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ABSTRACT

It has recently basen noted that the diffuse
electrical doubla layers which exist at (1) the ail/
Srine and {2) the mineral/brine interfaces in sand-
stone reservoirs wi'!' in many cases be quite similar
wieh ~agpect %6 alectric -~Rarse and sotential.
Extremely thin aqueous wetting films separating such
interfaces are thus stabilized by the electrostatic
repulsive force acting between the double layers. In
the oresant paper the limits under which stable thin
films can exist are examined ‘a more detail. It is
shown that there exists a l.war limit to the pore size
in which thin wetting filrs will ocecur and that this
limiting size depends on the salinity of the brine.

It s also shown that whether this limiting pore size
tecomes a factor in determining the wettability of the
rock/brine/oil system depends on the pore size distri=
bution curve and on the initial brine saturation of
the rock. Geological factars which may come into

play in establishing the initial water saturation in

a given ¢ se are discussed.

INTRODUCTION

Recent studles (1-3) dealing with the nature of
agueous wetting films in the Athabasca tar sand
deposit have emphasized the role of sevearal factors
which contribute to the stability of these films.
The work reported in the present paper extends the
physico=chemical analysis of the wetting flim stabi-
Ity problem developed previously. This analysis is
then applied to the interpretation of mixed watta=-
bility states in conventional petroleum reservoirs.

In previous work (1,2) evidence was presented
vhich indicates that the diffuse parts of the elec-
trical double layars at the mineral/brine and brine/
oil interfacay are similar with respect to the mage-
nitude and sign of the electric potential and the
slectric charge density. As first pointed out by
Langmuir (4), these electric double layars give rise
to osmotic forcas within thin aqueou -wvetting fllims,
This causes the flim boundariaes to mucually repel
each other, and such fllms are thereby stabl!llzed,

References and illustrations at end of paper.

It was subsequently recognized that for these thin
films the effect of the osmotic or electrostatic
forces is modifled by the existence of both disper=
sion (or van der Waals) forces (5) and hydration

(or adsorption) forcas (6), Whereas the very short
range hydration forces also stabilize aqueous wet-
ting “llms, the Zispersicn ‘creas tend $o dastabilize
the films in question.

In the study reported by Hall et al (1), the
effect of the hydration forces was accounted for In
an approximate way by assuming that the so-cailed
compact part of an electrical double layer was equi-
valent to two water molecules in thickness (about
0.55 nm). The dispersion force was neglected since
the objective of the work was to obtain an estimate
for the maximum thickness of the films undar condi-
tions which are appropriate to Athabasca. Zeta
potential data were used to calculate the maanitude
of the electrostatic repulsive force for various
aqueous phase salinities. For these calculations
it was assumed that the diffuse double layer (zeta)
potentials were the same for the two Interfaces
forming the boundaries of a film.

The wetting fllms wera also assumed to be In
hydrostatic and chemical equiltbirium with the bulk
aqueous phase, which In turn was taken to be In
equilfbrium with the bulk ol! phase. Thus, the
brine/oll interface formed at the boundary batween
a wetting film and the oil phase was characterized
by the same value of the brine/of! intarfacial ten=
sion as the [nterface between the bulk aqueous and
oil phases, Tha dlfference batwaen the pressures
In the two bulk phases was taken as entirely due to
the capillary prassure across highly curved brine/
ol! Intarfaces, Howaver, the difference in pressure
bstween the aquaous flims and the ol1 phases was
modifled by the repulsive force due to the elactrical
double layers.

On the basis of the calculations corresponding
to these assumptions, It was concluded that in
Athabasca the fllms waere in the range of 5-6 nm in
shickness, 1t was also estimated that fllms of this
thickness corrasponded to about three=fourths of the
total brine saturation, taking the latter to be about
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Takarurz ‘) and Takamura and show '3) have ccn-
sitered the 4thabasca wetting “il= sroblem from a
very similar point of view. in this work ths effect
»f the dispersion forces was explicitly taken into
account. Also, the difference in magnitude of :the
diffuse double layer potentials at the two bcundaries
of a3 f11m was considered, On the other hand, no
attempt was made to treat the effect of hydration
forces cr to include the contributiou to the €ilm
thickness of the comoact parts of the two interact.ng

tavers, 1% ~as corcludesa shat the :tkizuress
o2f zhe flims in the case of Athabasca was of the
order of 10 nm., The role of such wetting films
in the initiation of the orocess of bitumen dis-
slacement “rom oil sand aggregates was also dis-
cussed in some detail (3).

.
pRoil- -]

In che oresent paoer :he limiting conditions for
the stability of thin wetting films are explicitly
considered. The treatment is intended to apply to
conventional oil reservoirs, as well as to tar
sand deposits such as Athabasca. In particular it
is shown that there axists a critical pore size such
that if the wetting phase (brine) is dispiaced from
poraes smaller in size, watting films will not be
retained on the pore walls of the desaturated pore
volume, 1t is evident that in reservoirs in which
the water saturation is verv low this condition will
srevail ‘or an awJracizhla “razctlon z¥ the tstal
oore surface ar2a., Consequently, a state of mixed
wettability can be developed In such reservoirs.

