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ABSTRACT

wv(‘v

Currently available techniques for estimating effective
\ permeabllity are‘valid’only if the displacement is stable
and'stabilized. That is, only effectibehpermeabilities.
which are applicable to steady”state situations can be
‘measgted. .As many field displagements gre thought to be
.unstable, there iswa;need to develop techniques oapable‘of
. measuring unstable effective permeabilitiesﬁt The present
istudy proposes ‘one such method. This methoéfenables the
est1mat1on of the .effective permeab111t1es in all three flow
regimes, namely, unstabilized, stab111zed and stable, and
Unstable displacements. . S o
The proposed method uses the macrowave attennatlon
technique to measure how saturatlon 1s dlstrlbuted along the'
length of a core. This enables the est1mat10n o§ the ‘
fractlon of water flow1ng at any p01nt along the length of
~_ythe core.' Because a pressure profile is also avallable, it
S1s possible to relate the fraction flow1ng to the pressure .
X‘gradlent hy means of the dlfferentlal/form of Darcy's law to
u obtain a dynamic estimate. of the effective 5brmeab1l1ty at
.any given locat1on (and saturatlon) along the length of a
core.‘ As data aqu151tlon and storage is automated it is
pbssible to obtain a complete set of relative permeability‘e
data 1n less ‘than a day | g

Exper1mental results suggest that effective

permeab111ty is a unlque functlon of saturation only if the-

. v . = %%



displacem is steady-state or if the displacement is
stable and/gtabilized If the d1sp1acement is unstabilized,
or if it is undéable, dlﬁferent effect1ve permeab111ty

curves are obtained. Moreover, for unstable displacements

the effective permeability shows a strong dependence on

local heterogeneities.

vi -
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1. INTRODUCTION

s,

Waterflooding is one of the most widely used techniques
adopted to improve the recovery efficiency of oil fields.

As each one percent increase in recovery efficiency adds
labout foef billion ﬁgrrels to the recoverable ?eserves, it
is iqpo;tant to properly determine the fluid.flow properties
which pertain during the immiscible displacement of one
fluid by another, such as occurs in'waterflooding.

One of the most important properties needed to make a
wate#flood prediction is the water-oil relatlve permeablllty
charécterstlcs of the reservoir rock. Many techn1ques have
been proposed to estimate effective permeabilities for
water/oil systems. Unfortunately, nbne”of the currentﬁy
available techniques‘is”applicable to a displacement which
is not stable and stabilized. As most field displacements
are belleved to be unstable, any application of effectlve
permeabilities measured \in the laboratory w1th the aid of
the conventlonal techniques is questionable. -

Iﬁhthe past, the effects of the viscous éndfeapillary
forces have been stddied us&ﬁg the viscosity ratio and
iﬁterfacial tensions as individual parameters. However, no
researchers have successfully studled the dlsplacement
process with the a1d of dlfferent scallng groups, such as
“the instability number or the macroscoplc c¢apillary number,
which really dictate the nature of the fiow regime.

. 2 o
Therefore, in determining the effect of viscous an&

o
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capillary forces, there has been a consistent lack of
understanding the combihed effect of the viscosity ratio and
interfacial tension. As a matter of fact, an investigation
"in terms of thé above scaling groups is of more value to.
field applicat%ons than is an individual investigation of
the different parameters that affect the flow.

Moreover, no work has been done to understand how the
effective permeability sﬁould behave uﬁder flow regimes
which are unstabilized or unstable. Such work has not been

undertaken primarily because a technique capable of

" measuring effective permeabilities under all flow conditions

has not been successfully devised. As it As important to

ensure that the flow regime in the labporatory is the samé‘as'
that in the field, one has to develop’a method capable of
measuring éffective permeabilities under all .flow
conditions., Only ag this stége is it possible to
investigate the impact of flow regime qn effective
permeability. Thus, it is the purpose of this study to
.develop a method capable of measuring effective permeability
under-all three flow regimes, namely, unstabilized, stable

and stabilized, and unstable.



." 2. LITERATURE REVIEW

271 BASIC THEORY

r : :
.2.1.1 Basic Motion Equation

" Since the early work of Darcy (1863): Darcy's law has
been J;@ély accepted for single phase flow through a porous
medium. Even though bercyfs law seems to properly describeidr
single phase flow through porous media, itswektension to
multlphase flow'has been a controversial problem. " There
have been nuUmMerous attempts to descrlbe and v1suallze the
'flow paths while two fluids are flow1ng s1mu1taneously
through a porous medlum. Consequently, several theories as
to how fluids dlstrlbute themselves during 5% 1mn/sc1ble

'vdlsplacement,have been put forward. These theories are

outlined #in the following discussion.

\2'1ﬂ1 1 Channel Flow theory |
It has been intuitively understood for a long time
that the concept of permeablllty established for the
flow of a single phase fluid through a porous ‘medium may
be applied to two—phaséﬁﬁiow by modifying its value
according. to the reiative amount of the fluid'present at
a given cross section of‘the porous medium.
AConsequently, one can v1sua11ze ah experlment involving
. the 51mu1taneous steady flow of two fluids (1 and 2)
through.a horizontal porous medium of constant cross

. s ™ :
section A and finite length L. Let constant rate pumps

i



discharge at rates Q, for fluid 1 and Q, for fluid 2
through the column. Also let two pairs of ﬁanometers
give the pfessuré drops AP, for fluid 1 and AP, fpr'
fluid 2 at a distance L along the column. Once a steady
flow has been established for both }luids, one may
assumeAthat the .channel open to each fluid'is»invariant
too. Thus, Darcy's law originally. aescribing the flow
og,% single phase fluid completel satura¥ing the porous
'£;dium,can be extended to describe jthe flow of each of -

. the two immiscible fluids flowing Simuf%agedusly through
g ' .

. < '
the column. Wyckoff and Botset (1936) Used this concept
first, and experimentally showed that the f%llowing
eqﬁations hold. |
K, AP, | ] “
gy = - — — : o (2.1)
M1 L N ’ .
4
ahd, /, \T 3
, K, AP s
; q; = - 2 2 (2.2)

where g, and g, are the specific discharges (g:=Q:/A);

- ¢
- (g,=Q,/A) and u, and u, are the dynamic viscosities of fluid

1 and 2, respectively. The parameters K; and K are called

the effective permeabilities for fluid 1 and 2,

v

respectively. The effective permeabilities depénd on the

structure of the porous'medium involved, éspecially on the

absolute permeability, K, of the porous medium and the

1
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respective saturations. For this reason, thetratios Kpt
K, /K and K., = K /K are often used. They are called the
relative permeab111t1es of fluld 1 and 2 respectiVely.

Ever since this s1mp11f1ed descrlptlon by Wyckoff and

' Botset (1936), there has been substantial experlmental

~evidence for the content1on that (Chatenever and Calhoun,

1952; Yadav et al., 1984) for two immi'scible fluids flowing

'51mu%taneously through a porous medaum .each fluid

‘establishes its own tortuous path which usually forms a very

stable channel If the degree of saturatlon of one of the
fluids is not extreme (near its re51dual value), thege
should be a dlrect relation between the channel area open toQ
the flow of the fluid and the saturation of that flu1d (de
la Cruz and Spanosf:1983). That is to say, if one considers
a‘wettrngjfluid (Swe) andia.ﬁonwetting'flu;d'(snw), ae Snw'
is reduced the cross-sectional aréa of channeLs of the-

nonwettlng flu1d tends to decrease untll only 1solated

. regions of it remaln (i.e, re51dual non wetting fluid

saturatton). Slmllarly, as Sya is decreased the channels
of the wetting fluid@ tend to break down and become
discontinuous (irreducible wettiog figid.saturation). As a
fluid becomes dlSCOﬂtanOUS, its flow can not take place
under ordinary conditions (unless flow conditions or fluid
properties are changed to mobilize the 1solated ganglia) (de
la.Crtz and Spanos, 1983; Chatzis et al., 1984- Morrow et
al., 1984). I &

b4



2.1.1.2 Cylindrical Flowrtheory

Even tnough'tne concept, as deplcted above, of each
fluid estabilishing its own channel of flow through the
porous medium is easy to manipulate and makes the flow

description easy, it is questionable due to the fact

that one of the fluids preferentially wets the solid and

adheres to its- surfaces with nonwettlng fluid everywhere.
surrounded by wetting fluid.” This second observation
brings to mind, rather, a Poiseuille type of concentr1c
flowvin a tube (&uster,1951). Moreover, as wettablllty,
in itself, is subject to hysteresis, it is clear thay
relative permeability is also affe-ted by this
phenomenon:i.e.;ait depends on how the two {luids are
distributed within_ the pore space. Therefore, depending
upon the,equilibrium distribution of the two. fluids
within the pore  space, there may be‘many possible pairs

of values of relative permeability'due to the many

‘_possible flow paths of the two fluids. This suggests

that the relative permeability curves may depend on the_

manner in which the experiment is performed.

;
2.1.,1.3 €tructural Models

Apart from the simplified concept of channel or

A

concentric flow of two phases through porous medium;.
\ - . ) ’ . )

porous media have also been represented by network

models recognizing their complex structure. Such a

model was fLrst 1ntroduced by Fatt (1956a b,c). Since

‘the early work of Fatt structural models of the porous

media have become” a useful taool to understand flow

22
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behaviour. - As this approach avoids over-simplification

of the porous media, there has been a lot of interest in

w

this area for almost two decades. The model originally

proposed by'Fatt\(1956a) was modified by Dodd and Kiel

(1959) to allow entrapment of the wetting phase in

'qalculating capillary pressure as a function of

saturation during drainage 5f the wetting phase.
Chatzis and Dullien (1977) extended the above model to

three dimensions in computing the drainage éapillary'

| pressure.' In 1982, Koplik and Lasseter used a

structural model to descrlbe unsteady state flow. Lin
and Slattery (1982) developed a structural model in the
context of local volume—averaged equations of motion.

However, this was Mmeant to describe steady-state

;displacement only. The first attempt to describe

unsteady- state flow in the context of local

volume averaged equatlons was taken by Aleman- Gomezvet
glt (1984) " They recognlzed the unsteady state
dlsplacement as be1ng composed of a series of

1ncremental increases in capillary pressure, the‘

increases being greater than a threshold value required

‘to dlsplace the. fluid residing in a pore.; They

d15t1ngu1shed between free (or forced) and restrlcted

..;-—v

-imblbltlon in a displacement process. The free or

forced 1mb1b1tlon is attrlbuted to the mechanlsm where
the pressure drop over a caplllary partially fllled with
the wetting phase'relnforces the action of the . 'K

interﬁacial'tension forces. As a consequence, for free
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AN
or forced. 1mb1b1t10n, all capillaries are 1nvaded as

soon as they are brought 1nto‘conxact w1th the wettlng\““y
phase . On the oqker hand, they referred to restr1cted
1mb1b1tlon as -that where the pressure drop over a ’
capillary partially filled with the wetting phase acts
counter to the interfacial tension forces. This
classzf1cat1on permltted the dete;mlnatlon of when a
multiple flooded zone would.déVe%op in a dlsplacement:
process;»thatlis, multiple flooded zones onldwgeuelop
onlyhduring the restricted imbibition case., This
observatlon recognlzes, therefore,.&hat during unstable
displacements, a reversal of the sign of caplllary

pressure may occur which gives rise to'the growth of

viscousgfingers‘of the displacing fguid. That is, -in
such a case the pressure would be higher in the wetting
phase than in the .non- wettlng phase. o

’ All the models desgribed so far”took 1nto”‘///
>con51deratlon the fact that both the fluids in a
“dlsplacement process are qontlnuous., However, ‘in a
displacement‘process, one mayiexpect one fluld to be
discontinuous (in‘the form of droplets) but still mobile
whereas the‘other is continuous and mobile. In this

. case the conventional approach of volume averaglng to
describe two-phase flow cannot be taken.' In thlS
‘regard, de la Cruz and Spanos (1983). undertook a neu
approach to~the use of localgvolume'averaging to
descrihe flow phenomena when one‘fluid-is discontinuous

. but mobile. They pointed out that in order to find a
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criterion for wﬁen trapbed oil ganglia in a water wet
- " porous media might be mobilized, an gpproacﬁ different:
from the conventionél.one-i§ required. They questioned
the application of Darc&'s equation and the relative
permeability.concept when the system contains one ﬁ
continuous phase with mobilized droplets of the other
vphase[ especially in the frontal region during |
. immiscible displacement. In their derivation of the
two-phase flow equa;iogs by.USihg the volume avéraging
method (Whitaker,A1967; Siattery, 1967) they expressed
the‘shear force term of the Naviér-Stokes equation in
pqwefs of velocity and kept only the 1¢west oraer tefm;
Thhs, four different parameters were introduced in the
flow equgtion describing each phaser »Howe&er, this
§gjivatioﬁ"has the advantage of dqscribing the critefion
for mobilization of oil droplets. It was éhown‘that the
magnifude.of_tﬁe difference between the two terhs
contaﬁhing thé capillary numbér and the presgure
- gradient Qﬁ a given phase has to be greater than ﬁhe
magnigﬁde Qf.ah integral of a term containing the
"interfacial curvature over the area common to the two
ghases. Qven though a practical appiication of this
criterion would require further theoretical and
experimental investigation, this sfuay may be térmed a
pioneer work in understanding the flow mechanism when
only one of the two phases.i§ continuous, but yest bothv

phases are mobile. e

&
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2.1.2 Effect of Capillary and Viscous Forces

Since the early work of Leverett (1939), there have
been numerous attempts to‘investigate the effect of both
capillary and viscous forces on relative permeability.
Analyzing“the different displacement tests performed, there
seems to,%e rro types of displacements: dacroscopic
displaceﬁents, wherein the sacurations change slowly, and
‘1ncremental dlsplacements wherein the saturations change
qu1ckly. Warren and Calhou; (1955), Paez et al. (,1955)
used unsteady-state,;macroscopic'displacements ro show the
dependence of relative permeability ondinterfacial tensicn.
The same experiment, but with muchﬁmore detail, was
performei by Lefebvre du Prey (1973). He investigated the
influence of caplllary and v1scous forces on liquid-liquid
relative permeabilities "jn various consolldated porous
media. He expressed the ratio of capillary. to viscous’

“%
forces in terms of a dimensionless group, N deflned as

1 !

~

Ncl = O/Hv' | ” | ‘ | ’ \\] (2.3)

%his equation was derived esidg'dimensiodal analysis. He
'showed that for a contact anglesrange\of 02 tp 30° and a
viscosity ratio of 1, the relative permeabllltles'obtalned
were stronglyQaifected by variations in N c1 He found thag
the relative permeabiiity, for certain saturatlons, é

decreases as the value of N, 1 is increased Phy51cally, the

effect of NCl on relat1ve permeablllty curves can be/

!',



11

3

uﬁdefstood bj féq}iziﬁg that ;iscous fbrces in ﬁﬁe absence
of capillary forces would cause a uniform diétribution of
each phase in every c;pillary, in proporﬁion to its
saturation (Dullien, 1979). Therefore, in the complete
absence of qapillar} forces the relative permeabilities
would be represented by two sxpmetrical‘diaaonal liﬁes,
intersecting at 50% saturation, as found by qudonvand
Longeron(1980). At low values of the capillaﬁy forces (asA
cdméared to the viscous forces), viséous forces have a
homogenizing effect which causes a unifarm fluid
distribution. This effect'is‘mofe,pronounced in the larger
capiliaf;es where the veloéity is greater, whilé in the
sma}ler“capillariés the_distributipn of,the different phases -
is gtill dictated by the capillary forces. |

| Since the capillary'number as defined by Lefebvre dﬁ
Prey was derived by dimensional'analysisk:it is capabie of
describing the fluid disttibution only ét the microscopic
'ievel. Hereafter such numbers will be referred to as local

~capillary numbers ( ). However, it is more useful to

Ney
obtain a capillary number capable of describing fluia

——

distribution at the macroscopic level. Suchfa Capilla:y-

number was derived by Beﬁtsqn (1976) using inspectional

analysis and is given by, o e
o 7/
‘A_K _ .
= —C WL _ (2.4)
Cm VL“ .

w * v

1.

Using this capillary number he showed (Bentsen, 1978)
N""I ’ v % : ‘ ) . hl
b e
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theo;etically that, if tpe capillary numbéf, Ncm is less
than 0.01, then the cap{llary term in the fractiongl flow
equation may be neglected and the Buckley-Léverett.solution
may be accepted. This capillary number, bein§ applicable at
the macroscopic level, eﬁg%led him to postuiate the .range of
values of Ncm over whieh the steady-state solution may be
applied. Hereafter such numbers will be referred to as.

).

. Cm
. “Talash (1976) and Batycky and McCaffery (1978) used

-

macgpscopic capillary numbers (N

. incremental displacements to show' the dependence of relative
permeability on interfacial tension. A detailed
investigation of the effect of interfacial tension on
relative permeability curves waswalso undertaken by Amaefule
and Handy (1982). They found exberimentally that relative
permeabiiity has a strbng dependence on interfacial tension
for values lower than 10°'N/m. Howevef, they did not find
a%f dependence at higher interfacial tension values. They
found that the dependenté at lower interfacial tension
values was such that:

(1) relative permeabilities increase with decreasing
interfacial tensions at a given watef saturation,

(2) the curvature of the relative permeability curves
decreases with deéreasing interfacial tension, and at
very low interfacial tension values, a liﬁear.
relationéhib between relative permeabilities and
saturation is obtained.

(3) end point saturation values decrease with decreésing

interfacial tension.:

e



Another importaht observation was that a highe;ilocal
capilléry number (defined as vu/y) was required to mdbilize
the wetting phase than the nonwettihg phase residual
saturations. '

In 1985, Fulcher et al. studied tge effect of capillary

numher on two-phase relative permeability curves. They used

the steady-state method to measure the relative

permeabilities. They found that as the interfacial tension

decreased belo; S.SIN/m, the oil permeability increased and
the water permeability decrea;ed. However, the effect of N
_interfacial tension was mogé pronounced on the 0il
permeability curves than on the water permeability curves.
Anothef factor affectﬁng the relative permeabilities

t tat has been studied and reported by many authors is the

effect of the interference that one fluid exerts on the

other within the pore space as a result of the difference in

their viscosities. The fact that the sum of (K +K ) is less
than K suggests that the viscosity should have én effect on
reléti&e permeability curves.”, \

Osoba ggigg. (1951) investigated the influence of

factors such asvboundary effects,‘hysteresfs, viscosity-

ratio and flow rate upon relative permeability by using five

different methods of'steady-state relative permeability
measuremeﬁt. They concludedi;hat the viscosity ratio had no
effect oﬁwthe reiétive permeability. .They also Xoncluded
that if the boundary effects were mgeimized, nO“effecé of
rate was observed on the measured éEEEtive permeabilities.

They suggested that higher flow rates would minimize the
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boundary effect. o ¥

Scott and Rose (1953) undertook a theoretical
inveseigaticﬁ'of the effect of viscosity on relative
‘permeability. They showed, by replacing portions of the
fluid-fluid interface by a thin impervious wall, that there
would be a eorresponding decrease‘in relative permeability
~upon an increase of the viscosity ratio. |

Paez et al. (1955) investigated the effect of
interfacial tension and pressure gradient on o0il recovery
(in terms of residual oil saturation) and used 7/AP es a
correlating variabie. 'They concluded that both the o
interfacial tension and the pressure differential had an
influence on the total recovery and hence, on the relat1ve
permeability. A similar conclusion ‘'was reached by Warren
ekg Calhoun (1955).

