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Abstract

The dependence of capillary pressure on wettability as
defined by contect angle has been investigeted. Drainage
and imbibition cepillary pressure measurements are pre-
sented for six different types of polyietrafluoroethylene
(PTFE) porous wmedia. Chenges in capillery displacement
curvature are shown to be reasonably consistent from one
mediwm to onother. The forin of these results suggests
that operative contact angles whick cennot be measured
directly within porous mediac are in_Teasorable corres-
pondence with contact angles measured at Toughened sur-
faces. To a fair approzimation, chenges in drainage and
imbibition displacement curvatures with contact angle are
respectively proportional to the cosines of receding end
advancing contact angles observed at rough surfeces.
General correlations of the results have been developed-

Conditions for observation of spontuneous imbibition
behaviour, as predicted by these correlations, are used
s o baais for clossifying systems os wetted, inierime-
digtely-wet or mon-wetted. Discussion is given of seme
aspects of the role of wettability in obicining improved
oil recovery.

Introduction

INCENTIVES for the study of wettability in regard to
economic methods of obtaining improved recovery of
oil from reserveir rocks have been discussed previ-
ously®”’. In the only extensive investipation of reser-
voir wetting behaviour yet reported, advancing con-
tact-angle measurements showed that a wide range
of wetting conditions may be encountered from omne
reservoir to another®. Contact angles were measured
for reservoir fluids at formation temperatures on
minerals which, from examination of thin sections of
core samples, were judged to be predominant at the
pore walls, It was found that wettability, as deter-
mined by contact-angle measurements at smooth
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FIGURE 1 — Wettabllity distribution given by contact-angle
measurements on smooth mineral surfaces for fluids from
95 reservoirs.

surfaces, was qualitatively consistent with relative
permeability behaviour. The distribution of wettabil-
ities for the 55 reservoirs for which advancing contact
angles were reporfted is presented as a histogram in
Figure 1. Although these results may not be typical
of reservoirs in general, they present a distinct com-
trast to the view that most reservoirs are prefer-
entially water-wet.

In practice, when wettability is considered to be
important, laboratory data are obtained for preserved
cores and fluids at conditions considered to satisfac-
torily simulate those in the given reservoir. Such
data cannot be readily reproduced from one laboratory
to another and are difficult to interrelate or quanti-
fy. Systematic study under controlled wettability con-
ditions is needed in order to develop an understanding
of the role of wettability in oil recovery and other dis-
placement phenomena. Investigations were therefore
undertaken of the effects of wettability on spon-
taneous imbibition®’, capillary pressure and relative
permeabilities”; a companion study was made to
determine the effects of surface roughness on contact
angle™. A survey of this work has been prepared™,
The present paper concerns the effects of wettability
on relationships between capillary pressure and satura-
tion.

Background

Intrinsic Contact Angle

The most reliable method of obtaining precise
wettability control in displacement studies is through
the use of low-energy solids and pure liquids. Prob-
lems which arise in attempting to obfain satisfactory
wettability contrel at high-energy surfaces have been
discussed previously*@. In the present work, PTFE was
used as the solid, and the contact angle meagured-at
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a smooth surface is hereafter referred to as the in-
trinsic angle, 4= (Fig. 2a), which is taken as the basie
quantitative measure of system wettability.

Reference and Non-Reference Phases

Because contact angles at smooth low-energy solids
exhibit only very small hysteresis between advancing
and receding values*®, the choice of phase through
which f: is measnred is arbitrary. It follows that a

system of wettability #:, as measured through one
fluid phase, ean alternatively be regarded as a system
of wettability (180 — #g) with respect to the other
phase.

In presenting and discussing results, the intrinsic
angle, §g, is used to define system wettability, and the
fluid through which @ is measured will be termed the
reference fluid, and the other fluid the non-reference
fluid. When specifying a system and its intringic
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FIGURE 2 — Models Illustrating contact angle and capillary pressure phenomena.
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angle, the reference fluid-is named first. For example,
with water and air as fluids the specification would
be: either water-air, ¢z = 108B°, when water is the
reference fluid, or air-water, 8 = 72", when air is
the reference fluid.

Effect of Surface Roughness on Contact Angle

In general, surface roughness gives rise to contact-
anple hysteresis with distinctly different angles, or
and d,, being given under receding and advancing con-
ditions respectively (Fig. 2b). In a previous study™,
advancing and receding angles were determined over
a wide range of intrinsic angles from measurements
of capillary rise in internally roughened tubes (Fig.
2c). Values of 0n and f. for systems of intrinsic wet-
tability = are presented in Figure 3. These values are
remarkably consistent over a wide range of roughness
conditions and are believed to be reasonably represent-
ative of operative contact angles in the porous PTFE
media which were used in displacement studies,

Capillary Pressure
Capillary pressure is defined as
Po=Por — Pro o (9}

where P, i1z the pressure in the non-reference fluid
and P. is the pressure in the reference fluid. Drainage
is defined as decrease in the reference phase safura-
tion and imbibition as increase in the non-reference
phase saturation. Mean curvature (¢cm?) is defined by

If the wettability of the system is defined by the
complementary angle (180° — #¢), then the reference
and non-reference fluids are inferchanged accordingly.
The basic definition of P. remains unchanged. Thus,
if the wettability of a system with contact angle of
0 degrees is redefmed as a system with contact angle
of 180 degrees the caplllary pressure changes sign,
Experimental data are presented as mean curvature
versus liquid saturation, the liquid being taken as
the reference phase.

Capillary Pressure Hysteresis
At Zero Contact Angle

Capillary pressure hysteresis can be observed for
porous media when the contact angle is zerc. Con-
siderable attention has been paid fo this phenomena,
which is basically due to pore shape and is often de-
seribed as the ink-botfle effect. A simple pore model
which exhibits bistability of the interface position
depending on whether the pore drains or imbibes is
ghown in Figure 2d,

Interaction of Pore Geometry and Contact Angle

When the contact angle is finite, the manner in
which capillary pressure is affected depends on the
interaction of contact angle and pore geometry, which
torether provide boundary conditions for capillary
structures developed in the porous medium. To illus-
trate this point, the positions of the onset of instability
corresponding to draining and filling of a tube formed
from intersecting cones are shown in Figure 2e. The
drainage displacement pressure, Pq., i given by

2a

Py = e COS (B — @)oot )
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FIGURE 3— Values of advancing (4,) and receding (#z) con-
tact angles observed at rough surfaces®™’, versus intrinsic
contact angle, fe.

and the imbibition pressure by

where o ig the interfacial tension, « is the half angle
of the cone, and r, and r. are the radii of pore throat
and waist respectively. Physical limitation on the
values taken by (fr — a) and (f=: + o) are, of course,
set by the system geometry. For a system having a
rough surface giving receding and advancing contact
angles of ¢r and #, reapectively, these equations are
modified:

Pac = —1 €08 (B = @) e cvvveeeeaee e, 5)

Iy

25
Pimp = 1_— Cos (ﬂ,\ + a).

Apparent Contact Angles for Porous Media

Pores in infergranular porous media are generzlly
bevond detailed mathematical description. By analogy
with the equation for capillary rise in a cylindrical
tube, apparent contact angles ©® (¢a for drainage and
¢a for imbibition, as illustrated in Fig. 2f) are defined

The values of 1. and r- are those calculated from dis-
placement pressures when the infrinsic contact angle
is zero, and ¢ and ¢. are set equal fo zero.

From the foregoing discussion, it is clear that any
general account of the effect of contact angle on
displacement requires investigation of the effect of
variation In pore geometry from one porous medinm
to another. To this end, capillary pressure measure-
ments, over a wide range of wettabilities, have been
made on six cores having varied physical character-
istiea.
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Experimental

Artificial cores of consolidated PTFE having poro-
sities ranging from 16.5 to 47.5% were supplied by
Allied Nucleonics. The cores were prepared by com-
pacting PTFE powder, of the size distributiona listed
in Table 1, in steel tubes. The compacted powder was
then sintered at 500°F. Radial porosity distribution
was defermined from weight changes given by ma-
chining away concentric annuli from one end of a
given core sample. Coves of low porosity, in the range
of 16% to 269, were obtained by applying compres-
sion during sintering. The desired effect of producing
lower-porosity cores was achieved, but their per-
meabilities, as measured by Ruska air perrneameter,
were much lower than expected and too low for use in
planned displacement experiments. Properties of the
cores chosen for study are listed in Table 2.

