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Abstract

The effect of surfuce roughness on
contact-ongle hysteresis was inves-
tigated through a study of capillary
rigse tn PTFE (polytetrafluorocthylens)
tubes. Systems were chosen to give
intringic contact angles (contact angles
measured at ¢ smooth PTFE surface)
covering the complete range from 0 o
180 degrees. Advancing and receding
contact angles were determnined be-
fore and after deliberately roughening
the insides of the tubes by abrasion
with particulate solids., These angles
showed systematic dependence on in-
trinsic angle and were independent of
tube diameter. With sufficient rough-
ening, there was a marked chunge in
the general mnature of the uvbserved
contact-angle hysteresis. Results for
the well-roughened tubes were reason-
ably comsistent and showed no depend-
ence on the particle size of the powder
used to roughen the tubes o on further
roughening. Relationships between. in-
tringic contact angle and edvancing
und receding contact angles were used
in a test of the Wenzel theory of
surface roughness. Applications of
results and of contuct-ungle studies in
general to the complex problems of
reservoir wetting behaviowr are dis-
ciased. When cousidering contact an-
gles which are operative during oil
recovery, distinction shouwld be drawn
between imbibition and drainage,which
respectively covrespond to advancing
and receding conditions. Fav systems
of intermediate wettability, it appears
that eil recovery Dy low-interfacial-
tengion flooding will be adversely
affected, becanse contact-angle hysfe-
resis will tend to increase the capil-
lary forees which resist displacemnent.

Introduction & Background

WETTABILITY determines the distri-
bution of commingled fluids with-
in reservoir rocks and directly af-
fects the microscopic mmechanism
of oil recovery. Contact angle, for
example as exhibited by the seszile
drops of water in oil shown in
Figure 1 (a) and (b)), provides a
basic measure of the wetting
properties of reservoir fluids with
respect to selected mineral surfaces.
Preparation of a smooth solid
surface is recognized to be an im-
portant factor in obtaining repro-
ducible results. However, as may
be seen from the electron micro-
graphs shown in Figure 1 (e)
through (f), the surfaces of pores
which determine wetting behaviour
within reservoir rocks are general-
Iy rough and extremely complex in
character because of cementation
and other diagenetic effects. Mixed
mineral composition, surface rough-
ness, pore geometry and adsorption
effects can all be expected fo in-
fluence reserveir wetting and hence
the capillary forces which control
recovery. The development of a
sound understanding of the signif-
icance of observed contact angles
with respeet to recovery mecha-
nisms requires that each of these
factors be studied systematically.
The present investigation concerns
the effect of surface roughness on
contact angle.

The circumstances under which
eonfaet angle provides a single
valued and unambiguous measure
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of wettahility are somewhat re-
strictive and do not generally apply
to reservoir systems. The require-
ments are that fluids (say a liquid,
l, and gas, g) are free of polar im-
purities and that the aurfaee of the
solid (s) is smooth, nondeform-
able and homogeneous with respect
to surface energy. Contact angle is
then a fundamental property of
the system and is referred to as
the intrinsic angle 0:"". The intrin-
sic anpgle, &, measured through the
liquid phase is related to the inter-
facial tfensions, ¢ (solid-liquid,
solid-gas and gas-liquid), acting at
the three-phase line of contact by

i1

Young's equation‘’,
Uag=ﬂ'll+‘:¢lC05“E e e . - tl]

Ziaman and co-workers have
shown that the conditions for ob-
gervation of inktrinsic contact angles
are met closely by liquids against
air on smooth surfaces of a num-
ber of organic polymers’"". Such
gurfaces exhibit reproducible con-
tact angles which are clearly re-
lated to the surface tension of the
liquid. For a given solid, a plot of
surface tension against cos #: for a
homologous series of fluids can le
used to prediet a critical surface
tension below which the contact
angle will be zero and spreading
can be pxpected. Three types of
solids have specific surface ener-
gies of the same order of magni-
tude as most liquids (< 100 ergs/
sq.em) and are described as low-
energy solids.

The minerals which comprise re-
servoir rocks belong to classes of
hard solids with specifie surface
energies in the range of 500 to
5,000 ergs/sq.cm and are referred
to as high-energy solids‘®. Provided
the surfaces are clean, most liquids
will spread against gas on high-
energy solids and water will spread
apainst a non-polar hydrocarbon,
The spreading condition corre-
sponds to complete water wetting
for a hydrocarbon reservoir. De-
parture from complete wetting can
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arize through modification of the
mineral surface by adsorption of
polar material or the deposition of
organic matter. Because the wet-
ting behaviour of a surface is lar-
pely determined by the nature and
orientation of the outermost layer
of molecules at that surface, it may
be appreciated that many uncer-
tainties arise in attempis to main-
tain or reproduce the wetting be-
haviour of a reservpir. These un-
certainties are such that the wet-
ting behaviour of any reservoir can
not yet be considered fo be properly
understood- A wide range of con-
tact angles have been observed for
water against various reservoir
crude oils at smooth mineral sur-
faces™. It can therefore be infer-
red that a broad spectrum of wet-
tability conditions of various types,
ranging from strongly water-wet to
strongly oil-wet, may be encoun-
tered in oil production.

Development of a definitive
knowledge of the effects of wel-
tability on oil recovery requires
that displacement studies be con-
ducted under controlled conditions.
Even with unrestricted choice of
chemicals, difficulties were ex-
perienced in gaining satisfactory
wettability control at high-energy
surfaces®™. The suitability of low-
energy solids for controlling the
wettability of porous media was
recognized by Stegemeier and Jes-
sen™. These solids have been found
to provide pood wettability control
and are well suited for the invest-
igation of several aspeckts of the
wettability problem™. The low-
energy solid palytetrafluoroethylene
(PTFE) was used in the present
study of surface roughness.

