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ABSTRACT.—

It has recently been noted that the diffuse
electrical doubla layers which exist at (1) the oil/
brine and (2) the mineral/brine interfaces in sand-
stone reservoirswill in many cases be quite similar
‘.’~th=sspect to electr!: -h3r;e and ;otentl~l,
Extremeiy thin aqueous wetting films seaaratlng such
interfacesare thus stabilized by the electrostatic
repulsive force acting between the double iayers. in
the present tsaperthe Ilmits under which stable thin
films can exist are examined ~,1more detail. it is
sh~wn that there exists a Ir.werIlmit to the pore size
[n which thin wetting filr$ will occur and that this
limiting size depends on the saiinity of the brine.
It Is also shown that whether this limiting pore size
becomes a factor in determining the nettability of the
rock/brine/oilsystem depends on the pore size distri-
bution curve and on the initial brine saturation of
the reek. Geological factors which may come into
piay in establishing the initiai water saturation in
a given c%e are discussed,

lNTP.00UCTION

Recent studies (l-3) deaiing with the natureof
aqueous wetting fiims in the Athabasca tar sand
deposit have emphasized the roie of severai factors
which contribute to the stability of these films.
The work reported in the present paoer extends the
physico-chemicalanaiysis of the wetting fiim stabi-
lity probiemdevsioped previously. This anaiysis is
then applled to the interpretationof mixad netta-
bility states in conventional pctroieum reservoirs.

In previous work (i,2) evidence was presented
which indicates that the diffuse parts of tha elec-
trical double layers at the mineral/bf.\na and brine/
oil interface~ara similar with respact to the mag-
nituda and sign of tha eiectric potentiai and tha
aiectrlc charge dansity. As first pointed out by
Langmuir (h), thasa eiectric doubie layers giva rise
to osmotic forcas within thin aqueou wetting flims,
T!siscauses the fiim boundaries to mutuaily repel
each other, and such fllma are thereby stabilized,

?efarencasand illustrationsat end of papas’,

it was subsequently recognized that for these thin
flims the effect of the osmotic or eiectroatatic
forcrs is modified by the existence of both disper-
sion (or van der WaaIs) forces (5) and hydration
(Or adsorption) forces (6), Whereas the very short
range hydration forces aiso stabilize aqueous wet-
ti?g ‘[lI%S,the dispersion ~crces tend to destabilize
the films in question.

in the study reported by Hail et al (l), the
effect of the hydration forces was ~c~nted for in
an afIproximateway by assuming that the so-tailed
compact part of an electrical double iayer was equi-
valent to two water rnoieculesin thickness (about
0.55 rim). The dispersion force was negiected since
the objective of the work was to obtain an estimate
for the maximum thickness of the films under condi-
tions which are appropriate to Athabasca. Zeta
potentiai data were used to caicuiate the magnitude
of the electrostatic repuisive force for various
aqueous phasa salinities. For these calculations
It was assumed that the diffuse doubie layer (zeta)
potentials were the same for the two interfaces
forming the boundaries of a film.

The watting films were also assumed to be in
hydrostatic and chemicai equillbriurnwith the buik
aqueous phase, which In turn waa taken to ba in
equilibrium with the buik oil phase, Thus, the
brine/oil Interface formed at the boundary batween
a wetting film and the oil phese was characterized
by tha same vaiue of the brine/oil interfaciaiten-
SiOfIas the [ntarface between the buik aque~us and
oil phases, The dlfferance betwaen the pressures
in tha two buik phases was taken as entireiy due to
the capillary prassure across highly curved brine/
oil Interface. Howaver, the difference In pressure
betwean the aqueous fiims and the oil phese was
modified by the rapuisive force dua to the electrical
doubie iayers,

On the basis of the calculations corresponding
to thasa assumptlona, it waa cenciudad thet in
Athabaaca the films were in the range of 5-6 nm in
~hickness, It was aiso eatimatsd that films of this
thickness corrasDonded to about three-fourthsof the
totai brine saturation, taking tha latter to be about
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‘akarurs ‘C! zvc ~akamura arid,tohow(S) have ccn-
s~:ered the Jthaoasca wetting ‘i!- sroblem From a
Ierv similar point of view, In this worK tne ef=ect
of g~e dispersion forces was explicitly taken,into
account. Also, tne difference ;n ragriitudeOr :he
diffuse double layer potentials at the two boundaries
of a Film was considered. On the other hand, no
attenot was made to treat the effect of hyaration
forces cr to include the contributlol[to the $ilm
ti”icknessof the comDact parts of the two interacting
:S’JS:e !avers, 1: ..;ascorc?IJr!es:bat :he ::i:<cess
of :he films in the case of Athabasca was of :!!e
order of 10 nm. The role of sticnwetting films
in the initiationof the orocess of bitumen dls-
alacemene $rom oil sand aggregates was also dis-
cussed in sane detail (3).

In the oresent paoer the limiting conditions for
the stability of thin wetting films are ext)licitly
considered. The treatment Is intended tO aDPIY tO
conventional oil reservoirs, as well as :0 tar
sand deoosits such as Athabasca. in particular it
is shown that there exists a critical pore size such
that if the wetting phase (brine) is dispiaced from
pores smaller In size, wetting films will not be
retained on the pore walls of the desaturated pore
volume. It is evident that in reservoirs In which
t+e water saturation Is verv low this conaition wIII

.~:-p,:re~al, “, an a~~rsc!ab!e ‘:actlon :f the tsta!
sore surface araa. Consequently, a state of mixed
wettabillty can he developed In such reservoirs.

Svidence For the existence of states of nixed
,wettabilIty in a large sandstone reservoir has been
oresented by Salathiel (7). In discussing this
work and similar reports of partially oil-wet
behavior in laboratory flow tests, Swanson (8) has
suggested that surface roughness effects, combined
witn contact angle hysteresis, are important. Evi-
dence from electrical reslstivity measurements,
which indicated water-wet behavior, was comoared
with evidence from fluid flow tests. It was postu-
lated that roughness effects similar to those des-
cribed by Morrow (9,10) produce an effectively
water-wet type of +Iuid distribution under oil
accumulation cond[tlons. It was Further postulated
that this Initial distribution determines the mag-
nitude of the Archie saturation exponent, even
though subsequent adsorotlon of crude oil co~onents
gives rise to oil-wet behavior during waterflooaing.

it is ciear that the stability of chin wetting
films slays an lmDortant role in the oil drainage
ohenorxsnadiscussed by Salathlel (7) and Swanson (8)
and in establishing states of mixed wettabil~ty
in general. As has been suggested, the existence
of a critical pore sfze for stable films implies
that the inltiaior connate water saturation for
a given honmgeneous portion of a petroleum reser-
voir is a key factor in determining whether a mixed
wettablllty condition will be developed. The value
of the initialwater saturation must, or course,
be considered In relation to the Pore SIZfJdistri-
bution Cor the portion of the reservoir in question.
Thus, the prlnclpal objective of the physlco-
chemical analysts of wetting f!lm stablllty tn be
presented In tttlspaper is the estimation of the
crltlcal pore size for the existence of stable
aaueous wetting Films.