TABLE 1 — Size Distribution of PTFE Powder

Cumulative %, Wt. Retained”
Identification Supplier 32 42 65 80
VP 11 Hoechst 14.8 454 13.0 16,7
VP 15 Hoechst 6.9 24.0 824 9.2
G 161 ICI Powder not available
G 2 ICI 51.3 0.1 93.9 99.3
G 18 Allied Chemical | Powder not available
*11.S. Mesh

Liquids used in the present study are listed with
their sources in Table 3. The listed contact-angle
values are those given by Fox and Zisman". Ob-
served contact angles at a polished PTIFE surface were
all in very close agreement with these values.

Detailed studies of the effect of wettability on
drainage and imbibition capillary pressure were made
on the six core samples listed in Table 2. A range
of cores was studied in order to determine the effect
of variafion in pore geometry from one core to the
next. At present, there is no quantitative method of
characterising pore geometry, It iz assumed that the
differences in powder and conditions of consolidatien
give variation in the geometric structure of pore
space. Although four of the cores have porosities in
the range of 41.5 == 1%, variation in structure is in-
dicated by the distinet variation in longitudinal and
radial permeabilities from one core to the next,

The apparatus and procedure for measurement of
capillary pressure data have been described previous-
ly®. For consistent resulis at higher contact angles,
it is especially important that the core sample be com-
pletely saturated with liquid initially. Cores were first
saturated under vacuum, but this did not always give
complete saturation. To obtain complete saturation
at higher contact angles, as judged from constancy in
the volume of liquid held by a given core, additional
liquid was forced into the core at pressures of about
1000 psi. From experience gained in the present work,
it is recommended that the injection stage of satu-
rating a core be included if a drop of the liguid in

TABLE 2 — Core Properties
Permeability
(Darcies)
Core — - -
|dentification Confining Pressure Porosity “Radial Radial
Number Powder {psi) {per cent) Longitudinal 1 2
1 VP 11 2000 425 26 2.8 2.9
2 VP 16 2000 475 a2 0.013 0.020
3 VP 11 2400 41.0 2 — 20" M -
4 909% VP11, 1097:G161 2400 36.0 16 0.63 0.23
5 G2 2200 41.0 0.7 0.045 0.053
6 G138 1756 40.5 0.35 0.046 0.02
*Difficulties experienced in measurement because of breakage of cores during mounling.
TABLE 3 — Contact Angles_of Liquids Against Air at Smooth PTFE (Teflon) Surfaces
Intrinsic Contact | Complementary
Surface Angle Angples
Tensian | Density (0g) {130 — Op)
Ligquid Source of Liquid (dyne/cm) | (g/cc) (degrees) (degrees)
n-Pentane. . ...| Phillips Petroleum Ca. (pure grade) 15.6 0.621 0 130
n-Hexane. .| Phillips Pelroleumn Co. 184 0.668 7 113
n-Heplkane .| Phillips Petroleurn Co. 18.89 0.680 22 158
n-Octane. . Phillips Petroleum Co. 21.22 0.699 26 154
n-Decane. .. Phillips Petrolesmn Co. 23.35 0.126 35 145
n-Dodecane. . Phillips Petroleum Co. 24.9 0.7143 42 138
n-Tetradecane. Phillips Petroleum Co. 26.18 0.759 4 136
Dioclyl Ether. ... Eastman Kodak Co. 213 0.802 19 13]
Hexachlorobutadiene Eastman Kodak Co. 36.0 1.682 60 120
a-Bromonaphthalene.. ... .| Fisher Scientific Co. (reagent grade) 43.0 1.474 73 107
Elhylene Glycal. ... .. Fisher Scientific Co. (certified) 47.7 1.108 90 90
Waler (double distilled) ...... .. . ..... 0.6 0.977 108 72
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question, when placed on the surface of the core, does
not imbibe immediately. For the dry cores, it was
found that tetradecane (fz = 44°) imbibed spon-
taneously into all cores. Dicctyl ether (49°) was ob-
served to imbibe into core no. 1 only, and hexachloro-
butadiene (60°) did not imbibe into any of the cores.
Once a core was saturated with any of the liquids
listed in Table 3, including water (108°), it could be
exposed to the atmosphere without risk of spontaneous
drainage of liquid from the core.

Primary drainage curves (from 100% liquid satu-
ration) were measured for pressures, measured in cm
of water, of up to 3.6 times the surface tension, o,
measured in dynes/cm, of the test liquid. This limit
was set by the pore size of the semipermeable mem-
brane (nominally 1-2 microns) used in the capillary
pressure cell. For those liqnids which would spon-
taneously imbibe, imbibition curves were measured

starting from the maximum applied capiliary pres-
sure of 3.6 o ecm of water.

It was found that there is no measurable effect
of contact angle on imbibition or drainage for hexane
(fe = T°) or heptane (fc = 22°); the results for
these systems were equivalent to those for pentane

(8= = 0°) which spreads on teflon. The use of pen-
tane and hexane involves 2 number of experimental
difficulties and inconveniences, including refrigeration
of the apparatus. Results for heptane were therefore
assumed to be equivalent to the results which would
be given by a completely wetted system. Tests with
pentane and hexane on two of the studied cores (nos.
1 and 2) confirmed the validity of this approach.

Attempts were made to measure capillary pressure
dafa for drainage of air by injection of liguids which
do not imbibe spontaneously, but these were only par-
tially successful. Core no. 1 was used as the test media
and a preferentially air-wet membrane was machined
from PTFE media of smaller pore size. Drainage of
air from 100% air saturation was measured for both
water and g-bromonaphthalene. The range of measure-
ment was limited to about 50% desaturation because
the cell membrane was penetrated by the liquid at the
higher injection pressures.

Results

Results for cores 1 through 6 are shown in Figures
4 through 9 respeectively. In addition, data obtained
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FIGURE 4 — Effect of contact angle on capillary pressure,
core No. 1.

FIGURE 5 — Effect of contact angle on capillary pressure,

core No. 2.
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FIGURE 6 — Effect of contact angle on capillary pressure,
core No. 3.

for drainage of air from core no. 1 by injection of
liquid gave added confidence in the use of intrinsic
contact angle as a basie measure of wettability. Results
for air-water (8e = 72°) were in very close agreement
with results shown in Figure 4a for g-bromonaphtha-
lene-air (8= = 737). Similarly, results for air-o-bromo-
naphthalene (#: = 107°) were essentially the same
as those for water-air (#=: = 108°), which are alszo
given in Figure 4a.

Drainage and imbibition results are presented separ-
ately in each case, with intrinsic contact angle as
a parameter. Contact angles at rough surfaces, ¢a for
drainage and é. for imbibition, are given in parenthe-
sis. In general, it was found that capillary pressure
changed systematically with contact angle and the
changes appeared reasonably consistent from one core
to the next. Thus, with regard to a main objective of
the study, it is conecluded that, for the cores studied,
the interaction of contact angle and pore geometry
is reagonably consistent from one core to another.

A limited study was made of internal scanning
curves for core no. 4 for a contact angle of 49 degrees.

24

FIGURE 7 — Effect of contact angle on capillary pressure,
core No. 4.

The curves are shown in Figure 10: numbers indicate
the sequence of measurement. Results followed the
general laws of behaviour which have been observed
for completely wetted systems!™'Y. One reason for
making these measurements was to examine the ef-
fect of degree of desaturation on the shape of imbi-
bition eurves. This and other features of data pre-
sented in Figures 4 through 10 are discussed in more
detail in the following development of general correla-
tions of resulis.

Correlations
CORRELATION QOF DRAINAGE DATA

Normalizing Procedures for Saturations

In order to compare displacement pressures over
the complete range of desaturation, for a given core
and also from one core to another, some type of pro-
cedure for normalizing saturation is needed. For sys-
tems which exhibit a distinct irredueible saturation,
8, of the reference phase, saturation s, an obvious
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FIGURE 8 — EHect of contact andle on capillary pressure,
core No. 5.

choice of normalizing saturation is

S — S

(S,)Ni = WO_:\_ST SI00. . (9)
In a previous study of irreducible saturation, a
limited study was made of the effect of contact an-
gle™?. For a random packing of 3-mm PTFE spheres,
results fell within = 1.39% saturation, and the irre-
ducible saturation showed no systematic shift with
contact angle over the range of 0 degrees to 108 de-
grees. In the present work, distinct irreducible satura-
tions were not obtained, but retained liquid saturations
showed a systematic decrease with contact angle for
all cores except No. 2. Alternative normalizing proce-

dures to that of Equation 9 were therefore tested.

