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ABSTRACT

)

The modeling of physical phenomena is a useful tool

for scientists and engineers in representing the important -

IS

characteristics of the actual mechanism.. A capillary pressure
function for ‘porous media (commonly known as the J~fund€ﬁon)
was givﬁn by Leverett and has been widely-use in Petroléum
Engineering. However, his model is known to correlate
satisfactorily only the data from unconsélidated sands and
froq Ehe same formaéion. It is the purpose of thié study
to‘formulutq a new drainage capillary pressure function in
a? attempt to eliminate this restriction.
| The new model suggested here is a function of .
saturdtion and involves three paxameters whicﬁ have to ‘
be obtained exparimentally. Results obtained from the
centrifugc method together with literature data were used
to u‘-t this model . ‘
1 The modal aatiafactorily correlates literature data
x\qn\dhu of the mttinganonv-wetting £fluid pombinagions.
A capillary pxnuum curve generated from cennritngq data, ¢
using tyxi.a ,modnlo agrees woif wit.h that obtained uning A |
B Mitm analnr mthod. ’mne results indicate that the
madal L: sat ntactqry and.that it may be roqardad as

nnxvnxigl.'
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CHAPTER 'T
4 |
: . INTRODUCTION . . . L .

‘

'

In petroleum reservoirs two fluids exist, and qQften *, .
; ? Q S

. three fluld phases are pxesent. The co-existence of two or

'more phases in a porous mediuﬁﬂgi#es rise to capillary‘fofécs.

P

\

]

Although the absolute'm?gnitude of the capillafy
* .
pressure in most petroleun\keservoirs is not laxge, the -

effects of capillary forces: are extremely important ip

petroleum production. Firstly, the original distribution .

of fluids in the reéervoir rock is controlled by o 4
;raVLCQtional ;;d caprllary forces (34, 35) Secondly, during R
the production process, the relative freedom of movement and .."\
the distribution of fluids are prim@rily influenced by these

fo:oes. And finally, capillary forces are responsible for
trapping a. Iarge portion of the non—wetting fluid within\the
qgterstiQQS'Of the rock.\ For thQSe reasons the understanding o,

4/"

of capillar! ﬁorces is essential in petrolaum prodnotion

'2 xt is of interest. thereforay ﬁo develOP an eqﬁq;lcn

whidh describes aapillary effects in poraus madia.g It is

P TR T ; .“

7';- .




pressure function, commonly called the J-~ function, which cor=

« ™

relates the physical properties of a porous medium-’and fluids
and the cppillary pressure. Dt has been noted, however, that

3,
the J~function is not truly é;tisfactory when data are

taken from rock samples with various 1ithologic propertieﬁ'

rather than from samples of similar lithologic type. A NI
A ) x ' -

B ‘possible explanation to this problem may be that the’

J-function does not consider the wetting properties of the
. \Q , . ) ' p )

medium. : '

It is'the purpose of this study to.devise a hniversal

function for drainage capillary pressure*fhmid saturation,

1 L

"% relationship " One of the parameters ianived in qpe proposed

A ‘. qapillary pressure model incorporates the effects.of irnter-

facial tension, wettabilﬁgy and pore—size distributioﬂ‘ It ., N A

fs thus posstble to reduce capiilary pres!uze gurves '

takenptrom .various rock s plea to a single curve. i
A teChniqu3§§or using the model with data obtalned K

. in a csntrifuge is ipresentad. 'I‘he results obtsined using '\:,. S

I ths prqpcssd xnodel agrse well. with m& results obtained 'i:».,,t

» ' ! : .
~,x', v _ : S ey

wang ppalectaU9) scmnigue. |G L

*" : ' ,i'. Ly L] . O 42&5*}," N L . Lo o " ‘r ) r"" <’A

T Y
»
-
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CHAPTER II
THEORY AND LITERATURE REVIEW

A. Surface Free Energy, Surface Tension
and Interfaclal Tension

At the boundary of various phases in the {gaervoir

exist the forces resulting from the molecular action be&reen
the phases. The physical forces of molecular attraction,
genura}ly known as van der Waals forces, are thq,(undamental
bqnin‘for explaining various boundary phenomena. The van der
Waals forc.i\betweeq tgo molecules a;e proportional to the
product of their masses and inver-aly proportional to the
square of the distance hetween them.

A molecule in the bulk f3uid is surrnunded completoly
by other moletules; thus it“ia attracted evenly to all dircc—
tions. However, & molqsu}a at the boundary of aany two phases,
i.e, gas and lkquid. liquid and 1iguid, ox 1iquid and solid, is
nu:roundod by the molqculca oA the chor phase also, thus the

nat totcon noting on the molecu t in 'unbalanced

Attractxcn. Nh [ rqnult, the bouaagry surfice tando to 's;

contract to A minimnm poskible nron. This apontnnoqun

contraction of ‘the surface indicetes that free energy is

involved, ' ‘ . .
] In order to create a unit area of new bounaary.
S s ‘



4
work comparable to the number of molecules in the unit area
i8 required. it may also be safid that 5 certain amount of
work is required to bring a molecule from the bulk of a fluid
into the interface against the ungaefnced molecular forces.
The amount of work necessary, in ergs, to move molecules into
the boundary to create a unit arda of new surface is xeferred

to as "the syrface free eneryy" of the substance.(lo)

The term "surface tension’ is more frequently used as *
the boundary surfacé tends. to contract and bhehavds as if 1t
. . N LY

. L

were in p state of tension. However, the surface tension

[y

+ 18 really a measure of the surface free energy. It is defined

*

.n? tgy fofca in dynes acting along the boundary surface of the

\\\ .ﬁ%uih perpendicular to Any 1 cﬁ in length. fhus the surface.
téneion is equal, both numerically and dimensionally, to the
surface free energy. When the two phj}eé are both liquid,

the term "interfacial tension" is used.

B. NWetting
Where two immiscible liquida or a liquid and a solid

are in phase contnct, the surface molecules of qach substance
Are Attraoted aarosn the inthtaca by vnn dexr Waals forces.
:ghtn Attrncgion wh;ch is called the "epergy of udh’hion" or
"adhesion tension", d&ttara from intcrfnoial tension, which
1- [} propcx:y of the 1nto:tqco and is the ditforontznl
ronultnnt pull away t:aﬂ'it (29)



- /

IEPR L
j _ - s
J §or an oil—watsFJrock system, such as a reservoir,
o Y
adhesion tension is defined as follows: ‘
4
‘\
At - Tsomﬂ‘rﬂw - on cos ¢ (IT -~ 1)
/ or " \
COB 6 = M \ (IT ~ 2)
Ywo

The adhesion tension, or the magnitude of the contact
angle, is the measure of the wetting properties of the solid
by the fluids. Equation II-2 states ghat AY adhesion
tension is zero, that is to say, if 6 is 90°, the inter-

. facial tension TS0 = Yew. This indicates that the oil and
, the wntcf have oqua{\:tfinity to the solid surface. 1If,
¢ however, Y80 » Taw, cos € WOgld be positive and the contact
angle would have a value between 90 *.and zero; then water
‘woulﬁﬂprqtotnntially wat  the s0lid surface, Convqraoly. it
‘xao < T;w, @ would have the angle between 96* and 180°; thus
9il would wet the 80144 surface. In short, the magnitude of
the intc:hohl contact angle sarves as a definite criterion -
for the ntbing of the solid by.the num- involved. (4
| Contact angle of a #0114 has been ngnquttd dixoctly ‘
by various workers. (4:23 50) smeath surface. is necessary.
. in this lhaanxnyﬁnt. Nost solid nurtqcon. however, do not have



in the reservoir fluids. (4) Thus, greater oil production ~

pérfect smoothness. Wenzel {52) jintroduced a roughngss

factor to correlate the actual contact anqle Sp tA: observed

angle:
. 4
cos 8' = r cos O (11 ~ 3)
where )
,
, .
€' : measured contact angle
'} : actual contact anqgle ;
r : roughness factor = actual surface/

geometric surface
However, the diredt measurement of contact angle
' L]

of a porous medium is not practical as the surface is normally

extremely rough due to the occurance ‘of pores. Various

authors have reported that contact angle of a porous medium

can be calculated from the displacement(1,3,45) and the
1mb1bition(5'17) prop;rties of it. ~ //
The importance of rock wettability Anh‘interfacial

tension in ail production has been discussed by several
authors. (14:37) 1t has been found that the oil xecovery \ .
from prctqrontihlly watei-wet rock is significantly grcate;‘
;han those from preferentially oil-wet rock.(24:36) 1¢ has |

: L]

also bgon~£ound that the wetting property of the reservoir rock
is primarily determined Sy the natural surface-active substances

.



R S
.
&

“*ﬁndaun as the reservoir- fluids exist in spaces which are

L 2

¢

+

efficiency is expected by adding synthetic surface-active
gubstances to control the reservoir wettability during a

water flood.(44r50)

C. Capnlarj Pressure

The fundamental equation for the capillary pressurc

‘in a single straight capillary tube is given by

€

2y coso ~o -
P, = —MWe = Apy_ qR (11 4)
r
where
U
Po v Py~ P c;pillary preséqip, aynes/cm? k

APt py ~ Pgo. gmM/cC - .
r : radius of the tebillary tube, cm

h : height of the water column, cm

Equation II -~ 4 states that the capillary pressure in
this aystem is proportional to the adhesion tension and is
aneraely proprcional to the radius of the tube. It also
ntatas that the QApillary pressure is proportional to the
height of the column of waterx. The aqplqu with a bundle of

capillaries has often been used in the study of a porous

capillaf& in nilﬁ.ﬂ C e

&Qvntgtt‘s‘aa’ p;;§oaqd Jafunction is a dimensionless ;
zunction oqrro!axAng tha physical pQBpgxtiga of the nproua |
nndiun gnd tha flu&dn vith the capillary pressure in an:



s ‘ 8
attempt to express capillary pressure data obtained from

different samples in a generalized form: v

J(Sy) = 533?;//i§j, . (1T - 5)
Y

Some investigators include contact angle in the J—function.?%’

3(Sy) = Aegh ﬂ//ﬁj: : 0 B (IT - 6)
i Ycos® P '

?
Brown(?) has shown that the J-function gives -a good correlation

for the capillary pressure data obtained from unconsolidated
sands and for tg; data obtained from the séme formation.: |
However, a poor correlation is attained for data obbained
from different formations. Thus, he has suggested that the
use of the J-function be restricted to specific ‘1ithologic
types from the same fofmation ‘ |

A general expression for capillary pressure as a

function of interfncinl tension pﬁd curvature of the inter-

face is dQue to Platenuz(39) ) .
.-.bi‘ l
Py Gty L . e @

-4

where Fy. and r, are principal radii of the interfnce

2
cugxg ., It is Appaxont from Equation IT - 1 that the

qmallor tho xad11 ot the interﬁqco cn:vqturn. the greater the

)
b
i
i

-
-



9
capillary pressure. Since the magnitude ¢f the radii depends
' on the texture of pores and the saturétion of the fluids
present, it can he said that the specific p*easure difference
across the interface may be given by a pértain relative
saturation of the fluids present in the spac%. That is to

say, the capillary pressure can be expressed as a function of

saturation.