From previous studies of rough-
ness effects"™% on contact angle,
it can be expected that, for a sys-
tem of a given intrinsic angle, the
contact angles which are operative
under drainage and imbibition con-
ditions will depend on microscopic
roughess. These operative angles
cannot be measured directly for
porous media.

The objective of the present work
was to determine the relationship
between intrinsic contact angle and
the contact angles which are oper-
ative at rough surfaces under
drainage and imbibition eonditions.
The approach taken was to study
capillary rise in PTFE tubes be-
fore and after deliberately rough-
ening the insides of the tubes with
an abrasive powder. Bartell and
Shepard reported that attempts to
prepare roughened surfaces by
abrasion gave rise to experimental
difficulties and the results showed

polished quartz surfaces.

LIMESTONE — Formation name
confidential [x23).

SANDSTONE—Upper Frlo, Texas
(x 38).

{a) Contact angles exhibited by oil drops in water at

(b) Electron micrographs of reservolr rocks. (Courtesy of
Core Laboratories, Inc.)

SANDSTONE — Muddy Forma-
tion, Montana {x 45).

SANDSTONE — Bahrain Forma-
tion, Kuwait (x 76).

FIGURE 1 — Photographs showing smooth surfaces at which contaet angles are
measured and electron micrographs showlng the surface roughness of reservoir

rocks.

poor reprodueibility®. It is be-
lieved that these difficulties have
been largely overcome in the pres-
ent work, mainly because of the
advantages of determining contact
angle from capillary rise. A large
number of measurements can be
made quickly and accurately and
scatter is greatly reduced over that
given by direct observation of the
contact angle, because each meas-
urement corresponds to an average
value for the interface perimeter.
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Experimental

PTFE tubing, with the range of
radii listed in Table 1, was ob-
tained from Chromatographic Spe-
cialties, Ltd. The radii of the tubes
used in experimenfal work were
determined by measuring the
weight and length of a mercury
thread which could be held in each
tube. .

Several methods of cleaning the
tubes were tested. The most effect-
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ive, as judged from reproducibility
in measurements of capillary rise
at finite contact angles, was to soak
the tubes in warm (50-60°C)
chromic acid for 80 minutes, fol-
lowed by a rinse with distilled
water. The fubes were then soaked
in warm distilled water for 30
minutes and finally dried in an
oven at 80°C.

Liquids used in the measurement
af capillary rise are listed in Table
2, together with their sources.
Values of intrinsic contact angles
at smooth Teflon surfaces were
found to be in substantial agree-
ment with values reported by Zis-
man and co-workers™™. The test
liquid was held in a glass reservoir
8.5 cm in diameter. Teflon tubes
were held straight by placing them

in glass tubes which had previous-
ly been cleaned with chromic acid.
The reservoir was covered by a
clean glass plate between readings.
All experiments were conducted at
a temperature of 24=+1°C.

A cathetometer, which measured
heights reprodueibly to within
+=0.004 e¢m, was used to measure
capillary rise with respect to the
surface of the liquid held in the re-
gervoir. As capillary rise in the re-
servoir itself could be safely
neglected away from the walls of
the 1eservoir, hydrostatic pressure
was taken to be zero at the ref-
erence level given by the liquid in
the reservoir, Capillary rise was
measured for advancing and re-
ceding conditions by lowering or
raising the fube with respect ta

the reservoir. Measurements were
usually reproducible to within
=#+0.01 cm. When the contact angle
was close to 90 degrees, the menia-
cus became obscured by liquid held
at the reservoir wall by capillary
rise. A clear view of the meniscus
within the tube could be obtained
by holding the tube against the
reservoir wall by means of a
grooved Teflon block.

The internal surfaces of the
tubes were roughened by packing
them with dolomite powder and
then rolling them between two flat
plates, Further details of rough-
ening procedures are given with the
resulta. After removing moat of
the dolomite powder, the tubes were
soaked in concentrated hydrochloric
acid and then cleaned in the manner
described above, before measuring
capillary rise. Small lengths of tube

TABLE 1 — Specified and Measured Internal Radii of Teflon Tubes (cm) were glit open and mounted for
study by electron microscope. Elec-
tron micrographs were taken for

Determined From Capillary Rise of visual comparison of the internal
Based on Manufacturers’ Pentane (8 = 0) surfaces of the tubes before and

Tube Specifications Min. Average Max. after roughening.

Ref. . - Mercury-Thread (6 READINGS) Alter Independent checks of tube radii

No. Min. Nominal Max. Method Before Roughening | Roughening were provided by ecapillary-rise

11 | 1442 measurements for pentane. Pen-

]' 18 135 142 1355 13a1 1384 1378 tane gives a contact angle of 0 de-

2 1455 grees, its interfacial tension being

2 tllgg [llg? 11(132 [l]ggg éggg -351,5“3 tl)éﬂ 095 less than the critical surface ten-

5 03 0B 08 0766 0757 0764 0775 0780 sion of PTFE™. Any observed hys-

6 065 068 078 0687 D681 D8I 0687 — teresis for pentane can therefore be

; .U?? 060 069 0618 D615 0624  .0628 0625 aseribed fo the non-uniformity in

046 049 055 0497 0471 0473 0473 0497 ) al

9 0 043 050 0461 061 0466 0469 0465 bore of the PTFE tube. Hysteresis

10 032 0’ 04l 0352 0352 0354 035 - at zero contact angle caused by such

11 026 023 035 .0306 0305 0306 0307 — non-uniformities will be called hy-

12 0103 028 0228 Qzzl ez 0223 - drostatic hysteresis. From the radii
determined by capillary rise for

Wall thickness of tubes 1 to 9: 0.0305 =+ D.008 cm. advancing and receding conditions,
Wall thichness of tubes 10 to 12: 0.0228 + 0.005 cm it can be seen (Table 1) that hys-

TABLE 2 — Contact Angles at Smooth PTFE Surfaces.