Physically, it is desirable that the saturations for
a given core be corvelated in 2 way which permits
comparison of the effect of contact angle on displace-
ment on 2 pore-by-pore basis. However, the saturation
at which a given pore drains may vary with contact
angle for several possible reasons:

(a) changes in the number of pores in which drain-
age occurs, resulling in change in the volume of li-
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FIGURE 9 —EMect of contact angle on capillary pressure,
core No. 6.

quid retained in discontinnous form at a given stage
of drainage;

(b) apart from the changes in number, there may be
changes of sequence for those pores which do par-
ticipate in drainage:

(c) changes in the volume of capillary structures
associated with changes in eurvature of bounding in-
terfaces,

It seems likely that change in seguence will be of
second-order importance, provided that, as in data
reported in the present work, there is no change of
sign of ecapillary pressure of the data being corre-
lated. Of the other two factors, chanpe in the num-
ber of pores which drain is considered to be the more
important. In the absence of detailed lmowledge of
the mechanism of drainage, methods of normalizing
saturation data were restricted to.linear expressions
analogous to that defining (8.)w. The basic problem
is then the choice of a normalizing saturation o
replace s, of Equation 9.

Of several approaches which were tested, a pre-
viously suggested method"® of defining a character-
istic retained liquid saturation was found to be the
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most satisfactory. For each drainage curve, a thresh-
old entry curvature, Jg, Was defined by extrapolating
the plateau of the capillaty pressure curve to 100%
saturation. Values of s. given by values of Ju/Je =
2.5, 3.0 and 3.5 (Fie. 11) were then tested as normal-
izing saturations. It may be noted that

Jar _ Par

Je Pe 77777

where Pr i3 the entry pressure. The following discus-
sion of these dimensionless ratios will be given in
terms of pressure.

The rationale for the above choice of normalizing
saturations for the reference fluid was as follows. In
general, the entry pressure is a well-defined feature of a
drainage curve. The shift in entry pressure with contact
angle is related to the effeci. of contact angle on displace-
ment curvature for the largest pores. If it is assumed that

|
|
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FIGURE 10— Scanning curves for core No. 4.
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FIGURE 11 — Drainage-imbibition relationships,
method of selecting correlating parameters.

illustrating
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this effect is the same for all sizes of pore, then at a given
multiple of the entry pressure, the saturation should in
general correspond to the drainage of a given pore. This
rationale could be applied over the whole saturation
range, but in order to obtain a linear transformation
similar to that given by Equation 9 it was pursued no
further than defining a normalizing saturation, (s;)y, of
the reference [luid,

For five of the six cores studied, values of (s, ), decreased
with contact angle. Results for core no. 2 were anomalous
in that all (s})y values were relatively high for water and
ethylene glycol (Fig. 5a). It was not convenient to repeat
these measurements. However, loss of hydraulic contacl
between the core and membrane is suspected as the cause
of these results, as these were the only instances in which
distinct irreducible saturations were observed. It may also
be noted that this apparent loss of hydraulic contacl
for ethylene glycol and water occurred al the same salu-
ration in each case. In developing a general correlation,
results obtained for core no. 2 were excluded; [urther re-
ference to results for [ive cores involves cores 1, 3, 4, 5 and
6.

Values of (s7)y for five cores at (P,,/Pg) ratios of 2.5,
3.0 and 3.5 are shown In Figures 12a, b and c respectively.
The normalized saturations, (s.)y, in the case of P, /Py =
2.5 for example, are then given by

5. — (s7INg25)

Se = (Sines o g
00 = (Swe gy~

(Scin(u.s) = (ln

An important development in cobtaining a generalized
correlation of drainage data arose [rom normalizing the
data shown in Figures 12a, b and ¢ with respect to values

of (8}, g —o- This gave a generalized relationship:

(57 )0

———— v5. Og
(sT)nto =0) i

shown in Figure 12d, which was fairly insensitive to
the ratio (Pa/Pe).

Effect of Contact Angle on Drainage Curvatures

The effect of contact anple on displacement pres-
sures was expressed in terms of curvature ratio

(Jackn:

(JIII)B

T
(Jardo =0 (=

(Jarim =
where (J4)e is the drainage curvature, P../o, at con-
tact angle 4, and (Ju)e=o is the drainage curvature
at zero contact angle. Figure 13a shows the relation-
ship (Ju)r v8 (So)wxceens for contact angles of 73, 90
and 108 degrees. Results shown in Figure 13a and also
those obtained for lower contact angles were averapged
and smoothed to give the relationships shown in Fig-
ure 13b. Similar relationships of

‘J-Ir|97

-vs (308005
1Jacdg =0 oL

are shown in Figure 13¢. The smoothed data were re-
plotted as (Ju.)n versus intrinsic contact angle with
saturation as a parameter (Figs. 14a and 14b), These
relationships were used to obtain the interpolated
values (for 40° to 90° at 10-degree intervals and 90°
to 120° at 5-degree intervals) included in Figures
12b and 13c. Relationships for 115 and 120 degrees,
shown as dashed lines, are subject to the obvipus un-
certainties of the extrapolations to zero curvature
ratio shown in Figures 14a and b.
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Prediction of Drainage Data

Asg an example of the use of the correlated data, consider
that results for zero contact angle are given (this wetta-
bility condition is one which can usually be reliably estab-
lished by using gas and oil in core testing), and that drain-
age curves for intrinsic angles of 60, 70, 80, 90, 100and 110
degrees are required. From the given curve shown in Figure
15, (8 )neas)g —o Is 23.3 %. From Figure 12d, in the case of
6 = 100 degrees for example, (8w is determined as
0.70 X 23.3% = 17.5%. The zero contact angle data are
normalized;

g — 23.3
N U R
and Figure 13c is used to obtain the normalized cap-
illary pressure data at the various specified contact
angles. In the case of § = 100 degrees, for example,
actual saturations are then obtained from

& = (B (1.0 — 0.175) + 17.5

to give the curve for 100 degrees included in Figure
15. The same procedure was used to obftain the curves
for contact angles of 60, 70, 80, 90 and 110 degrees,
which are also included in Figure 15.

Effect of Contact Angle on
Retained Liquid Saturation

It may be notedjthat because of the procedures used to
obtain relationships between saturation ratio (57)s and @
given in Figure 12d, this correlation does not represent a
direct measure of the effect of contact angle on retained
liquid saturation at a given displacement curvature. Rela-
tionships between retained liquid-saturation s, and in-
trinsic contact angle, for the results given in Figure 15,
are presented inYFigure 16 with relative displacement
curvature as a parameter.

CORRELATION OF IMBIBITION DATA

Residual Non-Reference Phase Saturations

Correlation of imbibition data involves normalizing
saturations for both fluid phases. Residual non-reference
phase saturations, s.,, were determined by straight-line
extrapolation of the lTower portion of the imbibition curve
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to zero capillary pressure, as illustrated in Figure 11.
Values of residual saturation versus contact angle, pre-
sented in Figure 172, show a tendency for residual satura-
tion to increase with contact angle. Compared with the
values of retained reference phase saturation vs. contact
angle data shown in Figures 12a, b and ¢, it isseen that
there is considerably more scatter in the residual nonm-
wetting phase saturations. Possible reasons for the scatter
are escape of the residual entrapped air by diffusion and
the difficulty of defining the residual at low imbibition
curvatures, The cause of this scatter could likely be re-
solved by a study in which specific attention is given to
accurate determination of the effect of contact angle on
residual saturations.

