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Recove(y {ffrcrency is dependent upon whether a drsplacement 1s stable or unStable A
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' saturatron range of 1nterest whe

' | theory is modtf 1ed to account f or the exrstence of captllary pressure gradtents and (iu) the

- permeabrltty curves obtamed over the entrre range of saturatror%f lnterest by usmg thts
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Accurate estrmates of relattve permeabtlrty are dependent upon the functtonal f orms R
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o velocm of Irght m/s [ft/sec]

=

respecuvely. m [f t]

: ‘parameters in the functtonal f orm equauon f or cumulauve onl

: total absorbance V ,' B

' surface area of water fmger m2 [ft2]

. ’ . . . B I

'NOMENCLATURE SRR N )

. flnlttal amphtude of drsturbance for orl and water fi mgers

R R SN
. ] '

. a‘.‘f,,’ '. \\ . . .
,productronhtstor) S

cross sectxonal area of core m2 [ft2]

-area under caplllary pressure curve kPa [psn]

'lump sum absorbance due to core matenal sand and orl

N N ,,‘

!

'absorbancedue to water . ‘ R e T

.Wldlh of porous medtum m [ft] '_ N

,parameters in the f unctronal form equatron f or average rccxprocal

moblltty A
width of :a water f inger' m ‘[f t]'

Wmeters in. the f uncttonal f orm equauon f or volume of mjected
9 . . . .
water

A

solutton concentrauon ~ :

- .'arbltrary constants of proportlonaltty m x and y- dtrecuons

constant of proportlonahty as def ined by Equauon 137

'parameters tn the f uncttonal f orm equauon f gr‘pressure in the oil

phase B e - | T

arbttrary constants of propornonahty A0 x- and y- dtrections

.parameters-m the f uncttonal form equauon f or: reIatlve permeabxhty

o to water

"jifrequency of mtcrowave ‘signals, Hz s e
f: racuonal flow to oxl and water respecuvely o

4



forfua ' : f racuonal ﬂow 1o orl and wate; at the outletr respecuvely'

Fu . S o S ‘;Vj non capxllar\ g racuonal f'low to wateras defmed by Bucklev-Leverett
| . o - theory. L , | .
g o S accelerauon‘due to gravrty m/s2 [ft/secz] _
B vél,ng.g3.g-4' : S parémeters m t,he f unctronal form equanon f or fracuonal flow of
.,‘;‘h T . thrckness of pérous medrum m [f 1] _ \ | Ry
| hl-'h'vz_h3‘-,h4. _ | ' parameters in the f unctlonal form equatron for relative permeabr‘hty |
c | C.‘tq oil - -. - \
| hy . "_ o “thicknes‘s of a Water fingér, m tf‘b]
| o . ' \ : mcndent mrcrowave power, mW
| (O N drmensnonless velocrty (ms.tabrlrty number) f or rectangular system |
I, T attenuated mrcrowave powe.r after rraversmg a drsrancax mW .. -
k ,. - o ‘ absorption coeffrcxent , ) \ ® a
k L y.Aabsolur'e pe_rmeabrlrty,'m? [dj I ) .' L \ .
ke S - extinction coefff;ignt . . | E | oy
ko o -.:: . éf:_flec:ti'Ve perrrreability to oil, m2 [darcy]
Koiw vlyg‘-{\.‘« . . permeability to oil a gonnate waler saturation, m2 [d], :
k,o. R . relative burmeubility' to 6i1. - .‘ L o -
.k:n';. : . relative permeabrhty o water |
k; S e fecuve permeabrhr) to water, m [darcy] ST
‘ Kwor. . 7 ".,permeabrlm o waler at resrdual oil saturauon m? [d]
L I length of porous medrum, m [f )
m1m2 .‘ | v‘_.moderm;nbers 01,2 3,. . |
M . R endpoint mobility ratio
Nc E o | .C_aplﬂal'y’.numbﬁf_ R : — L 3 o . i
- Ny L gravrtauonal number o
“Np . . cumulauve oil producuon m3 [f13]
f. ' . . S o ‘x‘_'i.' N . .



‘."'.bnw - ;___\. 5 S \‘t.ime cohstanl \seC'll
. -p'lb R pres&re; kPa [psr] ' f '
. l’o o -‘ e | pressure in Oﬂ phase kPa [p51]
..'pw'_" oy o ' pressure in. water pheﬁ KkPa [psi]
Pe ‘ o o macroscopm‘caprllary pressure kPaa[psr]
| ,Pc'(.t)'i, N . . mlcroscoprc capillary pressure kPa [psx] ,
. (Pco)“l p | : . macroscoprc caprllary pressure in the reglon where water 1s flowmg,
: : : kPa [p51] : - o .
o (ls'cw')‘0 ( .;. ' . macroscoprc capnllary pressure in Lhe regron where oil is. f‘lowmg kPa E
(Pewdoe : o equrhbrrum macroscoprc capxllary pressure in the regron where oil is o
| f lowmg kPa’ [psr]\ | e
q : _: S : :‘- B volumetric’ mJecnon ate, m3/s [cu ft/sec]
Q.- o 1.,;_ pore. volumes of drsplacmg flurd mjected
Qw':_' S o volume of mJected watger defmed by Equauon 120 m3 [l' (&)
l"-le- B reakrhrough recovery fractron of mmal orl m place v
Ry ; he rate at whlch new surf ace is bemg created m2/s [f 12/sec]b ‘ \'_
W ot oo s . i
Sor -'-_res}g'uam~safq;maﬁj : A
Sy T _ water 'sa"r_uration- .
Sy’ Lo A specif ic water.s‘aturathn‘ g
-Se B average water saturatron "
.
g Swa ' \ water saturauon at outlet end -
Swi mma] water’ saturarloné R e i
b a real nme sec | )
t* , specrfrc ume sec I / 1’ e
ot o ;’I . ume of amval at the m1dpom1 ol‘ the core o
T i'mff SR : breakthrough ume /of drsplacmg flund at’ the outlet end sec e
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| volume of water fmger ‘m3 [f't3]

“ver 1cal component of force (tensmn) in x- dnrectlon N.m [lbf ft]

superflcral velocrty m/s [ft/sec] SRR o
oil superf icial velOcity vector, -rn/s [f t/sec]
pore volume of the sandpack m3 [ft3]

velocrt) at whnch the tip of water f mger is pmpagatmg, m/s [ft/sec]

i velocny at: Wthh the tip of 011-= f mger rs propagatmg m/s [ft/sec]

m/s$ Lft/sec] oo e

orl steady state perturbauon velocmes in the x ysand z dlrecuons -

{
respecuvelv in the regron where water is flowlng m/s [f t/sec'j

actual velocrt) of a-water. f mger m/s [f t/sec] \

‘ x Y, and z compontnts in water superf 1c1al velocrty ve&or

reSpectwely, m/s [ft/sec]

' average rater at whrch water crosses the base of a water fmger m/s o

. i Cg
WSEC] . R

R

- water’ superf1c1al velocrty vector m/s [ft/sec] N

water SLeady state perturbauow%’@elocmes m the x, y" and z

du'ecuons respecuvely, m the regton where water is flowmg m/s
[ft/sec] L SRS o

»,.

components of rectangular coordmates Jn [f t]
werght of the flmds produced at the outlet end kg [lb]

distance trav}elled by a given saturauon m [f t]

Jlocation where fi mgenng commenced m [ft] “ ﬁ '

angle core makes w1th vertrcal radxans [degrees]

Xviii

': maxxmum time requ:red to drsplace total Iecoverable 011 sec .

B verucal component of force (tensron) m y dlrectron N m [lbf ft] B

x Yy, and z components in. orl superf 1c1al velocny vector respectwely.



 Ymi

v-axwﬂyw BRI

Ym

| wat'er 1s flowmg as. def med by Equatron 46 m [f t]

o average recrprocal mobllxty at outlet end o € core at t=tpy.

' separation'constants' in'X and y‘directions - respectrve'ty. m*1 ey

' separatton constants m x dtrectton f or orl and water regtons

respectrvely m-1 [f t-l]

constant of proportronaltty

‘

‘ Wave number of ergenvalue m‘1 [ft-1] R R A ': e

chara‘t&ertsttc ergenvalue for whtch captllary and gravrty f orces exactly'v- o
N\ , : o
ba]ance vlscous forces m-l [ft-l]

' etgenvalue for- whrch new surf ace ts betng created at the greatest rate

m-l‘fr[—r] . ‘ ;

etgenvalue for whrch new surface for an mcrptent f mger is bemg

o created at the greatest rate m*l [f t-l]

ergenvalues fc or, orl and water regtons respectrvely, m}! [f t-l]

i unctron f or the surf ace of a water fi mger m t'he regton where onl'y' o

’

B dtsplacement of any pomt on the §urf ace of a f mger m[f t]

contact angle radrans [degrees]

e

: recrprocal mobﬁrty, Pa. s/m2 [atm sec/ft2] »i ', PR

recrprocal mobtlrty at the outlet end of the core Pa s/m2 L
[atm sec/ft2] o G
average recrprocal mobrlrty at the outlet end of the xcore Pa s?ﬁ12

[atm sec/f t2]

Pa s/m2 [atm secﬁ£t2]
functron for the surface of a i 1gger m[

functton f or the surf ace of an oxl fi mger m the regron ~where water 1s ;

[f!]

f unctron f or the surf ace of:- a water mger tn the regton where orl’ ts

f]owmg as def med by Equatron 24 )

flowmg, as def tned by EQUatron 23 N
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densuy, kg/m3 [g/cm3]

»

011 and waler densmes respecuvely, kg/m3 [g/cm3] o

o mterfacral tensron mN/m [dyne/cm]

orl and water vrscosmes respecuvely porse

pseudomterf acfal tensxon mN/m {dyne/cml

dimensionless time, defined as 7 =

porosxty fracuon o

force potenua] N m/kg [lbf ft/lbm]

Ay

qt‘

A¢L(1 Sui.-

caprllary potenual f or water N. m/kg [lbf -f t/lbm]

Sor) .

ST

f orce porenuals for. orl and water, respectlvely, N m/kg [lbf f t/lbm]

N m/kg [lbf -f t/lbm]

ca'pxllary potenual for 011 m the regron where only water is f lowmg,

N m/kg [lbf -f t/lbm]

Dby ft/lbm]

-

g .é.‘

' orl ;orce potenual in regxon where only oil.is flowmg N m/kg

mmal value of the potenual in orl on the 011 srde of the surface

, N m/kg [lbf ft/lbm]

011 f orce potenual m regron where only water 1s ﬂowmg, N m/kg

[lbf ft/lbm]

water f orce potenual in’ regron where oniy orl rs flowmg, N m/lcg -

[lbf ft/lbm]

water force potennal in regron where only water is. flowmg, N. m/kg

[lbf‘ ft/lbm] o

f Iomng, N m/kg [lbf ft/lbm] '
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' caprllary potennal for water m the reglon where only orl 1s f lowmg, A
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e 1 mrnouucrron
Desprte the current cnsrs in the ofl mdustry Wthh arose because of short term

“over- supply problems most analysts belteve that the crtsrs is. temporary. and that oil prrces

."'1:)

.wrll rtse agam Also most experts belteve that a crude orl shortage will »{)ccur in the 19905 '
':. ‘because most maJor orlf 1elds have already reached therr peak fevel of pnmary productron and
.because few new rr“ta]or dxscoverres have been reported in. recent times. Therefore they warn -
the orl 1mportmg nattons not to take comf ort in thetr current lower energy btlls because the
crisis is temporary e .' o - L o < '
B Notwrthstandmg current’ low orl prtces and 1mproved conservatron measures the A
. 'amount of money Canada spends on 1mported oil is enormous And unless new dtscovertes are
.f ound or productton from exrsttng l‘relds is mcreased Canada s orl import btll wrll bet;ome ' e |

' prodtgxous in the f uture should oil prrces rlse agam Theref ore exploratory actrvmes to

' ":‘,';dxscover new f relds should be mtensrf ied even though such actrvmes of ten mvolve hrgh capltal o

S '--rtsk and uncertamttes and even 1f successful development of new ftelds may take an

o "could push Canada closer to energy self suff 1c1entl’

Q

e :unusually long perrod to pay dmdends Meanwhrle parallel mtensrve eff'orts should be made '
e 'towards 1mprovmg rec0very of 01l f rom known frelds as each one percent cent mcrease 1n |

lrecovery f rom exrstmg f 1elds adds about f our btlhon barrels of recoverable reserves The

T strategy should be to*mtehsrf y explorauon acnvrtres by provrdmg vartous tax mcenttves to the

W

. ’mdustry and by maxrmrzmg the eff.\crent recovery of extstmg reserves by adoptmg varrous

: ~research and development and cost‘_jvmg measures Thus a generally expanded research
' : el‘ fort ln the area of enhanced orl recovery (EOR) processes may pay large dtvrdends and S

PN

. However the successt” ul desrgn and fteld 1mplementatron of any EOR techmque

: vmvolvmg the drsplacement of one flurd by another demands that we corne t0.a better -
- understandmg of the drsplacement mechamsms mvolved wrthm porous medla Two of the
) more tmportant f actors Wthh determme the ef fi 1c1ency of any 1mmtsctble dtsplacement process

are the heterogenerty of the reservoxr and the stabthty of the dtsplacement process Whrle

natur_e drc_ta_te&.h e sca of the heterogenerttés and the manner m whtéh they are dtstnbuted -




i :throughout the reservorr man has some control over the parameters whrch drctate whethe??‘
o 'drsplacem?nt is stable or unstable What type of drsplacement wrll take place in'a porous
- medrum is drctated by the balance exrstrng among caprllary gravrtatronal and vrscous f orces
2 If the combmed forces of gravrty\and caprllarrty are greater than the vrscous T orces the
| " drsplacement wrll be stable and 1f' not the drsplacemeht wrll be unstable Thus tt is ol‘
' mterest to study the condrtrons under whrch a drsplacement becomes unstable _ _
. Untrl recently it-was generally belreved that the most fteld drsplacements were stvable
o However recent vhrk carrted out at the Umversrty of Alberta suggests that whtle most »
' laboratory drsplacements are,stable most f reld drsplacernents are not[l 2, 3 4 5] Thus these
. studres at the Umversrty of Alberta bear. specral srgmf tcance with respect 10 f reld applrcattons
c: partrcularly to the drsplacement of heavy oils-in Alberta That 1s because heavy orls alte more
. '.'vrscous than the conventronal orls unstable drsplacements are much more lrkelv m heavy orl
2 reServotrs than in conventronal orl reservorrs o § | ' . | .
. | Because most f 1eld drsplacements are unstable conventronally uslad drsplacement
Z et;uatrons to: descrtbe such drsplacements are mappropnate and madequate In order to @'
- ;fdevelop the necessary equatrons to descrtbe unstable flow Bear[6] recommends the use of
. ' m:croscoprc averagmg of the approprrate conservatron equauons As a conSequence detarled

g mﬁormatron at the pore level must be replaced by mtegrals whrch must be specrfred bef ore the o

R :.-problem can be solved For example f or rmmrscrble drsplacements these mtegrals would

- def ine. the absolute permeabthty, relatwe permeabrhtres and caprllary pressure These mtegrals o
. . :'f'caﬂ be descrrbed rn two ways f 1rst emptrrcally. and second by modellmg through the B
-:rntroductron of an rdealrzed structural model f or the pore space bounded by the local
ﬁ lraveragmg surf ace. def med at each pomt wrthm the porous medrum From a theoretreal pomt ' ~
. "of vrew the latter approach 1s to be pref erred and thts ts the approach taken by | o

vAleman Gomez et al [7] However from a practrcal standpomt rt wrll always be necessary to g

d}termme these mtegrals expenmentally for real systems & ,' e
R The 1mportance of. relauve permeabtlrtres and the caprllary pressure curve 1n the

drsplacement of one fluid by another 1s well recogmzed But currently aVarlable means of
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determmmgrelau” permeabxhtres are hmrted to stable dxsplacements 'The same xs true f or the
| ,‘ captﬂnry pressure curve That is, the equrhbrmm capxllary pressure whxch is Vahd when the ': i
dtsplacement ts stable may be mvalxd when the dxsplacement ceases to be stable |
' Thus to deveIOp a better understandmg of fluld ﬂuxd dtsplacement in‘ porous medra -
' " one needs to develop a theory that descnbes stable unstable and pseudostable dlspl-acemenm
o Moreover one must develop concepts of relatwe permeabrhty and caprllary pressure behavrour

'*‘- : that are vahd f or unstable and pseudostab]e drsplacements Hence the overall obJectxve of thrs

study 1s to come to a better understandtng of how one fluld dtsplaces another m a porous Sy

‘ \ ﬁqum wrth respett 10 the problems assocxated w1th the stabrllty of drsplacements and wrth

\

) 7: ;4: respect to the proper def mmon of the cogcepts of relatwe permeabrhtv and capxllary pressure |

assocrated thh such drsplaccments

e : N S .". . - - ct -




2’1 Stabtllty Studtes

' ,supenmposed flulds of drf ferent densmes wnth the mterf ace accelerated in‘a dn'ecuon

', resultmg m lower drsplacement eff 1c1ency They also studred the ef fect of dtsplacement rate on

' 'sandstone model reported that drsplacement rate had no ef fi ect on vrscous frngenng

" 2. LITERATURE REVIEW = “eo 7 .0

°

. S ’ -- R ) E ' L. e

Taylor[8] conducted a small perturbatxon analysrs to mvestrgate thc stabrltty of two".

~.

N ‘perpendlcular toit. Ef f ects of vrscosrty and 1nterf acxal tensron were excluded f rom hlS

P

' f'mvesugattons Taylor suggested that a gravny drtven f mger elther grows or changes its’ shape ,"- o

' Ibut that it Cannot decay In a subsequent study, LeW1s[9] confrrmed thls predtctlon through a;

serres of expenments In a later study. Bellman and Penmngton[lO] mvesttgated the f ormatton

& .and the rate of growth of these mstabrlmes by takmg mto account the ef fects of surf ace’

tensron and vrscosrty L

Taylor and Saf f man[ll] studred the stabthty of f low of two 1mmtsc1ble flurdé in a

".Hele Shaw cell Based on an analysrs of small perturbattons at the mterf ace they lmeanzed
3 perturbatton equauons to obtam a cnterlon f or stabtltty at. the mterface They showed t.hat —
) '.the mterface between the flutds became unstable when the dtsplacmgdflutd was less vxscous .
‘ f‘than @e dlsplaced f lurd lee Bellman and Penmngton[IO] they too showed that the surf ace’.;-':i

" tensxon had a stabrlmng effect' al the mterface

—

However the term v1scous fi tngenng was corned by Engleberts and“Klmkenberg[lZ] S

"""m 1951 They cartred out a senes of laboratory flood studres in homogeneous porous medra e

~dand observed that the flutd recovery durmg a flutd flur' dtspIacement was a f unctron of the—‘. o

R vlscosrty rauo Low recovenes twere obtamed when vrscosrty ratros were hrgh Thrs prompted ' "

' them to suggest thgt when the vrscosrty ratro was hngh vrscous f mgers mlght have formed

. 't

' dtsplacement-ef f 1c1ency and noted that hlgher dtsplacement Tates brought about lower

‘recovenes BUt Handy{13] who studied the effe ect of drsplacement tate on a consohdated IR

Van Meurs[14] studted the mechamsms of flow usmg a three dtmensional tranSparent

. - e
. ~ Lo

‘.model He made several mterestmg observauons dunng a d:splacement in a homOgeneous

‘.

v S
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curvature of the mterface

Jmear core and 1n a stratrf 1ed f Ormauon usmg a 5 spot ,well patlern Through a senes of
photographrc snap shots taken at. dtf f erent stages of the drsplacement he demonstrated that "
there was vrrtually no fmgermg ef f ect'at a v1scosrty ratro equal to one But when the vrscosrty
rauoﬁ mcreased to 80 spectacular fi mgermg phenomena were observed In a subsequent '
study van Meurs and van der Poel[lS] argued that it was 1nappropr1ate 10 apply relatrve
permeabrhty concepts wrthout takrng mto account vrscous mstabtlrtres These studxes[ll 13 14]

wgre carrred out ‘in the absence of an mmal connate water saturatron

ln 1959 Chuoke et al [16] put forward in what is’ now regarded as a classrc work an

e analvucal study. based ona lmear perturbatron analysrs of fmgerrng phenornena for rmmrscrble

]lqmd‘rhm dlsplacement in porous medra They used a plston hke drsplacement model in -

whrch a solutron to ed:ct the dynamrc response to. a perturbatton of the drsplacmg fLuld

f ront was presentedpé

of motlon and contmurt) in pressure across the mterface in terms of an mterf acial tens&bn

ef f ect By' exam-ining the sinusordal fr‘omal dlS[OI‘IlOﬂ of each wavele’ngth, theyx,ﬁ);md that a

different (mmal) growth Tate occurred f or each wavelength Through a number of ' ,

expenmental runs, the) arnved at relatronshtps relatmg drsplacement raqe fo the wavelength of

The fi mgers generated Whtle the) reported excellent agreement between th‘e-r-r‘:heoretrcal

predrcuons and experrmental observatrons for thetr studies in-a’ Hele‘Shaw cell they could ngt
(a3

obtam srmrlar agreement using van Meurs [14] data. f rom bead packed model studies.

“In 1962 Outmans[l?] advanced a non -linear theory for, f rontal stability and vxscous

i mgermg in porous media. Usrng the method of successxve approximation, he was able to

consrder perturlﬂttons up 10 the f ourth degree in his- solutrons 10 tbe perturbatron equatrons

He suggested that the shape of fi mgers was a functron of mterfacral tension, drsplacement rate

.. and gravity. Hence he contended that interf acral tension could notﬁe re/garded srmply as a

posmve proporttonalrtyaconstant in a linear relatronshrp between pressure dtfference and

b J

Benham and Olsen[18] carrred out a number of elaborate experlmental runs to 1dent1fy

the f actors that %f fect. v1scous fmgermg They used both a Hele Shaw cell and bead- -packed

.

hey mcluded in thelr treatment a perturbatlon analysts of thé equatrons .

§

v



: models for therr studres A wrde range ol' mobrlrty ratros (1 to 90) and drsplacement rates (0 1

" f t/day to 4 0 f t/day) were*em.p{nyed and they arnved at conclusrons srmrlar 0. those of van _‘ e

o model obeys Buckley Leverett theory[20] 1ts stabrlrty analysrs should be based on the

‘,H‘,"Buckley Leverett equauons By basrng hrs approach on Buckley Leverett theory, he

Meurs[lQ] . V- .j- L m |
Rachf ord[19] was. the f irst author to present a stabrlrty ana’lysrs on the basrs of

-Buckley Leverett theory He argued thar ll was mapproprrate to apply stabthty theory based

‘on a parallel plate drsplacement mod'gl to rmmrscrble drsplacement ina strongly water wet ¥ i :
P . ' ".\“ . ‘,

. system contarnmg a c0nnate Water saturauon(’Because the dtsplacement in a parallel plate

\4

crrcumvent the problems arrsmg out of non ltnearrty he ma e two sxmphfymg aﬁumptrons

- Frrst the coef fi 1crents of the equauons were held constant and second he consrdered only a

f ew select mrtral perturbattons for- ‘his numertcal analysrs Notwrthstandmg the serrous e

J

lrmrtatrons mtroduced \by these srmplrf ymg assumptrons to lns analysrs Rachf ord’ nevertheless

\ .

- made some mterestrng observatrons In all the cases he studred he observed no tendency

o .v»towards mstabrltty in the presenge of connate water saturatron However a 1ater study’ by

A Perkms and Johnston[Zl] contradtcted Rachf ord*‘s f mdtngs They observed that the presence

4
of connate water had a srgnrf 1cant ef fect on viscous fmgermg patterns and behavrour

'l

Experiments were carned out in both 2 Hele Shaw cell and bead packed models In both types .

of 'model no viscous fingering 'was observed at f avourable vrscosrty ratios. In the cas.e of the :

packed model with connate water saturatton numerous fmgers developed early 1n the

, drsplacement process at the inlet end of the system These fingers subsequently damped out to

f orm a graded saturatron drstnbutton at the f ront Such nottceable mfluence of the presence .

of connate water saturatron on vrscous f mgermg led, Perkxns and Johnston to conclude that 1f

0

a study of / 1scous fi mgermg were to be perttnent to water- wet resérvorrs 1f should be carrred

out m a connate water beanng porous medtum

- ».

Hagoort[22] of fered yet another theory on the basrs of the Buckley Leverett

o model[2& He consrdered certarn hrtherto unanswered stabrltty quesuons ‘for. a water-wet

e N : | L] . . T
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. medlum contamtng a connate water saturatron The mobrltty ratto used by Hagoort Was based
T
- on the so called §hock mobthty ratto rather than on the end pomt mobllrty ratro Atso' ‘
“

’l-lagoort assumed that captllary forces. determmed the wavelength of the 1nstab111ty and hence

used energy arguments to Justrf y his assumpttons 'I'hus his’ theory 1s devord of the exrstence
""*-\ .

of a crmcal wavelength Hagoort substantrated hrs clatms through a serres of drsplacement
o -.runs at several adverse vrscosrty ratros ln the presence of connate water saturatron The maJor

conclusron d;gwn f rom these dtsplacements studres was that a decrease in- breakthrough

~ -

‘4,recovery occutred at hrgh drsplacement rates dt!e to 1nstab:l»y
SarmaLZil carned out a number of expenmental runs in a- transparent rectangular j

c bead packed model to str‘ ef fect of a number of parameters on “viscous fi 1ngermg and

gr.V

: k.mstabrlrty f or both mrscrble and 1mmtsc1ble dtsplacements The parameters he consrdered were
vrscosrty ratlo rnterf acral tensron dtrectlon of saturatron change - 1mb1brtton and dralnage,
\' and dlSplacement rate Also studred was the mrsclble drsplacement of the non- wettrng phase in

the presence of -a high wettmg phase saturauon As expected he. observed more severe viscous

f mgermg in drsplacements m the dratnage drrectron than in the tmbrbmon dtrecuon Dratnage
A : :
d@cements ata hrgh rate gave rise 10 a- spectacular dendrttlc fi mgertng pattern It was also "
. ™ .
observed that a ltnear relauonshrp extsted between the f mger trp velocrty and the drsplacement
Slgmund el al. [24] demonstrated through a senes of dtsplacement runs m 2 system

. \rate.

S s'mrlar to the one used by Sarma[23] that viscous fi mgertng depended upon flow rate. A spatral

f requency domain analysis of" finger growth at fixed ume-mter.vals mdtcated that the
o f luctuattons comprtsmg the f mgered zone ‘have a wave number correspondmg to that for the

: maxrmum growth rate These fluctuations decayed as their wave number rncreased beyond the

maxrmum growth rate. The analysrs further suggested that the.amplrtude of flow fluctuatrons— —"
i the spatlal f requency domain could be charactenzed by a growth rate that was lmear in
. time. They presented f mtte dlf ference soluttons to the two- dtmensronal equatrons of flow in’

poro‘us medra_.--'l‘hese solutions exhtbrted similar frontal instability.
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f or cylmdncal systems and another f or rectangular systems were suggestew

. on the stabrlrty crrterton

Peters and Flock[l] were however the f 1rst authors who sought to cOmbme the
'v
varrous parametnc vanables whrch af f ect mstabtlrty and vrscous f mgerrng in porous medta

lnto a drmensronless group whrch can then be used to quantrf y the stabrhty crtterton They

exrended the analysrs of Chuoke et aI [16] by 1mposmg an addttronal condmon at the walls of

' "the porous medrum By 1mpos11ﬁ’thts boundary condmon all velocrues normal to the cpre ."I

wall becorqe zer10’ T hlS enabled them to tntroduce the system drmensrons tnto therr analysrs
t

and COmbme the parametrtc varrables mto a dtmenStonless number and as a consequence

L

: they arrrved at a stabrhty crrterron to predrct the onset of rnstabthty Two such numbe‘fs one

\
‘Noteworthy in’
\ v

therr analysns is the tmportartce of the system dtmensrons whrch are ratsed o the power ol' two

rn the stabrlrty numbers whrle all other terms\ are ra\rsed to the power ol’ one A later study by

Jerauld et gl[ZS] also recogntzed the 1mportance of the system dtmensrons on stabrlm

Because Peters and Flock based therr 3nalysrs on the velocrty potentral rather than on. the '

N [

f orce potentral they were unable to determme completely the eff ect~ of rock f'lurd propertres

ln a more recent study. Bentsen[2] proposed a new approach to the study of L

mstabtltty By basmg his analysts on the concept of a f orce potentxal rather than that of a
velocrty potehtral he was able to take proper account of the ef fect of rock and flmd .
properttes on the stabrhty problem As a consequence hxs mstabrhty number was proporttonal
to that derrved by Peters and Flock[l] the constant ol" proporuonahty bemg a f unctron of
mobrltty ratro

_ e o
All the terms in’ Bentsen S mstabr}.ttyrnumber wrth the excepuon of the

¢
pseudomterf acral tensron are readrly avarlable To overcome thrs problem Bentsen[26]
developed a def mmg equatton for the pseudomterl' acral tension assocrated wrth a -

pseudomterface located mthln a porous medrum by rmpltmentmg a coarser level

(macroscoprc) of’ %yeragmg and- by employmg the concept of force potentral rather than that

N 4

-
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o caplllary pressure whrch can be used o esttrnate thlS area Consequently, rf the

pseudomterfacxal tensron 1s to be esumated one must establtsh a caplllary pressure versus
x SN

water saturatxon relauonshrp Mugh laboratory experlments f ora partrcular rock ﬂurd

" system Bentsen S theory[26] is based gn the assumpuon that it 1s permtssrble to use the

E . O . .
prllary pressu:: expenment as. an expenmentally realtzable

conventronal (equlhbrrum‘~ 0 _:
system f or estrmatmg pseudomterf acial tensxon Assummg that the actual (dynamrc) caprllary
pressure 1s proporttonal to 1ts equrhbnum value makes it possrble to esttmate*the actual
pressure drop across the mterl‘ ace’ the srze of the f mgers and the velocrty at- whrch they
propagate o ' s

A recent experxmental study by*Coskuner and Bentsen[=3] has demonstrated that the |
non- lmear time. f unctton“sed by Bentsen[2] in hi§ stabrhty analys’?’was mapproprrate Thrs
later stud, by Coskuner and Bentsen[3] dbmonstrated that the drstance travelled by the txp of
afi mger wrth respect to the movmg boundary was in f act a Imear f unctron of time. Whrle
the f ornr of the time f unctron used in developmg the theory does not aff ect the stabrhty
boundary the: mode boundanes the shape of the fi mgers or their relative wrdths it does

N .

affect the velocrty at’whlch the fi mgers propagate Consequeg}ly if breakthrough Tecoveries

are 1o be predrcted correctly there is a need-to mcorporate a lm‘tar time functton into the .

o \ortsos and Huang[27] carried outa lmear stabrlrty analysrs of rmmrscrble
drsplacemem which mcluded the ef f ects of contlnuou&angmg mobrhty and caprllarrty-
They showed that the rates of growth of an unstable mode is a f unctron of wavelength and

that captllarrt) exerts a strong stablltzmg contrrbutron to flow

Stabilj atlon . . : T .
"&r A stabrhzed drsplacement is one in whrch the average saturauons at the drsplacement

front remain invariant wrth time., The term . stabthzed zone first comed by Terwrlhger et
3

1“

" al.[28], refers o the regrdn at the leadmg .edge of the drsplacement processmher_e saturations 5

"'move with equal velocity. In a gas-oil gravity drainage study in a 13-t vertical ,sandpack,' they
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_observed that above a certam llQurd saturanon all saturatron pOmts moved downward at the

N - el

L same rate when the dtsplacement rate lS low Only a short trme rnterval wa‘ ed for

o stabthzatlon to take place Further they observed that the saturatron dtstnbu ton curve

fretamed the same shape untrl breakthrough of the drsplacmg gas 0ccurred at the other end
A, -

‘Accordtpg to them when the dtsplacement rate was htgh no such stabrltz Eone f ormed as
the sandpack was not long enough to accommodate the entrre length of the stabtltzed zone

that would have f ormed at such a. hrgh drsplacement rate

In a later study, Welge[29] demonstrated that the problem of tnple values of -

. - saturatron encountered by Buckley and LeverettIZO] could be oyercome by conStructmg a
tangent to. the f ractronal flow curve The saturauon at the po(:r%f/tangency was defmed as
the saturatron at the f ront S“f Accordmg to: Welge the constructton of thts tangent ,

- mdrcated that there extsted a lower ltmrt of saturatron below whrch the plot of f racuonal l’low

RN [

A versus water saturatren was not requrred Therefore Welge concluded that rt was not
% necessary o obtarn estrmates of relattve permeabrlrtres of the flutds for saturattons belovaae

.

f lood: front saturatton erlhrte[30] contends that Welge s techmque to determme S“f does not' ,

ake into account the ef fects of the caprllary pressure gradrents on the frat:tronal flow curve .
f‘and therefore 1t is doubtf ul whether the stabthzed zone concept developed for mobrle connate'
water saturatron wrll still be apphcable for. all connate water saturatlons Captllary pressure
terms cannot and should not be dropped if- the Buckley -Leverett theory is to be apphed tﬁ
.analyse drsplacement data obtamed usmg ‘small cores of a few inches in length L =
. Owens et al[31] ref erred to the stabthzed zone as: the posmon of the greatest captllary"
‘ pressure gradtent Thev studted the effects of the stabrhzed zone on gas drtve type
drsplacementst and not’Bd that the ef fects could be qurte serrous For example they nored a _
shift towards the nght n the kg/ko versus S8 curves at*)wer values of S8 when the pressure " |
'..dtfferentrals were hrgh el o o o R f ._ |
Rapoport' and Leas[32] were the f irst authors to make a comprehensrve study of the
stabrhzed zone.:l‘he f rontal advance theory suggests that when a stabthz.ed zone f orms the
.' =saturatron at the breakthrough pornt and the recovery of the m .mu fluid m the “‘. ‘

P . . ) -
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post breakthrough perrod should be mdependent of the core length and the drsplacement rate _ o

B 'But of ten that was not foud to be the case thh most laboratory tests Furthermore the

. longer systems was the dtsplacement behavrour observed to be mdependent of the length of

' presence of captllary end et”f ects comphcated the analysrs of data m some cases- Only W1th

“-the core and the drsplacement rate To overcome such confusmg sr‘auons whrch made man;,

*and expertmental consrderattons they were able to show that dtsplacement data f or lmear

laboratory analyses questronable Rapoport and Leas suggested\a scalmg crrterton on the basrs‘ '_ o

_‘ of dtmenStonal anlysrs 1o determme whether or not a flood was stabtlrzed Based on theorettcal

¢

o

’ floods ‘were mdependent of corelength drsplacement rate and vrseosrt) of the dtsplacmg flurd

T »(water) provrded the scalmg coef fi 1crent Lu“v exceeded a.cntrcal value. Rapoport and Lea,s

_reported that the crmcal value of the scaling coefficient ranged between 0.5 and 3.5

' cm2cp/mm for most laboratory core studies. It is,, however 10 be noted that these values of L

the scaltng coef f 1crent pertamed to consohdated cores Only

Because, the Buckley Leverett solutron descnbes 1mmrscrb]e dtsplacements in a hnear
- e

systbn\r where stabthzed drsplacement occurs 1t is 1mperattve that one first deterrmne whether

.

the dtspla&xﬂt is stabrlrzed bef ore employtng frontal advance theory to analyse the

"r-.drsplacem nt ta However Rapoport and Leas reported that for most f 1eld srtuatrons the s

. drsplaced and dtsplacmg f lurds and the contact angle (9)

l‘loodmg beha\uour usually . was stabtltzed

In a subsequent extensron “of the work by Rapopor,-,t and Leas, Jones Parra and

'Calhoun[33] sugaested a modrfted scalmg coeffrcrent Luw\l/[l/ (k¢) o cosh), whrch tncluded

the absolute permeabtlrty (k) and porosrty of the core - (¢) mte;f acral tensron (o) between the B

’

"' 4 : .,

Of lten the. stabthzed zone is neglected m lmear~dtsplacement calculattons Fortunatel),

in most cases, such neglect does not introduce serrous errors. into the calculatrons as the wrdth

A-of the stabtltzed zone is relatrvely small i or most conventtonal f loodtng rates Barl{34] who

presented a detarled method of. calculatmg the length of the stabrltzed zone f or-any floodrng :

’ srtuatton also observed that the length of the stabthzed zone. could be neglected in most cases.

Cl )

“y
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Parsons and Jones[35] employed a relaxed scalmg techmque ref erred 10 as a "hnear

B Uscalmg techmque to study srngle flurd and multr flurd mJectron processes Acoordtng ‘to

. \

s .them a. dtsplacement process 1s hnearl) scalable for a: gtven por%medtum and flutd system

L oif the. flurd saturatron at any pomt and trme is'a f unctron only of . the number of pore volumes )

h .-.of each flutd mJected wrth respect to: that porrrt Thus by defmmon a stabrhzed drsplacement L

L has to be. hnearly/scalable Saturatron prof tles tn such a drsplacement would be srmrlar along

o among the more 1mportant properttes needed are the water -oil relauve permeabtltty

’

. the length of the core, drf fermg from one another only by a hnear magml' tcatton or reductron '
Based on an mspectronal analysrs of the 1mmrscrble dtsplacement equatron Bentsen[36]
- suggested 4 caprllary number whrch can be uSed asacr ienonzto determine. whether or not a’

drsplacement process is stabthzed The advantage of usxng this capxllary number is that it takes ‘

into account not only the f]utd propertres but also the 'rock- f'luid mteracuons’ and the

pore-size distribution. S PR B
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2, 3 Relatne Permeabrlmes
'I‘he 1mportance of rehable relattve permeabrhty data in reservorr engmeermg Studtes i§

’

well recogntzed m the lPetroleum industry In particular, when maktng a watert'lood predrctton :
: characterrstrcs of the reservorr rock Such mformatton may be obtamed by etther steady state g
or unsteady state methdds for measurrng effectrve permeabthty data Unsteady state methods K
.'are usually referred to s external drrve methods thle steady state methods requtre v' |
Qapproxtmately one day or more to acqurre a complete sét of eff ecuv&ermeabrhty data
external drrve methods can acqurre the same mf ormatton ina fe ew hours Mmeover the
external drive methods are apphcable 10 dtsplacements where Faturatton gradrents exist, whxle ”

.o.

) steady state methods are not. Aleman Gomez et al. [7] recently demonstrated that there could
- ,vbe consxderable drf fi erence between steady state and unsteady state relative permeabtlttres ife

. _.the drmensronless number as def ined. by Abrams[37] was large 'l‘hts drmensronalonumber is -

: def med as- [(vuw/ oo“»)( uw/uo)o 4] where v is the lrnear velocrty, Tow. 1s the tnterf acral tensnon

o betweeh oﬂ and water, uw is the vxscosrty of water and o ¥ s, the V‘5C°S‘ty °f °‘l




2 3 1. External Dnve Method
: Use of externa\dnve methods is limited 'to dtsplacements in whrch the assumptrons

underlyrng Buckley Leverett theory[20] are met Tlus requrres that the drsplacements used f or

"--'--measurmg relauve permeabrlny curves be stabrltzed and one dtmensronal (pressure and

‘ saturatlon umf orm m any Cross- sectton[41]) In addmon a Lagrangran f ormulatron of the :

f lutd drsplacement problem must be. permrssrble Thus when usrng external dnve methods 1t

s 1mportant that the flow is nerther unstabrlrzed nor\unstable and that the saturauon prof iles

are monotontc[42] Based on the Bucklev Leverett f rontal dvance equatron Welge[29]
N

developed a method to estrmate the awv. rage saturation and the orl Tecovery. He showed that 1f '

the f racuonal recover\ of one fluid phase was known, the ratio of the relative permeabrlmes

mrght be obtamed by usmg ‘his method. L e
"The eaternal drrve method 1s not wrthout problems For example th1s method uses)lhe " ‘
breakthrough pomt asa very 1mportant parameter COnsequently the slrghtest delay in

observrng this pomt may cause £ITONEOUS results[40] Moreover because of - dtscontmultres in

~saturation which ‘may exist at the inlet and outlet ends of the core the drfference between the .

pressures measured externally at the mlet and outlet ends -of the core may not—be_

. representattve of the actual (mternal) pressure drop across the core Thus good expenmental

techmque is requnred if serious dlS[OI‘lLOn of the eff ecttve permeabrlrty curves due to

. ystemaue experrmental error is to be avorded It is, theref ore, suggested that an extrapolated




" ‘, -mternal mlet pressure be used msteadof the extemal inlet pressure[43]

problem In thts regard two approaches mafi be taken the 1mphc1t and the exphcrg

AP . . : . . . : DR
' o

[ N I A P

Another ltmttauon of the external drive methods is that they requtre numertCal or
9. e
graphtcal dtf f erentlatton of expertmental data Because maccuracres in: data measurement - .';

become ampltf 1ed by the process of dtf f erenttatton there isa: need to deal ef f ecttvelv wrth thts _

S Af the dtsplacement is unstabthzed or if . the end pomt mobthty rétto is near one -

resort must be had to tmphcn methods[dfl 44 45 46] In thts approach a general model of the

» . ‘

.- coreflood expenment a reservoxr srmulator l‘or examp is used and diff erenttatépn of

3o -

*

: f.rpeﬁured data 15 not requtred Howevembecause such 1mpltc1t apprOaches ate. rterattve i o

\..-

nature man) runs may be requtred to obtam a good match Archer and Wong[40] and N

:Stgmund and McCaf f ery[44] used thts approach to obtam relauve ‘permeabtltty curves Use of

N
a: reservorr srmulaton necessartlv mvolves htstory matchlng of the observed productton and
pressure data Because such htc,tor\ matchmg is non umque 'one must always use cautton

bef ore’ acceptmg the relattve permeabthtv curves obtatned by thts techmque as.a true

representatton of the actual f low phenomena

. . - . .

- f the Buckley Leverett[20] assumpttons are met it becomes possnble to ‘e the

: srmpler exphcrt approaches[47 48 49] If these approaches are taken the JBN method[47] or-

‘the’ Jones Roszelle method[48] are: used to-estimate the ef fecttve permeabtltty values expltcnly

h from the data. collected durmg dlsplacement e)tpertments “Therefore, the prosedures used to

(SR
1mplement tns process must be caref ully selected 11" the problems assocxated thh T ‘
dtfferentta-tmg experxmental data are : 10 be avoxded[49] e g

f uh ons for each entire data set[49] Then the method of least- squares cange used o

o "One possrble approach is to use lmear regressron analysrs to construct approxrmatmg

\ ¥

esumate ‘the values of the coef fi tctents of candtdate regressron equattons Finally, vartous

stattsttcal methods can be used o determtne the "best regreSSton equatron
€~
When undertaktng thrs approach it 1s generally not recogmzed that the f uncttonal

Y

' __f orm used to- f ft cuny,tlattve otl and pressure drop htstorxes must take proper account not only

' ~‘of the ¢ stants of mtegratton f or the two d1f ferenttal equatto/ns whtch descnbe the system




&

>

_"but also the vartous physrcal condmons whrch mav be 1mposed on: the mtegrated f or.ms of the
J;!‘.

: equatrons used to model cumulatrve Oll and pressure drop hrStorres The mcorporatton of such

rnf ormauon mto the regressron equauons is rmportant because farlure to do so may result m

. }mternal mconsrstencres betweg.n the regresston equauons and thqse equatrons used to estrmate ,

o

:‘,'-the ef f ectrve permeabrlrues

2 3. 3 Lagranglan Approach ' R
.( e : n . Ny . : .
' External drrve methods as currently employed cannot be used to estrmate effectrve '

<

permeabrlmes over the entrre saturatron range of mterest This lrmrfatron ariges’ because of the

7.
drf f 1culty of measurmg both saturatron. and- pressure accurately in. the 1mmedrate vrcrmtv of a

. drsplacement f ront[20 29]. Thr‘s problem could be overcoﬁrf it we practrcable to 1n3ect

< water at-such’ a rate that a drsplacement f,ront does not form. However at such, mJecnon rates
E
the drsplacement would be etther unstable and/or unstabrlrzed and as-e- consequence

.