!n crder to arr!ve at the srltlcal nore size
;Scinate, i: :/ill be necessarv :0 ccnsider, C!rs:,
:he condi tions ~or i?vcrostatic soui 1ibrium which are

mrooriate for thin wetting ‘IIITS,}Iaxt,the force
‘ersus fiIn thickness reiatlcnshios For the ralevant
Ittractlveand reoulsive forces will be deveioped,
“hese tcpics are prese~ted in the next secticn. In
:he follcwing section the nature of the stability
:onditionsamlicsble to thin films will be formu-
aced. Estimates of film thickness and critlcai
lore size wiil be presented. Finaily, the estimates
~f the minimum or criticai oore size wiii be dis-
;ussed ir, -e!a$:cn to the existence ,;? ?ixed wetta-
~ility states in oetroieum reservoirs.

tTTRACTIVEANO REPULSiVE FO~

1. Conditions for Hydrostatic Equillbrlum

The concept of capillary pressure IS of
‘fundamentalimportance in understanding the distri-
mtfon of oil and brine in the POR: spaces of flne-
;rainedsandstone and carbonate rocks. The quantity
“eferred to by this term is usuaily defined as the
ilfference in oressure between two contiguous,
Immiscible fluid phases, as in Figure 1. This
~ressuredifference, Pc = PO-PW, thus refers to the
>ulk fluid phases in the immediate proximity
>f the interface. Application of the fundamental
>rincioieor’hydrostatics ieads (11) to ehe well known
!xsressionwnicn reiates the capillary pressure to tne
interracialtensio~, v , ~fi~sc the man curvature$
J ‘1), of We Interface,= (r ‘i+rOw 12

Pc = ‘iow(~+~) . yowJow (1)
1 ‘2

Application of this relationship to the analysis
]f the hydrostatic equilibrium within a given pore
requires knowiedge of the boundary condition which
determines the local angie of contact, between
the fluld/fluid Interface and the pore wall.
dhen stable thin films are present on the pore walls,
as in Figure i, it is clearly necessary to take the
value of the contact angle to be zero. However, it
nust also be recognized that the pressure within a
thin ftlm Is no longer simoly the difference between
the oil phase pressure, Po, and the capiilary pres-
sure,yowJow. Addltfonal components of the mlcro-
Scooic stress baiance within the thin aqueous
f!lm must be introduced. These are the attractive
(dispersionor van der Waels) and repulsive (elec-
trostatic and hydration) forces referred to pre-
viously. The net effect is, for stabie films,
repulsive in nature. Thus, denoting the nQrePui-
stve effect as pF, the effective hydrostatic pressure
In such a film Is given by

P = Po-(Pc)f-PF (2)‘w

This expression holds, for example, in the ragion AE
[n Ftgure 1. Here, (PC)F refers to the caPillarY
pressure across the brine/oil Interface for a
chin film,

in contraat, the brine phase hydrostatic
pressure in regions of a pore where the thin film
forces can be negiected, such as CD [n Figure 1, iS
given by

Pw = Po-(Pc)b (3)
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‘e?e, J ‘- :&pc:~s :he ca~lllarv eressure across
-t..e :ri:$/Ei ‘ ~ntsr+ace ;n :Ee region i? ..,nic!l:he

‘iin interactions on the brine~:fec:~ cf :ke :!-in ,

:case are negl!gi51eo ‘or %drostatlc eauillbrium
~etiween the thin fi in ana the buik $rine shase, the
?ressure P,, muse $e :ne sar.e for bof:h regs.,,s,

and {3) may be combined ta give

‘5 : -(p \
C’b C’f

(b)

this expression that

.,,
Cw

‘:\J ‘)’~w!b-’.Jowf. (5)

Turning now to the question of an appropriate
pore model, it is convenient to consider first the
Familiar example of a cyilndrlcal tube. Denoting
the radius of the cube as R, and the tot~l thickness
af the wetting film as t, the relevant curvatures
can be written as

(Jow)b = 2(R-t)-’

-1
(Jow)f = (R-t)

(6a)

(6b)

It follows from these expressions that the net repul-
sive farce arising from the electrostatic, hydra-
t:on, ana dispersion ‘orces within the Cllm is g
by a very simple reiacionsnio,

‘F = yow(R-t)-’

Another familiar example of a gore mcde
is that Formed by a slot with Plane parallel wal

ven

(7)

s
separated by the distance 2R. If, again, the film
thickness is denoted by t, the curvatures for this
case are given by

(Jow)b = (R-t)-’

(Jaw)f = O

It is seen that eq, (7) also holds for this casei
Thus, in general, It can be expected that

(8a)

(8b)

(9)

where the effective Pore size, R ff, IS SimPIY
related to the nominai or equiva’fentOore SiZet
R derived From a capillary pressure experiment.
equiv’

It should be noted at this point that ea.
(5) above Is actually an approximation. Mohanty
et al (12) have presented a detailed discussion of
~i~relatlonship, pointing out that the confi-
guration of the oil/brine interfacewill be som-
wh~t oerturbed from that which [s assumed In
writing eq. (3). This ,arturbatlon will, of course,
be of most significance for the region of the inter-
face closest to the thin film, i.e,, region BC in
Ftgure 1. It should be noted that the horizontal
scale In Figure 1 Is non-llnear, so that the width
of the thin film region is greatly exaggerated, in
comparison with the radius of curvature of the
fluid/fluid [nterface,

The correct formof eq. (3) was termed by

%hanty et al the aucrented Young-La?lace eauation.
lfitegrat~nnjf :fi”~on ‘or :ke :ases 0: :he
~.;li~cricai :uce anc 5!CC with :iane :arallel ,:sils
,fere aiso presented, These intearat:d ?orms, ai:i%ugh
slicj~tly different in the :’WO cases, sernit an esti-
mation of the order af magnitude of the required
corrections. Fcr I:ypicaivalues of the parameters
characterizing the electrostatic and dispersion Forces
of interest in the present context, it aDpears that
the corrections to eq. (5; are quite negligible.

