPPANHL ditstedbpsligr sertlado s of SEp {d: and
per peabi {iiful@ifig e Mo OF tHehRa} bl @ iht Yulibrrarhh sesbivoinutilizing
t he ‘correspondi ng, adj ust ed @ase |n§ CO{;elatlons of
step (d)theaplgcted setvg ParmpeaB R e OKTFRACAL i on
utilizing the selected relative perneabilities Icre,
of step (e) to predict a property of at |east one
In blfoirth hipetth ehemuistprovidak anmetiesd for qiredictingt aproiperty b€atvigast one

fluld !n g %Igtéal!rgneegn %sterrlfogracsdntaining heavy oil entrained with gas, the method

comprising:

a) inputting a baseline correlation of gas relative permeability &, versus gas
saturation S into a reservoir simulator;
b} inputting a capillary number dependent correlation between at least one of

critical gas saturation S, and capillary number N, and endpoint gas
relative permeability k., and capillary number N, based upon a plurality

of depletion rates into the reservoir simulator;

Sa



A net hod of predicting a property of at |east one
fluid in a subterranean reservoir containing heavy
oil entrained with gas is disclosed. For exanple, the
property mght include the overall production of
~fluids fromthe reservoir, i.e., oil, gas and water
The prediction is made using a reservoir sinulator

whi ch us reserypir nodel hayin Jur
cel ts r efﬂﬁ%@aé%a‘fqp r%P“?“ﬂ%rs H@s}é of @rﬁ%r i%/tlena gyreservoir
some of #beel eejrbsenaﬁab dtahe axbtéreasan Bemeoinf t he

iterations of t ervo Iat on a v,

per feabi ‘t""ﬁmg 5’? bfi‘sg ‘EFeTt%W ﬂﬁglﬁp?rﬁgv '1% 2 ?as{‘ ?ﬂe %FeSg“ and
vel ociti gg,, \r? lgd_:th ﬁEﬁl mle hsilary mumlbﬁxrcﬁzbaideﬁdccenmm wEsep (b),
of this t , a el i ne rrelation.i eve

for gas Pég?gémﬁg?ﬁﬁégfWFf@”kﬁ”V@?gﬁggég EpRE humbers
sat ur at i gN&Pculatty @i @ta;b () tbpsehicon plirslity af eomespsndies agusted

perfornﬁg sl ow depl etion rates. Next, a capillary
nunber ‘“ggﬁeWH@HW rrelation is developed bet ween

at beast se@é@:ﬁn@frelaﬁ‘?@ pﬁmﬁdabmtle:f &y, afok )the pbiriitpfof cells from the

critical gas uratio and er N'
and endpﬁﬁﬁ?p I&%@' gé?ﬁ%@eﬁ@?%%§B§P ﬁ%’@gagﬁllary
nurper Nunnﬁi@%-rb:temcﬁﬂ siguaKanplilesnohe kdvetddicktive permeabilities

gg;:rg : Zt f sﬁg{ (eﬁ fﬁ?@%ﬁ%‘éﬁ@”ﬁ dry %a%{l% gw‘?ﬁ{n @1ae| subterranean

equatio nre‘éé‘rk@h clasiainighesyyeoitentramed withyagr eat i ng a
correspondi ng | ook-up table. These experinentally
derived capillary nunber N'dependent correlations can
‘then be used, in conjunction with reservoir
simulation, to capture the effects that heavy oi
solution gas drive and depletion rates have on the
production of heavy oil and gas entrained therein.
~Capillary nunbers TT, are calculated for a plurality
of cells in the reservoir nodel representative of the
subt erranean reservoir for which fluid properties are
to be sinulated. 8g, and/or Ic,."0 values are
selected fromthe capillary nunber dependent
correl ati ons based upon the capillary nunbers Nv
cal cul ated for the cells. Adjusted baseline
correlations are then devel oped. For exanple, the
ori gi nal- endpoi nts of the baseline curve, i.e. ST and
kraw.," are replaced with the new capillary nunber
dependent Sst, and ken, values and the curve
t her ebet ween adj usted, such as WO
2007/ 076044PCT/ US2006/ 049095 by |inear scaling. FIG
2 suggests that an adjusted baseline curve can be
devel oped by changi ng the original endpoint val ues
SR, and krz,." to other values of Slc,z," which are
based, in part, upon the velocity of oil v" flow
through the cells. 5Gas relative perneabilities kg
for the plurality of cells are selected from
correspondi ng adj usted baseline correlations. These
“relative perneabilities kg are then used in a
reservoir sinmulation to predict a property of at
| east one fluid in a subterranean reservoir
containing heavy oil entrained with gas. This
predi cted property may be the production of oil
wat er or gas. Preferably, once saturation Sz in

5b



10 a cell is equal to or greater than the critica
gas saturation Sthe current adjusted baseline
correlation for that cell is fixed for the remaining
simulation tinme-steps. This fixing of the adjusted
baseline correl ati on once gas begins to flow assists
in maintaining stability during the solution of the
system of equations nodeling the reservoir. 15 One or
both of the capillary dependent correlations of Sze
or kK ,g," can be used in adjusting the baseline
correlation to cone up with an adjusted baseline
correl ation. These adjusted baseline correl ations,
through the use of the capillary nunbers N capture
the effects that the depletion rate/fluid velocity

f %%@@Qd\&fﬁ&@@nhg Wr@%f%@leﬁﬁ'oﬁ& iR iRAIsBRRhhdahYeservoir
during. heavy il praduction under heavy oil sol ution

ga§ournag ePVﬁéP’é eaibriped wEpEat ISeickipé Foneiepigrthe property might

peifpidiRte 8berMBpioatisides MlidPRom % sdrtoifl 8 e baPgdsh@d water. The
caplllary nunber ,dependent correl ati ons for the Sze

an@rediqoRdy BRde pying @ ESETAIF MR SDFGLSHT Eesgryoir model having a

t herkAl, eRLEN raﬁsr@wneetnmtthei@gdw&amok hiakakt BUADES the cells and for
dependent correl ations shoul d be Rel

ativ
peﬁhls% SPmE of theiigrations Bét@éf%a‘t%foﬁ'mma&ﬂn & fﬁ‘@%iﬁ@r?agmablhw Krg

UPQIepBRdnt Bboh AU TERET Suild veldeles W ak g @fls.t he
beginning of a tine step in a reServoir S|nulat|on

Alternatlvely, the capillary nunbers N can be

repeat edl L u

T B e YRI5 e
p ererlam*m penhyamiuy\kg,srcms @as saagauctmes Sitymidadityi based ddgdikpiacements
this updating.of a capillary nunber N, for relative
petessgiorfoitgd aiulwveéc;ﬁﬁlcm nebsis] Next, @mﬂb\rmwb@t Ypsependent

once the satur Ss in cel | i ns

kAR e R st PR PreghyR boHE ofertical
obpRGanehtidds Riesepllatl SGhRSUNE 4 AMRANGE cheRAIINAI I

per f or mance forecastlng by better accounting for

f | pérchchbitity &f f eatdscapiltnry ouhbeny,. oNbn-Sioltit g orangdess of how this
drive than in conventional reservoir simulators

t h@fﬁiﬁﬁmmﬁbw srepressed picluiecty vay ebpasinlg g qeft limitation, using a

I 3G el eﬂuétﬁin' WESh 1BMPIYE DB BY Yy Qkhtidd D¥bstdiponding
subt erranean fornmations which can | ead to inproved

r eekvwd ieblfanagenent strategies. It is another object
to experinentally deteimne values for critical gas
saturations .

These experimentally derived capillary number N, dependent correlations can then

be vsed, 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 thérein. Capillary numbers N, are calculated for a plurality of cells in the
reservoir mode! representative of the subterranean reservoir for which fluid properties
are to be simulated. S, and/or &, 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 £, . are replaced with the new capillary

number dependent S, and k£, values and the curve therebetween adjusted, such as

5c



Sfor endpoint of gas relative perneability Icss,",
for a core sanple at a nunber of different depletion
rates and correlate these val ues against capillary
nunbers N' to create capillary nunber dependent

QLY HHons. These capillary nunber Arca deBERYEHI6/049095

10

15

correlations can be.used in conjunction with a
reservoi r nodel, and cal cul ated capillary nunbers AT,
calculated during a reservoir sinulation, to nore
accurately estimate rel ative perneabilities Irre to

be used in the_reservoir sinmulation. of heavy oi
BRPEFDEsT SebingTi (N 2peassis © %mw tec-hgalipe gy ean &p developed by

ObLee! ?ﬁig tfugaﬂg#ﬁ%%e n@ﬂgnﬁ\‘rj&t ‘t?éét,s"“g 4P té&g;tﬂér%ﬁﬁ& of §.. and k4,

i nven r er§fbo W th regar&

t Owhlt® dh©bhoui iR Pald CFRR RS edboinyREMl TGl ﬁir&}ﬁf‘gh&'ﬂ@'cells
acconpanyi ng draw ngs where: .FI G . shows

conventional gas relative perneablllty kr b, versus

oa ' . . .