4

addmonal problents would anse That is, because the flow is unstable and/or unstabrlr;ed the

usual external drrve equauons used o esumate the saturauon S“, and the recrprocal mobrlrty,
: L

A 1 cannot be used Moreover use of the standard (Eulertar’l) methods for estrmaung the '
fraction of water ( or orl) l‘ lowmg ata partrcu I. locauon may not be able to be used erther

The problems wrth respect to the ehrmatron of S“ and 7\ 1 can be elrmrnated provrded
it rs possrble to measure saturatron and pressure drrectlv at a number of locauons along the ’
. o .

length of the core. However because 1t is not possrble to measure fw directly, the: problems

J—

assocrated with respect to the estrmatton of f W at 2 number of locauons along: the core when o

P

the drsplacement is unstable and/or unstabrhzed are not so easrly overcome As rt turns Qub :

o~

f ‘as a f uncuon of saturauon may be estrmated at a spec1f1c time, say. L, bv f ocusmg ona -

specrf ic saturatron profrle rather than a specrf ic locauon along the core ‘That rs a Lagrangran |

rather than an Eulerlan approach must be taken : el e




23 4 Dynamrc Method T ,»fl._*, o -

\I ' vrscous f0rces dommate even the unsteady state methods are mcapable of a true o

N K representatron f actual flow phenomena because external drtve methods assume that pressure =
i a&saturatton dtstrhutrons remain umf orm at all cross secuons of the linear pore body Sugh T

an assumpuon is noy, \ra\} if viscous fi mgers are present Thus accordmg to’ Rose[SQ] a

contmuous observatton of sat@attons;dunng a dtsplacement process asa f unctton of ttme and
: length of the core is needed ~to understand the d) namtc condtttons durmg the dlsplacernent He “_
suggested srmultaneous solutron of the Buckley Leverett equatton and the captllary pressure
N equauon of saturatron to. obtam dvnamtc relauve permeabrhtres But because Rose S soluw ‘

1s based on Buckley Leverett thﬁjy, and becaUSe such: soluttons seem mapproprtate in cases’
A ¥

where the drsplacement is unstable it becomes necessary to use- dtrectly the d1f f erenttal f orm .-

of Darcv s equatqpn for two- phase f low if one wants to obtain relattve permeabxltttes for. an
/ . .
unstable dtsplacement ~ln SO domg resort mu& be had to an averaged form of the f racuonal. v

flow curve as determmed f rom dynamrc saturatron prof 1les Thus this method will requrre e

]

both saturatron and pressure prof tles durrng dtsplacemem wrth respect 1o time: aad space
Usmg thts techmque Islam and Bentsen[Sl] shewed that whtle the dynamtc method g

s gave relatrve permeab11 ties srmrl&r to ‘those of the JBN method durmg stabthzed and stable

drsplacement thefa crepancy between relattve permeabrlmes f rom these- tWo methods was
‘ - .

srgmf icant in cases of unstabtltzed and unstableﬁrsplacement

-
‘.

A more recent study by Peters and Khatamar[52] also reports expenmental ewdence

srmrlar 10 that reported b) Islarn and Bentsen[Sl] But because Peter /s and Khataniar used the

JBN t‘nethod for therr unstable drsplacements it is doubtf ul whether their relauve permeabtlty X

curves represent the actual flow behavrour ‘
. NG :

.'\ o

2 3 5 Effects of Capillary and Viscous- Forces | o ', T !

Numerous studres have been reported m the: llterature pertammg 1o the ef. fects ol‘
dlf f erent parametrrc varxables on relauve permeabrltttes such as the effect of. gravrty and

caprllary forces the drreci‘ron of saturauon changes wettabthty pressure dtsplacement rate

- ?'

Coa



svrscosny rauo and Lemperature However m v:ew of‘ the hmued scope of the research

o O/bjecnves of this study thlS Teview w1]1 be resmcted to those studnes whnch pertam 10 the
,study of the ef fects of gravuy and capular) f orces on relauve permeabllmes

The effects of interf acxal tensmn on relatrve permeabxﬁues have been studled and

: mvesugated by several authors[53 54 55 56 57]ﬂ Most of these were studles armed at studvmg

k1

the ef f ect of mlerfacral tensxon on dxsplacement recover

Amaef ule and Handy[58] undertook a detarl&ﬁnvesngatlon of the eff ect, of mterfacral

' lension on rel‘anve per‘ abrhty The) reported that below an mterfaw tensron of 10 1

mN/m relauve permeabrlnv was a strong f uncnon of mterf ac 1 tension- whrle at hxgher
- . values of interfacial tensron relauve permeabrhtv was not af f ected Lef ebvre du Prey[59]
'mvestIgated the eff ects of capnllary and vrscous forces on hqmd hqurd relauve permeabllmes
Based on drmengonal analysrs he arrived at a drmensxonless number whrch was the rauo of

' caplllary 10 viscous Torces, (o/vy), where-v was the mean velocuy, u was the f luid vrscosuy_.

arid.a' wa's-the interf acial tensio{ between the fluids. Because this dimensionless number, also

sl called the ' caprllary nymber”, arose f’ rom dimensio‘nal ‘analysis. it was capable'only of

\ '.'descrrbmg f low drsplacemems at the mlcr@scoprc level Lefebvre du Prey f urther demonstrated

"'that for a comact angle in the Tange of O to 30 and a favourable vrscosrty rauo ‘of. one

[ 4

relauve permeabrlmes were ‘strong fi uncuons of his caﬁary number The, relauve permea‘orhly
3

"decreased as the va%of this capxllary number mcreased or, more srmpl) rf lhe caprllary
forces predommated Q S - T_. S L M ﬂ :,
’ The drmensronles&number suggested by Abrams[37] in 1975 took mto accoum the -
viscosity ratio m the case. of water -oil systems With the a1d~of of —h;drmensronless nurnber
“he was able to show that’ the absence of caprllary fbrces would‘ al]ow viscous forces to cause a
g AP m drsmbuuon of each phase 1r:' every caplllary 1n accordance wnh the saturauqc;)’nf*l
drsmbuuons of each phase Thus, the absence of caprllaﬁforces w1ll yield relative
_permeabilities havmg the form of twosymmemcal diagonal hnes mtersecung at 50% 5
saturauon as reporled by Bardon and Ldngeron[60] Because vrscous -f orce\have a

‘ homogenmng eff ect larger caplllanes result in a more umform saturauon distributien.

BT
. . . R L
g' . RN
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lt is: more usef ul to obtam a, captllary number that descnbes the. macro‘Scoprc rather
: . o=

'than mrcroscoprc behavrour of the ﬂurd dtstrrbutron and pertams 10 the parucular rock f lurd

: system Usmg mspecuonal analysrs Bentsen[36] obtamed a caprllary number (AC “O,/VLu“)
“which takes into account the area under the caprllarv pressure versus saturatron curve ( AC)

: ef fectlve permeabtlrty to water at 1rreduc1ble water saturatton (kwor) the length of the syslem i

'(L) the vrscosrty of drsplacmg phase say water (uw) and ﬂow velocrty (V) BecauSe o '

A Bentsen s eaprllary number mcorporates the area under the caprllary pressure versus saturatron

S curve-and the ef f ectrve permeabrlrty at the resrdual oll saturatron it takes mto account the '

a

rock- ﬂurd propemes in addmon to the l' low properues Theoretxcal consrderauons suggest th}j

~

| thrs caprllary number should be less than 0. Ol if the drsplacement is to be stabrlrzed

However practrcal consrderattoqs[42 51] suggest that a value of 0.01 may be oo restrrcttve
L{;'m\,‘y . . . ' -
_‘ 'ore realtstrc :

Studres relatmg the effects of vrscosrty ratro n relativ| & permeabrllty are contradrctory

‘ and that a value of captllary number less than 0. ;l may b

: Whrle some authors[59 61,62 63] report that vrscosrty "-ti' affect reIatrve permeabllrtres

| others[64 65 ;66,67] contend that it does not. Odeh[68] mve { ated the eff ect of vrscosrty ratr o

"on relatrve permeabrlmes usrng steady state methods l-le COncluded thatthe v1scosrty ratro

U

-had no effect on the wetting- phase relauve permeabrltty and also on the non wetttng phase

) relatrve perrneabrlrty for samples wrth very hrgh absolute permeabrlrty HoweVer studres ;

L . \

" -conducted wrth low-permeabrlrty sarhpl 4 mdrcated that the non- wettmg phase relative RN

) permeabrlrty was dtrectly proportronal the vrscosrty rauo Furthermore the ef f ect of

vrscosrty ratro was observed to be mor pronounced at the lowest non wettmg phase

R

saturatron ‘Odeh attnbuted thrs to the fact that a maxrmum caprllary eff ect: would arlse at .

Y

, lower wettmg phase saturatrons s e

, .
lt is mteresttng to note ‘that a large number of experrmental studres deahng wrth the .

‘ef fect of vrscosrty ratro on relatrve permeabrhtres are not only contradtctory. but are also
. o

mconcl’usrve Maybe t‘he argument put f orward by Handy and Datta[69] can of f er a possrble '

AN

| explanatrorr these contradrctrons They demonstrated that f or consoltdated porous medra
relattve perrhjabrlrty depended on whether the method used mcremental drsplacements leadmg



./""""

;to stall changes m saturations or macroscoprc drsplacements resultmg in large saturatron o

[N . ”

changes G e

ln a later stud) Slattery[?O] demonstrated that such an mcremental drsplacement -

-

would normally be a restrrcted 1mbtbmon dtSplacement resultmg m the entrapment of the

S e

. non- wettmg phase in the larger pores On the other hand a macroscoprc drsplacement of the :

+

-'nonv-.wettmg phase would result in tie ;entraprnent of the non-wettm_g pha_sern the_smaller

pores AR o e o R
Lm and Slattery[7l] later showed that the f’ ractron of the dtsplaced phase trapped and

S

stranded in pores depends ‘on’ both the vrscoslty ratio between the drsplacmg and displaced

phases and the magnrtude of the pr‘essure gradtent Hence relatrve permeabrlmes estimated

. usmg macroscoptc drsplacements would exhtbrt dependence on both the Wsmsrtv rauo and the

. pressure gradrent However in steady state drsplacements such dependence is not expected

\

“because the changes m saturauon are very slow. Hence thrs would result in a neglrgrble ef fect

- of. vrscosrty ramo and pressure gradrent as compared {0 the’ ef fect of,interf. acral tensron f or

. vsteady state dtsplacements That is, contradrctrons wrth respect 10 the exact nature~of the
“effects of vrsC‘osrt) ratro on relatrve permeabrlmes are. mevrtable Thrs isnot surprrsmg because

" most of thesé authors trred to study the mdrvrdual contrrbutton of each parameter rather than :

the combmed ef fects of the parameters makmg up a dimensionless group In reality, the flow :
f R

behaviour depends upon the simultaneous mteractron of a- number of £ orces.

A4

—

) »'\. Theref ore a Judrctous approach would be 10 utilize dtmensrénless groups, especrally

i

- thoge whrch are -the rattos of fé orces, to studv the eff’ ects of vrsco,us ca-prllarv and gravrtattonal

l‘ orces on relalrve permeabrlmes In this context parameters'f*udhaa; Bentsen 'S oaptllar)
L J

-

number[36] and- lnS[ablllt) number[Z] could be very. usef ul,ﬁ a.dvantage in usmg these _

>r?

.

i parameters is that ‘these numbers mcorporate most of the pertment par‘ameters Wrth the help:

of sucinumbers Islam and Bentsen[Sl] reported that*‘refattve permeabtlrty was mvanant only

_ when the flow regrme was stable and stabthzed In th§ ase of unstable ﬂow' eff ective

) permeabrlttv t0 011 varred not only wrth the flow rate btut also wrth the drstance along the:

N N

' length of 'the core whereas the eff ectrve permealﬁll’gy ‘to ‘water r\named invariant in all cases.




o ' Most xperrmental studres[Sl 64 72] conducted to mvesttgate thrs .;aspect report that because

' ..relatrve permeabrhty relatrons to contact angle changes was strongly af f ected by the o

- .'._2_()'

Y- . 5 < L S N .-. o o "“

' In thrs regard it-is to be noted that the drsplacements studred b) lslam ﬁld Bentsen[Sl] were

"‘m the 1mmedrate vromrty of the stabtlrt) boundary

A _‘2 3 6 Relatrve Per‘m\eabtltty Hysterests

l—lysteresrs in caprllary pressure 1s of ten observed when a change m the saturauon

‘- drrectron takes place, i.e. when the drsplacenéent drrectron is changed from the dramage to the, B

@

P g 1mbrbrtron drrectron By vrrtue of the f act that both caprllary pressure and the relatrve

°

permeabrhty curves are functrons of saturatlon ‘one would expect tof md a Stmrlar hysteresrs

\

‘ .".ef f ect in the regmve permeabtlmes should a change in the drrectton of sa-turatton take place

-

Ky

'the vfettthg phase relatrve permeabxhty is a functron of its own saturatton it was not lrkely to )

show any hysteresrs ef fect The non- wettmg phase however is. af f ected by the drrectlon of .

v-'.' ’,’,

" the saturatron change Durmg a drsplacement m the rmbrbmon drrectron lower relatrve '

permeablhtres are obtarned at any saturatlon A possrble explanatron for thrs behavrour ma)

) “'.»be that dunng a drsplacement m the 1mbrbrtton drrectron more and more non wettmg phase

becomes drsconnected and as a conseqyence bypassmg m the larger captllanes takés

. plaCe[73] In‘the drsplacement in-the- dramage drrect1on however all the non- wetmg phase

“ae

remains contmuous '

‘ McCaf ferv and Benruon[74] obsgrved no, srgmf rcant hlSlOl‘) dependence.m relatrve
permeabrlrty measurements under strongly wet condmons However when the contact angle
.was mcreased a consrstent shrl‘ t in relatrjve pe'rmeabrhttes to both phases was fbund for a

pOrous medrum con}lrmng an rnmal rrreducrble saturatron of the dtsplacrng phase ln dramage_

o experrments ‘they. found that the relatrve permeabrht) curves were lrttle af fected when _the

contact angle varred f rom 180 degrees to 90 degrees 'l'hey showed that the sensrtrvrty of the

.', \

saturatron hrstory of the core Thrs agrees w1th an earlrer study by Morrow et al [75] wherem !

" t was suggested that any small decrease in. relatrve permeabrlrty because of an mcrease m the ’

&

L contact angle may be due to the eurvature relaxatton at the flurd l'lurd mterf aces Such a o _‘

. . B . . o e



" phenomenon; according to Morrow et a/[15],.is saturation history dependent.

2.4 Capll’lary Pressure o \l' .. ', . -

”

Accordmg to0. Bass[76] caprllary pressure can be regarded as af orce per umt area

.resultmg f rom the mteracuon of the surface forces and the geometr) of the medrum m whrch }
4

) they exist. Caprllarv pre’ssure by def mmon can be also regarded as a. measure of the
’ <Q @ ERR
_ curvature betWeen two [ lurd ‘phases in a porous medxum ‘and it depends upon several f actors

.

' notably 1) Lexture and wettabrlrty of the porous medrum u) the mterf acral tensron between

je f! lurds m) saturauon drstrrbutron of the f. lurds and iv) the manner in Wthh the
/

saturations were attamed Thus f ora grven parr of rmmrscxble ﬂurds m a partrcular porous

7
medxum caprllary pressure is a unrque function of flurd saturauon

.

Caprllary pressure versursaturauon curves are wrdely used in- the petroleum mdustry

-

o study Tluid drstrrbuuons in the f ormauon to esumare s‘aturatlons determme Wettabrlrt)

~ and to study the mterconnectrvrty of the pores in the f ormatron These curves also represent
S

S ¢ an experrmental correlauon of the pressure drf ference between the two phases at equrhbrrum

’ _‘ in'a porous medlum Snexder et al. [77] observed that the shape of caprllar,) \pressure curves is a

"

function of the rock type, wrth f ne- gramed rocks ha\mg hrgher caprllary pressure ata . o
’ . . )‘
o _ - . _ o
particular. saturation.  , . : L - ~
) o

= . . . . e

T :.‘..‘""2 4.1 Laborator) Methods to \’leasure Caplllar) Pressure ‘ _4_/ ' .f‘-'.'.-.~.~ o

Although one of the earlrest caprllar) pressure experlments reported in the hterature

" was carrred out by Levereu[78] in 1941 his method drd not gain wide’ acceptance because of

several expenmemal constramts Leverett used a long ver‘ al.-unconsolrdated sand pack for -~
'hrs experrments but core samples avarlable f or Iaborator:v studies’ are usually small and can,

be onl) ) tamed in small sectrons As a consequence it wkould not be possrble to carrv out |
dramage experrments srmrlar to thOSe carried out by Leverett[78]. Therefore several other .

'methods have. been proposed by varrous authors These rnethods can be classif red mto the

. f ollowmg five categonfs/g) restored state method of Bruce and Welge[77} n)

\

" .



'-Ikmercury mJecnon mj(hod proposed bv Purcell[80] u-r) centnf uge method developed bv Slobod

g et al [81] rv)ﬂynamrc caprllary pressure merﬁod by Brown[82] and v) evaporauon method
‘proposed by Messer[83] Among them the evaporatron method whrch mvolves contmuous e

';'momtonng of: the decrease m the werght of the wetung flurd content due to- evaporauon ina

[
core mtrally saturated with 100% of the wetung ﬂurd has seldom been reported m lrterature

e

As a consequence thrs method wrll not be drscussed here.

»

All ol‘ the above methods were proposed bef ore’ the early 19505 Smce then numerous |

L4

'studres pertammg 10 the measurement of caprllary pressures have been reported in the

hterature ‘In essence the methods an‘

v "'fsrmrlar to those proposed by. the proneermg authors consequently a detarled revrew of these .

. \

_studxes wrll be avorded o S % R
2 _2 4 l 1 Restored State Method o : o e

' _-;i o 'l‘he resrored srate 'nethod also lmown as the desaturatron OF drsplacement and
porous membrane merhod was developed by Bru,ce and Welge[79] 1{\ 1951 The method L
© uses a permeable membrane of umf orm pore srze drstrrbuuon such that the drsplacr‘

f lurd wrll not penetrale through the draphragm untrl a certam thresholdpressure is

o,

penettate the membrane As 2 consequence *the caprllaﬂ pressufe rdqurred to penetrare
-the membrane was much hrgher than any pressure apph‘ }n thérr expcrlmem Durmg

' “the expenmenl the applred pressure was mcreased in small mcrements and the system

. iy . o

5 was then allowed to reach equrlrbnum before a readmg of the correspondmg saturauon } :
of the wettrng phase was made Because\,trc equrhbrlum ha; to be attamed bef ore a o
-readmgnar a partrcular pressure Can be taken (thrs method 1s very ume cons‘ummg, .of ten

1t takes several weeks {o generate a smgle ,caprllary pressure c.‘urVG f or a parucular rock -

g,..

f‘lurd system Bruce and Welge measured the resrdual water preersely at the end of Lhe
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- 2 4 1.2 Mercury anectron Method . . \ ‘,“f" g
'%r A The mercurv mJecuon method to. measure caplllary pressure was proposed by

“

.' Purcell{80] in 1949 In ‘this. techntque mercury a non wettmg flurd is mJected under :

ﬁ;’kgssure 1nto an evacuated core san;ple The me% vapor together wrth any resrdual
gas present acts as the wettmg ﬂurd Because ‘this method does not need any
. ‘. o \ : -membrane much htgher presgure% Tan be apphed Furthermore equthbrrum in pressure
| ..1s attamed raprdly, thus enhancmg the speed of ‘the expertments The method has
) however two se(rtous hmrtauons Frrst because mercury 1s bemg used 1t does not take
‘into’ account the actual wettmg characterlsucs of the flulds present in the f ormatron
, ApprOprtate conversron factots need 1£9] be apphed to make use of the capruary pressure :
: data obtamed by thls method in a partlcular rock f'lurd system The second hmltatton is -
: \

that the rock sample used f or the experrment cannot, be reused to obtam reproducxble

. \ .
. 'results Thus the rock sample 1s permanently lost af ter a mercury injection expertment

.1‘ -

241 3 Centrlfuge Method S R S B .
Although the centrrfuge techmque was used to study small -core plugs by
: ‘McCullOugh et al.[84]) and Hassler and Br'unner[85] 1t was -Slobod &t aI {81] who were -

the fi nst o conduct elaborate expenmental studles to obtain caprllary pressure data

t
advantages Thev are 1) rapid estabhshment of equthbrlum thereby cuttmg down

'experrmental ume srgmf 1cantly i) excellent precrston v1eldmg reproducrble results iii)
'avarlabrltty of high pressure drf f erence between the phases iv) srmple operattonal
procedure and v) ahrhty 1o establish connate water saturatton
Slobod et al. compared their data with those obtamed usmg the restored state
' % 'r/nethod and obtamed excellent agreement. Further hke the Testored- state method the

centrtf uge. method also took into account actual wettmg charactenstrcs of the flurds

& The mam dtsadvantage of this method was that the centrrf , ' ed"a‘long the -
. ‘S B i )

length of the sample ‘and lhlS was not accounted for m the t




24 2 Caprllary Pressure Hysteresrs IR &

AR .'

‘ Brown[82] was. the f ll’Sl author to propose a method to measure dynamtc '
; captllary pressure ina stead) state flow expenment The experrmental technrque he used
-'washa modrf‘t‘catxon of the techmque developed by Hassler[86] ro measure relatrve f .
“_';permeabxhttes thh the help of specral wetted dtsks he measured pressures in. each
: vphase and then reported the diff erence. between the pressures as the dynﬁrc caprllary
_pressure %owmg e@l measurement of the caprllar) pressure the saturatton of the
' _flurds was varred and another measurement was made Thus, he obtatned a captllary .
: pressure curve over the entrre range of\saturattons He reported good agreement p
B between the captllary pre;sureodata obtamed usmg the dynamrc method and that o |
.obtamed usmg the restore& state‘ method Based on such good agreement Brown

concluded thSt use of restored state (e statrc) caprllary data was vahd m dynamrc

o |
w _srtuattons of flurd f low.

No one, to the author s knoWIedge has reported on the appltcatron of the
o dynamtc caprllary pressure method to unsteady state laboratory experrrnents In :
7summary 1t has been noted f rom studtes in the lrterature that in sptte (tf the long
experrmental ttme requrred the restored state method is consrdered a’simple and yet
reliable method to measure captllary pressure Often thrs method lS regarded as a

"standard method to whrch all other methods are compared

P

-?

‘13. . . B ° .
Captllary pressure curves exhabrt h)steresrs due/to therr dependency on the drrectton ol‘( :

; ‘.'.'isattn'atton change 1n the porous medtum dramage or tmbrbmon Hysteresrs m captllary .

pressure curves can be regarded asa measure of the sh‘ape of the fluid mterf aees and thc

degree of. 1nterconnectedness along the drrectton of saturatton change[87]

. ' (( ;
o pressure can be regarded also asa functton. of the drf f erence between the advancmg and S

' recedlng:contact angles

,«"

Because the dtrectron of saturatron change s dependent on the contact angle captllary ;

.','

. t rmg a dramage process (recednfg contact angle) dtsplacement frrst'_,



S 2s

. T
‘v‘\. .
»

o takes place in the larger pores and then in the smaller pores As a consequence some

non wettmg f lutd remams trapped in smaller pores Thts behavrour of caprllary(retentron in ’
: the smaller pores 1llustrates why the caplllary pressure corresponds to a higher saturatron on
'the dramage curve. In the case of an 1mb1bmon process (advancrng contact angle) l‘lurd in
" . the smaller pores gets drsplaced f 1rst ThlS leads to a lower caplllary pressure for the ‘

‘ orrespondmg saturatron in| an 1mb1bmon pr0cess "The dramage captllary pressure curve exrsts '
'over a larger range of saturauomthan does the caprllary pressure curve obtamed dur{ng an’

-~

rmbrbmon process Ina more recent study, Morrow[88] reported that the pore geometry ma) .

also cause hysteresrs m capxllary pressure curves even when the contact angle is zero
The m’ost thorough study on thrs phenomenon has been reported by Krlhns et al. [89]
. _They carned out extenswe caprllary pressure s,tudres usmg consohdated s%stone samples .

’ under both oil- -wet. and water- wet condmons They observed that the slope of the captllary
B pressure curve wasa f uncuon of the pore srze drstnbutron in the rock sample The rock

1

‘ samples with a more untf orm,pore srze distribution yrelded flatter caprllar) pressure curves.

. v,
i <

25 Mtcrowave Theory B . o e '-‘.'

A revxew of mrcrowave theory is avarlable in the 11terature[90 91, 92 93 94]
'Consequently only a brrel’ revrew of the subJect is presented here Mtcrowaves are 3
electromagnetrc waves of smaller wavelengths (30cm to lcm) m the f requency spectrum of 1
' _:GHz 10 30 GHz[92] meg 10 thetr small wavelengths the phase vanes wrth drstance as a
consequence it is necessary to analyse the c1rcu1t of the components in terms of electrrcal and'j.
magneuc l" 1elds assocrated wrth them Compared 10 medtum wave short wave and: VHF‘
mlcrowaves have a rnuch larger band width and, hence need relattvely smaller antenna srzes
f ora verv sharp radrated beam —Mtcrowave srgnals penetrate most non- conductors and,. hke
. 'hght propagate ina strarght line, Because conductors are’ opaque 1o mxcrowaves they are.
used 10 contam and gurde mrcrowaves[94] Insulators on the other hand ref'lect and transmlt

mrcrowaves Consequently they’ are regarded as betng transpar‘ 1crowaves Drelectrrcs

- are the other Ppe of materral whrch absorb mrcrowayes and are char' 'rlz.ed 'by therr, low-
. i . . 3 )
Al ®



electricalfcbnduct'_ivity in comparison to thatof a‘metal. "~ ;-

. 5 1 Dtelectnc Behavroup L L /

Dtelectrtc permtttmty is one of the prmcnpal f actors whtch determme propagauon of
electromagnettc waves tn matertals and tt is proporttonal 0 the electrtc dtpole moment per
umt volume An electnc dtpole is: def tned asa patr of elel trtc charges equal in sxze but
opposrte m 51gn whtle the dtpole moment 1s the: product of one of the two charges and?the |
" dtstance between the charges The dtpole moment ‘in tufn is affeCted by electromc 1on1c

>

' tnterf acial and dtpolar charactertsttcs The contrrbuuon due Q electronic charactensttcs lS

. _ _basrcally in the form of electron clouds and it occurs at opttcal frequencles[91] Iomc and

e

-

meamal contrtbuttons come f rom dtsplacement and movement ‘of ions and theref ore, are -
'confrned to low T uencres The drpolar contrtbutton lS due to permanent electrtc dtpoles
elves in the dtrecuon of an apphed f teld Freedom of movement of a dtpole'._’-‘-

. l
ctor 1n determmmg its contrtbuuon For tnstance m 1ce the frequency e

) lS a very 1mportant
due 10 the dtpolar moment is of the order of a few. kHz whtle in water at room temperature
. ;it is of the order of 15-17 GHZ. Water lS one of the_very‘ f ew r_nater_tals .present :abun_dan_tly_- t_n_. i
N 'nature whtch has permanent electrrc dtpoles | | L o ._ :
The dtelectrtc constant is def med as the rauo of the strength of an electrtcal f 1eld m a S
' i 'vacuum to that in the dtelectrtc for the same dtstrtbutton of charge Thus the dtelectnc ,

| constant or 'relative permttthty as 1t 1s commonlt called isa ratto ( e/eo where ¢ is the
'1perm1tt1v1ty or the dteletrtc constant in f ree space ie. vacuum) The relative dtelectnc

constant in lIS dtmenStonless f orm 1s commonly used The sy mbol is pnmed when vartatton of -

. ! \ a' i
. the dtelectrtc constant may occur with frequency However the dtelecmc constant is usu@lly

¥

expressed wrth ref erence to that of atr whtch is equal to one and a htgh dtelectrrc constant ts |

--usually assocrated with polar compounds such as water B

Thus 1t 1s evrdent f rom the precedmg dtscussron that water bemg a dtpolar substance

' strongly absorbs nncrowaves A water molecule contatns‘a postttve and a negattve chargc

‘When an electrtc f 1eld is apphed molecules tend to ahgn themselves in the dtrectton of the




e

: applred f 1eld If the frequcncy of the applred freld is hrgh enough (1 GHz ro 120 GHz) that

fr

: the drpolar molecules are no- longer able to: keep pace wrth changes of the applred f 1eld @ lag

o between drpolar rotatron and change m lhe\apphed f 1eld occurs As a consequ?ce the

', mrcrowaves are attenualed and. the drelecmc under the applled figld is heated. » @ vl o
| } Mrcrowaves respond drf f erently to polar and non polar :ktances Consequemly, ;, |
lhey may be used to dxsungursh a polar substance such as water from awnon polar substance
such as onl or gas. The effect of salmuy is neghgxble ar f requencres encountered in the . |
‘mrcrowave f requency spectrum In this study a mrcrowave f requency of 27 GHz in the Ka
_l -band (26. 5 40 GHz) 'was chosen because maxrmum attenuation of the mrcrowave srgnal by

Yo

lhe.water is achreved at this frequency.



L)

. f unctron used m hrs analysrs was mapproprrate

' ¢ drsplacements rnay not be vahd m un ble: drsplacements ThlS can be at,trrbuted 10 two " '@,l_

'creasons f rrst durtng an’ unstable dtsplaeement v:sgous f orces are qurte large compared to ‘--'.'-fl'

3 STATEME'\'T OF THE PROBLEM AND OBJECI' IVES

Two maJor observatrons can be mac?‘f rom the precedmg drscussron Frrst rt is-

ot

evrdent f rom the lrterature that the 1mm1sc1ble drsplacement of one flurd by another in a

o
At : .S,

porous meduim is erther stable or unstable and that the nature of such drsplacement rs

© dietated by the balance exrstmg among vrscous caprllary and gravrtatronal f orces. The o “ o

f oregomg drscussron also points to the f act that most f 1eld drsplacements are unstable 'l'hrs @

emphasrzes the rmportanee of mstabrhty ana]ysrs 1o determme whether a drsplacement process

'would be successful or not RIS f ' g (

Although a large number of studres pertammg to 1nstabtlrty analysrs ol‘ drsplacement

: 'processes have been reported in- the lrterature only a few address the problem of mstabrlrty of

¥

1mmrsc1b1e drsplacements wrth specral ref erence to f; reld srtuatrons Noteworthy among them -

are the recent studres by Peters and Flock[l] and Bentsen[z] at the Umve'rsrty of Alberta

Peters and Flock were the first authors to t’ombme diff erent parametrre vanables rnto a

‘ drmensronless group to predrct the onset of 1nstabrlxty, and to recogmze the rmportance of t.l'\

e system drmensrons wrth respect to the stabrlrtv analysrs However for reasons drscussed '\ .
.earlrer therr analysrs 1s mcapable of determmmg completely how the rock flutd propertres S
i af fect the stabrhty crrterion Bentsen[2] overcame thts hmrt'atron by usmg ah analysrs based on

: the concept of a f orce’potentral However it was demonstrated[B] that the non- hnear trme

é

The second maJor observatron 1s that because most f 1eld dtsplacements are unstable

'the conventronal relatronshrps for relatrve peﬁneabrhtv and caprllary pressure Wthh are
usually apphed to stable drsplacements may not be applrcable Theref ore the Steady state and

- -t the unsteady state or external drwe methods, whrch are vahd m stable and stabrlrzed

v

Y

v

: caprllary forces and second pressure and saturatron drstnbutrons no longer remar un l’ orm
~at all cross sectrons in such a drsplacement Hence relauve permeabrlmes esumate usmg an

- external drrve rnethod wrll most lrkely f arl 10. descnbe the aetual flow phenomena taklng place
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A

(RN

: t;

‘ m an unstable drsplacementf

The conventronal equrlrbrrum caplllary pressure curve is apphcable only &hen the

drsplacemem is stable In an unstable dlsplacement m whrch vrscous forces predomrnate over L

*

caprllary £ orces the drstrrbutron of non- wetling’ and wettmg phases wn.hrn the porous medrum

s srgmf rcantly drf fe erent thanina: stable drsplacement Theref ore one would expect that a: S

caprllary pressure curve obtamed under equrlrbnum condmons may not be vahd f or an '

. unstable drsplacement process Bentsen[26] suggests that when tbp drsplacement 1s unstable

the caplllary pressure is drctated by the macroscoprc curvature of the viscous fmger and not

by the local pore: structure as rs the case m stable drsplacements lt 1s theref ore- necessary to

experrmentally verrf y thrs concepl of non equlhbnum or dynamrc caprllary pressure under

LN ) o
unstable f‘Iow condmons - »\‘_. e ‘

¥
- Thus, the obJectrves of thrs srudy were two -fold. The frrst obJeé)trve was to modrfy

-the theory deve]oped by Bentseanl so as to tnclude a lmear tlme f unctron[4 95] and then to

venf y the modrf 1ed theory expenmentally in rectangular systems for stable drsplacements The' '

second ob)ecuve was to valrdate of the concepts of relatrve eermeablhtv and captllary pressure‘ IS

in unstable drsplacements ln order 10 meet thrs obJecuve it was necessary to develop a .

modrf 1ed external dnve techmque suxt'able for both unstabrhged and unstable dtsplacements
P S o - LS 5o SN

Moreov,er it was necessar\ to develop approprtate f unctrona} f orms to f,'rt cumulatwe orl and _‘

pressure drOp hlSlOI‘leS

’e : . ~

Af urther goa] of [hlS stud\ was to develop a method to measure caprllary pressure
under dy nar‘mc condmons and vahdate it. experrmentally by comparmg the dynamrc caprllary

pressures wuh those using a standard (equrlrbrrum) method. o _ﬁ' o

¥

Another goal of thrs study was to redesrgn the equxpment taking intg account the
. @ * /
shortcommgs experrenced by prevrous expenmenters[42 51] and to develop a more,ef ficient-

data acqmsmon svstem v R o RV




4:1 Modification of Stability Theor, .~ - -7~
a

"4lllntroductlon S \

] _' 4. THEORY e

S

Most secondary recovery schemes mvolve the dtsplacement of one flutd by another

‘ ‘r"l‘he success of such schemes may depend upon whether the dtsplacemem rs stable Or. unstable
’ Thr.gi it'is of mterest to be able to predrct the boundary whtch separates stable dtsplacern.ents

-from those whrch are unstable Whrleta theory has been developed for thts purpose[Z] the :

’ Ve 5

1o demonstrate how the theory developed m Ref erence 2 can be modrf 1ed so as to mclude a:

lmear time functron ', L ‘;;,

To determrne whether a perturbatron of the mterf ace separatmg water from oxl wrll

: grow one must be able: to sbecrf y the potenttal on each srde%f the drsturbed mterf ace Sueh

poten-trals arrse out--of‘ the: o0 trrbutron of three f orces gravrtatronal Vtscous and caprllary‘

L The contrrbutron of gravnatronal and vrscous f orces is readrly determmed[Z] However rn : 5

non- lrnear trme f unctron used m that theory is mapproprrate[3] The purpose of thrs sectron is

order 10 determtneythe contrtbutron of the caprllary fe orces one must be able ta- predrct how '

Canle

'the boundary whxch separates the water from the orl evolves over trme The‘approach taken

‘?#1 B

“of such a surkace. Then the solutron to thrs dtf ferentral equatron is used 1o determme thc

i

.contrrbutton of the caprllary forces to the potenhal Because this enables specrf 1cat10n of the

f orce potentral f or the water on the orl side and on the water side: of the mterf ace, one can B

—_——

’ defme the perturbatron potentral for the water as berng the dtl‘ ference between these two

-

'-law gtves the perturbatron velocrty f or a water f mger A §tmrlar approach is taken to

' :::_- -determrne the perturbatron veloc;ty f or an orl f mger ’l'he detarls of thrs approach together

' v .iwrth addttronal results obtamed wrth th's theory, are,preserfted in the f ollowmg secttons

.%

-

' ~here¢ g‘ _‘develop f rom ftrst prrncrples the dlf ferentral equatron Whlch descrrbes the evolutton . "

.

o 'potentrals Thts perturbatron potenttal when combmed wrth the approprtate f orm of Darcy s



4. 1 2 Capillar) Pressure Potentral

assumpttons are mtroduced I

To determme the captllary pressure pptenttal it'is necessary ;o know how tp{

~

b0undary «E whrch s‘eparates the penetra.tmg f'lurd from the drsplaced ﬂuid evolves as the

'amphtude of the surf ace mcreases m magmtude The theoretrcal predrcnon of such a\f,surfa& 4

e
£

. is not an easy task f or. two reasons First, the surf ace separatmg the penetratmg water f rom

the’ dtsplaced gtl is not sharp Ratjter there is a transmon zone (captllar) frmge) separatmg

’Jthe water from the onl Second the potenttal drstnbutxons on each s1de of the mterf ace will, m

general change as the surf ace (transmon zone) moves through the porous medmm lf such is
the case the potenttal dtstrtbuttons must be determmed srmultaneously wrth (. an approach
whrch poses great d1f f rcultles Thus, in order to make the problem tractable some srmphf vmg
When unstable drsplacements are conducted in the 1mmedtate v1c1mty of the stabtht)
,boundary only one or two water fingers propagate. Secttonmg of the sandpack m whtch such -

dtsplacements have been conducted reveals that the water fi mgers are usuallv almost circular,

and that 1f ofily orie fmger is prg gatmg. its drameter is- about one—half of that of the

,‘ _,_sandpack[l Sj Moreover the trans;tton zone (captllary frmge) separatmg the water £ Tom the :

t

oﬂ is relattvely small When compared to the dtameter of the f mger[96] Thts suggests that it

¢ may be possrble w1thout mtroducrng srgntf icant error, 1o replace the tran‘sltlon zone by a -

N

sharp, macr05coptc mterf ace to Wthh pressure drsc}ntmumes are assrgned and up 0 Wthh
the relattvel\ umf orm saturattOn and flow condmons prevarhng outsxde the transmon zone are
extrapolated Gtven the vahdtty of mtroducmg such a pseudosurf ace, the pseudomterf acral
tensron assoctated v‘th the' pseudosurf ace may. be,estlmated usmg some recently developed |
theory[26] - | o o R
To avoid the. drf f tculty of solvmg srmultaneously f or ¢ and the potentral dtstrrbutlon

"

.on either snde of .the mterf ace, 1t is assumed that the -potenttals rnay be specrf:ed a prrorr

- Then the two—dtmensronal pseudosurface separatmgﬂxe two flurds may be determmed by

undertakmg a summatton of the normal f orces actmg on a dtff erentral element of the surface.

If 1t is supposed that the f orce due to acceleratton may be neglected the approprtate

- - - L ' R ' -0 . . o ”h o

il
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e

drf ferenna] equauon descrréng the evolunon of the. surface may be shown 1o be (seeg

B

v Appendrx A)
e ee['aA (ai?;)?_, + ,.a (G ’°1 4 (Pc“(x.y D), = g,

. "where (& “(x,y,z))o grves rhe drsplacemem of any pomt on the surf ace as a funcuon of lhe R

amplrtude of the. surf ace, z, and where oe s the pseudomterfacral tensron The pressure

-drf f erence across the surf ace,’ (PC\,,(x ¥,2))o. may be vrewed as a f orce functron Moreover

'

when dmded bv Py: it 1s by def mmon the caprllary pressure potenual lmplrcu in- the .

'-‘iwmmg of Equatron 1is the assumptron that both (a(z“)o/ax) and (9( &, )o/ag) are much

smaller than 1, and that oe rs mdependent of location on the surf ace

-

4.1.3 M'acroscoprc Caprllary Pressure

in order 10 def me the macroscoprc caprllary pressure, (PC“ )o. ONE must: be, ableto-

specrf y the perturbatron potentral (<l>‘)o The perturbauon potenual of the warer m the regron'f

- where the oil is ﬂowmg is. def ined by[2]

‘(<I>;,)0- ' —-——p gz cosa 4

o 8

¥

and

(«bo)o By +

w )i 3B '(¢0)§ are defined; ré-_spei:tively,' by:

(Podo | P() (D
Py o Pw
4 .
3
iy



[ K

If u is assumed that on’ the mterf ace v“z = v(,z =V, and 1f itis- supposed that k“or

) and kow\ are mdependem of z, and 1f the mtegrauon is camed out f or f 1xed values of X and y .

. be shown that (<I> )“ and (4> )0 may also be defmed respecuvel) by

Equauons 3 and 4. rnay be ml,egraled wnh rcspect to zZ. By undertakmg thxs mtegrauon -t may

3

(4>>“—¢m--k (Bdo R O
) uor W . . . e
2
and : . .
A
(d) )o = ?ox ) (E Jo S _ ' e (6). %
2 om . o ) ° : . -
. where <i>“,(>‘ V) 1s the mmafvalue pf the potenual in the water on the water sxde of the
, Sy
‘ mtcrface and <I>°,(x y) is the 1nma1 value of the potennal in the 011 on the oil sxde of the
int rface o . _
lf Equauoni 5 and 6 are mtroduced into Equat/lon 2, and if it is kept in mmd that
) Equahon 2 penams to each pomt on the mterf ate, 1t may be demonstrated after some
( . . A
mampulauon, that ‘ : 4 .
. 1. v ) -
(®i)o= - e [ l:L“ M-1- g) (E\\)o = (Pcu)o] + (po oi T p“¢“1+P (t)) (7
v wor
‘here
. -
M= —Sorfo . : : 8) -
e Ko | E v . / _ . :( )
and

N, = AP g Kwor COSQ



*

At zero drsplacement of the mlerf ace, the surf ace is plane As a conseque.nce the pressure

drf ference acro;s u should be zero Thus rf it is assumed that (Pc“)0 is 2et0 at zero . -
. 4

drsplacemem of the rmerfa.ce it f ollows that

. ) Ch- ) L e IR

L

. ,(“é\k'(Z:O)-)o'; 'T[Po“bor = b by + P(D)] R - (10}
Moreover 1f the roots of the. vrscous f mgers are to remairr f 1xed in- the surf ace whrch mrually

separates the oil f rom the water it 1s necessary that (<l>‘(z 0))o equal zero Thus if such lS

“the case, Pc(t) is defmed by ST I R
. Pe(t) = - (Po ¥oi ~ Puw Pur) - S S ' ( ' '.b,(fll)'

That is to say, Pc(t) may be mterpreted except f or ‘thé neganve srg s bqug the pressure

drff erence Wthh exrsted across the pseudosrgface pnor to its hemg perturbed The negauve

sxgn enters the analysrs because f‘or a. water—wet porous medrum a: reversal in srgn of the

radrus of curvature takes place once ‘a vrscous fi mger is mlualed ‘
L]

The number of vrscous fi mgers propagatrng depends on the mode numbers m. and mj -
(see Equatrons 2} and 22). 1t sometrmes ‘happen that, durmg the course of a drsplacemem
: the number of fi mgers propagatmg decreases by one or more Thal is, a change in mode takes
place When propagatrng vrscj)us fi mgers shrf t from’ one mode to the next; the roots of the B |
fi mgers no longer remain fixed: irr the surf ace whrch mmally separated the orl f rom the water

In order 10. be able to drscuss how such shif ts m phase take place at least qualnauvel) 11 1s

supposed that when a phase shrf t takes place Pc(t) is. proporuonal to the mmal drf f er&h& in

‘» 4
pressure across the mterface that is; that o B g
- - e '. J
b4 ‘ . . ‘ . -
c(t) == C(po 0i.~ Pw wr) 12),

©where C is the constant of proportionality. The introduction of. Equation 13"into Equation'7

o



yt'ie"élsgfor:-the.iper.turbatio;t potential of the water, R "
AR = - — [——'(M N ) (E )o _ (Pcu)o] + . (po 9 ° pw wi) . ge )

R

P kyor
ln order to develop the equauon whrch defmes the surf ace separatmg the. water f rom
the orl 1t 1s necessary tb’ assume thar the 0015 of the vrscous f mgers remarn f rxed in the

surf ace whxch mmally separated the orl from the water For the roots to remam fxx,ed it 1s

‘ necessar‘y that the mmal permrbatron velocmes in the X and y drrecttons be 2€10. “This can be

ne
\

achleved by settmg C equal to- one Thus rf the constantv of proportronahty C is assumed 10

be equal to one, Equanon 13 -may be revrsed 10 read

Cow

kwor -

p“(d)‘;)o :_V_. (M— 1 —N )(E\\)o + (Pc\\)o l ) o ' (14)_’_

. 4' :

Fquatron 14 def ines.the pressure drf f erence acros‘s the pseudosurf ace whlch pertams at a grven

7
dxsplaeement of tl’te su-rface (E )o If the normal f orces acung onfthe surface were in

)

balance, the perturbauonspOtentral would be zero ‘énd consequently, the equrhbnum pressure
AR _

dlf f erence across the mterf ace would be def me‘di&,@ e © '

R Howe\‘er if a/wscous fi mger i€ propagatmg the f orces actmg on the surface wrll not be in
. " w,r O

balance Rather the pressur,é dtf ference across the mterf ace will be slrghtly smaller than the

~ (,pc‘,\\')koe = ;:“ -
. M ‘. . ‘ - }.or

ethbrrum macroscop;g mpﬁlary pressure (Pc“)oe The actual relatronshrp between the
d\namrc and the’ e tlfbrrunr caprllary pressure is not known However assummg that the
actual (dy namre’)' eaprllary pressnre ts prqportronal o 1ts equrlrbrrum value makes it p0551ble '
to esttmate the actual pressure drop across the mterface the sxze of the propagatmg l‘mgers
and the velocnty at whrch they propagate Consequently “this a-pproach is taken here. That is,

it 1s/assumed that the macroscoprc caplllary pressure is def 1ned by '

7
P



wm)o rﬂl—“—“f(m 1-1 g)(e )o :

k\\or

' _where B(M) 1s the constam of propomonaluy Note that assummg (Pc“ )0 1s proporuonal to '

‘ '(Pc“ )oe tmplxc:tly assumes that B ma f uncuon of M (see Equauon 54)

< e . i ‘> s

: . . P & . . L , A ‘«,‘.’;
) . o , C EE -

W A

- 4.1. 4 Equatlon for Pseudosurface

':L,

-' or If Equauon 16 1s assumed to, def 1‘% the macroSpoélc caplllar\* pressure (f orce

J,x

' functxon) (Pcw(x y, Z))o. Equatlon 1 may be written as _ « .i e :

s ) . "y

e s, PR .o . B I R ! R

‘4"‘. . Lo i T k : RN

‘ - .azvl(f.'\,\';)‘o" 32(_:;5-“";)0 Bv.(M) it V . (B =i
o : ,axz =3 Sy + e kyor ‘(M Ng) ;(»LE“V')O =0

—~
~J
T

.:9;4"._
PRI

. -

e
- f" /

7 'Then, if'on_e;d‘ef'i_rgés |

“
Souvay
»

BW(M) b :' R .
Oe' k»\or R

it follows that e

Bt | k) N e T
Bk ay29 £ 7“2 kdo=0 T 09

s _
.-Equauon 19, Wh]Ch is known as the Helmholtz equanon[97] is- the def mmg equauon f or me

surface (E )0 It should be noted that the only reqmremem on (?w)o, if it is to be a soluuon
| _to Equauon 19, 1s that the surf ace be. penbcllc m the x and y dxrecuons[98] | Ly '_:
/ R .

