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NOMENCLATURE
M = Mass, L = length, T = time, t = temperature.
A, area[L?];
K, thermal conductivity [MLT 3t 1];
Q, heat transferred [M L2 T~ 2];
T, temperature [t];
g,  acceleration due to gravity [L T~%];
t, time [T].
Greek symbols

0, contact angle;

y,  surface free energy [M T~ 2];

y%,  dispersion force contribution to the surface free
energy [M T™2];

n,  equilibrium film pressure [M L™2];

u.  viscosity [ML™!T~?];

v,  kinematic viscosity [L2 T~ 1];

p.  density[ML™3];

o,  surface tension [M T"%];

A, heat of vapourization [L? T~ '];

I, peripheral mass flow rate [ML~! T~1].

Subscripts
L, liquid;
S, solid;

SL, solid-liquid;
v, vapour.

INTRODUCTION
THE sTUDY of liquid film flow and heat transfer to liquid
films flowing over vertical surfaces has provoked a great deal
of attention in recent years, considerable attention being
paid to the stability of liquid films. Models have been
proposed to predict liquid film breakdown and dry patch
stability under heat-transfer conditions [1-5]. Most of these
models have included the contact angle of the liquid at the
point of breakdown. The lack of data on contact angles
under these conditions has precluded any definite con-
clusions to be drawn. In this paper the pertinent theory
relating to contact angle will be reviewed and an experi-

mental method for measuring contact angles under iso-
thermal and heat-transfer conditions presented, together
with results for water on a copper surface over a temperature
range 20-100°C.

THEORY

Consider a sessile liquid droplet on a horizontal solid
surface in equilibrium with its vapour, Fig. 1. Then from
Young’s equation {6],

ys = =y.c0860 + y5 0}]
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FI1G. 1. Sessile liquid droplet.

where ys, 7, and yg, are the surface free energies of the film
free solid, liquid and solid-liquid interface respectively. = is
the equilibrium film pressure and 0 the contact angle. This
equation allows the change in contact angle with tempera-
ture () to be expressed as

dcosG=_d_ Ys — T — Ysi @
dt de YL ’

To make a quantitive estimate of the temperature de-
pendency of the contact angle the individual surface free
energies and their change with temperature must be known.
Fowkes [7] has shown, by considering the interactions of
molecules in the surface regions between phases and
interpreting them in terms of London dispersion forces, that
the free energy of the solid-liquid interface, yg,, is given by

ysL = ¥s + v — 20y} 3
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where y§ and y{ are the dispersion force contributions to the
surface free energy in the solid and liquid respectively. By
substituting equation (3) into equation (1) and (2)

d (AN
dcos(9=2_ ys__yf_ _d \ @
dt ar\ y,, ar\y,

For some systems the dispersion forces have been deter-
mined but in general because of the difficulties in measuring
the equilibrium film pressure [8, 9] equation (4) cannot be
readily applied to specific systems with any confidence.

Some uncertainty exists in the reported behaviour of the
change of contact angle with temperature. Davies and
Rideal [10] on one hand have quoted values for df/dt on
high energy surfaces of —0:06°/degC whilst Fowkes and
Harkins [11] quoted a value of +0-06°/degC for water on
low energy surfaces of paraffin wax and graphite. This latter
result conflicts with the work reported by Neumann [12]
who observed a steady decrease of contact angle of water
and several organic liquids on a siliconed glass surface with
increasing temperature. Phillips and Riddiford [16] have
recently suggested that the temperature coefficient of contact
angle for water on low energy surfaces should be zero.

If sufficient information is available for a particular system
equation (4) can be used to obtain the contact angles over
a range of temperatures. This data can then be used in
models derived to predict breakdown of isothermal liquid
films flowing over vertical surfaces. In the more complicated
situation of liquid film breakdown initiated by heat transfer
to the film, equation (4) could not be used to obtain a value
for 0. In this case equilibrium conditions do not exist; the
transient temperature gradients within the liquid would
influence the contact angle. Insufficient data on the in-
dividual surface free energies are available to predict the
effect of this even with the simplest physical model.

APPARATUS

The apparatus, illustrated in Fig. 2, consisted of a 1-] still
and a cell fitted with optical flat surfaces mounted vertically
above the still in which the copper specimen was positioned.
This system is basically the same as that described in an
earlier communication where contact angles were measured
under mass-transfer conditions [13]. An electrical heating
element was embedded in the copper block so that the
temperature of the specimen surface could be accurately
controlled to within 025 degC over the range 20-100°C.
Care was taken in positioning the heating element to ensure
a uniform surface temperature over the area of measurement.
The surface was carefully prepared by polishing, to a mean
surface roughness of less than 1 x 107° in measured on a
Talysurf meter, degreasing and finally washing in distilled
water.

