On Evaporation from
Wind-Swept Surfaccs

Abstract. Evaporation is analyzed in
terms of resistances and driving forces for
the coupled flows of vapor and heat. The
conditions and assumptions under which
all resistances can be determined inde-
pendently are discussed, and preliminary
experiments are reported. The effect of a
monomolecular layer upon the transport
of vapor is thus measured on a wind-swept
surface, and its effect upon heat transport
in the water is indicated.

The use of monolayers in evaporation
control of reservoirs is assuming consid-
erable importance (1), yet it seems to
be based primarily on fundamental stud-
ies of film resistance on quiescent sur-
faces (2). The present report has been
written to point out that the rate of
evaporation can depend on a number of
factors in addition to the film resistance,
and that these can either be measured
directly or estimated on the basis of
reasonable assumptions with respect to
a wind-swept surface.

Figure 1 illustrates schematically the
specific resistances and specific driving
forces involved during evaporation. The
driving force for the transport of water
is the difference between the pressure of
the vapor in equilibrium with the water
surface (Pg) and in the air above it (Py).
This vapor encounters the resistance of
the air (R,) and of the surface film,
if any (R;). Its flow per unit surface
(W) is therefore given by

We= (Po=Pu)/(Ra+Re) (1)

The process of evaporation is highly
endothermic (about 585 cal/g); hence
the flow of vapor must be coupled to an
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equivalent flow of heat, and this can be
conveniently expressed in the same units
(W,). This heat can flow only from the
air (W,) or from the bulk of the water
(Wg). Hence:

We=Wit W (2)

The flow of heat from the air en-
counters an air resistance r, but is cer-
tainly not impeded by a monomolecular
layer. The difference between the air
temperature (T,) and the temperature
of the surface (T';) provides the driving
force:

Wo= (Ta=Ts)/1a (3)

Similarly, the flow of heat from the
bulk of the liquid is caused by the dif-
ference between the temperature of the
bulk of the water (T,) and that of the
surface (T) against a resistance ry:

Ww:(Tw"Ts)/rw (4')

Experimentally it is possible to deter-
mine directly Ty, T, Wy, and W and
the relative humidity of the air. Tables
then give P, and P, (the equilibrium
vapor pressure of the bulk water), and
W, is obtained from Eq. 2. The surface
quantities Ty and P, and the resistances
cannot in general be measured directly.

The situation is simplified if no heat
is supplied to the bulk of the water—by
keeping it in a well-insulated vessel—so
that W, =0 when a steady state is
reached. Under these “acaloric” condi-
tions there can be no difference between
bulk and surface temperature as shown
by Eq. 4, and therefore surface tem-
perature and vapor pressure become di-
rectly measurable: T =T, P,=P.
This gives directly, then, the thermal re-
sistance of air and the total resistance to
vapor, from Egs. 2 and 1:

0= (Ta=Tw)/We (5)
Ra+Rf:(Pw'—Ph)/Wt (6)

When, in addition, no film is present
—that is, when the surface is clean—
R;=0, and Eq. 6 gives directly the va-
por resistance of the air (R,). These are
psychrometric conditions determining the
“wet bulb” temperature. The wet bulb
temperature is constant for a given rela-
tive humidity and temperature over a
wide range of wind velocities although

the rate of evaporation changes. This
shows that R,/7, is substantially con-
stant, so that R, = Kr,. The value of the
constant K can be determined experi-
mentally for any given conditions, or it
can be calculated from psychrometric
tables which give K = 0.50 mm-Hg per
degree centigrade. Introducing this into
Eq. 5 and 6 gives directly the film re-
sistance:

Re=[Pw—Pu—=K(T.—Tw)l/W. (7)

in terms of experimental quantities.

It may be noted that the effect of a
film resistance is to raise the acaloric
temperature above the psychrometric
one, and this effect increases with in-
creasing wind velocity—that is, decreas-
ing r,/ (R, + Ry).

If conditions are not acaloric but heat
is supplied to the water at a constant
rate, the air and film resistance should
not be affected. Knowledge of these re-
sistances permits two independent esti-
mates of the surface temperature, one
directly by Eq. 3, the other through P,
from Eq. 1. Agreement of the two values
is an indication of the correctness of the
assumption of the constancy of the re-
sistances. Once surface temperature has
been estimated, Eq. 4 gives directly the
resistance encountered by heat within
the water.

Preliminary measurements along these
lines have been made with a simple ap-
paratus based on a 15-cm crystallizing
dish fitted with a side arm and set in
foamed plastic insulation above a bare-
wire electric heater also surrounded by
the insulation. An adjustable air stream
was provided by a blower, and the rate
of evaporation was measured by the
amount of water required to restore the
level, as indicated by a sharp point lo-
cated just below the surface. The whole
was operated in an air-conditioned room
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Fig. 1. The resistances and driving forces
in the coupled flows of heat (left) and
water vapor (right) during evaporation.

SCIENCE, VOL. 129



to reduce fluctuations in temperature
and relative humidity. A few bits of
commercial cetyl alcohol sprinkled by
hand on the surface of the water pro-
vided the resisting film. Imperfectness of
the insulation seems to have been the
limiting factor on the accuracy and
range of the measurements. Reproduci-
bility of the film was also somewhat hap-
hazard.