Intrinsic Complementary
Surface Contact Angle Angle
L. . Tension Density (i (180 — 0g)

Pure Liquid — Air Source (dyne/cm) (g/ce) (degrees) (degrees)

N-Pentane Philips Potroleum Co, (Pure Grade) 15.6 0.621 0 1B0

n-Hexane Philips Petroleum Co, (Pure Grade) 18.4 0668 7 173

n-Heptane Philips Petroleum Co, (Pure Grade) 18.89 0.680 22 158

n-Octane Philips Petroleun Co. (Pure Grade) 21.22 0.699 26 154

n-Decane Philips Petreleum Co, {Pure Grade) 23.35 0.726 35 145

n-Dodecane Philips Petroleum Go. {Pure Grade) 248 0.743 42 138

n-Telradecane Philips Petroleum Go. (Pure Grade) 26.16 0.755 44 136

Diactyl Ether_ Eastman Kodak Co. 213 (.302 49 131

Heptanoic Acid Eastman Kedak Co. 21.8 0.909 43 131

Hexachlarobuladiene Eastman Kodak Co. 36.0 1.682 B0 120

z-Bromonaphlhalene Fisher Scientific Co. (Reagent grade) 43.0 1.474 IE) 107

Elhylene Glycol Figher Scientific Co. (Certified) 477 1.108 9D 90

Water 70.6 0.977 108 72

Alcohol/Water Mixture — Air (See Reference 17)

80 vol. 93 ELGH 24.99 0.349 2.5 137.5

41.5 vol. % ELtOH 30.25 0.936 73 107

22.5 vol. 9 EtOH 375 0.965 90 90

12.7 vol. 57 EtOH 1563 0.979 100 BD
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teresis:iobserved for pentane was
extremely small and within the
limits of experimenfal error. When
tube radii determined by the mer-
cury-thread method were used to
determine confact angles for pen-
tane, average advancing and re-
ceding angles were 5.8 and 5.1 de-
grees respectively. It may be noted
that the difference befween the
cosines of these angles and 1.0
(cos 0°) 13 less than 05%. Con-
stancy of tube diameter was also
checked from the wvariation in
length with position along a tube
of an approximately 1.5-cm length
of mercury thread. Variation in
tube diameter was less than
20.4%.

Contact angles for the unrough-
ened or slightly roughened tubes
were calculated from capillary rise
using tnbe radii measured by
the mercury-thread method. After
roughening the tubes, hysteresis in
the capillary rise of pentane still
remained insignificant. However,
results indicated that the rough-
ening procedure caused a small in-
crease In tube radius of up ta 7%
(see Table 1), and this was taken
into account when determining con-
tact angles from capillary rise in
the roughened tubes.

Calculation of Contact
Angles From Capillary Rise

The weight of liguid, w, sup-
ported in a tube of radius r, above
a plane liquid surface, defines a
mean peripheral contact angle, ¢,
given by

9
W = ;f_g&”_ .................. (2)

where o is the surface tension and

+ g is the acceleration due to gravity.

‘The weight, w, is obtained from
the measured height of rise, h. A
correction must be applied for the
amount of liquid held in the region
of the meniscus above the measured
height of rise. Let us define a
height, 1/, in the repion of the
meniscus, such that

w==wrh" Ap........ L. (3

where Ap is the density difference
of the two fluids.

The shape of the meniscus will
depend on the ratio of gravity to
capillary foreces, expressed by the
Bond Number, (Ap gr*)/c, and
also the contact angle. At low Bond
Numbers, the meniseus approaches
the shape of a spherical cap and h’
is given by h” where,

30

k' -h
r

Al

wl X

n

14 2o h = observed capiltary rise
> h* = carrecled coplllory rise
[r et

<L

-

=

= 9

<L

[

F_J

10—

=

(=]

'_

[

Ll

(1t

(18

Q

L]

o ] | | L { 1 | 1 |

0 0 20 30 40
CONTACT ANGLE FROM CAPILLARY RISE (degrees)

S0 &80 T0 80 20

FIGURE 2 — Correctlon to caplilary rise.

h"=h+
- (1—sin0)(2+sinﬂ))

Jcos® D

1 —sind
(—cc?ﬂ“—) e e 4)

A plot of (h” - h)/r versus & is
given in Figure 2. With an increase
in Bond Number, the meniscus
tends to flatten because of gravity,
until the limiting case where an
essentially plane interface 1is
reached away from the walls of the
tube. The properties of the menis-
cus in a vertical cylindrieal tube
over the complete range of Bond
Numbers and contact angles have
been reported by Concus“®™. In the
present work, most of the results
were obtained for systems having
Bond Numbers of 0.4 and less. For
such systems, the error which
arises from assuming the meniscus
to be a spherical cap is much small-
er than the accuraecy of measure-
ment in the present work. The er-
ror which arises from the assump-
tion of a spherical interface de-
creases as contact angle inereases,
and becomes zero for the trivial
case where the contaet angle is 90
degrees and h”, b/ and h are all
equal. For capillary rise of octane
in the largest tube (radius 0.1346
em), the error in the correction to
h, expressed as (h”-h) / (h'-h), is
less than 109 (about 0.003 em).
This was at the limif in accuracy of
rveading the cathetometer, but sig-
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nificantly smaller than the general
accuracy of -repeating a capillary
rize measurement in a.given tube
(=001 em). It was therefore con-
sidered satisfactory to determine
contaet angles from adjusted
heighis obtained by using the ecor-
rection given by Equation {4). For
a given liguid, an initial value of
contact angle, 4, was obtained from
an average value for the three nar-
rowest tubes, using the equation