D. Saturation History
. It has been known that the capillary pressure for
a porous medium is not aingle-valued ' There is a sxgnificant‘
difference between the drainage and the imbibjtion capillary
pressurp fpr“the same system. McCarde11(32) has explained . .
,; this.?henomenon using/a capillary system whose diameter.
changes from small to large to small. From th;s analysis .j‘
he has showp that the wetting fluid saturation from‘tﬁe drainage
Process is considerably higher than that from the imbibition \
" _Process whe‘,both capillary pressures are the samd., It is N
thus cqgcludod that the capillary présaurenagsqnqtion |
relationship ia dependent on (1) the textural propertiea
of the pores, (2) phyqical properties of the f&gidl and the
f :olid, i.e. wnttability Q; the solid and the inta:facinl
&nnaion between the fluida, and (3) theshia:ory of the

nntuxgtion p:pcqaa.

| i L .
R
' - B ) ' .
‘. ;
. . » !
. ;o . . . . !
: . . B
. ’ . B
’
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L. Methods of Measuring Capillary
Pressure on a Small Core Sample

Leverqtt(za) was the first investigator who
: conducted a caplllary pressure experxmont on a porous medium.
b nxs,experlment was done on an unconsolidated sand pa\k by

¢ .
"height~saturation method". The principle of this method is

to let wetting and non-wetting phases come to equilibrium |
in a vertical sand column and measure resultan\ saturation
at ;5Rumber of heights. The expcriment was done in such a |
mannef that drainage and imoihition capillary breSSure
curves were defined. “ ‘ ;x

| Tho'beight~saturation mkthod, however, reéuires a very
long sample. Since natura11y~occurr1né rock: samples available
for laboratory experiments are uqually small, this method is
not appropriate fotﬁfuch samples,. For smalL core’ samples,

ave been devised. These methods are
»

(1) membrane method, (2) the mercury 1n)ecg10n method L the

four basic methods

centrifuge method, and (4) the dynamic method.. These methods

are described and discussed in this section.

. .l,‘_Membtane Method = | ‘ : .
N -

,Welge(51l propesed the use oﬁ'a semi~permeablé"'
mﬁmbrane for maasuring the capillary presséle.' A membrane{

. s salthqd with Qnifoxmly diatrxbuted pores of such sxza that
A!§l~th@ displgeament pressure 9£ ‘the membrane for’ the selected

diaplacing rluid is graater ‘than sone predetermined maximum B

L 4
y - ”4 . ,
.
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pressure of investigation. The membranc is then saturated
with the displaced fluidg Then some porous material (tissue
paper, fine powder, etc.) saturated with the displaced fluid

is placed on the membrane. This pordus material ensures the

. phase continuity between the displaced fluid in the core and

. _quum 1- nagd rqthém mpan P:gasure. The’ wettinglf;

. !
that in the membrane. The sample is then placed on ‘top of

the porous ﬁgteriai. The displdcing fluid is conflned above
the membghne and sur!gunds,the sample. The pressure. is
applied to the displacing %1uid in A‘stepwise fashion with
small increments, and‘at every pressure the system is allowed
to approach a stat{c capillary cquilibrium. As the‘pressure-
indreases, a portion of the displacéd fluid is expelleg f rom\
the sample through the membrane and the volume displaced is .
r;corded to determine the satuFatxon. Thus, a relationship
betw&en saturation and the caplllary pressure;can be obtained.
Fritted glass aisks(?¢12,33) porce1a1L (4 9k cello-
phane (43) among others, have been used successfully as the
semiwpexmeable membrane. The maximum'pressure that can be
Applied ta this system is the displacement preasure\gf the

[y

mambrane.‘ Due to the limitation of the membrane material

.t

available, the‘maximum pressure is not more than 100 psi 80

-

.far a8, is known, (7)" T . e B '-,

[} A i

A dirgbrgnt method has been devised by Hassler and i

nrunnér(”.’ gsing thg same principla. In their tthnique, o N

' ‘d isAln~

[ . LN
. Loy Voo
v . . N L
L o A :
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/
withdrawn from the sample through a membrane by vacuum.

Among. existing meihods the membrane method is considered

to reproduce mobt accurately the capillary displacement in the

‘ reservolr. This is sq because of the slowness of the approach
\ ” . . '

to capillary equilibrium and because any combination of fluids

-

The latter point is

may be used with tHe me\rrane method .
p l

especially a marked advantage as it has been recognized thi"

"the use of reservoir-like fluids is preferred because the

properties of pore space are related to the physicojlkemical

properties of rxeservoir fluids. This'method, therefore, is
considered to’'be the standard technique against which results
- from other methods axe com ared. The disadvantage of JE:S-
- . L)

method is the relatively £low Jpgroach to static capillagy'

equilibrium aftef pressuré,has’been apbliedf(z)- Complete

g determination of a capillary pressure cprve may take Weeks.

. h . ‘kt . , " 0
2. Mercury Inject@jlﬁethod o % -

curydgnjection method was orig}nall;~bev},€ﬂ!

A °° 2 fiFssure porosimeter by ‘Drake and Ritter(41,42) ‘13
, NI

measure the pore size distribution of catalyats, and wgs.ﬁ-.
~hr -.
- ,,modified by Purqe11(4°) for the determiqation of the cwﬁillary

3 A pressure of porous material. Purqell s equlpmentfﬁgaentlally

f consists of a fixed-volume sample chamber and a mercury

Q ] ]
o v.l st h

diaplaaomem: pump . ' '

’ ' .

IS * The principle of Xhis method is ta indect mercuty into °

: .
L N e ok . ) i .
. S . i B L ».
y o . . B




13 5
the sample under a nﬁmber of successiveiy greater gas pressures
applied above the mercury. As the sample chamber has a flxed
volume, the amount of mercury injected . into the sample at each

pPressure applied is equivalent to the voldme of mercud?~

added to the system by means of the mercury displacement RPump .

Aot
o Thus, with the knowledgeof the total pore’ volume of the, ‘
sample, .the mercury saturatlon can be calculated and' a capil-
B lary pressure curve is obtained It is necessary, however, to “‘
correct the results as the cell expands and mercury compreSSes
at high pressure. . - d
In thi$‘%ystem, the mixture of mercury vapor and
' 're81dual air is the wettlng phase, and the mercury the - 5?
non~-wetting phase. In order tQ correlate the results from-
this method to those frcm the‘membrane method Purcell (40)
has suggested a constant conversxon factor 1ndependent of the*
) ;~ character of th? reservoir. The factor is calculated by
| .analagy tgwcapillary tubes and by Assuming constant surface’
tensions and contact angles of mercury and water. The factcr .
o TR O - - 7 ‘ o
| I
Yﬂg eos ng - 5 - o v‘(Iix* é)‘

Yw 0086 . . I"O""_‘
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~ T \
mercury and water-air capillary
pressures, respeotively.
surface tension of mercury,= 480 dynes/cm

surface tension of water,= 70. dynes/cm
{

7

contact. angle Yof mercury,= 140°

‘contact angle of water,= 0°

The oonﬁhct angle and the surface .tension of mercury used in

Equatién 1T J 8 were

averagdng the values.

mater&qls.

f

{
l

i

) interfdﬁ:.l Piokell,

obtained by Drake and Ritter(42) by

obtaiped on a large variety of solid

0
[ There is, however, some doubt as to the validxty)of

Y

P roel} s asaumptions. Henderson(Ql) has shown that the

/ surfad tn sion of mercury varies with the curvature of the
G

et al, have reported that ~mercury is

! : Y
i " not strothy‘noﬂLwetting; rather, it partially wets thg rock

valid. ! '\;} P

.ﬁ; surface. \mqese two reports suggest that Purcell's asgumptions

of qonqtan\\contqct angle and BQ{E;;G tension may not he

R

o | |
S Y A ! .
‘W ' mm%ée have baen some modificationa as- t0 the e0nver-\

(% :
xhsion t&qtqq}suggested.. One aut@or saya that the factqr

thurc bf‘m\ intartch 1n‘rock m A unique funcf;ion qf ﬂpid
~pq?urqtiqpp%?) In thib oage, thq tactgg ;s “%,J f‘ '

‘,P“ N




= — T ST =" = 6.87 o (IT - 9)
Pow . Ry Re vy 70 . '
- - | - |
where . , . |
| \
- Ry it mean curvaturq of the interface ‘ - .

L8

Dumore and Schols (15) have, used Wen el's roughness

factor of 1 3 for the Bentheim sandstone*me ‘cury-air system {
)

and have suggested that.the-apparen@ contact angle for this

system can be assumed zero. fThis suggestzon nas also

" resulted ;n the convd/glon factor of 6 87. Brown (7) has sug-

! .

| ' gested that Purcell's theoretical value for the factor, 5. 25,

)

is a limiting value and that a higher vnlue should be used' S

»

as the water surfaTe is sensxti; to contamination, making
it quite possible that the figure 70 dynes/cm is a maximum. |
He used different conversion factors rqnging from 5.4 to 8.3 .

and obtained excéllent results. s .
‘e Picke11(38) also suggests thdt there is a ‘tendency 1 E& .

, l tQ' bq

may renult‘whqn net’hry and its gqs
tonorvo$r-Likq fiuid#, enpecially whﬁ
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an inert porous medium thé character of the interstitial

spaces is unrelated to the physico-chemical properties of

o n
I

the saturating fluids.
The cdvantagcs and disadvantages of this method may —
» be summarized as follows. 'The advantagéS'of this method
are (1) the method is appllcable to small, irregularly
shaped samples, (2) a complete capillary/;ressure curve can |
be obtained in 30 to 60 mlnutes, and (3) the rangé of . o
jpressgre is 5 to 10 times that of the membrane method. The . ?

'

disadvantage is the permanent loss of the sample due to the -+ |

unrecoverable mercury.

