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Abstract—This paper presents an experimental investigation of the temperature dependence of the quasi-
static advancing contact angle of water on an aluminum surface polished in accordance with surface
preparation techniques commonly employed in boiling heat transfer studies. The surface, speculated to
contain aluminum oxide and organic residue left behind from the polishing process, was characterized with
scanning electron microscopy, surface contact profilometry, and ellipsometry. By utilizing a pressure vessel
to raise the liquid saturation temperature, contact angles were measured with the sessile drop technique
for surface temperatures ranging from 25 to 170°C and pressures from 101.3 to 827.4 kPa. Two distinct
temperature-dependent regimes were observed. In the lower temperature regime, below 120°C, a relatively
constant contact angle of 90° was observed. In the high temperature regime, above 120°C, the contact
angle decreased in a fairly linear manner. Empirical correlations were developed to describe this behavior
which emulated previous experimental data for nonmetallic surfaces as well as theoretical trends. Copyright
© 1996 Elsevier Science Ltd.

1. INTRODUCTION

Relevance of surface wettability to heat transfer

The need to investigate the temperature dependence
of the contact angle, 6, of water on aluminum in the
present study stems from several boiling heat transfer
investigations by the authors involving droplets. Pre-
vious experiments related to spray quenching of heat
treatable aluminurn alloys, revealed the importance of
the wetting and spreading behavior of water droplets
on high temperature surfaces {1, 2].

Aluminum is the most popular material in the aero-
space industry because of its high strength-to-weight
ratio and corrosion resistance. However, the pro-
cessing of aluminum is plagued by product quality
problems including surface cracking, nonuniform
mechanical properties, and warping. One particular
process which is largely responsible for these problems
is the quenching of aluminum parts following solution
heat treatment, casting, extruding, etc. Quenching
involves exposing the high temperature part to a liquid
quenchant such as water, resulting in a relatively large
and rapid drop in the part temperature. Figure 1 dis-
plays a typical quench, or temperature-time cooling
curve, for the surface of an aluminum part. At high
surface temperatures corresponding to film boiling,
the quench proceeds rather slowly as the liquid is
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separated from the surface by a continuous vapor
blanket. As the surface temperature is decreased to
the Leidenfrost point, the transition boiling regime is
encountered where intermittent wetting of the surface
begins and heat transfer rates increase with decreasing
temperature. At a surface temperature corresponding
to critical heat flux, most of the surface becomes avail-
able for wetting and intense nucleate boiling ensues,
causing the part to cool rapidly until the quenchant’s
saturation temperature is reached, below which the
part is cooled by single-phase liquid convection.

The present study was initiated to observe the tem-
perature dependence of the contact angle of water
on practical aluminum surfaces for the purpose of
developing a better understanding of the influence of
surface energy on boiling heat transfer between these
two media. The contact angle is highly influenced by
surface finish and the presence of impurities on the
surface of both the liquid and solid. Table 1 highlights
several studies on the contact angle of water on vari-
ous metals [3-11]. In each study, various surface prep-
aration techniques were used in attempts to obtain
clean and homogeneous surfaces. Table 1 clearly indi-
cates a wide spread in the contact angle data, which
was speculated in many of the studies to result from
contamination. It is apparent that even under highly
controlied conditions, ideal surfaces are very difficult
to produce and maintain. Moreover, it is extremely
difficult and impractical to conduct boiling heat trans-
fer experiments with perfectly clean and ideal surfaces
such as those found in surface chemistry laboratories.
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NOMENCLATURE
a empirical constant in equation (1) y distance perpendicular to heated
b empirical constant in equation (1) surface
C empirical constant in equation (1) z height of droplet interface above
¢ specific heat at constant pressure heated surface.
d thickness of surface layer in
ellipsometry models Greek symbols
k thermal conductivity, imaginary part o thermal diffusivity
of refractive index A ellipsometry angle
N complex refractive index (n— ik) 0 contact angle
n real part of refractive index Ao wavelength of light, in vacuum
P pressure p density
Ra  arithmetic average surface roughness o surface tension
T temperature ¥ ellipsometry angle.
T., pseudo-critical temperature at which
contact angle goes to zero Subscripts
t time f liquid
leg duration of quasi-mechanical fg difference between liquid and vapor
equilibrium regime i interface
ley duration of transient evaporation time o initial
t duration of transient spreading regime s solid, surface
x coordinate along heated surface sf difference between solid and liquid
measured from drop center sg difference between solid and vapor.

It is well known that although metals are generally
highly wetting, those found in practical devices such
as heat exchangers, are commonly modified by system
contaminants which drastically alter the surface wet-
ting characteristics.

