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- ABSTRACT

4
! bl

A 1aboratory study was conducted to examine ‘the effect of
viscous and caplllary forces on breakthrough 0il recovery in an
unconsolldated Ottawa silica sand pack. Dlsplacement tests were
conducted using dlstllled water to dlsplace iso-octane and Pemblna
crude These test results were scaled u31ng the ratio of viscous to
’cuplllary forces (L ) g ’ : ,f_; ‘

L.

Dlsplacement tests conducted on iso—octane ( u u < 1)
Amesulted in recoveries. at breakthrough of around 72 perceéyt oil,

' Pemblna crude - ( My /u > 1. ) had recoveries at breakthroug ‘aboutv
<. B
43 percent for the same core" and conditions used for iso octane.

Initial water saturations for both systems were not the same and

decreased W1th a change from iso-octane to -Pembina crude as the test
fluid.. . E ‘ - SR ‘

<

~ T
'

 Over the range of the universal rate function studied it’was

observed that no viscous fingerlng occured in the floods conducted on

) iso—octane. HOWever as the rate function increased in value there
Y

.was a decrease in the breakthrough recovery of Pembina crude Wthh was

attrlbuted to the fo:mation of water tonguts at’ the flood front.

».

(viscous fingering) : o o ) C T e

/ ’
R .

Durlng the tests carrie\ out with Pemblna crude it appeared that

the wettablllty changed from 4 water-wet to an 011—Wet system. This -

»

change was,assumed to bé . function of “he ’ff“ct of 011 comp051t10n

on the solld liquid surface and was time dependent.'
: . \
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Co~t - o disple L of 311 by water to achieve the
maximum € i ad ceono i 2OV ‘r}éh reservoir‘sands is a__ -«
problem ¢~ major ortance 1oth ~; industry today, In an attempt
" ta explair the j; Lo Lert voserved from the waterflood
process, Ur :1 ci . : -meters Wthh 1nf1uence the dls~
'placement'phe omena; theo. >1llary forces, oil v1scos1ty, _
lnterfacial tens< vettab i | flow rate and the presence of gas.

\
D1men§10nal analysls applied to these varlables results in normallzed

scaling functicns which may be used to relate the laboratorygmodel
. h ‘
to the actual reserv01r or prototype.'

Figure 1 1llustrates the theoretlcal breakthrough recovery as

’1nfluenced by the 1nterplay oL capillary and v1scous forces in a

linear horizontal model Reglon A to B deplcts an 1ncrease 1n oil
recovery with an increase in a dlmens1onless rate’ funct1on. ThlS
1ncrease has been attrlbuted to-a ‘decrease in the 1nfluence of
caplllary forces on the recovery process. In the. laboratory these
forces are observed as the inlet "and out]et end effects caused by a
dlsc0nt1nu1ty ‘of the caplllary forces across the core\ends. As a'

result of the mlnlmlzatlon of these forces at an 1ncreased value of

'°the rate - functlon, a region- of stabllized recovery is atta@ned (B to C)
The phenomenon of" bypass1ng the oil by water, leav1ng behind 1solated'

'pockets of hydrocarbons 1s termed v&AcouA 54ngen4ng (Figure 2)

point C (Figure l) the onset -of flnéering within the porous medium
occurs and beyond p01nt D viscous flngerlng has no ad - ._~nal effect
on recovery )

- - {
1 . .

> I

If the onset of fingeringvcould be established, and thereby e

avoided, then maximum recovery could be obtained by the waterflood

. “The obJectlve,of this study was to eéstablish the magnltud C a

‘scallng factor which mlght be. used to predict the onset of flnger-

1ng withln a porous medlum
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ATURE REVIEW QF - . T
_OE_BLLSEQUS_E_LNQERLM Lo
N | .

Secondary recove y of vil by d%splacement withH watkr is. not a

81mple straight forward process. It. 1nv%}ves a gomplex dlsplacement
phenomenon which is affected by the reserv01r rock and fluid propertleS.
'The 1nteract10n between the’ caplllary and Viscous forces is one of the f‘“

.‘phenomena that must be fully understood and controlled for the attaln—

< p — Lo
. o

‘ ment of maximum 011 recovery

’

. , s L : .
ol “'a. - . . . . N

' The 1nfluence exerted by these forces on recovery was 1llustrat—
ed in Flgure 1. Jones Parra et al3 and Kyte et\al4 observed that fhe
_lower recoverles in the Caplllary region were due to Qater flngerlng
at the inlet end of the core, durlng slow dlsplacement rates. As the
’waterflood progressed these flngers coalesced into a sh@rp planar
'1nterface. It was, therefore,qconclqded that a capillary dlscontlnu1ty e
across the core end ex1sted hnown as the et end eﬁﬁect and&:t was
this effect, not the v1scous forces which caused. the flnger formatlon)
- At the outflow end” of thersénd column there exrsts a caplllary ‘dis®

contlnulty The bu1ldup of a

ater saturatlon 1n the boundary graln ‘ \

layers as a result of . the capl lary dlscontinulty decreases the per-

meab 1ty to oil.’ Thls laboratory phenomenon is known .as the outﬁet f S -
end e}ﬁect This outlet end effect decreases as ;he scaling factor At -VC(
W : . \

.1ncreases in magnltude. : . ) : =

- . L -~ -
s .

’

Where the dr1V1ng fluud ws more mcoile,” than the drlven fluid‘
the 1nterface between the two fluids ray hscome unstaole and lead to
gross channellng causing a sev: e decreese in recovery effic1ency It
' was: ‘this observat10a’hh1ch prompted Engelberts ‘and Kllnkenberg"5 to
:call this phenomenon v&Acoué 54ng€&&ng In all cases where viscous

flngerlng has been v1sually observed a marked decrease in recovery

was also noted. o T o .

- . . I

A quantltatlve analy31s of flngerlng was presented by Chouke6

 in 1958 His mathematlcal method predlcts that flngerlng, due. to -

PN
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v1scous forces w1ll occur if the flnger thlckness s sllghtly lcss,.
than the core dlameter By varying the 1n]ect10n tate, 01l—water vis-
coslty ratio and wettlng condltlons,.deHaan7 experlmentally substant—:
1ated Choukes theory by show1ng a‘marked. decrease in” recovery at the

predlcted value for the onset of flngfrlng ‘By calculatlng the onset of

L flngerlng for the earller work of Engelberts and Kllnkenberg th% 1e
: Eﬁ ‘

fobservatlon was: p0381ble : R ] o @

-8
Cof that materlal Pirson_, descrlbes a number of saturation states .givin ng -~

. . . . k2 s -
[ § o Ly

P ' e - R P } N,

' . o . ’. e )
v \

,tf:f The dlsplacement process ‘is also 1nﬂlucnced by the’preference P

N

of a solld to be wetted by a.speciflc llqu1d called ‘the” wettabtﬂtty -
1 &

rise to varlous phases of wettablllty w1th1n the- two general categor—'

1es of water—wet and 011—wet systems.', : I

we? :

X -
. ) .
i

A porous medlum is said to be water—wet 1f the contagt angle,

of the water w1th the 0il on the rock surface, as - measured through the -

" water phase is less than 90 degrees and 011—wet 1f it is! greater. than~

_QO_dogreesT—S&ﬂ@e wettablllty is often dependent upon whfch flu1d flrst
contacts the grain surfaces; the maJorlty of " reserv01rs are water—wet.