3. The Dynamlc Method | - g e

¥

The dynamic method was devised by Hassler(la) far,WL!‘WVH

. . K
B 1

relative permeability studies and was modxfled by Brown(7):

N
' for the determination of dynamic capxllary pressure.‘ The

; apparatus °0n818ts of two sem1~permeable memb:anea, one at K
g : each ead of the sample, and complqtgly sepgrate flow systems
o ' : for the ;wo phasea inVOlved.».”.' | ’[J L o . ,u‘: ‘,4

v ) N

o Brmm has used gas as the non—watt@ng and oi} as w 4

‘ :‘j‘f 'wettxng fluid. mhe membranes are saturated w;tp wetting S,

.

:whe~qg;mcnhgrs gnd legves ﬁhe

ﬂ‘/a d gaﬁ througn

- s

the gro\qveﬁ 1n

T
s
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he faces of them. The central part of each membrane is

isolated from the othes part for the determination of oil

o 1
pressure. The difference between the pressures in oil and.

F gas at the inflow end is the capillary preesure The fluids

[}

‘\l
tah‘ﬂl through the sample at such a rate: phat tho pressure
~ [

drop in the two phases across the core' t# equal. This is

accomplished by adjusting the gas flow Gﬁte. Thus,
’ ‘ ) ’ ,
. simultaneocus steady-state flow of two fiuids can be estab-
p c

lished by regulating the quannity of eaéh fluid entering the

gg;e, and a complete capiliaﬂy p*bsnur?“curve can be .
taﬁncd ' ~.g

, Ty ,*‘ a
.

There have been several modif&cations of this me thod
‘made by varieus investigators. Brownscombe,(s) et al.,
Lpermitted counter flow, but experienced plugging of the
sample. Care must ber taken, therefore, to avoid possible

/ ;
plugqi%g and the distortion of the sample in this system.

Leaa,(27) qt al., eliminated the use of the outlet end disk

i . .
and permitted gas flow while liquid snt‘l’!’Bn remained

constant in the core. Although there atif&vremainw some

-
.

. uncqxtninty as to the fundamentql diffamence between the
ltatic and thg dynamic capil&p ;1xbrrwm.a; ‘s
inv-ntiqntion shows qood ngnqa“&‘# tween thn';:S;\obtiinqd
from this method and the mombrtna mathod tor a limestone and

;yp,_auaandatcng in an oil-gas system. { ‘
- | W‘HM "

?h- ‘advantages and dilad?;k 1f. vat thil nathod mnay
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A

pressure is equal throughout the core, thus the fluid
éaturation is also uniform provided the core is homogeneous,
and (2) the end effect can be eliminated, as the capillary
preasure is equal at both ends of the core. These two
pdintl result in a mur;ed advantage for this mgthod,

namely that (3) the direct measurement of satﬁration and the
capiliary praéﬂure is possible, while in other methods onlx.
average gaturxation and the éaplllary pressure at a certain
cross-section of £he sample are obtained. The dis&évantages
are (1) relatively slow approaéh.to_capillary equilibrium as
in Fﬁe membrane method, and (2)\the.difference betﬂsen
dynamic and static capillary equilibrium has not been fully

appreciated, //‘

4. The Centrifuge Method

Hassler and Brunner (19} have reportad thc application
e
-

of a centrifuge for measuring the capil ssure on a

small core sample. This method has been d by a number
of investigators (14'25'31'46)‘f9; capillary pressure,
connate:water lntura}ipn, and wettability studies.
Tholcen;rifug- method makes use of a greatly
increaseq drainage effect by submitting th; saturated cores
to an in;roqaod gravitational force created by the high
normal oqnpénant ot cont:ituéal acceleration. The aqmple to
be teated {a rot;tod at a number of auecoalivoly grgntgr

L]

‘speeds, the ‘speed ‘being hold constant until the onpillqry
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equilibrium ‘1;'fACh speaed chosen. The schple

holder is, -!way gh;l'the amount: of fluid
‘ {

( Bt BR 8w TN
displaced il}ﬁ§".f AR Plpette and can be read by the

operator with thg a d'of a stroboscope. The average satura-

tion of the sample can thus be determined with the knowledge
of !he total pore volume. The speed ol rotation 18 converted
into a suitable force unit, thus a complete capillary
pressure curve can be obtaiped. The capillary pressure
curves obtajned by the centrifugal method, however, are not

a complete description of the capillary presaufe versus
saturation relationship-in a porous medium) fcr the procedure
does not measureq directly either the saturation or the
capillary pressure.

The basic theory for the computation of the capillary
pressure has been shown accurately by Hassler. (13) ¢ c
cylindrical core of length L, containing a liguid of density
p is subjected to an acceleration g, and if the capillary
pressure at the outer end of the core is zero, then
the capillary prefisure at height h above the lower
end of the core will be pgh. Since the.cwpillcry pressure
.ean-be considered as a function of sdturation, fluid satura-# -
tion, conversely, can be exprasked as a function of the
capllla:x ptcaaurof By definition, the average saturatian

obtained by this method is given by

1 : ‘
' 'E---»f 8(pgh) an (1T - 10)
R A . ' .
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If we dafine the capillary pressure at the inner end of the
core (closer to rotary axis) as 2 and 'at any point in the

core as x, Equation II - 10 can be simplified as

.
=

Z

28 = [ s(x) dx (I1 - 11)
(o} .
wherea 2
x = pgh
and
Z = pgL
From Equation II -11, it follows that )
8(K) = %‘- (z8) (II - 12)

The saturation for capillary pressure Z can thus be obtained
by graphical diffqrantiation of the curve z§'vggg§a 2.

The centrifugal acceleration, however, is propox-
\

tional ‘ta the distance from the centre of rotation,~and will - "

change alonq'the 1angth79£ the sample. Thus, the cqyivqlant
eguation to Equation IXI - 11 for the centrifugal field is ¢

more gomplicated. It is given by Eqﬁ;tidn II -~ 1
!

'i"*; )
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S(xf dx

2

(IT - 13)
1~ % sin“a

a
28 = cos? ;7— ./
(o)

where .
P
I = 'i‘ mz(rzz - l'l )

2
x-g ﬂ(l‘zz"r

cos a = rl/r2

The solution of equation II ~713 for S(x) involves
very'tcdioﬁs successive approximations. Hassler (19) has
sugg;ated, however, that a constant acceleration\ggn be used
along the core without introducing aeribua error provided the
ratio ri/rz is sufficiently large. If such is the case,
équution ITI -~ 12 can be used to detexmine saturation. He
suggested thae minimum value for cos ato bev0.7. Slobode,
et al., have usad the average accelexation measured at the
centre of the core and cos @ as 0.85, The capillary pressure
in psi at height h in the core at speed n (rpm) with the
average radius of rot;tidn T ui then given by the following
‘;quqti.om - : | |

P = 1.578 x 207Te n?® T 1

L ]
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szabo(47) has devised a technique tor medsuring\\
imbibition capillar§ pressurce in a centrifuge. A sample
- having a water saturation cloSe to the connate water
saturation is placed in the imbibition cell, and then a
éemi—permeable membrane permcable only to water is Slaced
on the face of the inner end of the gé}q. After the .
continuity of water in the core, membrane, and the water
.reservolr located on the opposite side of the membrane is
ensured, the cell is filled with oil. The centrifuge is
then started at a speed less than the maximum attained
during the displacement test. After the capillary equilib-
rium is reached, the centrifuge is stOpbed to determine
the saturation by weighing the sample.

While imbibition takes place against gravitational
acceleration in the membrane method, in Szabo;s method,

thercentrifugal acceleration works in favour of imbibition.

’_/Ezabo also assumes, that significant re-distribution of

fluids in the core does not occur while the centrifuge is
stopped for the determination of satufation. .

| Hoffman (22) has reported that the time required for
determining the capillary preSéure can be further reduced
‘by using a conatantly-accelerated centrifuge. A centrifuge
with a speed contrdl system for increasing centrifuge |
npeed at a conatgnt rate is used in.his atudy. Cantrifuge
speod, Averuga saturation, an@ capillary pfeaéala sra \
expressed as a function of timn, and by pr@per rearrapgemant

LIPS [} Co . § J
L ‘.
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of Hassler's equation, saturation at the end of the core
Sioser to the rotary axis can be evaluated at a given time.
A complqte capillary pressuro cunvé can be obtained in
approximately 6 hours by this method, while ﬁassler's equip~
ment requires at least twice as’much time as Hoffman's.

The advantages for the centrifuge method are (1) the

\

greatly reduced time required for obtaining a éomplete capil-
lary pressure curvé, and (2) high capiilary pressure created
bx p:opsrgdesign of the equipment. The disadVaQtages for
éhié:méﬁhod are that (1) the capillary Qpessure-satugation
relationship cannot be obtained directly, and that (2) the
imbibitioﬁ durve for pressures greater than zero and fhe

drainage curve for pressures less than zero cannot be

obtained'by this technique.

e



CHAPTER 111

A CAPILLARY PRESSURE MODEL AS A

FUNCTION OF SATURATION

A. 'Capillagy Pressure Model =

In oraérvto carry owt the analysis, an assumption
was made that the cépillary pressure can be regarded as'the
indepen@ent variable which determines the saturation at a
given cross-section within‘; porou; medium. It was also
assumed that the porous medium is homogeneous. The func-

N : N .
tioggl relationship between the capillary pressufé and
saturagion was such that it meets the following criteria:

(1) The area Qﬂder the capillary pressure versus satura-
tion curve must be finité, as the aréa represents the

work done in creating a new boundary surface.(ze)

(2) The capillary pressure is finite near Sy = 1.