Thus, the surface condition for the present study
was chosen to be similar to those found in boiling
heat transfer studies where surfaces are mechanically
polishing and then wiped with a volatile liquid. This
procedure generally results in a surface containing
polished paste residue, adsorbed impurities from lab-
oratory air, and an oxide layer. While the absolute
values of the contact angle measurements may indi-
cate the presence of surface impurities, the present
study of the temperature dependence of the contact
angle is the first of its kind for high temperature water—
metal systems. This study is intended to aid in explain-
ing surface energy effects for practical laboratory pre-
pared surfaces.

Fundamentals of wetting and spreading

The interaction of a liquid with a solid is referred to
as wettability. When the liquid spreads spontaneously
out as a thin film across the surface, it is said to ‘wet’
the surface. When the interactions are weak, the liquid
beads up on the solid surface and the liquid partially
wets the surface. The wetting characteristics of a
vapor-liquid-solid system can be described by the
interfacial energies (mJ m~?) or tensions (mN m™").
The interfacial tensions act in a direction tangential
to the interface and arise from the nonisotropic nature
of the pressure tensor at an interface [12]. The classical

Young-Dupre equation, derived from a force balance
parallel to the surface, of the interfacial forces at the
intersection line of a vapor, liquid, and solid is given as

015080 = 0., — 0. )

Equation (1) can also be derived from a min-
imization of the total surface free energy which pre-
sumes thermal, mechanical, and chemical equilibrium.
The Young-Dupre equation has several basic limi-
tations. Firstly, while it effectively describes the force
balance at the contact point, it is impractical since it
is impossible to directly measure the solid—vapor and
solid-liquid interfacial tensions, o,, and oy, respec-
tively. The two parameters which can be measured
experimentally and are commonly used in describing
surface wetting behavior are the equilibrium contact
angle, 8, and the liquid-vapor surface tension, oy,
referred to as o hereafter. Secondly, equation (1)
assumes the solid surface is perfectly homogeneous,
clean, and smooth ; conditions which are rarely attain-
able in practical engineering situations. Finally, the
interfacial tensions (at least the liquid—vapor tension)
are those which apply far from the contact line.
Adsorption of solutes or impurities, surface rough-
ness, and near-contact line effects on the interfacial
tensions have been explored by Dussan [13], Adamson
[14] and Miller and Neogi [12].

The contact angle given in equation (1) is referred
to as the equilibrium (ideal or hypothetical) contact
angle which corresponds to a smooth, homogeneous,
rigid, and isotropic surface with no fluid motion. Sev-
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Fig. 1. Temperature—time history of a surface during quenching in a bath of liquid.

eral different contact angles commonly reported in
the literature with conditions which deviate from this
ideal behavior are summarized in Table 2. Each of
these contact angles is defined by a unique set of
conditions surrounding the interfacial system. The
factors discussed above, fluid motion, and other non-
equilibrium effects can significantly influence the con-
tact angle and produce values which differ drastically
from the equilibrium value [12-15].

The present work is concerned mostly with the
quasi-static advancing contact angle which closely
resembles the advancing contact angle most com-
monly reported in the literature. The fluid and thermal
conditions leading to the definition of the quasi-static
advancing contact angle are described in a later
section. Other types of contact angle may also be
relevant in boiling heat transfer but were not studied
in detail because of dependence on material properties
[16].

Surface chemistry and wettability play vital roles in
many aspects of engineering and science including
absorbency material development, waterproofing

technology, and boiling heat transfer, to name a few.
In particular, the contact angle and liquid/vapor sur-
face tension influence boiling heat transfer through
nucleation, growth rate, departure size, and departure
frequency of bubbles [17-20]. Pool boiling studies by
Diesselhorst et al. [21], Chowdhury and Winterton
[22], Maracy and Winterton [23] and Unal et al. [24]
revealed that critical and transition boiling heat fluxes
are highly dependent on the wettability of the surface.
Several important hypotheses and theories describing
boiling regimes require knowledge of the contact angle
behavior. For example, the smooth wall het-
erogeneous bubble nucleation theory, as reviewed by
Carey [25], uses the contact angle to predict the super-
heat limit of liquids in smooth containers. In addition,
Olek et al. [26] proposed the Leidenfrost point may
correspond to a perfect wetting condition where the
contact angle is zero.

