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Ah, not in knowledge'is happinesé, but’in.the‘acquisition of
Knowledge. In for ever Knowing, we are for ever blessed: but
to know all, were the curse of a fiend. :

N

o From “The Power of Words"
\ Edgar Allan Poe (1809-1849)
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Laboratory studies must be scaled, if they are to be
usefu] in predicting fluid flow behaviour in pefroleum
'”reservo1rs To this end, an extended set of scaling groupe
has been der1ved wh1ch includes all of the var1ab1es in the
'1mmisc1ble f1u1d d1splacement prop]em Of part1cu1ar note is
the re/ult that. the geometr1c factor is unimportant *hen
}compar1ng a model and prototype provided that the
d1splacement is stable.

To ver1fy th1s result and to 1nvest1gate the effect of
stale1ty on  the 1mm1sc1b]e d1splacement problem a ser1es
of exper1ments was undertaken D1st1lled water was u;ed to
d1splace a Dow Corn1ng 200 oil from tubular, unconsol1dated
sandpacks The exper1menta1 reeults show that the ge%metr1c
factor is not 1mportant prov1ded that the d1splacement is .
either stable or pseudo stable (fully developed f1nger1ng)
Furthermore 1t is demonstrated that neither the l1nbar nor
}the rad1a1 scal1ng groups are good corre]at1ng parameters in
the tran51t10n Zone between stable and pseudo- stable
dtsplacements (13. 56<Ns<900 F1nal]y, the experimental—
results corroborate earller experimental work, de11m1t1ng
stable and unstable d1Splacements. undertaken in th1s

laboratory. . : - ’f
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1. - Introduction

prime imporfance to employ and expand the technology

With the ever-increasing deZ;fd for energy, it is of
currently available to the oil indu try.

Wateffloodihg, the mosf’importa t secondahy‘reCOvery‘
process which has been Uti]izéd for dec dﬁéz?is, as yet, not
fully understopd. This incomplete‘knoWleége of the process
may lead to disastrous results, if the economics of thé
project are marginal. Consequently, the effect of the
interplay of viscous, capilliary and gravify forces on the

recovery of oil from a reservoir must be known.

1.1 Purbose of This Study

‘The problem of conducting meaningfu] 1aboratofy fests
on é model, with the puhpdse of relating the results to a
prototype, has been the objective of. many researchefs The
number of variables which control the: displacement process
is numerous and the task is by no means trivial.

The purposetof this study was twofold. The first
obJect1ve was to establ1sh a set of scaling groups WhICh
1ncluded all of the variables 1n the problem as it is
understood today. The approach used to reach this first
objective was: ’ |
1) - to review the results of the methods of

dimensional and 1nspect1ona1 analysis found in

the literature,




2) to derive therséaling groups in a

mult1 d1mens1onal system using a current
cap111ary pressure model end

3) to ver1fy certain scaling groups experimentally.

f
The second objective was to 1nvest1gate further and

o

verify, the cr1ter1on which determines the onset of '

floodfront perturbat1ons. The specific areas of interest

-
-

were:
1) Water-wet, resfdual water,saturation system.
a) Better locate the onset of instability
experimentally,
b) Investigate the possibil{ty of a seeond
region in the recovery curve, at a high
‘value of the stabilify number, where the
recovery is insensitive to frontal
perturbations, and |
c) Extend the data collected by Peters (1979)
to small and large values of the stability
number .
2) 0il- wet, no residual water saturatxon system.
Q\_Attempt to locate the onset of 1nstab1]1ty
in the recovery curve, as suggested by the
theory. _
'b) Better define the .second region in the
. recovery curve for high va]ues of the: C\\
_stab111ty number and determine its

magn1tude “, >



%
. ) g
c) Extend the data collected by Peters (1979)
to both small and large values of the
»  stability number.
The purpoéé of extending therdata collected by
Peters (1979), to small and large values of the stability

number, was to verify the suggestion that the reCdvery is

independent of the stability number for:these magnitudes. It

was also intended to investigate further any possible

anomalies which might appear in the data.

1.2 Stabilization aﬁd Stability--Termiho]oqy Defined

ThéoUghout the literature, the terms ‘stabilization’
and ‘stability’ appear often. In view df the fact that both
terms apply to the behaviour of the floodfront , it is
important to understand the phys1ca1 1nterprehnt10n of these
terms in order to avoid confusion. '

’Stabilization’ occurs when the frontal region of the
satUration profile has é{tained a fixed configuration
4 1nvar1ant with ‘time. This saturat1on proflle should approach
that predlcted by Buckley- Leverett (1941) theory.

During the life of a waterflood, frontal pertuﬁbations
(viscous fingering) may arise. The displacement is .
considered to be ’‘stable’ if thesélfrontal perturbations are
attenuated. Thus a ’stable’ displacement may be either

'stabilized’ or "unstabilized’ , depending on the magnitude

oT certain var1ables which control the d1splacement process.

L

%



2." Theory and Literature Review

2.1 Theory of Immiscible Displacement -

2.1.1 Fundamental Equations

The partial'differential equation deséribing.the
displacement of one fluid by another thfough a porous medium
maykbe derived by combining Darcy’s law and the equations of
continuity for each phasel

Darcy’s law, in a general three- dlmens1onal form, for

the swmultaneous flow of two immiscible and ‘incompressible

fluids through a homogeneous and 1sotrop1c porous medium may.

be written as:

K (S )
_ W' w >
WS T T (grad Py -0, 9) 2.1 )
w.
and
L K(s) s
vy = - ou Y (grad P g) 2.2

for each phase.
If the porous medium is considered to be
non-deformable, then the equations of continuity may be

written as (Buckley and-Leverett, 1942): ': -

. 35, . |
div V, = - ¢ 3T . o 2.3

and ' e



R S -
d1VVO=-¢§E—= 3t~ 2.4

for each phase. Note that conservation of mass requ1res that

the saturations must sum to unTty, viz:

S o+s =1 2.5
A capiiL?ry pressure definition (Leverett, 1941)

P (s ).=P _p - | | 2.6
is reqUired’to Tink Equétions 2.1 and 2.2.

2.1.2 Relative Permeability and Mobility Ratio

'Before-proceeding with the'derivation of thé partial
differential equation, it is convenient to iﬁtroduce_the
concepts of relative permeability and-mobility ratio.
Relative peﬁmeabi]ity is defined as the effective
permeability to a specific fluid divided by ﬁfme base

‘permeability, viz:

K(Sw)

K (S )"__K;;— | 2.7

- and

- KO (SW) .
Kro(Sw) e oulll 2.8



There are three different base permeabiiities which are
generally used throughout the 1i§erature (Craig, 1871):

1) The'absofute'gir'permgability;

2) The absolutebwater permeability;

3) The permeabi]fty to oil at residual water

“ “saturation. '

|  Equations-2.1 and 2.2 both contain a term of the
form (K/u). This term is defined as the,mobibity of the
fluid. As will be demonstrated in a later sect1on a
mob111ty ratio will be def1ned Suffice it to state the
general form of the ratio of mobilities as:

Ke(S,) e

My = ' ’ ‘2.9', :
R u KO(SWT ( )

W
I .

The ratio of mobilities may be defined as the water mobility

divided by the oil mobility. Us1ng the definitions of

re]at1ve permeab1]1ty given by Equations 2.7 and 2.8 y1e1ds .

= K (S ) 'gllb 1JO v 2

“o .10
R ro(sw) Kob M

M

A general mobility ratio may be defined as:

_'34__9. | L 11
g Kob M 2

HE

It has been stated in the literature (Bentsen, 1976)
that def1n1ng the relat1ve permeability in terms of a s1ngle

base permeability may not be desirable. If: this is done,



L

then a non-dimen;Tonalizing procedure will select the
Viscosffy ratio a; the scaling group. HoweVer, it is
generally fhought that the mobility ratio is a better
scaling group (Craig, 1871).

After the manner of Perkins and Collins (1960), in
wh1ch a d1fferent base permeability is used to normalize the

two effective permeabilities, Equations 2.7 and 2.8 may be

written as:

K (S ) . )
K_(S ) = 2 W : 2.12
rW'Tw Kwr _ y
and .
%
K (S.)
_ 0o'w
Keo(Sy) = o | 2.13

where Kwr and Kor are the permeabilities fo water at
residual oil saturation and to oil at residual. water
saturation respectively. Furthermore,”these‘re]ative
permeabilities may be defined in terms of a normalized water

saturation ( S* ):

(o (o%) = )
lﬂdr » 2.14

K_(5*)
Kpo(S*) = —p— 2.15

‘gg or
E | \ .
Figures 2.1 and 2.2 illustrate typicgﬁxagg normalized

relative permeabilities, respectively.
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2.1.3 Partiaf Differential Equation

-~
-

The equations describing the fluid displacement problem
may now be combined (see Appendix A.1 for details) to yield g

the result:

Kob . ch(Sw) . '
1;;— div Fw(sw)Kro(Sw) -—7E§:f— grad Sw
ob div | F (S )K_(S.) 5
- E;f 1v‘ w O/ Megtoy /809
dF (S ) 3S, A
+ v . —;%g—!— grad Sw + 4 Sfﬂ =0 918
W . -
where
. - K. (S.) K, u -1
' b "w i~ r
F(S,) = 1+——(~—y‘”°“—°———-—) 2.17 ‘
W'Tw ( » KWKSW b o
and
Ap = °w ~ Po : 2.18 o
A , . -

4

This result is a”generalization of the non-1inear,
parabolic partial differential equétion"derived by
Rapoport (1955) and is not subject to 5n analythal
solution. fhe equation accounts_explicitly for thé vi§cous,

gravitational, and capillary forces. -

2.1.4 Fractignal Flow Equation

&

If the ffactional flow of water is defined as:

7

/J/' - o
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>

fwssVQ/{?l , © o 2.19

_then Equation A.1.15 becomes :

. F (S ) > K. dP (S ) 5
[ Ko (S, —ob CS Y. grad Sy
YR Mo W
' F (S.) K. > ‘
W W ob , » v
) m e K (S ) —=48pg + F (S ) — 2.20
/7 }/// . l-\;' rO( W) ]Jo Og W( W) l‘\?l X

/ | )
°
v

7 and équatién 2.3 becomes:

div¥w=-—-3;_3—fl"— u 2.91

Q

Equations 2.20 and 2.21 also describe the fluid

‘ot

displacement probliem.

2.1.5 Capillary Pressure Models

SeQeral capil]aryrpre§§ure models have been proposed
throughout the titerature. Of particular note are the:

1) Leverett J-function (1941)

B .

SRS

) gl\“:;/

b (s.) 172 .. ‘
as,) = —%;ﬁ—~<%) | 0 2.22

2) Modified Leverett J-function (Rose and“
. Bruce, 1949) \

P (s )Y N 1/2 -
cw! (%) ' 2.93

J(Sw) ;5'YC058

o
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3) Bentsen and Anli (1976)
P.(S*) = - olnS* + P, : _2.24

Th d-functioh attempts to correlate the physical
proper;?:§;;?7the.fock»and{fluid. The expression given by
Equation 2.23 inclﬁdes the wetting angle. The J-function is
restricted to correlating satisfactorily data obtained from
unconsolid;ted porous media or certain lithological
classifications (Brown, 1951). Bentsen and Anli (1876)
proposed the model ‘given by Equation 2.24 in an attempt to
overcome the restrictidns of the J-function. |

The cabi]lary pressure,dorma]izing'paréme?gr
~incorporates the effects of interfacial tension, wetéability
and pore-size diStfibutjqq: Both the displacement pressure
and“capillary pressuré-norméiigjné‘parameter must be
determ&nedbexperimentally. _ | |

In normalized form, the Capillary;pressufe equation may

-be written as:
‘ !

-

m:(S¥) =\\1ns*' | | 2.25
where P
‘ P.(s*) - Py
mo(s*) = — 4 2.26

ag

or
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LI i

P.(S*) = om_(S*) + Py 2.27

Figuree 2.3 and 2.4 illusteate typical ‘and normalized .
capillary pressure curves, respectively. In physical terms,
the area under the capillary pressure curve represents the
work done in creating new boundary surface.

In view of the fact that the model parameters are -
avaflabie experimentally, the Bentsen and Anli (1976) model
will be used throughout this study in any mathematical
derivations presented. MoreOQer, Gaolaz (1979) showed that
the capillary pressure normalizing parameter retained the

-~

same value, regardless of the capillary pressure model used.

»2.2 ImmiScible Displacement Mechanisms

The fluid d1splacement problem: 1ntroduced in Section

¥
2.1 may be represented by various d1sp1acement mechanisms.
‘The.Muskat model is the simplest and easiest to apply in an
analysis. The mathematical deve]opment OQ the stab1]1ty

-~
theor1es is based on the Muskat theory. /

2.2.1 Muskat Displacement Mechanism

With the assumptien thét the regioh in which an-
appreciable saturation\éradient exisfs is small, then the
porous med1um can be divided into two parts: one conta1n1ng
only oil and 1rreduc1ble water, and the second conta1n1ng
only water and immobile reSIdua]'011._Furthermore_5n the

first region, which is located ahead of the front, only oil
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is mobile; and in the second reg1on which is located beh1nd'
’the front, only 'water is mobile. F1gure 2.5 illustrates
schematically the saturation distribution in sucﬁ,a system.
The surface separeting‘these two regions may be
interpreted as a satur%tion discontfnuity. The velocity of

this interface is given by:

\
y .
= wn 2.28

RANEIUCESEE

Applying Darcy’'s law and the eduation of continuity, and
prov1d1ng that gravity and cap1llary pressure is neglected

the problem may be formulated as:

a2p ' LR
—Y-9 0 < x <‘xf:”’ 2.29
ax2 '
32p .
_..._9.=0 . xf<x<L ' 2.30
Ix2
Po = Py | o x=xe(t) 2.31
'Kw aP K. . 3P
r“w_or “o- - _
e T, o Xnu) 2.32
Pw =Py ‘ x=90 2.33
and - . ,
p =P, x=1 | 2.34
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integrating Equations 2.29 and 2.30, and applying the

boundary conditions result in:

L
) PW = Clx.+ C2 ' ) 2.35
et
P, = Cix + C} ' 2.36
where :
AP
C]_ = - 2.37
ML+ (T - M)xe
Cz = P1 :? 2.38
MrAP _ 0 39
C! = - . - . .
: SR =R Uy v 2
- ﬁ.jx AP
.f
c3 = — + Py 2.40
M#.+(1-Mpr_ :
AP = Py - P, o 2.41

3

The rate of advance of the fﬁont,may be readily derived

" from thése equations and

v S B o 2.42 °
wn - My .0X .. ‘ )
" =Q-v%—’:01' R . 2.83

Hence
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3x ' AP ,
V. = f 'gl?' . 1 2.44
f dt ¢u (1 - S - Swi) M;L + (1 - Mrjxf

Defining

£ | . 2.45

and

* = 3 KVY‘AP B e : 2.45‘
ol = Son = S MM,

Equation 2.44 may be integrated with Eg =00 =0 to
yield: .