S2CHL AR BN 1 o pE LS Ao o
endpoispording adiustedibascline' correlasionsi Thebairslafive pexnagabilisics fre are then
Skra.q" iy

et LSRR O Y AR BB e
20@ﬂﬁ@ﬂﬁ@ﬁmR@ﬁﬁd@@@@@b@@gﬁgsyEﬂ@nﬁanghwwbga&ﬂmﬁwuhﬁpwd

SI glsotg%%sr ngr?slentnhe o%roggér%{ogfo‘%ro{le\%at%gg L gas, gﬁglg?e\g%ﬁy t(ﬂl%e saturation §, in
S' {i'}!!elﬂs' é?;rﬁlal% b gre'alie'r k2R 8 Gftfoal SlsAbiu¥RioRes MRARM |thd bxﬁ-?ent

are dependent upon | ocal velocifies va of
f | hkﬂ]dstédl bavelific eatdlsionForihai cell is fivud for teCleaniing simulation

dra of a e t al ed, t.0 det erm,ne.
e R SR e e Gt P R ekion S A8 ogins to flow
Fl §3sists idapainfaiisy 561 diking ey suheiohaTdiasistep eSSutitons

and pressure differential versus tinme across a
safPHslre LeF5POn a fast depl etion experinent; 10
FIG 6 illustrates a graph of cumul ative oil and gas
produced in the fast depletion experinent of FIG

5;
FI Bne pr bpiged the {@pﬁ]&hy @qpea@@,t 5@‘@3@%91'@[5’5(:% %\ﬁﬁ’ﬂ’ an be used in
ex%‘i??‘ﬂ’@&ﬁ? g‘aﬁe b ‘g‘?’ge ?Ho a;gé)ﬂ ad,i\ésg%&gbeas B4Rt ation,

- SaTHaRGK I BRAMas:1RE esﬁuwmandnmgmhaﬁsevcﬁ" thé tapfil-odnamblers vV, ,

20

25

30

for a slow depletion experinent; 20 FIG 9 shows a

gr eantiwrs thaotifectsctbantby gepletion misffiuifl yplosity Howraad¥isseily bave on

g; ?%ﬂé; ?ﬁ&ﬂ%&b%l%? g@?ﬁg 1%%"9%51' B fiRioR Lin@S 8y S sdIBhi&Seas drive.

Preferably, depletion experiments are performed at various depletion rates to develop
the capillary number dependent correlations for the S, and &, . 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,
Altematively, the capillary numbers N, can be repeatedly caleulated 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

-6-



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

depl etion rates of 0.082, 0.08, and 0.002 cc/ m n,
respectively; and 25 FIG 11 is a graph of cunul ative
gas produced (neasured) and cunul ati ve sol uti on gas
produced (cal cul ated) vs. tine. WO

2007/ 076044PCT/ US2006/ 049095 DETAI LED
DESCRI PTI ON OF THE | NVENTI ON I ntroduction 5 The -
present invention accounts for the effects of heavy
oil solution gas drive, and nore particularly, for
the effects.that the rates of fluid depletion have on

heav;P%‘FFﬂ%%f%&E‘ﬁS&ﬁ 2 oG T IETR L5t Sfalaf&ﬁ@e%fhersav@mp S, inacell
depe ative er neal bilit al yes ar.e
uti| :}glggltnls ﬁF% %353?% T k8 e‘%aérs@ﬁ“‘i g réewfiﬁg?mﬁmﬁiﬁtlsn
provi de for nore accurate reservoir sinulation
forecasts than are achieved with conventi ona
r edbP#BioPiesl dhibaprcesmt disgiogure & qmﬂlericenmedfo&rﬂaﬁdnm% forecasting by
capi bLakycamahs
velocit]es va ,é gcrrg# u&%\ﬁ%ﬁggﬁgd‘?{@ rﬁvsoeih%tmg &f§ rive than in
Thes é‘”é’ﬁféﬁl@Hﬁéfafewmrbémslawﬁh@ehrs wrﬁun@djeqmtdmas edpabidity of
rel atdsyeoRLARARLLTiL Vot count forlhe
velocftyoor depl- efﬂoﬁ)ggé ‘?fﬁﬁ?év%%uséra?mggM1ﬂmms“hmhcml
per mEabid ityjoveg. resavaihingnggeakst stetbgerbodi nent |
15capi |l ary nunber N dependent critical gas
saturations gﬁ and/ or endpoint relative
per mé&biother ebjekt fpgymmmﬁ@!yai&tmm%ﬁ fd’r&ﬁtical gas saturations

I. at

devel.o ref abI bas , | ab
expe‘?ﬁ‘”%% Qf‘?’ﬂ W%?"‘WE‘M}C &P épg‘b"o"r‘f’a"r ¥ picoat a number

t he aI C u d fo

use péfé L P Eﬁﬁp?%%ssae iRe ra 8 tﬁ?scog{uﬁé?@gﬁﬁﬂpf {aV numbers N, to
cor roeéﬁ d:a@lf!iafrp huinbad dg8hdent Releddions T@x‘@é'é@ﬁmaly' rtu)ﬁbléQNm dependent
values ar.e then selected fromthese 20 capil

T R Bl R B e Retin BN MG » G Bradch gnd calculated capiliary

cor rrﬁh@bism&‘caﬁﬁﬁéﬁi SRR 4 B raat MhAlhigRSo §Q)ré &cﬁﬂ?ely estimate
cell FIG 3 prqvides an exenplary flowchart of

st epg? THE Rastedetised Wl erredvolr Fanurtisn gl gary oil.
sol uti on gas drive reservoir simulation of the

present invention. In st 8 100
BRIEF DES RIPTION OF THE DRAWINGS

These and other objects, features and advantages of the present invention will becoms
- better understood with regard 1o the following description, pending claims and

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

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

o
of S, and krw to coincide with values of 5 and & selected from capillary

number ¢ Jepmldeni correlations of S, versus ¥, and k, , versus N ,;

rero



25 a baseline correlation is created betwen kg and
S. Correlations are then devel oped between So and N
cc and/or k and N in step 110. For a nunber of cells
in a reservoir nodel, capillary nunbers N c are
VRRMIOH0EY i n step 120. For each of these ceIPFyUS’Z“"“’“‘“’“95
adj usted baseline correl ati ons between kg and Sg are
established in step 130 which are dependent upon N c
and the correl ations devel oped in step 110. Gas 30
rel ative permeabilides kg are then selected in step
140 or .each of the cells fromthe a S base
SFIGT heone fﬁa%@&%@%ﬁ%ﬂw URERGeU s SEEPHT R of the present
; V @Néﬁﬁorf 09 BarkRg ot resdtdi? Siehil Qi QA4 BT 1488 QA6/043995
cells. These capillary nunber dependent
pepﬁ%%?&h ities &g “"E‘?%‘(‘raé“" %ﬁ-’@’ﬁ ded ggoR fpeal Wecl e Yorplfluid flow in cells;
reservoir sinulation to predict properties of fluid
flowin the reservoir nodel. A description of an
5 ex &) bshpwis mhmaﬁmﬂawm ofan abpfprimm@ se@prugeditol detegmine gas

%%ﬁ%@ % 9@% £§f %ﬁ%lon MA|| b:ngeéafﬁbggll °e

mhlch are nmde to a conventional reservoir simulator

to Q [

do LSRR bl B SR eAlcR iR sl Bl W fhential versus
setisstacmys a edralphsiesapatarpabiabi deplegiok gxmerttn nducti ng

a reservoir simulation. 10 I1.Establishing

Correl ations A Baseline Gas Rel ative Perneability kr,

vs FIGHt ilusiratesn Siagh Cheureilativeoris aigogas greduiceom in the fasedepletion
ga ' lireabi lity kg and saturation Sg are
es?gﬁﬁ#gﬁgﬁﬂ?ggg that relative perneability val ues km

can be utilized by a reservoir sinulator based upon

anYek? 'ﬁ?: é}gﬁf’%fva@e% hék o le? &Esﬁe Eﬁ%\ﬂ%t c‘e§/xsity fora

ese correration e experl nent al

15devbhob@&mbnmmmnmﬁmxanples fron1the reservoir for

whi ch the reservoir sinulation is to be perforned.
Alternatively, representative sand packs and/ or
sy FiBe depicss & graph of pvaagresandpatkisomlopesspret4yd cumulative oil

COLLhBld BPF stot fephithYih&itinent;