-
':>"However prolonged contact w1th oil '

a :'partlcularly if the latter contalnsah\ . .
- easily absorbable polar compounds’ - ; o l.fvr‘t
- may. partlally and locally change'thsjw

'-f; . o lwet/}ng propertles of a reservdir.,

and give rise to wettabllity ,
8radlents"*u EENE TR B S
An oil—wet 'sand is more likely to have less connate water saturation

than a- water—wet sand due to expu151on of the water as the oil~ prefer—'~

entially wets the rock surface. Experlmental ev1dence of deHaan

i

¢ .

sug ests that flngerlng occurs primarily in water—wet systems wlth ‘ \<;
4

no ev1dence of water channelln observed in the 1l—wet case.
g

’

In order to obtaln these macroscoplc deformatlons at the stable

* ' .
Pirson, S.J.: '"0il Reservoir Englneerlng, McGraw Hlll

r' Toronto (1958) p-69. -

‘J;)V

iy

.o

Y



-~ : . v r“_,/
.interface, force must be aﬁplied”along the interface. Thls force acts.
to ovércome the Lnfeagacraﬁ.temgton which may be defined as the surface,
“’nergy between a llqu1d and a llquid or a liqu1d and a solid. For the '
water-wet system this force is mueh less than for the 01l—wet system'
‘slnce less energy. ig' required to overcome: the 1nterfac1al tension be-
tween the 6il and water than between the oil and rock. Thls implies
that 1if v1scous flngerlng occurs in the 011—wet medium it would only
~be menifested at 1arger throughput rates than in the water-wet case.
‘That is the degree of Wettablllty w*ll affect the v1scous flngerlng
phenomena and such a phenomenon could occur in an 01l—wet system

contrary to- the observations of deHaan. - : .



3 Jﬁ&USCIBLE QlL- WATER DISPLACEMENT

| Dlsplacemeni of a wettlng by a non-wetting flu1d or vi-c

»

versa, from a llnear poroue media has been. mathematlcally model? :d

e

by a¢number of researchers. They assume .the primary dlsplacement
mechanlsm to be the/ié

Vement of a steep saturation front through the
reserv01r folloWed by an addltlonal gradual oil dlsplacement known as
the Subordinate phase These theoretical models have prov1ded a means

of predlcting the performance behaviour of waterfloods w1th1n ‘the "

3
limits of the mathematical” assumptlons

a

al - o - y

341 Leverett9 evaluated Darcy' s law w1th1n a grav1tat10na1

»fieidthL : 'liquids water and oil. By comblnlng these relation-~

8

- ships with the fqrmula for caplllary-pressure:

1/2\\ ) . !
when "P =P - p ’ . (1)
c o W : v
o o

PC ='capillary pressure (atm)

P0_= pressure in the oil phase- (atm)
d / . - : h

and - Pw = pressure in: the water phase (atm)

I

the fractional flow equation was .obtained:

. K ﬁ}aPc - g 4p sina o
1+ ' . ) £ . = (9
qQu { du . - . ’ ' .
o ~ B . K u.' ‘, | . ; %

R = 1 + 9w . . .
. _ . w0 -
when ' - fw = fraétion.of water in the flowing .
: - stream at any pdint o ‘ -
. : - o E . | 2
KO = effective'permee? -ty to éil (darcies)
' . . 4 . ('_
and K ="effect1ve permeablllty to water (darc1es)

W

—



N

o

bgos U = yise

71§ - u = visc

q. = total fluid flow rate

Per unit cross sectional

area (cc/sec/cmz)

v

osity of oi] (cp). : " ‘

osity of water (cp)

u = flow direction (cm) ' B

8 = gravitational constaht = 1033 -

(cm

and . = angl

Later Buckley and

analysis for Qﬁe-displaceme

of water/atm)

bp = density difference (gm/cc)-

€ between u and the horizontal

1

Leverett 0 (1942) ndertook a theoretical

nt of two izmic ipj- fluids. "They assumed

the gravitational and capillary effectg neplicible and_combined,the

fréﬁfional fldyveﬁuation with éiméterial‘bélance to yield the frontal

advance rate equation:

pra . Q '
L du = ,‘E
.(bA
when Qt = : |
Lhe
£ o
® = poro
Y
A = cros
i v' .
‘ S. = satu
: 1%
R & pore

and - b pine

© - This equation reif

constant,saturation_with ary

1 displgcing fluid entering
System (cc/sec)
v )

sity (fraction of pore volune)
.‘ . v 2

S'sectional area (cm )

rétion'tolwater‘(fraction of

‘vo me))_

(séé)

tes the linear advarce of anp inte:faée'of'

>



Dropping the capillary pressure,term lead 'to a double-valued_

water saturatlon at the oil-water . ;interface which is a physical’
1mp0351b111ty To overcome thlS Buckley—Leverett Propose a method of
'balanc1ng areas at the flood front to establish a single sharp: 1nter—
fa:e at the front Controversy arose over this fact and Douglas )
etl al. ll did a numerical integration of the Buckley -Léverett approaqh
with the 1nclu51on of the caplllarlty and gravity effects Their
-results showed only a roundlng off of the saguratlon dlstrlbutlon
(FlgureAB) at the flood front the ‘degree of - roundlng dependlng on the
magnitude of the caplllary and grav1ty forces .

‘ .o .
. Rapoport and Leas12 elaborated on the Buckley—Leverett theory
) descrlblng the tran51ent flow phenomenon in ‘a linear system. Rapoport
and Leas assumed 1ncompre331ble immiscible fluids in the absence of
grav1ty forces and plac1ng the express1ons in d1mens1onless forr

Rapoport and 'as solved five 51multaneous equatlons to obtaln

~

8S, dF 35 K 1 3 [K Fdp 3s
w ! ro C

w oo v Vi ‘
3T »7d5 3% G v x| ds 3x o (4)
- W o w W
, py :
when T = tV/L¢_= dimensionless tihe'co~o:dinate’
o A'Kro - - : - o
F= 1 f“c K = dimensionless funetion
-0 TW - of 'saturation
‘X = x/L = diménsionless space co-ordinate _ 't:,'
. y /
'!‘Uo : - ‘ k
C0 =7~ = dimensionless oil-water
_ W viscosity ratio _ : ¢
V= total flow rate per unit cross~ ;}.rf
. ‘sectional area (.cm/sedi)
’ and K = specific permea ility'g'dateies )'.»  -

[
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.for the boundary condition: ‘ ‘ e "

-

Kro + LVK - Kw': chaSw = 0, at X = 0 for any T | €5)
Moo F ds_3X " B |

Equatlons (4) and (5) supplemented by a statement of the initial

, scturatlonAQ1stribut10n completely describes %ie floodlng behaviour
in a llnear horlzontal porous medium. ThlS no —llnear parabolic
dlfferent1a1 equation is not only a functlor of thg rock and fluid
properties but alkso a functlon of the systam length and'injection
rate as shown by the factor LVuw However this factor does not ~

account for the. 1nfluence of caplllury and wettlng forces.

e S ,



- - : o MODE] SCQIING ) | )
Before an expen51ve engineering prOJect (such as a waterflood)
-is unﬁertaken it is advisable to examine the performance of a (small

‘scale replica (model) of the reserv01r (prototype) whose behaviour is
to'be‘studied. “Thus it is necessary to define both™ experimentally
“?iano theoretically the extent to which the model is truly an analogy
: of the prototype. 'The' design of a dxmen/uona,&@y scaled experdiment or
pure model that w1ll behave like the prototyne involves, in part, the
establishment of a number of dimensionless groups relating the‘various
properties of the system
! Rapoport and/Leas;3 1ntroduced a scal;ng coefficient LVu to
study theveffect on waterfloods of variations in 1ength velocity and
B Viscosity., It was found that 1if the value of LVu was greater than

o

One, then capillary end effects in the model would be negligible.

14,15 that this is not a universal coeff}—

However 1t has been shown
c1ent because it does not account for the capillary forces Other
similar groupings have been >ropcsed in which parameters such as
contact angle, porosity, int. ~fr jal tension and . permeabillty have‘

_ been introduced.

~, and Klinkenbergle, deHaanl7 and Collinsl~ Lo :scale the ratio of viscous

A dimens1onless scaling factor I .was suggeSted by Engelberts

“to capillary forces, howeverg it neglects the contact angle and the

porosity, A _ _ . ,
a 3 C o ) S : : : I o S
&, c2 I= - . ¥ (6)
: : Y K ‘
I = ratio of viscous to capillary forces
b Lh=~total length of the flooded system (cm) .

Y = 1nterfacial ten51on between the oil

and water (dynes/cm)

K = absolute permeabilityb(cmz)



».‘ -llx )
9 . .
Although I is an useful scallng factor, Geertsma et al? showed the
group to be simpliflcatlon of the un1versa1 rate functionflﬂ':
LV

e %)
Y cosB vV K¢’ : .