. L}

, (3) The slope of the capillary pressure curve near
8y ™ Sy4 approaches minus infinity.
(4) Any functiobql reiat;onship must_agree with experi-
fpgntai evidence. |

Generally, two .types of drainage capillary pressure

3

- auryes are found among the existing data. Curve.l in Figuré

111 = 1 js believed to represent the typical capillary.

pressure céxvafqgfaﬂvery thin porous digk}“a)-wgila curve 2

\
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is often obtained in laboratory measufements Note that
there is a discrepancy between the two curves in the reglon
. neao‘sw = 1. In this region, curve 2 shows inflection,
while oorve 1 does not. It is believed that for .a homo~
geneous pofous medium, the oapillery pressure‘ou ve would
behave like curve 1, as the slope of the curve dufing' \
‘drainage is a measure of the pore size distribution. The
more uniform‘the pore size, the more nearly horizontal or tﬁe
flatter the capillary pressure curve, (13)
It should also be pointed out that the capilla;y
.pressure data obtained using the membrene method have often
been misinterpreted. The results obtained from this method
do not represent the true capillary pressure vérsag saturation
relationship; rather, they represent the relationship
between. the capiiiary pressure at'e pargicdlar cross—section
of the' sample versus average saturation. Thus,"seriou: error
may rcsulé in determining diaplaceAent pressure'and hoth
saturation and capillary pressure in the reiatively low
preasure region. o S
Therefore, iéoseems‘ﬁeasonqble tO'select curve 1 iQ”
Figure III - 1 as the basis for a oepii%ary‘preanure model.
It is allo'believed thatfthis type of Eurve chn model data
from nnturally occurzing rgck samples, for thp data in the
rqgion nca: By = 1 usually have 11ttle praqtiqal importance,

vfor moat cnqinocring puxposes.
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B. Construction of the Model

It is genera11y accepted that'thg capillary pressure
curve is discont us at the displacement pressure, Pg,
below which‘satqration is unity. It is also generxally
accepted that- there exists sopé minimum wetting phase satura-
tion for a porous medium. herefore, it seems reasonable to

' congider the domains of the \capillary pressure and saturation
as 91Ven below in order to describe the continuous portion of

the curve mathematically:

Pq 2 Pg < =

]

.‘1’:. ) " . . t '
The displacement pressure and the connate water saturation,
§ : 4 )

Swi, are believed to be unique characteristics fof a system
oﬁ a giv-n .combination-qf fluids and 5011ds.(20)
< ' | Payer and Sheldon(lﬁ) have suggested that, for a

vatex-fet medium, the slope of the capillagy pressure curve

wherae

.
A oo ‘ . a

LR . St

&pRros chql minuq intinity as: saturation S, decrenses to zero, -

'
.

.
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This {s consistent witl} their condition thatv.‘ch/d“'u"ld

bﬁhav like i/s near S eqﬁal to zero. On this basis it seems

reasonable tb postulate that e
" Pc 'i 1 '
! —_— = - (I11 - 2)
I as- .S : :
P - A
whi h, upon integration, yields , /
. ’. K * -
. ! ' ) .
Po =~ 1n S + Py ) (111 - 3)
b . ‘ . n )
The capillary pressure may be normalized by defining
P, -~ P :
T - c d S (IV ~ 4)
v g I
-~

\

-

where ¢ is the noxmalizing parameter for capillary "Pressure
which incorporates the effects of lnterfaclal tension, |

,wqttabillty, and pore~size«dmstr1butxon. Both Pq and ¢ have

f bé determined experimentally. ' ' ,Q
y ' The model now can be writtenras | g
." . ' - \ . Po-Pq. ¢
Sy =Sy * (1= Sy) expl‘(-—%—-ﬁ‘},~ (11T - 5) ‘

S T T ) o - T
‘and the normalized form of the model is given by' -~ .. v "
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C. Application of the Proposed Model to the - -

Data Obtained Using the Centrifqge

The proposed capillary pressure model (Equation

III - S)has to be modified in such a way that the data

[N

' \ .

obtained using the centrlfuge (i e., average saturatlon pnd

rotation speed) can be,used. The centrifugal acceleration
. ] ‘ : ‘ , .

is defined by

.\"‘u = ru2 ) “ ‘ XIII -

w

The cgpillary pressure inpcentrifuéal acceleration is
A L.

given by ' : o

A

Po = 8pw? (R - h/2)h ‘. (111 - 8)

,

»
'

Al

o | N -
Note that it is assumed that the capilla:y pressure ‘at the it

o * i

‘outer end of the core .is zero.‘ This assumption is justifﬁed

by :he good agreement between the results obta;ned using the

ot mempr@ne and the centrifuge methods. (1\?)‘& 'rhe capillary

prondura profile wiﬂhin the coge ;s shown in Eigure I;I -2,

"By deginition, the average saturation of the core is-
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At some ctitical.rotation speed; W the capiildry K

pressure at the outer end of the core reaches the displace-

ment pressure. thib such rotation spéed'is reached, the

water saturation'remains unity. After the critical rotation

speed is exceeded, the locatlon at which Pc = Py is aSSumed

' to move along the core and to approach h = O. m“

The displacement pressure is 'a unique property- of the
pdrouq médium; and ‘has only énguvalue for any particular |
epecimen.(zo) Its value is a metsure'bf the degr;;‘of rock
wettability, the oil -water 1nterfacial tension, and the
‘diameter of the largest pore on the exterior of the rock
'sample. ‘Therefore, if the largest pore-size is uniformly
distributed throughout the core, as it is expected to be 1n
a homogeneous porous medium, the’ above assumpt&pn should be'
valid. - Figure III -~ 3 shows the saturation prefile in the .
core'for some w>w,, where h; is thellocatiqn in the core at . ¥y
whi:ch Pc = Py for anywmc.',' o R

!‘rom the derivation aited in Appendix A, ,the

b
1

‘fOllwtq pr_reqa.!,on results: |
' N T " o , . *r

P

| | ' [ - h* - P ‘-,-Pd : .' ,

-
R
s
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H
(1-6ys) (R-)Pa  (1-5,4) (R}

By = Swi * —
(Rogz - F .
Z  axp (.PC — Pd)ch
. [o}
F / . PR - WH (111 ~ 11)
Fa N//, IR / |
T \

Equation III -~ 11 could not be solved analytically;
therﬁfore,\two methods were employed to solve the equation,
i.e. ‘ ) '

gl) Numerical Integration Mathod
(2) Approximation Methog
The denominator w‘éhin the integral sign of Equation
’/

III -~ 11 pehaves in a linear fashion in the integral limits.

Thus, the midpoint may be used to afjproximate this term, or !
Y .
N -

LN — |
.- ﬁ2~(n-ﬂ)ni '-t\/nz-(zn-—n)n_ﬁ - g~ Hth?

L

Substitution of the 4bove apd integration' of the Equation

4 ¢
XIX - 11 results in:

.
*
S 3 . ' .
s .
A
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H H+h*
— o (1-S,4) (R- 3) R~ P
S e s, b W ;_[ z— Fa

R . Z
( —5“—)

Z~Pd
+1 -~ exp(- ) (IIX - 12)
g
Note that from Equation III - 8
ha 2 Pd '
R ~ R% - Z;:} - (IIX -~ 13)

The above equation was used as the Approximation Method.



CHAPTER IV
EXPERIMENTAL APPARATUS AND PROCEDURE

In order that the capillary pressure in a porous
med i um bg examined experimentally, a total of six sandstop;
cores were obtained from the Department of Chemical and '
Petro}eum Engineering, the University of Alberta. These
samples were about one inch in diameter and between one and
one and a half inches in length.

\Prior to the capillary pressure tests, the porosity
and the %ermeability of the samples were determined using a
specially constructed Boyie‘s law porosimeter and a liquid
permeamafar. The porosimeter consisted of a core holder
and an exp;pnion'chamber connected to a gas supply and a
vacuum pump\ga shown schematically in Figure IV -~ 1. By
calibrating Qith aluminum cylindrical blanks of known solig
volumo, the mﬂtrix-volnme of the cores was determined and
poronity dcter&ined. The permeameter conaintaq of a core. BN
holder, ligquid x?jection piston. flow-rate regulator, and a
prncilion—bore capillary tube tor flow~rate measurement.

LI

The permeameter is shown !chamatically in Figure IV - 2. The

samples wsre sat ;‘tﬂd vith the wqttinq fluid using a cors -

4
‘

saturator shown sch _ticnlly in riqurq v -~ 3.
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determination of the drainage capillary pressure on a small
core sample”in the centrifuge. The centrifuge method was
chosen primnrily for the reduced time required to obtaxn
data and for its reliabillty and good reproducibility. Ini-
'tidﬁly, the membrane method was '‘considered for use aleng
with the centfifuge method, but due to unavailability of
membrane‘méterial with suitable éqse size, the membrane
method was abandoned and only the centrifuge cell was con-;
structed. A semi-permeable membrane was considered for use
in the centrifuge cell, but this design was abandoned for thet
same réaaon and the cell was constructed without a"membrane.‘
Figure IV - 4 shows the cross—sectiop of the cell in actual
dimension. The:cell consisted of a core holder and a pipette
for determining éhe'volume'of displaced fluid. A 3/8 inch
diameter precision—bbre (L.D. tolerence t 0.0004 inch;
glass tube wgs used as the pipette.

Thq cqre holder body was made of anodized aluminum,
thlé'the core support disk and the bottom cap were made
of atninloa; ategl. The arm and the ﬁdbe body were made af
mild ltaQL,fin.order Fo 1Qqatevproperly the cehtrq of |
wciqht; A stainlgas lteel poil spring waa placed in the

core hol;l-r t0' atabilize the nmple.

An Int-gngtionql Model U cqatxifugg was unod in tpia
wotkg opnnt:iw At various npeedi up. to 2&200 rpm with a Mel

Rt e
.
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976 centrifuge head“(Trunnion, 4 place). A window wasg
provided on the 1id of the centrifuge to 'facilitate obser-
vation of the drainage cell with the aid of a calibrated
stroboscope (1540—P1—Generai‘Radio).

After capillary equilibrium was reacheé at eac
centrifuge speed selected, the water volume displaced 2!:
the core was recorded by means of a camera‘(Miranda 85 mm,

F 3.5) using high speed film (Tri~X, ASA '400) . The same

Stroboscope was used to provide a light squrce for photo-

graphy and to determine the spéed‘of the centrifuge.

C. Experimental Procedure

1. Preparation of Sample

The dimensions of the samples were ohtained by
taking the average of ten caliper measuroments, and the bulk
volume detergined. Prior to tests, the samples were cleaned
in a ‘soxhlet. extxactor(2) for 24 hours with CClq, dried at 95°
C for 24 hours, then heated at 500°C for 10 hours ‘tq remove
organic m&terial from the surface. This treatment is be-

lieved to rehder the samples strongly water—wet (11)  After

the samples Wexe cooIed in a desiccator, porosity was deter~

mined by.Boyle 8 1aw porosxmeter using nitrogen.

Dow Corning 200 Fluid (1,5. cs) was se cted as th;
nonewetting phase of OF 1ts chemical sgability Anégpurity, and
5\ brine was sqleoted as the wetting phase tor its similarity
to rnaarvoir water.(‘g’ The dgnnitiqs And the VLSOOsities‘

- of the wqtting and non—wetuAQQ fluids and the 1nterfaoial

* 3 ! ¢ . v,
. L ﬁ.;(.‘ 4 ) 4 \'.