The proportional change in residual air saturation
with intrinsic confact angle relative to the residusl
saturation at zero confact angle was defermined for
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each core. These values were averaged and smoothed
to give the general relationship shown in Figure 17b.
Although this ecorrelation is considered reasonahly
satisfactory for present purposes, it should be noted
that it was developed from somewhat scattered data
for five cores which all gave relatively low residuals
covering only a narrow range of values. Before making
assumptions as to the general validity of the relation-
ship piven in Figure 17b. it would be desirable to de-
termine the effect of conlact angle on residual satura-
tions for porous media exhibiting higher residual
saturations (say in the range 15-40%).

Normalizing Saturations for the Reference Phase

The choice of normalizing saturation for the liguid
phase is associated with the more general problem of
correlating imbibition data which do not begin at a
distinct irreducible saturation. Whereas the primary
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drainage curve (drainage from 100¢ reference phase
saturation) is unigque, it can be seen, from the data
shown in Figure 10 for example, that the shape of the
imbibition curve depends on the saturation at which
measurement is begun. Thus, an additional parameter
is needed to characterize the relative position of the
imbibition curve with respect to the primary drainage
curve.

Assuming that the primary drainage curve becomes
increasingly steep and approaches some asvmptotic value
ol saturation, it is clear that the signilicance of the change
in shape of the imbibition curve will decrease as this sal-
uration value is approached. A rough guide Lo the degree
of desaturation achieved [or a given drainage curve was
determined as follows. The drainage data [or zero contact
angle for each core was replotted as 5,P,, versus satura-
tion, as shown in Figure 18. The data were exirapolated
(the plots happened to be amenable to straight-line ex-
trapolation) to obtain a saturation (5;) at inlinite cur-
vature. For a core which was drained to a saturation
(8)in before measuremnent of the imbibition data, the
degree of desaturation, &, was expressed as

100 — (Srjmin
100 — (sf) =

E -

(13}

¢ for the six cores which were atudied
ranged from 0.55 to 0.89 and are listed in Figure 18.

As a general method of predicting capillary pres-
sure results at higher pressures, the extrapolation
procedure seems Teasonable. However, there is no
sound physical basis for its use, and it may be noted
that a second inflection in the drainage curve is
sometimes obtained for carbonate rocls®®. A useful
feature of the method of plotting used in Figure 18
is that it provides a direct measure of the equivalent
radius in c¢m of the pores in which displacement is
taking place.

Values of ¢

Effect of Contact Angle on Imbibition Curvature

The effect of contact angle on imbibition curvatures
was expressed in terms of a curvature ratio:

Jimb} g
(Jimh)sl:cl e

where {Jims)e i3 the curvature at contact angle # and
(Jizu}e=0 is the curvature at contact angle 0 degrees.
Normalized saturations for imbibition data were deter-
mined from

(Jiwela = (1

S5r — (Sﬁ)min

= o - 100. .
100 — Snr — (Sr)min

(15)

(SK)NE =

Because the value of (5)).,. was determined by the highest
capillary pressure reached before measurement of imbibi-
tion, its value in terms of the desaturation process is
somewhat arbitrary from one core to another. The value
of (80)ai. is related to the degree of desaturation, &,
through Equation 13.

Plots of curvature versus normalized saturation
are shown in Figure 19. The curves for a given con-
tact angle are seen to be reasonably well grouped.
There was a tendency, at a given wettability, Ffor
imbibition curvatures to decrease as ¢ increased. How-
ever, in the absence of comprehensive sets of imbibi-
tion scanning curves fur given contact angles, develop-
ment of a correlation which attempts to include £ as a
quantitative parameter of imbibition was not consi-
dered to be justified. Imbibition results for hexachloro-
butadiene for core No. 1 were a notable exception from
the general form of behaviour and were excluded in
the development of a general correlation.
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After smoothing and averaging results given in
Figure 19, data were replotted in Figure 20a. From
the position of the averaged data with respect to
experimental data, the averaged results correspond to
an ¢ value of about 0.8. The spread in results pro-
vides an indication of the effect of varying £ in the
observed range of 0.55 to 0.89, but differences in
pore peomefry effects from ome core to another may
also contribute to this spread.

The smoothed data of Figure 20a were then replotted
to obtaln a relationship between curvature and contact
angle with saturation as parameter (Fig. 20b). The curves
shown in Figure 20b were in turn used to obtain the inter-
polated results, ranging from 25 to 60 degrees at 5-degree
intervals, which are included in Figure 20a. Values of
curvature ratio.above about 509 saturation are probably
of greater genmeral reliability because they are less in-
fluenced by the dependency of the shape of the imbibition
curve on the normalizing saturation, (s]) .
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Prediction of Imbibition Data

As an example of the use of the correlated relationships
derived from imbibition data, consider that the imbibition
curve for complete wetting is given (Fig- 21) and that
curves for 25 to 60 degrees at 5-degree infervals are to be
calculated. The complete wetting curve for imbibition
begins on the primary drainage curve at an applied capil-
lary pressure corresponding to a curvature, P, /o, of 3.5,
and a wetting phase saturation, (st)g;., 0f 23.3%.

Development of the imbibition curve will be considered
in detail for a contact angle of 50 degrees, where the value
of (8¥)m. i8 given by 0.95 % 23.3 = 22.1%. [From Fig.
12d it can be seen that no correction to (s9)g. for change
in contact angle is required for angles up to about 30°.] The
corresponding, externally measured curvature (P./e) for
the 50-degree system is determined from Figure 13c as 3.5
X 0.97 X 10? em™'. Based on the relationship given in
Figure 17b, the residual non-wetting phase saturation is
predicted to increase from 10% to 1.2 X 10% = 124.

The imbibition data for complete wetting is then
normalized by substitution in Equation 15.

(sm = s — 23.3
&N = TI00 — 23.3 — 100

The normalized data are adjusted using the relation-
ships shown in Figure 20a to obtain the relationship
between imbibition curvature and normalized satura-
tion for a contact angle of 50 degrees. Next, the nor-
malized saturation values are converted to give the
predicted imbibition curve for 50 degrees.

. = (Sedw (100 — 22,1 — 12)
T 100

A similar procedure was used to obtain the other
predicted imbibition results included in Figure 21.

- 100

4+ 22.1

Discussion

GENERAL CLASSES OF UNIFORM-
WETTABILITY SYSTEMS AND THEIR
INTERRELATIONSHIPS

It is clearly desirable 'to develop a general account
of wetting behaviour which covers the complete con-
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tact-angle range from 0 to 180 degrees. In determining
the effect of surface rouchness on contact angle from
capillary rise in tubes”™, receding angles, #, for
drainage, and advancing angles, 6., for imbibition
were measured for liquids with intrinsic angles rang-
ing from 0 to 108 degrees. These were also interpreted
as results for intrinsic angles ranging from 72 to 180
degrees simply by redefining the reference phase and
interchanging advancing and receding values. The
superposition of data in the range of 72 to 108 degrees
shown in Figure 3 provides direct confirmation of the
validity of this procedure.

The application of this procedure to the capillary
pressure data obtained in the present work for porous
media is less straightforward. Apparent advancing
and receding contact angles"® for imbibition and
drainage respectively are directly related to relative
displacement curvatures.

For imbibition,

The presence of residual saturations of either phase
can often have a significant influence cn displace-
ment curvature. The circumstanees under which ¢ and
¢ for a system of wettability, 0., may be interchanged
to give results for a svstem of wettability (180° — &)
will now be discussed. It will be assumed that model
capillary behaviour''™ holds for the systems under
discussion. This implies that any change in saturation
or fluid distribution due to diffusion of entrapped ar
hydraulically isolated residual fluid can be neglected.

In giving a peneral account of the effect of contact
angle on displacement, two initial conditions will be
considered. The porous media are taken to be initially
100% saturated with either the reference phase
{condition R) or the non-reference phase {(condition
NR). Capillary behaviour for each of the two types
of initial condition is related to the other by simple
transformations.