, - 2 -
M =y (T o
o M =T | '

Figure 2.6 illustrates the fractional distance
tbaversed by the front for a linear displacement showing the

effect of mobility ratio (Muskat, 1937).

2. 2 2 Buckley- Leverett and D1etz Displacement Mechan1sms

| Under certain c1rcumstances ‘the plston llke |
: d1sp1acement dlscussed in the prev1ous section may not
descr1be the process adequately The determination of the
water saturat1on at breakthrough is fundamental to the
establ1shment of over- a]l reservowr product1on If the
saturat1on in the tralling zone is ‘not 1mmed1ately reduced

to the r§s1dual oil saturatlon, then the Muskat mode1 cannot



18

00°S

0S*'h

i i

- MG -BG—{)gnrf
. . TV
00°h -0S°€E 00°€ .‘.oM.N

1 i 1 i 1 |

00'2  0S°1 00°1

1 } i 1 L1 -1

0S'0 00°0
{ L

0°0

S0°0=2U

.

c 0= f=d

0Z=4

(LEBT “LUMSNW) WILSAS HYINIT--0ILHY
CALITIGOW 40 103443 :9°2 "914



19

be applied. This trailing zonme is illustrated in Figure 2.5.
| There are two existing theeries of immiscible
d1splacement that have found acceptance in the 11terature
Accord1ng to the theory suggested by Buckley and Leverett
A(1942), the invading water progresses with the formation of
a front and a trailing zone tor transition zone with an
apprectable saturation grédient) With the assumpt1on that
gravity, cap111ar1ty and variations in dens1ty are
negllg1ble Buckley and Leverett (1842) wrote the fol]ow1ng

equat1on for the one-dimensional flow of two immiscible

fluids:

J. = --g-___w_ !
5 2.48

The above equation may be der1ved from a material balance
.and Darcy s law From Equation 2.48, the rate of advance of °

the front may be formulated as:
= Jl.__

ax TS
s*d>w

o 2.49
L :

Equation‘2.49 is the so called fBuckley-Leverett'-eqUation.
The theory assumes that the oil and water flow. -
s1mu1taneous]y through the porous med1um Furthermore the
relat1ve permeab1l1ty curves must be Known expl1c1t]y

The theory of Dietz (1953) is designed for a
two-dimensional flow system and assumes that the water

invades the formation in the form of a tongue. It is fur ther
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assumed that the o{l saturation in the invaded zone is
instantaneous]y reduced to the residual oil satu;ation.
Unlike ;he Buckley-Leverett theory, the oil and water flow
.sepérétely: the:oil, ahead of the front through a porous
medium of constant relative pérméébility to oi]; and the
water, in the invaded zone with a constant relative .
permeability to water at re;iduak oil saturation. The
saturation distribution for the BUcKley-LevereEt and Dietz
m&dels is illustrated in Figure 2/7.

The analogous eXpressions to Equations 2.48 and 2.49

are. . A N \ #h
. L 9
, v,
- __9._ Ejﬂg 2.50
ot ﬁASwd dx
and_
af )
3x = 9 1 " wd 2 51
13 R S | A =
where -
£ooos ] | . 2.52
'wd s ]fP_F_"_'.(li) . .
Koo N Y/ s - ]
Y=yh . 2.53

coordinate of the oil/water interface as a
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fraction of formation thickness; its physical

meaning bei,‘ng restricted to 0<y<h

= - - ' 2.54
““wd L Sor Swi _
= the difference in saturation between‘the oil zone

and water zone

ThevDietz theory is simp]er.to appfy than the
Buckley-Leve}ett thgory ih view of that Féct that only the
end-point re]ative‘ﬁermeabilities neéd be known. Because the
Diefz theory is not restricted to assumfhg a single tongue,
the differences in the two theories diminish if a great many
tongues exist. The two theories are identical, provided the
re]atin permeabilities are_defined'as linear funéfions of

saturation (Knv= S*'Kro = 1-S*), .

2.3 Scaled Models and Scalihq Groupé

Dimensional models were first introduced to reservoir
engineering by Leverett and co-workers (1942) in order to_
study the water-drive process. The resU]ting'Set of scaling

groups enables the experimenter to:

1) vary the pertinent variables of the problemﬂin a-
systematic way as a means of evaluating the
process and

2} relate laboratory results to field applications.
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2.3.1 Derivation of Scaling Groups

The sca]iﬁg groups may be derived by either dimensional
analysis or inspectional analysis techniques.

The dimensional analysis approach cdnsiets-of
considering all the variables involved in the process being
studied, and combining these variables intomdimensienlees‘
groups as dictated by Buckingham’'s (191SL pi-theorem. In an
“inspectional analysis, all eqﬁations which describe the
process of interest are combined to form a single equation.
The paramétere ferm the scaling groups. If any of the
equations are of the differential type, then inclusion of ;
initial and boundary conditions is also requireqi

The dimension]ess groups besulti;g from such. an
analyeis may be divided into the following classes:

| 1) indepehdent'groups,'or the dimensionless form.of

the independent var1ab1es,

2) dependent groups, or the d1mens1on1ess form of
the dependent variables; -and

3) similarity groups, which are-indebendent
constant groups, N |

D1mens1ona] analysis does no;ﬁ;equ1re ‘that them;}ocess
be expressed by equations. Hence, complete Knowledge of the
process_is not nequired.~fhis is a disfinct advanfage over
inspectional analyeis Special care must be taken t& include
.all of the pertinent variables assoc1ated with the problem

at hand. Furthermore, the result1ng d1mens1onsless groups

may not have any clear physical interpretation and, in

4



24

general, the gheups arennot unique. An inspectional analysis
of all the equations usually results in the scaling groups
having a clear physical meaning. ' ' - |

The early work of Leverett. at al. (1942) has been
built upon_and used extensively. Presented ih Appendix A.2
are the details of. the der1vat1on of the scaling groups for
the 1mm1sc1ble fluid d1sp1acement prob]em using the two
methods ment1oned above. | a &
Engleberts and Kl1nkenherg (1951) e*tended the

dimensional ana]ysis:of Leverett, et al. (1942). Their

analysis yielded fewer pi-terms and, coupled with simpler

-exper1mental systems, obta1ned results of more general

3

s1gn1f1cance ,

o

Rapoport and Leas (1953) presented their exper1mental‘
results for linear waterfloods in which they systematically
var1ed length wetting phase v1sc051ty, and flow rate.

/

Rapopeﬁt (1955) was the f1rst to present the derivation

of the sca11ng groups, using 1nspect1ona1 analysis, for a

g three d1mens1onal carteSIan cood1nate system Geertsma ‘et

al. (1956) der1ved the dimensionless groups for cold- water
dr1ve hot -water drive and solvent injection by 1nspect1onal
analys1s..They then 'completed’ the resulting set of
pi-terms by'means of dimensional analysis. This was done in
éh attempt to combine the adventages of both techniques'.
Perkins and Collins (.1960) recognxzed that prev1ous
der1vat1ons of the sca]1ng groups ‘required that the

functlonal relat1onsh1ps of both relative permeab1l1ty and



25

capillary pressure/be identical in the model and prototype.
They»presenteﬁ a ﬁew sei;of scaling groups;in which the
functional relationships were allowed fo be”different; This
wes'dqne byﬁredefihiné relative permeability and noﬁmalizing
tﬁe water saturation. Consequeht]y, the new set of scaling
:groups demanded that the functional dependence of relative
-‘permeability and:capillary pressure be on normalized water
seturation instead.of water saturation. - Qk

- Bentsen (1976)>fmproved the work of Perkins and Collins
(1960) for a linear dispiacement problem using the method of
Hellums and Churchill (1961). The method used is essentially
a modified inspectiona] analysis. HoweQer, the resulting
scaling gbodps were difficult to interpret pﬁysica11y.
:Consequently,<Bentsen (1976) redefined the piﬁterms, thus
attaching a physical significance to the dimensionlessA .
gfoqps. A derivation exfendihg the work of Bentsenv(1976) to
a cylindrical coordinate system'is offered in the next

section.

' 2.3.2 Dimensionless Form of the Fluid Displacement'Equations

As a consequence of app]y1ng a modified inspectional
analysis, Equatlons 2.20 and 2 21 take on the dimensionless

form (Append1x A. 2 3)

£1  of | o
2L 8 ws] WE _ asS* '

and'



where

> I N »
- \
G(s*) = [IV nff Km(S*)] F,,(S*)
5 Kerpg
S [Vl
_ 1 : dTT (S*)
C(S*) = - W F (s*)Km(s*) ""d""".
o Sw = Sui
T-S -5
or w1
Kr ”6
M. = 7 =
. or "w
K. (S*
F (S*) = rfy(5%)
wt>) (%) F K55
WK
L .
L
cr Wlu D
w
- X
*°T
- r
4 a

B = polar angle

T = T lvlt : B
=S, =57

.56

2.57
.58
.59
.60
.61
..62'
.63
 .64
.65
.66
.;67.

.68
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In light of the previous discussion, the following~
classes of dimensionless groups arise:

1) Independent groups

Es ¥y By T

2) Dependent groups

3) Similarity groups

>
M N Ng

o

n additton to these groups~there are the furictions

*) . Ko(S*) dnd 7 (S*) . These have the properties of

s m11ar1ty groups and, consequently, must be the same in the
“dpdel and prototype

S If the d1sp1acehent is essent1a11y linear, then the

saturation gradient in the radial dire “ion is sma]l. Hence:

as*  _

T = 0 , _ 2.69
and o

asS*  _ : - :

Tl 0 , | | - 2.70

Furthermore, the pressure at any g1ven cross- sectlon will be

un1form Th1s 1mplies that:
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5 _ . .

and

\

3 _ ) ' '
_SB'fWB = 0 , 2.72

- g

Hence Equations 2.55vand 2.56 reduce to:

M . _ as* o | 073
R 3T ’ ' T
and _’ .
) cxy 3S* L,
fw = G(S*) - NCC(S*) 3t ’2.74

The above two equations are identical to those derived by
Bentsen (1976) and apply only if there is no transverse

flow.

2.3.3 Remarks on Scaling Groups

It is evigent that in the design of a model, it is a
: difficu]t,‘if not impossible, task to meet tHe requirements
of all tﬁe similarity groups simultaneously. It is d&irable
then to relax the groups.

Perkins and Collins (1960) showed that redefining the
relative perméability curves in terms of thi.normalized
water saturation was less restrictive than previous

definitions. Van Daalen and van Domeselaar (1972) presented
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experimenté] evideﬁce indicating'tﬁat for small transitién
zones the f/unc:t\ions KN(S*) v Ko(S*) and Trc(S*). did not
inf luence /the production behaviour. Under these
cirdumsta ces, they do not have to be satisfied.

Bentsen (13976) suggested that the cap1llary number7’1f
sufficiently\small, may also be neglected. This group may be
ﬁnterpreted as a measure of the relative importance of the
capillary forces to viscous forces. It was demonstrated‘béth
theoretically (Bentsen,:1978) and experimentally (Saeedi,
1979) that for-a capillary number of less than 0.01, the
recovery was independent Qf this group. The dependence of
the recovery on the capill;ry number is illustrated in
Figure 2.8, and the effect of mobility ratio is also shown.

The ratio ;&wjlthD , similar to N., but
representative offthe capillary to viscous. forces in the
radial direction. This ratio may be neglected wi thout
restriction where no crossflow occurs. However, when gravity
and viscous forces pléy‘;n important role (gravity underride
and viscous fingering). cros§f10ﬁ'ié present. This group
must then be taken into account. If the magnjtude of the
radial capillary number is small, say of the order of 0.01,

then it may be anticibated that the finQers will héve
| stabilized in the same sense that the floodfront is said to
be stabilized (in the d1rect1on of bulk flow) when the
linear capillary number is small

| Finally, it should be noted that the recovery at.
v’breakthrough for the 1mm1sc3ble fluid displacement problem

3
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is some complicated function of mobility ratio, gravity

number, capillary number, geometric factor, and the'effects

of inStability 6f ‘the f!oodfront The effects of 1nstab111ty

of the floodfront are d1scussed in a later section. The

recovery funct1on may be represented as:

. \ - .
. Recovery = f (Mr’Ng’ ch,,

where N, accounts for the éffects of floodfront instability.

L/D, No)

If the displacement is stable and stabilized, then:

Recovery = f_(Mn,Ng)
Furthermore, if gravity can be ﬁeglected, then the simplest
case is: |

Recovery = f (Mr)o\

0.4 Stability Theory of Immiscible D{splacement'

A

The theory presented in the prece&ing sections

implicitly assumes that the floodfront has atta1ned a

stab111zed configuration and that no frontal perturbat1ons

occur. Consequently, the stable model is 1ncapab1e of

_predicting the waterflood performance of a\pfototype in a

regime where viscous fingering dominates thg\recovery
process. As a result, the in;tabi}ities assoeiatedVWith the
model may not be properly accounted for in the proto{ype.
Hence the neéd arises to develop a mathematical model which

accounts explicitly for the floodfront pérturbations.