— . Lo RN - . ’ . R

Lt : i .. . . . B

PR : ' .
. . ¢
4

' g

g
.
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tension between them were. obtained at 20°C at the Standards
Laboratory,. Department of Chemical and Petroleum Engineering,
the University of Alberta '

In order to saturate thé sampless they were placed
in the core saturator and Kept under vecdﬁm at IQMdg for 24
hours; "then saturated with 5% brine. - Liquid permeability

was then measured using the permeamgler described earlier..

2, Cgpillary‘Pressure Determiggtion
After the capillary pressure cell was assembled, a
small amount of bg}ne mixed’with uraine dye was injected
into the pipettgﬂgeing a hypodermic syringe to establish ‘the
initial brine level. The ceil was then filled with oil,
leaving sufficzent'space for the sample to be tested. The
sanmple, after having excessive brine blotted from its sur-
face, was immereed in the oi]l and placed on the ‘support disk - !
51n the cell. A stainless steel coil apring was used to!
stabilixe the pample in poaition. Both centrifuge cells
vere prepared in this manner and the weight of both cells
3“: ‘i was made’ identical in order to minimize centrifuge ]
Vihxggion.: | , 1'. |
' The 1n1tia1 oil-water intexface level was recorded
i - with, tne ‘camsra, then the cella were Placed in the centri-
‘ / tuqe on oppoaitn lide- ot the rotation axin ::Qm Qach pther(
‘ v;?' and thﬂ cqntri:qge -tqrtod. ?he -paed was hcld eonstent at"
‘fldfﬂgft_ a nnlhor q! -ugcosnivqiy gxegter ;peedn until eapiﬁ@ary B it

>
)
. '1‘-



42
equilibrium was reached. The eqnilibrium was normally

!
obtained in 30 minﬂtee to 3 hours depending on the sample’

‘and the centrifuge speed The stroboscope wag used to

determine the speed of the centrifuge and to provide a

source of light for photography. The uraine dye, being )
.fluoreacentTﬂﬁaae the .interface clearly visible and improved
photographyL Care was taken especially to maintain_constang
benﬁrifhge'epeed, as the fluids.in the core ﬁend to re-
distribute if the speed fluctuates, quLer the measurement.

was completed, the centrifuge was stopped and the remaining

brine was extractdd from the saﬁple using a soxhlet

!

' extractor for the material balance check. . ’*ﬂ
' '.- i a -
3, Determination of Average Saturation: . .
. ~ and the Capillary Pressurc . ’

Photogrephs were printed magnifying the pipette to

approximately ‘three times its size. With the aid of
' : : - [

reference lines pxovided on the pipette, the oil-water

'-1nterface ievel was deiermined with calipers and the volume

. ) ! &

| of brin? dinplaced from the sqmple obtained, hrom which the ;‘”, g

L everage wqter saturation could he readily calquleted,

: ]} ‘ . The qapillary prrasure at‘!he innqr end of the sample'

N was determinﬂd ucinq the ﬁollowmng eq0ationx(45) o . f.fefﬁ
Y Cop R - ST e "

/ll ) ) . "4' ’ Y

'578 x 10 7Ap n? (R - n/z)ﬂ v ey

¥

N : . N W . . .
+ EIE : Vo ! ) = St Vs
1y L _'v‘».“ . ”, B ’,.,'A ] #

Iy

¢ from :he cqntre ot go:ation ﬁo the ont“jw :

= s’
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4. Treatment of Dntﬁ

\

Equations III - 11 and ITI - 12 were employed to
calculate the true water saburatlon at the inner end of the

sample. An algorithm to perform a least-square estimation

.of non-linear parameters, developed by Marquardt, (30) was

utilized to eatlmate the parameters Swi'°' and Pg4. After

/
the parameters were estimated, the capillary pressure model

(Bquation III - 3) was used to generate the capillary

preanure curve. (See Figures V * 10 ;;d v - 11)

& N .

..




* CHAPTER V
_— RESULTS AND DISCUSSION s

' A. Testing of Model

In.order to test the ,model, caplllary pressure data o
o SR
were taken from Calhoun's(11) paper. His data were obtained

. for two silicq core samples using the membrane. methoss The b
, - - .
. dl8plac1ng and the ‘displaced fluids used were air and water,

) Ve

respect&vely. The lengths of the samples were not given by

_ CalHﬁun, and therefore were aSSumed to be 2 54 cm as this
was the size commonly used in the membrane method

Two approaches were employed to test the model.

[

(1) by rearranging the model to 1nterpret the data COrrectly v

and (2) by assuming that the‘mémsrane method results repren

sent a true saturation versus capillary pressure relat10n~'
fusmm_ N R o T

N g ~ C ., . -y

l.v Aq roach‘l

# ‘1 " ¢ ! ‘ " . ' f
'”ﬂ%’ " As is mentioned 1n a preJiqup chapter, _ ,emhrane .f,
. . , 7

method reaultg ao npt represent ﬁrue sqturatipn vv,rusl| p

'f'7;Iu‘ capﬁllgry pressure relatLOnshlp due to gravity.n!Figur ,
V\I - 1 -- A :Ls ; sinplified. illustration of é;\e membrane ce‘

. cr i
. N v oa
"

i(

fox an qir-wgte: BYBt
Mx presmre |

o ' ' L

‘n.s recerded as Kthe experimental -

.u_'.“'

. . capilla:y presanre., ‘Note that t*g is tihe cbapimaﬁl! Pmsj}?mf A '“

?‘Q Dﬂ# to gravity,‘ he eapxl'ary preaaure inereasesjf“%"

-
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with height to a maximum of Pq + pygll (=Z) at Qg H. Conse-
quently, saturation also varies along the core as is shown
in Figure V - 1 - B. The saturation determined expcrimentally
is in fact an average saturation of the core.

It is necesdsary to alter the model sBo that average
saturation S, can be correlated to Pg. Equations V - 1 and
V - 2 result from the required derivation,qivén in Appendix

B " \

For air pressure P, 2 P,

\

- o (1-Sy4) p,-P ' z-P
Sw = Syi * exp (9% -vexp (-9
pwgﬂ o o]
~ (v - 1)

S

—_— : 1-8 2~-P
i - d
By = 8 + L [ Py - Pg + o‘{l GKP(-~;—~G

- | - 2)

The initial displacement takes place when the capil-

lacy prqngurafnt the top of the core, i.e. %, reaches P,.

.

<

-9
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The air pressure at this time will be Pd‘ﬁ p M. 1t is for
this reason that two equations are derived, one for Py 2 Pq

and the other for Pq < Py.

Using Equation V -~ 1 and the capillary pressure data

for Pg > Pq, the parameters were estimated applying .the

Marquardt AlgorL&am. These parameters woere used in the

N
following manner:

(1)'§; versus P _ generated for Pq > Py using Equation

+

9

vV -1
E

(2) §; versus Pg generatod for P < Py usikg Equation

c
) %

vV -2
A complete §; versus Pg curve was obtained by combining the
results. The solid curve (curve 1) in Figures V -~ 2 and
V - 3 is the generated §, versus Py relationship for samples
2 -~ Land 3 ~ L, respectively.

It is seen that the model simulates the inflection

of curvature for the relationship near S, = 1. This inflec-

_ fion is due to the fact that 5, is calculated rathex thé&n

However; the greater degree of .inflection in the exper-

imental dnt& indicates that it 1is influenced by other factors

swl

than just gravity, such as the pore-size distribution (i.e.

existence of very large pores)..

¢
A

Here, the‘§; versus Pg results wera agsumed to repre-

8, vexsus P,. The model (Equation III - 5) could readily

- , v
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)
be used to estimate the parameters without any rearranging.

Using the data points for P, > P4, the parameters

9
were estimated and the capillary pressure curve generated.
Generated curves are given as the dotted line (curve 2) in .
Figures V - 2 and V - 3. It is to be ndted that the solid

curve in the region where Pg > Py represents generated data

from both approaches.

3. Comparison of the Two Approaches '

Excellent agreement is noéed between curve 1 and 2
in Figures«V -~ 2 and V - 3 and between the parameter values
estimated (Table V -~ 1). Parameter values are in fact the
same except at Py, where this difference is within linear
confidence its. Separation of the two curves in the re-
giop Pq < Pgq is due to the neglect of gravity in the second
approach. For the same reason, the Pq estimated in the
firat approaéh is greater than that in the second approach.

The gas pressure P_ at §; = 1 obtained in the firxst Approagh

g9

is less than P4 by a constant amount of png. )
The agreement between' the two approaces justifies

Ythe assumption made in the second approach. This ésaumption,

however, ia nat vnrlé‘ﬁhen'ghé sample ia relatively long.

‘ Th; Aqrpinnht between éh(,dé?iwgnd the mqdeled curve indicates 3

that the lengths of the samples assumed are not unreasonable,

!
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4. Dimensionless Capillary Pressure
Curve and Conclusion

Calhoun gbtained capillarylpressure data bn tetra-
docané-water and oleic-acid-water systems using e sa&e_ !
samples. In these systems, the gravity effect is smaller
than in the air-water combination because smaller density
differences exist between the fluids. Using the second
approuch,‘pargmeters were obtained and then normalized capil-
lary pressure (Equation £II ~ 4) and saturatiqp (Equation
III ~ 1) were calculated\using the data points for Pg » Pg-

The results shown in Figure V ~ 4 1ndxcate that the
suggested/model can be used effectively regardless of fluid
combination. The parameter ¢ seems to incorporate the effect
of interfacial tension, wettability, and the pore-size |
diatributioa. With these results, it is concluded that the‘
model may be-regarded as universal. .

“ a

B. Results

1. Experimental Results

o The physical properties the s;mplea axe gﬁﬁen in
| Tablq V -~ 2. The sgmplea are all sandstone and ar§ approxi-
mately one inch in diameter and ope and a half inches in
length, The poresities range bAiween 15 and 24 percent while
parmoabilitiou range bthaen 30 and 430 millidarciea. The -
propexties of the fluid? uucd are given imn Table V - 3, |

‘THe pxpirimcntiludeta Sy and z for each sampla are
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tebhlatéd‘in Tables C - 1 through. C - 6 in Appenaix C and
arefplotted‘in Figures V - 5 through v - 10. Three duplicate

St

4xgerimental runs were made off samples A, B, and C, and two

‘ " 4

/ ‘
‘ru%s were made on the other samples.

i During the. experiments, no shifting of the centre of

R
0
F
A‘fuée' The tempeyature in €he centrlfuge dia not exceed the

A !/‘“‘(. ‘ :

' ' %, TQOm temperature by more than 5°C, ‘therefore the propertles

W

b fthe fluids were assumed to remain constant.