For each of these initial conditions,
of behaviour are identified; these correspond to wetted

three types

A P PO (16) : : i
o . > o systems, W, intermediate-wettability systems, I, and
For drainage, non-wetted systems, NW. They are defined by ranges
dpo= oS MTudm o e {17y of intrinsic angle, which were selected according to the
TABLE 4 — Classification and Characteristics of Uniformly Wetted Systems
Wettability Class Wetted (W) Intermediate (1) Non-Wetted (NW)
Fluid Dislribution Reference fluid occupies finer Imtial fluid remains in finer Mon-reference !uid occupies
- pores pores finer pores
=
.‘:: Sponlaneous Imbibition Reference fluid imbibes spon- Mo spontaneous imbibition of Non-reference fuid imbibes
' taneously. Rate decreases wilh | either phase, spontanepusly. Rale increases
E ncrease in Og with increase in Og
™ —_—
S Relalive Permeabilily Insensitive to Og Shifts wilh 0g Insensitive to 0g but dislinclly
= different from wetted systems
L1
5 Capilfary Pressure P insensitive to Qg. Pac and P, decreases P4r decreases wilh increase
o P 1 decreases with with increase in s in contact angle. P,
increase in Og insensilive lo contact angle
Designation R, W R | R, NW
Range of Intrinsic Angle 0° — b2° 62° — 133° 133° — 180°
Ug
z .
: Range of operative | Drainage Un 0® — 10° 100 — 1297 129 — 180°
o Lz\‘:' cantact angle
5= (atrough surface) | Imbition Da 0® — 81° 81° — 176° 176° — 130°
= P
E P_ Sign of P.. Primary +ve P, large-small + Py large-small —vep . small-large
s and pore drainage
= filling -
- sequence Imbbition +v¢ P small-large — Pmp  large-small —ve P large-small
Complementary systems NR, NW NR, | NR, W
Closely relaled systems R, NW RN, W — RW NR, NW
Designation NR, W NR, | NR, NW
Range of Intrinsic Angle
D 0° — 47° 41 — 118° 118" — 180°
g Range of aperative | Drainage 0g 0 — 4 4 — 99° 99° .— 189°
~ contact angle
S (atrough surface) | Imbibitionay 0® — 51° 51° — 170° 170° — 180°
—=
=3 Sign of P. Primary +7° Pyae,  small-large — 7 Pimp large-small —** Pimy,  large-small
S5 and pore imbibition
= filling
:T:: sequence Drainage +¥°Par large-small +ve Py, large-small —re P, small-large
Complementary syslems R, NW R 1 RW
Closely related systems NR, NW R, W — NR, W R, NW
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imbibition characteristics given in Table 4. The limit-
ing values of 62 degrees (and 118 degrees) are ob-
tained from the correlated data (Fig. 20b). From
the data used to obtain the correlation, it can be seen
that these limiting values will vary somewhat from
one porous medium to another. The choice of < 47 de-
grees for the limiting case of spontaneous imbibition
into a core at S.. = 100% is based on the observation
that for initially dry cores, only one out of six imbibed
dioctyl ether (8 = 49°), whereas all cores imbibed
tetradecane (6 = 44°).

The systems were classified as follows. For 100%
initial saturation of the reference fluid, condition R,
the systems are designated type R,W for 6e in the
range 0° to < 62°, R,I for 62° to 133" and RNW
for > 133° to 180°. For 100% inifial saturation
of the non-reference fluid, they are NR,W for the
range 0° to < 47°, NR,I for 47° to 118° and NR,NW
for > 118° to 180°, The interrelationship of the classes
is given in Table 4, together with the sign of drainage
and imbibition capillary pressures. The notation L— S
or 3 — L given with the sign of capillary pressure
indicates the tendency for larger pores to drain hefore
the smaller or vice versa. For the infermediate-wet-
tability systems R,I and NR,I, the sequence is regarded
as anomalous. For drainage, the larger pores tend to
drain before the smaller. There is change in sign of
capillary pressure for imbibition, with the result that
the larger pores will also tend to fill before the
smaller., A dominant feature of the intermedjate-
wettability systems is that neither phase will imbibe
spontaneously and the fluid initially saturating the
core always remains in the finer pores and associated
pendular structures. Because of the effect of this liquid
on the over-all mechanism of displacement, behaviour
at intermediate-wettability is unique within eclass R,I
or NR,I, Thus, within the class R,I, for example, the
results for a system with contact angle 8z cannot be
used to predict results for (180° — #:) or viee versa.
Results for R,I at angle 6z will, however, be comple-
mentary with those for (180° — g:) in the class NR,I.

For the intermediate systems, complementary be-
haviour implies that for

(0)ryt = 180 — (OR)MRIL- - - v e e iiaaaaaens (18

and a given displacement history,

(Pdra = =(Pomma...ooo. oo Lol (19)
(SRt = L — (SRR oo e 20)

Thus, values of ¢» determined experimentally in the
present work for class BRI, at 2n inirinsic angle g
provide values of ¢ for class NR]I, at an intrinsic
angle of (180° — ¢¢). Further experimental work in-
volving forced imbibition of liquid into cores con-
taining a2 residual liquid saturation is needed in
order to obtain a more general account of the be-
haviour of intermediately wet systems.

The behaviour of wetted and non-wetted systems
is more self-consistent than that of the intermediately-
wet systems, mainly because the wetting liquid occu-
pies the fine pores either initially or after primary
drainage or imbibition. For these systems, comple-
mentary behaviour between classes, say R,W and
NR,NW, implies that for

(0e)pw = 180 — (DR MRNW - vvv vvee e o e 21
and a given displacement history,
(Pdrow = — (Padvmawwocoooooooion ool (22
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and

Gorw =1 — (Sr)NR.Nw ......................... (23)

Complementary behaviour implies that values of ‘e
and ¢. for class R,W (intrinsic angle range 0° —
62°), for example, can be interchanged to give ap-
parent angles for class NR,NW systems (intrinsic
angle range 118° to 180°) and vice versa.

For R,W systems, experimental results show only
minor differences in the ¢c values for primary and
secondary drainage. Significant differences are ob-
served for primary and secondary imbibition. However
once the wetting phase takes occupancy of the finer
peres, then, apart from possible minor differences,
subsequent drainage-imbibition cycles will be either
the same or complementary to those for the classes de-
scribed as closely related. This implies that, for theze
clagses, the apparent contact angles ¢pr and ¢a can be
interchanged if the system wettability is redefined as
180° — #:.

It may be noted that the frequently used terms
wetting and non-wetting phase and the associated
definition of capillary pressure have not been used in
the present treatment. This is mainly because of the
semantic difficulties which would arise and also the

problem of determining which phase should be correct-:

ly regarded as the wetting phase. In ensuing discus-
sions of water-oil systems, water will always be taken
as the reference phase. For reservoir systems and
most displacement experiments performed in the labo-
ratory in conneection with oil recovery, the initial
condition is 100% saturation of the reference phase.
For liquid-gas systems, the liquid is taken as the
reference phase, as i3 the case in the present study.

CLASSIFICATION OF RESERVOIR WETTABILITY

Treiber ef al. somewhat arbitrarily chose water
advancing contact angles in the ranges 0° to 75°, 75°
to 105° and 105° to 180° to classify reservoirs as
respectively water-wet, intermediately-wet or oil-
wet'®. In the classification scheme given in Table 4,
the water-wet group should correspond to advancing
angles of 0° to 62" at a smooth surface. The inter-
mediately-wet group would range from the water-ad-
vancing angle of 62° up to a water-receding -angle of
about 133°, at which condition oil should spontaneously
displace water. If the aforementioned classes are re-
defined with respect to advancing contact angles of
0° to 62°, 62° fo 133° and 133° to 180°, there is a
large increase in the number of intermediately-wet
reservoirs (see Table 5). Except for one case, this in-
creage is entirely at the expense of the number of
reservoirs which were classified as oil-wet.

In practice, large contact-angle hysteresis is gen-
erally observed for reservoir fluids at smooth mineral
surfaces. Since a water-receding angle of 133° should
be used to distinguish between intermediate and oil
wetness, the number of systems of intermediate
wettability iz even higher. For example, if the ad-
vancing angle corresponding to a receding angle of
1853° were only 10° higher, an additional 11 of the
55 studied reservoirs would be classified as inter-
mediately-wet, leaving only 4 in the oil-wet category;
if-the hysteresis were 20°, only one of the reservoirs
would be oil-wet (see Table 5).