20  FIG. 9 shows a graph of oil recovery as a fonction 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

25

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

gas produced (calculated) vs. time,



20 nmethods to establish these baseline correlations

are the nethods of Johnson, Bossier, and Naumann or

el se the nethod Jones and Roszell, which were cited
above in the background section and are well known
WHAYENLHM | ed in establishing permeability nggg§mmwmwm5
Alternatively, there are many other well known

schenes for establishing gas relative perneability kr
versus saturation Sg curves for reservoir rocks and
fluids. 25 Typlcally, kg 'S gO|ng to be a functlon of

Sg . For pract , , f ,

gas saturatiofused i ' ' o
normal i zation is descrlbed in Egn.12. Such
nOEnH|I£%tI0n allows the sinulator to readily

evaluate*%b—ggﬁlchanglng end-points (e.g., So and
S, 9 ) 30 If core sanples .are not avallable then the

co tiQns b f ween re v

5 SoahF R MR RRb B RubRR! ¥ SBiE TRRYY plisalioRBesdrive, and
nomoire particulgrle fanbk effeats that #@-rate¥\QX fluid depleuon have on heavy oil
R il 52000049095 ARk R85 L IR values by are
Nonnhzem it nmga\excahmsmoufsmmlanm @tprmfiéc fmynctra kecurate reservoir
sev. . h C
ex%lr%élgést}ofgﬁég% uﬁ% u%ret cgl g& \m gerlr'% rfservou' simulation.

10 exenpl ary basel i ne curve or correlatlon of gas '

et PRI @’ags?ei%c S gRe - abBis o6 EPepfonsgp oil
Ab@é’l@cﬁl ©, YRlHRula Eéd fo? SERBERHs, tﬁx@ge ?laﬂf lmrnpﬁ'gwn are used to
to fl réely rat her t han bei ng primari rappe

Wi adjusft hhk&mt; mammemﬁtmreﬁmnmcmt Gasthe velocny or

saturation 5 76% Wi r.e ,nei ng a 24%
S D e repS SPACL S PR AP b df 18 Profqrtyeintipdiment,

15 asedpiledty nhfber VS, UedeyidbitlckitiCaltal SR MGG SWadndVorfeBdpoint relative
thi s exanpl e. Al the maxi num gas saturation SR= 76%

t hgerfXbilius g3s coftRtibieaedrimRbelbbddy plefdfably based on laboratory
apprOX|nater 0.4% B.Correl ations Between Sy vs N

anekpegimentss TherNaaluekofL$) andloniky, 6 xregspomting tonde eapillary number
conducted at various depletion fates to establish Sv
vs iV N@ICIM@H fg a cel. arb\lalsed:mradgmathednselm&;gelatweg:ermeablhty

obtalned d to be de ed below. N
caf¥rAef °ﬁ§ﬁahbet] E&ﬁlaﬂ(vs Pe‘b'%?a 248 SAUEHYe é@ﬁi‘eﬁ%ﬂt@m these

20 anghpillary number adjusted baseline relative permeablhty correlations based upon the

saturations Sz 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 S, Correlations are then developed

between S, and N, and/or k., and N, instep 110. For a number of cells in a

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 S values from the
-0 .
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hi story matchi ng using reservoir sinulations on core

or sandpack sanples, values of 20 Sy, k,x," and N

for each depletion rate were obtai ned. Then

correl ati ons between Sv and N and between k,%;o and N
¥R2W7HOM ned by curve fitting the Sy , 1 rgPCAA®2p6/049095
data. History matching of production data on the core
sanpl es may be used to enhance the accuracy of the
correlations. 251.Live G| Preparation Live oil was
prepared by conbining unfiltered dead oil and

me n : efely bl. was negliqgibl.e. .
PV%‘Q%P?%%%E?%,“%g{ une, B%%(%'d%& IF% er%at%mne At ea&‘en e i sp 150 im
Gag r@etvoRzimalalidy) fo Wedichuopatieoof gl dioe iRdhs msery &0 model.

and Gas Formation 30 Vol une Factors (Be), were

determ ned through a conbi nation of experinents - 11

- AWBs@(Ribh OF 60 4X&6lalySESGENADRS bstellishiipatirelations between S,
conposi tion expansion, flash, density nmeasurenent)

anand ) agl fiwegyu &l,j, and oV, svillttesdesdribed. Dhdn, viogitfeatioys will be
was neasured in a capillary visconeter (I11) = 0.05

i nyesqribgdewhicl aiermedigarconyerdiongiggsasvair sigiaor ol iesrapgrate the

' ] || i | 8- F.., Bubbl e Poi.nt :
D SRSl bRl S P G o sretin
Ez%ﬂ)@hﬁe BeinabiiRE FYFehch B R tihp WReddoiMidteichy (Cp)

11. Establishing Correlations

Al Baseline Gas Relative Permeability £, vs. Saturation S, Correlations

Correlations between gas relative permeability 4, and saturation S, are established

so that relative permeability values k- can be utilized by a reservoir simulator based

upon known saturations values S, in cells of a reservoir model. Ideally, these

correlations are experimentally developed from core samples from the reservoir for
which the reservoir simulétion 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 thdse skilled in establishing permeability
curves. Alternatively, there are many other well known schemes for establishing gas

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

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- '



Dead G| Viscosity (cp) 1300 5 TABLE 1 Properties O
Crude G| 10 2. Depletion Experinents Depletion
experiments were conducted at constant depl etion
rates in either a horizontal 80-cm | ong sandpack or

WQ 28078904 hori zontal conposite core (4 pl ugdT/UBAYWG6/049095

10

15
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sand used in the sandpack experinents was cl ean
Otawa sand ranging in size 15 from75 to 125 pm The
sand was packed in a specially made Viton sl eeve

equi pped with pressure ports. The sandpack and

conpqgsite core porosities were neasyr with a helium. ..
o PBAPRE PSR WO HERE PR ISBRasPE p i Qlon miting

ar @xhSIbe6F dotre it iy tal@aRUFaribOfRA%k: Lerve Mtathematical
Tenperature, F 178 178 Length, cm 80

expressions, look-up tables, etc.

FIG. 1 is an exemplary baseline curve or correlation of gas relative permeability kg

versus saturation §, . A baseline value for S;c is shown at about 0.03 or 3%.

Above this value, it is expected that gas will begin to flow freely rather than being

primarily trapped within the the porous medium. The maximum gas saturation S, is
about 76% with there being a 24% saturation of residual oil saturation S, . It is
assumed there is very little presence of water for this example. At the maximum gas
saturation S = 76%, the maximum gas relative permeability kfgm is approximately

0.4%.

B. Correlations Between S, vs. N, and k,,, vs. N,

Laboratory experiments were conducted at various depletion rates to establish

S, vs. N and %, vs. N, correlations. S, is obtained in a method to be
described below. N_, is calculated using Eqn. (8) below. From the experiments and
history matching usiﬂg reservoi-r simulations on core or sandpack samples, values of

S, Ko and N, Tor each depletion rate were obtained. Then correlations between
S, and N_ and between k., and N, were obtained by curve fitting the S ., %,
and N, data. History matching of production data on the core samples may be used

to enhance the accuracy of the correlations,

1. Live Oil 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-Qil-Ratio (R,), Qil Formation Volume Factor (B,) and Gas Formation

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

-11 -



29 Dianmeter, cm5.04 5.04 Overburden Pressure, psia
2050 2050 Porosity 0.33 0.27 Pore Vol une, ens 560 162
Live G| Perneability, nd 2000 1850 Range of

Depl eti on Rates, e’rnB[m‘n 0.002 to 0.3

W0 2007/076044 PCT/US2006/049095

{constant composition expansion, flash, density measurement) and tuning of equation
of states. Live oil viscosity was measured in a capillary viscometer (ID = 0.05 in) at

reservoir temperature. Table 1 lists relevant properties of the live oil at 178°F.