J
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2.4¢1 Expébimenta] Observations and Mathematical

Descriptioqs of Instability

-

When one fluid is.displaced by another fluid with a
lower viscosity, the fluid-fluid interface is in an unstable
state and has a tendency to " break Opj. The nature of this
instability phenomenon was first obsefved by Engleberts and
Klinkenberg (1951). The streamers which appeared in the
visual modeis prompted them td éoin tg¥ term ' viscous
fingers’. - ¢ . .

For an adve#se viscosity ratio of 24, Engléberts_and .
Klinkenberg (1951) observed a continuing decrease in
recovery at breakthrough fof both hydrophilic and oleophilic
powders. This decrease in recover§ was attributed tojthé
onset of perturbations at the floodfront and growth of the
incipient fingers toward the outlet, thus bypass1ng oil in
the mode1.

Van Meurs (1957) déscribed a technique which peﬁmitted
cdmplete visual observation of the displacement process. It
was seen that, for a viscosity ratio of unity, the “
fluid-fluid interface was stable and the displacement »
efficiency.waS'high. Furthér tests at an adverse viscosity
ratio of 80 confirmed the obse?ggtions of Engléberts and
Klinkenberg (1951). Furthermore, van Meurs' (1957) observed
that the production of oil after breaktﬁrougﬁ is due to the
growth of>the fingers alréady formed. Thése tests were
perforned in an‘oil;wét system containing.no residual water

saturation.
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The results of the visual observations of the
displacement process prompted van Meurs and van der
Poel (1958) to attempt to describe the displacemént process
involving viscous fingering mathematically. This model,
which parallels the theory of BUcbley and Leverett (1942) in
some respects, attempts to acgount_for frontal

perturbations. However, little recognition has been given to

~this theory in the literature.

Chuoke, et al. (1959) were the first to present a
theoretical descr1pt1on of viscous f1nger1ng With the
assumpt1on that the frontal disturbances may be represented
by a Fourier decomposition; and using first order

perturbation theory, they defined a stability index as:

. " | o |
Yo s | o KW
n=4{8{tov—=~- ]|V + (p -p )gCOSa - Y*63 ('*—- t T 2.75%
(- | =

For an excellent detailed derivation of Eqﬁation 2.75, the
reader is referred to the work of Peters (1979)

In view of the fact that the s1gn of the stab111ty
index determ1nes the stability class1f1cat1on the necessary

and suff1c1ent condition for 1nstab111ty (n positive) is:

Hy ) : |
| = vV + (p - p,)gcosa’ > y*§2 2.76
(Kor Kre W . e

A critical velocity may be defined such that the left hand

fe)

o
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side of Equation 2.76 is equal to zero, that is:
S u u ) | : : .
3 0 W
-7} V. + (. - p )gcosa' = 0 2.77 -
(Kor Kwr) ¢ 0 W .
or
KerngOSa' '
VC = —Jm | 2.78
From Equations 2.76 and 2.77, there results: .
Yo o My .
= ) (V- V) > y*52 ‘ 02.79
<Kor Kur ¢ : ‘
or S - u . o
- A > 2n = ;ﬂv ~ )] | 2.80
Hy 'ty c

which is the condition for instability.-

From Equation 2.80, a critical wavelength may be

defined as:
’ 1/2 .
© Kwr *
TY
_— W ‘ :
Ac = 271' (Mr :ﬁ.)(v _ vc‘) 2.81’

Differentiation of Equation 2.75 with respect to 6, and

equating to zero, determines the wavelength of the max imum

instability, viz: 2/(14
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[ oo, 7w
U
A= 27V/3

» 2.82
m M, - DV -vJ|* .

or

Ay = /3 ' .  2.83

To verify these theoretical findings, Chuoke, et al. (1959)
used three typeé of'eXperimental systems:'a,He]e-ShaQ mode 1
inclined at 45°, a van Meurs model with no residual water
and a van Meurs model with residual water. o
Because in a Hele-Shaw model v* is equal to Y,:the
wavglengths bf the méximum instability can be direétlyi
calculated. Excellent agreement between‘thé calcu]ated and
measured wavelengths was,obtained in fhe paralTé]—pIaté -
tests. : - S B /‘
| ‘ The'displaéement'tests showed two trends‘conéistenf
with the theory. It was observed by Chuoke, et al. (1959)
that small fingers»ére formed, when,thefofl viscosjty is
.high. Furthehmoré,-the ibwer'the bufklinterfacial tension,:'
~ the smaller the fingers. |
Chuoke, et al. (1959) assumed a linear be]ationship
between the effective interfacial tension, which is an
- unknown in porous media, énd-the bulk interfacial tension to

be;

v = Oy v | 2.84

Hence, Equation 2.82 becomes:

-
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A =C L 2.85
m M-V -V) -

7

where C is Chuoke’s constant which is of the order of 2n/3 .
Chuoke, ex'al. (1959) found that the experimehtal data |
fitted Equationi2}85 well whenjc was taken to be»equal to

- 30. However this value of Chuoke's constant was only va]1a
for an oil wet system with no res1dual water.

Insuff101ent data were accumulated by Chuoké, et
~al. (1959) to arﬁiwe at a quantitative estimate of the
system constant in a water-wet porous medium. However, it
was speculated that Chuoke’s constant wouid be much 1argeb
in th1s type of system. _ )

In terms of f1e1d app11cat1ons when instability occurs,
the 1nterpretation of model tests may be misleading.
‘Consequently, Chuoke, et al. (1959) suggested that the
similarity groups should'contain the gdditional group (NMD)Z
fo account for the floodfront perturbations.

It was pointed out in Sectfon 2.3.3 that it may not be
feasible to satisfy simultaneously all the similarity
groups. Chuoke, et al. (1959) suggested that if the
wavelength is of the order of the diameter of the sandpaék,
exact scaling is required; otherwise i}'may,be neglected.

De. Haan (1959) presented further evidence confirming
the theory of Chuoke, et 61‘ (1959) In‘an oil-wet system,
1t was observed that a decrease 1n recovery occurred with an

increase in the sca11ng factor, once fingering commenced. At
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i)

stt]] higher rates; de Haan observed a levelling. in the
breakthrough recovery curve. | |

Outmans (1962) attempted an improvement to the
firstforder;theory by including the non-linear terms ih the
equations describiﬁg the conditiens at the interface. Df\-ﬁ
particular note is his conclusion that the éhaﬁe'and growth
of the f1ngers cannot be ca]cu]ated from ‘the equations wh1ch
arise from f1rst order. theory Consequent]y, the f1ret order
equat1one myst be replaced by more complicated exﬁteseions.
Hegsuggeets, it interfacial tension is negligible, thet the
conclusion %rom“tjhear theory--that the rate of growth of"
the incipient finger will continue without bound--is
incorrect. Finally, Outmans (1962) questioned the validity
of the dynamtc boundary condition at the“interface suggeeteq;
by Chuoke, et al. (1953). This boundary condition, which
allows for capilTerity at‘tﬁe interface, Qas redetined'by
Outmans (1962) ‘ ‘

Us1ng a f1rst order analysis, Rachford (1964) presented
aﬁ'extens1on to.the theory proposed by Chuoke, et al.
(1959). By inciuding a saturation transition zone
(BucK]ey-Levefett‘type qisplacemeht),‘Rachford;(1964)
conc luded that laboratory tests scaled by the usual groups
are also eorrectly scaled for the presence of viscous -
fingering in a water-wet system ,

This f1rst attempt to study the stab111ty prob]em us1ng
Buckley-Leverett theory gave r1se to highly. non- llnear

perturbat1on equations. Rachford (1964), unable to solve
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these.equations.‘violated the nonlinearity of the
\'*perturbation equations and consequently his results‘may be
questionable. |
Perkins and- Johnston (1969) studied immiscible
fingering in linear Hele-Shaw and bead-packed models. It;was
- observed that viscous fingering was severe in the system
containing no’residual water, whereas the viscous fingers
were damped out before traVeling very farﬁincthe‘systems '
with a.residual water saturation The damping mechanismlwas
: attributed to the movement of . the two phases in the i
transverse direction to flow. )
. - Hagoort (1974) also studied’ the displacement stability
1 of a Buckley Leverett type displacement Included in the
: }study were the effects of viscous and capillary forces,_but
grav1ty was neglected In place of the conventionalb
, end p01nt mobi ity ratio Hagoort (1974) defined a shock

mobility ratio as:

K(S' K(S)
MS=[ '&“”‘" f]/ . 2.86
Yo, Ywoo Yo .

It was found that the displacement is unstable prov1ded that'

e — b e a1 5 o e . rmranaes s

the shock mobility ratio is greatér than unity. subJect to”

_ the constraint that the wavelength of the finger is, smaller

than the diameter of the system It was further concluded by"

Hagoort (1974) that a Buckley-Leverett type displacement is
less prone to become unstable than a Muskat displacement

Several researchers in’ this laboratory (K]oepfer, 1975;
g .)\. .

«
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Wiboré, l976' Baird, 1978) conducted tests in uncoqsolidated
sandpacks. It was observed that a dramatic decrease in
recoyery occurred at high rates. This decrease was
attributed to the onset of instabilities However, no
physical evidence supporting the presence of viscous /
fingering was reported v j . .

As recently as 19749, Peters (1979) investigated the
stability problem of immiscible displacements in systems

with and without a residual water saturation. Using a simple

- and novel technique, he was.able to captdre the viscous

fingers and obtain-permenent records via the use of

.photography.: -

Peters (1979) .extended the theory of Chuoke, et al.
(1959) by .combining all of the pertinent variables of the

stability problem to form a single dimensionless group. He

' concluded that this group. would be capable of predicting the

onset of instability. Proceeding in a manner analogous to
Chuoke ‘et al. (1959), Peters (1979) showed that the
stability index for a cylindrical coordinate system may be

written as:

e N - V) @2 | '
- i : r 4 ¢ C _ 2
n . . T SR (s;2) 2.87

| The subscript i indicates that the eigenvalLes can take on

different discrete values Equation 2. 87 is simply a

[¥]
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and the onset of instability is given by:"

40

convenient rearrangemnt of Equation 2.75. As before, the
necessary and sufficient condition for instability may be

written as:

(M, - DO - Vo2

Y Kyp

> (Gia)z 5 2.88

(M, - DO -V )u a2

e

= (5_13)2 2.89

The possible discrete values of §.a are given by the zeros

of the Bessel function,‘m#sia). The first non-zere value

~of &;ais 1.8412 at m=1, and consequently the onset of

instabiiity'is defined'as:

(M. = DV =V )y 22 -
Y*kwr' = (1.34]2? - 2.90

\ Equatioh 2.90 may'be written as:

(M. = 1)V - Vc)“wDZ

. e

= 13.56 2,91
wﬁere
R . 2.92

The dimensionless group given by Equation 2. 91

N defines the onsetaof 1nstability in a cylindrical sandpack
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Provided this group is less than 13.56, the displacement is
unconditionally stable. In a rectahguiar coordinate system,

the analogous expression to Equation 2.91 is given by

i

(M. - 1)(v - Vo, L2L2
L, = g2 2.93
C*ylﬂw(L;’-< + L§) '

It should be noted that the constant of
proport1onal1ty. relat1ng the bulk interfacial tension and
.effectlve interfacial tension, is not identical to that of
Chuoke, et al. (1959). wWith th1s.definition,‘Chuoke’s

constant now becomes:

C = 2n/3CF 2.94

S

From the'photog}aphic records of the viscous fingers, Peters
(1979) est1mated the most probable wavelength Using- |
‘Equation 2 85, he calctilated a value for C. and, hence, C* E
(Equation 2.93),and v* (Equation 2.92). The system
parameters obtained by Peters (1979) are shown in Table 2.1.

Table 2.1: System Parameters | .

(Peters, 1979)

Wettability C  cx oy | ,
| . o dynes/cm T
Water-wet . 190.45 306.25  7.442x10s "

01 1-wet '25.40  5.45  1.324x102
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For a stabtlity number greater than 1000, Peters (1979)
observed that the recovery was insensitive to variations of
the parameters in the stability number. This is in agreement
with the observations of de Haan (1959). At a stability
number greaten than 1000, it was seen by Peters‘(1979) that
numerous - fingers with a smeli wavelength are present.’The
-linear theory does not?predict this second breakpoint in the
recovery curve.- This deficiency may be attributed to the
fact that l;neqr theory is inapplicable for distUrbances'
with:amplitudes much larger than their wavelength. It may
also be because the‘current theory does not account for
viscous dissipation effects. The introduction of viscosity
into the analysis e]imtnates the tendency for the’
disturbances of small wavelength .to increase without bound
(Bellman and.Pennington, 1954f. |

The experimental results of. Peters (1979) agreed well
i‘wwitn the estimate ofHChooke, et‘al;'(1959)L_However,¥before
the stability criterion may be applied, a complete set of
experiments must -be conducted'in order to detefmine the
_system parameters‘ As a consequence of the extens1on of
Chuoke’ s theory, Peters (1979) was successful in pred1ct1ng
the onset of 1nstab1lit1es His exper1mental estimates of
the system parameters were for a particular fluid-rock

system and a complete 1nvesti§at1on is pend1ng

e



3. Experimental Equipment, Materials and Procedure

3.1 Porous Media
3.1.1 Sand

The unconsolidated sandpacks used tthughout this
series of experiments was an Ottawa silica‘sand with a grain
size range of 80-120 mesh (Fisher Scientific S-151). The
sand was used as received from fhe supplier without any

*
screening. -

3.1.2 Coreholders

The sandpacks were houséd in coreholders constructed of
polyvinyl chloride (PVC) for low pressuré usage (less than
100 péi) and of stainless steel for high pressufe studies.
TheAdesign of the coreholders was the same as those
described in detail by Wiborg (1976).