Temperature dependence of contact angle
Several aspects which make it extremely difficult to
relate the boiling process to the wetting characteristics
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Table 1. Reported advancing contact angles of water on metal surfaces (some of which may contain surface oxides)

Contact
Temp. angle
Reference Surface Surface preparation Environment [°C) [deg]
[3] Gold Pure metal wire surfaces Water vapor (2.8 kPa) 25 7
dissolved prior to tests
Water vapor & pure air 6
Water vapor & lab air 65
Silver Water vapor 10
Water vapor & pure air 7
4] Aluminum Various chemical cleaning Water vapor at atmospheric 25 4.6
Brass methods followed by pressure 10.5
Copper electropolishing 9.6
Magnesium 0
Nickel 7.1
Stainless steel 54
Zinc 85
[5] Gold Commercial rolled Water vapor at atmospheric 101 85
Silver Heated to 600°C in H, pressure 85
Plated on stainless steel 89
Rhodium Plated on silver 65
Palladium Polished, alumina 74
Platinum Polished, alumina 50
Titanium Polished, alumina 0
Nickel Plated on Cu-Ni 0
Cadmium Plated on Cu-Ni 0
[6] Gold Specimens heated to white-hot Pure gases at atmospheric 20 0
Platinum temperatures in various high pressure (hydrogen, krypton, 0
purity gas streams neon, argon, nitrogen)
71 Gold Alumina polished Water vapor at atmospheric 25 34-56
Vacuum evaporated pressure 62
Diamond polished 61
Film compressed 48-57
[8] Gold Mechanically and electro- Helium 25 11-14
polished Helium & water vapor 25 53
Water vapor 101 63
[9] Gold Polished with MgO, rinsed, Argon at atmospheric 20 0
leached in HCI, rinsed, pressure
electrolytically degreased in
Nadl, rinsed in distilled H,O
[10] Gold Polished with diamond paste, Water vapor at atmospheric 25 0-48
wiped with distilled H,0, pressure
heated in O, and vacuum
[11] Copper Sanded & polished with Water vapor: 1.38 kPa 20.0 12
diamond paste degreased in Water vapor: 21.4 kPa 61.5 15
mild detergent, rinsed : ethyl Water vapor: 40.7 kPa 76.5 29
alcohol & distilled H,O Water vapor: 77.2 kPa 93.5 54
Water vapor: 102.7 kPa 100.8 72

are the highly transient conditions associated with
liquid—vapor phase change, the large temperature
range encompassed by the various boiling regimes,
and the lack of understanding of the temperature
dependence of the contact angle. While a number of
studies have been initiated to investigate contact angle
temperature dependence for various liquids on non-
metallic surfaces {14, 27-32], only a few investigations
have been performed with water on metallic surfaces

[21, 33]. Of course, surfaces of practical metals may
not be metallic but contain an oxide or residue or
both.

The temperature dependence of the contact angle is
not well understood or documented, although it is
reported to decrease with increasing temperature [25,
34]. Neumann et al. [29] and Adamson [35] reported
that the temperature derivative of 8 is negative with
{d68/dT] ~ 0.1 deg K ~! for many systems at low tem-
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Table 2. Definitions of contact angles

Contact angle

Schematic description

Definition

Equilibrium 6,

%

(sessile drop)

Static advancing 8,

b

(sessile droplet)

Static receding 6,

(evaporating droplet)

Apparent macroscopic 0,, 04

Microscopic 6,, m

K

(precursor film)

Dynamic 6, 9da

(impinging droplet)

Quasi-static advancing 0, See Fig. 6

A

Sap

p

For thermodynamic equilibrium, this contact angle
is given by Young’s equation. This applies to an
ideally smooth and homogeneous solid surface and
a system free from contamination and fluid motion
where the advancing and receding contact angles
are equal.

Contact angle obtained when liquid first advances
and then comes to rest on an initially dry and clean
solid surface.

Contact angle obtained when liquid recedes and
then comes to rest on a region of a solid surface
which was previously occupied by the liquid (e.g.
during evaporation with a moving contact line, or
fluid removal with a fixed wetted area).

Contact angle formed by extrapolating the
macroscopic liquid-vapor interface to the mean solid
surface. Influenced by surface roughness, its value
depends on the position of the contact line where
the three interfaces intersect.

Actual equilibrium contact angle which exists in
the microscopic precursor film in the near
vicinity (<1 um) of the apparent contact line.

A non-equilibrium contact angle which exists
during the dynamic spreading of the liquid on
the solid surface. The liquid motion, caused by
unbalanced surface tensions or external forces,
can be advancing, 8, or receding, 8,,.

The contact angle measured in this study which
closely resembles the static advancing contact
angle except for the following differences : the
liquid droplet initially oscillates during surface
collision and transient temperature and surface
tension gradients exist in the droplet.

peratures (5-100°C). Petke and Ray [28] performed
an extensive study of the temperature dependence of
contact angle for water and several other liquids on
six polymeric solids. They found d6/d T for most cases
to range from —0.03 to —0.18 deg K~ over a tem-
perature range of 5-100°C. They detected no sys-
tematic relationship between df/dT and the type of
fluid or surface. In the surface temperature range of
100-160°C, d9/dT decreased drastically for water on
all six polymeric surfaces. For this high temperature
regime, Petke and Ray reported that d6/ dT was nega-
tive and although values were not given, approximate
values of —0.33——1.17 deg K~' could be inferred
from the reported data.