T
ApIE
Values of # were obtained by itera-
tion on the contact angle between
Equations (4) and (5) until the
change in # was less than 14 de-
Elee. . :

Contact-angle hysteresis at spe-
cially prepared smooth PTFE sur-
faces has been shown to be extreme-
ly small (of the order of 1-2 de-
grees)™. Thus, the Intrinsic angle, .
fz, observed under these ecircum-
stances provides an essentially un-
ambiguous measure of wettability
which depends on the chemical con- -
stitution of the given system. The
choice of phase through which #e
is measured is then arbitrary; a’
system of wettability e with re-
spect to one fluid phase can alter-
natively be regarded as a system of
wettability (180 — ¢z) with respect
to the other phase. Thus, an inter-
change of receding and advancing
angles measured af roughened. sur-
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faces for a system with intrinsic
wettability, 6, provides results for
the same system, but with wettabil-
ity redefined as (180 — #:). On this
basis, hysteresis data observed for
liquids giving intrinsic angles Iin
the range of 0 to 108 degrees were
re-interpreted as results for sys-
tems having intrinsic angles in the
range of 72 to 180 degrees.

Results For
Non-Roughened Tubes

Contact angles from capillary
rise were first determined for tubes
as supplied by the- manufacturers.
For liquids exhibiting finite intrin-
sic angles, a definite hysteresis was
observed. Example results for four
liquids and eleven tubes are given
in Figure 3. The four liquids (pen-
tane, dodeczne, a-bromonaphtha-
lene and water) gave intrinsic con-
tact angles of 0, 42, 73 and 103 de-
prees respectively. Results are
shown as plots of (h"Apg)/o ver-
sus tube radius. Constancy of the
dimensionless group, (h”Apgr)/o,
showed that the effect of contact
angle on capillary rise was reason-
ably consistent from one tube to
the next; i.e. there was no over-all
systematic trend with respect to
tube radius.

Readings were taken at a num-
ber of positions along each tube.
Each data point shown in Figure
3 is an arithmetic average of from
5 to 20 measurements of capillary
rise. An increasing number of data
points were taken as the absolute
magnitude of the observed capillary
rise decreased. Values of contact
angle calculated for each tube for
six different liquids are shown in
Table 3, together with arithmetic
average values for all tubes and
their standard deviations. The two
sets of data given for dioctyl ether
were measured independently. Data
of the type shown in FMigure 3 were
further condensed to give plots of
advancing and receding contack
anpgle versus intrinsic angle, as
shown in Figure 4.

The very small contact-angle hys-
teresis observed at smooth PTI'E
surfaces implies that if the inter-
nal surfaces of the tubes under
study had been manufactured with
the same smoothness, capillary rise
would be essentially independent of
whether it was measured under ad-
vancing or receding conditions. Un-
der these circumstances, a plot of
contact angle determined from ca-
pillary rise versus the intrinsic
contact angle would fall on the 4B6-
degree line included in Figure 4.

The form of results obtained in
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the present work are such that it is
convenient to discuss relationships
between contact angles measured
by capillary rise and intrimsic con-
tact angles in terms of three classes
of behaviour. The hypothetieal rela-
tionship for smooth surfaces rep-
Tesented by the 45-depree line
(fe = 6a = @) will be referred to
a3 Class I type.

Contact angles measured for
tubes as supplied by the manufac-
turer gave contact-angle hysteresis
with advancing and receding angles
of about 12 = 5 deprees, respec-
tively, higher and lower than that
of the intrinsic angle of a given sys-
tern (see Fig. 4). This was referred
to as Class II type behaviour. Class
II behaviour can be represented by
the following straight-line relation-
ships, which are included in Figure
n .

Advancing Contact Angles — Glass 11
0° < g < 158° 04 =114 0g... (B)
158° < 6 < 180° b, = 1B0°. .. .. (7)

)
g

Receding Contact Angles — Class II
0° < 0 <22 Dp=0........... 8)

22° < (g < 180°
0 = 1.14 (0g — 22%)..... (9)

Results For
Roughened Tubes

Previous studies have demon-
strated the importance of the de-
gree of roughening on contact-angle
results”’®’. In the present work,
attempts to control the degree of
roughness were first made by pacl-
ing five of the tubes with dolomite
powder (—200 4+ 340 mesh). The
packed tubes were rolled a distance
-of about 4 in., five times, between

INTRINSIC CONTACT ANGLE CI (180 - BE) (degrees )
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FIGURE 5 — Results exhibiting Class il behavlour obtained after roughening.

(gave

(a) Tube as supplied

Class Il be-

haviour) — x 1510.

(b) Tube slightly rough-
(gave Class
behaviour) — x 80,

ened

Il

(c) Tube, well rough-
ened (gave Class Il
behaviolir) — x 610.