Bubble Point Pressure (Psia) 1350
Solution GOR {cc/ce) 20
B, at Bubble Point Pressure 1.0918
Live Qil Viscosity (cp) 240
Dead Oi} Viscosity (cp) 1300
5
TABLE 1
Properties Of Crude Qil
10 2 Depietion Experiments

Depletion experiments were conducted 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

15  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
Qverburden Pressure, psia 2050 2050
Porosity 0.33 0.27
Pore Volume, cm” 560 162
Live Qil Permeability, md 2000 1850
Range of Depletion Rates, ¢cm’/min 0.002 t0 0.3 0.0003 to 0.03

20 TABLE 2

Sandpack And Composite Core Properties

-12-



s operating in a refill nmode. FIG 4 shows
e brai

i0

20
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0.0003 to 0.03 20TABLE 2 Sandpack And Conposite Core
Properties WD 20071076044PCT/ US2006/ 049095 The
depletion rate was controll ed using one or two ISCO

0¥ of the experinental set-up. Duri ngPFﬁ@SZOWM%% :
depl etion, the pressure (inlet, outlet, and at
several points along the core), the productl on of oil
and gas, and the density of the effluent was
rmnl tored. The corehol der was placed in a 5 Sl emens

H Q CT i t
R ARt S APOC ST eV IYHE RAFSF RRafag o o oAl

wasoldel RIGa kK |sk(0\§a' a bclemarit ef th'E@E(p@irﬂﬂhM)seSﬁ@ Mhe&theathe depletion, the
reservoir, ditions over.burd

G PSS fateh ouiEpid Sy as! Poviis APOF heighte)r e ket gf oit and
Wi ik, GkPtheaiéadadfellc effidesatasmbmtra. The Keﬁehsldaewast placed in a

bagck pressure of..- 0 psia. Th sand

o oS ping 33 IO A RE B minoSDRRA 30 ifboral eas saturation.
ker osene at several flow rates. The

ke %osen@%at ed sandpack was al so CT-scanned. The

dpac ity was cal cul ated using the wet and
dry CT-scans and CT nunber 150f air and kerosene.

Li il h
ai 1B SoesePiirclearsaanally ba GRERRr romsppD Sl reservon
V\IaSOIﬂilﬁlﬂlSr('EaSllMcbd owerblirden wiecse lahd attememanmd:) fThevore was then
I
G o Dfise Wi CObrr Bt e S Bled PUF 1Bt W A P B Ghre of
I ess6t0hsta. 2hp shndpack (Haeoinpwmemoke)s:anmahﬂ&yl v ntpackd with
initial

CT- d iti ] _

%?rgfqngcﬁ g\%grag %@Wt T3S .a eakeﬁ?sggg 58 r;.gqld sl_a%g%]ﬁlg i\lfé dlso CT-scanned.

psiThe fadpndk ﬂcﬁ%ﬁﬁ@amﬂcrmﬁvmmme b\tebhhcbdqy(ﬂ)"ﬁ-tséans and CT number
The i cl.osed,an

IOr e %?%,g%h?ri)%egs 1Vﬁ,8!1 Kv%ﬁéﬁcnv‘@ e\?(lgtlglgctgcil i ao (%en% Ore, tﬁ)tdlsplace the
vv| khdsamal’emhahty%ﬁthe smdgachewambém mtasoredt witke Jive bidat several
t ched |
ﬁB@’ rf’@rﬁ gnk?m}ﬁc%ﬁ&é% %ugéci gog{hgy\fthg dﬁqunnal pressure

C Ohdresi the poeyWwadsdess tlTah:emenp cycl e was repeated until

the outl et pressure decreased to about 200 psia.

Pressures, tenperatures and fluid accunmulation in the-
The live-oil saturated sandpack was CT-scanned to record initial conditions.

Depletion was started at a pressure of ~1500-1700 psia (about 150-350 psi abovethe
bubble point pressure). The inlet valve was closed and the downstream Isco pump A
was operéted 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 systém. 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 v&as continuously measured using an
in-line density meter. The sandpack was also periodically scanned to determine

directly gas saturation, §,, as a function of time and position.
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col l ection systemwere continuously recorded using

conventional data acquisition software. The density

of the produced fluid was continuously nmeasured using
n-line density nmeter. The sandpack was alé@gsammmwmﬁ

“%%?Pw§ﬁ£é||y scanned to deternine 30directly’

10
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30

saturation, Se, as a function of tine and position.

WD 2007/ 076044PCT/ US2006/ 049095 CT- Scanni ng A Si emens
Somat om Hi Q CT scanner was used to nonitor spatia

and tenporal gas saturation. This third generation

CT-sca has 768 stationary detectors and a 5
ré%atlﬁgﬁﬁ$$§%m%ource Scans were conducted at 133 kV

and the scan tine was 2. 7 seconds. The voxel size was

ap OX|na f [
S ERIR SR B T R AT bR and el gos
1.shtusaiomr ThisabirdiptitesatioBdzstannekine 568 staubneﬂr@ dptectors and a

d ired, 10 l;
catiedhe SRR TS Yol et Bty B ek pg wos

car. ’ﬁs@bddsatl"hb exellstzahs cappmxnmdttety a6R25 rapé rfoxcaosoan thickness of

'e]'ZJ]TO: dgg?] gﬁln%gtg%ﬁ%) {n so 1.11::@1t§jl rﬁdm ?1? s gﬁelt.??atumtion units.

ura |on
CIkanaﬂmaﬁﬁmmmeOauqunWEdSnﬁhewmygmpabd15 responses
observed during an experinent are showmn in FIGS. 5
and 6. FIG 5 shows . the average sandpack pressure
arfd pr Bssuite differential across the sandpack during
a fast depletion experinent. FIG 6 illustrates the
cunul ative oil and gas produced during a fast
ddfptluetg tn cewpef erperimeG\tigssererinformption #lgng theiserepsidept the
lci?seg acnr)}e L%iélt Md 3 KeQlobe oﬁtfet l8e h{uﬁ\b?gﬂtagﬁ a%ro@ﬁced the

ne, rod ction I.s through oil ormation
e>qfﬁmnt dnnmyl ayxd (el eatuaratign fma ﬂxeééTg@smma veie aepiredndhe typical
and _t he I r
DupeaSesAiE 4 Gulfh w7 BB e Sholr o ARRG3 B FIC 5 shows
Aghe¢ heerpgee@sdmkd:emsewaé posbwwdiffeenish prrespibe sendpack during a
PrESSHb Rl BEpdMIRI AGE b Hikofafll M (Rhd R GNhelab produced
pro Ion om nated by gas expansi on.
behsm@mihﬁahpﬁhéheﬁpauM@nrate of pressure decrease
was significantly reduced. Ol was the only noving
phase and the gas collected was by |iberation of
di Wik nedwg;hmgltn b Ihelddo lalpeviciuban thepay, divis batievegdhat at an early time,
C FirhiGa onq Lglf"ﬁﬂdjfé cjﬂx AS R Gy %fh@reciﬁ’ RB@GL &8s in the

roug jhout andpac starts to
f rseretleyn) ahd te nrh@uret falls eapuctl,y aéfsfihg mppﬁ@aﬁtbwbh@rpéaﬁ Prosgure, gas
| essure,

9518 ﬁ%gﬁgﬁo%cl‘b@gﬂe aE meprgésbﬁeﬂfegf@d@s HR[bvh ARYuBHle Polnt pressur

(see arp in 30 the cunul ative, gas
p rgod bwbblon slohdit grew in sizegandiof redyctiop dy dqm@a@ﬂaw@as expansion. As

depl,qli08, fakheIeX Be{h'e'fﬁg’b?pfegsﬁr@ aeéaa@@mlsfgm{xpfedm 0il

the core experlneni [ uent denS|tg al so
neu@jhe gnlyppegng phwng tlngcpygqt%was by li eratxon of dissolved gas in

the collection system. At the critical gas saturationS,, , gas bubbles are cormected

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 éffluent density was also measured. FIGS. 7 and 8 show typical
-14 -



- 14- WD 20071076044PCTATS2006/ 049095 responses

whi ch were observed with this instrunment. FIG 7
illustrates the average sandpack pressure and

effluent density for a slow depletion experinent.
P &0787%94hi ct s the average sandpack pressur e PCT/US2006/049095
cunul ative oil produced (collected in the separator

and inferred based on the effluent density) for a

sl ow depl etion experinent. 5 6. Rate Effect The main

ef fect observed during the depletion experinents was

h . Y , . o t

oo ey s ALY oS B pRE RIS, ER. g ppaversee
bosdpasigeresancipabflosg densitfosa §I6WGEepRYionvgpainpddt. FIG. 8
COlEn; | E . i) at il
o SRS R AR Sabdiobk kb btk ol Eb i g Tlectod im the
( s Bevaprieanshipteriethbased on theeffluent @nsitydifor Ds16@ depletibi xperiment.

sFIG 10 shows oil recovery as a function of average

pore pressure. (Core experinents - rates = 0.082,

0. 68, aBateEff@? cc/nin.) 15In addition to the rate

effect, note that the overall oil recovery observed

in these experinments is quite large (up to - 30%

00y mai gffech pgisTyadabwiog yheadelation $x papesdeway thanoil

de QR s t i plalned b .
RSP B S B B ek PR LRl s gBporved watn

tradi ti ona nomeno

10 npbith dyep payientk experimenis (FEhY) codremall bare experithetto(RIG. 10).