Zvidenae ‘or the existence of states of mixed
wettabiiity 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
with contact angle hysteresis, are important. Evi-
dence from electrical resistivity mesasurements,
which indicated water~wet behavior, was compared
with evidence from fluid flow tests. It was postu-
lated that roughness effects similar to those des-
crited by Morrow (9,10) produce an effectively
water=-wet type of fluid distribution under oil
accumulation condi{tions. It was further postulated
that this initial distribution detarmines the mag-
nitude of the Archie saturation exponent, even
though subsequent adsorption of crude ofl components
glves rise to oi!~wet behavior during waterflooding.

i+ is clear that the stability of thin wetting
fiims plays an Important role in the oi! drainage
shenorena discussed by Salathiel (7) and Swanson (8)
and in establishing states of mixed wattabllity
in general, As has been suggested, the existence
of a critical pore size for stable fiims implias
that the [nitial or connats water saturation for
a given homogeneous portion of a petroleum reser-
volr 1s a key factor in determining whether a mixed
wettability condition will be developed, The volue
of the initial water saturation must, or course,
be considered In relation to the pore size distri-
butien for the portion of the resarvoir in quastion.
Thus, the principal objective of the physico-
chemical analysis of wetting film stability to be
presanted In this papar Is the astimation of the
eritical pors size for the existence of stable
aqueous wetting films,

'n order to arrive at the
2stimate, it «ill e necessarv %o censider, “irst,
the conditions For hvérnstayvic 2auilibrium which are
aooropriate for thin wetting *i'ms, Maxt, the force
versus film thicknass relaticnshios for the relevant
attractive and repulsive forces will te developed.
These tcpices are presented in the next secticn. In
the follewing section the nature of the stability
conditions applicable %0 thin films will be formu-
lated. Estimates of rfilm thickness and critical
pore size will be presented, Finally, the astimates
of the minimum or eritical oore size will be dis-
cussed in ~alatien <0 %he existance ¢ =ixed wet*a-
bility states in petroleum raservoirs.

sritical nore size

ATTRACTIVE AND REPULSIVE FORCES IN THIN AQUEQUS FiLMS

1. {Conditlons for Hvdrostatiec Equilibrium

The concent of capillary pressure is of
fundamental importance in understanding the distri-
bution of oil and brine in the por: spaces of fine~
grained sandstone and carbonate rocks. The guantity
referred to by this term is usuaily defined as the
difference in pressure between two contiguous,
immisclible fluid phases, as in Figure 1. This
pressure difference, P_ = P <P , thus refars to the
butk fluld phases in the immediate proximity
of the interface., Aoplication of the fundamental
orinciple of 4ydrestatics leads (i1) to zhe well known
exprassion wnicn relates the capillary pressure to tne
interfacial tensior, Yow’ and <¢ the mean curvature,
Jow ™ (r]' +r2“), of tHe interface,
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Application of this refationship to the anmalysis
of the hydrostatic eauilibrium within a given pore
requires knowledge of the boundary condition which
determines the local angle of contact, between
the fluid/fluid interface and the pore wail,

When stable thin films are present on the pore walls,
as in Figure 1, it is ¢learly necessary to take the
value of the contact angle to be zero., However, it
must also be recognized that the prassure within a
thin film is no longer simply the difference between
the oil phase pressure, P_, and the capillary pres-
sure,yowdow. Additfonal “components of the micro-
scopie stress balance within the thin aqueous
film must be introduced. These are the attractive
(dispersion or van der Waals) and repulsive (nlec-
trostatic and hydration) forces referred to pre-
viously. The net affect is, for stable flilims,
rapulsive {n nature., Thus, denoting the Qgs_repul-
slve effect as Pp, the effective hydrostatic pressure
in such a fllm "Is given by

Pu ™ Pom(P)ePe

(2)

This axpression holds, for example, In the region AB

in Figure |, Here, (P ), refars to the capillary
prassure across the ‘brine/oil interface for a
chin film,

In contrast, the brine phase hydrostatic
prassurs In regions of a para whare the thin fiim
forces can be neglected, such as CD in Figure 1, [s
given by

P = Po-(Pc)b (3)

w
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“ere, 7 ' czarctas the caoillarv cressure across
swg 2ring/31" ‘nrarfzce ‘n the region i~ wnich the
e*fects of :he tkin fiim interactions on the brine
zrase are necligible, For avdrostatic equilibrium
satwaen the thin flim anag the bulk Srine ohase, the
arassure P, must te :the same for both reg’..s.
Hence, eqs” {2) and {3) may te combined to give
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It ‘ollows from this expression that
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Turning now to the question of an appropriate

pore model, it is convenient to consider first the

familiar example of a cylindrical tube. Denoting

the radlus of the tube as R, and the totil thickness

of the wetting film as t, the relevant curvatures

can be written as

= 2(R-t)""

@] (6a)

ow)b

7

u = (Ret)”! (6b)

ow)F

It follows from these expressions that the net repul-
sive force arising from the electrostatic, hydra-
vion, and discersion “orces within the Film is given
b a very simpie reiationsnia,

Pe = 7y, (Ret)! %)

Another familiar example of a pore mcdel
is that formed by a slot with plane parallel walls
separated by the distance 2R. If, again, the film
thickness s denoted by t, the curvatures for this
case are given by
= (Ret)”

(4 (8a)

ow)b

0 (8b)

(Jow)F

It is seen that eq. (7) also holds for this case.
Thus, fn general, it can be expected that

o 1

£ (cw\RefF'tf (9)
where the affactive pore size, R £é is simply
related to the nominal or equiva?enc pore size,
R , derived from a capillary pressure experiment.
equiv
1t should be noted at this point that eaq.
(5) above is actually an aoproximation. Mohanty
et al (12) have presented a detaliea discussion of
this relationship, pointing out that the confi-
suration of the ofl/brine interface will be some~
what perturbed from that which [s assumed in
writing eg. {3). This ,arturbation will, of course,
be of most significance for the region of the Inter=
face closast to the thin film, i.e., region BC In
flgure 1. It should be noted that the horizontal
scale In Figure | is non-linear, so that the width
of the thin fl1m region Is greatly exaggerated, in
comparison with the radius of curvature of the
fluid/fluid interfaca.

The correct form of aq. () was termed by

Mohanty et al the aucrented Younc-iLaPlace eauation.
lntegratTEhE'bF «aT3s 2cuation ‘or <=2 zases of the
cvlincricai tute anc slct with siane =arzlilel wails
were also presented, These intearatid “orms, aithough
sligntly different in the two cases, Jermit an esti-
mation of the order of magnitude of the required
corractions. Fer typlical values of the paramecers
characterizing the electrostatic and dispersior forces
of interest in the present context, it appears that
the corrections to ea. {5 are quite negligible.

