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// . ABSTRACT
.463 experlmc tal stud) was conducted to investigate the occurrence
and growth of/nacro<coﬁic\xnstabllltles in imnisc lble displacement of oils
from porqyé medla. A secdnd objéctive was to investigate any effects
- N .

polymer addltlves m%ght have ‘on the instabilities.

@  3 : VlSCOUS flngerlng was\ photographically studied in a 43.2-cm

wide x 53 5-cm long x 1. 3 cm thi 'Itranspafent bed packed with beads .of

* \
elther 0. 4/ cm or 0.15 am in dlameter Dow Corning 200 Fluids with
viscosities  of 100, 1000, or 12500 cs were used as the oil phase. Warter,

vafio{& coficentrations of glycerol, and polymer sol®tions were used as the

displacing phase.' BreakthrOuvh recovery and saturation profiles were.

obtained for f10' rates ranglng bet“oen 0.6 to 15.9 an /:ec
’A new analytical approacb which ellmlnates use cr relative

: perweablllbles was dexelobed to describe the d1<ulac9”cnt bahaﬂlor

<

- thls approach a Saturat*on dependent®viscosity is used in Darcn 5

( B
descrlbe flow in the flooded :zone. Assuming that the power-law'

adequately describes viscous properties of the polymer soluticn, the

-

' - . ‘, ) . >9 . . N . : . -
present approabh was generallzed for polymengoods. .

It was determined that the advance. rate of the zero water

saturation'plane, which corresponded to the tip of the longest finger,

was'linear with time orfppre-tolume njected' ~Also, the pressure gradient

afﬁﬁ%zruxed zone .was found to be conidtant and 1ndependent of the position
of the 1nterta;e until breakthrough oc‘urled "~ Good agreement_was obtained

between pfe@icped breakthrough recoyery and the‘available experimentaifdatai
| The.pfédicted sétupgﬁion di§tributfbns were very close to the

»

experimental profiles for cases in which severe fingering prevailed. However,



disagrcement oécurfcd when displaccmcnt was more or less uniform. The’
functional form of the average vi§66éLQy‘dcfiﬁed for a mixture of two
nn;isc1ble fluids could %g_; 2yonsiblc for thvs dlsagrcmﬂﬁnt

Q,o‘q(‘f}xya& orea}\tﬁrowih recovery of a polvmer

W

flood reflected P i of?iieiil e power - la“ cxponent n. In particular,
lower values of n, which COTT“SDOHde to the more ncn-Newtonian beohavior
6f the polymer solution, resulted in lowcr recovery ecfficiency. Tre
canpatibility of the present analysis and the experiméntal rééults,lQst
to the conclﬁéion thgt the displacemeﬁt behavior of a pelymer {lood

could be adeduatgly described by a power—lawgmodél.

K
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| Z NOMENCLATURE
A cross sectmnal area cnz

a . 331 arbltrar)r flInCtan of x, ¥y, z-

a' an arbitrary constant

- >
a; .+ radius of the cup, am ) . -
Ar portion of the cross sectional area occupied by connate
2

. water and/or residual o0il

b an'arbitrary functibn“’of X, vA :
‘ b an arbifrary ‘c.:onstant_ ! ) , (
° bl o radius of the C);linder, an \ . 3 _ ;‘;“
C . solute::qungentration, gﬂcm-3 \ . Lo v .

an arbitrary function of x, y,; z ' T

(g}

net'number of counts obtained from scarning

~

torfuousu\' factor or geometric ®ohstant, dmen51onless

o solvent volume concentratlon, cm3 oE solut:e/cn3 of. Solvent

P
LwE

greatest lateral dlmensmn of the }ged‘ an

PalNe

A Q
o
8
E
5

maximm pore openmg, reSpectl\ely, an ’

dynam1c vbrel tive penneablllt) s dlmensmnless

mean partlcle iameter, am

_effective vis€osity ratio, dimensionless
: 0

volumetric recovery efficiency at breakthr_gugh‘,dime?sionless

friction loss, efg/sec

*n<mz;-n m,e

fractional flow rate in terms of relative p~emeabilifes,

dimensionless’

- fractional flow rate, dimensionless

‘friction factor defined by Eq'n. (B-25), dimensionless
Hmension
> C

grav1ty aoceleratwn an sec ”

v1sc051ty level parameter deflned bv Eq'n. (B-24)¢g an secn-z'

o
. .

} xviti ) ) N -



>

'_’:C =2

= .5 n

it

L

ﬁ?\"

‘power-law pazi'ame_ter

pressure, dyne cm

. -2
*pressure drop, dyne cm *

total volumetrlc flow rate cm3 sec

height of the cylﬂin‘der cm. o
%

heterogenelty effe'zéts parame'cerr

whoo
wp

absolute pemeab Lllt'y; an 2

effective pemeabilﬂity,..cm,.' o

o

30
apparatus constant, an. \ ~

e -

convérsion faétor deFined\ by E?q'n (F- 1)
relatlve pemeabllltv dm)ensmnless
torsion bar cons!%_ar,xt, dyne cnm per mlcfon fnovemgnt of the
transducer , AN o - |
length'df' ‘the bed, cm

natural loggrit}ﬁn |

viscosity ratio definédby Eq'n. (II-43), dimensionless

-1 -2
power- -~law paramf*ter, g cm sect ®

(=2

solute molecular: uelght g mole

,,Zv1scos1ty ratm defined’ bv Eq'n. (II-64), dmen51on1°ss

3

11;ty ratio, dimensionless

shock mobility ratig, dimensionless

imensionless ,
Deborah n}fm.ber defmed bv Eq'n. (C—Z) , dimensionless
Reynolds number defmeﬂ bv Eq ns. (B-Z? ZS) , diménsivonless’

first partlal derlvatlve of z w.r.t. X Y
> ,

first partial derivative of z w. r.t. y
-1

radlus of the tube cm

. v > ) : - -
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radial distance,. cm

gas constant, g cmzlsecqz,g—n\lole_1 ok 1

hydraulic radius, an | ' | \\\
mean ra'dius',locm ‘ ﬂ --

C;Jmulative oil produgtion at breakthrough, % of 61‘1 in place’
satufafibn, dimenisionless ,

. L . 1
torque. transducer sensitivity, micron volt

volumetric average water saturation definw;
, . A

UL Jr e

dimensionless
T temperature, °C
time, sec
a i absolute teﬁrﬁerature,‘ °K i
LS torque, .‘e.rgs ‘. ‘
at .. movement ‘of torsion head tr\lgnsducer,);o:lts- N
U - supefficial vélocity_, cnesec !
u | average i}xperstitiéi velocity, —_—— E
u . aﬂrerage velocity, e Sec.-l )
u, velocity in thé'v z-directio'n_‘,- cm .\sc:c'l : )
v total volume of the box, cm>
Vv void volume, cmzl |
X- dimensionless X, i_.‘e; x/L -
X positi'onv in the bed, an

o

Q

1

Greek Symbols |

< 5 contact angle of the system oil-water-solid material
8 empirical’ constant, dimensionless =~ = °

IR

v

Gy

.A‘.
hel N
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s

S
pTr

average nominal shear rate
. -1
shear rate, sec '

wall shear rate, seo::‘l

o

apparent viscosity of the polymer solution defined by

Eq'n (II-59), poise
5\

apparent viscosity of the polymer solution based on the

wall shear rate, poise
relaxation time,’ secC

duration of a process, sec

wavelength, an-

viscosity, polse

'3.14159 ...

density, g cm_3

density difference betwwen water and @ik, g am

sumation

» -
water-oil interfacial tension, dyrie am

effective or pseudo-interfacial tension, dyne dﬁ'l

shear stress, dyne an

’

wall shear stress, dyne an

porosity, dimensionless

angular velocity, rad sec
° . ‘ -

~

: : ?
‘defined by Eq'n (B-17)

Subscripts

a

by

~average

breakthrough’

critical

l .

2

-1
sec

N

£
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Rdg.

cw connate water °
e . effective
f fluid -
1 limiting value
m maximum /
) 0il or non-wetting phase
p pusher 500
TO residual oil =
s Separan AP-273
So solvent )
T total
~water or wetting phase.
W wall
Abbreviations
cm | centimeter
cp centipoise
¢s centistoke
-d darcy- ‘
D.C. |  Dow Coming 200 fluid
g - gram
in inch
md milidarcy
min mi?ute
No. number.
psi pound per sqﬁ_are inch
readingiv_
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CHAPTER I
INTRODUCTION

1.1 General
| The -paper presentéd by J. G. Debanné (1) reveals a‘clear picture
of the vital role of .the oil and petrolgﬁm in the new world p@litiﬁal
and wealth-osdér. . NO‘@atter what politics dictate, tﬁe proper‘fecovery
and use of the'petroleum 1s in the interest of everybne The period of
tHcheap oil is gone and it is wldely recognlzed that global petEpleum
reserves are limited. More effort and research should be conducte‘ to
find better and more efficient ways c&;011 recovery. °
The need for more efficienflproduction aﬁd highef prices have

recently caused some considerable improvements in-the Secondary (il

7’

Recovery techniques. - Enhanced recovery schemes are being locked upon
more seriously. -, _
The problems and difficulties involvei/{n different schemes are

common. How is it possible to ‘obtain better volumet;ic‘sweep efficiency
which requireé 1 rqvement in areal and microscopic Sweep_efficiencies°‘
what factors are responsible forasuch a low oil recoVery efficiency,
which”}n the case of heavy 0il ‘could be even lower than 20 percenL ?

St ’ ’ : } . ¥

Presently the problems are known but the answer to how-to-deal-with in
the desire&”ﬁire&tion is scarce. For example, it has_been #2gzn for

quite a.long time that‘development of a stable oil bank ahead the
.- . ' > S . : .

’

water zone in the case of water-ﬁlodding is responsible for highsrecovery -

efficiency. . However, in almost evéry field operation watér enchroach-
ment 1nto the oil zone has been 1nferred This phenanenon is called
Flngerlng. The mechanism of this phenomenon 1is not fully understood.

Therefore, a well—paved path to elnnlnate the inception or growth of the

@

[
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fingers camnot be established. No general.prediction method of the oil
recovery at or after breakthrough is presently available. Even the
| T ‘ef:fecf of \ery.bas{e parameters such as viscosities of the displacing and
displaced fIuid are not fully understood.  Theoretical approaches ‘and
experimental evidence haye always been ‘SUbjCCt' to considerable ambié;uity._

and contradiction. The term "due to the complexity of the geometry' is -

often encountered in the‘k 1iteratu're IS it p0551b1c to resolve th1s
complex1ty and obtain a clear vision of the process\\ ThlSu question
remains to be answered in the future. v , -

1.2 Viscous Fingering SNRIETI o . .

The ideal piston-l’ike diéblacem\efnt ‘'seldom o¢curs when an oil is
displaced by a less viscous® fluid. '»'I'n 1950 Engelbert and Klinkenberg (2)
- visually observed the‘intru;sion of the water phase into the oil phase in

a finger shaped manner 4nd coined the term "Viscous Fingering'. There-
, Col . '
after many'investigat‘omr# (3-32) focused on this phenomenon from different o

! .
points of view. It is|well documented (33) that in a homogeneous and a7

wniform porousmedium viscous fingering occurs whenever the mobility ratio

— o - e

of irivadi_ng to -original fluid exceeds the value of unity.

Viscous fingering can be studied from tWo dlfferent approaches.
'I]'re flrbyapproach is to look at sthe flncer as an md1v1dual entity of
the systen ThlS might also be termed a microscopic approach. In thrs /

approach ane eXpect; to obtam mfom&elon about the inception, growth /

and the number of the fingers. ' \Iathematlcally Speal\mo\’thls can be

studled by applymg perturbatxén theorv to the flood front-(3-123./

! In the second aoproach one overlooks the glngers and at¥ention

is focused on the average properties '?f the bed, say satura}i/on. A

= _

continuows distribution of saturation is being /:ons_idelyfrom one end

~ . \ /
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of the bed to the other. A stable or no-finger precesy corresponds ro
. R S
the piston-like displacement. Morc precisély. sdturatxon 1s discontinuous

from one phase to another and is constant in each phase.  The second

o - - : . - ~
approach which was mentioned above originates from Buckley-leverett theory

(13) therefore, it will be called Ritkley-Leverett approach.

I.2.1 Instability Theory

Iﬁ is claimed that a critical velocity exists at which the
displacemenf.tends to be unstable. It'seems from ;ﬁb literature that
Hil{ €14) was thé’first who éalcuig eﬁ the Critécq& velocity at which the
transition zonerin the vertical diél)acement OC//I'Im:lSCibIC liquids became
unstable. The experlmcntal requltb of Blackw¢11 et al. (19 confirmed
the existence of the critical velocity. A/ﬂ%orough discussion of the
critical velocity is given byLHawthornet(l ). ’

Instability and fiﬁgering can b demonstréted hathemat{c%lly,by
perturbation theory. In general, anvxdistfhbance can be represented as a
Fourler Serles, of—khlch only the/)Eaﬁt stable terms need be considered.
Thls is appllcable only to thé/vexy beg}nnlng of the occurence - of the
instablities where the dlbplacement eaua£10n§ can be anear1Led Chuoke,
et al. (3) applled the abo»e/approach to the’ 1mh15c1ble dlsplacement and
showed how the prevailing flow potentials affect}the va£1ogs spectral
componénfs of a_digplacement,front. » Their analy%is Qas based upon a

parallel plate model in which a,&oving interface separated two regions of
L.} .

constant, unequaJ mobﬁlltles Howéver, they generalized the results to

the porous medla by assumang an effectlve or pseudo- 1nterfac1al ten51on a*.

They concluded thatolnstgbllltvaould occur for all rates greater-than a

g -

[
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élcriticalitate defined by U, such that,

‘wave length given by‘ A o '

RN S |
) . ) 2 ‘kl -
- | J\= - B

u

& A

‘ B ) K o Mo “ 121]: o o oo . .’ ) ) . .
S KE- - RI— .gt_ f Py " P1) 8 C?s (zz 17? 0 . (I-1)

2 ) I3

. and prOV1ded the” perturbation containsowave 1engths greater than a criticals

L)

. r : : . 12
—(’Z d g% i /
= 2% : .

(1-2)

L4

In (iQZ)‘U”is avefage'fblumetric velocity, or injected volume of liquid peri:w

: °
unit time per unit of. total area nonnal ‘to Z It is sometimes-.referred to’

Eo

 as supé;fiC1a1 veloc1ty And Z 1s_the axis directed ﬁicm.ﬁluid 1 to fluid 2

« g o

perpendicular to the macroscopic interface; ZZ

Q

ghe~an01e between the

‘A

,Z;axisvandzihe_z -axis which i% directed- vertically upuard The variable

o * is an effective anterfac1al ten51on, which in theccase of displacement

g

between_parailel”plates equals the ordinary bulk interfac1al ten51on
Equation CI ’) indicates that wave lengths in a perturbation which are longer
than gp will grow, Linear - theory also predicts that there exists a nave

length of maximum instability given by,

.xm N Foa - j | -3
’ ,‘ . )

This maXimum inqtabilit) wave lenOth 1s expected to be the peak-to- peak

=)

separation of v1sceus fingers for the two“Himen51ona1 perturbations A

similar attempt applicable only to miscible fluids- has been’undertakeq b) -

#

Perrine (4, S). _L ' ‘ : o Y

RS
é
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As Scheldegger (6) p01nts out, the weakness of the Chuoke treat-
ment (3) ig 1nherent,1n the fact that in the absence of capillary
pressure'the theoryapredicts the fastervrate of growth for smaller wave-
lengths._ Or im the extreme limit the rate of the growthvbecomes infinite

- for the wave length approaching zero which is unrealistic. Scheidegger o

e

(6, 7) 1nc1uded a random heterooenelty $pectya for the porous medium which
ihe belleved was responsgble in startlng the fingers. He assumed that
the phenom&non of flngerlng was not.solely governed by the prefailing flow

potentials, .but® also by the spectrum of heteroceneities in the porous

<+

medlum This enabled hnn to overcome. the. dvfflcult\ encountered bv Chuoke,

et-al. (3). Scheldegger (7 reyealed that the generation of flngers is

independent of the dlsplacement velocity. Pe concluded that since the

s

growth of the finger after 1ts 1ncept10n was entlrely controlled by the

o

macroscoplc flow potentials, therefore, the whole pracess of fingering

should also be 1ndependent»of the displacement velocity.

RAchford (3) inclﬁded a transition zone behind the flood'front
and eliminated the need for 1ntroduc1ng p<eudo:1nterfac1al tension as im
‘the case of Chuoke Predictions of Rachford's anal\51s did not correlate
w1th the parallel plate model. HlS results. seem to be very sensitive to
the shepe of the chosen relative penneabiliuy and cepillary pressure
curves. From his analysis, Rachford concluded that the effe ofvflow
- veloc1t) on the onset. of Ihstabllltles was Small and althou the
Tecovery efficiehcy‘dedreased-the instabilities did not necessarily -
become.more severe with increasing'visgosity ratio. In fact the viscosity -
ratio appeared to have a damping effect on in;tability wvhich was in
.contrast with the_pnrallel plate model.

Y X . .
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. thmans O, 10) genera11zed the analyses further and 1nc1uded
non-linear temms in the equatlons descrlblng conditions at the 1nterface of
the 11qu1ds His initiat%ve was based on the fact that the non- linear

terms in hydrodynamlcs problems cannot always be neglected and are sometimes

o

quite 1mportant (72). Inclusmon of the,non-llnear terms makes the

mathématical treatment~much more rigoroﬁs and difficult to handle. By

.

solv1ng a fourth order approximation, he showed that no partlrular sinusoiday

'
7

- disturbance- etlsted mhlch along its entire length would grow more “rdpidly

than any other.  This means that the wave length w1th max 1mum 1nstab111ty, :

[

A, in equation (I-3}, predlcted b) linear theory 1is at least questlonable

Perturbatlon theory ‘and its predictions, 1f Valld is only
appllcable to the very beglnnlng of the occurence of the 1nstab111t1es

The drastic simplification 1n\olxed in the theoretlcal treatment obv1ou51)f'1

: makes the predlctlons questionable. ' . SR

I. 2.2 Buckley-Leverett Approach

The Buckley-Leverett theory (13) is the flrst s>5temat1c approach

in this field. The theory did not predlct ﬁhe grOhth size or shape of

2

fingers and even could‘not predict that ginger;ng would dccur at all. - How-

- ‘ever, it had the advantage of being easily adapted to_obtainhthe important’

resulté”?uch as 01L,reco»erv and water - oil ratio as a function of pore
a ’ o

volumes injected. - Accordlng to the Buckley- Le\erett theory the rate of

advance of each saturation plane S in a 11near flood is given by,

~odf o (S) , : |
dx . W W (1I-4)
(a?)5 = X ds R “
W . ’ ' )
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where fw’ the. fractional flow rate of wetting phase, isfdefined by,
: _ R qw ) ‘ . L
t = T _ o I-5)

It is clear" that ‘a similar equatlon can | be written for the non- uettlng 5
phase. Equatlon (I- 4) is sometimes referred as.the frontal advance
equatlon |

In applylng the above theory to the qualltatlve determJiatlon of’
the course of a dlsplacement they fell into the- dlfflculgy of the tr1p1e4A
valued saturatlon problerr. In thelr appllcatron the\ con51dered the case‘
where grav1t\ and caplllarx effects were negllglble - To resolve the ‘
dlfflculty of the multlple -valued- “saturation they stated that the real .
saturation profile was dlscont;nuous and the lent of-d15cont1hu1ty was
hdeterhined from aiﬁaterial baiaﬁee. | . | ’

In 1951 fiolmgren, et al- (175‘@5 Terwilliger, et al. (18) made
use of the frontal advance equation to describe gas—oil;gravity drainagé

perfermance. In their paper, Terwilliger et al. (18) developed the concept

of ‘the stabiliZed and non-stabilized zones. The;etabilized zone which .
should not he-cenfused with stabilized fiood was defined to be the lowerb
reglon where all the saturation planes moved downs tream -at tie same, veloc1ty,
while 1in the non-stabilized zone the saturation planes continued to move
.further apart. _{he stablllzed‘;oneéls characterized by hav1ng a higher

saturation_gradient than the neh;stahilized region. They showed that by‘
drawing a tangent to the‘fréetionaiﬂflow curve the sathretioniat the'up- Cosd
stream end of the'Stabilized.zon; couid he defined. "Later Welge (19)

showed that»cohstructibn of the tangent,to the fractionel flow’ curve was
indeed‘equivalent to the material balqéie applied by Buckley and Leverett
.(13) to find the point of the discontinuity" The theoretical énd etperi—
mental work of Rapoport, et al. (20) 1nd1cated that the non- stablllzed

zone was re<pon51b1e for the rate dependency of the~%ahgrgggxy water ‘ -
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floodlng recovery They concluded that it 1s the stablllzed zone where

s
. the Buckley- -Leverett theory is appllcable B

B —

[

©

Most of the 1nvest1gators, including Buckley and Leverett have

" contended that the multlple—valued.satpratlon would not have arlsen.had
-th5§ been able to-take.capiblaiity effects into account. - The tésuits of
“numerical sthdies'published in papers by.Fayers, et al (Zl)'and

Havane551an et alv 22) COHfleS this orlglnal belief . H0wever4 the
» amb1gu1ty of the non caplllar) d1splacement remalns to be resolved
. ;‘ ST e Shefdon et al (23) studled the d15cont1nu1t) of the saturatlon
prof1le from the standp01nt of shock formatlon using the methoﬂ of
F characterlstzcs and the concept of shocks Their treatment is indeed

gqu1Valent -to the Buckley -Leverett approach but more loglcal Buckley
and Leverett 1ntroduced a dlscontlnulty in the saturatlon proflle to
resolve the dlfflculty of the phy31cally 1mp0551b1e multlple valued

. ‘saturation whlle _Sheldon, et al. con51dered the multlple -valued satuf-

atlon as a p01nt where the characterlstlc llnes intersect and form" a shock

- \

wave. This shock,wave proceeds along the bed w1th‘a deflnrte speed called

the shock veloc1ty ~The phy51cal picture of their approach is a thln,

i
-mov1ng region of high saturation gradient, 1n whlch the: exact flow 1

s ~ behav1our ¥s unknown. But does this layer exist at all7 ' ‘ ”f
|

Generally all attempts have been to raflonallze the pred1ct10n oﬂ N

multi- ‘valued saturation encountered durlng the course of appllcatlon of

o

".the Buckley Leverett theory Thls 51tuat10n.ar15es mainly due to the uge

ofvS~shaped fractlonal flow clirves which may be due to neglect of
\ R S . ok .. . /'.
capillary-forces. - "It is ewident that the experimental,relatige

o~

[CHE : X ]
- permeability curvés may not be a proper choice for the unsteady state

displacement process. Cardwell (24) seems.to be one of the few
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}nvestlgators 1n the llterature who'. brlngs up

o~ 9 )

is point. However, he

does proceed with the same Justlflcatlon ‘as Sfeldon, et al. (23).

° Van Meurs, et al. (25) questlons the valldlty of the 1aboratory
measured relative perméabillty;;urues based on the fact’ that the same
distribution of the water and oil.present in practice»cduld hardly be
“reproduced in the 1aboratory during the course of Telative permeablllty
measurement.  They proposed an idealized flow mechanism 1n1tlated from

-

their visual observatlon (76) They pictured the flow pattern as water-

flngers W1th 1mmob11 protrusions and oil pockets, assumlng that the
fraction. of both imml b11e oil- and water ‘in- a Cross sectlon of the forw-
a '6n:i' independent of time and;p051t10n., Thelr,ultlmate_resultapfor

" the fractional flow functipn,could“be achieyed‘by aSsumihg a linear

6 *

dependency. of relative permeabilities with saturation which was later =

derived by Soheidegger; et al. (F7j.

i

‘displacement which was analogous.’'to ‘the Buckley-Leverett method.  He

H

viewed the fingering to be brought on By‘viScosity differences.and also

by channeling and@longitudihal‘disperéiop. The effects of the factors

such as channeling and longitudinal‘diépersion_Were included via'a
s P ,

.single parameter H , called heterogeneltv effects The transition or

m1x1ng zone developed -due to the solvent fhnoers was looked upon as ah.

Y

effectlve dlsplac1nglagent The ratlo of the v1sc051t) of the oil to

that of the assumed effective dlsplaclng soluent; was deflned as the '
‘effectlye'viscositv ratio E. Thedproduct of H, by E was termed the
vK-factor. In his anal)51s the assumptlon of a 51ngle valued v1sc031tv

character121ng the mlted zone is 1nherent.‘ This average v150051ty was

"calculated from a correlation based on the fourth-root mix1ng rule,-

<
L3
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They also assumed linear dependency of relatlve permeability- w1th satur-
‘ation. Their reaspn Justlfylng the llnear dependency was that-they
j ; )

assuned nw.interaction betWeen.soEVent and oil; that is even if they mix,

they would fetain‘thelt individual identities. The linearly depend Lt

relative permeabilities.with saturation was also used by Verma (29);_
dstudied fingering behavlor from a statiStical point of view in an
;.heterogeneous potods medium with capfilat§ pressure.

DodOherty (30) introduced three more parameters in~addition to
the heterogenelt) factor, to account forothg effect of dlsper51ve m1x1ng
He, too, assuded the relatlve permeablllty of each phase to be propor-
tional to its volume fraction. Peaceman (31) applied nUmerical calculations -

to multldlmen51onal mlsclble dlsplacement taklng into account the lnxluence

of gravity, permeablllty dlstrlbutlon, dlffu51on, and flu1d v1scos1t1es

and densities. In their numerical calculatlons they introduced an,averaged

viscosity for thie mixed zone given by,

In p = Xj l{lﬂuso + (1 -X)1n Mo ) - (1-7)

where,
‘ C

T o N . (I-8)
o ‘ g (1 CVQ . : » , v

v o : - '
- and C ‘is the solvent valume concentration. The subscripts "o and "so"

‘refer to the oil and solvent respectlvely, and 8 is an empirical constagt

—

In a recent paper Hagoort (32) modified the Bucklev-Leverett

dlsplacement model by assuming. a.shock front in the saturatlon prof11e
followed by a zone of gradually changing saturatlon. Further, he B

[
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assumed the saturation"gradient‘to be negligiblc behind the shock front

o ©

SO that he\could choose a slngle valued saturatlon‘for this zone called
the shock saturation. Consequently the Buckley- Le\erett dlsplacement ;
model can be formulated in terms of ‘the Muskat segregated flow model (33)
with the difference that the dlsplac1ng phase is a mixture of oil and
‘water at_the shock saturation. Hagoort introduced a new term called the
shock mobill;y’natio, ﬁs. ‘The shock mobility ratio was defined as.th% ¢
lmobility ratio of thelfluiasnbeh%nduandiahead of the §hockA£rbhtﬂ .He
revealed tﬁat-the displacement was unsﬁable if thé shock mobility ratio
was gfeatef‘than unity provided the wave-length of the instabilitles‘wagﬁ
Sﬁaller than the width of the experimental fodel. He arsd‘siudied the
effect'of thecéapillary.forces on the instabilitles via an‘enérgy approacﬂzw
Heﬂreasomed.that in anlunstable displaéement the inétabilifies would dive

rlse to am extra production of caplllary energy and an ettraaeneroy dis-

unat‘lon caunsed by viscous Fnrrps ' Rnfb terms in opnpra‘l depend on the

r.

-

-,

wave-length AL Onlv'those wébe-leﬁ@ths tan occur for wﬁich the net
energy dlsslpatlon (v1<cous dlSSlpatlon minus the capillary energv
productlcn) is p051tlve ' He concluded thgt the predomlnant wave-length
- 1s proportional to thefcapllléry number. IE’also appearéd to be a |
function of thelshape of the capillary bressureacurve and displacement ’
charactéristics suéh as relhtivefperméabilities and viscositv ratio.
ffflnally he 1nvest1gated the validity of the assumptlon that thore existed
- a relatlvely small frontal transition zone by requlrlng A /1
where qui is the 1en°th of caplllary transition zone. - He
- condition was always fulfilled for,moderate values ofrmo;

such that, S ' T o e

My < 57 S I ¢ &)
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~I.3  Purpose and Scope

\

In the fonwer work (34) flow distribution of Vewtonlan and non-
_Newtonlan fluids in a non-uniform porous bed was studied in hopes of de-
fining conditions leading to fonnation of fingers. It was fQUnd that
the microscopic non-nongéeneity of the porous béd affected the flow dis-
tributiqn significantf;; Thus it,waé possible to postulate that the
inception of fingers might.ge due to the m{croscopic_non—homqgeneity of

’the”porous bed. The effect of polymer solutidn;was to suppress vari-

PR L - . L o

ations‘in the velocity with pore“opening to levels below those fbr
Newtonian fluids. Theréfore, in the 1light of these findings, a dis—
placement expériment Was.performéd in a similar bed having an art;ficial
la;geoopéning orfhetegogeneity. Thls openlng was more than ten times
'largér £han'thé obeninos nf average pores. In splte of the presence of

"duch a large opening the flngerlng pattern d1d not seem to change sign-

"}Jﬁalbﬁ~4%&ﬁﬁﬁﬁﬁﬁ&fﬁweﬁrﬂndThmfzhvmhﬁbww&fmﬁﬁéﬁﬁ‘ T

front reached the large opening continued on their path. And although
a neﬁ finger cou}d be created af.this large opening, it did nbt seem. to
_ be the prominent one and was often suppressed;éfter_a few'rows. These
visuai observépions suggesfed that displacement ;haracteristics such as
the mobility ratio,vviscﬁus, capillary, and oraV1t\ forces could be more
1mportant than the local heterooeneltles in governing the flnaerlno
pattern. " This conélu51on does not weaken the facgzihat the,local hetero-
géneitiés have a significant'roleoin the inception of the fingers.

After this prelininary study, attention was‘f0cuseq;on the dis-
placement chafaéteristiés; The experiments wére designed so that -

Capillafy and gravity‘forces could be kept negligible and thus attention

could be focused on the effect df'viscosity for the Newtonian and non-
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CHAPTER- 11
 THEORY .

I1.1 -Method of Characteristics .
The‘method‘of*Chqracteristics is a powefful tool to deal with a

system of yinear partial differential equations. These are commonly

encountered in the propagatibn of tﬁe p}gne waves. Roughly speaking, a

characteristic is a propagation path along which a physical disturBanée

or entity iéhpropagated. "In §£?té of its long histofical background in

Gas Dynamics, the method of characteristics has been only recently intro-

duced into éhe'displacément analysis (23, 33). In 1959, Sheldon, et al.(23)

applied this method io_so}ve the soAcalled Buckley—Leveretf pariial -

d{fferential equation. He made use of the definitibn of characteristic

paths and obtained a différential equation which was identical to the

' Buckley—Leverett'eqdafion (I-4).