0 = contact angle made by the water w1th

_the oil on the rock surface o

This later group includes the variables of por031ty and contact angle
which had previously been neglected

- Chucke et alzo, carried out a theoretical and experimental
analysis of fingering" A dimensionless mathematical ‘roup was de-
veloped whlch related the average- distance between fingers to various .

properties of the system o ’ o A | ’
: . v K | "T
=¢/—r Y5 5 ,
SIS B Ry I ¢

Km = the average dlstance between flngers(cm)

The proportlonallty constant, C, is a dimen51onless constant

exper1mentally obtalned and was found to have a value of 30 for a sy tem

'

w1th no. connate water present

The relationship ‘between A' and the smallest finger thlckness

‘pOSSlble at the onset of flngerlng is glven by:

oA =2 , )N
I _ 'Frq'/fu o . o :

'Xér is called the c&&t&caﬂ Atnge&&ng d&Aiance. The:nrltlcal flngerlng
dlstance as a fraction of the tube dlameter in a llnear flow system

was founo to be : g . . s
@ ? : R .
) e | T ' ’
Y )
/3V(1J~1J)h : '

, Lo

1.

B Lt as gilven is actually the'inveree.of what was-proposed by Geertsma

13



S L h = the diameter of the core (cm)

If A /h is greater than unity no fingering occurs, but if
the value is less than one a large numbeajof fingers develop. By -
solv1ng equation (10) at the onset. of fingering ( Ag/B=1) the

value for C may be calculated

, : 2
2 . : ‘///3 v (UO - uw) h : (11) -
, L= YK, .

o

Slnce the value for C has been found ' to 1ncrease if connate water is.

present it must be establlshed experimentally for each system.

By solving equatlon (7)- for Y and substltutlng into equation

(lO) a relatlonshlp between Lt and the critical flngerlng dlstance

_may be obtained: o ' - ‘ L

e[ L/
" h

hev N v , ' V/L cosh v ¢ ( u /u -.1) h

C(12)

and- the value of L may be calculated at the onset of flngerlng for |

each poro edlum

-

DeHaan, Engelberts and Collins observed ‘a decrease in break-.

\through recovery with an 1ncrease in the scallng factor once the
fingering commenced. By calculatlng the value of L for the point at
- which flngerlng occurs  ( A /h 1) from equatlong}O) gt was found
- to correspond with the point of decreas1ng recovery with 1ncrea51ng

values of the scallng functlon

Y o
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APPARATUS _AND MATERIALS

|
T A schematic dlapram of ‘the cxperlmental equipment’ used in this
o i
study 1is shown in_Figure 4. The nucleus of the apparatus cons1sted of

a three part .core holder into Wthh the test sand was packed Each

‘core section was of high strength lucite with an JAnner dlameter of

4.08 cm, a 0.635 cm,wall thlckness and a length of 134.78 cm. These

segments met flrmly -at the mid- p01nt of threaded couplings and were

'sealed by means of O-rings and high vacuum 8111ca grease. The total

length of the core could. be varied by attaching or dlsconnectlng sec—
tions of the flow.tube The opt1cal propertles of the lucite’ ensured-
v1sua1 observation of the Elood front.

. !

Each end of the:core was fltted W1th a. luc1te cap or endplate ’

,(Flgure 5) that ‘had a recessed 1nterlor and a threaded wall 1nset w1th

O-rings. The cap accommadated a spreader plate to disperse the flu1d

and a' 200 mesh Stainless steel screen Luo contain the sand

Two brass clectrodes located dlrectly behind the'concentrating

plate and wired to an electronic relay, timer and an electrlc bell

were employed to detect water breakthrough at the outlet end of the o

core. Upon complctlon of the electrical c1rcuit by the water, 'the

bell and timer were triggered.

R Pressure taps were 1nstalled just beyond the endplates and’ con-

nectlons made -to a Valldyne transducer Whlttaker carrler demodulator
and an Advance digital multlmeter recorder. ngh strength copper or

.stainless steel tublng at the 1nlet ~and. outlet end, carrled liquid

. and gas to and from the core. The core assembly rested on a stee]

. stand and ‘the angle of dip for the core c0u1d be set by varying the.

helght of the system at the downstream end.

Imblbltlon tests were’ cOnducted w1th an apparatus similar to

the! one described by Bobek, Mattax and Denekale. Surface ‘and 1nter—

fac1a1 tens1ons were measured w1th a Cenco DuNouy tensiometer: and

o . s\
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. with the Bendlx Lab V1< ometer

‘mlcroscope disclose

. rounded quartz grains Wi
e

.,‘ Pl

,the crude 011 viscosit.es were, evaluated from measurements obtained

Tat

4 4

.

De- aerated dlStllled water was chosen as the dlsolaclng fluid -

in the waterflood tests The water was coloured yellow with uranlne.'

dye to permlt -visual observatlﬁn of the displacement front. Uranine

g

]

dye was selected because:

1. No reactlon takes place %etWeen the solute and
'the grains or the solute and the crude, and .

+2. The solute imparts flourescent ‘properties to
the solvent which fac111tates vr/nal and optical
.observatlons of’ the’ flow behaviour. S

Iso—octane and Peﬁblna crude Were selected as the 011s to be used in

‘the displacement tests. Propane in. conJunctlon w1th carbon d10x1de

was ‘used to flush the oils from the core during the cleanlng process.
A Grove valve and back pressure regulator was attached at the outlet

end to hold a back pressure SO}that-propane could be kept in the

llquld state. - o . C

RS

» The teS’ sand. was a clean, unconsolldated Ottawa sand
(Fisher Scient rfic S-151) whick was passed through an 80 mesh screen

and retained by\a 120 mesh scree Examlnatlon -under a blnocular

he.sand to be composed almost/entlrely of subr-
-minute :erromagne81um 1mpur1t1es

nearly constant grain size" 'stributlon was used to”ensure reproduc-

e

18
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o ‘ 4 . ‘ . 4. 'h'
. PRQCEDURE . «
To minimize any p0551ble bypa551ng at the wall of the luc1te,
the inner surface of the core barrel was coated with a thln layer oﬁw
sand. This was accompllshed by filling the lucite holder with _
ethylene dichloride for approximately ten mlnutes,_emptylng the fluid

and fllllng the tube with Ottawa 5111ca sand. After approx1mately two

minutes the sand was dralned leav1ng a thin coatlng of d;jrtz grains on

‘the core barrel wall. It was observed that the, lucite developed fine
ucracks after be1ng exposed to the ethylene*ﬂlchlorlde An examlnatlon
dlsclosed the cra21ng to be only surface deep and therefore would havge -,

.

no, effect on the core columns strength Sy . o

\ | The sand was packed by agltatlng the core in a vertical pos1t10n
w1th ‘high frequency v1brators whlle the grains fell through a two foot -
ghead of water at approx1mately one -centimeter per minute. Vibrators
were placed below, above and at the water—sand interface Follow1ng
'packlng, the core was v1brated and flooded slmultaneously for ~a‘day to-
check.for any sand settlement. The column was then dried by 1n3ecting

L)

”-through the core for three days

- ..'\rl., .

K ) Precedlng water saturatlon of the core, a vacuum correspondlng
lto a 27 1nch/drop in mercury was pulled on the system\\mxater was hydro-
Astatlcally fed into the core until 1t began produc1ng at the oatlet end.
The vacuum system was then dlsengaged and -a cdnstant rate Ruska pro-
portioning pump -was used to: anECt wate;}pnto the core until a steady

state flow rate was establlshed at the wnstream end. " A materlal

balance calculatlon, based on careful measurements of the 1nlet and ,
outlet volumes of water ylelded the porosity, Next,- pressure drops
were recorded at dlfferent flow’ rates and. by solv1ng Darcy s law the.
absolute permeablllty was calculated. The core. fluld was . then dlsplaced
by 011 to an: 1nterst1t1al water saturatlon before a waterflood was run.