While most of the studies on the temperature depen-
dence of contact angle have been empirical in nature,
a more fundamental study was presented by Adamson

[35] in which a theoretical model related the molecular
surface adsorption of a solid to the liquid--solid con-
tact angle. Adamson used the Gibbs adsorption
isotherm, thermodynamics, and a molecular inter-
action model to arrive at the following equation :

cosf = 1+ C(T,, — T)¥e~2 Q)

where T, represents a pseudo-critical temperature, or
the temperature at which the contact angle goes to
zero, C is an integration constant, and a and b are
temperature-independent constants from a balance of
intermolecular forces. The model predicts the general
experimental trends of # with respect to T. For a few
systems for which the contact angle has been observed
to increase with temperature, Adamson suggested that
this resulted from molecular interactions not
accounted for in equation (2).
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Fig. 2. Measured and theoretical trends of the advancing contact angle temperature dependence for water
on an organic surface.

Figure 2 summarizes the general temperature-
dependent trends for the contact angle of water on a
polymer surface as found experimentally by Petke and
Ray [28] and suggested theoretically by Adamson [35].
From the observed trends, two temperature regimes
may be distinguished. In the low temperature regime,
the contact angle varies slowly with temperature, hav-
ing a gradient d6/dT ~ —0.1 deg K~'. In the high
temperature regime, the contact angle decreases more
steeply with increasing temperature. Most inves-
tigations of the contact angle temperature dependence
have focused on relatively low temperature ranges and
practically no information exists for the high tem-
perature regime [34]. Adamson [35], for example, was
unable to provide high temperature contact angle data
to verify the trend predicted by equation (2). In fact,
the data used by Adamson to support his model
appeared to lie along a straight line. Consequently, it
is not known whether the limiting trend of the contact
angle temperature dependence follows the linear
relationship as suggested by existing experimental
data for nonmetallic surfaces, or curves sharply as
predicted by Adamson’s theoretical model.

The above review points to two key observations
which constitute the basis for the present study :

(1) Contact angle values employed by investigators
in modelling boiling heat transfer from metallic sur-
faces can be quite erroneous since the true make-
up of these surfaces can seldom be determined with
certainty.

(2) The high temperature boiling regimes, for
which the wetting character of liquids plays a para-
mount heat transfer role, are where few or no data are
available for the contact angle temperature depen-
dence for metallic surfaces.

By utilizing a pressure vessel to raise the water satu-
ration temperature, the present study explores the

contact angle dependence on surface temperature for
temperatures as high as 170°C.

2. EXPERIMENTAL METHODS

Quasi-static advancing contact angles for water on
a polished aluminum surface were determined using
the sessile drop technique. Using a photograph of the
droplet resting on the solid surface, the contact angle
was determined by constructing a tangent to the drop-
let profile at the point of contact with the solid surface.
This technique has the advantages of simplicity, repro-
ducibility, and high degree of accuracy [14, 36].

Apparatus

The contact angle measurements were conducted in
a 210 mm i.d. stainless steel pressure vessel illustrated
in Fig. 3. Rated for 2.2 MPa at 220°C, this vessel
enabled the measurement of contact angle at tem-
peratures exceeding the boiling point corresponding
to atmospheric pressure, in the absence of boiling and
of rapid evaporation. The vessel’s top flange contained
ports for gas pressurization and liquid supply, a drop-
let catcher feed-through mechanism and both manual
and safety relief values. The vessel possessed three
side flanges, two were fitted with quartz windows for
optical access (only one is shown in Fig. 3), while the
third was used as a feed-through for electrical and
instrumentation wires. Located within the pressure
vessel was a droplet delivery system composed of a
tubular liquid reservoir, a solenoid valve, a needle
valve, and a hypodermic needle. The gas and liquid
delivery lines were connected to a single compressed
nitrogen tank. Two pressure regulators connected
between the nitrogen tank and the pressure vessel
allowed the liquid pressure to be maintained above
that of the vessel. Using this pressurization technique,
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Fig. 3. Schematic diagram of pressure vessel used in contact angle measurements.

a liquid drop with an approximate diameter of 3.3 mm
could be slowly formed at the end of the hypodermic
needle and deposited onto the heated surface by open-
ing and closing the solenoid valve. Distilled water was
used throughout the experiments. The test surface
consisted of an aluminum biock which was heated by
a 150 W cartridge heater. The surface temperature
was monitored and controlled by an Ogden Type 33
temperature controller, which regulated eclectrical
power input to the cartridge heater in response to a
voltage signal from a chromel-alumel (type K) ther-
mocouple located just beneath the center of the test
surface. The vessel featured a manually operated drop
catcher plate which shielded the heater surface from
any additional drops once the desired drop had been
deposited from the hypodermic needle.

A Nikon 35 mm camera, connected to a Questar
QM1 long-distance microscope, and fitted with a Viv-

itar 283 electronic flash was used to capture photo-
graphs of the individual sessile drops from which the
contact angle measurements were obtained.