In the previous study of wetting films (1) a
further aoDroxirati$n was introduced. The thickness
of the wetting Film ,wa; :aKen as negiigiola when :OrI!-

I Dared to the effective core size. Also, since the
effect of the actractlve forces was neglected, the
net repuisive folce was denoted as PR, rather than pF,
as In the present discussion. Here, the actual
repulsive force will be denoted as PR, while the
attractive forca will be denoted as PA. Thus, the
~ repuisive force in a stable thin auueous film
wiil be given by

‘F= PR-PA

The method of calculating
films will be outllned in

(lo)

P? and PA for thin aqueous
the follawing two sections.

2* van der Waais or DIsccrsion Force
lm~erac:io~~

The attractive forces of interest in thin
films are of quantum mechanical orlgln and are often
referred to as van der Waals-London or dispersion
forces. The application of the theory of these
forces to colloidal and thin film behavior in general
is reviewed by Nahanty and Ninham (5). Since the
dispersion force between a non-polar liquid hydro-
carbon phase and a mineral phase such as quartz is
stronger than the dispersion forca between an aquaous
phase and the same solid, the effect of such forces
is to destabilize a thin aqueous wetting film. Ttm
interaction force, P(4,i? thus attractive in nature
and wtlenthe film thickness 1s not too large, is
given by

‘A “ ‘qWO/6m3 (11)

Hare, A IS the so-called Hamaker constant for a
three-p~~~e system: solld/aqueous film/hydrocarbon
Ilquld, it is assumed that both of the Interfaces
separating the aqueous film from the adJolnlng bulk
phases are planar and parallal.

When the film thick~ess, t, In etl.(11)
becoms greater than about 5 nmj the fOrCe Is some-
what retarded, and the magnitude of the exponent
increases (5)0 Sinca the corrections for this effect
are of the order of 5 percent or less for cases of
interest In the present problem, the retardation
effect wII1 be neglected In the treatment given below.

Much more Imoortant uncertainties arise in
estimating the value of Hamdker constant, A , In
eq, (11), For the quartz/water/hydrocarbenqwosystem,
‘f’akamura(2) has adopted a valua of A - 100 x
10-20J0 This value was calculated fra~”the exoresslon

A l/2.A l/2)(Aoo1/2.AW1/2) (12)
Qwo

= (A
W Ww



A further difficulty arises in connection
with ea. (2) itself. A quite dif?erent result than
tha! given by this eauation is obtained when the
ternary mixing rule derived by lsraeIachvill (14) is
used in connection with the ternary Interaction
values, A~V,qand Aowo, This rule is expressed as

.
I

t

..mere ~ , A :n~ 4 are the +srake? cmstmts
,,!*.,!:2 :0c:3rac:erlzins :Re :I;:oersion

i~:erac:!onsbetween :I,,c:aral!el, olanar, sewi-
:nFini:e :ortions of :ae Sage :hase, segarats~ W
vacuo. Vie subscripts denote the soiid (quartz) ,
Srine and hydrocarbon phases, respect[veiy. The values
cfiosenFor these oaramaters, in units of TO‘20J, were
A = 15, A<w = 3.7, and A = 6. The Aaq value,
QQ 00
nowevcr, represents a very eariy es:imate for quartz,
snd !t is now known (13) that d ‘lalUe Of About ~ i$

%~re nearly correct. This would imoly hat the
va:fuefor A f:7,C Snou!a 5e about 6 x 10-2 J.

A = (A ,1/2
qwo qxaaowo’ (13)

Hough and White (13) have recently reported
carefully determined values of the Hamaker constant
for several types of interactionswhich are of
irterest in the present context. These data arc
summarized In Table 1. It is seen that, deoending
cn the &lkane molecular weight! ?iama!<erconstants
vafvin$ ‘POP about 7.5 to !0.9 x 10-21J ~ay 5e
exoectea for tne aikafie/”v/ater/cuartzsystem. &siia-
gnan and Baldry (15) refiorteda value of 3,27
x 10-21J for the tetradecane/wate,,/si!icasystem
but do not give detaila of their calculation. Even
taking into account the exoectcd difference in dls-
sersion interactionsbetween fused sillca and quartz,
this result is aoout half that nredlcted from the
data reoGrted by Houqh and White (13).

Other factors which can be expected to
introduce additional uncertainties in the estimates
of the Hamaker constants for oil/brine/solid systems
include temperature, the concentration and types of
electrolyte in the brine, and aosorbrd layers at
bet! the oil/brine and brine/solid Interfaces. In
the reserve; r environment the effects of pressure
and of solution gas must also be considered. Unfor-
tunately, the available theories for these effects
(cf. ref, 5) are not in readllY usable for!’. In
view of these uncertainties in the value of Aqwo, a
range of values has been used In the film

isFrom3~]0-~l:o~xiO-21J, Asltfl~~~~e
stablllty calcu atlons described below.

tals range encompasses a rather slgnlflcant shift
In the balance between the attractive (van der \4aaIs)
and reoulslve felectrostatlc)forces which deter-
mine the stability of thin iIqueouswetting fi]MS.

3, Reoulsive Forces Resultlng From Electrical
Oouule I.avers

l%e general features ofelectrlca! double
Iayers were reviewed by Hall et al (1). FlguI~ 2
Is a schematic reoresentatlon~f~he dlstrlbutlon
and orientation of both the exchangeable cations and
water n’oleculesat a clay mineral/aqueousphase
Interface, AS >revlou$ly discussed, the layer of
oriented water molecules next to the mineral sur-
fitce IS about twice the dlamaterof a watar molecule
In thickness (0,55 rim). ~h[s layer Is known as the

cCF03CS Sr Stsrn-llrah.errelaver and in the case of
zlav -icerals :fl~!uaes-ore tpa(lgO percent of the
exchangeable cat!ons. ‘hUS. !F? Surface c!large
tiensftyin the di~fuse oart of .ne double layer -,
(the Gouv-Chaoman layer) is of t~e orcer of 10 mCm ‘.
Correspondingly, the electrical oocentlal at the
bounaary betwe~n the comoact and alffuce parts of
the double laver is of the order of -10 mV. A
relatlonshfo between the dif~use layer surface ci?arqe
density, ad, and this value of the electric potential,
:d, is given by the Gouy-Chapman theory (cf. ref. 6).
The anorooriate expression fcr a 1-1 electrolyte,

eelacing t$ese :owocuantit!es to the electrcl~te
concentration,was oresented previously (1). This
expression will be assumed In the present work. Hence
the resllltswill be applicable only tc electrolytes
of the l-l type, i.e., electrolytes In which al} Ions
are monovalent. Oue to the limitations of the GOUY-
Chapman theory, the results are also redistricted to
concentrations below about 0.5 equivalents/llter.