In the ﬁrP<PnT4rext;Lhg_gene;3;—%xea%men%—e£—%heT%iﬂeaf—é%££eff————f—r—~——
/r—\ LS ) E L%

ential equations given by Abbott (35) will be followed. Consider a

linear first order partial differential equation given by,

aP +'bQ - c = 0 | | | e (II-1)

where a, b and ¢ are functions of x, y and z and,
p = 22 ’ | (I1-2)

Q = Iy ‘ _‘V ‘ — - | (11-3)

¥
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It can be proven (351 that along the characterpistics

constructed from the above

+ ()
N

combine

STs given by

d.\‘

J

> n
N // - ’
into the tellow
/
/
/ C
/" dz
/

Aavston rust be sinultane s foon
. .o ;-
, a '
; = i
.
uX Y .
a c '
: - M .
.- ~
Syt JX s dz ’
. ) -
- \ 1
C . ! .
= hl
dz - dv
It follows that,
d.x = ;i\' d: o~ 7
— = —— =, R
a b
: ’ _ 2\
This 1s thetequation of the line called the charactpristic Lif
i
1

precisely, the characteristic of zero order.
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II. 2 Derivation ofvhuéklcyFLchrc - Equation //
. . . ){\\ v /
Let us consider two-phas¢ incempressible flow along the x-axis
' in-a porous medium. . It iéfassum d -that no flow is occurrigg transverse
tq‘x. “The positive’dirééiion £ the x-axis is taken fr9m'in1ct toward .
outlét of the bed witif' S definéd as volume fraction of the respective
/ : - L f
phases, the continuity equation for this system 1s given by,
\,a~sw . l/‘ 7/
t Py 33X 'a—'t—— » (II“IO)
o . ‘
CER . ‘
- - Y . - /
ax at — T ar-11y
, . . 7
where subscripts Av and o stand generally for the displacing and displaced /// .
. - LY
phases or simpYy water and oil respectively. Also we have, //”
////-~sw + 5 =1 ' {11-12)

Therefore,

1l
]

3 ' : .
= (a, *+ a) SR | (I1-13)

(A%

That is for a constant injection rate q,
q, * 9= a = Const. L L(11-14)
\[ ) . P

We can make the -following definitions for the fractional flow rates,

-

(I1I-15)

=
2|40 ,olz,o

'7(11-16)
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J

Neglecting capillary and gravity forces the {}uctifnul flow cquation in

terms of relative pémmeability @ Darcy's law, cames out to be,
FW = ﬁ-—r——“'u:* L 4 (I1 17)
L1 e (O W v

a
r,w Yo

where kr's are conventional relative perheabilities.

doY . .
with the definitions (II-15, 16) Equations (II-10) or (l1I-11)

_can be transformed into, ' . 0
3S Qe S _ 4 R
5t %A 15 5 0 (11-18)
rdd \
where, , . -
CE1(S) = % . ’ : . S (11-19) |

The ghbscript has been omitted becatise similar equation$ are produced

for wetting and non-wetting phases.® From Equation (II-10 and 11) it is
A g % .

understood that qQ, and qO,‘gonsequéﬁtly f, and f_ are functions of

x and t. Therefore, in arriving at Equation (I1-18) the following trans-

formation is implicit,

[ . H
£ (x, 1) — £(5, 1) | (11-19a)
or, ’ 0
2f _ af 3S " :
&= : (11-19b)

8]
Further assumptiom that f is a function of S only will be justified later

when the fractional flow function is derived for the non-capillary

I8}

N

o
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n the other hand, e C ’ LT
S = S (x, t) . , - . (11-20)

The  total.derivative of S is Liven by, °

> e

e
xR

7 as ,
+ dt . -

e dS = (r-210

X o
Lquations (1I-18, 21) are combined. into the Tollowing matrix- fogm,

° c

n-

(1I-22

Along the characteristics,

1 91 (s) I | |
. : =" 0 . T - (I11-23)

1 o= o0 ‘ ” T (11-21)

4 -
o R £'(S) »
o =0 , (11-25) |
ds dx . - ’



©

- From (Ii-23), : . - ‘ , -
. N - o

dx _ 9 -
S ax £1) ) (11-26)
) : € ) ) »
and from (II-24), : . _
s = 0. R T : ' (11-27)
That 1is, -
| S = Const. | I (11-28)

-

which also sati®fies equation (II-25). Therefore S iS‘Constwéggalong

"the characteristic line, the equation.of which is given by (I1726).
Equétion (IT-26) is identical Fd tﬁé*Buc&ley—Leverett theory given'by N

equation (I-4). In derivation of equation (II-26) no assumption was
made concerning rheological properties of the fluids involved. .There-
- B it N

fore equation (II-26) woqld becapplicable to the Newtoniaﬁ as well as

nop4Newtonian fluids. That 'is by proper choice of a fractional flow

function, the Buckley-Leverett theory héldsufor pdlymerflood,as~we11 as-
waterflood. ' ‘

II1.3 Volumetric Average Saturation

The volumetric average saturation, S@,ﬁ at or before breakthrough
is defined as the total volume of fluid injected divided by the tdtal

volume of the porous bed invaded by‘the~displacihé phase, such that

T . 9t | I T (11-29)
WL AX . o _

in which X, is taken as the position of the zero saturation plane.
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It was noticed fran the éxpefimental data given in Appendix (F.4) Table
o i P ° ) - . &

. ° ) s s) .
“(F-7) that the Volunetric=gverage saturation remained constant till break-

o

through occurred. It is understoed that since the interfacéfis quife
-flat before flooding is started, no mixed zone or saturation distribu- = @

tion exists at the very beginning of the‘displacementf) Therefore
S
- w . =
--created so that mixed zone is developed and §% achieves its fixed value.

at t = o is undefined. However, when displacement starts fingers are

o

"As it is observed in Figures (V-3) to (V-18), the data points ‘lie on the

eye-fit line from the very beginning of the displacement; ‘therefdre, it
v ) _ ' ,

is safe to claim that the transition time for Sw to achieve its final

fixed value is wery shorj and insignificant.

From equation (II-29) for the ConStaﬁt’S;, ; : .
. © \ .

. © ” ¢
- d_)( . - ¢ ! 3
Yo g 1 - | | i
S g | R
N K W . ) ) . s : ‘
By égmpariSon of the edﬁatipqs‘(II—ZG, 30) it 1is coﬁcludedcihat,m
S - - S arsy
, . . . . .
- > fw (Sw) | "
co-lSs., = .0 °
W7
% o v <]

That is. the volumetric average saturation is equal to ‘thee inverse .of the

~derivative of the fractional flow:function with respect to S,, ‘evaluated

o~
o

"

at Sw = 0. Also, it ist§§herent;in the definition of the averége
s Vvolumetric saturation that S& is inde&d numérically equal o the volumetric
sweep efficiency, Ep, at or before breakthrough, e .

&
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b

Therefore, '
o ) 1
.ER e T -
\ G0 |
’ S. =0 .
w -

11.4 Fractional.Flow Function — - . e

From the foregoing analx51s it'is understood that a properly

deflned fractlonal flou function with respect to saturation is Tequ1r°d

F;rst JAt was dec1ded to proceed Mlth the more - common method of . obtainisg
. the functlonal_dependency of fWNWith~Sw‘ “That' is to;meaSure’the_steady

state relative permeability curves'and,Calculate the fractional flow

function from equation (II-17).- In.this work as in others experiment

© 'was carrled on- bv 51mu1taneous flou of uaqer ‘and 0il measurement of the

'xpressure drop at a steady state condltlon. It can be shown ghat the

E

relative saturation in ‘the bed 1is not 51mply the relative flou rates
except “hen.uo/u 1 and 11nearueffect1ve perweahllltles with satur-
ation pertain. During the course of th . eriment 1t was visualilyv
.notlced that the flow pattern was 51gn1f1cant1v different from that of
“the dlsplacenent process In the case of simultaneous flow each fluid

tended ¥o have its own peth and channelino was quite evident. - 1In other

words the flow of the two flulds tended to be complctelv segreﬂated on

a scale much laroer than the bead dlameters. It was observed that the

o

\&portlon of the total area of the bed covered by cne phase was not. equal
?

o the relatlve flow rate of that phase.‘ For'example in the case of
10w1ng 50 pexcent uater and S0 percent 011 the portlon of the total

rea of the bed Occupled by the uater was much 1ess than 50 percent.

-

Therefore, the saturation is not simply the ratio of the flow rates of

the two phases. This'phenonenon\has been noticed and reported in the
| S ' ) L o ' o
~ ) poit

©
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literature.% For example, the expcrlmentgl data reported by

Rlchardson et al. {36)oail indicate severechannellng In all the cases

°, -3

Q
ﬂthe,011 saturation far from—the outlet was much large

flow rates of the -two phases; They measured the .0il shturation distri-

than the relative

bution by weighing the d ffereﬁt segments Bf_the core fter each test.

For the oil and gas’ relatlive flow ratés of'q /q = 0.902, O 008 and
]

+0.004 the measpred 0il sa urdtions were reported to be

60, 64, and,63 percent-res‘ectlvely. _

"\Jénmings”(37) used |a radioactive;tracer technique to determine

a

- : g . : ' . L o
the saturation. In this technique a radioactive component is™added to = o

the 0il phase so that the oil satpration;inrthe core could be monitor . '
with a sc1nt111at10n counter This technique'eiiminates'the error E:Q\\\\\\\\
the saturation deternlnatlon due to the unknoun hold up but -does not: ‘
.;orrect for any effect that channeling‘might have;oh?pressure drop.
. fhe phehomenon of‘the chénneiing is quite differentlfrom'end*‘
‘effeet. End effects are due to the caplllary pressure—j eaturation
elatlonbhlp End effects can be avolded by measuring. the pressore far -
from thHe ends while the independent fiow or chénpeling of the phases
; occurs‘thropghout the experimental bed. | - »
| In the case of dispiacement'the'oil i;Vdriven by the dd;placing
phase and no independeht force -exists in'the odl phase. Also the dis-
trlbutlon of the displacing phase -across any plane perpendlcular to the
flow dlreetloq seems to be in a random fashlon v _
The ob:erved d1551m111r1t) of flow patterns forced the author

to discomtinue this approach ‘and to proceed with an alternative method

to obtain the functlon dependency of fw with Sw’ Attentlon was focusedl o

. o
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on the press;¥e'drop measurements. It was noticed that the overall

pressure gradient of the mixed zone was almost constant and 1ndependcnt

of the pOSl;lon of the 1nterface The overall ‘pressure gradlent Sf the
mlxed zone is defined as the‘%otal pressure drop of the mixed Zone
divided by the length of the mlxed zone. ThlS pressure gradlent was of
course quite dlfferent from that of a sxngle phase. The constant value
of the overall pressure gradlent in the mixeéd zone sugcests that the fl;h
o reglme of the mlxed zone 1s Controlled by a 51h01e -valued Vlsc051ty“nh1ch
1s nelther the v1sc051t) of the dlsplac1ng nor dlsplaced phase This
brings up the p0551b111t) that a properly deflned average viscosity could
be suff1c1ent to characterlze the flow re01me of the dlsplacement proce
when the caplllary and grav1ty,forces are negllglble ' The cr1ter101 to
con51der the effect of . the capLIIary forcés being negllolble was the |

o

 absence of the res1dual 011 saturatlon.v

. | . The experlmental pressure gradlent of theomlxed zone was 1ntro—'
duced into Darcy's law to calculate the effectlve viscosity of the mlxed
zone. . - Thls calculated effectlve v1sc051ty from the experlmental pressure

' gradient was'reasonably close to the arlthmet;c:ayerage of the d15p1ac1ng

and displaced fluid Viscosities; ( \

. ui + o .

. | o Me T > , o o (I£ 33)
‘where subscript "e'* stands for ”effective” ‘In. Appendlx H, it is sh W

3 o

that equatlon (£I-33) can be dlrectlv derived from the 1ntegrat10n of the~-

local behav1or of the bed. The local'behaV1or of the bed-ls assumed to
) be characterl ed bv an average v1sc051ty deflned for a mlxture of. two

o

1mmlsc1b1e fluids. An Arrhenlus type correlatlon (39), in whlch the

..exponent 1s‘takcn as. saturation of,the two phases is app11ed,

T I PR . Coasa”
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where subscrlpt "a™ stands for ”average” Further the mixed zone is

consxdered to be constructed of a continuous dlstrlbutlon of saturat1on /
AN N )
planes, the viscosity of whlch‘are glven by Equatlon (II-34). That is e
i Ry . e E /

'> every plane of saturation hfis a single-valued viscosity characterizing

its flow reglme A similar correlation of (II-Sh)éwas used by Peaceman,
et al. (31) in their numerical calculation which was given by Equatidn
(I-7). Ignoring capillarf effects,-Darcyfs.law is written in the

.- following form,

w dP . o
. L LW . _ S (1-35)
qV Yy &x ‘ S o
Ka ' ,
qo = - -—u'O . gii i (11'36)
o : .
, KA dp ' : L e
q = - r &- . ) o . (11‘37)
o a - . ) ) ‘ )
and as before,
a2 aq, * aq o S (11-38)

. where K is the absolute permeabllltv A and K are’ the 1n51tu crOSs-

sectional areas avallable for flow of the water and 011~respect1\elv It
15 noticed that the steady state relatlve permealertv term usually used
in applylnv Darcv s law to unsteady state dlsplacement process has been

-av01ded. Instead the relatlve Cross sectlonal‘areas of the uettlng qnd
non- wettlno phases’ hq\e been 1ntroduced In connection w;fh the'conven-
tlonal termanIOg\ the group RAW/L w111 be called ”dynamlc mobllltv”,
and the LorreSpondlno relatlve penneablllty, whlch will be derlved

later, is tenned "dvnamlc relatlve penneablllty” ' Fpom\equatlon-(II—SS)‘

to (I1- 38) one obtalns,-

.
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Vil

A , : o “
+ 0 - A I (11-39)
Mo H , :

In the "absence of connate water and residual oil saturation, the total
‘ J
Cross sectional area of the porous bed, A, is equal to the sum of the

'a,reas available for the flow of water .and oil. phases, S0 that,

A= A, A | . | (11-40)

The pertinent analySJ.s for the case with connate water and/or- resmual
oil saturatlon 1s given in ~\ppend1x (D) Solvmg for AL and A from:

‘equatlons (I1-39, 40) and applyi ing (I1-34) ylelds.
S

. _ Sy | . B .
. A, = .-——-747 A, ’ ) . (11-41).
» M-1 D - e . S
. S, o S | |
A = M-M©" A N L - (II-42).

.o M- 1 S o

where, M is.the visCo’sit}_':ratio of the oil to the water, R

\

N = 2 . e = (1149)
. W : ' ’

-

From the definition of fw given {by‘eQuat‘"ic'm (I1-15), it is easily derived
that, 1§
. W

L3

£ S M-M

: (II-44)
w M- 1

This justifies the fomeriy made assumption that with fixed.fluids or

M, £ is a function of § only.
w oo Sw

. I1.5 Dwnamic Relative P'enneabil'ifvw - e f o
To obtaln the dvnamu_ 1elat1ve pemeablllty functlon hlth respect

to saturatlon that Corrc>pond3 to the precedlncT an:ll\ <1s onc needs ‘to

wrlte Darcy s law for each phase w1th dynamlc rel'ltl\e pemeabllltv

~
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term ag‘

= . LW odP . I1-45
a, | ™ <. o - a )‘
Kd_ A )
T,0 dp P
= - —_— . : ‘ ' : I1-46
Y% Mo dx‘0 ( .)

. -

where‘d;'s are called dynamic relative permeability to.avoid confusion
with conventional steady state relative permeabilify{s Comparing

' Equations (11—45 46)7Witﬂ Equations“(II—SS <36f respectively and

4

. 1ntroduc1na the results of Equatiens (II 41 42) ‘the err“SSIonS for

o

dynamlc“relatlve pen“eab111t1es are,

S S
- W . o :
d = M -1 : , (I11-47)
T,o M- 1 , .o
‘ Sw .
| o a = M- M-
B . . o I‘,O . . . M _ l N

q -
k4
"

which are just the same as the ratio of areas given by Equations

1I-41, 42). In contrast to the conventional relative permeabilities,
‘In ve A P
}

the sum of the wetting and non-wetting dynah}ci;elﬁtiVé permeabilities
is equal to unity. Or in general, when connate water and/or residual

.oil saturatioh exist, this sun is equal ﬁo a constant less than unity.

II 6 Saturatlon Distribution " -, ' . T o °

“
o

leferentlatlno f from Equatlon (I1- 44) with ;éspéct to S; and

o

'SUbstltutlng in Lquqtlon (II-LG) )1elds,

ax ML Yoan M ‘ ‘
ad - %K M1  (11-49).

‘- upon integration with initial condition of xft=0 = 0,

~
ey
]

<3

(I1-48) ——
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’ | 1-s, _ S o
S ¢ R M-1 . )

‘Hence the saturation distribution is obtained by solving SW from:

Equation (I1:50),

N ; _ & 1 x(M-1) 2A ’ g
Sw o 1 v- an M [ln qt n M : (F1-31) ,

In plotting SW vs x one should consider the fact that physmglly’ bw

" can not accept values "larger than 1.  Therefore Equation (II-51)

should be modified as fol loxx'ing;.

o

<

4]
]

1 for all: x <.x

v ‘ ls =
. w
- R o1 X(M-1)A° ey
L S = 1 2nM [ln qt & M ] (11-51a)
for all x > X| . »
Sw =1
II,7 Volumetric Recovery Efficiency at Breakthrough - e )

Volumetric recovery efficiency at breakthrough, E’R’ is obtained -
- either from Equation (II-32), or directly from the saturation distri-

butien.' By substituting the derivative of fw evaluated at Sw = { 1into

_._.:Equat_ion (11-323, E  1is gigen by, " S =

Mo M )

\ e e e
N R Emw T aes
It~ys understood “from Equation (II-52) that the limit of ER is

unity when M -~ Iw_However, similar to the case, Qf'sdturation pi‘o'file,

1
e
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'has been swept completely and §; L
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than unity from the physical point of view. This physical constrdint is

imposed on the theoretical prediction of thatioh (I11-52) as following,

i}

1 for all M< 1 ” (I1-52a)

ER
M-1

= T 4 Y
ER Mo M for all M 21

Also from a simple material balance one obtains,

L S,pe = % * / 5,, dx | (1T-53)
\ . [ Xl .
where, o B .
o - gt 2n M ' . _
Xy = xsw . %ﬁm | (I11-54)

-and L is the total length of the bed, xl; the length of the bediwhich

£ is water saturation at breakthrough.
? . !

Substituting Sw froﬁ‘Equation (1i-51) and performing integration the

- expression for -the water saturation at breakthrough is obtained as,

- which is identical to-BEquation (II-52).

34

. M- 1 , )
°Sebt = MM . (I1I-55)

.-

I1.8 Modification of the Theory for the PowerZlaw Model Fluid

Equation tII—36)'remaiﬁ§ unchanged while My in Equations (I1-34,

" 35) must be'replacéd by apparent viscosity, n,'and these become ;

S 0. : N | -
T . arse)

v,r*i.’";- e . -. 4 | - - KI\N

Q, = - - g | N (11-57)
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Therefore, the expression for f,, would be,

S U U .
£ = 23 ‘ (11-58)
w u n : - -
o - .
where My and n both are functions of Syt Assumlng the- wacr law model

to approx1mate the polymer :olutlon behaviour, n is gl\cn by,

n-1 |
W= (;\&) | \ (11-59)
v . .

where, H is the viscosity level parameter given by Equation (B-24). The
viscosity level parameter does not have the units of »1sc051ty and is a
factor uhlch account§ for the addltlonal dependencv of the superficial
velocity, U, on K and ¢ due to non—Newtonian behaviour of the fluid.

As it is\éhown in Abpendix.B, the viscosity level paraméter appears in
the modified form of Darcy's law obtained from solving the generalized

flow equation for a power-law model.

From Eduations/(11-37, 57, 59) the expression for n becomes,

n-l on-l .
n, = H/m gy ™ w, o (1I-60)
Solving Equations -(II-56) and (II-60) for n and u_, their final
expressions in terms of s, are obtained, '
1 (1-5w) n-1)
no= muUYh RIS S v P +«bw (11-61)
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and, ' - . ' | ;
. S, ‘ n. (l:sw) | 7
wy = oyl MU TR IR TR e

o

Consequently, breakthrough recovery efficiency, E,, can be easily calculated

R?

from Equation (II-32), .
n [npl/“ . 1]
ER = (I1-63)
1/n '
' M gn M ’
p P
_where Mp is analogous to the viscosity ratio, M, in the case of Newtonian
. /
flpid and is given by,
uo R N -
M = — , (I1-64)
P HU n-1 .

It is evident that for Newtonian fluidg or for which n = 1, Equation (II-63)
becomes identical to the Equation (II-52).
- - To obtain saturation profiles one needs to know the derivative of
"

fw_with respect to Sw' ?}om Equation (II-58), coﬁsidering the fact. that

n_ and n both are functions of Sw, it 1s derived;

a
-dfw - [huauo + n (uo - g - ua)] n 5b 65
R e . (11-65)
s, [n,( -s,) w] Cug = )
Integration of Equation (II1-26) with initial condition x]t=0= 0 gives, ///////////
- . . - /// . .
‘ . ' t d fw /,/'// .
. X = - — (11-66)
. %K‘ as, - ‘

o

af , \
where aéﬂ i%/fg§§§ilu%ed’f?65/ia;;;;;; (I1-65).
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It is obviocus from (I1-60) that in this case 1t is not possible to obtain
an explicit relation for Sw in temms of x. However, the saturation profile

can be easily established by assuming values between 0 and 1 for Sw and

calculating x fran bquations (iiaos, 60). This procedure has been used to
S
obtain the saturhtioﬁ‘pfofile? pqésentcd in Figures (V-28 to 30) :ind
(V-34 to 37). | Vo
0
I1.9 Discussion and’Application éf the Tﬁcoqy
[>]
Since -the first derivagive of the fractional flow.function is oﬁiy
a functidn-of Sw, Equation (II-26) indicates that the charucteristic.curvc
of each saturation plane is a straight line. The assurn Fion of the homo-
. ) L 4
geneity of the bed is, of course, inherent in the foregoing statement.
Thereforge, a plot of 1&§hc position of each saturatioﬁ:plané, V5.
qt/¢A xézst yie&d a;’ ,sz straight lines the Slopc:of which is edqual to the
-t ¥ 4 . . .
:firstederivatiVe of actf&ﬁﬁl flb&'function evaluated at that‘spécific
%gatu?ation. Depending on the functional éénn of £(8) three diff?rént
.;ituétions can be distinguished; ’
- a) The slopes of the lines are E?e same whéch mcaﬁs that
f‘(S)‘is a constant or say,
$f<‘ »f'(S)' = a Yo : ‘ (II—67;

N

Therefore, Y

£G5) =, a'$ + b (11-68)

i



where a' and b' are constants. .
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FIGURE II-I  ScrigraTie REPRESENTATION OF THE
- T -~ CHARACTERIST:C LINES FOR THE
: ' " Case oF STABLE DISPLACEMENT.

»

The physical meaning of this case is that all the plaﬁes, of différé;it.?,, .
2 - . P : . R . - ’

.t
w

saturation move’ with the same speed. That is the’initial saturation

distribution profile does not change \;ifh time.  This corresponds with °

i M : * - ) B fo
a. campletely stable displacement. \
b) °- The slope of the 1j,;nés increases with decreasing S, wvhich

@

Tedns that the secénd derivative. of " s négative for

32

all values of S, o
N . 2. e . . ‘«.’ﬁfA ’ .
B . Q/ . "':g»,}_ - - 0’ ) .
_ | , d fz(f., : <0 .y ;& & (I1-69)
- i . . dS e - 7 ‘

T
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From the mafhématical point of vigWﬁ condition (II-69) corresponds with a

curye of "' v_s. "S" being @oﬁcave downward.

./

St s<s

Y

- .. atigA L

FIGURE 1I-2  ScHEMATIC PEPRESENTATION OF THE
' ' ‘CHARACTERISTIC LINES FOR THE
‘CasE OF UINSTABLE DISPLACEHENT.

ﬂqe phySical meanlno of this case is that plane< of low saturatlon nove
‘faSter than planes of higher Saturatlon That is the length of the mlxed :
70ng -is” xncr6351ng. This correSponds with an unstable displacement. The
- degneg Of_thé instability or thg seyereness of the'fingering can be studied
ffﬁm the‘?glativé-departure of the planeé‘from each other.

R (c) The slope of ihe lﬁnes increases with S, that is the

" second derivative of f is:positive for all values of S or

er 0 | (11-70)




E

.‘?

o < o ° o ., o ’ - E ' B
e , o 34

-

This .is a SufflCIGHt and necessary 'condition for the fractional flow curve.

In this case contrary to the former one the p&aﬁes oflhigher saturation .

move faster than tlie planes of loner ‘saturatien. Atfa certaln‘tlme tbovi,-oo
w111 1ntersedt each dther cau51ng the physréall» nﬁp0551b1e;1u1t1p1e D o
.. = o 67 E
saturatlon Case. © This 1; equlvalent to Fhe moment uhen certa;n of the" i
characterlstlcs intersect and a shock or dlscontlnulev in the'satmratlon e
profile is‘formed; »“;.“ ;;_“ | o o: ) o s

" ‘ : ° o o

The lower portlon oﬁ the erperlnontal S- tvpe fractlonal flow curves

G

is concave uphard hhluh causes the dlfflcultv of 5hock formatlon . The.

experlmcngal S- shaped,curves are based on sfeady state relﬁtlve permeablllt\

[ o 3

meaguréments.c As thoroughly dlscussed in section I.,.u.the Valldlt} of 1?%

= B N o oo 2

these mcasurencnts 1n repr;Sentlng the real 51tuatlon in dl\placement processe>
3

<

L <

is at hest questlonabﬂe. ‘This. \UbJCCt nlll beolatcr refc:réd to in
o . . o ’C);: o
this section. : ’ o °
e N e AR

to be concave. upward S v L e L.
U Y . S )
Sy
&} 5 °
‘ °.° e
o\ .. . :? 0 e
¢ " ‘
T T oatieA o]
..« FIGURE 113 . SeevaTic [‘\EPRESEB?TATION oF . v LT
S 'v__zgSPDCK FORMATION. R
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- A plot: of frontal distortion as a function o‘fv mean frontal position
‘revealed a linear behaviour. Therefore, a linear dependehce of frontal.
.distortion D, upon the mean frontal position or distance displaced was
'coneluded; The 1ine_of ”99.99% of front_having distortion less than D
‘corresponds to the plane of zero saturation in the present study.
nThe.experimentel data. indicating the linear proéress'of the zero
saturation plane'hdll be presented in Chapter V. As will b& observed in
‘.Eigures - 3) to (V-18) the linearity holds for Vewtonian as. “ell as
non-Newtonian displac1ng flUldS»

The.advanc1ng rate of other saturation planes cannot be deter-
mined as eaSily as the zero saturation plane. Therefore some theoreti-
cal analy51s, based on the assumption that the 1ocal behav1our of the
. bed Zould be characterized by an average v1sc051ty for a mixture of two

imm15c1b1e f1u1ds was undertaken. This made 1t p0551b1e to derive the

|
advanc1n0 rate ok& any saturatlon plane The advancing rate of the ~

' different saturation planes was ultimately linked to the breakthrouch \

: recovery which can be ea511y checked?by the experimental data. ‘ \

2

«

The dynamlc relative penneabllity functions derived from the
present anal)tical treatment are glven by Equations (1&47, 48) It

should be noticed that the viscosity ratio dependence of the dynamic

relatige permeability‘fUnctions,~1s stronger than the dependence shown -
by published experimental relative permeabilities. In the present
qnalysis dynamio_reiative permeability is nothing more than the relative
flow areas occupied by eaeh of;the phases. It has élreadyibeen mentipned'.
_in‘section (II—4)Athat in the usual experiment for determinations of
relative permeability by simultaneous,.steady%state flow of the two

fluids, strong chnnneling was observed when the viiposity ratio Qas

..
4



‘significantlyAdifferenflf;éﬁ unify; Notiﬁgvthat wﬁen‘the flow arca of
thé'wetting phése decreases because of chaﬁﬁeling it is'poésible that
the compensating effects of area changé iﬁ the nogfwettipg ngée may
‘mask the dependen£e<bf relative permgability on-viscosity ratio. A -

further consequence would be that the usual relative permeability is

not very sensitive to the details of the flow pattern. This can be

demonstrated by the follewing example. Consider a porous bed in which
we are conducting the usual experiment to measure relative permeability

by measuring pressure drop at Steady state for 'simultaneous flow of oil

and water. Suppose that the flow ratio is unity and half of the bed-is- .
.pécupied by the yater; so that there is no channeling.. The total dis-

sipation loss in the bed,_EQ, is the sum of lossés in the oil and water

phases and is given by, ° | s

'E = E .+ E | | (11-72) -

\ V,W

If for example, the viscosity of cil is ten times larger than water,

E,, = 10 EVW . - . ’(11-73)_

. or, o . ‘ .

E, = LLE . o (I-74)

o

Now, éupposihg that instead of the ideal case, there .is significant
channeling so the water sé%uration is not équal>to its fractiéhal fimv
‘rate but 1¢$s than that. Fof example, assume that water occupies half
of therfbrmer area. In this case, L

By = Eyw t Eyo ,_ ' (11-75)

. where prime indicates the new situation.

4
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However by proportion of areas and viscosities

, - e
R PRV R e o B (11-76)
3 . . \ 3o !
' . o2 _ 20 . -
S E v,o 3 Ev,o -3 va,w (I1-77)
From Equations (I1-75 to 77), .

- a6 L R 178

S 2 SV _. : o7
or, . '
. E N . - . : N -

| B 76 S o 179

-Since total friction dissipation is proportional to measured’ pressure

drop of. the bed, ' )

= = 3 L o © (II-79a)
: T 2 R - o -

which is also JUSt the ratio in Ielatlve permeabllltv that would be
calculated. This is, although the Water saturatlon ‘has decreased b)
~half, the change in relative permeability would»be'approxlmately twenty
_perCent; It is a straight forward algebraic exErciSe to éhbw that this
observﬁtidn holds'to the 1imit of severe channeling'ofqzero flow‘areav
~of the water. Thlb -simple calculatlon re»eals that the experimental
relatlve permeab111t1e> whgfh ‘are based on p1e><ure drop measurement are

expected to be somewhat insensitive toward the relatlve area occupied’ Bv

the chqnnellng f1u1d Since the severity of channeling is' in turn .

related to the viscosity ron the example Suggests a similarly weak

dependence on xi<cositv rat Thus the qualitative dlffercnce c1ted
con <&

'abovéfbetucen the dvnamlc and conventional relative penuedb111t1es may

be -a consequence not only of definition but also because of dlfference in



o 9
the experiments which are perfommed in their determination. .
Eor‘poiymer flood additional tmcertainty arises due to the fact
that the same pair of relative permeability curves as in the case of .
watér'flood havé'béen‘applied‘(42545,'56). BéSed on the conclusion -
- derived from the preseat analysis, both displacinglénd displacéd phase
~dynamic relative permeabilitie$ change if either phase is changed.

Therefore, by substituting the pol}mer solution for water as the di$-

pla¢ing phase the former dynamic relative pérmeability curves do not

represent the new situation. o .

' The advantage of the present analysis lleb in the fact'that the
éna1y51s can be ea511y modified to the polymer flood assuming thatsthe
power-law modelfdescribes the behaviour of the fluid. Due to the Shéar‘
‘dependency‘of_the polymer solutién‘ité appafent yiSCOSity changes with
_satdration; . The apparent viscosity,at each pianeﬁof saturation is g}ven
by Equatlon (II 61) whlch clearly <hous the error 1n»Q1ved in assuming
a 51ngle apparent v1sc051ty appllcable all over the bed Th15>1s
partlcularl) xmportant in the case- that saturatlon dlstrlbutlon covers a .
- significant portion of the bed The 1atter 51tu1t10n is encowltercd when
_viscous fingering is severe. .

Breakthroush recoverv for a linear polvmer flood 1< glven “by

o .

‘ Equatlon (I1- 63) -‘Itlls gndenstood from Equation (11—63) that the recovery
efficiency depends not only on the Viscosity level of~the polymer solution;
but also upon fhe power-ldw paramefer_n. Larger n produces 1argérrrecévery.
fherefore,,a Newtonian fluid,.n = 1, at an equivalent’v%;cos@ty ratio

defined by Equation (11-64), is expecte?ﬂto yield higher recovery fhan a

gy : ‘
pelymer solution. It is well known that™ the polymer with higher molecular
wéight produces smaller n and 1argcf elasticityvcffect: Therefore, by ;

.



’ 4Q
choosing two different molecular weights of polymers and adjusting
their concentration to obtain the same approximate viscosity level, one

' . : N o T
could check the effect of the polymer solutioniefgstdgity~oﬁ,gqc»dls—

placement rccovery.  If the elastic behaviour of the polymer solution

has any significant effect on the diSplacémcnt.process, the experi-
mental recovery efficiency of the higher mdlecular wcight‘pblymer
solution would deviate from the.prgdiction of‘Equation (I1-63) wﬁich is

based on purely -viscous behaviour of thc polymer solution.
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CGHAPTER IIT

SCALING LAWS ' .