Test surface characterization

The heater module was made from Al-1100, a ‘com-
mercially pure’ aluminum with approximately 1.5%
impurities made up of Mg, Cu, Si, Zn, Mn, and Fe
[37]. The module was mounted in a G-7 insulating
phenolic shell with its surface centered below the
hypodermic needle as shown in Fig. 3. The heater
module surface was initially sanded with 320 and 600
grit sandpaper, followed by additional sanding with
Crocus cloth (3M product) and water. Finally, the
surface was polished with Simichrome, an organic-
based metal polish containing in part, ammonium ole-
ate and aluminum and iron oxides. This surface prep-
aration yielded a smooth, shiny surface with an arith-
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Fig. 4. (a) SEM image and (b) surface profile of the polished aluminum surface.

metic average surface roughness of 115 nm. This
roughness value was determined from a surface profile
obtained with an Alpha-Step 2000 contact pro-
filometer and confirmed by scanning electron
microscopy (SEM). Figure 4 shows an SEM image
and a surface profile of the heated surface. The scale
shown in Fig. 4(a) corresponds to 100 um.

Since the wettability of a solid surface depends on
both surface chemistry and roughness (as well as on
certain dynamic conditions), it is important to charac-
terize the influence of these factors adequately for the
tested aluminum surface. Polished Al-1100 surfaces
similar to the one employed in the present study were
examined by Dardas [38] using X-ray photoelectron
spectroscopy (XPS). He reported that all polished Al-
1100 surfaces contain native Al,O; with a thickness of
0.003 to 0.005 um. Higher oxide thicknesses (0.01-

0.04 ym) may be produced by heating above 750°C.
Such oxides are substantially removed with the pol-
ishing procedure used.

The test surface was quite hydrophobic (§ = 90° at
22°C; see next section), perhaps as a result of some
organic contaminant introduced by the polishing
paste. Generally, absolutely pure aluminum surfaces
should be hydrophillic (and high-energy) but are
nearly impossible to produce because of the rapid
formation of native oxide, which should also be
hydrophillic. Hence, the material used here is neither
pure aluminum nor pure ALLO, on aluminum.

To characterize this surface further, ellipsometry
measurements were performed in which the reflectivity
of polarized light was observed [39}]. In this technique,
two angles, A and W, are measured. A is related to the
phase difference, and W to the amplitude ratio of the
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Table 3. Summary of eltipsometry results for polished alumi-

num Al-1100
Regiont ¢ (deg) A (deg) ¥ (deg)
A 70 126.77+0.08 34.18+0.03
B 70 127.1+0.2 35.60+0.04
C 70 127.5£0.2 36.85+0.03
At 70 128.240.1 36.31+£0.08

+ Region A (or B or C) represents an area of about 3 mm?®
at ¢ = 70 deg.
1 Sample was treated with methanol and measured again.

p- and s-polarized components of the reflected light.
These two parameters are an overall measure of the
complex refractive index, N = n— ik, thickness, d, of
surface layer, and roughness of the aluminum sub-
strate.

A Model L115 photometric ellipsometer from
Gaertner Scientific Corporation with a He-Ne laser
(4, = 0.6328 um), a polarizer set at 45°, and a quarter
wave plate (with fast axis perpendicular to the plane of
incidence) were utilized. Three regions on the sample
(=1 x 3 mm?each) were measured at an incident angle
¢ of 70° from the normal. Five consecutive measure-
ments were taken in each region and averaged out.
The results for A and ¥ are shown in Table 3 for three
measurement locations, A, B and C.

While the ellipsometry measurements of A and ¥
effectively characterize the optical properties of the
aluminum surface, they do not directly reveal the
physical make-up of the surface. To investigate this
make-up, several hypothetical surface models were
assumed and the corresponding values of A and ¥
determined analytically. If the analytical values of A
and ¥ from a hypothetical surface could be found
to match the experimental values, then the possible
structure of the surface can be identified. Various
models were assumed and are discussed below. In each
model, values of A and ¥ were determined for an
incident angle, ¢, of 70°, for several layer thicknesses
and optical properties as displayed in Fig. 5(a) and (b).

For model 1, Fig. 5(a), N = 1.43—7.48i was used
to represent pure Al (the arithmetic average of two
reported values by Palik [40]), for which A = 143.27°
and ¥ = 41.79° for ¢ = 70° (point P in Fig. 5(a)).
These values are quite different from the observed
data noted as A, B and C in Fig. 5(a), thus confirming
the surface is not pure flat Al.