{

e R

Qdation or irregular vibration was observed in the centri-

i
v
N L"
ol

iy
i The maximum time required for the samples to come to

|
RL‘N |
“.weqplllbrium was. found to be approximately 2 to 3 hours at

~f"_
'72 POO rpm., In the six cores studied, no change in fluid

!

\

fquapuratlon was observed after three fours df centrifuglng 9
[

! ye%?ks was due to the high permeabilities of the samples,

The capillary pressure is 0 psi at the outer end of

T~ = ——

e core (i.e. where 100 per cent water saturation is as~-

'w,ﬂ?
%med to exist) and it increases w1th che height to a maximum
ﬁ the ing%r end of the core (h-= H) " The maxzmum.capxllary \

A ﬁt essure at the inner end of thetcore (one and a half inches

Table V -4 gives a summary of the water volume R

determipations for the oores.  The total volume of water
Ve

expelled from eaeh eqre at”the end of centrifuglng and the.

.

by
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compared with the pore volume. The error ranges between 0.02
and 0.09 cc. This error is equivalent to 0.5 to 2.3 per-

cent saturation for a typical core.

2. 'trical Results

(1) Modeled Caeillary Pressure Curve

Thé Marquardt Algorithm waslgmp}oyéd to Obtain S
versus P, curve from the experimenta{ data. Two methods
‘ N
were used to apply the model as was‘mentioned in Chapter
ITITI - C. |
<
(1) Numerical Integration Method .
The Marquardt Algorithm wasﬁused in ?;njunctiona
with a Gaussian Quadrature 40-point routine to inte-
grate the second term of Equation III -~ 11. ' .
(2) Approximation Method
+ . The Marquardt Algorithm was applied directly to

Equatiop III - 12.

The parameters of the capillary pressure model were -
estimated with a convergence criterion of ¢ = 107°. Both
Numerical Integratioﬁ and Approximation Methods were uysed forv
‘mamplas A, B, and C while only the Approximation Method was
ueed for the other samples. The parameter values obtained;
their iinear confidence limits, and, the gstandard error of
estimate are summarf{zed in Table V ~ 5 and the smoothed .
values forvﬁ; are given in Tables D - 1 through D - 6 in ‘'

Appendix D. . Generated capillary pressure curves are shawn

.

N
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graphically in Figures V - 11 and V - 12, where the single

curves seen are sufficient to describe both methods.

(11) A Modified Hassler Method

The capillary pressure curve for sample b, run 2, was
obt;ined by applying a modified Hassler method, for which éhe
Spline Fit Technique(zs) was used. In this techniéﬁe, data
points are arbitarily divided intq several interwvals, and the
points in each interval are smoothed with a cubic polynomial,
making the first two derivatives of the curve on the'right-
hand side of a boundary point equal ?o the first two deriva-
tives of the curve on the left-hand side of the boundary
point evaluated at the bouﬁaary point. The differentiation
of the resulting cubigfgziynomial glvesg d(z§;)/qz, thus
avoiding Hassler's tedious graphical differentiation.

The results obtained using the modified Hassler
method is given in Table D ~ 7 in Apppndix D. The solid

line in Figure v ~13 representa the results obtained by the

. 'Approximation Method while the circles represent the satura-

tion calculated using the modified Hassler scheme. Egsen-

- 4n

‘ ( ‘
tially ‘the same results were obtained using both techniques.

c, Diaéunniqn

1, .Equrimental Ra-ultc

Thq firlt runs on S&mplea A and B showed a large
dcviation ‘from the other two xuns. There is some basis for
baiigvingithat this behavior may havg been caused by'the |
. unstable wnt-ing?probcftieilcf the samples at the ‘time of| the.

, o - o ) |

P
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first run. (6) It is oxprctod,thnt a number of repeated runs
may have ovontunlly ltlb*lil.d th‘ wettability. It is for
this reason that the results for the 1nitial runl for all

the s es were not taken into consideration for Cltimatinq.

ters of the capillary pressure model except for -nmple'
C whose results for the first run did .not lhowviuoh bohnvior
" The error involved in the dqtnrminntion of thc wator

volume in the pipette 1- estimated to be ) 0.013 co whon the
pipette is mnqni!iod 3 times thn.nctunl‘lino on photographic
paper. The uncertainty in luturntio; would then range
between 0.8 and 2.6 percent. The typical deviation in the \

avefRye saturation (three porcont) and. the actual error in \

water volume doﬁormtnnti;n (Table V =~ 4) indicates that the
V'ivoruqq saturation was determined wiﬁh‘nntinftctqry accuracy.
| ~The lfqpb°loopo wl; calibrated to : 1% tolerance.

At 2,000 rpm, this is equivalent to o 13 plﬂ. for ‘egiogl
sample. Considering the po.l;bilitinu of other error sources,
~ such as very slight centrifuge speed zgﬁceuceton, the fgpteul

s dcviatidn og pressure ion to 0,3 pii), may be conaidered to

-nnll.

Table V = l lhewl "the estimated connate and :nlultunt

_watex ntunu.om for each nmplo. The muximum :onuon

‘ qu !or the eqnttuugo wu 2 200 3 Ty “This vas 1mucnohnt
| %0, d:tvc the vater ntu:neion so the connate wctc: oqtu:nt&on,
*  Thes the rnlhrtlns water saturations v.:o eonntdor '

"g:out.: than shc cennate wqeo: lnturlttonn.
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'Z.h Numerical Results N ‘ 0

'that 0'is sensitlve to small changes in capillary pressure* f

:'ghgnge 1n derivatiqu q&!o\ Appa;ennly, no theorgtdcal

(i) Suggested Method Using the Model

Reletively large linear confidence limits are seen

for ¢ in Table V(- 5 as compared with Swi and Py, indicating =,

data. The phenomenOn Ean possibly be e&plained by noting:
that th% samples used are not A homogeneous. Though the
standard errors of estimates ranged between 0. Bé’ x 10 -2 and
1.537 x 1072, they are'considered to be satisfactorily small.
The differences between the parameters obtained in
the two methods are much smaller thanqahe linear confldence
limits. Gooa agreement'between the two methods lends to the
suggestion that due to ‘its simplicity only the kpp;oximation 2

\

Method need be used. i
(ii) Modified H'leer Method and Suggested Method

The m0dif16d Hassler method has~ﬂ.ven essentially

. the samefxe ults as the Appxoxlmation Method (See Flgure

v - lB)Q,m By of numerical dxfferentiation rather than
graphical difﬁerentiation eases the applxcation of- Hasslex's -

theory(19) considqrablyh
A problem with the Spline Fit Technique is khe ‘

‘seleetion of boundqry points. As the cubic. polynomial for

“each interval iaxdepcndent on the chqice of boundary pqints.x'

changing boundary points normally results in some F

e
[
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atudies have been made as to the optimum choice of boundary
.points associated with this technique. However, this ahodld
not be too serious a problem as long as data points are

reasonably smooth. .

. P
‘ N N\
R 3. The End Effect ‘ ' !

. It has long been noted that where there is a discon~

tinuity in the capillary properties at the outflow end of the
core sample, capillarity in the core tends po draw the water

into the co}e from'the void. The.water thus accumulates in

+

' the boundhry, and the increased water saturation causes g

dpcrease in the permeability to oil.?8)  Thie behavior is

called th§ rand effect” or the "boundary effect”.
In the reservoir of large-scale “laboratory experi-

: . §
. ments, the distorted zone cauBed by the end affect has a

4 rclativaly small eflect on the 1nterrretation of results. \\\

| Howover! in a nmall acale 1aboxrcory -xparimeﬁt, it is very
important to qccount Adequatoly {or this eftagt. !hua, in
the memhrane mcchéd,'it.in cu-to@.:; to{blace some porous
n-tctiai udturnt.d with the wnttth-fiuid nptw.on thc nampla.
nn4 tht‘lumé-pocmnable mnmbrcno to onihro phase continui;y
lﬂd ;huo oltainntq thn end effect. 1In the centrifuge method,
hmvor. the ond effect has often been ignored despite cm

: ‘ Ab“ﬁ?ﬁ ot An nnd-bdtt in n&it qxporgn.ptnl sat-ups. The

5‘ o Quontiqn,'mlnaq, eharo!o:a. if the end. otfoct wnuld violate’

U | ‘sdriously the l'!unvtion aade br unanlqr that’ r, =0 ath=o0.

<.

.
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It is clear from Leverett's explanation of the end
effectcze) that the pressure in the water must be consider-
ably higher than that in the oil juat outside the core, in
order that displacement take place. Figures\V - 14-A to
V - 14-C show the pressure distribution in the oil and water
within the core in three different situations. Figure
V -~ 14-A 4is the diltiibution on which Hassler's assumption
ie based. Figure V - 14-B shows the présﬁure distribution
expected whpL the capillary displacement is taking place,
and Figure V - 14—C‘showe fhe distribution when the system
is in capillary equilibrium. As the oil pressure is greater
than the water pressure at the innqr end of the core, the
capillary pressure inversion must take place somewhere in
the core. It is expected that the location of inversion (at
which Pc = 0) would ﬁove tolvard the outer end of the coxe as
the system approaches capillary equilibrium m.efsqmelpftectr
1- expected as the contritugal nccelerqtion'increa-ea

Strdetly npagkinq. however, the lacation at which

PQ = 0 would never ragz: Qhe Qufar end of tha gore. *hun the

ion and may rasult in-

'v"*ﬁ“&ru unt4l the

contritugul foroe. 1nc:oancn suf 1ciant1y to réduce thin

end effect violates Ha ﬁa
highex diaplnoomsnc nnd c& ﬁE;
ndvo:lo effect to a negligible level. Furthnrmor-, noqntivn.
capillnrr prpauuro at, the og;or and. of the éoro indicates ,
'. N tho nn;uxntion at chn Locntion juht gﬂto&dc thln Qnd fgc‘#xn

' nq& 100, eoccont ail.. Thin would rnnult Ln hiqhar cbtnxvnd '
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average saturation. The end effect, however, does not seeﬁ.,
to affect H;ssler’s assumption too seriously, as the more
acceleration ihcreasea, tﬁe more the assumption seems likely
to be reasonable. This ig further confirmed by the agreement
between the membrane And the centrifugq method results
reported by Hassler and the centrifug ieat donq,by Marx(Bl)
with &nd without an end-butt. )