In the pravious study of wetting flims (1) a
further aboroxiraticn was introduced. The thickness
of the wetting film was taken as negiigible when com-
pared to the effective pore size. Also, since the
effect of the attractive forces was neglected, the
net repulsive foice was denoted as PR, rather than PF'
as In the present discussion, Here, the actual
reoulsive force will be denoted as P,, while the
attractive foreca will be denoted as P,. Thus, the
nst repulsive force in a stable thin “aquecus fllm
will be given by

P P

. (10)

R A
The method of calculating P, and °

A for thin aqueous
films will be outlined in the foll

owing two sections.

2, van der Waals or Disrcrsion Force

{nraragctions
—ia DL

The attractive forces of interest in thin
fllms are of quantum mechanical origin 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 bekhavior in general
is raviewaed by Mahanty 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 force between an aqueous
phase and the sarme solid, the effect of such forces
is to dastabilize a thin aqueous wetting film., Tha
interaction force, P,, i5 thus attractive in nature
and wnen the film thickness is not too large, is
given by

3
Py " Aqwo/énc on

Hare, A is the so-called Hamaker constant for a
three-pﬁgge system: solld/aqueous flim/hydrocarbon
liquid, It is assumed that both of the interfaces

separating the aqueous film from the adjoining bulk
phases are planar ana parallel.

Wher the fllm thickress, t, in eq, (11)
becomes greater than about 5 nm, the force Is some-
what retardsd, and the magnitude of the exponent
Inereasas (5). Since the corrections for this effect
are of the order of 5 percent or less for cases of
interast In the present problem, the retardation
effact will be neglected in the treatment given below.

Much more imoortant uncertainties arise In
estimating the value of Hamaker constant, A___, In
eq. {11), For the quartz/water/hydrocarben™ system,
Takamura (2) has adooted a valus of A~ = 1.0 x
10203, This valus was calculated frafi the exoression

1/2 172 2, /2
Ao ™ (Aqq A )(A°° A ) (12)

aw!
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arera 2, A, oapg

. jre the raraker constants
pEv il >

“Yemaracterizing the sizversion
¢ carallel, olanar, semi-
infinite 2ortions of the zame chase, separatiu bdv
vacuo. The subscriots denote the solia (quartz),
=rine and hydrocarbon phases,respectively. The values
cnosen for these parameters, in units of IO'ZOJ, were

Aqq =15, A, =37, and A = 8., The Aqq value,

nowever, represents a very eariy estimate ’‘or quartz,
znd it is now known (13) that a vaiue of sbout 9 is
more nearly correct, This would imolyofhat the

vaiue for e shoula de about 4 x 107°'J,

LW

irzaractions between

A further difficulty arises in connection
with eq. (2) itself. A quite different result than
tha+ given by this equaticn is obtained when the
ternary mixing rule derived by lsraelachvill (14) is
used in connaction with the ternary interaction
values, and A°w . This rule is expressed as

-]
\1/2
qwa owo’

A
qwa

= (A (13)

A
qwo

Hough and White (13) have recently reported
carefully determined values of the Hamaker constant
for several types of interactions which are of
intersast in the present context. These data are
summarized in Table i. It is seen that, depending
cn the :lkane molecular weight, Hamaker constants
varving from about 7.5 =o !0.9 x 10721J may be
expected ‘OF tne aimane/water/quariz system.
ghan and Baldry (15) rerorted a value of 3,27
x 10721y for the tetradecane/wate /silica system
but do not give details of their caleculation. Even
taking into account the expected difference in dis-
sersion interactions between fused silica and quartz,
this result is about half that oradicted from the
data repcrted by Hough and White (13).

caiia=

Other factors which can be expected to
introduce additional uncertainties in the estimates
of the Hamaker constants for oil/brine/solid systems
include temmerature, the concentraticn and types of
alectrolyte in the brine, and adsorbed layers at
vot! the oil/brine and brine/solid interfaces. In
the reservair environment the effects of pressure
and of solution gas must also be considered. Unfore
tunately, the available theories for these effects
{cf. ref, 5) are not in readily usable forr. !In
view of these uncertainties in the value of A
range of values has been used in the film
stability calculations described below. This range
is from 3 x 10721 =0 9 x 10721y, As it turns out,
tals range encomoasses a rather significant shift
in the balance between the attractive (van der Waals)
and repulsive (electrostatic) forces which deter=
mine the stapl!lity of thin aqueous wetting fllms,

qwo ’ a

3, Repulsive Forces Resulting From Electrical
Douple Lavers

The genaral features of electrical double
layers were reviewed by Hall et al (1), Flguir 2
s a schematic representation of the distributlon
and crientation of both the exchangeable cations and
water molecules at a ¢lay mineral/aqueous phase
Interface. As areviously discussed, the layer of
oriented watar molecules next to the mineral sur=-
fuce is about twice the diamster of a water molecule
in thickness .0.55 nm). This layer |s known as the

cerpact or Sgarn=drghame 'aver and in the case of
clav ~irerals incluces ~ora than 90 percent of the
exchangeaole catlorns. Thus. trh surface charge
density in the diffuse part o’ .ne double layer _,
{the Gouv-Chapman layer) is of the orcder of 10 =Cm =,
Correspondingly, the electrical cotential at the
bounaary between the compact and alffuce parts of
the double layer is of the order of =10 mV, A
relationshio between the diffuse layer surface charge
density, 0., and this value of the electric potential,
v,y is givén by the Gouy-Chapman theory {(cf. ref. 6).
The anoropriate expression for a =1 electrolyte,
ralating these «wo zuantities to the alectrelvte
concentration, was presented oreviously (1). This
expression will be assumed In the present work, Hence,
the results will be applicable only tc electrolytes
of the I-1 type, i.e., electrolytes in which all lons
are monovalent. Oue to the limitations of the Gouy-
Chapman theory, the rasults are also resistricted to
concentrations below about 0.5 equivalents/liter.