1I1.1 General Scaling Laws

Scaling lays caﬁwbe obtained ei%hcr frdm diﬁensionai analysis
or from a more mathematical approach called dnspectional dnalysis,
Dimensional analysis and physical.shuilarity hayé been used in other fidlds
for a'iong‘timc and thédpeftinent theory is adequateiV'ﬁiven in the
lite;arure‘(4b - 49 ).’. In 1941, LéVereft, et al. (50) applled dlanSlOndl
analysis ‘to the two pnase flow dlfplacement and studied the 51mllar1tv
criteria for radial and also linear. dlsplacement Following Lleverett's
work hnwelberts et al. (2) stua1ed the scaling laws of linear flow systems
ih more detaii. They belleved in flve lmportant scaling factors, two of
whlch were con51dcred to guarantee the geometrlcal 51mllar1t) such as

length and inclination of the bed and. the rest whlch are glven bclow were

con51dered to pre<erve the physical SlmllaTLt), S : s
Yo 7 megK - s g LK .
N T Uup, .2 o Cos «

//Ié thesé gfo&pS,nAa is ;he'density'difference betweef water and7oil;and c;i
the contact angle of'the‘oil-water-solid‘systcgk : Their ekperimental <tudies
ShOhEd that breakthrouﬂh recoveries depended on most of the factors except
Ang*¢i7b Cos =, They concluded that capillary force> were not etpected to
have substantial effects on water drive processes under field conditions.

A continuatjon and extension of Engelberts et al. 's experimental

work was later undertaken by Croes, et 4l (51).v Rapoport anqueaé (20)



\ . a2

reported the results of scaled experiments on witerflooding and brought

up a discussion of the stabilized zone which was nentioned in section (I-2.2).
" They revealed that a lincar flood can be characterized by means of the

seglihg‘factor,u L My Later, RapoportkESZ) obtained a'more general form
ofhscaling coefficient by including the waterﬂoil'intcrfacial tensiepg o,
and the contace angle, o His treatmeqf.was based on the more theorctiqii
‘inspectional analysis. lle sumnarized the cehditions reeuired for probef

modelling of water-oil flow processes as:

vi;' Geemetrica1-5u111ar1t) such as boundque , well distribution, -
well penetratlon, ctc.
2. Initial dlstx;butlon as well as the succession dnd dlbtllbutlon
of operations (water 1nJect10ns and all eil w1thdrawals) must
be the same for model and pfofotypo} .
}; ‘Reletiye pe;meability fdncfions and the oil-water wiscosity
'ratéo must be the same.for model and prOtOtvpe.‘
'M4. Caplllar) pressure functlons app1)1n0 to, model and prototvpe
. must be related to each other eléher by dlrect proportlon-
ality or by a general‘linear.tranéfonngtioni
> The ratio of geavitational gradient te caﬁillary pressure’
! gradient muet be the sahe fet model and prototype.
6. The ratio of capillaff pfessurefgradieﬁt to:flewiné pressure

o

gradient must be the- same for model and prototype.

“In 1956, Gcert5m1 et al. (53) combincd the two me thods of
I -

leGnSlOﬂJl and 1n\poctlonal ana1\51s and applled the scallng crlterla to

three typcs of d1sp1accment namel) cold water dllVL, hot water drive and
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th

<d1d not appear -to be that serious for the boundqr) conqltlons

et al. (3) revealed that a properly scal

44
The dimensionless paxduwtcrs prodULcd from the cquation-of continuity

cambined ‘wi th Durcy s law are given below, : NG

and

LZ LS_, kw,rouo OKw,vo_ié%)y?
L. L X _a U uwl,l '
\

lS‘l,rogAQL} ’
U w, by

-

where Ll’ L2 and L3‘ar0 some characteristic lengths along the three
rectangular Cartesian coord;natcs. , ' .

| The prinéipal difference between the scaling criteria outlined
by Pérkins, et al. (54) and those formerly mentioned lieérin the modified
definitions of dimensionless saturations and relative permeabilities. It
is understddd that in this treatment mobility ratio appears to be a
scaliqg'criterion instead of viscosity ratio.

Nielsén, et al. (55) numerically. studied thé‘performancé of a

hypotheticalvgas resérvoir subject to water drive aﬂd 1ts >scaled model to

24 &'-&‘{
find the effect of unscalable varlables such as exact bquadaryacondagloHSA

or caplllary and relative permeablllt) curves Thev revéaled»th&%

#

performance of the reservoir and model was. ver\ sensitlve ﬁo the shape of

< ";J ?\

the relative permeability and caplllarv curVeQ‘. waev§r thg;sltgatxan i

P
' I AN

Y

ITI.2 allng Laws for Unstable Imm1<c1ble QlcplaCémeni

5

In the case of studying the flnge fﬁ% phenomcnon, some- other

scaling factors seem to be inevitable. | During thelk\theoretlcal and

experimental 1nve>t1g&tlon Qf unstable nmnh<tible d1>placement Chuoke
_.\ ::;‘

2

s s
® ~

&

ware’

model fox the stud\ of the v1<cous
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fingering phenomenon not enly should satisty the conventional similavity
. ) . Lo »

groups but also its greatest lateral dimension d, must be preater than a
critical wave ]ongth,“"lc. 'l'hcy‘;u'guml that if o exceeds the greatest

. . . A . :
lateral dimension, d, of the model thes,displacement would be stable and
lead to higher recoveries than in the reserveir. Theretore, they

included the following additional scaling critevia,

)‘m 2 id o o
d or Y W ',
° - X Y{lu-u J-

4
This in general, need not be exactly the same in both model and prototype.

If Ac/d 1s either large or small Cgmpzlred to unity in both model and pro-
totype, either no tingers or a large nunber of tingers will appear in
both and the relative etfects on ‘behaviour will be the same. 'lhuﬁ only
if A(C/d 1s approxim::itcly ur})ity h-'ould_ exact scaling l)g;,',‘,.xéq—ﬁi"rcd. The new

. . . o :
scaling criterion prcposed by Chuoke, et al. h%S .been recently supportt

by Hagoort (32) via an energy approach in studying instability of water
drives' in water-wet: rCSCE\ﬁoirs, -
Chuoke, et ai's"analysis was based on a parallel plate medel
and was challenged by Rachford (8) on the basis that the perfomancck:‘pf
Sucﬁ.floods might not properly represent waferfloods in strongly wéltcr-
wet p\omu’s systems. Rachford :introduced a transition zone beh"m-d the
flood and carr%e_d on a first order analysis of the perturbed displacement
equations numerically. le contyadicts the quling requir’(:.ment o:f\ Chuoke,
‘et al. (3) and stated that no addit%nal scaiing requireménts appeared

necessary to insure proper treatment of the instabi-liﬂty.‘ He believed that

“
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since in any rigorously scaled/;odel the same dimensionless differential
] - . -t R » .
equation describing the prototype, is-applicable, the analysis should

give identical stabii;ty pred%ctiéhs for model and prototype.,

Erom. the higher order approximation of the insféhifitv theory
~undertaken by Outmans (10) some- dlfferent/cflterla for sxmllarlty were
deduced He distinguished tw0'd1fferent cases depending on whether the
grav1ty and interfacial tension were negllglble In the case,of the
grav1ty and‘lnterLaCLal ten51on belng negligible, the'model and*pfetOr,
type not only must be Llnematlcally SLmllar but also thc initial dls—

©

ﬂturbancc should be identical. This crlterlon cannot be met unlcss the

permeabllltv fluctuatlons startlng the fingers have been scaled down

He, therefore, concluded that thlS typc of . model study was not a rellable

_ method for evaluating SWECQ efficiency 1n;Ihe,reserv01r.= However, in the -

El

case when the gravity and interfacial tension were significanc a complete

similarity- required equality of a.dimensionless group somewhat similar to

=}

the Weber number in hydrodynamics (72). - )

ITI.3 - Application:bf'the Scaling Laws”

For the purpose of the present study, in which gravity and
capillary effects arc assumed to be negligible, it is concluded -that -the
only criterion to be considered from the general scaling laws is that the

flow regime must be in laminar region. That is, Darcy's law must describe

‘the flow rate-pressure drop bchavior. The scaling laws for fingering

phenomenon, contrary to the Llncmatlc 51mllar1t\ have not been well

established. However, the fact that the Cr;tlcal wave length must be

smaller thgnithc width of the bgd seems to be easyfdnd safe, to consider.

it is emphasi:ed that this scaling criterion h?s been preditted from  the

linear theory (3. as well as an energy approach (32). Therelore, a

P
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gation ‘was one foot. A multipl "

rates were observed in most caseg

stronger ground 1is fumished to believe its validity, s

. The width of thefpaéked bed 93q%oycd in the presenplinﬁ§sti-

of'fingérs even at low flow

erefore, it is safe to Claim,tﬁat
the ratio of the bed width to the critical wave length was large enough

to ensure instabilities were not influenced by an inadequate bed width.

E

@
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EXPERI\HAHAL EQUIPMLMT "AND PROCEDURE »

. e .
e - e} ©

IV.1 Model Porous Media S : 1 -

Four dlfferent beds were used: durlng the present 1nvest1gat10n
~

~The first two were composed of regularly spaced matrlces of 6 mm diameter

.

glass rods in a trlangular arrangement. Flgure (IV-lj illustrates a unit

cell of trlangular pltch.. The iast two beds here packed with different

51zed beads The multi- C)llndex natrlces produced two- dlmenslondl flow °

'whlle the packed beads prov1ded three dlmen51ona1 flow at the microscopic

level. . ’ o - e . Y
Dlsplacement tests were performed in the second multl -cylinder

matrix (Floure IV-3) and the motlon pictures obtalned were used to show the

ex1stence of a linear ad\dnce rate of the frontal planc or planc of zero

water sdturatlonr Results were identical to,those presented in FlgUTCSL 

(V»S)stg _0“18)-"Howgver,eno“pressure drop measurements were‘perfonhed

on thls klnd of geometry. . , , . L .

SlﬂCC the. packed bends are presumablv a’ better snwulatlon of flow

HAtive descrlptlon and completeﬁ ess,

in real porous-fiedia except for qpaﬁf
only:the data points of the packed beads will be andl}sediand presented here.

5
"

IV.1.1 - Multi-cvlinder Matrices - , . .

o <

The first multi—cylinder matrix was,exactly the same one that was.
' -é% » . . e
used in a former study (GH . The cyl¥nders were contalnedvlr a . rectangular

channel of inside oss sec tion 5.2 cm x 6.5 cm - thure (I\ 7) The

: model conta1ned 10 rows of C)llnders with each TOW alternatlxelx 9 or 10
\

¢ylinders in width. ﬁThls arranpemcnt left a large space near the wall 1n
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Lach row with nine ovilinders. Fo elminate by-pass flow at the wiil:
tosefroct o resistance of cach row » the 3 rm diameter oyl inders

placed next 4o the wall in cach of these rows.
pore openings, shown as dy and

ih

Comininng

and

and

1

I

an Figure (IV-11, were apresiaately

respoectively.

IRETRY

\

o

Ino this work the middie rtod of row No. Lo s

Large opening at the centor. bhrs large opening
ctfect of a lurge heteropenei ty

the second multi-cvlinder
the first one but -of didborent Ginensions,
~ovntained

B

asishown in Figure (1V-3).

Cingering at Jditterent depths ef the bed.

th
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CThe volwiet ric pedssi
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were 1nserted at the largc openings next to t‘;‘ggggs
IV.1.2 Packed Glass Beads Model

As shown by Flgurc (IV-4) the model was made up of two trans-
b@ibnt plates of 3/4 in thick UPVC CUnpla>t1C1Lel Polyvinyl CthTldL)
with dimensions 18 inches wide b) 24 inches long. The plates were’
spaced 1/2 inch apart. The intefnal dimcnsioos of the packed region’

“were 43.2 - an wide x 53.5 - ‘an long x 1.3 -ijwfhick. To obtain a

uniform injection front, the injection head was composed of three

inlets. In addition a flow distributor was placed 1 inch downstream of

e

the.injection head. .This distributor was made up of 1/16 - in thick
brass plate w1th holes distributed as shown in Figure (IV-5). A s econd
distributor con51st1ng of two brass plates (IV-6) holding a 30 - mesh o

stainless steel’screen was placed 1% inches downstream ‘from the first.

g

The bcads were- restlng on. thlb s¢reen. To elimimate fluidization and to

malntaln unlfonn flow distribution to the end of the- bcd a similar

rectangular 30 - mesh screen uas pldced at the top,of the packed bed

)ust before the outlet head ‘ Ihe outlet head was composed of- threc out-

1&;5’to further assist in malntalnlng uniform flow.’ The distance

o - . L

" between the outlets and the scromikus,l/Z inch.

@

" To eliminate bulging due to pressure within the bed the back

- °
-

_;;na front plates were supported by six 2 - inch wide étcél bars.
These bars, positionod laterally pressed two°§crtioal'bors against the,
§urfaco of the back and front UPVC plates - refer ;ovFigurc (rv54)}

| 0il was pumped into the bed through five inlets located’on the
surface of‘thof%haltlﬂwt plate qna be;weén the {irstvand thc‘second

distributor,.

vt &Y
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FIGURE IV-5 FLOW DISTRIBUTOR NO.1
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To ensure uniform packing ot the beads the following procedure

N . -

was used to fill the bed. The bed was pos i'_r toned vertically with the

outlet head unattached: three vibrators were connected to the body of the

bed. Then beads were poured from the top while the vibrators were on.

a \ P .
Approximately after every inch ot beads had been added a T-shaped bar was

‘used to rap the hcad_s from the top. After the bed was Citled, the outlet

head was attached and hu,h Hou rate water, txom the domestic t 1p \\.1\ run

i .

N

from the top of the hod for 24 hours \dnlo the vibrators were on. The

outlet hodd was thcn opened and ac.ldltmnll beads were added to Lomplt‘tol\

fill the hul

.

As mentioncd.'c:u*licr two sizes of befads were studied. The larger

bead size was O 47 + O Ow 011 diameter and tho’ s'mfillo- Towas 0. 1 + 04 Lo

.

diameter. ® l"he smaller size beads \VCI‘C \grcenod through 14 and 9 mcsh
sieves. The velumetric porosities, ¢, of thc beds were obhtained by dnou
'..\ . 3 ’ . ©

measurement of the amount of fluid necessary to £ill the void volumes

e

To do this the Instron was set at aconstant -low flow rate, q, then the tine

t; required to (i1l the packed region of the bed was measured by a stop

watcn.,  Ther torc

¢I'; Yyt ' .

where,, V is the tot: 11 intemal volume ot the hox. © The measurement was
pcrionned several times and at dif townt flow rates. The average volumgtric

porosity obtained tor the beds were calculated to he 0,42 and 0.39 for the
large and small beads respect nwelv with roi)rod(xcibilit,\' + 0,02,
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' I-’xpcrvimcntéll Fluids

Dow CornLng 200 Fluid was uscd ds the oil phase for all of the

experlmcntb ' Dow Lornlng 200 IIULd is the tradc mark of a ckear 'silicone

liquid available 1n~v1scosmties ‘from 1 to 100,000 cenplstgkcs.‘ Onl%;

three ranges of viscosity were.used for thc pxcsent study namely, 100,

1000, and 12,500 cs. Thelr 5pec1t1g gravities were 0.96, 0.971 and
0.975 rcspcctivély. 011 was usually separated ‘from the water phase by
40canfﬁtion and recycled. |

‘Water, differént concentrations of éiyéerol, and polymér
solutions wprcnused as the displating phase. ~ The displacing fluids were

coloured with a small amount of red food colouring to visualize the

o
By

fimgering pattern and cnablclphotographs~tbzbc obtained. The displaced

fluid wa$ colourless.’

The polymer used was a partiallv hydroli"cd polvacryiwnidc

o

‘product of Dow Chemicul Co., trade name Sepaxan AP-273, Its solution in

water bhOhb effects of olast1c1tv " Domestic tap water wag used for

preparation of polymer solutions and care was taken to avoid mechaqicul

dcgreditlon of the polymer molecu1e< by stirring the solution very gentl\
To coimpare with \cpdxan AP-_;J several additional runs were made

[

u>1ng«9 less Clabtlc Fisher 500 solution. Pusher S00 is also a p&ltldll\

N

-hydr011 ed pOl\dCF\ldmldL ulth smaller HDICLUIJI hCtht than SCPJI&H

-

AP-27;. Rheologlaal properties of the experimental fluids are reported

.

in Appendix Al o . . s
V.3 Pumplnn : L .

A donstant-rate” Zenith Gear punp driven by a variable \pced trans-
mission was used for 1n1t1ally fllllng the bed with oil phase. Fllllng

rate.was yery slow:- at- a rate of 0.7 cn3 scc'l to eliminate ipp

—
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possibility of iruppingvair bubbles in the porous  bed. The orl phase
was introduced* into the bed from the five taps installed in the trans-
parent plate just below\thoipaékcd“regiOn and above the injection hcad,
The diSplacinglphase was introduced into the bed from the injection head
by using a siﬁgle—ncting, 6 - inch I.D. X20 - inth.hydraulic cylinder
.powered by an Instron model TTEM testér.  In displacement tests this
aliQwed flows from 0.159 an® sec ) to 15.9 an> sec L, Y e
| The hydraulic cylinder was ovacuated cach time be &ro filling
with the e&periﬁontal fluid. This eiiminatcd the air pockef(in'the
cylinder so that an instantancoué;stcédy state tlow from the Instron

could be :obtained.

IV.4 Motion Picture Photography

A slow motion Bcauliau movie camera with 25 mm focal~length lens
was used to record the progress of each displaqpmcnt'}un on 16 - mm

coloured movie film. -Usually the minimum speed of thé camera which was

2.1 frames/sec was used. In the case of low flow rates the camera was

stopped perieﬁicallyffor a known length of time as measured by a stop watch.

o

The camerd was placed.at a distance approximately 2 meters from the verti-

e

~cally pbsitioncd bed. : ) 0 . T

A‘iight‘source was located behi=! the bed. Thé iigh; sodrce

was composed of three 18 - inch "32 watts :.uorcscent lamps type BL_ 118,
The lamps were positioned in a 66 - an x 48 - cm box made up of 22 guage

galvanized shceté. To obtain ‘as much light as possible a 46 -.an x 61 - an

mirror-was placed behind the lamps.

o

IV.5 Film Scanning

A Wooster Automatic Recording Microdensitometer, Mark II, was

used for scanning the films to obtain saturation profiles. This

M

©
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{ 1n9trumont wis LOUplCd to a lewlett-Packard Strip Chart Rocordﬁr thh an o

i

Integrator which allowed a continuous ncasurement of the 11ght i%tcﬁﬁltv

The MlCPOdCH\lt@nCtLr allows dctermlnatlon of concentration of thd&colwumnd“

Ll',‘ ‘..i

material by measuring the intensity of light txﬂnsmxttcd to, 2 photocc?f
The necessary optical adjustments uere'porformcd ducordlng to the
instruction pamphlet supplied with the equipment. These included the
adjustment of the microscopes and prisms so that the light bcum passing
through the slit plates fell onto the same rcﬁion.of the sensitive surface
of the photocell. The glass,fihu—carrying plate was set parallel to the
instrument rails and the désircd»wcdge having suitéblc gradicnt’was chosen
and inserted into thé wedge carriage. The proper choice of a wedge is the
wedge which has a minimun density just less than the minimum density of the
film under'test and a miximum density just greater than that of the f£ilm.
To inhcrease the amount of light falling on the film and wedge,

- lenses of 50 mm focal lcngth were inserted under the film and wedge. fhe

e A
lens holders had a plnhole stop to reduce the effects of double >catter\<r
to in:rcase.resolution.

~To allow scanning in any &irection, the glass' film - carrying plate

was supported on two carriages which provided two perpendicular movements

~-of the film. The position .of the carriages could be read from a millimeter

scale.

The present-experimental work was not originally performed for the

purpose of the scanniﬁgf'"éonscquently, one of the major df%ficulties was
the fact that the density of the colour of diffevrent batch sclutions was
not the same. Therefore, measurement of the diffused light or saturation

had to be performed on a comparison basis.
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Two frames of cach displacement run were chosen: one before tlood
- " l‘ . ‘
ing or whentthe bed was full of clean oil, and the other at breakthrough.
S ‘\' o

‘w - . .
The desired frames were converted into 35 nm negative black-and-white

slides for the purpose of scanning. The poSitions of the bars on the
framgywcrc used to locate positions within the bed.  Scanning aleng
several lines perpendicular to the flow direction was pertomed at the
same position on each trame. The amount of coloured material encountered
along a line was registered as a number of counts by the recorder. The
nunber of counts after {looding were subtracted fyom the counts hetore

flooding te-ebtain the net nunber of counts due to flooding. The necessa

e
~

calculations to. obtain the saturation profile are given in Appendix F.o.

«-The speed of .scanning was 9.6 mm/min and the strip chart was run at a

.

speed of lyiﬁ/min.

IV.6° Pressure Drop Mcasurement

: Three pressure taps were’ leocated on cach side wall of the bed.
N e . -

1

The pressure taps were 24.5 an apart. Pressure drop measurcment was per-

formed by using Validyne' DP 15 ditferential pressure transducers, -manu-

E *
factured by Validyne Engineering Corporation of Northridge, California.
Diaphragm plates rated at 1, 5, and 20 psi were used depending upon the

range of pressurc dreop encountered in”“the bed. A Modélv%lOO B_Howrett-

“Packard Strip Chart Recorder with two-channels was used to continuously:
. AN 1 M -t . N ‘v

record the pressurc signal of the transducers. The transducers were

always positioncd below the lowest pressure tap o that a constant static

- o -~

head was applied to both sides of the transduecrs: s
. The calibration of transducers-and the pertinent data points -are .
presented in Appendix E.”

o

@

e

e
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V.7 PrOLcdurc for Displacement Tests

oo
. <

The experimental bcd was pos1t1oncd vertically in all cases.

Prlor to a dlsplacement tc<t the bed was always cleaned and dried as

<

described later. rTherefora ‘all the’ dlsplacemcnqaruns were- at zero

connate. water saturation. The displacing phasc was. first injected from

the 1nJectzon head to a level JUbt below thc oil” taps. Then the oil taps

were opcned qnd ‘the 0il was pumped in at a.very small rate to lemxnatc

trappxng af air 1n‘the bed. Innthe_case of the more viscous oil the

filling périod was as long as thfcc or four-:hours. After the bed was

filled the pressurc‘tapS‘were opened and the transducers. zevoedd ‘the -
Instron swas set at a véry small flow rate such as 0.16 an® sec ! of dis-

placing fluid to bring fhé’Qisplécing fluid-oir;intcrface to, a level’

jU§t*5clcm'the screen. The Instfoh was stopped and reset at the desired

[N

Lfiow rate. Camera arid 11ght1n5 S\<tcm were set and the etperlment was

then started.

'Dhe dlsplacemcnt test was u<ua11\ \toppnd a fcn mlnutes after

breakthrouﬂh The rccovcrcd 011 was .collected in a cyllnder and was

I3

allowcd to separate from the water‘phabb over night. The recovered oil
-was reused in{subscquent experiments. After each run-the bed.was washed

with water, varsol, alcohol, and again with varsol. After washing was
complcted -air was blonn thxouLh tho bcd for: xc\oral houl: until Ug%

: { . . . : ~ ’
beads,wexe»dry. S - o o ’ T

>
o

‘To sho“ thc qu¢lxtv of the plctules taken, and alxo to illustrate

thc flnbgrlng Lonflgurdtlon two sques of fou1 flamcs are presented in

Flgurc> (V- 7) Jnd H\ -8). The flon ute of Plgurc (Iv-7) is 1.59 Gﬂ3 séo

desplaang-loo cs Dow Coming. Llhprofbrc,’the oil—wat¢f>Vistosity ratio

-1 -

~‘and that of Plburc (IV 8) 1> 6.35~ ons:seg ¥, These pictures are for water

3
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Photograph A -, .Photégfaph B
t-0 \  qt/¢AL=0.03
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Photograph C ‘_ - Photograph D
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FIGURE 'IV-7 FINGERING IN A LINEAR DR
| " WATERFLOOD,FLOW RATE.. #
1 59cm3/sec(Ron No.11 Rgn NQ,B)
| Ca LR Ty
. A e



Photograph™A - Ph"ot‘ogr*ap’H-73 ‘
t=0. ..~ qt/¢AL=0.03

-
T 2. . N
AR Y p
r v e -
b ATIES
v £ S
. 1 1

Photograph c Photograph D |
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FIGURE V-8 FINGERING IN A LINEAR
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Photograph A of each Figurec was takep at t = 0 in’whiéh-thc interface
, bétwccn oil and displacing»fluid is completely flat. Photograph "B which
| Qés taken at 0.03 pore volume injected reveals that the fingering pattemn
has‘already become cétablishéd. Photogriph C is inclided to present the
_growth of the fingcr§ and show the advance rate of zero saturation plane
‘which is diécusscd in sections VI.Z. ‘Finally Photgraph D was taken at
breakthrough. o ‘ e

It can be scén from compar;hg Figures (IG—?) and (IV-S) that thé
width of fingers is reduced at the higﬁer flow rate while the muber of
fiqgers is increased significantly which helps to achiceve higher TCCOVeTY .

This point will be considered again in section VI.2
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CHAPTER V
RESULTS .
V.l Pressure Drop ) v
é: * The measured pfcssufe drop of a singlé phqse Newtonian fluid of | _

known viscosity was used to detemmine the absolute permeabilities of the
beds. The data points of these pressure drop measurements are reported in

Appendix F.3. The avithmetic average of the difierent runs in Table (¥-3)

N o

and (F-4)-has-bcén chosen to approximate the permeabilities of the beds
which were: o : ‘ i
4

K 1.97 x 10~

il

for the large beads

5 an*:{or the small beads . .

. : 2
Figure (V-1) shows 'the friction factor vs. Revnolds number for

K 2.42 x 107

i

a

Newtonian agd non-Newtonian solutions. The equations used ing this plot ave
‘ - » ' ,’.,{,/

equations (B—Z5f527, 28). The Se aran data points of thi@ plot are recorded
q Cpari I ‘ p

-in Tables (¥F-5,6) and those of the Newtonian fluids in Tables (F-3,4). _ fl

The pressure drop ¢f the mixed zong was determined by subtracting
- SRR . ) J

. - L 4 WA
the calculated pressure drop of the unflooded portion Prom the total R

pressure drop measurement. ’The'prbccduretuhd thg péyfinént‘dnta points aré
given 1in gppendik F.d7 Table (F-7). Efictioﬁ factor -- Reng}ds numbS%
behaviour fpi' the mixca} zone i’sb’shom.i in Figure (V-2) :md‘%hc corrowoxi?"f
ing data poihts are gjvcn'in Table (Fisf. Reynolds numbers of the mixed
zone are bhébd on the efchtivo vi§cosity defined by Eduufiou (11-33). -lhe
'oqhutions of fhe friction factor and Reynolds nunber ugcd in Figure (V'-2)

are the same as those of single phase flow withmodification of the viscosity.

.
od
¥

V.2 Frontal Mance Advance
) T - . ‘ : * .
The position of the zero saturation plane defined in section 1I-9 is
L3¢ - g X

.
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ILegend JFor Figure V-2

Large Peads

Snall

Water Displacing 1 00 Cs

Water Displacing 100 ¢s bow Corning

0.05% Seps Displacing 100 ¢s  Dow Cm'n"ll,lg

4

0.1% Sep. Displacing 100 ¢s  Dow Corning

O.Z%Scp. Displacing 100 ¢s Dow Coming

0.2% Sep. Displacing 12500 ¢s  bow Corning

Beads : ‘ ' -

.
Dow Corning

b

Glycerol sElutions Displacing 100 ¢s Dow t‘,o‘rnihg

0.05% Sep. Displacing 100 ¢s  Dow Corning

_O.l% Sep. Displacing 100 ¢s Dow Corming

VOW.IZI‘%»_,Scp. Displacing _1'00' ¢§ Dow Corning

+

0.1% Scp. Di 'acing 1000 €5 Dow Corning

0.2% Pusher cacing 1000 ¢s Dow Corning

Fquat ion (B-26)
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plotted vs. qt/A$ in Figures (V-3) to (V-18). 'The pertinent data points

and the specification of cach run are given in Rppcndiccs Fol, 2.

V.3 Volumetric Rccovcrfnhfficicnqy at Breakthrough
. Volwnetric"yéCUvéry cfficicﬁcy at hrv&kthrough‘fs plotted vs.
viscosity ratio tor the Newtonian flood in Figure (V-19). The thggr—
§t1c31 curve prciictod"hy bquation (I11-52) und some experimental data
points available in the literatuite are also inciudcd\in the Figure.

Figure (V-20) presents the volumetric recovery efficiency at breakthrough
for the polwncrfloods. Also, In tho.sumc Figuro, the theoretical curves
pyodictod'hy'lquution”(ll-oﬁj tor n = 0.45, 0.58, 0.67 and 1.0 arc given.
1hc‘£hcorcticul curve of n - 1.0, which corrosponds~to the Newtonian

flood is identical to that of Figure (V-19). Power law purmnéﬁors

n = O.JS, 0.58, and 0.07 corr&spond to 0.3; O.1~Qnd 0.05 percent

Separan AP-273 solutions respectively. .ihgvportincnt data for Figurcs

(V-19, 20) are presented in Tables (F-9 t0‘13).

V.4 Saturation,Profile ‘

W
SEY

=
7SR

Figures (V-21) to (V-37) are plots»of water saturation vs.
position,; x, in the bed. The pertinent data are presented in Tables
(F-14, 15). The procedure to obtain the saturation profile from the

data points of the film scanning ts discussed in Appendix F.o, Figures

£

(V-21) to (V-27) are for watertlood, (V-31) to (V-33) for glycerol

solution flood”and the. remainder ave for polymerfloods.
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Legend For Figure V-20
Large Beads

A '0.05% Sep. D\l\spmcin’g 100 cs  Dow Corning

-9 0.1% . Sep. Displacing 100 cs Dow Corping
o] 0.2% Sep. Displacing 100 cs Dow Corning

¥V 0.2% Sep. Displacing 12500 cs Dow Corning ° .

Snall Beads - ’

®  0.05% Scp. Displacing 100 cs Dow Corning

v 0.1% Sep. Displacing 100 cs’ Dow Corning -
4 0.1% Sep. Displacing 1000 cs ‘de'Corhing/
B 0.2% Sep. Displacing 100 cs Dow Corning

= 0.2% PdsheraDisplacing 1000 ¢s Dow Corning

———— Equation 411-63
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CHAPTER VI

DISCUSSION OF THE RESULTS

"VI.1  Pressurec #rop.
B ' : : s : :
It was mentioned in Section (V. l) that the arithmetic average of

the absolute pemeablllty values: in Tables (F-3, 4) was chosen to app?;(imate
- the permcab111t1es of the. beds. - In Figure (VI-1) Ap/uL is nlotted against

superf1c1al veloc1tyi ¥, to show the qualltx of the data and also the o
|

appllcablllty of the Darcy s law The slopes of the lines shown 1n this

Figure are the 1nverse of the correspondlng averaﬂe absolute pern
. R \
. The absolute permeahlllty predlcted by Equation (B ’1) with the

commonly used value (see Appendlx E) C = 25/12 = 2.08 was'very close to the

eabilities.

méasured value in the Casc of the small beads, while a dlfterent geometrlcal

/

constant is necessary to fltnthe data for the large beads ThlS dlscrepancv

- A

is prdbably due to a wall effect. ‘Therratio of bead depth to dlameter of

»

beads was approx1mate1y three in the case of the large beads The mlnlmun -

¢ -

ratio of colum diameter to bead size for a packed column free: from uall effects’

1s.reported (58) to be\e}gh;; thus sone wall effect is expected’with the

large ‘beads. R

[

R e

The geometrlc Constant\galculated for the large beads based on the
Jop
absolute penneablllt\ neasurements ‘was C = 3, 45 This value wasAused in
’a g

calculaiiré the Reynolds numbef»from Equatlons (B- 77, u8) for tle-large beads.
o ) « . . .
The 11near1ty of: the frietion factor v:s. Rewynolds numbeg for

Néwtdnian'fluids‘is evident from Figure (V-1) which also shqws the’applicabillty,

of Darcy's law. - ' . , @
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For the three different polymer solutions, upward deviation of ‘the
data‘points from the straight line is observed. Thie upward.devietion
could be attributed to the effect of elasticity, adsorptien and plugging
as Has been discussed in the previous work (34, 59).