' ,Tﬁree léngths were used rahg?ng frbm‘23 cm to 110 em v
‘with a choice of two diameterir(2.4 cﬁ and 4.8 cm). This set

of coreholders allowed the study Of'geometriCally dissimilar

sandpacks.

3.1.3 Pégking,Procedﬁre

~Several techniques were used in packing thefcoreholders
in an attempt to find a metth which wpuld‘yield sandpacks
of.consistént-propebties. It was found.that the routine :
method of vibratjng a dry core (Wiborg, 1976; Baird, 1978,‘l
an& tamping with a hammer (Peters, 1979) pbdduced,sandpacks_”’
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with properties very much dependent on the length of time of
vibration or tamping. |
Consequently, the corethders were packed with wet sand
in the following manner . The coreholder was partially filled
with c]ear d1st1lled water followed by sand. The coreholder
was vibrated throughout the filling process and an
approx1mate1y constant 4 inch head of water was kept in the

coreholder The coreholder‘was then v1brated for at least 24

‘hours. After the vibration period, predried, compressed air

at room temperature was passed through the sandpack for 48
hours to ensure the complete removal of the packing water

This method of packlng is a modification of that used by
Kloepfer (1975)

3.2 Fluids : o T

‘Distilled water was used to create a residual water
saturation,” and Hﬁétilled“ﬁater doped with sodium
fluorescein was used as the dispiacing fluid. )

Only one oil was used during the tests. This was a Dow

Corning 200 silicone-base oil. This oil was used beeause_its

density was-almost equal. to that_ef distilled water. The
: bhysical properties of interest~for these two fluids are

listed in Table 3 1 and were obtained from the report of

Peters (1979)
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TABLE: 3.1 Pertinent Fluid Properties At 21.5°C

. s

Density Viscosity

: (gm/cc (cp)
Distilled Water 0.9910 1.028

~ Dow Corning 200 0.9667 105.4

Interfacial Tension: 24.3 dynes/ém
‘Viscosity'Ratio: 102.5
Water-oil Density Difference: 0.0243 gm/cc

3.3 Pumping System

Two dual” positive- d1sp1acement Ruska pumps were used in
this 1nvest1gat1on Both pumps were capable of delivery
rates ranging from 2.5 cc/hr to 1120 cc/hr. A minor
modifica{ioh to the external-drive gearing on one.of’the

pumps was done in order to attain a delivery rate of 0.5

cc/hr The mod1flcat1on was the replacement of the two GB-80 .

gears by a GB 20 and GB 100 gear. Thus, when used 1n_tandem,‘
the pumping system dellvered rates from 0\5 cc/hr to 2240
cc/hr. Th1s range far surpassed that of other 1nvest1gators
(Kloepfer, 1975 BaIrd 1978; Peters, 1879)

The pumps, charged with mercury, dlsplaced the fluid of
interest from.a stainless steel fluid bomb into the
coreholder. All lines were of high- pressuhe stainless steel
tub1ng The complete pumping system was des1gned to a
work1ng pressure of 1800 psi when using the stainless steel
coreholders. and 100 psi for the PVCAcoreholders. Figure 3.1
is a schemetic of the experimental set-up.
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3.4 Sandpack Property Determination

}Prior to the waterflood, certain properties of each
sandpack were measured. These measurements‘were per formed by
routine techniques add are only briefly described. |

To determine the pore volume (porosity), the coreholder
was first evacuated and then the initial fluid (depending on
the wettabi]ity case desired) was introduced ipte fhe
“sandpack. The pore volume was_theh determined by both a
material balance calculation and by weight. Taking into
account the volume of fluid contained within the endcaps,
agreement was within 2%.

This initial fluid was then flowed through the sandpack |
at several Eates in order to estimate the absolute
bermeabi]ity usiﬁg Darcy’s. law. In the case of water only
flowing, a mercury manometer was used; for oil only flowing
a Heise pressure gauge was used.

For the case of .a watenzwetmsystem, the residual water
saturation was then established by_displacing-the water with‘
oil. The displacement was{conducted at a high rate, with fhe
coreholder in the vertfcal posifion,dand the oil was
‘introduced at the top.
| It was suggested by Saeedi (1979) that the rate of
ihjecfion,of‘oil, while establ{shing the residual water'v
saturation.'should be higher than the injection rate of the
subsequent waterflood. This procedure was “suggested in order
to ensure that the resfdua] water would not be mdbileﬁ With

‘this fact in mind, injection rates were set so that the
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maximum pressure drop across the sandpack did not exceed 100
psi, .the working pressufe of the PVC%coreholder.
Consequently, this restriction, in general, was sufficient
to satisfy the suggestion of Saeedi (1979).

Subsequently, the permeability to oil at a residual
water condition was measured in the same manner ‘as above. It
wasaobserved that no wéter or sand WAS‘produced'during this

period. "

-

.‘3.5fDisp1acement Proéedure ) 3 l

Afteq the sandpack properties were'measured, the flood”
was conducted in the following manner. The coreholder was
placed in a horizontal position inside a cabinet maintainéd
at 21.S’C. The inlet end was connected‘fo the doped water
bomb aﬁd a pressure gauge. A graduated cylinder was placed
‘at the outlet'to'coiﬁebt,the effluent. |
, After an appropr}ate pumping rété was selected, the
displacémeht was conducted until bréakthrough of water.
Breakthrough was that event\yhen the first drop of water was
produced. The use of the co]oured water afded greatly ih
determining this point in time. At this time, both the pumb
reading and volume of~effluent collected were recorded in
order to verify the absence of leaks in the system,
$especiafly:iﬁ,the tests that were of long durationA(2~3
weeks) . DR |

Vertical waterfloods were performed in the saﬁe manneb

as the horizontal floods. The orientation of the coreholqér
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was with the iniet end down, because the water density was
slightly higher than that of the oil. |

At the end of the test, the coreholder was disassembled
-complete]y, ¢cleaned, and repacked w1th fresh sand before

commenc1ng another test.

3.6 Core Extraction Technigue L )

/
< The removal of the sand from the coreholder was

investigated in order to develop a techn1que which was
- quick, simple and free of mess.
The method normally employed in'this laboratory was to
use a long auger to ‘drill’ out the core. A second method
was to use hot water to fiush out the,sand from the
coreholder. Both techniques.proved to be time coneuming and
_messy. - - .
The fo]]ow1ng procedure was developed After the outlet‘
end cap was removed the coreholder was hung in a vertical ‘
position with the outlef end down. The Ruska pumping system,
set at 560 cc/hr, was used to inject water into the
coreholder . Th1s had the effect of shift1ng the entire
sandpack several centimeters. After the 1n1t1a]‘sh1ft, the
Qaterline was replaced by’a490-psi compreseed airline. The
compressed alr ejected the ent1re sandpack from the N
" coreholder into a bucket:
This technigue of extracting the core was found to be

~ both rapid (5-10 minutes) and relatively free of mess.



4. Presentation and Discussion of Results

There were two types of 1mm1sc1ble displacement tests
carr1ed aut in this study. The first type was conducted in a
water-wet porous medium with a residual water saturat1on
‘All tests of th1s type were horlzontal d1sp1acements

Secondly, the behaviour of an oil-wet porous medium was
examined. This sysfem contained no residual water and tests
were conducted both horizontally and vertically - The
flu1d rock system and the shape of the coreholders was
1dent1cal to that used by Peters (1979) in order to make

direct use of his data base.

4.1 Sandoack P[gperties ‘ - . i
) The techniques for packing each coreholder were

outl1ned in Chapter 3. It was observed that the wet pacKing

method produced sandpacks of an absolute permeability in the

range of 14 to 19 Darcys. However, the absolute permeability.

of the dry, vibrated cores was generally higher apd'quite

unpredictable. Wide variations 1n permeab111ty were seen,

with one sandpack having a permeab111ty of 32 Darcys.

Simi lar observat1ons were made for the permeability to oil

- at residual water saturat1on |

L Bothi the porosxty and residual water saturat1on

appeared to-be 1nsens1t1ve to the pack1ng -procedure used,

The poros1ty of the sandpacks was, on the average, of the

'Lor er of - 36% and the res1dual water saturatlon was
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approximately 11%..

Tab]e 4.1 is a summary of the sandpack propert1es The
order of appearance of the data does not ref]ect the
chronological sequence of the d1sp1acement tests.:

The lTower permeabilities obtained and the predictable

' results of the wet packing method may be attributed to the
, :

absence of static electricity and the stabilizing effect of
water. The inherent sort1ng phenomenon assoc1ated w1th
v1brat1ng is consequently suppressed From these

observat1ons, it may be concluded that the wet- pack1ng\\

_method is super1or to other’ techh1ques

An exper1ment was desngned in order to verifytthe -
complete removal of water from the,sandpack during the
pack1ng procedure The coreholder was prepared dry, then
saturated and dryed with compressed air. It was observed '
that, based on measurements of the weight of the coreholder,
all the water was removed by the drying procedure

Although no prescreening of the sand was attempted it

is suggested that a complete set of tests be‘arranged with’

sand from the same 1ot It was observed that a change in .
lots corresponded to the dramat1c change in permeab111ty

seen in Table 4.1 (Runs 18 34, and 35).

Q

4.2 Wettability of the Porous Media : LT

N

When.clean and uncontaminated Ottawa 5111ca sand 15

preferentialky water wet. However, the wettab111ty.of porous

‘media depends on both the oil composition and rock type.
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4 5 . TABLE: 4.1 .
a o SUMMARY OF SANDPACK PROPERTIES _ -
" WATER- HET svsrsm o : | - ]
" RUN LENGTH DIAMETER POROSITY ABS. PERMN PERM. @SWI SWI o
. (Cm) +CMY (%) . (DARCY)_ (DARCY) - (%) . j
1D 113.1 2.390 '36.36 21,04 17.25 - 10.4 i
20 113.1 - 2.390; 37.74 19.38- - 17.07  10.4 ]
30 113.1  2.390 37.19 19.72 © . 14.61 11.5 T
4w 113.1  2.390 -37.82 ~ 18.34 - 15.30 2.6 - /[
5W 26.9 2.390 . 38.01 - 18.26 16.59 10.8 o
BW - 22.8 4.859 .  34.10 14.23 12.87 - 10.3. :
W 22.6  4:815.  37.28 17.91 " 15.28  10.2 °
,BW - 22,8 4,859 3366 . 16.60  11.67 9.4
9W 53.2 4850 . 32.32 .15.38 14.90 ' 10.7
10W 53,2 4,850 --_ 36.98  18.21 14.93 10.7
1MW . 53.2 " 4,850 ~35.83 .'18.37  14.51.  13.2
-12D  53.2 - 4.850  37.56 . 20.83 15.88  12.4
13D 110.4° 4.864 ~ 33.65.  19.17 ©16.98 - - 10.7 -
14W ,110.4 = 4.864 136.22 ,18.35. 14.48 1.9
v " - .. ’ 'j.
OIL-WET SYSTEM . ,° : , _
- RUN LENGTH . DIAMETER POROSITY ABS. PERM. o .

(CM)-; ey (%) . (DpaRcY) - .
t1sn,‘113.1 2.390 . 37.29 18.83~V.~ R v IR |
16D 113.1  2.390° - 37.98 19.48 . R ; |

17D 113.1. 2.390 37.09 118.90 - (
© . 18W- 26.9 2.380 - - 38.77  10.81 . SR " | \ :
.. 19D . 22.6 - 4.815. 35.50 . 17.15 | o
20D 22.8. 4.859 35.97 - 16:93 e S
©21W° ' 53.2  4.850  35.25 ° 17.70 S o
22W 53.2 4.850 - 35.60 - 17.45 L SR ¢
. .23W 53,3 . 4.8B11_ . 35.80. 18.02 . | R
.'24W  53.3" 4.811- 36.69 ., 18.57 L
' 25W -53/3 4.811 ° 38,58 . . 21.98 S N
7. 26D 110.4 4.864 38.41 - 22.83 - L
. ..27D 110.2 ° 4:828  36.67 - 19.78 . |
~ . 28D-°110.2. 4.828 .  37.13 .  18.88 . . - .
<0 28D 110.2 4:828 - 39.20  31.700 ¥
.. 300 110.2° -4.828° - '36.79 - 18.91- .. .
©'31D°110.4  4.864 - 36.63 . . {9.51 . -
3 C “Continued Next Page =
. ‘ - .- ~ LT C‘ SR o ’
: R V - ’ i
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TABLE 4.1 CUNTINUED '
" SUMMARY OF SANDPACK PROPERTIES

OIL&WET S\STEM-~VERTICAL FLDODS ‘

RUN LENGTH - DIAMETER POROSITY ABS PERM.
~ (om) (M) (%) (DARCY) "

859 36.97  18.56

8 4.
33w 22.6°° 4.815 ° 37.20 17.84
34w  22.6- -4.815  38.12 .  10.75

8 4.859°  35.74  10.76 .

35w .22,
"'b Dry Packed
W Wet Packed

o
L .
-~
. ) e
3 %A
- o - I :
! . s R \ e « .
i ° Al oy
. o -
»E“. : "‘
. K
. .
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The effect of Dow Corning 200 fluid on the wettability
" of Ottawa silica sand was investigated. by Baird (1978). For
a uater-wetlsystem: his data suggested-that Dow Corning
fluid tends to shift the wettability of the Ottawa silica
sand toward oil?wet Thus, the Dow Corning fluid tends
preferent1ally to wet the sand.

Based on Baird’s (1978) findxngs,.the porous med1a in
this study were con51dered to be wet by the fluid of f1rst
contact. This is prov1ded that the oil was not permitted to
remain in contaet with the sand for a long period of time.