It was also pointed out previously (1) that
with respect to the dependence of the diffuse layer
potential, ¥ ,, on electroiyte concentration, ¢, the
clay mineral?brlne and quartz/brine interfaces are
very similar. Data for the acartz/brine interface,
as reported by Gaudin and Fuerstenau (16), were
used (1) to derive the following emoirical relation=
ship,

- a T oA oA e
“d ]J.v T wtm rd \]’*)

Table It gives the electrical double layer
parameters and the electrolyte concentrations which
are consistent with eq. (1&) for a temperature of
€0°C., These results ma- be assumed to characterize
the relationship hetween tiie diffuse layer potential
and the electrolyte concentration for both the solid/
brine and oil/brine Interfaces. This assumtion, of
course, restricts the rasults to be presented below
to the case of sandstone reservoirs. The diffuse
electrical double layer which forms at the:carbonate
mingral/brine interface will not be charactarized
by eq. (14), since In this case the diffuse layer
potential, ¥, will be positive In sign in the
neutral pH range. In support of the premisa that the
ootentlal versus concentration relationships for
both the reservoir solid/brine and the oil/brine
systems are similar to the quartz/bkrine system,
various zeta potential studies were cited praviously
(1). It is known (17) that the zeta potential, which
can be measured experimentally with relative case,

's .sentially equivalent to the diffuse layer
potenttal, wd.

The values of ihe surface charge density, °d’
given in Table 11 are applizable only to diffuse
double layers which are isolated., Whan two such
double layers ara brought Into oroximity both elec~
trostrictive and osmotic effects arise. The net
effact s a repulsive force (6,18) tending to keeo
the Interfacas at which the double layers are formed
apart, Assuming that the double layars(which may
be labelled ! and 2) are clanar and parallel, the
magnitude of this net rapulsive force can be cai=
culatad., For the case in which the values of the
double laysr potential, wd. at each interface remain
constant, Dsveraux and de Bruyn (18) have pub-
1ished extonsive tables giving the results of such
catculations, From these tables the value of the




Tllw%

SPE "28T J. T,

MELA0SE :

H

reculsive “zrea, °,, can e deter~ined as a1 functicn
sf wme zis-znce tetween %ne intervaces, 7, anc thke
w0 siectric octentials u,l. and fud),.

Since the interaction giving rise to the
repulsive Force is due to the diffuse oarts of the
two doubie layers, it is actually the distance
setween the two boundaries seoarating the diffuse
2rd corpact narts of the two double iavers which is
of significanca. Oenoting this distance by h, the
total film thickness, t, will te given by

v o= e L e}
where 3 is the diameter of a water molecule (0.275 nm)
Thus, each boundary is taken to bhe a distance of 2§
from the actual ohase boundary or interface separat-
ing the aaueous flim from its contiguous bulk phases.

The results to be presented in the next
section are based on calculations of double laver
interactions in which the constant potential assump~
tion is used. Under this assumption, a non=exact
hut analytical expression for the dependence of PR
on h, (t4)‘ and (ud) has been derived by Hogg
et ai (18). This = “expression provides an excellent
approximation to the exact results tabulated by
de:vereux and de Bruyn (18). It is given in the Appendi
in dimensionless form, This equation enables the
cerivative of P, with respect to h to be represented
sy an anaiytical exprassion as weil, This resulr,
also given in the Aocoendix, in dimensionless form, Is
of imoortance in calculating the limiting conditions
for the stability of an aqueous wetting fllm.

MiNIMUM PORE SIZE FOR WETTING FILM STABILITY

1. Caleculation of Net Interaction Force

The treatment of the wetting film problem,
as ceveloped in the previous sections, dealt with
an attractive interaction, due to van der Waals
forces, and a repuisive intaraction, due to osmotic
forces arising from overlapping di ffuse electrical
double layers., The net force of repulsion between
the olane parallel interfaces is related to the
wetting film thickness, t, and to the effective
oore size, R .., by eq. (9) above. Thus, eq. ()
can be rewri?gan, using egs. (10) and (15), as

. el

PR e PA s YowiReff'(h*he)} . “6)

This expression is given in dimensionlass form in the

dopendix, as is eq. {!1), which givas the dependence
of PA on h,

It should be pointed cut that the repulsive
force, P., is taken to be tha result of overlapping
diffuse electrical double layers and does not include
the effect of short-range hydration or adsorption
forces, These forces are also repulsive, but are
accounted for simoly by assuming a censtant thicknass
of ¢¢ for each compact layer, Thus, the distance,

h, in eq. (16) Is restricted to the range h > 0,

Calculations of the attractive and repulsive
forcas for various values of the film thickness,
electroiyte concentration, and Hamaker constant
nave been carried out (20). The forces and the

)

|

ralevant 2araraters, such 3s “ilm thickness, diffuse
tavar potential, and Hamaker ccnstant were 2xpresseaq
in the dimensloniess forms ¢iven in tre Apoendix.
Calculations were restricted o the case in whicn
tre electric potentials were the same for the two
interacting double layers. Plots of the dimension-
iess net force versus dimensicnless Fllm thickness
showed that increasing electrolyte cancentration

and increasing values of tne Hamesker constant markedly
decreas? the magnituae of the maximum in net force,
Also incicated was the tendency of the net force

to reverse in sign as the wetting film becomes
inicker, This means that the net force is attrac-
tive in nature, rather than repulsive, at larger
film thicknesses. In other words, there is a maxi-
mum in the fllm thickness beyond which the wettiug
films are unstable as the result of the predominance
of attractive forces over repulsive forces.