T-hg solution to Equanon 19 wxll, take thp f _or“m[l..Z], ‘

(Bu)o = Tw COSOXCOSaygY: % = o Tt (0)
- ey . N . : o . . ) ‘- o -

where ' S



.where water is ﬁowing may be defined .by[2]

'41“.,‘1’.‘“‘"‘4_—_.'__,'2h.-‘ Ty Wy

PO

T T Ty Db

“and where z,., the amplitude of a water finger, is supposed to be a f unction of time. - -

- 4 l .5 Perturbatlon Velocmes

, /Bef ore denvmg the equauons for the perturbauon velocmes 11 1s necessary to revise

) the def ining equauons for macroscoplc capxllary pressure Thus 1f Equatlon 18 is 1mroduced

.- i fflowmg may be defmed by

o

~

G Radem o (de ey

A similar approach may be taken,to show that the macroscopic capillary pressure in the region

——

} (Pco)-\\" ="°e702(gq)w .. A " - : ‘ . = o _l (24)

* By combining Darcy's law with Equations 13 and 23, the perturbation velocities in the

X, y and z directions in the region where the oil is-flowing may be shown 1o be.

(vax)o (£w)o

H'

o C (V‘:y)o y ] . .

mrontr o no o gy

4

- 'mto Equauon 16, n follows that macroscoplc capxllary pressure m the reglon where the oxl is ' -

—(cx-1>[v<M—1— g)—“.—_°*-oe'y“-2]—ea—“—' @
tw X ' R :

- (‘Cyf-'l) [V(M— 1._ g) \\or . c?,.“ ]a_(f_)_o_ o S (26)

- M Yt Ye _ T S '(fzi-)'



. and’ o
(szmé [V(M - 1 £ N 8) _.‘A-u oeYuzl 3(5 )ov S o (27) L

et

ol In derxvmg Equatrons 25 an 26, advantage was taken of the f act Lhal both (\ x)o an& (v“))o
’ o

must be 1dentu§xlly equal to zero rf the root of a vrscous fi mger xs 10 remam f 1xed m the S

‘surf ace whrch mmally separated lhe onl f rom' the water That 1s 1f no. phase shift: t 1s takmg

place both Cx and Cy must be 1dent1cally equal to one.. If however a vrscous f inger begms tof_' T

' 'shxft from one mode to the next both Cy. and Cy wxll drffer from one. Il is thought that 1f a

, fi mger is- changmg from one mode to Lhe next the magmtude of Cx and Cy wxll depend upon :

the nature of the perturbauon whrch mmated the shlf tin. phase '

@

@ By takmg a sxmrlar approach the perturbauon velocmes in the X, ¥ and minus 2z

dxrecuons respecuvely in the regnon where waler is f lowmg may be shown 1o be

"“.D"

. . k : a ’ . Y-, i .- .
(Vox)w = T [ (M - 1 - NG) -- ZOr aeYo ] Lac;()—‘l— g o (28) ..
oy Dy =1 oy oy Kwor Lo ey 0(EQdw ' '
’ :' \(-Vo_\')w =_}’;1___ [V(M' 1- Ng) —I%aleYoz];f('a_;)-%. ‘ ‘ . (29) :
and S . '
(v = - gy M- 1N - Koy Bl @

.."'&y'i@ . o T . . _ . S
o - i .- : . o v o o o

Q‘4 1 6 Tlme.J;'unctlon ' o __

thle Equauon 20 mdrcates how (E )o depends on X,y an\l z“ n does not show how
z“ depends on t. To learn how zw depends on't, 1t is supposed that zw—z and that the ' )' '
dxsplacement of any pomt on the surf ace 8. depends on x, y and z (i. e S = E(x.y z)) and

o that X, y and z are: functxons of L. For such a s1tuauon one rnay wme [ . = xl



CFSayn =0

" 4F-  oF .4t
= +

e

f or. whxch the total derrvatwe wnh respect to%tlme 1s‘§1ven by
. ;400 ‘*‘&. % .

aF" d\

- de % 9% dt

The subsxdxary system of ordinary d1f f erenual equatxons T or thlS qua31—11near pamal

diff erentlal equauon 15[99]

i

a8 dx y O di
dg/dt — dx/dt T dy/dt T dw/dt
or
_'d'_s_l IR R S
dt YT Tax 'YTdr T ek dt
Ay _ Ay oo dy B dy
At RET dy MY ode 79y dt
and;
. ,
| ___I _ d§ | 97:_ ot dz.
de. "X 7T ode ™A T

oz dt -

(a3

' ‘_(34)':._

LL(3)

(36) -

. In \fiew of Equations 25, 26 and 27, the ‘solutions, for a water f inger, to‘EquéLibns‘ 34,35 énd' _, :

. 36 gré
..}ly . o ‘ . : - a . . .
(oo = S
. 3(15-\\)0

(V‘:y)o = - av

dx
Tdt

dy '_

dt -

(cx-l)[v(M—l— g)Jf

(Cy- 1) [v(M—1-Ng)

(37)

wlo
oy . . (,38)



a<zw)o g

i.(v‘:'Z)P = @ [ (M - 1 =] g) - “k“or o 7“2] B(E )og o -(;39'). :

Q.

e L .

R
« o

, From Eq'uations 37, 3§‘and 39; it can be seenthat :
'.dx;v -

ﬁ“T_tff;_"_(Cx-l) [v(M-l— g) 0‘(‘“2] _' | ‘ L ~(40)
dc);: o (Cy—l) [V(M l Ng)— 0 7“2] “. | . (41) v

t

~

. .and R
. w . dzy o Kwor o | = . ::'.‘4 :
e at [V(M - 1= g) - aeY ] o T T (2) :

;,

St

Equatrons 40 and 41 defme the rate av whrch the base of a water finger mcreases in
f ) the X and y dtrectrons respecttvely It should be noted that because of the assumpttons
N ‘underlymg Equatron 19 the root of a water fii mger must rematn f 1xed in the surf ace whrch
1nmally separated the water from the oxl That is, both Cx and Cy must. be 1dent1cally equal o h
" . one Consequently both dx“/dt and dy“ /dt become equal to zero. As noted earlier, the ' v
possrbthty of Cx and Cy dtf f ermg from one has. been mcluded m the analysrs in order to be
| able to dtscuss at least quahtatrvelv how a shrf t f rom one mode 1o the next takes place
Equatron 42 def ines the’ rate at which the amphtude of a water f mger increases m the ‘
- z direction. From this equatron it can be. seen that for any gwen value of" yw. the velocrty of :
pro_paga_tron of .a water fmge_r rnust be constant. prov-tdedv.xs: constant.@f hus, 1t ntay be

' supposed that

'; 1= aw (v“m) LR 3 (4’3);‘_’



vmere (v“m)o is def med b\ Equauon ‘42 and where a“ 1s the mmal amphtude of the N

: dxsturbance A snmxlar approach may be used to show that

.\. : v

e N Y R TR : A
). Sy
. ;

L ) ‘ ey X
C e e

. A s - ‘r“"r "' - : . ._ ) '
.‘.‘f : M h TR el T e v’_

Introducmg Equauon 43 mto Equauon 20 yields, f or the dlsnlacemem of any pomt on -

.lhe mlual mlerf ace as'a funcuon of ume ®

(..ﬂu'(x-Y.t)')_o» = ‘Cosa'xw)_i COdewY ( dw .'f‘ (V\:"m)ot) " o ) : (-.4.6.) _

v

" Differentiating Equation 46 with Tespect to t gives; for the rate at which the' amplitude of the
srface is increasing,

3(Nw)o

A = (Vim)o COSxwX 'cosa.ywy. | ' B @D

., The velocxt) at-which the up of the fi mg;,r is propagatmg may be f ound by setting X=y= 0 in

, Equauon 42 If thns is done, it follows that (v“m)o is the velocnty at Wthh the tp of a. water - o
finger is propagating. A sxmllar approach may be used to-.show that (v m)“ is the velocny al

which the tip of an oil f inger' is propagating. |

4 17 Compatlblllty Condmons o . o R

Certam condmons mUSt ‘be met if the growth of two or more pairs of opposuely

directed fingers is o be compatxble For thlS study it 1s suf f 1cxent to 1mpose condmons of

symmem SImllamy and conunmt),, If the symmetry condmon IS to be met, the roots of

v



'opposrtely drrected palrs of f mgers must he located symmetrrcally wrthm the rectangular

S mterface that mrtrally separated the oil from the water Thrs may be achreved by requrrmg

. .valrdrty of thrs relatronshrp has been conf 1rmed experrmentally in analogue models of porous

’medra[3 100]

T ollows at equrvalent locatrons on each’ fmger that _

DA TN

1 -

that the mtegral values of m1 and m2 be the same f or (n\\ )o as f or (no)\,[Z]

The second condmon that.of srmrrarrty requrres that the shape of a grven water '

. f 1nger be srmrlar to that of the conuguous opposrtely drrected orl finger over. the entrre mme

oo span of f mger growth Bec?use the same- functronal f orm was assumed for both the orl and .

e

" the water‘ fi mgers srmrlarrty can be assured by demandmg that the caprllary velocrty vectors

L

for the %ter frngers be colmear wrth those for. the oil fi mgers at equrvalent locatrons on the

“

’

‘-surf ace of each fi mger Upon applymg this condruon it may be shown that[2] -

[ .
P -

S=Mywd LT o (48)

»/ L ‘ . a_

. whrch 1mphes that the wavelength fa water fmger is M1/3 trmes that of an.oil fi rnger The

.
‘.

'l’he f‘ rnal compatrbrllty requrrement is that of contmurtv Contmutty can be

o guaranteed by requrrmg that the volume of water contamed wrthm a watcr i 1nger be the same
L as the volume of oil contarned within the conuguous opposrtely drrected orl f rnger

" . Application ,of this _,condmon.leads. to the requrrement that.

emdo 2w _aw Yl o

= Bw o @

"(Vc;m)\f'-_ N 3 Yo

Moreover by combmmg Equauons 43 and 44 wrth the approprrate f orm. ol‘ Equauon 20 and

- mtroducmg the proper form of the resulung equatrons mto Equatrons 27 and 30, it also

.

k4

COde il Gédw
T B

(50
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‘ .Equauons 49 and 50 guaramee:&al coanuxty is mel provxded that the roots of the

b

' "_. oppo”snely dxrected fi mgers Temam f 1xed m the surf ace whxch mmal]y separated the water from ’< g

-
3

o lhe 011

.

e

) 4 1 8 Velocny of Penetratmg Fmgers

‘ ) ; ' .. ) .‘ . ’ . )’ ]
. R " e .
. Equauons 27,30, 48 and 50 compnse a system of four equanons in the f‘our Do

- unknowns (sz)o (\oz)‘,~ Yw and yo “This svstem of equauons wmnay be solved to show that ‘

2

:Mizn - 1. kwor €

(V“'Z)O - M5\/3 + 1 L Y COS P . (51)
- where - o
2 = 'u'wv'(M—l-Ni)' OMS3 41 o SR |
Yw Kwor%e M2/3(M + 1) ; . (52) E

defi mes the va]ue of . 7“2 that, corresponds oa parucular velocxty, V. B\ semng x y =0 and

.

by mtroducmg Equauon 52 mto Equauon 51, the velocm at the' tip.of a prop%gatmg fi mger
may be shown to be : f" 17'5._‘ '

B

¢ . .Vi M—l—N M2/3—1‘.. o ;f’»,v.v:‘j : SR
”‘—‘-f""-’)°_=" (M+1£'? MZs o IR (53

This result may be obtained also by mtroducmg Equauon 52 1mo Equauon 42. Moreover, a

companson of Equation 52 wnh Equauon 18 reveals that BW(M) is def med by

M53 41

B = YA Ty

(54)

D

| should be noted Lhal both" B(l) and B(@) equal one, whereas for values of M between one -

: and infi mlty *B“(M) is somewhat less than one, the amount dependmg on the va)ue of M.
. _ s

-ﬂ.,;«éf”"‘ R S

w Co ) ‘ N R A



A 9 Most Probable Fmger Wtdth | -_3 - »?_ B SR
. As noted m an- earher sectron n seems hkely that the dommant f mger wxll be he one ;
' f or whrch new surf ace 1s bemg created at. the greatest rate To mvesttgate thts possrbtlt‘ty" tt rs

necessary 10 ascertam the surface area o volume Tatio f or afi mger The surf ace area of a Tty

water fmger is defmed b)[lOl] S .@“ v '_ o o o @
Agw = V(——2=2-)2 —¥70.y2) dx dy’ ¢ ;o (55)

By mtroducmg Equatron 20 mto Equauon 55 ’and by assummg (f or purposes of .

°

srmplrfrcatron) thatgax“ = aw 1t may be shown that L _ '. A S .

o

Agw = ”- V[z9? yu? sinZay X coslayyy + 1].dx dy ' . ; , - (56)° o
YR ' | . T o

1 Co - N ! -
Equatron 56 cannot be mtegrated analyttcally However approxrmate 1ntegrals can ‘be obtamed
for hmrtmg cases That i is, an approxtmate value for the surface area of a water f mger is

. ,
. y K o ) ) N .

_ grven by

S AR - | N (57)
- ; sw | aX\\ (,f'yw_» ) ) S . i ) i . (

. . . o
P . T : o
£ - e

., . 5 ; 2

)

provrded that z“fw&umuch larger- than one. Moreover in view of Equatron 20 the volume of

. e
‘ the same fmger may be demonstrated to be ..

’ 7

(58)

TSt o e T
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T

Mullrplymg Equanon 59 by the cross—secuonal area of the base ofa f mger umes the average :

velocrty at, Wthh ﬂurd is crossmg the base of the fmger grves for the rate at whrch new

surf ace 1s/J)emg crepled o - |
B _,_——————”""" .

The maximum velocuy of a water fi mger may be found by semng x= y 0 in Equanon 51

Moreover the average rare at whrch water is crossmg the base of a water f mger may be found

’
'

by 1ntegrat1ng the pomt velocrty (def ined by Equauon 51) over the rotal area thrOugh whrch.
f low is: occurrmg If these sreps are taken it may be shown that the average r@re at whrch

 water is crossmg the base of a water fi mger is Telated to the maximum rate by
. i

e : g,'.' .
‘ 4 ., : o S
Vwa =g (emdo - : _— (&1) . .
Introdiging Equations 61 and'42 into Equation 60 and dividing through by the area of the
or
-
Ny = 7 Yw [V(M -1- Ng)," - Oe ‘wi] o : o (62)

Hw

e cons,tan; of a wat,er finger. B) drfferenuaung Equation 62 wrth respecl to y“,
f""s

e
) andfsemng the resu]&mg equauon equal 1o zero, the most probable finger width may be shown
K mmfﬁ co o . . O
lo.b@fined bv . ek :
:' ( '.. ; ) . Q‘\ ;
.. ,‘ ! b . . . . . \" ' .
e | ‘ ' |
4 IR A - ‘ 63)
, : Ym® = 3 Yt - - o R o ) . ' . - ( ' )
. . ) . . ;}' a ' ‘
where P
L &
, o 2 GE ,
pe VIMI1-N  ° o S '
YCZ = W a k v‘:‘_‘Ag -"k' . v . : . B (64) .
s 2 Y Bworm » % i ‘ : ‘
BT SRR '



o 'Equatton 63 is consrstent ‘with results obtamed earlter[l 2 ,16). However it should be
o emphasrzed that thrs result lS valrd only for f mgers f or whtch z“y“ >>1 N
| For an 1nc1ptent water fmger (z“ Y <<l) thé surface area of’ the f mger is

R Y

: _' approxrmately equa] to the area of its base Thus an estimate of the surface, area ‘o volume -

" 1atio is gtven by

Ast\; _ 772',;1-~ S . N

"Equation 65 cannot be used to determine the most prabable finger width for an incipient

f inger because it does not contain the parameter y,,. However, because there is enough energy
A .- LI S o - :

-~ available initiall‘y to drive the interface at the wavelength corresponding to the maximum

mode it is thought that every dtsplacement should start at this mode[95] Given the valtdtty

o A
.of thts assumptton the most probable mcrptent f mgerswndth is def tned b)

Ym = Ye oo “', L $66)'
. q;' . ,' . - . .. .\{ -

That is %o say, wh?n afi inger frrst forms, tts wavelength wrl] be that dtctated by the cnttcal
_ wavelength yc However, as the ftnger begms to grow and as it-is perturbed by vartattons in

rock propertres the mode of the finger is ltkely to sthch 10 the most probable mode because - o
|
it takes less energ' per umt volume of f mger 10 create new surface for such a fi mger

]

4.1.10 Stability

4.

The type f dwpl;gernent that takes place in a porous medtum depends upon the
balance exnstmg among the captllary gravxtattonal and Vtscous f orces If the combmed forces " ‘
of gravity and captllartty are: greater than the vrscous forces, the drsplacement w1ll be stable

_If, however, the reverse-ts true, the dtsplacer_nent will be,unstab_le.- The.charactertstxc value of "



.;’ S B : . . . s

the superf.rcxal velocn) thal separates Lhese f‘lm/;e-grmes is def ined. b\ the. 1nst2511m number

sr[2] Thus the drsplacemem wrll”b; srable prbvrded that
T ._.'u'“-,v (M -1-N,) : M5/3 S - 4h2b2 ‘, 2 o ':. ' . 7. i®
S N N (M+l)(M1/3+1)2 hapr ST (67
4.1, 10 1 Pseudormerfacral‘l'énsron o - o f . Lo |

In order o use Equauon 67, one must be able to estrmate the pseudomterf acral
tensron oe. In thrs study, Oe iS esumated by makrng use of a récently developed

m.echamstrc model[26] that requrres ‘the caprllary pressure versus saturauo'r curve. Grven

that such a,jcurve is avaxla.ble. qe may be-v o_b-t_arned from L SR
. A= Sk~ Ser) 5
. O = o 2/fm : o o v : (6})

. under the caprllary pressure versus saturatron curve.

- DT, i . . e : o

_4 1. ll Breakthroug"h Recovery
N Because an equatron for the perrurbauon velocrty is available- (Equatron 53), 1t should.

be posssrble to esumare the breakthrough recover) However certam assumpuons must be *. e

Al

made befc ore this can be done. Moreover these assumpnons differ somewhat dependent upon

u}legpi/the d_lsplaccmem is stable or unstable, P

w o
4:111.1 Stable Displacements - o o
The xdealrzed drsplacement model wlnch f orms the basrs for instability theory rs

based on the assumpuon that the drsplaced and’ drsplacmg fluids will remain separated
4o

~bya saturauon drsconunurty if the drsplacement is stable. However in a real porous :

-

medrum such is not the case because a drstrrbutron of saturauons wrll evolve to separale '

the two regrons where onlv one £ lurd is flowmg To rnodel thxs saturauon drstnbuuon 11

e N . - " - ‘. . o . Lo~

Sl



s assumed that the superf rcral velocrty is such that the stabrhty bou%ary has JUSI beeh
PYIaN \. Ny s v,“'.' B

'crossed (1 e that rn1 = mz = 1) and that; asa consequence half o‘l’“&v]

. | b_ propagatmg The velocrty of the up of such a f mger 1s grven by Equatron 53: m
S h‘«.‘" e
o 'adds the superfrcral velocny v, to.Equauon 53 and therpdxvrdes by the porosrty 'tlmes ; o .;

. 'the change m saturauon the actual velocrty of the trp of a f mger may be shown to be

-
O

x‘?j’ . o ,: - vv.‘ : M—'i%'Ng_ vM_2'3;3.-_1‘_'

o }
- e ch . . e
' -'lt is to be noted that thrs equauon dtf f ers slrght]y (a factor ﬂ3/16 is mrssmg) f rom an

J.

' equatron deveIoped earlrer[Z] Thrs drf f erence arrses because m Refer,ence 2 the ‘

maxrmum perturbauon velocrt) (anp)o was mcorrectly rel ed to the average velocrt)
A

of the propagatmg f inger, rather than to the velocrty at the up of the. fi mger as is t.he
case in thrs study Knowmg Vv\l‘a enables the predrctxon of the trme 10 breakthrough and s

the amount of orl produced at breakthrough Consequent.v the breakthrough recovery.

. . - S -".,-'.-='
, . . .

, as a fractton of the 1mtral orl—m-place may be shown to be R

_"1=Syi- Sor Xo ; '4. R SRR N
o [‘L 1 + M-1-N; .M7’3'1'f.'] . . (,.7:0)
YT T TM 1. M3,

1- Sm

. 4. Lll 2 Pseudostable ﬁrsplacements ‘ Lo | ' IR

For values of Isr (drmensronless velocrty) at or. near 112 onlv ’f 1nger w:dth lS
possrble However as the ﬁtstabrltty number is: mcreased above w2 fi tngers wrth smaller
. ". and smaller wavelengths can be formed Whrch wavelength wrll dommate the '

) drsplacement depends upon the amount b) wh)}éh ls, exceeds 112 Moreover as the value . _.'_f_ -

L

of Is, mcreases the hkelthood that one wavelength the most probable one wr]l dommate

the drsplacemeru becomes much greater When the value of st 1s high enough that the 2!

' — T ad
S -_most probable wavelength my.anably dornmates the drsplacement 1s satd to be '
S _ e e S LT



o -_ ) 'v'lbpseudostable[z 5] If the dxsplacemem is pseudosta 2 "e' perturbanon velocn‘ of a
- / f mger rs three Umes Lhar of the crmcal perrurbau 4 " assocrated wnh the actual

_'.mJecuon rate[2] That rs to say the velocny of the trp of Lhe most probable f mger 1s ._'- ""

Agllve_n by_ -

| UV MALN STy S
- (Wim)o-= ”(’.(M.#fl) g‘( v 7 R O

-7 As a consequence, the breakthrough recovery equation for a: ps‘eudos'table displacement

‘becomes o
. -9 > o
IS S S "1‘._)%“.“ S .
R 1“§\ - "‘f. S e T
6‘ ) ? ‘ ‘“ - | s ;
“ 4 2Stab1hzat10n €. R .
b N External dnve methods are vahd only if the drsplacement is stabrhzed To determme ‘

- ! -

“the degree of stabrlrzauon achxeved m a ngen tun, the caplllary number N def med by[36]

S ’_}Ac.kv;,a,ﬂf . A
R ; NC" VL uw . ' o S B (73)

A

‘was- evarl,ualed f or each run. Here Ac is a lumped ‘parameter avltich represents the area under o

the capxllary pressure curve and as such mcludes the eff ects of weuabrhty mterf acial -

‘ tensron and pore size: drsmbuuon Theoreuca.l consxderanons[36] suggesl that Nc should be

-

"less than 0. 01 if the drsplacement is: to be stabrhzed However pracucal consrderatlons[42 51]

suggest that a value of 0 01 for, NC mav be too ;estrrctrve and that a value. of N less than O 1

.0 v

mdy be more reahsnc
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4 3 l Introductlon C \- e :

In thts sectron tt is- demonstrated how rmproved functlonal forms f or smoothmg '
- cumulattve orl and pressure drop hlSlOI‘lCS can be obtamed by takmg proper account of the

i u’-

o _‘- constants of mtegratton for th‘e two drf f erentral equattons descrtbmg the system and by\

£
L Atmposmg vartous ph) srcal condmons on the mtegrated forms of the equattons used to model

: cumulatrve -ail and pressure drop hlS[OI'leS It is also shogm that a T urther benef 1t of lhlS.-‘: 2k

. R
approach 1s that the functronal forms used to f 1t the data and those used to esttmate the L

a .ef fectrve permeabxlttres are mternallv consstent

- l_ ._ approach taken here 1s based on the equatrons derwed by Jones a(nd Rmszelle[48] o

‘ ,'A4 3. 2 Basrc Equatwns ', ,fj'~- :.i “'t '. 4.

-

S the saturatlbn 0 water,

)

The theory presented herem 1s based on Buckley Leverett theory[ZO] As a

- conSequence the pracuea? Muauons deve]gped 1s;lrmrted to those

1

| drsplacements wherem the assumpuons underlvmg Buckley Leverett theo.ry are met The

krv. _— ﬁ f\t2

. ' ) . .. ) ’

and A T W e e e

C e L . . ‘ o - R . . . N Q - ‘v',-.,

) \ ‘j, . ! / a

‘ Jevaluated at: the outlet end of the core must be determmed as f uncttons of' ume Moreover

Lhe' outlet end of the coreholder S“z, must be determmed as a

. e

= 4. 3 Esttmatfon of Relattve Pehneal}r ities N '-_; ‘-':7' T el \

N

- To utrhze these equatrons the fractronal flow of orl foz. and the rectprocal mobtltty. 1

e



-~

~ function of time..

4 3.3 Esnmatlon of Fractﬁnl Flow and Saturatron

Jones and Roszelle[48] have demonstrated thal _ |

()

SesheQde 0 T T o
If Equauon 76.is 1mroduced into Eququon 7, and 1f the def mmon f o1 Q, 1s mtroduced 1nto

the resulung expressxon n fi o]lows that

Swi = Swi = Yo -

Equauon 79 1s a lmear dlf f erennal equation of Lhe first order whrch possesses 1/1 as an_ o

1megratmg f aclor[99] Consequemly. its. mtegral can be shown to be
'. N. - Nn o S“Z S\n d E L ) L o - 8
2 = —L— + Vo] T T S - (80)

NG IR

: where Npm is the maxlmum (total) amount of 011 recoverable and tm is- the trme necessary to . ..

recover ‘that 011 Gwen thatN mrs defmed by R



Cy
B

it follows that *

e Np = 'p(l S\n Sor)l + \, J

| equattons used by other authors (see for example Rcf erence 49) 16 fi it cumulauve orl
1

can be shown that ,’ b

) . Npm: ' Yp (1 - 'S?‘_'Ii '*l"svor.)' 3 k

P

. -m
. .

' Because the constant of mtegratron term is muluphed by t the arbttrary regreaston

/

!
productron hlStOI‘leS may not be consxstent with: Equatton 82. It has been, the author S,

E ' emenence that a lack of agreement between Equatron 82 and the’ regressmn equatton results

,m' mconsnstencnes between the regressxon equatlon and the equanon used to predtct the ’
vy

fracuon of 011 f‘lowmg at the outlet end. of the core as af unctlon of ttmc

It 1s not possrble to carry out the mtegratron 1nd1cated in Equauon 82 because the e

K

[

functtonal f orm f or S“z(t) is unknown Howe, er thrs problem can be ctrcumvented tf one L

potnts must be kept in mmd Ftrst such f u _ctronal forms are. not necessartly untquc as

several qutte dtff erent forms ma) prove a'equate from a fttttng pomt of v1ew 1 several

equauons gtve essenual‘y the same ftt th orie W1th lowest number of parameters should be.:

as t tends to tm

332 ' 3a2 N
.S = : +
' “2«, . lm’ 2

:(325'

e,

.' postulates a functtonal form f‘ or S“z(t) In ¢ oosmg af uncttonal f orm f or thrs purpose two L

P

T chosen[49] Second any form chosen m st be such that Swz asymptottcally approaches (1 SO,)_ s
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v

As can be seen f rom Equanon 86 the f racuon of 011 f lowmg at the outlet end of the core-

i ¢

becomes zero at 1= U as it should Fmally 1t 1s to be noted that rf Equauon 84 (or 86) rs to - ':

be useful, cumulauve orl producuon data must be avarlable so that the. values of the ‘ E '

N PR Y

parameters whrch give the "besv" ﬁt to the experrmentai data can be esumated

1

434 Recrprocal Mobihty R S -

P

In order to use Equa}\mns 74.and. 75 to estimate. the eff ective permeabllmes as a

f uncuon of saturauon it rs necessary to predxct how the recrprocal mobxlrty, 7 ; varres wrth

trme To accomplrsh thrs 11 xs f 1rst hecessary to determme how the average recrprocal .

mobrlhy 3! defm_ed by . e BN l‘

varies with time. The f unctional relationship between ?\';Zand 7\; as determined by lones and . - -

. ¢ - \ N . R
IS . . L . e



. Ro's'zelle[:(;‘S]‘;’_ié‘ given by :

i

where X ;m is the value of the recrprocal mobrht) at the outlet end of Lhe core when =1ty Al
N .,_.._ L O :

_f_:'ollowing the same procedure used to ime;grate Equ_étion- 80.; it f ollows that :

R | <-1 m . Lo i . o K e
Lo . 7\7 = X‘)m‘ . +J A [4 df s o ‘ T (90)

I
e
-

|
e

t tm

i
i N

t—tm. only one f'luld water is flowmg in the core. Consequently, 1' 1s def med by

2 ‘ TN . N ‘ N N . .
At N - . .

L P PR

, kwo‘r L Ca

"Hence Equation 90 may be wrmen o

N ."'

R
. (

')I
. k“ 01'

b

~

As ’nmed earlrer any regressxon equauon usx 10 f it the pressure }ustory of the core

. .must be corls,lstem wrth Equanon 92 Because the true funcuonal f orm for A’ (t) is unknown :

al ;

o -‘._;t is agam necessars to posmlate a f uncnonal form ln choosmg a parucular form f or 7\ (t)
' n xs necessary 10 keep inc rnmd thét 7\ (t)'HSyrnptoncally approaches u\,,/kwor as 1 tends to tm

":-'Thus by 'way of 111ustrauo{ i is SUPPOSCd that

by by

.‘_m

- b4lu = b5tm + b_t,t + k
o . WO

Lo

T .
< e

I



, used to esttmate the ttme t6 breakthrough

A

55

L e
W R o ‘IS 47*11
Kl | ,'.t co . B . S e,
Y Y T .
- ' ';,'/ N
o r S e
30 ;b Byl by by
o 3b - b ey g (B2 Dy iy
tm? T T
_ - - : . ’ / J ._':. ; o
| = s+ ' E oy
L, T ‘--b5(-t‘+.,tl;~r_ ) +- S (7
L . . ‘ FU m X tm kwor o ;,/ i
o JRE SR N . P A
" R ‘ J/ I

.*-'Note that 7\ (tm) = uw/lr“a(,T as expected Hére agam it tsmecessary to determme the values

b 3w

of the parameters whrch gtve the "best " f it of the-experrrﬂental da{a 2 .’ ’ ﬂ >

,’4 ' - _' 7 i L'i’
o S EURE TR N b
'4 4 Cumulattve Oll Recovery S i '3; § oo in : v

By undertakmg a matertal balance it'is possrble to denve a relatroﬁ\s\hrp between

-

cumulattve oxl produced and the total werght of the pr*oduced flurds at any gwen pomt in - |

tlme Thus Jgtven that the f'lutds are mcompressxble and unmtSCtble 1t can be shown that

. . .. ‘ :,. - 7} B _." ‘ }‘ f_. .
. /J i \ t,.— w ) ) _ 4 : 1":" B rf}' T . o
P T e T ey e A
DI A ' L A
,:'. . - . . : . B’ /, xu 7.‘/ ,
where W s the total weight of, the.productd flifids. ” - ° ¢ :

- L oy T o )
o . ’ L § - - : C ~
. . P : D S

A

)
L%

4. 5 Tlme to Breakthrough RS T TN SRR 3 Q

PIIOI to breakthrough a plot of W \>ersus 1 yrelds a stratght lme wﬁose slope may bek

_used 10 determme q Subsequent* to breakthrough the plot of W versus t yre}ds a second,

o ,." -of afi 1rst mode f 1nger propagates 1s def ined by '

4 / . -

. L
_essenttally stratght hne,of greater slope The pornt of mtersectron of these two lines can be

ey

tt‘ ‘-

lt can bg)demonstrated that f or a hortzontal system[lOZ] the velocrty at whrch the t1p _

-_V“'_fa‘ ¢(1-'sw—sor) E(M) e '(_9_6)
3 . ) ° il ' “"'\Q . ™



A ,"4 6. Maxrmum Tlme

'1s grven by

(o),

. Ttis also demonstrated in Reference 102 that Equatron 96 can be used to estrmate the velocrty ;
- ‘at whrch the saturatton dlSCOl‘lllm.llt) (shock) mtroduced in Buckley Leverett theory[20] .

'propagates through the system vaen the vahdrty of this assumptron rt f ollows that the tlme E

| o lo breakthrough is defmed by o U ¥
PR vp(r— Syi = Sor) e
= = Alabiilool . (99) .
T N T QF(M) (89)
B T ,;,, o
S o"Vp=Ae¢L. _ L R T S e (100)

Accordrng to Buckley -Leverett. theory[ZO] the drstance travelled by a grven saturatlon

.

qt dF“

'#X'“ A v dSw

provrded that the mJectxon rate q, is constant the system is honzontal and the saturatlon ‘

@'v was. everywhere equal to the rrreducrble saturatlon mtttally Consequently the trme necessary

f or the saturatmn S“ = l-So, to reach the outlet«end of the system can be estrmated usmg

(97) :} -



L - 4=dor

:3 't“alring} limitS»,..it can be. sh'ow._.n that

Fy ko(1:8)

= : (103
dS“ Il s LMo »kwor ( )

where ko(1- So,) is the slopeﬁf the ef f ective permeabxllty 10- il curve eval ed at
Sw = 1- Sor Imroducmg Equauon 103 into Equauon 102 yrelds as an esnmate for the trme
nee_ded to produce all of the dxsplaceable orl,

.

ty, = - ——pro wol . . e o (104
" qQ pw Ko(1 =Sor) : ' : ' ) '

4.7 Lagrangiau Method for Estimating Rélat-ive Permeabilities
4 7 1 lntroductlon

The external drxve method developed in the' precedmg sectron cannot be used to. .

E esumate permeabllmes over the ermre saturation range of interest. This lrmrtanon can be

- removed if data from an unstabrhzed drsplacement may be- used. The purpose of this secuon

N

' “ is 1o demonstrate how a Lagrangran rather than an Eulenan' approach may be uséd to develop

>
i .

a method for esnmalmg relatxve permeabrlmes whrch makes use of unstabilized dlsplacement
) data and- whxch enables the generatron of ef fective permeabrhty curves over the ennre

saturation range of interest.

The theory presented herem is based on one- drmensronal drsplacement theory Asa.
'c0nsequence the pracucal application of the equauons developed below is limited to those
dxsplacemems wherem the pressure and saturanon are unif orm at any cross-section. |
Moreover, a’Lagrangran formulauon of the fluid drsplacement problem must be permrssible‘. |

‘ That 1s 10 say, the saturatron profrles must be monotomc Finally, the porous medlum in

Whlch the dlsplacements are conducted must be homogeneous and 1sotrop1c

3
3

2.
.

7



4 7 2 Basrc Equatrons .
In the practtcal appltcatxon of external drtve theory.,tt is usual to neglect the caprllary
pressure gradrent because of the: drf fi 1cultres normally encountered in measurmg 1t[103] As a
._ consequence estrmatron of ef fectwe permeabrhty is restrrcted to saturauons f or whtch such
'neg]ect is permrssrble Recently 1t has become practrcable to esttmate the captllary pressure
| gradrent[104 105] If advantage 1s to be- taken of thrs abthty 1t is. necessary to modrfy the ' _ ‘
) external dnve equauons whrch are customanly used to estxmate the eff ecuve permeabtlmes 10 .
water and orl | . |
| For a honzontal llnear system Leverett[78] has demonstrated thgt the fraction of

. water f]owmg fw, at a gwen cross sectton ina homogeneous porous medium is def ined by
bon )

k“/u“ ( 1+ A/q Ko/ it OP /ax) L 3

(105)_‘

. rw =- kw/ﬂ.“ + ko/ﬂ.o o

Solving for ky, the ef‘fectivepermeabiljity to water, Equation 105 becomes
Ky . i u»\fu - : ('106.)' R
ﬂ( 1+ A/q ko/uo aPc/ax) A
where the reciprocal mobility, A s _def ined by
1 L
Al = e 107
o kw/pw + ko/ug L ()

By takinga similar approach, it'may' also be shown that X Y

=T 1 - A/q kw/u“ aPc/ax)

' -It is to be noted that Equauons 106 and 108 degenerate o the usual equattons used m
'external dnve theory provrded the caprllary pressure grad:ent terms are small enough to be
'neglected and provrded that 7\ 1is, evaluated at the outlet end of the: system L .

r:



To uulnze Equauons 106 and 108 it must be pracncable to esnmate f W and X1 at a
- § number of pomts along a parncular saturauon proflle Moreover it must be possxble to
‘esumale S“ and apc/ ax at the same: pomts .

’ L T ’ - . ] " ' . : . ) ' 3

: 4 7 3 Recnprocal Mobllm ‘

.- P
‘v 4

.+ To arrive at a def mmg equauon for recxprocal mobllxty use is made of Darcy S law '

Y

| f or‘each phas.e. Darcy s law f or each phase 1s def med, fora horlzon;al, lmear system, by 1 )

'”--  and

Q= __!__ AQ-«P“ A _ . i e (109) o :
. ;
ko aPo e o T 'Q:’ ‘ \
= = A . o - . -(110). .
(_10 Ho ax C . ’ ( ,)

. If use is made of the de"f‘i‘n’ition'for cép’illa.ry’ pressure _(Pcv'=" P.-P.). Equation 109Jmay be

“revised to'read -

qu = -k A(aP° - aPC)-

Lw ax o S o - ‘(111) .

— ! -2 . . -
. By addx% Equauons 110 and 111, and makmg use of the fact that, at any cross- secnon along

the length of the core q= qo+q“. and rearrangmg it may be shown that

. 1 A 9P, ap O
Rlz - = - — »O —F £ v ' 112) ..
where, by definition, B
. ,‘ . ‘ _‘ ’ ! . . o | 'l . “A N bv . "'“” '

kw/uw + Ko/ug ,__(_ _¥3) S



*

.

i

- Val“es °f S»\'(Sm<su <1- Sor) it may be written 7

6.

Note that if use of Equauon 11” 1s 10 be pracucable 11 must be possxble to measure both P“ S

and Py along the length of lhe core.

o 4 7.4 Fractlonal ,Flow

t " If a drsplacemem is unstabrlrzed dse ‘can no longer can be made of the slandard

(Eulenan) methods f or esumatmg the f racuon of water (or orl) f'lowmg at a parucular
..

- : locauon in the core[104 105] Rather a Lagrangran apprbach must be taken Buckley and o

Leverett[20] have shown that

Bawopten R U
For a specific sa{uration,’say Su' vKuaticn 114 may be integrated to yield

'_""('11\5_) |

- where it has been assumed that x(S“ .O) 0 Becausc Equauon 115 must hold for all possrble

| x(sw,tl A ¢ 0 BSW ‘,‘ | d[ b A (_116..)::,},'-‘. o

If x(s“.t) is a smgle valued f uncuon of S“, both srdes of Equauon 116 may be mlegrated

- wrth respect 10 S“ to obtam ‘
I ; X(Sw,t) ds“ = J - q@-'f %‘S“"t').‘d‘ dSy. o T Q)RS

o
. -

o -Moreo\fer,' if f w(Swil) is a well-b'ehaved vf, Ur_l’_ct_ion.' ;m'e order of "i'nr'e'gra‘tibvn_ mayi.be changed and -

.."' L

EINEE



‘ ""S\y..‘. C ) ..’._ S“ ) ..‘ b . . v ; v v_:- (
T x(sw,t)dS“ = —q—« - af“< 9 dS“ TS (PRt ¢ 1) IR
| T N R A R

"o, upOr_l earrying- Our the'i_nte’gra_tion -with..r_espect";to Sw.' Lo
. . - Lt e R PR . L . 4

T e

\vhere it has.been assu.med that f (S“,.t) 0: Fmally lfﬁQ“(s“ 1 ) is defmed by | ;:
QW(S“ .[) q J fw (S“ T.) d[ A ¢ X(Sw,l) ds“ S S ,(120) ’,

RS S dd ) . : Svu I ' - _"-_

RRITNES . ST _- . i L 2 - . B (_‘ Ces . X ,‘ : . -

" it follows, upon-differentiating Qu. with’ reSpeCl't'O'bt,' that - = 7T

o "i.g s f\,\(s\\ .l) E '»d .- = _q_—-f X(_Sw'st)‘ dS“ o S . : (»121_),:1 ‘!) |

RN Wi e : el :
. . T = R A . .

saturauon prof rles measured at a number of drf ferent trmes are avarlable Then by usmg
>

least-squares 1echmques to fit a model equauorz to these data it becomes possrble to §

drf f erenuate analyucally the model equauon 10 obtarr‘r’an esumate f or f“ (Sw! ,t) at J.he ume of

mterest Moreover by undertakmg thrs‘ gmcedure f or a number of di{ferent values of Sw.. Lhe,

. e

-, W versus saturatron curVe whrch pertams 102 specxf ic pomt in trme can be cons,tructed

8 ."‘»‘< . g '
' . : .o - R | . S : K
." . : iy R . - ) »

A

rDlstance Travelled by a PartrcularTrS turatron ‘ o

Because Equauon \121 must held for all values of S“, it may be wrrtten f or some S

specrf ic pomt in ﬁme say ',



s T
vt oo e

Talgix‘i'gjt:he defivative °f,¢¥’°‘h sides of Equation 122 With;espécv,t toS“ . ;o_ne ‘obtains -

‘ . af“ (S\wt) ' 1 dQ“ (S“ l) -‘ ~pé ‘ zfi’v." v
S as gt = , R REESR(SvE I

ence, by,'v.i'r.tue,qf,}:quatién 1161tmay be show_'r'f that * - IR L

BN o L a8 . Lo . L. ., C [
L IR ) . RO, -t + e . . x . o, Lo .
. L s L N - .

>

. Lo
o

‘;saturauon pmf 1les m a porous medmm These mclud&esxsuvny techmques[lO ] X ray

.

: methods[lO’/ 108 109] and techmques baSed on the pnncxple of mlcrowave -‘._ 3 :" '

o 'f f- attenualmn[35 42 51 90 110 111] Becaﬂse the»qual.ty of saturauon prof 1les measured by the

’"mncrowave attenuauon-techmque was supenor to the otm rnethods and also because it 1s a
: RO

; _“non destrucuve method ln Lhat it does @I mterfere w1th =the waterflood process thxs method

s‘o,

was chosen to measure saturauon as asfuncuon of txme and dlstance K " i : BT
L The amount of %tenuauomwhlch takes ;ﬂacepwhen 2 parallel beam of monochmmatlc
v ¥ s T
Tt radlauon passes recnhnearly thmugh a homogeneous gxedium of thlckness h,.,xs dlctated by

Lambert 5 law[112] T hus 1f "I‘J is- the mtensxty (pow::r) of t ’

-".. . &r'-',;

mcndent beam of radxanon a,nd

l/ medmm Ix- is glven by 5:-: W

~

R TS S

I S

S ),




If the absorbmg medrum 1s a. substance in squtron the attenuatron of radratron ;
s traversmg a grven path length depends accordmg to Beer s 1aw[112] on the concentratron of
‘ the-.solutron That rs rf c 1s the solutton concentratron

k= ——‘.‘7’-“@ T ay

: Here f is the frequency of the mrqowave srgnal ¢ rs the velocrty of lrght and ke 1s the _ |

| extrnctron coef f icient.. By combmrng f‘.quauons 125~ 126 and 12'1 it may be showp that

R \‘ ,; s S 2

) m_ .

L=k ep(—-“-ﬂ‘f—) ST s

ln the context of the present study the concentratron of the absorptrve substance

IS

T f_'thrOUgh whrch mrcrowaves must pass may be consrdered to be analogous to the f ractron of

S must be ta.ken mto account Because the total absorbance of materrals other than water 1s : ‘. '

a

water contamed wrthrn a grven cross se'ctron of the core Thus one ma) wrrte B L
R . ) . TR . ) ! e X "‘.;).‘-'
':‘"u".ll\.'_.' - 3 ')‘_ . . ,’ '.." SRR

. .The mtroductron of Equatron 129 4nto Equatron 128 takmg the logarrthm of both sxdes of the _

| _equauon and then convertrng to 'loganthms w the base ten yrelds "‘, o S

4v«fhk¢s\‘ el Tt e e

: "J‘ N e . . ' . N '.'
: R . . SR

The mrcrowaves traversrng the core encounter not only water but also frbreé'lass sand

o and orl thle the absorbance of these materrals rs small compared to that of water it, sttll
" -

o ':'small compared to water tt is. assumed that the absorbance of the!e materials can be lumped

: together in one term Grven the vahdrty of thts aSsumptron one may wrrte R \ co



U thah ’ ‘

1]

' where A-r 1s the total absorbance A\., is- the absorbance due to Water and Als is the absorbance -

. . of thé ffrbreglass sand and orl If Equauon 131 1s mtroduced mto Equauon 130 itf olldws

[V oo
. . N " ..4': N ‘ N . )

10810( ) A“ + Ans e = S (132)

. ~ S S, : L ) . . LT . L

- where, in view of Equation 130, the absorbance due to water-is defined by

41rfkeh¢S“‘
02.303¢ .