For measurement of contact angles under isothermal
conditions, the temperature of the water in the still, the
jacket temperature and surface temperature of the specimen
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F1G. 2. Contact angle cell.

were controlled at a pre-set value for each experiment. A
liquid sample was then removed from the still, via the
thermometer pocket and re-introduced into the cell to form
a sessile drop on the specimen surface. Sufficient liquid was
added to the drop to establish an equilibrium drop height
[14] When equilibrium had been reached the contact
angle was measured using a travelling microscope fitted
with a goniometer eyepiece. Six readings were taken at each
temperature. The values were reproducible to +0-5°. Under
heat-transfer conditions the temperature of the specimen
surface was controlled at a pre-set value. The temperature
of the vapour space surrounding the specimen was main-
tained at 25°C for all measurements. A sessile liquid drop,
initial temperature 25°C, was then placed on the specimen
surface as before and the contact angles measured at 30-s
intervals. Six sets of measurements were taken for each
surface temperature, the contact angles being reproducible
to 31°, The results are shown in Figs. 3 and 4.

RESULTS AND DISCUSSION

The contact angles measured under isothermal conditions
decreased steadily with increasing temperature over the
whole range from 25-90°C. From Fig. 3 the graph 6 vs.
temperature is linear and the temperature coefficient for
water on a smooth copper surface, dg/dt is —0-1°/degC. This
value compares with that quoted by Davies and Rideal [10]
for the change in contact angles on high energy surfaces of
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FI1G. 4. Contact angle of a water drop (initial temperature
25°C) on a smooth copper surface under heat-transfer
conditions.
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—0:06°/degC. The change in contact angle under heat-
transfer conditions is shown in Fig. 4. At low temperatures
the difference in the initial contact angle measured and the
equilibrium contact angle under isothermal conditions is
small. This difference increases with temperature being
13 per cent at 90°C.

All models to predict dry patch formation under heat-
transfer conditions based on momentum balances have
included the contact angle of the sub-cooled liquid in
contact with the heated surface. Hartley and Murgatroyd
[3] have anticipated the influence of contact angle on the
minimum wetting rate and attempted to correlate the ex-
perimental results of Norman and Mclntyre [1], for water
on copper surfaces, by assuming values for the contact angle
within the range 20-45°. From a simple momentum balance
at the point of breakdown the minimum flow rate to sustain
a stable dry patch was shown to be

+
r= 1~69<i‘é‘_’> [o(1 — cos B)]F. (5)

Hsu [4] on the other hand, assumed values in the range
45-90°, whereas the values presented here are between
65-76°.

Since the contact angle measured under heat-transfer
conditions rapidly approaches the equilibrium value this
may be used in models to predict dry patch stability. The
simple momentum and force balance models examined by
Hartley and Murgatroyd can be modified, however, to
account for the effect of temperature on the surface tension
and for the effect of vapourization from the liquid at the
surface of the film. This has been discussed by Zuber and
Staub [5] who proposed an equation

1- 6
pf[g Ap]z[ 3FV]* = %
=l —1— v
15 A =
Py gap [gAp]
a A AT A
-—J—Q—/—cos() + p,,[Q/ ] —pcos 29 (6)
LeAl pr

where Ap = p; — p,.

The second term on the right hand side of equation (6)
accounts for the effect of temperature on surface tension and
the third term for the effect of vapourization of the liquid on
the interfacial drag, For water this is very much smaller than
the effect of temperature on surface tension and can be
ignored [5]. The values of minimum wetting rate predicted
by these models are compared in Table 1 with experimental
values reported by Norman and McIntyre and values
measured by the authors. It can be seen that only at high
temperature differences between the surface and inlet water
temperature do the predicted values approach the ex-
perimental results. This is not surprising when one compares
the actual dynamics of the system with the assumptions made
in the model. This was developed, for laminar flow con-
ditions, assuming a parabolic velocity profile. Above a
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Table 1

Thermal capillary

Surface gl?gr;tea;i Surface force force Miniml;::ewetting Minimn:::ewetting
tem[pfg:x‘ture (mean of 4 (1 - cosf) (E d_n(/:grsng) do 0 Scosh (predicted) (experimental)
measurements) Y dt KA [1b/fth] [Ib/fth]
[dyn/cm]
30 74:6 0735 53 0272 285 166
42 7275 0705 50-6 1-67 290 200
55 71-25 0-68 49:0 3-84 290 200
70 6875 0-64 460 8-68 290 242
80 68 0-625 450 147 312 330

Reynolds number of 20 surface waves are apparent {15]
which between the ranges Re = 300-1120 cause liquid
circulation sufficient to induce mixing. In this range the
simple models will not simulate actual flow conditions.
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