Consequently; for a disblacement test Where4water was the

first fluid to contact the sand the*system was considered""j

to be weter-wet Furthermore, the’ porous med1a were °
consfdered to be oil-wet when Dow Corn1ng 200 wesjthe
, 1n1t1al saturat1ng fluid. It was beyond the scope of this

'.study to establish a res1dd§l water saturat1on in the latter

4

' 4 3 Displaceme ement Results

Imm1sclble d1splacement tests were carr1ed out for both

"wettaquIty types over a w1de range of rates vary1ng from

0.5 ‘cc/hr to 480 cc/hr The coreholders were of three

”glengths and two diameters Due to the small pore volumes
associated with‘the 2.4 cm coreholders, the flow rates were
t restricted to a max1mum of 140 cc/hr for the longer core and
to 40 cc/hr for the shorter length sandpacks‘

e L i

e e st £

JRNGEPE
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R
Table 4.2 is a summary of the results of the—>\
displacement tests carried out in this study. Included in

the table are the results of the calculations of the various

-similarity groups pertinent to this study.

4.4 Scaling in Porous Media--Theoretical Results

in a scaled model study,‘it is not necessary to demand
that the geometric factor be'identical in both model and
prototype provided that the displacement is stable |
However the model and prototype should have the same shape
because the derivation of "'the scaling groups was based on a
particular coordinate system. } |
~ The meaning of the terms geometric factor“ and

geometric similarity should not be confused Geometric

factor refers to the ratio of the overall dimensions (L/D).;T

of the porous medium whereas geometric similarity refers to

the scaling of the characteristic lengths of the porous

medium. - ' B S /3?

The multi dimenSIOnal modified inspectional analysis

results .in the emergence of two capillary numbers in the set

of 51milarity groups. This impqrtant result does‘not arise

» 1f the displacement problem is assumed to be linear ;The

linear capillary number dictates the stabilization df the
front in the direction of bulk flow The radial capillary
number. which 1s 1mportant only if an appreciable saturation

,.gradient exists in the radial direction--sucb as in the case

. of viscous fingering--controls the spreading or growth of
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the ‘' front’ in the radial direction.

Although not presented, the similarity groups which
arise érbm a three-dimensional analysis in a Cartesian
coordinate system include fhree capillary numbers. These may
be interpreted in the same way ;5 the linear and radial

capillary numbers.

4.5 Scaling in Porous Media--Experimental Results
The breakthrough recovery was correlated with both the

conventional .similarity groups which arise from an
.inspectional anaiysis using the Leverett J-function
(Appendix A.2.2), and those der1ved in this study ( Appendi x
A.2.3). For'each wettabﬂ'lty type considered, it was’ assumed‘
that the mobility ratio, relative permeab111ty curves, and
capillary préssure curves remaihed éonétant.‘Furthermore, it
was assumed that gravity effects were negligib1e.'The
similarity groups- of ihterest.yere:: |

1) Y(K¢)1/V2/Vqu Linear Leverett number Lt, |

and its counterpart,

ogﬂjvqu - Linear capillary number:ch ;

2) y(ch)]/z/Vu_wD Radial Levere_t‘t Number Lt.

~and its counterpart,

ag"/vqu‘ Radial capiflary number N_. ;

3) L/D ~ Geometric factor.
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~

- 4.5.1 Water-wet System

In this type of system, the breakthrough recovery, when
“correlated with the inverse llnear Leverett number,
exhibited the behaVlOUP shown in Figure 4.1. It was
observed as predicted by theory, that the breakthrough
recovery is insensit1ve to variations ln the similarity
| group, provided that the dJsplacement is stable and
stabillzed This reg1on is represented by the horizontal
line (and the dashed portlon is an extension accord1ng to(//’\\
theory) at a recovery of 41% 101IP, Furthermore, regardless
of the sandpack d1mens1ons, all data correlated well. Thus
the recovery is insensitive to the geometrlc factor in thls
region. - - g ' ) -
However, a deviation from this plateau is very apparent
at higher values of the rnverse linear Leverett number . This
may .be attr1buted to the viscous forces beg1nn1ng to
" dominate the recovery process The Points A, B, ¢ and D
correspond to the onset of lnstablllty at the floodfront for
the various geometrlc Factors considered in this study

“These points correspond to a stablllty number of 13.56 and

were determ1ned exper1mentally P v ' vﬁr;-\
" For unstable;displacements, a family of curves results

As shown in Figure 4.1, each member of the f ily

vcorresponds to a particular L/p ratlo Thus, t appears that

‘ the geometric factor cannot be omitted as a s 1ng group

when viscous fingerlng is present Consequently in this
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intermediate Zone, where the‘viscous forces begin to

- dominate, the}]inear flow assumption is no longer valid.

Hence, scaling groups based on.the assumptjon of a stable

displacement may not be valid if instabilities are present

although they may still be useful ‘if correct]y 1nterpreted
. Based on the resu]ts of Baird (1978), a second region

(which may be considered as. a pseudo-stable displacement

region) of constant recovery is postulated. This region is

represented by the lower dashed curve in Figure 4.1, ﬁqinﬁs

E, F, G and H ccrrespond to where the viscous forces ot
completely dominate the recovey process, that is; for a .
stability ndmber of 800. These points were calculated using
estimated average sandpacKk and fluid propert1es A typical
calculation 1s presented in Append1x C. It may be speculated
that beyond these po1nts, the recovery is again 1nsensit1ve
to the magni tude of the parameters in the linear Leverett
‘number . Thts speculat1on is based on the results of the
oil-wet tests, whlch are presented in a later section. It ’
_should be noted that there is Tittle experlmental basis for
the level at which the lower dashed: portion of the recovery
curve has been plotted. As w1]l be seen in a 1ater sectlon,
the level ~of the recovery is part1ally Just1f1ed by ‘the
extrapolat1on of the recovery curve to a stab111ty number of
900. o | |
| The pseudo-stable region coqu not be obtained
.experimentaily‘due to the high displacement rates required.‘
approximately.3200 cc/hr, and the small pore@volumes of the

N
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coreholders. The largest sandpack, with an estimated
recovery of 17% IOIP, would break through in less than
1 minute at this‘rate. Consequently. data from this type of
test were considered invalid.

The correlation of the breakthrough recovery with the
radial Leverett number (shown in Figure 4.2) is acceptable,

provided the sandpack diameters are approx1mately equal.

'_ Although it appears that the data correlate well, regardless

of geometric factor, it should be noticed that P01nts A (for
the 4.8 cm ‘diameter sandpack) and B (2.4 cm diamejer

sandpack) both correspond to the onset of frontal

'perturbations. This 'good correlation’ can be explained by

the relatively small difference in magnitude of thevsandpack'
diameters and by the wide scatter of the data in the
perturbed region. ‘ o ‘
Peters (1979) suggested that the radial Leverett number
is the better scaling'parameter in systems which contain a
residual water saturation. This conclusion; however, was

based on sandpacks of similar diameter. Despite the
| p

difficulty of the interpretation‘for the two reasons

mentioned above, the data do not correlate well for

different diameters

From the'above(discussion; it'can be conclUdea that

' neither the linear Leverett ‘number nor the radial Leverett

number is a good correlating group beyond the p01nt where

viscous forces begin to dominate the process Thus, a mode

~may be compared to a prototype provided the displacement 1s
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stable. Moreover, scaling the geometric factor is not'
important for such displaceﬁents.

Figures 4.3 and 4.4 are similar to the previous two
figures, except that the correlation of the breakthrough,
recovery is mape with the l1near capillary and rad1al
caplllary numbers, respect1ve1y It was assumed that the
- permeability to water at resrdua] oil saturat1on was equal
to the absolute permeability. The effect of this assumption
is to shift the curve horizontally to theuleft A test was
undertaken in which the sandpack was f]ooded out to a
water oil ratio of 49 The permeab111ty to water at residua]
oil saturat1on was est1mated to be 6 Darcys This resultfis
in agreement with the exper1ments of Saeed1 (1979). Lt is
poss1ble to assume that the permeab1l1ty to water at
‘residual oil saturat1on is some f1xed fract1on of the
absolute permeab1]1ty However, th1s enta1ls the 1mpl1c1t
assumption. that the ratio is fixed throughout the set of

tests. No exper1mental evtdence is available to support this

9
¢

assUmption For the sake of conSistehcv, the'absolute |
permeab1l1ty was used in all calcu]ations _

‘Both Figures 4 3 and 4.4 were constructed assum1ng the -
Lcapll]ary pressure normal121ng parameter to be of the order'

of 2. 027x104 dynes/cmz (Saeed1. 1979) The va11d1ty of this

,assumptlon was verified by equat1ng the Leverett number and

'dap1llary number , that is: __— - . .
| 6/K‘E=‘3K a DR



65
}

JH; YIGHAN ANHTTIdH) maquJ ummw>zg,%;

O 00 W0l 00 .00 . e0f

HINOWHINY3HE

S c _ < c _ . 8 2 _ , S, - 4 _ S . g 7
. + " + + — - + S — + + +0
| ! _ _ _ r T
I.DN
© o
_ e Lo T
o0 |

1
o
in

8 8
A43ADI3Y

| NILSAS L3M-u3teM . .t
- 5201 OT1HY ALISDISIA . | o
o !

(6L61)" SYI13d WOHY HIHIGO oL
oe o m% |
3 A | ey
Q® O £2 (W) HLONIT - [08x
8'h h'g e e | R =
(WD) y3ilawgle T =
, , : L oo~

mmmz:z »mcq.meu mcqu._ mmmm>zH sm:: ,._
L4 Dm:ml_m_m_mou »mm>oumm CEYH 914

-



66

<

e HAGWNN ES._ZS..Eaa/ 4. 3SUIM

-»

8T ?oﬁm.%. . aoﬁ cy ?oﬁ

+ i
= <;~

At h e ™ L B ) . o
. * e e e i

:  ,zmhm»m”buz thcz;..mnmwmmmwm

§'201 . OILBY-L11SDISIA   m;«u_;;
(BLE1) SYILIJ WOUF HLHORO - g

L om~ S S
€2 ) MioNZ1, %




S NN

- conclus1on could not be drawn by past researchers for the |

| following reasonsa'

. 67

' or - . ' ’ H . . 7: A

Lo = VAR N 49
: o

. Using average properties. this estimation showed that the o -

e capillary preséure normali21ng parameter is of the order of

-

3 5x10‘ dynes/cmz-” _
i Thus, the éorrelation with the capillary number shows ;

that all‘the displacgment tests carried out in this study
" were unstabilized as defined in Chapter 1 that is the o

y i
_ inverse linear capillary number was much less than 100 This .

1) Ne estimate of the - magnitude of the Leverett k
e number de]imiting a stabilized displacement was‘:-h
liz-gfig:bg>available e ’ '_ ' _ )
;“» 2{: The plateau observed in the Leverett correlation
‘f;'l;; may be mistaken.fOr a stabilized displacement ‘Ylu””':h
ﬁ‘ wherein the results may be masked by - :
. ?’end effects (Kyte and Rapoport 1958) he
| observed plateau is due to an—excessive build up

B of water at the outlet end'*Consequehtly. the




o o
o ) . . 4
= N

_ magnitude of the parameters in; the Leverett
. number. Thus, the recovery is only a weak
hfunction of the Leverett number, prov1ded the
i mobility ratio is high ' |
"Figures a. 1 (a correlation of the recovery with the inverse ::
Leverett number) and 4.3 "(a correlation of the- recbvery mthG
the inverse capillary numbeﬁ) are v1rtually identical .As.a Zu
dconsequence, at leastvfor this experimental system,:the ‘ i |
;Leverett number and capillary number have the same phy51cal -."ﬁﬁ
‘significance This suggests that the magnitude of the linear
. tLeverett ‘number should be of the order of 0 01 qf the_'f \
displacement is to be stabilized In light of pdint 3 above,. :
stabilization may be’ defined as that paint where the o
recbvery response curve 1s within 5% of the steady state A
trecovery as predicted by Buckley Leverett theory waever,.j:”w
;1t may not be convenient to use this definition due to

‘_v,difficulties in determining the Buckley Leverett recovery,,'

The breakthrough recovery, for the oil~wet system. was
"correlated against the same scaling groups as for the : ‘
'1’fwater-wet system Figure 4. 5 shows the recovery correlatedféu'u

-éwith the :nverse linear Leverett number The dashed curves

*{;in this figure indicate the expected’ response for Ihis crnt
> the only
| '{l_'-:{expefimntal basis for the"level of the recovery” e

di:bfrc"'th"‘*t"Polation of the recoveryféurve to“' :"';j

'ff_ftype of system. Again, as for the water-wet case.
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numbertof‘13 56. Points A, B, and C define the onset of
frontal perturbations while Points E, F, and G indicate the )
complete dominance of the viscous forces The expected"

response may be justified by the same argument presented forq

the_ water-wet system

a

. In an attempt to explain the dev1ation from the
‘, ;‘ expected' response. the sandpacks were extracted from the
coreholders and a post mortem was performed It was observed
.,‘that the waterflood suffered from gravity underride : the
# inJected water at low flcw rates. It should be noticed that
the effects of grav1ty are more pronounced 1n the longer -
sandpacks Furthermore the experimental results are masked
vby the compounded effects of frontal perturbations and a
-stabilized displacement These compounded effects |

confuse the interpretation of the data. Ady 1nterpretation _
A A

RS . L~

. must be carefully undertaken ’ | _ |
et In view of . the fact that a water tongue'was observed
rthe wategflood at low displacement Rates was considered to
*1behave according to the theory of Dietz (1953) ‘Based on o
»this theory, Hawthdrne (1960) derived the following equation_t-f.
,f[:to calculate the slope of ‘the fluidrfluid interface, viz:

s o

o ";}:“;-*_iﬂf f. 7f“1 VCDSn (u“/Kwr /«or) “ 4'-fl*;eyé*;, :ﬂ}i:t;f:f
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permeabilities are equal to the absolute permeability,

b

Equation 4 3 may be written as:

-

e Vap S
tan w . Kbog - E 4.4
where
) Au‘ -;u' _,_;Po 5 . .' ) _ - ‘;';,4‘5 o

- Equation 4.4 may bevrewritten'as:

ORI .
tan w = —1— ‘,"E' 4.6

USing Equation 4 6 and the data from Run 16. the angle of .