At this point, it ahould be noted that éhe displace-
ment pressure estimaled using the proposed method is consider-~
ab}y lower thqd theﬁbalue obtained by éxtrapolating data
blota (Fidure V -~ 5 to V - 10) to Sy = 1. 1In érder to
interpret the results adequately the discrepancies are
tabulated in Table V -~ 7 and are plotted against perme-~
abilitx in Fiqure V ~ 15. It seems from Figure V -~ iS that a
.“lihaar cofrelation ma)‘ exist between the diécrepancy and

permeability; the discrepancy increases with permeability

Ldvoratt(za) explains thia‘fandency by aaying that the

groqtqr the, parmeability, the grentor the diatancn_over .
which the Apprqcinble giatortion takes place,' The anomalous
rnsult tor nample E can be explninad by noting that it ia .
much ghortgr than other lumplcl.
.‘Aa to the dincrgpandion found between thc egpsriman—
wtaliy nb'ainog Pd-nnd the oatimnﬁcd Pa, the foliawing .
Quplnnation can . bo’nado. an qarquardt Alqozith estimates .
nqxauntqru npihg-ull data points equally weighted. Thaxoforo,

aVen thquqh :hn data Qro -1iqhtly.in otror in eha rqlntivsly

L]
N » . 4 . o . + “i
P . . 1 . h
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low pressure region, tho model would estimate a Pd which
would likely be closer to the true P4 than that obtained hy
extrapolation. As the Py obtained by extrapolation is
axpebted to be higheg than the true Pgq, the lower P4
estimated using the model ﬁay thus be justified. It should
be noted however, that the deviation of the esﬁimbted P4

Y

from that observed is not necessarily a quantitative represen-

tation of the end effect, but could also be a result of the

hgterogeneity of the sample.

3

~

G .



CHAPTER VI

R \

,CONCLUSIONS AND RECOMMENDATIONS

t

'

l. Conclusions P

"o '~ As a result of this investigation, the following

conclusions can be made: .

-

(1) A drainage capillary pressure model has been *
suggested in this study. The model describes the
capillary pressuressaturation relationship in a

porous medium satiéfactorily.

A

(2) The model has been experimentally verlfied usxng :

data obtained frdfj relatively homogeneous, water~wet

[y

sandstoLe cores, and uging several diffeﬁfnt flanid
‘combinations. This limited amount of éxpérimedtalA
. “data suggesta that the correlation may be universal;

£3) The model can readily be applied to the data ‘ .

.

s obtained.using a centrifuge. Numerical Integration
Ahd Approximation Methods were' used. Due tQ the
good agreement, the.Approximation Method is recom~'
manded for practical use because of its pim icity.. '
k' " (4) Good agreement was fqund betweqn ‘the Approx‘tion B x
K u' ‘”,' Method and the conventienal (Hassler) method. | i

”"*IS) Thc‘%pmcatien of the model t;o the
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(/\) .‘(i) Data can be smoothed the connate watem

| saturation and tne displacement pressure
estimated, dmd the gapillary pressure curve
generated readily and efficiently.

(11) Tedious graphical or numerical differentiation

" at the data pointéngs unnecessary .

& ‘ (6) Thelmodel‘estimates a lower displacement pressure

' than that observed. The estimated displacément,
Pfessure is probably closer to the true value,

0 (7) D#targbtained using the membrane method (Py versuéSﬁ;)

can be regarded as P. versus. 5., provided the cdre is

. sdfficiently short.,

o

2. Rebcmmendations ' L ' -

(1) To furthem investigate{the validity of this model :

(1) The membrane meggod should be used in conjgpc~. -

tion with the centrifuge method applied hergq.

(11) Homogeneous samples should be atudied

y
o (111) The end effedt shOuld be Eurther investigated k _ .}%
- ) ' (2) Regqrding this experimenéi ‘ ' ‘1 |
. _— (i) To further reduce the sya;ematic error inherent;
R .a refrigera‘ted, type of centrim;ge* is desj.@@ble. '

| - . fhe importance of the acouracy of the’ speed
; ', ‘ " . 1&, ‘ control mm not; be ovér-emphaﬁznd . ' { L
K A (ﬂ.) 2hotogrgphic dghemMntion af ‘the fluid’ v01m . B
o &mlm ‘ |
.@@ s ”




(3)

(141)
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the stroboscope and the centrifuge speed should
\
be electron;cally synchronized.
To inveatigéte the capillary pressure of
samples over a broadép range of permeability
! 1

and porosity would require a higher speed

centrifuge, | -

Experimental runs should be repeated a sufficient

-

number of times on the same sample to stabilize

™ ' (

wettability, . .

' /

) o
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f‘  NOMENCLATYRE
. At adhesion*tensfon,\ergs/cm2
\ g force of gravity, cm/sec?
! ~ H height of sample, cm
- h‘ height from the outer end of a core to any'
N ' location  in ‘the core, cm .
- NP K", permeabxlity, Darcies |
‘ “? L length, cm ' ' ‘
n rotation speed, rpm
. P pressure, psi A C ’
. R distance from the centre of rotation.to the
. ‘ outer end of a cgre ‘
‘ﬁf‘ o \S saturation, fraction
< z the capillary pressure’at the lnner end of
~ a core in the centrjifuge, psi . \
o a centrlfugal accgleratxon, cm/sec2 .\
° | L Aq. ‘ interfac}al tens:.on,”“ dynes/cm 3 -

. . © . contact ‘angle s ‘ | S _‘,\
S e 'density, gmfcm> T | \ o
TR " g capillary pressuré ormalizing parameter, pép, l' {

Poroeity& fraction ' S “.""'“ .\, , Lo
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where. h* is ‘t:h‘e lacation within a core at which Py = Pd“ v
- . ‘ N
From Equation A - 1, N .
L ~ , ' |
dpPg - |
dh = (- 6)
vaZ‘ o | . ' “

J i . o R g . ' - . ,
o , . \ ' ) ' a
By substituting the variable h with Py and defining

\. ¢ ' ) : ,
' ' X ’ VAN .‘\ ’ .
Z = 8pw?(R - H/2)H | Co , (A -7
) \\-/’ \ ‘ ,
the following equation will result: ' /
' - ! ) E ot .
k - Syi)h* ' (1 = Syi) | L
T m 5., 4 .- Swilh* | | ,
w “wi o H - 't przﬂ )
. ' \y ' . Al‘h
) | .
' | P . . . 3 ’ ‘
oo « fZ exq(-’—g7—9~-_~ ?) L -
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' | | . TABLE,C¥- 1 - 1 | .
N .o \ . . . ‘ . <y“\.. ' B . N . i “ ‘ .
' "4H | | " , c T v ' ' \ -
b - - EXPERIMENTAL DATA B _—
S ,' ', . ' SAMPLE A, RUN 1 r LT
 ‘ - . SR S S I ‘" .
' I . —_ - '¥ . L, l. LY ‘\ ) N
T Centrifuge Speed  Capillary Pressure - AVgrage'Satufation
S . n * e — . .
<A r S psi B 1 T
) : ) ) . .‘.“ . ' ‘ !
R V£ ¥ 0,379- - -  “ " alo00” C

" 535 v l0.473 -0 Y0 1,000\ o

! L . o R , L
A ees _0.775 1.000 \
» . . - ‘.2}‘-‘. . M . * - “'.

1.7 T @959 ' 1.000 " B
| 3"\ * 0;571' ’

0.962 V. .

b

0.918 e 0




TABLE C - 1 - 2

EXPERIMENTAL DATA

SAMPLE A, RUN 2

—

S

Centrifuge Speed Capillary Preasure Average Saturafion

n 4 z S:"
xXpm psi ic-
—-
‘
395\ \ 0.258 s1.000
566 0.529 1.000
685 ' 0.775 1.000
835 o 1.151 0.990
. 920 ~ 14397 0.942
1000 C 4 1.681 0.911
A .
1065 *1.872 0.855
1165° ' ' 2.2 . 0.787
4 ,‘ . .
1245° 2.55 0.4
TS VY] B | 3.543 0,634
1580  aan 8 0,893
) - rél .
1650 | T TR 0.558

x60 3.113 - 0.528
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| " TABLE C - 1 - 3

EXPERIMENTAL DATA
e’ APy
SAMPLE A, RUN 3

P

‘101

Centrifuge éﬁecd Capillary Pressure

Average Saturation s-

n . z R * - w "-' -
rpm psi ' . \
) o
' . N R 'y
. . )
. L . 476 0.374 1.000
T« 648 | 0.693 1.000
\\_ N g1s u 1.096 0.982
" \
890 ‘ 1.308 0.952
- / . ‘ N
1000 E 1.651 ,) 0.880
1140 2.145 0.783
1265 2.642 0.726
1420 3,329 ) 0.655
1538 7 - 3.889 | 0.598
1805 - 5,378 * 0.499 °
, 2028 - 6.769 0.443
- ! ~r [}
e . ’ m———— - y -
T———— —
» ' ..r, ! 3
) .' . /» hd
¢ . . ]
. : \A * )
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' TABLE C ~ 2 -] )
¥
4 - - EXPERIMENTAL DATA
[ 4
SAMPLE B, RUN 1
)
. \\ B
Centrifuge Speed Capillary Pressure Average Saturation
n ' A w’
£pm psi . I
421 0.294 1.000
504 0.421 : - 1.000
617 | 0.631 1.000
70Q 0.812 . 1.000
750 “ 0.932 1.000
A 824 1.125 0.976 \
~ as0 1.283 0.961 -
(930 1.433 L 0.933
v 1020 1.723 - 0.879 r
| 1320 2.078 . 0.807
1184 | 2,322 e 0.774
- 1440 T 3.3 LI |
1500 | arar 0.629 . o




"

TABLE C -~ 2 - 2

EXPERIMEN‘PL DATA

SAMPLIT B, RUN 2

103

Centrifuge Speed
n

Capillary Pressure
: 7 .