‘the parameters B and Als, Equauon 132 may be wrmen f or two drf ferent

. saturauons and the resultmg equatrons 'solved srmultaneously for the two parameters For the

' case where the end pomt saturatlons S‘.,1 and (1 So,) are used th; resuiung def mmg equauons




&, EXPERIMENTAL EQUIPMENT, MATERIALS AND PROCEDURE . =

S

Two separate experrmental apparatuses were used one to vahdate the modtf 1ed
> ;
\
stabrlny theory, and the other,,to valrdate the concepts of relanve permeabrhty and caprllary

o

pressure in stab‘Ie and unstable drsplacements e U e e

. 5 1.1 Stabrhty Experlments , ._' .;: L L S KR jf . SO

.. .‘.

t A schematrc dragram of the eQurpment used m experrmental verrf 1cauon o?” the

modrf red stabrlrty theory 1s shown m Flgure 1 The equtpment is srmrlar to the equlpment

o =t
o used in earher studres[l 5] However the coreholders used in: thrs study‘drffer in two ways
s ke

T !rom those used earlrer Frrst the coreholders whrch were made of ‘alummum were . /

T |.

,rectang ar m cross-sectxon rather than berng » _ar as m the earher studres Se’cond the
x Jb

u :“ end cap desrgn was modrﬁed to mclude water Wetn f used glass bead sectlons 1o drst 1bute the
water acr‘os‘s the entrre mIet and outlet face of the end eap wrth the hope of reduer g, as
; much as possr.ble rnlet and outlet end eff ects Three drf f erem coreholder ]engths and three
' drf f erent aspect ratros were used m thrs.study m order to mvestrgate the eff ect of geonretry

on the stabxhty boundary Detarls concernmg the drmensrons of; vanous coreholders used. are

'ﬁ -

\,:". . .o .." ks

provrded m Table 1 SRR ; : .;. i.“»',-;‘» 5 DR

-~ \ ol . .

. Presen,ted "In Frgure 2 is' 8 schematrc dragram ,of the equlpment used to estrmate
relalrve permeabrhtres and dynamlc eaplllary pressuf“s THe rectantu@ coreholder used m thls
) X ) . \. .

A S SRR
studvrwas constructed\usomg msulatm.g type f 1breglass because thlS matenal readrly‘ transmrts .

aw S
c -

Sy

.,ag h;gh strength and 1s mexpensrve The coreholder had fourteen ( RN e

T .mrcrowaves,

-pressure transdueer taps seven locatéd on the top and seven located on the bottom of the

‘ ',_coreholder The placementp[' the transducers is- deprcted in: Frgure 2 011 wet fntted drscs

) _were mounted m the pressnre transducer taps located on the top of the coreholder whrle

W e e
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Wat‘yf Wet l” rrtted drscs were mounted m those located on the bottom of the coreholder
. . ‘V},

Consequentuz \11 was possrble 10 measure the'

posrilon along the -length of the core

- ._ i 'I'he mlet /endcap 't 3 e coreholder was desrgned so that the mJected water was

s drstrrbuted as evenly as possible across the entrre mlet face of the core Thrs was accomplrshed

L ‘m two ways Ftrst the mlet ehdcap was desrgned m the shape of a rectangular horn whrch

¥ oo
o was l‘ 111ed wrth large glass bea(ds Second thes glass beads were held m place by a water wet

C ,‘f rrtted glass plate made of fused glass beads T i outlet endcap on the other hand was B

7

"’mteractwe softwarwbj.l%ge 'as developed wluch enabled almost complete automanon of the

— u

experrmental runs and‘contmuous data acqursmon The program code of the software

"..
’\

. developed is presented m Appendrx, C The only umt ‘not controlled by the computer was the ', .
o Ruska Pump used to ll’lJCCI water ata constant rate ; TR

b_

Central to the data acqursmon desrgned for thrs stud\ was the HP IB tnterface

_5 l l lnterface System -

,)‘ ,.’ ;, ..-‘, e ; EPIR v

ke .s) ste:m The HP IB mteface S\su!m 15 cort prised or a muluprogrammer HP694OB and

o ‘,a mulrrprogrammer mterl‘ aCe HPS9500A‘; An rnterf ace system perf or s three basrc

- v E
'f unc‘ons' r)lalk )lxsren and m)semc«a request and senal poll

o,



A e

Multrprogrammer

The multrprogrammer HP6940B,.functroned asa multr channel bl drrea‘al{

? _mterf aci between the controller (HP310 compuler) and the real woerlm envrronment tof
. T B d » -
s whrch command srgnals were sent; and f r0m whrch status srgnals wﬁre recerved Thus it. -

: was regarded as the master{ontrol untt f or br drrecuonal mterf‘acmg Communrcattons -

‘¢

o between the multrprogrammer and the extemal devrce were ;ealrzed via plugged in.

o ”rnput/output cards 1n the multrprogrammer Whrle data transf ers between the
: .'multrprogrammer mamf rame and the l/O cards were q.rgltal i; e twelve data blts the B

S transfers between the cards and the external devrces were erther drgrtal or analog ne m
. the form of voltages or currents T ;’1

‘ ~", w Data transfers fi rom the controller to the multrprogrammer took the f orm of a

'srxteen blt output word whrle ‘f or transf ers from 1lie multrprogrammer’to the

,‘controller they took the form of a thrrtedn brt (twelve data brts plus one status blt)

R WOl'd
’ Y ‘.

n

The f ollowmg cards were mstalled m the marnf rame of the multrpnogrammer i)

<F

B :_ jstandard mput n) remote/local m)logrc and trmmg, rv) a scanner card capable of

ri'vscanning 16 smgle ended or erght drl‘ f erenual voltages f rom the pressure transducers at

i

very hrgh speed v) a drgrtal output card to pr,ovrde logrc level »:utputs to reﬂect the

L status of 12 programmed brts vr) a hrgh speed analog to drgtt"l converter card 0 T'; j.

" provrde 'hxgh conversronlspeed and excellent accuraé}. vn) a drgttal mput card to receng’

‘ &’2& segarate drgrtal logrc level mputs from an extemal devrce. vm) a um‘r/pacer card to -

oo ;pace m ltrprogrammer 1/0 operations and to generate accurate one-sh t pulses. rx)

i '“’m Sﬂecl sty and x) a'. voltage regulator card to provrde rsolated somoes of
‘ -“‘ 15 volt d.c power whrcb was;requrred.when the muluprogxammer used the
hlsh Speed A/D convener card Specu”c addresses made to ea\ch of Lh"_
v}iﬁcated in the software packages developed for thls study ( Appendix C)\ o

_ds wcre

'y

T



'

N -Multrprogrammer lnterf ‘ace

" Bi- dtrectronal operatton of the muluprogramt‘ner was achreved by the use of a
"-_,v-multrprogrammer HP59500A whnch buf f etred and transmmed data and control srgnals nt

| between the HP IB and the multrprogrammer Thus multrprogrammer operattons was
rmtrated only when the HP59500A was hstenmg It converted the serial ASCII Lo '

' 'characters both alpha and numenc from the controller mto a 16-bit’ word format
- requrred by the multtprogrammer When the HP59500A talk address was recerved ‘the - '.

| encoder translated the 15th brt mto an octal drgrt and bltS 11 0 to four octal dlglIS
/The servrce request lme was used by HP59500A to rndrcate that the |

‘multrprogrammer requtres serv1ce Thrs servrce lrne was enabled whenever the

. multrprogrammer was operatmg in the ttmrng mode As a consequence it was set when L

- the multrprogrammer completed an operatton or requested an mterrupyon of the \

- current programmmg sequence Control srgnals from the multrprograrnmer HP6940B

' ‘to HP59500A xmplemented the servxce request functron o o - _: .

| ‘ | Sertal poll was a method used by the controller to determme whrch bus devrce .
| :ihad requested servrce Thus essenttalﬁ’ It consrsted of mterrogatmg bus devrces m |
_-sequence, and’ then readmg back a status byte from each: devrce whxch was used to

- identif y. the devrces requestmg servrce When addressed to talk m sertal poll mode the
_'v'muiuprogrammer mterf ace HP59500A returned a status byte of 64 rf ntl was requesung‘

ia servrce. 1f not @ status byte of zero was retumed o

o

, 5 l 2.2 chrowave lnstrumematron R % B

To f actluate use of the mrcrowave techmq 10 esfﬁnate the 'dynarnic v}‘at'erf o

saturauon durmg a waterl’lood a xcrowave mstrumentauon packagc was assembled as E

N _shown m thurcx 1he mtcrowavc mstrumentauon umt consrsted ol‘ l' ollowmg umts and

o mstrumems e : T

o -l;f" a l\lvstron and Powet Supply Umt o supp!v ven' stable smgle phase
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' sgngle»frequency mrcrowave srgnals L PRI e s
2 R - SURRAY - I
Y an attenpﬁtor to. regulate the mrcrowave srgnal to the desrred level Ly
- R . Al Q\

3. -‘awnerto fme tune the mrcrowave frequency ;_ L REREIR
4, pyramrda] horns wrth lens antennas on both srdes of the core to facrlltate e
- transmrttrng and recervmg of the mrcrowave srgnals Dlrectronal couplers were

-3

"used along wrth the wavegurdes whrch acted as a c%furt f or mlcrowave o
transmrssron to attam proper ahgnment between ‘the horn\s\

5. two pc)wer':meters one on each srde of the coreholder to measure mrcrowave

srgnals;m power sensors The power meter on the mput srde was an. HP432C
-Power Meter and was used for mput reference power The power meter on: the
output srde was a drgrtal power meter HP436A whrch recerved mrcrowave srgnals
- vg an HP8486A Power Sensor Wl[h the ard of an: HP Optron 022 l(1t i stalled 1n
h " _'7 the power meter the analogue mrcrowave data were’ fed. readrly to the computer

\

e . _:vxa tpe HP IB Whrle mterf acrng the pouLer meter w1th the mterface.,the rneter “
PR R o :
P ' ’response ime’ to read data- had 1o be taken mto account Thrs was done by
‘ ~‘rncorporat1ng in the sof tware a trme mterval such that readmgs were taken ata.-
- I txed mterval of length along the core. Transmltted mrcrowave srgnals at the o :
. o other srde of the core were sensed by a sophrsucated power sensor
: VHP R8486A Thrs sensor is capable of measurmg power in the range of 1
' mrcro -watt 10 100 mrllr watt (i. e. 30 dBm to +£O dBm) in' the frequency range , .'
. 26. 5 GHz - 40 GHz “The: operaung prmcrple of the power sensor is farrly srmple E
. .lt contams tWo thermocouples When the nes&tor at the hot Junctron/ converts the
apphed mrcrowave energy to heat the temperature drf f‘erenbe ,between the hot and .
cold Junctrons generates a d.c. voltage called a thermoelectrrc’ electromotrve L |

j - A ‘f orce whrch is proporuonal to the temperature dlfference between the Juncttons

and thUS 1s a f unctron of the power f rom the mrcrowave sou‘tce

oo,



"‘-i'._ 5 2 Matenals R é’} S v v'" -t“f T
" For all runs the unconsohdated poroufntedta were prepared bywet packmg

: coreholders wrth Ottawa srltca sand (80 120 mesh) and vrbrattng f or etght hours to. obtam as '

' .vumform a sandpack as possrble For @ch run the sandpack was drted evacuated and then .

o

.resaturated wrth dtsttlled water m order 10 be able o' measure the porosrty and absolute
v. ‘, ‘permeabrlrty of the sandpack Average porosm‘es and permeabrhttes of the sandpacks obtamed
o ‘, by usmg thrs method of packtng are presented in Table 2 | ‘ | '_
5 \ R DlSLllled water was' used to create an 1rreducrble water saturatton whrle dlSll]lcd water .
Q i doped wrth sodrum fluorescem was used as the dlsplacrn; flutd Use of ¢ aOdlU,m fluorescetn in :
'.dlStllled water obtamed a better cont.,st between the dtsplaced and dtsplacmg flutds ln the
St “Tuns pertammg to the verrf rcatton of the modtf 1ed stabrlrty theory the dtsplaced f’lutds used |
v'were reftned o‘?s namelv MC’I' 5, Ltght Atmosphenc Gas Oil (LAGO) MCT 10 anda o
o :.‘.50% by*volume mrxture of MCT 5 and LAGO./However f or. runs pertammg to the : ."’ )

estrmatron of relatﬁve permeabtlttres LAGO MC'I‘ 5 and MCT 10:were used as the dtsplacmg

-

f‘lu.tds The relevant properttes of these ﬂurds ate provrded in Table 3

v '_ s The followmg procedure usmg the expenmental apparatus depteted in Frgure 1 was

: 'used in each of the rur)s pertammg to the expenmental venfrcatron of the modtf ied stabtlrty
. A ) o
¥ ”"»theory Flrst the resrdent (pure dtsttlled) water was dtsplaced m order to establtsh an -

~

. ’1rreduC1ble water- saturatron by m Jectmg the approprtate 'ref rned orl unttl such ttme as the ‘

' 'i':’mcremental recoVery of water became essentrally zerb Thts nsually requtred the mjectton of i
' '.--~three to f our pore volumes of oxl Once the rrreducrble water saturatton had been establtshed
- -the ef f ecnve otl permeabrltty of the sandpack was determmed Next a waterflood was

f‘conducted usmg dtsttlled Water doped thh sodtum fluorescetn as the m]ectton ﬂutd The

o :sodrum fluorescem was used to achteve a“better colour contrast between the mJected water andj"
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Table 2 Porosme[s and Absolute Permeabllmes of Sandpacks - P

™ Runs. R “»-Pmosi;s' '(-%ractj.on')?

Absolute Permeablhty(d)

| 1 su R

6T
68

S
S

168+
20 4é
L2046 R
2046 S
LUaLS0
L T20.80 r; o
72040

T average values i one standard devxauon N
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, the dtsplaﬁa e wai

1 'I'he Waterflodd was contmued. unttl orl producttqrt ceased (usrmllythree'to

four pore Avolqmes of water mJected) at which ume the eff ecuve water. permeabtltty of the

- ER - \

sandpack was :jrmtned Durmgthe waterflood~‘ the fracuon recovery of the dtsplaced and

drsplacnng -flut tdgether thh the total pressure drop across the core were recorded !s

K ' ;A-‘..”: :I

f uncttons of pore volumes of dtsplacmg flutd mjected Thts prqeedure whrch was carrted out g

f or each of the dlf ferent runs conducted tn thts study ytelded sandpack( havmg,,an average N .

1rreducxble water saturanon of 0 lliO 01 and an average resxdual oil sa uratton of

0 22:l:0 015 In addrtton a caprllary pressure curve Was determmed f or each of tha flutd patrs ;' ',;

..‘,.

used so as to be able to estrmate Ac. the area under a captllary pressure curve The valuﬁl‘

TN e
B A S -~

Ac esttmated f or each of the captllary pressure curves determmed usmg the restored state

-

methodare reported in Table 3 R : '; T e

.

5 3 2 Relame Permeabrhty and Captllary Pressure Experiments e ) _ ;"_-_A_.:"

' For the set. of rmts pertamtng to the esttmatron of relattve permeabrlmes and dynamrc. RN
e .

1

caprllary pressures the f olIowrf[_'ﬁ:procedure was used in each of the runs Ftrst the.s%s;demt

>

water was dtsplaced in order to establtsh an 1rreducxble water saturauon. by m Jectmg mtneral_ -
Oll unttl such ttme as the mcremental recovery of water becomes essenttalQ zero Thts usuallyf"‘_':""'..,;.;j
requtred the mjectron of three to four pore volumes of orl Dunng thts part of theegrocedure TR
the pressure transducer taps were f ttted wrth dummy plugs Once the u‘reducrble saturatton to_j-‘.:'e:v .
water had been estabhshed the effectxve orl permeabthty of the sand pack was determmed g
Thts was accomphshed by replacmg two of’ the dummy plugs one at the tnlfet end and one at

< ‘-.r-.

_the outlet end wrth pressure transducers 50 that,thestotal p(essure drop across the core could S

'_ be determtned Next the remamtng dummy plugs Were removed sonhat water wet (or )//
‘ orl wet) frttted dlSCS and pressureiransducers could be mStalled in the remammg taps To
avord entrapment of a1r durmg the rmountmg of the transdtmers orl was cnrculated at a very

I
slow rate thtle the transdtmers were bemg mstalled Fmally, a waterflood at a ﬂ:'d)'ate ol'

m Jectton was begun The 1n3ect”b rate usﬁl was selected to conform to the desrred

.'._..._-\ -
.. o

- . stabrhzatron-and stabtlrty crrtena (f or. stabthz,ed dtsplacement NcSO 1 and for s@




-

R Y

. acted as a cushton and helps. the coreholder roll back gently and slowly e

,‘u“-j . _~1',..-,,

e e

o . B - .‘\,. . w. . .- (-, . - : S

dxspfzcement 15,Su2) The data needed to esumate the ef fecnve permeabtnty curves were

&

automattcally recorded f or later processmg by the mteractlve sof tware package developed f or’

PN

lhlS purpose },5'-_' RN o Tt -'l o
"'Durmg a waterflood the core was penodrcally scan

how water andptl were. dnstrxbuted along the core‘""i‘he iniers

on the basxs of the :EhSplacement rate at the begmmng of the run ’l'hts f acrhtated the takmg of

..An‘ R

scan prof tles ‘at a regular tune mterval. Durmg scannmg;__ant'ntertgpter box controlled by the

dlgxtad omput card m the HP lB acttvateg_me prston o'? ahe a1r actuuator valve causmg the fl"', :

—

et .

prston to lock onto a cham drrven at a constant rate by an electnc motor Becausé*thrs axr

‘ actuator vsl.a‘e was- f 1tted to the clamp holdmg the coreholder 1t erf‘hl’a movement of the :' »

i= o
' core on the rarls between the two mrcrol.vave antennas Once the zcoreholder was scanned over ’

thh mrcrowaves to d terrmne S

o

v

1ts enttre lenkth and hll. the mterrupter sthch f 1tted in' the rarls the ptston of thé atr actuator ,

valve "Was. unlocked from the movmg cham The deadwetght attached at tl‘e output end sxde
of the coreholder helped 1t roll back to 1ts mmal posxtron ln order to pI’Ohlblt a f ast and :

v:olent " rollback the deadWerght was allow,ed to shde mto a column of water The water

- ' T o

...’". e
: RN
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S S
RS Valrdatron of ‘the Modified Stability Théory > % o "
6 l l lnt.r oductron | ﬁ :
S The,rmrnis_erl_:le drsplacements conducted m tlus stud‘y were carned out m sandpacks |
L whrch were water- wet ’m carrymg out these drsplacements the lenéth aspect rauo o f—t
superf 1cral velocrt‘y. mobrlrty ratro and mterfamal tensron were varred in order to valrdate
experrmentally not only the stabrlrty boundary but also the equatron used to esttr)nate the
pseﬁmterf acral tensron The data taken also enabled the experrmental vahdatron ol' the
equatrons used toestImate the breakthrough recbvery for: drsplacements whrch were srable and
f or those whrch wer’e pSCudostable Because several drfl‘erent flurds were used the - ‘; ;

\ v

dtsplacement data are tabulated aecordrng 10 the mobrlrty ratro of 1he flurd parrs used “ oo

The breakthrough recoverres predrcted by Equatron 70 (stable drsplacement) and

~ T

Equatron 72 (,ps?hdostable drsplacement) f or the f our. average mobtlrty ratysed in thrs

study are repor‘ted (assummg X°=0) in Table 4~The drsplacmg fhlrd m each serres of runs

o was drsttlled water doped wrth sodrum fluorescem The drsplacement data f or the LAGO

dlsplacernents (M ) 53) are reported in. Table 5 for the MCT =5 plus LAGO drsplacements

e (M 4 06) in: Table 6 f or: the MCl' 5 drsplacements (M 8 13“) m Table”l and for thc

MCT s 10 drsplaoements (M 29 72) m Table 8 The breakthrough recovery as a: f racuon of the' ,. o

\

ongrnal orl m place rs plotted versus the rnstabrlrty number. ls,, m Frgure 4 Also,plotted on '

l’rgure 4 are the theoretrcal breakthrough recovenes (assumrng XD-O) f or each mobrlrty ratro ey

. S .
: ‘f or stable displacernents The solrd lmes plotted to the lef t of the stabrhty boundary. ls,_ 12

pertam to stable drsplacements whrle the solrd lrnes plotted to the rrglfﬁ)l‘ the pseudostable
boundary, IS,—900 pertam to pseudostable drsplacements The boundary f or pseudostable

_. j drsplacement was establrshed experrmentally by Dernetre et al{S]
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6 NE 2 Results SR T )
L. ‘. : "v, ’ sy : \\ ) : ! . .
The theory presented herem is based on the assumptron that 1t 1s permrssxble to

f

- replace the transmon zone (caprllary £ rmge) separatmg the flurd wrthm a vrscous fi mger from 2
| #.the quld through\h:ch the’ f mger is propagatmg by a sharp macroscopxc mterface to whrch a

' pseudomterf acral tension.can be assrgned Moreover in order to denve a dif ferentral equairdn

S B
~ R -

i capable of descrrbmg the evoluuon of the two drmensronal surface separatmg the two flurds

K \

) '.n was assumed that the poten%l in the drsplacmg ﬂurd on. each srd'e oﬁ the pseudosurf ace, ',

..cou‘ld be specrf 1ed a prlorl ln addmon it:-was. necessary to assume tha.t the root of a fi mgeI RIS

“one. f or a waten.f trl:ger and one f or an opposrtely drrected conuguous orl fmger Fmally, these .

‘. ~

= "remalned f xxed in the surf ace whrch 1mually separated the drsplacmg flurd from the drsplaced

'ﬂutd The. mtroducuon of thcse assumptrons enabled the derrvauon of tWo sets of equatrons

- two sets of equauons were combmed by rmposrng a number of compaubrhtv condmons Ho
obtam a complete descrxpuon of- the viscous f mgermg problem Desprte the need 10 mtroduce '

'these sxmphf ying assumptrons n would appear as can be’ seencf rom the dtscussron of results

¢

e . whrch f ollows that the theory adequately descrrbes the vrscous fi mgermg problem provrded

. o the underlymg assumptrons are not serrously vrolated

6 1 2 1 Stabrhty Boundary e SRR i e

The stabrhty of a drsplacement as ‘can be seen £ rom Equatton 67 depends upon '

L i the aspect rauo of the\coreholder angd upon the mobrhty rauo superfrcral velocrty and

.

v ,:pseudomterf acral‘tensxon of the flurds used in the dlsplacement The pseudomterf acral

tensron m turn depends upon (see Equatron 68) the porosrty, 1rreducrble‘sﬁ?r’

saturauon resndual oxl saturatron and the area under the caplllary pressure curVe The

s area under the caprllars,pressure curve depends upon ‘the wett"a‘b' hty of the porous

'med;um the propertles of the sandpack and the ‘terfacral tensron between the .

= drsplaced and drsplacmg flurd All of these parameters were varred t0a greater or lesser

_extent 1n thrs study In addrtron the length of the coreholder was vaned because end

ef fects mrght hav,e af i ected the breal_(thr.ough recoverresn | ) ‘-



Sl

predtcted value £ or the s(abtltty boundary and that determrned expenmentally \Q\ - AT
o obtatned f or eaclr of the f our mOblllt) rattos used m thts study Thts suggests that

o 'Equatton 67 properly accounts for the ef fect that aspect Tatio, mobxltty ratro
,cylindrrcal coreholders S TR
~-in an- earlrer study[51] It shoul.d be noted that only mmor vanattons tn porosrty, . '

o pertarned‘for thrs study.

C 12. 2 Breakthrough Rechery S : EE A f'-_ o

‘grrttcal ergenvalue 7 Grven that sueh 1s the case Equatton 70 may be used tmpredtct

- '-"t»he breakthrough recovery.Second tf the magmtude of lsr 15 such that the dtsplaceme t-

be noted that because it was rmpossrble to determme where a fi rnger wasf

o wﬁ assumed that Xo was zero in both Equatrons 70 and 72

e As can be seen f Tom thure 4 good agreement between the theoreucally

e D K Y

<’

. superf rcral velocrty and pseudomterf at:tal tensron have on the stabrltty of the

RN

_drsplacement« Moreover such a conclusron rs consrstent wrth the results presented m ,

kS earlter studres[l 5] for systems w:th htgher moblltfv ratros whtch were conducted in" IR

Because thc stabt '_ ¥ undary was correctly predrcted f or \h of the rh'pbtllt) \t. o

rattos used in Qns study. rt may be mferred also that Equatton 68 correctly predtcts the

pseudomterfacral tensron f ora dtsplacement Thrs supports a siimlar conclusron drawn, G i

.1rreduc1ble water saturatron resndual il Saturatron and mterf actal tensron occurred f rom :

v

fun 10 run in thrs study As a consequence Equatton 68 should be used. wrth care. rf the

) o \Wtres of the: flmds or the porous medrum drf fer. srgmf rcantly from. those whtch

g — PR

-
. L

The theory developed 1n thrs study-rs based on the assumptron that’ th%

< ‘o P I . .
e boundary curve (root) of the pseudosurf ace whrch separates the orl-fromm water
A;-remams f txed in the X- y plane Thrs assumptron 1s valrd m two srtuattons Ftrst 1f Isr 1s

f.';t.only slrghtly greater than 1r2 the only wavelength possrble is that assocrated wrth the

)\

is pseudostable (Is,>900) the hkehhood is large that the wavelength assocrated wrth the \‘ b_

.";'-.,most probab‘lé etgenvalue ym, rs the one whtch 1s propagatmg[z 5] Under these

tcrrcumstances Equatron 72 may be used to predrct the breakthrough recovery lt should

ditiated, it \




L.

b

és can be seen f rom thure 4 it would appear that the predrcted values f or

- breakthrough recovery of a stable dtsplacementr are m good agreement« wrth the values

determmed experrmenta.lly gor each of the £ our average mobthty rattos used m thts

-’

study In thlS regard 1t is to be noted that (see Table 6) Runs 24 25 a};d 26 (M 4 06)‘|

. were repltcate runs f‘or Runs 6 T and 8 respecnvely Why consrstently lower TeCOveries

\ ,

_were obtamed in the latter three runs, as compared to the former three is not well

. ‘- 6 7 and 8 were undertaken ConSequently the pa}'kt.ng procedure used for Runs 24 251

and 26 diff ered s’llghtly f rom that usedior the earh%r, runs As it is Lnown that

»

.‘ "dtf ferences in packmg, partrcularly at-low dfsplacement rates[l 5] can result in farrly

BRI la e vartatrons m breakthrough recovery, 1t is thought tha’t thts mtght provrde a v»

gt

o possxble explanatton f or the dtfference m recovery between the two sets. of runs.

’-

The vananon in breakthrough recovery whrch can be seen: m thure 4. for

- 'dtsplacements whrch were stable comes about for two reasons Fxrst,.the end pomt

A

mobrhty rano vaned shghtly f rom run to run whereas the theorettcally predrcted value o

: f or breakthrough recovery was estlmated ‘using an average value for. the mobthty ratto

o Second as was demonstrated m earher Studies[l* 5), minor varratrons m packmg’éan

?‘re<

result in’ varrattons in breakthrough recovery - ‘ i o

_‘of the mstabrhty number in those runs f or whtch the mobrhty ratro was small As a

consequence tt was possrble only (s} conduct dtsplacements whach 'were pseudostable f or,-_..»,‘

the hrgheSt mobtlrty ratro (M 29 7) used Moreover as- can be seen from Frgure 4

only two such drsplacements were possrble However based on thxs hmrted amount of _"‘:"’:: o

Lok

: breakthrough recovery to be expected when the drsplacement is pseudostable

As has been mentxoned earlter Bentsen s 1nstab1hty number[2] is proportronal to ;

‘the one derived by Peters and Flock{l] The constant of proportronahty

.- P c\\'

‘ :understood However a r0utme packmg procedure had yet to be developed w"hen Runs -

. expenmental data 1t would appear that Equatton 72 yrelds a reasonable esttmate of the o

S



A,

L aMsArly e
C(M) e(M+1)(M1’3+1) A ¢ 1 N

. PR _ S ) L el

¥ 1s a func@of the mobrhty rano Thus if C(M) is taken mto consrderatxon when : :
‘determmmg the onset of’ the pseudostable regron one would expect an mstabthty o
number drffenng from that reported by Peters and Flock by the f actor C(M) Peters :,
.- . and Flock suggested that the pseudostable regron begms when Is,—IOOO If, however
the constant of /proportionahty is taken,;nto account f 6r M@ 29 7, the mstablhty ,
.. }umber at wluch the onset of the p‘sweudostable regton occurs becomes (1000/2 22)
o j450 Thts seems roZg?e} wrth the expertmental evxdence obtamed in thts study For
"example Runs 55 (Is,—625 8). and 61 (ls,-—575 18) appear to be m pseudostable regmn |
e 1(see ngure 4) ol j n o :“?f . o - " s
. 'I'hree drf f erent coreholder lengths were used to see 1f length had any el‘ l‘ ect on
BN (-"the breakthrough recoVery Runs 43 44 and 45 (see Table 7) whrch were all stable
' cm. respectrvely Because only mmor varrauons m breakthrough recovery .were recorded
E [in tbese runs, it may be mferred that the eff ect of lengtt. on the breakthrough recovery _Y
of a stable dtsplacement must be small becaUSe rt appears to be completely masked by :
‘ small vanatrons m breakthrough recovery brought about by small changes in’ mobrhty
ratloandpackmg | | - .' ‘ | A -
' Srmtlar comments &n be made wrth respect to the unstable dxsplacements For@ |

h example Runs 29 and 35 (see Tab.7) have srmrlar mstablhty numbers drff erentv

: lengths and the same breakthréugh recovery, wheress Runs 38 and 39 have the same N

L . C’\ o o
o '3_ Iep gth srmrlar anstabrhty numbers and breakthrough recovénes whxch drf fer by 4 per j A
i:n Thus length ef fects l such exrst fo or unstable dtsplacements are also masked by

vananons in breakﬂ‘iirough recovery due to small varratrons m packmg and mobrhty

‘ --" . ratro Because srmrlar comments can be made wrth respect to runs conducted at the

\ L other mobthty rattosmsed m thrs study. 1t rs concltrded that length ef f ects 1é%such extst

i do not have a srgmfrcant ef fect on breakthrough recovery B . € )

. S . .-."',3 . . !



¢ lt is not poss:ble tO\make a theoreucal estnmate of breakthrough recovery m the

‘transluon regton (112 < lﬁr 900) f or wo. Teasons. FII'SI there ex1sts the posslbthty

that a propagatmg finger mlght change mode in l.hlS regron and lf sucl’b lS the case one

- fof the assumpt:ons underlymg the theory used to deQelop the breakthrough recovery

‘ equattons is senously v1olated Moreoven when such mode changes take place the

= 'velocity of the propagatrng l‘ mger also changes at least in analogue mocb‘ls of porous

o Q - N .
medxa[3] Second at low values of Isr. the ttme constant nw, as a i unctlon of

' \vavelength possesses 2 very broad maxrmum, Asa COHSCQUCI“;\S is unltkely that the " o

S wavelength of maxrmum mstabxhty w111 drstmgulsh 1tself durmg the course of the . -

experxment[2] That lS 1t is possrble m ’;ephcate exﬂriments that f mgers w1th qutte

drf fe erent wavelengths (and dlf f erent perturbatton velocmes) rmght dommate the

4 e

. dlsplacement if th.e dtsplacement takes place m the transrtron Ieglon Thus because

nelther the wrdth nor the velocrty of a propagatmg f mger is known thh any certamty

x el ;

) m the transmon regton 1t’is not possxble o make a theoretxcal estlmate of breakthrough

. recovery in thrs regron ThlS also provrdes a possrble explanatron f or the mcreased SR

scatter in the data whxch 1s partxcularly notrceable in the MCT 5 drsplacements

'(M 8 1) in Flgure 4 in the transmon reg:on[Z] - q : ' } L
" fhe breakthrough recovery equatlons developed m thrs study are based on the

o 'ﬂ
assumptton that the drstance traveled by the t1p of a vrscous fmger 1s a lmear f’ unctxon

T

' -of trme Bsaluse there 1s good agreement between the theorettcally predncted

breakthroug recovertges and those determmed eaperlmentallv it would appear that the C

- use of a lrnear trme”f unctxon is acceptable at least in the dtsplacements conducted in.

= _'thxs study Thls is consistent wfth the results obtatned @ an earlrer study[B]

[V



6.2 E's_tlma.tfron‘_'of .Relat‘ly_e ,P,errneabili}ties Us_ln'g ‘.the"t%rtternallb_riye’ 'I"_ecltuique"'-;,f o

"136211ntroduct|on R ERR S
: (' As has been noted m the development of the theory use of the external drrve
,' '
: techmque to estrmate relatwe permeabtlmes is vahd prowded the dtsplacement—-rs-both stable

<z

i (ls,Sw2) and stabthzed (NCSO 1) Moreover 1t lS tmportant that the funcuonal fo orms used 0 |

' '»dcscrrbe the cumulattve orl productton and pressure drop hrstortes are mtemally consrstent

-

- and monotomc‘ and that they are consrstent wrth the varrous phystcal condmons whrch can bc

o rmposed on the sy'stem- e AL '_ S '_ L EEAR

.-

: .@{ 5

6 2. 2 Data Analysrs

To undertake a least squares analysrs rt rs necessary to specrf y a number of drff erent - L

e -
R

) .“f unctrons /whrch canjbe used as predrctor; vartables The predrctor vanables used m thrs

(

study mcluded Int tlnt and tJ for —T- -3, 2 1 1 2 3 Once a specrfrc s’et ol' predtctor .
I

o vanables had been chosen they were odrfred as rllustrated m the sectron on theory so as to -

"‘be consrstent wrth Equatron 84 f or the cumulatrve oxl productton data and wrth Equauqn 94 : \

R

'ff or the pressure data Ihen the method of Jeast- squares was used 10 estrrnate the values of the

E coef t‘tcrents of the regressron equauon selected' Thts was repeated fo or a- number of dlf f erent

.

S i',fregressron equatrons whtch were selected by settmg some of @the a, or b, equal to zero Then
S
. vanous statrsucal methods provrded wrthm the BMDP program[113] a non lmear regressnon

: -.analysrs package avarlable on the M'I‘S at the Umversrty of Alberta were used to select the

. \

. "best regressron equauon Typrcal CUI'VC matches are shown m Frgure 5 for Run 62: The

N __\__“ .-_——_

. :estrmated n;rean square error for the recovery data m thrs plot 1s 0.095 whrle that for the

'l

i _pressure hrstory data rs 6. 9x10 5 Stmtlar matches were achreved for other runs
Once the best regressron equatron had been determmed a number of tests were
' ['-:---undertaken to make‘ sure: that the data and estnnated pararneters wehebgonsrstent Of

parttcular nnportagce m tlus regard is the trme to breakthrough Because raptd changes m

L ,r'both satura(uon and flowmg volume fractions occur at Water breakthrough the trme to

. ,,J._w S
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N be as sharp as assumed in Buckley Le Arett dtsplacement theory : ‘ “'_:

) l\reakthrough ‘and expertmental data at or-near breakthrough may Be suspect[40 114 115]

- dtsplacement is not stabrltzed or 1l‘ the dtsplacement 1s unstable the saturatton front wrll not 4

" - i

- typtcal werght versus ttme ploeas shown n thure 6 It was usually f ound that there was good

L ssrgmf tcantly smaller than that predtcted usrn&Equatton 95 thts was taken as‘an mdtcatron

"-asymprotlcally, it 1{ very drff tcult to esumate tm accurately Consequently, the value ol‘ tm -
o .permeabrltty to water curve 10. Sw = -SW Moreover m estrmatmg the. slope of a trtal

. can be est1 ated f rom (1 - Sw, So,) a parameter m Equatron 84 When 16 or a parttcular

be, acce' table T - : "\ o

Y

o agreement betWeen the three esttmates If the vrsually observed/ ttme 10 bteakthrough was | f,t' :

a

: Problems may also arise: tf the Buck,ley Leverett[ZO] assumpttons are v101ated Tha'i lS tf the o

that the dlsplacement was etther u stabtltzed or unstabm. oreover any dat pomts m the .' SR
iyt

s

’ tmmedrate vtcmtty of the breakthrough pomt whtch were obvrously erroneo were excluded

< . L

'_;fromtheanalys;s . L g \ l e o

The parameter tm can be esttmated f rom bbth the pressure drop and the cumulattve

-

help select the most appropnate value for tm. Equanon 104 was also used to estrmate tm In'

. -;evaluatmg Equauon 104 the value of kwor was esttmated by extrapolatmg a tnal effecuve

. g

3 eabthty to otl curve use wag made of the fact that the permeabthty 10 0il must
' RV

,.,-

hat is ltw(,x mn besesttmated f rom B /k“o,, a parameter m Equatton 94 whtle S‘,r

When polynomrals are used o construct an approxrmattng functt /}1 oscrllattons of the

1mattng functtons may prove troublesomer In order to lessen th seventy of the : e

-

<

ool productron htstones Because both N and 7\ approach thetr hmttmg values '- Sl

- _esttmated usmg Equatton 84 can be qutte dtff erent l‘ rom that obtamed usmg Equatton 94 To |

4 = —SO} The parameters kwor and So, can also be estxmated usmg the regresston
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‘ problem only polynomrals of relauvely low degree were used m the regressron f uncuon
Moreover to ensure that the equauons used 'were smooth and monot‘omc thle second :
e
derrvattve wrth respect to trme l‘or borh >\ and Np was calculated Thus xf d27\ 1/clt2 was.

" posmve over the mterval tbt S L < tm. and if it decreased monotomcally. the f unction used to

model X 2(t) was deemed acceptable Srmrlarly, if dZNp/dt2 was negatnve over the same range 5‘."'

' and if 1t mcreased monotomcally, the f unctron used to model Np(t) was, deemed acceptable

e Ftnally, when regressron equattons wrth mtemally consrstent parameters had been :

| N obtamed Equatrons 86 and 93 together wrth Equattons 74 and 75 were used to generate the '_ ‘

f mal relatrve permeabrllty versus saturatton curves = - g
. . . . “- B -~
623Results '_ \‘

ln order to evaluate the approach suggested in thts study three sets of data were
e utrhzed one. from Run 62 yf\d two fi rom the lrterature[48 113 114] A summary of the core
data f or each oli the drsplacements studted xs provrded m Table 9 It should be noted that the |
| values of Sor reported m thrs table are based on the average saturatron exrstmg rn the core at
the termmatton of the expertment Consequently. if all of -the dtsplaceable orl had mot been
drsplaced at thrs ttme the true value of Sc,r may be somewhat smaller R B
| The values -of the parameters obtamed f rom fi rttrng the cumulatwe Su recovery data |
are reported m Table lb Also reported m thrs table are the resxdual sum of squares and the
estrmated mearl souare erlror for each of the runs The analogous- data l' or the pressure _ o
hlStOI‘leS are’ repofted in Table 11 ‘ ) e | e
o , A companson of the end pomt effectrve permeabtlrtrés f or water breakthrough txmes )

: N and resrdual orl saturatrons are presented rn Table 12 Because rt was not possrble to esttmate SR

Nc for two ol' the drsplacements another scalmg parameter Luwv[32] Whlch is also presented .

£ m Table 12 was uSed to assess the stabrltzattorl of the drsplacements Also reported m Table A

S

12 are the esttmated values of lco(l—So,) ‘I‘he observed values of kwo": reported m the table ;

cor@pond to the values deter,mmed expefimehtally. wlnle the ¢

‘lculated values of kwo, are

those estrmated durmg the fi tttmg of Equatron 94 The observ "

values of tm reported m the
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‘A.. . . .

-‘calculated values were obtamed usmg Equatron 99 'l:he observed values of 'Sor are based on’
- - 'the average saturatron values whrch pertamed at the termmauon of the drsplacement 2
' experrment. whrle the calculated values are those esttmated from the parameters obtarned in’
'. "v:the fit of Equatron 84 Note th'at when the displacement was stopped ‘before all the c

‘ "dtsplaceable 011 w*as produeed there is a srgmf rcant drfference between the observed and B :

o calculated values of both’ kM,r and Sor

The relatrve permeabrlrty curves l' or these three dtsplacements are shown in Frgures 7

8 and 9 Note that values of permeabxhty estrmated by Jones and Roszelle[48] and Mrller[llS] s !

" are reported as symbols whrle the curves esumated usmg the method developed in thrs secfron 1
. . . A L . |

are reported as solid lmes. T ' L e e

._.-:624D|scusswn of Results . IR L T
! As has been noted earher the method proposed in thrs study was evaluated usmg data

-

o f rom three dtfferent dtsplacements Two of the dtsplacements uulrzed unconsolrdated cores

.'v'l‘_WhllC the thrrd uulrzed a consolrdated core. Moreover the length of the core.holder properues‘;,'

- of the flutds and the core gropertres vaned srgnrf 1cantly f rom drsplacement to drsplacement

-. 6.2.4. 1 Jones: Roszelle Data | o ” '.' “ : B _‘ - - 3 . -
Jones and Roszelle used a consoltdated core ‘in therr drsplacement tests[48] ‘As b
' carHJe seen from Table 9, thetr core had the shortest length the smallest pore volume
and the lowest permeabthty of the three dtsplacernent systems bemg consrdered |
Moreover the vrscosrty of the: oll used was the. lowest of the three drSplacements A‘
: companson ol" the values of kwo,, tb[ and Sor estimated by, Jones and Roszelle and by
the metbod used in thrs study is presented m Table 12 The ttme to breakthrough value
reported by Jones and Roszelle[48] is srgnrf 1cantly smaller than that estimated usmg
Equauon 99 Because the value\of the scalrng parameter[SZJ L,u“v is srgmfrcantly '. )

smaller f or thrs run (see Table 12) as compared to the others rt is thought that a

possrble explanauon for thrs drscrepancy 1s that the drsplacement is unstabxhzed That -

Sy
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1s tf the saturauon front is not as sha.rp as assumed m. Buckley Leveret@O]

drsplacement theory. it e be expected that the breakthrough pomt wxll not be

e :;'-':representattve ln thts regard itis o be noted that Mtller and Ramey[114] haVe also

: EObSe,rved that the actual (true) breakthrough pomt was usually fore the mferred " '

: K breakthrough pomt On therr recovery versus pore volumes mJected plots @A o o
Because Jones and Roszelle mJected a. substantral number of pore volumes (10)

i there is gdod agreement between therr observed value for Sc,r and that estrmated» LTI

'A.',‘

'_ '..parametrrcally However the agreement betWeen therr value for kwor and that obtamed
B by usmg Equatron 94 to frt the pressure hrstory data ts not as good The reason for thrs
;ts that the author s approach taken in thrs study suggests that only 9. 54 pore volumes
i .‘( t=13, 369 5 seconds) are: needed to produce all the dtsplaceable 011 whtle Jones and

Roszelle[48] suggest that an, mf tmte number of pore volumes is requtred Desprte these ‘
| dtf f.er:ncesﬁ the overall agree’ment as cajt be seen fr}t thu\r\e 1, 1s qurte good between - . .-
.“.t’re relatrve permeabthty curves obtamed usmg the Jones and Roszelle method[48] and

: ﬁthat used heretn

~

o 16.2.4..2«Mrller Data

Mlllet used an unconsolrdated core tn ‘his studres[llS] The. vrscosxty of the orl :

t

. 'the length of the core and rts permeabrhty were mtermedtate as compared to those of -

>

. _the other two dtsplacements The pore volume of the core was the largest' of the three )

... cores: consrdered Moreover because Mrller used an mf erred " Value ;;or tb[, there 1s
' 12). Because. Mxller dld not mJect suf frcrent pore volumes to produce all of the . e
dtsplaceable oxl there are uncertamtres assocrated wrth tl!e values estrmated for both
- kM,r and SC,r The observed value reported for kwpr, as- estrmated by Miller, is the’ last -
. value reported by hrm tn hrs thesrs[llS] Because the value of- S“z for whtch thrs value .
- of permeabrhty corresponds is too low the observed value for kwo, is too low, whxle o

- that for Sor is too high. The value for k“or estrmated in thrs study is about 8 per cent .