. Sandberg et al. (1958) used rad{oactive trecers to
{measure the saturation during steady- state displacements
conducted for the purpose of measuring relatlve
permeability. They found that the relative permeablllty to
water and oil was a unique function of saturation and
independent of flowlrate. They concluded, as did Osoba et
“al. (1951), that the viscosity ratio did not have any
effect on the relative permeability curves, if the flow rate
is high enough to minimize the boundary effects.

For the oil and water case Russel and Charles (19595
arqued that the presence of a thin.layer of water on the
solid surfaces, analogOUS'tO‘a thin layer of wete; on the

surface of a pipe, acts as a "lubricant", thus neducing the
X,

X,

™



resistance to flow. This phenonmemonﬁindicates that a
transfer bf viscous forces takes place across the
fluid;fluid interfaces within the pore space.

Odeh f1959) measured relatiie permeabilities, using the
steady-state method, to investiggﬁe‘the effect of viscosity
ratio on the relative permeability curves. He cohcluded
that the viscosity ratio did not have any effect on the
wetting phase relative permeability. He observed that the
viscosity ratio had no effect on the nonwetting phase |
relative permeabilities for sampleé with high absolute
permeability. However, for low absolute permeabiliéies, the
nonwetﬁing phase relative permeability was found to increase
with an increase of the viscosity ratio with a maximum
increase at the lowest nonwetting phase safuration.o This
observation may be explained by the fact that a maximum
capill§ry‘efféct would arise at lower wetting phase
saturations.

Rose (1960) took an interesting approach by‘coqsidering
the fact thatrone fluid passing over another contiguous
immiscible fluid will always impért a motion to the second
-f£luid, He.cbnsidered a model where two phases, fﬁand 2, are
flowing while separated, in part, by a fluid-fluid m
interface, and, in part, By a thin impervious wall;- With
the aid of this model, he was able to show the magnitude of
the "lubrication effect" and concluded that the volumetric
throughput of a fluid Qggpialiy filling”é pore space 1is
sometimes greater than ité‘throughput when it completely

fills the pore space. This condition of increased relative

>



permeability occurs when the saturatiéh of the considered
fluid approaches unity, as long as the contiguous flui%,has
a lower viscosity. He also showed the effect of the
viscosity rétio on the relative permeability resulting from
a nonzero velocity'at the fluid-fluid interfaces.

Huppler (1970) stated that, withlsf&nificant
heterogenities, waterflood results woulq.be sensitive to.
flooding rates. fe recémmended that for cores with large
Lens structures, a better approximation may be obfained by
. performing waterfloods in both longitudinal and-transverse
directions and faking the average. 'To be noted here is that
the heterogeneity may cause perturbations during high flow
rates that would cause viscou5‘fingering and thus could
cause unstable displacement.- ” .

InQ1973, Lefebvre du Prey used macrdscopic digplécement
tests to investigafe the'effgct of viscosity and flow rate
on relative permeaﬁility. He concluded that both yiscoéity
jratio and flow rate affect relative permeability data.
In 1975, Brandner and Slotboom investigated the )
' difficultieé‘in oilflooding heterogeneous cores. They used
.an upward waﬁerfloOé\followed by a downward oilflood over a
range of different velocitges. They found that if the !

sample length is less thaﬁﬁe height of capillary rise,
while vertically;flooding a héterogeqeous core with
nonwetting phase, the fluids would be unable to maintain a
‘préper distribution and, a@s a consequence, theddisplaceqept

‘results may be chaotic,
of

(@
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In 1985, Fulcher et al., while investigating the effect

of cap1llary number, also 1nvestlgated the effect of flow

o ;
permeab111t1es. By. u51ng the

&

rate on two-phase relayﬁ

steady state method for'measurlng relative permeab111t1es,_
they” found no flow rate dependence of the relatlve
permeablllty. | |
In brief it is clear that there are a large. number of
experimental observatlons whlch contradlct one another. »
Rose (1979) contended that none of the researchers have .
conclu51vely demonstrated the dependence or non- dependence
~,of relative permeablllty on the caplllary and viscous
forces. In‘order to make a definit&ve-remark on the
above-mentioried theoretical and experlmental observations,
one may refer to the conclu51ons of Handy and Datta (1966).
%Fhey demonstrated that for. consol1dated porous media the
relative permeabilltles deperid ‘on whether the method uses
1ncremental d1splaceﬁents leadlng to small changes in -
saturatlons or macroscoplc dlsplacements resultlng in larger
saturat;on changes,h Slattery (1974) discussed this same
observatiohaand_demonstrated that an incremental
displacement would normally be a restricted imbibition
dlsplacement which wohld result in the nonwetting"phase'
_be1ng trapped in the larger pores whereas macroscoplc |
dlsplacements of ‘the nonwettlng phase would be free or-
forced imbibié&on‘displacements, which result in it being

2

' . . ‘ 2] . . ’ .
trapped in the smaller pores. A discussion .was carried out

4

‘along similar lines by Lin and Slattery (1982) who argued

] v
that the fraction of the displaced phase trapped and
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'stranded depends on the ratio of the v1sc051ty of the
d1splac1ng phase to that, of the dlsplaced phase and upon the
magnitude of the pressure,gradient. Therefore, the relative
permeabilities measured usihg‘macroscopic’éisplacements
exhibit dependence on both éie viscosity ratio and the’
magnitude of the pressure gradient. However, such a
dependence is not expected.from relative permeabilities

" measured by,the steady-state method, as they are‘carried oﬁt“
under, s0 slow saturation changes thatfthe effects of the-
viscous forces and of the magnitude of the pressure gradlent
upon the saturation history n be neglected with respect to;
those of the interfacial for;}Ex. Alenién—Gomez"_e__t al¥ |
(1984) used this srgument to justify, in retrospect, why
‘researchers (Warren and Calhoun, 1955; Paez et al., 1955;
Lefeere du Prey, 19??), using macroscopic displacements,
foynd that’reiative"permeability depended on the pressure
gradient and the ¥iscosity ratio, whereas others (Osoba et
al.,1951; Sandberg et al., 1958), u51ng 1ncremental ) fﬁ
displacements, concluded that the viscosity ratio. or the | ‘“
pressure gradlent did not have any effect on the relaflve
permeabilities. This comment is also valid for the recent
study of Fulcher et al. (1985), who found no‘dependehce of
‘relative permeability on flow rates by using steady-state

"method.
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2.2 LABORATORY DETERMINATION OF RELATIVE PERMﬁABILITg. .

The methods available for the measurement of relative
permeabilities can be divided into two broad categories:
steadyestate.and'unsteady—state.techniques. o

«
2.2.1 Steady-State Flow Method

Typically, in the steady-state method, two different
fluids are 1njected thubtaneously at fixed and known flow
rates: when 1nflow equals outflow and/or the pressure drop,
across the core reaches a constant value, gsteady- state is
aseuned to be attained. It should be noted that the
attainment of‘steady—State flo#ﬁmay take a long time,
depending on the method#used | Once steady-state is reached,
if the flow rate for each phase is knovn along with the
‘pressure drop across ‘the core, one may use Darcy's law for
each phase and thus obtainlrelative permeability values for
each phase at that particuzar‘saturation. " The saturation,
in turn, may be determined by different methods} e}g.,‘ |
direct weighing, X4rax absorption, electric-resistivity
measurement, or the use of a volumetric balance on the
. flu1ds pa551ng through the corés. Within this overalli
descrlgtlon of the method, a large number of different
technlques have been reported These’techniques differ from
‘one another in the manner in which the boundary or end
effect is minimized ané-ln the manner»ln which the two,
flu1dsﬁare introduced into the core.. Scheidegger (1974) has

%Q’dlscussed 1n detail the relative mer1ts of each method.
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"Thelsteady—state method uses the fewest assumptions in
determining the relatlve permeablllty gurves, Consequently,
1t has become general practlce to use this’ method as the
standard agalnst which all other technlques are compared.

Howewer, this method is time consuming and may take
over a week, depending on the technique used, to establish’
steady state. Apart from being time consumlng, steady- state

——

' methods may not be appl1cable to systems where saturations

change with time and show spat1al gradlents (Rose, 1968)

L
S,

et

Unfortunately,_ln most field situations the displacement is ¥
dynamic and thus'the\application of‘steady—State'relative

, permeabilities to describe unsteady—state flow. behaviour is
qdestionable from the conceptual peint‘of view. In this
regard, it should be noted that many researchers have foumd
dlsagreement between unsteady™ ‘state and steadyfstate

relatlve permeabilities (Klmbler and Caudle, 1957; Schneider
and Owens,‘1970 Archer and Wong,v1973). This confu51on as

]
to what extent steady-state relatlve permeabllltles are

applicable a system where, truly speakxng, only

) ,unSteady—s‘ dlsplacement is taking place was not resolved
‘g@iil the recent study by Alemaanemez.et al. (1984). With
‘the'aid of their structural modei deriwed hy volume_'.
"aVeraging of the:flow eduations;~they demonstrated that
there should be a con51derable dlfference between
steady-state and unsteady state relatlve permeab111t1es if
the local capillary number~;s large. As a consequence, as

the local capitlary number would be the largest in the

immediate vicinity of the displacement front,‘even if the
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interfacial tension is veéry small or the pressure gradient
is very large, one should employ only the unsteady state
relative- permeabllltles in the meedlate v1c1n1ty of the
dlsplacement front. They also commented that, if a /
dlscrepancy between steady-state and unsteady-state relak e
permeabilities were not observed by a certain experiment,%\t
was most probably because of the fact that the o

unsteady-state method was “not capable of measurlng truly

unsteady stite relative permeabilities.

. 2.2.2 Unsteady-State Flow Me thod

This method is often called the external drive method.
It 1nvolves displacing one phase by another and calcul@tlng
the relative permeablllty from the produced flu1d ratlos
| , Welge (1952) used the Buckley-Leverett (1942) frontal
advance equatlon to develop a method to compute thegaverage
saturation and hence the oil recovery. His aim was actually
to find out fluid recovery once the relative permeablllty
curves were avallable. In other words, if the fractlonal
recovery of one fluid phase is known,ythe ratio of relative
permeabilities might be obtained from the above mentioned
method. Johnson'et al. (1959) extended the pioneer work of
Welge to permit calculation of the individual_relative
permeabilities.v This method has the advantaoe of being very
fast as it takes only a few hours to obtain the_same
information as that“of the steady-state method.

A great deal of work has been done to check if the

unsteady state method can reproduce the results of the" .

A
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steadnytate methods. Most of the results seem to confirm -
that the unsteady—state.method gives the same results as the
steady state techn1ques. However, as already discussed,

some of the experlments are found to be. exceptlons to the
above observation (Owens et al., 1965; Schneider and Owens,
1970; Archer and Wong, 1973). '

The external drive meﬁhb@bis'based on the assumption
that Buckley-Leverett (1942ﬁ theory is valid. This requi:es
that the displacements used for measur;ngjrelative
permeability curves be st:bilized and one dimen;ional
(pressure and saturatlon unlform in any crogs sectlon)
Moreover, a Lagranglan formulation of the flu1d dlsplacement
problem must be permissible. These limitations eliminate

‘the possibility of applying the external drive me{hod to
dlsplacement processes .where the flow is either unstablblzed
or unstable, or where the experlmental saturat1on proflles
are not monotonlca(Bentsen and Saeedi, 1981).

The only experimental method proposed so far.to
determine unsteady-state relative permeabilities is that- of
Johnéon—Bossler—Naumaﬂn (JBN). Unfortﬁnately, tbish
technique-estfﬁates the‘relative permeabilities at
saturations correspondinggto those pertaining at the outlet.
face of'a'one dimensional flow system and, as Aleman-Gomez
et al. (1984) have pointed out, the dispiaoement front
coincides Qith_the.outlet face only at one point inTtime.
Aleman-Gomez et al. * (1984) have also shown that the "s
.relative permeabilities measured by the JBN methoq‘v

correspond tossmall values of the local capillary number and

r

{

)

.
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thus are indistinguishable from those measured by the
steady-state flow method, unless the core is subjected to an
unusually large pressure gradient. Unfortunately, such a

! s A . :
large pressure gradient might cause instability in the

system and a Lagrangian formulation would not be'possible;

‘hence, the JBN method can no longer be applied. -Rose (1979)

compared the applxcat1on of the Buckley Leverett “equation to
a situation where v1scous fingering prevalls to applying -
Nav1er-Stokesgequatlons to turbulent flow. This makes the
pplication ofitheaQBN‘meﬁhod to measurefunsteadyqstate
elative'permeability questionable. I
Archer and Wong (1973) reported that as the JBﬁ—method'”
uses :the water breakthrough as an 1mportant factor the
calculated relatlve permeabllltles will not. represent the
properties of the bulk of the core sample and anomalous

relat1Ve permeabllltles would result, 1f the breakthrough

time observed is somewhat earlier than that of the actual

.

main front. Anomalous relatlve permeablllty curves were

also observed® for cores with intermediate wettability. This
same observation was reconfirmed by Sigmund and McCaffery

(1979). . - I " ° :

2.2. 3 Improved Unsteady State Flow Method
' In order to avoid hav1ng strangely shaped relative
permeability curves, Archer and Wong (1973) proposed the use

of a reserv01r s1mulator to obtain relatlve permeablllty

curves from a laboratory experiment. This approach has' also ¢

been used, in a modlfled form, by Slgmund and McCaffery .
. /‘_‘““ g .
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(1979). This method eliminates.the possibiliby of having
strangely shaped relative permeability curves as obtained
from the JBN-method The numerical reserv01r simulator is
used to match the product1on data, using a history matchlzg
technique. It involves assuming a éét of relatlve
permeability curves (that might be the ones oriéinally
| calculated by the JBN method) and matchlng the observed
production and pressure data with that generated by solution
of the finite difference appro matlons to the
Buckle;—Leverett equatlons. The new set of relatlve
permeabilities are such that the difference between the
- observed and.oalculated production and pressure data is -
minimized. ‘ |

Unfortunately, history matching-is not necessarily
unidue. Therefore, the fact that the shape of the relative
permeability curves ls reasonable would not necessarily |
confirm that the new set of relative permeabilities obtained
with the aid of a reservoir 51mu1ator truly represents the
flow phenomena. Furthermore, this method will give resgults.
different from those of the JBN method only in cases of
%ntermediate wettability or heterogeneous format@ons.
dence; all the shortcomings of the JBN method would also be
applicable to this method, except in a few cases nhere
having strangely shaped relatlve”permeability curves may be

avoided by this method. - »
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2.2;4‘Dynamic Method ’
As has already been pointed out, the theory, upon which

the external drive methods for measuring unsteady-state

‘relative permeability is based, requires that the flow 8 .

velocity be constant at all the cross sections of the linear
porous body. Therefore, there 1s a need to devel%pia new . ~
technique to measure the relative permeabilities‘in a truly
dynamic system under all flow conditions. In this context,
Rose (1968) argued that the only valid way of dealing with
the displacement process would be to observe saturations
‘simultaneously and contlnuously as a function of time and
space. Then,.he suggested that the so-called dynamic
relative permeability functions (of Saturation{ be deducea
by solving the Buckley-Leverett equation along uith the

capillary function (of saturation) simultaneously. But,

e once agaln, "as the Buckley- Leverett equation is not

appl1cable for situations where viscous fingers occur

(unstable displacement) or where the capiliary forces are '

dominant over v.i-scous forces, the only optlon left is to use
directly the differentxal form ofs Darcy's equation in

~

two phase flow by using an averaged form of the fractlomal

\.

flow curve as-determined from the saturation profiles. This
exp101tation of the saturation profiles would,. therefore, )
allow one to obtain relatlve permeability data with the most
reliable theoretical ba51s. In brief, this method will
require‘the saturation profiles together with the pregsure"?

!

profile along the length of the core.



26

2.3 SATURATION MEASUREMENT }ECHNIQUES

. The ability to measure the saturation contained in an
elemental volume is~not‘a“réqent innovation.” Since the
early work of Wyckofffand Bstset (1936) many methods for
measuring in—s}tu or global saturation-.in a sample core have
been ptoposed‘ Among these, the following methods haQe

gained popularity in different periods of time.

2.3.1 Resistivity Technique

This technique was first used for measuring the
01l/water saturation of a porous sample by Wyckoff and
‘Botset (1936). They utilized the difference 'in brine and
hydrocarbon re51st1v1ty to determine tﬂg saturation at»
various flow conditions This technique involves developing
a conductivity saturation curve for each system. The use of
brine instead of pure water is necessary to render the water
conductive. ‘Leverett (1939) used the same technique to
study the effect of‘flow rate andﬁviscosity on the relative
permeability curves. Levine (1954) used the resistivity
technigue to measure the saturation distribution and
velocity of each of the two flowing phases. The, resistivity
tethnique was also used by Perkins (1957) who used a
constant viscosity ratlo in order to measure ‘saturation
profiles at high and low flow rates. Bail and Marsden
_(1957) used the same technique to measure the saturation

profiles during the displacement of oil by brine in a system

where a residual brine saturation was initially present.
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?his is one of the oldest methods used for determining
in-situ saturations in a porous sample. This method
requires that the distilled water be replaced by'brine, but
no toreign material has to be a?ded to the water-oil system.
However, the major éroblem with this .technique is that the
saturations estimated by this method are a kind of
“integrated average between two fixed points (containing
electrodes). Increasing the. number of electrodes would
cause interference’ between adjacent electrodes and the

.estimated saturatlon values will not represent truly local
saturations, and still a continuous saturation profile would
remain“beyond question. Moreover, this tecHhique is

tcpmbersome to use.

2.3.2 Optieal Methods

Problems associated with the resistivity technique

_called for, a more advanced technigue. The opticeL method 1is

one such method One of the first applications of optlcal
methods to measure the saturation proflle was undertaken by
Steber and Marsden (1956). They suggested a method based on
matched refractlve indices.

Hagoort (1974), with a view to studying the
d{splécement staﬂility of the water-drive proeess, measured
saturation'profiles in a water-wet cjpnate water bearing
resetvoir model. He used a transparent flow model with
matched reftactive indices of fluids and pbrous material,
thus enabllng a photometric measurement ofﬁlocal flu1d

saturations. Thls photometric method 1nyolved mak1ng use of
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the transparency of the model and the light absorption
properties of the fluids. » This required an addition of 1%
(by weight ) cdgait—chlqride to the water phase to colour it
blue. As the oil phase showed no absorption, it was
pqssible to find the water -saturation along the length of
the core. He used different flow rates to study the
stabilty of the displacement process but dld not report any
saturation profiles for‘the situations when the displacement °

was believed to be unstable. ' A

This method overcomes the problem of having estimated
saturations only at discrete points, as in the resistivity
”technique,'éﬁd successfully generates continuous saturation
prefiles along:the length of the core. However, this method '~
involves doping one of the fluids with a foreign substance
and, therefore, the fluid characterstics might be chahged.

oreover, the reported saturation prefiles as calculated by

this technigue are not of high quality.