Average Saturation

rpm psi v
522 0.451 1.000
620 0.637 1.000 ]
720 o ~-'o'.'i35.9 1.000
. 800 1.060 1.000
878 1.277  ~ 0.995
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TABLE C. - 2 ~-3

EXPERIMENTAL DATA

SAMPLE B, RUN 3

\
. Centrifuge Speed
\ n ' .
' rpm

Capillary Pressure
: z i
psi

Average Saturation
w
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. TABLE C -~ 3 - 1 )
EXPERIMENTAL DATA ' v |
R ’ . ! ) \ !
' ‘ SAMPLE C, RUN 1 ' et
A " . v ‘
Ny ' \' . ' t
Centrifuge Speed Capillary. Preé‘the  Average Saturatio
n . A o

o #m psi R N
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TABLE C -\3 - 2
' EXPER],:MENTAI\ DATA B !
SAMPLE C, RUN 28 T
1l l A A I .
C(ﬂttifuge Speed Capillary Pressure Average Saturation
oL R psi .
« (Y 3 . L .
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'TABLE C -~ 3 - 3 '
, , -
, EXPERIMENTAL DATA \
. . o SAMPLE C, RUN 3 . N \
. . {
. = . | "
Centrifuge Speed Capillary &’ressure mge Saturation
T\ n : : 2 S
g rpm ' - psi L I e
- ‘ 614" ‘ 0.622 ~1.000
, - 775 . 0.991 '-}: .ﬁ 0.984
- gs0 i . ousnd
o 1000 . .60 0.7 :
1100 ‘// RN 0.727
‘ 1259 X L * 0.636
o 1sm0 - D a2 oz |
R R U 11 B 4A9% . ~ 0,474
R 3 o 0.447 .
S 0., .

LY T
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BABLE C - 4 - ] -

EXPERIMENTAL DATA

. : SAMPLE D, RUN 1 ; |

. : ' ¢
N s ‘ - ]
Cbnfrifuge Speed Japillary Pressure Averégg Saturation
. fgm ~ pif o x S
100 . 0.262 . 1.000
w600 ) . 0,589 1.000# y
760 . 0946 - 1.000 .
910 ) 1,356 -  0.960 )
1000 " 1,637 o 0.871" '
. 1120 2,054 , |
1230

1340,




' R
.‘ / . ® l10‘9
. ‘ - .7 TABLE C -4 =2 '
e h - X | \
. | EXPERIMENTAL DATA  °
" ,  SAMPLE D, RUN 2 , L o
Centrifu&je Speed . Capillary Pressure: Average Saturation
PR ¢} o o Z ’ Sw "
"¢ rpm "~ | psi - ‘
. 555 : 0.504 - 1.000
690 s 0,78? 1.000
840 e tasy Lt ‘
. 1020 > " *1.703.
- 1165 . | 2,222
. [ 12'904

'3.442




EXPERIMENTAL DATA :
. SAMPLE E, RUN 1 ' ' ‘.
" N ‘*: ‘
".-, . ¥ r‘
f - | ‘ ?
‘' Centrifuge Speed Cabillafy Prassure Average Saturation
n A S
. rpm o ,:B_si | . )
- l(, . . .
400 0.176 ' 1.000
600 o 0.397 '1.000 . &
700 | | 0.540" . \0.905 . '
~ - s o '
830 : 0.759 i, 0.778 L
1616 : 0.666 -7
0.586° -
'Q..4,67 Ry ,h" "

\

TABLE C - 5 - 1

‘e
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, . TABLE C -~ § ~ 2 ~ |
w . ‘o ‘
: EXPERIMENTAL DATA . : |
L SAMPLE E, RUN 2 ", L
! . ) , ) ' ] )

v .‘ 4“,") ‘ RSN . ) . ‘ —“ ' . . r
' '*.’" = - a‘ . ,‘.'1 l ! "
' centri£u%B Speed  Capillary Pressure . Average Saturation -
v o 'r,iw.‘ ‘ o | ) ‘ B ' t ‘ W '
- rpm o psi o
. R o N ' ./ K

. 0.176 | ©1.000 3 .
< é

0,397 . | 1.000

0,495 © . - 0.930
0.803 J

,0.765
0.730

0.893
02
1083

)
2

MY
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. ~°  TABLE C g6 -1 ' ,

EXPERIMENTAL DATA | . ‘] .

‘ SAMPLE F, RUN 1 '\‘ | |

Centrifuge Speed Capillary Pressure ~ Average Saturation
‘ ; n . . 2~ Sy
rpm . » . psr\ \ R o o . . .
o | .




, TABLE C - 6 - 2 « &\ AR
: ! EXPERTMENTAL DATA B -
a * SAMPLE F, RUN 2 : o
. 3 . - ! )
L ! K A ’ \
' \ . . S * ‘

Centrifuge Speed Capillary Pressure Average Saturation 7 .
n ! i .‘ -

: . . wa ‘ ‘
rpm ' l . p81 - . . ‘ . .

. | | N ] 7 ,“ e ‘ N
400  g.23¢ ~ 1.000 ' |

1.000"

. 100 o L 0.733 - ' 1.000

, , ' . ‘ ‘.1)“'f'* Lo
L e e 830 | - 1.030 . . 1,000 v A
7 ss0 . 1.378 et Ag.000
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APPENDIX D .

NUMERICAL RESULTS
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‘
TABLE D ~ 1
- 4
NUMERICAL RESULTS \ ’
SAMPLE A
: Capill;ry ’ Saturation Saturation (Smoothed).
Pressure » Approx. Num. Int.
2 8. . Method Method '
Pl | | 5 5,
" 1.096 0.982 . 0.986 0.986
B 1.151 0.990 ~0.979 \0-979
1.308 0.952 0.955 © 0.954
' 1.397 0.942 0.939 0.939
1.651 0.880 0.892 0.892
1.651 . 0.911 0.892 0.892
1.872 0.855 0.852 0.852
2.145 0.7283 '0.804 0.805
'2.240 0.787 . 790, 0.790
2.559 0.745, 27 0.4z
2,642 - 0.726 o 0.731 0.731
3.328 | 0.655 . 0.650, 0.650
R W 7T o o ., 0.629 0.629.
Caeey ' ousep . ' 0.599 0.599
“an o, 0.593 ' 0.562 ' . 0.382
4.494 0.558 - 0.556 0.556
R I X R 0522 0.521
5.37¢ \ '0.49% ~0.509 0.509
i 6,084 . o ‘0.481 0.4m1
i 678 L0 s - d. 430
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SAMPLE B
. '
Capillary \ Saturation Saturatigon (Smoothed)
Pressure . Approx. Num. Int.
4 ‘ S, » Method Method
psi P : \ §-; '. g :
v i
1.277 0.995 ©0.987 | 0.986
1.342 ) 0.975 0.978 | 0.977
1,402 0.975 0.968 0.968
1.558 - 0.945 . 0.940 0.940 ‘
1.607 0.929 | 0.930 0.930
1.643 0.927 0.923 .0.923 ,
1,805 0.880 0.892 0.892 /
1.950 0.867 © 0.865 0.865 .
1.968 0.856 : 0.861 0.862 oo
2.078 .0.828 . 0.842 *  0.842 y
2.306 0.804 0.803 0.803
2,724 © @ 0,746 T0.745 - 0,748
3.063 i 0.719 0,704 - - 0,704
4,304 1 0.624 0.606 0,606 -
4.347 . 0,608 ‘ 0.604 . o.604 W
4900 . o.s68 . 0.576  0.576 |
5.049 0.569 0.570. - 0.570 '

© 8,730 o 0.sas 0848 0.545
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\
-
TABLE D - 3
NUMERICAL RESULTS
SAMPLE C
- — \
Capillary Saturation‘ Saturation (Smoothed)
Pressure Approx. Num: Int.
: 2 Sw Method Method
ped 5 B
0.916 - 0.997 0.986 0.986
0.940 0.970 0.982 0.981
0.991 S 0.984 , 0.971 0.970
1.136 . 0.931 ' 0.934 0.934
1.220 . 0.899 ©0.911 . 0.9M '
. 1.277 0.917 0.895 0.895
1.536 0.804 0.826 0.827
1,559 0.825 b 0.820 -~ 0.821
19650 . 0&787 ~ 09798 00799
1.723 0.783 : 0.781 0.782
1.819 . ' 0.730 0.760 0.761
1.996 c 0.727 0.724 0,725 .
2,018 N 0.732 0.720 " 0,721
2,239 0,604 0.682 0,682
2.53¢ 0.661 ' 0.639 - 0,639
2,577 ., . 0,636 T 0.634 "0,634
2.619 . 0,616 ‘ - 0.629 - 0,628
2,788 <0815 ' 0.609 0,608 L
; 3.14 0.612 0,574 , 0.573 . v
e R 3 53. } ‘ 01\34"‘:‘:“ . 00535 ’ 01(535 | \l
! 4.49) ' 0.474 0.489 o Q.489
L 4,54¢ - -~ 0.478 .. 0.487 - 0,486

/ Q 7‘71 e 0.4!5 o '0.478 ."AI 0.477 ;,
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\
TABLE D - 4 |
NUMERICAL RESULTS -
\
SAMPLE D '
« Capillary ‘ Saturation Saturation ‘(Smoothed)
Proo;urc x Approx. Method
si ' . ' ' :
P | . | §;
1.703 0.888 ) 0.890
2.222 BN 0.794 | 10.789
2.725 | 0.709 0.710
3,442 0.625 0.629.
4,621 - 0.546 ‘ 0.544
5.818 - 0.49) 0.492
6.549 0.471 | 0.470
i \ '
. A - '
. | IR
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. TABLE D - § o
. - .‘ NUMERICAL RESULTS | N
| o SAMPLE E -
- . /
. Capilla'rry‘ Saturation S'Eturation (Smoothed) !
s Pressure o ‘ ' ‘
) z Sy o Approx. Method ’
psi \ 5,
_ 0.495 | 10.930 ' 0.919
0.708 ~ 0.803 ' 0.814
1 0.893 . 0.7%0 | \0.736 \
' 1,102 . 1 0.662 o . “  0.666 t
o b8 “o.603 . 0.598
' 1,614 - 0,559 | 0.556
I N 00507 o . asal L
2,480 0.468 0.462

o 2.750 0442 . 0.445
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TABLE D -6 ‘ ’

NUMERICAL RESULTS

SAMPLE. F

Capillary. , : |
Pressure - Saturation Saturation (Smoothed)
2 . . ) Approx1 Method

» .

— o | 5

.

.‘\.

2.153 S 0.992 - | 0.994

2.725 , 0.927 . : 0.922

3.143 , 0.871 | p;aaa

3.592 © ' g.a15 _ e.831 "
S %169 . ¢ 0 go3 | o.79i'?? |

7 a.eea 077 \ 0.764

.72 olas R R

5.685 . o725 . qlg .

6.283 | . '
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