Devi;tion fromzlinearity can also gc'demonstfeted as- in an caflier
work (68), by plottinngk NRe against the Deborah number. This is per-
formed in Figure (VI.2). The Deborah number is defined r‘d\calculated
for the polymer'solutions'in AgpcndixvCi The‘upwafd devizLion at high
flew rates is emphasized in.this Figure, Different Cencentrdtioﬁs of the
polymer solution tend to show independent trends of upward deviation.
That 1s 0.05% Sepéran solution shows a Significant effect of elaét&city
at’ a Deborah‘number Of‘lO-l whileifhe 0.2% Separan solution does not seem
“to shoi any elasticity effect even at‘a Deborah number of ynity. The

early occurence of the upward deviatien is not due*to adsorption or plugg-

ing effects.' Because, if fh1<*wasfthe easeuwthngme¥e4eeﬁ€ent1afed solutions—--
would haveleepeared‘to show higher upward deviation at .an even smaller

Deborah number. It is observed from Figure -(VI-2) that thie is not tle case.

: 'Figure (V-2) is similar tc Fiuure (V-l)bﬁt is for the displacement i
ptocess. The’&eynolds number and friction factor were calculaee from the
same equatlons as for-single phase. flou Eq;etlon (B-27, 28) and/(B 75),
‘(except for the modlflcatlon of v1sc051ty The v1sco%1ty used ?as the
effectlve v1sc051ty deflned by Equation (11333).- In theﬂcase/of polymer- ~—— .
flooHs, My in Equation (II-33) was replaced by N, "The arltH&etlc axerqge

"of the pressure gradlents with astrisk in Table (F- 7) has'ﬁsed in calcu—

lating the frlctlon factor of the'mixed :one. Figure (V-2) shows that

.a single valued viscosity correclates the data points satisfactorily.
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Although the data point ‘6f the polymcr solutions scatter aboyc the
Newtonian line, there i;vno consistent upward deviation as was obscrved
for the single phase flow polymer solution data7 As a matter of fact,
the rangc of the flow rates studied for the displacement tests is not
sufficient to make ény conclusive stétcmént on this matfcr. Figure (V-2)
is an indication that the chosen effective viscosity gives a reasonable
reproduction of the data pdints. |

V1.2 Frontal Plahe Advance

The 1iﬁea} advance of the frontal plane, or plane of zero water
saturation, is predicted by Equation (11-26).‘ The experimental data éf
Figures (V-3) to (V-18) support this prediction. The 13qeafity-is ovserved
in waterflood, giycerolflood, as well -as polymerflqod. Figures (&-S, 8
and 10) show reproducibilftf of the data points when differeﬁt'runs with

the same conditions were conducted.

}‘h§ slope—of the g}rp_fit lines is equal _to the first derivative of .
) :
the fraction flow function evaluated at Sw = 0. It is also understood

from Equation (II1-32) that the invérse of this slope gives the breqkthrough

- recovery efficiency. Therefore higher slope indicates less_recovery or

more séverefingering. The data points of different flow rates tend';o
behave similarly in a reasofiable range of flow rates. The effect of flow.
‘rate is being 'shown in Figures. (V-3) and”(V—4) for the large and small

beadg;yespéctively. It is observed in Figure (V-4) thatlphgwéata points

'"-.-wwjgfuthe different flow rates rangihg!{jgm_qms;gi§gito 3.2«gé/§e¢§Eoﬁld\bc

—_— -

‘presented by a single line while the highest flow rate q = 6.35 cc/se

” e .
and smallest q = 0.16 cc/sec, tend to have smaller-slope .which means

.

K

better efficiency. More stable displacement at very low.flow rate is not

. surprising because in the present experiments there exists same small

-

>
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effect of capillary ard gravity forces which become important at very
low flow ratc} This tcnds to stabilize the displaccment proccss . How-
ever the better recovery at high flow rate was not expected. Referring
to the motion pictures of the different cases, it was noticed that in thod
case of high flow rate many shall fingcrs were created which helped to
sweep‘the area more efficicntly. A similar behériour was, obser&ed for
1arge beads. This behaviour can be obscrved ln'*he sample photographs
presented in Flgures (Iv-7) and (1Iv-8).

. The effect of flow rate on the slope pf_the frontal advance lines
was more prohounced for glycerol solution floods. This ls shown in
Figure w-7) which reveals that the‘sﬁaller flow ratesihave less slope
corresponding to higher cfficiency. The effect of flow rate on recovery
is presented in Flvure (VI-3) for water and glvceroltloods

.

- The effect of VlSCOblt) ratlo becomes ev1dent by comparlng th\\\b

results of the different concentratlon glvcerol solutlons and also the

results for waterflood. ngher viscosity ratio defined by Equatlon (11- 43)
lproduces less 'stable displacement which is in the same dlrectloh as pre-
dicted by the mobility ratlo,con51deratlons (41). Thls w111 be further iﬁﬁh.
explored in the next section. |
From the present data p01nts some effect of ‘the bead size is notice-
able. The slopes of the e)e fit lines in Flgure V-3 are smaller than |
those of the correspondlng lines. in Figure V-4 which means«smaller
recovery for the smaller beads. ‘This can be verified with the visual
observation. hhile flnﬂerlng pattemns were similar in the aX}al direct-

V4 &
—————1ony-in-the-casc-of thesmall beads the flngers did not cover the depth

of the bed.. This effectively caused smaller concentratlon of displacing
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fluid than it the fingers were the thichness mﬁthvtwd. For the ﬂngc
beads fingers wére nearly theé* thickness of the bed causing a higher
concentration of displacing fluid.  This can be attributed to the etfect
of the front and back walls on finger confipuration which forced the

bed to behave more like a narraw open channel.
-
In their study of viscous tingering in miscible displacemnent,
i

o

Bepham, et al. (38) showed that the displacement in an ogon channel
moye stable than in a packed Bed. Therefore, the hehaviour of the bed
with larger beads i? in the expected direction. Indeed, as already
discussed the prcssure‘d%oﬁ measurenents for the Tame bed showed some

wall effect indicating that the bed did not tully represent a pached bed

" .

——

frec from wall effects. The qffpct of the bead size 1s much less .
gaonounced for polymerflood than wa{crflopd. |

It is understood that the tem qt/fA‘is the position ot the
average interface. That, 1s the position of the hypothcticul-intcrkucc

.

of a complétely stable displacement.  Therefore, for a complete piston-

like displacement, the zero saturation plane would coincide with the

) i H
position of the average interface. Or in terms ot the displacement

figures, a plot of Xy VS, qt/3A is a line with'slope unity which is the
limiting case. The limiting\case'of slope unity was shown experimentally
by displacing water with oil. <The data points of this cxpcriﬁcnt are
shown in_Figﬁrﬁ v-17). ' Due to thc highly favourable viscosity ratio a
Comﬁlete piston-like displaccmcnt‘wﬁs expected which is not surprising.

?
\

b
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It is ev1dent from Figures: (V-9.to 16) that all the polymer TunS -

'.)

-have smaller Slopcs-thqp the’waterflood which 1nd1tates better efflClency

H}gher conccntratlon of polymer produces better efficiency. Thls is

/ , .
shown in-Figure V-16. However, the increase in recovery from 0.1%

Separan to 0.2% was not as large as. that from 0.05% to 0.1% Separan.

/
- This suggests a 11@/;1ng effect;veness of increasing the polymer concen-
tratlon 'J;/kf/ . o o S

&~ VI.3 Volumetric kecoverw EfflClenAy at” Breakthrounh

2

The slope of the flontal plane advance ianS, as discussed in ‘the

. - former sectioﬁ, was inversely_related to the volumetric recevery efficiency

I‘_A».‘

- s : ~ . . . . ‘ . .

7=—at or beforé breakthrough. To further examine the effect of viscosity

P i 4 ; , | o
. ratio on the volumetric efficiency,>the latter wgs plotted against.. .

! a3 - ~ - - . - . . - . / 5
. viscosity ratio in Figures(V-19) and (V-20) for Newtonian and non-
Newtonian filoods respectively{? The”theoretically predicted curveé}of

Tl
> .o . Pt

Equatlons (II 52 63). are also preSenjed. For’the waterflood S@ﬂé’

avallable Ilteratu1e data polnts have also been included to show the con-

sistency | of the theoretical prediction dlscussed in Chapter ITI. Consider-

B e ©

ing the fact- that the experlmental work of the-other investigators has’
been performed with.quite different‘and‘diversified“situatiOns such as -
-the size and.type of the’bed,‘beads, etc., the»data points fit. the

theoretical ¢urve in a-satisfactory manner. The effect of the flew'rate,

which has not been Teflected in the analysis seems to be inevitable.

®1his effect has "already been.discussed in the preceding Sectionl

. o

The data points of the polymerfloods in Figure (V—ZO)_&re ,vwirthout_'w

‘excepiion below the theoretical curve of Newtonian displacihg flUids.

This means that at the same viscosity r1tlo, as defined by Lquatlon '_I; 1),

the lecoxer\ of the polymer solution is ~less than Newtonlan fluids.

) \wn
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This is 1 qontrast to congclusions that one might arrlve at by reviewing

N ]
'
\
.
.
®
i
~

~the abgndanﬁ literature materlal on thisdsubject (42 43c>45 57).

ImprOV1ng g&e mobility ratio of*waterflood via 1ncrca51ng the v1sc051tv
D
of the dlsélaCLng f1u1d has shown increased rccovery eff1c1ency Also,

it is hdl% documentated (42, 43, ' 60- 62) that the add1t1on of polymer to
water may/decrease its mObllltV many times more:. than would be expccted
from the solution V1SP051ty alone. However, this by itself does not

Justlfffthe claim that the recovery efflc;
many ﬁlmes zgnthe mobility rgﬂucﬁlon.‘ ‘

/ L : - .
mobylitx reduction of the polymer solution to viscosity as well as the

?ncybwould also increase as

earlier literature attributes

eny}apment or adsorﬁtion of the polymer molecules, and,possibly the

1
I

. effect of polymer solution elasticity. Only that portion of mobility
/ )

1.

) v o
reductionsdue to the Viscdsitv can be safely considered for recovéry
M i

incréase Adsorption, pore blockaoe and any elast1c1t} effegt may or
|

|
may not change recovery eff1c1enc> No;evldence or dlrect comparls@n

has been made to -show that the recovery eff1C1encv of the polymcrflood

will increase as many times as its moblllty has ‘been reduced. leterent
arguments mayv be riecessary for heterogeneous porous media. As ~shown in

former work (34), due to the effect of elaSticity of the polymer solution,

" the effect of heterogeneity seems to be suppressed by adding polymers. - -

Lee, et al. (71) in Studying'a Five-Spot llele-Shaw model, alsoe =

reported a lower areal sweep at breakthrough with polymer solutions than
with Newtonian fluids of compardble viécosity. Their analysis only allows

for an effect of polymer through a variation of viscosity with.shear rate

due to the radial flow. In linear flow, thereforc, they would predict.no



2

notlced féom the experlmcntal data p01nt5 There s no appqrent m1JOT f—A

_ . S 17t
effect." They did not inciude,ghe additional dependency of the polymer

solution‘apparent viscosity on the saturation distributign as discussed in
. [+] oL o o Q o . . V]
Section II-9. AN " o - ' ?

Y - . . Lo +

VI.4 -~ Saturation Profile T
Saturation profiles presented in Figures (V-Z%)?fo (V-37) arc the

' -

profiles obtained at breakthrough. Due to the physical difficulties

o

encountered in obtalnlng the correct data of water saturation, some correction

had to be appllcd The procedure and its justification is discussed in

Appendlx (G.3).

o

-

.y -. From the experlrental measurements of the saturation profiles

presented in Flcures (v- 71) to (V- 37) two dlfferent typec of saturation
o

dlstrlbutlon are observed. In the case of uaterfloods ‘a sharp decrease in

°

water saturatlon is notlced at the. beglnnlng of the beQ{ then ‘the change in
saturatlon bctomes more Uradual - Refer to Flgures (V- 71) to (V 27)y. A
sharp decrease in saturatlon corresponds to hlgh sdope in frontal plane

advance lines hthh is an 1nd1cat10n of severe flnoerz,ln‘7 The sharp

decreasc in Saturatlon 1s consistent hlth the theoretical prediction. - °This

-,
’

behaV1or 1s not restrlctcd to \aterflood but occurs uhenever the flnoeran"

is severe such as Floures (V 28) to (V-30). ' e

I /
o [
In the case ot more uniform sueeplng such as Flgurcs (\ 31) to;

el

(V 37), a Oradual decrease folloued by .a sharp decrease of saturatlon is

o~

o

dlfference between . Newtonlan and norn- Ngwtonlan d15plac1nn f1u1d In°th15'

o .
o

group. the predlcted saturatlon proflleb are qualltatlvely dlffercnt from .

I3

“the’ e\?e“mmt'll data POlntS-  This dlfference ‘can not_be justified fr,Om .

L, L. . 5

. N L . o
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the error dnalysls which is prescntcd Ln AwpcndL\ (b 3) 1hcfcfore& the
«t\ X

Cxpcllmentnl datd points 1nd1cato a dlffelent re glmo of saturatlon distri-

. .,

butlon comp11 d to the perlLtlon of thc prc&ont theoretical qnalvq1s

The shape of thc .experimental proillc 1s snnllar to_thc Bucklov—Lovcrctt

profllo thh frontii’gggn31tlon zone. The dssumptlon of having, a Hl\Cd ¢
-
"
uone bo1n5 characteriz cd b\ a mixture of two 1mm1xg1blo flulds may not nold

A

ior a unlform displacomcnt .
/ | v ¢ !
. “As” mon%@oncd carller in 'section I 3, ngoort (J ) shoucd that
. K °

the analysis based\pn shock fro t or a rClﬂtl\Cl\ small fxontdl trdns1tlon

v

Zzone was not/lustlfgp& for My ;'57 where My is thc conventiorial mobility

‘ratlo,.//laklng the szcositv ratio M, of thc plc&cnt dndl) s.cquivalent
: g N
-+ to MR; 1t 15 understood th@f\thc dlsplacement test\ oL PLqures (V=21 to 27

lie' in the group that 5hock front analyqlq is not justified, while. the

x <

glycerol solution floods,ji.c. Figures (V-31 to 38) remain in t}e domain of

the shock front .analysj's. °,

It is con'cw t}mt in’ the case of severe fmgmmg, the prcscnt

analysis predicts the tuxatlon dlbtrlhutlon very: dCLUIQtClY hhllC tho

CY“Cllmpiudl data pOLntb of tnc more - unliorm thpt d1sp11gcmcnt tests

resemble the” Bugkley-levercett profile with frontal transition zone.
¥ ) : .

e

VILS Iticgt of Polvmcr Solutlon leSthlt) on chplacemcnt Proccss

Tho thOICthdl dnaly51s of Lhapter [T is baced on purely \1<Lous

" behaviour of thc d15pLac1ng~£1u1d. . Io 1ndepondcntl\ C(plorc the posclolc

citcgt ot the polwncr >olut1on cla%tlglty on the dlbplaccment process, the

foltowing approach was undertaken,; Two polymers, one more eclastic than

. ) . ’ B L3, N 3 ) - ' -
the other were chosen. Ihese 'polymers were Separan AP-273 and Pusher 500.
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1>) I
®

undllion (Approx1mate values quoted b Dow Chemical - it is not known

0 et

:F‘_how they were - estlmatedy' Independent nyrmal force measurements support

.

the relatlveomagnltudes)
= wa'l b N °

The concentratlons of the two p lymer solutlons were adJusted
. . & i
to pbtéin a similar viscosity .level at shegj rages encountered in the

displacement tests. Their apparent viscosity and shear stresss- shear rate

° behaviour is compared in Table A-3 aﬂd Fioure~A—5J.\‘The.reiaXatioh time

defined.by Bueches' theory (63a) is chosen as a crlterlon to compare the

elasticity effect°of the two pol?mer solut10n5 Je] that

.2 [e3

12(n, - ug M ’ : , o .0
o - g L i
| ’c Rg Ta . " : o .

°

where © represents the relaXation time.

e

ertlng Equatlon CVI 1) for both polxmer Solutlons and leldlno

5 a

the respectlxe equatlons one obtalns

6. . C_M

s _ p-l,s .  h2,s - < ‘ )
R i ' : : oo, V2
P S ’p %,p : ’

where the subscrlpts "'s'' and ‘p",stand for Separan and Pusher respettlvelx
In obtalnlno Equatlon VI- 7) the v1sc051t) of the solvent has been ne01ected ﬁ

‘compared to the viscosity of the polymer solution at zero shear rate. N

Y

Relative viscosity, u_, definednby the ratio of the polymer

»

- 7 ° . X . . ! .
solution viscosity at zero shear rate to the viscosity .of the solvent for
large values of molecular Weight is given (63b) by,

. ’ . \Q .. o

Py _ 5 3.4 . : NTT Ve
by oS o = COM e (VI-3)
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-

Therefore, S : 120

= - 5. 3.4 | B
‘ Me,s Co My o7 :
s ; [T (VI-4)
- 5 - 3.4 S .
L,p - C™ M .
P Lp

"By substituting (VI-4) into (VI-2) and simplifying,

O =‘<f§>
2] . C
P ‘ P

4 SV I : C
My _ |
e . L O (VI-S)
L ]_,p ; ) ) " : . .

In the present 1nvest1gatlon the concentratlon of the Separan solution was

- o e
»

- chosen to be 0 1. percent and that of Pusher 0.2 percent ‘ Therefore, by .
taklng “l /1 H = 3 ;one,obtalns,' o
- .4 4.4
o 1\ _. :
5 ( 7—)': (3) = 7.86

) That “is, the relaxatlon -time. ot 0.1% Separan SOlUthH is approx1matelv elght
&‘ tlmes larger than the 0.2% Pusner 500 solution while the v1sc051t1es are
approx1natel> equal. 1f: the- elast1c1ty of the polymer solutlon has any
51gn1f1cant effect on the displacement behavior it should be ev1dent from
comparison. of the results of these two dlsplacements : If the olsplacement‘

behav1or such as the advancing rate of the "ero satu1atlon plane, break—

I3

e

throuOh recovery, “and satuzatlon proflle are 51mllar 1t-should be»sa%g to

conclude that the polymel solution elastlcpbehav1or has no significant effect

- on the<behavior'of.the-displacement,proccss.
- o ‘ . L . . . .
. Figure (VH}S)"gives a comparison of the advqncino rate of the zero
o . / 4

saturatlon plane at thO ulfferent flou rates The slopes of the two eye- flt

llnes are»Vcry nearly 1dont1cal. The small dlfference in the slope is
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dttrlbuttd to the smdll dlfference in v1scos1ty level.

The breakthrough recovery 0£f1c1ency evaluated from the - slope of

~ the eye f1t lines of Flgure (V- 18), alqo, by using a stop watch to measure

the time of the injection period till breakthrough is compared in Table (F-9)
Y S '
which is reproduced below:

Table VI-l.Comparison of the Separan
and Pusher Displacement Recoveries -

Flow X Lps % of Recoverable Dil “
Rate = - ' e - R
o " Separan AP-273 S : Pusher 500
cm3/5ec ~ Slope " Stop Watch . Slopé . ~Stop”Watch -
o.1s885 | .30 | 28 | s 510 L
0,6354 O EEF R IS VAN P

I . ) r

o

Obv1ously the breakthrough recover» eff1c1eno1es of eraran are-
clo<clv in agreement w1th those of pusher |

Flgurc (V-30)compares the breakthrougl saturation profiles. of t
two flUIdS at-a £low rate of q = VO.QSS4 Cc/sec. The theoretlcal curve
_predicted by Equation (I1-66) with n' = 0.5% for b 1% "Separan AP- 273 1s also ‘f
included 1in this'Figure ® The experlmental data p01nts of the Two dlfferent
dlsplacements are %urprlslngly close to each other hthh leads to. the _ '_03
conc1u51on that elast1c1ty has little if any effect on the dlsplacement vThis
is 1n agreement with the éarller conc1u51on concernlnﬂ the effect of polymer

as shown in Figure (V- 20). _ ".9 } -

»
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CHAPTER VII
7" CONCLUSIONS AND RECO:MENDATIONS -

‘vVIf.l Conclosions

A new analytical approach has been prcScntcd to describe dlsplacc-

i

ment behaVior in porous media ) This analy51s dlffers 1n a major way from

conventional methods in that relative.permeapility is eliminated. The -

_ present analysis and.the,experimental investigation afford thc.following

conclusions. | | |

1. The pxeésurevdrop-of the mixed 2one can be adoquately predioted b? S
assuming an effectiveﬁviscosity which.ié obtained_ﬁghgs equal to an

arithmetic average of the displacing-and displaced‘fluid viscosities.

[e]

2. The progress of the zero saturation. plane was found to be 11near

w1th time. This linearity! holds for uaterfiood as “ell as.

: polymerfIOOd.

3. The~experiménta1 relative permeabiiity data obtained from stéady.
state conditions. does not reflect the phenomenon of channeling -

faithfully., This deviatien tends to be worse atilafger viscosity °

ratios. .
e g? ‘p . i .
4, Estimation of ‘thHe breakthrough recovery from Equatiéns (IL—SZ, 63)"

t
for water and polymer flood respectixely is satisfactor) conpared to

- pledictions based on prcsentl} used methods }

5: Saturation distributions predicted by Equations (LI-51, 66) for
. water and polymer flood rcspectively are very. close to the experi-

mental profiles in the cuase of severe fingering. lowever, the

a



°

6.

7.

P

"viscosity ratios less than about ten, more closcly ‘resemble the

" (1I-63) via the power—léw exponént,vg; X smaller f, which cBrres-

o
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expé‘imcntally‘mcasured saturation distributions, for the cases of

’

Buckley-Leverctt profile with a frontal transition zone. - ‘ oo

1

Over a range of flow rates recovery efficiency goes. through a.minimim.

o

At low flow rates no growing fingers occur, while at high flow rates

many fingers are created which help sweep the cross -sectien area of
the bed more uﬁiformly. o s

“ o

. . °
b . SR

The displaccmcnt behavior’of a polymer flood can be adequately desc ibed

by power-law model with pouer 1aw indices mcaqured fram the v15gomctr1c
behav1or of the polymer fiuld ‘The” effect of the polymer Solution
elasticity on the disp1acement behavior was independently checked by

doing tests with two different molecular weight leymér solutions. These

*showed almost ‘identical behavior. This, of course, does not overrule

what might be the Controlling,effect of poiymer/soldtion on ingéption

of the fingers due to-the local heterpgencity- or, in goneral on the

finocrlng behavior in a heteroaeneous porous media - '

The recovery eff1c1ency of the poivmer flobd is VCT\ much hlghCT than

for a gonventlonal wgterfflogd. Leweber; in spitc of the gonerar

expeqtétions, ftags &eséfthan~thc case of Newtonian displacing fluid-

N

" with corparable viscosity. This behavior is reflected in Equation =

ponds to tiie more’non-Newtonian behavior of the polymer solution,

o

results -in smaller recovery efficienty. ' . e
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9. In#tiation-of an individual finger does not guarantee its growth cven

at an unfavorable viscosify ratio. From the photographis both

o

‘\acoclération and deceleration of a single finger along its path in the

bed was noticed.

' VII.Z ‘Recomnmendations ., S )
T P .
1. The present theoretical- ana1y51s can’ be adapted to thc polymer xlug

e

flood to predlct the mlnlmun Slug size. Experimental slug flood
should be undertaken to JUStlfy the prediction. Hodjfication‘of‘the
presert analysis to thé:polymer slug flodd is simpiy achiéved bv
Con51der1ng a non-Newtonian slug followed and’ proceded by Ncwtonlan

- fluids. Slug breakdown occurs when “the plane or zero water satur- 

ation méets the mixed zone of polymer and oil.

2.-  Inclu$ion of fhc gravity and capillary forces in the present analysis

'Could give an lntcrestlng 1n51ght of the gravity and caplllary effect
’ ey

if the resultant equatlons are amenable to the analvtlcal treatment.

3. ,The‘prcscnt apbroach should be a@apted to the radial flow case and

r

. ulpiﬁately’to péftérn’flooding,wespecially'five-spot patterns, and

‘Comparisdns made with the available literature data.”

4, An etpcrlmental stud) of the,dlfferent kind of polymers with: dlffelent

r

“degrees of elastlc effect performed oi’'a more thGlO”CﬁCOUS porou: bed

might establish useful 1nfonAatlbn about the effect of the polwaer

solutlon ela>t1c1t) on dlcpldccment beh1v1or.

o

S. This study d1d not reveal a large effect of bead 51_e, houevcr a more

'systematic approach to studv the ¢ fcct of bead 51 e, if any, on

[ . - : .
* s Lo 5 - “
. NG
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. o

i’iny_ﬁx'in;; phenomenon woulld be uselut. Studies by redacing bead siee
should be pertormed caut iously ‘S() as not to o inclade the eftect of
capiilary Forges. Altematively o proper treatment to consider the
capillary effects must be undertaken., |
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’ ’ ° AERE
N o ) e e
o a oo
) < 5
] o. © .
o 4
- ° © &
. . PN . .
SR a, + b . .
R _ 1 1 . .
R . . (A-10)
m - 2 ,
“Thervefore, = . N T )
o - o
e @l : : . 9. c ’ °
’ tos - o e ’ '
] K . . =-1 [N N g '
- <y = 10.57 9 - sec ", o (A-11)
o . : 1 ° B o o . p :
. . . Lo o . ‘ : . " 9
The shear rate of a power=law fluid in Couette {low is given (63C) by
N RS AN Yo
N . e : bl ’ : ’
el R . .
y o= . (A-12)
n
g L i
. e . i .
~T k!
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M ¢
o

The sh'o(;n‘ st resseshear rate relat tonship of the power- law model

1s given by Toqu'_:ltion (B-9). 'I'hcréfgrc by plotting log 1t ves. log &, ‘the
S power-law exponent, n, is obtained {rom the stope..  The Y-intercept of

such a plot at @ = 1 is équal to,

. s n S -
V-intercept = m | ——— - ! (A-13)

. - ; : ) ,7IT
o . n lil~—(_~"1—) J : o

trose which m can be detarmined. Ory by knowing n, y is calculated from
oq\ution A-12). A plot of log 1:v.s. log ¥ is constricted with the slope
cqual to 1 and Y-intercept at 5 = 1 cqual to m. N

“

The apparent viscosity of the pobhyiner solutions s calculated

+ Lfom the following equation,
a T .
" . n-1 : : .
’ m-T=omoy . . : (A-140
" Plots of shear stress v.s. shear rate are given in liiglpxx‘c‘;\’;(Aj-i ),

. e : C }

R L T L - . . o . - B
tA-5) and {(A-5), Figure (A-1) 18 for the Glycerol "solutions, while the

Sviscometric behaviour of polvmier solutions is presented in Figures: fA43)
oand (A-5). Figures (A-2) and (A-d) are plots of © v

[

. 4
LS50 0 used to obta

notor the polyimers.. All of the data points of the viscometric measurenm
. ) .. N J . B

-

arce included in Tables. tA-1 to 3.
It should be mentioned that most ot the polymer floods weré per-

S T ) v 3 Lo .. 5
tormed on Separan solutigns with rheological propertivs given by Figure A-3.

A new batch of 0.1% Separan solution was prepared for the Tast few displace-

‘ment ttests to tompare with 0.2% pusher 500, The rheological properties of
this new solution with those of. pusher 500 are presented in Figures (A-4, 5)
and Table (A=3).

¢
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APPENDIX 18
MODIELED ERICTTON FACTOR

o AND REYNOLDS NUMBER
Y ’.l‘}

[}
The capillary tube mgdel, has been successfully applicd to porous
media to predict the pressure drop or friction factor Revnolds number
Prelation of purcly viscous flow (40,00). The model 15 based on cvlimdrical
stead of radius ot

poiscuille flow using hvdraulic spadius of the nedium i
. \.-.\d 14

. the c¢ylinder. Consider the flow of a {luid through’ & circular tube Yn the

Z-direction as shown in Figure (B-1).

FIGURE B-1  Frow v CviinbricaL Tuse

One can write,

R N
q = Zx/ u_rdr = (B-1)



N
P
P

\ll Stance

agsuning

and Ry radius of the tube.

7 where g is volumetric {low rate, u velocity in 'the

Integrating cquation

2

:

iHni)

odirection, r, radial

(R

by part < !

nooship at ehe wald yicldsy °
. ’ [
R
31 \lll( “ i
- = ]" 2 ) — \hj -
. - it -
O .
Fross the cqliation of notion (os b, ER
- s 5 :_—-\ - ) = ¢ ’
Y [
T o ( _‘l-) r 11‘,—3
. r . “ ’ .
whore o orepresents Coos o und Ap ds pressuare drop-alonge the length | of the
- " k3
tube. From cquation (B-3) the will shear Stress, T,y s obtained,
En o, S : P
[ ‘ (1r-4
. N _4]‘ : o
Lo eindentt fron cquat tons (B-3, ) that ,
. [=]
. R Coe
droom o e— Uy . Ph-a0
—I 2]
IN s : o
Sab s Uittt ing cquation (B-31 into (beo) vields ' " L )
T
| R .
I o= = y 17 d =z (B-6)
R
. /o
where I' is defined as an average nominal shear rate, i.e. .
u o .
, .
po 7]
R ) )
. 4
. — "‘\
- /// . ‘
Ly 7



o R

) . . NI S :

dand u IS average velocity, v o= - TT_ represents true shear rate. o the
i " ‘ ¥ i
assumed steady flow vy ois o funct ion only ol . For Newtonian (luids, o
N ’ ’ ae . . .
. )
. ’ (-89
o

v e

. ; ™
: Foaye ‘
.m\l‘ For the g . »

LN .
TO= L gy, X (-0
where =0 is the absolute value ot v mand noare power - Law parneters,
o moadily cquation (B-o) tor a. porous media, it s sufficient to
mtraduce 457 in place: of Lm oot
. il - . . .0 . ’ .
u : —— S _ : (b=l
i ¢ . g :
Alz=o R <hould be repliced by _\i\‘l'i‘, where RH s hydraulic radius and Ty 1)
/ . . )

the length of the tortuous path/of the fluid. - “Tak ing (It as the tortuons=it.
: ) b ‘ - .

Factor or ROOMCTLric constant ,

L= L o ' (h- i

N
in which ¢, should be obrained eoxperimenta

of dita in the literature has led to the value 25/12 for nacked columns

lb Analysis of a preat dead

(40, 05d). /

- The maditied formiof equations (B-4, L) are respectiavely,

\

o R C(B-12)
L = - Il
& - Or
- T - °
P U 1 vy (B-13)
¢ "TPR, 3 Yo odn
FI T
: i (s}



\,‘ ©

o e 3

where the subqu&pt:¢ indicates that the equatioﬁ has been modified- for-
" the porous bed. - . N
e Following Bird, et al (GSC),oﬁﬁevhydrauliq radidg mgy.be’expfessed
= E . q, . b R

in terms of the porosity and the -mean pérticlevdiametCr, D?.
y = p i . : o v N \ — |
S | )

consequently, .

. - o R e - ¢ Ca N ' ]
- Fo= 3@-¢) U _ -1 / i 'rzdf _ (B/‘lSB'/
e = o .

' »
‘where, ' \
. . A
. owp c o ]
T T . . : ; | (B-16)
- “t , : o
_ Dt o U ey
R T =T - -y B

For .a Newtonian fluid,bycusihg équation (B-8), equation. (B-15) becomes,

w2

BT, o= S : SR  (B-18)

N

) . Gy '
o Sorving for, u and dubstituting (B-15, 16, 17) gives,

Dp” ¢ ‘ < AP | aE . (B-19)

Y T nca-et . I

From Darcy's law, !