) - 3 hrgher than that reportegby Mtller[115] whxle that for Sc,r 1s about 7 5 per cent lower, S




o o mtermedrate pore volume and the htghest permeaﬁhty. Moreover the vrscosrty of thez."'f

o of' Sf,r and ltwor are to,be""chreved e S =

Because the value ot‘-'tm was adjusted m such a way that the values ol‘ Sc,r and kwo, (see R

E@ Data Analysrs Secﬁ‘on) esttmated f rom the ef f ecuve permeabrhty @ves were m good

agreement wrth those obtamed l' rom Equattons 84 and 94 respecttvely. 1t xs thought
that the latter values are,to ,be ;gf erred However 1t should be kept in. mtnd that both
Np and )\ asymptotrcallv approach thetr ltmrtmg values Cons@uently. rt is ver)

drf f rcult to estrmate accurately the ltmttmg values of these curves Hence the

apphcatron of addrtronal consnstency tests need not» necessartly improve the accuracy of

. f""':j the esumated values of ltwor and Sor Thrs pomts to the need 1o contmue to tn]ect water

N RS

unttl such trme as most of the dtsplaceable Otﬁxas been produced tf accurate esttmates '
e ’
. R LA

: L .~ A compartson of t.he relatnve permeabrltty curves obtamed by Mtller arrd by the

> method developed m thrs study is shown in Frgure 8. As can be seen f rom the f rghre

. there 1s reasonably good agreement between the two sets of curves Wrth respe“ct to the
oy A ot t' DA

relatrve permeabrltty to water curves the agreement worsens as thq 'ratton 10 Water

mcreases Thts comes about because the parametrrc esttmate f or k“or is somewhat

N
htgher than that esttmated by MrlleL Because of the consrstency tests whrch are

.

mcorporated mto the method suggested m thrs study. 1t rs thought as noted earher that o

therr method 1s ltkely to be so«mewhat more accurate

N

Overall the agreement between the two orl relatrve permeabthty curves is not
"

qutte ‘as. good There are two reasons for thrs Ftrst both 7\ (t) and f 2(t) are concave

[N

downward whrle f W2(t) 1s concave upward Consequently. small errors ll‘l the
' : magmtude and the slope of l\ (t) and l‘ °z(t) can result in larger errors m the esttmated ,V"

':\, value of ko (see Equation 75) than rs the case for k“(see Equatton 74) Second because

f w2 ) is. multrplred by u“ whrle f02 rs multrplted by uo, any such errors are magnrf 1ed to a o

greater extent in the case of the orl curve. - R el

6243Run 62 T ST '*‘-&”

The core utrlrzed m Run %2 was unconsohdated It has the longest length an.

“. 3




A

- o:l was the hrghest of the three runs Becauseit:he captllary number Nc. is less than 0 1, f B

\\" e

it ts thought that the drsplacement was stabrltzed However because Isr is shghtly | _ L
'... - consequence the observed breakthrough trme mrght be smaller than rt should be f or a
' ."'stable dtsplacement 'Desptte thlS there 1s reasonably good agreement between the s "
| »v}sually observed breakthrough time and that esttmated usrng Equatlon 99 EE

.‘ Bgcause Run 62 was stopped before all the dtsplaceable orl had been produced

” :'_i‘ the observed value of. k“a‘ls lower than 1ts true value whrle that of Sor s hrgher Whrle
- the consrstency tests drscussed in the Data Analysm Sectron were employed to obtatn the 3
' ~:_',.v_‘~'_est1mated (calculat@ values reported in Table 12 these values are not necessanly e
i .. '_»accurate for two reasons. Frrst because the Ruska pump used was capable of pumpmg\
: ) only a lrmrted volume of the dtsplacmg flutd, R&p 62 was stopped at a pomt where the : : o
- amount of orl strll to ‘be dtsplaced was f arrly large Second the accurate estrmatton of -

o .‘,,ﬂ'»“parameters Wthh approach their hmmng values asymptotrcally rs very drff icult. The

-

v--relatrve permeabrltty curves f or- thts drsplacement are presented m thure 9

e e

'6.3,F‘ufrthe_r'Validat'ior"i of the Externaanve Technique e .

6.3.1 Iptroduction *

- 4 . e : .
In order to’ gam complete conf rdence in the external dnve techmque developed in thrs
study, it was: necessgry 10 valrdate the tec‘hmque by carrym%put some addmonal consxstency
 checks: Thrs was accompltshed by measurmg the saturatron andf the pressure gradient at the
outlet eﬁd ‘f the core and comparu‘ these values wrth those estlmated usmg the

external drive theory Run 63 was carrted out to meet thrs obJecttve A’ summary of the basrc' B

expertmental data appears in Table 13

06

.{ .greater than 1r2 there exrsts the possrbthty that the dtsplacement may be unStable As a
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- 'I'he cumulattve orl produced was estrmated 1n two ways Ftrst the total quanttty of

: ﬂutds produced was werghed and then Equatton 95 was used to calculate the amount of orl

' '.-‘produced at a gtven ,pomt rn ttrﬁe Second the cumulattve orl produced was esttmate'd"by

.

: ':determmmg the area under a saturatron prof 1le measured at the same trme and multrplymg‘
d'thrs area by the bulk volume trmes porosrty In both cases these data were smoothed by usmg‘_‘:
"least squares to determme the coef f 1crents of Equauon 84 o : |
4 B Because rt was: possxble to measure the pressure tn both the 011 and the water tt was.-
‘ possrble to esttmate the total pressure drop across the core m both phases Least squares

'theory, m conJunctton wrth Equatrons 87 and 94 was used to f 1§he total pressure drop

-

“'-'hxstorres for both the 011 and, the water A v'. e %':-".-, 7 ": ‘

Once acceptable ftts to the data had been achxeved Eguatron 86 was used to estrrnate

- J

v_f 02, ‘while Equauon 93 was. used to estrmate )\ Then Equatrons 119 and 120 were used to :

esttmate k,w and kro. respectrvely Equatron 99 for tbl and Equatron 104 for tm were used to o

) apply the consrstency checks S i " y&-/

R N

_ An €erTor- analvsrs was undertaken f or’ each of the expcnmentally determmed vartables p
‘(S“z, >\ Np) used m thrs study Thts was accomphshed by estrmatmg the standard error for
: each of the mdependent vartables m Equatrons 118 87 and 95 Then an overall error analysrs

' \.‘of each of the’ equauons was undertaken[11,6] to. esttmate the standard error assocrated wnth

\

.eack\dependent varrable The relattve standard error f or saturatron ranged between 0 8% at

R

' ,S.,\z Su', nd O 2 at S“z 1 So,. f0r 7\ 1t rernamed approxrmately constant at about 0. 5%

_;”oye'r- -’theenti range of measurements and f or, Np 1t ranged between ‘3.15% at 1= tbt and 1 3%3, -

Cattstm o

D e

,633Results .. K | — ' _;:

 An rmmtsc,ble drsplacement run Run 63 was carrred out usrng a water wet
. unconsohdated sand pack Typrcal saturatron prof tles measured durtng the course of the
, drsplacement are ?hown in Frgure 10 Because it was™ possrble to measure the saturatron at the

RS TN
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outlet end of the system S“z. 1t was practxcable to-ncompare.-tms,

usmg Equanon 78 develoned by Welge[29] Such‘a compan '

o ~the pomt in tlme the'.rmcrowave scan was unutakeﬂ The curhil

. A O : h
T L, :

esumated m thxs,,way is compared wrth that estlmated by wtt

e -

g?nng the

(Equauon 95) in- Fxgure 12

measure the pressure in both phases Mol‘eover beeause saturauon ,‘ng

n“

. ¥ 9. .

pracncable to measure%e dynamxc capxllary pressur%'as a funenon of
v ’v 0 4“2. .

\

measured at these two locauons with 'the measured equrhbrunn
qf‘ X B -

‘ taf AR

Flgure 13.

'end of the system However because it was possxble to measure. the préssure gradnent at the
. as

,'outlet end of the core it was practrcable also to'estlmate d1rectly the recrprocal mobxlrty 7\ 1

-

“at thxs pomt A companson of k esumated m thxs \xay w1th that obtamed usmg Equauon 88
s presented in Flgure 14 where_the values of >\ estrmated drrectly are. rep esented- by symbols
and those estlmated usmg Equauon 93 by .the sohd line. . S i : 0 :
One of the assumptlons underlymg Bu kley Leverett theory[20] is that it 1s permrss1ble
' to neglect the cap.llar pressure gradxent Consequently. it ds usual to use the total pressure
‘ drop lustory f or onlv one of the phases (water) when estsmatrng the relatrve permeablhty |
curves usxng the external dnve techmques Relatrve permeabxllty curves obtamed usmg tlus ‘ -.o
approach are depxcted m anure 15. Also shown in the flgure 1s the relatxve permeabrhty to oil -
: curve obtamed when the total pressure drop hrstory for the 011 phase sther than that for the
water phase is used 10 esumate k,o ' ' ’ |
- For Buckley Leverett theory to be applrcable the dxsplacement must be stabllized

A

‘That is, the shape of the frontal regton must be mvanant thh ume 1f the theory is to be:

K
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vahf To 1lltlstrate tlus pomt the actual profrles are compared wrth the Buckley Leverett

prof' rles rrl Fxgure 16 A

: ‘6314 DichSslon_ of Resu'lts“"- : S

e

“a

A

: apparent Because the drsplacement 1s stable such: perturbattons do

‘.

.
N
Al

A - . L

Saturatron prof 1les f or Run 63 are. shown m thure 10 Because the caprllary

fid
%

number rs less than 0. 1 (NC—O 074) and because the rnstabrhty number is less than 72 -

6 3 4 ] Saturatron Prof rles._

T .

(ls,—4 82) the dtsplacement is stable and stabrhzed Note however that the degree of
stabxlrzatron mcreases as the saturauon prof 1les progress along the length of the core
“That 1s f or’ the frrSt few prof 1les the saturation at the mlet ¢nd of the system 15 less B

than Swm-— 1=Sy; and mcreases wrth time. Moreover the floodfront saturauon and the "

’ steepness of the f rontal regwn have yet to reach therr maxtmum values As the prof 1les'l .

progress through the system the floodf ront saturatton and the shape of the f‘rontal

'

reglon gradually change untrl relatwely constant values are achleved When the f rontal

. safuratron the slope of the f rontal regron and the shape of the f rontal regron become

mvarrant w1th trme the drsplacement rs sard w0 be fully stabrhzed and apphcatron of

the external dnve theory is perrmssrble Note that because of local heterogenertres

g o

- minor vanauons m the shape of the f rontal regron f rom prof rle to ﬁrof ile, aré.

ot grow, and

, consequently they. do not pose any‘ problerns It ls 1mportant 10 note also that had the \

core. been- only. half as: long, the prof ﬂes would not have been f ully stabrlrzed at. the ttme
the\ reached the outlet end of the system and the apphcatton of external- drrve theory

would not have been warranted

B . . to -
.ow o A

6. 3 4 2 Saturattons at Outlet End : "«, C i

Conventronal external drive theory, uses Equauon 78,I a modtf 1ed versron xOf the
equauon suggested by Welge[29] to estxmate Swz, th%sa‘turauon at the outlet end of the :

system In thrs study, least- squares theory was use% f: 1t,f.quauon 84 to the

. . . T ¥

e
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,""f_cumulatrve oil productron data Then Equatron 83 together wrth the "best f1t
.-parameters was used to esttmate S“z 'I'hrs rs equrvalent to using- Equauon 78 to

. esttmate Sw2 The soltd curve presented tn thure 11 was obtarned m thts wa) Because
» (
of Lhe avarlabrhty ol' the mrcrdwave equrpment ‘it was possrble to measure dtrectly the

vsaturatron at the outlet end of the core Equauon 83 was used to. smooth these data

l

fand the resultrng curve is presented as a dashed lme in thure 11. As can be.seen f r_qm

, the fi rgure reasonably good agreement Was obtamed between the drrectly measured value ‘

]

‘\ of Sw2 and that estrmated usmg Equatron 78 The maxrmum dif ference between the two
.‘ . . ,_
curves is less than one saturatron per cent. BeCause there seems to be a systemattc

drf l~ erence between the: two curves attempts Were made to 1mprove the agreement by }
<

’ usmg varrous werghtmg schemes when undertakmg the least - squares fi 1t However thrs

-

. vapproach drd not result in 1mproved agreement between the two curves., Whrle the f
: _'dtscrepancy between the two curves mrght be due to outlet end ef fects thrs is not

, thought to be the casc. because such el‘ fects were not observed m the experrments.'x
B / T N .‘

A more plausrble explanatron is that because of local heterogenertres along the
: length of the core the stabtllzatron assumptron underlymg Equatron 78 was not well
‘met, Stabrhzatron 1mphes that the drsplacement is. lmearly scalable’ l‘hat is to say. 1f the '

, drsplacement is stabrltzed all the saturatton profrles along the length of the core should
. ’be similaf - drf ferent by only a lmear magmf tcatron or reductron[35] As can be seen

B ? 3 :

: _f Tom thure 10 the shape of the saturatron prof 11es varres sltghtly as they progress

along the length of the \COre. Zl‘hrs is, more apparent in Frgure 16 where the actual

prof tles are compared wrth those predtcted by Buckley Leverett theory[ZO] The
R J
consequence of this varratron in the shape of the saturatton profrles 1s that the valuc of

S“z predrcted usmg Equatlon 78 drffers sllghtly t'rom that actually measured Because

the dtscrepancy is small (<1%) lt ts thought that the W not serrous at Ieast m ‘

—
Ve °.

thrs experiment, . L.




. ‘ .

-

L o

6343'Mate!ial~8alance SR :-.i' L -.. : |

,' The area under the saturatton prof rles can be related o’ the cumulauve Oll

produced Consequentlv as a. materral balance check a program was written to

tntegrate numertcally the area hmder the saturatron prof tles When the cumulatwe orl

.

it was f ound\hat there wiis 2 svstemattc drf fere.nce between the two curves However

ot

'*',whgn ﬁta obtamed b\ mtegratmg the area under the saturatron prof tles Were wetghted

» -accordmg t0 the standard error esttmates f or S“z, the agreement between the two curves

L W
o productron estrmated in thts wa) was comparpd wrth that esumated usmg Equauon 95. S

“tmproved A comparrson between the cumulatrve otl productron hrstory obtarned in thrs

?

S 1)
S 'way wrth that obtarned usmg Equauon 95 lS presented tn thure 12 where the sohd hne

- represents the cumulauve 011 productron hrstory obtamed by wetghmg and the dotted

. ‘seen f rom the frgure the agreement 1s good wrth no. systemauc dtf f erence between the

.two curves The maxtmal drf f 3 < e between the two curves is about 0. 8 cc,.

—

i

- -,lrne the cumulatrve orl productron htstory obtamed from the mrcrowave scan As can be .

6. 3. 4 4 Captllary Pressure Data T : ‘

L~

W

,curve can be used to esumate the pressure drff erence between the water and orl m a

.r)'

. ‘-

was possrble to estrmate how the pressure between the two phases t?arres as the
o

. ‘saturatron changes at two locauons durmg the course of a dtsplacemént eXperrme‘A

. “,dynamtc captllary pressure curve obtamed m thts way i$ presented tn Ei?gure 13 as a-

.;v.‘dashed ltne rth”svmbols Beeause of «the raptd dhanges in sa%uratron m ’ev'ytcmrty of

' the dtsplacement front rt was not possxble to measure saturatron accu

S regron As a consequence the dynamrc caprllary pressure cusveﬁs d}f med only f or.

. .-;'6

- sarurauons between the floodf ront saturatr n and’ the ‘armal saturatron S,,.,m l—SO,.

Also shown m the f 1gure isan equrlibrtu. captllary pressure eurve (solrd lme) obtarred

]

for the same sand ﬂurd syste Note ' ‘at wrthm expertmental error the dynamrc

captllary pressures measured at the ] rdpomt of the core are the same as those rnea?ured

In rese }orr srmulatron 1t is usu% assume that equthbrrum caprllary pressure '

. dynamte drsplacement Because of the use of both water wet and oil: wet frttted drscs ll '



Lo

. - - RS ‘ . ’ ,( ; . T .
at the outlet end for a: gtven saturatton As’ can be seen from Table 14 the parameter

A is almost equal in all th ee cases Thts comes about because the small coreholder ‘

used m the equtlrbnum captllary pressure expertment c0u1d not be packed in the same ‘

Way as ~the large coreholder used in the dtsplacement expertments As a consequence

there Were mmor dtfferences m porosuy and resrdual orl saturattons tn the two e

’

expertments Thrs in- turn (see Equatton 68)% to dtf f erences m the area undert the

}3&%% equthbrrum and dynamtc captllary pressure curves It also provrdes an explanatton as to

-t

@

why the captllary pressure curves, dtf fer sltghtly Gtven that the curves pertam to

%@“}y drfl%rent porous medta the curves are q%srmtlar ° :

6.3. 4 sg.éprocat Mobrltty T _'. -

':.-~

£
‘ Conventronal extet'nal drtve theory lS based on the assumpttons that. the

: R . < .
dtsplacement 18 stabtltzed and that tt is’ permtssrble to neglect the captlﬁry pressure

-7

gradtent Gtven that these assumptrons are. met Equatton 88, P modtf ted versron of an

(/

equatron proposed"by Jones and Roszelle[48] may be used to predtct the recrproc'al

—

) mobtltty, at the outlet end of the system The soltd curve presented m Frgure 14

was. esttmated m thts way Il" an esttmate of the pressure gradtent at the outlet end of

ot

~the coreholder ts avarlable and tf the captllary pressure gradtent may be neglected lt
becomes practrcable to \esttmate dtrectly 7\ Values of A7 esttmated dtrectly are '

presented as. symBols m Frgure 14, As can be seen from the fi 1gure the agreement

between the two approaches is good except for the second and thtrd last data pomts

r

where the relattve error with respect 10 the smoothed data (soltd llne) is about 6 5 per

cent The,reasons underlymg the’ large relattve error for these two pomts are unknown. -

L

. However tt is speculated that because essenttally only water Was flong at ‘this pomt in

Q.

ihe dtsplacement htstory the pressure transducers sensmg pressure at the orl wet frrtted
dlSCS may not have been able to do so accurately To mvesttgate thts possxbtltty, the i

' relattve error wrth respect to the smoothed pressures in the water. was esttmated also f or

the same two data pomts In thts ease the relattve error was f'ound to be 2 8% whtch

(

supports the hypothests that ther\e were accuracy problems wrth respect to the pressures
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L

other nexplamed phenomenon contnbutmg to the problem

-

6 3 4 6 Relanve Permeabtlrty Curves _ |

o When esumattng the relatrve permeabrhty curves, it is usual to use the total
pressure htstory f or only one of‘ the phases (water) m calcul(atmg 7\ Imphcrt in thls
: approachns the assumpuon that the caprllary pressure gradtent may be neglected

Relatlve permeablhty curves obtamed under thrs assumpuon are presented in thure 15

e '_ where the orl relatrve permeabrltty curve is deptcted by a sohd hne Because of the use

' of oil- wet fntted dxscs 1t was also possrble 10 esttmate the total pressure drop hrstory |
for’ the orl phase If [hlS total pressure drop hrstory is used to estrmate 7\ ;he oil -
. relauve permeabrlrty cur?e presented as a dashed lme is obtamed As can be seen from
7 the fi 1gure neglect of the: caprllary pressure gradrent is not sertous provrded the water -
. saturatron is htgh. However, as the floodfront saturation 1:;pproached the error . | :
becomes srgmf icant, .the rel;trve error bemg approxrmately srx per cent at the I’loodfront
. )

© saturation.

T

6.3 4 7 Btickley -Levetett. Saturatron Profrles :'4

Buckley-Leverett prof 1les were esumated usrng the relatrve permeabthty curves.
deplcted in thure 16 The .oxl curve based on pressures measured in the 01l was used f or
thlS purpose In thrs regard it 1s to be noted that whether the relatrve permeabthty curve

5 " to 011 is based on pressures in the orl or on pressures in. the water made only a slrght

‘drff erence (0 001. saturatron %) in the predrcted value for the flood front saturatlon A

5 -':?"compartson of the Buckley Leverett prof 1les wrth those measured usrng the mtcrowave
o equlpment is presented in Frgure 16 From the fi 1gure xt can be seen’ that there 1s a. |

. srgmf icant drl’ f erence m the frontal regton' between the f irst measured profrle and the

.Buckley Leverett prof 1le Thts is because the dlsplacement lS not yet stabrhzed at. thls

‘pomt As ume goes on the agreement in the f rontal region 1mproves At the ttme



‘correSpondmg to the tlurd last prof ile | pnor to the front s reachmg the outlet the
_drsplacement is essenually stabrltzed ThlS can be mferred because the trrangular areas,
- on etther srde of the Buckley Leverett f ront are essentrally equal . .

| Saturations m the trarlmg zone are more susceptrble to perturbauons caused

— by local heterogenerues than are those located in the f rontal regton Thls is because the N

: magmtude of the captllary pressure gradlent whtch provndes the dnvrns f orce to damp .. k

out the perturbanons is less in the tralhng zcme Because the magmtude of the caplllary.
- pressure gradtent dt:reases wrth mcreasmg saturattonl itis to be expecled that problems

., thh perturbauons would be gréater for the hlgher }turauons An mspectton of Frgure S

v '»16 reveals thrs to be the case: leen that Buckley zverett theory is \baSed on the }

_ assumpnon of a- homogeneous porous medtum wht‘/le the porous medtum used rn thls

BaRE s:udy only approxlmates thrs assumptlon there is reasonably goo;l agreement bet\fveen

7

‘the measured proftles and those predrcted usmg Buckley Leverett theorl N

‘6.4 Lagrangian .Meth‘od' for Estimating Relative Pe'rméabilitie’s.

6 4. 1 Introductton

P Y

Standard ‘.'temal dnve techmques f or esttmatrng fwias a functton of saturauon are
based on the assumpuon that the. drsplacement 1s stable and stabtlized As3a. Consequence they
may not be- used when the’ drSplacement is. unstabrltzed[llﬂ and/or unstablc To uttltze -
unstabthzed and/or unstablc drsplacement data to estrmate f W xt 1s necessarY to undertake th°_ o
‘ analysns at a specrf ic pomt m ttme rather than at specrf ic locatton along the length of the :: t

core That is to say the analysrs must be carrred out f rom’ the Lagrangtan rather than the

Eulenan pomtofvrew K ‘, LT T R

6 4 2Data Analysrs IR e
Lo - , v
In thxs stud) fw as a funcuon of Sw, for a specnfrc ume, was esumated as follou;s

- Frrst a specxflc saturatton prof rle (measured at txme t ) was chosen as the basxs for the

T



©in4e

analysrs Then the volume Q“. del' med by the 1ntegral in Equatron 120 was evaluated at a.
spectfte value of Sw.‘say SQ Next the volume Qw(s“ .t) was evaluated for a suffrcrent

Lumber of saturatton prof tles ( measured at ttmes both bef ore and after t ) to enable the

-;'-least squares methods dlscussed m References 69 and 98 to be used to frt the QQ(S“ ) versus

s ttme,data Then the rnodel equation used to ftt the data was drfferentrated wrth respect to t

{ (see Equatren 121) and evaluated at t to obtam an estrmate of fw(S“ gt ) Fmally, thrs

e

: process was repeated fora suf‘(rcrent number of dtfferent values of S“ to defme f (Sw.t )

2 e
Because of local heterogenemes in: porosrty ﬂxdpermmbrltty. the measured saturatton

: prof 1les ‘were not smooth ln order to smooth the satu tion prof 1les a model equattoﬁvas

‘ 'f'l‘ ltted to the Qw(Sw,t ) data Next the model equauon was drf ferentrated to obtam an D

‘equatron for f“(S“.t ) Then smgothed saturatron proftles were constrycted with the ald of J

- Equatton 124

If estrmates of the effective permeabrlmes to orl and water (see Equanons 106“and

- '108) and recrprocal moblllty (see Equatlon 112) are to be obtamed one must have at-lhand '

Foee

. esttmates of the pressure gradtents in the 011 and water as well as the caplllary preSsuré\

.gradtent along the length of the core. To obtatn such estimates, pressures were measurédhm

~ "both the orl and ithe water at various locattons along the length of the core (see thure 1)

Then model. equatrons were f rtted to these data Hence by dtl‘ ferenttatmg the model equattons

‘ »wrth respect to X, 1t became; possrble to obtam smoothed esttmates of the vartous pressure

"y (S“ .t ) Then the drstance travelled by S“ was estrmated ‘using the model equatron

gradtents at any po:nt of anterest along the core. S R -

The el‘ f ectlve permeabllmes f or a specrf'tc saturatron say S“ ’ were estrmated as..

f ollﬁ§l Flrst the model’ equatron for f w was used to obtam a smoothed estrmate of

2R

: representatron of Equauon 124, Next the model equatrons for the various pressure gradtents

- of x. Thts enabled the. use of Equatron l12 toestrmate X‘I(Sw‘) Note that because Fw

were used to estimate. the Value of aPo/ ax an/ax and aP /9x which pertamed for this value

appears tn the second term on the rrght -hand srde of. Equattonl 112, 2 tnal and error .

N oL R



: kc,(Sw ) respectrvely Agam note.that hc@se lq,\appears on the rrght hand srde pl‘ Equatmn
106 and k“ on the nght haﬂd srde of Equatron 108 a tnal and error procedure rs necessary :

The metliod of s;tccessrve substttutnon was used for tlns purpose[lla]

. -An error analysrs was undertaken f or k,w(Sw) km(Sw) and Qa(Sw.t) Thrs was : 3 ‘
_ accomphshed by estrmatmg the standard error f or each of the mdependent varrables m '

| .' :-Equatrons 106, 108 and 120 Then an overall error analysrs[116] of each of the equatrons was ,
undertaken to estrmate the standard error assocrated wrth each dependent vanable The P ,
| '_relatrve standard erbr for k,“ varred between 1 13% at Sw Sw, and 1 6% at S“ 1 So,. f or km

: .," it ranged between 0. 58% at S“ —S“, and 0 97% at S“ —1 S(,r The relatrve standard error f or

= Q“ ranged between 0 8% at S“ —SWl and 0 4% at S‘,, -1 So, The relatrve standard error f or

. saturatron and pressure was srmrlar to that reported m Sectron 6 3

;‘6,“1.3 IhR'esults B | o
Immrscrble dtsplacement runs were carrred out usmg water- wet unconsolrdated sand

packs. Among them Run 64 was.stable but unstabrhzed whlle Runs 65 66 and 67 were .

.stabtltzed but unstable Because of expenmental lﬂrtattons wrth respect to the press’ure ratmg

-of the coreholder runs at a hrgher stabrlrty number were not possrble B v

» In the f ollowmg sectron a typtcal analysrs usmg the Lagrangtan approach developed

~.in thrs study rs presented for Run 64 and basrc experxmental data fi or IhlS run are ' .

L summartzed m Table 15 The applrcatron ol‘ thrs approach to analyse data from Runs 65 66

and 67 1s sumlar to.that of Run 64 As a consequence analyses for the other runs wrll not be

‘ dtscussed in detarl ‘ '“’.r | | ’ ‘ | | . o
Typtcal saturatton prof iles Qr‘neasured durmg the course of the unstaBthzed

’ 'drsplacement Run 64 are. shown in Frgure 17 Because rt was possrble to measure the

saturatton at the mrdpomt of the system rt wa‘s practrcable to compare thrs value wrth that |

‘ estrmatEd usmg the equatron developed by Welge[29] Such a comparrson rs deptcted m thure
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o

' Because of the use of fritted drscs wetted wrth both orl and water it was possrble to
measure the pressure in both phases Moreover because saturatrons were also avarlable albng
the length of the core rt was practrcable to measure ‘the dynamrc caprllary pressure as a .

‘ "functron of saturation: at sever'atrons along the core ln Frgure 19 dynamrc caprllary
) pressures measured in thrs way at the mrdpornt and the outlet end of the core are compared

wrth equthbnum captllary pressures measured m sectron 6 1 f or the same sand f‘lurd system

FR
Ee

The pressure gradrent in both phases is needed to esttmate the recrprocal mobrhty. ?\ . .

_ Errors in estrmatmg these pressure gradtents could artse 1f the absolute permeabrlrty vanes
fsrgnrf 1cantly along the length of the core.; To mvesugatc thrs possrbrlrtv model equatrons were .
fi 1tted to the pressure versus length data Then these model equatrons were drff erentiated wrth

a j_respect to x to obtam srn00thed estimates of the pressure gradrent along the core Because g

. certarn pressure transducers were diff erentral pressure tranducers (see Frgure 2). 1t was

\

= posmble also to measure drrectly the pressure gradient in both the oil and the water at various-
locatrons along the core. A comparrson of the smoothed pressure gradrent in the orl and the

iy water (lmes ) with the drrectly measured values of the pressure gradlent (symbols) is deprcted

a

m Figure 20

>

Convenuonal external drrve theory uses the average pressure gradtent (AP/L) to
esumate the recrprocal mobrlrty~ A 1 ,ata. partrcular locatron[104 105] Because xt was possrble
to measure both aPO/ 9x and an/ ox drrectly it was practrcable to use Equatron P12 to

.esttmate Al at the mrdpomt of the core, A companson of Al esttmated in this way wrth that

- .estlmated usmg conventro‘nal external dnve theory is presented in Fxgﬂxgﬂl

a0 N

: -"_ ' In order to estimate fw(sw N one has to know how QW(Sw ) varred wrth txme.

. v

Because of mrnor perturbatrons on the saturation prof 1les rt was necessary to smooth such

dﬁta Thrs Wa§ accomphshed by fi rttrnga model equatron to the Qw(sw t) data Typrcal P

- %,
t

g ;are. shown m Frgure 22. The fractron of water flowrng as'a functron of R
v ','* , W ‘ -
,,specrf ic. pomt of trme say t°, was needed also Agaln because of, éhe B

e

‘ on the saturatron prof iles, the data had to be: smoothed Thrs was achreved by

frttmg a model equatron to the f wa,t ) data. Plots of f w(s“ ,t) at two drff erent trmes 880
(:'L‘{.'_u : o i : o : ) e b o .'_ , vb,'.’ ‘
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4'.:_l._'and 1020 seconds are shown in Fxgure 23 Also shown m Frgure 23 1s a plot of F“C versus Sw
Conventtonal external drwe methods for est;matmg f W dre based on an. Eulernan

Zv-approach to the problem That 1s the vanauon of f W, thh S“ is determined at a specxl' 1c "‘ '

_pomt usually at the outlet end along the length of the core Moreover by necessnty,» g

T w-(-S“ ,L) 1s evaluated at the d:f f erent pomts m trme Thrs 1s in contrast to the Lagrangxan

. approach used m thxs stud\ wnerem t”),(x(S“) t ) lS evaluated at one specrf ic. pomt m trrﬁt _.

a number ol' dlf ferent locauons along the core A comparlson of f W estlmated usmg the .

= Lagrangtan approach f “(Sw ,t ) thh f W esttmated at~ the mrdpomt of the core usmg the '

’ Eulertan approach f w(S“.L/Z) is presented in. Prgure 24 I | '

| In unsta’bxlxzed dxsplacements local vanatxons in porosrty and permeabthty glve rxse to

"fsmall perturbatrons on. the saturatlon prof xles To smooth out these perturbattons Equatnon

) >124 was used to determme the dtstance travelled by a number of dxfferent saturatlons Then-a.

. model equauon was s fi 1tted to the dtstance versus saturauon data A comparxson of a smoothed;; |

prof xle obtamed in thxs way wnh an actual prof 1le (t 1020 seconds) is shown in. Fxgure 25
The relattve permeabrhty curves obtamed usrng the Lagrangxan approach descnbed in"

.thrs SCC[IOH are deprcted in Flgure 26 Also shown for companson are the relauve

' "permeabthty curves obtamed when conventronal (Eulertan) external dnve theory 1s utxhzed 0

_ .estxmate f W Sw. and Xl at the mldpomt of the core.
e _

" 6,4.4 Discussion of Results - 8

e 6 4.4, 1 Saturauon Prof’ 1les |
Typxcal saturauon prof 1les f or a dnsplacement m.&hlch water was mJected at

such a rate that a drsplacement f ront drd not f orm are shown in thure 17, Because the .

. captllary number is greater than 0 1 (NC 0 24) and because the 1nstab111ty number 1s

o less than m (Is,=1 07) the dtsplacement is stable but unstablhzed Note that the
v saturatlon does -not rise 1mmed1ately o l-Sor at’ the mlet end of the core, and that the

steepness of the saturatron prof 1les mcreases as the saturatlon prof 1les advance toward 2

the end of the core That is, the degree of stabrhzauon mcreases as the saturatton
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.y prof rles progress along the core.. 'l-'he rnmor perturbauons odhe saturatron prof 1les. S o
_whrch are caused by lOCal heterogenertres in porosny and/or permeabtlrty. are damped

'out as the saturatton proﬁles move f orward through the core. Thts is- ty;rcal of a stable
,drsplacement The magmtude of the pérturbatrons on a typrcal saturatron prof 1le0cau be
seen m Frgure 25 where a smoothed saturatton prof 1le (solrd hne) rs compared wrth the
, actual saturatron prol'tle measured at 1020 seconds T S i’ m

6. 44 2Caprllary Pressure ﬁata SR o EEAT _’ a
: In reservorr srmulauon ll. is. usual to asSume that the equthbrtum caprllary

e j-:pressure may be used to predrct the pressure drfl‘erence between the water and orl m a-

- ‘-dynamrc drsplacement“ln this stud) because of the use of both water wet and orl wet :
,‘f rrtted drscs, t was practrtable to rrRaasure drrectly how the dynamtc caprllary pressure .

U
' jvarw at varrous locattons ‘along the core as the saturatton changed durmg thc course ol'
L a drsplacement expenment Moreover because the drsplacement was. not stabrlrzed (no

' regron of steep saturatron gradrents) 1t was possrble to measure saturatrons and

‘ pressures accurately over, the entrre range of mterest In thure 19 dynamtc captllary

. pressure curves measured in thls way at the mrdpornt (open crrcles) and outlet end

.(sohd crrcles) of the core are. compared wrth an equrhbrrum caprllary pressure curve .

e ‘v (solrd lme) obtamed f Ol'gt ﬁme sand f‘luld system used in section 6 1 o "f;‘ ‘I“r_,'-.‘
'_ ,“', : In Frgure 19 1t can be seen that whlle there is good agreement between the R
equrlrbrrum curve and the dynamrc caprllary pressures measured at the mrdpomt of the |

core the agreement between the equrlrbrrum curve and the dynamic caplllary pressures

s "measured near the outlet end is’ poor Moreover the agreement between the latter two

" curves appears to worsen as ‘the nor " ahzed water saturauon decreases Because the
outlet end pressure transducers were located only one centtmetre f rom. the end of the
‘_core 1t is- thought that outlet end e 'ects drsturbed the pressure measurements m the .
e water and the orl 'l‘hrs hypothesrs 'ppears to be consrstent wrth the 1mprovement m
agreement between the dynamrc and equrlrbnum caprllary pressure curves whrch takes

' ' place as the normalrzed water saturatron mcreases That rs. the magmtude of the change



] xn]ectron rate was hrgh enough for the drsplacement to be stabrltzed Thrs pomts out the £

~ o .
, stabrhzatron when conventronal external drwe methods are employed to predrct the Ce

‘m saturatron and consequently the rrfagmtude of the perturbatton m the tmmedtate

- e

| » vicmity of the outlet f ace of the core Should decrease as the saturatron at the outlet f ace

of the core mcreases Such large drsturbanCes of the: dynamrc caplllary pressures

measured néar. the outlet end of the core were not observed m sectron 6 3 m whrch the . ‘

tmportance of carryrng‘w drsplacements at suf f: rcrently htgh rates to ensure f-ull v
>
recrprocal mobrhty at the outlet end of the core.

The srze of the coreholder used m the equrlrbnum experrments \Vas much

smaller than the ‘one used m the drsplacement eépenments As a consequence the

: G
method used to pack the two coreholders drffered consrderably Thrs led 10 mmor

drf f erences in porosm and resrdual orl saturatron in the t\ro types of cores 'I‘hus grven

2

that the equrhbrrum and dynamrc caprllari curves pertam to- shghtly drf f erent porous o

media, and grven that dif ferent methods easurmg sa&uratron and pressure were

, used i in the two types of experrments "tlhe agreement between the equrlrbrrum curve: and

=

the dynamrc curve measured at. the mrdpomt of the core is qutte good Consequently, 1t _

would appear that the uSe of equrhbrrum caprllary pressure data to predtct the pressure

drf f erence between the water and orl m a dynamrc drsplacement 1s acceptable

6 4 4 3 Pressure Gradrents
' Accurate estrmates of pressure /gradrents in both phases are neegled to applv the -
theory developed in thrs study Such estrmates may ’be obtamed bymslng a model
equatron to: smooth the [pressure versus dtstance data In undertakmg ﬁrch smoothmg, |
several pitf alls must be avorded however[43] For example because of the saturatron ’

drscontrnurtres whrch exist across the inlet and outlet faces of the core (see Figure 2) '

the mlet and outlet pressures measured mternally need not. be consrstent thh those
u .

measured externally Moreover 1f proper care is pot taken ‘when packmg the core the__v'"

absolute permeabrhty may \ary along the core. Consequently there is a need to venf y

the accuracy of. the estimates of .the pressure gradrents



In this study, only mternally measured pressures were used PresSures in. the orl :

: "at the mle@ld @Q f aceyof the core were obtamed by lmearly extrapdlatrng

o mternally measured pressure data In undertakrng thrs extrapolation data from the

Vdrff erentral @ress'ure transducers located next to the mlet and the oule end of the core

" ,» '(see Frgure 2) were used to estrmate the slope of the extrapolatmg gquanon Once the

‘inlet and outlet pressures in the onl phase had been obtamed a model equanon was , .

o £ 1tted to the pressure versus dtstance data

Because only three measured pressures m the water phase were avarlabl'e'x and

O because of the mcreased curvature of the water pressure versus dtstance curvek rtx was '
. necessary o supplement the wate?pressure versus dtstance data Thts was accomplrshed

v ~by usmg the model equatron for x(Sw,t ) to predrct the drstance travelled by a

- partrcular saturatron say SW Then the model equatron f or Po(x) together wrth the
'vfnodel equatron f or PC(S ‘) was used to estrmate the value of P“(x) whtch pertamed

. for x(S *). Frnally a model equauon was f 1tted to the augmented water pressure |

L _"versus drstance data »\. ' . ,
- Once the model equatrons f or Po(x) and P“(x) were obtarned they were - -
- drf f erentrated wrth respect to X to obtarn smoothed estrmates of BPOI ax and aP“/ax
_along the core Because certam parrs of fntted dlSCS were used m conJuncuon thh a
. diff erentral pressure tran;ducerl (see Frgure 2) it was possrble also to measure drrectly
v'the pressure gradrent m the oil and the ‘water. at vanous locatrons~along the core A

L companson of the smoothed pressure gradtents in both the orl and the water (lrnes)

"wrth the dtrcctly measured values of the pressure gradtents'(symbols) is’ deptcted in ;

: Frgure 20 Note that because of uncertamtres wrth respect. to the measurement of water -

o LY .
, " Lo pressure in the ﬂségton where only orl is Tlowmg, VB,PW/BX is not plotted beybnd the flood
Gy 5’ 4

L front (E Y?" m) ‘The good agreement between 'the'predrcted and observed pressure
. o [ A ¢

o :

Q:@ w



"6444Stabtlxzatton | ! .
Conventxonal external dnve theory is based on the assumptton that tlre _H
.dtsplacement is stabtltzed Stabrhza.uon 1mphes that the dtsplacemen,t is lmearl) scalable |
'That is 10 say. lf the dlsplacement is stabrltzed all saturatron prof iles along the length
of the core should be srmrlar,tdrf f erng:y only a lmear magmf u;atron or reductlon[35]

If a dtsplacement is stabnlrzed the average saturation up to a gwen pomt can be

£ i

' . -

,used to estrmate the saturauon at: that pornt To mvesugate the magmtude of the error

o

i mtroduced when the stabthzatton assumpuon is not well met, convenuonal

@

external dnve theory was used to predlct how the saturatron at the mtdpomt of the core

'varred wrth trme The mtdpomt rather than .he outlet end of the core was chosen for

. 'this purpose to avoxd the large dlsturbances of the pressures measured near the outlet '

-~

: end- of thecore Becau-se of the.avarlabrltty of the ‘mtcrowave equlpment it. was ,possxble
also to measure drrectly tl!e saturatron at the mtdpomt of the cores A model equatron |
=y - (see secuon 6 2) was used to smooth both. the predlcted and the measured data and the “ :
| - resultmg curves are. presented inr thure 18. “
. As can be seen from Frgure 18, the largest dif f erence (l 5%) between the
measured and pred,lcted values of S“ occurred at the tlme (590 seconds) the f oot of t%te
. saturatnon profxle arrrved at the m; dpomt of the core Thrs is to be expected because mas

» trme goes on the degree of stabtllzatton mcreases and the error mtroduced because of

”latmg the stabrlrzauon assumpf'bn decreases At t—940 seconds the saturatton at the '

than@ne sa}uratron per cent) reported in section 6 3 m which’ the drsplacement

_ was f ully stab“ltzed Thus it would appear that, for saturatrons greater than the =
p 1 FT D ,
o oy
%

. oodl‘ ront saturauon fhe eg_ror introduced (because of lack of stabrllzanon) into the
LRV
S t

,fg' external dnve esumate of the saturation at the’ midpoint of the core is not serrous at

F - . . . \“:

. 3 'x\“-'
LT } - . " V‘

B



- /(east in thrs expertment Moreover as can be seen from- Frgure 18 the magmtude of
thrs error decreases as trme mcreases beyond 940 seconds
The conventronal external drrve theory used- to estrmate the recrprOcal mobrltty

i,

- at a partrcular pornt along the core is also based on the"assumptron that the ‘ _,-
g ‘drsplacement lS stabrlrzed In this study because it was possrble 10 measure pressures m
.‘ both phases along the core rt was possrble also to use Equatron 112 to esumate dlrectly |
.. 'the recrprocal mobrlrty at a partrcular locatron along the core A comparrson between o
| the drrect estrmate of the recrprocal mobrlrty at 'the mrdpdrnt of the core (dashed lme)
.and that esttmated usrng conventtonal external drlve? theory (solrd lme) 1s presented rn
thure 21 e | ' |
Two. factors contrrbute to the drff erence between the two curves in Frgure 21
lack of stabrlrzatron and neglect of the caprllary pressure gradrent term in Equatron 112
"~ The largest drf f erence (relatrve error 7 2%) between the two curves occurs at the trme
"of arrrval ta, of the floodf ront at the mrdpomt ol' the core. Thrs is'to be expected
because the caprllary pressure gradrent whtch is proportronal to dP /dS“. is largest -
when the toe of the saturatron prof ile (where SW—S“,) reaches the rmd pomt of the
’-'core As trme goes on, the. degree of stabrlrzatron mcreases as does the saturatron at the |
: _- mrdpomt of the cofe. Thrs has two ef’ fects Frrst the ¢ error 1ntroduced rnto the |
- conventronal external dr(rve method because the drsplacement 1s not stabrlrzed decreases L
' Second the magnltude of the correctron term m.volvmg aP /Bx (See Equatron 112) .
decreases because ch/dSw decreases as S“ mcreases (see Frgure 21) In thrs regard note_ |
I that the saturatron gradtent at the mrdpornt of the core remarns approxrmately constant
'-.or mcreases slrghtly, as time goes on (see Frgure 18) Note also that the relatrve error is
strll f arrly large (4 1%) at. the ume (940 secs) the saturatron at the mrdpomt of the core”
' reaches the flood front saturatron (Swf 0. 497) obtamed f rbm the tangent construcuon :
suggested by Welge[29] For ,trmes larger thvan about 1250 seconds. there is good

' _ agreement between the two methods (relatrve error less than 1%) f or estrmatmg K‘l As ".