This reclassification according to spontaneous im-
bibition behaviour would also appear to be consistent
with an undocumented comment by Craig that most
reservoirs are believed to have intermediate-wetta-
bility, with no strong preference for either oil or
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TABLE 5 — Distribution of water-wet, intermediately-wet and
oil-wet reservoirs based on advancing contact-angle measure-
ments on smooth mineral surfaces for fluids from 55 re-
SBrVOIrs
Weltability Class | Water-Wet | Intermediate Oil-wel
Defining cantact angle | 0° — 75° 75° — 105" 105" — 180°
range used by Treiber
et al. (2 (0, at
smooth mineral
surface)
No. of Sandslone 13 (4397} 27 15 (5097}
Reservoirs
No. of Carbonate 2 (3%) 2 (3%) 21 (R4T7)
Reservairs
TOTAL: 15 27%) 4 (79) 36 (66%)
Defming contacl angle | 0, < 62° 0a > 62° 0g > 133°
range from classifica-
tion used in present g < 133° (g = 0,)
work
No. of Sandslone 1240%) | 10¢33%) 8 (2T
Reservairs
No. of Carbonate 2 (85%) 16 (61%) 7 (8%)
Reservoirs
TOTAL: 14(26%) | 26 (477 15 (27%)
Defining contact angle | as abave as above Og > 133°
range (0n = 04— 10%)
TOTAL: 14269 | 37 (67%) 1(%)
Defining conlact angle as above as above Iy > 133°
range (0p = 0y — 20%)
T TOTAL: 1426%) | 40 (73%) 12%)
T T T T T T T
180 —
lis) -
fa) -
-~
| Z w0 - .
- -~
¢_. clacses NR,NW / a
B 140 * nnd NR,I /7
72} / |
W rzof YA i
3 I/
=L /
= 100k I \ i
2 f P, class MR NW
Q g0 % CIuss_T/,f 1
L
= [0] oud f ¢H,C|0§§E§ A, W —
(=] and R, L
'Z
< a0l — — B4 -
: R
S w0 O .
= bR
| B
=1 In) | 1 1 | ]
O 20 40 60 &0 100 120 140 160 180

INTRINSIC ANGLE B¢ 1

FIGURE 22 — Comparigson of advancing and receding contact
angles (#, and #r) measured at rough surfaces with apparent
advancing and receding contact angles (¢, and ¢g) obtained
from capillary pressure correlations.
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water'’. The presence of connate water in the finer
pores, even at relatively high values of advancing
contact angle, may be of special significance to oil
recovery mechanisms of the tyvpe suggested by Saln-
thiel™. Also. it should be noted that a mixed wet-
tability condition of the type envisaged by Salathiel
is not a necessary condition for retention of water
in the finer pores.

THE ROLE OF PORE GEOMETRY IN
DETERMINING DISPLACEMENT CURVATURES

Consideration will now be given to the magnilude
of apparent contact angles with regard to determining
the relative influence of pore peometry and contact
angle on displacement curvatures. Because results for
a given contact angle could be correlated reasonably
well from one core to another, it follows that the
role of pore geometry, whatever it may be, is reason-
ably consisfent for the cores which were studied.

The scatter in the results presented in Tigures
13a and 19 provide an indication of the differences
due to pore geometry. However. the method of corre-
lation will also contribute to this scatter to some
extent; in the case of imbibition, for a given contaet
angle, the degree of desaturation may make a major
contribution to the observed range of results, In
using the correlations which have been developed,
judgment should, of course, always be exercised with
regard to the data from which the correlations were
derived.

Operative Contact Angles

For the porous media, receding angles will be oper-
ative during drainage and advancing angles during
imbibition. Because these angles cannot be mensured
directly, it will be assumed that the angles #. and
#s shown as functions of #g in Figure 3 are the oper-
ative contact angles for the porous media which have
been studied. With this assumption, the relative con-
tribution of pore geometry can be agsessed by com-
paring operative contact angles #. and #, with appa-
rent contact angles ¢n and ¢

Comparison of Operative Contact
Angles with Apparent Contact Angles

At a given wettability, the ¢ values are dependent
on class of system and its history, saturation and
choice of normalizing procedure, Values of ¢ were
taken from Figure 13c and values of ¢« from Figure
20a at 100¢<s saturation in both cases, and are secen
to be fairly constant down to saturationy of about
40%5.

Plots of apparent contact angles . and ¢u versus
intrinsic angle 4¢ are shown in Figure 22 together
with the smoothed values of #» and 4. talen from
Figure 3. The apparent contact angle data were ex-
tended by redefining the intrinsic angle as (130 — #..)
and interchanging ¢= and ¢.. The classes of aystem
(see Table 4) to which the ¢ values apply are indicated
in Figure 22.

A remarkable feature of these results is the close
correspondence hetween apparent contact angles
(¢ and ¢a) and the angles observed at rough sur-
faces (#n and 6.). Whereas the ¢ values were derived
from displacement pressures in roughened cylindrical
tubes, the ¢ values were determined from displacement
pressures in porous media of highly complex geometry.
Departure from cylindrical pore geometry appears to
have only minor effect on the manner in which contact
angle and pore geometry interact to determine dis-
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placement curvatures in the porous media which have
been studied. Because of the close agreement between
¢r and & and between ¢a and 0., it follows that
change in displacement curvature due to wettability
is approximately proportional to the cosine of the
operative contact angle.

This conclusion was somewhat unexpected, The
results would appear to support use of the capillary
tube model to predict the effect of contzct angle on
displacement curvature. Several authors have pointed
out thaf the tube model is a highly unrealistic repre-
sentation of the greometry of porous material in gen-
eral. Displacement pressures calculated for dough-
nuts“® * parallel spaced rods™, cones" *' and sphere
packings™ all demonstrate a marked interaction of
pore geometry and contact angle in determining dis-
placement curvature. Such calculations suggest that
significant geometric effects wonld probably be oper-
ative in actual porous media.

The close agreement between #. and ¢ for cores
containing an initial reference phase saturation should
probably be reparded as somewhat fortuitous. As
previously noted, there was a tendency for ¢. to
increase with degree of desaturation, & but this was
miot severe. This point is illustrated by the seanming
curves shown in Figure 10 for imbibition of dicctyl
ather into core No. 4. For this system, #= is 49° and,
from Figure 20, . and ¢, are 57° and 54° respect-
ively. Significant pore geometry effects do appear
to come into play for imbibition into a dry core, as
evidenced by the observation that dioctyl ether
{6, = 87°) would not spontaneously imbibe (¢, >
90°) into the same ecore when it was initially dry.
However imbibition inte a dry core is of less relevance
to reservoir rocks, because there iIs generally a signif-
icant connate water saturation which oecupies the
finer pore spaces.

Curvature Correction Factors

‘A theoretical study of the effect of contact angle
on displacement, curvature in sphere packings is re-
ported by Melrose™™. The effect of contact angle on
capillary-pressure hysteresis was determined In the
absence of contact-angle hysteresis, The effect of pore
geometry was expressed as a curvature correction
factor Z, where

cosd =Zcos b..... ...l e, (24)

< being the apparent contact angle and ¢ the operative
angle. For drainage, Z, was slightly greater than unity
-over the contact-angle range for which it was deter-
mined. For this range, it is seen from Figure 23a that
the model caleulations are in fairly satisfactory agree-
ment with those determined from the present work
where Z, is defined by

cosdp = Zjrcos Og..... et e . (25)
The values of Zim, determined from
05Ps = ZoyCOS Ba oo (26)

were also close to unity. In contrast, those calculated
for sphere packings®” showed a marked decrease
with increase in contact angle which depended on both
packing array and initial saturation (Fig. 23a).

Experimentally, it has been observed that imbi-
bition rates for a system of given wettability were
significantly lower for an initially dry system’. This
is consistent with model ealculations for both invasion
into a pore formed by two stacked doughnuts™ and
for pores formed by packed spherez®. Three condi-
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tions were considered for the sphere packing: (a) no
pendular rings; (b) pendular rings at the pressure of
drainage; (e¢) equilibrium behaviour with pendular
rings at the pressure of imbibition. The physical signif-
icance of' these three states is discussed by Melrose®®.
(Indirect measurements of pendular ring pressures
for a drained sphere packing at irreducible saturation
suggests the second condition may be the most real-
istic for a previously drained system®.) The three
conditions, as listed, correspond to increasing values
of initial liquid saturation. Curvature correction fac-
tors for these three-conditions fall below unity and,
as can be seen from Figure 23a, their relative mag-
nitudes for a given wettability increase according to
the sequence of conditions (b), (e), (a). However,
these corrections are not sufficient to eause departure
from the general observation that displacement cur-
vatures at which imbibition occurs tend to increase
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with initial saturation, provided, of course, that the
initial saturation is essentially immobile.