Also included in Fig. 5(a) is model 2, in which a flat
ALO, layer (N = 1.77) on top of Al was assumed. In
this model, the oxide layer thickness was gradually
increased, creating the A and ¥ trajectory represented
by the solid curve. Since the oxide is transparent
(k = 0) for all realistic thicknesses, all calculated ¥
values fall far from the data. If an organic layer
(N =145) is placed on top of the AlLO,; layer
(d = 0.01 mm of Al,0s, point Q) as indicated by model
3 in Fig. 5(a), the A and ¥ trajectory represented
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by the dashed line is obtained, which is also a poor
representation of the data.

To better describe the data, model 4 was assumed
with a partially absorbing material, with N = 1.45—ik
of thickness d, and variable £ and d. The value of
n = 1.45 was chosen to represent organic material or
aluminum. As shown in Figs 5(b), using A and ¥ at
¢ = 70°, the data were predicted reasonably well with
k ~ 0.03-0.06 and d =~ 0.28 ym. Small discrepancies
can be related to surface roughness and surface chemi-
cal heterogeneity, both ignored in the model. Model
4 indicates that the surface layer is optically equivalent
to a partially absorbing material on top of Al with a
refractive index N = 1.45—0.04i and d ~ 0.28 um.
The results do not imply that the actual surface layer
is optically flat but suggest that it can be represented
by a flat layer with equivalent optical properties, such
as that described in model 4. The presence of surface
roughness features in addition to various surface lay-
ers could produce a surface with similar optical
properties. However, this would require a significantly
more complex optical model in order to simulate the
tested surface. Such a model is beyond the scope of
this work, but warrants further study. The present
results portray a practical aluminum surface which is
more complex than pure aluminum oxide on top of
aluminum, and point to a link to the wetting/
spreading behavior to be discussed.

For the sake of completeness, the influence of pol-
ishing residue contamination was investigated using
three different final surface preparations following the
polishing process. In one set of experiments, the sur-
face was left as-is following the polishing process. In
a second set, the polishing was followed by soaking
the surface for fifteen minutes in methanol and then
wiping and rinsing with distilled water. In a third set,
the heater module was heated in a nitrogen-atmo-
sphere furnace to 475°C for 30 mins, then rinsed and
wiped with methanol and distilled water.

Procedure

The contact angle measurements commenced by
pressurizing the vessel and programming the tem-
perature controller to the desired temperature. Three
different pressures, 101.3, 524.0 and 838.3 kPa, and
corresponding surface temperature ranges from 20 to
110, 150, and 170°C were investigated. Once steady-
state conditions were reached, the solenoid valve was
opened to dispense a single drop onto the heater
surface, and then closed. Immediately following this
step, the drop catcher plate was positioned beneath
the hypodermic needle to prevent additional drops
from falling upon the test surface. Five seconds after
the placement of the drop, a photograph of the sessile
drop was taken; reasons for this specific delay time
will be discussed in the following section. Immediately
after taking the photograph, the pressure vessel was
depressurized and the heater surface manually repos-
itioned so that a clean portion of the surface was
located beneath the hypodermic needle for the next
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Fig. 5. Comparisons of A-¥ data at three regions on the polished aluminum surface to calculated values
for (a) model 1 (pure aluminum) or models 2 and 3 (transparent films) and (b) for model 4 (partially
absorbing film on top of AL,O,) at ¢ = 70°.

drop. Finally, contact angle measurements were made
from the sessile drop photographs.

3. CONTACT ANGLE MEASUREMENT

The placement of a subcooled drop on the heated
surface resulted in complex transient spreading and
heating of the liquid upon contact. To obtain mean-
ingful and reproducible data from the transient test
conditions, the existence and extent of quasi-steady
intervals had to be identified. High-speed pho-
tography and a mathematical model were used to

observe and predict the drop spreading and heat trans-
fer characteristics, respectively.

Figure 6 displays schematically the transient
spreading radii and apparent contact angle of a drop-
let slowly being deposited on a surface from a falling
height of ! cm. During the initial period, or ‘transient
spreading regime’, the droplet spread out upon the
surface to form a thin film until reaching a maximum
radius, after which it recoiled slightly and underwent
several oscillations about a mean radius. During the
initial spreading of the droplet, the contact angle at
the leading edge of the film was large. This advancing
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contact angle decreased continuously as the droplet [41]. The resulting quasi-static advancing contact
reached its maximum extent and oscillated until a  angle was fairly constant during the quasi-mechanical
‘quasi-mechanical equilibrium regime’ was estab- equilibrium period while the liquid was heating up.
lished, as was previously suggested by Elliotand Ford At a later instant, the film entered a ‘transient evap-
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oration regime’ during which the film receded and the
contact angle continuously decreased.