\\\'

[

e

'At’ the outlet endv ce and twelve lOO cc graduated K;Lmax~

§



j'\

’ 7rem.ind r of the waterflood The lﬂO cc graduates were changed at

2

'specif c t1mes and the volume of water»and 0il in each was recorded

U81ng the.data the_water—01i ratlos were calculated

4l

/
N S

4

’ 5"3 ‘ Before an 01l was dlsg%aced by water the ‘core was cleaned S
the follow1ng manner' &§ . @ -
eo &t 1. The sand pack was flushed with llquld propane S
’ o . until no further »il was produced. .. / ]

" the core was placed 'in the 1mb1b1tlon apparatus surrounded w1th the

l

2. CO2 was<1n3ected to. dlsplace the ‘Propane and - e
partlally Hry®the cor-.

: .3.“ Air, fEd through a de831cator ‘was then 1n—‘ )
© . Jjected through the core for 2 to 3'days to

completely dry it, ’ B :
_ h’ . : R

check the effects et lengthgon recovery.‘ The segment of the column

removed was repackéd With t emorlglnal sand to examlne the reproduc—

ablllty of the 1n'tial wett1ng and recoVery condltlons in . the porous

med1um.~ ' e

.- : o . . . . -~

B >

B ;&lblthn tests, were carrled out on mir- 1-core< L a lenééh

.of 3 81 cm and a dlameter df 1. 53 cmy  The corés were p ace in a
: e

B vacuum de531cator and satqrated with ‘the deslred fluid Once saturated

f
—y

;'1mb1b1ng llquld and left for 24 to 72 hours durlng Wthh time the fluld

~

?1mb1bed 1nto the sample. Imblbltlon tests were completed

« 1. the orlglnal sand saturated with water, . &
. ] ‘ o ) : .
.2, ‘the orlglnal sand saturated w1th oil, . ot

. - 3. an oil saturated sand taken from the ’ e
i . R o . . X -
core after run #12 : o S LT



4.’the sand in the core after run #12. rhich

" had been cleaned, drled and resaturated with

0oil, and

5. the sand, in “he re after run #12, which
had been .cleane.: drled and resaturated with

«

water.

A

-f

'

21



' present in Ehe'sand pack béfore and fpilowing-each W

i DISCUSSION oF RESULTS °

from the Wean of + 0.50 units, This is considereq L0 be éh_écceptable  :.

- Tesult wel] within ‘the range of éxperiméntal error.

‘Perméability was calculated using the.claSSical approach for the.-

evaluacjoF of Darcy's Lay. Betwgen run #5 @nd #6 the coré*waS"cleaned

L

Table 2 € OWSQ tabul tion of,the'core;and flujd characteristic;
aié;}loof. 'Isq— '

B qctane;(uolpw < 1) was the displaged fluid VT testg #l_to #5 while h

Ehe remainder‘of ﬁhe tests employed Pembing crude ( UO/UQ 1), Imitiag

. water'saturations (Swi) for the‘iso¥octane floods ranged rom 26 to 28

o

percent whereas for the Pembina ¢rude floods initia] W& - saturations
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varied from 20 to 27 percent. A decrease in the 1n1t1al water:
saturatlor after changing from a lower v1sc051ty(to a higher’

v1sc051ty oil-was also observed by COlllnSZZ.

To test the reproduc1b111ty of results, tests #1 and #2.
were conducted under similar conditions- and ylelded breakthrough
recoveries of 72 and 71 percent at a WOR of 6 the oil Tecaoveries
were equal- at 73 percent. With these,ﬁindings it was concluded
that. the results are wlthin experimental error and indicate an

' acceptable reproduc1b111ty of a test. Further 1nformation can

be obtained on the recovery hlstorles for each run in Appendlces
ani C. Appendlx B gives- a tabulatlon of thls data and

Aprcndix C 1ncludes .a graphlcal 1llustratlon of recovery versus

pore volume of water 1nJected

- «

Flgure 6 1llustrates the recovery versus pore-volume of
water 1nJected for typical cases ofﬁthe two 01ls employed
. Referring to the graphlca& representatlon of the recovery hlstory
for 1so—octane, it may "be observed ‘that the productlon obtalned : o
up to breakthrough is 72 percent After breakthrough subo -din~ |
ate productlon is almost zero, ThlS result closely agre s ith.
: Lhe work ofv@olllns and Rapport et al23 for. slmllar VlSCOSlty ‘
~ oils. The recovery breakthrough constltutes the maJor fraction’
A lof the ultlmate oil recovery due to the favourable mobility
‘ratio of the system

[ ‘ ! .

T

The recovery curve for Pembina crude in Flgure 6

1llustrates a lower. breakthrough recoverv of 44 percent bu
.more 81gn1f1ca¥t subordlnate productlon ' ThlS is again due'
-~to. the mobllity ratlo for the system The larger visc031ty of
the Pemblna crude leads to a less favourable mobllity ratio
resultlng 1n a lower breakthrough recovery and. greater sub-

1

ordlnate productlon.
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From the tests it was concluded that the. wetting condltlons

jal

changed in the sand pack wh1le Pemblna crude was belng used in the /)

" core. Three dlstlnct phases were postulated o : !

N i) . a water-wet 'case,
[ : ’ - - )

" i%)  ‘a transition or possibly neutral case and

.

. o N
iidi) an oil-wet case.

e ’

. ;‘h—* . -‘ I . -
Justlflcatlons for maklng this deductlon are based pn the following

ev1dence : ' .

The values of effect1ve permeablllty to 011 (K ) as tabulated

Ain Table 2 -1 be divided into thrge categorles

o

:occur 1f the porous medlum changes from a water—wet to an oil-

wet. system \\\quever Stewartzstln his research ound that

EN o values of 5 0 darcies (rtins #6 #7, #8,“
‘ #l6,‘and #17) were 1nterpreted as'the- water-—

wet casg,

ii) K values of 3.0 darc1es (runs’ #9, and #14)'
' ere interpreted as’ the trans1t10n case and
¥
.Tiii) _ K values of 2.0 darc1es (run #10, #ll #12'

O and #13) were 1nterpreted as the 01l—wet case.

The.Welge Method as outllned in Appendlx D was used to
calculate the .permeability ratios from measured production data.
Flgure 7 represents the relat1ve permeablllty curves ‘calculated in
the above three cases. The: shift in the effectlve permeablllty |

ratlo from A to B tn C 1s charactf¥1st1c of changlng wettlng

Jcondltlons. However one anémalous curve was ogtalned from run #7.

All tests conducted wlth Pembina Crude had an. inltlal water satur—

ation etween 20 t0/24 percent except for run #7 which had- an"

“initial saturatlon of 27 percent ‘ Fatt and Klikloff 24 demonstrated

that a shift of the reiatlve permeablllty curve to the left w1ll

o R . ' ‘- s

P e
vy



FIGURE 7:

RELATIVE PERMEABILITY CURVES

FOR -

100
o TEST  SYMBOL
6r
\
, \
Iof
TRANSITION
D CASE
ol ®
X I
OIL-WET CASE
1.0)
0.l S L 1 1
2 3. 40 50 - 60 70
o WAT,ER-'SATURATI_ON(PERCENT)

, BY PEMBINA CRUDE.

THE THREE WETTING CONDITIONS DISPLAYED

B

28

T L
35

AN
R
=




an increased 1n1t1al water saturation shifts the relative permeablllty
curve to the rlght It was therefore concluded that the anomaly . - -

shown for the curve representing run #7 was due to the much hlgher

lnltlal water saturation. ' -

Imblbition tests were conducted on a sample of the original
sand and a sample of the sand taken from the core following run #12.
A complete descrlptlon of ‘the results for each test, is given in
Appendlx A, From these tests 1t was concluded that the original sand
was water-wet and- that the sand sample taken from the core after pro—

longed contact w1th Pembina crude was oil-wet.

With th//éxceptlon of run #8 the average breakthrough recovery -
for the- tests ‘conducted where the effectlve permeability to oil values\
'.were around 5. O darcies, was observed to be’ aboutJ&3/ For runs #lO
to #12, where the effective permeablllty was’ about 2.0 darc1es, the
breakthrough recovery was found to be about 22 ‘percent. This trend
was also observed by deHaan26, who had controlled wettlng conditlons,

and 1s characterlstlc of the water—wet and the 01l—wet cases

respectlvely.

6 - The prev1ous explanatlons for assum1ng a change in wettablllty
are by themselves .not - conclu51ve. However when' these reasons are
taken in _conjunction with one another they form a reasonable ba51s to T e
substantlate the wettaBJlity change. - : R
Table 3 gives.a tabular representatlon and Flgure 8 is a

graph1calﬁ;li§§§f§tlon of the calculated values of I'as a function of

‘Tecovery £ he varlous tests, where 1 may be found as follows.