AP - ~ : o (B-20)



‘ . .
}
S
\l . . . X
i , ’ - . Lo
’ 'l'klcro tore, ., , '
. | 3
1 ol .
K- oo . T
. N R .
\ : =ty (1= .
\
! s
.\pp\l}'ill}; bauations (h-9) to the bauation | B- Ehhoive s,
° K
. - -
<
| I + 3n 1 Do
] . . T.' . = V'] .ﬁ_Tr‘ —_— o [ _-
¢ v ) .
L 7
b o

Further, Hquation (B-22
'

22) c:ufi'mt vanslomed into, ’
\ ) ; L?)—)' ) . , o

L . 2 koAb . R

K Ui = T =237

1 .

- owhere bodenotes a viscosity level parameter Jdotfined e,
. ,
ol -1 ° n
. I R : 3 .
‘ I = IL‘ x _L.Ik:i U R

. © i o : . .
Paaation (B-24) is identical to that presented by christopher, ot atl 2o
Siavsing G =I5 1D tor the spherical beads. LU s evident that B
2 ) & «
N b oas o for a Newtonian [luid

- lquation (b-23) is the swoditied
Darey's law for a power-law model {luid.

; et us use Irgun's definition (67) of the friction factor;

theretore, o 3 R
D S - L
- _ b cab s N
{ K e R T (B-25)
, S U (1-3) : ,



,

. j
Clhe Reynolds nuber s arbitravily define

a

. Do -
. . a )
‘ “Re T2, (T-0n
For a Newtonitan (luid n = 1; tacretore,
. RS IR
N, = :r‘r%‘l.l—’ -
Re . \t (1*—.‘3‘11

d so tl‘\l(lt ,

3
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CAPPENDIN >
DUBORAIT NIMBEDR : ' >
The dimensionless group Deborah number represents o oratio ol i
L3 .
: . : “ a
scales of the material and tie Ulow Process, Itomay be detined (081 s,

. 9. ' . ’ ’
\ _ t : . .
: NI)CI) o 0 . HERD
. pl‘ .

where oy is the relaxation time of the flaid, and Ly the duratyon ot o
, X { .
Process whid@prcsonts cither the duration of o given defonmation state

or, equivalently, the reciprocal of the rgte at which the Jdeformat ton

»
.

process changes. . Marshall and Metzoner (68) applied the convected Maxwel ]
8 Pl .

>

model to approximate the helinvior of the viscoelastic Muid and showed that

the apprepriate neasure of the Process time in a pached bod of spheres was
— the reciprocal of the defopuation or stretch rate din the (low divection.
= \.‘ ) .
PP = . - . - N - v H 1 9 -
tney showed that in this special case of a porous med it the Deborah ey

then had the following towm, = .o oW
. .
N = 2.3 . _ . N -0
‘ “heb > D, ! ’
- :
“where, . i ! ‘
* ' s . P e
u = Moo ‘ (C-3)
A L .
R .
/
a

o 7
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The rclaXaiion"timc;'ef, for the present study was estimated from Bueches'

"theory; Equation (V1-1).  Viscosity at zero'shear of 0.2% Separan

AP-273 solution was taken equal to 42 poise - Refe ig. A-3 of reference
(34). The 1imiting Viscosity at zero shear rate of 0.1% and 0.05% Separan

~was estimated by using Equation VI-3 such that,

AR c. \5 - .
2,1 1 : ' :
1 (8) .
2,2 : ‘

2

where subscripts 1 and 2 indicate the different concentration of the
Separan solutions.’ . Therefore,-

“z'(b.l% Sep.) 1.31 poise | . (C-5)

P2 (0.05% Sep.) - Al (C:6)

V.

Consequently, 8, was ‘estimated to be, , - " . //

,/// ’
-~

%£»(0.2% Sep.) =  3.126 sec - S (5 )

T 6 3 : . : ) /

: - £ (0.1%:8ep.) = 0.19 sec : S (C-8)
%F (0.05% Sep.) =  8.34 mili. sec D N () I

o

" Calculated Deborah numbers for the three different conccntratiogs of polymer

solutions'arc'presénted in Tables (F-5, 6).
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APPENDIX D

/

’ ' BREAKTHROUGH RECOVERY WITTH
CONNATT WATER ;\.\'l>‘/< L RESTIAL

OTE SATURA O

1 - . ° .
Laes procedure for calculating the b cealdthrongh recovery with
non-zero connate water and/or residual. oi ] osatarat fon is exact Iy the =aime

asopresented in Chapter, 11 he only moditication needed to be taken into

account s the fact that the total yross <octional area of the porons bed

avatlable for flow 1s now reduced because of the connate, water or residunl
<

olln ,'\z\".\‘\unmg that the distribution of the eonnate witer saturntion and,

or restdual ol saturation is uni fomm along the bed, one can write,

¢

A W S U U -t
W Q) ) A :

. P o
H - M . - N M T -~ . - N vl N e -~ - M Tone
where '\1‘ Indicates that portion of the cross scotional ;ncaf O(LU[)ICL] Dy
.. X . : : s

connate wiater and/or residoaal oil. Solving and A . from Equations (11-30)
N . :

. ana (D=1 and applyving bquation (11-3F

A
r T
‘,i"'” .
A e |
T (D-3)-
Cowill be,
W
,'1.1 -Sw - v:’\‘r.
T T _ (D-4)

~
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Conscequent Iy, breakthrough recovery offiiciency isgobtained by,
¢ -
A ) \
, M- r . .
b = ey (U - A0
N Toaon M A . . ‘

This shows that the oftect of the connite witoer and/or#residuat oil
Ca ' . e . 3 L0 !

saturation s saaply a parallel downward shift ot the breakthroush roUavery

2

curve.




APPENDIX |

PRESSURE TRANSDUCER CALITBRAT LON

The calibration of transducers was accomplished through the usce

of the scheme presented in Figure (E-1). The calibration vessel wias a

L{\lndrlLll bomb which LOUld be connected to either a mercury or w1tcx
Lo .

m1n0m0t01 depending unon the dcs;icd calibration range. Valve V1 connects
the bomb to the pOSIthC‘S1dC}Of transducer while the negative side was
open to the atmosphere. Valve V, connects the bomb through a regulator

L

to an alr pressure supply. Prior to the calibration, valve V, was closed,

’

the others were opened, and the transducer zeroed. Calibration was per-
formed by pressurizing the bomb to various Iovel and reading the manometer

and cogrespondlng signal on thc recorder.

- S

Table (E-1) presents the calibration data of all the transducers

o

uséd‘during the course of the experiments and Figure (E-2) is to ebtain the

pertinent equations of the transducers. The working equations derived

from Figure ([-2) are as follows:

Trans. No. 2221 with' 5 psi Diaphragm: - ) -

Pin .0 = 0.05R

- . o

Trans. No. 2010 with 5 psi Diaphragm:

) = 0 N1°
Iin Hjo 0.01°R

Trans. No. 2012 with 1 psi Diaphragn:

- 7 N = 00 N
l in H,)O - (.(.1() R

Trans. No. 2223 with_ 5 psi Diaphragm:
= 0.0037
i P]n He 0.0037

Trans..No. 2221 with 20 psi Diaphragm: ”

P. = 0.015 R
in Hg



lfw.'"\

where, porepresents pressure and R, reading on the recorder at attenuation

I inoanches.
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. R . /4& Coe .t ey NINS
CABLE 1T & N
PRESSURE™TRANSDUCER CALTBRATEON PATA
o o BT
e e e e .aﬁ'_ .. ﬁw e e s = e et

Run Manometer o i Recorder
7 . A &
Nov. In of t,0 . B In at Xl

- i e et e e gt s s o s e = ,‘. L'*. - -

PARAR]

JIranss Noo 22210 with 5 psi Diaphragm

| 24, 188

5 =
. 6.3 e 126.5
3 ' i 1.1 223
: 17.5 . 348
R 30.8 610

37.85 S 750
50.6 ' 1006
67.9. 1364
5.6 114.4
11.07 225
16.55 . 336.5
26.12 530

Trans. ~No. 2010 with § psi Diaphragm

5.0 . 136
11.07 - 271.5 -
16.55 ‘ 404
26.12 ’ 638

1
1

Trans. No. 2012 with 1 psi Diaphrafm

7.1 3563
9.65 | 604
15.065 940
21.54 1450

RS I S

Trans. No. 2223 with 5 psi Diaphragm (In of lig)

1.85 493
1.6 ) 413
2.8 S b

113 ‘ : 1100

RS2 I SR

o
(8%
to
—_—

Trans. No. with 20 psi Diaphragm (In  of lg)

1 2,15 ' 165
2 3.7 2 247
3 5.65 384
1 7.05 522
- 9.2 626
b 11.36 . 782
7 17.5 1208




15)@‘ : , —— 1 100
12221 -
o | (Spsi Diaphragm) .
(QV] . T
L T2010 | 1%
IS . T2221 c
c - , , (20psi Diptf =
£ "
0. 10} 110 -
v o
> 7
-
o flﬂ
T2223 |
1 | - 1 L | « 1 1
50 100 | 1000 5000
Reading, R,In at x1
FIGURE E-2 PRESSURE TRANSDUCER \

CALIBRATION



F.1

APPENDIX F- ' B
EXPERIMENTAL DATA

Specification of the Experimental Rums

study are glven in thls section.

«!

S
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]hc SpLlelLéthn% of all.%he cxpcrlmental runs reportcd in this

“The cxpcrlmen{al uns arevlabcllcd by -

o two.numbcrs,rxaﬁely Roll No. and Run No. Roll nwnbcr reflects the consccu-

thC aner recorded on thc original 1011\ of fllm on which the pCItlnCnt

_11n1§ ‘were

recorded.

/

~ of the raw data during the course of the experimental work.

‘therefore,

. 1%850 are thelsamo numbers recorded in the note book‘

reference to the TN data and also unlcportod data of 1\; 51&*5 rods bed

is dlICLtl\ viable hltnout an) confusion.

labvi
RollfNo. N
Rur No.. 1
Roll ~o:. 8
Run No. 2
‘Roll No. 8
TRun No. 3
" Roll No. -8
Run No.‘§
- Roll No. 8

s <

R

TABLE F-1

* Specification of BExperimental Runs

"~ Runs being-perfomed. with the large beads,

4

Bead Diameter = 4.7 mm ‘;g -

. Specification

Water Displacing 100 ¢s Dow Corning
% = 1.5885 GHS}SbC

i
o

Water Displacing 100 Dow Cormning

q = 3.177'Gn3/50c : =
~ Water Displacing 100 g Donggorning
q = 6.354 cmb/scc =
Water Displacing 100 cs Dow Corning
qQ = 6.35% au’/scc ’

Water Displdcing 100
q’ 3}20.03547cm?/50c

- . ,ai'

)
7

Dow Corning’



Roll
Roll
Roll
Roll

Roll
Run
" Roll
Run

Rpll
Run

Roll"

Run

\J L5bel

No.

‘,No.

No.
No,

No.

No.

8

No. 9

No.

o Roll ¥
: ﬁﬁ'ﬁ*

Roll

- Roll

——
! ~

RolT
- Noa

Run

Roll

- Run

V .

¥
NO'.

‘No:

No.

No.

Ng.

NO.
No.,

8

10

1

,10.

o)

10

q

10
5

2
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Specification /
17100 cs Dow Cornlng Displacing hater
q = 3.4 an /scc
0.2% Sep. Dlsplac1ng 100 cs Dow Corning :
.q = 1.5885 am /sec = T
! T
. . [ g
0.2% Sep. D15plac1ng 10Q cs.\DowtCorniﬁg
3
q = 3.177 /scc *
!
0.2% Sep. Displacing 100 .cs Do@ Gorning
a = 6.350 an’/secc
b .
0. 2% gep Dlsgficrng 100; cs Dow Corming’
= 15885 %ﬁigqew' ‘ ' , .
. \
. o N\
0.2% Sep. Displacing 12500 c¢s  Dow Coming o,
q = 0.6354 CﬁS/Sec "
. Q.?%‘Sep. Displacing -12500 -cs Dow Corning
q -= 0.3177 cms/scc :
0.1% Sep. Dlsplaglng 100 CQ Dow Corning
qQ = 6.354 cno/sec ‘
-D.1% Sep. Displa@ﬁng 100 . cs  Dow Corning
,Adk = 15.885 an /sec '
. (_“v -
0.05% Sep.  Displacing 100 cs  Dow Corning *
a = 6.354 en’/sec '
0.05% Sep. Displaecing 100 (?"XDOV Corning
30 e |
qQ = l.SSS%wgg /sec
0.05%\Scp. 'Displacing'loo cs Dow Corning
q‘.= '6.354 CmS/SCC -
. i J?v
0 05% Sep. Displqcinglloo «s  Dow’ Cornlng
Aq~ = 15.885 m /sec R .
: Lo A
ot *‘ B ‘;&:a? * » -{:(h ‘%‘



3 ’ ) 2 -
Roll No. 10

Roll No. 10
Run No. 8

Roll No. 10
Rin No. 9

Roll No. 10
‘Roll No. 11

Roll No. 11
Run  No. 2

Roll No. 11
Run . No. 3

Roll No. 11’

Run  No. 4

—
. Rollmxo. 11
Aan*/No. 5

3 L
—— »\‘.l N N .

} \zﬁgll No. 11
- Run No.. 6

q =

- .

Runs being performed with the small‘bcads,

§pccification

6.354 an>/sec

Bead Diameter = 1. S mm

= . Water

q =

Water

Water

/ qQ =

Water

q =

0
1

Disblacing_loO cs
1.5885 cm?yséc

Displacing 100 cs
0.6355\;m°/scc

Displacing 100 cs
0.3177 cmS/Séc
lﬁisplacing 100 cs

3.177 ona/sec .

Displacing 100 cs
0.15885 &m’/sec

Displacing 100 .c

6.354 an/sqc

7]

{ . .
Displacing 100 ¢
1.S§85‘anj/scc

7]

Sep. Displacing 100

3.177 an/sec

Sep.  Displacing 100

6.354 cmg/sec

5 Sep. Displacing 100
. 1.5885 cm’/sec

5

D 159

| " 0.05% Sep. Displacing 100 c¢s Dow Corniné

?
Rl

Dow Corning
Dow Corning

bDow Corning /

g

y Corn%ng
Dow Corning -
Dow Corning
Dow ' ‘Corning~
Cs -D@w‘Corning

¢s  Dow Comning

cs - Dow Corning

A



Roll
Run

Ro1l.

Run

Roll
Run

Roll

Run

No.

" No.

No.

. No.

No.

No.

No.
No.

NO.
No.
No.
No.

11

SO
o=

25 ¢p Glycerol DlspldClng 100 .

25 c¢p Glycelol Dl\pllglng 100

28.5

0
L

Specification

0.05% Scp. D15p1ac1rg 100 cs

q = 15.885 cm /scc

0.1% Sep. 01Qplac1ng 100 cs
-q = 6.354 cm /90c

0.1% Sep. Displacing 100 cs

q = 3.177 cms/sec

0.2% .Sep. Displacing 100 cs

q = 3.177 cms/seq

26 cp Glycerol Displacing 100

q = 1.5885 an’/sec
17 ‘Cp Glyéerol Displacing 100

q = 3.177 onéyscc

17 cp Glycerol Displacing 100
q = 3.177-cm°/soc

52 ¢p Glycerol Displacing 100
“q = 3.177 cmsﬁsgc

3.177 aw /SCL

25 ¢p Gl\CCIOl Displacing 100

1.5885 am /bCC

6.354 cm /s c S .
Ccp Gl}CCllT Dl\plac1nq 100 s

0.6354 Gn'/bCC

160

Dow Corning

Dow Corning

Now Corning

1

Dow Corning

@]
g

(@]
g

)
sl

e

Dow Corning

“Dow Corning

*

~ Dow Coming

Dow>Cérning :
Do\,\; Corning:
Dow Corﬁing
Dow éoming

Dow Commning



Label

Rolf
Ro1ll

Roll

" Run

Rol1l
Run

No. .

No.

-No.

No.
No.

No.

- No.

13

13

13

13

o

o

o

L o

.2%

[+2
0

1%

Specification

Pusher 500 Displacing
10.15885 an>/scc -

Pusher 500 Displacing
0.6354 cm>/scc

Sep. Displacing 1000

=2 0.15885 Cms/scc‘

.1%

Sep. Displacing 1000

0.6354 cmS/Sec'.

h 161

'

lOQb cs Dow Corning
1000 ¢s Dow Corning
¢s  Dow Corning

¢s  Dow Corning



: Mg K
- b Lo soreon to -t e )

.‘,"(v,‘
.

2 drontal Plane Advance | o o
. 'he pl'(\&v‘mll.ll't‘ undertaken to 'L‘\bt;lin the data points, ot'~ Flgures
(V=51 to (VW) 'is'dcs‘crilzcd 1.1_1 tha“ fol lmving{. e position, N ol "the- |
frontal plane or the plane of zero saturati 11 wis detemined 'h_\'- '_'L‘Ft"l'.’r‘f}:

Frame: by rame onto a white watl.,

the movie pilctures

projector trom the wall was scet =o that o magprTication of 1:1 with

I8

~respect to the actual dimensions of Hlyhbd.\x;lfi “obtainad. The nuaber ot

Wt o // ) ) N . .

the frames was counted to vateulate the time clapsed, t, by using the

B * /"/ : N ‘ .

provious v detemined gfmeras<glibration factor. the Time of breakthrough

e ‘VQ . .
o : :
wis checked by ot detemmined the time period botwegn when

B r"; "

inletacreen ad breakthrough. lhe di=tange

] k;t ;thu longest t'in.gol‘, N, Was mc';lsm'c«_l From Atho
Mions Uy a 1).]‘0.Ci-8 londstecl ruler \vitfl L divisions. RS¢ fhg case of

. ! . . 40
Crates to reduce Film consumption, the camera was .\'tU;‘,_C(l-;lftL‘l‘ [N
f\'itturosf tyhg‘n z\\“\'t;l.rtcd :1‘};41'111_. The time I:IPSO‘ between every Two sets
;;'iptur.cs wis measured byoa stop watch and” added to  the t-imp cu lrvcul;atod

- . - ‘/-'
From counting the number ot the trames.

. ', v
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TABLE [-2 R
POSITION OF THE ZERO SATURATION PIANE :
v
XO ’ t \(} t/tb}\ : x(), t » (lt/ \f‘z\
am sec . an - an : soc .oan
, A . . v ) '.'
Roll No. 8, Run No. I’ ) Roll No. 8, Run No.. 3
‘ o : R
3.0 9.52 L L0.00 23.0 < 23.81 657
5.5 19.05 1.31 ' 26.5 £ 28.57 - 7.88°
3.0 @ . 28.57 1.97 3000 33033 oL L0.0
11.5 38.10 2,03 . 35.5 38,10 57 10.51
13.5 47,62 3.28 . 38,7 42,80 © 1182
16.5 57.14 3.94 34.7 47.02 13,14
18.7 06.07 3.60 47.5 52.38 . L lalas
22.0 76.19 5.2¢ 53.5 59005 16.29
24.5. 85.71 . 5.91 ¢ .
128.5 95,24 0.57, ? : .
- 33.0 104. 76 7.23 Roll No. &, Run No. J
© 35.5 114. 7% 7.88 ) ‘ -
39.0 12381 .- 8.54 5.5 3.76 1.51
43.0 133.33 N 9,20 - 12.5 9,52 2.63
47.0 142.86 0,85 - . 18.5 14.29 3.6
50.5 152.38"° 10,51 S Y 19.05 5.25
53.5 155.71 . 10.74 234 23781 6.57
' : & . 30,0 28.57 7.88
: . ’ 'Q€§ . T 36,3 33.33 9.2
Roll No. 8, Run No: 2 ‘ A2 38.10 10.51
' - . 15.0 42.80 11.82
3.5 7,14 0,99 | _ 1702 47.62 13.14
8.0 14.29 1.97 . 53,5 53.81 14.84
11.7 . 21.43 T 2000 \ .
18.0 28.57 3.0, ' ey e AR
22.0- 35.71 4.93 . Roll No. 8§, R wﬁ%'sﬁgﬁﬁf
23.7 427 86 5.91 '
28.0 50.00 0.0 3.0 23.81 0. 60
31.0 0 57.14 7.88 © 0.0 47,62 1.31
36,4 s 04,29 8.87 o 10.5 71.43 - 1,97
44,3 71.43 - 9.95 : 11.5 95.24 R T %t
48.0 78.57 10, 84 . 14.5 120.00 3.31
53..5 91.43 - . 12,01 21.5 S232.8 0.42
o ' 28.7 276,01 R 7.03
_ 34.5 08.41 11.27
30 e 19.0 4343, 17 12.23
} . 52.0- 372,97 13,05
1.31 © . 53.5 184,40 13.30
2.03 ]
3.94° ) ; i
5:25 i ¥
a . ‘9



TABLYE F-2

g T S

qt/ oA

an sSeC <m
roll No. 8, Run O

3.0 Z5.81 5,51
7.5 37,60 SL03
1.2 oS FOLST,
IR OhL 2 1. 0o
| AN 11v. 0% L7oas
20,5 142,80 21.09
27.5 190. 18 28,12
35.2 238.10 35,15
43.0 285.71 d2018
51.8 333,35 39,21
53.5 Adel 1o 51.

Roll

2.8

5.l
0

&)

1A Y Y U

[
LIttt LY LI AL D
ST T T ST

e

S IO B V2 IRUX I W)

Roll

No. o9,
23

37,

1

: 95.
112,
297,
329.
429,
150.
530.
571
632,
051,

9,0 Ruan No.

N -

23,
d6.
1.
a4,

Co10gLe

219,
RERES]

e O

YR
305.

NOL O

b

Run No,

.8k

62

.43

2
SO
Q0
S0
06

20

60
(1S
~8
S3

S
62

43

Run No.

.

3

1T s sl e—

S0,
39, 3¢
13,

A,

=220
S350
St
10,
d2.

.28

- -

.85
.07
.89
L2

55

03

i

(Continued)

1O

qt/¢A

)
cm sec¢ cm
Roll No. -9, Ruan NoL &

3.0 O, 0h T
5.0 L. 2o Ao
S.h 25081 (ST
1.5 33055 R
11,8 J2.80 [N
17,4 §2.58 P11,
0.8 0100 RN
2508 TR 19,70
20,0 SHL T 25008
3.5 05,21 2oL 07
37,0 10711 SO0
1.5 119,05 32080
1700 130,95 o013
53.5 117,062 oL Tl

Roll Noo o,

Run

Run

2.3 T35S
5.5 1,76
7.5 AU
9.0 KR
1.0 1.0
134 1.1, 20
17.5 10,00
21.5 23.81
23,0 28,567
S 2005 33,553
30.5 38,1
12.0 12,86
19,5 17.62
53.5 51.43
RoTl No. 9,
3.5 9,52
5.5 19,05

o
=

1S, .07

19,0 T1.45

33L5 134,553

R 158,39

170 182,15

S35 21202
o

AN

No,

L

1o, o
2200
T
20050
RIS
S5.HT
5

(PRI
2 e

A T
)
b o—



NSO

WAV IS BV

Lo —

-

Roll

Y

— = L

- Z Z

TABLE B2

t qt/ A

Sec an

“NoL U0 CRun NoL o

17002 ().m\
s1

an. 2l ..
L1280 Lo
175,353 Y
30884 S
303,57 Sl

His0T 0. 18
d95, 00 ST

Nooo U0 Run No,

T 1.0
1120 S 0

RS I RURLR|
'RUGT “.88
35.71 9,85
12,80 1182 T
50,0 15,70
ST 15,706
020 |
“1.45 1u.70
TSL8T 21,08
S50 25005

2L Sso hLl
o0 > 5B
105, 7 e T

Roll-Noo v, i No. 8

2857 1o, 70
MG 2155

(Cont inued)

| X, t qt/¢A
cm SCC It
Roll Nov, 9, Rum Svov, S
13 N V.90 ,‘: Ay
la,h fﬁf%i».yl » R SN
55,5 TR D R
Roll Noo 10, Run Moo
R .70 I, Al
[SIRR! IR S0
1.1 IR S
lo. 1 P o R
18,5, 2381 6.0
s 28,57 TLNS
25T SRR3R 9,0
RASIAR RIS 10,51
33.0) 32 S0 1S
R 37002 15,01
ALY 52058 13,15
J2.8 5714 15.70
1702 0400 17,
51..2 0oL 07
5305 70,00
Roll No. To,  Rany No. 3
. 1 23,81 Lol
RS JS.6T SR
1.1.9 114,07 T
1T 137.55 " 0,15
210 215,13 1180
28,7 239, 2 1o, 50
31.6 237,081 17,09
57,0 S01.11 20,77
BRI S St 324002 220
13.0° SA8.75 21,05
ERINY ~357.78 2407
Ju.s 104,608 27 .87
NS IO 149,79 1.2

Roll No. 10, Run

1.9 2.38

— SURE AT
Aka// :

lToh

No.od

0, 6O
131



= s

TN T A e e i
= vt

2

O

Roll No.o 10, ko No.

ot No.

o~

1o.
19,

JoL 1Y
30,05
35071
JO. 48
15,01
50.0
RE SO
59,52
hdL2n
0L 05h
R A
10,
S 38
3. 76

| SRR —

IR
P

S0, ]
2805

[

S22 N0 sl
Vo

i

[

=

TARBLE:

qt/eNn

n

e

0l
L

8.5
9,85

1. 31
N ST
3.0
5. 24

TLU8S

(Continuced)

TSR TR, T I

")

'x(),
“
RN

13,
1o,
[

SilLtu

A

YYo= i
- .

1o

L e

o

Al

=1

[1.0

15,5

Jon
R

U -

1
357
1

Run

l(‘lh

o8

[ B

e e—

ST = e
Z D e

IRV B

[



RPN So0,0] oot # 220 : TR

s

4
&

I P

s

FEOE S ST I VR B

(SR )

Rt

v
92

TABLE F -2 (Continued)

l .
o t qt/eAn X, t qt/eA
i sec | ‘ <m . ' ¢m SOC ' cm

Roll Noo 10, Run No. 9 Roll Noo 1, Run bl
. JA08] noSh
1.8 4700 0o
L0 RN EY : 1. 10 Houo 15319 VLU0
5 L. 1o RN S0 18, LR

11.0 . SA0.58 R
|
|
2 J
e [t on S0 705 Hlo,h! R
’ |
1

|
[ h SO0, 30 X Yohh

<
) . 2doL oo S0 T Sh. 7o !

L 200,00 1,08 M) N CRN BT 1.01]
L0 PR RN .00 Jo00 ST A 1
A

AR RS F I 1D (.08 ‘ 220 AR E I SR
- 1738 T ‘ 20 842,35 . .02

A TS ‘ §.17 BRI 850,18 0.5
o 575,35 ' 8.50 : 20,0 0128 0.5
U 652,75 D65 . 2T 968, 2 108

R 07208 0,93 ICEIR 109682 - S.n

5.5 RESREIN (.83 0.0 116,82 8. 25

' 35.3 1252, 1 0.5

fe

Roll o o Run NoL 1o 35,3 F205.¢
31,1 1.103.
11, 1410,

Lo

Te m — o to st sty
.
—

Joae Lo

- O v Jos o 1550.0 RE
L s B 185 15080 11,50
SEh -+ 51 R 16012 1200
: ~>. 81 SRR R 17150 12,07
i 2857 d.22. o ‘ )
. ;Q:Q; i'ag Roll Noo 11, ban No. 2
B 12,80 " 0,35 1.0 .38 070
L IR -0 -5 1,76 S
g 2,38 ! 1.0 T SO
~ SRR 8. 11 11,0 L0502 281
0 61,00 915 170 11.90 3,52
~ o o7 3,85 2005 14,20 1o
. 0303 16,07 1.03
Roll No.o 11, R No. 1 - 27,05 19.0% 5.03
" rQ 5 Ind g
0 S O6.L 67 .ol 32'2 i%';f Q'Jj
v Lo R 38,40 26,19 S
X t8-.87 oo 1205 28,57 SEK
- NN LS 15.5 50095 - 9.5
=75.48 =D 1000 33,33 o 0LRS
55,5 30,07 10,81



TARLE P2 (Continucd)

-
P S ‘ FIm oL mIt oz N Lol tooT TERTT r T inla. [ T 1 T LI - R e R
. \ : 4 A
X, t . At/ eA X, t ) qt/¢
< S0¢ an cm SeC cm
Roll No.o 11, Run No. 3 ) Roll Noo T, Ran oo
S04 AN Y AU D h 4070 [
0.4 NI 06 N0 a,ne "N
1.0 JINES .58 Lo Proon .
15,2 R 2o [O. 6 Lo 5 .
v, 3 30 { S0 S0 5 BRPRE !
Jln 30 80\ ST 250 I8N SURE
2007 50,000 3,09 29,0 S3.AA NN
270 714 3,20 RIS A8.e IRENT
310 nd. 2o 1.7% 35,0 12,80 Poos
30,0 71,43 5928 1000 SR Lo
J0. 0 TS.5T . R .0 5038 IR
1205 85,71 0. 33 ; 571 fo, w0
d8.0 92,806 0. S GlLoo IS
15,0 100,00 T30
17n 107,14 Lol ', Run No. o
Lol 1.20 S, : . .
e }EJ'TG MBS 3 2581 e
AR e N 8. SRt Rl
: " 11. 62,38 Cobel
) ; \ N \ |
Roll No. 11, lun N B \ 19, 131.78 \ oo
3.3 R .05 22 56,54 brrne
no0 140w 201 34 22804 Lo s
1.3 21,43 01T 37002 16,38 \1x.:1
13.0 JS8.RT ST 15.5 6,28 L
Lo 35.71 50280 8.7 303,42 RS
180 RIS 0,35 n3.5 326,72 proa”
0Ll S0, 00 TU3Y \ ,
4o ST 8o \ Roll No. 113 Run No. —°
5 - N ‘k} i ) (g !
F O el 6.5 238 Tt
2905 .43 10,560 \ - i D
—o e vl TN 11.5 4. 70 3050
SA o S.5 1.0l \ c - . e
o DS Lol \ 15.0 14 5.08
RERE SaLl 12,67 . A .
N Tl ~ tv.o 0,52 L0
AL v2. 80 13.72 N\ N Ty
N =3 2505 11.900 8.8
20 1o, 00 14,78 A\ R -
. - o \ 20,5 11,20 10,50
b, 2 T 1 15,83 T = SN
bso 0 F1d. 2 : 16.89 N 20 A Lo s
P LT L L 4o 19.05 1.n”
PR Y 121 0d3 17,05 s 0 SERE: T
51.8 128,57 19.00 00 T e
0 RN o =g 0L 2¥.81 [~ a0
S ‘ 33, 5 25,21 18, 03
| \ e
A
| \‘
LG 8




ZAal X Lo i L e RE DUESRTOREILLLS LSS o Joi S RIEER L I Gl . v &

|64

'l'/\l}Lli -2 (Cont 1nued) ' ) ¢

4

X. t qt/+A ’ X 1 : qt/¢A

BT I SN I TR ISl SUN SO S SV

0 . O )
<m S0C <m . oIn SOC . oo
Rotbl No. 1,  Run No. § \ Paxll Noo 11, Run Noo 1o
5.0 ST oL L P T B JE
5.0 SO 2.8l - % EIDNIE 1760 STl
8.0 14,20 S e D10 HUL 2 N
9.0 1907 N0 ae o - Lo, 7 L)
120 2AU8I NN ’V L0 152,03 I
15.0 280067 CUR N : 3.8 1o7. 73 oo
18.0 CO33.35% 9. 8% . 30,0 AR BEE S5 1
2l 38010 1. 2a . 10,8 2L 00 A7
2200 42,80 12,07 53005 500,09 , L0
20,00 3702 1107 e
2705 52038 15,08 ‘ RoTL o 12, Run Ne.
30,0 57014 16,80 . N ~
33,0 01,90 18,30 5o ol Lo
360 0oL o7 19:70 e Lo Tl
N . - \ 9.3 1.13 V.08
38.5 A I I 2101 , BN . i
s - . R 12,5 D5, 24 S 0. q
SY .S .19 R - ) P
.1‘1-; 40 (); \“\‘”; 15.0 119,085 S,S(l )
- NOABAUE SRS 175 142, 80 10,58 -
J6.0 C85.71 IRCTE IR ) : - 1 RS
10,5 90, 18 26,74 =00 Qoo PRI
53 5 a7 11 g7 21.5 172,80 2.
T S , - 29,7 230010 17,67
. ' 3.0 Sh6. T8 T 18.97
!‘ ) R e Do — ,-,\ O.
wll Noo 11, un No. Y 35,0 580, 59 o0
A EUSEN 1.1 30,0 286,78 RS
4.5 19,05 2,81 35,07 367,78 R
T 28,57 R jo. 3 301,59 28,01
SIS 38,10 363 53.5 121,50 3115
13,0 17,02 TL0d :
16,0 Y 8. . ROl No 12, Run No. .
17.0 b .67 9,85 . ' -
10,0 76.19 11,20 ; >0 o e o
1.0 5. 7] 12 67 5. 0 O, 52 111
) 5.7 2.0° 2 N '
3.0 5. 24 11,07 o B2y =1
o Z AR 2.6 10.05 2.8
5.0 101,76 d5.008 11.5 6 10 3 Q-
.0 111,29 L. 50 2 s T
B - 15.0 33,383 4.93
9.0 123,81 18,30 2
o Y AR 17.7 10,48 5.08
3.0 142,86 21011 - 2
- L 20.0 17,62 7. 00
.o 161.90 23,93 N 57 11 gl
9.0 180,97 20,71 5.0 é"(; . ;‘g;
3.5 L 200,00 20,50 =02 oo 0 e
- “,1‘) 05 S 30.0 v. 19 11,26
A5 731,20 So. 1o .
Y 1 2
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TABLY 12 (Continued)