High speed video results using a Kodak Ektapro
1000 motion analyzer revealed the transient spreading
time of the droplet, ¢, was about 0.3 s. The extent
of the quasi-mechanical equilibrium regime, 7., was
dependent on pressure and surface temperature. For
limiting conditions, f., was found experimentally to
be as small as 5 s and as large as several minutes. The
extent of the evaporation regime, f.,, which followed
the quasi-mechanical equilibrium regime, was highly
temperature and pressure dependent. High speed
video analysis and still photography both revealed
that as heat was being rapidly conducted from the
solid to the liquid—vapor interface, the contact angle
decreased significantly from that in the quasi-mech-
anical equilibrium regime as the droplet began to
evaporate, as expected for receding contact angles.

Figure 7 describes the transient heating experienced
by the sessile drop under quasi-static mechanical equi-
librium for three different interface temperatures. A
one-dimensional, semi-infinite contact model [42] was
used to estimate this transient temperature response
for very short durations.

Ii(y,0) = T+ (T, —T) erf(

)y
3
2@) 3

where the constant interface temperature, 7;, between
the surface and sessile drop is intermediate between
the initial heater and fluid temperatures

- (kpcp)g5 Ts,o + (kpcp)?5 Tf,o
(kpey)s* + (kpey)i?

Q)

i

Liquid in close vicinity to the surface (<0.5 mm)
dictates the wettability of the sessile drop. From the
transient temperature model given in equation (3), the
average surface temperatures in a liquid layer within
0.5 mm of the surface for various interface tem-
peratures and times were determined, from which the
average liquid surface tension was calculated using
the relation [43]

o =75.83—0.15T; )

where ¢ is expressed in mN m ™' and T;in °C.

Calculations showed o decreases from 72.5mN m ™~
at 22°C by roughly 20% over the first second following
initial contact, but only by an additional 5% during
the next 4 s. Thus, it appears transient heating may
have a significant effect on contact angle measure-
ments over only the first second of impact for the
surface temperature range investigated.

Within the quasi-mechanical equilibrium regime,
the droplet appeared stationary on high-speed video
tape. However, transient heating of the droplet caused
a transient nonuniform surface tension gradient to
develop which in turn caused Marangoni flow [12] to
occur along the droplet surface. This flow resulted in
a slight distortion of the droplet profile. Figure 8(a)

1
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and (b) explore this effect by displaying both exper-
imental and numerical sessile droplet profiles on a
surface at temperatures of 22 and 150°C, respectively.
The numerical profiles for the static interface are
determined from the Young-Laplace equation and
fluid hydrostatics {44]. By substituting geometrical
relations for the principal radii of curvature of an
axisymmetric droplet into the surface tension term of
the Young-Laplace equation, a second order ordinary
differential equation was obtained. This equation has
been solved numerically by applying the proper
boundary conditions to determine the droplet profile
[44]. Figure 8(a) shows that the measured profile for
T, = 22°C closely matches the numerical predictions
corresponding to a surface tension of 73.0 mN m~',
thereby indicating the absence of impurities in the
water. Figure 8(b), however, shows that the measured
profile for T, = 150°C is slightly distorted from the
numerical predictions for two different surface tension
values of 73.0 and 60.0 mN m~". Indeed, the measured
profile cannot be described for this case by the
Laplace—Young equation for any reasonable fixed
value of surface tension. Hence, a surface tension
gradient must exist and cause a substantial Marangoni
surface stress, estimated to be about S N m™2 Such a
large stress should be more than adequate to cause
significant Marangoni fiow and droplet distortion.

Figure 9(a) displays the transient behavior of the
contact angle at various instances of the sessile droplet
lifetime for different surface temperatures and a pres-
sure of 517.1 kPa. Figure 9(b) displays sequential
photographs of the droplet lifetime for a surface tem-
perature of 140°C. The variability of the contact angle
with time made it necessary to select a consistent and
meaningful time delay following impact at which the
contact angle photographs were taken. A 5 s delay
was determined from high speed video segments and
the heat transfer model to correspond to a state of
quasi-mechanical equilibrium and a constant solid—
liquid interface temperature given by equation (4).

The effect of pressure on the liquid—vapor surface
tension is expected to be relatively small for the pres-
sure range used in this study because the liquid is
nearly incompressible, and the intermolecular forces
between liquid molecules do not change significantly.
Thus, by sufficiently increasing the environmental
pressure, the effect of surface temperature on the con-
tact angle can be studied independently at tem-
peratures well above the boiling point corresponding
to atmospheric pressure.

4. CORRELATION OF CONTACT ANGLE
TEMPERATURE DEPENDENCE

Figure 10 shows temperature dependent quasi-
static advancing contact angle measurements for pres-
sures of 101.3, 524.0 and 838.3 kPa. The relatively
high values of the contact angle are expected not to
result from Al or ALO,, but from the presence of
polishing paste residue on the oxidized aluminum test
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Fig. 8. Measured and calculated profiles for water drops for
surface temperatures of (a) 22°C and (b) 150°C.

surface. As a comparison, Lai et al. [45] reported a
contact angle of approximately 45° for water on alu-
mina (Al,O;) at room temperature. The measured
contact angle data show little variation with pressure
and temperature for surface temperatures below
120°C. At surface temperatures above 120°C, the con-
tact angle decreases fairly rapidly with increasing tem-
perature. This temperature dependent contact angle
trend is very similar to that reported by Petke and Ray
[28] for water on six polymeric surfaces as discussed
earlier.