IO ) Lo ,/'Jv, 'LV.V}J' ’ )
R ﬁf‘ 53 LY YR
and L R SR ) ~

s 'f-. o - . ‘ ’ L v u v Lo . -
! \) L ’ L = w rN"




TABLE 3 B -

‘SCALING. FACTOR VALUES"

Test : I k L ot Breakthrough
Number : ‘ - i ) o Recovery
| (1) €)) e (2 1.0.I.P.)

1 ,:; 2.35 ' | 72

2 235 o o B 71

3 0.48 L LT

4 o1 o . | | . o 66
s R UL T

6 - ' | "_2.»63' o - R w

7041 - 0.86 4y e

‘10 - N R o a3
o aw e | B
12 o 042 I, .'j_ f 22
RE ,A-_-.‘_'.‘l.az | o f Sy

14 | C0.08 L, g

7

17

1.08

~0.30

2.01

0.56

43

39 ,jf;=-
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"below 0. 5 is attrlbuted to“

approx1mately 3- 0 Below this value of

An examination of Figure 8 shows the recovery -of 011 at. breakthrough
%durlng the waterfloodlngaof aso octane) 1ncrease as the' scaling

factér dincreases to ; va&ue of about 0.5. Above this value the

The observed decgease in recovery
@’taplllary force _end effects whlch play
a domlnant role at low displacement rates.

The waterfloods conducted on the Pemblna crude gave data whlch

resulted in the three breakthrough recovery versus scallng factor rela-

:tionships ' shown in Figure 8. For’ the water—wet case a'notlceable

-de.rease in recovery was observed when I exceeded a value of

recovery was stable to a

value -of about 0.5 where a deffgase in. Tecove occurred due to .

caplllary forces Above a scaling factor value of 3.0 the decrease
1n reCOve*y is attributed to the onset of viscous fingerlng of water
into the 0il which results in isolated 0il. pockets belng left behind

the flood front.,

The breakthrough recovery for the tran51tion and oil-wet cases,

'of 30 percent and 23 percent respectlvely, in Flgure 8 was found to

be falrly stable over rhc range of  rates studied. However, it is

'p0551ble that. v1scous flngering could occur under these wettlng

;condltlons for very large throughput rates.

\l

In test #13 the core length was decreased ahd the flood carried

- out at the same rate as’ run #11 (614 cc/hr) The breakthrough

‘recovery in' both tests wds found to be 23 percent

’

4

mploylng the scaling grOup I it must be remembered that

£y

“ely

Whe

the group s not universal but only -a-specific form of the L functlon
@

Flgure 9 shows a graphlcal representatlon of” the studles of. Engelberts22

-and deHaan Who related the breakthrough recovery to the same scaling.

group I By con51der1ng the prev1ously mentloned work of Chuoke28

b

'Jthewonset of flngerlng was mathematlcally determined for the work of

Engelbert and deHaan The calculated value of I for ‘Acr-h (the point_

s . o
o - ‘ o o
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&
.

' 4
_below which. flngerlng will occur) corresponds to the point of décreas-

ing recovery with~ 1ncrea51ng I values as shown 1n klgure 9.

o
I's :

Both Engelberts and .deHaan used simllar unconsolldated cores B
in the1r experlmenta apparatus. These cores were origlnally saturated
with oi& and would only imbibe water to ‘a sllght degree.. This was'
referred to by deHaan as an 1ntermed1ate—wet -system. . Since their
cores were not truly water wet, the contact angle should not be-
neglected (as deHaan and. Engelbert .did in evaluating the scaling factor),

otherw1se a comparlson can only -be made with angiher 1ntermed1a§e—wet

'p?rocs medium. " Justification for omlttlng the p0r031ty, as was done. by

" Engelberts and. deHaan,«Ls only valld if the. percent pore space in the

two systems to- be compared is equal Since the systems of deHaan and
Engelberts were nearly 1dent1cal ~and experlmental conditions were’ very

51m11ar, this- may be the reason for their close agreement.

. B ‘(2'_:, L ,‘ . . %
A comparison of Newcombe' s anc -deHaan's work is shown .in

iy

RN

N

~water—wet case for these two studles ’ :

Figure 10 and a very close’ agreemen* .exists ‘This agreement may. be

‘attrlbuted to the fact that the conte - ang.-2 was the. same for both

.ﬁ

‘cases. Newcombe s experlmental procedure Lor flooding 5111ca sand ‘was
the same -as that of Engelbert and deHaan._In hlS work Newcombe showed

thaV“the contact angle at oreakthrough was 83

For the purpose of comparlson w1th this work ‘a contact angle .

:of 83° was‘assumed for Engelbert's and @eHaan's work. It is necessaryv ‘ ’¢¢(,

to assrme a suitable- contact angle for thlS study and Collins’ work s0

that all data may be compared u31ng the unlversal scaling - factor L

"LeachBO reported a contact angie of 30 for Berea sands%one for tests

conducted under tonditions 51mllar to th1s study and the work of R

Collins. - Therefore, 30° was uSedras an approx1mate Value for thef

PRI
3 —

The values of . L for the work of deHaan and Engelberts was cal-

--culated assumlng a contact angle of 83° and correspondlng porqsltles of

33 and 38 perccnt respectlvely For the work of Colllns and- this study a

-
~ . . v

o . . X o : 1

R ; . - ] g b
- DL K

.
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tration as a functlon of the f1u1d vlsc051ty raciO rather than the

a.evaluated from the follow1ng equation.

~ .

<

60ntact angle of 30° and por031t1es of 36 and 39. percent WZere used.

Figure 11 1llustrates the' scaling factor L, versus breakthrough re~

'covery curves for the above four cases and. from these reshlts the N

following observations were made:

i} For the 31m11ar v1scosity ratlos of this study T b
and- the work of deHaan the point where decreqg-
ing recovery with 1ncreaslng L- values OQCUrS’
and the calculated values for the 1H1tiation
of fingering ( "X r' h) show close agree¢;
C;ent to one another.

ii) ‘There is a slight.shift of he results to the
left of A - = H for the larger V15C051ty
'ratlos of Engelberts and Collins.

T, ~
[N

o iii) In all cases the onset of viseous'fingering
o appears to occur at values of L, gfe&tir than
1.0. '

It is therefore, safe to'"ssume ‘that no fingering will ocey, lf L

is less than one in an ic _qplc homogeneOus reservolr as long as

the viscosity ratio is not - greater than that used by Collihs.

7

The varlatlon of . recovery for the four experimencal curves .
shOwn ~in Flgure 11 is a functlon of the differeﬂQe in mobllity

ratlos ‘and the pore geometry for each syStem. However dus to

'1nsuffmc1ent 1nformat10n the data is. represented in the 111us—

mobility ratio.

If a value for the proportlonality constaﬂt C is kﬂan,‘a

value of the scallng factor L "for the onset of flngering may be
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‘\ - : -. 4 ' . ‘ . : -
e Acr -1 = C///—l. 3L /K . ) 2 T ~(12) -
R h Lt cosO vV ¢ (uo /uw - 1) h,; ' _

For a porous medium containing no interstitial water C has been found

te be equal to 304,

In this work the”value of C was calculated to be 64. Hence,

for lSOtrOplC homogeneous reservoirs, where the value of. L, K;

" contact angle, u , u »h,¢ and vy can -be estimated; an approximate

value for veloc1ty of the flood front beyond Which viSCOus finger—

i will occur, may be established

By assuming a linear homogeneous 1sotropic water—wet . porous
media having properties 51milar to the values in the .table below,Sv it
was found that under reservoir conditions the velocity (V), of the
advancing waterfront, muet be less than 4.2 x lO ft/dayeifvno

fingering i to occur.

L _Length . Co 300 meters

. Water. VlSCOSlty L 1 cp )
‘Interfac1a1 Tension '30-dynes/cm.
ContaCt‘Angle ' ' | 30 degrees
Permeability - = : 100 md

v JPorosity , 30 percent

A

i

'Once a value of 4.2 x lO ft/day for the flood front advance is.”
'exceeded the chances of viscous bypassing are greatly increased

This implies that ‘at least w1th1n the ViClnlty of the injecti n’ .

wellbore fingering may occur due to tbe high velocities

In the laboratory it is much more ‘common for the finger _ R A
helght to be greater th_n the height of the core model. " In this . A
case a stable frontal displacement occurs 1n ‘the model. leading to :

higher recoveries than in the reservoir.



e A .