2.3.3 X—rey Absorption Method

This method‘célls for using the X-ray absorption
property of aqueous solutions: ‘MOrgan'gg al. (1950) were
among the  first to use the X-ray absorption method to
measure the saturation profile along the length of a core.
The methoc involvee measuring continuously the intensities
of the signals from an X-ray tube.at the inpgt and of tpe
beam after it has passed through the core under test.' As
the intensity of the X-ray beam that is transmitted by the

_core is related to the saturation of the agueous solution,
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by knowing the output in;ensity one can calculate the
saturation of the aqueous phase. This technique was used
later on by Lipson (1951) who showed that the satyrations,

measured .by X-ray absorpt1on method age not
single-valued and show some hysteresis effects. Geffen and
Gladfelter (1952) used this same technique and showed that
for all\ggses the X-ray method gives single valued
saturatig;s and no hysteresis was observed.

This method gives results clearly superior to those of
resistivity'or optical methods but still the saturation data
are not accurate enough to give quantltatlve estimations of
the saturation (Morgan et al., 1950), as-the reproduction of

ative permeablllty was fiot possible with the

saturatio est1mated by this method. This method involves

I

using X-rays at, in themselves, are not safe to use.

Moreover, for X-rays to be effective, the water has to be
doped with Sodium Iodide or Iodo-Benzene has to be added to

the liquid hydrocarbons. T

2.,3.4 M1crowave Attenuat1on Technique

Because of the unreliability of the data, and because
of the need to add foreign material to the fluids, there was
‘a need to develop a method for measuring.saturations which
did not suffer these defects. The microwave attenuation
technique overcomes these difficulties and generates a
conﬁinuous saturation profile along the length of the core.

Parsons (1875) was the first researcher to report having

used th% selective absorption of electromagnetic radiation.
- | ‘

£
ar
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:éppearéd in the literature. Parsons and Jones (1977) dsedlﬁfﬁ;
‘this technique to measure saturation profiles in micella:’w

flooding in order to develop the concept of linear acalifng.

" measure a series of saturation profiles with different

30
x

He chose microwaves at a fixed frequéncy of 21.2 GHz at ™

which frequency the microwaves are strongly absorbed by ‘
water, and'negligibly by the hydrocarbons used for the
displacement tests. He presented saturation prafiles that

were superior in quality to any previously published. These

saturation profiles were very similar.to those one would ‘ ‘J
egpect from a Buckley-Leverett type displacement. Once the ‘g
superiority of this method was recognifed, other studies "E
reporting the use of the microwa;e'att;nuation technique m;f@

§ 1 e O
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So far, none of these studies reported a comparison of

measuted saturation profiles with those obtained

'theogetécally (by solving the continuity and flow equations

including the capillary.term). Bentsen and Saeedi (1981)
repo;ted the use of the microwave attenuation technique to

. S . L
viscosity ratios (uy/m,) ranging from 1.22 to 73.33. They

considered flow rate as a parameter too, and‘!or the first

time’, they compared the experimental saturatiof} profiles

 with the theoretical ones. The, agreement between the two

was quite good. Most importantly, they also reported that

at very high flow rates, when the viscous forces are

. completely dominant, and at verj slow flow rates, when the

¢abillary forces are'completely dominant, the saturation

profiles deviate considerably from standard Buckley-Leverett

.

profiles. They also showed some saturation profiles at flow
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rates belleved to be unstable according to a criterion
obtained later on by Bentsen (1985a) While they
successfully demonstrated the differehbe between saﬁ&%ation
brofiles obtained during uhstabiliéed, stabilized and -
stable, and unstable displacements, the-data aquisition
technique not being auﬁomated they could not use the
‘saturation proflles fo? any further analy51s: e.g., -
celculatlng fractlenal flow at any p01nt. As a consequence,
“they could not explain in terms of felatlve permeablllty why
~differences in saturation profiles should arise in dlfferent
- flow regimes. Moreover, one’ “of the major difficulties of
this study was’that the saturetlon pgoflle was unmeasurable
for 'a water seturation above 60%, p:imariiy because the

input power of the microwave was lirited to only 6mw and the

'thicknesS of the core was relatively high.

1
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''3. STATEMENT OF THE PROBLEM
* b
‘ :
As the l1terature ;ev1ew in the previous chapter
revealed, there is not a single technique that 1s capable of
estimating the effectiwug water and oil permeabilities during
unstable or unstablllzed dlsplacement. In past years, there
has been much effort spent on 1nvest1gat1ng the impact of
viscosity, flow rate and interfacial tension separately.
Unfortunately, none of these factors form any scaling group
alene that would govern the flow regime in a displacement
test. Therefore, there has been a consistent lack of
uﬁderstanding of how'effective permeabilities would vary
with the variatioayof capillary or viscous fo:eee.’ It is,
therefore, of interest to investigate the effect of fleQ
regime as dictated by the instability number or cepillary'
number. | |
As all the currently avallable technlques For measur1ng'
effectlve permeabllltles are appllcable onlgﬁln steady state
&or stable and stabilized d1sp1acements, a new.technlque
capable of measuring effeetive'permeabilitfes during
unstable or unstabilized displacement needs to be.deviSed
The present study attempts to devise such a method and
thereby investigate the 1mpact of different flow reglmes on
the effective permeabilities. Special attention is focused. -
on the effective permeabilitiesvdering unstable

displacement, as most of the field didplacements are

- believed to be unstable and, in order o apply the effective

32
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permeabilities to the field calculationé, one should have a
better understanding of the nature of the efféctive

permeability curves when the displacement is unstable.

~. kK



4.1 IMMISCIBLE DISPLACEMENT THEORY

4; THEORY

(s

4.1.1 Basic Motion Equation
If a is the angle measured between the positive z
direction (the.diréction of flow) and the vertfcal‘taken'in-

A . .
the downward direction, then the force potential may be

~written as(Hubbert, 1956; Bentsen, 1985a):

P+PC
: ap -~ . :
$® = -gzcosa *+ .. L, — S (4.1)
‘ P -
Pb‘ B a
I1f one is méa3uring préssures in the water, then it is @

Y

necessary_to-assume'that the fluids are being injecﬁed on

the watef‘side of the interf
g ) o] ‘ ; w ) ,
( ) ' _ ' dp : .
) . = -gzcosa + . - (4.2)

P'b.

k-4

'%% ‘ N ) Y - -
1f it can be assumed that p, is independent of pressure,

then

- (@w)» = 'géCOSa'+ P %p (4.3)

w pw

Qv

N/
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1f the porous media is water wet, then

]

7
]
1}
o
]
)

c o) w
Hence,
PO=PW+PC
(), - =
Qo y = -gzcosa * .
: o}
Po=Pp .
Py=Py, PO=PQ+PC
' ap . | dp
= -gzcoBa t ) — *+. —
Po- Po
‘ p_ =P P _=P
oy o b oW

If Py = constant,

a - P - P p
, o w b
(?O)'w"' = -gzcosa * +

o ) .

Py v PO

-

Writing Darcy's law for the water phase, -

- 512! EQQW) W
wZ iy, 23z
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(4.5)

(4.6)

(4.7)

(4.8)
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K | 1 3P, :
o - 2wPv [ _geosa ¥+ — —* (4.9)
uw pw 0z
" K ap —~-
= - X [ -gp,cosa * —¥ ] . (4.10)
T Hy, 0z
¥
As,
?
/
. qQ, = Vyg ‘A= f,Q (4.11)
'~ one obtains, |
. KA _ 0P ST ' :
fw = - ¥_ [ —¥ - gp, COSsa ] o (4.012)
; u,q 3z ' '
¢
or,
ﬁ 1N
K . = - byfy a/a (4.13)
IR opP,, '
. —H - cosa :
9z 3Py ' . ”
| .
Q) ot
. . N '
Similarly,
J _ : - B
 K.p. 3l® , - ' .
Ve, = -_Q__Q__(_0)W . (4.12)
09z '

Ko
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K ' 1 0P 1 op '
= - —Q£§ [ -gcosa + — —L + — —£ ] (4.15)
Mo : Po 02 po 02 '
K.~ oP oP
= - 2 [ -gp,cosa + —¥ o+ —C ] (4.16)
u .02 0z
. Ho
{) - \
As, B
w - I |
Ay = Vegp'h = Q- fg ) (4.17)
\\\ a
. \
‘ i \
{'/ \\
o \
one obtains, N
" KA _ 0P %ﬁ aP_ ‘
fy - = -2 [ —¥ - gpcosa ¥ —£ ] (4.18)
. i [J,oq 0z L R R pA
. Y .
L
> ;.
Y ;( i 4}
Taking P_ as function of saturatjon alone,* N
. , vt ! ;
3P ap_ 23S vl
c . %c %Pu ~ (2.19)
9z dSw 0z PR
. .
o K
Therefore, one obtains, .. ) ;
KA _ oP ap_ 3s |
fO = = ﬁ-—f r - ngCOSa + -d—S'£ S—W ] (4.20)
z < z :
. Ko v \
4 4y
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Ky = - 0 9 + q/A : (4.21)
2P, dp_ oS,
—¥ gcosa + —& —¥
3z °© as, 2z

For saturations greater»thah the floodfront. saturation,
25,/02 is small. Moreover, dpP_/ds, will also be small. As
a consequence, the product (dP /dS ) (23S /az) may be

neglected, provided this condition is met.

4.1.2 Fractional Flow Equation

‘One‘ofkthe‘major difficulties associated with
experimentally'determinihg the relative permeability curves
?15 tﬁ;t it i's extremely difficult to measure dlrectly the
fractlo\‘of a particular phase wh1ch is flow1ng at a g1ven
cross section of the core. However, this dlfflculty can be
eased if a saturation profile aleng the length &f_the core
is.available. In this respect, two{approéches can be taken:
the Lagrangien approach and the Eulerian approach.

If the Lagréngian approach is teken, one starts with
the Lagrangian form of the continuity equaéion (Bentsen,
1876),1.e.,

L Bk(s, 1) 3E,(S,7)

= — N (4.22)
or 0S ‘ .

A

By integrating Equetion 4,22 for a specific saturation,
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. * T L. ¢ .
" . of
£(S,7)ds = —¥ d47-ds : (4.23)
3s
‘.oor,
E s* \ s* ¢ :
- of )
£(S,r) 4s = —¥ 3r ds- (4.24) .
0 0 3s .

At this point if (3£ /dS) is well behaved, th?\order of

integration may be changed and one obtains,

o s* . : r s* ;
of
' S £(s,r) ds =S S —¥ 43s dr (4.25)
aS .
0
T ” _
=j [ fw(S*,T) - £,00,7) 1 dr  (4.26)

As fw(O,T)-= 0, it follows that

vS* T
( £(S,7) 4s
Y0 0

1
[ S

£ (s*,r) ar = Q,(S

w , T (4.2%)

Thus Qw(S*,r)xmay,be obtained by integrating the afep'under

LS
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the saturation profile at a specific t%me, the integral
being;evaluated between 0 and S*. If Qw(S*,r) is evalQated
at a number of different‘timesz it becomes possible to plot
Qw(s*,r) versus 7. If such data is curve fitted, then
fw(S*,r) may be estimated by differentiating with respect to
7, the model equation used to fit Qw(S*,r), | |

when applying this approach, the pressure has to be
known at many pofnts along the length of thé core,
Unfortunately, the pressures were known only at seven points
along the length of the core and a curve fit of these points
“to obtain a continuous profile did not giye satisfactory
results when slopes were calculated from the curve fit. As
a conseguence a differehg approach, namely the Euleriéh.
approach, wa§ taken. This aéproach requires the slope of
the preésure profile at local points only and such a slope
could be estimated by using linear interpolation between two
adjacent known ptessures. For this approach, one has to
start from the Eulerian form of the continuity equation

(Bentsen, 1976), i.e.,

¢l

of - 9S ‘
—Y(g, 1) = - — {¢,7) . (4.28)
ofF . or »

1

By integrating this equation‘at some specific point in”time,

say r¥, one may obtain a relationship between the fraction
fiowing at a particular location in the éore, say {*, and
the‘area_under the saturation pfofile between £=0 and E=£*

as follows. =
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#

e , *
For some specific tiaéy say, T ,

of of
daf. = —¥ dt + ¥ dr (4.29)
v LXK or .
N\
of .
= —¥ d¢ \ (4.30)
of :

: ' *
As r has been assumed constant at r=7 , one has

W o W _ (4.31)
ot dg
y
<o
Using 4.28 and 4.29 one obtains,
3s ) '
dfw(E,r*) = - ——‘{?,r*) at (4.32)
oT : .
or,
* *
Edf (s as (4.33)

IfJS(E,r*) is continuous then the order of integration and

differentiation may be interchanged, i.e., \\\J/

4
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£r
e (kX e*) - £.(0,7%) = - 2 S(¢,r*) dt (4.34)
;W‘E 1T w a B dr ’ )
: . ,
In as much as w(O,T*) = 1, it follows that
| i
£(£%,r%) - 1 = -—| s(&,r%) at (4.35)
w \ or
\ i .
or, |
. E*E
% * 9 | *
£ (£, 1) = — S S(e,7%) at (4.36)
- or ! .
0
Integrating . t¢h sides, “
) ;
,
j f (%, m)dr = (4.37)
0
or,
j £ (6%, ar.= o (k*,7*) = j s(¢,r*) ar  (4.38)
0 . _ . ‘ .
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Thus QO(E*,r*) may be obtained by integratiné the area under
the saturation profile at a specific time, the integral
belng taken up to the same point mq\igigé/EQery time. Once~
Q5 (E *) is obtained as a function of time for a given
point, a curve of cumulative oil production is obtained as a
funcéion of time. By taking the slope of this curve, one
may pbtain the%go(f*,r*) value q} any particuiar time,

This approach has some praétical problems such as
taking slopes of experimentgl data. However, this problem
?ay be resolved by curve fitting the recovery data. As this
approach does not need a continuous pressure proflle it was
used for the present study

An expample of the calculatlon of the eTTectlve

permeabilities is discussed in the Appendix A,
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4.2 MICROWAVE TﬁEORY

Electromagnetic radiation is called microwave radiation
when the‘frequeqcy }anges from 4,10* Hz to 4.10“ Hz.
Understanding the laws governing micrpwave behaviour of any
material is important in using this technique for measuring
saturation profiles. 'If materials are classified in terms

>
of interactions with .microwaves, one would have the
-

following basic types of materials: .
| (1)\§6nduct6rs
(2) Insulators
'(3) Dielectrics
Conductors are those materials that reflect microwéves;
thus, they may be used to contain and guide the microﬁaves.
Insulators are those materials that transmit microwaves
without any appreciable loss of power; i.e., microwaves can
travel acrosé;them'without losing their strength.
Dielecérics'are thdSeLEaterials that absorb microwaves;
i.e., once they are exposed to the path of microwaves only a

small part of them can cross the mategial. However not all

. . . . { o -¥ . .
dielectrics absorb microwaves in the .S4Pe proportion, and in

L order to spredict the absorption, one may describe them in
R 3 ‘ ‘ '
%fterms of either diele

- ctric or optical phenomena. However,
as the materials>being dealt with are.non-magnetic, this
discussion will be limited to the electric field-medium

interactions.



“4.,2.1 b{;lectr1c Propertles o .
i) :
Whe

a materlal is placed in a static electrlc field, a

-
N

redistribution of electric charges in the field occurs.

This polarization, partial or total, may beuéauaed by
several simultaneous effects: | |

(1) The tefaﬁiQe,diéplacement‘of the negative electron
cloud andnthe positibe nucleus. |

(2) Dlsplacement of atoms or ions.

(3) Aligement with the f1eld by molecules with permanent
dipoles. ] ' ) : '..

,’; (4) An interfacial phenomenon in emulsions.

Once polarlzatlon occurs,,lf the external field is
removed, the polarlzatlon effect would return to its normal
state. Howeyer, the time required to return to,the normal
state, often called the relaxation timéﬁ may be very short
or'veryblong depending;on_the nature of the electric field
" involved. For instanhe, relaxation time would be very short
for small displacements and high electron mobility
However, molecular dlpole relaxation times would be

‘ felatlvely 1onger ‘because of the ‘separation of charges ‘and

the local retardation of molecular_reoglentatlon.

. y
Now, if the electfic_ﬁieid is alternating, i.e:, e»@%-
external field,is. applied and femoved”alternately with a
ertaln frequency, the electrlc charges would be set into
alternatlng polarlzat1on and relaxatlon. As is known, an
‘ekectromagnetlc radiation is_an alternatlng field, and thus,
would set the electron field. 1nto oscillation. However, the,
frequency of the electron field that;is put in osci;lation .

/
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and that of the electromagnetic wave may not match and may
differ by some phase angle, 5. Therefore; at any time, |
1nstantaneous field strength and electric dlsplacement may

be defined by: » ’

.cos2mft - R (4.39)

*

D =D -cos(2rft-5) ' " (4.40)

The displacement and the electric fiegld strength would be in’

phase if 6=0. In order to compere the.dispiacement with the
electric field strength the concept of dielectric constant -
is introduced Dielectric constant is.. deflned by e = D/E
when 6=0. However, when & # 0, 1/e when the Drand E‘

vectors . are not collnear, the dlelectrlc constant is

‘considered in two parts The flrst part

¥ / 3
/f !
D cos$ / Co ' A
e' = SHax - ! . (4.41)
Emax

represents the normal dielectric constant, or the

‘proportionality constant, between E;éx and the component of

| Dmax\that is in phase with the field. The other part,

o
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Q
/ : . "
D sinéd , L _ .
e'' = -Max —_ , T4.42)
Emax ' '
:w
" .-

represeﬁts the loss factor, uhich‘is‘essentially the ratio
of the 90° out of phase part‘of_Dmax to Ep,4- As one can
see, these two terms, e' and'e", may be considered\as real
and 1mag1nary parts. of the dlelectrlc constant. These
constants may be measured experimentally and are functions
of the materlal the env1ronment and. the f1eld frequency.
~As a moving or osc1llat1ng charge is an electrlc

current, if the d1electr1c molecules behave like a perfect

4 :
'capacitor, the dlsplacement current would always follow the"

field and’e'' would be zero and hence the mater1a1 would be
transparent to the rad1atloni' Therefore, only the "
out-of-phase part of the  displacement current contributes to
energy that is absorbed and'ultimately dissipatedbas heaq?
In the microwave frequency range "dipole relaxatlon,'as
egplalned earl1er, is malnly respon51ble for the energy =
absorbing process. For dipolar materlals, the dielectric
constant would be dependent onithe frequency as can be.
'predk§§ed from the express1on for the twg Parts of the
'dlelectrlc constant. Flgure 4. shows thls dependence of;~
both parts of d1electr1c constants on the frequency of a P
dipolar llgUld u As one can see in this flgure, at very low

frequencies,: the dipol allgnment occurs at the same

frequency as the f1eld oscillations and therefore €''=0 and
e'=eo; the static value. In the 1ntefmed1ate range of

RS

¥
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'l .
w

fregquency, thege is a frequency banérwhere the dipoles
cannot keep in step with the field, and thus the loss
factor, e¢'', is a bell-shaped curve that can be
characterized by a singie relaxatioﬁ time, t, associated
;ith the e'' peak. At very high frequencies, the field
changes so fapiﬂly with respect to the dipole's ability to
keep in stép that the dipole orientations practically become
random ahd thus do not contribute to a displacement current.
Once again €'' becomes 0 but €', on then%ther hand; remains
at the optical dielectric constant e,, which is different

4from €0.