It was a!so pointed out previously (1) that
with respect to the dependence of the diffuse layer
potential, J , 011electrolyte concentration, c, the
clay mineraljbrlne and quartz/brine Interfaces are
very similer. Data for the qtartz/brine interface,
as reported by Gaudtn and Fuerstenau (16), were
used (l) to derive the following emolrlcal relation-
ship,

‘d = 15,: +2.: .d !14)

Table II gives the electrical double layer
parameters and the electrolyte concentrations which
are consistent with ea. (IL) for a temperature of
~0’C, These results ma.:be assumed to characterize
the relatfonshio between tliediffuse layer potential
and the electrolyte concentration for both the solid/
brine and oil/brine Interfaces. This assumption, of
course, restricts the results to be presented below
to the case of sandstone reservoirs. The dlffusu
electrical double layer which forms at the;carbonate
mlnsral/brine interface will not be characterized
by eq. (14), since In this ca~the diffuse layer
potential, tJd,will be posltlve in sign in the
neutral PH range. In suoport of the oremfse that the
aotential versus concentration relationships for
both the reservoir soild/brine and the oil/brine
systems are similar to the quartz/brine sYstem*
various zeta potential studies were cited previously
(1)* It is known (17) that th~ zeta potential, which
can be measured ex~erimentally with relative case,
Is ,..sentiallyequivalent to the diffuse layer
p~tential, ‘#do

The vaiuas of the surface charge density! ‘d!
given In Tabic ii are applicable oniy to diffuse
double layers which are isolated. Nhon two such
double layers are brought into oroximlty both 61ec-
trostrictive and osmotic effects arise. The net
effect is a repulsive force (6,18) tending to keeo
the interfaces at which tha double layers are formed
apart, Assuming that the double Iayars(whiehmay
be Iabeiled I and 2) are Glanar and parallei, the
magnitude of this net repulsive force can be cal-
culated. For the case In which the values of the
double Iaysr Potentiai, $d, at ea~h interface remain
constant, Oevareux and de Bruyn (18) hava pub-
lished extwwlve tables giving the resuits of such
caicuiations, From these tablas the vaiue of the
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rec~lsi~e ‘srce, ‘,, can I..~eter-ined as a ?UnC2ic”

:f :W :is-znce :erween ::e interfaces, :, anc :P.e
:,,0 eiectr!c octen:ials !’.d)iand ‘“ “\.,,,.u-

$ince the interaction CjiVing ffSe tO the

Peoulsive Force is due to the diffuse oarts of the
cwo double layers, it is actually the distance
:et’wecn the two houndarles seoaratina the diffuse
:rc! comae: parts of the wo double ~avers ‘whichIs
of significance. Oenoting this uiscance bY h, the
total $Ilm thickness, t, will be given by

. ~ -,- !.: r r!1,..

where ~ is the diameter of a water molecule (0.275 nm)
‘Wus, each boundary is taken to he a distance of 23
from che actual abase boundary or interface separat-
ing the aqueous fllrnfrom its contiguous bulk phases.

The results to be presented in the next
section are based on calculations of double Iaver
interactions in which the constant ootentlai assump-
tion is used. Under this assumotlon, a non-exact
hut analytical expression for the dependence of PR
on h, (t,), and (’7d)2has been derived by Hogg
et al (19). This expression provides an exceilent
~p~ximation to the exact results tabuiated by
Dcvereux and de Bruyn (18), it 1s g~ven in the -%pendi
in tjimensioniessform. This equation enables the
cer!vative of ?2 with res~ect to h to be represented
OY an analytical exorassion as we;]. :~,;~ ?Ssblc,
aiso given in the Aooendix, In dlrrmsionless form, ~s
of irnoortance in calculating the limiting conditions
for the stability of an aqueous wetting fflm.

MINIHuM PORE SiZE FOR MEWING FiLtlSTfi8iLiTf.—

1. Calculation of Net InteractionForce

The treatment of the wettlny flIm problem,
as develooed in the previous sections, dealt with
an attractive Interaction,due to van der Waais
$orces, and a repuisive interaction.due to osmotic
forces arising from overlapping diffuse electrical
doubie layers. The net force of reouls~on between
the oiane parailei interfaces is related to the
~wetting film thickness, t, and to the effective
oore size, R ~, by eq. (9) above. Thus, eq. (S)
can be rewrlf[an, using eqs. (10) and (15), as

‘R
- pA o yow[Reff-(h+kd)}-’. (16)

“Chisexpression is given in dimensionless form in the
ho~end[x, as Is eq. (11), which gives the dependent
of ?A on h,

it should be pointed out that the repulsive
Force, PR, is taken to be the result of overlapping
diffuse electrical double layers and doeo not includa
the effect of short-range hydration or adsorption
forces, These forces are also ,’epulsiva,but are
accounted for simoiy by assuming a censtant thickness
of 2d for each compact layer. Thus, the distance,
h, In eq. (16) is restricted to the range h t 0.

Caicuiationsof the attractive and rePulsive
forces for various vaiues of thu film thickness,
electrolyte concentration,and Hamaker constant
have been carried out (20). The forces and the

~eievant :arareters, such as Ciln :hickness. di?fuse
!avar potentlai , and ?amaKer ccnstent were sxoressea
in the dimensionless forms gi~.en in :t!e Aooendix,
Caicuiations were restricted :0 the case !n ‘wt~icn
:ne eiectr[c potentials were the same for the two
interacting doubie layers. Plots of the dinwnsion-
iess net force versus dimensionless Film thickness
showed that increasingelectrolyte cancen?ration
and Increasing values of tne Hamaker constant markediy
decreas? the magmituae of the maximum in net force.
AISO incicatedwas the tendency of the net force
to reverse in sign as the wetting film becomes
:~icker, ‘his ‘wans that :% net Corce is attrac-
tive in nature, rather than reoulsive, at iarger
film thicknesses, in other words, there is a maxim-
um in the film thickness beyond which the wetti,lg
films are unstable as the result of the predominance
of attractive forces over repulsive forces.

In the absence of attractive fcrces, I.e.,
for zero vaiues of the Hamaker constant, no maximum
in fiim thickness wiIl be encountered. Such would
be the case for aqueous wetting films when the
non-wetting phase is a low pressure gas, ~ather than
oil. Under these circumstances the Hamaker constant
ic negative, and dispersion forces give rise to a
repulsive interaction,supplementing the effect of
overlapping electrical dc~ble layers.

9-, Film Yhickness Results

In Table iii, values of the maximum Film
thickness for various vaiues of the Ham&ker constant
are given, These resuits correspond to the value
@f the film thickness, t, for which the :ondition,

‘A= ‘?’ iS satisfied. The dependence of the maximum
film thickness on thq value of the Hamaker constant
and on the electrolyte concentration is shown in
Flqure 3. It should be ne?ed that these values of
the maximum film thickness are derived without taking
into account the effect of retardationon the dis-
persion force interaction. Somewhat larger values
wouid be exescted rf corrections for this effect
were introduced. However, as indicated above, such
corrections are small, and the maximum Cllm thick-
nesses shown i:!Flqure 3 would no? be affected in a
significant way.