Ad

the - 1nterface was estimated as 60 The post-mortem of this

'-sandpack enabled the angle to be estimated as approximately ijf

l

557, in fair agreement Wlth the: calculated ‘angle.
| ‘The results of the water—wet tests showed that no’

‘-correlation of all the data was pos:i},pain the intermediate .
,zone !where”the viscous forces begirto dominate the ‘fﬁu”u-v S
' fdiSplacement process) It is also expected that this should Lo

}

?be true in’ the oil— t system However due to the effects 1]h}v?f"

ftajicfunravity. the”data in this "ntermediate Zone tendtto fall e
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The existence of a second stabilized zone is clearly
_‘observed in Figure 4 5 In this region, all data correlated
well, suggesting that fhe geometric factor does not affect
the. recovery. -

‘ Figure 4.6 is similar to Figure 4.2 and the same
comments - apply Again, the effects of graVity are large for.f
' slow velocities and- IOng cores The -dashed portion of the .,
curve indicates the ’ expected’ recovery. if these effects
are negligible o |

Using the estimate of the capillary pressure
,'normalizing parameter, Figures 4, 7 and 4.8 were constructed
"It should be noted that ~the capillary pressure normaliZing
'parameter may be very different in an ‘oil-wet system, as -

' ;compared to a water-wet one Typically, the capillary
pressure normalizing parameter is one to two orders of
magnitude smaller in an Oil-wet “system. | ‘ ' , ,

, The breakthrough recovery, when plotted against the
inverse gravity number (Figure 4 9) is- remarkably similar in,'§
.‘character to the radial scaling groups It can be seen that
"for small values of the inverse gravity number, the recovery
'is dramatically reduced No interpretation is possible frcm_ f, .
'vthe data at higher values of the inverse gravity number due f;'h
| to the effects of instabilities. chever, it may be stated

'-that the effecta of gravity become negligible at high

g

'displacement rates.xé,f;'; f-_ﬂ‘qfi"j”f;<.;"?uf§>\',g :f*,va'* s

N . H . L . “ T P .t " N
c - . N . PRI . g N B g . A . . . . B ' ' -
R g ! PR : : . PR C. s g A Vo . - o * . «
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4, 5 3 Oil-wet System--Vertical Dis laceme

~a

In an attempt to obtain the 'expected’ recover

in Figure 4.5, several vertical displacements were
conducted. In a vertical :flood, the effects of grav1ty
underride are negated and consequently, the displacement
should proceed as a plane horizontal front p ”
It was observed that all the vertical tests result
recoveries well below the ' expected’-recovery In order to
4ga1n insight into the apparent failure of the tests, an ' .
examination was conducted_on the sandpacks, The following
observations were made. |
Run 32 ’ |
" This-test was conducted in the short (4 8 cm diameter 23 cm

length) coreholder. It was seen that the areal sweep

o
_ efficiency was high up to the last 7 cm of the sandpack hh: liilf‘.
.Between this p01nt/and.the outlet the areal sweep v;ﬁ,
efficiency decreased rapidly The sandpack was sliced in -
.1 cm sections. This revealed an almost c1rcular water :
vchannet'centred in the sandpack the diameter of the circle”
;'decreasing toward the out let. This peculiar behaviour. near ; |
- the outlet was attributed to the design of the end- cap It | ' |
. g'was thought that the end- cap s effect was similar to that of :i_ 5
a point sink thus distorting the flow channel ’;ﬁf_ y'ﬂv7 _»”t\~f~

e
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_test except for a mod1ficat1on to the design of end-cap -
in an attempt to remove’ . the sink effect Npe result was to"
increase the recovery by approx1mately 10%. However. th1s
'test again fell short of the '’ expected’ 85% recovery The ‘
-post mor tem showed that the hor1zontal 1nterface became
dlstorted w1th1n 4 cm of the outlet. The effect of the |
end-cap was aga1n 1nfluenc1ng the flow path and a sect1on1ng
of the sandpack revealed an ell1pt1cally shaped flpw channel‘

open to water Thus, the mod1f1cat1on was only part1ally

successful
L Run-34

- This thlrd test was conducted with a lower permeab1llty, all
other parameters be1ng the same. As in the prev10us tests, '
_th1s d1splacement was cohducted at a veloc1ty below the |
. cr1t1cal 1n order to avo1d v1$cous f1nger1ng The
_-post-mortem of this sandpack sgcwed that the flow path
followed by the water was cyl1n8r1cal in nature that is,
pthe flow t;gded to follow the perlmeter of the coreholder

The- results of these three tests suggest that the ap ;
behaviour:of the waterflood is extremely sensit1ve _ o
' 1) to any heterogeneities ?n the porous medium dand
’\?) to tbe boundary condltlons* of the system
. {end- caps, walls bf ‘the coreholder) .
.‘if the superflcial velOclty is small. :

B L

e



Run 35 . . ‘ - . | . - | ~o

Th1s test was conducted in the reg1me\of unstable ‘

‘d1splacements. In add1tton to the effects mentloned above,
it was observed that the~flow pathS'were trregular."

O

, . . v r Y
) R . o

e 4 6. Stab1l1ty of D1splacement Tests . ]

/ ' Ddsplacement tests, for both types of wettab111ty, were.
”conducted us1ng sandpacks of var ious d1mensxons It was seenM//
;1n these serles of tests that a d1splacement may fall into

one of .the following reg1mes

o 1) stable dlsplacement ho. viscous f1ngers ex1sts [ .

"and there is J balance between viscous and ;"”T o~
: capillary forces. i o i ;o

-2) ‘unstable d1splacement (tranSItlon zone) viscous:‘

' .forces begln to dom1nate the dlsplacement and

-

) the displacement ts character1zed by a sharp <‘Z° »

S — decrease in recovery,~ | o ' e
. L% ’ s

os
3) unstable d1splacement (pseudo stable) e=

d1splacement 1s comp‘gtely dom1nated'by v1scous

forces and the recqvery is 1nsensit1ve “to fj

v

1nstabilit4es 'f -t g va : f}};-lt‘ | tdhgp :F Peat

4 6. 1 WQggr-wet stt _'tf“"; j l ;l;:.u.- ji‘li?f;ff“ S

B

Figune 4 10 is a graphlcal summary of: the stability of
. (\ R P
T‘the water wet displacement tests performed on sandpacks

-havwng several geomgtric factors.‘lt should be remembered

ki

*ki;f thafﬂthe stability number does not attempt to scale thef _ffJ
, %, o L tﬁ’=f~ﬂh~1. :7J:f.i‘s‘;””,5f;ia‘;;i7 3;Qf{gf*; }f%?j'fﬁsj. 'nTtif;fxr;l:l;j;Lff?}r'lfﬁf§f~- i “'f
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]

' displacement performance. Rather, it delimits the’stability
of fhe displacement process.

\ ~An objective of the stud; was to define better the
onset of instability. To this»end, displacement tests were:
carried out in the vicinity of a stability number of 13.56.
As predicted by theory, the égta from this study supports
the findings of Peters (1979). It was observed -that - the
recovery for this particular flufd-réck system was )
appﬁggimately 41% 101P, provided that the displacement»wan
-stab]e; Beyond the onset of’fnstability at the floodfront, a
sharp decrease was observed, corresponding to the appearence
of viscous fingers.
| Due to the experimgnta] limitations (high displacémenf
rates required‘and smali pore volumes of the éandpacks), it
was not feasible to conduct tests beyond a Stability number
of 400. Thué, it was not possibles to define the second

,’breakpoint in the recovery curve. ln.ordeq to define the

, pseudo-stable region, a more viscous oil is required because

an increase in the mobility'ratio has thg effect of shifting

the. curve down and to the right.

~ The data base of Peters (1979) was extendedxby
approximéte]y one obder of magnitﬁde, to small values ofithef
stability ;hmber. The displacement tests showed that the
recovery ié independent of a stability number, provided it

is less than its critical value, 13.56. This portion of the

curve COrreéponds to the nearly stabilized displacements

discussed in Section 4.5.1.
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data base of Peters (13979) and obtain data in all three

\ 82

4.6.2 0il-wet System

Figure 4.11 shows the scaled onset of instability for

the oil-wet system studied. It was possible to extend the

regions, as defined in the introductory comments of this
section. The dashed portion of the curve indicates the

‘expected’ recovery as discussed in an earlier sectﬂon The

n

" vertical d1sp1acement results are also indicated.

According to the observations made in the water-wet
system, all data should plof'as one curve' However, the -
family of curves, indicated in F1gure 4 11 are a consequence
of the effects of gravity underride. It should be noted that
the gravity effects are stronger in the.longer length
sandpacks. The e%fects bf gravity arevlargest in the stable

d1sp1acement region and 1essen with increasing stab111ty

number (Note: increasing the stab111ty number corresponds to

increasing the superfibia] velocity).

At a 'stability number of 800, all data converge. It was

mentioned in Chapteb 2 that, as yet, there is no theory

‘availablé to predict the onset. of th1s pseudo stable

displacement region.
Beyond a stabilify&gymber of 900,~the recovery is
independent‘df the stability number. Peters (1979) suggested

that, in this region, the recovery should decline ' ¢
, o .

| moderately However the additional daﬁa\frdm this study

T

1nd1cates that the recovery is independent of the stab111ty

number in this reg1on
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5. Summary and Conclﬁsions

The conclusions reached from this study may.apply only
to the particular geometry and'fiuid-rock s§stem uééd here.
A broad application of the results shéuld be avoided Uqﬁil a
more thorough investigation is under taken.

A mu]ti-diménsional'modified‘inspectional analysis was
under taken in order tordeterminé a éet of similarity groups
pertinent to the immiscfb}e fluid displacement prob]em. The
theoretical analysis led to the following conclusions.é
1. The set of similarity groups which arise from a |

‘multi-dimensional modified inspectional analysis is:
. | :

-
oKar - Ko Kwr“g .- L
Yt 7 Wy, Koty ~ D

KYW(S*)’ KY‘O(S*)" “C(S*)

for a cylindrical coordinate system. Simi]arly,'in a
Cartesian coordinate system, the following similarity

groups, arise:

o
Ky Kur2ed b_(_ ’ _l;y_
Vqu ? -.Vuw ? L L

EEE.EQ K (S*) K (S*) T (S*)
_Kor My ™ ro c

k)

)

2. The analysis sUggests that itamay»not be necessary to

demand that the geometric factor be identical in both

84




e
the model and the prototype, provided that the .

 displacement is stable.

As a. prelude to the exper1menta1 ver1f1cat1on of the
theoret1cal f1nd1ngs above the core paoklng procedure was -
1nvestwggied It'was conc luded thet the wet'pecking
}'technxdhe is effectlve 1n preparing sandpacks of pred1ctable
ﬁand consistent p/épegt1es It should also be ment1oned that,
as gained through experience, a complete series of tests

should be arranged with sand fromua part1cular lot sh1pment.'

The experﬁmental‘part of this study, with respect to
the scaling of the disp]aCeme;t problem, led to‘the_
~conclusions below. |
1. Neither the linear nor the radial sceling‘groUps‘are

good correlating parameters beyond the point where

viscous forces begin to dominate the displacement
process. This cohciosion is valid for both wettability

types studied. Thus, a model may be oompared to a

prototype 'provided the displacement is stable.

Moreover , scaling the geometr1c factor is not 1mportant

fqg:such displacements. _ |
'217.Scal1ng groups, based on the assumption of a stable

displacement, may not be valid if ins§ebilities are
present. However,. they do prijde useful information, if
correctly interpreted.

3. Scaling the geometric faétor is not important when a



stabilized. Furthermore, stabilization’ of the

86

displacement is completely dominated by viscous Forch
(pseudo-stable displacement)
The magnitude of the linear Leverett number should be of

the order of 0.01; if the dlsplacement is to be o

floodfront may be defined as that point where the

recovery is within 5% of the steady-state “recovery as
predicted by Bucklenyeverett theory.\

,The‘interpretation offexperimental data, obtained for'

. the oil-wet system at~low'displacement‘rqtes, is

compllcated by the effects of grav1ty underr1de by
frontal lnstabxl1ty, and by a non- stab1l1zed
dlsplacement _

The vertxcal dlsplacements conducted at low superf1c1al

veloc1t1es, revealed that the behaviour of the. ,,/‘

waterflood is extremelylsens1t1ve~to any-heterogeneﬁties

in the porous'medium and to the ’boundary‘conditio s’ of

® the system. *

The stability of the displacements was also-

L

investigated. The following conclusions were. drawn.zl

1.

\

Water-wet, residual water saturat1on system.

a. The onset of 1nstab111ty, as predlcted by
flrstﬁorder perturbat1ons theory, at Ns = 13, 56
(Peters, 1979) was verified. Furthermore the onset
was /Lde;gndent of the geometric factor. ‘

b. Due to experimental limitations, it was not possible

o



obtajlin data in_thevpseqdo-stable region, where
th _Pecovery is insensitive tojviscous fingering.
c. Dispiac;ment tests conducted at very small valueé of
.the stability number confirhed that thé‘reqovery.was
independenf of this group. |
'Oil-wet, no.fesidual water saturation system
a. The recovefy at the onset of ins{%Qi?ity was seen to
be diffébent for‘thé yéFious’éandpack lengths
_ considered; This was.attributed to the effec?% of
.graygty undebride. _ : -
'b. The onset of appS¢udo-§table:region was determined
‘expe;imentalfy to occur at ;‘stability number of
~900. |
c. The recovery is independenf of thé stability number

* and geometric factor in the pseudo-stable region.