“ . - R Y

t qUu/4A

HeU m

4 M } -

I, T NoL

Sho o
an. oo
tod, o RS
Vb 0a [, w9
105,81 [ RTA
133, 33 fo, D

115081

i o 38

"J

i
=

o R
I T A oA
2857 Lo
;3 ﬁl R
J208 oA
S 00 TLan
57014 NSRS
[CR Y D50
“1.43 -l 56
S0. 08 11.90
RIVMR 13,37
100, 00 14,78
Loo, 32 Lo, 1u
119,05 17,69
132,38 [V, 50
oL, Run tael
T 1. 0o
IS Y Sl
25081 S50
33,35 SRR
12,80 G, 35
5.2.538 o7
01,90 S Y
Tl 1O, 50
S3.55 2. 3534
us, 20 11.07
[ N 5,83
o BRI

. H

)

x(; t Qt/¢A
I S «m
Roll fo 1o fan ]
10,80 .

oL I
“;‘/“\ T o 'lA
I"_ A l ‘f\', ‘v. SO |
Lo 180 L
NN A RS g
R T TR

|'u.‘ll O 1, INUTRRENNE \
L d076 (RS
1.5 aon’ 1.1l
3 RS 2L
90 COALNt RIS
11,3 T3.33 oo
11,5 Poosn SRR
16,05 ’ HOLAN n
1o, (RN RN S
2207 A T B [ERIY!
Ju.0 83,75 AN
Jae a5, 01 14,00
523 L7 15.853
56,0 11w, an [ 7750
I 130,05 19,35
15,0 SEET A
TS RS N7
NGRS Lot 08 SdLas
“ - i o
Roll oo 12, Ran Na. o

T 11,00 7 .0, 8
L J5081 1. 7o
) ANTS 2Lon
5 /52058 38
o0 ‘//ss.u) S0
150 /114 en 807
TGLU5 27T an I A
P70 135,50 Jiv ol
Con . IR IR
a ) QUL A N
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X t qt/ent T XLt qt/4A
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s LN ) . e . 7 N . P :
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TS0 N 3L L
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S 05, 260 .
B O 1]
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=
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x
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TABLL I-2 (Continued) o -
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V):() ‘ A‘ o qt/:;\v : | X ) too. ({.t/;"\
I GSeC o L o sSeC R H
CRo1T No. 155 Run-No. o2 ; f : Roll No: 13, I\Zl\ 1 No. .?V
150 262,60 re 505 , 1()47 1‘ 1,30 7
49,0 280, 5 §.17 - 53.5 05608 14,82
X3R5 2.2 0,23 ~ o o .
PO L e S Roll No. 13, Run No. 4
TRoll N 13, Ran o, 3 ‘ 3.5 23.81 0.70
, LT . ' 7.5 47,02~ 1.3
” Te ) . ~ A Y :\{'.
P ”‘) Ve 11.0 7143 2.1
&-'47;' LT MJ ST 14.5 95.24 2.81
o e U o 18.0 119,05 3.520
T A PO . T2y 142.86 L4022
L4 () ,.,&9.;11 o AL30 N v = , -
19 N 703 ng - 4, 20.5 16667 J.0953
Sl w _(’);’(‘).'; ’ PG 34.5 & 213.82 0.32
~1.Q. ) 7 e R 8 5 L e - “y 3
2P C1082.034 9 8,00 .5 3705 7l
- SR A : 42,0 L2614 7073
30.0 I312.2F .70 . Tor oo - R
o z sl L 460, 285.25 T 8.43
3.5 - 1460, 74 10,79 T SHdeED :
, - o . 50.0 30900 9.11
38.0 1614.253 11,93 \ 535 330,014 g. 75
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F. 4 3 Ml"x}f_‘,t;lzrn_'_ 1 Irop H('i'r._lrxn-m_ml‘t __f’,‘-_,}A..}E,';_[‘)_i,ﬁ"l’_l,5'&1‘"”“’.“} Test s

) , . A
It was mentioned 1n Section (1V-60) that the pressure drop higtory
. . n
of cuach displacement test was recorded onca Strip Chart vecorder. The
pressyre drop recorded on the chart, AI’,I.,w:m the total pressure drop which

~

consisted of pressure drop of the {looded zone) /\I’I,, plus pressure drop of
the oil zone, “'0- The value of f.l-’() “tor the singMsphasc region could be

. * - e h - s .
calculated by knowing the length of the bed above the plane of zero saturation.

»

This was obtidined as described in the following paragraph.
The time when the diaplacing {lTuid passed the inlet screen was

marked on the pressure drop chart. Therefore, by knowing the =peed of the

chart; the corresponding time, t, of cach point on the chart g'()uldcbc

obtained. Thiv value of t was used ro calgeulate /N, From the eve-fit
. A : ,

line of Figures (V-3) to (V-18) the value. of X

P

or length of Fiooded zone
| TN ,
was detennined. dherefore the Tength of the unswept portion of the bed could
be easily calculated by difference and subsequently used to determine A'AI‘O
P . - . l ) “ ‘ . N o ‘J
lable (¥-7) includes the pressure drop measurcments of the tlooded

: L - dp
zone and the overall pressure gradient of the flooded area, I

o

. ) ) : - I
Volunetric average watev saturation, Sw which has already been

defined in Section II.3 was cal.cul\:ltcd at czlcvzhhv.positioh in ‘;\hc bed. 'I'his: is
i‘nc1>udcd in column four _‘of’th'cr Table (1-‘-7).'“ ‘Corrcctjon oof the ;;?cssufc drop
reading ‘due to.thc small difference ir; spccifi'c gavity -of the displqcing and
d\isplaced- fluid }ias_ also been ‘c‘oﬁsidcrod. Occurrence of the breakbbough is
lmarkcd by B. T. which appeared 11; Colunns 3 and A of> Table (F-7). . . },

Tablé F-8 presents ,the friction fnctor—Roi)nol_&ds nunber relationship

of the flooded zone. Frictien factor and Reynolds mumber were calculated

fro'm Equations (B-25, 28) respectively. The only modification involved was

<
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replacement of the viscosity in the ltv)ﬁmldu number by c‘l’vct tve
vi:'.cus;it)L(lc('inv‘d by bguation (I1-33).  VPor the pnlymcrf‘imml, Equation
(iI-SS) with apparent Vii;k‘(')t-;.ig)' of the p‘olymcr solution ill.‘.ltt‘(l(] of M
was uscd to obtarn the average viscosity for the l{cyn()Alds niimber
calculation.  Estimation of the apparent viscosity of the polymer
solution v\';;:, based on the shear rate fn the bed. 'l'lﬂr reason }lwhi.nd this

choice s discussed in Appendix I

To calculate the friction {actor of the flooded =etiec the arith-
metic average of the overall pressure gradicents with astrisk in Table (F-7)
were usced.  The initial data points were ignored to minimize the crror

D)

contributton duc to the initial segment of the bed which is digcussed in

»

°

Appcndix G. L.

1

For the sake of ‘comparison, in addition to the experimental values
of the overayll pressure gradient of the flooded zone it predicted values
FOnG

based on”the cffectiv@ viscosity and Darcy's

Table (F-8). - o /\

law are also reported in



TABLE B-7 . ——
OVERALL PRESSURE GRADTENT OF CIHE FLOODED

ZONL:

* The arithmetic averape * astrished overall pradients is beimg eed
to calculate frictionofactor of the mixed cone.

e S Tt s T Rt - < Tt
o < y A )
t qt/eA X, '(’w Al T WAl . (Jdb/dx )!:
seC an Loan . e of HL0 ome off HLGeem of H L0/
- - - cm

e e - e e e i e+ st e e . o

[

Roll No. 8, Run No, 1

0.0 0.0 0.0 0.0 7.2 - :
30 T 2.07 9.7 0.21 6.4 0.03 0.004
60 4.14 18.8 0.22 5.8 0.16 0.-011%
90 6.21 28 0.22 5.6 1.12 0, 033%
120 . 8.28 37.7 0.22 5.0 1.65 0.040%
150 10.34 - 36.7 0.22 4.4 1.97° 0.044%
180 12.4° . 53.5% 0.23 4.2 2.2 7 0.047%
-210 . “14.5 B.T. B.T Z.8 1.8 0.037
240 16.5 - - 3.4 1.4 ©0.029
300 20.7 - - 3.2 1.2 0.024
360 24,8 - - 3.0 1.0 0.02
420 29 oy - 2.9 0.9 0.018.
480 33.1 - - . 2.8 0.8 0.016
Roll No. 8, Run No. 2
0.0 0.0 0.0 0.0 16.5 - - .
33 4.55" 19 0.24 13.7- 2.62 0.15*%
48 6.62 .28 0.24 12.1 3.83 0.15%
78" 10.76 45.5 0.24 10.3 6.73 0.15*
108 14.9 B.T. B.T. 8.7 .74 0.11*
138 19.03 - . 7.3 5.34 0.1r
168 ° 23.17 - - 6.4 4.44 , 0.09
198 - 27.31 - - 5.8 3.84 (.08
228 31.45 - e 5.8 3.84 0.08
258 35.59. - - 5.3 3.34 0.0
Roll No.-8, Run No. 3
0.0 0.0 0.0 0.0 4b 32,95 - -
15 .14 14 0.30 30.15 5.63 0.47%
30 8.2 29.2 0.28 25.95 11.74 0.43*
= 45 12.41 4225 - 0.2% 23,75 17.01  0.42%*
60 16.55 ‘B.T. B.T. 20.55 - 1% 59 0.38*
.90 24.83 - - 19.50, 17.54 0.36
120 33.10 - - © 13,18 11.19 0.23
150 41.38 - - 8.8 6.84 0.14
180 49.66 - - & 7.55 5.59 0.11
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o IABLE 1-7 (Continued) B
qt/ v X 5 AP, tp (dP/dx ). -
S(tzc . {;{1 : Yo w e F (ar/ -
ST ) £am . moof 1,0 anof 1,0 ¢m of Fi,0/cm -
£ i - ) - . - R
1101 ¢ 350.37 - - 1.96 0.02 - S 0.0004
1221 33.08 - - % 1.96 ' 0.02 0.0004
1341 36.99 - - 1.96 0.02" 0.0004 -
14061 40.30 - f' 1.80 0.0 0.0
1581 13.01 - e 1.91 9.0 0.0
. ) . o N .
n Roll No. 9, Run- g, 1 .
0.0, 0.0 0.0 0.0 7.23 - -
21 1.45 1.6 091 ¢ w723 - -
51 352 4.1° v 0.86 9.6 2.0 1.24
81 5.59 - 6.6 0.85 11.08 1.36 . 0.95 ,
1kl L7606 J. 1 0.84 13.08 6,62 0.93 ‘-
141 9.72 . 11,57 - 0.84 14. 88 8.67 0.91%
171 11.79 14.1 (.84 16.28 10. 36 0.86%
231 ~15.93 18.8 (.85 18. 64 13.22 0.70%
291 20.07 “23.8 0.84 21.30 . T 16. 48 0.76%
351 24,21 28.7 .84 24.36 *20..00 0.75%
AL 28.35 3%5.6 0.84 26.96 23.13 0.73%
471 32.48 38.0 0.84 ) 29.56 . 26.27 0.72%
531 36.62 ¢ 43.5- 0.84 32.36 *29.59 0.71% g
591 4076 48.4 0.84 35.76 33.68 0.73% ..
051 44.90 % 5305 0.84 36.76 34.80. 0.71*
7117 49.04 TOBLT. Bl 36.20 34.80 0.70
771 53.17 - - - 36.26 34,30 070
- Roll No. 9, Run No. 2
L4 e . ( "
0.0 0.0 Q.0 0.0 14.35 - - -
30 . 4.1d 5.2 0.80 8.6 5.06 1.58
GO* 8,28 9.7 0.85 22.05 9.64 1.25
90 12.41 1.0 0.85 25.1 13.94 1.11%
120 16. 55 19.6 0.84 28.3 18.4 1.05%
150 20,69 24.5 0.84 ¢ 31.5 . 22.84 1.02%
180) 24.83 29.5 0.84 35.2 27.8 1.01% |
210 28.97 34.5 0.84 =« 37.8 31.67 0.97%
240 33.10 39.3 - 0.84 41.45 36.553 0. 98% -
270 37.24 14,1 . 84 44.60 0.Q7*
300 41%38 19,0 0.84 46.60. 0. 04%
360 49. 66 B. ORI, 46.25 0.90
420 57.93 - - 46.84 ,~ 0.92
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' TABLE F-7 (Continued)
: . T . ] )] ‘AP : ) ¢ .
SZ(_ q(pj{l :)A. X4 - Sw‘ . /.II i M i '((II /(1&) I
s an -cm of 1,0 an ofH,0 dw of I_lz()/cnx.
VR 3\ Roll No. 9, Run. No. 3
0.0 0.0 S 0.0 T 0.0 T 280 - S
T 24 6.62 8.5 0,78 7. 40 "12.68 o 1,95
54° 14.90 18.8 S 0,79 43,80 24.60 L.do* ¢
84 23.17 52905 0,79 53,20 S 30.73 - - 1.44%
114 31.45 3960 - 0,790 . 58,00 : 51.54 S1L37k
138 38.07 48.1 - .. - 0.79 04 .60 61.09 1.33%
156 13,04 15315 .80 . $4.80 6284 1.28*
174 48.00 & TOBLT. 63 40, “61.44 1.25.,
204 56.28 - - , 63.70 61.74 1:26- -
Roll No. 9, Run7No. 4 s

0.0, 0.0 0.0 0.9 75.4 - -

9 6.21 8.7 0.71 88.2 , 22.84 . 3.41°
15 -10. 35 14.3 0.72 . 94.5 37.54 3.05%
21 14. 48 20.2 0.72 L 99.7 51.58 2.83%
27 18.62 25.8 0.72 7 109.2 09.01 2.9%

33 22.76 31.8 0.72 114.4 83.67 2.81*

39 26.90 37.4 0.72 - 116.8 94.45 2.67%

15 31..04 43.0 0.72 119.6 105.65 2.58%

51 35.17 48.7 0.72 121.6. 116.19 2.49%

57 39. 31 B.T. B.T. C, 11507 113,74 2.32

03 43.45 - - . 113.7 111.74 2.28

Oy 47.59 - - 114. 0 112.04 2.29

75 51.73 - - 113.6 111.64 . 2.28
105 72,42 5 ce 113.7 . 111.74 2.28

. RelI1 NO. 9, lun Neo. §

0.0 0.0 To.0 . - .

30 0.83 7.5 0. 7.55 8.63
L 48 Wi C 11,7 0:11 64,23 6.6

78 2. 15 19.0- 0. o 28975 99.16 5.83%
108 2,98 RIS 0.11 275.89 135.80, . 5.54%
138 ~3.81 33.7 0.11 269.07- 169.57 5.35% .
168 4,63 44.2 0.11 257.30 200.09 . ©5.18%
198, 5.46 ° 48.7 0. 14 248.12 233.19 4.99% "
228 6.29 B.Tur B 236.12 “234.16 4.78
258 7.12 - - 231.30 | 229.34 4.68. °
318 8,77 - - 211.76 209.80 4.2 .
378 10.43 - - , 191.04 189.08 - 3,86
438 12.08 - - 179.80 177.90 - 3.63
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TABLE F~7 (Continued)
t » qt/qA H\{ :‘ 2 - L.l?l‘. (QI /LL\,)}‘_ ,
seC am - G S omoof H,0 cm oof L0 an of I, 0m
- 558 - 15.39 - - ' 166.32 104. 36 3055
678 18.70 S - 148.78 146.82 300
18" 25.32 I : 129.24  .127.28 260
1158 31,05 et - . 1204006 118.1 21
1308 38.57 - - 113,88 111.92 2228
1038 45009 00 - - 102.52 © 100,56 2.05
1938 5340 - - 92,16 90.2 1.84
- 2238 61.74 < - S . 88,16 802 1.76
. 2838 78.29.. 7 - - v 2 78.98 77.02 1.57
3438 94,84 - - . 00.62 04.60 1.32
4038 111.40 . - - 57.44 55.48 1.13
. Roll No. 9, Run No. 6 _ '
0.0, 0.0 -~ 0.0 0.0 175,60 - - .
30 0.41 3.0 So0.14 17607 4.01 1.01
00 0.83 . 0.0 0.14 - 172.94 11.51 $2.88 o«
120 R 12.0 0.14 166.16 26.08" "2.01%
‘180 S 2.48 18.0 0= 14 160,64 41.74 2.61%
240 3,31 24.0 . 0.14. 153.74 C 56,10 2.55%
3000 - T4l 14 30.2 0014 . 147:7 72,07 2.50%
U360 - 4.97 36,5 0. 14 137.94 84.03 2.45%
S 420 5.79 42.5 . 0.14 126.79 94.71 2. 3%
480 .62 .- 48.5 0.14 S 119,01 108.79 2,34
2540, ~ 7.45 BT ‘B.T. S110.84° . 108.88 2,220 @
600 8.28 - c- - 10048 98.52 2.01 _
HO0 .10 - L - 94.30 927 34 1. 88
T80, 100760 - - ST . 82.48 80.52 1.64
900 12.41 e 74.73 72.77 1.49
2o 14.07 - T ©08.48 66.52 1.36
1140 15.72 e S 05.40 63.44 1.29
1260 17,38 R - ; 67,12 65.160 1.33
C3da0 19.86 - ST 560.26 54.30 . 1.11
oo 22,35 - - ~ 52,15 50.19 1.02-
“1920 26.48 S " 48.58 46.62 0.95
2220 30,62 . - : - S 43,04 . 41.98 0. 86
. " Roll No. 9, lkun No. 7 -
0.0 0.0, : 0.0 0.0 25.85 .- L
o 5.79 10.5 0,55 20.29 + 3,58 0,54% -
30 9.93 18.5 0.54 26.49 §:68 0.53%
51 14.07 - 20,0 0,54 20,85 12.70 0% 53%
00 18.21 - 33.3 0.55 26.69 16.10 0.51%
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TABLE -7 (Continued) L - ‘

t Qt/eA - x /’;g' ) Y o [ap/dc)

Ny e
sec . am an . an of 1,0 an of H0 an of H,04m -

g1 22035 40.8 - 0.55 25,00 19.03 0.

96 O 20.48 48,0 0.54 25,32 22010 o 0708%

111 © 30,02 . BUL BT L2419 23.23 N VR ks
L 126 34,76 - - 23,31 21,37 S0
141 38.00 - - 23,57 2144, 0.1

171 S A7.017 - e 22.80 20.93 0.5

201 55.45 - - 22,89 20,03 0.13
. i ‘ _ ‘ _ . .

- Roll No. 9, Run- ot 8 © a S

—
=
o
—~
=

L0 0.

05.05 vo- -
2

12 8.28 I5.0- o 0,53 0657 « 19,03 . - ].a=
249 © F6.55 30.2 0.55 05.81 37,07 C1.31%
30 24.83 45.5 0.55 04,92 55 88 1.28%
38 33,107 BT Bl 57.81 . . 35.85 1. 1a%

;

RN
LYo
t

- — CAGLTL b7y 0.01
: 45,40 -, 4394 20,89
- - 5. 38 43042 0.89

[

OO ] SNSRI
&4 57.¢
102 _ 0.

o ‘ " Roll No. 10, Run Noo | o .

z 0.0 0.0 ~0.0 24,8 - - -
24 17.6 0.38 22300 A) 5.18 0, 35%
54 39.6 0.38 20.0 12.753 0.39% =
84 B.T. BT C15.0 13.04 n.27
114 - - - 13,750 1179 0.2
144 - - 13,0 11.04 (.23
162 - - B S 10.54 0.2
‘RG1T No. 10, Ran No. 3 "t -7 ,
0.0 0n.n 0.0 . 6.1 - o
< 53 - 4,0 0.57 B SO 0,57 ). 20
~ 03 70 0.57 0.6 0.98 YA
03 11.4 0.56 6.0 1.39 A R
123 15.] 0.50 0.8 1.81 0.14%
S G 12,020« 2205 0.56 REOY 2.53 0.12%
243, 16276~ 30.0 0.56 7.0 3.27 0.12%
. DU T 20090 8 37.4 0, 0.4 706 3.95 0.11%
s Y L 303 T 25.0% 4.7 ¢ 0.50 7.0 4.5 - 0.11%
T, 423 29017 52.2 0.56 . 6.0 - 4.94 0. 10%
‘ 1857 33.31, B B 0.6 3 464 - - 0.09
5453 37.45 - - OO0 1.04 ) 0.08



FABLE -7 (Continued ) Co

N o aie APy (g{/d?xéj

an A eam-ofi 1,0 an of 1,0 ¢n of H,06m -

il

= U

TZ g DS g
S LD oA

— = G

«CC U L) 1
=

ld o, e e s

bl
paiN

B

(¥}

Gt

o ~1 1o~

LT IS I QUIN' SR

Ut in

wur 2

4o g

Lt

=

~~1

PR}

Roll No. 10, Run No. 4 ' ' ST
0.0 (.0 4. - : - Ce
0.38 24.75 .00 S0.an*

o 8,05 0.42%
B 1316 o L0.42%
L Lo00aE
1854 " .38 .
.04 . 0.3
4.59 003
-

0.37 21,
0.37 23.

~ 0,38 22.
Bl 20,
- 19,

_ 16.
- S 15,
- - 15.
- ”' '\15.

» — 14,
. S E I

PR I S

o —

— - o
U
~1

T
s e e

1

3.79 0 - 0.2
3.50 0.2
"s
b
>

L

.29 . 0.27
.79 0. 26
L4 0,267

RS O RIS e U2 I SC I Bran SO I Eo)
N

~
R

“Rol'l No. 10, Run No. 5 ‘ . o
20,0 0.0 Glzoe -t

7 TTN0.35 55.0 030 0.73% -
27.5 . J0.38 . 5.0 Thaa LD aTE
40.7 0.38™"  30.0 15,63 0.40%
BT, BT, 25,00 23.00 0.7

T~ - SISl 23.00, .37
S 5.0 3.0, 0T

ROL1 Moo 10, Run No. & T~ .

0.0 0.0 N R #
“10,8 ., $0.3 24T e} 00
22.2 0237 R 817, .
" 33,0 S 0,38 2205 R S R
44,0 0.38 21,25 16,194 .
3T 3T, 19,5 ST TR
- - 17,0 15.04. 0. 3%
: - 15.75 13,79 6.28Y
- . - 15.0 13,07, 0727
- - <1300 13.04 0.27.
- - R 12,54 0.720
- -, 1405~ 12.54. (0. 20,
- o CLAL25 12,29 0.25-« 7
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TABLE -7 (Cont inucedr

: - — Do (dP/dx)
. . o qt/eA X 3 - £P. _APF v (QI/dx)r

sec ‘ an ¢cm ©oan’of L0 am of H,0 oﬁ?éfyngwhn

L

&
C U Roll Noso 10, Run No. Ve

+

0.0 0.0 0.0 .00 . noas owm S .

21 1.55 SO0 0.7 10,98 111 (.50
30 2,00 5.5 ° I T 17575 8,71 1. 00%
Ok 4.88 3n.o P O NS R AT ‘ 17.353 N.62%
90 7.09 43,5 0.10 " 50,26 0 20113 R
120 9.31 BT R, T. I 270210 0:50%
156 11.53 - - - 24,98 23.02 0.7
210 15.90 - - - 20.78 ¢ 1862, . 0.38
276 : 20,39 . - - 18.75 1679 0.3
330 24.83 . - - R RO 15.02 0.31
, 456 33.70 - e 15,400 S 13,50 0.2%
570 42.56 e - IERE 12.23 0.25
590 51.4%3 s ;s R D 1151 6,23
816 C 6030 - Lo 12,93 10,97 0.22
936 09. 16 - R 12.09 10.13 0,21
L o . ’ B
’ S - L YRoTT yo. 10, Run No. 8 .
). 0 0 0, () 22.50 - 2&5» :

L 10 : 227G - 1.453 .41

oo T
al
[ SRS Nt

ot
oo S

0.
300 0. 5. :
60 2 1.77 105 L0117 21.55 2.78 o= 0,33%
g0~ 2,60 16.0 - a7 20.72 1,33 0.31%
° 20 - 3.55 21.5
50 4. o 20.0 L7 1$.35 ~ 6.82" 0.28%
-0,

£

x
=
L]
QOIS
— 9 A
2]
—

17 174 0,770 D,
17 16,35 8.01 .

{
—
—~
“
=
J Ut

7 15.85 9.78 0.

2490 1
.17 14.81 . —11.

o

|

270

fa—y

,,\
S 4 )
i
~

05 ~1 )
w0 WO
~1 0o
ESN
~1
ta
[ Rpuniban i ae e Sa S

Moo =
~] —

)
)
)
! 2 _
A A R T 1 T 5.78 - 0. 27% "
)
)
)
)
)
)
)

D O N Y N N R

: 300 : 2.2 3.253 12. %
3300 .. 9,75 BT e 3.23 11.27 (
. 300 ) 0. 04 - . - 2,95 10.99 (
NI ' : 2057 . ~10.61 (
(

—
T
1

- T E
1

- 180
R R {1 :
Hoy s

Z U et

- o 3

dAIv i toletlototrototuiu

BOE: 1002
s 9,90

R 9.80 ° n,2

. o
Ed ot e et

IR

707 * 21,28 : - 0,70 . 8.83 . .18
Iy o7 © 7 o . : i : A
I ) o ' //////”“\\\ .
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TARLE -7 (Cont im{c(l) '

_s 7] PR

i

' B SN Sop )
t _ ‘qt/(p/\ = X z \ 1‘.[’,[. cnl i (dP/dx) .

sec A «n- N W \cm of H,0 am of H,0 «an of H,0&m
Roll Xo. 10, uun'xoj\lu
n.0 0.0 0.0 0.0 RN -
I8 ' 60 6.0 n.1% A05.67 22,50 !
33 S 20,0 0.17 [ N (S M P colL
18 7o00 31,7 N 17 L P . 535%
03, R B B, SIS B B 02,48 !
78 11.53 - : 18,78 36.82 0
Y3 15.74 - 58020 30.21 {)
108 15,90 S - 31,37 32011 n
138 - 20.39 - - 20,73 27. 7 0.57
108 : 20.26 - ' - 25.54 23.58 0.8
258 38.15 . - 22079 30.83 0.433
- 318 47.00 - . 20, 30 5.34 0.37
...378 55.80- - 18.062 16. 60 0.34
438 04,753 - 16,55 11.59 .30
498 73,60 - 15.9] [3.9% .28
018 91.33 - 11.00 12.04 - (.25
738 109.07 - 12.73 10.77 0,22
Rol'l"No. 1, - Rim No. 2 R
0,0 O ) 0.0 250,02 - S
9.0 2.00 13.5 0.20 252,25 d4.11 3.89%
“16.5 -1.88 L2405 0.20 228.80 67.96 J5.02% -
24,0 7.00 35.5 0,20 20153 104,79 3.13%
515 9. 31 305 0.20 156,13 126.65. 2.85%
39,0 11.53 S BT Bole o 712009 110.13 2.20%
6.5 13,74 - _ - . 81,81 - 82.85 . 1.09
54.0 15.906 T - 60.92 6. 90 1.33
61,3 18.18 .- S . 60.53 58.577 1.20
"76.5 Co22.61 - C- 54,14 52.18 1.06
100.5 31.48 - ’ - 47.23 15.27 0.9
136.5 40,35 4 » - ' 41,27 S 42.31 0.86
166, 5 19521 ; - - ‘ 41.92 39.906 0.82
‘Roll fo. 11, un No. 4
[
0.0 0.0 C 000 0.0 126.43 [ -
30 1.43 11.4 0.38 123,43 21.90 2, 23%
60 . 8.87 23.7 0.37 118,43 47,12 2.17%
90 13.30 35.5 0.37 113.22 71.80 2.15%
120 17,75 17,2 C0.38 - T I06. 34 04,73 ;2L 10%
150 L2217 BT . Bl 100,93 98.97 . T 2.02
180" - . 20,60 - - 06,74 04,78 .03



N

TABLE -7 (Continued)

\

. : Ry .

—
| /

gt/ eA X T o Py (dP/dx ), -
. sec ¢m an v cam of L0 an of 1,0 an of H,0n
; o
2109 31,04 - 94,82 02,80 .0
240 35,47 92,8 O NEE .55
270 39,90 - 9005 . 88,97 152
300 44,34 - ' S9L30 87,50 1.8
330 18.77 - 85,05 8OO0 1.78
L300 53,20 ¢ 8821 BO. 20 - 1.7
590 57.64 - §7.75 85,77 1.7 K;\
Roll ~No. 1t, Run No. 5 ’ :
0.0 4.0 0.0 0.0 215,001 - -

15 3.43 3.1 {).34 235,42 4178 J.o03%

30 8. 87 26,20 </ 0. 34 223,02 097,99 1.05%

15 13.,30 309.5 4 .39 210,29 151.08 1.03*

6O 17.73 2.2 .34 19,40 - 188,44 . 3.85

75 22017 Tl Bl 170,31 . 169.38 3.4060

S 00 20,600 - - 163,20 lol.24 3.20

105 31.04 - - ' 157 .88 155.092 3.18
135 39.90 - - 150000 148.04 3.0
165 48.77 - - 145,17 143,21 2,02
195 57.64 - “- 142,01 140,05 28T
R 66,50 - - » 140,57 138,01 D83

T RolloNo. 11, Ruan No. 6 )

0.0, 0.4k, 0.0 0.0 62,59 - -

00 4.43 9.5, 0.47 62.21 8.90 .10 7
120 3. 87 [9.0 0.17 01.31 10-.88 1.17% .
180 13.30 281 .47 60,17 zéﬁ.SS " 1. 14=
240 17.73 3706 0.47 58,072 €39,48 1.11*
300 22,17 17.5 .47 50,62 50,33 1.11%
360 26,00 I BT 54.08 53.02 1.08
320 31.04 - . 53.7 51774 1.06
180 35,47 - 52,50 50,60 1.03
530 39.90 e .- 51.1 49,14 1.00
H60 18.77 - - 49,25 47.29 .07
780 57,64 - - 18,37 16.41 . N.95
900 06,50 - - N S 45,77 .93
1020 75,37 - - C 469y T 45.03 n.02

1140 8. 24 - - ' 45.95 43.99 Nn.90
1242 91.78 - - 45,05 A3.99 0 0.90
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PARLL 7 (Continnad) » .

- e g R T st L e

‘lt/‘b/\ X :—’\ : o PI ! /“.[)I: {(dpP/dx )! .