: the degree ol‘ stabrlrzauon of the drsplacement mcreases the trme' at whrch acceptable

4.



o

et agreement between th° two methods is’ obtarned should decrease Consequently, rt is-

_thought that in f ully stabxhzed dxsplacements acceptable agreement between the two : :

Ny

methods shot.‘d be obtamed f or ttmes greater than the tlme to breakthrouzh Thts is

'b;consrstent w:th currently accepted practrce

N o
When a dtsplacement is unstabrhzed the fractton of water flowrng at a e ;,', -

' ._parttcular cross sectrq,n ol’ the core 1s af unctron of both txm}e and saturation Thrs can-

- be seen by ref errmg to thure 23 where f w iS- plotted versus S“ for two drfferent ttmes
3

- 880 and 1020 seconds The non Captllary f racttonal flow functton Fw, 1s also plotted

sversus saturatron in the same f 1gure Note that as trme mcreases the l'“(sw,t) ctrrve

' shrf ts- to the rrght For suf f 1crently large mJectton ttmes f w(sw,t) may be approxrmated

°

by F“tS ) fi or saturattons above the floodf ront saturatron ‘and by a tangent to t«he
F“(S“) curve for saturattvm}s below the floodf ront saturatton[361 For trmes large

enough f or thts approxxmauon to be vahd the fractfon of water flowmg at a partrcular '

Ed

cross sectton of the core is af unctron of saturatton only and the dtsplacement is satd

to be stabtlrzed Moreover for- trmes greater than the trme to stablltzatton the R

_— A

dtsplacement will be lmearly scalable

When conventtonal external dl’lVC technrqtles are used to estrmate b S (or f“) )
the cumulatrve orl productton versus ttme curve is drff erenttated wrth respect to trme

The value of l' 050 ebtamed pertams to the"saturatton whrch exists at. the@utlet e _of -

' the system at the trme f or whrch the denvattve is evaluated If the dtsplacement i
. unstabtlrzed drf l" erent f“(s“ ,t) curves pertarn t‘or drf ferent pomts m trme (see thu}
23) Consequentl _1f conventronal external drtve met'hods are employed lo esumate -'
L “(S“ ,L) when a drsplacement is unstabthzed serious error can be mtroduced into the . :
C . analysrs The magmtude of such £ITOIS ¢an be'Seen by referrmg to thure 24 where a v.'. :
Lagrangran rracttonal flow curve measured at 1020 ‘seconds is- compared to the Eulerran
. f ractronal f low curve determmed at the mtdpomt of the core. As can be seen f rom A
'_\/Ftéure 24 the dif ference between f w(Sw.1020) and f (SW.L/2) ts qurte large That is. to' '

L say lf Eulerlan methods are employed itis 1mportant that the mJectton rate is’ such
‘ N v



' - BRI . - i Lo . ! R .:

L xs 1mportant that one be able to estlmate accurately the degree oﬁ" tabxltzauon aclneved

N

m a grven dtsplacement In thts study. the caprllary number Nc, Nwas used f or: thts '
i. :

3
Yo R A
. (N

trme of arrxval of the foot of the saturatxon prof 1le at the mtdpomt of t'he; i -
: r! 0. R } 'ﬁ
o _A

seconds (see Table 15) whrle the actual (measured) trme of arrlval was. 590 secctnds :

That 1s because the dtsplacement was unstablhzed a dtsplacement f ront dld not.f o.sm
and consequently. the actual ttme of arnval was much earher than the theory o
fﬁeveloped in: Ref erence 69 would predrct When thts theory Was used to predtct the ttme
to breakthrough m a stabtltzed dtsplacement[104 105], there was good agreement

between the predtcted and actual trme to breakthrough N e ‘_.‘__/ )

The scalmg coefftcrent Ly.“\’ ‘ suggested by Rapoport and Leas can be _used also '
Q.. Sl = '

: to predrct whether a dtsplacement is stabrltzed[32] In thts study lhlS coef fi 1c1ents

evaluated at the mrdpomt of the core Was found to equal 3%3 cm2cp/mtn Rapoport

and Leas reported that f or most ol‘ the matertals tested the crmcal Value of thetr

\.

scahng coefftcrent fell between 0 5 and 3 5 cm2cp/mm That is to. say, because an Lu“v

the drsplacement should be stabﬂtzed However, such was not the case In thts regard tt

-

X "-' ' should be noted that the matenals tested by Rapoport and Leas were consoltdated

‘

| (s’ dstones lrmestones and alundum) havmg permeabtlxtxes rangtng f rom 0 2 to 1 863

darcres whtle the pOI‘OUS.mCdlI;&-‘ used. m thrs study was unconsohdated thh a

ma

Tk Moreover the matenals used by Rapoport and Leas had

o wettxng charactertsngs whtgh varned f rom neutral to orl wet whtle the porous medtum o
. . ’ P .“.‘

used m thlS study was water Wet Thus as noted by Rapo L and Leas 1t would'

permeabﬂrty of 1?~4 ggrctes

-~ appear that the crtttcal value of Luwv depends strongly upon the porous medtum used

~ L
R '-= . R
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anson of the relatr‘ve permeabrlrty curves obtamed usmg the f ractronal

n

l“low curve measured at 1020 seconds (SOlld lmes) and the one measured at 880 seconds .
(crrcles) 1s presented m Fxgure 26 As mrght be expected there 1s qulte good agreement oo
“relattve permeabthty curves ‘. |

obtarned usrng conventronal externaI -drlve theory Note that except 1 or mtermedrate

between the two sets of curves -

Also shown (dashed lmes) for comparrso » '

o saturatrons there is qurte good agreement between the water relatlve permeabllrty curves .

N -

obtamed usmg the two methods However the drf f erence between the two orl curves is.
g B

» sxgmfrcant parttcularly at lower values of' saturatron A parttal e).planatron f of thts

-

dlf fe erence can be seen by ref errmg 10 Equauons 106 and 108 In eq.atron 106 the N
captllary pressure gradlent term is drvrded by o whtle in Equatron 108 1t is dwtded by
B Th‘ctt 1s to say because Ko is much larger than H-w- neglect of the captllary pressu;e
gradtent term is expected to have a much la.rger mfluence on the estlmated value of ko
than 1s the case f or k However other faotors have a role to play as well For ‘

example the degree of stabrhzatton rncreases as the saturatron mcreases whroh would

.

also be expg_cted to affect -the dlfference botween the Lagrang:an and Eulenan estrmates .
of >\ Sw, and f“ Because of the' large drfferencés between the Lagrangran and _
Eulertan esumates partrcularly in the cases of f (see thure 24) and >\ 1 (see Flgure
23) it is surpnsmg that\the agreement between the two types of curves lS as goocl as tt
is. In the case of the water curves 1t would appear that the érrors compensate because

of the relattvely good agreement between the two estrmates of k,w(S}}) However the :

‘same degree of compensauon does not appear to take place wrth respect to k,o(Sw)

”\ because the«magnttude of the drscrepancy between the two curves mcreases as Sy

decreases At the l‘loodfront saturatton (Swﬂ 0 497) the relatwe error in the Eulerlan" .

T estrmate of km(S“) is 7.92 per cent whrle the relatrve errorrtn the Eulenan estrmate of. S

rw(SW) is - -9.33 per cent Thus it would appear that a dtsplacement must be fully
IR S



ﬂ,

L stabrltzed rf accurate esttmates of 'k fw and k,o are to be obtamed when usmg : T
:.‘conventronal external drrve techmques to estrmate these funcuons. 43 '_ ‘_ o
When conventronal external drrve theory 1s to be utrltzed it. rs necess,ary to ﬂ. X
cmject water unttl such ttme as thq average saturatton m the core /pproaches 1- Sor. If

_‘the mobrhty ratro is adverse thts may take a substanttal pertod of trme However 1f the :
P e ‘ i .
C ;_method proposed in thrs sectton is used 1t 1s necessary to rnJect water only unttl }

' -,breaktthugh is achreved As‘%%&tsequence the trme necessary to obtam the data

' :‘-needed to determme'th? relattve permeabrlrty curves usmg the new method rs

G substanttally less than that requrred f or the conventtonal extemal drrve method

: 63,3“Uhstahle Displaceme’nt’s;: ,

. 6 5 1 lntroductton

Earher studres[Sl 52] ha’ve suggested that flow regtme has' an 1mpact on relatrve

_ permeabthty To 1nvesttgate thrs possrbtlrty f urther and to rnvesugate the 1mpact of mstabrhty' -

on captllary pressure a sertes of unstable runs was conducted

: ‘_" 6. 5 2 Results.

s Ve

h ',pos51ble because of equrpmerft hmttatrons

8 : ‘ ; IR
The saturatton prot‘ iles versus drrnensronless dtstance plots f or Runs 65 66 and 67 are -
F 2 N .
. . ,.c - ?r ; el
rdeptcted in Frgures 27 28 and 29 respecttvely It should be noted that the character and ,
W ¥ ‘ ' T
‘shape of the satut‘a,trort prot~ tles in Runs 63 4 66 and 67t(unstable dt$placements) are qurte a
3 T el e /

: srmrlar to those in shown in Frgure 17 f or Run 64 ( unstabtlized dtsplacement)

"I‘he fact that the saturauon fprofrles for tmstabtltzed and ’lmstable drsplacements are

s

srmrlar suggests that 1t mxght be posmble to~ coﬂ"elate the shape'of the saturauon proﬁles w:th |
¥ P . T :
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'vvanous dtmensmnless groups In thxs regard 1mmrsc1ble drsplacement theory[36] suggests that

- the saturatron gradrent f ora parttcular saturatxon should be proportronal to the ratro M/N

’

S A plot of the saturanon gradrent evaluated at the rmtral water saturatron Sw,, versus: M/Nc is'
'shown in Fxgure 30 Note that the saturatxon gradrent for eaéh run was evaluated at’ the same

g drmens:onless trme = 0 27 Because the slope of : the satyatron profrles appeared 1o mcrease

: wrth mcreasmg mstabtlrtv thrs possrbrltty was mvesttgated also A plot of the saturatron

S B

’gradtent evaluated at S“,, versus the 1nstabrhty t)umber Is,?\rs deptcted m thure 31. Y

Melrose and Brandner[lZO] Abrams[37] Taberlel] and Taber el al [122] have demonstrated

” . ;
: resndual orl saturatlon is correlated wrth ‘a ,rmcroscoprc caplllary nun}ber[123]' such as. the one

P

i that the resrdual otl saturatxon 1s a fu unctron of caprllary and vrscous forces Usually the ,/

R

/

suggested by Lel’ebvre du Prey[59] However because macroscOptc‘ Caprllary numberthake mto :

account the rock l'luld propertles as Well as the f low properttes rt W55 decrded to ihvestrgate

_ whether a correlauon between Sor and l/Nc exrsted Such a correlatnon is: presented in Fxgure
R .

o

\t 5
L

R g ,‘ o lf a drsplacemertt is unstable,. 1t mrg rt be expected that the f ractr,om‘qf water flowmg

7 o
at a grven saturatxon is htgher than is- the case f or a sta“ble stabthzed ,drsplacement To
- ,\/ . ‘.
mvestngate thjs pOSSlbl]lly. the fractxonal flow versus* saturatron plot for Run 63 (stable
' 7
s=4.8) 1s9compared 10 that for Run 65 (unstabrle 15,—14 4) }n Frgure 33 In addition, the

f racuon éf‘ water f lowmg ata glven saturatron rrnght depend on the. degree of stabtlxty

-' Consequentl) the f ractronal flow curve. f or R}l;l 66 (Is: -,35 8) is compared to that for Run

[< ,.,“ v - ~ R

’67 (ls,-l7 7) in thure 34, j‘_\ B .; ‘ / oW ;" S sy .

' It is possrble that the caprllar) pressure curves mxght depend on the.l’low regxme To
see. tl' sueh 1s the case the dvnamxc caprllar{ pre,sSure curves for an énstablhzed" drsplacement
a stable stabxltzed dxsplacement ansl an unstable drsplacement are. shown 1n§F1gure 35 for the

water -MCT: 5 system Also shown‘ for the sake of companson is the! equrhbuum curve for
\ { / ™ . v
the same sand flurd system Moreover the dynamnc curves’ for Run 66 (Is,—35 8) and f or

e ; 'll‘..‘, .. R .. . .\ , ;
B Y g_. . P . v CA - . . AR
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“FIGURE 33 FRACTIONAL FLOW CURVES FOR RUNS
\ 63 AND 65 USING WATER MCT5 SYSTEM :
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_‘Run 67 (ls,—17 7) are: compared to the equtltbnum cu've f or the water MCT 10 systenl tn "
QFrgure 36 '.'!'-f_ 'f?”"»' _ ‘, ,.1_ o ;, - W

N . . PR %\ Lo . : N oo s
It has been suggested that relatrve permeabtlmes mrght depend on the flow regtme To

¥

‘ ".' mvestrgate 1f such is. the case relattve permeabtlity curves f or a stable stabxltzed dtsplacement

| -"~(Run 63) and an unstable drsplacement (Run QS) f or the water MCl‘ 5 system are cornpared |

';n Frgure 37 thure 38 compares the relattve permeabllrty curves for Run 66 (Isr—35 ‘8) and
;;z‘ffn 67 (Is,—17 7) for the wate?MCl‘ 10 system,Note that because g?f dtfferences tn S(,r for

_ 'each of‘ the runs, the ‘e‘att permeabtltttes are plotted versus normalxzed water saturatton tn

<

¥ —

borh*thgures 37 and 38 . “ o o :, s ) »

?' Presented in Frgure 39 is a companson of relattve permeabtlmes obtamed by usmg the
: ,Lagrangran method wrt#those obtamed by usmg the Eulertan method fq or an unstable run '
__:-(Run 66) In usmg the Eulerran method two cases were conﬁred in case one the |
conventtonal approach was taken and the correctron terms f or the capnllary pressu‘re gradrent " _

: ,were neglected In the second case the Eulenan method was modrf 1ed so as to mcqrporate the

"approprrate captllary pressure gradlent termsw . . , "
§53 DtscussmnofResults .;_-:r.'v ‘.-‘.‘vi..- o . ,l-.‘_“ L SRV

BFS !’

seconds is mdrcated for SOme of the saturanon prof‘ tles and the mstabrhty«number for _/

each case has beeu mdrcated 0n each l’tguﬂ It is to be noted that the shape of‘ the R

saturatron proftles in these dtsplacements 1s qutte sxmtlar to that observed tn Run 64 an ’

T

unstabthzed drsplacement Moreover the amount of norse on the prof tles does not
e ,

l a{ppear to mcrease as. the mstabihty of the drsplaeernent mcreases nor dOes tt seem to be

.t
)

: ‘ ',; rnuch drff erent fro*m that'seen o"' :the .unstabrlm dtsplacement proftles fsgr Run ﬁ

i ,{Frgure 17) Ctmsequemly, 1t is ‘qutte dtffrcult to dtSbet:n5 at a glance wheEher a gtven

g

an unstable

- set of sa(:uratron proflles belongs to an unstabthzed lacememor '
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the 1mmed|ate vncmtty of the stabtltty boundary

Immtscrble dtsplacement theory[36]— suggests that the slope of a s. uratxon .
.

' - profxle at a’ gtven saturatton should be proporttonal to M/N As can be seen fr rom

'.thgure 30 such is mdeed the Case Because the unstabthzed dtsplacement (Run 64) was .
- carned out at much lower vel cny than was the case for the unstable dtsplacements 1t |
""‘is to be expected tha‘t the uns abthzed dtsplacement should have the largest (negat:ve), _ :5
'slope. and as can“be seen from thure 31, thts was the case Consequently, 1t can be '_ '
’ "argued that unstabthzed dtsplacements should have steeper slopes than lS the case f or |

: unstable dtsplace ts‘ o , o B ' R T A
| Presentedﬂ:q}able 1“6 are»the trmes of arnval of the "foot of the saturatton e
prof 1le at the mtd pomt of the core ln each case it'is o be noted that the measured‘
' ttme of arrtval of the foot of the saturatton prof 1le is less than the predtcted ttme of
.arnval ThlS is also true for the unstabthzed runs (see Table 15) Note that the relattve |
: "error decreases as the mstabthty number mcreases That ts the relattve error was .
-7, 85% for Run 65 (IS,-14 4) 7 0% for Run 67 (Is,-17 7? and 5 5% for Run 66
.:(Is,—35 8) For Run 64 (Is,—l 07) the unstabtltzed dtsplacement the relattve errpr
"_“was*much htgher -37 3% The ef{ect of stabtlrz.atron is- to steepen the saturdtton , Lf e

: Aprof tles (or't@e, front) whtle that of mstabtltty is to flatten the prof 1les (see thure 31) o

o Moreover the relattve error should decreaseas the profrles steepen Because the relattve\ :

B :_' '_;: the case for Sor whtch varted f rom one run to the-

. p,gum 32 the value of SE,r tncreased as 1/N mcreased

v error decreases as Isr mcreases itis thought that the ef f ect of stabthzauon is more 3
o \ S
'..,.rmportant than the ef fect of 1nstab1hty %. least m the tmmedlate v1cm1ty of the stabxht)

'..'-boundary ,; . R ER “"*‘ T - . 7: . '

For all the runs the trreductble water saturatron was establrshed pI'lOI' to the

v_‘,

" _start to the waterflood by usmg the proceduré outlmed m the precedmg chapter As a’

: _consequence the value of S“, obtamed fic or each run was 0 07 However such was not, R

xt That 1s as can beseen from

Y




e
3

oo -

' The mrcroscbprc caprllary number (Ncm ﬁvu/o)ivarres from 3 14x10 6. (Run
67) o 6 ) x1o~6 (Run 66) i

stable drspladembnts ﬁwhxle 1ts value is 3 3x10 6 or. the, e

unstabrhted' dlsplacement (Run 64) Over thts range o£ val jes of Ncm. one mtght expect o

<&

/f'o“seé a. shght decrease m Sc,r as ‘the Value 6f Ngm mcreases[lZS] Hc;wever as can be
< seen from Frgure 32 (;/N equals approxrmately 4 0x10 -6 Nm for the unstable

, .bdrsplacements) -the resrdua.l saturﬁtr{en to orl mcreases as l/Nc (0r Nm) mcreases

-\‘..

__ y o

Consequently. rt WOuld,appear that the correlauon of 50:;, w1th l/N (or’ Ncm) behaves
urte dr‘f f er‘entl? dependmg upon ,w'hether the drsplacementa“rs sta'ble or unstable That ”

ts‘ Sor 1n<:reases as 17Nc mcreases lf the drsplacement 1s unstable whxle Sor decreases |

‘ wrth 1ncreas1ng l/N (or Ncm) rf the drsplacement 1s stable[123 124]%
6 5 3 2tFractronal Flow Curves o o i

H"

A companson of the f ractlonal flow curves obtamed f or an. unstable TR
X . ‘;' ]

;_drsplacqment (Run 65 Is,- 14 4) and a stable drsplacement (Run 63 Is,-4 8) xs

i presehted in Frgure 33 Notrce that the mobrlrty ratro f or Run 63 is7. 1 whﬂe that for

un ﬁS‘;t is 9 7 As can be seen ﬁrorn Frgure 33 the fractlon of water florwmg at a

given water saturatron is hrgher m the case of the unstabte drsplacement (Run 65) than ..,’ '

=

,r'-the stable drsplacement (Run 63) It ’ust,f_-h_'qwe:Ver, be bt')rne-in_‘_rrzin‘dthatf‘_,

fractronal flow of water 1s af unct,ron of mobrh y ratro too As a consequence the
drf ference betvﬁeen the mobrlgj( tat&pontrrbutéd to the drf f erence between the~two L

3 : fracttonal flow curves That g the fractron of water flowmg at a gwen saturatron t} S

Run 65 is hrgher not— only because the drsplacement 1s unstable but alse because the
S : }l’? S g A

mbbillty ratro for the run is hrgher

. '_ Presented m Fxgure 34 15 a comparrson between the f ractronal flow curyes '
e obtamed f or two unstable drspiacements Run \66 Usr -35 8) and Run 67 (Iﬂ"—-17 7)

both of whlch uulrzed a: drstrlled water fMC‘I‘ ‘10 system Note that theFe is very !rttlc'_”,‘;}.-f:

. d’f feri‘lif/be‘“’““ the moblhty rauo for these tw runs Consequently. the. major SR

reason that the fractton of Water ﬂowmg, at a gtven saturation.‘.ts lughet t‘or Run 66:." :
E ’(Is,—35 8) than Fn 1s for Run 6’7 (rs,..tr 7) i that Run 66 is: mote‘- unstaHle Thrs

, r




consxstit thh the resuhs reported by Peters and Khatamar[SZ] v ”\.‘fﬁ . '

, 6533Caprllary PressureCurves R | - '

Ny

= _"'t S As has been mentroned earher it was practrcable to obtam dynamlc pressures m J

the gxl hnd water phase durmg the dlsplacement process Thus 1t was also possxble to '

la: : /rrﬁq,btam flynamrc caprllary pressures f or each sand uurd system Presented m Plgures 35.
A

'ater MCT 5 system and the
7""' ‘ water- _' -10 system respectwely As can be seen from Frgures 35 and 36 dynamlc

A -
7 caprllaﬁ pressures are m good agreement thh those obtamed under equthbnum 8

\V, s

’ . , . -1‘7 7 to Is,—35 8 for the water M ‘ 0 system) Thus for dtsplacements whrch fare

- -moderately unstable use of eqmlrbrlum

i v S

: senous error mto the analysrs However 'whether such an agreement would hold at

g much hrgher mstabrhty number remams to be studted e

Lo

ff'6 5 3 4 Relatrve Permeabthty Curves AT
In order'to demonstrate that relatxve permeab'

| " _ flow reglme a companson of relatrve permeabrhty Cuf: ) for an' unstable e
: _drsplacement (Run 65) and a stable dxsplacement (Run 63) has been made for the same

L E ..sand fll.lld system (dlSlllled water MCT S. sytem) Thé relauve permeabrhty curves i '_

. y LA
st

e

o f__' appropnj,te and meamngf ul comparxson between'the relatrve perrneabxhty curves f or

j'mese two runs "a Lagrangn*ad rather than an Eulenan method was(used 10 ogtam the -
| relatxve permeabrlmes to oxl and watrr for Run 63 HoWever because Run 63 was a ) .;_.-_ .
L 'stable Stablhzed dxsplaeement the anarysxs could be done only f or satlratrons greater

s Ithan S“; Note that thereds sxgmficant dlf rerence betweeﬂ the stab‘e and the unstable ',‘

AR _".relauve permeabtﬁty curvec Moréover thns dtﬂ‘erence 3 larger f‘or the oxl curves than it '




e

-

' 1s f or. the water r'.':' Jes In parucular the drf ference between the stable and unstable

relattve permeabrhty curves for water becomes srgmfrcant only f or hrgh values of the o v

»

norrnalmed water saturatron These results are consrstent wrth those presented by Peters i
A‘_and Khatamar[52] " T | | ' o "l'-*
| . Presented rn Frgure 38 isa comparrson of relatrve permeabrltty curves f or t%

unstable drsplacements Runs 66 and% usrng the Lagrangran method developed.m thrs

E vstudy In both of these runs a drsulled water MCT 10 system was used As 1s evrdent ‘

- ; .from Frgures 37 and 38 relatrve permeabrlmes are affe ec

by the type of flow We
- e
- That is, as’ the dlsplacement becomes more’ unstable. the T latrve perrn}abrty to o ;

4‘u_~ B

B b decreases whrle that to water mcreases Pgtersvgnd Khatam r[52] and lslam. and

Bentsen[Sl] also reported a srmrlar rmpact of ﬂow regrme on relatrve permeabrlrty (at .

1ntermedrate rnst@brlrty nulr%ers) " o ' '. , / v

.'; M

The Eulerran method used by Peters and Khatamar'makes use of Equatrons 74,

.

' ,' 15 an& 88 As a consequence theya neglected the correctron terms mvolvrng the caprllary

l~.

" .‘pressure gradtent aPc/ax Thus 1t would be %f mterest 10 see: what el‘fect rf any.

'neglect of the crprllary pressure gradrent term would have on relatrve permeabrlmes

) obtarned by usmg the Eulerran method To achrevje thts purpose the Eulerran method

. f _ was modtf red so as to mclude the caprllary pressure terrns Equatmns 106 and 108 were

. .'-used to obtam k,w and k,o by the method of successrve substr.utron* The varrable )\ 1

B “:was evaluated by usmg Equauon 112 at X L r e at the outlet end of the core In order

® ”to estrmate aPc/ ax. Po(x) a nd Pw(x) Were frrst curve f;tted as a Punctlon of drstance

L X usrng .the functronal equatron Equauon B 2 (see Appeﬂdlx B) Then u’e d“mmes

. aPofax and an/ ax were obtamed %t x-L the outlet end of the core Havmg obtamed

- "these denvauves. ,3Pc/a" was esunated for i= L X .‘ ." o "

‘- ,j' '. _modrfred Eulenan method are shown in T-‘rgure 39 Note that the solrd ctreles penain to

The relattve permeﬁ/brlrtres 10. the oil’ ahd the water obtamed by usrng the

IN
12




C
T
!

the modrfred Euleﬁan method 1s obtamed However corn arrson of the orl relatr\g

permeabrlrtres obtamed by the Eulerran method wnhout tthe caprllary pressure term Qh

those obtamed by usmg the Lagrangtan method demonsuates that farlure to mclude th%&
A 3 .

caprllary pressure terrn can mtroduce srgmf icant’ 1al‘l'or mto the orl curve However

dtl‘ f erences for all cases among the water relatrve‘ perrneabrlrty curves arevneg'ltgrble

An argument stmrlar to the one made in sectron 6 4 may be approprrate m thrs context

That is, because the captllary pressure term appearmg in Equatron 106 is drvrded by uo- -

- whrle that in Equatron 108 is drvrded by uw, and because uo is 60 ttmes larger than u“.

neglect of the captllary preSsure g.adrent term may have had a much more senous effect

. on the estlmated values of k,o than 1s the case for k,wf

The precedrng drscussron suggests that the method used by Peters and

Khatamar[52] mtroduces an error rnto the analysrs because of neglect of the correctron

) term rnvolvmg the caprllary pressure gradrent term and thrs ITOI can become qurte ’

serious.f or the oil relatrve permeabthty curve Because both the Lagrangran and the
modrfred Eulefran m&thods are m good agreement 1t mxght appear that elther may be -

used However whrle the Lagrangtan method is robust 1t rs more cumborsome to use

- and needs a more elaborate experrmental desrgn o obtam the dynamrc saturatron

prol‘ rles and to record mternal pressures along the length of the core The modrf 1ed

Eulenan method on the other hand 1s srmple to use and the experrmental desrgn needs ‘

are srmpler S : oL -:.,f-l ML !

6 S 3. 5 Impact of lnstabrhty
" When 2 dtsplacement is unstable the pressure and saturauon are no longer e

R S
umform at all cross sectlons As a consequence conventron%l drsplacement theory may

Chel

- no longer be apphca le That 1s relauve permeabthues esumated t’or a stable e

pldcement usmg the external nge theory may not be@plwable to unstable




’ 169 I

dtsplacements Mor%ver the conventtonal equrhbrrum caprllary pressure curve may not

e be applrcab'le to unstable drsplacements / i
In thts study the saturatrons measured were averaged over a volume of
' :_approxrmately 1 cm: by 1 cm- by 5 cm (herght of the core) Moreover the caprllary
' _pressure was averaged over a somewhat smaller volume Consequently even though the |
S saturauon and pressures may not have been umfosm because of vrscous fi mgenng, the
eff ects of such non unrf ormrty seem to have been averaged out Thrs hypothesrs 1s :
' supported by the f act. that saturatron and pressure were drstrrbuted umf ormly along the .
| length of the core even When the drsplacement was unstable
| As noted earher 1t was found that m the tmmedrate vrcrmty of’ the stabrhty
boundary tl're relatrVe permeabrhty to orl ata partrcular saturatron (decreased wrth
3 rncreasrng mstabtlrty, _whrle the relatrve pcrmeabtlrty to water mcreased Thts is
'conSrstent wrth the results presented by Peters and Khatamar[52] As a consequence rt .

¢

’ 'jsgould appear that drff erent relatrve permeabrlrty curves apply to. stable and unstable '
__*“dt}placements | o B .

6 -

e . N . oo
. P - PR

&,9 Caprllary pressures have been measured f or tWo drf f erent water orl systems and
. R; '. Lo .
f or dtsplacements wbrch are unstable AS well as f or those whrch are stable Over the

S range of mstabrhty numbers utrhzed m thrs %rdy, it was f ound that there was good N
vagreement between the eqmltbrru;n an the dynamrc caprllary pressure curves ‘Asa - -
N e, B8 SR

; "“r that equrhbrrum caplllary pressure curves may be used o

t:onsequence it would

= estrmate the pressure dtf ference betwé’en the orl and the water in an actual drsplacement -

provrded the ”lnstabrlrty number is not- too f ar removed from the stabtltty boundary
. Because caprllary pressure was mdependent of IS,, and because xt was pbssrble to

*

b_ -measure relatrve permeabthty. and because pressure and satura,tron were drstrrbuted
umf ormly, 1t is’ thought that conventtonal dtsplacement theory rs apphcable to unstable
g ,_,._drsplacernents prowded the porous medtum 1s reasonably homogeneous and provrded

e

: ‘Ithe mstabrhty number is not too htgh However rt must be kept m mmd that relatrve

""‘permeabthty is dependent upon dtmensronless velocrty (I,,) as rs thc resrdual oﬁ B
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i ’ . A .
: ‘satuf@b‘n_-. when'a displacement is. unstable. .

T a



7 SUIS’IMARY AND CONCLUSIONS .
As was specrf 1ed at. the outset varrous broad objectrves were set out for thls study : As o
a consequence the summary and conclusrons f or each of these obJectnves 1s dtscussed

', separately for the s}ake of’ clartty

7 1 Modlflcatxon of Stabllity Theory and Its Exienmental Veriftcatton .

The theory developed m an earlrer paper[Z] has been modxfred to take proper account

of the f act that the drstance travelled by a vxscous f mger is a lmear f unctton of nme Tlns was"’-' B

(7‘

accomphshed by derrvmg f r0m f 1rst pﬁncrples the drfferentral equatro’n whtch descnbes how L
the two drmensonal surface of a v1scous fmger evolves as a functron of ttme The modrfred
theory 1s vahdated by comparmg theoretxcal results wrth those obtamed expenmentally In
partrcular the modrf ied theory correctly predtcts the stabrlrty boundary l‘or drsplacements
| carrred out m rectangular coreholders packed w1th unconsolrdated sand MoreovBr it 1s
possrble to use the modtf 1ed theory . predlct the breakthrough recovery for—stable
drsplacements and for those whrch ar? pseudostable ' ' '

Based oeg the experrmental results presented heretn 'and keeputg m mmd that the

modrf 1ed theory may apply only to the partrcular geometry and sand fluid system used ln thrs-

. T

study. the followmg conclusrons may be drawn ’ {.;' . » . o

N oo

Cay

1 '1. Equanon 67 correctly predrcts the boundary whrch separates stable drsplacements f rom |

' those whrch are unstable m rectangular systems packed wrth unconsohdated sand As a

consequence n may be mf erred also that Equatron 68 correctly predrcts the »

'f__"fpseudomterfac:al tension for such dlsplacements ‘_ SR 0 B |

. ,"r"_‘;Equatron 70. correctly/ predrcts the breakthrough recoverx l‘or a stable drsplacement s o

provnded 1t rs assumed that the vrscous f 1ngers a,re mrtxated at the mlet end of the
;i:coreholder Because Equatron 70 1s based on the assumptror'(hat the drstance ;avelled
by the ttp of a fmger is a lmear functlon of trme rt may be concluded also that the |

' 'lmear trme f unctron used m Equatron 46 ns acceptable o "_

3 .Equauon 72 correctly predrcts the breakthrough ree%g £ or a pseudostable




L

drsplacemeﬁt‘ provrded itis assumed that vrscous\fmgers are mmated at the mlet end of

.N

) the cor“eholder Moreover because of the aSSumptrons underlymg Equatton 72 1t may ’ S

La T

ar rbe concluded that the perturbauon velocrty of a fi mger/ ] X pseudostable dxsplacement lS

_ »three ttmes that of the crmcal perturbatron velocrty aSsocrated wrth the actual mJectron )

trate However, because ol‘ the scarcrty of the.\data supportmg these two conclusrons

B

e they should be consrdered as bemg tentatrve at present

*r

vaer the range Of lengths used in this study the length of th‘e coreholder used dld not DR

E 'appear to have a srgmf 1cant ef fi ect on the breakthrough recovery of etther stable or

i mger wrdth is vahd only for fully develo ed fi mgers (z“ y“ >>1) For an mdlprent " Lo

.

drsplacmg flurd from that whrch is bemg drspl ced by a macroscoprc pseudosurf ace to

The replacement of the actual transrt:on z0me capnllary f rmge)\s\paratmg the

U

unstable drsplacements - e '_ ‘,

" :"Equatron 63 the defrmng equatron fo the ergenvalue whrch dlctates the most probable '

wavelength whrch can be f ormed ata grven v" ue of superl’ 1cxal velocrty el " o _ j :

n -Wthh can be assrgned a pseudomterfacral tensron drd normtrodute any serxous errors

mto the analysrs because good agreement between theoretical and experrmental results

'_was dbtamed - f' - : “_ L

' Frxmg the root of a fi mger m the surf ace Wthh mrtrall’Separated the dxsplacmg l' lu1d

'serrously vtolated

_f rom the drsplaced flurd drd not mtroduce any serlous errors mto the analysrs provrded )

the equauons developed were restncted to srtuatrons where thrs assumptron was not

A

4

. 7 2 Estrmatrmr of Relatrve Permeablhtles Usmg the External Dnve Techmque

Functlonal f orms f or smoothmg cumulatrve‘ml and pressure drop hxstones have been -

developed whrch mcorporate not only the prgper constants of mtegratron for the two
' dlf f erenttal equatrons descf'brng the system but also the varrous physrcal condmons whrch
can be 1mposed on the system As a consequence it is" p@srble to utrhze a number of S o

.P



—
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R

consrstency tests when choosmg the best parameters o moclel the system Whtle the

1m§osmon- of such consrstencyhests mcreases the ltkelrhood that the set of parameters clwen

lS the best possrble fo or the srtuatton at hand it should be kept m mtnd that there rs no
suf fi 1crent condmon that wrll guarantee thavny set of parameters selected rs correct
Consequently. the qualrty of the dertved relatrve permeabtltty curves depepds upon the E

quanttty and qualtty of the data and on the expertence of the analyst T ’; s

developed and tested lt has proven capable of determtmng accurately how saturatton and

Q .

o £ . Ve X
An; apparatus for determmmg relatrve permeabllttres to 011 and water has been .

pressure in both the water and o:l phases are drstnbuted along the length of the core Thrs has tﬁ

%

enabled dtrect venfrcatron ol‘ the external drtve theory ) e " ,‘;:’

..,'»

results may apply only to the parttcular geometry and the sand flutd svstem used in thts

- - N . . B

Based on the experrmental results presented herem and keepmg m mrnd that these

study the followmg ccﬂclusrons may be drawn , - " : Ce

1.

pre treatment S

' saturattonx '

.
‘,. A . . : -
-

The method is: srmple Yet robust in that it sattsf ies varrous physrcal condrttons S

1mposed and 1t can wrthstand the varrous con51Stency checks placed upon 1t

" It does not mvolve any graphrcal drf ferenttatron of drsplacement data. Futhermore use

s ‘of dtsplacement data m thts method lS dtrect and srmple wrth no complex

«. ‘ ‘

» Equatton 78 correctly predtcts the saturauon at the: outl\et end of the core provxded the
'-assumptrons underlytng external drrve theorv are reasonably well met
' "Equatton 88 correctly predtcts the recrprocal mobrltty at. the: outlet end of the system
. provrd%h the assumpttons underlymg external drrve theory are reasonably well met.
| Use of the total pressure drop hrstory f or water rather than that f or- orl to esttmate >\ b
. mt’roduces an error into the oil relattve permeabtlrty curve The magnttude of thts error

-tncreases as the water- saturatton mcreases and reaches a maxrmum at the floodfront

— = .’ -

B

Gver the saturatton range S“ f<S“<(1‘SOr) there is good agreement between the L

dmamtc and the equtlrbrrum captllary pressure curves.. 19 '

v? - ) iy . R
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7 3 Lagrangran Method for Esttmatmg Relative Permeabllmes S } ". :
Armethod for estrmatmg ef fectrve permeabtlrttes to water and orl-'whtch makes use of ‘
| unstable and unstabrthd dtSplacement data and whxch enables the generauon of effecttve \

permeabtlrty curves over the entrre saturatrdn range of‘ 1nterest has been developed' and tested

Whrle the method has proven ‘to be expedmous and accurate 1t must be kept in mmd that 1t

~

' can be utthzed only provrded (l) saturatlon prof 1les and pressure gradtents in both phases can

be measured drrectly (u) the extemal drrve theory 1s modr&eel/b account for the exrstence ol‘

caplllary pressure gradlents. and (m) the analysrs is carrred out f rom a Lagrangran rather than

Based on the expenmental result%%resented herem and keepmg m mmd that theSe L

.

an Eulerran pornt of vrew

PR

results may apply only to the partrcular geometry and the sa‘nd flurd system used in lhlS T

study, the f‘ollowmg conclusrons may be draWn - :' St o _«.:5_ \\ LT

I.° It was possrble to measure the pressure gradtent 1n both the orl and water phases and as .
T "a consequence the captllary pressure gradtent durtng the courSe ol' a dtsplacement ’
: "‘j.expenment I TP ) " . S

4‘\.“.

2.7 "Because xt 1s possrble to measure the caprllary pressure gradlent along the core 1t 1s : -

B 'A practrcable to estrmate the fracuonal flow curve (f (x(Sw) t ))“‘whrch pertams toa _' o

i :specrf ic: pornt in trme Thts enables the use of unstable and unstabrlrzed dtsplacement " ”//

data to estrmate the relatrve permeabrhty curves Sl R

3. -'The use, of equtlrbnum captllary pressu,re data to predrct the pre%sure dtf f erence between -
. . L t.\‘ :

_ ,the watcr and orl m a dynamrc drsplacement is acceptablez,f.pr;ovrded the drsplacement rs

4. "»If a drsplacement is unstable or unstabtltzed pressures m the orl and water m the

U _‘_xmmedrate vrcmtty of the outlet end of the coreholder may be drst‘hrbed by outlet end

.‘,‘.-

.z:_\_-"'effects "



'

6 lf z dxsplacement is uhstable or unstabrltzed the fractton of water flowmg at a e

- ) ‘parttcular locatron along the core lS a-£unctton of both ttr‘glet and saturatron T
7. No dtsplacement f ront develops dunng an unstable or' unstabrlrzed dtsplacemenr s% .
' ’ v v«" . T
,Quahtauvely speakmg. saturatron prof 1les m both unstable and unstabthzed,._,-— 4«.‘ '

".',\‘J P

- gﬁ% :
: dtsplacements are srmtlar m character HOWever 1t was observed thatfthe slope of the SRR

’ saturatton profrles tend to decrease as the. mstabtltty number f or the dlsplacement

1

-

bec0mes htgher
. . .

80 v Good agreement was obtamed between relattve permeabrlmes obtamed by usmg theb—"» B -

| -.Lagrangtan method wrth those obtamed by usmg the modtf 1ed Eulerran method Wthh

ta‘es mt-e account the captllarv pressure gradtent term C L sl U

7 4 Vahdatton of Concepts ol' Relatlve Permeabtlny and Caplllar} Pressure for Unstable v

1

Dtsplacements

, The xmpact of mstabrhty on the relattve permeabthty and captllary pressure curves was B
mvestrgated f or unstable dtsplacements Also mvestrgated were the effects of mstab'ltty on thelj Co

saturatlon prof 1les fracttonal ﬂaw curves and the resxdual oxl saturauon Moreover \the effect . .

N

of stabrhzauon ot the’ resrdual oxl saturatxon.was studted _» T RN
Furthermore a compartson of relatxve permbqbtlttres obtamed by usmg ‘the Lagrangtan' '

method wrth those obtamed usmg the conventronal (wrthout capxllary pressure term) and the |

1ed (w:th the capxllary pressure term) Eulertan methods was undertaken 10 demonstrate i .‘

the ef f ect of the neglect of the captllary pressure term oQVrelattve permeab:htres |
Based on- the experrmental results presented herem and kt;epmg m mmd that these

results may apply only to the partxcular geometry and the sand fluid. systern used in thrs

study the followmg conclusrons were drawn: . | ‘._:l"" o

1 The character and shape of the saturattgn prof 1les fn unstable dtsplacements are qutte'- . )



VR o X e

- sxmtlar to. those in unstabthzed dtsplacements Howéver 1t was nottced that the el‘ f ect of’ s

- stabtltratton was to steepen the saturauon proftles“ whtle the' ef f ect of mstabthtv was to | i

* aten the profes, 1T lﬁ."lﬂ":-f o
2. The resrdual oil satJratron» SU,. 1s a functtog of the caprllary number Nf that 1s Sor j _ :
o mcreases as 1/N mcreases 1f the dtsplacement is unstable | ' "___\._' o el

3t ‘ The fractton of water flOng at. a gtven saturatton ts a functton of both the mobthty
rauQL and the mstabthty number At .a gtven saturatton the htgher the mstabthty
£t 8

number the htgher 1s the fractton of water flowmg at that parttcular water saturatton

\

thhm the range of mstabtltty numbers studted there ts a good agreement between the

% equthbrtum and the dynamtc ca.ptllarg pressure curves Lo _,'_:_' .

_5 lnstabthty has a stgntftcant ef fect on the relattve permeabtht) curves ln the tmmedrate

v:ctntty of the stabtltty boundary the relattve permeabtltty to orl at a gtven satur.a.tton
\, L

decreases wnh tn sm mstabthty. ‘whtle the relattve ermeabthtv to water tncteases
8 P

| 6 ‘ Good agreement between relauve permeabtltt\tes obtamed by usmg the Lagrangtan o
_ . method and those obtamed by the modtf 1ed Eulertan method Was obtamed Theref ore, ....

/ = g thts suggests that the modtftedEulenan method can.be apphed to unstable : f : s |
- dtsplacements thhout mtroducmg any sertbus error'ghowever neg]ect of the captllary , V. .

o . KX

pressure term m the conventtonal Eulertan method to esumate relatwe permeabthups
N

v

Lo i can tntroduoeasenous error tnto the analysrs o '. e B
‘[:.(.. S A o . . . \_‘ . . ('.‘ K R ‘.,,:..v- 3 .
7:Suggesttons for Future Study S P '_ . L R

PR The thoery developed m thlS study is. madequate to descnbe the dtsplacement

: ;mechamsms w1thm the transxuon regton l e for 1r2 s Is, S 900 lt \; recommended that f uture
A v. ' BT
_A studtes make an attempt 10 deveIOp an appropnate theorv 10. explam flow phenomena tn thlS

.' regton and validate it wrth expertmental results .: '_ i j_' S

e ‘.\,_’*»;

Although the expenment:al equtpment desxgned for thts study is fqtrly accurate and BRI

'_rehable there is some room for tmprovement i T uture Studxes That 1s m order..to record '_'i,l i

-

n‘gcrowave srgnals at a precxse locauorﬁm the coreholder a stepper motor should be used and

4 ,.&,



ythrs motor shduld be controlled drg‘ectl\ by the controller the HP310vSystem Installatton of

’____— L

of the mput mrcrowave power to the output mrerowave power is. the’ most 1mportant factor m

v , N\

measure lo and Ix. Even though utmost care Was taken to measure the mput and output

" mrcrowave power sgnultaneously. some lag could not be avorded To crrcumvent thrs problem

A "

g it'is suggested that a dual sensor power meter srmrlar to the HP438A by Hewlett Packard be

v_used tof acrhtate drrect measurement ol' the ratro of the mput to. output power Burthermore

_developed by Valrdyne Engmeermg Corporatron

-9

more rehable data acqursrtron system such as the hrgh speed data acqursmon system

'
Al
.“:

-

Because the inlet. end‘cap of the COreholder was made ol‘ plexr glass materral it was

~not possrble to conduct drsplacement experrments at hrgher mlet pressures The obJectrve of

usmg the plexr glass was to mvesttgate vrsually whether the desrgn of the mlet end cap
. &

;-'

’permttted umf orm l'lurd mJectron across the entrre cross sectton of. the core, rather than at,a_

L4

‘ pomt Now that thrs study has resolved that the desrgn used was ef l’ectrve m ohtammg I

'«umf orm entry of the drs lacmg phase across the entrre cross sectron of the core it rs

'\ . .
. g,

, recommended that the mlet end cap uSed in future studres be made of a stronger ma‘tenal so‘, '

’ that it can wrthstand hrgher mlet pressures Thrs will. enable drs’placement studres at hrgher

PR o . '
mstabxhty numbers R :‘ : :

such a motor wrll ehmrnate the dela\ in the power meter response.trrhe Moreover the ratro S

=

;obtammg an accurate esttmatron o.f Su ln thrs study two separate power meters were used to ,

o

| the demodulators eurrently used 10 obtam the pressure srgnals in volts should be replaced by a
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) APPENDI)-(‘A_: Derivation of Equation Descrihing_ the Pseudosurface S‘_epar'ating.Oil From )

4

Let a coordmate system be so chosen that the ftxed boundmg curve of the

pseudosurface whrch separates the oik from the wate‘r ltes m the x-y plane Moreover let the

-

verttcal dtsplacement of any pomt in the pseudosurface at a gtven amphtude z, of «he surface
be denoted by §= E(x y 2), where zis supposed to be a f unctron of ttme To obtam a.

drf ferenttal equatron f or. the pseudosurf ace let us consrder a small ncarly square portton of o

L 4

the surf ace bounded by vertrcahplanes through the pomts (x y 0),,(x+Ax Y, 0) (x.y+ay 0)

°
S e

and (x+ax,y+ay O) BT ;‘ o o e
If the surf ace bemg consrdered were an elasuc membrane havmg mass, rt would be i
: ,necessary 10 apply Newton S. law (Force = mass X accelerauon) to the small portton of

surface bemg studred[lZS] However m as much as the surface under consnderauon is that

,separatrng oil f romvyvater ina porous medmm it is assumed that the force due to acceleratron
. :
%‘y be neglected As a consequence tf the pseudosurface is_under umf orm tensron T the
* . e o

vertrcal component of the f orce in the x—dtrecttdn Tlv, is defrned by T : "' '

Tiv = 8y [(0e sind1) xypr = (G sinb1)y] 7 L (AR
. L o ’ . . ) . - . . T .'i’ _‘
:where Ue rs the pseudotnterfac1a1 tensron of th@%urface separatmg the 011 f rom the water and : -

) where 91 1s the ar(ﬁe between the tensron vector T1. and the x-axrs Simiiar'ly the verttcal

- i component of the force in- the y—drrectton Tzv, is def med by IR

. T2v = Ax[(ae smez)}.,,Ay (a, srnoz)y] T _ (A-2)
where 02 is the angle between the tensron vecto,r T3, and the y—axts In addmon there is a- S
_ v ‘ _ .

"verttcafforce Pc(x y z)axay due to the change m pressure across the pseudornterf ace Takmg




.