In the absence of attractive ferces, l.e.,
for zero values of the Hamaker constant, no maximum
in fiim thickness will be encountered. Such would
be the case for aqueous wetting films when the
non-wetting phase is a low pressure gas, rather than
o0il. Under these circumstances the Hamaker constant
ic negative, and dispersinn forces give rise to a
repulsive {nteraction, supplementing the affect of
overlapping electrical deuble layers,

2, Film Thickness Results

In Table I{l, values of the maximum fiim
thickness for various values of the Hamaker constant
are given, Thase results correspond to the valua
of the film thickness, t, for which the zondition,

P, = PR’ is satisfled. The dependenca of the maximum
film thickness on the value of the Hamaker constant
and on the electrolyte concentration is shown in
Ffigure 3. It should be noted that thes: values of
the maximum film thickness are derived without taking
into account the effect of retardation on the dis-
persion force interaction. Somewhat larger values
would be exracted 'f corrections for this effect

were i[ntroduced. However, as indlcated above, such
corractions are small, and the maximum “11m thick=
nesses shown in Flgure 3 would not be affected in a
signiflcant way.

Also given in Table 11| are vaiues of the
f1im thicknass calculated from eq, (16) for the casa
of R cc = 5,0 um. These results are shown in
Figuvm 4. 1t is seen that the effect of increasing
Hamaker constint s relatively minor, even at an
alectrolyte concentration of 0.3 equiv./liter, _As
the Hamaker constant Increases from 0 to 6 x IO'Z'J,
the #ilm thi.ckness for this concentration decreases
by only 0,73 nm, {.e., less than 3 water moiecules
In thickness, As was painted out above, the effect
of the dispersion force interactions was neglected
In previous caleculations of wetting film thicknesses
(1), Slince the effsct of these interactions is minor,
the gereral conclusions reached previously conserning
the relative amounts of fllm water and water in
trapped conflgurations (pendular ring water) are
unaffected.

2, Flim Stabitiey Calculations

It has been shown thermodynamicaily by
Franke!l (21), as well as by others, that the thin
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Tnis further conditfon can he written as

%0 /he\ e A 12y
R, 00 1)
That is, the gradlent of the net force tending to
sacarate tne Szundaries of 3 wetting film must be
negative in sign. VYalues of the gradient of the
net force as a function of film thickness, electro-
lyte concentration and Hamaker constant have also
been calculated (20), These rasults indicate that
negative values of the gradient of the net force

are found only for a rather restricted range of film
thicknesses.

It is clear that the stability condition
glven by eq. (18) impiies that the maximum value of
the net force corresponds to a state of limiting
stabilicy. From eq. (18) it follows that as the
net force increases within the stable region, the
corresponding value of R must decrease, Approach-
ing a particular value a§ a lower limit, Since the
maximum value of the force is quite sensitive to
Joth the electrolyte concentration and to the magni-
tude of the Hamaker constant, it then follows that
t=a 'sar ''=ig 22 tke affactive zora size s alse
sensitive to these factors, Table IV gives vaiues
of the minimum tore size calculated from eq. (16)
uncer the condition stated by eq. (18), The film
thicknesses for this condition are given in Table
1,

The sensitivity of the minimum effective
pore size for the retention of stable wetting films
to electrolyte concentration and to the magnitude
of the Hamaker constant is indicated by the results
shown i{n Table V. Curves iilustracting the trend
of minimum pore size with varying congentration are
slotted in Figure 5 for several values'af the
Hamaker constant.

1t should be emphasized at this point that
the film stapility limit considered here refers to
flims retained by repulsive forees of the osmotic
type, rasulting from the interaction of electrizal
double layers. When such films are aisplaced, ultra=
thin films may be retained. Thase films are held
by hydration forces and are axpected to be ot the
order of one or two water molecules In thickness,
corresponding to the compact part of an electrical
dounle laver, For reasons which will be indicated
below, such ultra=thin flims should not be referred
to as wetting flims, but rather as hvdration fllims,

FILM STABILITY AND MIXED WETTABILITY

1, Wetting Films In Reservoir Rocks

It s usually assumed by those concerned
with problems in petroleum production and explora-
tfon that the connate water saturation of reservoir
rocks Includes two types of water. The first of
thase is wavar in the form of thin watting fllims on
the pore surfaces. The sacond Is water trapped
eithar within a cartain fraction of the Individual
oores which comprise the pore volume of the rock, or
as pendular rings at intargrain contacts. Thus, (t

is irplied 2v this assurotion that all reservoir
rocks are anifarmlv wacer-wet, Fyrther~ora, it
follows that :the trappinc of water, wnich 's due to
capitlary forces, ~ust occur orimarily in the smaller
pores of the system ana in oendular rings with high
interfacial curvatures., It is also commonly
believed that tne fractfon of the connate water
saturation which is in the form of thin films is
quite small, compared to the water traooad bv
capillarity. These concepts, developed by early
workers in the field {22-25) have achieved a tima-
honored status.

At the same time, the possibility that some
degree of oll-wetness may occur has also been enter-
tained by many investigators. It [s a view parti~
cularly held by those who have studied the relative
imbibition tendencies of native-state resarvolr
rocks, when alternately contacted by oi1 and water
(26). Such work has led to the recognition that
mi xed=wettabllity systems are itkely to occur in
many cases (7,8).

It is of interest to note that an elementary
argument (1), leads to the conclusion that stable
wetting films are not retained on convex surfaces
of sand or other mineral grains, This argument fs
based solely on the concept that a capillary pres-
sure must be associated with sach and every curved
fluld/fluid interface in the system, Thus, 1f such
fiims do exist on convex grain surfaces, an aadi-
tional stabilizing force must be introduced. Such
a force is that due to double layer repulsion., Also,
sandstone surface area data (27,28) indicate that
the resulting films must be relatively thin, l.e.,

S nm or less. Otherwise, the contribution to the
overall connate water saturation which is due to

the presence of the fiims would necessarily be quite
significant, amounting to as much as 25 percent of
the pore volume for films of 30 nm in thickness.