R
U Ly D

i

SORRG U]
LY LY T

LV
T1 U

s

i

1

[ B I ST B R

Sam an Yo an ol 1,0 > an ot H,0 an of H,0&m
o » e
Roll Noo 11, L No. 8
0.0 RRNTINE .0 221,29 .
& 13 8. 0,55 227,92 31,253 5.1
© 8. 87 6.3 0,51 136,75 LA ETEEE'
13,30 2l .55 PA5. 0] 121,00 SodTE
7.75 5205 0,55 2370009 0 < 1611w G UKE
20. 60 8.7 0,55 50. 7 258051 .10
35.47 .l 5. 217,00 205015 I
44.34 - 21700 245153 v, N0
53.20 212,44 C240.98 bool
62.07 - .- 241.9] < 23995 1.on
Roll No. 1l, “Run No. 0O
0.0 Do 0.0 112,32 :
1,43 0.4 1), 69 119,14 16,75 3.8
8. 8% 13.1 0.08 20,32 37,00 3.33%
135,30 19.7 0.68 128,46 56,00 3.10%
17.75 26.5 .67 130, 5% 7340 S.0 0%
22017 330 N.67 133,04 91,11 2L0E
20,60 30,8 0.67 137.27 110.09 2.01%
31.04 165 0.67 140.90 128.80 2. 80
35.47 53.2 0.67 140,90 138.94 2.8d%
39,90 By E 143,00 142,04 2.00
48,77 - - 115,04 - 143.08 2.92
57.04 - - 145204 143.08 2.02
6H6. 50 o= - 145.04 113.08 2.l
. 75037 N : 145.04 113.08 2.0
79,80 - 145.04 . 143.08 2.9) .

Roll ~No. 11, Run No. 10

0.0 0.0 0.0 111.39 - - :
C2022 DANE (.85 116,55 6,50 10.83
O.05. 8.1 .82 I3, 00 46,24 7.58
11.08 13.5 0,82 170.94 85.23 7.41%
15.52 1oL 0,79 195,80 123,72 7.03%
19,55 216 0,81 212.38 151,477 6.70%
21,38 30.1 0.81 230.51 181.88 0.17%
28.82 35.6 0.81 247,60 211,25 o6.20%
©33.25 41.0 0.81 ° 268,32 244,03 0. 20%
37.069 16,5 0.81 200,08 278.07 0.25%
42,12 51.7 0.81 313,39 311.43 0L.306%
Fo.55 0 B BT 326.34 324.38 6,02 "



<a

EEITTISISR T ey e

(18]
1.0
1 8()
240
S04
360
4210y
480
540
OO
660

720

TR0

50
O}
G0
20
150
180
210

[ N O S e
[ oIRUA I SV

X -

RS IR

Ll Uil Tl —

[

'

-—
B

eomd 8

i

o]
5

—_—~
>t

U

.94
A2

L85

)()

15. 30
17.73
22.17

20,

I

Il

X

an

Rol |

7.2
15.0
1)
2005
37,2
J4.6
52.0

oA
b RS S

v

}‘..(11]

a

a2 R VA
1T de (o -
t

D b

o —

o,

NO.,

2

12,

5

Lo E (Cont thued )

R e e

W -

Run .to.

~b

I

L E T

1ol

{(dP /dx )I

an of H,0 am of 1,0 am of H,06m

350,

310,

SRR RN
S0

S50

A0 T
1o, 2

s,
1.
A5,
14,

13.

12,99

41,

A1

J0,
10.

S0,

L U8
98,

806,
80,

7 .

H8.

6H5.27
ya L T2
97013
93,21
88,06
82,110,
70,41
71.25
. 67.34

04,
62,
60,

59.

167

]

So .t

40
00,
63.

58.:

54.

>

O, 8
[
Ol

e U
+

o oLa L

)

()

1.51% )

1.51% i\

.do*® -

1.2

1.55%

1.24

1. 1G ‘

1.11

1.06°

1.03
1.01
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. I'ARLE (Cont inued)

e T E == AK;T":--‘—‘-;‘T-‘ B e S

t /A X . Ab e LdB/dx )

' l I
sec om Coam W cm oof H,0  an ot H,0  cm of H,0fn
5 Poll Noo 12, Run No. 1 -
0.0 0.0 (. 0.0 ns . of v
30 1043 T S ONTRS . wude 0.57 &7
Ol 8,87 1.0 (.03 1O, 19 22.78 Lo *
a0 IS0 30 2 0.6 101,01 35068 ClLaNE
120 L. 75 280 0,03 lol.53° 18,59 s
150 : 22017 35.2 0.63 Lo, 7o 01.59 1. 80
180 2660 12.2 0. 03 103,08 7520 1,87
210 31.04 39.2 0.63 7 101, 384 ¢ 88.95 1. 88%*
240 35.47 3T 3L 10g. a7 T B 1.03%
Roll No. 127 Run No. 5 .
0.0 0, 0.0 0.0 97,38 - o -
307 4.43 ‘ 0,2 Yods 095..83 L1.18 1.55
60 8.87 18:5 0.8 92,72 24,50 1.18%
50 13.30 270 0.8 +88.°58 30.45 , 142
120 17.73 371 0.48 . 85.47 5. 15 . 1.45% b
150 C22.17 JOL0 0.8 81.84 03.20 o 1.a2x
180 20,60 BT, BT, 78,74 0700 T1.30
2L e 3104 s - 7015 05,37 1,353
240 - 35.47 ’ - E _71.45 60. 70 1.24
270 39.90 : - . 6H7.86 S 57.08 0 ¢ 130
o Roll No. 12, Run No. 6 ' 3
0.0 (.o 0.0 0.0 T18.07 - -
30 0.22 3.7 T 0000 .07 > 1130 .y 0.76
00 4.43 7.5, .54 17.06 3.78 0.69
90 6.65 11.2 0.59 © 17,03 5.97 0.65% .
120 8.87 5.1 S 8.59 S 46,41, §.31 0.63% °
150 11.08 C 180 02060 - 15,58 .14, 0.61%
> 180 13.30 - 2206 0.59 14.76 12.37 0.60%
210 15.52 26.5 TN 44.55 15.12 7 0.62% .
240 17.73. 30,1 0.59 ) 43,93 . 17.25 -, 0.01%
270 19.95 34,1 0.59 437 5% 19:87 0,62%
300 22017 381 0.58 . 42.89 22,29, 0.62%
330° 21,38 1.8 0.58 S 12,68 7 24.89 . 0.03%
39Q 28,82 10,1 0.58 11,96 C29.96 0 0 0.63%:
450 | 33.25 ¢ bl BA. 4 al.os 30.87 . 0.03%
510 ° 37,09 - .- ool 0 29083 =« 0Lo]
L4 h »
. < :
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PABLL T 7 (Cont inned
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t qt/eA X = &by . APy (dP/dx),
sec Cm an v an ot H,0 an of H,0 -am of Hz(),bn

v Bl

Roll No.o 12, Run No.

0.0, 0.0 0.0 .0 1Oh, 80 .

i RS 11.3 0. 39 189,59 2800 S010%

30 8.8 sl (1. 39 180, 26 63,70 5.0 1%

BEN " 13.30 3.5 .30 171,98 98,90 S.00%

60 A 15.8 u.ﬁw' 162,05 132,023 3.02%
LT 22007 BT Bols 150.71 139,90 2RO

00 20,00 - 112,97 152910 2270

05 “A1.04 . - 151.57 120,79 2.7
20 35.47 : - 127.43 110,05 ¢ 238
135 39.90 - - S122.058 I11.47 2,27
150 31034 - < 118.10 107.32 2,10
165 18,77 . A 5.5 103,753 2o

ROLL No. 12, Run 0. 8
N N ¢ 1.0 0.0 [o.37 - -

) . A 2 f)_.741 [8.86 - ‘-
120 3,55 1.0 0.77 10,37 0.13 0,17
180 He 32 7.1 0.75 19,08 .10 0,23

240 AN TS| 9. 0.75 19.89 1.75 0.24
330 0,75 13.0 0.75 ///19.99 2.44 0.22%
120 12,41 lo. 6 0.75 20,10 3.1 0.22%
310 : 15.07 20.2 0,75 20,20 3.83 0.21%
oo 17.73 23,0 0.75 20,31 1.51 0.21%

) 20.30 274 0.74 20,91 . 5.24 0e21%
810 23.91 3201 e, 0.75 20,72 6,33 N, 21#*

930 ; 27049 3701 0.7 21.24 TT.L08 0.22%
1050 51,04 1.9 0.74 21.96 S 0.18 0.23%
1170 34058 16,0 .74 23,31 11.31 . (}.25%
x 1:9%‘ 38.13 51.3 0.74- 24.55 15.28 0.27%
RS 11,08 porL Bl 23,00 11.73 0.24
V1530 15,22 .- - 21.55 10. 28 0.21
“ - Roll No.o 13, fam No. ]
U.()' 0.0 © . 0 e 0.4 38,017 - -

60 .44 I.1- “0.40 17.35 - -
120 (.84 2.0 © 0.3 47 .35 - -
210 1.55 1.5 (.34 7,35 1.36 0.02
300 A 6.6 .34 40,51 2,52 0.55
390 2088 S, 7 0.33 . 15,60 3.91 0.58

= 180 5.55 10.6 .33 : 15.00 5.71 0. 66*%
0 R R 13.5 0.35 . d4070 0 7.55 .06
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G 2. 00
120 3.55
150 443
180 5.32
210 0. 21
240 709
270 98
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T80 23105
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TABLE F-8~

* FRICTION FACICR AND REYNOLDS NUMBER OF

198

1.588S

.71 1.13

8.

@ THE FLOODED ZONE * .
, . ‘ A\
Roll ~ Run . q s - M . @p/x OF I, £¢
No. No. an”/sec. poise - 5 B
' ¢ Bred. 'Exp. )’xlo x10
. Wateq/Displacing'IOO’ ¢s  Dow COTﬂlng,LdT”( ads //i Y.

8 1 1.5885 " 0.22°° © 0.49° .,0.07 0.038 19.28 0.27
-8y 2 - 3.177 0.24 0.49 0.15 0.15 38.57 8.26
8 - 3 6.354 0.29 -~ 0.49 0.30 0.43 77.14 0.19
8. . 4. 6.354 0.29 .0.49° 0.30 0.35 77.14 0 .0.15
8 « 5 . 0.6354 0.25 - 0:49 0.03 0.9Q2 7.71 0.88

Water Dlsplac1n0 100 ¢s 'Dow Cornlng, Q"1:111 Bcads
10 7 * 1.5885  0.16 0.49 0.60 - 0.60 9.69  1.04
10 '8 0.6354 0.17 0.49 0.24° .27 3.88 2.93
10 10, 3 177 0.17 0.49 - -l¢20 1.39 19.33 0.60
11 2 ’6. 354 Q.ZQ:’ 0.49 2.39 3.01 38.76 0.33
Gl)cerox Soluﬁ‘on D1>plaC1n<7 1060 ¢s . Dow Corning, Small Beads
122 ,r.se , ,~O.60~ - 0.61 0.75 0.67 7278 116
12 2 3.177»v 0.39 0.57 1.39. . 1.49 16.66 =~ 0.653
12 3 :- 3.177 0.39 0.57 1.39 1.46 16.66 0.63
12 ) 3.177 0:63 0.74 1.81 1.88 12.83 0.82
’ @12 5 3.177 - 0.48 0.61 1.49 1.43 15.57 0.62
12 6 . 1.5885 . g.59 D.6L 0.75 0.62 7.78 1.08 -
12 7 . 6.354.¢ 0.39 0.61 2.98 3.01 51.14 :0.33
12 8 0.6354 0.75 0.62 . 70.30 0.25 3.06 2.50
0.05%. Sep Dlsdlacxno 100 ¢ cs Dow Corning, Large Beads “
10 L 6.350  0.38 0.58 ©  0.35 0.35 65.17  0.15
- 10 3 °1.5885 - £.56 S 0.04° - 0.10 _0.42 14.76 0.84
10 4 6.354 £. 38 0258 - 0.35 0413 C 65,17 0. 19
10 5 15.885 0.38 0.56 0.84 0.57 168.74 0.04
10 . 6 6.354 0.38 0.58 0.35 0.41 65.17 0.18
) 0. OS?\\‘S(;ILW 1<plac1ng 100 ¢s  Dow Cgrnfng,'Sﬂ{ll Bea@s"
11 4 3077 0.38 $0.56 1.57 2.16 16.96 .94
11 5 6. 354 0.34 0.55 2.69 3.99 34.53 0. 13‘
11 6 0.47 . 0.58 0 19 .06
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/ ©
» TABLE F-8 (Continuecd) '
Roll  Run q T Mg (dP/dx) - Np Y
No._‘ No. cms/scc oW poise - an  of 150 /em

Pred. Bp. _x18” | x107 :

.. 0.1% Sep. Displacing 100 cs. Dow Corning, large Beads . '(~—~5~gmi
9> 7 " 6.354 0.55 ) 0.73 0.44 0.51 -51.78  0.22-

9 &  115.885 © 0.55° °  0.65 0.98 1.28 145.38  0.09

0.1% Sep. "Displacing 100 ~cs Dow Corning, Small Peads

.63 3.08 5.32 . 30.15  0.58
67 1.64 3.01  14.17  1.31

11 . 8 - 6.354 . 0.55
11 * g9 . 3.177 0.67 -

OO

~.D.2% Sep. Displacing 100 ¢s Dow Corning, Large Bedds

. 9 1 1.5885  0.84 2;07 0.31 0.77 4.56 °  5.40
9 A 3.177 0.84 1.57 0.47 - 1.01 12.04 1.77 . .
9 3 . 6.354  0.79 1.23° 0.74 1.3 30.73 0.60 .°
-9 4 - 15.885  0.72 0.93 . 1.40 2.76 - 101.61 0.19
0.2% Sep:. Displacing 100 c¢s  Dow Cofning, Small Beads .
11 10 3.177 0.81 1.00 2.44 6.60 9,50 2.86

- 0.2% Sep. Displacing‘IZSOO ~>S Dow_Corning. Large Reads -

436.55;5

- ’ . } N N - . 2 ii -
9 <§> 0.6354 0.11 63.57 3.83 - 5.57 5 05 12

-9 6/ 0.3177 0.14 64.81 = 1.95 - 2.49° © 2.92x10
0.1% Sep. Displacing 1000 ¢S Dow Corning, Small Beads

3 . 0.15885 -0.30 5.85 0.71 0.71 8.12X152' 123.24
‘4 ’ 0.6354 0.18 - - 5.38 2.63 0 3.34 - 0.35 . 36.23

1

O.ZSﬁPusher SOQ'Displacing 1000 ¢s Dow Corning, Small Beads
2

0.15885 0.33 5.72 0.70  '0.69  8.30x10° 119.77
0.6354 0.17 . '5.41 2.64 " 3,13 0.35  ° 33.96




3 ‘ : | S 200

<

F.S Volumctrlc Rocevcry LfflClcncv at_PBreakthrough

Volwnctrlc TCCOVCTY CfflClCnC) at breakthrough was CalCUIath
elther from thc slopc of the eyc-fit" llncs in Figures (V 3) to (V-18) or
,.‘dlrcctly from the time of” breakthrough measurcd by z; stop watch. Close
agreemcnt th\\CCI’l thc two methods is. evident from 1able (F- 9) ’I'hc‘dat}_a'

°

.. points of F;gures (V-19, 20)° are based on the’ flrst mcthod -

P . “ ) \' R o~
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TABLE F-10 ' iy .
BREAKTIRQUGH RECOVERY vs. VISCOSITY ‘
RATIO OBTA_INIED FROM' TABLE 11 OF j . L

EVERETT, et.al. (69) .

AV " CRp(%) }

o' "w
’ 1.04 . ) ! AU 81.6 j
T 2.41 , : , 56.1
3.51 o, : ‘ 41.8
15.49 ' . .7 41.8
48.53 : o 34,5 -
98.6 ° 29:Q

o

2. Engelberts and Klinkenberg (7) studled the d1splaccmcnt of -

°

oil‘by water-from a pgﬁﬁm;fbrmatlon consisting of grains ‘of sgnd between

20 and 30 mesh with a penneablllty of 200 darc1es at a pOTOblty of 38%.

or, for the more viscous oils, mcthyl eth)l ketonv, to 51mulate the o011 phase .

Distilled water saturatcd “1th alcohol or ketone rcpresented the water phase.

AIn Flgure 5 of th01r Qaper ;hey’plotted the breakthrough 1ecovcrv versus a
~d1men51onles: groupvupgh/uuw for three dlfferentuv1sc051ty raths, This:
dimensionless group whicF was‘dﬁtained from dimensional anﬁiysié is the ratio’

of théAhydrOStatlc prCQSUICagTadlCnt Aog to the flow pot ntial gxadlcnt . .
Upw/h in the hatel p}aseL‘ .Fhe breakthrough recovery effleiencv at <

o ‘8pgK/Uu, = O was read off from their. Floure 5 hthh COIresponds to the

absence of anw orawlt) effect in thc present study.
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TABLE F-11
\ ~ PREAKTHROUGI RECOVERY vs. VISCOSITY
RATIO OBTAINED FROM FIGURE S OF

~ INGELBIRTS, et al. (2)

uo/uw ER(ﬁ)
1y - 83 "
’ 4 \ \i 49
] 24 - 28 .

3. Jones-Parra, ct al. (70) studicd constant rate displacements in’

water wet systems. - The po;}bs matrices uscd‘wercﬂconstrﬁctcd from 2.5 inches -
insidcvdiamctgr jucite. tubes packed with unconsolidated glass beads. The
packed tubés were of three different lengths, 19.0, 25.4 and 38 cm. -The

bbads,“of 140 - 170 mesh'size werc“almosﬁ perfectly spherical. The permea-

}

‘biiity of the cores were feportedvfb be approximately 7 darcies aﬁd pofbsity
35p5%. fhe displécii%;}iqﬁids were s;dium chloridc solutions bléndedawith
varyinggamounts 5f glycerol toqprodﬁco different viscosities. The displaced-
phase liquids were made up of ineft water;whité pétro]euﬁ'derivativcsfﬁogcther-
 ,with sufficientvcarboﬁ tetra-chloride to édjué% the liquid specific gravitiés
to unity.‘i Their rosults for_frobds performcdgon the corc of 25.4 cm. léngth

with unfavourable vi§cosity ratio ane reproduced in Table F-12,

\



TABLE F-12

BREAKTHROUGH RLCOVIRY EFFICIENGY

OBTAINED FROM TABLE TII OF

JONES-PARRA, et. .al. (70)

Bl

206

cm/min

g

L4712
271
. 098

.545
.598
.294
.151

.075

.030

.071

.043

.573
. 280

.129

. 007
.069

.473
.259
.188
.126
.059
.029
.129
.003
.745

OOOOOOOOOO‘OOOOOOOC COOO0OOOOoCOCOCOO

.196 -

.063,

.161

mmmmmmmmmNNNNNNNNNH‘P—‘HF—JH)—‘LN(N(NLNLN
s e e e s e e e AN

Mo Moo . Uo/“w ,)
cp o
25 0.92 3.53
25 0.92 3.53
25 0.92 3.53
25. .. 0.92 3.53
;25 0.92 - 3.53
.85 0.92 2.01
.85 0.92 - 2.01
.85 0.92 . 2.01.
.85 0.92 2.01
.85 0.92 2.01
.85 0.92 2.01
A 0.92 2.61
.4 0.92 2.61
.4 0.92 2.61
.4 0.92 2.61 °
4 0.92 2.61
.4 0.92 "2.61
.4 0.92 2.61
4 0.92 2.61
4 0.92 .- 2.61
2 0.92 5.65
2 0.92 5.65
2 0.92 5.65°
2 0.92 _5.65
2 0.92 5.65
2 0.92 5.65
2 0.92 5.65
2 0.92 . 5.65
2 o 0.92 5.65°

- 68.

" 68.

49,

~50.
S 62.

47.

59.
58,
63.
74.
60.
75:
77.
64.
68.
66.

o)
-
N

77.
74.

83.
55.

77.
77.

63.
56.
59.

OO H WO AU,

NUTUVTOONWHN/SOONWIWY 00U~

w0
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-

4. Croes and Schwarz (51) reported results in graphic&l form of
a series of experiments carried out’ for measuring the cfficicncy«bf the
watcr-d}ivc procéss affected by the oil/water viséosity,ratio. The
model uscd’in the experiments wa's aztuBC of 1 m length and 6.2 cm

diameter, filled with unconsolidated sand.-;zbe sand was 20-30 mesh

having a permeability of 2Ax 105 md .and a péroéity of 33 percent: The

displacing phase was water and the displaced phase an SAL 30 lubricating
© A .
0il blended with Kerosene to obtain the different viscosity fninSh

The residual oil saturation was_ reported to be 15%. In-this étudy they °°
plotted the viscosity ratio vs. cumulative oil production as % of oll In

place'Rp, for various values of gross production including breakthrough .

1

recovery. . - The data points prcscnted in Table I'-13 were read off this.

graph and corrected for the residual 0il saturation by hividing Rp by

0.85 - Refer to Appendix D.

-



TABLE F-13

+ BREAKTHROUGH RECOVERY vs. VISCOSITY

‘RATIO 6BTA}NED FROM FIGURLE 2 OF

CROES, ct al. (51)°

o

9
o

R ¥

N

of 0il in place

3
(4

208

b

of Recoverable 01l

75

1.5

4.2 tv59
10 42
10 41
20 28
38 22
38 B 16
48 20
64 20
64 19
100 15
100~ 12-
140 ? 12~
160 9
230 12
230 11
340 - 15
340 14
340 10

<

69.
49,
48.
32.
25.
18.
23.
Z3.
22.
17

ULV BT

14
10.6
14

17.6
1625
11.8
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F.6 Saturation Profli los”

Saturation profiles were determined by ‘the method of light scanning
which_wasldiscussed in Section (IV-5). The difficulties involved Jnd the
error‘introduccd during the course of‘convcrting the scanning readings into —
the saturation dnta are thoroughly anuiyzcd in Appendix G. 3. The data
”p01ntq of lxgure% (V 21) to (V-37) are prCchLCd in Tablcs (F-14, 15).

— Thc net 1umbgr of counts obtainced from xcann1n~ of 1inc 1 is

presented as CV i d the water saturation of the planc corresponding to that
Ny PN .

line is taken as @& Assuming linear dependency of C\ and S,,» one can
- . N
write, |
i * <
i N,
S, = . Cyy F-1
W, . KC,l N, 1 . ( )
| t
whero KC is the céner%ion factor. Since the. displaccmont tests werce not

performed orlglnallv for the purpO\C of the Sdturatlon measuromcnt (the

" amount of the ]10ht and colour was not contréTI‘ii precalibraticn f the

]

Scanning instrument ‘for water saturation was not possible. Thls\mcans that
the value of KC ;. was not known 1in advance and it was necessary to use .
4 ’ - .
material balance information to determine the KC . indirectly. L
b N S

The area under the curve of Sw v.s. x at or before breakthrough 1s

related to the cumulative volume of water injected by,

‘l

’ L . . |
qt = Aq;/ 5., dx L (E-2)

<

N A |
s qt _ & ’ )
A 2, Swi (E-3)
) vy ‘ A:’_/’[



S v
-«
v \" ’
wvhoere Ax. means (a N, Peorresponds to the hegamnom of the hed
A prle
v b N
and 1 0 the position of coro saturiat ton plance. Substituting (b Ly oante

b5y <nd assamaing }\l g consTtant for all saturations d/or position.,

‘Y
. .
Following oxpression 1o obtained Tor the conversion {nctor P\(. : P
~ *
i !
- N ! > (O X N i1y B
. ( \: L Ny ! 1 Cs
. ) ..

rom Laguat tons (F l)-;uid (B=1y it s conc luded that,

<
< O .
~ < . - ‘,i,t_ , -___;:\_)_l“-,v_“ i N
~ Wyl \: n v
y bol s x
. = N, ! 1
St 1= !
- \/\‘\. °
3
dhe mmflucnce ot the vertical bar on” G . tor the case ot more
. Nyl J LA -
uniformly swept frames wis Stgnificant and the procedure to correct this r{
X ’ o .
R Thosodata points helong to Figtres :
o © .
TV=3D) to (\'—3,"Lu\vh{ch ard presented in table (F-15). Table (=13 inclule s
N e ) - 2 .
the data points of Figures (V=21 to V-30) in which the ctftfect of the vert o]

1

Shar was nsignitficant so that no correction necd to he considered.

o

&
»



FABLL T 1

. P i
WATT R SATHRAT TON PR Bt 'gk\' RO /
- Iy : 4 -
FTIA SUANNTNG PEETCT OF VIR e
PALR INSTONTE TUAN] '

. .
Roll Nooos, Run Noo 1, gqt/:n - 10070 o
R ) 0
205 200 3680 LU0
3.32 1,27 , ST 40 8L 10
4,60 1.28 - 2020 NS S
5,87 256 , 2620 0. 7s
0,00 ‘ A 2610 10 5u
.07 28T\ . 2881 B B
2024 27N 2120 3700
3.51 R o270 35730
1.79 L 28 ¢’ 2150 33,04
b. 06 > T 2120 350
S. 0T 1720 26, 75

it

e
i

.16
.70
.25

1820 :
1280 : 10,
1180 18

t

‘S

ol
it
P e

o0 ULt

[ s RV R N R PR /A %

(U2 IR R IR BN GRS (T R SRV g
o~
Z

[ I O S IV A I O N U7 [ SEVRN GRVIN SN SO )

28 ™0 \
o7 : , © 3880

. o

.39
.94

1.35 0 .8 1030 1o, 1
3.90 5 370 5,75
6.44 5 330, 5.13
38,99 5 170 2.0
11.54 5 240 , .73
5.36 8 L8y ’ .80
- U p 7%y = usser.zu
3
Roll-ho. 8, Run No. 3, gt/:\ = 13,63
204 2.94 1080 54,02
i &

1.22 1.28 38900 53.02
5049, 1.2°7 - 1060 54.35
“6.13 .04 3920 52.48
3.18 ;3840 51.41
. 1.27 , 3570 4739
1.28 ’ 3350 14,853
1.2 3840 “ 51.41

1 5

1 5

s =
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. TABLE F-14 (Continucd)
X, €cm B ° AXi, an ' (‘N,i ] ‘Sw,'i(%> ‘
. 16.95 1.27 ' 3890 : 52.08
19.50 2.55 3630 oo ©48.60
22.05 2.55 _ 3440 . ©46.05
24.60 S 2.55 2810 : 37.62
25.87 1.27 _ 2360 o 31.60
. 27.14 _ .27 2270 30.39
©29.69 . 2.55 . 2160 ot 28.92
30.97 ¢ 1.28 : 1930 . 25.84
32.24 1.27 1690 ' ‘ 22.63"
34.79 2,55 1090 : 14.59
37.3% 2.54 - : 800 10.71
39.88 2.55 520 6.97
. 41.16 1.28 : . 630 8.43.
42.43 1.27 = 660 o 8.84
44.98 2.55 ' \ 160 . 2.14°
46.25 -« 1.27 - 310 4.1%
47.52 1.27 230 3.08
50.07 “2.55 © 360 4.82
i Cyoi Xy = 116747.50
Rokl No. 8, Run No. 5, qt/4A = 13.11 om
2.91 2.91 - L 4910 ’ 59.23
4.20 1.29 <« 4710 56.81
5.48 1.28 4400 " 53.07
8. 04 2.56 4340 . 52.35
9.32 1.28 - 4800 57.90
10. 60 1.28 : 3890 C46.92
11-89 1.29 4320 - : 52.11
13.17 1.28 3880 - © 46.80
14.45 1.28 : : 4050Q ' 48 .85
15.73 1.28 4230 t . 51.02
18.29 2.56 2900 , 34,98 ,
20.86 2.57 . 3110 A 37.51"
23.42 ’ 2.56 2280 : 27.50°
25.98 2.56 1930 - ¢ .23.28
27.26. 0 2.57 1440 17.37
31.11 2.57 ; 930 11.22
32.3% 1.28 720 - ©.8.68
34,95 2.56 660 ~ 7.96
37.51 2°.56 : 300 oot '3.62
40.08 - 2.57 © 200 2.41
42.64 . : 2.56 : 180 2.17
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b

3

CTABLE F-14 qContinued )

) | 1A y;
"A % -
X, cm 6Xy,oan CN, 1: ’ SW’ A )
- e
[ ’ ‘ 1
45.20 2.50 390 JoTn
10,48, * 1:2% 380) SRR
47.77 1.29 470 ST
50.33 2,56 L2300 o LT
. . (:.\',i B 108086, 50 g
Roll Mo. 9, Run No. 5, qt/¢A = 5.0% ¢ '
2,86 ' 2. 80 2840 w4 3050
el 1.30 2550 B - E
5.45 [.20 290 ¢
O, 75 1.30 2250
0055 2,60 1 560
Lo, od 1.20. ‘17060
11.94 1. 30 1750
13,24 1. 30 1890
14.53 1,29 1430
15.83 [.30 1490
18,42 2,54 1060
21.02 2,00 a7n
23,01 2.5 910
26.21 2. 60 580
27.50 2.50 - 540 5.81
31.39 2.59 90() 10. 00
33.99 . 2. 60 20 R
30.58 2,59 570 .13
39.18 2.60 390 H.30
S e 3.89 370 3,09
16,96 3,80 126 bL5s
19,55 2.50 280 3,01
52.15 2,60 i 0.77 -
SO x. 55120, 20
v N, 1
Roll No. © , Run Noo 0, (qt/cA = GLS2 om
.76 1.76: 3TRNO 58,44
3.0 1.28 5200 ©50.09
3.32 " 1.28 2380 36,80
5,01 1.29 2150 33,24
RENES 3.84 1610 25.30
10.753 [..28 1700 26,28
12,01 1.28 1530 T23.90
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TABLE F-14 (Continued) 214
R R ’
. B
o : o ° @ . ) Y .
X, Cm - Axi, Gn CN,i Sw,i°<%)
[>) .
13.29 1.28 . .- 1440 22.20
14.58 . 1,29 . 1466 22.57
15.86  ,° 1.28 \ . 1470 22.73
17. 14 1.28 o 1280 19279
19. 70 2.56 L1230 19,02
22.200 e 2,50 ‘ 1010, - 15.62
24.83 2.57 , 786) 12,06
26.11 1.28° 750 11.60
77.39 | 1.28 : 750 . 11.60
29.95 2.56 © %80 1.24
31.23 o 1.28 0.0 0.0 -,
32.52 . . l.2e I C00 1.39
35.08 ' S2.56 0 S 00 -0.903
37.64 "2.56 40 0.62
40. 2 2.56 ' -70 -1.08
_41.49¢ 1.29- 30 0.40
“ o) Cy,i &x; = 441250 ° )
s Roll No. 10, Run No. 7,qqt/#+A = 7.7k cm
2.51 2.51 . 2880 71.67
, . 3.73 1.22 e 22670 66.45
- 4.95 T 1,22 ° o 2460 61.22
6.18 ) 1.23 1950 48.53
8.62 ° o 2.44 1780 14.30 7
" 9.85 . 1.23 1060 26.38
11.07 1..2 C 920 22.00 7
12.29 1.2 760. 18.91,7
13.51 122 790 -19.6¢
14.74 - 1.23 760 18.91%
15.96 1.22. 920 22.90
18. 41 2,43 o 3907, “9.71
20.85 2.44 T 550 13.69 °
. 23.30 _ 2.45 T160 ° 3.98
25.74 . 2.44 : 170, * 4.23
20.07 ) 1.23 80 . 1.99-
50.63 \ 3.66 7 - - s 150 3, 24
51.86 ,ﬁ%ﬁ . 1.23 : 160 3.98
33.08 . 1.22 " 190 1.73
35.53 2.45 ° . 110 . 2.74
) Coof ax. = 30980.10 , ¢
Nyl -1 . . -
. : 3 i
.