FIGURE 5 — Electron micrographs of PTFE,

TABLE 3 — Advancing and Receding Contact Angles Calculated From Capillary Rise -— Examples of Class 1l Results
. . z-Bromo 22,597 Ethyl
l;n:";‘i.chz n-Octane n-Dodecane Dioctyl Ether Naphthalene Alcohol-Water Water
adius -
of Tube (2 ()] (2 (b)
(CITI) Oa 0,,\ Dn LY On Or Da O O 0 Or LiTY fBr ﬂA
0.1346 8 2 19 5l — — — — 66 86 — — 97 127
0.1083 12 2 — — 3l 19 60 67 B2 86 77 100 92 120
! 0.0538 10 29 25 54 27 35 59 67 59 88 78 108 a3 123
0.0766 16 kK| 25 52 28 a8 59 66 62 86 Bl 105 97 127
| 0.0687 16 34 — — 34 k] 62 (i} B1 87 — — 96 127
0.0618 n 35 27 53 kK| 35 64 64 59 84 82 99 93 123
0.0497 9 33 T2 58 25 33 66 67 54 90 —_ -_ 94 128
0.0461 17 2 3l 55 L L] 63 64 63 87 — — 93 125
' 0.0352 15 K11 26 52 16 3B 62 62 €5 86 &0 111 95 127
| 0.0306 — — 25 54 — 3 — &4 59 86 74 109 92 127
0.0228 - — 26 59 36 — 62 - — - — — 94 130
érersged 127 327 25.1 542 3I6 3638 619  65.0 61.0 6.7 18.7 107.5 913 1263
4 Standar
Deviation } 3z 16 il 2.4 3.8 20 22 17 a4 14 2.7 40 16 25
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FIGURE 7 — Comparison of results for two sets of tubes

different sizes of powder.

two flat plates, using about 10 Ib
of force on the pilates. Contact
angles determined for these tubes
are included in Figure 4. It is seen
that the roughening procedure had
little effect; the tubes still gave
Class II behaviour. Eleetron micro-
graphs confirmed (c.f. Fig. 6a and
6b) that the roughening procedure
had not had much effect on the
appearance of the internal surfaces
of the tubes.

OBSERVATIONS OF
CLASS Il BEHAVIOUR

In the next series of experiments,
the same five tubes were subjected
to a more severe roughening proce-
dure. They were packed with the
same dolomite powder and rolled
between the plates about 50 times
using about 45 1bs pressure. Capil-
lary-rise measurements on these
tubes gave resulls of the form
shown in Figure 5. Results of this
form will be referred to as Class
1IIT type behaviour, Repeat measure-
ments were also made on two tubes
for which Class 11T behaviour had
been observed in preliminary stud-
ies conducted 10 months earlier;
the Class 1II behaviour was repro-
duced.

The relationships betwesn 6z, #:
and ¢, which are included in Figure
5, correspond to the following
equations.

a8

roughened with

Advancing Angles — Class IIT
0° < 0s < 21.6°

o= 0% oo (10)
21.6° < 0 < 92.4°
0a = 2(0= — 216%........ (11)

92.4° < 0g < 168.47
0s = 151.5 — 4,05le-0.058;, (12

158.4% < 0g < 180°

= 180°....._.......... (1B

Recedinpg Angles — Class III

0° < 0e < Z21.6°
O = 0°. ... .l (14)

21.6° < 0 < 876°

B = 0.5e0.050, — 15. .., .. (15
87.6° < Og < 158.4" .

Br = 2(bs — 68.4%)........ (16)
158.4° < e < 180°

fno= 180°.... ........ ()

EVIDENCE OF RELAXATION
OF SURFACE ROUGHNESS

Four months after making the
ohservations described above for
all seven tubes, an atfempt was
made to extend measurements to a
larger number of wetting condi-
tions. It was found that results for
all seven tubes mentioned above
had reverted to Class II type be-
haviour (Fig. 4). These resulis
were quite unexpected. In view of
the fact that two of the seven tubes
had given reproducible results of

the Class III type over a time in-
terval of 10 months, it seems un-
likely that this apparent relaxation
of roughness was simply due to
change with time. Possibly the
tubes were inadvertently over-
heated during drying. In subse-
quent studies of roughened sur-
faces, no further evidence of re-
laxation was observed and this
aspect of the work was not deliber-
ately pursued. It seems noteworthy,
however, that the observed change
was from Class 1I1 to Class II Dbe-
haviour, rather than to something
intermediate with respect to these
two classes.

FURTHER OBSERVATIONS
OF CLASS lil BEHAVIOUR

The same seven tubes were next
subjected to a similar but even
more severe roughening procedure.
Tubes 1, 2 and 4 were packed with
20-32 mesh dolomite and tubes 5,
7, 8 and 9 with 60-80 mesh dolo-
mite. The number of times the
tubes were rolled by the plate was
doubled from 50 to 100, Electron
micrographs taken before and after
this roughening procedure showed
a marked change in the appearance
of the tube gurfaces (c.f. Tiga. 6a
and 6e). It wasg found that the
tubes gave Class III behaviour
once again. The condensed results
for all seven tubes are given in
Figure 5. Results for tubes rough-
ened with 20-32 mesh dolomite and
for tubes roughened with 60-30
mesh dolomite are presented sepa-
rately in TPigure 7. [t is seen that
the size of particle used to roughen
the tube surface has little influence
on the results, except that the tubes
roughened with the finer (G0-B0
mesh) powder gave consiatently
higher receding angles for systemy
with intrinsic angles of 73 degrees
and less. However, when compared
on the basis of the cosines from
which these angles were derived,
this difference in behaviour ob-
served for the two sets of tubes is
less than 5%.