15

20 VShSva ] L.on. The
o Y e Sy a L bty o W R B i
t hEPEUmERtRT sptes ol 3 pnd 898 ed/minh FHIG. Hoshaveraibrseovery as a finction
Si ) .

o SRR S (G SR LIPS S B850 002 coin
produced (calculated) vs. time. The critical gas

S ﬁntﬂd@fﬂo%&o%% rafALERL SR1RadRL §LdPIPET r&%@@r‘} el Bfin these

e uent density.

experiments is quite large (up to ~ 30% OOIP). Such high recovery and this
dependency on depletion rates can not be readily explained by traditional physics.
Moreover, this phenomenon is not modeled properly with current commercial

simulators.

20

25

30

7. Data Analvysis — S, And S, Determination

The critical gas saturation §, 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 §,, 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:

3] direct in situ measurement with the CT-scanner;
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Wth the set-up described in FIG 4, there are

several ways to determ ne the gas saturation: 30

direct in situ neasurenent with the CT-scanner; V\D
2007/ 076044PC T/ US2006/ 049095 (2) material bal a

- WRPHGOIHY anount of fluids collected in the PCTUS2006/049095
collection system and (3) material bal ance using the
density of the effluent stream Methods 2 and 3

require the use of PVT data (nanely formation vol une
factor and density as a function of pressure).

L\:/bt eE 'Plarlna%a‘??ﬂ ;ﬁ:.ce ?%n_ﬁ;t@{: %(z‘%go% éu@% ‘g;%eNcK%(dl igl%%éo]%%ﬁon system;

in placgnd stb) at the beginning of the experinment and

at pressure Ph Np is the cunulative oil produced

(stb) at pressure P (Np is neasured with the

C OFJ) ect inaRrial/ 518k uside thdknBioy ofuhe effienosteatror mat i on

vol une factors at P and 13,, respectively and cf is
5the rock or sandpack conpressibility (1/psi). 20

Abgiehddl e dauBhbguiRomBiuse 6f PV T Sap(ndbele domiation yolunid factor and

and formation expansion only. That is Np = (co + ¢
f)ﬁens'tpjlsf‘@@?“f{f(‘??l’?ss UHere the oil compressibility
is given by co =
Material balance:
10
S, =1-38, ')
N-N A
Sp = V- Np)xZo @

NxBgi x(1—c s (F; = F))

15  where N is the oil in place (stb) at the beginning of the experiment and at pressure P,
N, is the cumulative oil produced (stb) at pressure P (N is measured with the
collection system), B, and B,; are the oil formation volume factors at P and P;,

respectively and cris the rock or sandpack compressibility {1/psi).

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

That is

Np=(ca+cf)x(P,.——P)—f;L'xN 3)

o

25  where the oil compressibility is given by

e o Bo—Boi 4)
Bgi x (Pi—P)

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

30 Eqgn. (3).
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Boi x (Pi - P) Wth co known, the sandpack and
conposite core conpressibility are cal cul ated usi ng
30Egn. (3). WD 2007/076044PCT/ US2006/ 049095 As not ed

above, Np is measured through the collection ' ~
‘XPFS‘WP&WF“\‘, : fc}él‘ﬁs%{iﬂﬁmmo%

ely, the anmount of oil.produced ca

based on the effluent density, pes. Peg 1 N =
depletion rate xx At x - + NBo Pn - Pg Both porosity
and gas saturation can be cal cul ated using the
CT-scanner. Porosity is given by = CToono.o, 00, to,"

CTdn, con, CT,,,, -CIro, where CT:saturated core is

the CT number for the sandpack saturated with

10

15

20

25

k erdoserted flave) A tsinedasyed duongh) the gelipctipn systan Alkerggtively, the
nunber t. andpac r at f and
u ’amo F%cu? @P ueeﬁger I§Je %Qéeld 0?1 tﬁgeffﬁl&t‘c (%ﬁs;iltyr, ,%efl q

kerosene an

respectively. Simlarly, the gas saturation is
obtained with the follow ng equation: CT p -
20 where CT" % fH
depl etion (at pressure CTsaturated core is the CT
nunber for the sandpack saturated with live oil (at

in iéé}tﬁ lporosity and gas saturation can be calculated using the CT-scanner. Porosity is

. sat ur at ed acar CTdr d&fé#% thra d core 5
‘ge lé‘? &r peagure dl.Hl néﬁ“ﬂ he )
given by

CT savrated _eore CTdry_wm
CY:'r'q

6

CT,.

where CTsaurared core 15 the C‘T number for the sandpack saturated with kerosene (at
initial pressure), and CTyy core is the CT number of the sandpack saturated with gas.
CTriy and CT gy, are the CT numbers for kerosene and air, respectively.

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

CTy, - CT,
P saturated _ core o

£°cC Tdry core = Clsaturated _core

where C7T, is the CT number measured during the depletion (at pressure F),
CTouurated core 1S the CT number for the sandpack saturated with live oil (at initial
pressure), and CTig, core is 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 (Ne,) was calculated using the

pressure differential recorded during the depletion.rThe: capillary number can be
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pressure), and crd,"” core is the CT nunber of the
sandpack saturated with air and at initial pressure.
25 8. Data Analysis - Capillary Nunber Cal cul ati on For
each experinment the average capillary nunber &pb%g
W2 20074199 at ed using the pressure differenti dCTUS206/049095
recorded during the depletion. The capillary nunber
can be WD 2007/ 076044PCT/ 1JS2006/ 049095 cal cul at ed
in several ways. In this preferred enbodi nent, the
following formula was used: K x AP (8) 5 0- x L
wh : o ¢ a
o CHEogh i SN EraP R EIR NS bt e bl éhe the FARSRAE gt was
dywedi for the oil used in the experinent), L is the
sandpack length, and AP is the pressure differentia
observed before the gas is becones nobile. 10 9. Data
Analysis - Ss,. and k as a,fund€kd& of N Based on (8)
"the above analysis, S gis pl6ttedgxas a function of A

'S'T for all the avail able experinents. The data is then
curve fit, preferably, using an exponential function

( EtAere (R9ik thd gerinkbBilipOdBth€ L& ok alhadle ¢ hethBigeS bl Gurface tension

data. The cpeffi.cient " and ., )
gestupateg to 8&‘: g(g dyn/em for 3‘1& oﬁ used in the experiment), L is the sandpack

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

16 9. Data Analysis — S and as a functionof N,

rgro 2

Based on the above analysis, S, is plotted as 2 function of N, for all the available

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

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

By ws;y example, and not limitation, ihe preferred mathematical correlations between

S, and k,,, as functions of &, are as follows:

20 5, ~S =a-log(W,, )+ b (9)
and
ﬁz:" =c(7,) (10)
25

Sy, and £, are "conventional" critical gas saturation and end-point of gas relative

rgre
permeability values, respectively, as described above in the background and as shown

in FIG. 1.
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25 %

15 exponent "b" values are specific to each oil/rock

system By way exanple, and not |limtation, the
preferred mat hemati cal correl ati ons between Skrg," as
functions of N are as follows: -=a Ilog(A)+ &?% _

WO §0707604% ot (10) and kr, 0. are "convent i ondfI'US2006/049095
critical gas saturation and end-point of gas relative
perneabi lity val ues, respectively, as described above
in the background and as shown in P10.1. WO
2007/ 076044PCT/ US2006/ 049095 Reservoir si mul ati ons
co rats
o ST B SATRIER I by AP YRR AP RS are wsed
Si tadledrinime the Ralukd €orck j, | .iIRod badhasmaRtion abrd, # G@fal Sas saturation
known, so this endpoint on a gas rel ative
perShpakidi.po kigs eadmirg cpat gas atlivove [BRnEebikityolmwersus saturation S,

. Various estimates are made for the other endpoint of

t his kngrme Virigus'estimates iagd médeafiod theratipar endpdiotiof the then £,,,, . A trial
used to determ ne which estimted val ue of- km,

5 rramdﬁéortm%h@dq@émrnmdm dqiemda@wﬂiiﬂh eglimpted vehomftig, matches the

core sa at. a. partic depl etion rate.

o EXRSTHeRA] ERHGE TR r o B eare Tt 4 Bt fopletion ate

W his%iistatl alfchifigl 86 extpriefl] pRIJEIR IR Witlddimilated runs is used
nunber of depletion rates, ich correspond to

NcBvistaine Fheate wumbrof gepirtiqruptesswhich cerrespond éu M gvalues.

fit to arrive at a caprllar%lnunber )
These values of k,,, versus N, are then curve fit to arrive at a capillary number

10 dependent correlation. Most preferably, this correlation is in the form of Eqn. (10)

with values of "c¢" and "d" being determined.