An alternative method of presenting a correction
factor for the effect of pore geometry is suggested
by pore models such as that shown in Figure 2e. Re-
sults can be interpreted in terms of a curvature cor-
rection angle, o, which is added to the operative con-
tact angle. Thus,

cosdg = 05 (O + =ped. ... ...

and

oS by = c0s (Ua + zpa).-. (25)
Values of au and wiwe derived from Figure 23a are
plotted against intrinsic contact angle in Figure 23b,
This approach has the advantage that the correction
is related to a relatively simple model and problems
associated with the discontinuity in Z valunes at ¢ =
90° do not arise.

The differences in the curvature correction terms
caleulated for imbibition into sphere packings and those
determined in the present work (see Fig. 23a or b)
serve to point out the possible importance of pore geo-
metry effects for different types of porous media.
However, electron micrographs of consolidated porous
rock™ *® and the PTFE cores used in the present
work™ ™ show both types of media to be broadly sim-
ilar with regard to randomness in appearance, especial-
ly in the sense of being clearly distinguishable from
sphere packings and other regular arrangements. This
ohservation coupled with the general consistency in
behaviour of the six cores studied is encouraging with
regard to the general validity of the correlations which
have been presented.

RESERVOIR WETTABILITY AND
IMPROVED RECOVERY

Mobilization of Residual Oil

Considerable atiention is now being given to en-
hanced recovery through low-interfacial-tension flood-
ing. Residual oil in a flooded-out water-wet region is
held as discrete capillary structures known as ganglia,
and each ganglion may occupy one or more pores.
The basie principle of the low-interfacial-tension
flood is to first mobilize residual oil by decreasing
the interfacial tension to a level where the ratio of
viscous to capillary forees is sufficient to displace the
entrapped oil®.

Melrose and Brandner recently presented a review
and development of investigations concerned with the
requirements for mobilization of residual oil***’. Dis-
placement of a ganglion involves drainage at its lead-
ing edge and imbibition at the trailing edge. The capil-

lary force, AP, which must be overcome is given by
AP = Pyr — Puneoo cLooio o o L (2m
ar
APy = opu (Jur = Jumtd . - o o0 Lol (3

where o is the oil-water interfacial tension. This
concept was incorporated into a method for estimating
the conditions required for displacement of residual
nil; calculated results were consistent with those ob-
served experimentally under strongly water-wet condi-
tions.

Melrose and Brandner also considered the effect
of wettability on the magnitude of the capillary forces
which resist displacement. Using the values of Ju.
and Jy. determined from model calenlations for

E6

spheres, it was concluded that complete water wetting
is the optimum condition for displacement. For a
sphere packing assumed to have a contact angle of
45°, operative for both drainage and imbibition, the
capillary forces resisting displacement of oil ganglia
were estimated to be almost doubled.

Consideration of the results of the present work
leads to a qualitatively similar conelusion, but for
somewhat different basic reasons. The differences in
drainage and imbibition capillary pressures observed
in the present work now appear to be due mainly to
contact-angle hysteresis caused by microscopic sur-
face roughness rather than to larger-acale effects of
pore geometry.

In selecting the drainage and imbibition pressures which
pertain to the displacement ol ganglia, some judgment is
needed, hecause capillary pressures of drainage and imbi-
bition are both [unctions of saturalion. For imbibition,
the curvature corresponding to residual saluration shown
in Figure 11 as I}, was chosen; a low value ol imbibition
curvature was taken, because Raimondi and Torcaso
have shown that entrapment of residual oil occurred very
close to the final stages of imbnbition!". The drainage
curvature J;, was taken to be J.. as determined [rom Lhe
drainage curvature at 100% saturation (Fig. 11). This
value of J;, is associated with the largest pores, which
tend to drain [irst and are also Lhe pores in which residual
oil will tend to be entrapped. The choice of J}, and I},
values is obviously arbitrary to some extenl. The main
reason for this specific choice of values is that Lhey bolh
correspond to 100% normalized saluration in Tigures 13¢
and 20a for all cores at all contact angles. I'rom the values
shown in Figures 13c and 20a, it can be seen Lhat Lhe
change in curvature ratio at a given conlacl angle is rea-
sonably independent of saturation for bolh drainage and
imhibition down to normalized saturations ol ahoul 50%5.

NELR)

Following Melrose and Brandnecr'*®', the effect of
wettability on the magnitude of the forces required to
displace residual oil will be expressed as W(8), the
ratio of the displacing force at contacl anpgle @ to that
when the contact angle is zero.

T p— LT TN RIN
Jida=m — Iants =
Writing
.]:.r[{l"
it Ve
J:‘ir(s =)0 13 UR .
and
TJ—":"EQ) — as (Jal i
-T imbig =0)
and
J.lmh x
- ai
=)
we have
1 * .
win = T = (Jr)ae — —(T:g‘]_,;‘* o, - {42

Values of J* were determined for all vores. The
average value was 0.645, and the maximum and min-
imum values were .675 and .625 respectively. These
values were used to obtain relationships between W (2)
and #e, shown in Figure 24. It is seen that in the in-
termediate contact angle range, the model caleulations
predict the capillary forces for retention of oil to be
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almost quadrupled with respect to those for complete
wetting. Values of W(#) are also shown In Figure
24 for displacement of a fluid slug from roughened
tubes with J¥ of 0.645. The close correspondence be-
tween these values and those for the porous media
serves to illustrate that variation in W(#) for the
latter is mainly due to contact-angle hysteresis, rather
than pore geometry. Nevertheless, the conclusion
reached by Melrose and Brandner that strong water
wetting is the optimum condition for low-interfacial-
tension flooding is supported by the present work,

It is sometimes assumed that capillary forces
which resist displacement are proportional to the co-
sine of the contact angle and are therefore minimized
when the contact angle is 90°. Values of W(#) calcu-
lated from this assumption with an assumed ratio of
imbibition to drainage pressures of 0.645 are included
in Figure 24, The distinet differences in the estimated
values of W(#) indicate the need to take contact-angle
hysteresis into account when considering the effects
of wettability on displacement of residual oil,

It should be noted that values of W(#) estimated
for porous media are based on a model where residual
oil is assumed to be held as ganglia of a form which
are subject to vigcous drag forces that are equivalent
to those trapped in strongly water-wet systems. How-
ever, it is likely that there are important differences
in capillary structure which could cause change in
flow mechanism with contact angle. In some ecircum-
stances, continuity of the oil phase may not be lost
completely“ ™.

As an extreme example, when the value of W(#)
for porous media falls to unity at high intrinsic
contact angles, the non-reference phase will occupy

-the finer pores. This corresponds to a strongly oil-

wet condition, which would be highly unfavourable to
mobilization of oil by viscous forces through low-
tension flooding. Studies on a water-wet rock of the
effect of pressure drop and coring on displacement of
laboratory-established connate water or residual oil
saturations®” ™ serve to illustrate this point. After
establishing a given condition, abnormally high pres-
sure gradients were applied to the flowing phase.
At 1000 psi/ft, the residual oil was reduced by 18%,
whereas no connate water was produced by flowing oil
in the same core at this pressure gradient. At 2000
psi/ft, the residual oil had been reduced by 38% and
the connate water by anly 4.

Reservoir Wettability and Wettahility Alteration

Althourh the present work is concerned with sys-
terms of uniform wettability, it is not, of courge,
assumed that this type of wettability holds for re-
servoirs in general. Because wettability is determined
by the inferaction of rock and fluid properties, 2 pos-
sible alternative approach to obtaining wettability
control is through the use of various erude oils and
rock minerals chosen according to the angle which
they exhibit. Although suitable crudes are believed
to exist, the disadvantage of not being able to pro-
perly specify the system is a drawback with reapect
to developing a reproducible body of knowledge on
wetting behavior. However, work of this type would
be a logical extension of the present work.