. the ?lgebraic sum of the yerticel’forcesly_yields Cem e R

. T T e
. \ o h‘ e - : . : . ' -
AY[(oe Smel)x+m "(oe\smel)x] + AX[(Oe SmBZ)y+Ay "'(oe SmeZ)y] + Pc(x Y. Z)mx AY = 0

i ~'U_pon' d'i'\?iding"Equ_ation (‘A'—‘3-‘)‘ by Axpy'apd letting -Ax‘->0van‘d 'AY—»O.»'it"foli0w§h15t

n

—E—(Ue srn91) o (oe sm92) + Pc(xyz) = 0 : IRESY o (A4)

. " . [ ‘ — .A‘\: - ‘ - K ) '_,"L .
L A . . P

To obtain a simpler equation, it-iS*noted that "~ I T

g
.

sinf) = tan) (1+1an26,)-172 = —af- ¢

- and
a .
tané, (1+1tan26;)~1/2 -—-H (1 (—)2) =172 = —ay— o (A-6)
. . ti‘v . . .: N . .

§n92‘

provrded (——)2 <<1 nc&——ﬂ <<l Moreover 1f the drsp&ement S E(x y z) is
o :small oe may be consldered 16 be constant. Subsmutmg these results mtoEquatron (A—4)

a ,yrelds o Lo S f
ae[a'xg By i] + P(xyz)r_,o SRR S A

. , where P.(x, ) z) lhe pressure dif’ ference across the mterf ace, may be vrev&d as'a force B

f uncuon




v

APPEI\DIX B Funcnonal Equatlons Used to Flt Data

Followmg f uncuonal equauons were used o fit experxmental data usmg the BMDP
stausncal package[ll3} avaxlable on lhe MTS system of the Umver51tv of Alberta, A typncal ,,

: routme needed for the use of the. BMDP package is gwen in Appendu E '

« . L . : R o ’1‘.‘.;.‘." '..,_ )~ S e

SN D TR AR e e

B .

e Qw =Y [( S R 1 - R S - SW* )(c4(1 se,) R
. : Sw1 S“ : Swi: B 4 Swi : -‘1, ';Sy co T

S I L CERIE SEIE LIRS S o 2o
S S C»lv('Swi?‘ .(_lv‘sdr)‘z_) -i»“_c?(swil_.1 _¢_.$°.r 31 -~ S )1

._\u‘

o

(B 1)

B 2 Model Equatlon for Pxessure Dlstnbutlon Along the Core as a Functnon of the Core :
: Length ', S » P : S

| Po = dl—dzx-d3x3—d4x4 S T ©(B2)
) SB 3 Model Equatlon forf a§a Functlon of S,, . | - N @‘ " : |
L Swm - Sm gl(swm S\x) 82(S“m2 Swz) g3(5»\m3 S\\S) Sﬁ(su-m‘?_.‘- Su4) o

»(“,A"'

T ’ R

ko = Ba(Sum - Su). + Ba(Swm? - Sw2) + My(Sum? - $u3) + ha(Sym! Sy S (Bw
:B.5: Model Eq_uatioh for k;y as'a Function of S, - - B AN .

- ] 2

._ l‘~_':l"kr\v~ = el(Sw Sw:) + ez(S“2 - Sw,2) + e3(Sw3 . wa3) + 34(5w4 s w;“) B , ‘(B'.S)'_
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B

Pa}ame_ters for Qy versus S, Fit'(Run 64)

L

‘Tab‘lg'B:{l.:'j

Q

. .:CZ

C4

- -0.004139

oa4a196 |
- 0.697907
L 0d9mMT2

JR

xS

e

.,.\\\ ‘
L

'.\-\..

Parameters for P, versus x Fit (Run 64)

§.951583
2.191090
4.783354

-1.950990

)

189_-
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~ APPENDIX C:.Prbérimsv'f'qr Data Acquisition, Retrieval and Interpretation
: "C.1:<DétzI.Ac¢-1uisitiqﬁ S RN o

.' i 10000 REM PROGRAM FOR INSTRUMENT CONTROL AND DA’I‘A ACQUISITION 2

10010 REM STORES DATA INTO VARIOUS FILES.

% 10110 INTEGER Ii

10020 REM AUTHOR: HEMANTA KUMAR SARMA -
10030 REM . DEPT. OF MINING, METALLURGICAL AND PETROLEUM
BNGINEERING .

‘Mo4REM 7~ 'UNIVERSITY OF ALBERTA, EDMONTON CANADA TGG 2G6
10050 REM LANGUAGE USED: BASIC 4.0 VERSION "

10060 REM THIS PROGRAM HAS BEEN WRITTEN AS USERIRIENDLY

EXPERIMENTER . |

10070 REM MUST INTERACT AS AND WHEN ASKED TO DO SO. . - -

10080 REM ..............DEFINING THE INTEGERS..‘...‘O‘.‘.............‘.“‘ .

10090 OPTION BASE'1: *. R . SR
- 10100 INTEGER 1,1}

PO
‘10120 REM otoaoooa',_n “"'DIMENSIONING OF VARIABLES”"”“"”“““”” :
© 10130 DIM. A$(150)[17], Wt$(15_0) (171" , :

" 10140 DIM A0$(80,100){17]

"7 10150 DIM Wgt(150), Tb(lSO) P(15)

~10160.DIM Volt(150,14) _ L e
10170 DIM V(14), DeIp(lSO) PI(ISO) P2(15 f) B ( Lo
10180 DIM T1(150), Tp(60) Tm(60) RETT S

210190 DIM T2(60)
* 10200 DIM Power(60, 100) T7(10) Powm(60 100)

- 10210°DIM T3(10) PkI(10), P%2(10) Delpk(lO) R _ e
10220 PRINTER IS 1 . L e :
*-10230 PRINT "Today is : DATES(TIMEDATE) " R _
10240 PRINT "Programi. St.aned @, TIMES(T’IMEDATE) ' b
! ) 10250 REM’.‘......‘.ASSIGNMENTS OF PERIPHERALS......Ot“..“........‘...“ J
10260 ASSIGN @Multi TO'723° : L
. 10270 ASSIGN. @Meter TO 7113 . N o
7110280 Sc=9 - .. ST o AR
~.-10290: CONTROL Sc, 4 2+0+8+0 . RS
. 10300 CONTROL S¢,5;3 ERIE I _ .
~. 10310.CONTROL, Sc,3;300. : ' B :
S 10320 REM‘.‘..'."‘ALLOCATE B\ TES FOR STORAGE‘..‘..‘“O.""'O..‘t‘..“...‘ / 3‘ .
110330 Msus$ = ": CS80,700; o" i B AR TSR, S

© "10348.Pwr=101°8

10350 Pr=15°8 R | B e A
: 10360 REM.."..&...‘..“..ZEROING OF POWER METEW...“‘...“......‘....‘.‘.‘ _‘.
10370 OUTPUT @Multi USING " # K';"O040TGITTO260T" = - o

10380 REMOTE @Meter - .

110390 CALL Zero meter(@Meter) R '7' e " SRR ' .
- 10400 BEEP . . _

- 10410.DISP’ "COMPLETE MICROWAVE POWER AFT ER ZERO HIT CONTINUE"
10420.PAUSE . ;
. 10430 REM: ¢¢ee ALLOCATE EILE NAMES FOR POWER & PRESSURE DATA sees T\

10440 INPUT "WATERFLOOD RUN No.?". un$ '

X 10450 INPUT "FILENAME TO STORE MICR WAVE POWER DATA ™ Narne$ o



"-'-7.10460 INPUT "DRIVE (le 7oo 1) default current dnve"" MsusS

< 10470 Stze: records=Pwr .. -

“.i" 10480 No_tecords=60 ~ ~ .~ .° SR \ SR PR L

"7 10490 ON ERROR GOSUB Createfile -~ o .0

~

| 10500°ASSIGN @File3 TO NameS&Msusy * =~ = \ C

“+* 10530 INP

*" " 10510 OFF-ERROR . IV PR

- 10520 INPIL}%: FILENAME TO STORE INPUT POWER DATA "" NamCSN‘if LT
o "DRIVE (ie : 700 1‘) default current dnve"" Msuss T e
10540 Size_ records Pwr o ‘ . FOR et TN
* 10550 No_records =60 - o SN T Y e
110560 ON' ERRORGOSUBCreatgﬁle S T R LT SN
“10570"ASSIGN @Filel0 TO Name$&Msus$ BT o SN
. .10580-OFF ERROR ' R e

2710590 INPUT. "FILENAME TO. STORE PRESSURE DATA "" Name$ -
10600 INPUT "DRIVE (ie : 700 1) default currem dnve"" Msus$ ’

10610 Size_records=Pr -
"~ 10620'No_records =150

- 10630 ON'ERROR GOSUB Createfile % =~ - L
10640 ASSIGN. @File4 TO Name$&Msus$ ' R
- 10650 OFF ERROR. - * '
- 10660 INPUT."IS BALANCE USE-D FOR RECOVERY DATA" 1= YES 0 NO Ibal
- 10670 IF Ibal=0 THEN GOTO 10750 - -

i 10680 INPUT "FILENAME FOR STORE BALANCE READINGS ™ Name$

- 10690 INPUT "DRIVE (1e 700 1) default curzent dnve"" Msus$ - s
© "10700 Size_records=3%8 .. - s , SR P
10710 No_ records 150 - : o ‘ R PR _
10720 ON ERKOR GOSUB Createﬁle Vel IR
10730 ASSIGN @File7 TO Namesmsuss. S e e

10740 OFF ERROR . '

10750 OUTPUT @Multi USING. K" "OO40TGl7T0260T"
10760 FOR H=1TO 14 -

10770 'OUTPUT @Multi’ USING " K" "FI' "

“:-10850 PRINT V( ‘)

". 10780 ENTER @Muilti; V(H) - e

- 10790, V(H)=V{(H)-10 N

10800 . Qctals =VALS(V(H)) IR - , -
10810 V(H)=DVAL(Octai$.8) 2 I R R R
© 10820 " IF V(H)>2047 THEN V(H) V(H) 4096 S e
10830 . V(H)=. 005‘V(H) | A R

10840 NEXT H~ e SR ‘_

G IR

10860 PRINT "DO NOT START THE PUMP YETREMREMREM Fo e

'_ 10870 INPUT "FILENAME FOR DATE-AND TIME?",Name$ Sl
.- 10880 INPUT "DRIVE (ie : 700 1) default current dnve”" MSus$

10890-Size_records=160 - e LT ,

10900 No_récords=1. G
10910 ON'ERROR .GOSUB Createfile

. 10940 PRINTER 181 -

“. 10920 ASSIGN @FileS TO Names&Msus$
10930 OFF ERROR - . o

- 7-10950 Day$= DATES(TIMEDATE) S T
10960 Tim$= TIMES(TIMEDATE) - e

10970 Tstl'= TIMEDATE.

| 10980 PRINT "PLEASE DO NOT HIT ANY KEY PROGRAM FOR‘EXPT IS STILL

10990 PRINT I"BEFORE YOU STAR'I‘ WATERFLOOD CHECK PUMP CONNECI‘IONS"

= -11000 BEEP 81 38,10




o 195 -

-1 1010 PRINT "ADJUST RATE FOR THE TWO CY INDERS OF THE PUMP"
11020 PRINT "WATER CONNECTION-IS TO.BE'.CHECKED" *
© 711030 INPUT "TOTAL' VOLUME OF WATER TO.BE PUMPED (IN CC)"" Tv ,
© 11040 INPUT "PUMP.RATE SELECT ED IN CC/HR"" S _ e

x 111050 Et=(Tv/R)*3600.0 -

- 11060 INPUT "TIME INTERVAL FOR SAT PR_QFILE IN SECONDS"" Insat SR T e

L - 11070 Inprs=(Et-((Insat +10.81)*59.0))/91.0
+ 11080 PRINT "SATURATION INTERVAL. (seconds) Insat

11090 PRINT "PRESSURE INETRVAL AFTER SCANNING. PERIOD Inprs =
11100 BEEP: . -
- 11110 PRINT "WHEN READY T‘O Go. HIT CONTINUE"

11120 PAUSE -

- \111‘30 REM....ﬁ.....“..BEGINNING OF WATERFLOOD...‘.“‘...‘.‘... »
o 11140 REM.‘.......‘.O......OBALANCE DATA’.‘..‘.‘.....“.‘..O.....

1150 Tst=TIMEDATE el

11160 FOR J=1 TO59 "

11170, IF Ibal=0: 'I'HEN GOTO 11320 T ST
11180° Count=1 = . : o R o .
11190 A$(J)[Count]- T L L

11200 REPEAT

11210 © STATUS Sc.68 L
11220 UNTILS=10" Lo

- 11230 - REPEAT )
n 11240 STATUSScl0S. |
B 11250 . IF BIT(S,0) THEN STATUS Sc.6:4
11260 'IF BIT(S,0) THEN AS$(J)[Count]= A$(J)[Count]&CHR$(A)

11270 - IF BIT(S,0) THEN Count="Count+1 - S

11280 | IF(Count=2)’ AND (CHRS(A)<>"+") THEN GOTO 11180'

", 11290 UNTIL Count=17 . |
11300 Tb(J)=TIMEDATE-Tst . R
" 11310.° DISP Tb(J),AS(J)[1:26] S ~

N 11320 REM‘.....O“‘....t“..‘.l..l0....“."‘."O..“.tttt.“‘ .
- 11330 QUTPUT @Multi USING "# K" "OO40TGI7T0260T" .
NU11340 Tl(J)—'l"IMEDATE Tst - g e R
© 111350 FORN=Z1TO 14 °u. e - . L
* 11360 - OUTPUT @Multi USING "# K" "FI"' R TN
11370.'~,ENTER@ MiVolt(J,N) = . C T S IRTRTAN
11380 . Volt(J,N)= Volt(J, N\)«IOOOO B L LRI TR A

11390 - Octal$=VALS(Volt(J,N))- -
" 11400  Volt(J,N)=DVAL(Octal$ 8)
" 11410 IF Volt(J,N)>2047 THEN Volt(J N) Volt.(J N) 4096

11420 Volt(J, N)— 005‘Volt(J N) “

11430 NEXTN.. LT o -
11440 REM‘...“.‘....“‘..MICROWAVE SCAN.‘..“.“.“....‘...‘ c

011450, T2(J)=TIMEDATE-Tst . S

. -11530  OUTPUT @Multi USING" #KIT
11540 ENTER @Multi;A0$(J,1)

- 11460 - OUTPUT @Mulu."00140TO7775T" T
"0 11470 . WAIT .01 S T e Lo
- .11480 - OUTPUT @ OMulu"‘OOl40TC7777T" R T o

0 114%0, T8=TIMEDATE ' ‘ ST
15000 FORI=1TO100 7" = - o0 o
.- 11510 . Timel=TIMEDATE . .. | o
11520 OUTPUT @Multi USING' # K" "OO24OTKT" o

11550 - OUTPUT @Meter; 3A+17 - - =~ -+
11560 ,CALL Read, me;er(@Meter Power(J 1))




-, 11570 . '.,‘f-DISP | Power(] I) AOS(J I)
 11580-  Time2=TIMEDATE . ‘

11590 - Time3=.10- (Tlmez Txmel) :
" 11600 - WAIT 51me3 y :

11610 "NEXTT

- 111620 T9=TIMEDATE-T8. o S
©. 11630 - OUTPUT @Mutd; "00140To7776'r"'. - |
11640 WAIT .01 - |
" 11650 OUTPUT @Multi; "00140TC7777T" _

11660 DISP J,T9

711670 WAIT Insat

11680 IF-J> = 59.TH].3N GOTO 11700
11690 NEXTJ - - | >

~ 11700 FOR J=60 TO 150 - we L - ,
11710 PRINT "CURRENT READXNG IS" S :
. 11720 REM .‘....“‘.....‘.READING THE BALANCE..O...O....'..O."‘..
- 11730 : IF Ibal=0 THEN\GOTO 11880 , B _

11740 - Count=1

11750 AS(J){Count]="""
. 11760 REPEAT.

11770 STATUS_Sc;é;SV |

© 11780 UNTIL S=10.
~.11790 'REPEAT -
~y 11800 STATUS Sc,10:S

11810 - IF BIT(S,0) THEN STATUS Sc 6:A

11820  IF BIT(S,0) THEN A$(J)[Count]= A$(J)[Count]&CHR$(A)
11830 . IF BIT(S,0) THEN Count=Count+1"

- 11840 IF (Count=2) AND. (CHR$(A)<> +7) THEN GOTO 1174ov;_,;_

11850 UNTIL:Count=17"
11860 .Tb(J)=TIMEDATE- Tst

“ 11870 TSP 1,Tb(J).AS()[1: 16]

" 11880 - OUTPUT @Multi USING " # 'K" "OO40TG17TO260T"‘ :

11930 - Nolt(J,N) = Volt(J;N)- 10000‘ ,
/11940 Octal$=VALS$(Volt(J,N)) "
~ 111950 - Volt(1,N) = DVAL(OctalS 8)

11890 TI(J)=TIMEDATE-Tst .~ .
© 11900 ‘FORN=1TO14) . . . R
11900 - OUTPUT.@Multi USING " # K" "FTT

11920 - 'ENTER @Multi;Volt(J,N) -

11960 " IF Volt(J, N)>2047 THEN Volt(j N) Volt(J N) 4096

T 11970 Voli(J, N)- OOS‘Volt(J N) e L T

- 1180 NEXT N - e

© 11990 TF=150 THEN GOTO 12030 A L e e
+12000° - WAIT Inprs o ' R

" 12010'NEXT J

12020 REM“““‘““‘Scan for Saturauon Proflle @Sor““"“““‘ .
©...12030 T2(60)= TIMEDATE-Tst. ‘ A S
- 1m40. OUTPUT @Mul{l "00140T@7775T" A A

+ 12050 WAIT"01 , R .

© 12060 OUTPUT @Multl "00140T@7777T"

12070 T88=TIMEDATE .

~ +. 12080°FOR 1=1TO 100" S :
12090 Txel-’I'IMEDATE | el
' 12100 LOUTPUT @Multi USING" iy x" "ooz4on<r"
12110 *OUTPUT @Multi USING-” KR
1120 ENTER @Mulu‘Ao$(60 1)

VR / ‘ : :. L --_ :



o, 12130 OUTPUT @Meter 3A+I
~-12140 CALL-Read_meteg{-@Meler; Power(GOI))‘» O T
. ~12150 DISP I1,Power(60, Ao$(601) R A
112180 TleZ;TIMEDATE T Cr T e e
12170 Tie3=.10- (T1e2 Tlel) R
. .12180 - WAIT. T1e3 fﬁ ‘ EET EERENI
12190 NEXT1 . R A R
© 12200 T99=TIMEDATE-T8§ - . . . .. .
S0 12210 OUTP‘UT @Mulu "00140TC7776T" S
12220 WAIT .01 :
12230 OUTPUT @Multi; "00140TC7777T" R R RUR
12240 DISP J'T99 SRR R

12250 DISP "NOW DATA STORAGE BEGINS" .~ -~ e

12260 REM BCD CONVERSION ROUTINE FOR POWER METER HP432C
- 1270 FORJ=1TO60 | T .
< 12280 - FOR'I=1TO 100 ,.
1229 FOR Ik= 1TO 15 .
212300 7. P(Ik)=0 _’ KRR
M0 NEXTIE - e
12320 FORK=1TOS5. '
%0 cs 'VAL(AoS(J, I)[K K])
- 12340 - IFC=0THEN . - = RPN
12350 H1=0 _' | 3 | -
12360 — H2=0" T .

WI2370 - UH3=0 .
W38 ENDIF N
12399 “IFE.C=1THEN
. 12408 Hl=0 .- \(‘\. G e
12410 H2=0 PR .
12420 .. el e
1243 . BKDIF
. 12440 © JFC=2THEN. ' .~ .. B
12450 - HI=0 . o e
12460 - “H2=1 = ., ST .
140 H3=0 T e
12490, .IFC=3THEN . Y
125007 H1=0
12510 H2=1
12520 .. A3=}
12530 ENDIF . .
© 12580 IF C=4 THEN .
© 12550 . Himk o S
112560 H2=0 . o R
- 12570 =H3=_0 ' S S
TUU12580. . ENDIF
12599 -~ IF C=5 THEN
126000 - Hi=1 ‘ Sl
12614 . . H2=0 ' e
12620 -+ H3=1. .
. 12638 ENDIF .. = L. .- R
b 2040 . IFC=6THEN & 0 - \
WAVESO o Hl=l : I
‘H2=1 <
12 " H3=0
1268 =~ ENDIF



12700

e )

12820

. 12880

. . . el o .
L i - T e .
- 12690 IFC 7THEN . RS
12710 .. H2=1 r-\_(,.
12720 -~ H3=1 o
"ENDIF - SR i) C
12740" - IF K—lTHEN, SR K
12750° ® P(1)=H1 .
‘.12760\ - P(2)=H2"
" 12770 - P(3)=H3 —
12780 END IF. L
12790 ¢ IF K= 2’I'HEN'~- o
12800 . P(4)= ﬁﬂ S
12810 - - . P(5)=H2.
: . P(6)=H3.
12830 ENDIF ,
. 12840 . IFK=3 THEN '
12850  P(7)=HL. _ .
12860 . P(8)=H2 :
12870 - P(9)=H3 .. 3
0 ENDIF
12890 ~ . IF K=4 THEN
12900 P(10)=HI
12910 P(11)=H2. @
12920 © - P(12)=H3: -
12930 - ' END IF -
. 12940 IF K=5 THEN.
12950 P(13)=H1 = -
12960  P(14)=H2 -
- 12970 P(15)=H3
..12980. . ENDIF ,
12990 [ NEXT K
13000 /- Xa=0
-~ 13010 L Ya=®~
13020 - Za=0
13030 .. Ra=0 -~

. 13040 FOR K=3TO I STEP 31 .
13050 Xa=Xa+P(K)*2'(3- K)
13060 NEXT K |

~ 13070 FOR K=7TO4STEP-1. .

" 13080 . Ya=Ya+P(K)*2(7: K)‘,

13090 - NEXTK -

13100 FORK=11TO 8 STEP 1

13110 - Za=Za+P(K)* z~(11 K)o

" 13120 NEXTK -
13130 FOR K=15 TO 12 STEP -

13140 . Ra=Ra+P(K)*2"(15K) ’

13150  NEXTK - . . |

13160 ‘Tot—(Xa'1000+Ya’100+Za‘10+Ra)/lOO‘ |

13170 IF Tot>12.0 THEN Tot=Tot-10.0

" 13180 * Powin(J.)=Tot . .
- 13190 Power(J,I)= ABS(Power(J I))‘lOOOO

13200 NEXT I .
13210 DISPJ - ‘_-. -

T13220NEXT J

- 13230 OUTPUT @F11e3 T2( ), Power( ‘)
‘ 13240 OUTPUT @FxlelO T2(‘) Powm(‘)

~




13250 OUTPUT @FlleS DayS T1m$ Run$

13260 FOR J=1 TO 150

13280

. 13290

13300
. 13310
13320

13330:

" 13340

- 13350

13360

13370+

+ 13380
"413390
713400

713410

Volt(J,3)=(Volt(J,3 :
Volt(J,4).= (Volt(J;4)-V(4))*3.0..
“Volt{J,5)=(Volt(1,5)-V(5))*%5 -. .
Volt(J,6) = (Velt(J.6) V(6))'3 0 -

Voli(J,2)=(Volt(J, 2; t}'ggg;? S

Volt(J;7) =(Volt(1,7)- V() .

Volt(J.8) = (Voli(J:8)-V(8))*.5
Voli(1.9) = (Voli(].9)-V(9))*7.5

Volt(#18%= (Valt(J,10)-V(10))*.5

Volt(J,11) = (Volt(J,11)<V(1}))*

Volt(J,12) = (Volt(J,12)-V(12))*.5
Volt(J,13)=(Volt(J,13)-V(13))

Vol 14)=(Voh(J 14)-V(14)*.5
CIMONEXTT

13430 WAIT .17 -
13440 OUTPUT -@File4; n(') Voli(® )
13450 IF Tbal=0 THEN GOTO 13630 -
‘13460 FOR J=1'TO 150 . -
~13470 - WtS(J)[1:10]= AS(J)[2i10]-
113480 WEL(J)=VAL(WiS(1))
13490 NEXT J. S
13500 OUTPUT @Fileg;Th(*), Wgt(*)

-13510 INPUT "DAT

13520 IF Ipr=1 THEN PRINTER IS 701

13530 IF Ipr-l THEN OUT
13540 R = VAL(Run$)

13270 REM ... Conversion ‘I‘ 0 Pressure from Volt...."...._.",’....-..'
Volt(J,1)= (yon(J 1)-V(1))*7.5 . B BRI

3.0

.

ORED. TYPE 1'IF PRINTOUTS NEEDED dpr

o

*T 701; CHR$(27)& &IlL"

13550 PRINT USING. """EXPERIMENT NUMBER - x" " DDD Ru
13560 PRINT "DATE. OF EXPERIMENT - Day$ :

13570 PRINT " --vcvcccmnnicanaies
13580 PRINT" " # Tlme(sec) Fluxd Wt (gm)

...................................

" '13600 FOR J=1TO 150 '

13620 NEXT } - . s ,
13630 IF‘Ipr=1 THEN PRINT CHR$(12) PR
13640 PRINT USING """EXPERIMENT NUMBER " DDD";Ru

13650 PRINT "DATE OF EXPERIMENT ;" ,Day$ - .
13660 PRINT "SUMMARY OF PRESSURE DISTRIBUTION DURING THMUN“ .
13670 PRINT "NOTE Last column mdxcates dP(psﬁ‘ ACTOSS the core" ' '

" 13680 PRIN

13690 PRINT " "

13700 FOR K=1 TO 150
13710  P1(K)=Voli(K,1) +2.0*(Volt(K, 1) Volt(K 2))/11 0.
P2(K)=Volt(K,7)-2 0‘(Volt(,K 6) Volt(K‘7))/11 0

13720
. 13730
13740

Delp(K) =P1(K)-P2(K)
PRINT USING "M4D.DD";Volt

Volt(K.,5),Volt(K,,6), v°n(1¢'7) Deip(K) -

13750 PRINT USING "M4D.DD" Volt(K 8) vVolt(K 9) Volt(K 10) Volt(K 11)

VOIt(K 12). Volt(K,13), Volu(K.14) |
“13760 NEXTK*® = =

) 13770 BEEP
3780 DISP "PUT PAPER FOR BLOT AND

G Y

v
o

......................................................

(K 1), Volt{K 2), Volt(K 3) Volt(K 4)

g9t

13610 PRINT USING "DDD 4xX, 7D D 4X.,4D. 2D J Tb(J) Tb(l) Wgt(.l) Wgt(l)




13790 PAUSE '

13800 INPUT "DO'YOU WANT HARD COPY PLOT 7 ANSWER i= YES 0=NO" lpl . S

~13810 IF-Ipi=1 THEN DISP "CHANGE PAPER ON. PLO'I‘I‘ER AND HIT CONTINUE L

L 13830 IF Ipl—l THEN PAUSE } | |
13830 PEN 1~ e '.::_ ‘ S L St
- 13840°GINIT . - b |
-138501F1p1<>1 THENPLOTTER ISCRT "INTERNAL" v s

13860 IF Ipl=1 THEN PLOTI‘ER 1S.705, "HPGL"
13870 GRAPHICSON~ ° ~—

" 13880 X_gdu_‘max=100*MAX(1.RATIO) - WL
-13890 Y_gdu_ max = IOO‘MAX(I 1/RATIO) oy
"13900.LORG 6~ R
13910 REM FOR 1_- 3’1‘0 BSTEP 1Ty

Ny C—— e . .

13920 MOVE X _gdu max/2,Y_gdu_‘max

--13930 LABEL "mW -vs X as Function of t

13940 REM NEXT I

13950DEG .

13990 LABEL "Power.§

14010 LDIR.O - - - . R

1390LDIR 9O . .. ., e
J13970CSIZE3 . S (C e e
13980 MOVE 0,Y_gdu Ynax/2 .~ -~ . & R

W) o
MOOLORG 4 .~ “:0 . s

Lo
v

14020 MOVE X. gdu_max/2; 07‘Y _gdu max R o FR 2O

14030 LABEL, /‘,Length of Core ..
14040 VIEWPORT l‘X _gdu max 99‘X gdu max 15‘Y _gdu max,.9*Y _gdu max SR
14050 FRAME . oy

14060 WINDOW 0.,100, 0. MAX(Power(‘)) ' : Do o

14070-AXES 5.0; osoos 52 SO

14080 CLIP OFF Sl

"14090°CSIZE 25,5 ¢ - -

14120 ‘MOVETL,:1" P

. 14100 LORG 6

14110 FOR 1=0TO 100 STEP 10

14130+ LABEL USING ”# K I
14140 NEXT I

14150 LORG 8, O AR
14160 FOR 1= 0TO MAX(Power(‘)) |

14180 LABELUSING #DSD" ' e IR e e

14190 NEXT'1

- 14200 PENUP

e

14210 FOR K = 1 TO 60
14220 FOR L=1TO 100 -
14230 . PLOTL ABS(Power(K L))

14240 NEXTL- . RIS -

14250 PENUP - . L . SERREI

14260 “WAIT 1
. 14270 NEXT K -

14280 GRAPHICS OFF

14290 PEN 0
"14300 BEEP

114310 INPUT "WANT HARD COPY PLOT 7 ANSWER 1 YBS o,.No" lpll R
14320 IF Ipll=) THEN L

‘ 14340 PAUSE

14330 DISP "CHANGE PAPER FOR. PRESSURE PLOT AN,D HIT CON’IINUE""- el



14350 END.IF
 14360PEN4 %
1430 GINIT 5

14380 IF Ipl1<>1.THEN PLO‘ITER s CRT INTERN‘AL'f s

' 14390°IF Ipll =1 THEN PLO'I‘I‘ER IS 705 "HPGL"
* 14400 GRAPHICS ON"
14410 X _gdu_max= IOO‘MAX(I RATIO)
114420 Y_gdu_max = lOO‘IngX(l l/RATIO)
14430 LORG 6 -
14440 MOVE X_gdu_ max/2, Y_gdu max .
~14450'LABEL . "Pressure Dlsmbuuon Along X"
. 14460 DEG : .
"14470 LDIR 90-
114480,CSIZE 3. 5 ' '
114490 MOVE.0,Y_gdi1 - -max/2 .-
:14500'LABEL "Pressure (psx)
14510 LORG 4, - _
14520 LDIR 0" BRI T
-14530 MOVE X gdu x/2 07‘Y _gdu max
14540 LABEL "X -difer Locauon in Core”

. 14550 VIEWPORT l‘X _gdu max,.98*X _gdu maX 15“? _gdu max,)‘Y _gdu max

-14560 FRAME -
14570 WINDOWI 70 MAX(Volt( )) :

: 14580AXESI.05001552 B o

‘1390 CLIP OFF 7 a

14600 CSIZE 2.5,.5° - .~ . W

14610.LORG 6 o

14620 FOR:-1= 1TO7 ,

14630 . MOVE1,-.1 -

14640 ' LABEL USING nH: K"I o

14650 NEXTT . = E - _
14660 LORG 8 L o
14670 FOR 1=0 TO MAX(Volt( )) STEPS .
14680 MOVE -.1.1. :

14690 - LABEL USING # DDD DD";I

-14700 NEXT'1 . , . -
14710 PENUP . I S
14720 PEN 1 : . . .
*14730 FOR' K =1 TO 60 STEP 5

14740 'PLOT 1,Volu(K,1)

14750 PLOT 2,Volt(K.2)

14760 PLOT 4,Volt(K 4)

14770 PLOT 6,Volt(K.6) -

14780 PLOT 7,Volt(K,7).2

14790 PENUP -

" 14800 * PEN\4

14810 WAIT1 -

14820 PLDT 2,Volt(K, 9)

14830 PLOT 4,Volt(K.,11)

14840 -PLOT 6 Volt(K 13), 2 o
14850-°"WAIT 1 ..« -

14860 - PENUP - - :

14870 NEXT K

14880 PEN Q' S

°14890 GRAPHICS OFF :

-14900-BEEP .., A

e




' 14910@Pm "HARD COPY PLOT FOR dp? i< Y. 0= N . Ip2 N

14920 IF Ip2=1 'I_'HEN DISP "CHANGE PAPER ON THE PLOTTER AND HIT

. CONTINUE".

© 14930 IF Ip2=1 THEN PAUSE R ST T SRR @

14940 PEN 4 R
14950 GINIT o
14960 IF 1p2<>1 THEN PLOTTER IS CRT "INTERNAL"
14970 I Ip2=1 THEN PLO'I‘I‘ER IS 705, "HPGL" o R
14980 € APHICSON~ . e
. 14990 X_gdu_max= 100°MAX( 1 RATIO) '
- 15000 Y_gdu_max= 100‘MAX(1 l/RATIO) A N o
' 15010 LORG 6 - A ;-'_‘-
: 15020 MOVE X gdu max/Z Y. _gdu max - T T N
15030 EABEL “DTFFERENTIAL PRES§IJ-R—E =f (TIME) a T
15040 DEG A , , S
15050 LDIR 90 ‘-
15060 CSIZE 3.5 ‘
“15070 MOVE 0,Y gdu max/2
115080 LABEL. "Pressure (psn)"
15090 LORG 4 :
*'15100.LDIR 0 RPN :
15110 MOVE X _gdu_- max/2 07‘Y_gdu max . ,
15120 . LABEL "Time (sec)"
15130 VIEWPORT .1*X_gdu_ max, 98‘X _gdu max; 15‘Y_gdu max,. 9‘Y _gdu max-
' 15140 FRAME .

- 15150 WINDOW 0. MAX(TI( )) 0. M)&X(Volt( )) S DL k

15160 AXES 500. 5:0.00.5,5.2 o
15170 CLIP OFF = - e .
- 15180 CSIZE 2.5..5 | o ‘
15190 LORG 6 - = |
15200 FOR:1=0 TO" MAX(TI(‘)) STEP 2000
15210 - MOVE 1,-.2 .
15220 LABEL USING " # K 1
1523 NEXTI. .
15240 LORG S8 . - .
15250 FOR 1=0 TO' MAX(VoIt(‘) ) STEP 10
15260 "MOVE - 2.1
15270 ' LABEL USING "# DDD D"
15280 NEXTIT | .
115290 PENUP - o
IS300PEN 4 v .
15310 FOR K=1TO 150 -
15320 PLOT Tl(K) Delp(K)
15330 NEXT K
15340 PEN 0 , _ |
15350 GRAPHICS OFF .
15360 DISP "YOU ARE DONE WITH EXPT. GO HO ME. " -
15370 GOTO 15420 :

.,15380 REM““"“"‘Creaung Storage Fllescoon’oanoo;o;.ttcu.ooo-ol“on‘:‘v_ : -

15390 Createfile:REM- . 2
15400 CREATE BDAT. Name$&Msus$ Slze recoxﬂs No reccgds
‘15410 RETURN"-"*" . ‘
‘15420 END- o
15430 SUB Zero meter(@Meter)
'15440 Rezefo:OUTPUT @Meter; '_'ZlT" -
115450 ENTER @Meter; Power - :




' 15540 SUBEND :

- 15460 IF ABS(Power)>2 THEN Rezero
. 15470 Un 10:OUTPUT- @Me;er "I+AIM

- 15480 'E R @Meter; Power - .
15490 IF Power> 84 THEN Unzero

- 15500 Preset: OUTPUT @Meter; "3A+I".- R A o
~ 15510.SUBEND . B A T P

© 15520 SUB_Read mezer(bMe[er Power)
15530 "ENTER @ OMeter Power ‘

l;f:'»‘f#:



- C.2: Data Retrieval and Interpretation ..~ - - . " ...
".10000 REM PROGRAM FOR DATA RETRIEVAL AND ANALYSIS FOR‘ WATERELOOD
/10010 REM EXPERIMENT. DATA: FILES ARE RETIEVAL BY CALLING THEM BY

10020 REM THEIR APPRPRIATE NAMES. THE PROGRAM IS INTERACTIVE:"
110030 REM SOME.ANALYSES ARE OPTIONAL, AND CAN BE BY PASSED

16040 REM. AUTHOR HEMANTA KUMAR SARMA .

_QOSQREM DEPT. -OF MINING,MET. AND PETROLEUM ENGINEERING

10060 REM. - .. UNIVERSITY OF ALBERTA, EDMONQ'ON CANADA, T6G" 2G6

10070 REM“""‘““‘DIMENSIONALISING OP VARIABLES““"““‘““"‘:” .
10080 OPTION'BASE'1 . . : . , _ g‘%ﬂ- SRR
10090 INTEGER JKNHML s o s Ceal
10100 INTEGER ‘Npoint,Nend; Jpoint, Nbcgm Nhalf . e
-'10110 DIM Sw(60, 100) Aaw(60,100),Ccc(100), Bomb(lOO) S B
10120 DIM. A$(150)[17], Wt$(150)(17] - . R \ L ,

10130 DIM:Wgt(150) ;Tb(150),VolI(150) - . B R L 3 o
10140 DIM Tbb(151),Wgtt(151) | T e R
110150 DIM Volt(150, 14) Akw(lSO) Ako(ISO) v e SR
10160:DIM Perm(150) . ‘ - o ‘ E
110170 DIM 'V(14), Delp(150), Pl(ISO) P2150) 7. _

10180 DIM Voll(156Y,Vol2(150),Vol3(150) - o \J

-10190 DIM T1(150). Tp(60) Tm(60) Powm(60 100)

10200 DIM T2(60) .,

10210 DIM Power(60,100) T7(10)
+10220 DIM T3(10),Pko(10,14), Pkl(lO) Pk2(10) Delpk(lO) PermI(IO) R
'..10230 INPUT "DO YOU ‘WANT HARD COPY PRINTOUT ? ... 1=YES;0= NO Ipr

10240 INPUT "DO-YOU WANT HARD COPRY PLOT 7. L 1= YES 0 NON " Ipl ‘

10250 IF Ipr=1 THEN OUTPUT 701; CHRS(Z?)&”&IIL" R

10260 REM“““““"‘RETRIEVING DATA. FROM THE D T
FILE ..‘.l“..‘....‘...‘.“ - ; v N :. Co ) o N
_10270REM '
10280- INPUT "FILENAME FyTE AND‘ TIME EXPT STARTED" Name$

w.'[f
. N

710290 ASS:IGN @File5 TO Name AR .'
10300 INPUT "ENTER FILENAME POWER METER DATA Name$ R
'_10310 ASSIGN @File3 TO Names$ . . ST
10320 INPUT "ENTER FILENAME rOR PRESSURE DATA" Namc$

10330°ASSIGN' @F11e4 TO Name$ -~ -
10340 INPUT "ENTER FILENAME FOR PERMEABILITY DATA Name$ , e
- 10350/ASSIGN @File6 TO Name$ e
'10360° INPUT. "ENTER FILENAME FOR BALANCE WEIGHT DATA NameS N
10370' ASSIGN @File7 TO.Name§ - AR S
10380 ENTER '@ @File7; ;Th(*), Wgt( . L e '. e ' R
10390 ENTER @File3;T2(*), Power(‘) R LT T e
~10400. ENTER @F11e4 T1(*),Volt(*) S T s Do
10410 ENTER @File5;Day$, Tim$ Run$ : ’ R
10420 ENTER: @File6:T3(*); Pho(*) - e
-10430 Ru=VAL(Run$) = - S
" 10440 INPUT "ENTER. FILENAME FOR INPUT POWER METER DATA NamcS T
10450 ASSIGN @Filel0 TO- Name$ R

10460 ENTER: @Filel0; Powm(‘) R
‘10470 Time=TI(150) =+ ©C o o T s
10480 PRINTERIS 1+ -~ - Sl .' IR
10490 INPUT "PUMP FLOWRATE in CC/HR"" Rate S '
: 10500 INPUT "OBSERVEDBREAK‘IHROUGH 'I'IME DURING EXPT "" Bl
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'10510 INPUT "OBSERVED OIL RECOVERY @ OBREAKTHROUGH IN GMS 7* Graﬁi
- 10520 INPUT "DENSITY OF .DISPLACING FLUID i.e. WATER?".Rhow " .. *
10530 INPUT "OIL USED? 1=LAGO,2=MCT5 3= MC1'S+LAG 4=MCT10" loil

. 10540 TF loil=] THEN - | R

710550 Rhoo=.7963 |~ <=0 . oo e T

10560 Ac=163420 . ey

10570 Visl=47 T

10590 IF. 1011-2 THEN

- 10600 -Rhoo='8123 " - R

10610 - -Ac=13566.0 . . AR
10620 ~Visl=342 . L

CI1060ENDIF . . R

. 110640 IF 16il =3 THEN E o s

" 10650 Rhoo="8043 U P T o

10660 Ac=14185.0" - . . S

C10670° Visl=111 . . e
10680 END'IF .© - s RN S
10690 IF loil=4 THEN"~ - . . =~ -~ R S
10700 Rhoo=.8576 -

10710 * Ac=13573.0 -

10720 Visl=60.0 . - EREP

- 10730 END IF - ORI ) o

- 10740 Bulkvol=625.0" - .

10750 INPUT "ENTER PORE VOLUME OF. THE SANDPACK IN cc 7PV

110760 'Por =Pv/Bulkvol -

10770 INRUT "ENTER IRREDUCIBLE WATER SATURATION" Swr

—10780 INPUT "ENTER RESIDUAL OIL SATURATION" Sor
‘10790 REM EXTRAPOLATE INTERNAL PRESSURES AT OUTLET EN'!)S

" 10800. FOR K=1TO'150 °
10810 P1(K)=ABS(Volt(K,1) +2.0%(Volt(K,1)- Volt(K.2))/11.0)

10820 P2{K)=ABS(Voli(K,7)- 20'(Volt(K 6)- Volt(K /1L 0)

10830 Delp(K)= ABS(PI(K) P2(K)) _

- 10840 NEXT-K- . ‘ . :
10850 INPUT "ENTER THPPE LENGTH' OF COREHOLDER IN CM " Al 2
10860 INPUT "ENTER T CROSS 'SECTIONAL ARE or- SANDPACK",A_
10870 Porvol=Al*A*PoX._ -

10880 Rate=Rate/3600.0 ' ‘

10890 IF Ipr=1 THEN PRINTER s 701 _ _

10900 IF Ibal=0 THEN GOTOgi280 = = = =
10910'PRINT USING ** ""EXPERIMENTAL RUN No. ."".3D";Ru
- 10920 PRINT USING """Time. @Breakthrough (sec) "" 6D.2D";Bt
10930 PRINT USING """Cum. 011 Recovery @Breakthrough (gm)"" 3D 2D", Gram ,
10940 PRINT " " - , o .

-

10950PRINT""[- ' L
- 10960 PRINT " # TIME(S) OIL(cc) OIL(pv) Total(gm) Sw T
~10970 PRINT"' " ------------------------------ SEEEERTRS T
- 10980 Voll(1) =0. o : R .
10990 VolI2(1)=0. . T ' S
,11000 Wi=Wgt(1) - : . L
- 11010 Tbx—Tb(i)

11020 FOR. K=1 TO 150 ~ '

11030 - IF Tb(K)<=BLTHEN Tbb(K) Tb(K) :
‘11040 . IF Th(K)<=Bt THEN Wgtt(K)-’ngt(K)
‘11050 IF Tb(K)>B£ THEN GOTO 11070 o
_11060 NEXT K ;

ML



MOOKb=K o R |
CBOFOR I=KTOS0 - . . o
. .11090 Tbb(l+1) Tb(I) T

11110 NEXT L.

\

20 Teb(KbY=BL - . .t T
1 11130 Wett( Gram e T BERTE i . ‘ L

11140;FOR K=2T0 151 -
".11150." IF Tbb(K)< Bt THEN Voll(K- 1) (Wgtt(K) Wgu(l))/Rhooﬂ"““
11160 IF Tbb(K)>Bt THEN GOTD 11180 _ .
11170 NEXT K .-_ RN AR
11180 FOR K=2 TO 151

11190 IF Tbb(K)>Bt THEN VOIZ(K 1) ((Tbb(K) Bl)‘Rhow‘Rate - L
(Wgtt(K)- Gram))/(Rhow Rhoo) , I U R

. 11200 NEXT K _ , DN e B
11210 PRINTERIS1 ~ - ... . .07 e e e }‘-' Lo
11220 FOR K=1-TO'150 s Lt .