4.2.2 Optical Properfies’# | ‘ o,
If a medium is suchaghat it absorbs electromagnetic
radiation, while the electromagnetic radiation travels .
'thrqugh this medium, the maximum electric strength o
diminishes with distance. The instantaneous field strength
can be represented as a function of time and éositioﬁ in

terms of optical properties by the following relationship:

2rfkx

. nx '
E(x,t) = Ei)exp[ - % -] expl i27f(t - —)1 (4.43)
. DA . c
where,
E(x,t) = electric field strength after travelling
a distance, X.
‘E; = maximum electric field strength of the

i
incident radiation, i.e., at x=0.
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In the ahove expression, the first exponential term accounts

for the .absorption of energy as radiation passes through the

medium, Therefore, it contains the extinction coefficient,

e

k. The second exporfential term accounts for the 51nuso1da1

o

yariation of the field with time. The above equation can be

simplified by using a complex index of refrathGn‘which is
o :‘ . )

T

g

o . %
n* = n - ik | . : ) (4.44)7
For a non-negative insulator, the velocity of propagation is
given by , - , *

fo = c/e' = c/n . (a.85)

.The above equation leads to

e* = N*r - o | o (4.46)

1

where e¢¥ = ¢' -~ ie'' is the complex dielectric constant.
This equation leads to the following relations among

physically measurable guantities,
a5,
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(4.47)

and,

e'' = 2nk (4.48)

4,
s

‘Both of these parameters are thus measurable as dielectric
or optical properties. [ A more détailed derivatipn of the
above may be found in Parsons' (1975) ]

| ~ The Lambert absorption law is‘obtaineé by applying
Equation (4.43) to the change in inté%sity of the radiation
’updn'péssing through'Some material. It states tﬂagl for
hdmdgeneous, multicomponent mixtures, é}ch molgpulevu
contributes to the wave attenuation as if the other
mblécUles were not présenﬁ. .Therefore, when thé gbsorption
,a?iiity of one spedies‘is much larger than the others ( ‘much
larger extinction“goefficient), then the total absorption in
‘a sample is a direct function of the number of those
‘molecules in the path of the electrqmagnefic radiation.

Thus, the Beer-Lambert law states that:

I

X = exp(-K.Ch) o (4.49)
I 0 a . & ) ¢ A%
) S
where, o
I, = radiation intensity leaving the samble.
1, = radiation intensity entering the sample.
“ -
and *+ - ' ’ ’ 7
K, = molar absorption coefficient o

-~
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However, if more than one compenent iglthe mixture absorbs
radiation, this law states that the absorbanceVWOﬁld be
additive,  ‘ | | |
’ " Besides é»bsorption phenomena, the microwaves are
subject to the usual optical laws of reflection, refraction,
diffraction, etc. Howeyer,“as the mic;owaves.héve wave
~lengths relatively longer than ordinary light, it happens
vfhat the particle size of the components of the currently
used experiments (-'sand gfains; oil droplets, water
droplets, micro—emulgions, etc. ) are smaller than the wave
length(approximately 1 cm for 27 GHz), and thus the

compoéite medium appears homogeneous in the "sight" of the

microwaves.

4.2.3 Physical‘Prdpefties of Materials

At microwave frequencies, most of the solids and éases
haye a negligible ldss factor. It turns out that, even
though some gas molecules have permanent dipoles, their low
density may cause an insignificant absorption. On the other

hand, the loss factor varies greatly Yor pure liquids.

The magnitude of the loss factor depends not only on

™

i . "
the molecular structure of thé>medium but al'so on the

temperature. For water, dissolved salt content™may cause a

significant change also in the loss factor. These
are depicted in Figures 4.2 and 4.3. However, the eff
dissolved salt content in water is second order. As can b

seen in Figures 4.2 and 4.3, a majority of crude oil

molecules are nonpolar and show extremely small microwave

3
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losses.,

For the present study, a frequency of 27 GHz was chosen
for the microwaves. At this frequency range, water has
about the maximum loss factor. Thus, as the microwave - )
travels across a mixture of water and oil, the water's lo;s
factor o&ershadows that of oil and the o0il may be considered
"transparent” to the microwaves. Therefore, the loss of
energy may be attributed primaril;ito the water and partly

to the core-holder material, etc. which are again much more

"transparent" than water.
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4.3 STABILIZATION

Stabilization is achieved for an immiscible
displacement process when fractional fiow‘becomes invariant
_with time, i.e., the shape of the fractional flow cur&e and
the saturation profiles do not change shape with time. The
displacement equation proposeé by Buckley and Leverett is
‘equivalent to the long-time solution of a Lagrangian
formulation of the one-dimensional, immiscible fluid
displacement process (Bentsen, 1978). As already discussed,
theiexternal drive method for determining relative
pefmeabilikies is based on the assumption that the
Buckley—Leyerett equation'is applicable. As a consequence,
before the external drive technigue may be applied,
stabilized flow must be achieved. It has been demonstrated
(Bentsen, 1978) that if the macroscopic capillary number as
defined by the Equation 2.4 is less than 0.01, then the

displacement is essentially stabilized.

4.4 STABILITY

1f we consider two fluids which are initially separated
by a plane interface in a porous medium, the displécement of
‘one of these‘fluids by the othe?tcan take place under two |
completely differént displécement regimes. The first one is
stable displacement during which ajtrénsition region between
these two fluids. will develop as they travel through a
porous medium. Depending on the balance bet&een the
\“vis¢OUS, capillary, and gravity forces and the pore size

distribution, the size and the shape of the transition zone
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ch;

w .
0y

E 4 éﬁmmm e ' ) _. '
ange Convent%pﬂﬁl ohé dlmen51onal 1mmlsc1ble
dlsplacement theory may!Wv :
the saturation proflles when %hé‘d plaégmgp§ is stable. 1f
the displacement is uruly 1de§l the tyﬁ%ﬁlu1ds will continue
to be separated by a sharp froﬂt St saturat1on d1scont1nu1ty
as long as the flow paths ace 1d§£tagﬁﬁt v meygégﬁf

The second type of dlsplacemeﬂﬂ is unstable
displagement. In this kind of dlsplacement the 1nterface
. separating the two fluids becomes unstable causing visceus
fingers to appear. In this case, the heterogeneities in the
'porous medium and the balance between viscous, capillary and
gravity forces will determine the extent of viscous '
fingering. It is expected that the flow behaviour in an
immiscible displacement would vary considerably depending on
whether’the displacement is stable or unstable (Bentsen,
'1985a). That is why it is important to to be able to
predict the boundaryﬁseparatlng stable dlsplacements from
unstable dlsplacements. This boundary was predlcted in the"
present study with the aid of a new theory developed by Lo ﬁ
Bentsen (1985a). This theory suggests that, for rectangular.
shaped systems, théldisplacement will be stable provided thej s

instability number defined by,Equation 4.50 S .

-

v (M_-1-N_) (M_*73+1) 4L, *L 2 S
ISL’ = - 3 . =( + ;‘ ( |/1+ )2 2 y2 (4.50)* J
Kyr %6 M+1) (M, 1 Lx+Ly S

does not exceed w*, Here, ae'represents the pseudo or P

-
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4

effective interfacial tension between the displaced and

displacing fluids. 1In order to estimate o one méy make

e'

~use of a ﬂl&ently developed mechanistic model (Bentsen,
) ‘

1985b) that requires the capillary pressure versus

. W
#dturation curve. ‘Given that such a curve is available o

e
may be obtained from
| A.® (1 -85, -8 " '
o - Ac @ U1 = Sy; - Sop) r (4.51)
€ e/rn

)

where 2/rp, 1 an@ where AL is the area under the capillary
‘pressure versus saturation curve. In order to avoid
integrating experimental data, an imbibition capillary

pressure model of the experimental data may be used,
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4.5 CAPILLARY PRESSURE MODEL

' It 15 usually assumed that caplllary pressure may
expressed as a function of saturation only, as the capilla y

pressure at any ﬂblnt is d1rect1y related to the mean

curvature of the interface, Wthh 1n turn is a functlon of

,,,saturatlon (Leverett; 1941). ‘Melrose (1970) p01nted out

N
that the trapp1ng<mechanlsm for the non-wetting phase durlng

1mb1b1tlon is dlfferggt from that fgp the wetting phase

durlng dralnage ~ This is because, " durlng drainage, the

: wett1ng,phase is trapped in the smalﬁ pores, whereas durlng

1mb1b1t10n the probablllty for the large pores ‘to:-be
ibypassed is .the largest. Even though a dlStlnCt dlfference
in. shape is observed betveen dralnage and” 1mb1b1t1on ’
caplllary pressure curves, .Szabo (1972) argued that the

v

concav1ty of the dralnage cap1llary pressure curvg%at the
max1mum saturatlon is due to the effect of grav1ty on cores
of". f1n1te d1men51ons and is not a characterstlc of the
dra1nage caplllary pressure versus saturatlon relatlonshlp

itself. Therefore, if the grav1ty effect is ne@lected the

e 1mb1@ntlon.and dralnage~cap111ary‘pressure »

Ld be much closer.vv \’.

*w;“l_o date, only emplrlcal models have been proposed for

o desCr1b1ng capbllary pressure as a- functlon of saturatlon

3

.

' h In. order to have a. consrstent cap1llary pressure model

r

;.

i
o

seVeral comdltlons have to be fulfllled (Golaz and Bentsen,

1980) However the task here 13 to obtaln an emplrdcal

T

modelﬁﬁhat is appl1cable to‘an 1mb1b1tlon caplllary pressure

°

'curve.j So far, no effor% has beed undertaken to- derlve ah
: .3
LY N .

¥

.ﬂ‘;": :l" ’ ‘ i " ?



imbibition capillery pressure model. In order to propose
\such a model, it was expected that the model would have a
.similar form to that suggested by Golaz and Bentsen (1980).
However, in order to obtain a better fit to the experlmental

_data, the following form (Bentsen, 1984) dbs_used.

(1-d_)

. ' c . . . .. ‘ . »
P = - EE_(_S_:EQl - __bg_(']-{-_e -—-s)(1 fc) Wn
c 1-d, sf, 0 C b Mass2y
¢+——E———(1+c )(1 de ) ng— ed} fFX
sl . 1-f :

Ln thlS model the Pd term is neglected as this is an

1mb1b1t10n model. For thlS model, th area‘under the . -
caplllary pressure curve is g1ven by

.

(2-£,) (2 £.)

(2-4.) (2—d ) p
. _acleg ? - (1+c.) C»)+ ’bc(f1—e;) e, )
. T (1-a ) (2-a,) ) (1-£0) (2-£.)
. , ., | ( /
b . A : - h f . : ' i
?‘j' i ’ ‘W . ,w . /0 (4.53)
? . (1, ;040 T b eg“'fc> L e
1 dc . ‘ 1-£ c // o . : ;@
4 B a 4

As one can see’ from the above«equatlon, the Only requirement .

-

on this’ caplllary pressure model is thqt ( so that the area

" : ¥ 4
:Aé is finite) f
. o b . .
s dc # 1 . ~
. dc‘¢ 2 ‘ . :
. B s
a K f c # 1 . - Q‘E
. \_ | [
~ . \,' 4 ' oy, {é’ gq% 5
gé? “
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P Sw - S : S :
It should be nojed that S = Wl , because for

T = Sy “Sor
imbibition capillary pressure data, one starts from a water

saturation of S.

wi+ thus the total rangé of water saturation

). For the present study,

-variation s from S ; to (1-5,,

bxlonly the”imbibitién model was used as the dispiécement tests
performed to measure relative permeability data were of the

imbibition type.
~
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5. EXPERIMENTAL SET-UP AND PROCEDURE

. _ﬂ’
For the present study, the instruments may be

classified under the following categories:

© B e
L . ' ’ L 4
u

(1) Microwave instrumentation
(2) Fluid injection system and pressure measuring

devices

(3) Data aquisition, automation and storage equipment.

5.1 MICROWAVE INSTRUMENTATION

The microwave attenuation technique is concéptually
.

simple. It reguires a stable source o¥‘microwavesy,a sample

and a detection system. The different components of this

system are :

A

r’ ) B ) "
. . A N “ -
(a)Klystfon and Power supply: The Klystron supplies a

very stéble, single frequency microwave signal with all

" waves in phase. The microwave generator has a freguency |

range df 26-30 GHz. The generator was oberatedaat a
frequency of '27 %guh The generator can supply a maximum
6ut;ut power‘of 1100 mW. | : o ?
(b) Tuners: Miqrometef plungers in botﬁ ;he electr?gal
and maénetic’planqs fine tune the frequeﬁéy of th ——

generator.

(c) Attenuator: The microwave signal can be reduced to.

‘any desired amount with the attenuator.
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)
(8) Horns: For measuring water saturations a'pyramidalmm

horn with a lens antenna to alter the pattern was

selected. This horn transmits a spherical wave with

‘primary and secondary lobes; however, when a lens is

placed on the mouth of the horn, the spherical wave is
converted to a plane wave if the refractive index and

shape of the lens surfaces are properly chosen.

(e) Sample: A sample of constant thickness was’used. It
'waS'large enough to prevent diffraction effects when

exposed to the microwave beam.

‘E%) Detector: An HP 8484 sensor was used for detecting
.
the microwave energy. A sensitive, th1n film

thermocouple detects the temperature rise caused by the

. . 5 s . o *

conversion of micr@ﬁave energy to heat in the detector
@ ' .

- ‘poine.

#5 3 T o
el
L . - ’ T - ’ ¥ a ; . : X

(é)“Powermﬁﬁer- The sensor or detec@br“electromotive

Pos . g

force is ampﬁlfled to a usable&level and is dlrectly

connected to the powermeter. The powermetet that is

a2

used to measure the attenuated,mlcrowaves is an HP-432C

Whlch is equ1pped w1th a blnary !Uéed dlgltal output
fac111ty. Hence, data can be transmltted dlrectly to a’
digital‘computer, prov1ded an adequate 1nterface 1§

available. L . &;~f'
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>5.2 FLUID INJECfIQN SYSTEM, CQR&khOhDER,PRESSURE GAUGE ,ETC.
A constant-rate Ruska pump was used/ to inject mercury
into a cylinder. As the mercury cylinder was connected to
two cylnders -containing water and 0il, the injected mercury
could be used to displace either water or 011 by 51mply
opening the proper‘valves. The flUld containing cyllnders

were, in turn, connected to the core holder by flexlblewle

tygon tubfng Once agaln, by ch0051ng the proper valve, one.

could inject elther water or 011 into the core holder., At

the entrance of the core ‘holder a Helse Pressure gauge

(range 0 f,ﬁa;pg ) was connected so as to have a

-

ualita the inlet pressure.
q ' : p g&é‘?ﬂ% e

Th oer was fabrlcated from PVC to av01d any
apprecjiab enuatlon of microwave power when mlcrowaves

traveled across 1t The core holder had a constanb

&

rectangular Cross sectlon SO that the thickfess: exposed to
‘mlcrowaves was constant. ‘At the outlet end of the core
holder was attached a small rectangular chamber that enabled
the detectlon of o0il or. water drops as soon as they came out
of the sand-packed core. This chamber was made of

. 4 barent lucite;‘ A s}milar'lucite-cha yer was used at
’thg“‘ inlet end as well to perm1, one tolvie-w ~the fluid
dlstrlbutlon at the beg1nn1ng of each dlsplacement test

The PVC core holder had a thickness of .75 cm. ThlS small

¥
?

'N»thlckness was requlred to decrease the m1crowave attenuation

.

as. the amount of attenuatlon is d1rectly proportlonal to the

thickness of the core holder. ThlS enabled the ‘measurement

i ’ 4

of saturation~profiles,up to a water_saturatronvof 100 %. A .

R
-
’

-
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gﬁﬁater th1ckness may be used in the future as a more
sen51t1ve power meter (HP-436A) has been agquired. Only one

- core holder was used durlng this study. The characterstics

\
oyt

of the core holder are reported 1n Table 6.1.

In order to measure the pressure prof1le along the

;,

length of the core; seven equally spaced transducers were *

o

placed on the core holder. These transducers were
l

especially.made for low ra:'g'e pressure measuremen' Two

sets of transducers were Used (one set wlth a raage of O -
) 12 psia, the other set wpth a range of O - 25 p51a) to
obtain maximal accuracy durlng the pressure@gea&unement

ehﬁ
ngher pressure measurements were not requlred as, the major,.

constra1nt on pressure was due to the de51gn of . %pe core -?;?%
holderd as it could support a max1mum pressure “of onl;ABb
p51a. ‘

Tq}collect the llqu1ds at the outlet end a fractlonal
collector was used It was: equlpped with 10 cc tubes to be

o
able to measure the fractlonal volume of produced flulds

with hlgher acc@cy The fractlonal collector was _
connected to a controller that could be monltoredamanually
: ‘or automatically; The core‘holder was mounted on brackets
‘with wheels. A fractional collector with wheels'wasm
_mechanlcally connﬁced to the cor&holdmo&m ze
the1rﬁnovement Both of these units were driven. on rails by<=vf
PR chaln dr1ve, which was run by a varlable speed d.c. motor.
’ * To be able £6 start a complete scan from tﬂsﬁggme point of
a the core holder, a stopper was fixed on~tth'Ench. 'The _

bracket containiffy the core-holder was automatically

ey 0
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¥

“z
retracted after each saturation scan and was stopped by the
~stopper so as to enable the start of the next scan from the

same point, N

D

The expefimental set-up is sketched in the Figure 5.1.
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5.3 AUTOMATION OF DATA AQUISITION AND STORAGE ‘

Automation involves making the microwave output power
measurement and the transducers' pressure measuréments
automatic. Also, the scanning of the core holder had to be
au;qmated. A HP-9825 microcomputer was used for this
purpose. o

The pdwermetef used to measure the output power of the
microwave was an HP-432C that- had a binary coded digital
output. 'Hénce, it could be directly connected to the
interface ofg}hé digitél computer.

I order to automate data collection for the powermeter
output and the pressure dataland to automatically scan the
core holder, the follOWing equfbment was .used:

. . §
5.3.1 HP-9825A Micro Computer ' : it

This micro computer 'is the main data aquisition-andﬁ“

controi device. It workg alongs;ithgfts peripherals:in

order to maintain Input/output (1/0) communication with

external devices and ‘to store data. It'%aswthe following

%

. %
characterstics:, =

£

(a) Memories
1t uses two types»df memory : Read/write memory and

read only memory. The read/write memory is used to store

t ~

programs and data. That is;jwhen one stores a program oOr

data, he "writes" into the memory’. -When one accesses a line -

» - ' .
of a program or a data element, one "reads" from memory;

thus the the term read/write. Read only memory differs in

- *



" will help p1np01nb'the cause of ‘the error. g R
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that it is permanent. When the computer is turned off, the
contents of read/write memory are lost, whereas the read‘
only memory (ROM) is unaffected. ROM cards can be plugged
into the ROM.slots on the front of the computer. This makes
it possible go expgnd the language.

Program and data in read/write memory can be saved for
future use by recording theAinformation on the tape

cartridge.

(b) Language:
The language used by the HP 9825A is called HPL. The
basic programming unit isq!he statement. Statements are

typed usigg lower case abbreviated mneumanlcs, such as "prt"
yp D ‘

’,

for print. Multi- statement l1nes can be stored by

separating with semicolons.