<



Recommendat ions

The following recommendations to the experimental

design of the -equipment are suggested.

1.

~suggested.
1.

o

" The determination of water arrival, in§tead ef water

_ breakthﬁeegh, should be attempted: This. could be made

possible by the use of a transparent end-cap, by the use
of radioactive tracers, or by the use of michowaves
A hydrau11c ram should be constructed in brder that the

sandpacks may be extracted from the long coreholders.

. This would allow the capturing of v152?us‘f1ngers on

photographic £ilm.

‘The displacing and displaced fluids should be of}’equal’

densities in order to eliminate gravity underride.

The following recommendations for further study are
N .

*

Djsp]acement tests éhould‘be'conducted in rectangular . .
sandpacks 1n order to verify that scaling the geometric
factors (L /L , Ly/L) is not necessary for.stable<and
pseudo-stable displacements. , | |

A set of’scaling groups should be derived by the method -
of modified inspectional analysis for a radial

coordinate system. Verificationvof thie set of scaiing
groups, with a reservoir, should be uhdertaken,‘

The stability of an oil-wet system, cohtaining a

residual water saturat1on, should be 1nvest1gated

There is a need to mod1fy the stab111ty theory in order

Y

o
— 4
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to be able to predict the onset of the pseudo-sfable
region. It-is suggestedifﬁat the inveStigatidﬁ parallel
the work bf’Bejlman and Pennington (1954).

A series of tests should be conducted in the
pseudo-stable displacement regién for a water-wet
system. This could be accomplished‘;ither by increasfng
the mobilitylratio, or by decreasing the intgrfagial
tension, one-order of magnifUde. These tests should

‘include several geometric factors.

“
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A.1 Derivation of E

Appendix A--Derivations

qguation 2.16

Restating Equa

tions 2.1 to 2.4 and 2.6:

<?Q - gWijW)' (grad P, - pwig)
VO =,vf.K0iz ) (grad - p;;%)
div vy = - ¢ ;%ﬂ
div Vo T - 9 ;;9;
Pc(Sw? = Py Pw

Subtracting Equation A.1.6 from A.1.7 results in:

v, v
W 0

A.1.2 may be rearranged to:

grad Pw -0y, E

-5

grad P, =0, 9

Ku U7y~ K7,

Defihing

= grad Py - ‘grad Py +'p0§ - pw§

1.

L1
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ApEpw-_pO: A.1.9
and recalling that
grad Pc(Sw) = grad PO - grad Pw A.1.10
Equation A.1.8 becomes:
> >
Yy . dP (S ) 9 A1.11
- KTy - 9rad | - A9 1.
Koy K50 g C W
Because the fluids are incompressible and immiscible then:
Vo= oV vV - A.1.12
Using this relation, Equaiioh A.1.10 may be written as:
v orowi acored B
W Kw( W/ My o-"w’ ¥Ho
. i ° N —\7 .
= grad PC(SW)-Apg*‘m 4A.1.13
Defining
K8, /m,

FW(SW)

Ky (S, 17w, + K (S ) ug

K (S.) -]
5(1+E°(-5€y %) A1.14
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then

' K (S ) :
> 0\ w _ 0\ w
Vi = Fw(Sw) m grad PC(SW) Fw(Sw) i

Apg A.1.15

Substituting the above into Equation A.1.3 results in:

. K (s,) o . LRSS,
div [ F (S,) e grad P (S, )} - div | F (S) - 4pg .
N > f’~§SW |
+ div <FW(SW)V> + ¢7§F— =0 | A.1.16
From vectorlcaléulus:
>\ _ . > R .3 ’
div (Fw(Sw)v> = F,(S,) divVv+grad F (S) - Vv A.1.17

Addition of Equations A.1.3 and A.1.4 and noting that:

S -&SO = ]» A.1.18
shows that _
£y
\.—A
divv = 0 A.1.19
Hence Equation A.1.16 results in:
K(s) N\ K (S.)
: 0" w . : o' w >
div (Fw(Sw) T grad Pc(sw)> - div (FW(SW) T{xpg

. ‘ 55, | )
+V - grad Fw(Sw) téos = 0 A.1.20
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Appliying the chain rule to the partial derivatives yields:

dP (S, )
¢\ w _
grad PC(SW) = =5 grad Sw {;
s W N

ahd
dF (S, )

' W' w
grad Fw(Sw) "7E§;—' gradlSw

1]

Then, Equation A.1.20 may be written as:

KO(SW) dP_(S,)

A.1.21

| o K (S ) -
. ¢ w g . 0\ w >
div (FW(SW) i dSw grad §w) - div (FW(SW) ——-———uo Apg)

Finally, the introduction of relative and base

bermeabi]ities yields the desired result:

Kob . . dpc(sw)
e div | F (S, )K (S,) &S grad S
Ko div (F (S )K_ (S ) 208
- ﬁ;—' WA TWOW/ Rty 2ed
df (S, ) 3S
> W' w W
+ vy TST gradSw+\¢\-3—t-— = 0

A.1.24
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A.2 Der1vat1ons of Scaling Groups

The following section presents the deta11s of the

der1vat1on of the scaling groups by the methods mentioned in

Chapter 2. - : N

[

i

A.2.1 Dimensional Analysis

Loomis and Crowei] (1964) and‘Greenkpﬁn.(1964)
presented a dimensional-analysis approach to determine the
scaling groups for immiscible f}ow,‘ahdﬂmiscibléquOW with
heat transfer, respectively. The former, however, omitted
time in the analysis.

Presented below is a derivation of the scaling_groubs
for the immiscible fluid displqcement problem. The
derivation follows closely the report of Loomis and Crowe]l’
(1964), except for a Fow small modifications tailored to the
definitions of capillary pressure and relative permeability
adopted in this study.

The variables which con displacement process

are:

- 1) Geometric:

ke

a) length of the system
b} thickness of the system or diameter
c) angle of dip
2) Sand properties:
a) permeability to oil at residual water

saturation
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b) permeability to water at residual éil
saturati&n
c) pqrcsfty
3) Fluﬁd}Properties:
a) water viécosity | - | .
b) o0il viscosity
c) water ‘density
d) oil density

e) capillary pressure'normélizing parameter

4) Others:
.a) - time _
b) gravity

c) superficial velocity
Upon neg1ecting inertia](forces,'the variables

Dw y P

4

, + and g occur only in the combination &pg, where:

A.2.1

r

'-The functional relationship of these variables may be

\
written in the following implicit .form:

» Apgy, o, Vo, t) =0 . - A2.2

®

f (L’ h: a, KOY" Nra b, Uw’ 110
Applying the principle of dimensional homogeneity results
in:

]

mop0t0 1% p2 o0 k33 34 40 35 36 (45g)37 %6 Y2 210 0 3
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where a,, a,, as, .» @,, are arbitrary constants.

Introducing the dimensions of the variables into the above

V equation yiejds:

-1 -1.9s -1 -1.%s.
 m0g0t0 d 31,3 ,233 23y (m 2 ey e ¢
o _n. 37 21 .o .38 1.3 R
(me 2 £2) (el t78) 7 (a7 R0 A.2.4
d 'm(as*'ae*'37+“ae)' G lar+ ay+ 2ag+ 2a,- as- ag - 2a7 - ag +ag)

t'(- 35-35'237'§9+310)r A.2.5

Equating co-efficients of m, ¢, and t results in:
dsg + dg + ay + ag =0 ' a i A.2.6
a; + a, + 233 + 231_, - '35 - g - 2&7 - ag t aq = 0 A.2.7

—as—ae -2a7 —’a9+a10 = 0 ‘ . A-2.8.

It must be established that the above set of equations is

independent in order to detérmine the minimum number of

"pi-terms. In matrix form, Equations“A.2.6 fo,A.2.8 may be

written as:

o
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0000 1 1 1 100 a1 -
1122 -1 -1 -2 11 0})|2] -0 A.2.9
0000 -1 -1 22 -2-11 : :

A theorem from matrix algebra (Langhaar, 1951) statef‘tﬁat
the number of independent équatidns wil)'be equal to the
order of the highest order determinant of the matﬁix"whjch
is different from zero. The value of the determinant may be
- positive or negative.

The‘highest order of the‘determinant for the above
co-efficient matrix is 3. It may be shéwn that it is
possible to write the 3-d determinant which has a non-zero
value. Thus, from Buckingham's (1915) pi-theorem, the
minimum number of pi-terms is (the number of variables, 12;
less the number of iﬁdependent equations, 3) 9. - -

- A possible solution to the above.system of equations,
expréssing three of the co-efficients in terms of the

others, is:

W

a; = = 2a, - 2a3 - 2a, + a; - ag A.2.10.

ag = = as-— a; - ag A.2.11
4

a0 = ay t ag t+ ag . A.2.12

Substituting into Equation A.2.3 results in:



0,040 d i (-az2-2a3-2aytaz-ag) L3 g a3 pay g
m-lt_L h aKor'ﬂm“b

-dg~dy-a a a dag -
“\a(: 6-97 8) uos (Apg)70'8

v2e ((aztagtag):

which upon rearranging yields:

BRI -2 ‘ -2 -1 a

m0a0t0 4 (LTTh)T2 (LK) (LTI ()8
L g Teegt) (let)R (LTVE)% o 0

y v

_h i
TTI "'"['
2 L?-
) o R
3 L2
Mo
my, = Il—w_
_ LaApat
w
_ ot
1r5 = .1-1_
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A.2.13 -

A.2.r_g14

From Equatibn A.2.14 adise the fo1]owing'pi-term§{,

\‘\4 /

4

o
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o= T - . A.2.21
q :

Tg = a ' . A.2.22

o= % o . A.2.23

The foregoing pi-terms may be brought to the form below
because it is permissible to multiply, divide or invert
these terms, provided that a complete set of pi-terms

contains every variable at least once, thus:

no=oF A.2.24
or

= A.2.25
TTZ\\ LZ

"
b
N

T\’3 LZ » -26
_ K&Llﬁl A.2.27
or Mw g
’ K Aoa _ . _
ng = M , A.2.28
oo o
Kr®
) A.2.29
1\‘5 v—'[‘
. THy
Vt o ~ »
I | . A.2.30
g = a p . AL2.31
| -
e = 4 Y A.2.32
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A.2.2 Inspéctional Analysis

"Tﬁe‘equations describing the fluid displacement '
problém‘ as g1ven by Equat1ons 2.1 to 2. 6, may be combined
| " (see Append1x ‘A 1) to y1e1d

Kob ' ' dP (S )
- div Fw(sw) Kro(sw) ——Er—~—— grad S

o
Kob . | >y
T div [FW(SW) Kro(sw) Agg)]

0]

dF(Sw) s, |
-—a———— grad S T+ at = 0 A.2.33

Upon substituting the following capillary preséurg

model (Bentsen and Anli, 1976);

A

O

/

P(s,) = om () Py A.2.34

and using the end-pbint relative permeability definitions as

a function of normalized water saturation:

S* o | ; .
K (S*) ﬁ%f__l A.2.35
™ . Kor ’ /
K_(S*) o
_ 0
Krols9) = A.2.36

or
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b . . . ° o s
Equation A.2.33 becomes: .

oK

or di'v [F (S*) .K ('S“*) m 'grad S*] ' : \ . )
My W ro. . dS* 2T R '
T [F“(s*)-K (5*) Aaﬁ]. S T
UO' W - ro - - . ‘Js/ R ’
. b ’
T de(S*)‘ 3S :
+ v ——ngr—~‘grad S* + 5 = 0 A.2.37

Expahding Equation A.2.37 in cylindrical coordinates (r,x,8) .

- and retaining the .gravity term results in:

o C dr_(S*) ‘
or )1l = : o
'{'F ar [”,Fw(s*) Ko (S —g57— 5% }

-

- * i
+ _l. 2 F (S*) K. (S*) 971 4 3. F (S*) K (5*) EIEE;S._). oS*
p2 OB W ro HS* 3B 3X W ro dsS*

axX

AégKor 1. 3 | 1.3 ok
My r or [r’Fw(S*) Kro(sf§]+ ;5'351.[Fw(5*) Kro(s*)]
3 . ' 3S*
o= [FW(S*) Krp(S*)]}l YOSt .
, - )
| | v, | dF_ (5*) -
: 3S* Vs 3S* - 9S* LA :
+ I:VY‘ 5—7‘—_ + —Y_‘- a—s—' + VX 3% ] dS* 0 A.2.38

The next step in én;inspectional analysis is to define
certain dimensionless variables. After the manner ofvPenKins

and Collins (1960):

A8

)



A4 =
£ =
>
f =
o
R
. ,’/”
and ,J/
/”'/"
S* =

[¢]

Substitution of

A.2.38 yields:

s

107

A.2.39
A.2 40
A.2.41

A.2.42

A.2.43

Equations A.2.39 to A.2.43 into Equation

oK - dr_(S*) )
or ] ) [ ' c' 3S* _
L2 | yE (s K (5%) ] S
o { a2y oy | w ro ds* . X
dr_(S*)
B c 3S*
o2 [Fw(s,*) Kr‘o(s*)~ as* 38 :l
a2y2 - B
’ - dr_(5%) 1)
1 ? c 3S*
¥ L2 38 _Fw(s*) Ko (5*) —g= aF ]}
AoK r R e
~or 1 ) ~ , ; >
g { W 3 vFR(S*) K. (5*) [g] COSa]
."’; .
1 3 > .
L 3 [Fw(Sf) Kro(s*) |g] s1na];
. a EY) a Yy 98 L 3L ds*
vl oas* _
+,‘L[‘J' e -0

A.2.44




The above equation may be rearranged as:

e
A

o] K : dr _(S*) *
750 <£:_w){% 55 [ oglo) =

dr_(S*) * '
+ L :—B[FW(S*) Ko (5%) —er— 22 ]}

38

e (5 e
{%[Fw(s*) Kro(s*)v SS* gg ]}

Kw Ap|§|COSa K . u 2 . .
) ) Wi Sl v
’ w

*x o
LV f, e a5, e oase | (ST
D Yy Y ] 3B

sr R e

fg dE ds* dT

From the dimensionliess equation above, the
dimensionliess groups which arise are:

1)- Independent dimensionless variables

Yy, £y Bs T - \\

2) Dependent dimensionless varigbleé

S*, f o, fo, f

]
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A.2.45

A i e e e £ s
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groups

3) Independent constant or similarity
oo N

Kr Ky Lo Koy Kypted

D" KypHo V]n,

VIw,D  [Vlu b

K10 K (5%), m_(5%)

o

A similar. analysis, using the Leverett U-function to

represent the capillary pressure, results in

similarity groups:

the following

& yKE L Kor o Kepted
D7 Kor ¥ ki

lVIuwD lVfqu

Ky (S%)5 K (S%), 3(s%)
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31

A.2.3 Modified Inspectional Analysis

Restating Equations 2.20 and 2.21

| F(s) K P (s ) \
A" ob C ' W ~
¥W = Iv, Tl:)—- K?‘O(SW) —‘?g;— grad SW \*\/
F(s.) K >
W W ob > v 46
- T KeolS,) aeg + F (s ) —— A.2.
IVI “o, ro* w W' w [vl
- - 8S ,
div f = -2 _W ' ' A.2.47
w ’—\7' ot

To complete the description of the fluid displacement
problem, an éppropriate set of initial and boundary
conditions :is required.