) TABLE F-14 (Continued) =~ 215
- S ., \_

— R , | ';:q?%'

. Roll No. 11, Run No.'1, qt/¢A = 12.57 m

e ~ o -

2.86" - TS o 3945 - - - 04701
4:16 7 1.30 . . 3935 ' - 63.85
5.45 .29 - . 3445 . 55.90
S 0.7 1.30 2035 © 47,02
S 8.05 10300 _ 2540 IR § )
935 1,30 S 2430 39.43
10. 64 .29 ¢ e 2485 o © 40:32
11.94 1.30 ~ . 251s - 40,81
13. 24 : 1.30 2120 34.40
14.53 o ~1.29 ) S2345 0 LT 38.05
17.13 ° 2.60- - 2410 - 3910
19.72 2.59.. 23100 .« © 37.48 .
22.32 2.60 .. 2205 - 35.78
24.91 12.59 e e 1455 n 23.61
26.21 130 L 1350 ‘ 21.90
30.10 . 3.89 sy 17.12
31.39 1.29 : 885 & . 14.30
32.69 . 1.30- . *+ 1055" S 17012
35.2 . 2.59 1020 : 16.55
37.88 2.60 ° . .385 - . 6.25
40.47 2.59 . 75 1.22
41.77 1.3008 , 140 To2.27
43.07 = 1.30 ; o - 35 . - -0.57
' . Gy BXis = 77470.953 L
TN, 1 R

o1l wo. 11, Run ﬁo;‘23 qt/eA = 9.43 éﬁ

Sl 4275 44074

e 111 1 }
2.36 1.25 o 3900 - 40.82
3.02 1.26 < 3765 ° 39.40
4.88 ©1.26 ' 3515~ ' - 36.79
6.14 1.26 . 3570 @ | 37,36
8.0606 .. 2,52 : 3510 . -34.64

09,92 o120 e 3245 : 33.96
11:18 o 1.26 o 3150 : 32.97
2.44 +1.20 S 3050 - : 31.92
~14.95 - 2.51 . ’ 2755 | 28.83
17247 2.52 L 2455 25.69
19.99 - 2.52 " 2615 . . 27.37
22.5) . 12.52 © 2045 21.40

~:5.0§1 2.51 1895 o . 19.83



TABLE F-14 (Continued) -~ ..~ . 210
X, Cmo, . Axl, cm LN,1 o Sw,i(%>
26.28 1.26 - 1765 -+ 18.47
o 27.54 1.26 S 1750 , 18.32.
"30.006 2.52 1655 1732
31.32 1.26- : 1560 - . .16.33
32.58 S e T 1.260 1420 © : 14.86
'35.09 2.51 T 1070 - . 11.20
37.61 2,52 540 . .. 5.65
. 40.13 2.52 ' I 200 - 2.09
L. 41.39 1.20 50 : - 0.52
- Cn,i B = 90102.25 |
: Roll No. 11, Run No. 3, qt/¢A = 8.44 ¢m. o
2.99 : 2.99 o 3820 . .°51.04
5.51 o 2.52 . : 3755 50.17
9.29 ° ~ : 3.78 ‘ - 1885 : 25.19
10.55 . 1,26 : 1920 . ; - 25.65
13.06 - S2.51 . 1485 - . . 19.84 -
15.58 2.52 . o7 1440 - 19.24
18.10 2,52 . .1605 . T21.44
20.62 ’ 2.52 " . 1555 o - 20.78
23.14 2.52 e 1350 o+ 18.04
25.65 2.51 , 1010 C 13249
26.91 1.26 : T 895 . ) 11.96
30.69 o - 3.78 o 950 . 12,69
31.95 . < 1,26 T 605 : 8.08 -
33.21 ' 1.26 To600 8.02
35.72 2.51 : T 610 8.15
38.24 2.52 ) 605 8.08
40.76 2.52 . . 450 . 6.01
42.02 . 1.26 - " 340 . “4.54
47.05 © 5.03 o Ce 115 . 1.54
48.31 11.26 IR ”// .53
50.83 2.52- - : 0.0 ) 0.0
. <4
POy Xy o= .63169;30 '
- Roll No. 13, Run No. 2, qt/sA'= 8.47 : o
230 2.40 . 3360 63.91
3.08 « 1.28 ‘ S 3060 - L. 58.21
4.97° ) 1.29° . . 2860 Tt T 54,40
6.25 1.28 ' . 2580 : , 49.08



RN IS

TABLE F-14 (Continued) -

me o wpe g s ()
8. 81 2.50 - . 2020 38.42
10. 09 1.2 e 1700 ¢ 34.05
11:37 1.28 1570¢ : 29.80
13,04 2.57 1270 : 24.16
" 106.50 2.56 960 18.26
-19. 06 2.56 ° C790” 15.03.
21.62 2.506 L 770 “14.65
24.19 2.57 . _ . 280 5.33
26175 2,56 - 510 9.70
~30.59 3.84 - o 380 7.23°
31.88 1.29 B 300 ©5:71
034,44 2.56 : 210 3.99°
37.00, 2.56 - S 2400 . 4.57
© 39,56 2.56 - 160 . . t 3.0
42,13 2.57 ° . 140 2.66
45.97 - ©3.84 . - - 110 , 12,09
47.25 - 1.28° - i 80 1.52
49. 82 ~2.57 20° 0.38
Eﬁcx’i XL = 44528.70 ¢ ' )
- Roll No. 13, .Run No. 4, qt/:A = 8.47
.2.40 ' 2.40 ‘ 3850 - 0 52.89
-3.68 1.28 ' . 3320 . o i 45,61
4.97 . 1.29 ot 3130 © 43,00
6,25 . 1.28 " 2710 37.23
8.81 2.56 S 2170 29.81
11.37 -, . 2.56 1710 23.49
13.94 - 2.57 T e 1560 21.43
16.50 2.56 - . 1400 19.23
19.06. Too2.0560 © 1200 _ 16. 49
21.62 St 2560, © 1000 ' 13.74
24.19 . 2.57 . “to00n - 12.36
26.75 2.50 ‘ ‘ 920 £12.64 -
S 30.59 .- 3.84 ~ ‘ 870 : vﬁ 11.95
31.88 . 1.29 760 o 10. 44
- 34,44 o 2.50 o 700 : 9.62
37.00 S 2.560 "010 ~ 8.38
39.56 %50 . 510. ' 7.01
42,13 . 2.57 ‘ 440 6. 05
45.97 . 384 7 C. 350 4.81
37,25 1.28 370 5.08
349.82 1 2.57 350 4.81
) 5 C "X, = 61650.00

N,



TABLE: p-15

- WATER 5A1UIUVYI®N DISTRIBUTTION FROM

FILM SCANNING =~ pRFECT OF VERTICAL

BAR S1GNIFICANT -

o

3=

Correctid

Corrected

65.

T C < o)
X, o Ao an N, S,i () Coi Seq )
e ® ‘
Roll No. 10, Run No. 1, qt/¢A = 18.26 an - .
2.76 2,76 4460 - 61.93 + 5575 . 68. 27
4.05 1.29 4830 67.06 6037. 73.93
5.34 1.29 - 4780 .66.37 . 5975 73.17
9. 20 3,86 4490 62.34 . 5478 - 67.08
10.49 1..29 445¢ 61.79 5284 64,71
13.07 2.58 4570 63.45 5255 64,35
15.65 2.58 - 4250 59.01 4760 * 0 58.29
18.23 2.58 5880 - 53.87 . 4258 . 52.14
20.81 2.58 3999 -55.40 4299 52.65
.23.39 2.58 ~348p 48.32 3706 45,38
25.96 2.57" - 3249 44.99 3410 41,76
27.25 1.29 2600 36.10 2723 33,35
'29.83 2.58° 2090 . 29.02 . 2168 © 26,55
31.12 1.29 1899 . "26.24 1953 23.89
33.70 . 2.58 - 1819 25.13 1855 22.72
36.28 2.58 . 1290 17.91 - 1316 16.12
"38.86 . 2.58 . 810 11.25 820 1Q. 04
41.43 S 2.57 - 570 7491 573 7.02
42.72 - .29 . 280 3.89 281 3.44
46.59 3.87 . - 90 « 1.25 90 - 1.10
49.17 2.58 =30 -0.42 -30 ¢ -0.37
’ Cy § 0.7 13151290 . E,CN,i £x; = 149110.54
‘Roll No. 10, RunNo, 5, qt/4A = 19.38 cm
2,53 2.53 g 4830 - 64.71- 6037 70. 41
3.81- 1.28 - 3090 68.19 6362 . 74.20
5.09 1.28 S 334 71.54 6675 77.85.
6.37 1.28 - 5410 72.48 6762 78.86°
8.94 2.57 514q 68.86" 6386 " 74,48
10.22 1.28 = . 5079 67.92 6147 71.69
11.50 - 1.28 4959 66.31 5866 68.41
12.78 1.28 5290 - 70.87 6163 71.88
15.34 ©2.56 - 5l9g © 69.53 5878 68.55
.91 2.57 4920 91 5461 63.69



219

.28

6413

X, Cm - . Axi;lcm . | CN,i » SQ,l (%) COErectod gorrc%gid
' NI w1l T
) .
20.47 2.56 ! 4970 Y 06,58 ’ j 5417 - 63,18
23.03 2.56 4370 58.54 4698 54.179
25.60 2.57 3750. ., 50.24 3975 40,36
26.88 1.28 © 3100 41.53 3270 38.14
30,72 3.84° 2520 33.70 2621 30.57
32.00 . 1.28 1970 *20.39 2039 < -, 23.78
33.29 ©1.29 v 1530 20.50 1580 18.43
35.85% 2.56 " 610 8.17 = 625. 7,290
38.41 2.56 160 2.14 163 1,90
40.97 2.56 ©-90 -1.21 -89 -1.04
i N,i fX = 144601.30 P CN,i X =“16Q174.03
Roll No. 11, Run No. 4, gt/#A = 19.21 cm , L
3.27 3.27 4850 - 53.42 6062 59.70
4.56 1.29 ) 4920 I ¢ 54.20 6150 60.57 .
5.85 1.2 4880 - 53.75 6100 60.08"
8.43 - 2.58 4700 51.77 5769 0 56.82
9.72 21.29 4980 "54.86 5964 58.74
11.01 '1.29 4920 54,20 5769 56.82
12.30 1.29. 4950 54.53 5717 56.30
13.59 "1.29 4730 52.10 5392 . ,53.10
©16.17 2.58 4720 ° 51.99 5275 . 51.95
18.74 2.57 4560 50.23 5016 49.40
21.32 2.58 4450 49.02 4806 W 47.3%
23.90 2.58 4300 . 47.37 4612 45,42
26.48 2.58° 4110 - 45.27 4357 42.90
30.35 3.87 . 3550 39.10 3719 36.63
31.04 1.2 _ - 3510 "38.066 3659 36.04
43.21 2.57 3520 | 38.77 3643 35.88
36.79 2.58 3010 33.16 3093 30. 46
39.37 2.58 2260 24..89 2311 22.76
41.95 58 1820 20.05 - 1847 18,149
45,82 3.87 - 930 10.24 - 937 ' 9.23
47.11 1.29 630 6.94 633 6.23
49.68 2.57° 300 3.30 300 2.95
52.26 2.58 . 250 2.75 250 2.46
N,ioxg s 174394.10 J cN,i £ = .1950%7.05
Roll No 11, Run Na. 7, qt/+A = 16.54 cm
3. 56. 3.56 ..5380 56.908 6725 64.04
4.84 1.28 ¢ - 5540 ¢ 58.68 6897 65.68
6.12. 1 © 5300 56.13 61.07°



TABLE F-15 (Conttnued)

220

) e
X, cn . axg, cm CN,i W i (%) Cd(rected (Eorrec“‘:scd
C . Qoo ( u)
o N,1 Wil :
-8.08 2.56 5384, 56.98 6200 H0. 04
9,96 1.28 5080 53.80 5778 565.02
11.24 1.28 © 1780 50,63 5389 51.32
3,81 2.57 1480 17,45 JO50 47,19
16,537 2. 50 4400 46,00 4790 15.67
18.93 .56 1100 13.42 . 4418 42.07
21.50 2,57 3950, 11. 84 . 4217 10. 10
24.006 L 2.56¢ 3610 38,23 3818 30.36
20,62 2.56 3550 Y37.00 3727 35149
27.90 1.28 .2910 50,82 3048 29.03
30.47 2.57 2810 20.76 2922 27.83 °
31:75 1.28 > 2650 28.07 2749 26.18
34.31 2.56 <L 2440 o 25.84 2519 23.99
36.87 2,56 2070 - 21.92 2122 20.21
'39.44 2.57 1610 _A7.05 1646 15.07
42.00 12,56 1030 10. 91 " 1048 9.98
43,28 o o 1.28 410 &34 416 3.06 -
45.84 " 2.56 520 5.51 526 5.01
47.12 1.2¢ 370 3.02 374 3.50.
© 49,69 2.57. 0.0 0.0 0.0 0.00
};QN, £xy = 15010450 > Cop X = 173687.31
Roll No. 12, Run No. S;2 qt/+4A = 24.35 an
3.17 3.17. 3860 ° 52.75 4825 . 57
4.45 1.28 4520 61.77 - 5650 A1
5.73 - 1.28 - 44%0 60. 82 5562 30 e,
L 8.30 2.57» 4870 606,56 6087 2,602
.58 T.28 S A870 606. 56 . 06087 .62
10. 80 1.28 4770 65. 19 5962 L3
13.42 2.56 4850 60.29 5920 - .74
15.99 2.757 4720 64.51 5617 .02
18.55 2.56 4700 64, 24 5452 .05 °
2111 2,56 4696 64.10 : 5347 .79
T23.07 - 2.50 - 4550 ,62.18 R 5085 .67
20.24 2.57 4440 60. 068, 4873 . .14
27.52 1.28 4500 Ok. 50 4894 .39
30.08 2. 567 3850 52.62 L TA129 .26
©31.30 1.28 S 3770 51,52 4006 47.79
33.93 C2.57 3900 ° 53,85 © 4137 49,36
L 56.49 2.56 3620 49.47 3756 44 .81
/,/"— /
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TABLE F-15 (Continued)

X, cm 20X, am CN,i S, i (%) Corrected (ior'rcc}cd
' ’ C. .. S, o (%)
N,1 W,1
39.05 2.50 2820 38.54 - 2890 34,48
J1.01 2.50 1040 20.51 ' 1964 23.43
42.90 1.29 1570 21,40} 1582 18.87
45,40 L 2.56 1170, 15.99 ‘ 1170 13.96
46.74 1.28 710 0.70 : 710 L 8.7
49,30 250 0.0 0. 00 0.0 0.00
DOy X = 17810000 ;U0 X, =7204094. 21
. Nyl REp l

~Roll No. 12, Run No. 6, qt/+A = 30.47 cm _ _
3.43 3.43 . 4640 62.54 5800 67.29
4.71 1.28 4900 66204 0125 71.06
5.99 1.28 ’ 4820 64 .90 6025 69.90
8.55 2.56 4970 - 66.08 6212 72.07

9.83 1.28 - 5340 ¢ 71.97 - 0675 7.44 7
12.40 2059 5500, . 74.13 . 6875 79,76
14.96 2.50 5360 72.24 6673 77.41
17.52 2.506 5330 71.84 T 6476 75.13
20,09 2.57 5400 72.78 6426 © 74,55
22.65 2.50 5440 73.32 6351  ° 73,08
25.21 2.56° 5320 71.70 6105 70.82
20.49 1.28 5200 70.08 5915 68.62
27.77 1.28 . 5130 C69.14 ~ 5784 67.10
30.34 2.57 5420 © 73,05 6030 69.95
31.062 1.28 4430 59.71 489% 56.79
32.90 .28 . 4600 62.00 - - 5048 58.50
35.40 2.50- 4710 03.48 - 5099, - 59.15.
38,03 °© 2.57 ‘ 4560 61.40 74879 56.60
J0.59 2.50 - S 4190 56.47 4431 51.40
41.87 1.28 ¢ 3950 53.24 14147 48.11
43.15 T 1.28 "3870 52.16 4054 47.03
45.71 2.56 2630 35.45 2722 31.58
47.00 1.29 2310 31.13 2379 27.60
49,56 2.56 , 900 C12.13 . 920 10.67

i Coo | X = 42007990 ) Uy 0xg = 202049.40
. Roll No. 12, Run No. 7, qt/:A = 20.97 am '

3.04 ©3.04 3940 ¢ 51.82 . 4925 57.15
432 1.28 4280 56.30 5350 02.09
.01 1.29 - 4250 55.00° 5312 61.05
9.45 3 67.31

.84 4640 01,03 5800
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TABLE F-15 (Contiuésd) ) '

H

X, cn ¢+ ¢ AX., Cm S O S (% ;orrcétcd Corrected
» b N,l W,] (0) I?‘C g‘ (”)
‘N, | Ww,i

10.73 . 1. 28 1660 61,30 06,79
13.29 . 2,506 4710 . 01.95 65,45
15.8060 2.57 4520 59.45 00,84
18.42 2,50 1470 - 58.80 58.02
20,98 2.50 7 4300 58.006 57.58
23.55 2.°50 . 4230 55.64 53.38
20.11 2.50 10060 53.40 © 50,41
27.39 1.28" 4050 ~ 53.27 49,82
31.23 3. 84 3330 13.80 40,00
33. 80, 2.57 3220 42.35 38.20
36.30 2.50 ) 2800 56.83 32.74
38.92 2. 56 2160 . 28.41 25.07 e
41.49 2.57 1260 16.57 14.62
32.77 1.28 = 700 9,21 . 8.12
45.33 .2.506 540 7.10 6.27
46,01 1.28 : 380 5.00 4.41 o
49.17 2.56 ¢+, 0.0 0.00 . ;0.0
) CN’i (x5 = 159425, 30 ) CN,i £x; = 180700. 03




APPENDIX G :

ERROR ANALYSTS

g

In this Appendix the major séurcos of error will be’pélﬁtod out
and discussed briefly. Since the scopb of the present study\is not to
corrclate the experimental data, it is not intended to perfomr an analytical
study of:error propagation to achicve‘the variance and distribution of

random error. . _ : .

'G.1 ~Préssure Drop Data

The error in the pressure drop data of the single phase flow is

~

¥ . I
dependent on the transduccr and flow rate measurements. The transducers
and- the pwnpb were callbratcd in advance. To eliniinate -the possible error

)

due to thc head of fluid the transducers were always placed at a level below.
" the lowest pressure tap so that an equal head was always applicd'on both
\sides of the transddéer. s
Some approximations are 1nvolved in mcaﬁuleme;; and C&lCUl“thn of

the pressure drop and pressure gradlent of the mixed zone for the d1>p1acc
mé;t tests. There exists a small difference in specific_gravity of the
displacing and displaced fluids. For example in the case of water flood the
difference in specific gravity was 0. 04 Therefo;e,_a change in fluid head
is being crcatcd b) ad\Jnc1n0 the front plane.  This has been calculatcd and
subtracted from thc total p1e§<uro drop ICddlng to oh‘aln the pressure drop of
the flooded zone reported in Table (F-7). 7 ,
The pressure gradient of the mixéd zone may be in error Becausé ot

uncertainty in determining the exact length of the mixed zone. - The length of

the mixed zone is approximated as the length of the flooded zone, Xy
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The hctqul icngth of thC-mix;d zone will be somewhat less than xb if the
Planc of Sw = 1.0 progress significantly past the inlet screen. Figures
v-21) to (V-37), however, show thut the latter is not the case even {or the
_ mOdcrmtc‘viscosity ratio; therefore, the error duce to this problem cannot be
. i . - ’
signifilcant.
| 1ﬁc location of the first pressure tap inﬁkoduccs a diffcrent kind
of error. The first pressure tap is located approximately two centimeters
above the inlet SéTCCH; £hércforé{ the first two centimeters of the flooded

zone are being excluded from the pressure drop measurecncnt. The error
/ .

cdhtribution of this segment is larger at the beginning of the displacement,

- ) ‘ . - . . - .
and as the frontal plance proceeds its effect diminishes. [o minimize this

B

effect, the initial pressurc history of the displacement is not being
considered in calculating the pressure gradient of the flooded zone. In fact :

the‘prgssuro drop reading is taken from the time that the frontal plane has

. <

proceeded at least 10, an. into the bed.

I'd

G.2  Frontal Plane Advance and Breakthrough Recovery

The data poiﬁis in figures (VZS) o fV;18) show some';cattering.
From the procedure dcsc:ibed }n Appendix F.2, it is clear that any measurement
errors ére small in comparison with the ScatEff- The scattexJs attributable
to the local don-homogcneityQOE the bed and also the random appearance of the
fingers. For example a finger may be created due to the local non-homogeneity
but does not nccessarfly grow dnd-become prominent fingcf, or a prominent
finger may stop growing and some other new finger~may take, over. This creates
a statistical kind of scatter in instéﬁtaneous measurements of frontai advance

rate., . ‘ B T ' ‘ B
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Freakthronph recovers o determned boothe Slope b the oae tar oo

Pruvonre 00 5 to 4V I8 e well o trom the brealthirongh rmu-/ymnnnlnml bov 71

]

Stop owate b Close agreement was adwavo-obtarned s Reter to Tabbde (1 g,
: .

N ‘.” i n
G Saturata & Prot e .

[C o uselul to recatl that waYerat non protiles prosonted s b

. it .
(2t v ST were determmmed byosesmmminge andov ool ot ot et L7
Fho procedure of constuct i aturatvon protrbes ross the scanmni, ot

, oY -
Arven o Appendix (oo, Viodeseribed o coctton IV s the prerrane ot "

o)

B . - . «
dittused Trohtalong g wcanning 1ine was poerformed o o cormarative oo e

two Jrames ot the novie il trom cach s one h"!twl”.,‘ the displaceront, i
. 8 <" .
the bed was all ot the oil, and the other ot breanthrous b . The concentrat:

protile g‘(wlllﬁr, mtluenced by the <teel bars appearing on the photocrapie. !

w

N

P . . a
by uncert, matching position on the trames.

In " Wrion (Vs 1.2, 9t was mentioned that thore cxasted tour oo
Pars on cach side off the bed, three positioned laterally and one vert oot s

atong the bed. The bars appeared as bright lines on the Pphotographs. IE:»’lﬁ
. ". R i) i
bright arcas on the photographs gaves-minirum midrodensitoncter readimes anl
f T . 4 o ) ’ 0 Q )
the Tateral lines could be casily Tocated by doing o rapid vertical scar
: : :

noting where minimm counts occurred., Position of thesbar was then deter- .

4

’\mmcd‘ trom reading df the position‘micrometer on the film carriage. AMter

the positions ol these Tines were determined, the equivalent posit‘iogs on the

e

o

“two ’gx‘;lmcs were chosen,
i - . ¢ .
Scanning was generaltly pertformed at 0.5 to 1 mm intervals. At the
o A . R
positions of the lateral bary the int'ervuisJ were Increased. to approximately
. . ¢ ~

v . - ..
S,mm o so that any effect of the lateral bars could be eliminated.

y g

60
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2

£

. Some error is introduced due to the fact that rniear to the bars the
3

refcrcncc framc docs not diffuse the same amount of 11ght along different

S -

Scannlng lines. Th15<51tuat10n‘§rtses bccau&g of the sHadow and reflection
of the steel barSf.’ This crror could be a®®ided if exact match of cqulvalcnt
p051tlons of the two frames(Were possible. An estlmate ba%ed on an uncertalnty

o

of 0.5 mm ‘1n p051110n showed that the error could be as large as 10% at.
positions very close to the bars. ‘Actual ertor from thiv nurce is probably -
very much less thanAthis{ .' _
o Althoﬁgh'theilateraliy positioned stes. rs were éxcludeD in | \~\~/
‘Scannlng,bthe vertical bar could not be elimina=zad frcm the s ranning. jSince
the bar al&éys appearé the same on both teferéhcc aid frames arter Zlooding,
the ihstrument would always inditaté a zero saturat.-n.at the position Af the *
vertical bar. This effect is ihsigﬁificﬁnt for sever linporing becau<0‘the'
chance of hldlng a flnger under the bar in this case is Small and in fdéT
more or 18%5 random. | o

L For modelate V15t351ty *atlos, for which the bed is being Stht more 
uniformly, some portion of thc displacing fluid is alway@ hldden under the bar.
For a given scannino line the error 1n counts attxlbutable to th? vgrtlcal bai\
could be ashlarge as 25% oi the true counts depending on the coétentratlon
benéath,tﬁe bar. . Note from Lquatlon (F- 5) fhdt an increase of counts by 2 2 :
does not necessarily ;ncrease saturaton by 2 - but alway: 1es< The most.ﬂ;ﬁ

1n£1ucnce of the bar is at the beginning of the bed ands the lcast at the end.

That is at the po>1tlon of S = 1, hundred perceng of the influence. exlsts

while at the position of S =0 thcxe is-none. The C\lStlng value of- w atlﬁf

each position gives the pcrccntﬂge ,Ythe gggal 1ﬁf1ucnce of thL bar at that
AR /‘"&'1 2 2"»}‘

position. To a\old a trial- and error pxocedu1e the theoretical prodiction

a
PN
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AToﬁélfpréssurc drop of the mixed zone is simply obtained by <integrating

«l

ST, | - | 229

N\

o "

®

Equation (1I-1) betwcen x,"and x

177 Por .
. s : . n; X = ’ o C e o : o o -
L ' ﬂ = = / UO (g—i dX o . - o : O(H"Z)
o s " ' : Ir- < XIw PR = . .v - W b : )

Deflnlng an cffectlve WlSCOSltY u for the nﬁxéd zope,. Darcy's law can be

o oot .. o o (<)

wrlttcn as, ‘e N )

= K (XO - Xl)a- ) : “ L (H-3)

G . . .
o o . Yo Q

" From’ Iquatlons (H- 1) to-«(H* 3) thercfoﬂb

4 . ) pa— /—"\/ . c ¢
, oehy ’ ‘ o
) — %
He T X - x Mg dx .
° ¢ 1 S

& . l K ’ . . _
Thé’éxpicssions'of%x and Xy are thalned from Equatlon (¥I-50) by
substitutihg S 0 and/unlty respectlvely The expr€551on of xlrhqs

alread€°been glven by Equatlon (II 54) and that of X is given befou,

;< B _ gt MM o - ) | IR L
< ) . xo o | - O\I—’ 1 ¢A o ] a . . c("H 5)
Therefore o o ) 0
.- _ qt M T S , _
LS Ty e | ~ C(H-6)
o > © \ o . )
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Larat ton (H=3) can Do nteerated cather directly b cubst ot g (I
3 7 “ N
l‘«.'LU;l‘I tonn (11-53 1 and ‘%W 1’\1’()111, Lot ron (1] E‘»I ooy s secorn | np;w‘«rn;"ll
. . - \ . ~
trancltonning the variable ~ into .‘w\,. In the sevond anproach s s bt
' AN
Svondiferent fating Bquation 1 1-30. Phe advimtaoe ol thiis nae s
the procedure is being considered for pobyvier tood in which Ccoase ow o i
redlation for ‘%\ Inotenmes of a1s not possihbe
N * . .
Attern, stralghttorward sloebraie monipalat Tan, Uie tine v .
Sewtonrlan .y biadT e abtained s : ) 2
> 7 k\‘ + ) v .
[ - 1.4 *
ehch o ons that the crrfective viacoasity of the mixed Fons e contant,
. ’ ‘ N z . : -
o independent o AR or X, , AN i Amplyocquatctas the arvtloct i averaoe o
. . i . LI A . - .
the displacing gnd displaced tlaid. ’
e : ,
. Mic- 1o the complenity of D fanction of v <hown” Beooapit
A
PET-00), ingegrat PEn for the non~Newionian 2 luid 15 not s sioa e ":1&:’
. - 3
Aq . . ° ° : Vo
,oauntonian. Pquation (-1 pemaind thes sane. it which N, and ):1 x'w,:%\ hee
g . N ’ o . !
obtuined from bPguation (Hh-oo) ®miad L is substituted from baquation
. ) N . B . . o
9 | - ,
i retore,
T/1. N y
MY n M .
, . _ gt ‘
o E S I'/n
. . nM 1 ,
P
; c inoM o0 .
¢ P -
x = 4t S—)
1 sA Mo=1
P R ¢

P s 1
[ RN : :
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Lquation (I1-o00) is-differentinted with respect’ to 5, o obtain-dx,
A

PR
\
Jx ‘ S AR 1 d
= y e : ; o - - ~ ——
ds (({F n Hp f{‘\\) <ﬂ ) ﬂ) J} ds " < N O H 1’> g
v o R o 5 W W
!
H ° .
-9 S L - - ’
’ f <l \\> i “i' <“<> “‘> - [ rl ) < ‘o )‘
) ’ . ]
2 , R h ot
- n - ns o5 dn nou oo - n -
W W dS o o "o a
W
<
3 I
S5 )+ 2\’ o)
[ ) <1 )“y> ' | \\'J <u0 r) K (
where, 4 is given hy Lquution‘(l[-hl)’and,
, S oy
d“u ) nooen .b -
s = : - Eal (li- 10y
DY W
e : S h <
d-, ) (I-n) n *n d) » .
AIS . 5 (H-T1:
W A[ﬂ(l—H > + 5 J“
* : W N

Q- o

By substituting lLiquations (II-61, %2) aﬁd-(H-7 to T1) into (H—i), oy

simplification one obtgins, |

e T E <rl + I, r3>_‘=‘, - - (H-12)
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As a check 1t is possible to show that at ﬁ'=-1 Eqbation (11-12)
eventually produces Equation (I1-33). It‘is ¢lear that the integration
of Equation (11-12) is extremely tedious if possible at ali. “Therefore
an altcrnativg mcthéd is proposed to approximate the viscosity of .the
mixed zone for thé polymer solution.

The appa%ent viscosity of the polymer solution 1s estimated
from phc shéar rate encountercd in the bed. This estimated appafcnt
»viscosigy is used: in Eqdation (II-33) in p1aCc of by to approximaté thg
effective viscdsityuéf ;hc mixed zone.

-~ The wall shear rate for the packed bed based on the capillany

et

tubc model can Bgishowﬂ¢(40) to be equal -to,
. . ‘ \\\ © T o )

s

| n+l 12‘§;‘ . : . ‘
Y = ; : : : (H-17)
W 4n A /IS0Ks - :

Therefore, apparent viscosity based on wali shear rate, s is equal to, -~
. o n-1.
ﬂw = m oy
In Table (H-1) wall shear rate and the apparent viscosity,‘pw, are
reported for different flow rates and polymer solutions applied in this’
'work. The effective viscosity and the predicted pressure gfadient of the
3 .

“mixed zone are given in Table (F-8).
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'l"/\lﬁl,li -1
APPARENT VISCOSTTY OF THE POLYMER
SOLUTTONS W\‘Slil) ON THE WALL
SHEAR RATEH
Tt e s _‘,_,__“____ T - ‘TV ¢ o 3 . 7;>””lw'.: ]‘]il' -
q ) Y W T
3 - -1 S
cr o /sec sec poise
———— v,—_v,+\?l.‘._—.._~ Y _7&*.’_».“—__‘V..._._._A'_‘_r_ B T e Tl T
t 0.05% Separan AP-273, Large Beads
1.5885 C : 2.72 0.3
6. 3554 : 10. 89 © 0,20
15. 885 \ 27.23 g 0.15
. \ ! -
0. (}\S"é Separan AP-273, Small Beads
1.5885 i 1038 - . 0.20
5.177 E 20.75 : 0.16 -~
6.354 41.50 . . : 0.15
0.1% "} Separan AP-2738, Large Beads *
, i '
6.354 , | 11.45 0.50 )
15.885 . 28.04 ' 0.34
0.1% “Scparin AP=273, ‘Snall Beads
0.15885 o 1.13 1.99
0.06354 ' ‘ - 4.51 . 1.04
3.177 | 21.82 o 0.38 -
6.354 | 43.64 . 0.29
0.2% Separan AP-273, Large Beads
0.5177 0.63 7.74
0.6354 . o 1.27 5.26
1.5885 ’ 3.17 3.18
3.177 x 6.33 2.17
0.354 : : 12.66. 1.49
15.885 31.65 < 0.90 -

{92l
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)
|
_ o n-1
a Tw WM Yy
-3 -1 .
an ~/sec sec poise
0.2% Separan AP-273, Smnall Beads
3.177 » 24.12 1.8%
N 0.2% Pusher 500, Small Beads:
0.15885 1.03 1.77
0.6354 4.13 1.11