Two other characterstics of thrs language are implied
multipiic i nd the assignment operator. Implied
multipli‘s a standard algebralc notatlon such as 5X.
The ass1gnﬁent operator ——>‘&01nts to the variable belng

assigned a value, such as %.Tff,D'm gurther\detalls of the
5. R, : - (,a

J

lanquage are avallable in the HP 9825A manuél.

. LY
» g 4
(c) Error messages: ~ . /

When an error occurs, the computer beeps ané\dlsplays

- ~

‘an error number., The number references a description that

' [ I

i .
v
. "i‘
® ’ . "qal?*om

«, . . %{’ ;.,

J"““@
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5.3.2 Muitxprogrammer Interface L VE %w

A model HP 59500A 1: nsed as an interface hetﬁ en thé
multlprogrammer and the compqter. ThlS 1nterface buffers
and transmlts data and control signals. between the HP IB
(Interface bus) and the multlprogrammer,694OB. It conveits
the serial ASCII alphanumetics of the HP-IB to the 16-bit N
parallel format requ1red by the 694OB multlprogrammer._ The
59500A also adapts the 3- wlrewpgndshake process used on the
HP-IB to the 2-wire method (Gate/Flag) employed: by 694OB.

The 59500A's interface circuits are contained on a

o PG

multilayer printed circuit board which contains over 60 —

integrated circuits. Operating'voltage for the interface

circuits is provided by a +5 volts regulated power supply.
The 59500A/6940B can function on the HP-IB as a talker

-

or as a listener and has source handshake, acceptor
handshake, and service request capabilities. Further % =« -
details of these different modes and thHe electric.

characterstics are available in the HP 5950QA‘manuai?

15.3.3,Mu1tipqoggammer
A model 694OB‘i§ used as an interface between the
system and the computer. The 6940B can be used in a
siﬁgie—unf%zeyétem employing from~one.to fifteen~plug-in
1nput/output cards, .qr in a multg un1t system con51st1ng of .
ont 69403 master unit_and up to glfteen 6941B extender
unlts. Each extender un1t can also accommodate up to~
fiftegen 1nput/output cards, allow1ng a multlprogrammer

J’

system that may be expanded gp tor a maxlmpm Qf"240 f."”fnﬁ}’




o

vy

“total of 240 1/0 channels.

input/output channels. Hence, the multiprogrammer system
.t 3 : .

can be used to convert a single computer I/0O channel to a

3 i . e Ce

o,

The multlprogrammer system ‘is coﬁtrolled by a digital

'computer which . supplles 16-bit binary words tq

(1) Control the' mode of

ratlons of the system (for

K -

~ example, to allow the m 1gpammer "to txme share

input and output funct1' ) establ1sh t1m1ng
L}
synchronlzatlon betwee computer and 1/Q devices

er, etc.)

through the multiprogéﬁ
B "

, T
(2) Address output caggs and supply the output guantity,

///—/— |

in binary coded form, to be developed.by the output

cards for application to the output device.

. / ,
(3) Address input cards for the reception of

. binary-coded input data.

On® can refer to the HP 6940B manuals for a detailed

_descriptions of the multiprogrammer..

-

5.3.4 INPUT/OUTPUT cards o , .

The functlon of the output cards is to develop a signal
- [
which corresponds to progrémmed data, and to deliver thts
51gnal t& the“&user s system... The output card‘s-«are 51m11ar.

to one another 1n that- each conbalns address gates data

S storage, and output data conversion. c1rcu1ts. The nature of

. ™,
the output conversion cicuits determlnes the card type.;\

. . - -
3 /’
y - . . .
A o . AT L ‘ ‘

VR A : EN St £t T R . ‘

oS \ o . . . - N . ETC - L
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‘Further details on how to address and program an output card '
" are available in-the:output card manuals. The peculiaritx”
of the output cards is that when they are programmed to a
partlcular output value, they hold that value until they are
eaddressed and the programmed data are changed. The
éﬁ§1g1tal output card was used to send a signal of 2. 5 Volts
that was amplified to 110. Volts In order to start the d. c.
motor atZSelected times. The motor used a charn ~-drive to
move the core-holder for a comple®e scan. ¢ ‘
The function of the input cards,is to receive data from
'the user's system and convert it to a form which could be )
used in"the,program. Each of the input cards‘contains an
address gatehand input data interface circuits., Two inp%t
cards were used to transf microwave‘outpUt power data to
the computer. A th1rd 1nput ‘card was used along w1th the
output/read back card to measure the data from the
transducers. A : ‘ '-'V P
A% ; ;
When an 1nput/output card is plugged into a part1cular
slot of a pagtlcular un1t it assumes the address ef that
slot and unit, and will either receive and store data L ,
(0utput cards) or transmit data (inpuyt cards)~only when- that
unit and slot are addressed Unlt selectlon is accompllghed
by decodlng control words (that may be found 1n the manudl),kh
dbut slot address &®coding is accompllshed by directly w1r1ngv
" a unlque comb1nat1on of four slot address bits to each of
the 15 1nput/output slots.,rlf a- card is moved to a new slot

it assumes th& address of'ihat,slot.' yo }{ "f'. o
) ' . ! . . a_ - - ‘

’ . . '
; v
. 1 . L
N .
p
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5.3.5 RELAY OUTPUT/READBACK cards |

A model HP69433A is-used for thismpdtpose. It provides-
12 separate contact outputéVthat refkect the status of.12
previously progtammed datavblts to the computer. This was
used to read data from: the‘seven pressure transducers by
u51ng only’ one digital 1nput card. The steps 1nvolved 1d\
programmlng a re¢lay card are:.

N

a. Enabling the relay output of the card.by programming

LY
»

the system enable (SYE) bit. - o \

pe

-

‘b. Addre551ng flrst the multlprogrammer un1t and then
the slot in that unlt. y _' ' o 1
c. Programmlng data that w1lL prov1de the de51red
output relay contact conflguratron.' *

d. Programmlng an 1nput select (ISL) bit so that the ¥
data programmed in step (c) can be read back to the “ ‘

computer.

5.3.6 Automat1c Powe;mgter “HP 432C
' ThlS powermeter, which is used to measure the

gttenuated power, was under automatlc control. The"

W
N powermeter uses the HP Interface Bus (IB) The automatic

i

powermeter enables the follow1ng functlons.
(1) Zero—setting:'
Accurate zerosetting is critical when-measuring,power,on-the

lower ranges of the powermeter. Zero-set drift is caused by

‘the power sen51ng element exper1enc1ng a temperature change

or temperature gradlent 51nce?the last zero- settlng. Likely

sources.of temperature change are atmospheric changes,



.\,.

)

~Tr1ggef1ng. . v ’ ;
. 5 : : C )
a feature- avaLlable v1a remote programmlng, i.e.,

4

. tr1ggered or free- running operatlon. It has

- /

speﬁgf1c capabllltles like Hold, Trlgger immediate, Trlgger
w1th delay, Frée run at maximum.rate, Fret run’ with delay,

etec. . >

(iii) Data. storages. , o ‘

N

\\

JAn array is used for stor(ﬁﬁ;measured att7nuated power., fAs
auvtomatic scale changlng is performed another array that ‘
contains flags for the scales used is also stored
51multaneously Both . the stored arrays may be retrieved

'later on and the actual power values may be calculated by a i

"proéram capabl;//f decodlng b1nary coded numbers._ R

o ) %4 . ~ : \‘_
5.3.7 HP 9872A Plotter , ‘ §

i)

. In order to plot the saturation proflle, ‘a-model HP e
" 9872a plotter was chosen. The plotter ROH enabled the desk»ﬁ
_topfcompeter to cohtrol the”plotter and to provide hard copy
xgraphic solutions to problems solved by the computer.

The automat1on system and 1nterconnectlon between

. d1fferent dev1ces,are depicted by the Figure 5 2.

\ )

*
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’

B
s.é-MrcncwnvE,sxGNAL VERSUS WATER SATURATION
If. watec'were the only absdbﬁtive material in they
system then 1t ‘would be p0551b1e to derlve a theoretlcal
relatlonshlp between the m1crowave s1gnal and the water
saturatlon. However as the Ottawa sand and the PVC core

holder also absorb a part of the microwave a%gnal the
Y

overall system may be considered to have two absorptlve ”vk‘.

®

'components, ie, water and everythlng else. In thlS regard
thé absorbance®due to mater1als other than water has to- be
determined experlmenfally Note that the absorbance
constant~ -Algr MOt only accounts for the losses due to the
core holder and sand, but also for other losses guch as'

. those due to reflectlon.a The absorbance caused by the water

may, be expressed as

4mf kg RS,
2.303 ¢ w

Aw =

Qu

L]

As absorbances are additive, ‘the total absorbance may be
written as: . . ' e

KN .
® g

. } ,~ » . -, .- I A . .
? Agp =.Ayg * By Sycs (2 ) ; | (5.2)

st W

Io.v R 4

' . )
v . ”

where I, and I, are the power at;the inlet and outlet

-

'respectiﬁely. As the data collection waS'automate@, it was
possible, by means of a dry scan (S =0), to estimate A, at

500 points along the length of the core. bsimilarly by

scanning the core when the water saturation was 100.percent,
. f : o .

it ‘was possible”to estimate B, at .the same 500 points.

/ -,
. -

o —

¥

(§.1) .

L
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°;Thus, it was poesibhe totdeteémine.independent correlations
tbetween absorbance ané wéter Seturation at each of 500~
discrete points along the length of the core, Ag.a
consequence, it was not néEessary to assume that each point’
'along the 1ength Sf . the core had the same. response
chéracterstlcs.A To be noted that thls respohse could vary

along the length pf the core due to local heterogenextles.

4
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5.5 CORE PREPARATION PROCEDURE

Unconsol1dated Ottawa sand (80 120 mesh) was used

ﬂduring‘all the runs., Ottawa Silica sand (70-130 mesh) as :

v\

received from the suppliers was sieved to obtain 80-120 mesh

¢

sand. The wet packlng technlque was used to obtain packs

with con51stent properties. In order to pack the core,: the

core holder was suspended .in a vert1ca1 p051t10n and filled

' w1th dlstllled water up,to a few centlmeters helght In

this process, sand was dropped into the core holder through
a.oonstant he}ght of distilled water so as to have a water
head on; top of the sand After the core holder was f1lled
with sand, a 12 cm -long transparent (1uc1te) exten51on with
the ‘same shape asothe core holder was used to maintain about
a 6 cm hlgh water head on- top of about 6 cm of extra sand in
the "extension. The core holder was vibrated dvernlght in a
vertical position. Once packed; the e{ten51ox was removed
and the end plate was put on the end of the core holder.
Then the core*holder was tested foryleaks at a water
pressure of 25 psia. . - | | .

" Once the core was wet packed the sample was dried to

obtaln the microwave scan at zero percent water saturatlon..

‘ The drying was performed by flowing dry air 'through the
.sample until a m1croyave response equivalent to that of dry

 sand was obtalned. The average “time for dry1ng was five -

was kept low in order to maintain a maximum inlet pressure

. of 20 psia. Thé core holder was weighed both emptfvand wfﬁh'

N

dry sand in order to have an estimate of the mass of the

I'd

%

days. This»long time was required bkcause the air flow ratett?

LI
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sand pack. This enabled,subsehuent calculatioﬁ of the pore

volume. As dry scans were very similar to scans taken at
the 1rreduc1b1e water saturation it was felt' that cons1stent
‘packings of the cores were obtained, Also, the. dry scans

looked alike for different runslshowing‘good
>, e
' reproduc1b111ty. The micrgwave reésponse data at 0% water

!

saturat1on were stored for subsequent saturatlon
‘

calculataons.
' Y

After the dry scan was taken, the core was resaturated
by imbibition of distilled water into the sand which was .

under vacuum. To saturate the core, it was connected to a.

s

beaker containing a volume,of distilled water greaten than
the previously estimated pore volume of the sand” pack.e The
. pore volume wasAestimeted by making the fol}owing

" calculation: _ ” SN h »

Pore volume = ( V - — ). cc "~ s
. Tl \‘. ‘“.‘l)g'

whére, ‘ - et

m = mass of the sand in Eote holdgr

_ V = volume of the core holder: :

and’ : Y. o
| Pg = grain densitgiof Ottewa seﬁg*ii N . ;

~ H v
N 3

%,

)

Once the sand in the core holder has,;mblbed d1st111ed water

of about the ‘same volume as that estlmated above, the inlet -

[ «r?, i

was connected to the Ruska pump and water was pumped through

-
"-

the core at a flow rate of about 200 cc/hr. An_accurate

Tie o R ‘ ! N o
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materlaf‘?alance, thus, gave the exS%t pore volume of the

sand. The flow was allowed to stabilize (when ‘the pressure .

drop along the length of the core is constant). ‘This
pressure drop was noted for that partlcular flow rate in

order to be able to calculate the absolute permeablllty of

the core.

Y

Once the core was satuyrated, a microwave scan was taken

at 100% water saturation. Following the same procedure as‘

¢

rﬂfof“the dry scan, the m1crowave response data were recorded

RN

and stored by the computer.

" The sADA Q&Q} with 100% water saturation was allowed to

der it water wet.

. )
2

H"kwe hours toﬁ;

il

AThe speed of the d.c. mo{:'b ;*;-djusted SO that the

core travel time. was 30 seconds (time required for the

computer to collect 500 data points). This adjustment was

made for every run. Also, the p051t10n of the ‘inlet ‘and

”f:outiet horns were al1gned and 1mmob111zed w;th a stand.

. . M -
r : L2

5.6 ESTABLISHMENT ‘OF IRRﬁDUbIBLE'WATEﬁ SATURATION
. , S .
In order to establish an irreducible water saturation,

S an oilflood was conducted. So as to avoid any effect

wir
of flow rate on the irreducible water saturation, all the

0il floods were carried out at’a constant flow rate for a

givqa;se§i§§~of runs.° Also the oilfloods were carried out

at a favourable‘mob111ty rat1o.
-+ Microwave scans were done randomly durlng the 01lflood

Once several pore volumes _were 1n]ected very little change

e ) 5, L e
T . RS "y
4

T ea——

- was’ observed in the microwave signal. A water cidt of less
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than one percent of the total outlet flow was obtained after
1n)qct1ng four pore volumes of oil. ThlS was assumed to be
the crlterlon for establlshlng the 1rreduc1ble water-
saturat10h. The irreducible water saturation profiles were ’
simila; fé%lall the‘ipns and for a given ru?, tHe |
saturations along the core were mogéior,less constant. Th}é
" observation réconfirmed the earlier one that the sand |

\ . '

packing was consistent. -
When the irreducible water saturation was reached,
another microwave scan was - performed and the microwave

" response data were stored as usual. Neglecting”lodal"xi

B 2
a .

heterogeneities, one could attribute an average value of the
micéoWave response to the average Swi’;&lue as calculated
from the. materlal balance. therwise,'this response data
... could be used as a check onnthe microwave response curve for

~d}f_fe;ent known values '6f the saturation, such as 0%, 100%,
and Swi' . f “ A,m

5.7 WATERFLOOD . o ’ .
For éach run, a waterflood was perférmed at a.éonstant

rate. The flood front was allowed to advance at least up to
‘one-fifth of the total length of the core before starting
regular 1nterval m1crowave scannlng The microwave scan
1nterval was 5-6 minutes for slower flow-rates (below
100cc/hr) and 3-4 mlnutes for hlgher flow-rates (above
100cc/hr). As the powermeter used was able to change scale

automatically, unlike the procedure used in a ‘previous study

(Saeedi, 1979), a single scan was performed at each time.
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\

During each scan 500 data p01nt9 were recorded and stpred by
the computer for future use. v |

As waterfloodlng contlnued the pressures along the
length of the core were recorded at ‘seven different p01nts
,by the pressure transtCers.l The computer red@rded pressure
;data at one minute 1ntervals. A ‘delay of 2’ seconds from the ‘
f1r5t to.the last transducer was recorded This delay was’
considered to be negligible and the pressures were'assumed

s

" to be 1nstan€aneous. L ‘

L .
The waterflood1ng was contlnued unt1l the oil- cut )
became le?s than one percent of the total outlet flow. At
1
this p01nt the 1rreduc1ble oil saturatlon was assumed to be

reached\\and/x%e waterfloodlng was stopped.r\-

5. 8 FLUID;

. For fhe present study, three different fluids: were used
as displaced fluid along with distilled water in the |
displalement tests. These flu1ds were

(1 ) MCT5+LAGO ' B

(2) Dow Corning B T

(3) M1neral oil (Heptane+Paraff1n 011) |

Imblbltlon tapillary pressure curves were- obtalned for
the oil's MCT5+LAGO and Dow - Corn1ng by using.the "Restored
State" method The 1nberfacral ten51on betwgen each of the
0ils and water was estimated using the Pendant drop
techn1que. The v1scosxty of each of these fluids was'. .
measured using a Brookfleld dlgltal v1scometer. The

densities were determined by using a specific gravity bottle
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and a precision balance,

¥

5.9 CO&VERSION OF MICROWAVE RESPONSE TO A SATURATION PROFILE
For all the scans, the input power of the mlcrowavev
generator;was fixed at 10mW. The reason why such a 1ou"§
power input was used is that the power measur1ng sensor
'(HP 8484) was not capable of measuring any power beyond 10mW
'and a further increase in power would cause damage to the
sensor at the inlet of the core.. As the core was
sufficiently Ehin this input power was enough to obtain a
meadsurable response at the other side of the core. However,
recentdly a new powef'meter Capable of measuring high as well
.as low power hés been obtainéd. This Qould-enable the use
nof*highefipowgr at the inlet. For évery run the frequency

3

. was fixed at 27 GHz. The extinction coefficient is constant

as is the ‘porosity and thic&ness at -each point. Therefore,

one- should obfain a lfhear relationship between In(1,) and.

S, - ‘ . —

In order to obtain the St;aight line relationship
between 1n(I,) and S, for'eQthéf the 500 points along the
..core, one can uSé any two'of.the known saturation values and
thus interpolate or extrapolate the’ 1ntermed1ate values of
the saturations. .If more than one:p01qg is known then one
could use an éﬁerage\value for'thefcharacterstlc straight
line. As it was inteﬁdeé to allow for the possibility o;
having aifferént irreducible water or dil saturatigns along

the length of thé core, it seemed appropriate to use the 0%

and 100% water saturations as reference'pbints. However,

)
—
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once the irreducible water and oil saturations along the
{en&kh of the core were calculated using 0% and 100% water
saturation values as references, it was evident that both
water and oil irreducible saturation values were more or
less the same along the length of the core. As the
microwave responseé were stored for each of the above cases
for 500 points along the length of {he core, the computer
could calculate the 1ntermed1ate p01nts during each scan. .
As a characterstic stralbht 11ne was determined for each S
point, it was possible to handle local heterogeneitie$,

The conversion from the output power to saturation by
using Equations 5.1 and 5.2 was-unden&aken at each of the
500 pointé along the length of the core. The water
saturations were plotted against the normalized distance, ¢.
First, the irreducible water saturation profile was plotted.
As a lafge amount of water was injected to establish the .
irreducible water saturation ( four pore volumes ), a féirly

uniform irreducible water saturation was observed for all

the mobility ratios. For all the cases the irreducible

water saturat{on ranged from 0.1 to 0.12 as determined from

material balance. Also, this value did not change
significantly\along the length of the core.