1) S, = S .~

-
W wi [f] = 0
W
2) s, = 1-58. [fw! = ] ‘
3) o‘<sw‘<1 |fw| = 1, t = 0

Condition 1 states that ihitia]ly, throughout the sandpack,
a residual water saturation equal to Swi exiéts; condition
2 implies that the porous medium is flooded out to a
residual oil saturation; and finally, condition 3 represents
a ' jump discontinuity’ in the fractional flow at the inlet.
This completes the'description of the problem. For each
vaﬁiable in the problem, é dimensionless variable may be
constructed by dividing the original variable by some

arbitrary reference quantity of the same dimensions, viz:

. . x . J
g = — A.2.48
' X A

v
e e s < - =



m

r
¢ = ~— A.2.49
[ \
e = E- A.2.50
0 .
t
T = — _ A.2.51
t | o
S ~-A
s* = W 0 : : A.2.52
_ Bo p .
where X, T B to'Ao' and B, are arbitrary reference

quantities. Equations A.2.48 to A.2.52 are then substituted
into the fluid displaéement equations, initial and boundary

conditions. Consider first the conditions:

]
(o]

SW = S* B0 +'Ao = Sm. ]fw[ A.2.53
or
- S . - A ,
. sx = MI__ 0 5] =0 A.2.54
B w
o)
Also,
Sw = S* B0 + A°,'= 1 - Sor ]fwl =1 A.2.55
AHence .
1~-S . ~-A : N
or 0 ‘ _
S* = 5 : lfw] =] A.2.56’
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Now forl?w|= 0, S*=0 ; and from Equation A.2.54

A, = Swi o | A.2.57

Also for l;wl =1, S*

1 ; and from Equation A.2.56

B, = 1- Sor - Swi 'Aﬂ2.58

The same may be done for Equations A.2.46 and A.2. 47'
but, before proceed1ng, a dimensionless form of the grad1ent
and dxvergence must be examined. Recall that in a.
cylindrical coordinate system:

3 r 1 a2 g e ‘ | \
grad h :‘(a“F 'l»+-r': S—B—J + —fk)h A.2.59
and )
( divy = l(—- re,. +~z + r—é-nz) A 2:.60
T r \ar 98 B axX “xJ :

Upon substituting for the variables defined by Equations
A.2.48 to A.2.50, Equations A.2.59 and A.2.60 become:

w0

i o1 fan 1 2 ~,1 372 |
‘ grad h = o(—g ® + = 25 3 © + X 3 ;) h A.2.§1

070

and

.+ 1 3 1 23 k»o 3 :
= e |2 + — L + —_— = I .
div 2 ré [ac» (”’0) Bo de 9'(-: x0 g 2; ’ A'27L 62



Recall Equation 2.24:

PAS*) = om (s*) + Py o | A.2.63

to be used below.
Equations A.2.46 and A.2 47 may now be written in the

following form:

> ] FW(S*) or ( 5 dTTC(S*) l_éia
‘ W '-\7' Hy TO dS* roa
] 3S* ~ 1 3S* -
+ =—e +o—=r
r0§0¢ € Xo o J
A
F (S*) K >
w or > . v
S 9Ty (%) asd + F(R%) - A.2.64
V] Ho T A I
~and
-1— _3__ ((p ) +D’_L af r0¢ of C]
r0¢ 3¢ wo 80 de X 3T
4B, | o |
=L 2 T  A.2.65
[v]t,

Rearranging the above equations leads to:

¢ - dr (S*) | ok
> . - ) . c or . as* A
£ = Fu(s*) K o (8%) —Fe— Tl 28

. uo 0

A.2.66
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and

=TI . : | A.2.87

In the above two ations, the parameters and :
ref;rence quantities h:j:\ggéh/gréuped together to yield a
description of the problem in ferms of dimensionlessv
variablés. These dimenéionless éroups may then be equated to
unity to form a set of algebraic equatigns. These algebraich
equatibns may then be solved to determine thé reference

quantities, viz:

oK ‘. oK

____Qr_ = 1] hence ro = —_:_-O-L_ A_2.68
a1, , 71,
cK )
.___...Q.L__. = S hence BO = ] A2 .69
lv‘“oBoro '
oK oK S
—2r =1 hence x = —=r - AL2.T70
IVIugX, Vlug i
and
V]t 6(1-S__~ S .) ok
0 or “wi or
= hence t_ = : A.2.71
¢Boro ° IVI _ Ivlu

/ A1lthough 1dentica1 expressions were found &\_/,“\\\“/////

for xo and r,, thls is not the case in- general. These

quantifies should not be forced to be identical as this.
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~would lead to a loss of valuable information.

Now, for the sake'of convenience, the following
dimensionliess groups are defined:- ’
K Kr

N z =
> B -
Zlvluwa IVIuWD

cr

A.2.72
‘,and

Ncl =

- A.2.73
., [VI-qu_ : '

7
where a is the core radius and L is the length of the

sandpack. Recall Equation 2.11 in terms of the end-point
§ ‘ '

permeabilities:

Ker Ho |

M R LA ' A.2.74

or Yw

The dimensithess variables defined by Equatiohs A.2.48 to

A.2.52_now!be¢ome:

-

M
r r
¢ = - - : A.2.75
O ZNcr a N / :
. M B
2 r X :
N, r ) ~
. M -
= T [v]t

‘ . A.2.77
ch ¢(1 "sor - Swfjt' : | _
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or

M ' >
_ r vt
T = A.2.78
?Ncr o1 "Sor 'vswi)a‘

The physical interpretation of the variables ¢ ,z and T°

is not an obvious one.‘Defining the following variables:

“~ _ |
b oop 2¢Ncr - :
y = = = . : A.2.79
a M. - .
) : A.2.80
L' Mr
and
> - IN |
i} 1v]t BY) 'A.2.81
T = < 5= 2.
oL(T - Sor ~ SQ;T T '

It is now evident that ¥, £ and t have the physical
interpretation of dimensionless radius, dimensionless
length, and dimensionless tiﬁe, respebtiye]y. Fur thermore,
dimensioniess t%me'corresponds to pore volumes of fluid
injected'inte the system. As a consequence of the
introduction of Ncr'ahd Nél , the number of parameﬁers is no
longer a minimum. That is, N and . Nv are redundant.

The above der1vat1on of the reference quant1t1es 1s
based on a Lagrang1an formu]atIOn of the initial and
boundary cond1t1ons The result is to yield a d1fferential
* equation whwch does not account for the length and d1ameter "

of ‘the system. These d1mens1ons are accounted for in the
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2

o .
non-normalized dimensionless lengths, ¢ and ¢ :

lvluoL
0<z< K # 1
or
and
WluD
or

The derivation may also be carr1ed out using the
Eulerian form of the initial and boundary conditions. Two
- possible def1n1t1ons will arise for the arbitrary reference
]

quantities, viz: i

1) X ‘ OY" r - or

2) x =L

The fIPst definitions are the same as the ones which ar1se
from the Lagrangian formulation. As a result of using the

second definitions, the differential equation wi'll account
for the dimensions of the porous medium and the

dimensionless distances will be normalized, viz:

0<g<1

and

IS

As avconséquence of the introduction of the definitions for



N

¥ and & (Equations A 2.79 and A.2. 80), essentially
equivalent results may be obtained.

The fractional flow equation and the equation of

v 9B . C2 3¢ CL 3t

continuity may now be wr1tten in terms of v, £
T , Viz: . N .
> K. Apg
%w == = Kro(s*)] Fu(5*)
VB, O h
c, RSRK () dr (%) o 3%
; : Mr ‘dS* cr oy v
2N - T
cr 3S* ~ . as* . _
2 = A.
=3 s Bt Neo 5% s]
and
N 2N af 3F
cr 3 « cr w8 wg  _ IS* A.D
—_ 2 — E = - N = .
v 3g (V) N

Equations A.2.82 and A.2.83 may be simplified to:

- Esh 2 fasr o Tase N, asr ] L,
fy = G(S*) 4-.chc(5*) [T (a VT3 B) Y- e] |
' " of of
N 2L .-a_. ‘ -_.WB WE = -.S—S_*_—
s il [aq) (f,) *+ =5 ] Y- 31 A
where
s B - [M M‘?_‘Kro(s*)] Fl (5% a2
i Sated A
S 7

118

and

.82

.83

.84

.85

86

.87
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1 dnC(S*)
S e e * * .
C(s*) M- Fy(s )Kro(s ) —5F A.2.88
- Sw T Syi |
s* = W © A.2.89
! Sor ~ Swi _
Moo= RK!L Yo A.2.90
r or Mw ,.
M K (5*)
F(S*) = A

A.2.91
W MK o(5%) + K _T5%) |
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Appendix B--Experimental Results From the Literature

WATER-WET SYST

RUN LENGTH  DIAMETER

(CM)

22.
23.
112,
23.
110.

— e wh enp ek
-k b —

NQUIONTIWO WO

OOV OO—-00CUINODOW

HDbhbbbhbbhbhbhbbbS

OIL-WET SYSTEM

RUN LENGTH DIAMETER

(CM)
19 22,9 4
20 23.6 4
21  22.9 4
22 110.5 4
23  23.5 4
24  23.5 4
25 115.6 4
26  23.7 4
27  22.9 4
28 110.0 4
29 ' 115.7 4

SUMMARY OF SANDPACK PROPERTIES

-TABLE: B.1

DATA FROM PETERS (1979)

EM

{CMm)

.809
.844

.8961
.809
.825

.805

.844
.961
.958

.958 -
.843

.805

.972

.805
.972

(CM)

.808
.844
.809

.825
.843

. 809
.972
.808

.844

.825
.961

POROSITY ABS.
(%)

38

.98
36.
38.
38.
38.
37.

37.
34.
39,
35.
37.
37.
37.
38.
35.

37
38
94
91

61

49
66
62
86
52
46
80
11
48

(%)

41

.33
37.
39.
38.
38.
38.
37.
38.

- 39,
38.
37.

89
64
45
25
04

01

20
82

13

49

POROSITY

PERM.

(DARCY)

16.

18.
.89
- 18.
20.
.91
14.
18.
22.
19.
16a
20.
18.
22.
22.

21

21

43
36

93
52

19
28"
99
22
23
85

50
72

ABS. PERM.
" (DARCY)

17.
15.
18.
. 22.
16.
16.
- 18,
15.
16.
- 24.
18.

26 .
05
02-
63

34_.
367
62
18.
79
62

54

%
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PERM. @SWI SWI
T (%)

(DARCY)

15

11

15.
19.
15.
15.

18

.82
$7.
18.
18.
18.
19.
.03 -
57 -
90

89
05
33
50
40

49

19
.48 .
15.
18.
- 20.

53
62
90

[j_‘;

WOOO—-=-NODODUOO =W —

OCWWONUIDNWWUITMWR N

—
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Appendix C--Sample Caléulation of Extrapolated Data

"This section demonstrates the calculations for ﬁoint E of
Figure 4.1 for the inverse linear Leverett correlation. The
‘magnitude of the stability number , Ns. corresponding to the
point where thgiviscous forces compietely dominate the

diSp]aéement process, is 900. Thus,

u
‘f’--l!vanz « :
N = \¥ "= 900 C.1

S ' C*vK

Solving for the velocity yields:

>
v usaooc_K c.o
o ,
— -~ 1) u D2 B
(“w j Y

Recalling the definition of the inverse linear Leverett

-

number :

i Tt - C.3
) AY(K¢)O'5 ' -

and, upon substituting Equation C.2, gives the result:

1 900CxyK - Wt .4
Lt u 0.5 ’
L (__0_'__ )U D2 Y(K¢)
. i uw ) W

, W : _
‘The inverse linear Leverett number, in a water-wet,
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connate-water-bearing system may now be esti@ated from -

Equation C.5. In particular, for Point E:

C*
(_‘JEA- )
Hw
K

¢
L

D

where L and D are

are the estimated

306.25
101.5
18 Darcys'= 1.78x10-7 cm?2

0.36
22.6 cm ’
4.815 cm

the dimensions of a sandpack, and ¢ and K

average sandpacK properties. With these

values for the variables, the inverse linear Leverett number

is 1.86 x 100. The same type of calculation may be carried out

for any other case desired.