The effect of further roughening
was studied using tubes 1, 2, 4 and
5. The roughening procedure wns
as described above, except that the
tubes were trolled about 200 times.
Change in the internal surfaces of
the tubes caused by further rough-
ening was apparent from the dis-
tinctly inereased opacity of the
tubes. However, these tubes still
exhibited Class III behaviour (Tig.
8), showing the determined ad-
vancing and receding angles to be
essentially independent of further
roughening.
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TEST FOR COMPOSITE
SURFACE EFFECTS

It is often pointed out that com-
tact angles observed at roughened
surfaces can be markedly influ-
enced by fluid held by capillarity
in grooves or pockets of the solid
surface. Surfaces of this type are
sometimes referred to as composite
surfaces and their influence on
wetting behaviour has been con-
sidered in some detail*'®,

As a test for possible composite
surface effects in the present work,
measurements of capillary rise
were repeated using liquids giving
intrinsic angles of 108 degrees
{(water) and 90 degrees (water/
ethanol mixture). The four tubes
(1, 2, 4, 5) which had been sub-
jected to the most severe roughen-
ing, to give the results shown in
Figure 8, and the three narrower
tubes (7, 8 and 9), which had not
been subjected to further roughen-
ing, were immersed in liguid and
the pressure was raised to 1000 psi,
From the results included in Fig-
ure 3 it is seen that both sets of
tubes still gave Class III behaviour.
This indicated that composite su-
face effects ,were not of pgreat
significance in the present work.

Discussion
WENZEL'S THEORY

Data obtained in the present
work can be used to test a theory
of the effect of surface roughness
on contact angle which was pro-
posed by Wenzel"®. A surface-
roughness ratio, r, was used as a
quantitative measure of surface
roughness, where

r = _actualsurface (18)

geomelric surface

(The actual surface is the surface
area of a region of a rough surface
and the geomefric surface is that
which would be given if this region
were smooth.) Wenzel introduced
the concept of “effective adhesion
tensions” to obtain a modified form
of Younp’s eguation, in which
roughness changed the effective
solid-gas and solid-liguid tensions
in proportion to the roughness fac-
tor, r. By combining Young’s equa-
tion and its modified form, a rela-
tionship was obtained between the
intrinsic angle, 0g, and the angle ob-
served at a rough surface, #':

cos ' =rcosBe....... . a9y

In reporting experimental measure-
ments on materials being tested for
water repellency, Wenzel com-
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FIGURE 8 — Results of Class [Il observed for severely roughened tubes '

and for tubes saturated with liquid under pressure.

mented on the necessity of meas-
uring contact angles under water-
advancing conditions in order fo
obtain results which were repro-
ducible and relevant to the problem
in hand. (It may be noted that the
hysteresis exhibited by contact
angles at roughened surfaces poses
a fundamental objection to a theory
of surface roughness based on
equilibrium concepts.) Wenzel a-
scribed variation in 8 to local va-
riation in the roughness ratio.

The roughness ratio, r, as de-
fined by Equation (18), is a proper-
ty of the solid and should be some
number, > 1, which is independent
of the intrinsic angle, as illustrated
in Figure 9 for a roughness ratio
of 1.5. The advancing contact-angle
values obtained in the present work
were subgtituted in Equation (19}
for the Class IIT behaviour to
obtain the values of roughness ra-
tio, r, as shown in Figure 9. It is
seen that the roughness ratio, r, =0
obtained, is highly dependent on in-
trinsic angle. In this respect, the
present work supports the findings
of Shepard and Bartell“®, who also
concluded that Wenzell’'s theory is
not reliable. Values of r determined
for Class III receding values and
both advancing and receding values
for Class IT behaviour are included
in Figure 9.
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COMPARISON WITH EARLIER
ROUGHNESS STUDIES

Shepard and Bartell™'™ studied
contact-angle hysteresis on paraffin
wax surfaces formed by cutting two
sets of parallel v-shaped grooves at
right angles to each other to give
a regular array of equal pyramids.
Advancing and receding contaet
angles were measured for surfaces
of varying pyramid height, h, and
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varying angle of inclination, ¢, of
the sides of the pyramids. It was
found that results were indepen-
dent of height, h, but varied with
¢, the angle of inclination. The re-
sults obtained hy Shepard and Bar-
tell for values of ¢ of 30, 45 and
G0 degrees are presented in Figure
10 together with the Class III
behaviour obtained in the present
work Bearing in mind the consid-
erable differences in nature of the
surfaces studied by Shepard and
Bartell and the randomly rough
surfaces of the pregent work, there
is good qualitative agreement, with

the results for ¢ = 60 degrees
being closest to the Class III
behaviour. However, the data of

Shepard and Bartell lack the self-
consistency of the data of the pres-
ent work, in that when the angle
observed at a smooth surface is re-
placed by its complement, and ad-
vaneing and receding angles are
interchanged, the results do not
overlap the curves given by the re-
sults in their original form.

The independence of Shepard and
Bartell's results with respect to py-
ramid height, h, seems consistent
with the observation of the present
work that the size of particles used
ta induce roughness has little effact
on the results. In connection with
the influence of height of surface
asperities, it is interesting to note
that Tamai and Aratani recently

reported advancing contact angles
for mercury on silica plates (intrin-
sic angle 130 degrees)“®. The
originally smooth plates were
roughened with various grades of
abraaive. It was found that the ad-
vancing angle increased from 130
to 158+2 degrees for all plates,
even though the various methods of
roughening gave up to ten-fold
variation in the averape heights of
surface asperities from one plate
to another. Another interesting fea-
ture of this work was that polishing
of the plates so that the asperities
were gradually flattened, until a
smooth surface was restored, gave
a series of contact angles between
158 and 130 degrees (i.e., in the
transition region between Class I
and Clasa III behaviour), accord-
ing to the degree of polishing.

Fox and Zisman’ mentioned that
contact angles (presumably advan-
cing) decreased with increasing
surface roughness and that rough-
ness caused liquids of low inter-
facial tension to spread on Teflon.
They commented that these obser-
vations were consistent with the
conclusions of Wenzel"*! and Cassie
and Baxter®® for intrinsic angles
of less than 90 degrees. They are
also consigtent with Class III be-
haviour reported in the present
work, but only for intrinsic angles
of up to about 45 degrees. Above
this angle, advancing contact angles
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FIGURE 10 — Comparison of advancing and receding angles on regular (pyramid-
ally) rough surfaces with Class Il behaviour observed in the present work.