The next step was to conver£ the waterflood data.
Equatlons 5.1 and 5.2 were used to calculate the saturation
profiles. The saturation profiles were not strictly a
monotopig function of distance and local perturbations were
eviden£ for all the runs at all times. This behaviour is

probably due to the minor irregqularities found in any real

\f‘:
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porous medium, The plot of S, versus { was used to obtain
the fractional flow at different positions -of the Sore for
each scan conducted during waterflooding. It was done
following the procedure described in the theory.

For each run copducted, the irreducible o0il saturation
was es;ablished. As a large amount of water was injected ¢o
obtain the irreducible oil saturation, the saturation
profiles were quite uniform along the length of the core.

Also, no significant effect of mobility ratio on the

irreducible oil saturation was observed. y

5,10 DATA ANALYSIS.

In order to check the proposed technique for measuring
the relative bérmgabilities with a Conventiéna;‘technique,
the external dfive technique proposéd by Johnson, Bossler
aﬁd Naumann (1959) was chosen for comparison. It should be
kept in mind that such comparisons are valid only when the
displacement is stébilized and stable. If the displacement
is unstabili;ed, or if'it is Qnstéble, the JBN method is not
expected to give Teliable results because the assumptions

underlying Buckley-Leverett theory are violated. 1In brief,

S
the JBN method is based dén-the following equations: ~
1 da(N_) : -
fo = X ) d(wD) ' (5.3)
“ + IW“Q i - N
Krokw 3
T Sy2 T Syp =Ny - Wi | (5.4)
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As the dynamic method‘pfbposéd in the present study makes
o ! R

all the above information available, the same daté nLay'b’e,w
used to dﬁtain_thé relative permeability curves by the&JBN
"meﬁhod. The JBN method as well as the dynam?é method calls
for taki@g élopes-of experimental data. For the JBN method,

 the slopes of the N, versus W; and J/(Wilr) versus 1/wi

; p _
.curves have to be known, whereas for the dynamic method the

slopes of Ny’ versus time and pressure versus distance have

to be_obtained,< As taking slopes directly on §Xperimenta1

ddta may lead tqfstrangely shéped relative perméébility‘

cu?Ves; mathematicgtfmddels for the abo mentioned curves '
were curve fitted to thelexpeﬁigéntal data\by a simplex

> o — '
"“"algorithm .(Nelder and Mead, 1965). For thgibBN method, it

‘waé,decided_to curve fit the Np versus time curve ( which
. » 4 . 3 o .

would iead to the determjnatibn of 1/(WiIr) versus 1/wi

curvé ). The following functipnal‘forms were used, as they

gave the best results.” . . o

g

<

Np

i

a‘zlln(T""Cz) + bz(ln.('nl‘+dzl))z~+ e’ o (5.6)“&,

AP = exp [ asln(Trcs) + by(In(T+cs))? + ds 1 (5.7)

-
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For the proposed dynamic method, the following functioﬁglA

Ll

form was used to fit the recovery data.

s
&

// ! » '(, '
N, = a, tanh (T/By) : . ’ }//’ (5.8)

o

- The reason why a ‘different functlon was used qu the dynamlc
method is that a good fit was obtained by u51ng only two
_free_parameters, Such a good fit was not obtalned for the
production data at the outlet end of the core This may be’
because of the fact that the productlon/data at the outlet
end was collected for a longer time and the function used
for the dynamlc method does not f1t 6;11 for a very long
time. As a tonseguence a five parameter function was used
for the product1on ‘data of the JBN method The quallty of
curve-fit for these data may be seen-in the Append1ces c- F.
Some of the cumulative oil recovery (as deterglned by the-
Dynamic method? curves show'erratic changes in slope. This
.usually occurs just before the irreducible oil saturation is.
reached. Slug flow of 011 is expected at this stage of the
displacement. This would explaln changes .in slope of the

°

. \oil recovery curve. “ When process1ng the ‘data, some errat1c u»
p01nts were removed to obtain a more reallst1c recovery )
curve. The values of the parameters for. the d1fferent curve
fits are’ reported 1n Appendlx K '., d;;’f _ t\

At flrst, the pressures at seven dlfferent p01nts along

the length of the core weré curve f;tted using the

polynomial “functioh given by Eg. 5.9,



observed that -the inlet and outlet préSsures were not

jnobtalned from Equatlon 5 9 it was found that they var1ed

o

Cbt - et (5.9)

/P' = ap jo p S \,.

where £ is the dimensionless distanceig However, it was
4

consistent w1th those measured internally. Appendlx G shows

.some of the curve fits’ for pressure profiles where the

pressures measUred outside the core holdér can be seen as-

being dlfferent from the "curve f1t A p0551b1e explanatlonlg

may be given by the fact that a- saturat1on dlscont1nu1ty

occurs as the fluid leaves or enters the core.' For th1s

reasOn the pressures measured outside the core holder were

-]

not - used for any further analy51s. While u51?g slopes

sggn1f1cantly‘£rom those obtalned using linear interpolation

between two>adﬁacent'preSSUre’transducers. Moreover,

{

anomalous effectlve permeab111t1es were obtained by using

the slopes of the model equatlon. For this reason, and also o

as the absolute permeablllty may not be constant along the

length of the core, it was dec1ded to. est1mate local‘
pressur grad1ents rather than fit a curve to the entlre
presgu ,prof1le. ‘This was done by assuming that the
pres."e profile was llnear between adjaCent pressure
transducers. As the d1stance between the adjacent
transducers was about 1§§%p, the actual pressure gradlent at

a particular location and that estimated by linear

'interpolatfonlmay'have differed soméwhat because of local

variations in permeability, perturbations on the saturation

profiles, and so forth.



&

Hk It“is to be noted.that for several feasons (Miller and
,ﬁamey,”1983) the absolute'permeability‘was taken as the basé
v 7 if;r célcula;}ng the relative permeabilities when the JBN
 mgthoqlwas pg&hé”d§éd.agﬂlso, when the JBN metﬂbd was used,
it was noted tﬁé%} B&?using the difge:encé of the pressure
at the ihiet endqlputside the core holder) and the outlet
end (1~étm), an anoﬁalousdshape of the lélativé perméability

¢urve was obtained. This prohlem was elimihated‘by,using an

’@f'fgpgmated.inlet pressure as derived by extrapolatiﬁg the
Tzwggéééypes inside'the porous media. The pressuresAin the
gaébﬁq:pedié‘were extrapolated‘linearly‘to obtain an
esfiﬁ%{ionggf the inlet pressure. — - u .

-
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6. RESULTS AND DISCUSSION
0

4

¢

Immiscible dlsplacement studles were carried out u51ng
water—-wet sand packs. Several dlsplacement f1u1ds were used
and for each run the dlmen51onless scaling groups were
calculated. In total ten dlsplacement runs were carried
out, but reiatlve permeabllltxes were calc&&ated for only 8
'_d1fferent runs u51ng the proposed dynamlc method and the JBN
method For the other two runs, even though dlmemslonless
scallng groups were calculated .the saturatlon profile data
. being lost due to a technlgal d1ff1culty the relative
4permeab111t1es were not calculated .The results are.

d1scussed in the dlfferent sectlons accordlng to the

dlsplaced fluid used.

6. 1 MCT5+LAGO OIL DISPLACEMENT ‘ ,
The propertles of the fluids and the dore\used in these
dlsplacements are reported in, Table 6.1. The flurd\was |
: espec1ally blended so as to be transparent to the m1crouave
 beam. The yaluesvof the scaling ‘groups’ for this series of
“rUns are reported in Table 6.2. In order to obtain an ’
estimate of'the“effective interfacial tensioh, a cOmplete
‘set of imb%hition capillary-pressure'data“was obtained by
usino the "Restored Stat‘:\e“i method | These data were curve
fitted using Equation 4.,52. The parameters calcplated by
curye fitting the capiliary pressure’ data are reported in
Appendix-H. Figure 6.1 shows the curve,fit_aiong with the

. N SN0
f 2 ' 90

3

N

o
El
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TABLE 6.1
W ' 8
Characterstics and Results of-tﬁé MCT5+LAGO oil
' ‘ Displa%&@ent ) Ny
ST S B
uo;11 mPa.sec . q(ggfjfiobd) = 0,0333 cc/secl
p, =1.0 mPa.sec (while establishing Swi)‘
Py = 840j»kg/m_3 N Py = 1000 Kg/m?
L = 116 cm A= 3.7 cm®
0 = 1{ dynes/cm A, = 0,014 étm
Y K ' .
Ruy | q R P.V. Sui Kor : Kur - Sor
~ No. |
cc/sec*  (um?) *(cc) (%) (um?)  (um?) (%)
1.  0.0167  13.5 172 11.0  7.50 4.9 80.2
2. 0.0222 , 13.0 170 11.0  7.50 5.1 . .79.6 '
3. 0.0278  13.7 174 15 7.50 5.4 . 80.0
‘4. 0.0333 13,0 . 172 11.0  7.80- 5.5 80.3
5. 0.0417  13.8 . 173 .11.5  7.50 5.8  79.8
6. ’

1.0 7.45 - 5.8 "80.0

* Waterflood

'

) R R S -
‘b . . ko
T p " O g
B a + . [
B



TABLE 6.2

‘Values of, Dimensionless Groups and Recoverles . Ty

for the Runs Conducted , R
| | i X,
Run M_ N, I,, - Recovery Mo/ My 'AFlgid *
No. ‘ ~ *101P \ "
|
1. 7019 0,18 1.27° ...33 " 11 MCT5¥LAGO
2. 7.48 011 172 .38 1o
3.. 7.92  .093 2.7 422 1 "
4. 8.17 50.087 ,2.71 454 R "
5.  8.51  .0.067 ; 3\18 .46 "o "
6. 8.56 0.062 3.p7 469 11 L
'7, 6.82 0.049  3.46 .47 9.35 Dow-Corning
8-' na.s‘ 0.052 9.90 .30 35 Mineral
5.  13.9 - 0.048  10.3 .28 35
10.  16.  0.046  13.7 23 35 L
,
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‘experimental data. As the eéxperimental data and the cbrve
fit suggest, the 1mb1b1t10n caglllary presgube curve doesxﬁ
not have a steep slope near the 1rreduc1ble 011 saturatlon,,m

i.e., near the end of the 1mb1b1t10@ test. To be noted also

“

is that, in .order to obtain an 1mb1b1t10n c?plllary pressure”
curve, one has to start from an 1n1t1a£ water saturatxon of.

. Syj+ By curve f1tt1ng the caplllary pressure data one can_|
estimate the area under the capillary pressure versus
normalized saturation curve. This area enabled‘theﬂ
effective 1nterfac1al ten51on to be calculated u51ng o
Equation 4.53. Finally the capillary number and the - X
instability number were calculated~by u51n9‘Eguatlons 2.4
and 4.50 respectlvely | » .

A flow rate of 120 cc/hr was used for all the runs
during the establishment of the irreducible water |
‘saturation. The water-cutruas reduced below 1% of the total
outlet flow after a cuhulathe 0il injection of four pore
uolumes. At‘this point the microwaveiresponse became

. cohst;nt with time showing that a constant value of
irreduciblehwater saturation had: been reached. The oilflood

! :
was stopped after four pore volumes of oil injection. At

~

'this pdint the irreducible (initiaisﬁwater saturation was
estlmated from the Jolumetrlc balance on the oil injected
and oil produced. The 1rreduc1ble water saturatlons for the
 differeht runs ofuthls‘serles are reported in Table 6.1
The irreducible water saturations ere very close to each
other for all the runs. This shows that good

‘ reproducibility-has.been obtaiﬁed in!packihg the cores.

RN
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or’ all the runs show very close agreement.* To

be noted, hewevef, is that the flow rate for establlshlmg

¢

In terms of K

the 1rreduc1ble oil satUratlon was kept constant for all the'

ruhs. Therefore, there was no questlon of observ1ng,any“

difference in K . due to variations in the 0il floodings

/1

> - AN B

rate.

were carried out aE“different flow rates as

Waterflood 
reported in Tabiﬂ 6;1.q Waterfloodlng was continued until "
the“oii—cut feg% below 1% of ‘the total outlet flow. At this
point;’ the mlcif“ave response became falrly constant wlth
l,a donstant’ value of the 1rreduc1ble oil
\reached Thé effective permeabllities
, “;aﬁ3®UC1ble o1l saturatlon ‘are’ reported in
.Table 6.1. These K. - values are very close to each other

wr

~-for all the runs conducted‘ln this eerles. These values
range from 4.9 darcies for the lgwest waterflood rafe_fogg.B
for the higheet‘flow rate. For i;}ermediate'values of the
waterflooding rate the K, values'vary ffom 4 9 to 5.8,
show1ng a contlnuous 1ncrease w1th 1ncrea51ng flow rate.-

The dependence of Kwr on the wate;flood rate 1s expected for
ve&y high flow rates (Melrase and Brandner 1974- de 1la Cruz
and Spanos, 1983).; There is not much experlmental evidence
fof such a dependence when the flow rate. is very small and
Qhen the flow is not stabilized. However, if the
displacement 1is not stagilized (high values of the capillaxry
number)‘variebles such a;\Breakthrough reeovery are expegted
to vary until a sufficiently low capillary number isbreached

v(Bentsen; 1978; Demetre et.-al., 1981). Similérly, one may

\

\

;
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expect a dependencé of K on flow rate for unstabilized

wr
flow. This same dependence was previously observed by
Saeedi (1979) who contended that such a dependehce may
either be due to a different f Low }egime for lower flow
rates or simply'due tO‘th9~fﬁ¢; that a different saturation
;'is assumed to be the ;rféduuible 0il saturation for each

. “flow rate. However, he diad Cdt establish any irreducible
~oil saturationsxfor any of hi$ runs but rather he éstimated{
the K. valués\by extrapolétion of the pressureldaﬁ;. In
therﬁresent study, the irreducible oil saturation has been
reaqhedhby igjecting a sufficiént amount of water (at least
'~three-pore,voiumes), and the same criterion, i.e., an
oil;éut lower than 1% of the total 5@tf§t flow, was used for
determining that the irreduéible 0il saturatjon was reached.
Moreover, a volumetric balance on the water injected and
produced showed‘that similar valués of ir;gducible oil
*ﬁsaturat;on were obtained for all the runs (ranging from
79.6% to 81% ). Therefore, the differences observed in the
‘present study‘are most likely due to thé.fact that, if the
displacement 1is Pot stabilized, the value of K, . will
continue to vary until a fairly stabilized displacement is
established. _

As the instability ‘numbers suggest (all numbers less
than ﬂ%), all the displacements of thgs series were stable.
However, the capillari#numbers were gquite high for the
slowéf f;ow’rates as compared to the value of .01 required -
for stabiljzed flow (Bentsen, 1978). Therefore, all the

v

displacements performed in this series of displacements are
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e&Pected to be dominated by capillary.effects. However, the
form of the saturation profiles suggests that capillary
forces dominate flow for flow rates le;; than abaut 120
cé/hr (See Figures B-1 and B-2). At higher flow rates
(starting from 120 cc/hr) the saturation profiles look very
simfiar to Buckley-Leverett .profiles even tHéugh the
capillary numbers are still higher than .01. In th;s
respecﬁ, the value of .01 fdr the éapillary numbe? appears
to be quite restrictive. Such a comment was made in an
earlier study as well (Bentsen and Saeedi, 1981). ,
The theoryAsuggests that if the flow is not stabilized
the JBN method should not be applied (Johnson ggSgl., 1959).
Despite this, a comparison is made between the effectivé
permeab%iities calculated by the JBN method and those
calculgted by the dynamic meéhoé suggested ;n the present
study, in order to investigate the range of ve;ocities over
which the two methods give,K essentially similar results. The
results obtained using the different flow rates are depicted
in Figures 6.2 through 6.5. In these figures, the effective
permeabilities calculated by the JBN method are shown by
smooth curves while thése Calcﬁ;ated by the proposed method
are shown as data points. ‘The reason for this is, for the
JBN method, both the recoverf and pres;ufe curves are fitted
as a function of time and thus, for a given time, the
effecti&e'ﬁermeability is calculated by using smooth
fungtioﬁég forms only.. On the other hand, for the dynamic

method, the recovery curve is fitted as a function of time.

The effective permeabilities obtained by the dynamic method
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could have, been smoothed if the slopes at given points of

the pressure profile hdd been fitted as a function of time,
However, this was not done for the present study because of
time(limitations. It should be noted that the pressure
grad1ents at a particular location in the core decreased
monotonlcally wlth trme‘and, as a consequence% smoothing of
the pressure gradient data probably would not have been
diffgcult. |

The proposed dynaméc method is applied at two points
along the length of the core. These points are chosen such
thidt they are not too closefto the inlet or the'outlet SO as
to be able to avoid any end effect on‘the meaéurement data.
One more advantage of this méthod is that, as the saturation
is estimated by microwave power @e55urement_and not by
physical sampling as in the JBN hethod1.lo§er”water

saturations may be detected by microwave response and‘thos’a

. %arger portion of the relative permeability curve is

—

obtajined by the dynamic method. On the -other hand, due to
data storage problems, the -dgnamic method was no¥ continued
beyond 2 hours after the front reached the po1nt within the'
core where the pressures and saturations were be1ng B

A
measured, whereas data for: the JBN method were collected for

—

a longer perlod, as it needed no extra data storage.

Therefore, for very slow flow rates, the dynamic method
/

covered (because of data storage problems) only the lower

portion (below 65% water saturation) of the effective

permeability curve. However, for high but stable flow

4

rates, the dynamic method covers almost the whole@Saturatlon

o
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range of the effective permeability curves.

. At very low flow rates (see Fig. 6.2 and 6.3) where the
capillary forces dominate the flow, one can observe that the
effective permeability to water as calculated by the dynamic
method and by the JBN method are quite close.’ On the other
hand, effective permeabilities to oil do not match very -
well, even though the difference is smaller at higher water
saturations. It is to“be'noted; however, that the JBN
method should not be applied to unstabilized flow such as
these two cases where the capillary numbers are gquite high.
vIn this respect, a closer agreemenf between the results by °
the two methods is not expected Regarddess, an explanation

as to why the oil permeability curveg are more dlfferen% may

be given. That is, s, the product dp_‘3s, has been

MR

neglected in the eelculatibn of the effectiee permeability
to oil (see Equation 4.21) and negleﬁt of this term hay not
be justified, especially at low values of saturations where
' (dp_/dS,) and (3S,/0x) are both quite high. Asa
conseguence, the actual effective permeability would be
somewhat smaller than that predicted by theldynamic me thod
used here. This suggests that if the‘(ch/dSw)(BSw/ax) term
were not neglected there would be“a better agreement in the
0il permeabilities calculated by the two methoés. However,
calculation of thi? term requires knowledge of how capillary
.pressufe«varies with saturation in a dynamic situation, as
there are doubts that eapillary pressure data aquired in an

~equilibrium experiment would be applicable to a dthmic
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situation. " As the present equipment'does not allow the
measurement of capillary pressure in dynamic sltuatlon no
effort was undertaken to estlmate the correctlon term.