7

CONCLUSIONS

Based upon this experlmental 1nvest1gatlon the follow1ng

conclu31ons have been reached : : - ' !

1. For an unconsolldated sand pack exh1b1t1ng water—wet condltlons

the stablllzed breakthrough recovery as a percent of the 0il in

place was 43 percent and 72 percent for v1sc031ty ratios of 6.4

(Pemblna crude) and 0. 6 (iso—octane) respectlvely ‘

2. The adsorption,_over a prolonged perlod of ‘time, of what
' appeared to be a surface act1ve constltuent from: the
Pemblna crude onto unconsol:tated quartz grains resulted

in a wettab111ty change of e Ottawa s111ca sand from

. .3
s

a water—wet to an 01l—wet system.

. e
- N
o'
3. For values of the scaling factor L less than one, in &
water—wet system a stable front forms and recovery is
essentlally independent of - a- varlation 1n the scallng ‘
factor. - N T -

4. Fhe value of the proportlonallty const%~t c was found to
. be 64 for the unconsolldated Ottawa silica pack used in
thls study : ‘ IR T ’_“‘ : ~
5.0 "Although there are - other factors that mlght effect viscous
fingering over the’ range of rates studled no flngerlng
h m
voccurred when the poreus medlum was 1n a neutral .or an
01l—wet state. o ‘
6..v When the mob111ty ratio was less than one (1so—octane) no -
vistous flngerlng was observed over the range of the rates

studled in thlS 1nvest1gat10n.




A

RECOMMENDATIONS .

To. further study the effects of the physical parameters of the

scaling factor'Lt.on‘oil»recovery the following tests are recommended:

‘1. Use of unconsolidated cores with varying grain size ‘ » -
distribution to act as a check on the effects of

por051ty and’ permeability and

ii. Conduction of tests on consolidated cores, both"f
-homogeneous and heterogenous in nature, to further

' evaluate the universalism of this scallng group

[ |

With the aid of reflned 01ls of varying v1sc051ties it would

be possible to ohtain a better understandlng of the change in the

onset of fingering ( A cr - = h) with oil viscosity. Reflned oils would

~tend to e11m1nate the wettablllty change that occurs when using natural

crude. . . ”‘ ' ; - : < » .
.

In order to properly evaluate the:aifect of initial water
nt

saturatlon ‘on the proportlonallty consta it is recommended that

. . . ¢
the initial water saturation be varied on the same test core.

Measurements of contact angles on dlfferent rocks for "varying
011 v1sc051t1es ‘would prove 1nva1uable. This would allow future
——
res i chers access toa contact angle representatlve of thelr system ’

when calcr atlng ‘the onset of v1scous flngerlng.

.
<

o~

w”-' ) By floodlng the system at different angles of. d1p the recovery
performance and the critical velocity for . “he onset of water tongues
as predlcted by Dletz could be compared to the actual measurements
At hlgher oil v1sc051t1es (H > 10 the use of the viscous flngerlng
method of van der Poel and van Meurs versus the Buckley- Leverett :
theory for predlctlng performance behav1our could’ be compared in the
region where viscous forces play a domlnant role.

[§

v o .
. |



Y

. Uren L.C., and Fahny, E.H., "Factors Influencing the Recovery of
Petroleum From Unconsolldated Sands by Waterflood1ng,»
'+ ' Trans. AIME, zz_ 318, (1927). 5
- S
2. Engelberts, W.F., and Klinkenberg, C.J., "Laboratory Experiments
i on Displacement of 0il by Water From Packs - of Granular
Material, " Proceedings Third World Petroleum Congress,
Sec 11, 544, (1952). :

| ‘ \ L . o

3. Jones-Parra, J., Stahl, .C.D., and Calhoun, J.C. "A Theoretical
and Experimental Study of Constant Rate Dlsplacements in
Water-Wet Systems," Producers Monthly, -18, Jan., (1954).

- 4. Kyte, J.R., and ‘Rapoport, L A., "Linear Wéterflood Behav1our and
End Effects in Water-Wet Porous Medla," Trans.. AIME, 213,
423, (1958) ' ,
5. Engelberts, W.F., and Klinkenberg, C. J., loc. cit. ' o
& T .
6. houke, R.L., van Meurs,'P., and vam der Poel, C., "The Instability
of Slow, Immiscible Viscous L1qu1d—L1qu1d Dlsplacements in
Permeable Medla," Trans AIME 216 188, (1959)
7. deHaan H J.,\"Effects of Caplllary Forces in the ater Drlve
. Process,’r Flfth Petroleum Conference, Sec II, (1959),

8. Pirson, S. J”’f”01l Reserv01r Englneering,' McGraw Hlll Toronto, -
(1958) R - i o . . S~ L
9I'Leverett, M.C-, "Caplllary Behav1our in Porous Media," Trans.
. AIME, 142, 150~ (1941) :

»IOLdBuckley, S. E and Leverett M.C "Mechanics of Fluid Dlsplace~
‘ ment in Sands,” Trans. AIME, 146, 107 (1942)

11. Douglas, J., Blair, P MCi and Wagner, R J., ”Calculatlon of
Linear Waterflood Behav1our Including the Effects of. !
Capillary Pressure,“ Trans. AIME 213, 96, (1958).

”12,‘Rapoport L.A. ,_aud Leas, W.F. ”Propertles of Linear Waterfloods,
_ _ _ Trans. AIME,.198 139, (1953) L . o

13.,Rapoport, L'A. ‘and Leas, W. F loc. eit.‘ o , ke Lo

' la.lMaguss,~H.,'and Flock, D L. "Laboratory Model Flow Tests,

' : Journal of- Canadlan Petroleum Technology, 1 (1), 31 L
(Sprlng, 1962) -

:15..JonesfParra, J Stahlx c.D., and Calhoun, J.c., loc. cit.

16;~Engelberts,'w.Fu and Kllnkenberg, C. J locl cit.



®

17,

18.

19.

. 20.

21.

22.
23.
2.
25.

26
. 27.
28.

29.

. 30.

»Rapopért' L.A., Carpenter, C. W., and Leas,‘W'J "Laboratory

deHaan, H.J., loc. cit.

Colllns, H.N., "Viscous 0il Recovery U31ng NatlvefBrlne " M.Sc.
Thesis, The Unlversity of Alberta, (1964).

. >
Geertsma, J., Croes, G.A., and Schwar‘,'N., "Theory of Dlmen51onally .
Scaled Models of Petroleum Reservoirs,'" Trans. AIME‘ 207, 118,

(1956). e . .

Chouke, R.L., van Meurs, P., and van déf‘Poei; C., loc. cit.

‘-
!

Bobek, J.E,, Mattax, C. C., and Denekas, M.0., "Reservoir Rock’
R Wettability - Lts Significance and Evaluation,” Trans AIME,
213 155, (1958) - :

Collins, H.N., loc. cit.

Studies of Five Spot Waterflood Performance,” Trans. AIME,
213, 113, (1958). R S

Fatt, I., and Kickloff, W. AL, ”Effect of Fractlonal Wettablllty
' on Multiphase Flow. Through Porous Media," Trans. AIME, 216,
426 (1959) : ' ’

Stewart, C.R. Craig, F.F., Jr., and Morse, R.A.,."Determination
of leestone Performance Characteristlcs_by Model Flow
Tests,' Trans AIME, 198, 93, (1953)

- : 2

deHaan, H.J. V1dc. cit.

Engelberts, W.F. and Kllnkenberg, C.Jd. ; loc. ci

Chouke, R.L., van Meurs,.P,,.and»van der Poel, Cb loc. cit

.Newcombés, J. McGhee J., and Rzasa, M.J. "Waterfloodlﬂé versus

Dlsplacement in Waterfloodlng in Unconsolldated ‘Sand Columns
Trans AIME 204 2273 (1955).