Also given in Table Ili are vaiues of the
fiim thickness calculated fromeq, (16) for the ca$a
of ~(}ff= 5,0 am. These results are shown in
Flgurn b, it Is seen that the effect of Increasing
Hamaker const(mt Is relatively minor, even a~ an
electrolyte concentration of 0,3 equiv./liter, As
the Hamaker constant increases from O to 6 x 10-2’J,
the film thickness for this concentration decreases
by only 0,73 nm, i,e,, less than ?water moieculea
In thickness, AS was polrstedout above, the effect
of the dispersion force interactionswas neglsictnd
In previous calculationsof wetting film thicknesses
(!), Since the effect of these Ir?teractlonsis minor,
the general conclusions reached PreVlOUSly cOn58t’f!ln9
the relative amounts of film water and water In
trapped configurations (pendular ring water) are
unaffected.

., Film Stabilttv Calculations7

it has been shown thermodynamicallyby
Frenkei (21), as weil as by others, that the thin
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be
neSati*:e in sign, Values sf the gradie~t of the
net force as a function of film thickness, electro-
lyte concentration and Hamaker constant have also
been calculated ~20). These results Inalcate that
negative values of the gradient of the net force
are found only for a rather restricted range of film
thicknesses.

[t is clear that the stability condition
given by eq. (18) implies that the maximum value of
the net force Corresponds to a state of limltlng
stability. Fromeq. (16) It follows that as the
net force Increaseswithin the stable region, the
corresponding value of Raff must decrease, approach-
ing a particular valua as a lower limit, Since the
maximum value of the force is quite sensitive to
5oth the electrolyte concentration and to the magni-
tuda of the Hamaker constant, it then follows that
..@.- ‘~..~~~q-[: :: :i-s~f~~~::~.)e:o,r~s[:e :s al~c
sensitiva to these factors. Table IV gives values
OF the minimum sore size calculated fromeq. (16)
unaer the condition stated by eq. (18). The film
thicknesses for this condition are given in Table
Ill.

The sensitivity of the minimum effective
?ore size for the retentionof stable wetting films
to electrolyte concentration and to the magnitude
of the Hamaker constant is indicated by the results
shown [n Table IV. Curves illustrating the trend
of minimum pore size with varylnq concentration are
alo::ed in FTgure 5 for several values’,afthe
Hamaker constant.

It should be emphasized at this point that
the film stability limit considered here refers to
films retained by repulsive forc~s of the osmotic
type, resulting from the interactionof elsctrl:al
double layers,. When such films are aisPlaced, ultra-
thin films may be ratalned. These films are held
by hydration forces and are expected co be or the
order of one or two water molecules in thlcknasst
corresponding to the con’pactpart of an electrical
touole Iaver, For reaaons ‘whichwill be indicated
below, such ultra-thin films should not be referred
to as wattln~ films, but rather as hvdration f!lms.

FiLN STABILITY ANO YIXED WETTA81LITY

1. Wetting Films In Reservoir Rocks

It IS usually assumed by those concerned
with problems In petroleum production and exc!lora-
tlon that the connate water saturation of reservoir
rOCkS Includes two types of water. The first of
these Is wa~er In the form of thin wetting ftlms on
the gore surfaces, The second Is water traoped
either within a certain fraction of th~ Indlvldual
ooras which comprise the pore volume of the rock, or
as pendular rings at intergrain contacts. Thus, [t

is ir!olied bt :?is assurot!on that ail reservoir
FsCks are JRi C5rnlv ,w.s:er-,.;et,P+Jr~per*or~, it
Follnws that ::e traooin~ of ~~ater, tmich ;S due to
caoillary Corces, -ust cccur :rirarily in :he smaller
pores of the system and !n aenduiar rings with high
interracial curvatures, It IS also commonly
believed that tne fraction of the connate water
saturation which Is In she form of thin films is
qUite S~al! , ccroared ta t!% water traooed by
capillarity. These conceots, developed by early
workers in the field (22-25) have achieved a tlme-
!?onoredstatus.

At the saw time, the possibility that some
degree of oil-wetness may occur has also been enter-
tained by many investigators. It Is a view parti-
cularly held by those who have studied the relative
Imblbitlon tendencle~ of native-state reservo!r
rocks, when alternately contacted by oil and water
(26). Such work has lad to the recognition that
mixed-wettablllty systems are ilkely to occur fn
many cases (7,8).

It Is of Interest to note that an elementary
argument (l), leads to the conclusion that stable
wetting films are not retained on convex surfaces
of sand or other m~ral grains. ~rgumant Is
based solely on the concept that a capillary Rres-
sura must be associated with each and every curved
fluid/fluid Intsrface In the system. Thus, If such
Fiim$ do exist on convex grain surfaces, an aaai-
tional stabIIlzIng force must be Introduced. Such
a force Is that due to double layer repulsion. Also,
sandstone surface area data (27,28) Indicate that
the resuiting films must be relatively thin, I.e.,
5 nm or leas. Otherwise, the contribution to the
overell connate water saturation which Is due to
the presence of the films would necessarily be quite
significant, amounting to as much as 25 percant of
the pore voiuma for films of 30 nm in thickness.

if, on the other hand, films ofoniy 0.5 nm
thickness, corresponding to two monolayer of water
molecules, are retained, a further auestlon arises.
This iS whether such thin fllma can still inhibit
the adsorption of polar constituents from the oil
phase, it has been recently demmstrated (2!3,30)
that the aaphaitene or heavy ands fraction of cruda
oil is strongly adsorbed by clay minerals, at least
at low relativa humidities. It seems quite likely,
In vlewof this work, that adsorption of this kind
wouid not be entirely blocked by a water film which
was on~two nmlecules In thickness. The locai
nettability, as defined by a Iocui or “iTIiCrOSCOPIC”
contact angie, wouid then be aitered to a very sig-
nificant degrae. Thus, even If some of the water,
initiaily present in the form of fllMS one or two
rroleculeathick, waa retained, a definite nettability
change wouid occur as the resuit of heavy ends co-
adsorption. This conclusion 1s consistent with the
generaily heid concept that asphaltenes are Invoivad
in establishing the In situ nettability of reser-
voirs (32),

2, Stability of Watting Ftlms In Relation to
Pore Size

In the context Just discussad, it IS Clear
that the stability of thin aqueous wetting films,
such as have been considered above, Is of critical



.:~:,- -.-:-. .,,

importance Yn <e:ermining the nature anc cistr{ku-
:ion of :7e .let:!ng cnaracter ?: >Ore sur~aces. This
stabilitv, in :urF, is cef!nitely 5 +wc:icn 0? ::e
effect!ve pore radius for :ne smallest sores wnica
:erain in a saturated stsce for a given stage a? :-e
caoillar’i desaturatlon orocess. Thus, as brine is
reruved From a water-wet reek by :he fnvasion of
crude oil, the displacement of brine takes place
In successively sraller and smaller sores. A.t the
same :i-e, :he wect!ng film retained on the ‘walls
Of individual Pores after desaturation become thinner
and thinner. Eventually, a critical size is reached,
corresnondlng to the stability llmit for the exis-
tence of Cilms of this :.;pe.