“11230 * Vol3(K) = Voll(K)+Vol2(K) S ey
11240 Oilpv=VoI3(K)/Pv_ - . . - - "~ " L e ;o
11250 ‘Savg=Swr+Oilpv: " O
11260 PRINT- USING "3D 3X,7D.D 3X 4D 2D 3X D 3D 3X iS‘D.ZD.BX;D.DDD"'-’:'
K, Tb(K),Vol3(K) Ollpv Wett(K)- Wgtt(l) s%vg. o &
11270 NEXT K '
11280 INPUT "ENTER VISCOSITY OF WATER IN CP" Vls I
11290FORK 1TO10" IR
- 11300 Pkl(K) ABS(Pko(K 1)+2 0‘(Pk0(K 1)- Pko(K 2))/11 0) LN
11310 - P(K) = ABS(Pko(K,7)-2. 0*(Pko(K,6)- Pko(K 7))/11 0 .o
11320 - - Delpk(K)=ABS(Pk1(K)-Pk2(K)) - 3 I
11330 Perml(K) (Rale‘Vlsl‘AI‘14 696)/(A‘Q@bk(K)) ' o
11340 NEXTK . ‘ o '«r’i e » »
~11350.81=0 . - ' “ S ” S T :
11360 FOR K=1TO10 . T AR L
11370 S1= Sl+Perml(K) o co T RE Co
11380 NEXTK . . . L -
(11390 St1sS171000 0 o S R

- 11400 Scl= Stl‘9 869233E 9 ' ' e
11410 S=0 - o
11420 FOR K =141 TO 150 ' ‘
11430 Perm(K) = (Rate‘Vls‘Al‘14 696)/\A‘Delp(K)) e
11440 - S= S+Perm(K) ‘ ‘ S oo
11450NEXTK o et T
111460 St=8/10.0 :
- 11470 Sc= St*9.869233E- 9 . ’
11480 DISP ”SET PRINTER TO A NEW PAGE i.e. PRESS FF AND THEN ’WT
CONTINUE" * - ‘ _ ,
11490 PAUSE. - |
11500 IF Ipr=1 THEN PRINTER IS 701 T -
11510 PRINT USING- ""'EXPERIMENTAL RUN No e 3A RunS

. 11520 PRINT "DATE OF EXPERIMENT ",Day§ R N

- 11530 PRINT "TIME EXPT. STARTED .",Tim$ : _

540 PRINT: ""'-"--:'--jf:-----"---':-'_f_----.-'f‘_',"-f.'."“. o .
11550 PRINT " %" e ' ‘
~ 11560 PRINT USING ""“VISCOSITY OF DISPLACED FLUID CP B 3D DD VlSl
11570 PRINT USING """VISCOSITY OF DISPLACING FLUID CP " ,3D.DD";Vis
‘11580 PRINT. USING. """DENSITY OF.DISPLACED FLUID, GM/CC "* D.4D";Rhoo.

1155 PRINT USING;,"”"VOLUMEIRIC FLOWRATE, CC/SEC "vDSD"Rate.




411600 PRING US’ING """LENGTH OF COREHOLDE&,CM &

~11740 PRINT USING """Rbt IN STABLE. DISPLACEMENT L, 3D*; Rbtl
- 11750 PRINT USING """Rbt IN PSEUDO- STABEE DISPLACEMNT.& ""?il
11760 PRINT USING "*"POROSITY - ‘ AN ») 313 £
1770 PRINT USING """SWR . T D 3D'"

- N6I0PRINT USING . " "3RECTANGULAR AREA OF PACK, cwﬂz .
11620 PRENTUSING "*"AMG Kwor @ Sor (cm*®2) . - " D3DE":Sc-
11630 PRINT .USING """AVG Koiw @ csm (em®*2) ¢ .7~ MD.IDEN§L
11640 Atnr=St*Vis17(St1%Vis) Hpe ,,,,.,._ oy S )'.:.ss.-;-
11650 R1=(1.0:Swr-Sor)X10-swr) < T Pt L Sl b
11660 R22=((Amr-1.0)/(Amr +1 0))‘((Amr‘(2 /3 ) ID)/.Amr (em ))
_ 11670 R2=1.0/(1: 0+R2§) L N S .
11680 Rbil =R1*R2 - e TR
11690 R3=1.0/(1.0+3, 0‘R22) PSR SR w, .
. 11700 Rbt2=RI1*R3 “ ... S - -
11710 PRINT, USING """Kwor (darcy) 4Dn§* St,. RN (o
+ 11720 PRINT USING *""Kaiw. (darcy) . Gt M 4D DRYSH S AL
- 11730'PRINT USING *""MOBILTY RATIO‘ ot 3DDpe Am;I PRI

P S .
- 11780 PRINT USING """SOR -~ . - . =~ ""D3D" s;;
11790 Sige=Ac*Por®(1.0-Sor-Swr) SRR & it ' LR
11800 Grv=(Amr- 10)/(Sc‘Slge)‘sz/IObO BT S e
11810 Gr2=(Amr~(5./3.) +1. )/((Amr+1.)*(Amr(1./3. )+1 )*2) e
11820 Vel=Rate/A' - . Lo T e
11830 Grl=(Vis/100°Vel*(Amz-1.0))/(Sc*Sige) = — = ¥ : I

11840 IF Ru<14 THEN Gr3=4.0%4.786}507"2/(4. 7861507“2-%-1 0)

11850 IF'Ru> =14 THEN Gr3= -4 0‘5 58‘2/(5 215 2+1 07"2)

-

11860 Stab=Grl*Gr2*Gr3-

11870 Vc=(3.141592653" 2)/(Grv'Gr2‘Gr3) -

11880 Qc=Ve*A®3600.0

11890 Aisr=3.141592653"2 : . e
11900 PRINT USING """CRITICAL VELOCITY (‘cm/sec) "" D.ADE":Vc .

11910 PRINT USING """CRITICAL FLOWRATE (cc/hr) - ""4D.D";Qc :
11920 PRINT USING """PUMP RATE USED (ccshr) "",4D.D";Rate*3600.0 :
11930 PRINT USING """STABILITY No. OBTAINED, Isr "0 .4D.4D":Stab )

11940 PRINT- USING :"""CRIRICAL STABILITY No., Istc . >_"",4D 4D";Aisr " o
11950 DISP "Ist OBTAINED HIT CONTINUE IF YOU PROCEED FURTHER" :

*11960 PAUSE.

11970 PRINTER IS 1

11980 FOR J=1TO 100 o '
11990, Bomb(J)=1./(1.-Sor- Swr)‘LOG(Power(GO J)/Power(l J))

12000 - Cee(JY=LOG (Power(1, J)/Ao) Bomb(J)‘Swr .

12010.NEXT J

"100FORK=1TO60  * -~ .. . e

12030 EOR J=1 TO 100 ., s
12040 Sw(K,J)=(LOG(Power(K,J)/Ao)- Ccc(J))/Bomb(J)

12050 -~ IF Sw(K,J)>.9 THEN Sw(K J)—

12060 ~ PRINT K,J,Sw(K; J)
12070 -NEXT J-

~12080° DISP K

- 12120 IF 1dsat=0 THEN GOTO 12710
12130 PRINT INTEGRATION OF DIMENSIONLESS SATURATION ALONG LENGTH "j- e

12090 NEXT K. , _ .
12100 PRINTER IS1
12110 INPUT "WANT INTEGRATION OF SATURATION DATA 1 YES 0= NO 7 d

12140 PRINT "« -ceiedansnsiensinnn i een e daamsa iemsmmn g

12150 PRINT BOTH SIMPSON S 1/3 AND 3/8 RULES APPLIED "



. e LR SRR IC
112160 PRINT "BOTH RULES REQUIRED FOR ODD No OF INTERVALS "
’ 12170.PRINT "IN CASE OF EVEN NUMBER: 173 RULE; IN CASE OF ODD" o
- 10180 PRINT "INTERVALS: 3/8 RULE FOR FIRST 3 PANELS AND, Mo
12190-PRINT "1/3rd RULE FOR THE REST." = R
*.12200 REM INCREMENT IN DIMENSIOLESS DISTANCE . N T TP
12210 REAL Hx,S5s(60) - | SR ;Q: T S
12230 INPUT "ENTER NUMBER OF DATA POINTS 1 . NPOINT" Npomt B
12240 Xd= Hx'Npoml ST o : S g e
12250 PRINT "+ " T
. 12260 PRINT o "' ' ‘
‘12270 PRINT "EXPERIMENTAL RUN NUMBER” RunS T R
- 12280 PRINT "DARE OF EXPERIMENT = * .Day$ ». ' EE o o
-'12290 PRINT "TIME EXPT STARTED " Tim§ = .
12300 PRINT USING"""Qo in PY AT DIMENSIONLESS DISTANCE =" 3D %D Xd

- 12310 PRINT. "------,,,n
" 2320 PRINT "TIME(sec) Qo(pv) U e
12330 PRINT "¢--cc---e R B N e
-12340 Ipoint=Npoint-1.-. . .« " T, B S T
+12350 ‘Nhalf«=Ipoint/2 RR T w Sl
12360 FOR =1 TO 60 A
.'12370° . Nbegin= 1 Lo e :
;12380 “Ssw=0, - ' S _»-j..",
12390 " IF (Ipoint- (Z‘Nhalf)) 0 THEN GOTO 12450 S RN
By i ’REM IF:No:‘OF PANELS ODD, USE 3/8 RULE ON FIRST 3 PANEB& _
- I2Q¥REM 173 RULE ON REST OF THEM \

124 5 TSsw=3: *Hx/8. ‘(Sw(K\I)+3 O‘Sw(K 2)+3 'Sw(K 3)+Sw(K 4))
12430 :Nbegin=4 \
~ 12440 REM NOW APPLY 173 RULE ADD Ist, 2nd AND LAST VALUES
-12450 - Ssw= st+Hx/3 ‘(Sw(K Nbeg1n)+4 O‘SW(K Nbegm+1)+Sw(K Npomt))
12460 Nbegin=Nbegin+2- . ‘
12470 P Nbéginz=Nppint TI-IFN GOTO 12530 ' o : v
12480 REM PATTERN AFTER (Nbegm+2) IS REPETITIVE TILL NEND e
' 12490 - ‘Nend=Npoint-2 - - - | _ _ e
12500 - FOR J=Nbegin TO Nend STEP 2. Co L R
12510  Ssw= st+I-Ix/3 O*(2 *Sw(K; J)+4 O‘Sw(K J+1))
12520 NEXT ) ' -
12530 PRINT USING D DD 5X, MDD DDDE T2(K) st
12540 T2(K)= Rate‘TZ(K)/(A‘A]‘Por‘(l 0 Sor Swr)) ' ' ,
12550 “Sss(K) = st/lOOO S s R T
12560. NEXTK - ‘ v
12570 PRINT DERIVATIVE CUM OIL RECOVERY w R T DIMENSIONLESS TIME" :
12580 REAL Df(60) . : . , ‘ "
12590 K=60 .- I #
.'12600Kk1-K1 IR S S S
12610 F% Kk2=2TOKkl .. .
/I(kZ) (Sss(Kk2+l) Sss(KkZ 1))/(2 0‘(T2(Kk2+1) T2(Kk2)))

12620°

- 12630'NEXT Kk _—
12640 Df(1)= (2\‘Sss(2) 1. 5‘Sss(l) 5‘Sss(3))/(T2(2) T2(1)) e
12650 DF(K) = (1. 5‘Sss’(K) 2 O‘Sss(K 1)+ 5‘Sss(K 2))/(T2(K) TZ(K 1)) g
12660 ‘Ttimel=T2(60) - " : E

12670 FOR I=1TO 60 =~ .1+~ :
12680 REM PRINT USING "3D 3x 2D 31) 3x D 3D 3x 2D 3D" i1 TZ(I) Sss(I) Df(I)

12690 NEXT-1 . ,Z o

12700.REM DERIV,,ATIVE OF PRESSURES AT A GIVEN DIMESIONLESS LENGTI-I i

.12'710PRIN'I’ERISI e , S
\" . ';’\\ . -




| 12720 INPUT "WANT TO SMOOTHEN PRESSURE DATA 1= Y O N"" Ipd -'
12730 IF Ipd=0 THEN GOTO 14300 -

12740 PRINT "SMOOTHENING OF PR?.'SSURE DATA ALONG DIMNESIONLESS "-‘\f s

LENGTH" . "’
12750 PRINT "< -5 2 £ 5
12760 PRINT " "', N
C12770PRINT " " “
12780 REAL X(11), Ps1(60 11)
12790 FOR I=1 TO 60
12800 Psi(1,1) =PI(I)

12810 Psi(I,2) = Voli(l, 1),. ?;}».-,;%* S
12820 Bsi1L3)=Voh(12) " .
12830 Psi(l4)=Vol(14) % N

12840 - ‘Psi(1,5)=Volt(1,6)

12850 "Psi(1,6) =Volt(l, o T
12860 - +Psi(1,7) =P2(1) - a _ ®
112870 NEXT1- .~ e
12880GOTO_12960,._-- o R - e
12890 Psi(60,1) =P1(150) - - R s
12900 Psi(60,2) = Volt(150,1) o S '
12910 Psi(60,3)=Volt(150,2) "

12920 Psi(60,4) = Volt(150,4)

12930 Psi(60,5) = Volt(150,6) L e _
112940 Psi(60,6) = Volt(150,7) S .

*°12950 Psi(60,7) = P2(150) N | ER g R
12960 X(1)=0. - LT e S _\
12970 X(2)= 0102 S ST S
12980 X(3)=.12245 ,
12990 X(4) =50, -

13000 X(5)=87755~ . . - S L e

13010 X(6)=.98979. . ~ - LR 3
13020 X(7)=1.0 - S SO e e R
13030'Np=7 - '

13040 REM SMOOTH. UNEQUISPACED PRESSURE DATA VARIABLE H- v
13050 REM NP=NO. OF DATA PAIRS - =

13860 REM MS, MF = RANGE OF DEGREE OF POLYNOMIALS, MAXM DEGREE=9
13070 REM AA=AUGMENTED ARRAY OF COEFFICIENT OF NORMAL EQNS .
13080 REM CC=ARRAY OF COEFFS or- LEAST‘& JARE POLYNOMIAL L
~13090REAL Aa(8,9),Cc(10),Xn(11): o

13100 INTEGER Mf,Ms,Mfpl Mfp2, Mspl Kk.Ii,J1,Int, Jm1, Iml Ipt

13110 INTEGER Icoef Jcoef la lc,I. .~ -

13120 INPUT "SMALLEST DEGREE OF, POLYNOMIAL" Ms

13130 INPUT "GREATEST DEGREE OF POLYNOMIAL" Mf

13140 IF Mf <=(Np-1) THEN GO’I’O 13170

13150 Mf=Np-1 . ' : : B ‘
13160 PRINT "DEGREE, OF POLYNOMIAL TOO LARGE REDUCED TO " Mf-

13170 Mfpl=Mf+1 N . . .

13180 Mp2=Mf+2 C

13190 Kk=1" Lo , T
13200 IF Kk >6 THEN GOTO 18804 . ' R
13210 FOR la=1 TO Mfpl:- . ° R e T
13220 FORL=1TOMfMp2 . =~ - . s & .
13230 Aa(IaI) 0. et : S
13240 NEXTI . - .

13250 NEXT Ia _

.~13260 PRINT USING """SCAN"" 2D" Kk

e . N P
X . . . . N



0

13370 FOR 1=1TO Np

13280 Xn()=10 - . . o ' |
C13290NEXT I - .+ et T e L
13300.FOR-1=1 TO Mrp1 B T R ARt
C13310 AR(ILI)=0. e T e R
13320 AaQMEPN=0, TS T T |
. 13330 FORN=1T@Np '
13340 ‘Aa(J',1)= () +Xn(N) . :

13350 - Ag(1,Mfp2)=Aaly, fp2)+P51(Kk N)*¥n(N)

13360 XIRN)=Xn(N)*X (R o

13370 NEXTN - = ' ' | R
ABBONEXTJ. 0 T e T g
13390 FOR 1=2TO Mfpl . & o
134000 Aa(MfplD=0. .ot |

13410 FOR J=1TONp. = er
13420 _"Aa(Mfpl,J)=Aa(Mfpl, I’)+Xn(J)
134307 Xn(J)= Xn(J)‘X(J)

\13440: NEXT] ' | A
13450 NEXTT . ©~ -~ _ : Ty
13460 FORJ=2TOMfpl = -~~~ - 7 . D
13470° FOR 1=1TO Mf . SN . S
13480  Aa(L))= Aa(I+IJ 1)

13490 NEXKL. - - o ,
13500 NEXTJ: ~ . '
13510 PRINT "THE. MA’I'RIX OF NORMAL EQUATIONS" _
13520 PRINT "--nmesreNmnsonionio iz, ® ) : S
I3530PRINT " = . R T R S S ¢ .
I3S40PRINT " " . = N w0 e :
/13550 FOR J1=1 TO Mfl ,

- 13560 - PRINT USING "ssn 4D" Aa(IL,1), Aa(Jl z) Aa(Jl 3) Aa(n;g) '

. ,Aa(J1,5),Aa(J1,6) Aa(Jl 7), Aa(Jl 8) Aa(Jl, 9)

13570 NEXT J1 :

13580 PRINT " . - oo _

13590 PRINT "% .. -

13600 REM L-U- DECOMPOSITION OF AA FORMS L~ U EQUIVALENT

~13610 REM. OF SQUARE COEFFICIENT MATRIX,AA. -

13620 FOR'I=1 TO Mfpl.. -

13630 "FORJ=2TOMfpl - Sl

13640 Sumbl=0. o & _ _
113650 - - IE J>I'THEN GOTO 1370 - LT ,
13660 - Jml=J-1 . , R
13670 FOR K%1TO Jml L R
13680 - _Sumbl=Sumbl +Aa(l, K)‘Aa(K J) , Co o

13690 - NEXTK .. . o : R S

13700 . Aa(LJ)=Aa(l,))-Sumbl N R

13710 . GOTO 13790 - T

137200 Iml=1-1 = :

13730 . IF Iml1=0 THEN GO‘FO 13770

13740 ° ‘FOR K=1TO Im¥ a B,
'13750° © Sumbl= Sumb1+Aa(I K)‘!Aa(l\ 1) R LR
13760 NEXTK - S
113770 °IF ABS(Aa(11))<1.0E-10 THEN GOTO 13820 e
13780, - Aa(1,])= (Aa(IJ) SUmbl)/Aa(II) B ST R SE P
13799 .NEXTJ . - T R T
13800NEXTI . .° - LT
'-13810GOT0 13830 .o

\,» Lo

. o



13820 PRINT "REDUCTION INCOMPLETE DUE TO SMALI; DIVISOR VALUE IN ROW

13830 Mspl —!Ms+1 R
--13840 FOR li=Mspl 'I?O Mf pl
13850 FOR JI=ITOL © =
2 13860 “Ce()=Aa(J, pr2)
-"13870 - NEXTJ. -
13880 .Ce(l)= Cc(l)/Aa(l 1) . _ PR S
13890 ~FOR.I=2.TOLi" |- e R
713900 - Imp=1-1: T : C s L
13989 - Sumb2=0.

13920 - FOR K=1TO Imp B
13930 Sumb?2= Sumb2+Aa(I K)‘Cc(K) : K S
13940 . NEXTK % o o e

13950, . Ce(1) =(Ce(D)- Sumb.’Z)/Aa(I I) P ._ B

13960 NEXT1W ) _. e

13970 - FOR J=2TO li R SRR &F

. 13980° . Nmjp2=Ii-J+2 - o
<1390  Nmjpl=Li-J+1

TR000  Sumb2=0. , LR

14010 - FOR K=Nmjp2 TO Ii« - ‘ R Lo

‘14020 . Sumb2= Sumb2+Aa(Nme1 K)‘Cc(K) ‘ B

114030 - NEXFK c S \

14040 © Cc(Nmjpl) = Cc(Nmel) Sumb2 : ' o

14050 - NEXT J v _ L :
14060 Imt=Ji-1 ~ e
“14070. PRINT (USING "" "CGE FICIENTS FOR DEGREE =""DD" Iml '

14680 FOR Ih=1"TO Ii F\ .

14090 PRINT USING DD 3X,S6 8D" Ih- 1 Cc(Ih)

14100 - NEXT Ih

14110 -Beta=0." »

14120 Sumb=0. . . ‘

14130 FOR'Ipt=1TO Np_ L e o .

14140 FOR'Icoef=2 TO Ix o o : s

14150 ' -Jeoef =TiIcoef +2 - ' : I i

14160 - - Sumb= (Sumb+Cc(Jcoef))‘X(Ipt) ) N @

14170  NEXT Icoef - o o .

14180 ~ Sumb=Sumb+Cc(1) . » : T 3

14190 -~ Beta= (Psx(Kk Ipt)-. b)‘2 L » - . :

14200 NEXTIpt. ) . o o
14210 . Beta=Beta/(Npli) - o - B
14220 PRINT" STATISTQA.L VARIANCE BETA™2" Beta S

14230 - FOR =1 TOIi . & L ‘
14240 Cc(lc)=0. - ' ‘ : R N

14250 NEXTIc. - : _ . '
14260 NEXT Ii - : ) ;
14270 PRINT "PICK THE COETFICIENTS WITH LEAST BETA FOR OURVE FITTIN(J "
14280 Kk=Kk+1 =~ - _ . ,, O
114290 GOTQuda00 ' L Tk
14300 DISP "PLOT BEGINS, FIRST PLOT WIL-!: BE CUM OIL R&SOVERY Vs. TIME_" - ’
14310 BEEP - ‘ -

14320 PAUSE . P . ‘ T o

14330 PEN 4 : - . P " : T

114340 GINIT L . - e

14350 PEN 4

14360 IF Ipl—l THEN PLO’I‘TER IS 703 "HPGL"



R Rt S
: . kv,.

) 14370 IF Ipl<>1 THEN PLOTI'ER IS CRT "IN’I‘ERNA T SN
14380 GRAPHICS: ON _ ~_ R S S I SRR
+-14390 X . gdu max= IOO‘MAX(I RAT]O) SR S ST
~ 14400°Y _gdu/ max: IOO‘MAX(l I/RATIO)
' 14410’ LORG 6 ,.
. 14420.MOVE X _gdu max/2 Y gdu_ max o
14430 LABEL USING """CUM OIL RECOVERY IN CC RUN"" DDD Ru
14450LDIR9O ' N . »
14460 CSIZE 3.5 v ' > 1y o R
114470 MOVE 0,Y_gdu_ max/2 c T T e T T AN U
. 14480 LABEL "OIL RECOVERY (CC) : : St
14490 LORG 4 - , _
- 14500 LDIR 0 . -
14510. MOVE X gdu_. max/2 07‘Y gdu max
14520 LABEL USING """TIME (SEC), Tmax="" 6D D" MAX(Tb( )) : "
~. 14530 VIEWPORT 1*X _gdu max,.98*X: _gdu_max,.15°Y. _gdu max, 9‘Y __gdu max
14540.FRAME - /-
14550 WINDOW 0. MAX(Tb( ).0. 250 0~ E . C - :
14560 AXES 2000,25.0:0,0,5,5,2 -
14570 CLIP OFF - Lt
" 14580 CSIZE 2.5,.5 B o ' :
14590 LORG 6 - '
14600 FOR 1=0 TO MAX(Tb(‘)) STEP‘EOOO
146100 MOVE 1,-.2°
14620 'LABEL USING "# KT
14630 NEXT I
14640 LORG 8 -
14650 -FOR 1= 0 TO 250 STEP 25
14660 MOVE -.2,1
14670 LABEL USING "# DDDD DD"I
14680.NEXT I . ,
' 14690 PENUP : ) o e v
. 14700 PEN 4 ‘ _ o A
* 14710.FOR:K =1 TO 150 ’ R
14720 PLOT. Tb(K) Cumoxl(K)
14730 NEXTK . S e
. 14740 PEN 0. L oy ~ .
14750 GRAPHICS OFF : I A R ‘ R :
. 14760 BEEP - ’ . N
14770 DISP "NOW OBTAIN DIFFERENTIAL PRESSURE AS FUNCT ION OF TIME
PLOT" ‘ , :
. 14780°PAUSE . T
14796 PEN4 = . . o R

14800 GINIT i L TR (O R
J4810 PEN4 . - IR N e
14820 TF Ip!=1 THEN. PLQT’I’ER 1S 705, "HPGL" T T
114830 IF Ipl<>1 THEN PLOTTER IS CRT "INTERNAL" ‘ D T
14840 GRAPHICS ON . _ o T e
. 14850 X gdu_max = IOO‘MAX(IrRATIO) R Sl B ORI :
. 14860 Y_gdu_max=100*MAX(1; I/RATIO) T | :
14870 LORG 6, , B TR,
14880 MOVE X _gdu_max/2, Y _gdu_max: Ceme
. 14890 LABEL USING """DIFF PRESSURE AS FUNCT ION OF TIME RUN"" 3D Ru
* 14900 DEG R o | *
14910 LDIR 90 e S “




.

* 14930 CSIZE 3.5 © ¢ L | |
14930.MOVE 0.Y_gdu_mias/2 g
14940 LABEL USING ™ ""PRESSURE (psi), deax— " 3D 2D" MAX(Delp( ))_ |

/44950 LORG 4~ "= S . ‘
14960 LDIK 0. =~ o -

14970 MOVE! °X_gdu max/2 07‘Y gdu max 7 - . ﬁ-)

- 14980 LABEL: USING """TIME (SECONDS), Tmax-, "".6D.D"; MAX( ).

* 14990 VIEWP@RT I‘X_gdu max, 98‘X_gdu max, 15'Y gdu max, 9‘Y_gdu max S

15000 FRAME : R

-15010 WINDOWO T1(150), 0. MAX(Delp( ))

- 15020 AXES 2000.710.0,0.0,5,5.2 .

15030 CLIP OFF .~

" 15040>CSIZE 2.5,.5 - R

15050 LORG 6 ~ - R et L

15060 FOR 1=0 TO Tl(lSO}STEP 2000 RN

15070 MOVET:2 . ST e

15080 * LABEL USING‘ # K"I R SN

- 15090 NEXT1 - S o L
1S100LORG 8. - : . L e

15110,FOR 1= OTOMAX(Delp( )) STEP 0., ' .

151200 MQVE -2} ' o

. 15130 LABEL USING "#. .DDD.DD"1 | — S

CISMONEXTI .. .., P A

15150 BENUP ' 4~ e R ~

15160 PEN4

15176 FORK=1TO 150  ‘*

15180 PLOT T1(K9,Delp(K) -~ . _ o ;

15190 NEXTK B L

IS200PENOQ = = T

* 15210 GRAPHICS OFF ST

. 15220 BEEP

" 15270 PEN 4

15230 PRINTER sS1 s
15240 DISP "OBTAIN SATURATION PROFILES"
15250 BEEP

15260 PAUSE

15280 GINIT = - S o ' . '
15290 PEN 4. . : N
15300 IF Ipl=1 THEN PLOTTER IS 705, "HPGL" ‘
15310 IF Ipl<>1 THEN PLOTTER IS CRT "INTERNAL"
15320 GRAPHICS ON™ °

15330 X_gdu”_max=100°MAX(1, RATIO)

15340 Y_gdu_ max—lOO‘MAX(l l/RATIO)

15350 LORG 6. .- - _— - ‘ o
15360 REM FOR'1=-.3.TO 3STEP 1 ' S
15370 MOVE X_gdu_max/2,¥~gdu_max . -~ 2,
- 15380 LABEL USING """Sw PROFILES VS TIME RUN " DDD" Ru' "

1539 REM NEXT I g

15400 DEG ) “ e ’ . . . . ) T . R ‘-J, N ","

15410 LDIR 90"~ <~ o . I S
/15420CSIZE3 v L ,3%’7-“'“’ . ;

15430 MOVE 0 Y_gdu max/2 = ' : - : ﬁF’ ey ”

15440 LABEL "Sw (fracuon) o - AL e TN

15450 FORG 4. I B S

L 18460LDIR 0: " - ' o R

15470 MOVE X _gdu max/2 07‘Y __gdn max . oot T T



SR ST R

15480 LABEL "CORE LENGTH " D . ' Uy R
15490 VIEWPORT I‘X _gdu max, 99‘X _gdu max, '15‘Y gdu max 9‘Y _gdu max
-~ 15500 FRAME ; -

.+ 15510 WINDOWO .100,0. 1000 . !
15520 AXES 10, 100055 2 . ’ L

- 15530 CLIP OFF '

~ 15540 GSIZE 2.5, 5

- 15550 LORG.6 -

15560 FOR 1=0 TO 100 STEP 10
© 15570 MOVE,-.2 U
15580 LABEL USING * #K g o
15590 NEXT'T S
- 15600 LORG. 8- -

- 15610 FOR I=0.TO 100 STEP 10
© 15620 MOVE -.2,1 N ‘

15630 LABEL USING "# ,DDD.D" 1 -

15640 NEXTI - .

~ CIS6SOPENT - T L o

. 15660 FOR K= [TO4STEPS e
" 15670 ‘FOR L=1TO 100 - - - .

15680 PLOT L.Sw(K, L)‘IOO
15690 NEXTL - o _ | L
~ 15700 PENUP ~ : 7 . | A SRR
15710 NEXT.K N RIS
" 15720 GRAPHICS F ‘@’- e SR L
15730PEN O | f L
15740'BEEP o ' o
15750 DISP" "OBIAI/N SCAN PROFILES ALONG THE CORE"
15760 PABSE = . o
1570 PENRL o o I R
CLSBOGINIT L |

- 1579G°PEN 1

~" 15800.IF Ipl=1 THEN PLOTTER IS 705 "HPGL" R
" 15810 IF Ipl<>1 THEN PLOTTER IS CRT "INTERNAL o
15820 GRAPHICS ON *
. 1583Q‘Xv_,,gdu max= 100‘MAX(1 RATIO) S e e
- 15840'Y, gdu_max = IOO‘MAX(I l/RATIO) S e

IS0LDRG 6 - . s
. 15860 REM FOR [=:3T0 §TEP 1 ~*" '~
+ " 15870, MOVE X gdu__ max/2,¥x

15960 LDIR 0"

. 15880 LABEL USING """SCAN PROFILES DURING RUN RUN"" DDD Ru e
' 15890 REM NEXTI TR S
15900 DEG LN Ty
15910 LDIR 90 S IR 3

15920 CSIZE 3 . -
15930’ MOVE 0,Y __gdu max/2 -
15940 LABEL USING """Power (mW)
15950 LORG 4 .

'fi.‘"’"'MzDi4D‘":MAX<-Pc‘>_w.er<f>>'] |

- 15970 MOVE:X: gdu ‘max/2,.07*Y __gdu max. - (
. '15980 LABEL."Length of Core. xX)" ' SRR
* 15990 VIEWPORT - 1*X _gdu max,. 99‘X _gdu max 15‘Y _gdu max 9‘Y _gdu max

" 16000 FRAME

“.. 16010'WINDOW 0..100:0. MAX(Power(‘))

. 16020 AXES 5.0, 100552

e 16030 CLIP OFF



e s

16040 CSIZEZS 5

16050 LORG 6 - -

-~ 16060 FOR 1= OTO 100 STEP 10

16070  MOVE 1,-.1 S o

16080 LABELUSING"#K 1 ST e

" 16090 NEXT1 . : . - S S S
16100 LORG 8 - o s

..16110-FOR. 1=0 TO' MAX(Power( ))

" 16120 MOVE :.2.1
'16130 " LABEL USING "#,DD. DD "]

16140 NEXTT -
16150 PENUP~ . . S e

16160 FOR K=1 TO 40 e PN

- 16170 FOR' L'=1 TO 100 - co e
16180 PLOTL Power(K,L) R R

16190  NEXTL - o
16200  PENUP -

, 16210 NEXT'K - o o
16220 WAIT .1 o S : Q
16230 GRAPHICS OFF ' .
16240 PENO =~
-16250 BEEP
16260 STogl e o
16270 END- EREE R



'+ C.3: Graphical Estimation of the Breakthrough Point * .

oL nd . L - . - . . ° : oo -

. 10000 REM THIS PROGRAM ESTIMATES BREAKTHROUGH POINT GRAPHICALLY

- 10010 REM FLUID RECOVE DATA RN *\1'-".} :
10020 REM' ‘AUTHOR: HE ANTA KUMAR SARMA ’

\‘- 4

10030 REM . DEPT. OF MINING MET. AND' PETROLEUM ENGINEERING
1 M ~ UNIVERSITY OF ALBERTA EDMONTON, CANADA, T6G 2GG>

" 10060 OPTION BASE 1 -

S 10070 INTEGER 1,] XN, HT/TL

10050 REM;'“““““DIMENSIONALISING OF VA_B.YABLES“““““"“"““"o

10080 DIM Wgt(150),Tb(150).Ddwt(150) "~ ° - . .7y
10090 REM'“”"”"“RETRIEVING DATA FROM TI‘IE ce e ‘

: FILESO..‘.‘.“‘.OQ‘ .‘....‘.. .

" 10100 REM. ‘ ‘ S . : : : _
10110 INPUT "WANT PLOT ON PAPER OR CRT ? 1 PAPER L0= CRT JIp 1

10120 INPUT "ENTER FILENAME FOR DATE AND TIME EXPT STARTED Name$ _'
110130 ASSIGN @File5 TO Name$ ‘- .
- 10140 ENTER @File5; Day$ TlmS Run$

10150 Ru= VAL(Run$):

- 10160 INPUT "ENTER FILENAME BALANC T
10170 ASSIGN @File7 TO Name$ - ° RS
~.10180 ENTER @File7; Tb( ) Wgt( )

10190 Wi=Wgt(1) - : ,

10200 Ti=Th(1) -

-, 10210 REM PRINT"TB, wr CA TI’ME,PR.ED TIME Flé MDATA"
*. 710220 FORK=1 FO'150 . . N

10230 Th(K&ETH(K)-Ti -

10240 . Wg[(K) Wgt(]() Wl : - _. . ;):

© 10250 NEXT K

10260 INPUT "NEED ONLY‘BLOWUP OF . A SECI' ION OF GRAPH" l Y.0= N'lg,lb

110270 IF Ib=1THEN GOTO 11370 - -
- 10280 INPUT. "GUESS A HIGHER BREAKTHROUGH TIME IN SECONDS" Bl

10290 Ttime=Bt .- RN | o Lo
~ ".10300Tw1=MA‘X(Wgt(‘)) SIS S

........

. 10310 DIM Dwt(150)". S | e .
10320 Dwi(1)=0. . ST R AR
e 1033 FORK=2TO150 . .- g

10350 NEXT K |
"10360.1F Ttime>>1500 THEN Tuc 20"

10390 DISP "CHANG,E PAPER FOR WEIGHT PLO'I"' SN

10340° Dwt(K)= (Wgt(K) ng(I( I))/(Tb(K) Tb(K 1))'1000

10370:IF Ttime< =1500 THEN Ttic= 10 R 3 - , '
10380 Gap=10.0%tic - S

10400 PAUSE * . o LT
10410 PEN 4 - SR TR SR VR R R

- 10420 GINIT. . B IR TN L PR S

: ;_:104401F1p1—o THEN PLOT'I'ER ISCRT“INTERNAL" . e
- 1040 IF Ipi=1 THEN PLOTTER IS 705,"HPGL" . " = * "

* 10460 GRAPHICSON - -~~~ = .~ \ T SR
110470 X_gdu_tnax=100*MAX (T i g e

10490 LORG6 G

10430 PEN 4

10480 Y_gdu_ max-lOO‘ AAX (1,1




: 11060 MOVE X _gdu max/" 07‘\' _gdu max -

" 11070 LABEL USING """Time (séc), Tmax= "" 6B.D"Ttime

11080 VIEWPORT .1*X_gdu_ max, 98‘X _gdu_max, lS’Y_gdu max 9‘Y _gdu max L

11090 FRAME

- 11110 AXES Ttic,1,0,0,5.5,3 ~ - o
11120 AXES Ttic,1, Ttime, 150055 SRR
: »-11130 GRID Gap,10:6,0,1,1 Ve ‘
11140 CLIP OFF . 7 - e T
COMISOESIZE2S.S o N o e e
CUMIO0LORGE . YN . e
“ 11170 FOR 1=0 TO Tiimé STE Gap' e S
1180 MOVEL-1 % | T R
31190 LABEL USING #K ) R O T AR R R
- 112000NEXTT | e LR
11210 LORG 8. - | ST L
© 11220,FOR:1=0 TO ISOS'I‘EP o - L A R -
11236 <MOVE - 2,1 . @ : L
11240 * LABEL USING "# %D DD"
11250 NEXT1 -
- 11260 PENUP

11100 WINDOW Q. Ttime,0..150 -~~~ < v

11270 PEN 4

~11310 NEXTK

- 11280 FOR K= 1To 150 RN
... 11290 IF Tb(K)>Ttime THEN GOTO 11320 ., dwer
LIz PLOT To(K).WeiK) i

~ 11320PENO R e S
* 11330’ GRAPHICS OFF S T R
11340 BEEP' . | : '
11350 INPUT "DO-YOU WANT TO BLOWUP ANY JNTERVAL*"-K
- 11360 IF Iblow=0'THEN GOTO 11920 - - .. 4
11370 INPUT "ISIT A TRIAL ON CRT 7 ...1= Y, -
. 11380 INPUT "BLOWUP ... FROM TIME",Tblol
11390 INPUT*"BLOWUP ... TO TIME",Tblo2 - =
11400 INPUT-"BLOWUP ... FROM. WEIGHT ", Whlo] -
11410 INPUT "BLOWUP.... TO WEIGHT " Wblo2" | | |
~ 11420.DISP, "CHANGE. PAPER FOR: WEIGHT PLOT" S ’
© "11430°PAUSE - . o R S R DI S
CLMQPEN4 o T e S
CCLMSOGINIT e -

fo

=Y ..0=N*iblow

- 11460 PEN 4.

11470 IF Itry Fl THEN PLOTTER IS CRT "INTERNA_L
11480 IF Itry=0 THEN PLOTI'ER IS 705 "HPGL" ' _
. 11490 GRAPHICS ON- e
11500 X_gdu_max=100*MAX(1, RATIO) e Com o d
11510 Y_gdu_: max= 100‘MAX(1 l/RATIO) e e el
©-11520 LORG 6 - .
11530 MOVE X_gdu max/2 5 Y. gdu fnax. @ .
11540 LABEL USING """Esumatlon of BT Run""' DDD" Ru -

" 11550'DEG -

11560 LDIR e

B -*11570 CSIZE 3.5

‘11580 MOVE 0, gdu_max/2. - I I
11590 LABEL *Fiuid Recovered (gm) | RSN
11600 LORG 4

160LDIRO " R




'11620 MOVE X _gdu max/2 5 07‘Y _gdu max i_ ,
11630 LABEL "Time (sec)" .

11640 VIEWPORT 15‘X _gdu max, 70‘X _gdu max, 15‘Y _gdu max, 9‘Y _gdu max
11650 FRAME :

11660 WINDOW Tblol Thio2,Wblol Whlo2 ot . e

11670 AXES 1.,.25,Tblol,Wbiol,5.4,2 e .
11680 AXES 1.,125,Tblo2,Wblo2,5,4 3 R A
" 11690.GRID 25. 5, Tblol Wblol 1,1
11700 CLIP OFF ST N
11710 CSIZE 2.5, 5 :
11720 LORG 6.
11730 FOR 1= Tblol TO. TbloZ STEP 25
‘11740 MOVE I;Wblol-.25
11750 'LABEL USING # K I
11760 NEXT I : .
" 11770 LQRG 8-
11780 FOR 1= Wblol TO WbloZ STEP 5
'11790. - MOVE Tblol:.2 - =~
11800 - LABEL USING "¥, DDD D" 1
11810-NEXT, L. s -
11820 PENUP
11830 PEN 4
11840 FOR.K =1 TO" 150
11850 IF Tb(K)<Tblol THEN GOTO 11880 .
- 11860 IF Tb(K)>Tblo2 THEN GOTO 11890
11870 PLOT Tb(K) Wgt(K) ‘ :
11880 NEXTK | .
11890 PENO -~ =~ -
11900 GRAPHICS OFF -
11910 BEEP , ' :
11920'STOP . - IS
11930 END . ' o




* APPENDIX D: Program to Evaluate Saturation 4t the Front; Spr -~

ECN

,_'C THIS PROGRAM ESTIMATES THE SATURATION AT THE
"€ FRONT i.e. Swf, FROM fw VERSUS Sw2'PLOT:’
CIT EVALUATES THE POINT OF TANGENCY.

'-‘ Contoot..otoo.oooo-oooo,ou‘ococt.co.ootoo.-o..oo-o.ooo-u.u.ou.oto..o”..- Co

* C'DEFINITIONS; T s
‘'C- SW.= WATER SATURATIO]@ IR
" SM = MAXIMUM WATER SATURATION S o
'SI = IRREDUCIBLE WATER SATURATION g [ ‘
- TOL.= TOLERANCE SET AS CONVERGENCE CRITERIO
XM= VISCOSITY RATIO OF DISPLACED IO DISPLACIN?} FLUID
_Cl'= dKrw/dSw. ... functional form - . - _ RN
-C2 .= dKro/dSw ... functionial form - "~ : 4.
- C3 —dZKro/dSwz . functional form " L e R
C4 = Krw i.e. Relanve Permeabxhty To water U
. in Functional Form . . ‘ fes G
“AKRO = Relative Permeabllny to- Oxl in Funcuona Form - '
Al, A2; A3, A4 = PARAMETERS IN FUNCTIONAL EQUATION FOR Kro
Bl1, B2, B3, B4 = PARAN ETERS IN FUNCTIONAL EQUATION FOR Krw
l‘...l..l.......“..‘CO"..““.O.“.‘."O‘..."..‘...‘.l.‘......‘..“..‘.v

’onondhdnoddnoo

IMPLICI®REALM(A-HO0-Z)
LOGICAS® FREE(1)/'%'/" N
. READ(S,FREE)XM,TOL -
~ READ(5,FREE)SI,SM |
~ READ(5.FREE)ALA2,{3.A4 .
- READ(SFREE)BLB2R3.B4
- SW=SM . , |
“AKRO= A1*(SM- SW)+A2‘(SM“2 sw"z)
¢ LA3%(SM*3-SWe*3)
* +AQO(SMO*4-SWed)
C1=B1+SW*(2.0°B24 SW*(3.0°B3 +4, 0°B4°SW)) .
C2=-A1:SW*(2.0°A2+SW*(3.0°A3+4 0‘A4'SW))
. C3=-2.*A2-SW*(6.°A3+12. 'A4‘SW)
- C4=B1*(SW- SI)+B2‘(SW"2 S1%42)
% 4+ B3*(SW**3-5[**3) - S
* +B4*(SW*4SI**%)
 DBETA=B2+B3*(2."SW+SI)+ -
* BA*(3."SWH*) 42 5SWISI+51°%2) |
- C5=C2/C4 -

GAl=-C2/XM "~ |
 DGAMI = -C3/XM + C5*CL/XM +cs'cz/xw-2
' DFI=DGAMI-DBETA .~ ,
- DO 400 1=1,400 - 3
 X=Bl*(SW- SI)+B2‘(SW“2 sx"z)
* 4+ B3*(SW**3i5[ee3) -~ -

% +BA%(SW**4-S[**4) -
- Y=Al*(SM- SW)+A2‘(SM"2 sw"z)
* +A3*(SM**3-SW*3)
* HAdS(SMov- sw'-4)
Fo XM*X/Z . | R
DKRW= B1+SW‘(2 0‘B2+SW‘(3 0‘B3+4 0‘B4‘SW)) SRR




~ XX=Y*DKRW-X*DKRO" Ty

. GAMMA=XX/Z . .
" BETA= B1+BZ‘(SW+SI)+

% B3*(SW*2+SWeSI+SI**2) + IR
e 34-(sw"3+sw-'2'sx+sw'sr'2+sw"3) .
- FS=GAMMA -BETA | A

SWN=SW-FS/DF1
DIFF=DABS(SWN-SW)

" IF (DIFF-TOL) 20,20,400

"4_'20

“WRITE(6.23)L.SW.F T
GOTO4Ll-

400 ‘SW=SWN .
~ WRITE(6,24)]

24
M3

401

FORMAT( SORRY DOES NOT CON)JERGE EVEN AFT ER 14 IT
FORMAT( 'SOLN CONVERGES AT ITERATION J14,' AND SWF IS

* F6.3,2X," AT FW = ' F63)
STOP .
END

: DKRO Al SW'(Z 0‘A2+SW‘(3 0‘A3+4 0'A4'SW)) ‘

éﬁ(A.TIONS )

m

¢



‘APPENDIX E Typical Routine for Use of BMDP Statistical Package

P

‘- /PROB TITLE IS FI'I'I'ING OF CUM OIL RECOVERY VS TIME" R
. /INPUT VARIABLES ARE 2. - T
- MTSFILE IS 'DATAFILE' N
FORMAT IS FREE. - ' '
/VARIABLE NAMES ARE TIME QO
* /REGRESS DEPENDENT IS QO. -
PARAMETERS ARE 6. .

" ITER=200." R A
CONV= oooo1 T \
TOL=0.0001" .

/PARAMETER NAMES ARE B.TM.A2.A3:A4, A5
'INITIAL ARE .865,34284. 2457894.7.-1125,95,.2 000003
‘MINIMUM ARE .69,30278. . . S
- MAXIMUM ARE .95,48000. =~ ;" o

PRINT, = |
- JFUN F=PV*(3.*A2/TM**2- AUTIME™*242, *A3/TM- A3/TIME .
" $A4*Q1+LN(TIME)-LN(TM))- (2. ‘A2/TM“3+A3/TM“2+A5+A4/TM)‘ -

-

» TIME+B+A5‘(TM+TIME‘(LN(TIME) LN(TM)))) : ) a.;, ,v
/PLOT RESIDUAL. . o : '
VARIABLE ARE TIME QO o ’ - s
“NORMAL. = ‘ o B .
'DNORMAL ' A S .
: /END . C o ' .
4 , *
‘ Note PV denotes pore volume of the sandpack 1n the coreholder in CUblC cenumetrcs Exact
N i .: , S - . j
numencal value of the pore volume must be used when runnmg the program ' .
' . Coe . . \ Lo
’ 3 o
£y ‘. =