Iil. Reservoir Simulation Utilizing Heavy Oil Solution Gas Drive

15 Functional forms of S, and k » 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 £, are input as functions of ¥, using Eqns. (9) and (10) from
above, The parameters a, b, ¢ and d are user's input to the reservoir simulator. Note in
20 FIG. 2, that S, is a function of a, b, and capillary number N, . Similiarly, %, isa
function of ¢, d, and N, . In the preferred emboediment of this invention, the
following are default values: a = 10 b=10:¢=10%andd = 1. Ideally, the
calculated §,, and £, values are limited to user's specified maximums and

minimums, respectively. For example, maximum S, = 0.1 and minimum value of
oo = 10 may be used. Since ¥, is directional, S, and £, are calculated for gach

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
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10 dependent correlation. Mst preferably, this
correlation is in the formof Egn. (I 0) with val ues

of "c" and "d" being determned. Ill.Reservoir
Sinulation Utilizing Heavy G| Solution Gas Driv

VAU forms of S.," and kg," vs. Nc,,, gﬁggpﬁggmwmb
from experi nent al data are inplenented in this

exenpl ary enbodi nent, preferably, using a nodified
inmplicit algorithmin a reservoir simulator. By way
exanpl e, and not Iinitation the preferred forns for

?l;_ ];6 )n% ? {%6’ :th g l{te ass n Ct sggs‘%;g’: ﬁqﬁl@?‘g ?7;2 %rggglm&]at%%foaexamp]e,

are us r S 0 the r oir, simulatar . Note
@ﬁﬁ? RO E Bihoh el a0t BoPpag e ond
nul?@:@fne%‘r] él't}?e'i' J)/mr%é gér &c;ééglec‘['h vaueg are%a]c%%d using
e pre erre I ment of t |s I nvent1 on
t Hiae foamillew mgpber & dicthe beginying géthe time-sicy phen Hie-gag-phase becomes
b aRdathat deal, NEal cul ated SE, and kr
varrlfjese are )% 1;lfeltlzll.t 0 u}gémﬁ ﬁ‘?“c. fied maxi muns and
m ni muns, respectlvely For exanpl e, nmaxi mum Sg, =
0.1 an = Ay be used. Since
éi dC CEM i E &gé_dre cal cul ated for
each ceI | face and t hus are directional too. To

reduce oscillation and convergencefproblens
okt risgaeteripd pemplanygsrhodimenssa mpdifisd exerepsien for capillary number

ARl BRfrabi ihBpp SO IS (O G Gl bl K itne the 1l

I&ﬂ@ﬁkmﬁﬁbl|e i.e., saturation Sg S, Sg, and kare
cal cul ated, for exanple, using Egns. (9) and (10),
respectlvely Vhen t he gas-phase is flow ng, Sgc and

k, z, _ v
N, = R.vo, K (P, - p,gD) an
O : O g
where o, is oil-gas iiltcrfacial tension, X is rock permeability, @, is

og

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

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 (k,, ) 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 Newion 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-black

faces is calculated.
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, becone invariant - neither increase nor decrease.
Their val ues are calcul ated using the capillary
nunber N, at the beginning of the tinme-step when the

‘?(gﬁ%“ghase becones 5 nmobhile and fi xed for all
|

5

10

15

20

25

%Y tinme-steps. A Calculation of Cell 856(‘!%”5’#"9‘9"95

Nunmbers N, In this preferred exenplary

enbodi ment, a nodified expression for capillary

nunber 10N, is preferably incorporated into the

reservoir simulator using the follow ng expression: k

VB Viddiusrin 0000 3R RMAGHAIG cidydipad! | - 935
interfa S , KIS rock perneabitity, di:10 is

oi | -phase potential, Po is the change in pressure

ac i Tpd8PRlieY. irnes@Tock

gr ?\%?lt%g?% lg%gﬁqg%gn%agﬁl{lararﬁ%k tgpg I(r:]han)ée}géircﬁcygepfatsh cfwr o} esor

a @mfesmorrespondTtu mrimdhrfiasaling s relativepeohedtility doy ws. saturation
out oil relative perneabili té in the equation.

209 riesvensughsasithie g showmrip FlGdL. These weppdciive bpgeline curves are |
greatl i mpljfies the slj,l_.cc:ujationo rivatives for .
gag%ﬂl#g??r B P REANE f?lf- %‘5)""_"%”@4‘?&%‘?&% g5l by replacing the
DI ORBIYI Vs S ol P NOWHIRE ARy SBABE AT dRRderflERes of S, and
the potential gradienfin the Nc calculation is

di pect ¢ANAedBng Eqhe 3®tnaR 1 HEdIRSFHrBAlIaPGHpRRSy hid@ber N,
facéd™of the two éag/jqacent glrr(i c?hagll ocks. For eacf}&?yl\lem on

i t eslatlnted foreach peshtaivy callifierbabelinel cancalonuéaingdhdse kndpoints is
each .25 gri.d-pl.ock face. I.n a.3-D el, there wll

po Ptargr R AR e sl e tielRF e BN Yt vo done
counsieg poretd riahmiseEgiativh €l )i showakwbs methbie cel |

faces. The use of directional N, results in a

Jacobi an that can be easily sol ved by conventi onal

| i near equation solvers, For wsllsS.in this preferred
enbodi ment, an aver age(f(rkﬁffp‘_n‘g‘a‘lj‘@‘ﬁi d- bl ock faces (12)
is calculated. 30 ge o

Equn. (12) simply states that k,, is a function of S, S, and §,, . (For gas saturaticn

greater thar Soy the oil phase is immobile - i.e., Ky, = 0). The function F could be (but

is not limited to) a simple power law:

Ss —Sgc

Kop = K ol ) (13)

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

equal to S, . However, with this formulation, Sgc in Eqns. 12 and 13 isnowa

function of the capillary number.

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

relative to the original kfgw 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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WO 2007/ 076044PCT/ US2006/ 049095 B. Adj usti ng Basel i ne
Rel ative Perneability Correl ati ons Each cell is
assigned a particular rock type or facies. Each of
these rock types or fades corresponds to particul ar

- WAWHyas rel ative permeability kg vs. satGrapry0os

5
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5 ; curve, such as the one shown in FIG 1. These
respecti ve baseline curves are adjusted for each
respective cell. This is acconplished for each cel

by replacing the original val ues of Sg,, and kg, mﬁth

gg%’lctlﬁle %é"&n(ﬂg?lfe}és gé%ggg{el%; g\éﬁlag/eli 6;,1 aﬁiﬂ] b?nge and dre within the
pag&%ggkaﬁs QP+$$ﬁﬁ¥A“gynber N, cal cul ated for each
e

respective asel i ne curve connecting these
endpoints is 10 preferably adj usted by scaling.

Scal i ngSQl : 3 ) >3 L i B1E The Reservoir
usi ng St T a

met hod: HEEEEEE Kir - F() 1- SSort (12) 15 Egn

(12) sinply states that kg is a function of Si, , So

and So,g . (For gas saturation greater than Sorg the

oi Batpiwiive vabics riiyminyl come frong initidconditighs wiirethe ulmr‘fit)i}'rsimulaﬁon
F could be (but is not [imted to) a_sinple powe

| aig firgt startedfrem f@e PEevyous HmoSie, g glge from values calculated during

iterations within a time step. The saturation S , of each reservoir cell is then examined -

and the corresponding relative permeability &, is selected from the adjusted baseline

correlation, As described above, if §, > S, then the correlation from the previously

calculated curve is used to determine &,

D. Running Reservoir Simulation Using Selected Gas Rrelative Permeabilities k,¢

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 k. 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 (ATM);
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
tolcrance' 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.
22



In the conventional treatnment of gas relative
perneabilities, Sg, in Egqn. 12 or 13 is equal to So .
However, with this fornulation, Sg, in Eqns. 12 and
w a function of the caplllary nunber

‘%\(ga'}ﬁmgﬁﬁ%ﬁ ly, if the endpoint of gas relati vé’CT?USZOWMng
perneability kwO is decreased by 10%relative to the
original k of the baseline curve, then all gas
rel ative pernmeability values on the correlation or
curve will be decreased by 10% Those skilled in the
art will appreciate that nany ot her ways of adjusting
the baseline curve to reflect changes WO
200h¢ prrsQY APENUISIS0 G1chuis @IS stem foh earmpum baitihe abavesewdvoir
en u t hi
< C%ggﬂ%fo% L%r%r}%g{eren F%rgnﬁgﬁnnp@k,{; ﬁlggarg ngp%’dglquporx cﬂﬁléﬁon

GasptEpigtvielasitpendreisbeditiasiod sridn oib Futtheothegresenioinveémion also

5 Thﬁmﬁ%@@ﬁ Rﬂg‘}anﬁ %e%@fce %tléﬂ' %H'u%rﬁnytﬁ_lclﬁ%ﬁs fo%x?%lpg oHt this

ron1|n|t|al condi t1 ons reservolrr sirmu
| STOpTVER ngaattcﬁwsmg ﬂwritvnbvcpy dWmusnttrchsvs pemeabititics.
el se fromvalues calculated during iterations within