As indicated In Figure 5, this minimum
effective oore size is probably of the order of 0.5
urn, When this pore size is rea:hed, the films
remainingon the walls of all previously desaturated
pores are no longer stable, That is to say, the wate
in these films, unless completely Isolated and witho-
ut access co smaller pores, will suddenly be dis-
placed. This occurs at the saturation corresponding
to the critical or minimum effective oore size.
Some of these water films will no doubt be isolated
and therefore retained. Hence, the total surface
area of the desaturated pores will be partly covered
by isolatedwetting films and partiy depleted with
respect to such films, In the area not covered by
wetting films, ultra-thin films (about 0,5 nm in
:~ickness) wi 11 at ‘1rst be retained tv hvdration
forces. However, as i~dicated above, such ~llifis ai-e
not expected to inhibit fully the adsorrstlone?
hiqhiy polar heavy ends from the oil phase. This
will result in what is clearly a state of mixed
,wettability.

The role of dispersion forces In establish-
ing such states of mixed nettability can now be
assessed in more detailed terms. These molecular
forces provide the macroscopic driving force for
converting films of about 5 fimin thickness to ultra-
thin fllrs, of about 0.5 nm In thickness. This
driving ‘orce comes into play only after the process
of capillary desaturation has proceeded a consider-
able way towards completion, i.e., only after all
pores down to an effective radius of about 0.5 urn
+ave been desaturated. The final stage of convert-
ing water-wet pore surfaces to an oil-wet condition
then folIows, after the wetting films have been dis-
placed, This stage, as already discussed, involves
the adsorption of petroieum heavy ends, i.e.,
aspheitenes,on surfaces for which the film thick-
ness has alreadv been reduced to the order of 0.5 nm,

As pointed out by Czarnecka and Glllott (31)
the exact nature of the interaction forces which
are responsible for the final stage of wettabillty
alteration has not yet been established, InteractIon
of the acid-base type may be Involved, The role of
this type of interactionat soiId/fluid interfaces
has recently been reviewed (33), The mechanism
of contact charge transfer hissalso been discussed
recently (34).

3. COnnate Water Saturation In Reiatlon to
?ore Size Oistrlbution

In order to determine, in the case ef a
particular reservoir,whether the orocesses just
described may have occurred, a method of determining

the wettabilitv in situ ‘wouid clearlv Se :esiraoie.
in ~ieu of :his,~~!s car~arlson can :e -ace
:etween ::e :mnate ,~acer Saturation anc tne sa~ura-
-ion reauirec :0 exceeo the cri:fcal or minimum oore.
?aoius as defined by the ;IIR s:acil!ty criterion,
IF tha connate water saturation in a given zone of
a reservoir (measured by some !nde~endent technioue)
is less than the saturation corresponding to the
cr~tical radius, the zone in cuestion will have been
at leas: partly c!ePleted OC the ~iettlng Films :cr-
mally oresent on the pore surfaces. Hence, the zone
will be in a mixed wettabllity state. The relative
permeability and caoillary aressure characteristics
of such a zone, during resaturatictiwicn water, wil?
then be affected to a very significant degree.

Many reservoirs are known to have a quite
low connate water saturation (35). This Imoortant
reservoir parameter Is, however, rarely compared
directly with data glv~n by the oore size distribu-
tion curve. In order to test the conceot that a
comparison af this kind can provide an indicator of
nettability behavior, the case of the Pembina
Cardium reservoir in Alberta was studied. For this
reservoir, high velues of the residual oil saturation,
together with-connate water saturations of the order -
of 10 percent (3s,36) are believed to be indicative
@f some degree of oil-wet behavior. Pora size dis-
tribution data, as obtained by the mercury Injection
technique, have also been reoor?sd (37). A typical
oore size distribution curve obtained by this tech-
nique is shown in Figure 6. The gas permeability
for this particular core plug was 30 md, while the
porosity was 23 percent. Thasc data are ciose to
the field-wide averages for PembIna. Saturation
vaiues corresponding to different ef.,uivalentpore
sizes for this sampi% are alstistsown,

It Is seen from Figure 6 that, for this
particular sample, as much as 37 percent of the pore
volume corresponds to pores for which the equivalent
pore entry radius Is less than 0.75 urn, Since the
typicai pore shaoe in the smaller pore size range is
more nearly slit-shaped than cylindrical (38)! the
effective pore radius would prob~bly be more nearly
0.35 to 0.4 um. The electrolyte concantratlon of
the formation brine in Pembina is estimated to be
about 0.2 equivalents/liter (39). Assuming thet the
Hamaker constant in this case is not less than
~ x 10-21 J, the curves shown In Figure 5 indicate
that the smallest values o? the critical effective
radius which can then be exoected are also In the
range of 0.35 to 0.4 urn, Thus, it would be necessary
for the connate water saturation to be of the order
of 37 percent or more If the Ilmlting condition for
stable wetting films is to be satisfied. Clearly,
an average connete water saturation of about 10
percent is Insufficient to meet this requirement,
In this case, therefore, It appears that reservoir
nettability is predicted by a comparison betwaen
the connate water saturation and the saturation
required to fill all pares smaller than the critlcai
size for stable films.

4, Role of Geoloaicai Processes In Establlshina
Connate Water Saturation and l’llxe~
Nettability Statas

An apparent difflt.ultyIn associating low
connate water saturations with oartlally oil-wet
pore surfaces relates to the nature of the flow



:rocesses :V ,wnicn t~e saturation of :he aqueous
:nase :screases 3s eil !nitlallv artsrs a reservoir.
is coietea cut :v :445KGC 25: , ~’i:’w:r:ccsses of
>oth the imcibitisn snc drainage :v~es must he
involvect ic it is assurec :nat ail 3cre sur=aces
are water-wet and remain so throughout the overall
orccess of 011 accumulation. Under this asaumo-
“ion, imbibition is thougnt co occur in the lower●

3art of the oil/water transition :one, If, however,
;ors sur+aces becorteciI-’wetat sore stage of :he
drainage orocess, it would aooear that any further
drainage of the aqueous shase would not take place.
A!so, imbibitionwould not take olace in t~e lower
sart of tne transi:!cn zcne. :rom :his point of
view, then, the observation of very low con~’ate
water saturations for e particular reservoir would
not necessarily be indicative of oil-’wet pore
surfaces, but rather of water-wet surfaces.