At a high wind velocity of about 18
mi/hr the acaloric steady-state tempera-
ture was raised by 4.4°C as a result of
the film, while at a lower wind velocity
of about 6 mi/hr, the effect was 3.8°C.
The corresponding resistances were 7, =
4.2 and 7.5 x 105°C sec cm?/g; R; =20
and 22x 105 mm-Hg sec cm?/g, or,
in centimeter-gram-second units, R, =2.1
sec/cm within experimental error. When
the water was heated, the experimental
uncertainty in W, was too large to make
it useful in determining the surface tem-
perature through Eq. 3. Equations 1 and
4 were therefore used to estimate the
thermal resistance of water (7). The
values found did not seem to depend ap-
preciably on wind velocity but increased
markedly in the presence of film, espe-
cially when heat input was small and
bulk temperature was close to surface
temperature. They ranged from 0.4+
0.15 % 10%°C sec cm?/g for a clean sur-
face to 1.4 x 105 in the presence of a
film when T, - T == 3°C and 2.6 x 10°
when T —-T,==0.8°C. These effects
suggest that convection currents are the
main factor determining r,.

Rather surprisingly, the film had no
perceptible effect upon the thermal re-
sistance of air (r,). Thus, the quieting
effect of a monolayer (3)—the calming
of troubled waters—which is so promi-
nent in field tests of evaporation control
(4) seems not to affect the rate of evapo-
ration under the conditions of these
small-scale experiments (5).

KaroL J. MyseLs
Chemistry Department, University of
Southern California, Los Angeles
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Effect of Interruption of the
Visual Pathway on the Response
to Geniculate Stimulation

Abstract. Optic nerve section or de-
struction of the lateral geniculate nucleus
increased the amplitude and elevated the
recovery cycle of the cortical response to
lateral geniculate radiation stimulation in
cats. The lesions may have acted by elimi-
nating tonic inhibitory or occlusive vol-
leys originating in the retina, or both.

Since publication of the initial descrip-
tions of the cortical response to electrical
stimulation of the geniculo-striate path-
way (1) there have been a number of
studies of the anatomical substrate (2)
and recovery cycle (3, 4) of this response.
Recent studies of this recovery cycle
(carried out in unanesthetized cats with
chronically implanted electrodes) showed
that a stimulus to the lateral geniculate
radiations was followed by subnormality
lasting 1 second or more (9). In recent
studies of the factors underlying this pro-
longed subnormality, it was found that
optic nerve section or destruction of the
lateral geniculate nucleus markedly al-
tered the recovery cycle of the cortical
response to lateral geniculate radiation
stimulation. The present report describes
these observations.

Adult cats were anesthetized with pen-
tobarbital, ether, or urethane and placed
‘in a stereotaxic instrument, Stimulating
electrodes in the lateral geniculate radi-
ations delivered a pair of shocks every 5
seconds. The first (conditioning) stimu-
lus of the pair preceded the second (test)
stimulus by 3.2 to 1600 msec. The evoked
responses were recorded from the surface
of the lateral gyrus with a pore electrode.
Lesions of the lateral geniculate were
produced electrolytically. The optic
nerve was interrupted by freezing or by
clamping.

Interruption of both optic nerves or
destruction of the ipsilateral lateral ge-
niculate caused a decrease in variability
and an increase in amplitude of the post-
synaptic components of the cortical re-
sponse to geniculate radiation shock.
Such lesions also caused a marked de-
crease in the degree of subnormality of
the surface positive components, though
not of the surface negative component,
of the test response (Fig. 1). Figure 2
presents a graph of a recovery cycle be-
fore and after optic nerve section. These
effects could be demonstrated in cats
anesthetized with each of the three an-
esthetics employed.

Several experimental variables modi-
fied the degree to which recovery was
enhanced following interruption of the
visual pathway. One of these was stimu-
lus intensity, recovery being enhanced
more for the responses to supramaximal
than for those to near-threshold stimuli.
A second variable was the relative posi-
tion of the stimulating and recording
electrodes. The responses in cortical po-

sitions outside the maximal cortical focus
of the stimulating electrodes showed
marked increase in amplitude, but the
enhancement of the recovery cycle was
relatively slight. On the other hand, at
the maximal focus, responses showed
less increase in amplitude but more en-
hancement of the recovery cycle.
Several hypotheses may be offered as
to the mechanism by which interruption
of the visual pathway exerts these effects.
The lesions might act by eliminating the
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Fig. 1. Cortical responses to paired genic-
ulate radiation shocks before (left) and
after (right) optic nerve section under
urethane anesthesia. Separations between
the shocks of each pair are indicated at
the left of each row. Following the lesion
there is an increase in amplitude of all

components of the response. Positive
is up.
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Fig. 2. The recovery cycle of the major
positive component (Ci) of the cortical
response to geniculate radiation stimula-
tion before (dots) and after (crosses)
optic nerve section. On the abscissa is
plotted separation (in milliseconds) be-
tween paired shocks. On the ordinate is
plotted the ratio of the amplitude of Ci
(the major positive component of the test
response) to Cs of the control. Following
the lesion, depression of the test response
between 10 and 250 msec was much less
marked than it had been before the lesion.
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