Leacn R.0., Wagner; O.R., Wood, H W and Harpke, C.F.
, ”A Laboratory and Field Study of Wettablllty AdJustments
in Waterfloodlng,” Trans. AIME, 205, 225, (1962)

‘«.Q .. : LIS ‘4



. 10.
11.
12,
13.

14.

. Is.

16.

Carpenter, C.W., Ball P.T:, and Bobek J.E. ”A Ver.

.7ﬂ‘”;_w *BlBLjiﬂﬂﬂﬂﬂfﬁ e

. Adam, N‘K "The Physics and Chemistry of Surfaces,' Oxford:

Unlver31ty Press, London, (1941). = , A

. Andressen, K., Torrey, P.D., and Kickey; P.A. "Capillaﬁy and

Surface Phenomena in Secondary Recovery," Secondary Recovery
of 01] in the United States, (¥950):

Breston, J.N., and Hughes, R.V., "Relation Between Pressure and

' Recovery in Long Core Waterfloods," Tranms. AIME, 186, 100,
(1949). ‘

. Calhoun J.c. > "Fundamentals of Reservoir Eng1neer1ng," Unlver51tv

of Oklahoma Press, (1953)

u.Calhoun J.Cc., and ‘LaRue, J.W., "The Effect of Veloclty in -

Waterfloodlng," Producers Monthly, (1951)

Calhoun, J.C. M(Cormlck D., and Yuster "S.T., "The Effect of -

Pressure Gradient and Saturation on Recoverv in Waterclood—.
1

ing, Producers Monthly, Nov., (1944). éi~l

Waterflood Scallng in Heterogeneous Communlcatingﬁr;¢.r S
Models,” Trans. AIME, . 225, 9, (1962) : SEREC I B

Caudle, R.L., "Further Developments in the Laboratory Determlnatlon
- of Relatlve Permeability," Trans. AIME, 192, 145, (1951)

Collins, R.E., "Flow of Flulds Through Porous Materials,
‘Reinhold, (1961). . .

Craig;'F F., Sanderline, J. L‘; and Moore, J.W. ’"A Laboratory
Study of Gravity Segregation in Frontal Drives " Trans. AIME
209, (i955)

Croes, G.A., and Schwarz, N. '“Dimenéionally Scaled Experiments

and Theorles on Water-Drive Process," Trans AIME, 292,
(1955)

Dletz, D N. ”A Theoretical Approach to the Problem of Encroah—
1ng and Bypassing Edgewaters " Konlnkl Ned. Akad Wetenschap., -
Proc. (1953) .

‘ Dykstra, H., and Parsons, R.L., "The/ Predlctlon of 0il. Recovery”

on Waterfloods," Secondary Recovery of 011 in the Unlted
States, API, (1950) , - ¢

Earlougher R.C., "Relationship Between Velocity, 0il Saturation

‘and Floodlng Efficiency," Trams. AIME, 151, 125, (1943)
Engelberts, W.F., and Kllnkenberg, c.J.,; , 'Laboratory Experlments

on Dlsplacement of 0il by Water," Proc ~of the Third World
Petroleum Conference, The Hague, Sec.II, 544, (1951),

Gardener, G.H.F., Downie, J., and Kendall, H.A., "Gravity -

' Segregatlon of Mlsclble Fluids in Linear Models " Trans,
AIME 225, 95, (1962) :

" . - . - o .
4 S I
< ' -



17. Géffen, T.M., "Experimental‘Iﬁvestigations of Factors Affecting
Laboratory Relative Permeability'MgasurementS,":Trans. AIME,
195, 99,°(1951). = o o "

18. Gfaham; JW., and Riéhardson,jJ.G.,-”Theory and Applidation of
:.Imbibition Phenémena in Recovery of 0il," Tfans. AIME, 213,
377, (1958). : : v

‘19. Greenkorn, R.A., ”Flow Models and Séaiing Laws for FlowEThrough
Porous Media," Industrial and  Engineering Chemistry, March,

(1964) .

L . . ' L . ! » R
’2,0\\7 Hagoort;-J,, "Displacement Stability of Water Drives in Water-Wet _
i@@?ﬁs ¥ Connate Water Bearing Reservoirs," SPE Jour., 14, 63,.(1974).
o - -

21. Hassler; G.L.; ”Tﬁe Role of Capillary in 0il Produ&tion,”’AiME
Tech. Pub., (1943). - - R

. Hassler, G.L.;;"Investigations on Recovéry of Oilifrqm Sahdst5pés'
by Gas Drive," Trans. AIME, (1936). e - RS
. " \,}" 4 _-; -
Heath, W.A., "Influence of Viscosity”ﬁf'Crude_OiB'on Secondary - -
‘ Recqvery,”'Secondary'Recovéry of-0il.in the United States, -

24. Heller, J.Pf, "The. Interpretation of Model ‘Experiments for
Displacement Bf Fiuids through Porous:Media,"/ASth National
Metting of AIChE, Denver, Colorado, (1962). : ‘ ’

25. Hills, S., "Channeling in Packed Columns," Chem. Eng. Sci., 1,
247, (1952). o P '

26. Jones~Pafra;‘J., and Calhoun, J.C., "Computationlof‘a Liﬁéar
« . Waterflood by the Stabilized Zone Method," Trans. AIME,
’ ggi, 235, (1953). o ' . .

27. Langhaar, H.L., "Dimensinal Analysis and Theory of Modelé,ﬁ
John Wiley and Sons Inc., New York, (1951). . s

" Pub., (1940 . . . '

f;/gg//teverett, M.C., Lewis, W.B., and True? M.E., ”Dimenéional Model ,
- Studies of 0il Field Behaviour," Trans. AIME, 145,-175, (1942):

28. Leverett, M.C., "Capillary Behaviour in Porgus’Sglids," AIME Tech. -

" °30. Mattak, c.c., and’Kyté; J.R., "Imbibition 0il Recovery from -
- Fractured Water-Drive Reservoirs," Trans. AIME, 225, 177/
- .(1%62). C iy

. 31. Mo?ée; R.A‘,“and Yuster, S.T., "Waterflood Tests on LOng,Cores,f
Producers Monthly, Dec., (1946). ' '

© 32, Muskat; M., "Physical Principles of 0i} Produétidn," McGraw Hill,
. (1949). B S ' - S

33. Muskat, M., "The. Flow of Homogeneous Fluids Through Porous Media,"
IR MeGraw Hill, New York, (1937).- ‘ : St

34, Naar, J., Wyggi; R.J., and H§nderson,.J.H., "Imbibition Relative
: Permeability in Unconsolidated Porous Medja,V.Trans_AIME;
225, (1962): . SR o

A



37.

- 38.

39,

41,
42.
43.
4t .

45.

46,

47

48.

49,

Osaba, 7. S > and Richardson, J.B. Laboratory Measurements of
Relatlve Permeablllty " Trans AIME, 195, 47, (1951).

Outmans, H.D., "Non-Linear Theory of Frontal Stablllty and VlSCOUS
Tlngerlng in Porous Media," Trans. AIME, 225, 165, (1962).

Palazette, AL, "History of Secondary Recovery Producens Monthly,
~Aug., (1959), ' - N

Perkins, FJM.,'”An‘InVestlgatlon of the Role of Caplllary Forces
in Laboratory Waterfloods,' " Trang. AIME 215, 409, (1957).

Perkins, F.M, » and Collins, R.E. Scallng Laws for Laboratory
Models of 011 Reservolrs " Trans AIME, 219, 383, (1960)

5ot
Perkins, T.X. » and Johnston, 0.C. "A Study of Immiscible Flnger~‘
ing ‘in Llnear Models,” SPE Jour > 9,1, ’1959) f

Pirson, §. J., 011 Reserv01r Eng1neer1ng McGraw Hlll (1958).

Rachford H.H. "Instability. in Waterfloodlng 0il from Water wét/\"\
Porous Medla? pntalnlng Connate Water ' Trans. AIME 231,

133, (194,

Rapoport, L.A.. ASca11ng Laws for Use in De81gn and Operation
~of Water~Oll,Flow Models," Trans. AIME, 204, 143, (1958) .

Rlchardson, J.G. Laboratory Determlnatlon of Relative Permea-
bility " Trans AIME, 198 18?},11952) -

vRichardson J.G., and Perkins, F.M., "a Laboratory Investlgatlon

of the Effect of Rate on Recovery of 0il by Waterfloodlng "
Trans. AIME, 210, 114, (1957). .