This line of reasoning does not, however,
introducea serious difficulty when It ia reelfzed
that the mechanism of wetting-film instability
should not convert all Pore surfaces to an oil-wet
tyPe of behavior whsn the critical pore radius Is
reached. AS pointed out, it may be exgected that
only part of the total oore surface area is affected,
and the rasulting sltuatfon is therefore best des-
cribed as a mixed weeta~illty condition. Film flow
processes involving both oil and brine can then
take place, as is suggested by the work of Salathiel
?~~, ana %anson /9). Counter-current Flows of
this type are in fact easier to visualize than
simultaneous drainage and imbibition processes
when these take place under uniform nettability
conditions.

It thus aapears that pare surfaces covered
by ultra-thin films, formed ac the result of the
wetting film instabilitymechanism, are likely to
be canverted to an oil-wet candition. This requilres,
as was suggested above, the adsorption or CQ-
adsorptian of asphaltenes or ather heavy ends fram
the crude ail. In the case of Pemblne, a dctalled
study has been publtshed of the asphaltene and
resin content of the produced ail from various parts
of thtsfield (40). It aopears from the high con-
tentratians found for the resin fraction of the
crude oil In this reservoir, that the adsorption
of resins, as well as of asphaltene, maY be
invofved. The close connection between the solu-
blllty characterfscicsof these fractfans has been
enwhaalzed by Koots and $pelght (41).

Other factors which play a rale In the
iesaturatlansrocess under oil accumulation condl-
tlans In the case of Pemblna should be mentioned
at this point, Natural fractures resultlng from
regional uplift and erosional unloading are well-
documented (h2), Soeclflc features of tho strati-
ficationobserved In the Cardlum formation have
racently been reviewed and re-interpreted (43)0
Evidence fer a slgnlflcant degree of overpres-
suring has been noted (44), and depth-porosity
relatlonshlosdiscussed In relatlon to various
dlagenetlc processes (45). All of these geological
factors are likely to ●xert some degree of specl-
Flc cantrol over the process by which a state of
mixed wettabillty has develaped In Pemblna. The
physlco-chomlcalanalysis of wcttlng film stabl=
IIcY, such as has been develooed above, should
thus be afwllad to a particular resarvolr, only
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Insights as to the nature af mixed wettabfllty
states In oetroleum reservoirs can be ut’r!ved
fram a physico-chemica] analysis Of atri”active
and reoulsive forces arising in thin squeous
wetting films,

‘he dependence of the attractive (van der !Jaals)
forces m ‘III- thickness can be exoressed by an
Inverse third power relationship, The Han$aker
constant characterizing attractive lnteractlan-2,
is estimated to be In the renge of 3 to 9 x 10 J,

Renulsive interactions In wetting films arise from
osmotic forces associated with the diffuse
electrical double layers at the boundaries
between such films and the adJoinfng bulk phases,
The case of constant diffuse layer potentials was
assumed, The dependence af the Interaction force
an electrolyte cancentratlon fallaws from the
experlmantally abserved dependence of the zeta
potential on cancentratlon, for solld/brine and
oil/brine systems,

Limits to the stablllty af thin wetting films
arise ‘rem tha reauirenwnts that (a) the net
interaction force is always repulsive, and (bJ
the derivative of the net force with resciectto
film thickness is negative. These requlremants
correspond to wper and lower Ilmits, resoec-
tlvely, an the :hIckness of wetting films. It
is estimated that stable wetting films range
from 2 to 6 nm in thickness.

The existence of a lower Itmlt to the thickness
of a wetting film can be shown to Imply a mini-
mum effective qore size for which such films
are stable. It Is found that for electrolyte
concentrations less than about 0.1 equivalents/
liter, the minimum pore size for film stability
falls in the range of 0.2 to 0,8 urn,depending
on the magnitude af the Hamaker constant. For
electrolyte concentrations greater than O.1
eaulv./l, the mlnlmum pore size Increeses sharply
for values of he Hamaker constant greater than
about 6 x 10 1‘2 J,

Estimated velues of the mlnlmum pore size for
film steblllty can be used, In conjunction with
pore size distribution data and values of the
connate water saturation, to predict wham the
In situ wettabllfty o? a oetroleum reservoir is
~rto be of the mlxedwettablllty tYPe.

The ohyslco-chemical analysls ofwettlng film
stab’llityshould be ttpolled only wlthln-the
cantext of a general geological model for a
particular reservoir.
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3= electronic charqe, 1,60218? x 1(!-’9 C

%
■ Boltzrann constant, 1.380662 x 10-23J$K-’

v = Avooadro pumber, 6,0220f15x 1023FOI-12

: = per~jttlvity of vacuum, 3.85L!%3 x 10-!2o ~.~

3Lvsic31 ‘?dr’sties

#amaKer constant characterizing disper-
sion force interaction

electrolyte concentration

distance between Interactingplane
Parallel electrical double layers
meaaured between outer Helmholtz p

scale factor for Fore size

as
arms)

mean curvature of fluld/fluld Interface

number of carbon atoms In alkane molecule

fluid pressure ~thln film Interaction
force per unit area

radius of curvature of fluid/fluid
interface
:~,-~~::c

thickness of auueous wetting film

absolute temperature

dimensionless dlstanca between double
layers

dimensionlessdiffuse double layer
potential

dimensionless thin film interaction
force per unit area

dlrensionless Hamaker constant

fluld/fluld lntorfacial tension

dlamater clfwater molecule

dlalectrlc permittivity

characteristic distance for iso
electrical doub!e layer

dlmanslonlnss thickness of COMQ(
of two Inttiractingelectrical d{
Iayers

dlranslonlessgore size

ated

ct parts
uble

surfaca c!’sargedensity characterizing
electrical double layer

electrlc ootentlal characterlzlnaelec-
trical double layer

Subscrlots

~ 9 atty~ctlve force

b = Interfacq betweaflbulk fluid ph~sea

cm caolllary proelertyassociated with
Interface

d ■ diffuse part of electrical double layer
f m Interface bet\#eentnln aguaoua film

and 011 Qhaat

0= cii 3hase
~= SOi;i SiO- :tase ‘cuar:Z:-

r= relative to vacuum

R a rSpu]sive force

!, a,J aaueous snase or aqueous Cll,n

dlsp * dlsperslan l~tsractlon

eff w effective

equlv = nominal or equivalent

~l~c = $s~et:c :mtera~:l~n
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ApDENDIX 4 0 FORCE VERSUS FILM THICKNESS
3ELATIONSHIFS IN 01t4ENS10NLES$FORH.A—