~a tine step. The saturation Ss of each reservoir cel

10

i sWihiledn B dbdepeing specifirgtioBisciorersiop dasiberg deedribeil irerelation to
p eééi‘ﬁﬂpjﬁrkfe}rléd Eﬁboéh&eﬁﬁ g&%&g@{ 1@5‘118; &galgqiayé Pcee% set fgrth for purpose

basel i ne correl ation.
t hefillpsietien it wilbipd anparenbimtbose shilled imths gt thaﬂﬂm,mw@on is
C Uy 8eptiBle4s Ser Eﬁ’orpﬁidecﬁépc@ﬁmh g_uthcr de lé:%jesg% R in can vary

Reservoir_ Sinulation Using l'ect e

Pe?%lélsiabm‘w@@uk tliepartingrfiom ﬂ@ tsierpsineiples o@@nmnmngnar e
solved to determ ne unknowns, such as pressure P or
saturation S - These finite di fference equations rely
upon the | atest updated relative perneabilities kr,

4

~including the capillary nunber dependent gas

permeabilites kmfor the reservoir cells. Such finite
di fference equations are well known those skilled in
the 20 art of reservoir sinulation. Exanples of well
known sol ution methods for such equations include:

(1) Fully Explicit; (2) Inplicit Pressure, Explicit
Saturation (IMPES); (3) fully Inmplicit; (4)

Sequential Inplicit (SEQ, Adaptive Inplicit (AIM;
and Cascade. In the preferred enbodinent, a filly
Implicit method is used to solve these equations. 25
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If the solutions to a state variable, i.e. pressure
or saturation, are within a satisfactory tol erance
range during an iteration, then final 'fluid
roperti will be establlshed for a tinestep,
Q%%Z@%@%aﬁ' production of gas, water and oil dﬁpi 006/049095
the tinestep can be established fromthese fluid
properties, as is conventionally done with reservoir
30 simulators. The reservoir sinmulator may then run
over many nore.timesteps until a predeterm ned |ength

A The cunul ati ve production over these
nvslﬁlp's—prow des an estimation of the production
fromthe su’%té [r.anea ion. - 22 - WO :
‘ 2007/ 076044 %ﬁlbﬁg‘?"g%ﬁ)@ “The .present invention
al s® i nct exbenentdyseadanlating Larryi ng out the above
5r e VOoi=¥ oi§ fdvmhabh Odlubsifgor@lmt i ve perneabilities km

tha, are- glepsndest veipaR mapd atA,on rate/fluid velocity
andggw S&O@istfbﬁﬁat%v%[mfa@tdratﬁurther the present:

i nventi an, Ak68em hiGhHERR sgak pr.ogram st or age devi ce

which carries instructions 8% carrying out this
r eser voi= rosk nut@at sonplesiongrdskibildy (¥poki t y dependent
10r elcat i ve= pidsangdd comprcesbilih{lVmsiX n t he foregoi ng
s p&iiyi eat Cdhnunibes of asanple satutvdsl wekgasdescri bed in
I elGsiodted t~CET tainberief smplosatritod iwitrkesosehe (ad ofitial pressure);
andFrany= G€nainbsr masserdsediningalepletion ht fressupul;pose 10
of GTdy ust E&miuorber for keidsénche apparent to those skill ed
15i n @K ar CToatbet foe airnventi on i s susceptible to
al tder at i-ogkpaneht tthedal@dtingi £),,0f her details descri bed

herﬁl n Cﬁ&ha}’x LY &QBskIS Ihymvvl t hout departing from
th ‘}%e]% tt e Invention. WD
20 / 0760 L1520 49095 Nomencl ature a=
20CO fi m.eg ativ@lpe ﬁ&rg éf‘ﬁ = exponent for
gfﬂ | ul ati gag; tive pe leﬁtyo &fo@e&é on vol une factor
kp;,; = gas relative permeability with mintmum residual oil; dimensionless;
kfgm = endpoint gas relative pemeability with minimum residual oil, dimensionless;
ko = oil relative permeability, dimensioniess;
25 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);
30 4L = Jength of test chamber (inches);
N = oi] in place (stb) at initial conditions;
N, = cumulative oil produced (sth) at pressure P (cm %
¢®_, = oil-phase poteniial,
P = pressure at time J, psi;
35 4P, =thechange in pressure across a face,
Py = cffective density;
e = density of gas;
2, = density of oil;
R = Gas-to-oil ratio;
40 8 = -gaturation, dimensionless;
Sg = pas saturation, dimensionless;
S, = critical gas saturation, dimensionless;
So = pil saturation, dimensionless;
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Bo= oil formation volune factor at P; Jig= gas
formation volune factor at P, = coefficient for
cal cul ating kgm = rock or core sanple

conpr essi b|||ty (1/psi); 10co= oil sanple )
“&%2@?’8@1 bility (1/psi); Crd,y_Fore= CT nunb&FT3fagsn409s

sanpl e saturated wth gas; eTsaI urated core= CT
nunber of a sanple saturated with kerosene (at

initial pressure); CT,, = CT nunber neasured during
depl etion at pressure P; CTlig = CT nunber for
ker,S@sene “-‘4?179 r = exponent

f or *cal cupﬁlg&@&@ag&t i dl&%ﬁmgrc‘eleish froma

" dafenm —*esgﬁ‘%bptl a%tmﬁan t%é%sfpaﬁpamﬁelar wickaegipwalimensionless;
pesireabrlstdcy fank(samek| ati ve perneability,
di rensi sidtedgialkegiongas rel ati ve perneability,
5 di a‘ggrm @mkleg‘as,mtkﬂfamajg@ﬁudxgbﬁll ve perneability with
m pimum refl drg di mensi onl ess; 4,." =endpoi nt
gas rel ative blllty Wi th mnlrrumre3|dual oil,
di nensi onl ess; kro= oil relative perneability,
di mensi onl ess; 25 K= rock perneability; = slope of
t he solution-gas curve, psi'
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Nc= capillary nunber cal culated for a particular cel
of a reservoir nodel; N= capillary nunber; AP =change
in pressure (psi); 30 L=length of test chanber

(inches); = oil in place (stb) at initial conditions;
N p = cumul ative oil produced (stb) at pressure P
(cnB); = oil-phase potential, PI= pressure at time

Sl 0 = the change in pressure across a
“ﬂﬂﬁﬁigékéﬁaEéggeffective density; Pg-- density of gas;
= density of oil; RsGas-to-oil ratio; 40 S=
saturation, dinensionless; Sg= gas saturation,

dlnen3|onless Sge= critic as sat tlon
di Hemsihodiod pedicine agirppesit %lraé? ronedliigins: sibiesgean

reservoir containing heavy oil entrained with gas, the method comprising:
a) utilizing a baseline correlation of gas relative permeability ., 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 endpoint
pas relative permeabilities krém and capillary numbers N, in 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

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

produce a plurality of corresponding adjusted baseline correlations;
€) selecting relative permeabilities &, for the plurality of cells from the
corresponding adjusted baseline correlations of step (d); and
1) running a reservoir simulation utilizing the selected relative
permeabilities ., of step (e) to predict a property of at least one fluid

in the subterranean reservoir containing heavy oil entrained with gas.
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2

3

=endpoint critical gas saturation, dinensionless;
Sorg = residual oil saturation to gas for a
particul ar rock region, dinensionless; stb= stock
tank barrel; cr= interfacial tension; 5crog= oil-gas
interfacial tension; and v"= velocity of oil. WHAT
IS CLAIMED IS 1. A nethod of predicting a property of

at least on luid.in a.subterranean reservoir
'COﬂtﬁ&HWW§°ﬁ8g9§m%ﬂWﬁgﬁ??ained with gas, the nethod
conprising: a)utilizing a baseline correl ation of gas. .
r el ahp P périzng p icaRiliarymmper dependend cerelggn fnshdegutilizing
in areservoir simulator; utilizing a capillary
nunbecortdpendetweondy,y &ldaVi;on bet ween at | east one of
critical gas saturations Sg, and capillary nunbers N’
and endpoint gas relative perneabilities kr and
capillary nunbers N' in the reservoir simnulator

.cal cTheamiethgd ofghinh drgherambers N, for a plurality of
cells in a reservoir nodel representative of the

subtgs kRPSaniRARER ¥illaryhunARt BSiehBehtcbReRBs® Ichfles utilizing
correlation to conport with at | east one of Sg,

a correlation between k,,, and N, .

rgro

The method of claim 1 wherein:

the step of utilizing a capillary number dependent correlation includes utilzing

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

and N

ca”

The method of ¢laim 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, .