S0

at roughened surfaces were greater
than those observed at smooth sur-
faces (see Fig. 5). Because Fox and
Zisman did not provide details of
their results, no further compari-
enn ean be made.

AOUGHNESS EFFECTS AT
HIGH-ENERGY SURFACES

At smooth high-energy mineral
surfaces, finite contact angles arise
when the surface character of the
mineral is altered by some form of
surface deposition such as adsorption.
Under these circumstances, such
systems do not give a single valued
contact angle. A range of stable or
slowly changing contact angles may
be observed which are bounded by
advancing and receding values, say
6, and 0y respectively. In application
to reservoir engineering, emphasis
has been placed on obtaining water-
advancing contact angles, 0,, because
of their relevance to waterflooding.
Because values of 6, and n; are de-
pendent on adsorption processes,
times of up to several thousand hours
may elapse before the system is judg-
ed to have reached an equilibrium(.
When the mineral surfaces are rough,
as is the case for reservoir rocks, the
operative contact angles within the
pore spaces can be expecled to exhibit
a greater degree of hysteresis than
that observed at the smooth surfaces.

Obviously, a systematic study of
roughness effects at high-energy
solids is needed. However, dif-
ficulty in finding pure chemicals
which provide accurate and stable
wettability control presenta an ob-
stacle to carrying out this type of
investigation®. An alternative ap-
proach to obtaining wettability
control is the use of various crude
oils. However, results obtained
using this approach are not always
consistent, Furthermore, the digad-
vantage of not being able to proper-
ly specify the system is an obvious
drawback with regard to the ob-
jective of developing 2 reproducible
body of knowledge on wetting be-
haviour.

In the absence of direct informa-
tion for high-energy surfaces, it
is suggested that roughness ef-
fects be assumed to be of the
Class IIT type observed for low-
energy surfaces and that such
roughness effeets be treated as ad-
ditive with respect to adsorption
effects. Thus, the results which
have been obtained for low-energy
solids would be applied by assuming

(20)
for imbibition, and

0 = Ogg.....
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for drainage. Thus, if the advancing
contact angle at a smooth mineral
surface, 6,, was observed to be 60
degrees and the receding angle, 1ty
was 25 degrees, then the operative
angles at roughened surfaces-for im-
bibition and drainage are estimated
from equations (20) and (11), and
(21) and (15), as 77 depgrees and 1
degree respectively. These estimates
suggest that the system would be-
have as if completely water wet under
drainage and weakly water wet under
imbibition.

CONTACT ANGLE AND
RESERVCIR WETTABILITY

As with porous media in general,
contact angle cannot be measnred
directly for reservoir systems. De-
termination of reservoir wettability
from contact-angle measurements
Tor reservoir fluids at smooth min-
eral surfaces might be regarded as
a grossly oversimplified approach
to a complex problem. A major
difficulty is that of selecting a sur-
face which will correctly represent
the reservoir rock surface.

In practice, advancing angles
have been measured for reservoir
fluids on minerals which, from
examination of thin sections of the
regervoir rock, are judged to be
predominant at the pore walls. Trei-
ber et el. found that wettability, as
determined from contact-angle
measurements on smooth crystal
surfaces, was gualitatively consist-
ent with wettability as judged
by relative-permeability measure-
ments. Contact-angle data were re-
ported for 55 reservoirs, and fhese
indicate that a wide ranpe of wet-
tability conditions may be encoun-
tered. These results are in distinct
contrast to the once-held view that
most reservoirs are preferentially
water wet®?,

Because of heterogeneity of sur-
Tace energy arising from .mixed
mineral composition or other pos-
sible causes, it may not always be
.appropriate to discuss wettability
in terms of a single contact angle.
Several aspects of the effect of sur-
face heterogeneity on contact angle
have been investigated theoretie-
ally®, For reservoir systems, con-
tact-angle measurements for a
given reservoir crude will give an
indication of the likely importance
of surface heterogeneity arising
from mixed mineralogical compo-
sition. For 6 of the b5 crude oils
studied by Treiber et al., contact-
angle measurements were reported
for both quartz and caleite™. In
three cases, the respective angles in
degrees were: 140, 145; 125, 145;

160, 135; indicating that mixed
mineralogical composition would
not be a highly significant factor
in wetting behaviour. In the three
other cases, however, the respective
angles were: 15, 145; 100, 150; 46,
125. More extensive data of this
type are needed to evaluate this
aspect of the so-called mixed wet-
tability problem.

In view of the divergence of
opinion as to types of wetting be-
haviour that are operative in re-
servoirs and the fact that Treiber
et ol, considered that there was
significant bias in the selection of
the reservoirs which they studied,
there is a clear need for more con-
tact angle and other wettability-
related data for reservoir systems.
For example, 2 study of contact
angle for fluids talten from dif-
ferent wells in a given reservoir
would be of particular interest. If
contact angle were found to be con-
stant, then the basis for treating
wettability as a definitive variable
for a2 given reservoir would be much
improved.