The Oebye screening distance, k , is a measure
7of :he thickness of Isolated double ayers, It Is

given by the expression,

I/’l-1/2
“D

= {(c c k 7)/(2e2N )? ‘-c
ro3 A (Al)

The various aaramaters In eq. (Al) are dtit’lnedIn
t$e Table of !Iomenclature,andvalues of ?, for
several concentrationsara shown In Table”ll, The
dimensionless distance between the interacting
dlf~use double layers Is then defined as

* m ..,”
D

‘A.~aj

and :he dimensionless diffuse layer potentials as

‘!f = -e(Ud)l/kBT (1 ● 1,2) (A2b)

The corresponding dlmanslonless attractive and
reoulslve Corces are next defined as

‘dlsp ■ ‘A’cf’AkBT
(A3a)

z = PR/cNAk3T
elec

(A3b)

‘he dlmenslonlesa forrnof eq, (16) can now oe .,.
,vrittenas

‘elec - ‘dlsn
R {c-(kD/H)(x@)-’ (A4)

where

3 = Reff/H

< u kl~;,
D

and the scale factor, H, IS given by

H = ‘(olq/cNAkBT

A dlmanslonless Hamaker constant
dcflnad as

x= Aawe/6rfcNAkBTiD3

(A5a)

(A5b)

(A5c)

s next

(A6)

to that e.. (ii) gives the followlng exprasslons
For Zdlsp and @he gradlant of zd13P;

*dlsp
m :k(x+ g)=3 (A7c)

‘Zdlap /dx= =3d(x+~)-4 (A7b)

The expreoslons for z~lec and the gradient of

‘elec used in this work - are eaulvalent to those
derived by Hogget al (22). These expressions-. -

are .

‘Zelec
/(j~ . ~ {YlY2-zelecslnhx cosh X’

Note that the stablllty limit defined by the

dzelecldx~ dzdl~pldx

(A8b)

condltlon

(A9a)

corresponds to a value of the dimensionless pole size,
c, such that

doldx= AD/H (A9b)

Since H >> ko, this condltlon may be approximated by

dQ/dx ~ O (A1O)

However, It Is seen that the minimum por~ 31z0 for
stable films Is not precisely the san’a as the mlnl-
mum In the relatlonshlR between Reff and t~ aS
defined byeq. (16).



TABLE I

HAMAKER CONSTANTS FOR VARIOUS SELF AND TFRNARY
INTERACTIONS IN ALKANE/WATER/QUART2 SYSTEMS a

InteractIon A, l(20J InteractIon A, 10”20J

O-O, nb = 6 4*O7 Q-W-O,nb= 6 0.782C

O-O, n = 8 4.50 Q-W-O, n - 8 0,835
0-0, n = 10 4.82 Q-W-O,n= 10 0.886

0-O, n R 16 S.23 Q-W-O,n= 16 0,958

w-w 3.70

Q-Q 8.83

a From ref. 13.
b n m number~f carbonatoms [n alkanemleculeo

c values calculateci fromeq. (13)0

TABLE II

RELATIONSHIP OF DIFFUSE DOUBLE LAYER PARAMETERS
TO ELECTROLYTE CONCENTRATION a

‘qd ad-2 ‘D, H,
-e!JyknT mV mCm *A Mm

a

004 11.14 12.77 0,3025 0.5434> 0.03076

O*5 13,92 12.22‘ 0.1758 0,7128 0,05294

0.6 16,71 11.66 001102 0+004 0.08446

0.7 19049 11.10 0.0726 1.1091 0,12815

0.8 22.28 100s4 0.0495 1.3428 0,18785

2,4412

1a8608

1.4732

),!960

0,9879

Based on Gouy-Chapman theory,eq- (1)Of refo (1)$and e lrlcalaPProxl-
matlon, eq. (14)0 T= 323*K;c _ 69.9;y Tm 25.Q mN~m” . Tk sym~oIs

used are qlv~rI in tha Tahlco~ ‘Nmenclatu%



TA8LE Ill 9

c,

eauiv,/1

0.3025

0,1102

0.0495

c,

eauiv./l

0.3025 ‘

001102

0.0495

c,

aqulv./l

0.302S

0,1102

0.0495

THICKNESS OF WETTING FILMS AS A FUNCTION OF HAMAKER
CGNSTANT AND ELECTROLYTE CONCENTRATION

t nm, for”values of A [n 10-21 ~
wax’
A=O Am3 Am~ ~m~

. 3.98 3.29 2.73

. 7,40 6.32 5*53

. 12.04 10.77 9.96

t,nm, for R= 5 umand values of A ~n 10-~
A=O A-3 A.6 A=9

3.61 3.25 2.88 2.42
5.10 4,87 4.63 4.37
6,71 6.58 6.45 6.31

nm, for values of A In 10-21 J
%h’
A=O M A-g A99

1.10 1.56 1.80 2.02
1.10 1.86 2.15 2.37

1.10 2.19 2.52 2.77

TA8LE Iv

MINIMUM PORE SIZE FOR STA8LE WEITING FILMS AS A FUNCTION
OF HAMAKER CONSTANT’”ANOELECTROLYTE CONCENTRATION

0.3025 0,193 Ob373 0,747 2

0,1102 0.236 0,387 0*555 0(

0.0495 0,295 0,438 0,554

42o

800

0,684
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EXCHANGEABLE (HY9RATED)
CATIONS

L “ “-’m A AQUEOUS

Y- IL

“&%
—

>’ EXCESS ‘“;>)’<- -w

PHASE

%Y!iR-REEzl’ix;
/

SCALE: 1 nm

////////// , COMPACT LAYER
y“ /,/,/,

I DIFFUSE LAYER ~
I I
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I I I
PLANE-PARALLEL DOUBLELAYERS
WITH EQUAL VALUES OF ~d
A= HAMAKER CONSTANT, 10-21 J

FILM

FOR

THICKNESS VALUES

ZERO CAPILLARY PRESSURE

A
3.0

6.0

(REPULSNE
ARE EQUAL

AND ATTRACTIVE FORCES =9.0

IN MAGNITUDE)

---+___
). .05 .1 .2 .3 .5

ELECTROLYTE CONCENTRATION, C, EQUIV./LlTER

3
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1.0

0.1

0.01

CARDIUM FORMATION , PEMBINA FIELD
WELL 16-30-47-7
UPPER SAND, 4929 FT.

.

.

I 1 I 1 1 1 I 1 I

0.1 1.0 5 20 50 80 95 99 99.9

WETTING PHASE SATURATION, Sw , PERCENT

6

SW.
PERCENT #.%

20 .066

30 .24

40 1.06

50 2.07
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