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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and k selected fromthe capillary nunber dependent
correlation of step (b) using the capillary nunber N,
calculated in step (c) to produce a plurality of
nfding adj usted baseline correl ations; ﬁ)
‘gfe}l e@@?@g‘pr el ative perneabilities kg for the o 52006/049095
plurality of cells fromthe correspondi ng adj usted
baseline correlations of step (d); and running a
reservoir sinmulation utilizing the selected relative
perrreabilities 11/2 of step (e) to predict a property
of at subt erranean reservoir
coZt ai n| %’ac’%o“ﬁl"gen‘?r al ﬁed with gas. 2. The
met hod of cI ai ml vvherel n: the step of utilizing a
capi |l apy punhel s B ARch Rk 1R inslud
utili zi nwgesgepcor?ﬂel?%% Bfeaf)\gvlg%n betids flmcu °
met hod pfedifiag melcoa\h@tt@nm’lﬂtoﬁécmdéﬁmﬁ dqplqh]opgp{]qg'llgents on a core
capi | | ar [ Aation includes
5ut| lizi nég/IJrl gcrtlrllgnfenrte %?ﬁg% g?v\qgsrgﬁgﬁrgro and N 4. The
met hod of claim 1 wherein: the step of utilizing a
capilla orrel ati on includes
ut I%Im n%%mc?oro f% |on ﬁﬂ‘%r\?\glen Sg, and N " and
utilizing a correl ation between and N " 5. The net hod
of clal £ 48bd i ddfrelation includ
basel i n em}gquf{dg'tv Qgﬁié)g;%oc%ﬁﬁ{)gﬁm vlg ues 0 eamn eludes
10sel ect edoddusting Beplatony eipatiingnts oo sersdpacknhsrnpples. and Wit h
val ues of selected fromthe correl ati on between k rg"
and N 6. The nmethod of claim 1l wherein: the step of
ut i% i zi Age aettagoli dilcdaim hwhtrem: dependent correl ation
i ncl udes conducting depletion experiments on core
sanpl es fromthe subterranean reservoir.
2007/ 07 G Plla {SR0GE/ §400bEh Is Rienlaied fﬂs@lfblﬁlutﬂhé)f o cells remains

wher ei n:
15 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

20 * 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.

25

12. The method of claim 1 wherein:
the capillary number dependent correlation is 2 mathematical function.

30 13, The method of claim 1 wherein:

the reservoir simulator uses a fully implicit method to solve equations.
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14.

15.

the step of utilizing a capillary nunber dependent
correlation includes predicting the correlation

wi t hout conducting depl eti on experinents on a core
sanple fromthe subterranean reservoir. The nethod of
claim| wherein: the step of developing a capillary

nudbeethed pendaplatios thefiow obhedviy Uil ig asubisHaRap Tpggrvorr, the

depl et ion tents on sandpack sanples. The net hod
ofIES%?ﬁngaﬁgﬁ%in: the capillary nunber Nca which is

cakfualing &deskbloitedd repredentayive bf & elbtaraneamiedsrvbirfedwhich
in atinme step iteratiaon. The.netgod of claim1,

wh&iuid Howiisie beagymplaggdy theupiseyar el Ancipding 3 piypliy of
for.LAgiRlHLal ity of cells are updated during
iterations of a time step conducted in the reservoir

Si duteahininy veltvdtyrdpendeno felathai prribeattilérasifor the eservoir cells

capi |l l ary nunber dependent .carrel ati is a l.ook-u

¢ 2Bt alerlral e ertecar of it Aomanaed iaresugif il oo

NURLRln AL REDIE iR ALiS REliAR: IFR RIJR|IepEHdLfdklative

fimetion. The nethod of claim1l wherein: the

r epemwabilitics busistudate thedtovaof igavy oilrip tesiubterendsadesepvoir.

sol ve equations. -28- 14. A nethod for sinmulating

the flow of heavy oil in a subterranean reservoir,

he Y . _ . _

oy SEeRder GiRlsitL A AR SRRSOt DESEhER ARG voi, the
system comprising:

a program storage device carrying computer instructions to perform a method
of reservoir simulation; and

a reservoir simulator for executing the computer instructions of the program
storage device to perform the method of reservoir simulation, the method of
reservoir simulation comprising the steps of:

a) utilizing a baseline correlation of gas relative permeability %, versus

gas saturation S o

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

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

gas relative permeabilities £, and capillary numbers N, ;

c) calculating capillary numbers N, for a plurality of cells in a reservoir
model representative of the subterranean reservoir containing heavy
oil;

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

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

(1]
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16.

fluid flowis to be sinulated, the reservoir node
including a plurality of reservoir cells; determ ning
vel oci ty-dependent relative perneabilities for the
reservoir cells that account for a velocity of the
fluid flow through the reservoir cells; and running a
r eser voistepgbmeding the wapitlatyi minsher Nsalgulatediin yted épdn pegstuce
relative perneakilities.to sinul.ate.the fl of heavy
o1 ' erEiBRd il Bl Pebe R oo, v
si gyl at isaigctidierefaioWpeimdaBaiies @), lfod the plusallly of tdlRGRIN the
reservoir, the systemconprising: a programstorage
devi ce caresponding adingtedbapaline comelabeors afstopddy: sndh a

od Qf r rvai ' [.QN.: ' .
o i at S PERRLE o b M AL AR, S ERREHPlekervois,
t he pr ogiitining tiey ietddiowlatiee pernpabiloicst, bestop{d)od of
reservoir sinulation, the nethod of reservoir
simul ation conprising the steps of: a) utilizing a

R el T Y nBTES

NUABEY K@ héa9y baleatrhiABd Q@ﬂl@@ﬁh@fﬂ@ﬂﬁ@%ﬁu{%ﬁ@in@f
critical gas saturations Sg, and capillary nunbers N'

and) end pputtingrabasebhacorvadatyay ofieab rdlativeastireapilyty drdrersus
capil lary nunmbers<N': ¢) cal culating capillary

nunber s gﬁ? S#'ﬂ)r?g%n]gﬂ?itoa }etsic/wéﬁr Sgg}ﬂﬁg in a reservoir
nogel r eRneSRY adpiNey alimbBedspebier candaion RSREsOAticast
contai ning heavy oil; d) _adjusting_the baseline

cor r el atoneaf emticabagroraturglierhdatng eapillary pamper Mg and gadpoint
krg" | . . il .
cocr of atrts e PTARAS A oA RENGR upon a

1\ I e calpturhlty @d deplesbdeptdsdntotthe prsadotaimulplortr al ity of
correspondi ng adj usted basel jne co relatioqf; X
e) $&I ectpisglarag sntllary JopmbeEyld for p agryy pbrelisHa a reservoir
pl urali ty, Qf reéFésEﬁafi&é’@ thbSuaAfRapaRdhag, adj usted

baseline correlations of step (d); and sinulating the
fl dv of atijustitethe pasdlineicnrrelators teh¢opnpogimedin at lesst pnoOf Se.

Ut ep Fopa e, SRLBEN S 15l Sl BET TR Bk pERel P or
at | eastyBnH), iletidedshoe SUBE Sf BRI cHRSPOUGhE to the
cont ai ni ng heavy oi l entrai ned with gas, the nethod

‘conpr i sicapfilary numbers N, calculated in step (¢) to produce a plurality of

corresponding adjusted baseline correlations;
€) selecting relative permeabilities &, for the plurality of cells from the

corresponding adjusted baseline correlations of step (d); and
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a) inputting a baseline correlation of gas rel ative
perneability krg versus gas saturation Sg into a
reservoir simulator; b) inputting a capillary nunber
dependent correl ation between at | east one of

critical gas saturation Sig, and capillary nunber Nca
and) endpoimng gasservwirsimylatipe ntikzibg thetsplerted relativd
capi |l l ary nunber Nca based upon a plurality of

depl et i @eroi@ibiRies it @fve (epwersdictra mopartyad it jeast) one fluid
cal culating capillary nunbers N, for a plurality of
cel I's iRy the'BBRIMAL I FARIGir EQRLATEHoATY it cbaihd®with gas.
subt erranean reservoir; adjusting the baseline
correlation to conport with at |east one of Sg, and
Icy selected fromthe capillary nunber dependent
correlation of step (b), the at |east one of the Sgc
and kw, corresponding to the capillary nunbers N,
calculated in step (c) to produce a plurality of
correspondi ng adj usted baseline correl ati ons;
e)selecting relative perneabilities k,g for the
plurality of cells fromthe correspondi ng adj usted
basel i ne correl ations of step (d); and running a
reservoir sinmulation utilizing the selected relative
perneabilities krg of step (e) to predict a property
of at least one fluid in the subterranean reservoir
cont ai ni ng heavy oil entrained with gas.
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