The nature and causes of reservoir wettability
remain an open question. Departure from uniform wet-
tability may arise because of mixed minerological
composition™, fluid distribution” or other factors.
If mixed wettability conditions do have an important
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displacement of residual non-reference phase and 8 for
tubes and porous media.

influence on displacement characteristics, this will
show up as departures from the general pattern of
behaviour which has been determined for uniformly
wetted systems. For example, field engineers have
sometimes observed that a core initially saturated with
water will imbibe oil, whereas the same core initially
saturated with oil will imbibe water. Such behaviour
is at odds with that expected of-a system having
uniform wettability.

With regard to the problem of treating reservoir
wettability as a quantitatively engineering parameter,
it is recommended that uniform wettability be assumed
unless there are facts which suggest otherwise. In
terms of engineering accuraey, this is considered to
be an advance on the often-made, but less likely, as-
surnption that most reservoirs are strongly water-wet.

It may be noted that in order to observe spread-
ing of hydrocarbons against water on mineral sur-
faces, extreme care is needed in preparing a clean solid
surface and obtaining pure hydrocarbon liguids. In
the presence of trace amounts of polar impurities
which adsorb on the solid surface, finite contact an-
gles will generally be observed. For example, Owens
and Archer report a contact angle of 46° for water
against a refined hydrocarbon®”, Becguse of the wide
variety of compounds present in crude oil, it seems
unlikely that the often claimed condition of complete
wetting (i.e., the spreading condition) actually pre-
vailg in any oil reservoir. In fact, for those reservoirs
where water will spontaneously imbibe, it seems more
likely that the wetting conditions correspond to sys-
tems with intrinsic angles in the range of 30° to 60°.
Angles in this range were also commonly found in a
wettability study of low-molecular-weight surfactants
known to cceur in crude oil”’. It may 2lso be noted
that, within this range, residual saturations were ob-
served to increase with contact angle (Fig. 17), capil-
lary pressures are extremely sensitive to contact angle
in the range of 45° to 60° (Fig. 21), and imbibition
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rates can be expected to increase by more than an
order of magnifude when a system is changed from
weakly to strongly water-wet.

The significance of production rate fo economic
recovery of petroleum has recently been the focus of
considerable attention in Alberta®. It would appear
from the foregoing discussion that enhanced recovery
might result from relatively minor adjustments in
wettability toward increased water wetness. Measure-
ment of wettahility shift in water-wet systems should
not present any great difficulties, as they will be
indicated by both imbibition capillary pressures and
imbibition rates. As an example of how the desired
change might be achieved, it may be noted that Bobek
ef al. reported that addition of lime to water used
In imbibition tests resulted in increased imbibition
rate®?,

A distinctly different possibility for high water-
flood recoveries by wettability adjustment may lie
In factors related to the abnormally low residual
oil saturations which are sometimes achieved by water-
flooding. A notable example is the East Texas field.
Richardson ef al. showed that low residuals could
also be obtained in the laboratory for preserved East
Texas cores by subjecting them fo prolonged water-
flooding®®. When displacement tests were conducted
on the same cores, rendered strongly water-wet by
extraction, distinct cut-off of oil production and much
higher residuals were obtained. The preserved cores
were reported to spontanecusly imbibe water. Thus,
according to this imbibition behaviour, the preserved
cores, although not strongly water-wet, would appear
to be related to R, W-type wettability (Table 4).

The low vesiduals were [ater ascribed to a gravity-
assisted flow mechanism involving a particular type
of mixed wettability condition™™ which mainfains
paths for continuous flow of oil. The wettabiilty
condition of the East Texas preserved cores was be-
lieved to have been reproduced by contacting inikially
water-wet cores with a mixture of East Texas crude
oil and heptane. When this mixture was contacted
arainst a clean silica surface under water, it was
observed to deposit a strongly oil-wetting film on the
solid in the region of contact. When the mixture
was used to displace water from an initially strongly
water-wet core, [t was concinded that a mixed wettabil-
ity condition was induced; the rock contacted with
the oil became strongly oil-wet, while that overlain
Dy retiained water remained water-wef., Since the wet-
tability of the drained rock surfaces may be expected
to dominate subzeguent displacement behaviour, such
a system would probably exhibit some of the charae-
teristics of the wettability type R.NW (see Table 4).
No spontaneous imbibition measurements were re-
ported for the induced wettability cores.

Although there may be some basic differences he-
tween the preserved and induced wettability systems,
the most important feature of both types was that low
residuals could be achieved by prolonged waterflood-
ing. Reparts of comparably low residuals in other
fields suggest that the flow mechanism envisaged by
Salathiel may not be peculiar to the East Texas field
alone.

EVALUATION OF RESERVOIR WETTABILITY

At present there iy a paucity of definitive knowl-
edge cvoncerning the wetling behaviour of reservoirs.
For larger reservoirs where wettability may be of
concern, laboratory tests are run at conditions which
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are designed to duplicate those of the reservoir.
Reservoir-condition tests are very costly to perform
and methods of checking their validity are limited.

Unfortunately, there does not appear to be an
instance where a comprehensive set of reservoir-con-
dition tests have been backed up by data which would
permit results to be directly compared wilh the be-
haviour which has been found for uniformly wetted
systems. Sets of relative permeability, capillary pres-
sure and imbibition data run at both reaervoir condi-
tions and at complete wefting, together with contact-
angle data for reservoir fluids, are needed, T'rom the
general form of results, it should be possible to assess
how well uniform wetfability serves as a model for a
given reservoir systern. Even in cases where wetting
behaviour is obviously more complex, knowledge of the
behaviour of uniformly wetted systems™ will still be
of value as an interpretative guide.

Summary

1. In controlled wettability studies Involving six types
of PTFE porous media, it was found that capillary
displacement curvatures chanpged systematically with
intrinsic contact angles measured as smooth surfaces.
This showed that the effeet of surface roughness on
contact angle and the interaction of contact angle and
pore geometry to determine displacement curvatures
was reasonably consistent from one vore to the next.

2. Results could be correlated to pive general rela-
tionships for the effect of contact angle on capillary
pressure for uniformly wetted systems.

3. Drainage curvatures were fairly insensitive Lo
intrinsic contaet angle until values preater than about
73 degrees were reached. Imbibition curvatures were
highly sensitive to intrinsic contact angles in the ranpge
of 30 degrees to 62 degrees, which is the estimated
upper limit for spontaneous imbibition.

4. Retained reference-phase (liquid) saturations were
found to decrease with increase in contact angle, Reusi-
dual non-reference-phase (gas) saturations tended to
increase with contact angle.

5. Changes in drainage and imbibition capillary pres-
sure were approximately proportional, respectively,
to the cosines of the receding and advancing contact
angles observed at roughened surfaces.

6. Solid-fluid interactions and the effects of surface
roughness on contact angle are of primary importance
in determining capillary displacement curvatures;
the influence of geometric effects due to pore shape is
secondary.

7. Systern wetlability can be classified ay wetled,
intermediate or non-wetted according to imbibition
behaviour.

8. Available contact-angle data indicate that a signif-
icant proportion of reservoirs are of intermediate
wettability. Strongly oil-wet reservoirs in which oail
displaces connate water from the finer pores of a
roek are probably rare.

9. Results sugpest that improved recovery and in-
creased rates of recovery could result from a small
reduction in contact angle for systems which arve
weakly water-wet.

10. Maode! ealculations for ganglia indicate that com-
plete or strongly wafter-wet conditions are most
favourable for mobilization of discontinuous residunal
oil by low-interfacial-tension flooding.
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Nomenclature

English

P, P = capillary pressure

) = saturation

S = irreducible reference phase saturation

s* = normalizing saturation

r = radius or characteristic pore dimension

J = mmean curvature

Z = curvature carrection factor

W = wettability factor for displacement of
residual o1l

(&N mia = reference phase saturation prior to im-
bibition

E) e = estimated reference phase saturation at

infinite applied capillary pressure|

W A RUINW

= classes of wettability defined in Table 4

NR/W NRy1 NRNW
Greek

a = curvature correction angle
0 = contact angle

a = Interfacial tension

b = apparent contactfangle

E = degree of desaturation

Frequently used subscripts

A

E
dr
imb
r

&r
N
Ni
R

advancing

intrinsic with 0, entry value with J or P
drainage (increasing reference phase)
imbibition (decreasing reference phase)
reference phase

non-reference phase

normalized

normalized with respect to s,

receding with 0 or ¢, otherwise ratio
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