It is usually accepted’that the JBN method is |
appllcable when the flow reg1me is stable-and stab111zed
Runs 4, 5 and 6 fall into this categpty. A compar1son of
Runs 4 and 5 is depicted in Figures‘6.4Aand 6.5. ln,these
cases the results of the two methods agree quite well,
There is no particular trend that would suggest‘that the
inclusion of the (dPC/dSw)-(aSw/ax) termbwou15‘havé glven
better agreement. This neglect of'the pfodUct' L3
.(dP /ds.) - (3s /6x would appear to be jUStlfled provided
the displacement is stable and stab111zed It is to be
notedi however, that the caplllary numbers of these runs are
still higher than 0.01, the theoretical value requ1red for
'stahiliZed'flow;n Runskwith still lowen values of capillary
number are performed with other displaeement fluias. They.
wlll be dlscussed in the. follew1ng sectlon.‘

Theory suggests that if'the pressure and saturatlon do
notvvary.appropr1ately along the length of the core,-there
may be substantial differences betmeen effective

permeabllltles determlned at different points along the

length of the core. For thls‘reason, the effective

permeabilities were obtained at two different points for the

flow rate of 150 cc/hr (Run 5). At this flow rate, the

capillary number for the total system indicates that the

displacement is close to stabilization. Figure 6.6 compares’
e _ ‘

“ the effective permeabilities calculated at two different

&«
M
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points along the length of the core. Because these two
~different points have different effective lengths, they-also
have dlfferent caplllary numbers. Nevertheless,'the fairly
close agreement fir effectlve permeabllitles suggests that

at least tor this flow‘reglme, the effective permeablllty is
.invariant in space and hence, a unique function of

saturation. This observation confirms the theoretical -

expectation in the stable and stabilized flow regime.

6.2 DOW CORNING OIL DrspLAcsMENT‘

The propertles of the fluids and cores used in this
dlsplacement are reported in Table 6.3. For thls’partlcular
oil, oq%y one dlsplacement—run was performed. 'The main
reason'forvperforming this particular run was to use a
diffferent v1scos1ty ratio - (u o/H,) and a more stablllzed
flow. .An unstable flow reg1me was not possible to achieve
even with‘this:fluid as the'effective interfacial tension is
relatively high for this fluid. In order to obtafn an |
estlmate of the effectlve 1nterfac1al tension, a set of
‘Amblbltlon caplllary pressure data was made available by -
using the "Restored State" method. As was the case for the
previously used fluid, the capillary pressure data were
curve fitted by using Equatlon 4.52, Once the capillary
pressure data were curve fitted, it was p0551ble to estimate
the area under the capillary pressure curve by using
Equation 4.53. The parameters of Equaticn 4.53-a§%err
- fitting the oapillary pressure data-of this fiuid/water

system are reported in Appendix-H. The, model equation along



107

TABLE 6.3

-

Characterstics and Results of the Dow-Coring

Oil Displacement

‘w‘lﬁvjll‘b‘ BT
ug = 9.35 mPa. sec gloil flood) = 0.0333 cc/sec
My = 1.0 mPa.sec (while,estéblishing Swi)
po‘= 9%4 kg/m? : pWA"'= 1000 Kg/m’
L= 116 cm | A= 3.7 cm?
o = 19.4 dynes/cm A, = 0.016 atm
ai ;
Run - g K “H P.V. Swi | Kor-“ Kyr Sor
No. »
‘cc/sec*  (um?) (cc) (%) (um2)  (um?) (%)
\‘"\j
7. 0.0555 . ' 13.5 171 11 6.8 5.1 - 81.0

* Waterflood -
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witﬁ the capiilary pressure data are depicted in Figure 6?7
Now, as the area under the cap1llary pressure curve is known
for at least two flu1ds (Dow-Corning and MCT5+LAGO) it was*“
possible to check the relationship between A, and the
interfacial tension of the oil/water system as determined by
‘the Pendant Drop technique. It was found—lhat the area
under the capillary pressure curve, and hence the effective
interfacial tension, is appreximately proportional to the- R
interfacial tepsien of the water/oil system. This
observation was also reported previously by getere (1979).
Therefore, the proportionality consﬁant between Aé and the
interfacial tension was determined for the Mineral‘oil by
averaging‘those of MCT5+LAGO and DoQ;Corning oil. As the
interfacial tension for the Mineral oil/waterfwas known it

was possible to estimate '¢_, using .Equation 4.51, for the

ar
Mineral oil/water/sand systemiby knowing the interfacial
*«tenééon"between Mineral oil and water.

Oonce the effective interfacial tension for this
0il/water/porous medipm was known, it-was possible to
determine the capillary number and insfability numBer'Sy
using Equatlons 2.4 and 4.50, respectively. . These values
‘are reported in Table 6 2, _ |

A flow rate(of 120 cc/hr was used to establlsh the’

1rreduc1ble water saturation. As was the case in the

prev1ous series of runs, 01; was 1njected until the

% water-cut was reduced below 1% of the total outlet flow. An

0il injection of 4 pore volumes was required to reach this

criterion. At this point the- microwave response became
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b
invariable with time and therefore a constant irreducible
water saturation was assumed to have been reached. The
irreducible water saturation value was then calculated by
volumetric balance on thenoil injected. This value is
reported in Table 6.3. This value (11%) is the same as
previously obséfved for the MCT5+LAGO oil. However, the two .
éils did not have veryldifferené viscoéities and the
effective interfacial tensions were fairly close.

The waterflood was coptinued'at 200cc/hr until the oil
cut dropped below 1% of“tﬁe_total outlet flow. Af this |
- point the microwave response became constant with time and
the irreduciﬁlg oil saturation was assumed to have been
reached. The effective permeébility'%o water at irreducible
0il saturation is reported in Table 6.3. This Qalue is very
close to that obtained with MCT5+LAGO oil. However, it is
slightly lower than that of the stable and stabilized flow
gf MCTS5+LAGO éil, tThis differénce is not sufficient to

y

juspify making any'comment on the dependence of K . on the
§iscosity ratio. ‘

The ins@abilityvnumber suggests that the displaéement
was stabie. lAlso the éépillary number is»relatively small

showing'that the displacement was close to stabilization.
Tﬂe saturation profiles of this run suggest that the |
displacement wgé of the Buékley-heverett type (See Figure
B-5). These satu:atioh profileé, therefore, confirm the
theoretical expectation of stable and stabilized flow.
Effecﬁive permeabilities w%gépcalculated by the JBN

method as well as the dynamic method. Figure 6.8 depicts

—— - 1

~

P
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the comparison of the effectiQe permeabilitiés as calculated
by the two methods. The permeabilities as calculated by the
" two methods are fairly close. However, the agreement in oil
permeabi}ity values is better Eb{ higher values of
saturation. It seems that a b;ttef agreement in oil
ﬁérmeabilipy would ogcur>if'the (ch/dSw)-(BSw/bx) term were
included in the calculation. In order to check how the
effective permeabilities vary aiong the length 6f the core,
the effective permeabilities were obtained at two different
pointS'for this particular run. Figure 6.9 éompaqes the
effective permeabilities calculated at two different points
along the lepgth of the core. Because these twd different
points have differen% effective lengths, they also have
different capillary numbers. Even thodgﬁ these points have
different cdpillary: numbers, the agreement in effective
permeabilitieé'is fairly close. As in the case‘of MCTS5+LAGO
oil, the effective éermeability is invariant with space for
stable and stabilized flow, This observation recenfirms
that the dynamic method is bonsiséent in calculating
effective permeabilities in the stable and siapilized flow

regime.

6.3 MINERAL OIL DISPLACEMENT

| One of the maﬁor,pbjectives of the present study was to
estimate relative perméabilities'during unstable |
displacements. As the ﬁre&iously m;ntioned fluids had
properties such that an unstabte displacement was impossible 3‘

to reach with the existing equipment (as the required flow

>



113

1 4

‘D14

(L NNY) m$2~0m INFHIIIIA OMIL IV SAILITIGVINHAL FAILOAAAT 6°9 |

.. NOILYHNLVS HI1VM N ,

8'0 Lo o._o 90 . €0 z0
. _

s 0=1 38 MY .
Sv°0=7 19 0) O

99°0=3 @ M) X
99 0- AW 0y V
- pueBer

N

¢

(Aose@ 1) ALIIEVINEI 3AILO3IHT



f

N

/

a

o . . 1 1 4,;:.\*':}’”
. Y . . \

rate would cause excessive pressure at the 1nlet end of the
core), a new fluid w1th a high v1sc051ty and a relatlvely

lower interfacial tension had to bevchosen. For thlS

ourpose, a mixture of paraff?n oil and heptane was preparediﬁ
~The flu1d properties are reported in Table 6. 4 For this"
part1cular fluid, a set of caplllary pressure data was not a
available. However, this was not felt necessary as the .
other two sets of capillary pressure'data'showed that the
area under the caplllary pressure curve could be considered
as being llnearly proportlonal to the 1nterfac1al tension of
the 01l/water system. Therefore, a theoretical estimate of
the area under the caplllary pressure curves could be |
obtalned by know1ng the 1nterfac1al tens1on of thlS
01l/water syStem. This enabled theoestlmate of the
effectlve 1nterfac1al ten51on of the 01l/water/porous media
system. Once the effective ‘interfacial tension was
eStlmated the instabiiity number and the capfllary_number
could be calculated as-well. These values for these’
dlsplacement runs (Runs 8-10) are reported 1n Table 6.2,

In order to establlsh the 1rreduc1ble water saturatlon
an 01l>flow rate of 120 cc/hr was used. The o1lflood1ng was
continued until four pore~uolumes of 0il was injected when

the water-cut fell below,T % of the total outlet flow and

~ the m1crowaxe response became constant w1th time. At this

‘point, the irreducible water saturation was assumed to have

‘s ;

been reached:. These values are reported in Table 6.4.

)

These values are the same as those obtained with the

3

previous oils. However, the mineral oil has a viscosity

i
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TABLE 6.4

- Characterstics and Results 6f the Mineral 0il
Displacement - )

o/
Y
" ug= 35 mPa.sec g(oil flood) = 0.0333 cc/sec
p,= 1.0 mPa. sec | ‘(while establishing Swi)
Po = 850 kg/m* : p, = 1000 Kg/m’
L = 116 cm 3.7 cm?
o = 11 dynes/cm . 0.07 atm(estimated)
Run d “ ) 5 PIV‘ 'Swi ' Kor Ryr Sor
NO. ) .
cc/sed®  (um?) (cc) (%) (um?)  (um?) (%)
W
8. 0.0333, " 13.8 172 11 11.9 4.7 79.8
9. 0.0389 . 13.5 171 1 12.0 5.0 80.4
10 0.0444  13.7 173 11 12.0 5.5 80.1

K
;‘a“.- LI

* Waterflood

.

ey
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much higher than that of the Dow—Corning or MCT5+LA§O. s
'Therefore,‘oneumay conclude that the irreducible water
satu:a;ion?was independeat of the viscosity ratio. ﬁowever/
the K . values for this series of runs were significantly
hlgher than those obtained 1n prev1ous runs. Such an
'observatlon was also made. by Saeedi (1979) who also used a
very viscous oil. While establishing the irreducible water
saturation, the diéb%acement is more étable for a more
viscous oil. TheaeEOréL-the Kor values as Eeported for
minefal 0il may be the corréat'ones. Assalready mentioned
in the previous chapter, if the effective Rermeability is
estimated using the inlet presgure measured just out51de the
inlet face of the core,(rather than Just 1n51de) the

- estimated effeatlve permeability may not be ‘correct.’ As a
consequence the pressures inside the core should have beén'-
used; This was not possibple in the preseat‘study as the
pressure was measured only. outside the core and the p;easure
‘profile was made‘avaliable only during wateffioodiné.

As the inskability numbers for the different runs
suggest, all the displacements in‘this’§efies were unstable.
However, Run 8 'was almost on the stability boundary.z Runs 8
ana waége supposed to be unstablé; The satupation profiles
for thésevruns are quité perturbed and do not appear as
Buckley-Leverett typi profiles (See Figures B-6 to B 8).

This shows the validity of the predic of the recently
’develqged stability theory (Bentsen, 1985a).
It :i's thought that the JBN method is not applicable in

thgﬂunstable-displacement regime. However, the dynamic
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g% 17,
method is capable of obtaining relative permeabilities in
unstable displacements; Even though the saturatfon profiles

. are not monotonic in these caséé, an avefage may be takeh in

‘ ordé: to eétimate the fractfonal flow at a given point of
the'cqge. The average‘is taken, as'fof other runs, by
integrating the experimental data numerically and then by
curve fitting the resulting fractional flow vajlues as a

function of time. 'Thé'resulting effective permeabilities

are plotted along with those calculatedlby the JBN method ink

Figures 6.10-t§ 6.12. As the figures show, the comparison J?
is good only for the water permeabﬁlities. For the QiL‘ |
permeabilities, the dynamic method predicts lower values

than those calculated by the JBN method. ‘This observation

is in contrast.to that observed in unstabilized or : (.

)

stabilized and stable flow, where the dynamic method
~cdlculated somewhat higher ofl permeabilities than those
CalpUlatéabby the JBN method. As the predicted-oil
permeabilit}es are smal1efL a correction for the
(aPc/dSw)' /0x) term wépld only increése the difference
- unless t)g;rrection ‘term is negative, which is possible
»%}énly at local points[in ugétable'displaceﬁents. Moreover,
éhy correction would involve the calculation of dp_/ds,, and
there are doubts if thé-capillarylpréssure curves as
obtained under static and equilibrium conditions would be
applicable to‘dynamic;'ungtable'cases. Consequently no
further attempt to makeﬂlﬁe above correctigé was taken in

the'preseﬁt study.

L

7
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It has not been eonfirmed that any unigque set of’
relative permeablllty curves would properly define the
dlsplacement process in the unstable dlsplacement case.. One
of the objectives of the present study was to observe if the-

effectlve permeab111t1es were unique functlons of saturat1on

Fven when the dlsplacement was unstable. sFlgure 6. 13 shows

the effect%ve permeabi;ities at two different points for a
flow rate df 120 cc/hr. For"his partieular run, the
instability number is very close ‘to the 5tability boundary.
Figure 6.13 shows that both the oil and water permeability
curves are falrly close for both pos1tlons, confirming that

the effective permeabilities do not vary much along the

' length of the cofe. However, for Run 9 (140 cc/hr), even

though the water permeabllltles are very close for both
positions (Figure 6.14), the oil permeablllty curve 1is

different at both locations. This difference in oil

'permeability at different points along the length of the

-core’ suggests that the effectlve permeablllty to oil may not
be a unique functlon of saturatlon when the d1splacement is

unstable. Figure 6.15 shows the effective permeabllltles at

‘\two dlfferent p01nts for Run 10 (170 éc/hr)" Once again the

effectlve permeabllltles to water, at 1ntermed1ate values of

S seem to be invariant with location. Also, the

w!
difference in‘efiective permeabilities tqﬁoil for the two

locations is less pronounced than is the case for Run 9. As

.the difference in effective permeabilities to oil is maxiﬁhm

in the case of an intermediate instability number, one can

not say that the difference increases as the instability
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number increases. This difference appears to be
probabilisticvaqce the flow regime becomes unstable.
Differehi:permeabilities'at different locations along
the length of the core are most likely dﬁe to heterogeneity
~effects. It has been shown for the Hele-Shaw model
(Coskuner and Bentsen, 1985) that as the flowwregime becomes
more and more unstable the flow behaviour becomes:ﬁbre
chaotic and the efféct of hete;ogenqity is more pronounced:"
Similar behaviour is expected for porous media and thus as
the viscous forces take over, the effect of heterogeneity is
more and more pronounced. However, no particular trend is
3bserved in terms of the distance of the considered point
from the inlet end. For Run 9, the oil permeability is
higher at ¢ = 0.45 than that at ¢ = 0.66, whereas for Run
10, the oil peémeability is higher at ¢ = 0.66 than at £ =
'0.46. As the capillary pressure curve is obtained under
equilibrium conditions and as the displacement is taking
place unﬁer dynamic conditions, there seems to be little
justification in applying the (ch/dSw)(aSw/ax) correction
to the unstable case. Howevgr, because of the ggtrémely
chaotic behaviour observed @hen the flow is unstable, there
may be ‘a reversal of slope of the ch/dSw curve. The
correction would then improve the agreement bE%weqpfthq :

results as obtained by the dynamic and the JBN methods.
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6.4 BREAKTHROUGH RECOVERY VS, RECIPROCAL CAPILLARY NUMBER

. The experimental breakthrough recovery may be
correlated with the tecipfocal capiilarx numbek as has been
done by Bentsen(1978) and Demetre et al. (1981). They
stated that the éxperimehtal breakthrough versus reciprocal
capillary number curve should asymptotically reach a steady
stateﬁgakue. This steady state-value is reached once‘
stabiiized flow is attained. However, if the flow regime
falls into tﬁe unstable region the breakthougﬂ recovery
drops drastically andﬁa further decrease continues until a
very high ;nstabiiity number is réached (Demetre et al.,
1981). 1In order to verify the predicted stability boundary,
Bgéakthébugh recov?ries ére“plotted against thg reciprocal
capillary number. This plot is shown in Figure 6.16. As
can be seen gn the figure, the experimental breakthrough
recovery is quite low at lower flow rates. As the capillary
number decreases the experimental breakthrough recoveries
increase steadily and a fairly constant value is obtaineq at
the lowest‘capillary‘numbers, provided the diSplacemént is
still stable.h However, when the displécement is unstable
(Runs 8, 9.and 10), a sudden,decreaﬁe occurs in the
"experimental breakthrough values. It is to be noted that
these unstable displacement runs have instability numbers
higher than 72 and thus they are predicted to be unstable by
the Fecently;developed stability Eheory (Bentsen, 1985a).
This observation, therefore agrees with that observed in a
previous study‘(Demetre et al., 1981).
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6.5 EFFECT OF FL.(V)W REGIME ON EFFECTIVE PERMEABILITY

As the literature survey revealed, many of the
researchers d1d a great deal of work in order to 1nvestlgate
the effect of: v1sc051ty, flow rate and 1nterfac1a1 Eenslbn
_on the»relatlve permeability curves. However, none of these
factors forms a scaling group alohe to'goyern the flow

G
regime in a displacemént test, -Therefore, In the present

study, the effect of stable, ;nstable and unstabilized flow
reglme rather than the effect of independent factors was
1nvestigated.' Whether a displacement is stable or unstable
depends on the instability number that 1ncorporatesvthe
effect of'viSCositv, interfacial tension and the floy"rate.'
However, whether 2 f.ow regzme is unstabilized. or stabilized
depends on the macroscopic capillary number (defined by |
Bentsen, 1978) that incorporates the end point effective
permeabilitiesiand the-area under the capillary pressure
versus saturation;curve. The present study enabled checking
how the effectivevpermeabilities vary as different scaling
,groups vary; in other words, how effective permeabilities
vary as the floy reglme changes. Figure 6. 17 shows the
effsqtive water and 011 permeabllltles for all the

‘ dlsplacement tests’ performed. These are ﬁhe effective
permeability“values estimated by -the dymamic method. As one
can see, alllthe effective water permeabilities fall gdnthef
same li , showing.no;dependence on aﬁy of thevfactors'such
~ as flow‘£ate% viscosity,‘etc., at least over the range of
variabl s studied herefyiThis shows the insensitivity of the

,effecti water permeabilities to viscous or capillary
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forces. On the other hand, the effective permeabilities to
oil arefﬁot all the same. The effective,§11 permeabilities 
are vefy éimilar for Runs 4,5 and -7 (Ség Figure 6.18). xHuns
4 and 5 were performed with MCT5+LAGO, whergas Run 7 waé\
performed with DowFCorning. vAll three of these runs may be
categorized as befng stable and stabilizéd displacements.