1f, on the othar hand, films of only 0.5 nm
thickness, corresponding to two monolayers of water
molecules, are retained, a further auestion arisas.
This |s whether such thin fllms can still inhibit
the adsorption of polar constituents from the ofl
phase, |t has been recently demonstrated (29,30)
that the asphaltene or heavy ends fracticn of crude
oil1 is strongly adsorbad by clay minerals, at least
at low relative humiditfes. |t seems quite likely,
In view of this work, that adsorption of this kind
would not be entiraly blocked by a water film which
was only two molecules in thickness. The local
wettability, as definad by a locul or "microscopic’
contact angle, would then be altered to a very sig-
niflcant degres. Thus, even If soms of the water,
infeially present in the form of ff{ims one or two
molecules thick, was retained, a dafinite wattability
changs would oceur as the rasult of hsavy ends co-
adsorption. This conclusion i3 consistent with the
generally held concept that asphaltenes are involvad
In astabllshing the [n situ wettability of reser-
voirs (32).

2. Stability of Watting Flims In Relation to
Pore Size

in the context just discussed, It is clear
that the stability of thin aqueocus wetting films,
such as have been considered sbove, is of critical
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importance in determining the nature anc cistribu~
tion of the .etting enaractar =f core surfaces. This
stability, in surn, is cefinitely & function of tre
effective pore radius for tne smallest ocores wnich
rarain in a saturated state for a civen stage of the
capillary desaturation orocess. Thus, as brine is
removed from a water-wet rock by the invasion of
crude oil, the displacement of brine takes place

In successively sraller and smaller oores. At the
same =i—e, :he wetting films retained on the walls

of individual pores after desaturation become thinner
and thinner. Eventually, a critical size is reached,
corrasnonding to the stability limit for the exis-
tence of “ilms of this type.

As indicated In Figure 5, this minimum
effective oore size is probably of the order of 0.5
um, When this pore sfize is reached, the fllms
remaining on the walls of all previously desaturated
pores are no longer stable, That is to say, the water
in these fllms, unless completely isolated and with~
out access to smaller pores, will suddenly be dis-
placed. This occcurs at the saturation corresponding
to the critical or minimum effective oore size.

Sore 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 isolated wetting films and partly deplated with
raspect to such films, In the area not covered by
wetting fllms, ultra-thin fiims (about 0.5 nm in
tnickness) will at first be retained Ev hvdration
forces, However, as indicated above, such fllins are
not expected to inhibit fully the adsorntion of
hichly 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 wettability can now be
assessed in more detailed terms. These molecular
forces provide the macroscopic driving force for
converting films of about § am in thickness to ultra-
thin filrms, of about 0.5 nm in thickness. This
drivine “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 u
“ave been desaturated, The final stage of convert-
ing water=-wet pore surfaces to an of l-wet condition
then follows, after the wetting fllms have been dis-
placed, This stage, as already discussed, involvas
the adsorption of patroleum heavy ends, i.e.,
asphaitenes, on surfaces for which the film thick~
ress has already been reduced to the order of 9.5 nm,

As polnted out by Czarnecka and Gillett (31},
the exact nature of the interaction forcas which
are responsible for the final stagye of wettability
alteration has not yet been established. Interactions
of the acid-base type may be Involved. The role of
this type of interaction at solid/fluid Interfaces
has recently been raviewed (33)., The machanism
of contact ¢harge transfer has also been discussed
recently (34).

3. Connate Water Saturation in Relation to
ora Size Distribution

In order to determine, Iin the case of a
particular resarvoir, whether the processes just
described may have occurred, a mathod of determining

the wettability in situ would clearly e <esiraple,
in 'ieu of this, 3 si~ol2 comoarison can ze —ace
setween the zonnate ~ater ssturation ane the satura=
tinn requirec 0 exceea the critical or minimum sore
~saius as deflined by tke film stacility criterion,
1€ tha connate water saturation in a given zone of

a reservolr [measured by some Independent technique)
is less than the saturation corresponding to the
critical radlus, the zone In cuestion will have been
at least partly depleted 2¢ the wetting flims ~cr=
mally oresent on the pore surfaces. Hence, the zone
will be In a mixed wettability state. The relative
permeability and caoillary sressure characteristics
of such a zone, during resaturaticn with water, will
then be affected to a very significant degree.

Many reservoirs are known to have a quite
low connate water saturation (35). This important
reservoir parameter !s, however, rarely compared
directly with data given by the pore size distribu-
tion curve. In order to test the concent that a
comparison of this kind can provide an indicator of
wattability behavior, the case of the Pembina
Cardium reservolr in Alberta was studied. For this
reservoir, high values of the residual oil saturation,
together with connate water saturations of the order
of 10 percent (35,36) are beliaved to be indicative
of some degree of oll-wst behavior. Pore size dis-
tribution data, as obtained by the mercury Iinjection
technique, have also been reporsad (37). A typical
oore size distribution curve obtained by tinis tech=
nique is shown in Figure 6. The gas permeapility
for this particular core plug was 30 md, while the
porosity was 23 percent. Thasc data are close to
the fleld-wide averages for Pembina. Saturation
values corresponding to different ecuivalent pore
si2es for this sampla are alse shown,

It is seen from Flgure & that, for this
particular sample, as much as 37 percent of the pare
volume corresponds to pores for which the aquivalent
pore entry radius is less than 0.75 um. Since the
typical pore shaoe in the smaller pore size range is
more nearly slit-shaped than cylindrical (38), the
effective pore radius would probably be more nearly
0.35 to 0.4 um, The electrolyte concentration of
the formation brine {n Pembina {s estimated to be
about 0.2 equivalents/liter (39). Assuming that the
Hamaker constant in this case is not less than
3 x 10°21 J, the curves shown In Flgure 5 Indicate
that the smallest values of the critical effactive
radius which can then be expactad are also In the
range of 0.35 to 0.4 um., Thus, it would be necessary
for the connate water saturation to be of the order
of 37 percent or more {f the |Imiting condition for
stable wetting films is to be satisfied. Clearly,
an avarage connate water saturation of about 10
percent is insufficient to meet this requiremant,