. Ryder H.M. "Effect of ngher Flooding Pressure " Producers Monthly

Dec., - (1937) . . C .
Scheidegger, A.E., "The Physics of Flow Througn Porous'Mediaﬂ”'

45

Universgity of Toronto Press, (1960) , : ‘_'

Scott,wGLR., Colllns, H.N., and Flock D. L "Improving Waterflood
Recovery of Viscous Crude *0ils by Chemical Control "
"Heavy 0i1l Semlnar CIM; Calgary, (1965). :

- Snell, R,W., "Three Phase Relatlve‘Permeability in an‘Unconsolidated

-Sand;”~'JPT 80, March;, (1962).

51. Taber, J.J., "Dynami¢’ a;d Static Forces Necessary to Remove a
’ Discontinuous 0il hase from Porous Media Contalnlng Both
-0il and Water," SPE Jour., 9; 3, (1969). .

52 van Meurs ‘P., and van der Poel, C. "A Theoretlcal Descrlptlon

of. Water Drive Processes Involv1ng Vlscous F1nger1ng M
Trans AIME, 213, 103, (1958)



APPENDIX A~
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LI1QUID AND CORE PROPERTIES

i

3 ) 0
: _ : o : . :
In order to establish the surface and-dnterfacial’ tension of
watef Ibo~octane and Pembina Crude ten readingq WLre taken oh the’ Lo
duNouy ten31ometer at room temperaturc The arlthmctlc average was-

-“then c11culatcd and corrections ‘applied to thc mean which Vlelded the

v

foLIOWJng rebults ¢

SURFACE TENSION  ° ~ INTERFACTA! TENSION

e | , o  BETWEEN = ', Ak, WATER-
o . (dynes/cm) o ‘ R Elgw;,(;/f*ff”f//
ISO-OCTANE . . ' 19.95 - 41.55
L T . o ' - s
PEMBINA CRUDE = - 27.73 : L 32.920 >
WATER ) ' in.s7 .
Vlsc051t1es of Iso—octane and Pembina Q/ude ﬁfn’ﬂred w: . the

~B¢nd1x Lab Vlscomeﬁet/§£/$1ump%xmﬁﬁﬁfﬁ;ﬁi?};;;; results ofmemsg cp ‘and
5. 96 cp respect1vel§ The v1sc081ty of distilled water at varlous
ttmperatures was obtained from Perry "Handbook of Chemlcal Englneerlng

and Flgure A-1 was constructed

. . - . v
w b . . . . {

The core con51sted of three p1eces of hlgh strength luc1te
©134. 78 cm - long and 4, 08 cm in diameter. For runs #1 to #12 the core
length was 404.34 cnm long Dur1ng runs -#13 and #14 the length was.
reduced to ?69 56 cm and for run #16 and #17 the core\was 87 cm- Tong.
The porosity Was obtained by applylng a materlal balance across'b e ‘”;”
the core while. the lnlt&}l saturatlon waé bc1ng establlshed Reproduce— 
ablllty of porosity was qatlsfactory as shown by. the followlng values

‘Wthh werce established -after each new sand pack was prepared
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‘Imbibition tests conducted on the sa

_1nformdt10n

DESCRIPTION
OF SAND

-original sand’
Saturated with
water

—original sand
Saturated with
oil

-011 saturated
sand ‘taken from
the core after
test #12

-sand taken from .

the core after

‘test #12 which

had been cleaned

and saturated ¢ith oil.

-sand taken from
‘the core after
test #12 which
had' been ‘¢leaned
and saturated w1th
water y

Lo Y

Fy

) .39.7%

38.7%

38.8%

r

‘

~

i

TIME IN IMBIBITION

CELL

24. hours
24 hours

48 hours

72 hours

- the core

j727hours

' . POROSITY

=
o

o i

A
‘

nd gavé the following |

COMMENT

[

-no water produced and

no imbibition of oil L&
into the core

~some 0il produced and

water was found 1mb1bed

in the core

'-no 0il was produced

and no water was found -

"in rhe core-

-l-no 01l was produced
-and: no, water was found

to have imbibed 1nto,~

~some water was dlsplaced
and some 0il:imbibed '
into the’core

.

Thls ]ead to the conclu31on that the sand pack was originally

'1n ‘a water—wet state but

Crude‘changed to an 0il

lue to prolonged exposure to the Pemblna

~wet condltlon
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- APPENDIX D

£

DETERMINATION OF PERMEABILITY RATIOS -



“ DEIERMINAT%ONUOEAPERMEABILITY RATLOS WELGE METHOD)

meloy the. Buckley Leverett equatlon under the follow1ng
: assumpL:énb'(dpproacn is that proposed by Colllns R.E.)
1) capillary and gravity effects are negllglbleb
f*2) Fluids are immiscible and incompressible

3) the porous media is homogeneous and linear:

‘ For a system of 1engtﬁ L With SQ (x,o)%SC introducé a wetting
fluid which displaceé a non—wetting fluid at a rate q(t) at x=0 for
t%’b "At x=0 only the wetting fluid is flow1ng and at x=L both fluids
are flowing. = At the- outrlow end _the cumulative proguctlon of the non-,

wattlng fluid 1is de31gnated by Q and the inflow of wettlng fluid is

chown by Q, where- o o ‘ : ',f o
=, o _ | RIS

At the:outfloﬁ end

N c e
3 3 . .

— 1
\ S g -
Inw dan . AKwUnw
F . = = —?(—2— = 1 + r__ | (2)
n?,}\\?. : ' _nw“n}J L
. N : K L : : o 7
or from the definition of “R_
. : . h E — i .—l‘ : o A - }
= K i 4Q dqQ R 5 ,
. nv _ aw " ow nw , D - (3)
K, 55 . dQ i dQ

Welge develTped an equation’ for cdlCUlatlno the non~wetbing

. AL (1 - s x - q [+ qdg_|
Snw ¢AL [: .{ —

|
I , : d J‘

sa turatlon

;~<4j

A graph of 0. yversus O:.
graph of an versus Q



/

Q —

shows that from Q = O to Qg the line hag\é«slope of 1 representing
a product:on of o0il only. For Q> QB’ then \

A

e : | an = a+ b 1InQ _ D - (5)
© for. any small segment. By'difféientiating;we find:
B . . CQdo. N
A o b o= — ¥ ' D - (6)
4 o S o dQ o

for Lach segment jﬁThlb may be used in equatlon D-(3) and D- (4)
along w1th the value of Q to comput; ‘the perneablllty ratio and
ﬁﬁ?wv{fgégorrespopdlng.Snw(L). A sample calculatlon is shown for run ‘
#l.ig'Table D-1 and graphed in Figure D-1. Points from the
reilative pérmeabflity curvé were applied to eqdation 2 (for- the
conditions of'BPC/Bu =YO and'sinm_=0) to solve for the fractiofial’

" flow of water at different water saturations (Figuré D-2).

From the fract:onal flow cutve a Lheoretlca] water brLak—.

N through time’ (T )

T o wa wi’ . lD e

- >

was- calculated and.the resultsAare tabula;ed in Table D-2. The

. 86



. ’ TABLE D-1

" SAMPLE RELATIVE PERMEABILITY CALCULATION -\ -

- RUN #1 .

. From the'recovery graph of Oii‘Produced-(Q)vand Water Injected

(an) the following values of Khw\\gw wgre obFainedF _
i ’ coL |
Q d an Snwu . SW Iirl‘i
dq | K
) E o
1720 225 T oses T e sps0 .76
: ' b . : U ' ;

1750 675 . .185
o100 766\ g
~. 1850 L0333 Ce2e T gy .021

i ‘ SR I . . . .
211 78 T o1e
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e

théoretical and ob'served timesifof ;éteé j? ¥20 to 1200 cc/hr yielded -

a maximum deviation'of 5.8 percent. HowevVer, in the case;qijrun #4
. & R : ] ~
(30 cc- " e error increased to 9 percent. This is due to the fact
s . ) .

that -cap.wiary forces play a dominant role
T . ¥ .

)

at low rates. .

e ’ . B -

o