On thg othér'hand, Runs 1 andk2 werevunstabilized
. displacements. Moreover, these two runs have_effective oil
pérmeabilities very similar‘to éach otﬁer’butgdifferent from

‘those of stabilized and stable displacements.. Effective oil

e

permeabilities for Run 8 fail very close to those of the
stable and sfabilized‘displacements. To be hoted here 1is
thé& this particular run has an instability number very
“cldsg té the stability boundary. Runs 9 and 10 are both
‘unstable. The effective bil permeapilities for Run 3 are
consistently lower than thosévofwthe stable and stabilized. .

i
runs. . The effective oil permeabilities for Run 10 fall in

between those for Runs 8 and 9, .showing‘no particulj

. ¢ ‘4
as the saturation increases. One can see that th
_\QJ g

0oil permeabilities for the unstable’displaCeme {

correlate well with thése of stable diéplacements;
the nymber of unstable runs is limited it is difficﬁ}t to
draw any conclusions on the‘yay effed@ive oil pefmeabilitiés
fof unstable~displacements vary as the instability ngmper is

increased.
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7.  CONCLUSIONS .AND RECOMMENDATIONS

7 .1 CONCLUSIONS

A technique capable of measuring effective

permeabllltles under all flow regimes has been developed.

The effective permeabllltles have ,been estlmated using both .

the conventional JBN method and the proposed dynamic method.
, , q

The flow regimes have been determined using scalingrgroups

such as the instability number and the capillary number. 1In

order to check the variation in effective permeabilities for

"all the flow regimes, three different fiuids have been used

as the displaced fluid”aiong with distilled water as the

- displacing flUld

g .
Based on the experimental results presented hereln, and
!

keeping in m1nd the limited range of velocities over which |

e ]

the experiments have been conducted, the follow1ng

conclusions may be drawn:

Equation 4.50, which arises out of recently developed

1nstab111ty theory (Bentsen, 1985a) correctly predicts

v

the boundary between stable and unstable dlsplacements

As a consequence, 1t may also be inferred that Equatlonh

4.51 correctly predlcts‘the'pseudo-lnterfac1al tension
fof the displacement. ) |

The dynémic’meghod, as proposed in thisfstudy, predicts
the same o}l and water permedbilities as predicted By

the JBN method, provided the displacement <is stable and

'stabilized. This is consistent with the assumptions

4y
r
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underlying the two methods. However, the dynamic method
covers a hroadeE range of saturations than does the JBN-
methoa. ' . | ‘ |
Whenvthe~displacement is unstabilized, the dynamic
method should’net predict the same effective
permeabilities as the JBN, as the assumptions underlying
the JBN method are violated. Despite this, the dynamic”
method predicts effective permeabilties to water which
are similar to those predicted by the JBN method. ’
However, the oil permeabilities predicted by the dynamic
method presented herein are higher than those preaicned |
using the JBN method. Had a correction for the
caplllary pressure term been 1ncluéed in the dynamlc
method, closer agreement betzeen the two methods for
estimating the oil permeabilities would haie been |
achieved. As no other existing>method can predict the
effective permeabifity in the unstabilized flow regime,
1t was not p0551ble to comment on the quallty of
predlctlons of the dynamic method in this flow regime.

When the displacement is unstable, the dynamic method

' pred1cts water permeabllltles 51m11ar to those predicted

by the JBN method. Thus, contrarylto theoretlcal
expectations, the JBN,method'appears to give reasonable
results, provided-the instability number is only
sllghtly greater than 7*>. However, the oil
permeabllltles, contrary to the unstablllzed case, are
lower than those predicted by the JBN method. No

attempt was made to assess the impact of the cifillary

’

\\
v R ' / A
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term on the estimated values for the oil permeabilities,

L]

as the effect of capillarity in"unstable flow is
unknown. K

The effectine permeability to water is invariant with
location along the length of the core for all the ‘flow
regimes congidered. However,! the effective permeability
to oil depends on location whenever the flow is
unstable. Moreover, for unstable flgws, the,effect-of
location on oil permeabilitf’increases as the flow rate
increases. In addition, the way in which the oil “
permeability is affected does not seem to be related to
where along the length the of core the measurement is
taken. This suggeets g@at, as the flow becomes
unstable, local heterogeneities have a larger and larger
impact on the measured¥oil permeabilities. Ae a
conseQuenée;‘oil permézbilities may not be unique
functions of -saturation when' the displaceﬁent is
unstable. As to why the flow regime shoula affect only
the oil permeabilit;, one may give the f0lldwing .~
explanation. For a water-wet system, water adheres to
the r&fk and resistance to flow is due primarily to thek

interaction between the water and the adjacent solid.

As a consequence, changes in the flow regime appear to,

" have only a marginal effect on the effective

f
permeability to water. On the other hand, the oil phase

is surrounded by water-oil interfaces only, provided the

porous medium is water wet. Hence, rock-oil

[N

interactions should have little if any effect on the

<
§
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resistance to flow for oil. Tﬁis, in turﬁ; suggests
that changes in flow pattern, brought abcut by a change

in flow regime, have a large imgact on the effective

permeability to oil. - : ' \

7.2 RECOMMENDATIONS

In order to improve the quality of the present work any

future project in a similar direction should consider the

following recommendations.

Tﬁe thickness of the core holdér used in the present
study was 0.75 cm. The.thickness was Yimited by the

act that any increase in thickness would decrease the
i‘crowave output signal to a certain p01nt that the
power sensor HP-8484 (that was used in the present
study) cannot measure it. However, as reéently a more
sensitive power sensor (HPf84§6) has been méde available
along with the power meter HP-436A, for any future study
the thickness of the corevhoider may be in;reased up to
a thickness of 1.25 cm. As a matter of fact, the
thickness should be increased as much -as possible to
obtain a more~represehtative sample of porous media.
Moreover, as the instabiiity number increases with the
increase in thickness of the sample, an unstable
displacement would be attained more ea511y with a
th1c£er sample. Therefore, any Euture study should plan

for a core holder of about 1.25 cm thickness.

As the form-of the saturation profiles suggest, the

3

a4
o
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present study could not eliminate the end effect
problems at the inlet end of the core. 1In the present
study, water or oil was directly injected into the -
porous system through the inlet; therefore, there was
insufficient time for the injected fluid to spread |
acrossdthe total helght of the core. This problem might
be minimized by introducing a porous glass plate at the
inlet end that would disperse the injected fluid rather
than creating a jet at the inlét.
The present system of automatidn is not very
sophisticated. A computer signalris amplified to °
activate an electric magnet that makes the contact
between the driying chain (run by the d.c. motor
continuously) and the'bracket containing the core
holder. This enables the start of the écanﬁing‘at the
scheduled time, but every time the .electric %agnet is
activated it gives a 'blow to the co?e holder-bracket |
system, and a perturbatibn is observed in the saturation
profiles. Even though this perturbatlon is not very
l51gn1f1cant in terms of the fractional flow across a .
certain point“of the core, it is of interest to minimize
any perturbations,’especially when one has to comment on
the stability of the displacement mechanism from the
shape of the saturafion profile., 1In o;dé;»to avoid
ﬁperturbations of this type, one should.use a
ﬁwo—directional motor with an automatic controller.
This would enable activation of the motor itself with

the comnputer signal, and the motor would start only when
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the signal is given to start scanning.
A problem that was .encountered in the present study is

that the data storage.system was not large enough to

. store the data for a lengthy run (e.g., for the case of

a very slow displacement rate). Therefore, data storing
capacity should be increased.

Determination of the ‘effective permeabilities should be
done by the proposed dynamic method at many-points along
the length'of the core to see the trend of any
varlatlon, especially in the unstable dlsplacement case.
Moreover, if a more pressure-resistant core holder can
be built, there should be more investigation on the

nature of the effective permeabilities in displacements

"~ with very high inetability numbers. 'As the field

displacements are believed to have a very high
instability number, this investigation Qould give a
feeling for the effective permeabilities in field
displacements. V

The present study- dld not estimate quantltatlvely the -
effect of the (dPC/dSw)(aSw/ax) term on the effective -
0il permeability. Such oorrections should be made using
capillary pressure data ecquired during dynamic
dlsplacement rather than’u51ng equallbrlum caplllary
pressure data as obtained by the "Restored state"

method. Such data could be obtalned by estimating the

oil and water pressure with the aid of transducers that

have diaphragms preferentially wet by oil and water,

respectively. This would enable calculation of the
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éffective‘oil permeability'without any assumption on the
capillary pressure data. Moreover, it would be
interesting to observe how thé.oil pressures vary during
an unstable displacement, | |

In the present study the JBN method has been used to
obtain the effective permeability at the outlet end
whereas the,dynémic method has been calculated at points
inside the core holder. However,‘ah estimatidn‘of the |,
effective permeabilities by the JBN method may also be/
obtained at any point along the 'length of the core using .
the fractional flow as obtained by integrating the area
under the saturation profiles. If both the dynamic and
the JBN method are applied atathe same point of the
core, there would be more justification in comparing the
effective permeabilities as obtained by the two methods.
Sdch~a comparison shog;. be made in the future. |

'As has been discus§e§ in the previous chaptéf, the
pressure profile should be obtained not only during the
waterflooé byt also during estimation of the absolute
bermeabiiity and the irreducible water saturation. This
swould enable determining whether the permeability varied
along the length of the core by applying Darcy's law at
different points inside the core. As it was found that
the inlet pressure (outside the core holder) was not
truly representative of the pressﬁre inside the porous
media, the pressures inside the core holder should be

obtained during the oilflood as well.

As was mentioned in the theory section, it is more
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proper to use a model equation for the pressure profile
along the lepgth of the core. However, a continuous
pressure profile is required for this approach.
Therefore, the number of transducers should b$
increased., Moreover, the pressures would be more
representative -if the transducegs were placed inside the
flow stream rather than at tg!Ttop of the core holder(as
in the present study). Once oil and water pressures are
obtained at more fréﬁhent points along the. length of the
core, the slope of the pressure profiles should be used
along with the fractional flow as obtainedvby applying
both the Eulerian and the Lagraﬁgian formulation to
saturation profiles.

In the present study, the equation uéed to curve-{it the -
cumulative recovery data (as determined by the dynamic
method) does not fit the experimental data very well.

The fi+ s particularly poor when the displacement is
unstable. A systematic sistical analysis should be
undertaken to obtain a ff *1 equation thathwould fit the
recovery data proberly. More investigation should be
directed towards finding a different model equation for )

the unstable displacemeht runs.
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EXAMPLE OF THE DETERMINATION OF EFFECTIVE PERMEABILITI‘ES.
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DETERMINATION OF THE EFFECTIVE PERMEABILITIES

For a specific time, one may obtain the area undef the
saturation profile. This would give the cumulative water
flowing,'QQ, up to a specifié poinﬁ, E*.. Therefore, one may
obtain a curve Q, versus time, r. For'a specific time, r*,
one has the pressure (P) profike available over the |
distance, £{. Therefore, one may obtain an/az for a
specific point E*. On the other hand, for the same time, rf
one has f  which is the fractional water flowing'(as shown
in Figure A-1(c) ). Now in Figure A-1(a), £*>éorrequnds to
a saturation of S* and a time r*. For the same time when
the saturation becomes S* at the point £* ap /3% and
fw(S*,T*) are available. Therefore, Equations ®4.13 andw4;21

may be used to obtain K, and ‘K respectively for the

saturation S¥.
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SATURATION PROFILES FOR DIFFE".RENT RUNS
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15. APPENDIX - G

EXAMPLE OF PRESSﬁRE PROFILE CURVE FIT
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PARAMETERS OF THE CAPILLARY "PRESSURE CURVE FIT
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TABLE H-1.
I Parameters of the Capillary Pressure Curve Fit
 MCT5+LAGO DOW-CORNING
,ﬁ‘a‘,ﬂ .
ag '0.1085E+01 0.1808E+01
. ‘;} . . . ~ el
© b, * 0.6728E+00 ~0.4714E-01
o . 0.1212E-04 - ' @.1545E-01
d. 0.9999E+00 0.9256E+00
. r
e. . 0.5349E-03 0.9003E-01"
£ ~ 0.1000E-02 0

. 1343E+00
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18. APPENDIX - J

]

PROGRAMS FOR THE MINICOMPUTER HP-9825
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Monitoring and data storing

of the displacement runs

0: dim G[500],P(1400]),d([500)

1: wrt’723,"00140TB7777T"

2: ent "”CA& INTERVAL in min?",rl K
3: ent "1lst file-~1",rl1l

4: 1-W

5:t 0+r2

6: red 716,T

7: r2+l+r2

8:

if r2>rl;gto-"scan"

9:: 0mB;1+X

10: for X=1 to 7

11: B+l*B*A .
12: dto(27(A- 1)) »L; if L>77777;dso "DRROD"°”to
13: for Y=1 to 2 :

14: fqt 2,c¢,£4.0,c,2 N

15: wrt 723,2,“00040TJ",L,"T“

16: wait 500 } .

17: wrt 723,"00240TGT" ' \

18: wrt 723,"GX" ‘

19: red 723,92; otdo*-00625+P[K+w—l]

20: next Y

21: next X :

22: wrt 701,T,P{W],P[W+1l]),P[4+2]

23: wrt 701 P[W+3],P[ﬂ+4],9[ﬁ+5] P{J+6]

24: A+l+W;wait 13000;wait 13000;wait 13000;wait 13000 wailt 6000
25:.gto 5

26: "scan"

27: wait 600 :

23: red 716,T;wrt 701, ""”AJTI«P" T

29: rll+l-rl v

30: wrt 723,"0140TBT"

31: 0+J v | | o S
32: "SCA": | | I .
33: .J+1-J f

34: wrt 773,“00240TIT“ : ' !
35: red 723,J[J1 o

36: 'wrt 723,"00240TIT"

37: red 723,H;otdq+H[J]

38: otdG{J]+G[J);wait 33

39: 1f J<530;g9to "sSZA"

40: wrt 723,"00140TB777T" { ’
41: trk O;rcf rll,50*]

42: trk l;rcf rll,a(*)

43: wait 3000;wait 27100

44: gto 5

*5913



WO~ Ut W N~ O
LX) e . on LX) LY )

*10537

Conversion of raw data to microwave

‘EP _output power and storage
dim G(500],1({500)
ent "32 OF FILE3",rl
ent "first file no.",r2 v
ent "RNTER O INPUT VALUF",I9O
r2 1+R . o
for Q= 1l torl
R+1+R
: atrk 0;1df R G[*]
T rew
+ trk 1;1d8f R,1{*}
10:"gsb "dec" L
11: trk 0;rck R,u[*],stp
12: next Q
13: "dec":
14: 0-+J
15: J+1-+J -
16: 0+X+Y~+2Z
-17:. for 1=0 to 11 ,
18: bit(I,G3[J])+K
19: if I<=3:1+8;2"s*K+X+X;gto "out"
20: if I<K=7;1-4+E;2 3*K+Y+Y:gto "out"
21: [-8+E;2 O*K+2+2
22: "out":next I
23: X/100+4Y/10+2+D;£fxd 5S;fxd 5:
24: 1if 1[J)=8162; (D*10- r90)/1000+G[I]
25: if 1{J]=8164,1f D>1:;0/10-+G1(7)
26: 1f 1[J)=8166;D+G[J]
27: 1f 11[J)1=8161;(D*10~r90)/1000+G(J}
23: 1f 4[J)=8160; (D~ r90)/1000+GfJ]
29: 1f 3[J)<0:G[J-11+G[J)
30: plt J/20,3(J1*5-~
31: if J<590:mto 15
32: gto 11~

o~
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A(D*10- r90)/1000*1[J]
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.
Program for Converting Microwave Response.

to Saturation Profile

w
3

dim A[500]1,G[500},83(500],F([500]
ent "TRK# FOR READING 7Ao?",rl
ent "FILE# FOR READING AD?" ,r2
trk rl ‘
14f r2,A[*]
ent "FIL¥ FOR READING Aw?",r5 '
ent "TRK$ FOR RTADING Aw?",r7 ' '
trk 7 :
14f r5,B[*] .
ent "TRK$ FOR READING Sw?",r3
10: ftor T=1 to 100
11: ent "FILE# FOR READING 3Sw?",r4
12: ent "lo for 3w data in microwatt?",r5

[VolNo - JEN o WU W N OVIE N I ol o)
(3] .. (X3 (X} '.‘ LX) . [x) EY} a0

. 13: trk r3

14: 1cdf r4,G[*]
15: for I=1 to. 500
16: if G[I1<=0:3[1-1]+G[L}.
17: Ylog(G[IL}/r5)~3 A
18: log(B({I}/10)-1log(A{I]/10)+»r99"
19: log(A(I}/10)~A
20: (3-2)/r99+3;5+F(L];it F{I}>Ll;F(I-1)+F [T}
21: olt 1/25,5*10
2: next I
23: sto
24: ftor F=2 to 333 by 2
25: S+4*F[F] 42*C [F+1]+3
~26: next F
27: S+F[1})-F[334]1+3;5/3+»S;wrt 701,c4,S,7([(333]
23: next T : ' }
*23120

:



19. APPENDIX - K

PARAMETERS OF THE OIL'RECOVERY AND
PRESSURE CURVE FIT
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B

N
TABLE K-1
\ v
Parameters of the oil recovery data curve fit
(For -the JBN Method)
Run a,; b2 Ca d, t e
No.
1. 57.67" ~-4,083 41,78 56.68 -150.4
2. 68.37 ~4.98 126.99 43.13 -163.0
I
/
4 33,2 -2.812 10.72 0.5024°  -102.1°
' N .
5. 20.04 -.6138 3.068 1.475 -37.13
7. 20.17 -.6259 3.188 1.662 -37.53
8. 5.725 10.56 1.944 1.157 ~9.041
9. 48.94 -3.332 10.95 0.4936 -.117.5
10,  49.69 -3.435 9!555 0.5552 -111.7
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0.1064

y ‘.' '
“ TABLE K-2 ‘
Parameters of the AP data curve fit (for JﬁN)
' I
;
S :
« N ‘ ,?
. Run No. a, b, CH d, ‘) 5
by
CO-
J' 1
¢ ;;537%4
1. 0.5148 -.1243 2.997. 93%5;}3Mhp
A
2. 0.3548 -.1049 .0.9203 5484
4. ~1.686 0.1273 17.64 0405
5. 2.999 .2479 29485 6875 . %
b
7. -3.041 0.2781 19.29 2889, .
“ : A
Sy F
8. -.5847 .00951 6. o8 1372 ?
9. . -.9269 .04626 6.667 0503
10. ~1.466 8.428 2028




parameters of oil recovery data curve fit

TABLE K-3

" (For Dynamic Method)

225 -

.
5 at £=0.66 ' ,at £=0.45
Run No. ay ' b, ay, by
1. 34,48 50.59
2. 34.91 40.53
4. 48.96 26.87
5. 37.25 23.67 20.80 27.43
7. 53.72 26.34 '42.47 29.37
8. 42,67 36.52 42.67 36.52
‘9, 52,47 38.60 38.65, 38.82
10. 58.80 35.8 33,73 54.73
._\- ¢ ’