Figure 11 displays contact angle measurements for
three different tests in which attempts were made to
remove any organic impurities possibly left behind
from the polishing paste. In each case, the data exhibit
the same general temperature dependent behavior dis-
played earlier in Fig. 10, but also indicate the presence
of surface impurities even after attempted cleaning, as
reflected in the high values of the contact angle and
the larger scatter in the data. This is also consistent
with the ellipsometry results. The scatter in the contact
angle data is reflective of the data presented earlier in
Table 1 in which reported contact angle values ranged
from 0 to nearly 90° for water on extremely clean,
high energy metallic surfaces. Even monolayers of
organic impurities can cause large changes in the con-
tact angle value of a pure system.

J. D. BERNARDIN et al.

Figure 12 displays various curve fits, including
linear, quadratic, and a polynomial form suggested
by the theoretical model of Adamson [35] given in
equation (2), for the data at 827.4 kPa. A constant
contact angle of 90° was found to sufficiently fit the
data for surface temperatures below 120°C, while lin-
ear and quadratic curve fits for surface temperatures
above 120°C gave mean absolute errors of 1.6% and
12%, respectively. The linear extrapolation predicts
that the contact angle goes to zero at 7,, = 286°C,
while the quadratic fit predicts a lower value of 226°C,
as shown in Fig. 12(a) and (b), respectively. These
two temperatures were substituted for T, in a func-
tion similar to the theoretical form of equation (2) to
arrive at the two curve fits displayed in Fig. 12(c).
While these curve fits give reasonable mean absolute
errors, the extrapolations at high and low surface tem-
peratures do not appear to predict the contact angle
temperature dependence as well as the linear and
quadratic curve fits shown in Fig. 12(a)—(b).

The linear curve fit appears to provide the best
approximation for both the low and high temperature
ranges. This is the form most commonly reported
for contact angle temperature dependence over low
temperatures as previously discussed in the literature
review. At high surface temperatures (> 120°C), the
contact angle appears to decrease linearly with
increasing surface temperature. The trend proposed
by the theoretical model of Adamson [35] appears to
be in significant error for extrapolation to surface
temperatures beyond those achieved experimentally
in this study or by Petke and Ray [28]. It is, therefore,
recommended that the following correlation be used for
the temperature dependence of the quasi-static advan-
cing contact angle of water on polished aluminum :

0=90° T,<120°C
0 =157.4-0.557, T, > 120°C ©)

where # and T are expressed in degrees and °C, respec-
tively. While the magnitude of the contact angle is
surface dependent, the results given in Fig. 11 suggest
that the temperature dependence of the contact angle
determined from equation (6) may be valid for other
surface conditions as well.

5. CONCLUSIONS

The temperature dependence of the quasi-static
advancing contact angle of water on a polished alumi-
num surface was investigated for surface temperatures
ranging from 25 to 170°C and pressures from 101.3 to
827.4 kPa. Key findings from the study are as follows :

(1) Relatively high contact angles were measured
for most experimental conditions. The hydrophobic
nature of the surface is speculated to be the result of
organic residue commonly left on surfaces following
polishing processes.

(2) The contact angle of water drops deposited on
a heated surface varies significantly over the drop
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lifetime. Three main regimes were identified, a tran-
sient spreading regime characterized by complex drop-
let oscillations and. contact angle fluctuations, a quasi-
mechanical equilibrium regime, where the contact
angle is fairly constant, and a transient evaporation
regime, where the contact angle gradually decreases
due to evaporation. The quasi-mechanical equilibrinm
contact angle was found to resemble the advancing
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Fig. 11. Measured quasi-static advancing contact angle tem-
perature dependence for water on a polished aluminum sur-
face for various surface cleaning techniques.

contact angle definition loosely adopted in the boiling
heat transfer literature.

(3) While no pressure dependence for the contact
angle was found, two distinct temperature-dependent
regimes were observed. For surface temperatures
smaller than 120°C a relatively constant contact angle
of 90° was observed, and above 120°C the contact
angle decreased towards zero.
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tact angle correlation for water on a polished aluminum sur-

face using (a) linear (b) linear/quadratic and (c) theoretical
curve fits. All temperatures in the correlations are in °C.

(4) Empirical correlations were developed to
describe the temperature dependence of the quasi-
static advancing contact angle. These correlations
reveal a dependence similar to that observed in pre-
vious experimental studies involving nonmetallic sur-
faces, as well as suggested by theory.
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