Apart from the work of Treiber
et al., there is very little reported
confact-angle data for reservoir sys-
tems. At present, it does not seem
to be penerally accepted that meas-
urement of contact angle provides
a basic and powerful approach to
investigating many of the recog-
nized problems of reservoir wet-
tability. In addition to those al-
ready mentioned, other examples,
several of which have been invest-
igated by imbibition studies®®, are:
determining the effect of composi-
tional changes (live versus dead
crude or the use of synthetic
brine); the.effect of pressure and
temperature chanpge and, in partic-
ular, the effect of temperature
lowering which oceurs during
recovery of samples; development
of satisfactory methods of preser-
vation and testing of reservoir
samples; identification of the
causes of wettability and wettabil-
ity alteration; assessing the effect
of drilling muds or corresion imhi-
bitors on reservoir wettability in
the vieinity of fthe well bore;
sereening chemical additives for
ability to induce favourable wet-
tability changes; measuring the
wettability of low-interfacial-ten-
sion systems; testing wettability
reversal agents; studying the kine-
tics of adsorption of reservoir or
injected fluids; investigating pos-
sible relationships befween reser-
voir wettability and the mechanism
of migration of hydrocarbons from
source rocks and their subsequent
accumulation in the reservoir.
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An apparatus which could be used
to investigate aspects of these
problems through contact-angle
measurement was recéntly de-
geribed by MeCafiery'™. Consider-
able time and great care is needed
to obtain satisfactory data. Deve-

lopment of rapid and reliable meth- .

odd of contact-angle measurement
would greatly speed advances in the
basic understanding of many of
the problems of reservoir wettabil-
ity. .

CONTACT-ANGLE HYSTERESIS
AND IMPROVED RECOVERY BY
LOW-INTERFACIAL-TENSION
FLOODING

Mobilization of residual oil has
been shown to depend on increasing
the ratio .of wviscous to capillary
forces™". Capillary forces which
develop after breakdown of micro-
emulsion slups are evidenced by
sensitivity of oil recovery to flood-
ing rate®™. Surfactant systems
may alter capillary forces through
both change in interfacial tension
and wettability®”. The present
work on the effect of s=urface
roughness on the contact angle has
relevance to the effects of wettabil-
ity on the mobilization of residual
oil. ’

On the basis of model calcula-
tions of capillary numbers for dis-
placement of residual oil in sphere
packings, Melrose and Brandner®”
concluded that strongly water-wet
conditions would be optimum. The
physical basis of the model caleula-
tions was that onset of displace-
ment of a residual oil ganglia in-
volved drainage at the leading front
and imbibition at the rear. The ca-
pillary foree resisting-displacement
is given by the difference of the
drainage and imbibition capillary
pressures. It was assumed that
there was no contact-angle hystere-
sis. The calculated increase in capil-
lary forces resisting displacement
with an increase in contact angle
from 0 degrees was due to the
manner in which pore geometry
and contact angle interact to deter-
mine drainage and imbibition dis-
placement pressures.

If contact-angle hysteresis 1is
taken into account, receding contact
angles will be operative at the
drainage front of the gangliz and
advancing angles will be operative
at the rear. For the simple case of
a cylindrical tube, there is no re-
sistance to displacement unless
there is contact-angle hysteresis, in
which case the capillary force, AP,
resisting displacement of .a liquid
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slug in a tube of radius r would be
given by™’:

2a
AP = e (cos dg — ¢os Oa)......

A plot of (cos fn — cos #.) vs
fi= is given in Figure 11 for both
Class IT and Class III behaviour.
Resistance to displacement. because
of wettability effects iIs at a maxi-
mum when the intrinsic contact
angle of the system is 90 degrees.
For porous media with pores of
non-uniform cross section, it is ne-
cessary to take into aceount the
interaction of pore geometry and
operative contact angles which de-
termine the drainage and imbibition
displacement pressures™. How-
ever, results of the present study
indicate that resistance to the
mobilization of residual oil because
of the superimposed effects of comn-
tact-angle hysteresis will have an
adverse effect on recovery by low-
interfacial-tension flooding. On
this basis, it would appear that one
criteria for the selection of sur-
factant systems should be that
they maintain or induce strongly
water-wet conditions.

Summary

1. Observation of capillary rise in
PTFE tubes provided a convenient
method of investigating the effect
of surface roughness on eontact-
angle hysteresis over a wide ranpge
of wettability conditions ag defined
by intrinsic contact angle.

2. In contrast to smooth PTFE
surfaces, which pive essentially no
contact-angle hysteresis (Class I
behaviour), the tubes as supplied
by the manufacturer exhibited con-
tact-angle hysteresis of a type de-
scribed as Class IT behaviour. Slight
roughening of the tubes did not
change this behaviour.

3. With sufficient roughening of
the internal surfaces of the tubes,
the Class II type of contact-
angle hysteresis was markedly in-
creased to give what was deseribed
as Class III hehaviour. This beha-
viour was obfained for a variety of
roughness conditions. It was found
fo be essentially independent of the
particle size of the abrasive used
in roughening, the extent of fur-
ther roughening and possible com-
posite surface effects.

4. These results are probably of
relevance to the wetting behaviour
of surfaces of porous reservoir
rocks which are generally of ex-
tremely complex character. Contact-
angle measurements for reservoir
fluids at smooth mineral surfaces
exhibit contact-angle hysteresis be-
cause of adsorption effects. In
estimating the magnitude of oper-
ative contact angles within a reser-
voir, it is suggested that rough-
ness effacts at reservoir rock sur-
faces be taken info account by su-
perimposing Class III behaviour
on the advancing and receding con-
tact angles observed at smooth
surfaces.
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5. Contact-angle hysteresis will in-
crease the capillary forces which
oppose the mobilization of residual
oil during low-tension flooding.
Strong water wetting appears to
be the optimum wettability condi-
tion for this type of recovery pro-
cesa.

6. Wenzel's theory of the effect of
surface roughness on contact angle
does not appear to be generally
valid. The Wenzel roughness ratio,
although defined as a property of
the solid surface, was found, when
determined from contact-angle
data, to be highly dependent on in-
trinsic contact angle.
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