In this case, tharefora, It appears that reservolr
wettablility s predictad by a comparison batween

the connate water saturation and the saturation
requirad to 111 all pores smaller than the critical
size for stable fllims,

b, Role of Geoloaical Processes in Establishing
Connate Water Saturation_and Mlxed

Wettabiliey Statas

An apparent difficulty in associating low
connate water saturations with partially oll~wet
pore surfaces relates to the nature of the flow
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srocessas 3v whnich the saturaticn of the aqueour
snase zacreases 3s =il nitlaliv antars s raservoir,
is soirgea cut av M“uyskat 2%, Ficw srocesses of
soth the imeibition anc drainage tvnes must te
involvec, i€ it is assurec :nat ail scre surtaces
are water-wet and remain so throuchout the overall
srccess of ofl accumulation. Under this assumo-
tion, imbibition is thouant to occur in the lower
aart af the ofl/water transition zone. If, however,
sore suraces become cjl-wet at sore stace of the
drainage process, [t would aopear that any further
drainace of the aqueous chase would not take place.
150, imbibition would not take place in the lower
sart of tne transicicn zene., From this noint of
vlew, then, the observation of very low conrate
water saturations for a particular reservoir would
not necessarily te indicative of ofl-wet nore
surfaces, but rather of water-wet surfaces.

This line of reasoning does not, however,
introduce a serious difficulty when it is realized
that the mechanism of wetting=film instability
should not convert all pore surfaces to an oi l-wet
type of behavior when the gritical pore radius is
reached. As pointed out, it may be expected that
only part of the total oore surface area is affected,
and the resulting situation is therefore bast des~
cribed as a mixed wettability condition. Film flow
processes involving both oil and brine can then
take place, as is suggested by the work of Salathiel
7Y, ana 3wanscn (8), Counter-current flows of
this type are in fact easier to visualize than
simuitaneous drainage and imbibitlon processes
when these take place under uniform wettability
conaitions.

it thus aopears that pore surfaces covered
by ultra=thin films, formed ac the result of the
wetting film instability mechanism, are likely to
e converted to an oil-wet condition. This requi.res,
as was suggested above, the adsorotion or co-
adsorption of asphaltenes or other heavy ends from
the crude oil. In the case of Pembina, a dctalled
study has been published of the asphaltene and
resin content of the produced oi! from various parts
of tha field (40). 1!t appears from the high con=
centrations found for the resin fraction of the
crude oil in this reservoir, that the adsorption
of resins, as well as of asphaltenes, may be
involved. The close connection between the solu-
bility charactaristics of these fractions has been
emphasized by Koots and Speight (41),

Other factors which play a role in the
dssaturation orocess under ofl accumulation condi-=
tions in the case of Pembina should be mentioned
at this point. Natural fractures resulting from
regional uplift and erocsional uniocading are well-
documented (L2). Soecific features of the strati=
flcation observed in the Cardlum formation have
racently been raviewed and re=interpreted (43).
Evidence fer a sionificant degree of overprase
suring has been noted (4h), and depth-porosity
relationshins discussed in rglation to various
dlagenstic processes (45). All of thess geological
factors are likely to exert some degres of speci-
flec contral over the process by which a state of
mixed wettability has devaloped In Pembina. The
physico~chemical analysis of watting flim stabl-
l1ey, such as has been developed above, should
thus be aoplied to a particular reservoir, only

wnen it orovices an integral anc ccnsistent “eature
of the ceciaqical ~¢cel »F the reserveir,

SIMCLUSICNS

1. lInsights as to the nature of mixed wettabllity
states in oetroleum reservolrs can be uvsived
from a physico-chemical analvsis of attractive
and repulsive forces arising in thin squeous
wetting films,

2. The dependence of the attractive (van der Waals)
forcas on “ilr thickness can be exoresse¢ bty an
inverse third power relationship., The Hamaker
constant characterfzing attractive interactlon_ZI
Is estimated to be In the range of 3 to ¢ x 10 °'J.

3. Repulsive interactions in wetting fllms arise from
osmotic forces assocliated with the diffuse
electrical double layers at the boundaries
tetween such films and the adjoining bulk phases,
The case of constant di ffuse layer potentials was
assumed. The dependence of the interaction force
on electrolyte concentration follows from the
experimentally observed dependence of the zeta
potential on concentration, for soiid/brine and
ol1/brine systems,

b, Limits to the stability of thin wetting films
arise “rom the reguirements that (a) the aet
interaction foree is always repulsive, and (b)
the derivative of the net force with respect to
film thickness is negative. These requirements
correspond to upper and lower limits, respec~
tively, on the thickness of wetting films, I¢
is estimatad that stable wetting films range
from 2 to 6 nm in thicknass.

S. The existence of a lower limit to the thickness
of a wetting film can be shown to imply a mini~
mum effective nore size for which such films
are stable. It is found that for electroiyte
concentrations less than about 0.1 equivalents/
liter, the minimum pore size for film stabiliety
falls in the range of 0.2 to 0.8 um, depending
on the magnitude of the Hamaker constant. For
electrolyte concentrations greater than 0.1
equiv./1, the minimum pore size Increases sharply
for valuas oF,fhe Hamaker constant graater than
about 6 x 107='J,

6. Estimated values of the minimum pore sizs for
f11m stability can be used, in conjunction with
pore size distribution data and values of the
connate water saturation, to pradict when the
in situ wettabllity of a petroleum reservoir Is
Tikely to ba of the mixed wattability type.

7. The physico-chemical analysis of wetting film
stabitity should be apolied only within the
context of a genaral geological mode! for a
particular reservoir.
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APPENDIX A « FORCE YERSUS FILM THICKNESS

RELATIONSHIFS IN OIMENSIONLES? FORHM

The Debye screening distance, x,, 5 3 measurs
of the thickness of isolated double ?ayers. It Is
given by the expression,

/ -
- f(eraokaT)/(zezNA)}l'zc 1

RD (A1)
The various barameters in eq. (Al) are defined In
the Table of lomenclature,and values of ). for

sevaral concentrations are shown In Table ll, The
dimensionless distance batween the interacting
diffuse double layers s then defined as

A ™ ‘/‘D ‘Alaj

ang :he dimansionless diffuse layer potean:lials as

7y m oee(vy) kgt (1w 1,2) (A2b)

The corresponding dimensionlass attractive and
repulsive forces are next defined as

241ep " PalCHakyT (A3a)

Zg1ac * PR/cHAkaT (A3b)

The dimensionlass form of eq. (16) can now ca ..

wreitten as
-

Ze)ac " Zdlsp " fo=(\g/H) (x#E)) (ab)
where

5™ R el (ASa)

L e bd/hy (ASb)
and the scale factor, H, ts given by

Hom g felpkyT (A5e)

A dimansionless Hamaker constant |s naxt
daflned as
3
xm AqwolsncNAkarAD (6)

so that e.. {i1) givas the following expressions
for 24140 and *he gradient of 241sp’
. alx s )"?

(A78)
(A7b)

zdlsb
d244,7/d% ® “In(x + 5)'h

Yaluas »f 4 and of %re scale factor Y 5 “ynctions
2% tne electrolvte zoncentraticr are aizo jisan in
Taple 1] The vaiuas of » corrasponc %o + &
5 x 10721 o o

The expressions for = and the gradient of

2lec

Zalac used in this work ire 2quivalent to those
derived by Hoga et al (22), These exorassions
ar N
) 22 oeh IR I
b4 L N ] ] ] X = .‘_ o e N
elec ~ 2 7 r, = ¥y (ABa)
—2— ( -y }
dzelec/dx = sTanx 172 “elecc°5h I (A8b)

Note that the stability limit defined by the conditlien
(Aga)

corresponds to a value of the dimensionless noie size,
¢, suech that

dzelec/dx = dzdlsp/dx

do/dx = \y/H (Agb)
Stnce H >> XD' this condition may be approximated by
do/dx ~ 0 (A10)

However, it |s seen that the minimum pore size for
stable films Is not precisely the same as tha minie-
mum in the relationship betwaen R £f and t, as
defined by eq. (16), e




TABLE |

HAMAKER CONSTANTS FOR VARIQUS SELF AND TERNARY
TNTERACTIONS [N ALKANE/WATER/QUARTZ SYSTEMS a

Interaction A, 10 *°J Interaction A, 10 °J
0-0, n® = 6 4.07 Q-W=0, n° = 6 0.782°
0-0, n = § 4.50 Q-W-0, n = 8 0.835
0=0, n =10 4,82 Q=W=0, n = 10 0.886
0-0, n = 16 5.23 Q-W=0, n = 16 0.958
W=W 3.70
Q-Q 8.83
a From ref., 13.
b n = number of carbon atoms in alkane molecule.
¢ Valuss calculated from eq. (13).
TABLE 1!
RELATIONSHIP OF DIFFUSE DOUBLE LAYER PARAMETERS
TO ELECTROLYTE CONCENTRATION a
y = Yy % - ¢, Ao, H, o for_,,
-ewI/kBT mvV mem equiv./! nm um Awm 6x10 °'J
0.4 11.14 12.77 0.3025 0.5434. 0.03076 2.4412
0.5 13,92 12.22  0.1758 0.7128 0.05294 1.8608
0.6 1671 11.66  0.1102  0.9004 0.08446  1.4732
0.7 19.49 11.10 0.0726 1.1091 0.128)5 1.1960

0.8 22,28 10,54 0.0495 1.3428 0,18785 0.9879

a Based on Gouy-Chapman theory, eq. (1) of ref. (1), and empirical approxi=
mation, eq. (14)., T = 323°K; e, = 69.9; Y, = 25.0 mN.m"!, The aymbols
used are glven (n the Table of Nomenc! atu?e.




Cy
eaquiv,/1

0.3025
a.1102
0.0495

Cy
gauiv./1

0.3025°
0.1102
0.0495

Cy
aquiv./1
0.3025

0.1102
0.0495

TABLE |1]

THICKNESS OF WETTING FILMS AS A FUNCTIONM OF HAMAKER

CONSTANT AND ELECTROLYTE CONCENTRATION

Eman’ nm, for values of A In 10'2] J
A = 0 A= 3 A= A=9
- 3-98 3029 2073
- 7.40 6.32 5.53
- ]2-04 l‘0-77 9096
t,nm, for R = 5 um and valuas of A In IO.ZIJ
A=0 A= 3 A= 6§ A= 9
3.61 3.25 2.88 2.42
5.10 4,87 4.63 4.37
6. 7N 6.58 6.45 6.3
-21

nm, for values of A in 10 J

A= Q A= 3 L) A=9

1.10 1.56 1.80 2.02

1.10 1.86 2.15 2.37

1.10 2.19 2.52 2.77
TABLE 1V

MINIMUM PORE SIZE FOR STABLE WETTING FILMS AS A FUNCTION
OF HAMAKER CONSTANT AND ELECTROLYIE CONCENTRATION

S

equiv. /1

0. 3025
0.1102

0.0495

R {palim for Values of A In 10°2! 4
Awo A= 3 Aw 6 A=g

0.193 0.373 Q.747 2. 420
0.236 0.387 0.555 0.800

0.295 0.438 0.554 0.684



»\>\ AQUEOUS WETTING FILM
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EQUILIBRIUM FiILM THICKNESS , t , nm

| T |
PLANE-PARALLEL DOUBLE LAYERS
WITH EQUAL VALUES OF Y4
A=HAMAKER CONSTANT, 10721y

A
FILM THICKNESS VALUES 3.0
FOR ZERO CAPILLARY PRESSURE 6.0
(REPULSIVE AND ATTRACTIVE FORCES 9.0

ARE EQUAL IN MAGNITUDE)

.03 05 1 2 3
ELECTROLYTE CONCENTRATION, C, EQUIV./LITER

3
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EQUIVALENT PORE-ENTRY RADIUS, R, tm
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